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ABSTRACT 

The N-chloro compound, dichloroisocyanuric acid (DCA), has been dis- 
charged vs. l i th ium in organic nonaqueous electrolytes. The Li/2M LiC104 
(methyl  fo rmate ) /DCA system has an open-circui t  voltage of 4.0v. The solu- 
bili ty of DCA in 2M LiC104 (methyl  formate) is 13 w/o (weight per cent) or 
0.65M. Chronopotent iometry at p la t inum electrodes indicates an irreversible 
electrode reaction (c~na ~ 0.074). However there are no separate voltage 
plateaus at p la t inum or carbon. Coulometric and bat tery discharge data are 
complex, probably because of precipitates formed dur ing the reduct ion of 
DCA in the presence of l i th ium salts in methyl  formate. At constant 3.2v 
discharges, average current  densities are 5.8 and 3.4 ma / c m 2 at 4 and 8 hr, 
respectively. Excluding grid and container  weights 200 w h r / l b  is achieved 
in 8 hr. High energy densities (180 whr / lb )  are obtained under  constant  
load at 3-10 hr discharge rates. When the cell is activated immediate ly  prior 
to discharge, self-discharge and anode passivation are relat ively minor  
problems. 

Nonaqueous, organic electrolyte batteries can po- 
tent ial ly achieve energy densities of 200 whr / lb .  Most 
research in this area has been done using l i thium 
anodes and inorganic cathodes composed of metal  salts, 
such as halides and oxides of silver, nickel, and cop- 
per. Problems with these systems are associated with 
low cathode discharge rates, short activated shelf life, 
or both. 

The system described here uses an organic cathode 
material,  dichloroisocyanuric acid (DCA), which is 
highly soluble in the electrolyte. The system has been 
designed pr imar i ly  for Dry Tape bat tery  (1, 2) use. 
In  this device, a th in - l ayer  bat tery system is activated 
as it enters between the current  collector heads. Since 
the collectors are unipotent ia l  surfaces, discharge of a 
tape section is at constant  voltage. In  this paper, the 
discharge of the Li /DCA couple is described under  
both constant voltage and constant  load conditions. 
The constant  voltage condition simulates Dry Tape 
discharge, while constant  load is applicable to con- 
vent ional  reserve-act ivated batteries. 

The structure of DCA is shown below. 
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DCA is a positive N-chloro compound. The two chlo- 
rine atoms are formally in the -t-1 oxidation state. 
Based on a four-electron transfer,  the coulombie ca- 
pacity of this compound is 32.5 amp-ra in /g ,  which is 
similar to that of cupric fluoride (33.0 a m p - m i n / g ) .  
The open-circui t  voltage of DCA vs. l i th ium is 4.0v, 
which is approximately 0.4v higher than that  of a 
l i th ium/cupr ic  fluoride cell. 

Experimental 
Materials .--Cells  were discharged in an argon at-  

mosphere. Materials were t ransferred in a glove box 
when possible. Materials were obtained and purified 
as follows: 
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Methyl formate- -Matheson Coleman & Bell Spectro- 
qual i ty- -Pur i f ied  by contact with Linde 4A molecular  
sieve, followed by distil lation; 

Li th ium perchlorate--G.  Frederick Smith Company 
- -Dr ied  under  vacuum (<1 Torr) for 72 hr at 130~ 

Li th ium r ibbon- -Foote  Mineral  Company- -Thick-  
ness 0.38 mm, used as received: 

Dichloroisocyanuric acid (DCA)- -Monsanto  Com- 
pany, ACL-70 |  with mor tar  and pestle, and 
dried under  vacuum (<0.5 Torr) over P205, for 24 hr; 

Carbon b lack- -Shawin igan  Chemicals Ltd., Shawini -  
gan acetylene black, 50% compressed--Dried under  
vacuum (<1 Torr) at 130~ for 24 hr; 

Carbon fibers--H. I. Thompson Company- -Cu t  in 
Waring b lender  and dried under  vacuum (<1 Torr)  at 
130~ for 24 hr; 

Polypropylene nonwoven separa tor - -Pel ion  Corpo- 
r a t i o n - T h i c k n e s s  0.076 mm, used as received. 

Cathode preparat ion. - -The cathode plate was pre-  
pared by blending dry powders of dichloroisocyanuric 
acid (83%), carbon black (16%), and carbon fibers 
(1%), and pressing them at 300 psi (0.21 kgf/mm2).  
The loading was approximately 100 mg/cm2 of total  
material,  which corresponded to 2.5 a m p - m i n / c m  2 
of active material.  This gave a cathode plate, or tape, 
which was 1 mm thick. 

Celt discharge.--Cathode contact was made by pres-  
sure against a p la t inum collector. Contact to a l i th ium 
tab was made with an alligator clip. Cell weights and 
energy densities were calculated on the weights of the 
anode, cathode, electrolyte, and separator. 

Discharge at constant  voltage employed a Harr ison 
Laboratory 6200B power supply to main ta in  the de- 
sired cell voltage across a 1-ohm resistor, which was 
then connected across the test cell. The circuit is 
shown schematically in  Fig. 1. All  other circuitry was 
standard. Average voltage and ampere -minu te  values 
were obtained by planimeter  integrat ion of recorder 
outputs. 

Results and Discussion 
Development  of the s y s t em . - - In  the ini t ia l  stage of 

this program, l i th ium was discharged in half-cel l  ex- 
per iments  using a Luggin capil lary and a high resist- 
ance normal  calomel electrode (NCE). About  30 elec- 
t rolyte-solvent  systems were screened for use with a 
l i th ium anode (3). Observations of gassing and elec- 
t ro lyte-anode changes, as well  as s teady-state  voltages 
at several  currents,  and oscilloscope traces of polariza- 
tion were determined. Methyl  formate was found to 
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Fig. I. Schematic of constant voltage discharge circuit 

be the best solvent for the support  of high current  
densities, and LiC104 was the best of the solutes tested. 
At 100 m a / c m  2, anodic polarization of l i thium anodes 
in 1M solutions of LiC104 in methy l  formate  (MF) was 
0.8v. The analysis of polarization re laxat ion showed 
that  0.2v could be a t t r ibuted to resistance polarization. 

During the second stage of this investigation, sev-  
eral cathode mater ia ls  were  mixed  wi th  carbon and 
discharged vs. l i thium in 1M LiC104 (MF).  On the 
basis of these results, DCA was chosen for fur ther  
study. A study of the effect of LiC104 molar i ty  on 
the discharge characterist ics of this cathode showed 
a decided advantage for a 2M concentration. At higher  
molarit ies the viscosity and densi ty of the electrolyte  
increase, and the conduct ivi ty  decreases as shown in 
Fig, 2. 

The solubili ty of DCA in 2M LiC104 (MF) is 0.65M, 
or 13 w/o.  This Value was determined by iodine- th io-  
sulfate t i trations of saturated solutions. The solubili ty 
varies only slightly wi th  LiC104 concentration. The 
dissolved DCA however ,  changes the 2M LiC104 (MF) 
solution conduct ivi ty  f rom 2.4 x 10 -2 to 1.7 x 10 -2 
o h m - I  c m - t ,  and changes the kinematic  viscosity from 
1.0 centistokes to 1.5 centistokes. 

DCA voltammetry.--Chronopotentiometric  data are 
shown in Table I for DCA and for t r ichloroisocyanuric 
acid (TCA) in 2M LiC104(MF).  Values for i~1/2/C 
are constant for each compound and are 2/3 as large 
for the dich]oro- as for the tr ich]orocompound. Since 
bat tery  efficiencies of over  50% are realized for DCA, 
based on a 4-electron transfer,  the 4-electron t rans-  
fer is assumed for the chronopotent iogram of DCA. 
Simi lar ly  for TCA we assume a 6-electron transfer.  
Using the Sand equation, the calculated diffusion co- 
efficient is 1.4 x 10 -6 cm2/sec for each compound. 
Analysis of the DCA chronopotent iometr ic  potent ia l -  
t ime curve (plat inum electrode) showed the re-  
duction to be irreversible.  F igure  3 shows a plot of 
E vs. log (T ]/2 - -  tl/2)/~ 1/2 from which a value  of ana 

0.074 can be calculated (4). There  is no evidenee 
of separate voltage plateaus ei ther  in these exper i -  
ments  or wi th  a carbon-epoxy electrode (5). 
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Fig. 2. Conductivity and viscosity of LICI04 (MF) solutions 
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Table I. Chronopotentiometric data of DCA and TCA in 
2M LiCI04 (MF) 

C o m p o u n d  

C u r r e n t  
C o n c e n t r a t i o n  d e n s i t y  T r a n s i t i o n  
C, m o l e s / l i t e r  i, m a / c m  2 t i m e  r,  s e c  

i TI/2 

C 

D C A  0.025 2.0 28 415 
D C A  0.025 310 12 415 
D C A  0.025 5.0 4 400 
D C A  0.050 5.0 15 395 
D C A  0.050 7.0 6 345 
D C A  0.050 10.0 4 400 
T C A  0.022 5.0 7 610 
TCA 0.022 3.0 ] 4 605 

nDCA ~, T1/2/CDCA 400 

nTCA i TI/2/CTCA 600 

( 2i~-I/s )s 
- - - - -  1.4 X 10 -e cme/sec 

n ~r112 F C  

a s s u m i n g  nDCA = 4, nTCA = 6 

Coulometric  experiments ,  using a smooth p la t inum 
electrode, yielded a precipi tate  on the electrode sur-  
face. Infrared spectra indicated the product  to be sim- 
ilar to cyanuric acid. LiC1 also precipitates on the elec-  
trode since the solubili ty of LiC1 in the electrolyte  is 
only 0.12M. F igure  4 shows a coulometric  vo l tage- t ime  
plot obtained at constant current,  0.010 m a / c m  2. There 
is an initial increase in voltage fol lowed by vol tage 
oscillations and continued reduct ion at a lower po-  
tential.  The vol tage oscillations are bel ieved to be 
caused by coverage of the surface by a precipi tate  and 
subsequent  b reakdown of this layer. Finally,  a more  
stable, porous, precipi tate  layer  is developed, and the 
voltage adjusts to compensate for the reduced diffu- 
sion rate  and decreased active area at the electrode. 
The initial vol tage increase may be explained by the 
decreased overpotent ia l  requi red  to grow formed 
crystals re la t ive  to that  requi red  for the nucleation of 
crystals. 

Cell discharge characteristics.--The l i t h ium-DCA 
cell component  weights  are shown in Table II. The 
cathode plate is prepared  wi th  83% dichloroiso- 
cyanuric acid and 17% carbon. A void s t ructure  of 
60-70% is obtained by using the high s t ructure  Sha-  
winigan acetylene black and carbon fibers. 

The constant voltage discharge characterist ics of 
this cell are also shown in Table II. A static discharge 
t ime of 4 hr simulates a residence t ime of 4 hr  on the 
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Fig. 3. Analysis of DCA chronopotentiometric data 
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Fig. 4. DCA coulometric voltage-time data at a smooth Pt 
electrode. 



4 J, Electrochem. Sac.: ELECTROCHEMICAL SCIENCE January 19;69 

Table II. Constant voltage discharge test of the Li /2M LiCIO4 
(methyl formate)/DCA system 

Cell we igh t s  m g / c m  = 

Anode, 0.38 m m  l i th ium r ibbon 15,5 
Separator ,  0.08 m m  polypropylene 2.6 
Electrolyte,  0,073 ml/cmU (d = 1.15 g /ml )  83.5 
Cathode 

DCA 77.8 
Sh aw i n i g an  acetylene black 14.5 
Carbon fibers 1.0 

194.9 

Electrical  charac ter is t ics  at 3.2v 

D i s c h a r g e  Avg.  cur ren t  Energy  density,  Cathode 
t ime, hr  densi ty ,  ma/cm'-' w h r / l b  efficiency, % 

A 
o) 4 0 ,  

~ 5.0 
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~. 1.0 
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1.0 2.0 3.0 4.0 

TIME (HOURS) 

Fig. 6. Discharge of the Li/DCA cell at the 3-hr rate (20 ohms) 

4 5.S 173 57 
8 3.4 200 69 

18 1,6 216 71 

collector plate in a dynamic Dry Tape test. At 3.2v, 
this s imulated tape throughput  gives an average cur-  
rent  density of 5.8 ma / cm 2, 57% cathode efficiency, 
and 173 whr / lb .  This energy densi ty is based on the 
weight of the anode, cathode, separator and electro- 
lyte. With increased discharge t ime the average cur-  
rent  decreases, and the efficiency and energy density 
increase. With a simulated 18-hr residence time, 216 
w h r / l b  is obtained. 

The current  and energy density profiles for the con- 
stant  voltage discharge of the system are shown in 
Fig. 5. At constant  voltage, the greatest drain occurs 
when the cathode is fresh, and the electrochemical 
reaction competes effectively with self-discharge re- 
actions. The current  m i n i m u m  and plateau, observed 
in Fig. 5, are not indicative of electrode reaction com- 
plications, since the chronopotentiometric  data were 
regular. The cause may be due to precipitat ion effects, 
since min ima  and plateaus have been observed in cou- 
lometric experiments  at smooth electrodes where pre-  
cipitates were formed. 

Cathode efficiencies averaged 60-70% in these tests. 
Most of the remaining  capacity is left undischarged on 
the tape, as determined by iodine-thiosulfate t i t ra-  
tions. After  an 18-hr discharge test, 67% had reacted 
electrochemically, 25% remained unreacted and 8% 
had decomposed. 

The system described above was also discharged 
under  constant  load conditions. Data are shown in 
Fig. 6 for a 3-hr  rate (20-ohm) discharge. A voltage 
min imum and plateau are discernible, and the volt-  
age drops sharply beyond 2.5v. The ini t ial  closed cir-  
cuit voltage is 3.6v at this drain  rate, which is 0.4v 
below the open-circui t  value. The average voltage is 
3.1v to a 2.0v cut-off. 

A series of discharges was run  through various re- 
sistances. The energy densi ty data are shown in Fig. 7. 
The energy density of the system rose sharply with 
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Fig. 5. Current and energy density profiles for constant voltage 
discharge (3.2v) for Li /2M LiCIO4 (MF)/DCA. 
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Fig. 7. Energy density of Li/DCA cells as a function of drain rate 
at constant load (2.0v cut-off). 

time to the 3-hr  rate and then levelled off. At low 
discharge rates, methyl  formate evaporat ion was a 
problem because of the test cell design, and discharges 
of longer than 20 hr were not attempted. Flash cur-  
rents of 200 ma / c m 2 were obtainable  at short circuit. 
As in the constant  voltage tests, the efficiencies were 
about 60%, and most of the remaining  capacity was 
left in the cathode, undischarged. 

Conclusion 
The l i th ium-DCA couple is a high energy density 

bat tery system that  can be discharged effectively at 
the 3-10 hr rates to give energy densities of 180 w h r /  
lb. Work is in progress to increase the coulombic effi- 
ciency and current  density of this cell. 
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Chromium Coatings 
Prepared by Chemical Vapor Deposition 
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ABSTRACT 

The formation by chemical vapor deposition (CVD) of chromium metal  
as coatings on various substrates was studied using the reaction 

CrCI2 + H~ ~ Cr + 2HCI 

Process parameters of temperature, gas flow rate, and chromium chloride 
concentration influenced the deposition rate. The chromium metal deposited 
had properties similar to high-purity "iodide" chromium. Surface appearance 
and grain structure differed from materials such as titanium, deposited in 
earlier studies. This is suggested to result from difference in the controlling 
mechanism of the reduction reaction and evidence for this mechanism was 
observed. 

The commercial  use of Chemical Vapor Deposition 
(CVD) processes for preparat ion and forming of met-  
allurgical materials is increasing. Several practical 
aspects are encouraging this invest igat ion into the 
na ture  and application of CVD process methods. One 
aspect is the capabil i ty of producing a wide variety of 
shaped materials,  such as boron or silicon carbide (1) 
filaments, since the deposit usual ly conforms to the 
contour of the substrate.  Another  is production of ma-  
terials of controlled purity,  such as semiconductor 
grade silicon (2) or tungsten  metal  (3). Another  is the 
abil i ty to form materials  having unusua l  or unique  
properties such as anisotropic pyrolytic graphite (4). 

The CVD preparat ion of bulk chromium metal  has 
commonly been carried out by the t ransfer  reaction 
uti l izing chromous-chromic iodide equi l ibr ium or sim- 
ply thermal  decomposition on a heated filament (5). 
A mass of coarse, loosely bound crystals usual ly  re-  
sults. This mater ia l  is commercial ly available with a 
stated pur i ty  of 99.99%. 

Prepara t ion  of unal loyed chromium coatings has 
been carried out  (6) by the thermal  dissociation of 
organochromium compounds such as dicumene chro- 
mium, Cr[C6H~CH(CH~)2]. Because of their  low boil- 
ing points, use of such compounds is a convenient  pro- 
cedure for obtaining chromium in a vapor state, and 
the compounds can be decomposed at moderate tem-  
peratures.  Care must  be exercised over the reaction 
conditions to avoid the introduct ion of carbon from the 
organic radical  decomposition. 

The procedure designated as "chromizing" (7) is 
used for preparat ion of chromium-conta in ing  coatings. 
Chromizing differs from the present subject in that it 
is l imited to diffused coatings, which consist of an alloy 
containing a major  concentrat ion of the substrate ma-  
terial. The coating mechanism often involves displace- 
ment  in addit ion to reduction reactions. Because of its 
vapor pressure, chromium can be evaporated and con- 
densed on a substrate material.  This procedure can 
produce h igh-pur i ty  metal, but  is usual ly restricted to 
thin coatings. 

The applications of chromium as a bulk mater ial  or 
as a coating on another  mater ial  are usual ly  for cor- 
rosion resistance, appearance, or h igh- tempera ture  
strength. The vapor process is a preferred preparat ion 
method to obtain a h igh-pur i ty  metal  and thus a rela-  
t ively ductile material.  This s tudy was conducted to 
investigate the deposition process for the formation of 
h igh-pur i ty  chromium metal, pr imar i ly  as coatings on 
various metal  substrates, although the method is also 
applicable to bulk  metal  preparation.  

Equipment 
Equipment  for CVD processes consists basically of 

a controlled supply of reaction gases delivered into a 

heated reaction area where the gases impinge on the 
deposition site. The reaction which occurs produces the 
desired mater ia l  as a solid product, and the remainder  
of the products are given off as gases. 

The equipment  used in this study contained all 
equipment  for measurement  and control of the pa ram-  
eters in the process in a single control unit.  Tempera-  
ture  controllers for the system were Honeywell  Versa- 
t ronik  tempera ture  controllers (accuracy __5~ on 
the chromium reservoir and argon pur i fying furnaces 
and a Honeywell  Pyro-Vol t  proport ional  controller  
(accuracy •176 for reactor temperature.  Gas flows 
were measured with Brooks Sho-Rate flow meters 
having a stated accuracy of 5%, and the meters were 
calibrated with a Precision Scientific Company wet test 
meter  having a stated accuracy of 0.5%. The results 
of the calibrations showed a deviation of less than 3% 
from the smoothed curve values. 

A schematic diagram of the reactor used is shown in 
Fig. 1. Two gas streams of controlled flow rate and 
composition entered the top of the reactor. The hy-  
drogen chloride-argon stream flowed through the 
heated bed of chromium metal  where reaction (A) 
produced CrC12. The hydrogen stream flowed around 
the chloride generat ion chamber  and mixed with the 
exit ing CrC12-argon stream in the nozzle above the 
specimen. The diameter  of the reactant  nozzle (0.62 
in.) and the nozzle to substrate  distance (1.5 in.) were 
adjusted to give a uni form deposition over a 1 in. 
diameter  circle. Thus, uniform mixing of reactants over 
at least this area was indicated. The specimen rested 
on a support above the center of the heater. Tempera-  
ture of the heater was controlled by a thermocouple-  
actuated controller  on a saturable core reactor. Cali- 
brat ion of the control was done with an optical pyrom-  

HC1-ARGON INLET 1 
HYDROGEN INLET i 

CHLORIDE FURNACE 
CHROMIUM 
SUBSTRATE 
GATE VALVE 

LOCK CHAMBER -------/ HEATER HY2AEST 
Fig. 1. Schematic diagram of CVD reactor 
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Table I. Data for chromium depositions 

R a t e ,  k • 10-s R a t e ,  
R a t e  c a l c u -  l c a l c u -  H~ o.~-s • 

m g / c m  s l a t e d  l a t e d  [CrCl:.]  o-~'c 
o b s e r v e d  E q .  [1]  M o l e - s e c  Eq.  [2]  • 10~* 

-- 1, 1, -- 1 0.41 0.48 4.63 0.42 0.88 
-- 1, 1, 1 1.25 1.25 4.78 1.23 2.61 
- -1 ,  -- 1, 1 0.72 0.82 4.98 0.68 1.44 
-- 1, -- l ,  -- 1 0.21 0.04 4.30 0.18 0.49 
1, -- 1, -- 1 0.34 0.30 6.93 0.24 0.49 
1, 1, 1 1.72 1.51 8.58 1.77 2.61 
I, 1, -- 1 0.62 0.74 6.95 0.60 0.88 
1, -- 1, 1 0.98 1.06 6.67 0.97 1.44 
O, O, 0 0.77 0.77 5.67 0.77 1.36 

V a r i a b l e  
L e v e l  - 1 0 1 

X~ s a m p l e  t e m -  
p e r a t u r e ,  ~ 1200 1275 1350 

X~ CrCI.~ c o n c e n -  
t r a t i o n ,  % 0.15 0.225 0.30 

X3 f low r a t e ,  8.0 l A r g o n  8.0 1 A r g o n  6.0 1 A r g o n  
l /mir~ 2.0 1 H y d r o g e n  8.0 1 H y d r o g e n  14.0 1 H y d r o g e n  

X~ d e p o s i t i o n  r a t e ,  
m g / c m ~ / m i n  

January 1969 

Results and Discussion 
The result ing deposition rate data are plotted v s .  the 

three independent  variables in Fig. 2a, 2b, and 2c. The 
curves exhibit  self-consistency and indicate that each 
of the three variables contr ibutes  positively to the 
deposition rate. The mathematical  analysis of the re-  
sults, based on a l inear  model for the system, is given 
in Table II and is in agreement  with this conclusion. 
This analysis yields the deposition rate equation 

Rate X~ = 1.74 • 10-~ X1 -}- 2.94 X2 -t- 0.128 X:~ - -  3.127 
[1] 

Statistical analysis of the deposition rate data in-  
dicates that the variables are significant at the 95% 
confidence level. On the basis of the T values of Table 
II, the major  influence exerted on the deposition rate 
results was the flow rate of gases, with a lesser in-  
fluence exerted by the chromium chloride concentra-  
tion, while the reaction tempera ture  has the least 
effect. Process studies indicate that  for these experi-  
mental  conditions the deposition is controlled by sev- 
eral, ra ther  than a single, identifiable factor. 

* C o n c e n t r a t i o n s  in  m o l e s / l i t e r  a t  900~ 

eter using a sample containing a black body hole. The 
gate valve and lock chamber  permit ted the insert ion 
and removal  of specimens without the introduct ion of 
impur i ty  gases into the system. Exclusion of impurit ies 
was a major  aid in obtaining consistent exper imental  
results and permit t ing more rapid operation. 

Gases in the reactant  s tream were hydrogen, purified 
by passage through a pal ladium diffusion purifier; 
argon, purified by passage over a bed of heated t i -  
t an ium chips; and chromium chloride generated by 
the reaction of h igh-pur i ty  hydrogen chloride gas 
and chromium metal. The substrate mater ia l  used for 
most of the chromium depositions was a n iobium 
alloy, B-661 (89% Nb, 5% Mo, 5% V, 1% Zr) ,  a l-  
though deposition on other materials  has produced 
essentially the same results. 

The reaction 
argon 

2HCI(g) -k Cr(s)  > CrC12(g) + H2(g) (A) 

occurred in the chloride generat ing chamber at a 
tempera ture  of 900~ The reversal  of this 

H2(g) + CrC12(g) --> Cr(s)  + 2HCl(g) (B) 

occurred at the substrate surface in the presence of 
excess hydrogen and at higher temperatures.  

Experimental Plan 
A statistical plan of the exper imental  variables of 

reactor temperature,  chromium chloride concentration, 
and flow rate 2 of gases was carried out to determine 
the influence of these upon the rate of metal  deposi- 
tion. The basic design (8) of the series was a two-level,  
three-var iable  cube with fourfold replication at the 
center of the cube. Such a plan was selected because 
it can be analyzed by Analysis  of Variance, and Mul-  
tiple Regression and Correlation Analysis to identify 
the first order and the interact ion effects of the var i -  
ables." The mathematical  description from this s tand-  
ard analysis is strictly empirical  since it is based on 
assumed l inear i ty  of the model. 

Listing of the experiments  and the result ing depo- 
sition rates is given in Table I. The concentrat ions 
are given in terms of molar  per cent. The flows were 
measured at 25~ although the values given are cal- 
culated for the gases heated to 900~ assuming ideal 
gas laws, as this is more representat ive of the actual  
deposition conditions. 

1 W e s t i n g h o u s e  A s t r o n u c l e a r  L a b o r a t o r y ,  P i t t s b u r g h ,  P e n n s y l -  
v a n i a .  

N o t e  t h a t  t h e  f low r a t e  c h a n g e  w a s  a c c o m p l i s h e d  by  v a r i a t i o n  
of  t h e  h y d r o g e n  flow. 
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Table II. Multiple regression and correlation analysis of 
chromium depositions 

C H R O M I U M  C O A T I N G S  B Y  V A P O R  D E P O S I T I O N  

O b s e r v e d  T for 
V a r i a b l e  R e g r e s s i o n  coef f i c i en t  T v a l u e  9 5 %  l e v e l  

X~ 1.741 x 10 -~ 1.99 2.36 
X~ 2.941 3.36 2.36 
X8 1.277 x 1O -~ 5.84 2.36 

Intercept:  -- 3 .127 
S t a n d a r d  e r r o r  of est imate:  0.185 
Multiple correlation coefficient: 0.9359 

A second mathemat ica l  analysis of the data was 
made, based on a classical kinetic model.  This analysis 
used only concentrat ion of reactants  wi thout  regard 
to flow rate. The dependence of deposition rate on 
the concentrat ions of the reactants  was der ived as an 
equat ion of the form 

R - - - -  k[H2] o's5 [CrC12] 0.92 [2] 3 

The values of k and the calculated rates using this 
equat ion are given in columns 4 and 5 of Table I, 
and i l lustrated in Fig. 3. The average  deviat ion f rom 
the mean of the values is less than 8% of the value, 
which is near  the l imits wi th in  which the exper imenta l  
variables  could be fixed. 

The exponents  on the concentrat ions of the rate  
Eq. [II] indicate approximate  first order  in both re -  
actants. First  order  dependence on the chromium 
chloride concentrat ion is reasonable in relat ion to the 
avai labi l i ty  of chromium chloride for reaction. For  
these experiments ,  the gas phase concentrat ion of 
hydrogen var ied  f rom 60 to 500 t imes that  of the 
CrC12. At such excess concentrations, an apparent  first 
order dependence with  hydrogen was not expected 
and could more  l ikely also have been affected by 
var ia t ion in flow rate  since the exper imenta l  pa ram-  
eters were  var ied in a fashion which did not ent i re ly  
separate the flow rate  and hydrogen concentrat ion 
effects. 

A Factor ia l  Analysis  of Variance indicated no in- 
teract ion between the variables  significant at the 95% 
confidence level. An  Arrhenius  plot of the deposition 
rate is shown in Figure  4. The data divide into four  
separate lines, and the lines of the higher  flow rate 
(A and B) have a slope of 10 kcal /mole .  The separa-  
tion of the curves substantiates the independence of 
the variables. The slope of the lower  flow rate  lines 
(C and D) is 14 kcal /mole .  The average  slope of these 
curves is 12 kcal. The thermodynamic  value of AH for 
this reduct ion can be calculated f rom the data (9) for 
AH: AH : --14,710 - -  2.38T ~ 1.91 x 10 -3 T 2. For  the 
midrange of tempera tures  studied, AHc~lc ---- 13 kca l /  
mole. This value  is in reasonable agreement  wi th  
the values observed in this study. 

From the t empera tu re  dependence of k, a value can 
be calculated for the effective energy of act ivat ion for 
the over -a l l  reduct ion reaction. The values of k are 
shown on the Arrhenius  plot of Fig. 4 and indicate 
an act ivat ion energy  of 12 kca l /mole  from the slope. 
This value  is in reasonable agreement  wi th  the values 
of ~H from the rate data and the thermodynamic  cal-  
culation. 

An apparent  efficiency of the reaction can be ob- 
tained f rom the ratio of the amount  of chromium re-  
tained on the sample to that  passed over  the sample. 
This ratio var ied f rom 0.05 to 0.07 for the lower  hy-  
drogen concentration, and 0.07 to 0.10 at the higher  
hydrogen concentration. This efficiency is lower than 
would occur at equi l ibr ium conditions, as shown in 
Table III, because the sample in te r rupted  only a por-  
t ion of the gas stream. 

A photomicrograph of a cross section of a chromium 
deposit is shown in Fig. 5a displaying the absence of 

A v e r a g e  d e v i a t i o n  on coef f i c ien t s :  [H2] = 0.85 • 0.03 
[CrC12] = 0.92 ___ 0.07 
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Fig. 3. Deposition rate of chromium vs.  concentrations, Z = 
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Fig. 4. Arrhenius plot of chromium deposition data 

Line Flow CrCI2 conc. 
A 22 0.3 
B 22 0.15 
C 10 0.3 
D 10 0.15 
E Rote constant, K 

a reaction be tween  the coating and the niobium sub- 
strate. The columnar  grain s t ructure  of the deposit 
is commonly observed wi th  CVD materials.  The un-  
even top surface shows many  crystal  facets and shapes. 
A photograph of this surface is shown in Fig. 6, to-  
gether  wi th  a deposit of t i tan ium prepared in a similar 
fashion; a considerable difference in appearance is 
noted. Other  coating characterist ics noted dur ing some 
of the exper imenta t ion  are  shown in Fig. 5b, where  
the appearance of voids in the coating is re la ted to 
the rate  of format ion of the deposit. 

The morphology of the surfaces of mater ia ls  ob- 
tained by vapor  deposition can be sometimes corre-  
lated (10) on the basis of the supersaturat ion ratio 
(S) defined as the ratio of the observed meta l  vapor  
pressure (Pa) to the equi l ibr ium vapor  pressure (Po),  
i.e., 

Pa 
S =  

Po 

Table III. Equilibrium values for hydrogen reduction of chromium 
chloride 

R e a c t a n t  P e r  c e n t  
p r e s s u r e  R e a c t a n t  U n r e a c t e d  CrC12 

T, ~ CrC12 p r e s s u r e  tZ2 CrC12 r e d u c e d  

1200 0.0015 0.2 0.00012 92.0 
1200 0.0015 0.64 0.00004 97.5 
1200 0 .0030 0.2 0.00042 86.0 
1200 0 .0030 0.64 0.00017 94.5 
1276 0 .00225 0.5 0.00015 95.5 
1350 0.0015 0.2 0.00017 88.7 
1350 0 .0015 0.64 0.00006 96.0 
1350 0 .0030 0.2 0.00057 61.0 
1350 0.0030 0.64 0.00023 92.4 
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Fig. 5a. Chromium deposit cross section; deposition rate 0.6 
~/min. Magnification 350X. 

Fig. 6b. Surface of as-deposited titanium (150X) 

Fig. 5b. Chromium deposit cross section; deposition rate 5 ~/min 
Magnification 385X. 

Fig. 6a. Surface of as-deposited chromium (250X) 

In general, high values of S result  in discontinuous 
deposits such as powders, dendrites, etc., while low 
values of S result  in a more regular  deposit. For  the 
specific data discussed here, the value of S (see Table 
IV) changes from 110 to less than  one; for the lat ter  
case, the equi l ibr ium vaporization flux is greater than 
the net deposition rate. This calculated vaporization 
flux would be 0.15 mg/cm2/min  at 1200~ and 2.65 
i-ag/cm2/min at 1350~ 

The difference in surface appearance of the chrom- 
ium and t i t an ium deposits was in terpre ted  as resul t -  
ing from different deposition mechanisms. The t i ta-  
n ium deposited in an "epigranular"  fashion a n d  thus 

Fig. 7. Initial growth of chromium on niobium (400X) 

had a smooth surface. The supersaturat ion ratio for 
this deposit was approximateIy 10 ~. 

Chromium apparent ly  has a tendency to form ag- 
glomerates when deposited at these supersaturat ion 
values either due to preferent ia l  adsorption of the 
reactarits or to surface diffusion of the adsorbed spe- 
cies after deposition. This is demonstra ted by the pho- 
tograph in Fig. 7 of the surface of a sample where the 
deposition was terminated  and examined at an early 
stage dur ing  the deposition. The chromium deposit had 
formed as isolated nodules. At a slightly later  stage 
in the deposition, coalescing of the nodules to form 
larger  islands, and then finally a continuous coating, 
was observed. The voids observed in a cross section 
of a coating which had been deposited rapidly could 
easily result  from mismatch as the islands coalesced. 

The metals obtained were relat ively soft, Rockwell 
B75, and ductile, as would be expected to result  from 
a vapor deposition process, and could undergo a 4T 
bent  test without  f racture .  

Conclus ions 
The formation of h igh-pur i ty  coatings of chromium 

metal  by the CVD process using hydrogen reduct ion 
of chromous chloride was investigated. The reaction 
mechanism was controlled by several  variables ra ther  
than  a single variable. For  the range of variables 
investigated, the rate of metal  deposition onto a sub-  
strate can be described by the equation 

Rate mg/cm2/min  ~ k [H2] o.s5 [CrC12] 0.9~ 

Table IV. Chromium deposition supersaturation ratio data 

T Po  P a  
~  - -  l o g  a t m  -- l o g  a t m  l o g  S 

1300 8.336 6.29 2.05 
1400 7.222 6.10 1.12 
1500 6.260 5.92 0.36 
1600 5.421 5.62  0 2 0  
1 7 0 0  4 . 6 8 6  5 .30  -- 0 .62  
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where k ---- 4.67 x 105 at 1200~ and 6.78 x 10~ at 
1350~ The activation energy calculated from the 
tempera ture  dependence of k is 12 kcal/mole.  An ap- 
proximate first order dependence on the concentra-  
tions of both reactants is indicated even though the 
gas phase concentrat ion of hydrogen varied from 60 
to 500 times the stoichiometric requirements.  
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An Experimental Investigation of a High-Voltage 
Electron-Bombardment Ion Thruster 

David C. Byers 
Lewis Research Center, National Aeronautics and Space Administration, Clevelarud, Ohio 

ABSTRACT 

The performance of a mercury  e lec t ron-bombardment  thruster  at large 
values of net  accelerating potential  is described. A 20-cm diameter  thruster  
was tested at values of ion beam current  and net accelerating potential  up to 
0.165 amp and 70 kv, respectively. A ma x i mum beam power of about 10 kw 
was obtained. The m a x i m u m  supportable electric field s trength between 
accelerator grids was approximately constant  at 2 x 10 ~ v / m  for spacings 
between 0.5 and 3.0 cm. The ion chamber  performance was qual i ta t ively 
similar to that at low accelerating voltage. The energy dissipated per beam 
ion in the ion-chamber  discharge was related to the percentage of Child's law 
ion current  extracted over a wide range of accelerator spacings and potentials. 
The max imum percentages of Child's law current  t ransmit ted  were about 
60 and 80% for thrusters  with 20 and 7.5-cm diameter  accelerator grids, re-  
spectively, and were essentially independent  of grid spacing and thickness. 
Ion focusing characteristics, at ion beam current  densities of about 10 a m p / m  2, 
indicated that the ratio of center - to-center  grid spacing to grid thickness 
should be between about 2.5 and 4 to avoid direct ion impingement .  

The power efficiency was measured and found to be consistent with data 
taken with low voltage thrusters  operated at similar conditions. A power 
efficiency of 0.8 was obtained at a net  accelerating potential  of 18 kv and rose 
to 0.88 at a net  accelerating potential  of 36 kv. Over-al l  thruster  efficiencies of 
about 0.80 and 0.82 were obtained at net  accelerating potentials of 28 and 36 
kv, respectively. 

The operation of an e lec t ron-bombardment  ion 
thruster  at high values of net  acceleration potential  
~s described. The e lec t ron-bombardment  th rus te r  is 
an ion source conceived by H. R. Kaufman  (1) of 
the NASA Lewis Research Center. This source con- 
sists basically of a discharge chamber, where ions are 
produced by electron bombardment ,  and a grid system 
which electrostatically accelerates ions produced in 
the discharge chamber. 

The present interest  in the e lec t ron-bombardment  
ion source is its at tractiveness as a space thrust  sys- 
tem (2). The present paper emphasizes parameters  
germane to this application. This ion source is, how- 
ever, capable of operation over a wide range of 
electrical and physical parameters  and with a var ie ty  
of a tomic species. Electron bombardment  thrusters  

have operated at net  ion accelerating potentials from 
400v (3) to the 70 kv operation reported herein. Source 
diameters have ranged from 5 cm (4) to 1.Sm (5). 
The propellants most utilized to date with this source 
have been mercury  and cesium. Large atomic masses 
are of interest  "for thruster  application due to the 
increase of thrust  per beam ion with ion mass. This 
source has, however, been operated with a variety 
of gases (6) and molecular  types (7). In  addition, the 
e lec t ron-bombardment  thruster  has demonstrated ex- 
t remely long term, stable operation (8). 

The operation of e lec t ron-bombardment  thrusters  
at high values of net acceleration potential  has promise 
of increasing the over-al l  thruster  efficiency (1). 
Higher specific impulses (and therefore higher ac- 
celerating voltage) also become more necessary as 
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mission difficulty increases and propulsion system 
specific mass decreases (9). This invest igat ion was 
carried out to de termine  the operat ing characterist ics 
of mercury  e lec t ron-bombardment  thrusters  at net 
ion accelerat ing potentials between 10,000 and 70,000v. 
Previous thruster  data had been l imited to a m a x i m u m  
potential  of approximate ly  10,000v (10). 

The discharge chamber  efficiency and the current  
carrying characterist ics of the high voltage grid sys- 
tem were  invest igated and compared with  data ob- 
tained at low values of net accelerat ing potential  
(11). Ion impingement  currents  were  measured and 
compared with  an exist ing analysis (12) extrapola ted 
to high voltage. Over -a l l  thrus ter  efficiencies are dis- 
cussed both as a function of propel lant  ut i l ization 
efficiency and net accelerat ing potent ial  and in addi-  
t ion are compared with  low voltage data. 

Apparatus and Procedure 
Thruster 

The e lec t ron-bombardment  ion thruster  utilized in 
this p rogram is shown in Fig. 1. The pr inciple  of 
operation of the thruster  has been described in many 
references [e.g., ref. (10)]. In brief, a mercury  va-  
porizer was heated with  steam slightly above atmo- 
spheric pressure to provide close the rmal  control  of 
the vaporizer.  In terchangeable  vaporizer  orifices were  
utilized to change propel lant  flow rates. The propel lant  
flowed into the ionization chamber  through an annular  
slot distributor.  A small  screen was placed between 
the vaporizer  and the dis tr ibutor  to prevent  plasma 
leakage to the vaporizer  (13). 

Electrons are emit ted from the cathode and reach 
an energy near ly  equal to the potent ial  difference 
between the anode and the cathode. These electrons, 
which are constrained by an axial  magnet ic  field, 
ionize some of the mercury.  The mercury  ions diffuse 
to the accelerator  grid region and are accelerated 
into the exhaust  beam. 

For  all tests, a 20-cm diameter  anode was used. 
The cathode was tan ta lum ribbon 0.05 mm thick, 
40 mm long, and about 5 mm wide. 

Accelerator grid system.--A typical  accelerator  con- 
figuration is shown in sketch a. 
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Fig. i. 20 cm Kaufmann thruster 

diameter  a luminum oxide spheres were  capable of 
support ing 22 kv before severe flashover occurred. 
Insulators util izing shielded negat ive terminals  were  
also fabricated and tested. These tests are presented 
in, the section Results and Discussion. The final design, 
shown in Fig. 2, was capable of wi ths tanding potentials 
up to 250 kv in vacuum. 

Facility 
The facility was one of the 5-ft  diameter,  16-ft long 

vacuum tanks at the NASA Lewis Research Center. 
The tank  has three 32-in. oil diffusion pumps feeding 
into a common ejector pump followed by a mechanical  
pump. Cryogenic pumping (liq. N2) was used in 
conjunction with the diffusion pumps so that  thrus ter  
operat ion was possible in the 10-6 Torr  pressure range. 
A more complete description of this facil i ty is in-  
cluded in ref. (14). 

Measurements 
All electrical  measurements  in this p rogram were  

made with standard meters  with an accuracy of about 
3% at full scale deflection. The propel lant  uti l ization 
efficiency could not be fixed to much bet ter  than 
5%. This accuracy was est imated f rom measured  var ia -  
t ion in neutral  propellant  flow rate  f rom several  
tests where  the same orifice size was utilized. 

Results and Discussion 
The results of the high vol tage breakdown char-  

acteristics over  insulators and between accelerator  
grids are described first. The ion chamber  per formance  
is considered next. The effects of accelerator  pa ram-  
eters on the m a x i m u m  at tainable  ion current  are 
then presented. Finally,  a discussion of over -a l l  
thrus ter  efficiencies at high vol tage is presented. 

The value of the ratio of cen te r - to -cen te r  grid 
spacing to hole diameter,  l~/D, was var ied between 
0.5 to 3.0 by insert ion of shims between the down-  
s t ream insulators and the screen grid extensions (Fig. 
1). The screen and accelerator  grids we,  e of equal  
thickness unless otherwise stated. All  the data p re -  
sented in the figures of this report  were  taken wi th  
accelerator  grids wi th  hole diameters  of 2.2 cm be-  
cause, as will  be la ter  explained, the use of larger  
holes, 5 cm, led to undesirable  thrus ter  performance.  

Insulators.--The high voltage thrus ter  was ini t ial ly 
designed with  spherical insulators scaled f rom in- 
sulators used successfully up to about 10 kv. The 5-cm Fig. 2. Sketch of the insulator and mounts 
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High Voltage Breakdown Studies 
The max imum value of the ion current  or thrust  

per uni t  area of a Child's law current  l imited system 
is directly proport ional  to the square of the electric 
field supported by the accelerator grid system (15). 
The value of the max imum supportable field s t rength 
in vacuum has, in general, been found to decrease 
with increasing spacing (16). The voltage breakdown 
characteristics of accelerator grids at spacings of 
interest  in this program (roughly 0.5-5 cm) were 
therefore studied. 

In addition, ini t ial  tests indicated that spherical 
insulators were unacceptable for use at the intended 
voltage levels. A test program was carried out to 
find a suitable insulator  design. 

All the breakdown tests described below were 
carried out at pressures less than  1 x 10 -5 Torr. 
Breakdowns should then be independent  of pressure 
(17). 

Insulator studies.--Spherical insulators (such as 
utilized in low voltage thrusters) ,  5 cm in diameter, 
were found to break down at 22 kv. A program was 
carried out to improve the insulator  design to meet 
the voltage requirements  of the study. The guideline 
for this program was the data of ref. (18) and (19) 
which indicated that  the pr imary  cause of insulator  
flashover was electron emission ini t iat ing at the nega-  
t ive metal-dielectr ic  junction.  

The final insulator  design (Fig. 2) was found to 
el iminate insulator  flashover breakdown up to voltages 
of 250 kv, at which point the insulator  failed due to 
puncture  through the dielectric. This design increased 
the flashover voltage for two reasons. First, the electric 
fields which can l iberate electrons are reduced near  
the negative junction,  as suggested by  Ref. (18). 
Second, the discharge at the negative junct ion  was 
constrained to the hollowed out section of the in-  
sulator. 

Plate breakdown studies.--Breakdown tests between 
simulated accelerator grids were carried out in a 
bell j a r  facility. The effects of spacing and surface 
condit ioning on the max imum supportable electric 
field s trength were investigated at voltages up to 
285,000v. The grids were attached to independent  
holders which were connected to high voltage feed- 
throughs at opposite ends of the bell jar. This moun t -  
ing technique el iminated the need of spacing insulators 
and allowed comparison of gr id- to-gr id  breakdown 
separate from insulator  flashover. 

Stainless steel plates 0.31 cm thick and 25 cm in 
diameter  were fabricated. P la in  plates and plate sets 
with up to 37 holes (all holes 2.54-cm diameter)  
were utilized. The edges of one side of each of 
t h e  plates were left unfinished while the edges of 
the opposite side were machined to approximately 
0.06 cm radius. 

The results of these tests are presented in Fig. 3, 
where the max imum supportable field s trength is 
plotted against the face-to-face spacing between the 
plates. Above the max imum field s trength the break-  
downs would become near ly  continuous. In addition, 
this field s trength was the highest that  could be 
supported without  breakdowns for times greater than 
about 5 min  after prolonged conditioning, i.e., repeated 
breakdowns. A breakdown was defined as a discharge 
between the plates greater than  1 ma (which tr ipped 
the power supplies).  

Figure 3 shows that the max imum supportable elec- 
tric field does decrease with increasing spacing as 
expected. The fields are, however, considerably 
greater  than  the m a x i m u m  supportable fields for 
low voltage thrus ter  operation, which are general ly  
from 2 to 3 x 106 v / m  (12). Figure 3 also shows that  
the max imum field is somewhat dependent  on the 
number  of holes. In  general, the voltage breakdown 
level decreased with the number  of holes drilled 
in  the plates. Although not shown, the critical elec- 
tric field was larger when  rounded edges ra ther  than  
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Fig. 3. Effect of spacing on the maximum supportable electric 
field strength between stainless steel plates. Plate diameter, 25 
cm; hole size, 2.2 cm. 

square edges faced each other. This difference in 
critical electric field was, however, always less than 
20 %. It is seen that the data agree relat ively well with 
the data of ref. (20), which were taken with unpolished 
stainless steel plates. 

It was found that the characteristics of the break-  
downs which occurred at spacings less than 1 cm 
spacing differed substant ia l ly  from those of break-  
downs at spacings greater than 1 cm. At the smaller 
spacings the breakdowns were localized, data were 
quite repeatable, and the cur ren t  between the plates 
approached zero at the max imum voltage difference, 
after condit ioning for a few minutes.  At larger spac- 
ings, however, breakdowns were not localized; the 
leakage current  did not decrease significantly with 
time near  the ma x i mum field strength. In addition, 
the data at large spacings were never  repeatable to 
much closer than about 20%. 

Thruster breakdown tests.--Data were taken 
throughout  the thruster  program of the max imum 
supportable field dur ing  thrus ter  operation (util izing 
the improved insulator  design previously described).  
The results are shown in Fig. 4. Comparing these 
data with Fig. 3 it is seen that  the levels of field 
strength are approximately a factor of 3 or 4 lower 
than those obtained in the bell jar  tests. The data do 
not, however, show significant degradation from field 
strengths obtained previously with thrusters  operating 
at lower voltages. The reason for the low max imum 
supportable field s trength between grids of operat ing 
thrusters,  as compared with breakdown between plates 
of the same physical geometry in vacuum, is not 
certain. During operation, however, the grids of a 
thrus ter  suffer ion impingement ,  and become heated 
to about 700~ (12). These factors would probably 
tend to reduce the ma x i mum supportable field 
strength. 

Ion Chamber Performance 
For flight applications, the energy required to form 

a beam ion is of importance. This energy, eV/ion, 
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Fig, 4. Maximum supportable electric field strength between the 
accelerator grids of the operating electron bombardment thruster 
as a function of the grid spacing; t, 1.18 cm; D, 2.2 cm; 37-hole 
grid. 
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is defined as 
AVI (Ji - -  JB) 

eV/ion = [1] 
JB 

All  symbols are defined in the symbol list. 
The ion chamber  was tested over a large range of 

thruster  operating conditions. In  general,  the qual i ta-  
tive trends were the same as those obtained with low 
voltage thrusters  uti l izing t an ta lum cathodes. Figure 
5 shows the eV/ion as a function of the propel lant  
util ization efficiency, net  accelerating potential, ion- 
chamber  discharge potential,  and magnetic  field 
strength. As is general ly  t rue (10) the eV/ion in-  
creased with propellant  uti l ization efficiency, de- 
creased with net accelerating potential, and exhibited 
a m i n i m u m  at some value of both ion chamber po- 
tent ial  difference and magnetic field strength. These 
data are not opt imum for a 20-cm thruster.  Use of 
a discharge chamber  configuration employing a hol- 
low cathode (21) or different propel lant  in t roduct ion  
modes (22) would probably lower the chamber  losses. 

Discharge stability.--During the investigation it was 
found that  some limits had to be placed on various 
thrus ter  parameters  in order to main ta in  stable 
thruster  operation. The instabil i ty of the discharge 
would manifest  itself both by breakdowns from the 
thruster  anode potential  to ground and by quenching 
of the ion-chamber  discharge. Such instabili t ies are 
similar to those experienced dur ing operation with 
short anodes (7, 10). The factors most strongly affect- 
ing the discharge stabili ty were the propel lant  uti l iza- 
t ion efficiency and the accelerator grid hole size. 
The grid spacing and thickness did not significantly 
affect stabil i ty over the range of values tested. 

The discharge chamber was unstable  with the 2.2 
and 5.0-cm diameter  grid holes at propellant  uti l ization 
efficiencies greater than about 0.90 and 0.30, respec- 
tively. Data presented herein at propellant  uti l ization 
efficiencies greater  than these values (with the spe- 
cified hole sizes) were taken dur ing repeated break-  
downs and /or  discharge quenching. 

Operation with the large hole grids was charac- 
terized by very severe breakdowns which would often 
destroy the cathode. When wire mesh was placed 
over the screen grid holes (sketch b),  breakdowns 

/-Screen grid 

,'" - - ' ~ >  Ion flow 

D 
- - V  / 

/ "- 
/ "-Accelerator grid 

/-Screening 
Sketch b 

from the anode to ground were eliminated. Use of 
such screens proved unsatisfactory, however, because 
the mesh would quickly bu rn  through. In  addition, 
the eV/ion was 2 to 3 times that  obtained without  
mesh screening. 

The above statements indicate tha t  the accelerator 
field can interact  with the ion chamber  plasma. The 
grid hole size strongly affected the max imum propel-  
lant  uti l ization efficiency that  could be attained. The 
data suggest that  discharge quenching, at high ut i l iza-  
tion efficiencies, may be inherent  with the grid geom- 
etries required at high voltage. 

Accelerator spacing and net accelerating vo l tage . -  
Throughout  the test it was found that  the eV/ion 
was strongly dependent  on the accelerator geometrical 
and electrical parameters  wi th in  the region of stable 
discharge operation. Accelerator grids with hole di-  
ameters of 2.2 cm and 7 or 37 holes were utilized 
for the tests discussed below. The ratios of center-  
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Fig. 5. Ion chamber performance as o function of several thruster 
parameters. AV, 5Or; VI, 20 kv; Jo, 0.165 amp; ~u,  0.79; B, 17.4g; 
R, 0.8;1r 1.29; D, 2.2 em; t, 18 cm; 37-hole grid, unless other- 
wise noted. 

to-center  spacing and grid thickness to the hole 
diameter  were varied between 0.8 to 2.5 and 0.34 to 
0.86, respectively. 

Figure 6 shows the energy loss per beam ion as a 
function of the center - to-center  grid spacing. The 
center - to-center  spacing was chosen because it allows 
reasonable agreement  with Child's law currents  (11) 
and with predicted values of charge-exchange ion 
impingement  currents  (12). It  is seen from Fig. 6 
that  the eV/ion tends to increase with both grid 
spacing and thickness at fixed values of accelerating 
voltage and propellant  uti l ization efficiency (the hole 
size was constant for the data of Fig. 6). 

To present data concisely over a wide variety of 
operating conditions, the eV/ion was plotted as a 
function of the ratio of beam current  to the Child's 
law current  predicted by use of the center- to-center  
grid spacing (11). This ratio is hereafter referred to 
as percentage of Child's law, and for reference is 
given by Eq. [2] 

( Jj--~H ) ~ 2 . 5 9 X  101~ JBl~2 [2] 
AAAVT 8/2 

Figure  7 shows this var iat ion and is typical of all 
data taken in that the energy lost per beam ion 
always rose monotonical ly with the percentage of 
Child's law. 

Comparison of Fig. 5(a) and 7 show that  the 
eV/ion is less sensitive to the propellant  uti l ization 
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Fig. 6. Effect of center-to-center grid spacing on ion chamber 
performance. ~V I ,  50v; VI,  16 kv; Jo, 0.165 amp; ~u, 0.12; B, 
17.4g; R, 0.8; D, 2.2 cm; 7-hole grid. 
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efficiency when the percentage of Child's law current ,  
rather  than  the net  accelerating potential,  is held 
constant. This fact is more clearly demonstrated by 
Fig. 8 which presents, at one grid spacing, the var ia-  
tion of eV/ion with propellant  uti l ization efficiency 
at three values of percentage of Child's law ion 
current.  

For  the data of Fig. 8, at a fixed percentage of 
Child's law, an increase of propellant  uti l ization ef- 
ficiency from 0.3 to 0.9 corresponded to increases of 
ion beam current  and net accelerating potential  by 
factors of about 3 and 2, respectively�9 At a fixed 
propellant  uti l ization efficiency, the net accelerating 
potential  decreased (Eq. [1]) by a factor of about 
1.4 as the percentage of Child's law current  increased 
from 30 to 50%. 

Figure 9 shows that  to a good approximation the 
eV/ion was not a strong function of grid spacing if 
the accelerating voltage was adjusted to provide a 
constant  percentage o f  Child's law ion current�9 The 
data of Fig. 6 (fixed net  accelerating potential, 7 hole 
grid) indicate that the eV/ion near ly  doubled as the 
spacing ratio increased from 0.8 to 2.0. The increase 
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in eV/ion for the same spacing ratio var iat ion at 
fixed percentage of Child's law current  (Fig. 9) was 
about 15%. 

The basic energy requi rement  of producing a beam 
ion is, of course, most strongly a funct ion of propel lant  
type and the geometrical and electrical parameters  of 
the ionization chamber  (23). Within  this framework,  
however, the accelerator parameters  can play an 
important  role in de termining the eV/ion. 

The ion extraction efficiency could be a function of 
either the ion sheath wi thdrawal  area or long range 
extraction phenomena such as axial electric field 
gradients in the discharge chamber. Figures 7 and 8 
of ref. (24) indicate that  small  changes in the per-  
centage of Child's law can result  in  large var iat ion 
in ion sheath wi thdrawal  area. Reference (24) in-  
dicates, for example, that the sheath area increased 
by about 50% when the ion current  was varied to 
decrease the per cent Child's law from approximately 
27 to 17%. On the other hand, increased extraction 
efficiency is almost certain to change the plasma 
parameters,  at least near  the accelerator grids. Varia-  
t ion of the electron temperature,  for example, could 
affect the ion drift  velocity toward the accelerator 
grids (23). 

A consequence of the above discussion is that  the 
eV/ion does not decrease indefinitely with increasing 
net accelerating potential. For a fixed grid spacing 
the energy expended per beam ion wil l  decrease 
with increasing acceleration voltage up to the voltage 
limit determined by gr id- to-gr id  breakdown�9 In  order 
to increase fur ther  the acceleration potential  it is 
necessary to increase the grid spacing�9 An increase 
in spacing has the effect (Eq. [2]) of increasing the 
percentage of Child's law current  represented by a 
given ion beam current  density and net accelerating 
potential, and as previously seen, the eV/ion wil l  
increase. This implies a serious l imitat ion in the 
at ta inable discharge power losses or beam current  
densities with simple two grid accelerators at large 
spacings. 

Beam Current Density Measurements 
The max imum beam current  densi ty of an ion 

source is of interest, par t icular ly  for thrus ter  applica- 
tions due to the direct influence of ma x i mum beam 
current  density on the ma x i mum at ta inable  thrust  
per uni t  area�9 Calculation of the grid aperture effect 
(11) indicated that  no decrease in the max imum 
transmit ted  percentage of Child's law ion current  
would occur due to operation at high voltage (large 
spacings). 

Grid spacing.--Figure 10 shows the var iat ion of the 
ma x i mum percentage of Child's law current  as a 
funct ion of the ratio of accelerator grid spacing to 
hole diameter�9 Data for both the 37 and 7 hole grids 
(sketch c) are included in Fig. 10. The m a x i m u m  beam 
current  was determined by the "knee" method of 
ref. (11) and can contain considerable error due to 
the difficulty of locating the knee exactly. Briefly, 
the "knee" method is the determinat ion of the total  
voltage between the grids at which the impingement  
current  begins to rise rapidly  when the thrus ter  is 
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operated at a constant beam current�9 For a fixed 
spacing the Child's law ion current  can be calculated 
for the "knee" voltage and the data of Fig. 10 is the 
ratio of the actual ion current  at the "knee" to the 
calculated Child's law value. 

Anode d i a m e t e r  
(20 cm) 

7 -Ho le  s y s t e m  37-Hole  s y s t e m  Sketch c 

It  is seen from Fig. 10 that the value of the maxi -  
mum percentage of Child's law current  does not vary  
significantly with grid spacing for a fixed number  of 
holes. The general  levels of max imum percentage of 
Child's law ion currents  were higher for the 7 hole 
than the 37 hole system. The defining diameters, wi thin  
which all holes were contained, were about 7.5 and 
20 cm, respectively, for the 7 and 37 hole configura- 
tions. It was found the closing the cenLral 7 holes on 
the 37 hole system increased the m a x i m u m  transmit ted  
percentage of Child's law ion current  for the remain-  
ing 30 holes but  the max imum cur ren t  from the 
thrus ter  was reduced�9 

It is l ikely that  there was a larger var iat ion in the 
discharge ion density across the 37 hole system than  
the 7 hole system�9 The radial  ion number  density 
gradient  is probably most strongly affected by the 
basic geometry of the discharge chamber  which had 
a constant  anode diameter  for both grid configurations. 
The presence of a large ion density gradient  thus 
might lead to defocusing of the central  holes before 
the outer holes become defocused as the total thruster  
current  approaches the Child's law current  limit. 

Focusing characteristics.--Tests were performed 
with 7-hole accelerator grids in order to evaluate the 
focusing characteristics over a large range of spacings 
and grid thicknesses. Figure 11 shows the ratio of ion 
impingement  to ion beam current  as a function of 
grid spacing at three values of percentage of Child's 
law ion current.  The data were taken at fixed values 
of ion beam current,  ratio of net  to total accelerating 
potential, and propel lant  uti l ization efficiency�9 

It is seen from Fig. 11 that the variat ion of the 
impingement  current  with spacing is a function of both 
the percentage of Child's law ion current  and the ratio 
of grid thickness to hole diameter�9 In  general,  at 
30% of Child's law the impingement  current  de- 
creased slightly with increasing grid thickness and 
was rather  insensit ive to the grid spacing�9 At 80% 
of Child's law ion current  the impingement  current  is, 
however, a ra ther  sensitive function of the grid geom- 
etry. The ion beam appeared to defocus at both large 
and small spacing for the th inner  grids (data were not 
taken with the thickest grids at a large enough 
spacing for defocusing to occur).  As the grid thickness 
increased, both the max imum and m i n i m u m  spacing 
at which defocusing init iated increased. 

The data of Fig. 11 indicate that  if thruster  opera- 
t ion at a large value of percentage of Child's law is 
desired, care is necessary in selection of the grid 
geometry in order to operate at low values of im-  
p ingement  current.  If the thruster  is to be operated 
at a low percentage of Child's law, the impingement  
will  be substant ia l ly  constant  over a wide range of 
grid geometries. The lack of dependence of the im-  
p ingement  current  upon the grid configuration at low 
values of per cent Child's law is probably due to the 
fact that  in this region the ion beam becomes strongly 
focused into the center of the accelerator holes [see 
Fig. 9 and 10 of ref. (24) ]. As the value of the percent-  
age of Child's law increased, the ion beam spreads, due 
to sheath readjustment ,  and the ion focusing becomes 
more strongly dependent  on the specific grid geometry. 
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Fig. 11. Effect of grid spacing on the ratio of ion impingement 
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Charge-exchange ion impingement.--In the region of 
good ion focusing, the value of impingement  current  
due to charge-exchange has been calculated in ref (12). 
The value of the charge-exchange currents  in  the 
present investigation will  differ from those of ref. (12) 
due to the large differences in net accelerating poten-  
tial and spacings utilized�9 For fixed values of neut ra l  
mass flow rate, propel lant  uti l ization efficiency and 
open area, the values of the charge-exchange current  
will  be considerably larger than  at low voltage opera- 
tion. The cross section for charge exchange does de- 
crease somewhat with increasing voltage�9 Large u n -  
c e r t a i n t i e s  exist in the l i terature,  however, regarding 
the exact variation, e.g., ref. (25-27). For purposes 
of later  calculation the charge-exchange cross section 
will be assumed to be constant at 5x10 -15 cm 2 for the 
net accelerating potentials (15,000-70,000v) used in 
this investigation. 

Figure 12 shows the var iat ion of the ratio of im-  
p ingement  to beam current  as a funct ion of grid 
spacing. These data were taken with the 37-hole grid 
system with a grid thickness to hole diameter  ratio of 
0�9 This grid thickness ratio was selected as it a l-  
lowed operation over a wide range of percentage of 
Child's law ion currents  and accelerator grid spacings 
(Fig. 11). Also shown are the calculated values of the 
impingement  to beam current  ratio obtained by use 
of equation (B16) of ref. (12). This equation is given 
below with the charge-exchange cross section assumed 
to be 5x10 -1~ cm 2 ra ther  than  6x10 -1~ cm 2 as in  ref. 
(11). 

[ It ~ flVIa/2AI,(R) ] 
JA = 2.63 (1 - -  ~lc) Jo 1.5 + 
JB AA Ao2~lvJo 

[3] 

It is seen from Fig. 12 that, in general, the values of 
ion impingement  were wi thin  about a factor of 2 of 
those predicted from the calculated charge-exchange 
impingement  current  of ref. (12). This agreement,  ap- 
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proximately the same as that obtained at low voltage 
(12), held as long as care was taken to operate in the 
aforementioned region of good focusing. It  is thus 
likely tha t  the impingement  in the good focusing 
region was due pr imar i ly  to charge-exchange ions. 
The data of Fig. 11 (7-hole grid) also agreed with Eq. 
[3]. The higher values of impingement  arose pr imari ly  
because the low uti l ization efficiencies and reduced 
open area at which the 7-hole grids were operated. 

Power Efficiency 
One of the pr imary  advantages of high-voltage oper- 

ation is the increase to be expected in the power 
efficiency, or ratio of beam power to total expended 
power. As was previously shown (Fig. 9), the value 
of the energy loss per beam ion does not vary sub-  
s tant ial ly  over a large range of spacings so that  the 
power efficiency can be expected to reflect directly the 
increasing ion beam energy. 

Figure 13 shows the power efficiency as a function 
of the net accelerating potential  for three values of 
accelerator spacing. Power  losses in the cathode, mag-  
net, accelerator, and ion chamber were included in 
these data. The power efficiency is a steadily increas- 
ing function of net  accelerating potential  for a fixed 
value of propellant  util ization efficiency. Unfor tunate ly  
power supply l imitat ions did not allow data to be 
taken in  excess of approximately 70 m a  of ion beam 
current  with net  accelerating voltages in excess of 50 
kv. It was found that  the combinat ion of large neut ra l  
propellant  flow rates and ion beam power would result  
in vacuum system pressure increases which would 
lead to anode to ground breakdown. The upper  limits 
were neut ra l  flow rates of about 0.2 equivalent  ampere 
and beam power levels of approximately 7000w at 
net  accelerating potentials in excess of 20 kv. 

The data of Fig. 13 indicate that  the value of the 
power efficiency was greater than 0.80 at net  accelerat- 
ing potentials larger than 20 kv. Reduction of the 
eV/ion would not  appreciably affect these data. Be- 
cause of the small  ion beam currents  (imposed by 
Child's law considerations) these losses were always 
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less than 150w. The use of permanent  magnets and 
hollow cathodes (21) would reduce the power losses by 
about 300w or more. The cathode power of the tan ta -  
lum cathodes was typical ly about 12% of the total 
thruster  power; that of a hollow cathode is about 
2%. The increase in power efficiency that  would result  
from a 300w saving is shown by the projected power 
efficiency on Fig. 13. 

Also shown on Fig. 13 are data taken at low voltage 
with a 20-cm-diameter  thrus ter  (12). Magnet and 
cathode losses of 150 and 200w, respectively, were used 
to determine these power efficiencies. The data selected 
from ref. (12) were those closest to 0.80 propellant  
uti l ization efficiency and which were available over 
some range of net accelerating potential. The power 
efficiency, at a fixed net accelerating potential, is not 
strongly affected by variat ion of the propel lant  uti l iza- 
t ion efficiency between about 0.60 and 0.80, A compari-  
son between the low and high voltage power effi- 
ciencies can, therefore, be made. 

The extrapolated power efficiencies at high voltage 
best match the data of ref. (12) when  the value of 
the neut ra l  flow rates were approximately equal. In  
general, the value of the power efficiency increased 
with the neutra l  flow rate at a fixed propellant  ut i l i -  
zation and net accelerating potential. This occurred 
because of fixed losses that  did not vary  significantly 
with ion beam current.  The high and low voltage 
data, with the assumed savings of 300w, show that  
thruster  power efficiencies in excess of 0.85 and 0.90 
should be obtained at net  accelerating potentials 
greater than about 10 and 20 kv, respectively. 

Over-all Thruster Efficiency 
The over-al l  thrus ter  efficiency as a funct ion of the 

net accelerating potential  is shown in Fig. 14(a). For  
reference the same data is plotted as a funct ion of 
specific impulse in Fig. 14(b). The projected power 
efficiencies from Fig. 14 were utilized in calculation 
of over-al l  efficiency. It  is seen that  the over-al l  
efficiency should be greater than  0.80 for net  accelerat- 
ing potentials greater than  16 kv at propel lant  
uti l ization efficiencies of 0.'90 or larger. To achieve this 
over-al l  efficiency at lower propellant  utilizations 
would require higher net accelerating potentials. 

Data are not presented at values of propel lant  
util ization efficiency greater than 0.9,1 since this was 
the largest value at which the thruster  operated 
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Fig. 14. Over-all thruster efficiency as a function of net acceler- 

ating potential and specific impulse. AVb 50v; Jo, 0.165 amp; B, 
17.4g; D, 2.2 cm; t/D, 0.54; R, 0.8. 

stably. From previous consideration it would appear 
that  the max imum stable propellant  uti l ization effi- 
ciency could probably be increased by decreasing the 
grid hole size. Because of the spacings required for 
high voltage (Fig. 4), however, and the fact that  there 
exists a max imum ratio of center - to-center  spacing 
to hole diameter  [ref. (11) and Fig. 11] for good ion 
focusing the hole diameters could not be significantly 
reduced. 

C o n c l u d i n g  Remarks  
It was found that the max imum supportable electric 

field s trength between accelerator grids of operat ing 
thrusters  was about 2x106 v / m  over a large range of 
spacings. This field s trength refers to gr id- to-gr id  
breakdowns after 2 to 20 hr conditioning. 

The qual i tat ive variations in eV/ion were found to 
be quite similar  to that at low voltage. In  addition, 
the eV/ion was near ly  independent  of the net acceler- 
ating potential  and center - to-center  grid spacing if 
the propel lant  uti l ization efficiency and per cent of 
Child's law current  were held constant. 

It was found that  the ratio of center - to-center  grid 
spacing to grid thickness should be between 2.5 and 
4 to provide good ion focusing. The value of the grid 
thickness alone did not  strongly affect the ion focusing, 
however, unless the beam current  was in excess of 
approximately 50 % of Child's law value. 

The max imum values of ion beam current  density 
were about 80 and 55% of the Child's law value for 
7 and 37 hole grid systems, respectively. The m a x i m u m  
current  densities were near ly  independent  of spacing. 
The accelerator impingement  current ,  at beam current  
densities less than  the maximum, were essentially 
those predicted from charge exchange interactions. 

The thrus ter  power efficiency can be expected to be 
in excess of 0.85 at all  net  accelerating potentials 
greater than 20,000v. The over-al l  thrus ter  efficiency 
(the product  of the power and uti l ization efficiencies) 
was l imited to 0.86 in the present s tudy because of 
discharge chamber  stabil i ty problems and was sub- 

s tant ial ly  less for most conditions investigated. High 
current  densities at high voltage probably  require  
more complex accelerator grid systems to avoid s tabi l-  
ity problems and excessive ion chamber  losses. 

SYMBOL LIST 
AA open area of accelerator on screen grid, m 2 
AI flow area of ions, m2 
Ao nominal  thrus ter  area, m 2 
B magnetic  field strength, w / m  2 
D accelerator plate hole diameter,  m 
f ( R )  1/R 3/2 -{- 3 /R  - -  4 
IsD specific impulse, sec 
J current,  amp 
Jo current  equivalent  neu t ra l  flow rate, amp 
j current  density, a m p / m  2 
l gr id- to-gr id  spacing, cm 
1r center - to-center  grid spacing, cm 

m mass, kg 
q charge of an electron, C 
R ratio of ne t - to- to ta l  accelerating potential,  

Vl/Vl+ -~- IVA] 
t accelerator grid thickness, cm 
9" potential, v 
_~V potential  difference, v 

4eo/9~/2q/m ---- 3.86 • 10 -9 mks units  for Hgg +1 
ions 

eo permit t iv i ty  of free space, 8.85 • 10 -1~ C~/ 
(N) (m z) 
efficiency 

Subscripts 
A accelerator 
B beam 
CH Child's law 
I ion chamber  
n neutra l  
p power 
T total  
U uti l ization 

Manuscript  submit ted May 15, 1968; revised m a n u -  
script received Sept. 19, 1968. This paper was pre-  
sented at the Boston Meeting, May 5-9, 1968, as Paper  
170D. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
J O U R N A L .  
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Electrolytic Degradation and Electrode Structure 
William A. Nystrom* 

Stackpole Carbon Company, St. Marys, Pennsylvania 

ABSTRACT 

The anode degradation of electrographitic materials  was investigated in 
concentrated oxyacid electrolytes and in saturated br ine solutions. Both light 
microscopy and electron microscopy were used to follow the progressive 
attack of the graphite surface. The rate of wear in the concentrated oxyacid 
electrolytes could be correlated with the relat ive tendency to form graphite  
intercalat ion compounds, and a n u m b e r  of interest ing possibilities are sug- 
gested for the use of such a process. In  br ine  solutions, it was observed that  
the binder  materials  were attacked more rapidly than  were the graphitized 
coke particles, and the pa t te rn  of at tack wi th in  the coke particles was ob- 
served to follow the original  coke structure.  

Graphitic materials  are found in many  commercial  
applications. Certainly one of the most impor tant  of 
these is the use of graphite  electrodes in  electrolysis 
cells. When used as a cathode, and barr ing  the for- 
mat ion of compounds, graphite  can be expected to 
last indefinitely.  However, in chlorate and in chlor- 
alkali  cells, graphite is used either solely or else 
periodically as an anode mater ial  where it is subjected 
to strongly oxidizing conditions. Since it is only due 
to the high irreversibi l i ty  of the oxygen evolution 
process in br ine  solutions that  chlorine can be .gener- 
ated, it is inevi table  that  some water  is discharged to 
yield molecular  oxygen and carbon dioxide at the 
anode. It is the formation of this lat ter  product along 
with the chemical oxidation of graphite by chlorate 
which results in graphite electrode wear. 

In this study, the anodic degradation of carbonaceous 
electrode materials was investigated in both br ine  
solutions and in concentrated oxyacids. Although the 
behavior of electrode materials in  concentrated oxy-  
acids has been previously reported by Thiele (1), it 
was felt that another  look at this phenomenon might 
yield useful  informat ion as to possible relationships 
between anode wear and both macro and microstruc-  
tures. Also, the effect on anode wear of various mix-  
tures of the oxyacids has not been previously reported. 
The experiments  in br ine  solutions Were carried out 
to either verify or disprove certain widely held gener-  
alizations as to the effect of microstructure  on anode 
wear. These were (i) anodes consisting of a large 
proport ion of coarse filler particles wear  more slowly 
than do anodes which have a fine filler particle size 
and (ii) regions consisting of b inder  mater ia l  wear 
faster than  do the adjacent  filler particles. 

Exper imental  Procedure 
Degradation in concentrated oxyacid electrolytes.-- 

A schematic i l lustrat ion of the electrolysis cell for the 
anodic degradation studies in concentrated oxyacids 
is shown in Fig. 1. This cell consisted of a 1500-cc 
Pyrex vat into which was fitted a cylindrical,  type 
302 stainless steel cathode. For the most part, cyl in-  
drical anodes measur ing approximately 2 in. high by 
0.5 in. in diameter  were used in this study. They 
were positioned as indicated in the center of the cell. 

* E l e c t r o c h e m i c a a l  Soc ie ty  A c t i v e  Me mber .  
Key  w o r d s :  g r aph i t e ,  e l ec t rode ,  wea r ,  s t r u c t u r e ,  e l ec t ro lys i s .  

The effect of various oxyacids and mixtures  of oxyacids 
on electrode wear was studied by using a special 
h igh-pur i ty  grade of extruded electrographitic rod 
having an ash content  of less than 0.001%. As will  
become apparent,  the results obtained for this mater ial  
are to be regarded only as generalizations; changes 
in the specific na ture  of the electrode mater ia l  will  
give rise to different rates of attack al though the 
general  features common to a given type of mater ia l  
are expected to remain  the same. 

The concentrated o•yacids invest igated in this s tudy 
included sulfuric acid, ni tr ic  acid, phosphoric acid, 
and mixtures  of phosphoric and nitr ic acids. All of 
these acids were of reagent-grade quality. Test anodes 
were corroded at constant  total current,  and the 
electrolysis t ime was monitored by a stop watch. At 
the end of selected intervals  of electrolysis time, the 
current  was switched off, and the diameters of the 
test anodes were measured by a micrometer.  In se- 
lected cases, photographs of the degraded samples 
were also taken for a record of the na ture  of the anodic 
attack. The test anodes were then placed back into 
the electrolysis cell and electrolyzed for the next  
in terval  of time, etc., unt i l  the point of complete des- 
t ruct ion of the anode was achieved. The specific values 
of the selected interval  times varied with the na ture  
of the electrolyte and were chosen so as to obtain 
a reasonable number  of data points for plott ing the 
electrode diameter  as a funct ion of time. 

Degradation in brine solutions.--The exper imental  
setup for the electrolysis runs in the sa turated sodium 

ONE LITER 
GLASS VAT 

THERMOMETER 

-) 
',,P--STAINLESS STEEL 

CYLINDRICAL 
CATHODE 

GRAPHITE ANODE 

Fig. 1. Electrolysis cell for anodic corrosion in concentrated oxy- 
acid electrolytes. 
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Fig. 2. Electrolysis cell for anodic corrosion in saturated brine 
solution. 

chloride electrolyte is shown in Fig. 2. The cell con- 
sisted of a 1-1 Lucite box which was subdivided by 
means of a perforated Lucite plate into two equal 500- 
cc compartments.  The anode compartment ,  or anolyte 
chamber, was continuously fed fresh, saturated br ine 
solution at the rate of 7 cc/min, thus creating a 
positive pressure head to prevent  in termixing of the 
caustic produced in the catholyte chamber  with the 
anolyte chamber  brine. A vent  was placed in the side 
of the  catholyte chamber  to allow the continuous 
removal  of caustic and br ine dur ing the electrolysis 
run. 

The graphite samples used for these experiments  
consisted of 0.5-in. diameter  extruded rods of electro- 
graphitic materials which were encapsulated in Bueh-  
ler No. 1385AB transoptic mount ing  powder. The sur-  
face exposed to the electrolysis consisted of the 0.5-in. 
diameter  cross section of the extruded rod which 
was polished using convent ional  metallographic pro- 
cedures to a Linde B finish (0.05~) before commencing 
electrolysis. Electrical connection to the encapsulated 
samples was made by dri l l ing and tapping a metal  
screw into int imate  contact with the graphite, as is 
shown in Fig. 2. Stop-off lacquer was used to insulate 
the surface  of the screw from the electrolyte. 

The results found for two basic types of electro- 
graphitic electrode materials  are reported herein. They 
consisted, respectively, of a pitch-coke, p i tch-binder  
mater ial  and a petroleum-coke, p i tch-binder  material.  
The lat ter  mater ia l  also contained a conventional  
linseed oil impregnat ion t rea tment  whereas the former 
mater ial  was tested in the unt rea ted  condition. Both 
of these materials are composed of relat ively coarse 
particles of filler particles al though of necessity some 
fines are also present. Their microstructures are rep- 
resentat ive of typical anode materials. 

Reagent-grade sodium chloride and h igh-pur i ty  de- 
mineral ized water  were used to prepare the saturated 
br ine  solutions. The acidity of the influent br ine  was 
adjusted to pH 4 using reagent-grade hydrochloric 
acid or caustic soda as necessary. A type 302 stainless 
steel cathode was used in all  of these experiments.  

Prior to electrolysis but  subsequent  to polishing, 
a fiducial mark  was scribed onto the  surface of the  
graphite samples in order to facilitate the location of 
selected areas which were photographed in the as- 
polished condition. Each sample was then electrolyzed 
at 158 m a / c m  a in the br ine  solution for the sequence 
of t imes of 1, 2, 4, 8, 16, and 32 hr, at the end of each 
specific t ime of which it was removed from the solu- 
tion, carefully dried, and the previously selected areas 
were located and photographed. The samples were then 
placed back in the cell and electrolysis continued for 
the next  in terval  of t ime unt i l  the desired 32 hr  of 
electrolysis on a given sample had been realized (this 
gave a nominal  sample wear  of about 1 mil) .  In this 
manner ,  a sequence of photographs were prepared 
which i l lustrated the na ture  of the electrode wear  in 
relat ion to its microstructure  as a funct ion of time. 
As before, deposition t ime was monitored by means of 
a stop watch. The photographs of the surface micro- 
s tructure of the degraded anodes were taken at a 
magnification of 250X (reduced to 235X for publ ica-  
tion) as this was adequate to discern the pa t te rn  of 

sample attack. All  work of this na ture  was performed 
on a Bausch and Lomb metallograph. 

After the photomicrographs of the 32 hr of anode 
electrolysis had been taken, the samples were sub- 
mit ted to electron microscopy in  order  to determine 
the fine-scale features of the anode wear. Two-stage 
replicas of the samples were prepared by replicating 
the degraded surfaces with Bioden RFA acetyle cellu- 
lose. Preshadowed carbon replicas of the plastic ori- 
ginals were then prepared using chromium as the 
preshadow. The result ing composites were immersed 
in acetone and the plastic dissolved away to give the 
two-stage carbon replicas. The examinat ion  of these 
replicas was performed on a JEM 30 electron micro- 
scope manufac tured  by the Japan  Electron Optics 
Laboratory Company, Ltd. 

As it was desirable to know the t rue magnification 
of the electron micrographs as well  as to distinguish 
between hills and holes on the replicated surfaces, 
0.365~ diameter  latex balls were placed on the plastic 
first-stage replicas prior to chromium preshadowing. 
In the final image of the surface, those formations 
which show shadowing on sides opposite to the sha- 
dowed sides of the latex balls correspond to raised 
projections on the graphite surface. Those which show 
shadowing on the same side as the latex balls corre- 
spond to depressions or cracks in the corroded sample 
surface. 

Results and Discussion 
Degradation on oxyacid electrolytes.--The composi- 

tion and operating conditions of the oxyacid electro- 
lytes used in this study are given in Table I along 
with the value of the t ime in terval  selected for the 
measurements  of electrode diameter  as a function of 
electrolysis time. Table II lists the exper imental  data 
obtained from these runs, part  of which was used to 
prepare Fig. 3, which presents the data in a graphical 
fashion for the phosphoric and nitr ic acid combina-  
tions. Also shown in Fig. 3 are the results for elec- 

Table I. Composition and operating conditions of the 
oxyacid electrolytes 

A n o d i c  T ime  
Elec t ro ly te*  cur ren t ,  amp  in t e rva l ,  ra in  

I{~PO4 I0 120 
2 P t  H3POI 10 30 
1 P t  HNO3 
2 P t  H~POI 
1 P t  HNO~ 5 60 
1 Pt HaPO~ 
1 P t  HNO~ 1O 15 
HNOa I0 5 
H~SO~ I0 5 

* The  specific g r a v i t i e s  of these  acids  are :  H~SO.,, 1.84 g /cc ;  HNOa, 
1.42 g /ce ;  H:,PO,, 1.71 g/cc .  

Table II. Experimental data for oxyacid degradation 

Elec t ro ly t e  Cur r en t ,  A Time,  m i n  A v g  d i ame te r ,  m i l  

H~PO L 10 0 561 
120 464 
240 225 
290 50 

2 P t  HaPOt 10 0 561 
1 P t  HNO~.~ 30 503 

60 415 
90 304 

2 P t  H3PO, 5 0 561 
1 P t  HNO:~ 60 492 

120 410 
180 305 
240 120 

1 P t  H:~PO~ 10 0 560 
1 l~ HNO~ 15 490 

30 398 
45 288 
60 136 

HNO~ i0 0 561 
5 500 

10 414 
15 307 
20 20~- 

H~SO4 i0 0 561 
15 296 
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Fig. 3. Anodic degradation in HNO3-H3P04 electrolytes 

Fig. 5. Anodic corrosion of gas-baked carbons in 35% nitric acid 
solution. Anode C.D., 144 asf; electrolyte temperature, 25~ time, 
1 hr. 

Fig. 4. Anodic corrosion of electrographitic material in concen- 
trated oxyacids. Anode current, 10 amp; electrolyte temperature, 
2S~ 

trolysis in nitric acid and in phosphoric acid alone. 
It is quite obvious from these data that  the higher 
the ratio of nitr ic acid to phosphoric acid in the 
electrolyte, the faster is the degradat ion rate of our  
purified graphite electrodes. Also, the higher the ni tr ic  
acid content  of the electrolyte, the rougher the de- 
graded electrode surface becomes. Figure 4 shows this 
aspect of the electrode degradation quite  nicely as 
those samples which were degraded in electrolytes 
having appreciable percentages of phosphoric acid 
present  smooth surfaces whereas the sample corroded 
in concentrated ni tr ic  acid is covered with a vo lum-  
inous degradation product. In  the lat ter  case, if the 
degradat ion product  is washed off the electrode, a core 
of re la t ively undis turbed  mater ia l  is found; but  the 
point is that this operation is not required for corro- 
sion in phosphoric acid containing electrolytes. Also, 
the smoothest corroded surface is found in the case of 
degradation in pure  phosphoric acid; with the addition 
of higher percentages of nitr ic acid, there is a pro-  
gressive deteriorat ion in electrode smoothness along 
with the increasingly faster degradat ion rates. Elec- 
trolytes containing up to about one part  of ni tr ic  acid 
to two parts of phosphoric acid give a relat ively 
smooth degraded surface. At in termediate  nitr ic acid 
contents (one par t  nitr ic acid to one part  phosphoric 
acid), a roughening of the corroded surface is no-  
ticeable, and at high concentrat ions of ni tr ic  acid of 
from two parts of nitr ic acid to one part  of phosphoric 
acid on to pure nitr ic acid, very rough surfaces are 
formed along with the voluminous corrosion products 
previously mentioned. The qual i ty of surface finish 
obtained as a funct ion of phosphoric acid content  is 
also shown  schematically on Fig. 3. 

The theoretical  explanat ion for the observed dif-  
ferences in the anodic degradation behavior  of pure 
nitric acid and of pure  phosphoric acid on graphite 
has been given previously by Thiele. He states, 
"Graphite does not swell in  alkalies and in acids of 
the phosphoric acid group, in that  these bodies do not 
penetrate  into its s t ructure  and oxidation only occurs 
at the surface with the formation of humic acid 

and carbon dioxide. Acids of the sulfuric acid group 
( including nitric acid) on the other hand, penetrate  
into the interior  of the graphite  crystal. The graphite 
swells, and the carbon atoms become accessible to 
oxidation." The explanat ion of the differences in de- 
gradat ion behavior  therefore lies with the formation 
of graphite intercalat ion compounds in  the case of 
strongly oxidizing acids such as perchloric, sulfuric, 
and nitr ic acids; weakly oxidizing acids such as phos- 
phoric acid give only an exterior surface attack of the 
graphite. In  this connection, it is interest ing to note 
Fig. 5 which compares the degradation of two gas- 
baked carbons in nitr ic acid under  the conditions given 
in Table III. One immediate ly  notes the much more 
pronounced attack of the petroleum-coke base sample 
as compared to the lampblack-base  sample. Hence, 
those materials which possess s t ructures  which are 
capable of being graphitized show a much more pro- 
nounced rate  of degradation in nitr ic acid than  do the 
black-base materials  which can be only part ial ly 
graphitized. Obviously, it is the tendency to form 
intercalat ion compounds in the case of the coke-base 
s t ructure  which is creating the difference here even 
though the usual  voluminous degradation products 
are not present. This result  suggests the use of anodic 
degradation in nitric acid or nitric acid-phosphoric 
acid combinations as a method of evaluat ing the 
potent ial  degree of graphit izabil i ty of carbonaceous 
material.  For example, those gas-baked materials  
which show the greatest degree of degradation after 
electrolysis for a selected period of t ime  ma y  be the 
ones which will  yield the most graphitic structures 
upon graphitization. 

In  addition, the results obtained for the degradation 
of graphitic materials  in phosphoric acid and ni tr ic  
acid mixtures  also suggests two more uses for this 
technique. The first of these is as a destructive test 
for electrode qual i ty with respect to macros t ructura l  
defects such as in terna l  cracking and lamination.  
Figure 6 i l lustrates this possibility by showing the 
results obtained for three different electrolysis-elec- 
trode mater ial  combinations. Sample No. 1 was a 
fine-grained, extruded electrographitic mater ia l  which 
was corroded in  phosphoric acid to about 75% des- 
truction. One notes the presence of wormlike  holes 
on the corroded surface which indicate the presence 
of in te rna l  cracks and gaps in this material .  Sample 
No. 2 is the same mater ia l  except corroded in con- 
centrated nitr ic acid for a short period. In  this in-  
stance, the presence of lamel lar  layers is easily noticed 
in the voluminous corrosion products. Indeed, on sec- 
t ioning and polishing a sample of the as-received ma-  
terial, it was found to consist of a dist inctly cored 
s t ructure  which was created by the extrusion process. 
Sample No. 3 consisted of a relat ively coarse-grained, 

Table III. Anodic degradation of gas-baked carbons 

Electrolyte 1:1 HNOa 
Cur ren t  dens i ty  144 asf  
Electrolysis t ime  60 rain 
Electrolyte t e m p e r a t u r e  25~ 
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Fig. 6. Comparison of anodically corroded electrographitic ma- 
terials. 

extruded electrographitic mater ia l  which did not con- 
ta in  either a cored s t ructure  or in te rna l  microcracks. 
On removal  of the voluminous surface sludge formed 
in this case, one sees only a severely corroded surface 
indicating to some extent  the size of the filler particles. 

Another  possibility for this technique lies in the 
potent ial  use of these electrolytes as electrochemical 
machining and polishing media for carbon and graphite 
materials.  The data of Table II and Fig. 3 indicate 
that  one can vary  the rate of wear  and qual i ty  of 
surface finish produced by the oxyacids by suitable 
manipula t ions  in electrolyte composition. In  fact, these 
data are susceptible to the following theoretical anal -  
yses: 

If we assume that  the rate of wear  (or decrease in 
volume) is a l inear  function of the total  coulombs of 
electricity passed through the system, we have 

- -  ~ V  = K I  ~t  [1] 

where K is a constant dependent  on both the electro- 
lyte and the electrode material ,  I is the current ,  
V is the electrode volume, and t is the electrolysis 
t i m e . F o r  a cylindrical  anode, Eq. [1] becomes 

- -  ~ h = K i l t  [2] 
k 4 

where  D is the electrode diameter  and h is the depth 
of immersion of the electrode in the electrolyte. Since 
the depth of immersion can be treated as a constant 
dur ing a given electrolysis run, integrat ion of Eq. [2] 
and solving for the electrode diameter  as a funct ion 
of t ime gives 

( 4Ki t )  ~/2 
D t  = D o  2 [ 3 ]  

nh 

where Dt is the electrode diameter  at time, t and Do 
is the init ial  electrode diameter  at t ime zero. Equation 
[3] indicates that  we should have a parabolic decrease 
of the electrode diameter  as a funct ion of t ime unt i l  
at t ime tDt=O the electrode should be completely con- 
sumed, where tDt=O is defined by 

nhDo 
tD~=O = [4] 

4KI 
Figure 3 shows that the electrode wear does indeed 
follow a parabolic curve for cylindrical  anodes in 
these solutions, and Table IV lists the values of the 

Table IV. Experimental and calculated degradation parameters 

tg ~=o/min 
A v g  K, 

E l ec t ro ly t e  C u r r e n t ,  A in .3 /amp h r  Cale  EXD 

exper imental  constant  K and the t ime of corrosion 
for zero electrode thickness calculated from Eq. [4] 
and compared to the actual  value obtained by the 
extrapolat ion of the data of Fig. 3 to zero electrode 
thickness. Also given in Table IV are the calculated 
K values for two electrolysis runs  conducted in the 
same electrolyte and on the same type  of electrode 
mater ia l  but  for the two different values of the total 
cur rent  of 5 and 10 amp. The reasonably "good agree- 
ment  of the K values for these two runs show that  
our ini t ial  assumption that  the rate of electrode wear  
is a l inear  function of the total  coulombs passed 
through the system is valid. If there were  not so, 
K would be a funct ion of the current  density, which 
it is not. Hence, by first de termining  the value of the 
exper imental  constant  K for a given combinat ion of 
electrolyte and electrode mater ia l  by a simple de- 
gradat ion test using a cylindrical  anode, one can then 
choose those operat ing conditions such as current  and 
time to produce the desired electrochemical machin-  
ing for any  given nomina l  surface area on this mate-  
rial. In fact, one might choose to use a combinat ion 
of two separate electrolysis t reatments  in order to 
first achieve rapid electrochemical machining of the 
graphite part  (e.g., by using one par t  ni tr ic  acid to 
one part  phosphoric acid) followed by a period of 
electrolysis in  phosphoric acid alone to produce 
polishing of the electrochemically machined surface. 
The one requi rement  remaining  to be met (as with 
all electrochemical machining techniques) is that  one 
be able to achieve a uni form current  dis t r ibut ion 
over those areas where  machining is desired. In  many  
cases, this can be at ta ined by the use of thieving, 
stop-off procedures, and conforming counter  elec- 
trodes. 

Although the specific use of sulfuric acid has not  
been previously ment ioned save for references to its 
effects by Theile,  it should be obvious from the data 
of Table II that  sulfuric acid could be subst i tuted 
for ni t r ic  acid to produce the same effects described 
above. In  fact, sulfuric acid containing electrolytes 
may well give a bet ter  surface finish than  that  found 
for the comparable nitr ic acid-phosphoric acid mix-  
tures owing to its more syrupy  r a t u r e  [see, for 
example, the general  theory of electropolishing as 
given by Tegert (2)].  Also, no use was made of 
perchloric acid additions to replace the nitr ic acid 
owing to the explosive hazards which present  them- 
selves when one uses this acid in the presence of 
organic materials.  

Degradation in brine solutions.--The composition 
and operating conditions of the br ine  electrolyte are 
given in Table V. Photomicrographs of the anodic 
wear  produced under  these conditions of a typical  
oil impregnated,  pitch bonded, petroleum-coke base 
electrographitic mater ia l  are shown in Fig. 7 to 13. 
Figure  7 is a photograph of the sample in the as- 
polished condition prior to electrolysis. A number  of 
relat ively large coke particles as well as a considerable 
number  of dark black pores of vary ing  sizes are 
present  in this area of the sample. Also, a n u m b e r  of 
light gray, structureless areas are present  in this 
photomicrograph which indicates pores which have 
been successfully impregnated with the convent ional  
linseed oil t reatment .  With increasing electrolysis t ime 
of this mater ia l  in the pH 4 br ine solution, a pro-  
gressive deteriorat ion of the sample occurs with the 
most rapid attack being noted at the boundaries  of the 
graphitized coke particles. In  fact, after 32 hr  of 
electrolysis, the original coke particles are seen to 
be s tanding in relief  over the sample surface as is 
shown by Fig. 13. These results obviously suggest that  

H3PO~ 10 0.0094 314 296 
2 P t  H~PO~ 
1 P t  HNOz 10 0.021 141 14g 
2 P t  I-I~PO~ 
1 P t  HNOz 5 0.023 257 265 
1 P t  I-IzPO~ 
1 P t  HNO3 10 0.047 63 64 
HNOa i 0  0.130 23 23 

Table V. Brine solution composition and operating conditions 

NaC1 S a t u r a t e d  s o l u t i o n  
p H  4.0 
A n o d e  CD 158 m a / c m  ~ 
T e m p e r a t u r e  25 * C 
A g i t a t i o n  None  
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Fig. 7. As-polished, pitch-boned, petroleum-coke base electro- 
graphite. Magnification 235X. 

Fig. 10. Four hours of electrolysis on the pitch-bonded, petroleum- 
coke base electrogrophite. Magnification 235X. 

Fig. 8. One hour of electrolysis on the pitch-bonded, petroleum- 
coke base electrographite. Magnification 235X. 

Fig. 11. Eight hours of electrolysis on the pitch-bonded, petro- 
leum-coke base electrographite. Magnification 235X. 

Fig. 9. Two hours of electrolysis on the pitch-bonded, petroleum- Fig. 12. Sixteen hours of electrolysis on the pitch-bonded, petro- 
coke base electrographite. Magnification 235X. leum-coke base electrographite. Magnification 235X. 
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binder  mater ia l  concentrations were wearing at a 
faster rate than the surrounding filler material,  it was 
decided to anodically degrade a pitch-bonded, piteh- 
coke base electrographitic mater ial  having the same 
approximate particle size distr ibution as the petro- 
leum-coke based samples. The photomicrographs of 
this study are shown as Fig. 14 through 20, where 
Fig. 14 shows the as-polished surface of this material.  
Although this mater ial  is obviously wearing away 

Fig. 13. Thirty-two hours of electrolysis on the pitch-bonded, 
petroleum-coke base electrographite. Magnification 235X. 

it is indeed the binder  mater ia l  which constitutes the 
weak l ink in conventional  electrode materials.  Fu r -  
thermore, comparison of area A of Fig. 7 with the 
same area of Fig. 4 reveals that a ra ther  large filler 
particle has become detached from the electrode be- 
tween 2 and 4 hr of electrolysis. This obviously points 
out that, if the filler particles are poorly bonded 
together, rapid detachment of them from the electrode 
surface will occur with a t tendant  rapid electrode 
wear. Also, area B of Fig. 7 is seen to consist of a 
relat ively large number  of fine particles of filler par-  
ticles bonded together. S ince  finer particles have a 
larger surface area per uni t  weight than do coarse 
particles, they require more binder  mater ial  on a 
weight per cent basis to glue them together in the 
electrode. Hence, this area contains a high proport ion 
of graphitized pitch binder  to petroleum-coke filler 
particles on a uni t  of surface area basis, and it should 
therefore have a higher wear rate than the sur round-  
ing electrode areas in light of the foregoing obser- 
vations. That this is indeed the case is borne out by 
Fig. 13, which shows area B after 32 hr of electrolysis. 
Obviously, more electrode wear  has occurred in this 
f ine-grained area than  has occurred over the relat ively 
coarse-grained areas as is shown by the presence in 
area B of many  deeply corroded fissures. This fact 
probably  explains why, as a rule, relat ively fine- 
grained electrodes give poorer performance as evi- 
denced by higher wear rates than  do those electrodes 
prepared from coarser filler partic]es distribution. I t  is 
also interest ing to note that  the graphitized coke 
particles are attacked in such a way as to reveal the 
original lamellar  coke structure.  This is either due to 
the presence of microcracks within the coke particle, 
or more likely, the resistance to electrochemical oxi- 
dation of the coke varies in a lamellar  fashion with 
its structure. 

For the longer times of electrolysis such as 16 and 
32 hr, Fig. 12 and 13 indicate that  some pore enlarge-  
ment  has already occurred (compare, for example, 
area C on these photomicrographs with area C on 
Fig. 7). This enlargement  appears to be due to the 
wear of b inder  materials which allows the sur round-  
ing filler particles to drop out of the electrode. This 
results in a progressive enlargening of the pores and 
permits in terna l  electrolysis and chemical wear  of the 
anode to occur. Of course, the funct ion of conventional  
oil impregnat ions of diaphragm cell anodes is to min i -  
mize just  such in terna l  attack, but  the efficacy of the 
t rea tment  wil l  obviously depend on how many  and 
how well filled are the pores. 

As it was observed above that  areas of the electrode 
which represented binder  mater ia l  or probable high 

Fig. 14. As-polished, pitch-bonded, pitch-coke base electrograph- 
ite. Magnification 235X. 

Fig. 15. One hour of electrolysis on the pitch-bonded, pitch-coke 
base electrographite. Magnification 235X. 

Fig. 16. Two hours of electrolysis on the pitch-bonded, pitch- 
coke electrographite. Magnification 235X. 
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Fig. 17. Four hours of electrolysis on the pitch-bonded, pitch- 
coke base electrographite. Magnification 235X. 

Fig. 18. Eight hours of electrolysis on the pitch-bonded, pitch- 
coke base electrographite. Magnification 235X. 

Fig. 20. Thirty-two hours of electrolysis on the pitch-bonded, 
pitch-coke electrographite. Magnification 235X. 

the filler particles as observed for the petroleum-coke 
whose sample is absent here. Rather, a relat ively 
uniform over-al l  pa t te rn  of wear is observed. This 
observation agrees well with the previously mentioned 
fact that  the p i tch-b inder  areas wear faster than the 
petroleum-coke areas inasmuch as in this mater ial  
all areas should represent  graphitized pitch-coke and 
should therefore be wearing uniformly.  Such is indeed 
the case. Unfortunately,  the over-al l  wear rate of 
this mater ial  is substant ia l ly  greater than that  ob- 
served for the pi tch-bonded petroleum-coke base ma-  
terial previously examined. This was to be expected, 
however, as all components of this electrode are now 
wearing at the much higher rate  of graphitized pitch 
coke ra ther  than at the lower wear rate of graphitized 
petroleum-coke. 

The na ture  of the really fine-scale attack of the 
graphitized coke particles is shown in Fig. 21, which is 
an electron micrograph of the anode surface of the 
petroleum-coke base sample after 32 hr of electrolysis. 
It is seen that the fine-scale pat tern  of wear consists of 
the formation of small  "islands" of mater ia l  sur-  
rounded by corroded channels. Such a pat tern  of attack 
is reminiscent  of in te rgranular  at tack in f ine-grained 
metals. As the size of the observed "islands" of 
graphitic mater ia l  is of the same order of magni tude  
as the expected grapbit ic crystall i te size (e.g., 0.1t~), 
it may well  be that  something of a similar na tu re  is 
occurring here, with the less organized mater ial  be-  
tween the graphite crystallites being more susceptible 

Fig. 19. Sixteen hours of electrolysis on the pitch-bonded, pitch- 
coke base electragraphite. Magnification 235X. 

progressively with time, as all carbon and graphite 
materials will  do under  these conditions, its degraded 
surface presents a ra ther  nondescript  appearance con- 
sisting of a wavy pat tern  of corroded channels  un i -  
formly distr ibuted over the sample surface. Save for a 
few local areas such as area D where there was 
obviously a poor bond developed between adjacent  
agglomerates of particles, the sharp delineation of 

Fig. 21. Electron micrograph of the pitch-bonded, petroleum- 
coke base sample after 32 hr of electrolysis showing the intersection 
of a number of particles and the nature of the fine-scale wear of 
the electrode. Magnification ca. 4200X. 
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to electrolytic oxidation. This suggests a possible f rui t -  
ful area for fur ther  research efforts in the future. 

In view of the fact that  air oxidation studies have 
shown that the p i tch-binder  areas of pi tch-bonded 
samples are oxidized away more readily than  the 
filler particles, the use of static air oxidation tests 
to evaluate potential  electrode mater ial  ingredients  
as to their  resistance to oxidation might  be a possi- 
bility. Unfortunately,  in this respect however, the 
supply of available electrode materials  is l imited from 
both a cost and a mater ial  s tandpoint  and is of 
questionable reproducibil i ty from shipment  to ship- 
ment. Therefore, fur ther  improvement  in anode qual-  
ity will probably depend to a large extent  on how 
well the existing technology can continue to use the 
known processes of fabrication and the available ma-  
terials to make a more sound and defect-free anode 
with respect to such macrofactors as in ternal  cracking, 
separations and laminations,  and the uni formi ty  of 
and the quali ty of various impregnat ion treatments.  

Summary and Conclusions 
The anodic degradation of graphitic materials was 

investigated in both concentrated oxyacid electrolytes 
and in br ine  solutions. From the oxyacid studies it 
was seen that: 

(A) The relative resistance to anodic degradation 
in a given oxyacid is governed by the presence or 
absence of a graphite or graphitizable structure in 
conjunct ion with the relative tendency of the oxyacid 
to form a graphite intercalat ion compound. A possible 
use of this technique would therefore be to correlate 
the degree of graphit izabil i ty of a mater ia l  with its 
rate of degradation in an intercalat ion compound form- 
ing concentrated oxyacid solution. Materials having 
a high degree of graphitization may degrade more 
rapidly than those whose degree of graphit izabil i ty 
is lower. 

(B) The possibility of using mixtures  of oxyacids 
to machine and polish carbon and graphite materials  
electrochemically is a good one. In part icular  it was 
seen that  if an empirical constant, which relates elec- 
trode wear to current  density and which contains 
both electrolyte and electrode mater ia l  factors, is first 
evaluated by a simply cylindrical  anode degradation 
test, it ought to be possible to choose those solutions 
which will give the desired machining rate and sur-  
face finish on a working part  of any desired shape. 
This is, of course, subject to the provision that con- 
forming cathodes or the judicious use of stop-off lac- 
quer is used to bring about a uniform, nominal  cur-  
rent  density over the corroding surface. 

From the studies in br ine  solutions it was seen that:  

(A) The areas between the graphitized coke par-  
ticles, which presumably  represent  graphitized pitch- 
binder  materials,  wear  slightly faster than  the sur-  
rounding material .  As a result, any poorly bonded 
particles are quickly detached from the electrode and 
represent economic loss to the users of graphite elec- 
trodes. 

(B) The graphitized coke particles are attacked 
in such a way as to reveal the original lamel lar  coke 
structure. This may be caused by either microcracking 
or by lamellar  variat ions in the resistance to elec- 
trochemical oxidation of the coke particle. 

(C) For the longer times of electrolysis, some pore 
enlargement  was noted in un impregnated  materials 
or around those pores which were not adequately 
impregnated to start  with. This enlargement  appears 
to be due to wear of the binder  materials which 
allows particles to drop out of the electrode. With 
time, this results in a progressive enlargening of the 
pores and permits  in terna l  electrolysis of the anode 
to occur. 

(D) A fine-scale attack wi thin  the graphitized coke 
particles was also observed by electron microscopy. 
It consisted of the formation of small  islands of ma-  
terial surrounded by corroded channels. Such a pat-  
te rn  of attack is reminiscent  of in te rgranula r  attack 
in f ine-grained metals. Indeed, the size of the ob- 
served islands of resistant  material  is of the same 
order of magni tude  as the expected graphite crystal-  
lite size which suggests that  something of a similar  
na ture  is occurring here. 
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ABSTRACT 

The flow conditions and solution concentrat ions used in the invest igat ion 
were similar  to those present  in practical  electrodialysis  cells. The concen- 
t rat ion of hydroxyl  ions which appeared on the receiving side of the polariz-  
ing anion selective membrane  was measured as a function of current  density. 
The impor tant  finding was the large effect traces of dissolved organic mat te r  
in the feed water  had on the onset and concentrat ion of alkali  produced in 
the receiving stream. For  unpoisoned membranes  an io/c value of 4000 amp 
cm equiv  - I  was obtained. This is an order  of magni tude  greater  than re-  
ported in previous studies. 

Mul t icompar tment  electrodialysis depends on the 
principle that  the t ransference number  of the counter-  
ion in an ion-select ive membrane  is greater  than the 
t ransference number  of the same ion in the surround-  
ing solution (1). Thus for the layer  of solution ad- 
jacent  to the membrane  on the donat ing side (2) there 
is for each ion an inequal i ty  in electrical  migrat ion and 
counterions are removed through the membrane  at a 
greater  rate  than they are replaced from the bulk 
solution. Continui ty of counterion migrat ion is main-  
tained by convect ive and diffusive t ransport  f rom the 
bulk solution. As the membrane  surface is approached 
the contribution due to convect ive t ransport  decreases. 

It is cus tomary to simplify the real  situation (3, 4) 
by postulat ing a layer  of thickness 5 (cm) adjacent  to 
the membrane  in which convect ive t ransport  normal  
to the membrane  is zero. By assuming a smooth flat 
membrane  surface and a homogeneous current  dis- 
t r ibut ion it is then possible to describe the steady state 
for a single e lectrolyte  by the fol lowing equation. 

i ( - t -- t )  D ( c - -  c') 
- -  = [1] 

F 5 

where  i is the current  density (amp cm-2) ,  t and t 
are the counter ion t ransference numbers  in the m e m -  
brane and solution, respectively,  F is the faraday, D 
the diffusion coefficient of the electrolyte  in the ex-  
ternal  solution (cm2 sec-1) ,  and c and c' are the con- 
centrat ions of electrolyte  in solution in the bulk and 
at the membrane  interface, respectively,  (g equiv 
cm-3 ) ,  c' is less than c. (The situation on the receiving 
side is described by transposing c and c', and c' is 
grea ter  than c). 

The m a x i m u m  inequal i ty  in electrical  migrat ion that  
can be balanced by diffusive t ransport  is obtained 
when  the solution concentrat ion at the membrane  
interface is zero (c' ---- 0). F rom Eq. [1] the crit ical  
current  density ic at this condition is 

DCF 
ic [2] 

(u t) 

At current  densities higher  than ic additional cur-  
rent  carr iers  are necessary. These are hydroxyl  ions 
through anion-select ive membrsnes  and hydrogen ions 
through cat ion-select ive membranes  (5, 6). While this 
appears t rue  for anion-select ive membranes  (7, 8) 
the amount  of hydrogen ion t ransport  through cation- 

Key  words:  Anion-selective membranes ,  concentrat ion polariza- 
tion, desalination, electrodialysis, l imiting cur ren t  density, multi-  
compar tmen t  cells, organic poisoning. 

selective membranes  above the crit ical  current  den- 
sity is much less than expected, and addit ional  t rans-  
port mechanisms have had to be invoked (7-11). This 
behavior  wi th  cat ion-select ive membranes  is not ful ly 
understood, but  need not concern us fur ther  as the 
situation at the anion-select ive membrane  has proved 
to be of much greater  importance in practical  e lectro-  
dialysis. A refinement is that  the t ransport  of hydroxyl  
ions through anion-select ive membranes  should com- 
mence not when the conditions are such that  the in-  
terfacial  concentrat ion has fal len to zero but at a 
current  density sl ightly lower than the crit ical  value 
of Eq. [2] when  the interfacial  concentrat ion is suffi- 
ciently small for the natura l  hydroxyl  ion concen- 
t rat ion of the donating solution to be compet i t ive  as 
an a l ternat ive  migra tory  species (5, 6, 12). 

In the vicini ty of and above the crit ical  current  den-  
sity the effects described give rise in practical  e lectro-  
dialysis units to (i) increased ohmic resistance due to 
layers of reduced concentrat ion on the donating sides 
of membranes,  (ii) increased counter  concentrat ion 
potentials across the membranes ,  (iii) reduced cou- 
lombic separat ion efficiencies, and (iv) t ranspor t  of 
hydroxyl  ions through the anion-select ive membranes  
to make  the receiving stream alkaline (12). Of these 
effects (iv) has the most serious repercussions (12, 13) 
as it results in the precipitat ion of hydroxides  and car-  
bonates of the alkal ine ear th  metals  which are pres-  
ent in most na tura l  waters.  

It is mandatory  that  electrodialysis units be operated 
below the crit ical  current  density. This is an important  
l imitat ion since economically, current  densities higher  
than the accepted crit ical  values are desirable (13-16). 
Al though suitable p rogramming  of electrodialysis op- 
erat ion (17) can reduce the economic effect of this 
l imitation, the onset of hydroxyl  ion t ransport  through 
anion-select ive membranes  at the critical current  den-  
sity is probably the most serious restr ict ion to elec- 
trodialysis at the present  t ime (18). 

All  the effects ( i ) - ( iv)  above have been used to 
study polarization phenomena.  Cooke (7, 8) and Cooke 
and van der Walt  (19) have demonstra ted the ad- 
vantages of the concentrat ion potent ia l  method  where -  
by actual interracial  concentrations are deduced. The 
method is most usefuI at current  densities less than  
the crit ical  value. Unfor tuna te ly  the theoret ical  basis 
is less convincing in the vicini ty  of the crit ical  cur-  
rent  density when the potent ial  due to different in- 
terfacial  e lectrolyte  concentrations may be complicated 
by pH values which  also differ on the  two sides of 
the membrane.  Vol tage-cur ren t  or vo l tage- t ime  plots 
to indicate an increased ohmic resistance and an in- 
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creased counter  concentrat ion potential  under  critical 
conditions (9, 20-24) have the meri t  of simplicity. A 
small yet damaging t ransport  of hydroxyl  ions at 
current  densities less than the main  critical value 
could, however, be undetected by the voltage method. 
Cooke and van der Walt  have ment ioned this possibil- 
ity (19), and in practical uni ts  such conditions could 
also arise from nonuni form flow distribution, inhomo- 
geneous membranes  (25), and nonuni form current  
distribution. Cooke (26) has improved the sensit ivity 
of the method, without  ent irely removing the objec- 
tions, by the use of overpotential  which is obtained by 
subtract ing an extrapolated estimate of the voltage of 
a hypothetical  unpolarized condition from the voltage 
of the real polarized condition. The expected decrease 
in coulombic efficiency has been observed above the 
critical current  density (5, 6, 27, 28) but  is not suffi- 
ciently sensitive to be useful. The measurement  of pH 
changes, (5, 6, 11, 21) par t icular ly  of alkal ini ty  on the 
receiving side of the membrane  utilizes the most seri- 
ous effect of polarization and is, therefore, the most 
direct method. Cooke has criticized the pH method 
(7), but  his arguments  apply only to cation-selective 
membranes  with their  low hydrogen ion transport  
above the critical current  density. The measurement  
of a lkal ini ty  on the receiving side of the membrane  
has been preferred in this work. 

While systems stirred mechanical ly (11, 19) and by 
na tura l  convection (5, 7, 8, 11, 21, 23, 26) have pro- 
vided valuable  insight into the polarization phenom- 
ena, the uncertaint ies  in extrapolat ing to practical 
systems are too great for these results to be of real 
value to the designer. Flowing systems must  be used 
(6, 9, 19, 20, 22, 24, 28) under  hydrodynamic conditions 
which approximate as closely as possible to those 
present in practical units  (24). Data from flowing sys- 
tems of small  exposed membrane  area, e.g., 0.64 cm 2 
(19), where the ent ry  and exit conditions to the com- 
par tment  may have a disproportionate inf luence on 
the hydrodynamic conditions wi thin  the compartment,  
must  be regarded with caution. Block (25) has demon-  
strated the heterogeneity of many  commercial  mem-  
branes, and Solt (29) and Cooke (26) have reported 
part icular  examples. It is, therefore, important  that  the 
scale of scrut iny should be appropriate. From the de- 
sign viewpoint  this is a fur ther  a rgument  against the 
use of very  small areas of membrane.  For flowing 
systems it is also desirable to provide information on 
flow dis tr ibut ion so that  one can ascertain that the 
noted effects are not seriously complicated by stag- 
nant  regions wi thin  the compartment.  The value of 
F-diagrams (30, 31) in this respect does not appear 
to have been appreciated. 

The present work formed part  of a design study, 
and everything possible was done to ensure that  condi- 
tions were similar to those that would be present in the 
actual stack. Compartment  dimensions, compar tment  
filling, l inear  flow rate, and exit and en t ry  ar range-  
ments  were identical. It was not practical in the lab- 
oratory to carry out very  prolonged runs, and we com- 
promised by following the pH of the receiving solu- 
tion for 3 hr. Our important  findings are consequent 
on the cont inuat ion of runs for this period. No infor-  
mat ion is given on the durat ion of runs  in previous 
studies (6, 19, 20, 22, 24). Theoretically (Eq. [2]) and 
exper imenta l ly  (11, 17) the critical current  density 
is directly related to the donat ing-side concentration. 
Thus the polarization l imitat ion is first apparent  at the 
most dilute donating concentrat ion in the unit,  i.e., 
the effluent concentrat ion of the dialysate stream. This 
study was therefore carried out with a donat ing con- 
centrat ion equivalent  to the p lanned  concentrat ion of 
the dialysate effluent. 
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Fig. 1. Membrane and flow arrangement 

donating and receiving solutions for this membrane  
flowed through compartments  2-3 and 3-4, respec- 
tively. 

Membranes . - -Two membranes  were used in posi- 
tion 3, Permaplex A-20 (The Permut i t  Company Ltd.) 
and T.N.O. C-60 (Nederlandse Centrale Organisatie 
voor toegepast - -Natuurwetenschappel i jk  Onderzoek).  
Permaplex A-20 and C-20 membranes  were used in 
positions 1, 2, 4, and 5. 

Permaplex A-20 is of the heterogeneous type and 
consists of a finely divided conventional  anion ex- 
change resin imbedded in an inert  polyethylene b inder  
with an inert  reinforcing fabric of fine open mesh 
pressed against each face (32). The basic membrane  
has been described (5), and the influence of the re-  
inforcing fabric is similar to that already noted for 
the cation-selective type (33). 

The homogeneous membrane  T.N.O. (34, 35) A-60 
is based on a polyethylene film in which styrene and  
a few per cent of d ivinyl  benzene have been polymer-  
ized. Quar te rna ry  ammonium groups are introduced 
on the aromatic nuclei  by established procedures. In 
regard to the homogeneity, the comments of Block 
(25) and Cooke (26) are noteworthy. 

Cell design.--Each compartment  was bounded by 
two membranes  (or a membrane  and an electrode) 
and a Klingeri t  gasket 0.127 cm thick. The plan of 
the gasket for compar tment  2-3 is shown in Fig. 2. 
The central  square area is 27 x 27 cm. Rectangular  
holes A registered with similar holes in other com- 
ponents of the stack to form the supply conduits to 
the compartment.  Similar ly  holes B formed part  of 
the wi thdrawal  conduits. 

Flow between conduits and the compartment  was 
via inserts C (36). The inserts were 0.127 cm thick, 
to correspond with gasket thickness, and were made 
from rigid epoxy resin. A series of small  circular t un -  
nels, 0.051 cm diameter, on the thickness center- l ine  
and spaced with centers 0.127 cm apart  formed the 
connecting passages. Experience has shown that  these 
inserts prevent  in tercompar tmenta l  solution leakage 
which is a serious problem in other stack designs (37). 
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Fig. 1. The anion-select ive membrane whose polar iza-  
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The solution thus entered substant ial ly all along 
one edge of the compar tment  and left  by exits sub- 
stantially all along the opposite edge (38). Such an 
a r rangement  encouraged uniform l iquid distribution. 
Good distribution was fur ther  aided by a close fitting 
filling of a corrugated perforated sheet of polyvinyl  
chloride (39, 40) which was or ientated so that  flow 
resistance was grea ter  in the forward  than in the 
sideways direction (40), i.e., with the corrugations 
normal  to the direction of flow. This orientat ion pro-  
motes turbulent  flow (24), thus reducing ~ and in- 
creasing the crit ical  current  density (Eq. [2]). The 
polyvinyl  chloride sheet was 0.025 cm thick and per -  
forated with  holes of d iameter  0.23 cm to give an 
open area of 44.5%. The ampli tude and wave  length 
of the corrugations was 0.064 cm and 0.43 cm, respec-  
tively. A sl ightly higher  pressure was mainta ined in 
the compar tments  on ei ther  side of compar tment  2-3 
so that  the ~nembranes conformed to the corrugated 
filling thereby  ensuring a uniform 0.127 cm thickness 
throughout  compar tment  2-3. 

The gasket for compar tment  3-4 was similar  except  
that  solution now flowed between the other  two edges, 
i.e., at 90 ~ to the flow in compar tment  2-3. The filling 
was also turned through 90 ~ to maintain  the corruga-  
tions normal  to the direction of flow. The remaining 
compar tments  were  similar. Each end assembly con- 
sisted of an impregnated carbon electrode in a rigid 
polyvinyl  chloride mounting, and a steel backing plate. 
The whole was held together  by suitably insulated 
nuts and 1.27 cm diameter  threaded rods, which passed 
through holes D. 

To establish hydrodynamic  suitabil i ty of the com- 
par tment  design, addit ional  exper iments  were  made 
to obtain an F -d iag ram (30) and a log (pressure loss)-  
log (flow rate)  plot (24). 

Operating conditions.--The feed to compar tment  2-3 
was 0.01N NaC1. This compar tment  was bounded by 
two anion-select ive  membranes  to avoid bulk concen- 
t rat ion changes which complicate the in terpreta t ion of 
polarization data (6). The feed to compar tments  1-2, 
3-4, and 4-5 was 0.2N NaC1. 

The flow rate in compar tment  2-3 was 1500 cm 3 
min -1 (7.3 cm sec-1) .  The flow rate  in compar tment  
3-4 was 1000 cm "3 min -1 and the feed-and-b leed  rate  
100 cm 3 min -1. 

The t ransport  of hydroxyl  ions to compar tment  3-4 
was measured by monitor ing pH at position H. The 
pH was also monitored at positions E and G to ensure 
that the effects noted at H were  not complicated by the 
pH changes which occurred in the electrode compar t -  
ments. A series of current  densities was used and at 
each the run durat ion was 3 hr. In this t ime 270 liters 
of solution passed through compar tment  2-3. Unless 
stated otherwise hydroxyl  ion t ransference numbers  
were  calculated from measurements  made at the 
finish of the 3-hr  runs. 

Room tempera tu re  was used for all runs. There  are 
claims that  cri t ical  current  density is not ve ry  depen-  
dent on tempera ture  (11, 41). 

Power  supply was single phase, 50 cycles sec -1 with 
full  wave  rectification unless otherwise noted. 

Some exper iments  were  also carr ied out in a smaller  
cell (exposed area 10 x 10 cm).  General  design pr in-  
ciples, gasket thickness, and l inear flow rates were  
identical wi th  those used in the larger  cell. There was 
no significant difference be tween the results obtained 
with the two cells. 

Concentration of organic matter.mDuring the pro-  
gram it became necessary to assess the amount  of 
organic mat te r  in the solutions fed to the electrodial-  
ysis cell. The standard procedure of measur ing the 
oxygen absorbed by the solutions from acid pe rman-  
ganate under  precisely specified conditions was 
adopted. We used 4 hr at 27~ (42) which is one of 
several  conditions that  are s tandard practice. The re-  
sults depend on the oxidation conditions chosen and 

the various procedures are, therefore,  not direct ly  
comparable.  The concentrat ion of organic mat te r  is 
obtained in terms of oxygen absorbed (O.A.) f rom 
permanganate  and is expressed throughout  this work  
as ppm O.A. Unpublished work  at the Pe rmut i t  Lab-  
oratories has shown that  an approximate  weight  con- 
centrat ion for the organic mat te r  present  in these 
studies may be calculated by mut l ip lying ppm O.A. 
by three. 

The chemical  method is t ime consuming, and it was 
f requent ly  more convenient  to use an optical method 
(43) in which the optical density of a solution is com- 
pared with that  of t r ip ly  distil led wate r  at a wave-  
length of 3000A. Silica cells 10 cm in length were  
necessary for the requi red  sensitivity. For  the organic 
mat te r  present in these studies, optical absorbency is 
related to chemical ly  determined concentrations by 
the fol lowing equat ion 

30 X optical density 
= ppm O.A. 

optical path  length (cm) 

Results and Discussion 
Hydrodynamic considerations.--Consider l iquid A 

flowing through a vessel and suppose at some instant 
a proper ty  of the liquid, e.g., color, concentration, etc., 
is changed so that  f rom this instant a second liquid, B, 
enters the vessel. A plot f rom this instant  of the frac-  
tion of the new liquid B in the effluent against the 
ratio, effluent vo lume/vesse l  volume, is an F -d iag ram 
(30). Holdback, which may  be determined f rom the 
F-diagram,  is the fraction of l iquid A that  is in the 
vessel af ter  a volume of l iquid B equal  to the volume 
of the vessel has entered the vessel (30). If  perfect  
piston flow exists in the vessel, holdback is zero. If 
flow is confined to a nar row channel  wi th  a large pro-  
portion of the l iquid in the vessel stagnant, then 
holdback approaches unity. Holdback for our com- 
par tment  design was 0.05. With Newtonian fluids per-  
fect piston flow is not possible due to the viscous drag 
of the walls of the vessel and in our case also of the 
compar tment  filling. A value  of 0.05 for the holdback 
indicates ve ry  good flow distr ibution and a close ap- 
proach to perfect  piston flow. 

The change in the log (pressure loss) vs. log (flow 
rate) plot f rom unit slope to a higher  value  occurred 
at a l inear flow rate of 2.2 cm sec -1. (Linear  flow rates 
are not corrected for compar tment  filling.) This is in 
general  agreement  wi th  Wilson's reported slope 
change at 4.4 cm sec -1 wi th  a similar filling and iden-  
tical filling orientat ion (24). His compar tment  was 
th inner  so the higher figure is to be expected. In 
compar tment  3-4 the flow rate  was 7.3 cm sec -1, 
which is above the point of slope change, and we 
conclude that  the flow in our work  was of turbulent  
type. Seko (44) has deduced f rom the value of the 
slope that  flow is of turbulent  type in Asahi 's  design 
of compar tment  in the same region of l inear  flow rates. 
[Although Seko (44) cites 1.51 for the slope, the plot  
given has a value of only 1.26.] 

Polarization experiments.--Permaplex A-20 was 
studied first. Ini t ial  results were  puzzling in that  the 
amount  of alkali  found in the receiving stream under  
apparent ly  identical  conditions was quite  i r reproduc-  
ible. Further ,  al though a s teady state should be at-  
ta ined fair ly quickly the pH of the receiving stream 
in polarizing runs, i.e., those in which there  was hy-  
droxyl  ion transference,  drif ted upward  and had not 
reached a steady value after  3 hr  or even, when runs 
were  extended, af ter  6 hr. 

Our first construct ive results were  obtained from a 
cyclic series of runs in which current  density was in- 
creased and then decreased in successive steps. Hy-  
droxyl  ion transport,  shown in Fig. 3, exhibi ted hy-  
steresis. The hydroxyl  ion t ransference number  when 
current  densi ty was decreasing was much higher  than 
had previously  been obtained when current  density 
was increased. 
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Fig. 3. Hydroxyl ion transference number vs. current density, 
Permaplex A-20. O after increase in current density, �9 after de- 
crease in current density. 

These results might  be explained by an accumula-  
tion of hydroxyl  ions within the membrane.  Thus dur -  
ing the run  at 15 ma cm -2 hydroxyl  ions accumulated, 
and the subsequent  gradual  release of these from the 
membrane  when current  density was decreased caused 
the hydroxyl  ion transference number  to be higher 
than the values obtained on the increasing part  of the 
cycle. To check this suggestion the effect of prior con- 
version of the membrane  to the hydroxyl  form by im-  
mersion in alkali was investigated. Figure 4 shows 
that hydroxyl  ions ini t ial ly present  were cleared from 
the membrane  in 90 rain at 4 ma cm -2 and in 60 rain 
at 7 ma cm-2. Thus at the higher current  densities 
used in the cyclic series, 9-15 ma cm -2, one would ex-  
pect any hydroxyl  ion content  present  at the start  of 
a run to be cleared from the system after about 40 
rain. Certainly no effect on measurements  taken after 
3 hr would be expected. Fur ther  evidence against this 
suggestion was obtained by suddenly dropping the 
current  density to 5 ma cm 2 dur ing a run  on the de- 
creasing part  of the cycle whereupon the hydroxyl  
ion t ransference number  fell to zero. 

For the work described so far demineralized water  
was used to prepare the sodium chloride solutions. The 
anion-exchange resin in the uni t  was weakly basic 
and of a type which removed very little of the organic 
mat ter  in the supply water  (Metropolitan Water 
Board, London) .  During the investigation the organic 
content  of the M.W.B. supply water  varied between 
0.7 and 1.5 ppm O.A., and most of this passed into the 
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Fig. 4. Hydroxyl ion transference number vs. time, Permaplex 
A-20 initially in hydroxyl farm. C) current density 4 ma/cm2; �9 
current density 7 ma/cm 2. 
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electrodialysis cell. The affinity of the organic mat ter  
in supply waters for s trongly basic anion-exchange  
resins and the accompanying fouling problems are well  
known (45, 46). The funct ional  groups in Permap]ex 
A-20 and in most anion-selective membranes  are 
strongly basic. Accumulat ion of organic mat ter  by the 
membrane  would thus be expected and might  result  
in a gradual ly  increasing polarization tendency. Hys-  
teresis could be explained in these terms. 

For the next  stage of the work the sodium chloride 
solutions were prepared with M.W.B. water  that  
had been demineralized by mixed bed ion exchange 
with a s trongly basic anion-exchange resin. The solu- 
tions were fur ther  treated by passage through t rap 
columns (4 in. d iameter  x 18 in.) of De-Acidite FF  
(The Permut i t  Company Ltd.) in the chloride form 

immediately before enter ing the electrodialysis cell. By 
this means the organic mat ter  in the solutions fed to 
the cell was reduced more t han  tenfold to 0.06 ppm 
O.A. With these conditions the upward  drift  of pH 
with time was rectified except in the sensitive region 
between pH 6 and 8 (Fig. 5). pH was constant  for 
at least the final hour. Figure 6 shows that  hysteresis 
had also disappeared. This demonstrates that our 
earlier difficulties were the result  of organic mat ter  
in the influent solution accumulat ing on the anion-  
selective membrane.  The only previous workers to re-  
port a reversibi l i ty or hysteresis examinat ion  are 
Cowan and Brown (20) and they noted irreversibil i ty.  
Since they used a flowing system and treated munic i -  
pal water to prepare their  solutions it is possible that  
organic mat ter  may have been the responsible factor 
in this case also. 

Figure 6 clearly shows there is no sharp onset of 
hydroxyl ion t ranspor t  with either of the membranes  
examined but  a gradual ly  accelerating increase in 
t ransference number .  Similar ly  Cooke and van der 
Walt  (19) found no sharp change in interracial  con- 
centrat ion at a part icular  current  densi ty in flowing 
systems although this was observed under  na tu ra l ly  
convective conditions (7, 8). The compar tment  filling 
presumably causes local variat ions in l inear  flow rate, 
film thickness 5 and current  density which could b lur  
the effects of criticality. However Cooke and van der 
Walt (19) have indicated there was no sharp change 
in interfacial  concentrat ion even in the absence of 
compar tment  filling. Poor flow dis tr ibut ion on a ma-  
croscopic scale could account for the interfacial  con- 
centrat ion results (19), but  is unl ikely  in the present 
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Fig. 5. pH of receiving stream vs. time, Permaplex A-20, or- 
ganic matter 0.06 ppm O.A. G current density 12 ma/cm2; �9 
current density 10 ma/cm2; [ ]  current density 8 ma/cm2; I I  cur- 
rent density 5 ma/cm 2. 
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Fig. 6. Hydroxyl ion transference number vs. current density, or- 
ganic matter 0.06 ppm O.A. O Permaplex A-20, after increase in 
current density; �9 Permaplex A-20, after decrease in current dens- 
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work in view of the holdback of only 0.05. Cooke (26) 
favors an explanat ion in terms of a var iat ion in 5 
on the membrane  surface. A much smaller  var iat ion in 

would be expected in a na tura l ly  convective system 
(26), and hence the crit icality observed in this case 
(7, 8) is explained. Absence of sharp changes could 
also be explained by nonuni form current  distr ibution 
due to membrane  heterogeneity on a macroscopic 
(25, 26, 29) or microscopic scale. The lat ter  could 
result  from part ial  poisoning of the membrane.  The 
absence of sharp changes in flowing systems em- 
phasizes the dangers of using methods dependent  on 
such effects. The rapidi ty of change is un impor tan t  in 
the pH method, and in  principle the amount  of acid 
required to main ta in  any desired pH in the receiving 
stream is directly calculable from data such as is 
shown in Fig. 6. 

Mention has been made in the l i terature of effects 
due to periodic changes in current  (47, 48). It seemed 
desirable to ascertain whether  the periodicity of cur-  
rent  that  results from full  wave rectification of single 
phase a.c. was affecting our  data. A few experiments  
were therefore carried out wi th  full  wave rectification 
of three phase a.c., where the ampli tude of the ripple 
is much less, and with a bat tery  source. Figure 6 in-  
dicates tha t  there was no significant difference in  the 
hydroxyl  ion t ransference number  with the three types 
of power supply. 

Although the T.N.O. A-60 membrane  used for the 
data in Fig. 6 was new, the Permaplex  A-20 mem-  
brane had previously been in contact for three  runs  
with solutions which had not been subjected to pre-  
cautions to reduce organic matter.  Fur ther  runs  were 
therefore made with a series of new Permaplex  A-20 
membranes  using solutions in which the organic ma t -  
ter  had been reduced to 0.06 ppm O.A. The surpris ing 
result  was that  under  these conditions the critical re-  
gion was much higher at 35-40 ma /cm 2. Fur thermore  
the phenomenon of an upward  pH drift  reappeared 
and steady values were not obtained wi th in  the period 
of the runs. The difference between the two conditions 
is i l lustrated in Fig. 7. For the first 150 rain of opera- 
tion, at least, hydroxyl  ion t ranspor t  through a new 
membrane  at 45 ma/cm2 was less than  that  through 
the used membrane  at 12 m a / c m  e. A steady pH was 
reached with the used membrane  after 80 min, bu t  
such was not achieved after 150 min  with the new 
membrane.  

The following points have now emerged. The critical 
current  density region of new unpoisoned Permaplex  
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Fig. 7. pH of receiving stream vs. time, Permaplex A-20, organic 
matter 0.06 ppm O.A. O used membrane, 12 ma/cm2; �9 new 
membrane, 45 ma/cm 2. 

A-20 membrane  under  our specified flow conditions is 
much higher than  might  be suspected from the l i tera-  
ture. The critical region is, however, very  sensitive to 
the condition of the membrane  in  that  even an in-  
fluent with as little organic mat ter  as 0.06 ppm O.A. 
caused steady deteriorat ion dur ing  the short t ime of a 
run. Fur ther  a few hours r unn i ng  with an influent 
containing 0.7-1.5 ppm O.A. which is by no means an 
excessive level, i.e., the condit ion of the used mem-  
brane, reduces the critical current  density approxi-  
mately fourfold. The apparent ly  steady, reproducible 
and reversible conditions obtaining for the data on 
Permaplex  A-20 in Fig. 6 must  have occurred because 
the amount  of organic mat ter  accumulated by the 
membrane  dur ing  the runs  was small  relat ive to the 
amount  already on the membrane  at the start  of this 
series. 

Fur ther  work served to confirm the above in terpre-  
tation. Runs were carried out in which cur ren t  density 
was varied so as to ma in ta in  a constant  concentrat ion 
of alkali  in the receiving stream. A new membrane  
was used for each run. Figure 8 shows that  a much 
faster reduct ion of current  densi ty was necessary 
when the organic mat ter  in the influent solution was 
0.7-1.5 ppm O.A. than  when  it was 0.06 ppm O.A. 
However, even with an influent containing only 0.06 
ppm O.A. of organic mat ter  a fairly rapid reduction 
in current  density was necessary. Obviously it  was de-  
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Fig. 8. Current density vs. time, receiving stream alkalinity 
0.0027N, new Permaplex A-20. 1, organic matter 0.06 ppm O.A.; 
2, organic matter 0.7-1.5 ppm O.A. 
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sirable to show that no reduction in current  density 
was required when organic mat ter  was completely ab-  
sent from the influent solutions. In  spite of consider- 
able effort we were unable  to produce solutions of 
this puri ty  on the scale required. By the use of acti-  
vated carbon (Chlorosorb, British Carbo Norit Union)  
columns (4 in. diameter  x 18 in.) after the DeAcidite 
FF  t rap columns the influent organic mat ter  was 
halved to 0.03 ppm O.A. (49), but  pH drift  indicating 
membrane  poisoning still occurred with this solution. 

In  another  series the effect of del iberately poisoning 
a Permaplex  A-20 membrane  for various t imes was 
studied. Poisoning was carried out at 5 ma cm -2 by 
passage of a 0.01N solution containing 0.85 ppm O.A. 
Reasonably reproducible results were obtained only 
if the poisoning was followed by a 6-hr  condit ioning 
run  carried out at 5 ma cm -2 with the 0.06 ppm O.A. 
influent solutions, before proceeding to the s tandard 
pH runs. Even then the results after the longest poi- 
soning of 16 hr were very scattered. For this work the 
normal  compar tment  filling was omitted, and the 
membrane  was supported by rigid plastic strips (2 mm 
wide) spaced parallel  to the direction of flow and with 
centers 1.0 cm apart. The results shown in Fig. 9 
clearly demonstrate  the extreme sensit ivity of Perma-  
plex A-20 to poisoning by organic matter.  After  six 
or more hours poisoning it appears from Fig. 9 that  
there is substant ia l  hydroxyl  ion t ransport  at ~ny 
current  density. This behavior is similar to that  shown 
by bipolar membranes  (50) and could result  from 
acidic groups of the organic mat ter  that  are free, i.e., 
in excess of those part icipating in bonds with the 
membrane,  causing the surface to become cation selec- 
tive. Cooke (26) has made similar comments. 

The T.N.O. A-60 membrane  was unaffected by 20-hr 
poisoning runs. While this cannot be extrapolated to 
long- term performance it does represent  a remarkable  
difference from the sensit ivity of Permaplex  A-20. 
Other differences which may be related to the same 
prime cause are the ready a t ta inment  of steady-state 
conditions with new T.N.O. A-60 membranes  and a 
lower critical current  density region. The structure of 
the two membranes  is of course quite different. Cooke 
and van der Walt  (15) have provided evidence that  
with Permaplex  A-20 the diffusion layer is not en-  
t i rely irradicable by st i rr ing as it is with a homogene- 
ous A.M.F. membrane.  This may be due to the Pe rma-  
plex A-20 being of the heterogeneous type (19) or to 
its fabric re inforcement  (32). A few runs  with a new 
homogeneous A.M.F. membrane  showed that  this also 
was different to the T.N.O. A-60 membrane.  The 
A.IVI.F. membrane  showed a critical current  density 
region as high as 45-50 m a c m  -2 and the same upward  
drift  of pH with influent solution containing 0.06 ppm 
O.A., indicat ing sensit ivity to organic poisoning. We, 
therefore, th ink  that  the lower critical current  density 
region and the short t e rm insensi t ivi ty to poisoning of 
T.N.O. A-60 are not due to its homogeneous structure, 
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Fig. 9. Hydroxyl ion transference number vs. current density, 
Permoplex A-20. �9 offer poisoning for 0 hr; �9 after poisoning 
for 2 hr, O after poisoning for 6 hr; [ ]  after poisoning for 16 hr. 

but  ra ther  that it was part ial ly poisoned at the outset 
of the work. Obviously this is only supposition, and the 
na ture  of the poison is u n k n o w n  although it may be re- 
marked that  the membrane  was stored with a T.N.O. 
C-60 membrane  from which a little polystyrene s u n  
fonate may have been leached. Cooke (26) has 
shown that  polystyrene sulfonate poisons anion-selec-  
tive membranes.  Although the present  paper has dealt 
only with poisons introduced with the water  it is clear 
there must  be absolutely no tendency for the cation- 
selective membrane  to shed soluble polymeric anions 
which would poison anion-select ive membranes.  
Wegelin (51) noted that homogeneous membranes  
were less resistant than heterogeneous membranes  to 
the effects of poisoning by a polluted water  from the 
Rhine. 

General comment on organic poisoning.--Informa- 
t ion on the deleterious effects on strongly basic anion-  
exchange resins of organic matter,  tenaciously ab- 
sorbed from water, accumulated dur ing the 1950's 
(45, 46, 52-54). Similar  problems would be expected 
with anion-selective membranes  which in the main 
have similar s t ructure and funct ional  groups. One 
might anticipate even greater difficulties as there is no 
frequent  regenerat ion procedure and the addit ional 
force of electrical potential  is present  to drive the or-  
ganic matter  into the membrane.  It is thus surprising 
that  prior to about 1962 there is hardly a ment ion  of 
undesirable effects due to organic matter.  Analyses of 
waters to be treated do not contain figures for organic 
matter.  Resistance to organic fouling is not a specified 
membrane  requirement .  Even in major  works there is 
no discussion related to organic mat ter  in water  
sources. Since 1962 there has been a gradual  awaken-  
ing (12, 13, 18, 37, 44, 55, 56) although comments are 
mostly limited to unsupported statements. Even in 
1963 Wilson (24), s tudying polarization to explain the 
failure of the Free State Geduld plant  to meet design 
predictions, did not appear to give any consideration 
to organic poisoning of the membranes.  Few authors 
(26, 29, 51) have provided positive information on 
organic poisoning. 

Although the precise na ture  of organic mat ter  in 
water varies with location and season, much is known 
in general  terms (57). It is sufficient for the present 
purpose to note only that  these materials, collectively 
termed humic and fulvic acids, have acidic groups of 
pK value about 4 (46, 58) and a range of molecular  
weights which includes a fraction capable of pene t ra t -  
ing, albeit  slowly, the interior  of ion-exchange mate-  
rials (26, 45, 46). There is no sparsity of acid groups 
in the molecules. Unpublished work at the Permut i t  
laboratories indicates equivalent  weights of around 100. 
Van der Waals'  forces between the organic acids and 
the organic f ramework of the ion-exchanger  (46) 
probably contributes to the tenacious binding, and in 
this respect the performance of the new inorganic 
membranes  (59, 60) would be interesting. 

Organic acids adsorbed on an ion-selective mem-  
brane can effect the critical current  density region in 
three ways. First, as a l ready mentioned, they can pro- 
vide a surface of acid groups which is cation selective 
and results in a membrane  of bipolar character (50). 
Second, the adsorption of a species of zero or low 
mobil i ty on the most accessible membrane  sites must  
result  in the counterions having to reach less accessible 
sites before being subjected to the selective influence 
of the membrane.  This is equivalent  to an increase in 5 
in Eq. [2]. F ina l ly  the heterogeneous distr ibution of 
low mobil i ty  species in the membrane  will  divert  cur-  
rent  to paths where such species are relat ively few, 
thus causing nonuni form current  distr ibution on a 
microscopic scale. 

The results obtained with new Permaplex  A-20 
membranes  and indicated with homogeneous A.M.F. 
membranes  show that, with properly designed com- 
par tments  and suitable hydrodynamic conditions, ic/C 
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values of about 4000 amp cm equiv -1 m a y  be achieved.  
This va lue  corresponds to a va lue  of 5 of 0.0008 cm 
which seems reasonable.  Previous  workers  have re -  
por ted  much lower  cr i t ical  ic/c values.  Fo r  example  
at our  l inear  flow rate,  Cowan's  formula  for filled 
compar tments  (41) yields  a figure of 340 amp cm 
equiv -1, and  Manders loot  and  Hicks (61) obta ined  
about  400 amp cm equiv -1. One is t empted  to suspect 
the influence of organic poisoning. Seko (44) on the 
other  hand  found no cr i t ical  polar iza t ion  up to 1000 
amp cm equiv -1 which  was the  highest  va lue  he 
studied. A cr i t ical  va lue  of 4000 amp cm equiv -1 
leaves ample  scope for the choice of an economical ly  
op t imum cur ren t  density.  We conclude, therefore,  tha t  
the  main  l imi ta t ion  to e lect rodia lys is  is not po lar iza-  
t ion per se but  poisoning of the  anion-se lec t ive  m e m -  
brane  which reduces the  cr i t ical  cur ren t  densi ty  re -  
gion to an economical ly  una t t r ac t ive  level. 

Conclusion 
The measurement  of pH changes at the an ion-se lec-  

t ive membrane  is advoca ted  for de te rmina t ion  of 
cr i t ical  cur ren t  dens i ty  regions. 

Organic acids in the  feed water ,  even in ve ry  small  
concentrat ions,  d ras t ica l ly  reduce cr i t ical  cur ren t  
density.  

For  unpoisoned membranes  the  cr i t ical  ic/C values  
are  much higher  than  has prev ious ly  been apprec ia ted  
and leave scope for an economic choice of cur ren t  
density.  

The main  l imi ta t ion  on e lect rodia lys is  is not  po- 
lar iza t ion per se but  poisoning of the  anion-se lec t ive  
membranes .  
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ABSTRACT 

Glucose oxidase was t i trated with Cr( I I )  and with Ti ( I I I )  over a pH 
range from 5.0 to 6.0, and a tempera ture  range of 25 ~ to 40~ The two m -  
organic reagents were used, ra ther  than  just  one, to ensure that  there was no 
specific interact ion between the enzyme and the reagent. Simultaneously,  it 
was shown that  the stoichiometry of the enzyme-inorganic  reductant  re-  
action was identical  to that  of the enzyme-glucose reaction and that  the re-  
duction products were identical in each case. Thus, it is shown that the po- 
tentials  found are t ru ly  those which apply in the enzymatic oxidation of 
glucose. Glucose could not be used as reductant  in the potentiometric studies 
because nei ther  the enzyme nor the glucose reacts at the electrode. The values 
of Eo' (median reduction potential  at pH 7) are --0.061v at 40~ --0.028v at 
30~ and --0.008v at 25~ 

Glucose oxidase (EC 1. 1.3.4) from Aspergillus 
E 

niger catalyzes the reaction: ~-D-glucose + 02 �9 > 
gluconolactone + H202. The enzyme contains, as pros- 
thetic groups, two molecules of flavin adenine d inu-  
cleotide (FAD) per mole of protein (1). Past poten-  
t iometric studies of the enzyme result  in ra ther  gross 
disagreement (2, 3), which needs to be resolved. F u r -  
thermore, it is of fundamenta l  importance to deter-  
mine the degree of cooperation between the flavin 
molecules. For  example, if the two FAD moieties are 
closely associated in the reduction, a four-electron 
step might be expected for complete reduction; on the 
other hand, if the flavins occupy remote and near ly  
identical positions in the enzyme molecule, a single 
two-electron step might be expected. If they occupy 
remote but  differing functions in the protein, two two- 
electron steps might occur. Finally,  semiquinoid in -  
termediates could show up in coupled or uncoupled 
one-electron reductions. 

A group of flavins including FAD have been sub- 
jected to careful potentiometric s tudy (4); in addition, 
the f lavin-containing "old yellow" enzyme was the 
subject of a study by Vestling (5). Lowe and Clark 
found that  at high acidities there was appreciable for- 
mat ion of semiquinoid mater ial  when  FAD was re- 
duced. Studies by Beinert  and Sands (6) and by  Mason 
et al. (7) indicate no semiquinoid intermediates  are 
formed in the mechanics of glucose oxidase action. 
Gibson et al. (8) reached the same conclusion in an 
extensive mechanistic study. 

The glucose-gluconolactone system and the enzyme 
system do not react at electrodes. To surmount  this 
difficulty, Vestling used a potential  mediator  which 
equil ibrated with old yellow enzyme and also with 
the electrode. In  the present study, the inorganic re-  
ductants, Cr( I I )  and T i ( I I I ) ,  were the reductants  
chosen because they indicate readi ly  and revers ibly  at 
p la t inum electrodes, and, although they were indi-  
cating at considerable potential  difference from their  
s tandard potentials, the high impedance detector used 
still allowed for reversible measurements.  It  remained 
to show that  the reaction with the inorganic reductants  
produced the identical reduction product of the en-  
zyme with the same stoichiometry as did glucose. 

Experimental 
The glucose oxidase was obtained from Nutr i t ional  

Biochemicals Corporation, pure grade. The buffers used 
were cp sodium acetate-acetic acid mxitures  and cp 
cacodylic acid and its sodium salt. 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i s t r y ,  U n i v e r s i t y  of  

I o w a ,  I o w a  Ci ty ,  I o w a .  
~" P r e s e n t  a d d r e s s :  D e D a r t m e n t  of  C h e m i s t r y ,  U n i v e r s i t y  of  

U t a h ,  Sa l t  L a k e  Ci ty ,  U t a h .  
3 P r e s e n t  address: D e p a r t m e n t  of  C h e m i s t r y ,  A i r  F o r c e  A c a d e m y ,  

Colorado .  

The t i t an ium (III)  and chromium (II) solutions were 
prepared by reduct ion of Ti ( IV)  and Cr( I I I )  using 
a Jones reductor in a chloride solution; electrolytic 
reduction of Ti( IV)  was also employed to avoid the 
presence of Zn + + in the solutions. No difference was 
found between the solutions containing Zn + + and 
those not containing it. The glucose was reagent grade. 

Potentiometry.--A cell consisting of a 25 ml  glass 
vessel with a sealed-in p la t inum electrode, a microcalo- 
reel electrode, and a small  opening covered with a 
serum cap, was placed in a small  black box. Deaerated 
enzyme solution, 1 mg/ml ,  was added by means of a 
Roger Gilmont  Teflon syringe. The electrode vessel 
was continuously purged with argon which had been 
passed over t an ta lum chips heated to 800~ to remove 
oxygen. The reducing agent in solution was added 
through the serum cap using a Vernier  type Roger 
Gi lmont  Teflon syringe calibrated to the nearest  micro- 
liter. 

The potential  between the electrodes was measured 
on an L & N K3 potentiometer;  a Kiethley 603 elec- 
t rometer  was used in place of a galvanometer  as a 
nu l l  ins t rument .  After  each addition, the potential  
change with t ime was registered on a Rustrak re- 
corder attached to the electrometer. When a reading 
had come to a steady state (about 5-10 min) ,  the po- 
tent iometer  was adjusted to nu l l  the electrometer, 
and the potent ial  was read from the potentiometer.  

Stoichiometry.--The desired amount  of enzyme was 
weighed and t ransferred to a centr ifuge tube  equip- 
ped with a rubber  serum cap. The tube  was thoroughly 
flushed with argon, then filled to the desired amount  
with buffer solution. After  the enzyme dissolved, the 
solution was centrifuged, and a known volume (about 
11 ml) of the clear l iquid was t ransferred to an argon- 
flushed Beckman 40 mm pathlength spectrophotometer 
cell. The cell had a glass top sealed on with Apiezon 
W wax. The top had two holes in it which were closed 
with serum caps. All  t ransfers  of solutions were done 
with hypodermic syringes and considerable care was 
exercised to exclude oxygen. The solutions contained 
typical ly 2 mg enzyme per mI. 

The absorption of light at 450 m~ was followed by 
a Beckman Model DB spectrophotometer for some of 
the experiments.  In  these cases, oxidized enzyme was 
used on both sample and reference sides of the ins t ru-  
ment.  Glucose was added, using a Roger Gi lmont  0.2 
ml micrometer  syringe, to the reference side, result ing 
in an apparent  decrease in t ransmit tance  as seen by 
the ins t rument .  A Beckman Model DU spectrophoto- 
meter  was used for the remain ing  experiments,  with 
ordinary  demineral ized water  as a reference. These 
experiments  were conducted convent ional ly  with the 
glucose added to the sample cell. A small  Teflon cov- 
ered s t i r r ing bar  was inside the cell to mix the re-  
agents after each addition. 

32 
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Kinet ic  exper imen t s . - -A l l  solutions were prepared 
in vigorously deoxygenated water  or 0.05M acetate 
buffer solutions, pH 5.5. The enzyme concentrat ion was 
about 2 mg/ml ,  and in distilled water  solution, the 
result ing pH was about 4.5. All solutions were kept 
in volumetric  flasks stoppered with rubber  serum caps. 
At no t ime in their  use were the solutions exposed to 
air. Methylene blue concentrat ion was 10 -8 M. 

The enzyme was reduced stoichiometrically with 
each reductant .  In  turn,  the methylene  blue was added 
with the micrometer  syringe and the rate of appear-  
ance of the 450 m~ band was measured with the Beck- 
man  DB. 

Results and Discussion 
Sto~chiometry . - -The molar  absorbency index for 

glucose oxidase has been determined to be 28.2 x l0 s 
cm -1 (7). Using this value, the stoichiometry of the 
glucose-enzyme reaction ranged between 1.9 and 2.1 
#-glucose molecules oxidized per mole of enzyme. A 
plot of moles of #-glucose vs. moles of enzyme reacted 
yielded a straight line, showing that the stoichiometry 
is constant  throughout  the t i trat ion.  The stoichiometry 
of the reaction wi th  Cr( I I )  and T i ( I I I )  was found, 
by potentiometry,  to correspond to the addit ion of two 
hydrogen atoms to each flavin. As it turns  out, the po- 
tent ial  of the flavin in the enzyme is sufficiently far 
removed from that  of FAD that  the break in  the 
potential  measured only the enzyme, even though 
there might  be some free FAD present. 

To show that  the reduction products of the enzyme 
were indifferent to the na ture  of the reducing agent, 
the rate of reoxidation of the stoichiometrically re- 
duced enzyme was studied using methylene  blue as ox- 
idant,  and using the inorganic reagents  and glucose as 
reductants.  The kinetic results were not analyzed in 
detail, but  plots of rate of appearance of the 450 m~ 
peak of the enzyme vs. t ime under  carefully controlled 
conditions with respect to concentrat ions and start ing 
t ime yielded plots which were coincident irrespective 
of the na tu re  of the reducing agent. Thus, it was con- 
cluded that  the inorganic reagents yielded a reduced 
enzyme identical to that  formed using glucose. 

Potent iometry . - -Reproducib le  potentials were not 
obtained even in diffuse fluorescent light. After  some 
t ime of futi le experimentat ion,  it was found that  plac- 
ing the cell in a black l ight-proof box yielded repro- 
ducible results. The photoexcitation of flavins has been 
noted previously, and the added energy is reflected in 
the potential  observed (9). 

Only one break in the t i t ra t ion curves was found. 
A typical t i t ra t ion curve is shown in Fig. 1. This break 
corresponded to a two-electron reduct ion of the en-  
zyme. The precision was such that there could have 
been a small  percentage of semiquinoid mater ial  pres- 
ent. In  general, however, the flavins in the enzyme 
acted l ike independent  identical  molecules. This does 
not mean  that  a cooperative or coupled effect may  not 
be involved as the enzyme reacts with glucose. It does 
suggest, however, that  the two FAD molecules occupy 
remote and identical, as far as the potentiometric t i-  
t ra t ion is concerned, sites in the protein. 

The Eo (median potential  at pH 7) for the enzyme 
is calculated from the data using the  Nernst  expression 
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Fig. ]. Titration curve of glucose oxidase using CrCI2 as titrant 
at 25~ This curve is typical of all titrations resulting in the 
values in Table I. 

and shown in  Table I. The enzyme is a considerably 
more energetic oxidant  than  is FAD (Eo' ~ - -  0.219v). 

The results of Yamano et al. (2) who found Eo' = 
+ 0.08v, may be in  error because they s imultaneously 
measured the potential  and the absorbance at 450 m~. 
It  is known that  light may affect the potential  ob- 
served (9). The high reduction potential  found is prob- 
ably a reflection of photoexcitation. 

On the other hand, Walter  (3) kept light from the 
sample being t i t rated;  he used leucosafranin which 
had been reduced by dithionite as t i t ran t  and methyl -  
ene blue was the potential  mediator. It  is possible that  
one of the dyes or some of the reduct ion products of 
dithionite preferent ia l ly  combine with the oxidized 
form of the enzyme as found by Swoboda and Massey 
(10), to lower the potent ial  to the value of --0.144 v 
for Eo'. An al ternate  explanat ion is that t i t an ium and 
chromium complexes of the reduced enzyme are formed 
which raise the s tandard reduct ion potential  in the 
work here presented. However, it would be highly 
coincidental for these two metal  ions to combine with 
the reduced form of the enzyme to the same extent. 
At any  rate, our  values fall  close to half  way between 
those previously reported. 
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Thallium-Thallous Halide Reference Electrodes 
in Propylene Carbonate 
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and Department of Chemical Engineering, University of California, Berkeley, Cali]ornia 

ABSTRACT 

The performance of tha l l ium amalgam-thal lous  halide electrodes with 
tha l l ium concentrat ions from 1 to 20 a/o (atomic per cent) has been invest i -  
gated in propylene carbonate (PC). Measurements  of bias potentials, po la r iza -  
t ion measurements,  and comparison of emf's of amalgam concentrat ion cells 
without t ransference with data on cells in aqueous solutions show reversi-  
bili ty and good stabi l i ty  of the electrodes. The solubilities of thallous chlo- 
ride, bromide, and iodide were found in the order of 1 to 5 x 10 -6 moles/  
1000 ml. The pure tha l l ium-tha l lous  chloride electrode was also found to 
be suitable for reference purposes in propylene carbonate. 

In recent years propylene carbonate, PC (mp: 
--48~ bp: 242~ dielectric constant:  64.5 at 25~ 
has attracted much interest  as an ionizing solvent for 
application in high energy density batteries. For mea-  
surements  of thermodynamic  properties of electrolytes 
and for studies of electrode processes in this solvent a 
reversible reference electrode of the second kind is re-  
quired, which, for practical reasons, should involve a 
halide as spar ingly soluble salt since this allows the 
exper imental  establishment of concentrat ion cells 
without transference. Halides of sufficiently low solu- 
bilities in  PC include mercurous, silver, and thallous 
halides. 

At first sight the calomel and the mercury-mercurous  
bromide electrodes promise to be suitable systems. 
Mercurous chloride and bromide, however, dispropor- 
t ionate ins tantaneously  when they are added to solu- 
tions of the corresponding alkali halides in propylene 
carbonate. Disproportionation also takes place in ab-  
sence of indifferent halides; only the reaction rate is 
very low. Slow disproportionation of mercurous chlo- 
ride has been reported to occur in contact with solu- 
tions of the corresponding halides in acetonitri le (1) 
and in dimethyl  sulfoxide (2). Rapid spontaneous re-  
action, however, has not been reported thus far. 

The low intrinsic solubil i ty of silver chloride in 
propylene carbonate (2 x 10-~ mol/1000 ml) (3) sug- 
gests the application of the s i lver-si lver  chloride elec- 
trode in this solvent. However, excess chloride ions 
increase the solubil i ty to such an extent  that  it be- 
comes approximately equal to the excess chloride con- 
centrat ion (3-5). We have, therefore, not investigated 
fur ther  the application of this electrode in propylene 
carbonate. 

The thal l ium amalgam-thal lous  chloride electrode is 
a rel iable reference electrode in aqueous solutions, 
especially for measurements  above 80~ and is com- 
mercial ly available with 40 w/o  (weight per cent) 
tha l l ium as "Thalamid-Elektrode" (6). Recently it has 
been shown by Smyrl  and Tobias (2) and by Cogley 
and Butler  (7) that  it is also reversible and well 
suited as a reference electrode in dimethylsulfoxide 
solutions. Fur thermore,  the solubilities of thallous 

* Electrochemical  Society  Act ive  Member.  

chloride, bromide, and iodide determined by means of 
emission spectroscopy are in the order of 5 x 1O -~ 
(T1C1), 1 x 10 -6 (T1Br), and 2 x 10 -6 (TII) moles/  
1000 ml solvent and hence an order of magni tude  be- 
low that  of silver chloride. These values yield solubil-  
i ty products in the order of 10 -12 to 10 -11 (moles/1000 
ml) (8), if complete dissociation and no complex for- 
mat ion of the salts at these low concentrations is as- 
sumed. Quant i ta t ive  tests on the effect of excess halides 
on the solubility of thallous halides have not been 
performed in the frame of this study. Unlike in the 
case of silver chloride, however, no effect could be 
discerned by visual  observation. 

Therefore it seemed promising to examine the be- 
havior of tha l l ium amalgam electrodes in connection 
with thallous halides in propylene carbonate. Li th ium 
chloride (10-SM), l i th ium bromide (0.1M), and potas- 
sium iodide (0.1M) were chosen as indifferent elec- 
trolytes because of their  relat ively high solubil i ty in 
PC; the tha l l ium concentrat ion of the amalgams ranged 
from 1 to 20 a/o (atomic per cent) .  The experiments  
also included measurements  on oxide free tha l l ium 
metal  electrodes covered with an electrolytically 
formed layer of thallous chloride. 

Experimental 
Propylene  carbonate (Jefferson Chemical Company, 

Houston, Texas) was distilled at 0.5 mm Hg by means 
of a commercial ly available column 1 packed with 
stainless steel helices. 2 The reflux ratio was 50 to 60, 
the head tempera ture  65~ The first 10% and the last 
20% of the solvent were di.scarded. 

Because of the high tendency of the solvent to dis- 
solve stopcock greases the receiver system of the col- 
umn  was designed with glass drip tips and needle 
valve stopcocks 3 equipped with Teflon "O"-rings. 

Gas chromatographic analysis 4 of the product showed 
the presence of two impuri t ies  at very low concentra-  
tion, one of which could be identified as water. The 

1 S e m i - C A L  Ser ies  3650, P o d b i e l n i a k ,  F r a n k l i n  P a r k ,  I l l ino i s .  
He l ipak ,  P o d b i e l n i a k .  

3 D e l m a r  Scient i f ic  Labo ra to r i e s ,  Inc. ,  Maywood ,  I l l ino i s .  
4 C o n d i t i o n s  of  these  r u n s  were :  U c o n  HB 2000 (polar)  on 

g r a p h i t e  in  g lass  co lumns ,  a t  152~ c a r r i e r  ga s :  H e l i u m ;  5 ~! 
samples .  Propylene carbonate did not  decompose  in this co lumn .  
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concentrat ion of water  as determined by the Fischer 
method was below 5 ppm. 

Thallous chloride (reagent  grade, Fisher Scientific 
Company, New York) and thallous bromide and iodide 
(prepared by precipitation from aqueous solutions of 
thallous ni t ra te  with the corresponding alkali halides) 
were dried in vacuo with phosphorus pentoxide. In  
contact with PC they are slightly sensitive to light; 
the effect increases with increasing molecular  weight 
of the halides. Solutions and galvanic cells were, there-  
fore, kept in dark as far as possible. 

Thal l ium wire used for preparat ion of amalgams and 
thal l ium electrodes was 99.999% pure (United Mineral  
and Chemical Corporation, New York).  The surface 
was freed from oxide by washing with oxygen-free 
water under  argon atmosphere. The silvery white 
metal dissolved readi ly  in  mercury.  The tha l l ium con- 
centrat ions of the amalgams were determined by the 
acidimetric t i t rat ion method given by Richards and 
Daniels (9). 

Electrolyte solutions, amalgams, and cells were pre-  
pared in dry argon atmosphere inside a glove box, 
which could be evacuated to below 1;~ Hg. The argon 
passed a U- tube  with dried magnes ium perchlorate for 
removal of water  and a U- tube  with BTS catalyst ~ for 
removal of oxygen. The water  content  was 1 ppm by 
volume. 6 

The Pyrex cells used for equi l ibr ium emf and polar-  
ization measurements  consisted of six compartments,  
five of which were equidistant  from a center compart-  
ment  (Fig. 1). This a r rangement  permit ted the com- 
binat ion of any two of six reference electrodes for 
test purposes. 

Electrode cups containing about 5 ml of the amalgam 
exposed 0.5 and 1 cm 2 of the metal  surface to the elec- 
trolyte. The amalgams were covered with a th in  ad- 
herent  layer of thallous halide. Since it was found that 
propylene carbonate tends to creep between glass and 
amalgams, a t ightly fitting Teflon " O ' - r i n g  was at-  
tached to the glass stem of the p la t inum contact below 
the mercury  surface prevent ing contact between elec- 
trolyte and plat inum. 

The cells were t ightly sealed, and 1 atm of argon 
was mainta ined over the solution throughout  the mea-  
surements.  The temperature  was kept at 30 ~ __ 0.02~ 

Thal l ium-thal lous  chloride electrodes were prepared 
from tha l l ium wire. Thallous chloride well adhering 
to the metal  surface was formed by anodization inside 
the sealed cells with current  densities of 0.2 ma /cm 2 
for a period of 30 min, yielding an amount  of 0.85 mg 
TiC1/cm 2 and an average layer thickness of 1.2 x 10 -3 
mm. Dissolution of this layer was prevented by pre- 
saturat ing the electrolyte solutions with thallous 
chloride. 

Electrode potentials and overvoltages were mea-  
sured with a potentiometric electrometer, s Constant  
current  was supplied by a constant  current  power 
supply 9 and measured with a mul t i range  electrome- 
ter. 10 Each of the six electrodes of each cell studied 
was subjected to positive and negative galvanostatic 
polarization (from 10 -8 to 10 -6 amp/cm2),  as counter  
and reference electrodes served any two of the other 
amalgam- or tha l l ium-thal lous  chloride electrodes. 

Results 
Bias potentials.--Thallium amalgam (1-20 a / o ) -  

thallous halide and tha l l ium-tha l lous  chloride elec- 
trodes were set up in propylene carbonate solutions 
of the corresponding alkali  halides. Measurements of 
bias potentials and electromotive forces were con- 
ducted at 30~ for at least six months. 

B A S F ,  L u d w i g s h a f e n ,  G e r m a n y .  
" M o i s t u r e  M o n i t o r , "  C o n s o l i d a t e d  E l e c t r o d y n a m i c s  Corp . ,  P a s a -  

d e n a ,  C a l i f o r n i a .  
7 T h i s  t e m p e r a t u r e  w a s  c h o s e n  fo r  t h e  p u r p o s e  of d i r e c t  c o m -  

p a r i s o n  of t h e  d a t a  in  P C  w i t h  t h o s e  g i v e n  b y  R i c h a r d s  a n d  D a n i e l s  
fo r  3O~ (9). 

S K e i t h l e y  p o t e n t i o m e t r i c  e l e c t r o m e t e r ,  M o d e l  630. 
.~ E l e c t r o n i c s  M e a s u r e m e n t s ,  Inc . ,  Mode l  613. 
~ • e i t h l e y  m u l t i r a n g e  e l e c t r o m e t e r ,  M o d e l  601. 

(a) 

A 

Fig. 1. (a) Single electrode compartment: A, 1 mm ~ platinum 
wire; B, tungsten in uranium-glass seal; C, electrolyte; D, sparingly 
soluble salt (TICI); E, amalgam; F, Teflon O-ring; G, platinum 
tip; H, glass cup. Fig. 1 (b). Combination of six electrode com- 
partments. 

(b) 

@ 
Bias potentials of "good" amalgam electrodes never  

exceeded 0.05 my, and it could be foretold from the 
appearance of the surface when, in few cases, they had 
higher values (up to 3 my) .  Good electrodes had a 
certain appearance: Their  surface was completely 
covered with a th in  layer of very fine crystals of tha l -  
lous halide. The velvet layer was produced by shaking 
the amalgam before it was immersed into the solution; 
the salt spread readily over its surface and was not 
removed on wet t ing with propylene carbonate solu- 
tion. Salt in excess over the adherent  quant i ty  was 
usual ly ejected out of the electrode cups by this pro- 
cedure; its presence was found to be unnecessary for 
a good performance of the electrodes. Only a few 
amalgam electrodes could either not  completely be 
covered with thallous halide or lost the coherence of 
the adherent  film on wet t ing with propylene carbonate. 
They showed patches of shiny amalgam, and their  bias 
potentials were up to 3 mv and not quite constant. 

Solid tha l l ium wires employed as metal  phases for 
tha l l ium-thal lous  chloride electrodes were immersed 
in the PC solutions saturated with thallous chloride. 
Acting as electrodes of the first kind they exhibited 
bias potentials of less than 0.2 mv  and constant  emf's 
with amalgam-thal lous  chloride electrodes showing 
identical states of metal  and surfaces. Directly after 
anodization and formation of the thallous chloride 
layer the potentials were usual ly off by several hun -  
dred millivolts;  they changed, however, rapidly re- 
tu rn ing  to their  preceding value: Bias potentials were 
below 1 mv after 2 hr and below 0.2 mv  after 6 hr. 
The erroneous potentials directly after anodization 
seem to be caused by nonuni form concentrat ions of 
electrolytes in the freshly formed layer  of thallous 
chloride. 

Polarization measurements.--In order to characterize 
their  actual  performance and reversibil i ty,  the elec- 
trodes were subjected to positive and negative polari-  
zation with current  densities from 10 -8 to 10 -6 amp/  
cm 2. 

The overvoltages of amalgam-thal lous  halide elec-  
trodes were in every case proport ional  to the current  
flowing; no hysteresis could be observed (Fig. 2). 
Overvoltages of electrodes with 9 a/o tha l l ium were 
corrected for the iR-drop obtained from resistance 
measurements  at 10,000 Hz between corresponding 
electrodes and the electrode in the center compart-  
ment. The corrected overvoltages allow the calculation 
of io*, the effective exchange current  densi ty 

/o* ---- 
~->0 

I t s ,magni tude  is determined by  the slowest reaction at 
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Fig. 2. Typical behavior of thallium amalgam electrodes under 
current. Cell polarization refers to potential measured between 
two identical electrodes. Ohmic drop included. �9 ascending cur- 
rent density; [ ]  descending current density, a, TI~t.15% by weight), 
Hg/TI I(s), Kit0.1 m); b, T1(7.56% by weight), Hg/TI I(s), Kl(o.t m/; 
C, Tl(17.87% by weight) ,  Hg/TlBr(s), LiBr(o.1 m). 

the electrode surface. For the electrode 

9 a/o T1 (Hg)/T1C1 (sat 'd) ,  LIC1(10-3) M 

io* is in the order of 2 to 5 x 10 -~ amp/cm 2. 

Concentration cells.--Richards and Daniels invest i-  
gated thermodynamic  properties of tha l l ium and its 
amalgam from 0.33 w/o  to saturat ion (over 40 w/o)  
in concentrat ion cells without t ransference and used 
aqueous 2% thallous sulfate as electrolyte (9). As long 
as only the reversible electrode reaction determines 
the potent ial  of the electrodes, the electromotive forces 
of these cells should be independent  of the electrolyte, 
its concentration, the solvent, and whether  the elec- 
trodes are of the first or second kind. The emf's should 
only depend on the ratio of the tha l l ium activities of 
the amalgam. 

According]y, electromotive forces between thal l ium 
amalgam electrodes of the second kind with different 
tha l l ium concentrat ions (1-20 a/o)  and with thallous 
chloride, bromide, and iodide as sparingly soluble salts 
and also tha l l ium-thal lous  chloride electrodes were 
measured in concentrat ion cells without t ransference 
in solutions of corresponding alkali  halides at 30~ 
The values were compared with those for aqueous 
solutions at the same tempera ture  given by Richards 
and Daniels. For more correct interpolat ion the l i tera-  
ture  data were treated by a method used by Lewis and 
Randall  (10). As i l lustrated in Table I, agreement  of 
these interpolated values with our measurements  was 
in every case better than  0.1 my. 

Discussion 
The results reported indicate that  tha l l ium amalgam 

electrodes in connection with thallous chloride, bro- 
mide, and iodide as spar ingly soluble salts as well as 
tha l l ium-thal lous  chloride electrodes with electro- 
lytically formed thallous chloride layer  are suitable 
as constant, reproducible, and reversible reference 
electrodes of the second kind in propylene carbonate 
solutions. The three amalgam electrodes provide a 
wide and useful  range of applicability, especially for 
thermodynamic  measurements  in cells without t rans-  
ference, since they allow the selection of the most 
soluble and most suited halide of a given cation to 
be studied. The concentrat ion of tha l l ium in the amal-  
gam may be chosen within broad limits (9), however, 
concentrations below 1% by weight are not recom- 
mended. It is to be emphasized that  oxygen has str ict ly 
to be excluded from the system, since solid tha l l ium 
and its amalgam undergo oxidation very rapidly. 

When the amalgam electrode is used as a reference 
electrode in connection with a solution containing 
other than halide ions, and therefore a l iquid junct ion 
is involved, the choice of the tha l l ium halide is op- 
tional. Since alkali bromides are more solflble than 
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Table I. Comparison of the emf's of thallium amalgam 
concentration cells in propylene carbonate with values 
reported for aqueous solutions at 30~ by Richards 

and Daniels (9) 

[Values  in  r i g h t - h a n d  c o l u m n  were  o b t a i n e d  by in t e r -  
- -E 

p o l a t i n g  (10) f r o m  the  p lo t :  - -  log  XTI VS, X' r l . ]  
0.06015 

E M F  in 
aqueous  

T l - e o n c ' n  TI~SO~ 
Solu te  in  in  a m a l g a m  E x p e r i m e n t a l  a cco rd ing  to 

p r o p y l e n e  mole  emf,  m v  R i c h a r d s  & 
ca rbona t e  w / o  f r a c t i o n  cell  A c e l l B  Dan i e l s  (9) 

T1C1 (sat 'd)  0.862 0.0085 

LiC1 (10-~m) 4.750 0.0467 

9,104 0.0895 

22.20 0.219 
p u r e  T1/T1C1 1.00 

T1Br (sat 'd)  1.032 0.0102 

L i B r  (0,13m) 5.823 0.0574 

17.84 0.176 
25.42 0.251 

TlI  (sat 'd)  1.152 0.0113 

KI  (0.1m) 6.441 0.0633 

17.30 0.170 

23.61 0.233 

55.95 56.00 56.0 

27.15 27.20 27.1 

41.28 41.26 41.3 

29.21 29.23 29.2 

58.98 59.00 59.1 

50.01 49.98 49.9 

16.36 16.38 16,4 

59,90 59.85 59.8 

44.35 44.40 44.3 

14.45 14.47 14.5 

chlorides, and because the thallous bromide is less 
sensit ive to light than  is the iodide, the use of the 
bromide electrode may be preferable, with LiBr as 
the support ing halide. 

Solid tha l l ium-thal lous  chloride electrodes are some- 
what less reproducible than the amalgam electrode 
and require a longer t ime after their preparat ion for 
equilibration. However, these electrodes may have 
advantages for "practical" reference purposes. For ex- 
ample, it may be convenient  to be able to insert  a 
thin wire into a galvanic cell under  study, a require-  
ment  that  is rather  difficult to meet by amalgam elec- 
trodes. 
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The Electrochemical Oxidation of Adsorbed Hydrogen and 
Carbon Monoxide on Noble Metals and Their Alloys 

R. J. Roethlein .1 and H. J. R. Maget* 
R & D Laboratory, Direct Energy Conversion, GeneraZ Electric Company, West Lynn, Massachusetts 

ABSTRACT 

The mechanism of electrochemical oxidation of H2-CO mixtures  was in -  
vestigated on noble metals (Pt, Rh, Ru) and their  alloys (Pt-Rh, P t - R u ) ,  by 
a voltage pulse technique. The relat ive coverage of adsorbed hydrogen in the 
presence of CO was found to be approximately 5% for all of the P t - R h  alloys 
investigated and the total surface coverage dependent  on the alloy surface 
area. For P t -Ru  alloys the degree of hydrogen coverage in the presence of 
CO was found to be a funct ion of the Ru content  of the alloy. 

Considerable interest  has been raised in the past few 
years concerning the electrochemical oxidation of 
reformate gas mixtures  containing varying  amounts  
of H2, CO, CH4, and CO2. Convent ional  electrocatalysts, 
such as p la t inum black, commonly employed as anodes 
for the oxidation of hydrogen have displayed severe 
polarization losses under  cur ren t  dra in  when  H2 is 
subst i tuted with reformate gases at temperatures  rang-  
ing from ambient  to 90~ Invest igat ions of the var i -  
ous components in reformate gases have shown that  
CO2 and CH4 do not affect directly electrode polariza- 
t ion dur ing  the oxidation of hydrogen, but  act mere ly  
as di luents  in the fuel mixture.  CO has been shown to 
be strongly adsorbed on many  electrode materials  and 
does not oxidize unt i l  an appreciably high overvoltage 
(~0.4v) is reached. Studies (1-7) conducted on both 
smooth and platinized p la t inum have shown that  CO 
replaces most of the adsorbed hydrogen and is prefer-  
ent ial ly  adsorbed on the electrode surface; these au-  
thors have also shown that  CO adsorption occurs in at 
least two isomeric forms. Earl ier  investigations of CO 
adsorption on supported p la t inum substrates (8) em- 
ploying infrared techniques have labelled these iso- 
mers as l inear  (one site adsorption) and bridge (two 
site adsorption).  

Several  b ina ry  noble metal  alloys permit  the oxida- 
t ion of hydrogen containing CO as par t  of the fuel gas 
mix ture  (9,10); these catalysts have shown an excep- 
t ional  tolerance for carbon monoxide in reformate 
fuels and are far more resistant  to poisoning than  
plat inum. These authors conclude that  the improved 
performance of these catalysts appears to result  from 
the greater  avai labi l i ty  of sites for hydrogen adsorp- 
t ion ra ther  than through promotion of the oxidation 
of carbon monoxide. It was the purpose of this work to 
determine the quant i ty  of hydrogen and carbon mon-  
oxide adsorbed on some of these catalyst  materials  and 
thereby gain some unders tand ing  of the over-al l  oxi- 
dation process. Rapid voltage scanning techniques 
were employed so that  invest igat ion of the adsorption 
effects of hydrogen and carbon monoxide on smooth 
alloy and metal  surfaces could be determined.  These 
techniques also kept the rate of CO adsorption from 
solution at a min imum.  

* Electrochemical Society Active Member. 
1Present address: B & n Laboratories, Sprague Electric Com- 

pany, North Adams, Massachusetts. 

Experimental 
Study electrodes were composed of 30 mil  diameter  

polished metal  wires obtained from Engelhard In-  
dustries and sealed in soft glass tubes having coeffi- 
cients of expansion similar to those of the wires, The 
metals consisted of pure pla t inum,  rhodium, ruthenium,  
and b inary  p la t inum alloys of the lat ter  noble metals; 
see Table I for exact composition. The geometric area 
for each sample depended on the length of wire ex-  
tending from the glass capil lary tip, bu t  ranged be-  
tween 0.15 and 0.35 cm 2. The exper iments  were car- 
ried out in a s tandard  th ree -compar tment  Py rex  glass 
test cell, each section separated from the other by 
fri t ted glass disks. All  potentials  refer to a hydrogen 
saturated p la t inum-b lack  electrode in  3N H2SO4 which 
was prepared from doubly distilled water  and reagent  
grade chemicals. All  tests were carried out at ei ther  
25 ~ or 80~ W 1 ~ in a P.M. Tamson constant  t empera-  
ture  oil bath, and the gases used in these exper iments  
were research grade quality. 

A t r iangular  wave voltage ramp was obtained by 
means  of a Servomex waveform generator  used in  
conjunct ion with a Wenking  61R fast-rise potentiostat  
in applying potential  ramps on the test electrode. Cur-  
rent  variat ions were measured across a 10 ohm stand-  
ard resistor and recorded on a 551 Dual  Beam Tek-  
t ronix  Oscilloscope using a type-D plug- in .  S imul ta -  
neously, the voltage change across the test electrode 
could be moni tored on the other oscilloscope beam 
via a type-L plug-uni t .  Traces were then photo- 
graphed with a C-12 Polaroid Oscilloscope camera. 

The ins t rumenta t ion  and procedure followed for 
electrode precleaning prior to the adsorption of the 
oxidizable species was similar to that  employed by 
Gi lman (1-3). The electrolyte was thoroughly satu-  
rated with CO and the test electrode brought  to an 
oxygen evolution potent ial  of 1.By for 30 sec to remove 
oxidizable impuri t ies  from the electrode. The electrode 
potent ial  was then lowered to 1.3v and molecular  
oxygen was swept from solution after which the elec- 
trolyte was allowed to become quiescent for an addi-  
t ional  60 sec at this potential.  The electrode potent ia l  
was then  lowered to the desired adsorption potent ia l  
for various durat ions or adsorption times. A l inear  
anodic potential  ramp was then imposed on the elec- 
trode dur ing  which adsorbed CO was oxidized and the 
electrode surface was covered wi th  adsorbed oxygen. 
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Table I, Charge due to CO and Had~ oxidation on noble metals and alloys 80~ 

J a n u a r y  1969 

A l l o y  wt .  % Q H  Q l l  c ~  QHe~ Qco Q c o / Q K  - Oil r176 

P t  0.272 0.014 0.052 0.560 2.17 
95 P t -  5 Rh  0.249 0.012 0,048 0,485 2,04 
90 P t -10  Rh  0.241 0.009 0.037 0.420 1.81 
80 Pt -20  R h  0,459 6.027 0,059 0.940 2.15 
70 Pt-30 R h  0,577 0.021 0.036 1.10 1,98 
60 Pt-40 R h  1.11 0.056 0,050 2.31 2,20 
50 Pt-50 R h  1.26 0.065 0,052 2.65 2,21 

5 P t -95  R h  0.647 0.029 0.045 1.63 2,61 
100 R h  0.731 0,034 0.047 1.58 2,26 

95 Pt- 5 Ru 0.494 0.041 0.083 0.868 1,92 
90 Pt-10 Ru 0.910 0.161 0.177 1.46 1.95 
85 Pt-15 Ru 0.766 0.137 0.179 1.14 1.81 
60 Pt-40 Ru 0.306 0.060 0.195 0.410 1,67 

100 Ru  0.595 0.179 0.300 

Q}z = to ta l  cha rge  fo r  I~Ia.z~ o x i d a t i o n .  
O~zco = to t a l  cha rge  fo r  H=~,I~ o x i d a t i o n  in  C O - s a t u r a t e d  so lu t ion .  
Qr = to t a l  cha rge  ~or CO o x i d a t i o n ,  

A l l  Q - v a l u e s  e x p r e s s e d  in  m i l l i c o u l o m b s / e m ~  g e o m e t r i c  area.  

The same procedure was fol lowed af ter  thoroughly  
purging the solution wi th  N2 and the traces obtained 
f rom both runs were  superimposed on the same photo-  
graphic plate so that  the charge due to surface oxida-  
tion could be e l iminated and to permit  a more ac- 
curate  de terminat ion  of the charge due to CO oxida-  
tion. Measurements  of the quant i ty  of hydrogen ad- 
sorbed on the same electrode surface were  also made. 
All  potentials were  previously  adjusted via a Fluke 
potent iometer  and potent ial  sweep speeds the order  of 
100 v / sec  were  used in order  to minimize the mea-  
surement  of currents  due to diffusional processes. 

Results 
The smooth wire  electrodes were  examined  by a 

vol tage pulse technique in order  to de te rmine  the 
charge due to the oxidation of hydrogen and carbon 
monoxide adsorbed on the electrode surface. Fol low-  
ing the electrode precleaning procedure  described in 
the exper imenta l  section, the electrode potent ial  was 
held at an adsorption potential  unti l  hydrogen or car-  
bon monoxide  adsorption on the electrode surface was 
complete. In the case of H a d s  full  surface coverage was 
realized in less than 50 msec. 

F igure  1 shows typical  traces obtained on a P t - R u  
electrode in a ni t rogen and carbon monoxide  satu-  
ra ted system. The shaded areas being the regions of in-  
terest:  Qco = CO oxidation, QH = hydrogen oxidation, 
and QH c~ == hydrogen oxidat ion in the presence of CO. 
Q represents  the charge due to the oxidation of the 
adsorbate in mil l icoulombs per square cent imeter  of 
geometr ic  area. The charge due to hydrogen oxidation 
in the presence of CO, QH CO, decreased rapid ly  wi th  
increasing adsorption t imes and reached a steady value  
after approximate ly  10 sec; however ,  adsorption t imes 
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the order  of 60 sec were  employed since it has been 
reported (1) that  the final CO molecules may  adsorb 
slowly. The quant i ty  of adsorbed hydrogen oxidized 
was a t t r ibuted to the charge measured be tween  the 
start  of the sweep up to 0.4v where  hydrogen coverage 
is zero and double layer  charging begins (11). 

Hydrogen saturat ion coverages were  measured  f rom 
a start ing potent ia l  of ~-0.030v in order to minimize  
effects due to hydrogen evolution. A correct ion for the 
capacity contr ibut ion to the charge in the presence and 
absence of CO was applied to the values obtained by 
integrat ion of the area under  the curves be tween  
q-0.030 and 0.400v. Since the double layer  capacity is 
almost  constant in this potent ia l  range (12) a value  
of 40 Md/ rea l  cm 2 (13), in the absence of an organic 
adsorbate, and 8 ~fd / rea l  cm2 (14) in the presence of 
CO was employed in making the corrections. The sur-  
face roughness of each electrode was also taken into 
considerat ion in applying the corrections. The double-  
layer  contr ibut ion to the charge due to CO oxidation 
is negligible since they tend to cancel o n e  another  
(3, 15) in the presence and absence of CO. 

Measurements  of hydrogen coverage were  made 
using the current  and t ime coordinates that  provided 
the largest  amount  of display. These values were  also 
checked by the method of hydrogen codeposition (1), 
where  the electrode after  a precleaning cycle was held 
at an adsorption potential  of +0.400v and a cathodic 
sweep applied to hydrogen evolut ion potentials.  Ana l -  
ysis of the charge due to hydrogen deposition in the 
presence and absence of CO was in good agreement  
wi th  the values obtained by the application of anodic 
sweeps. 

With sweep speeds ranging f rom 50 to 200 v/sec,  the 
amount  of charge due to the oxidation of adsorbed hy-  
drogen and carbon monoxide  mainta ined a constant 
value after  repeated measurements  employing the 
fore -ment ioned  potent ial  sequence on Pt  and all  of 
the P t - R h  alloys tested below 50 w / o  rhodium. Both 
rhodium and the Pt-95 Rh alloy did show a small  in-  
crease in charge wi th in  the first few potent ia l  cycles, 
possibly indicating an increase in surface area. How-  
ever,  af ter  several  cycles reproducible  values were  ob- 
tained. On pure  ru then ium it was found that  for 
anodic potentials greater  than 1.4v an oxide formed on 
the electrode surface which could only be removed  by 
mechanical  polishing. Consequently,  e lectrode p r e -  
cleaning on the mater ia l  was carr ied out at an applied 
potent ial  of 1.0v, and all measurements  of hydrogen 
adsorption were  made by anodic potent ia l  ramps that  
did not exceed 1.0v. Charge measurement  on the P t - R u  
alloys tested, employing the or iginal  potent ial  
sequence, did not show any significant var ia t ion  dur -  
ing repeated measurements  or oxide bui ld-up  on the 
surface. 

Electrode surface reproducibi l i ty  was measured  as 
a function of sweep rate and adsorption t ime for the 
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amount  of charge requi red  to oxidize hydrogen f rom 
an electrode surface held at an adsorption potent ial  
of 0.030v. For  a wide range of sweep speeds (5-2000 
v /sec)  the charge corresponding to the oxidation of 
hydrogen has an average deviat ion of less than 2%. 
Measurements  of charge var ia t ion  as a funct ion of 
adsorption t ime has shown that  under  the worst  con- 
dition (violent  gas bubbl ing through the electrolyte)  
the number  of sites lost to impur i ty  adsorption has 
been low. With gas bubbling, adsorption t imes of the 
order  of 60 sec produce a 5% loss in charge; af ter  180 
sec 18% of the sites were  covered with  impurities.  

The degree of hydrogen coverage on pla t inum and 
rhodium was measured as a function of potent ial  at 
25~ for platinum, hydrogen adsorption is present  up 
to 0.300v, in contrast  to rhodium which is re la t ive ly  
free of adsorbed hydrogen  at potentials  greater  than  
0.200v. No significant change in the range of hydrogen 
coverage was noted on these metals  when the elec-  
t ro lyte  t empera tu re  was raised to 80~ Measurements  
of hydrogen coverage on pure ru then ium as a function 
of potent ial  were  difficult, except  at low adsorption 
potentials ~ 0.05v, due to the ra ther  ill defined double 
layer  region obtained during an anodic or cathodic 
voltage sweep. High electrode capaci ty has been at-  
t r ibuted to the adsorption of oxygen at potentials  in 
the region of the double layer  (16). 

The charge due to the oxidat ion of CO as a func-  
tion of adsorption potent ial  was also invest igated on 
several  materials.  F igure  2 shows that  for p la t inum 
at 80~ the total  charge is constant up to an adsorp-  
tion potent ia l  of 0.700v. At some potent ial  be tween 
0.700 and 0.800v CO is no longer adsorbed on the elec-  
t rode surface. This is in contrast  to values obtained at 
25~ on pla t inum where  the charge due to CO ad- 
sorption was constant  up to 0.900v. This may suggest 
that  adsorbed oxygen forms on pla t inum at sl ightly 
lower potentials  as the t empera tu re  is increased. To 
insure r emova l  of any oxide formed at h igher  poten-  
tials dur ing the p re t rea tment  procedure an addit ional  
step was added to the potent ial  sequence. Pr ior  to the 
adsorption step the electrode was cathodized for 1 sec 
at 0.100v and then brought  to the appropriate  adsorp- 
tion potent ial  for 60 sec duration. 

A similar  invest igat ion was carried out on two pla t -  
inum alloys; 50% Rh-P t  and 15% Ru-Pt .  For  these 
mater ia ls  the charge due to CO oxidat ion was a steady 
value up to adsorption potentials of 0.600v. At  0.700v 
the charge due to CO oxidation was too small  on both 
materials,  see also Fig. 2. The behavior  of rhodium 
toward CO oxidation was similar  to that  of the alloys, 
Fig. 3; the charge remained constant up to an adsorp-  
tion potential  of 0.600v on a prereduced surface. Higher  
oxides, however ,  were  not ful ly removed  until  signifi- 
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cantly lower adsorption potentials were achieved. At  
0.400v some residual  oxide still remained  on the sur-  
face prevent ing  a saturat ion coverage with  carbon 
monoxide.  

The charge due to the oxidat ion of hydrogen and 
carbon monoxide  measured  for saturat ion coverages 
at 80~ on pure  metals  and several  P t -Rh  and P t -Ru  
binary alloys is summarized in Table I. The analysis 
of the data obtained on the various metals  and alloys 
is based on two assumptions: that  the values obtained 
for QH represent  adsorbed hydrogen coverages ap- 
proaching saturat ion and that  the adsorption of CO 
molecules takes place mainly  on those sites previously 
covered with  adsorbed hydrogen. The results indicate 
that  for P t -Rh  alloys the quant i ty  of hydrogen ad- 
sorbed on a smooth electrode surface in a CO-sa tu-  
ra ted condit ion is di rect ly  re la ted to the amount  of 
hydrogen it can adsorb in the absence of carbon mon-  
oxide. Al though values for the charge due to adsorbed 
hydrogen vary  with  each electrode because of its 
roughness factor the ratio of hydrogen coverage in the 
presence of CO to that  obtained in its absence remains  
fair ly consistent for this whole series of alloys; values 
of QHC~ vary  sl ightly f rom 3.5 to 6.0%. 

Ruthen ium and the binary alloys of this series do 
not however  fol low the previously  described re la t ion-  
ship. For  these mater ia ls  the quant i ty  QHCO/QH, seems 
to reach a plateau and does not va ry  significantly. Pu re  
ruthenium, however ,  exhibits  a higher  percentage of 
hydrogen coverage which may  possibly be a m a x i m u m  
for this series. 

If  the assumption is mainta ined that  CO molecules 
adsorb on the same sites previously  occupied by ad- 
sorbed hydrogen, then charge comparison for these 
two species indicates that  approximate ly  a two to 
one rat io exists for plat inum, rhodium, and most  of 
the alloys. Provid ing  a two-e lec t ron  t ransfer  is neces-  
sary for the complete  oxidat ion of carbon monoxide,  
then these values may  be a good indication that  the 
main form of CO bonding to these mater ia ls  at 80~ 
is of the l inear type. 

Discussion 
F r o m  the studies conducted on pure  metals  and 

alloy wire  electrodes some observations can be made 
regarding the role these catalysts p lay in oxidizing 
impure  hydrogen.  For  alloys of the P t - R h  series, ad-  
sorption data indicate that  the amount  of charge due 
to hydrogen coverage in a CO saturated solution, 
QH cO, is a function of electrode surface area. For  pure  
plat inum, rhodium, and thei r  alloys, the re la t ive  hy -  
drogen coverage in the presence of CO compared to 
hydrogen coverage wi thout  CO present  on the same 
surface is approximate ly  5% and independent  of alloy 
composition. This would  indicate tha t  the same propor-  
tion of sites are avai lable  for hydrogen adsorption in 
the presence of CO on Pt  and on the P t - R h  alloys. 

Since the oxidat ion of CO occurs on all  of these al-  
loys at potentials  far  removed  from the region of 
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hydrogen oxidation, catalytic activity for the electro- 
chemical oxidation of H2 would then be confined to 
those residual sites not covered with adsorbed CO. 
It would seem then that  catalytic activity of these 
alloys is not due to a larger portion of sites available 
for hydrogen adsorption but to some other factor 
which will  enhance activity for specific alloy compo- 
sitions, such as a higher total surface area. 

The adsorption data obtained on the P t -Ru  alloys 
indicate that for these materials  the degree of hydro-  
gen coverage in the presence of CO is dependent  on 
the Ru content  of the alloy. The relative degree of 
hydrogen surface coverage (QHCO/QH) in a CO satu-  
rated solution increased rapidly up to approximately 
10 w/o ru thenium;  at this point approximately  20% 
of the electrode surface is covered with residual  hy-  
drogen. The value remained fair ly constant  on the 
remaining  higher weight per cent ru then ium alloys 
tested. Thus specific alloy composition of the P t - R u  
series shows a greater  tendency to adsorb hydrogen in 
the presence of reformate fuels. The results obtained 
on pure ru then ium agree with this observation since 
values for the relative hydrogen coverage are higher 
for the pure mater ia l  than  for any of the alloys. 

Manuscript  submit ted Sept. 15, 1967; revised m a n u -  
script ca. Aug. 13, 1968. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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Electrochemical Methods for the Measurement 
of High-Temperature Diffusion in Metals 

D. O. Raleigh and H. R. Crowe 
Science Center, North American Rockwell Corporation, Thousand Oaks, California 

ABSTRACT 

Previous determinat ions  of the diffusion coefficient of silver in single-  
crystal Ag-Au alloys at 394 ~ by the measurement  of diffusion-l imited cur-  
rents in solid electrolyte cells Ag]AgBrIAu have been extended to cover the 
complete alloy composition range and to determine the effects of electrode 
surface preparation,  direction of diffusion, compositional cycling, and use of a 
bu lk  Ag-Au  alloy as the star t ing electrode. In  addition, the exper imenta l  and 
theoretical  principles are discussed more thoroughly. In  selected systems, the 
method permits  the accurate measurement  of D values as low as 10 -16 cm2/ 
sec, at a t ime scale of about  1 hr  per  data point, over the range of miscibi l i ty 
of diffusant and solute metals, with a single cell. In  the present  study, D 
values from duplicate runs in the range 10 -14 cm2/sec agreed to ,~3%. The 
method permitted, for the first time, direct comparison of D values corre- 
sponding to inward  and outward diffusion in a subst i tut ional  solid system. 
Out-diffusion D values were systematical ly higher, a result  a t t r ibuted to 
vacancy injection. Extension of the present  and related methods to fused 
salt electrolytes and other solid electrode materials  is discussed. 

In  a previous publicat ion (1), p re l iminary  resul ts  
were reported on a h igh- tempera ture  electrochemical 
method for the rapid and sensit ive measurement  of 
low-level  diffusion in selected metal  systems. In  ap- 
plying the method to the diffusion of silver in si lver-  
gold alloys at 400~ it was found possible to measure 
D values of order 10 -14 cm2/sec at five points in the 
alloy composition range 10-60 a/o Ag in a one-day 
exper iment  with one metal  sample. By contrast, con- 
vent ional  metal lurgical  techniques involving radio-  
tracers and sectioning general ly  cannot be extended 
below D ~ 10 -11 cm2/sec and require  several weeks 
of anneal ing  as well  as precise sectioning techniques. 
In  the application reported, the method involved the 
measurement  of diffusion-l imited currents  in the solid 

K ey  words:  silver diffusion in gold, e lectrochemical  diffusion 
method ,  solid electrolytic cell.  

electrolyte cell AglAgBrlAu. In  the present  work; we 
report more extensive studies on the Ag-Au system, 
examining the theoretical  and exper imenta l  principles 
more thoroughly and discuss the applicabil i ty of this 
and related methods to other metallic and electron- 
ically conducting systems. 

The cell AglAgBrlAu is one of a class of solid elec- 
trolyte cells, (Me or X)IMeXlM',  termed polarization 
cells, which contain one electrode that  is electrochemi- 
cally reversible to the electrolyte and one which is 
chemically iner t  toward it. If an external  voltage is 
applied to such cells, there is a wide range of the 
voltage over which there can be no steady-state  ionic 
current .  For instance, if the Ag side of the cell 
AglAgBrlAu is made negative,  a s teady-sta te  electro- 
lytic cur ren t  could only occur through electrodissocia- 
tion of the AgBr or oxidation of the Au. If the cell 
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voltage is kept  below the  values requi red  for these 
reactions, no s teady-s ta te  faradaic process is avai lable  
to permit  current  flow. Under  these conditions, the Au 
electrode is cur ren t -b locking  and, in essence, functions 
like a capacitor. Wagner  (2) has pointed out that  in 
such cells the applied vol tage V uniquely  fixes the 
chemical  activities of the electrolyte  components  at the 
inert  e lectrode surface. In the  present cell, for instance, 
the act ivi ty  of metal l ic  si lver  at the gold surface is 
given by aag ~ e x p ( - - V F / R T ) .  The act ivi ty  in this 
case is manifes ted as a par t ia l  monolayer  of e lectro-  
deposited si lver (3, 4) which, on application of the 
voltage, is achieved on the t ime scale of the electrode 
double- layer  charging. If the charging process is car-  
r ied out at a cell t empera tu re  where  the diffusivity of 
si lver in gold is negligible, the ionic cell cur ren t  drops 
to zero on its completion. 

Suppose, however ,  that  the t empera tu re  has a value  
at which the s i lver  diffusivity is appreciable. In this 
event, s i lver  at the surface wil l  migra te  into the gold, 
but the cell  wil l  act to mainta in  the surface concen-  
t rat ion by electrodeposit ing more silver. The resul t  
will  be an ionic cell current  that  is precisely equivalent  
to the flux of diffusing s i lver  into the electrode at the 
fixed surface concentration. In consequence of the 
value  of the Faraday  constant, one can measure  di-  
rect ly and continuously a mater ia l  t ransport  of ~10 -11 
moles/sec as a 1 ~a current.  

Because of the action of the cell to maintain  a fixed 
surface concentrat ion of the diffusant, it becomes pos- 
sible by the use of vol tage-s tep  techniques  to de te r -  
mine D values over  a wide composit ion range. If, in 
the above case, the applied voltage is mainta ined at 
the value V, the diffusion current  will  persist unti l  
the rate of the diffusion process becomes negligible. 
At  this point, the Au electrode has the characteris t ics  
of an A u - A g  alloy of s i lver  act ivi ty  aAg. If the ap- 
plied voltage is now changed to a value V', corre-  
sponding to a new surface act ivi ty  aAg', the si tuation 
corresponds to a we l l -known  solution of the diffu- 
sion equation. If Co and C1 are the si lver concentra-  
tions corresponding to aAg and AAg', the  diffusion flux 
will  be given by 

J = . - - D ~  = - - D ( C 1 - - C o )  X 
dx x=0 

dx erfc 2 ~ D t  x=o= (C1 --  Co) \ - ~ - /  [1] 

and the corresponding diffusion current  by the wel l -  
known Cottrel l  equat ion 

i = FA (C1 --  Co) (D/~t)  1/2 [2] 

where  A is the electrode area. Thus, if concentrat ions 
C1 and Co corresponding to activities aAg' and aAg are 
known (as is the case for the A g - A u  system),  a plot 
of i vs. t -1/2 should yield a s traight  l ine whose slope 
may be used to der ive  D. Repeated cell vol tage changes 
would then permit  measurement  of D in sequent ia l  
steps across the alloy composition range. Moreover,  
because of the capabil i ty to apply vol tage steps that  
e i ther  increase or decrease the surface diffusant con- 
centration, it becomes possible to study not only the 
convent ional  "in-diffusion," but ext rac t ive  or "out-  
diffusion" as well. 

Severa l  factors deserve consideration. First, one 
should distinguish be tween  the gold electrode poten-  
tial, re la t ive  to the si lver potential,  and the actual 
voltage applied to the cell. Where  the former  direct ly 
fixes aAg, the la t ter  may also contain contributions 
f rom polarizat ion at the Ag electrode and iR drop in 
the electrolyte.  If these were  appreciable, the resul t  
would be an uncer ta in ty  and a t ime var ia t ion in the 
value  of aAg. In fact, one or both of these are invar i -  
ably  impor tant  in the ear ly  stages of applying a vol t -  
age step, and de termine  the "sharpness" of the step 

wi th  respect  to t ime scale for the surface act ivi ty 
change. When a voltage step is applied to a cell of this 
type, the step voltage ini t ial ly appears across the 
electrolyte  as iR drop and, on the t ime scale of the 
RC t ime constant of the cell, is t ransfer red  to the 
cur ren t -b lock ing  electrode. Accordingly,  the Cottrel l  
equation becomes applicable at t imes large compared 
with the electrode charging time. In our  own cells, 
the  charging t ime is in the mill isecond range, pe rmi t -  
t ing diffusion current  analysis for t imes at least as 
short  as 1 sec. Residual  portions of the double layer  
charging persist out to ~ 5 sec but, since the charging 
is essential ly complete  at much shorter  times, this will  
only have the effect of adding a t ransient  increment  
to the diffusion current.  

If  the electrolyte  resistance is large, the  iR drop 
associated with residual  double layer  charging and 
even ear ly  portions of the diffusion cur ren t  may  be 
appreciable.  This was not the case in our cells, where  
currents  for t ~ 1 see were  in the microampere  range 
and the e lect rolyte  resistance was several  ohms, but  
may  wel l  be the case in other  systems. In such in-  
stances, potentiostatic a r rangements  wi th  resistance 
compensat ion may be employed (5). Likewise, counter  
electrode polarizat ion may be removed  as a factor by 
the use of a potentiostat  wi th  a reference  electrode, 
though, as previous ly  reported (1), this was found 
unnecessary in our system. 

A fur ther  considerat ion is the general  presence of 
a low- leve l  electronic current  in such cells. While 
conduction in our own e lec t rolyte  was predominant ly  
ionic, there is in many such cell systems a small  
s teady-s ta te  electronic cur ren t  at any finite applied 
voltage. This current  exists as a consequence of a 
s toichiometry gradient  in the e lect rolyte  and is con- 
stant at any par t icular  voltage (2, 6). In a cell  
MeIMeXlM' with n - type  electronic conduction, the 
current  is given by 

ie -~ (ae~ [1 --  exp (--  V F / R T )  ] [3] 

where  ~e ~ is the specific electronic conduct ivi ty  of 
MeX at equi l ibr ium with  metal l ic  Me, and L and A 
are the thickness and area of a cyl indrical  e lect rolyte  
pellet. For  cells wi th  p- type  or mixed electronic con- 
duction, analogous expressions apply. The impor tant  
point, however ,  is that, since the electronic current  
is constant at a g iven potential,  it appears mere ly  as 
a nonzero intercept  in a plot of i vs. t -1/2. Thus, it is 
not necessary to know the magni tude  or type of con- 
duction in advance. This current ,  however ,  together  
wi th  the electrode charging, defines a lower  l imit  for 
the size of diffusion currents  that  may be measured.  
As ment ioned previously (1), it is requi red  that  the 
diffusion current  be large enough to be seen against  
the s teady-sta te  electronic current  once the double -  
layer  charging process is complete.  This depends on 
the values of D, AC, ~e ~ and the electrode charging 
kinetics, but  can be examined  empir ical ly  in a given 
cell system by seeing whe the r  the current  in response 
to a par t icular  vol tage step contains a wel l -def ined 
region of t -I~2 variation.  

Finally,  in examining  successive D values across a 
composition range by applying sequential  vol tage steps, 
it is necessary to know how long to wait  be tween  suc- 
cessive steps. Ideally,  to conform exact ly  to the  bound-  
ary conditions for the Cottrel l  equation, one should 
wait  unti l  the diffusant becomes uni formly  dis tr ibuted 
throughout  the electrode at the concentrat ion corre-  
sponding to the previous step. In practice, however ,  
this is often not possible. In our own system, we study 
D values ~ 10 -14 cm2/sec. For  a 0.1 cm thick electrode, 
this would requi re  a characterist ic wai t  t ime of x2/D = 
(0.1)2/(10 -14) = 101~ sec! However ,  several  regres-  
sions f rom such a prohibi t ive  wait  t ime are possibIe. 
For  instance, if  one waits mere ly  unti l  the  diffusion 
cur ren t  becomes negl igibly  small  on the c u r r e n t - m e a -  
suring apparatus,  the electrode will  behave to all in-  
tents and purposes as though the diffusant were  uni-  
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formly distributed. Even this approximation,  however, 
leads to inconvenient ly  long waits between steps, be-  
cause of slowness of t -lz2 current  decay. If currents  
were recorded up to a min imal  t ime tl and we required 
the current  to drop to 1% of its value at tl before 
applying the next  step, this would require  a wait  t ime 

= 104 t,. Exper imental ly ,  it has been found that  
much shorter waits may be tolerated, but  it is of in-  
terest to inquire  theoretical ly why this should be so. 

The re levant  diffusion problem is one in which we 
start with a substrate with uni form init ial  diffusant 
dis t r ibut ion Co and change the surface concentrat ion 
successively to fixed values C~, Ca, etc. at equal  t ime 
intervals  T, the electrode geometry being appropriate 
to semi-infini te  l inear  diffusion. In  our actual system, 
the uni form init ial  concentrat ion is achieved either ex- 
actly by use of an alloy electrode whose bu lk  com- 
position is the same as the surface composition fixed 
by the s tar t ing voltage Vo, or is achieved to satis- 
factory approximation by a sufficiently long init ial  
wait at Vo. An exact analyt ic  solution to the mult is tep 
diffusion problem is possible, but  only for the case 
where D is composi t ion-independent .  While D indeed 
varies with composition in our system, it is instruct ive 
to present  the composi t ion- independent  solution and 
inquire  as to what  may be a reasonable approximate 
form for a nonconstant  D. 

The solution for a constant  D may  be derived ana-  
lytically by a t rea tment  described by Carslaw and 
Jaeger (7), but  a simpler approach that supplies the 
same answer and gives more insight into the physical 
si tuation is to make use of the superposition principle 
(8). In  this, one may arbi t rar i ly  subdivide a diffusion 
process into a n u m b e r  of convenient ly  treated con- 
s t i tuent  contributions,  solve the diffusion problem sep- 
arately for each, and then sum the solutions. Consider 
in the present  case that  we label  as Ag01 each silver 
atom deposited on the electrode surface dur ing voltage 
step V0 ~ V1 and s imilar ly  label each silver atom that  
is deposited to replace an Ag01 atom when it diffuses 
into the electrode. Likewise we label as Agle each Ag 
atom that  is deposited dur ing  step V1 --+ V2 or that  re-  
places an Ag12 atom on the surface, and so on for fur-  
ther  steps. Then the effect of voltage V1 is to ma in -  
ta in  a fixed surface concentrat ion of Ag01 atoms, the 
effect of V2 is to main ta in  s imultaneously  fixed con- 
centrat ions of Ag01 and Ag12, and so on. The net result  
is that  for each newly  introduced species of Ag atom, 
the boundary  condit ion for the Cottrell  equation is 
obeyed for all time, irrespective of previous and sub-  
sequent  steps. Accordingly, the total  cur rent  after n 
steps is given by a sum of Cottrell  terms for each con- 
s t i tuent  Ag species 

i = F A  (Cn --  C~n-1)) (D/n )  I/2t-1/2 

F A ( C ( n - 1 )  - -  C(n-2)) ( D / n ) l / 2 ( t  -P T) -1/2 ~_ . . .  

F A ( C 2  --  C1) ( D / n ) l / 2 [ t  Jc (n . - -  2)T]-1/2 

+ F A  ( C 1 -  Co) (D/n)1 /2[ t  -~ ( n - -  1)T]-1/2 [4] 

where  t is the t ime after application of the n th  step. 
Note that  for t < <  ~, only the first t e rm on the right 
shows t ime variation.  (For t ~ 0.1T and equal-sized 
concentrat ion jumps,  the error  in  neglecting t in the 
other terms is ~ 1%.) Thus, for the n th  step, the slope 
of a plot of i vs. t -1/2 for data in this t ime range is 
unaffected by prior steps, as we have found experi-  
mental ly.  Since the terms for prior steps are effectively 
constant, the effect on the i vs. t -1/2 plot is merely 
to shift its intercept. 

This analysis for the case of a constant D suggests 
that, for a nonconstant  D that  varies smoothly and 
gradual ly  with composition, a reasonable approximate 
expression for the diffusion current  should be similar 
in form to Eq. [4]. We assert, in fact, that  we may 
conceptual ly separate the contr ibut ions from the var i -  
ous steps so that  for t imes t < <  T following the latest 
step, only the cur ren t  associated with this step will be 

varying  as rapidly as t -1/2, the others vary ing  with 
t ime in some m a n n e r  similar to (t + nT)-l /2 .  Thus, 
a Cottrell expression involving the D for the latest 
step should still give the slope of the i vs. t -1/2 plot. 

It is useful to consider what  we mean by the D for 
a given step when D is, in fact, composit ion-dependent .  
The D values we measure determine the chemical, as 
opposed to the tracer, diffusion coefficient. That  is, we 
are measur ing  the D associated with the diffusion of 
Ag into a substrate at diffusant concentrat ion C(n-l~ 
from a surface concentrat ion Cn. This is inevi table  in 
any study of chemical diffusion. We follow the practice 
in the l i terature  (9) of assigning the effective D value 
we obtain to the median  composition 1/2 (C(n-1) + Cn), 
designating it by Dc~-l~n. 

Given the exper imenta l  fact that  the D value is not 
appreciably influenced by the application of prior steps, 
we need not actual ly acquire an approximate form of 
Eq. [4] to evaluate  D when it varies with composition. 
It  is instructive,  however, to do so, both to see what  
increments  to the cur ren t  intercepts we might  expect, 
and to explore the general  physical picture. Consider 
that  a second step has just  been applied and i ( t )  for 
t < <  ~ is being studied. Since the diffusion associated 
with the prior step has been taking  place for the re la-  
t ively long t ime t + T, the characteristic penetrat ion 
depth associated with it will  be large compared with 
that for the second step. Accordingly, the bulk of the 
substrate  region involved in this diffusion will  be in 
the same composition range as when the step was first 
applied, there being only a small  compositional per-  
tu rba t ion  near  the surface from the subsequent  step. 
Likewise, in a mult is tep diffusion process, each past 
previous step would be associated with a greater  pene-  
t ra t ion depth. While the differences between these 
depths would not be as great as between any of them 
and the step just  applied, it is also t rue  that  the con- 
t r ibut ions of past steps to the total cur rent  should be 
much diminished as new steps are applied. Thus, it 
may be a reasonable approximat ion to assume that  
each contr ibut ing diffusion proceeds with the D value 
original ly associated with it, so that  Eq. [4] is modi-  
fied to 

i = F A  (Cn --  C(n - l ) )  (D(n-1)n/n)  1/2t-1/2 

+ F A  ( C(n-1) - -  C(n-2) ) ( D(n-2) (n-  l )/~)1/2 ( $ _~_ T)-1/2. . .  

+ F A ( C 2 - -  C1) (D12/n) l/2[t ~ ( n -  2)z] -1/2 

-{- F A ( C 1 - -  Co) (Dol/n)l /2[t  + ( n - -  1)T] -Iz2 [5] 

The usefulness of this expression is that, since the 
coefficient of each te rm (t -~ iT) -1/2 is the slope of the 
i vs. t -1/2 curve obtained from that  step, we may eval-  
uate the equation from existing data to see what  the 
intercept  shifts should be. 

Experimental 
As described previously (1), a working cell con- 

sisted of a s ingle-crystal  AgBr pellet springloaded 
between a square of Ag foil and the appropriate gold 
electrode. For the latter, gold single crystals and 50:50 
a/o Ag-Au alloy single crystals were employed in dif- 
ferent  runs. The electrodes were shaped from larger 
crystals and provided with a smooth, p lanar  surface by 
spark cutting, followed by mechanical  polishing and 
electropolishing. Because of the short diffusion length 
involved (~ /D t  ~ 10 -8 cm),  it was crit ically impor tant  
to have the smoothest possible electrode surface with 
min imal  surface damage. In the early runs  with pure 
Au electrodes, the electropolishing was carried out in 
fused 1:1 NaC1-KC1 at 750 ~ at a constant  current  of 

150 ma / c m 2. In  the later  runs,  including all the alloy 
runs, an aqueous electropolish was employed, using an 
H2SO4-containing saturated thiourea solution (10). In  
all cases, a specular surface was obtained. Electron 
micrographs showed no significant roughness down to 
500A. Laue diffraction pat terns  showed slight to mod-  
erate surface damage, unavoidable  in a soft metal  such 
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as gold. In  general,  the aqueous polish gave more con- 
sistent results and less surface damage. 

In  the runs  with a pure Au electrode, the assembled 
cell was outgassed and heated under  vacuum to iust  
below the AgBr mel t ing point with an applied voltage 
corresponding to a 10 a/o alloy composition at 400 ~ 
Interface contact was achieved by f lash-melt ing the 
electrolyte in the neighborhood of the electrodes or, 
in  one run, by prolonged anneal ing  unde r  pressure just  
below the mel t ing point. No difference in results was 
noted. In  the gold alloy runs, essentially the same pro- 
cedure was followed, except that  at each temperature ,  
a potential  corresponding to the 50:50 composition at 
that tempera ture  was maintained.  Following the in ter -  
face contacting, the cell was cooled to the operating 
temperature,  placed under  an argon flow, and allowed 
to equil ibrate  for about an hour. All  runs  were made 
at approximately 394 ~ . Minor tempera ture  variat ions 
from run  to r u n  and wi th in  a r un  were accounted for 
in the D value calculations by employing a diffusion 
enthalpy factor from the data of Slifkin et  al. (11) as 
will be discussed later. 

As reported previously (1), the cell voltage and 
voltage steps were applied via a s traightforward bat-  
te ry-vol tage  divider  setup in  which a mercury  relay 
provided noise-free stepping between two preadjusted 
d-c bias levels. The cell current  was recorded by the 
previously described low-impedance amplif ier-re-  
corder ar rangement .  

Following cell equi l ibrat ion at the operating tem- 
perature (394~ voltage steps were applied at 75-min 
intervals  and the cell cur ren t  recorded in each case. 
The voltages employed were general ly  chosen to cor- 
respond to 10 a/o composition intervals  in the com- 
pletely miscible Au-Ag solid solution system. In runs  
wi th  eight cells in all, the alloy composition range  
10-90 a/o Ag was covered for both pure Au and 50:50 
Ag :Au  alloy as the ini t ia l  electrode material ,  and for 
the two electrode surface preparat ion techniques 
described. Cell currents  in the range 0-10 ~a were read 
with a sensit ivi ty of 0.01 ~a. Cell vol tages correspond- 
ing to the various compositions ranged 10-231 mv and 
were set to the nearest  mill ivolt  with a resolution of 
0.1 my. At the end of a run, the cells were removed 
from the furnace assembly and the gold electrode area 
de termined by photographing and weighing the photo- 
graph cutout. In  all cases, the electrolyte was found 
to be bonded tenaciously to both electrodes. Elec- 
trodes to be used in  subsequent  runs  were repolished 
mechanical ly  and electrolytically. 

For  the cell voltages corresponding to the various 
compositions, the most careful re levant  studies were 
those of Wachter  (12) and of Kubaschewski  and 
Huchler  (13). Wachter  measured the emfs of solid- 
electrolyte concentrat ion cells Ag(AgCIIAg-Au for 
seven different alloy compositions over the approxi-  
mate range 200~ ~ and derived emf-composit ion 
plots at 20(} ~ and 400 ~ Kubaschewski  and Huchler  
used similar  cells, but  with s i lver - ion-conta in ing  Thu r -  
ingia glass as a solid electrolyte. Eleven alloy compo- 
sitions were studied in  the range  300~ ~ . Because 
of the small  t empera ture  coefficient of emf (_<0.1% 
per ~ data at 400 ~ could be employed for our cell 
systems. Smooth emf-composit ion curves at 400 ~ were 
d rawn separately from the Wachter  and Kubaschew- 
ski-Huchler  data and a best median curve d rawn be- 
tween them. The average discrepancy of the median  
curve from either of the parent  curves was 3�89 

Results 
In all cases, plots of i vs .  t -~/2 were l inear  over a 

wide t ime range. This was the case for both forward 
(in-diffusion) and reverse (out-diffusion) steps. Fig-  
ure  1 shows a typical  plot for a forward step, showing 
the t ime range 6-4500 sec, the la t ter  t ime being wait  
t ime T (75 min) .  At t imes below 10 sec, currents  
showed a general  u p t u r n  from l inear i ty  a t t r ibutable  
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F ig .  1. Current-time data, tun 2, 20 --~ 3 0  a / o  Ag compositional 
step. 

to residual  double layer  charging. At times in excess 
of several  hundred  seconds, there were often small  
drifts from l inear  variation,  0.1-0.3 ~a at most. Since 
these were larger than  expected from the nonl inear i ty  
in  t -1/2 in  Eq. [5] and did not  show a consistent di-  
rection, they probably represent  small  furnace tem- 
perature  drifts. In  general, the t ime range 10-100 sec 
was used for the slope determinations.  

The current  intercept  in  Fig. 1, of opposite sign 
from the forward diffusion current ,  represents  the 
sum of the electronic cell cur rent  and the t ime- inde-  
pendent  terms in Eq. [5], as previously discussed. All  
cur ren t  intercepts were compared with predictions 
based on Eq. [3] and [5], using the prestep cell cur-  
rent  in the equil ibrated cell and the current  in ter -  
cept from the first step to predict electronic currents  
at other cell voltages, and  using the slopes of the 
i vs.  t -1/2 curves to evaluate the terms in Eq. [5]. The 
match with predictions ranged fair  to excellent, the 
discrepancy averaging 15%. In  each case, the qual i ta-  
t ive variat ion predicted for the series of steps in ques- 
t ion was observed. The scatter is believed to reflect 
the sensit ivi ty of the s teady-state  electronic cell cur-  
rent  to t empera ture  f luctuat ions and low-level  im-  
purities. 

Several  duplicate runs  were used to measure the 
reproducibi l i ty  Of the D values determined.  In  three 
early runs, pure Au electrodes, polished by the fused 
salt technique, were used for 10 a/o forward steps in 
the composition span 10-60 a/o Ag. In  the first two 
runs,  the same Au electrode was simply repolished and 
used in  a new cell. In  the thi rd  run,  a new Au elec- 
trode crystal was employed. D values for each compo- 
sition deviated from their  mean  by an average of 3%. 
In  addition, duplicate runs  were carried out with two 
50:50 Ag-Au alloy electrodes, using the aqueous elec- 
tropolish technique,  for 10 a/o forward and reverse 
steps in the composition span 50-90 a/o Ag. Forward-  
step D values agreed to an average of 3% and  reverse-  
step values to 10%. As wil l  be discussed later, the la t -  
ter  result  is a consequence of the inherent ly  more i r re-  
producible na tu re  of the extract ive diffusion process. 

The main  source of the 3% factor for forward steps 
is believed to be tempera ture  uncer ta in ty  in  the runs. 
Because of the predominant  interest  in  the electro- 
chemical aspects of these runs, insuff• a t tent ion 
was admit tedly  paid to tempera ture  control. In  conse- 
quence, the cell t empera ture  was only defined to about 
�89 Since Slifkin 's  data indicates a tempera ture  de- 
pendence of D in  the Ag-Au system of 5% per ~ at 
our temperature ,  an approximate  2 �89 figure can be 
applied to errors in  t empera tu re  definition. 

In r u n  8, a pure Au star t ing electrode was employed, 
using the aqueous electropolish technique. A series of 
eight 10 a/o forward steps covered the composition 
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range 10-90 a / o  Ag. This was fol lowed by four  l0 a /o  
reverse  steps, the ent i re  run  requi r ing  two days. Be-  
cause of the wide composition range covered, and the 
more  reliable,  damage- f ree  surface produced by the 
aqueous electropolish, the results of this run will  be 
used as a s tandard of comparison with  other  runs and 
with  data in the l i terature.  

The most recent  and careful  s tudy of diffusion in 
the A g - A u  system has been carr ied out by Slifkin 
et aL (11) wi th  radiotracer  techniques,  using nine al-  
loy compositions and tempera tures  635~176 
Measurements  at lower  tempera tures  were  not possi- 
ble because of the prohibi t ive ly  low D values. The re-  
sults, however ,  were  presented in the form of empi r i -  
cal expressions for the various compositions, which 
could be used to predict  values at lower temperatures .  
Radiotracer  diffusion coefficients D* at 394 ~ were  cal-  
culated from these expressions and in terpola ted values 
taken at our compositions. These were  conver ted to 
chemical  diffusion coefficients by the use of the 
Darken equat ion 

D = D* [I + (d In q'Ag)/(d In NAg)] [6] 

a procedure which has previously been found reliable 
in the Ag-Au system (14). Here, TAg and NAg are the 
activity coefficient and mole fraction of Ag in the al- 
loy. Since d In TAg ---- d In aAg and the emf in the 
Wachter and Kubaschewski-Huchler concentration 
cells is g iven by  - - F ~  = RT In aAg, the Darken equa-  
tion reduces to 

D = D * [ 1  ]FNAg d~ ] 
RT dNAg [7] 

where  d~/dNAg can be evaluated  direct ly  f rom the 
emf-composi t ion curve. Values for  the  bracketed te rm 
ranging f rom 2.56 to 3.18 were  obtained. 

Figure  2 shows the run  8 diffusion coefficient data 
for forward  steps and compares it wi th  values calcu- 
lated f rom Slifkin 's  data. All  our D value-composi t ion 
curves showed the same smooth composit ional  va r i a -  
t ion wi th  a min imum close to 50%. The sl ightly differ- 
ent composit ional  behavior  reported previously  (1) 
was found to be the resul t  of less careful ly  chosen 
voltage values f rom the Wachter  and Kubaschewski  
emf-composi t ion data. In Fig. 2, D values in the range 
10-50 a /o  Ag agree with  those calculated f rom Slifkin 's  
data to an average  of 25%, which is reasonable,  con-  
sidering the extrapola t ion represented  and the use of 
the Darken equation. The calculated values, however ,  
do not show a min imum and hence devia te  progres-  
s ively at more  s i lver - r ich  compositions. Slifkin 's  data, 
however ,  included a D value-composi t ion plot for Ag 
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at 875 ~ that  showed the same type of min imum as 
ours in the neighborhood of 50 a /o  Ag. The appear-  
ance of this min imum at 875 ~ and not at 394 ~ is re-  
lated to the empir ical  expressions employed. In these 
expressions, of the usual form D* = D*0 exp (--Q/RT), 
a min imum occurs at 875 ~ because of increases in both 
D*o and Q with  increasing si lver content. At 394 ~ 
the exponent ia l  t e rm dominates and no min imum is 
predicted. Since only small  changes in D*o and Q are 
required to create  the m in im um  at 394 ~ , it is fel t  that  
its absence is an art i fact  of ex t rapola t ing  the empir ical  
expressions to this temperature .  The nar row range of 
Q values reported (40.2 to 44.5 kca l /mole )  and the 
reasonable agreement  with a fair  portion of our data 
a l low the use of an average  Q value in this range to 
correct  our  D values for r u n - t o - r u n  t empera tu re  var i -  
ations of several  degrees, as was done. 

Figure  3 shows the effect of surface prepara t ion 
technique on the D value  results. The curve  for runs 
2, 3, and 4 represents  an average  of the closely agree-  
ing D values f rom these runs. In these runs, a: fused 
salt electropolish was used, while the aqueous polish 
was used in run  8. The fo rmer  curve  is seen to be 
higher  by a factor 1.4 to 1.6. As we have noted, aque-  
ous polishing gave more consistently specular  surfaces 
and less surface damage. One effect of aqueous polish- 
i~g may have been a lower  microscopic surface rough-  
ness. In this respect, surface roughness is a factor in 
diffusion measurements  if the scale of the roughness 
is large compared wi th  the characterist ic diffusant 
penetra t ion distance. In this event,  in our own exper i -  
ments, the effect would be to increase the electrode 
area A in the Cottrel l  equation. The somewhat  grea ter  
surface damage f rom the fused salt polish, however ,  
may  also play a role. The reasonable  par t ia l  agree-  
ment  be tween the run  8 values and the extrapolat ions 
f rom Slifkin 's  data would indicate that  the roughness 
factor in run 8 was not severe. It should be pointed 
out that  these effects of surface prepara t ion  are not  
unique to the electrochemical  method, but would be 
common to any method that  measured D values f rom 
characterist ic diffusant  penetra t ion distances this 
small  (30-100A). In the measurement  of larger  D 
values, such effects become correspondingly  smaller.  

In several  runs, the effect of previous composit ional 
cycl ing was studied. In run 3, for instance, 10 -~ 60 a /o  
Ag steps of 10 a /o  size were  applied to a pure Au 
electrode, fol lowed by a step 60 ~ 50 and a repeat  
50 --> 60 a /o  step. A 7% higher  D value was obtained 
for the repeat  step. Fol lowing this, the  cell was s tep-  
ped to 90 a /o  in three  fur ther  steps, reverse-s tepped  
to 10 a /o  in one large step, and the first 10 -~ 20 a /o  
step repeated. A 10% larger  D value was obtained. In 
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run 4, the same init ial  sequence 10 ~ 60 -> 50 --> 60 
a /o  was followed, y ie ld ing  an 8% higher  D value for 
the repeat  50 ~ 60 step. The cell was then stepped 
back to 10 a /o  in 10 a /o  steps and the ent i re  10 --> 60 
step sequence repeated. The respect ive D va lue  in-  
creases in these five steps were  15%, 17%, 52%, 70%, 
and 97%. It was concluded that  extensive cycling over  
the composition range results in significantly increased 
D values, the increase increasing wi th  the extent  of 
cycling. As wil l  be discussed, the  development  of sur-  
face roughness is felt  to be responsible. 

The above effect made  it a possibili ty that  the D 
va lue  for any given step in a step sequence may  be 
influenced by the  application of prior  steps, even for 
a simple, unidirect ional  sequence. To check this possi- 
bility, it was desirable to do exper iments  on a bulk 
Ag-Au  alloy of known composition, wi th  steps s tar t -  
ing at this composition. For  this purpose, 50:50 alloy 
electrodes were  employed in runs 6, 7, and 9. In run  6, 
the composit ion was stepped 50 --> 10 --> 50 in eight con- 
secutive 10 a /o  steps while,  in duplicate runs 7 and 9, 
the same was done for the range 50 ~ 90 --> 50. A 
composite D value-composi t ion  curve  for the forward  
steps in these three  runs is shown in Fig. 4, together  
with the run  8 (pure Au) curve  for comparison. All  
the electrodes were  prepared by the aqueous polish- 
ing technique. The good match  of the 50-90 points in 
runs 7 and 9 with  the run 8 values shows that  no sig- 
nificant "memory"  effects are involved in a simple 
forward  step sequence across the composit ion range. 
In run 6, however ,  where  the 10 -* 50 forward  steps 
were  preceded by a reverse  step sequence, the D 
values are about 14% higher. This would  indicate 
that  a reverse  step sequence introduces such a "mem-  
ory" into a subsequent  forward  step sequence. 

The electrochemical  method  permit ted,  for the  first 
time, a direct comparison between D values corre-  
sponding to in-diffusion and out-diffusion in a solid- 
state system. Wagner  and co-workers  (15, 16) have  
examined the process of out-  or ex t rac t ive  diffusion 
from solid-solution alloys in connection with  l iquid-  
metal  leaching and select ive anodic dissolution, but 
quant i ta t ive  measurements  were  not made. In general,  
no dist inction has been made be tween  in-diffusion and 
out-diffusion in terms of D values. Indeed, the macro-  
scopic equations developed f rom Fick's  laws are sym- 
metr ic  in this regard,  permi t t ing  no such distinction. 
Nonetheless,  since the  e lectrochemical  method permi t -  
ted such measurements ,  it was of interest  to make  
them. 

In all the  measurements ,  the  r eve r se - s t ep  D values 
showed the same general  composit ional  var ia t ion  as 
the fo rward-s tep  values, but were  invar iab ly  higher. 

This was t rue  even when comparing the first reverse  
step on a 50:50 alloy (50 ~ 40) wi th  the correspond-  
ing forward  step (40 -> 50) on a pure Au electrode, 
where  cycling effects could not be involved.  Likewise,  
an isolated reverse  step in a sequence of forward  steps 
(e.g., 10 ~ 2 0 ~  30-~ 40--> 5 0 ~  60 ~ 50--> 60) gave 

a higher  D than the corresponding forward  step on 
each side of it. Moreover ,  as previously noted, more  
scatter in duplicate  runs was observed for reverse  
steps. F igure  5 shows the  combined fo rward  and re -  
verse  D values for 50:50 alloy runs  6, 7, and 9. 

F o r w a r d - r e v e r s e  D va lue  ratios were  avai lable  f rom 
some 30 steps in various runs. When plot ted as a func-  
t ion of composit ion on a common graph, however ,  
they  showed too much  scatter  to ascer ta in  even  a 
wel l -def ined composit ional trend. Scat ter  be tween du-  
plicate runs was as great  as be tween  runs under  dif-  
ferent  conditions. Accordingly,  a smoothing proce-  
dure  was adopted. In each run, such as in Fig. 5, where  
a range of forward  and reverse  D values was obtained, 
a best smooth curve  was d rawn through each set of 
points and the factor re la t ing the two curves deter -  
mined  at each composition. The  smoothed data f rom 
the various runs clustered together  in the range 10-50 
a /o  Ag, but showed considerable scatter at more  sil- 
ve r - r i ch  compositions. In the 10-50 range, the aver -  
age values of the  Drvs/Dfwd ratio at 15, 25, 35, and 45 
a /o  Ag were  1.34, 1.32~, 1.315, and 1.335, suggesting a 
composi t ion- independent  ratio of 1.33 _+ 1% in this 
range. At more  Ag- r ich  compositions, there  were  indi-  
cations of a general  increase, but  the  scatter  of the  
data was too great  to ascertain this. 

Finally,  in several  runs, the effect of step size was 
examined.  In four  instances, 10 a /o  composit ional 
steps were  split into two const i tuent  5 a /o  steps. No 
significant difference in D values was obtained. In ad- 
dition, however ,  in several  runs with pure  Au elec-  
trodes, t e rmina t ing  at high Ag concentrations, a final 
reverse  step was applied to res tore  the init ial  pre-s tep  
10 a /o  Ag composition. In these cases, considerably 
enhanced D values were  obtained. For  the 60 ~ 10 
step in run 2, we obtained D = 3.4 x 10 -14 cm2/sec, 
compared wi th  an average  of  1.30 x 10 -14 cm2/sec for 
forward  steps in the 10-60 range and an expected av-  
erage reverse-s tep  D of 1.73 x 10 -14 cm2/sec f rom the 
use of the 1.33 factor for Drvs/Dfwd. For  a 90 --> 10 
step in run  3, a D va lue  of 10.95 x 10 -14 cm~/sec was 
obtained, c lear ly  in excess of the average  D va lue  ex-  
pected from smal ler  steps in the run. In such cases, it 
is apparent  that  the  sudden gross composit ional  change 
at the electrode surface results  in a drastic a l terat ion 
in the na ture  of the  surface, making comparison wi th  
smaller-s ized steps questionable.  Finally, it should be 
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pointed out that  in all reverse steps, where one is 
dealing with an anodic removal  of Ag into the elec- 
trolyte, co-anodization of Au may  be ruled out on 
both thermodynamic  and exper imental  grounds, in-  
dependent  vol tammetr ic  experiments  in our labora-  
tory having shown that  a potential  of ~0.6v is required 
for Au oxidation. 

Discussion 
In  discussing the results, one needs some sort of 

microphysical  picture to describe diffusion processes 
occurring on and in the neighborhood of the elec- 
trode surface. Specifically, explanat ions must  be of- 
fered for the observed enhancement  of out-diffusion 
and for the apparent  generat ion of surface roughness 
in this process. In what  follows, we offer what  we 
feel to be a plausible model on the basis of present  
unders tand ing  in this area. 

Metallic si lver and gold have the same crystal  s truc-  
ture  (fcc), almost equal  lattice parameters,  and form 
a continuous series of subst i tut ional  solid solution al- 
loys. Accordingly, diffusion occurs by a vacancy mech- 
anism. In  the process of in-diffusion, the Au concen- 
t rat ion wil l  be increasing from the surface of the 
electrode to the interior. Hence, in accordance with 
Fick's first law, there must  be, through any fixed 
plane paral lel  to and several  atom layers below the 
surface, an Au flux toward the surface as well  as 
the Ag flux away from it. Therefore, to main ta in  the 
fixed Ag: Au ratio in a thus-def ined  "surface region," 
more Ag must  be plated onto the surface than  is dif- 
fusing through this plane. Thus, the electrode is grow- 
ing towards the electrolyte from such a fixed plane. 
We consider the surface growth in terms of the usual  
k ink-s tep- te r race  picture (16, 17). Previous work in 
our laboratory (3, 4) has shown that, when  a voltage 
step appropriate for in-diffusion occurs, there is a 
rapid and uni form enhancement  of the Ag concentra-  
t ion in the first atom layer. This, plus considerations of 
entropy, k ink-s tep  populations, and simple kinetics 
insures that  Ag atoms will  be deposited main ly  on 
terrace sites, where  they  may possibly be considered 
"ad-atoms" (17). To main ta in  compositional homo- 
geneity, Ag atom diffusion toward step and k ink  sites 
must  be accompanied by Au atom diffusion, ul t i -  
mate ly  from the electrode interior.  It is suggested that  
free exchange occurs between Ag atoms on terrace 
sites and under ly ing  Au atoms, and that  the resul t ing 
mixture  of Ag and Au atoms on terrace sites, in the 
ratio fixed by the electrode potential, migrates to 
step and k ink  growth sites. Thus, plated Ag atoms 
may be incorporated into the electrode either by mi-  
grat ion to such sites or by exchange with Au at t e r -  
race sites. In  either event, subsequent  in-diffusion oc- 
curs by the arr ival  of vacancies from wi th in  the elec- 
trode. A relat ively orderly surface growth pa t te rn  is 
expected, not unl ike  that for low-cur ren t  electroplat-  
ing. An  equi l ibr ium concentrat ion of vacancies is as- 
sumed to exist throughout  the electrode and to be 
bui l t  in on the growing surface at step and k ink  sites. 

In  the process of out-diffusion, the same arguments  
as above require  that  a reverse voltage step result  in 
a very  large concentrat ion of vacancies at terrace sites, 
produced by electrolytic stripping. In  a 50 ~ 40 a /o  
Ag step, for instance, one- th i rd  of the surface Ag atoms 
present  would be stripped off in several milliseconds. 
By contrast,  one may estimate from Shewmon (18) 
that  the equi l ibr ium vacancy mole fraction in Au at 
~400 ~ should be about 3 x 10 -8. Since the diffusion 
rate by a vacancy mechanism is proport ional  to the 
local vacancy concentration, it is apparent  that  if all  
or even an appreciable fraction of the electrolytically 
created vacancies migrated into the electrode interior,  
there should be an enormous enhancement  from the 
in-diffusion rate in the 30-100A effective diffusion 
distances we are studying. The re la t ive ly  modest en-  
hancement  we observe suggests that  most of them 
coalesce on the surface, but  that, from strictly random 

atom movements,  enough are "injected" into the in -  
terior to cause the observed effect. What  we expect, 
then, is a local supersaturat ion of the vacancy con- 
centration.  Since the exact degree of supersaturat ion 
might  well be a mat ter  of the precise electrode sur-  
face or interface condition, the observed scatter for 
reverse-step D values is reasonable. 

Vacancies thus produced that  are not injected into 
the interior  could migrate  to step and k ink  sites, but  
it seems more likely, from their  large concentrat ion,  
that  most of them would coalesce to form local 
patches. Since the "floors" of such patches are also 
subject to Ag str ipping and vacancy coalescence dur -  
ing the cont inued out-diffusion process, one has a 
mechanism for the generat ion of surface roughness. 
Harr ison and Wagner  (15) have asserted, from a 
macroscopic argument ,  that  a plane alloy surface is 
uns table  dur ing the selective leaching of a component  
by l iquid metal  extract ion or electrolysis, and  that  a 
rugged interface develops. The surface roughness thus 
introduced would account for the enhanced forward-  
step D values obtained after a series of reverse steps, 
both in the runs  where cycling effects were encoun-  
tered, and in the 50:50 alloy runs  for the 10 --> 50 
steps. 

In the case of large (60 --> 10 and 90 --> 10) reverse 
steps, we are of course dealing with electrolytic dis- 
solution of the major  portion of the electrode surface. 
In  such a situation, one actual ly expects the effective 
collapse of the entire electrode surface. The observed 
enhancement  of the diffusion rate would then  not be 
surpr is ing in view of the greater  likelihood of excess 
vacancy incorporation. 

Applications 
In  this section, we would like to discuss some of 

the general  applications and l imitat ions of electro- 
chemical methods in s tudying diffusion in  metals and 
other solid electronically conducting systems at ele- 
vated temperatures.  Some of the l imitat ions were m e n -  
t ioned in  the previous communicat ion.  For instance, 
it is necessary in cells MeIMeXIM' to employ an elec- 
trolyte MeX that  does not  react chemically with sub-  
strate electrode M'. In  metal-electrode systems, this 
requires a metal  M' that  is reasonably more noble 
than  Me, and remains  a basic l imitation. M', however, 
might  well be a chemically saturated electronically 
conducting material ,  such as a compound semiconduc- 
tor. In this case, one requires the absence of chemical 
addition and replacement  reactions with the electro- 
lyte. It  may  be possible, in fact, to s tudy th in - layer  
diffusive doping in systems such as, for instance, Ag 
or Cu in CdS. A precaut ion in such systems would be 
to insure that the diffusion current  does not result  in 
excessive iR drop in the semiconductor,  or to com- 
pensate for such effects, ei ther ins t rumenta l ly  or in 
the data analysis. A distinct possibility that  follows 
from the abil i ty to conduct out-diffusion as well  as 
in-diffusion would be the creation of junctions,  such 
as by following a long in-diffusion period with a short-  
lived out-diffusion. Selective doping of part icular  sur-  
face areas might be accomplished by suitable shap- 
ing of the solid electrolyte, ei ther in pellet or evapo- 
rated-f i lm configuration, or by conventionaI masking. 

While the above-described methods were devel-  
oped for solid electrolytes, one may in principle con- 
duet s imilar  studies with fused salt electrolytes. In  
our own laboratory, we have observed suitable polari-  
zation characteristics in the ceil Ag[AgBr(1)[Pt.  While 
s teady-state  eel1 currents  were higher than  for 
AgBr(s)  cells, they showed the expected voltage de- 
pendence for electronic currents  and can be handled 
by the use of cur ren t -compensa t ing  potentiostatic 
power supplies. A var ia t ion  would be the use of the 
diffusant compound in  question, MeX, as a di lute 
solute in an iner t  fused-sal t  solvent such as an alkali  
halide mix. There remains,  however, a range of u n -  
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explored solid electrolytes (halides of Cu, Pb, Cd, T1, 
alkali  and alkal ine earth metals) as well. 

We have noted that  a diffusion current ,  to be ob-  
servable in cells of this type, must  be large enough 
to be seen against the s teady-state  cell cur rent  for a 
reasonable t ime after the electrode interface is 
charged. While current  compensation can be used to 
remove a portion of the s teady-state  cell current ,  
residual currents  and noise define a lower limit. The 
Cottrell equation (Eq. [2]) shows the factors involved 
in the size of the diffusion current .  Electronic and 
noise effects increase l inearly with cell area A, so A is 
not a parameter  of interest.  The quant i ty  • ~/2 is the 
controll ing one. Since the max imum value of ~C in 
the system is the diffusant solubil i ty Cs, there is an 
inverse relat ion between the lowest detectable value 
of D and Cs. In our own system (complete solubil i ty),  
D values ,-- 10 -14 cm2/sec were measured readily; 
less accurate values several orders of magni tude  
lower could have been measured with one or several 
large steps. Using this as a cri ter ion for the lower-  
l imit  size of CsD I/2, a dopant- level  Cs of 2 x 10 TM 
carr iers /cm 2 with a D value of 10 -9 cm'2/sec could 
be studied, provided similar influences of the interface 
charging t ime and steady-state  cell current  prevailed. 

An impor tant  consideration in our own work was 
the activi ty-composit ion relat ion in the Ag-Au system, 
in that the surface diffusant concentrat ion could not 
be fixed electrochemically without  these data. In al- 
loy systems with wide solid solution ranges, such 
data would be required, either from pre-exis t ing work 
or from a separate series of concentrat ion-cel l  experi-  
ments  with a number  of alloys of suitable composi- 
tion. In  systems with Cs small  enough to obey Henry ' s  
law, a knowledge of this solubil i ty would suffice. These 
considerations, however,  apply to systems with rela-  
t ively small  D values. 

In  systems where  the D value is large enough for 
~/Dt to be comparable with the thickness of a th in-  
film electrode in a reasonable t ime t, a number  of 
methods are available for determining D and Cs in the 
same experiment .  In  the coulometric t i t ra t ion method 
of Wagner  (19), for instance, the cell voltage can be 
stepped from one value to another,  the cell permit ted 
to equi l ibrate  completely, and the total charge t ransfer  
used to determine the mater ia l  dissolved correspond- 
ing to the known change in activity level in an elec- 
trode of known volume. In another  method, Rickert 
(20) has shown in the case of oxygen diffusion in 
silver, that  D and Cs may be separated by s tudying 
semi-infinite l inear  diffusion and inward  diffusion 
from the surface of a cyl inder in separate cells, since 
the differing forms of the diffusion equations for the 
two cases allow such separation when ~/Dt is com- 
parable with the radius of the cylinder. Rapp (21) 
has measured both D and Cs, in s tudying oxygen dif- 
fusion in  copper, by  analysis of the cur ren t - t ime  
funct ion where  an  electrode is being saturated with 
oxygen by joined cells on either side. 

In systems with relat ively high D values, some 
in t r iguing experiments  should be possible by using 
separate cells on a common electrode to " t ransmit"  
and "receive" the diffusant. A possible a r rangement  
of this type would be MelMeXIM'IMeXlMe. If both 
cells are ini t ia l ly set to define a low, common value 
of aMe in a slab or foil electrode of metal  M', and the 
voltage on one is stepped to an appreciable aMe , metal  
Me will  be t ransmit ted  into M' from this cell and, when  
it arrives at the other side, will be anodically stripped 
by the second cell, giving rise to an observable str ip- 
ping current .  Eventual ly ,  the same current  is seen in 
both cells, corresponding to the s teady-state  flux of 
diffusant down a known,  l inear activity gradient. The 
steady-state  flux and the t ime required to reach it 
provide determinat ions  of D and Cs. The method is 
analogous to the we l l -known  "lag t ime" method for 
s tudying gas permeat ion in  solid membranes  (22). A 

plot of the integrated diffusion current  in the second 
cell as a function of t ime would give a l inear  "steady- 
state" portion which may be back-ext rapola ted  to the 
t ime axis to give lag t ime �9 -~ x~/6D, where x is the 
electrode thickness. A sequence of a l te rna t ing  a ~  
increases on the two sides would in principle permit  
de terminat ion  of D and Cs values over the full  range 
of diffusant activities. In a var iat ion of this approach, 
it might be possible to s tudy surface diffusion on a 
metallic specimen by means of MelMeX> "probe" 
cells (Me wires coated with MeX),  serving as dif- 
fusant  sources and sinks at various points on the sur-  
face. 

Finally,  ment ion  should be made of possible gal- 
vanostatic methods for s tudying diffusion electro- 
chemically. In an alloy cell MelMeXIM'-Me, for in-  
stance, we may apply a constant  current  sweep that  
anodically strips Me from the alloy and monitor  the 
potent ia l - t ime variation. In this, the sweep ul t imately 
depletes the alloy surface of diffusant, resul t ing in a 
potential  surge; the "transi t ion time" for this is given 
by the Sand equat ion (23). An a l ternat ive  galvano-  
static method was employed by Rapp in the above- 
ment ioned copper-oxygen study (21), where D was 
measured from the slope of a cu r ren t - t ime  function 
plot. Such methods do not offer any advantages over 
potentiostatic ones in separat ing D and Cs, are sub-  
ject to interference from double layer  charging and 
electronic cell currents,  and give a mean  value of D 
when compositional var ia t ion is involved, but may 
supply useful and rapidly obtained complementary  
data in suitable circumstances. 
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ABSTRACT 

An analyt ical  basis defining the steady-state  conditions occurring in an 
electrolysis cell is stated. Several  assumptions are made which permit  a 
theoretical de terminat ion  of the void fraction and current  densi ty d is t r ibu-  
tions. The effect of void fraction and inlet  velocity on cell performance is 
shown. Exper imenta l  data for the void fraction and slip ratio occurring in an 
electrolysis cell are presented. It is found that  the slip ratio is near  unity.  This 
result  is of importance in defining the cell void fraction distr ibutions and is 
prerequisi te to an analysis of pressure drop in electrolysis cells. 

There has been a renewed interest  recently in the 
water  electrolysis process. This is due to the potential  
of this process for life support  systems in both space 
and deep-sea applications (1, 2). The water  electrol- 
ysis process is also being considered on a large scale in 
connection with industr ia l  complexes which can desalt 
water, produce power and other products such as hy-  
drogen, oxygen, ammonia,  ammonium nitrate,  and 
nitric acid (3, 4). The energy source for such a com- 
plex could be a very large nuclear  reactor which 
would be coupled to a large electrolyzer system (5). 

In the design of water  electrolyzers there is a need 
for basic engineer ing informat ion concerning elec- 
trode materials,  electrolytes, electrolyzer control, and 
the two-phase hydrodynamics  and heat transfer.  The 
current  density dis t r ibut ion and the pressure drop, in 
particular,  are two areas of research in which there is 
little published data. Concurrent  with these problems 
is that of predict ing the void fraction (or slip ratio) 
in an electrolysis cell. The present  paper  presents the 
results of the first of two research programs (6) de- 
signed to fill this need. The first program is an experi-  
menta l  and analyt ical  investigation of void fraction 
(or slip ratio) in an electrolysis cell. This program 
is prerequisi te  to the second research program which 
involves an exper imental  invest igat ion of pressure 
drop in an electrolysis cell. Both programs require  
an analyt ical  model for exper imenta l  data reduction. 
The first part  of this paper presents the analyt ical  
basis while the later section presents the void fraction 
and slip ratio data. The pressure drop data and corre- 
lations will  be presented in  a separate paper since this 
work is still in progress. 

The electrolysis process is complicated because of 
the s imultaneous occurrence of coupled, nonl inear  
t ranspor t  of mass, momentum,  and energy in the pres-  
ence of electrochemical reactions in the electrolyte and 
on the electrodes. The precise definition of these 
processes requires the s ta tement  and s imultaneous so- 
lut ion of a set of coupled, nonl inear ,  part ial  differential 
equations. In  view of the magni tude  of the task of 
solving this set of equations, one dimensional  (or hy-  
draulic) equations wil l  be used to define the flow in 
an electrolysis cell configuration such as is sketched 
in Fig. 1. The approach is essentially that  which has 
been outl ined by Brodkey (7) and used extensively 
in the field of two-phase flow (7-9). In  this problem, 

however, there is the addit ional  complication of in ter-  
channel  cross flow through the porous membrane.  

The first significant work on such a problem was by 
Tobias (10) who discussed previous work and then 
presented an analyt ical  solution for the void fraction 
subject to the assumptions:  (a) zero cell inlet  velocity, 
(b) no membrane  in the cell, (c) gas velocity inde-  
pendent  of void fraction, and (d) constant  electrode 
polarization. 

Aside from Tobias' work there seem to be no sig- 
nificant publications directly applied to the water  elec- 
trolyzer cell. There are, however, several papers on 
electrochemical machining (ECM) in which an allied 
problem is discussed (11-14). The purpose of this pa- 
per is to present  a more general  analyt ical  basis for 
the flow in an electrolyzer cell and to provide some 
pre l iminary  exper imenta l  data which may  be useful  
in electrolyzer engineering.  

[ I CATHODE 

CAT.OOE  

ANODE~ ! 
1 z//H///// 

SECTION A-A 

FIGURE la 

Fig. 1. Electrolysis cell configuration 
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Analytical Basis 
Consider the electrolysis cell configuration sketched 

in Fig. 1. The electrolyte flow is from the bottom 
toward the top in a cell of width H and length L. The 
cell consists of two paral le l  channels  separated by a 
membrane.  Flow in the hydrogen side consists of a 
mix ture  of hydrogen gas and electrolyte in a th in  rec-  
tangular  channel  (H by Y2) formed between the mem-  
brane  and cathode. Flow in the oxygen side consists 
of a mix ture  of oxygen gas and electrolyte in a rec- 
t angular  channel  (H by YD formed between the 
membrane  and anode. The membrane  is assumed to 
be porous to O H -  ions and possibly to l iquid electro- 
lyte. Subscript  1 denotes the flow properties on the 
oxygen side while subscript 2 denotes properties on 
the hydrogen side. Various species wi th in  a given 
channel  are identified by the subscripts g for gas, f 
for electrolyte, and i for hydroxyl  ion. Since only an 
alkal ine electrolyte is considered, the hydrogen ion 
is neglected. 

The t ransverse current  density (current  flux) ~b in 
the cell is a funct ion of axial position }. If the cell 
is vertical  then ~ is identical  with the coordinate z. 
The current  flux generates hydrogen gas on the cath- 
ode at the local mass flux rate H2g. The hydrogen gas 
flows upward  with average velocity V2g in some equiv-  
alent  area proport ional  to the dimension Y2o. The gas 
bubbles,  or voids, are contained wi th in  an electrolyte 
layer near  the cathode surface which is called the hy-  
drogen bubble  layer of thickness 52. 

The l iquid electrolyte flow on the hydrogen side 
occurs wi th  average velocity V2f in an equivalent  area 
proport ional  to Y2f where 

Y2 : Y~o ~ Y2I [1] 

A similar  flow configuration exists on the oxygen 
side where oxygen gas is l iberated on the anode at 
the local mass flux rate  /n~g and then  flows upward  
with average velocity V~ o in an equivalent  area pro-  
port ional  to Y~o- The oxygen bubble  layer  thickness 
is 5~ and the electrolyte flow on the oxygen side has 
velocity V~ in an area proport ional  to y~  where 

Yl  = Ylo  -~- Y l I  [2] 

A hydroxyl  ion flux occurs through the membrane  
which has the net  effect of t ranspor t ing  H~O from 
the cathode side to the anode side of the cell. In  addi-  
t ion to the ion flux, the membrane  may  be porous to 
the l iquid electrolyte. These fluxes through the m e m -  
brane are denoted by m~ and d~i, respectively. 

The definitions and derivat ions which follow wil l  
apply to either hydrogen or oxygen sides of the cell 
so that,  in  the interest  of s implifying the notation, the 
numerica l  subscript will  be omitted. 

The gas quali ty x, sometimes called the flowing 
quality, is defined by the equations 

where 

Wg Wf 
x =  - . ; ( l - - x )  = ~  [3] 

W W 

wg : poAgVg ---- mass flow rate of gas [4] 

w f  : p fA fV i  = mass flow rate of l iquid [5] 

w = w o -~ w s ----- total  mass flow rate [6] 

and pf = l iquid density, Po = gas density,  Af = Hyf 
area occupied by liquid, Ag = Hyg ~ area occupied 

by gas, Vf = average l iquid velocity, and V o = aver-  
age gas velocity. 

The gas volume fraction ~, sometimes called the 
void fraction, and the l iquid holdup (1 - -  a) are de- 
fined by 

A o AI 
= ; ( 1 - - ~ )  = -  [7] 

A A 
where 

A = A o ~- A I = H y  [8] 

If Eq. [3] to [7] are combined, the following equa-  
tion is obtained 

1 - - ~  1 - - x  

where ~ is the slip ratio (also called the phase veloc- 
ity ratio) defined by 

Vo 
o" = [ 1 0 ]  

In general,  the slip ratio ~ depends on pressure p, void 
fraction a, mass flow rate w, channel  area A, density 
ratio po/ps, and channel  or ientat ion (15-17). That is, 
in general  

= ~ (p ,a ,w ,A ,pJp f )  [ 11 ] 

One of the major  efforts of two-phase flow research 
is to determine the funct ion ~. 

Most of the engineer ing quanti t ies  of interest  in an 
electrolysis cell, such as ohmic resistance of electro- 
lyte or pressure drop, are functions of the void frac- 
t ion ~; the void fraction depends, in turn,  on the slip 
ratio ~ which is general ly  unknown.  There are several  
models which express the void fraction-sl ip ratio re-  
lat ionship (15-17). The simplest  model  is called the 
fog-flow or homogeneous model in which ~ is taken 
to be unity.  

C o n t i n u i t y  e q u a t i o n s . - - A s s u m i n g  the flow in the cell 
to be steady, application of the law of conservat ion of 
mass to the gas and l iquid electrolyte phases of Fig. la  
yields the following equat ions 

d 
d-'7 (pgygVg) - - ~  "n't, O [12] 

d 
d--~ (PlYfVI) ---- - - i n ~  -t- (__)r (___)~nf [13] 

where the mass flux ra te /no  is given by 

in o = ~.g~b [14] 
and 

Mg 
~.o = [15] 

eg 

The atomic weight of the gas is Mg while its valence 
on electrolytic decomposition is e o. The proport ional i ty  
constant  ~o is the electrochemical equivalent .  

The mass f lux /a f  is nonzero only if the membrane  is 
porous to l iquid electrolyte; if the membrane  does 
have this porosity, then  both the magni tude  and sign 
of the term Hf depend on the pressure dis tr ibut ions 
along the two sides of the membrane .  

The hydroxyl  ion flux rhi can be related to the flux 
Hr from the equat ion of the electrochemical reaction 
occurring in the channel.  On the cathode side, for 
example, the equat ion is 

ca thode :  2H20 ~- 2e -  ~ 2 O H -  ~- Ha [16] 

For every gram of hydrogen generated on the cathode 
side, there are 17g of hydroxyl  ions passing through 
the membrane ;  this ion flow is provided by the l iquid 
electrolyte phase. Thus on the cathode side, the minus  
(--)  sign is selected for ~hi and 

ca thode:  {n~ = --17~h o [17] 

On the anode side, the electrochemical reaction is 

1 
anode:  2 O H -  -~ - -  O2 -{- H20 -~ 2e -  [18] 

2 

Thus for every gram of oxygen generated, there are 
2.125g of hydroxyl  ions flowing through the membrane  
into the oxygen channel.  In  this instance, the plus ( + )  
sign is selected for ~hi and 

anode:  ~hi = 2.125Th o [19] 
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Using the definitions made previously, the cont inui ty  
equations can be rewr i t ten  in the forms 

d 
d--~ (pgc~ayV~) = ~o~ [20] 

d 
[p1(1-- cOYVI] : ( 'v--  1)kg~ q- ( •  f [21] 

d~ 
where 

{ --17 cathode side } 
-~ +2.125 anode side [22] 

Equation o] mot ion.~Appl icat ion of the law of mo-  
t ion to the two-phase mix ture  flowing in  the channel  
between membrane  and electrode gives the equat ion 

+ 2 +--y 
dz ,7~.~,~Vf 

+ [ . p g +  ( l - - ~ ) p f l g - - = + - - = 0  [23] 
a ~  Y 

In deriving this equation, the following assumptions 
have been made 

(a) The production of gas has been assumed to oc- 
cur at the electrode surface from liquid electrolyte 
which is at rest on the electrode surface. This gas 
must  be accelerated to the gas velocity Vg by the gas 
phase pressure gradient.  This effect is represented by 
the m o m e n t u m  flux te rm which is the last t e rm of 
Eq. [23]. 

(b) The t ransverse  pressure gradient  has been as- 
sumed negligible so that  the same axial pressure 
gradient  occurs in each phase. 

Energy equation.--The energy t ranspor t  of the gas 
phase will be assumed negligible due to the low ther-  
mal  conductivi ty and heat capacity of the gas com- 
pared to the electrolyte. Application, then, of the first 
law of thermodynamics  to the l iquid electrolyte gives 
the equat ion 

dT R~b2 i~r 
PsVf d~ : C f ( 1 - - a ) y  q- C'--~- [24] 

where R is the electrical resistance of the electrolyte- 
bubble  mixture,  C s is the l iquid specific heat, and 
is the viscosity. The first t e rm on the r ight  side is the 
electrical dissipation while the second term is the 
viscous dissipation. 

Electrical equations.~Consistent  with the one-di -  
mensional  t ranspor t  equations of continuity,  momen-  
tum, and energy, stated above, is a one-dimensional  
t ransport  equat ion of charge wi th in  the electrode gap. 
However, such an equat ion will  involve ion mobilities, 
electrochemical reactions, and other complicated 
processes and will  not be presented here. Rather, the 
electrical phenomena wil l  be represented by a simple 
form of Ohm's law. 

Let the sum of the electrode polarization and de- 
composition potentials be denoted by bE while the 
applied voltage is E. Then the voltage E' available for 
overcoming Ohmic resistance of the two-phase elec- 
trolyte is given by 

E' = E --  2xE [25] 
and 

E' = CRc [26] 

where R~ is the Ohmic resistance of the cell. This re-  
sistance consists of a membrane  resistance Rm in series 
with resistances R1 and R2 of the e lec t ro lyte-bubble  
mixtures  in the oxygen and hydrogen channels  of the 
cell. That is 

Rc = R~ q- Rm ~ R2 [27] 

The resistances R~ and Rz are functions of the prop-  
erties of pure  l iquid electrolyte, the void fraction a, 
and the tempera ture  T. 

The cross section of a channel  occupied by gas at 
position ~ is proport ional  to Ya. This void is distr ibuted 

wi th in  some bubble  layer of thickness 8. The void 
fraction a' based on bubble  layer  thickness (that is, 
the void fraction wi th in  the bubble  layer) is defined 
by 

Yo 
a' = ~ [28] 

8 

The resistance wi thin  the bubble  layer  is some func-  
t ion of a' ra ther  than  ~. 

The total t ransverse  resistance, per  un i t  cross sec- 
t ional  area perpendicular  to y, is 

R ~- rtp8 -b r f (y  ~ 8) [29] 

where rtp is the two-phase resist ivity in  the bubble  
layer  and rf is the l iquid electrolyte resistivity. The 
quant i ty  r s is, in general,  t empera ture  dependent.  That  
is 

rf = rs(T) [30] 

The two-phase resistivity, in the bubble  layer, is a 
function of a' assumed to be of the form 

r t p =  rsl(~') [31] 

The funct ion :f is determined from some void frac- 
t ion-resis t ivi ty  model which assumes a homogeneous 
dis t r ibut ion of bubbles wi th in  an electrolyte matrix.  
The simplest such relat ion would be 

1 
:f(~') = - -  [32] 

1 ' ~  a s 

Tobias (10) proposed that  
1 

f(~ ')  : .  [33] 
( 1  - -  ~ , )  1.5 

while Mashovet 's (18) equation is 

1 
:f (~') = [34] 

1 --  1.78d q- a '2 

Mashovet's equation is empirical  and valid for spheri-  
cal inclusions forming void fractions up to 74%. 

It can be noted that 
, Y 

= - -  o ,  [35] 
5 

so that  Eq. [29] can be wr i t ten  as 

= - -  a [ 3 6 ]  

The electrode polarization overvoltages are assumed 
to obey Tafel (19) equations of the form 

~E~ = a q- b In ~ [37] 

where a, b are constants depending on electrode ma-  
terial, electrolyte, temperature ,  and pressure. Denoting 
the decomposition potent ial  by bed, then 

bE : AEpl -~ AEp2 -~- AEd [38] 

Equations [25], [26], [27], [36], [37], [38] can be com- 
bined to give an implicit  re lat ion between the applied 
voltage E, current  densi ty ~, void fractions ~1, a2, 
bubble  layers 8~, 82, and temperatures  T~, T2. That  is 

= r r al, a2, 8z, i~2, T1, 7'2) [39] 

Recapitulation.--The equations above represent  a 
one-dimensional  approximation of the processes oc- 
curr ing  wi th in  the electrolysis cell. As they stand, 
they involve more unknowns  than  there are equa-  
tions so that  addit ional  relat ions are required.  Addi -  
t ional  equations wil l  be the equations of state of 
oxygen and hydrogen gases, empirical  relations for 
the shear stresses, and ei ther  empirical  or theoretical 
expressions for the slip ratios. Al though this is a com- 
plicated system it does represent  a sound description 
of the electrolysis cell hydrodynamics  and could be 
programmed for computer  solution if desired. 
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One of the objectives of the present paper is to pre-  
sent a parametr ic  s tudy of void fract ion and current  
density distributions as functions of certain input 
variables. Consistent wi th  this l imited object ive are 
certain s implifying assumptions which can be listed 
as follows: 

(A) Both gas and l iquid flows are assumed to be 
incompressible and isothermal.  This assumption per-  
mits a great  analyt ical  simplification of the problem 
in that  it decouples the cont inui ty and resist ivi ty 
equations f rom the momen tum and energy equa-  
tions. 

(B) The bubble layers are assumed to extend com- 
pletely across the channels. This assumption is jus t i -  
fied from exper imenta l  visual observations which 
show the  bubble  layer  to fill the  channel  except  in a 
short entrance region. 

(C) The membrane  is assumed to be permeable  only 
to the hydroxyl  ion flux and not to liquid electrolyte.  

With the above assumptions, the system of equa-  
tions reduces to a set in which there  are only three 
more unknowns than equations; these unknowns are 
the applied vol tage E and the slip ratios r ~2. If E, 
r r are regarded as parameters ,  then the system of 
equations can be solved s imultaneously for the ~ and 
distributions; this suggests a parametr ic  s tudy of the 
effect of slip ratios r r and cell vol tage E on void 
fraction and current  density distributions. Since inte-  
gration of the equations will  bring the cell inlet  veloc-  
ity into the  problem as a boundary condition, the  inlet  
veloci ty  wil l  also be a parameter .  

Void fraction and current density distributions.- 
Equations [20], [21], can now be wr i t t en  in the forms 

d Xq 
(aayVf) = ~ r [40] 

d~ pg 

d ~.~ 
d~" [(1--a)YVI] = (7--1) ~ [41] 

Pi 

Assuming the electrolysis cell is ver t ica l  (f = z) and 
integrat ing these equations f rom inlet  (z = 0) to some 
point z, it can be shown that  

Pf 
- 1 

a ape 
= [42] 

1 - -  ~ ( 7 - -  I ) I  + ro 
where  

V0= "~  ./ " ~ ' ~ - g  [431 

z0 
I = | _  r176 [44] 

Table I. Cell design and conditions 

G e o m e t r y  P r o p e r t i e s  P a r a m e t e r s  

Yt = 1/16 in .  p = 300 ps i  r = 1.1, 10 
y~ = 1/8 in .  T : 160~ Vo = 0.05, 0,25 f t / s e c  
H : 2 in .  6M K O H  E : 3, 5.3, 8 .9v  
L : 48 in .  _XE~ = 1.2v 

r f  = 0.31 o h m - i n .  
R,,, : 0 ,58  ohm-in. ~ 

P o l a r i z a t i o n  o v e r v o l t a g e s  

a m p  
e -  ft -~ .XEvl, v AEz,~, v 

0 0 0 
400 0.36 0.17 
80O 0.43 0.21 

1200 0.46 0 24 
1600 0.48 0225 

sign as defined in Table I. The computat ions were  car-  
r ied out using Mashovet 's  equat ion [34] for f along 
with  the assumption that  the slip ratios r a2 on the 
two sides of the cell are the same. 

The results are displayed in Fig. 2, 3, and 4. F igure  
2 shows dimensionless current  density distr ibutions 
as functions of cell vol tage and slip ratio. The effect 
of slip ratio is more  pronounced at h igher  cell voltages 
and the reason lies in the effect of slip ratio on void 
fraction. As the slip ratio increases the void fraction 
decreases causing a decrease in the ohmic resistance 

o'= I0 

0 " 9 |  Vo= 0 2 5  o"= I I  

L 0.8 

L O - -  cr = I0  

0.9~'r e O 0 ~  E= S.3v :;I , -  

N . 

~ I.O o-~ IO 
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Fig. 2. Dimensionless current density distribution 

r 
@o = ,  [45] 

r 

Z 
z o = - -  [46] 

L 

Equat ion [42] can be applied to e i ther  the oxygen 
or hydrogen sides by affixing subscripts 1 or 2, r e -  
spectively, to the quanti t ies  ~, r 7, r0, pg. The subscript 
0 denotes inlet  conditions where  ~ = 0. The super-  
script 0 denotes dimensionless quantities.  

The electr ical  r equ i rement  can now be expressed by 
the equat ion 

E - -  [ (a l  + ae) + (bl + b2) In r + AEd] 

= r + r f[y l f (a l )  + Y 2 f ( ~ 2 ) ] }  [ 4 7 ]  

Equat ion [47] along wi th  two equations of the type 
[42] are a set of th ree  equations in th ree  unknowns  
al, a2, ~b and four  parameters  E, r r V0. These equa-  
tions have  been p rogrammed for numer ica l  solution on 
a digital  computer  and solved for a specific cell de- 
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Fig. 4. Axial void fraction distribution 

i.0 

of the electrolyte. At high cell voltages the void frac- 
tion will  be high and more sensitive to the slip ratio. 

Figure 3 shows the effect of the inlet  velocity and 
cell voltage on current  density distr ibutions for a slip 
ratio of 1.I. It  is seen that  cell inlet  velocity is very  
important  and becomes most impor tant  for higher cell 
voltages. This effect is due to the fact that  at higher 
electrolyte velocities the cell void fraction is lower. 

Figure 4 shows the void fraction distr ibutions along 
the cell for two different cell voltages and a slip ratio 
of 1.1. The void fraction distr ibutions were found to 
be practically identical  in the two sides of the cell so 
that  only single curves are shown in Fig. 4. This re- 
sult occurs because the inlet  velocities were assumed 
equal in both hydrogen and oxygen channels  and is 
discussed in more detail  below. 

Approximate relations.--In a forced convection elec- 
trolysis cell, the l iquid throughput  mass flow rate will  
ordinar i ly  be much larger than the mass rate of con- 
version of l iquid to gas. In other words the term r0 
of Eq. [42] is much larger than the term (y - -  1)I. Un-  
der such circumstances, Eq. [42] simplifies to 

1 
= [48] 

pg To 
l + - - ~ -  

p, I 

Suppose, in designing a cell, the channel  dimensions, 
Yl, Y2 of the oxygen and hydrogen sides are to be 
chosen so that the void fractions ~1, a2 are the same in 
the two flow channels. Equat ion [48] then will  show 
that  

Y-'~ = \ ~ 7 2  ! \ ~ "  [49 ]  

where it has been assumed that  the cell inlet  velocities 
and slip ratios are identical. Now 

~.gi po2 1 
= 8 ;  - , 

~g2 Pgl 16 
Therefore 

January 1969 

Yl 1 

Y2 2 

This result  is expected because there are 2 moles of 
hydrogen gas formed for each mole of oxygen gas; 
this result  serves as a check on the analyt ical  formula-  
tion. It  should be emphasized, however,  that  s imply 
setting Yl = 1/2 Y2 will  not assure equal void frac- 
tions in the two channels  because the inlet  velocities 
V20, V10 will  not necessarily be equal. The values V20, 
V10 depend strongly on the pressure distr ibutions in 
the two paral lel  channels. 

By combining the expression [48] with an approx-  
imation for the pressure drop across the cell it could 
be shown that  the pumping  power of an electrolyzer 
is related to void fraction through an equation inde-  
pendent  of electrical resistance. Use of these relations 
would make possible an optimization s tudy of total cell 

power requi rements  with respect to the cell pa ram-  
eters. 

The results shown in Fig. 2, 3, and 4 indicate the 
importance of the slip ratio to the axial  current  den-  
sity distr ibution.  This parameter  also plays an im-  
portant  role in the axial pressure distr ibution.  For 
these reasons the exper imental  apparatus described 
below was constructed. One of the main  objectives of 
this apparatus was the exper imental  de terminat ion  of 
the slip ratio for both hydrogen and oxygen gases. 

Exper imenta l  
Apparatus.--The flow loop used to perform the elec- 

trolysis exper iments  is shown schematically in Fig. 5. 
The loop comprises a pump, filter, rotameters  and valv-  
ing, the electrolyzer cell, and separators for the hy-  
drogen and oxygen gases. The cell has an entrance 
length of 20 in. to allow the flow to become established 
before enter ing the electrolyzer section. As shown in 
Fig. 6, the cell is made up of two rectangular  channels 
separated by a semipermeable membrane.  The mem-  
brane  is polystyrene coated Nylon held between two 
thin slotted pieces of Plexiglas. Polys tyrene coated 
Nylon is used as the membrane  because it combines 
low channel  cross flow with acceptable electrical re-  
sistance. 

The electrodes are segmented axially, and the cur-  
rent  flow to each of the six sections is controlled. 
Pressure taps are placed axial ly along the cell at 
the inlet  to each of the electrode sections and at the 
channel  outlet on both anode and cathode sides. The 
axial pressure dis t r ibut ion is measured and recorded 
for each experiment.  The void fraction is measured by 
means of a gamma ray a t tenuat ion  system uti l izing a 
Cesium 137 source of 0.62 Mev gamma rays. This sys- 
tem is shown schematically in Fig. 7. 

A typical  exper iment  is r un  by first setting the 
electrolyte flow on both the hydrogen and oxygen 
sides of the cell. The same voltage is then applied to 

H Z ~  02 
HYDROGEN OXYGEN SEPARATOR SEPA- ELECTRODE 

RATOR TEST SECTION 

HYDROGEN HANNEL ROTAMETER 

ROTAMETER i I 

r 

PUMP FILTER 

Fig. 5. Schematic diagram of flow loop 

Fig. 6. Ehctrolysis cell cross section: 1, electrodes; 2, electrode 
terminals; 3, Phxiglas back up plates; 4, slotted Plexiglas mem- 
brane support; 5, semipermeable membrane; 6, channel spacers; 7, 
Phxiglas straps. 
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Fig. 7. Void fraction detection system 

each of the six electrode sections. The total  current  
flow is recorded and is used to calculate the total  mass 
flow of gas at the channel  outlet. The total  vapor  
flowrate is calculated by assuming that  the hydrogen 
and oxygen gases are saturated wi th  wate r  vapor. The 
outlet  void fraction is de te rmined  from the gamma 
ray at tenuation.  The total  3-min count was measured  
three  t imes and averaged.  The void fract ion is calcu-  
lated direct ly  f rom the increased (over-a l l  l iquid) 
count when  the gases are present. 

Results.--The exper imenta l  results are shown in 
Fig. 8 through 12. Figures  8 and 9 show the data 
plotted so that  Eq. [9] can be used direct ly  to de te r -  
mine the slip ratio, #. The l imits of exper imenta l  e r ror  
are also shown and indicate that  the exper imenta l  ac- 
curacy becomes very  poor at low void fractions. These 
results indicate that  the slip ratio is ve ry  near  uni ty  
in both channels and possibly sl ightly higher  (about 
1.1) in the hydrogen channel. This result  is consistent 
wi th  calculations made  assuming that  there  is no in- 
teraction among the flowing bubbles and that  the bub-  
bles are small. Visual observat ion shows that  the flow 

/ 
5 / /  , / / /~o" = LI 

4 / / / / /~176 / / o Y.: ~[o, / / ~  .. 
~// o / / / /  

2 ~ i ~ / / ' / / / ~  a range : 0.17-0.45 

/ # ~ / /  o / (~)= (~ p~f)l-a o- t -Xr  

' f  
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I 2 3 4 5 
I -Xq  Pg 
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Fig. 8. Experimental void fraction, hydrogen channel, design 8. 
Cross section, | x 0.|81 in.; six segmented electrodes, 1 x 53A in.; 
electrolyte, 1N KOH; temperature, 80~176 pressure, I arm; 
inlet velocity, 0.3-0.8 ft/sec; current density, 180-400 amp/ft2; 
- - - limits of experimental error. 

1/ / 
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Fig. 9. Experimental void fraction, oxygen channel, design 8. The 
description is the same as Fig. 8. 
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is bubbly;  there  are a large number  o f  finely dis- 
persed bubbles. Photographs  taken  in a static cell  
using the same electrodes and electrolyte  show that  
the bubble d iameter  is be tween  0.002 and 0.007 in. 
The bubbles are large enough so that  the sur face  ten-  
sion effect on pressure is negligible and small  enough 
so that  their  t e rmina l  rise veloci ty  is ve ry  small. 

Figures 10 and 11 show outlet  void fract ion as a 
function of quality. This is a common way  of p re -  
senting two phase flow exper imenta l  data and the 

= 1 curve  is calculated direct ly  f rom Eq. [9]. Bank-  
off's model  is discussed in ref. (16) in which it is 
shown that  

1 , - - c ~  

[50] 
K - - a  

where  K is a parameter  which  is de te rmined  f rom the 
t ransverse  distr ibution of veloci ty  and voids in the 
channel. A value of K = 0.89 provides agreement  be-  
tween Bankoff 's theory (16) and the Mar t ine l l i -Nel -  
son correlat ion (20) and is shown in Fig. 10 and 11 
for this reason. 

Figure  12 shows outlet  void fract ion vs. the channel  
outlet  gas vo lume fract ion for both hydrogen and oxy-  
gen. The definition of /~ is 

= [51] 
~ + (1 -- ~) 

which, when combined with [50] yields 

= K/3 [52] 

For  a slip ratio of uni ty  the simple result  that  ~ = /~ 
is obtained. Both # = 1 and K = 0.89 are shown on 
Fig. 12. 

Discussions and Conc lus ions  
The major  conclusions drawn from the ear l ier  part  

of the invest igat ion have  been stated ear l ier  in con- 
junct ion with  Fig. 2, 3, and 4. It was shown, quan-  
t i tat ively,  that  the slip ratio and inlet veloci ty  are 
impor tant  electrolysis cell design variables. 

0.5 cr=l.O o 
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Fig. 10. Void fraction vs. hydrogen quality at channel outlet, hy- 
drogen channel, design 8. The description is the same as Fig. 8. 
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Fig. 11. Void fraction vs. oxygen quality at channel outlet, oxy- 
gen channel, design 8. The description is the some as Fig. 8. 
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Fig. 12. Void fraction vs. gas volume flow fraction, design 8. The 
description is the same as Fig. 8. 

The experimental results indicate that the slip ratio 
is, for practical purposes, equal  to unity. This ex-  
per imental  result  has been obtained from void frac- 
tion measurements  and means that  the void fraction 
can be determined directly from Eq. [42] by setting 

---- 1. In  an exper imental  apparatus, the current  den-  
sity distr ibution is measured so the void fraction is 
then given explicitly by  Eq. [42] with ~ ~-- I. 

The current  densi ty distr ibution is not known, 
a priori, in designing a cell, and in this si tuation the 
void fraction and current  density distr ibution must  
be determined s imultaneously by  using Eq. [42] (with 

= 1) along with the other equations described 
earlier. 

Since the pressure drop calculations required in 
reducing exper imental  pressure drop data are di- 
rectly dependent  on the slip ratio, use of the above 
data can be made in formulat ing pressure drop corre- 
lations. Such exper imental  data is present ly  being 
obtained and pressure drop correlations are being de- 
veloped. When this work is completed it will  be pre-  
sented in a separate paper. 

A critical test of any analyt ical  model for predict ing 
the performance of an electrolysis cell is a comparison 
of measured current  density and void fraction dis t r ibu-  
tions with those predicted analytically.  Such a direct 
comparison was not possible from the work described 
in this paper due to the uncer ta in  electrical properties 
of the membrane  which was designed pr imar i ly  to 
permit  accurate and reliable void fraction measure-  
ment  and pressure drop data. Fu tu re  work is p lanned  
to overcome this l imitat ion of the existing apparatus. 
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NOMENCLATURE (Consistent Units)  
a,b, constants in the equation describing polarization 

over voltage (Eq. [37]) 
A channel  flow area 
Cf specific heat of the electrolyte 
E voltage applied to the cell 
E' voltage drop in the two phase electrolyte 
AEd water decomposition potential  
AE~ electrode polarization overvoltage 
AE sum of ~Ed and AE~ 
g gravitat ion constant  
H channel  width 
I integral  of the nondimensional  current  density 

defined by Eq. [44] 
L electrolyzer cell length 
~h local mass flux 
M atomic weight 
p pressure 
r~ liquid electrolyte resist ivity 
rt, resist ivity of the two-phase bubble  layer  
R total cell t ransverse  resistance 
Rc ohmic resistance of the cell 
Rm membrane  resistance 
T tempera ture  

V fluid velocity 
w mass flow rate 
x gas qual i ty or gas mass fraction 
y channel  thickness 
z vertical coordinate 

Greek Letters 
a, void fraction based on channel  thickness 
a' void fraction based on bubble  layer thickness 
fl gas volume flow fraction 
-y defined by equation 22 
r0 non-d imens iona l  parameter  defined by equation 

43 
8 bubble layer thickness 
~,, valence upon electrolytic decomposition 
~,, constant defined by equation 15 

viscosity 
axial position coordinate 

p density 
slip ratio or phase  velocity ratio 

T wall  shear stress 
current  densi ty 

r viscous dissipation funct ion 

Subscripts 
0 channel  inlet  conditions 
1 anode side 
2 cathode side 
g gas 
.f l iquid 
z hydroxyl  ion 

Superscripts 
0 nondimensional  quant i ty  

Manuscript  submit ted June  10, 1968; revised m a n u -  
script received ca. Sept. 1, 1968. This paper was 
presented at the Boston Meeting, May 5-9, 1968, as 
Paper  182. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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Field Dependence of the Tafel Slopes for Formation 
of Anodic Oxide Films 
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ABSTRACT 

An explanat ion of the field dependence of Tafel slopes for formation of 
anodic oxide films is proposed on the basis of an earlier general  consideration 
of charge t ransfer  over potential  barriers.  An expression for the activation 
energy as a function of the field s trength is derived which contains a quad-  
ratic term arising from the shifting of both the barr ier  top and the equi l ib-  
r ium position of the ion under  the influence of the electric field. The t rea tment  
includes the usual  parabolic approximation of a continuous potent ia l -energy 
function in the regions of its ma x i mum and min imum.  A comparison with the 
exper imental  data for anodic oxidation of Ta, Nb, and A1 shows this approxi-  
mat ion to be quite satisfactory. The theoretical expression permits  the deter-  
minat ion  of the actual  barr ier  parameters  at a given field s t rength go near  the 
exper imental  field range, as well  as an extrapolat ion to zero field strength. 
This theory is applicable equal ly well  to any possible mechanism of the 
current  flow in the anodic formation of oxide layers. 

The growth of homogeneous oxide layers dur ing 
anodization of f i lm-forming metals  such as A1, Ta, Nb, 
Zr, etc., in a suitable electrolyte is interpreted by 
passage of ions across the oxide, surmount ing  some 
potential  energy barr ier  in their  way. Measurable 
rates of growth require considerable electric fields 
(more than  10 6 v /cm)~ so that  the ionic t ransi t ions 
can be considered to occur only in the direction of 
the field. 

On the basis of e lementary  kinetic considerations, 
one obtains the we l t -known equat ion for ionic cur ren t  
density 

j~---- A exp [ - - W ( ~ ) / k T ]  [1] 

with the activation energy being a l inear  function on 
the field s trength 

W ( ~ )  : Wo --  aq~ [ la]  

where Wo is the activation energy in the absence of 
an externa l  field (4 -~ 0), a the activation distance, 
and q the charge on the moving ion. The p re -ex-  
ponent ial  factor A has a different meaning  depending 
on the assumptions for the kind and location of the 
potential  barrier.  In  this respect, the various theories 
could be classified on the basis of the following three 
assumptions: 

(a).  Internal  control . - -According to Verwey's  model 
(1), the l imit ing factor is the rate at which ions move 
from one interst i t ial  position to another. It  was pro- 
posed later (2-4) that  the high field produces Frenke l  
defects (pairs of interst i t ial  cations and cation va-  
cancies) by drawing out metal  ions in interst i t ial  posi- 
tions. Recently, a new theory for the in te rna l  control 
was developed by Dignam (5) on the basis of a dielec- 
tric mosaic model of the anodic oxide film. 

(b).  Interlace control . - -Mott  and Cabrera (6, 7) 
considered as rate de termining the first barr ier  which 
metal  ions have to surmount  to enter  the oxide. This 
was shown to be the case with anodization of sputtered 
t an ta lum films (8). Jukova  and Odynec (9) assumed 
that the electrochemical reactions at the oxide/elec-  
trolyte interface play a certain role in the growth of 
nonporous anodic films as well. 

(c ). In ternal- in ter face  control . - -That  is an extension 
of the ment ioned models for including effects of space 
charge due to ions in  transit ,  so that  barr iers  at the 

1 T h e  to t a l  c u r r e n t  is  j = j~ + Je, w i t h  j~ the  i on i c  a nd  J~ t h e  
e lec t ron ic  currer~t; je i$ n e g l i g i b l y  s m a l l  a t  h i g h  fields,  b u t  a t  

< 10~ v / c m  exceeds  j~ m a n y  t i m e s  a n d  m a k e s  i t  i n d e t e r m i n a b l e .  

metal /oxide interface and wi th in  the oxide both play 
a par t  in controll ing the ionic current  flow (10-13). 

Equat ion [1] with expression [ la]  for W(~)  has 
been exper imenta l ly  confirmed many  times. However, 
some measurements  have shown that, for anodization 
of tanta lum,  the reciprocal Tafel slope 

0 In j~/O~ ~ - -  OW/.08 

is field dependent,  which is inconsistent with expres-  
sion [la] .  It was proved by Young (14, 15) that  this 
dependence could best be described if the activation 
energy is represented by an expression of the form 

W(~)  = B - -  a~ + ~ 2  [2] 

where B, a, and fl are positive constants. Later this ex-  
pression was found to be in excellent accord with the 
data for the growth of anodic oxide films on alu-  
m i n u m  (16) and niobium (17, 18) as well. 

Various theoretical interpretat ions  of Eq. [2] have 
been proposed by Young (19), Dignam (5, 20) and 
Ibl  (21). All  of them, however, are based on special 
assumptions concerning the shape of the barr ier  or the 
oxide film properties. There exists, however,  another  
possibility to explain the appearance of the quadrat ic  
term in Eq. [2], which ensues from more general  
properties of the potential  barriers. This approach has 
already been applied by Christov in the cases of elec- 
trode kinetics (22 a,b,c), electron emission (23), and 
chemical kinetics (24). A deduction is given below, 
leading directly to expression [2] which is the usual  
form of de termining  the ionic conduction of oxide 
layers by means of Eq. [1]. 

Derivation of the Expression for Activation Energy 
Figure 1 shows the potential  energy V ( x )  of  an ion 

as a function of distance x in the direction of the elec- 
tric field. 2 The curve Vo(x) represents the potential  
barr ier  which the ion has to overcome in passing from 
one equi l ibr ium position (x = 0) to another  (x ---- L) 
in the absence of an external  field, and curve V(x ) ,  
the barr ier  in  the presence of a l inear  electric field 
with s trength 6. Hence 

V ( x )  = Vo(x)  --  q ~ x  [3] 

where q is the charge of the ion. By the action of the 
field, the barr ier  is lowered by the magni tude  5W, 
expressed approximately by 

We cons ide r  the  m o r e  g e n e r a l  case of  a b a r r i e r  w h i c h  is a s y m -  
m e t r i c a l  in  the  absence  of an  e x t e r n a l  field, w h i c h  w i l l  be  t he  
case w i t h  con t ro l  by the  e n t r a n c e  ba r r i e r .  The  s a m e  r e su l t s  a re  
o b t a i n e d  i n  t h e  c a s e  of a s y m m e t r i c  ba r r i e r ,  too.  

56 
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Fig. 1. Potential energy of the mobile ion vs. distance. The shift- 
ing of the barrier top is illustrated: Vo(x), in the absence of ex- 
ternal field; V(x), when an external electric field is applied. 

AW = W o -  W(~)  ~ aoq~ [4] 

Here, ao determines the position of the barr ier  top 
when 8 ---- 0, i.e., the max imum of the funct ion Vo(x). 
From that  follows the convent ional  expression [ la]  
for the ion t ransfer  activation energy W(G).  Such a 
deduction ignores the shift ing of the potent ial  energy 
max imum from x ---- ao to x = a. Accounting for this, 
the lowering of the barr ier  is accurately given by ( s ee  
Fig. 1) (22c) 

A W  = W o - -  W ( ~ )  = aoq~  - -  p ( ~ )  [5] 

where the quant i ty  p(~) increases with G and could 
be neglected only if the field s trength is sufficiently 
low. 

On principle, an exact expression for the activation 
energy W(~) ,  including the te rm p(~),  could be de- 
r ived by the analyt ical  method for de termining of the 
m a x i m u m  of potential  energy V (x), if the form of the 
funct ion Vo(x) in Eq. [3] is known. Explicit  expres-  
sions for W (5)  are easily obtained for simple models 
of potential  barriers,  3 but  they have only l imited ap- 
plicabil i ty for some special cases. 

A ra ther  general  solution of the problem may be ob- 
ta ined without  any  hypotheses about  the ent i re  bar -  
rier shape, by means of a simple method, proposed 
earlier by Christov (22c). This method is based on the 
usual  parabolic approximation of the funct ion V o ( x )  
in the region of its m a x i m u m  (transi t ion state),  which 
may be wr i t ten  in the form (22 b, c) 

[ ( x - - a ~  ] 
Vo(x) = W o  1 d~  [6] 

where do is the ha l f -width  of a parabolic barr ier  of 
height Wo (Fig. 1). If the region of val idi ty of this 
approximation is sufficiently wide, the height of the 
barr ier  V ( x )  at not very  high fields may be easily 
found by calculating the max imum of the function 

[ ( x - - a ~  ] 
V ( x )  = W o  1 - -  q g x  [7] 

do 2 

a Such are, for instance, the parabolic bar r ie r  (22h) and the 
Schot tky image  force ba r r i e r  (23), on which  the potential  of the  
electric field is super imposed ,  With more  complicated functions 
(such as the  Eckar t  potent ial  in combinat ion wi th  an electr ic  
potential  (22aL the condition of the m a x i m u m  dV/dx = 0 leads 
to t ranscendenta l  equations; tha t  is why  only approximate  solu- 
tions are possible in this case (22a). 

which is obtained from Eq. [3] and [6]. Thus, from the 
condition d V / d x  =: 0, we obtain the position of the 
max imum 

do 2 
a -= ao - -  q8 [8] 

2Wo 
and the barr ier  height 

,},o 2 ao  2 
W(8)  = Wo--  aoq8 + - - q 2 8 z  [9] 

4Wo 
where 70 --: d J a o .  

A comparison of Eq. [5] with Eq. "[9] gives the 
correctional te rm for W(8)  

702 ao 2 q2 q2 
p ( 8 )  = 8 2 = ~  

4Wo 2La 
where 

82 [10] 

d 2 V  ) 2Wo 2Wo 
La . = - -  \ d x  2 x=a = - -  = [11] 

do 2 ,yo2ao 2 

is the curvature  of the barr ier  [7] at t h e  t o p  (x ---- a) ,  
which is a constant,  i .e. ,  is independent  on the top dis- 
placement  (La  = Lao) .  

Expression [9] coincides with the empirical  relat ion 
[2] provided that  

702 ao 2 q2 
B =  Wo, ce =- aoq, and f l =  [12] 

4Wo 

The dependence [9] would clearly be exact enough 
on condition that  the curvature  at the top of the real 
barr ier  V ( x )  remains  constant  when  the field changes, 
so that  it could be represented by expression [11] 
for the curvature  of the parabolic bar r ie r  [7]. Then, 
according to Eq. [11] and [12] 

q2 q2 

2La 2Lao 

will  real ly be a constant. The smaller  the curvature  
Lao, i .e. ,  the flatter the barr ier  in absence of an ex- 
te rna l  field, the wider  the field region, wi th in  which 
the foregoing condition will  be valid. According to 
Eq. [11], La decreases with the increase of the quan-  
t i ty 7o = do/ao which is a cri ter ion for the deviat ion 
of the barr ier  from a parabolic shape (for the lat ter  
7o = 1). The possible cases are 7o < I (do < ao) and 
7o > 1 (do > ao); i.e., the real barr ier  may be wider  
or nar rower  than  the corresponding parabolic barrier ,  
having the same curvature  at the top. 

At sufficiently high fields, one should expect the 
parabolic approximation [7], appropriate to low fields, 
to be invalid, since a considerable change of the field 
will  surely cause a noticeable change in the curva ture  
of the barr ier  top (La # Lao). It is possible, however, 
to approximate the upper  part  of the barr ier  with a 
parabolic funct ion of type [7] in each not very  wide 
region of fields be tween ~o and ~o + ~8, if the quan -  
tities Wo, ao, and do (or 7o = do/ao)  are referred to a 
certain value of the field 8 = ~o (instead of 8 ---- 0) 
and if 8 is replaced by 8 - -  80. In this way, we ob- 
ta in  again expression [2] 

W(E)  = B - -  ~8 + ~8 2 [13] 

where B = Wo* + ao* q ~o -4- 70*2 no*2 q2 802 
4Wo*  

7 o . 2  no*2 q2 
a -~ no* q -4- 8o [13a] 

2Wo* 

7 o . 2  n o . 2  q2 
~ =  

4Wo* 

The system of three equations [13a] permits  compu- 
tat ion of the three u n k n o w n  parameters  Wo*, ao*, and 
70* of the barr ier  at a certain value of the field 
s t rength Go on the basis of the exper imenta l  data for 
the constants B, a, fl in the given field region (from 

= g o t o ~ =  8 o + ~ ) .  
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If the  more  s imple expression [9], i.e., re la t ion [12] 
is used instead of equat ion [13] wi th  coefficients [13a], 
one might  calculate  from the expe r imen ta l  da ta  for B, 
a, and fl the  quant i t ies  Wo, ao, and 7o which wi l l  then  
represent  the  apparen t  ba r r i e r  pa rame te r s  in the  ab-  
sence of a field (~ = 0). I t  is quite improbable ,  in-  
deed, for the  dependence  [2], which  is es tabl ished in 
a fa i r ly  na r row  field range  at ve ry  high fields (be-  
tween 106 and 107 v / c m ) ,  to hold t rue  wi th  the  same 
values  of the  coefficients B, a, and fl r ight  up to ~ = 0. 
Therefore,  the quant i t ies  Wo, ao, and 70, computed  by  
means  of Eq. [12], should represent  a very  f a r - r e a c h -  
ing ext rapola t ion,  having no direct  phys ica l  signifi- 
cance as fa r  as these quant i t ies  cannot  be identif ied 
wi th  the  t rue  ba r r i e r  pa ramete r s  in absence of an 
electr ic field. 

In  the  above considerat ion,  only  the  shif t ing of the  
ba r r i e r  top is t aken  into account. A more  genera l  
t r ea tmen t  should include also the d isp lacement  of the 
ini t ia l  equi l ibr ium posi t ion of the  ion under  the  in- 
fluence of the  ex te rna l  field f rom x ---- 0 to x = xo, 
which cannot  be neglected i f  the  potent ia l  wel l  is wide. 
Such a s i tuat ion is r epresen ted  in Fig. 2. Then the 
lower ing of the ba r r i e r  is given by 

•  = W o - -  W ( ~ )  = aoq~ --  [p(~)  - - p ' ( ~ ) ]  [14] 

The quan t i ty  p ' (8 )  could be found using again  (22c) 
the  fami l ia r  parabol ic  approx imat ion  of the  potent ia l  
energy  about  the  equi l ib r ium position, i.e. 

~o X 2 
V o ( x )  = 2 [15J 

in the  absence of ex te rna l  field (g  ---- 0) and 

~o X 2 
V ( x )  -~ V o ( x )  - -  q ~ x  = - -  q S x  [16] 

2 

if not  a ve ry  high electr ic  field is apptied.  The quas i -  
elastic force constant  fo is r e la ted  to the  f requency  of 
the  harmonic  ion v ibra t ion  

1 . /  Jo 
[17] 

where  m is the mass of the  ion. F rom Eq. [16], we 
find for the  equi l ib r ium posi t ion 

qg 
Xo = [18] 

~o 

~t 

Fig. 2. Potential energy vs. distance for illustrating the shifting 
of the equilibrium position of the ion in addition to the barrier top 
displacement! Vo(x) in the absence, and V(x) in the presence, of 
external electric field. 

January 1969 

and for the potent ia l  energy min imum 

q2 g2 
V ( x o )  = p ' (~)  ----- [19] 

2fo 
Equat ions [10], [14], and [19] lead to the  express ion 

W ( 6 )  = V (a) --  V (xo) = W o - -  aoq~ 

( 7o2ao2q2 q2 ) 

+ " 4Wo - b ' ~ o  g~ [20J 

which is ident ical  wi th  the  empir ica l  re la t ion  [2] if 
we set 

B = W o ,  ~ = a o q ,  

/ ~ = q S ( 7 ~ 1 7 6  - ~ o  ) q2 ( 1 1 ) 
4W---'-~ -k = - 7  La Lo [21] 

Here  the  curva tu re  La at the  ba r r i e r  top is given by  
Eq. [11] and the curva tu re  Lo at the  equ i l ib r ium posi-  
t ion is de te rmined  f rom Eq. [16] and [17] by  

L o = - -  \ dx  2 /x=xo = - - l ~ 1 7 6  

When ]Lol ~ >  ]La] Eq. [21] turns  into re la t ions  [12]. 
If  the  ba r r i e r  pa rame te r s  Wo, ao, 70, and fo are  re la ted  
to a given value  of the  field s t rength  ~ ~ 0, we ob-  
ta in  in a s imi lar  manner  again Eq. [2] wi th  

(To,Sao,Sq~ q2 ) 
7B ----- Wo* -J- ao* q ~o + 4Wo* "J- 2-~o* 8~ 

a = a o * q +  ( 7 ~ 1 7 6  qf~-,) 
2Wo* -b ~o [22] 

5%*2 ao*S q2 q2 

4Wo* 2fo* 

These expressions include re la t ions  [13a] as l imit ing 
cases for large values  of the  force constant  fo* (i.e., for 
lLo*l > >  IL~*I), fo r  which the  t e rms  conta ining fo* 
become negligible.  

Comparison with Experimental Data 4 
Ef fec t  of  barrier top s h i # i n g . - - W e  wil l  first assume 

tha t  the  potent ia l  wel l  in the  in i t ia l  posi t ion of the  ion 
is not  ve ry  wide (Fig. 1). Then using Eq. [13aJ and 
avai lab le  expe r imen ta l  da ta  for B, a, and fl, one can 
compute  the  quant i t ies  Wo*, ao*, and 70* at  a given 
va lue  of the  field s t rength  ~o. As such, we take  go = 
106 v/cm,  which  is closed by  the usual  expe r imen ta l  
field range.  The ex t rapo la t ed  ba r r i e r  pa rame te r s  at  

= 0 may  also be ca lcula ted  by  means  of Eq. [12a]. 

T a n t a l u m . - - T h e  re la t ion [2] was es tabl ished by  Young 
(14, 15) who inves t iga ted  the  anodizing of Ta at  t em-  
pe ra tu res  be tween  0 ~ and 95~ and fields be tween  4.5 
x 106 and 7.5 x 106 v /cm.  Taking  for the  ion charge a 
value  q = 5e, the expe r imen ta l  da ta  y ie ld  B = 2.185 
ev; a = 3.497 x 10-Te cm; fl = 1.675 x 10-14e cmS/v. 
The ba r r i e r  pa rame te r s  ca lcula ted  by  Eq. [13a] wi th  
go = 108 v / c m  a re  as fol lows 

Wo* = 1.852 ev; ao* ---- 6.325 • 10 -8 cm; 70* = 1.114 

The apparen t  values at 8 ---- 0, computed  by  Eq. [12] 
a re  

Wo----2.185ev; a o ~ 6 . 9 9 5  X 10-ac re ;  7 o =  1.094 

N i o b i u m . - - T h e  kinet ics  of anodizat ion of Nb in 0.2N 
H2SO4 was inves t iga ted  by  Young and Zobel  (17) in 
the  field range  f rom ~ = 3 x 108 to 8 ----- 4.5 x 106 v / c m  
and at  t empera tu re s  25 ~ and 75~ The values  B = 

T h i s  c o m p a r i s o n  does  n o t  c o n c e r n  t h e  e a s e  o f  t w o - b a r r i e r  con-  
t rol ,  
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Table I. Kinetic parameters for anodizing of niobium in different electrolytes 

H.~SO ~ HC1 HNO~ I-IsP O~ 

"~ Io, A cm -~ 

a', I0~ cmV-~ 

~', IO-~ cm-~V -~ 

~  a,  10-,e cm 

'~ ~ tl 3, 10 -l~e cm "~v-~ 

.~ ;~ ao, i0 -s cm 

z~m 
,,.. ~ II Wo, e v  

o ao*, 10 -s c m  

~ , o  II 

5.72 • 10--T 3.57 • 10 -7 8.0 • 10 -xo 7.5 • 10-m 

1.63 1.23 4.78 7.40 

9.74 5.20 37.7 54.0 

0.4113 0.311 1.201 1.870 

0.246 0.1314 0.9525 1.36 J, 

0.796 0.808 0.962 1.146 

0.824 0.621 2.415 3.740 

0.796 0.808 0.962 1.146 

2.148 2.097 1.595 1.337 

0.725 0.569 2.034 3.194 

0.757 0.778 0.932 0.973 

2.380 2.248 1.853 1.442 

2.167 ev;  a ---- 1.074 x lO-Te cm;  3 -~ 8.36 x 10-15e 
c m 2 / v  w e r e  found.  F o r  So = 106 v / c m ,  these  da ta  l ead  
to 

Wo* = 2.068 ev ;  ao* = 1.814 • 10 - s  cm;  ~/o* = 2.90 

and  at  ~ = 0 

W o = 2 . 1 6 7 e v ;  a o = 2 . 1 4 8  • 10 - S c m ;  ~ o = 2 . 5 0 6  

The  g r o w t h  of anodic  ox ide  f i lms on th is  m e t a l  was  
found  by  S h a t a l o v  and  B o n d a r e v a  (18) to be  v e r y  
sens i t ive  to  t h e  n a t u r e  of t h e  anodiz ing  e lec t ro ly te .  As  
such  n o r m a l  aqueous  solu t ions  of  H2SO4, HC1, HNO3, 
or  H~PO4 h a v e  been  used.  A l a w  of t he  f o r m  

Ji ---- Io exp  (a '~  - -  3'62) [23] 

p r o v e d  to fit t he  da ta  v e r y  wel l .  D e p e n d i n g  on the  
e lec t ro ly te ,  h o w e v e r ,  qu i t e  d i f fe ren t  v a l u e s  for  t he  con-  
s tants  Io, a', and  3' w e r e  ob ta ined  (see Tab le  I ) .  U n -  
fo r tuna t e ly ,  t hese  m e a s u r e m e n t s  h a v e  been  m a d e  at 
20~ only.  The  n e e d e d  cons tan t s  B ---- ( ln  A - -  In Io) kT; 

= ~'kT; 3 = 3 "kT cou ld  be  o b t a i n e d  f r o m  Eq.  [23], 
if  a v a l u e  for  A is assumed.  F o r  t h e  purpose ,  a v a l u e  
lgA = 7.44 was  adopted,  w h i c h  is t he  m e a n  v a l u e  f r o m  
ava i l ab le  da t a  (A -= 10 T M  and  10 T M  A c m - 2 )  for  th is  
cons tan t  (13, 17). ( I f  any  of  these  va lues  for  A w e r e  
a s sumed  ins tead  of  t he  m e a n  value ,  t he  v a l u e  for  B 
w o u l d  d i f fer  no m o r e  t h a n  +--2%.) T h e  e s t i m a t e d  
va lues  for  t h e  quan t i t i e s  in ques t ion  a re  g iven  in 
Tab l e  I. One  can  c l ea r ly  see t he  s t rong  d e p e n d e n c e  of 
t he  b a r r i e r  p a r a m e t e r s  on the  n a t u r e  of  t he  anod iz ing  
e lec t ro ly te .  

Aluminum.~Unfortunately,  t he  n u m e r o u s  i n v e s t i g a -  
t ions of  t he  d e p e n d e n c e  j i (~ ,T )  w e r e  ca r r i ed  ou t  in  
condi t ions  w h i c h  do no t  p r o v i d e  the  o p p o r t u n i t y  to 
d e t e r m i n e  t h e  field d e p e n d e n c e  of t h e  Ta fe I  slope. 
The  on ly  da ta  (16) a v a i l a b l e  fo r  th is  pu rpose  w e r e  
ob ta ined  at  a s ingle  t e m p e r a t u r e  (T = 298.2~ 
t he r e fo r e ,  on ly  t he  t e r m  A exp  ( - -B/kT)  = 10 -29 
a m p / c m  2 is known .  I f  a v a l u e  A ---- l0 s a m p / c m  2 is 
t a k e n  b y  ana logy  w i t h  t h e  v a l u e s  of  th is  cons tan t  f o r  

Ta and  Nb [as t he  quo ted  au tho r s  h a v e  a lso  done  (16, 
20) ], we  can find the  va lues  

A ---- 2.19 ev;  ~ = 2.38 X lO-Te cm;  
= 7.4 • 10-15e cm2 /v  

Hence,  t h e  b a r r i e r  p a r a m e t e r s  a t  8o = 106 v / c m  wi l l  
be 

Wo* ---- 1 .96ev;  ao* = 7 . 4 4  • 10 - 8 c r n ;  70* ----- 1.16 

and  at 6 = 0 

W o : 2 . 1 9 e v ;  a o = 6 . 7 9 3  • 10 - S c m ;  ~ o = 1 . 2 4 9  

Effect of displacement o5 ion equilibrium position.-- 
A s s u m i n g  tha t  t h e  po t en t i a l  w e l l  of  t he  ion  is w i d e  
(Fig. 2),  so tha t  t he  c u r v a t u r e s  Lo and  La at  t he  equ i -  
l i b r i u m  posi t ion (x  = xo) and  at t he  b a r r i e r  top  
(x  = ao) a re  of the  same  o r d e r  (Lo ~ La), we h a v e  
to use  Eq.  [21] or  [22]. H o w e v e r ,  t h e  e x p e r i m e n t a l  
da ta  for  the  cons tan t s  B, a, and  3 in t he  e m p i r i c a l  r e -  
l a t ion  [2] a re  no t  sufficient  fo r  c o m p u t i n g  a l l  t h e  b a r -  
r i e r  p a r a m e t e r s  Wo, ao, ~o, and 50. T a k i n g  into  account ;  
Eq.  [17], we  can  ca lcu la te  t he  force  cons tan t  5o i f  t h e  
f r e q u e n c y  of ion  v i b r a t i o n  vo is k n o w n  [i t  m a y  no t  be  
the  same  at v e r y  low and  v e r y  h i g h  fields (6  > l0 t 
v / c m )  ]. 

A c c o r d i n g  to t he  mode l s  of  V e r w e y  ( i n t e r n a l  con-  
t ro l )  and  M o t t - C a b r e r a  ( i n t e r f ace  con t ro l ) ,  vo is t he  
v i b r a t i o n a l  f r e q u e n c y  of t h e  ions in t h e  ox ide  or  in 
the  meta l ,  r e spec t ive ly .  This  is k n o w n  (25) to v a r y  
f r o m  5 x 10 TM S -1  to 1013 S -1  [Young  (26) also as-  
s u m e d  for  ZrO2, a v a l u e  of  vo ---- 1013 s -1  as r e a s o n -  
ab le ] .  Wi th  these  l im i t i ng  va lues  for  vo, t he  va lues  for  
]o and  for  t h e  t e r m  q2/2Lo in t he  exp re s s ion  [21] a re  
g i v e n  in Tab le  II. The  quo t i en t  (q2/2Lo)/3, w h i c h  in -  
d icates  t he  effect  of  d i s p l a c e m e n t  of p o t e n t i a l  w e l l  
m i n i m u m ,  is also given.  The  t e r m  q2/2Lo appea r s  to 
h a v e  sma l l  effect  on the  cons tan t  3 f r o m  express ion  
[21]. Hence ,  t he  r ea l  va lue ,  of 7o w o u l d  not  be  m u c h  
d i f fe ren t  t h a n  that ,  c a l cu l a t ed  b y  m e a n s  of  Eq.  [12] in  
wh ich  t h e  t e r m  q2/2Lo is d i s r ega rded .  
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Table II. Estimation of the effect of displacement of potential 
well minimum 

~ q2/2Lo 100 (q2 /2Lo) /#  
l 0  s d y n e s / c m  10-~Te cm~/v  % 

Ta  11.0-2.95 1.7-0.78 0.1-0.4 
N b  6.07-1.52 3.3-13.2 0.4-1.6 
A1 1,76-0.44 4.1-16.4 0.55-2.2 

T h e  v a l u e s  a r e  ca l cu l a t ed  f o r :  Vo ~ 1013 a n d  ~,o = 5 x 1O 12 s-z. 

In the mosaic model of Dignam (5), the importance 
of this term cannot be estimated. However, it is clear 
that depending on the accepted model the term 
q2/2Lo, related to the potential  well, may be less 
or more or as impor tant  as the term q2/2La related to 
the barr ier  peak. 

Discussion 
The first a t tempt to explain the empirical  equation 

[2] was made by Young (19) on the basis of a postu- 
lated var iat ion of the activation energy with the con- 
denser pressure. Dignam (20) pointed out that  the 
effect of condenser pressure is probably too small  to 
account for the observed phenomena.  In  any  case, 
there are no exper imenta l  data for the magni tude  of 
this effect with the oxides in question. 

Dignam (20) derived an expression of the form [2] 
in principle in the same way as earlier done by 
Christov (22) i.e., by determining the max imum and 
the m i n i m u m  of the potent ia l  energy. Dignam de- 
scribed the potential  curve in absence of external  
field with special functions, namely  a clipped para-  
bolic, a cosine, and a Morse function, and found that 
the third function gave best agreement  with the ex- 
per imental  data. The Morse function, however, has 
no maximum, so that  the l inear  potential  of the elec- 
tric field has to be superimposed to give a max i mum 
of the resul t ing potential  energy. This picture ob- 
viously does not agree with the periodic variat ion of 
the ion potential  in the oxide and therefore is not ac- 
ceptable from physical standpoint,  as already was re-  
marked by Young and Zobel (17). That is why the 
agreement  found by Dignam between the theoretical 
expression derived by using the Morse potential  and 
the exper imental  data cannot be regarded as a real 
justification for the assumption of this potential, s 

Recently, Ibl (21) showed that  relat ion [2] could be 
derived on the basis of the t ransi t ion-s ta te  theory if 
the polarization of the dielectric is taken into account. 
This possibility presupposed an in terna l  control for the 
growth of the oxide layer  and is consistent with Dig- 
nam's  mosaic model only (21). 

In  contrast  to the above explanations, it is shown 
in the present paper that  the field dependence of Tafel 
slopes in  anodic oxidation has to be expected without 
any special assumptions if only we determine more 
accurately the change of the barr ier  height, caused by 
the electric field. The appearance of the quadi:atic term 
in expression [2] for the activation energy is a result  
of shifting the position of the barr ier  top, as well  as 
the equi l ibr ium position with the field. This can be 
taken into account quanti tat ively,  using the method 
proposed by  Christov (22b, c),  which includes the 
usual  parabolic approximation of a continuous poten-  
tial energy function in the regions of its max imum 
and minimum.  In supposing that only the displacement 
of the barr ier  peak is important ,  we can compute the 
barr ier  parameters  from the exper imental  data in a 
unique  way. Thus, one concludes that  for Ta and A1 
the parabolic approximation is valid in a wide barr ier  
region because the quant i ty  70 (or ~o*), which ac:  
counts for the deviat ion from the parabolic shape, 

5 I t  is  v e r y  d o u b t f u l  t h a t  the  p o t e n t i a l  e n e r g y  of  the  ion  nea r  
i t s  e q u i l i b r i u m  pos i t i on  m a y  be exp re s sed  by  Morse  f u n c t i o n ,  
w h i c h  is a p p r o p r i a t e d  to d i a t o m i c  molecu les .  U s i n g  t he  {non- 
per iodic} c l i pped  p a r a b o l i c  curve ,  D i g n a m  (20) a s s umes  a f ixed 
b a r r i e r  peak ,  so t h a t  t he  q u a d r a t i c  t e r m  in  e x p r e s s i o n  [2], a r i s i n g  
e n t i r e l y  f r o m  the  s h i f t i n g  of  t he  p o t e n t i a l  m i n i m u m ,  p r o v e d  to be  
v e r y  smal l .  
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proved to be very close to unity.  The larger value for 
7o at some conditions of anodizing of n iobium is an 
indicat ion for a ra ther  flat barrier,  which also seems 
not to be improbable.  Assuming that  the shifting of 
the potential  energy m i n i m u m  is sufficiently signifi- 
cant, we obtain more or less smaller  values for 70; 
however, this seems not to be real ly the case from the 
viewpoint  of both the theories of the in terna l  and the 
interface control. 

Equations [13a] and [22] permit  the determinat ion 
of the actual barr ier  parameters  at a given field 
s t rength 8o near  the exper imenta l  field range instead 
of the very doubtful  extrapolat ion up to 8 = 0 by 
means of Eq. [12]. 

The theoretical in terpreta t ion of the field depen-  
dence of Tafel slopes, proposed earlier (22a, b, c), is 
based on general  properties of the potential  barriers, 
including changing of their  shape under  the influence 
of a variable factor. Therefore, the results obtained in 
this work present an immediate  application of this 
theory to the case of anodic formation of oxide films, 
which is valid independent ly  of any  special assump- 
tion on the na ture  and the location of the potential  
barrier,  i.e., about the concrete mechanism of ion cur-  
rent  flow. 

The theoretical expression [9] for the activation 
energy agrees well with the exper iment  as far  as it 
predicts the order of the observed deviations from 
Eq. [1] with [ la]  (Tafe l -Frenkel  relation) in anodic 
oxidation of f i lm-forming metals. The quadrat ic  term 
in Eq. [9] becomes, indeed, appreciable in the invest i-  
gated high-field range (106-107 v /cm)  if the values 
of barr ier  parameters  corresponding to the experi -  
menta l  data at a given field s trength are introduced. 
This conclusion is valid in a larger extent  if the more 
general  expression [20] is considered. 

An inspection of Table I clearly shows that  the 
barr ier  parameters  for anodic oxidation of Nb vary  
strongly with the change of the electrolyte. It is not 
the aim of the present  paper to discuss this depen-  
dence which is an indication for a change of the oxide 
structure. On the basis of the theory presented here, 
it is possible, however, to determine the variat ions of 
both the dimensions and the shape of the barr ier  with 
the change of the physical properties of the homo- 
geneous oxide films, depending on the conditions of 
anodization. 

It must  be stressed that, from the s tandpoint  of the 
theory developed previously (22), relat ion [2] is only 
an approximate expression, which is valid for a not  
very large var iat ion of the field. In  wider field ranges, 
one should expect the appearance of higher order 
terms (22c) as seems to be the case of the electrolytic 
deposition of silver (27). However, such deviations 
from relationship [2] are not observed in the restricted 
ranges of the field in which the anodic formation of 
oxide films has been investigated at present. 

Manuscript  submit ted June  24, 1968; revised m a n u -  
script received Sept. 30, 1968. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1969 
J O U R N A L .  
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Eu Activated Aluminosilicate Phosphors 
A. Wachtel* 

Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

Within the system xSiO2 (1 --  x)Al2Oa:Eu 2+, there exist two maxima 
of luminescence intensi ty:  "phosphor I" a x = 0.9-0.95 consisting of mul l i te  
+ amorphous SiO2 and "phosphor II" at x = 0.15-0.175 consisting of mull i te  
+ 0A120~. Excitation, emission, and ESR spectra of both phosphors are the 
same. It is concluded that  in each case, Eu 2+ is located at the interface be-  
tween mul l i te  and the second phase. 

Recent investigations by a n u m b e r  of authors (1-11) 
have shown that  Eu 2+ is an efficient activator in a 
var ie ty  of phosphor matrices. In  the present study, an 
at tempt is made to characterize the luminescent  phases 
which occur in the system xS iO2- (1 -x )A1203 :Eu  2+ 
reported by Jaffe (12). 

Experimental 
Solid-state reaction between SiO2 and A1203, even 

from hydrated raw materials,  is known to be very 
slow (13) and normal ly  confined to the immediate  
vicinity of contact between the two reactants. The 
usual  method to overcome this difficulty is by use of 
gel coprecipitates for which various techniques are 
reported by authors invest igat ing aluminosilicates 
(14-19). A simple technique suitable for the present 
study consisted of adding excess alcoholic NH4OH to a 
solution of Al(NO3)3 + Eu(NO3)3 + Si(OC2H5)4 in 
about 70% alcohol. Hydrolysis of the Si(OC2H5)4 then 
proceeds in the interstices of the mixed A1,Eu(OH)3 
gel and produces a quasihomogeneous raw mater ial  
which requires very little thermal  diffusion for sub- 
sequent compound formation. The gels were then 
water-washed,  dried at up to 950~ and fired in air 
followed by gr inding and retiring in a reducing atmo- 
sphere. The air firing was at I250~ except where it 
was in tent ional ly  varied, while the tempera ture  of the 
second firing was main ta ined  at l l00~ 

Fluorescence in tens i ty  was measured under  254 nm 
excitation, using a Spectra Brightness Spot Meter at 
the "blue" (~) sett ing whose sensit ivi ty near ly  coin- 
cides with the spectral energy dis tr ibut ion of the  
phosphors. 

Emission and IR absorption spectra were obtained 
on commercial instruments .  Excitat ion and absolute 
reflectance spectra were measured on an ins t rument  
designed by Thornton (20), the lat ter  by the method 
of Middleton and Sanders (21). 

Results 
Figure  1 shows the fluorescence intensi ty  as a func-  

t ion of composition. The fact that  at this tempera ture  
pure mull i te  was obtained at 0.6A1203 �9 0.4SiO~, as well  
as the presence of only those unreacted components 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

which are in excess over this ratio, may be taken as 
evidence that  equil ibrated reaction products were ob- 
tained. It should be noted that  well-defined single 
phases (oA120.~, 3Al203.2SIO2; amorphous SiO2) are 
non-  or poorly luminescent ,  while there are two 
strongly luminescent  compositions, a rb i t rar i ly  desig- 
nated as phosphors I and II, each consisting of two 
phases, one of which is mullite.  In  these phosphors, 
the strongest x - r ay  diffraction l ine of mull i te  (210) is 
seen to be about one- ten th  of the height in the pure 
compound;  moreover in the weaker  phosphor ( I I ) ,  
there is a sixfold decrease in line height which occurs 
as one goes from x ~ 0.2 to x = 0.175. Since over this 
in terval  the mull i te  concentrat ion differs by only 
12.5%, the increase in luminescence is pr imar i ly  asso- 
ciated with decreased particle size, i.e., increased sur-  
face area of the mullite. 

Figure  2 shows emission spectra of phosphor I as a 
funct ion of Eu concentration,  and Fig. 3 shows the 
absorption (1- absolute reflectance) and the excit- 
abil i ty of the sample with 3 x 10-3Eu/0.925 SiO2 �9 
0.075A1203.1 The fluorescence of this phosphor is very 

1 All  c o n c e n t r a t i o n s  a r e  e x p r e s s e d  in  g r a m  a t o m s .  R e p r o d u c i b i l i t y  
of e x c i t a t i o n  s p e c t r a  of  p h o s p h o r s  p r e p a r e d  w i t h  m i n o r  v a r i a t i o n s  
w a s  g o o d  as  p e r t a i n s  %o g e n e r a l  f e a t u r e s ,  b u t  t h e y  f r e q u e n t l y  d i f -  
f e r e d  in  r e l a t i v e  p e a k  h e i g h t s .  A n  a d d i t i o n a l  p e a k  a t  205 n m  w a s  
a l s o  n o t e d  on  occas ion .  

"Phosphor (T)" 
I00(  . . . . . . . .  ~ 5  

MULLITE 
601- 0 AI20~ I AMORPHOUS SiO~ ~ 

| + MULL/TE I +MULLITE . ~  1 

~ ~ Phosphor(H) J / 60 . . 

-- IO 7 l t / 

~  oi~ ~ ,.o 
xSf02"( I- X) AI203 : 0.003 EuO 

Fig. i. Blue fluorescence intensity as a function of composition. 
Numbers in figure denote the relative height of the 210 x-roy re- 
flection of mullite. 
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Fig. 2. Special energy distribution of 0.9255iO2 0.075AI203: 
lO-3xEu 2+. Values of x ore shown in figure. 
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Fig. 3. Excitability and absorption plotted as i-absolute reflect- 
ance of 0.925SiO2"0.075AI203:3xi0-3Eu 2+. 

intense, and under  254 nm excitation values of quan-  
tum efficiency approaching un i ty  have been measured. 
The pronounced shift of emission to longer wavelength 
which occurs with increasing Eu can be explained by 
the region of overlap with the excitation spectrum 
where self-absorption and re-emission at longer wave-  
length occurs. Accordingly, this has also been observed 
to occur (to a lesser extent)  with increasing particle 
size, i.e., decreased scattering of the powder layer. 
The opt imum Eu concentrat ion of phosphor II lies in 
the neighborhood of 1.5 x 10-3Eu/0.175SiO2 �9 0.825A1203. 
Its spectral distr ibutions are essentially the same as 
those of phosphor I with equal Eu concentration. As 
already seen in Fig. 1, the fluorescence of phosphor II 
is considerably weaker;  moreover in contrast to phos- 
phor I, it is unstable  in that  the activator begins to 
oxidize at only slightly elevated temperatures,  e.g., 
100~ The weak luminescence of 3A1203 �9 2SiO2+Eu 2+ 
is broader (half -width = 118 nm)  and peaks at 460 nm. 
Its excitabil i ty is essentially the same as that of the 
two phosphors, al though only two peaks located at 
268 and 304 nm were detected. 

Tr iva lent  Eu, unless stabilized in a suitable matrix, 
is readily reducible under  present exper imental  con- 
ditions, and Eu 2+ may therefore be assumed to exist, 
at least as a separate compound wi th  OA12Os, 3A1203 �9 
2SIO2, or amorphous SIO2. Among IR absorption bands 
characteristic for these substances, a fairly strong band 
was also noted at 1390 cm -1 which, however, is present 
only in the two phosphor compositions and in 3A1203 �9 
2SIO2 + Eu2+, but  absent in eA12Os + Eu 2+, amor-  
phous SiP2 -~ Eu 2+, and a sample of phosphor I, pre-  
pared without Eu. 

Figure 4 shows ESR spectra of phosphors I and II at 
4.2K and 9447 megacycles, plotted as the derivat ive of 
absorption. The sample weights were arbi trary,  but  

PHOSPHOR I 

/ 
6000 I 4000 I 20100 

FIELD STRENGTH IN GAUSS 
soob ' 

I 
O 

Fig. 4. Electron spin resonance at 4.2K of Eu 2+ in phosphors I 
and II, plotted as the derivative of 9447 mc absorption as a func- 
tion of magnetic field strength, 

by correcting to the same amount  of Eu in the cavity, 
the spin density of phosphor II is found lower by a 
ratio of 1.44. 2 Otherwise, the spectra are identical and 
therefore indicate that  the envi ronment  of Eu 2+ is the 
same in both phosphors. 

The present materials  appear to be characterized by 
dispersions of 3A120~ �9 2SiO2+Eu 2+ in another  matrix. 
In  the case of phosphor I, this consists of amorphous 
SiO2 whose relat ively structureless appearance makes 
it possible to show the presence of the mull i te  directly. 
This is seen in  Fig. 5a where  one notes particles of 
100A most easily discernible near  the periphery.  When 
the prefiring of the phosphor was carried out at 1500~ 
the SiO2 was converted to ~-cristobalite which is read-  
ily noted in Fig. 5b; moreover, the small  particles are 
now absent which means that the mul l i te  has also 
undergone extensive particle growth. For both reasons, 
it is evident  that the area of contact between the two 
phases must  have diminished. Prefiring at 1600~ 
causes fusion to an opalescent glass which, after gr ind-  
ing and retiring at llO0~ was found to contain con- 
siderably less a-cristobalite. Figure 5c shows that  the 
over-al l  s t ructure of this phosphor consists of an amor-  
phous matr ix  containing evenly dispersed particles, 
again of about 100A in size. Moreover, x - ray  powder 
diffraction analysis of this specimen indicates the 
presence of the same amount  of mull i te  as a separate 
phase, i.e., it has not dissolved i r revers ibly in  the silica. 
The small  particles, therefore, consist at least in part  
of mull i te  which is in contact with amorphous silica. 

Figure 6 shows the dependence of fluorescence in-  
tensi ty of prefiring temperature.  X- ray  powder dif- 
fraction analyses taken on one of the series (gel pre-  
cipitates, NHa-refired) show the relat ive height of the 
101 reflection of a-cristobalite, and the samples pre-  
pared at 1250 ~ 1500 ~ and 16000C are the ones shown 
in the previous three figures. At least quali tatively,  
there is a correlation between fluorescence and the 
crystal l ini ty  of the SiOz in contact with 3A1203 �9 2SIO2, 
and therefore by inference, the area of the interface. 
By way of i l lustration, Fig. 6 also shows that  retiring 
in H2 is preferable to NH3, and that  a raw mater ial  of 
the same over-al l  composition but consisting of a 
mechanical  mix ture  (prepared by wet s lurry)  of 
AI(OH) a, SiO2 �9 xH20, and Eu(NOa)3 " 6H20 is not suf- 
ficiently reactive to provide the needed dispersion unt i l  
it is fused. 

Discussion 
The present  system is probably un ique  in the sense 

of requir ing not one but  two host matrices to evoke 
luminescence. This admit tedly  unorthodox conclusion 
follows from direct exper imental  evidence (Fig. 1) 

2 The p h o s p h o r s  con t a ined  2 • 10 -8 Eu /mole .  A s s u m i n g  comple te  
i nco rpora t ion  in p h o s p h o r  I, th i s  r a t i o  ind ica tes  1.39 • 10 -~ E u /  
mole  in p h o s p h o r  II w h i c h  is in good a g r e e m e n t  w i th  the  o p t i m u m  
ac t iva to r  concen t r a t ion  in th i s  composi t ion .  
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Fig. 6. Blue fluorescence intensity of 0.925Si02"0.075AI20a:3 x 
10-3Eu 2+ as a function of prefiring temperature, Different tech- 
niques of preparation are shown in figure. 

Fig. 5. Transmission electronphotomicrographs of thin edges of 
0.925SiO2"0.075AI2Oa:3 x 10-3Eu 2+, prefired at: a, 1250~ b, 
1500~ c, 1600~ 

and is supported by other  data  which  may be sum- 
marized as follows. 

1. The ionic size of Eu 2+ (1.09A) is too large to allow 
incorporat ion into A12Os (A13+ = 0.51A) or 3A12Os �9 
2SiO2(Si 4+ = 0.41A). The disordered latt ice of amor-  
phous SiO2 is known to accommodate large ions; how-  
ever, no luminescence was noted in this compound 
unt i l  A1 is introduced. Then, luminescence rises ve ry  
steeply and, therefore,  one might  wish to ascribe this 
effect to charge compensation such as 2Al* + + Eu 2 + __~ 
2Si 4+. Maximum luminescence obtains, however ,  at a 
A t / E u  rat io near  50/1 where  a separate  phase (mul -  

lite) is a l ready detectable. Moreover,  the need for 
charge compensation is quest ionable especially in the 
disordered SiO2 network,  where  vacancy format ion has 
l i t t le meaning and a configuration such as 2Eu 2+ ----- 
1Si 4+ seems equally plausible. 

2. Luminescence does not requi re  the presence of 
free SIO2, since the same exci tat ion and emission spec- 
t ra  are obtained in both phosphors. Al though Eu 2~ is 
unstable in phosphor II (apparent ly  no effective means 
of charge compensation is operat ive)  the identical 
spectra suggest the presence of the same act ivator  
center  in both phosphors. This fur ther  supported by 
the same ESR absorption of Eu 2+. The IR absorption 
band observed only in compositions containing both 
3A1208 �9 2SIO2 and Eu 2+ fur ther  supports this conclu- 
sion. The fact that this absorption occurs also in the 
absence of excess SiO2 or A1203 indicates that  the en-  
v i ronment  of Eu 2 + is uniquely  determined by its asso- 
ciation with  3A1203 �9 2SIO2, whi le  only the radiat ive 
emission probabil i ty  of this center  is influenced by the 
presence of the second phase. 

3. The dependence of luminescence on the part icle 
size of the mul l i te  phase in phosphor (II) (steep slope 
be tween  x ---- 0.175 and 0.2 in Fig. 1) and on the crys-  
ta l l ini ty of SiO2 (Fig. 5 and 6) suggests that  it depends 
on the area of the interface and consequently,  that  it 
originates therein.  Owing to the presence of SiO4 and 
A104 tetrahedra,  as wel l  as A106 octahedra in the 
s t ructure  of aluminosilicates, the interface with  neigh-  
boring similar  units in SiO2 or A12Oa is l ikely to in-  
va lve  sharing of oxygen bonds and is there fore  not  
mere ly  mechanical .  

The model  proposed for the present  system may be 
thought  of as Eu ~+ ions dispersed in the interface 
be tween  mull i te  and the second phase and whereby  
the concentrat ion of act ivator  centers obviously in-  
creases wi th  decreasing part icle size of the mullite.  
Alternately,  the "association" of Eu 2 r wi th  mull i te  may 
consist of one of the luminescent  compounds, e.g., 
EuA12Si2Os repor ted  by Jaffe (12, 22). The lat ter  would 
then be similar to the system Zn3(VO4)2- ZnO recent -  
l y  described by Bernikov and Zelikin (23), i.e., the 
dispersion of a phosphor in an excess of one of its 
consti tuent oxides. It is a t t ract ive from the standpoint 
that  at least in the absence of excess SiO2 or Al,,O3, 
Eu 2+ must form a separate phase, and that  the lumin-  
escence present ly  observed in 3A1~O3.2SIO2/ -Eu  2+ 
is at least at sl ightly longer wave length  3 and can be 
weak because of its low (act ivator)  concentration. 
This model  would, however ,  requi re  that  only one such 
compound, e.g., EuA12Si2Os, can exist regardless of 
over -a l l  s toichiometry which is cont rary  to Jaffe's 
results, and that  in the present environment ,  its spec- 
t ra l  energy distr ibut ion is altered. Finally,  the lumin-  
escence intensi ty of a discrete Eu 2+ compound should 
not be so strongly influenced by dispersion in the 
mull i te-s i l ica  or mul l i t e -a lumina  interface. Instead, it 

a The  emis s ion  of EuAleSi~Os p e a k s  a t  510 n m  t22). 



64 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  January 1969 

should depend on its concentration which would be 
maximized at A1/Si ratios other than those present ly 
found to yield max imum luminescence (Fig. 1). In 
view of these considerations, the former model in-  
volving discrete Eu 2§ activator sites appears to be 
more plausible. 

Acknowledgment 
The author  is indebted to Miss I. Walinski for phos- 

phor preparat ion and measurements,  and also wishes 
to thank G. Wagner, R. Fitzmaurice, C. K. Lui Wei, 
and W. A. Thornton for valuable  help and discussions. 

Manuscript  submit ted Aug. 8, 1968; revised ma nu-  
script received ca. Sept. 18, 1968. This paper was pre-  
sented as a Late News Paper  at the Boston Meeting, 
May 5-9, 1968. 

Any discussion of the paper will appear in a Discus- 
sion Section to be published in the December 1969 
JOURNAL. 

REFERENCES 
1. J. G. Jenkins  and A. H. McKeag, This Journal, 97, 

415 (1950). 
2. P. M. Jaffe and E. Banks, ibid., 102, 518 (1955). 
3. A. Wachtel, ibid., 107, 199 (1960). 
4. W. L. Wanmaker  and J. W. ter Vrugt, Philips Re- 

search Repts., 22, 355 (1967). 

5. P. M. Jaffe, U.S. Pat. 3,359,210, Dec. 19, 1967. 
6. W. A. McAllister, This Journal, 115, 535 (1968). 
7. M. V. Hoffman, ibid., 115, 560 (1968). 
8. T. L. Barry, Paper  presented at the Boston Meeting, 

May 5-9, 1968, as Paper  55. 
9. G. Blasse, W. L. Wanmaker ,  and J. W. ter  Vrugt, 

ibid., Paper  56. 
10. C. F. Chenot, ibid., Paper  57. 
11. C. C. Lagos, ibid., Paper  58. 
12. P. M. Jaffe, ibid., Recent News Paper  and U.S. Pat. 

3,359,211 Dec. 19, 1967. 
13. J. TrSmel et al., Ber. deut. Keram. Ges., 34, 397 

(1957). 
14. J. Ossaka, Nature, 191, 1000 (1961). 
15. S. Otani and A. Kojima, Kogyo Kagaku Zasshi, 

67, 239 (1964). 
16. S. Otani et al., ibid., 1509 (1964). 
17. A. Leonard, S. Suzuki, J. Fripiat,  and C. De Kempe, 

J. Phys. Chem., 68, 2606 (1964). 
18. J. Fripiat, A. Leonard, and J. B. Uytterhoven,  ibid., 

69, 3274 (1965). 
19. S. Aramaki  and R. Roy, Am. Mineralogist, 48, 1322 

(1963). 
20. W. A. Thornton,  Electrochem. Soc. Enlarged Ab-  

stracts, 14, No. 1, 26 (1965). 
21. W. E. K. Middleton and C. L. Sanders, J. Opt. Soc. 

Am., 41, 419 (1951). 
22. P. M. Jaffe, U.S. Pat. 3,359,210, Dec. 19, 1967. 
23. S. L. Berdnikov and Ya. M. Zelinkin,  Optics and 

Spectroscopy, 19, 339 (1965). 

Effects of Impurities on the 
Luminescence Processes in YVO  : Eu 

Tsuyoshi Kano and Yoshiro Otomo 
Central Research Laboratory of Hitachi Ltd., Kokubunji,  Tokyo, Japan 

ABSTRACT 

Effects of impuri t ies  on the photoluminescence, cathodoluminescence, and 
thermoluminescence of YVO4:Eu are investigated. Such impuri t ies  as Zr, Th, 
Mo, or W that would give charge defects in  the crystal lattice lead to strong 
quenching of cathodoluminescence, weak or no quenching of photolumines-  
cence at room temperature,  and remarkable  change of the glow curve. Energy 
t ransfer  from lattice to Eu by way of excited Eu-O state that  is sensitive 
to t rapping by charge defects in the lattice is proposed from the specific 
quenching of photoluminescence below glow-peak tempera ture  in the Mo- or 
W-doped phosphor. 

Efficient host sensitization in YVO4:Eu was first in-  
dicated by Van Uitert  et al. who observed the remark-  
able deviations from a l inear  dependence of the emis- 
sion in tensi ty  on the Eu 3+ content  in the regions of 
low concentration by 254 n m  or 366 nm uv  excitations 
(1). Since YVO4:Eu was developed for use in color 
picture tubes by Levine and Pali l la (2), excitation and 
energy t ransfer  processes in various or thovanadate  
phosphors have been reported and discussed by many  
authors (3-13), but more exper imental  bases are re- 
quired to make clear the mechanism of these processes. 
In this paper, the effects of charge defects introduced 
by impurit ies on the luminescence in tensi ty  and the 
thermoluminescence properties with 254 nm uv, 365 
nm uv, or 10 kv cr (cathode-ray)  excitation were in -  
vestigated to explain the excitation and energy t rans-  
fer processes in YV04: Eu. 

Experimental 
The powder samples were prepared by firing the 

precipitates obtained from a mixture  of component  
solutions at 1250~ for 2 hr  with sodium pyrovanadate  
flux. The Eu content was 5 m/o  (mole per cent) .  Vari-  
ous impuri t ies  in the form of oxides or oxyacids were 
in t imately  mixed with the precipitates before firing. 
The contents of impuri t ies  in this paper refer to the 

amounts  of impurit ies added before firing. The firing 
of vanadate  precipitates serves as a suitable method 
of prepar ing samples for the purpose of this paper, 
because it can constantly provide bright  phosphors for 
laboratory scale experiments.  Nb and Ta in the final 
products were analyzed by x - ray  fluorescence method 
with IKF-3 x - r ay  spectrometer made by Rigaku Denki 
Company, Ltd. A high-pressure  mercury  lamp (100w) 
was used for long wave uv (main ly  365 nm)  exciting 
light source and a low-pressure mercury  lamp (10w) 
with a quartz tube  was used for short wave uv (mainly  
254 nm)  exciting light source. For  the cathodolumines-  
cence measurement ,  the phosphors were settled on a 
metal  panel  in thin layers (0.06 g/cm 2) and irradiated 
with 10 kv electrons at 1 ga/cm ~. Luminescence spectra 
were obtained using Hitachi recording spectrophotome- 
ter EPS-2R which gives spectral energy distr ibution 
curves automatical ly corrected for the characteristics 
of the system. Excitat ion spectra were obtained with 
Hitachi spectrofluorometer MPF-2, using 40w hydro-  
gen lamp as a light source and sodium salicylate as a 
reference phosphor showing constant  quan tum yields 
in the wavelength region studied. The thermolumines-  
cence measurements  were carried out by a conven-  
t ional  technique, using an EMI 6256S photomult ipl ier  
as a detector. 
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Results 
The effects of such added impurit ies as Ce, Pr, Nd, 

U, Th, Mo, W, Nb, or Ta on the luminescence intensit ies 
of YVO4:Eu with 365 nm uv, 254 nm uv, or cr excita- 
t ion are shown in Fig. 1. As shown, these impur i ty  ef- 
fects can be classified into three  types: (A) the strong 
quenching which is independent  of the way of excita- 
tion, (B) the strong quenching of cathodoluminescence, 
weak quenching of photoluminescence by short-wave 
uv excitation and no remarkable  effect observed on 
photoluminescence by long wave uv  excitation, and 
(C) minor  effects observed. Type A, B, and C are 
typical ly observed by the doping of rare earth impur i -  
ties, group IV or VI elements and group V elements,  
respectively. By Ce- or U-doping, the quenching effects 
on the cathodoluminescence and the photoluminescence 
by 365 n m  uv excitat ion were found to be of the same 
degree, bu t  minor  quenching effects were observed on 
the photoluminescence by  254 nm uv  excitation. This 
difference is explained in the following way. Ce- or 
U-doping causes coloration of samples which gives rise 
to absorption of luminescence. When the phosphors 
are excited deeply from the surface by 365 n m  uv or 
cr, the absorption of luminescence by those impuri t ies  
is expected to be stronger than  that  when the phos- 
phors are excited at the surface by 254 nm uv  which 
is shorter t han  the absorption edge (about 320 rim). 
The dopings of other impuri t ies  shown in Fig. 1, on the 
other hand, do not result  in the remarkable  coloration 
of samples. Thus, the effects of Ce- or U-doping can 
be interpreted to belong to type A essentially. Type A 
quenching is ascribed to the interact ion be tween elec- 
tronic energy levels of impur i ty  ions and excited elec- 
tronic energy levels of Eu that  are commonly involved 
in the luminescence process wi th  uv excitation and in 
the process with cr excitation. This type of interact ion 
is expected to be observed between many  rare earth 
ions which t ransfer  energy with each other by reso- 
nance. To estimate the quenching effect by this mecha-  
nism, an impor tant  parameter  is a critical t ransfer  
distance Ro, which is defined as the distance of a 
donor-acceptor pair  at which the probabi l i ty  of energy 
t ransfer  from the donor to acceptor becomes equal to 
the probabil i ty  of the in ternal  t ransi t ion of the donor 
(14). For the quenching of Eu 3+ luminescence by 
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Nd a+, Ro was estimated to be 12.8A from the analysis 
of the decrease of emission in tensi ty  of Eu a + by Nd 3 + 
(14). By using this value, it is est imated that  Eu 3+ 
luminescence decreases by half by 0.9 a/o Nd 3+ in 
YVO~:Eu. This is in  qual i tat ive agreement  with the 
result  shown in Fig. I. Type B quenching, on the other 
hand, is ascribed to the action of charge defects in the 
highly excited lattice, since it is characteristic of those. 
ions that give surplus charges replacing const i tuent  
ions. Other luminescence properties of Mo or W-doped 
phosphors which are characterized by type B quench-  
ing will  be described in the following and the detailed 
discussion of type B quenching will be given in the 
next  chapter. 

Minor effects of type C may be due to the lack of 
energy levels interact ing strongly with Eu 8+ and also 
due to the lack of charge defects formed by incorpora-  
tion of the impurities.  The anxie ty  that  the minor  ef= 
fects of type C might  be due to small  amounts  of these 
impuri t ies  actually incorporated in the final products 
could be el iminated by analyzing the content  of Nb or 
Ta in the final products by x - r ay  fluorescence spec- 
troscopy which confirmed the near ly  quant i ta t ive  in-  
corporation of these elements. 

The thermoluminescence of YVO4:Eu has already 
been reported (12, 15). The remarkable  changes of the 
glow curve as a result  of Mo- or W-doping were found 
after uv i r radiat ion at 77~ as are shown in Fig. 2. 
The doping of Mo or W gives rise to a new glow peak 
at the expense of the nat ive glow peak by 254 nm uv 
excitation. By 365 n m  uv  excitation, however, no ther-  
mal  glow was  observed in  the Mo-doped phosphor and 
only a little glow was observed in the W-doped phos- 
phor. These thermoluminescence properties of Mo- or 
W-doped phosphors provide contrasts to those of un -  
doped phosphor which exhibits near ly  identical  glow 
curve by  365 nm uv excitation with that  by  254 n m  
uv excitation. By cr excitation of the Mo-doped YVO4: 
Eu, a similar  glow curve with that  by 254 n m  uv  ex- 
citation was obtained. By keeping the irradiated Mo- 
doped YVO4:Eu at 77~ for 30 min in  the dark, 20% 
decrease of the resul tant  light sum was observed. As 
for the case of the doping of group IV elements,  strong 
or comple te  quenching of the nat ive glow-peak was 
observed by Th-  or Zr-doping. No remarkable  new 
peak, however, appears in this case. The difference be= 
tween the effects of group IV elements and group VI 
elements  may  be related to the difference of subst i tuted 
sites, V site by Mo or W and Y site by Zr or Th being 
expected to be substi tuted,  respectively. 

The glow curves of YVO4 not activated wi th  Eu are 
shown in Fig. 3. Several  glow peaks were found in 
the sample which had been fired without flux. A sim= 
pler glow curve was obtained with the sample fired 
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with flux, where only  two peaks were distinguished�9 
The glow peaks that disappeared as a result of using 
flux may be due to some crystal defects that are re- 
moved by using flux. The major glow peak at 160~ 
lies very near to the reported value,  164~ (12) and 
corresponds to the major glow peak of undoped YVO4: 
Eu. By Mo-doping, a new glow peak around 240~ 
appears in the glow curve of YVO4 or YVO4:Eu. From 
these glow curve measurements,  it is obvious that the 
trapping levels  of YVO4: Eu lie not in the excited state 
of Eu but in the host lattice and charge defects intro- 
duced by impurity dopings strongly affect the native 
trapping level  or provide new levels.  

In Fig, 4, the spectra of photoluminescence and ther-  
moluminescence  are compared by observing the de-  
pendences of the transmitted light intensity on the 
cut-off wave length  of filters�9 The thermolumineseence 
spectrum of Mo-doped YVO4:Eu appears to be similar 
with that of photoluminescence of YVO4:Eu. 

Cathodoluminescence spectrum of YVO~: Eu and that 
of Mo-doped YVO4:Eu are compared in Fig�9 5, where 
n o  difference of spectral energy distribution was ob- 
served. Excitation spectrum of YVO4:Eu and that of 
Mo-doped YVO4:Eu are shown in Fig. 6. Mo-doping 
decreases the luminescence intensity only  under short 
wavelength  region, as is consistent with the results 
shown in Fig. 1. 

Temperature dependences of the luminescence in-  
tensity of Mo-doped YVO4:Eu by cr, 254 nm uv, or 365 
nm uv excitation are compared with those of undoped 
YVO4:Eu in Fig. 7. By 254 nm uv excitation, stepwise 
temPerature-dependent quenching of luminescence is 
induced by Mo-doping at low temperatures�9 Increasing 
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quenching effects wi th  the decrease of temperature are 
also observed with cr excitation, whi le  marked effects 
of Mo-doping are not found from 77 ~ to 450~ with  
365 nm uv excitation�9 The luminescence  spectra do not 
depend much on temperature except that a feeble host 
luminescence,  which is cut by a filter, appears at low 
temperatures. In  Mo- or W-doped YVO4:Eu with 254 
nm uv excitation, correlations between the temperature 
dependences of photoluminescence intensities and the 
glow curves are shown in Fig. 8. As shown in the fig- 
ure, quenching by Mo- or W-doping occurs below the 
temperature around which thermoluminescence ap- 
pears. The decrease in luminescence intensity at low 
temperature is not due to simple energy storing, be-  
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Fig. 9. Effects of Mo daping on the temperature dependence of 
luminescence intensities with 2S4 nm uv excitation. In the case of 
the host luminescence of YV04, normalized intensities are shown. 

cause the resul tant  thermoluminescence in tensi ty  is or- 
ders of magni tude  weaker  than  the luminescence in ten-  
sity under  excitation. In the case of Mo-doped YVO~: 
Eu, steady intensi ty  of photoluminescence was in-  
s tant ly  obtained from the beginning of excitation at 
77~ where the number  of filled traps giving rise to 
thermoluminescence was increasing. This result  indi-  
cates that  the quenching induced by Mo-doping be- 
low glow-peak temperature  is not due to the filled 
traps which will give rise to thermoluminescence at 
elevated temperatures.  Figure 9 shows the tempera ture  
dependences of luminescence intensities of YVO4:Eu 
doped with various amounts  of Mo and the effect of 
Mo-doping on the temperature  dependence of the host 
luminescence of YVO4. In  the case of host lumines-  
cence, specific quenching due to Mo-doping at low 
temperatures  does not occur in contrast with the case 
of the luminescence of Eu in YVO4: Eu. An explanat ion 
for the specific quenching effect of Mo-doping at low 
temperatures  is given below. 

Discussion 

It has been indicated by Van Uiter t  et at. that  the 
excitation of YVO4:Eu by 254 am uv or 366 n m  uv 
proceeds through the host process because the relative 
brightness per Eu content  increases with the decrease 
of Eu concentrat ion (1). The identical excitation spec- 
tra of related vanadate  phosphors around 320 nm re- 
ported by Pal i l la  et al. show that  the exciting energy 
is absorbed by VO4 a-  ions and is t ransferred to acti- 
vators (4), but the broad absorption or excitation band 
in the shorter wave uv region has been the subject of 
discussions (7, 9). Recent ly Mooney and Toma indi-  
cated a continuous overlap of ~-bonding orbitals of 
vanadate  ions and f orbitals of the rare earth ion to 
explain the efficient photoluminescence of YVO~:Eu 
(13). 

The specific quenching  of Eu luminescence below the 
glow peak temperature  in Mo-doped YVO4:Eu pro- 
vides another  exper imental  basis for the discussion on 
the na ture  of interact ion between the host lattice and 
Eu. Various possible quenching mechanisms are dis- 
cussed in the following. There are several possible 
stages from absorption of exciting light to emission of 
luminescence on which Mo-centers can play a part. 
The quenching due to ineffective addit ional absorption 
by impur i ty  ions has been indicated in the lumines-  
cence quenching of CaWO4 or MgWO4 by Fe, Cr, Cu, 
or Mn by KrSger (16). Fol lowing this mechanism, 
quenching effects are stronger with long wave uv  ex-  
citation than with short wave uv excitation in the 

neighborhood of absorption edge. The quenching due 
to Mo-doping, however, is rarely observed by 365 nm 
uv excitation and appreciable by 254 nm uv excitation 
in contradict ion of the prediction of the above mech- 
anism. Absorption of the red luminescence by doped 
Mo-center  may be negligible, because it does not  affect 
the white body color of the phosphor. I t  is evident  from 
the minor  effect of Mo-doping ~vith 365 nm uv  excita- 
tion that  the emit t ing state of Eu, ~Do, does not suffer 
quenching interact ion from the doped Mo center. 
Therefore, the doped Mo center  is supposed to act in 
the in termediate  luminescence process. By the way, P 
subst i tuted for V in YVO4:Eu reduces luminescence 
of Eu but  enhances host luminescence in YVO4 (10). 
These effects result  from the cutt ing of the energy 
t ransfer r ing  chain by PO~ a-  group subst i tuted for 
VO~ a-  group. If this mechanism is dominant  in Mo- 
doped YVO4:Eu, nat ive feeble host luminescence ob- 
served at 77~ should be enhanced at the expense of 
the luminescence from Eu. Such enhancement  of host 
luminescence by Mo-doping could not be observed. In  
the case of Y2Wl-x Mox O6: Eu, it has been reported 
that doped Mo plays a role of s ink in the course of 
exciton migrat ion with subsequent  energy dissipation 
(17). It seems hard to explain by this mechanism the 
t empera tu re -dependen t  quenching due to Mo doping in 
YVO4: Eu, because the host luminescence in YVO4 does 
not suffer this specific quenching. It is to be noted in 
this discussion that the exciton migrat ion in the lattice 
of YVO4:Eu is supposed to be comparat ively rapid 
even at 77~ because only a feeble host luminescence 
could be observed in YVO4:Eu at 77~ This feeble 
host luminescence in the case of YVO~:Eu provides an 
interest ing contrast  to the remarkable  host lumines-  
cence in Ca WO~:Sm at low temperatures  (18). The 
phonon-assisted energy t ransfer  from lattice to an 
activator suggested in the case of YVO4:Sm by Ropp 
(9) may have few connections with the quenching by 
doped impurities, because the phonons in the host la t -  
tice may  not be so sensitive to doped impurities.  It is 
most l ikely that highly excited states of Eu-O state 
which is closely coupled with the lattice suffer quench-  
ing interact ion from doped Mo center at low tempera-  
tures. The broad excitation spectra of various Eu-  
activated mixed oxides in the region from 220 to 310 
nm have been assigned as charge t ransfer  bands by 
Blasse (19). It is quite possible that the charge t ransfer  
state play a part  in the energy t ransfer  process from 
lattice to an activator. This possibility has already been 
referred to in the case of CaWO4:Sm (18). As a higher 
energy state to which Eu a+ is excited by receiving 
energy from the vanadate lattice with short wave uv 
excitation, the charge transfer  state is preferred to ex- 
cited states of Eu a+ per turbed by crystal field, because 
the sensit ivity to charge defects in the lattice is ex- 
pected to be higher in the former than the latter. The 
continuous overlap of x-bonding orbitals of the VO4 :~- 
group and f orbitals of Eu a + proposed by Mooney and 
Toma to explain the efficient energy t ransfer  (13) 
might contr ibute  to the t rapping by doped Mo center 
below glow peak temperature.  The quenching is ex- 
plained by assuming that the charge t ransfer  state of 
Eu is sensitive to the charge t rapping action of doped 
Mo center at low temperatures  and as a result, its en-  
ergy is t ransferred to the doped Mo center  and dis- 
sipated nonradia t ive ly  there or stored. The trap depth 
of the doped Mo center was roughly estimated from 
the ini t ial  rise of thermoluminescence to be dis tr ibuted 
from 0.48 to 0.65 ev. The condit ion indicated by Br~un-  
lich (20) should be checked before the establ ishment  
of the value. 

Finally,  it is to be indicated that  the comparison be- 
tween glow curve and tempera ture  dependence of 
luminescence of insulat ing phosphors, preferably doped 
with impurit ies giving surplus charges, will provide 
useful informat ion concerning intermediate  processes 
from excitation to luminescence. 
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Spectroscopic Identification of Europium-Oxygen 
Complexes in Calcium Fluoride 

R. L. Amster and C. S. Wiggins 
The Bayside Laboratory, Research Center, 

General Telephone & Electronics Laboratories Incorporated, Bayside, New York 

ABSTRACT 

The emission and excitation spectra for CaF2:Eu 3+ have been analyzed. 
The spectra have been a t t r ibuted to four main  Eu 3+ species. Three of these 
species are composed of Eu 3 + - -  O 2- complexes which arise as a result  of the 
charge compensation of Eu 3+ subst i tut ing in a Ca 2+ site. The complexes have 
been associated with both (Eu --  O) + and ( E u 2 -  02) 2+ groups with the 
relative concentrat ion of the complexes depending on the total Eu ~+ con- 
centration.  Broad and intense uv excitation spectra have been identified as 
Eu 3+ --  O 2- charge t ransfer  bands. The high intensi ty  of 5D0 - -  7Fo t rans i -  
tions attests to the l inear  asymmetry  of the complexes at the Eu 3 + site. 

Replacement  of Ca 2+ in CaF~ by t r iva lent  europium 
requires compensation of the excess positive charge 
(1, 2). This may be effected by the inclusion of an 
interst i t ial  fluoride ion or by the isomorphous subst i tu-  
t ion of an 0 2 -  ion for a F -  ion adjacent  to the cation 
site. The lat ter  mode of compensation predominates 
when CaF2:Eu3+ is prepared in  an oxidizing a tmo- 
sphere (1). 

The presence of an oxide ion in the immediate  vicin- 
ity of Eu 3+ gives rise to charge t ransfer  bands in the 
absorption and fluorescence excitat ion spectra of sev- 
eral Eu 3+ activated materials (3). For example, Blasse 
and Bril  (4) have observed broad uv bands in the 
fluorescence excitation spectra of NaGdO2:Eu ~+ which 
they a t t r ibute  to charge t ransfer  from O 2- to Eu 8+. 
Their  observations are in agreement  with J~rgensen's 
(5) in terpre ta t ion of the uv absorption spectra of Eu ~+ 
in solution. Similarly,  Kingsley and Prener  (6) have 
reported observing an intense charge t ransfer  band  
when CdS is introduced into CdF2:Eu3 +; the absorption 
peaking at 283 nm is associated with the Eu 3+ --  82-  
complex. It was the in tent ion of this invest igat ion to 
examine the charge t ransfer  bands in the spectra of 
CaF2:Eu 3+ (prepared in air) in an at tempt to ident ify 
the Eu 3+ --  0 2 -  complexes formed through the mech- 
anism of charge compensation. The identification was 
assisted by s tudying the effects of l inear  asymmetry  at 
the europium site as a result  of compensat ion by O 2- 

ions. Blasse and co-workers (7) have studied several 
Eu3+-act ivated phosphors in which there exists l inear  
asymmetry  at the Eu 3+ site. They observed that  the 
general ly forbidden 5DoJF0 t ransi t ion in Eu 3+ gives 
rise to unusua l ly  high fluorescence in tens i ty  in the 
compounds examined. The intense 5Do-TFo fluorescence 
is explained by inclusion of a l inear  term in the crys- 
tal field expansion (8). 

Since the 5Do-TF0 t ransi t ion cannot be split by a 
crystal field, the appearance of more than one 5D0-TF0 
emission line for CaF2: Eu z+ can be in terpre ted as proof 
of the existence of more than  one symmetry  site for 
Eu 3 + ions charge compensated by oxide ions. Eu 3 + ions 
in CaF2 can be expected to yield emission and fluores- 
cence excitation spectra which depend on local euro-  
p ium site symmetry.  In  the present study, several Eu 3 + 
species with different site symmetr ies  are identified by 
isolating groups of emission and excitation lines which 
undergo equivalent  intensi ty  changes with variat ions 
in europium concentrations. 

Experimental Procedure 
Preparation of CaF2:Eu3+.--Calcium fluoride acti- 

vated with Eu 3 + was prepared by a h igh- temperature ,  
1050~ reaction between CaF2 (Fisher Reagent grade) 
and anhydrous EuF3 (Trona Division, American Potash 
Company) .  The reaction was carried out in open alu-  
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mina crucibles in a muffle furnace which had openings 
to permit  f ree flow of air th rough the furnace. 

Emission spectroscopy.--Emission spectra were  re-  
corded in terms of energy vs. wavelength  with  a radi-  
ometer  which includes a 3/4M Spex grat ing monochro-  
mator  and an ITT 4013 photomult ip l ier  [S-20 response, 
sapphire window].  Correction for ins t rumenta l  sensi- 
t iv i ty  was obtained by comparison with a s tandard 
lamp and applied automatically.  

Excitation spectroscopy.--A double monochromator ,  
consisting of two ~/4-meter J a r r e l l -Ash  monochroma-  
tors l inked and dr iven together  was used to select the 
exci tat ion wave leng th  f rom the output  of a 900-watt 
xenon-arc  source. Correct ion for the lamp output spec- 
t rum as well  as the transmission of the double mono-  
chromator  was applied automatically.  

Experimental Results 
When CaF~:Eu ~+ is exci ted by 3130A radiation, 

fluorescence emission is observed between 5000 and 
7100A. The four most intense emission lines are located 
at 6308, 6162, 5809, and 5731A (Fig. 1). As the Eu 3+ 
concentra t ion is increased f rom 0.002 to 0.02 gram atom 
mole CaF2, these lines remain  near ly  constant in in-  
tensi ty  giving no indication of Eu 3+ concentrat ion 
quenching. However ,  emission lines at 5763, 6100, and 
6262A show some increase in intensi ty wi th  rising Eu 3 + 
concentrat ion (Fig. 2). The first set of Eu 3+ emission 
lines is a t t r ibuted to a specie I while  the second set 
is associated with specie IV to be discussed below. 
Exci ta t ion spectra for emission lines a t t r ibuted to spe- 
cie I are identical  and contain lines at 5731, 5281, 4622, 
and 4594.& (Fig. 3). In addition, two broad uv  exci ta-  

5000  5500  6000  6 5 0 0  
WAVELENGTH (A)  

Fig. l(a). Emission spectrum of CaF2:0.01 Eu "~+ excited at 3130~ 

~" ' s~o ' ~doo ' 6z'oo s~'oo ~ u ~oo ; . . . . .  s~oo s on o ssoo >coo 

Fig. l(b). Emission spectrum of CaF2:0.01 Eu 3+ excited at 3130.~; 
high gain. 

; 5oo  ~000 6500 
WAVELENGTH (A) 

Fig. 2. Emission spectrum of CAF2:0.088 Eu 3+ excited at 3130• 

5900  4 5 0 0  5000  5500  
WAVELENGTH (~) 

Fig. 3, Visible excitation spectrum of CaF2:0.02 Eu :r for specie 
I emission at 6308A. 

_z 

~c 

zs'oo .... ~oo .... 5~o .... 4o~o' ' '4400 
WAVELENGTH (A)  

Fig. 4. Ultraviolet excitation spectrum of CoF2:0.0| Eu 3+ for 
specie I emission at 57321,, 

t ion bands are observed at 3000 and 3150A and are ac- 
companied by a series of lines in the 3500-4200A region 
(Fig. 4). The broad uv  bands are a t t r ibuted to charge 
t ransfer  absorptions in Eu ~+ - -  O 2- groups; lines in 
the 3500-4200,& region are associated wi th  f - f  t ransi-  
tions of europium in these groups. The intense sharp 
line at 5731A which is observed in emission and exci ta-  
tion is identified with  the 5Do-7F0 transi t ion in Eu 3+ 
which occupies a l inear ly  asymmetr ic  site in specie I. 

Spectral  lines and bands associated with  specie I are 
listed in Table I. The wavelengths  listed are near ly  
identical  wi th  those observed by Feofilov and Stepanov 
(1, 9) for " T y p e - r '  CaF2:Eu3+ ; it is clear that  specie I 
reported herein  and type I discussed by Feofilov are 
the same ent i ty  and can be identified as a Eu~ + --  0 2 -  
complex with nonl inear  symmetry.  The spectral  t ransi-  
tions were  assigned by comparing the spacings of emis-  
sion and exci tat ion lines in different spectral  regions. 
The lack of equal  spacing between spectral  lines within 
any set of 5D0-TFJ emissions indicated that  the lines 
were  not of vibronic nature.  These lines were,  the re -  
fore, identified with  pure electronic transit ions wi th  
the aid of results obtained for LaC13:Eu 3 + by DeShazer  
and Dieke (10). The sharp fluorescence line at 63082~ 
may be assigned to a 5D0-TF2 transition. This would 
indicate an unusual ly  large separation of the 7F2 te r -  
minal  level  involved in this transit ion f rom those 7F2 
te rminal  levels associated with  the ~D0-VF2 emission 
lines at 6054 and 6162A. The l ine at 6308~-, therefore,  
may instead be associated with  a 5D0-TF3 transition. 
Present  evidence, however ,  does not allow for a definite 
assignment to the 6308A emission line. It is c lear ly  not 
a t t r ibutable  to a t ransi t ion f rom a 5D1 state since it is 
strongly excited by select ive absorption into the 5D0 
level. 

The re la t ive  intensities of the specie I charge- t ransfer  
bands vary  with  concentration.  The lower  wave leng th  
band becomes re la t ive ly  less intense at h igher  Eu 3+ 
concentrat ion and is just  observable  when [Eu ~+] = 
0.088 g -a tom/mole  CaF2. Exci t ing a given CaF2:Eu 3+ 
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Table I. Emission and excitation spectra of specie I 

Emiss ion ,  A Exc i t a t ion ,  A T r a n s i t i o n  

7o8s~ 
7055~ ~DI-:F~or~Do-7F~ 
7043J 
6960 5Do-TF~ 
6933 ~Do-7F~ 
6823 ~Do-7F~ 
6583 ~DI-TF5 
6564 ~DI-TF~ 
6553 ~DI-VF~ 
6526 ~DI-VF~ 
6406 ~Do-TF~ 
6382 ~Do-VF3 
6308 ~Do-~'F~ or 5Do-TF:, 
6162 ~Do-rF~ 
6054 ~Do-TF~ 
5957 
5934 ~D0-TF1 
5920 ~D0-VFI 
5870 ~DI-~F~ 
5843 ~D~-~F~ 
5809 5808 ~D1-;Fs 
5781 ~D1-7F3 
5778 ~D~-~F:~ 
5746 ~D~-TF3 
5735 5732 :,Do.~Fo 
5684 
5678 
5656 
5642 ~D~-;F~ 
5627 
5488 ~D~-TF~ 
5447 ~D~-~F~ 
5436 ~D1.TF~ 
5284 5281 ~D~-TFo 

4622 ~D~-TFo 
4594 ~D~TFo 

3500-4200 Unassigned f-f transitions 
3150 ] Eu ~+- O~- charge transfer 
3000 f bands 

January 1969 

A . . 

(.) 

s a m p l e  a t  t h e  m a x i m u m  of e a c h  of t he  b r o a d  u v  b a n d s  
leads  to  no  d i f f e r ences  in  e m i s s i o n  spec t ra .  A p p a r e n t l y ,  
spec ie  I is c o m p o s e d  of t w o  s e p a r a t e  Eu  3+ - -  0 2 -  e n -  
t i t i e s  w i t h  i d e n t i c a l  e m i s s i o n  s p e c t r a  bu t  w i t h  c h a r g e  
t r a n s f e r  t r a n s i t i o n s  of d i f f e r en t  ene rg ie s .  I n  a l a t e r  sec-  
t ion  of th i s  pape r ,  s p e c t r a  of  spec ie  I w i l l  be  c o m p a r e d  
w i t h  t h o s e  of o t h e r  spec ies  to  be  d iscussed .  Iden t i f i ca -  
t ion  of t h e  v a r i o u s  t y p e s  of E u  3 + g r o u p s  p r e s e n t  wi l l  
t h e n  be  m a d e  a n d  t h e  i n t e n s i t y  d e p e n d e n c e  of t h e  
c h a r g e  t r a n s f e r  b a n d s  u p o n  Eu  3 + c o n c e n t r a t i o n  w i l l  be  
d iscussed.  

E x c i t a t i o n  of CaF2:0.002 Eu  3+ b y  2537A r a d i a t i o n  
l eads  to e m i s s i o n  b e t w e e n  4500 a n d  7000A (Fig.  5a) .  
As t h e  Eu  3+ c o n c e n t r a t i o n  is i n c r e a s e d  f r o m  0.002 g-  
a t o m  E u 3 + / m o l e  CaF2 to  0.02 g - a t o m  E u 3 + / m o l e  CaF2, 
a l a r g e  g r o u p  of e m i s s i o n  l ines  d e c r e a s e s  in  i n t e n s i t y  
a n d  d i s a p p e a r s  u p o n  f u r t h e r  i n c r e a s e  in  e u r o p i u m  c o n -  
c e n t r a t i o n  to 0.088 g - a t o m / m o l e  CaF2 (Fig.  5b a n d  5c).  
Th i s  g r o u p  of l ines  is a s soc i a t ed  w i t h  spec ie  II. (Spec i e  
II  e m i s s i o n  in  t h e  4500-6000A r e g i o n  is m o r e  r e a d i l y  
o b s e r v e d  in  a h i g h - g a i n  r e c o r d i n g  of t h e  e m i s s i o n  spec -  
t r u m  of CaF2:0.O02 Eu3+;  Fig. 6.) T h e  m o s t  i n t e n s e  
e m i s s i o n  l ine  for  t h i s  spec ie  is o b s e r v e d  at  6162A. Th i s  
l ine,  w h i c h  is a c c o m p a n i e d  b y  a less i n t e n s e  l ine  a t  
6172A, co inc ides  w i t h  t h e  m o s t  i n t e n s e  l ine  of  spec ie  I. 
T h e  e x c i t a t i o n  s p e c t r u m  for  t h e  6162A e m i s s i o n  c o n -  
ta ins ,  in  a d d i t i o n  to t h e  e x c i t a t i o n  s p e c t r u m  for  spec ie  
I, l i nes  at  5379 a n d  4669A a n d  a b a n d  p e a k i n g  a t  2600A 
(Fig.  7 a n d  8) .  T h e  spec ie  I e x c i t a t i o n  s p e c t r u m  can  be  

d i s t i n g u i s h e d  f r o m  t h a t  of spec ie  II  b e c a u s e  t h e  l a t t e r  
does  no t  a p p e a r  in  e x c i t a t i o n  s p e c t r a  of spec ie  I for  
e m i s s i o n  l ines  o t h e r  t h a n  6162A. T h e  g r o u p  of l ines  
associated w i t h  specie  I I  is  l i s t ed  in  T a b l e  II. T h e  e m i s -  
s ion s p e c t r u m  of t h i s  spec ie  II  a g r e e s  c lose ly  w i t h  t h a t  
of " t y p e  I I "  r e p o r t e d  b y  Feof i lov  a n d  S t e p a n o v  (1, 9) 
for  C a F 2 : E u  3+ p r e p a r e d  in t h e  a b s e n c e  of o x y g e n  a n d  
t h e  p r e s e n c e  of g r a p h i t e .  Spec ie  II  is, t h e r e f o r e ,  assoc i -  
a t e d  w i t h  E u  u+ ions  w h i c h  a re  no t  c h a r g e  c o m p e n s a t e d  
b y  o x i d e  ions.  S ince  E u  3+ ions  of spec ie  II  do no t  f o r m  
E u  3+ - -  O 2-  c h a r g e  t r a n s f e r  c o m p l e x e s ,  t h e  b r o a d  u v  
e x c i t a t i o n  b a n d  a t  2600A m a y  t h e n  be  a s c r i b e d  to 
" h o s t "  a b s o r p t i o n .  S i n c e  CaF2 is t r a n s p a r e n t  to  2600A 
r a d i a t i o n ,  t h e  p r e s e n c e  of o c c l u d e d  h y d r o x y l  a n d  o x y -  
gen  a n i o n s  in  a i r  f i red  CaF2 p r o b a b l y  a c c o u n t s  fo r  t h e  
b r o a d  u v  a b s o r p t i o n  b a n d  (11) .  F o r  t r i v a l e n t  e u r o p i u m  
a m a x i m u m  of t h r e e  5D0-TF1 t r a n s i t i o n s  is a l lowed .  

(b) 

(c) 

6500 7000 

O b s e r v a t i o n  of m o r e  t h a n  t h r e e  s u c h  l ines  in  t h e  e m i s -  
s ion s p e c t r u m  of  spec ie  I I  i n d i c a t e s  t h a t  t h i s  spec ie  is 
a co l l ec t ion  of E u  3 + ions  o c c u p y i n g  d i s s i m i l a r  s y m m e -  
t r y  sites.  T h e s e  E u  3+ ions  a r e  m o s t  p r o b a b l y  c h a r g e  
c o m p e n s a t e d  b y  n e a r b y  i n t e r s t i t i a l  f luor ide  ions  or  e x -  
p e r i e n c e  n o n l o c a l i z e d  c o m p e n s a t i o n  g i v i n g  r i se  to  c u b -  
i c a l l y  s y m m e t r i c  E u  3+ sites.  

As  h a s  b e e n  o b s e r v e d  f r o m  s p e c t r a  s h o w n  in  Fig. 5a, 
e x c i t a t i o n  of CaF2:0.O02 E u  3+ b y  2537A r a d i a t i o n  
y ie lds  l ine  e m i s s i o n  a t  6262, 6082, a n d  5763A in  a d d i t i o n  
to e m i s s i o n  a s soc i a t ed  w i t h  spec ies  I a n d  II. ( S p e c i e  I 
c a n  b e  e x c i t e d  b y  2537A s ince  t h e  l o w - w a v e l e n g t h  ta i l s  
of  spec ie  I c h a r g e  t r a n s f e r  b a n d s  e x t e n d  b e l o w  2500A.) 
As t h e  E u  3+ c o n c e n t r a t i o n  is i n c r e a s e d  to 0.02 g - a t o m  
E u 3 + / m o l e  CaF2, l ines  a t  6262, 6100, 6082, a n d  5763A 

z 

z 

4500  5000 5500 6000 
WAVELENGTH (~) 

Fig. 6. High-gain recording of emission spectrum of CaF2:0.002 
Eu :~+ excited at 2537~,; emission covers 4500-6000,~ range. 

46oo 6ooo 5~oo' 6000 
WAVELENGTH (~,) 

Fig. 5. Emission spectrum of (a) CoF2:0.002 Eu:;+; (b) CoF2: 
0.02 Eu3+; (c) CaF~:0.088 Eu 3+ excited at 2537A. 
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Table IlL Emission and excitation spectra of specie III 

> 

z 
w 

4500  5000 5500 6000 
~ 

WAVELENGTH (A~ 

Fig. 7. Visible excitation spectrum of CaF2:0.O02 Eu 3+ for emis- 
sion at 6162A emission. 

Emission, A Excitation Transition 

6938 ~Do -r 
6856 :'Do -;F, 
6338 ~Do-;F:, 
6322 :'Du- "~F:r 
6262 : 'DoJF= 
6245 :,D~-~F, 

6082 :'Do-TF~ 
5946 ~Do-;Ft 
5911 :'Do-ZF t 
5763 ~D~-TF, 
5281 5281 ~D~-~F,~ 
4638 4638 ~D~-TF~, 
4616 4618 : 'D,~-TF. 

3500-4200 U n a s s i g n e d  f - f  t r a n s i t i o n s  
2750 E u ~ - O ' - ' -  c h a r g e  t r a n s f e r  

b a n d  

Table IV. Emission and excitation spectra of specie IV 

E m i s s i o n ,  A E x c i t a t i o n  T r a n s i t i o n  

z_ 

2500 3000 3500 . 4000 4500  
WAVELENGTH (A) 

Fig. 8. Ultraviolet excitation spectrum of CaF2:0.O02 Eu 3+ for 
emission at 6162A. 

become prominent ,  whi le  those lines a t t r ibutable  to 
specie II diminish in intensi ty (compare Fig. 5a and 
5b). A fur ther  increase in Eu 3+ concentrat ion to 0.088 
g-a tom Eua+/mole  CaF2 leads to an increase in the 
intensi ty of lines at 6100 and 6262A re la t ive  to that  at 
6082A; this concentrat ion increase also leads to in- 
creased emission at 5781, 5915, and 5951A and to a 
group of lines near  6530A (Fig. 5c). Increasing the 
Eu 3+ concentrat ion leads to the appearance of emis-  
sion f rom two additional species: a specie III emit t ing 
pr imar i ly  at 6262, 6082, and 5763A and a specie IV 
emit t ing at 6262, 6100, and 5763A. (Lines and bands 
associated wi th  species III  and IV are listed in Tables 
III and IV.) The la t ter  specie is observed pr imar i ly  at 
high Eu 3 + concentrations. Excitat ion of CaF2:0.02 Eu 3 + 
by 5763A radiat ion leads to the emission of two lines 
of near ly  equal  intensi ty at 6082 and 6262A (Fig. 9a), 

Table II. Emission and excitation spectra of specie I [  

Emission,  A E x c i t a t i o n ,  A T r a n s i t i o n  

6600 ~Dz-;F; 
6571 ~DI-TFn 
6554 nDz-TF~ 
6172 ~Do-qVe 
6162 6Do-~F~ 
6 0 0 0  5Do-TFI 
5962 5Do-~F, 
5942 ~D0-;F~ 
5 9 3 0  ~Do-VF~ 
5918 ~Do-~Ft 
5908 ~Do-~F~ 
5882 ~D~-vF,~ 
5881 ~I~-rF~ 
5865 ~I:h-~F.~ 
5 8 3 8  ~Dz-~F:~ 
5660 ~D~-VF~ 
5560 ~D~-~F~ 
5468 ~D~-~Fz 
5425 ~I~-~F~ 
5 3 8 0  5 3 7 9  ~D~-~F~ 
5284 ~Dz-~F. 
5170 ~D~-VF,~ 
5142 ~D~-VF~ 
5124 "D~-~F:, 
4976 ~D~-~F~ 
4962 ~D~-TF~ 
4882 ~D~-CF2 
4670 4669 ~D~-~Fo 

2600 H o s t  e x c i t a t i o n  

6978 5Do-vFt 
6950 ~'Do - r F '  
6550 ~Dz -TF~ 
6530 ~Dl -vF~ 
6320 ~Do-'F:, 
6262 :'Do -'~Fz 
6140 ~D1-;F4 
6100 :'Do "~F~ 
5951 ~Do-rF1 
5915 ~Do-TFI 
5844 5Dz-;F3 
5814 ~DI -~Fa 
5794 nDz-TF;~ 
5781 aDI-~F.~ 
5776 ;D~-TF3 
5761 5761 ~D0-Tu 
5747 :'DI-vF3 

5285 ~DI-"~Fu 
4638 ~D~-TFo 
4618 ~D~-TF~ 

3500-4500 U n a s s i g n e d  f - f  t r a n s i t i o n s  
2750 Eu:~+-O"-- c h a r g e  t r a n s f e r  

b a n d  

while excitat ion of the CaF2:0.088 Eu ~+ by 5763A gives 
rise to emission lines at 6100 and 6262A (Fig. 9b). This 
supports the conclusion that  specie III and IV have the 
5763A and 6262A emissions in common but differ in the 
wave leng th  position of the emission near  6100A. The 
re la t ive  intensities of spectral  lines corresponding to 
emission from the 5D2, 5DI, and ~D0 levels of a given 
Eu 3+ specie are not a function of Eu 3 + concentration. 
There is no evidence for concentrat ion quenching of 
5D2 or 5D1 accompanied by an enhancement  of emission 
f rom the 5D0 level. Appearance  of specie III and specie 
IV emission and simultaneous disappearance of emis-  
sion from specie II on increasing the concentrat ion of 
Eu 3+ is readily ascribed to a change in absolute con- 
centrat ions of the individual  species. The changes in 
emission intensities may not be at t r ibuted to a concen- 
t rat ion dependent  var ia t ion of fluorescent l ifetimes of 
the 5Dj levels. 

_z 

>~ 

6000  6200 6400 6600 6800 7000 
WAVELENGTH (~,) 

Fig. 9. Emission spectrum of (a) CaF2:0.02 Eu 3+ and (b) CoF2: 
0.088 Eu '3 + excited at 5763.A. 
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,=, 

4100 4500 5000 5500 60OO 
WAVELENGTH (A) 

Fig. ]0. Visible excitation spectrum of CaF2:0.02 Eu 3+ for emis- 
sion at 6262~,. 

z 

2500 3OOO 3500 4OOO 4500 
WAVELENGTH (1) 

Fig. 11. Ultraviolet excitation spectrum of CaF2:0.02 Eu ~+ for 
emission at 6262,~. 

Excitat ion spectra for the pr imary  specie III  and IV 
emissions (6262, 6100, 6082, and 5763A) are identical;  
as an example,  the excitat ion spectra for 6262A emis- 
sion in CaF2:0.02 Eu 3+ are shown in Fig. 10 and 11. The 
resemblance be tween excitat ion and emission spectra 
for  species III  and IV indicates that  the site symmet ry  
for Eu 3 + ions involved in these Eu "~ + --  O 2- complexes 
are similar. A comparison of the four  europium species 
ment ioned now follows. 

Discussion 
Krei tman  and Barnet t  (12) have calculated the con- 

centrat ion dependent  probabili t ies for finding a given 
impur i ty  ion in various clusters in a face-centered  
cubic lattice. In CaF2, for example,  for concentrat ions 
of impur i ty  up to 0.05 g - a tom/mole  CaF2, the impur i ty  
ions are predominant ly  isolated f rom each other  (sin- 
gles) or form nearest  and nex t -neares t  neighbor pairs. 
Above a concentrat ion of 0.05 g - a t o m / m o l e  CaF2, the 
probabil i ty for finding singles and pairs becomes less 
than that  for finding triads and higher order clusters. 

In the present invest igat ion the impur i ty  concentra-  
t ion of Eu 3 + in CaF2 ranged f rom 0.002 to 0.02 g - a t o m /  
mole CaF2 and from 0.042 to 0.088 g - a t o m / m o l e  CaF2. 
For  low europium concentrations (0.002-0.02 g-a tom 
range) most Eu 3 + ions are single or paired. For  single 
(isolated) Eu 3+ ions, the charge compensat ion by oxide 
ion can be achieved by an O 2- ion replacing F -  in a 
site adjacent  to Eu 3+. The Eu 3+ ion would, thus, pos- 
sess C~v site symmet ry  (Fig. 12a). A nearest  neighbor 
pair of Eu 3+ ions can be compensated by a pair  of 
oxide ions (occupying F -  ion sites),  forming a bridge 
between the europium ions (Fig. 12b). The Eu 3+ ions 
in such a bridged pair  possess C2v site symmetry.  For 
nex t -neares t  neighbor pairs, one may assume that  the 
individual  Eu 3+ ions are too far  separated to interact  
appreciably. Therefore,  when O 2- compensated, such 
a Eu 3 + ion pair  may  be considered to form two slightly 
interact ing (Eu - -  O) + complexes. Thus, the Eu ~+ ion 
in each complex may  be treated as possessing some- 
what  per turbed C3v symmet ry  with emission excitat ion 
spectra similar to nonper turbed (Eu - -  O) + complexes.  

X - r a y  crystal lographic evidence exists for the for-  
mation of both (LnO) + and (Ln202) 2+ complexes in 
rare ear th  oxides and oxy-sal ts  (13). In addition, For-  
rester  and McLaughlin (14) have  in terpre ted  ESR 
measurements  of Tm203-act ivated CaF2 in terms of 
Tm3+-Tm 3+ nearest  neighbor cation pairs bridged by 
two charge compensat ing oxide ions. Such evidence 

(o) (Eu -O} *  COMPLEX 
C3V SITE SYMMETRY 

(b)  INTERSTITIAL F -  ION 
C4V SITE SYMMETRY 

I I I C2V SITE SUMMARY 

[ 

@ O z- [ON 

Fig. 12. Modes of charge compensation for Eu 3+ in CaF2 

supports the contention that  Eu 3 + when O 2- compen-  
sated exists as ( E u - -  O) + and (Eu2--  02) 2+ entities. 

In the higher  Eu 3+ concentrat ion range, more  euro-  
pium ions are clustered in triads and h igh-order  groups 
than exist  as singles or pairs. However ,  assuming again 
that  nex t -neares t  neighbor  interact ion of Eu 3 + ions can 
be ignored, most tr iads can be looked upon as associa- 
tions of singles or pairs and singles. The emission and 
exci tat ion spectra of Eu 3+ ions in these triads will  
probably be similar  to the spectra of singles and pairs 
wi th  any differences ascribed to weak interactions wi th  
nearby Eu 3 + --  0 2 -  complexes.  

Barnes and Hincot t  (15) have  shown that  the wave-  
length of the charge t ransfer  band of Eu 3 + - -  O 2- com- 
plexes increases wi th  an increase in the number  of 
ligands coordinated to the Eu 3+ ion. Thus, the charge 

O 

t ransfer  band associated with  (Eu / ~ E u )  ~+ com- 

\o / 
plexes is expected to lie at longer  wavelengths  than 
that  associated wi th  an isolated Eu 3 + ion coordinated 
to a single oxide ion. 

For  specie I Eu 3+ in CaF2 (Table I),  the charge 
t ransfer  bands associated wi th  this specie are at the 
longest wave length  observed for sueh bands, suggesting 

O 

that  the ent i ty  discussed is a ( E u ~ A ~ E u ) 2 +  complex. 

u 
The appearance of two charge t ransfer  bands for specie 
I excitat ion has earl ier  been a t t r ibuted to the presence 
of two separate entities. One of these may be identified 
as an isolated ( E u 2 -  O2) 2+ complex. The second may 
be a (Eu~--  O2) 2+ complex which forms par t  of a t r iad 
or high cluster  and is far enough removed from other  
Eu 3+ ions in the cluster to exhibi t  a (Eu2 - -  02)2+_type 
spectrum. Since europ ium-oxygen  charge t ransfer  
bands shift to longer  wave leng th  with increased co- 
ordinat ion of 0 2 -  to Eu 3+, the longer  wave leng th  
t ransfer  band in specie I can be ascribed to the 
( E u 2 - - 0 2 )  2+ group weakly  coordinated to a nearby 
Eu 3+ - - O  2- grouping. It may  be recal led that  the 
probabil i ty  for isolated ( E u 2 - - 0 2 )  2+ pair  formation 
decreases wi th  increased Eu 3+ concentrat ion whi le  the 
probabil i ty  for t r iad format ion increases. Therefore,  
the increase in the re la t ive  intensi ty of the long wave -  
length charge t ransfer  band with  Eu 3+ concentrat ion 
can be a t t r ibuted to the increased presence of pairs 
that  are parts of h igher -order  clusters. 

For both specie III  and IV, the charge t ransfer  ex-  
citation band is observed at 2750A which is appre-  
ciably lower in wave leng th  than the charge t ransfer  
band of specie I. This indicates that  the Eu 3+ ions in 
the species III  and IV are coordinated to f e w e r  0 2 -  
ligands than are Eu 3+ ions of specie I. Specie III, 
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which is prevalent  at lower concentrations, is, there-  
fore, associated with an isolated ( E u - - O )  + complex. 
Specie IV, which is observed at higher Eu 3+ concen- 
trat ions is associated with a (Eu -- O) + complex which 
is nex t -neares t  neighbor to another  ( E u - - O )  + or 
( E u 2 ~ - - O 2 )  2+ group, i.e., it is par t  of a nex t -neares t  
neighbor pair  or part  of a triad. 

Finally,  as previously noted, failure to observe a 
Eu~ + - -  O 2- charge t ransfer  band  for specie II indicates 
that the Eu 3 + ions involved are far removed from ox- 
ide ions. The number  of 5Do-TF1 emissions observed for 
specie II is greater than  the max imum allowed assum- 
ing complete removal  of 7F1 degeneracy. Thus, specie 
II is the collection of all Eu 3+ ions in both noncom- 
pensated and F -  ion compensated sites. Europium com- 
pensated by an oxide ion not localized at the Eu 3+ 
site would also be included in specie II. Specie II Eu 3 + 
ions compensated by  an interst i t ial  F -  ion would 
possess C4v symmetry  which, according to group theo- 
retical calculations, would allow for a 5Do-7Fo t rans i -  
tion. Judd  (8), however,  in his discussion of hyper-  
sensitive rare earth ion transi t ions states that  the 
l inear  asymmetry  at a rare earth ion required for 
observation of such transi t ions must  involve sym- 
met ry  distortion caused by  nearest  neighbor ions. Since 
F -  ions compensat ing Eu 3+ in CaF~ are not nearest  
neighbor to Eu 3+, one may conclude that  they are in-  
effective in distorting the local Eu ~+ symmetry  suf- 
ficiently to allow observation of a 5D~-TFo transit ion.  
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Strain Compensation in Silicon by Diffused Impurities 
T. H. Yeh* and M. L. Joshi 

IBM Components D~vision, East Fishkill Facility, Hopewell Junction, New York  

ABSTRACT 

A method to avoid dislocation generat ion in boron or phosphorus-diffused 
layers is presented. This method, called s t rain compensation, considerably 
reduces dislocation generation in the diffused layers. This s t ra in compensation 
is brought  about because impurit ies such as t in and boron, or t in  and phos-  
phorus, have been diffused s imultaneously  into the silicon, with t in  counter-  
acting the stresses produced by the solute lattice contraction of the boron 
or the phosphorus. Transmission electron micrographs are provided as evi-  
dence of this phenomenon.  

Diffusion of high concentrat ion of impur i ty  in sili- 
con is known to introduce stresses in the lattice and 
cause the generat ion of dislocations in the diffused 
region. Such dislocations, par t icular ly  those due to 
phosphorus and boron, have been the subject of de- 
tailed s tudy in the past (1-11). The amount  of maxi -  
m u m  stress being induced in the silicon lattice by the 
homogeneously dis tr ibuted impur i ty  is understood to 
be dependent  on both the size of the impur i ty  atom 
relative to the size of the lattice site it occupies in the 
silicon mat r ix  and on the m a x i m u m  solubili ty of the 
impur i ty  in the silicon at the diffusion temperature.  
On the basis of Paul ing 's  te t rahedral  covalent radii, 
both phosphorus and boron radii  are smaller  th~n that  
of silicon (12). Also, the max imum solid-solubil i ty of 
these two elements in silicon (13) is relat ively high. 
Therefore, the amount  of m a x i m u m  stress introduced 
by them can easily exceed the elastic l imit  of silicon 
(14). Heavy homogeneous doping of phosphorus and 
boron in  Si is, however,  not  expected to introduce dis- 
locations. An impur i ty  gradient  with the concentrat ion 
in the surface exceeding a critical l imit is necessary 
for the generat ion of misfit dislocations. There are two 
we l l -known basic theories on diffusion induced misfit 

* Electrochemical  Society Act ive  Member .  

dislocations, one by Pruss in  (3) and the other one by  
Queisser (4). Modifications of these theories also exist 
(5-11) but  have no substant ia l  advantage over them. 
Pruss in 's  theory shows that  the total  number  of dis-  
locations generated via diffusion is directly propor-  
t ional  to the surface concentration, Co. This concentra-  
t ion has to be in excess of the critical concentration, 
Cg, for which the surface stress exceeds the elastic 
l imit  of silicon. Queisser, on the other hand, considers 
the total in tegrated doping Q as a cri ter ion for dis- 
location generation. In  order to avoid dislocation gen-  
eration in these diffused layers, one general ly  has to 
diffuse these impuri t ies  (B and P) into the silicon in 
such a way that  the total  n u m b e r  of solute atoms 
per uni t  surface area of the diffused layer, Q, is below 
a certain critical value (4). This can be achieved by 
either diffusing these impuri t ies  at concentrat ions well  
below their solid solubil i ty limits, i.e., in  the case of 
where the surface concentrat ion of the boron-  or 
phosphorus-diffused layer is below 8 x 1019 cm -3 or 
5 x 10 ~~ cm -3, respectively, with a relat ively large 
diffusion length (4, 8); or al ternat ively,  by diffusing 
these impurit ies to the l imit  of solid solubility, but  
with a small diffusion length (15). This is so be-  
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cause QI is proport ional  to the product  of Co and 
(Dt) t/2, where  Co is the surface concentrat ion of the 
diffused impur i ty  in silicon and (Dt) 1/2 is the diffusion 
length. 

In this article, a method to avoid dislocation genera-  
tion in boron or phosphorus-diffused layers is pre-  
sented. This me thod- - s t r a in  compensa t ion- -cons ider -  
ably reduces dislocation generat ion in ei ther  boron-  
or phosphorus-diffused layers, even though these sur-  
face concentrat ions exceed the limits ment ioned above. 

Exper imenta l  procedure.--Si l icon wafers  of <111~ 
orientat ion were  cut from Czochra lski -grown boron or 
phosphorus-doped single crystals. The net impur i ty  
concentrat ion of these crystals was on the order of 
10 TM cm-3.  Wafers were  lapped and cher:.ically polished 
to remove  surface damage. (The dislocation etch-pi t  
count on one of the wafers  was taken and was found 
to be less than 500/cm2.) The silicon wafers  were  
annealed at 1000~ for about an hour in an open tube 
through which dry ni t rogen flowed. This t rea tment  
was used only as a precaut ion to el iminate any rem-  
nant strains in the surfaces of the wafer.  One of the 
wafers  was again tested for e tch-pi t  count and was 
found to show no increment  in dislocation content, 
thereby indicating that  the chemical  polishing did 
actual ly remove  almost all of the surface strains. Dif-  
fusions were  carried out in the evacuated capsules 
(16) (<10 -6 m m  Hg) at 1200~ for 60, 120, and 180 
min. For  the single diffusion of phosphorus, boron, or 
tin, certain amounts  of crushed powders obtained from 
the  doped silicon crystal  of that  par t icular  impur i ty  
with known concentrat ions were  included in the cap- 
sule as the source of diffusion. For  the simultaneous 
diffusion of tin and boron, or tin and phosphorus, 
equal  amounts  of crushed powders obtained from 
these two doped silicon crystals (such as t in-doped 
and boron-doped,  or t in-doped and phosphorus-doped)  
of known concentrat ions were  included in the capsule 
as the sources of diffusions. For  the phosphorus-,  
boron-,  or t in-doped silicon source, concentrat ions of 
1.7 x 102t cm-3,  1.7 x 1020 cm -3, and 8 x 10 TM cm-3,  re-  
spectively, were  employed. 

Chemical  staining was used on a bevel led sample to 
de termine  its diffusion depth, and a four-point  probe 
was used to measure  its sheet resistivity. The surface 
concentrat ion of the boron or phosphorus-diffused 
sample was then de termined  according to I rv in  (17). 
Radiotracer  technique was used to de termine  the tin's 
profile in a t i n -and-boron-  or in a t in -and-phosphorus-  
diffused wafer.  2 

Transmission electron microscopy examinat ion  was 
used to study the dislocations induced in the phos-  
phorus-  or boron-diffused layers; it was also used to 
study or confirm the absence of dislocations in the 
phosphorus- t in- ,  or boron- t in-di f fused layers. X - r a y  
diffraction technique was used to study the changes of 
latt ice parameter  of silicon due to boron, phosphorus, 
or t in impurities.  Details of these two techniques have 
been described elsewhere (8, 18). 
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Table I. Diffusion data 

January 1969 

B o r o n  B o r o n  a n d  Sn* 

T e m p ,  T i m e ,  
*C m i n  X. i ,  Ix C,,,  cm-:~ X j, IX C. ,  cm-:~ 

1200 180 7.9 1.7 • 10 ~' 6.8 6.5 x 10 'a 
1200 60 4.4 1.7 • 10 ~' 3.9 7.5 • 10 t:~ 

Results and Discussion 
Table I summarizes the diffusion data. In the case 

of single diffusion, the wafers  in the capsule achieve 
the same concentrat ion as the source powders at the 
surface after  equi l ibr ium conditions are established 

1 F o r  d i f fu s ion  f r o m  a c o n s t a n t  s o u r c e ,  t h e  q u a n t i t y  of i m p u r i t y  
h a v i n g  e n t e r e d  t h e  w a f e r  a t  t i m e ,  t,  is  g i v e n  by  

O = ~ l j ( x , t ) d t  = 
~o  

(Co/~/T) 2 x / D t ;  w h e r e  j ( x , t )  = - D  - -  
�9 =0 OX x=O 

_ o o(_ ) c o y  ' ~  

T h e  d e t a i l e d  a n a l y s i s  of  t h e  Sn  u~ is  d e s c r i b e d  in  a s e p a r a t e  
p a p e r  e n t i t l e d  " D i f f u s i o n  of T i n  in  S i l i c o n "  by  T.  H.  Y e h ,  S. M. H u ,  
a n d  R. H. K a s t l ,  p u b l i s h e d  in  J o u r n a l  of  A p p l i e d  Phys i c s ,  A u g u s t ,  
1968, 

P h o s p h o r u s  P h o s p h o r u s  a n d  Sn* 

T e m p ,  T i m e ,  
*C m i n  X l ,  IX Co,  cm -:~ X j ,  ~ C . ,  e m  -,~ 

1200 180 10.5 1.6 X 10 et 9.0 8.0 • 10 :-~ 
1200 120 8,6 1.7 x 10 ct 7.4 8.0 • 10 m 
1200 60 5.0 1.7 • l0  =1 5.5 8.0 X 10:" 

Xj  = J u n c t i o n  d e p t h s ;  C ,  = s u r f a c e  c o n c e n t r a t i o n  of t he  d i f fused  
i m p u r i t y  in s i l i con ,  

* T h o s e  Co a n d  X I  a r e  f o r  b o r o n  or  p h o s p h o r u s  o n l y .  T i n ' s  X i  
a n d  C,  in the  p r e s e n c e  of b o r o n  or  p h o s p h o r u s  a r e  s h o w n  il l  F ig .  
l a  a n d  l b .  

at the diffusion temperature .  However ,  in the case of 
s imultaneous diffusion, it was found that  the surface 
concentrat ion of those phosphorus-  or boron-diffused 
wafers  are almost one-hal f  the values of those singu- 
lar ly diffused P or B wafers. They are 8.0 x 1020 cm "; 
and 6.5 ,~ 7.5 x 10 TM cm -3, respectively,  instead of 1.7 
x 1021 cm-3  and 1.7 x 1020 cm -3. This result  can be 
explained by the flux cont inui ty in the mass t rans-  
port  phenomenon.  When the t in-doped and the boron- 
doped silicon source powders are s imultaneously in-  
cluded in the capsule, the t in-doped source actual ly 
acts as a sink for the boron-doped source, and vice 
versa. (These sample wafers, a l though they act as a 
sink for both of the sources, actual ly  consti tute a 
negligible fract ion of surface area when  compared to 
the surface area of the silicon powders.)  

If one assumes that  (i) that  the vacuum space of- 
fered very  l i t t le resistance to mass transport ,  (ii) the 
rate  of evaporat ion of impur i ty  is much higher  than 
the rate  of diffusion of that  impur i ty  in the solid, and 
(iii) the  diffusivity of that  impur i ty  in the source 
and in the sink are the same and are constant, then 
the impur i ty  profiles in the source and in the sink can 

10 20 

I 0  I g  

o 

3E 
1018 

. 

1017 

1o'% .~, '4 .'6 :8 i'.o 
DEPTH (p.) 

Fig. la. Sn profile in presence of B diffused at 1200~ 60 min 



Vol. 116, No. I COMPENSATION IN SILICON BY IMPURITIES 75 

10 2o 

10 19 

03 

g, 

10 le 

I I I I l o ' � 89  j> .4 I~ 13 Ilz it4 1.6 l:e ~ �9 2.2 . 2.0 1,0 

DEPTH (F~, 

Fig. lb. Sn profile in presence of P diffused at 1200~ 120 min 

be expressed ,  r e spec t ive ly ,  b y  t h e  f o l l o w i n g  equa t ions  

C i (x , t )  = Czi 1 A I - F  Azz \ 2~x/Dt ~a  

and 

AI  e r fc  [2] 
Ciz (x, t)  - -  Cii Az + Azz 

w h i c h  m u s t  sa t i s fy  t h e  f o l l o w i n g  in i t i a l  and  the  
b o u n d a r y  condi t ions  

Cz(x,0)  = CI i  for  a l l  x [3] 

Czz (x,0) = 0 for  a l l  x [4] 

Cz(x,t) = Cz~ as x --> ~ for  a l l  t [5] 

C i i (x , t )  = 0 as x -> ~ for  a l l  t [6] 
and  

OCz OCiz ! [7] 
= - -  AIzD I AiD ~ x  z---0 "Ox x=o 

w h e r e  subscr ip ts  I and  I I  deno te  t he  source  and  the  
source  and  t h e  sink, r e spec t ive ly ,  Cz~ is t he  in i t i a l  c o n -  
c e n t r a t i o n  of  t h e  source,  and  t h e  A ' s  a r e  t he  su r face  
areas.  F r o m  Eq. [2] it  is seen  t h a t  t h e  su r face  concer t -  

S 4 3 2 (  
TFN 

~ ~ ATOMSICC 
x DIFFUSED WAFER 

PHOSPHORUS ', H/t,S ~SLOCATI01~S 

BORON 
5 4 2 9 (  

DISLOCATION 
GENERATION 

Fig. 2. Lattice parameter measurement of smaller or larger im- 
purity atoms in silicon. 

Fig. 3. Dislocations generated by (a) (top) P, (b) (center) B, (c) 
(bottom) Sn alone in the diffused layers having surface concentra- 
tions of 1.7 x 10~1, 1.7 x 10 ~~ and 8 x 10 TM cm -~ ,  respectively. 
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eters (Fig. 2). The impor tant  result  of this x - r ay  ex-  
aminat ion is that  the impur i ty  having the larger 
atomic size also had the larger lattice parameter,  i.e., 
lattice expansion of silicon, whereas those impurit ies 
having the smaller  atomic size also had the smaller  
lattice parameter,  i.e., lattice contraction of silicon. 
Also, their  respective lattice differences increase with 
increasing impur i ty  concentrations.  However,  bu lk -  
doped crystals with the highest possible concentrat ion 
of either P, B, or Sn did not produce dislocations. This 
is unders tandable  since only impur i ty  gradients cause 
dislocations. Dislocations are produced only in the dif- 
fused wafers when  either one of these impurit ies ex-  
ceeds a certain concentrat ion level at the surface. For 
P, B, and Sn, this critical level is 5 x 1020 cm -3, 
3 x 1019 cm -3, (ref. 7, 8) and 1019 cm -3, respectively. 
The cross point in Fig. 2 indicates such a lattice pa ram-  
eter measurement  in the surface layer  of the phos- 

Fig. 4. Dislocations generated by (a) (top) P and (b) (bottom) B 
alone in the diffused layers having surface concentrations of 
8.0 x 10 2~ and 6.5 ~ 7.5 x 10 TM cm -3 ,  respectively. 

t rat ion of the wafer is given by 
AI 

Co = CII (0,t) -~ CI~ AI [8] 
+ AII 

Since both powdered sources are of the same particle 
size and have equal amounts  in the capsule, they 
therefore have the same surface area. Consequently,  
the surface concentrat ion of the wafer, according to 
Eq. [8], should be one-hal f  of the value of the ini t ia l  
concentrat ion of the source. 

Because t in  is a neu t ra l  impur i ty  in silicon, a radio- 
tracer technique was used to determine its profile. 
Figures la  and lb  are the t in 's  profile in a t i n -boron-  
or in a t in-phosphorus-diffused wafer. The surface 
concentrat ion of t in  in both of these samples (~5  x 
t019 era-3) is only about  one-half  of the value of 
t in diffused alone into silicon (8 x 1019 era-8) ,  as it 
should be according to Eq. [8]. This, in turn,  fur ther  
substantiates the surface concentrat ion values of boron 
or phosphorus, determined by sheet resistivity and 
junct ion depth measurements ,  in the presence of tin, 
as given in Table I. 

Examinat ion  by x - ray  diffraction of bulk-doped sil- 
icon with impuri t ies  having larger (Sn) or smaller  
(P and 13) atom sizes than  that  of the silicon showed 
distinct measurement  differences in the lattice param-  

Fig. 5. No dislocations in (a) (top) P+Sn  simultaneously diffused 
layer having surface concentrations of 8.0 x 10 2~ cm - 3  for phos- 
phorus and of 5.0 x 10 TM cm - 3  for tin; (b) (bottom) B~-Sn simul- 
taneously diffused layer having surface concentrations of 7.5 x 
10 TM cm - 3  for boron and of 5.0 x 1019 cm - 3  for tin. 
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phorus-diffused wafer. It  shows a re tu rn  of the lattice 
parameter  in the diffused surface to a value corre- 
sponding to the lattice parameter  of silicon with lower 
concentrat ions of phosphorus as dopant  (18), strong 
evidence that  the strained lattice tends to relax when 
the dislocations are produced. 

Figure 3 shows an electron micrograph of the dis- 
locations produced by the P, B, and Sn alone in the 
diffused layers having surface concentrat ions of 1.7 x 
1021 cm -3, 1.7 x 1020 cm -3, and 8 x 1019 cm -~, re-  
spectively; the dislocation densities for those samples 
are in the order of 109, l0 s, 107 cm -2, respectively. If 
the surface concentrat ions of phosphorus or boron dif- 
fused wafers have reduced to 8.0 x 102o cm -3 and 6.5 
7.5 x 10 TM cm -~ (from 1.7 x 1021 cm -3 and 1.7 x 1020 
cm-3) ,  respectively, the dislocation densities for those 
samples are also reduced to about  l0 s and 5 x 106 cm -2 
(from 109 and l0 s cm-2) ,  respectively, as evidenced in 
Fig. 4a and 4b, by the electron micrographs. 

However, when those s imultaneously  diffused P - S n  
or B-Sn wafers were examined by t ransmission elec- 
t ron  microscopy (even though they have the same sur-  
face concentrat ions as those singly diffused wafers, 
namely,  8 x 1020 cm-3  and 6.5 ~-- 7.5 x 1019 cm -3) they 
clearly show the lack of dislocations. Figures 5a and 
5b are the electron micrographs of those s imul tane-  
ously diffused wafers. From this result  one can con- 
clude that the stresses ordinar i ly  caused by the phos- 
phorus or boron atoms in silicon have been compen- 
sated by the stress caused by the t in  atoms to the 
extent  that  no relief of the stresses in  the lattice is 
necessary. 

Fur thermore,  p re l iminary  results indicate that  Ge 
can also be used for strain compensation in silicon 
with boron or phosphorus, i.e., s imultaneously diffused 
P-Ge  or B-Ge in silicon produces no dislocations in 
the diffused layers. 

Conclusion 
A method to avoid dislocation generat ion in boron-  

or phosphorus-diffused layers is presented. This 
method, s t ra in compensation, considerably reduces dis- 
location generat ion in either boron-  or phosphorus-  
diffused layers, even though their  surface concentra-  
tions are exceeded by the critical values (4, 8). The 
strain compensation is brought  about through s imul-  
taneous in t roduct ion into silicon of impuri t ies  such as 
t in  and boron, or t in  and phosphorus. Since the TCR 

( te t rahedral  covalent radius)  of t in  is larger than  that  
of Si, whereas the TCR of boron and phosphorus is 
smaller  than that  of Si, it is felt that  the silicon lat-  
tice, which would be expanded by t in atoms, counter-  
acts the contraction ordinar i ly  due to phosphorus or 
boron is either el iminated or considerably reduced 
below the elastic limit. 
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The Preparation and Properties of Amorphous Silicon 
R. C. Chittick, J. H. Alexander, and H. F. Sterling 

Standard Telecommunication Laboratories Limited, Harlow, Essex, England 

ABSTRACT 

A radio-f requency glow discharge is used to deposit films of amorphous 
silicon from silane gas on to substrates at 25~176 These films have re-  
sistivities at 21~ of up to 1014 ohm-cm and have large tempera ture  coeffi- 
cients of resistivity. A photoconductive effect is observed which reaches a 
m a x i m u m  for films deposited at 300~ and a sample is compared with a CdS 
cell. The effects of heat - t rea tment ,  ageing, and doping on the properties of 
amorphous silicon are reported. The var iat ion of properties with deposition 
tempera ture  is related to the s t ructural  changes with tempera ture  that  have 
been observed for this material .  

Various processes are available for the deposition of 
silicon. The element  may be t ransported by vacuum 
evaporation, for example, or be deposited from the 
vapor phase by the chemical reduction of a suitable 
compound. When the substrate is heated, crystal l ine 
deposits are obtained, and under  certain conditions 
single crystal or epitaxial growth takes place. Silicon 

in the crystal l ine form is well  characterized, and its 
electrical behavior is understood. 

The vapor depositions of silicon onto unheated sub-  
strates are microcrystal l ine or "amorphous" in form 
and exhibit  electrical properties which significantly 
depart  from those of the crystal l ine state. Since the 
microcrystal l ini ty  or degree of amorphousness is un -  
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defined and very  process dependent,  the same consis- 
tency of s tandard electr ical  propert ies  in comparison 
with  single crystal  silicon is not obtained, 

Sitane gas is a useful and important  source mater ia l  
for the preparat ion of h igh-pur i ty  e lemental  silicon 
in crystal l ine form. By pyrolysis at 1000~ it l iberates 
silicon and can be used for the bulk preparat ion of 
semiconductor grade material .  In order  to suppress 
gas phase decomposition of silane, the pyrolysis is usu- 
al ly carried out at reduced pressure. 

If silane gas at low pressure is subjected to a h igh-  
f requency electrodeless glow discharge, the deposi-  
tion of amorphous or vitreous silicon takes place (1). 
Al though higher  electron tempera tures  exist in the 
gas it is molecular ly  near  room temperature ,  so that  
deposition on to v i r tua l ly  cold substrates results in 
ve ry  short range ordering in the s t ructure  which is 
not necessari ly of te t rahedra l  form. In appearance the 
mater ia l  resembles the crystal l ine form but breaks 
with a conchoidal fracture.  Elect r ica l ly  it has a room 
tempera tu re  resist ivi ty of up to 10 TM ohm-cm with  a 
large tempera ture  coefficient. Specimens deposited 
under  certain conditions exhibit  marked  photoconduc-  
t ive effects. 

The object  of this paper is to report  details of the 
apparatus and method used and to give results of some 
electrical measurements  which have been made. 

Experimental Technique 
The appara tus  used is c o m p a r a t i v e l y  s imp le  (Fig. 1). 

A silica tube 3 cm diameter  and 40 cm long acts as the 
reaction chamber  and is fed with  pure silane gas 
through a flow mete r  and needle valve. (The silane 
used in these exper iments  was obtained from Matheson 
and was nominal ly  50 ohm-cm p- type  as crystal l ine 
silicon. ) 

The gas pressure is reduced by means of a vacuum 
pump, fitted with a throt t le  valve,  so that  the dynamic 
pressure can be set in the range 0.1-1 Torr  and mea-  
sured on a McLeod gauge. A rad io- f requency coil sur-  
rounds this reaction tube and st imulat ion is provided 
by a 500w oscillator operat ing at 1 MHz. Deposition of 
amorphous silicon takes place on the walls of the reac-  
tion tube and in the glow discharge area generally.  
Substrates  placed in this area are  coated at a ra te  of a 
few microns per hour. Provision is also made for sub- 
strates to be heated dur ing deposition or subsequently,  
so that  s t ructural  changes, associated with ordering and 
the onset of crystal l ization and thei r  electr ical  effects, 
can be studied. Since the heat ing of a susceptor and the 
provision of a glow ini t iat ing field are der ived f rom the 
same oscil latory source, modifications have been made 
to the tuned circuit so that  these effects can be var ied  
independently.  

During the first stages of deposition the film is yel low 
changing to red by t ransmit ted  light and shows in ter -  
ference colors by reflection. As growth  proceeds toward 
lp thickness, the film becomes opaque and black when 
deposited on polished surfaces and looks mat t  gray on 
rough surfaces. Exper imenta l  work  has shown that  
deposition rates may be speeded up considerably, but  

Siiane I 
gos 

Need{e vo(ves 

N~ 

Radio 
trequency 
osci((otor 

1MHz 

Vocuom pump 

Fig. I. Glow discharge deposition apparatus 

the effect of these increased rates on the propert ies of 
the mater ia l  has not yet  been assessed. 

Special care was taken with  apparatus design and 
with the exper imenta l  techniques to ensure that  oxygen 
and other  atmospheric gases were  excluded from the 
reaction chamber  during deposition. A leak rate  of less 
than 1 Torr per  l i ter  volume over  24 hr  is always main-  
tained. 

Samples for measurement  have  been prepared 
mainly  on glass substrates (Coming  glass 7059 7/16x 
1/2 in.) with two evaporated a luminum electrodes in 
ei ther coplanar or paral lel  planar form. Tempera ture  
measurement  was carried out optical ly using an inf ra-  
red pyromete r  (Thermodot  TD6B). Electr ical  measure-  
ments were  made with a Kei th ley  e lect rometer  (610B) 
and film thicknesses with a Talystep. 

Electrical Res is t iv i ty  

Measurements  carr ied out on coplanar samples gave 
the fol lowing results. A number  of samples were  grown 
at 21 ~ with thicknesses f rom 0.2 to 4 ~m and an elec- 
t rode spacing of 1 ram. The resist ivi ty was inversely 
proport ional  to the thickness, that  is, normal  conduc- 
tion in a uniform mater ia l  (Fig. 2). Assuming I 
A exp ( - -~ /kT) ,  wi th  A a constant independent  of t em-  
perature,  a discrete activation energy (~) of 0.8-0.83 
ev was obtained for these samples. It was found also 
that  the resistance was direct ly  proport ional  to the 
electrode separation. A typical  resist ivi ty value for 
amorphous silicon deposited at room tempera tu re  by 
this technique is 1.5 x 101~ ohm-cm at a field of 100 
v/cm. 

On para l le l -p lanar  samples (A1-Si-A1 sandwich) ,  
measurements  indicate a higher  value for the electrical 
resis t ivi ty of the m a t e r i a l  For  example,  at a field of 
100 v / c m  a value of 2.5 x 10 TM ohm-cm was obtained. 
Similar  high resis t ivi ty values have been obtained for 
evaporated silicon films (2). 

Variation of Resis t iv i ty  w i th  Deposition Temperature  
The effect of deposition t empera tu re  on the resist ivi ty 

of amorphous silicon is plotted in Fig. 3, curve  a. Mea- 
surements  were  carr ied out at 21~ and f rom the 
curve  it wil l  be seen that  the resist ivi ty decreases wi th  
increasing deposition temperature ,  the effect being most 
marked  between 250 ~ and 500~ At  tempera tures  
above 500~ the resist ivi ty stabilizes near  4 x 104 
ohm-cm. No depositions were  carried out above 650~ 
on glass. 

| 
�9 ~= H3a 2o001 

=$: o.e3a 3~oo~ 
A ~- n.o~u ~nnn 

@~= 0.82eV 1.15,um 
|  0.8 eV ~/Jrn 

80~ 

1000 

Fig. 2. Deposition temperature 21~ variation of electrical 
conduction with temperature for various thicknesses. 
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Fig. 3. Resistivity measured as a function of deposition tempera- 
ture at 21~ Curve a, dark; curve b, light (20 ft candles). 

Variation of Activation Energy 
wi th  Deposition Temperature 

It is interest ing to note that  wel l -def ined act ivat ion 
energies have  been observed over  fa i r ly  large t empera -  
ture  ranges. A sample deposited at 21~ has an act iva-  
t ion energy of 0 . 8 - 0 . 8 5  ev over  the range 0 ~  For 
160~ deposited samples the act ivat ion energy is 0.65- 
0.7 ev for the tempera ture  range 21~176 and for 80 ~ 
to 150~ is 0.8-0.85 ev. The changeover  appears to in-  
crease wi th  increasing deposition t empera tu re  unti l  r 
= 0.65-0.7 ev over  the whole range 21~176 for 
deposition tempera tures  of 2 7 0 ~ 1 7 6  Fur the r  in-  
creases in deposition t empera tu re  give lower act ivat ion 
energies. At the low resist ivi ty plateau (4 x 104 ohm- 
cm, Fig. 4) the act ivation energy = 0.21 ev. I t  can be 
seen f rom the curves that  the resis t ivi ty changes f rom 
1.5 x 10 TM ohm-cm at 21~ to 1 x 106 at 140~ for mate-  
r ial  deposited at room temperature .  

Optical Properties 
A photoconduct ive effect has been observed in sam- 

ples of amorphous silicon and shows a dependence on 
deposition t empera tu re  (Fig. 3, curve  b).  The effect is 
absent in room tempera tu re  depositions, but  reaches a 
m a x i m u m  for near  300~ depositions and decreases 
with fur ther  t empera ture  increase. A decrease in re-  
sistivity of about 3 orders of magni tude  is obtained 
f rom dark  to normal  laboratory i l luminat ion  (100 ft  

109 ~ i ~  

loa _ _  zgooq r ."~ 

5 ~ c  ~=O.2~ev ~ _ . . _ . . - - ~  
~0~ 

2-0 2.5 - 3.0 0~5 
1000 

Fig. 4. Variation of activation energy with deposition temperature 

Chopper Frequency Hz 

q 

Fig. 5, Relative time responses of photoconductivity in amorphous 
silicon and cadmium sulfide. 
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Fig. 6. Optical absorption and photoconductivity for amorphous 
silicon deposited at 300 ~ Film thickness, 5000A; interference 
fringes on the absorption spectrum which occur from 0.75~ to 
higher wavelen�ths have been neglected. 

candles).  Under  these conditions the f requency re-  
sponse of cells made from this mater ia l  appears to be 
superior  to those made f rom cadmium sulfide. A com- 
mercial  cadmium sulfide cell was compared with a 
g low-discharge  deposited silicon cell. Both were  ex-  
posed to chopped l ight f rom a tungsten lamp and their  
responses, adjusted to have the same value  at 5 Hz, 
were  displayed on an oscilloscope. At a f requency of 
2000 Hz the silicon cell output  dropped by 50% com- 
pared with a fall  in output  of 93% for the part icular  
CdS cell used. This comparison is shown in Fig. 5. The 
dependency of the photocurrent  on l ight intensi ty is 
subl inear  I = (Int) n where,  in this case 0.5 ~ n ~ 0.85. 
In these measurements  a tungsten filament light source 
was used in conjunct ion with neutra l  density filters. 

A smeared absorption edge be tween  1.5 ~m and 0.5 
~m (Fig. 6) is obtained for amorphous silicon films. 
This is consistent wi th  the concept of localized states 
at the band edges. The onset of the photoconductivity,  
however ,  is at 0.75 ~m and reaches a m a x i m u m  at about 
0.6 ~,m. Carriers are, therefore,  not being produced by 
photon energies below 1.65 ev. Possibly transit ions in 
the energy range 0.8-1.65 ev occur only to the localized 
states at the band edges. 

If  this is the case, a vol tage dependence of the  th res -  
hold energy would be expected at high fields since 
there  is a possibility of Poo le -Frenke l  emission or tun-  
neling f rom the localized states. 

This has yet  to be invest igated as only low field mea-  
surements  have been made. Fur the r  exper imenta l  work  
is being carr ied out on absorption and spectral  re-  
sponge of this material .  

Heat- treatment  
Heat - t rea t ing  films to tempera tures  above those of 

deposition changes thei r  electr ical  properties.  For  ex-  
ample, when heated, room tempera tu re  films become 
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Fig. 7. Ageing in air of amorphous silicon grown at 300~ 
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photoconducting and, at the same t ime there is a drop 
in dark resistivity. A sample grown at room tempera -  
ture  and heated to 400~ for 2 hr  has propert ies which 
approach those of a sample grown at this temperature .  

Samples grown at tempera tures  between 21 ~ and 
150~ show no change in act ivation energy with  heat 
t rea tment  at 150~ under  an applied field of 100 v /cm.  

Ageing 
Films of amorphous silicon grown under  certain con- 

ditions exhibi t  ageing effects in resist ivi ty as has been 
reported by other  workers  for ge rmanium (3). The 
effect of ageing in air on glow discharge deposited ma-  
terial  appears to be dependent  on deposition tempera-  
ture. Fi lms grown from 21 ~ to 200~ show no signifi- 
cant ageing effect ei ther short t e rm (1 hr) or long te rm 
(6 months) .  At deposition tempera tures  of 500~ and 
above, ageing effects are not noticeable. However  in 
the in termedia te  range of tempera tures  200~176 an 
ageing effect is apparent  and has a broad m a x i m u m  
around 300~ 

Figure  7 s h o w s t h e  ageing curve for a sample grown 
at 300~ The first point corresponds to the dark re-  
sistivity measured 1 hr  after deposition. As can be 
seen, the ageing rate is greatest  just  af ter  deposition 
and falls off in t ime until  the resis t ivi ty approaches 
stabili ty be tween 2 and 3 weeks af ter  deposition. A 
slight decrease in resis t ivi ty occurs when the mater ia l  
is heat t rea ted for 1 hr  at 150~ These effects of ageing 
and their  in terre la t ion with  hea t - t r ea tmen t  need fur-  
ther  study. 

Parallel Planar Structures 
The cur ren t -vo l t age  characterist ics for these struc- 

tures reveal  an ohmic region at low field intensities of 

I Ar 

V z. (v01tsl 2 
Fig. 8. Current/voltage characteristics for AI-Si-AI sandwich 

structure at 21 ~ and 143~ 

less than 104 v /cm.  Under  fields greater  than this unti l  
b reakdown occurs at l0 s v /cm there  is a relat ionship 
I ---- A exp a V'/2 (see Fig. 8) where  a is inverse ly  pro-  
port ional  to the absolute t empera tu re  and the square 
root of film thickness. Hence we have the expression of 
the form I cc exp. (E~E'/2/kT) with fl the Schottky or 
Poo le -Frenke l  coefficient, which suggests Schottky or 
Poo le -Frenke l  emission. However  there  is no quant i ta -  
t ive agreement  be tween theory  and pract ical  results. 

Effects of Doping 
The electrical effects of the addition of significant 

impuri t ies  in crystal l ine silicon are well  known and 
understood. Exper iments  were  carr ied out to assess the 
effect of adding phosphorus to amorphous silicon dur-  
ing the deposition. Phosphine was chosen for this pur-  
pose, di luted with hydrogen, and added to the silane 
prior to its decomposition. Quanti t ies of 40-200 ppm of 
phosphine in silane did not give the dramatic  changes 
in resist ivi ty which would normal ly  be associated with 
these doping levels in single crystal  silicon. The re-  
sistivity was reduced by a factor of 20 to 100 on sam- 
ples deposited at room tempera tu re  depending on the 
doping level. However  these samples were  unstable, 
but stabilized af ter  heat  t r ea tment  at 150~ in air. R e -  
sults were  as follows: 

ppm phosphine Act ivat ion Resist ivi ty 
in silane energy, ev 21~ 

ohm-cm 
40 0.83 101~ 

100 0.77 4 x 109 
200 0.75 2 x 109 

Films deposited above 200~ still  show re la t ive ly  high 
resistivit ies at the doping levels previously mentioned. 
However ,  instabil i ty made accurate measurements  dif-  
ficult, so only approximate  figures are possible. An un-  
doped sample deposited at 280~ has a typical  resis t iv-  
i ty near  6 x l0 s ohm-cm. A sample deposited from 
silane doped with 200 ppm of phosphine at this t em-  
pera ture  gives a resis t ivi ty value  of the order  of 10 ~ 
ohm-cm. 

The photoconductive effect is reduced as doping in- 
creases. Exper iments  were  also carried out at ex-  
t r emely  high doping levels, i.e., 0.4 and 4.0% of phos- 
phine in silane. Room tempera tu re  deposition at these 
levels showed resistivit ies of 1 x 106 to 1 x 104 ohm-cm. 

Al though some discrete act ivat ion energies were  
found they tended to vary  with time. Room tempera-  
ture samples were  more stable than others grown at 
higher  temperatures .  F igure  9 refers to these measure-  
ments. 

In order to assess the amount  of phosphorus incor-  
porated in amorphous silicon for a given gas percent-  
age the mater ia l  was invest igated by e lec t ron-probe  
analysis. A gas mix ture  containing 50% phosphine in 
silane showed an actual  phosphorus in silicon content  
of near  30%. A second mix ture  containing 5% phos- 
phine in silane gave a figure of approximate ly  1% 
phosphorus in silicon. 

Discussion 
Many of the propert ies  of amorphous silicon are de- 

pendent  on the t empera tu re  of deposition, for example,  
there  is a gradual  drop of resis t ivi ty wi th  t empera tu re  
and an increase in photoconduct ivi ty  up to a maximum.  
This suggests t ha t  s t ructural  differences exist when  
mater ia l  is deposited at different temperatures ,  and it 
seems apparent  that  some transi t ion of s t ructure occurs 
as evidenced by the photoeffects. In other words, these 
changes are not seen as a s traight  t ransi t ion from 
amorphous to diamond s t ructure  wi th  tempera ture ,  but 
indicate that  some in termedia te  s t ructure  is involved. 

It has been shown by Coleman and Thomas (4) for  
amorphous silicon and by Grigorovici  and Manaila (5) 
for amorphous germanium, that  the s t ructure  contains 
fivefold planar  rings of atoms as wel l  as the more nor-  
mal sixfold puckered rings of the crystal l ine material .  
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Fig. 9. Inverse temperature-current characteristics for phosphor- 
ous doped amorphous silicon; deposition temperature 21~ 

This fivefold s t ructure  is stable up to temperatures  in 
excess of 500~ Films grown at up to 500~ have been 
shown to be amorphous when deposited on cleaved 
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single crystal magnes ium oxide, however, the speci- 
mens used for electrical evaluat ion were deposited on 
glass which contain a mix ture  of potential  impurities,  
some of which are known to have an effect on the 
crystall ization rate of these amorphous films. 
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Growth Rate and Surface Morphology 
Studies in the GeCI,-H2 System 

V.  J. Si lvestr i *  

International Business Machines Corporation, Thomas J. Watson Research Center, Yorktown Heights, New York 

ABSTRACT 

Growth rate studies of the GeC14-H2 reaction are reported for an  epi- 
taxial  system. The exper imenta l ly  observed deposition rates are described 
in terms of a "quasi -equi l ibr ium" model in which only a l imited port ion of 
the gas achieves equi l ibr ium composition. Smooth surfaces are obtained under  
conditions where epitaxial  growth appears to be mass t ransport  controlled. 
For any  given Ge concentration, the observed dependence of growth rate on 
tempera ture  and substrate orientat ion indicates that a surface l imitat ion con- 
trols growth at lower growth temperatures.  When this condition prevails, 
s t ructured deposits result. Structureless surfaces are favored by operat ing at 
high temperatures  and low Ge concentrations. 

Since the ini t ial  work by Theurer  et al. (1), the re-  
duction of GeC14 with hydrogen for epitaxial  deposition 
of ge rmanium has been used extensively (1-11). Cave 
and Czorny (2) and Goorissen and Bru i jn ing  (10) 
have described the epitaxial  process as it applies to 
the preparat ion of semiconductor devices. Hornberger  
(3) studied the low- tempera ture  growth aspects of 
the reduct ion system. Miller and Grieco (11) studied 
the etch reactions involving Ge-HC1 and Ge-GeC14. 
These authors (4-9) investigated growth conditions 
and surface morphology for different crystallographic 
orientations, and Grossman (12) has described a 
kinetic theory for the origin of auto-doping for the 
epitaxial  process. 

With increasing complexity of device structures, re-  
quirements  on epitaxial  smoothness and doping control 
have become more critical, and fur ther  unders tand ing  
of the factors affecting surface character and doping 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

appeared warranted.  The present  study was under -  
taken par t ia l ly  to meet these needs. 

Exper imenta l  results obtained for the analogous 
SiC14-H2 reaction indicate that  the silicon deposition 
systems in use are mass t ranspor t  l imited (13). Reis- 
man  and Berkenbl i t  (14) have defined two distinct 
types of mass t ransport  l imitat ions which are consid- 
ered below. In the first, the over-al l  reaction or deposi- 
t ion rate depends simply on the rate of int roduct ion of 
gaseous reactants  into the reaction chamber.  In  such a 
case, complete mixing  occurs, chemical equi l ibr ium is 
essentially achieved, and we have an " input- l imi ted"  
system. The second type of mass t ransport  l imitation, 
called "lateral  gas flow limited," results when the 
chemical deposition reaction is so rapid compared to 
the rate of t ransport  of reactants  through the gas phase 
by all processes (i.e., diffusion, convection, tu rbu len t  
flow, etc.) that large gradients  of reactants  and prod-  
ucts exist throughout  the chamber. In  this lat ter  case, 
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Fig. 1. Pertinent features of the GeCI4-H2 system 

typical of many  epi taxial  growth systems, portions of 
the input  gas flow by the heated substrates unreacted,  
and the portion which is unreacted is ve ry  dependent  
on system geometry  and flow conditions. The "quasi-  
equi l ibr ium" model  as proposed by Sedgwick (15) for 
the SIC14 reduct ion treats  in a simple way systems 
which are subject to this second mass t ransport  or a 
" la teral  gas flow l imited" case. Using Lever ' s  (16) 
thermodynamic  data, Sedgwick was able to explain the 
main features of reported Si growth data by assuming 
that  a varying but l imited portion of the input gas re-  
acted, depending on the exact conditions employed. 

An init ial  goal of this work  was the invest igat ion of 
growth phenomena,  in order  to de termine  exper imen-  
tal ly growth l imitations in the analogous Ge system. 
Subsequent  studies were  aimed at relat ing these 
growth studies to the surface morphology of the films. 

Experimental 
The essential  features of the exper imenta l  system 

employed in the invest igation are shown schematical ly 
in Fig. 1. The t empera tu re  of the h igh-pur i ty  GeC14 
source could be var ied from --40 ~ to 25~ In addition, 
the system contained a hydrogen dilution l ine which 
bypassed the GeC14 bubbler.  It was therefore  possible 
to va ry  the Ge/H2 ratio 1 flowing into the react ion 
chamber  by e i ther  changing the vapor  pressure at the 
GeC14 source, while  keeping the total  flow constant, or 
by adding pure hydrogen through the dilution line (fD) 
at a fixed GeC14 source temperature .  This la t ter  method 
maintains a constant ge rmanium flux through the  de- 
position chamber  at vary ing  gas velocity. Linear  gas 
s tream velocity changes could also be made at a con- 
stant Ge concentrat ion by adjust ing both the GeC14 
vapor  pressure and the hydrogen flow. 2 By using these 
exper imenta l  approaches, one can examine  the effects 
of flux, concentration, and l inear  gas s t ream velocity on 
the course of the GeC14-H2 reaction. 

Chemical  analysis of the germanium content  of efflu- 
ent gas provided assurance that  for the flow rates (f~) 
employed through the GeC14 source, saturat ion of the 
vapor  was achieved for all exper imenta l  conditions to 
be described. 

All  substrates had been polished to mi r ro r  smooth-  
ness wi th  sodium hypochlor i te  as described by Reisman 
and Rohr (18). S tandard  cleaning procedure pr ior  to 
deposition consisted of a 2-min etch in a 3:1 solution 
of H20; NaOC1 (5%).  After  r insing in distil led water ,  
the substrates were  dried in a h igh-pressure  ni t rogen 
stream. They were  then heated in the reactor  at T 
700~ for 15 rain in order  to complete  the cleaning 
operations. 

Depositions took place on Ge substrates placed per-  
pendicular  to the gas stream. A 1- in . -diameter  ger-  
manium pedestal  acted as the susceptor in the rf  heated 

The  Ge/H~ ra t io  is de f ined  as t he  r a t i o  of mo le s  of G e C h / m i n ,  
d i v i d e d  by  the  m o l e s  of  H . j m i n  f l o w i n g  in to  the  r eac t i on  chamber .  

The  l i nea r  gas  s t r eam v e l o c i t y  is r e f e r r e d  to t he  t o t a l  f low in 
c c / m i n  a t  r oom t e m p e r a t u r e  d i v i d e d  b y  the  e n t i r e  c ross - sec t iona l  
a rea  of the  r eac t ion  tube.  I t  s h o u l d  be n o t e d  t h a t  th i s  is a r e fe r -  
ence  Po in t  on ly  and,  s ince the  pedes t a l  p e r t u r b s  flow, the  a v e r a g e  
l i nea r  gas s t r e a m  v e l o c i t y  is h i g h e r  a l o n g  the  s ides  of the  pedes t a l  
t h a n  on the  top,  

system, and comprised 25% of the in ternal  cross-sec- 
t ional  area of the react ion tube. Deposit ion of ger-  
man ium occurred only on the heated substrate and 
pedestal  sides, since the reactor  walls were  wate r  
cooled to prevent  any reduct ion of the halide. Substra te  
t empera tu re  was measured using an optical pyrometer ,  
and was controlled by means of a thermocouple  em-  
bedded in a well  in close p rox imi ty  to the Ge wafer.  
The depositions were  carried out for the most part  on 
<110> oriented substrates. In order  to de termine  if 
growth rate  was orientat ion dependent,  <111>,  <211>,  
<100> oriented surfaces were  employed for a few spe- 
cific experiments .  Thickness measurements  were  ob- 
ta ined on the epi taxial  layers using infrared in te r fe r -  
ence (17) or angle lapping techniques.  For  doping ex-  
periments,  diborane mixed in h igh-pur i ty  hydrogen 
was used. Carr ier  concentrat ions were  determined from 
Hall  effect, differential  junct ion capacitance, and 4- 
point probe techniques. 

Total deposition exper iments  were  conducted in 
order  to compare theoret ical  3 with exper imenta l  depo- 
sition rates. In such cases, the mater ia l  weighed in- 
cluded the Ge deposited on the substrate and the 
heated area of the germanium pedestal. 

Results 
Growth rate data.--Growth rate  was found to be 

independent  of deposition t ime for all exper imenta l  
conditions employed. Growth rate  was evaluated  as a 
function of substrate tempera ture ,  Ge/H2 ratio va r ia -  
tion, and l inear  gas s t ream velocity. In Fig. 2, the 
Ge/H2 ratio or Ge input  flux variat ions were  achieved 
by changing the vapor  pressure at the GeC14 source 
while  keeping the total  flow or l inear gas s t ream veloc-  
i ty constant. The data shown in Fig. 2 indicate a strong 
growth rate  dependence wi th  t empera tu re  in the lower  
t empera tu re  range (region A) at each Ge/H2 input  
ratio. At higher  tempera tures  (region B),  there  is l i t t le  
or no growth rate dependence with  tempera ture .  

In Fig. 3, growth rate  is shown as a function of 
Ge/H2 ratio at two substrate temperatures ,  700 ~ and 
780~ It is to be noted that  the growth ra te  at 700~ 
shows a m ax im um  as the Ge/H2 ratio is increased, 
while  flow rate  is held constant (at the same value as 
that  used to take the data shown in Fig. 2). 

An a l ternat ive  way of changing the Ge/H2 ratio 
which at the same t ime maintains  a constant Ge flux 
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involves dilution of the GeC14 source effluent at a con-  
stant source t empera tu re  and bubbler  flow. This 
method leads to the data points shown in Fig. 4 where  
each point is representa t ive  of a different l inear  gas 
s tream velocity and Ge vapor  phase concentration. 
Data are shown for two different ge rmanium input  
rates. The germanium deposition rates shown as ex-  
per imenta l  points in Fig. 4 were  calculated from growth 
rates measured  on t h e  substrate and the assumption of 
a un i fo rm growth over  the entire heated region of the 
susceptor. 4 The  solid and dashed curves in Fig. 4-7 
represent  theoret ical  rates computed in two ways to be 
discussed in the fol lowing section. Exper imenta l  data 
shown in Fig. 5 and 6 are based on the weighed amount  
of Ge deposited on the substrate plus susceptor. F igure  
5 data were  obtained under  conditions s imilar  to Fig. 
2 and 3 in which Ge concentrat ion was var ied at a 
constant l inear gas s t ream velocity. F igure  6 gives total  
Ge deposition ra te  in mg /cm2 /min  under  conditions of 
constant Ge/H2 ratio and vary ing  l inear  gas s tream 
velocity. The constant Ge concentrat ion was achieved 
by readjust ing the vapor  pressure at the GeCI4 source 

4 In  F ig .  6, b o t h  t h e  g r o w t h  r a t e  on t h e  s u b s t r a t e  a n d  t h e  to t a l  
a m o u n t  of  G e  d e p o s i t e d  w e r e  assessed .  U s i n g  t h e  g r o w t h  r a t e  d a t a  
on  t h e  s u b s t r a t e  a n d  a s s u m i n g  a n  e q u a l  a n d  u n i f o r m  t h i c k n e s s  
o v e r  t h e  h e a t e d  s u s e e p t o r ,  t h e  t o t a l  a m o u n t  of  Ge  d e p o s i t e d  cou ld  
b e  c a l c u l a t e d  on t h e  bas i s  of  a r e a  r a t i o  a n d  a g r e e d  in  e v e r y  case  
to w i t h i n  b e t t e r  t h a n  20% w i t h  the  v a l u e  as m e a s u r e d  b y  n e t  
w e i g h t  g a i n .  
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deposition rate on the substrate and the Ge susceptor. 

for each l inear  gas s t ream veloci ty  change. The data 
shown as circles and tr iangles differ in the fol lowing 
way. The circles represent  deposition rates which are 
based on the total  Ge deposited on both the substrate 
and the susceptor having a total  heated area of ap- 
p rox imate ly  18.5 cm 2. For  the data points given as 
triangles, the Ge susceptor was masked with an SiO2 
film (upon which Ge will  not nucleate) .  The deposi-  
t ion rates shown for this la t ter  case are therefore  cal- 
culated f rom the total  amount  of Ge deposited solely 
on substrates having areas of approximate ly  4.4 cm 2. 
The data in Fig. 4, 5, and 6 have been acquired since 
they are per t inent  to the discussion of the effects of 
mass t ransport  l imitat ions on surface morphology to 
follow. 

In order to compare  the exper imenta l  deposition 
rates wi th  the  theoret ical  rates as a function of tem-  
perature,  we have plot ted in Fig. 7 deposition rate  for 
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stant total flow of 3.5 liters/rain. 

a specific Ge/H2 input  value. The germanium deposi- 
t ion rates shown were evaluated from the growth rate 
data given in Fig. 2 by assuming a uni form growth 
rate over the entire pedestal. In Fig. 8, the input  B/Ge 
ratios are plotted vs. the acceptor concentrat ion mea-  
sured electrically in the epitaxial  layer. 

Surface morphology.--Upon microscopic examinat ion  
of surfaces grown under  the conditions described for 
Fig. 2, it became obvious that the surface morphology 
of the epitaxial  deposits was related to the tempera-  
ture-concentra t ion  conditions used for growth of the 
films. To analyze this observation more thoroughly,  the 
substrate tempera ture  was varied at a constant  Ge/H2 
ratio and vice t~ersa. It was found that:  (a) increases 
in substrate tempera ture  over certain intervals  for a 
given Ge/H2 ratio will yield progressively smoother 
surfaces; (b) increasing the Ge/H2 ratio for a constant  
substrate tempera ture  will produce more s t ructured 
surfaces; (c) changes in surface morphology were ob- 
served irrespective of substrate orientation. Epitaxial  
layers investigated included <211>,  <111>,  <110>,  
and <100> oriented surfaces. Figure 9 summarizes the 
above-described observations. The microscopic evalua-  
tions of surface morphology placed the samples in one 
of two categories having either smooth or s t ructured 
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Fig. 9. Morphology diagram for the GeCI4-H2 system. The solid 
points indicate smooth surfaces; open points, structured surfaces. 
The dashed curve demarks conditions for obtaining smooth and 
structured surfaces. Triangles are data from Ref. (3). The hori- 
zontal dashed and solid lines at 4 x 10 - 3  show, respectively, the 
temperature intervals at which authors in Ref, (7) and (8) ob- 
served structured and smooth surfaces. The squares indicate con- 
ditions at which < 1 1 1 ~ ,  < 1 1 0 ~ ,  < 2 1 1 ~ ,  and < 1 0 0 ~  orienta- 
tions were employed. 

films. Deposits were considered "structured" which ex- 
hibited growth figures characteristic of the part icular  
substrate orientat ion employed. Smooth surfaces ex- 
hibited essentially a mir ror  finish and were free of 
growth figures. The morphology diagram, Fig. 9, de- 
scribes the surface morphology of the epitaxial  layers 
obtained for various substrate tempera ture-Ge/H~ in-  
put conditions employed. The solid points (region B) 
define the tempera ture-Ge/H2 combinations where 
smooth surfaces were obtained. Open symbols designate 
conditions (region A) where s t ructured surfaces result. 
The square symbols in Fig. 9 represent  data for the 
four different substrate orientat ions ment ioned above. 
For the conditions represented by the solid square in 
region B, no growth rate var iat ion with substrate ori-  
enta t ion was observed. In region A for the exper imen-  
tal condition represented by the open square, the fol- 
lowing growth rate variat ions with substrate  or ienta-  
t ion were observed: <211>,  0.11 ~/min;  < l l l > ,  0.15 
g /min;  <110>,  0.17 g /min;  <100>,  0.20 #/rain. The 
data shown as tr iangles are data derived from previ-  
ously published reports in which similar morphologi-  
cal observations were made (3). The solid horizontal  
l ine at a Ge/H,2 value of 4.0 x 10 -~ gives the tempera-  
ture in terval  for which Sheftal  et al. (7, 8) obtained 
smooth surfaces. The horizontal  dashed line indicates 
the tempera ture  span for which the same authors re -  
port s t ructured surfaces. 

Discussion 
In  Fig. 2, region B, both the observed independence 

of growth rate with tempera ture  at a par t icular  Ge/H~ 
ratio and increase in growth rate with germanium input  
in Fig. 3 indicate that  region B of Fig. 2 represents 
mass t ranspor t  l imited growth. In  addition, it has been 
observed that for the exper imenta l  conditions in region 
B, Fig. 2, growth morphologies on the various or ienta-  
tions are similar (Fig. 9) and that  there is no growth 
rate dependence found with these variat ions of surface 
orientation.  In  contrast, in region A of Fig. 2, growth 
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rate varies with both temperature  and surface or ienta-  
tion. 

The comparison of the theoretical  deposition rates 
based on the total amount  of Ge deposited with l inear  
gas s t ream velocity, concentration, and tempera ture  in 
Fig. 4-7 fur ther  supports these conclusions. 

The theoretical deposition rates shown in Fig. 4-7 as 
solid curves are based on thermodynamic  calculations. 
The computer  calculations for the Ge-H-C1 system in-  
cluded the gas species GeCI~, GeCI.,, GeHC13, HC1, and 
H~, and were made in the manne r  reported by Lever 
(16) for the analogous Si-H~C1 system. For the case of a 

mass t ransport  l imited system which is "input  limited," 
one would expect the theoretical deposition rate based 
on a thermodynamic  calculation of chemical equi l ib-  
r ium to be identical to the observed deposition rate. In 
Fig. 4-7, we note that, al though the shapes of the theo- 
retical curves resemble the exper imenta l  data, the ex- 
per imenta l  rates are much lower than theory predicts. 
In  Fig. 5 where data are given for a single l inear  gas 
s t ream velocity, it was found that  the exper imenta l  
data could best be approximated by dividing the theo- 
retical rates by a constant  factor, 3.3. This proport ional-  
ity between the theoretical and exper imental  rates is 
explainable if we consider the second possible kind of 
mass t ranspor t  l imitat ion discussed earlier, namely,  
where  "lateral  gas flow" is rate l imit ing and the depo- 
sition rate is very dependent  on system geometry. 

In the St-H-C1 system, Sedgwick proposed in ac- 
cordance with this second mass t ranspor t  case that  
the deposition rate D in g/rain in many  epitaxial sys- 
tems may  be represented to first order by 

D = J �9 aft [1] 

where J is the flux of Ge in g/rain into the reaction 
tube and a the theoretical efficiency factor based on 
equi l ibr ium calculations. The actual fraction of incom- 
ing gas which equilibrates with the heated Ge surface 
and consequent ly  at tains this theoretical efficiency is 
designated as ~. The remain ing  fraction of gas (1 - -  t0, 
in this model, streams by unreacted. The magni tude  of 
this remaining  fraction is highly geometry dependent,  
and could comprise either a large or small  portion of 
the total gas input.  

Applying Eq. [1] with 8 = 0.3 to the theoretically 
calculated curves (solid l ines) ,  we obtain the dashed 
lines in Fig. 4-7. We note that, while the data of these 
figures are in much closer agreement  to the theoretical 
predictions, some discrepancy exists. The assumption of 
a constant  ;~ factor for the system is not expected to 
be valid in a system with varying  l inear  gas stream 
velocity, par t icular ly  under  conditions of very low 
velocities where equi l ibrat ion is more complete and at 
very high l inear  gas stream velocities when residency 
times of molecules in the vicinity of the susceptor be-  
come short. In  Fig. 4, the higher deposition rates at the 
lower velocities, where  there is a longer gas residence 
t ime and in general  bet ter  gas mixing, actually indicate 
an increase in the value of 8. Consistent with this, the 
exper imenta l  data in Fig. 6 at the higher l inear  gas 
s t ream velocity show an apparent  decrease in ft. The 
exper imental  data shown in Fig. 6 are of two types. 
The points represented by circles were obtained from 
the total Ge deposited on both the substrate and the 
pedestal, whereas the points shown as tr iangles are 
from the Ge deposited solely on the substrate. The 
in tent  of obta ining the exper imental  data involving the 
SiO2 coated pedestal ( tr iangles) was (a) to evaluate 
the effect of gas velocity on deposition rate for a Ge 
surface perpendicular  to the gas stream (Ge wafer  
only) separately from the case in which heated Ge 
surfaces are both perpendicular  and paral lel  (wafer 
plus pedestal sides) to the gas stream (circles), and 
(b) to observe the effect on ~ of reducing the total  
heated Ge surface area. The ratio, substrate plus pedes- 
tal  to substrate area for the two sets of data in  Fig. 
6, is 4.2 and a ~ of 0.1 was found for the reduced area 

experiments  (triangles) at a velocity of 100 cm/min .  
Assuming uniform growth, the expected p at this same 
velocity, for the larger area data (circles), would be 
0.42; exper imenta l ly  it is found to be 0.3. 

This difference in ~ for the two sets of data in Fig. 
6 is expected if we a t t r ibute  the var iat ion to gas de- 
pletion effects. These are effects which one would 
normal ly  consider to be operative in a mass t ranspor t  
l imited system. The earlier cited results, namely  for 
the data in Fig. 6 (circles), indicated that  growth rate 
could be considered essentially uniform to within 20% 
and would imply that reasonably good mixing of the 
gas occurs at heated surfaces. In view of these results, 
one would therefore expect the growth rate to increase 
with a reduced available surface area due to a re- 
duced gas depletion effect. 

The general  features of both sets of data in Fig. 6, 
which include the dependence of growth rate on sur-  
face area, clearly indicate mass t ransport  l imited be- 
havior. 

The foregoing exper imental  growth data support, 
therefore, the conclusion of a specific type of mass 
t ransport  l imited system, i.e., "lateral  gas flow limited" 
in the higher tempera ture  intervals,  where only ap- 
proximately 1/3 of the gas flowing through the reac- 
tion tube  is capable of diffusing to and reacting with 
the heated Ge surface.~ 

The hypothesis that mass t ransport  control of growth 
is more readi ly achieved at higher temperatures  is 
fur ther  supported by the results of doping experiments.  
It was found that the boron concentrat ion in the epi-  
taxial  Ge layers deposited at 700 ~ 780 ~ and 830~ in-  
creased l inear ly  with gas phase B2H6 content  and in-  
dependent ly  of temperature.  The input  B/Ge ratios 
shown could be obtained exper imenta l ly  by either 
varying the diborane or the germanium input  to the 
system. The l inear  na ture  of the results are in agree- 
ment  with the work reported by Goorissen (10), and 
are expected for a mass t ranspor t  controlled system. 
The data show a dis tr ibut ion ratio C~/Cv of 0.0125 be- 
tween the solid and vapor, where Cs ~ B / G e  ratio in 
the solid and C~ ---- B / G e  ratio in the vapor. 

In  Fig. 7, the theoretical  curves fail to explain the 
tempera ture  dependency of deposition rate in the low- 
tempera ture  region. In  Fig. 2 (region A),  we note that 
t empera tu re -dependen t  regions on the plot cover a 
wide range of substrate temperatures  and input  con- 
centrations.  Exper imenta l  evidence suggests that in  
these t empera tu re -dependen t  intervals  the growth rate 
is no longer dominated by mass transport ,  but  instead 
is inhibi ted by a surface limitation. This is consistent 
with the model proposed by Reisman and Berkenbl i t  
(14). In  the present  study, s t ructured surfaces were 
consistently observed for surface l imited exper imental  
conditions and the growth rate has been found to vary 
with substrate orientation. These observat ions are in 
agreement  with orientat ion studies which have been 
reported by Givargizov et el. (8, 7) for s imilar  growth 
conditions. The-surface morphology changes described 
previously would fur ther  suggest that a different 
growth l imit ing mechanism is involved. 

It will  be noted that  the conditions for smooth sur-  
faces in Fig. 9 (region B) are for high substrate tem-  
peratures and low Ge/H2 ratios. The int imate  relat ion-  
ship of the morphology data i l lustrated in Fig. 9 to the  
growth rate data in Fig. 2 has been demonstrated by 
superimposing the "dashed curve" of Fig. 9, which 
demarks conditions for obta in ing smooth and s t ruc-  
tured surfaces, on the growth rate data in Fig. 2. It 
can be seen that the dashed curves in Fig.-2 and 9 di- 
vide the data into a region B where mass t ransport  
l imited growth conditions prevai l  anc} smooth surfaces 

I n d e ! a e n d e n t  e x p e r i m e n t a l  o b s e r v a t i o n s  w h i c h  a lso  s u p p o r t  t h e s e  
c o n c l u s i o n s  h a v e  b e e n  m a d e  b y  P a p a z i a n  (25}. U s i n g  a r e a q t i o n  
c h a m b e r  of  s m a l l e r  d i a m e t e r ,  s u c h  t h a t  a g r e a t e r  p o r t i o n  of  ~ the  
i n s ide  c ro s~ - sec t i ona l  a r e a  w a s  b l o c k e d  b y  t h e  h e a t e d  p e d e s t a l  
s u r f a c e ,  P a p a z i a n  o b s e r v e d  a ~ of  0.56 f o r  c o m p a r a b l e  g r o w t h  
c o n d i t i o n s  
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are obtained, and a surface rate l imited region A where 
structured surfaces are obtained. 

In summary,  the above studies have shown: (a) that  
deposition rates observed for the system studied can 
be explained using a "quas i -equi l ibr ium" model; (b) 
the tempera ture  and substrate orientat ion indepen-  
dence of growth rate, for a specific Ge/H~ input  value 
at higher temperatures,  indicate a mass t ransport  con- 
trolled system. Smooth surfaces are obtained under  
such conditions; and (c), at lower temperatures,  de- 
pendence of growth rate on both tempera ture  and sub-  
strate orientat ion indicates that surface l imitations pre-  
dominate. This lat ter  case is coincident with s t ructured 
surfaces. 

APPENDIX 
The theoretical calculations made use of the follow- 

ing equations along with the appropriate vant  Hoff 
expressions relat ing the equi l ibr ium constant, K, with 
temperature.  

Ge(s)  -t- 4HCI(g) = GeC14(g) -b 2H.,(g) [A-1] 

6730 
[la] l o g K l = .  --8.02 

T 

Ge(s)  -4- 2HCI(g) ---- GeC12(s) -4- H2(g) [A-2] 

--465 
[2a] log K2 = ~ + 1.12 

T 

Ge(s)  + 3HCI(g) = GeHCI~(g) + H2(g) [A-3] 

7580 
[3a] log K3 = - - - -  7.45 

T 

Equat ion [la] is based on room-tempera ture  enthalpy 
and entropy data for Ge(s) ,  H2(g),  HCI(g) (19) and 
GeCl4 (20) corrected for tempera ture  using the tables 
of Kelley (21). The l inear relationship for log K1 is the 
best fit of data corrected for a n u m b e r  of temperatures  
in the tempera ture  interval  400~176 Sedgwick's 
(22) equi l ibr ium data, Eq. [4a], for the reaction 

GeC14(g) -b Ge(s)  : 2GeC12(g) [A-4] 

--7660 
[4a] log K4 ---- ~ -k 10.25 

T 

were used along with Eq. [ la]  to obtain Eq. [2a]. The 
reported K4 data for reaction [A-4], was extrapolated 
to include the ent i re  range of the calculations. 

Thermodynamic  data for GeHC13 are not known, and 
the room-tempera ture  enthalpy and entropy were esti- 
mated by l inear  interpolat ion for the series GeH4, 
GeHsC1, GeH2C12, GeHC13, and GeC14. This procedure 
is based on the assumption that  bond energies are ad-  
ditive in generat ing the above series. Approximations 
of this type have been demonstrated in the analogous 
carbon series and were used in est imating heats for 
the Si series (16). Using this method, AH~ was esti- 
mated at 90 ___ 10 kcal from the room-tempera ture  en-  
thalpy of GeC14 and an estimated entha lpy  of from 0 
to --12 kcal for GeH4. The approximation of the GeH4 
enthalpy was obtained using the approach of Roth and 
Schwartz (23) in which estimations of enthalpies are 
made by plott ing heats of formation against an atomic 
number .  An interpolated room-tempera ture  entropy of 
75.6 eu was used since the l inear  assumption was found 
to hold well for the above series for calculated values 
for GeH4, GeHC13, and GeC14 as reported by  Kel ley 
(24). Equat ion [3a] was wr i t ten  assuming that  hHOegs 
and • for reaction [A-3] is constant  for the tem- 
peratures of the calculations. 

Because of the large uncer ta in ty  in the thermody-  
namic constants for GeHC13, the enthalpy of formation 
was varied between --100 a n d - - 8 5  kcal. The enthalpy 
value changes for GeI-ICI~ had no effect on the values 
of predicted deposition rates at higher temperatures;  
however, below 500~ the use of a heat of formation 

value of --100 kcal caused significant reduction in pre-  
dicted deposition rate. Equation [3a] was wr i t ten  using 
a --100 kcal value for GeHC1.3(g). The theoretical cal- 
culations were made adopting the approach described 
by Lever (16). 

The thermodynamic efficiency, a, was defined as re- 
ported earlier by Sedgwick (15) for the analogous Si- 
ll-C1 system 

~]input ~ ~equi 

~linput 

where, in general, *l is the ratio of the total density of 
Ge atoms in the gas phase divided by the total density 
of C1 atoms in the gas phase summed over all species. 
*li.put refers to the input  gas consisting of GeC14 and 
H2 and is, therefore, 0.25. ~lequi refers to the gas phase 
Ge/C1 ratio at equil ibrium. This efficiency value was 
employed in Eq. [1] to obtain the theoretical curves 
shown. 

The thermodynamic  calculations show that, above 
600~ for Ge/H2 ratios ( 3 x 10 -3 , the efficiency is 
above 0.8 and that  the reaction of GeC14 with hydrogen 
yields predominant ly  Ge and HC1 as reaction products. 
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Application of Multilayer Potential 
Distribution to Spreading Resistance Correction 

Factors 
P. A. Schumann, Jr.,* and E. E. Gardner* 

IBM Corporation, Components Division, East FishkilL Facility, Hopewel~ Junction, New York 

ABSTRACT 

The potential  dis t r ibut ion of a fiat circular area contact on a mul t i layered 
s t ructure  of infinite radial  extent  is presented. The solution is applied to the 
three-point  spreading resistance probe and appropriate correction factors are 
obtained. This solution is compared with existing solutions, and it is shown 
that  there is disagreement  with the published values for the insula t ing back 
surface case but  agreement  with the conducting back surface. The results were 
checked with an electrolytic t ank  and good agreement  was obtained. 

A l l  of the four-point  potentiometric and spreading 
resistance probes require  a knowledge of the potential  
dis t r ibut ion due to a point  or finite area contact. 
Many authors (1-10) formulated solutions to the point  
contact problem with infinite and finite geometries, 
but  with only one layer  of mater ia l  on a perfectly in -  
sulat ing or conducting substrate. Other authors (11-13) 
have discussed the finite area contact in similar  geom- 
etries. Very early work (14-17) has been published 
for point  contacts on mul t i layered  structures but  
very  few calculations were carried out. A numer ica l  
analysis (18) was made of a finite area contact on a 
mul t i layered  structure.  This paper outlines a tech- 
nique of solving for the potent ial  distr ibution due to 
a finite area contact on a mul t i layered  geometry 
which is infinite in extent  in the radial  coordinate 
direction. This solution is then applied to the spread- 
ing resistance probe (19-23) to derive correction fac- 
tors. Par t  of the model was used previously to derive 
correction factors for the delta probe (24). 

The geometry considered is shown in  Fig. 1. A 
flat circular probe makes a contact of radius, a, with 
the top surface of the semiconductor.  Cyl indrical  co- 
ordinates are used as shown. The sample is infinite in 
extent  in the r direction. There are three regions of 
different resistivity. Region 1 has a resist ivi ty pl and 
a thickness hi. Region 2 has a resist ivity P2 and a 
thickness d. Region 3 has a resistivity P3 and is in-  
finitely thick. 

Several  assumptions made which l imit  the accuracy 
and usefulness of the technique are: 

1. The area contact is uniform. When a point  is 
brought  in contact with a sample, both the point and 
sample deform. Since nei ther  are perfectly smooth or 
clean, the area of contact between the two is not un i -  
form. The contact is usual ly  made up of a collection 
of small  contact areas. It is assumed here that  the 
collection of small  contact areas can be treated to- 
gether as a single contact of effective radius, a. 

2. The metal -semiconductor  contact is ohmic. A 
small  area metal -semiconductor  contact is not ohmic 
in general. But  experience has shown that  in most 
cases, if low current  levels are used, the resistance 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

of the contact is not a funct ion of current  direction 
or magnitude.  

3. There are no resistive layers between the contact 
and semiconductor. In  silicon, part icularly,  it is ob- 
vious that  there is always present  an  oxide of silicon 
on the surface. This is t ied in with the first assump- 
tions and it is fur ther  assumed that  the pressure of 
the point is sufficient to break through the oxide. 

4. Low current  levels are used. It  is necessary to 
use low current  levels because of heat ing effects, high 
field effects, and junc t ion  effects. 

5. All layers are of the same conduct ivi ty type. This 
is merely  a restriction on the applicabil i ty of the so- 
lutions. For cases where a junct ion  is present, it can 
be assumed that the junct ion  insulates and an in-  
finite resist ivity can be used. 

6. The resistivity is homogeneous throughout  each 
layer. In actual  practice, the resist ivity change at an 
interface is never  abrupt.  This is a mathemat ical  ap- 
proximat ion to reality. 

7. Laplace's equation is valid. It  is not strictly 
t rue  that  Laplace's equation can be used to solve 
this type of problem. Charge accumulat ion or de- 
pletion occurs at the boundary  between semi- 
conductor regions of different resist ivity depend-  
ing on the bias conditions. We assume that  this is a 
second order effect in m a n y  types of problems employ- 
ing low current  levels. Exact solutions taking into ac- 
count charge accumulat ion or deplet ion at the in ter -  

REGION 1 -- 

REGION 2 - -  

REGION 3 

F-z~ 
~ po = aO 

IZ r pi 

P2 

P3  

- V l ( r ,Z)  

- -  V 2 ( r , Z  ) 

- -  v s ( r ,  z )  

Fig. 1. Geometry of finite area contact on multilayered structure 



88 

face between layers would require solution of Pois- 
son's equation. Poisson's equation is nonl inear  for 
this type of problem and solutions have been obtained 
for only a few one dimensional  cases (25-27). Solu- 
tions for two dimensions are u n k n o w n  to the authors. 

8. The current  dis t r ibut ion at the contact-semicon-  
ductor interface can be determined by the electro- 
static analog of a flat disk in a semi-infini te  medium. 
In  order to carry over Laplace's equat ion from elec- 
trostatics to a current  flow problem, a current  analog 
model must  be developed. By assuming a surface cur-  
rent  dis t r ibut ion both under  the contact and elsewhere 
on the surface it is possible to el iminate mixed bound-  
ary conditions in the solution of Laplace's equation. 

Only the last two assumptions bear  at all on the 
mathematics  of the problem. We are in a sense com- 
pletely wrong in using Laplace's equation, but  the 
complete problem is not easily solved. Also, vae be-  
lieve that  the effects due to the charge accumulat ion 
will be small, and, furthermore,  comparisons between 
the spreading resistance probe using these solutions 
and other techniques are favorable. 

It is impor tant  to produce the current  analog of the 
electrostatic problem and provide a boundary  condi- 
t ion under  the contact. In  certain cases (12) it is pos- 
sible to avoid this second problem by solving two 
s imultaneous integral  equations. It  did not look fea- 
sible to a t tempt  this in the case considered. In  all 
cases where  checks have been possible, these solutions 
converge to the solutions presented by other authors 
for special cases. 

The first six assumptions l imit  the applicabil i ty of 
the mathematics  to reality. They are necessary condi-  
tions for the solutions as presented and seem reason- 
able in light of experience. The first four are of 
very  minor  importance to the four-point  probe tech- 
niques, but  become impor tant  to the spreading resist-  
ance measurements .  

The mathemat ical  solutions are valid for the prob- 
lem as described under  these assumptions, but  no gen-  
eral  s ta tement  can be made  about how well  the mathe-  
matical  model matches the physical situation. Rather, 
each individual  l imit t aken  on the solution must  be 
considered and evaluated. 

To proceed with the solution of the problem, the 
sample is divided into three regions as shown in Fig. 
1. Cylindrical  coordinates are used, and it is noted 
that  there wil l  be symmet ry  in the ~ direction. Poten-  
tial Vi (r,z) is the solution for region 1, 172 (r,z) for 
region 2, and Vs (r,z) for region 3. The solutions take 
the form 

Ipl ~ yo | e-X~sin (~.a)Jo(~.r)d~. 
Vn(r,z)  = 2~a L ~. 

~o ~ On (~) e-az sin (~a) Jo (~r) dk 
+ 

+ s  r ~0'a)J~ } n = 1,2,3 [1] 

The boundary  conditions for this type of problem are 
re la t ively  s tandard with the exception of the cur -  
rent  dis t r ibut ion under  the contact. These boundary  
conditions are: 
Surface 

.OV1 (r,z) 
= 0  w h e n r > a  and z = 0  [2] 

dz 

OV1 (r~g) - - [P l  
- - =  f o r r - - ~ a  and z - = 0  [3] 

.Oz 2aa ( a2--r 2) l/2 

These first two conditions relate to the field at the 
surface. Equat ion [2] states that  there is no current  
flow out of the surface away from the contact. Equa-  
t ion [3] is developed from considerations of the cur-  
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rent  flow under  a flat circular contact on an infinite 
geometry. 

Region 1 
l im Vl(r , z )  -= 0 [ 4 ]  
r---> oo 

First Interface 

1 OVi(r,z) 1 OV2(r,z) 
= 

Pl OZ P2 OZ 
for z = h l  [5] 

for z = h2 

Region 3 
V2(r,z) = Va(r,z) 

lira Va(r,z) = 0 
r---> ~ 

lira Va (r,z) = 0 
Z " >  ~ 

These conditions are then imposed on the solutions 
given in Eq. [1] to specify 0n(~) and r This re-  
suits in  a series of l inear  equations which can be 
solved with determinants .  In  general, if N is the n u m -  
ber of layers of finite thickness, a 2N by 2N deter-  
minan t  must  be solved. The solution to the equations 
for two layers are 

k l  e -  2~hl "4- k2  e - 2 ~ h 2  
e~ (X) = = ~1 (~) 

1 - -  k , e - 2 X h l -  k2e-2X~2 + klk2e -=xd 
[12] 

ki -I- kie-2Xtq -4- k2e - 2~h2 - -  klk2e -2xa 
~20,) = [13] 

1 - -  k l e - 2 ~ h l  ~ k2e-2~h2  --~ k l k 2 e  - 2 ~ d  

(1 + kl)k2e-2Xh2 
~2 (~) = [14] 

1 .-- k l e - 2 k h � 9 4  ~ k2e -2kh2  --~ klk2e =2xa 

03(~)= 
k l - k k 2 ~ - k l k 2 ~ - k i e - 2 ~ h l + k 2 e - 2 ~ h 2 - - k l k 2 e  -2~d 

[8] 

[9] 

[10] 

[111 

and 

where 

and 

1 . - - k l e - 2 X h l _ k 2 e - 2 ~ h 2 q t -  k l k 2 e - 2 k a  

[15] 

~a(~) = o  [16] 

p 2 - - p l  
kl ---- ~ [171 

p2 -t-pi 

P3  - -  p2 
k2 [18] 

p3 --~ p2 

For most probe problems, only the potent ia l  at the 
surface is important ,  and since ol (~) = ~l (~,) 

Im t ~ [1 + 2~1(~)] sin (~a)Jo(~r) 
V1 (r,0) = - ~ a  ~,0| ~ d~ 

[19] 

This specifies the potent ial  at any point on the surface. 
But, for a spreading resistance measurement ,  the po- 
tent ia l  drop due to current  flow through the contact 
area is needed. Since the contact probe will  average 
out any gradients in  potent ial  that  exist 

s  f ~ r  ~'o Vl(r,O) r d r do  

Vs = [20] 

a f  2~ Jo rdrd  o 

Vl (r,z) = V~(r,z) [6] 

The equations at the interfaces state that  the current  
densi ty must  be the same across the boundary  and 
that  the potential  is continuous. 
Region 2 

l im V2(r,z)  = 0 [7] 
r---> ~ 

Second interface 

1 0172 (r,z) 1 OV3 (r,z) 

p2 OZ p3 OZ 
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which is the spreading  resis tance vol tage or self po-  
tent ia l  of the contact.  Subs t i tu t ing  Eq. [19] for 
V1 (r,z) and noting there  is no dependence  on 

Ipl / ' ~  [1 + 261(X)] sin ( l a ) J l ( l a )  
Vs = -~ya~ d0/ ~.2 d~ [21] 

It  is a lmost  a lways  more  convenient  to work  wi th  a 
dimensionless  system. This can be obta ined  in this 
case by  le t t ing  t = Xa. In dimensionless  form, the 
solutions for the  surface t ake  the  form 

Ipl 
V1 (R,0) ~ 

2~a 

f : [  1 ~ k l e - 2 H l t ~  k2e-2H2t-~ klk2e-2Dt 

I ~ kle-2H1 t ~ k2e-2Hg t Jc ~lk2 e -2Dt  

sin t J0 (Rt) 
dt [22] 

t 
and  

Y s  ~ 
~a 

y ~ [  1-~- k l e -2Hl t  -~-- k2e-2H2t-~- k lk2e  -2Dr ] 

o 1 - -  k l e -2 I f l  t ~ k2e-2H2 t -a u k lk2e  -2Dr 

sin t J1 (t) 
dt  [23] 

t2 
where  

d 

a 

h2 ~ ht r z 
= H2 -- HI, R = ~, and Z ---- ~ [24] 

a a a 

These functions can be integrated as a convergent 
series for 81 (t/a) can be found. The series can be inte- 
grated term by term and values for V, (R,0) and Vs 
can be found from the new series. However, in prac- 
tice it was found to be much quicker to integrate the 
functions numerically using Simpson's rule rather 
than sum the series. 

The three-point spreading resistance probe as com- 
monly used in our laboratory (22) is shown in Fig. 2. 
Current is passed between the inner probe and one of 
the outer probes. The voltage is measured between 
the inner probe and the other outer probe. By super- 
position, the measured voltage will be given by 

AV~ = Vs . - -  2Vl(s,0) + Vl(2s,0) [25] 

Superposi t ion is val id  in this s i tua t ion  since the  probe  
spacing is large  compared  to the radius  of contact.  

Using the values  given in Eq. [22] and [23] 

Ipl 
AV 2 ~ 

4a 

f 4 Y0~[  ~ l "~k l e -2Hl t Jck2e -2H2t -~k lk2e -2Dt  1 

where  

Or, 

1 - -  kle-2~I1 t ~ k2e-2H2 t -~ klk2e -2Dt 

[ J l ( t ) J o ( S t / 2 )  Jo(St )  ] 
sin t t 2 t + 2 ~  

[26] 

S ~ 2s/a 

Ipl 
~V2 = ~ I2 [27] 

4a 

Since Ip,/4a is the  normal  spreading  resis tance ob-  
ta ined from a flat c i rcular  contact  on an infini tely 
th ick sample, I., is the  appropr ia t e  correct ion factor. 
Numer ica l ly  calcula ted values of 12 are  shown in Fig. 
3 and 4 for two different  probe  spacings. 

In these figures, note tha t  the correct ion factor ap-  
proaches one for large  values of H1. The case where  
kl = 1 is the insula t ing back surface condit ion and 
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Fig. 2. Three-point spreading resistance probe 

lOO.0 
s=5o0 
H2=m 

kl=,O.g8 k2=O 
k]=+l 

k1=+0.818 
10.0 k1=§ 

% 

~ lO 

kl=-I 
k1=-0.98 

0.1 0.1 1,0 10.O I00.0 

HI 

Fig. 3. Values of the correction factor 12 for S = 500, k2 = 0, 
and H2 = ~ plotted for various values of kl between •  as a 
function of H1. 

lO0.O ~ E~-OI'Iz" mS =1000 

- -  

k 1 =*0.98 '@  
~ 1.0 

ki=-I 

~ kl~(196 
Ol ~ �9 0.1 LO 10.0 I 0 0 , 0  

HI 

Fig. 4. Values of the correction factor 12 for S = IO00, k2 ----- O, 
and /'/2 ~ oo plotted for various values of kz between ~ 1  as a 
function of H2. 

was solved by Dickey (13) using an image system. 
These values differ from Dickey's by about 25% at HI 
=: 0.1 and 10% at HI ~- 1.0. Agreement-is good at 
large Hi. This is due to the inaccuracy of his image 
system which renders it only applicable for large HI. 
For the case where k~ = --I, conducting back surface, 
good agreement is obtained between these solutions 
and results published by Foxhall and Lewis (12). 
As would be expected, this solution also goes to the 
cylinder resistance for small H~. 

The function I2 was also calculated for k., == • I, 
and the dependence on D studied. There is very little 
dependence on this parameter in most cases. The same 
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:/,,,/~ ~ EXPERIMENTAL S1:155 

~ / ~  EXPERIMENTAL RADIUS a =0.36 INCH 
FREQUENCY IOKHz 
CURRENT 0.05 me 

i i 
1.0 I0 

H I 

Fig. S. Comparison of experimentally obtained correction tactor 
from an electrolytic tank with theoretical values for a ~ 0.36 in.. 
S ~ 15.5, I ~ O.0S ma, and f ~ 10 kHz. 

is t rue of the probe spacing as noted by comparing 
Fig. 3 and 4. 

A useful method of checking these results is the 
electrolytic tank. A tank was constructed which could 
hold a 0.01M KC1 aqueous solution with  a nominal  
resist ivi ty of 700 ohm-cm. For  the conducting back 
surface case, kl = --1, the results are shown in Fig. 5. 
An a-c  power  supply was used and operated at a f re -  
quency of 10 kHz at a current  of 0.05 ma. Good agree-  
ment  is obtained be tween  the exper imenta l ly  and 
theoret ica l ly  de termined  correction factors. The ex-  
per imenta l  value was obtained by measur ing the re -  
sistivity of the solution with  a four-point  probe. Then 
knowing the resis t ivi ty and depth of the solution, an 
exper imenta l  correction factor can be obtained. The 
slight divergence at small  HI is probably  due ei ther  
to measurement  errors in the depth of the solution or 
to the fact that  the conducting back surface was 
nei ther  perfect ly  conducting nor infinitely thick. 

Solutions to this type of problem have been obtained 
for more complicated geometries  and an extrapola t ion 
to N layers has been obtained where  N is the number  
of layers of different resist ivi ty and finite thickness. 
With a many  layered solution, approximat ions  can be 
made to graded profiles through the use of step func-  
tions. Such a case is shown in Fig. 6. Here  various 
approximat ions  up to N = 4 are made  to an exponen-  
tial resist ivi ty profile that  decreases from a value  of 
0.5 ohm-cm at the surface to 0.0050 ohm-cm at the in-  
terface in a distance of H1 = 2.0. The resul tant  cor-  
rection factor was calculated for each case and is 
shown in Fig. 7 as a function of the number  of layers 
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. . . . . .  ~, i i 
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Fig. 7. Correction factor far approximated decreasing experi- 
mental resistivity profile plotted as a function of the number of 
layers used for approximation. 

,'.o 21o ' 
HI 

Fig. 6. Step function approximation to an exponential profile. The 
value of resistivity at the surface is O.S ohm-cm and at the inter- 
face is 0.005 ahm-cm. 

or steps. It is apparent  that  there  is a strong depend-  
ence on the profile and that  care must  be taken in in-  
terpre t ing resis t ivi ty profiles obtained with  a spread-  
ing resistance probe. This is cer ta in ly  an area for 
fur ther  investigation. 

An outline of the solution to the potent ial  dis tr ibu-  
tion due to a finite area contact on a mul t i layered  
s t ructure  has been given. It  was applied only to a 
par t icular  version of the th ree-poin t  spreading resist-  
ance probe. The same solutions are applicable to all 
the four-point  potent iometr ic  probes, inline, square, 
over-under ,  and delta, and to all the spreading re-  
sistance probes, two-point ,  another  three-point ,  and 
one-point.  In all cases where  other  val id solutions 
have been found, this solution wil l  converge to the 
published values if appropr ia te  limits are taken. In 
addition, it provides a much wider  range of applica- 
tion and can be extended to finite horizontal  geom- 
etries through images and to N layers. 

The application of the mathemat ics  to the physical 
situation leaves some question. Perhaps  the largest  
unanswered question is whe ther  Laplace's  equat ion 
is a val id representat ion of the physics when semicon- 
ductors are used. Also, there  is much yet  to be done 
with  graded profiles ra ther  than the step changes re-  
quired by this analysis. However ,  in the use of the 
mathemat ics  to problems such as the spreading resist-  
ance, good exper imenta l  agreement  has been found 
between this and other  techniques (21, 22). It  would 
seem then that  the mathemat ics  is a fair ly good ap- 
proximat ion to real i ty  in most cases. Great  care must  
be used though in indiscr iminate  use of the integrals  
as each l imit  and assumption must  be analyzed for 
that  specific problem. 
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Polymorphism in Silver Telluride 
at High Pressures and Temperatures 

Maria D. Banus* and Mary C. Finn 
Lincoln Laboratory fl Massachusetts Institute o• Technology, Lexington, Massachusetts 

ABSTRACT 

The phase d iag ram of Ag2Te at pressures  to 40 kba r  and t empera tu res  to 
300~ has been de te rmined  by  resis t ivi ty,  DTA, and x - r a y  diffract ion m e a -  
surements .  Two h igh-pressure  phases were  found. Ag2Te II, which has a re -  
s is t ivi ty  ~ 4  t imes tha t  of the  a tmospher ic  pressure  monoclinic  phase Ag2Te I, 
is s table  be tween  22 and 25 kbar .  Ag2Te I I I  appears  above 25 kbar .  Its r e -  
s is t ivi ty  is about  half  tha t  for Ag2Te I. X - r a y  diffraction pa t t e rns  for  both  
h igh-pressure  phases can be indexed on t e t r agona l  cells wi th  different  la t t ice  
parameters .  

The s t ructures  of Ag2Se and Ag2Te are  or thorhombic  
and monoclinic, respect ively ,  a t  room tempera ture .  The 
e lect r ica l  proper t ies  of both  chalcogenides could best  
be s tudied by  measurements  on single crystals .  How-  
ever, it is not possible to grow single c rys ta ls  of the  
r o o m - t e m p e r a t u r e  phases f rom the  mel t  because  each 
has a t ransformat ion  to a face-cen te red-cub ic  phase at 
133 ~ and 148~ respect ively.  When  me l t -g rown  single 
crys ta ls  are  cooled th rough  this  t ransformat ion ,  they  
become highly  polycrys ta l l ine .  Since the  mola r  volume 
increases on enter ing the h i g h - t e m p e r a t u r e  phase, the  
appl ica t ion  of pressure  raises the  t ransi t ion t e m p e r a -  
ture  from the  l o w - t e m p e r a t u r e  phase.  If  the  phase 
boundary  in tersected the  l iquidus at a h igher  pressure,  
single crys ta ls  of the  des i red  phase might  be grown 
from the  mel t  under  pressure.  [The po lymorph i sm of 
s toichiometr ic  Ag2Te at a tmospher ic  pressure  is compl i -  
cated by  a second t rans format ion  to a body-cen t e r ed -  
cubic phase occurr ing at 802~ nea r  its mel t ing point  
(1, 2).] 

A p r e s su re - t empe ra tu r e  phase s tudy  of Ag2Se (3) 
was car r ied  out by  measur ing  the change of res is t iv i ty  
wi th  t empe ra tu r e  and pressure  to 48 kbar .  This showed 
that  the ra te  of increase of the  t rans i t ion  t empera tu re  
be tween  the or thorhombic  and face-cen te red-cub ic  
phase decreased with  increas ing pressure,  so that  this 
phase  bounda ry  was not expected to meet  the  l iquidus.  
Resis t iv i ty  measurements  and x - r a y  diffraction studies,  
which were  made  to over  50 kba r  at room tempera tu re ,  
showed no change f rom the l o w - t e m p e r a t u r e  or tho-  
rhombic  phase. 

P r e l im ina ry  exper iments  by  the same methods  on 
Ag2Te showed a somewhat  s teeper  in i t ia l  slope for the  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
O p e r a t e d  w i t h  s u p p o r t  f r o m  the  U.S.  A~r Force .  

boundary  be tween the  monoclinic and face -cen te red-  
cubic phases, and also gave evidence for  addi t ional  
phases at  high pressure.  This pape r  repor ts  a more  de-  
t a i led  invest igat ion of the  p r e s s u r e - t e m p e r a t u r e  phase 
d iag ram of Ag2Te by  electr ical  res is t ivi ty ,  dif ferent ia l  
t he rma l  analysis,  and x - r a y  diffraction measurements .  

Experimental 
All  exper iments  were  pe r fo rmed  on samples  cut  

f rom an n - t y p e  ingot, grown from the mel t  by the 
hor izonta l  Br idgman  technique.  The composi t ion of the  
ingot is ve ry  close to stoichiometric,  since the  ca r r i e r  
concentra t ion is only  1 x 101r/cm 8. l i t  is necessary  to 
specify the  composit ion because the  t rans i t ion  t em-  
pe ra tu re  be tween  the Ag2Te phases  at  a tmospher ic  
pressure  depends s t rongly  on sample  s toichiometry.  
Thus, it was repor ted  (1, 2) tha t  the t e m p e r a t u r e  of 
the  monoclinic to face-cen te red  cubic t rans i t ion  de-  
creases f rom 145 ~ • 3~ o n  the  Ag- r i ch  side to 105~ 
on the Te- r ich  side of the s toichiometr ic  compound.]  
Elec t r ica l  res i s t iv i ty  ( four - lead)  and different ia l  t he r -  
mal  analysis  measurements  under  hydros ta t ic  pres-  
sures to 18 kba r  and t empera tu re s  to about  400~ were  
made  in a 1 - in . -d iameter  by 4- in . -h igh  p i s ton-cy l inder  
device using isopentane or a mix tu re  of i soamyl  alcohol 
and n -pen tane  as the  p re s su re - t r ansmi t t i ng  fluid. A 
carefu l ly  insu la ted  res i s t ance-wound  furnace  sur -  
rounded  the  sample  inside the  pressure  chamber .  The 
m a x i m u m  t e m p e r a t u r e  was l imi ted  by  the t h e r m a l  de-  
composi t ion of the  liquids. Res is t iv i ty  measurement s  
under  hydros ta t ic  condit ions to 28 kba r  and t e m p e r a -  
tures  to about  100~ were  made  in a l iquid  cell  (4) 
conta ining the  same liquids. This cell  was hea ted  by  
c i rcula t ing  hot oil  t h rough  the  jacke t  a round  the  cy l in -  
der  res t ra in ing  rings. Tempera tu re s  in both  devices 
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were  measured with  Cr-A1 thermocouples  in the rmal  
contact with but electr ical ly isolated f rom the speci- 
mens. No corrections were  made for the effect of pres- 
sure on the emf of the thermocouples.  

The structures of the phases have been studied by 
obtaining x - r a y  diffraction powder  pat terns for samples 
squeezed between diamond Bridgman anvils of the type 
first described by P ie rmar in i  and Wier  (5). Since the 
anvi l  configuration results in substantial  pressure 
gradients across the sample, more than one phase may 
be present. Even  wi th  a finely col l imated x - r a y  beam, 
portions of more  than  one phase may be intercepted 
by the beam, especially if one of the phases has a ve ry  
nar row pressure range. Where  the unknown structures 
have  symmetr ies  other  than cubic or close-packed hex-  
agonal, however ,  pat terns  which are unambiguously  
single phase are essential for correct  indexing. The 
problem was solved by using the Bassett  modification 
of the diamond anvil  squeezer (6) which permits visual  
observat ion of the phases with a metal lographic  micro-  
scope. Since the Ag.2Te is not t ransparent ,  reflected 
light, e i ther  normal  or polarized, was used. Figure  1 is 
a photomicrograph taken through the anvil  d iamond 
showing the three phases of AgaTe. The desired phase 
could be positioned in the area of the x - r ay  beam by 
changing the loading on the piston diamond while  ob- 
serving the growth, disappearance, or movement  of the 
phases. It was necessary to wait  for about 24 hr  af ter-  
a pressure change to allow phase change or motion to 
go to completion. Sample  flow or kinetics of the phase 
t ransformat ions  may  have caused the slow change in 
phase locations. Photomicrographs  made before and 
after the 200-300 hr  exposures for the x - r ay  diffraction 
pat terns showed tha t  no fur ther  changes took place 
during the exposures. 

Results and Discussion 
P h a s e  d i a g r a m . - - I n  our first experiments ,  the resis- 

t ivi ty was measured as a function of t empera ture  at 
various fixed pressures between atmospheric  and 16 
kbar. The phase change to face-centered-cubic  Ag2Te 
with  increasing t empera tu re  was readi ly  observed by 
the sharp increase in resistivity, fourfold at 1 atm, ac- 
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Fig.  2. Relative resistivity of Ag2Te vs. temperature at constant 
pressure. Temperatures for monoclinir to fcc transition indicated. 

companying this t ransformat ion  (Fig. 2). The t rans i -  
t ion t empera tu re  was found to increase smoothly from 
148 ~ __ I~ at atmospheric pressure to 193 ~ _ 3~ at 
6 kbar. This increase was expected because the molar  
volume is grea ter  for the face-centered-cubic  phase 
than for the monoclinic phase. At about 8 kbar, how-  
ever,  there  was an abrupt  increase in the slope of the 
t ransi t ion tempera ture  vs.  pressure curve  ( see  Fig. 4, 
below).  In order  to check this unexpected  result, the  
t ransi t ion tempera tures  were  then determined by 
means of differential  thermal  analysis measurements .  
The results of these measurements  are in good agree-  
ment  wi th  the  resist ivi ty data. The shape of the t em-  
pera ture -pressure  curve  suggested the presence of a 
t r iple  point at about 8 kbar, result ing f rom the inter-  
section with the boundary of a h igh-pressure  phase. 

Resist ivi ty vs.  pressure measurements  were  then 
made at room tempera tu re  to confirm the existence of 
a h igh-pressure  phase. These measurements  show an 
abrupt  increase in resis t ivi ty by a factor of 4 at 22.0 
+_ 0.5 kbar, fol lowed by an abrupt  decrease by a 
factor of 7 at 25.0 _+ 0.5 kbar. The res is t iv i ty-pressure  
curves (Fig. 3) are ve ry  similar  in shape to the 
curves for cesium (7) used to establish the phase 
boundaries  of cesium III, which has a pressure 
stabil i ty range of only 1.5 kbar  at room tem-  
perature.  These curves therefore  indicate that  t rans-  
formations occur first to a phase (Ag2Te II) of 
h igher  resist ivi ty than the monoclinic phase (Ag2Te I) 
and then to a phase (Ag2Te III) with the lowest re-  
sistivity. 2 With increasing tempera ture ,  the magni tude  
and sharpness of the resist ivi ty changes decrease so 
that  accurate phase boundary data cannot be obtained 
by resist ivi ty vs.  pressure measurements  above ~75~ 
However ,  at 8 and 10 kbar, resist ivi ty vs.  t empera tu re  
curves showed changes in slope which are character is-  
tic of phase changes, al though it is more difficult to 
de termine  the precise t empera tu re  of the transition. 

The p ressure - tempera tu re  diagram based on these 
data is shown in Fig. 4. The slope of the boundary be-  
tween Ag2Te II and Ag2Te III suggests that  it is this 
boundary which gives the t r ip le  point at 8 kbar  and 
200~ Thermodynamic  considerations requi re  a second 
tr iple  point including Ag2Te I. However ,  the data are 
not sufficient to show whe the r  this point is between 
AgeTe I, II, and III  at about 10 kbar  and 175~ or be-  
tween  Ag2Te I, II  and the face-centered  cubic phase 
very  close to the tr iple point shown. In the lat ter  case, 
the I - I I  and I I - I I I  boundaries do not intersect.  The 
phase diagram shows that  i t  is not possible to grow 

Fig. 1. Photomicrograph of Ag2Te pressed between diamond 
Bridgman anvil faces and viewed by reflected light: A--outline of 
0.5-mm-diameter piston-diamond face; B--Ag2Te I; C--Ag2Te II; 
D--Ag2Te I II. 

'-' We h a v e  a d o p t e d  R o m a n  n u m e r a l s  to d e s i g n a t e  these  phases  
because  th i s  is the  c u s t o m a r y  usage  in  the  l i t e r a t u r e  on h i g h -  
p r e s su re  research .  I t  s h o u l d  be n o t e d  t h a t  F r u e h  has  used  ROman 
n u m e r a l s  to  i d e n t i f y  the  t h r e e  phases  of AgeTe w h i c h  are s tab le  a t  
a t m o s p h e r i c  p ressure ,  b u t  th i s  p r o c e d u r e  has  no t  been  f o l l o w e d  by 
o the r  i n v e s t i g a t o r s  of AgeTe, and  i t  is c o n t r a r y  to the  u s u a l  p rac -  
t ice  of d e s i g n a t i n g  a t m o s p h e r i c  p re s su re  phases  b y  lower -case  
G r e e k  let ters .  
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Fig. 3. Resistivity (four-lead) vs. increasing loud for Ag2Te in 
hydrostatic system at 25~ 330 tens corresponds to 22 kbar and 
410 tons corresponds to 25 kbar. 
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Fig. 4. Pressure-temperature phase diagram of Ag,Je from resis- 
tivity and DTA data. 

crystals of the room tempera ture  Ag2Te I phase from 
the melt  at high pressure. 

Resistivity measurements  ( four- lead)  were also 
made at room tempera ture  to ~90 kbar  in a quasihy-  
drostatic system using AgC1 as the pressure medium. 
The abrupt  resistivity changes at 22.5 and 25 kbar  were 
duplicated. Above 26 kbar, the resist ivi ty increases 
slowly by about 15% to a max imum between 44 and 
48 kbar, then gradual ly  decreases by ~20% to 90 kbar. 
These small gradual  changes probably  do not result  
from fur ther  s t ructural  changes but  r a the r  from the 
effect of pressure on the conduction mechanism, com- 
plicated by decreases in sample dimensions due to com- 
pression. 

Structure of high-pressure phases.--The diffraction 
pat terns of both high-pressure phases have been in- 
dexed on tetragonal  cells. A summary  of the d-spacings 
and indexing is given in Table I. Table II lists the la t -  
tice parameters  and densities of Ag2Te I, II, and III. 
The diffraction pa t te rn  at atmospheric pressure agrees 
with the pa t te rn  for monoclinic s tructure reported by 
Frueh  (8). There is an increase in density of 12% be- 
tween Ag2Te I at 1 atm and Ag2Te II at 24 kbar,  part  
of which is due to the compressibil i ty of the monoclinic 
structure. The 5% density increase between Ag2Te II 
at 24 kbar  and Ag2Te III  at --40 kbar  is probably  due 
mostly to the change in molar  volume at the t ransi t ion 
ra ther  than to compressibility. 

Table I. Indexing of x-ray patterns for high-pressure 
Ag2Te-II and Ag,~Te-III 

Ag~Te- I I  Ag~Te- I I I  
d - s p a c i n g  d - s p a c i n g  

h k l  (A) I n t e n s i t y  h k l  (A) I n t e n s i t y  

002 3.06 0.5 3 1 0 , 2 2 1  2.79 0.5 
300 2.95 9 3 0 1 , 1 1 2  2.67 1 
310 2.82 10 311 2.53 10 
311 2.57 4 202 2.46 1 
202 2.51 < 0 . 5  400 2.17 8 
321 2.31 1 410, 302 2.11 6 
400 2.25 1 411 1.99 < 0 . 5  
3 0 2 , 4 1 0  2,15 < 0 . 5  322 1.90 0.5 
330 2.10 < 0 . 5  213 1.80 < 0 . 5  
4 1 1 , 0 0 3  2 .04 8 402 1.76 < 0 . 5  
113 1.94 5 511 1.65 < 0 . 5  
402 1.80 0.5 621 1.56 0.5 
510 1.75 < 0 . 5  440 1.53 0,5 
511 1.70 0.5 413 1.46 < 0 . 5  
313 1.65 < 0 . 5  423 1.40 9.5 
521 1.60 < 0 . 5  324 1.2g 0.5 
530 1.53 1 424, 115 1.20 0.5 
610 1.47 2 524 i.I0 <0,5 
620 1.41 1 
541 1.36 1 
513 1.31 2 
706 1.28 1 
7 1 1 , 6 4 0  1.24 < 0 . 5  
721 1.20 < 0 . 5  
722 1.14 < 0 , 5  
810 I . I i  < 0 . 5  

Table II. Phases of Ag2Te 

I II III 
M o n o c l i n i c  T e t r a g o n a l  T e t r a g o n a l  

(1 a t rn)  (24 k b a r )  t40 k b a r )  

a = 8 .13A a = 8 .92A a = 8 .68A 
b = 4.43 
c = 8.09 c = 6.09 c = 6.09 
/] = 112~ , c / a  = 6 .68 c / a  = 0.70 

M = 4  M = 3  M = 6  
p = 3.40 g / c c  p = 9.41 g / c c  p = 9.91 g / c c  

The space groups for the high-pressure phases have 
not been determined. Although the two phases have the 
same c-parameter  and similar a-parameters ,  they prob-  
ably have different space groups, since the in tensi ty  
dis t r ibut ion is quite different for the two diffraction 
patterns. For example, compare the 310, 311, 400, and 
the 410, 302 doublet  reflections. The electrical and opti- 
cal properties emphasize the sharp difference between 
these two phases. The s t ructure  of Ag2Te III  appears to 
be isotypic with that of high pressure Ag2S (9), the 
space group of which has not been determined either. 
The ratio of the uni t  cell volumes between Ag2Te III 
and the high pressure Ag2S (1.31) is similar to the ratio 
of the atomic volumes for te l lur ium and sulfur  (1.32). 
Thus, in its high-pressure behavior, AgeTe appears to 
be similar  to Ag2S rather  than  to Ag2Se, which has no 
high-pressure phases to more than  45 kbar  (3). 
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Electron Beam Exposure of Silicones 
Yasuo Yatsui, Toshitake Nakata, and Kazuo Umehara 

Research and Development Center, Sanyo Electric Company, Ltd., Hirakata, Osaka, Japan 

ABSTRACT 

An investigation has been carr ied out on silicone etch-resis ts  which can 
be exposed by electron beam irradiation. Thin silicone films with  a thickness 
of about  5000 and 10,000A were  i r radiated by scanning electron beam acceler-  
ated at 10 and 25 kv, over  defined area. The thicknesses of silicone films af ter  
development  were  measured for each different i r radiat ion charge density; thus 
the exposure characterist ics of a few kinds of silicones were  obtained. With 
the most sensitive silicone, methylvinylpolysi loxane,  it was possible to form 
developed pat tern  with i rradiat ion charge density 8.8 x 10 -7 coulombs/cm ~ 
at 10 kv. The chemical  resistances of the electron beam irradiated silicone 
films to the chemical  reagents  which were  thought  to be the consti tuents of 
common etchants were  also investigated. It has been shown that  f lood-beam 
irradiat ion onto the developed silicone films was effective to increase chemical  
resistance and adhesive force to the substrate. Such silicone resists are prac-  
t ically useful to almost all etchants other  than sulfuric acid. 

I t  has been well  known that  e lectron beam i r radia-  
tion causes cross- l inking of polymers (1). In several  
al terat ions of the chemical  and physical  natures of the 
cross-l inked polymers, the change of polymer  solubili ty 
to organic solvents can be uti l ized for the formation of 
submicron sized etch-resist  pat terns by sectional elec- 
t ron beam irradiat ion over  the polymer  films. 

Etch-resis ts  that  have been used for the above men-  
t ioned purposes were  in almost all cases photosensit ive 
resins which can be cross-l inked essentially by uv light 
i rradiat ion;  these resins are also successsfully cross- 
l inked by electron beam irradiat ion (2). If  other  mate-  
rials having high sensitivit ies not to uv light but to 
the electron beam, and having good resistance to acids 
and alkalis were  obtained, these mater ia ls  would be 
bet ter  for electron beam sensitive etch-resists.  

As the silicones are among the more chemical ly 
stable classes of compounds, cross- l inking of a few 
kinds of silicones by electron beam irradiat ion was 
tr ied for the formation of the etch-resists.  Al though 
some exper iments  have been done to form silicone films 
by electron beam irradiation,  the i r  processes were  
fair ly slow since silicones were  supplied onto the sur-  
face of substrate  f rom vapor  phase along with electron 
bombardment  (3-11). In other exper iments  the pre-  
coated organosilicon compound, tr iphenylsi lanol,  was 
polymerized by electron beam, but its sensit ivity was 
also low (12-13). Recent ly  it was proposed to use elec- 
t ron beam irradiated silicones as diffusion barriers  
(14). 

To put silicones to practical  use as etch-resist ,  the 
fol lowing conditions should be met: (i) the possibility 
of making thin  and uniform silicone films with a th ick-  
ness less than 1~; (ii) high cross- l inking sensit ivi ty by 
electron beam irradiat ion;  (iii) good chemical  resist-  
ances of the cross- l inked silicones. As a result  of in-  
vestigations concerning the radiat ion chemist ry  of 
polymers,  it has been shown that  the polymerizat ion 
degree and the organic groups contained in polymers  
play impor tant  roles in cross-l inking by irradiat ion 
(15), and so several  silicones having different poly-  
merizat ion degree and organic groups were  employed. 

Experimental Procedure 
The electron beam apparatus used in the exper iments  

was Japan  Electron Optics Laboratory 's  JSM type 

Key  w o r d s :  e l ec t ron  b e a m  exposure ,  e tch- res i s t ,  s i l icone.  

scanning electron microscope. Al though this apparatus 
can form a fine electron beam with d iameter  less than 
0.1~, the electron beam was focused to 1-2~ diameter,  
so as to obtain uniform exposure over  the area of 
raster  scan which was near ly  square. 

Exposing charge density is given by 

Q (coulombs/cm 2) = i x t/s 

where  i is the electron beam current  in amperes,  t is 
the scanning t ime in seconds, and s is the scanning area 
in square centimeters.  To vary  the exposing charge 
density, ranging f rom 10 -s  to 10 -4 coulombs/cm",  the 
scanning t ime and scanning area were  varied with  the 
beam current  held constant. 

Exposure  conditions by the electron beam were as 
follows: beam current,  10 -10 amp; accelerat ing voltage, 
10 and 25 kv; scanning area, 4 x 10 -4 - -  10 -2 cm2; scan- 
ning time, 1.1-1279 sec; scanning lines, 125, 250, and 500 
l ines / f rame.  

The silicones used in the exper iments  and their  prop-  
erties are listed in Table I. 

Silicones were  dissolved into isoamylacetate  which 
was found to be the most suitable solvent for the sili- 
cones; solutions were  spun onto mir ror -pol i shed  silicon 
slices, af ter  which the solvent was volati l ized thor-  
oughly at room temperature .  If the dilution rate  was 
appropriate,  uni form films with arb i t ra ry  thicknesses 
f rom 500 to 20000A were easily obtained by this 
method. In the fol lowing exper iments  5000 or 10000A 
films were  employed. After  the drying was completed 
samples were  inserted into the scanning electron mi-  
croscope and subjected to the electron beam irradia-  
tion. I r radiated samples were  then soaked in isoamyl-  
acetate for 2 min for the purpose of development .  The 
residual film thickness af ter  development  will  depend 
on the quant i ty  of the i rradiat ion charge. Development  
longer  than 2 min made no observable change in resid- 
ual film thicknesses determined by the exposure  con- 
ditions. For  the expression of the exposure character is-  
tics of silicones for electron beam irradiation, the re la-  
tions between the i rradiat ion charge density and film 
thickness remaining after  development  were  adopted. 
Resist removal  during development  was uniform over  
the ent i re  exposed surface, whe ther  the i rradiat ion 
charge densities are high or low. Because the th ick-  
nesses of the exposed film areas were  too small  to 
measure  by an in terferometer ,  in terference color was 
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Table I. Silicones used in the experiments 

95 

Si l i cones  Organ i c  g roups  R e m a r k s  

SH 200 (10 ~ c.s.) ~ M e t h y l  
SH 200 r • 10'; c.sA~ M e t h y l  
TSE 200~ M e t h y l  
SH 410 t Me thy l ,  v i n y l  
SH 430~ Methy l ,  v i n y l  
SH 440 t Methy l ,  p h e n y l  

Oil, p o l y m e r i z a t i o n  deg ree  1400 -e 
Oil ,  p o l y m e r i z a t i o n  deg ree  2600 a 
G u m ,  p o l y m e r i z a t i o n  degree  15000-20000 
G u m ,  v i n y l ;  more  t h a n  1 m / o  ?~ 
G u m ,  v i n y l ;  less t h a n  1 m / o  ?~ 
G u m ,  p h e n y l ;  a b o u t  10 m / o  ?~ 

Toray  S i l i cone  CompanY', J a p a n .  
Tokyo  S h i b a u r a  E lec t r i c  Company ,  J a p a n .  

:~ C a l c u l a t e d  f rom v iscos i ty .  
a P rec i se  da ta  are n o t  ava i l ab le .  

adopted as the measure  of thickness. Precise relations 
between in ter ference  colors and silicone film thick-  
nesses on silicon substrates were  obtained previously 
with re la t ive ly  large area silicone films whose thick-  
ness could be measured by an in terferometer .  The 
same conditions were  applied in all  in terference color 
observations. 

Resistances of electron beam irradiated silicones to 
the common chemical  agents were  also examined.  In 
these experiments ,  silicone films about 5000A thick 
were  employed. Since it had been shown in the pre-  
l iminary exper iment  tha t  f lood-beam irradiat ion with  
high charge density af ter  development  increased chem-  
ical resistance and the adhesive force of silicones, 
charge densities i r radiated prior to the chemical  test 
were  10 -~ and 10 -~ coulombs/cm ~-. F lood-beam i r radi -  
ation corresponds to the postbake process of photo- 
sensitive resins. The i r radiated silicone films were  then 
immersed in chemical  reagents for 15 rain at room t em-  
perature,  and diminut ion of film thickness was mea-  
sured by in ter ference  color observation. Some errors 
in measurement  would occur, for refract ion constant 
may be al tered by absorption of chemical  reagent,  and 
in terference color may change independent ly  wi th  
thickness. However  these errors would be negligible.  

100 

50  

SH 200 ~ o �9 " 

( 1 0 5 c .  s. ) o 
O ~  o 1 0  kV 4 4 0 0  ,~ 

m TM a 2 5  kV 0 3 0 0  .~ 
�9 10 k v  11000  ,~ 

o � 9  kV 11000  

~e �9 ~a �9 I o.~---~,, I I 

Experimental Results 
Exposure  characterist ics of silicones listed in Table I 

wi th  thicknesses about 5000 and 10000A for the elec- 
tron beam accelerated at 10 and 25 kv  are shown in 
Fig. l-a,  b as the relations be tween the charge densi ty 
and the percentages of residual  film thicknesses af ter  
the development  re la t ive  to the thickness before de-  
velopment.  The charge density which results in 90% 
residual film thickness is designated as efficient charge 
density, and for convenience these quanti t ies may  be 
used as the comparison of the sensitivit ies of silicones. 
Efficient charge densities of the  silicones wi th  th ick-  
ness about 5000K for the electron beam accelerated at 
10 kv are listed in Table II. 

Al though the electron beam current  was 10 -~~ amp 
in those cases, i r radiat ion by an electron beam car ry ing  
10 -~2 amp was also tried, but  the exposure character is-  
tics were  identical  with that  obtained by the electron 
beam carrying 10 -~~ amp within  the limits of exper i -  
menta l  error. So we may conclude that  there  exists no 
reciprocity fai lure in the range of these electron beam 
currents.  

The chemical  resistances of silicones i r radiated by 
the electron beam accelerated at 10 kv are listed in 
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Fig. la. Exposure characteristics of silicones, SH 200 (105 c.s.), 
SH 200 (2.5x!06 c.s.), and TSE 2 0 0 .  
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Fig. lb. Exposure characteristics of silicones, SH 410, SH 430, 
and SH 440. 
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Table ]]. Efficient charge density for silicones 

Eff ic ient  cha rge  dens i ty ,  
S i l i cones  c o u l o m b s / e r a  ~ 

S H  200 (105 c.s.) 3.9 • 10 -6 
SH 200 (2.5 X 1O '; c.s.) 2.9 • 1O -~ 
TSE  200 2.2 • 10-6 
S H  410 8.8 x 10 -'r 
S H  4 3 9  2.8 • 10 -~ 
SH 440 5.0 x l0 -6 

Table IIL In this table residual film thicknesses after 
immersion in chemical reagents for 15 min  at room 
tempera ture  are expressed in percentages relat ive to 
the film thickness before immersion (5O00A). The left-  
hand figures in each column are the results for films ir-  
radiated with 10 -~ coulombs/cm2 charge densities, and 
the r igh t -hand  figures for those with 10 -4 coulombs/  
cm 2 charge densities. For the comparison, me thy lv iny l -  
polysiloxane and dimethylpolysi loxane were also im-  
mersed in boiling trichloroethylene, but  no dissolution 
or peeling were seen in these cases. 

Although the silicone films were dissolved slowly in 
hydrofluoric acid (49%), they were dissolved very 
little in  buffered etchant, and SiO2 of which thickness 
was 3000A was successfully etched without  damage of 
resist films (Fig. 2). 

To know the resolution of silicone resist, l ine ex- 
posure of SH 200 (105 c.s.) of which thickness was 
about 3000A was carried out using 0.1~ electron beam, 
and developed pat tern  about 0.4~ was obtained as 
shown in  Fig. 3. It was difficult to obtain a finer ex- 
posure line because of the spreading of exposure area 
by scattering of electrons in the resist and substrate. 

Discussion and Conclusions 
It can be seen that  the silicones show decreasing 

sensit ivi ty in the order of those having vinyl  groups, 
methyl  groups, and phenyl  groups. Especially, methyl -  
vinylpolysi loxane thought  to contain more than 1 m/o  
(mole per cent) v inyl  groups shows a few times higher 
sensi t ivi ty than the convent ional  photoresists for elec- 
t ron beam exposure (16). The high sensitivity of meth-  
ylvinylpolysi loxane to the electron beam is reasonable 
and to some extent  anticipated. The relat ively low 
sensit ivity of methylphenylpolysi loxane may be ex- 
plained by the radiat ion protective effect of phenyl  
groups for the cross-linking, which is well  known in 
the study of radiat ion chemistry (17). According to 
this phenomenon,  the energy t ransferred from the bom- 
barding electron to the molecule, will  be fur ther  
t ransferred to the phenyl  groups, and the bom- 
barding energy is diminished without  causing any 
chemical reaction. When more sensitive silicone is re- 
quired, one containing phenyl  groups must  be avoided. 

Comparison between silicones that  have the same 
methyl  groups but different polymerization degrees 
shows that  one having higher polymerization degrees 
has higher sensitivity. However in the mat ter  of con- 

Fig. 2. Etching test of 3000~, SiO~ by buffered etchant, using 
SH 200 (105 c.s.) resist, after stripping off the resist. 

Fig. 3. Fine line pattern of SH 200 (10 ~ c.s.), exposed by 0.1~ 
beam at 25 kv, after development. L.ine width is about 0.4~. 

trast, silicones having higher polymerizat ion degrees 
show poorer contrast  than those having lower poly- 
merization degrees. 

Silicones were more sensitive to the electron beams 
accelerated at 10 kv than to those accelerated at 25 kv 
because the energy t ransfer  to the resist per un i t  
length increases as the energy of the incident electrons 
decreases. However no dependences on the film thick- 
ness were seen wi thin  the limits of exper imental  error. 

The chemical resistance of silicones exposed to the 
electron beam is poor to sulfuric acid, and in this case 
films were dissolved completely in 1 rain, so the silicone 
resist cannot be used in etchant containing sulfuric 
acid. Also some damage to the resist was seen with 
hydrofluoric acid and in a sodium hydroxide solution. 
However higher i rradiat ion charge density provided by 
flood-beam irradiat ion improved the resistance to those 
reagents. For instance, in the case immers ing TSE 200 
in hydrofluoric acid for 15 min, films subjected to 10 -4 
coulombs/cm 2 irradiat ion showed only 33% decrease 
in thickness, while those subjected to 10 -5 coulombs/  

Table III. Residual film thicknesses expressed in percentage relative to those before immersion in chemical reagents 
/.eft-hand figures in each column are the result for 10 -~  coulambs/cm 2 irradiation 

and right-hand figures are for 10 -4  coulombs/cm 2 irradiation. 

SH 200 SH 200 
C h e m i c a l  r e a g e n t s  105 c.s. 2.5 • 10~ c.s. TSE 200 SH 410 SH 430 SH 440 

T r i e h l o r o e t h y l e n e  100%/100% 10O/10O 100/10O 1OO/1O0 1O0/1O0 1O0/1OO 
M e t h y l a l c o h o l  100/1OO 10O/100 100/10O 1O0/1OO 1OO/1O0 100/1O0 
S o d i u m  h y d r o x i d e  (10~)  100/1001 100/100 0 /0  ~ I00/100 90/89 92/94 l 
C h r o m i c  ac id  ( sa tu ra ted)  100/100 100/100 10O/10O 100/10O 100/100 100/100 
P h o s p h o r i c  ac id  (85%) 100/100 100/100 100/100 100/100 100/100 100/100 
H y d r o c h l o r i c  ac id  (35%) 100/100 90/100 87/92 95/100 100/100 94/100 
Hydro f luo r i c  ac id  (49%) 54/82 59/79 33/67 78/77 86/85 43/85 
S u l f u r i c  ac id  (95%) 0/0~ 0/0 ~ O/0 ~ 0/0 v 0/0 ~ 0/0 ~ 
Nitric acid (65%) 100/100 100/100 87/92 I00/I00 100/100 I00/I00 
Aqua regia 100/100 100/100 87/92 100/100 93/96 98/100 

1 S h r i n k i n g  a n d  p a r t i a l  p e e l i n g  of the  f i lms were  seen. 
'-' D i s s o l v e d  in  1 rain.  
3 F i l m s  were  los t  by  pee l ing .  
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cm 2 showed 67% decrease. Such silicone films come to 
have perfect resistance to the buffered hydrofluoric 
acid that  is ordinari ly  used to etch SIO2. Resistances to 
the other acids were excellent, and these facts demon-  
strate that  the silicone films subjected to flood-beam 
after development are useful as an etch-resist  for the 
etchants composed of the acids or alkalis listed in Table 
III except for sulfuric acid. The difficulty involved in 
s tr ipping of the resists after etching may be anticipated 
as the result  of excellent resistances to the organic sol- 
vents. To remove exposed resist films, swabbing with 
cotton after boiling in tr ichloroethylene for 20 min is 
required. Soaking in sulfuric acid at room temperature  
is also effective, if it is permissible. 

It  is expected that the oxygen atoms contained in 
silicones make strong meta l -oxygen bonds at the in-  
terface of resist and substrate. In  fact, adhesion of ir-  
radiated silicone films to a silicon substrate was excel- 
lent. 

In  conclusion, silicones can be good mater ia l  for 
electron sensitive resist in place of the conventional  
photosensitive resists because of the high sensit ivity to 
the electron beam, strong resistance to most chemical 
etchants, and good adhesion to the substrate. 
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Carbon in Epitaxial Silicon 
P. Rai-Choudhury,* A. J. Noreika, and M. L. Theodore 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

Epitaxial  Si layers have been doped with carbon from a silicon te t ra-  
chlor ide-methane system, and the carbon content  has been chemically ana-  
lyzed. The levels of carbon content  range from 9.7 x 1017 atoms C/cm 3 (un-  
doped) through 2.6 x 10 TM atoms C/cm 3 (moderate doping),  to a saturat ion 
content  which induces complete conversion to SiC. Influence of the carbon 
content on the crystal l ine perfection of the Si layers is found to be negli-  
gible up to concentrat ions of l0 is atoms C/cm3; at concentrat ions near  10 TM 
atoms C/cm 3 many  polycrystal l ine inclusions are formed. Spreading resist-  
ance measurements  which reveal doping profiles show significant increases in 
resistance only in layers which can show some change of phase. Direct evi- 
dence is presented demonstra t ing that  the retent ion of carbon in the deposited 
layers is both by diffusion induced subst i tut ion and by chemical reaction. The 
retent ion of excess carbon interst i t ial ly is inferred. 

Epitaxial  Si layers, grown in the presence of carbon 
contaminants,  are often observed to contain crystal-  
lographic defects. Some of these defects, e.g., t r ipyra-  
mids, are presumed to arise from the formation of SiC 
platelets at the substrate surface (1,2). No data are 
available, however, which directly relate the carbon 
impur i ty  concentrat ions to the type or number  of 
defects which are formed. 

Studies of carbon in bulk Si are more quanti tat ive.  
Bulk Si, regardless of the method of preparation, has 
been reported to retain at least 3 x 10 is atoms C/cm :~' 
(3). This impur i ty  level represents the subst i tut ional  
saturat ion limit of carbon in Si at the melt ing point 
(3,4); hence, retent ion of this concentrat ion at lower 
temperatures  denotes a supersaturat ion of carbon in Si. 

The present study seeks the following: (i) to confirm 
the quant i ta t ive  measurements  for concentrations of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

carbon in bu lk  Si; (ii) to extend these measurements  
to carbon in epitaxial  Si deposits; (iii) to alter con- 
t rol lably carbon concentrat ions in epitaxial  Si; and 
(iv) to correlate the relat ive numbers  of observable 
defects with known carbon impur i ty  concentrations. 

Experimental 
Epitaxial  layers of Si were grown in a conventional  

horizontal  reaction chamber  by the hydrogen reduction 
of SIC14 as well  as by the pyrolysis of silane. Chemi- 
cally polished S i ( l l l )  wafers were used as substrates. 
Heating of the substrates was done via the rf heating 
of a SiC coated graphite susceptor on which the sub-  
strates lay. Predeposit  etching of the substrates with 
water  vapor (5) was done in situ. Group V doping of 
the layers where desired was accomplished by inject-  
ing phosphine into the main  gas stream. The source 
carbon supplied to the growing Si layers arr ived via 
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the gas flow as a methane (CH4)-hydrogen mixture.  
The partial  pressure of silicon tetrachloride was held 
constant  at 8 x 10 -3 atm; all relative (C/Si)g ratios 
were produced by al ter ing only the methane  partial  
pressure. 

The carbon contents of both the epitaxial deposits 
and the substrates (bulk) were analyzed chemically. 
The metbod of analysis (see Appendix)  imposed a 
lower l imit on the weight of the Si sample, viz. ,  0.3g 
at which 20 ppma could be detected unambiguously.  
Two epitaxial layers from a single exper iment  with 
substrates removed provided the necessary 0.3g of St. 

The sirtl  etch technique (6) and optical microscopy 
were used to note surface defects. Precipitates and /or  
inclusions were detected by transmission electron 
microscopy (TEM) of thin regions near  the surface and 
identified where possible by transmission electron dif-  
fraction. The layers were subjected to both TEM and 
Lang topographical x - ray  analyses to obtain a measure 
of crystal l ine perfection. Spreading resistance mea-  
surements  gave resistance profiles (7) of the layers 
together with any resistance inhomogeneities which 
may  have been carbon induced. 

Results 

The exper imental  data are presented relative to 
increasing levels of carbon (gas phase) doping. Carbon 
concentra t ions  of the various silicon samples are pre-  
sented in Table I and compared there to bulk data. 
The thicknesses of all deposits were nomina l ly  200~ 
(grown at _~ 1 ~/min) ,  the init ial  70~ of which were 
deposited with no carbon doping. To provide a s tan-  
dard resistivity, all deposits were phosphorus doped 
to a level which would provide n-type,  30 ohm-cm St. 
(C/Si)g = 0.--With no in tent ional  carbon doping, the 
carbon content  of the epitaxial  Si layers formed by 
the hydrogen reduction of SIC14 was 2.3 x 10 TM atoms 
C/cm 3. This concentrat ion was approximately half that 
observed in bulk  specimens, the latter value compar-  
ing favorably with data published by Schink (3). 
Layers prepared by the pyrolysis of silane showed a 
still smaller  carbon concentration, as noted in Table I. 

The crystal l ine perfection of these layers was typi-  
cally good. TEM studies and x - ray  topographic exami-  
nations showed no precipitatelike inclusions or stack- 
ing faults. The observed dislocation densities were of 
the order of 102/cm 3. 
(C /S i )g - - - -1 /80 ;  (C/Si)g = 1/34.--Specimens grown 
in both the (C/Si)g = 1/80 and (C/Si)g = 1/34 con- 
centra t ions  were physically very similar. Dislocation 
dens i t ies  and resistivities of both differed negligibly 
from those of the deposits described in section 3.1. 
Unlike the lat ter  (undoped) deposits, however, small, 
roughly circular inclusions occasionally appeared. The 
small  size ( ~ 0 . 1  mm) and the sparse numbers  
( <  1/cm 2) made identification impossible. No at tempt 
was made to characterize fur ther  these part icular  in-  
clusions. The carbon content of deposits with (C/Si)~ 
= 1/34 was 3 x 10 is atoms C/cm 3 concentrat ion mea-  
surements  were not made on the (C/Si)g = 1/80 
specimens. 
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Fig. 1. X-ray topograph of an epitaxial Si layer doped with mod- 
erately high level of carbon. Triangular teatures correspond to 
polycrystalline inclusions. 

(C/Si)g ~ 3/10.--At  (C/Si)g = 3/10 the carbon con- 
centrat ion was found to be 2.6 x I0 t9 atoms C / c m  :~. 
Visual observation of the deposited surfaces showed 
the epitaxial layer to be interspersed with large equi-  
lateral  t r iangular  shapes. Analyses of electron diffrac- 
tion pat terns of thinned surface regions of these areas 
identified them as mixed polycrystall ine regions of Si 
and graphite. It is possible, however, that regions more 
removed from the surface may have had sufficient 
t ime to form SiC dur ing the extended growth period. 
Normal  edge dimensions of the t r iangular  shapes 
ranged from 0.3 to 1.5 mm, the larger ones being more 
numerous.  Figure 1, a Lang x - ray  topograph, shows 
the general  two-dimensional  shape of these regions 
and indicates an intense strain at their junct ion with 
the epitaxial deposit. The figure also shows, in marked 
contrast, the relat ive absence of addit ional s t ra in-  
induced effects in the epitaxial component of the de- 
posit, the dislocation density nominal ly  being the same 
as in undoped layers. To determine the th ree -d imen-  
sional shape, the deposits were sectioned. When viewed 
in cross section, the polycrystal l ine regions again ap- 
peared tr iangular,  the vertex angles being extremely 
obtuse, viz. ,  ~ 170 ~ - 175 ~ and the max imum thickness 
being ~ 140~. 

To gain some measure of the carbon content  of the 
polycrystall ine regions, the deposits were annealed in 
hydrogen for 6 hr at 1050~ In the thinned regions of 
the t r iangular  areas, after the anneal  there was com- 
plete conversion of the Si to SiC (both ~ and B-forms, 

> a),  i.e., the carbon to Si ratio was at least unity. 
In  the epitaxial  region of the deposit, the anneal  had 
precipitated the small  agglomerates shown in the mic-  
rograph, Fig. 2. This region had been, prior to anneal, 
devoid of any contrast producing objects. The agglo- 
merates failed to give an electron diffraction pattern, 
but  the originally high concentrat ion of carbon sug- 
gests they are carbon precipitation out of solid solu- 

Table I. Carbon content of silicon 

S a m p l e  
No. M e t h o d  of s i l i con  p r e p a r a t i o n  

A p p r o x i m a t e  d is -  
l oca t ion  dens i ty ,  

No. /cm~ 

Carbon concen t r a -  
t ion  in  s i l icon,  
a toms  C / c m  a 

Macroscop ic  
effects of car-  

bon  on sur face  

Bu lk ,  f loat  zone 

Bu lk ,  Czoch ra l sk i  

E p i t a x i a l  s i l i con  f r o m  SiCI~, u n d o p e d  

E p i t a x i a l  s i l i con  ca rbon  d o p e d  (C/Si )g  
: 1/34 

E p i t a x i a l  s i l i con  f r o m  SiCh,  ca rbon  
doped,  (C/S i )g  = 3/10 

E p i t a x i a l  s i l i con  f r o m  Sil l4,  u n d o p e d  

10 ~ 

0 

10 ~ 

10 z 

10 ~ 

5.1 • 10 TM 

5.9 • 10 TM 

2.3 • 10 TM 

3.0 • 10 TM 

2.6 • 101~* 

9,3 • 1017 

None  

None  

None  

P o l y e r y s t a l l i n e  a reas  

Tr iangu lar  po]ycrys -  
t a l l i ne  a reas  

None  
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Fig. 2. Transmission electron micrograph of an annealed, carbon- 
doped, epitaxial deposit. Annealing temperature, 10S0~ deposit- 
ing temperature, 1225~ 

tion. Resistivity measurements  corresponded closely 
to those of undoped (carbon) deposits. 
(C/Si)g ~ 1/2.--Layers produced at this level of 
carbon doping mainly  consisted of polycrystal l ine 
regions of Si and graphite; the epitaxial component of 
the deposit represented about 30% of the surface area. 
The polycrystal l ine regions possessed no simple geo- 
metric shapes. Average resistivities continued to be of 
the order of 30 ohm-cm. 
(C/Si)g = 1.--At (C/Si)~ =- 1, the deposit was com- 
pletely polycrystall ine.  Electron diffraction showed 
the presence of both Si and SiC. Spreading resistance 
measurements  showed a marked increase in resistance 
at the onset of carbon injection. The resistivity up to 
the t ime of carbon doping was 30 ohm-cm; the equiva-  
lent spreading resistance is 3.5 x 104 ohms; after doping 
the spreading resistance rose to 106 ohms. 
(C/Si)~ =- 5/1.--The deposited layers at this doping 
level were completely composed of polycrystal l ine SiC, 
the average crystal size being 2000A. Both a and 3 
forms were detected, the latter form predominating.  
Spreading resistance measurements  gave values great-  
er than l0 T ohms. 

Discussion 
The exper imenta l  results described above noted that  

carbon, chemically introduced dur ing the epitaxial  
growth of St, either (i) reacted to form SiC, or (it) 
init iated the formation of mixed polycrystal l ine areas 
of Si and graphite, or (iii) might  be incorporated in 
yet another way, e.g., intersti t ially.  Growths of both 
the SiC layers and of the unreacted polycrystal l ine 
areas were likely to have had similar beginnings,  viz., 
at pyrocarbon nuclei. The reduction of methane to 
carbon for methane  concentrat ions equivalent  to 
(C/Si)g > 1/s at 1200~ was based on thermodynamic  
calculations, i.e., the input  part ial  pressures of meth-  
ane are equal to or greater than the equi l ibr ium value. 
At 1200~ SiC formation from SIC14, CH4, and H2 in-  
volves the reaction (8) 

St(s) + C(s) --> SiC(s) 

and was observed in the present  s tudy for (C/Si)g 
> 1/2. Its inhibi t ion in the range, 1/8 < (C/St)g < 1/2, 
however, was unexpected. Ini t ia l  speculation l inked 
the effect to the reaction kinetics and suggested a 
m in imum carbon concentrat ion below which SiC was 
not formed. 

The generat ion of both reacted and unreacted poly- 
crystal l ine regions from carbon nuclei  was par t ly  con- 
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firmed through measurements  of the thicknesses of 
these deposits. Depths of the large t r iangular  regions 
produced where (C/Si)g ~ 3/10 corresponded to 
growth ini t iated dur ing the deposition of the first few 
doped monolayers.  Similar  findings were noted for 
all ratios of greater magni tude;  the few inclusions ob- 
served in layers where (C/Si)g had been 1/80 or 1/34 
showed no such correspondence. The predicted pyro-  
carbon formation for (C/Si)g ~ 1/8 thus coincided 
with the onset of polycrystal l ine layer formation. The 
presence of the small  t r iangular  regions (Fig. 1) 
demonstrated that  some nucleat ion may occur at later 
stages of growth. Polycrystal l ine growth in lightly 
doped layers was regarded as a rare event. 

An int r iguing feature of the polycrystal l ine regions 
produced where (C/Si)g = 3/10 was the pyramidal  
shape which they adopted. The three faces of the pyra-  
mid, inclined to the surface of the deposit, showed no 
simple crystallographic relationship with the surface 
plane. The bounding  edges of the face paral lel  to the 
substrate surface, however, aligned themselves along 
the three <110> directions common to the adjacent  
epitaxial  (111) surface. A possible explanat ion con- 
sidered is the packing of newly  arr ived Si and C 
atoms. Close packing of atoms on the original S i ( l l l )  
surface occurs along equivalent  <110> directions. 
Surface steps of atomic dimensions general ly lie along 
these directions. Si atoms engaged in forming an epi- 
taxial  layer favor such steps as nucleat ion sites, hence 
align themselves along them (and the < l l 0 > ' s ) .  If a 
foreign element,  e.g., carbon, was interposed dur ing 
the Si bui ldup and was able to assimilate the others 
of its species, a region, out of register with the epi- 
taxial  St, would be formed. The subsequent  bu i ld-up  
of such a region is that  of an expanding island 
bounded by Si atoms, the la t ter  favoring <110> al ign- 
ment.  It was only fortuitous that  the t r i angula r  shape 
of the island was main ta ined  for the (C/Si)g ratio of 
3/10, the necessary condition being some critical bal-  
ance between the island's expansion rate (the abil i ty 
of the island to inhibi t  epitaxial  growth) and the rate 
of Si arrival.  A more rapid Si arr ival  might  contain 
the island wi th in  a given surface area, then  begin to 
overlap and give it a roughly circular shape. A slower 
Si arr ival  rate would allow the island to spill over. 
Since the ratio between the Si arr ival  rate and island 
formation rate were functions of the respective par-  
tial pressures of Si and of the carbon impurities,  the 
results of the present  experiments  contained examples 
from both sides of the critical condition. To a first 
approximation the results seemed consistent. 

In the bulk  St, the carbon concentrat ion occasionally 
exceeds the predicted solubili ty limit. In  epitaxially 
deposited Si, a controlled carbon excess can be in -  
troduced which may be several orders of magni tude  
greater than the solubil i ty limit. Presumably  there is 
physical t rapping of carbon dur ing  the rapid growth 
of an epitaxial  deposit if deposition occurs in a car-  
bon-bear ing  atmosphere (a n u m b e r  of metals are 
known to t rap iner t  gases) (9, 10). Equi l ibr ium proc- 
esses dissolve carbon into the Si lattice up to the solu- 
bi l i ty limit. A ny  excess t rapped carbon is then, for 
practical purposes, retained inters t i t ia l ly  if it fails to 
(i) form SiC, or (it) diffuse and segregate with other 
carbon atoms. Since nei ther  SiC nor carbon precipi-  
tates were observed in deposits which nevertheless 
contained excess carbon, interst i t ial  accommodation of 
carbon is inferred. 

Conclusions 
The carbon content  of bu lk  silicon substrates as 

measured by the method described here agrees well  
with those reported by Schink. Epitaxial  silicon layers 
are found to have concentrat ions of carbon in excess 
of the subst i tut ional  solid solubili ty limit. These con- 
centrat ions are determined by the epitaxial  growth 
conditions, viz., part ial  pressure of methane,  and a 
continuous range of carbon concentrat ion between 
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pure Si and SiC seems attainable.  The crystal l ine per-  
fection of the epitaxial  layer is not affected by the 
presence of carbon in concentrat ions up to 10 TM atoms/  
cm:~. At levels of carbon concentrat ion near  10 TM 

atoms/cm:~ many  polycrystal l ine inclusions are formed 
with only a small  increase in the dislocation density. 
The presence of a mixture  of graphite and Si is ob- 
served by t ransmission electron diffraction from the 
polycrystal l ine regions. These regions are converted 
into SiC by appropriate postdeposit anneal ing sched- 
ules. In  the presence of excess methane,  th in  part ial ly 
oriented layers of both a and t~-SiC are grown. An-  
neal ing of epitaxial  regions results in the formation of 
numerous  microprecipitates, a t t r ibuted par t ly  to the 
precipitation of excess carbon from solid solut ion.  In 
undoped deposits, an order of magni tude  excess of 
carbon, together with the absence of observable pre-  
cipitates of carbon or SiC, implies the presence of 
interst i t ial  carbon. Electrical properties such as re-  
sistivity are not affected by increasing concentrat ions 
of carbon unt i l  the onset of SiC formation. 
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APPENDIX 

Determination 05 Carbon in Silicon 
A new technique is used for carbon analysis in 

Si. Carbon content  is determined by measur ing con- 
centrat ions of CO2 with a Leco (Laboratory Equip-  
ment  Corporation) low carbon analyzer. Initially,  a 
Si specimen is burned  together with several combus- 
t ion accelerators in oxygen in an induct ion furnace. 
The Si combusts at temperatures  greater  than 1670~ 
all the carbon being oxidized. A catalyst furnace con- 
verts residual CO into CO2. The gas is dried by passing 
it through anhydrous magnes ium perchlorate, then 
swept into a collection trap. After  a predetermined 
collection interval,  the trap is isolated, then heated. 
The heated CO2 is swept out of the trap by a 
stream of hel ium into a thermal  conductivity cell. 
The output  of the cell, amplified and integrated, gives 
a measure of the carbon content. 

The accelerators which are used include lead chro- 
mate and iron chip. These are p reburned  in a ceramic 
crucible to minimize their  inherent  content. When the 
Si sample is to be burned,  excess iron chip, of the 
order of 1.5-2.0g per 0.Sg of Si, is added to the 
preburned  accelerators. The excess iron chip yields 
12-16 ~g of carbon on burning.  By assuming con- 
servatively that  a 3 ,g  increase, over the amount  in-  
troduced by the excess iron chip, can be detected 
accurately by. the apparatus, and by restricting the 
weight of Si to at least 0.3g, a reasonable lower de- 
tection limit of carbon in Si is 20 ppma. The method 
is reproducible wi thin  I0%. 

A comparison of results obtained by chemical anal -  
ysis with those from infrared data (measuring only 
subst i tut ional  carbon) on a Si specimen containing 
carbon showed the following: carbon (chem) N 47 
ppma;  carbon (I.R.) N 13 ppma measured by the Dow 
Corning Corporation, Hemlock, Michigan; carbon 
(I.R.) ~ 17 ppma measured in this laboratory at 
liquid ni trogen tempera ture  using the cal ibrat ion curve 
of Newman and Willis. 1 

1 R. C. N e w m a n  a n d  J ,  B.  Wi l l i s ,  J, Phys.  Chem., Solids, ~6, 373, 
1965. 

Technical Notes 

RF Sputter EtchingmA Universal Etch 
P. D. Davidse 

IBM Components Division, East Fishkill Facility, Hopewell Junction, New York 

Photosensit ive resists are widely used to define pat -  
terns that  are to be etched in th in  films. The definition 
obtained depends on the qual i ty  and adhesion of the 
resist film, the na ture  of the mater ial  to be etched, and 
the etchant used. With materials  that  are difficult to 
etch, strong chemicals are needed, which often results 
in a degradation of the resist adhesion, leading to a 
high degree of undercut t ing.  In  some cases, the adhe- 
sion of the resist to the surface can be improved con- 
siderably by surface t rea tments  or by applying a so- 
called conversion coating (1), thus reducing the degree 
of undercut t ing.  However, because chemical etching 
proceeds in all directions, there will  always be some 
undercut t ing.  An  oversimplified comparison of etch- 
ing profiles is given in Fig. 1. 

D-C sput ter ing  has been used for etching of metals  
to br ing out their grain s tructure (2). For this, the 
sample to be etched is made the cathode of a conven-  
t ional d-c glow discharge. With this method, it is also 
possible to etch insulators by depositing on the insula-  
tor a metal  stripe or grid pat tern  (or by placing a 
metal  grid on the insulator)  to which the cathode vol- 
tage is applied (2). The spacing between the metal  
lines has to be small, since neutra l izat ion of the accu- 
mulated positive charge on the exposed insulator  sur-  
face takes place by secondary emission from the metal  
lands. This method is l imited also because nonuni fo rm 
etching of the insulator  mater ia l  takes place due to a 
focusing effect and because metal  sputtered from the 
metal  line pat terns  can be deposited on the exposed 
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insulator  surface (3). Therefore, this method has been 
used main ly  for the study of the structure of insula-  
tors. Similar  studies have been made using an ion 
beam, with which a lumina  and fused silica were 
etched (4). 

D-C sput ter ing can be used successfully to etch met -  
al line pat terns  by using a thicker meta l  film as a mask. 
This method's  drawbacks are the possibility of arcing 
between isolated lands and the possibility of dielectric 
breakdown of insulator  films when they are present  
in the s t ructure  to be etched (5). Another  disadvan-  
tage of the d-c sput ter ing method is that an extra film 
deposition and chemical etching step is needed to pro- 
duce the desired metal  mask pattern. These l imita-  
tions do not exist with the method which is the sub- 
ject of this publication. With RF sputter  etching it is, 
in principle, possible to etch pat terns or holes in any 
metal, semiconductor, or insulator  using s tandard pho- 
toresist materials  as masks. 

Apparatus 
Figure 2 shows a system used for RF sputter  etching. 

The samples are placed on a circular electrode that  is 
mounted on the base plate of a be l l - ja r  vacuum sys- 
tem. This electrode is similar to the electrode used for 
the deposition of insulator  films by RF sput ter ing (6). 
After the system has been evacuated, argon is bled in 
to obtain a pressure of from 2 to 15 x 10 -3 Torr. A glow 
discharge is then started by applying RF power to the 
electrode. The RF power supply is capacitively coupled 
to the electrode to allow the bu i ld-up  of a negative 
d-c bias on the front of the electrode, hereafter re- 
ferred to as the "cathode." The self-biasing effect is 
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Fig. 2, RF sputter etching system 

caused by the difference in electron and ion mobil i ty 
and is necessary to affect sputtering. 

The power supply was a crystal-control led 1 kw 
amateur  radio t ransmit ter  with a f requency of 13.56 
MHz. The progress of the sputter  etching can be fol- 
lowed by observing the removal  on a monitor  sample 
or by determining the etch rate or etch t ime in a tr ial  
run.  

Al though a grounded counter  electrode or "anode" 
parallel  to the RF electrode can be used, operation is 
simplified by  its omission, which only slightly lowers 
the removal  rate. Without the "anode," the samples 
can be more readily observed dur ing the experiment,  
and the system is easier to load and unload. The basic 
character of a glow discharge system is not changed 
because of the presence of many  grounded metal  parts 
in the system, e.g., the baseplate and the cathode 
shield. Because the metal  cathode itself is also sput-  
tered, the bell jar  will be coated very quickly with a 
metal  film, thus making observation of the samples 
difficult. This problem can be greatly reduced by plac- 
ing the samples on a fused quartz plate that rests on 
the cathode. However, as will be discussed later, it is 
desirable to k~ep the samples reasonably cool, which 
can be more readily achieved when the samples are 
placed directly on the water-cooled metal  electrode. 
In  this case, a fused quartz plate with cut-outs  for the 
samples can be placed on the cathode. 

The cathode, which has a diameter  of 83/~ in., can 
hold n ine teen  11/4 in. silicon wafers. These wafers are 
placed in a hexagonal configuration, i.e., one wafer in 
the center surrounded by two concentric hexagons of 
six and twelve wafers each. The wafer - to-wafer  var i -  
ation in removal rate was general ly  less than 2%. 

Experimental 
With this etching technique, land pat terns or holes 

have been etched in thin films of the following ma-  
terials: a luminum,  tantalum, Cr-SiO, nichrome, silicon 
nitride, and RF sputtered and thermal ly  grown silicon 
dioxide. Fi lm thickness ranged between 500 and 
20,000A. 

RF sputter etching has been found to be especially 
useful for the etching of Cr-SiO films to make thin 
film resistors. Figure 3 i l lustrates the procedure to 
make such resistors. A 1000-2000A-thick Cr-SiO film 
is evaporated (7) onto the substrate, followed by the 
deposition of the contact metal lurgy.  Next, a photo- 
resist film is applied, the required contact land pa t te rn  
is developed, and the exposed metal  film is etched 
away (Fig. 3a). Subsequently,  a second layer of photo- 
resist is applied, and the resistor pa t t e rn  is developed 
(Fig. 3b). At this point, exposed resistive mater ial  
would normal ly  be etched away chemically. However, 
chemical etching is difficult with Cr-SiO films, es- 
pecially when the SiO concentrat ion is high. Very 
strong chemicals have to be used, which often results 
in il l-defined edges and attack of the contact meta l -  
lurgy. These problems do not exist when the exposed 
cermet is removed by subjecting the sample to RF 
sputtering (Fig. 3c), after which the photoresist is 
removed (Fig. 3d). 

Figures 4 and 5 i l lustrate the good definition that  
can be obtained with this method. The substrates used 
were 11/4 in. silicon wafers precoated with a 1.5~-thick 
film of RF sputtered silicon dioxide. The pat tern  
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Fig. 3. Sputter-etching of thln-film ~sistQrs 
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Fig. 4. RF sputter etched Cr-SiO cermet resistors (substrate: 
silicon wafer precoated with l.S~ of RF sputtered Si02). 

Fig. 5. Fine-line test pattern 

shown in Fig. 4 was a uni t  cell of which there  were  
more than 1200 on each wafer ;  Fig. 5 shows a f ine-l ine 
test pattern. 

The resist used was K T F R  (Kodak Thin Fi lm Resist) .  
Since in RF sputter  etching the resist mater ia l  is also 
sputtered, it is necessary that  the resist  film be thick 
enough to last through the sputter  etching. Figure  6 
shows the removal  rates for various materials  as a 
function of RF power. The K T F R  removal  rate  at a 
given power  level  was found to be comparable  to the 
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Fig. 6. Removal rates for various materials 
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rate  for the materials  that  were  etched. As indicated 
in Fig. 6, this rate  is considerably h igher  for what  
were  bel ieved to be incompletely  cured resin films. 
Later  exper iments  showed that  the re la t ive ly  high 
removal  rate  in this case was more l ikely associated 
with  the presence of re la t ive ly  high concentrat ions of 
react ive gases, such as oxygen and hydrogen,  in the 
sput ter ing atmosphere.  Del iberate  addit ion of these 
gases was found to give a ve ry  high photoresist  re-  
moval  rate with a simultaneous lower removal  rate 
for inorganic materials,  thus making this a means for 
photoresist  removal .  It has also been found that  the 
photoresist  r emova l  rate is s t rongly dependent  on the 
sample t empera tu re  during sputter  etching, as ex-  
pected. The remova l  rate for a photoresist  pat tern 
was general ly found to be lower  than the rate for a 
continuous resist film. Similar  observations were  made 
when positive resists were  used. Removal  of the resist 
af ter  sput ter ing was found to be somewhat  more diffi- 
cult than usual; however ,  s tandard s tr ipping tech-  
niques could still be used, i.e., stripping in a J-100 
solution fol lowed by rinsing with or without  the use 
of a cotton swab. 

In all the experiments ,  the wafers  were  mounted on 
the water -cooled  cathode using a h igh-vacuum grease 
to provide  good thermal  contact. Without  good contact, 
extensive degradat ion of the resist takes place at high 
power  levels. Occasionally, even with good thermal  
contact, spots have been observed in the resist film 
after  sputtering. However ,  af ter  removal  of the resist, 
no evidence of spots could be seen on the under ly ing  
films. 

When the photoresist  is incompletely  developed, 
some resist mater ia l  is left  behind at the edges. These 
"feathered"  edges and any debris that  is left on the 
mater ia l  to be etched are cleaned up during the 
sputter ing operation. 

Figure  7 i l lustrates the sharpness of a step sputter  
etched in silicon, indicating that  absence of under -  
cut t ing can be achieved. It should also be noted that  
the polishing marks  on the original surface have been 
smoothed out where  mater ia l  has been removed.  

Discussion 
The two main advantages of RF sputter  etching are, 

obviously, its universal i ty  and the absence of under -  
cutting. The former  feature  allows the evaluat ion of 
new materials  for device applications wi thout  having 
to search for suitable etchants first. Once device feasi- 
bili ty has been demonstrated,  efforts can be made to 
find satisfactory chemical etchants. A disadvantage of 

Fig. 7. RF sputter etched step in silicon showing absence of un- 
dercutting. 
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this universal i ty  is that  the etching continues af ter  the 
mater ia l  of interest  has been removed.  Therefore,  
careful  moni tor ing of the etching process is necessary. 
The absence of undercut t ing  is an especially desirable 
feature  where  dimensional  control is necessary, e.g., 
precision thin film resistors. 

Because the photoresist  mater ia l  is also removed by 
RF sputter  etching, the technique is of practical  in- 
terest  mainly  for films that  are re la t ively thin, i.e., 
several  microns or less. 

Conclusions 
RF sputter  etching is a practical  technique that  can 

be used in semiconductor  and thin film studies. It 
allows the etching of v i r tua l ly  any mater ia l  using 
standard photoresist  materials  and techniques to define 
the areas that  are to be etched. This characterist ic 
and the absence of undercut t ing  are the at t ract ive 
features of the technique. 
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Transmission Electron Microscopy 
PbSe Single Crystals 

of As-Grown 

H. Abrams* and R. N. Tauber 
Department o] Metallurgy and Materials Science and the Materials Research Center, 

Lehigh University, Bethlehem, Pennsylvania 

The prepara t ion of thin foils of the compound semi- 
conductor PbSe for transmission electron microscopy 
has not been reported previously. This note describes 
the preparat ion technique and some observations made 
on as grown thin foils of PbSe. 

Single crystals were  grown by the Br idgman-S tock-  
barger  technique in an evacuated capsule, containing a 
molten charge of nominal ly  stoichiometric PbSe. The 
growth conditions were  6~ tempera ture  gradient  
through the reported mel t ing point of 1065~ (1) and 
a lowering rate  of 2 mm/hr .  These conditions resulted 
in single crystal  PbSe having a dislocation density 
measured by standard etch pit  methods (2) of approx-  
imately  6 x 106 cm -2. Slices cut wi th  a {100} or ienta-  
tion were  thinned for electron microscopy using the 
fol lowing procedure. 

Thin foils which may have had surface contamina-  
tion were  prepared using the mater ia l  r emova l  etch 
reported by Coates et al. (3). After  polishing the speci- 
men on both sides wi th  600 grit  silicon carbide to a 
thickness of about 300~ it was immersed in a solution 
consisting of 5 volumes of 45% aqueous KOH, 5 
volumes of e thylene glycol, and 1 vo lume of 30 % H202. 
The solution was maintained at room tempera ture  and 
agitated wi th  a magnet ic  stirrer. A re la t ively  un i form 
bright  surface was obtained within a few minutes, and 
it took from 3 to 6 hr to thin down to a thickness of 
about 1~,. The polishing rate decreased with  t ime due 
to depletion of the H 2 0 2 .  However,  the solution could 
be react ivated by the addition of H 2 0 2 ,  thereby in- 
creasing the polishing rate. When the solution loses 
its polishing abili ty it turns a pale ye l low color. A 
highly polished surface and removal  of ye l low-  
brown surface stains was achieved by immersing 
the sample in a 1:1 acetic ac id-water  solution 
for a few seconds and then rinsing in deionized 
water.  The 1~ thick sample was then mounted  on 
a Teflon block using apiezon wax  and polished 

* E lec t rochemica l  Socie ty  Act ive  Member .  

for an addit ional  8 hr. The sample became pro-  
gressively smaller  and th inner  unti l  a suitable foil 
was obtained. The sample was floated off the Teflon 
holder  in reagent  grade tr ichloroethylene,  r insed in 
deionized water ,  and mounted  on a copper gr id for 
observat ion in a Hitachi  l l B  electron microscope, 
operated at 100 kv. 

Figure  1 is a diffraction pat tern of a {100} or ienta-  
tion for an as grown PbSe specimen. The most 
prominent  extra  diffraction spots (points A and B) 
correspond to a d spacing of 2.83A. This~ value  is in 
error  less than 3 %, since the PbSe pat te rn  was used as 
an internal  standard. This d spacing corresponds 
closely to the (111) d spacing (2.855A) of Pb. Also it 
could possibly arise f rom a (200) reflection of Pb203 

Fig. 1. {I00} diffraction pattern of as-grown PbSe. Extra spots 
at points h and B may be due to precipitated Pb. 
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Fig. 2. Transmission electron micrograph of as-grown PbSe. Parti- 
cles on the order of 0.6 x 0.15 ~, oriented in a ~ 1 0 0 ~  direction 
are observed. 

(2.75A) or a (210) reflection of PbSeO~ (2.735A), either 
of which may have deposited on the surface dur ing the 
th inn ing  procedure. Addit ional  weak spots can be at- 
t r ibuted to both Pb and PbSeO3. 

An electron micrograph of a region of the as grown 
PbSe foil is shown in Fig. 2. The micrograph shows 
about 10 v/o  of ellipsoidally shaped particles on the 
order of 0.6 x 0.15~, oriented in a ( 1 0 0 )  direction. It 
is difficult to determine the exact shape of these par-  
ticles since they may be inclined to the plane of the 
foil. The Widmansta t ten  pat tern  formed by these par-  
ticles indicates that they grew by a diffusion l imited 
precipitat ion process. Relating these particles to the 
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extra diffraction spots reveal they may be due to Pb. 
Precipitat ion of Pb can occur in PbSe (4), due to the 
retrograde na ture  of the Pb solidus boundary  (5). 
However, in accordance with the PbSe phase diagram 
near  stoichiometry (5, 6) the amount  of precipitate 
should be several orders of magni tude  less than  that 
observed here. In order to account for the large volume 
fraction of second phase observed, ei ther the retro-  
grade solubil i ty is much larger than  has been pre-  
viously reported or the specimen grew nonstoichio- 
metrically.  The lat ter  is more plausible since some of 
the more volatile Se component may have been lost 
dur ing  the growing procedure. 

The presence of a two-phase s tructure has important  
implications for use of this semiconductor in elec- 
tronic applications. FUrther experiments  are in pro- 
gress to ascertain what  growth conditions lead to the 
observed two-phase structure. 
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Preparation of Cd Hgl Crystals by the 
Vertical-Zone Melting Method 

E. Z .  D z i u b a  

Institute of Physics, Polish Academy of Sciences, Warsaw, Poland 

The solid solution system CdxHgl-xTe has become in  
recent years an object of intensive scientific research 
(1) in view of its interest ing electrical and optical 
properties and related theoretical considerations as 
well as the theory of its energy band structure. A wide 
range of the variat ion of the electrical and optical 
properties makes this material  also interest ing from a 
practical point of view (2). 

Material obtained by the methods described in the 
publications (1) does not satisfy the basic requirements  
of homogeneity of the crystals. Crystals obtained by 
the Br idgman method have high gradients of composi- 
tion due to strong segregation into individual  compo- 
nents  dur ing the solidification process (3). Difficulties 
in prepar ing a homogeneous and s ingle-crystal l ine 
solid solution CdxHgl-xTe are connected with the 
strong tendency toward segregation and the high mer-  
cury vapor pressure. 

It is known that  the Br idgman method makes it pos- 
sible to obtain single-crystal l ine homogeneous material ,  
provided that the segregation can be prevented. Low 
vapor pressure of the components is not essential in 
this method, as it is in the horizontal-zone mel t ing 
method which can also be used for prepar ing materials  
which have a tendency toward segregation. It is also 

possible to use the horizontal-zone melt ing method for 
other materials  for which the equi l ibr ium condition 
between vapor, liquid, and solid phases is known (4). 

The method of preparing homogeneous single-crys-  
ta l l ine CdxHgl-xTe alloys described in this work com- 
bines benefits of both the Br idgman and horizontal-  
zone mel t ing methods. This method, although it is very 
similar to the method used for purification and crystal-  
lization of CdTe (5), embodies more complicated phe- 
nomena  but  simpler operat ing conditions. Both methods 
consist of pul l ing the mater ial  through a hot zone in a 
vert ical ly ar ranged quartz tube. The difference lies in 
the presence of an empty space in a par t  of the tube 1 
in the method presented in this paper, whereas in the 
method given in paper (5) the tube is full of charge. 

The preparat ion of homogeneous CdxHgl-xTe crys- 
tals, the discussion of the operat ing conditions, and the 
description of the exper imental  a r rangement  are pre-  
sented in this paper. The CdxHgl-xTe solid solutions 
were prepared from h igh-pur i ty  HgTe and CdTe ob- 
tained previously (7, 8). The appropriate quant i ty  of 
HgTe and CdTe is placed into the quartz container  

1 T h a  m e t h o d  g i v e n  in  p a p e r  (9) a lso con t a in s  an  e m p t y  space in  
the  tube .  A s  t he  p a r t  c o n t a i n i n g  the  e m p t y  space is  k e p t  a t  r o o m  
t e m p e r a t u r e ,  m e r c u r y  v a p o r  t r a n s p o r t  o c c u r s  t o  t h i s  par t .  Th i s  
m e t h o d  the re fo re  c a n n o t  b e  u s e d  w i t h  Cd~Hgl-~Te, 
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Fig. 1. The quartz arrangement for tightly filling the tube: 1 -  
holder, 2--tube, 3---container, 4--vacuum. 

connected to a quartz tube  as shown in Fig. 1. After 
evacuation, both container  and tube are sealed off from 
the vacuum apparatus and put into a horizontal  heater  
having a tempera ture  of about 650~ The heater tem- 
perature is raised to the mel t ing  point of the 
CdxHgl-xTe composition in about 24 hr. This process 
is necessary in order to avoid the danger  of explosion 
due to high mercury  vapor pressure which occurs when 
the liquid phase, rich in mercury  component, is pres- 
ent (6). 

After the solid CdTe is completely dissolved into the 
liquid system, the heater, together with the quartz ar -  
rangement,  is tu rned  to a vertical position to charge 
the tube. The tube with liquid CdxHgl-.~.Te is removed 
from the heater for quick solidification and cut off from 
the container.  As an empty space of about 1 cm 3 is 
present in the tube in the region of the tube-conta iner  
junction,  no other addit ional  operations for cut t ing off 
the tube from the container  are necessary. 

The quartz tube, t ight ly filled with the macroscopic- 
al ly homogeneous polyerystal l ine CdxHgl-xTe, is 
placed vert ical ly in a furnace having its hot zone wider 
than the length of the empty part  of the tube (Fig. 2). 
Star t ing with the tube par t ly  empty, it is lowered 
through the hot zone. 

After the pass of the tube, there are three parts to 
the ingot: the first part  in which the composition of 
the crystal changes from x' to xo, the second part  
(the longest) in which there is a constant  composition 
of x = Xo, and the third part  in which the composition 
changes from xo to x ---- 0. 

Fused at To~ in the upper  part  of the hot-zone, 2 
(Fig. 2), the melt  flows down and forms the liquid 
phase, 4. The crystal, 5, grows from this melt. 

In the first part, due to segregation (Fig. 3) the 
crystal with the composition x' grows from the melt  

7 

7 2 

6 

Fig. 2. The principle of arrangement for preparation of single 
crystals of C:dxHgl-xTe: I and S--solid, 2 and 4--liquid, 3--vapor, 
7--ceramic shells, 6--heater. 
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Fig. 3. The solidus-liquidus diagram for CdzHgl-xTe (3]: xo, 
composition in dynamic steady state; x' and x = 0, the composi- 
tion at the start and at the end of the process; xl, composition of 
the melt in dynamic steady state; To, melting point, and T1, solidi- 
fication point in dynamic steady state. 

with the composition xo. This causes the change of the 
composition of the l iquid phase, 4, from xo to xl. 

In  the second part, in dynamic equil ibrium, the com- 
position of the crystal in the lower part  of the tube, 5, 
must  be equal to the composition of the mater ia l  in its 
upper part, 1, because the melt  with the composition Xo 
flows down and compensates for the decrease of the 
value of the components, due to the crystall ization 
process. In  this equi l ibr ium condition, the composition 
of the liquid phase in the lower part  of the tube, 4, 
changes from Xo at the surface to xl at the bottom of 
the l iquid volume. 

In the third part, at the end of the crystall ization 
process when the hot zone has reached the upper  end 
of the tube, the l iquid phase there is not compensated 
and, due to segregation, the crystal grows with various 
compositions from Xo to x = 0. 

In the equi l ibr ium condition, in the second part  of 
the ingot, the gradient  of the composition of the liquid 
phase, 4, has constant  slopes if all parameters,  such as 
speed of the tube, the tempera ture  of the hot zone, and 
the t ranspor t  of the mater ia l  from the upper,  2, to the 
lower, 3, part  of the tube, are constant. The speed of 
the tube and tempera ture  of the hot zone are easy to 
control, but the t ranspor t  of the mater ial  from the 
upper  to lower part  of the tube  is difficult to control. 
If the mater ia l  flows down in the form of large drops, 
local changes in the composition of the liquid phase, 4, 
are produced. If, however, the tempera ture  of the vapor 
phases, 3, are sufficiently high, the t ransport  of the ma-  
terial from the upper  to lower part  of the tube occurs 
by small  drops or by evaporation. To preserve these 
phenomena,  it is necessary to main ta in  the high tem- 
perature  of the hot zone and large gradient  of tempera-  
ture  in the upper  and lower parts of the hot zone. 

The apparatus which was used to obtain the 
CdxHgl-~Te crystals is shown in  Fig. 2. The tube,  about  
12 cm long and having a 7-mm inner  diameter  and a 
10-mm outer diameter, is lowered at a constant  rate, 5 
mm/hr :  The hot zone, about 2 cm long, is produced by 
resistance heater and two ceramic shells. To main ta in  
the hot-zone temperature  constant, the current  supply-  
ing the heater is controlled. The magni tude  of the cur-  
rent  was established by direct observation of the mel t -  
ing process when the tube was star t ing to move. This 
observation of the mel t ing process is possibly due to 
the empty part  of the tube and required no other ad- 
dit ional  experiments.  

Direct observation of the reflection from the ingot 
surface in  visible light established that  the prepared 
mater ial  consisted of several large single crystals. The 
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Fig. 4. Distribution of the CdxHgl-xTe alloy composition along 
the ingot. 

ingot was cut into samples of about 20 mm length. The 
average composition of each sample was determined 
by est imating its density as described in Ref. (8). This 
method is very simple; and, due to l inear  var iat ion of 
the density from p = 8.1 g /cm 3 for HgTe to p = 5.9 
g /cm 3 for CdTe, the precision of the measurements  is 
sufficiently high to allow the determinat ion of the 
composition of the CdxHgl-xTe system to wi th in  less 
than  1% (8). 

The average composition of the typical  samples as a 
funct ion of their  position in the ingot is shown in Fig. 
4. It is evident  from Fig. 4 that  the segregation is not 

observed over a large portion of the ingots. The change 
in the composition due to segregation appears only in 
the third part  of the ingot where the l iquid phase in 
the lower part  of the tube was not compensated by 
the mater ial  flowing from the top downward.  To de- 
termine the influence of the fluctuation of the hot-zone 
tempera ture  on the composition of alloy, the tempera-  
ture of the hot zone was lowered while pul l ing the 
tube. The result  is shown in Fig. 4, curve A. It can be 
seen that  a large change in the composition occurs in 
the region grown while the tempera ture  was lowered. 
It is therefore possible that  the fluctuations in the 
composition along the ingots, as seen from curves 1, 2, 
and 3 in Fig. 4, are mainly  due to the instabi l i ty  of 
the hot-zone temperature.  
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Three-Point Probe Heating Effects in Silicon 
P. A. Schumann, Jr.,* J. F. Hallenback, Jr., M. R. Poponiak, and C. P. Schneider 

IBM Components Division, East Fishkill Laboratory, Hopewell Junction, New York 

The three-point  probe (1-9) is a useful tool for the 
evaluat ion of the resistivity of semiconducting epi- 
taxial  layers deposited on substrates of the same con- 
duct ivi ty type. Its ma in  advantage is that  it is re la-  
t ively easy to set up and operate. I t  also is one of the 
few "nondestruct ive" techniques to measure layer 
resistivity. It has the disadvantage of being imprecise 
and having a short life. 

The short life of the probe is due to the extreme 
thermal  conditions that exist under  the probe at break-  
down, conditions so severe that  the silicon can even 
be melted. This short life increases the imprecision, of 
which a major  part  is due to wear of the probe and 
resul tant  drift. The older d-c and a-c methods (1-4) 
were most severe on the probe. However, newer  tech- 
niques involving pulse (6) or rapid shut-off (8) sys- 
tems have improved this situation. 

* Elec t rochemical  Society Act ive  Member .  

The data presented in this paper were taken with a 
modified Dumas probe reported on earlier (4), operat-  
ing at a load of 35 g/point.  The points are steel with a 
radius of curva ture  of 0.001 in. A description of the 
measurement  electronics is presented in a recent pub-  
lication (8). 

The forming of point contact diodes is a we l l -known 
phenomenon (10). Its relat ion to the three-point  probe 
has not been discussed in the li terature. Figure 1 shows 
the change in the shape of an I -V curve for a three-  
point  probe taken with hal f -wave rectified 60 Hz power 
supply. When the current  is first applied, the curve 
looks as shown in Fig. la. Then, as the current  is in-  
creased ( lb  and lc) ,  the curve balloons out, increasing 
the breakdown voltage and decreasing the current  
necessary to achieve breakdown. This effect can con- 
t r ibute  to imprecision if the measurement  procedure is 
not precisely duplicated. Once an appropriate forming 
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ingot was cut into samples of about 20 mm length. The 
average composition of each sample was determined 
by est imating its density as described in Ref. (8). This 
method is very simple; and, due to l inear  var iat ion of 
the density from p = 8.1 g /cm 3 for HgTe to p = 5.9 
g /cm 3 for CdTe, the precision of the measurements  is 
sufficiently high to allow the determinat ion of the 
composition of the CdxHgl-xTe system to wi th in  less 
than  1% (8). 

The average composition of the typical  samples as a 
funct ion of their  position in the ingot is shown in Fig. 
4. It is evident  from Fig. 4 that  the segregation is not 

observed over a large portion of the ingots. The change 
in the composition due to segregation appears only in 
the third part  of the ingot where the l iquid phase in 
the lower part  of the tube was not compensated by 
the mater ial  flowing from the top downward.  To de- 
termine the influence of the fluctuation of the hot-zone 
tempera ture  on the composition of alloy, the tempera-  
ture of the hot zone was lowered while pul l ing the 
tube. The result  is shown in Fig. 4, curve A. It can be 
seen that  a large change in the composition occurs in 
the region grown while the tempera ture  was lowered. 
It is therefore possible that  the fluctuations in the 
composition along the ingots, as seen from curves 1, 2, 
and 3 in Fig. 4, are mainly  due to the instabi l i ty  of 
the hot-zone temperature.  
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evaluat ion of the resistivity of semiconducting epi- 
taxial  layers deposited on substrates of the same con- 
duct ivi ty type. Its ma in  advantage is that  it is re la-  
t ively easy to set up and operate. I t  also is one of the 
few "nondestruct ive" techniques to measure layer 
resistivity. It has the disadvantage of being imprecise 
and having a short life. 

The short life of the probe is due to the extreme 
thermal  conditions that exist under  the probe at break-  
down, conditions so severe that  the silicon can even 
be melted. This short life increases the imprecision, of 
which a major  part  is due to wear of the probe and 
resul tant  drift. The older d-c and a-c methods (1-4) 
were most severe on the probe. However, newer  tech- 
niques involving pulse (6) or rapid shut-off (8) sys- 
tems have improved this situation. 
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The data presented in this paper were taken with a 
modified Dumas probe reported on earlier (4), operat-  
ing at a load of 35 g/point.  The points are steel with a 
radius of curva ture  of 0.001 in. A description of the 
measurement  electronics is presented in a recent pub-  
lication (8). 

The forming of point contact diodes is a we l l -known 
phenomenon (10). Its relat ion to the three-point  probe 
has not been discussed in the li terature. Figure 1 shows 
the change in the shape of an I -V curve for a three-  
point  probe taken with hal f -wave rectified 60 Hz power 
supply. When the current  is first applied, the curve 
looks as shown in Fig. la. Then, as the current  is in-  
creased ( lb  and lc) ,  the curve balloons out, increasing 
the breakdown voltage and decreasing the current  
necessary to achieve breakdown. This effect can con- 
t r ibute  to imprecision if the measurement  procedure is 
not precisely duplicated. Once an appropriate forming 
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Fig. 1. AC I-V characteristics 

action has taken  place, the curve may  be retraced with  
no change in the characteristics.  If  too much current  
is applied, however,  the breakdown wil l  drop to a 
lower value, and retracing wil l  not bring the voltage 
up to its original  value. 

For most of the point  radii  and loads used (1-7), 
the silicon under  the point is plast ically deformed. If 
an electrical breakdown is achieved and the surface of 
the silicon is examined, however ,  a very  different effect 
is observed, depending on the electrical  conditions 
under  which the measurement  is made. Figure  2 is a 
micrograph showing the area under  all three points 
after a b reakdown has been measured  wi th  a d-c sys- 
tem (4). The damage under  the voltage probe is pure ly  
mechanical,  but  that  under  the forward  and reverse  
biased probes is a combination of mechanical  and 
thermal.  The diameter  of the center  damaged area 
is about 25.0 ~m and that  of the large ring is about 
115.0 ~,m. The center  damaged area has the appearance 

Fig. 3. Melted area under reverse biased probe with d-c break- 
down system. Magnification 560X. 

of having been melted. There  seems to be ve ry  l i t t le 
difference be tween the forward  and reverse  biased 
points. 

Photographs taken of the damaged area on silicon 
surface under  the reverse  biased point can be used to 
indicate heat ing effects. F igure  3 shows the mel ted 
region under  the reverse  biased probe for a d-c system, 
which is the worst  offender. This is an ex t reme case, 
showing recrystal l izat ion of the silicon in a dendri te  
structure.  The diameter  of the center  hole is 74 ~m 
and that  of the larger  circle is 46 ~m. Figures 4 through 
6 show the effect on silicon measured using a d-c ramp 
with  rapid shut-off  (8), contrasted with  a repet i t ive-  
pulse technique with  pulse widths of 100 and 1 ~s. 
Figures 7 and 8 show the effect for a s ingle-pulse sys- 
tem, wi th  the same pulse widths as above. 

It is easy to see that  a reduct ion in the pulse width  
or duty cycle reduces the damage to the silicon. Al-  
though there  is some difference be tween  the single- 
pulse and repet i t ive-pulse  system, the difference is not 
great. Also it is clear f rom the damaged area under  
the rapid shut-off system that  the t ime spent at b reak-  
down is important.  In this case the shut-off  occurs in 

Fig. 4. Damaged area under reverse biased probe on d-c break- 
down system with electronic shut off. Magnification ca. 225X. 

Fig. 2. Damaged area under all three probes after breakdown. 
Magnification ca. 200X. 

Fig. S. Damaged area under reverse biased probe by a pulsed 
three-point probe with a repetition rate of 100 pulses/see and a 
pulse width of 100 ~sec. Magnification ca. 225X. 
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Fig. 6. Damaged area under reverse biased point for repetition 
rate of 100 pulses/see with a pulse width of 1 Fsec. Magnification 
ca. 225X. 

Fig. 7. Damaged area under reverse biased point for slngle-pulse 
system with a pulse width of 100 ~sec. Magnification ca. 225X. 

Fig. 8. Damaged area under reverse-biased probe for single-pulse 
system with a pulse width of 1 ~sec. Magnification ca. 225X. 

about 1 ~ sec after breakdown is reached. The damage 
for this system is equiva len t  to that  of a pulse system 
with  a pulse width  of 1 ~sec. 

Seve ra l  b reakdown voltage levels are obtained in a 
typical  sample, as shown in Fig. 9. Here the breakdown 
vol tage as a function of t ime is plotted for a single- 
pulse system. The s t ructure  of the trace is not com- 
pletely understood, but the second level  is probably 
similar  to the rmal  b reakdown and the th i rd  level  due 
to mel t ing of the sample. Similar  results, a l though 
on a la rger  t ime scale, were  repor ted  by Agatsuma ( I i )  
for point contact diodes. 

A fur ther  complicat ion to the pulse technique is 
demonstra ted in Fig. 10. A repe t i t ive-pulse  technique 
was used with  a pulse rate of 15 Hz. A sampling 
scope was used to read the peak voltage. The oscillator 
had a peak output  of 200v, wi th  a 50 ohm termination.  
These data were  taken  on an n / n  + silicon epi taxial  
layer  wi th  a resist ivi ty of about 0.1 ohm-cm. Note 
that the readings approach the d-c value  but have no 
apparent  upper  limit. This type of dependence on 
pulse wid th  or duty cycle is cer ta inly different than 
would be expected of a pn junction. These results con- 
firm the t rend  Allen, Clevenger,  and Gupta (6) ob- 
served, using their  pulse technique.  

Fig. 9. Pulsed voltage-time characteristics 
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Fig. 10. Effect of pulse width on three-point probe voltage break- 
down. 

In addition, for a pn junction, the breakdown voltage 
should increase for an increase in ambient  t empera -  
ture. This is not  the case for the th ree-poin t  probe as 
shown in Fig. 11. The breakdown vol tage is near ly  a 
l inear ly  decreasing function of tempera ture .  The co- 
efficient of t empera tu re  var ia t ion for this 0.2 ohm-cm 
n- type  sample is 0.0795 v/~ 

Severa l  conclusions can be drawn from these data. 

1. It is apparent  that  the electronics used for the 
measurement  of three-pOint probe breakdown vol tage 
must  be shut off wi thin  1 ~sec after  b reakdown has 
been reached in order  to avoid excessive damage to 
the silicon and point material .  This can be accom- 
plished with  ei ther  a d-c  ramp or pulse technique. 

2. Many of the heat ing phenomena suggest that  the 
three-poin t  probe is not measur ing a t rue  avalanche 
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Fig. 11. Three-point probe breakdown voltage as a function of 
temperature for an n-type silicon sample. 

breakdown in its common use but  a thermal  break-  
down effect. 

3. The effects of forming and duty  cycle are im- 
portant  in de termining the breakdown voltage and 
must  be considered in the cal ibrat ion of a system. 

4. The temperature  rise under  the point is very 
severe and can lead to an apparent  melt ing of the sili- 
con under  the point. The power at breakdown is about 
lw, and for the areas of contact normal ly  encountered 
for these types of probes a power density as much as 
107 w/cme is possible. This is cer tainly a high enough 

power density to melt  silicon if it is held at this level 
for a long enough time. 
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A Deep Donor Level in n-type Silicon Carbide 

M. J. Moore 

Associated Semiconductor ManuSacturers Ltd., Stockport, Cheshire, England 

The results of recent investigations (1, 2) on the 
electro- and photoluminescence of silicon carbide p - n  
junctions have pointed to the possible presence of a 
low lying donor state between 0.4 and 0.6 ev below 
the bottom of the conduction band. The purpose of this 
note is to present strong evidence for the existence of 
a group of deep energy states from the measurement  
of the electrical properties of silicon carbide. 

Measurements of Hall  coefficient have been made 
from room tempera ture  to about 1000~ on three 
n - type  single crystals of commercial  grade silicon car- 
bide. Details of the exper imental  a r rangements  have 
been outl ined in a previous paper (3). The electron 
concentrat ion n, obtained from the Hall  coefficient R, 
by means of the famil iar  expression 

n = 3~/8Re 

is shown as a funct ion of reciprocal tempera ture  in 
Fig. 1. 

From room tempera ture  to about 400~ the var ia-  
t ion of carrier concentrat ion is what  one would ex- 
pect with the excitation and eventual  exhaustion of 
electrons from par t ia l ly  compensated ni t rogen im-  
pur i ty  levels at an energy which, for commercial  
grade crystals, is general ly  between 0 and 0.1 ev, de- 
pending on the concentrat ion of ionized ni t rogen cen- 
ters. However, beyond 400 ~ and up to 1000~ there is 

ra ther  unusual  behavior  of the electron concentrat ion 
with a rapid rate of increase with increasing temper-  
ature. In  some semiconductors this behavior  is not 
uncommon and is a t t r ibuted to the excitat ion of elec- 

jO l~i 
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�9 Expcr imcntol  results 
- -  Theoret ical  f i ts 

i016 II  T | l O  i ~  ] 

bO 15 2 0  2"5 3"0 3"S 

Fig. 1. Reciprocal temperature variation of carrier concentration 
for three n-type silicon carbide crystals. 
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trons across the band gap. Hexagonal  silicon carbide 
however ,  has a band gap of approximate ly  3 ev and 
the intrinsic carr ier  concentrat ion at 1000~ would 
be of the order  of 1010 cm -8 which is clearly several  
orders of magni tude  less than the concentrat ions in-  
volved at this tempera ture .  

The presence of a second group of donor levels 
would explain the qual i ta t ive  features  of the exper i -  
menta l  data  in Fig. 1. A quant i ta t ive  examinat ion 
of these results, taking into account the proposed deep 
levels would  begin with  the expression for the carr ier  
concentration der ived f rom the condition for electrical  
neutra l i ty  wi thin  the crystal,  viz. 

n = Nd --  Na --  Ndfd -~- NI(1 -- fl) [1] 

where  the Fermi  factors fd, fl are given by 

fd ( l + g d N  c ) - 1  
= - -  exp --~d/kT 

n 

f l  ( 1 . ~ _  g i N  c ) - 1  = - -  exp --~l/kT 
n 

with  
2nm* kT ]3/2 

Nc -~ 2 h 2 

The concentrat ions of shallow donor, deep donor, and 
compensat ing acceptor centers are, respect ively  Nd, 
N1, and Na and the corresponding donor act ivat ion 
energies are ~d and el. The factors gd, gl depend on 
the type of binding be tween  an electron and the cor- 
responding ionized donor center. If  the binding is un-  
paired with  respect to the electron spin then these 
factors would be equal  to 1/z whereas  for paired bind-  
ing they would be equal  to 2. For  a ni t rogen donor 
we would expect  gd --~ Vz. 

Because of the nature  of the Fe rmi  factors fd and 
fl, the analyses may  be carr ied out in two parts. First, 
with the effective mass of the electron m* = 0.7 m 
and gd = I/z, N1 is put equal  to zero and Nd, Na, and ~(i 
are adjusted to give the best fit to the exper imenta l  

Table I. Values obtained 

Specimen l"I,l Na NI e,t E t  
cm -n x 10 I~ ev 

N1 2.0 1.78 0.41 0.09 0.50 

N4 1.64 1.04 0.85 0.09 0.50 

N7 3.40 3.07 0.4~ 0.04 0.54 

data from room tempera tu re  to the t empera tu re  at 
which the point of inflexion is apparent.  Fol lowing this, 
g~ is put equal  to l/z, and values of N1 and q are found 
which explain the dependence of carr ier  concentrat ion 
over  the remaining range of temperature .  The values 
obtained by this procedure are given in Table I 
and the theoret ical  fits are shown in Fig. 1. 

The depar ture  of theoret ical  curves f rom the exper i -  
menta l  results at high tempera tures  wi th  values of e l 
different from those in Table I gives an indication of 
the er ror  in q. This is such that  ~1 is not l ikely to be 
greater  by a factor of 14% or less by a factor of 7% 
than the tabulated values. It wil l  also be appreciated 
that as q is contained with  t empera tu re  T under  the 
exponent ia l  in Eq. [1] then the value of ~1 requi red  
for the best fit is quite  insensi t ive to variat ions in the 
choice of the other  variables. For  example,  on repeat -  
ing the second part  of the analyses wi th  gl = 2 it is 
found that  the "best fit" values of ~1 are only 5% 
greater  than those given above. 

Manuscript  received Oct. 17, 1968. 

Any discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December  1969 
JOURN'AL. 
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Depositing Silicon Nitride Layers at Low Temperature 
Using a Photochemical Reaction 

M. G. Collet 

Philips Research Laboratories, N. V. Philips' Gloeilampenlabrieken, Eindhoven-Netherlands 

In the past two years much has been wri t ten  on the 
use of silicon ni t r ide  in semiconductor  technology (1, 
2). The subject  is of interest  because it has appeared 
that  silicon ni tr ide layers  can be very  dense. This 
makes them ve ry  effective as diffusion masks and less 
susceptible to ion drif t  than  silicon dioxide layers. 

The work  of Elgin and Taylor  (3) and Emel.6us and 
S tewar t  (4) on the photosensit ized decomposition of 
hydrazine (N2H4) and silane (Sill4) made  us invest i -  
gate whe the r  it is possible to use a photosensit ized re-  
action be tween these components  to deposit a ni t r ide 
layer  at t empera tures  as low as room temperature .  

We used a closed quar tz  wal led system filled wi th  a 
mix tu re  of approx imate ly  equal  quanti t ies of silane 
and hydrazine  with  a total  pressure of about 5 Torr. 
Mercury  vapor  with a part ial  pressure of 10 -8 Torr  
was added to the mixture .  

When i r radia ted wi th  2537A uv l ight the mercu ry  
atoms are exci ted to the sP1 state. On collision wi th  
silane or hydrazine molecules the mercu ry  atoms re-  
lease the absorbed energy, the reby  decomposing the 
silane or hydrazine.  By way of a react ion sequence not 

yet  investigated, the decomposit ion products form a 
deposit on the substrate,  which may consist for exam-  
ple of silicon or germanium. 

In Fig. 1 a comparison is made  between the infrared 
absorption spectra of silicon ni t r ide layers grown at 
200~ with  uv l ight and at 900~ with  the pyrolytic 
process (Sill4 -t- NH3). 

The spectrum for the low t empera tu re  process shows 
an absorption band at 4.7~, which has also been found 
for sput tered ni t r ide (5) and has been at t r ibuted to 
Si -- N or S i -H bonds. Apar t  f rom this band there  is 
no difference wi th  the spectrum for pyrolyt ic  nitride. 
On this evidence and because the ref rac t ive  index n 
2 we assume the layers to be silicon nitride. 

At deposition tempera tures  lower  than 150~ the 
infrared absorption spectrum showed an Si-O absorp-  
tion band as well. This is probably caused by contam-  
ination of the hydrazine with  hydrazine hydra te  or 
water .  Ul t ra  dry hydrazine  should permit  deposition of 
silicon ni t r ide at room temperature .  

Table I compares the propert ies  of pyrolyt ic  ni tr ide 
and the low- tempera tu re  variety.  The values given are  
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Fig. 1. Infrared absorption spectra of pyrolytic and low-tempera- 
ture nitride. 

only approx ima te  because both processes cover a range 
of possible values  depending on growth  conditions.  

However ,  the  lower  deposi t ion t empe ra tu r e  c lear ly  
resutts  in less dense layers  and wi th  the  densi ty  alI 
o ther  proper t ies  change as well. Thus it is possible 
to va ry  the  proper t ies  of the layers  by  va ry ing  the 
deposi t ion t empe ra tu r e  or by  app ly ing  var ious  hea t -  
t rea tments .  

At  200~ the  photosensi t ized deposi t ion of sil icon ni-  
t r ide  on oxidized si l icon wafers  induces no change in 
surface s tates  or oxide  charge densities. Deposi t ion at 
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Table I. Si3N4 layers grown at 200~ with uv light and at 
900~ from SiH4+NH3 

D i e l e c t r i c  D i e l e c t r i c  E t c h  r a t e  
s t r e n g t h ,  c o n s t a n t ,  (NH~F . H F )  

T,  ~ v crn-1 ~r ,~ rn in  -I  

SiH~ + NH~ 900 10v 6.0 0.001 

S i H ,  + N , H ,  200 10~ 5.5 0.1 

a temperature of 450~ influences the oxide-silicon in- 
terface in the same way as the well-known hydrogen 
or wet nitrogen anneal (6). 

The most attractive possibilities of the photosensi- 
tized process lie in the covering of ready-made devices 
with  a n i t r ide  l aye r  impene t r ab le  to air, moisture,  Na 
ions, and o ther  ambient  impuri t ies .  Some p re l imina ry  
exper iments  on this appl icat ion have  given promis ing  
results.  

Manuscr ip t  received Sept.  30, 1968. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1969 
JOURNAL. 
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High Current Density Chlorate Cell Using Platinized Anodes 
J. R. Newberry, *,l W. C. Gardiner,** A. J. Holmes, 2 and R. F. Fogle :~ 

Olin Mathieson Chemical Corporation, New Haven, Connecticut 

ABSTRACT 

Sodium chlorate was produced in a monopolar  cell having platinized 
t i tanium anodes and steel cathodes. A high current  density was used in order  
to minimize cell costs. A 144-amp cell was built  and tested in a continuous 
exper iment  for 31 days. The energy requi rements  were  6300 kwhr  d.c./ton 
NaC10~. The replacement  p la t inum which may  not have been optimized was 
shown as 5.3 g / ton  NaC10:~. The cell operated at 1 amp/ in ,  x, and l l0~ The cell  
feed contained approximate ly  190g NaC1 and 330g NaC10~ per liter. Cell efflu- 
ent contained l l0g  NaC1 and 580g NaC10:j per  liter. The average cell vol tage 
was 3.7. The pH was 6.7. This process is the subject of U.S. Patent  3,043,757. 
A cell wi th  var iable  electrode spacings and height  was used to indicate 
that  % in. spacing would be prefer red  with electrodes 3 ft high in the com- 
mercial  cell design. 

Sodium chlorate is prepared commercia l ly  by elec- 
t rolyzing sodium chloride in an undivided cell to form 
hypochlorite,  which in turn reacts chemical ly to form 
chlorate in the cell and /o r  associated vessels. 

The process has been described by Fores ter  (1) and 
Knibbs and Pa l f reeman  (2). Commercia l  cells wi th  
graphite anodes having become standard practice, the 
corrosion of graphite has dictated operat ion general ly  
below 50~ Current  densities below 0.5 amp/ in .  2, and 
heat  exchange devices to provide cooling, are cus- 
tomary.  

About the t ime that  the possibilities for electrolyzing 
brine wi th  platinized t i tanium electrodes were  indi -  
cated (3), Olin had made some interest ing observa-  
tions in chlorate cell studies. The cell voltage with  
platinized electrodes was lower than expected and, as 
a result, considerably higher  current  densities were  
possible when  customary cell voltages were  applied. 
Considering the expected stabil i ty of platinum, it was 
reasonable to explore  operat ion at h igher  tempera ture .  
Increased tempera ture  appeared pract ical  and offered 
additional advantages involving increased solubil i ty of 
chlorate. As more chlorate  was soluble at higher  
temperature ,  the possibility of forming product crys-  
tals s imply by cooling the cell effluent was apparent.  
Since cell effluents, re la t ive ly  concentrated in chlorate, 
were  feasible, it was possible to operate wi th  more 
sodium chloride in the electrolyte.  This increased con- 
centrat ion of NaC1 served to reduce both cell vol tage 
and the formation of by-product  perchlorate.  This 
process was developed in a series of laboratory  cells 
and when a reasonable approach to economics, com- 
pet i t ive wi th  those for convent ional  cells, was indi-  
cated a commercia l  cell  and flow system were  de-  
signed. 

Experimental and Results 
After  explora tory  exper iments  indicated a high cur-  

rent  densi ty might  be used to just i fy the cost of plat i-  
nized anodes, a 9-amp cell was designed using a 4-l i ter  
glass vessel placed on a hot plate wi th  a magnet ic  
stirrer. The vessel was closed with  a 1-in.- thick Lucite 
cover carrying pH electrodes, leads for a level  con- 
troller,  anode and cathode leads, a thermometer ,  and 
connections for adding dilute hydrochlor ic  acid and for 
removing cell gas and water  vapor. A condenser  sep- 
arated water  vapor  from cell gas. The l iquid level  con- 
t rol ler  mainta ined 2.5 li ters of e lectrolyte  in the cell by 
actuating a va lve  to re turn  condensate to make  up for 
evaporation.  A pH control ler  fed 1% hydrochloric  
acid to the cell to maintain  the electrolyte  at pH 7. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
** E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r  R e p r e s e n t a t i v e  of  a 

P a t r o n  M e m b e r  Company .  
1 P r e s e n t  addres s :  120 L a u r e l  Terrace ,  Chesh i re ,  Connec t i cu t .  

P r e s e n t  addres s :  22 Te r race  Cour t ,  B a l l s t o n  Lake ,  N e w  York .  
~ P r e s e n t  add re s s :  1317 W. P r i n c e t o n ,  On ta r io ,  Ca l i fo rn i a .  

The electrodes suspended from the cover  by 1/16-in.- 
d iameter  meta l  wires were  each 3 in. square and 1/16 
in. thick. They were  complete ly  submerged in the 
electrolyte.  The anode was p la t inum-pla ted  t i tanium 
and the cathode was ei ther  mild steel or platinized 
t i tanium. Spacers formed by making saw cuts in small  
Teflon strips were  slipped over  the bottom of the elec-  
trodes to maintain  the distance at 1/s in. 
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Fig. 1. FIowsheet of sodium chlorate process using platinized 
titanium anodes. 
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Fig. 2. Diagram of ]44-amp monopolar ce]J. 
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Table I. Typical data: 9-amp cell operated at 111 ~ 

L b  
% C.E. K w h r  d . c . / t on  H C I /  

H o u r s  N a C l - g p l  NaCIOa-gpl  p H  Vol ts  NaCIOs % C.E. Gas  Chem.  Gas  t o n  

2532 96 757 7.3 3.90 93.5 - -  5770 - -  35 
2556 92 759 7.0 3.92 98.5 94 5450 5770 54 
2580 89 735 6.85 3.97 78.5 88 6850 6240 5 
2604 91 719 8.6 3.98 60 92 7500 6030 12 
2629 109 689 6.95 4.00 100 93 5500 5940 15 
2701 97 795 6,65 4.40 95 96 6000 5800 28 
Avg .  96 739 6.9 4.03 87.6 93 6178 5956 25 

Table II. Perchlorate formation as chloride is depleted 

H o u r s  N a C l - g p l  NaClO3-gpl  NaClO~-gpl  p H  Vol ts  

Table IV. Platinized titanium anodes in "144-amp cell" 

P l a t e d  area  132 in.'-', a v e r a g e  t h i c k n e s s  = 0.00017 in., 
c u r r e n t  u sed  132 a m p  

1673 93.7 752 1.39 6.6 3.58 A m p e r e - h o u r s  W t  loss, g g P t / t o n N a C 1 0 3  
1697 77.7 785 3.27 6.9 3.67 
1720 60.5 791 4.22 6.85 3.72 
1747 34.5 821 4.55 7.0 3.77 50,618 0.2615 8.6 
1771 9.0 860 5.42 7.0 3.84 28,699 0.115 6.9 
1795 7.9 882 8.13 6.9 3.88 83,711 0.713 19.4" 
1820 3.3 886 21.1 6.5 3.99 97,330 9.299 5.3 
1881 2.2 901 37.6 6.5 3.90 
1866 2.3 913 47.8 6.7 3.98 
1892 1.6 908 61.5 6.7 3.97 * Cel l  r a n  dry .  

Table Ill. Comparison of platinized titanium and steel cathodes 

P e r i o d  Ca thode  
h r  P t  or Fe  N a C l - g p l  p H  T e m p  ~ Vol ts  

3516 P t  91 6.5 109 3.78 
3843 F e  92 6.9 112 3.47 
3540 P t  96 6.4 111 3.61 
3795 Fe  98 6.8 112 3.38 
3819 Fe  96 8.9 l lO 3.44 
3564 P t  106 6.7 110 3.64 
3771 Fe  I00 7.0 112 3,31 

The cell was charged with a solution containing ap- 
proximately  750 gpl NaC103, 100 gpl NaC1, and 2 gpl 
Na,,Cr2OT. It was stirred and heated to the boiling 
point which varied from 105 ~ to ll0~ 

Every 24 hr, the electrolyte was analyzed and a por-  
tion was removed which contained an amount  of 
chlorate equivalent  to the daily production. Solid NaC1 
was added to the cell at this t ime to replace the salt 
that had been consumed. Gas samples were taken 
daily and analyzed in an Orsat apparatus for C I 2  and 
O2. Current  efficiency was calculated from the chlorate 
analysis and gas analysis. Periodically, current ,  volt-  
age, temperature,  pH, condensate volume, and acid 
consumption were measured. 

Typical data are presented in Table I. The two 
methods of measur ing current  efficiency show wide 
variations. Estimates of the chlorate produced suffer 
from analyt ical  errors of very concentrated solutions 
and from any operating upsets tha t  may have occurred 
dur ing  the period. The gas analyses indicate current  
efficiencies only at the t ime of sampling. 

Perchlorate ]ormation.--The effect of al lowing NaC1 
to be depleted is shown in Table II. Normal  practice 
is to main ta in  approximately 100 gpl NaC1 to minimize 
formation of perchlorate. 

Cathode material.--A platinized t i tan ium cathode 
was used for much of the test but, in the period 3400- 
3700 hr, two cathodes lost their  p la t inum.  After the 
second failure, a steel cathode was used and a lower 
voltage resulted as shown in Table III. The difference 
seems to be 0.2-0.3v. 

Proposed sodium chlorate process . - -During the op- 
eration of the 9-amp cell with platinized t i t an ium 
anodes, a processing scheme for recovery of solid 
chlorate was developed (4). The electrolysis of NaC1 
to NaC103 was carried out at temperatures  of about 
105~176 the boiling range of the electrolyte. Water 
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Table V. Data on "144-amp cell" operated continuously for 31 days at 132 amp 

K w h r / t o n  Lb HCl / ton  
Arnp-hr  Cell feed, gpl  Cell effluent, gpl C u r r e n t  NaC108 NaCIO3 Cell 
since s tar t  NaCl  NaClO3 NaC1 N~C103 A v g  volts  efficiency, % (b) (~) t emp  ~ Cell PH 

155175 <a) 194 334 80 473 4.56 76 6480 98 106 7.1 
168057 193 352 104 577 3.69 81 6240 74 110 6.9 
180402 191 328 114 604 3.72 80 6400 38 109 6.5 
193120 192 330 96 580 3.70 79 6400 41 108 6,5 
206354 191 318 139 628 3.67 81 6260 19 109 6.8 
217642(c) . . . . .  6.8 
220740 ~ 2  330 119 ~-7 3.70 8"6 5920 ~'1 109 6.0 
230962 192 330 105 572 3.72 61 6320 44 108 6.3 
233504 189 326 113 671 3.71 82 6360 27 103 6.8 
236699 189 326 118 003 3.68 78 6540 23 108 6.8 
240359 189 326 197 326 3.67 80~ 6360 31 108 6.8 

Avg .  191 332 112 580 3.67 81 6300 48 108 6.7 

(a) Four  days  of cont inuous operat ion p reced ing  sampl ing .  Star t  a t  143,029 amp-hr .  
(b) Ene rgy  consumpt ion  based on NaC103 weighed .  
(") Cell inlet  p lugged  wi th  solids. Solids r emoved  wi thou t  i n t e r r u p t i n g  current .  P l a t i n u m  loss 0.299g in 97,330 amp-hr .  
r 100% basis; used as hydrochlor ic  acid. 

was evaporated wi th  cell gas and removed from the 
cell. The effluent l iquor from the cell was cooled; in a 
plant, this would be done pre fe rab ly  by flashing off 
fur ther  wa te r  from the l iquor in a crystall izer.  Sodium 
chlorate crystal l ized out and was separated, washed, 
and dried. The wash water  and filtrate were  recycled. 
Sodium chloride was added as purified brine to the re-  
cycle liquor. A flowsheet of this process is shown in 
Fig. 1. 

A larger  monopolar  cell was buil t  to test the plat i -  
nized t i tan ium anode fur ther  in conjunction with  the 
proposed chlorate  process. 

144-Ampere monopolar cell.--A second chlorate cell  
was designed wi th  144 in. 2 of anode surface to be 
operated at 144 amp. It  is i l lustrated in Fig. 2. During 
an init ial  run, the p la t inum plat ing failed and the 
anodes were  replated wi th  132 in. 2 of coated surface. 
Thereafter ,  the cell was operated at 132 amp. 

The cell was in two parts: a steel cell body wi th  a 
top flange and a flanged Plexiglas  dome. The steel cell  
body has a perfora ted  steel par t i t ion providing a 
cathode be tween two anodes. Two plat inized t i tan ium 
anodes are suspended through slots in the dome and 
are spaced 1/4 in. f rom the cell body and central  par t i -  
tion. The anode surfaces were  plat inized over  an area 
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Fig. 4. Diagram of chlorate cell of varying height. 
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3 in. x 12 in. (3 in. x 11 in. the second t ime) .  Sel Rex 
Corporation's  P la t inex  L.S.III propr ie tary  plat ing 
solution was used. The anodes were  weighed before 
and after  plating. 

The cell was operated under  the conditions of cur-  
rent  density, e lectrolyte  concentration, and t empera -  
ture as proposed for commercia l  operation. Current  
was adjusted manual ly ,  but an integrat ing ampere-  
hour meter  was depended on for current  efficiency cal- 
culations. The cell feed selected was 195 gpl NaC1, 330 
gpl NaC103, and 2 gpl Na2Cr207. The expected cell 
effluent was 95 gpl NaC1 and 750 gpl NaC103. The cell 
effluent was cooled to room tempera tu re  and solid 
NaC1Oa crystal l ized and filtered off. The filtrate was 
re turned  to the feed tank  along with  solid salt and 
water.  

The system was perfected to operate overnight  and 
week ends wi th  the a r rangement  shown in Fig. 3. Each 
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feed t ank  and  the cell effluent receiver had 4 days'  
capacity. The l iquor in the cell effluent receiver was 
weighed and sampled, then  cooled and filtered. One 
feed t ank  could be prepared while the other was in 
operation. It  was found necessary to pass the cell feed 
l iquor through a glass coil and needle valve immersed 
in a thermostat  to ma in ta in  constant  flow. The cell 
tempera ture  was main ta ined  by automatical ly  re-  
tu rn ing  the required amount  of condensate to the cell. 
The pH was controlled by passing the cell effluent 
through a pH cell with glass and calomel electrodes. 
A control ler-recorder  actuated a valve feeding dilute 
hydrochloric acid to the cell. It  was found that  the pH 
electrodes also worked satisfactorily in the cell. 

Platinum life.--The anodes were weighed four t imes 
to determine p la t inum loss. The data are given in 
Table IV. The cell feed failed dur ing  one test and re-  
sulted in a high p la t inum loss. If this measurement  is 
excluded, the other three averaged 6.95 g / ton  NaC103. 

Operat ing data for 31 days of continuous operation 
are given in  Table V. There was a short stoppage of 
cell feed, but  the current  was not interrupted.  The 
current  efficiency based on NaC10~ averaged 81% and 
energy consumption averaged 6300 kwhr / t on  NaC103. 

Electrode height and spacing study.--A companion 
exper iment  to the 144-amp process s tudy was made 
to evaluate the effect of electrode spacing and cell 
temperature.  

A flanged cell was constructed to contain a single 
pair  of vertical  electrodes. The cell was arranged so 
that  ad jus tment  in gasket thickness could b e  em- 
ployed to provide various interelectrode distances. 
Additionally,  the cell was bui l t  in three sections (Fig. 
4 and 5), 1 ft high, to s tudy height and spacing with 
electrodes 1, 2, and 3 ft high.  Data taken with this 
setup are shown graphical ly in Fig. 6, 7, 8. 

Discussion 
The data reported in Tables IV and V were col- 

lected in a 31-day operation. The data in Table V in-  
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Fig. 9. Diagram of monopolar chlorate cell. 
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Fig, 10. Horizontal section of chlorate cell. 

dicate current  efficiencies and energy requi rements  
in kwhr  d.c./ton NaC1Oa based on the NaC1Oa weighed. 

Exper imenta l  work was halted before the p la t inum 
loss was fully explored. The operation had become 
better  controlled dur ing the experiment,  permi t t ing  
the hope that  p la t inum losses might  be reduced fur-  
ther with increasing skill in operation. 

Comparisons of energy requirements  reported for 
various cells and the expectation of improving the 
operation reported in Table V prompted the design 
of a commercial  cell (5) to operate at 30,000 amp. 
Study of Fig. 8 indicated that  an electrode 3 ft high 
was workable. An electrode gap of 1/s in. was chosen 
from Fig. 6 and 7. A cell was designed as shown in 
Fig. 9 and 10. As can be seen, the rect i l inear  cell con- 
ta ined vertical steel cathodes. The sheet anodes were 
platinized t i t an ium fixed to a t i tan ium header. Twenty  
anodes, 2 x 2.5 ft, were p lanned  for the 30,000-amp 
cell. The header and anode assembly slides into the 
side of the cell and is bolted in position. Teflon spac- 
ers are inserted in the cathodes to prevent  short- 
circuiting. 

The cell cover is a Fiberglas reinforced polyester 
dome. Bus connections are made from one cell body 
to the succeeding anode header by removable bus 
sections. 

S u m m a r y  
Experiments  in bench-scale apparatus established 

the feasibili ty of a chlorate cell having platinized t i -  
t an ium anodes and steel cathodes. A 144-amp cell 
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demonstrated operation for 1 month  at 1 amp/ in .  2. 
The cell tempera ture  was approximately l l0~ An 
energy consumption of 6300 kwhr  d.c./ton NaC103 was 
shown. A commercial cell of 30,00O-amp capacity was 
designed. The process flow visualizes crystallizing by 
cooling effluent cell liquor. No in te rna l  cooling is re-  
quired for the cell. 

Manuscript  submit ted Apri l  30, 1968; revised m a n u -  
script received Sept. 21, 1988. This manuscr ip t  was 
presented at the Chlorates and Perchlorates Sympo-  
sium at the Boston Meeting, May 5-9, 1968, as Paper  
260. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL.  
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Electrochemical Oxidation of Multicomponent Hydrocarbon Fuels 
I. Studies with n-Octane Based Fuels 

Containing Aromatic, Olefinic, and Naphthenic Components 

Eugene Luksha 1 and Eugene Y. Weissman *,2 

General Electric Company, Direct Energy Conversion Operation, West Lynn, Massachusetts 

ABSTRACT 

The classes of compounds found in l iquid hydrocarbon fuels were studied 
to determine their  effect on the electrochemical performance of direct oxi- 
dation anodes. Exper iments  were conducted on porous p la t inum black, Teflon 
electrodes in 95 weight per cent phosphoric acid at temperatures  between 
150 ~ and 200~ It was found that  the performance of anodes operat ing on 
b inary  mixtures  of n-octane  and small  amounts  of hydrocarbon additives de- 
pends on the na ture  of the additive. For aromatic additives, an increase in 
molecular  weight or complexity of the aromatic molecule will  result  in an 
increase in anode overvoltage. For olefin additives, there is a distinct re la-  
t ionship between the type of olefins and performance. The anode overvolt-  
age decreases as the number  of allylic hydrogen atoms increases. The cyclic 
olefin (s ix-membered  ring) is aromatic in character due to an apparent  de- 
hydrogenat ion mechanism preceding the oxidation step. Iso-paraffins, in any 
proportion, do not affect anode performance of normal  paraffins having the 
same n u m b e r  of carbon atoms. Sizable performance gains can be made by 
increasing cell operat ing temperatures.  If a cell could be operated at 250~ 
materials  permitt ing,  as much as a ten-fold  increase in cell performance 
could be obtained, based on a l inear  extrapolat ion of existing data. 

Because of economic necessity, commercial fuels 
will  be used in practical fuel cell devices. While in-  
direct utilizations, such as by s team-reforming,  are 
realizable today, it is the direct electrochemical oxi- 
dation process whicb requires considerably more un -  
ders tanding and improvement.  It  forms the subject  of 
this paper. 

Commercial ly available fuels general ly consist of 
complex mixtures  of hydrocarbons, pr imar i ly  straight 
and branched aliphatics, olefins, naphthenes,  and aro- 
matics. The aliphatic compounds, both straight and 
branched-chained,  are relat ively reactive in fuel cells, 
while the unsa tura ted  and cyclic compounds are con- 
siderably more difficult to oxidize (1) and have been 
designated as "unreactive." These types of compounds 
are believed to adsorb on an electrode surface more 
strongly than  aliphatic compounds, forming an inert  
ad- layer  (2). For  this  reason, it is necessary to know 
the tolerance of an operating fuel cell anode to these 
"unreactive" compounds. 

Experimental 
The model fuel taken into consideration was split 

into its principal  components:  paraffins, olefins, naph-  
thenes, and aromatics, as is shown in Fig. 1. The pro- 
portions of these components vary  widely with the 
type and origin of the fuel. Normal  octane was chosen 
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1Presen t  address :  Gould~National  Bat ter ies ,  Incorpora ted ,  Re-  
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Plied Research  Center ,  Mi lwaukee ,  Wisconsin  53201. 

as the base fuel and various quanti t ies  of single unre -  
active components were added to it. These additives 
were chosen on the basis that  they are all  found in 
relat ively high concentrat ions in various types of hy-  
drocarbon fuels (3-5) and have boiling points lower 
than 175~ the practical upper  tempera ture  l imit  of 
the electrodes used in this work. As a result, com- 
pounds containing more than 1 ring, as, for example, 
indanes, indenes, tetralins, and naphthalenes,  were not 
considered since they al l  have boiling points in excess 
of 175~ Since hydrocarbons with condensed rings 
were eliminated, only alkylbenzenes,  1-ring naph-  
thenes, in addit ion to the olefins and paraffins were 
studied. 

The compounds shown in Fig. 1 were added to n -  
octane in varying  concentrations. Polarizat ion curves 
were taken using the b inary  solution as a fuel. These 
polarization curves were measures of the decrease in 
cell performance caused by the addition of the "un-  
reactive" components. 

The exper imental  equipment  has been described 
elsewhere (6). The following conditions apply to the 
present  work: 

1. The electrodes used were 7.6 x 7.6 cm (46 cm 2 
active geometric area) p la t inum-Tef lon-screen com- 
posites of a type previously described (7). The pla-  
t inum loading was 35 mg/cm ~ and the composition: 
85 weight per cent (w/o)  Pt-15 w/o TFE. The cur ren t -  
collecting screen was general ly  gold-plated expanded 
t an ta lum (5 Ta 10 4/0), and sometimes wi re -woven  
p la t inum (45 mesh).  
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Fig. 1. Principal components 
of the model fuel. 

2. The reference electrodes were  hydrogen electrodes 
in the same electrolyte.  

3. The electrolyte  was 95 w / o  phosphoric acid and, 
as ment ioned above, the m a x i m u m  practical  operat ing 
t empera tu re  compatible  wi th  this electrode s t ructure  
was found to be 175~ 

4. The counterelectrodes (cathodes) consisted of 
p la t inum-Tef lon-p la t inum screen (woven, 45 mesh) 
composites wi th  the same composition and loading 
as the anodes. 

5. The exper imenta l  procedure for obtaining the 
polarization data was identical for each fuel studied. 
When the cell reached the desired temperature ,  the 
fuel was introduced at a flow rate of 20 ~l /min 3 and 
the O.C.V. was al lowed to stabilize for approximate ly  
~/2 hr. The fuel  flow rate  was de termined  by observ-  
ing the pressure drop across a cal ibrated capillary. 

6. Pr ior  to the start  of each run, the anode potent ial  
was raised to approximate ly  l v  for 30 sec in order  to 
act ivate the electrode. The current  was then shut off 
and the potent ia l  was al lowed to stabilize. This point 
was recorded as the O.C.V. 

7. A Kordesch-Marko  bridge was used to control 
the current  through the cell. To de termine  the initial 
port ion of the polarization curve, small  increases in 
the cur ren t  were  made in the range of 0-1 amp (0-22 
ma/cm2).  At  each current  setting, the anode potential  
was al lowed to stabilize, before being recorded. Above  
1 amp, the  current  changes were  made in steps of z,4 
amp unti l  the anode potent ial  reached approximate ly  
0.6v Above this potential,  current  increases were  made 
in smaller  steps as the l imit ing current  was ap-  
proached. The l imit ing current  was taken as that  cur-  
rent  at which the anode potent ial  would no longer 
stabilize. Fol lowing each run, the fuel  was purged 
f rom the anode with  ni t rogen for 10 min. With  the 
ni t rogen purge on, the anode potent ial  was brought  
up to about 1v to remove  traces of fuel  f rom the  
electrode surface. 

Results and Discussion 
Binary mixtures.--Aromatic additives.--Anode per-  

formance losses for n-oc tane  with  up to 5 mole  per  
cent (m/o)  additions of benzene, toluene, m-xylene ,  
and 1, 2, 4 t r imethy lbenzene  are summarized in Fig. 2. 

There appears to be an effect on anode performance,  
in terms of molecular  weight  and degree of complexi ty  
of the  additive, wi th  the heavier ,  more  complex addi-  
tives, causing higher  anode overvoltages.  

The effects are general ly  small  since the concentra-  
tions of the additives are small. It is expected that  

T h i s  c o r r e s p o n d s  t o  10  t i m e s  t h e  t h e o r e t i c a l  r e q u i r e m e n t  o f  
o c t a n e  a t  30  m a / c m ~ .  

differences may become more  pronounced as the con- 
centrat ions of the addit ives increase. 

In spite of some scatter in the exper imenta l  data, 
certain trends have  been observed for the change in 
anode per formance  as a function of the addit ive com- 
plexity.  Thus, the anode per formance  penal ty  for an 
n-octane  fuel  containing 3 m / o  of various aromatics is 
shown to increase with an increase in the number  of 
methy l  groups in the aromatic molecule.  Similar  re-  
sults were  obtained wi th  1 m / o  aromatic  solutions 
(Fig. 3). 

Naphthene additives.--The naphthenes  tha t  were  
evaluated  can be divided into two classes: the s ix-  
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Fig. 2. Anode performance penalty for aromatics at 175~ 
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Fig. 4. Anode performance penalty for cyclohexyl nophthenes 
at 175~ 

membered r ing types which, under  anode operating 
conditions, may be dehydrogenated to aromatics, and 
the f ive-membered r ing types which appear to behave 
like paraffins. 

The anode performance losses for n-octane based 
fuels containing varying  amounts  of cyclohexane and 
methyIcyclohexane are shown in Fig. 4. 

It appears that  cyclohexane is more harmful  to 
anode performance than  methylcyclohexane,  possibly 
because the presence of the electrophilic methyl  group 
in the lat ter  species would make dehydrogenat ion to 
a n  aromatic s t ructure  more difficult, and it is the 
aromatic s tructure that  would cause the higher anode 
overvoltages. 

In the study of the napthenes,  probably the most 
significant result  found was the high tolerance of a 
fuel cell anode to rather  high concentrat ions of cyclo- 
penty l  naphthenes.  No performance penal ty  was ob- 
served for these compounds for concentrat ions of up 
to 15 m/o  and current  densities up to 100 ma /cm 2. 

Olefin additives.--The anode performance loss for 
various n-octane-olef in fuel mixtures  is summarized in 
Table I. There appears to be a relationship between 
the type of olefin (straight-chained,  branched, cyclic) 
and performance. The s traight-chained olefins are 
apparent ly  the most difficult to oxidize. The chain 
length of the l inear  olefin is of little importance to 
anode performance, except at high current  densities, 
as is evident  when  one compares octene-1 with pen-  
tene-1. Here, at least, the det r imenta l  effect of higher 
molecular  weights is not apparent.  The position of the 
double bond in the olefin molecule also plays a role 
in determining the anode performance penalty. As the 
double bond is moved toward the center of the mole-  
cule, the anode performance penal ty  is slightly reduced. 
This result  can be seen by comparing octene-1 with 
octene-2 in Table I. 
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Fig. 5. Anode polarization for n-octane and i-octane mixtures 
at 175~ 

The branched olefins do not appear to cause any 
significant performance penal ty  when  present  in con- 
centrat ions up to 5 m/o. 

All  these facts may be related to the number  of 
allylic hydrogen atoms that  the olefins contain (column 
2, Table I).  On a quali tat ive basis, given a series of 
hydrocarbons containing a single double bond, the 
olefin containing the largest number  of allylic hydro-  
gen atoms will  be least harmful  to anode performance. 
This appears to be the case here. An explanat ion of 
the phenomenon awaits fur ther  clarification. 

The cyclic olefins, cyclohexane derivatives, form a 
separate class of compounds and exhibit  higher anode 
overvoltages than the other types of olefins. These 
compounds are probably dehydrogenated under  anodic 
conditions (see also, negative values of anode per-  
formance loss for cyclohexene in Table I) to aromatics, 
and as a result  behave more like aromatics than like 
olefins. One point that  should be emphasized is that  an 
unsatura ted  s ix-membered  r ing is extremely detr i -  
menta l  to anode performance no mat ter  what  may be 
the degree of unsaturat ion.  

Mixtures of normal and branched paraS]ins.---~Polari- 
zation curves for cells operating on fuels consisting of 
mixtures  of normal  and iso-octanes, with 25-75 m/o  
iso-octane, show no change in performance as com- 
pared to pure n-octane  (see Fig. 5). This indicates 
that branched and s t ra ight-chained paraffins having 
the same number  of carbon atoms are very similar in 
reactivity. This is a useful result  since it increases the 
flexibility of a choice of mul t icomponent  fuels for 
specific performance requirements.  

Multicomponent mixtures.--The above results were 
for mixtures  of n-octane  with single "unreact ive" 

Table I. Anode performance loss for addition of olefins at 175~ 

A n o d e  p e r f o r m a n c e  loss,* m y  No.  
a l l y l i e  S u r f a c e  

h y d r o g e n  E l e c t r o d e  a r e a ,  0 22 33 55 77 99 iL 
F u e l  c o m p o s i t i o n ,  m o l e  % a t o m s  No.  m-~ m a / c m ~  m a / c m  ~ m a / c m  ~ m a / c m  ~ m a / c m  ~ m a / c m  ~ m a / e m  2 

99% n - o c t a n e  + 1% o c t e n e - 1  2 1051"* - -  9 0 0 0 0 30 90 
97% n - o c t a n e  + 3% o c t e n e - 1  2 1051"* - -  20  20 25 55 120 - -  72 
95% n - o c t a n e  + 5% o c t e n e - 1  2 1051"* - -  50  45 75 150 - -  53 
99% n - o c t a n e  + 1% o e t e n e - 2  5 1059"* - -  5 0 0 0 0 0 107 
97% n - o c t a n e  + 3% o c t e n e - 2  5 1059"* - -  25 15 20 20 25 20 97 
95% n - o c t a n e  + 5% o e t e n e - 2  5 1059"* 35 30 35 48 120 - -  74 
99% n - o c t a n e  + 1% 2 - m e t h y l b u t e n e - 2  9 3543 1 ~ 1  0 0 0 0 0 - -  89 
97% n - o c t a n e  + 3% 2 - m e t h y l b u t e n e - 2  9 3543 11.01 5 0 0 0 0 - -  86 
95% n - o c t a n e  + 5% 2 - m e t h y l b u t e n e - 2  9 3543 11,01 5 0 0 0 5 84 
99% n - o c t a n e  + 1% 2 - m e t h y l b u t e n e - 1  5 3497 9.42 20 0 0 0 0 - '0 121 
97% n - o c t a n e  + 3% 2 - m e t h y l b u t e n e - 1  5 3497 9.42 30 0 0 0 0 0 114 
95% n - o c t a n e  + 5% 2 - m e t h y l b u t e n e - 1  5 3497 9.42 40 0 0 0 0 10 107 
99% n - o c t a n e  + 1% p e n t e n e - 1  3544 10.22 10 0 0 7 20 34 110 
97% n - o c t a n e  + 3% p e n t e n e - 1  3544 10.22 20 35 50 52 55 73 98 
95% n - o c t a n e  + 5% p e n t e n e - 1  3544 10.22 20 35 50 52 55 98 96 
99% n - o c t a n e  + 1% c y c l o h e x e n e  3515 - -  - -5  40 47 50 40 - -  89 
97% n - o c t a n e  + 3% c y c l o h e x e n e  3515 - -  - - 1 0  75 80 98 115 - -  75 
95% n - o c t a n e  + 5% c y c l o h e x e n e  3515 - -  - - 5 0  135 127 - -  - -  - -  50 

* D e f i n e d  as t h e  i n c r e a s e  in  a n o d e  p o t e n t i a l  o v e r  t h a t  m e a s u r e d  f o r  p u r e  o c t a n e  a t  t h e  s a m e  c o n d i t i o n s .  
** E l e c t r o d e s  s u p p o r t e d  on  P t  s c r een .  
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Fig. 6. Anode polarization curves for a fuel mixture consisting 
of 89 mole % n-octane, 5 mole % methylcyclohexane, 5 mole % 
octene-2, and 1 mole % toluene at 175~ 

components. Exper iments  were conducted in which 
several "unreactive" components were added to n -  
octane. The polarization curve of an anode operating 
on a fuel consisting of 89 m/o  n-octane,  5 m/o  methyl -  
cyclohexane, 5 m/o  octene-2, and 1 m/o  toluene is 
shown in Fig. 6. The concentrat ions of each of the 
additives were determined from b inary  mix data, so 
that the anode performance penal ty  for each of these 
components is roughly 50 mv at 30 ma /cm 2. 

The outs tanding feature of these results is that  the 
cumulat ive effect of the "unreactives" does not  appear 
to be additive. In  fact, the performance loss is similar 
to that obtained for the corresponding b inary  mix-  
tures, meaning that at these concentrat ion levels each 
ingredient  is not independent  of the others present  in 
the mixture.  

This seems to suggest that, should a mul t icomponent  
mixture  be chosen with any  combinat ion of ingred-  
ients, the performance penal ty  will  be the one roughly 
corresponding to the "worst offender" in  the mixture,  
as exhibited in a b inary  mix ture  with octane. 

The main  question, then, becomes one of establishing 
the influence of the other possible performance-de-  
termining parameters,  such as the fuel flow rate. 

Anode performance at other temperatures.--In an 
effort to determine the magni tude  of a performance 
gain that  may be obtained by increasing the operating 
temperature,  several cell, s containing typical "unre-  
active" compounds were run  at 150 ~ 175 ~ and 200~ 
The data at 150 ~ and 200~ are given elsewhere (8), 
while the data obtained at 175~ are given in this 
paper. 

The log of the current  at anode potentials of 0.4v 
for various fuels at 150 ~ 175 ~ and 200~ was plotted 
against 1/T. From the Arrhen ius - type  relationship 
shown in Fig. 7, an approximate activation energy of 
13 kcal /gmole is obtained;  this is indicative of a strong 
temperature  dependence. Although the data do not 
form a t rue  straight line, probably  because a var ie ty  
of fuels were used, the t rend toward significantly 
increased anode performance is evident. A l inear  ex- 
t rapolat ion to a cell operating tempera ture  of 250~ 
for example, indicates the possibility of obtaining 
about a tenfold increase in performance, assuming, of 
course, that  compatible electrode structures are avail-  
able. 

Conclusions 
The performance of a p la t inum-ac t iva ted  anode oxi- 

dizing b inary  mixtures  of n-octane  and various small  
amounts  (general ly 1-5 m/o)  of hydrocarbon additives 
in hot concentrated acid electrolytes (95% HaPO4 at 
175~ depends on the na ture  of the additive. Thus: 

1. For aromatic additives, an increase in molecular  
weight or degree of complexity of the aromatic mole- 
cule (e.g., n u m b e r  of methyl  groups) wil l  de termine 
a corresponding increase in anode overvoltage. 
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Fig. 7. Current at an anode potential of 0.4v vs. 1 /T.  
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2. For naphthene additives, the opposite appears to 
be t rue  (when comparing methyl  cyclohexane to cyclo- 
hexane) .  These findings are, however, in need of fur -  
ther  exper imental  evidence. 

3. For olefin additives, there is a distinct relationship 
between the type of olefin (straight-chained,  branched, 
or cyclic) and performance;  on an over-al l  basis, the 
number  of allylic hydrogens in the noncyclic additive 
molecule appears to set a characteristic trend, wi th  
the anode overvoltage decreasing as the number  of 
allylic hydrogens increases. 

The cyclic olefin is quite aromatic in character due 
to an apparent  dehydrogenat ion mechanism preceding 
the oxidation step. Specifically, s ix-membered  cyclic 
olefins are very harmful  to the performance of the 
anode both on a relative basis (compared to the other 
types of olefins) and on an absolute basis. 

4. Iso-paraffins (in any proportion) do not affect the 
performance of normal  paraffins having the same n u m -  
ber of carbon atoms. 

The det r imenta l  effects of various additives, as ob- 
ta ined from performance data of b inary  mixtures  
(with octane), are not cumulative.  Therefore, a mul t i -  
component  mix ture  wil l  not  necessarily contr ibute 
more to the rise of the anode overvoltage than  the 
single "worst offender" in the mixture.  

Sizable performance gains can be made by increas- 
ing cell operating temperatures.  For example, if com- 
patible materials  and electrode structures were avai l -  
able so that a cell could be operated at 250~ as much 
as a tenfold increase in cell performance would be 
possible, based on a l inear  extrapolat ion of the exist- 
ing data. 
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Electrochemical Oxidation of Multicomponent Hydrocarbon Fuels 
II. Long-Term Performance Studies with n-Octane Based Fuels 

Containing Aromatic, Olefinic, and Naphthenic Components 

James F. Lennon, Eugene Luksha, I and Eugene Y. Weissman *'2 
General Electric Company, Direct Energy Conversion Operation, West Lynn, Massachusetts 

ABSTRACT 

The long- te rm anode performance with hydrocarbon fuels may be dif- 
ferent  from what  can be predicted from shor t - te rm polarization data. This is 
due to such t ime-dependent  factors as accumulat ion of iner t  adlayers on the 
electrode surface and the progressive structural deteriorat ion of the electrode. 
A study of the t ime-dependent  aspects of hydrocarbon anode performance was 
made. The experiments  were conducted on practical p la t inum/Tef lon  elec- 
trodes in 95 weight per cent phosphoric acid at 175~ Characteristics of ex-  
tended t ime vs. performance were described for n-oc tane  and n-octane  con- 
ta in ing various single and mult iple  additives. It was found that  the influence of 
various hydrocarbon additives on shor t - te rm performance of an octane anode 
cannot  necessarily be applied toward prediction of long- te rm performance.  
Several  addit ives do not appear to affect performance on a cumula t ive  
de t r imenta l  basis. However, when  a certain total additive l imit has been ex- 
ceeded, the decrease in anode performance can be severe, over extended 
periods of operation. The cycling characteristics associated with the process of 
direct electrochemical oxidation of hydrocarbons have been described in 
terms of several  distinct modes of performance fluctuation prior to the estab- 
l i shment  of s teady-state  conditions. 

For the most part, studies of the various aspects of 
direct hydrocarbon oxidation are based on shor t - te rm 
measurements .  It is recognized that  long- term anode 
performance with hydrocarbon fuels may be different 
from what can be predicted from shor t - te rm polariza- 
t ion data. This is due to such t ime-dependent  factors 
as the accumulat ion of iner t  ad- layers  on the electrode 
surface. Another  impor tant  contr ibut ion to such per-  
formance changes is a progressive s t ructural  deteriora-  
t ion of the electrode. A study of the long- term effects 
that  various "unreactive" additives (e.g., aromatics, 
olefins, naphthenes)  may have on the performance of 
fuel cells operating on n-octane  was made in order to 
determine whether  there may be cumulat ive  inhibi t ion 
of the active sites on the anode as a function of t ime 
by  these additives. 

Other long- te rm effects of various additives in mu l -  
t icomponent,  octane-based fuels, are changes in the 
characteristics of performance cycling, which is pres-  
ent  when hydrocarbons are oxidized directly with 
phosphoric acid electrolytes. 

It is the purpose of this s tudy to provide informa-  
t ion and shed some light on these t ime-dependent  
aspects of anode performance. 

Experimental 
The life testing instal lat ion has been described 

earlier (1). The electrodes (both anode and cathode) 
were of the same types described elsewhere (2) (35 
mg P t / cm  2, 65% Pt-15% TFE, gold-coated Ta screen 
for anodes, Pt  screen for cathodes). 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  a d d r e s s :  G o u l d - N a U o n a l  Ba t t e r i e s ,  I n c o r p o r a t e d ,  Re-  

s ea rch  D i v i s i o n ,  M i n n e a p o l i s ,  M i n n e s o t a  55414. 
~ P r e s e n t  addres s :  G l o b e - U n i o n ,  I nco rpo ra t ed .  Corpo ra t e  A p p l i e d  

Research Center,  Mi lwaukee ,  Wisconsin 53201. 

The following exper imenta l  procedure was used: 
After  establishing the desired gas flow rates (in 
general:  20 ~1 fue l /min ;  corresponding to 10 times the 
stoichiometric requi rement  of octane at 1 amp and 10 
times the stoichiometric requi rement  of oxygen sup- 
plied in the air  stream to the cathode 3) and isothermal 
conditions (175~ the open-circui t  potent ial  was re-  
corded. Thereafter,  an ini t ial  polarization curve was 
taken. 

After  these ini t ial  data were obtained, the cell cur-  
rent  was main ta ined  in general  at 1.5 amp (33 ma /  
cm2), by means of Electro-Products,  Model EFB, d-c 
power supply units. T h e / R - i n c l u d e d  anode vs. H2/H + 
potential  and cell current  were cont inuously recorded 
with Varian two-channel  strip chart  recorders. IR- 
free potent ial  data were also obtained, by means of a 
Kordesh-Marko bridge. These data were logged, to- 
gether with cell potentials and resistances. 

The circulating electrolyte concentrat ion was main-  
tained at 95-98% H3PO4 by means of control led-rate  
addition of water  to the electrolyte sump. 

At the end of each test (usual ly  caused by excessive 
electrolyte leakage through the anode),  a final polari-  
zation curve was taken. The cell was then disassembled 
and the anode was cleaned. If desired, its surface area 
was measured by the B.E.T. method. 

Whenever  time permitted, ini t ial  surface area mea-  
surements  on anodes prior to assembly were also 
made. The method itself, as applied to whole electrodes, 
has been described by Weissman (3). 

3These are  no t  the  m i n i m u m  r e q u i r e d  flow ra tes ;  t h e y  were  
se lec ted  so as to  e l i m i n a t e  any  p o s s i b i l i t y  of c o n c e n t r a t i o n  po l a r i -  
za t ion  b iases  on  t he  l i f e  tes t  r e su l t s  b u t  no t  o p t i m i z e d  (in t e r m s  
of m i n i m u m  va lue s )  s ince t h i s  was  ou t s ide  the  scope of the  
e x p e r i m e n t .  
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Whenever  necessary, the polarization curve data 
points were determined after sui tably preact ivat ing 
the anodes at anode potentials greater than  0.90v vs. 
H2/H +, and subsequent ly  wait ing for the output  to 
stabilize at what  would have been the average anode 
potential  under  cycling conditions for a fixed current  
density. This wait  period was usual ly of the order of 
3-4 min. In  this way, cycling disturbances were 
avoided, without  affecting the values to be measured. 

Interpretation of the Test Data 
Characteristics of extended perlormance vs. t ime 

data.--As mentioned above, direct hydrocarbon oxi- 
dation in phosphoric acid is characterized by spon- 
taneous performance cycling. One of the objectives of 
the present  work was quant i ta t ively  to define dif- 
ferences in  the behavior of octane and various octane- 
based b inary  and mul t icomponent  fuel mixtures,  in 
terms of the frequency and /or  the ampli tude of anode 
potential  fluctuations at constant  current.  The in ter -  
pretat ion of such differences can be refined by noting 
that in  each case the t ime required for the onset of 
cycling can be divided into four dist inctly different 
periods: 

~. The induct ion per iod--a  short in terval  of time, 
normal ly  1-2 hr, dur ing  which there is a large increase 
in anode potential, from its open-circui t  value. 

II. The ripple period---follows the induct ion period 
and is of short durat ion;  up to 2 hr. During this t ime 
interval,  the anode potent ial  starts fluctuating at high 
frequencies (e.g., several  times a minute)  and low 
ampli tudes (e.g., 10-20 my) .  

III. The onset-of-cycling per iod--sometimes indis-  
t inguishable from the actual  cycling mode of operation 
(IV, below).  When it occurs, it lasts a few hours, or 
less, and is characterized by performance cycling at 
frequencies that  are sometimes higher and sometimes 
lower than  dur ing the actual cycling operation that  
follows; the corresponding ampli tudes are always 
smaller (e.g., 20-80% of actual cycling ampli tudes) .  

IV. The cycling period---characterizes the onset of 
steady-state anode operation. Here, the performance 
fluctuations have been established to their  full extent, 
according to the exper imental  conditions and the 
species being oxidized. 

The anode potential  will  change from its m i n i m u m  
to its max imum value according to a set pattern.  This 
pa t te rn  can be used to define differences in the be- 
havior of various fuels of interest  in terms of fre-  
quency and ampli tude of performance cycling (see 
Results and Discussion). 

As t ime goes on, various modes of degradation occur 
(e.g., progressive catalyst inhibi t ion by a relat ively 
nonreact ive ad-layer,  or s t ructural  degradation of the 
anode).  These may be responsible for observable 
changes in the characteristics of performance cycling. 
It sometimes appears that  these changes are auto- 
compensatory in nature ;  thus, a certain increase in 
f requency appears to be associated with a decrease in 
ampli tude and vice versa. 

Processing and significance of the experimental  data. 
- - T h e  high-loading unsupported p la t inum anodes used 
in the present  work, while sufficiently active cata lyt-  
ically to yield meaningfu l  results, at least on a com- 
parat ive basis, present  the drawback of s t ructural  
var iance with. time. This variance is sufficiently severe 
to make it necessary not to consider the "last-stage" 
data for comparison purposes since they are often 
influenced by high rates of electrolyte leakage through 
the anode. 

Two methods of data in terpreta t ion were used: 

1. Use of available polarization curve data to define 
various performance points (e.g., anode potential  at 
given current  densities) at various chronological 
stages; say, at the beginning  and at the end of a run. 
These are, essentially, extent -of-degradat ion  data. 

2. Averaging of cycling data, from recorder traces, 
and graphical representat ion of the resul t ing changes 
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of performance with time. These are the typical life 
test curves, supplying information on the total life for 
a set of predetermined conditions, as well  as the in-  
dividual  durat ions of the various periods of opera- 
t ion (induction, ripple, etc.). 

Results and Discussion 
n-Octane oxidation.--Six anodes were tested with 

pure n-octane  in order to establish a graphical frame 
of reference for the results obtained wi th  various 
fuel mixtures.  The changes in anode potential  with 
t ime occupy a band whose boundaries represent  the 
range of anode performance for the electrodes tested 
(Fig. 2 and 3). The abrupt  break in the curve after 
the ini t ia l  several  hours is an indication of the onset 
of steady-state operation (cycling).  

Figure 1 summarizes the cycling characteristics ob- 
served with n-octane.  The t ime to start  cycling (per-  
iods I + II + I I I )  and the frequency of cycling once 
it has started are plotted against current  density. It  is 
seen that  the t ime to start  cycling and the cycling 
frequency are related to operating current  density. No 
significant t rends for the ampli tude values could be 
obtained. Period III of cycling was often indis t in-  
guishable from period IV, and period II (ripple) was 
sometimes negligibly small. 

Normal octane wi th  single addit ives.--The life test 
data for n-octane  containing a single additive indicate 
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that  there  were  no significant per formance  differences 
in the cycling period for the octane + 1% aromatic  
and octane + 3% olefin data as compared to pure  
octane. These similari t ies can be seen clearly in Fig. 2 
where  the pe r fo rmance- t ime  curves for the fuels con- 
taining olefins and aromatics fal l  wi th in  the n-oc tane  
band. It can also be seen that  anodes operat ing on 
octane -b 5% naphthene fuels polarize more ex ten-  
sively dur ing a re la t ive ly  short ini t ial  t ime interval .  
Even after this brief  interval,  the pe r fo rmance- t ime  
curve  is si tuated wi th in  the upper  port ion of the 
n-octane  band while  the lat ter  has most of its data 
clustered in its lower  portion. 

The only significant differences in the cycling char-  
acteristics of octane plus single addit ives as compared 
to pure  octane oxidation are the increased cycle f re-  
quencies, roughly  3 t imes higher, for  the binary fuels. 

Normal octane wi th  several additives.--It  has been 
shown in shor t - t e rm tests (4) that  there  are no cumu-  
lat ive effects for mul t ip le  additions of "unreact ives"  
up to a total  of 11 mole per cent (m/o)  additives. It  
was shown, in fact, that  the per formance  penal ty  
roughly corresponded to the "worst  offender." 

F igure  3 represents  pe r fo rmance- t ime  data for four 
cells operated on mixtures  of 50/50 normal  and iso- 
octane 4 containing 11 m / o  addit ives (1% aromatic,  5% 
naphthene,  5% olefin). For  the purposes of comparison, 
the exper imenta l  n-octane  band is superimposed over  
this curve. A sharp increase in anode potential  is 
first exhibited, up to a value  of about 0.575v where  the 
potential  finally stabilizes. The mul t icomponent  fuel  
data fit roughly within  the upper  port ion of the n-oc-  
tane band. The approximate ly  40 mv penal ty  over  the 
performance  of pure  n-octane,  based on the 5% naph-  
thenes being the "worst  offender" under  these con- 
ditions, is substantiated by these  graphical  representa-  
tions. This is due to the fact that  most of the n-octane  
results fal l  wi th in  the lower port ion of the per -  
fo rmance- t ime  band while  the mul t icomponent  data 
are clustered close to the upper  limit. 

Life test data obtained where  increasing amounts  
of the "unreact ive"  components were  added to n -oc-  
tane are shown diagrammat ica l ly  in Fig. 4 and 5. It is 
evident  that  sizable performance penalt ies are paid 
for concentrat ion levels greater  than 11% even to the 
extent  of a 180 mv  5 deviat ion f rom n-octane per -  

I t  h a s  b e e n  p r e v i o u s l y  s h o w n  (4) t h a t  t h e r e  a r e  n o  p e r f o r m -  
a n c e  d i f f e r e n c e s  b e t w e e n  a n o d e s  o p e r a t i n g  o n  n - o c t a n e  a n d  o n  
n - o c t a n e  + i - o c t a n e  m i x t u r e s .  

N o t e  t h a t  t h e  d e t r i m e n t a l  e f f e c t  o f  o e t e n e - 1 ,  a s  c o m p a r e d  t o  
o c t e n e - 2 ,  i s  p a r t i c u ] a r l y  o b v i o u s  w i t h  h i g h  a m o u n t s  o f  a d d i t i v e s  
(30  m / o ) .  

350 

I75~ % H3PO 4 
QFUEL 20~I/MIN 

~.TOO ANODE RES.-.O05-.OIO~, 

~.650 
> o 
~ o 

5M/O TOLUENE, SM/O OCTENEll,SM/O MCH,ISM/O MCP 
+z~ O- IM/O TOLUENE, 5MID OCTENE-2,5M/O MCH~ISM/OMDPI; 
=.600 

z 

~ .550 

z 

J I I I I I I I 
.500 ~0 ?0 ~0 40 50 60 70 80 

TIME- HOURS 

X-IM/O TOLUENE, 5 MID OCTENE-2,5 M/O MCH,25M/OMCP(2) 

M C H -  METHYLCYCLOHEXANE 
MCP-METHYLCYCLOPENTANE 

Fig. 4. Change of anode potential with time. 

.750, 

A c~ uJ 
,7oo 

~, .65C 

§ 
:x: 

DOC 

1550 

o 

.50( 
0 

f 

~ C T E N E - 2 , 1 O M / O  MCH, 30M/O MCP(I) '~ 
X- IOM/O TOLUENE, 5M/O OCTENE -2,5M/0 MCH, 15M/O MCP{I } 
~ l  5M/O TOLUENE, IOM/O OCTENE-- 2'IOM/O MCH' 30M/O MCP [2) 

175~ 8 95-98% H 3 PO# 
q FUEL =20#L/MIN 
ANODE R = .005 - .010 

~- MClt- METNYLCYCLOHEXANE 
MCP - METHYLCYCLOPENTANE 

I I I I I I I I 
JO 20 30 40 50 60 70 BO 90 

TIME - HOURS 

Fig. 5. Change of anode potential with time. 

'LO I ~. ELECTROLYTE : 95% H 3 04 
T E M P E R A T U R E  " t 7 5  " C < 

a~ ~ 90 ANODE : 85% Pt BLACK (35m0 /Cm2) - I$%TFE 
----. " ~ FUEL : n- OCTANE § VARIOUS AMOUNTS OF ADDITIVES 
=. % 
> > 1 % x  

3.0;-- ~ ~ . ~ .  ~ 

i I J I r ~ - ' I  ~ I 
0 I0 20 30 40 50 60 70 BO 

% ADDITION 
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formance, representing approximate ly  50% of the cell  
output IR included. This performance drop occurs 
wi th in  the first 25 hr of  operation, where  effects of 
anode deterioration are minimal .  Figure 6 is a graphic 
representation of the decrease in current density,  at a 
g iven polarization, w i th  increasing concentrations of  
the "unreactive" components  in n-octane.  It should 
be noted that the current densities are normal ized in 
terms of real B.E.T. surface areas measured on the 
pure electrodes. The spread of the data increases at 
higher concentrations of "unreactives." 

An analysis  of  the cycl ing characteristics of these 
mul t i component  fuels  for operation at 33 m a / c m  2 in-  
dicated that the frequency and ampl i tude of  cycl ing 
did not appear to exhibit  any of  the trends reported 
for n-octane  and n-octane w i t h  single addit ive m i x -  
tures. In fact, there were  no appreciable changes of the 
frequency of cycl ing wi th  t ime.  
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Conclusions 
1. The differences between anode overvoltages for 

the oxidation of pure octane and of octane with 
various hydrocarbon additives appear only to be sig- 
nificant in  the context of shor t - te rm operation, in  most 
cases up to 25 hr. 

2. For longer runs, characteristic of real fuel cell 
operation, differences in anode performance are re- 
duced to practically insignificant levels; this holds 
t rue as long as the cumulat ive  amount  of additives 
does not exceed a certain limit. At  least for the con- 
ditions imposed in the present  work, i.e. a p la t inum 
loading of 35 mg/cm 2, 95% phosphoric acid at 175~ 
and excess flow rates of reactants, this l imit was 
found to be 11 m/o. 
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PbO  in the Lead-Acid Cell 
!. Formation from Three Typical Oxides 

Jeanne Burbank* 
Naval Research Laboratory, Washington, D. C. 

and Everett J. Ritchie* 
Eagle-Picher Industries, Incorporated, Joplin, Missouri 

ABSTRACT 

Three representat ive lead oxides for storage bat tery  fabrication were 
mixed with water  and H2SO4 to paste consistency. Each of these was hand 
pasted into ant imonial  and pure lead circular grids of s tandard SLI thick- 
ness. The plates were cured according to common practice for each oxide. The 
small  circular plates were anodized in  an electrolytic cell mounted  directly 
on an x - ray  machine, and the diffraction pat terns recorded at intervals  
throughout  72 hr of formation in 1.0585 sp gr H2SO4. Beta PbO2 was identi-  
fied as the reaction product. At the end of formation, nomina l ly  150% of 
theoretical requirement ,  the morphology of the PbO2 was examined by elec- 
t ron microscopy. The crystals varied from small prismatic individuals  to 
complex spherulit ic formations. 

Positive plate materials  of the lead-acid cell have 
received intensive s tudy in recent years because of 
massive fai lure of nonant imonia l  submar ine  cells in 
which the positive active mater ia l  suffered cata- 
strophic softening early in life. It was shown that 
similar cells, pasted with identical  materials  but  having 
ant imonia l  lead grids, gave longer service life. The 
difference in performance was at t r ibuted to the differ- 
ence in electron morphology of the PbO2 crystals, 
which in the case of the ant imonial  cells remained 
characteristically prismatic and dendritic, while those 
in  a softening paste were nondescript  spheroids, 
readily detached from the plate upon gassing on over-  
charge. These results have led to a systematic exami-  
nat ion of the electron morphology of PbO2 crystals 
in the lead-acid cell. It  has been indicated that  the 
electron morphology is related to the materials  origi- 
nal ly  present  in the paste (1-6). As a cont inuat ion of 
the study, the present  investigation of positive plate 
oxides was under taken.  

Materials and Methods 
Three representat ive commercial  oxides for storage 

ba t te ry  fabrication were used in this study, desig- 
nated respectively A, C, and H, Table I. These are 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

characterized in Tables II and III which show the 
particle size ranges and spectrographic analyses. 

Pastes of each oxide, water, and sulfuric acid were 
mixed in a laboratory dough-type mixer  in three 
pound batches, Table IV. Each of the pastes was hand 
pasted into special grids and cured and dried according 
to s tandard practice for each type of oxide. Plates 
containing pastes of oxides A and H were racked, and 
placed in a steam-filled oven to set the paste, followed 
by drying at about  105~ Plates containing paste C 
were flashed, rolled, stacked, and cured for 24 hr in an 

Table I. Description of oxides A, C, and/4 

O x i d e  D e s c r i p t i o n  

M e d i a n  
Spec i f i c  p a r t i c l e  
su r s  r a d i u s  
(m~/g)  (a.) * 

A mi l l ed ,  n o n l e a d y  l i t h a r g e  h a v i n g  0.18 3.9 
a m i x e d  c o m p o s i t i o n  of  o r t h o r h o m -  
h ic  a n d  t e t r a g o n a l  P b O  
A l e a d y  l i t h a r g e  c o n t a i n i n g  25% 0.97 1.8 
f r e e  l e a d  p r o d u c e d  b y  ba l l  m i l l i n g  
A f u r n a c e  o x i d e  c o n t a i n i n g  25% 0.28 2.15 
PbaO~ 

* E q u i v a l e n t  s p h e r i c a l  r a d iu s .  
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Table II. Particle size distribution of oxides A, C, and H Table Vl. Anodization treatments 

Size Ox ide  A v e r a g e  Dry  
range*  A C H p l a t e  ac t ive  A m p - h r  

(~) (w/o)  (w/o)  (w/o)  G r i d  t h i c k n e s s  m a t e r i a l  ( the-  
Ox ide  m e t a l  (ram) w e i g h t  (g) ory) 

0.0-0.015 0.03 0.9 0.02 
0.015-0.03 0.05 1,2 0.06 
0.03-0,06 0.14 2.2 0.22 
0.06-0.125 0.38 4.2 0.7 
0.125-0.25 1.0 6.5 1.8 
0.25-0.5 2.0 10.0 4.7 
0.5-1.0 5.4 12.0 11.5 
1.0-2.0 13.9 15.0 28.0 
2.0-4.0 39.0 15.0 34.0 
4-8 20.0 14.0 16.3 
8-16 14.5 12.5 2.57 
16-32 4.1 5.8 0.13 
32-64 0.4 0.7 
P la s t i c  3.6 25 7.5 
<0.5 
G r a n u l a r  96.4 75 92.5 
>0.5 

* E q u i v a l e n t  s p h e r i c a l  rad ius .  

Table III. Spectrographic analysis of oxides A, C, and H 

Oxide  
E l e m e n t  or A C H 
c o m p o u n d  (w/o) (w/o)  (w/o)  

A g  0.0005 0.00039 0.00039 
AI=r O.O0018 0.00005 0.00065 
BaSOi  <0.00020 <0.00020 0.00022 
Bi  0.0026 0.017 0.020 
CaO 0.00074 0,00020 0.0068 
Cu  0.00034 0.00027 0.00048 
Fe  0.90023 0.00009 0.0017 
MgO 0.00053 0.00005 0.00084 
Mn Not  de t ec t ed  Not  de t ec t ed  0.00002 
SiO2 0.0020 0,00058 0.0074 

Table IV. Pasting data 

Oxide  A C H 

I n i t i a l  w a t e r  (cc / lb)*  50 50 53 
1400 sp gr  H.,_SO~ 40 40 39 
F i n a l  w a t e r  (cc/ lb)* None  None  5 
Pas te  d e n s i t y  (g / in .  a)* 65 05 66 
P a s t i n g  p r o p e r t i e s  F a i r  G o o d  G o o d  

* These  u n i t s  of m e t r i c - E n g l i s h  s y s t ems  are  in  c o m m o n  use i n  
s torage  b a t t e r y  t echno logy .  

Table Y. Spectrographic analyses of grid metals 

P u r e  l ead  A n t i m o n i a l  
E l e m e n t  (w/o)  l ead  (w/o)  

S b  Not  de t ec t ed  7.0 
Sn  No t  detec ted  0.3 
As  No t  de t ec t ed  0,062 
Bi  0.018 0.016 
Cu 0.00015 0.0064 
Fe  0.0017 0.00078 
M n  0.00002 0.00002 
Mg 0.00014 0.00028 
S i  0.00075 0.00044 
Mo* Not  de t ec t ed  Not  de t ec t ed  
Cd Not  de t ec t ed  Not  de t ec t ed  
A g  0.0014 0.0015 
Ni  0.00005 0.00005 
Ca 0.0004 0.0002 

* Da ta  g i v e n  fo r  e l e m e n t s  f r o m  Mo to Ca are  of l ower  prec i s ion .  

insulated box, followed by 40 hr  in  a closed oven at 
40.9~ Convent ional  square grids for use as counter-  
electrodes were pasted and cured at the same time, 
with the same materials.  

The special and conventional  square grids fabricated 
for this s tudy were cast from pure lead and nomina l  
7% lead-an t imony alloy. Spectrographic analyses of 
the grid metals are given in Table V. The special 
grids were small  circles, 47 m m  diameter, designed to 
fit the electrolytic cell mounted  directly on an x - r ay  
goniometer, permi t t ing  registration of diffraction pat-  
terns dur ing  anodic t rea tment  (7). 

A m p - h r  
(actual)  % 

A P b - S b  1.8288 7,6 1.79 1.165 65.08 
1.8288 6,3 1.49 2.252 151.15 
1.7018 6.4 1.51 2.304 128.72 

P b  2.1082 8.2 1.94 3.024 155.9 
C P b - S b  2.1336 7.5 1.75 2.63 150.2 

P b  2,1336 8,6 2.03 3.053 150.25 
H P b - S b  1.7018 7.0 1.65 2.52 152,7 

P b  1.9304 8.7 2.05 3.024 147.51 

Radiographs of each of the circular plates were 
made prior to any electrochemical t rea tment  with a 
Faxi t ron  804 table- top radiographic system. The small  
disk plates were mounted  in t u r n  in the electrolytic 
cell, backed by a circle of pure lead to effect electrical 
contact, and rotated at 60 rpm throughout  the anodi-  
zation of about 72 hr or less in certain instances, 
Table VI. A pre l iminary  soak of 20-30 rain was given 
in the electrolyte, 1.0585 sp gr H2SO4. Anodic oxidation 
took place from one side only in the x - r ay  cell 
assembly, and the current  density was approximately 
4 ma / c m 2 on the submerged half of the electrode. 
Using Cu K= radiation, x - r ay  diffraction pat terns 
were registered from the cured plate surfaces, and 
from samples of the paste removed from the grids, 
ground to pass No. 120 sieve, and mounted  in the con- 
vent ional  manne r  for diffractometric registration. Fol-  
lowing the soaking period, and at intervals  throughout  
the anodic oxidation, diffraction pat terns of the sur-  
faces of the plates were recorded also. Positive plate 
polarization was followed cont inuously by means of a 
s tandard Hg, Hg2SO4 reference electrode. 

Upon completion of anodization, usual ly  about 150% 
of theoretical  requi rement  on a weight basis, the 
plates were blotted and dried in air at room tempera-  
ture. The active mater ia l  was removed from the grids 
for electron microscope examinat ion by carbon re-  
plication and fur ther  x - r ay  diffraction study by the 
same methods used in the earl ier  studies (1-6). All  
electrochemical experiments  were performed at room 
tempera ture  which varied from 20.0 ~ to 25.2 ~ C. 

Results, Discussion, and Conclusions 
The radiographic examinat ion  of the cured plates 

showed that, from a practical standpoint,  the grids 
were fairly well  filled with paste, and were free of 
large voids or skips. There were, however, hidden 
cracks in some pellets, and some areas of the grid 
bars were not in good in t imate  contact with the paste. 
A difference was observed between the radiographic 
density exhibited by the paste of oxide C and that  of 
the other two oxides. It  is seen in  Fig. 1 that  the paste 
containing oxide C is markedly  more uni formly  dense 
than that of oxide A, which was adopted as a s tandard 
for comparison of all plates. While it is t rue that  the 
plates containing oxide C averaged thicker than  the 
others, Table VI, there were variat ions among all 
specimens that el iminate thickness as the sole cause 
of this difference in radiographic density. Also, it may 
be observed from the figure that the plate of oxide A 
is dist inctly more grossly porous than the paste re-  
sult ing from oxide C. This was t rue of all specimens 
of pastes A and H when similar ly compared with all 
those containing oxide C. Fur ther ,  cross-pellet crack- 
ing was most p rominent  in oxide C as a general  
characteristic, as was poor contact with the grid bars. 

Of part icular  significance is the difference in the 
relat ive amounts  of small  particles in the three oxides, 
Table II. It is general ly accepted that  even nonplastic 
materials  such as silica will exhibit  plastic behavior if 
particle size is sufficiently reduced, and even more 
pronouncedly  if the particle shape is also favorable 
(8). Particles exhibi t ing plastic behavior  are usual ly 
1~ or less in diameter, and the percentage of particles 
in  each oxide fall ing wi thin  this range has been indi-  
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Table VII. The x-ray diffraction patterns 

A S T M  (9) 
c a r d  

C o m p o u n d  n u m b e r  R e m a r k s  

PbSO~ 5-0577 

Fig. i .  Representative macrorodiographs of unoxidized, cured 
plates containing pastes from oxide A (left) and C (right). The 
dense packing of oxide C is shown by its greater opacity to x-rays, 
giving a darker image than that of paste A. The distribution of 
macroporosity in paste A is shown by the fairly uniform mottling. 
Thin white lines are cracks, visible along some grid bars in paste A, 
but larger and more extensive in paste C where shrinkage resulted 
in cross-pellet cracking as well as parting from the grid bars. Simi- 
lar radiographs from plates containing paste H resembled the one 
shown for paste A. 

cated as "plast ic"  and the la rger  fract ions as "g ranu-  
lar"  in Table II. The handl ing and curing proper t ies  
of pastes  fabr ica ted  f rom the  oxides depend  to a large 
ex ten t  on the  re la t ive  amounts  of plast ic  and g ranu la r  
ma te r i a l  present .  Fo r  example ,  on the  basis of the  
above rad iographic  examinat ions,  it is seen that  paste 
C suffers g rea te r  shr inkage  dur ing  cur ing than  ei ther  
paste A or H. Neglect ing the fact that  the cur ing re-  
act ion of oxide C must  include the step of oxidat ion  of 
the free metal l ic  lead par t ic les  present  in this  t ype  of 
oxide, and considering only the  d is t r ibut ion  of par t ic le  
sizes in the  or ig ina l  oxides,  Tab le  lI ,  i t  is to be ex -  
pected tha t  the  oxide containing the lowest  percentage  
of "g ranu la r"  size par t ic les  would  undergo the  most  
pronounced shrinkage.  The pas t ing propert ies ,  Table  
IV, of each of the  oxides also may  be re la ted  to the  
re la t ive  amounts  of g ranu la r  and plas t ic  size part icles .  
Oxide A contained only 3.6% of plast ic  mater ia l ,  and 
gave a pas te  descr ibed as "fair"  in past ing qual i ty .  
Oxides C and H had 25 and 7.5% plast ic  mater ia l ,  
respect ively,  and both had "good" pas t ing propert ies .  
This suggests tha t  3.6% plast ic  ma te r i a l  is too low to 
impar t  sa t is factory  workab i l i t y  to the  mix, 7.5% is 
sufficient, whi le  25% is excessive, leading  to unde-  
s i rable  shr inkage  cracking.  Inves t iga t ion  of the  rhe -  
ological proper t ies  of these and other  represen ta t ive  
oxides combined  wi th  rad iographic  s tudy of pas t ing 
and curing would  be of interest .  As a resul t ,  op t imum 
workab i l i t y  could be realized,  and pel le t  cracking and 
arcing along grid bars  could be minimized  and possibly  
e l iminated.  

Al l  identif ications of solid c rys ta l l ine  mate r ia l s  g iven 
in this  repor t  were  made  by  x - r a y  diffraction analyses.  
Reference diffract ion pa t te rns  a re  l is ted in Table  VII 
giving the card numbers  in the  s t andard  fi le (9). 

X - r a y  diffract ion pa t te rns  f rom b u l k  specimens of 
the  cured pastes  showed the ma jo r  component  to be 
t r ibasic  lead  sulfate in a l l  three.  The surfaces of 
plates  made  wi th  oxides A and H were  p r imar i l y  basic 
lead carbonate,  hydroceruss i te ,  and the  surfaces of 
plates  made  wi th  oxide C were  l a rge ly  t r ibas ic  lead 
sulfate.  Residual  PbO and, in the  case of oxide H, 
P b 3 0 4  were  also detected.  

When  plates  conta ining oxides A and H came into 
contact  wi th  the di lute  H 2 S O 4  solution, the  gassing of 
CO2 was visible, and dur ing  the  p re l imina ry  soaking 
per iod al l  t races  of the  superficial  layers  of basic lead 
carbonate  were  rap id ly  e l iminated.  Crys ta l l ine  PbSO4 
formed on the surface of a l l  th ree  types  of p la te  dur ing  
the  soaking period.  At  this  same t ime,  P b 3 0 4  in pas te  
H was conver ted  to PbO,, and PbSO4 and resul ted  in a 
m a r k e d  purp l i sh  colorat ion in this  k ind  of plate.  

P b O z  8-185 

P b O  ( t e t r a g o n a l )  5-0561 

P b O  5-0570 

Pb30~ 8-19 

Pb-~ (CO~) z(OH) ~ 13-131 

3 P b O  �9 PbSOa  �9 H~O 6-0282 

6-0287 

E x c e l l e n t  m a t c h  is  o b t a i n e d  fo r  t h i s  
m a t e r i a l ;  on  occas ion ,  t h e  w e a k  l ine  
a t  5.38 is  m i s s i n g  a n d ,  w i t h  l e s s e r  
a m o u n t s  of  P b S O ,  p r e s e n t ,  o n l y  t h e  
s t r o n g  l ines  are, d e t e c t e d .  
E x c e l l e n t  m a t c h  is  o b t a i n e d  fo r  t h i s  
m a t e r i a l  w i t h  t h e  e x c e p t i o n  of  t h e  
l ine  a t  2.21 w h i c h  d i d  no t  a p p e a r  in  
t h e  e l e c t r o c h e m i c a l  p r o d u c t s  o f  t h i s  
s t u d y .  T h e r e  w a s  s o m e  i n d i c a t i o n  of  
p r e f e r r e d  o r i e n t a t i o n  in  s o m e  of  t h e  
e l e e t r o d e p o s i t s ,  a l t h o u g h  no t  to  a 
s t r o n g  d e g r e e .  
E x c e l l e n t  m a t c h  is o b t a i n e d  fo r  t h i s  
m a t e r i a l .  On  occas ion ,  p r e f e r r e d  o r i -  
e n t a t i o n  c a u s e s  d i v e r g e n c e  f r o m  t h e  
s t a n d a r d  i n t ens i t i e s .  
E x c e l l e n t  m a t c h  i s  o b t a i n e d  f o r  t h i s  
m a t e r i a l .  
E x c e l l e n t  m a t c h  is  o b t a i n e d  f o r  t h i s  
m a t e r i a l .  
T h i s  r e f e r e n c e  c a r d  g i v e s  t h e  b e s t  
m a t c h  f o r  t h i s  m a t e r i a l  w h e n  ob-  
s e r v e d  as  a r e a c t i o n  p r o d u c t  on  a 
s u r f a c e ;  i t  a r i s e s  f r o m  a n  o r i e n t e d  
d e p o s i t  w i t h  t h e  b a s a l  p l a n e s  l y i n g  
in  t h e  s u r f a c e .  B e e a u s ~  o f  t h e  s t r o n g  
t e n d e n c y  f o r  th i s  m a t e r i a l  to  f o r m  
o r i e n t e d  depos i t s ,  t h e  l a t t i ce  p a r a m -  
e t e r s  g i v e n  on t h i s  c a r d  a r e  in  e r r o r .  
S e e  also  c a r d  14-8 a n d  Bef .  (10} 
a n d  (11). 
T h i s  r e f e r e n c e  c a r d  g i v e s  a f a i r l y  
g o o d  m a t c h  fo r  i d e n t i f i c a t i o n  of  t h i s  
m a t e r i a l  a l t h o u g h  w e a k  l ines  a r e  
o f t e n  m i s s i n g  a n d  r e l a t i v e  i n t e n s i -  
t i e s  m a y  v a r y .  
T h i s  r e f e r e n c e  c a r d  also g i v e s  a 
f a i r l y  good  m a t c h  fo r  t h i s  m a t e r i a l ;  
h o w e v e r ,  t h e  p r e p a r a t i o n  c o n t a i n e d  
s o m e  4 P b O .  P b S O t  a n d  l ines  f r o m  
th i s  c o m p o u n d  m u s t  be  s u b t r a c t e d  
f r o m  t h e  p a t t e r n .  
B o d e  a n d  Voss  (12) h a v e  g i v e n  a 
p a t t e r n  fo r  t h i s  c o m p o u n d  t h a t  c o m -  
p a r e s  f a v o r a b l y  w i t h  t h e  t w o  g i v e n  
a b o v e .  
C o m m e n t s :  I d e n t i f i c a t i o n  of  th i s  m a -  
t e r i a l  b y  x - r a y  d i f f r a c t i o n  in  a m i x -  
t u r e  s u c h  as  t h e  b a t t e r y  p a s t e  is  
m a d e  on  t h e  b a s i s  of  s t r o n g  l ines  
w h i c h  f o r t u n a t e l y  a re  u n i q u e  fo r  
t h i s  m a t e r i a l .  

The plates  w e r e  ind iv idua l ly  anodica l ly  oxidized 
and detai ls  of the  anodizat ions are  given in Table VI. 
The posi t ive pla te  polar izat ion dur ing  oxidat ion  fol-  
lowed the expected pa t t e rn  prev ious ly  r epor ted  by  
Ikar i ,  Yoshizawa, and Okada  (13);  one example  is 
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Fig. 2. Plate polarization during anodic oxidation. The polariza- 
tion is given relative to the standard Hg, Hg2S04 reference elec- 
trode, and is a typical example. Theoretically, if the process were 
100% efficient, oxidation would have been complete at 48 hr at 
the constant current of approximately 4 ma/cm 2. The initial rise 
in polarization is attributed to an initial increase in resistance 
caused by continued deposition of PbS04 in the plate. This is 
followed by a lowering of resistance as the grid metal becomes 
covered with conducting Pb02. When sufficient Pb02 has been 
formed in the paste mass, between 36 and 40 hr in this case, the 
potential rises owing to the high oxygen overpotential on Pb02, 
and ultimately climbs to the high terminal value when oxygen 
evolution becomes the major reaction during the final 10 hr of 
oxidation. 
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Fig. 3. Small circular plates at various stages of the study: 
(a) Small grid prior to pasting. (b) Small plate after pasting and 
curing. (c) Small plate after partial anodization. Black fl PbO2 
first appeared adjacent to the grid bars and gradually extended 
into the central pellet areas as anadization continued. The white 
areas were PbS04. In plates containing oxide A, a considerable 
residue of the white layer remained at the outer central surfaces 
of the pellets after passage of a total of 150% of the theoretical 
charge requirement. (d) Final appearance of small plates contain- 
ing pastes C and H. The pastes appeared essentially totally oxi- 
dized to fi PbO2. Plates containing oxide C were very dark, nearly 
black, and plates containing oxide H were lighter in color. The 
pockets of white material in the lower left quadrant ore residual 
PbS04 that were not oxidized possibly because they were not in 
good electrical contact with the remainder of the pellets. It seems 
likely that these encrustations would be associated with cracks 
between the grid metal and paste visible in the radiographs of 
Fig. I. 

shown in Fig. 2. The actual  values  of the polar izat ion 
will,  of course, va ry  wi th  the  ra te  or cur ren t  density,  
concentra t ion of the  electrolyte ,  and var ious  IR losses 
in the  sys tem such as p la te  thickness,  compactness  of 
the  PbSO4 coating on the outer  surface of the  plates,  
etc. 

As the anodic oxidat ion  progressed,  da rk  brown to 
black ~ PbO2 developed near  the  grid bars, and spread  
g radua l ly  toward  the  pel le t  centers.  Pas te  A became 
conver ted  to PbO2 at the  edges and in ter ior  of the  
pellets,  but  re ta ined  a surface coating of PbSO4 at the  
pel le t  centers. Pastes  C and H appeared  essent ia l ly  
comple te ly  oxidized, paste  C giving a very  da rk  b l ack -  
ish pla te  whi le  paste  H was l ighter  in color. F igure  3 
shows the genera l  appearance  of the plates  at var ious  
s tages of the  work.  

Af te r  formation,  e lect ron microscopy showed a range 
of morphologies  wi th  the ind iv idua l  crys ta l l i tes  v a r y -  
ing f rom about  0.5 to less than  0.1~. Some pr i smat ic  
crysta ls  wi th  branching  suggest ive of mul t ip le  tw in -  
ning were  present  in pas te  A, and appeared  less 
f requen t ly  in the  o ther  two pastes. Agglomerates ,  up 
to severa l  microns in size, of pr i smat ic  crys ta l l i tes  
were  present  in al l  pastes. Pas te  H gave rise to the  
largest  ind iv idua l  crys ta l l i tes  about  0.5~ diameter .  
Oxide C resul ted  in many  r e m a r k a b l y  un i form 0.1~ 
crys ta l l i tes  a r ranged  in spiral ing layers  t e rmina ted  by 
one cen t ra l  ind iv idua l  crystal l i te ,  and forming sphe-  
ro idal  agglomerates ,  Fig. 4-7. Al though not c lear ly  
apparen t  in al l  of the electron micrographs,  it  is 
be l ieved tha t  the  aggregates  are  compound spikes of 
dendr i t ic  g rowth  covered with  sessile crys ta l l i tes  of 

Fig. 4. Prismatic crystals of PbO2: (a) This group of crystals is 
representative of the type referred to as prismatic individuals with 
branching suggestive of multiple twinning. They were found more 
frequently in paste A than in C and H. This is believed to be an 
early stage in the growth of more extensive clusters of similar 
prismatic crysta|s shown in (b). (b) Christmas tree dendrites of 
PbO2 possibly composed of true whiskers. This may be a more 
advanced stage of growth of clusters of crystals such as shown 
in (a). Markers equal IF. 

var ied  size and morphology.  I t  is possible that  the 
agglomerates  may  ar ise  f rom the  coarse par t ic les  p res -  
ent  in the  or iginal  oxides. 

Differences in PbO2 morphology  from the th ree  di f -  
ferent  oxides were  recognizable,  and the photographs  
have been selected to i l lus t ra te  these  differences. 
Pas te  A appeared  to give rise to t rue spheruli tes ,  
paste  C produced  spheroida l  agglomera tes  of smal l  
crysta ls  from which  emerged  dendr i t ic  spikes of some-  
wha t  l a rger  crystals ,  and paste  H produced i r r egu la r -  
shaped clusters  of even l a rge r  crystals .  Because the  
largest  ind iv idua l  crys ta ls  appeared  in the  pas te  tha t  



Vol. 116, No. 1 PbO2 I N  T H E  L E A D - A C I D  C E L L  129 

Fig. 5. Spherulites and prismatic crystals which were characteristic 
of PbO2 grown from paste A. It is possible that the spherulites 
originated from dendrites such as shown here and in Fig. 4 through 
development of overgrowths of sessile crystaUites on the originally 
smooth surfaces of the whiskerlike crystals. Marker equals 1~.. 

or ig ina l ly  contained Pb~O4, it  seems l ikely  tha t  the  
PbO2 par t ic les  resul t ing f rom chemical  react ion wi th  
H2SO4 acted as g rowth -p romot ing  nuclei. Despi te  these 
differences, it  would not  be possible  to ident i fy  any 
single isolated crys ta l  form as coming f rom a spe-  
cific paste, because of the  range  of ind iv idua l  and 
agglomera te  shapes and sizes in each sample. This is 
not surpr is ing  in v iew of  the  fact  tha t  al l  three  
pastes  were  p r imar i l y  composed of the  same ma te r i a l  
a f te r  curing,  namely  t r ibas ic  lead sulfate.  The mor -  
phologies observed in this  s tudy are  essent ia l ly  iden t i -  
cal wi th  those developed by  anodic oxidat ion  of the  
pure  phases  examined  ear l ie r  (5, 6). 

I t  d id  not  appear  to make  a ma jo r  significant differ-  
ence in morpho logy  if the th ree  oxides used in this 
s tudy were  anodized on pure  lead or an t imonia l  lead 

Fig, 6, Spheroidal and dendritic growths fairly typical of Pb02 
from paste C: (a) The similarity in general outline of the emergent 
dendritic spike to the main body of this nodular mass of crystals 
is strongly suggestive that the smaller crystals have grown on, and 
fiUed in a similar underlying dendritic growth of the larger crystal.s. 
This is also suggested by the appearance of the smaller mass at 
the left which shows a spherulite of larger crystals partially coated 
with outgrowths of the smaller crystals. (b) Detail of a dendritic 
spike. (e) Spiraling layers of small prismatic crystals make up the 
spherical nodules. The uniformity in size of these crystallites indi- 
cates that they represent one stage in the PbO2 growth mechanisms, 
possibly the final stage. Markers equal 1/~. 

grids. This is in contrast  to previous  observat ions;  
however,  in the  ear l ie r  s tudy  (4), format ion  was pe r -  
fo rmed  by  commerc ia l  manufac ture ,  p robab ly  under  
cons iderably  different  condit ions of cur ren t  density,  
t empera ture ,  and re la t ive  volume of e lec t ro ly te  to 
pla te  area, detai ls  not revea led  by  the  manufac turer .  
Fur the rmore ,  the  oxides used in this s tudy  were  of 
different  manufacture ,  and i t  may  be considered ve ry  
significant t ha t  these  gave rise to we l l -deve loped  p r i s -  
mat ic  crys ta l l i tes  when  formed on pure  lead as wel l  
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Fig. 7. Clusters of large prismatic crystals like this were char- 
acteristic of PbO2 grown in paste H. The clusters took the form 
of irregular aggregates some approaching ovoids and others, like 
this one, were rhomboidal in outline. The decoration at the edges 
with much smaller crystallites was also fairly typical, and again 
suggests that the small crystals grow an the surfaces of the 
larger ones, and may represent a final growth stage in the anodic 
oxidation, Marker equals 1#. 

The largest crystalli tes of PbO2 developed in paste 
H containing Pb304, suggesting that  this oxide may be 
of par t icular  interest  for fur ther  investigation. The 
relat ively large agglomerates of these bigger crystals 
may form a submicroscopic ne twork  of considerable 
s t rength that  may enhance the durabi l i ty  of a plate 
fabricated from this oxide. 
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as on ant imonia l  lead. Fur the r  invest igat ion of the 
float characteristics of these oxides will  be of interest  
to determine whether  the prismatic morphology and 
a t tendant  paste s t rength is retained on both ant i -  
monial  and nonant imonia l  grids. 

An Electrochemical Method of Preventing Embrittlement 
in High-Strength Steel Types 1062 and 4037 

During Hydrochloric Acid Pickling 
A.  W .  L u i *  and  R. R. Rogers*  

Mines Branch, Department of Energy, Mines and Resources, Ottawa, Ontario, Canada 

ABSTRACT 

It is shown that a h igh-s t rength  steel of Type 1062 or 4037, either covered 
with nonmetal l ic  scale or with the scale removed by blast ing with an aque-  
ous s lurry of No. 220 a luminum oxide, can be pickled in hydrochloric acid 
without (a) the occurrence of embri t t lement ,  (b) the loss of an appreciable 
amount  of metal,  or (c) an impor tant  change in appearance, when  it is 
main ta ined  wi th in  a range of potentials which is specific for each combinat ion 
of steel and nonmetal l ic  mater ia l  on the surface of the steel. Any  nonmetal l ic  
mater ia l  remain ing  on the steel after the pickling can be removed by u l t ra -  
sonic vibrat ion in water. After  such treatment ,  the steel remains  une m-  
bri t t led dur ing plat ing with cadmium in a stable cyanide bath. 

Frequent ly  Type 1010 low-carbon steel, having the 
specification shown in Table I, is electroplated with 
other metals to protect it from corrosion, to improve 
its appearance, etc. Prior  to plating, the steel ordinar i ly  
is degreased and then pickled in hydrochloric or sul-  
furic acid to remove oxides and other undesirable  ma-  
terials. Dur ing  the pickling process, metal  is dissolved 

* Elect rochemical  Society Act ive  Member .  

at small  anodic areas of the steel, and hydrogen gas is 
evolved at small  cathodic areas. 

The situation is different in the case of "high- 
strength" steels such as Types 1062 and 4037, typical 
analyses of which are shown in Table I. Such steels 
absorb part of the hydrogen produced dur ing  acid 
pickling, with the result  that  they may become severely 
embrit t led.  In  present -day practice, these steels are 
baked at a comparat ively high tempera ture  after plat-  
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Table I. Analyses of steel Types 1010, 1062, and 4037 (%) 

C o n s t i t u e n t  

S p e c i f i c a t i o n  
fo r  l o w -  

c a r b o n  s t e e l  
I T y p e  1010) 

A n a l y s e s  of " h i g h -  
s t r e n g t h "  s t ee l s  u s e d  m 

t h e  p r e s e n t  r e s e a r c h  (% 
S t e e l  T y p e  

S t e c l  T y p e  1062 4037 

C a r b o n  0.~6-0.13 0 .64 0.40 
M a n g a n e s e  0 .30-0 .60  1.03 0.76 
S i l i c o n  - -  - -  0.31 
M o l y b d e n u m  - -  - -  0.26 
P h o s p h o r u s  0.04 m a x .  < 0 . 0 2  < 0 . 0 2  
S u l f u r  0,05 m a x .  ~ 0 . 0 2  < 0 , 0 2  

ing, to el iminate this hydrogen embri t t lement .  This 
procedure has certain disadvantages.  

Bednar,  Dingley, and Rogers (1) a l ready have  de- 
scribed a method of pickling h igh-s t rength  steel of 
Types 1062 and 4037 without  significant embr i t t l ement  
as indicated by the bend test. This method involves 
(a) removal  of oxides, etc., by hydrochloric  acid with 
the use of ultrasonics, (b) t r ea tment  in copper sulfate 
solution, (c) t rea tment  in a solution of nitric and acetic 
acids, and (d) water  rinsing using ultrasonics. Fol low-  
ing this procedure, the steels may be plated with  a 
good, ve ry  adherent  coating of cadmium in a stable 
cyanide bath [described in an earl ier  paper  (2)] wi th -  
out embri t t lement .  Equal ly  good results may be ob- 
tained when the steels are plated with  zinc or copper 
using stable cyanide baths (3, 4). A new procedure for 
plat ing these h igh-s t rength  steels wi th  silver in a stable 
bath, without  embri t t lement ,  is described in a paper 
soon to be published. 

More recently,  this laboratory has become interested 
in the possibility of pickling h igh-s t rength  steel wi th-  
out embr i t t l ement  by making it anodic in a cell in 
which the electrolyte  is hydrochloric  or sulfuric acid. 
It  was assumed that  the hydrogen produced would be 
evolved on the cathode of the cell, i.e. at some distance 
f rom the h igh-s t rength  steel. It was bel ieved that  such 
a procedure could be more useful than the one de- 
scribed above (1) under  certain circumstances. 

The Steels as Received 
The h igh-s t rength  steel pins of Types 1062 and 4037 

used in these exper iments  (chemical  analyses in Table 
I) were  0.4 cm in diameter.  Those of Type 1062 were  
8.3 cm long and had been aus tempered in the bainitic 
range giving a Rockwell  C hardness of 52-56. When re-  
ceived, they were  covered with  a uniform thin blue 
oxide scale. Those of Type 4037 were  6.7 cm long and 
had been quenched and tempered  giving a Rockwel l  
C hardness of 51-55. When received they were  covered 
with a thin, ve ry  porous film of copper together  wi th  
smutty  black material .  No a t tempt  was made to pickle 
more complicated objects made of these steels by the 
new electrochemical  method which has been described 
here. 

Experimental  Equipment  
The equipment  used in these exper iments  was stand- 

ard wi th  the fol lowing exceptions: 
(a) Lorco Liquamat te  wet -b las t ing  equipment  

Model 22 using an ai r - l ine  pressure of 80 psi. 
(b) Sonogen ultrasonic generator  LG-150 (25 kc, 

150w) equipped with  an LT-60 t ransducer ized 
tank. (All ultrasonic t rea tments  were  per formed 
in distil led water.)  

(c) Electr ical  equipment  which has been described 
e lsewhere  (5). 

This included: 
1. A glass test cell containing hydrochloric  acid as 

the electrolyte.  A h igh-s t rength  steel pin was used 
as one electrode, and two p la t inum sheets con- 
nected in paral lel  as the other electrode. 

2. A potentiostat  which could be used to mainta in  
the potential  of the immersed steel pin at any de- 
sired value. 

3. A standard saturated calomel electrode which  was 
used in determining ei ther (a) the uncontrolled 
potential  of the steel pin, or (b) the controlled 

potential  of the steel pin when connected with the 
p la t inum electrode. 

(d) A Hounsfield notched bar bending jig at tached 
to a tensometer  machine. Dur ing bend testing, 
the unnotched pin was supported at two points 
3 cm apart. Pressure  applied to a 0.32-cm-diam- 
eter  mandre l  forced the pin into the gap be- 
tween these two points unti l  it broke or unti l  
a bend of 90 ~ had been produced wi thout  break-  
ing. This bending through 90 ~ requi red  7 rain. 
If the pin remained unbroken,  it was arb i t rar i ly  
assumed to be free of significant embri t t lement .  

Experimental Procedures and Results 
Preventing blasted pins from embri t t lement . - -Dur-  

ing this part  of the research, each steel pin was pre-  
pared, prior to its use in an experiment ,  by degreasing 
in t r ichlore thylene vapor, blasting with  an aqueous 
s lurry of No. 220 a luminum oxide to r emove  the oxides 
and other  undesirable  mater ia l  f rom the surface, thor-  
ough rinsing with distil led water ,  and drying. 

In the first exper iment ,  a blasted pin of steel Type 
1062, free from significant embri t t lement ,  was con- 
nected to a s tandard calomel electrode (SCE) and 
both were  placed in the test cell which contained 250 
ml of 0.1N hydrochloric  acid at room tempera tu re  
(about 23~ After  5 rain, the potential  of the pin vs. 
the calomel electrode was recorded. The pin then was 
removed  from the acid, r insed with  distil led water ,  and 
dried in air. Finally,  it was bent  in the Hounsfield test-  
ing machine to determine  whe ther  or not it would 
break due to embri t t lement .  Four  other  similar  exper i -  
ments were  performed and then the percentage of this 
set of five pins which had broken dur ing the test was 
calculated. F ive  similar  exper iments  were  performed 
wi th  the pins immersed  in the acid for only 3 rain. The 
informat ion obtained in this way  is given in Table II. 

Five addit ional  exper iments  were  per formed in each 
of which a pin of Type 1062 steel was connected with  
a p la t inum electrode and the two were  immersed  in 
250 ml of 0.1N hydrochloric  acid. In each case, the 
potential  of the pin was mainta ined for 5 min at --1.0v 
vs. SCE by means  of the potentiostat.  This was fol-  
lowed by rinsing, drying, and test ing in the Hounsfield 
machine as before. The exper iments  then were  re-  
peated using 3 min instead of 5 rain. 

The procedure described in the last paragraph was 
repeated using potentials of --0.9, - - 0 . 8 . . .  0.3 and 0.4v 
vs. SCE. 

The informat ion obtained in the above exper iments  
is summarized in Table II. Similar  information,  ob- 
tained with pins of steel Type 4037, is presented in 
Table III. 

In the case of the pins of steel Type 1062, it is seen 
that:  

1. The potentials of the pins which had been pickled 
in the acid wi thout  any ex te rna l ly  applied poten-  
t ial  were  be tween --0.56 and --0.54v vs. SCE, and 
60% of those pins were  broken when bend tested 
regardless of whe ther  they  had been 5 or 3 min 
in the acid. 

Table Ih Embrittling effect of 0.1N hydrochloric acid on 
blasted pins of steel Type 1062, at different 

applied potentials and treatment times 

E x t e r n a l l y  a p p l i e d  P i n s  b r o k e n  (%) C u r r e n t  d e n s i t y  
p o t e n t i a l  v s .  5 - M i n  3 - M i n  a t  p i n  s u r f a c e  
S C E  (vol t )  t r e a t m e n t  t r e a t m e n t  ( a m p / s q  f t )  

--  1.0 to  - - 0 . 9  100 100 - - 2 4  
- -0 .8  to - -0 .7  100 90 - - 7  
- -0 .6  80 80 - -2  

( - 0.56 to -- 0.54) * 60 60 - -  
- -0 .5  to  - -0 .1  0 0 10 to 20 

0.1 to  0.4 0 0 27 to 40 

* No  e x t e r n a l  p o t e n t i a l  a p p l i e d .  
NOTE: T h e  s t e e l  p i n s  w e r e  a n o d e  in  t h e  t e s t s  in  w h i c h  t h e  e x -  

t e r n a l l y  a p p l i e d  p o t e n t i a l  w a s  - -0 .5  o r  h i g h e r .  
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Table Ill. Embrittling effect of 0.IN hydrochloric acid on Table IV. Rates of metal loss from blasted steel pins 
blasted pins of steel Type 4037, at different during immersion for 10 rain in 0.1N hydrochloric acid with 

applied potentials and treatment times various anodic potentials applied 

E x t e r n a l l y  a p p l i e d  P i n s  b r o k e n  (~/~) C u r r e n t  d e n s i t y  
p o t e n t i a l  v s .  5 - M i n  3 - M i n  a t  p i n  s u r f a c e  
S C E  (vol t )  t r e a t m e n t  t r e a t m e n t  ( a m p / s q  f t )  

A p p l i e d  p o t e n t i a l  R a t e  of m e t a l  loss  (g /cm' - ' /min)  
v s .  S C E  (vo l t )  , S t ee l  T y p e  1062 S t e e l  T y p e  4037 

- -0 .5  0.36 • 10 - i  
-- 1.0 to - - 0 . 7  100 100 - - 8 0  to - - 4  - -0 .4  0.94 
- -  0 . 6  1 0 0  8 0  - -  2 - -  0 . 3  1 . 6 9  

- -  0 . 5  80 80 - -  1 - -  0 . 2  2 . 6 4  
( -- 0 .50  to -- 0.47) * 60 40 - -  -- 0.1 3.58 

- -0 .4  to  - 0 . 1  0 0 2 to 14 
0.1 to 0.5 0 0 24 to  31 

* No e x t e r n a l  p o t e n t i a l  a p p l i e d .  
NOTE: T h e  s t ee l  p i n s  w e r e  a n o d e  in  t h e  t e s t s  i n  w h i c h  t h e  e x -  

t e r n a l l y  a p p l i e d  p o t e n t i a l  w a s  - -0 .4  or  h i g h e r .  

2. All  of the pins which had had an ex terna l ly  ap- 
plied potent ial  of --1.0 or --0.9v vs. SCE for 5 or 
3 min were  broken in the bend test. 

3. At least 80% of the pins which had had an ex te r -  
nal ly applied potential  of --0.8, --0.7, or --0.6v vs. 
SCE were broken in the test, regardless of the 
length of pickling t reatment .  

4. None of the pins which had had an ex terna l ly  
applied potential  be tween --0.5 and 0.4v vs. SCE 
were broken in the test, regardless  of the length 
of the pickling t reatment .  

The results obtained with  the Type 4037 pins showed 
some similar i ty  to those obtained with  the Type 1062 
pins. Here, none of the pins which had had an ex te r -  
nal ly applied potent ial  b e t w e e n - - 0 . 4  and 0.5 were  
broken, regardless of the length of the pickling. 

Af te r  pins of both steels had been pickled in 0.2N 
hydrochloric  acid (instead of 0.1N) for 5 rain at an 
ex te rna l ly  applied potential  be tween --0.4 and --0.1v, 
none of them were  broken in the bend test; i.e., no 
significant embr i t t l ement  had occurred. No exper iments  
were  per formed in which the hydrochloric  acid content  
was below 0.1N or above 0.2N. 

Since acid pickling solutions become less acid and 
their  iron contents increase dur ing use, exper iments  
similar  to the above were  per formed with  pickling 
solutions which were  0.05N in hydrochloric  acid and 
0.05M in ferr ic or ferrous chloride. It was found that  
none of the pins were  broken after  5 min pickling in 
these solutions when the ex terna l ly  applied potentials 
were  as follows: 

Steel  Type  1062 
Ferr ic  chloride solution : --0.3 to --0.1v 
Ferrous  chloride solution : --0.4 to - -0 .2v  

Steel  Type  4037 
Ferr ic  chloride solution : --0.3 to --0.1v 
Ferrous chloride solution : --0.4 to --0.3v 

These data show that, even after  one half  of the hydro-  
chloric acid in a 0.1N solution has been changed to 
ferr ic or ferrous chloride, there  was a range of ap-  
plied potentials at which no significant embr i t t l ement  
occurred in pins of Types 1062 and 4037. 

The pickling of h igh-s t rength  steel pins in hydro-  
chloric acid wi thout  embr i t t l ement  would be of com- 
para t ive ly  li t t le importance if a large amount  of meta l  
were  to be dissolved during the operation, or if even a 
thin nonmetal l ic  coating were  to remain  on the sur-  
face. Accordingly,  the ra te  of solution of each meta l  
dur ing the pickling, and the appearance of each meta l  
af ter  the  pickling, were  investigated. As shown in 
Table IV, the rates of meta l  loss dur ing 10-min pick- 
ling t rea tments  of Type 1062 pins in 0.1N hydrochloric  
acid at applied potentials be tween --0.5 and --0.1v 
var ied be tween  0.36 x 10 -4 and 3.58 x 10 -4 g/cm2/min.  
The rates for Type 4037 pins at applied potentials be-  
tween  --0.4 and --0.3v var ied  be tween 0.33 x 10 -4 and 
1.75 x 10 -4 g/cm2/min.  All  of these rates are too low 
to be of importance.  The appearance of these metals  
changed very  l i t t le dur ing these pickling t reatments ,  
as de termined  by inspection at a magnification of 60X. 

0.33 • 10-~ 
1.75 

It is impor tant  to note that  (as shown in Table II) ,  
as the applied potential  was increased f rom about --0.5 
to about 0.4v, the current  density at the steel surface 
was increased greatly.  Al though the pins continued to 
be in the unembri t t led  condition, the rate  of solution 
of the metal  in the acid increased a great  deal and the 
metal  surface became considerably rougher.  Somewhat  
similar observations were  recorded in Table III. 

All  of the exper iments  a l ready refer red  to were  re-  
peated using sulfuric acid instead of hydrochloric  acid. 
Since the results obtained in these exper iments  were  of 
less practical  interest  than those obtained with  hydro-  
chloric acid, they  have  not been included in this paper. 

Prevent ing  unblasted pins f rom embr i t t l emen t . - - In  
this part  of the research, each steel pin was prepared 
for exper iment  by mere ly  degreasing in t r ich loroethyl -  
ene vapor. No a t tempt  was made to remove  or change 
the nature of the other  nonmetal l ic  mater ia l  or iginal ly  
present on the pins. 

It was found that, af ter  pins of steel Type 1062, pre-  
pared as described in the previous paragraph,  had been 
pickled for 15 min in 0.1N hydrochloric  acid at an ap- 
plied potential  be tween --0.1 and ~0.5v, they were  free 
f rom embri t t lement .  When the applied potential  was 
between ~0.3 and ~-0.5v and the final surface had 
been water  rinsed and t reated ultrasonically,  the sur-  
face was clean and compara t ive ly  smooth (see Table 
V). As shown in the same table, almost the same re-  
sults were  obtained with steel Type 4037. 

Electroplating cadmium on steel  Types  1062 and 4037 
a#er  anodic pickl ing in hydrochloric acid.--Geyer,  
Lawless, and Cohen (6) have stated, "Electroplat ing 
processes are recognized as the most common source of 
de t r imenta l  hydrogen embri t t lement ,  and cadmium-  
electroplat ing processes are considered to be among 
the most serious offenders." However ,  in the present  
research it was found that h igh-s t rength  steel pins of 
Types 1062 and 4037 could be plated with  adherent  
cadmium in a stable bath (2) wi thout  embr i t t lement ,  
providing that  their  surfaces had been given a pre-  
l iminary  preparat ion consisting of electrolytic t r ea t -  
ment  in hydrochloric  acid, wa te r  rinsing, and u l t ra -  
sonic t rea tment  as described in this paper. 

Summary 
Degreased h igh-s t rength  steel of Type 1062 or 4037, 

covered with oxide or other  foreign mater ia l  produced 
during previous meta l lurgica l  t reatment ,  can be pickled 
with  hydrochloric  acid at about 23~ without  embr i t -  
t lement,  if it is mainta ined wi th in  a certain range of 
electr ical  potentials while  the pickling is in progress. 

Table V. Effect of applied potential on the embrittlement of 
unblasted steel and the nature of the surface 
after water rinsing and ultrasonic treatment 

(15 rain in 0.1N hydrochloric acid) 

S u r f a c e  c l e a n  a n d  
P o t e n t i a l  s m o o t h  a f t e r  w a t e r  

T y p e  of a p p l i e d  to No e m b r i t t l e -  r i n s i n g  a n d  u l t r a -  
s t ee l  s t ee l  vs.  SCE m e n t  p r o d u c e d  son ic  t r e a t m e n t  

1062 - -0 .1  to + 0 . 2  Yes  No  
+ 0.3 to § 0.5 Y e s  Y e s  

4037 -- 0.1 to  § 0.1 Yes  No  
+ 0.2 to  + 0.5 Yes  Y e s  
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Any foreign mater ia l  remain ing  on the metal  surface 
can be removed by ultrasonic t rea tment  in distilled 
water. The exact range of electrical potentials giving 
satisfactory results dur ing  the pickling depends on the 
composition of the metal  being treated, the na tu re  of 
the nonmetal l ic  mater ia l  on the surface of the metal  
prior to the pickling, and the length of the t rea tment  
time. The metal  is dissolved at an insignificant rate and 
the na ture  of its surface is practically unaffected dur -  
ing the electrolytic t rea tment  if the proper electrical 
potential  is used. 

The following al ternate procedure may be used in 
the case of these steels. After degreasing, the steel is 
blasted with an aqueous s lurry  of No. 220 a luminum 
oxide to remove the undesirable  nonmetal l ic  mater ial  
from the surface, thoroughly rinsed with distilled 
water, and dried. It then is pickled in hydrochloric acid 
while being main ta ined  within  a certain range of elec- 
tr ical  potentials,  and the foreign mater ia l  still adher-  
ing after this t rea tment  is removed thoroughly by 
ultrasonic t rea tment  in distilled water  and rinsing. 

Steel Type 1062 or 4037 prepared by one of the pro- 
cedures just  described may be electroplated with ad- 
herent  cadmium in a stable cyanide bath without  be- 
coming embrit t led.  

Since steels of the same type vary  somewhat from 
batch to batch, the most suitable operat ing conditions 
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for pickling each new batch of steel should be deter-  
mined before regular  production is commenced. 

The electrodes used in these experiments  were of 
h igh-s t rength steel and plat inum. Obviously, in an in-  
dustr ia l  operation the p la t inum would be replaced by 
a cheaper material.  

Sulfuric acid was found to be less satisfactory than 
hydrochloric acid as a pickling agent for the high- 
s t rength steels investigated. 

Manuscript  submit ted Sept. 7, 1967; revised m a n u -  
script received Sept. 5, 1968. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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Hydride Sources for Diffusion of Dopants 
into Silicon-on-Sapphire Films 

D. J. Dumin 
RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 

ABSTRACT 

Mixtures of B2H6, PH3, AsH3 diluted in H2 have been used as a source for 
diffusion into th in  s i l icon-on-sapphire  films after the films had been grown. 
Fi lms 1-2 ~m thick of init ial  resist ivity greater than  100 ohm-cm have been 
reproducibly doped from 0.01 to 1 ohm-cm, both P -  and N-type.  Fi lms have 
been doped to resistivities higher than 10 ohm-cm, but  not reproducibly.  This 
process has been used to produce either th in  heavily doped layers on the sur-  
face of the th in  film or, after a dr ive- in  step, a un i formly  doped film. The 
doping process was studied as a funct ion of dopant  gas flow rate and tem-  
perature.  

Numerous  sources of P -  and N- type  impuri t ies  have 
been used to dope bulk  silicon and silicon epitaxial 
layers (1). In  general, the doping of epitaxial  layers 
of silicon has been performed dur ing  growth of the 
layer (2), al lowing for the control of either un i formly  
doped layers or the production of doping profiles that  
would be ext remely  difficult to obtain after growth 
using diffusion only (3). The solid-solid diffusion 
process has been found to be both convenient  and re-  
producible, but  after diffusion the silicon surface is 
covered with a doped oxide layer  (4). 

In  general, the techniques used to dope silicon films 
grown heteroepitaxial ly on sapphire and spinel have 
paral leled the techniques used to dope homoepitaxial  
silicon (5). The use of the gaseous hydrides added to 
the gas s t ream dur ing  growth of silicon on quartz 
and bery l l ium oxide have been reported (6). Fabr ica-  
t ion of diodes, transistors, and integrated circuits in 
s i l icon-on-sapphire  films have used processing steps 
similar to those used in processing bulk  silicon de- 
vices (7). 

The use of gaseous hydrides in  both oxidizing and 
reducing atmospheres as sources of P -  and N- type  
impuri t ies  for the selective doping of silicon has been 
reported (8). These reports have indicated that  the 

use of an oxidizing atmosphere to provide a doped 
oxide as the source of impur i ty  tended to produce 
wafers more uni formly  and reproducibly doped than  
the use of a reducing atmosphere of H2 or an iner t  
atmosphere of He. Using a hydride in an oxidizing at-  
mosphere results in essentially a solid-solid diffusion 
process. 

Dur ing  the fabrication of s i l icon-on-sapphire  cir-  
cuits, it has often been necessary to modify transistor  
or diode characteristics after the devices had been 
fabricated. A relat ively simple system that  we invest i-  
gated was the use of the gaseous hydrides B2H6, ASH3, 
and PH3 in H2 mixtures  as diffusion sources. The sil- 
icon surfaces after diffusion were not covered by an 
oxide layer  and uni form doping of layers 0.2-1.0 ~m 
could be obtained in re la t ively short periods of time. 
This paper describes the results of experiments  per -  
formed on the doping of th in  silicon films. 

Experimental 
Wafer preparation.--The wafers used in these ex- 

per iments  were (100) silicon grown on (1102) flame 
fusion sapphire at temperatures  between 1050 ~ and 
l l00~ using previously described techniques (9). 
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No dopant was intent ional ly  added to the films during 
growth, but  the films were  usual ly P- type,  doped 
with  vary ing  amounts  of A1 from the A1203 substrate 
(10). Previous exper iments  of growing thin silicon 
films on 10 ohm-cm P-  and N- type  bulk  silicon wafers  
indicated that. impuri t ies  in the Sill4 source produced 
silicon doped N- type  wi th  carr ier  concentrat ions of 
about 1014/cm3. Af te r  the A1 had been removed from 
the films by segregation in a the rmal  oxide (11), the 
films of silicon on sapphire were  N- type  wi th  resis t iv-  
ities above 10 ohm-cm and Hall  mobili t ies over  400 
cm2/vsec. The films were  1-2 ~m thick as de termined  
by using IR in ter ference  techniques (12). 

The diffusion step was carr ied out by first heat ing 
the wafer  to the desired hydride deposition t emper -  
a ture  in hydrogen.  The wafer  was held at deposition 
t empera tu re  for 1 min af ter  which the  dopant was 
added to the hydrogen flow. The deposition t ime in all 
cases was 5 rain. The system was flushed for 1 rain in 
Ha after  deposition from the hydride,  and then the 
t empera tu re  was lowered to room temperature .  The 
system used to grow and dope the films has been pre-  
viously described (9). 

At this stage in the processing, the wafers  contained 
both a doped layer  on the surface and, because the 
processing took place in H2, a somewhat  var iable  
amount  of a luminum originat ing f rom the H2 reduc-  
tion of the A1203 substrate. The a luminum could be 
removed by segregation in a the rmal  oxide (11) which 
also caused redis tr ibut ion of the desired impurities.  
Since, in general, P - type  impuri t ies  tend to segregate 
in a the rmal  oxide and N- type  impuri t ies  do not (13), 
the redis tr ibut ion step also caused some reduct ion 
in the amount  of boron in the  films. The presence of 
a luminum in the films and its r emova l  af ter  the dif-  
fusion step complicate the analysis of the data and 
these complications are discussed below. In the cases 
where  the diffusion was per formed at tempera tures  
below 1050~ and only a l imited amount  of a luminum 
was introduced into the films, the impuri t ies  could be 
redis t r ibuted by heat ing the wafe r  in He at 1200~ 
for 30 min. 

P-type doping: boron.--The boron diffusions were  
carried out using B2H6-H~ mixtures  vary ing  in com- 
position f rom 10 -8 to 10 .2  mole per cent (m/o) .  
At  B2H6 concentrat ions grea ter  than 10 .2  m/o,  e le-  
menta l  boron was deposited on the wafer  surface. At 
hydr ide  concentrat ions less than 10-~ m/o,  the boron 
apparent ly  diffused into the silicon as fast as it was 
produced, and a P §  layer  of silicon was formed on 
the surface of the silicon, ra ther  than  an e lementa l  
boron layer. 

Two profiles of resist ivi ty vs. silicon thickness are 
shown in Fig. 1 for two boron layers deposited on a 
1 ~m-thick silicon film. The boron concentrat ion in 
the gas s tream was 7.5 �9 10 -4 m / o  at two deposition 
tempera tures  of 1050 ~ and 1150~ The resist ivi ty was 
measured using a four-point  probe using the total  film 
thickness to de termine  the thickness correction factor 
(14). The silicon was removed by anodic oxidation 
involving m a x i m u m  tempera tures  of 60~ (15). The 
a luminum autodoping had been removed  from these 
films, and both films were  N- type  with  resistivit ies 
greater  than 100 ohm-cm prior to boron doping. In 
the film doped at 1050~ a layer  of P - type  silicon was 
observed on the surface of the wafer  wi th  the N- type  
silicon remaining below the diffused layer  to the sil- 
icon-sapphire  interface. The depth of diffusion of 0.1 
~m is in good agreement  wi th  a complementary  er ror  
function type of diffusion using published values of 
diffusion constant for boron (16). The wafer  diffused 
at 1150~ was P - type  throughout.  This was probably 
due not only to the greater  depth of diffusion of the 
boron at 1150~ but also to the enhanced a luminum 
autodoping. 

A series of plots in Fig. 2 show the var ia t ion in car-  
r ier  concentrat ion in the films due to changes in the 
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B2H6 gas concentrat ion and deposition temperature .  
These wafers  were  doped using the cycle: 1 min  H2; 
5 rain B2Hs-H2; 1 min Ha described above. Hall  data 
were  taken both before and af ter  the boron had been 
redis t r ibuted by diffusion in a dry  02 ambient  at 
1200~ for 1 hr. 

The carr ier  concentrat ion was de termined  by using 
N = 1/pe~ where  p is the resis t ivi ty and ~ is the Hal l  
mobili ty.  The ratio of dr i f t  to Hall  mobi l i ty  was as- 
sumed to be unity. Before oxidation, the wafers  con- 
tained both the heavi ly  boron doped layer  on the sil- 
icon surface and any a luminum autodoping that  was 
present.  Af te r  the oxidation, the boron was redis-  
t r ibuted throughout  the film and the a luminum was 
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removed  by segregat ion in the oxide (11). Some of 
the  boron no doubt also segregated in the the rmal  
oxide (13). Thus, wi th in  the er ror  of neglect ing the 
amount  of boron that  might  have segregated in the 
oxide, the data  presented in Fig. 3 represent  the 
amount  of boron introduced into the silicon dur ing 
the deposition step. The hole concentrat ion measured 
in 2-~m-th ick  films was about ~ of that  shown in 
Fig. 2 when  the 2-~m-thick  films were  subjected to the 
same diffusion cycle. 

The reproducibi l i ty  of the boron doping system was 
tested by a t tempt ing to dope several  wafers  to the 
same resist ivi ty on successive days. The results of one 
of these exper iments  are shown in Table I. The wafers  
w e r e  doped at I000 ~ and l l00~ for 5 rain in 2 �9 I0-~ 
m / o  B2H6 in H2. Before  t he rma l  oxidation, one set 
of wafers  had resistivit ies of about 0.14 ~ 0.02 ohm- 
cm. Af ter  a luminum remova l  th rough the the rmal  ox-  
idation at 1200~ the resis t ivi ty had risen to 0.23 ~- 
0.04 ohm-cm.  This represents  reproducibi l i ty  to about 
30-40%. Wafers  doped to resistivit ies about 1 ohm-cm 
showed a somewhat  la rger  spread in resistivit ies wi th  
typical  values ranging be tween  1 and 2 o h m - c m  after  
a luminum removal .  The resis t ivi ty  var ied over  a 
wafe r  surface about as much as it var ied  from wafer  
to wafer.  

Data taken on arsenic doped films are included in 
Table I and are discussed below. 

N-type impurities: phosphorus and arsenic.--Wafers 
of h igh-res is t iv i ty  silicon on sapphire were  doped wi th  
phosphorus and arsenic via the  decomposit ion of PH3- 
H2 and AsH3-H2 mixtures,  respectively.  Two profiles 
of phosphorus diffusions per fo rmed  at 1050 ~ and 
1150~ are  shown in Fig. 3. The PI-~ concentra t ion in 
H2 was 7.5 �9 10 -5 m / o  using the 1-5-1 min  cycle de- 
scribed above. These data  were  taken  by measur ing 
the sheet resistance of the films on a four -po in t  probe 
af ter  successive anodic oxidations. The a luminum in-  
t roduced into the films was not removed.  This accounts 
for the P - N  junct ion observed in the film doped at 

Table I. Test of doping reproducibility 

R e s i s t i v i t y  after thermal 
Resistivity as doped oxidation 

(ohm-era) (ohm-cm) 

0.13 0.20 
0.14 0 20 
0.16 0:27 
1.5 2.0 
0.75 1.0 
1.0 1.fi 
P-type 0.59 
P-type 0.44 
P-type 0.42 

S I L I C O N - O N - S A P P H I R E  F I L M S  

ll0O~ B~I6 
deposition 
1000~ BeH~ 
deposition 
1150~ AsH3 
deposition 
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1150~ At  1150~ the diffusion length for a luminum 
is about 0.85 ~m and for phosphorus is about 0.5 ~m. 
These numbers  predict  that  a P - N  junct ion should 
be observed be tween  0.15 and 0.5 ~m below the sil- 
icon surface, in reasonable agreement  wi th  the  ob- 
served junct ion depth of 0.2 ~m. The wafe r  doped at 
1050~ was N- type  throughout.  The resis t ivi ty  con- 
t inual ly  rose as the thickness was reduced indicating 
the effect of the decrease in phosphorus concentra-  
tion. No layer  of P - t y p e  silicon was observed at the 
s i l icon-sapphire interface in the 1050~ doped film 
due to the a luminum autodoping. This would  be ex-  
pected f rom data taken  previous ly  on thin  s i l icon-on- 
sapphire films in this t empera tu re  range (10). 

At tempts  to measure  the diffusion profile ac- 
companying arsenic diffusion were  unsuccessful  for 
diffusion t imes of 5 rain and tempera tures  below 
1150~ This reflects the  lower  diffusion constant of 
arsenic in silicon. That  arsenic was indeed present  in 
the films is however ,  shown when  the carr ier  con- 
centrat ion data is discussed. 

Plots of carr ier  concentrat ion in the films as a func-  
t ion of hydr ide  gas concentrat ion and deposition t em-  
pera ture  are shown in Fig. 4 for both phosphorus and 
arsenic doped silicon. The data shown in Fig. 4 were  
taken  after  a 1-hr oxidat ion in dry O2 at 1200~ Be-  
fore oxidation, many  of the films were  P - type  with 
vary ing  resist ivi ty due to the a luminum autodoping. 
As in the case of the boron doped wafers,  increasing 
e i ther  the hydr ide  concentrat ion or the diffusion t em-  
pera ture  increased the doping density. The carr ier  
concentrat ion of films doped wi th  arsenic was almost 
one order  of magni tude  less than  the concentrat ion in 
the phosphorus doped films, reflecting the fact that  
the diffusion constant of arsenic in silicon is almost 
two orders of magni tude  lower than the diffusion con- 
stant of phosphorus at 1150~ (17). 

At  diffusion tempera tures  of 1050~ or below, the 
diffusion of arsenic into the silicon was sufficiently 
slow to lead to nonreproducibi l i ty  in the films doped 
using the 1-5-1 min  diffusion cycle. The reproducibi l -  
i ty of the arsenic doping system at an 1150~ depo- 
sition t empera tu re  is shown in Table I where,  under  
near ly  identical  conditions, the resist ivi ty of doped 
silicon layers var ied  around 0.5 • 0.1 ohm-cm af ter  
a luminum removal .  Before  a luminum removal ,  the 
films were  P - type  wi th  resis t ivi ty about 0.3 ohm-cm.  
The reproducibi l i ty  of the phosphorus diffusions was 
similar to tha t  ci ted for the boron under  similar  dop- 
ing conditions. As in the case of the boron doped films, 
increasing the init ial  film thickness decreased the 
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Fig. 4. Carrier concentration of N-type firms as a function of 
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P-type prior to aluminum removal. Data presented were taken after 
aluminum removal. 
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carr ier  concentrat ion in the films, but the product of 
carr ier  concentrat ion and film thickness was approx-  
imate ly  constant. 

Discussion and Conclusions 
The process of using a gas to maintain  a constant 

surface concentrat ion of impur i ty  as a doping source 
should lead to a diffusion profile which follows the 
complementa ry  error  function (18). The diffusion p ro-  
files measured in Fig. 1 and 3 show that  a diffusion 
front  was obtained at about the depth of diffusion 
expected, but  the data were  not sufficiently accurate 
to be used as a measure  of the diffusion profile. In 
Fig. 3, a hint  of a complementa ry  e r ror  function pro-  
file might  be assigned to the 1150~ diffusion, but  any 
concrete conclusions would be highly speculative. The 
shallowness of the diffusions precluded accurate mea-  
surements  of the profile. 

The total  amount  of impur i ty  diffused into the sil- 
icon was calculated f rom the data shown in Fig. 2 
and 4 and compared with  the amount  that  would be 
expected under  a complementa ry  er ror  function type 
of diffusion. For  the N- type  impurities,  phosphorus 
and arsenic, no segregation of the impur i ty  in a the r -  
mal  oxide should be observed (13); thus, analyzing 
the concentrat ion data af ter  impur i ty  redis tr ibut ion 
by the 1200~ oxidat ion step should be valid. In the 
case of phosphorus in silicon, diffusion is a faster 
mechanism than the rmal  oxidat ion and the ratio 
K/~ /D  ~ 0.17, where  K is the parabolic rate constant 
for oxidation and D is the diffusion constant. This im-  
plies that  the impur i ty  would  diffuse faster than 
the oxidat ion front  would advance. For  arsenic, 
K/~ /D  ~ 1.0 and thus it would be possible for the 
oxidation front  to over take  a port ion of the diffusion 
impurity.  This, of course, neglects segregation of the 
impur i ty  in the oxide or in the silicon. The measured  
values of carr ier  concentrat ion accompanying the 
phosphorus diffusion fit reasonably well  the values 
expected for a complementary  er ror  function diffusion. 
The total  carr ier  concentrat ion var ied as the square 
root of the diffusion constant as would be predicted 
(18). The carr ier  concentrations accompanying the 
arsenic diffusion were  lower than predicted and this 
may  have been due to the oxidat ion front over taking 
some of the impurity.  The carr ier  concentrat ions con- 
sidered in the case of arsenic diffusion were  wel l  be-  
low the values needed for degeneracy and thus it 
has been assumed that  the carr ier  concentrat ion is an 
accurate measure  of the impur i ty  concentration. 

The hole concentrat ion measured  in the case of the 
boron diffusions did not fit the error  function com- 
p lement  type of diffusion. It appeared as if less boron 
was being included in the films than was expected. 
Again, it has been assumed that  the hole concentra-  
t ion is an accurate  measure  of the boron concentra-  
tion. Since boron segregates in a thermal  oxide, the 
lowering of the hole concentrat ions measured could 
be a t t r ibuted to inclusion of boron in the oxide. Since 
the boron diffusions were  found to be reproducible,  
the fact that  the carr ier  concentrat ion data did not 
fit the complementa ry  error  function type of diffusion 
meant  that  the data shown in Fig. 2 had to be taken 
at various tempera tures  before it was possible to use 
the boron doping system accurately.  

One of the purposes of these exper iments  was to 
provide  a system for the al terat ion of diode and t ran-  
sister propert ies  af ter  device fabrication. In Fig. 5, 
the al terat ion of the characterist ics of through-diffused 
s i l icon-on-sapphire  diodes (19) is shown. Initially, 
the diodes had reverse  breakdown voltages of 220v 
and forward  series resistance of 2 �9 105 ohms. The sil- 
icon was 10 ohm-cm,  N-type,  1.3~ thick. The wafer  
was broken into several  parts. Boron and phosphorus 
were  diffused into the different pieces to produce sil- 
icon doped to different levels according to the data 
presented in Table I and Fig. 2 and 4. Af te r  deposition 
of the thin boron layer  and subsequent  dr ive- in ,  the 
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Fig. S. Alteration of forward and reverse diode characteristics 
after boron diffusion: I - - Init ial  characteristics. 2--Portion diffused 
in 7 �9 10 - 6  m/a B2H6 in H2 at 1000~ far $ min. Drive-in was 
1200~ dry 02 for 30 min. 3--Portion diffused in 7 �9 10 - 6  m/o 
B2H6 in H2 at 1050~ for 5 min. Drive-in was 1200~ dry O2 for 
30 min. 4--Portion diffused in 8 �9 10 - 5  m/o B2H6 in H2 at 1150~ 
for 5 min. Drive-in was 1200~ dry 02 for 30 min. 

diode resist ivi ty had been lowered on one piece of 
the wafer  to 5 ohm-cm,  on another  port ion to 2.5 ohm-  
cm, and on a third port ion to 0.5 ohm-cm with the 
breakdown vol tage being lowered to 70, 40, and 10v, 
respectively.  The phosphorus doped portions of the 
wafer  showed similar  changes in diode resistances 
and breakdown voltages. The gas phase doping of the 
films did not change the position of the junction, 
which was determined by microscopical ly examining 
the diode under  large reverse  bias and noting the po- 
sition of the l ight emission (20). The breakdown 
voltages observed in these diodes always correlated 
wel l  with the breakdown expected on bulk silicon of 
similar  resis t ivi ty (21). 

At tempts  were  made to raise the reverse  break-  
down voltage of diodes made  in P - t y p e  silicon by 
par t ia l ly  compensat ing the mater ia l  wi th  phosphorus. 
This has not been reproducibly  accomplished. 

The surfaces of bulk silicon wafers  were  doped 
using the doping schemes described above. Diodes 
have been manufac tured  e i ther  by uni formly  doping 
the wafer  and etching mesas or by diffusion through 
holes in an oxide mask. P + N  diodes have been pro-  
duced at deposition tempera tures  as low as 800~ 
and N+P  diodes at t empera tures  above 900~ The 
minor i ty  carr ier  l i fe t ime in the start ing N- type  sil- 
icon was of the order  of 5-10 ~sec and after  P + N  di- 
ode fabrication was between 1-5 ~sec (22). Diffused 
resistors have also been produced in bulk silicon with  
values of resistance vary ing  between 10-4000 ohms/sq.  

The use of the hydr ide  in hydrogen sources has 
thus been utilized to dope both thin s i l icon-on-sap-  
phire films on bulk silicon wafers.  The doping of the 
thin films proved to be reproducible.  A sufficient 
amount  of data needed to de termine  reproducibi l i ty  
on the bulk silicon wafer  was not taken;  however ,  the 
production of diodes wi th  only a small  amount  of 
degradat ion of minor i ty  carr ier  l i fe t ime indicated that  
the use of the hydr ide -hydrogen  diffusion system may  
have applications in doping of bulk silicon. At present,  
the use of the hydr ide -hydrogen  diffusion system ap-  
pears to be no more  reproducible  than exist ing doped 
oxide systems as sources for diffusion, but  the fact that  
the doped silicon surface is not covered by an oxide 
af ter  diffusion tends to s implify some device fabrica-  
tion steps. Hel ium was used as the carr ier  gas when  
it was desirable to avoid oxidat ion of the silicon sur-  
face during the d r ive - in  step. 
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Preparation and Properties 
of Boron Carbide Continuous Filaments 

J. B. Higgins, A. Gatti, and J. J. Gebhardt 
Space Sciences Laboratory, General Electric Company, Missile and Space Division, 

Space Technology Center, Philadelphia, Pennsylvania 

ABSTRACT 

Boron carbide filaments are promising reinforcements for use in both 
resin and metal  composites because of their  potent ia l ly  high strength, high 
elastic modulus, and low density. This paper  discusses the preparat ion and 
properties of such filaments from the viewpoint  of their  u l t imate  usefulness 
in  such applications. Continuous boron carbide filaments were vapor de-  
posited on tungs ten  substrates having a boron precoat from mixtures  of boron 
trichloride, methane,  and hydrogen at 1 atm and temperatures  between 
1100 ~ and 1200~ Deposition rates were considerably less than for boron 
alone; a close relat ionship was seen between the stoichiometry of the feed 
gas, f i lament composition, and mechanical  properties. In extended runs, 
average strengths of 390,000 psi were achieved, wi th  individual  values as 
high as 474,000 psi (1-in. gauge).  Elastic modulus  values up to 62 x 106 psi 
were also characteristic of the product. In  prototype epoxy resin com- 
posites of less than opt imum uniformi ty  and homogeneity, bend strengths up 
to 244,000 psi and moduli  up to 54 x 106 psi were measured at 85 v /o  fila- 
ments, indicat ing that  efficient t ransfer  of stress to the filaments occurred. 

The vapor deposition of refractory h igh-mel t ing  
materials  on static f i lamentary substrates was first 
under taken  on a broad scale by Moers and Agte in 
1931 (1). Only wi th in  the past few years, however, 
has this technique been sufficiently well  developed to 
permit  preparat ion of continuous coated filaments on 
a scale approaching that  of p i lo t -plant  production. 
While both elemental  boron and silicon carbide (2, 3) 
have been prepared in quanti ty,  boron carbide in this 
form has not been studied in detail, although its bulk  
mechanical  properties mark  it as a promising candi-  
date for use in filament reinforced composites. 

In  order to obtain boron carbide by vapor deposition 
from easily obtained gaseous species, it is most con- 
venient  to reduce a halide and pyrolyze a hydrocarbon 
simultaneously.  Boron can be obtained at reasonable 
rates by the reduction of boron trichloride with hydro-  

gen at temperatures  above about 1000~ (4), while 
the thermal  decomposition of methane  can also be 
brought  about, al though at lower rates in the same 
tempera ture  region (5). This temperature  require-  
ment  necessitates the use of an electrically conductive 
refractory filament for a substrate, since it must  re-  
ta in  sufficient s trength at deposition temperatures  to 
be drawn through a continuous deposition reactor. 
The number  of such materials is l imited to those in 
the refractory metal  group and since, of these, tung-  
sten is most easily available in quanti ty,  it is the most 
logical choice. However, because it is very dense 
(18.9 g/cm 2) and will thus raise the total  density of 
the final filament considerably, only the th innes t  avail-  
able substrate can be used. Thus, the basic outlines of 
the deposition scheme can be summarized as follows: 
deposition temperature,  above 1050~ pressure, 1 atm; 
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reactants, boron trichloride,  methane,  and hydrogen;  
substrate, tungsten filament, 0.5-1.0 mil. 

Exper imental  Procedure 
Pre l iminary  exper iments  were  carried out using a 

static filament or ho t -wi re  reactor  in which the depo- 
sition surface consisted of resistance-heated,  ver t ica l ly  
suspended tungsten filaments 0.5 and 1 mil  thick, 
spring loaded to compensate for expansion on heating. 
Data f rom these exper iments  were  used to obtain pre-  
l iminary  correlations between reaction conditions and 
the s toichiometry and mechanical  and chemical  prop-  
erties of the deposits. These conditions were  used as 
a s tar t ing point in the process study for prepar ing 
continuous filaments. 

In order to prepare  continuous lengths of filament, 
a series of connected 1-in. ID horizontal  tubular  com- 
par tments  was ar ranged to permit  the substrate to pass 
along the common axis while  reactant  gases were  
passed at r ight angles to the filament. The use of con- 
nected compar tments  or stages was required in order  
to obtain a uniform tempera tu re  profile along the fila- 
ment  as it became thicker  wi th  the deposit. Gas direc-  
tor plates were  also inserted in the compar tments  
paral le l  to the filament to constrict the gas s t ream as 
it passed across the filament and thereby achieve a 
higher  mass flow rate  to the deposition surface. Elec-  
trical contact to the filament as wel l  as sealing against 
the a tmosphere  was achieved by the use of mercury  
wells located in the dividers be tween each stage and 
at each end of the reactor.  Pr ior  to en t ry  into the re-  
actor, the filament substrate was heated in an a tmo-  
sphere of hydrogen to remove  impuri t ies  and residual 
lubricant.  The filament was unwound from its original 
shipping reel  and through the reactor to the t ake-up  
spool by means of a small var iable  speed motor. Ten-  
sion was adjusted by means of a simple frict ion brake 
on the de- ree l ing  spool. Gas flows and tempera tures  
were  independent ly  var iable  for each deposition stage. 
Early in the exper imenta l  program, it was found ad- 
vantageous to deposit a precoating of boron on the 
substrate after  cleaning, both for stabilizing the sub- 
strate t empera tu re  and for increasing the surface area 
of the substrate during carbide deposition. The bulk 
of the filament thus consisted of boron with a re la-  
t ively  thin shell of boron carbide on the outside. Fig-  
ure 1 is a sketch of the deposition apparatus which was 
evolved dur ing the program and which comprised the 
final deposition system in which the major i ty  of fila- 
ment  preparat ion runs was made. 

As was stated earlier, conditions used for prepara-  
tion of continuous lengths of filament were  based on 
those which gave the best deposits in the static hot-  
wire  experiments .  Tempera tures  in tbe  two boron 
precoat sta~es of the reactor  (see Fi~. 1) were  var ied 
at two levels (1050~176 and 1100~176 In the 
boron carbide deposition section of the reactor, t em-  
peratures  were  also var ied at two levels, about 790 ~ 
1030~ and 1010~176 alon~ the  length of the 
hea ted-boron-coated  filament. Tile initial or hydrogen 
cleaning stage was kept at about 900~ throughout.  
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Fig. 1. Schematic diagram of the gas flow system for the seven- 
stage continuous filament reactor system. 

Boron- to-carbon  mole ratios in the  feed gas were  
var ied  from 1.1 to 11.5 in hydrogen, whi le  total  gas 
feed rate  to the boron carbide stages was kept between 
about 1375 and 1630 cc/min.  F i l ament  speed was ad- 
justed to produce filaments thicker  than 2.5 mils 
where  possible and was usual ly around 18 in. /min.  
These conditions and associated test data are sum- 
marized in Table I. 

Typical  specimens f rom each run were  tested for 
tensile s t rength (1-in. gauge length)  and elastic modu-  
lus (15-in. gauge length) on a s tandard Instron Test-  
ing Machine at a crosshead speed of 0.020 in. /min.  
Selected specimens were  also examined  by optical and 
electron microscopy as wel l  as by x - r a y  diffraction, 
while  micros t ructure  was studied on smooth un-  
polished f rac ture  cross sections. To evaluate  p re l imin-  
ary composite behavior,  epoxy-coated  filaments were  
hand laid by standard techniques developed for mak-  
ing small  exper imenta l  boron-epoxy  (Epon 815) beam 
composites. These were  flexure tested in three-poin t  
loading, both before and after  a wate r -bo i l ing  t rea t -  
ment, using a span of  approximate ly  0.7 in. 

Results 
Deposition rate.--Of pr imary  importance in the  de- 

ve lopment  of a practical  process for manufac tur ing  
continuous fi lament by vapor  deposition is the  rate  at 
which mater ia l  is deposited on the substrate. In the 
deposition of boron carbide filament, the  rate, which 
may  be dominated by diffusion processes or by the 
ra te  of chemical  react ion at the surface, was de te r -  
mined by measur ing the fi lament diameter  before and 
after  deposition, and using a geometr ic  averaging pro-  
cedure to compensate for the increase in substrate 
surface area during the deposition. In both the static 
ho t -wire  and the continuous fi lament apparatus, the 
deposition rate for boron carbide was diffusion l imited 
judging from the  act ivat ion energy der ived f rom Ar-  
rhenius plots of deposition rate  vs. reciprocal  t em-  
pera ture  (Fig. 2). In the case of the continuous fila- 
ment  reactor, the higher  energy  of act ivat ion is be-  
l ieved to be due to the pre l iminary  coating of boron 
deposited prior  t o  deposition of boron carbide and 
which was included in the d iameter  measurement .  This 
step is known to have been essential ly surface reac-  
tion controlled f rom rates measured in the boron 
deposition stages alone. A pronounced reduction in 
deposition rate  was observed when  even small  quant i -  
ties of methane  were  added to the boron t r ichlor ide-  
hydrogen mix tu re  used to obtain only boron deposits, 
suggesting the possibility of an in terference in the 
boron deposition mechanism by methane  or some of 
its decomposition products. However ,  a l though a num-  
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Fig. 2. Activation energy for continuous and static deposition 
of boron carbide. 
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Table II. Bend test results for B4C filament 
reinforced epoxy microbeams 

V o l u m e  V o l u m e  
Average b e a m  d i m e n s i o n s  S t r e n g t h  f r ac t i on  S t r e n g t h  f r a c t i o n  

( m i ~ )  K S I  f i l amen t s  K S I  f i l amen t s  

1D 24.7 h i g h  X 44.1 w i d e  237 0.85 211 0.65 
S p a n  0.748 in.  244 0.84 192 0.69 

230 0.77 188 0.65 
2 3 1  0.73 181 0,63 
232 0.64 180 0.65 
128 0.51 134 0.49 
168 0.55 113 0.46 
136  0 . 5 3  137 0 . 6 9  
146 0.52 142 0.53 
178 0.62 189 0.61 
160 0.66 210 0.62 
188 0.62 184 0.58 
200 0.64 182 0.59 
197 0.62 178 0.58 

64 - -  145 0.60 
93 - -  143 0.80 

172 0.56 148 0.59 
154 0.64 137 0.59 
142 0.62 132 0.57 

1W 25.9 h i g h  x 55.7 w i d e  
S p a n  0.717 in. 

3D 23.8 h i g h  x 45.2 w i d e  
S p a n  0.763 in.  

3W 26.4 h i g h  x 38.0 w i d e  
S p a n  0.699 in.  

D = Tes ted  as r ece ived .  
W = Tes ted  a f t e r  2 -h r  soak  in  b o i l i n g  wa te r .  

ber of mechanisms can be hypothesized which in-  
volve, for example, an interact ion of hydrocarbon 
fragments  with dichloroborine (BHC12), a suspected 
intermediate  in the deposition of boron, or a surface 
adsorption or desorpti'on selectivity for more stable 
fragments,  they cannot easily be tested for validity 
from the data obtained in the preparat ive type of ex- 
periment.  

The experimental  var iable  having the greatest effect 
on deposition rate, as estimated from filament diam- 
eter, was temperature.  Variations in the boron-carbon 
ratios in the feed gas, or in total  feed rate, did not 
produce noticeable differences in filament diameter,  
nor  did changes in the hydrogen content of the feed 
gas mixture.  Certain data in Table I are set off in  
groups with the ident ifying code "H" and "L" repre-  
senting high and low tempera ture  levels on the aver-  
age for boron deposition stages and carbide deposition 
stages. All other exper imenta l  factors remained con- 
stant  throughout  this series of runs. Examinat ion  of 
these data shows that  high tempera ture  in the second 
and thi rd  (boron deposition) stages, only 5 in. long, 
and low tempera ture  in the remaining  (carbide depo- 
sition) stages, 16 in. long (Runs 41, 42 vs. Runs 36-39), 
produced thicker filament than  the reverse situation. 
This is not unexpected since the deposition rate of 
boron under  conditions similar to those prevail ing in 
the second and third stages was controlled by the rate 
of reduction, while carbide deposition was apparent ly  
diffusion limited. 

Fi lamen t  Proper t i e s . - -Phys i ca l  propert ies  and m o r -  
phology.  The continuous boron carbide coated boron 
filaments were between 1.8 and 3.5 mils thick and were 
dense, hard, and black, exhibi t ing a somewhat gra iny 
dul l  surface rather  than  a shiny smooth appearance 
(Fig. 3). The format ion of isolated islands or patches 
or a different appearance was occasionally observed 
(Fig. 4) and appeared to be associated with a per-  
turba t ion  in deposition conditions. Also observed from 
t ime to t ime were isolated nodules believed to be 
due to the adherence of soot or other solid particles to 
the substrate. In  cross section (Fig. 5), the filaments 
consisted of a number  of concentric rings which re-  
sulted from in ter rupt ion  of the deposition process 
when  the filament left one stage, and passed through 
the mercury  contact into the next  stage. However, the 
number  of rings was also increased by fluctuations in 
deposition temperature,  which indicates that  depo- 
sition rate variat ions due to t empera ture  and perhaps 
chemical changes can lead to the format ion of inhomo- 
geneous deposits. The occurrence of longi tudinal  cracks 
or splits (Fig. 6) was also noted in  some cases both 
dur ing and after deposition. These are believed to be 
due to the relief of asymmetric  residual stresses, al-  
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Fig. 3. Surface of boron carbide filament 

Fig. 4. Isolated regions of nonhomogeneous deposit 

though the probable origins of such stresses (volume 
expansion of the core due to format ion of tungsten 
borides, differences in the rmal  expansion coefficients) 
do not lead in themselves  to asymmetry.  It can be 
speculated that  the asymmet ry  was due to the manner  
in which the gas was fed across the filament, and 
that  t empera tu re  gradients and variat ions in rate  as 
a result  of this led to the development  of unequal  
stresses on ei ther  side of the filament. Such longi-  
tudinal  cracks ra re ly  resulted in filament breakage, 
however,  a l though they  tended to cause curvature.  

The filament surfaces at h igher  magnification 
showed the famil iar  "corncob" appearance associated 
with  deposition on a tungsten substrate [Fig. 7 (A) ] ,  
when the coating was thin (0.1 mil) .  Thicker  coatings 
obscured the nodule surface as shown in Fig. 7(B) .  
On a finer scale, there  are significant differences be- 
tween the filament shown in Fig. 7(A) and those 
made wi thout  methane  (boron).  F igure  8 is an elec- 
t ron photomicrograph of a boron filament, while  Fig. 
9 is a similar  picture of a boron carbide filament. The 
lat ter  contains isolated nodules which may be boron 
carbide nuclei. If these inhibit  the formation of boron 
nuclei  and in addition grow more slowly because of 
the more complex chemist ry  of the boron carbide 

Fig. 5. Cross section of boron carbide filament showing radial 
structure: (A) before etching; (B) after etching (outer skin in 
focus); (C) after etching (core and interior in focus). (1210X) 

system, the lower rate of boron carbide deposition may 
be explained. 

Structure, stoichiometry, and mechanical properties. 
The major  differences revea led  by x - r a y  diffraction 
studies of boron carbide coated boron filaments and 
e lementa l  boron filaments, both deposited on tungsten 
substrates at s imilar  temperatures ,  consisted of (a) 
an al terat ion of the re la t ive  intensities of the lines due 
to the borided core phases, WB4 and W2Bs, denoting a 
change in phase concentrat ion ratios, and (b) the 
presence of at least one addit ional  diffraction line, in-  
dicat ive of another  phase. 

The diffraction halos obtained f rom the boron-car -  
bon filaments were  characterist ic of a noncrystal l ine 
or vi treous structure.  Al though the diffraction posi- 
tions (2~) of the halos appeared to be s imilar  to those 
produced by vi t reous boron, the i r  precise centroid 
positions could not be determined because of the high 
degree of overlap with  many  of the remaining sharp 
diffraction lines associated with  the core phases. Be-  
yond these observations, no direct s ta tement  can be 
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Fig. 6. Detail of longitudinal cracks formed before and after 
deposition in boron carbide filament (685X). 

deposition. Hot 50% hydrogen peroxide at tacked this 
inner layer  but  not the  outer  boron carbide layer.  Al -  
though one may  conclude that  the as-deposited boron-  
carbon mater ia l  is cer ta in ly  more  stable chemical ly 
than the inner layer  into which carbon had probably 
diffused, there  was no direct way to ar r ive  at specific 
s tructures or stoichiometries for these two phases, nor  
even to establish that  the outer  layer  was boron car-  
bide. 

Deposits consisting of only the boron-carbon mate-  
rial with no boron precoated were  prepared in the 
static reactor. These were  tested for mechanical  prop-  
erties as well  as analyzed chemical ly  for boron and 
carbon. The correlat ions which were  made are pre-  
sented in Fig. 10 and 11. Figure  10 shows elastic modu-  
lus and tensile s t rength values as functions of weight  
per cent (w/o)  carbon in the deposit, whi le  Fig. 11 
relates feed gas composition to the composit ion of the 
deposit. A m a x i m u m  in both tensile s t rength and 
modulus was observed at 27.5 w / o  carbon or near ly  
25 atomic per cent (a /o) .  This corresponds to a ratio 
of three boron atoms to each carbon atom, or a boron 
deficient deposit  f rom the standpoint  of the theoret ical  
boron-carbon ratio of 4 to 1. A mix tu re  of about 2.7 
moles of boron carbide (B~C) per mole of carbon 
would correspond to the composition observed at the 
maximum.  A composition of 28 a /o  carbon was ob- 
served by Glaser, Moskowitz, and Post (6) to be the 
m ax im um  carbon content which can be contained in 
the so-called boron carbide lattice by filling the  holes 
be tween boron icosahedra. This was deduced f rom 
measurements  of density, electr ical  resistivity, and 26 
values of  the (10.4) and (20.1) x - r a y  reflections as 
functions of carbon content  which showed sudden 
slope changes or  max ima  at about 28 a/o.  Above  this 
carbon content, f ree graphi te  was observed to be pres-  
ent. It  would, therefore,  appear  that  the filament mate -  
rial corresponding to the max ima  in both tensile 

Fig. 7. (A) Thin boron carbide coating (O.1 mil) on boron fila- 
ment; (B) thick boron carbide coating (0.4 mil) on boron filament. 
(200X) 

made from the x - r a y  data concerning the exact  crys-  
tal lographic s t ructure  of the boron-carbon deposits 
nor about the basic s t ructural  unit  which comprises 
it. 

Electron microprobe studies did, however ,  establish 
that  carbon was present  in the inner  deposit, having 
most probably diffused in from the outer  layer  during Fig. 8. Electron micrograph of a vitreous boron filament 
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Fig. 9. Electron micrograph of a boron carbide filament 
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Fig. 10. Strength and modulus data vs. carbon content for B4C 
filaments. 

strength and modulus  consisted of boron carbide satu-  
rated or near ly  saturated with carbon. In  view of the 
heterogeneous character of the filaments submit ted 
for analysis, due to variat ions in gas composition and 
tempera ture  along the filament as deposition pro- 
gressed, a value of 25 a/o may be regarded as being 
substant ia l ly  in agreement  with the finding of Glaser 
et al. However, no certain evidence could be obtained 
as to the existence of a carbon phase on the high car- 
bon side of the m a x i m u m  and fur ther  speculation 
about the phase composition is not warranted.  
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Fig. 12. Relation between tensile strength (psi x 103) and modu- 
lus (psi x 106). 

Mechanical test data were obtained for all  of the 
continuous preparat ive runs which produced filament 
consisting of a layer of the boron carbide deposited 
over the boron precoat. F i l ament  diameters varied 
between 1.8 and 3.6 mils, depending on the  deposition 
conditions. The outer boron carbide layer  usual ly  com- 
prised between 4 and 20% of the total  filament vol-  
ume, again depending on the conditions. 

Average tensile strengths var ied between 150,000 
and 390,000 psi with a ma x i mum single value of 
474,000 psi. Modulus values lay between 55 and 62 x 
106 psi and include the contr ibut ion of the lower 
modulus boron precoat layer. Statically prepared fila- 
ment,  with no boron precoat, gave a modulus value 
max imum of 70 x 106 psi. In  the continuous filament, 
al though considerable scatter was noted, high tensile 
and high modulus  values appeared to be associated 
(Fig. 12) as they were in the case of the static fila- 
ments  (Fig. 10). This lends some support to the con- 
tent ion that the max imum values discussed above in 
relat ion to stoichiometry may  indeed be s t ruc ture-  
related rather  than  due to deposition conditions. 

Compos i te  s t u d i e s . - - I n  order to obtain pre l iminary  
performance data concerning the boron carbide fila- 
ments  in  connection with composite reinforcement,  
exper imental  beams were prepared using an epoxy 
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resin system (Epon 815) cured with methyl  nadic 
anhydride  and DMP-30. Incomplete wett ing of the 
fibers was el iminated by refluxing the filaments in 
methanol  prior to formation of the beam. After  curing 
for 2 hr at 95~ and 16 hr  at 127~ the beams meas-  
ured approximately  23 mils by 40-50 mils in cross 
section and were tested in three-point  bending using 
a span of about  0.7-0.75 in. Results are shown in Table 
II for several different volume per cent filament con- 
tents. Figure  13 shows these results graphically in 
terms of bend s trength vs. volume per cent (v/o)  
filaments in the composite, before (series 1D and 3D) 
as well as after (series 1W and 3W) exposure to boil-  
ing water  for 2 hr. In  both cases, s trength was pro- 
port ional  to filament concentrat ion but, while speci- 
men series 1D appeared not to have been damaged by 
the water  t reatment ,  specimen series 3D had lower 
strengths at comparable volume fractions. Transfer  of 
the load stress from the resin mat r ix  to the re in-  
forcing fi lament was efficient, assuming the rule  of 
mix ture  to be val id for bend test results. A bending 
modulus of 54 mil l ion psi was calculated for a re in-  
forced beam containing 85 v /o  filaments having a 
modulus of 62 million. 

Summary 
Continuous filaments of boron carbide were pre-  

pared on a boron coated tungsten  substrate by s imul-  
taneous reduct ion of boron tr ichloride wi th  hydrogen 
and decomposition of methane  at temperatures  be- 
tween 1050 ~ and 1195~ Fi lament  thickness varied 
between 1.8 and 3.6 mils, depending on deposition con- 
ditions and filament draw speed. 

Deposition rates yielded an activation energy sug- 
gestive of a diffusion-controlled mechanism for the 

over-al l  rate of the combined reactions, al though 
boron deposition alone was observed to have been 
surface reaction rate controlled using the same reac- 
tor and conditions. An interference effect of methane  
either in nucleat ion or in gaseous in termediate  in te r -  
actions may have been responsible. 

The boron-carbon  deposits were vitreous and non-  
crystalline, yielding only broad diffuse halos in x - ray  
diffraction studies. They appeared to consist of a solu- 
t ion or mixture  of vitreous carbon in vitreous boron 
carbide, deduced from chemical behavior  and  analysis. 
The boron carbide layer  comprised be tween 4 and 20 % 
of the total fi lament volume, depending on deposition 
conditions. Diffusion of carbon into the precoat layer  
occurred dur ing deposition. 

A m a x i m u m  in the tensile s trength and elastic 
modulus of filaments containing no boron precoat 
occurred at 27.5 w/o carbon, a composition equivalent  
to a mole ratio of 2.7 boron carbide to carbon or 7.4 
w/o  carbon in boron carbide. 

Average tensile s t rengths  of the continuous boron 
carbide filaments with a boron precoat lay between 
150,000 and 390,000 psi wi th  a single high value of 
474,000 psi. Modulus varied between 55 and 62 mill ion 
psi. Boron carbide filaments with no boron precoat 
had modulus values up to 70 mil l ion psi. 

F lexure  test results for epoxy resin beams re in-  
forced with continuous boron carbide filaments both 
before and after boiling in  water  indicated that the 
filaments were well  bonded and possibly more resist- 
ant  to hydrolytic at tack than  boron filaments. Flexure  
strengths were proport ional  to the volume per cent of 
filaments in the composites. 
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ABSTRACT 

Crystal l ine form, hardness, kinetic parameters,  coating ratio, and re -  
sistance to corrosion of the films produced in l i th ium-conta in ing  melts are 
reported and compared with results obtained in  (Na,K)NO3 fused mixtures  at 
higher temperatures.  

The na ture  and properties of oxide films obtained on 
the surface of a luminum samples by anodization in 
fused mixtures  of NaNO3-KNO3 at 300~ have been 
previously investigated (1, 2). These films were found 
to be very hard and compact, with a nonporous par-  
t ial ly crystal l ine structure;  their  corrosion resistance to 
acid and alkali  solutions was found to be higher than  
the oxides prepared by anodization in aqueous H2804 
solutions; some of their  physical properties (specific 
gravity, flexibility, resistance to high temperatures,  
adherence, color and appearance, reflectivity, dielectric 
constant)  were also de termined and related to the 
exper imental  conditions of preparation.  The production 
of oxide films on a luminum surfaces by anodization in 
the fused eutectic LiNO~-KNO3, at 160~ has also 
been described (3). 

In the present communication,  the properties of the 
films produced at lower temperatures  in  l i th ium-con-  
ta ining melts are reported and compared with results 
obtained in (Na,K)NO3 fused mixtures  at higher tem- 
peratures. 

Experimental 
The preparat ion and purification of the solvent 

(NaNO3-KNO3, 59.3% by weight KNO3 and LiNO3- 
KNO3, 59.4% by weight KNO3) were reported else- 
where (4). 

The Ag/Ag + reference electrodes were prepared as 
previously described (4). The test electrodes were 
cylindrical  rods (1 cm) of A1 Raffinal AP-O-H 80 
(99.99% pur i ty)  ; the samples to be anodized were pre-  

pared from the above-ment ioned a luminum sheets and 
their  dimensions were 5 x 5 x 0.2 cm. Before immersion 
in the melt, the specimens were degreased with toluene, 
chemically polished for 30 rain in NaOH solutions (5% 
by weight) ,  r insed in distilled water, and air  dried. 
After  exposure to the fused nitrates, the samples were 
cooled in air. The auxi l iary  electrode was contained in 
a Pyrex tube with a medium porosity glass frit  disk 
sealed at  the bottom end. The Pyrex  cell assembly was 
of the type previously described (4). All  the experi-  
ments  were performed with the cell open to air, at 160 ~ 
or 300~ according to the melt  used. An  AMEL 561 
Corrograph was used for the electrochemical measure-  
ments. 

For the determinat ion of the oxide amount,  the origi- 
nal  oxide was removed without  at tacking the metal, by 
immersion in 35 ml / l i t e r  85% HsPO4 ~ 20 g/ l i ter  CrO3 
solution, operat ing at 1O0~ (Edwards mixture) .  

The films were stripped from the metal  substrate by 
TreadwelI and Obrist 's modified method (I3).  

Results and Discussion 
By x - ray  analysis, no substant ial  difference was 

found between films obtained at 160~ in (Li,K)NO3, 

1 W o r k  ca r r i ed  ou t  w i t h  t he  aid  of  the  I t a l i a n  C.N,R, 

and, at 3O0~ in (Na,K)NO3, ~, '1, 7 A1203 (1), with a 
prevalence of a and 7, were revealed. The ha rdness - -  
measured by Brinnel l ' s  sui tably modified method---of 
oxide films prepared by anodization at 160~ in 
(Li,K)NO3 was found to be approximately  30% lower 
than that  obtained in (Na,K)NO3 melts at 300~ 

In  Fig. 1, potential  vs. t ime curves of a l u m i n u m  elec- 
trodes are reported. They, were recorded by a recorder 
electrometer without drawing any current.  It can be 
seen that, without  preanodizat ion (curve a), the po- 
tential, after 10 hr, is not yet stabilized and does not 
increase to a more positive value, unl ike  what  is ob- 
served in (Na,K)NO3 melts (1). After  anodization at 
§  for 30 min  (curve b) and 1 hr (curve c), and at 
+24v for 5 min  (curve d), the potential  decreases 
slowly to the value observed at open circuit. Only 
after preanodizat ion at +24v for 5 hr, the potential  
seems to have at tained a constant  more positive value. 

The equation 

i = 2 a n v e - ( W + q a E ) / K T  ~ A e BE 

where i = ionic current ,  a = activation distance, n = 
n u m b e r  of mobile ions per uni t  volume, v = interst i t ial  
ion frequency of v ibrat ion in  simple harmonic motion, 
W : potential  energy barr ier  that  must  be jumped by 
the ions in order to reach the next  site, q = charge on 
the ion, E = electrical field, K --~ Boltzmann's  constant, 
and T ~- absolute temperature,  is the key expression 
for the growth kinetics, if the high-field ionic conduc- 
t ivi ty approximat ion (qaE > >  KT)  is applied to the 
theory of growth mechanism of anodic oxide films. 

Fig. 1. Potential vs. time curves of aluminum electrodes: (a) 
without preanodization; (b) after anodization at ~-5v, 30 rain; 
(c) after anodization at ~5v, 1 hr; (d) after anodization at -I-24v, 
5 min. 

144 



Vol. 116, No. 1 A N O D I C  O X I D E  F I L M S  O N  A L U M I N U M  

Table I. Corrosion of AI electrodes anodized under the following 
conditions. (a) (Li,K)NO'3, 160~ -f-24v; (b) (Na,K)NO~, 300~ 
-}-Sv [see Ref. (1)]; (c) aqueous H2SO4 solution [see Ref. (5)]; 

(d) same as (a), electrolysis performed without separated cathodic 
compartment, Fe as cathode material; (e) same as (d), 18-8 SS 

as cathode material 

(e) 

T i m e  of 
contac t  w i t h  

Cor rod ing  the  corroding  Weight  loss (mg/cm2) 
solution solution (hr) (a) (b) (c) (d) 

NaOH 1N 1 2.57 1.47 3.68 2.74 3.56 
NC1 1/%I 72 0.51 10.46 1.73 0.96 
H._~S Ot 1N 24 0.11 0.12 0.42 
HNO~ IN 24 0.16 0.23 0.74 
Na~CO3 IM 24 0.71 0.18 0.84 

The logarithmic form of the above equation is 

l o g i - ~  l o g A - F  B E 

Values of E, determined by oxide thickness measure-  
ments  (performed by DERMITRON apparatus m a n u -  
factured by Unit  Process Assemblies Inc., New York, 
and operat ing by vi r tue  of eddy currents  induced in 
metallic surfaces) were used for the de terminat ion  of 
a and B, that  resulted in 1.8A and 1.5 10-6 cm v -1, 
respectively, for oxides prepared in (Li,K)NO~. The 
higher values of a determined in a previous study (2) 
- -7.6A-- ,  concerning the anodization in (Na,K)NOj,  
can be explained if the different values of tempera ture  
are considered. 

The coating ratio (ratio of coating weight to metal  
loss) values determined for different anodization times 
and applied voltages were always found to be 1.8 
(theoretical value) .  The film thickness was remarkab ly  
lower as compared to values obtained by anodization 
in (Na,K)NO3 melts, ranging from approximately 1~ 
(lv,  30 min)  to 3.9~ (24v, 2 hr) .  

In  Table I, the results of corrosion tests of a lu-  
m i n u m  samples anodized at q-24v, 160~ in (Li,K)NO3 
melts are reported and compared with those referr ing 
to a luminum oxides prepared in  H2804 aqueous solu- 
tions (15% w/v)  (5) and in (Na,K)NO3 fused mix-  
tures at 300~ It can be seen that  the corrosion re-  
sistance to NaOH and Na2CO3 solutions of samples 
anodized in (Li,K)NO3 at 160~ is markedly  lower 
than  for samples prepared in (Na,K)NO~ at 300~ but  
still high when compared with films obtained in  H2SO4 
solutions. The corrosion resistance to H 2 S O 4  and HNO3 
solutions is slightly improved for oxides prepared in 
(Li,K)NO3 relat ive to those obtained in (Na,K)NOj.  
The markedly  low corrosion in 1N HC1 may be ascribed 
to the competit ion between C1- and H20, as occurring 
for oxides prepared in aqueous solutions. Presence of 
H20 in our oxides could be postulated if the na ture  of 
LiNO3 is considered and is real ly  confirmed by the re-  
sults of the weight loss (found = 0.1 mg/cm2) deter-  
minat ions of anodized a luminum samples when  oven 
dried at 240~ The water  absorption appears also to 
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be influenced by the presence of l i th ium in the ano- 
dization bath; while no weight change is observed for 
A1 samples previously anodized in (Na,K)NO8 when 
contacted with H20 at 100~ for 30 min (sealing con- 
dit ions),  0.1 mg/cm 2 weight gain is observed for sam- 
ples anodized in  (Li ,K)NOj;  this is probably due to 
the higher porosity of the lat ter  films because of the 
acidity of the electrolyte. 

An impor tant  point  to be invest igated also for the 
purpose of practical application is the influence on the 
oxide properties of the products of the cathodic reduc- 
tion of the solvent and of the cathode materials  unde r -  
going dissolution. It was shown by calculations (6, 7) 
and exper imenta l ly  (8) that  the first reduct ion process 
of ni t ra te  melts is 

NOn- n u 2 e --> NO2- -F 0 2 -  

Other processes involve oxide ion formation and evo- 
lut ion of various gaseous products. In  basic melts, a lu-  
m i n u m  oxides undergo dissolution (1); therefore, in 
(Na,K) NO~, it is worthwhile  to operate with separated 
anodic and cathodic compartments.  We have seen that  
this is unnecessary with (Li,K)NO3 melts, owing to the 
more acidic character of Li + ions and consequent as- 
sociation with oxide ions (9, 10). 

As regards the presence in the melts of species pro- 
duced by reaction of cathode materials  with the reduc- 
t ion products of the solvent (11, 12), no differences 
were observed in coating ratio values using Pt, Fe, 
18-8 stainless steel as cathodes. On the contrary,  the 
corrosion resistance to basic and acid aqueous solutions 
is lowered, as can be seen from columns (d) and (e) 
in  Table I, when  the oxide films are obtained using Fe 
and 18-8 SS as cathodes. 

Manuscript  submit ted Ju ly  25, 1968; revised m a n u -  
script received Sept. 11, 1968. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL.  
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On the Mechanism of Anodic Chlorate Oxidation 
O. de Nora, P. Gallone,* C. Traini, and G. Meneghini 
Oronzio de Nora, Impianti  Elettrochimici, Milan, Italy 

ABSTRACT 

Anodic polarization curves were determined on smooth Pt, Pt-coated Ti, 
PbO2-coated graphite, and PbO2-coated Ti. Operating conditions were typical 
for industrial perchlorate production, i.e. 1.6 moles/liter NaC104, while NaC10~ 
concentrat ion was ranging between 0.47 and 4.7 moles/l i ter ,  at 50~ p.H 6-7. 
For solutions containing NaC104 only, the anodic cur ren t  potential  a lagram 
is rectilinear,  irrespective of any presence of NaF or Na2Cr2OT. If NaC103 
also is present, the diagram shows a strong inflection. For each set of con- 
ditions, current  efficiency and anode potential  were determined vs. current  
density. This allowed two separate curves for C10~- conversion rate and O2 
evolution rate, respectively, to be plotted vs. anode potential. Tafel l inear i ty  
for C103- conversion is thus obtained on Pt  and on PbO2 under  all  condi-  
tions, with a slope ranging between 0.1 and 0.12. This fact supports the view 
that  C103- is oxidized through a path involving p r imary  discharge of C10~- 
with formation of CIO3 radicals and that  charge t ransfer  is in most cases the 
ra te -de te rmin ing  step. 

The over-al l  reaction of anodic chlorate oxidation is 

C103- + H 2 0 - - - - C 1 0 4 - - { - 2 H  + + 2 e -  E o - -  1.19v [1] 

The potent ia l -pH equi l ibr ium diagram (Fig. 1) runs  
parallel  to that  of water  oxidation reaction 

2H20- - - -O2+4H + + 4 e -  E ~  1.228v [2] 

Accordingly, the pH value affects the thermodynamic  
equi l ibr ium of both reactions in the same direction and 
by the same amounts.  In  other words, it  is impossible, 
on purely  thermodynamic  arguments  and for any es- 
tablished electrode potential, to favor anodic produc- 
t ion of perchlorate rather  than  oxygen evolution, or 
vice versa, simply by changing the pH value. 

As to the kinetic behavior  of oxygen evolution ac- 
cording to reaction [2] on an unreact ive electrode such 
as plat inum, a wealth of exper imental  evidence indi-  
cates that  oxygen overvoltage is pH independent  (1). 
Accordingly, the concern expressed by former authors 
(2, 9) without  any produced evidence about the ad- 
verse effect that  a lkal in i ty  might have on chlorate con- 
version efficiency, due to the competing reaction in-  
volving O H -  discharge, seems unfounded and only 
based on a prejudice widespread in the past that the 
charge t ransfer  between the electrode and the electro- 
lyte can involve only ions and not the undissociated 
water  molecule itself or any other uncharged species. 

On the other hand, the kinetic independence of the 
oxygen evolution react ion from pH does not necessarily 
imply a similar  behavior  of reaction [1]. However, this 
has also been exper imenta l ly  evidenced on smooth 
p la t inum (3). For lead dioxide anodes, the results are 
somehow conflicting. This may possibly be explained 
by the fact that  lead dioxide cannot be considered as 
a perfectly unreact ive material ,  so that  different prep-  
arat ive methods, as well as previous performance con- 
ditions, may lead to somewhat different results. At any 
rate, it is to be pointed out that  whereas Schumacher 
(4) finds that  cur rent  efficiency is not affected by pH, 
according to Naras imham (5) it shows an increase 
under  more alkal ine conditions, contrary to what  for- 
mer  authors (2, 9) would have expected, in principle, 
to occur. The equi l ibr ium potentials of reactions [1] 
and [2] differ by less than  40 mv; therefore, only if the 
concomitance of all operat ing conditions that  may  af- 
fect the two kinetics, such as current  density, t empera-  
ture, anode potential, adsorbed discharge inhibi tors  and 
catalysts, is such as to br ing  about a definite increase 
of the overvoltage proper to reaction [2] over that of 
reaction [1] will  chlorate conversion occur at a satis- 
factory current  efficiency. 

* Electrochemical Society Active Member, 

As for other oxidation reactions (6), there are two 
possible pathways along which chlorate conversion may 
proceed as a pre l iminary  assumption, so that  only 
through exper imental  verification may conclusions, if 
any, be drawn about the path that is actual ly followed 
by the electrode process. One of these, which we shall 
call the pr imary  reaction mechanism, would involve 
a direct electron wi thdrawal  from the chlorate ion, as 
a first step, followed by a homogeneous reaction of the 
free radical with water. According to the other possible 
pathway, which we shall call the secondary reaction 
mechanism, the water  molecule would be involved in 
the charge t ransfer  step, with the production of surface 
oxides (or adsorbed oxygen-conta in ing species, e.g. OH 
or O) ; such entities would then perform as oxidants of 
the chlorate ion diffusing toward the substrate  or being 
coadsorbed at the electrode surface. 

Table I displays in chronological order the several 
reaction mechanisms that  have been proposed so far. 
A critical review of the several theories has been made 
by Schumacher (4a). It may be observed here that  
nei ther  the first proposed mechanism (7) nor  most of 
those suggested later  (2, 5, 9) are based on any strong 
exper imental  evidence, but  main ly  on speculations, 
some of which, as noted above, are affected by pre-  
conceptions such as the possible role played by a sup-  
posed O H -  discharge. Sugino and Aoyagi (8) were, to 
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Fig. 1. Potential-pH equilibrium diagrams for H20/02 and 
C103/C104-. 
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Table I. Proposed mechanisms for anodic chlorate oxidation 
O v e r - a l l  r e a c t i o n :  ClOg- + HsO -> CIO~- + 2I-I+ + 2e -  

A.  Primary discharge of  C1Os- 
(I) O e e h s l i  (7) 

2ClOs-  + H 2 O o  C10~- + C10~- + 2H+ + O + 2e -  (a) 
ClO~- + 0-~ ClOa- (b) 

(II) Knibbs (2) 
2C103---> 20.~C10 + 2e-  (a) 
O~ClO + OClO~-*  O.~CI--O---O--  C12 (b) 
O~CI--O--O---ClO-~ + H20 -~ CIO~- (c) 

+ CIOa-  + 2H ~ 
( I I I )  S u g i n o  a n d  A o y a g i  (8) 

2 C l O a - ~  2ClOs + 2e-  (a) 
2C1Oa + H~O-*  C103- + C l O c  + 2H+ (b) 
C103----> ClO8 + e- (c) 
OH---> O H  + e- (d) 
CIOa + OH---> CIO4- + H+ (c) 

( IV)  N a r a s i m h a m ,  S u n d a r a r a j a n ,  a n d  U d u p a  (5) 
CIOa----> ClOa + e -  (a) 
C108 + H 2 0 - ~  C10~- + 2H+ + e -  (b) 

B. Secondary reaction of  C10~- with discharged o x y g e n  
Bennett and Mack (,9) 
Grotheer and Cook (I0) 

(V) I-I.~O ~ O + 2H § + 2e -  (a) 
CIO8- + O -~ ClO,- (b) 

toO.' 

to GAS 
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147 

our knowledge, the first to investigate the correlation 
between anode potential  and current  density. By their  
method, which was essentially potentiokinetic, they 
were able to observe two stages of potential  in 1.4M 
NaC103 at 17~ Since the first stage, occurring be- 
tween 1.7 and 1.9v, corresponds (mostly) to oxygen 
evolution and the second stage, higher than  2.3v, cor- 
responds (mostly) to chlorate oxidation, said authors 
interpret  their  results by assuming that  chlorate oxi- 
dat ion proceeds through a p r imary  discharge step. 
However, as will become apparent  in fur ther  discus- 
sion, the two potential  stages referred to above do 
not supply by themselves any  evidence in favor of the 
pr imary  discharge mechanism, as advocated by said 
authors. 

St rangely  enough, Grotheer and Cook (10) have 
been the only investigators that, prior to the present 
study and as late as 1967, seem to have based their 
considerations on the most classical and elucidating of 
all exper imental  methods, which consists in carrying 
out intensiostatic cur ren t -poten t ia l  measurements  and 
represent ing them on a Tafel diagram. By plott ing the 
results thus obtained with two different solutions, 
which respectively contained sodium chlorate alone 
and sodium perchlorate alone, they found that  both 
plottings fall on an identical, practically straight, 
line. The na tura l  conclusion of said authors is that  
the same anodic process occurs in both cases. This is 
t rue because, within the low current  density range 
they have investigated (up to 10 ma/cm2),  the only 
process that practically does occur is oxygen discharge 
in either solution, since chlorate conversion efficiency 
is practically n i l  at such low current  densities. Accord- 
ingly such determinat ions  do not seem to supply suf- 
ficient exper imental  evidence in favor of a secondaly 
reaction mechanism between C103- and adsorbed oxy- 
gen as proposed by said authors. Actually,  some of the 
exper imenta l  findings disclosed and discussed in the 
following seem to br ing more support  to the pr imary  
reaction assumption. 

Experimental Procedure and Results 
The laboratory cell is represented in Fig. 2. The glass 

container  had a capacity of approximately 1 l i ter and 
was kept at the desired tempera ture  by a water  jacket 
connected with a thermostat.  A top cover provided 
sufficient t ightness to avoid appreciable evaporation 
losses, which would impair  the accuracy of gas volume 
measurements .  

The anodic 02 gas was collected by a bell hanging  
over the anode and part ial ly submerged to a depth of 
approximate ly  5 cm; from the bell, the gas was d rawn 
into a measur ing burette. Cur ren t  efficiency (C.E.) of 
O2 production was determined by comparison with the 
gas evolved from a s tandard coulombic cell with Pt  
electrodes and containing 5% NaOH, connected in 

Fig. 2. Experimental cell 

series with the laboratory cell. The solution was kept 
under  agitation only dur ing  anode potential  measure-  
ments  but  not dur ing  current  efficiency evaluat ion 
runs, in order not  to facilitate O~ gas losses. Blank 
tests were performed with a solution containing 
NaC104 only, so that  O2 C.E. had to be 100% and 
showed that  the determinat ion may be affected with 
a max imum error of _--+- 1% uni t  of C.E. The min imum 
amount  of gas collected in any fur ther  run  was 30 
cm3; each run  was repeated at least twice under  the 
same conditions and the average gas volume reading 
determined. Chlorate conversion efficiency was calcu- 
lated by subtract ing 02 conversion efficiency from 100. 

The several anodic samples were made of 1-x 5-cm 
rectangular  strips suspended in the solution. Both su r -  
faces were made to operate by placing the anode be- 
tween two counterelectrodes 2 cm apart  from the 
anode. The counterelectrodes used were of nickel, iron, 
stainless steel, and platinized t i tanium. With all of 
these materials, the current  efficiency of hydrogen evo- 
lut ion was found to be 100% wi th in  the limits of mea-  
sur ing accuracy (_+ 1%). The anodic materials  invest i-  
gated were smooth Pt, plat inized t i tanium,  and PbO2 
deposited either on graphite or on t i t an ium (14), the 
thickness of the deposit being about 5 mm on graphite 
and 2 mm on t i tanium. The PbO2 coating was polished 
after electrodeposition with fine emery paper of the 
qual i ty used for metallographic samples. The Pt  coat- 
ing on Ti was of a qual i ty giving very low overvoltage 
under  CI2 discharge in NaC1 electrolysis. Fur ther  tests 
with this mater ial  were discontinued after ver i fying 
that chlorate conversion efficiency was very low (less 
than  10%) also at the highest NaCIO3 concentrat ion 
investigated (4.7 moles/ l i ter) .  The PbO2 deposits on 
graphite and on Ti were found in pre l iminary  tests 
to have a practically equivalent  anodic performance. 
Accordingly, PbO2-coated t i tan ium was used through-  
out the subsequent  tests as described in the following. 
The anode potential  was measured by means of a satu- 
rated calomel electrode connected with the negative 
te rmina l  of the electronic voltmeter.  The positive ter-  
minal  of the vol tmeter  was in direct metallic connec- 
t ion with the anodic s t ructure  at a point practically 
unaffected by ohmic drops. The readings were con- 
verted to the NHE scale by convent ional ly  adding 
0.25v, whereby any liquid junct ion effects have been 
neglected. 

The investigation was carried out with part icular  
regard to in termediate  conditions that  are met  with 
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in industr ia l  NaC104 production. Accordingly, the 
tempera ture  was 50~ and the pH value was kept be-  
tween 6 and 7. NaC104 concentrat ion was mainta ined 2.4 
at 1.6 moles/ l i ter  (195 g/ l i ter)  throughout  the tests, 
after ascertaining that  its influence on the kinetics is 
very small, if any. As to NaC10~ concentration,  its e l-  aJ 2.3 
fect on the kinetics was investigated between 0.47 and z" 
4.7 moles/l i ter ,  z 

In order to obtain good reproducibili ty,  anode pre-  
polarization was found to be indispensable. This was ~ 2.2 
carried out before every run  at 100 ma /cm 2 on Pt  and ,~ 
at 200 ma /cm u on PbO2. The anode was kept at said ~_ 
C.D. for 30 min, after which the run  was started at the z 2.1 
lowest C.D. value as shown on the Tafel diagram. Each 
C.D. value was kept for the t ime required to collect at 
least 30 cm 3 O2 for current  efficiency determination,  ~ 2.O 
whereafter  the corresponding anode potential  was 0 
measured, z < 

Such procedure, besides a]lowing good reproducibil- 
ity, brings about as a fur ther  consequence a marked 1.9 
decrease of the pronounced hysteresis that would 
otherwise be observed in the descending branch of the 
polarization diagram for smooth Pt, when NaC1Os is 
present in the solution. 

Figure 3 represents the Tafel diagrams obtained on 
Pt and PbO~ in 1.6 moles/ l i ter  NaC10~ with and with-  
out NaF or Na2Cr207 additions. Under  all conditions, 
Tafel l inear i ty  is obtained through the C.D. range in-  
vestigated (0.02-1 amp/cm2).  Whereas the presence of 
2 g / l i te r  NaF markedly  increases O~ overpotential  and 
the slope on both Pt  and PbO2, the addit ion of 3 g/ l i ter  .2.3 
Na2Cr207 affects the overpotential  substant ia l ly  only ~. 
on Pt, and to a definitely minor  extent  on PbO2. 1-. 

Figures 4 and 5 show Tafel diagrams on Pt and .z 
PbO2, respectively, for solutions containing 1.6 moles/  5 z2  
liter NaC104 and NaC103 in different amounts  from > 
0.47 to 4.7 moles/ l i ter .  A comparison with Fig. 3 shows - 
the strong polarization effect of NaC10~ at all concen- -< 
trations. This effect becomes independent  of NaC10~ z~ 2.1 
concentrat ion when the lat ter  approaches 1 mole/ l i ter .  ~. 
However, it is less marked on PbO2 than  on Pt; fur-  O 
thermore, at higher NaC1Oa concentrations, the steep ~ 2.0 
potential  t ransi t ion observed on Pt straightens out on 
PbO~, so that the polarization curve acquires Tafel 0 
l inearity,  al though with a steep slope (0.17). z 

< 1.9 Figure 6, referr ing to Pt, shows the strong de- 
pendence of chlorate conversion efficiency on current  
density at all NaC10~ concentrations. Figure 7 repre-  
sents such dependence for PbO2. Current  efficiency ap- 
pears to be definitely lower on PbO2 than  on Pt only 
at relat ively low C.D.'s and NaC103 concentration. 
The difference, even though still appreciable at 1 
amp/cm 2 and 4.7 moles/ l i ter  NaC103, shows a ten-  
dency to level off above these values. 

f 2s 
1.6 M/l  Na c to4  
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Fig. 3. Polarization curves on Pt and Pb02 in 1.6 moles/liter 
NaCIOr at 50~ pH 6 -i- 7, with and without NaF or Na2Cr2OT. 
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Fig. 5. Polarization curves on 
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PbO2 at different NaCIO~ 

The effect of NaF or Na2Cr~O~ addit ion on anode 
polarization and conversion efficiency in a solution 
containing 0.94 mole / l i te r  NaClO3 and 1.6 moles/ l i ter  
NaC104, can be evaluated from Fig. 8 for Pt  and Fig. 
9 for PbO2. The presence of 2 g / l i ter  NaF markedly  
raises polarization on PbO2 and to a lesser extent  on 
Pt, so that  the two corresponding curves become quite 
close to each other. For  both materials,  the C.E. is 
improved throughout  the C.D. range, the extent  of 
such improvement  being definitely more substant ial  
on PbO2. 

Figure 8 also shows that, by the addit ion of 3 g / l i ter  
Na2Cr2On polarization and C.E. are decreased on 
smooth Pt for C.D. lower than  0.1 amp/cm2; at higher 
C.D., the polarization is sl ightly increased and this is 
accompanied by a slight decline in C. E. at equal 
anode potentials. As regards PbO2, it can be seen 
from Fig. 9 that  Na2Cr207 addit ion lowers the polar-  
ization curve throughout  the C.D. range, with an as- 
sociated sharp decline in C.E. 

Discussion 
The above results, with par t icular  regard to Fig. 3, 

4, and 5, show that  anodic polarization on Pt  and on 
PbO2 is s trongly influenced by the presence of C103- 
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Fig. 7. C103- conversion efficiency vs. current density on Pb02 
at different NaCI03 concentrations. 

ions, on account of their  progressive adsorption at the 
interface as electrostatic at t ract ion increases with po- 
tential.  Consequently,  the water  molecules adsorbed at 
the interface are gradual ly  displaced by C103- ions, 
which thus hinder  the pr imary  discharge of water  and 
oxygen evolution. This is evidenced, in particular,  by 
the strong inflection general ly observed on Pt at all 
NaC103 concentrat ions and also on PbO2 in the lower 
concentrat ion range, the somewhat different behavior  
of the two anode materials  being a t t r ibutable  to their  
different specificity in adsorbing C103- ions. With re- 
gard to the shape of the inflection shown by the curves 
of Fig. 4, it may be noted that  it begins at some poten-  
t ial  lower t han  1.9v and  terminates  above 2.3v, which 
corresponds quite closely to the two stages observed by 
Sugino and Aoyagi in their  potentiokinetic invest iga-  
t ion (8). However, this does not provide by itself any 
evidence in favor of the mechanism of p r imary  C103- 
discharge; indeed, besides water displacement from the 
double layer  as postulated above, the fur ther  possibil- 
ity may in principle be visualized that  the active sites 
of high oxygen adsorption energy are progressively 
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Fig. 9. Effect of NaF and Na2Cr207 on anodic polarization and 
current efficiency on Pb02 (per cent C. E. values marked along 
each plotting). 

blocked by the adsorbed C10~- ions, with a consequent 
modification of the oxide film and a rise in oxygen 
discharge overpotential.  This could allow the adsorbed 
C103- ions to react with oxygen in the modified oxide 
film, so that C103- oxidation would occur as a sec- 
ondary reaction with the chemisorbed oxygen atoms 
resul t ing from the pr imary  discharge of water. Such 
assumption would be in l ine with the anodic interact ion 
that  has been investigated by others (11, 12) between 
chemisorbed oxygen and C104- ions in perchloric acid 
solutions. Evidence of this interaction, which also gives 
rise to a strong inflection in the polarization curve, has 
been obtained with experiments  conducted in 180- 
labeled HC104 in nonlabeled water  (11). In  our present  
case, however, a similar assumption involving inter-  
action between the anion and chemisorbed oxygen 
seems to be contradicted, in favor of the pr imary  dis- 
charge mechanism, by some other exper imental  evi- 
dence discussed here. 
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Since only the two over-al l  reactions [1] and [2], 
i.e. C10~- oxidation and 02 evolution, take place at 
the anode with complementary  current  efficiencies, it 
is possible from the experimental  results described 
above to work out both reaction rates as a funct ion of 
anode potential  and represent  them in terms of two 
part ial  currents  i~, i2, respectively, so that  it 4- i2 ---- i. 
Such representation,  as given in Fig. 10 through 13 
for different operat ing conditions, shows the r emark-  
able fact that  the rate of reaction [1] is invar iab ly  
characterized by Tafel l ineari ty,  its slope being gen-  
erally between 0.11 and 0.12. This provides strong sup- 
port to the assumpt ion  that chlorate oxida t ion  may 
take place following a pathway that  starts with pri-  
mary  discharge of C10~- and proceeds independent ly  
of anodic water  oxidation throughout  the investigated 
C.D. range. Moreover, since a slope of about 0.12 is 
typical of an electrode process in which the charge 
t ransfer  reaction is rate determining,  conclusion may 
be drawn that  formation of the C103- radical is the 
most l ikely ra te-control l ing step in the over-al l  process 
leading to C104- production. 

As can be seen in Fig. 10, an increase in NaC10~ 
concentrat ion c enhances the C103- conversion rate at 
a definite constant  potential;  this is expressed by the 
positive value of the part ial  differential coefficient 
5 log i~/5 log c, which in the lower potential  range is 
about 0.5, with a tendency to diminish in the higher 
range. On the other hand, 02 evolution is strongly in-  
hibited by the adsorbed C1Oa- ions and depends on the 
amount  of NaC10~ also in the concentrat ion range 
throughout  which the relevant  polarization curve re- 
mains unaffected (Fig. 4). 

Figure 11 i l lustrates the anodic performance of PbO.~, 
which is essentially similar  to that former ly  described 
for Pt. It is, however, to be noted that  the part ial  dif- 
ferent ial  coefficient 5 log i~/5 log c is now only about 
0.4 in the lower potential  range, while O2 evolution is 
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Fig. 10. C103- conversion and 02 evolution rotes on smooth Pt 
expressed in amp/cm 2 vs. anode potential at different NaCIO3 
concentrations. 
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Fig. 11. C103- conversion and 02 evolution rates on Pb02 
expressed in amp/cm 2 vs. anode potential at different NaCl03 
concentrations. 
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Fig. 12. Effect of NaF and Na2Cr207 on C103- and 02 evolu- 
tion rotes on smooth Pt expressed in amp/cm 2 vs. anode potential. 
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Fig. 13. Effect of NaF and Na2Cr207 on CIO3- and 02 evolu- 
tion rates on PbO2 expressed in amp/cm 2 vs. anode potential. 

inhibi ted by the presence of NaC103 to a substant ia l ly  
lesser extent  than on Pt. 

The influence of additives on the two reaction rates 
is evidenced by Fig. 12 for Pt  and by Fig. 13 for PbO~. 
In the case of smooth Pt, the presence of 2 g/ l i ter  NaF 
not only exerts a strong ir~hibiting action on O2 evolu-  
tion, but  also slightly improves C103- conversion in 
the lower potential  range. On the contrary,  the addition 
of 3 g / l i ter  Na2Cr20~ inhibits  C103- conversion on Pt, 
while catalyzing 02 evolution. Moreover, while NaF 
tends to increase the slope of the Tafel l ine related to 
C103- conversion, Na2Cr2OT tends to decrease it. Ac- 
cordingly, the effects of the two additives are opposite 
in all  respects. 

With PbO2 anodes (Fig. 13), the presence of 2 g / l i ter  
NaF inhibits  both reaction rates, but  02 evolution is 
affected to a much greater extent  than C103- conver-  
sion; this explains the improvement  in faradic effi- 
ciency obtained by NaF addition, which also increases 
the C103- conversion slope from the original  value of 
0.1 to the value of 0.12. As to the effect of Na2Cr207 
on PbO2 anodes, it is distinguished by the peculiar 
characteristic that, besides inhibi t ing C103- conversion 
in the C.D. range up to 0.3 amp/cm 2 and enhancing 
O2 evolution rate by a factor that  increases with C.D., 
it markedly  lowers the slope of both plott ings so that  
the slope of C10~- conversion is depressed from 0.1 
without additives to 0.05 after adding 3 g/ l i ter  
Na2Cr2Ov. It ensues that, while persistence of Tafel 
l inear i ty  still provides support  to the assumption of 
the pr imary  discharge mechanism also in this case, the 
fact that the slope is definitely smaller  than  0.1 indi-  
cates that  the charge t ransfer  would no longer be the 
ra te -de te rmin ing  step and that  this is now to be ident i-  
fied with a subsequent  step, such as desorption of 
C103 radicals or a fur ther  electrochemical reaction be- 
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tween radicals and ions. The interact ion between a 
lead anode and chromic acid was original ly invest i-  
gated by Elbs and Niibling (13). They have thus 
demonstrated that  anodic t rea tment  of lead in a 
chromic acid solution may result  in anodic passivation 
with the bu i ld -up  of a layer  of lead chromate and /o r  
lead dioxide, or else it may  cause anode dissolution, 
depending on chromic acid concentration. Therefore, 
we wished to carry out some tests to ascertain whether  
the lead dioxide coating is modified by the presence of 
CrO42- or Cr20~ 2- ions unde r  the conditions prevai l ing 
in our present  research. We have accordingly submit ted 
the PbO2 anode to polarization at 0.3 amp/cm 2 in 0.1 
and 1% chromic acid solution. Electrolysis was con- 
ducted for several hours and the tests were repeated 
in 1.6 moles/ l i ter  NaC104 + 1.6 moles/ l i ter  NaC103 
with different Na2Cr20~ additions up to 5 g/li ter.  

After  none of such runs was any anode weight loss 
measurable.  However, after each run  the aspect of the 
anode surface had changed and some pale yellowish 
hues were visible, which presented in terferent ia l  char-  
acteristics. Such aspect is different from the black 
metall ic luster  of a freshly prepared and polished PbO2 
coating, as well  as from the gray and dull  appearance 
of anode samples after operating in solutions contain-  
ing no chromate. It must  therefore be concluded that  
the superficial s t ructure of the PbO2 substrate is some- 
how modified by interact ion with Cr20~ 2-  ions, with 
probable bu i ld-up  of a chemisorbed layer. 

Conclusion 
The rect i l inear  character of ClOg- conversion rate, 

when plotted in a current  potential  diagram, under  all 
investigated conditions, leaves little doubt that  CIO3- 
oxidation should be considered as the consequence of a 
pr imary  discharge reaction involving C10~- ions. It 
would indeed be difficult to reconcile the constancy of 
the reaction mechanism throughout  the C.D. range 
with the drastic modification of the chemisorbed oxy- 
gen layer  that  is shown to occur at the same time by 
the strong inflection of the oxygen evolution curve. 

Since the slope of the Tafel line is general ly between 
0.1 and 0.12, the ra te -de te rmin ing  step of over-al l  re- 
action [1] should be identified with the charge t ransfer  
reaction 

CIO3- -~ CIOg + e- 

This is in accordance with either one of mechanisms 
(If) and (IV) in Table I. As to mechanisms (1) and 
(III), they seem less likely to occur for a number of 
reasons. First of all, they both involve adsorbed H20 
molecules in a charge transfer reaction; I on the other 
hand, since water is gradually driven out and replaced 
by CIO3- ions in the adsorbed layer, it is difficult to 
visualize how the reaction rate can thus proceed with 
Tafel linearity. Moreover, mechanism (I) involves the 
production and recombination of an unlikely inter- 
mediate product such as C102- according to step (a) 
and, in addition, the production and subsequent reac- 

i Step (d) in mechanism (In) should obviously be modified as 
f o l l o w s :  H ~ O - ~  H +  + O H  + e - .  

tion rate of chemisorbed oxygen according to step (b) 
should also be affected by the gradual  modification of 
the chemisorbed layer, as observed above; this, again, 
would be difficult to reconcile with Tafel l inearity.  

The only slope departure  from values between 0.1 
and 0.12 has been observed on PbO2 in the presence of 
Na2Cr2OT. On the assumption of mechanism (II) ,  this 
would be a t t r ibutable  to a slowing down of the desorp- 
t ion step (b).  However, the assumption of mechanism 
(IV) provides an in terpre ta t ion that is possibly even 
more in l ine with the present  findings. In  fact, the 
results represented in Fig. 13 indicate that  the presence 
of Cr2072- ions in the adsorbed layer  has the effect 
of enhancing 02 evolution by counteract ing the tend-  
ency of electrosorbed C103- ions to drive out the H20 
molecules. By supposing, then, that  the electrochemical 
step (b),  involving adsorbed water, becomes rate de- 
termining,  a theoretical calculation according to the 
method used by Bockris (1) would give a slope value 
of about 0.04, which is quite close to the value of 0.05 
as determined in the present investigation. 

Manuscript  submit ted May 9, 1968; revised m a n u -  
script received Sept. 18, 1968. This manuscr ip t  was pre-  
sented at the Boston Meeting, May 5-9, 1968, as Paper  
270. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 

REFERENCES 
1. J. O'M. Bockris, "Modern Aspects of Electrochem- 

istry," pp. 226-229, Academic Press, London 
(1954). 

2. N. V. S. Knibbs  and H. Palfreeman,  Trans. Fara- 
day Soc., 16, 402 (1920). 

3. A. Legendre, Chem. Ing. Tech., 34, 379 (1962). 
4. J. C. Schumacher,  D. R. Stern, and P. R. Graham, 

This Journal, 105, 151 (1958). 
4a. J. C. Schumacher,  "Perchlorates," pp. 6 and 79, 

Reinhold Publ ish ing Corp., New York (1960). 
5. K. C. Narasimham, S. Sundarara jan ,  and H. V. K. 

Udupa, This Journal, 108, 798 (1961). 
6. B. E. Conway, N. Marincic, D. Gilroy, and E. Rudd, 

"Electrode Processes, Transactions of the 1966 
Symposium," E. Yeager, H. Hoffman, and E. 
Eisenmann,  Editors, p. 128, The Electrochemical 
Society, Inc., New York (1967). 

7. W. Oechsli, Z. Elektrochem., 9, 807 (1903). 
8. K. Sugino and S. Aoyagi, This Journal, 103, 166 

(1956). 
9. C. W. Bennet t  and E. L. Mack, Trans. Am. Elec- 

trochem. Soc., 29, 323 (1916). 
10. M. P. Grotheer  and E. H. Cook, This Journal, 6, 

221 (1968). 
11. A. N. Frumkin ,  "CITCE Proceedings Ninth  Meet- 

ing (1957)," p. 396, Butterworths Scientific Pub -  
lications, London, (1959). 

12. P. Delahay, "Double Layer  and Electrode Kinetics," 
pp. 269-273, Interscience Publishers,  New York 
(1965). 

13. K. Elbs and R. Niibling, Z. Elektrochem., 9, 776 
(1903). 

14. J. C. Grigger, "The Encyclopedia of Electrochem- 
istry," C. A. Hampel  Editor, pp. 762-764, Rein-  
hold Publ ishing Corp., New York (1964). 



Technical Notes @ 
Catalytic Enhancement of Carbon Monoxide and Reformer Gas 

Oxidation in Fuel Cells By Sodium Tungsten Bronzes 
L. W.  Niedrach*  and H. I. Ze l igeP 

General Electric Research and Development Center, Schenectady, New York 

It has been previously shown that  the e lec t ro-oxida-  
tion of carbon monoxide  and re former  gas at p la t inum 
black fuel  cell  anodes can be appreciably enhanced 
by the incorporat ion of tungsten oxides into the elec-  
trodes (1). The purpose of the present  note is to dis- 
cuss a s imilar  promotional  effect that  has since been 
observed wi th  sodium tungsten bronzes. 

The tungsten bronzes, which were  discovered by 
WShler (2) were  so named because of their  metal l ic  
properties,  e.g. luster  and electr ical  conductivity.  
Actual ly  they  are nei ther  alloys nor metal l ic  com- 
pounds, but, rather,  mixed  oxides having the general  
formula  MxWO3. M is genera l ly  an alkali  or a lkal ine 
ear th  metal,  but other  metals  can be substituted. The 
values of x can vary  from 0 to 1.0. In the case of the 
sodium bronzes, compounds cover ing essential ly the 
full  range of x values are known. Other  systems are 
restr icted to na r rower  ranges. While the compounds 
have been looked upon as containing mixed  valences 
of +5  and + 6  tungsten, the physical propert ies  a r e  

best in terpre ted  on the basis of an inters t i t ia l  dis- 
t r ibut ion of the subst i tuent  meta l  and free electrons 
in a tungsten t r ioxide mat r ix  (3). The propert ies  of 
tungsten bronzes have been rev iewed  in detai l  else- 
where  (4-6). 

Experimental 
Three  approaches were  adopted for the prepara t ion  

of the high area mater ia ls  desired for use in fuel  cell  
electrodes. Al l  employed high tempera tures  and, be- 
cause of the dissociative equi l ibr ia  involved,  were  
somewhat  empir ical  wi th  regard  to the ad jus tment  
of the x value.  

Fusion of tungsten, tungsten trioxide, and sodium 
tungstate.--An int imate mix ture  of the start ing ma-  
terials  was heated in a porcelain crucible unt i l  a 
homogeneous mel t  was obtained (7). Af te r  cooling to 
room temperature ,  excess Na2WO4 and WO3 were  re-  
moved  by boiling in di lute NaOH. The product  bronze 
was collected over  a filter, washed, and dried. One 
advantage  of this method is that  one may  quickly ob- 
tain bronzes wi th  high x values (0.8-1.0) that  are  
otherwise difficult to prepare.  A disadvantage is that  
the bronze powders  are at tacked slowly by NaOH 
to l iberate  hydrogen and form soluble sodium tung-  
state. The product  can be ball  mi l led to obtain a high 
surface area mater ia l  (4-6 mS/g) .  

Reaction of higher bronzes with WO3.---One can 
obtain bronzes wi th  low x values by heat ing an in- 
t imate  mix tu re  of a bronze having a high x value  wi th  
WO3 ei ther  in a vacuum or under  an iner t  a tmosphere  
e.g., argon),  at t empera tures  ranging f rom 500 ~ to 
850~ for durat ions of f rom 2 to 66 hr. The react ion 
occurs via a dissociation of the h igher  bronze to give 
free sodium which reacts wi th  the WO3. This react ion 
is described by St raumanis  (7). 

* Electrochemical  Society Act ive  Member .  
1 Present  address: Scientific Consultants, 81 Rockledge Road, 

Hartsdale,  New York 10530. 

Reaction of W03 with NaI.--Tungsten t r ioxide reacts 
wi th  sodium iodide to form a bronze wi th  the l ibera-  
t ion of iodine (7). This react ion can be carr ied out at 
600~176 ei ther  in a vacuum or under  an iner t  a t -  
mosphere  (argon) .  This method  is useful  for obtain-  
ing bronzes of in te rmedia te  x values. 

The propert ies  of the sodium tungsten bronzes pre-  
pared are summarized in Table I. Al l  were  examined 
by x - r a y  diffraction. Values of x were  obtained f rom 
the latt ice parameters  using the data of St raumanis  
(7). 

Teflon-bonded electrodes were  prepared  wi th  sev-  
eral  of the bronzes (surface area 4-6 m2/g) in admix-  
ture  wi th  p la t inum black (surface area, 20 m2/g) 
using procedures that  have  previously  been described 

ELECTROLYTE: 5N HzSO 4 
ELECTRODES: 02: PI; TEFLON BONDED 

FUEL: Pt+ADDITIVES; TEFLON BONDED 
�9 Pt ONLY (CELL-OC-15) 
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Fig. 1. Effect of several tungsten bronzes on the performance 
of C0-02 fuel cells at 25~ 
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Fig. 2. Effect of several tungsten bronzes on the performance 
of reformer gas-02 fuel cells at 25~ 
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Table I. Properties of sodium tungsten bronzes 

Nominal Actual Procedure Color Lattice 
x x 

1.0 1.0 Method 1--fused in air Yellow-brown Cubic 
0.9 0.89 Method 1--fused in air Yellowrbrown Cubic 
0.8 0.76 M e t h o d  1 - - f u s e d  in v a c u u m ;  850~ 

4.5 h r  R e d - b r o w n  Cub ic  
0.7 0.68 Method 2*--in vacuum; 500~ 66 hr Red-violet Cubic 
0.7 0.66 Method 3--in argon; 650~ 6 hr Red-violet Cubic 
0.6 0.60 Method 3--in argon; 600~ 2 hr Dark-violet Cubic 
0.5 0.48 M e t h o d  2 * - - i n  v a c u u m ;  500~ 66 h r  B l u e  Cub ic  
0.5 0.53 Method 2*--in argon; 800~ I hr Blue Cubic 
0.5 0.53 Method 3--in vacuum; 600~ 8 hr Blue Cubic 
0.4 0.43 M e t h o d  2 * - - i n  v a c u u m ;  500~ 66 h r  B l u e  Cub ic  
0.3 0.30 M e t h o d  2 * - - i n  v a c u u m ;  500~ 24 h r  B l u e  Cub ic  
0.3 0.28 M e t h o d  1 - - f u s e d  in  a i r  D a r k  b l u e  T e t r a g o n a l  

* Na0.sgWOa (4 m~/g)  u s e d  as  s tar t ing  mater ia l .  

(8). All  the electrodes contained 34 mg P t / cm  2, 6.8 
mg bronze/cm2, and Teflon b inder  (DuPont 's  T-30 
Teflon) amount ing  to 10% of the combined weight of 
p la t inum and bronze. A film of 1.6 mg Teflon/cm 2 
was used on the gas side of all electrodes. 

The electrodes were evaluated in fuel cells at 25~ 
on both carbon monoxide and a synthetic reformer 
gas (78% H2, 2% CO, 20% CO2, and 0.25% CH4) fuel. 
In  all cases, the counterelectrode (operated on pure 
oxygen) was a Teflon-bonded p la t inum black elec- 
trode containing 34 mg P t / cm  2 and prepared in the 
same manne r  as the other electrodes. Both electrodes 
had a working area of 11.4 cm2. The electrolyte was 
5N H2SO4. All  measurements  were made with a Kor-  
desch-Marko bridge (9). 

Results and Discussion 
Performance  data for cells wi th  the bronze-con-  

ta in ing electrodes are shown in Fig. 1 and 2 in the 
form of /R-free  current -vol tage  curves obtained with 
carbon monoxide and synthetic reformer gas fuels, 
respectively. Included in the figures for reference pur -  
poses are similar  curves obtained with a fuel electrode 
containing p la t inum only, as well  as with an electrode 
containing WO2 as an additive. This oxide of tungs ten  
had previously been found to be the best among those 
examined (1). 

These data show that  the cubic bronze additives 
result  in  a considerable improvement  over straight 
plat inum, while the te tragonal  bronze provides l i t-  
tle or no improvement .  The data also show that, as the 
value of x in the cubic bronzes (MxWO3) increases, the 
promotional  effect also increases. This parallels the 
results previously obtained with the tungsten  oxides, 
the lower oxides showing greater  catalytic promotion 
than the higher oxides (1). As is evident, the promo-  
t ional  effect of the bronze with x = 0.89 for both car- 

bon monoxide and synthetic reformer gas is only 
slightly less than  the best tungs ten  oxide (WO2). 

Summary and Conclusions 
Relatively high surface area sodium tungs ten  

bronzes (4-6 m2/g) have been prepared. These mate-  
rials serve as promoters for the catalytic oxidation of 
carbon monoxide and reformer gas in fuel cells much 
the same as the tungs ten  oxides. The effectiveness of 
the bronze promoters increases with increasing sodium 
content. 
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A Dual Reference Electrode System for 
Molten Carbonate Cells with Immobilized Electrolyte 

E. S. Argano*" i and J. I.evitan* 

Institute of Gas Technology, Chicago, Illinois 

The growing interest  in  the electrochemistry of 
molten and solid electrolytes brought  up the problem 
of reliable reference electrodes in those h igh- tem-  
pera ture  media. 

The corrosivity of molten electrolytes at high tem-  
peratures is one of the ma in  problems in the design 
of reference electrodes and half-cel l  systems. Refer-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  Is t i tuto  di R i e e r c h e  B r e d a ,  v i a l e  S a r c a  336, I 

20120 Mi l an ,  I t a ly .  

ence electrodes reversible to cations such as Na (1-3), 
A1 (4), Pb (5), and Ag (6), and to anions such as the 
chlorine electrode in chloride melts (7, 8) and the 
oxygen electrode in borates (9) are being used. 

In the case of mol ten carbonate systems, several 
types of reference electrodes have been used. The 
Danner -Rey  Ag/Ag + electrode (10) has been fre- 
quent ly  used in such media and, according to Janz and 
Conte (11), it has a useful  life of about 30 days. Gas 
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reference electrodes are the most reliable in mol ten 
carbonate systems because junc t ion  potentials  are 
avoided. The Pt/O2-CO2 electrode has been invest i -  
gated by Janz et al. (12, 13) and Stepanov et al. (14- 
16) and was found to be thermodynamica l ly  revers-  
ible and stable with time. This type of gas electrode, 
using Pt  or Au, was used by Schenke and Broers (17) 
and Borucka (18) for studies in carbonate melts. 

When dealing with carbonate fuel cell systems, Moss 
and Gibbens (19) used a "potential  probe" consisting 
of a Ag wire placed wi th in  the immobilized electro- 
lyte, and Trachtenberg (20) used an "idle" electrode 
consisting of a porous Ag electrode situated in  the 
cathode compartment .  The "reference wire" electrode 
used by Broers and Schenke (21) el iminated the effect 
of spurious currents  by using a carbonate film "bridge" 
as the l iquid junction,  but  the thi rd  electrode was sup-  
plied with a mix ture  of CO2 and air of u n k n o w n  com- 
position. 

For evaluat ing properties of indiv idual  anodes and 
cathodes in molten carbonate fuel cells with immo-  
bilized electrolytes, the use of proper gas reference 
electrodes provides reliable and accurate information.  

This article reports an improved design for a gas 
reference electrode for conducting electrochemical 
studies in molten carbonate cells with an immobilized 
electrolyte. Two reference electrodes are provided in 
the same cell assembly. 

The present  design is shown in Fig. 1. 
A pure gold wire (99.999% purity,  0.020 in. in d iam-  

eter) is enclosed in an a lumina  tube (C) (6 m m  in 
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Cell ossembly design: A~gold wire, B---alumina tube for 
(ID ~ 1.5 mm), C---alumina tube of reference electrode, 

Fig. 1. 
gas inlet 
D--paste electrolyte of reference electrode, E--hole in tube C (di- 
ameter 0.5 mm), F--gas outlet tube of reference electrode, G - -  
paste electrolyte pocket (diameter 6 mm), H---alumina ring for 
reference electrodes, Impaste electrolyte disk of cell, Jmhole for 
junction with cell electrolyte (diameter 0.5 mm), K---cell cathode, 
L--cell anode, M---current collector, N--alumina tubes of cell as- 
sembly, Q ~ a s  inlets to cell electrodes. 

diameter) .  The lower end of the gold wire is im-  
mersed in a closely packed powder of immobilized 
electrolyte (D). An  inner  a lumina  tube (OD = 2 ram) 
situated a few centimeters  above the electrolyte level  
is used to introduce the reference gas mixture.  The 
gas mix ture  consisting of CO2 and O2 (Pco2 ~ 2/3 
atm, Po2 = 1/3 atm) has the most noble potent ial  
(14, 15) for this system and was taken as an arb i t ra ry  
zero point. 

The tubes (C) of the reference electrodes are lo- 
cated in two symmetr ical  cylindrical  cavities (G) 
containing paste electrolyte. 

The electrolyte junct ion  between the reference tubes 
and the cell electrolyte is obtained through two 0.5- 
mm-d iame te r  holes: E in tube C and J in r ing H. The 
two inner  junct ions  (J) were symmetr ical ly  located 
with respect to the electrolyte disk (I).  

The half-cel l  housing consists of an outer a lumina  
r ing (H) (ID ~ 25 ram) sealed to the bottom alumina 
tube (N) with an a lumina-phosphate  mix ture  heated 
at 1000~ The electrolyte disk (I) (diameter  ~ 25 
mm) seated on the bottom tube (N) and a similar  
tube pressed on the top of the electrolyte provide the 
sealing between the anodic and cathodic compart-  
ments  of the cell. 

The advantage of the present  design over the pre-  
vious three electrode assemblies (19-21) of immo-  
bilized electrolyte cells is the abil i ty to ma in ta in  a 
definite and independent  atmosphere in the reference 
chamber.  When operated, the reference electrodes and 
the cell were main ta ined  at 700~ 

An  immobilized electrolyte composed of a mix ture  
of inert  ceramic and a carbonate t e rna ry  mix ture  (8% 
Li2CO~, 52% Na2CO3, and 40% K2CO3 melt ing at 
650~ was used wi th  the present  design. The a-e 
(1000 cps) resistance at 700~ of the reference elec- 
trodes vs. one of the cell electrodes was found to in-  
crease with t ime from 1 to 2 k -ohm after 30 days of 
operation. This is probably  due to the depletion of 
carbonates in the pockets (G) because of carbonate 
creeping and decomposition. It  can be avoided if tube 
C is sealed to r ing H but, in this case, the reference 
tubes are not in terchangeable  dur ing the operation of 
the cell. Exper iments  were conducted for evaluat ing 
the long- term stabil i ty of the reference electrode. The 
potential  difference at 700~ between the two refer-  
ence electrodes constructed from the same mater ia l  
and fed by the same gas mix ture  was • mv at the 
beginning of the test, increased to ___1.5 mv after 10 
days of operation, and then did not change dur ing 
the subsequent  2 months.  

A typical  polarization curve of a mol ten  carbonate 
cell with the described reference electrodes (an Au 
cathode and a porous Ni anode) is shown in Fig. 2. 
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Fig. 2--Typical polarization curve of o molten carbonate cell 
with an Au cathode and o porous Ni anode. 
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Fig. 3--1R-corrected po$orizetion plotted against time of opera- 
tion. 

MOLTEN CARBONATE CELLS 

When the anodic and cathodic polarizations of the 
cell were measured vs. both reference electrodes, the 
electrode polarization was obtained with ___2 mv ac- 
curacy. However,  at increased current  density, the 
potential  difference between the two reference elec- 
trodes increased (15 mv at 200 ma/cm2).  This is pre-  
sumably  due to the nonsymmetr ica l  potential  dis- 
t r ibut ion wi th in  the electrolyte disk in the vicini ty of 
the inner  junct ions (J) connecting the electrolyte disk 
(I) with the electrolyte pockets where  the reference 
electrodes are located. The single-electrode ohmic 
components were measured vs. both reference elec- 
trodes using a s tandard in ter rupt ion  technique. An IR-  
corrected polarization plotted against  t ime of opera- 
t ion is shown in Fig. 3. The polarization of the porous 
Ni anode (corrected for IR drop) was recorded against  
both reference electrodes at a current  density of 100 
ma /cm 2. A mean  anodic polarization of 100 ___2.5 mv 
was measured. The main  source of error in this mea-  
surement  is involved in reading the oscillograms. A 
failure of the anode was detected after 40 days of 
operation of that  exper imenta l  cell. 

In conclusion, this design has several  advantages:  

(A) Single-electrode polarization data can be ob- 
ta ined with a known accuracy. 

(B) The reference electrodes are interchangeable 
and can be subst i tuted dur ing the operation of the cell 
without  dis turbing the cell operation. 

(C) Long- t ime stabil i ty of the reference electrodes 
was achieved using immobilized electrolyte in the ref-  
erence tube  and intermediate  tubes as wel l  as in the 
in termediate  pocket. 

(D) The described design can be applied to other 
electrochemical systems with immobilized and solid 
electrolytes. 
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Luminescence of YVO :In 

S. Faria* and Carl W. Fritsch, Jr. 
Sylvania Electric Products Incorporated, Chemical and Metallurgical Division, Towanda, Pennsylvania 

Yttr ium vanadate,  u has been activated by  
most of the t r iva lent  ra re -ear th  (RE) elements (1). 
The first investigators to activate YVO4 with another  
t r iva lent  element,  Bi ~+, which is not  a rare earth, 
were Toma et al. (2) and Datta (3). Their  activation 
with Bi s+ resulted in b road-band  emission with a 
max imum at about 550 rim. Al though unact ivated 
u (1) is in itself a b road-band  emit ter  with a 
m a x i m u m  around 435 rim, incorporat ion of Eu 3+ (or 
other RE elements)  quenches the mat r ix  emission 
band  and  produces characteristic RE line emission. 

In this paper, we report  that  indium, another  ac- 
t ivator which is not a rare earth, was successfully 
incorporated in YVO4 matrix,  giving rise to broad-  
band emission. The emission peak for YVO4: In  is be- 
tween the mat r ix  emission and Bi emission, i.e., 
around 470 nm. Some pre l iminary  results on the 

* Elect rochemical  Society Ac t ive  Member .  

photoluminescence and cathodoluminescence charac- 
teristics of YVO4: In  are presented here. 

Phosphor Preparation and Measurements  
Procedures similar to those described in the l i tera-  

ture  for the preparat ion of YVO4:Eu (1-3) were fol- 
lowed except for the use of 99.99% In2Os (obtained 
from Ind ium Corp. of America) .  The excitat ion and 
emission spectra were measured from phosphor 
plaques using a Pe rk in -E lmer  spectrofluorimeter and 
a Hi tach i -Perk in -Elmer  MPF-2A, respectively. Cath-  
odoluminescence and fluorescent lamp data were also 
obtained using the convent ional  techniques. 

E~ect of In  in YV04 
Increasing the In  concentrat ion in  YVO4 shifts the 

emission to longer wave lengths. Figure 1 represents 
the normalized emission spectra depicting the effect 
of 0.25 and 5.0 mole per  cent (m/o)  In  subst i tut ion 
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Fig. 1. Emiss ion  s p e c t r a  o f :  ] - - Y V 0 4 ,  2 ~ Y V O 4 : I n  (0.25 m/o ) ,  
3--YVO4:In (5.0 m/o). 

for y3 + in  YVOd. Note that  0.25 m/o  In  shifts the peak 
of unact ivated YVO4 about 300A, while 5.0 m/o  In 
shifts it close to 450A. Per  cent plaque brightness with 
three different ul traviolet  mercury  excitations at 
various In  concentrat ions are presented in Table I. 

Opt imum In concentrat ion for 2537 and 3250A ex- 
citation is about 2 m/o. With 3650A excitation, how- 
ever, the max imum was found to be around 7 m/o  In. 

The blue emission of YVOd:In was compared to 
Sr2P2OT:Sn and CabF(POd)3:Sb, two we l l -known 
blue-emi t t ing  fluorescent lamp phosphors. Table II 
shows the lamp brightness results in lumens (mainly  
2537A excitat ion).  

Excitation Spectra of In  vs. Bi 
The normalized excitation spectrum for YVOd:In 

was compared to that  of Bi and shown in Fig. 2. Note 
that the excitation peak for In  is 330 nm, while for 
Bi it is around 345 nm. The ind ium excitation band 
is much narrower  than  that  of Bi. The excitation spec- 
t rum of unact ivated YVO4 is the same as that  of 
YVOd: In. 

In Fig. 3 are plotted the emission spectra of YVOd, 
YVOd:In, and YVOd:Bi. The separation between the 
In  and Bi peaks is about 100 nm. 

Table I. Per cent plaque brightness of YVO4:lncx) as a function 
of exciting wave lengths 

(x) 
m/o In 2537A 3250A 3650A 

0 48 60 37 
0.25 66 81 50 
0.50 90 89 60 
1.00 97 95 71 
2.00 100 100 85 
3,00 09 100 88 
5.00 95 96 95 
7.00 91 03 100 

10.00 76 90 91 

Table II. Lamp brightness comparison (40T12) 

0 H r  100 H r  
l u m e n s  l u m e n s  

Sr2P.~OT:Sn ( T y p e  243) ** 1506 1382 
Ca-.~F (POd)s :Sb  ( T y p e  244) *" 2241 2148 
YVO~: In  (2 m / o )  1344 1180 

** S y l v a n i a  T y p e  No.  

Table Ill. Cathode-ray brightness 

m / o  I n  B r i g h t n e s s  ( f t -L )  

0.25 3.8 
2,00 5.5 
5.00 5.2 
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Fig. 2. Excitation spectra of: 1--YVOd:In (5 m/o) compared to 
2--YVOd:Bi (4 m/o). 
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Fig. 3. Comparison of emission spectra of YV04, YVO4:In, and 
YVO4:Bi. 
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Cathodoluminescence Properties 
Under  cathode-ray bombardment ,  YVOd:In also 

showed blue luminescence. Table III  shows the 
brightness results in foot- lamberts  (f t-L) for three 
In  concentrations. (About 4.4 mg / c m 2 of phosphor 
were settled on 1.5 x 1.5-in. glass slides and bom- 
barded with 12 kv, 6 ~a cathode rays.) 
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The brightness of the 2.0 m/o  In  sample represents 
about 60% of the brightness of the normal  blue cath- 
ode-ray phosphor, ZnS: Ag. 

E~ect  o f  Eu and Dy 

When small  amounts  of Eu and /o r  Dy (500 ppm, re- 
spectively) were added together with In, we obtained 
the emission spectrum shown in Fig. 4. Note that  the 
Eu and Dy emission lines are superimposed over the 
YVO4: In  emission band. Over 1 m/o  of Eu or Dy addi-  
tions tend to quench the YVO4:In band. On the other 
hand, high In  (1-2 m/o)  additions to YVO4:Eu (5 m/o)  
do not seem to affect the Eu lines or the Dy lines. 

Summary 
Ind ium has been found to activate the YVO~ matrix,  

yielding a phosphor with a b road-band  emission. The 
position of the emission peak is dependent  on the In  
concentration. Increasing the In  content  shifts the 
emission peak toward longer wave lengths. Opt imum 

ul t raviolet-exci ted and cathodoluminescence br ight-  
ness appears at about 2 m / o  In. 

A possible mechanism of energy t ransfer  in 
YVO4:Bi has been discussed by Toma (2) and Datta 
(3). They have assumed that  energy absorbed by the 
matr ix  is t ransferred by  a radiationless process to the 
activator center. We suspect that  a similar  mechanism 
applies to In-ac t iva ted  YVO4. 

Manuscript  submit ted June  28, 1968; revised m a n u -  
script received Aug. 14, 1968. This paper  was pre-  
sented at the Boston Meeting, May 5-9, 1968, as a Late 
News Item. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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The Luminescence of YVO,:Dy, YVO,:Dy, Eu, 
and YVO,:Dy, Tb 
S. Faria* and D. T. Palumbo 

Sylvania Etectric Products Incorporated, Chemica~ and Metat~uvgica~ Division, Towanda, Pennsylvania 

Rare-ear th  (RE) vanadate  crystals prepared by 
Brixner  and Abramson (1) showed, besides their  
main  host emission, addit ional  luminescent  mult iplets  
ascribed to other RE impurities.  Similar  mult iplets  
were observed by Pal i l la  and co-workers  (2) in their  
extensive luminescence invest igat ion of RE activated 
YVO4. Among the RE impuri t ies  usual ly  detected 
were Er, Sm, Tm, Dy, and Eu. The characteristic l ine 
emission of these RE and their  position in the visible 
spectrum are easily identified in the vanadate  mat r ix  
by  spectrophotometric measurements .  

Dy mult iplets  in part icular  are quite evident, even 
when using y t t r ium salts of high purity.  Concentra-  
tions of Dy as low as 1-2 ppm give distinctive lines 
superimposed over the broad spectrum of YVO4. The 
location of the Dy mult iple ts  is centered at about 475 
and 575 rim. 

Because of its intense emission at low concentra-  
tions, we investigated Dy as a p r imary  activator in  
YVO4. We also studied the effect other RE's, par t icu-  
lar ly Eu and Tb, have on the luminescence character-  
istics of YVO4: Dy, par t icular ly  in fluorescent lamps. 

Experimental 
YVO4, YVO4:Dy, YVO4:Dy:Eu, etc., were prepared  

by dry  b lending h igh-pur i ty  oxides (99.99%) of 
yt t r ium,  dysprosium, europium, and te rb ium with  ex- 
cess ammon ium metavanadate  and firing at 1750~ for 
2 hr in  open quartz crucibles. After  cooling, the phos- 
phors were washed in 10% caustic solution to remove 
the excess vanad ium pentoxide. 

Emission spectra were measured with a Hitachi-  
Pe rk in -E lmer  spectrophotometer, Model MPF-2A. 
Fluorescence brightness was obtained from both low- 
and high-pressure  (2537 and 3650A) mercury  vapor 
lamps. The per cent red output  from the high-pressure  
mercury  vapor lamps was measured using a Corning 
red filter 4#2418 (CS2-62). 

Experimental Results 
Response of YVO4:Dy.--Besides being an excellent 

host for RE activators, YVO4 is a self-activated phos- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

phor. Its broad band emission spectrum with maxi -  
m u m  at about 440 n m  has been previously reported 
(2). Low levels of Dy, as well  as other RE's, quench 

the matr ix  band and emit their  own characteristic 
lines. We found that  the Dy concentrat ion for opti- 
m u m  luminescence ranged be tween 0.2-0.4 m/ o  (mole 
per cent) as shown in Fig. 1. There is a considerable 
decrease in the emission in tensi ty  with Dy content  
above 1 m/o. 

The main  Dy transi t ions are the 4F9/~ --> ~H1~/2 (475 
nm) and the 4F9/2 --> 6H13/2 (575 nm) .  Other weak 
transi t ions are reported at longer wave lengths (3). 
An  unresolved but  typical  Dy emission spectrum is 
shown in Fig. 4. 

El~ect of Eu on YVO4:Dy.--While main ta in ing  the 
Dy at 0.3 m/o,  Eu  was added at various concentra-  
tions. No det r imenta l  effect is observed in the Dy in-  
tensities un t i l  Eu content  supersedes the Dy content. 
The ratio of Eu  (619 rim) lines to Dy (575 nm)  in-  
creases l inear ly  up to about 1500 ppm Eu. Figure 2 
shows that  a ratio of Eu / D y  emission of 1 is obtained 
when  Eu is approximately 3000 ppm. Amounts  of Eu 
around this concentrat ion improve the color rendi t ion 
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Fig. 1. Relative energy response of gYO4:Dy 
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Fig. 3. Effect of Tb on YV04 and YVO4:Dy emission 

of the  phosphor  in h igh-p ressu re  me rcu ry  vapor  
lamps.  

Response of YVO4:Dy to Tb .mUnl ike  Eu, Tb 
s t rong ly  quenches the  Dy emission. At  100 p p m  Tb, 
the  YVO4:Dy emission in tens i ty  is reduced  to 85% 
and, at 500 ppm Tb, less than  50% of the  or ig inal  in -  
tens i ty  remains  as shown in Fig. 3. The s t rong quench-  
i n g  effect of Tb was even more  pronounced  in pure  
YVO4, 100 ppm Tb reducing the  broad  band  emission 
in tens i ty  of YVO4 to about  40 %. 

Fluorescent lamp results.--Figure 4 compares  the  
two broad  emission bands  of CasF(PO4)3 :Sb  (0.06), 
Mn (0.07), the  w e l l - k n o w n  cool whi te  f luorescent  l amp  
phosphor,  wi th  tha t  of the  emiss ion-of  YVO4:Dy (0.3 
m / o ) .  Table  I shows the  low-pres su re  me rcu ry  vapor  
l amp data  for YVO4: Dy  at  var ious  Dy  concentrat ions.  
A n  ini t ia l  br ightness  of about  76 lpw was obta ined  
wi th  wha t  we consider  an op t imum Dy concentrat ion;  
however ,  there  is considerable  drop in l ight  output  
a f te r  100 h r  of l amp operat ion.  

YVO4:Dy was also eva lua ted  in h igh-pressure  m e r -  
cury  vapor  (HPMV) lamps. The lumens pe r  wa t t  

Table I. Lumens per watt of YVO4:Dy in low-pressure lamps 

m / o  D y  0 H r  100 H r  

0.I0 62.4 51.3 
0.28 75.0 67.2 
0.30 75.8 63.5 
2.8 30.0 29.0 

Table II. Lumens per watt of YVO4:Dy vs.  YVO~:Eu in HPMV lamps 

% R e d  % R e d  
175w (100 400w (100 

0 H r  100 I-Ir H r )  0 H r  100 H r  H r )  

Y V O 4 : D y  (0 .3  m / o )  57.5 53.3 1.31 63.0 68 .1  2.53 
Y V O ~ : E u  (5.0 m / o )  54.0 51.4 14.50 60.8 55.8 15.6 
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Fig. 4. Comparison of YVO4:Dy emission with CasF(PO4)3:Sb, Mn 

were  compared  to tha t  of YVO4:Eu as shown in 
Table  II. Because of the  l ack  of red  emission, this  
phosphor  is not  used d i rec t ly  in HPMV lamps.  Wi th  
the  addi t ion of Eu, the  red  rendi t ion  of the  phosphor  
is improved.  When  apprec iab le  amounts  of Eu (1 m / o )  
are  added,  the  red  emission in tens i ty  increases  con- 
s iderably .  

Summary 
We have  descr ibed the  effects of Eu and Tb on the 

luminescence character is t ics  of YVO4:Dy. Whi le  Eu 
in modera te  amounts  (Eu ~ Dy) does not  quench the 
Dy emission, Tb in ve ry  smal l  amounts  (Tb < <  Dy) 
r ap id ly  quenches the  Dy  emission. 

Lamp data  were  p resen ted  showing tha t  YVO4:Dy 
m a y  be used in both low-  and h igh-p ressu re  m e r c u r y  
vapor  lamps  wi th  in teres t ing  results .  

Manuscr ip t  submi t t ed  J u l y  19, 1968; revised m a n u -  
script  rece ived  Sept.  11, 1988. This manuscr ip t  was 
p resen ted  at  the  Boston Meeting,  May 5-9, 1968, as 
Pape r  37. 

A n y  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be pub l i shed  in the  December  1969 
J O U R N A L .  

REFERENCES 
1. L. H. Br ixne r  and E. Abramson,  This Journal, 112, 

70 (1965). 
2. F. C. Pal i l la ,  A. K. Levine,  and  M. Rinkevics,  ibid., 

112, 776 (1965). 
3. G. H. Dieke and H. M. Crosswhite,  Appl. Opt., 2, 

675 (1963). 



A New Radio-Frequency Inductive Plasma Sputtering 
Process for Surface Coating 

P. Beucherie, M. Block, and J. G. Wurm* 
EURATOM, lspra Establishment oS the C.C.R., Chemistry Department, 

High Temperature Chemistry Section, Ispra, Italy 

High-qual i ty  th in  film coatings are increasingly re- 
quired in various fields such as the chemical space, nu -  
clear, and electronic industries. The basic cathode 
sput ter ing process and the high vacuum evaporation 
method have both been used extensively for most coat- 
ing purposes (1). For h igh-qual i ty  coatings, cathode 
sput ter ing was preferred, but  this method is handi -  
capped by its very low sput ter ing speed. So, in the 
last few years, the tendency was to increase the 
sput ter ing efficiency with the addition of different 
auxi l iary  devices. 

In  the l i terature  are described several low-energy 
sput ter ing devices with two or three auxi l iary  elec- 
trodes and thermionic cathodes (2-4). Fur thermore ,  
the addit ion of a strong magnetic field increased the 
ion concentrat ion and therefore the sputter ing yield. 
The development  of the R-F  sputtering, as reviewed 
by Davidse (5), paved the way to the deposition of 
th in  insulator  films. The deposition of Ta metal  and 
Ta205 by superimposed R-F  and d-c sput ter ing was 
described by Vratny  (6). The increase in sputter ing 
efficiency, obtained from all these improvements,  was 
penalized by more complicated a~d costly sputter ing 
equipment.  It was the purpose of our investigation to 
find a more compact and simplified device with an ac- 
ceptable sput ter ing efficiency for industr ia l  coating 
applications. It was also thought that the device should 
be suitable for coating tubes inside. Therefore, the 
basic cathode concept has been discarded, and the 
ionized plasma was confined inside an induct ive R-F  
coil made of the mater ia l  itself to be sputtered. The 
ions which are created under  the impulses of the 
R-F  electromagnetic field bombard the mater ial  of the 
coil and sputter  its surface atoms into the surrounding 
space. Also, a substrate interposed on the trajectories 
of the sputtered "microparticles" will  be coated with 
a very uni form and dense layer. 

Description of the Process 
The general  schema of the equipment  is i l lustrated 

by Fig. 1 and 2. The inductor  coil, 7, made of the mate-  
rial  to be sputtered is placed inside a vacuum enclosure 
consisting of a metallic base, 4, and a glass bell, 10. 
Through the base, 4, are inserted: the insulated R-F  
connections, 6, for the inductor  coil and the argon 
admission line made of a capil lary tube, 8, directed 
toward the axis of the inductor  coil. The amount  of 
gas to be admit ted is regulated by a precision needle 
valve, 9. The samples, 5, to be coated are fixed around 
the inductor  coil; however,  the preferent ial  position 
will  be in the axis of this latter. The R-F  current  is 
supplied to the inductor  coil by a R -F  generator, 1, 
S.T.E.L. wi th  an adjustable  f requency from 5 to 12 
MHz. Between the generator, 1, and the inductor,  7, is 
switched in a R -F  transformer,  3, with a var iable  
capacity, 2. The pumping  group consists of a diffusion 
pump, 12, Leybojet  3000 li ters/sec followed by a Roots 
pump, 14, of 250 m3/hr and a pre l iminary  pump, 15, of 
60 m~/hr. 

Operating Method 
The samples to be coated are carefully cleaned in an 

organic solvent bath;  also, an electrolytic attack might 
be useful in some cases. Then the samples are fixed in 
their  sputter ing position. According to their  geometri-  
cal configuration, a rotat ion of the samples would be 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

necessary, par t icular ly  for the outside coating of tubes. 
A vacuum of 10 -5 to 10 -6 Torr is main ta ined  for 
some time, unt i l  the residual  and adsorbed gases are 
eliminated. Through the needle valve, an argon leak 
s t ream about 0.2 Torr l i ters/sec is introduced into the 
coil axis by the refractory capil lary which is about 5 
cm long with a 0.4-mm hole. As soon as the R-F  cur-  
rent  is switched on, a blue-colored plasma is formed 
inside the inductor  coil (Fig. 3), and the argon line 
pressure, measured between the needle valve and 
the capillary, increases from 50 to about 250 Torr. 
Due to the bombardment  by the gas ions, the inductor  
reaches a tempera ture  of about 600~176 according 
to the na ture  of the metal, the geometry of the coil, 
and the injected R-F  power. Example:  for a n iobium 
inductor  composed of seven turns  (wire diameter  3 
mm) with a coil diameter  of 25 mm, the total  con- 
sumed power is about 3 kva and the coil tempera ture  
around 900~ The tempera ture  of the sample to be 
coated depends main ly  on its distance from the induc-  
tor. A metal  sheet fixed at a 10-15 cm distance from 

Fig. 1. Schematic diagram of the HF inductive sputtering appara- 
tus: 1--HF generator, 2--variable capacity, 3- -HF transformer, 4 - -  
vacuum enclosure, 5---sample, 6-~HF connections, 7--inductor coil, 
8---capillary gas inlet, 9--needle valve. 

S 

Fig. 2. General view of the bell jar and assembly of the pump- 
ing system: 4--vacuum enclosure, S--sample, 7--inductor coil, 8 - -  
capillary gas inlet, 10~bell  jar, 11--valve baffle, 12--diffusion 
pump, 13--bypass, 14~Roots pump, }5--preliminary pump. 
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Fig. 3, View of the plasma inside inductor coil 

the coil can reach a tempera ture  of 60~176 For spe- 
cial coating purposes, a cooling or a heat ing device for 
the sample has been set up. The capacity of the pump-  
ing group must  be calculated in order to main ta in  in-  
side the enclosure a dynamic vacuum of about 10 -3 to 
10 -4 Torr  despite the permanent  argon stream flow 
through the capillary. As a mat ter  of fact, the pressure 
inside the vacuum enclosure is less than  uniform. In 
the center of the inductor  coil where the plasma takes 
place, a max imum concentrat ion of the gaseous ions 
is reached, and the pressure may be estimated to about 
10 - I  to 10-2 Torr. Outside the inductor  coil a pres-  
sure gradient  wil l  be established going from 
10 -1 Torr to about 10 -3 to 10 -4 Torr at the place 
where the sample to be coated is fixed. The sput ter ing 
rate, which can be defined as the ratio of the sputtered 
atoms to the number  of incident  ions, depends on the 
na ture  of the metal  and the energy of the gaseous ions 
bombarding it. The coating speed depends on that  
sput ter ing rate and, moreover, on the geometry of the 
system. Coating thicknesses from 0.1 to 0.5 ~ /min  
can easily be obtained. In some special cases, as for 
instance the inside coating of tubes, a much higher 
deposition speed can be reached. 

Fur thermore,  the coating speed may be increased by 
connecting several inductors together, either in series 
or in parallel.  For  all refractory metals having a high 
melt ing point, the inductor  coil is usual ly  composed of 
a wire. For  metals with a mel t ing point lower than 
ll00~ it is more advisable to use a water -or  air-  
cooled tube. With inductors made of cooled tubes, it is 
possible to inject  more power and therefore also to 
increase the sput ter ing rate. For  the sput ter ing of 
metals a neu t ra l  gas (essentially argon) is preferred, 
but  it  is also possible to make use of the reactive 
gases such as ni t rogen or oxygen. In  this case, called 
"reactive sputtering," the sample will be coated with 
the corresponding ni tr ide or oxide. 

Because of the high energy concentrat ion in a re- 
stricted volume, delimited by the inductor  coil, the 
microparticles ejected from the la t ter  hit the sample 
with an appreciable kinetic energy. Consequently, the 
deposited films are strongly adherent,  very dense, and 
regular  in thickness. As there are only two R-F  con- 
nections to the inductor  coil, the effective space in the 
enclosure is very large and the metall izat ion of sam- 
ples with various shapes is easy. 

Also, this method, well  suited for metall izing tubes 
inside, is of par t icular  interest  to the chemical, nuclear,  
and electronic industries. We have deposited films of 
various thicknesses up to 20~ of metals such as Nb, W, 
Ta, Zr, Ti, Fe, Co, Ni, Cu, A1, Pt, Ir, Au, and also 
alloys of Ni-Cr  and stainless steel on all kinds of sub-  

Fig. 4. Photomicrograph of stainless steel sample coated with 
15F, of niobium. 

Fig. 5. Photomicrograph of niobiumsample coated with 14~ of 
molybdenum. 

strates such as other metals, alloys, ceramics, glass, 
graphite, plastics, and even paper. As an example: 
a n iobium layer of 8-10~ has been deposited inside of 
a Zircaloy tube of 50 mm diameter.  The film ad- 
herence was not altered after a thermal  cycling of 
250 hr at 500~ (see Fig. 4 and 5). 

For industr ia l  coating purposes, this new coating 
process can be compared favorably with cathode sput-  
ter ing and vacuum evaporation; it is essentially char-  
acterized by its great sput ter ing rate, the excellent 
qual i ty  of the deposits which are obtained, and its 
extreme operating simplicity. 

Manuscript  submit ted April  11, 1968; revised m a n u -  
script received Aug. 8, 1968. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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The Corrosion of Zinc in KOH Solutions 

T. P. Dirkse* and R. Timmer 
Calvin College, Grand Rapids, Michigan 

ABSTRACT 

The corrosion rate of zinc in KOH solutions has been measured under  a 
var ie ty  of conditions. Amalgamat ion  and the presence of zincate ions lower 
this rate of corrosion. The effect of increasing KOH concentrat ion on the 
rate  of corrosion is different for nonamalgamated  zinc than  for amalgamated  
zinc. The tempera ture  effect is also different for the two types of zinc elec- 
trodes. 

One of the problems associated with  the use of zinc 
electrodes in alkaline solutions is the reaction of zinc 
with the electrolyte  to produce hydrogen. This reac-  
tion has two disadvantages. It uses up the zinc, i.e., 
it is a self-discharge reaction. Also, the evolut ion and 
buildup of hydrogen are  undesirable if an alkal ine 
cell containing zinc electrodes is to operate in the 
sealed condition. 

The reaction can be described as a corrosion reac-  
tion. Over  the years there  has been considerable in- 
terest  in the corrosion of zinc but hardly  any work  
has been published on the corrosion of zinc in alkaline 
solution. 

Snyder  and Lander  (1) studied the evolution of 
hydrogen from commercial  zinc electrodes contain-  
ing 2% polyvinylalcohol  and encased in a cellulosic 
separator material .  They found that  the amount  of 
hydrogen evolved in a given t ime decreased as the 
electrolyte  changed from 30 to 45% KOH. It  decreased 
with increasing HgO content  up to 4%, and it also 
decreased with  decreasing temperature .  Fur thermore ,  
the presence of zincate in the electrolyte  increased 
the amount  of hydrogen evolved. 

Ruetschi (2) also studied the corrosion rate of 
amalgamated  zinc in alkaline solutions. His exper i -  
menta l  a r rangement  avoided the use of separators and 
additives. He used a specified weight  of powdered ma-  
terial, but  no surface area values were  given. Conse- 
quently,  the rate of corrosion per unit surface cannot 
be de termined  from his data. The corrosion of amalga-  
mated zinc was found to increase wi th  increasing tem-  
perature.  It increased with  increasing KOH concen- 
trations, contrary  to the results of Snyder  and Lander  
(1). Fur thermore ,  the presence of zincate ions de- 
creased the rate  of corrosion except  in KOH solutions 
less than 2N. Here  the zincate ion appeared to have 
a catalytic effect. 

The main discrepancies be tween the work  of Riiets- 
chi and that  of Snyder  and Lander  are (i) the effect 
of zincate ion and (ii) the effect of increasing KOH 
concentrat ion on the corrosion rate  of amalgamated  
zinc. Some of this difference may be due to the way 
in which the data were  obtained. Snyder  and Lander  
used as the corrosion rate  the steady state achieved 
after about 30 days. Riietschi started taking measure-  
ments less than 24 hr  af ter  the zinc and KOH were  
brought  in contact wi th  each other. Thus, in the work  
of Snyder  and Lander,  the electrolyte  composition at 
the t ime measurements  were  taken was l ikely some- 
what  different from that  at the t ime the corrosion 
began. Fur thermore ,  in the work  of Snyder  and Lan-  
der the corrosion rate was l ikely also affected by the 
polyvinyl  alcohol and the separator  material .  

The present  work  on the corrosion of zinc in a lka-  
line solutions was under taken  for two reasons: (i) 
because so l i t t le work  has been repor ted  on this 
mat ter ;  and (ii) to establish basic informat ion on the 
effect of I<OH concentration, amalgamation,  zincate 
ion, and tempera tu re  on this process. These values are 
needed so that  one can determine,  wi th  such informa-  

* Electrochemical Society Active Member. 

tion as a background, the effect of addit ives and im- 
purit ies on the corrosion rate of zinc in a bat tery  
system. 

Experimental 
The apparatus consisted of a sealed glass tube about 

2.5 x 20 cm to which a cal ibrated pipet te  was at-  
tached, Fig. 1. The ent ire  assembly, except  for the 
outlet of the pipette, was immersed  in a l iquid con- 
stant t empera tu re  bath. Two pieces of zinc (99.999%) 
wire, 12.7 x 0.15 cm, were  placed in the electrolyte.  
Thus the surface area exposed to the electrolyte  was 
12 cmk 

As hydrogen was evolved, electrolyte  was forced 
into the pipette. Consequently,  the rise in the elec- 
t rolyte  level  in the pipet te  was a measure  of the rate 
at which hydrogen was evolved. In each run a blank 
(containing no zinc wire)  was included to correct for 
minor  fluctuations due to changes in barometr ic  pres-  
sure. Corrections were  also made for vapor  pressure, 
etc., and the results were  then expressed as micro-  
moles of hydrogen evolved per square cent imeter  of 
electrode area. Measurements  were  begun within  an 
hour after  the apparatus was assembled. 

Amalgamat ion  was done by dipping the zinc wire in 
a HgC12 solution (50 g / l i t e r )  for 30 sec. No work  
was done to determine  the effect of varying degrees 
of amalgamation.  

Results 
A typical  set of data is shown on Fig. 2. The slope 

of these lines served as a measure  of the rate  of cor-  
rosion, i.e., rate  of hydrogen evolution. This rate  was 

il 
- I  

~ electrolyte 

//~ lnc wires 

Fig. 1. Experimental arrangement 
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Fig. 2. Rate of hydrogen evolution from nonamatgamated zinc 
at 25~ 

measured in 20, 30, 35, 40, and 45% KOH and in these 
same solutions sa turated wi th  zinc oxide. Both amal-  
gamated and nonamalgamated  zinc electrodes were  
used and every  run  was made at two temperatures ,  
25 ~ and 44~ 

The var ia t ion of the rate  of corrosion with  these 
differing conditions can be seen on Fig. 3-8. Figure  3 
shows the  effect of t empera tu re  in plain KOH solu- 
tions while  Fig. 4 shows the effect for solutions satu-  
rated with  ZnO. On this and other  figures, lines are 
drawn through most of the data points. However ,  on 
such lines minor  fluctuations are not necessari ly sig- 
nificant. Some duplicate runs were  made and, es- 
pecially at the lower rates, the uncer ta in ty  may  ap- 
proach ___20%. 

In the plain KOH solutions, Fig. 3, t empera tu re  
seems to have lit t le effect, but, surprisingly, the  small  
difference that  there  is indicates a lower  corrosion 
rate at the higher  temperature .  In the zincate solu- 
tions, the t empera tu re  effect also is small, but  here 
the higher  corrosion ra te  genera l ly  occurs at the 
higher  tempera ture .  In any event,  the difference in 
corrosion rates at 25 ~ and 44~ is small. 

F igure  3 also i l lustrates the  effect of KOH concen- 
tration. Increasing KOH concentrat ions bring about 
a reduced corrosion ra te  as was found by Snyder  and 
Lander  (1). When the solutions are saturated wi th  
zincate, this regular i ty  does not exist, but ra ther  the 
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Fig. 3. Rate of hydrogen evolution from nonamalgamoted zinc us 
a function of KOH concentration and temperature. 
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Fig. 4. Effect of dissolved ZnO on the rate of hydrogen evolution 
from nonamalgamated zinc. All solutions are saturated with ZnO. 
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Fig. 5. Rate of hydrogen evolution from nonamalgamated zinc at 
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Fig. 6. Rate of hydrogen evolution from nonamalgamated zinc at 
44~ 
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Fig. 8. Rate of hydrogen evolution from amalgamated zinc at 
44~ 

corrosion rate increases up to about 35% KOH and 
then decreases, Fig. 4. Note that  the ordinate scale on 
Fig. 4 is considerably smaller  than that  on Fig. 3. 

The effect of zincate ion can be seen by comparing 
Fig. 3 and 4, but  it is shown more direct ly on Fig. 5. 
The solutions designated as KOH -k ZnO were  all 
saturated wi th  ZnO so that  the zincate concentrat ion 
increases marked ly  in going from 20 to 45% KOH. 
Figure  6 shows the effect of zincate ion at 44~ 

Amalgamat ion  of the zinc electrode also brings ahout 
a marked  reduct ion in the corrosion rate, Fig. 7. The 
amount  of amalgamat ion was not varied so that  the 
effect of increasing quanti t ies of mercury  on the cor- 
rosion ra te  cannot be determined f rom our data. 

It is interest ing to note that  saturat ing a KOH solu- 
tion with ZnO has about the same effect in reducing 
the rate of corrosion as does amalgamation,  compare, 
e.g., Fig. 6 and 7. When both factors are present  there  
is a slight decrease over  ei ther  one alone, Fig. 8. The 
effect of t empera ture  and KOH concentrat ion on the 
corrosion of amalgamated  zinc is shown on Fig. 9. 

Discussion 
No other reported work  was found for the corro- 

sion rate  of nonamalgamated  zinc in KOH solutions 
except for a few data reported by Snyder  and Lander  
(1). They found, as we have, that  the corrosion rate 
decreased wi th  increasing KOH concentration.  Results 
such as those shown on Fig. 2 and 3 are the basic data 
against which other  factors or conditions can be com- 
pared. 

A possible mechanism involves the following proc- 
esses: 

I I I I I 
0 25 ~ 

�9 44 ~ 

(,, 0 021 
E 

0.01 

20 30 40 
% KOH 

Fig. 9. Rate of hydrogen evolution from amalgamated zinc in 
KOH solutions. 

2H20 + 2e--> H2 + 2 OH- E o = --0.828v [I] 

Zn + 2 OH--> Zn(OH)2 -I- 2e E o = 1.245v [2] 

Zn + 2 OH- -> ZnO -I- H20 + 2e E ~ = 1.248v [3] 

Reactions [2] and [3] may each involve several steps 
as in the anodic treatment of zinc. 

Combining [i] and [2], the over-all reaction is 

Zn zr 2H20 --> H2 q- Zn (OH)2 E o = 0.417v [4] 

Combining [1] and [3] gives 

Zn Jr H20 --> ZnO + H2 E ~ = 0.420v [5] 

For both over -a l l  reactions the dr iving force, en- 
ergetically,  is favorable  and pract ical ly  the same. The 
reason the reaction is as slow as it is arises from the 
overvol tage  for the hydrogen evolution, react ion [1]. 
The initial rate of reaction [4] is 

rate = K4 (aHfo) o [6] 

while that for reaction [5] is 

rate = k5 �9 anfo [7] 

A plot of log rate vs. log aHfo should then give a slope 
of 2 for reaction [4] and a slope of 1 for reaction [5] 
if these reactions are rate controlling. Making such a 
plot of the data in ref. (3) gives a slope of 1.6. A 
similar  plot of our data for plain zinc in KOH solu- 
tions at 25 ~ gives a slope somewhat  larger  than 1.5, 
Fig. 10. This may  mean that  both reactions [4] and 
[5] take place. These reactions do agree with  the effect 
of KOH concentrat ion on the rate  of corrosion. As 
KOH concentrat ion increases, the act ivi ty of the 
water  decreases, resul t ing in a lower rate  for reac-  
tion [1]. This then may be the controll ing process. 

Amalgamat ion  reduces the corrosion rate of zinc. 
Our results for amalgamated  zinc do agree with other  
reported work  so far  as comparisons can be made. 
The behavior  of amalgamated  zinc is definitely differ- 
ent from that  of n 'onamalgamated zinc. The corrosion 
of amalgamated  zinc appears to reach a m a x i m u m  in 
30-35% KOH while  the rate for nonamalgamated  zinc 
decreases with increasing KOH concentration. Fu r -  
ther,  the corrosion rate of nonamalgamated  zinc de- 
creases in going from 25 o to 44 ~ while that  of amal -  
gamated zinc increases. 

Amalgamat ing  the electrode raises the hydrogen 
overvol tage  considerably and slows down reaction [1] 
which again limits the over -a l l  corrosion reaction. The 
value of this overvol tage  varies wi th  tempera ture  and 
KOH concentrat ion (4), and this may par t ly  affect 
the change of corrosion rate  wi th  these conditions. The 
overvol tage  has a min imum value at about 9M KOH. 
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Fig. 10. Log rote vs.  log O H 2 0  plot for hydrogen evolution from 
zinc in KOH solutions at 25~ 

The corrosion rate appears to have a max imum value 
at this concentration, Fig. 9. 

The presence of zincate ions also reduces the rate 
of hydrogen evolution. This was observed by Riiets- 
chi (2) but  not by Snyder  and Lander  (1). 

When ZnO is dissolved in KOH solutions, reaction 
[8], the activity of the water  is lowered 

ZnO + H20 + 2 OH- --> Zn(OH)4 = [8] 

and this should decrease the rate of reaction [I]. How- 
ever, the rate decrease that was observed, e.g., in 
20% KOH, was far greater than could be accounted 
for by this process alone. Consequently, some other or 
additional influence of zincate ion must be present. 

A more likely explanation is that suggested by 
R[ietschi (2), i.e., the corrosion rate also depends on 
the rate of dissolution of interfacial ZnO or Zn(OH)2. 
In KOH solutions saturated with ZnO, the oxide or 
hydroxide produced by the corrosion reaction cannot 
readily dissolve in the electrolyte. Consequently, it 
remains on the surface of the zinc and protects the 
zinc underneath from further reaction. The extent to 
which the zinc is protected depends on the porosity of 
the corrosion product. This same phenomenon could 
account for the lack of complete reproducibility in our 
results. Our solutions were not shaken during the 
course of a given determination. For the corrosion 
product to continue to dissolve, it was then necessary 
for that which had dissolved to be transported away 

from the zinc surface either by diffusion or convection. 
Our results then were modified somewhat by the ran-  
domness of this mater ia l  transport.  

In  conclusion, reactions [1] to [3] serve as a satis- 
factory mechanism for the ini t ia l  corrosion of zinc 
in KOH solutions. With pure zinc the process is con- 
trolled by reaction [1]. With amalgamated zinc, reac- 
t ion [1] is the l imit ing process because of the higher 
hydrogen overvoltage. When zincate ion is present 
other processes, such as dissolution of the corrosion 
product, may become rate controlling. 

Still unaccounted for is the fact that  the corrosion 
rate for nonamalgamated  zinc is slightly lower at 44 ~ 
than at 25~ This cannot be a t t r ibuted to decreasing 
activity of water  or to increasing hydrogen over- 
voltage as the tempera ture  is raised. Further ,  one 
would expect the rate of dissolution of ZnO or 
Zn(OH)2 to be greater  at the higher temperature.  
This leaves as a possible explanat ion the suggestion 
that  the corrosion product at 44 ~ is more dense than  
at 25~ This more dense product affords a more com- 
plete covering of the zinc at the higher tempera ture  
and lowers the corrosion rate. It has been pointed out 
(5) that  below 35~176 a Zn(OH)2 is a stable form 
while above this tempera ture  ZnO is the stable phase. 
Gilbert  (6) found that the corrosion of zinc is dis- 
tilled water  at 85 ~ produced only ZnO, while at room 
tempera ture  the product was ZnO + various types of 
Zn (OH) 2. Fur thermore,  Zn (OH) 2 is more soluble than 
ZnO. Thus it is a possibility that  the corrosion of non-  
amalgamated zinc in alkal ine solutions at 25 ~ produces 
a less dense, and more soluble, product than  that  
which is produced at 44 ~ Consequently,  a more pro- 
tective covering is formed at the higher tempera ture  
giving rise to a lower rate of corrosion. 
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Controlled Current Deposition of Zinc from 
Alkaline Solution 

S. Arouete, .1 K. F. Blurton, .2 and H. G. Oswin *~ 

Leesona Moos Laboratories, Great Neck,  New Y o r k  

ABSTRACT 

Electrodeposition of zinc onto foil electrodes from alkaline zincate solu- 
tions with direct cur rent  results in dendrit ic or black, porous mossy deposits. 
Smoother deposits are obtained with a pulsed current  source or periodic 
reversal of current.  The na ture  of the deposit with pulsed charging depends 
on the current  density, the amount  of charge passing through the electrolytic 
cell, the on time, and off time. The opt imum values of these parameters  are 
dependent  on the cell geometry and the differences between the apparatus 
used in the present  study and a cell containing a secondary zinc electrode are 
discussed, 

Secondary s i lver/zinc batteries are severely limited 
in applications where a high energy/weight  ratio is 
desirable because of their l imited cycle life at high 
depths of discharge. In  contrast to the insoluble oxida- 
tion product formed at other negative electrodes, the 
oxidation product of the zinc electrode is highly soluble 
in strong alkali, forming Zn(OH)42-  as the principal  
product. This species has the abil i ty to form highly 
stable supersaturated alkal ine solutions (1). In  a 
si lver/zinc battery, the concentrat ion of zincate after 
discharge is estimated at one molar, and where there 
is restricted diffusion the electrolyte may supersaturate 
to two or three times this concentrat ion (1). During 
the subsequent  charging cycle, the zincate discharges 
at the zinc electrode in a nonadherent  dendritic or 
mossy form. This results in a loss of capacity of the 
secondary zinc electrode. 

From the viewpoint of bat tery technology the three 
most important  morphologies associated with zinc 
deposition from alkal ine solution on foil electrodes are 
smooth, mossy, and dendritic deposits (2, 3). Smooth 
deposits are formed at low overpotential  with vigorous 
st irr ing of the electrolyte. The other two deposits are 
noncompact. The mossy deposit is black and porous 
and is formed at low overpotentials,  while the dendritic 
deposits are formed at high overpotentials.  The t rans i -  
tion from moss to dendrites corresponds to the onset 
of mass t ransport  control and is characterized by a 
critical cur rent  density which is tempera ture  depen- 
dent (2). Thus the overpotential  is controll ing only to 
the extent  that it determines whether  the deposition is 
mass- t ranspor t  controlled. Since mass t ransport  plays 
such an important  role in producing dendrites it ap- 
peared profitable to follow a previous suggestion and 
work with in terrupted current  sources (2), where the 
concentrat ion gradient  is allowed to collapse and re- 
form during metal  deposition. 

Much of the work to date on improving the capacity 
of Ag/Zn  batteries has been aimed at improving the 
electrode separators. This has given some success (4) 
but the cycle life and depth of discharge are still l im- 
ited by nonadherency of the zinc deposit and dendri te  
formation. In  order to lengthen the cycle life of the 
Zn electrode, it is necessary to form on the surface an 
even, adherent,  porous deposit dur ing charge. The sole 
object of the present study has been to investigate the 
parameters  which control the deposit adherency and 
dendri te  formation when charging a zinc electrode 
with an in terrupted current  source. Constant  current  
deposition was chosen first because growth of zinc 
dendrites is controlled by the rate of t ransport  of 
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-" P r e s e n t  address :  E n e r g e t i c s  Sc ience  Inc.,  4461 B r o n x  Blvd . ,  New 

York,  New York.  

zincate ions to the electrode surface and second be- 
cause controlled current  charging is a preferred mode 
of bat tery charging. 

Experimental Procedure 
The electrolyte composition was aqueous 43% KOH 

solution made 1.13M in Zn ( I I ) .  Reagent grade chemi- 
cals were used without fur ther  purification. A 130 ml 
rectangular  cell was used which permit ted the work-  
ing electrode to be mounted vert ically and parallel  to 
the counter  electrode. Sheet zinc was used as the 
working electrode. Its area was usually 22 cm 2 but 
this could be varied by coating with epoxy adhesive. 
In most of the experiments  the counter  electrode was 
either gold or p la t inum foil, but  there was no differencc 
in the results when the counter  electrode was nickel 
foil. The tempera ture  was regulated at 30~ in all of 
the experiments.  

A constant current  source was developed which 
provided direct cur rent  or pulses of va ry ing  on and off 
times. Current  regulat ion was • over the range 
of 10-~ to 1.2 amp, and the pulse rise and fall time 
was approximately 4 ~sec. The quoted values of the 
current  density are those for the on t ime and are based 
on the geometric area of the electrode. For the investi-  
gation of the periodic reversal  of current  a constant  
current  source was connected to a t ime switch. 

The deposits were characterized by viewing under  a 
50X magnification microscope, by prepar ing cross- 
sectional photomicrographs of 1000X magnification of 
the center of the electrode and by measurement  of 
deposit adherency. The adherency of the deposit was 
determined by essentially the same procedure as Ro- 
manov (5). After deposition the electrode was removed 
from the solution, washed, dried, and weighed. The 
visible moss was then readily removed by brushing 
with a tissue. An adherent,  compact deposit always 
remained which could not be removed by the most 
vigorous brushing. The technique was not precise but  
it did give an estimate of the amount  of nonadherent  
deposit. 

Results 
Since the deposit morphology is different above a 

critical cur ren t  density from that  below it, experiments  
have been performed at constant current  in the two 
regions. In  the present work the value of the critical 
current  density was 21 ma /cm 2. 

Charging wi th  a pulsed current source at currents 
less than the critical current density.--In this series of 
experiments  the deposit was ini t ia l ly  compact and ad- 
herent, but  after a certain t ime moss usual ly appeared. 
Regardless of the extra charge passed thereafter  the 
ma x i mum weight of zinc deposited adherent ly  after 
the appearance of moss corresponded to only about 6 
coulombs/cm 2. This addit ional weight of zinc cor- 
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Table t. Adherency of zinc deposit formed at low current densities. 
Total charge passed in each experiment 18 coulombs/cm 2 

CURRENT DEPOSITION OF ZINC 

C h a r g e  p a s s e d  Q u a n t i t y  o f  Q u a n t i t y  o f  
b e f o r e  a p -  a d h e r e n t  n o n a d h e r e n t  

C u r r e n t  p e a r a n c e  o f  d e p o s i t ,  d e p o s i t ,  
d e n s i t y ,  m o s s y  d e p o s i t ,  c o u l o m b s  / c o u l o m b s /  M o d e  o f  
m a / c m  -~ e o u l o m b s / c m e  c m  2 c m ~  c h a r g i n g  

4 2 .4  3 .6  14 .4  D i r e c t  c u r r e n t  
4 3 .1  4 .0  1 4 . 0  P u l s e d  c u r r e n t  

25  m s e c  o n ,  
2 5  m s e c  o f f  

4 4 5 .3  12 .7  P u t s e d  c u r r e n t  
2 .5  m s e c  o n ,  
2 .5  m s e c  o f f  

10 4 6 .1  11 .g  D i r e c t  c u r r e n t  
10 9 14 .0  4 .0  P u l s e d  c u r r e n t  

2 .5  s e c  o n ,  
2 .5  s e c  o f f  

10 15 .0  16 .5  1.5 P u l s e d  c u r r e n t  
30 m s e c  on,  
3 0  m s e e  o f f  

10 N o  m o s s  18 .0  0 P u l s e d  c u r r e n t  
f o r m e d  30  m s e c  o n ,  

45  m s e c  o f f  
10 N o  m o s s  18 .0  0 P e r i o d i c  r e v c r -  

f o r m e d  s a l  o f  c u r r e n t  
12 s e c  c a t h o d i c  
8 .4  s e c  a n o d i c  

responds to the period during which both compact and 
mossy deposits form simultaneously.  Hence the quan-  
t i ty of adherent  deposit is re la ted to the t ime of ap- 
pearance of moss. The longer the appearance of moss 
is delayed the larger  the fraction of adherent  deposit. 
Thus in Table I, if charging was continued beyond 18 
coulombs/cm 2 very  l i t t le extra  zinc would have been 
deposited adherent ly  in the cases where  moss had al- 
ready appeared. 

The deposit adherency obtained by pulse charging at 
current  densities less than the crit ical  current  density 
is dependent  on the value of the charging current,  the 
ratio of the on to off t ime and the numerica l  values 
of the on and off t imes (Table I).  As expected, the 
more adherent  deposits were  produced with the longer 
off times. In fact, moss was not formed on the elec- 
trode when  charging at 10 ma/cm~ with the on t ime 30 
msec and the off t ime 45 msec, respectively,  unti l  38 
coulombs/cm 2 of charge had been passed. Presumably  
moss formation could be e l iminated ent i re ly  by pulse 
charging with short pulse lengths and small values of 
the on to off t ime ratio, but under  those conditions the 
deposition or charging t ime would be lengthy. 

It has been observed previously (6) that the poten-  
t ia l - t ime variat ion gives an indication of the formation 
of dendrites. Similar ly  the presence of moss is shown 
by the potent ia l - t ime curve  in the act ivat ion control 
region (Fig. 1). The shape of this curve  var ied slightly 
in different experiments ,  possibly due to impurit ies in 
the electrolyte  (7), but once moss is formed there is 
a small, but significant, decrease in the overpotent ia l  
during the on time. This decrease in overpotent ia l  is 
presumably due to the decrease in the t rue  current  
density resul t ing from the increase in electrode surface 
area. The equi l ibr ium potential  of the mossy deposit 
was 7-10 mv more cathodic than that  of a zinc foil 
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(Fig. 1) in agreement  wi th  the work of Bek and 
Kudryav t sev  (8, 9). 

Charging wi th  pulsed current source at currents 
greater than the critical current densi ty . - -Prel iminary 
exper iments  wi th  pulsed cur ren t  charging at current  
densities greater  than the crit ical  current  density indi-  
cated that  adherent  deposits were  formed with  on and 
off t imes of the order of 10 msec, but that  dendrit ic 
deposits were  formed wi th  on and off t imes of the 
order  of seconds. Subsequent  work  showed that  four  
factors control the na ture  of the deposit using a pulsed 
current  source, constant electrolyte  composition, and 
constant temperature .  They are current  density, the 
quant i ty  of charge passed, the  on time, and the off 
time. This was confirmed by choosing a set of charging 
conditions and varying each in turn. For  comparison, 
Fig. 2 shows the deposit obtained with  direct current  
at 40 m a / c m  2. The current  efficiency for deposition in 
the exper iments  represented by Fig. 3 to 7 was never  
less than 85%, whereas  the corresponding value in 
those exper iments  where  dendrites were  formed was 
always very  low due to the large amount  of hydrogen 
evolution. 

The effect of the pulsed current  density is shown in 
Fig. 3 and 4. The deposit at 40 m a / c m  2 (Fig. 3) is 
smoother than that at 80 m a / c m  2 (Fig. 4). The more 
even deposits are obtained with the lower current  den-  
sities, providing these remain above the critical cur-  
rent  density. However ,  due to surface roughening dur-  
ing electrodeposit ion the t rue current  density may de- 
crease below the crit ical  value  causing the formation 
of nonadherent  mossy deposits. The surface roughness 
increases sl ightly as the quant i ty  of charge increases 
(Fig. 5 and 6) and when 200 coulombs/cm 2 of charge 
was passed, a small  amount  of moss formed at the 
bottom of the electrode. The effect of off t ime is shown 

Fig. 2. Photomicrograph of zinc deposit produced by direct 
current charging. Current density 40 ma/cm 2, quantity of charge 
passed 25.8 coulombs/cm 2. 

~20 
r 

~ o 

~ P o t e n h a l  DurLng ON Ttme 

- -Po ten t i a l  During OFF Tmle 

, ~o :0 o 

Fig. !. Plot of potential vs.  time for zinc deposition. Current 
density 10 ma/cm 2, on time 1 sec, off time 1 sec. 

Fig. 3. Photomicrograph of zinc deposit produced by pulsed 
current charging. Current density 40 ma/cm 2, time on 10 msec, 
time off 10 msec, quantity of charge passed 60 coulombs/cm ~, 
current efficiency for deposition 85%. 
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Fig. 4. Photomicrograph of zinc deposit produced by pulsed 
current charging. Current density 80 ma/cm 2, time on 10 msec, 
time off 10 msec, quantity of charge passed 60 coulombs/cm 2, 
current efficiency far deposition 85%. 

Fig. 5. Photomicrograph of zinc deposit produced by pulsed 
current charging. Current density 40 ma/cm 2, time on I0 msec, 
time off 8 msec, quantity of charge passed 200 coulombs/cm 2, 
current" efficiency for deposition 95%. 

Fig. 6. Photomicrograph of zinc deposit produced by pulsed 
current charging. Current density 40 ma/cm 2, time on 10 reset, 
time off 8 msec, quantity of charge passed 60 coulombs/cm 2, 
current efficiency for deposition 90%. 

in Fig. 3, 6, and 7. For a constant on time, the deposit 
is less dendri t ic  the longer  the off time. It is important  
to note tha t  the ratio of on to off t ime is not by itself 
decisive. Thus wi th  a constant current  density a more 
dendritic deposit was obtained with  the on and off 
t imes both 10 sec than with values of 10 msec. In all 
cases v iewing the deposit  cross-sections wi th  polarized 
light showed that  the direct ion of crystal l ization of the 
deposit is independent  of the substrate. 

At current  densities above the critical current  density 
the potent ia l - t ime curves were  similar to those ob- 
tained with  pulsing under  act ivation control (Fig. 1) 
but now the overvol tage  was approximate ly  50 mv 
showing the formation of adherent  deposits. 

Fig. 7. Photomicrograph of zinc deposit produced by pulsed 
current charging. Current density 40 ma/cm '~, time on I0 reset, 
time off 4 msec, quantity of charge passed 60 coulombs/cm 2, 
current efficiency for deposition 86%. 

The dependency of the nature  of the deposit on cur-  
rent  density, on time, and off t ime indicates that  ex-  
t remely  smooth deposits can be obtained with the cur-  
rent  density slightly greater  than the crit ical  value  for 
moss deposition, with a short on t ime (10 msec or less), 
and an on/off  t ime ratio as small  as possible. 

Charging with periodic reversal of current.--Deposi- 
tion with periodic reversal  of current  was performed 
with two ratios of the cathodic and anodic period; one 
of 3.3/2.55 sec, respectively,  and the other of 12/8.4 
sec, respectively.  At a constant current  density the de- 
posit was similar with the two charging modes. 

Only small  quanti t ies of charge were  passed when 
charging at current  densities less than the cri t ical  cur-  
rent  density (i.e., no greater  than 30 coulombs/cm'-') 
and no moss was formed on the electrode (Table I). At 
higher current  densities (greater  than the crit ical  cur-  
rent  density) larger  quanti t ies of charge were  passed. 
Again no moss was formed but the deposit was rough 
al though there  was lit t le dendrit ic growth. With this 
technique it was found possible to obtain a re la t ively  
even deposit wi th  the passage of 900 coulombs/cm u of 
charge at a current  density of 100 m a / c m  2. The poten- 
t ia l - t ime curves were  similar  to the previous cases 
(Fig. 1) only in this case giving a cathodic overpoten-  
tial of 100 mv and the current  efficiency for electro-  
deposition was again in the range of 85-95%. 

Discussion 
Dendrit ic  deposits are formed when the rate of the 

electrode reaction is controlled by the mass t ransport  
of the electroact ive species to the electrode surface, 
i.e., when the surface concentrat ion of the electro-  
act ive species is less than the bulk concentration. The 
beneficial effect of pulsed current  charging at current  
densities greater  than the crit ical  current  density is 
probably due to the modification of the ionic concen- 
t rat ion gradient dur ing the off period. The transport  
of ions to the electrode surface during the off period 
occurs by convection and by diffusion. In the present  
study the contr ibut ion of convect ive mass t ransport  far 
outweighed that  of diffusive flow due to the re la t ive ly  
large volume of electrolyte. 

Convect ive flow wil l  be l imited in a practical  cell 
due to the restr icted motion of the electrolyte by the 
separator. During bat tery charging, convection may 
arise from chance vibrat ions or from changes occur-  
r ing at the e lec t rode/e lec t ro ly te  interface, e.g., due to 
the difference in density be tween zincate saturated 
and zincate free KOH solution, due to hydrogen evolu-  
tion or due to the volume change during the reduction 
of zinc oxide to zinc. Differentiat ion be tween these 
st i rr ing modes is important  for the effect of the former  
within the ba t te ry  mat r ix  is probably negligible, 
whereas  st i rr ing at the electrode surface will  be more 
significant. 
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The less dendrit ic deposit obtained with pulse charg- 
ing at 80 ma /cm 2 and on and off t imes 10 msec (Fig. 
4) than  with direct cur rent  charging at half the charge 
rate (Fig. 2) is due to the el iminat ion of the electro- 
static force between the electrode and electroreducible 
anion dur ing  the off period. Thus ionic t ransport  by 
electrical migrat ion is expected in the electrolytes used 
in the present study dur ing  the current  on period be- 
cause the ratio of the concentrat ion of support ing elec- 
trolyte to the concentrat ion of zincate ions is very 
much less than  50, the value considered to be necessary 
to suppress migratory currents  (10). This decreases the 
rate of mass t ransport  during charge since the t rans-  
port of an anion to the cathode is involved. Hence 
dur ing the on period the mass t ransport  of zincate ion 
to the electrode is hindered and the interfacial  con- 
centrat ion of zincate ion is less than it would be when 
there is no potential  applied to the electrode, i.e., dur-  
ing the off period. 

Studies on the electrodeposition of copper (I1, 12) 
indicated that  the beneficial effect of periodic reversal 
of current  is the delay in th~ onset of concentrat ion 
polarization. It is probable that  this is also the expla-  
nat ion for the prevent ion of the formation of zinc 
dendri tes al though we have performed insufficient ex- 
periments  to confirm this hypothesis in detail. 

In  agreement  with the conclusion of Bek and 
Kudryavtsev  (8, 9) we believe that the el iminat ion of 
the mossy zinc deposit by selected modes of pulse 
charging and by periodic reversal  of current  is due to 
the dissolution of the active mossy deposit dur ing the 
open circuit or anodic period. This theory is supported 
by the observations that  the equi l ibr ium potential  of 
the mossy zinc deposit is 5-10 mv more cathodic than 
that  of the zinc foil (8) (Fig. 1) and that  small  quant i -  
ties of gas are evolved dur ing the current  off period. 
This indicates that the current  efficiency for zinc de- 
position should be less than 100%. However the ex- 
per imental  values of the current  efficiency were al-  
ways high (95-100%) and it was not possible to deter-  
mine  whether  this slight departure  of the current  
efficiency from the theoretical value is confirmation 
of the above theory or merely  a measure of the ex- 
per imental  precision. 

The numer ica l  values of the current  density and on 
and off times are not directly applicable to a cell con- 
sisting of a secondary zinc electrode for in that case, 
the large surface area of the porous zinc electrode and 
the restricted t ranspor t  of the zincate ions must  be 
considered. However this study does indicate the order 
of magni tude  of the parameters,  which it is necessary 
to control, in order to increase the cycle life of a sec- 
ondary zinc electrode by improving zinc deposit ad- 
herency. 
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Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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Current Distribution on a Plane Electrode 
below the Limiting Current 

W. R. Parrish and John Newman 
Inorganic Materials Research Division, Lawrence Radiation Laboratory, and 

Department of Chemical Engineering, University o] California, Berkeley, Cali]ornia 

ABSTRACT 

The current  dis t r ibut ion on a short, plane electrode in the wall  of a flow 
channel  is calculated at various fractions of the l imit ing current.  Near the 
l imit ing current,  the current  density exceeds the local l imit ing value near  
the downstream end of the electrode. 

An impor tant  geometry in electrochemical industr ies 
involves channel  flow between two plane, parallel  
electrodes as shown in Fig. 1. A complicated procedure 
for t reat ing this problem is outl ined in ref. (1). This 
is based on the concept (2) that  concentrat ion var ia-  
tions are restricted to th in  diffusion layers near  the 
electrodes, which allows separate t rea tment  of the 
diffusion layer and  the potential  dis t r ibut ion outside 
the diffusion layer. This concept has been applied to 
the rotat ing disk electrode (3, 4). However, it is diffi- 
cult to t reat  the channel  problem, and the present  
paper is restricted to the consideration of one elec- 

trode. If the distance between the electrodes is much 
greater than the length of the electrodes, each elec- 
trode behaves independent ly .  This assumption greatly 
simplifies the determinat ion of the current  and con- 
centrat ion distr ibutions on the electrodes. 

The following assumptions wil l  also be made: 

1. The electrode is embedded in an infinite, plane, 
insulat ing wall. 

2. Ful ly  developed, laminar  flow prevails, and the 
velocity can be approximated by a l inear  profile near  
the wall, wi thin  the diffusion layer. 
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Fig, 1. Plane electrodes in the walls of a flow channel 

3. Dilute-solut ion theory with constant  physical 
properties is applicable. 

4. The t ransport  equations used here apply to either 
the deposition of an ion of a single salt or the reaction 
of an ion in an excess of support ing electrolyte. The 
effect of ionic migrat ion for intermediate  cases is not 
considered. 

Mathemat ica l  Formulation of the Problem 
The mode of approach is described in ref. (1-3). The 

potential  in the electrolytic solution outside the dif- 
fusion layer satisfies Laplace's equation in two-di -  
mensional  form 

02~ ~2~ 
+ = 0 [1] 

0X 2 ~ y 2  

where r is the potent ial  measured by a reference elec- 
trode of the same type as the working electrode. The 
appropriate boundary  conditions are 

O r  at y = 0  for x < 0  and x > L  [2] 

O r 1 7 4  at y = 0  for 0 < x < L  [3] 

Equat ion [2] applies to the insula t ing surface bound-  
ing the electrode, and Eq. [3] relates the normal  po- 
tent ial  gradient  to the electrode current  density, where 
K, is the conductivi ty of the solution outside the dif- 
fusion layer. 

Wagner  (5) gives the solution of Eq. [1] subject  to 
conditions 2 and 3 

r = r  i ( x ' ) l n [ ( x - - x ' ) 2 + y 2 ] d x  ' [4] 
2~| 

where r is an integrat ion constant  reflecting the ar-  
b i t ra ry  zero of potential. The potent ial  q~o near  the 
electrode surface is then 

~o = r - -  ~ i ( x ' )  in  ( x - -  x ' )2dx  ' [5] 
2~| 

This should be regarded as the potential  of the solu- 
tion outside the diffusion layer extrapolated to the 
electrode surface as if the actual  cur ren t  dis t r ibut ion 
prevails but  there is no concentrat ion variat ion near  
the electrode. 

Another  integral  equation can be developed for the 
diffusion layer  (1). The l imit ing current  dis t r ibut ion 
for such a plane electrode is 1 

i ( x ) =  nFDc~ ( 9 ~ x )  1/3 
(1 - -  t )  r ( 4 / 3 )  [6] 

where b, a constant, is the slope of the velocity pro- 
file at the wall  (b = a vJOy  at y = 0). We assume 
here that  the concentrat ion variat ion is confined to 
a thin region near  the electrode surface. Thus the 
velocity profile wi th in  this diffusion layer is l inear  in 
y. This approximation is valid when  L < 0.02 < v >  
h2/D. Equat ion [6] applies when  the concentrat ion 
of the reactant  is zero at the electrode surface. Appl i -  
cation of Duhamel 's  theorem (9) to Eq. [6] gives a 
relationship between the current  density dis t r ibut ion 
and the surface concentration, for currents  below the 
l imit ing current .  

Thi s  e q u a t i o n  is  cor rec t  f o r  the  l i m i t i n g  cases  c o n s i d e r e d  here .  
Fo r  a b i n a r y  e lec t ro ly te ,  D is the  d i f fus ion  coeff ic ient  of the  salt .  
W i t h  excess  s u p p o r t i n g  e lec t ro ly te ,  t is  zero a nd  D is t he  d i f fus ion  
coeff icient  of the  r e a c t a n t  i o n  o r  molecu le .  The  i n d i s c r i m i n a t e  use  
of t h i s  e q u a t i o n  to desc r ibe  t he  effect  of  m i g r a t i o n  in  i n t e r m e d i a t e  
cases is  s u b j e c t  to c r i t i c i s m  (1, 10, 11). 
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Fig. 2. Current dis~*ribution on a rotating disk for Tafel kinetics 
(io ~ iavg). The parameters N and J are the dimensionless lim- 
iting and exchange current densities, respectively, as defined in 
ref. (3). 

nFD 
i ( x )  =-- 

(1 - -  t) r (4/3) 

b ~ l / a [ = d c o ( X ' )  dx '  
- ~ - /  ~o dx'  ( x - -  x ' )  1/~ [7] 

In  many  cases the electrode kinetics allow the cur-  
rent  density and the surface overpotential  ~ls to be re-  
lated by an exponent ia l  expression 

i ( x )  = io \ - ~  

~ aZF _ e x p { _ f l Z F  ~ l s} ]  [8] 

where = and ~ are characteristic parameters  of the 
electrode reaction, and io is the exchange current  
density at the bulk  concentration. The exchange cur-  
rent  density at the electrode is taken to be propor-  
t ional to the surface concentration, Co, raised to the 
power ~. The surface overpotential  is related to the 
electrode potential  V by 

~s = V - -  r - -  ~c [9] 

where ~lc is the concentrat ion overpotential  and is 
taken to be (2) 

~lc = --  ( R T / Z F )  [In (CJCo) --  t (1 --Co/C~) ] [10] 

where 

Z = - - z + z - / ( z +  --  z - )  for a single salt 

Z = - -  n with support ing electrolyte [11] 

If there is an excess of support ing electrolyte, the 
t ransference number  t will  be zero. 

Instead of the integral  Eq. [7], it might  have been 
possible to t reat  the diffusion layer with some sort 
of power series in x, similar to the method used for 
the rotat ing disk (3). However, even with the disk, a 
power series introduces numerica l  difficulties which 
can be avoided with an integral  equation (4). This is 
demonstrated in Fig. 2, recalculated for the rotat ing 
disk with an integral  equation similar to Eq. [7]. 
Comparison with Fig. 7 of ref. (3) shows that  the 
curves are near ly  the same with one important  ex- 
ception. The cur ren t  density can rise above the l imit-  
ing current  near  the edge of the disk and then  go 
through a ma x i mum as the l imited supply of reactant  
becomes decisive. However, it cannot  rise again near  
the edge of the disk as shown in the earlier work. 
Thus, from a practical point of view, the integral  equa-  
tion is superior to a power series and will  be used in 
the present work. 
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Numerical Calculations 
To determine the current  and concentrat ion distri-  

butions along the electrode, Eq. [5] and [7] must  be 
solved along with Eq. [8], [9], and [10]. The integral  
in Eq. [5] was evaluated by Simpson's method. The 
s ingular i ty  at x" = x was removed by adding and sub-  
t ract ing i ( x )  as suggested by Kantorovich and K r y -  
lov (6). For a given dis tr ibut ion of total overpotential  
qc + ~le, the integral  Eq. [7] was solved in conjunct ion 
with Eq. [8] and [10] by the method of Acrivos and 
Chambr~ (7). It might be noted that  Eq. [7] is a 
special form of a more general  equation which can be 
applied to other flow geometries, for example, the ro- 
tat ing disk electrode. 

The number  of intervals  required to obtain accurate 
results varied between 50 and 140, depending on the 
uni formi ty  of the current  distribution. The answers 
were checked by increasing the n u m b e r  of intervals  
and were considered to be satisfactory if they did not 
vary  by more than  1% with an increase of 20 intervals.  

The following i terat ion procedure was used: 

1. The current  densi ty was specified at x = 0. Since 
Co = c= at x = 0, this also specifies the total over-  
potential  at x = O. As a first guess, this total over-  
potential  was assumed to apply over the entire elec- 
trode. 

2. For a given dis tr ibut ion of total overpotential,  the 
current  densi ty and surface concentrat ion were de- 
termined from Eq. [7], [8], and [10]. 

3. From the current  distribution, new values of the 
total overpotential  were calculated from Eq. [5] and 
[9]. If the new and old values of the total overpoten-  
tial differed by more than 0.01%, these values were 
averaged (usually with unequal  weights on the two 
values) and put  back into step 2. 

This procedure appears to work well over almost the 
ent i re  range between the secondary and l imit ing cur-  
rent  distributions. Convergence was always achieved 
in less than 35 iterations for the cases considered. 

Results 
The n u m b e r  of parameters  required to describe a 

given si tuation can be minimized by defining three 
dimensionless quantit ies:  

ZFL 
J = ~ io [12] 

R T  K| 

N n Z F 2 D c |  '/3 [13] 

( 1  - -  t ) R T  K| "-D-/ 

ZFL 
b = }i.vg} [14] 

R T  ~| 

These are analogous to those defined for the rotat ing 
disk problem (3). J, N, and 8 can be regarded as di-  
mensionless exchange, average limiting, and average 
current  densities. The l imit ing current  corresponds to 
8 ---- 0.807N. The total n u m b e r  of parameters  required 
to define the problem will  now be seven, J, N, and 8, 
the t ransference number ,  t, and a, 8, and "v character-  
istic of the electrode reaction. 

The two extreme cases are the p r imary  and l imit-  
ing current  distributions, shown in Fig. 3. The pr i -  
mary  current  occurs when  the electrode is reversible 
and there are no concentrat ion effects (N = ov and 
J = co). Wagner  (5) gives the p r imary  current  distr i-  
but ion as 

i/ia,.,r = (1/~) [ x / L - -  (x/L)2] -1/2 [15] 

When the current  is l imited solely by the rate of mass 
t ransfer  through the diffusion layer, the l imit ing cur-  
rent  distribution, obtained from Eq. [6], is 

i/iavg = (2/3) ( x / L ) - l l 3  [16] 

The secondary current  will  result  when  there is a 
surface overpotential  but  no mass t ransfer  effects. 

CURRENT DISTRIBUTION ON PLANE ELECTRODE 

2.5 

171 

>~ 1.0 o 

2. 0 

1 . 5 ' ~  

~' 
0 . 5  P r i m a r y  c u r r e n t  

0 I I t I 
0 0.2 0.4 0.6 0.8 1.0 

x/L 
Fig. 3. Primary and limiting current distributions on a plane 

electrode. 

For sufficiently small currents  (b < <  J) ,  the polar-  
ization law 8 can be l inearized to 

i = (a + ~) ( Z F / R T )  ions [17] 

Wagner  (5) calculated secondary current  distr ibutions 
as a function of the coefficient in Eq. [17]. A l inear 
approximation can also be made if the current  distri-  
but ion is fair ly uniform, say 5 < 0.5, even if J is small. 

If, on the other hand, the average current  is much 
greater than the exchange current  (8 > >  J) ,  Tafel 
polarization wil l  apply 

n~ -~ -- ( R T / Z F ~ )  [in lit --  In io] [18] 

(For anodic currents,  the te rm in = would be re-  
tained.) Gnusin,  Poddubnyi ,  Rudenko, and Fomin  (8) 
determined the secondary current  dis t r ibut ion as a 
function of the average current .  

Before considering the case where mass t ransfer  
effects are important ,  we compared our calculated sec- 
ondary distr ibutions with those in these two papers. 
Comparison for the rotat ing disk (3) served as a 
check on the mass t ransfer  calculations. 

Because mass t ransfer  effects occur at higher cur- 
rent  densities, we used a Tafel polarization law in 
subsequent  work considering concentrat ion variations. 
Figure 4 shows the current  dis t r ibut ion for N = 100 
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Fig. 4. Current distribution for Tafel polarization at various 
fractions of the average limiting current. 
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and average current  densities at various fractions of 
the average l imit ing current .  At  low currents,  the 
dis t r ibut ion is close to the secondary distr ibution,  and 
mass t ransfer  becomes impor tant  only at higher cur-  
rents. At greater than  about 75% of the l imit ing cur-  
rent, the current  cannot cont inue to increase near  the 
end of the electrode because of mass t ransfer  l imi- 
tations. 

Concentrat ion profiles are shown in Fig. 5 for 
various values of N. For the case of N = 100 at 75 
and 95% of the l imit ing current,  there is a slight in-  
crease of reactant  concentrat ion near  the front of the 
electrode ( x / L  ~ 0.1), resul t ing from the rapid drop 
in cur ren t  densi ty near  the front  of the electrode. The 
concentrat ion then has a chance to increase a little 
before the current  densi ty begins to increase. 

In  Fig. 6 the ratio of the m a x i m u m  to min imu m cur-  
rent  density has been plotted against  the fraction of 
the l imit ing current,  giving an indication of the un i -  
formity of the current  distribution. At a given frac- 
t ion of the l imit ing current,  the current  distr ibution 
becomes less uni form with increasing N. In  all cases 
the effect of mass t ransfer  resistance is to make the 
cur ren t  dis t r ibut ion more un i form near  the back end 
of the electrode. 

Conclusions 
Current  distr ibutions on a plane electrode in the 

wall  of a flow channel  are calculated while taking 
into account concentrat ion variat ions near  the elec- 
trode, electrode kinetics, and the ohmic potential  drop 
in the bu lk  of the solution. The procedure is similar 
to that  for a rotat ing disk, leading to the conclusion 
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Fig. 6. Rati~ of  maximum to minimum current for Tafe l  polariza-  
tion vs .  the fraction of the average | imit ing current. 

that  the diffusion layer can be treated by a general  
method for hydrodynamic situations where the veloc- 
i ty derivat ive at the electrode surface is known. Thus, 
for geometric ar rangements  where  the diffusion layer 
can be treated and where it is also possible to treat  
the potential  dis t r ibut ion outside the diffusion layer, 
current  density calculations can be carried out in the 
m a n n e r  i l lustrated for the plane and the disk. 
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Nomenclature 
b = 6 < v ~ / h ,  velocity derivat ive at the wall  of 

the channel,  sec-1 
Co concentrat ion at electrode surface, mole /cm 3 
c~ bulk  concentrat ion of reactant, mole /cm 3 
D diffusion coefficient of reactant  or of b inary  

electrolyte, cm2/sec 
F Faraday 's  constant, 96,487 coul /equiv 
h height of channel,  cm 
i normal  current  density at electrode surface, 

amp/cm 2 
io exchange current  density, amp/cm 2 
iavg average current  density, amp/cm 2 
il im average l imit ing current  density, amp/cm 2 
J dimensionless exchange current  density (see 

Eq. [12] ) 
L length of electrode, cm 
n number  of electrons produced when one re-  

actant ion or molecule reacts 
N dimensionless l imit ing current  (see Eq. [13] ) 
R universal  gas constant, jou le /mole-deg  
t t ransference number  of reactant  
T absolute temperature,  ~ 
< v >  average velocity, cm/sec 
V potential  of electrode, volt  
x distance along electrode, cm 
y normal  distance from electrode, cm 
z~ charge number  of species i 
Z see Eq. [11] 
a, fl, -/ parameters  in kinetic expression (see Eq. [8] ) 
r (4/3) = 0.89298, the gamma funct ion of 4/3 
5 dimensionless average current  density (see 

Eq. [14] ) 
~c concentrat ion overpotential,  volt 
ns surface overpotential,  volt 
~ conductivi ty of bulk  solution, o h m - 1 - c m - 1  

potential  in bu lk  solution, volt 
�9 o potential  in bu lk  solution extrapolated to elec- 

trode surface, volt 
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Mechanism of Inhibiting Stress Corrosion Cracking of 
18-8 Stainless Steel in MgCI2 by Acetates and Nitrates 

H. H. Uhlig* and E. W. Cook, Jr. 
Department oS Metalturgy and Materials Science, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

Modest additions of sodium acetate, nitrate,  iodide, or benzoate to MgC12 
test solution boiling at 130~ are found to increase resistance to or inhibit  
stress corrosion cracking of 18-8 stainless steel. The critical applied potent ial  
in MgC12 solution (--0.145v) above which, but not below, cracking occurs is 
shifted in the noble direction by extraneous salt additions. When the shift 
exceeds the corrosion potential  for 18-8 in the same solution, cracking is ap- 
parent ly  inhibited. On the other hand, salt additions, e.g., FeC13, which shift 
the corrosion potential  in the noble direction may induce or accelerate stress 
corrosion cracking. 

The crit ical  potent ial  is in terpre ted  as that  value  above which but not below 
C1- ions adsorb on imperfect ion sites of plastically deforming meta l  in 
amount  adequate  to cause fai lure (stress sorption cracking) .  The present 
data do not support  an electrochemical  mechanism of stress corrosion crack-  
ing based on anodic dissolution of metal  ions at the tip of a crack, nor the 
mechanism dependent  on continuous cracking of a surface oxide film. 

The phenomenon of fai lure of ductile metals  by 
cracking when  stressed in tension and exposed to spe- 
cific anions is still not wel l  understood. Several  theories 
have been proposed since the t ime stress corrosion 
cracking (scc) was first observed, the most impor tant  
of which are: (i) electrochemical,  based on dissolution 
of meta l  ions at the base of a notch or crack acting as 
anode in contact with metal  e lsewhere  acting as cath-  
ode; (ii) progressive cracking of a bri t t le  surface 
oxide film; (iii) reduct ion of surface energy or weak-  
ening of metal  bonds by adsorption of specific anions 
at the root of a notch or crack. There is supporting 
evidence for each theory, but no general  consensus as 
yet that  any one of them can adequately  account for 
the general  phenomena of scc (1). 

The mechanism by which extraneous salts, when 
added to damaging solutions, act as inhibitors of scc, 
and in some instances as accelerators,  challenges each 
of the cur rent ly  discussed theories and provides the 
basis for the present paper. The work  reported at pres- 
ent began with our observat ion that  a few per cent 
of a salt, e.g., sodium acetate or sodium iodide, added 
to the usual boiling concentrated MgC12 test solution 
for 18-8 stainless steel effectively inhibited scc. This 
fact excited curiosity as to how such additions could 
in principle affect any supposed electrochemical  proc- 
ess occurring within the growing crack, par t icular ly  
when the added salt had no readi ly  discernible major  
effect on cathodic or anodic polarization behavior,  and 
cer ta inly had lit t le effect on the conduct ivi ty  of an 
already good conducting solution [K ~ 0.27 ohm -1 
cm -1 at 146~ (2)].  The cracking of an oxide film, if 
one construes the passive film to be an oxide, did not 
seem to be involved in view of the fact that  polariza-  
tion measurements  of stainless steels in MgC1._, solution 
indicated absence of passivity (2, 3). Visible patches 
of surface oxide, if  any, that  may  form during tests in 
MgCI., are equal ly  evident  on specimens which do not 
crack as well  as on those which do. And the effect of 
applied potential  to ei ther  init iate or to prevent  crack-  
ing is found whe ther  or not an inhibi t ing anion is 
present. 

The inhibit ing effect of various salts, including NaC1 
(4), Na.~CO3 (5, 6), Na2HPO4 (6), and others, on the 
stress corrosion cracking of mild steel in boiling ni t ra te  
solutions has been reported previously by several  in- 
vestigators. Nitrates have been repor ted  to act as in-  
hibitors for scc of mild steel in hot NaOH solutions 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

(7). Such additions were  used over  many years as a 
practical  measure to avoid damage of locomotive boil- 
ers containing alkaline boiler waters. Additions of 
sulfates, fluorides, or ni trates to halide salt test so- 
lutions were  reported to inhibit  scc of a t i tanium 
alloy (8% A1, 1% Mo, 1% V) stressed at room tem-  
pera ture  (8). Edeleanu (9) reported that  1% NaNO:~ 
added to boiling 20% NaC1 solution had an accelerat ing 
effect on scc of 18-8 stainless steel. However ,  the func- 
tion of nitrates to protect against ra ther  than to st im- 
ulate scc of austenitic stainless steels in boiling MgCl., 
was reported by Rideout and Mit t leberg (10) and more 
recent ly  by Couper (11). We confirmed the inhibit ing 
effect of nitrates in MgC12 test solution and showed 
that several  other  salts are s imilar ly effective. 

Experimental 
Specimens 1-3/4 x 3/16 x 0.04 in. (4.5 x 0.5 x 0.1 cm) 

were  sheared f rom commercia l  type 304 stainless steel 
sheet, or iginal ly  1/16th in. thick as received and sub- 
sequent ly  cold rol led to 0.04 in. (36% reduction of 
thickness) .  Longest  dimension was in the rol l ing di- 
rection. Some specimens were  tested as such; others 
called "annealed"  were  heated in argon at 1050~ and 
water  quenched. All  specimens were  abraded to No. 0 
emery  paper, degreased in benzene, pickled ini t ial ly 
in 25 v /o  (volume per  cent) H2SO4, 25 v /o  HC1 at 
90~ if a tenacious oxide covered the surface, and 
pickled finally in any event  in 15 v / o  HNO~, 5 v / o  HF 
at 90~ for 5 min. Specimens were  immedia te ly  bent 
beyond the elastic l imit  into the shape of a C using a 
special vise, then t ransferred to the test apparatus by 
means of a meta l  holder adjust ing the final span to 
1-7/16th in. (3.7 cm),  careful ly  avoiding springback. 
A compressed spring was used to maintain  essentially 
constant flow stress of the porcelain insulated speci- 
men  dur ing the test, and an electric clock recorded 
t ime to failure. For  polarization measurements ,  or 
when a controlled potent ial  was applied throughout  
the test, usually a type 304 stainless steel wire, 0.025- 
in. diameter ,  was spot welded to one end of the speci- 
men. The wire  was encased in sections of capil lary 
glass tubing in order  to reduce impressed current  
reaching the wire. Other  details of the test apparatus, 
constructed largely  of commercial  zirconium, have 
been described previously  (12, 13). 

For  polarization or control led potent ial  measure-  
ments, the Heathki t  or Wenking potentiostats were  
used. The glass cell for such measurements  holding 
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about 200 ml of test solution was designed with two 
side arms opposite one another,  holding auxi l iary  elec- 
trodes of platinized t i tanium, and a center  arm into 
which a saturated calomel electrode at room tempera-  
ture was placed. Glass fri t  disks separated MgCl.z solu- 
t ion of the arms from the boiling solution in the test 
cell. Measurements of potential  made beforehand 
showed that IR drop in the MgC12 solution at the pre-  
vai l ing applied current  in the region of the critical 
potential  was so low (approximately 10 ~a/cm 2) that  
the position of the calomel electrode with respect to 
the stainless steel specimen made no appreciable dif- 
ference and hence no correction of potential  was 
needed. Because of accumulat ing electrode reaction 
products, polarization runs  were usual ly  not extended 
beyond 50 hr. 

The test solution containing 33g anhydrous  MgC12 
per 100 ml saturated solution boiled at 130~ a tem- 
perature which was main ta ined  dur ing the test. This 
solution, which is less concentrated than the usual  
MgC12 test solution boiling at 154~ was chosen in 
order to allow greater solubil i ty of salts added as in-  
hibitors. Because of variable cracking times character-  
istic of different batches of MgC12, originating in  large 
part  from variable pH, the reagent  salt used for all the 
tests was a mix ture  of several 25-pound shipments. 
Per  cent salt additions were calculated on the weight of 
the MgC12 solution. When the added salt in  the st ipu- 
lated amount  was found to alter the pH of the MgC12 
solution saturated at room temperature  (measured 
with a glass electrode),  the pH was adjusted to the 
original value (5.2) by adding NaOH or HC1. The boil- 
ing point, which was found to be changed by about 
1 ~ or less by the salt additions, was always adjusted 
to 130~ by adding a small  amount  of water. 

R e s u l t s  
Almost any salt added to the MgC12 test solution, if 

sufficiently soluble, was found to act as an inhibi tor  of 
scc, with some salts being more effective than others. 
The requi rement  of a salt suited to the present study, 
other than solubility, included lack of obvious reaction 
with MgC12 or with the test specimen. Inhibi t ion was 
observed in  similar  degree whether  cold rolled or an-  
nealed stainless steel was used. 

The effects of NaNO3, NaI, and sodium benzoate ad- 
ditions on t ime to fai lure of annealed 18-8 stainless 
steel are shown in  Fig. 1, 2, and 3. The effect of sodium 
acetate on failure t imes of cold rolled or annealed 
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Fig. 2. Effect of sodium iodide additions on scc of annealed 
18-8 stainless steel in MgCI2 boiling at 130~ 
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18-8 stainless steel in MgCI2 boiling at 130~ (Solution is satur- 
ated aboYe 0 .05%.)  

stainless steel is shown in Fig. 4. A small amount  of 
added sodium benzoate was found to be an effective 
inhibitor,  but  ma:~imum inhibi t ion was l imited by the 
small  solubil i ty of the salt in the boiling MgC12 solu- 
tion, hence t ime to fai lure was essentially constant  
above 0.05%. In Fig. 1, 2, and 4, each point  is usual ly  
the average t ime to fai lure of 2 to 3 specimens. In Fig. 
3, each point represents one specimen. A few addi-  
t ional  runs  in which EDTA was added up to 1.5% 
showed some degree of inhibit ion,  but  the general  
dissolution rate of the specimen was so high that  fail-  
ure t imes were not considered reliable. 

Consecutive runs  using the same test solution demon-  
strated that  the inhib i t ing  salts do not funct ion by 
gradual ly  react ing with and depleting the test solu- 
tion. The cracking time, for example, of a second 
specimen placed in a test solution used for a previous 
test containing either 1% sodium acetate, or 2% sodium 
nitrate,  or 3 % sodium iodide was ~he same as the first 
specimen within the usual  exper imenta l  scatter (14). 

Tests under  controlled applied potential  were car-  
ried out in MgC12 solution both with or without  addi-  
tions of sodium acetate or sodium ni t ra te  at two con- 
centrat ions (Fig. 5, 6, 7). The lower concentrat ion in 
each case did not inhibi t  against cracking in the ab-  
sence of an applied potential,  whereas the higher con- 
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centrat ion prolonged resistance to failure for at least 
50 hr. A definite critical potential  was established for 
each test solution above which cracking occurred in 
times that  decreased with increase of potential  (noble 
direction) and below which cracking did not occur 
wi thin  the max imum test period. The critical potential  
was sharply defined, usual ly  to wi thin  a few millivolts. 
The value present ly obtained for cold rolled 18-8 in 
MgCI~ boiling at 130~ is --0.145 __+ 0.0015v (std. H2 
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Fig. 7. Effect of applied potential on time to failure of cold- 
rolled 18-8 stainless steel in MgCI2 solution with sodium nitrate 
additions boiling at 130~ (5% NaNO3 addition is inhibiting.) 

~ Corros. Pot. Corros. Pot. 
2%NoNO 3 5%NoNO 3 

c-,- 
o-- 

scale). This value was checked subsequent ly  by H. Lee 
of this Laboratory. Values reported previously by other 
investigators fall wi th in  the same approximate range, 
al though they are not strictly comparable because of 
differing test conditions. Barnar t t  and van Rooyen (2) 
reported --0.16v for annealed  18-8 in MgC12 boiling at 
146~ Brenner t  (15) reported about --0.16v for an-  
nealed or cold worked 18-8 in 40% CaC12 at 100~ 
--0.14v for cold worked 18-8 in 24% CaC12 at 100~ 
and --0.18v in 60% CaC12 at 100~ Smialowski and 
Rychik (3) reported a value of about --0.15v for an-  
nealed 18-8 type 302 stainless steel in MgC12 boiling 
at 125~ 

Data presented in Fig. 6 and 7 show that  both ni -  
trates and acetates shift the critical potential  in the 
noble direction. A summary  of critical and corrosion 
potentials is given in Table I. 

D i s c u s s i o n  

Of considerable importance were observations that 
the corrosion potential  as recorded after several hours 
was typically more noble than the critical potent ial  for 
those solutions in which cracking was produced in ab- 
sence of polarization, but  that the reverse si tuation 
applied, namely  the corrosion potential  was more ac- 
tive than  the critical potential  in solutions in which 
cracking was not produced. However, in the lat ter  
solutions, cracking could nevertheless be induced by 
anodically polarizing the specimens to any  value above 
the critical potential. The added salts, in other words, 
become effective inhibitors through their  abil i ty to 
shift the critical potential  to a value more noble than  
the corrosion potential. The added salts may have the 
supplementary  effect of shifting the corrosion potential  
in either the active direction (as for sodium acetate) 
or in the noble direction (as for NaNOD. But if crack- 
ing is to be avoided in the absence of polarization, the 
corrosion potential  must  apparent ly  lie at a value that 
is consistently active to the critical potential. Whether  
cracking occurs or not beyond the present max imum 
test period presumably  depends on whether  the corro- 
sion potential  eventual ly  drifts to a value more noble 
than the critical value. It also follows that any oxidiz- 
ing salt which shifts the corrosion potential  to more 
noble values should in general  accelerate scc. This is 

Table I. Critical and steady-state corrosion potentials 
(std. H2 scale)of cold-rolled 18-8 stainless steel 

in MgCI2 boiling at 130~ 

C r i t i c a l  C o r r o s i o n  
p o t e n t i a l  p o t e n t i a l  

M g C I ~  - 0 . 1 4 5 v  - 0 . 1 1 v  
+ 0 . 1 %  S o d i u m  a c e t a t e  - 0 . 1 3 2  - 0 . 1 2  
+ 2 %  S o d i u m  a c e t a t e  - - 0 . 1 1 6  - - 0 . 1 2  
+ 2 %  N a N O s  - - 0 . 0 9 0  - - 0 , 0 6  
+ 5 %  N a N O 3  0 . 0 7 0  - - 0 . 0 8  



176 J. Electrochem. Soe.: E L E C T R O C H E M I C A L  S C I E N C E  February 1969 

found to be the case, as for example with FeC13 ad- 
ditions to the MgC12 test solution as reported by 
Edeleanu (9). 

In  carrying out the described tests, it was observed 
that  reproducibil i ty of fai lure times was much im-  
proved under  conditions of controlled potential  com- 
pared to conditions of simple immersion. This observa- 
t ion sets aside previous arguments  that  tests on stress 
corrosion cracking lack characteristic reproducibil i ty 
because of minute  irregularit ies in the specimen sur-  
face acting as notches or stress raisers, or because of 
unknown  residual surface stresses varying  from speci- 
men to specimen. Variations of either surface cr stress 
are apparent ly  less important  in carefully prepared 
specimens than  are variat ions in the corrosion poten- 
tial. The lat ter  usual ly  drifts with t ime in the noble 
direction probably because of surface alloy composition 
changes or because of changes in activity of dissolved 
metal  ions, or because of slowly adsorbing C1- ions. 

The dependence of scc on the relat ion of the corro- 
sion potential  to the critical potential  has significant 
implications with regard to the electrochemical mech- 
anism of cracking based on supposed anodic dissolution 
of alloy at the tip of an advancing crack, in contact 
with cathodic areas along the walls of the crack or at 
the outer surface of the specimen. Were this mechanism 
to apply, cathodic protection against scc could be ex- 
pected only if the specimen were polarized to a poten-  
tial equal to or more active than the open-circuit  anode 
potential  represent ing conditions at the tip of the crack. 
The critical potential  is obviously not such an open- 
circuit anode potential  because the corrosion potential  
in presence of acetates or nitrates of sufficient concen- 
t rat ion to inhibi t  scc is more active than the critical 
potential. This order of potentials is impossible for any 
conceivable operating galvanic cell. Hence the critical 
potential  must  have another  interpretat ion.  

The cathode reaction, on the other hand, fits the 
electrochemical model. In  view of the fact that crack-  
ing occurs in  boiling MgC12 solution in  absence of O~ 
(12), the cathode reaction must  involve hydrogen evo- 
lution. The pH of MgC12 boiling at 130~ is 1.17 as 
present ly  measured with a platinized p la t inum elec- 
trode over which purified hydrogen was bubbled. 
Hence the cathode open-circuit potential  for 18-8 s ta in-  
less steel in the MgC12 test solution is (--2.3 RT/F)  
pH or --0.094v. For the corresponding galvanic cell, 
the corrosion potential  must  always be more active 
than this value, which in general  is observed for 
MgC12 and for MgC12 with sodium acetate additions. 
For NaNO3 additions, the cathode reaction is expected 
to involve NO~- reduction; hence the corrosion poten- 
t ial  in this case is unders tandably  more noble than 
--0.094v (Table I) .  

Since the critical potential  is not the open-circuit  
anode potential,  it is suggested that it must  correspond 
instead to the potential  at which adsorption of C1- 
occurs at metal  surface imperfections at the t ip of the 
advancing crack. Only at potentials more noble than 
the critical value are C1- ions adequately adsorbed; 
at values more active than  the crit ical potential  C1- 
ions are desorbed. When the prevai l ing potential  favors 
C1- adsorption, it is supposed that  the weakening of 
metall ic bonds or the corresponding reduction of sur-  
face energy allows a crack to grow (stress sorption 
cracking) (16); otherwise in absence of C1- adsorp- 
tion, cracks do not either ini t iate  or grow. When 
extraneous anions are present  which do not of them- 
selves cause cracking when adsorbed on the metal  
surface, competit ion between the ions for available 
sites requires that the potential  be made more noble 
in order to achieve the required C1- concentrat ion 
wi thin  the double layer  essential for adsorption and 
cracking. Hence, whenever  the competing anion shifts 
the critical potential  to a value more noble than  the 
corrosion potential,  adequate adsorption of C I -  is not 
possible and the anion acts as an inhibitor.  

A paral lel  si tuation is found in the critical potential  
necessary to init iate pi t t ing corrosion in the stainless 
steels and several other passive metals exposed to 
chloride solutions. Cathodic protection against pi t t ing 
consists of polarizing the stainless steel to any value 
below its critical potential  for pit t ing; it is not neces- 
sary to polarize to the open-circui t  anode potential 
which is considerably more active. Additions of ex- 
t raneous anions, e.g., SO4 =, NO~-, C104-, or O H -  
consistently shift the critical potential  in the noble 
direction, presumably by competit ively adsorbing with 
C1- for sites on the alloy surface (17). If the shifted 
critical potential  exceeds the corrosion potential  or 
the open-circui t  cathode potential,  the added salt acts 
as an effective inhibitor.  Here stress is not necessary 
and adsorption can occur at random on the alloy sur-  
face. Rosenfeld and Maximtschuk (18) using radio- 
active CI -  showed that  C1- adsorbs on metallic chro- 
mium to an increasing extent  the more noble the 
applied potential  (increased anodic polarization).  Ex-  
t raneous anions, e.g., SO4 = or O H - ,  in sufficient con- 
centrat ion prevented adsorption of C1- even on anod-  
ically polarized chromium. Similar  conditions probably 
apply, al though at different potentials, to adsorption 
of C l -  on a stainless steel surface either at room 
tempera ture  leading to pi t t ing or at 13O~ leading to 
stress corrosion cracking. 

One dist inguishing feature of conditions affecting 
pi t t ing compared to those affecting scc is that  stainless 
steels are passive in aerated chloride solutions in which 
pi t t ing may occur, but  they show no evidence of pas- 
sivity when exposed to the MgC12 test solution. Previ -  
ously reported potentiostatic anodic polarization curves 
for 18-8 stainless steel in MgC12 test solution boiling at 
146~ (2) or at 125~ (3) show absence of a passive 
current  density. The 18-8 alloy is also not passive in 
MgC12 boiling at 130~ to which sodium acetate is 
added as shown by polarization curves of Fig. 8. A 
passive cur ren t  density is not observed even at rela-  
t ively noble potentials. 

The present  measurements ,  therefore, do not support  
either an electrochemical mechanism of stress corro- 
sion cracking depending on anodic dissolution of metal  
ions at the tip of a growing crack or the mechanism 
depending on continuous cracking of an oxide or pas- 
sive film. Instead they support a mechanism based on 
potent ia l -dependent  adsorption of C1- ions presumably  
on imperfection sites generated at the surface of the 
plastically yielding metal. It is predicted that  critical 
potentials for scc of other metals, e.g., carbon steels 
and Ti alloys, will  also be found to lack ident i ty  with 
open-circui t  anode potentials and that  the critical 
potentials will be similarly shifted in the noble direc- 
t ion by extraneous anions which act as inhibitors. 
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An Electrochemical Mass Transport-Kinetic Model 
for Stress Corrosion Cracking of Titanium 

T. R. Beck* 
Boeing Scientific Research Laboratories, Seattle, Washington 

and E. A. Grens, I1" 

Department of Chemical Engineering, University of California, Berkeley, California 

ABSTRACT 

The purpose of this work has been to develop a quant i ta t ive  model for the 
electrochemical kinetic and mass t ransport  processes in a propagating stress 
corrosion crack and to use the model to gain insight into manne r  in which 
these processes influence propagation. Analysis of the problem led to a sys- 
tem of s imultaneous differential equations which with their  appropriate 
boundary  conditions were solved by computer  implemented numer ica l  meth-  
ods. Comparison of computed behavior with exper imental  stress corrosion 
cracking data for a t i t an ium alloy has guided the development  of the model 
and the specification of critical stress corrosion cracking experiments.  Such 
comparisons indicate that there is a halide ion current  to the crack tip with 
some hydrogen ion discharge in the region downstream from the tip. A sig- 
nificant fraction of the current  enter ing a crack appears to be involved in 
formation of soluble t i tan ium ions in parallel  with oxide formation on the 
walls. 

Stress corrosion cracking (SCC) of Ti tanium: 8%Al- 
l % M o - l % V  (Ti:8-1-1)  alloy under  potentiostatic con- 
ditions in halide salt solutions has previously been 
described (1). The main  features observed were that  
chloride, bromide, and iodide ions appeared to be the 
unique SCC agents in aqueous solutions and that  SCC 
velocity and anodic current  enter ing the crack were 
approximately  l inear ly  related to applied potential. 

Kinetic data for oxidation of newly generated 
Ti: 8-1-1 surfaces and hydrogen ion reduction thereon 
have also been presented (2) and order of magni tude  
values of the exchange current  densities for these re-  
actions determined. Some qual i ta t ive ideas about the 
electrochemical mechanisms in a propagating crack 
based on the kinetic data were also described (2). 
However, the influence of mass t ransport  phenomena 
within  the propagating crack in establishing the 
relationship between potential  and propagation veloc- 
ity has not been seriously examined. The only prior 
analysis found of potential  drop in a stress corrosion 
crack was that  of Hines (3). His analysis is not ap- 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  

plicable to t i t an ium and in many  other situations, 
because his assumption regarding uniform wall  reac- 
tions and absence of any t ranspor t  restrictions aside 
from those on current  are not consistent with the 
kinetic data (2). 

In the present work an at tempt has been made to 
study more rigorous models for a propagating crack, 
which account for t ransport  of species involved in re-  
actions at the t ip and along the crack walls as well as 
for the kinetics of the wall  reactions. Exper imental  
work continued concurrent ly  with development of the 
model has provided data for comparison with the 
model and has guided its development.  Some of this 
exper imental  work has been reported elsewhere (4), 
and the salient points are summarized herein. 

The model has been derived to be consistent with 
the exper imental  findings on crack propagation be- 
havior summarized in Table I and the basic principles 
of mass t ranspor t  in electrolytes. The reason for the 
selectivity to CI- ,  B r - ,  and I - ,  ions appears to be out-  
side of the scope of the present work, but  the model 
as now formulated appears to be at least in qual i tat ive 
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Table I. Experimental stress corrosion cracking data far 
Ti:8-1-1 alloy to which the model must comply (1, 4) 

1. SCC occurs  on ly  in  the  p resence  of Cl-,  Br- ,  a nd  I -  ions in 
aqueous  so lu t ion .  

2. SCC v e l o c i t y  is a p p r o x i m a t e l y  l i n e a r l y  r e l a t ed  to p o t e n t i a l  ove r  
a r a n g e  of a b o u t  2v  w i t h  ze ro -ve loc i t y  i n t e r c e p t  a t  --g00 m y  
(SCE) for  d u p l e x  a n n e a l e d  Ti :8-1-1.  

3. A n o d i e  c u r r e n t  f l owing  in to  a p r o p a g a t i n g  crack  is a p p r o x i -  
m a t e l y  l i n e a r l y  r e l a t ed  to p o t e n t i a l  w i t h  z e r o - c u r r e n t  i n t e r c e p t  
at  a b o u t  --800 my.  

4. U n d e r  po t en t i o s t a t i c  c o n d i t i o n s  SCC v e l o c i t y  is r e l a t i v e l y  in-  
d e p e n d e n t  of p a r t i c u l a r  a l k a l i  or a l k a l i n e  ea r th  ca t ions  p r e sen t  
or p H  of  the  b u l k  so lu t ion .  

5. Ve loc i ty  v a r i e s  w i t h  b u l k  c o n c e n t r a t i o n  of h a l i d e  to  a b o u t  the  
1/4 p o w e r  b e c o m i n g  a s y m p t o t i c  to a l i m i t i n g  ve loc i t y  a t  zero 
b u l k  concen t r a t i on .  

6. A c t i v a t i o n  e n e r g y  for  v e l o c i t y  is a b o u t  3.5 k c a l / m o l e .  
7. On o p e n - c i r c u i t i n g  t he  c u r r e n t  to  a p r o p a g a t i n g  crack  the  in i -  

t i a l  o p e n - c i r c u i t  p o t e n t i a l  is on ly  s l i g h t l y  b e l o w  the  i n i t i a l l y  
a p p l i e d  p o t e n t i a l  in  a r a n g e  of a p p l i e d  p o t e n t i a l s  u p  to +200  
my. A t  m o r e  a n o d i c  a p p l i e d  p o t e n t i a l s  the  v a l u e  of  the  in i t ia l  
o p e n - c i r c u i t  p o t e n t i a l  a p p r o a c h e s  +200  m v  a s y m p t o t i c a l l y .  A 
s low p o t e n t i a l  t r a n s i e n t  on open  c i r cu i t  occurs  o v e r  a pe r iod  
of 10-'-' to 100 sec  w i t h  a f inal  a p p r o a c h  to abou t  - 8 0 0  my.  

agreement  with the other observations, although its 
quant i ta t ive  predictions are dependent  on parameter  
values not all of which can be independent ly  deter-  
mined. It does not, and cannot, represent  nor explain 
phenomena in the region of atomic dimensions at the 
very tip of a crack where actual f racture of the metal  
s t ructure takes place. The effects of mechanical  and 
metal lurgical  factors (2) are also not considered. These 
can influence the present  results through their  effect 
on the crack opening angle and the electrochemical 
kinetics parameters.  

As will be seen, the model is not in complete quan-  
ti tative agreement  with all of the exper imental  data, 
but  the source of certain deviations can be inferred. 
Later  modifications to the model may serve to reduce 
these discrepancies. Nevertheless the model has pro- 
vided valuable  insight into the operation of mass t rans-  
port phenomena which exert  considerable influences 
on the course of SCC. It has guided our conception of 
many  aspects of the SCC process and has often served 
to define critical SCC experiments.  Further ,  it is be- 
lieved that progress in unders tanding  the electrochem- 
istry of stress corrosion cracking can only be achieved 
by such continuous in terplay of theory and experiment.  

M o d e l  Formula t ion  
The SCC model described here is based on considera- 

tion of a straight sided crack in a specimen of sufficient 
thickness that  effects in the t ransverse  direction are 
not appreciable. As shown in Fig. 1, this crack is sub-  
divided into three basic regions: the "tip zone" (5 t --~ 
y ~ 5p) where the cleavage process takes place; the 
inner  region or "monolayer zone" (Sp _~ y ~ 5) where 
a first monolayer  of oxide is formed on the metal  sur-  
face; and the outer region or "mult i layer  zone" (6 --~ 
y ~ l) where the oxide layer increases in thickness. 
Based on model studies of several possible reaction 
mechanisms, some of which are mentioned briefly later, 
assumptions have been made for the reactions occur- 
r ing in these three zones which yield model behavior  
corresponding to exper imental  SCC measurements.  

In the tip zone the reaction 

Ti 4- m X -  -> TiXm 4- m e -  Reaction (I) 

C rack Tip - ~  

Apex V ~  

C p C ~ [ ' ~ - ; - - - i  ~ r176 
l i p  ~71 I ~ I~  

~Z~ )y , i, (N) 

Fig. 1. Mass-transport-kinetic model for SCC 

is assumed to take place and is presumably  the reac- 
tion responsible for SCC. This assumption is based on 
calculations (described later) indicating the need for 
a net  current  of halide ions corresponding to about a 
monolayer  in the tip zone. It is not known whether  
the halide ion tip current  is due to electrochemical re-  
action or to charging of the electrical double layer, 
but  either can be expressed by reaction (I).  

Oxidation of t i t an ium 

Ti W 2H20--> TiO2 W 4H + 4- 4e-  Reaction (II) 

is assumed to occur on the walls in both the mona-  
layer and mul t i layer  zones. In the first of these it is 
assumed to be governed by Tafel- type kinetics (2) 
and to be accompanied by the displacement of halide 
ion from the t i tan ium halide or adsorbed halide ion 
layer formed in the tip zone. This displacement mech- 
anism is required to explain the observed nonl inear  
relationship of velocity to halide concentrat ion (Ta- 
ble I, I tem 5). In the mul t i l ayer  zone, reaction (II) 
is governed by high field conduction (2) and thus has 
considerably different kinetic behavior than in the 
monolayer  zone. 

Hydrogen ion reduct ion 

H + 4- e -  --> H (dissolved in metal)  Reaction (III) 

is also assumed to occur in the monolayer  zone where 
the potential  at 5p appears to be close to the mixed 
potential  in acid solution for reactions (II) and (III) .  
The amount  of hydrogen ion reduced is small  (on the 
order of a monolayer) ,  and the hydrogen formed is 
assumed to go into the metal. Hydrogen ion reduc- 
t ion has been omitted in the mul t i layer  zone because 
at a potential  anodic to the mixed potential  the cur-  
rent  density would become small  relative to reaction 
( I I ) .  

The mass t ransport  and kinetic effects for this model 
have been analyzed subject to several fundamenta l  
assumptions discussed below. 

Quasi-s teady-s tate  crack propagation.--I t  is assumed 
that  the t ime constant  for changes in  the electro- 
chemical variables is small  compared to the period 
of crack propagation so that  the system is essentially 
at steady state in respect to velocity and to concen- 
t rat ion and potential  gradients.  The velocity, V, is 
assumed to be either uniform or the stepwise jumps  
small  enough compared to the dimensions affecting 
mass t ransport  that the velocity can be considered 
uniform. The mechanism of crack ini t iat ion is not 
considered. 

Uniform small-angle crack . - -The  crack angle observed 
visually on the sides of SCC specimens and on optical 
photomicrographs of sectioned cracks to within 10 -4 
cm from the crack tip is on the order of 1-4 ~ Elec- 
t ron fractography indicates t ranscrysta l l ine  cleavage- 
type failure of the alpha t i t an ium phase, indicat ing 
a curvature  of atomic dimensions at the crack tip at 
a distance 6 t from the apex. There is thus a region of 
unknow n  crack angle from the atomic dimensions of 
the tip to 10 -4 cm from the geometric apex of the 
c rack ,  but  the simplest assumption regarding shape 
is that  the angle, 7, is uni form from the crack tip to 
the full length of the crack. Some branching  of cracks 
has been observed on photomicrographs, but  the ef- 
fect will  not be considered here. 

Electrolyte  complete ly  fills crack . - - I t  is assumed that  
capil lary forces are sufficient to fill the crack with 
electrolyte completely at least to the tip zone. 

Cont inuum t rea tment  is appl icable . - -The lower bound-  
ary  for the model is the position, 6p, where the elec- 
trical double layers on the two walls intersect. Con- 
t i nuum mass t ransport  flux equations and electro- 
chemical kinetics data obtained from plane electrodes 
are assumed applicable at distances larger than 5p 
from the apex. The cont inuum model of mass t rans-  
port is not ent i rely applicable at distances close to 
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bP from the apex because of interference by the field 
of the diffuse part  of the double layer. Unfor tunate ly ,  
as wil l  be seen in the solutions, m a n y  of the electro- 
chemically significant events in the crack occur not 
far from bP. The breakdown of the con t inuum con- 
ditions is one of the more serious criticisms that  can 
be levied a posteriori against the model. 

A one-dimensional representation is applicable.--The 
width of the smal l -angle  crack is assumed to be small  
enough that  there are negligible concentrat ion and 
potential  gradients normal  to the axis of the crack. 
Actually, because there is no slip at the walls and 
the relative velocity of electrolyte to walls is on the 
order of 10 -a  to 10 -1 cm/sec, a near-parabol ic  veloc- 
ity gradient  would be expected. The t ransverse con- 
centrat ion gradient  therefore must  be assumed to be 
leveled by diffusion. 

Hat/de ion is the SCC agent at the crack t ip . - -As  
stated earlier, the requi rement  of a l imit ing halide ion 
mass t ransport  rate evolved from the pre l iminary  cal- 
culations and was therefore added as a fundamenta l  
to the model. This requirement ,  moreover appeared 
consistent with the exper imental  SCC results in Ta-  
ble L Fur the r  justification for e l iminat ion of other 
species is given here. 

The other species which might be considered as the 
SCC agents in aqueous solutions are H20, O H - ,  H +, 
or alkali metal  cation. The metal  cation can be el im- 
inated because SCC occurs with near  equal velocity 
in the halogen acid solutions. Fur ther ,  the potent ial  
gradient  in the crack is in the wrong direction for 
either H + or metal  cation to be the p r imary  reactant  
at the tip. The hydroxyl  ion can be el iminated be- 
cause it is a SCC inhibi tor  if it is present  in high con- 
centrat ion in respect to halide ions (1). 

Water  is e l iminated as the pr imary  SCC agent at 
the crack tip for several  reasons. The reaction con- 
suming H20 would be the formation of a t i t an ium 
oxide and hydrogen ions. As will  be shown later, 
ohmic drop with H + ion the sole charge carrier cannot 
account for the large differences between the applied 
potential  and the reversible potential  for formation 
of TiO., in acid solutions (--1100 mv vs. SCE).I There-  
fore, this potential  difference would have to be ex- 
plained as activation overpotential.  However, this is 
inconsistent with the l inear  relationship of velocity to 
potential  and the low activation energy. An  exponen-  
tial veloci ty-potent ial  relationship and at least an 
order of magni tude  greater activation energy for ve- 
locity would be observed. 

Tip is at the mixed potent ia l .~I t  has been found that  
exchange current  densities for reactions (II) and (III)  
are relat ively large on newly  generated metal  surface 
so that  the short circuit cur rent  density is on. the order 
of 1 amp/cm e (2). It  was therefore ini t ia l ly assumed 
that  the potential  at b, was the mixed potent ial  for 
reactions (II) and (III) ( a b o u t - - 8 0 0  mv)  in the 
acid solution resul t ing from reaction (II) on the 
walls. In  later  calculations mixed potentials more 
negative than t h e - - 8 0 0  mv resul t ing from reactions 
(I) and (III) were examined.  

Under  these basic assumptions the SCC model can 
be represented mathemat ical ly  by consideration of 
the mass t ranspor t  and kinetic relationships involved. 

Kinetic relationships.--The kinetic relationships ex- 
press local reaction rate (or current)  per un i t  wall  
area for the reactions enumerated.  They consider the 
dependence of these rates on the potential  and spe- 
cies concentrat ions existing in the electrolyte at the 
point  in question. 

In  the mul t i layer  zone (5 --  y ~ l) the formation of 
oxide through the oxide film is governed by the high- 
field equat ion taken in  a form modified from Vetter 
(5). 

B ( @ -- r --  @t ~ "} 
j s = j o e x p  __A ~ Y j s d y  [1] 

V 

This relates the local t ransfer  current  density, j~, to 
exchange current  density, 3o and the potential  gradient  
in the oxide film. The exponential  term B is the high- 
field-conduction constant  nondimensional ized in re-  
spect to potential, the quant i ty  in parenthesis is the 
nondimensional ized potential  drop across the oxide 
film, and the denominator  is the film thickness. The 
individual  terms are defined under  Nomenclature,  and 
values of the parameters  used are given in Table II. 

In Eq. [1], X represents a surface overpotential  de- 
fined by the kinetic expression 

j~ ~ i02 s i n h { - - ~ X  } [2] 

This expression was used because the current  density 
spanned both the l inear and Tafel overpotential  re- 
gions, and its use avoided discontinuities in the calcu- 
lations. The t ransfer  coefficient has been assumed to 
be one-half.  The value of exchange current  density, 
io, was assumed to be the same as that  for bare metal,  
i,,,, in absence of exper imental  data for this parameter.  

In the monolayer  zone (bo L y _~ 6), where the sur-  
face coverage with oxide is 0, the kinetic equation for 
reaction (II) has the form (2) 

j~ = i,, (1 -- 0)2 sinh (~ --  r ( 

S(v--~,--%--X) ] [3] 
+ joOexp ( to ; 

The first te rm on the right is the Tafel expression for 
formation of oxide on hare metal. Mathematically,  full 
coverage of oxide could never  be achieved with only 
this t e rm because this current  goes to zero as the oxide 
coverage, 0. approaches unity. Therefore, it was as- 
sumed that  formation of oxide on oxide, governed by 
the high-field equation, has commenced before the 
first monolayer  is complete. The second layer was as- 
sumed to shift to the surface and help complete the 
first monolayer.  This procedure gave a smooth t ransi-  
t ion at e = 1 from the Tafel to high-field conduction 
kinetics. The transfer  coefficient in the Tafel te rm was 
assumed to be one-half  in absence of more precise 
data. Order of magni tude  values of the exchange cur-  
rent  densities have been obtained exper imental ly  (2). 

The oxide coverage, 0, can be related to reaction 
occurring in the monolayer  zone by 

o =  QoV p3sdY [4] 

Table II. Values of parameters used in mass transport kinetic model 

D .  ~ 1 • 10 -5 c rn ' e / s e  c 
D _  = 1 • I 0  -~ c m Z / s e c  
D[ t  ~ 6 x 10 -5 e l n e / s e e  
Z .  ~ + 1 

Z_ = - - 1  
Zu = + 1 
5 = 0 . 0 5  r a d i a n s  (3~ 
iff = 2 • 10- ' ;  a m p / c m  ~* 
i . ,  = 2 • 10--0 a m p / c m  e* 
i .  = 2 • 10-~ a m p / c m  c 
j, ,  = 10 -ae t o  10-a a m p / c m  e 
?}I ~ 2 

?l' ~ 1 
B = (6 • 10 -6 cm/v)/qF/RT) 
A = 4 . 8 5  • i0-~ c m a / c o u l o m b  
te  ~ - - 1 0 4 0  m y *  
(hu = - - 1 8 0  m y *  
Qo = 4 2 5  x 10 -~ c o u l o m b / e r a - '  
Q~ = 425  x 10-"  c o u l o m b ,  c m - '  
6p = 10 -~ c m  
I = 10 - I  c m  
C-  ~ = 6 • I0  -~ m o l e / c m  ~ IO.6M) 
V = 1 • I0  -~ e ra / see  

1 P o t e n t i a l s  i n  t h i s  p a p e r  a r e  o n  t h e  S C E  s c a l e .  * B a s e d  o n  d a t a  o b t a i n e d  i n  1 2 M  H C 1  [2 ) .  
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where Qo is the charge density of a monolayer  of 
oxide. 2 

In  the monolayer  zone hydrogen ion reduct ion was 
considered s imultaneously  with oxide formation on 
bare metal  (2,4). At open circuit, it appears that  hy-  
drogen ion reduction occurs over the whole crack 
length, resul t ing in the mixed potential  of --800 mv 
(2). A Tafel expression with a t ransfer  coefficient of 
one-half  was assumed. 

CH 
jH = iH"~H ~ ( 1 - - 8 )  exp { ~ ( r 1 6 2  [5] 

The exchange current  density, ill, was estimated from 
kinetic studies on new Ti: 8-1-1 surface (2). Hydrogen 
ion reduction in the mul t i layer  oxide region was not 
considered for the calculations, as there the potential  
is more anodic to the mixed  potential.  

The net  generat ion of hydrogen ions is thus de- 
fined by 

J = is-- JH [6] 
Mass transport relationships.--The t rea tment  of 

mass t ransport  in this model is based upon the one- 
dimensional  assumption discussed above and the use 
of a coordinate system moving with the propagating 
crack. Under  these conditions there are no convective 
t ransport  terms, and the fluxes of the significant 
species along the axis of the crack are (using the 
Nerns t -Eins te in  approximation for mobilities) 

dC + de 
N + = - - D + - -  z+D+C+ . = 0  [7] 

dy dy 

d C -  de 
N -  = - -D-  - -  z - D - C -  [8] 

dy dY 

dCH dr 
NH = --DH -- ZHDHCH ' [9] 

dy dy 

The flux of the alkali cation is zero because it does not 
participate in reactions (I) to (III) .  

The current  density at any point in the crack can 
be related to these fluxes 

i = F ~z~Ni  [10] 

and electroneutral i ty  is assumed to hold at all points 

~ z i C i  = 0 [11] 

By application of conservation requirements  for 
halide and hydrogen ions in the crack of l inear ly  in -  
creasing section 

dN-  N -  r 2m 
V.N_= -d-~ + = ~ J s  

y 4FTy 

O 

@ b P ~ Y ~ b  

[12] 

(h--  JH) [13] 
dNH NH 2 

V " N H = - -  f -  = 
dy y F~y 

where the r igh t -hand  side terms represent  the sources 
arising in the reactions at the crack walls. No such 
equation is necessary for the cation as Eq. [7] in te-  
grates directly to (with C+ = C+ ~ at r = r176 

C+ : C+ ~ exp {--z+ ( r 1 6 2 1 7 6  [14] 

If Eq. [7] through [9] are summed after being mul t i -  
plied by their  appropriate charge numbers  the dif- 
fusion terms can be el iminated by use of [11] to give 
an equation for potential.  

de NH/DH + z - N - / D -  
- -  [ 1 5 ]  

dy z 2 - C -  -~- z2 + C + -~ C H  

The side conditions for these equations which corre- 

The c h a r g e  dens i t y  of an  adso rbed  ox ide  ion  l ayer  is a s sum ed  
fo r  f i rs t  layer .  

spond to a case of specified propagation velocity (and 
thus halide flux to t ip) ,  tip potential,  and external  
solution concentrat ions are 
At 

y = b v  ; N -  = N - , , N H = 0 , r 1 6 2  

y = 8  ; N- - - - -0  3 

y = l  ; C - - - - - C -  ~ 1 7 6  [16] 

The model is then represented by the equation sys- 
tem comprising the differential Eq. [12], [13], [14], 
[8], and [9] together with the kinetic expressions [1], 
[3], and [5] and the side conditions [16]. Although 
manipula t ion  can reduce this directly to three second 
order ordinary  differential equations in C+, CH, and 
r the nonl inear  na ture  of these equations precludes 
analyt ic  solution. In  this work a numer ica l  solution of 
the equation system was developed. 

Numerical Procedure 
The ordinary  differential equations describing the 

SCC model can be put in the form of five simultaneous 
first order equations in N - ,  NH, C- ,  CH, and r by 
subst i tut ion of Eq. [15] into [8] and [9] and insert ion 
of the kinetic expressions [1], [3], and [5] into [12] 
and [13]. 4 Unfor tuna te ly  this equation system has 
boundary  conditions on N - ,  NH, and r at y ---- bP and 
on C -  and Ca at y : l p revent ing  direct solution as 
an ini t ial  value problem. 

The method used here was, after suitable nond imen-  
sionalizations had been introduced, to assume the 
values for C -  and C+ at y = bp (actually of C -  at 
y = 5P and r at y : I which is equivalent  through 
[11] and [14]) and solve as an ini t ial  value problem, 
the assumed values being corrected unt i l  convergence 
on the required conditions at y : l was satisfied. The 
ini t ial  value problem was solved at each i teration of 
this procedure by a Runge-Kut t a -Gi l l  integrat ion (8). 
The selection of successive ini t ial  value assumptions 
followed a Newton-Raphson second order i teration 
procedure in two variables with the required part ial  
derivative being approximated by first order finite 
difference representat ions for steps of 1% (reduced 
dur ing i terat ion to 10-3%) in the i terat ion variables. 

This calculational procedure was implemented by a 
FORTRAN IV program and an IBM 7094 digital com- 
puter. The computat ion became time consuming (con- 
vergence of assumed init ial  values difficult) when 
conditions approaching a l imit ing propagation velocity 
(very high potent ial  drop in the crack) were ap- 
proached and concentrat ions C -  and C• at the tip 
became very  small, but  otherwise was quite efficiently 
converging in about 2 to 4 Newton-Raphson iterations. 

The calculation described here allowed evaluat ion 
of model performance under  any  desired set of sys- 
tem parameters  and operating conditions. 

Results 
All calculations were conducted for values of sys- 

tem parameters  believed representat ive of the Ti: 8-1-1 
halide solution system and for operating conditions 
corresponding to those for which experiments  had 
been conducted. Values of the parameters  used are 
given in Table II. In the special cases where other 
values are used it is so stated. The only parameter  
listed that  came from the stress corrosion cracking 
exper iments  is the angle, ~. The diffusivities are ap- 
proximate values. The exchange current  densities are 
order of magni tude  values estimated from electro- 
chemical kinetics experiments  (2). The value of B in 
the high-field conduction equation came from Johansen 
et al. (6). The value of A was calculated from the 
density of bu lk  rutile. The reversible potentials for 
oxidation and hydrogen ion reduct ion were from 
Lat imer  (7), converted to the SCE scale. The charge 

'~ Th i s  c o n d i t i o n  r e su l t s  f r o m  the  fac t  t ha t  t he re  is no ne t  con-  
s u m p t i o n  of h a l i d e  ion  in  the  p r o p a g a t i o n  process.  

E q u a t i o n  [15] cons t i t u t e s  the  f i f th  equa t ion ,  a l o n g  w i t h  Eq. [8], 
[9], [12], and  [13] as modif ied .  
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density of a monolayer  of oxide is based on one oxide 
ion per t i tanium atom in the basal plane. 

In the course of the development  of the model  de- 
scribed above, calculations were  also made for several  
a l ternat ive  sets of assumed reactions. Two such cases 
of historical interest  in the development  will  be de- 
scribed; they  can be considered as simplifications of 
the final model  as presented.  At the t ime that  the 
model  formulat ion was begun all of the data in Table 
I were  not available. I tems 5, 6, and 7 in Table I, 
for example,  resulted from test ing the consequences of 
the models. It was also not recognized ini t ia l ly  that  
the mixed potent ial  for reactions (II) and (III) in 
acid solution (and the zero-cur ren t  intercept;  i tem 3) 
is --800 mv  and the tip potential  was ini t ial ly as- 
sumed to be --900 mv  from the zero-veloci ty  intercept  
(Table I, i tem 2). 

The fai lure of these simplified or a l ternat ive  models 
for any reasonable paramete r  values to yield calcu-  
lated behavior  even roughly  corresponding to exper i -  
menta l  observations led to the model  presented in this 
work  and indicated cer ta in  impor tant  features of the 
propagat ion mechanism. 

Case I, w i t h  no  t ip  c u r r e n t  or  H + r e d u c t i o n . - - T h e  first 
calculations were  made before the kinetic data for 
hydrogen ion reduct ion on bare meta l  were  avai lable  
and iH was in effect assumed zero. The potential  of 
the tip was assumed to be --900 mv based on the zero- 
veloci ty intercept.  The tip current,  being unknown,  
was assumed to be zero, its importance not yet  being 
recognized. With no tip current,  reaction (I) was not 
considered, and therefore  no halide displacement was 
involved.  In test of this model  a typical  veloci ty of 
10 -2 cm/sec  was chosen for the init ial  calculation. The 
exper imenta l  values of current  and potential  for this 
veloci ty  are, respectively,  about 200 ~a /cm and --500 
mv  (1). 

Results of the initial calculation are given in Table 
III. Lower  and upper  bound levels of Jo of 10 -12 and 
10 -8 a m p / c m  2 (2) were  used. It  is seen that  a 106 fold 
var ia t ion of Jo gave only a fourfold change in the 
current  and about twofold change in the potent ial  
drop. The reason for this behavior  is that  for higher  
values of jo the resistive oxide layer  is built  up faster 
thus l imit ing the current.  Also for faster  oxide layer 
formation, greater  rates of generat ion of hydrogen ion 
and higher  conductivit ies for the e lect rolyte  wil l  be 
encountered,  and therefore  a re la t ively  smaller  po- 
tent ial  change will  result. Calculated currents  ap- 
proach the  same order  of magni tude  as obtained by 
experiment ,  but the potent ial  drop is low by more 
than an order of magnitude.  This low potent ial  drop 
arises in the fact that  the hydrogen ion carries most 
of the current  in the model  and hydrogen ion concen- 
t rat ion increases toward the tip. 

Case II,  w i t h  t ip  c u r r e n t  a n d  H + r e d u c t i o n  bu t  no  
ha l ide  d i s p l a c e m e n t . - - A f t e r  examinat ion  of case I, it 
became apparent  that  a lower conduct ivi ty  must  be 
obtained in the crack in order  to obtain potentials 
compatible wi th  exper imenta l  values. A reasonable 
way  to obtain a lower  conduct ivi ty  was to have  a 
mass t ransport  l imit ing current  density of halide ion 
in the monolayer  zone near  5P such that  the ionic 
concentrat ion at 8P would become small. Results of 

Table III .  Comparison of results of calculations to 
experimental SCC data for V = lO-2cm/sec 

S C C  
E x p e r i -  C a l c u l a t i o n s  
ments 

(I) Case I Case II Case III 

jo,  a m p / e r a  = - -  1 0 - ~  10-~ 10 -s  10-~ 
I~, ]~a / c r a  - -  0 0 7 .2  8 .7  
1 ~ ] z a / c m  2 0 0  3 0  1 2 0  2 7  8 .8  
~b~, mv(SCE) --800 --900 --900 --900 --1145 
~b ~ m v ~ S C E )  - - 5 0 0  - - 8 8 8  - - 8 7 5  - - 7 7 7  - - 9 9 0  
_~r r a y  3 0 0  12 2 5  123  155  
Cp-/C ~ -- 1.6 2 .6  10 -3 2 x 10 -3 

T 

LOG 

(amp/cm 2) 

-800 
r 

(mvl 850 

-900 

I I I  I I 

~ ~ -~ - 

LOG y (cm) 

Fig. 2. Calculated current density, potential, and concentration 
as a function of position in a propagating stress corrosion crack 
according to model of case II. 

the calculation with l imit ing mass t ransport  are shown 
in Table III and plots of flux, potential,  and concen- 
t rat ion vs.  position in the crack are shown in Fig. 2. 
It was found that  a tip current  of 7.2 ~,a/cm was close 
to the value of the l imit ing current,  as it gave a con- 
centrat ion of halide ion at 5P a factor of 10 -3 t imes 
that  of the bulk  solution. The potent ial  drop now ap- 
proached the r ight  order  of magni tude  and could be 
increased fur ther  by approaching the l imit ing mass 
t ransport  rate  more  closely, thus giving a lower  con- 
centrat ion at 5,. The current,  I~ was still  low (using 
a value of Jo giving an approximate  fit to the exper i -  
menta l  kinetic data [2]), but  this was considered to 
be due to the low potential  as yet  achieved. 

It turned out that  the l imit ing tip current  cor-  
responds to the order  of magni tude  for one monolayer  
of adsorbed hal ide ions or of t i tanium dihalide, the 
thermodynamica l ly  stable form at the tip potential  
(7). The tip current  can be defined as Ip --_ 2qQxV,  
which for Ip = 7.2 ~a/cm, Qx = 425 #coulomb/cm 2 
(for dihal ide) ,  and V ~ 10 -2 cm/sec,  gives q = 0.85 
of a monolayer.  The values of the parameters  used in 
the model  are not sufficiently precise that  the model  
cannot dist inguish be tween  a monolayer  of adsorbed 
halide ions or a monolayer  of t i tanium dihalide, but 
it is significant that  the order  of magni tude  of a mono-  
layer is indicated. If the dihalide is formed, it is nec-  
essary, however ,  that  it r emain  adsorbed unt i l  it en-  
ters the monolayer  zone because it is known to be 
soluble and ful ly ionized; dissolution would give Ti + + 
as a current  carrier,  resul t ing in an increase ra ther  
than a decrease in halide ion concentrat ion toward 
the tip. 

The mass t ransport  l imit ing case was then tested by 
fur ther  SCC exper iments  in which the bulk concen- 
t ra t ion of halides was varied. In concentrated solutions 
(1-10M) the observed veloci ty (4) was found to cor-  
respond to the value  calculated for a l imit ing mass 
t ransport  rate  of halide ions f rom the bulk solution 
to the tip zone forming a monolayer  there in  but wi th  
no wall  reactions in the region 5P ~ y ~ I. This cal-  
culation is represented by the dashed line in the con- 
centrat ion plot in Fig. 2. Examina t ion  of the model  
shows that  this is a l imit ing case for high concentra-  
tion electrolytes,  thus provid ing  a degree of verifica- 
tion. 

On the other  hand, the model  predicts an approxi-  
mate ly  l inear  relat ion of veloci ty  to concentration, 
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whereas  approximate ly  a 1/4 power  relat ionship was 
observed, becoming asymptotic to a finite lower limit 
veloci ty  in distilled water  (Table I, i tem 5). The im- 
plication is that  unless water  molecules are also a 
stress corrosion agent, hal ide must  be conserved in 
the crack by displacement  or by hydrolysis  in order  to 
have SCC in distil led water.~ Halide displacement 
tested in a much simplified mass t ransport  model  (4) 
gave results semiquant i ta t ive ly  in agreement  with 
the veloci ty  vs. concentrat ion data. The model  was 
therefore  modified to include halide displacement.  

Case III, wi th  tip current, H + reduction, and halide 
displacement.--In the final form of the model  as pre-  
sented it was assumed that  the equivalent  of a mono-  
layer  of adsorbed halide ion was formed in the tip 
zone and that  this was displaced by oxide on the basis 
of equal  surface coverage. The exchange current  den-  
sities for oxidation of freshly generated bare metal  
surface and hydrogen ion reduct ion thereon (2) were  
also assumed applicable to the surface covered with 
adsorbed halogen. 

Init ial  calculations including halide displacement 
indicated propagation velocities much higher  than 
those observed would be requi red  in order  to obtain 
a l imit ing mass t ransport  rate and an appreciable po- 
tential  drop. The reason for this, of course, was that  
the halide ion was regenera ted  and built  up a higher 
concentrat ion in the monolayer  zone. The simplest  
change to reduce this discrepancy was to start  at a 
more negat ive potential  at bP such that  a greater  
amount  of hydrogen ion discharge occurred in the 
monolayer  zone near  6p, thus lowering the concen- 
t rat ion of H +, and X -  by the e lec t roneutra l i ty  con- 
dition. This required no change in formulat ion of 
the model. It was consistent wi th  the expectat ion of 
some oxidation of t i tanium to Ti ++ which is the 
thermodynamica l ly  stable oxidized form at negat ive 
potentials (7, 9) (E ~ ---- --1870 m v ) ,  al though the 
amount  of Ti + + formed would  have  to be re la t ively  
small  so as to be neglected in the t ransport  equations. 
Trial  values of tip potential  were  used unti l  a l imit-  
ing mass t ransport  rate  was achieved at 5p consistent 
wi th  veloci ty  and monolayer  halide coverage in the 
tip zone. 

Results of calculations for case III  are given in Table 
III and Fig. 3. By start ing at the more negat ive po- 
tent ial  the rate  of oxidat ion of t i tanium was decreased 
in respect to hydrogen ion reduction. (Further ,  J8 ---- 0 
at potentials more negat ive than te-) This resulted in 
a lower hydrogen ion concentrat ion in the crack and 
a larger  potent ial  drop. But the potential  drop was 
not large enough to overcome the effect of start ing at 
the more negat ive potential,  and a longer t ime was 
required to complete  the first monolayer  and less total  
oxide was formed. The total current  was therefore  
also too low as compared to exper imenta l  SCC data 
in Table III. Al though there  is some hydrogen ion 
discharge in the monolayer  zone the net resul t ing 
charge density cannot be greater  than Qx d- Q~ in the 
present formulation.  If  Qx ~ Qo were  exceeded, there  
would be a net  flux of hydrogen ions toward the 
tip giving a potent ial  gradient  in the wrong direction. 
(It may  also be noted that  JH increases ini t ial ly with 
distance in Fig. 3 due to increase in hydrogen ion con- 
centrat ion whereas  3H decreased ini t ial ly in Fig. 2 
because the concentrat ion t e rm had not been added to 
Eq. [5] at the t ime the calculation was made.) 

Al though in principle it is possible to achieve as 
large a potent ial  drop as desired by going to a suffi- 
ciently low concentrat ion at b ~, one ve ry  serious prob-  
lem remains. Examinat ion  of the model  formulat ion 
and results shows that  most of the potent ial  drop oc- 
curs in the monolayer  zone wi th  a ve ry  large poten-  
tial gradient  at bP. For  a concentrat ion at ~P that  is a 

5 I t  is p r o p o s e d  t ha t  c h l o r i d e  at  a p a r t s - p e r - m i l l i o n  l eve l  r e m a i n -  
i n g  in  the  m e t a l  f r o m  the  r e d u c t i o n  process  is the  source  in the  
d i s t i l l ed  w a t e r  e x p e r i m e n t s .  E x p e r i m e n t s  are  u n d e r w a y  to tes t  th i s  
h y p o t h e s i s .  

I 
- JH 

amp/cm 2 

- , o o  

-1050 

(~ (mv) j 
-11oo 

-I150 I 

1 ~- / 

C/C. ~ 

Log y (cm) 

Fig. 3. Calculated current density, potential, and concentration 
as a function of position in a propagating stress corrosion crack 
according to model of case Ill. 

factor of 10 -3 times that of the bulk solution (0.6M) 
the potential  gradient  at 6o is over  106 v/cm.  This is 
a level  at which dielectric breakdown could occur and 
is higher  by at least an order  of magni tude  than can 
be supported in cont inuum electrolyte.  Such factors 
have l imited voltage drop calculated by the model  to 
less than about 200 mv while, exper imental ly ,  veloci ty 
was observed to be l inear with potential  over  a range 
of near ly  2v. Thus it is apparent  that  an additional 
source of a large potent ia l  drop must  exist. 

It should also be pointed out that  where  there  was 
some lati tude of choice in the exact  value of the 
parameters,  values (Table II) were  chosen that  would 
tend to maximize  the potent ial  drop. For  example,  b~ 
--~ 10 -6 cm which gives a crack width at that  point 
of 5A is probably about an order  of magni tude too 
small. No exper imenta l  value  was avai lable for io so 
it was assumed to be equal  to i,,, whereas  it would be 
expected to be considerably smaller  than i,,. The 
value of jo ~ 10 - s  used in case II and III is four or-  
ders of magni tude  larger  than the exper imenta l  value 
for t i tanium (6). The Flade  potential  was also as- 
sumed zero whereas  a value of about 1/2v would be 
reasonable in comparison to other  metals  (5). That 
the model  was incapable of producing a potent ial  drop 
comparable  to exper iment  in spite of this bias shows 
ei ther  that  there  is a large potential  drop in the tip 
zone or that  additional species exist ing in the elec- 
t rolyte in the crack must  be taken into account. Ex-  
per iments  wi th  a Luggin capil lary probe and calcu- 
lations show that  the large potential  drop does not 
occur at the mouth  of the crack. As described under  
limitations, the production of soluble t i tan ium ions in 
the crack is suspected as the reason for the high po- 
tential  drop in the SCC experiments .  

Comparison of Model Behavior 
to Experimental Results 

We will  t ry  to show here to what  extent  the cal- 
culated results for the model  developed in this work  
agree with  the exper imenta l  data in Table I and thus 
satisfy our original  requirement .  In some areas the 
agreement  is quant i ta t ive  and others quali tat ive,  as an 
extens ive  invest igation of the effects of all parameters  
has not yet been made. Some answers are outside of 
the scope of the present formulat ion and fur ther  ex-  
per imenta l  work  and model ing are required.  However ,  
in this comparison, explanat ions for some observed 
characterist ics of SCC can be obtained. 
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Only CI- ,  B r - ,  and I -  produce SCC in aqueous solu- 
t ion . - -The  explanat ion of this observat ion is outside 
of the scope of any t ransport  kinetic model  such as 
the present formulation.  Two possibilities are sug- 
gested: Perhaps other anions are absorbed in the oxide 
on the walls of the crack and never  reach the tip zone; 
or they may not have the requi red  surface t ransport  
propert ies to reach the tip wi thin  the tip zone. 
Linear relation of velocity to potent iaL--The  velocity 
is apparent ly  l imited by mass t ransport  of halide ions 
in the monolayer  zone close to 5p giving a potential  
drop which is l inear wi th  tip current.  The zero-veloc-  
ity intercept  is more cathodic than the mixed poten-  
tial for reactions (II) and (III) because a cathodic 
current  is required to decrease the halide concentra-  
tion in the crack to a low enough level to stop propa-  
gation. 
Lb~ear relation of current  to potent ial . - - I t  can be 
shown that  current  flowing into the crack under  po- 
tentiostatic conditions is l inearly related to rate of 
creation of new surface or to veloci ty (2). Because 
velocity is l inear ly  re la ted to potential,  cur rent  is 
therefore  l inear ly  re la ted to potential.  The zero-cur -  
rent  intercept  is at the mixed  potent ial  for reactions 
(II) and (III)  on the crack walls  at the acid condi-  
tion developed in the crack. 
Independence of veloci ty  w i th  cat ion.--The velocity is 
l imited by halide ion t ransport  in the monolayer  zone 
and, wi th  the formation (and reduction) of hydrogen 
ion that  occurs, this phenomena is l i t t le affected by 
the decreased amount  of other  cations present. (Cer-  
tain heavy meta l  chlorides such as cupric chloride, 
however,  give inhibit ion at open circuit, because they 
establish a potential  in the anodic protection zone for 
chloride.) 
Nonlinear relation of veloci ty  to concentration of 
halide ions . - -This  behavior  is related to displacement 
of halide ion by oxide in the monolayer  zone, which 
leads to local circulat ion of halide ions and a strongly 
nonlinear relat ion of halide concentrat ion in the tip 
region, and thus to bulk concentrat ion of halide. 
Act ivat ion energy for veloci ty  of approximately  3.5 
kcal . - -The  act ivat ion energy for diffusion of species 
in aqueous solutions is also about 3.5 kcal (10). If  
the veloci ty were  l imited by a chemical  or electro-  
chemical  reaction, a considerably higher  act ivation en- 
ergy would be expected. An act ivat ion energy of 3.5 
kcal for velocity, a l though not proof of a l imit ing 
mass transport ,  is strong support ing evidence. 
Open-circui t  transient  po ten t iaL--The  initial open- 
circuit  plateau potent ial  up to an applied potential  
of +200 mv  is only slightly below the applied poten-  
tial because only the outer  IR drop in the crack, 
which is small  according to the model, disappears 
rapidly. The inner IR drop near 5p would continue if 
the veloci ty  remains init ial ly unchanged (at t ime less 
than 10 -2 sec from open circuit) and the  tip current  
for reaction (I) is supplied by local circulat ion in 
conjunction wi th  react ion ( I I I ) ,  hydrogen ion reduc-  
tion. There  is however ,  also a need for reduct ion of 
other  species such as h igher  valence t i tanium ions to 
continue the oxidat ion on the walls. Fur ther  kinetics 
exper iments  and model  modification need to be done 
on this aspect. 

The t ime of the potent ial  transient,  however,  is 
consistent wi th  the mass t ransport  model. The t ime 
constant for a diffusional process is given approxi -  
mate ly  by T = L2/D. The length associated with  a 
diffusivity of 10 -5 cm2/sec and t ransient  t ime of 10 -2 
to 100 sec is 3 x 10 -4 to 3 x 10 -2 cm consistent wi th  
position of peak concentrat ion and value of l in the 
model. The final potent ial  reached on open circuit  is 
the mixed  potential  of --800 my. 

Limitations of Model and Calculations 
While the mass t ransport  kinetic model  is qual i ta-  

tively, and in some respects quant i ta t ively,  in agree-  

ment  with the exper imenta l  stress corrosion cracking 
data, no real  proof of its val idi ty  can be claimed. 
Some of its l imitations and areas where  it has indi-  
cated that  fur ther  invest igat ion is required are de- 
scribed here. 

Mechanisms in tip zone not considered.--As mentioned 
earl ier  no cont inuum model  such as this can be ap- 
plied to the tip zone where  distances approach the 
order  of magni tude  of atomic spacing. Complete  un-  
derstanding of stress corrosion cracking will  require  
that  atomic scale mechanisms at the tip be described. 
At best the model  shows that  halide ions disappear 
into the tip zone but gives no indication of whe ther  
electrochemical  reaction or only adsorption occur. It 
also cannot consider the effect of the nature  of the 
metal  lattice which is manifested in this region. The 
t ransport  mechanism within  the tip zone itself also 
remains to be elucidated. 

Geometry  of crack imprecisely  known near t ip . - -The  
crack angle, % is an impor tant  parameter  in the 
model. Al though it has been measured for the outer 
part  of a crack to wi thin  about 10 -4 cm from the tip 
the precise shape in the monolayer  zone is not known. 
This turns out to be an impor tant  zone in respect  to 
concentrat ion and potential  gradients in the model. 
The tip radius may be considerably larger  than atomic 
as indicated by Elliott  (11), but calculations have 
indicated that  the angle and value of ~P do not have 
a large influence on the magni tude  of the potential  
drop near  bp. 

Cont inuum model  breaks down near bp where  large 
changes in potential  occur.--Figures 2 and 3 show 
that  the potent ial  gradient  is steepest and most of 
the potential  drop occurs in a zone near b, where  the 
applicabil i ty of the cont inuum t rea tment  is doubtful.  
Original ly  it was hoped that  the model  could account 
for the entire apparent  potent ial  drop observed in the 
exper iments ;  however,  these studies have not sup- 
ported that  expectation.  A change in the model  to 
include generat ion and t ransport  of soluble t i tanium 
ions as described below may change this situation 
to some extent,  but  it is a possibility that  at least a 
part  of the potential  drop must be assigned to phe-  
nomena outside of the cont inuum region. 

Limi ted  accuracy of kinetic  data used . - - I t  should be 
counted as a s t rength of the model  that  it forced rec-  
ognition of the important  parameters  and a need to 
evaluate  them by independent  experiments .  Thereby 
new data were  obtained on electrochemical  kinetics 
on newly  generated t i tanium surfaces. It has become 
evident  however,  that  more data and more precise 
data are required,  including: 

(a) kinetics of hydrogen ion reduct ion on bare metal ;  
(b) kinetics of formation of first layer  of oxide; 
(c) kinetics of formation of soluble t i tanium ions; 
(d) kinetics of a, b, c on adsorbed halide film; 
(e) kinetics of format ion of oxide on oxide surface; 
(9*) Flade potential  (assumed zero in calculat ions).  

Formation and transport  of soluble t i tanium ions not 
included.--No consideration of possible format ion and 
t ransport  of soluble t i tan ium ions has been included 
in this model, largely  because no kinetic data for 
formation of Ti + + or Ti + ++ on newly generated t i-  
tanium surfaces have been available. It has, how-  
ever, become increasingly clear from the interplay 
of theoret ical  model  development  and exper iments  
that  soluble t i tan ium species must  be formed. This is 
implied by need for a potent ial  at 5P more negat ive 
than the mixed potent ial  for reactions (II) and (III) 
in case III. Also initial open-circui t  plateau slightly 
below the applied potential  up to +200 mv  (Table I, 
i tem 7) suggests a revers ible  t i tanium ion couple ca- 
pable of providing a current  to continue crack propa-  
gation. Po ten t ia l -pH diagrams (9) for t i tanium 
also show that  in acid solution the soluble ions are 
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more thermodynamical ly  stable than the oxide. The 
oxide apparent ly  owes its existence at all  in acid so- 
lution to favorable kinetics (i.e., rate of formation 
much greater than rate of dissolution).  Format ion of 
soluble species in paral lel  with oxide has been re- 
ported under  certain conditions for iron (12) and for 
zinc (13). When necessary data are obtained for "~ita- 
n ium this mechanism can be included in further  model 
developments. 

Conclusions 
In this work a quant i ta t ive  electrochemical mass 

t ransport  kinetic model has been formulated for stress 
corrosion cracking of t i t an ium alloy, which has given 
some new insights into mechanisms in a propagating 
crack. In part icular  the model studies have indicated: 

1. That  the propagation of the crack requires a flux 
of halide ions to the tip zone. The l imit ing mass t rans-  
port rate of these halide ions corresponds to the order 
of magni tude  of one monolayer  of halide ions or ti- 
t an ium halide. 

2. That  a mechanism such as displacement or hy-  
drolysis exists to release of the bound halide from 
the walls wi thin  the crack in order for the model to 
be consistent with observed velocity vs. concentrat ion 
data. 

3. That  reduction of hydrogen ions in the crack in 
the region outside of the tip zone occurs at the 
negative potential  of this zone but  the amount  must  
be small  to be consistent with the direction of the po- 
tent ial  gradient. 

4. That the model as now formulated cannot ac- 
count for the large difference between the applied 
potential  in SCC experiments  and the reversible po- 
tent ia l  for oxidation of newly generated t i t an ium sur-  
face. This potential  difference either exists outside 
the region of the model wi thin  the tip zone or it 
must  be accounted for in a revised model formulation. 
Several  exper imental  results point  to formation of 
soluble t i t an ium species in paral le l  with formation of 
oxide on new t i tan ium surface which if included in 
the model may produce the required potential  drop. 

In addition, as an impor tant  general  contribution,  
the model has forced quant i ta t ive  th ink ing  about the 
electrochemistry in a crack. This has required obtain-  
ing new kinetic data for freshly generated t i t an ium 
surfaces and suggested key stress corrosion cracking 
experiments.  
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NOMENCLATURE 
A M/zFp ~ 4.85 x 10 -5 emS/coulomb for rut i le  
B constant  in high field equation (nondimensional -  

ized in respect to potential)  
C concentration, mole /cm 3 
D diffusivity, cm2/see 
F Faraday,  96,500 eoulomb/equiv  or 23,060 ca l /v  

equiv 

I current  along axis of crack in uni t  width speci- 
men, amp /cm 

i current  density in cross section of crack, 
amp/cm 2 

io exchange current  density with suitable subscript, 
amp /cm 2 

j current  density, amp/cm 2 
l crack length to position where current  enters 

from sides, cm 
M molecular  weight, g/mole 
m coefficient in reaction (I) 
N flux, mole/cm" sec 
n number  of electrons in ra te -de te rmin ing  step 
Q charge densi ty of surface species, coulomb/cm 2 

Qo for oxide, Qx for halide 
q number  of monolayers 
R gas constant, 1.987 cal/deg mole 
T temperature,  ~ 
t thickness, em 
t,, thickness of first monolayer  of oxide, cm 
V crack propagation velocity, cm/sec 
X activation overpotential,  nondimensional ized 
y distance from apex of crack, cm 
z equiv/mole 
~, crack angle, radians 
6 distance from crack apex to position where 

monolayer  of oxide is complete, cm 
b,' distance from crack apex to position where elec- 

trical double layers intersect, cm 
b t distance from apex to crack tip, cm 
0 oxide coverage, dimensionless 
p density, g /cm 3 
T time, see 

potential, volts or mv 
(F/RT) ~, dimensionless potential  (F/RT 
38.9 v -1 at 25~ 

Subscripts 
+ cation 
- -  halide ion 
e equi l i r ium potential  
f Flade potential  
H hydrogen ion 
m metal  (exchange cur ren t  density for oxide on 

metal)  
o oxide (exchange current  density for oxide on 

oxide) 
s surface 
x halide 

Superscripts 
o bulk 
p position in crack where double layers intersect 
t crack tip 
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ABSTRACT 

The in terna l  stress of electroless nickel and cobalt films on silicon single 
crystals was measured as a function of thickness and exper imental  condi-  
tions. The in terna l  stress was measured using an interference technique to 
determine the bending  produced by films in the thickness range of 500- 
5,000A. The stress was found to be tensile and isotropic for both metals. The 
stress in electroless nickel films is greater than in similar cobalt films. The 
stress decreases with thickness which is in contrast to vacuum evaporated 
nickel  and cobalt films which exhibit  a stress independent  of thickness. 

The electroless deposition of nickel, cobalt, and their  
alloys was reported by Brenner  in 1946 (1). Since then, 
considerable l i terature on the electroless deposition 
process has been published, and the physical properties 
of the deposits have been studied. Graham and co- 
workers have recently published the results of an ex- 
tensive investigation of the s tructure and mechanical  
properties of electroless nickel (2), and there is in-  
creased interest  in electroless cobalt, which may be 
prepared with magnetic characteristics applicable to 
digital recording media (3). 

A property of electroless deposits which has not been 
extensively studied is the in ternal  stress characteristics. 
Knowledge of the stress is of theoretical interest  due 
to the relat ively small  crystal l ine size and to the in-  
herent  phosphorus content  of the deposit. Pract ical  in -  
terest lies in preparat ion conditions which may mini -  
mize in te rna l  stress to promote adhesion and prevent  
cracking or buckl ing of the coatings on certain sub-  
strates. 

In this investigation, the in terna l  stress of electroless 
nickel and cobalt films were measured as a funct ion of 
film thickness and exper imental  conditions. 

Experimental 
Electroless cobalt and nickel films were deposited on 

the (111) crystal  face of optically polished, single 
crystal, silicon wafers. The method of de termining the 
in ternal  stress in this invest igat ion was developed by 
Hoffman and Finegan (4, 5) based on the theory of 
bending of thin plates (6). The contours of the silicon 
wafers were determined with, and without,  the deposit. 
From these contours the bending due to the film was 
determined,  and, from this bending and the thickness 
of the film, the in te rna l  stress was calculated. 

Electroless deposition condi t ions. - -The silicon sub-  
strates were prepared by cleaning ul trasonical ly in an 
organic solvent, immersing in hot concentrated ni tr ic  
acid, r ins ing in distilled water, immers ing in 80% hy-  
drofluoric acid, r insing in distilled water, immers ing  in 
20% hydrofluoric acid containing 0.2 g/1 PdC12, and 
placing in the electroless solution. Two solution con- 
centrat ions were used to deposit each metal,  as fol- 
lows: 

(a) Concentrated Solutions g/1 
COC12.6H20 or NiC12"6H20 30 
NH4C1 50 
( NH4 ) 2C6H507" H20 

(d iammonium citrate) 65 
NaH2PO2" H20 15 
NaOH to pH 8.2 
Temperature :  84 ~ • I~ 

(b) Dilute Solutions g/1 
COC12.6H20 or NiCL," 6H._,O 7.5 
NH4C1 12.5 
H3C6HsO7 (citric acid) 19.8 
NaH2PO2-H20 7.0 
NH4OH to pH 8.2 
Temperature:  84 ~ ~ I~ 

The t ime of deposition was varied to obtain deposits 
ranging in thickness from 500 to 5,000A out of the 
four solutions. 

Thickness  rneasure,r~ent.--The thickness of the elec- 
troless films was general ly determined by assuming 
bulk density to be equal to the pure metal, i.e., 8.9 
g /cm 3 for both nickel and cobalt, and weighing the 
deposit on a microbalance. The measurements  were 
checked in th in  films by using the Tolansky method 
(7) and agreed within  about 10%. 

Stress m e asure m e n t . - -The  measurement  was made 
by determining the bending produced in the silicon 
wafer  by the deposit on the face of the wafer. The 
contour of the face was determined from the in terfer-  
ence pat tern  of sodium light reflected between the face 
and an optical flat on which the wafer lay. The pa t te rn  
w a s  photographed, using reference marks, prior to de- 
position. After deposition, the deposit was stripped 
from the hack of the wafer and  the interference pat-  
t e rn  again photographed. From these photographs the 
contours in a line between the reference marks  were 
plotted. Subtract ion of the two curves then gave a 
curve  of the bending produced by the deposit. In  this 
investigation, silicon wafers 0.008 in. thick by a/4-Vs in. 
diameter  were used to give the desired degree of bend-  
ing. Stress measurements  were general ly made on five 
deposits, and the average results were plotted as a 
funct ion of thickness. 

Stress calculat ion.--The thickness of the deposited 
film was general ly calculated from the weight of de- 
posit and the bulk  density of the metal as previously 
discussed. The thickness of the silicon wafer was mea-  
sured with a micrometer.  Young's modulus and Pois- 
son's ratio were calculated for the (111) plane from 
the elastic constants. 

The curve of bending is normalized by plott ing the 
difference between it and a straight l ine d rawn from 
one end to the other. The curve is assumed to be a 
parabola of the form y = k x 2. At four equal ly  spaced 
points on the "y" axis, the average x distance to the 
curve is determined.  The values of y vs. the square of 
the average distance X 2 is plotted, and the straight 
line fitting these points has a slope whose value is k. 
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The stress is calculated as 

E h Z k  
Stress ---- 

3 t (1 - - . )  
where E is Young's modulus  = 1.748 x 1012 dynes /cm 2 
calculated from elastic constants, ~ is Poisson's ratio = 
0.266 calculated from elastic constants, h is thickness of 
substrate,  cm, k is slope of y vs .  ~2 plot, cm -z, and t 
is thickness of deposited film, cm. 

Experimental Results 
E l e c t r o l e s s  n i c k e l . - - T h e  in terna l  stress of the elec- 

troless nickel deposits, parallel  to the surface, was 
found to be tensile and isotropic over the range of 500- 
5000A whether  deposited from the dilute or concen- 
trated solutions. The tension per uni t  length, i.e., nor-  
malized bending force, vs. thickness is shown in Fig. 1. 

The tension per uni t  length from both the dilute and 
concentrated solutions increases rapidly between 500 
and 2000A, but increases more rapidly for films pre-  
pared from the concentrated solution. From 2000- 
5000A, the tension per uni t  length from the dilute solu- 
t ion increases very little, while from the concentrated 
solution there is a continuous increase. 

The in terna l  stress, derived by dividing tension per 
uni t  length by thickness, approaches a max imum at 
about 1000A from the dilute solution and at about 
1400A from the concentrated solution (Fig. 2). The 
stress from the dilute solution reached a max imum not 
much lower than the max imum from the concentrated 
solution (3.2 vs.  3.75 dynes /cm 2 x 109). At greater 
thicknesses the stress appears to decrease to some 
constant  value which is higher for the concentrated 
solution. However, at 5000A the deposit from the con- 
centrated solution has a tension per uni t  length twice 
that from the dilute solution. 

E l e c t r o l e s s  c o b a l t . - - T h e  in terna l  stress of the cobalt 
deposits, parallel  to the surface, was also found to be 
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Fig. 1. Tension per unit length vs. thickness for electroless 
nickel: (a) deposits from concentrated solution; (b) from dilute 
solution. 
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isotropic and tensile over a thickness range of 500- 
3000A from the dilute or concentrated solutions. The 
tension per uni t  length, i.e., normalized bending force 
vs.  thickness, is shown in Fig. 3. 

The tension increases l inear ly  from 500 to 3000A 
when cobalt films are prepared from the dilute solu- 
tion. However, in the case of concentrated solutions, 
the tension increases rapidly from 500A to approxi-  
mately 1000A and then remains  relat ively constant  
with increasing thickness over the range measured. 
The tension per uni t  length is larger for films deposited 
from concentrated solutions than for films deposited 
from dilute solutions, regardless of the thickness. 

However, the in terna l  stress calculated from the 
tension per uni t  length decreases rapidly from a thick-  
ness of 500 to 2000A, and from 2000 to 3000A is rela-  
t ively constant  (Fig. 4). The stress exhibited by films 
from the dilute and concentrated solutions is near ly  
identical  at a thickness of 3000.~. However,  in th in  
films, e.g., at 500A, the stress is much larger in films 
deposited from the concentrated solution. 

Discussion 
The method utilized to measure the in terna l  stress 

detects the presence of anisotropic stresses by produc- 
ing an asymmetric  interference pattern. Previous tech- 
niques for measur ing  the in te rna l  stress assumed that  
the stress was isotropic. Our results show that  electro- 
less cobalt and nickel films exhibit  an isotropic stress 
and that the average stress is a function of thickness. 
These results are in contrast  to vacuum evaporated 
cobalt and nickel films which exhibit  a stress inde-  
pendent  of thickness (8, 9). 

The curves of tension per uni t  length vs.  thickness, 
and stress vs.  thickness, for nickel, indicate that the 
ini t ia l  stress is compressive but  rapidly becomes tensile 
so that  the average stress is zero at about 300-400A. 
The deposits from concentrated solutions show a rap-  
idly increasing tension per uni t  length, initially, but 
then show a smaller, near ly  constant  rate of change at 
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Fig. 2. Average stress vs.  thickness for electroless nickel: (a) 
deposits from concentrated solution; (b) from dilute solution. 
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Fig. 4. Average stress vs. thickness for electroless cobalt: (o) de- 
posits from concentrated solution; (b) from dilute solution. 
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thicknesses greater than  about 2000A. The deposits 
from dilute solutions also show an ini t ia l ly rapid in-  
creasing tension per uni t  length, but  the rate of change 
decreases and becomes near ly  constant  at a consider-  
ably lower tension value, but  at about the same thick-  
ness. 

When the data are plotted as stress vs. thickness the 
stress shows a rapid increase, to a max imum and a 
gradual  leveling off to a near ly  constant  value of 5000A 
or more. Again, it appears that  the init ial  stress was 
probably compressive. Also, the concentrated solution 
produces a higher max imum and levels off at a higher 
thickness value. 

The curves for cobalt also indicate a rapidly increas-  
ing init ial  stress, but  the data do not indicate that the 
ini t ial  deposit is compressive from either the concen- 
trated or dilute solutions. The deposits from the con- 
centrated solutions reach a higher tension per uni t  
length than  those from dilute solutions, and then level 
off to near ly  constant  tension at about 1000A. How- 
ever, the deposits from dilute solutions show near ly  a 
constant  rate of change of tension per uni t  length with 
thickness and the rate of increase is greater than  for 
the concentrated solution. Extrapolat ion of the curves 
indicates the stresses would be equal at approximately 
10,000A. 

In  both cases there appears to be a change in the 
mechanism producing stress at thicknesses between 
500 and 1000A. It is interest ing to note that  electron 
transmission micrographs of chemical deposits on 
"Formvar"  have shown that  the deposits first become 
continuous at thicknesses of about 500A; the observed 
change in stress mechanism may be associated with 
such a s t ructural  change. 

The stress in  nickel  is much  higher than  in  cobalt 
at similar thicknesses. Below about 1000A, there ap-  
pears to be considerable difference between the  two 
metals. For example, the tensile stress of cobalt be-  
low 1000A is decreasing rapidly with increasing 
thickness while the tensile stress of nickel is increas-  
ing rapidly. While the data for nickel  indicate the 
init ial  deposit may be compressive, tha t  for cobalt 
indicates extremely high tensile stress in the ini t ial  
deposit. It should be noted that there is a possibility 
that the stress mechanism operates much more rap-  
idly with change in thickness of cobalt and the max-  
ima might be present  at thicknesses below that  at 
which measurements  were made. 

The exper imenta l  data on stress in chemically de- 
posited films and on the s tructure of these films are 
not sufficient to allow a theoretical explanat ion as to 
the origin and mechanism of the stress. However, an 
explanat ion for the difference in stress observed for 
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cobalt and nickel might  be that  the codeposited phos- 
phorus is insoluble in cobalt (10) but  in the case of 
nickel may form a supersaturated solid solution of 
phosphorus dissolved in crystal l ine nickel  (2). As 
a consequence, the phosphorus in cobalt films should 
occur at crystall i te boundaries  as e lemental  phos- 
phorus or as a cobalt phosphide which might  reduce 
the generat ion of in terna l  stress associated with any 
interact ion or crystall i te boundary  relaxation. In the 
case of nickel this would not occur due to formation of 
a solid solution. This mechanism would agree with 
that proposed by Hoffman (11). 

Summary of Results 
Electroless cobalt and nickel films exhibit  an iso- 

tropic tensile stress at thicknesses greater than 500A 
whether  deposited from relat ively dilute solutions or 
from concentrated solutions. However, deposits from 
concentrated solutions exhibit  higher stress values. 

The stress in nickel deposits is greater than  in co- 
balt  deposits at equivalent  thicknesses by a factor of 
about four. 

A ma x i mum tensile stress in electroless nickel  films 
occurs at a thickness of approximately 1000A while 
no m a x i m u m  in stress was observed for cobalt films 
over the thickness range investigated. 

Manuscript  submit ted J u n e  25, 1968; revised manu-  
script received Oct. 2, 1968. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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Effect of Electroless Nickel Substrate on Coercive 

Force and Microstructure of Certain Co-P Films 

V. Morton and R. D. Fisher 

Ferroxcube Corporation, Saugerties, New York  

ABSTRACT 

The influence of electroless nickel as a substrate on the coercive force 
and microst ructure  of certain electroless cobalt films was examined.  Cobalt 
films on electroless nickel substrates exhibi t  (i) deposits which may contain 
a lesser proport ion of amorphous or fine grained cobalt, (ii) a more  pro-  
nounced [1010] prefer red  orientat ion perpendicular  to the plane of the deposit 
re la t ive  to similar  deposits on a Mylar -adhes ive  substrate, and (iii) higher  
coercive force values re la t ive  to similar  deposits on a Mylar -adhes ive  sub- 
strate. The data suggests that  the increase in coercive force may  be due to a 
decrease in the amorphous characterist ics of cobalt  films prepared  on elec-  
troless nickel in comparison to such films on Mylar.  

Chemical ly  deposited cobalt films may exhibi t  co- 
ercive force values from a few oersteds to over  one 
thousand oersteds depending on the exper imenta l  con- 
ditions (1, 2). In general,  invest igators  have utilized 
pre t rea ted  Mylar  (3-5) (polyethylene te rephtha la te ) ,  
Mylar  wi th  an adhesive (6), glass (7), brass (8), or 
Be-Cu (1) as a substrate or base material .  The in- 
fluence of the substrate or base mater ia l  on the co- 
ercive force and micros t ruc ture  of electroless cobalt 
films has not been extensively  studied under  given 
exper imenta l  conditions. Consequently,  a p re l iminary  
study was made as to the influence of the substrate on 
the coercive force and micros t ructure  of electroless 
cobalt films. The exper imenta l  conditions were  fixed 
and the magnet ic  propert ies of electroless cobalt films 
on nonconduct ive and conductive substrates were  
evaluated.  The substrates were  Mylar -adhes ive  and 
Mylar -adhes ive  coated with  electroless nickel. The co- 
balt film thickness was var ied on each substrate from 
approximate ly  1000 to 10,O00A and the coercive force 
and microst ructure  as a function of thickness were  
evaluated on each substrate. 

Experimental Conditions 
Cobalt deposition.--Electroless cobalt films were  

prepared f rom the fol lowing solution: 

COC12-6H20 (cobalt chloride) 0.0315M (Co + +) 
NaH2PO.,.H20 (sodium 

hypophosphite)  0.03M (H2PO._,) 
NH~C1 (ammonium 

chloride) 0.234M 
H3C6H50~-H20 (citric acid) 0.0934M 
pH: 8.2 wi th  NaOH 
Tempera ture :  80~ 

Nickel deposition.--Electroless nickel  was deposited 
on the Mylar -adhes ive  substrate f rom the following 
solution: 

NiC12.6H.JO (nickel chloride) 0.0315M 
NH4C1 (ammonium chloride) 0.2338M 
H3C6H5OT.H20 (citric acid) 0.0945M 
NaH2PO2.H20 (sodium hypophosphite)  0.0664M 
pH: 8.2 
Tempera ture :  80~ 
Time: 60 sec  

Substrates.--Mylar substrates were  precleaned and 
dip coated with  an adhesive and cured (3). The 
Mylar -adhes ive  substrates were  then  overcoated in 
certain instances wi th  electroless nickel  from the pre-  
ceding solution. The Mylar -adhes ive  surface was sen- 
sitized with  stannous chloride and act ivated in the 
usual manner  (3). 

Magnetic measurements.--M-H loop measurements  
were  made wi th  an ins t rument  similar  to that  of 
Howling (6). A m a x i m u m  field of 1000 oersteds was 
applied to measure  the M-I t  loop. 

Thickness measurements.--The thickness was gen-  
eral ly de termined  by the weigh t -dens i ty  relat ionship 
assuming a bulk density for Co-P of 8.6. In general,  
this method agreed with  in ter ference  and x - r ay  tech-  
niques which were  used to check the thickness es- 
t imation from t ime to time. 

X-ray dif]raction.--A Norelco x - r ay  diffractometer  
was used to determine  the crystal lographic or ienta-  
tions in the plane of deposit. The specimens were  ex-  
amined in normal  reflection geometry  using the flat 
specimen holder. F i l tered cobalt Ks  radiat ion was 
used. A silicon powder  s tandard was used to adjust  
the ins t rumenta l  conditions so that they were  constant 
for each specimen examined.  The in tegrated intensities 
and the proport ion of the sum of the in tegrated in- 
tensities a t t r ibutable  to each observed x - r ay  reflection 
were  determined.  The in tegrated intensities were  ob- 
ta ined by in tegra t ing the area  under  each diffraction 
profile observed. 

Experimental Results and Discussion 
Magnetic properties.--The coercive force of e lectro-  

less cobalt as a function of thickness on the Myla r -ad-  
hesive and electroless nickel  substrates is shown in 
Fig. 1. The coercive force of cobalt films on both sub-  
strates is great ly  dependent  on the film thickness. 
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Fig. 1. Coercive force of Co-P as o function of thickness on ad- 
heslve coated Mylar, I I ,  end on electroless Ni-adhesive-Mylar, e. 
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Fig. 2. Change in coercive force of Co-P as a function of thick- 
ness due to overcoating the adhesive-Mylar substrote with electro- 
less nickel. 

On the Mylar-adhesive substrate, the coercive force 
decreases from 495 oe at 1000A to 295 oe at 9000A. 
However, on Mylar-adhesive coated with electroless 
nickel, the coercive force decreases from 660 oe at 
600A to 350 oe at 9000A. It is apparent  that electroless 
nickel surfaces promote a higher coercive force co- 
balt deposit than  on the Mylar-adhesive base. The 
increase in coercive force of similar Co-P deposits as 
a function of thickness due to electroless nickel on 
Mylar-adhesive substrate is shown in Fig. 2. 

St ruc ture  
To examine the influence of the electroless nickel 

substrate on the s t ructure  of the Co-P film, deposits 
prepared on Mylar-adhesive and on the Mylar -ad-  
hesive-electroless nickel substrate were examined by 
x - ray  diffraction. The results are shown in Tables I 
and II. 

In  the Co-P films on the Mylar-adhesive substrate,  
only two diffraction peaks were detected; namely,  the 
(i010) and the ( i ~ 1 ) .  Deposits showed a [101-0] pre-  
ferred orientat ion perpendicular  to the plane of de- 
posit but  random in the plane. The one-hal f  ampli tude 
peak width of the (1010) reflection remained near ly  
constant  with increasing thickness indicat ing that  the 
particle size was essentially constant  or that  any 
tendency toward peak nar rowing due to particle size 
increase was offset by a tendency to peak broadening 
caused by micro stress and resul tant  lattice s t ra in or 
by lattice imperfections with the net effect being a 
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Fig. 3. The sum of the integrated x-ray intensities for all reflec- 
tions of Co-P as a function of thickness on adhesive-My{or sub- 
strate, A ,  and on electroless nickel-adhesive-Mylar substrate, e. 

constant peak width. However, Co-P films prepared on 
the nickel substrates exhibited three diffraction peaks, 
the (1010), (1011), and (0002). The deposits ini t ial ly 
exhibit  a [0002] preferred orientat ion perpendicular  
to the plane of the deposit. As thickness increases, the 
[0002] orientat ion decreases and the [1010] orientat ion 
becomes predominant .  That the diffraction planes in-  
dicated were lying preferent ia l ly  in the plane of de- 
posit but random in that plane was verified by the use 
of a modified Schulz (9) device. The half ampli tude 
peak width was measured for both the (101-0) and 
(0002) peaks. The (101-0) peak width decreases sig- 
nificantly with increasing thickness whereas the 
(0002) peak width remains near ly  constant. Because 
of the possibility of nonuni form lattice strain or aniso- 
tropic lattice defects, definite in terpreta t ion of the 
peak width measurements  cannot  be made. However, 
if these factors are assumed to be essentially con- 
stant, the data suggests that the particles oriented 
with (10-10) planes in the plane of deposit increases in 
size with increasing thickness. 

A plot of the sum of the integrated intensities of 
Co-P films as a function of thickness on electroless Ni 
Mylar-adhesive and Mylar adhesive is shown in Fig. 3. 

Table I. X-ray diffraction results for Co-P deposits on an adhesive-Mylar substrate 

T h i c k n e s s ,  P e a k  b r e a d t h *  j I n t e n s i t y  

A 1 0 1 0  0002 1010 0002 i011 I120 Z (f Int. 

f l n t . ( h k i D / X  ( l i n t . )  • i00 

1010  0 0 0 2  10~1 1120  

1400~ - -  -- 
18oo o.*o ~ - 0.~89 - 0.s 
3 1 5 0  0 . 4 3  ~ - -  0 . 0 3 1 6  - -  0 . 0 2 6 7  
5 8 0 0  0 . 4 0  ~ -- 0 . 0 8 3 6  - -  0 . 0 2 7 4  
9150 0.41 ~ -- 0 . 1 3 7 0  - -  0.0265 

_ _  J - -  
0 . 0 2 9 1  3 0 . 6  - -  6 9 . 4  
0 . 0 5 8 3  54 .2  -- 4 5 . 8  
O .1110  75 .3  - -  2 4 . 6  
0 . 1 6 3 5  83 ,8  - -  16 .2  

* P e a k  b r e a d t h  i n  d e g r e e s  2& 
i" D i f f r a c t i o n  p e a k s  c o u l d  n o t  b e  a c c u r a t e l y  m e a s u r e d .  

Table II. X-ray diffraction results for Co-P deposits on a Ni-P substrate 

T h i c k n e s s ,  P e a k  b r e a d t h *  

A lOi-O 0oo2 lOu 
f Intensity 

0002 I011 1120 N ff Int.} 

j" Int .~hk~ I~ /~  ( f  I n t . )  • 100  

10Yo 0002 10il 1~0 

1600  0 . 5 3  ~ 0 . 4 3  ~ 0 . 0 1 0 4  0 . 0 2 5 2  0 . 0 1 7 0  
2 4 0 0  0 . 4 9  ~ 0 . 4 2  ~ 0 . 0 2 4 4  0 . 0 2 7 6  0 . 0 2 3 7  
3 5 0 0  0 . 4 6  ~ 0 . 4 1  ~ 0 . 0 4 9 3  0 . 0 2 8 5  0 . 0 2 7 3  
5 6 0 0  0 . 4 3  ~ 0 . 4 5  ~ 0 . 1 3 0 3  0 . 0 3 0 3  0 . 0 2 5 7  
6 8 5 0  0 . 3 9  ~ 0 .4 7  ~ 0 . 2 4 0 4  0 . 0 2 1 3  0 . 0 3 1 6  

0 . 0 5 2 6  19 .8  4 7 . 9  3 2 . 3  
0 . 0 7 5 7  3 2 . 3  3 6 . 5  31 ,2  
0 . 1 0 5 1  4 6 , 9  27 .1  2 6 , 0  
0.1863 69.9 16.3 13,8 
0 . 2 9 3 3  6 2 . 0  7 .3  10 .7  

* P e a k  b r e a d t h  i n  d e g r e e s  2~.  
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The sum of the integrated intensities, in both cases, 
is l inear  with thickness. However, a greater intensi ty  
sum is observed for Co-P films on electroless nickel, 
the difference increasing with thickness. Since all ob- 
served x - r ay  reflections are random in the plane of 
deposit and the deposits are magnet ical ly  isotropic in 
the deposition plane, the l inear i ty  of the intensi ty  
sums with thickness would seem to indicate that  most 
of the particles which have a size sufficient for co- 
herent  diffraction have one of the orientations ob- 
served and as one orientat ion increases (or decreases) 
there is a corresponding decrease (increase) in other 
orientations so that  the total reflected x - ray  intensi ty  
is essentially constant  per uni t  volume in each experi-  
menta l  case. This data would be consistent with an 
assumption that there may be more amorphous cobalt 
(very fine grained mater ia l  below the resolution of 
the x - r ay  wavelength used) on the Mylar-adhesive 
substrate than  in the case of an electroless nickel 
substrate. However, to establish the relat ive content  
of amorphous mater ia l  in  the films would require more 
highly refined x - r ay  measurements .  

Based on a semipart iculate model for the coercive 
force of cobalt films, it would be expected that  a de- 
crease in coercive force would occur in deposits which 
contained a large n u m b e r  of amorphous or fine par-  
ticles. This would agree with the exper imental  ob- 
servation that  cobalt films on Mylar  exhibit  lower 
coercive force values than  those on electroless nickel 
substrates. 

Conclusion 
The influence of an electroless nickel substrate on 

the microstructure  of electroless cobalt is to produce 
a more pronounced [1010] preferred orientat ion per-  
pendicular  to the plane of the deposit. 

Cobalt films prepared on electroless nickel Mylar 
base materials  exhibit  higher coercive force than simi- 
lar  deposits on Mylar. If a smaller  proportion of 
amorphous (fine grained) cobalt were present  in the 
former, one may reasonably assume that  the coercive 
force would be increased. 

Acknowledgment 
The authors would like to thank  The National  Cash 

Register Company for permission to publish this work 
which the authors performed at this company. Also, 
we would like to thank  W. H. Chilton and P. E. Henry  
for sample preparat ion and x - ray  data collection. 

Manuscript  submit ted June  25, 1968; first revised 
manuscr ipt  received ca. Sept. 12, 1968, second revised 
manuscr ipt  received Oct. 2, 1968. 

A ny  discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1969 
J O U R N A L .  

REFERENCES 
1. Lloyd D. Ransom and Victor Zentner,  This Journal, 

111, 1423 (1964). 
2. J. S. Judge, J. R. Morrison, D. E. Speliotis, and 

G. Bate, ibid., 112, 681 (1965). 
3. J. S. Judge, J. R. Morrison, and D. E. Spetiotis, 

ibid., 113, 547 (1966). 
4. M. G. Miksic, R. Travieso, A. Arcus, and R. H. 

Wright, ibid., 113, 360 (1966). 
5. Y. Moradzadeh, ibid., 112, 891 (1965). 
6. R. D. Fisher and W. H. Chilton, ibid., 109, 485 (1962). 
7. D. E. Speliotis, J. S. Judge, and J. R. Morrison, 

J. Appl. Physics, 37, 1158 (1966). 
8. R. D. Fisher, "IEEE Transactions on Magnetics," 

Vol. Mag-2, No. 4, 681 (1966). 
9. L. G. Schulz, J. Appl. Phys., 20, 1030 (1949). 

Electrochemistry and Photopotentials of 
Phenazine in Methanol Solutions 
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ABSTRACT 

Linear -potent ia l - scan  vol tammetry  and coulometry have been used to 
s tudy the electrochemistry of phenazine in methanol  solutions. Paral le l  work 
(reported elsewhere) was done on the photochemistry of this compound and 

the combined results led to elucidation of the species involved in the de- 
velopment  of photopotentials which occurred upon i l luminat ion of phenazine 
solutions. Acid-base processes dominated the electrochemistry; in acid solution 
the reactant  at a cathode was the diprotonated phenazine, yielding a stable 
semiquinone radical which was fur ther  reduced in a separate step to dihydro-  
phenazine. Oxidation of the products proceeded readily. In buffered solutions 
of the neut ra l  range, the reactant  was monoprotonated phenazine and the 
over-al l  rate was strongly influenced by the protonat ion step; a single re- 
duction wave of two electrons occurred and reoxidation yielded phenazine. 
Photopotentials in acid solution were due to diprotonated phenazine and 
photochemically produced semiquinone radical  of the same specms. In  neut ra l  
buffered solutions the photochemical product was dihydrophenazine and the 
photopotential  was due to this species and monoprotonated phenazine. 

Interest  in the redox behavior of phenazine-based 
compounds stems from their  use as dyestuffs as well  
as from recognition of the biological importance of 
some phenazine derivatives. Pr ior  to any recorded 
voltametric measurements  of phenazine, it was es- 
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tablished that  a stable, one-electron reduction product  
(semiquinone) was formed dur ing  potentiometric t i -  
t rat ions using suitable solvents. A review of this sub-  
ject was prepared by Michaelis (1). Following this, 
Miiller (2, 3) showed that the same informat ion about 
formal potentials and semiquinone intermediates  of a 
number  of compounds could be obtained from polaro- 
grams. He found (4, 5), however, that  some dyes, in -  
cluding several phenazine derivatives, gave an anoma-  
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lous wave which preceded the normal  or expected re-  
duction wave. Phenazine was included in the survey 
(5) of compounds but the only informat ion given was 
that  the p rewave  preceded the main reduct ion wave  
by a m a x i m u m  of 75 mv at a pH of 4.06. Apparen t ly  
the p rewave  was not found at a lower  pH where  the 
semiquinone was stable. Most of the compounds giving 
prewaves  did so at concentrat ions of 10 -5 to 10 -4 M. 
At higher  concentrat ions the p rewave  did not increase 
in magnitude.  It  is general ly  accepted now that  these 
anomalous prewaves  were  due to adsorption of the 
product of the reduction, as described by Brdicka 
(6, 7). Somewhat  later, Kaye and Stonehil l  (8) re-  
ported the polarographic behavior  of phenazine, pyr i -  
dine, and quinoline. They used 10% e thanol -wate r  
solutions wi th  HC1 or buffers covering the pH range 
f rom 1 to 13 and also 1M H2SO4. These pH values 
were  measured for nonalcoholic buffers. At pH values 
below 2, two distinct reduct ion processes were  found; 
the first wave  had an E~/2 of -~0.09v vs.  S.C.E. at 
pH ---- 0, shift ing to --0.02v at pH = 1.93, and the sec- 
ond wave  was independent  of acidity over  this range 
at --0.18v. Be tween  pH ~ 3.95 and 13.0, only one wave  
was found wi th  E~/2 values ranging be tween  --0.20 and 
--0.76v. The interpreta t ion of these polarographic ob- 
servations is the same as that  given by Michaelis (1): 
when the medium's  pH was below pKa of the pro-  
tonated semiquinone radical, the lat ter  was a stable 
intermediate .  They calculated PKa = 3.8 for the radi-  
cal and 3.2 for phenazinium ion. It was noted that  
phenazine had no bacteriostatic properties,  while sev-  
eral  other  compounds which gave stable semiquinones 
at pH of ca. 7 were  antibacterial .  In the series of 
polarograms given by Kaye  and Stonehi l l  there  is no 
clear indication of a p rewave  at concentrat ions of 2 
to 4 x 10-4M. Miiller (5) found ful ly developed pro-  
waves of many  compounds, including phenazine, at 
the same or lower concentration.  

Lai t inen and Mosier (9) used double layer capacity 
measurements  to survey the adsorption of a number  
of compounds on the DME. For  phenazine, they re-  
ported that  at --0.8v vs. S.C.E. surface adsorption was 
50% complete  at a solution concentrat ion of 7.6 x 
10-bM. The solution was 0.1M in NaC104 and neut ra l  
(unbuffered).  Thus it appears that  the adsorbed species 
was the reduction product  of phenazine (dihydro-  
phenazine) since the half  wave  potent ial  was con- 
siderably posit ive o f - -0 .Sv .  Miiller 's  study (5) of the 
concentrat ion dependence of the p rewave  of phenazine 
and der ivat ives  is in general  agreement  wi th  the ca- 
pacity measurements .  He also tr ied adding ethanol 
in some cases, the effect of which was to decrease 
sl ightly the prewave  of a-oxyphenazine.  How phena-  
zine's behavior  was changed by ethanol  was not 
stated. 

Finally,  it may be noted that  polarographic  hal f -  
wave  potentials  for phenazine and 59 of its der ivat ives  
have been measured (10). 

The occurrence of photopotentials  on i r radiat ion of 
solutions of certain organic compounds has been 
known for many  years (11). Historically, the Bec-  
quere l  effect, as it is f requent ly  named, was observed 
as a change in emf measured between two inert  meta l  
electrodes immersed in a solution when  only one of 
the electrodes was i r radia ted by visible or u l t raviole t  
light. Unpoised electrodes would be expected to be 
subject to re la t ive ly  large potential  changes f rom im-  
purities, so the major i ty  of such measurements  are  of 
qual i ta t ive  value only. Surash and Hercules (12) 
found that  when  proper  a t tent ion was given to pur i ty  
of the system, reproducible  photopotentials  were  ob- 
tained f rom a var ie ty  of compounds in nonaqueous so- 
lutions. Phenazine in ethanol  produced a photopoten-  
tial of --345 mv  vs. a si lver wire  coated with  si lver 
chloride. Kuwana  (13) has recent ly  rev iewed the sub- 
ject  of photopotentials  and the related photochem- 
istry. 

On the basis of the detailed photochemist ry  of phen-  
azine now avai lable (14), an unders tanding of the 
photopotentials  produced by products of the photo-  
reduct ion process is possible. This paper presents  the 
re levant  informat ion on the e lec t rochemis t ry  of the 
system and from this we can deduce wha t  is the po-  
t en t i a l -de te rmin ing  couple in i r radia ted phenazine 
solutions. 

Experimental 
Details of the prepara t ion of solutions and choice 

of chemicals have been described (14). Methanol  was 
used as solvent in all cases, except  as noted. 

All  cur ren t -poten t ia l  curves were  obtained with  a 
potentiostat  based on the details given by Enke and 
Baxter  (15). Depending on the potential  scan rate, 
the curves were  recorded ei ther  on a Houston In-  
s t ruments  HR-100 X - Y  plot ter  or a Tekt ronix  Type 
536 oscilloscope equipped wi th  suitable preamplif iers  
and Model C-12 camera. Potent ia l  scan signals were  
der ived f rom an in ternal  circuit  (15) or from a Wave-  
tek Funct ion Generator.  

Polarographic  measurements  were  made with  a 
Heath  EUW-19-6 dropping mercu ry  electrode as- 
sembly. Maximum possible uncompensated resistance 
in a 0.1M HAc, 0.1M NaAc, and 0.1M NaC1 methanol  
solution was measured  to be 350 ohms near  the end 
of drop life. This resistance was the value measured 
be tween counter  and indicator electrodes using an 
Industr ia l  Ins t ruments  RC conduct ivi ty  bridge at 
1 kHz. Electrodes were  ar ranged at approximate ly  
the three  corners of an equi la tera l  t r iangle  so that  
re la t ive ly  li t t le solution resistance was compensated. 
Consequently,  concentrat ions were  adjusted so that  
the m ax im um  iR drop due to uncompensated resist-  
ance was less than  2 mv for all curves  subject  to 
quant i ta t ive  interpretat ion.  

Most measurements  involving cyclic potent ial  
scans were  made with  a p la t inum electrode (0.096 
cm 9-) in an al l-glass cell. The counter  electrode was 
a spiral p la t inum wire  enclosed in a porous glass 
sleeve (Corning 7930 glass). The reference electrode 
was s i lver-s i lver  chloride in a 0.125M NaC1 solution 
of methanol;  isolation from the cell solution was pro-  
vided by a porous glass plug. Uncompensated resist- 
ance was 100 ohms using the same solution refer red  to 
in the polarographic case. 

Coulometric  reduct ion was done with  the same cell 
wi th  a 1 cm 2 p la t inum electrode. Potent iostat ic  con- 
trol  was f rom a Jaissle Model 300 R potentiostat.  
Coulombs were  measured with a hydrogen-n i t rogen  
coulometer  (16). The de terminat ion  of the number  of 
electrons per molecule,  or n-values ,  was made f rom 
a plot of evolved gas vo lume against peak current  
at a microelectrode measured  by a l inear  voltage 
scan. Coulometr ic  electrolysis was stopped dur ing 
these measurements .  

Prepurif ied ni trogen was used to remove  dissolved 
oxygen. 

Hydrogen ion activities were  measured in a re la-  
t ive manner  wi th  a convent ional  pH meter  and stand- 
ard electrodes which were  normal ly  stored in water .  
Cal ibrat ion was rout inely per formed with  aqueous 
buffers before a measurement ;  however ,  the meter  
reading was occasionally cal ibrated against a suitable 
methanol  buffer (17-19). Thus, all readings were  
conver ted to the pH* scale which is re la t ive  to a 
s tandard solution of hydrogen ions in methanol.  This 
procedure produced consistent results provided pH* 
> ~3.  Below this point, the measurements  lacked 
l inear i ty  and credibility. Consequently,  we resorted 
to calculat ion of pH* for all HC1 solutions. Activi t ies  
of HC1 in methanol  are avai lable  (20) and De Ligny 
et  al. (18) have calculated chloride ion activities up 
to 0.1 molal. Since some of our solutions were  0.2M, 
it was necessary to ext rapola te  the curve, but the 
probable error  from this is <0.1 of a pH* unit. Cal- 
culated and measured values of pH* matched with  
discrepancies of <0.1 unit. 
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Results and  Discussion 
Most of the measurements  of direct per t inence to 

the fol lowing discussion were  made wi th in  two pH* 
ranges: 1 to 2.6 (hydrochloric  acid) and 8 to 10 (acetic 
acid-acetate  buffer).  Phenazine,  denoted by P, exists 
in the monoprotonated form, PH +, in acid solution; 
above pH* of about 6 only the uncharged molecule is 
found. This information on protonation is based on 
the results of HC1 t i t rat ions of phenazine in methanol  
(containing ca. 0.1M NaC1). The midpoint  pH* of 
the t i t rat ion was 4.4, which we take as the logar i thm 
of the reciprocal  of the equi l ibr ium constant, pKal, 
for the process PH + = P + H + under  these condi- 
tions. This is a ve ry  reasonable value  for pKa[ in v iew 
of the value  3.2 reported (8) for 10% ethanol solu- 
tions. Cationic acids typical ly  undergo only small 
changes in pKa upon change f rom aqueous to alco- 
holic media. Neutra l  red, a phenazine derivative,  was 
reported (21) to have pK~ values of 7.4 and 8.2 in 
water  and methanol.  

Evidence for the occurrence of the reaction PH22+ 
= PH + + H + was based on the observat ion that  the 
yel low color of phenazinium ion was ha l f -changed to 
an orange color in 65% (10M) H2SO~ in water.  The 
Hammet t  acidity function, Ha, has a value (22) of 
--5 at this concentrat ion of H2SO4, but  this value  
cannot apply to a cationic base without  major  cor-  
rections. The factors to be considered are the t e rm 
log ( f + + / f + ) ,  where  the f's are act ivi ty  coefficients 
of the acid and base, association of ions and also the 
change in dielectric constant to a methanol  medium. 
We est imate PKa., to be more posit ive than --5, but  the 
order of magni tude  is a hazardous guess. A lower 
limit of PEa2 will  be discussed la ter  f rom kinetic 
measurements .  

Cyclic vo l tammograms  of phenazine at low values 
of pH* are shown in Fig. 1 and 2. Changes of peak  
potentials wi th  pH*, as identified on the vo l t am-  
mograms, are given by the respect ive lines of Fig. 3. 
Up to pH* = 2.6, which was the lowest HC1 concen- 
t rat ion (0.0041M) used, the two reductions and their  
respect ive anodic counterparts  did not quite meet  the 
cri teria (23) of diffusion control  at scan rates of about 
33 mv / sec  or greater:  that  is, separations of peak 
potentials (Ep4 -- Epl and Ep3 -- Ep2) were  62 to 65 
mv instead of 57 inv. However ,  this small  deviation, 
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Fig. 1. Linear-potential-scan voltammogram of !.6 mM phenazine 
in methanol containing 0.1M HCI and 0.1M NaCI. Scan rates are 
33 (solid line) and 3.3 (dashed line) mv/sec. Curves A and B are 
anodic scans initiated from photopotentials. 
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0.16 mM, pH* ~ 4.9. Solutions (a) and (b) contained 0.0041M HCI 
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and 0.1M NaCI. Scan rates are 33 (solid line) and 3.3 (dashed line) 
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Fig. 3. Peak potentials as a function of pH*. Peaks are identi- 
fied on inset curves. 

corresponding to a heterogeneous rate constant of 
about 0.01 cm/sec  according to the calculations of 
Nicholson (24) is not ve ry  essential at this point. 
Coulometry  at a constant potent ia l  of 0.05v wi th  pH* 
= 1.2 resulted in a va lue  for the number  of  electrons 
in the first cathodic peak of n ~ 1. The product  of 
the electrolysis was a stable, green solution which 
gave an ESR spectrum identical  to that  repor ted  (25) 
for the protonated semiquinone radical. Comparison 
of the re la t ive  height  of the four peaks leads to the 
conclusion that  each is a one-e lec t ron  step. 

On the basis of the results of pH* dependence and 
coulometry,  the electrode react ion at Epz and Ep4 in-  
volved the sequence 

PH + + H + ~ PH22+ [ la]  

PH22+ ~ e -  ~ PH2 + [lb] 

and at Ep2 and ED3 the react ion was 

PH2 .+ + e -  ~ PH2 [2] 

The directions of the reactions are to the left  for Epl 
and Ep2 and to the r ight  for ED3 and Ep~. 
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There  were, however ,  two aspects of the first re-  
action which were  subject  to analysis by l inear sweep 
methods but not apparent  to previous polarographic 
measurements .  Conditions were  possible under  which 
the rate of protonat ion of PH +, react ion [ la] ,  caused 
a decrease of the first cathodic current  peak and when 
this protonation rate  was made slow enough, a new 
peak appeared which was apparent ly  the direct re-  
duction of PH+.  Two examples  are shown in Fig. 2a 
and b; note tha t  there  is no change in the appearance 
of the remaining peaks. F rom an analysis of this be- 
havior  of the first cathodic peak, we have set a lower  
limit on the value of PKa2 of phenazine. Table I 
summarizes  the current  peaks at three  scan rates and 
for three  solutions. These data  were  processed by the 
method of analysis given by Nicholson and Shain (23), 
who found that  for the case of a first order  chemical  
reaction preceding a revers ible  charge t ransfer  the 
fol lowing empir ical  equat ion applied 

ik 1 
- -  = [3 ]  

id 1.02 + 0.471~/a /K\ / l -  

Here, ik is the observed, kinet ical ly- inf luenced current  
and id is the diffusion-control led cur ren t  which  would  
be found in the absence of a chemical  step; a is 
vnF/RT, in which v is the potent ial  scan rate; K 
is the equi l ibr ium constant for the preceding chemical  
reaction, which is equal  to [H+]/Ka2 for this case; 
and t equals (k~ -5 kb} for a first order  chemical  re-  
action, or ( [H+]k f  + kb) for react ion [ la] .  We have 
taken id at 3.3 mv / sec  to be diffusion control led since 
essentially the same value  was observed for all values 
of pH* up to 2.3. At  0.1M HC1, idly 1/2 was constant 
for v < 10 mv/sec ,  giving D = 2.2 x 10 -5 cm2/see. 
For higher  scan rates, id was calculated f rom this 
value; the ratios of ik/id are given in the table  and 
the resul t ing values of kVl .  Now if the m a x i m u m  
possible value of kf is taken to be 1016 l i te rs /mole  sec, 
then  the upper  l imi t  of Ka2 is found to have  an aver -  
age value of 107 +_ 20. More realistically,  pEa2 ap- 
pears to be --2, subject  also to the accuracy of the 
est imate of kf. Since the two reactants  in Eq. [ la]  
have the same charge, a ra ther  low value  for kr was 
taken. [For purposes of comparison, see the  tabula-  
tions of Eigen and De Maeyer  (26) and of S t reh low 
(27) ]. 

In solutions in which the ratio of HC1 to phenazine 
was 10 or less, by increasing the phenazine concen- 
tration, the addit ional  current  peak  ment ioned pre -  
viously appeared between the two cathodic peaks at 
the lowest scan rates, as shown in Fig. 2b. Similar  
curves were  also obtained with  buffers prepared  with  
tr ichloroacetic acid. However ,  it was found that  the 
effect was greater  at a given scan ra te  wi th  dilute 
HC1 solutions than wi th  high capacity buffers of 
higher  pH*. This addit ional  peak increased with  in-  
creasing scan rate  at the expense of the first cathodic 
peak; no other  changes in the vo l t ammogram were  
noted. A reasonable in terpre ta t ion  would  be that  the 
direct reduct ion of PH + occurred when  reaction [la]  
became sufficiently slow. In dilute HC1 solutions, the 

Table I. Kinetic data for the reaction PH + -5 H + ~ PH22 § 

pH* 1, m v / s e c  A/a- id/.tA~ a) ik/ id  Kx/~ 

2 .02 3.3 0.36 1 .20 1 
33 1.14 3.80 0,92 8.9 

330 3.60 12.0 0.80 7.4 
2.31 3.3 0.36 1.20 1 

33 1.14 3.80 0.88 4.5 
330 3.60 12.0 0.71 4.3 

2.61 3.3 0.36 1.20 1 
33 1.1~ 3.80 0.83 3.0 

330 3.60 12.0 0.58 2.4 

(") P h e n a z i n e  c o n c e n t r a t i o n  w a s  0.16 r a M ;  m e t h a n o l  s o l u t i o n  con-  
t a i n e d  HCI  a n d  0 .1M iWaC1. D i f f u s i o n  c u r r e n t s  a r e  c a l c u l a t e d  f r o m  
e x p e r i m e n t a l  v a l u e s  a t  3.3 m v / s e c  a n d  pH* = 1.2. 
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decrease in rate was exaggerated because the act ivi ty  
of H + was not held as uni form in the diffusion layers 
as when buffers were  present  in high concentrations. 
Thus, pseudo-f i rs t -order  conditions were  not main-  
tained. 

With increasing pH* above 2.6, the peak ascribed 
to direct reduct ion of PH + became dominant  and 
merged with Ep2 by pH* ---- 5.0, shown in Fig. 2c. The 
anodic counterpart ,  Ep4, also shifted negat ive in po- 
tent ia l  unti l  i t  merged  into the tai l  of the wave  at 
E,3. Since pKa (8) for dissociation of PH2 .+ was at 
least about 0.6 units larger  than pKal of PH +, Ep4 
persisted to sl ightly higher  pH* values than did E,~. 
For  the curve  shown in Fig. 2c, the peak heights cor-  
responded to a two-e lec t ron  process by comparison 
with  the other  curves. Also, the separat ion of peak 
potentials was 65 mv at low scan rates in we l l -bu f -  
fered solutions. 

Fur the r  increases in pH* have  the significant effect 
shown in Fig. 4. The cathodic process has shifted 
negat ive by near ly  0.5v for a pH* change of 4. In-  
creasing scan rates caused the cathodic curve  to flatten 
and iJz, 1/2 decreased markedly,  as is i l lustrated by 
the normalized curves of Fig. 5. Fur the r  diagnostic 
characteris t ics  of the cathodic wave  were  a negat ive  
potential  shift wi th  increasing scan rate  of both half-  
peak potential  and peak potent ial  (--18 and --40 my 
per 10-fold increase in v, respectively,  for rates up to 
5 v /sec)  and a change of about --70 mv per uni t  pH* 
increase, as shown in Fig. 2. Coulometry  at --0.Tv re -  
vealed that  two electrons were  involved in the over -  
all reduction. As the cathodic current  decreased dur-  
ing bulk electrolysis, the anodic wave  increased cor- 
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Fig. 4. Linear-potential-scan voltammogram of 1.2 mM phena- 
zine in methanol solution of 0.1M acetic acid, 0.1M sodium ace- 
tate, and 0.1M sodium chloride; pH* = 9.4; scan rate 33 mv/sec. 
Curves A and B are anodic scans initiated from photopotentials. 
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r e s p o n d i n g l y  a n d  no  a d d i t i o n a l  c u r r e n t  p e a k s  w e r e  
found .  

S e v e r a l  p o l a r o g r a p h i c  o b s e r v a t i o n s  w e r e  a lso m a d e  
w i t h  a c e t a t e  buf fe rs .  R e d u c t i o n  a t  a D M E  w as  a s ing le  
w a v e ;  t h e  r i s i n g  p a r t  of  t h e  w a v e  h a d  a n  a v e r a g e  
s lope  of  45 m v  w h e n  p l o t t e d  as E vs.  log (id - -  i ) / i  for  
a d r o p  t i m e  of  a b o u t  6 sec. A t  pH *  : 8.4, t h e  d i f fu -  
s ion  c u r r e n t  vs.  s q u a r e  roo t  of  h e i g h t  of m e r c u r y  
c o l u m n  w a s  r e a s o n a b l y  l i n e a r  for  d r o p  t i m e s  g r e a t e r  
t h a n  4 sec; b e l o w  t h i s  v a l u e  t h e  p lo t  c u r v e d  t o w a r d  
a z e r o - o r d e r  d e p e n d e n c e  on  m e r c u r y  c o l u m n  h e i g h t .  

A d i f fus ion  coeff ic ient  of t h e  n e u t r a l  p h e n a z i n e  spe -  
cies w a s  c a l c u l a t e d  f r o m  t h e  p o l a r o g r a p h i c  l i m i t i n g  
c u r r e n t  a t  pH*  : 8.4. U s i n g  t h e  I lkov id  e q u a t i o n  a n d  
n : 2, a v a l u e  of  D ---- 3.0 x 10 -5  cm2/ sec  w a s  ca l -  
cu l a t ed .  T h i s  is in  f a i r  a g r e e m e n t  w i t h  t h e  v a l u e  of 
2.2 x 10-~ cm2/ sec  c a l c u l a t e d  f r o m  t h e  p e a k  c u r r e n t  
f r o m  a l i n e a r  s c a n  of 3.3 m v / s e c  a t  pH*  ~ 5.0 w h e r e  
t h e  s ing le  w a v e  m o s t  c lose ly  h a s  t h e  c h a r a c t e r i s t i c  
d i f f u s i o n - c o n t r o l l e d  shape .  E x t r a p o l a t e d  to zero  s can  
ra te ,  t h e  v a l u e  i n c r e a s e d  to 2.8 x 10 -5  cm2/sec .  N o n e  
of t h e s e  c a l c u l a t i o n s  i n c l u d e d  a s p h e r i c a l  t e r m  in  t h e  
d i f fus ion  e q u a t i o n .  Also,  in  a n t i c i p a t i o n  of  a o n e -  
e l e c t r o n  i n i t i a l  s t ep  of  t h e  o v e r - a l l  p rocess ,  t h e  t e r m  
n 3/2 of t h e  R a n d l e s - S e v c i k  e q u a t i o n  w a s  r e p l a c e d  b y  
(nl  + n..,)nl ~/2 i n  w h i c h  t h e  s u b s c r i p t s  i n d i c a t e  t h e  
s e q u e n c e  of e l e c t r o n  add i t i on .  N i c h o l s o n  a n d  S h a i n  
(28) h a v e  s h o w n  t h a t  t h i s  m o d i f i c a t i o n  is n e c e s s a r y  
w h e n  a s i n g l e  c u r r e n t  w a v e  cons i s t s  of t w o  c h a r g e  
t r a n s f e r s  c o u p l e d  b y  a c h e m i c a l  r e a c t i o n ;  e v i d e n c e  for  
th i s  a s s i g n m e n t  of s t eps  is g i v e n  be low.  To a c e r t a i n  
e x t e n t ,  t h e  d i f fus ion  coeff ic ient  v a l u e s  g i v e n  h e r e  m a y  
a p p e a r  to  be  l a r g e r  t h a n  g e n e r a l l y  r e p o r t e d  for  s i m -  
i l a r  c o m p o u n d s .  H o w e v e r ,  t h e  d i f f e r e n c e  in  v i scos i ty  
of  m e t h a n o l  a n d  w a t e r  is suff ic ient  to  a c c o u n t  for  t h e  
inc rease .  K a y e  a n d  S t o n e h i l l  (8) d i d  no t  g ive  a d i f -  
fu s ion  coeff ic ient  f r o m  t h e i r  m e a s u r e m e n t s ,  b u t  a s -  
s u m i n g  t h e y  e m p l o y e d  t h e  s a m e  c a p i l l a r y  c h a r a c t e r -  
is t ics  fo r  p h e n a z i n e  as fo r  t h e  o t h e r  c o m p o u n d s  i n v e s t i -  
ga ted ,  w e  c a l c u l a t e  D : 8 x 10 -6  cm2/ sec  for  p h e n a -  
z ine  in  1:10 e t h a n o l - w a t e r ;  v i s cos i t y  of  t h i s  s o l v e n t  is 
1.32 w h i l e  t h a t  of  m e t h a n o l  is 0.55 a t  25~ 

C o n s i d e r a t i o n  of  t h e  a b o v e  i n f o r m a t i o n  on  t h e  r e -  
d u c t i o n  of  p h e n a z i n e  o v e r  t h e  i n v e s t i g a t e d  pH *  r a n g e  
l eads  to  t h e  f o l l o w i n g  f o u r  e q u a t i o n s  as a r e a c t i o n  
s e q u e n c e  fo r  s o l u t i o n s  g i v i n g  s ing le  c a t h o d i c  a n d  a n o -  
dic w a v e s  

P + H + ~ P H  + [4a] 

P H  + ~- e -  ~ P H .  [4b] 

P H .  -b H + ~ PH2 "+ [5a] 

PH2 .+ + e -  ~ PH2 [5b] 

T h e  c o m b i n a t i o n  of [4a] a n d  [4b] is b a s e d  on  t h e  
m a r k e d  d e c r e a s e  in  ip /v  '/2 w i t h  i n c r e a s i n g  s c a n  r a t e  
(23) .  I f  [4b] is no t  a r e v e r s i b l e  s tep,  t h e  ef fec t  is 
e s s e n t i a l l y  t h e  s a m e ;  t h e r e  a p p e a r s  to  b e  no  r e a s o n  
to a s s u m e  [4b] to  be  i r r e v e r s i b l e  in  v i e w  of  t h e  r e -  
su l t s  s h o w n  for  pH *  of  1 to 5. N o n e  of t h e  m o d e l  
k i n e t i c  s y s t e m s  w h i c h  h a v e  b e e n  a n a l y z e d  s h o w s  t h i s  
c h a r a c t e r i s t i c ,  e x c e p t  a c a t a l y t i c  cycle.  W e  e x c l u d e  
t h i s  p o s s i b i l i t y  f r o m  h a v i n g  a m a j o r  role ,  a l t h o u g h  i t  
h a s  b e e n  f o u n d  as h y d r o g e n  e v o l u t i o n  d u r i n g  r e d u c -  
t i o n  of m a n y  n i t r o g e n o u s  c o m p o u n d s  (29) ,  b e c a u s e  t h e  
d i f fus ion  coeff ic ient  is c o n s t a n t  for  a w i d e  r a n g e  of 
c o n d i t i o n s  a n d  t h e  c h a n g e  of t h e  s h a p e  of t h e  v o l t a m -  
m o g r a m  w i t h  i n c r e a s i n g  s c a n  r a t e  of a c a t a l y t i c  r e a c -  
t i o n  (23) is t o w a r d  t h a t  of  a p e a k e d ,  n o r m a l  d i f fu s ion -  
c o n t r o l l e d  wave .  F i g u r e  5 s h o w s  t h a t  t h e  oppos i t e  was  
found ,  in  q u a l i t a t i v e  a g r e e m e n t  w i t h  t h e  c a l c u l a t e d  
c u r v e s  (23) for  t h e  ca se  of a c h e m i c a l  s tep  p r e c e d i n g  
c h a r g e  t r a n s f e r .  T h e r e  is one  i m p o r t a n t  r e s p e c t  in  
w h i c h  o u r  m e a s u r e m e n t s  d e v i a t e  f r o m  t h e  r e s u l t s  of  
t h e  c a l c u l a t i o n s  of  N i c h o l s o n  a n d  S h a i n  (23) for  a 
p r e c e d i n g  r e a c t i o n :  w i t h  i n c r e a s i n g  s c a n  ra t e ,  t h e  
h a l f - p e a k  p o t e n t i a l  s h o u l d  sh i f t  a n o d i c  i f  t h e  se-  
q u e n c e  is i n d e e d  [4a] f o l l o w e d  b y  [4b] ;  a c a t h o d i c  

s h i f t  was  found .  T h e  e x p l a n a t i o n  c a n  b e  f o u n d  in  t h e  
ef fec t  of  r e a c t i o n  [5a] .  A f o l l o w i n g  c h e m i c a l  r e a c t i o n  
sh i f t s  ED ( a n d  t h e  h a l f - p e a k  p o t e n t i a l )  in  t h e  c a t h o d i c  
d i r e c t i o n  (23) w i t h  i n c r e a s i n g  s can  r a t e ,  b e c o m i n g  
c o n s t a n t  w i t h  i n c r e a s i n g  s c a n  r a t e  w h e n  a / k f  [H +] 
e x c e e d s  a v a l u e  of a b o u t  10. H e r e  k f [ H  +] app l i e s  to  
r e a c t i o n  [5a] ,  w h i c h  is c o n s i d e r e d  to  b e  i r r e v e r s i b l e  
b e c a u s e  of  [5b] .  T h e  r e d u c t i o n  p o t e n t i a l  of  PH2 .+ is 
pos i t i ve  of t h e  r e g i o n  w h e r e  [4b] c o m m e n c e s ,  as  is 
e v i d e n t  f r o m  t h e  a n o d i c  w a v e  of Fig. 4 a n d  f u r t h e r  
is t y p i c a l  of  p r o t o n a t e d  h y d r o c a r b o n s ,  as w a s  s h o w n  
b y  H o i j t i n k  et  al. (30) .  Thus ,  a t  s low s c a n  ra tes ,  t h e  
effect  of [5a] d o m i n a t e s  a n d  a c a t h o d i c  s h i f t  a m o u n t -  
ing  to a m a x i m u m  of - -30 m v  p e r  10- fo ld  i n c r e a s e  in  
v is e x p e c t e d .  H o w e v e r ,  t h e  effect  of [4a] a t  l ow  s c a n  
r a t e s  a lso causes  a s m a l l  c a t h o d i c  s h i f t  in  Ep ( w h i l e  
Epj,~ m o v e s  a n o d i c ) ,  as is s h o w n  in  t h e  c a l c u l a t e d  c u r -  
r e n t  f u n c t i o n s  (23) .  I t  is n o t  k n o w n  h o w  t h e s e  c r i -  
te r ia ,  c a l c u l a t e d  fo r  i n d e p e n d e n t  cases,  w i l l  b e h a v e  
w h e n  c o m b i n e d .  C e r t a i n l y  t h e  q u a l i t a t i v e  a spec t s  a r e  
co r rec t .  As  f u r t h e r  proof ,  w e  f o u n d  t h a t  t h e  h a l f - p e a k  
p o t e n t i a l  b e c a m e  i n d e p e n d e n t  of s c a n  r a t e  in  t h e  v i c i n -  
i ty  of 10 to 70 v / sec ,  in  sp i t e  of  a l a r g e  o h m i c  d r o p  
in  t h e  cel l  u n d e r  t h e s e  cond i t i ons .  I t  is i n t e r e s t i n g  to  
n o t e  t h a t  no  n e w  w a v e s  d u e  to  i n t e r m e d i a t e s  w e r e  
f o u n d  a t  t h e s e  s c a n  ra tes .  

C a l c u l a t i o n  of  r a t e  c o n s t a n t s  for  r e a c t i o n  [4a] 
w o u l d  no t  be  e x p e c t e d  to b e  r ea l i s t i c  if  t h e  r e d u c t i o n  
a c t u a l l y  occu r s  as w r i t t e n .  C h a r a c t e r i s t i c s  of  p e a k  c u r -  
r e n t s  a r e  u n i q u e  to t h e  b o u n d a r y  c o n d i t i o n s  a s s u m e d  
for  a s y s t e m  a n d  t h e y  lose t h e i r  s ign i f i cance  w h e n  
a d d i t i o n a l  s t eps  occur .  W e  f o u n d  t h a t  t h e  q u a n t i t y  
K \ ,  1 was  no t  c o n s t a n t  w h e n  Eq. [3] w a s  used ;  for  
e x a m p l e ,  kf r a n g e d  f r o m  1012 to 1013 l i t e r s / m o l e  sec 
a n d  k~ r a n g e d  f r o m  l0 s to  109 s e c - ' .  I n d i c a t i o n s  a r e  
t h a t  kf of  [4a] is a d i f f u s i o n - c o n t r o l l e d  c o n s t a n t .  
T h e  a b s e n c e  of  a n  a n o d i c  w a v e  d u e  to  t h e  p r o p o s e d  
i n t e r m e d i a t e  P H .  w o u l d  r e q u i r e  (23) t h a t  a / k ~ [ H  +] 
fo r  [5a] b e  less t h a n  0.1. A t  v ~- 100 v / s e c  a n d  [H +] 

10 - s  M, t h i s  c o n d i t i o n  g ives  kf ~_-- 4 x 1012 l i t e r s /  
m o l e  sec for  [5a] .  

In  t h e  h i g h  pH*  r a n g e ,  t h e  anod ic  w a v e  s h i f t e d  
n e g a t i v e  i n  p o t e n t i a l  b y  31 m v / p H *  un i t .  D i s t o r t i o n  
of  t h i s  c u r v e  o c c u r r e d  b e c a u s e  of t h e  t i m e  lag  b e t w e e n  
r e v e r s a l  of  d i r e c t i o n  of t h e  l i n e a r  p o t e n t i a l  s c a n  a n d  
t h e  s t a r t  of t h e  a n o d i c  process .  T h e r e  is n o  d o u b t  t h a t  
t h e  o x i d a t i o n  is t h e  r e v e r s e  of t h e  o v e r - a l l  r e d u c t i o n  
s e q u e n c e  s ince  no  c a t h o d i c  p e a k  was  f o u n d  a d j a c e n t  
to  th i s  w a v e  u p o n  a s e c o n d  r e v e r s a l  of d i r e c t i o n  of 
p o t e n t i a l  scan.  Al so  t h e  a r e a  of t h e  a n o d i c  w a v e  a p -  
p r o a c h e d  t h e  a r e a  of t h e  c a t h o d i c  w a v e  w i t h  i n c r e a s -  
ing  s can  ra t e .  

S i n c e  p r e v i o u s  i n v e s t i g a t i o n s  (5, 9) i n d i c a t e d  t h a t  
d i h y d r o p h e n a z i n e  w a s  a d s o r b e d  on  m e r c u r y  e l ec -  
t rodes ,  i t  is i m p o r t a n t  to assess  t h e  m a g n i t u d e  of  t h i s  
effect  u n d e r  t h e  c o n d i t i o n s  of ou r  e x p e r i m e n t s .  Due  to 
t h e  m a n y  c o m p l i c a t i o n s  c a u s i n g  d e v i a t i o n s  f r o m  s i m -  
p le  d i f fus ion  c o n t r o l  of v o l t a m m o g r a m  cu rves ,  a d -  
s o r p t i o n  effects  w e r e  diff icul t  to loca te  e x c e p t  a t  pH*  
of a b o u t  5. H e r e  t h e  p e a k  a n o d i c  w a v e  e x c e e d e d  t h e  
p e a k  c a t h o d i c  w a v e  b y  5% a t  v = 33 m v / s e c ;  ac -  
c o r d i n g  to m e a s u r e m e n t s  of  t h e  c u r v e  of  Fig.  2c. A t  
low s c a n  r a t e s  t h e  d i f f e r e n c e  w a s  too  s m a l l  to  m e a -  
s u r e  a n d  a t  h i g h  s c a n  r a t e s  (333 m v / s e c )  t h e  c a t h o d i c  
w a v e  b e c a m e  i n f l u e n c e d  b y  t h e  p r i o r  c h e m i c a l  s tep,  
Eq.  [4a] .  W o p s c h a l l  a n d  S h a i n  (31) r e c e n t l y  t r e a t e d  
t h e  cases  of r e a c t a n t  a n d  p r o d u c t  a d s o r p t i o n  a n d  f r o m  
t h e i r  r esu l t s ,  one  w o u l d  c o n c l u d e  t h a t  t h e  e x p e r i -  
m e n t a l  e v i d e n c e  s h o w e d  t h a t  d i h y d r o p h e n a z i n e  w a s  
w e a k l y  a d s o r b e d  f r o m  m e t h a n o l  so lu t ion .  

P h o t o p o t e n t i a l s  w e r e  m e a s u r e d  w i t h  2 m M  s o l u t i o n s  
of p h e n a z i n e  a t  pH*  : 1.4 a n d  a lso  a t  pH*  ---- 9.4. 
Cycl ic  s cans  w e r e  r e c o r d e d  w i t h  a p l a t i n u m  e l e c t r o d e  
a n d  t h e  s o l u t i o n  was  i l l u m i n a t e d  a t  a d i s t a n c e  of  15 
c m  f r o m  a n  A H - 6  m e r c u r y  v a p o r  l amp .  I n  ac id  so lu -  
t ion,  t h e  i n i t i a l  p o t e n t i a l  w a s  0.45v a n d  u n s t e a d y .  
A f t e r  a f e w  seconds  of  i l l u m i n a t i o n  t h e  p o t e n t i a l  
m o v e d  in  a n e g a t i v e  d i r ec t ion ,  f irst  r a p i d l y  t h e n  m o r e  
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slowly unt i l  a potential  of 0.330v was at tained after 
about several minutes.  At this point the solution was 
a definite yel low-green color due to the formation of 
photoreduced products. Addit ional  curves were mea-  
sured dur ing  i l luminat ion;  there were no major  
changes in the curves from those shown in Fig. 1. The 
potential  of Epl shifted about 10 mv negative and the 
current  decreased slightly with time. The other cur-  
rent  peaks increased about 5%, an effect most prob-  
ably due to the thermal  convections from the light 
source. Anodic potent ial  scans started from the photo- 
potential  showed a small  wave; examples have been 
added to Fig. 1, lines A and B. These waves increased 
with time. Using the electrochemical results, the in-  
terpre ta t ion of these observations is ra ther  direct. The 
product of photoreduction (14) in acid was the pro-  
tonated semiquinone radical, PH2. + and therefore, the 
poten t ia l -de te rmining  couple was pH22+/pH2 -+ (Eq. 
[ l b ] ) ,  as was clearly shown by the measured poten-  
t ial  and cur ren t -po ten t ia l  curves. The observed de- 
crease of current  of E,i  is quite as expected from the 
gradual  conversion of PH + to PH2 -+, as is the in-  
crease in the anodic current  wave star t ing from the 
photopotential.  

The si tuat ion wi th  the acetate buffer corresponds 
more closely to the conditions employed by Surash 
and Hercules (12) than does the above. Here, the 
ini t ial  potential  was about zero volt and also unsteady. 
After  about 10 min  of i l luminat ion  a potential  of 
--0.2v was reached. Again, no marked  changes in the 
vol tammogram were noted, except a gradual  increase 
with t ime of the anodic wave as measured from the 
photopotential,  as shown by curves A and B of Fig. 4. 
Absence of new current  peaks dur ing i l luminat ion 
showed that  the photoreduction intermediates  were 
short lived as was established from photochemical 
studies and the product was PH2 (14). Thus the po- 
ten t ia l -de te rmin ing  couple was PH+/PH2 since the 
in termediate  oxidation state was not t he rmodynam-  
ically stable. K u w a n a  (13) expressed the view that  
photopotentials are due to the fully reduced species 
and not radical intermediates.  This view certainly 
applies to phenazine in acetate buffer solution. Also, 
the very slow decay of photopotentials (12) after 
cessation of i l luminat ion is suggestive of dii tusional 
and convective mixing of solution between the ex-  
posed and light-baffled parts of the cell. 

Finally,  it may be noted that  the t ime-ra te  of 
change of photopotentials and the anodic waves 
clearly reflected the large difference in quan tum effi- 
ciencies (14) of the photoreduction of phenazine in 
HC1 and acetate buffer solutions. In  the first solution, 
the quan tum efficiency was 0.094 moles/e inste in  while 
in the lat ter  it was 0.011 moles/einstein.  
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Energy Considerations in Electron Beam Welding 
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ABSTRACT 

An expression is obtained for the depth of penetra t ion of an electron beam 
in terms of the thermal  conduct ivi ty  of the solid and other  parameters  of the 
material .  In the case of a moving beam, the penetra t ion decreases wi th  speed; 
an expression for the decrease of penetra t ion is obtained in terms of the 
the rmal  diffusivity. An electron beam technique is described which may  be a 
useful method for measur ing thermal  diffusivities. 

Al though electron beams have been used success- 
fully as a tool in cutt ing and welding materials,  and 
although a large body of empir ical  informat ion is now 
available on how this tool can be used to good advan-  
tage, our knowledge of the actual processes induced 
by the electron beam in the target  mater ia l  is incom- 
plete. Ideal ly we would like to know the details of the 
atomic processes which govern the penetrat ion of the 
electron beam (1); however ,  there  is also a prior need 
to understand the penetra t ion process on a macro-  
scopic level. The present paper considers the energy 
balance and energy loss mechanisms on a macroscopic 
basis and shows how these energy considerations 
govern to a large extent  the penetra t ion of the elec- 
t ron beam, al though there  are some assumptions 
which have to be made, the val idi ty  of which can 
only be examined  on a microscopic basis. It is shown 
that, provided the beam is sufficiently nar row and its 
energy content  high enough, the penetrat ion in the 
s tat ionary case is mainly  governed by thermal  con- 
duction. If the beam is not narrow, a second energy 
loss mechanism becomes important ,  the flow of vapor  
out of the hole made  by the beam. In the case of a 
moving beam, the penetra t ion is reduced by the ext ra  
energy requ i rement  of mel t ing the mater ia l  ahead of 
the cut, and an expression is found for the decrease 
of penetrat ion depth as function of the forward ve-  
locity of the beam. Final ly  it is pointed out that  since 
this loss of penetra t ion depth depends on the the rmal  
diffusivity, an electron beam technique may be a con- 
venient  way of measur ing the rmal  diffusivity in cir-  
cumstances when measurements  of t empera tu re  gradi-  
ents of t empera tu re  variat ions inside a solid are 
difficult. 

The present  t r ea tment  depends mainly  on energy 
flow considerations; it applies not only to electron 
beams, but to any other  method which delivers  a high 
flux of energy in a beam of nar row cross section. It  
may, in particular,  apply under  appropriate  c i rcum- 
stances to laser welding. 

Stationary Beam 
Consider a nar row electron beam impinging on a 

surface. Let  the voltage be V, the current  J,  so that  
the energy flow is W = VJ. Suppose in the steady 
state the beam has cut a deep hole, of depth D, and 
diameter  l, and let D > >  I. Let  Tm be the mel t ing 
point of the material ,  and let the vapor  inside the hole 
be of t empera tu re  Tv. P resumably  there  is a sheath 
of mol ten mater ia l  be tween  the vapor  core and the 
surrounding solid; unfortunately,  ve ry  l i t t le  is known 
about what  occurs precisely wi thin  the hole. But  note 
that  by the above definition l is the d iameter  of the 
"key  hole" formed by the beam and not the wid th  
of the mol ten meta l  which, by the usual  definition, 
gives the weld width. 

The electrons penet ra te  the hole in an unknown and 
ex t remely  complicated manner ,  a l though some x - r a y  
photographs give informat ion about the spatial distr i-  
bution of the absorption (2). We shall assume (a) 
that  x - rays  remove  only a negligible fraction of the 

1 P re sen t  addres s :  D e p a r t m e n t  of Phys ics ,  The U n i v e r s i t y  of Con-  
nec t icu t ,  Storrs, Connect icut  06268. 

total power, and (b) no mat te r  how the energy loss 
of the electrons by interact ion with  the vapor  and 
the walls of the hole is dis tr ibuted spatially, this en- 
ergy is rapidly t ransported within  the hole, so that  
the wall  is of uniform temperature .  

The energy which is del ivered by the beam is dis- 
sipated by various mechanisms: by heat  conduction 
into the solid, by energy t ransported away by vapor, 
and by radiant  energy. 

If the hole is deep and narrow, conduction becomes 
most important.  The t empera tu re  gradient  at the 
sol id- l iquid interface is of order  T,, / l ,  so that  the heat  
carr ied away by conduction is of order  K(T,,/I)~ID, 
where  K is the the rmal  conductivi ty.  The heat  flow is 
thus roughly independent  of the hole diameter ,  but 
proport ional  to the hole depth D. Therefore,  as long 
as the other  energy loss mechanisms are re la t ively  
small, the conduction depends on the depth of the 
hole, which is therefore  proport ional  to beam power;  
this result  is insensit ive to the hole diameter,  which 
must be de termined  by other  considerations. 

In greater  detail, the heat  conduction for a length D 
through a cyl inder  of inside d iameter  l and inside 
t empera tu re  T,,, and outside d iameter  L and tempera -  
ture To is given by (3) 

T,n -- To 
WI = 2~ D~ [1] 

In (L/ l )  

There is thus a weak dependence on I. We must  now 
choose the radius L/2  outside which the mater ia l  is at 
the ambient  t empera tu re  To. We find that  str ict ly 
speaking the process is not s ta t ionary and L increases 
wi th  time. However ,  as long as the cyl inder  is not in-  
finitely long but of finite length D, we expect  the 
conduction to be enhanced by the addit ion of an 
ext ra  dimension as soon as L becomes comparable  to 
D; at that  point a s ta t ionary state is more  closely 
approached. We therefore  ident i fy L/2  with D, noting 
that  any error  will  only enter  into [1] logari thmically,  
so that  

Tm - -  To 
Wz = 2~ D~ [2] 

ln (2D/ l )  

In many typical  cases, l n (2D/ l )  ranges f rom 3 to 5. 
Equat ing W1 to the total  power  of the beam, W, one 

obtains for the depth of the hole 

W In (2D/l)  
D - - - - -  [3a] 

2~ K (T~n --  To) 

4W 
~__ [3b] 

2~ ~ (T,~ - -  To) 

In a typical  case of a 15-kw beam and in a meta l  
for which thermal  conduct ivi ty  ~ ---- 1 w a t t - c m - d e g  -1, 
and T m =  1500~ one would expect  a penetra t ion of 
the order  of 6 cm. If the d iameter  of the hole is 0.2 
cm, this makes In (2D/l) = 4.2, consistent wi th  our 
approximation.  

Some typical  values of D for various mater ia ls  de- 
duced from [3a] are shown in Table I, 
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Table I. Beam penetration for 15 kw beam, 
I = 0.2 cm:optimum values 

E N E R G Y  I N  E L E C T R O N  B E A M  W E L D I N G  

K, 
M a t e r i a l  T,,,, *C w a t t - c m - d e g - ~  D, c m  

C o p p e r  (pu re )  1080 4.5 1.5 
C o p p e r  a l loy  (20/~ 

o h m - e r a )  1080 ( ?} 0.8( ? p 10 
I r o n  1540 0.7 9 
S t a i n l e s s  s t ee l  1600 ! ? ! 0.14 50" 
T u n g s t e n  3380 1.0 2.0 
Rocks, various 2000(?~ 0.02 f?~ 400"* 

* T h e  t h e r m a l  c o n d u c t i v i t y  of s t a i n l e s s  s tee l  is a r o o m  t e m p e r -  
a t u r e  v a l u e ;  i t  m a y  be  c o n s i d e r a b l y  h i g h e r  n e a r  T, , ,  r e s u l t i n g  in a 
s u b s t a n t i a l  r e d u c t i o n  of  D. T h e  v a l u e  m a y  t h u s  t u r n  ou t  to be 
c lose r  to t h a t  for  t h e  c o p p e r  a l loy.  

J* W e  h a v e  n e g l e c t e d  t h e  " d i l u t i o n "  of  t he  b e a m  by  e l e c t r o n  
scattering which causes variations in the temperature of the vapor 
with depth, and would invalidate the present argument in extreme 
cases. We have also disregarded the factor of time, which is again 
of great importance in such extreme cases. 

One must  recognize that  these values are opt imum 
values deduced on the assumption that  other  heat loss 
mechanisms are  inoperative.  Fur thermore ,  it has been 
assumed that  the hole is long and thin and of uni form 
temperature ,  and that  the  solid mater ia l  which had to 
be removed to form the hole has been removed  wi th -  
out inhibit ing the entrance of the beam. In the case 
of the 400-cm hole calculated for rock, this is cer-  
ta inly  a quest ionable assumption. Limitat ions due to 
electron scat ter ing are discussed in an associated paper 
by Schuber t  and Schumacher  (4). 

Let  us now consider compet ing heat  loss mechan-  
isms. The mater ia l  inside the hole is par t ly  in the 
form of liquid, par t ly  in the form of vapor. The la t ter  
probably occupies the major  fraction of the volume. 
The vapor  emits e lectromagnet ic  radiat ion and also 
streams out of the hole, carrying away energy. The 
black body radiat ion out of a hole of area 12 is 

Wr = 6 X 10 -12 Tval 2 w [4] 

and even if Tv --~ 3000~ this is c lear ly  negligible. 
The energy  loss by vapor  flow is more important .  

Let  us assume the vapor  to emerge  with  the veloci ty 
of sound v, at a t empera tu re  T~. Let  do be the den-  
sity of the solid, C its heat  capacity per unit volume, 
and let d be the density of the vapor.  The heat  ca- 
pacity per  unit  volume of the vapor  is thus 

d 
C [5] 

2do 

the factor 2 being included because the vapor  atoms 
have only translational,  not vibrational ,  energy. The 
energy flow due to the vapor  is thus 

d 
Wn = 12 v C Tv [6] 

2do 

Invoking the perfect  gas law, and assuming that  the 
vapor  issues at or near  a tmospheric  pressure 

d Tv 
3 X 10 -4 ~ 10 -6 T~ [7] 

do 300 
so that  

1 
WII = -~- X 10 -6 C v l 2 Tv 2 [8] 

In a typical  case, when  C ,-- 3.5 joule /cm3/deg,  Tv = 
3000*K, and v = 5 x 104 cm/sec  

W I I  ~'~ 8 X 105 12 w [9] 

For beam energies of the order of 10 kw, this loss 
becomes impor tant  when  I exceeds say 0.1 cm. In the 
case of vacuum welding the pressure in the hole is 
only about Y4 a tm (1), and W n is correspondingly de-  
creased. 

We now recognize two possible cases: when  
Wn < W and when WII > WI. In the former  case the 
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energy balance is 
WI = W - -  WII [10] 

where  WI is de termined  by conduction and propor-  
t ional  to the depth of penetrat ion.  The vapor  loss W~I 
is proport ional  to l 2 or the cross-sectional area of the 
hole. It is thus advantageous to keep 12 as small  as 
possible. 

The factors which control /2 are obscure, but the 
min imum requ i rement  is a na r row beam, for l cannot 
be less than  the beam diameter.  Another  requ i re -  
ment  is that  the beam does not wander,  and that  it is 
not broadened by atmospheric  scattering. Al t e rna -  
t ive ly  it is desirable to have a large beam power. 
Inasmuch as it is difficult to concentrate  a large beam 
power into a small  area, the condit ion 

W > Wu 

is equivalent  to a r equ i rement  on the beam power  
density, namely  

W 
i2 > 5 X 10  - 7  C v T v  2 [ 1 1 ]  

which is the harder  to fulfill, the grea te r  the vapor iza-  
tion t empera tu re  of the material .  

In the typical  case quoted above, the crit ical  beam 
power  density below which substantial  penet ra t ion is 
cer ta in ly  impossible is 80 k w / c m  2. In actual  practice 
the beam power  density should exceed this value by 
a substantial  factor. 

If W < WII, we have different conditions altogether.  
The beam does not dri l l  a deep hole, but  eats its way 
into the mater ia l  gradually,  leaving a re la t ive ly  wide 
depression. No vapor cloud forms in that  depression, 
but mater ia l  is r emoved  unti l  D is comparable  to I. 
Fur the r  penetra t ion is governed by the speed with  
which mater ia l  can evaporate  from a l iquid surface 
of area 12 kept at some t empera tu re  in termedia te  be-  
tween  the mel t ing  t empera tu re  T,n and the vapor iza-  
tion t empera tu re  T~,. The t empera tu re  reached in the 
steady state depends on the power  density W/IL  
Fur thermore ,  since a large amount  of l iquid is present, 
the progress of the erosion wil l  depend on how that  
l iquid wil l  flow and possibly refreeze;  this in turn  
depends on the direct ion of gravi ty  and on surface 
tension effects. 

Moving Beam 
It is general ly  observed that  the depth of pene t ra -  

tion is less for a moving beam than for a s ta t ionary 
beam, and that  this depth decreases as the forward  
speed of the beam is increased. This is readi ly  under -  
stood as a consequence of the addit ional  energy  re-  
qu i rement  of moving the beam. Since heat  is left  
behind in the wake  of the moving  beam, less heat  
needs to be conducted away, so that  the penetra t ion 
decreases. 

As the beam is moved forward,  mater ia l  has to be 
mel ted  at the f ront  of the beam, and mater ia l  re -  
solidifies at the back. The heat  requi red  to do so con- 
sists in part  of heat  requi red  to raise the t empera tu re  
of the mater ia l  to Tin, and in par t  of the la tent  heat  of 
melt ing.  The la tent  heat  of mel t ing  is g iven up and, 
as we may  assume, complete ly  regained at the back 
face where  the l iquid meta l  resolidifies. The moving  
hole leaves behind a wake  of heat. Original ly  this 
heat  was concentrated in a small  region immedia te ly  
behind the hole, at a t empera tu re  Tin. The fact that  it 
subsequent ly  spreads out does not affect the amount  
of heat  involved.  The addit ional  heat  requi red  to 
move the hole is therefore  

WHr = D l V C T~n [12] 

where  D is the depth of the hole, l its diameter ,  V the 
forward  speed of the moving  beam, C the heat  ca- 
pacity per unit  volume, and Tm the mel t ing  t em-  
perature.  
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The energy balance is now 

W = A I D  + A2 + A3D V [13] 

where A,D is WI of Eq. [2], A2 is Wn of Eq. [6], and 
A3DV is WHI of Eq. [12]. The depth of penetra t ion is 
now given by 

W - -  A~ 
D = [14] 

A, + A3V 

and in the s tat ionary case 

Do = ( W - -  A2)/AI  [15] 

which is given by Eq. [10] and [3] as 

2 W - - 1 2 V C T v d / d o  ( 2 D o )  
Do ---- In [16] 

~K Tm 

Strictly speaking, A1 is not quite constant  because 
it contains the factor l n (2D/ l ) ,  but  we may approxi-  
mate this by ln(2Do/l), since it varies only relat ively 
weakly. 

While [14] and [15] give the magni tude  of D and 
the manne r  in which it decreases with speed V, it is 
also of interest  to consider the speed Vc for which the 
penetra t ion is halved. From [14] we obtain 

A, 2~ 
Vc = ~ = [17] 

As C l In (2D/l) 

In most cases when In(2D/l) = In(Do~l) ~_ 3 

2~K 
Vc = [18] 

3CI 

In the case of a typical  metal  for which ~/C --~ 1 cm'~/ 
sec, taking I = 0.2 cm, one finds 

Vc ---- 10 cm/sec = 240 in . /min.  

In stainless steel for which K/C = 0.04 cm2/sec 

Vc = 0.4 cm/sec = 10 in . /min.  

In the case of a poor thermal  conductor such as con- 
crete, where K/C = 0.005 cm2/sec, 

Vc = 0.05 cm/sec = 1.3 in . /min.  

Exper imenta l  data on concrete (5) indicate that  half  
the penetra t ion is lost at a forward speed of about 
2.5 in . /min.  The order of magni tude  of the agreement  
is satisfactory; the discrepancy may be due to a n u m -  
ber of factors, in part icular  the crudeness of our 
theory, but  also the var iabi l i ty  in the thermal  diffu- 
sivity of concrete. 

Determination of Thermal Di]fusivity 
The fact that  the penetra t ion of the electron beam 

decreases with forward speed in a m a n n e r  which de- 
pends on the thermal  diffusivity of the solid mater ia l  
makes it possible to measure the thermal  diffusivity 
by means of an electron beam. One would have to 
measure the penetra t ion at two or more forward 
speeds and determine Vc from the relat ion 

D = Do [I + V/Vc]-' [19] 

If one also measures the diameter  of the cut, l, one 
can calculate the thermal  diffusivity ~/C from [18], 
or better  still, from [17]. 

The interest ing point  is that  this method of deter-  
mining  K/C does not depend on the detailed assump- 
tions which we have made. All  which is real ly re- 
quired is that  thermal  conduction is the only heat 

loss mechanism which depends on D, and that  the 
other mechanisms (vapor flow, etc.) are independent  
of D. Then an energy balance equation of the form 
[13] holds, and Vc is independent  of A2. 

If the thermal  diffusivity depends on temperature,  
this method will  yield the diffusivity in the vicinity 
of the mel t ing temperature  T~. Since thermal  dif- 
fusivity measurements  at elevated temperatures  are 
notoriously difficult to carry out, and subject to large 
and incompletely understood errors, the electron beam 
method may well  be competit ive with other methods. 
Basically, this method is equivalent  to a t rans ient  
method involving a l ine source of heat, but  it avoids 
the use of thermocouples embedded in the solid. 

It would be interest ing to a t tempt  quant i ta t ive  mea-  
surements  of thermal  diffusivity on materials  of known 
properties. 

Some Further Problems 
Although the present  considerations do give an 

over-al l  description of the beam penetra t ion which 
seems to agree with what  has been observed, at least 
in some cases, there are a number  of questions which 
have yet to be answered. 

The most impor tant  question is to determine the 
factors which govern the "key-hole" diameter  l, an 
impor tant  parameter  in our considerations. Clearly the 
beam diameter  sets a lower l imit  to l, but  there could 
be mechanisms which tend to make  l wider than  the 
beam diameter. 

A second question is whether  the hole is real ly of 
uniform diameter  and whether  the tempera ture  wi thin  
it is uniform. This has been assumed in our considera- 
tions, and al though the heat conducted away is not 
very sensitive to variations in diameter  along the 
length of the hole, there is a need to investigate the 
mechanism of hole formation in greater  detail. 

Perhaps the greatest need is to find out what  hap- 
pens when the hole is relat ively wide and thermal  
conduction is only  a minor  mechanism of heat t rans-  
port. In that case the present  considerations are in-  
applicable (except possibly that  the variat ion of depth 
with forward speed is still given correctly).  It  is un-  
l ikely that  a simple answer exists in this case but  
fur ther  investigations are clearly needed. 

Manuscript  received Jan. 24, 1968. This paper was 
presented at the Boston Meeting, May 5-9, 1968, as 
Paper  144. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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ABSTRACT 

Constant  potential  polarization curves were obtained on steel rotat ing 
disk anodes in concentrated NaCI and NaClO3 electrolytes, and steady-state  
polarization curves were obtained on s tat ionary soft iron anodes in NaCl, 
NaCIO~, NaNO3, and Na2Cr20~ solutions. The results show that the metal  
removal  reaction is activation controlled and that  NaCIO3 electrolytes are 
reduced to NaCl with extended periods of electrochemical machining.  Tests 
conducted in a flow system showed that  up to 50 g/1 of NaCl could be tolerated 
in a concentrated NaC103 electrolyte (350 g/l)  before the excellent  machining 
properties of the electrolyte become impaired. Wild cutt ing electrolytes (NaCl) 
do not form protective films on ferrous metals, whereas noncut t ing  elec- 
trolytes (Na2Cr2OT) form too highly protecting films of 7-Fe203. The good 
dimensional  control is obtained with electrolytes (NaClO3) which behave in  
an intermediate  way and possess a sharp t ransi t ion from the passive to the 
transpassive state. 

For a number  of years, electrochemical machin ing  
(ECM) has been known as a highly effective metal  re- 
moval  method for machining hardened metals at high 
metal  removal rates without producing process-in-  
duced stresses and wearing of the machining tool. Un-  
t i l  recently, development  of ECM as an industr ia l  
process has been slow because of the lack of d imen-  
sional control when  NaC1, NaNO3, or acids were used 
as the electrolyte. Most developmental  efforts (1) have 
been aimed at improvements  in  the use of NaC1 elec- 
trolytes without  the required success necessary for in -  
dustr ial  usage. 

Operat ing with the concept that  satisfactory d imen-  
sional control necessitated the uncovering of a new 
electrolyte, LaBoda and co-workers (2), after an in-  
tensive screening effort, reported that  NaC108 elec- 
t rolyte  possesses excellent  ECM properties. Metal re- 
moval  rates were obtained as high as 0.001 in./sec for 
a hardened Carpenter  Ni-Cr  steel having a Rockwell 
hardness of 60C and the finish of the machined surface 
measured from 1 to 5 ~in. 

To unders tand  the na ture  of the processes taking 
place in the ECM operation, an intense, comprehensive 
investigation of ECM systems is being carried out at 
the General  Motors Research Laboratories. This re- 
port  describes the results of some of these studies. 

Experimental 
Because the exper imental  conditions for actual ECM 

(high flow rates, high currents,  small  distance between 
anode and cathode, among others) are very complex, 
the only hope for obtaining meaningfu l  data on such 
a system is to design experiments  in  which a m in i mum 
n u m b e r  of uncontrol led parameters  exist. 

Rotating disk studies.---Since the ECM processes take 
place under  conditions of high flow rates of electrolyte, 
a s tudy of the corrosion process using the controlled 
hydrodynamic conditions of the rotat ing disk (3) was 
carried out. 

The ro ta t ing  disk was made by pott ing a rod (0.3 
cm in  diameter)  of 5160 steel hardened to Rockwell 
60C in epoxy and  gr inding the face of this assembly 
to expose a circular area of the steel to the electrolyte. 
Rotat ional  speeds between 160 and 7550 rpm were em- 
ployed. A saturated calomel electrode (SCE) served as 
a reference electrode and a copper cyl inder  (0.318 cm 
in diameter)  was the counter  electrode. 

After  the anode and cathode were ground, polished 
and anodically cleaned, the electrodes were mounted  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member ,  
t Electrochemical Society S t u d e n t  Member .  

in the glass cell shown in Fig. 1 and the anode and 
cathode were spaced to the desired distance by Lucite 
spacers. Anodic polarization curves were taken poten-  
tiostatically in NaC1 (250 g/ l )  and NaC103 (350 g/l)  
electrolytes. Vacuum fusion, electron probe, and elec- 
t ron diffraction techniques were used to study the steel 
surfaces electrochemically machined in both NaC1 and 
NaC103 electrolytes. 

Fig. la. Rotating disk electrode system 

Fig. lb. Anode-cathode compartment of rotating disk unit 
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With the controlled hydrodynamic  conditions ob- 
tained with the rotat ing disk technique, an analysis of 
the system for C1- and C103- ion for a given amount  
of iron machined was carr ied out to help answer  ques-  
tions about what  happens dur ing ECM over  ex tended  
periods of time. In this case the rotat ing disk was 
composed of a 5160 steel rod insulated f rom the elec-  
t ro ly te  wi th  stopoff tape and held in a neoprene stop- 
per. As the rod was progressively machined away, the 
exper iment  was hal ted and the rod was reposit ioned 
in the stopper to expose an addit ional  amount  of the 
rod. 

Exact ly  3.50 liters of NaC103 solution (600 g / l )  were  
placed in the cell and the rod was machined at about 
35 a m p / c m  2 (from a l15v, 15-amp power  supply) at 
7000 rpm. The amount  of charge passed was determined 
with  an electronic coulometer.  Samples of the elec- 
t ro ly te  were  taken at various t imes by hal t ing the 
exper iment  long enough to al low the sludge to settle. 
At the end of the experiment ,  the remaining elec- 
t ro ly te  was filtered and both the fil trate and sludge 
were  analyzed to obtain an over -a l l  mater ia l  balance. 
The C1- ion was analyzed by t i t ra t ion wi th  AgNO3 
(4) and C103- ion was reduced wi th  excess FeSO4 and 
back- t i t ra ted  with  Na2Cr2OT. In addition, the sludge 
was also analyzed for Fe  using the  Z immermann-  
Reinhardt  method (6), and for H20 by weight  loss 
af ter  drying in an oven. The ent ire  cell was the rmo-  
stated to room tempera tu re  by immers ion in a large 
wate r  bath. 

Test panel studies.--Since the analyt ical  results in-  
dicated that  the C1Oa- ion was degraded to C1- ion 
with  time, it seemed desirable to s tudy the effect of 
the presence of C1- ion in the NaC103 electrolyte  on 
the ECM properties.  For  this study, a flow system 
(Fig. 2) was used consisting of a centr i fugal  pump, 
a solution reservoir,  and a cell f ixture (Fig. 3). The 

CM Cell Fixture 

Reservoir  

Fig. 2. Schematic illustration of assembled ECM apparatus 

E l e c t r o l y t e  I n l e t  

ECM cell 

Electrolyte Outlet 

Neoprene Gasket 

Anode 

/ 

/ 

~Cover PLate 

Fig. 3. ECM cell fixture 

cell was a circular  cavi ty  (2.5 cm in d iameter  and 
1.15 cm deep) in one side of an epoxy block 
(5 x 5 x 7 cm) into which ex tended  a copper tube  
which served as the cathode. The anodes were  test 
panels (2.5 x 7.5 x 0.062 cm) of 1008 steel which were  
held in place over  the face of the celI wi th  a neoprene 
gasket and Lucite  end plate so that  the ini t ial  gap 
space be tween the test panel  and the  copper tube  
cathode was 0.0507 cm. Af ter  the test  panels were  
cleaned, dried, weighed, and anodically activated, they  
were  e lectrochemical ly  machined for 1 min at 62 a m p /  
cm 2 at 25~ with  an electrolyte  flow rate  of 4.5 1/min. 
At the end of each run, the panels were  r insed in 
water ,  dried, and reweighed.  Each test was run in 
triplicate. 

A topographic microscope (7) was used to examine  
the profile of the  panel  surface af ter  ECM. As noted in 
Fig. 4, the high current  densi ty (hcd) region on the 
panels is an annular  r ing opposite the annulus of the 
copper pipe cathode. In NaC103 solutions v i r tua l ly  all 
of the meta l  r emova l  took place in the hcd region. 

As NaC1 was added to the NaC103 electrolyte,  the 
anode surface was examined in the low current  densi ty 
(lcd) region for any at tack of the surface outside of the 
hcd region. In one group of experiments ,  the NaC103 
concentrat ion was held constant at 350 g/1 whi le  the 
NaC1 concentrat ion was increased f rom 0.5 through 15, 
30, 45, 60, and I00 to 150 g/1. In a second set of ex -  
periments,  the  ionic s t rength was kept  constant by 
lower ing the  NaC103 concentrat ion by the requi red  
amount  as the NaC1 concentrat ion was increased. 

Steady-state polarization studies.--Because the ro-  
ta t ing disk studies indicated that  the corrosion process 
at the anode surface was act ivat ion controlled, poten-  
tiostatic polarizat ion studies were  carr ied out on the 
more  convenient  s tat ionary bead electrodes wi th  bet ter  
control of the  parameters  affecting the  electrochemical  
propert ies  of the system. F rom an observat ion of the 
curves obtained ear l ier  (2), it was decided that  a more 
careful  de terminat ion  of the polarizat ion curves was 
required to help in the unders tanding of the passivat-  
ing na ture  of these electrolytes.  Since it was observed 
in the actual ECM operation, for a given set of  ex-  
per imenta l  conditions, tha t  NaC103 gave excel lent  
dimensional  control, NaNO3 gave re la t ive ly  good con- 
trol, NaC1 gave serious wild cutting, and Na3PO4, 
Na2COs, and Na2Cr207 gave no cut t ing at all, these 
s teady-s ta te  polarizat ion studies were  under taken  to 
shed light on the  ECM behavior  of these electrolytes.  

To remove  any complicat ing influence of nonferrous 
components in the anode metal,  anodes were  fashioned 
in the fo rm of small  beads (,~0.13 cm in diameter)  
mel ted  at the end of soft iron wires  plated wi th  
soft iron. The iron bead was held in the reducing 
part  of a burning H2 je t  for a few minutes  to 
reduce surface oxides. Tight-f i t t ing Teflon spaghett i  
was slipped over  the wire  and pressed against  the base 

/ / J  I Jlltt . . . .  

Fig. 4. Profile hcd area in relation to the cathode tube 
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Fig. 5. Current density vs.  anode potential for 250 g/I NaCI and 
350 g/I NaCI03 with disk rotational speed as parameter. An~de- 
c o t h o d e  spacing = 4.83 cm. 

of the bead. Then the bead was imbedded in molten 
polyethylene  so that  only a hemisphere  of the bead was 
exposed (8). Af te r  mount ing three beads in a clean 
Teflon dual cell (9), they were  soaked in t r iply distilled 
water  for about 24 hr with numerous changes of water  
to leach out impuri t ies  in the system. 

The test solutions (made from reagent  grade chem-  
icals) were  as follows: NaCIO3, 350 g/ l ;  NaNO3, 350 g / l ;  
NaC1, 275 g/ l ;  Na2Cr2OT, 100 g/1. In a second clean 
Teflon cell which held about 12 cc of solution, the given 
electrolyte  was preelectrolyzed between removable  Pt  
electrodes for 16 hr. By wi thdrawing  the Pt preelec-  
trolysis electrodes, the circuit  was broken and any 
H 2 0 2  formed was removed by saturat ing the solution 
with  hydrogen gas. A large Pt  gauze was used as the 
counter  electrode and a SCE as the reference elec- 
trode. Af te r  the solution was saturated with  nitrogen, 
the iron test electrodes were  removed from the first 
cell  and sealed in the test compar tment  of the second 
cell. 

The polarization curve was obtained by determining 
the s teady-s ta te  current  on a Kei th ley  electrometer ,  
Model 600A, and recorded on a Honeywel l  strip re-  
corder for the stepwise increases and decreases in the 
potential  controlled by a Wenking 61R potentiostat.  
Al though the s teady-s ta te  value  was reached wi th in  
a few minutes  in most cases, periods of t ime up to 25 
min  were  requi red  in some regions. The solution was 

Table I. Results of extended electrochemical machining in NaCIO3 

S a m p l e  W e i g h t  of rod  C o u l o m b s  G r a m s / l i t e r  
No. m a c h i n e d  (g) passed  C.~aClO 3 C.xac~ 

1 0.562 2299 595.99 0.478 
2 3.069 12331 595.70 0.617 
3 5.738 22781 595.21 0.875 
4 10.882 43681 594.17 1.426 
5 21.280 85481 592.09 2.573 
6 42.164 169290 588.34 4.000 
7 82,838 332519 582.67 7.656 
8 169.698 088028 569,10 14.958 

st irred by bubbling ei ther purified N2 or O2 through the 
test compar tment  at a rate of at least 300 cc /min  to 
minimize mass t ransfer  effects, and the tempera ture  
was 25 ~ _ l ~  

Results 
Rotating disk studies.--A plot of the potent ia l  of the 

steel anode as a function of the log of the apparent  cur-  
rent  density for various speeds of rotation of the disk 
in both NaC1 and NaC103 solutions is given in Fig. 5. 
It is seen that  over  the range of rotat ional  speeds 
studied v i r tua l ly  no effect of the rate of rotation was 
observed on the polarizat ion curves. 

Table  I contains the results of the analysis for C1 
ion and C103- ion for extended periods of ECM in 
NaC103 solutions. I t  is seen tha t  the  amount  of C1 
ion builds up in solution while  the C103- ion concen- 
t rat ion decreases during the ECM process. There is a 
l inear  relat ionship between the grams of meta l  re-  
moved  and the buildup of NaC1 in solution as wel l  as 
be tween the moles of iron machined and the moles of 
NaC103 reduced. The average value of the moles of iron 
machined to the moles of NaC103 reduced is 3.95. 

The possibility that  the reduct ion of C103- ion to 
C1- ion takes place at the cathode is the subject  of 
current  investigations and is not considered fur ther  in 
this report.  

Both vacuum fusion and electron probe analyses in- 
dicated a high percentage  of oxygen on the surface of 
disks machined in NaC103 but none on the surface of 
those machined in NaC1. Reflection electron diffraction 
studies confirmed these findings by detecting a film of 
7-Fe203 on specimens machined in NaC103 but not on 
those machined in NaC1. 

Test panel studies.--The results of these studies are 
given in Table II and Fig. 6. With NaC1 concentrat ions 
below 50 g/1 in ei ther  group A or B tests, the weight  
of meta l  removed did not  sensibly change compared to 
the results f rom the pure  NaC1Os control solution. 
Above 50 g/1 of NaC1, the weight  of the meta l  removed 
increased with  each addition of NaC1 to the electro-  
lyte  but  was independent  of the amount  of NaC10~ in 
solution. Also associated with the increased meta l  re -  
moval  due to the increased NaC1 concentrat ion is the 

Table II. Results after ECM in NaCIO3, NaCI, or mixed NaCIO3-NaCI electrolytes 

Meta l  D i a m e t e r  
NaC10~ NaC1 Cel l  r e m o v a l  hcd* ECM 

S o l u t i o n  (g / l i t e r )  (g / l i t e r )  v o l t a g e  (g) (mm) 

A p p e a r a n c e  of lcd* 

E t c h i n g  S t a i n i n g  

C o n t r o l  350 - -  8,5 0.1057 12.5 
C o n t r o l  - -  230 5 0.2300 15 
M i x e d  A 350 0.5 8 0.1099 12.5 
M i x e d  A 350 15 8 0,1236 13 
M i x e d  A 350 30 7.5 0.1158 12.5 
M i x e d  A 350 45 7.25 0.1109 12.5 
M i x e d  A 350 60 7 0.1404 13 
M i x e d  A 350 100 6.75 0.2117 12 
M i x e d  A 350 150 6.25 0.2155 10.5 
M i x e d  B 350 0 ,5  8 . 7 5  0.1057 12.5 
M i x e d  B 325 13.75 8.25 0.1053 11.8 
M i x e d  B 300 27.5 8.25 0.1037 12.3 
M i x e d  B 275 41.25 8 0.1006 11.8 
M i x e d  B 250 55 7.25 0.1624 10.6 
M i x e d  B 225 68.75 7.5 0.1432 11.5 
M i x e d  B 175 96 7.5 0.1479 9.6 
M i x e d  B 00 148 6.25 0.2324 11.5 

None  
A l l  ove r  
None  
R i n g  g roove  
R i n g  g r o o v e  
R i n g  g r o o v e  
R i n g  g r o o v e  
R i n g  g r o o v e  
R i n g  g r o o v e  
None  
R i n g  g r o o v e  
R i n g  g r o o v e  
R i n g  g r o o v e  
R i n g  g r o o v e  
R i n g  g r o o v e  
R i n g  g r o o v e  
R i n g  g r o o v e  

None  
None 
None  
None 
None 
None 
S l i g h t  
B l a c k - r u s t  
B l a c k - r u s t  
None 
None  
None 
None  
None 
B l a c k - r u s t  
B l a c k - r u s t  
B l a c k - r u s t  

* H c d - - H i g h  c u r r e n t  dens i ty .  
L c d - - l o w  c u r r e n t  d e n s i t y .  
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Fig. 6. Profile of hod and led areas after electrochemical ma- 
chining in a 350 g/I NaCIO3 solution with: (a) 0 g/I NoCI, (b) 0.5 
g/I NaCI, (c) 15 g/I NaCI, (d) 30 g/l NaCI, Ce) 45 g/I NaCI, (f) 
60 g/I NaCI, (g) 100 g/I NaCI, and (h) 150 g/I NaCI. 

increasingly larger surface area attacked dur ing  the 
ECM process. 

Steady-state polarization studies.--A summary  of 
the typical  results obtained on soft iron in the various 
electrolytes is displayed in Fig. 7. Open symbols rep- 
resent  the data for increasing potentials and filled 
symbols for decreasing potentials. Repeated cycles of 
polarization gave vi r tual ly  the same results. All curves 
shown were obtained in O2-saturated solutions except 
one in N2-saturated NaC1Oa solution (x's in Fig. 7). The 
N2 and O2 curves were similar, but  the currents  in 
general  were lower in the case of N2-stirring. 

A vertical  dashed line is d rawn arbi t rar i ly  at 10 
ma /cm 2 to correspond to the region in which the ECM 
process takes place. It must  be kept in mind  that the 
potentials recorded in Fig. 7 are referred to a reference 
electrode and are not the total cell potentials com- 
monly  reported in the ECM literature.  How the poten- 
tials in Fig. 7 are related to the reported ECM cell 
potentials is not important  to this discussion since the 
relat ive shapes of the polarization curves are the mat -  
ters of interest. 

Discussion 
From the rotat ing disk studies, it is seen that  the 

metal  removal  process under  these conditions is activa- 

12 
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Fig. 7. Steady-state potenfiostaUc polarization curves of soft 
iron in concentrated solutions of the following electrolytes: 0 ,  �9 

NaCIO~; A ,  �9 m NaNO3; V ,  �9 - -  NaCI; E], �9 - -  
Na2Cr2OT. Open symbols indicate data for increasing potentials; 
filled, for decreasing potentials. All of these solutions were satu- 
rated with 02. A curve in N2-saturated NaCIO3 solution is shown 
by the x's. 

tion controlled ra ther  than limited by a mass t ransfer  
step. 

The data of Table I show that  NaC103 is reduced to 
NaC1 with extended periods of ECM operation and the 
test panel  studies confirm that  the presence of NaC1 in 
NaC103 electrolytes produces unacceptable wild cutt ing 
above a certain l imit ing concentrat ion (50 g/ l ) .  Since 
a film of 7-Fe203 is detected on the surfaces of test 
samples machined in NaC10~ but not in NaC1 elec- 
trolytes, it appears, at first sight, that  the presence of 
an oxygen-conta in ing anion (or good oxidizing agent) 
is required for the electrolyte to have acceptable ECM 
properties. However, this cannot be the complete story, 
because electrolytes based on chromates, phosphates, 
or carbonates produce no cutt ing under  the conditions 
where NaC103 gives excellent cutting. Results of the 
s teady-state  polarization studies provide data from 
which a possible explanat ion for these findings may  be 
made in the light of accepted theories of passivation 
(10). 

Consider first the curve for NaC103 (circles in Fig. 
7). At the lowest potentials, the system is active, and 
Fe goes into solution as Fe + + ions which can then be 
oxidized by dissolved oxygen to Fe + + + ions (11). As 
the potential  becomes more noble, the current  increases 
unt i l  a critical cur rent  is reached, after which the sur-  
face becomes passivated by the formation of a film of 
~-Fe20~ and the current  falls to smaller  values. At  still 
more anodic potentials, the film breaks down, the sys- 
tem becomes transpassive, and the cur ren t  (rate of 
reaction) increases rapidly. It  is assumed that  ECM 
cutt ing takes place in this transpassive region. 

As a typical  example of electrochemical machining 
(2), currents  of the order  of 300-1200 amp/ in .  2 were 
passed between the work sample (anode) and the  tool 
(cathode) at cell potentials between 12 and 15v. With 
such enormous currents,  the iR drop across the anode- 
cathode gap may assume large values. As machining 
takes place, the gap between the anode and the ex- 
posed face of the tool increased with a resul tant  in-  
crease in iR drop. Consequently,  the potential  of the 
surface of the worked piece falls to less noble values 
where cutt ing does not occur. Since the difference be- 
tween cutt ing and not  cutt ing takes place over a very  
short gap length, the machined surface is a fai thful  
reproduction of the tool giving the high precision re- 
corded by LaBoda and McMillan (2). 

In  the case of the NaNO3, which is known to cut with 
li t t le wild cutting, the polarization curve ( tr iangles in 
Fig. 7) is s imilar  to the NaC1Os curve except that  the 
t ransi t ion from passivity to t ranspassivi ty is not  as 
sharp. As a result, cutt ing can take place over a wider 
gap distance, and the precision with NaNO8 is not as 
good as with NaC103. In  the transpassive region, the 
NaNO3 curve lies at more noble potentials than does 
NaClO3. For a given potential,  the rate of cut t ing (cur-  
rent  density) is less for NaNO3 than  for NaC103, in 
agreement with the observation that  NaNOs cuts 
slower than  NaC1Oa. 

The steady-state  polarization curve for NaC1 (in-  
verted t r iangles in Fig. 7) lies in a current  density 
range near ly  two orders of magni tude  higher than  that 
for NaNOa and NaC1Oz. Since cutt ing can occur even at 
the lowest potentials given in Fig. 7, the gap space 
over which cutt ing is permit ted in this case is very  
large. As reported (2), the undesirable  wild cut t ing 
obtained with this electrolyte produces a complete 
lack of dimensional  control. 

After  the polarization curves were obtained, the cell 
was opened and the electrolyte examined. With NaNO3 
and NaC103, the beads were black or had areas of red 
rust  on them. Rust  in the solution was not soluble, so 
that  if the solution was filtered, the filtrate was color- 
less. With l~aC1, the beads were light gray, and the 
solution was clear but  yellow colored. In  the NaC1 elec- 
trolyte, a soluble iron salt is formed instead of a pro- 
tective film of 7-Fe2Oa in the cases of NaNOa and 
NaC103; and this si tuation keeps iron in a highly active 
state even in regions of high potential.  To have good 
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Table HI. Rest potentials on soft Fe in O2-saturated, 
concentrated salt solutions 

NaC1, NaC10~: E L E C T R O L Y T E S  IN  M A C H I N I N G  203 

C o n c e n t r a t i o n  P o t e n t i a l  v s .  
S a l t  (g,,'D S C E  Imv)  R e m a r k s  

N a C l  275 - 5 9 0  Wi ld  c u t t i n g  
NaNO~ 350 - 4 8 0  Good  c u t t i n g  
NaCIOu 350 350 E x c e l l e n t  c u t t i n g  
Na=CrzO; 100 -- 140 No c u t t i n g  

dimensional  control, the electrolyte must  passivate the 
iron surface at potentials below cutting, and the polar-  
ization curve must  exhibi t  a sharp t ransi t ion from the 
passive to the transpassive region. 

To obtain a suitable ECM electrolyte, these data pre-  
dict that an oxygen-conta in ing anion is a necessary 
prerequisi te to produce the passivating film required 
for dimensional  control. The chromates appear to be 
likely candidates since a protective film of -y-Fe20:~ 
is formed on Fe in these electrolytes (e.g., 12, 13). 
However, a solution of Na2Cr207 did not produce any 
cutt ing in the potential  range where NaC103 cuts. 

Examinat ion  of the s teady-state  polarization curve 
obtained in Na2Cr.2OT (squares in Fig. 7) shows that the 
Fe is so well protected that the curve is shifted to cur-  
rent  densities about  two orders of magni tude  lower 
than those in NaC103. Although a sharp transi t ion from 
the passive to the transpassive region exists, the t rans-  
passive region for Na.2CrzO7 still lies at higher poten-  
tials than that for NaC103. In practice, it is found that 
cutt ing with poor surface finishes due to sparking can 
be obtained with Na2Cr207 at much higher potentials 
(above 30v). 

Other passivating electrolytes, such as Na.2CO3 and 
NaaPO4, do not give any cutting. It is likely that their 
polarization curves are similar to the Na.2Cr.,O~ curve 
because these electrolytes produce highly protective 
films of ~-Fe~O~ (14, 15). 

There is an interest ing correlation between the rest 
potential  in O2-saturated solutions and the ECM prop- 
erties as shown in Table III. The potentials are the 
average of three independent  determinations.  As the 
potential  becomes more noble, one progresses from 
wild cutt ing through good dimensional  control to no 
cutting. This correlation, of course, is related to the 
passivating na ture  of the electrolyte since the test po- 
tentials  are mixed potentials (16, 17). 

By comparing the polarization curves for Fe anodes 
in 02- and N2-saturated NaC103 solution, it is seen 
that  the presence of 02 increases the cur ren t  density. 

Apparently,  NaC1Oa electrolytes occupy a privi-  
leged position. Their  polarization curves not only 
have the sharp t ransi t ion from the passive to the t rans-  
passive region of the highly passivating electrolytes 
but  also have transpassive regions lying at the least 
noble potentials. 

Manuscript  submit ted Aug. 20, 1968; revised manu-  
script received Oct. 24, 1968. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 
1969 JOURNAL. 
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Electrolytic Production of Perchlorate by Lead Dioxide Anodes 
Takashi Osuga and Shojiro Fujii 
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and Kiichiro Sugino* and Taro Sekine 

Department of Applied Electrochemistry, Tokyo I~stitute of Technology, Ookayama, Meguro-ku, Tokyo, Japan 

ABSTRACT 

An outl ine is given of an electrolytic process for the production of sodium 
perchlorate using a pure lead dioxide anode. In this process, a saturated 
solution of sodium chlorate is electrolyzed batchwise at an anodic current  
density of 25 a m p / d m  2 at 50~ current  efficiency, about 70% with more than 
99% conversion of chlorate to perchlorate; cell voltage, 4.5-5.0v. The process 
has been operated successfully for more than  two years without  renewal  of 
the anodes. In relat ion to the above, the results of basic research on anode 
potential  and current  efficiency for perchlorate formation from chlorate are 
also given. 

Although we had perfected a new electrolytic pro- 
cess of producing perchlorate using lead dioxide as 
the anode about two decades ago in both the labora-  
tory and on a semicommercial  scale (1), production 
using the new process was not carried out in Japan  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

unt i l  1965, when Sanwa began to produce perchloric 
acid with this process. The principal  reason for the 
delay was the small  demand for perchlorate in Japan  
after the war. When the Pacific Engineer ing Company 
of the United States started to produce perchlorate 
using a lead dioxide anode, we decided to put our 
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process in practical  use. Because of the small demand 
for perchlorate,  we constructed a small-sized per-  
chlorate plant  to produce perchloric acid as the final 
product. This report  mainly  describes the outline of 
the process operated in Sanwa Chemical 's  plant. 

Basic Research on Anode Potential and Current 
Ef#ciency  ]or Perchlorate Production ~rom Chlorate 

In 1953 one of the authors (K. Sugino) and Dr. 
S. Aoyagi  presented a paper  enti t led "Mechanism of 
the Electrolytic Format ion of Perch]orate"  at the 
New York Meeting of the Society in which the current  
vs. potential  curves for the anodic process of chlorate  
at p la t inum were  shown. The results were  subse- 
quent ly  published (2). Tbe curves were  obtained by 
a kind of polarographical  technique at a p la t inum 
microanode. In a modera te ly  concentrated solution 
of chlorate  two stages of potential  were  definitely 
observed on the curves. In the first or lower  stage, 
the potential  was be tween 1.5-1.7v and in the second 
or higher  stage, it was more posit ive than 2.1v (vs. 
SEE). 

As a result  of controlled potent ial  electrolysis, it 
was clarified that  the first stage was the potential  of 
oxygen evolut ion and the second stage was the po- 
tential at which the format ion of perchlorate  oc- 
curred. 

F rom the detailed exper iments  on the above phe-  
nomena, i t  was proved that the first step of ~his 
process is the direct discharge of C1Oa- at a higher  
potent ial  than that  of oxygen evolution. 

Recently, f rom a practical  point of view, the cur -  
rent  vs. potent ia l  curves for perchlorate  formation 
were  again measured at the p la t inum and at the 
lead dioxide anodes by one of the authors (T. Sekine) 
and his collaborators by using controlled potent ial  
e lectrolyzer  (3). They are shown in Fig. 1 and 2. 

At  the p la t inum anode curves s imilar  to those of 
Sugino and Aoyagi were  obtained and two potential  
stages were  c lear ly  observed. On the other  hand, at 
the lead dioxide anode, the curves did not indicate 
such stages. They showed a steep increase of current  
at around 1.8-1.9v (vs. SCE) and were  observed 
as a simple exponent ia l  relationship. However ,  as 
shown in Fig. 3, when the chlorate solution of pH 
11.4-12.0 was used, curves having two potent ial  stages 
were  obtained and the  lower  stage was found to be 
the potential  of oxygen evolution. Accordingly the 
potential  at which the current  began to flow in Fig. 2 
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Fig. 3. Current vs. potential curves at lead dioxide anode in 
chlorate solution of different pH. 

indicated the potent ial  of perchlora te  format ion at 
the lead dioxide anode. 

The  mechanism of perchlorate  format ion at the 
lead dioxide anode may  be somewhat  different from 
that  at the p la t inum anode. It is presumed to be 
due to the s imultaneous discharge of C103- and 
O H - ,  fol lowed by the combinat ion of the radicals 
formed. This was proposed as a possible route  by 
Sugino and Aoyagi  in the paper  described above. 

It  was found that  the potent ia l  at which the current  
corresponding to perchlora te  format ion began to flow 
was about 0.25v lower than tha t  at the p la t inum 
anode in the same concentration. In addition, the 
increase of anode potent ial  with increasing current  
densi ty was very  small  up to high cur ren t  density 
such as 30 a m p / d m  2, but at the  p la t inum anode, the 
potent ia l  increased steadily wi th  increasing current  
densi ty as shown in Fig. 1. This is an interest ing 
characteris t ic  of the lead dioxide anode and it is 
the main reason for the smal ler  cell vol tage  than 
that at the p la t inum cell, especial ly at high current  
density. 
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Table I. Bench scale experiment* 

A n o d e  L e a d  d i o x i d e  
Cathode  18-8 s t a in less  s teel  
E l ec t ro ly t e  S a t u r a t e d  so lu t ion  of NaC10~ 

c o n t a i n i n g  2 g/1 of Na F  
C u r r e n t  600 a m p  
C u r r e n t  dens i ty ,  anod ic  20 a m p / d m ~  
T e m p e r a t u r e  50~ 
C o n v e r s i o n  99.5 % 
C u r r e n t  eff ic iency 72% 

* Data  f r o m  rcf.  (1). 

It was thought  for a long t ime that  the current  
efficiency for perchlorate  format ion f rom chlorate 
at the lead dioxide anode was not so high when  
the electrolysis was continued unti l  almost all the 
chlorate was conver ted to perchlorate,  a l though a 
high value  could be expected as an instantaneous 
current  efficiency. Therefore,  about 2 g/1 of sodium 
fluoride were  added to the cell l iquor to mainta in  
the ove r -a l l  current  eff• above 70%. Thus, one 
of the authors (K. Sugino) and his collaborators re-  
ported about 80% cur ren t  efficiency in a laboratory 
cell  and 72% cur ren t  efficiency in a 600 amp cell 
when  more than 99% of chlorate was converted to 
perchlorate  (4) as shown in Table I. These results 
were  la ter  confirmed by Schumacher  et al. (5). 

Recent ly  one of the authors (T. Sekine) carried 
out a detai led study on the current  efficiency for 
perchlora te  format ion at the lead dioxide anode. From 
the  results, it seems that  a high current  efficiency 
could be obtained at the lead dioxide anode wi thout  
any addi t ive such as sodium fluoride. A few examples  
are shown below: 

Results of controlled potential electrolysis.--Elec- 
trolyses at the lead dioxide anode were  carried out 
in various concentrat ions of chlorate solution (1-6M 
NaC103) at a certain potent ial  in the range of 1.85- 
2.10v (vs. SCE).  The examples  wi th  6M solution are 
condensed in Table II. In the  table about 90% (87- 
89%) of current  efficiency was marked  at the po- 
tent ia l  of 1.90-2.10v (vs. SCE),  wi thout  addit ion of 
sodium fluoride in the electrolyte  in the initial stage 
of electrolysis. 

Combining the above results wi th  those obtained 
at the p la t inum anode, the influence of anode po- 
tent ial  on the current  efficiency in 5M solution, for 
instance, is shown in Fig. 4. F rom the curve, it is 
also clear that  the potential  corresponding to the 
format ion of perchlora te  at the lead dioxide anode 
is about 0.25v more  negat ive thm~ tha t  at the platinum. 

Results of almost complete conversion of chlorate 
to perchIorate by constant current electrolysis (6).--  
The current  efficiencies for perchlorate  format ion are 
shown in Table III when more than 80% of the 
chlorate is conver ted  to perchlorate.  A decline in 
current  efficiency was observed in the final stage of 
electrolysis as shown in the table. The results indi-  
cate that  with lead dioxide a current  efficiency of 
65-70% was obtained even when  about 99% of chlorate 
was conver ted to perchlorate.  

However ,  it should be pointed out that  commercial  
chlorate  contains a ve ry  small  amount  of bichromate  

Table II. Example of controlled potential electrolysis* 

Concen- 
tration of Current 

Anode electrolyte density Amount Current 
p o t e n t i a l  NaC1Oa (average)  of c u r r e n t  NaC10~ eff ic iency 

(v v s .  SCE) (mole / l )  (amp/dm~)  (amp �9 hr)  (mmole/1)  (%) 

1.90 6.39 2,40 1.59 25.7 86.7 
1.95 6.39 14,1 2.90 48.5 89.6 
2.00 6.39 14.5 2.40 41.2 89.0 
2.05 6.39 28,5 2.74 44.5 87.0 
2.10 6.23 35,9 2,09 34,8 89.0 
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Fig. 4. Relation between anode potential and current efficiency 
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Fig. 5. Influence of temperature on current efficiency 

as a contaminant.  As shown in Table III, in the 
case of the lead dioxide anode, it was found that  this 
contaminant  showed a strong negat ive effect on the 
current  efficiency. It was also found that  the addition 
of sodium fluoride par t ly  compensates the negat ive 
effect of bichromate  thus contr ibut ing to mainta in  
a high current  efficiency. Accordingly we are still 
using this additive. 

In regard to the effects of t empera tu re  on current  
efficiency, a remarkable  difference was found be tween  
pla t inum and lead dioxide. In the case of platinum, 
it has been reported that the cur ren t  efficiency in- 
creases wi th  lower  temperature .  On the other hand 
it was found that  in the case of lead dioxide the 
current  efficiency increased with  h igher  t empera ture  
as shown in Fig. 5. This may be a phenomenon 
suitable from a practical  point of view. However ,  
we had operated at 50~ considering another  me-  
chanical factor. 

Table Ill. Example of electrolysis in process of complete 
conversion* 

Concen-  
t r a t i o n  of 

e l ec t ro ly t e  C u r r e n t  T e m p e r -  C u r r e n t  
hraC1Oa d e n s i t y  a tu re  C o n v e r -  eff iciency 
( m o l e / l )  (amp/dm~)  (~ s ion (%) (%) 

89.5 80.5 
5.67 20 50 94.1 76.2 

96.8 73.5 
98.8 69.2 

5.98? 42 50 97.9 51.3 

* A n o d e :  PbO~, ca thode :  s t a in less  steel.  
i" E l ec t ro ly t e  con t a in s  0.03 g/1 of NaeCrO~. * A n o d e :  PbO~, ca thode :  Pt ,  t e m p e r a t u r e :  25~ 
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H y d r o g e n  d i s c h a r g e d  a t  t h e  c a t h o d e s  c a u s e d  su f -  
f i c i en t  c i r c u l a t i o n  of t h e  cel l  l i quor .  I t  w as  v e n t e d  
t h r o u g h  t h e  roof  f r o m  e a c h  c e l l  

A l t h o u g h  t h e  p r e s e n t  ce l l  is o p e r a t e d  in  a 500 a m p  
capac i ty ,  i t  is pos s ib l e  to  b r i n g  i t  u p  to a 1000 a m p  
cel l  b y  d o u b l i n g  t h e  e l e c t r o d e  a s s e m b l y  in  t h e  c o n -  
t a ine r .  

A 5000 a m p  cel l  c an  b e  c o n s t r u c t e d  b y  c o m b i n i n g  
five u n i t  ce l ls  l e n g t h w i s e .  Cel ls  of l a r g e r  capac i t ies ,  
some  10,000 amp,  c an  also be  c o n s t r u c t e d  w i t h  l e ad  
d i o x i d e  a n o d e s  of t h e  s a m e  size. 

The Process 
E a c h  cel l  w as  fi l led w i t h  85 l i t e r s  of a s o l u t i o n  of 

s o d i u m  c h l o r a t e  n e a r l y  s a t u r a t e d .  I t s  c o n c e n t r a t i o n  
w a s  736 g/1 NaC103. To i n c r e a s e  t h e  c u r r e n t  effi- 
c iency ,  2 g/1 of s o d i u m  f luor ide  w a s  a d d e d  to t h e  ce l l  
l iquor .  T h e  cel ls  w e r e  o p e r a t e d  b a t c h w i s e  a n d  e a c h  
p o r t i o n  of ce l l  l i q u o r  w as  e l e c t r o l y z e d  to a f ina l  
c h l o r a t e  c o n t e n t  of  5-6 g/1 b e f o r e  b e i n g  d i s c h a r g e d .  

Cel l  t e m p e r a t u r e  w as  k e p t  as c o n s t a n t  as  pos s ib l e  
r a n g i n g  f r o m  47 ~ to 52~ A c u r r e n t  of 500 a m p  was  
c a r r i e d  b y  e a c h  cell. 

T h e  a n o d i c  a n d  c a t h o d i c  c u r r e n t  d e n s i t i e s  w e r e  
25 a m p / d m  2 a n d  35 a m p / d m  2, r e s p e c t i v e l y .  C u r r e n t  
ef f ic iency a v e r a g e d  70% or a l i t t l e  less  b a s e d  o n  t he  
a n a l y s i s  of u n c o n v e r t e d  ch lo ra t e .  T h e  p o t e n t i a l  d r o p  
ac ross  e a c h  cel l  r a n g e d  f r o m  4.5 to  5.0v ( a v e r a g e  
4 .7v) .  A c c o r d i n g l y ,  e n e r g y  c o n s u m p t i o n  is e s t i m a t e d  
to be  3 k w - h r  (d.c.)  or  a l i t t l e  m o r e  for  e a c h  k i l o g r a m  
of s o d i u m  p e r c h l o r a t e .  

T h e  o p e r a t i o n  c h a r a c t e r i s t i c s  a r e  l i s t ed  in  T a b l e  IV. 
T h e  p ro ce s s  h a s  b e e n  o p e r a t e d  s u c c e s s f u l l y  fo r  

m o r e  t h a n  t w o  y e a r s  w i t h o u t  r e n e w a l  of t h e  anodes .  
I t  i n d i c a t e d  t h a t  t h e  loss, if  any,  m a y  be  v e r y  smal l .  
H o w e v e r ,  a n  e x p e r i m e n t  w as  m a d e  to  d e t e r m i n e  t he  
loss of t h e  a n o d e  b y  u s i n g  a p r a c t i c a l  cell. T h e  
r e s u l t s  a r e  s h o w n  in  T a b l e  V. C o n d i t i o n s  of e l e c t r o l y s i s  
a r e  t h e  s a m e  as in  T a b l e  IV. 

T h e  d a t a  s h o w e d  t h a t  p r a c t i c a l l y  no  loss r e s u l t e d  
a f t e r  t h e  a n o d e  h a d  b e e n  u s e d  for  a b o u t  t h r e e  m o n t h s .  
A f ew  a n o d e s  s u s t a i n e d  a v e r y  s m a l l  loss w h i c h  
a v e r a g e d  8.1 m g / 1 0 0 0  a m p - h r .  

A f t e r  e lec t ro lys i s ,  t h e  ce l l  l i q u o r  w as  t r e a t e d  w i t h  
a s m a l l  a m o u n t  of  c a l c i u m  c h l o r i d e  to r e m o v e  
f luor ide .  T h e  r e s u l t i n g  s o l u t i o n  w a s  t h e n  e v a p o r a t e d  
to  a d e s i r e d  c o n c e n t r a t i o n .  B y  coo l ing  t h e  c o n c e n -  
t r a t e d  s o l u t i o n  a t  20~ a b o u t  75-80% s o d i u m  p e r -  

Fig. 7. Lead dioxide anode 

Cell Design 
T h e  S a n w a  p e r c h l o r a t e  ce i l  n o w  u s e d  is a l m o s t  

t h e  s a m e  as t h a t  b e i n g  u s e d  in  t he  p r o d u c t i o n  of 
b r o m a t e  (7) .  F i g u r e  6 is a d i a g r a m  of t h e  S a n w a  
p e r c h l o r a t e  cel l  s h o w i n g  c o n s t r u c t i o n  a n d  d i m e n s i o n a l  
f e a t u r e s .  

T h e  cel l  b o d y  is c o n s t r u c t e d  of a s h e e t  i r o n  r e c -  
t a n g u l a r  t a n k  660 m m  l o n g  x 500 m m  w i d e  x 390 
m m  h igh .  T h e  in s ide  s u r f a c e  of t he  b o d y  a r e  a l l  
l i n e d  w i t h  h a r d  p o l y v i n y l c h I o r i d e  shee t .  A p l a t e  of 
t h e  s a m e  h a r d  p o l y v i n y l c h l o r i d e  is p l a c e d  on  t o p  
of t h e  ce l l  a n d  s u p p o r t s  10 a n o d e s  a n d  20 ca thodes .  
T h e s e  a r e  a r r a n g e d  in  6 r o w s  r u n n i n g  t h e  l e n g t h  of 
t h e  cover .  D o w n  t h e  m i d d l e  a r e  t w o  r o w s  of  5 a n o d e s  
a n d  on  e i t h e r  s ide  of  t h e  r o w s  is a r o w  of 5 ca thodes .  

T h e  l ead  d i o x i d e  anodes ,  1 w h i c h  a r e  s h o w n  in  
Fig. 7, a r e  50 m m  wide ,  6-7 m m  th ick ,  a n d  350 m m  
l o n g  a n d  e x t e n d  a b o u t  65 m m  a b o v e  t h e  cover .  T h e  
s t a i n l e s s  s t ee l  c a t h o d e s  (18-8)  a r e  35 m m  wide ,  3 m m  
th ick ,  a n d  300 m m  long.  T h e  d i s t a n c e  f r o m  a n  a n o d e  
to  t h e  n e a r e s t  c a t h o d e  is a b o u t  10 m m .  S ix  s t a in l e s s  
s t ee l  coo l ing  b o x e s  a r e  p l a c e d  in  b o t h  e n d s  of t h e  
ce l l  a n d  ac t  s o m e w h a t  as a c a thode .  

Table IV. Operation characteristics 

Capac i ty  
Cel l  f eed  

Cel l  e f f luent  

Cur r en t ,  a m p e r a g e  
C u r r e n t  dens i ty ,  anod ic  

ca thod ic  
T e m p e r a t u r e  
Cel l  v o l t a g e  
C u r r e n t  eff iciency (average)  
P o w e r  c o n s u m p t i o n  

85 1/cell  
NaC10~ 736 g / ]  
N a F  2 g/1 
NaC103 5-6 g/1 
NaC10~ 892 g / l  
N a F  2 g/1 
500 
25 amp/d in : :  
35 a m p / d i n  2 
47~176 
4.5-5.0v ( ave rage  4.7v) 
70% 
3 k w - h r  (d . c . ) /kg  NaC1Oa 

Table V. Weight loss of lead dioxide anode 

D u r a t i o n  of e l ec t ro lys i s :  61 days  
W e i g h t  of anode  

Befo re  t e s t  A f t e r  tes t  
A n o d e  No. (g) (g) L o s s  (g) 

1 1133 1133 O. 
2 1098 1096 2 
3 1118 1116 2 
4 990 990 
5 957 957 O 
6 899 899 0 
7 885 884 1 
8 960 959 1 
9 849 847 2 

10 958 958 O 

T o t a l  9847 9839 8 

A v e r a g e  
1 T h e  m e t h o d  u s e d  in  m a k i n g  the  l ead  d i o x i d e  anode  was  re-  0.081% by  w e i g h t  for  982.1 k a m p - h r  

p o r t e d  in  the  p r e v i o u s  p a p e r  (7). 8.1 m g / k a m p - h r  
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chlorate crystallized out as monohydrate.  The mother 
l iquor was subsequent ly  re turned to the evaporator. 
In Sanwa Chemical Company, 60% perchloric acid 
is being produced by treat ing sodium perchlorate 
thus obtained with hydrochloric acid. 

Manuscr ipt  submit ted Aug. 5, 1968; revised ma nu-  
script received Sept. 30, 1968. This paper  was presente2 
at the Boston Meeting, May 5-9, 1968, as Paper  272. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 
1969 JOURNAr.. 
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Solid Electrolyte Coulometry; Silver Sulfide Bromide Electrolyte 
John H. Kennedy and Fred Chen* 

Department of Chemistry, University of California, Santa Barbara, California 

ABSTRACT 

The properties of a coulometer utilizing a highly conductive solid electro- 
lyte have been investigated. The system consists of silver sulfide bromide 
as electrolyte, between a silver and a gold electrode. A new faster method of 
preparat ion for silver sulfide bromide was developd, and the conductivi ty was 
re -examined  with measurements  extending to --60~ Coulombs of charge 
are recorded by plat ing silver on the gold electrode and then recovered by 
str ipping the silver from the gold electrolytically. Under  carefully controlled 
conditions more than  99% of the silver plated on the gold could be str ipped 
off. However, long charging periods gave low results, while idle periods be- 
tween charging and str ipping gave high results. 

In a recent paper, the properties of a new type of 
coulometer using a solid electrolyte were described 
(1). Silver halides have been found to be of interest  
as solid electrolytes because of their  high conductivity. 
This conductivi ty could be increased by the addition 
of divalent  impurities,  i.e., S = (2). Mine important ,  
however, silver halides react  with silver chalcogenides 
(3,.4), or with alkali  halides (5, 6), to produce com- 
pounds with ionic conductivit ies :> 103 higher than the 
conductivities of silver halides. The aim of this re- 
search is to study the properties of a coulometer using 
a solid electrolyte of high conductivity,  specifically 
using silver sulfide bromide (Ag~SBr). Although less 
conductive, Ag3SBr was chosen over Ag3SI because of 
the higher decomposition potential  of bromide vs. 
iodide. 

Experimental 
Preparation.--Ag3SBr has been prepared by mixing 

AgBr and Ag.2S (7) and this method (I) was used 
initially. 

(I).  Stoichiometric amounts  of AgBr (Matheson, 
Coleman and Bell) and of Ag2S (A. McKay Inc.) were 
mixed together and heated at 280~C for several weeks. 
X- ray  powder diffraction pat terns showed the absence 
of Ag2S, after the mix ture  was heated for seven 
weeks. 

The long heating t ime required and often inhomo- 
geneous product led us to s tudying other possible 
methods including the following one based on copre- 
cipitation. 

(II) .  100 ml solution of 1F Na2S and 1F NaBr (or 
KBr) were mixed by pouring together into an empty 
beaker. The mixture  was st irred for several minutes,  
after which 100 ml of 3F AgNO~ was added. The pre-  
cipitate formed was digested near  the boiling point 
and then allowed to s tand for 12 hr. After filtration, 
it was dried at 200~ for two days. X- ray  powder 
diffraction pat terns showed no Ages present. Prepara-  
tions normal ly  contained some excess AgBr to prevent  
any presence of Ag2S which is an electronic conduc- 
tor. 

Key wol'ds: coulometer;  coulometry;  electrolyte,  solid; silver 
sulfiae bromide;  electrolytic integrator .  

* Electrochemical  Society Student  Member ,  

For our electrochemical studies, the Ag~SBr used 
was prepared by the new procedure (II) ,  because the 
preparat ion t ime was considerably shorter. 

Ag3SBr was found to be stable to air and could be 
kept at room temperature.  Like many  silver com- 
pounds, it was unstable  to light, with the formation 
of metallic silver. Metallic silver was also formed 
when Ag3SBr was heated for long periods at ~ 200~ 

X-ray diffraction patterns.--For x- ray  powder 
studies a Phill ips Electronics X- ray  diffraction unit  
No. 12045 was used with CuKa rays (1.54178A) at 
40 kv. 

Values of crystal  spacings found for Ag.~SBr were 
in good agreement  with the values reported by Reuter  
and Hardel (8). The crystal s t ructure of Ag3SBr is 
a body center cube with silver atoms on the faces of 
the crystal. Ag3SBr has an ant i -perovski te  s tructure 
with the bromine atoms in the corners of the cube and 
the sulfur  atom in the center. The distance between 
the nearest  silver atoms was 4.8073A and the distance 
between the nearest  bromine atoms was 6.7984A. 

Using Paul ing 's  ionic radii  values for Ag +, B r - ,  
and S =, the relat ive volume occupied by the atoms in 
the cube was 0.262. The large amount  of void volume 
allows for the easy migrat ion of silver ions. 

Pellet preparation.--Pellets were prepared with a 
Pe rk in -E lmer  evacuable die (186-0025), 0.5 in. d iam- 
eter. As an example, 0.25g powdered silver was 
pressed at 6000 psi, followed by 0.5g silver sulfide 
bromide pressed at 6000 psi, and finally 0.5g powdered 
gold pressed at 6000 psi. The whole pellet was then 
put under  vacuum for 5 rain after which it was 
pressed at 60,000 psi and held unde r  this condition for 
1 min. The pressed silver and gold powders served as 
electrodes for the pellet, and the boundary  lines be- 
tween electrolyte and electrode have been found to be 
extremely sharp (1). The electrode area of the pellets 
was 1.27 cm 2. 

The pressed mater ial  had a density of 6.22 g/cm :~ 
which is 95% of the theoretical density based on uni t  
cell dimensions (6.52 g/cm3). 

For polarization and cyclic vol tammetry  studies, 
pellets with a silver reference electrode were used. 
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This reference electrode was prepared by cut t ing the 
si lver electrode into two parts. One silver electrode 
was operated in the usual manner  while  the smaller  
section was used as a reference electrode. The elec- 
t rode area of the gold electrode remained  1.27 cm" 
for these pellets, but the working si lver electrode was 
approximate ly  1 cm 2. 

Electrochemical measurements . - -A Beckman Elec-  
troscan 30 was used for cyclic vo l t ammet ry  and re-  
corded charge-s t r ip  cycles at constant current.  A Har-  
rison 6112A DC power  supply was used for residual  
current  measurements .  For  long charge-s t r ip  cycles 
at constant current,  a Bisse t t -Berman E-cel l  digital 
coulometer  was used. A General  Radio Inc. 1650A im- 
pedance bridge was used for resistance measure-  
ments. For  studies at t empera tures  other  than ambi-  
ent, an Associated Testing Lab (SW-5101) Envi ron-  
menta l  Chamber  was used. 

Results and Discussion 

Resistivity.--Resistance of Ag3SBr pellets of various 
thickness were  measured  using 1000 cycles a-c signal. 
The resistance of the pellets was found to be propor-  
tional to the thickness of the pellets (Fig. 1). The 
intercept  at zero thickness shows little, if any, con- 
tact resistance. The res is t iv i ty  calculated f rom the 
slope was 80 ohm-cm at 25~ This value is an order 
of magni tude  smaller  than the value  repor ted  by 
Reuter  and Hardel  (9). This difference may be at- 
t r ibuted to the ex t remely  low contact resistance of 
compressed powder  electrodes. 

Addit ion of AgBr  to Ag3SBr increased the resist- 
ance of the pellets proport ional ly  to the amount  of 
AgBr added, up to 20% per mole excess AgBr  (Fig. 
2). To avoid the possible presence of excess Ag._,S, 
which is an electronic conductor,  most of the prepara-  
tions contained some excess AgBr in the Ag3SBr. 
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Fig. 1. Resistance of Ag3SBr pellets 
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Fig. 4. Cyclic voltammetry of AgaSBr. Scan rate = 2 mv/sec; 
solid line - -  first sweep, anodic direction first; dashed line - -  
second anodie sweep; dotted line - -  second cathodic sweep. 

Grain boundary conduction, so impor tant  to AgBr 
(1), was not a factor for Ag~SBr since anneal ing 
pellets at 150~ for seven days decreased the con- 
duct ivi ty  by only 10%. 

The conduct ivi ty  of Ag3SBr as a function of t em-  
pera ture  is shown in Fig. 3. The act ivat ion energy 
was found to be 4.3 kcal /mole .  This act ivat ion 
energy  is compared with  other  highly conductive 
solid electrolytes in Tab]e I. 

Cyclic vol tammetry. - -Cycl ie  vo l t ammet ry  was used 
to examine  the electrode reactions which took place 
on the gold electrode. The potential  of the  gold elec- 
t rode was measured  vs. the  s i lver  reference  electrode. 
In general,  one anodic peak was observed before the 
final cut-off, al though small  peaks between 0.4 and 
0.6v were  often observed on the first sweep only (Fig. 
4). The main anodic peak was observed on the first 
and succeeding cycles and was about --0.2v vs. the  
s i lver  reference  electrode. This peak can be a t t r ibuted 
to the fol lowing reaction 

S = ~ S ~ 2e -  E ~ = -f-0.203v vs. Ag ref. 

The final cut-off  vol tage is probably due to the fol- 
lowing react ion 

Table I. Activation energy for solid electrolytes 

A c t i v a t i o n  e n e r g y ,  T e m p .  r a n g e ,  
C o m p o u n d  k c a l / m o l e  K ~ (Ref . )  

A g a S B r  5.5 285-673 (9) 
A g a S B r  4.3 213-343 P r e s e n t  p a p e r  
Ag~SI  4.0 285-500 (7) 
Ag~SI  3.3 273-373 (4) 
Ag415 2.3 323-523 (11} 
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B r -  4- Au --> AuBr  -I- e -  E ~ = +0.834v vs. Ag ref. 

a l though two other  reactions may proceed depending 
on revers ib i l i ty  and operat ing current  density 

B r -  --> 1/2Br2 "1- e -  E ~ = +0.994v vs. Ag ref. 

3 B r -  T Au--,  AuBr3 -F 3 e -  E ~ = T0.910v vs. Ag ref. 

The peak  positions (corrected for iR drop) were  
affected by scan rate  i nd ica t ive 'o f  i r reversibi l i ty ,  and 
the cathodic react ion was not even observed in the 
reverse  direction al though it may have been masked 
by the reduct ion of Ag + at zero volts. The fact that  
sulfide can be oxidized at < 0.5v, but  the reverse  
reaction does not proceed forms the basis for a posi- 
t ive er ror  mechanism. It is also impor tant  to note 
that  the peak is larger  on the first sweep and re-  
covers af ter  a long wai t ing  period. 

C h a r g e - s t r i p  c u r v e s . - - T h e  voltage drop during 
str ipping of si lver f rom the gold electrode should 
remain  equal  to iR unti l  the gold surface becomes 
depleted of si lver (1), at which t ime the voltage 
should rise unti l  it reaches the Ag/Ag3SBr,  A u B r / A u  
potent ial  plus JR. F igure  5 shows str ipping curves for 
charges of 10 and 36 #a for 1000 sec. The  gold surface 
had been oxidized to 0.5v vs.  si lver before plating. In 
both cases, the 0.5v end-point  vol tage was reached at 
1000 +_ 1 sec. A three electrode system showed that  
the end vol tage was predominant ly  a potential  devel-  
oped at the gold electrode as it began to oxidize (Fig. 
6). 

During the charge cycle, the system is a s i lver-  
s i lver  couple and the only vol tage drop should be iR. 
However  the voltage drop was higher  because of po- 
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larization effects, and using a three  electrode system, 
it was found to be predominant ly  on the si lver elec- 
trode (Fig. 7). Af ter  long charging periods this polar-  
ization became significant and increased to the decom- 
position vol tage of the electrolyte.  Using a current  
in ter ruptor  circuit  almost no change in resistance was 
found during the charge cycle. 

P o l a r i z a t i o n . - - T h e  observed polarizat ion (~l) on the 
si lver electrode dur ing the charge cycle could be rep-  
resented by Tafel 's  equat ion 

n : a -t- b l o g I  

For charge, the values of a and b were  63 and 10.0 mv, 
respectively,  and the exchange current  density was 
5 x 10 -v  ;~a/cm 2. 

This value for exchange current  is much lower than 
the A g / A g  + couple in an aqueous electrolyte  and may  
be the result  of e lec t rode /e lec t ro ly te  effects giving rise 
to much smaller  effective areas. A similar  situation 
was observed by Takahashi  and Yamamoto (4) who 
decreased si lver electrode polarization by using a 
si lver amalgam electrode.  

An increase in polarizat ion on the si lver electrode 
during charge took place after  a certain time, and 
this can also be a t t r ibuted to a decrease in act ive 
area. 

C o n t r o l l e d  p o t e n t i a l  e l e c t r o l y s i s . - - E l e c t r o l y s i s  at 
control led potent ia l  (50-600 my for 24-72 hr)  was 
carr ied out to de termine  the final residual  current  for 
the pellets,  and the results are shown in Table II. As-  
suming that  no ionic contr ibut ion remains after  this 
t ime the residual  current  can be used to calculate the 
upper  l imit  of electronic conduct ivi ty  contribution. 
Using the equat ion of Wagner  (10), the electronic 
conduct ivi ty  must  be less than 0.002% of the total  con- 
ductivi ty.  Current  which flows at cut-off vol tage wil l  

Table II. Residual current and leakage current results 

~.a iL 
F i n a l  res id-  C h a r g e  L e a k a g e  

T i m e  ua l  cu r r en t ,  lost,  cu r ren t ,  
S a m p l e  o.c., h r  n a n o - a m p  ~coul  n a n o - a m p  

P u r e  AgaSBr  1 100 428.7 119.0 
25 100 4,091.8 45.4 

10O 100 15,399.0 42.7 

Pu re  Ag~SBr 1 200 1,118.0 310.6 
50 300 8,924.2 49.5 

100 200 17,670.6 49.0 

Ag3SBr w i t h  1 80 350.6 97.3 
20% A g B r  25 60 2,594.0 28.0 

100 60 6,548.4 18.2 

Ag~SBr w i t h  1 3,300 6,307.8 1,752.0 
m e t a l l i c  25 3,000 13,221.6 146.0 
s i l v e r  
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Table III, Timing accuracy for Ag3SBr coulometers 

C u r r e n t  ~ta 
C h a r g e  t i m e ,  sec 

50 1OO 
A v g .  A v g .  
e r r o r  S td .  dev .  e r r o r  Std .  dev .  

250 
A v g .  
e r r o r  S td .  dev .  

10 + 4 . 6 %  2.3% + 5 . 8 %  1 . 6 ~  + 3 . 2 %  0 .26% 
36 - -0 .2  1.5 - -0 .1  0.8 - -0 .6  0.38 

I O 0  -- 1.8 1.3 -- 0,7 0.6 -- 0.6 0.30 
360 - -0 .8  0.3 - -0 .7  0.2 - -1 .2  0.17 

N o t e :  R e s u l t s  r e p r e s e n t  a v e r a g e  of e i g h t  d e t e r m i n a t i o n s .  

t iv i ty  must be less than 1.2 x 10 -7 ( o h m - c m ) - I  or 
0.001% of the total  conduct ivi ty  for Ag3SBr. 

Timing  accuracy . - -T iming  accuracy for the s i lver  
sulfide bromide  coulometers  was checked for cur-  
rents  of 10-360 ~a and for periods of 50-250 sec. The 
charge ranged from litt le more  than a monolayer  
(approximate ly  300 ~,coulombs) to about 300 atomic 
layers on the average. In the current  range 36-360 ~a, 
the average er ror  was about --1% in almost  all cases, 
Table III. This error  was due to s i lver  remaining on 
the gold electrode and could be recovered at con- 
t rol led potential  at very  low currents.  

Ag:~SBr; (B) Ag:~SBr containing metallic Ag from decomposition. 

also de termine  the lower  l imit  at which the coulometer  
can be used. 

The residual current  of Ag:~SBr pellets, containing 
metal l ic  silver, (curve B, Fig. 8) was ten t imes higher  
than the residual current  of pure Ag3SBr pellets (curve 
A, Fig. 8). Reuter  and Hardel  (9) have reported the 
electronic conduct ivi ty  of Ag:3SBr as a function of 
temperature .  An extrapola t ion of their  results, shows 
that  at room temperature ,  the electronic conduct ivi ty  
would be 7.95 x 10-6 ( o h m - c m ) - l .  Using this value 
for electronic conduct ivi ty  in Wagner 's  equat ion 

io = ( R T / L F )  ~o 

the electronic current  would be 3.23 ~amp. This value 
is in good agreement  wi th  the residual current  we 
have found for Ag3SBr containing metal l ic  si lver but 
not for pure Ag3SBr. 

Because the observed residual  current  may still 
contain other  contributions (note that  a s tr ict ly flat 
plateau was not observed) the value of 2.6 x 10 ~ 
( o h m - c m ) - 1  for ~o is only approximate,  but probably 
represents  the m a x i m u m  electronic contribution. 

Leakage  c u r r e n t . - - A f t e r  a pellet  was dr iven to a 
high vol tage (0.5-0.6v, the open circuit  vol tage would 
decay with  time. A number  of ~coulombs had to be 
passed in order  to re tu rn  the pellet  to the original  
voltage. The charge lost can be considered in terms 
of a leakage current  (iL) 

iL = Q/To.c. 

where  Q is the total  charge lost and To.e. is the open 
circuit  time. 

If no electronic shorting existed, the open circuit  
vol tage would  not decay and no charge would be lost 
(Q : O, iL : 0). On the other  hand, if all the residual  
current  observed above ( i R )  w e r e  electronic then iL 
would equal  in. As can be seen from Table II, iL 
for Ag:~SBr is ini t ial ly equal  to (or even greater  than 
the final iR), but  decreases to a value about half  of 
i}~. Unfor tunately ,  dur ing this time, the open circuit  
vol tage is decaying, and when it decreases below the 
plateau value for iR one would expect  the leakage 
current  to decrease. This is what  was observed for 
Ag:~SBr containing metal l ic  silver. Within the first 
hour at open circuit  the vol tage dropped to <50 mv  
and iL decreased very  rapidly (Table II) .  

Table II shows the results for a number  of pellets. 
Since iL is significantly lower than the residual  cur-  
rent  (iR), iR must still  contain some ionic contr ibu-  
tions. Based on the iL values, the electronic conduc- 

Results of continued cycling are shown in Fig. 9. 
Usually the first few cycles gave a re la t ive ly  large 
error,  due to condit ioning effects at the gold electrode 
surface. In general,  less charge was recovered on the 
first cycles than plated, and could result  f rom ei ther  
(i) reduction of a species during charge that  is not 
re-oxidized dur ing strip, or (ii) format ion of si lver 
during charge which is not stripped. The lat ter  proc-  
ess, i.e., formation of " inact ive"  silver, might  include 
migrat ion of si lver into the gold via grain boundaries.  
For  fresh pellets possibly containing gold oxide or 
gold sulfide surfaces, the first mechanism appears 
more likely. 

In general, ten cycles were  run and the average 
of the last eight determinat ions  was used for Table 
III. This value  was usual ly quite close to the asymp-  
totic value, e.g., in Fig. 9 the average of the last 
eight cycles was 248.3 sec (--0.68% error)  while  the 
asymptotic value was 249.2 sec (--0.32% error) .  The 
asymptotic value  was not repor ted  in Table III  since in 
several  instances the value  could not be de termined  in 
ten cycles because of random fluctuations. 

Charge ho ld . - -The  t ime at open circuit  between 
charging and str ipping has been called charge hold 
(1). Si lver  sulfide bromide pellets gave posit ive errors 
as charge hold t ime increased. The results are shown 
in Fig. 10. Two processes are  postulated for read-out  
errors. The first process is the format ion of inact ive 
silver (1) on the gold electrode leading to small  nega-  
t ive  errors (Table III) .  The second process is the oxi-  

240 �9 
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Fig. 9. Timing accuracy results. Charge: 250 sec at 100 #a; 

stripping current: 100 #a. 
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Fig. 10. Charge hold results. Charge: 1000 sec at 50 ~a; strip- 
ping current: 50/m. 

dation of sulfides on the gold electrode at 0.2-0.4v 
which leads to a positive error. With a charge hold 
period, the second process dominates and the net  
effect is a positive error. The positive error appears 
because the arb i t rar i ly  chosen cut-off voltage (0.5v) 
was above the potent ial  at which sulfide ion at the 
gold electrode is oxidized. Thus, addit ional  charge is 
required before the gold surfaces reach 0.5v. As 
ment ioned earlier, the reaction is not reversible so 
that  positive errors can also be observed on succeeding 
cycles. Thus, i rreversible (e.g., k inet ical ly  slow com- 
pared to the operat ing current )  processes can give 
rise to both negative errors for fresh pellets (condi- 
t ioning) and positive errors after a charge hold period. 

Charge capacity.--A practical consideration is the 
amount  of silver which can be t ransferred to the gold 
and subsequent ly  stripped without  losing accuracy 
or short ing from silver growth. Table III  shows that  
negative errors of --1.2% were observed with charges 
of 90,000 ~,coulombs, (25 ~,a-hr). It also shows that  
negative errors increased as the amount  of charge 
t ransferred to the gold increased. For large charges 
(>10 ~,a-hr) and no charge hold, larger negative 
errors were observed (Fig. 11). However, most of the 
high charge studies were carried out with no condi- 
t ioning (set B on Fig. 11), and the errors were con- 
siderably smaller  with condit ioning (set A on Fig. 11). 

One pellet was given a charge of 417.6 ~a-hr and a 
--13% error was observed on stripping. Another  possi- 
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Fig. 11. Charge capacity results. (A) Conditioned pellets; (B) 
non-conditioned pellets. 

ble mechanism for negative errors dur ing  str ipping 
of such large charges is that  the silver plate may be 
thick enough to allow under-cut t ing .  That  is, silver 
would be oxidized close to the gold dur ing  str ipping 
leaving silver metal  in the electrolyte region not 
connected electrically to the gold electrode. In  support 
of this mechanism, charge lost for these pellets could 
not be recovered by  controlled potent ial  electrolysis. 

Conclus ion  
Both AgBr (1) and Ag3SBr have been found to be 

useful as solid electrolytes for coulometers. Ag3SBr, 
because of its much higher conductivi ty can be used 
at currents  up to 1 ma / c m 2 (compared to 0.1 ma/cm'-' 
for AgBr) and larger amounts  of charge could be 
t ransferred without  shorting by silver dendrites. Also, 
Ag3SBr exhibited no room tempera ture  anneal ing 
effects, and the resistance was more stable with time. 
On the other hand, Ag3SBr showed a significant posi- 
tive error due to bui ld up of sulfide on the gold elec- 
trode when  stored for longer than  100 hr while AgBr 
coulometer showed a negative error. 

For highest accuracy, silver coulometers containing 
silver sulfide bromide as a solid electrolyte must  be 
operated under  controlled conditions. These conditions 
include current  densities of 28-280 ~a/cm 2, precondi-  
t ioning of the gold electrode to the cut-off voltage, 
charge capacities of 1,400 to 70,000 ~coul/cm 2, and 
immediate  read-out.  Under  these conditions coulom- 
eter read-out  error will  be less than 1%. 
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ABSTRACT 

The electrochemical  reduct ion of oxygen was studied in pheny l t r ime thy l -  
ammonium hexaf luorophosphate-n i t rosodimethylamine  solutions. The kinetic 
effects of different levels of wa te r  concentrat ion were  also investigated. The 
electrode studies indicated that  the oxygen reduct ion in nonaqueous media is 
a complex mechanism. The postulated electrode process in the systems studied 
includes first, a series of surface processes on the electrode (adsorption, in ter -  
action between oxygen and platinum, reduct ion of the film formed)  and sec- 
ond, two par t ia l ly  mass t ransport  dependent  steps wi th  chemical  kinetics 
complication (ECE mechanism) .  

The reduct ion of oxygen in aqueous media is a 
classical problem in electrochemistry;  nevertheless,  
new ideas about the electrode process mechanisms are 
continuously being postulated. However ,  the study 
of the mechanism of oxygen reduct ion in nonaqueous 
media and par t icular ly  in aprotic systems can be 
considered a re la t ive ly  recent  problem, and perhaps it 
wil l  receive in the fu ture  as much at tent ion by the 
electrochemists  as the study in aqueous solutions. 

In an absolutely aprotic solvent, if the reduct ion of 
oxygen occurs, it has to be fundamenta l ly  different 
than in water .  This condition is difficult to achieve 
exper imenta l ly  because mois ture  (a proton source) is 
one of the most difficult impuri t ies  to e l iminate  from 
nonaqueous solvents and water  concentrat ions in the 
order  of 5 x 10-4M (10 ppm) ,  only one order  of mag-  
ni tude lower  than the oxygen concentration, are often 
present  in the best purified solvents. 

However ,  the possibility of e l iminat ing or at least 
decreasing to a minimum,  the effect of protons (wi th-  
out increasing hydroxyl  concentrat ion)  is a fascinat-  
ing approach and creates new horizons for the study 
of the oxygen reduction. Moreover,  the study of the 
oxygen reduct ion in aprotic media  is of interest  f rom 
the point of v iew of energy conversion because it 
permits  the study of ve ry  high energy couples wi th  
alkali metals  as anodes (1). 

The init ial  studies of the reduct ion of oxygen in non- 
aqueous media were  done by Kolthoff and collab- 
orators (2-4). Lately,  and in part  during the progress 
of the present  research, several  other  papers  have ap- 
peared (5-12), and in some cases quant i ta t ive  data 
was shown (8, 9, 12). In general,  there  is agreement  
that  the reduct ion of oxygen in aprotic media  occurs 
in two principal  steps, quas i - revers ib le  and i r re-  
versible, respectively.  Maricle and Hodgson (5) were  
the first to postulate that  the first step is a one elec-  
tron reduction of oxygen to superoxide. For the second 
step the data are not so clear because of difficulties 
in s tudying this reduct ion process. Generally,  it is not 
ve ry  reproducible  and occurs at such negat ive  poten-  
tials that  the curve  pract ical ly  is superimposed on the 
depolarizat ion l imit ing of the electrodes. However ,  
Sawyer  et al. postulated first (8) that  the reduct ion 
corresponds to the reduct ion of O2- to 02 =, and later  
(12) that  O H -  is one of the products. Johnson et al. 
(7) have  studied the effect of cations on the Ep of this 
reduction. Severa l  a t tempts  were  made to character ize  
the superoxide formation. They included chemical  (5) 
and esr (5, 9) exper iments .  The present  discussion 
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summarizes our study on the reduct ion of oxygen, in 
a new aprotic solvent, N-Ni t rosodimethy lamine  
(NDA) (13). The research was done wi th  smooth 
pla t inum electrodes. The technique most f requent ly  
used dur ing the present  research was l inear  sweep 
vo l t ammet ry  in the direct  or cyclic fashion. The di-  
agnostic cr i ter ia  developed by Nicholson and Shain 
(14) were  a powerfu l  tool for the in terpre ta t ion  of 
the results. Our conclusions about  the mechanism are 
in some ways different than previous investigations. 
We have recognized that  small  (<20 ppm) traces of 
protons (water)  were  impossible to remove  complete ly  
and were  always present. We assign an important  
role to them in the mechanism. The effect on increas-  
ing water  concentrat ion was also studied and did help 
in the in terpre ta t ion of the over -a l l  mechanism. 

Experimental 
The NDA was obtained f rom Eastman Kodak Com- 

pany. The two main impuri t ies  which general ly  may 
accompany the solvent are water  and peroxides. The 
peroxides were  e l iminated by t rea tment  wi th  A1._,O~ 
or Li and the removal  of wa te r  requi red  a p re t rea t -  
ment  and distillation. The solvent  was dried for at 
least twen ty - fou r  hours wi th  P205 or molecular  sieves, 
type 4A; after  fil tering off the drying agent, the NDA 
was vacuum disti l led f rom molecular  sieves, type 4A, 
which had been dried previously  at 200~ The dist i l la-  
tion was per formed at a pressure of 2 m m  of mercury  
and only the fraction which distil led in the range 26 ~ 
28~ was collected. If  all the  previous steps have been 
performed properly,  the only impur i ty  observable by 
vapor phase chromatography (VPC) is water  and its 
concentrat ion as de te rmined  by VPC, is usual ly re-  
duced to about 20-30 ppm. The gas chromatograph 
used was an F & M 810 with  a the rmal  conduct ivi ty  
detector  as the sensing device. The chromatograph 
was p rogrammed in the fol lowing way:  Two 11/2 foot 
copper columns packed with  Carbowax (10%) 20 M 
on Fluoropak 80M were  used. Bridge current  was 150 
ma. Inject ion post t empera tu re  was 160~ Detector  
t empera tu re  was 180~ The program tempera tu re  
scale was 100~176 Upscale t empera tu re  rate  of 
scan was 30~ Downscale t empera tu re  rate  of 
scan (fixed) was 40~ The post inject ion in terva l  
was 0 min, and the upper  l imit  in terva l  was 6 min. 
The flow rate of he l ium carr ier  gas was 40 ml /min .  
The sample size was 20 ~1. 

P h e n y l  t r ime t  h y l a m m o n i u m  - h e x a f l u o r o p h o s p h a t  e 
(~Me3NPFs) which was used as support ing electro-  
lyte was obtained from K&K Labora tory  and dried 
at 95~ under  vacuum for at least 8 hr. Prepurif ied 
ni t rogen and oxygen were  f rom Airco Company. They 
were  passed through concentrated sulfuric acid and 
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P205 or Drierite.  The solutions were  saturated with  
oxygen by bubbling the gas through the solution. The 
concentrat ion of oxygen in t~he solutions was obtained 
by applying the volumetr ic  t i t ra t ion method  suggested 
by Coetzee and Kolthoff (2) wi th  slight modifications. 
The final t i t ra t ion of the excess of F e ( I I ) ,  which has 
not reacted with  the oxygen present,  was per formed 
by a ceric (sulfate) continuous potent iometr ic  t i t ra -  
tion in order to e l iminate  the interact ion be tween 
Ce(IV)  and NDA. The concentrat ion of oxygen in a 
02 saturated solution of 0.5m cMe3NPF0-NDA was 
5 x 10-3M. 

The test electrode was a convent ional  p la t inum disk 
electrode which was polished to a 1~ surface finish. 
Its geometr ical  area was 7.8 mm 2. The reference elec-  
t rode was a Ag/AgC1 (0.1M KC1), wi th  a salt br idge 
of lm  LiC104-NDA which had a potent ia l  of --25 mv 
vs  SCE (1). A Luggin capi l lary was used to decrease 
the uncompensated resistance. Its value, de te rminated  
using the convent ional  study of ratio Ein/Eout vs. f re-  
quency was 33 ohms. Simple  calculations can show 
that  the IR drop effect is in the exper imenta l  error.  
The counter  electrode was a pyrolyt ic  graphi te  rod. 
Ex t reme  precautions were  taken to e l iminate  contam-  
ination of mois ture  wi th  the solutions. Vapor phase 
chromatography of solutions pr ior  to and af ter  elec-  
t rochemical  studies did not  show any appreciable 
increase in water  concentration. 

The potentiostatic equipment  used for this research 
consisted of combinations of operat ional  amplifier cir-  
cuits such as or iginal ly  suggested by DeFord (15) and 
modified by Shain (16) and co-workers .  

Results and Discussion 
Figure  la  shows a typical  cyclic scan of oxygen in 

cMe3NPF6-NDA, and it also shows the base line of 
residual  current  which is obtained when  the solution is 
purged free of oxygen by the use of nitrogen. It  can be 
seen that  the cyclic vo l t ammogram consists of at least 
four sections. The scan starts at OV vs. the Ag/AgC1 
electrode and proceeds in a cathodic direction. With 
oxygen present  a prepeak or hump-shaped  wave  is 
obtained at approximate ly  --0.4v vs.  Ag/AgC1. Before 
this wave  has been completed, a we l l -deve loped  re-  
duction peak occurs a t - - 1 . 0 v  vs.  Ag/AgC1. (In future  
discussions we wil l  speak of this reduct ion peak as 
peak I.) Well  beyond peak I a second reduct ion peak 
(called in la ter  discussion peak II) is observed just  
prior  to the  decomposit ion potent ia l  of the e lect rolyte  
at the p la t inum electrode surface. At  this point the 
scan was reversed  and proceeds in the anodic direc-  
tion. The first observable feature  is that  there  is no 
anodic peak close to peak II and that  an anodic peak 
occurs a t - - 0 . 8 v  vs.  Ag/AgC1. This anodic peak is 
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Fig. 1. Typical cyclic voltammogrom of oxygen in 0.Sin 
cMe3NPF6-NDA; concentration 5 x ] 0 - 3 M  (saturated); scan rote, 
100 mv/sec. Two minute hold at 0.0v with agitation; 30 sec rest 
period prior to scanning; . . . .  residual current. (a) complete 
cyclic voltommogram. (b) cyclic voltarnmogrom of the first step. 

re la ted to the first cathodic peak, peak I (Fig. lb) .  
F igure  lb is typical  for the first step in per formance  of 
oxygen electrochemical ly  on smooth p la t inum in the 
e lect rolyte  system described above. We wil l  label the  
anodic peak, IA. Since the difference in peak po-  
tent ial  between peaks I and IA (Fig. lb)  is approx-  
imately  200 mv  we cannot consider the react ion to be 
revers ible  (14). The cri ter ia  for revers ibi l i ty  are 
such that  the peak separat ion for the cathodic and 
anodic peaks should be equal  to 58 m v / n  which is 
much smaller  than the 200 mv  observed above. On the 
other  hand, cathodic peak II does not show any signs 
of revers ibi l i ty  since no anodic peak corresponds to it. 

The over -a l l  mechanism, as will  be shown in the 
progress of the discussion, is a complex one which in-  
cludes several  steps. They involve  a series of surface 
processes on the electrode and two par t ia l ly  mass 
t ransport  dependent  cathodic steps. 

Surface Process 

A c c u m u l a t i o n  o f  O x y g e n  on  the  S u r f a c e  

In previous work  with  l i th ium perchlora te  and NDA 
(1) we had observed that  the first cathodic peak cur-  
rent  for the reduct ion of oxygen in that  media  was 
dependent  on the length of t ime we held the potent ial  
at 0.0v vs.  Ag/AgC1. This was presumed to be due 
to a slow adsorption of oxygen on the surface of the 
p la t inum electrode. In substant ial ly the same manner  
we have made studies in the pheny l t r ime thy lammo-  
nium hexaf luorophosphate-NDA system. It was ob- 
served that  if we held the potent ial  at 0.0v for longer  
periods of time, peak I increased in height  to a m a x -  
imum value. Plot t ing the peak current  vs.  the length 
of the holding t ime at 0.0v the peak  current  reached a 
m a x i m u m  value and leveled off as the holding t ime 
increased. An auxi l iary  exper iment  to demonst ra te  this 
effect was also per formed  in which the solution was 
st irred and the only change in the form of the curve 
obtained was that  the s teady-s ta te  value at the m a x -  
imum peak current  was achieved more rapidly. This 
indicates diffusion control  adsorption occurr ing on 
the electrode surface since a m a x i m u m  value would 
be reached at m a x i m u m  or saturat ion coverage. It is 
therefore  suggested that  this port ion of the mechan-  
ism is s imply described by the equation: 

02 solution ~ 02 surface 

I n t e r a c t i o n  between the o x y g e n  a n d  the p l a t i n u m  
e I e c t r o d e . - - A s  noted ear l ier  in this paper  there  ap- 
pears to be an electroact ive species which gives a pre-  
peak or hump before the major  oxygen reduct ion step 
in cathodic peak I. It is possible that  some form of 
p la t inum oxide or mix tu re  of p la t inum oxides are 
formed on the p la t inum surface. This is not a new 
concept since many  others have  proposed that  this 
occurs wi th  the oxygen electrode in aqueous media. 
However ,  we refer  to Kolthoff and Tanaka (17) which 
relates the potent ial  for the reduct ion of the p la t inum 
oxides to the pH of the solution and have  found that  
at ve ry  high pH the reduct ion of the oxide occurs 
at a potent ial  region near  that  of the present  hump. 

In addition, we have  found that  the prepeak is ob- 
served only af ter  prolonged potentiostat ic holds. In 
the exper iments  described in the previous section 
using increasing potentiostatics holds at 0.0v, the pre-  
peak starts to rise af ter  30 sec of holding. To estab- 
lish that  oxygen was necessary at the surface before 
this prepeak would  be obtained, we ran the fol low- 
ing series of exper iments  all by l inear  vol tammetry .  
(Fig. 2). One exper iment  shows the format ion of the 
p repeak  when  the solution is saturated with  oxygen 
both during the hold and dur ing the scan. The sec- 
ond exper iment  shows the effect of exposing the elec-  
t rode to oxygen only during the hold period then 
purging the solution with  ni t rogen for 15 min and 
rescanning. The resul t  of this exper iment  is that  
the prepeak  shows, but  no fol lowing oxygen reduct ion 
wave  (peak I) appears. The third exper iment  was 
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Fig. 2. Relation of the prepeak with the presence of oxygen. 
Scan rate 100 mv/sec. Curve 1, oxygen saturated solution; 2, 
oxygen purging only during hold, scan after 15 min purging with 
N2; 3, residual current after 15 min hold at 0.0v with N2 purge. 

carr ied out in the same manner  as the first two with  
the exception that  the solution was purged with ni-  
t rogen for 15 rain, and then the vol tammetr ic  scan was 
carr ied out. This curve  shows nei ther  the prepeak  
nor the oxygen reduct ion wave. Thus, it is our con- 
clusion that  oxygen is necessary to form the species 
on the surface which gives the prepeak in a vo l t ammo-  
gram. The mechanist ic  step could be wr i t ten  as fol- 
lows 

O2ads. ~- Pt  --" Pt~O~ surface 

Other interpretat ion,  suggested by one of the re-  
viewers, is that the prepeak  reduct ion wave  "may 
actual ly be some other oxidat ion product  such as a 
free radical  formed by the interact ion of oxygen wi th  
organic impur i ty  or solvent decomposit ion product."  

Reduct ion of Oxygen 
As was explained before (Fig. 1), the e lec t rochem- 

ica~ reduct ion of oxygen on smooth p la t inum in 
cMe~NPF~-NDA, appears  to occur in two steps. They 
both apparent ly  are i rreversible,  but  since the first 
cathodic wave  peak I has an anodic counterpart ,  peak  
IA at potentials close to the cathodic peak, we 
would, therefore,  classify the react ion as quasire-  
versible. The peak potentials  are affected by the in-  
crease of the scan ra te  showing a negat ive  shift for 
the reduct ion processes and posit ive shifts for the 
anodic one. This behavior  is also a typical  qual i ta t ive 
diagnostic test for cases which do not include a re -  
versible  system. 

We also knew that  the reduct ion of oxygen is in 
part  mass t ransport  control led and the reduct ion cur-  
rent  can be considered an addi t ive function of the 
reduct ion of oxygen adsorbed and oxygen t ransported 
by diffusion f rom the bulk of the solution. These con- 
clusions were  d rawn from exper iments  wi th  s t i rred 
solutions. If  the solution is st irred during the scan, 
the reduct ion cur ren t  increased greatly.  With s t i r r ing 
the anodic peak, IA, decreases, showing that  the prod-  
uct of the first reduct ion is not accumulated on the 
electrode surface. 

To summarize  the informat ion we have  at this point 
of the discussion and before passing to more  detai led 
studies, it is bel ieved that  af ter  the accumulat ion and 
interact ion of oxygen with  the electrode, the oxygen 
reduct ion appears to occur in two steps; one quasi -  
reversible,  the other  completely  i rreversible.  These 
processes are in part  t ransport  controlled. We wil l  pass 
now to the study of the first step of the reaction. 

F i r s t  s t ep  in  p r e s e n c e  o f  m i n i m a [  a m o u n t s  o f  w a t e r .  
- - T h e  first step of the react ion (that  is, peaks I and IA, 
Fig. lb)  looked promising for a detai led study. It  
shows both the cathodic and the  anodic processes, 
and peak I is separated wel l  enough in potent ia l  f rom 
reduct ion wave,  peak II, to give us a chance to study 
peaks t and IA without  in ter ference  f rom the second 
wave.  On the other  hand, the second reduct ion is so 
close to the depolar izat ion limits of the p la t inum elec-  

t rode that  it is ve ry  difficult to get val id informat ion 
about peak  II. 

The main  study includes the effect of scan rate  on 
the peak current.  The diagnostic techniques of Shain 
et  al. (14, 18-21) were  studied extensively.  Their  di- 
agnostic in terpre ta t ions  of appropr ia te  vo l tammetr ic  
exper iments  can give an enormous amount  of infor-  
mat ion about the mechanism of the reaction. We have 
run  exper iments  cover ing a range of pract ical ly  five 
orders of magni tude  in scan rate  (V), f rom 10 m v / s e c  
to 680 x 103 mv/sec .  The exper iments  here were  
cyclic vo l tammograms  which included only the first 
step. The scans were  run f rom 0.0v vs.  Ag/AgC1 to 
an appropr ia te  potent ia l  af ter  the peak genera l ly  no 
more  negat ive than 200 mv  past the first cathodic 
peak potential,  EpI. All  the exper iments  had a poten-  
tiostatic hold at 0.0v for 2 rain wi th  agitat ion and oxy-  
gen passing through the solution for the first minute.  
Then just  prior  to scanning the st i rr ing was stopped, 
the oxygen passed over  the surface of the solution, 
and the solution was al lowed to become quiescent  for 
30 sec. F igure  3 is representa t ive  of all the vo l tam-  
metr ic  studies obtained by this method.  It  includes 
exper iments  run at different t imes over  a period of 
6 months. The figure includes the plots of current  
functions I v z / V  1/2 vs.  V .  (I v ---- peak current,  V = scan 
rate.) The representat ion of I p / V  1/2 is used to nor-  
malize the results at different scan rates a~d relate  
them with  a t rue  revers ible  case f rom which the 
curve  has to be a s traight  line paral le l  to the abscissa 
because Ip = k V  112 for a revers ib le  e lect rochemical  
reaction. This s tudy includes series wi thout  water  
added. The analysis of Fig. 3 leads to the conclusion 
that  we might  in terpre t  the data as diagnosing an ECE 
mechanism (18) (electron transfer,  chemical  reaction, 
electron t ransfer)  exemplif ied in a general  way  by 

n l e  k n2e 
A ,-~- B - ~ C  .~ D 

E~ o E~ ~ 

where  E o = formal  potential.  
For  an ECE mechanism I p / V  1/2 is larger  at low scan 

rates than at fast scan rates. A s imilar  behavior  is 
only found for reactions wi th  a cyclic (catalytic) re -  
action (14). However ,  for these catalytic cases the 
increase of I p / V  1/2 at low scan rate  is much greater  
than was observed in our experiments .  Our case only 
shows a ratio of 2 to 1 be tween  the values obtained 
at 10 mv / sec  and the values over  5.5 x 104 mv/sec .  
This ratio fits perfec t ly  for an ECE mechanism where  
n l / n 2  : 1 and E1 ~ = E2 ~ or ~E ~ : 0 (18). These con- 
clusions mean that  af ter  the electrochemical  reduct ion 
of A to B a chemical  process takes place which t rans-  
forms B into C. Then C is e lect rochemical ly  reduced 
to D at the same or ve ry  close to the same potent ia l  
at which A is reduced to B. That is why  at low 
scan rates the peak cur ren t  consists of contr ibutions 
of  both electron t ransfer  reactions. In the slow scan 
case there  is enough t ime for the chemical  interact ion 
of B to C but ve ry  fast sweeps do not al low sufficient 
t ime for this chemical  reaction. 
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Thus, the current  observed is only due to the first 
e lectron transfer .  However ,  it is wel l  to note that  our  
case must  have the same number  of electrons t rans-  
ferred in the first case A ~- B, nl  as in the second 
electron transfer,  C ~- D, n2. 

An ECE mechanism can have four different cases 
re la t ive  to the revers ib i l i ty  or i r revers ib i l i ty  of the 
individual  charge t ransfers  (18) (R-R, R-I, I-R, I-I, 
where  R = revers ible  and I = i r revers ib le) .  To char -  
acterize the case wi th  • = 0, the effect of scan ra te  
on the anodic peak is important .  Only in the case 
where  both electron t ransfers  are revers ible  wi l l  an 
anodic peak be obtained at all the scan rates over  the 
ent ire  scan rate range. Figure  3 shows that  we have  
that  case. Consequently,  we can say now that  our first 
step includes two reversible,  or at least ve ry  close 
to reversible,  equal  e lectron t ransfers  in the ECE 
mechanism. Our assumption that  the first step could 
be considered quasi revers ible  is thus  confirmed. 

We consider interest ing to include at this point of 
the discussion a s imilar  type of series of exper iments  
but wi th  0.25% by vo lume of H20 before postulat ing 
the mechanism for the first step. F igure  4 shows the 
results of those experiments .  It is notorious a la rger  
spreading of the exper imenta l  points and the t raced 
line is only tentat ive.  The concentrat ion of wa te r  pres-  
ent is lower than that  requi red  for other  complicat-  
ing effects which wil l  be discussed in the next  section 
of this paper. In this case, the peak I current  function 
at low scan rate  was always larger  and the ratio was 
sl ightly over  2. However ,  the currents  at fast scan 
rates were  pract ical ly  the same as those without  water  
added. 

Taking into considerat ion the data discussed above 
and the system under  study, we th ink that  it is ve ry  
possible that  an ECE case can be postulated. Perhaps  
a combination of an ECE mechanism and dispropor-  
t ionation react ion occur. The steps may  wel l  be re-  
lated to traces of protons present in the system. 

k 
A + n ~ e . ~ B - - ~ C  + n2e ,~D 
1 ] r 

k 1 

This case has not been studied theoret ical ly  yet. It 
should give larger  current  functions at low scan rates 
(because of regenera t ion  of A) than a simple ECE 
mechanism. The la t ter  type  of behavior  is the  type  
of results which have been observed (especially in 
the case of addition of low concentrat ion of water )  
in our experiments .  

Summar iz ing  the data avai lable  for the first step 
of the electrochemical  reduct ion of O2 on p la t inum 
we postulate that  when  no protons are avai lable  a 
one-e lec t ron reaction may  occur. When  protons are 
avai lable  as impuri t ies  or at low levels,  a ECE mech-  
anism is possible. A disproport ionat ion of O2- or I-IO2 
should be considered in the postulation. 
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Fig. 4. Effect of scan tote on Ip(I) and Ip(IA), 0.25% by volume 
of water. 
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Egect  of increasing level o] water  concentration on 

the mechanisms.--This  study of the effect of moisture 
has given results which permi t ted  us to obtain more  
informat ion about the second reduct ion step, peak II, 
and in this way  a bet ter  unders tanding of the ove r -a l l  
oxygen  reduct ion process. We have run  several  series 
of exper iments  wi th  increasing concentrat ions of 
water  s tudying s imultaneously only the first step, 
(peaks I and IA) and also the complete  react ion 
(peaks I, IA, and II) .  Exper iments  were  run at 100 
mv / sec  and we star ted wi th  solutions of 0.5m 
cMe.~NPF6-NDA, which contained low concentrat ions 
of H20 (30-60 ppm) (Fig. 1) and then added ap- 
propriate  amounts  of H20 (dispensed f rom a micro 
syringe) to obtain increases in wate r  concentration. In 
many  cases the unit increase in water  concentrat ion 
was of the order  of 0.02%, as was requi red  for the ex-  
per iments  performed.  In all other  respects the condi- 
tions utilized in the exper iments  wi th  wate r  were  the 
same as in those run  wi thout  water .  With  the data 
thus obtained it has been possible to study the effect 
of H20 concentrat ion on both the peak current  and 
peak potential  of each of the major  vo l tammetr ic  
peaks. The presence of wa te r  has affected all the 
peaks by increasing the current  peak heights and 
has also affected the peak potentials.  F igure  5 shows 
these effects and the curves in the figure should be 
compared to the curves  in Fig. 1 where  the amount  of 
water  was minimal.  

The results are representa t ive  of exper iments  at 
five different concentrat ion levels of H20: 0.006%, 
0.20%, 0.40%, 0.80%, and 1.60% by volume,  which 
give a picture of the drastic changes which occur wi th  
increasing levels of water  concentration. Figures 6, 7, 
and 8 are the plots of Ip and Ep of the peaks as a 
function of concentrat ion of water ,  and cover  the  
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whole range of wa te r  concentra t ion levels  studied. In 
Fig. 5 it is noticeable that  the prepeak also was at- .  
fected by the increase in water  content  of the elec-  
trolyte,  but  this effect has not been ful ly  evaluated.  

The effect of water  (Fig. 6) on EpI and EflA is not  
significant but is ve ry  pronounced on the second re-  
duction peak, peak II. With  increasing water  concen- 
t rat ion the peak II potent ia l  shifts to positive values 
and finally merges  into peak I. It  is interest ing to note 
that  the peak potent ial  shift follows the fol lowing 
logari thmic equat ion 

Epu = --2.15 + 0.06 log (H20) [1] 

The value 0.06 would indicate  that  there  is one 
electron per  molecule  of wa te r  if the react ion is re -  
versible, but as this second step is complete ly  i r re-  
versible  (Fig. 1), we should include the t ransfer  co- 
efficient cc in the equation, which for a value  of 0.5 
would give two electrons involved in the reaction. 

Figure  7 which is the study of I,I, shows how the 
peak I current  increases unti l  it reaches a steady value. 
As the figure shows, the increase in current  is not  
continuous and there  is an inflection at approximate ly  
0.3-0.4% of H20. The current  reached at this small  
plateau is v i r tua l ly  one-hal f  of the m a x i m u m  current  
obtained at water  concentrat ion levels over  1.2%. This 
observat ion can be in terpre ted  as a change in mech-  
anism and perhaps as a change in the number  of 
electrons t ransferred.  We wil l  go back to this ob- 
servat ion later  during the discussion of the over -a l l  
reaction. 

Figures  8a and 8b are the same type of s tudy but 
for IpII and IpIA. These exper iments  possessed larger  
errors a t t r ibutable  to the difficulty in selecting a 
realistic base line f rom which to measure  the peak  
currents.  For  peak II, it was decided to use the cr i-  
ter ion (14) which says that  the base line should f o l -  
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low the cur ren t - t ime  curve  for a potentiostatic hold 
immedia te ly  af ter  the first peak. To obtain the base 
lines it was necessary to run the exper iments  at all 
the concentrat ions of water  studied. For  the anodic 
peak we chose to fix the base line f rom the base line 
obtained in the exper iments  wi thout  added water.  This 
cr i ter ion possesses larger  errors  and gave values  at 
high concentrat ions of wa te r  which apparent ly  cannot 
be realistic f rom the shape of the peak (Fig. 5d), but  
it gave some idea about the progressive decrease of 
the anodic peak unt i l  it leveled  off or disappeared. The 
reduction peak II, Fig. 8a, gradual ly  decreases and 
merges  into peak  I. It is interest ing that  the m a x -  
imum amount  of current  observed for peak II is of the 
same order and at the same range of wa te r  concentra-  
t ion as the peak current  values at the inflection pla teau 
observed for the peak I (Fig. 7). The rise in current  
of peak II at the beginning of the wate r  additions has 
to be in terpre ted  careful ly  because peak  II is ve ry  
close to the potent ia l  of the electrolyte  decomposit ion 
wave  at these wate r  concentrations. At  this point we 
prefer  to leave the discussion of the results wi th  
increasing wate r  concentrat ion to the next  section 
where  the ove r -a l l  mechanist ic  process is discussed. 

Postulation of the complete mechanism.--The ex-  
per iments  described in the last section suggest several  
conclusions. These conclusions, combined with  those 
obtained in the section of this paper  covering step I, 
permi t  one to a r r ive  at a hypothet ical  over -a l l  mech-  
anism for the oxygen reduction. It is bel ieved that  the 
second peak can be the reduct ion of peroxide to hy -  
droxide, and the strong effect of the presence of wa te r  
is perhaps an indication of the necessity of proton 
avai labi l i ty  for this la t ter  reduct ion step. 

H a 2 -  q- 2e q- H + ~ 2 O H -  E3 ~ = $ (H +) 

or fol lowing Eq. [1] 

HO2-  q- 2e q- H20 --~ 3 O H -  

Perhaps  in a system complete ly  aprotic this reduc-  
tion would  not occur or is re la ted to the cations 
which are present  (7, 11). The increase in concentra-  
tion of H20 has to change the reduct ion in a way  to 
approximate  the react ion in aqueous media. The in-  
flection observed in Fig. 7, the ratio of current  be tween  
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this point and the m a x i m u m  amount  of current ,  and 
the same levels of cur ren t  at the inflection point  for 
peak I and peak II can suggest that  (a) at that  con- 
centrat ion of H.~O there is the same n u m b e r  of elec- 
trons t ransferred for both reductions (very possibly 
two),  and (b) that  the inflection for the increase of 
peak I is obtained when the reaction 

02 -t- 2H + + 2e --~ H202 

is predominant .  
At a water  concentrat ion (0.3-0.4%) the above mech-  
anism would hold. At the other extreme where no 
protons are available the scheme below would hold. 

02 -t- e - ~ O 2 -  

However, with water  or proton concentrat ions in te r -  
mediate between aproticity and 0.3 to 0.4% water  the 
reaction could change from a one electron reaction 
to a two-elect ron reaction. This can result  in a com- 
plex in termediate  mechanism such as we suggested 
in the section on step I of the oxygen reduction. 

F ina l ly  we want  to note that  at concentrat ion levels 
over 1.2% H20, peak I arrives at a steady value, peak 
II merges with peak I, and the anodic peak IA dis- 
appears or decreases to a min imum.  Thus, at 1.2% 
or higher concentrat ions of water  it can be said that  
El ~ • E2 ~ = E3 ~ since all  of the three reactions, hav-  
ing these formal potentials, have now been enclosed 
and included in peak I. Also, at or above this water  
concentrat ion (1.2%) the cathodic reduct ion reaction 
conforms closely to a four electron reaction of the type 
postulated below. 

O2-}-2H + +4e~2OH- 

The summary  of the electrode process can be now 
postulated in  the following way  

02 ~ O~ surface 

O., surface + P t  ~ OxPt, 

]2e, (H+) I 

! I e - o .  ' (H+) e-  2e-, (H+) 
02 ~- ~HO2 ~--- HO2- (H202) . 2 O H -  
4 k ]k' I 

(H + ) 

We have postulated our reaction considering the proton 
as the active specie from the addit ion of H20. We 
realize that  this postulat ion of the reactions is t en ta -  
tive, because we do not have informat ion about the 
dissociation of water  in NDA and we expect that  the 
mechanism can be expressed using water  in place of 
protons as the active specie. 
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We also recognize that the postulation has to be 
confirmed by the determinat ion of the n u m b e r  of elec- 
trons involved in the different steps (which from ini-  
tial experiments  looks difficult) or at least by identifi- 
cation of the different species postulated. The lack 
of t ime prevented fur ther  work covering these two 
areas. 
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Technicall Notes @ 
Methods for Studying the Solution Chemistry 

Within Stress Corrosion Cracks 
B. F. Brown, C. T. Fujii, and E. P. Dahlberg 

Naval Research Laboratory, Washington, D.C. 

A major  obstacle to a bet ter  unders tanding of the 
fundamentals  of stress corrosion cracking (SCC) has 
been the almost  total  lack of information about the 
nature  of the corrodent  wi thin  a growing stress cor- 
rosion crack, par t icular ly  near  the advancing edge. 
While it is genera l ly  conceded that  the local chemistry 
wi th in  the stress corrosion crack differs considerably 
f rom that  of the bulk solution, the demonstra t ion of 
this difference has been de ter red  by inaccessibili ty 
and the problems of obtaining representa t ive  samples 
of solution. The present communicat ion describes 
methods by which the stress corrosion process is in- 
t e r rup ted  in such fashion as to permi t  opening the 
crack wi thout  undue mixing of the corrodent  within 
it, and to enable one to analyze the small amount  of 
corrodent present  wi thout  undue chemical changes 
in the  in terval  be tween terminat ion  of the SCC test 
and the complet ion of the analysis. 

The specimens used were  for the most part  rec-  
tangular  and about 3 mm thick, wi th  a saw cut at the 
middle of the long dimension. A metal  wedge was 
pressed into the saw cut using a vise, thus stressing 
the root  of the saw cut in tension. The specimen was 
then placed in e i ther  distil led wate r  or 31/2% NaC1 
solution (pH 6.5), wi th  the wedge ei ther paraffin coated 
or kept above the water l ine  to prevent  galvanic ef- 
fects. Some of the a luminum alloy specimens were  
long bars slotted at one end (paral lel  to the roll ing 
plane) and stressed by opening the slot elastically 
wi th  a set screw. 

Af ter  the stress corrosion crack had propagated a 
suitable distance (a cent imeter  or so), the specimen 
was removed from the solution and immersed  in 
l iquid ni trogen to freeze the corrodent in the crack in 
place and also to minimize  any side reactions which 
might  al ter  the composition of the corrodent  unti l  the 
analyt ical  operat ion could be effected. The specimen 
was subsequent ly  removed from the l iquid ni t rogen 
and broken apart  in a vise or wi th  pliers to expose 
the frozen solution on the SCC surfaces for analysis 
immedia te ly  on thawing. Some of the  ear ly  ex-  
per iments  were  conducted in a glove box filled with 
dry  ni t rogen (1), but it was found that  in general  they 
can be conducted satisfactori ly in the open air. 

The  inherent  difficulties of microanalysis  on the 
microvolume of solution avai lable  at the crack tip, 
the rugged f rac ture  surface, and the obvious requi re -  
ment  of rapid analysis to p reven t  solution changes 
suggested a simple in situ approach to the problems 
of de termining the solution chemist ry  of interest, i.e., 
the acidity and the soluble metal l ic  constituents. (A 
listing of the acid and ion indicators used for this pur -  
pose is given in Tables I and II.) The test method in- 
volved the use of ind ica tor - impregnated  filter paper 
or indicator-coated silica gel (60-80 mesh) prepared  by 
saturat ing the paper  or gel wi th  dilute aqueous solu- 
tions of indicator, and drying completely.  The congo- 
red and alkacid papers were  obtained commercia l ly;  
the others were  all prepared as described above. The 
silica gel particles were  sprinkled on the chilled f rac-  
ture surface and provided a po in t - to-poin t  indica-  
tor  as the specimen warmed  up and the corrodent  

melted. The strips of filter paper were  simply pressed 
firmly on the moist f rac ture  surface, and the color 
changes over  the moist replica of the crack impressed 
on the paper were  observed. In the normal  procedure 
one-hal f  the specimen was used for pH determinat ion  
and the other  half  for the qual i ta t ive  test for the ion 
species of interest.  Severa l  specimens of each alloy 
type were  analyzed in this manner  to encompass the 
range of indicators prepared and to bracket  the pH 
within  as nar row a range as possible. 

The results of these test methods on two commercia l  
alloys, 7075 A1 alloy and T i - 8 % A l - l % M o - l % V ,  and a 
vacuum-me l t ed  carbon-deoxidized 0.45%C steel are 
summarized in Table III. The color changes observed 
after sprinkling silica gel coated with  bromocresol  
green indicator on the f racture  surface of 7075 A1 and 
8-1-1 Ti alloy specimens suggested local var ia t ion in 
the acidity. The individual  silica gel particles ranged 
in color from the yel low of pH 3.8 or lower, through 
a medium green, to the  less acid blue of pH 5.4 or 
higher. Generally,  the region of highest acidity was 
at the advancing edge of the crack with  a gradual  de- 
crease in acidity in the direction of the init ial  root 

Table I. Acid indicators: ranges and associated color changes 

A c i d  i n d i c a t o r  p H  r a n g e  Color  change ' ;  

1, B r o m o c r e s o l  g r een*  5-4-3.8 B - Y  
2, B r o m o p h e n o l  b l u e  4.0-3.0 B - Y  
3, Congo  red* 5.0-3.0 R - B  
4, T h y m o l  b l u e  2 .8-1 .2  Y - R  
5, A l k a c i d  p a p e r  5 .5-3.5 G - Y - O  

";" B,  b l u e ;  Y, y e l l o w ;  R, r e d ;  G, g r e e n ;  O, o r a n g e .  
* T h o s e  m a r k e d  w i t h  a s t e r i s k  u s e d  b o t h  in  p a p e r  a n d  on s i l i ca  

gel .  A l l  o t h e r s  in  p a p e r  on ly .  

Table II. Ion indicators: uses and color changes 

Colo r  c h a n g e  f o r  
Ion  i n d i c a t o r  T e s t  p o s i t i v e  t e s t  

1, P o t a s s i u m  f e r r o c y a n i d e  Fe*3 P a l e  y e l l o w  to b l u e  
2, S o d i u m  t h i o c y a n a t e  F e ~  Co lo r l e s s  to r e d  
3, P o t a s s i u m  f e r r i c y a n i d e *  Fe*~ Y e l l o w  to  b l u e  
4, A l u m i n o n  r e a g e n t  A I ~  O r a n g e  to r e d  
5, A l i z a r i n  R e d  S* A1 § Y e l l o w  to r e d  

* T h o s e  m a r k e d  w i t h  a s t e r i s k  u s e d  b o t h  in  p a p e r  a n d  on s i l i c a  
ge l .  A l l  o t h e r s  i n  p a p e r  only, 

Table Ill. Test results for acidity and metallic ions in solution 
within the stress-corrosion crack 

M a x i m u m  
p H  d e t e c t e d  S o l u b l e  ions* 

A l l o y  a t  c r a c k  f r o n t  A1 +s Fe*a F e  +2 

7075 A1 3.5 + N . T .  N . T .  
0 ,45C S t e e l  3.8 N , T ,  - -  + 
8-1 -1  T i  1.7 + N .T .  N .T .  

* + p r e s e n t ;  -- a b s e n t ;  N .T .  no  tes t .  
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of the crack. However, wi thin  the regions of high or 
low acidity, local variat ions of acidity were discern- 
ible, i.e., yellow and green silica gel particles were 
observed at the acid end and yellow, green, and blue 
particles at the less acid end of the f racture  surface. 

The pH paper tests permit ted more accurate esti- 
mates of the acidity. The 7075 A1 alloy and 0.45 C steel 
specimens indicated pH values of 3.5 and 3.8, respec- 
tively, near  the advancing crack tip. In both cases the 
pH may actual ly have been slightly lower, but  it was 
not sufficiently low to yield a positive congo-red test 
(pH 3.0). The 8-1-1 Ti specimen produced a decidedly 
positive congo-red test (pH 3.0 or lower),  and fur ther  
testing with thymol  blue indicator showed an acidity 
as low as pH 1.7 at the crack tip. 

In  all three alloys, the relat ively acid condition of 
the corrodent wi thin  the advancing crack suggests 
that  the corrosion products are soluble. For the 7075 
A1 alloy and the 8-1-1 Ti alloy, positive tests for a lu-  
m inum ions (A1 +3) were obtained with both a luminon 
and alizarin indicators in the region of highest acidity 
near  the extreme edge of the advancing crack. 1 The 
0.45 C steel specimens gave positive tests for the pres-  
ence of ferrous ion (Fe +2) but  showed the absence of 
ferric ion (Fe +3) in two independent  tests, the ferri-  
cyanide and thiocyanate papers. Again the blotted 
impr in t  of the ferrous ion "blue" from one-hal f  the 
specimen matched that of the region of highest acidity 
from the complementary  half of the specimen. The 
results thus indicate that  the corrodent is adequately 
immobilized by freezing, a requi rement  for the suc- 
cessful application of the test methods. Tests on un-  
chilled, broken SCC specimens indicate that  the freez- 
ing of the solution does not alter the solution chem- 
istry, i.e., similar indications of acidity were obtained. 
Thus, it can be concluded confidently that the test re- 
sults are valid and represent  the state of the solution 
at the te rmina t ion  of the SCC test. 

The concurrence of higher acidity with the pres- 
ence of the metall ic ions in the region of the crack 
root suggests that the acidity is the result  of hydrolysis 
of the metall ic const i tuent  released by anodic dissolu- 
tion. The extreme edge of the advancing crack is gen-  
eral ly thought to be anodic to the rest of the speci- 
men and thus is consumed in the corrodent by the 
electrochemical reaction M --> M +z + ze - ,  where M is 

1 The  p resence  of acidi ty  and A1 +++ ions  w i t h i n  s t r e s s -cor ros ion  
c racks  in  Ti-A1 a l loys  was  p r e d i c t e d  b y  M. P o u r b a i x  in  a s e m i n a r  
a t  N R L  in  1967. 

the metal  in question and z the electronic charge in-  
volved. Subsequent  hydrolysis represented by the 
general  equation. 

M +z + xH,,O e~-M(OH)~r q- xH + 

would produce the increase in acidity observed in all 
the specimens used in this investigation. Such a mech- 
anism has been offered for reactions wi thin  pits pro- 
tected by an oxide film in the corrosion of A1 and Fe 
in alkal ine medium (2). It is likely that  the present  
findings may also be applicable to other alloys which 
are susceptible to SCC and which contain metals the 
ions of which are hydrolysis prone. These results 
would suggest the possibility of SCC control by meth-  
ods which would inhibi t  the hydrolysis or neutral ize 
the acidity. 

A knowledge of the acidity and the solution chem- 
istry, obtainable by the methods described, would gen- 
eral ly be useful in in terpre t ing SCC and specifically 
be helpful in evaluat ing the applicabili ty of SCC mod- 
els such as the f i lm-formation and oxide-rupture  
model. 
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The Anodic Voltammetry and Electrolytic Oxidation 
of Corypalline 

G. F. Kirkbright, I J. T. Stock,* R. D. Pugliese, 2 and J. M. Bobbitt 
Department of Chemistry, University of Connecticut, Storrs, Connecticut 

Recent papers on the general  (1) and electrolytic 
(2) oxidation of phenols suggested to us the possible 
application of electrolytic oxidat ion to the synthesis 
of isoquinoline alkaloids. A pre l iminary  communica-  
t ion from this laboratory (3) has out l ined the suc- 
cessful electrolytic and photochemical oxidation of 
one of the s impler  isoquinoline alkaloids, corypall ine 
(I) .  More recently, two studies of the ferricyanide 
oxidation of corypall ine have appeared (4). Qual i ta-  
tively, the results are similar to those now presented. 

* Electrochemica l  Soc ie ty  Act ive  Member .  
�9 Present  address: D e p a r t m e n t  of C h e m i s t r y ,  I m p e r i a l  Col lege  of  

Science  & Techno logy ,  L o n d o n  S. W. 7, E n g l a n d .  
2 P r e s e n t  addres s :  Texaco  R e s e a r c h  L a b o r a t o r i e s ,  Beacon,  New 

York .  

This paper describes studies leading to the op- 
t imization of conditions for the electrolytic oxidation 
of corypall ine to the "carbon-carbon dimer" N, N'-  
dimethyl-6,  6 '-dimethoxy-7,  7 ' -dihydroxy-1,  1', 2,2', 
3,3', 4,4 '-octahydro-8,8'-biisoquinoline (II) .  The method 
developed is simple, quite rapid, and relat ively efficient. 
These studies s trongly indicate the feasibility of the 
application of electrochemical oxidation to the synthe-  
sis of complex na tu ra l  products (1, 5). It  is especially 
noteworthy that an aliphatic ter t iary  ni t rogen does 
not interfere significantly with the reaction. 

Experimental 
Voltammograms at a p la t inum wire microelectrode 

that  was rotated at 600 rpm were recorded by an 
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L&N type E electrochemograph. Preparat ive elec- 
trolyses were carried out with a Wenking potentio- 
stat. The cathode compartment  was formed by epoxy 
cementing a medium-porosi ty  glass filter crucible to 
the inner  wall of the 150-ml beaker used as an 
electrolysis cell. The semicyclindrical  p la t inum gauze 
anode had a half-c i rcumference of 82 mm and was 
52 mm high. A 50 mm x 80 mm rectangle of p la t inum 
foil rolled into a loose spiral was used as a cathode. 
The anolyte was agitated by a magnetic  st irrer  bar 
and by a stream of nitrogen. 

Corypall ine (6) was prepared (7) from isovanill in 
by a modification of a general  synthesis of 1,2,3,4- 
tetrahydroisoquinolines (8). 

Preparat ive  electrolyses were monitored by th in-  
layer chromatography (TLC) on microscope slides 
coated with Merck silica gel GF. Ammonia:  methanol  
(3:100 v /v)  was used as developing solvent and the 
spots were visualized with iodine vapor or Dragen- 
dorf's reagent.  R~ values were corypalline,  0.65; com- 
pound (II) ,  0.4. A yellow product that awaits iden-  
tification remained at the origin. 

Two grams of corypall ine suspended in 100 ml 
of 0.1M Na2B407 were placed in the cell, and the 
cathode compar tment  was filled s imultaneously to 
the same level with 0.1M Na2B4OT. The suspension was 
stirred rapidly, and ni t rogen was slowly bubbled 
near  the anode, which was main ta ined  at a potential  
of +0.35v. The electrolysis was terminated  when all 
solid had dissolved and the current  had fallen by 
25% from the essentially constant reading obtained 
in the presence of solid. 

After removal  from the cell, the anolyte was al- 
lowed to stand for several hours (preferably over-  
night)  to allow precipitation of the first crop of com- 
pound (II) .  This was filtered off and dried. The filtrate 
was t ransferred to a 500 ml separating funnel  and 
20 ml of ammonia  (sp gr 0.90) were added. The 
solution was extracted with four 100 ml  portions of 
chloroform and the extracts were combined, dried 
over anhydrous  MgSO4 and taken  to dryness under  
reduced pressure in a rotary evaporator. The residue 
was dissolved in 25 ml of chloroform, and the volume 
was reduced to 15 ml by gentle warming.  After  cooling 
in ice water, the recovered corypall ine was filtered 
off. A second crop of compound (II) was obtained 
from the filtrate by evaporation to dryness, dissolu- 
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tion in 50 ml of ethanol, evaporat ion to a volume 
of 10 ml, cooling in ice-water, and filtering. The 
combined crops were recrystallized from ethanol, to 
yield (II) ,  mp 235~176 undepressed by the addi-  
tion of a known specimen of compound 6 (3). 

Results and Discussion 
Pre l iminary  investigations (9) have shown that, 

al though compound (II) is the major  oxidation product  
of corypalline, a 2-5% yield of an oxygen- l inked dimer 
(III) can also be obtained. No attempts to isolate this 
minor  product were made in the present  work. 

All potentials are with respect to the saturated 
calomel electrode. 

Voltammetry.--The start ing potentials of the single 
anodic waves given by compounds (I) and (II) were 
almost identical  and, in acid and strongly alkal ine 
media, the d rawn-out  wave merged into the de- 
composition wave of the medium. Definition was better  
in 0.1M NaHCO8 (pH 8.4) or 0.1M Na2B407 (pH 9.0), 
and the current  approached l imit ing conditions over 
the approximate potent ial  range +0.6 to +0.Sv (Fig. 
1, curve 2). No conditions were found that  would 
permit  the oxidation of corypall ine without attack on 
the compound (II) formed by this oxidation. The 
marked current  decay with t ime observed in NaHCO3 
was not significant in Na2B4OT, in which a l inear  
current -corypal l ine  concentrat ion relationship could 
be obtained at any potential  in the approximate 
range +0.2 to +0.5v. 

Controlled potential electrolysis.--Preliminary elec- 
trolyses of corypall ine in CH:~COOH-CH:~COONa (pH 
4.6), NaHCO:~, Na2B~OT, and Na2CO:~ showed Na2B~O~ 
to be the most promising medium. Conditions finally 
chosen involved the electrolysis of a suspension of 
corypall ine in 0.1M Na.,B~Ov at a potential  of +0.35v. 
Par t ia l  destruction of compound (II) is then min i -  
mized, because the oxidation current  of a saturated 
solution of corypall ine is much larger than the current  
given by a saturated solution of compound (II) Fig. 
1, curves 1 and 3). The current  remained approxi-  
mately constant  while solid corypall ine was present  
and began to diminish soon after the anolyte had 
become homogeneous. Exper iments  with unsa tura ted  
corypall ine solutions showed that the logari thm of 
the current  decreased l inear ly  with t ime unt i l  the 
amount  of electricity reached approximately 80% of 
that theoretically required for the oxidation of cory- 
pall ine to compound (II) .  Deviation from l inear i ty  
and fall-off in slope then occurred as shown in Fig. 2, 
reflecting the increasing competitive oxidation of com- 
pound (II) .  TLC near the deviation point showed the 

1 8O 

.6O 

u 

2O 

, , , , I , , 
0 0.5 1 .O 

POTENTIAL (v) 
Fig. 1. Voltammograms in 0 .1M Na2B407. Curve 1 saturated 

with corypalline; curve 2, 0 .001M in corypalline; curve 3. saturated 
with compound II. 
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Fig. 2. Current-time relationship for 0.0075M corypalline in O.IM 
Na2B407. 

presence of considerable amounts  of corypall ine and 
of compound (II) .  The concentrat ions of both com- 
pounds fell on fur ther  electrolysis and bui ldup of 
the concentrat ion of a deep yellow fur ther  oxidation 
product proceeded rapidly. 

Seven  preparat ive  runs  with from 0.4 to 3.0g of 
corypall ine gave yields of 44-60% (average 55%), 
based on recovered corypalline. The current  efficiency 
for the preparat ion of compound (II) probably ex- 
ceeds 60%. Differing percentage yields are almost 
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certainly due to variat ions in the techniques used 
for isolation and purification of the product. 

These studies are being extended to derivatives of 
corypall ine and to other phenolic derivatives of iso- 
quinoline.  
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Brief Comm n ca  on @ 
Potential-Wetting Effects of Platinum Electrodes 

L. Nanis* and G. F. Rowell 
School of Chemical Engineering, University of Pennsylvania, Philadelphia, Pennsylvania 

Oxygen on the p la t inum electrode has been the 
subject of much attention. Summaries  of previous 
work may be found in recent  reviews by Gi lman (1) 
and Hoare (2). The precise na ture  of the oxygen on the 
electrode is an issue which is apparent ly  unresolved 
as yet. The wett ing behavior of surfaces is known to 
be strongly dependent  on traces of surface compounds. 
A critical change in wett ing of a p la t inum anode in 
1N H2SO4 (room temperature)  was noted in studies 
of the oxidation of dissolved hydrogen (3). The ap-  
paratus used incidental ly  permit ted rapid (2-3 sec) 
drainage of a layer of acid 2.4 m m  thick from a ver t i -  
cal smooth p la t inum electrode, 9 x 9 cm, and also 
permit ted observation of the electrode surface. It was 
noticed that the drainage behavior was influenced by 
the potential  of the electrode. The na ture  of the dra in-  
ing electrolyte film was correlated with electrode po- 
tent ia l  by commencement  of drainage when the elec- 
trode potential  was near  the hold plateau of 0.74 
_+0.02v dur ing  t rans ient  decay (open circuit) from 
above lv. 

For drainage beginning above 0.76v (with respect to 
a reversible hydrogen electrode in the H2 saturated 
1N H-,SO4), total  wet t ing occurred initially.  For  dra in-  
age init iated when the electrode was below 0.70v, the 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

surface was not t ru ly  wetted but  isolated beads of 
electrolyte remained. Correspondingly, the total  d ra in-  
age was noticeably more rapid from the poorly wetted 
surface. In the range between 0.70 and 0.76v, the 
drainage behavior included mixed features, i.e., ini t ial  
partial  wetting. The wett ing behavior  noticed here 
should be added to consideration of the nature  of the 
adsorbed oxygen layer on pla t inum.  
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High-Temperature Oxidation of Co-10 w/o Cr Alloys 
I. Microstructure of Oxide Scales 

P. K. Kofstad ~ and A. Z. Hed 

Metal Science Group, Battelle Memorial Institute, Columbus Laboratories, Columbus, Ohio 

ABSTRACT 

Oxidation of Co-10 w / o  Cr alloy results in an outer  CoO layer,  an inner  
CoO layer with inclusions of Cr-,O:~ and CoCr.,O~, and an internal  oxidation 
zone. Both oxide layers contain appreciable porosity and the morphology of 
the inclusions is a function of temperature.  The micros t ruc ture  of scales 
formed during oxidation is presented. It is assumed that  the ra te-contro l l ing  
step is the solid state diffusion of Co-ions in the CoO phase, while  gaseous 
oxygen is rapidly t ransported across pores. The pores short-circui t  the solid 
state diffusion process and enhance oxidation, while  Cr-_,O3 and Co-Cr  spinel 
inclusions inhibit  the oxidation. 

Cobal t -chromium alloys serve as a basis mater ia l  
for production of a family of Co-base superalloys for 
high- temperature  applications. To increase the ser-  
vice l i fe t ime and use tempera tures  of these alloys, an 
understanding of their  chemical  stabili ty and, par t ic-  
ularly,  their  oxidation resistance is of paramount  
importance.  

The development  of oxidat ion-res is tant  alloys has 
to a large extent  been empir ical  and therefore  has 
failed to provide a detai led understanding of mech-  
anisms of alloy oxidation. The work reported here is 
a part of a general  study on the different mechanisms 
governing the oxidation behavior  of Co-Cr alloys. This 
paper describes some microstructural  and morpho-  
logical aspects of the scales formed during oxidation 
of Co-10 w / o  (weight  per cent) Cr alloys and their  
influence on the scaling rate. 

Oxidation of Co-Cr  alloys has been studied by 
Preece and Lucas (1) in the range 0-40 w / o  Cr and 
by Phalnikar,  Evans, and Baldwin (2) in the range 
0-48 w / o  Cr. Davin. Coutsouradis, and Habraken (3) 
studied the oxidation behavior  of pure cobalt and of 
Co-Cr alloys containing 10 and 35% Cr. 

The study by Pha ln ikar  et al., was the most exten-  
sive of these. According to these authors, the main 
feature of the oxidation behavior  of Co-Cr  alloys 
above 900~ is that  the oxidation of this system in- 
creases wi th  increasing amounts of chromium up to 
about 10 w / o  Cr. Beyond this level, the oxidation rate 
decreases with increasing chromium content up to 
20-30 w/o  Cr, after which the oxidation rate again in- 
creases up to unal loyed chromium. Their  meta l lo-  
graphic studies revealed that  small  additions of chro-  
mium cause formation of duplex scales: the outer  
layer consists mainly  of CoO, while the inner layer 
consists of CoO, Cr203, and the spinel CoCr.~O4. They 
found that  Cr2Oa and the spinel do not form contin-  
uous layers but are dispersed in the CoO mat r ix  of 
the inner  layer. They concluded that  the ra te -con t ro l -  
ling process in the oxidation of low-chromium-content  
Co-Cr alloys is solid-state diffusion of cobalt in CoO. 
They at t r ibuted the continuous increase in the oxida-  
tion rate up to 10% Cr to the doping effect of the scale, 
according to the semiconductor  valence approach of 
alloy oxidation (Wagner  theory) .  However ,  no de- 
tailed analysis was given. 

It must be emphasized that, for the Wagner  theory 
to hold, the concentrat ion of the dopant (chromium in 
this case) must be higher  than the nat ive-defect  con- 
centrat ion at the ambient  oxygen pressure. No data 
for the solubil i ty of chromium in CoO were  reported, 
e i ther  in their  work  or elsewhere. If we take the solu- 
bility of chromium in NiO as a measure of that  of 
chromium in CoO (see below),  the use of the semi- 
conductor valence approach in explaining the oxida-  

1 P r e s e n t  a d d r e s s :  C e n t r a l  I n s t i t u t e  fo r  I n d u s t r i a l  R e s e a r c h ,  B l i n -  
d e r n ,  Oslo,  N o r w a y .  

tion of Co-Cr  alloy with more than a few per cent 
chromium does not appear justified. 

Meyer  and Rapp (4) found that no more than 1% 
Cr will  dissolve in NiO, yet the oxidation rate of Ni-  
Cr alloys increases continuously up to 5% Cr (5). If 
the Wagner theory were  to be used, a saturat ion of 
the NiO scale wi th  Cr would have occurred at 1% Cr, 
and the oxidation rate should not increase above that  
chromium percentage.  S imi lar  behavior  should be ex-  
pected for the oxidation of Co-Cr  alloys. No explana-  
tion of the increased rate has as yet  been given. 

Phaln ikar  et al., at t r ibuted the decrease of the oxi-  
dation rate at high chromium concentrat ion to a 
"blocking" effect by ei ther  Cr203 or spinel. The re la-  
t ive abilities of Cr20:~ and spinel to impar t  oxidation 
resistance were  not evaluated.  

This paper reports on the microstructures  of scales 
formed on Co-10 w / o  Cr alloy and suggests how these 
can account for the increased oxidation ra te  at high 
temperatures .  Thermograv imet r ic  data on this alloy 
wil l  be given in a following paper (9). 

Experimental  Procedure 
An alloy with the nominal  composition Co-10 w / o  

Cr was prepared in a vacuum furnace and cast into 
tapered zirconite sand molds. Subsequent  analysis 
showed the actual composition to be 9.62 w/o  Cr. Af te r  
gri t  blasting, the ingots were  heat t reated at 1175~ 
for 2 hr, and then forged. The ingots were  cold rolled 
down to plates of 0.070-in. thickness. Af te r  rolling, 
the plates were  reblasted, cut to specimens 1 x 0.75 in., 
then subsequent ly  ground on emery  paper and dia- 
mond polished. This procedure  removed some 2-4 mils. 

Specimens were  oxidized in the tempera ture  range 
800~176 at oxygen pressures from 0.2 to 760 
Torr. A Crusili te furnace was used, wi th  a Mulli te tube 
as a reaction chamber  held by a Barber -Coleman  con- 
t rol ler  within 3~ Weight  gains were  continuously 
recorded with  a Cahn R-H electrobalance and an 
AZAR Leeds and Northrup recorder.  The balance was 
used with a full  range of 2g, a recording range of 20 
rag, and a sensit ivi ty of 0.1 rag. The system could be 
evacuated to 10 -5 Torr  by a 450-liter CVC diffusion 
pump and an Edwards mechanical  pump. The pres-  
sures were  measured by CVC-ionizat ion and the rmo-  
couple gauges. The polished specimen, washed in wate r  
and tr ichloroethylene,  was at tached to an annealed 
Pt-10 Rh wire and dropped into the hot zone by a 
magnetic device while the system was under  high vac-  
uum. Oxygen was then introduced by a Granv i l l e -Ph i l -  
lips meter ing  va lve  to the desired pressure. Below 10 
Torr  02, oxygen was continuously pumped through 
the apparatus during the run. After  oxidat ion pro-  
ceeded to the desired extent,  the samples were  raised 
into the cool part  of the furnace, oxygen was int ro-  
duced into the reaction chamber,  and the specimens 
were  taken out and quenched in mol ten lead-b ismuth  

224 
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alloy, which in t u rn  was rapidly  cooled. This was done 
to prevent  spallation of the scale. Some samples were 
than  chosen for metallographic study, x - r ay  analysis, 
and electron-probe microanalysis. A Picker x - r a y  ma-  
chine was used to determine the different compounds 
in  the scale. A Kenny  electron-microprobe analyzer 
was used for the probe analysis. Since the oxides at 
room tempera ture  are poor electrical conductors, a 
layer of carbon 250A thick was deposited on the 
specimens. The limit of detection is 0.1%, while the 
actual resolution is • 0.5%. 

M i c r o s t r u c t u r e  of  O x i d e  Scales 
The oxidation of the Co-10 w/o  Cr specimens re- 

sults in two-layered scales. The outer  layer consists 
of columnar  grains of CoO and the inner  of CoO, Cr203, 
and the spinel CoCr204. A small area of chromium in-  
te rna l  oxidat ion is present  to varying degrees under  
all oxidation conditions. Various features of the oxide 
scales are i l lustrated in Fig. 2 through 15. 

Electron-probe microanalyses were performed on a 
few samples. A typical  result  is shown in Fig. 1. The 
outer scale contained less than 0.1 Cr, which is the 
l imit of detection of the apparatus. In the inner  layer, 
no regular  gradient  of chromium was found, instead, 
an i rregular  distr ibution of high chromium and high 
cobalt content  was found. As described below, the 
spinel appears as a dispersion in the CoO matrix, and 
an accurate determinat ion of its composition is not 
possible by e lectron-probe microanalysis. We wil l  
therefore refer to it as CoCr204, al though it must  be 
borne in mind  that  the actual composition may  vary 
from Col.3Crl.804 to CoCr204 (11). 

Detailed metallographic studies of specimens oxi- 
dized under  different conditions were performed. Dif- 
ferent etching agents were tried to reveal the different 
consti tuents of the scale. The following etching agent 
was found to be most effective: 80 parts  lactic acid, 10 
parts HNO.~, 10 parts H202, and 5 parts HC1. This agent 
completely etched out the Cr203 and attacked the CoO, 
to some extent. The spinel is sl ightly more resistant  
to the etchant  than is the CoO. We were able to de- 
te rmine  the dis t r ibut ion of the three consti tuents in 
the scale by comparing the metal lographic cross sec- 
t ion before and after etching. 

The only other phase found in the outer layer con- 
sists of small  Co30~ precipitates wi th in  the grains and 
at the grain boundaries.  This confirms the electron- 
microprobe results, that  no measurable  Cr20~ is 
present  in this part  of the scale. 

The deviation from stoichiometry of CoO increases 
with tempera ture  and part ial  pressure of oxygen and, at 
1200~ and I atm O.~, reaches 1.5% excess oxygen (6). 
When CoO is cooled, the excess oxygen precipitates in 
the form of Co.~O4. The concentrat ion of these precipi-  
tates should, therefore, increase with increasing tem-  
perature  and oxygen part ial  pressure. This effect was 
not easily observed, however, since the degree of pre-  
cipitation depends critically on the quenching pro- 
cedure, which was  not accurately reproducible from 

sample to sample. Nevertheless, a small  effect of t em-  
pera ture  can be seen in the scales of specimens oxi- 
dized at 1000 ~ and 1200~ (Fig. 3 and 4, respec- 
t ively) .  Assuming a uniform quenching of the sample, 
a gradient  of these precipitates should be present  in  
the outer scale according to the decreasing oxygen 
activity. Such an effect is, however, probably  masked 
by the tempera ture  gradients in the samples dur ing  
cooling and by extensive precipitat ion at the grain 
boundaries,  which causes a depletion of Co~O4 in the 
grains near  these boundaries.  In  addition, the gradient  
of excess oxygen in the outer layer  may be small  
compared with that  in  the inner  layer. I t  ma y  be noted 
that the appearance of the outer scale is s imilar  to 
scale formed dur ing oxidation of unal loyed cobalt 
(7,8). 

The interface between the inner  and outer layers 
shows the geometry of the original alloy surfaces 
(Fig. 2, 3, and 4.). We therefore concluded that  this 
interface in fact represents the original alloy surface. 
To fur ther  substant iate  this, a notched specimen was 
oxidized. The notch dimensions were accurately mea-  
sured and compared with dimensions of the inner -  
outer layer boundary  at the notch after oxidation. 
Very good agreement  was found. 

The microstructure  of the inner  layer  depends 
largely on the tempera ture  of the oxidation. At low 
temperatures  one can see a general  .striation with dark  
and bright  layers (Fig. 2 and 3), while at high tem-  
peratures the appearance of the inner  layer is more 
uniform. The details of this behavior  are described 
below. 

Spinel Morphology 
The spinel morphology in the scale depends: largely 

on temperature  and to a lesser degree on the oxygen 
part ial  pressure of the oxidizing atmosphere. Various 

Fig. 2. Corner of a Co-10 w/o Cr specimen oxidized at 900~ 
in air for 193 hr. Note the decrease in the density of spinel dec- 
oration at original alloy grain boundaries from the inner-outer 
layer interface toward the alloy. Magnification of Fig. 2-4 is ca. 
50X. 

[ Aiioy~.4-- Scale - -  [ 
L I o cot~Qrt I 

D~sf~nce, microns 

Fig. I. Profile of cubalt and chromium content in a scale pro- 
duced on a Co-lg w/o Cr alloy oxidized at 11g0~ in air for 17 
hr. Note: A slight depletion of chromium followed by an increase is 
observed at the alloy-oxide interface in the internal-oxidatior, re- 
gion. The sum of cobalt and chromium is not constant due to poros- 
ity. The outer layer contains only cobalt. 

Fig. 3. Corner of a Co-10 w/o Cr specimen oxidized at 1000~ 
in air for 11 hr. Note the pyramidal pores in outer layer and irreg- 
ularly shaped pores in the inner layer. Spinel decorations are 
larger than at 900~ 
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Fig. 4. Corner of a Co-10 w/o Cr specimen oxidized at 1200~ 
in 100 Tort 02 for 3 hr. Note: No spinel decoration of the original 
grain boundaries is present, and irregularly shaped pores are quite 
evenly distributed. 

Fig. 7. Alloy-scale interface of a Co-10 w/o Cr specimen oxi- 
dized in air at 1000~ far 140 hr. Note the large grains due to 
annealing during oxidation; spinel decoration is lighter and spinel 
dispersion coarser than in Fig. 5. 

Fig. 5. Alloy-scale interface of specimens of Fig. 2. Note the 
internal oxidation of alloy grain boundaries and their continuation 
in the scale as spinel decoration, along with fine dispersion of 
spinel within the "grains." Magnification of Fig. 5-10 is ca. 250)(. 

Figure 7 shows the metal-oxide interface of a sample 
oxidized at 1000~ in air. The grains in the alloy are 
larger (due to anneal ing at tempera ture  dur ing 
oxidation) than  in the sample oxidized at 900~ 
Fur thermore,  in the oxide, the spinel decoration along 
the original grain boundaries  in the alloy is less 
marked and the individual  spinel particles are larger 
in size than  those obtained at 900~ 

In Fig. 8 the metal -oxide  interface of the specimen 
oxidized at l l00~ and 100 Torr  02 is shown. The 
decoration of the spinel along the original  grain bound-  
aries of the alloy has disappeared completely, and the 
spinel particles are much larger. Figures 9 and 10 show 
the metal-oxide interface of specimens oxidized at 
1200~ in 100 and 10 Torr O~_, respectively. At 100 Torr  
the spinel has formed relat ively large platelets dis- 
persed in a CoO matrix, while at 10 Torr  less CoO 
matr ix  is left. (The dark background is epoxy that  
filled a network of pores near  the metal-oxide in ter -  

features of the spinel growth are i l lustrated in Fig. 5 
through 10. 

Figure 5 shows the metal -oxide  interface of a sample 
oxidized at 900~ in air. The grain  boundaries  in the 
alloy are etched out, and one can see their cont inuat ion 
in the scale outlined by lighter colored spinel. The 
etching out of the grain  boundaries in the alloy is due 
to preferential  in terna l  oxidation of chromium to Cr_~O:~ 
at the grain boundaries.  Also, fine in te rna l  oxidation 
along the metal-oxide interface occurs, and corre- 
spondingly, a fine dispersion of spinel in the CoO inner  
scale is present. A similar behavior  is i l lustrated in 
Fig. 6, which shows a specimen oxidized at 900~ and 
10 Torr  oxygen. Due to the lower part ial  pressure of 
oxygen, the in ternal  oxidation is slightly more severe 
along the metal-oxide interface than  along the grain 
boundaries.  

Fig. 8. Alloy-scale interface of a Co-10 w/o Cr specimen oxi- 
dized at 1100~ in 100 Tort 02 for 20 hr. Note: No spinel decora- 
tions are present in the scale. 

Fig. 6. Alloy-scale interface of a Co-10 w/o Cr specimen oxi- 
dized at 900~ in 10 Tort 02 for 70 hr. Note the more intense 
internal oxidation at the interface than in air (Fig. 5), and "grain- 
boundary" decoration by spinel. 

Fig. 9. Alloy-scale interface of the specimen in Fig. 4. Note the 
line of pores and very coarse spinel. (Spinelization occurs probably 
partly within the internal oxidation region.) 
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Fig. 10. Alloy-scale interface of a Co-10 w/o Cr specimen oxi- 
dized at 1200~ in 10 Torr O2 for 1.5 hr. 

face. The actual  pores in this case could be smaller  
than  seen in the photograph.) 

From these observations we conclude that the size 
of the spinel  particles and their  location in the scale 
depend largely on temperature.  At low temperatures  
the spinel is finely dispersed and is formed along the 
original grain boundaries of the alloy. With higher 
temperatures,  the spinel  particles grow in size and 
become more uniformly distr ibuted in the oxide, and 
the decoration along the original grain boundaries  in 
the alloy disappears. 

The dis tr ibut ion of the spinel may also be affected 
by the history of the oxidizing sample. An example is 
given in Fig. 11, which shows the scale of a sample 
oxidized at 900~ in air. The spinel decoration of the 
original alloy grain  boundaries near  the outer par t  of 
the inner  layer  shows small  "grain" size (which is 
probably not the oxide grain  size), but  the size in-  
creases as the metal-oxide interface is approached. 
This feature is due to the fact that the sample was 
cold rolled and that  the grain size before oxidation was 
relat ively small. During oxidation, the alloy is s imul-  
taneously annealed, and the grain size in the alloy 
increases correspondingly. When the temperature  is 
raised, this behavior changes accordingly. In  Fig. 3, 
which shows a sample oxidized at 1000~ only a 
very nar row range of small  "grains" next  to the in ter -  
face between the inner  and outer layers is observed. 
At and above l l00~ (Fig. 12 and 14) the spinel 
outlines of the original  grain boundaries in the alloy 
have disappeared. 

Porosity in the Scale  
Different kinds of pores are observed in the scales. 

In  the outer layer t r iangular  pores are found, the tops 
of which always point toward the outer oxide surface. 
This is i l lustrated in Fig. 13. This kind of pore occurs 
in almost all of the outer layers (Fig. 2, 3, 11, and 12). 
To fur ther  identify the geometry of these pores, a 
cross section of the outer layer at a small  angle with 
the outer surface was prepared (see Fig. 14). As 

Fig. 11, A section of the specimen in Fig. 2. Note the line of ir- 
regularly shaped pores and the behavior of spinel decoration. Mag- 
nification ca. 50X. 

Fig. 12. Section of the specimen in Fig. 8. Note spinel dispersion 
and slight striation in the inner layer. Magnification ca. 50X. 

Fig. 13. Perpendicular cross section of the outer layer of a Co- 
10 w/o Cr specimen oxidized at 1100~ in air for 119 hr. Note 
the triangular form of the pores in this layer. The arrow is point- 
ing toward the oxide gas interface. Magnification ca. 125X. 

Fig. 14. Tapered cross section of the outer layer of a Co-I0 w/o 
Cr specimen oxidized at 1200~ in 100 Tort 0:~ far 35 hr, showing 
the rectangular shape of the pores parallel to the alloy surface. 
Magnification ca. 100X. 

viewed in this direction, the pores tend to be rec- 
tangular .  We therefore conclude that these pores tend 
to be rectangular ly  shaped pyramids whose tops are 
point ing toward the outer oxide surface. 

The inner  layer  contains only i r regular ly  shaped 
pores (Fig. 2, 3, 11, and 12), which may be divided into 
three groups: (i) large pores that sometimes coalesce 
to form a l ine of pores, (ii) very  small  pores or 
micropores dis tr ibuted evenly throughout  the matrix,  
and (iii) pores associated with the chromium oxide in 
the scale. 

The amount  of porosity was estimated from the di- 
mensions of the scale and the weight gain of the 
specimen. In such an estimate one mus t  consider 
differences in porosities of the inner  and outer  layers. 
Assuming that  the outer layer is fully dense, the inner  
layer would be 39% porous. Assuming that the pores 
are equal ly distr ibuted throughout  both layers, the 
average porosity would be 27%. The actual  values lie 
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between these limits, and it is estimated that  the mean 
values amount  to 33-35% porosity in the inner  layer 
and 3-6% porosity in the outer layer. 

In a consideration of the porosity, it is also of 
interest  to estimate the volume change upon convert-  
ing the alloy to the oxide. Comparis.ons were made of 
the thickness of the consumed part  of the alloy and 
the thickness of the inner  oxide layer. As an example, 
in one case the thickness of the consumed alloy was 
0.53 mm, while the thickness of the inner  layer was 
0.93 mm, which amounts  to an increase of 75%. As 
discussed above, the interface between the inner  and 
outer oxide layers reflects the position of the original 
surface of the alloy. This means that  this interface is 
continuously displaced outward, relat ive to the center 
of the specimen during oxidation. 

The expanding inner  layer puts the outer layer 
under  tension. This tension is probably part ial ly ac- 
commodated for by the growth process of the outer 
layer ( involving outward migrat ion of cobalt ions) 
and part ial ly by plastic deformation and creep. It is 
proposed that  the pyramid- l ike  pores in the outer 
layer result from mechanical  shear and deformation. 

The porosity in the inner  layer is to a large extent 
due to the outward migrat ion of cobalt ions to form 
the outer layer (see Discussion, below). It is not 
improbable  that  volume change associated with the 
oxide formation also causes stresses that in tu rn  may 
be alleviated by local loss of adherence to the alloy 
substrate. This may yield porosity in the form of 
bands observed in some metallographic cross sections. 

Discussion 
High- tempera ture  oxidation of Co-10 w/o Cr results 

in the formation of a two-layered oxide scale and a 
small  in terna l  oxidation zone. The over-al l  oxidation 
is approximately parabolic (9). In this context only a 
brief quali tat ive discussion will be made, while a more 
detailed t rea tment  of the reaction mechanism is pre-  
sented elsewhere (9). 

The outer layer of the scale consists of CoO and the 
inner  layer consists of CoO with dispersed CoCr204 and 
Cr.,O3, while the inner  oxidation zone involves forma-  
tion of Cr203 in the alloy. The scale, par t icular ly the 
inner  layer, contains appreciable porosity. The demar-  
cation between the outer and inner  layers represents 
the original surface of the alloy. 

The parabolic oxidation indicates that the reaction 
is controlled by solid-state diffusion. However, since 
the scale is two-layered and consists of several oxide 
phases, the t ransport  through the scale becomes com- 
plex. 

When considering the solid-state diffusion processes 
in the scale, the relat ive rates of diffusion of cobalt, 
chromium, and oxygen in CoO, Cr203, and CoCr204 are 
of p r imary  importance. Available self-diffusion data 
show that Co diffusion in CoO (10) is more than 
three orders of magni tude  faster than diffusion of Co 
or Cr in CoCr204 (11,12) and two orders faster than 
that of Cr in Cr203 (13). Oxygen diffusion in CoO (14), 
Cr20~ (15), and , probably, in CoCr204 is slower than 
that of the cations. In a discussion of the t ransport  
processes in the scale growth, solid-state oxygen dif- 
fusion can therefore be neglected, and diffusion of the 
cations through CoCr~O4 is negligible compared with 
that of Co in CoO. As in oxidation of unal loyed cobalt 
(10,15,16), the solid-state Co diffusion in the CoO 
phase is probably the predominant  process in the 
oxidation, and the presence of the dispersed CoCr204 
particles in the inner  layer serves to reduce the effec- 
tive solid-state diffusion area. 

If one neglects the surface oxide formed prior to 
the start of the actual oxidation run, the init ial  oxida- 
tion at atmospheric or subatmospheric pressures prob-  
ably involves the s imultaneous formation of Cr20~ and 
CoO. After  a continuous film is bui l t  up, the oxidation 
becomes diffusion controlled. The microprobe data 
(Fig. 1) show that  the solubility and /or  diffusion of 
Cr in CoO is low; the continued oxidation thus in-  

volves Co diffusion outward through the CoO phase 
by a vacancy mechanism, and reaction with oxygen 
takes place at the outer surface. In this manner  the 
CoO phase grows on top of the original  alloy surface. 
Simultaneously,  oxygen dissolves in  the alloy phase 
and in te rna l ly  oxidizes the chromium to Cr203. The 
Cr203 is formed as discrete particles in the metal  in a 
zone at the scale-metal  interface. At the lower tem-  
peratures (e.g., 900 ~ and 1000~ a marked in terna l  
oxidation takes place at grain boundaries  in the metal, 
but this preferential  in terna l  oxidation at grain bound-  
aries disappears at higher temperatures.  With increas- 
ing temperature,  the Cr203 particle size increases. The 
in terna l  oxidation of chromium depletes the alloy 
phase in chromium, and the metal  at the scale-metal  
interface probably consists of essentially pure Co. The 
Cr203 particles are immobile with respect to cobalt; 
they serve as in terna l  markers,  and the first Cr.~O~ 
particles (which subsequent ly  react with CoO to form 
CoCr204) delineate the original alloy surface. 

Considerable porosity is formed as a result  of the 
reaction mechanism. After  the outer layer of CoO is 
formed, with the absence of solid-state oxygen diffu- 
sion in CoO, oxygen for the in terna l  oxidation can be 
obtained only through a decomposition of CoO at the 
metal-scale interface. While the oxygen is consumed 
in the in ternal  oxidation, the correspondingly formed 
cobalt ion diffuses outward through the CoO layer. 
For each oxygen atom that  is consumed through in-  
ternal  oxidation, one CoO molecule is s imultaneously 
removed from the CoO layer at the metal-scale in ter -  
face. This may result  in cavity formation at the inner  
boundary  of the CoO layer. This cavity formation is 
counteracted by a volume increase of the metal  due to 
the in terna l  oxidation and possibly by plastic deforma- 
tion of the outer CoO layer. 

If physical contact remains between the CoO layer 
and the metal, the Co metal  between in terna l  Cr203 
particles will diffuse outward through the CoO scale. 
However, the Co supply between the Cr203 particles 
is limited. Due to slow diffusion through Cr203, these 
particles block the supply of cobalt from under ly ing  
areas, and the Cr203 particles probably serve as sites 
or areas for cobalt vacancy condensation. As a result, 
cavities or porosity accumulate  at  the surface of the 
Cr.~O3, par t icular ly  the surface facing the outer layer. 

This porosity correspondingly reduces the available 
area for solid-state diffusion of cobalt, but  it  probably 
does not l imit the oxidation, as discussed in the l i tera-  
ture (17). The cobalt oxide on the cavity facing the 
outer surface decomposes; the cobalt diffuses outward, 
while the oxygen gas is probably rapidly t ransferred 
across the cavity to the inner  surface, where it in t u rn  
reacts with cobalt. In this manner ,  CoO is formed be- 
neath  the original  alloy surface. The Cr20~ particles 
part ial ly become surrounded by pores and part ial ly 
by CoO. The Cr203 and CoO gradual ly  react to form the 
spinel CoCr204. In all the oxide scales examined in this 
study, spinel rather  than  Cr203 is present, while Cr203 
is observed only next  to the metal  phase. The inner  
layer of the oxide scale is formed by the combinat ion 
of the in terna l  oxidation and the transport  of gaseous 
oxygen across the cavities in the inner  layer. The 
outer layer is formed through outward diffusion of 
cobalt in the areas where  the outer  layer  is in solid 
contact with the CoO matr ix  of the inner  layer. 

It is difficult to estimate accurately the amount  of 
porosity that is formed in the scale. Par t  of the porosity 
stems from the vacancy condensation described above. 
Some of the porosity is also directly related to the 
alloy composition. Thus, the flux of cobalt ions that 
react with oxygen at the outer surface is larger than  
the cobalt flux reacting with oxygen at the scale-metal  
interface. Since we have 9.6 w/o or 11.7 a/o (atomic 
per cent) Cr in the alloy, about 17 a/o of the oxygen 
at this interface is consumed by chromium to form 
Cr203. This means that  17% more cobalt ions react with 
oxygen at the CoO-gas interface than at the scale- 
metal  interface, leaving a corresponding amount  of 



Vol. 116, No. 2 O X I D A T I O N  O F  Co-10 

porosity in the scale. Other factors affecting the poros- 
ity are s inter ing and plastic deformation, both of which 
will tend to reduce porosity. 

In an over-al l  consideration of the oxidation rate, 
the blocking of the t ransport  of cobalt within the 
scale by the spinel phase and the rapid, short-circui t -  
ing t ranspor t  of oxygen across the cavities must  be 
considered. This will be treated in a separate paper (9). 
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High Temperature Oxidation of Co-10 w/o Cr Alloys 
II. Oxidation Kinetics 

P. K. Kofstad 1 and A. Z. Hed 
Metal Science Group, Battelle Memorial Institute, Columbus Laboratories, Columbus, Ohio 

ABSTRACT 

Thermogravimetr ic  studies of the oxidation kinetics of Co-10 w/o  Cr have 
been carried out in the tempera ture  range 800~176 at oxygen pressures 
from 0.05 to 760 Torr. The over-al l  oxidation is parabolic, and the oxygen 
pressure dependence of the rate constant  can be expressed by k, a= Po.Y", 
where n varies from 3 at 900 ~ to 2.5 at 1300~ The oxidation is faster than  
that of pure cobalt. The oxide scale is double- layered and consists of an outer 
CoO layer  and an inner  layer of CoCr204 and Cr203 particles embedded in a 
CoO matrix.  The inner  layer  also contains 30-35 v/o  (volume per cent) 
porosity. It is concluded that  the oxidation is controlled by Co-vacancy dif- 
fusion in the CoO-phase. The spinel  inclusions inhibi t  the oxidation by de- 
creasing the effective diffusion area in the scale. The pores par t ia l ly  short-  
circuit the solid-state diffusion through the scale due to oxygen t ransport  
across the pores; the porosity then serves to increase the oxidation. Semi-  
conductor valence effects due to dissolution of chromium in the CoO phase 
are concluded to be of minor  importance as regards the relat ive oxidation be-  
havior of pure cobalt and Co-10 w/o  Cr alloy. 

In the previous paper (1) (hereafter  referred to as 
I) the microstructure of scales formed in  oxidation of 
Co-10 w/o  (weight per cent) Cr are described. In this 
paper the results of thermogravimetr ic  oxidation rate 
studies in the tempera ture  range 800~176 at oxy- 
gen pressures ranging from 0.05 to 760 Torr are re-  
ported and discussed. 

The oxide phases formed in h igh- tempera ture  oxida- 
t ion of Co-10 w/o  Cr comprise CoO, Cr203, and 
CoCr204 (1). In  the following is given a brief survey 
of reported data on the diffusion in these oxides and of 
oxidation of cobalt. 

Literature Survey 
Diffusion in CoO, Cr203, and CoCr204.--CoO is a 

metal-deficient  oxide in which metal  vacancy defects 
predominate.  From studies of nonstoichiometry and 
electrical conduct ivi ty  of CoO as a function of t em-  

1 P r e s e n t  add re s s :  C e n t r a l  I n s t i t u t e  for  I n d u s t r i a l  Research ,  B l in -  
dern ,  Oslo, Norway .  

perature  and part ial  pressure of oxygen, Fisher and 
Tannhauser  (2) have concluded that the cobalt va-  
cancies may be neut ra l  or singly or doubly charged, 
depending on the tempera ture  and part ial  pressure of 
oxygen. Doubly charged vacancies predominate  in a 
region next  to the Co-CoO phase boundary,  singly 
charged vacancies are dominant  at higher oxygen 
pressures, and neut ra l  vacancies are impor tant  in a 
region next  to the CoO-Co304 phase boundary.  Ac- 
cordingly the electrical conduct ivi ty  at near -a tmos-  
pheric pressures is proport ional  to Po21/4 and the self- 
diffusion of cobalt in CoO (950~176 and 1-10 -3 
arm O2) is proport ional  to Po21/3 at 1 a tm O2 and to 
about po2 '/4 at 10 -3 atm 02 (2-4). At an oxygen pres- 
sure of 5 x 10 -3 atm, i.e., when  the vacancy concen- 
t rat ion and diffusion coefficient is proport ional  to 
po., I/4, the Co-tracer  diffusion coefficient is given by 
Dc-o r = 1.7 x 10 -3 exp(--38,000/RT). The observed 
act ivat ion energy of 38 kcal /mole par t ia l ly  represents 
the activation energy of diffusion of the vacancies 
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Fig. 1. Comparative plots of cation diffusion in CoO, Cr20a 
and CoCr204. 

(~30-32 kcal /mole)  and par t ia l ly  the heat of forma- 
t ion of the singly charged vacancies (4). The tempera-  
ture dependence of Dco T at 0.2 atm 02 is shown in 
Fig. 1. The oxygen diffusion coefficient in CoO has 
been found to be three orders of magni tude  lower 
than that  of cobalt at high tempera ture  (5, 6). 

The defect s t ructure and diffusion mechanism in 
Cr.,O3 have not been unequivocal ly  de termined (7-14). 
However, Cr ions are the faster moving ionic species 
in Cr203, and the diffusion coefficient of Cr is approxi-  
mately  three orders of magni tude  faster than  that  of 
oxygen at high temperatures  (9, 14). Cr-diffusion is 
sensitive to pre t rea tment  of the oxide specimens (hot- 
pressing vs. sintering) and probably to impur i ty  con- 
tent  (9). Hagel and Seybolt (9) found that  the self- 
diffusion coefficient of chromium is independent  of 
oxygen pressure. They suggest that  the best value for 
the tracer  self-diffusion coefficient is given by 
Dcr r ---~ 0.167 exp (--61,100/RT) (Fig. I). 

CoCr204 is a normal spinel. It may be nonstoichio- 
metric with its composition ranging from CoCr204 to 
Col.3Cri.sO4 at 1200~176 (15). Although the exact 
diffusion mechanism is not known, the diffusion co- 
efficients of the cations in the CoCr204 phase are ap- 
preciably slower than in Cr203 (15, 16). This is illus- 
trated in the comparative plot in Fig. 1. As regards 
potential protective properties in compact oxide 
scales, the spinel phase is expected to be by far the 
best oxide. 

Oxidation of cobal t . - -The oxidation of h igh-pur i ty  
cobalt above 9500C results in the formation of a com- 
pact scale of CoO (4, 9, 17-20). The oxidation follows 
a parabolic rate equation 

d x  kp 
- -  - - -  [1] 
dt x 

where x is the scale thickness, t is time, and kp the 
parabolic rate constant. For  dense scales x is related 
to the total weight gain, Am, through x = ( •  
where Y is the average weight fraction of oxygen in 
the oxide, d is the oxide density, and A is the surface 
area. 

Through the Wagner  theory kp can be expressed in 
terms of the diffusion coefficient of cobalt in CoO. Ex- 
per imenta l  and calculated values of kp are in good 
agreement  (4). kp is approximately  proport ional  to 
Po21/3 at 1-10 -2 atm. Below 950~ formation of Co304 
takes place at high oxygen pressures. When CoO- 
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Coa04 scales are formed, kp becomes independent of 
the ambient  part ial  pressure of oxygen (4). 

Exper imental  Results 
The exper imental  procedure has been described 

in I. The results of the thermogravimetr ic  studies are 
presented in Fig. 2-8. Figures 2, 3, and 4 show para-  
bolic plots of the oxidation of Co-10 w/o Cr at differ- 
ent oxygen part ial  pressures from 0.1 to 760 Torr at 
temperatures  of 900 ~ 1105 ~ and 1200~ respectively. 
In  all cases the oxidation is well  described by a para-  
bolic rate equation. Under  some conditions (e.g., at 
100 Torr 02, at 1200~ one observes breaks or per i -  
odic changes within the over-al l  parabolic oxidation. 

The oxidation exhibits a marked  oxygen-pressure  
dependence. This is i l lustrated in Fig. 5, in which the 
parabolic rate constant  is plotted as funct ion of Po2. 
The pressure dependence can be expressed by 
kp ~ P0211., 2 where n gradual ly  changes from approxi-  
mate ly  3 at 900~ to 2.5 at 1300~ This pressure de- 
pendence is similar to that  for oxidation of unal loyed 
cobalt with CoO scales, al though for cobalt oxidation 
the values of n tend to be slightly higher. 

In the tempera ture  range 900~176 the Co-10 
w/o Cr alloy oxidizes faster than unal loyed cobalt. 

~kv in Fig. 5 is re la ted  to k~ in Eq. [1] by the fac tor  tyd) -~. 
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alloys as a function of oxygen pressure at temperatures ranging 
from 800 ~ to 1300~ 

This is i l lustrated in Fig. 6, which shows a compara-  
tive Arrhenius  plot of the parabolic rate constant  for 
oxidation of the Co-10 w/o  Cr alloy and of unal loyed 
cobalt at 100 Torr  oxygen. The activation energy for 
oxidation of the alloy is greater (~46 kcal /mole)  than  
that  for oxidation of unal loyed cobalt (35 kcal /mole) ,  
and thus the alloy oxidizes progressively faster with 
increasing tempera ture  as compared with unal loyed 
cobalt. 

At oxygen pressures below 0.1 Torr  the oxidation 
tends to deviate from parabolic behavior  dur ing  the 
ini t ial  oxidation. This is i l lustrated in Fig. 7, which 
shows a l inear  plot of the oxidation of the Co-10 w/o  
Cr alloy at 0.05 Torr  O2 at 900 ~ 1000 ~ 1100 ~ and 
1200~ respectively. At the three lower temperatures  
the oxidation tends to be linear.  

After  longer periods of oxidation the ini t ia l  l inear  
oxidation gradual ly  t ransforms to parabolic oxidation. 
This is shown in the combined l inear  and parabolic 
plot of extended oxidation at 900~ and 0.05 Torr  O2 
in Fig. 8. 

Discussion 
Although the oxidation kinetics of unal loyed cobalt 

and the Co-10 w/o  Cr alloy are similar, they differ in 
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some respects: (i) above 900~ the alloy oxidizes 
faster than does cobalt, (ii) the act ivat ion energy for 
the alloy is higher  than for cobalt (~46 vs. 35 kca l /  
mole) ,  and (iii) the results suggest a sl ightly higher  
oxygen pressure dependence of kp for the alloy than 
for cobalt. 

It is concluded that  a cation diffusion in the CoO 
phase is r a te -de te rmin ing  in oxidat ion of both cobalt 
and the alloy (1). F rom this over -a l l  considerat ion 
it may be speculated whe ther  the differences in oxida-  
tion are complete ly  or par t ia l ly  due to the effect of 
dissolved t r iva lent  chromium in the CoO phase and 
the corresponding changes in defect concentrat ions and 
diffusion characteristics.  If  this effect is to be impor-  
tant, the solubil i ty of chromium must be higher  than 
the nat ive cobalt vacancy concentrat ion in pure  CoO. 
The nonstoichiometry amounts  to about 1% at 1200~ 
and 1 atm O2. 

There are no definite data avai lable  on the chro- 
mium solubil i ty in CoO. However ,  the microprobe 
studies on scales of oxidized Co-10 w / o  Cr specimens 
suggest a solubil i ty less than 0.1 w / o  Cr. Even if the 
solubil i ty is higher  than this by a factor of ten, it is 
difficult to explain the results at higher  tempera tures  
in terms of the semiconductor  valence approach. Such 
considerations also completely fail to explain a gradual  
increase of the oxidat ion rate wi th  increasing chro- 
mium concentrat ion from pure  cobalt to Co-10 w / o  
Cr as observed by Pha ln ikar  et al (21). We conclude 
that  semiconductor  valence effects are of no or of 
minor  importance in explaining the differences in oxi-  
dation behavior  between pure  cobalt and the Co-10 
w / o  Cr alloy. As noted in I, the same considerations 
also apply to dilute Ni-Cr  alloys. We propose in the 
fol lowing that  the differences are due to the differences 
in composition, microstructure,  and porosity of the 
oxide scales. 

The oxide scales on the alloy are double- layered;  
the outer  layer  consists of CoO and the inner  layer  
of a CoO mat r ix  wi th  inclusions of CoCr204 (and of 
Cr,,Os near  the meta l -sca le  interface)  (1). The inner 
layer, in addition, contains 30-35% porosity. Due to 
the low diffusion rates in CoCr204 and Cr203 com- 
pared to that  of Co in CoO (Fig. 1), the inclusions 
serve as diffusion barr iers  and decrease the total  
cross-sectional  area avai lable for t ransport  of the re-  
actants through the scale. The pores, on the other 
hand, may increase the oxidation, as gaseous oxygen 
can be t ransported across the pores, and the gas t rans-  
port serves to par t ia l ly  shor t -c i rcui t  the sol id-state 
diffusion in the scale (22). When the gas t ransport  
is rapid, the oxidat ion may  still be sol id-state dif-  
fusion-control led and parabolic, as is found in this 
work. The blocking of the spinel and the gas t rans-  
port  across the pores are proposed to be the main 
reasons for the difference in oxidat ion behavior  be-  
tween cobalt and dilute Co-Cr  alloys. 

When expressing these effects in terms of a mathe-  
matical  model, one should as regards the blocking of 
the spinel consider the morphology,  part icle size, and 
distr ibution of the spinel in the scale. As described 
in I these factors are a function of temperature ,  p re -  
t rea tment  of the specimens, and, to some extent,  the 
part ial  pressure of oxygen. An accurate and detai led 
description appears to be ex t r eme ly  complicated, and 
we will  at this stage only propose an approximate  
and general  model. The blocking effect of the spinel 
will  depend on the average cross-sectional area of the 
spinel re la t ive  to the total  area, and this will  in turn 
depend on the total  vo lume and the part icle size of 
the spinel. 

The volume of the spinel re la t ive  to that  of the en-  
tire scale in the t empera tu re  range studied is prob-  
ably only a weak function of temperature .  The justifi- 
cation for this s ta tement  is that  the microprobe studies 
revea led  no marked  chromium gradient  in the scale 
and no extens ive ly  chromium depleted regions in 
the alloy at the al loy-scale  interface. Af te r  the double-  

layered scale is formed, cobalt and chromium are, as 
a first approximation,  consumed at the same rela t ive  
rates. Cr203 is observed as an internal  oxide and is 
present in the scale close to the al loy-scale  interface.  
In the oxide the Cr203 rapidly  reacts wi th  CoO to 
form the spinel. In the fol lowing it wil l  be assumed 
that the re la t ive  amount  of Cr203 and CoCr204 in the 
total scale is a constant and is independent  of t em-  
perature.  

The size of the spinel particles increases with t em-  
perature  (1). Their  size will  par t ia l ly  be governed 
by the size of the in ternal ly  formed Cr203 particles 
and par t ia l ly  by the subsequent  react ion of these 
wi th  CoO. It  is not unreasonable  to assume that  the 
processes governing the growth of the spinel part icles 
are thermal ly  act ivated or diffusion-control led and 
that the size is an increasing exponent ia l  function of 
tempera ture .  

Only one plane paral le l  to the alloy surface needs 
to be considered for the blocking effect of the spinel; 
obviously that  plane is the one in which the cross- 
sectional area of the spinel is the largest  in the scale. 
Since all the spinel particles in this plane had a sim- 
ilar history of growth, their  size distr ibution wil l  be 
re la t ively  narrow. It is not unreasonable,  therefore,  to 
describe this dispersion by a sum of equal  part icles 
wi th  a single size paramete r  r. One may then postu- 
late 

r = ro exp ( - - Q / R T )  [2] 

where  Q is the act ivat ion energy associated with the 
increase of r wi th  temperature .  Q cannot yet be 
evaluated,  since the processes involved in the growth 
of Cr.,O.~ and spinel are not established. 

The total volume of the spinel is proport ional  to r :~, 
while the surface area and the blocking cross-section, 
S, are proport ional  to r 2. When the total  vo lume is con- 
stant with temperature ,  S can be expressed in terms 
o f  r 

B 
S -- -- So exp ( Q / R T )  [3] 

r 

B is a constant which includes the volume of the 
spinel and a geometr ical  factor. As a first approxima-  
tion it is assumed that  the shape of the spinel part icles 
do not change with  temperature ,  and So is therefore  
constant. The avai lable  cross-section for diffusion of 
cobalt through the scale is decreased by the amount  S. 
When this effect is included in the expression for 
growth of CoO on pure cobalt (Eq. [1]), one obtains 

[ So (o)] 
1 --  ~ exp 

dx A - ~  kp' 
= kp = ~ [4] 

dt x x 

where  the blocking effect is expressed per  unit  area 
to retain the units. The effect of the spinel re la t ive  
to that  of cobalt according to Eq. [4] is i l lustrated 
schematical ly in Fig. 9. It should be noted that  Eq. 
[4] does not predcit  a s t ra ight - l ine  relat ionship in an 
Arrhenius  plot of the parabolic rate constant k~', but 
wi thin  exper imenta l  errors and reproducibi l i ty  this 
deviat ion may in many  cases be difficult to determine.  
Since many pairs of So and Q can yield the observed 
behavior,  it is impossible at this stage to speculate on 
the actual values of So and Q. 

Al though the pores serve as a barr ier  to the solid 
state diffusion, it is concluded, as discussed above and 
in I, that  the pores enhance oxidat ion through rapid 
gaseous t ransport  of oxygen across the pores. This 
gaseous t ransport  may  be considered to par t ia l ly  
shor t -c i rcui t  the solid state diffusion in the scale. In 
terms of Eq. [4], this means that  the total  diffusion 
length x is shortened by the total  pore length in a 
line perpendicular  to the surface. If one assumes as a 
first approximat ion that  the pore vo lume rela t ive  to 
the scale volume is a weak function of tempera ture ,  
the reduction in the solid state diffusion length can 
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Fig. 9. Schematic illustration of the effects of spinel blocking 
and gaseous oxygen transport across pores on the oxidation be- 
havior. 

be expressed by x (1--7). "y is then approximate ly  
constant with tempera ture  and depends on pore geom- 
etry and is proport ional  to the cube root of the 
fraction of the pore volume.  With such a correction 
Eq. [4] takes the form 

dx I 1 -- +- 
So Q 

- -  ---- k , ,  - -  [ 5 ]  
dt x(1- -7)  X 

The effect of the gaseous transport  is to increase the 
oxidation rate as i l lustrated schematical ly in Fig. 9 
(-y = 0.77 : 1.1 -~V0.32). Fur thermore ,  the combined 
effects of spinel blocking and gaseous t ransport  across 
scales may explain the oxidation behavior  of Co- 
l0 w /o  Cr re la t ive  to that  of cobalt. 

At this stage Eq. [5] only represents  an approximate  
phenomenological  description of the oxidation of di-  
lute Co-Cr alloys. It is as yet  difficult to ver i fy  the 
details of the model  through independent ly  measured 
parameters,  but  it is bel ieved that  the main  concepts 
provide a correct  description of the over -a l l  oxidation 
behavior.  Some effects which have been observed ex-  
per imenta l ly  were  not accounted for in Eq. [5]. These 
include the preferent ia l  decorat ion by spinel at the 
original  alloy grain boundaries  in the oxide scales 
(1) at low tempera tu re  and low pressures. This effect 

cannot be dealt  wi th  mathemat ica l ly ;  however ,  it is 
not inconsistent with the kinetic results and the role 
ascribed to the spinel. We observed in I that  the spinel 
decoration is enhanced at low pressures; this will  re-  
sult in more effective blocking of Co diffusion and 
therefore  lower  kp. This feature  can expla in  the 
larger  n (in kp ~ C Po21/') observed for the oxida-  
tion of the alloy. 

The origin of this preferent ia l  decoration is due to 
the decreased outward  migrat ion of cobalt with de- 
creasing pressure and a corresponding tendency for 
a preferent ia l  oxidation of chromium and a re la t ively  
larger  amount  of the spinel in the scale. For  the same 
reason internal  oxidation becomes more pronounced 
with  decreasing oxygen pressure. At ve ry  reduced 
part ial  pressures of oxygen, e.g., by oxidation in 
HffH20 atmospheres, selective oxidation of Cr is to 
be expected as, for instance, observed in Ni-Cr  alloys. 

The fluctuations around the parabolic behavior,  very 
marked  at 1200~ and 100 Torr  02 (Fig. 4), are prob-  
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ably a side effect. It  is not unreasonable to ascribe 
this to the al leviat ion of stresses that  cause local loss 
of adherence, producing marked  lines of porosity in 
the scale. 

In one of the three runs, the number  of marked  stri-  
ations in the scale was found to be equal  to the num-  
ber of cycles in the weight  gain. We do not under -  
stand, however ,  why  this behavior  was so marked  at 
the special conditions, 1200~ and 100 Torr  O2. (Three 
different runs exhibi ted the same cyclic behavior,  
while for other  tempera tures  and pressures this cycl-  
ing is not so pronounced. 

The oxidation of Co-Cr alloys with more than 10 
w / o  Cr decreases with increasing Cr-content .  This is 
concluded to be due to the fact that  an increasingly 
larger  part  of diffusion cross-section consists of the 
spinel, and a min imum in the oxidation rate for Co-Cr  
alloys are reached when essentially the whole scale 
consists of the spinel. These features will  be discussed 
e lsewhere  in connection with  the oxidat ion behavior  
of Co-25 w / o  Cr (23). 

With decreasing oxygen pressures it is a general  
phenomenon in oxidation of metals  that  phase bound-  
ary reactions at the scale surface become increasingly 
important  during init ial  oxidation, and at ve ry  re -  
duced pressures the react ion becomes diffusion con- 
t rol led only after a re la t ively  thick scale has been 
built up. This behavior  is observed in this study dur-  
ing oxidation at 0.05 Torr  (Fig. 7 and 8). 

Conclusions 
We conclude in this work  that  the mechanism gov-  

erning the oxidation of Co-10 w / o  Cr at high t em-  
peratures  is solid-state diffusion of Co cations in the 
inner layer of a CoO ne twork  via a vacancy mech-  
anism. This diffusion is influenced by two factors: (i) 
the porosity of the inner  layer, which enhances oxi-  
dation, and (ii) spinel inclusions, which inhibit  oxi-  
dation. The first effect is almost t empera tu re  inde-  
pendent,  while  the second effect decreases with in-  
creasing temperatures ,  due to the growth of the spi- 
nel particles. The oxygen-pressure  dependence of the 
parabolic rate constants results mainly  from the de- 
fect s t ructure  known in CoO; however ,  due to en-  
hanced prefe ren t ia l - in te rna l -ox ida t ion  grain bound-  
aries at low pressures, the values of n in kp ~ C po2 l /"  
are slightly smaller  than those for pure CoO. Semi-  
conductor valence effects due to dissolution of chrom-  
ium in the CoO phase are bel ieved to have minor  or 
no influence on the oxidation rate of Co-10 w / o  Cr 
alloys. At very  low pressures, phase boundary reac-  
tions are of great importance for re la t ively  long ini- 
tial periods. 
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Preparation, Optical and Dielectric Properties of 
Vapor-Deposited Niobium Oxide Thin Films 

M. T. Dully, C. C. Wang,* A. Waxman, and K. H. Zaininger 
RCA Laboratories, Radio Corporation of America, Princeton, New Jersey 

ABSTRACT 

Thin dielectric films of niobium oxide have been deposited on silicon and 
quartz substrates by pyrolysis of the niobium alcoholate Nb(OC2H~)5 at 450~ 
in an oxidizing ambient. Optical measurements have been made on these 
films in the spectral range 0.2-2.6 ~m. Information on dispersion, funda- 
mental absorption edge, and absorption coefficient (as related to photon 
energy) has been obtained. An electrical evaluation of the films has been 
made, including dielectric properties and MOS behavior. 

The recent  advances  in the  technology of micro-  
electronics have led to extens ive  research on the phys -  
ical, chemical,  and e lect r ica l  character is t ics  of MOS 
s t ructures  (1). Studies  (2) on the SiO2-Si system 
have shown the impor t an t  role of the  insu la to r - semi -  
conductor  interface in de te rmin ing  device behavior .  
The s t r ingent  r equ i rements  imposed on thin film di -  
electrics,  including surface passivation,  diffusion 
masking,  rad ia t ion  resistance,  and var ied  appl ica-  
tions, have s t imula ted  interes t  in noncrys ta l l ine  dielec-  
tr ic mater ia l s  o ther  than  SiO2 (1). 

I t  is the purpose  of this paper  to r epor t  the  p r epa -  
ration,  s t ructural ,  optical,  and dielectr ic  p roper t ies  of 
n iobium oxide thin films, MOS (meta l -ox ide-s i l i con)  
s t ructures  using this oxide have been fabr ica ted  and 
evaluated.  The resul ts  of the MOS character is t ics  are 
reported.  

Experimental 
Thin film deposition.--Thin dielectr ic  films of nio-  

bium oxide have been deposi ted on silicon, germanium,  
and quar tz  subs t ra tes  by  the pyrolys is  of the  n iob ium-  
alcoholate,  Nb-(OC2Hs)~, in an oxidizing ambient .  
The alcoholate  vapors  were  t r anspor ted  to the  r f -  
heated subst ra tes  by  he l ium car r i e r  gas. Deposi t ion 
conditions were  opt imized by  va ry ing  the alcoholate  
vapor  pressure,  the deposi t ion tempera ture ,  and to ta l  
flow ra te  of gases. The fol lowing deposi t ion p a r a m -  
eter  values gave un i form coherent  films: 

Subs t ra te  t empera tu re :  450~ 
Niobium-a lcohola te  source t empera tu re :  115~ 
Hel ium car r ie r  flow rate:  325 cc /min  
Other  gases: he l ium flow ra te :  2500 cc /min  

oxygen flow rate:  820 cc /min  

Fas te r  flow rates  than  indica ted  here  favored heavy  
deposi t ion at the  center  of the substrate,  whi le  s lower  
flow rates  favored deposi t ion at  the  pe r iphe ry  of the  
substrate.  

The deposi t ion appara tus  is i l lus t ra ted  in Fig. 1. 
The react ion chamber  is made  of quar tz  and has a 
length  of 20 cm and an in terna l  d iamete r  of 35 mm. 

* Elec t rochemica l  Socie ty  Act ive  Member .  

A graphi te  susceptor  having a pyro ly t ic  g raphi te  coat-  
ing was used for  hea t ing  the substrates .  I t  was cy l in -  
dr ica l  in shape, 11/4 in. d i amete r  and 3A in. long. The 
appara tus  was a r ranged  in the  ver t ica l  posi t ion and 
the vapor  pa th  be tween  genera tor  and deposi t ion 
chamber  was kept  as short  as possible. A i r  or wa te r  
was c i rcula ted  th rough  the  outer  j acke t  of the  depo-  
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Fig. 1. Apparatus for thin film deposition 
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sition chamber  to cool the inner  tube. The susceptor 
was rotated at 10 rpm dur ing  film formation in  order 
to facilitate un i form deposition. Silicon substrates had 
residual SiO2 films of about 30A prior to deposition. 
This oxide thickness was measured by ell ipsometry 
after the cleaning procedure. 

Optical measurements.--Transmission measurements  
were made on films deposited on quartz substrates in 
the spectral range 0.2-2.6 ~m using a Cary Model 14 
spectrometer with a similar  quartz substrate in the 
reference beam. Ellipsometric measurements  were 
made to determine film thickness and refractive index 
at the mercury  wavelength  5461A in  the case of films 
th inner  than  2000A. F i lm thickness in excess of 2000A 
was determined from the conditions for maxima  and 
min ima  in  the t ransmi t tance  curves using the re-  
fractive index values obtained by ellipsometry. The 
conditions are (3) : 

T = Tmax for •ld = (2m + 2) k/4 

T = T m i n  for n t d =  ( 2 m + l )  k/4 

when n2 ~ n ,  ; no; where T is the t ransmit tance,  no, 
n,, and n2 the refractive indices of air, film, and sub-  
strate, respectively. The factor m is an integer, d the 
film thickness, and k the corresponding wavelength 
of light. 

From the above results, informat ion on optical dis- 
persion, absorption coefficient, fundamenta l  absorp- 
t ion edge, and in te rband  t ransi t ion has been obtained. 

Dispersion data were obtained from the conditions 
for maxima and min ima  in t ransmi t tance  and the cal- 
culated thickness of the films. The absorption co- 
efficient has been obtained from t ransmit tance  and 
dispersion curves using the relat ionship (4) 

(I--R) s 
T = I/Io = [1] 

earl __ R2e-ad 

which includes effects of mult iple  in te rna l  reflection 
but  excludes interference effects which cause var iat ion 
of t ransmit tance  with wavelength;  T is the t ransmi t -  
tance, a the absorption coefficient, R the reflectivity, 
d the film thickness, and I/Io the ratio of t ransmi t ted  
and incident  intensities. 

MIS measurements.--A var ie ty  of methods is avail-  
able to determine electrical properties of the MIS 
system such as density, capture cross section and 
response t ime of interface states, surface recombina-  
t ion velocity, and surface mobility. We have restricted 
ourselves to the MIS capacitance (C-V) (5-7) and 
MIS conductance (G-V) (8) techniques. These are 
by far the most f requent ly  employed methods due to 
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Fig. 2. Equivalent circuit for MOS capacitor 
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the simplicity of fabricat ing test structures, the ease of 
making  (automatic)  measurements ,  and the extent  of 
informat ion that  can be obtained. 

Equivalent circuit oS MIS capacitor.--In order to be 
able to in terpre t  the results of such measurement ,  a 
useful  equivalent  circuit has to be available. The im-  
pedance of an MIS capacitor has been derived by 
several  authors (9, 10). However, their  equivalent  
circuits are as complicated as the mathemat ical  
models they used and are of little practical use. The 
circuits have to be simplified considerably if they are 
to be useful in  in terpre t ing  exper imenta l  results. A 
general ly  accepted simplified equivalent  circuit that  
accounts for oxide loss and interface states has been 
derived and is shown in Fig. 2. Ci and Gi represent  the 
capacitance and  conductance of the insulator,  C~c is 
the capacitance of the semiconductor space charge re-  
gion, and Gs and Css are the conductance and capaci- 
tance, respectively, associated with interface states, 
all per un i t  area. For n - type  mater ia l  Csc is given by 
(11, 12) 

( PB e-q$slkT) 1 - - e  +q~'/kT -~- ND e$ 
c8c = [2] 

I PB e_qq~slk T 1112 ~.n eq$,ik T _  q~s - -  I -~- 
kT ND 

Where r is the semiconductor surface potential,  es the 
semiconductor dielectric constant,  k is the Bol tzmann 
constant, T is the temperature,  q is the electronic 
charge, Ps  the bu lk  densi ty  of holes, and ND is the 
donor concentration.  The Debye- length  ~n is defined 
by (12) 

2 (kT/q) ~s 
~n2 = [3] 

NDq 

The calculation of the a-c conductance for interface 
states for any  type of dis t r ibut ion of states has been 
derived (13) and yields the following expression: 

Gs =--~-w2q2 y: "et ~(Et)Nss(Et)I(Et)[1--](Et)]I -~ w2T2(Et) d~t [4] 

where ~, is the radian f requency of measurement ,  
Ns~(Et) is the densi ty  of states/cm2-ev, f is the Fermi  
function. The expression T(Et) is given by 

](Et) [5] 
T(Et) = 

a(Et) <Vn> ns 

where a(Et) is the capture cross section of the states 
at energy Et, <V.> is the thermal velocity, and ns is 
the density of electrons at the interface. 

The high-frequency MIS capacitance method.Pit  is 
quite clear that  the performance of the equivalent  cir-  
cuit discussed above is a funct ion of frequency,  and 
that measurements  made at an a rb i t ra ry  frequency 
could lead to erroneous conclusions. If the measur ing 
f requency is sufficiently high so that  surface states 
cannot  follow the applied signal, then  the surface 
state capacitance becomes zero (12), and the MIS 
capacitance reduces to its h igh-f requency form, i.e., 
the series combinat ion of Ci and Csc. When this condi-  
t ion is satisfied, then the MIS capacitance is u n a m -  
biguously related to the semiconductor surface poten-  
tial. However, there is a difference between an ex-  
per imenta l ly  de termined h igh-f requency C-V charac- 
teristic and one computed for an identical  s t ructure 
without  surface states, and that  is the voltage due to 
the total charge in surface states. By finding the differ- 
ence between the measured voltage for a given ca- 
pacitance (and thereby Cs) and its "ideal" value, .~V, 
one can determine the total charge that can be t rapped 
in surface states dur ing  the measurement  period and 
the surface state density as a funct ion of ~s (or en-  
ergy).  The effective densi ty of surface states, as re-  
flected to the insulator-semiconductor  interface, Nss, 
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is then given for any par t icular  value of capacitance 
(and thereby  Cs) as 

Ci• (~.~Y) 
N . . . .  [6] 

1.6 • 10 -19 (1.6 • 10-19t~) 

where  e~ and tl are the insulator  dielectric constant 
and thickness, respectively.  If the exper imenta l  curve  
lies toward more  negat ive  vol tage than the ideal one, 
the charge in surface states is positive; if it lies to-  
ward more positive voltage, the charge is negative. A 
typical  example  of a comparison between exper i -  
mental  and ideal curves is shown in Fig. 3. 

For the use of the MIS capacitance technique in 
the study of surface propert ies various assumptions 
and approximat ions  have been made in the past 
which are not always justified. However ,  it has been 
shown (7) that  MIS capacitance measurements  can 
yield interest ing and meaningful  results if the proper  
exper imenta l  conditions are established and care is 
taken in the in terpreta t ion of the exper imenta l  re -  
sults. Thus, we use the C-V technique cognizant of its 
l imitations (7). 

The actual measurement  of the samples is carried 
out at a f requency of 1 MHz using an automatic C-V 
plotter. This system has been described previously 
(14). 

The MIS conductance technique.--An al ternate  tech-  
nique which is useful  in making quant i ta t ive  de te r -  
minations of interface states in MIS structures is the 
measurement  of the dependence of the a-c conduct-  
ance on measurement  f requency and applied bias. As 
indicated in the equivalent  circuit  in Fig. 2, interface 
states contr ibute  an a-c loss due to the inabi l i ty  of 
charge in the states to follow an applied a-c signal. The 
lag occurs because of the finite t ime it takes carr iers  
to move in and out of interface states. The conductance 
due to this effect is given in Eq. [4]. This equation has 
the fol lowing general  features: 

1. At any given test frequency,  the max imum  con- 
t r ibut ion that  a state makes to the conductance oc- 
curs when the semiconductor  Fermi  level  is at the 
energy of the state. 

2. At a given surface potential, the expression G.,/~, 
that is the ratio of the conductance to the radian f re-  
quency, peaks at a radian f requency  given by ,~T = 1.98 
and G~/~ -~ 0.4 qN.~.~ A (A is the area) .  

3. The t ime constant of the state is inversely  pro-  
portional to the surface density of electrons at a given 
surface potential. 

The measured a-c conductance can be used in con- 
junct ion with the equivalent  circuit  in Fig. 2 to ob- 
tain the dependence of G.~ on frequency,  at a given 
voltage. An analysis of the equivalent  circuit  in Fig. 2 
yields the fol lowing expression for G.~. 

where  G,, is the measured a-c conductance at a given 
voltage, and Gi, C.~c, and C~ are also de termined  for 
this applied voltage. 

Since G.~/~ = 0.4 qNs~ A at ~T = 1.98, the surface 
state density can be determined as a function of sur-  
face potential  and, hence, energy. 

The samples are measured using an automatic C-V 
and G-V plotter  which makes use of a phase-sensi t ive 
detector. Data can be taken from 10 Hz to 100 kHz. 
This system has been described elsewhere (15). 

Dielectric constant measurement.--The dete rmina-  
tion of the dielectr ic  constant of an insulat ing film is 
normal ly  carr ied out by de termining the capacitance 
of a paral le l  plate capacitor made f rom this material ,  
coupled with a measurement  of the capacitor area and 
insulator  thickness. When one of the plates is a semi-  
conductor instead of a metal,  the measurement  is only 
then meaningful  if it can be assured, by the applica- 
tion of the proper  bias, that  the semiconductor  sur-  
face is in heavy accumulat ion (or inversion) .  

Our measurements  were  carr ied out using the auto-  
matic measurement  a r rangements  ment ioned above as 
well  as a Boonton Electronics and a GR-1608 Im-  
pedance Bridge while mainta ining the above con- 
ditions. The measurements  on adherent  contacts of 
known area were  all t h ree - t e rmina l  capacitance mea-  
surements  which yield the direct capacitance be tween 
the two plates, excluding all  stray capacitances that  
may exist to o ther  parts of the structure.  The thick-  
ness of the insulating film was determined by the use 
of an ell ipsometer.  

Results and Discussion 
Niobium oxide films with thicknesses ranging from 

500 to 3000A have been obtained. The deposition rate  
was usually ~70-80 A / m i n  using the flow rates pre-  
viously mentioned. The films were  inert  to most acids 
but could be etched in dilute HF, giving an etch rate  
of 60 A / m i n  in 1: 4 /HF:  H20. 

Structure of films.--The surface s t ructure  of the 
films was examined using the scanning electron micro-  
scope. The films have ex t r eme ly  smooth surfaces as 
shown in the electron micrographs (Fig. 4). No film 
deter iorat ion was observed as a result  of the electron 
beam. Low glancing angle electron diffraction pat terns 
[Fig. 5(a) ]  indicated that  the films were  amorphous. 
Films, which were  annealed in He at 850~ still 
showed an amorphous s t ructure  as revea led  by the 
electron diffraction pat tern  [Fig. 5 (b) ] .  However ,  a 
film which was removed from the susceptor after  
heating to ~1200~ in inert  gas gave an x - r ay  powder  

Gs=Gm (1~  C~ ] Ci / [7] 

IDEAL .~ I I ~ ~ c-v CURVE ~ - ~  

�9 / WITH 
o / SURFACE ~/ STATE~ 

-5 0 +5 

Vg (VOLTS) 

Fig. 3. Comparison between ideal end experimental C-V curves 
for an n-type MOS capacitor. Fig. 4. Scanning electron micrograph of thin film Nb205 



Vol. 116, No. 2 NIOBIUM OXIDE THIN 

Fig. 5. Electron diffraction patterns of thin film Nb~05: (a) be- 
fore annealing, (b) after annealing. 

pat tern  which could be identified as single-phase 
Nb2Os. No other phase was detected. This suggests 
that  the ini t ia l  mater ia l  was Nb~Os, though the exact 
formula is not known. The crystal l ization behavior  
contrasts with the case of anodic n iobium oxide, 
which has been reported to "recrystallize" at 500 ~ 
600~ 

Optical properties.~The dispersion data of the 
Nb205 films are plotted in Fig. 6. The data were fitted 
by the H a r t m a n n  equat ion (16) : 

n ( ~ )  = a + b / ( X - -  ~o) 1.2 [8] 

where n is the refractive index and a, b, and },o are 
constants. The exper imenta l  points are best fitted by: 

nSb205 = 2.0 + 1.1/(~/lO s A -  1.9)L2 [9] 

These values are about 15% lower than  reported by 
Young (16) for anodic films and 5% lower than  re-  
ported by Burgiel  et al. (17) for sputtered films. 
These differences may be a t t r ibuted to differences in 
preparation.  

Optical t ransmission of an Nb2Os film is i l lustrated 
in Fig. 7 showing absorption and in ter ference  effects. 
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Fig. 6. Dispersion curves of thin film Nb205 
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Fig. 8. Square root of absorption coefficient vs. photon energy 
for thin film Nb205. 

Figure  8 is a plot of the square root of the absorption 
coefficient vs. photon energy. The l inear  na ture  of this 
plot suggests that  excitat ion across the bandgap is by 
indirect transit ion,  even though the magni tude  of the 
absorption coefficient falls wi th in  the range expected 
for direct t ransi t ion (18). The high value of this co- 
efficient indicates that  the absorption is intr insic ra ther  
than  by  impurities.  The  intercept  in Fig. 8 gives the 
value of the fundamenta l  absorption edge as 3.48 ev, 
which is in fair agreement  with values reported for 
oxides prepared by other methods (19-21). However,  
this value may be influenced by the donor concentra-  
tion of the oxide as indicated by the work of Vra tny  
and Micale (23). This value, as may  be expected, is 
lower than  the values obtained from photoconduc- 
t ivi ty exper iments  on anodic oxide films. 

MOS behavior of Nb2Os-silicon contacts.--High-fre- 
quency capacitance measurements.--We have fabr i -  
cated a large n u m b e r  of MOS contacts using Nb205 as 
a gate insulator  directly on (111) silicon. A 1 MHz 
C-V curve, obtained with an Hg-probe on a 900A film, 
is shown in Fig. 9. From this curve, it can be seen 
that  interface state densi ty and oxide charge can be 
kept to values which readi ly allow modulat ion of the 
silicon surface potential.  We wil l  have more to say 
about interface state densi ty after we discuss a-c con- 
ductance measurements .  

Generally,  we have found that  the positive oxide 
charge for Nb205 can be kept  below 5 x 1011/cm 2 so 
that  flatband voltages for a 1000A oxide on 10 ohm- 
cm, p- type  silicon are less than  lv. This n u m b e r  in -  
cludes oxide charge as well  as work funct ion differ- 
ence due to gate contacts. 

The Nb2Os-silicon interface genera l ly  exhibits a 
room-tempera ture  hysteresis of the slow t rapping 
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Fig. 9. Normalized C-V curve for an n-type MOS capacitor with 
900.~ Nb205 as gate insulator. 
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Fig. 10. Variation of oxide dielectric constant with frequency for 
thin film Nb.~O.~. 

type. That is, for increasing negat ive gate voltage, the 
flat band voltage shifts to more  negat ive values. Gen-  
erally, this type of hysteresis is s t rongly dependent  on 
deposition conditions, but  can be reduced by anneal-  
ing. 

B ias - tempera tu re  tests at 200~ in an inert  am-  
bient show that  these films are not an effective bar-  
r ier  against ionic motion. Posi t ive charge is observed 
to move toward the silicon interface under  the in-  
fluence of posit ive gate voltage. 

The dielectric s t rength as de termined from MOS 
contacts is about 5 x 106 v /cm.  The electrode area was 
0.11 mm -~. 

Frequency dependence of dielectric constant.--During 
our MOS impedance measurements ,  we have observed 
that  the dielectr ic  constant  of Nb20~ is f requency 
dependent.  A plot of oxide dielectric constant depen-  
dence on f requency is shown in Fig. 10. As is seen 
from this plot, significant changes in dielectric con- 
stant can occur over  a wide range of frequencies 
(100 Hz-100 kHz).  However ,  variat ions in this f re-  
quency dependence have been observed as a function 
of deposition conditions. The value of the dielectric 
constant of ~11 • 2 at 1 kHz is unusual ly  low com- 
pared to a value of ~40 reported for amorphous anodic 
oxide films (16). At  the present  time, no explanat ion 
exists for this difference. 

A-C conductance in MOS contacts.--A-C conductance 
measurements  as a function of voltage have been made 
on Nb.~O.~-silicon MOS contacts over  a range of f re-  
quencies from 100 Hz to 150 kHz. In Fig. 11, the 
G-V data at two frequencies,  100 and 10 kHz, are 
shown. The sample consisted of a 1000A Nb205 film 
on 10 ohm-cm p- type  silicon. As discussed ear l ier  in 
this paper, the peak in the conductance is due to the 
presence of interface states. The peak occurs at the 
voltage de termined  by Eq. [7]. The shift of the peak 
toward posit ive vol tage with  decreasing f requency is 
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Fig. 11. A-C conductance vs. bias at two frequencies for an 
MOS capacitor with 1000~ Nb20.~ film. 
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indicat ive of a distr ibution of interface states in en-  
ergy ra ther  than a single level  of states at a discrete 
energy. 

Using Eq. [4] and [7], we  have analyzed the  G-V 
data for a number  of samples, both p-  and n-type.  The 
densi ty of states is found to increase toward both 
band edges, wi th  a min imum in density occurring 
near midgap. Typical  densities at f lat-bands for n-  
and p- type  samples are 1.5-2.0 x 1011 states/cm2-ev.  
The t ime constant at flat bands is 3.2 #s and the cap- 
ture cross section for the interface states is 2.5 x 10 -1~ 
cm 2. The capture cross section is found to be re la t ive ly  
independent  of energy. 

In analyzing the G-V data to de termine  interface 
states, it is impor tant  to note that  the var ia t ion in 
f requency of % and hence the oxide capacitance, in-  
creases the difficulties in calculat ing the surface con- 
ductance due to interface states. Referr ing  to Eq. [7], 
the measured a-c conductance is made up of two 
terms: one due to oxide loss, and the other  due to 
interface states. The oxide loss t e rm must  be e l imi-  
nated to obtain Gs. Equat ion [7] represents the for-  
mula which is used to do this. However ,  due to f re-  
quency dependence of Ci, the te rm Gi (Csc/Ci) 2 will  
not be the same at a given voltage for each f re-  
quency. Hence, to de termine  the interface state den-  
sity accurately,  the dependence of q (hence, Ci) on 
f requency must be determined.  

It is also interest ing to note the dependence of a-c 
conductance on voltage beyond accumulation. In Fig. 12, 
the voltage dependence for two frequencies is shown. 
It can be seen that the vol tage dependence changes 
as a function of frequency. For  example,  in the region 
of --12 t o - - 2 0 v  on a 1000A Nb205 film on 10 ohm-cm 
silicon, the a-c conductance changes from being re la-  
t ive ly  independent  at 10 kHz to l inear  dependence at 
100 kHz. 

We propose a ten ta t ive  model  to explain this effect. 
Since the Nb20.~ has a re la t ive ly  narow band gap 
(3.48 ev) compared to SiO._,, the silicon valence band 
lies considerably closer to the Nb20.~ valence band. 
Hence, hole inject ion into the insulator is possible. 
Under  these conditions, the current  in the insulator 
will  be space charge limited. In the case where  shal-  
lower t rapping can occur in the insulator, it is well  
known that  d-c current  is given by (22) 

9 V 2 
J = - -  E l  # l , ~  - - -  [11] 

8 L '~ 

where  ,~ is the insulator dielectric constant, #h the 
hole mobility, e a factor which describes the relat ive 
occupation of the t rap and the valence band, and L the 
insulator thickness. 

The a-c conductance will  then be proport ional  to V, 
and the constant of proport ional i ty  related to e. It is 
not difficult to show that  e is f requency dependent,  
with the f requency dependence determined by the 

6 

5 kHz 
ILl 

o 4 -  

m I 30 kH 
0 

0 I I 
-30 - 2 5  - 2 0  -15 - I0  - 5  0 

BIAS VOLTAGE (vol ts)  

Fig. 12. Dependence of a-c conductance of Nb20.~ on voltage at 
several frequencies. 
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trap capture cross section and trap location. 0 will  in -  
crease from a low value ( < < 1 ) ,  to a max imum of one 
at frequencies above �89 Tt, where Tt ~ (n~p < v > )  - l  
nt is the densi ty of filled hole traps, Cp the capture 
cross section, and < v >  the thermal  velocity. The 
exact frequency dependence will be determined by the 
t rap  distribution. 

In Fig. 12, we see this type of behavior. For 10 kHz 
the dependence on voltage is very slight, while for 
100 kHz the l inear  dependence is quite apparent.  Fur -  
ther  work is being done in this area to extend it to the 
point where information can be determined about 
t rap properties in the insulator. 
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Theory of Dielectric Breakdown in Solids 
J. J. O'Dwyer 

Physics Department, Southern Illinois University, Carbondale, Illinois 

ABSTRACT 

A short review is given of current  t rends in research on the theory of 
dielectric breakdown in solids; in part icular  the theory of thermal  breakdown 
is discussed for the case in which the dielectric conductivi ty is explicitly field 
dependent.  A new possibility for avalanche breakdown is also examined. 
The field in the dielectric is considered to be nonuni form because of the space 
charges created by collision ionization, and the enhanced field adjacent  to the 
cathode causes field emission which is many  orders of magni tude  greater than  
would be expected from a mean field calculation. 

The theory of dielectric breakdown of solids has 
been divided by custom into three areas (1-3), viz., 
thermal,  intrinsic,  and avalanche. Most recent  work 
has been along the lines of developing the theory of 
thermal  breakdown by explicit inclusion of the field 
s trength dependence of the conductivi ty (4, 5), or of 
presenting an avalanche theory which takes account 
of the nonuni fo rmi ty  which will  arise in the field 
s trength due to the charges which are the products of 
collision ionization (6). Theories of intrinsic break-  
down would then be seen as yielding a critical field 
s trength of order of magni tude  of the field s trength at 
which collision ionization wi th in  the mater ial  becomes 
significant, ra ther  than  a critical field for direct com- 
parison with the exper imental  breakdown field. 

A brief int roduct ion will  first be given to the ideas 
under ly ing  the various theories of breakdown which 
have been current  for some time; recent  developments 
will then be discussed in more detail. 

All  theories of thermal  breakdown can be derived 
from the basic equation 

dT 
Cv - - ~ - -  grad (K div T) = ~ F 2 [1] 

where Cv is the specific heat per uni t  volume, dT/dt  
is the t ime derivative of the tempera ture  T, K is the 
thermal  conductivity,  F the field strength, and ~ the 
electrical conductivity. Since a is almost always a 
strongly varying  funct ion of temperature,  the solu- 
tion of [1] is complicated even for the simplest geom- 
etry of boundary  conditions. The most usual  ap- 
proaches have been to solve [1] for the simple l imit-  
ing cases: (A) Steady state solution in which the t ime 
derivative term is set equal to zero. (B) Short t ime 
solution in which the thermal  conduction te rm is ig- 
nored. An al ternat ive approach would be to give a 
numerical  solution to the complete equation for the 
simple case of plane parallel  geometry. 

The conclusions of s tandard thermal  b reakdown the-  
ory have been well  tested exper imental ly ;  general ly 
speaking they are valid at high temperatures  where 
the ratio of electrical to thermal  conductivi ty is large. 
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Theories of intrinsic breakdown regarded the break-  
down strength as an intr insic property of the mate-  
rial; the calculation of the critical field s t rength then 
corresponded to the failure of some specified process 
to achieve a stable si tuat ion with the conducting elec- 
trons. Different physical processes by which an elec- 
t ron can lose the energy it gains from the electric field 
then specify the various theories of intr insic break-  
down strength. All  such theories predict a specific 
tempera ture  dependence of the breakdown strength 
but  assume that  it is thickness independent .  This led 
to much exper imental  work on the tempera ture  de- 
pendence of the breakdown strength,  with occasional 
measurements  showing a slight thickness effect. 

The simplest theory of avalanche breakdown is 
based on order of magni tude  arguments,  which lead to 
the conclusion that  forty generat ions of collision ion-  
ization products will  form a critical avalanche (7). If 
d is the dielectric thickness and a (F)  the field de- 
pendent  mean  ionization rate per uni t  path length, 
then the critical field s t rength will  be given by 

a(Fc) d---- 40 [2] 

If we assume that  the field dependence of the col- 
lision ionization function is given by 

a (F)  = ao exp (--  H / F )  [3] 

where ao is a constant  ionization rate and H is a field 
s trength characteristic of the material ,  the thickness 
dependence of the critical field s t rength is then given 
by 

H/Fc = In (~od/40) [4] 

This result predicts a monotonic decrease of break- 
down strength with increasing thickness of about the 
magnitude observed over not too great a range of 
thickness. 

The work described in this introduction has been 
extensively reviewed and discussed in the general ref- 
erences (I-3). 

T h e r m a l  B r e a k d o w n  o f  T h i n  F i l m s  

Recently the b reakdown of thin films has been in-  
terpreted as thermal;  the measured tempera ture  and 
field s trength dependence of the prebreakdown con- 
duction has been used in the equation 

J F d  ---- r ( T - -  To) [5] 

where J is the current  density, r is the thermal  con- 
ductance per uni t  area, To the ambient  temperature,  
T the tempera ture  of the dielectric (which is assumed 
to be constant  throughout  the film), F the mean  field 
strength, and d the dielectric thickness. This equat ion 
has been ful ly discussed by Whitehead (7) for the 
case in which a is not an explicit function of F, but  
depends on it implici t ly through its tempera ture  de- 
pendence. 

Various forms for the tempera ture  and field s t rength 
dependence of J have been given. Klein  and Gafni  
('4) working on silicon oxide films 3000-50,000A thick 

use 
J = ao F exp { a ( T - -  To) -4- bF} [6] 

in which both ao, a, and b are functions of To. They 
also note a Schottky like expression also fits well to 
their  results, but  prefer [6] because of consequent al-  
gebraic simplicity. For the same substance in films 
10O0-10,O00A thick Har tman  e t  al. (8) give 

J : Cld  exp {--(@-- ~ I F 1 / 2 ) / k T  -5 a2 F 1/2} 

X [I -- exp {-- F(a2 -5 ~/kT)~}] [7] 

where CI is a constant, d is the dielectric thickness, 
and ~,, a2, and ~b are constants of the material. This is 
an interesting expression since it contains an ex- 
plicit dependence on the dielectric thickness, and also 
a factor which gives an ohmic current for low field 
strengths. Because of this ohmic dependence [7] leads 

to J oc dF  = V at low field strengths (V is the volt-  
age);  for high field strengths [7] becomes approx- 
imately 

J = C ld  exp {-- (~b --  ~IF 1 / 2 ) / k T  -5 a2F 1/2} [8] 

so that  cur rent  density is directly proport ional  to di- 
electric thickness for a given mean field strength, but  
not for a given voltage. Results of this general  na tu re  
had already been found for silicon oxide in the thick- 
ness range 1-4~ by Hirose and Wada (10). Sze (5) 
working on silicon ni tr ide films found that  for high 
field strengths 

J ---- C2 F exp {--  (~ - -  a~ F t / ' 2 ) / kT}  [9] 

where C2, ~, and ~3 are constants. He also explicit ly 
stated that  no thickness dependence was found over 
the range 500-2900A. 

A wide diversity of choice is, therefore, available 
for the funct ional  form of the current  in Eq. [5], and 
since the expressions are all empirical  it is difficult 
to find reasons for preferr ing one to another. We shall 
use [8], and in making this choice there are three 
distinct points of difference from other possibilities: 
(i) The explicit field s t rength dependence is given by 
an exponent ial  factor in F I/2 ra ther  than  in F. (i i)  An 
explicit  thickness dependence is included. (i i i)  The 
exponent ia l  factor in F 1/2 gives the total explicit field 
s trength dependence of the current ;  it does not, as in 
[9], give the field s t rength dependence of the con- 
ductivity. That these two cases may be very difficult 
to dist inguish exper imenta l ly  has been shown by 
Hanscomb et  al. (9) in work on sodium chloride. 

Subst i tu t ing [8] in [5] 

C I F d  2 exp {--(0 --  a l F 1 / 2 ) / k T  -5 a2F 1/2} ~ r ( T  -- To) 

[10] 
Following Whitehead (7) the critical field s t rength is 
found by differentiating both sides of [10] with respect 
to T and then using [10] to simplify the result. One 
readily finds 

kTc2/(4,  - -  atFc 1/2) =- Te - -  To [11] 

which with the use of [10] and the assumption Tc _~ To 
gives 

Fr 1/2 : (~b - -  kTo In C ) / ( a l  + kTo=2) [12] 
where 

C = Ctd2Fc (~ - -  alFc 1 / 2 ) / r k T o  2 [13] 

The result  is wr i t t en  in this way since In C is a slowly 
varying funct ion of Fc and To. If ~i/a,2 > >  kTo then 

F~ I/~ = (r kTo In C) /~I [14] 

which was derived by Sze (5) using the current  form 
[9]. Equation [14] predicts that  Fc 1/2 decreases l inearly 
with increasing temperature ;  this has been verified 
by Sze (5) for the case of silicon nitride. Equat ion 
[12] predicts a similar but  more rapid decrease of 

Fc 1/2 with increasing temperature.  
Although the logari thm of the dimensionless quan-  

t i ty [13] varies slowly with any  of the variables con- 
ta ined in it, there is a possibility of several  orders of 
magni tude  change in dielectric thickness which would 
lead to a change of one order of magni tude  in the log- 
arithm. The square root of the breakdown field 
s t rength should vary  l inear ly  with the logari thm of 
dielectric thickness. 

A v a l a n c h e  B r e a k d o w n  

There have been two principal  lines of development  
to the 40 generations theory of avalanche breakdown 
described above. 

In the first due to Forlani  and NIinnaja (10) the as- 
sumption of uni form field s t rength between the elec- 
trodes is retained, but  the electron emission from the 
cathode is explici ty introduced. Although their  theory 
is complicated, the thickness dependence of the critical 
field s trength can be found from an order of magni -  
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tude argument .  The current  injected into conduction 
levels from the cathode wil l  be given by the Fowler-  
Nordheim expression 

{ 4(23Tt)1/2~ b3/2 } 
JInj = Jo exp 3 h e F [15] 

where Jo is the pre-exponent ia l  quant i ty  and ~b the 
effective work function. If the lattice vibrat ions in the 
dielectric are ineffective in slowing down the electrons 
in the strong field, then  the collision ionization rate 
per uni t  length will  be given approximately by 

c, = e F/Eg [16] 

where Eg is the energy required for a collision ioniza- 
tion. Then 

J ( d) = Jinj exp ( e F d/Eg) 

---- Joexp { -- 4(2m) 1t~ ~b3/23heF {----E~j__eFd ~ [17] 

Zero exponent  in [17] corresponds approximately  to 
the onset of irreversible changes in the dielectric, and 
if one takes the breakdown cri terion as being that  
value of F for which the exponent  in [17] becomes 
positive, 1 then the critical field s t rength is given by 

4(2m) 1/~ ~3/2 Eg 
Fc 2 = 

3 ~ e 2 d  

Insert ing values of the appropriate order of mag- 
ni tude one finds 

Fc ~'~ 3 X 104/d I/'" V �9 cm -1 [18] 

with d measured in cm. Burdenste in  and Hayes (11) 
have verified this result  for silicon oxide in the thick-  
ness range 1OZ-104A. However, the thermal  critical 
field s trength of [12] (also a l ternat ive  avalanche theo- 
ries to be described below) exhibits a variat ion of a 
factor 3 in the breakdown strength for a thickness 
variat ion of one decade; measurements  over at least 
several decades of thickness would be required to 
verify the d -1/2 dependence. 

The other main  l ine of development  of avalanche 
breakdown theory has resulted from the realization 
that the space charges caused by the build up of the 
avalanche should result  in a nonuni form field s trength 
distribution. If one drops the assumption of a un i -  
form field, then a na tu ra l  basic theoretical  assumption 
is constancy of current.  A space charge controlled 
theory of avalanche breakdown was proposed by 
O'Dwyer (6) assuming that  electron current  was con- 
tinuous, and that  the collision ionization function was 
of the form [3]. In  this theory it was also assumed 
that  the relat ively unmobi le  holes arranged them-  
selves in such a way that Poisson's equation is satisfied 
and cont inui ty  of electron current  is preserved but  
without  contr ibut ing to the current  themselves. This 
leads to a relat ion for the mean critical field s trength 
Fc which requires computation, but  can be wr i t ten  
approximately as 

H/-~c = 8 �9 5 In (aod) - -  2 [19] 

This theory suffers from a similar defect to the 40 gen- 
erations theory in that  it contains contradictory as- 
sumptions; the holes must  move to satisfy Poisson's 
equation, and yet it is assumed that  they make no 
contr ibut ion to the current .  

A theory of cur ren t  flow due to collision ionization 
has been given by O'Dwyer  (12). Anode and cathode 
are assumed to be blocking; both cont inui ty  of cur-  
rent  and field dis tr ibut ion in accordance with Pois- 
son's equation are strict requirements  of the theory. 
The ionization rate per uni t  volume per uni t  t ime is 
assumed to be of the form (c.f. Eq. [3]) 

1 A weak point in this assumption is that Jo ~ 107 amp.cm-'-'. 
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Fig. 1. Double ejection current and cold emission current for 
various values of the dielectric thickness: (a) double ejection cur- 
rent, (b) cold emission current. 

I = (ann + =pp) exp (--H/F) [20] 

where an and ap are constants and n and p are the 

electron and hole densities. In order to make the equa- 

tions tractable it is also assumed that 

~n/ap -~ ~n/#p 

where #n and #p are the effective electron and hole 
mobilities. 

The computat ion of the cur ren t  voltage character-  
istics is somewhat lengthy, but  is given in a dimension-  
less form in ref. (12). Making the following assump- 
tions about the constants of the dielectric: 

H= 5 • 106v'em-I 

an = 2.5 • 10 7 sec -I 

#n = 10-z cm 2 volt -l sec -1 2 

Pp/Pn = 5 X 10 -7 

one obtains the set of current-vol tage  characteristics 
shown in Fig. 1. On the same diagram are plotted the 
Fowler-Nordheim emission curves for an electrode 
with 1.50 ev net  work function, and subject to a 
field equal to that  caused by the space charge dis- 
t r ibut ion of the double ejection current .  The intersec-  
t ion point  of these curves corresponds to a mean  field 
s t rength for which inject ion from the electrodes can 
no longer be ignored; the inject ion would be a most 
steeply rising function of applied voltage, very  much 
steeper than a Fowler -Nordheim law, and some ten 
orders of magni tude  larger than  the inject ion current  
as calculated from the mean  field strength. If this 
point of intersection is regarded as the mean  critical 
field s t rength determining breakdown, then this crit i-  
cal field s t rength  is thickness dependent .  The form of 
this thickness dependence is shown in Fig. 2. Also in -  
cluded on the same diagram for the sake of comparison 
are thickness dependences for thermal  breakdown and 
the avalanche theories expressed by Eq. [18] and [19], 
using the same data as above. 

Discussion 
Since all dielectric breakdown must  be in  a sense 

thermal,  it is difficult or even impossible to make an  
ul t imate  dist inction between thermal  breakdown and 
any  other type of instabil i ty.  This is clearly demon-  
strated by recent  work in which the explicit  (and 
strong) field dependence of the conductivi ty is in -  

2 C o l l i s i o n  i o n i z a t i o n  w o u l d  n o t  b e  f e a s i b l e  w i t h  s u c h  a l o w  v a l u e  
of true mobility. The figure quoted is for ei~ective mobility which 
may be many orders of magnitude lower than the true mobility. 
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Fig. 2. Thickness dependence of the critical field strength ac- 
cording to various theories: (a) thermal with Schottky field de- 
pendence, (b) cathode emission with collision multiplication, (c) 
cathode emission with collision multiplication and nonuniform field, 
(d) cathode emission arising from nonuniform field caused by 
double ejection. 

cluded in t he rma l  b r eakdown  theory.  However ,  in 
the  region of so cal led e lec t r ica l  b r eakdown  the  de -  
pendence of the  conduct ion cu r ren t  on the  electr ic  
field st i l l  remains;  the  p rob l em is one of ex t reme  sen-  
si t ivi ty.  Budens te in  and Hayes  (11) c la im tha t  the  
conduct iv i ty  of the  b r eakdown  pa th  increases by  ten  
orders  of magni tude  wi th in  100 n �9 sec., whi le  Kle in  
(3) ment ions  cur ren t  densi t ies  of o rde r  10e-10 l0 amp �9 
cm -2 in the  d ischarge  path.  I t  is c lear  tha t  adequa te  
theore t ica l  descr ip t ion  of these phenomena  faces 
severe  difficulty. Ava lanche  theor ies  have a t t empted  
to give an app rox ima te  exp lana t ion  of the  sharp  rise 
in current .  As discussed above  the  basic assumptions  
of the  theory  have  been e i ther  constancy of field 
s t reng th  or  cons tancy of current .  The  first assumpt ion  
is se l f -con t rad ic to ry  in the  presence of collision ioniza-  
tion, the  second can be made  consistent,  but  the  t ru th  
is p robab ly  somewhere  in between.  Fo r  th in  films and 
consequent ly  few genera t ions  of collision ionizations 
the  un i form field assumpt ion should be a reasonable  
one, p rov ided  tha t  the  cur ren t  in jec ted  f rom the 
cathode is not  too great.  Dis tor t ion of the  field depends  
on the  dens i ty  of charge,  and  even a single collision 
ionizat ion be tween  cathode and anode  wil l  make  this 
large  if the  cur ren t  level  is high. On the o ther  hand,  
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i t  is un l ike ly  tha t  field d is tor t ion  can ever  be ignored  
in th icker  films in which r e l a t ive ly  m a n y  generat ions  
of collision ionizat ion wi l l  occur; the  constant  cur ren t  
assumption will ,  therefore ,  be a be t t e r  s ta r t ing  point ,  
a l though p robab ly  not  an adequa te  one. Recent  expe r i -  
menta l  work  by  Cooper and El l iot t  on K B r  (14) has 
suppor ted  the  assumpt ion  o f  field enhancement  in 
front  of the  cathode.  Measurements  of b r e a k d o w n  
s t rength  over  m a n y  decades of thickness  wi l l  p r o b a b l y  
not give unambiguous  suppor t  to one theo ry  or an-  
other,  since i t  is l ike ly  tha t  the  b r eakdown  mechanism 
wi l l  change as the  th ickness  changes.  

Measurements  of the  field s t rength  dependence  of 
the  cur ren t  over  many  decades of thickness  could be 
more  r eward ing  and m a y  help  wi th  the  vexing  quest ion 
of ident i fy ing  the mechanism of the  conduct ivi ty .  
Cer ta in ly  in this  s i tuat ion d -c  conduct iv i ty  measu re -  
ments  must  be  exp la ined  in t e rms  of continuous cu r -  
rent,  and a change f rom condit ions in which  space 
charge is impor t an t  to those in which  i t  is not  should 
be c lear ly  manifest .  

Manuscr ip t  submi t t ed  May 15, 1968; revised m a n u -  
scr ip t  received Oct. 31, 1968. This p a p e r  was p resen ted  
at  the  Boston Meeting, May  5-9, 1968, as Pape r  5. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1969 
J O U R N A L .  
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Reactively Sputtered Oxide Films 
M.  L. Lieberman .1 and L C. Medrud 

Research and Development Laboratories, Coming Glass Works, Corning, New York 

ABSTRACT 

Oxide  films of e leven meta l s  have  been  p repa red  b y  reac t ive  sput ter ing.  
The use of re f r ige ra ted  subs t ra tes  resul ted  in amorphous  films in e ight  of the  
me ta l -ox ide  systems. Crys ta l l iza t ion  of the  amorphous  f i l l s  gave r ise to m e t a -  
stable,  h i g h - t e m p e r a t u r e  po lymorphs  of WO3, Ta205, and  Bi203, and  an u n -  
identif ied t e l lu r ium oxide phase.  H igh -ox ida t ion - s t a t e  compounds  of s i lver ,  
ant imony,  and lead were  p repared .  Opt ica l  p roper t ies  of some films were  
examined.  F i lms  wi th  a high re f rac t ive  index  and  low opt ical  absorp t ion  were  
p repa red  by  crys ta l l iza t ion  of the  h igh ly  absorbing,  amorphous,  b i smuth  oxide  
f i l l s .  

Sincla i r  and Pe te r s  (1) have prev ious ly  shown tha t  
it  is possible  to p repa re  amorphous  me ta l -ox ide  f i l l s  
on uncooled subs t ra tes  b y  reac t ive  sput ter ing.  They  
found, however ,  tha t  lead  oxide  films p repa red  in this  

E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  S a n d i a  L a b o r a t o r i e s ,  A l b u q u e r q u e ,  N e w  M e x -  

ico 87115. 

manne r  were  c rys ta l l ine  and suggested tha t  refrig- 
erated subs t ra tes  might  give r ise to amorphous  de -  
posits.  

Fo r  the  present  invest igat ion,  an appara tus  has been  
const ructed which has provis ions for subs t ra te  r e f r ig -  
era t ion and mul t ica thodic  reac t ive  sput ter ing.  Conse-  
quent ly ,  it  is possible  to increase  the  number  of 
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amorphous  s ingle-  and  m i x e d - m e t a l - o x i d e  films p r e -  
pa red  by  reactive,  sput ter ing.  Secr is t  and  Mackenzie  
(2) have  found tha t  amorphous  films, of some systems 
at  least, p r epa red  by  a va r i e ty  of methods  can p rope r ly  
be cal led glasses. If  the  amorphous,  reac t ive ly  spu t -  
t e red  films are  indeed glasses, t hey  should be s t ruc-  
t u r a l l y  s imi lar  to supercooled liquids. This suggests  
tha t  the  contro l led  crys ta l l iza t ion  of such films may  
give rise to metas tab le  h i g h - t e m p e r a t u r e  phases.  Since 
many  oxides  have never  been p repa red  as amorphous  
bu lk  mater ia ls ,  the  crys ta l l iza t ion  of the  amorphous  
films m a y  produce  metas tab le  phases  which cannot  
be p repa red  by  o ther  methods.  

The resul ts  p resen ted  in this  paper  are  l imi ted  to 
s ing le -me ta l -ox ide  films. 

Experimental 
Reactive sputtering.--An appara tus  has been con-  

s t ruc ted  which  provides  for the  s imul taneous  ro ta t ion 
and re f r igera t ion  of subs t ra tes  dur ing  react ive  spu t -  
ter ing.  Subs t ra tes  a re  cooled wi th  l iquid n i t rogen to 
increase the  poss ib i l i ty  of obta in ing amorphous  films. 
With  the  presen t  ca thode geometry,  ro ta t ion of the  
subs t ra tes  gives r ise to films which  are  more  uni form 
in th ickness  than  could o therwise  be obtained.  Rota-  
t ion also serves to a id  in the  diss ipat ion of hea t  f rom 
the subs t ra te  surfaces, since the subs t ra tes  a re  only 
in the  p l a sma  region for  a smal l  pa r t  of each revo lu -  
tion. In  addit ion,  ro ta t ion  permi t s  the  p repa ra t ion  of 
m i x e d - m e t a l - o x i d e  films by  means  of the  s imul taneous  
react ive  sput te r ing  of severa l  independen t  cathodes. 
Select ion of the  var ious  spu t te r ing  pa rame te r s  can be 
used to obta in  some degree  of composi t ion control  in 
the m i x e d - m e t a l - o x i d e  films. 

The basic spu t te r ing  unit,  shown schemat ica l ly  in 
Fig. 1, is a modified Edwards  Evapora t ion  P l an t  wi th  
a 19 in. d i ame te r  s tainless  s teel  be l l  jar .  The sal ient  
fea ture  of the  sys tem is a l iqu id -n i t rogen-coo led  s ta in-  
less steel  Dewar  which  was  fabr ica ted  to specifications 
by  Hofman Laborator ies ,  Inc. The basepla te  of the  
Dewar  is a 17 in. d iameter ,  0.625 in. th ick  copper  plate.  
The Dewar  neck has an outer  d iamete r  of 1.5 in. and  
an inner  d i ame te r  of 1.0 in. In  the  region of the  ro ta ry  
seal, the  Dewar  wal l s  a re  we lded  to a stainless steel  
p ipe  of the  same dimensions.  

Subs t ra tes  (ground and pol ished Corning Code 7900 
glass) ,  t yp i ca l ly  1 x 3 x 0.050 in., a re  suppor ted  by  
screws which  go about  ha l fway  th rough  the Dewar  

ROTARY~ [ - ~  "l ROTARY 
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baseplate .  The Dewar  is filled wi th  l iquid ni t rogen to 
a height  of a pp rox ima te ly  3 in. above  the  basepla te  
before spu t te r ing  is ini t ia ted.  This height  is au tomat i -  
ca l ly  main ta ined  by  means  of a Hofman P / N  3718 
l iquid n i t rogen level  contro l ler  (not  shown) connected 
to 200-li ter l iquid ni t rogen supply  Dewar.  

A ro ta ry  motor,  located outside of the  vacuum sys-  
tem, tu rns  the  Dewar  via a V-be l t  a r rangement .  The 
ra te  of rotat ion,  typ ica l ly  120 rpm,  is regu la ted  by  a 
speed control ler .  A stainless steel  post  is screwed to 
the  bot tom of the  Dewar  basepla te ;  this  post  fits into 
a bear ing  a t tached  to the  basep la te  of the  vacuum sys-  
tem. Since two bear ings  are  also located in the  ro t a ry  
seat area,  the Dewar  is posi t ioned to wi th in  smal l  
tolerances.  Consequent ly ,  the  torque  app l ied  to the  
Dewar  dur ing  its ro ta t ion causes only a s l ight  wobble,  
app rox ima te ly  _ 0.06 in. ver t ica l  d i sp lacement  at  the  
outer  edge of the  Dewar  baseplate .  

The ro t a ry  seal  is a d i f ferent ia l ly  p u m p e d  section 
contained be tween  Viton O-r ings  which  are  lubr ica ted  
wi th  Apiezon H or T grease. The weight  of the  Dewar  
is suppor ted  by  one of the  two bear ings  located in the  
seal  area.  With  the  Dewar  ro ta t ing  pr ior  to r e f r ige ra -  
tion, a vacuum in the  10 -6 to 10-7 Torr  range  i s  
typ ica l ly  obtained.  

Sec to r - shaped  meta l  plates  wi th  60 ~ angle  and 6.75 
in. rad ius  are  used as  cathodes in the  sput ter ing.  Wate r  
cooling is p rov ided  th rough  the ca thode supports .  
When  mul t ica thodic  spu t te r ing  is per formed,  the  ca th-  
odes are  posi t ioned ad jacent  to each other.  Separa te  
power  suppl ies  are  ava i lab le  for  th ree  cathodes.  Table  
I lists the  manufac tu re r ' s  r epor ted  pu r i ty  for each of 
the  metals .  Except  for te l lur ium,  silicon, and cadmium,  
al l  meta ls  were  purchased  in p la te  form. The t e l lu r ium 
was purchased  in lump form and vacuum mel ted  in a 
g raph i te  mold  to obta in  a plate.  Dur ing  remova l  from 
the mold, the  p la te  b roke  into severa l  pieces. Since 
t e l lu r ium sput ters  much fas ter  t han  a luminum,  the  
cathode suppor t  was covered wi th  a luminum foil  and  
the t e l lu r ium pieces were  fitted together  over  the  
foil. An  analysis  of a t e l lu r ium oxide film based on 
spark-source  mass spec t romet ry  indica ted  about  0.2 
w / o  (weight  per  cent)  AI. Si l icon powder  (--325 
mesh)  was g ranu la ted  wi th  ~ 5 %  sugar, hyd ros t a t i -  
ca l ly  pressed at  15,000 psi, fired in oxygen  at  400~ 
and then  fired in argon f rom 400 ~ to 1 3 5 0 ~  The r e -  
sul t ing pla te  made  a sui table  silicon cathode. P u r i t y  of 
the  pla te  was not  de te rmined ,  since res idual  impur i t ies  
f rom the sugar  would  form vola t i le  compounds dur ing  
react ive  sput ter ing,  most of which  would  be removed  
by  the pumping  system. A cadmium cathode was cast 
f rom ma te r i a l  of unknown pur i ty .  

React ive  sput te r ing  was pe r fo rmed  in a nomina l ly  
1:1 a rgon -oxygen  gas mix tu re  obta ined  f rom the 
Matheson Co., Inc. Cathode potent ia ls  appl ied  to most 
meta ls  were  in the  range  1200-2400v, but  potent ia ls  
appl ied  to nickel,  silicon, tungsten,  and  t an ta lum were  
in the  range  3000-4800v. Tota l  gas pressure  was gen-  
e ra l ly  in the  range  10-30 x 10 -3 Tort .  The ca thode-  
subs t ra te  spacing was about  1.4 in., except  for  the  

Table I. Cathode metals 

Cathode meta l  Suppl ier  Repor ted  pur i ty ,  % 

,E!;o. 
BAFFLE 

SHIELD 

GAS 
,.~ , ~ " - ' - I N L E T  i ~ I (), 

VACUUM 
Fig. I. Reactive sputtering apparatus 

W a 99.95 m i n i m u m  
BI b 99.999 
Pb  b 99.99 
Sn b 99.99 
Te* b 99.99 
Sb b 99,999 
Ag ~ 99.99 
Ta  99.9 
Cd 
Si t  b 99.99 
Ni  b 99 

(a) Sy lvan ia  Electr ic  Products ,  Inc.  
(b) Uni ted  Minera l  and  Chemica l  Corp. 
(c) Gal la rd-Schles inger  Chemica l  Mfg. Corp. 
* Obta ined  in lump form.  
t Obta ined  as --325 m e s h  powder .  
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t e l lu r ium cathode in which case i t  was 1.8 in. Sub-  
s t ra tes  were  c leaned wi th  2-5% HF, dis t i l led  water ,  
and F i she r  Certified ACS methanol .  F i lmed  subs t ra tes  
were  removed  from the vacuum system on the day  
fol lowing the  react ive  sput ter ing.  

X-ray  and optical measurements.--All  films were  
examined  by  x - r a y  diffract ion at  room t e m p e r a t u r e  on 
a Genera l  Electr ic  XRD-5 di f f rac tometer  equipped  
wi th  a Hamner  detec t ion  sys tem and a pulse height  
analyzer .  Cu Ka rad ia t ion  with  a Ni filter was used. 
Scanning ra tes  of 2.0 and 0.2 d e g / m i n  were  employed.  
All phase identifications were made from x-ray dif- 
fraction data and, unless otherwise mentioned, the 
source was the ASTM Powder Diffraction Data File. 

Specular reflectance measurements were made in 
the visible and near infrared by means of Perkin- 
Elmer Model 350 and Beckman Model DK-2R spectro- 
photometers. Refractive index n was determined as 
a function of wavelength from the relation 

nt ~ m~/4 [1] 

where  t is the  film thickness,  ~ is any  wave leng th  a t  
which a reflectance ex t r eme  occurs, and m is an in-  
t eger  which  descr ibes  the  order  of interference.  The 
value  of t was de t e rmined  wi th  a CEJ Multirni  3000D 
m u l t i p l e - b e a m  in ter ferometer ,  va lues  of k were  de te r -  
mined  f rom the reflectance measurements ,  and  values  
of m could be read i ly  assigned at  low orders  of  i n t e r -  
ference. Reflectance measurements  made  wi th  the  
Perkin-Elmer Model 350 spectrophotometer were cor- 
rected for nonnormal incidence, although the 20 ~ in- 
cidence resulted in a correction of n of only 1% for 
a lead oxide film. Reflectance maxima corresponding 
to optical thicknesses less than 5k/4 were not used, 
because of the dispersion errors encountered at low 
orders of interference (3, 4). 

The extinction coefficient k (~ = n-ik) was deter- 
mined as a function of wavelength by the method 
described by Ennos (4). The evaluation of /r at any 
wavelength is primarily determined by the difference 
in reflectance values measured from filmed and un- 
filmed areas of an aluminum-backed substrate. This 
method is particularly suitable for the determination 
of low k values. For these determinations, all spectro- 
photometric measurements were made with the Beck- 
man Model DK-2R spectrophotometer. 

Results 
Film crystallinity.--The as-depos i ted  films were  ex-  

amined  by  means  of x - r a y  diffraction. Only  oxide 
films of cadmium,  nickel,  and s i lver  were  crystal l ine.  
The common cubic forms of CdO and NiO were  ob-  
served.  Both compounds  showed a s t rong (111) p re -  
fe r red  orientat ion.  The s i lver  oxide  films were  b lack  
as deposi ted  and became l ight  b rown when hea ted  
at  100*C. The b lack  films contained AgO, AgsO, and a 
smal l  amount  of  Ag. The color change on hea t ing  was 
caused by  the  conversion of AgO to the  more  s table  
Ag20. These films were  p repa red  under  condit ions 
s imi lar  to those used by  Rollins and Weichman  (5).  
The phases observed  confirm the i r  in te rp re ta t ion  of 
resis tance measurements  being associated wi th  the  
presence of a h igher  oxide of s i lver  (Ag20~+~, 0 
x < l ) .  

Crystallization of amorphous f i lms.~Filmed sub-  
s t ra tes  were  cut into two or  th ree  pieces which were  
subjec ted  to var ious  t he rma l  t r ea tmen t s  in a smal l  
furnace.  The t ime of t he rma l  t r ea tmen t  had  no ap-  
pa ren t  effect on whe the r  or  not erys ta l l iza t ion  would 
occur, bu t  sometimes had  an effect on the  pa r t i cu l a r  
phases obta ined  when crys ta l l iza t ion  did occur. Re-  
sults of var ious  t he rma l  t r ea tmen t s  a re  summar ized  in 
Table  II. The t abu la t ed  the rma l  t r ea tmen t s  a r e  the  
lowest  t empe ra tu r e  t r ea tmen t s  for  which  c rys ta l l in i ty  
was de tec ted  by  x - r a y  diffraction. Near  the  c rys t a l -  
l izat ion tempera tures ,  the  t he rma l  t r ea tmen t s  were  
genera l ly  conducted at  in te rva ls  of 50~ a l though few 

Table II. Phase identification 

Thermal  
t r ea tmen t  for  
crystal l izat ion ASTM x - r a y  
Temp,  Time,  ca rd  or 

Oxide  of "C hr other re fe rence  Phases  

Cd 5-0640 CdO 
Ni 4-0835 NIO 
Ag Ref. (24~, 12-793, A g O  + A g : O  + Ag 

4-0783 
Sn 250 I 5-0467 SnO~ 
Bi 250 1 16-654 ~-Bi..,O3 

250 > I  Ref. (15) ~-BI~Ch 
Pb 250 1 Ref. (7) Pbr~hD 
W 350 1 6-0707, 5-0363 Ho.~WOs, WO~ (or- 

thorhombie)  
Te 400 3 II -693 TeO.; + u n k n o w n  

phase 
Sb 550 72 11-690, 11-694 Sb.~O~, Sheet  
Ta 650 3 Ref, {6, 9) ~-Ta~Oz~ 
Si 600 3 Amorphous  

t r ea tments  were  car r ied  out  be low 2500C. The silicon 
oxide  films were  not  hea ted  above 500"C, at  which 
t e m p e r a t u r e  t hey  were  st i l l  amorphous.  

Crys ta l l iza t ion  of the  oxide  films of t in,  ant imony,  
and lead produced  phases  which  exis t  in bu lk  form at 
room t empera tu r e  and pressure .  F i lms  of t in oxide  
crys ta l l ized  as the  ru t i le  analog of SnO2, as r epor ted  
by  Sincla i r  and  co -worke r s  (6). The an t imony  oxide 
films showed e i ther  Sb204 or  mix tures  of SbsO4 and 
Sb205. One of the  first lead  oxide  films, p r e p a r e d  pr io r  
to provisions for  subs t ra te  rotat ion,  c rys ta l l ized  as a 
m ix tu r e  of #-PbO2 and PblzOl~. A l l  o ther  lead  oxide 
films crys ta l l ized  as Pbt2Ol9 alone. The diffract ion da ta  
for Pb12019 obta ined  in this  inves t igat ion are  in 
agreement  wi th  those given by  Whi te  and Roy (7), 
wi th  the  except ion of the  d va lue  for the  first and 
s t rongest  reflection. They repor ted  d ---- 3.268A which 
is not  consistent  wi th  the i r  indexing.  The va lue  should 
be 3.158A which  also agrees  wi th  the  da ta  obta ined 
in this  work.  An  e r ror  of 1 ~ in the sca t te r ing  angle  
would  account  for  this  difference. 

Oxide  films of tan ta lum,  tungsten,  and  b i smuth  c rys -  
ta l l ized as metas table ,  h i g h - t e m p e r a t u r e  phases.  The 
diffract ion da ta  for the  t an t a lum oxide films are  in 
good agreement  wi th  those repor ted  by  Terao (8) 
and by  Sa r j ean t  and Roy (9) for  8-Ta205. Two differ-  
ent  phases occurred  in the  tungs ten  oxide  films. The 
first was found in one of the  in i t ia l  tungs ten  oxide  
films prepared ,  and the x - r a y  diffraction da ta  for it  
c losely resemble  the  da ta  for  H0.sWO3 repor ted  by  
Glemser  and N a uma nn  (10). The format ion  of a h y -  
d rogen-conta in ing  compound is not  surpris ing,  since 
Sosniak (11) and S te rn  and Caswel l  (12) have  
shown tha t  hydrogen  is a ma jo r  gaseous impur i t y  in 
sput te r ing  systems. Al l  o ther  tungs ten  oxide films re -  
sembled  the or thorhombic  WO3 s t ruc ture  which, in 
bu lk  form, has a s tab i l i ty  range  f rom 330 ~ to 720~ 
(13). To the  authors '  knowledge,  this  phase  has not  
been prev ious ly  obta ined  at  room tempera tu re .  The 
only  publ i shed  diffraction da ta  for this phase  are  l a t -  
t ice constants  as a funct ion of t e m p e r a t u r e  (13, 14). 
F r o m  such data,  i t  is appa ren t  tha t  the  diffract ion pa t -  
te rn  of the  or thorhombic  form closely resembles  tha t  
of the  r o o m - t e m p e r a t u r e  monocl inic  form, except  tha t  
the  former  po lymorph  has no unique h k l  reflections. 
A compar ison of the  authors '  diffract ion da ta  wi th  
the  ASTM da ta  for  the  monocl inie  form is given in 
Table III. 

The po lymorph ic  t rans format ions  which  occur in the  
b ismuth  oxide sys tem have been discussed by  Ga t tow 
and Sch(itze (15) and Levin  and Roth (16). A flow 
d iag ram presented  by  the fo rmer  authors  (15) is 
shown in Fig. 2. Al though  the #-modificat ion is m e t a -  
stable,  it  has been obta ined  at  room t e m p e r a t u r e  by  
quenching  the mel t  (9, 15, 16). The exis tence of 
b-BisOs has been shown by  h i g h - t e m p e r a t u r e  x - r a y  
diffract ion techniques (15, 16), but  an a t t empt  to ob-  
ta in  this po lymorph  at room t e m p e r a t u r e  by  quench-  
ing was unsuccessful  (16). 
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Table III. X-ray diffraction data for tungsten and tellurium oxides 

Tungsten WO~ (rnonoclinic) Tel lur ium TeOe 
oxide films ASTM 5-0363 Oxide films ASTM 11-693 

d I hkl d 1 d I hkl d l 

3.829 82 001 3.835 100 4.31 2 
020 3,762 95 4.08 2 lO1 4.068 13 

3.658 100 200 3,642 100 3.90 3 
011 3.408 5 3.42 6 110 3,404 85 

3.35 4 120 3.339 50 3.25 18 
11"1 3,106 50 3.12 2 111 3.107 13 

3.077 18 111 3,073 50 3.045 75 
021 2.681 75 2.986 100 102 2.988 lO0 
20]" 2.659 60 2.596 2 
201 "~ 2.540 < 1 112 2.536 1 

2.626 40 2 2 0 )  ~ 2.615 90 2.450 1 

221 2.170 50 2.419 1 
2.150 14 221 2.147 60 200 2.407 20 

31-1 1.989 35 2.396 1 
1.975 4 311 1.964 30 2.353 <1  
1.912 4 002 1.916 50 201 2.296 3 

040 1.877 50 2.151 1 210 2,151 3 
140 ~ 2,111 2 

1.824 10 ~" 1.818 75 
400 ..I 2.070 1 211 2.071 5 
112 1.805 40 113 "~ 

2,036 < 1 ~ 2,033 1 
1.794 8 112 1,791 50 202 

202"1 1.937 5 
1.705 60 

022J  1.910 16 004 1.904 11 
202~ 1.877 13 212 1.873 55 

1.690 5 ~> 1.686 55 
0 4 1 )  1.794 2 
14"1 1.645 25 203 1.746 3 
141" / 1.711 6 

1.640 I1 401 ~ 1,636 65 220 1.701 13 
/ I 1 4 ~  

420 J 1.662 14 1.661 20 
42"I 1.513 45 221 

1.504 4 421 1.498 35 213 1.641 5 
1.635 9 
1.597 9 

301 1,569 3 
1.521 4 310 1.521 9 

Crystall ization of the amorphous b ismuth  oxide films 
(Table II) occurs readi ly at 250~ The Bi203 poly- 
morph which original ly forms is the cubic 6-modifica- 
tion. Whereas Levin and Roth (16) reported a lattice 
constant  of 5.66A for this polymorph at 750~ the 
present  authors have obtained a value of 5.53A at 
25~ If it is assumed that  the thermal  expansion of 
b-BizO3 is l inear  over the tempera ture  range 25 ~ 
750~ and Levin and Roth (16) have shown that  this 
is a good assumption for all  Bi203 polymorphs, the 
calculated coefficient of l inear  thermal  expansion is 
24 x 10-6/~ This value is identical  with that  re-  
ported by Levin and Roth (16) for the tempera ture  
range 625~176 

The 5-Bi208 polymorph undergoes a transformation 
to the p-modification, accompanied by a color change 

A 
I 

I 

MELT 

6 4 0 - 6 6 0  ~ [ TETRAGONAL 

/ 
MONOCLINIC I 

a 'B i203  I 

Fig. 2. Phase relations of Bi203 after Gattow and Schiitze (15) 

from brown to yellow, if the thermal  t rea tment  is ex- 
tended beyond about 1 hr. Although both modifica- 
tions are metastable at room temperature,  the t rans-  
formation is in the direction of increasing stability. No 
fur ther  phase t ransformations occurred when  a film 
was heated at 295~ for 71 hr. Presumably,  higher 
temperatures  would result  in conversion of the/~-mod- 
ification to the stable ~-modification. 

Whereas amorphous te l lur ium oxide films are t rans-  
parent  and near ly  colorless, the thermal ly  crystallized 
films are opaque and white. These features, and the 
appearance of "splatter" marks, dist inguish crystal-  
lized te l lur ium oxide films from other crystallized 
films. The observations suggest the evolution of gas 
from the films. Amorphous ~-TeO~ is reported (17) 
to decompose to Te205 and then to the stable TeO., at 
400~ the tempera ture  at which the films crystallized. 
Consequently,  the presence of large amounts  of the 
higher oxides in the amorphous films is indicated. This 
was qual i tat ively verified by observing the efferves- 
cent reaction which occurred when amorphous tel-  
l u r ium oxide films were immersed in a 30% NaOH 
solution. Bulk Te205, and presumably  TeO3, react in 
this manne r  (17), whereas TeO2 does not yield an 
effervescent reaction. Such observations only indicate 
the presence of the higher oxides; the presence of 
TeO2 is not excluded. Therefore, the films are desig- 
nated TeO2+x(0 < x --~ 1). 

X - r a y  diffraction analyses show that  crystall ization 
of the amorphous TeO2+z films commences with the 
formation of an unidentified phase. This phase t rans-  
forms to te t ragonal  TeO2 when  heated for a longer 
period of t ime or at a higher temperature.  It was not 
possible to obtain a good diffraction pa t te rn  of the 
unidentified phase alone. A comparison of the ASTM 
data for tetragonal  TeO~ and the data obtained from 
a representat ive film containing both phases is given 
in Table III. High- tempera ture  x - r a y  diffractometry 
has shown that  bu lk  TeO2 undergoes no polymorphic 
t ransformations when  heated to its mel t ing point in 
air. The data for the unidentif ied phase do not suggest 
formation of the orthorhombic or high-pressure TeO2 
polymorphs (18). The unidentif ied phase may repre-  
sent a higher oxide of tel lurium, but  the diffraction 
data are not in sufficient agreement  with those re-  
ported (19) for TeO3 phases prepared by hydro-  
thermal  methods to give definite identification. 

Optical properties.--Optical properties of some 
amorphous films are shown in Fig. 3 and 4. Ind iv idua l  
films are identified by numbers  which refer to the 
sput ter ing run  and by letters which refer to the 
various substrates used in any given run. The order 
of increasing refractive index is the same as the order 
of increasing extinct ion coefficient. The uncer ta in ty  in 
the refractive index of any  film is wi th in  ___ 4% and 
is pr imar i ly  due to the uncer ta in ty  in the film thick-  
ness. For the oxide films of tungsten,  te l lur ium, and 
tin, k --~ 0.002 at ~. --~ 450 m~. The exper imenta l  un -  
cer ta inty in k is estimated to be wi th in  _+ 0.003 for 
the lowest k values. 

Few t in oxide films were obtained which were thick 
enough for optical measurements,  because the t in  
cathode melted unless sputtered at a very low depo- 
sition rate. Amorphous bismuth oxide and lead oxide 
films are brown in transmission, whereas the other 
amorphous films are near ly  colorless. The crystal l ine 
oxide films of cadmium, nickel, and silver are all col- 
ored; CdO is yellow, and the others are black. 

Reactively sputtered bismuth oxide films have long 
been used as h igh-ref rac t ive- index  dielectric films. 
The main  problem associated wi th  such films is the 
presence of optical absorption. Clapham (20) has ex- 
amined the effect of gas composition used in sput ter-  
ing on optical absorption. He found that  the absorp- 
t ion is minimized when the ratio of argon to oxygen 
flow rates is about 100: 1. In  his work, optical proper-  
ties were determined for films deposited on glass sub- 
strates, while electron diffraction pat terns were ob- 
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Fig. 5. Comparison of extinction coefficients of Bi203 films ob- 20 SnO �9 A ,,, W~J;~v,,~.._~.-- ~ tainedinthisinvestigationwiththoseobtainedbyClapham(20). 

lent agreement (well within experimental  error) with 
those obtained by Clapham (20). The value of the ex- 

18 | I I I I I I I / tinetion coefficient of the amorphous films at 550 m~ 
is 0.056, which is in reasonable agreement with the 
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Fig. 3. Refractive index of amorphous films as a function of wove- 
length. Identification and thickness of films: Pb12019--O, 69F, 
3840/~; ~ ,  9H, 4060~,; 0 ,  8A, 2730/~; Bi203--11, 20A, 3290~,; 
~ ,  20B, 3240~; I1, 20D, 3320~,; [] ,  5A, 2580~,; [] ,  66B, 
2690~,; I1~, 66D, 2620~,; WO3- -G,  79B, 3450~; ~ ,  80A, 
3780A; e, 74G, 3490.&; TeO2+~--A, 68E, 3760A; V,  67A, 
2930~,; ~7, 67D, 2880~; A,  24D, 4870~,; 5nO2--X, 19D, 
2930s 
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Fig. 4. Extinction coefficient of amorphous films as a function of 

wavelength. Identification of films: !--Sn02; 2~TeO2+x; 3--  
W03; 4---Bi203; 5--Pb120zo. 

tained for films deposited on carbon supports. The 
films were identified as ~-Bi203. 

In the present investigation, both optical and struc- 
tural  properties were determined for films deposited 
on glass substrates. The refractive index data obtained 
for the amorphous bismuth oxide films are in excel- 

value of 0.07 reported by Clapham for a film prepared 
with a large excess of oxygen in the gas mixture. 
Transformation of the amorphous bismuth oxide to 
the/~-modification, however, results in a large decrease 
in optical absorption without any detectable change 
in the refractive index. Extinction coefficient values 
of /~-Bi20~ films were determined in the usual man- 
ner and are compared with Clapham's (20) minimum- 
absorption values in Fig. 5. Values presented for the 
amorphous films are those shown in Fig. 4. The values 
obtained for /~-Bi203 films are lower than Clapham's 
minimum-absorption values. These results show that 
optical absorption in bismuth oxide films is highly de- 
pendent on structure. Films of low absorption and high 
refractive index can be prepared via the crystall iza- 
tion of amorphous- or ~-Bi203 films of high absorp- 
tion which have been prepared by reactive sputtering 
in an excess-oxygen gas mixture. Consequently, gas 
composition need not be a carefully controlled sput- 
tering parameter. 

Discussion 
The amorphous metal oxides prepared in this work, 

with the exception of SIO2, have not been reported to 
form bulk glasses. Amorphous films of SiO2 and SnO., 
have been prepared by reactive sputtering by Sinclair 
and Peters (1). Those of Ta205 have been prepared 
by reactive sputtering by Gerstenberg and Calbick 
(21). The other amorphous films have apparently not 
been reported. Only crystalline lead oxide films have 
been prepared by reactive sputtering by Lappe (22) 
and Sinclair and Peters (1). Substrate refrigeration 
was used in this work to maximize the number of 
amorphous materials  prepared. That it had this effect 
was shown by the preparation of amorphous Bi20~ 
with substrate refrigeration and crystalline 5-Bi20~ 
without it. 

Sarjeant  and Roy (9) have examined the phases of 
metal oxides obtained from splat cooling and other 
rapid-quenching techniques. They were unable to 
prepare amorphous Bi203, Ta205, SnO2, or WO3 (ex- 
cept in the presence of some crystalline WO~). In the 
present investigation, all of these metal  oxides were 
prepared as amorphous films. Consequently, the depo- 
sition of reactively sputtered films on refrigerated 
substrates represents a more effective method of 
quenching than the techniques employed by Sarjeant  
and Roy (9). 

The crystallization of the amorphous films often 
produces metastable high-temperature phases which 
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suggests tha t  such films can be rega rded  as super -  
cooled liquids. In  par t icu lar ,  the  format ion  of 5-Bi203 
on crys ta l l iza t ion of the  amorphous  Bi203 is good evi-  
dence tha t  these films are  s t ruc tu ra l ly  comparable  to 
supercooled mel ts  (see Fig. 2). If  glass is defined as 
an amorphous,  rigid, supercooled melt ,  such films can 
be considered to be glasses. Sincla i r  (23) has ex-  
pressed the opinion tha t  glass films be defined as those 
having an amorphous  s t ruc ture  and a sufficiently high 
viscosi ty so tha t  the  s t ruc ture  is rigid.  According to 
this definition, the  amorphous  films p repared  in the 
present  invest igat ion must  be r ega rded  as glass films. 

Crysta l l iza t ion of the amorphous  WO3 films usual ly  
gave rise to the  or thorhombic  modification ra the r  than 
the h i g h e r - t e m p e r a t u r e  t e t ragona l  modification ob-  
ta ined by  Sa r j ean t  and Roy (9). The amorphous  films, 
if supercooled liquids, would have been expected  to 
crys ta l l ize  in i t ia l ly  as the te t ragona l  modification, and 
then  t r ans fo rm to the  or thorhombic  modification. The 
possibi l i ty  exists  that  this m a y  have occurred,  but  the 
t e t ragona l  to or thorhombic  t rans format ion  occurred 
too quickly  to be observed.  

F rom the phases observed,  i t  is apparen t  tha t  the  
meta l  a toms of films reac t ive ly  sput te red  in an excess-  
oxygen a tmosphere  are  f requent ly  in high oxida t ion  
state's. This is not meant  to imply  that  the  highest  ox-  
idat ion states are  a lways  obtained.  Rather ,  it  indi-  
cates tha t  the lower oxidat ion states,  which may  be 
more common in some of the  me ta l  oxides p repa red  
by other  techniques,  are  not necessar i ly  to be ex -  
pected from the h igh ly  energet ic  sput te r ing  process. 
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Optimization of Electroluminescent Efficiencies 
for Vapor-Grown GaAs,_xPx Diodes 
C. J. Nuese, J. J. Tiet jen,  J. J. Gannon, and H. F. Gossenberger 

RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

A series of GaAst-.~P~ diodes have been prepared by a vapor-phase growth 
technique to investigate the effects of current-spreading,  absorption, im-  
pur i ty  concentrations, and alloy composition on room-tempera ture  electro- 
luminescent  efficiencies. It is shown that  for m a x i m u m  efficiencies, a diode 
s tructure should be prepared with a p+ surface layer to enhance current  
spreading, and a GaAs~-zPx "window" containing about 10% more GaP than 
the p -n  junct ion region to reduce absorption losses. It is also shown that the 
most efficient radiat ive recombinat ion originates on the p-side of the junct ion;  
low acceptor concentrat ions and high donor concentrat ions which are re- 
quired for strong electron injection into the p-side of the junct ion are thus 
found to result  in highest e lectroluminescent  efficiencies. Slow compositional 
grading between the GaAs substrate and the GaAsl-~Px p -n  junct ion also 
resulted in increased efficiencies. A drop-off in efficiency near  the d i rec t - in-  
direct t ransi t ion for values of x increasing from 0.38 was found to be severe, 
however, a corresponding increase in the spectral sensit ivi ty of the eye was 
found to provide a broad max i mum in diode brightness at emission wave-  
lengths near  6800A (x ~ 0.38). P lanar  uncoated diodes have provided br ight-  
ness values in excess of 300 f t -L at 10 amp/cm 2 wi th  external  efficiencies of 
2 x 10 -4 at 6400A. Plastic encapsulants  can be readily used as domes to in -  
crease external  efficiencies by a factor of 3, or as directional lenses to pro- 
vide beam-widths  as nar row as 7 ~ . 

Several semiconductor compounds have been consid- 
ered for d-c room-tempera ture  v is ib le- l ight-emit t ing 
diodes, the most promising to date being GaP, 
GaAsl-zPx,  and All-xGazAs. In GaP, high external  
efficiencies (~-- 2%) have been measured (1), although 
much of the radiat ion is in the infrared. Recent results 
for solut ion-grown All-~GaxAs have also been very 
encouraging (2) (0.4% for shaped, coated diodes emit-  
t ing at 6500A). The work reported here is concerned 
with de termining the potential  of the system 
GaAsl-=P= for the fabrication of electroluminescent  
diodes. Such devices have application as small indicat-  
ing lamps, for a lpha-numer ic  displays, and in various 
optical systems requir ing a part icular  emission wave-  
length (e.g., to match a detector or photosensitive de- 
vice). 

In order to optimize GaAsz-~.P= electroluminescent  
efficiencies, it is desirable to separate the relevant  
parameters  and to determine the importance of each. 
For this purpose, a vapor-phase growth technique is 
par t icular ly  well-suited. With it, one can individual ly  
control such parameters  as alloy composition, junct ion  
depth, impur i ty  concentration,  and compensation, etc.; 
this is not the case for diffused diodes where many  of 
these parameters  are s trongly interrelated.  In addition, 
the ease of successively depositing different type layers 
of GaAsl-xP= is found to be impor tant  for the fabrica- 
t ion of diodes with reduced absorption losses and uni -  
form light emission. 

The vapor-phase growth of GaAs1-=P~ p-n  junct ions 
has previously been employed for the fabrication of 
inject ion lasers capable of pulsed room-tempera ture  
(3) or c-w operation at 77~ (4). In  addition, vapor-  
phase growth has been used to clarify the effects of 
absorption, temperature ,  and impur i ty  concentrat ions 
on  t h e  quan tum efficiency of GaAs noncoherent  diodes 
(5). For this research, s imilar  growth techniques have 
been used to prepare GaAsl-~P= junct ion  structures 
specifically designed for v is ib le- l ight -emit t ing  sources 
operat ing in  t h e  spontaneous mode. 

Experimental Procedure 
The GaAsz-~Px used in this study was deposited epi- 

taxiaUy on <100>-or i en ted  n - type  GaAs substrates by 
an open- tube  vapor-phase  growth technique which has 
b e e n  described previously (6). Briefly, arsine and phos- 

phine are used as the source of arsenic and phosphorus, 
while HC1 gas is used as a t ransport  agent for the gal- 
lium. Donor and acceptor doping is accomplished by 
using hydrogen-selenide gas and Zn vapor, respec- 
tively. 

The electroluminescent  diodes were prepared in an 
n - p - p  + structure,  as shown in Fig. 1, by grading the 
phosphorus concentration, x, from zero at the GaAs 
substrate to about 0.4-0.6 just  below the p -n  junction.  
Following junct ion formation, a fur ther  increase in 
phosphorus concentrat ion was employed to provide a 
h igh-energy-gap  "window" for the junct ion radiation. 
A p+ layer was used in the outermost portion of the 
window in order to spread the current  la teral ly  from 
beneath small surface contacts so that the radiat ive 
recombinat ion would occur uni formly  over the p -n  
junction.  It should be noted that the structure of Fig. 
1, consisting of various impur i ty  concentrations and 
alloy compositions, is prepared in one continuous 
growth operation and, unl ike  diffused and (usually)  
solut ion-regrown diodes, does not require an addit ional 
high tempera ture  process to form or anneal  the p-n  
junction.  

Diode fabrication procedures were similar to those 
used for vapor -grown GaAs electroIuminescent diodes 
(5). An array of small  Ag-Mn ohmic contacts (7) was 
evaporated to the as-grown p-type epitaxial  surface, 
and a continuous A u- S n  contact was evaporated to a 
lapped surface of the n- type  GaAs substrate. Individual  
chips, 1 mm 2, were cleaved from the wafer, mounted on 

m m 

l~*(Zn) EPITAXY (~8p-) 

P (Zn) EPITAXY (~8#) 
t x = o.45---~ o.55 

~x= o.45 

n (Se) EPITAXY (20-40H) t x : 0 - - ~ 0 " 4 5  
J 

n + GoAs SUBSTRATE 

Fig. 1. Vapor-grown GaAst-.rP.r electroluminescent diode struc- 
ture. Light emission passes through the p and p+ layers and is 
emitted from the uppermost p ~ surface. 
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a t ransis tor  header, and contacted with Au leads on an 
ultrasonic bonder. 

The external  quan tum efficiency was measured with 
a calibrated, large-area  silicon solar ceil (Hoffman 2A) 
placed in close proximity to the uppermost  p- type 
l ight -emit t ing  surface of the diode. Emission from the 
four cleaved edges of the diode was not measured by 
this technique,  and therefore, the reported efficiency 
v~ilues are estimated to be low by about 10%. Spectral 
measurements  were taken on a Spex 1700 grat ing 
monochromator  with an S-1 photomult ipl ier  and a s -  
s o c i a t e d  amplifying and recording electronics. All elec- 
trical and optical measurements  were taken with ap- 
plied current  densities and /o r  duty  cycles small enough 
to avoid adverse heat ing effects. 

Donor and acceptor impur i ty  concentrat ions were 
approximated by comparison with epitaxial  Hall sam- 
ples prepared under  similar  growth conditions. 
GaAs1-~Px alloy compositions were occasionally deter-  
mined by x - r ay  diffractometry, but  were usual ly ap- 
proximated from the junct ion emission energy and the 
known relationship (6) between energy gap and alloy 
composition. 

Results and Discussion 
Current spreading and absorption.NTo evaluate the 

performance of the diode s t ructure  of Fig. 1, we first 
examine the importance of the p+ layer  in spreading 
the current  from beneath the dot contacts (Fig. 2). The 
microphotograph of Fig. (2a) shows an extreme exam-  
ple of current  localization beneath the contacts, which 
is found to occur for diodes without  (or with too th in)  
a p+ layer. A typical  junct ion acceptor concentrat ion 
of 3 x 10 TM holes/cm 3 (p ~ 10-2 ohm-cm) is too low to 
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provide adequate lateral  conduction between the con- 
tacts. Such localization is undesirable  because a large 
fraction of the emission is blocked by the metalization 
and reflected back into the (absorbing) semiconductor. 
For Fig. (2b), an 8~ thick p+ layer of Zn-doped 
GaAsl-xPx with p ~ 3 x 10 TM cm -3 (p ~-10 -3 ohm-cm) 
was vapor-grown above a similar p - n  junction.  Here, 
the light emission is relat ively un i form over the 4 m m  ~ 
junct ion area, even though less than  6% of the p+ 
surface is metalized. A doping concentrat ion of about 
3 x 1019 cm -3 was found empirical ly to best enhance 
the current  spreading. This n - p - p  + s t ructure  was then  
used in all subsequent  experiments.  

It is well  known that  room-tempera ture  absorption 
losses significantly l imit  the external  efficiencies of 
nea r -band-gap-emi t t i ng  electroluminescent  diodes (5, 
8-10). One technique for reducing this absorption is 
with a h igher -energy-gap  window adjacent  to the p -n  
junct ion (11), so that the lower energy junct ion  emis- 
sion t ravels  to the semiconductor surface wi th  li t t le 
at tenuation.  We have previously reported the use of 
GaAsl-xPx windows with vapor-grown GaAs electro- 
luminescent  diodes (5), and have also found such 
windows effective for reducing the absorption losses 
of the GaAsl-xPx diodes described here. 

A series of 6 GaAsl-xPx wafers were prepared as 
described above, each with a window of different alloy 
composition above the p - n  junction,  bu t  as alike as 
possible in alloy composition (x ~ 0.41) at the junc-  
tion and in impur i ty  concentrat ions (n ---- 2 x 10 TM, p 
3 x 10 TM, p+ = 3 x 10 TM cm-3) .  For these wafers, the p 
and p+ layers were each about 8~ thick, and the com- 
positional grading to provide the window was init iated 
about 2~ beyond the p -n  junct ion,  so as not to alter 
the junct ion  recombinat ion process. The external  quan-  
tum efficiency of diodes prepared from these wafers is 
plotted in Fig. 3 as a function of the difference in phos- 
phorus composition, • between the surface and the 
junction.  

The improvement  in external  efficiency (by a factor 
of about 3) for windows with _~x = 0.1 is a t t r ibuted to 
reduced absorption losses. The effectiveness of the win-  
dow for the s tructure used here is always l imited by 
high free-carr ier  absorption in the p+ layer, even at 
photon energies significantly less than  bandgap. Cal- 
culations with p- type GaAs (for which room-tempera-  
ture absorption data are available)  indicate that  one 
should expect a reduct ion in absorption on the order of 
3 for a s t ructure  similar  to that  in Fig. 1. 

The decrease in relat ive external  efficiency for hx 
0.1 is main ly  due to inadequate  current  spreading 
which is observed for contacts applied to phosphorus-  
rich GaAsl-xPx. At increased phosphorus concentra-  
tions, the surface conduct ivi ty of the p+ layer  de- 
creases due to lower hole mobilities, as well  as to a 
reduct ion in the solubil i ty of Zn in GaAsl-~Px at the 

x I 0  -5 

Fig. 2. Current spreading in GaAsl-xPx electroluminescent di- 
odes. All of the illumination for these microphotographs was pro- 
vided by the hand-gap diode emission. T = 3fl0~ For both 
photos, ohmic contacts are 0.005 in. diameter dots located on 
0.020 in. centers. (a, top) Extreme current Iocatizatlon beneath 
ohmic contacts, which is caused by absence of p+ layer. (b, bot- 
tom) Uniform light emission enhanced by presence of 8/~ thick p+ 
surface layer doped to 3 x 1019 cm -3.  
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composition, _~x, between surface and junction. External efficiencies 
have been corrected slightly to normalize variations in emission 
wavelength. 
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growth tempera ture  (775~ (14). It  is also possible 
that excessive strain due to lattice mismatch or to dif- 
ferences in  thermal  expansion coefficients (15) can re- 
duce the junct ion  efficiency whenever  the alloy com- 
position in the window is graded too rapidly. The ef- 
fect of grading on junct ion  efficiencies is again men-  
t ioned below. 

Impurity concentrations.--After optimizing the p+ 
layer  to obtain light un i formi ty  and the phosphorus- 
rich window to reduce absorption, a series of 11 wafers 
was prepared to determine the effects of impur i ty  con- 
centrat ions on junct ion  efficiency. For one group of 5 
wafers, the doner (Se) concentrat ion was main ta ined  
at 2"x 10 TM cm -3, and the acceptor (Zn) concentrat ion 
was in tent ional ly  varied from wafer  to wafer  between 
1 x 10 TM and 3 x 10 TM cm -s. For the second group of 
6 wafers, the  Zn concentrat ion was held at 3 x 10 TM 

cm -3, while the Se concentrat ion was varied between 
6 x 10 TM and 5 x 10 TM cm -3. For all of the wafers, the 
p+ layer  was main ta ined  at 3 x 10 TM cm -3 to ensure 
good current  spreading. 

The results of room tempera ture  efficiency measure-  
ments  for diodes fabricated from these wafers are 
shown in Fig. 4 and 5. Also included are similar  results 
for GaAs vapor-grown diodes from a previous publica-  
t ion (5). Immediate ly  apparent  is the lower efficiencies 
(by a factor of about 25) for the GaAsI-xP~ diodes 
as compared to those of GaAs. A reduct ion in 
GaAsl-xPx efficiencies for alloy compositions near  the 
direct- indirect  t ransi t ion has been observed previously 
(22, 23), and  is evaluated fur ther  below. However, also 
interest ing in Fig. 4 is the relat ively gradual  drop-off 
in efficiency for GaAsl-xPx diodes that  occurs with in-  
creasing acceptor concentrat ions at a value as low as 
3 x 10 TM cm -3. This effect is probably  due to two fac- 
tors. First, for high acceptor concentrat ions (p ~ 1019 
cm-3) ,  the absorption coefficient remains large for 
photon energies less than bandgap (13), due to large 
f ree-carr ier  absorption. Thus, a h igh-energy-gap  win-  
dow would then  be much less effective in reducing ab-  
sorption and would result  in a reduct ion in external  
efficiencies (but  not in te rna l  efficiencies) at high accep- 
tor concentrations. 
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Fig. 4. Dependence of external quantum efficiency on the ac- 
ceptor concentration on the p-side of the junction, x ~ 0.41, n 
2 x 10 TM cm - 3 ,  p+ ~ 3 x 10 TM cm - 3 ,  T ~ 300~ Efficiencies 
were corrected slightly for small variations in emission wavelength. 
GaAs data are from previous publication (5). 

i0-?, 

,.z, lo- 

uJ 5 

I -  

300OK 

GoAs Q 
_ ~ GaAs58 ~ P42 

, r I . . . .  I , , , ,  . . . .  I , . . . . . . .  I 
5 I017 2 5 I018 2 5 1019 

DONOR CONCENTRATION (r -3) 

Fig. 5. Dependence of external quantum efficiency on the donor 
concentration on the n-side of the junction, x ~ 0.41, p 
3 x 10 TM cm -3 ,  p+ = 3 x 1019 cm -3 ,  T ~ 300~ Efficiencies 
were corrected slightly for small variations in emission wavelength. 
GaAs data are from previous publication (5). 

Second, the electron inject ion efficiency into the ra-  
diatively efficient p-region,  which is given by (16) 

1 
= [ 1 ]  n~p ~ /  p#p 

1 Jr- - -  n~n 

decreases by at least a factor of 3 for an increase in  
acceptor concentrat ion from 1 x 10 TM cm -3 to 5 x 10 TM 

cm -3. In general, the electron inject ion efficiency, Y._.,, 

in GaAsl-xPx junct ions  with alloy compositions near  
the direct- indirect  t ransi t ion (x ---- 0.44) would be ex- 
pected to decrease (as compared to GaAs junct ions)  
due to the large drop-off in electron mobility, #,, from 
its GaAs value (17, 18). The reduction in #n (and ~n/#l~) 
would require a smaller  acceptor concentrat ion and /o r  
a larger donor concentrat ion to main ta in  the electron 
inject ion efficiency for GaAsl-xPx junct ions equal to 
that  for GaAs diodes. The fact that  the efficiency peaks 
do occur at lower acceptor concentrat ions (Fig. 4) and 
higher donor concentrat ions (Fig. 5) for GaAsl -xPz  
than for GaAs is consistent with this inject ion process. 

In  Fig. 5, the ini t ial  increase in efficiency with in-  
creasing donor concentrat ion is again par t ly  due to 
increasing electron inject ion into the p-region,  accord- 
ing to Eq. [1]. Over the range of doping studied here, 
Tn_. p would increase by about a factor of 3, somewhat 

less than the observed efficiency increase in Fig. 5. The 
peak in efficiency occurs at about n ~ 3 x 10 TM cm -8, 
higher than  that  for GaAs, as ment ioned previously. 
The very sharp fall-off in efficiency for n = 4-5 x 10 TM 

cm - s  is not clearly understood, but  may  be related to 
metal lurgical  imperfections (e.g., Se-precipi tat ion) 
which occur at such high donor concentrat ions (19). 

The electron inject ion model suggested by Fig. 4 
and 5 is based on the assumption of efficient recom- 
binat ion occurring pr imar i ly  on the p-side of the junc -  
tion, an assumption which is supported by  photolumin-  
escence measurements  on bulk  n -  and p- type  epitaxial  
wafers. Room tempera ture  photoluminescence of p- 
type wafers consists of a strong nea r -band -gap  peak; 
however, for n - type  wafers such peaks are very  weak 
by comparison. 

The fact that  the radiat ion originates pr imar i ly  from 
the p-side of the junct ion  is also independent ly  con- 
firmed by examinat ion  of the spectral half -widths  for 
these diodes. The half-width,  ~ ,  plotted in Fig. 6 as a 
funct ion of the donor or acceptor concentration, re-  
mains  re la t ively constant  at about 160A over the ent i re  
range of donor concentrations,  but  increases signifi- 
cant ly  with increasing acceptor concentration. Such an 
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increase is well  known to result  from impur i ty  band 
tailing, which demonstrates,  in this case, that  the ac- 
ceptor impuri ty,  and therefore the p-side of the junc-  
tion, is the effective origin of efficient recombination. 
This is also the case for GaAsl-xPx diffused p -n  junc-  
tions (20, 21). 

The possibility of the spectral half -widths  of Fig. 6 
being distorted by a preferent ial  absorption of the 
h igh-energy  emission edge does exist; however,  an 
expected increase in absorption at high acceptor con- 
centrat ions would cause a decrease in spectral half-  
Widths, contrary  to Fig. 6. 

Alloy composition.--For GaAsl-xPx diodes having 
compositions near  the direct- indirect  t ransi t ion (x 
0.44), a drop-off in efficiency with increasing phos- 
phorus concentrat ion has been previously noted (22, 
23). In  Fig. 7, the extent  of this effect is clearly de- 
picted, showing a decrease in efficiency by almost 3 
orders of magni tude  between 6800A (x ~ 0.38) and 
6000A (x ~ 0.60). Such behavior  is caused by the 
t ransfer  of electrons from the direct [000] conduction 
band m i n i m u m  to the six indirect  <100> min ima  (23), 
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Fig. 7. External quantum efficiency vs. emission wavelength for 
G a A s l - ~ P x  junction diodes. T = 300~ Al l  diodes are planar 
and uncoated, o Se, n = 2 x 10 TM cm - 3 ,  graded at  2 % / # ;  
x Se, n = 2 x 10 TM cm - 3 ,  graded at  1 % / # ;  o Te,  n = S x 1017 
cm - 3 .  

or to "shallow" donor states associated with the in-  
direct min ima  (24). At 6800A, p lanar  uncoated diodes 
yield average efficiencies of 3-4 x 10 -4, with best ef- 
ficiencies anticipated to be at least as high as 1 x 10 -8 
(by extrapolat ing the best efficiency results at shorter 
wavelengths,  where many  more wafers were pre-  
pared) .  

Several  of the diodes with highest efficiencies in 
Fig. 7 were obtained by grading the alloy composi- 
tion more slowly between the GaAs substrate and 
the GaAsl-xPx p - n  junction.  Whereas typical ly the 
phosphorus concentration, x, was graded at a rate of 
about 2%/#, most of the highest efficiency diodes 
were prepared from a few wafers which were graded 
at a rate of l%/g.  With the slower grading, not only 
were efficiencies higher, bu t  a faint  dark  gr id-ne t -  
work (25) (faint ly observable in Fig. 2b), which had 
always been present  in the more rapidly graded sam- 
ples, was not detected. The lower efficiencies and the 
gr id- l ike array of dark "lines" are believed to be due 
to s t ra in- induced dislocation arrays caused by rapid 
grading. 

Also note in Fig. 7 that  comparable efficiencies have 
been obtained for GaAs1-zPz diodes employing ei ther  
Se or Te as the donor impuri ty.  However, to date, 
Te donor concentrat ions in GaAsl-xPx have been 
l imited by growth conditions to about 5 x 1017 cm -3, 
whereas the Se donor concentrat ions in Fig. 7 are 
typical ly 2 x 1018 cm -3. Thus, if the dependence of 
efficiency on Te concentrat ion is similar to that  for 
Se (Fig. 5), and if Te can be incorporated into the 
lattice at concentrat ions comparable to those of Se, 
then Te should provide still higher efficiencies than  
those shown in Fig. 7. 

Perhaps of greater  interest  than the external  quan-  
tum efficiency of v is ib le- l ight -emit t ing  diodes is their  
brightness, which takes into consideration the spec- 
t ra l  sensit ivi ty of the huma n  eye. The Luminosi ty  
Factor  (26), F, plotted in Fig. 8, accounts for the eyes' 
dependence on spectral wavelength,  peaking at a value 
of 1.0 for its ma x i mum response at 5550A green light, 
and decreasing rapidly toward zero for near - in f ra red  
radiation. 

The brightness, B, of a p lanar  electroluminescent  di- 
ode is proport ional  to the power radiated per uni t  area 
of source, and to the Luminosi ty  Factor  of the h u m a n  
eye. For a monochromatic-source approximation,  the 
brightness can be expressed as 

7 . 8  X 1 0  5 F ~]ext I 
B (in f t -L) = [2] 

XA 

In  Eq. [2], ~]ext is the externa l  q u a n t u m  efficiency, )~ 
is the peak emission wavelength in microns, I is the 
applied diode current  in amperes, and A is the ob- 
served l ight -emit t ing  area. The relative brightness of 
GaAs1-xPx diodes, also plotted in Fig. 8, is determined 
pr imari ly  by the strong wavelength dependence of F 
and of Tlext, and is seen to peak at emission wave-  
lengths of 6700-6800A. The dependence of brightness 
on alloy composition (or wavelength)  is much  less 
severe than the efficiency dependence, vary ing  by less 
than  a factor of 3 be tween 6200 and 7100A. Highest 
brightness values at room tempera ture  for these di-  
odes are about 300 f t -L for applied current  densities 
of 10 amp/cm 2. However, these results have been ob- 
tained with diodes emit t ing at 6400-6600A, which cor- 
responds to those compositions for which the largest 
number  of wafers have been grown. By concentrat ing 
on the 6700-6800A range, only slightly higher br ight-  
ness values than  the 300 f t -L can be expected. 

Diode encapsulants.--Thus far we have treated the 
optimization of mater ia l  parameters  for electrolumi-  
nescent  efficiencies of p lanar  GaAst-=P= diodes. How- 
ever, a simple p lanar  s t ructure  is relat ively inefficient 
for diodes of GaAsl-=P= (and of most other I I I -V 
compounds),  because of large in te rna l  reflections at 
the semiconductor-air  interface. The critical angle, 
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r for to ta l  in t e rna l  reflection (i.e., the  larges t  angle  
which  incident  rad ia t ion  can subtend and st i l l  be 
diffracted f rom the c rys ta l ) ,  is defined by  the  equa-  
tion (27) 

sin r  = no~hi [ 3 ]  

where  nl  and no are  the  re f rac t ive  indices for the  
semiconductor  and  for  the  su r rounding  medium,  re -  
spect ively.  For  a G a A s l - = P x - a i r  interface,  the  large  
mismatch  in re f rac t ive  index  ( ~  3.6 for GaAs l -xPx ,  
1.0 for  air)  defines a cr i t ica l  angle  of only  16 ~ so tha t  
a large  f ract ion (about  98%) of the  r a n d o m l y  or iented  
junct ion  rad ia t ion  is to ta l ly  reflected back  into the  
semiconductor  (28), and efficiently absorbed.  

A convenient  technique  for reducing  these reflec- 
t ion losses is by  "capping" the  p l ana r  diode wi th  a 
t r anspa ren t  m a t e r i a l  which  more  closely matches  the  
large  re f rac t ive  index  of GaASl-=Px. Plas t ic  caps ( in-  
c luding urethanes,  epoxies,  lucites, etc.) have  been 
successful ly employed  for this  purpose;  however ,  two 
requ i rements  a re  imposed on such caps. The first is, 
obviously,  a high re f rac t ive  index to increase  r  for 
rad ia t ion  at  the  semiconductor -p las t ic  interface,  whi le  
the  second is appropr i a t e  shaping to t r ansmi t  most of 
the  rad ia t ion  f rom the  semiconductor  into the  a i r  
wi thou t  la rge  reflection losses at  the  p l a s t i c -a i r  i n t e r -  
face. Theoret ical ly ,  no efficiency improvemen t  is ob-  
ta ined  for  a pe r fec t ly  p l ana r  coating, regard less  of its 
re f rac t ive  index.  1 Actua l ly ,  improvement s  of ~ 40% 
occur for such coatings because of opt ical  inhomo-  
genei t ies  and smal l  devia t ions  f rom planar i ty .  

One shape which  is pa r t i cu l a r ly  convenient  for im-  
proving  efficiencies is tha t  of a hemispher ica l  dome, 
shown in the  inser t  of Fig. 9. Fo r  such a shape, the  
efficiency improvemen t  can be ca lcu la ted  f rom (28) 

Tldome 1 ~ COS ( ~ C )  dome 
= [ 4 ]  

llair 1 ~ COS (r air 

and is plotted in Fig, 9 as a function of the index of 
refraction for the coating material 

z When a planar plastic coating is deposited on the planar diode, 
t h e  c r i t i c a l  a n g l e  of  t h e  s e m i c o n d u c t o r  -~ p l a s t i c  i n t e r f a c e  is in -  
c r e a s e d  f r o m  ,I~c to  r  A l l  o f  t h e  j u n c t i o n  r a d i a t i o n  w i t h  r  < 
(I, < ~ c '  is  d i f f r a c t e d  i n to  t h e  plas t i c ,  b u t  is  i n c i d e n t  on  t h e  p l a s t i c  

a i r  i n t e r f a c e  a t  a n  a n g l e  g r e a t e r  t h a n  i t s  c r i t i c a l  a n g l e ,  a n d  i s  
t o t a l l y  r e f l e c t e d  w i t h i n  t h e  p la s t i c .  V e r y  t h i n  a n t i - r e f l e c t i v e  c o a t i n g s  
w h i c h  u t i l i z e  i n t e r f e r e n c e  e f f e c t s  arc  n o t  c o n s i d e r e d  h e r e .  

I t  is r ead i ly  appa ren t  tha t  large  improvements  can 
be a t ta ined  for h igh - inde x -o f - r e f r a c t i on  mate r i a l s  (as 
much as a factor  of 26 for  a per fec t ly  matched,  non-  
absorbing,  t r anspa ren t  ma te r i a l ) .  H o w e v e r ,  plastics,  
etc. which  are  commerc ia l ly  ava i lab le  to date, have  
re f rac t ive  indices no l a rge r  than  about  1.8, so tha t  caps 
of these mate r i a l s  can only be expec ted  to improve  
efficiencies by  a factor  of about  3. Exper imenta l ly ,  
plast ic  caps have  been used which  do improve  effi- 
ciencies by  a factor  of about  3 ( f rom app rox ima te ly  
0.03 to 0.1%) for  GaAs l -xP=  wi th  emission w a v e -  
lengths  nea r  6500A. At  6800A, ex te rna l  efficiencies of 
at  least  0.3% should thus  be a t t a inab le  wi th  such caps. 
We should add tha t  these efficiency improvement s  do 
not lead to s imi lar  gains in diode br ightness ,  b e -  
cause the  l ens - l ike  act ion of the  hemisphere  m a g -  
nifies the  observed  diode area, thus  increas ing A in 
Eq. [2]. 

Besides improving  the ex te rna l  efficiency of a p l ana r  
e lec t ro luminescent  diode, a plas t ic  cap also can be 
used as a spher ica l  lens for appl icat ions  requ i r ing  a 
source wi th  beam- l ike  di rect ional i ty .  By mold ing  (e.g., 
in Teflon) a plast ic  lens to the  shape shown in Fig. 10, 
a diode m a y  be r ead i ly  located at  the  p r i m a r y  focal 
length  of the  lens so tha t  nea r ly  a l l  of the  junct ion  
rad ia t ion  is focused into a na r row  beam. F igure  10 
shows the  expe r imen ta l  far - f ie ld  rad ia t ion  pa t t e rns  
for  th ree  in i t ia l ly  ident ica l  GaAsl -=P= diodes which  
were  capped wi th  plast ic  lenses of different  shapes. 
The focal length,  l, of the  lens is ca lcula ted  f rom the  
equat ion (29) 
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Fig. 10. Far field radiation patterns for GaAsl-xPx diodes cap- 
ped with a plastic lens. 
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n n - - 1  
- -  = - -  [5] 
1 r 

where  n is the  re f rac t ive  index of the plastic,  having 
a spher ica l  surface of r ad ius  r. For  the  diodes in Fig.  
10, n ---- 1.5 and r ---- 0.15 in., y ie ld ing  I -~ 0.450 in. 
Pa r t i cu l a r l y  significant in Fig. 10 is the  very  na r row  
(7 ~ ha l f -w id th )  beam obta ined  for the  diode mounted  
at  the focal length  of the  lens. Compared  wi th  the  
hemispher ica l ly  shaped diode (s ---- 0.150 in.) ,  an o rde r  
of magni tude  increase is also noted in its peak  in-  
tensi ty.  A room t e m p e r a t u r e  e lec t ro luminescent  source 
which  can be opera ted  on d.c. and  p rov ide  a n a r r o w  
beam of efficient visible l ight  could compete  wi th  
laser  diodes in many  applicat ions,  especia l ly  since 
laser  diodes opera te  only under  pulse condit ions and 
at  low du ty  cycles at  room tempera ture .  

Conclusions 
Room t e m p e r a t u r e  e lec t ro luminescent  efficiencies 

of G a A s l - x P x  v i s ib le - l igh t -emi t t ing  diodes are  s ig-  
nif icantly lower  than  those of GaAs  diodes. I t  is we l l  
known  tha t  this  is p r i m a r i l y  due to e lect ron t r ans fe r  
f rom the  efficient [000] conduct ion band  m i n i m u m  to 
the  re la t ive ly  inefficient ~100>  min ima  (or to s ta tes  
associated wi th  them) .  However ,  in addi t ion to this  
effect, the  presen t  s tudy  has revea led  tha t  severa l  
o ther  pa rame te r s  must  be considered to achieve m a x -  
imum efficiencies in G a A s t - x P x  diodes. For  the  diodes 
s tudied here,  m a x i m u m  efficiencies were  obta ined  by 
employing:  

(i) S t rong  e lec t ron  in jec t ion  into the  r ad ia t ive ly  
efficient p -s ide  of the  junction.  This is accomplished 
by  using re la t ive ly  low acceptor  concentra t ions  and 
high donor  concentra t ions  (n ~ p ~ 3 x 10 TM cm -3) 
adjoin ing the  p - n  junction.  

(ii) Adequa te  cur ren t  spreading  at  the  diode sur -  
face to p reven t  cur ren t  local izat ion benea th  the  
meta l l ic  contacts. This is effected by  incorpora t ing  a 
p + layer  at  the  surface of the  diode. 

(iii) Slow composi t ional  g rad ing  be tween  the GaAs 
subs t ra te  and  the  p - n  junct ion,  resu l t ing  in reduced  
s t ra in  and increased  efficiencies. 

(iv) S e m i - t r a n s p a r e n t  windows of phosphorus - r i ch  
GaAs l -xPx  to reduce absorpt ion.  Here,  the  exact  com-  
posi t ion of the  window is impor tant ,  wi th  m a x i m u m  
effectiveness being rea l ized wi th  al loys conta ining 
about  10% more  phosphorus  than  the junct ion  region. 
Also, the  use of t r anspa ren t  domes of h i g h - i n d e x - o f -  
re f rac t ion  mate r i a l s  can improve  both  the  ex te rna l  
quan tum efficiency and the d i rec t iona l i ty  of the  
emi t t ed  radia t ion.  

In  addit ion,  to achieve m a x i m u m  br ightness  in this  
a l loy series, i t  is necessary  to p repa re  diodes which  
emit  at  about  6800A. At  this  wavelength ,  an op t imum 
compromise  is obta ined  be tween  the  diode efficiency 
and the spec t ra l  sens i t iv i ty  of the  h u m a n  eye. 

Final ly ,  using a vapo r -phase  g rowth  method  such 
as tha t  employed  in this  study,  the  complex  s t ruc tures  
d ic ta ted  by  the  above considerat ions  can be read i ly  
fabr icated.  

Acknowledgments 
The authors  would  l ike  to t hank  H. P. Maruska  and 

R. Bednars  for  p repa r ing  some of the  wafers  used 

here,  and C. W. Benyon for u l t rasonica l ly  bonding the 
diodes. We fu r the rmore  g ra te fu l ly  acknowledge  the 
he lpfu l  discussions and suggest ions of L. R. Weisberg.  
The research  repor ted  in this  pape r  was sponsored in 
pa r t  by  the  Ai r  Force  Cambr idge  Research  Labora -  
tories, Office of Aerospace  Research,  under  Contract  
F19628-68-C-0190. 

Manuscr ip t  submi t ted  Aug. 26, 1968; rev ised  m a n u -  
script  rece ived  ca. Oct. 16, 1968. This pape r  was p r e -  
sented at  the  Boston Meeting, May  5-9, 1968, as Pape r  
103. 

A n y  discussion of this  pape r  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the December  1969 
JOURNAL. 

REFERENCES 
1. R. A. Logan, H. G. White,  and F. A. Trumbore ,  

Appl. Phys. Letters, 10, 206 (1967). 
2. H. Rupprecht ,  J. M. Woodall ,  and G. D. Pett i t ,  

IEEE Semiconductor  Laser  Conference,  Las 
Vegas, Nevada,  November  1967. 

3. J. J. Tiet jen,  J. I. Pankove,  I. J. Hegyi,  and  H. 
Nelson, Trans. AIME, 2~9, 385 (1967). 

4. H. Nelson, RCA Laborator ies ,  P r iva te  communica-  
tion. 

5. C. J. Nuese, J. J. Tiet jen,  J. J. Gannon,  and H. F. 
Gossenberger ,  AIME Transactions Metallurgical 
Soc., 242, 400 (1968). 

6. J. J. T ie t jen  and J. A. Amick,  This Journal, 113, 
724 (1966). 

7. C. J. Nuese and J. J. Gannon, ibid., 115, 327 (1968). 
8. D. E. Hill,  Bull. Am. Phys. Soc., 10, 97 (1965). 
9. W. N. Cart ,  IEEE Trans. Electron. Devices, ED-12, 

53 (1965). 
10. T. Gonda, M . F .  Lamorte ,  P. Nyul,  and H. Junker ,  

IEEE Trans. Quantum Electron., QE-2, 74 (1966). 
11. S. V. Galginai t is ,  J. Appl. Physics, 36, 460 (1965). 
12. W. J. Turner  and W. E. Reese, J. Appl. Phys., 35, 

350 (1964). 
13. D. E. Hill, Phys. Rev., 133, A866 (1964). 
14. L. L. Chang and G. L. Pearson,  J. Phys. Chem. 

Solids, 25, 23 (1964). 
15. E. D. Pierron,  D. L. Parker ,  and J. B. McNeeley,  

J. Appl. Phys., 38, 4669 (1967). 
16. T. Nakano,  K. Fu j ikawa ,  and  T. Oku, Japan J. 

Appl. Phys., 6, 665 (1967). 
17. J. J. T ie t jen  and L. R. Weisberg,  Appl. Phys. 

Letters, 7, 261 (1965). 
18. C. M. Wolfe, C. J. Nuese, and  N. Holonyak,  Jr. ,  

J. Appl. Phys., 36, 3790 (1965). 
19. M. S. Abrahams ,  C. J. Buiocchi, and J. J. Tiet jen,  

ibid., 38, 760 (1967). 
20. C. M. Wolfe, M. D. Sirkis ,  C. J. Nuese, N. Holonyak,  

Jr.,  O. L. Gaddy,  O. T. Purl ,  and W. E. Kunz, 
ibid., 36, 2087 (1965). 

21. C. J. Nuese, G. E. St i l lman,  M. D. Sirkis ,  and  N. 
Holonyak,  Jr., Solid-State Electronics, 9, 735 
(1966). 

22. M. P i lkuhn  and H. Rupprecht ,  J. AppL Phys., 36, 
684 (1965). 

23. H. P. Maruska  and J. I. Pankove,  Solid-State Elec- 
tronics, 1O, 917 (1967). 

24. N. Holonyak,  Jr. ,  C. J. Nuese, M. D. Sirkis,  and 
G. E. St i l lman,  Appl. Phys. Letters, 8, 83 (1966). 

25. C. J. Nuese and J. J. Tiet jen,  To be published.  
26. W. T. Walsh,  "Photomet ry ,"  Append ix  IV, Dover  

Publ icat ions,  Inc., New York  (1965). 
27. F. A. Jenkins  and H. E. White,  "Fundamen ta l s  of 

Optics," p. 15, M c G r a w - H i l l  Book Co. Inc., New 
York  (1957). 
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ABSTRACT 

Mechanical loss measurements  were made on an i ron-phosphate  glass 
(55% FeOx-45% P20~ on a mole basis). The activation energy (0.59 ev) 
determined from the mechanical- loss data compared favorably with those 
(0.55-0.57 ev) obtained from dielectric-loss and d-c conduct ivi ty  data on a 
similar glass. The correlation of these results is consistent with a "hopping" 
model for electrical conduction in i ron-phosphate  glasses. 

Electrical conduction in semiconducting oxide 
glasses has been shown to result  pr imar i ly  from elec- 
trical charge t ransfer  by electrons and /o r  holes (1). 
Two mechanisms have been proposed to explain the 
conduction. One of these is conduction by band states 
(2), the other by t rapped states (3). 

Thermoelectric power measurements  made on 55 
m/o  (mole per cent) FeOx-45 m/o  P205 semiconduct-  
ing glasses have been shown to be essentially inde-  
pendent  of tempera ture  (4). This would tend to imply 
that  the carrier  concentrat ion is insensi t ive to temper-  
ature and, thus, that  the conduction cannot  be ex- 
plained on the basis of band states. However,  one of 
the consequences of na r row-band  conduction, i.e., con- 
duction in bands of width kT or less, is a thermoelec-  
tric power essentially independent  of tempera ture  
(5). This tempera ture  independence can also be ex- 
plained on the basis of trapped states by a "hopping" 
process wherein,  for the glass ment ioned above, the 
charge carriers migrate between Fe +3 and Fe +2 ions. 
A feature of this hopping process is that  the charge 
carriers are not free to move throughout  the glass, 
but  are trapped at cation sites due to the polarization 
induced by the carriers themselves. In  such a process 
the conduction mobil i ty  is a thermal ly  activated proc- 
ess, while the carrier concentrat ion is independent  of 
tempera ture  (6). 

A hopping process should show both a mechanical  
and a dielectric loss with the same activation energy. 
Furthermore,  that  act ivation energy should be equal to 
the d-c-conduct ion activation energy. Dielectric loss 
and electrical conductivi ty data do exist for semicon- 
ducting oxide glasses, but  to our knowledge the me-  
chanical loss in a semiconducting oxide glass has never  
been investigated. 

Here mechanical  loss wil l  be characterized by in ter -  
nal  friction expressed as the logarithmic decrement.  
In te rna l  friction is a measure of the capacity of a vi-  
bra t ing  body to convert  some of its mechanical  energy 
of vibrat ion into heat. In  a perfectly elastic solid a 
periodic stress gives rise to a periodic strain in phase 
with the stress and there is no mechanical  energy loss. 
Real mater ia ls  are not  perfectly elastic, however, and 
the s t ra in lags behind the applied stress. This results 
in a loss of elastic energy analogous to the case of 
dielectric loss. A convenient  measure of the mechan-  
ical energy loss is the logarithmic decrement  which is 
just  n t imes the phase angle by which the strain lags 
the stress. In te rna l  friction in glass usual ly arises 
from the movement  of some of the consti tuents of the 
glass, but  any process which is capable of causing the 
strain to lag the applied stress wil l  give rise to in -  
te rna l  friction. 

Mechanical loss measurements  have been made on 
a glass containing 55 m/o  FeOx-45 m/o  P205, and the 

K ey  words:  semiconduct ing glass, i ron-phosphate  glass, m e c h a n -  
i ca l  loss, modulus  relaxation,  dielectric loss, d-c conductivi ty,  elec- 
tron hopping. 

i P r e s e n t  a d d r e s s :  Semiconductor  Products  Division, Motorola 
Incorporated,  Phoenix,  Arizona.  

results correlated with dielectric loss and electrical 
conductivi ty data. 

Experimental 
The apparatus used to determine the in terna l  fric- 

tion and Young's modulus for the samples investigated 
in this work is essentially that  described by  Marx (7). 
Briefly, it is a composite oscillator employing two 18.5 ~ 
x-cut  quartz bars; one to drive the system, and one to 
monitor  the ampli tude of the strain. Samples were 
cemented to this dr iver-gauge combinat ion to form 
the complete three-component  composite oscillator. 

The samples themselves were in the form of pol-  
ished bars of square cross section, 1/s in. on a side. 
This is the same cross-sectional size as the quartz 
and el iminates any  question of loss arising from area 
mismatching at the specimen-quar tz  interface. The 
lengths of the samples were de termined by the con- 
sideration that  some mul t ip le  of the fundamenta l  res- 
onant  length (a half  wavelength  of the longi tudinal  
stress, strain, or displacement)  leaves about a 6-in. 
dummy section between a ha l f -wavelength  sample 
positioned at the center  of the furnace and the dr iver-  
gauge combinat ion main ta ined  at or near  room tem- 
perature outside the furnace. The sample lengths were 
cut and ground so that  f requency mismatching of the 
samples to the driver  and gauge was always less than  
0.1% at room temperature.  

The samples were heated in a differentially wound 
vertical  tube furnace. To minimize thermal  gradients, 
a silver core was inserted in the furnace, and to min -  
imize convection currents,  the top was sealed off 
completely and the bottom opening made as small  as 
possible. In  the center region of the furnace, the 
ma x i mum temperature  variat ion along the specimens 
was less than  2~ from room tempera ture  to 500~ 
Temperatures  were determined by means of a 5-rail 
chromel-a lumel  thermocouple placed adjacent  to the 
samples in the furnace. 

The composite resonator was dr iven by a Hewlet t -  
Packard 200T precision oscillator that had been mod- 
ified to permit  fine adjus tments  of f requency (to 
wi th in  1 Hz) and to permit  operation to 200 kHz. 
Frequencies were determined by a Hewlet t -Packard  
5245L electronic counter. The dr iver  and gauge volt-  
ages were determined with high-impedance,  Hewlet t -  
Packard 400D vacuum tube voltmeters.  

The mechanica l -energy loss expressed as the loga- 
r i thmic decrement  8 may be defined as the ratio of 
the energy loss • per cycle in the mater ia l  to twice 
the total  v ibrat ional  energy E stored in the mater ia l  
per cycle 

aE 
= - -  [i] 

2E 

Marx has shown that for a system such as described 
here, the decrement  for the total system (quartz plus 
sample) is proport ional  to the ratio of the voltage 
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applied across the dr iver  Vd to that  measured across 
the gauge Vg 

Vd 
= K vg [2] 

where  K is a constant which may  be de termined  ini-  
t ial ly by measur ing the  half  wid th  of the resonance 
peak (7). To de termine  the decrement  of a ha l f -w ave -  
length sample, each set of measurements  requires  two 
specimens, one a ha l f -wave leng th  shorter  than the 
other. The decrement  5s of a ha l f -wave leng th  sample 
can be found from the total  decrement  51 de termined  
with  longer  sample and 52 with  the shorter  sample by 
the relat ion 

6s = (ml 51 - -  rn~ 52) lrns  [3] 

where  ml is the mass of the longer sample plus the 
mass of the quartz,  and m2 is the mass of the shorter  
sample plus the mass of the quartz. The quant i ty  ms 
is the mass of the ex t ra  half  wave leng th  of sample 
or the difference be tween  ml  and m2 if the samples 
are uniform. Similarly,  the resonant  f requency f~ of 
the ha l f -wave leng th  sample can be found from 

fs  = ( m l  f l  - -  rn2 f2) / m s  [4] 

where  the subscripts have the same meanings as 
before. 

The t empera tu re  of the furnace was increased at 
the rate of one degree per  minute,  and simultaneous 
readings of the dr iver  voltage, gauge voltage, resonant  
frequency,  and t empera tu re  were  taken every  5 min. 
Sets of measurements  were  made at both 50 kHz and 
1~0 kHz. Stra in  ampli tudes of the order  of 10 -7 were  
employed at both frequencies.  The decrements  calcu-  
lated for each t empera tu re  f rom Eq. [3] are shown as 
a function of t empera tu re  in Fig. 1. The resonant  
f requency  values calculated for each t empera tu re  
f rom Eq. [4] were  conver ted  to re la t ive  Young's 
moduli  Y T / Y o  by the relat ion 

YT/Yo ---- ( f w 2 / f o 2 ) / ( l  ~- =~T) [5] 

and are shown as a function of t empera tu re  in Fig. 2. 
Here  YT and Yo are the h igh - t empera tu re  and room-  
tempera tu re  Young's moduli,  respect ively;  fw and fo 
are the h igh- t empera tu re  and room- tempera tu re  reso- 
nant frequencies,  a is the l inear coefficient of the rmal  
expansion, and • is the t empera tu re  difference. For  
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Fig. I. Logarithmic decrement calculated from 50 kHz and 150 
kHz data as a function of temperature for an alkali-free 55 m/o 
FeOz-45 m/o P205 gloss with on Fe+~/FeTota! ratio of 0.813. 
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Fig. 2. Fractional change in Young's modulus calculated from 
50 kHz and 150 kHz data as a function of temperature for an al- 
kali-free 55 m/o FeOx-45 m/o P20~ glass with on Fe+3/FeTotal 
ratio of 0.813. 

convenience, all  values have been plotted at only 20 ~ 
intervals.  

All  measurements  were  made at a tmospheric  pres-  
sure. Exper iments  have shown that  losses arising f rom 
air damping are of the order  of 10 -4 , or an order  of 
magni tude  smaller  than found in this work, and are 
in fact on the order  of the uncer ta in ty  in the mea-  
surements.  F rom measurement  considerations and re-  
producibi l i ty  exper iments  we feel  that  the uncer -  
ta inty  in the loss values is of the order  of 10% and the 
uncer ta in ty  in the modulus values is of the order  of 
2%. 

Di rec t -cur ren t  resist ivi ty and dielectric measure -  
ments  were  made on samples 2 in. in d iameter  x 2 mm 
thick. Three - t e rmina l  gold electrodes were  applied 
in accordance with  ASTM specifications. The resist-  
ance was measured  with  a Beckman Ul t rohmete r  at 
a potent ial  of 20v. A detai led description of the con- 
duct iv i ty  and dielectr ic  loss measurements  is g iven in 
ref. (8). 

Results and Discussion 

The mater ia l  used in this invest igat ion was a 55 m / o  
FeOx-45 m / o  P205 semiconduct ing glass. Chemical  
analysis gave an Fe+3 /Fe  +2 -F Fe +3 ratio of 0.813 and 
a total  alkali  oxide content  of less than 0.05 w / o  
(weight  per cent) .  The samples were  n - type  as de te r -  
mined by thermoelect r ic  power  measurements .  Other  
per t inent  basic data  for this glass are  a r o o m - t e m p e r a -  
ture Young's modulus of 7.16 x 1011 dynes / cm 2 and a 
l inear  the rmal  expansion coefficient of 8.0 x 10-6/~ 

Each of the mechanical- loss  curves shown in Fig. 1 
is typical  of in ternal  fr ict ion in glass. First, the re  is 
a background loss which increases rapid ly  at h igher  
t empera tu re  and arises f rom the re laxat ion of the 
glass ne twork  itself. No a t tempt  has been made  to sub-  
t ract  this background loss f rom the data. Super im-  
posed on this background is a broad loss peak aris-  
ing f rom some other  re laxa t ion  process taking place 
within  the structure.  The loss peak at 150 kHz is 
shifted to a higher  t empera tu re  than that  occurring 
at 50 kHz, implying that  this is a the rmal ly  act ivated 
re laxat ion  process. Each peak  appears to be of the  
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Debye form 
WT 

5 : A [6] 

where A is the re laxat ion strength, ~ is 2n times the 
vibra t ional  frequency, and z is the re laxat ion t ime and 
is of the form ~oe ~/kT, where k is Bol tzmann's  con- 
stant, T is the absolute temperature,  and H is the 
activation energy for the re laxat ion process. The 
breadths of the peaks indicate that  they cannot  be 
explained on the basis of a single re laxat ion time, and 
in general  one might  expect a dis t r ibut ion of re laxa-  
t ion times for a re laxat ion process occurring in a r an -  
dom ne twork  such as glass. Anderson and Bommel 
have shown that  the effects of such a dis t r ibut ion not 
only broaden the loss peaks beyond that  expected 
from a single relaxat ion time, but  they also ther-  
mal ly  broaden them, skew them, and increase the 
max imum absorption as the f requency is increased 
(9). All  these effects are present  here, al though it 
should be noted that  the higher loss at 150 kHz can 
also be due in part  to the fact that  the background loss 
itself is larger at the higher temperature.  

For  a broad dis tr ibut ion such as this, the most prob-  
able activation energy in the dis t r ibut ion H can be 
found from the relat ion 

In.  Il ~ 'T1 T2 [7] 

where I2 and I1 are the resonant  frequencies of the 
two samples at T2 and T1, which are the absolute tem- 
peratures of the in terna l - f r ic t ion  peak maxima. The 
activation energy H calculated from Fig. 1 is 0.59 ev, 
where  T1 --- 177~ and T2 ---- 212~ corresponding to 
frequencies of 50 kI-Iz and 150 kI-Iz, respectively. Be- 
cause the loss peaks are quite broad, the inabi l i ty  to 
locate the position of the peak maxima to bet ter  than  
-*-2~ results in an uncer ta in ty  of about 12% in this ac- 
t ivat ion energy. 

There is good reason for believing that  the re laxa-  
t ion s t rength A of Eq. [6] is itself proportional to 
(kT)-~ ,  and one should use the tempera ture  of the 
maxima from a 8 �9 T vs. 1/T plot to find activation 
energies. This has in fact been done, and the activation 
energy found is 0.04 ev less than  that given above. 
Since this result  is encompassed in the uncer ta in ty  of 
the previous value, and since there is no reason to 
believe that  the background damping should follow 
such a relation, we prefer not to show this pro-  
cedure. 

The occurrence of in te rna l  friction is usual ly ac- 
companied by a fract ional  decrease in the modulus  
of the same order of magni tude  as the in terna l  fric- 
tion. Figure  2 would appear to show only an ord inary  
decrease in the modulus  with temperature.  However,  
closer examinat ion  of the 150 kHz values, where the 
loss peak and, thus, dispersive effects appear at higher 
temperatures,  shows that  the ini t ial  slope of the curve 
differs from that  seen throughout  most of the tem-  
perature  range investigated. Thus, the modulus vs. 
tempera ture  curve would appear to approach the tem-  
perature  range considered here with a smaller  slope. 
This is not so evident  from the 50 kHz values, but  here 
the dispersive effects due to the relaxat ion peak would 
come into play about 35~ lower in temperature,  so 
that  the smaller-slope region due to the ordinary  de- 
crease in modulus  with tempera ture  lies ent i re ly  to 
the left of this curve. At temperatures  above 340~ 
where one might  again expect to see a modulus  un-  
affected by the stress- induced relaxation, the modulus  
fall-off with tempera ture  due to the gradual  soften- 
ing of the glass is large enough to mask any  other 
effects. In  other words, at these frequencies, we are 
probably  able to see only the dispersive region of the 
modulus in the tempera ture  range over which the 
measurements  were made. 

The absence of any significant concentrat ion of 
alkali  in the glass el iminates the possibili ty that  a 
loss of the magni tude  found here is due to the stress- 
induced movement  of alkali  ions. Nei ther  can the loss 
be realistically a t t r ibuted to the stress-induced dif- 
fusion of Fe +2 or Fe +~ ions or of s ingly bonded oxy-  
gen ions. If these were responsible for this loss, one 
would expect to find an activation energy more near ly  
like the 1.3 ev found for the former (10) or the 2-3 
ev found for the lat ter  (11) in silicate glasses. Dielec- 
tric loss and resistivity measurements  yielded similar 
results. Exper iments  carried out on a glass of identical 
composition but  with a slightly different Fe+3/  
( F e + ~ + F e  +~) ratio of 0.793 [glass I, ref. (8)] 
showed a dielectric loss peak with an activation en-  
ergy between 0.55 and 0.57 ev, and a d-c-conduct ion 
activation energy of 0.57 ev. It  thus appears that  a 
relaxat ion associated with the motion of the charge 
carriers (here localized electrons) is responsible for 
the observed mechanical  loss. The relaxing uni t  in 
this case acts as both an elastic and an electric dipole. 
This behavior is ent i re ly  consistent with the model 
proposed by Heikes and Johnston (6). 

The uncertaint ies  associated with the activation en-  
ergies for both the dielectric and  mechanical  loss pre-  
vent  a meaningful  comparison of the pre-exponent ia l  
To in the expression for the relaxat ion time. The 
agreement  is, however, order of magni tude  (~10-1~ 
sec). 

Although an activation energy for the mechanical  
loss was determined on the basis of only two fre-  
quencies, it is significant that  the activation energy 
agreed with that found from d/electric-loss and d-c-  
conductivi ty data. Equal i ty  of act ivation energies can, 
of course, be coincidental.  The equal i ty  of these par-  
t icular  activation energies, however, is cer tainly as 
one would expect in a hopping process and would 
seem to lend strong support  to a hopping mech- 
anism for electrical conduction. 

Conclusions 
1. A mechanical  loss and modulus  re laxat ion a t -  

t r ibutable  to the stress- induced movement  of elec- 
trons in a semiconducting glass has been detected. 

2. The similari ty of the values of the activation 
energy calculated from the mechanical  loss, dielectric 
loss, and d-c conduct ivi ty  suggests that  the same 
mechanism is operative in the two loss processes and 
quite probably  in the d-c conductivity.  

3. The abil i ty to detect a mechanical  loss associated 
with the motion of the charge carriers gives fur ther  
weight to a hopping process of conduction in a semi- 
conducting glass. 
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Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

A flame emission spectrophotometric method has been developed for the 
de terminat ion  of ul t ramicro amounts  of sodium present  in th in  silicon oxide 
films and on cleaned silicon surfaces. Ul t rapure  5% hydrofluoric acid is used 
as the solvent and the sodium measured directly in the solution by flame 
emission analysis. This method, which has a sodium detection l imit  of 0.2 ppb, 
is used in place of the more contamina t ion-prone  neu t ron  activation anal -  
ysis to determine sodium distr ibut ion profiles in th in  silicon oxide films as 
well  as to measure the sodium contaminat ion level of cleaned silicon sur-  
faces. Sodium contaminat ion on the surface of a single silicon wafer, having 
a surface area of approximately  16 cm 2, can be detected down to 8 x 1011 
Na atoms/cm~. 

The presence of trace impurit ies in silicon oxide 
films grown on silicon surfaces has recently been the 
subject of m a n y  investigations. Field-effect measure-  
ments  made on metal-oxide-semiconductor  structures 
have indicated that  the n u m b e r  of surface charges 
per cm 2 at the sil icon-silicon oxide interface are di-  
rectly related to the presence of certain impurit ies (1). 
Fur ther  studies have confirmed the fact that  the pres-  
ence of alkali  metal  impurities,  especially sodium, both 
in the silicon oxide film and at  the silicon-silicon oxide 
interface contr ibute  significantly to the instabi l i ty  of 
the metal -oxide-semiconductor  s t ructure  (2-4). 

Previous studies of the dis t r ibut ion of sodium in 
silicon oxide films grown under  a var ie ty  of conditions 
have been made by neu t ron  activation analysis (5-7). 
The flame emission method not  only offers the high 
sensit ivity necessary for this application, bu t  at the 
same time essentially el iminates the obvious inherent  
shortcomings of activation analysis. 

The flame emission method has also been success- 
fully applied to the determinat ion of the sodium con- 
taminat ion  level of cleaned silicon surfaces for which 
neut ron  activation analysis is most seriously limited. 

Experimental 
Flame photometry.--Flame photometric analysis con- 

sists essentially of the emission of characteristic radia-  
t ion by a metall ic e lement  as the .result of atomization 
of a solution of the element  into a flame of sufficient 
thermal  energy to excite the metal  atom. The in ten-  
sity of the emitted radiat ion is directly proport ional  to 
the number  of atoms excited by the flame and there-  
fore to the concentrat ion of the e lement  in solution. 
The light emitted is resolved by a monochromator  into 
specific wavelengths,  and the radiat ion intensi ty  in 
the selected spectral region measured using a suitable 
detector system. The ins t rument  is cal ibrated with 
s tandard solutions of the e lement  of interest  in order to 
establish a relationship between the measured emis- 
sion in tensi ty  of a known characteristic spectral l ine 
and the concentrat ion of the e lement  in solution. 
Similar  intensi ty  measurements  are made on the 
sample solutions and converted to concentrat ions by 
comparison to the cal ibrat ion curve. 

The spectral emission line used for the de terminat ion  
of sodium is the unresolved doublet  at 589.0/0.6 m~,. 
This is the most sensit ive of all  lines employed in  flame 
photometry (8). Its use results in an extremely sen- 

sitive method for sodium and cal ibrat ion curves which 
are l inear  even at extremely low concentrations. 

Equipment.--For this work a Beckman Model DU 
spectrophotometer was used equipped with the follow- 
ing Beckman accessories: (i) 9200 flame attachment,  
(ii) a-c power supply, (iii) 4020 a tomizer -burner  as- 
sembly, (iv) W128719 oxygen burne r  sheath, (v) 4310 
mul t ip l ier  phototube (1P28), (vi) 100 megohm photo- 
tube resistor. 

The purpose of the oxygen burne r  sheath was to 
shield the flame from the ambient  air and a i r -borne  
dust. Use of the sheath reduced any turbulence,  im-  
proved the s tabi l i ty  of the flame, and as a result  in-  
creased the detection limit by  approximately  a factor 
of two. 

Only polyethylene ware was used throughout  this 
s tudy for all sample handl ing and storage of solutions 
to el iminate possible contaminat ion by leaching of 
sodium from glass. Polyethylene cups were used as 
sample containers in  the spectrophotometer and s tan-  
dard solutions were stored in polyethylene bottles. All  
of the equipment  was cleaned immediate ly  prior to use 
by r insing first in  distilled water  and finally disti l led- 
deionized water. 

Preparation of standards.--Two cal ibrat ion curves 
covering the ranges 0-100 ppb Na and 0-10 ppb Na in 
5% HF were  prepared from standards made by  di lut ing 
a water  solution containing 1000 ppm Na (as sodium 
chloride).  The final hydrofluoric acid concentrat ion 
was adjusted to 5% in all s tandard solutions to coin- 
cide with the use of 5% HF to etch the silicon surfaces. 

Figure 1 shows the sodium calibrat ion curve cover- 
ing the range 0-10 ppb Na in 5% HF. The ins t rument  
was adjusted for 0% transmission with the dark  cur-  
rent  control using a 5% HF blank. The 100% t rans -  
mission was set using the sensit ivity controls and a 
10 ppb sodium standard in the same 5% HF. This pro- 
cedure was repeated each t ime a measurement  was 
made. Based on the data obtained in prepar ing this 
curve, the opt imum precision of the method was de- 
termined to be ___0.2 ppb Na and the l imit  of detec- 
t ion 0.2 ppb Na corresponding to 2.6 x 10 TM atoms of 
sodium. 

Method of analysis.--The scope of this s tudy in-  
cluded not only the measurement  of the sodium con- 
taminat ion  level of cleaned silicon surfaces bu t  also 
the de terminat ion  of the dis tr ibut ion of sodium in 
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Fig. 1�9 Calibration curve for Beckman DU flame spectropho- 
tometer at 589.0/0.6 m~. 

silicon oxide films grown on silicon wafers�9 General ly,  
the silicon wafers  were  t reated to a dissolution step 
designed to remove  the sodium and isolate it in a 
measured volume of 5% HF. The sodium content  of the 
hydrofluoric acid was then determined by flame emis-  
sion analysis. F rom this data the sodium concentrat ion 
of the oxide film or the sodium contaminat ion level  
of the silicon surface was calculated�9 The 5% HF 
solution which dissolves silicon oxide films at a fa i r ly  
uniform rate  of 300 A/ ra in  was prepared by volumetr ic  
dilution of an u l t rapure  reagent  grade (min imum 
40%) hydrofluoric acid manufac tured  by E. Merck 
Inc., Darmstadt,  Germany,  and distr ibuted by Br ink-  
mann Inst ruments  Inc. Silicon wafers  were  cleaned 
before analysis by exposure to a 10% HC1-90% H2 
atmosphere  at 1250~ for 30 min. This t rea tment  re -  
moved 15~ of silicon f rom the surface. The sodium re-  
maining on these surfaces or distr ibuted in 6000A 
oxide films thermal ly  grown in a dry oxygen a tmo-  
sphere on s imilar ly  prepared surfaces was measured�9 

To de termine  the level  of sodium contaminat ion on 
cleaned silicon surfaces, each w~fer was placed in a 
clean polyethylene  beaker  and 5 ml  of 5% HF added. 
Af te r  a 2-min  exposure time, the hydrofluoric acid 
was t ransfer red  to a photometer  cup and the sodium 
measured direct ly  by flame emission analysis�9 The 
same process was repeated wi th  addit ional  hydrofluoric 
acid for e i ther  a m a x i m u m  of four  rinses or  unti l  the 
sodium content  was reduced to a value  equiva len t  to 
the detection limit. The total sodium determined  was 
then related to the individual  wafers  on a surface 
area basis�9 The surface area of each wafer  was ap-  
p rox imate ly  16 cm 2. 

A similar  procedure  was used to de termine  the dis- 
t r ibut ion of sodium in the rmal ly  grown silicon ox-  
ide films on silicon surfaces�9 In this case, the in-  
dividual  wafers  were  placed in clean polyethylene  
beakers and 5 ml  of 5% HF added. Af te r  a p re -  
de termined  period of time, the hydrofluoric acid 
was t ransferred to a polyethylene  photometer  cup and 
the sodium measured direct ly  by flame emission analy-  
sis. Immedia te ly  af ter  t ransfer  of the acid, the  wafer  
and the  beaker  were  r insed severa l  t imes wi th  dis- 
t i l led-deionized water ,  the washings discarded, and an 
addit ional  vo lume of hydrofluoric acid added. This 
process was repeated unti l  the oxide film was com- 
pletely removed  in several  increments.  The  sodium de-  
t e rmined  was then re la ted to the thickness of the oxide 
removed on a concentrat ion basis. 

Resul ts  a n d  Discuss ion  

The results of a study of the distr ibut ion of sodium 
in the rmal ly  grown silicon oxide films are g iven in 
Table I. E ighteen  silicon wafers  were  used having an 
oxide thickness of 6000A and a surface area of 16 cm 2. 

Table I�9 Distribution of sodium in thermally grown silicon oxide films 

Sodium a t o m s  

Silicon oxide Group A Group B 
removed (A) (Avg. 4 wafers) (Avg. 14 wafers) 

1200~1200\50 3�9 Xxx 101~10~\101a~ 4.5 ~ x  10 z~ 

1200 5700 5.6 x 10 ~a 3.5 x 101~ 
1200 / 5.6 x 10 la / J 
900/ 1.3 x 101~/ 
250 2.8 x 10 t4 3.9 X 101~ 

4.4 x lOt~ 

For the study, the wafers  were  divided into two 
groups. 'Group A represents  the average  data f rom 
four individual  wafers  in which the  oxide was re-  
moved in several  small  increments�9 Group B represents  
the average  data f rom 14 wafers  in which the 
init ial  50A of oxide at the surface and the final 
250A at the sil icon-silicon oxide interface were  re -  
moved in identical  fashion to group A. However ,  the 
in termedia te  5700A was removed  in a single step 
ra ther  than in several  small  increments�9 

The data show excel lent  agreement  between the two 
studies�9 For the initial 50A of oxide at the surface an 
average of 3.4 x 1014 atoms of sodium in group A and 
4.5 x 1014 in group B are found�9 For  the in termedia te  
5700A of oxide, the total  number  of sodium atoms in 
group A, 3.5 x 1014, compares favorably  wi th  a cor-  
responding value  of 4.4 x 1014 atoms for group B. In 
the final 250A of oxide, which essential ly represents  
the level  of sodium contaminat ion at the silicon- 
silicon oxide interface, group A has an average  of 2.8 
x 101~ atoms of sodium and group B, 3.9 x 1014 atoms. 

The results of this study show, first, that  the average 
sodium profile for group A is genera l ly  in good agree-  
ment  with the average  distr ibution of sodium deter -  
mined for group B. Second and most important ,  the  
average sodium content  de termined  for the in te r -  
mediate 5700A of oxide in group A, which is based on 
five separate acid cuts and includes five individual  
flame measurements ,  agrees wel l  wi th  the comparable  
data de termined  for group B, which involves only a 
single acid cut and a single flame measurement .  This 
excel lent  agreement  el iminates contaminat ion during 
the analysis as a source of er ror  since group A involved 
five t imes as much handling as group B. 

Figure  2 is a compara t ive  study of the distr ibut ion of 
sodium in thermal ly  grown oxide films made by both 
neutron act ivat ion analysis and flame emission analy-  
sis. The lower  curve  represents  the average  data taken  
f rom four individual  profile studies made by flame 
emission analysis of silicon wafers  having an oxide 
thickness of 6000A. The upper  curve, represented by a 
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Table II. Sodium on the surface of HCI vapor-etched silicon wafers 

L o t  N o .  W a f e r  N o .  S o d i u m  a t o m s / c m ~  

1 1 < 8 . 2  • 10  ~t 
2 < 8 . 2  • 10  ' t  
3 1 .4  X 10J:; 
4 < 8 . 2  X 1 0  u 
5 <8.2 • i 0  ~ 

2 1 < 8 . 2  x I0 JL 
2 ~ 9 . 1  x 10J:: 
3 ~ 1 . 6  • l 0  LL 
4 ~ 3 . 3  • 1 0 ~  
5 < 8 . 2  x 10 ~ 

3 1 4.2 • lOJ~ 
2 7 .7  • 10 t~ 
3 4 .3  x 10 'c  
4 i.i x i0 ~ 
5 5.4 x I0 ~ 

broken line, is a plot of the average data from two 
individual  profile studies made by neut ron  activation 
analysis of silicon wafers having an oxide thickness 
of 7000A. Except for a slight difference in  thickness, 
the oxide films were prepared in an identical manne r  
by thermal  oxidat ion in a dry oxygen atmosphere, in 
the same furnace bu t  not at the same time. The shapes 
of the two sodium dis t r ibut ion curves are the same 
and the only difference between the two curves is the 
slightly higher concentrat ion of sodium both at the 
surface and the silicon-silicon oxide interface in the 
6000A films analyzed by the flame emission method. 

In  general,  the sodium profile obtained by flame 
emission is in relat ively good agreement  with that 
obtained by neut ron  activation analysis. The slight 
difference between the two profiles is no more than 
would be observed if both studies had been made by 
activation analysis alone. 

Besides the study of the dis tr ibut ion of sodium in 
thermal ly  grown oxide films, flame emission analysis 
has one other significant application; this is in  the 
measurement  of the level of sodium contaminat ion on 
silicon surfaces prior to oxide formation. This is of 
importance since it  is related to the level of sodium 
contaminat ion found in the oxide grown on such a 
surface. 

Table II shows the results of a s tudy to determine the 
level of surface contaminat ion on silicon wafers after 
HCI vapor-etch cleaning. The surface sodium remain-  
ing after cleaning was removed by dissolution in a 
measured volume of 5% HF and quant i ta t ive ly  mea-  
sured by flame emission analysis. The data was ob- 
ta ined from three lots of silicon wafers cleaned at dif-  
ferent times. The results are reported as atoms of so- 
dium per square cent imeter  based on a total surface 
area of 16 cm 2. 

The data show considerable lot- to-lot  var iat ion in 
the level of surface sodium contaminat ion as well as 
some piece-to-piece var ia t ion wi th in  the same lot. Lot 
No. 2, for example, had contaminat ion levels ranging 
from below the analyt ical  detection limit, 8.2 x 1011 
sodium a toms/cm 2, to greater  than  3.3 x 1014 sodium 
atoms/cm e. 

No direct comparison between these results and re-  
sults obtained by other methods of analysis such as 
spark source mass spectroscopy is available; however, 
the values measured compare favorably with the 8 x 
10 ~4 silanol (Si-OH) groups per square centimeter  
found on fully hydrated silicon dioxide surfaces (9). 
This suggests that at least a port ion of the protons of 
these silanol groups on the na tu ra l  oxide which would 
form on the HCl-etched surface in air would be re- 
placed by sodium in the presence of this contaminant  
to give Si-O-Na. This oxide and the sodium contami-  
nan t  is easily removed by 5% HF (10). 

Summary 
Flame emission spectrophotometry has been suc- 

cessfully applied to both the study of the dis tr ibut ion 
of sodium in thermal ly  grown silicon oxide films and 
to the measurement  of the level of sodium contamina-  
t ion on silicon surfaces. 

The l imit  of detection for the method is 0.2 ppb Na, 
corresponding to 2.6 x 10 L~ atoms of sodium. When 
applied to a silicon surface having an area of 16 cm 2, 
the detection Iimit is 8 x 10 H atoms/cm". 

The sensit ivity and detection l imit  of flame emission 
spectrophotometry is approximately equivalent  to that  
obtained by neut ron  activation analysis and com- 
parable results have been obtained by both methods 
in de termining the dis tr ibut ion of sodium in silicon 
oxide films. 

Manuscript  submit ted Ju ly  24, 1968; revised m a n u -  
script received Oct. 14, 1968. This paper was presented 
at the Boston Meeting, May 5-9, 1968, as Paper  306 
RNP. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1969 
J O U R N A L .  
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Metallic Inclusions and Cellular Substructure 
in Pb,_ SnxTe Single Crystals 

J. F. Butler and T. C. Harman 

Lincoln Laboratory, 1 Massachusetts Institute of Technology, Lexington, Massachusetts 

ABSTRACT 

Elect rolyt ic  etching has revea led  meta l l ic  inclusions and a ce l lu lar  sub-  
s t ruc ture  in a number  of P b l - z S n z T e  single crystals .  The exis tence of meta l l ic  
inclusions and ce l lu lar  subs t ruc ture  in the in ter ior  of some B r i d g m a n - g r o w n  
crys ta ls  is exp la ined  by  the  mechan i sm of const i tu t ional  supercooling.  Meta l -  
lic surface inclusions, which are  possibly  due in par t  to reac t ion  wi th  the  
quar tz  growth  vessel, were  observed on a s -g rown  surfaces of Br idgman-  
and v a p o r - g r o w n  crystals .  Growth  condit ions have  been found which resul t  
in Pb~-xSnxTe crys ta ls  free of bu lk  meta l l ic  inclusions and cel lu lar  subs t ruc-  
ture. 

There  has recen t ly  been considerable  in teres t  in 
fabr ica t ing  in f ra red  devices of Pb l -xSnxTe  because its 
bandgap  can be reduced,  p robab ly  to zero width,  by  
ad jus t ing  the P b : S n  ra t io  (1). This offers the  promise  
of intense rad ia t ion  sources and int r ins ic  photode-  
tectors  covering the  wave leng th  region be tween  about  
5~ and the far  infrared.  So far, in ject ion laser  action 
(2) has been observed to 28.1~ and photovol ta ic  de tec-  
t ion (3) has been demons t ra ted  to 30~ in Pb l -xSn~Te  
diodes. Metal l ic  inclusions and ce l lu lar  subs t ruc ture  
are h ighly  undes i rab le  in these semiconductor  de -  
vices, causing, for example ,  sinks for nonrad ia t ive  re -  
combinat ion of e lectrons and holes, leakage pa ths  
aQross p -n  junctions,  and nonp lana r i ty  in diffused p - n  
junctions.  Such metal l ic  inclusions and ce l lu lar  sub-  
s t ruc ture  have been observed in some single crysta ls  
of Pbl -xSn~Te.  This paper  descr ibes  the  method  used 
to ident i fy  these macroscopic defects  and presents  
growth  condit ions tha t  can be used to avoid them. I t  
is shown tha t  the occurrence of meta l l ic  inclusions and 
cel lu lar  subs t ruc ture  in var ious  Pbl -~Sn~Te crys ta ls  
grown from different  l iquidus  composit ions is con- 
sistent  wi th  a model  of const i tu t ional  supercool ing at  
the  growth  interface  be tween  l iquid and solid. 

Experimental Procedure and Results 
Single crysta ls  of P b l - ~ n x T e  were  grown by the 

Br idgman  technique and by  closed tube  vapor  t r ans -  
port .  These methods  have  been descr ibed  in deta i l  
e l sewhere  (2, 4). For  Br idgman  growth  a mix tu re  of 
the e lements  is sealed in a carbonized evacuated  fused 
silica ampoule  and reac ted  at  a t e m p e r a t u r e  50~ 
above the l iquidus.  The ampoule  is then  lowered  out 
of the  high t empe ra tu r e  region of the  ver t ica l  fu r -  
nace at  a ra te  of 1 cm/day .  The t e m p e r a t u r e  grad ien t  
in the furnace  is app rox ima te ly  10~ Br idgman-  
grown single crys ta ls  are  commonly  15 cm long and 
2.5 cm in diameter .  Vapor  growth  is car r ied  out 
in a special  fused silica ampoule  using a vapor  source 
consist ing of a two-phased  al loy of composi t ion 
(meta l )  0.51 (Te) 0.49. The evacuated,  sealed ampoule  is 
placed in the  furnace  at  app rox ima te ly  825~ in a 
smal l  t empe ra tu r e  g rad ien t  of about  0.25~ Near ly  
s toichiometr ic  crysta ls  wi th  l inear  dimensions up to 
severa l  mi l l imete rs  are  formed on the  walls.  Before 
opening the g rowth  ampoules  the  vapor  g rown crys ta ls  
are  usua l ly  annea led  for lengthy  per iods  at  t e m p e r a -  
tures  be tween  400 ~ and 600~ 

The presence of metal l ic  inclusions and cel lu lar  sub-  
s t ruc ture  is revea led  by  microscopic examina t ion  of 
samples  e lec t ro ly t ica l ly  e tched in a solut ion of 20g 
KOH, 45 m l  H.70, 35 ml  glycerol ,  and  20 ml  ethanol .  
This is a w e l l - k n o w n  pol ishing etch for  PbTe  (5). 
The samples  are  biased anodical ly  and are  tho rough ly  
r insed in dis t i l led  wa te r  af ter  etching. The s t i r red  

1 O p e r a t e d  w i t h  s u p p o r t  f r o m  t h e  U.S.  A i r  F o r c e .  

solut ion is used at room tempera tu re .  A t  a cur ren t  
dens i ty  of 0.5 a / cm 2 the Pb l -xSnxTe  c rys ta l  is pol i sh-  
etched at  a ra te  of app rox ima te ly  30 ~/min.  Metal l ic  
inclusions, if present ,  acquire  an orange film but  
o therwise  r ema in  intact .  They  r ema in  as p r o t u b e r -  
ances on the  deeply  etched semiconductor  surface. At  
a cu r ren t  dens i ty  of app rox ima te ly  0.05 a / cm ~, the  
solut ion is sui table  for obta in ing  dislocat ion dens i ty  
measurements  or, in the  presen t  case, showing ce l lu lar  
subst ructure .  

F igure  I shows the  surface of a sample  cut  f rom 
the l as t - to - f reeze  end of Pb l -xSnxTe  crys ta l  A-2  
which was grown from a l iquid wi th  excess meta l  
and etched at a cur ren t  dens i ty  of 0.5 a / cm ~. The 
weighed out propor t ions  cor responded  to the  com- 
posi t ion (Pb0.ToSn0.30)0.5oe3Teo.4~T. For  the  400g in-  
got, i t  was  es t imated  tha t  a t  the  g rowth  t e m p e r a -  
ture  about  7 mg of Te was presen t  in the  vapor  space 
above the liquid. Thus, the  weighed out composi-  
t ion and ac tua l  l iquidus composi t ion are  ve ry  
nea r ly  identical .  The f i r s t - to- f reeze  solidus composi-  
t ion of A-2 was de t e rmined  to be  app rox ima te ly  
(Pb 0.s0Sn0.20 ) <0.50 Te>o.~0 f rom elect ron mic roprobe  
and Hal l  coefficient measurement s  (4). This photo-  
micrograph,  which  shows an unusua l ly  la rge  number  

Fig. 1. Etched sample from last-to-freeze end of PbloxSnxTe 
crystal A-2 containing a large number of metallic inclusions. 
Unannealed. 
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Fig. 2. Etched unannealed sample of Pbl.xSn~Te crystal A-4 in 
which no bulk metallic inclusions are observable; magnification is 
same as in Fig. I .  

Fig. 3. Etched crystal from last-to-freeze end of Pbl.zSn~Te 
crystal A-2 after 850~ anneal for seven days. 

of light spots, presents an extreme example of the 
presence of bu lk  metall ic inclusions in Br idgman 
grown crystals. The inclusions observed range in size 
from a few microns to over 0.1 m m  in diameter.  
The 100% metall ic composition ( P b - S n  alloy) of 
the inclusions was determined by  chemical and elec- 
t ron microprobe analyses. 1 F igure  2 shows for com- 
parison purposes a sample of crystal  A-4, which 
was grown from a Te-r ich  melt  of composition 
(Pb0.7oSno.3o)o.49Teo.sl and etched in the same manner .  
No metall ic inclusions were  observed in  this crystal. 

A section of the sample cut from the last to 
freeze end of A-2 is shown in Fig. 3 after iso- 
thermal ly  annea l ing  for seven days at 850~ in 
the presence of a meta l - r ich  powder of composition 
(Pbo.sSno.2)o.5125Teo.4s75. The inclusions have appar-  
ent ly  migra ted  and coalesced, forming larger  meta l  

1 Electron microprobe  ana lys i s  was  car r ied  out  by  M. C. Finn,  

Fig. 4. Slowly etched sample from the first end to freeze of 
Bridgman grown Pbl.xSn~Te crystal A-2 containing cellular sub- 
structure. Unannealed. 

regions wi th  a smaller  number  density. A photomicro- 
graph of the surface of a specimen obtained near  
the first end to freeze of a crystal  A-2 is shown in 
Fig. 4. This sample was etched at the slower rate to 
show the cel lular  substructure.  At the fast rate, only 
a few metall ic inclusions were observed in a 1 cm 2 
area. The pronounced mosaic pa t te rn  evident  in  Fig. 
4 was found throughout  the crystal  and is believed to 
be due to preferent ia l  etching at the cell boundaries.  

Table I indicates the presence or absence of metall ic 
inclusions and cellular  subst ructure  in several  crys- 
tals of Pbo.sSno.2Te. Bulk  metall ic inclusions, when  
present,  var ied in  n u m b e r  from essentially zero at 
the first end to freeze to a ma x i mum at the Opposite 
end of each crystal. The densi ty of bulk  inclusions in 
the as-grown solid decreased as the composition of 
the melt  became richer in Te. Surface metall ic inclu-  
sions, which had physicochemical characteristics iden-  
tical to the bu lk  metall ic inclusions, were observed 
ra ther  un i formly  dis t r ibuted over the exterior surfaces 
of the crystals. A second M0.49Teo.sl crystal  was grown 
which was free of both bu lk  and surface metall ic 
inclusions. The inner  surface of the silica growth am-  
poule for this crystal  had been carbonized by the 
reduct ion of acetone, whereas the former crystal  was 
grown in an ampoule carbonized by  the reduct ion of 
na tu ra l  gas. 

A number  of the vapor grown crystals were etched 
by the technique previously described. No evidence 
for the presence of ei ther metall ic inclusions or cel- 
lular  subst ructure  was found in  the bu lk  of these 

Table I. Presence or absence of metallic inclusions and 
cellular substructure in crystals of Pbo.sSno.2Te 

Low-angle 
Liqu id  Bu lk  Sur face  g r a in  

composition inclusions inclusions boundaries 

Bridgman M0.~oeTeo.49~ Present Present Present 
technique Mo.~oTe0.~o Present Present Present 

Mo. 4~Teo.~o~ P resen t  P resen t  P resen t  
Mo.493Teo,~z P resen t  P resen t  P resen t  
Mo. 49Teo.~i Absent Present* Absent 
Mo. ~gTeo.~x Absent Absent* Absent 

Source 
composition 

Vapor-growth 
t echnique  Mo.51Teo.49 Absent  P resen t  Absent  

* See text .  
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crystals .  However ,  metal l ic  inclusions in the  surface 
layers  of crysta ls  vapor  grown from me ta l - r i ch  sources 
were  observed in al l  crystals .  In  the  case of crys ta ls  
vapor  grown from a Te- r i ch  source, no meta l  inc lu-  
sions were  evident  in the  surface layers  d i rec t ly  ex -  
posed to the  vapor.  However ,  even in this  l a t t e r  case, 
meta l l ic  inclusions were  seen on surfaces in contact  
wi th  the  inner  wal ls  of the  quar tz  g rowth  capsule. 
This resul t  indicates  tha t  surface inclusions may  be 
due at  least  in pa r t  to a chemical  react ion of 
Pb~-=Sn=Te wi th  the  surface of the  sil ica g rowth  tube.  

Discussion 
We bel ieve the bu lk  meta l l ic  inclusions and ce l lu lar  

subs t ruc ture  are  due to const i tu t ional  supercool ing 
dur ing  growth.  The mechanism of const i tu t ional  supe r -  
cooling has been p rev ious ly  used to expla in  ce l lu lar  
g rowth  and other  defects  in var ious  crysta ls  (6). In 
the  present  case, segregat ion of excess me ta l  ( re la t ive  
to the composit ion at the  m a x i m u m  mel t ing  t e m p e r -  
a ture)  at  the  l iqu id-so l id  in ter face  of the  growing 
crys ta l  is pos tu la ted  to be the  basic cause of the  ob-  
served  macroscopic imperfect ions.  F igures  5 and 6 
i l lus t ra te  the  re la t ionships  be tween  the phase d iagrams  
of Pb l - zSnxTe  and the pe r t inen t  pa r ame te r s  which are  
usua l ly  employed  in s t andard  discussions of const i tu-  
t ional  supercool ing phenomena  (6). F igure  5 shows an 
ideal ized equi l ib r ium phase d i ag ram for Pb l -xSn=Te  
nea r  the  s toichiometr ic  composition. I t  is wel l  es tab-  
l ished tha t  the  posi t ion of the  m a x i m u m  mel t ing  point  
is on the  Te- r i ch  side of the  b ina ry  phase d iag ram in 
both the  P b - T e  (7) and Sn-Te  (8) systems. F u r t h e r -  
more, the  da ta  p resen ted  in ref. (4) give s t rong evi-  
dence tha t  the  m a x i m u m  mel t ing  point  is on the 
Te- r i ch  side for  t he  pseudob inary  alloys, Pbl -xSnxTe.  
As ev ident  f rom da ta  given in ref. (4), for x = 0.2 
the m a x i m u m  mel t ing  t e m p e r a t u r e  is app rox ima te ly  
890~ and the intersect ion of the  solidus l ine wi th  
the s toichiometr ic  l ine occurs at  about  525~ Figure  
6a shows schemat ica l ly  the  var ia t ion  of the  me ta l -Te  
ra t io  across the  in ter face  be tween  the mel t  and solid 
of a growing crystal .  The bu i ldup  of the  me ta l -Te  
ra t io  in the  l iquid at  the  in ter face  depends  on the 
growth  ra te  and would  be absent  for an inf ini tes imal ly  
slow rate.  Pe r t inen t  composit ions are  shown at  the  
l iquidus and solidus t empera tu re s  in Fig. 5. I t  is ev-  
ident  tha t  the  equ i l ib r ium freezing t empera tu re  in 
the l iquid wi l l  va ry  wi th  posi t ion as a resul t  of 
va ry ing  the  me ta l -Te  ratio.  The var ia t ion  of f reez-  
ing t empe ra tu r e  is shown schemat ica l ly  in Fig. 6b. 
Also shown are  two possible ac tua l  t e m p e r a t u r e  g ra -  
dients.  Fo r  the  less steep l ine there  is a region of 
ins tabi l i ty  where  the  l iquid is local ly  supercooled.  
Rapid  quenching wil l  occur in this  region causing spu-  
r ious nucleat ion and leading  to ce l lu lar  substructure .  
In  addit ion,  the  r ap id ly  quenched solid ma te r i a l  should 
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contain  me ta l - r i ch  l iquid as a second phase  at  the  
h igher  t empera tu re s  and two solid phases at  lower  
tempera tures ,  i.e., Pb l -xSnxTe  and metal .  

This qua l i ta t ive  exp lana t ion  for the  occurrence of 
macroscopic defects suggests  some prac t ica l  methods  
of avoid ing  them. As m a y  be seen f rom Fig. 5, CI, CL, 
and Cs wil l  be ident ica l  at the  m a x i m u m  mel t ing  point  
composit ion; hence, g rowth  f rom a l iquid of this  com- 
posi t ion should e l iminate  const i tu t ional  supercooling.  
Crys ta l  g rowth  f rom a mel t  composi t ion r icher  in Te 
than  the m a x i m u m  mel t ing  point  composi t ion should 
also yie ld  crys ta ls  free of metal l ic  inclusions. We be-  
l ieve the  M0.49Te0.51 crys ta ls  ment ioned  prev ious ly  
were  grown f rom a mel t  near  or on the  excess Te 
side of the  m a x i m u m  mel t ing  point  composition. These 
crysta ls  were  free of bu lk  meta l l ic  inclusions and 
cel lu lar  subst ructure .  Accord ing  to Fig. 6b, const i -  
tu t ional  supercool ing can also be p reven ted  by  im-  
posing a steep enough t e m p e r a t u r e  g rad ien t  or by  
reducing the slope of the  freezing t empera tu re  curve  
by  decreas ing the growth  rate.  
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The Solution of Aluminum Phosphide in Aluminum 
Sylvan Z. Beer *l 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

The solubil i ty of a luminum phosphide in mol ten a luminum was measured 
over  the t empera tu re  range of 900~176 This was done by equi l ibrat ing 
molten a luminum with  solid a luminum phosphide, pouring off and quenching 
the aluminum, and analyzing the quenched metal.  The heat  of solution is 
calculated to be 18.1 kcal. F rom the measured  solubility, approximate  dis- 
sociation pressures at different tempera tures  were  calculated. 

The physical  propert ies  of AlP are the least known 
of the family  of I I I -V intermetal l ic  compounds pos- 
sessing the zinc blende structure.  This is largely due 
to the difficulties encountered in prepar ing  and han-  
dling single crystals. Of the various applicable me th -  
ods for growing single crystals of AlP,  growth f rom 
solution in a luminum stands out because it presents 
the possibility of accurate  control  of impur i ty  levels. 
To grow single crystals f rom mol ten  a luminum under  
opt imum conditions, requires  a detai led knowledge 
of the solubil i ty of AlP  in a luminum as a function of 
tempera ture .  Such data could also provide a means  
for roughly est imating some thermodynamic  propert ies  
of AlP, which are at present  almost total ly lacking. 
For  these reasons the solubil i ty of AlP in mol ten  
a luminum was measured  and is presented in this pub-  
lication. 

Experimental 
The solubil i ty was measured  by holding the mol ten 

a luminum in contact wi th  a luminum phosphide in an 
equi l ibrat ion crucible unti l  equi l ibrat ion and then 
inver t ing  the furnace to cause the mol ten  a luminum 
to fall  into a cold catch crucible, thus quenching- in  
any dissolved phosphorus. 

The a luminum phosphide was prepared  by the 
method described previously  (1). Briefly, a luminum 
(Alcoa, 99.999%) was etched in a 96% phosphoric 
acid-4% nitric acid mix tu re  and air dried. It  was then 
placed in an a lumina boat (Morganite)  in one end of 
a c losed-end mul l i te  tube which had a borosilicate 
glass extension at the open end. Red phosphorus 
(United Mineral, 99.999%) was placed about midway  
along the length of the mul l i te  tube. The tube was 
pumped at less than 10 -6 Torr  for 24 hr  and sealed 
off. It was then placed in a horizontal  two-zone  fu r -  
nace with  the hot end kept at 1450~ while the glass 
end, to which the phosphorus distills, was kept at 
about 450~ The tube was w i thd rawn  f rom the fur -  
nace at a rate  of about 6 m m / d a y  keeping the phos-  
phorus end at constant temperature .  The larger  crys-  
tals of AlP  which grew this way  were  ext rac ted  (2) 
and used for these experiments .  

For  the solubil i ty measurements ,  the a luminum 
phosphide was placed in a high pur i ty  a lumina cru-  
cible (Morgani te) ,  previously baked out at 900~ for 
at least 24 hr. In this was also placed a 2g piece of 
a luminum (Alcoa, 99.999%) which had been etched 
with  a mix tu re  of 96% phosphoric acid-4% nitric acid 
and air dried. The crucible was then placed ver t ica l ly  
in a quartz  vessel wi th  the catch-crucible  (a long 
closed-end a lumina tube) placed in inver ted  position 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
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against the equi l ibrat ion crucible. The two were  held 
t ight ly  together  by means of a spring compressed in 
the cold end of the quartz  tube. The lower end of 
the tube was inserted into the furnace. The upper  end 
of the catch crucible was kept at room tempera tu re  
by means of muffin fans. The quar tz  tube was sealed 
at the top wi th  a wax-sea led  ground joint. It was 
then evacuated and heated slowly to the equi l ibrat ing 
tempera ture .  The t empera tu re  was held constant to 
_+I~ for 20-24 hr  to at tain equil ibration.  Af te r  
equilibration, the vessel was inver ted  and molten 
a luminum was dropped into the catch crucible and 
quenched. On solidification, the a luminum was re-  
moved, etched with  the phosphoric-ni t r ic  mix tu re  
and analyzed for phosphorus by the colorimetr ic  phos- 
phovanadomolybdate  method  (3). 

Analytic procedure.--About one gram of the meta l  
was dissolved in a dilute aqua regia solution. Because 
the method was found to be sensit ive to acidity, the 
solution was then heated almost  to dryness, rediluted,  
and t ransfer red  to a 100 ml  volumetr ic  flask. To this 
was added 5.0 ml  of 70% perchloric acid, 10 ml of 
0.75M sodium sulfate solution, and 10.00 ml  of a vana-  
dium stock solution prepared in the fol lowing manner .  
To a mix ture  of 400 ml of wa te r  and 25 ml  of 8N per-  
chloric acid, 1.17g of ammonium metavanada te  was 
added. The mix tu re  was then di luted to 500 ml wi th  
water.  

The unknown mix tu re  in the 100 ml  flask was 
st irred and to it was added 20.00 ml of a molybdenum 
stock solution. The la t ter  was prepared by dissolv- 
ing 35g of ammonium molybdate  t e t rahydra te  in one 
l i ter  of water.  The unknown mix tu re  was then diluted 
to the 100 ml mark. The absorbance was de termined  
one hour  la ter  wi th  a Cary spectrophotometer  at 390~ 
against a similar  solution containing no phosphorus. 
This was conver ted  to concentrat ion through the use 
of a cal ibrat ion curve  prepared  as above using potas- 
sium dehydrogen phosphate as the phosphorus source. 
The over -a l l  precision of the method was found to be 
wi th in  3%. It  was found to be insensit ive to a lumi-  
num in the range encountered here. 

Discussion of Results 
The results of the measurements  are shown in Fig. 1. 

It can be seen that  the solubili ty as a function of the 
inverse absolute t empera tu re  falls on a s traight  line. 
The line was ext rapola ted  to low tempera tures  for 
reasons to be discussed later. The slope of the line is 
equivalent  to a AH solution of 18.1 kcal. 

It is most convenient  to analyze these results ac- 
cording to the method  of Wagner  (4), as fur ther  de-  
veloped by Schot tky and Bever  (5), Hall  (6), Vieland 
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Fig. 1. Solubility of aluminum phosphide as a function of recip- 
rocal absolute temperature. The data line is extrapolated to 
lower temperatures to indicate the relationship to the phosphorus 
critical temperature and the aluminum melting point. 

(7), and others. Based on the quasi chemical  approach 
and on the assumption that  the solution is regular  
and that  the excess free energy is g iven by F E --~ 
- - w X ( 1 - - X ) ,  where  w is the interact ion paramete r  
and X is the mole fraction of the solute, an equation 
de termining the solubil i ty was derived. It is given in 
the form 

--  l n [ 4 X ( 1 - -  X) ]  = R L T --  1 --  ~ (1 -- 2X) ~ 

[1] 
where  • r is the entropy of fusion and Tm is the 
melt ing point of the compound. The value of w is the 
only quant i ty  which cannot be readi ly  estimated. It  
has been shown for other  I I I -V  compounds to be a 
function of t empera tu re  (8). The evaluat ion of w as 
a function of t empera ture  can be accomplished using 
Eq. [1] over  the range of measured solubility. To do 
this requires  the evaluat ion of both Tm and • r. 

In order to obtain an est imated mel t ing temperature ,  
the melt ing tempera tures  of the other  I I I -V 's  were  
plotted as a function of the atomic number.  In Fig. 2 
this was done util izing the gram atomic number  in 
accordance with  the method of Lichter  (9). The gram 
atomic number  is s imply the average atomic number  
of each I I I -V compound. Plot t ing the relat ionship in 
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Fig. 2. Melting point of IIl-Y compounds as function of gram 

atomic number. 
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Fig. 3. Plot of In 4X(I-X) as o function of TIn~T-1 far III-V 
phosphides. The AS = 14 line is the average of many compounds 
plotted by Hall (6). 

this way has the par t icular  advantage  in that  all  the 
compounds can be placed on the same graph con- 
veniently,  F rom this plot it can be seen that  fair ly 
reasonable straight  lines can be d rawn for the a r -  
senides, the gal l ium compounds, and to some extent  
the antimonides. On this basis the AlP  mel t ing  point 
can be est imated to be 2200~ 

The value of .~S f can be calculated direct ly  f rom a 
plot of l n [ 4 X ( 1 - - X ) ]  against TIn~T--1. At low t em-  
perature,  where  the solubil i ty is also low, a s traight  
line relat ionship can be expected as a first order  ap- 
proximation.  This plot is shown in Fig. 3. The re la t ion-  
ship is seen to be fair ly l inear  wi th  a slope de termined  
to be 5.9 eu. This is ra ther  small  compared with  the 
other  I I I -V phosphides and the o ther  I I I -V  compounds 
which average  around 14 eu. Est imating the entropy 
of mel t ing according to the method used by Thermond 
(8) for GaP and GaAs yields a value of about 16 eu. 
The exper imenta l  value  is however  close to that  of 
the elements  Ge and Si. The small  value found ex-  
per imenta l ly  may perhaps be a t t r ibuted  to the highly 
ionic nature  of a luminum phosphide and its low solu-  
bil i ty and low degree of dissociation in the metal l ic  
a luminum. 

Util izing the calculated values of • f and Tm in Eq. 
[1], the tempera ture  dependence of w can be ap- 
p rox imate ly  determined.  The relat ionship plotted in 
Fig. 4 is given by 

w = 2 . 1 3 1 -  1.167T [2] 

As in the case of other  I I I -V compounds (8), the 
value of w is found to fol low closely a l inear  func-  
tion of tempera ture .  

Basic to the regular  solut ion-quasi  chemical  ap- 
proach the par t ia l  f ree energy of the V-species of 
compound is given as 

- - E  

F = R T  In "yv = w (1 - -  X) "2 [3] 

Rewri t ing  this in terms of pressure,  the vapor  pres-  
sure of phosphorus in equi l ibr ium wi th  a luminum 
phosphide can be calculated f rom the relat ionship 

p l / 2 v  = p l / 2 o  v X e (1-x)o-w/RT [4] 

where  Pv is the equi l ibr ium pressure of the P2 species 
of phosphorus and Pov is the pressure of pure phos-  
phorus at t empera tu re  T. The equat ion cannot be used 
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directly because as can be seen from Fig. 1, the mea-  
surements  are well above the critical tempera ture  of 
phosphorus, 695~ (10). However, by uti l izing the 
solubili ty data of GaP in Ga and by rewri t ing  the 
equation in the form 

~l/2AIP XA1P e ( 1 - x )  ~-wIRT 
= - -  [ 5 ]  

~l/2GaP ZGaP e ( 1 - x )  zw/RT 

the useful tempera ture  range of the equation can be 
extended. Solution of this equation requires both the 
solubilities of the GaP in Ga and the solubili ty of 
AlP in A1 over the same tempera ture  range as well as 
the value of w for each compound over the same 
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range. An equat ion for w for GaP has been given by 
Thurmond  (8). Thus, the pressure ratios in Eq. [5] 
over the range of 800 ~ to 1200~ is found to be 1.9 x 
10 -6 to 8 x 10 -7. From the known pressure- tempera-  
ture relationship of GaP (11), the pressure of phos- 
phorus in equi l ibr ium with a luminum phosphide is 
found to lie in the range of 5 x 10 -1~ to 3 x 10 -~ 
Torr  over the same tempera ture  range. 

Because of the exponent ia l  dependence of the cal- 
culated pressure on the solubil i ty of phosphides in 
the molten metals, the errors in the calculated pres-  
sures can be rather  considerable. The values so ob- 
tained must, therefore, be regarded as first approxi-  
mations. 
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The Determination of Phase Boundaries and Thermodynamic 
Functions in the Iron-Oxygen System 

by EMF Measurements 
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ABSTRACT 

Coulometric t i t rat ion in a h igh- tempera ture  cell employing a stabilized 
zirconia electrolyte was used successfully in the determinat ion of phase 
boundaries  and related thermodynamic  data in the i ron-oxygen system. The 
s tandard free energy of formation of oxygen-deficient wiistite was deter-  
mined between 540 ~ and 1200~ Values agree to wi th in  500 cal of the most 
critically reviewed data. The free energy of reaction for the formation of 
magnet i te  from wiistite and oxygen was determined between 900 ~ and 1200~ 
The composition of the i ron-r ich boundary  of wiistite was found to decrease 
very slightly in oxygen content  with increasing temperature.  For all prac-  
tical purposes, however, the composition of the boundary  can be considered 
constant  at FeOi.05. The compositions of oxygen-r ich wiistite agreed fairly 
well with exist ing data. Evidence was presented, however, for the existence of 
addit ional phases in the region of the Fe-O diagram between the present ly 
reported oxygen-r ich wfistite and magneti te.  The tempera ture  for the Fe, 
FexO, Fe304 three-phase equi l ibr ium was found exper imenta l ly  to be 610 ~ 
• 10~ Extrapolat ion of low tempera ture  (T < 900~ FezO-Fe304 equi-  
l ibr ium data resulted in lower t ransformat ion temperatures.  

The use of emf measurements  on galvanic cells, 
util izing solid electrolytes such as stabilized zirconia, 
yttria, and thoria has led to the production of valuable 
thermodynamic  data in numerous  oxide systems. The 
s tandard molal free energies of formation of oxides 
such as FeO (1, 2), Fe304 (1), CoO (1, 2), Cu._,O (3), 
NiO (1,2),  and MoO2 (4) have been determined at 
elevated temperatures  in numerous  studies. 

The h igh- tempera ture  galvanic cell is especially 
suited for s tudying the thermodynamic  properties of 
defect oxide phases. By employing the technique of 
coulometric t i tration, which involves varying the com- 
position of the oxide phase electrochemically, it is 
possible, in principle, to measure the activity of oxy- 
gen as a continuous funct ion of composition over the 
entire phase field of a nonstoichiometric phase (5-9). 
Thus informat ion such as thermodynamic  activities, 
phase boundaries,  and the existence of defect phases 
is readily obtained by this method. 

It is the purpose of this paper to explore the feasi- 
bili ty of employing a solid electrolyte galvanic cell in 
conjunct ion with the technique of coulometric t i t ra t ion 
in the determinat ion of phase boundaries  in an oxide 
system. The i ron-oxygen system was selected since 
there is considerable informat ion on the phase bound-  
aries in the li terature, pr incipal ly  that  of Darken and 
Gurry  (10). 

Experimental 
Two kinds of exper imental  cells were employed: 

(i) closed-end tube cell, and (ii) three electrode cell. 
The electrolyte in the former cell is a closed-end, 10 
in. long, 13/16 in. diameter  calica-stabilized zirconia 
tube (0.85 ZrO2 -~- 0.15 CaO). The basic a r rangement  
of this cell is shown schematically in  Fig. 1. The open 
end of the zirconia tube, which was exposed to air, 
was the oxygen reference potential  used as the cath- 
ode. The outside of this tube was exposed to a purified 
argon (10-25 cm3/min) or hel ium atmosphere. 2 The 
FeO sample electrode was held in place by an a lumina  
disk supported by a molybdenum wire. A 1-mil thick 
p la t inum electrode separated the FeO sample from the 
alumina.  A P t ,  Pt-13Rh 10-mil thermocouple was at-  

1 P r e s e n t  addres s :  A i r  Force  W e a p o n s  L a b o r a t o r y ,  K i r t l a n d  A i r  
Force  Base,  New M e x i c o .  

The  gas  was  pu r i f i ed  by  pa s s ing  i t  in  success ion  o v e r  a n h y d r o u s  
m a g n e s i u m  pe rch lo ra t e ,  ascar i te ,  h e a t e d  copper  or t i t a n i u m - z i r c o -  
n i u m  t u r n i n g s ,  and  ascar i te .  

tached to the bottom of this p la t inum electrode. The 
p la t inum wire was also used to measure the cell volt-  
age and as the lead wire for the t i t ra t ing current .  A 
V2-in. p la t inum electrode was placed around the out-  
side of the zirconia cell wi th in  V4 in. from the bottom 
of the cell. This electrode was used to monitor  the 
oxygen pressure wi thin  the inert  cell atmosphere using 
the air electrode (cathode) as the oxygen reference 
potential. The p la t inum electrode used in the cathode 
(the open end exposed to air) also had a 10 mil  Pt, 

Pt-13Rh thermocouple attached and was used in the 
same manner  as described for the anode. A spr ing-  
loaded mull i te  tube ensured good contact between the 
p la t inum electrode and the air cathode. 

Three compositions were studied in the closed-end 
tube cell 

0.85 ZrO., l 
Pt, Fe-FexO q- air (Po2= 0.18 a tm),  Pt  (I) 

0.15 CaO 

0.85 ZrO2 
Pt,Fe~O3-Fe~O4 q- air (Po2---- 0.18 a tm),  Pt  

0.15 CaO 
(II) 

Pt,FeOu ~ 0.85 ZrO2 
1 1 q- air  ( P o 2 = 0 . 1 8 a t m ) , P t  (III) - - < y < - -  
x z 0.15 CaO 

The cell potentials are given by Eq. [1] and [2] in 
which F'o2 and F"o2 

E ~ [ (~'o2 - -  ro2) - -  (F~o2 -- Fo2) ] /4F  [1] 

RT P"o2 
= In ~ [2] 

4F P'o2 

are the part ial  molal free energies of oxygen at the 

anode and cathode, respectively, Fo2 is the s tandard 
molal  free energy of (ideal gas at one atmosphere 
pressure) oxygen, P'o2 and P"o2 are the part ial  pres-  

E v i d e n c e  w i l l  be p r e s e n t e d  that  ind ica tes  the  p r e s e n c e  of m o r e  
t h a n  one w t i s t i t e - t y p e  defec t  phase  b e t w e e n  FeO~.o~ and  FeOl..~. 
There fo re ,  r e f e r e n c e  to the  FezO-Fe204 t w o - p h a s e  r eg ion  corre-  
sponds  to the  mos t  o x y g e n - r i c h  w t i s t i t e - t y p e  p h a s e  in e q u i l i b r i u m  
w i t h  FeaO4 or  an o v e r - a l l  c o m p o s i t i o n  s l i g h t l y  less o x y g e n - r i c h  
t h a n  FeO~.~ ( i .e .  Fe3OD. 

FeOy is u sed  to deno te  the  c o m p o s i t i o n  w i t h i n  the  s ing le  phase  
r eg ion  because  the  O / F e  ra t io  ( = y )  is u s e d  to  d e s c r i b e  the  compo-  
s i t ion.  

266 
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Zirconio Electrolyte 

Gas Inlet Gas Outtet 
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a T C ~  ' ~ P t  Electrode ~ TC 

Fig. !. Schematic of galvanic cell with zirconia electrolyte 
closed-end tube. 

sures in atmospheres of diatomic oxygen at the anode 
and cathode, respectively, and F is the Faraday con- 
stant. 

In  these exper iments  the oxygen pressure at the 
cathode (P"o2) was always a constant  (Po2 [air] ~0.18 
a tm),  the par t ia l  pressure of oxygen in the atmos- 
phere at Salt Lake City, Utah. Thus, from a measured 
emf, the oxygen pressure (P'o2) was calculated for 
the two phase mixtures,  Fe-Fe~O (I) and Fe~O- 
Fe304 (II) .  In  addition, the oxygen pressure was ob- 
tained for any arbi t rary  composition (y) in the wiist-  
ite phase (FeO~) by coulometric t i t ra t ion in cell III. 
Isothermal t i t ra t ion experiments  were conducted at 
temperatures  between 800 ~ and 1200~ in  both direc- 
tions across the wiistite phase. In addition to the t i -  
t rat ion experiments,  heat ing and cooling experiments  
were performed with cells I and II. From these ex- 
periments,  the oxygen activity was determined as a 
function of tempera ture  (500~176 in the two- 
phase equi l ibr ium mixtures  Fe-Fe~O and Fe~O-Fe~O4. 

The three-electrode cell consists of three electrodes 
in a cylindrical  zirconia electrolyte (1 in. diameter,  
0.75 in. high) as can be seen in Fig. 2. In  the coulo- 
metric t i t ra t ion studies, one of the bottom Fe-Fe~O 
electrodes was used to t i t rate oxygen in or out of the 
top electrode, while the other bottom electrode was 
used to record the open-circui t  emf. 

A mull i te  tube was fitted inside the top wfistite 
electrode so that  incoming gas would flow from the 
cathode to the anode and thus lower the possible re-  
duction of wiistite via the gas phase from the anode 
which is at a lower oxygen part ial  pressure. The en-  
tire asembly was spring loaded to insure good electri-  

GQS tnlet 
oos oo,,et  ~ 

~ Alumina Disc I 
F'e+ FexO Sample ~/~ ~ P t  Electrode TC 

E l e c t r o d e s ~  ~ ~ ~ W u s t i t e  Sample 
Pt Electrodes ~ Erect rode 

Zircania Electrolyte a T C ~  
~lurnina ~ 

~ Alumina Disc 

L A ~  

Fi 9. 2. Schematic of galvanic cell with three-sample electrode 
cylindrical shaped zlrconia electrolyte. 

cal contacts. The top sample electrode and one Fe-FexO 
reference electrode were ins t rumented  with Pt, 
Pt-13Rh thermocouples. 

Two compositions were studied with the three-elec-  
trode cell. 

0.85ZRO2 FezO-Fe804, P t  Pt, Fe-FexO + (IV) 
0.15CaO 

J 0.85ZRO2 
Pt, Fe-Fe~O + FeOy, Pt  (V) 

0.15CaO (y variable)  

Isothermal t i t rat ion experiments  were conducted in 
both directions wi th  cell u across the ent i re  wi~stite 
phase. Heating and cooling studies were conducted on 
cell IV. From the emf measured as function of tem- 
perature,  the activity of oxygen (Po2) in the FezO- 
Fe304 system was evaluated between 700 ~ and 1200~ 
In order to calculate the pressure of oxygen at the 
cathode (Fe~O-Fe304), the pressure at the anode must  
be known. The oxygen potentials for the Fe-FexO 
equi l ibr ium are reasonably well  known (10, 11-16). 
These potentials were also measured with the closed- 
end tube cell (I) described previously. Since this 
paper will  concern itself pr imar i ly  with the deter-  
minat ion of the phase boundaries  in the Fe-O system, 
the description of the exper imental  details connected 
with coulometric t i t ra t ion wi th in  single phase wiistite, 
FeO~, are given elsewhere (5, 17). 

The electrolytes used in this study, with the excep- 
t ion of one of the closed-end tubes which was made 
by Zircoa Corporation, were fabricated in this labora-  
tory. The zirconia was --325 mesh Wah Chang "S" 
Reactor Grade which is 99.9% pure  and hafnia  free. 
Reagent grade CaCO~ (Baker 's  1288) was the principal  
source of CaO. The complete description of the fab- 
rication of the electrolyte can be found elsewhere 
(17). Each electrolyte was subjected to a vacuum test 
(1-2 x 10 -3 m m  Hg) to insure that  it was impervious. 
It is noted here that  the real test for an impervious 
electrolyte was the absence of any sample oxidation 
(emf drift  with t ime) during an experiment.  

The closed-end tube electrode samples used in this 
study varied from pure iron (less than 25 ppm impur i -  
ties) to samples containing 85.5% iron and 14.5% oxy-  
gen by weight. The pure iron sample electrode was 
prepared at Battelle Memorial  Inst i tute  by zone mel t -  
ing in a hydrogen atmosphere. Compositions contain-  
ing 85.5 and 82 w/o  (weight per cent) iron were pre-  
Dared by dry mixing reagent  grade Fe20~ (99.0% 
min imum)  with iron powder (GAF HP carbonyl  99.6- 
99.9%). Samples were dry pressed in '/2 in. steel dies 
and heated in a tungs ten  vacuum furnace between 
950~176 for 19 hr at a pressure of 2 x 10 -5 mm 
Hg. A sample containing 77 w/o  iron was prepared 
by oxidation of iron wire (99.96%) in a H20/H2 at-  
mosphere at 900~ This powdered sample was used in 
the three-electrode cell for the variable wiistite 
electrode. The other Fe-Fe~O reference electrodes 
were powdered samples containing 85% iron. The 
sample weights and thicknesses varied between 0.0922 
and 0.3385g and 0.023 and 0.10 cm, respectively. 

P l a t inum electrodes were perhaps not the best choice 
to use wi th  wiistite because of the solubil i ty of i ron 
in plat inum. The predominant  effect would be loss of 
i ron in the wiistite electrode. Darken and Gur ry  (10) 
determined that  there  was zero solubili ty of p la t inum 
in any wiistite or magnet i te  composition. The solu- 
bil i ty of iron in p la t inum at 1300~ is about 13%, 
based on the measurements  of Taylor  and Muan  (18) 
for a part ial  pressure of oxygen corresponding to the 
FezO-Fe304 equilibria. Therefore, in the lower tem-  
perature  range (1057~176 of this study, it is 
very doubtful  that  the solubil i ty of iron in a l - ra i l  
thick p la t inum electrode will  affect the results. 
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Results 
In this paper  only results connected wi th  the phase 

boundaries  are reported.  The presentat ion and analysis 
of the t i t rat ion data in single phase wfistite can be 
found elsewhere (5, 17). 

Fe-FexO equ i l ibr ia . - -The  reaction for cell (I) is 

x Fe + �89 02 (0.18 atm) = FexO; -%F3 [3] 

When react ion [4] is added to react ion [3] 

*/2 O2 (1 atm) = �89 O2 (0.18 atm) ; ~F4 [4] 

the desired reaction [5], i.e., the format ion of Fe:O 
from the elements  in their  s tandard states, is obtained. 

x F e  + �89 02 (1 atm) ---- FexO; ~F5 [5] 

Using Eq. [5a] the s tandard free energy of formation 
of FexO (~Fs) was 

_~Fs = ~F3 + -~F4 = -- nFEI  + R T  In (0.18) 1/2 [5a] 

evaluated  from tempera tu re  profiles of cell I for the 
two-phase  mix ture  (Fe, FexO) be tween 540 ~ and 
1200~ A l inear  least squares analysis of 156 data 
points obtained f rom six separate exper iments  re-  
sulted in Eq. [6]. 

E~ (mv) ---- 1354.0 ( _  1.0) --  0.36488 ( •  0.00109) T (~ 
[6] 

The actual  data are tabulated elsewhere (17). In Fig. 
3 a port ion of these data is presented in addit ion to 
those for the FezO-FesO4 region (cell II) .  The re-  
sults substant iated that  the fit was l inear between 
540 ~ and 1200~ Subst i tut ion of Eq. [6] into [5a] gave 
Eq. [7] for the s tandard free energy of format ion of 
FexO in calories 

-~F5 = - -  62,452 _ 46 + 15.127 ( •  0.05) T (~ [7] 

The part ial  pressure of oxygen in equi l ibr ium with  the 
phases Fe and FexO as a function of t empera tu re  is 
given by Eq. [8]. The standard enthalpy and entropy 
for react ion [5] were  evaluated  f rom the t empera tu re  
dependence, 

--27,295 _ 20 
log Po2 ----- ~- 6.6115 • 0.0218 [8] 

T 

of AF5 and are -- 62,452 _ 46 cal/mole and -- 15.127 
0.05 cal/mole deg, respectively. 
These results agree well with the data of other 

workers (i0, 12-16, 19) and should be more accurate 
since the use of air as a reference electrode eliminates 
one of the principal sources of error, namely, the ther- 
modynamic properties of gaseous phases or other two- 
phase coexistence mixtures which are used to estab- 
lish the partial pressure of oxygen at the reference 
electrode. The results of this study for the standard 
free energy of formation of iron-rich wiistite are com- 

FezO- Fe304 equilibria 

Cell I 
o Exp 7 
�9 Exp 9 

,,oo -~ ~::','2 
~ ~  Exp ~5 

I000 EI (Fe + FexO ) �9 Exp[5 

gOC 

3 4  Ce l l g  E (Fe O -  FeO ) 

Exp 15 

6OO 

~o( 8;0 7'oo ~o ~o ,;oo ,',oo 
TemperQture (*C) 

Fig. 3. Cell potentials for Fe-FexO, 
closed-end tube. 
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Table I. Comparison of the standard free energy of formation 
of Feo.950 obtained from this and previous studies 

Invest igators  

Tempera tu re  
--AFr(Feo.~,5Ojin 

calories 
1O0O~ 150O~ 

This study 47,325 39,752 
Chipman (13) 47,600 39,800 
Kleman (12}, Vallet and Raccah (16) 47,230 39,743 
Humphrey, King, and Kelley (14) 47,850 40,000 
Wicks and Block (15) 47,350 39,050 
Ackerman and Sandford (19) 47,761 39,850 

pared with previous data in Table I. Any  errors due to 
thermal  emf's caused by possible t empera tu re  gra-  
dients across the electrolyte  would be minimized, since 
the p r imary  t empera tu re -measur ing  thermocouple  was 
attached to the Pt  electrode in contact wi th  the 
Fe-FezO sample electrode. The use of air as an elec- 
t rode does result  in a higher  cell potent ial  across the 
electrolyte  which could result  in greater  electronic 
conduction. However ,  there  was no evidence of this 
behavior  since the data were  reproduced from heat ing 
and cooling profiles and also from a number  of ex-  
periments  in which different zirconia tubes were  em-  
ployed. The repor ted  t ransference  number  data on the 
zirconia-base electrolytes (20, 21) indicate that  there  
are pract ical ly no measurable  electronic or other  
charge-car ry ing  species other  than oxygen ions in the 
oxygen part ial  pressure range covered in this study. 

FezO-Fe304 equ i l ibr ia . - -The  reaction for cell (II) is 

3 z 
FezO + 1/2 02 (0.18 atm) -- - -  Fe304; -~F9 

4z -- 3 4z - -  3 
[9] 

Combining Eq. [4] and [9] results in Eq. [10]. 

3 z 
~ F e z O  -+- */2 O2 (1 atm) - -  Fe304; ~Flo 
4z -- 3 4z - -  3 

-~Flo = - -  nFEII + R T  In (0.18) 1/2 [10] 

The reaction for cell (IV) is: 

z 3 
x Fe + - -  Fe304 = FexO + ~ FezO; -%Fn 

4z -- 3 4z -- 3 
[11] 

Using established data for the Fe-Fe~O equil ibria  
(.~Fs), the free energy of react ion [10] is given by 

Eq. [12]. 

• = -- ~Fn + ~F5 = nFEiv + • [12] 

Voltage-temperature profiles for cells (If) and (IV) 
are plotted in Fig. 3 and 4. The emf values for cell 
IV (Fig. 4) were obtained after titration into the 
Fe304 single-phase region at I000 ~ and II00~ after 
which the sample was reduced to a composition 
slightly more oxygen deficient than magnetite. The 
reduction of the sample was apparently achieved 
through the gas phase by the lower oxygen potential 
of the two other Fe-FexO sample electrodes. The cell 
voltage was recorded continuously and, after a steady- 
state constant voltage was achieved, emf-temperature 
profiles were made. Cell voltages were reproduced 
both on cooling and on heating to within ___ 1 mv 
above 950~ Another measure of the accuracy and 
reproducibility is to compare the emf difference be- 
tween cell (I) and (If) with that of cell (IV). The 
agreement between 800 ~ and I100~ was within _ 2 
mv. 

An analysis of the emf-temperature curves in Fig. 
3 and 4 indicates that the partial molal enthalpy of 
oxygen for the FezO-Fe304 equilibria is not constant 
over the temperature range 700~176 A linear 
least squares fit was performed over several temper- 
ature ranges and the results are presented in Table If. 
A linear least squares analysis of all the data above 
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Fig. 4. Cell potentials for cell (IV) ot different temperotures 

900~ for  the  free energy of reac t ion  be tween  Fe~O 
and Fe304 in Eq. [10] is g iven by  Eq. [13]. 

AF10(cal) ---- -- 75,985 • 194 + 30.550 ___ 0.15 T(~ 
[13] 

The partial pressure of oxygen between 900 ~ and 
1200~ for the reaction is given by Eq. [14] and cor- 
responds to the most oxygen-rich wilstite phase 
(FezO) in equilibrium with Fe304. Excellent agree- 
ment exists between 

- -  33,210 ~- 85 
log Po2 ---- + 13.354 ___ 0.064 [ 1 4 ]  

T 

Eq. [14] and Darken  and Gur ry ' s  da ta  at  l l00 ~ (10). 
However ,  above 1260~ the pa r t i a l  pressure  of oxygen  
is less than  tha t  repor ted  by  Darken  and Gurry .  The 
par t i a l  mola l  en tha lpy  and en t ropy  of oxygen  for the  
FezO-Fe304 equi l ib r ium are  --75,985 • 194 ca l /mole  
and --30.550 • 0.15 ca l /mo le  deg, respect ively .  I t  is 
emphasized again tha t  the  da ta  for the  FezO-Fe304 
equi l ibr ia  cor respond to composit ions conta ining an 

Table i11. Comparison of the FezO-Fe304 equilibrium oxygen 
pressures obtained in this and previous studies 

I n v e s t i g a t o r  E q u a t i o n  

Fe ,  Fe~O, 
Fe~O~ 

t r a n s f o r -  
m a t i o n  t e m -  
p e r a t u r e ,  ~ 

T h i s  s t u d y  (900~176 log  Po  2 = - -33 ,210 /T  + 13.354 004 
O / F e  ~ 1.33 

K l e m a n  (12) l og  Po2 = - -33 ,400 /T  + 13.510 611 
Va l l e t  a n d  R a c c a h  (16} 

t900o-1250oc) 
D a r k e n  a n d  G u r r y  (10) log  Po~ = - -35 ,200 /T  + 14.75 697 

(1100~176 

over -a l l  oxygen  to i ron rat io  be tween  1.25 and 1.31. 
Equat ion [14], giving the equi l ib r ium oxygen pres -  
sure  for the  equ i l ib r ium be tween  magne t i t e  and the 
most  oxygen- r i ch  phase  of wiisti te,  is compared  wi th  
the  equations of o ther  worke r s  in Table III. Inc luded 
also in the  tab le  a re  the  Fe, FexO, Fe304 t r a n s f o r m a -  
t ion t empera tu re s  obta ined by  equat ing the  oxygen  
pressure  for the  FezO-Fe~O4 equi l ib r ium wi th  tha t  for 
the  Fe-Fe~O equ i l ib r ium (Eq. [8] ).  

Iron-rich boundary of wis composi t ion of 
wfistite in equi l ib r ium wi th  i ron as a function of t em-  
pe ra tu re  is wel l  established.  The phase boundar ies  for 
wiis t i te  de te rmined  by  Darken  and G u r r y  (10) are  
wide ly  accepted by most  invest igators .  A compila t ion 
of these da ta  along wi th  more  recent  da t a  on the  F e - O  
sys tem is p resen ted  in Table  IV. The da ta  for the  F e -  
r ich bounda ry  suppor t  the  select ion of FeOl.05 as the  
composition. 

The change in composit ion wi th  t empe ra tu r e  of the  
bounda ry  was s tudied by  de te rmin ing  the t empe ra tu r e  
coefficient of oxygen  pressure  at  constant  composi t ion 
for a series of composit ions close to the boundary .  The 
th ree -e lec t rode  cell  was employed.  The cell  vol tages 
(Ev) for  composit ions be tween  FeOl.0~36, FeOl.05s, and 
FEO1.007 as a funct ion of t empe ra tu r e  are  shown in 
Fig. 5. 

I t  is noted tha t  the  t e m p e r a t u r e  coefficients of cell  
vol tage at constant  composit ion decreased f rom 0.06 
m v / ~  (FEO1.007) to 0.02 m v / ~  (FeO1.0~3), which  if  
ex t rapo la ted  to FeO1.05 would  be 0.003 to 0.01 mv/~ 
If  the composit ion of FexO in equ i l ib r ium wi th  FexO 
+ Fe  was FeO1.05 at  800~ and invar iant ,  the  t empe r -  

Table IV. Compilation of phase boundary data for Fe-O system 

Table II. Linear least squares fit of partial pressure of oxygen in 
equilibrium with FezO -I- Fe304 and cell voltage Eli 

-- l o g P o  2 = A + B ( l / T )  • 10 ~ 
Exp .  T e m p  

Cel l  No.  r a n g e ,  ~  A B 

- -  AHo* 
C a l / m o l e  

IV 1 925-1200 --13.6012~0~53 3.3531+0.0070S 76,719-~160 
I V  1 700-925 -- 11.624-~-0.098 3 . 1 1 7 0 ~ 0 . 0 1 0 6  71,317.~_~240 
I V  I 700-1200 - - 1 2 . 5 1 2 ~ 0 . 2 2 3  3 . 2 1 3 0 _ 0 . 0 2 6 7  73,513.~_~610 
I I  15 900-1075 -- 1 3 . 4 6 7 ~ 0 . 1 1 1  3 . 3 3 2 6 + 0 . 0 1 4 0  7 6 , 2 5 0 ~ 3 2 0  
I I  15 107~-1200 --15.898+0.258 3.665~0.0364 83,855~830 
I I  15 900-1200 - - 1 4 . 1 0 2 ~ 0 . 1 3 3  3 . 4 1 2 •  78,068"*-400 
I I  12 950-1200 -- 13 .533"~0.068 3 . 3 4 8 •  7 6 , 6 0 2 ~ 2 0 5  
I I  12 900-950 --12.2795--~0.173 3.19515__.0.0207 7 3 , 1 0 5 ~ 4 7 0  
I I  12 909-1200 --13.420-4-0.056 3.332~0~074 76,235~____170 

II 7 951-1109 
II 7 804-951 
II 7 804-1109 
n 15 851-1048 
I I  15 497-743 
I I  15 746-851 
I I  15 497-1048 

E11(mv) = A + B T  ( ~  - -AHo** 

A ( m v )  B ( m v / ~  

1651.2__--_12.5 --0.70186~0.0119 76,160-+-575 
1534.4"u7.0 --0.60626~-~0.0079 70,773"~-320 
1596.0~---6.2 --0.65998~0.0065 73,614~-285 
1647.7~___4.6 -- 0.70005-+-0.0049 75,998~-210 
1485.6-4-7.7 --0.55569~0.0123 68,552~-355 
1526.7"4-17.9 -- 0.59256~0.0226 70,417~-825 
1522.0"~-3.6 --0.35633~0.00264 70,201"-~165 

C o m p o s i t i o n  {O/Fe)  of 
t w o - p h a s e  r e g i o n s  

T e m p ,  
S o u r c e  of  d a t a  ~ F e z O - F e  FezO-Fe~O~ 

B a r b i  (22) 700 1.055 1,091 
800 1.052 1.102 
850 1.107 
900 1,049 1.113 
950 1.117 

I000  1.046 1.122 
M e u s s n e r  ( I i )  700 1.058 1.103 

850 1.049 1.122 
lO00 1.048 1.139 

A e k e r m a n  a n d  SancHord  (19~ 750 1.056 1.113 
799 1.052 1.120 
9O9 1.054 1.132 

1004 1.052 1.137 
Gerdanian and Bode t23) BOO 1.051 1.115 
D a r k e n  a n d  G u r r y  ( I0)  800 1.049 1.113 

900 1.049 1.129 
950 1.135 

1000 1.049 1.141 
1100 1.048 1.154 
1150 1.160 
1200 1.049 1.164 
1300 1,050 1.180 
1400 1.053 1.197 

S w a r o o p  a n d  W a g n e r  (24) 950 1.051 
1000 1.050 
1050 1.049 
1100 1.049 
1150 1.049 
1200 1.050 
1250 1.050 

T h i s  s t u d y  800 1.087 
894 I . I I 0  

1000 1.135-1.147 
1100 1.145-1.155 

--2.303 x 1.987 
* ~Ho B • 10 t '** ~Ho ~ --A(mv) • 46.124 

2 
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ature coefficient for FeOi.05 in this cell would be zero. 
Therefore, assuming that  the extrapolated coefficient 
of 0.Ol mv /~  is real and that  the composition FeOL05 
is not invariant ,  the t rue composition of wtistite in 
equi l ibr ium with iron at temperatures  greater  than 
800~ would be more iron rich. From a knowledge 
of the ratio of cell r per coulomb which was 
determined from the t i t ra t ion experiments,  the change 
in composition over a 300 ~ tempera ture  rise was cal-  
culated to be + 0.00077 using a slope of 0.01 mv/~ 
This decrease in O/Fe  ratio corresponds to FEO1.04923. 
Thus the assumption that  FeO1.0~ is constant  over the 
temperature  range between 1057 ~ and 1200~ has 
been well  substantiated.  

Oxygen-r ich  boundary of w~s t i t e . - -The  oxygen-r ich  
boundary  of wfistite was determined by the technique 
of coulometric t i tration. The boundary  is readi ly 
identified by a plateau in either a Po2 or emf vs. com- 
position (O/Fe)  plot. In  Fig. 6 a plot of Po2 vs. O/Fe is 
given which is representat ive of the t i t ra t ion experi-  
ments  in both cell configurations. This par t icular  expe-  
r iment  was conducted at 1139~ in  the three-electrode 
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Fig. 6. 1139~ Titration isotherm--Po2 vs .  composition, O/Fe 

cell. It is noteworthy that  the oxygen pressure (activity) 
is a continuous funct ion of composition un t i l  an O/Fe  
ratio of about  1.15 (composition A on Fig. 6) is 
reached. This composition corresponds to the oxygen-  
rich w,fistite boundary  present ly  reported on the phase 
equi l ibr ium diagram (refer to Table IV). The oxygen 
pressure at composition B (O/Fe ~ 1.29) corresponds 
to the Fe~O-Fe304 equi l ibr ium value measured in 
this study (5, 17) and by other investigators (10, 12, 
16). The rapid increase in oxygen potential  at a com- 
position (O/Fe)  of 1.29, which is less than the mag-  
neti te composition (1.33) is due probably to the pres-  
ence of a polarizing layer  of magnet i te  at the elec- 
trode. 

The fact that  the oxygen potential  at composition A 
is lower than that at B indicates tenta t ively  that  the 
composition of wfistite at A is not in equi l ibr ium with 
magnetite.  Between compositions A and B a series 
of single- and two-phase regions was observed. These 
were detected by a series of composition ranges with 
variable and constant  oxygen activity, i.e., variable 
and constant  cell emf. If the composition range be-  
tween A and B was a single two-phase region, as is 
now believed, the equi l ibr ium oxygen activity (cell 
emf) should not vary  with the composition as ob- 
served in this s tudy but  be constant  unt i l  the magne-  
tite composition is reached. 

It is impor tant  to emphasize that  the composition 
where the first two-phase region (A on Fig. 6) was 
observed corresponds to the present ly accepted oxy- 
gen-r ich boundary  of wfistite. These compositions are 
listed at different temperatures  in Table IV. I t  is also 
noted that the difference in oxygen pressure between 
points A and B corresponds to differences in cell volt-  
age of ~ 5-10 my. These small  differences in part ial  
pressure ( ~  1 x 10 -11 atm) would be difficult to de- 
termine in normal  gas equi l ibrat ion techniques. For 
example, ratios of Pco2/Pco (~8)  in this oxygen pres- 
sure region are difficult to control precisely. A plot of 
the log Po2 vs. 1/T for the oxygen pressure corre- 
sponding to the first two-phase region (composition 
A) observed in  the t i t ra t ion studies at different t em-  
peratures led to Eq. [15]. 

--33,633 • 23O 
log Po2 = ~- 13.567 __ 0.176 [15] 

T 

This equation is very close to that reported earlier 
(Eq. [14]) for the t rue FezO-Fe304 (i.e., O/Fe  at 1.33) 
potential  and compares well  with reported data (10, 
12, 16). The small  difference between Eq. [14] and [15] 
easily i l lustrates how the difference in oxygen poten-  
tial between compositions corresponding to A and B 
in Fig. 6 could be overlooked in the less precise gas 
equil ibrat ion studies. 

In order to just i fy fur ther  the results of this study 
in connection with the oxygen-r ich  boundary  of wfis- 
tite, it is informat ive to review briefly the results of 
previous workers in establishing the oxygen-r ich 
boundary  of wiistite. 

The phase boundaries  corresponding to the FezO 
~- Fe304 equi l ibr ium are not well  established, and 
considerable difficulty was experienced by many  in-  
vestigators working in this region of the Fe-O system 
(10-12, 19, 25, 26). It is believed by the authors that 
this difficulty stems from the fact that  there is a 
series of two-phase regions existing between the com- 
monly  accepted oxygen-r ich wfistite boundary  and 
Fe~O4. One of the principal  reasons f requent ly  given 
for failure to determine this boundary  sharply is that  
nucleat ion of magnet i te  is the slow or r a t e -de te rmin-  
ing step. This explanat ion is difficult to unders tand  
when one considers the following: 

1. At temperatures  such as 1100~176 diffusion 
of i ron is fair ly rapid (27, 28). 

2. The crystal  s tructures of FeOy and Fe304 are 
basically the same, at least with respect to the anion 
packing. 
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3. Lattice parameter  measurements  indicate that  the 
Fe~O4 structure  can be derived by  continuous removal  
of iron cations from the wiistite s t ructure (29). 

4. Oxygen potential  measurements  by Barbi  (30) 
made dur ing  the reduct ion of Fe~O~ to Fe ~ Fe~O 
did not indicate any evidence of a phase boundary  
between Fe304 and FeOp 

5. A good epitaxial  relat ion exists between FeO~ 
and Fe~O4, with a coherent  boundary  between the two 
phases (31, 32). 

6. The rate of decomposition of FeO~ to FesO~ is very 
fast and a low activation energy process (33). 

7. The single crystal  s t ructure  is not destroyed by 
repeated reduction and oxidation of Fe~O~ to FeO 
(32). 

8. Exper imenta l  evidence (neut ron  and h igh- tem-  
perature  x - r ay  diffraction) has been found for clusters 
of defects present  in wi~stite which basically have the 
s t ructure  of magnet i te  (34, 35). Libowitz (36) has 
derived a relat ionship between oxygen pressure and 
composition based on the model proposed by Roth, 
wherein  the principal  defect in wfistite is assumed to 
be a Fe 3+ interst i t ial  associated with two iron vacan-  
cies. This model predicted correctly the Po2 vs. com- 
position (O/Fe)  dependence in single-phase wfistite 
between 1057 ~ and 1200~ (5). 

In summary,  ample evidence exists that  magnet i te -  
type clusters of defects are always present  in wiistite, 
especially oxygen-r ich wiistite. These defects may be 
responsible for the n u m b e r  of two-phase regions ob- 
served in this study. The presence of these defects 
should not only provide sites for nucleat ion but  
should also enhance its rate as well. Considering the 
difficulties encountered by other investigators in de- 
te rmining  the Fe~O-FesO4 equi l ibr ium boundary,  it 
is very difficult to rationalize that  the principal  cause 
is the slow nucleat ion of magnetite.  In summary,  one 
might  expect from these facts to find a continuous 
solid solution between FeO1.0~ and FeO1.33 (Fe304). 

A summary  of the two-phase regions observed in 
the Po2 composition isotherms (5, 17), which were 
obtained from the coulometric t i t rat ion experiments,  
is presented in Table V. In this table the oxygen-r ich 
compositions to which t i t rat ion was extended in addi- 
tion to the compositions where two-phase regions 
were observed are listed. Compositions listed without 
a range for the two-phase region correspond to the 
composition at which there was a definite break in the 
oxygen act ivi ty-composit ion curve. The part ial  pres- 
sure of oxygen corresponding to the most oxygen-r ich 
composition t i t rated is also listed. 5 A plot of the Fe-O 

This  s t u d y  w a s  no t  i n i t i a l l y  i n t e n d e d  to d e t e r m i n e  phase  b o u n d -  
a r i es  in  t he  i r o n - o x y g e n  sys t em so t h a t  m a n y  of  t he  t i t r a t i o n  e x p e -  
r i m e n t s  u sed  to e s t ab l i sh  the  i s o t h e r m s  were  s t oppe d  once a p a r t i a l  
p r e s su re  of  o x y g e n  d e t e r m i n e d  f r o m  the  cel l  e m f  c o r r e s p o n d e d  to 
t h e  r e p o r t e d  v a l u e  fo r  the  Fe:O-Fe~O~ t w o - p h a s e  e q u i l i b r i u m .  
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Fig. 7. Two-phase regions observed between oxygen-rich wustite 
and magnetite. 

phase diagram with selected reference data showing 
the oxygen-r ich  boundary  of wfistite is presented in 
Fig. 7. The compositions where two-phase regions were 
noted are included in this figure. 

The results of the coulometric t i t ra t ion studies indi-  
cate the presence of as many  as eight different two- 
phase regions between oxygen-r ich  wiistite and mag-  
netite at temperatures  between 1100 ~ and 1200~ The 
principal  proof was the constant  oxygen potential,  
i.e., cell emf, observed over a finite composition range. 
These phases were found to exist over a nar row pres- 
sure range corresponding to a total  cell voltage change 
from 5 to 10 mv with differences of 0.3 mv between 
some two-phase regions. The emf- tempera ture  coeffi- 
cient for cells III  and V in the oxygen pressure range 
between FeOy and Fe304 is 0.67 and 0.36 mv/~ re- 
spectively. Thus, the duplication of isotherms would 
require very accurate temperature  measur ing and 
control equipment.  Since this equipment  was not 
available, the exper imental  technique employed was 
to use a constant  voltage supply and then correct the 
cell emf to a part icular  temperature.  Tempera ture  
measurements  were made f requent ly  between cycles 
to ensure  a constant  temperature.  Fluctuat ions  were 
normal ly  wi th in  • l~ Although differences ( ~  0.3 
my) between successive two-phase regions were diffi- 

Table V. Compilation of two-phase regions observed in w~stite regions determined from coulometric titrations 

Temperature in ~ for isotherms 

894 ~ 950 ~ i000 ~ 1057 ~ ii00 ~ 1139 ~ 1150 ~ 1200 ~ 

O / F e  
- -  l o g  P o ~  
O / F e  
- -  l o g  Po:~ 
O / F e  
- -  l o g  Po  2 
O/Fe 
- - l o g  P o  s 
O/Fe 
-- log Po2 
O/Fe 
- -  l o g  Po 2 
O / F e  
- -  l o g  P o ~  
O / F e  
- -  l o g  P o ~  
O / F e  
- -  log Po~ 

l . l l O  1.12 1.135-I.142 
15.301 13.942 12.754 

1.119-1.121 1.155-1.162 
15.2'/5 12.733 

1.135-1.138 1.165-1.170 
15.229 12.725 

1.16 1.171-1.184 
15,18'/ 12.723 

1.170-1.175 1.187-1,193 
15.148 12.721 

1.20-1.21 
12.717 

1.145 
11.796 

1.175 
11.68 
1.121 

11.60 

1.15 1 .161-1 .165 1.140 1,158-1.161 
10.92 10.211 10,096 9.260 

1 .16-1 .166 1.1 ' /1-1.178 1,160 1.169-1.171 
10.906 11.202 10.046 9.236 

1.1"/7-1,183 1.190 1,170 1,17'7-1.180 
10,898 11.187 10,031 9.222 

1,191-1,202 1.209-1.212 1.175 1.186-1.195 
10.872 11.168 10.022 9,215 

1,210-1.213 1.219-1.222 1.182 1.204-1.211 
10,865 10.158 10.000 9,187 

1.221-1.228 1.229-1.232 1.195 1.226 
10.853 10.154 9.982 9.171 

1.232-1.241 1.242-1.261 1.198-1.200 1.241-1.25 
10.846 10.148 9.974 9.156 

1.253-1.256 1.267-1.277 
10,832 10,144 

1.280-1.293 
10,139 

M a x i m u m  
t i on  for  

- -  l o g  P o  2 

eompos i -  
t i t r a t i o n  1.176 1.135 1.122 1.222 1.266 1.30 1.205 1.250 

14.932 13.88 12.40 11.592 10.721 11.097 9.966 9.159 
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Fig. 8. Reduction of FezO + Fe304 at 1150~ 
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cult to reproduce, the gradual  increase in cell emf 
(5-10 my) between compositions represented by 
points A and B on Fig. 6 was easily reproduced and 
was well  wi th in  exper imenta l  error. 

The ini t ia l  evidence for addit ional  two-phase re- 
gions was obtained by observing the cell emf as a 
function of t ime under  reducing conditions. In  Fig. 8 
the cell emf as a funct ion of t ime for a closed-end 
tube cell operating at 1150 ~ is plotted. Titrat ions were 
carried out at 1057 ~ and 1075~ then the tempera ture  
was increased to 1150~ and the change of emf with 
t ime was recorded. The reducing potential  was either 
a zirconium getter or molybdenum wire  used in the 
cell assembly. In  cell (V) it was most l ikely the 
Fe-FexO electrodes. Similar  reduction data were ob- 
ta ined in both cells at other temperatures.  

Tare and Schmalzried (37) used the reverse of this 
technique to determine the oxidation rate constant  
for the phase-boundary  reaction in  the oxidation of 
iron to wfistite. For the phase-boundary  reaction to 
be controlling, no concentrat ion gradients can exist 
in the sample so that  equi l ibr ium is established 
throughout.  The ra te-control l ing mechanism is the 
t ransfer  of oxygen from the surface of the sample to 
the gas phase. This t ransfer  would be expected to be 
a low activation energy process and perhaps might  
explain why the general  shape of the reduct ion curves 
in this study (17) remains  the same for different 
temperatures  (1090~176 The impor tant  conclu- 
sion to draw from these reduction studies is the pres-  
ence of several constant  emf regions in reducing Fe304 
to wfistite. These constant  emf regions indicate the 
presence of two coexisting phases which are being 
reduced providing the reduct ion is phase boundary  
controlled. Linear  reduction rates have been observed 
in wfistite by a n u m b e r  of workers (37-41). 

An example of a t i t ra t ion exper iment  at 1139~ into 
magneti te  followed by a reduct ion on the same sam- 
ple can be seen in Fig. 9. The t i t ra t ion port ion corre- 
sponds to the last 60 cycles (60 out of the total  of 87 
hr  of t i t rat ion) in which the t i t ra t ion current  varied 
from 1.50 to 1.25 ma with t i t ra t ion and emf measur-  
ing times of 26.5 and 35.5 min, respectively. With the 
rapid rise of cell emf at FeOz.3ze the t i t rat ions were 
stopped, and the resul tant  cell emf as a function of 
t ime dur ing reduct ion is plotted on this same figure. 
There is a good correlation between these curves for 
the two-phase regions. The wavy portions in the re-  
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Fig. 10. Reduction of FezO + Fe304 at 1100~ Ev vs. time 

duction curves are most l ikely due to the tempera ture  
variations. A similar  plot for reduction after t i t ra t ion 
to composition FeO1.186 at l l00~ is shown in Fig. 10. 
It is noteworthy that  a constant  emf was recorded in  
some cases up to 200 min. A summary  of addit ional  
reduction and t i t ra t ion results for two-phase regions 
is given in Table VI. 

Similar  reduction experiments  were conducted in 
which oxygen rich magnet i te  was reduced into the 
FezO-Fe304 coexistence region. The data from these 
experiments  conducted in both cell configurations are 
shown in Fig. 11. The reduct ion reaction for the 
closed-end tube (exp. 12) started wi th in  1 mv of the 
Fe304-Fe203 two-phase region. It  is clear that  in this 
composition range (1.33 < O / F  < 1.5) the absence of 
any emf- t ime plateaus indicates that  only single phase 
Fe304 is being reduced. However, in the FeOy-Fe304 
composition range (i.e., 1.15 < O/F  < 1.33) numerous  
plateaus were observed. 

In  summary,  it has been demonstrated that  a n u m -  
ber of two-phase regions exist between oxygen-r ich 
wfistite and magneti te.  They can be reproduced within  
exper imental  accuracies of measur ing the tempera ture  
and cell emf's between different cells. The actual 
del ineation of the phase regions wil l  require greater 
precision and accuracies in controll ing the tempera-  
ture  in addit ion to bet ter  control of the part ial  pres-  
sure of oxygen existing in the cell atmosphere. 

Transformation temperature for decomposition of 
wi2stite to magnetite.--The temperature  corresponding 
to the decomposition of wfistite into magnet i te  has 
been reported to be between 565 ~ and 620~ (16, 19, 
42). This tempera ture  can be un ique ly  determined by 
the tr iple point where  iron, magneti te,  and a par t icu-  
lar composition of wfistite are in equil ibrium. At this 
tempera ture  the phase boundaries  merge and the 
oxygen pressure is unique. Thus, extrapolations of Eq. 
[8] and [14], which relate the part ial  pressure of 
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Table VI. Summary of two-phase regions observed between 
FeOl.05-FeOl.3aa by coulometric titration and reduction 

experiments 

R e d u c t i o n  t i m e  R e d u c t i o n  t i m e  
r a i n  in  t w o -  r a in  in  t w o -  
p h a s e  r e g i o n  Er ,  m y  p h a s e  r e g i o n  Er ,  m v  

T = 1000~ 
E x p  I ,  cel l  iV)  
in i t i a l  c o m p o s i t i o n  F e O ~ . ~  

35 135 .8  
40 134.6 
30 134.2 

500 1 3 3 . 9  

E x p  7, cel l  ( I ID  
in i t i a l  c o m p o s i t i o n  FeOt.lee 

60 134.8 
25 131.9 

100 130.7 
50 128.7 
60 1 2 6 . 5  

E x p  7. ce l l  ( I I I )  
c o m p o s i t i o n  r a n g e  
f r o m  t i t r a t i o n  Er ,  m v  

1.156 133.5 
1.153 
1.147 132.0 
1.144 
1.141 
1,138 130.7 
1.134 1 2 9 . 8  

T = I I 0 0 ~  
E x p  1, Cell  iV)  
in i t i a l  c o m p o s i t i o n  F e O l . ~ t  

8 0  1 6 5 , 2  
50 164.2 

300 163.5 
150 1 6 2 . 8  
256 161.0 
150 160.5 

50 160.0 
50 159.2 

150 1 5 8 . 6  
50 157.4 

150 156.8 

Exp 7, cell  ( I I I )  
i n i t i a l  c o m p o s i t i o n  FeOz.z~ 

40 163.5 
46 161.0 
25 l S 9 . O  
30 158.0 

E x p  7, cel l  ( I I I )  
i n i t i a l  c o m p o s i t i o n  FeO~._~ 

3 0 0  1 6 9 . 0  
3 0 0  1 6 3 . 5  

E x p  7, cel l  GI I )  
i n i t i a l  c o m p o s i t m n  FeCh .~  

2 5  165.1 
210 162.1 

C o m p o s i t i o n  r a n g e  
f r o m  t i t r a t i o n  E r  
Ex~. 12, ceU (III] 

1.189 
1.173 164.5 

1170  
1 .168  165.2 

1 .159  
1.156 162.8 

1,156 
1.147 162.3 

Exp .  12, cel l  (III} 
1.172 
1.165 166.3 

1.162 
1.160 165.4 

1.156 
1.154 164.3 

E x p  1, cel l  iV)  
in i t i a l  c o m p o s i t i o n  FeO,.ls~ 1.146 

150 163.7 1.144 162.7 
20 1 6 2 . 9  
40 162.5 

I00 161.5 T = 120b~ 
20 160.6 E x p .  12, cel l  ( I II)  
20 160.2 50 194.6 

25 189.6 

E x p  1, Cel l  (V) 
in i t i a l  c o m p o s i t i o n  FeOi.t75 Ev  fo r  e x p e r i m e n t s  7 a n d  12 

20 162.5 ( c l o s e d - e n d  t u b e  cell)  w a s  
l0  161.5 d e t e r m i n e d  f r o m  the  r e l a -  
20 160.5 t i o n s h i p ,  E r  = E[ (Eq. [6])  
15 1 5 9 , 5  ~ Eiii" 

oxygen in equi l ib r ium wi th  Fe-FexO and FezO-FesO.~ 
to the  t e m p e r a t u r e  where  the  pressure  of oxygen is 
the same and unique, should define the  t r ans fo rmat ion  
tempera ture .  The ex t rapo la t ion  of Eq. [8] for the  
Fe  + FexO equ i l ib r ium is va l id  in this  t e m p e r a t u r e  
range. However ,  Eq. [ 14] descr ibing the FezO -{- F%O4 

Table VII. Transformation temperature of wilstite into magnetite 
from Fe-FexO and FezO-Fe304 oxygen portial pressures 

T r a n s f o r m a t i o n  t e m p .  ~  
Fe,  FezO,  a n d  FesO~ 

T e m p .  r a n g e  ~  C e i l  E x p ,  No,  in  e q u i l i b r i u m  

497-743 I I  15 417 
746-951 I I  15 490 
804-951 I I  7 477 
700-925 I V  1 5 0 8  
9 0 0 - 9 5 0  I I  12 547 
850-1075 11 15 605 
951-1109 I I  7 608 
925-1200 I V  I 619 
950-1200 I I  12 620 

1075-1200 I I  15 733 
I n t e r s e c t i o n  of  Eq .  

{ 8 [  a n d  [141 6 0 4  
I n t e r s e c t i o n  of  Eq.  

[8] a n d  [15] 638 

* T h e  t e m p e r a t u r e  r a n g e  in  w h i c h  t h e  e q u a t i o n ,  - - l o g  Po~ = A + 
B ( t / T )  • 104 , f o r  t h e  F e r  + FeaO,  e q u i l i b r i u m  w a s  de r *ved  a n d  

u s e d  w i t h  t h e  P c - P e s O  e q u i l i b r i u m  (Eq, [61) to c a l c u l a t e  t h e  t r i p l e  
po in t .  

equi l ib r ium should not  be  ex t rapo la t ed  be low 900~ 
(per  previous  discussion in the  section FezO-F%O4 
equ i l ib r ia ) .  The t r ans format ion  t empera tu re s  obta ined  
from a l inear  ex t rapo la t ion  of the  equat ion for  log 
Po2 of the  Fe~O-FeaO4 equi l ib r ium are  p resen ted  in 
Table VII. The t rans format ion  t empera tu re s  l i s ted  
were  de te rmined  as a funct ion of the  t empe ra tu r e  
range f rom which  the  equat ion descr ib ing the  F%O-  
Fe304 equi l ib r ium was der ived.  The resu l tan t  t em-  
pe ra tu res  (417~176 obta ined  f rom ex t rapo la t ion  
of l o w - t e m p e r a t u r e  data  appear  unreal is t ic  and  are  
ha rd  to explain.  This same behav ior  was also noted by  
Vallet  and Raccah (16). The t rans format ion  t e m p e r a -  
ture  of 614 ~ _ 7~ der ived  f rom the ex t rapo la t ion  of 
h i g h - t e m p e r a t u r e  da t a  (900~176 indicates  good 
agreement  wi th  the  resul ts  of Val le t  and Raccah. 

The t ransformat ion  t e m p e r a t u r e  was measured  e x -  
pe r imen ta l ly  by  the use of cell  iV) wi th  the  composi-  
t ion FeO1.0s as the  cathode. The cooling and hea t ing  
profiles (1050~176 19 h r  each) a re  shown in Fig.  
12, as the X - Y  plot  of a Pt, P t -13Rh thermocouple  emf 
vs. Ev (my)  for  the  cel l  react ion.  When  the cell  emf  
is zero, both electrodes have the same oxygen potent ia l  
corresponding to the  Fe-Fe~O4 equi l ibr ium.  The t e m -  
pera tu res  obtained were  620 ~ and 599~ for cooling 
and heat ing,  respect ively.  The 620~ obta ined  upon 
cooling was ex t rapo la t ed  to a poin t  where  the  slope, 
dEv/dEpt, pt~ISRh ---~ O. 

Conclusion 
The usefulness  of a solid e lec t ro ly te  galvanic  cell  

in de te rmin ing  phase boundar ies  and the rmodynamic  
functions in the i ron -oxygen  system has been  dem-  
onstrated.  Tenta t ive  evidence for the  exis tence of 
more  than  one defect  phase  be tween  wiis t i te  and m a g -  
net i te  has been presen ted  f rom coulometr ic  t i t r a t ion  
exper iments .  

3OO 

i 
400 

~ 500 

600 

7OO 

= 
, r I I i 

T = 1096 o C 
Exp 12 
Closed end tube cell  

T=IIIO=C 
Exp tO 
Three  

600 

500 E 
= 

o 

400 

~o  ~ 
g 

2Qo ~ 

Io i . . .  i I ~ I I 
4 80 120 [60 200 240 ZSO 320 

Time {M,n) 

Fig. I I .  Reduction of Fe304 at 1096 ~ and |110~ 

u 
sc 

i 
~ sc 

4t2 

m i 

620~ 

5~~ 

0 I0 20 50 40 50 60 70 
Celt vollage Ev(mv) 

Fig. 12. Triple point for Fe, FexO, Fe304 equilibrium 



274 J. Eleetrochem. Soc.: S O L I D  S T A T E  S C I E N C E  F e b r u a r y  1969 

Acknowledgment 
The wr i te rs  are  indebted  to the  Research Commit tee  

of the  Univers i ty  of Utah  for  p rov id ing  funds for  the 
research.  The pr inc ipa l  au thor  is g ra te fu l  to Br igad ie r  
Genera l  Raymond  A. Gi lber t  and  the  A i r  Force  for 
affording the oppor tun i ty  to cont inue studies in the  
Ph.D. program.  

Manuscr ip t  submi t ted  March 4, 1968; revised m a n u -  
script  received ca. Sept.  23, 1968. This paper  is based 
on pa r t  of a thesis submi t ted  by  one of the  authors  
(H.F.R.) in pa r t i a l  fulf i l lment  of the  requ i rements  for 
the Ph.D. Degree  at the Univers i ty  of Utah, June  1968. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1969 
JOURNAL. 

REFERENCES 
1. Kalev i  K iukko la  and Carl  Wagner,  This Journal, 

104, 308 (1957). 
2. Kalev i  K iukko la  and Carl  Wagner,  ibid., 104, 379 

(1957). 
3. F. E. Rizzo, L. R. Bidwell ,  and D. F. Frank ,  Trans. 

AIME, 229, 593 (1967). 
4. R. A. Rapp, ibid., 227, 371 (1963). 
5. H. F. Rizzo, R. S. Gordon, and I. B. Cutler,  Proc. 

Nat ional  Bureau  of S tandards  Sympos ium on 
Mass Transpor t  in Oxides, October  1967, NBS 
special  publ ica t ion  296, pp. 129-142 (August  
1968). 

6. Kalev i  Kiukkola ,  Acta Chem. Scand., 16, 327 
(1962). 

7. R. F. Ksenofontova,  I. A. Vasi l 'era,  and Ya. I. 
Gerasinov,  Proc. Acad. Sci. USSR., Chem Sect., 
143, 314 (1962) (in Engl ish) .  

8. T. L. Mark in  and R. J. Bones, At. Energy Res. 
Estab. (Gr. Brit.) repor t  No. 4040 (Apr i l  1962). 

9. C. B. Alcock, S. Zadon, and B. C. H. Steele, Proc. 
British Ceram. Soc., 8, 231 ( June  1967). 

10. L. S. Darken  and R. W. Gurry ,  J. Am. Chem. 
Soc., 67, 1398 (1945). 

11. R. A. Meussner,  L. E. Richards,  and C. T. Fuji i ,  
Report of NRL Progress, p. 26, Nava l  Research 
Lab., Washington,  D. C. 

12. M. Kleman,  Mem. Science Review Metall., 62, 457 
(1965). 

13. J. Chipman,  Pure Appl. Chem., 5, 669 (1962). 
14. G. L. Humphrey ,  E. G. King, and K. K. Kel ley ,  

U. S. Bur. Mines Rep. Invest. ,  No. 4870 (1952). 
15. C. E. Wicks and F. E. Block, Bull, 65, U. S. Bur. of 

Mines, p. 57 (1963). 
16. P ie r r i e  Val le t  and Pau l  Raccah, Mere. Scien. Rev. 

Metall., 62, 1 (1965). 

17. H. F. Rizzo, "Thermodynamics  of the  Fe -O  Sys tem 
by Coulometr ic  Ti t ra t ion  in High T e m p e r a t u r e  
Galvanic  Cells," unpubl i shed  Ph.D. Thesis, Uni-  
vers i ty  of Utah  (1968). 

18. R. W. Taylor  and A. Muan, Trans. AIME, 224, 550 
(1962). 

19. R. J. A c k e r m a n  and R. W. Sandford,  Jr. ,  "A Ther -  
modynamic  S t u d y  of Wiist i te  Phase,"  U. S. At. 
Energy Comm. ANL-7250, Sept. 1966. 

20. He rmann  Schmalzr ied,  Elektrochem., 66, 572 
(1962). 

21. B. C. H. Steele  and C. B. Alcock, Trans AIME, 223, 
1359 (1965). 

22. G. B. Barbi ,  J. Phys. Chem., 68, 2912 (1964). 
23. P. Gerdan ian  and M. Dod~, Compt. rend., 258, 892 

(1964). 
24. B. Swaroop and J. B. Wagner, Jr., Trans AIME, 

239, 1215 (1967). 
25. E. R. Jette and Frank Foote, ibid., 105, 276 (1933). 
26. P. K. Fos te r  and A. J. E Welch, Trans. Faraday 

Soc., 52, 1626 (1956). 
27. P. F. J. Land le r  and K. L. Komarek ,  Trans 

AIME, 236, 138 (1966). 
28. L. Himmel ,  R. F. Mehl, and C. E. Birchenal l ,  ibid., 

197, 827 (1953). 
29. H. J. Goldschmidt ,  J. Iron Steel Inst. (London) ,  

146, 157 (1942). 
30. G. B. Barbi ,  Trans. Faraday Soc., 62, 1589 (1966). 
31. R. F. Mehl  and E. L. McCandless,  Trans AIME, 

125, 531 (1937). 
32. N. Buinov, A. Komar ,  M. Zhuravleva ,  and  G. I. 

Chufarov,  J. Tech. Phys. (USSR) ,  9, 1649 (1939). 
33. L. Himmel,  "Kinet ics  of High T e m p e r a t u r e  P roc -  

esses," p. 135, W. D. Kingery ,  Editor,  John  Wi ley  
& Sons, Inc., New York  (1959). 

34. W. L. Roth, Acta Cryst., 13, 140 (1960). 
35. F. Koch, P r i va t e  communicat ion.  
36. G. G. Libowitz,  Proc. Nat ional  Bureau  of S tanda rds  

Sympos ium on Mass Transpor t  in Oxides, Octo- 
ber  1967, NBS special  publ ica t ion  296, pp. 109-118. 
(August  1968). 

37. J. B. Tare  and H. Schmalzr ied ,  Trans AIME, 236, 
444 (1966). 

38. K. Hautte,  "Oxidat ion  of Metals," t rans la ted  by  
Kar l  Vorres, P lenum Press,  New York, p. 253 
(1965). 

39. J. M. Quets, M. E. Wadswor th ,  and J. R. Lewis, 
Trans AIME, 218, 545 (1960). 

40. J. M. Quets, M. E. Wadswor th ,  and J. R. Lewis, 
ibid., 221, 1186 (1961). 

41. F. Pett i t ,  R. Yinger,  and J. B. Wagner ,  Jr., Acta 
Met., 8, 617 (1960). 

42. F. H. E m m e t t  and J. F. Shultz,  J. Am. Chem. Soc., 
55, 1376 (1933). 

Technical Notes 

Luminescence of Some Bismuth-Activated 
Oxides 

S. Z. Toma* and D. T. Palumbo 
Sylvania Electric Products, Inc., Chemical and Metallurgical Division, Towanda, Pennsylvania 

Y203 has the  so cal led C- type  s t ruc ture  wi th  two 
y t t r i u m  sites charac te r ized  by  C2 and Se symmet ry .  
The cat ions are  6-coordina ted  in both sites. Bismuth  
luminescence in this  and severa l  o ther  matr ices  has 
been s tudied (1-3).  Broad  absorpt ion  and emission 
bands are  usua l ly  observed wi th  energies  qui te  de-  
penden t  on the  pa r t i cu l a r  env i ronment  of Bi. ~§ ion. 
The present  work  concerns fu r the r  s tudy  of b i smuth  

* Electrochemical  Society Act ive  Member .  

luminescence in Y203 and the  isomorphous oxides of 
scandium and gadol inium.  

Experimental 
Samples  of Y203: Bi were  p repa red  f rom luminescent  

grade  y t t r i um oxide (~99.99%).  Approp r i a t e  amounts  
of b ismuth  and y t t r i um oxala tes  were  acetone blended 
and dried.  The mix  was igni ted to the  oxide for 1 hr  at 
700~ and re t i red for 3 hr  at  l l00~ A sample  of 
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(Yo.9oEo.ol)203 was prepared by firing coprecipitated 
oxalates at 1200~ for 3 hr. 

All spectra were obtained at room tempera ture  with 
a Hi tach i -Perk in-Elmer  MPF-2A spectrophotofluorim- 
eter. This ins t rument ,  al though uncorrected, provided 
better  separation of the excitat ion and emission bands 
due to its grat ing optics. Min imum excitation and 
emission slit widths possible were used, consistent with 
the sample brightness. The excitation monochromator  
bandpass was 10A in most measurements ,  while that  
for the emission monochromator  was 10-20A. An HTV- 
R213 photomult ipl ier  was used. 

Results and  Discussion 
Figures 1 and  2 show the emission spectra of Y~O~: Bi 

(0.5 a/o)  for a n u m b e r  of different excitation wave-  
lengths. The excitation spectra for the two emissions 
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are shown in  Fig. 3. A sample formulated with 1 a /o  
bismuth i.e., (Yo.99Bio.ol)203, gave similar results. 
Comparison of the band maxima in the spectra of 
Sc203, Y203 and Gd203 activated with bismuth appears 
in Table I. 

Incorporat ion of an activator ion with 6s 2 electrons 
in  a matr ix  allows a number  of new electronic states, 
e.g., s 2 ~ sp transitions,  ac t iva tor-matr ix  states, and 
"dimer" states result ing from the proximity  and in ter -  
action of activator ions. "Dimer" absorption in thal-  
l ium-act ivated alkali  halides is the subject of recent 
works (4, 5). Act iva tor -mat r ix  states, those not char-  
acteristic of the free ion levels, have been considered 
in b ismuth activated YVO4, YNb04, Y2WO6 (3), and 
Y203 (2). The free ion s 2 ~ sp transi t ions give rise to 
four excited states, which for L --  S coupling, are 
8P0, 3P1, 3P2, and zPt. With j --  j coupling the levels 
are (jl, J~)j = (1/2, 1/2)0, (1/2, 1/2)1, (3/2, 1/2)~, 
(3/2, 1/2)1. Selection rules imply the t ransi t ions to J 
= 1 levels to be strongest, and symmet ry  considera- 
tions predict complete spli t t ing of all degenerate levels 
in C2 symmetry.  Within  the limits of ins t rumenta l  
resolution (10A) we were not able to detect any 
s t ructure  in the observed bands. 

The electronic t ransi t ions responsible for the ob- 
served excitation and emission bands are difficult to 
ascertain from the present work. However, since two 
emissions are observed with bismuth addition, each 
having characteristic excitation bands, two distinct 
emit t ing centers may be present and be associated with 
the two sites in these oxides. Evidence for Eu3 + absorp-  
t ion (6) and emission (7) from both sites of u has 
been reported. The two sites of Eu ~+ can give differing, 
broad excitation bands and this is shown in Fig. 4 
where the band  for the 582.3 emission (7) extends to 

Table I. Comparison of the band maxima in the spectra of 
Sc20~, Y203, and Gd203 activated with bismuth 

S c 2 0 3  Y s O 3  G d ~ O a  

E m i s s i o n  ( n m )  4 0 3  4 0 7  4 1 8  
E x c i t a t i o n  b a n d s  3 7 2  373  3 7 9  

3 3 6  340 3 4 5  
258 258 270 

E m i s s i o n  4 7 9  4 8 3  4 8 0  
E x c i t a t i o n  b a n d s  3 4 8  346  3 4 7  

328  3 3 3  33 ' /  
2 7 2  2 7 0  2 7 0  
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emissions in Y203:Eu. 

shorter wavelength than that  for the 611.3 nm line. 
Analogously, the excitation and emission spectra of 
Y203:Bi may  be understood by assuming that  b ismuth 
occupies both sites in Y203, each having characteristic 
excitation and emission. 

The possible effect of long or short distance in ter-  
action between two bismuth centers would complicate 

the assignment of the observed excitation bands. For 
example, since the green emission overlaps the excita- 
t ion band of the blue emission, the lat ter 's  excitation 
bands may have some contr ibut ion from the green 
band excitations. Such interact ions can occur to some 
extent  due to this overlap (8) and bismuth concentra-  
tions and spectral measurement  conditions were 
selected to minimize such effects. 

Although nar row band emissions due to t r ivalent  
rare  earths are well  studied in Y203, much less has 
been reported about activators with broad absorptions 
and emissions in this matrix.  These are of some in-  
terest in studies of the general  questions of two sites 
and ac t iva tor -matr ix  states in Y203. We have observed 
that pure Y203 and Y20~:Tl(2a/o) ,  prepared in air, 
have broad emissions under  x - r a y  and 254 nm excita- 
tions, respectively (9). The emission color is yellow for 
Y~Os:T1 and uv -b lue  for the pure matrix. 

Manuscript  submit ted June  28, 1968; revised m a n u -  
script received ca. Nov. 10, 1968. This paper was pre-  
sented at the Boston Meeting, May 5-9, 1968, as Paper  
32. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
J O U R N A L .  
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Epitaxially Grown Guard Rings for GaAs Diodes 
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In  this paper we present  a technique for fabricat ing 
guard rings for GaAs p -n  junct ion  and Schottky bar -  
r ier  avalanche diodes. To obtain uni form avalanche 
diodes it is necessary to prevent  breakdown at the 
edges of the diodes. Although this can be done by 
etching mesas, GaAs diodes fabricated in this m a n n e r  
often show surface leakage, deteriorat ion with time, or 
even complete fai lure at the surface, Even when the 
diodes are hermetical ly sealed in an iner t  atmosphere, 
or the surfaces are coated with pyrolytic silicon diox- 
ide or silicon nitride, these problems are not completely 
eliminated. Edge breakdown has been prevented in 
silicon devices by using diffused guard r ing structures 
(1). To avoid the problems involved in diffusing guard 
rings in GaAs, we have developed a method for grow- 
ing guard rings in an epitaxial  reactor which is com- 
patible with current  GaAs epitaxial  technology. 

These epi taxial ly grown guard rings have been used 
for both p -n  junc t ion  and Schottky barr ier  diodes (2) 
on <100> orientated GaAs. The two diode configura- 
tions are shown in Fig. 1. For  the Schottky barr ier  
diode the Au or other high work function metal  must  
extend out over the n -  regions. In  this guard r ing 
s tructure edge breakdown is suppressed by uti l izing 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 O p e r a t e d  w i t h  s u p p o r t  f r o m  t h e  U.S.  A i r  F o r c e .  
K e y  w o r d s :  g a l l i u m  a r s e n i d e ,  e p i t a x y ,  s e m i c o n d u c t o r  d e v i c e s .  

two diodes in parallel:  an annu la r  outer diode of 
l ightly doped mater ia l  (guard ring) and an inner  diode 
of heavier  doped mater ia l  (diode). Since the same 
voltage is applied across both diodes, the heavier  doped 
inner  diode breaks down first in reverse bias. The 
space charge region of the annu la r  guard r ing isolates 
the junct ion  interface of the inner  diode. Due to the 
smaller  area of the annu la r  guard ring, it does not 
contr ibute significantly to the reverse leakage current .  

The mesas for these diodes are etched and the guard 
rings are grown in an epitaxial  reactor ut i l izing the 
AsC13-Ga-H2 flow system (3) by a technique previ-  
ously described (4). With this system the mesa etching 
can be carried out in  a h igh-pur i ty  gaseous ambient ,  
and relat ively uncompensated GaAs guard rings with 
doping levels in the 1014-1015 cm -3 range can be grown. 
Higher resistivity, more heavily compensated n- type  
mater ia l  can be obtained by introducing trace amounts  
of O2 into the reactor dur ing growth. 

The process used for making  the guard rings around 
p -n  junct ions is i l lustrated in Fig. 2. Figure 2 (a) shows 
the ini t ial  p + - n - n  + layer s t ructure  with an  etch mask 
consisting of an array of SiO2 disks on the p+ region 
and a layer of SiO2 on the n + region. The layer  s truc-  
ture  is produced by growing an epitaxial  n - type  layer  
(10~-1017 cm -3) on an n + substrate  (,~10 is cm -3) and 
then either diffusing Zn into the n layer or growing a 
Zn-doped (~1019 cm -3) epitaxial  layer on the n re-  
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emissions in Y203:Eu. 

shorter wavelength than that  for the 611.3 nm line. 
Analogously, the excitation and emission spectra of 
Y203:Bi may  be understood by assuming that  b ismuth 
occupies both sites in Y203, each having characteristic 
excitation and emission. 

The possible effect of long or short distance in ter-  
action between two bismuth centers would complicate 

the assignment of the observed excitation bands. For 
example, since the green emission overlaps the excita- 
t ion band of the blue emission, the lat ter 's  excitation 
bands may have some contr ibut ion from the green 
band excitations. Such interact ions can occur to some 
extent  due to this overlap (8) and bismuth concentra-  
tions and spectral measurement  conditions were 
selected to minimize such effects. 

Although nar row band emissions due to t r ivalent  
rare  earths are well  studied in Y203, much less has 
been reported about activators with broad absorptions 
and emissions in this matrix.  These are of some in-  
terest in studies of the general  questions of two sites 
and ac t iva tor -matr ix  states in Y203. We have observed 
that pure Y203 and Y20~:Tl(2a/o) ,  prepared in air, 
have broad emissions under  x - r a y  and 254 nm excita- 
tions, respectively (9). The emission color is yellow for 
Y~Os:T1 and uv -b lue  for the pure matrix. 
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In  this paper we present  a technique for fabricat ing 
guard rings for GaAs p -n  junct ion  and Schottky bar -  
r ier  avalanche diodes. To obtain uni form avalanche 
diodes it is necessary to prevent  breakdown at the 
edges of the diodes. Although this can be done by 
etching mesas, GaAs diodes fabricated in this m a n n e r  
often show surface leakage, deteriorat ion with time, or 
even complete fai lure at the surface, Even when the 
diodes are hermetical ly sealed in an iner t  atmosphere, 
or the surfaces are coated with pyrolytic silicon diox- 
ide or silicon nitride, these problems are not completely 
eliminated. Edge breakdown has been prevented in 
silicon devices by using diffused guard r ing structures 
(1). To avoid the problems involved in diffusing guard 
rings in GaAs, we have developed a method for grow- 
ing guard rings in an epitaxial  reactor which is com- 
patible with current  GaAs epitaxial  technology. 

These epi taxial ly grown guard rings have been used 
for both p -n  junc t ion  and Schottky barr ier  diodes (2) 
on <100> orientated GaAs. The two diode configura- 
tions are shown in Fig. 1. For  the Schottky barr ier  
diode the Au or other high work function metal  must  
extend out over the n -  regions. In  this guard r ing 
s tructure edge breakdown is suppressed by uti l izing 
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two diodes in parallel:  an annu la r  outer diode of 
l ightly doped mater ia l  (guard ring) and an inner  diode 
of heavier  doped mater ia l  (diode). Since the same 
voltage is applied across both diodes, the heavier  doped 
inner  diode breaks down first in reverse bias. The 
space charge region of the annu la r  guard r ing isolates 
the junct ion  interface of the inner  diode. Due to the 
smaller  area of the annu la r  guard ring, it does not 
contr ibute significantly to the reverse leakage current .  

The mesas for these diodes are etched and the guard 
rings are grown in an epitaxial  reactor ut i l izing the 
AsC13-Ga-H2 flow system (3) by a technique previ-  
ously described (4). With this system the mesa etching 
can be carried out in  a h igh-pur i ty  gaseous ambient ,  
and relat ively uncompensated GaAs guard rings with 
doping levels in the 1014-1015 cm -3 range can be grown. 
Higher resistivity, more heavily compensated n- type  
mater ia l  can be obtained by introducing trace amounts  
of O2 into the reactor dur ing growth. 

The process used for making  the guard rings around 
p -n  junct ions is i l lustrated in Fig. 2. Figure 2 (a) shows 
the ini t ial  p + - n - n  + layer s t ructure  with an  etch mask 
consisting of an array of SiO2 disks on the p+ region 
and a layer of SiO2 on the n + region. The layer  s truc-  
ture  is produced by growing an epitaxial  n - type  layer  
(10~-1017 cm -3) on an n + substrate  (,~10 is cm -3) and 
then either diffusing Zn into the n layer or growing a 
Zn-doped (~1019 cm -3) epitaxial  layer on the n re-  
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(a/ 

(b) 

Fig. 1. Guard ring structures for (a) a p-n junction diode and 
(b) a Schottky barrier diode. For the Schottky barrier diode the 
Au must extend out over the n -  regions. 
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Fig. 2. Guard ring fabrication process for p-n junction diodes: 
(a) initial p+-n-n + layer structure with an etch mask of Si02 
disks on the p+ region and a layer of Si02 on the n + region; 
(b) removal of the excess p+ layer before insertion in the furnace 
to avoid contamination of the epitaxial reactor; (c) high-tempera- 
ture furnace etching step to ensure clean mesa surfaces; (d) 
growth of the lightly doped guard rings over the etched mesas. 

gion. The SiO2 is then deposited on both sides of the 
epitaxial  s t ructure by the pyrolytic decomposition of 
Sill4 in the presence of 02 at 300~ Islands of SiO2 
are defined by s tandard photolithographic techniques. 
To prevent  severe undercut t ing  dur ing the subsequent  
h igh- tempera ture  furnace etching, there must  be good 
adherence between the SiO2 and the p + layer. This can 
be at tained by ensur ing a clean and oxide-free GaAs 
surface before SiO2 deposition. Circles of SiO2 as small  
as 2 mils in diameter  on ~100~  orientated mater ial  
have been cycled from room tempera ture  to 900~ to 
room tempera ture  with no loss of adherence. The n + 
side of the wafer must  be coated with SiO2 to reduce 
autodoping of the init ial  growth. When the n + side of 
the wafer is not coated with SiO2, the resul t ing diodes 

Table I. Etching conditions for (100} seeds 

H~ flow th rough  AsCI~ 100 m l / m i n  
H~ dilut ion flow 150 m l / m i n  
Gal l ium t empera tu re  850~ 
Etch ing  t empera tu re  800 ~ 4- 2oc 
Growth  t e m p e r a t u r e  750~ 
Furnace  the rma l  t ime  constant  .--200 min  

or avg.  cooling rate (800~176 5~  

exhibit  p remature  reverse breakdown which is charac- 
teristic of a heavily doped region at the n - n -  interface. 

Before inser t ing the layer s t ructure  into the epitaxial  
reactor, the excess p+ layer is removed [Fig. 2 (b ) ] .  A 
solution of 5H2SO4-1H202-1H20, allowed to cool for 
about 5 min  before use, can be used to control lably re-  
move p+ layers several microns thick. This step in 
the process is necessary to avoid reactor contaminat ion 
from the heavi ly  doped p+ layer. When the excess p+ 
layer  is removed by h igh- tempera ture  furnace etching, 
it is difficult to obtain lightly doped n - type  mater ia l  
for the guard rings in the growth step. For the 
Schottky barr ier  diode configuration this pre-etch is 
not necessary. 

To ensure a clean n - n -  interface the exposed mesas 
of the layer  s t ructure  are re-etched in the h igh-pur i ty  
atmosphere of the epitaxial  reactor [Fig. 2(c) ] .  This 
step is performed by inser t ing the layer s t ructure  in  a 
flat tempera ture  region of the furnace at a tempera ture  
somewhat higher than the tempera ture  that is used for 
growth. After  thermal  equilibration,  the H2 through 
the AsC13 is tu rned  on and the furnace is allowed to 
cool to the growth temperature.  Etching occurs dur ing 
the cooling of the furnace. The conditions we have 
used to obta in  etch depths from 1 to 5~ are listed in 
Table I. Larger amounts  can be removed by ini t ia t ing 
the etch cycle at higher temperatures.  Etch conditions, 
however, will  vary  from one system to the next  due in 
part  to differences in furnace cooling rates. We have 
found that  at an etching tempera ture  of 800~ com- 
pared to higher tempera ture  etching, the etch depth is 
very  tempera ture  dependent.  Thus, good tempera ture  
control is required to reproducibly remove small  
amounts  of material.  This furnace etching process un -  
dercuts the SiO2 at about the same rate that  it etches 
into the sample. Caution must  also be taken to avoid 
etching through to the n + layer. When this occurs, the 
resul t ing diodes exhibit  p remature  breakdown due to 
autodoping of the n - n -  interface. 

In the next  step [Fig. 2 (d ) ]  the n -  guard r ing is 
grown over the etched mesas. The growth of l ightly 
doped n -  mater ia l  in this system has previously been 
discussed in some detail (3-5). Growth must  be ob- 
ta ined by a surface catalyzed reaction to prevent  n u -  
cleation of the GaAs on the SiO2. Unlike the small  area 
(100} growth through holes in an oxide (6), where it 
is difficult to te rmina te  growth before the oxide is 
overgrown, this essentially large area (100} growth is 
sufficiently slow to make growth te rminat ion  non-  
critical. The requirements  on the doping level of the 
n -  guard r ing are also not  critical. We have found 
that it is only necessary that the doping level of the 
n -  guard r ing be about a factor of five below that  of 
the doping level of the n region of the diode. The ap-  
proximate doping level of the guard r ing is determined 
from Hall  measurements  on layers s imultaneously 
grown on high-resis t ivi ty  substrates. 

Schottky barr ier  diodes with the s t ructure  which 
was shown in Fig. 1 (b) have been fabricated by elec- 
t roplat ing a semi- t ransparent  gold film (~100A) onto 
the active diode area and over part  of the epitaxially 
grown guard ring. By looking at the visible light emis- 
sion (7) from these diodes when they are biased into 
reverse breakdown, the uni formi ty  of the avalanche 
breakdown can be observed. For diodes fabricated on 
this same mater ia l  with no guard  ring, the breakdown 
light emission is ent i re ly  at the perimeter.  Figure 3 
shows the light emission from one diode of an ar ray  
of 3.5-mii diameter  diodes which have epitaxial  guard 
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Fig. 3. An array of 3.5 mil diameter semitransparent Au-GaAs 
Schottky barrier diodes with epitaxial guard rings. Reverse bias 
visible light emission pattern is shown for the center diode. 

rings. The breakdown voltage of these diodes is higher 
than  those without  a guard r ing and the breakdown 
is ent i rely in the center active region. The slight non -  
uni formi ty  in the light emission is due to mater ia l  in-  
homogeneity. These diodes have also been used as 
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avalanche photodetectors and show a gain in  excess 
of 100 when biased near  their  reverse breakdown. 

We believe that  this epitaxial  process for the  for- 
mat ion of GaAs guard rings provides a useful  and 
efficient technique for e l iminat ing surface problems 
and suppressing edge breakdown in GaAs p -n  junc-  
tion and Schottky barr ier  avalanche diodes. 
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Properties of Ion-Implanted GaAs Diodes 
P. E. Roughan and K. E. Manchester 

Research and Development Center, Sprague Electric Company, North Adams, Massachusetts 

GaAs p -n  junct ion diodes have been produced by 
the implanta t ion  of 80 kev singly charged zinc ions 
into n - type  GaAs substrates of carrier  concentrat ion 
2.4 x 1016 cm-~. The implanta t ion  was carried out at 
room temperature,  into wafers cut parallel  to the 
( 1 1 0 ~  direction. The apparatus employed has been 
previously described by Manchester et al. (1). 

After  implantat ion,  the wafers were covered with 
an evaporated layer  of SiOx and annealed at 650~ 
in argon for various periods of time. The protective 
oxide layer was then removed, the wafer  diced into 
squares approximately  20-25 mils on a side, and the 
dice bonded to s tandard headers. Measurements were 
then carried out on the forward and reverse cur ren t -  
voltage characteristics, the capacitance-voltage rela-  
tionship, and the l ight emission properties of the 
diodes. 

The anneal ing  behavior  of implanted GaAs does not, 
at present, appear to be as consistent as that  for sili- 
con. In the lat ter  case, relat ively mild anneal  cycles 
(e.g., a m i n i m u m  of 600~ for 10 min  in the case of 

phosphorus implants)  are sufficient to produce diodes 
with excellent  characteristics. However, for GaAs, we 
have found that, in some cases, brief  anneals  (30 min  
to 3 hr) are sufficient to produce diode properties, 
while, in other cases extended anneal ing periods, of 
the order of 10 hr and longer, appear to be necessary 
before diode properties are obtained. This behavior  
appears to be related to ion dose; for example, all  of 
the samples implanted with 10 TM ions cm-2  required 

only brief anneal ing periods, while most, but  not all, of 
the samples implanted with 1015 ions cm -2 required 
long anneals. Fur thermore,  extended anneal ing  (up to 
15 hr) of high dose samples produced no significant 
changes in diode properties, while those low dose 
samples which required long anneals  displayed quite 
different diode properties. 

Figure 1 shows curve tracer displays of the I-V 
characteristics for two typical  diodes, one of each 
type. Par t  (a) of this figure shows the characteristics 
for a diode obtained by the implanta t ion  of 10 TM Zn + 
ions cm -2, followed by an anneal  for 3 hr at 650~ A 
good thermal ly  diffused diode produced in background 
mater ial  of similar carrier  concentrat ion would show 
the same characteristic. Par t  (b) of this figure il lus- 
trates the diode characteristic obtained for a sample 
implanted with 1015 Zn + ions cm -2, then annealed 
for 18 hr at 650~ The most significant difference 
here is the extremely large value of reverse break-  
down voltage, ~ l15v.  The forward characteristic also 
indicates a higher series resistance. Schroeder and 
Dieselman (2) have presented I -V data on Zn- im-  
planted GaAs diodes which exhibit  ra ther  large re-  
verse currents  and soft breakdown characteristics. A 
ma x i mum anneal  temperature  of 250~ however, was 
employed by these authors, which is probably insuffi- 
cient to remove the radiat ion damage. 

Figure 2 i l lustrates the capacitance-voltage relat ion-  
ships, again for two typical  diodes. Linear  depen-  
dencies are obtained for C -2 and V for diode C8-11, 
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Fig. I. Curve tracer displays of I-V characteristics of Zn-lm- 
planted diodes: a (left) dose 10 TM ions cm -2,  anneal 3 hr, 650~ 
in Ar (scales: vertical, 0.01 ma/div.; horizontal, 10 v/div, reverse, 
0.5 v/div, forward); b (right) dose 1015 ions cm -2,  anneal 18 hr, 
650~ in Ar (scales: vertical, 0.05 ma/div.; horizontal, 20 v/div. 
reverse, 1 v/div, forward. Origin has been shifted one division to 
the right.) 
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Fig. 2. Capacitance-voltage relationships for Zn-implanted di- 
odes. 

which had been annealed for 1 hr at 650~ and be- 
tween C -3 and V, for diode D9-12, an 18-hr anneal.  
Thus, the high dose units,  for which only a brief  an-  
neal  is required, exhibit  the characteristics of a typical  
abrupt  junction,  while the low dose units,  annealed 
for longer periods, show graded junct ion  behavior. 
In  fact, if one calculates an impur i ty  grading coeffi- 

Fig. 3. Infrared emission for an implanted GaAs diode: a (left) 
top view of diode; b (right) side view of diode. 

cient from the slope of the C -3 vs. V plot, the rather  
low value of a ___1020 cm -4 is obtained, as opposed to 
the typical value of a ~-~1022 cm -4 for normal  graded 
junctions.  

Both types of diodes emit light when biased in the 
forward direction. As might  be expected, however, 
power outputs and efficiencies are considerably higher 
in the case of the abrupt  junct ion  types. Figure 3 
shows the light emission characteristics of an im-  
planted GaAs diode, as observed on the screen of an 
image converter.  The best emitters have shown power 
outputs of 0.7-0.8 mw at external  efficiencies of --,0.5% 
at room temperature.  Spectral  measurements  indicate 
that the peak of the emission occurs at X -~ 0.92 ~m. 

S u m m a r y  
GaAs diodes have been fabricated by room-tem-  

perature  implanta t ion  of 80 key Zn + ions. P re l iminary  
data indicate that, by sui tably al ter ing implanta t ion 
conditions, two types of diodes can be obtained, i.e, 
abrupt  junct ion units, formed using a high-dose im-  
plant  and brief anneal ing  periods, or graded- junct ion  
units  formed with a low dose implant  after  extended 
annealing.  The former display I-V and light emission 
characteristics comparable to good thermal ly  diffused 
diodes. The lat ter  exhibit  high forward resistances 
and large reverse breakdown voltages; they are per-  
haps more appropriately described as p - i - n  structures, 
produced by smoothing out the implanted profile (as- 
sumed to be Gaussian) by thermal  diffusion dur ing 
the long anneal ing  periods. 

Manuscript  submit ted Feb. 20, 1968; revised m a n u -  
script received Oct. 23, 1968. This paper was presented 
at the Chicago Meeting, Oct. 15-19, 1967, as Paper  172. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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Measurement of Anodic Oxide Film Thickness by 

Electroreflectance Interferometry 
B. J. Holden and F. G. UIIman* 

Electrical Materials Laboratory, Department of Electrical Engineering, 
University ol Nebraska, Lincoln, Nebraska 

In this Communication,  we describe a new spectro- 
photometr ic  method for the measurement  of the 
thickness of oxide films on tan ta lum and niobium 1 
with which the wavelengths  of reflectance max ima  
and minima can be measured with  a precision of 
bet ter  than  0.1%. 

In a study of room tempera tu re  electroreflectance 
from tan ta lum oxide films on tan ta lum by the e lectro-  
lyte method (1), oscillatory spectra, extending from 
just  inside the oxide absorption edge (about 4.4 ev) to 
photon energies less than the edge by more  than a 
factor of two, were  observed (2). It  was apparent  that  
the measured response was proport ional  to the slope 
of the reflectance spectrum since the wavelengths  of 
the zero crossings corresponded closely to the reflect- 
ance maxima and minima. However ,  the mechanism 
responsible for the observed electric f ield-induced 
modulat ion was not immedia te ly  obvious. Calculations 
of the F ranz -Ke ldysh  effect, using Aspnes'  theory 
(3), showed it to be too small  at photon energies much 
less than the absorption edge to account for the ob- 
served modulat ion which ranged from about 0.01 to 
1.0%. However ,  at the field s trengths used in these 
experiments ,  about 106 v /cm,  an electrostr ic t ive com- 
pression of the oxide of the order  of 0.001% can be 
expected for an assumed l inear compressibi l i ty of the 
oxide of about 10 -12 cm2/dyne. The calculated changes 
in reflectance for thickness changes of this order  are in 
good semiquant i ta t ive  agreement  wi th  the observed 
changes. (We are indebted to B. O. Seraphin for sug- 
gesting electrostr ict ion to be the mechanism respon- 
sible for our observations.)  

The change in reflectance resul t ing f rom such small  
thickness changes is direct ly  proport ional  to the slope 
of the reflectance spectrum if dispersion in the optical 
constants of the film and substrate is small. Using 
phase-sensi t ive detection, we found that  the wave -  
lengths of the zero crossings could be de termined  with  
a reproducibi l i ty  of bet ter  than 0.1%. These results 
suggested that  film thicknesses could be measured  by 
this new technique,  which we  have t e rmed  "e lec t ro-  
reflectance in ter ferometry ,"  wi th  a precision approach-  
ing that  obtainable by mul t ip le  beam in te r fe romet ry  
(4) or shearing in ter ference  microscopy (5). How-  
ever, our method has the addit ional  advantage of be-  
ing nondestructive,  i.e., no steps, scratches, or me-  
tallic overlays are required.  Further ,  since the effect 
can f requent ly  be observed in a region of low film 
absorption, the calculation of film thickness, in this 
case, is s t raightforward.  

Taking into account the phase shift on reflection 
at the f i lm-substrate  interface, and neglect ing film 
absorption (kl ---- 0), the film thickness, s, for  nor-  
mal  incidence, is 

s = (m~/4nD{1-- (1/m~) 
[tan-l(2nlk2/(n22--n12+k22)]} [1] 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  t a n t a l u m  oxide ,  n iob ium oxide ,  anodic  film, th ickness  

measurement .  
1 Other materials  have  not  y e t  been tried. 

where  ~. ---- wave leng th  of zero crossing, nt = real  
part  of refract ive  index of film, n2 = real  par t  of re-  
f ract ive index of substrate, k2 = imaginary  part  of 
refract ive index of substrate, and m is an integer, odd 
for minima and even for maxima,  if the refract ive  
index of the film is less than that  of the substrate. The 
appropriate  values of the in ter ference  order, m, are 
obtained by first es t imating the film thickness, wi thout  
the phase correction, f rom the photon energy incre-  
ment  be tween adjacent  maxima or minima. An in- 
correct  choice of m is then  readi ly  detected since this 
will  result  in a monotonic var ia t ion in calculated 
thickness wi th  increasing m instead of a random 
variat ion about an average value. 

A block diagram of our ins t rumenta t ion  is shown in 
Fig. 1 and typical  spectra obtained f rom samples of 
tan ta lum oxide on tan ta lum and niobium oxide on 
niobium are shown in Fig. 2. The samples were  ano- 
dized in 2% boric acid solution buffered to a pH of 
6-7 with  NI~OH.2 The measurement  conditions are 
given in the figure caption. The calculated tan ta lum 
oxide thicknesses, their  mean, the mean  deviation, 
and the sources of constants used in the calculation 
are shown in Table I. For  niobium oxide, consistent 
results are obtained only for obviously incorrect,  or 
nonintegral ,  values of the in terference order, m. Ap-  
parently,  the ref rac t ive  indices of our films differ sig- 
nificantly from the published values (6) used for these 
calculations. 

Because of the electrolyte,  this method is l imited to 
wavelengths  longer  than the vacuum ul t ravio le t  
which, at best, imposes a short wave leng th  cutoff of 
about 1800A. Consequently,  this technique is l imited 
to films sufficiently thick for at least the first reflec- 
tance min imum to be at greater  than 1800A. For such 
thin films there  would be only one observable zero 
crossing; consequently,  it is more accurate to use the 
wavelength  of the electroreflectance m a x i m u m  to 
calculate the film thickness in this case. This is ac- 
complished by calculat ing numer ica l ly  the wave leng th  

2 O n e  s a m p l e  o f  n i o b i u m  w a s  a n o d i z e d  i n  0 . 2 N  H ~ S O ,  w i t h  n o  
c h a n g e  i n  r e s u l t s .  

DC Power Sine Wave 
Supply Generator 

Xenon cM~ or E1 ..... lyt e p'----'--1 

d Ca'chode [ pAB Lock-ln kr~, 

multiplier Analog DC r 

Fig. I. Block diagram of instrumentation 
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Fig. 2. Electroreflectance spectra of anodized tantalum and 
niobium. Upper curve, one mil tantalum foil anodized to 200v. 
Measurement made in boric acid electrolyte ( I .0M KCI solutions 
were also used with no change in results) with 160v d-c bias and 
35 Hz, 50v peak-to-peak sine wave modulation. Lower curve, one 
rail niobium foil anodized to 118v. Measurement made in boric 
acid (0.2N H2SO4 was also used) with 35v d-c bias and 35 Hz, 
70v peak-to-peak sine wave modulation. 

of the max imum in the ratio of the derivative of the 
reflectance with respect to thickness to the reflectance, 
(dR/ds)/R,  as a function of thickness in the appro- 
priate spectral range for comparison with the experi-  
menta l  result. We have been able to measure electro- 
reflectance maxima for t an t a lum oxide films estimated 
to be as th in  as about 70A as shown in Fig. 3. The 
vertical  bars in  the figure indicate the width of the 
noise in these measurements.  The measurement  condi-  
tions are given in the caption. Photomult ipl ier  shot- 
noise and the inheren t ly  lower precision in locating a 
maximum, ra ther  than a zero crossing, l imit the pre-  
cision in this case to values as poor as 10%. Calcula- 
t ion of film thicknesses from these and similar data 
await  the determinat ion of the refractive index for 
this spectral region. 

The results in Table I indicate a precision for thick- 
ness determinat ion of about  0.6% (0.3% is more typ-  
ical of other measurements)  whereas the reproduci-  
bil i ty in the determinat ion of the zero crossing wave-  
lengths was better  than  0.1%. Since the applied field 
varied from zero to its max imum value in these mea-  
surements,  the measured change in reflectance is not 
directly proport ional  to just  the first derivat ive of re-  
flectance with respect to film thickness but  may de- 
pend on higher derivatives as well. To determine if 

--I0 

AR/R X (04 

Table |. Calculation of film thickness from experimental 
electroreflectance zeros for 200v tantalum oxide film 

E x p e r i m e n t a l  rn.k M e t a l  
ze ro  c ros s ing ,  - - ,  A a b s o r p t i o n  

A O r d e r ,  m 4n t  c o r r e c t i o n ,  A T h i c k n e s s ,  A 

3788 9 3680 97 3583 
3492 10 3673 87 3586 
3275 11 3697 82 3615 
3065 12 3616 78 3538 
2968 13 3690 76 3614 
2846 14 3629 74 3555 
2775 15 3645 73 3572 

A v e r a g e :  3580 A 
A v e r a g e  D e v i a t i o n :  ----_21 A 

N o t e :  T h e  t w o  l o n g e s t  w a v e l e n g t h  ze ros  in  F ig .  2 w e r e  e x c l u d e d  
b e c a u s e  of t h e  e x c e s s i v e l y  s m a l l  s i g n a l - t o - n o i s e  r a t i o  in  th i s  s p e c -  
t r a l  r e g i o n .  
T h e  v a l u e s  of t h e  o p t i c a l  c o n s t a n t s  u s e d  in  t h i s  c a l c u l a t i o n  w e r e :  

n~ = 2.14 + 0.292 (A/10SA -- 2.305) -1.~- ( ref .  7) 
n~ = 3.5 1 
k~ 2.4 ~ (Ref .  lO) 
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Fig. 3. Electroreflectance spectrum of | rail tantalum foil 
anodized to 3v. Measurement made in boric acid with i.Sv d-c bias 
and 35 Hz, 3.0v peak-to-peak sine wave molulation. 

neglect of these higher order derivatives in the thick- 
ness calculations was contr ibut ing to the apparent  ex-  
per imenta l  error, we calculated the magni tude  of the 
second derivat ive term. The effect of including the 
second derivative on the calculated thickness was less 
than 0.05%, and therefore only the first derivative term 
is significant. The most l ikely explanat ion for the ob- 
served error is the choice of the optical constants 
used in the thickness calculations. The optical con- 
stants of t an ta lum and niobium oxide are not known 
at all wavelengths of interest  and particularly,  at 
wavelengths shorter than  3000A. In  any case, reported 
values vary by as much as 10% (7-9) and seem to 
depend on methods and conditions of preparation. The 
optical constants of tantalum and niobium are also not 
known except at a few wavelengths (i0, II). How- 
ever, these appear only in the phase correction term 
which is nearly constant and therefore, the error re- 
sulting from assuming these to be the same for all 
wavelengths is significant hut less serious. 

We are carrying out ellipsometer measurements on 
anodic and reactively sputtered films on various sub- 
strates. With  the optical constants obtained from these 
results, we hope to achieve the ul t imate  precision of 
better  than 0.1% that  is expected with this technique. 
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YPO,:Ce Phosphor Sensitized by Thorium Ions 
Kenzo Awazu and Katsutoshi Muto 

The Central Research Laboratories, Mitsubishi Electric Corporation, Amagasaki, Japan 

The efficient uv emit t ing phosphor, BaSi2Os:Pb is 
well known and commercial ly used (1, 2). Recently 
Ropp has described YPO4: Ce as the uv  phosphor which 
has two emission peaks near  3500A (3, 4). The photo- 
luminescent  mater ia l  had an integrated output  of 
only 36% of the commercial BaSi2Os:Pb phosphor 
when excited by 2537A. 

In the present communication, we report  on the 
YPO4:Ce phosphor sensitized by Th ions. The sensi- 
tized phosphor is 150% more efficient than BaSi20~:Pb 
phosphor when excited by the low pressure mercury  
discharge lamp. The result  may be explained by en-  
ergy t ransfer  from Th to Ce ions. 

The phosphor was prepared by  precipitat ing solu- 
tion of y t t r ium with a dilute solution of phosphoric 
acid. Mixture of the ions was made, including soluble 
salts of the activator Ce ions and the sensitizer Th 
ions, before precipitation. The mater ia l  as produced 
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Fig. L Radiometric comparison of uv emitting phosphors: A, ,~ 
YPO4:6.3 a/o Ce 0.1 a/o Th; B, Ba Si20~:Pb; C, YPO4:6.3 a/o Ca; 
D, YPO4:Ce which contained a trace of Nd ~+ impurity. 
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Fig. 2. Excitation spectra of YPO4:Ce and Th sensitized phos- 
phors. 

was then fired to form the phosphor composed of the 
desired solid solution of phosphates. Fi r ing was ac- 
complished in air  or in a slightly reducing atmos-  
phere at 1200~ 

Measurements of fluorescent spectra were made em-  
ploying a Beckman model DU spectrometer with 
1P28 photomultiplier.  The spectra were not corrected 
for the sensit ivi ty of the tube. 

The emission spectra of BaSi2Os:Pb and YPO4:Ce 
phosphors are given in Fig. I. As a photoluminescent  
material,  YPO4:Ce sensitized by Th ions, the most 
efficient phosphor, had an integrated output  of 150% 
of the commercial  BaSi~Os:Pb phosphor when  ex-  
cited by a low-pressure mercury  discharge lamp and 
measured under  identical condit ion as shown in Fig. 1. 
YPO~:Ce and one which contained a trace of Nd 3+ 
ions and other rare  earth ions had an integrated out-  
put of only 60 and 20%, respectively. It is clear that  
Nd 3+ ions and other impurit ies reduce the emission 
intensi ty  of YPO4:Ce phosphor, whereas Th ion sen- 
sitizes the phosphor. 

The excitation spectra of YPO4:Ce phosphor and 
the Th-sensit ized phosphor are given in Fig. 2. The 
peak of the new excitat ion band in  the Th-sensi t ized 
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Fig. 3. Emission and excitation spectra of YPO4:Th 
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Fig. 4. Optimum concentration of thorium sensitizer in YPO4:Ce 
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phosphor is near  2750A, whereas in YPO4:Th phos- 
phor, the excitation peak is near  2650A as shown in 
Fig. 3. Thus one is led to the conclusion that  the new 
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excitation band is probably due to the excitation of 
thor ium ions in  YPO4:Ce, which are dis turbed by 
Ce ions. 

As shown in Fig. 4 for photoluminescence, the op- 
t imum sensitizer concentrat ion for the YPO4:6.3 a /o  
Ce composition is about 0.1 a/o. 

The t r ivalent  ion, Ce 3+, has an electronic s tructure 
containing one 4f electron. The allowed mult iplet  
terms for 4f 1 configuration are ~F~/2 and 2F5/2. The 
energy separation of these two levels is about  1800 
cm -1, from which one may  obtain the spin-orbi t  
coupling coefficient for a 4f electron in cerium; 

4f (Ce) = 514 cm -1, in fair agreement  with other 
estimates (5). The 5d levels 2D3/2 at 40,000 cm -1 and 
2D5/2 at 30,860 cm-1  are 9140 cm -1 apart, from which 

5d (Ce) ---- 3656 cm -1. The value is different from 
the other estimate (5). 

The simplified energy diagram of the system Ce, 
Th:YPO4 is shown in Fig. 5. It  is considered that  the 
excitation energy is t ransferred from the fluorescent 
level of Th ion to the 2D3/2 level of Ce ion. 

Manuscript  received Oct. 28, 1968. 
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cussion Section to be published in the December 1969 
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Quantum Efficiency Spectra 
of Photoluminescent Materials 

W. A. Thornton* 
Advanced Development Department, Lamp Division, Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

A method for synthesizing accurate quan tum efficiency spectra of lumines-  
cent materials,  over a range of exciting wave length and temperature,  is de- 
scribed. By (a) using pure monochromatic exciting radiation, (b) correcting 
for changes, with tempera ture  and exciting wave length, of the spectral 
energy distr ibution,  (c) correcting for inconstancies in response of the s tand-  
ard excitation material ,  and (d) using measured absolute diffuse reflectance 
data for a s tandard material,  the method removes the ra ther  drastic as- 
sumptions usual ly made in such optical measurements  to reduce the labor 
involved but  which often introduce large errors. New data on the quan tum 
efficiency spectra of some important  phosphors are presented, together with 
new data on the dependence of spectral energy distr ibution,  excitation spec- 
trum, and diffuse reflectance on exciting wave length and temperature;  sub-  
ordinate data on chromaticity and luminosi ty are included. 

One of the impor tant  intr insic  characteristics of 
a phosphor is its quan tum efficiency; the de termina-  
tion of quan tum efficiency spectra (1) as exciting 
wave length or temperature  varies involves the mea-  
surement  of emission, excitation, and reflectance spec- 
tra, any one of which is a demanding  task if accuracy 
is necessary. There are three major  requirements  for 
the accurate determinat ion of the variat ion of quan tum 
efficiency with exciting wave length and temperature:  
(a) The emission spectrum must  be measured against 
that  of a source of known  spectral energy distribution, 
and the variat ion of this emission spectrum with ex-  
citing wave length and temperature  mus t  be deter-  
mined. If var ia t ion of emission spectrum is neglected, 
errors of as much as 50% in the result ing quan tum 
efficiency values can occur. (b) The excitation spec- 
t r um must  be measured against tha t  of a phosphor 
of known excitability, since it is usual ly  highly in-  
convenient  and often impossible to measure the in-  
cident exciting intensi ty  directly. The assumption, 
for example, tha t  the excitabil i ty of sodium salicylate 
is independent  of wave length may result  in a 20% 
error (2). In the excitation measurements,  the emis- 
sion of the phosphor must  either be measured by 
means of a photon detector which is independent  of 
wave length, or must be sampled at a chosen wave 
length and corrected to total photon output by the 
emission spectrum data of (a).  Only the second al-  
ternat ive seems to be practical. (c) The reflectance 
spectrum must  be measured against that  of a ref- 
erence sample of known absolute reflectance (3). 
Neglect of phosphor reflectance altogether can, of 
course, result  in errors of a factor of ten in the 
quan tum efficiency values, while assumptions con- 
cerning the reflectance of some standard sample can, 
at least in the 200-300 nm region, be in error by 
tens of per cent. Because there is so much labor 
involved in the correct determinat ion of a spectrum 
of quan tum efficiency, the usual  procedure is to ne-  
glect many  of the above factors with the result  that  
such spectra are so rough as to give only a general  
idea of the behavior  of a phosphor with change of 
exciting wave length or temperature.  The usual  ex-  
citation spectrum or tempera ture  dependence curve 
is also a rough approximation for the above reasons. 
Useful as these approximations may be in the absence 
of more accurate data, there is the danger  of being 
seriously misled. The objective of this paper is to 
provide a method of obtaining emission, excitation, 
reflectance, and quan tum efficiency spectra, as ex-  

K e y  words: phosphor, luminescence ,  q u a n t u m  efficiency, spec-  
t rum,  exci ta t ion ,  t e m p e r a t u r e ,  ref lectance,  ch romat i c i ty ,  luminos i ty .  
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citing wave length and temperature  vary, by avoid- 
ing the usual  assumptions and approximations which 
introduce sizable errors in the results, and to provide 
examples of the spectra obtained. These examples 
constitute, in addition, much new data on the lu-  
minescent  materials described. 

The luminescent  materials for which data are in-  
cluded are listed in Table I with approximate raw 
molar composition and preparat ion conditions. 

Procedure 
Spectral energy distribut~ons.--Equipment.--Ade- 

quate precision in the spectral energy distr ibution 
(SED) is obtainable if we l l -known procedures are 
used with care. Here, two Bausch and Lomb 500- 
mm 33-86-45-01 grat ing monochromators were used. 
High-pressure or medium-pressure  (4) mercury 
lamps, quartz- iodine (5) incandescent  lamps, or 1000- 
w water-cooled Hanovia 771B-32 hydrogen lamps (6) 
were used; in some cases synthetic quartz (7) lenses 
were used to fill the entrance aper ture  of the first 
monochromator  with source radiation. The first mono-  
chromator had a 600 groove/ram grating blazed for 
150 nm in order to favor transmission around 200 
nm wave length. The rejection factor (ratio of t rans-  
mission in pass band to transmission outside the pass 
band) of this monochromator  was more than  104; 
some trace of mercury  line emission other than  the 
excitation wave length nevertheless leaks through and 
is identified, used as an accurate check on the wave 
length scale, and then removed from the data to be 
analyzed. For comparison, a 2 -mm thick Corning 9863 
filter shows a measured rejection ratio of 22, and a 
typical metal-dielectr ic  interference filter shows a 
measured ratio of about 40 in the ultraviolet  (254 nm)  
and about 500 in  the visible. 

The intermonochromator  optics (Fig. 1) provided 
about  a 0.3 magnification on the phosphor sample of 
the slit image; this results in two favorable effects, 
intensification of the exciting radiat ion on the sample 
(photons/sec-cm 2) and increase of the collecting solid 
angle of reflected or emitted radiat ion from the sample 
into the second monochromator.  It will  be seen that  
for opt imum throughput  the input  and output  optical 
a r rangement  must  be symmetrical ;  i.e., the magnifica- 
t ion must  be the same, and as great as optical registry 
problems will  allow. Focus and a l ignment  are done 
arbi t rar i ly  at 254 nm;  aberrat ions at other wave 
lengths are not harmful  because calibration is always 
done by accurate subst i tut ion of the appropriate ref- 
erence sample at the normal  sample position. 

The total useful  range of wave length is 190-850 
nm, the short wave length cut-off due to air absorp- 

286 
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Table I. Luminescent materials 

Calcium halophosphate :  Sb,Mn 

Bluish whi te  
Cool whi te  
White 
W a r m  whi te  

Zinc si l icate:  Pb,As,Mn 

Calcium sil icate:  Pb,Mn 

Magnesium f luorogermanate :  Mn 

Strontium magnesium phosphate: Sn 

M a g n e s i u m  tungs ta te  (NBS Sample  #1027) 
Sodium salicylate 

CaO P:~)~ Mn Sb F C1 Cd 

4.7 1.5 0.05 0.10 1.0 0.5 0.05 
4.7 1.5 0.08 0.10 1.0 0,5 0.05 
4.7 1.5 0.12 0.10 1.0 0.5 0.05 
4.7 1.5 0.17 0.10 1.0 0.5 0.05 

ZnO SiO~ Mn Pb As 

8.6 5.0 0.5 0.008 0.0005 

CaCO~ SiOs Mn Pb  OaFs 

5.3 6.3 0.17 0,02 0.05 

MgO MgFs GeC~a Mn 

2.9 0,4 0,8 0.004 

SrO PsO5 MgO Sn 

2.66 1.0 0.3 0,03 

Air,  3 hr, 1200~ covered.  

Air,  3 hr, 1300~ covered.  

Air, 4 hr, 1209~ covered.  

Air, 40 hr,  l l00~ uncovered.  

F o r m i n g  gas, 3 hr, 1200~ covered.  

t ion and the long wave  length  cut-off  due to reduct ion 
in photomul t ip l ie r  sensit ivi ty.  The accessible range  
of t empe ra tu r e  of the  phosphor  sample  is app rox i -  
ma te ly  --170 ~ to +300~ al though the upper  l imi t  
is uncer ta in ,  and  sample  t empe ra tu r e  is ma in ta ined  
by  he l ium at 1 atm. The sample  can is shown in 
Fig. 2. The  synthet ic  quar tz  window be tween  the 
monochromator  space and the sample  space is neces-  
sa ry  to confine the  he l ium a tmosphere  to the lat ter ,  

Fig. 1. Optics between the two monochromators shewing sym- 
metrical arrangement for incoming and outgoing radiation at the 
sample position. 

HEATED 
WINDOW 

GLASS i 
WOOL J 

E 

Fig. 2. Sample can, with provision for temperature control in an 
inert atmosphere, showing sample holder at focus of lens, liquid 
nitrogen Dewar, copper cooling vanes. 

is s l ight ly  hea ted  to p reven t  frost ing when the  s a m p l e  
is held  at low tempera ture ,  and is mounted  at  an 
angle to avoid reflections f rom input  into output  mono-  
chromators .  The second monochromator  is ident ical  
to the  first except  t ha t  its gra t ing  is b lazed for 300 
nm radiat ion.  Typica l  slit  wid th  was 2 mm, equivalent  
to resolut ion (l ine wid th  at half  m a x i m u m )  of 6-7 
nm. Detector  was a 2-in. d iamete r  end-on  EMI 9558 
photomul t ip l ie r  (8),  of which the sensi t iv i ty  [amperes  
output  per  wa t t  of input  rad ia t ion  per  ampere  of 
da rk  cur ren t  (9) ] is ex t r eme ly  high. 

In  the  w o r k  covered by  this paper  the  in tent ion 
was  to use phosphor  powder  layers  so th ick  tha t  
t ransmiss ion of both  exci t ing and  emit ted  radia t ion  
is negligible.  The phosphor  samples  were  made  by 
filling b r igh t  a luminum dishes, 2 m m  deep by  11/4 in. 
d iameter .  The t ransmiss ion of s t rongly  absorbed ra -  
diat ion is cer ta in ly  nea r ly  zero and for rad ia t ion  
which  is only  modera t e ly  or weak ly  absorbed the  
reflectance of the  a luminum is about  the  same as an 
infini tely th ick phosphor  l ayer  ( ~ 9 0 % ) ,  so the net 
resu l t  mus t  be qui te  represen ta t ive  of a powder  l ayer  
which  is infini tely thick. Wi th  a l i t t le  pract ice  the  
top surface of the  phosphor  in the filled dish can be 
made  visual ly  flawless. The smooth phosphor  surface 
is made  by  a gent le  wiping act ion wi th  a glass plate,  
using only l ight  pressure.  This method does produce  
some or ienta t ion of the  phosphor  crystals  which can 
be detected as anisot ropy in emission and reflection, 
as the  az imutha l  angle  is va r i ed  and the angle  of 
e levat ion  fixed. The variat ions,  however ,  a re  for tu-  
na te ly  of the  o rder  of 1%. Al l  phosphors  and re f -  
erence mater ia l s  were  sieved th rough  200 mesh, which 
did not cause a par t ic le  size separa t ion  bu t  r emoved  
agglomerates .  

Calibration.--Accurate cal ibra t ion  of the monochro-  
ma to r -pho tomul t i p l i e r  combinat ion requi res  a rad ian t  
source of known emission spec t rum which  should 
have the size, shape, and diffuseness of the  phosphor  
samples  to be measured  subsequently,  in o rder  tha t  
ident ical  geomet ry  may  be used and opt ical  aper tu res  
filled in exac t ly  the  same way.  This ideal  s i tuat ion 
was achieved as follows. A smoked and b leached 
MgO sample  which had been ca l ibra ted  accura te ly  
for absolute  diffuse reflectance (by  the pa r t i a l  sphere  
method  ment ioned la te r )  was placed in the  sample  
posit ion;  the  size and shape of this  reference  sample  
is the same as tha t  of typ ica l  phosphor  samples. 
Radia t ion  f rom a Nat ional  Bureau  of S tandards  cal i -  
b r a t ed  quar tz  iodine incandescent  l amp  QL-33 (op- 
e ra ted  at  the  s t andard  6.50-amp condit ion)  shone 
d i rec t ly  onto this  reference  MgO sample.  NBS states 
tha t  no a tmospher ic  absorpt ion  takes  place be tween  
250-1100 nm, that  100 hr  of opera t ion  causes less 
than  1% var ia t ion  in output,  and that  absolute  er rors  
in ca l ibra t ion  of the  incandescent  l amp  output  a re  
less than  8% near  250 nm and less than  3% in the 
visible and inf rared;  this  does not  imply  tha t  one 
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Fig. 3. Power output (A) of standard tungsten lamp per unit 
area per unit wave length, at o given distance, and correction 
factor (B) of analyzing monochromator obtained with the standard 
lamp. 

visible region is in error with respect to another  by 
as much as 3%. 

The NBS values for the emission of this incandescent 
lamp (microwatts per square centimeter  per nano-  
meter  at 43 cm distance) are given in Fig. 3, curve A. 
These values were corrected by the measured ab- 
solute reflectance of the MgO sample even though 
this reflectance varied only between 95 and 97%. 
The product of these factors was taken to be the 
radiation intensi ty  entering the optics of the mono- 
chromator. The output  of the monochromator,  scanned 
through the range 250-850 nm, was used to calculate 
the final correction curve: 

NBS intensi ty  (Reflectance of MgO) 
( Monochromator 'Signal) 

shown in Fig. 3, curve B, and it is seen that  the 
correction factor becomes as large as 104 in the 
near infrared region, into which the emission of some 
phosphors extends. The magni tude  of this correction 
factor, even wi th  the excellent S-20 photosurface, 
together with the requi rement  of good accuracy in 
correction over this range, makes the use of a cor- 
recting device unallowable,  in the wri ter 's  opinion. 
The use of a computer  for this step is, on the 
other hand, satisfactory, par t icular ly  since other spec- 
t ra  and integrated quanti t ies in addition to the usual  
spectral energy dis tr ibut ion are computed at the same 
time. 

Data analysis.--For each combinat ion of exciting wave 
length and temperature,  a recorder trace is used 
as the baseline, obtained from an inert  mater ial  of 
similar reflectance to that  of the phosphor sample 
in the sample position. The oxide or carbonate of 
magnes ium is suitable. This baseline is normal ly  quite 
flat and gives the signal level due to s tray light, 
photomult ipl ier  noise, and bias settings of the ampli-  
fier and recorder. However, it is absolutely indispen-  
sable to determine this baseline and to use it  as 
the reference for the desired emission spectrum, rather  
than to assume that the "zero" level is independent  
of wave length, since under  some conditions there 
are at least traces of visible components from the 
source leaking through the first monochromator,  as 
well as second-order effects and peculiarities of grat-  
ing reflectance. These nonuniformit ies  in the base- 

line are usual ly small  but  often not negligible. From 
this raw spectrum, data are taken every 10 n m  if 
the spectrum contains only the usual  broad emission 
bands;  otherwise the wave length interval  is chosen 
nar row enough to sample adequately whatever  struc- 
ture  is in the spectrum. For example, if the SED 
of zinc si l icate:Mn is analyzed both at 2 -nm and at 
8-nm intervals,  computed values of integrated quan-  
tities such as chromaticity, total watts, total lumens, 
etc., vary  by ½ to 2 parts per thousand. The computer  
program makes use of the quadra ture  formula known 
as Simpson's Rule (10). 

These data are punched into a computer  program 
in which are stored the t r is t imulus values for spectrum 
colors (11) and the correction data described in the 
preceding section. The total computat ion may  be sum- 
marized as follows: 

Spectral  distr ibutions (relative and normalized) 
Energy 
Photons 
Lumens 

Total energy E 
Total photons Q 
Tris t imulus values X, Y, Z 
Trichromatic coefficients x, y, u, v 
Color temperature ,  mean  wave length, luminosi ty 
factor (Y/E) 

For each phosphor, 30 or more spectral energy dis- 
t r ibut ions were determined, by correction against the 
NBS standard lamp; five temperatures  (--160°C, 
--60°C, room tempera ture  RT -~ 25°C, 100°C, 
200°C) and six or more pure exciting wave lengths 
were used. All of the measured spectra are used in 
determinat ion of other data to be presented. Examples 
of SED variat ion with temperature  or exciting wave 
length are given in Fig. 4-11 for "cool white" calcium 
halophosphate: Sb,Mn, s t ront ium magnes ium phos- 
phate :Sn,  magnes ium fluorogermanate:Mn, and mag-  
nesium tungstate;  each of these SED's is normalized to 
constant  peak height. Some integrated quanti t ies cal- 
culated from the SED which are independent  of phos- 
phor efficiency are, for example, chromaticity and 
luminosi ty factor. In Fig. 12 and 13 of tr ichromatic 
coefficient data, the dashed lines are contours of equal 
exciting wave length and the solid lines of equal t em-  
perature;  the arrows indicate dominant  wave length 
(11) in nanometers.  Figure 12 shows the peculiar be- 
havior of the chromaticity of the calcium halophos- 
phate phosphors due to different dependence on excit-  
ing wave length of the blue ant imony band and the 
yellow manganese  band. Figure 13 shows the large 
chromaticity var ia t ion  of s t ront ium magnesium phos- 
pha te : t in  due to the strong dependence of the ratio of 
violet to orange band output  on both temperature  and 
exciting wave length. Figures 14-16 are contour plots, 

Fig. 4. Spectral energy distributions of cool white calcium halo- 
phosphate phosphor excited at 254 nm and at various temperatures. 
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Fig. 5. Spectral energy distributions of cool white calcium halo- 
phosphate phosphor excited at various wave lengths and at room 
temperature. 

Fig. 8. Spectral energy distributions of magnesium fluorogerman- 
ate:Mn phosphor excited at 254 nm and at various temperatures. 

Fig. 6. Spectral energy distributions of strontium magnesium 
phosphate:Sn phosphor excited at 254 nm and at various tempera- 
tures. 

Fig. 9. Spectral energy distributions of magnesium fluorogerman- 
ate:Mn phosphor excited at various wave lengths and at room 
temperature. 

Fig. 7. Spectral energy distributions of strontium magnesium 
phosphate:Sn phosphor excited at various wave lengths and at 
--160°C. 

of luminosi ty factor Y/E for three phosphors, over the 
range of excitation wave length in which the material  
is appreciably excited. These figures demonstrate  the 
importance of such changes in the SED, in that, unless 
one uses a detector with equal response to photons of 
all  wave lengths, corrections which are both large and 
accurate must  be made for these changes. 

Fig. 10. Spectral energy distributions of magnesium tungstate 
(NBS No. 1027) phosphor excited at 254 nm and at various tem- 
peratures. 

It  is convenient  to define the quant i ty  Qw as the 
number  of emitted photons wi th in  a certain wave 
length "window" as defined by Fig. 17, in which the 
total area under  the curve is total photons Q. Thus the 
ratio Q/Qw is characteristic of the SED of a phosphor 
at a given combinat ion of exciting wave length and 
tempera ture  (~,T) and is used later  in the calculation 
of the quan tum efficiency spectra. The window may be 
specified anywhere  on the SED but  is usual ly  taken 



290 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  February 1969 

Fig. 11. Spectral energy distributions of magnesium tungstate 
(NBS No. 1027) phosphor excited at various wave lengths and at 
room temperature. 

Fig. 14. Luminosity factor Y/E (see text) of cool white calcium 
halophosphate phosphor as a function of exciting wave length and 
temperature. 

Fig. 12. Chromaticity of warm white calcium halophosphate 
phosphor at various exciting wave lengths and temperatures 
plotted on the 1931 CIE diagram. Dashed lines: equal exciting 
wave length. Solid lines: equal temperature; dot: 254 nm excita- 
tion. Numbered arrows: dominant wave length with respect to Il- 
luminant C. Arrow "L ' :  direction of maximum luminosity increase. 
Ellipse: MacAdam three-step oval. 

Fig. 15. Luminosity factor Y/E (see text) of strontium magnesium 
phosphate:Sn as a function of exciting wave length and tempera- 
ture. 

Fig. 16. Luminosity factor Y/E (see text) of magnesium fluoro- 
germanate:Mn as a function of exciting wave length and tempera- 
ture. 

Fig. 13. Chromaticity of strontium magnesium phosphate:Sn 
phosphor. Similar to Fig. 12. 

near  one or another  emission peak, for m a x i m u m  sig- 
nal  as wi l l  be seen, and then  retained as a constant of 
the phosphor; for example  the chosen window wave  
lengths of the halophosphate phosphors are 480 or 580 
nm and that of zinc silicate: Mn is 528 rim. Plots of 
Q/Qw as this rat io depends on excit ing wave  length and 
tempera tu re  appear  in Fig. 18 for a bluish whi te  cal- 
c ium halophosphate phosphor for window wave  length 
of 580 nm, for s t ront ium magnes ium phosphate : t in  at 
600 nm (Fig. 19), and for zinc s i l icate:Mn (Fig. 20) at a 
window wave  length of 528 rim. In each case the win -  
dow wid th  is 8 nm at half  maximum.  
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Fig. 17. Definition of the quantity Qw, the number of photons 
detected in an interval at "window wave length" W chosen near 
the peak of a major emission band. 

20C 

, , , , ~  BW 
580 W 

160 -~ 
, 

QW 

120 

80 200 300 400 
WAVELENGTH INN] 

Fig. 18. The variation of Q/Qw with wave length and tempera- 
ture for bluish white calcium halophosphate phosphor when the 
chosen "window wave length" is 580 nm and window width is 8 nm 
at half maximum. When 480 nm is chosen for this phosphor (near 
the peak of the blue band) the Q /Qw curves which result bear a 
rather inverse relationship to those pictured here. The dependence 
shown is of course due to the varying excitability of the blue and 
yellow emission bands, and to shifts in position of these bands. 
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Fig. 19. The variation of Q/Qw with wave length and tempera- 
ture for strontium magnesium phosphate:tin. The large variation 
at --160~ is due to the appearance of the strong violet emission 
band at low temperature and short-wave excitation. 

Excitation spectra.--Equipment.--The equipment  de- 
scribed in  the preceding section is used also for obta in-  
ing excitation spectra. Since phosphors of known ex- 
citabili ty were used in the normal  sample position as 
excitation standards, it is necessary nei ther  to deter-  
mine  the t ransmission of the first monochromator  as a 
funct ion of wave length nor  to know the output  of the 
various source lamps vs. wave length. The 1000-w 
hydrogen lamp or the quartz- iodine incandescent  lamp 
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Fig. 20. The variation of Q/Qw with wave length and tempera- 
ture for zinc silicate:Mn. The predominant variation with tempera- 
ture is due to broadening of the single emission band with 
increasing temperature (the window width, or monochromator 
resolution which is a function of slit width, remaining constant at 
8 nm width at half maximum. 

was used in the source position and the first mono-  
chromator was scanned over the appropriate wave 
length range with either the s tandard or u n k n o w n  
phosphor in sample position. The second monochroma- 
tar  was set at the chosen, constant  window wave length 
W characteristic of each phosphor in turn.  The s tan-  
dard phosphor was always measured at room tempera-  
ture  (and remeasured at short intervals)  and removed 
before the unknow n  phosphor(s)  were exposed to 
other temperatures;  it was assumed and verified that  
the source lamp output  and s tandard phosphor be-  
havior changed very little between calibrations. 

Calibratian.--A standard phosphor is used so that the 
visible light emitted by this s tandard can be simply 
related to the intensi ty  of ul t raviolet  radiat ion incident 
upon the phosphor. The ideal s tandard would be a 
phosphor which emit ted some constant  n u m b e r  of vis- 
ible photons for every 100 u.v. photons incident, inde-  
pendent  of the wave length of the incident  radiation, 
and of the temperature  of the phosphor. No phosphor 
is known, at present, to have such a "flat" response 
even over a l imited wave length region, al though a 
n u m b e r  of phosphors approach this condition closely 
enough to be very useful. For accurate work, it is best 
simply to measure the characteristics of the phosphor 
which is to be used as the standard, and to correct for 
the deviations from constant output.  Sodium salicylate 
has been used as the p r imary  s tandard in the present  
work, and much use has been made of the Universi ty  
of Rochester data (2, 12) on this material.  Kr is t ian-  
poller and Knapp (2) measured the visible quan tum 
output  per ul traviolet  quan tum incident  from 175 to 
350 nm;  this curve is used in the present  work as a 
correction curve from which to obtain the incident  
ul traviolet  intensi ty  with good accuracy. These authors 
showed that  the quan tum efficiency is about  20% 
higher at l iquid ni t rogen tempera ture  and that  its 
dependence on wave length at low tempera ture  is very 
similar  to that  at room temperature .  

Before using the above data for correcting the re-  
sponse of sodium salicylate, it is necessary to make 
sure that  there is no appreciable change in emission 
spectrum as incident  wave length varies from 175 to 
350 nm. (If such a change in spectrum occurs, it would 
mean that  the Univers i ty  of Rochester data quoted 
above would be valid only for their  par t icular  photo- 
tube;  another phototube wi th  a different wave length 
sensit ivity would yield a different correction curve.) 
Fortunately,  it turns  out that  at room temperature  the 
emission spectrum of sodium salicylate is quite inde-  
pendent  of excitation wave length  (Fig. 21). At 200~ 
however, there is an appreciable shift toward the 
green. In  the present  work, this s tandard phosphor is 
used only at room temperature  where the Universi ty  
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Fig. 21. Spectral energy distributions of sodium salicylate ex- 
citation standard, at various exciting wave lengths and tempera- 
tures. 

of Rochester data should be completely applicable. 
Sodium saticylate emits with good quan tum efficiency 
(12-14) (~50%, see remarks below), is easily de- 
posited (15) on glass slides or directly on the photo- 
tube, and is stable in air or vacuum. Allison, Burns, 
and Tuzzolino (16) find that quan tum efficiency values 
for lots of sodium salicylate from four different sup- 
pliers differ by no more than  3% at 254 nm; the impli-  
cation is that  the dependence of quan tum efficiency on 
wave length will  be about the same also for samples 
of different origin. The fluorescent yield of sodium 
salicylate is stable for long periods of t ime in dry air 
or clean vacuum and under  254 nm radiation (17). 

There is disagreement concerning the absolute quan-  
tum efficiency of sodium salicylate, no doubt  due to 
errors in interpretat ion of data. In 1964 papers were 
published which gave the quan tum efficiency at room 
tempera ture  and an exciting wave length of 254 nm as 
0.99 (16), 0.50 (13), and 0.25 (18). Nygaard (13) 
measured the quan tum efficiency as a function of 
layer thickness and obtained a max imum efficiency of 
0.50 ~- 0.05 at 1-2 mg /cm 2, defined as visible photons 
emitted per ul traviolet  photon incident. Sodium sa- 
l icylate reflects roughly 5% of the 254 nm radiation, 
so Nygaard's  value defined as quanta  emitted per 
quan tum absorbed would be about  0.53. Studer  (14) 
has measured the absolute quan tum efficiency under  
the same conditions and obtained a value of 0.60 4- 
0.05. Kris t ianpoller  (12) arrives at a value of 0.64. The 
writer,  by comparison to the absolute quan tum effici- 
ency of MgWO4 (NBS No. 1027; see section on Syn-  
thesis of quan tum efficiency spec t ra - -Quan tum effici- 
ency standard)  and to s tandard calcium halophosphate 
phosphors, 1 repeatedly obtains a value of about 0.5 
for sodium salicylate. It seems that the extreme values 
quoted above are incorrect, and in any case such a 
range of values emphasizes the pitfalls in a measure-  
ment  of absolute quan tum efficiency. 

As a mat ter  of possible interest, the reflectance and 
quan tum efficiency spectra of sodium salicylate are 
given in  Fig. 22 and 23; procedures for obtaining these 
are described later. 

In  some cases the incident  ul t raviolet  intensi ty may 
be needed at wave lengths longer than the 350 nm 
limit  to which sodium salicylate may be used. Another  
organic compound, d ihydroxynaphthalazine  (DHN), 
has been measured by the Univers i ty  of Rochester 
group (19) to have almost constant  quan tum efficiency 
between 200 and 470 nm. We have used corrected val-  
ues for DHN as the excitation s tandard between 350 
and 470 nm, usual ly  in the form of a thick powder 
layer; it is also easily evaporated and has similar 
properties in layers equal to or greater in thickness 
than about 2~. 

Finally,  we have used the smoked and bleached MgO 
reference sample in the sample position, and the cali- 

1 Which ,  f r o m  f luorescen t  l a m p  pe r fo rma nc e ,  m u s t  h a v e  a q u a n -  
t u m  eff ic iency in  the  n e i g h b o r h o o d  of  0.80-0.85. 
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Fig. 22. Absolute diffuse reflectance of sodium salicylate exci- 
tation standard, at various exciting wave lengths and tempera- 
tures. 

Fig. 23. Quantum efficiency of sodium salicylate excitation 
standard, at various exciting wave lengths and temperatures. 

brat ion of the second monochromator,  to determine 
the intensi ty of exciting radiation, par t icular ly  in the 
visible, from the quartz iodine lamp. 

Data analysis.--When a phosphor exhibits more than 
one emission band in its spectral energy distribution, 
the response or excitabil i ty of one band ( that  is, the 
intensi ty of emission wi th in  the band)  general ly de- 
pends on exciting wave length and temperature  in a 
different m a n n e r  than  that  of another band. For ex- 
ample, it is well known that  the yellow emission band 
in halophosphates activated by manganese and ant i -  
mony is much more strongly excited by nea r -u l t r a -  
violet wave lengths, say 365 nm, than is the blue band 
in the same phosphor even when the bands are equal ly 
excited at shorter wave lengths. Actually, if one chooses 
two wave lengths present  in the same emission band of 
a given phosphor, emission at one wavelength will  in 
general  exhibit  a different dependence on exciting 
wave length and tempera ture  than  emission at ~the 
other wave length. These two phenomena are of course 
related to the shifts with exciting wave length and 
tempera ture  in spectral energy distribution, chroma- 
ticity, and luminosi ty already mentioned. It  is some- 
times of practical interest  to determine the excitabili ty 
of one emission band relative to another. The method 
adopted here is to assign a "window wave length" de- 
noted by W to each emission band of interest;  W is 
approximately the wave length of the peak of the 
emission band  at )~ = 254 n m  and room temperature.  
In  obtaining the excitation data the detector could 
"see" only the emission at window wave length W as 
exciting wave length and tempera ture  were varied. 
The excitation data are corrected to equal numbers  of 
incident  exciting photons and are normalized to un i ty  
at 254 rim. 
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Fig. 24. Excitability of the blue antimony band (480W) and the 
yellow manganese band (580W) in bluish white calcium halophos- 
phate phosphor at room temperature. Normalized at 254 nm. 

Fig. 25. Excitability of the blue antimony band (480W) and the 
yellow manganese band (580W) in warm white calcium halophos- 
phate phosphor at room temperature. Normalized at 254 nm. 

Figures 24 and 25 show, for example, the excitabil i ty 
of the blue ant imony band (480W) and the yellow 
manganese  band (580W) at room tempera ture  in a 
"bluish white" and a "warm white" calcium halophos- 
phate, and indicate the increased relat ive excitabil i ty 
at 220 nm of both blue and yellow bands in the lat ter  
phosphor with the higher manganese  activator content;  
Fig. 26 shows excitabilities of the former phosphor at 
more extreme temperatures.  Figure 27 demonstrates 
the different violet and orange band excitabil i ty at 
room temperature  in s t ront ium magnesium phosphate: 

Fig. 27. Excitability of the violet band (400W) and the orange 
band (600W) in strontium magnesium phosphate:Sn phosphor at 
room temperature. 

t in;  Fig. 28 does similarly for calcium silicate:Mn,Pb. 
In  these figures, the ordinate is proport ional  to 
Q~v/Qmc where QInc is the number  of photons of 
wave length ~ incident  upon the phosphor sample. 

Reflectance spectra.--Equipment.--The equipment  
described in the section on Spectral energy dis t r ibu-  
t i o n s - e q u i p m e n t  is used also for obtaining reflectance 
spectra. A mater ia l  of known reflectance was used as 
standard, in the normal  sample position. Either the 
hydrogen lamp or the tungsten  lamp was used as 
source. The wave length drives of the two mono- 
chromators were connected and the two scanned to- 
gether over the appropriate wave length range with 
either the s tandard reflecting sample or the unknown  
phosphor in sample position. The standard reflecting 
sample was always measured and main ta ined  at room 
temperature  as in the case of the excitation standard. 

Calibration.--The reflectance of a layer of phosphor for 
various wave lengths of incident  radiat ion must  be 
measured absolutely;  that  is, the actual ratio of total  
radiation reflected to total radiat ion incident, ordinar-  
ily given in per cent, must be determined. A smoked 
layer of MgO, which appears to be the best s tandard 
known, is quite stable in the visible region of the 
spectrum, but  at wave lengths shorter than  300 nm 
varies in reflectance depending on the time, wave 
length, and intensi ty  of radiat ion to which it is ex-  
posed (3). The solution seems to be to form such a 
layer, bleach it thoroughly with shor t -wave u l t ra -  
violet radiation, measure its reflectance on an ab- 
solute basis throughout  the spectrum of interest, and 
immediately compare it to that of a secondary s tan-  
dard of which fresh samples can easily and repro-  

Fig. 26. Excitability of the blue band (dashed curves) and 
yellow band (solid curves) of the phosphor of Fig. 24 at more 
extreme temperatures. 

Fig. 28. Excitability of the ultraviolet band (350W) and the 
orange band (600W) in calcium silicate:Mn,Pb phosphor at room 
temperature. 
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ducibly be made. This procedure has been carried out 
as follows. 

The "partial  sphere" method (3) is a convenient  and 
very accurate determinat ion of the diffuse reflectance 
of a layer  of material,  provided the reflectance of that 
mater ia l  at wave lengths of interest  is greater than  0.5, 
and preferably greater than  0.8. On the other hand, the 
entire inside surface of a sphere must  be uniformly 
covered with an opaque coating of the mater ial  of 
which the reflectance is desired, so it is a technique 
suitable for cal ibrat ing a s tandard diffuse reflector, but 
too time consuming and difficult to use for rout ine de- 
te rminat ion  of reflectance. A section (cap) of about 
0.1 of the area is cut out of the sphere but  coated in 
the same way as the remainder  of the sphere. The 
measurement  consists of introducing a beam of radi-  
ation of the required wave length into a small  port  in 
the sphere and measur ing the radiat ion escaping from 
the same or another  port under  two conditions: (a) 
with the cap in position, completing the sphere, and 
(b) with the cap removed, and radiat ion also escaping 
through the cap area. The ratio of intensities at the 
exit port with and without  the cap in position, together 
with the dimensions of the sphere, cap, and ports, 
determines the absolute diffuse reflectance of the 
sphere coating. 

Sections were cut from 500-ml spherical Pyrex boil- 
ing flasks, the edges ground, and matched sets of the 
parts were obtained. A single slot about 8 by 32 mm 
was cut in the hemisphere at the focus of the slit 
image from the first monochromator;  the same slot 
served as exit port  into the symmetr ical  optics of the 
second monochromator.  Light-sensi t ive paper on the 
sphere surface was used to find the image position. It  
is necessary that the incoming radiat ion not strike the 
Cap area. A reversible motor and screw moved the 
cap in and out of position; in the "out" position only a 
flat black surface was visible through the cap area 
from the interior  of the sphere. The Pyrex sphere 
parts were carefully cleaned and aluminized inside, a 
precaution which almost completely corrects, ap-  
parently,  for the fact that  usable thicknesses of ma-  
terials are not completely opaque; the highly reflecting 
a luminum throws t ransmit ted  radiat ion back into the 
mater ia l  layer  in much the same way as would added 
thickness of the mater ial  to be measured. A n u m b e r  of 
a luminum disks were mounted flush on the inside 
surface of the hemisphere, to be removed finally and 
used as the s tandard samples. All  glass parts were 
smoked by burn ing  magnes ium r ibbon (Mallinckrodt, 
0.125 x 0.006 in.) in air; the parts were assembled in 
hemispheres and rotated about an axis roughly 45 ~ 
to the horizontal, 2 or 3 in. above the burn ing  Mg 
ribbon, unt i l  the MgO coating on the inside of the 
sphere parts was about 0.5 m m  in thickness. The 
sphere and cap were then mounted  in position in the 
sample can of the double monochromator  (Fig. 29). 

In  the present  equipment,  the inside sphere diameter  
with the coating in place was 97.2 mm and the cap 
diameter  was 52.0 mm. The equation (3) relat ing the 
ratio of the signal No with the cap off to the signal 
with the cap on reduces to 

No 1 --  R (1.0089) 

/V 1 - -  R (1.088) 

where R is the absolute diffuse reflectance of the coat- 
ing. The "sensitivity" of the method, i.e. ratio of per  
cent change in  No/N to per cent change in R, varies 
from 10 at R ---- 0.95 to 1.0 at R = 0.78 to 0.15 at R ---- 
0.5. I t  is for this reason that  the method becomes 
inaccurate for materials  of low reflectance. A calcu- 
lat ion showed that  the sphere and cap dimensions 
used resulted in approximately opt imum sensitivity. 
Reflectance measurements  were made between 200 
and 700 nm, followed by  bleaching of the coating by 
a bare quartz LPMV lamp for different intervals,  and  
remeasurement  of reflectance. The results are shown 
in Fig. 30. Reflectance in the visible was reproducible 

/ 

i 

i 
HE 

Fig. 29. Assembled attachment for measuring by the "partial 
sphere" method the absolute reflectance of the inner sphere wall 
coating; of. Fig. 2. 
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Fig. 30. Results of absolute reflectance measurements of smoked 
MgO on aluminum. (A) As deposited. (B) After 115-hr bleach 
under unfiltered quartz LPMV lamp. (C) After 250-hr bleach 
under same conditions. 

to about 0.004. Bleaching increased the reflectance at  
254 nm, for example, from 0.82 to 0.95. I t  appears tha t  
reflectance remains relat ively low in  the region of 
200 nm. 

The detachable samples were removed from the 
inside of the sphere wall  and immediate ly  used to 
calibrate the reflectance of samples of fired MgO and 
of magnesium carbonate block, which were then used 
as secondary standards. The MgCO3 block (20) was 
found to have the same reflectance values wi thin  1% 
as those reported by  Taylor (21) in 1931. 

Data analysis.--The proportion of radiat ion reflected 
from a thick layer  of phosphor in per cent of incident  
radiat ion is plotted against exciting wave length and  
temperature.  The ordinate in  the figures to follow is 
rpRs/rs  where rp is the signal due to the reflected ra -  
diation from the u n k n o w n  phosphor P, Rs is the ab-  
solute reflectance of the s tandard  reflecting sample, 
and rs is the signal from this s tandard sample, all  
measured at a given wave length k. Figure  31 for zinc 
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Fig. 31. Absolute diffuse reflectance spectra at various tempera- 
tures of zinc silicate:Mn. 

s i l ica te :Mn and Fig. 32 for magnes ium f luoroger-  
m a n a t e : M n  are  represen ta t ive  of the  results,  and  Fig. 
33 for cool whi te  ha lophosphate  is an example  of a 
contour  plot  of s imi lar  data. 

Synthesis o:f quantum efficiency spectra.--Quantum 
efficiency standard.--We have not  ye t  in this  l abora -  
tory  a t t empted  measuremen t  of absolute  quan tum 
efficiency. The a l te rna t ive  is to choose a va lue  of ab-  
solute quan tum efficiency f rom the  l i te ra ture ,  for  a 
pa r t i cu la r  phosphor  under  pa r t i cu la r  conditions, upon 
which some re l iance can be placed.  I t  is a for tuna te  
c i rcumstance  tha t  the  Nat ional  Bureau  of S tandards  
has accumula ted  a number  of phosphors  in sufficient 

Fig. 32. Absolute diffuse reflectance spectra at various temp- 
eratures of magnesium fluorogermanate:Mn. 
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quan t i ty  tha t  t hey  are  ava i lab le  for  d is t r ibut ion  in 
smal l  lots. Many  groups concerning themselves  wi th  
phosphor  compar ison now have sets of these  s tandard  
phosphors  in the i r  possession, and  thus  have  common 
s tandards  to which reference  m a y  be made.  Bri l  (22) 
has made  wha t  appear  to be  careful  measurements  of 
the  absolute  quan tum efficiencies of a n u m b e r  of the  
NBS s tandard  phosphors.  Such measurement s  mus t  
specify exci t ing wave  length  and t empera tu re ,  how-  
ever.  To obta in  adequa te  intensi ty,  Bri l  used a HPMV 
lamp and filter combinat ion  which, r a the r  than  con-  
s t i tu t ing  a monochromat ic  source, rendered  his spec-  
t r um of exci t ing wave  lengths  pecu l ia r  to his equip-  
ment.  I f  a g iven phosphor  shows apprec iab le  dif fer-  
ence in exc i tab i l i ty  by  the wave  lengths  incident  upon 
it, the  resul t ing  quan tum efficiency value  wi l l  be 
ill  defined. However ,  magnes ium tungs ta te  (NBS 
1027) is about  equa l ly  wel l  exci ted  by  254 nm and by  
al l  the  wave  lengths present  in Bri l ' s  measuremen t  
(245-280 nm)  and for  this  reason Br i l ' s  va lue  of  0.84 
ought to be qui te  re l iab le  and is assumed for re ference  
purposes  in this  paper .  

Calculation procedure.--We define quan tum effici- 
ency as the  to ta l  number  Q of quanta  emi t ted  by  
the phosphor  d iv ided  by  the to ta l  number  of (exci t -  
ing) quanta  absorbed  by  the phosphor  QABS. We rec-  
ognize that  the  number  of photons absorbed by  the 
phosphor  QABS is equal  to the  number  incident  QiNc 
mul t ip l i ed  by  the  f ract ion absorbed,  which  is (1 - - R )  
if R is the  f ract ion reflected and the phosphor  l aye r  is 
th ick  enough that  no t ransmiss ion occurs. Therefore,  

Q Q/Qw Qw Q/Qw 
Q E :  QINC(1- -R)  : ( I ~ R )  Q I N C  ( l - - R )  " X  

[1] 

The quan tum efficiency of  a phosphor  thus  depends  on 
th ree  measurab le  quant i t ies :  (a) the  factor  Q/Qw 
which is a measure  of the  emission spectrum, and 
which wil l  change when the  spec t rum changes; (b) 
the  factor  Qw/QiNc which is a measure  of the  exci t -  
ab i l i ty  of the phosphor  and for which we use the  
symbol  X; (c) the  diffuse reflectance R. The grea t  
difficulty lies in the  de te rmina t ion  of the  exc i tab i l i ty  
Qw/QINc since the ac tual  to ta l  number  of photons, 
e i ther  incident  upon the sample  or emi t ted  at  the  win -  
dow wave  length, is ex t r eme ly  difficult to measure.  
The p rob lem is deal t  wi th  as follows. Re turn ing  to 
Eq. [1], and d iscard ing  Qw t emporar i ly ,  we  can wr i t e  
for two phosphors  

QE1 Q1 QINc2(I--R2) 
[2] 

QE2 Q2 QiNcl ( l - - R 1 )  

Fo r  phosphor  2 we use magnes ium tungs ta te  (NBS 
1027) and Bri l ' s  quan tum efficiency va lue  of 0.84 for  
254 nm exci ta t ion at  room tempera tu re .  W e  measure  
Q1 and Q2 at  the  same incident  intensi ty,  254 nm wave  
length,  and room tempera tu re .  Then for  unknown  
phosphor  P 

1 -- Rlo27,254,r R 
QEP'254"TR = O'84 ( \ Q1027 QP ]254,TR ~ ( ~ t~p.254.T-~'--R-- / 

Fig. 33. Contour plot of absolute diffuse reflectance at various 
wave lengths and temperatures of cool white calcium halophos- 
phate phosphor. 

[3] 

compar ing  quan tum and this is the  method  used for 
efficiencies of two phosphors  at  a given exci ta t ion 
wave  length  and tempera ture .  The procedure  is to 
measure  the  emission spect ra  of the  two phosphors  
under  ident ica l  condit ions (same in tens i ty  and wave  
length  ~ of incident  radia t ion,  same monochromator  
slit  widths,  same pho tomul t ip l i e r  gain) ,  convert  to the  
photon  spectrum, and in tegra te  b y  computer ;  this  
de te rmines  QP/QI027. Absolu te  diffuse reflectances Rp 
and R10~7 are  also de termined,  and then  the  unknown 
quan tum efficiency calculated.  

In  compar ing  quan tum efficiencies of phosphors  at  
different  exci t ing wave  lengths  (~) a n d / o r  t empe r -  
a tures  (T),  one cannot  in genera l  hold the  incident  
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intensi ty  constant, or at least it is inconvenient  to do 
so. It is also inconvenient  to measure the total quan-  
tum output  QP,~,T of the unknown  and reference phos- 
phors at each combinat ion of wave length and tem- 
perature,  pr imar i ly  because the emission spectrum o~ 
the u n k n o w n  and the s tandard must  be measured un -  
der identical  conditions, and the total  quanta  com- 
puted. The next  logical step is, therefore, to remove 
these restrictions. First  we rewri te  Eq. [3] to read 

QEP,254,TR~_O.84 [ ((~/Qw)'P ( Qw.p ) " ' ]  
(Q/Qw)"1027 \ Qw1027 254.Tn 

( 1---_R102L254,T. R .) [4J 

1 -- Rp,254,T R 

If we assume that emission spectra are independent  of 
intensity, then the three factors in the square brackets 
may be measured at arbi t rary  intensit ies of incident  
radiation, as indicated by the primes. Second, the 
ratio of quan tum efficiency of u n k n o w n  phosphor P 
at a rb i t ra ry  wave length k and tempera ture  T to that  
under  the s tandard conditions is, from Eq. [1], 

QF-,p,~.,T 

QEe.2~,TR 

(Q/Qw) P,X,T 1 - -  RP,~54,rz Xp,X,T 
[5] 

( Q/Qw) P,2~,Tn 1 -- RP, X,T XP,2,~,T~ 

By definition, (ow) 
QINC P, MT XpA,T 

XP'254'TR ( 
QINC P,254,T R 

QW 

(2z_-) 
~INC T R P,254 

[6] X 
Qw ( 

Since only phosphor P is involved, for which window 
wave length W is assigned, the raw signal Sw is pro-  
portional to Qw; Sw is the detector output  with the 
second monochromator  set at window wavelength W. 
The last factor in [6], if incident  intensi ty  QINC is held 
constant, is essentially a normalized tempera ture  de- 
pendence factor. 

Subst i tut ing [6] in [5] and mul t ip ly ing  by [4] re-  
sults in the final expression 

by the same correction factors used by the computer 
in calculating a photon spectrum. Factors (b), (]), 
and (g) are the only three factors which vary with 
)~ and T, and correspond of course to the emission, 
reflectance, and excitabil i ty of the u n k n o w n  phosphor 
at ~ and T. To determine factor (b), a series of emis- 
sion spectra is measured, ordinari ly  at the five tem-  
peratures --160 ~ ~60 ~ +25 ~ (Ta),  +100 ~ and 
+200~ and at six or seven exciting wave lengths 
including 200, 230, 254, 280, 313, 365, 405, 436, and 
546 nm or others depending on the results of the 
excitation measurements;  Q and Qw are read off from 
the computer results and Q/Qw plotted and smoothed 
as ~ and T vary, as in Fig. 18-20. From this family of 
curves (Q/Qw)P.X,T is read off for every 10 n m  at each 
of the five temperatures.  Factor (S) is, in the computer  
program, actual ly 

rpRs 
1 

TS 

Q~Nc in factors (g) and (h) is the raw signal Sw, de- 
r ived from sodium salicylate, which is mult ipl ied by a 
correction factor (2) at each wave length. Factor  
(g /h)  is the excitabil i ty X of Eq. [1] normalized to 
that  at 254 nm. Factor (j) is the ratio of window out-  
put of phosphor P at tempera ture  T to that  at room 
temperature  Ta, excited at 254 nm. 

The computer  program corresponding to Eq. [7] is 

[ (Q/Qw) P,X,T] 
QE = PT 

where 
( Qwp/QWlo27) 254,TIr 

P = 0.84 (1 - -  RlO27,254,TR) 
( Q/  Qw ) 1027,254,TR 

[Sw~] 

ISH 
[8] 

a constant  which relates the output  of phosphor P 
to that of the standard, 

T 
\ SWT R / P.254 

a constant  for a given temperature,  

IS = Ql~c~ 

and consists of a deck I of stored data of SWx,TR for 
sodium salicylate and a deck S of stored data from 
Ref. (2) which correct data I to actual incident  in -  
tensity. Deck I is related to source output  and is 
checked periodically and changed if necessary. 

Q "" Qw1027 254 T~ 1 - -  RP,~,T 

) 1027,254,T R 

b 
a ~  

c 
d 

SWT , 

P,T 

[7] 

e g 

f h j [7a] 

This expression for quan tum efficiency makes the ex- 
per imenta l  work reduce to a series of independent  
measurements  which can be carried out for the most 
par t  at a rbi t rary  lamp intensity,  a rb i t ra ry  signal am-  
plification, and in an order which suits the convenience 
of the exper imenter  ra ther  than  is dictated by the 
requi rement  of equivalent  conditions. 

Factors (a),  (c), and (e) in Eq. [7a] are constants 
of the s tandard magnes ium tungstate  phosphor. Fac-  
tor (d) is the ratio of "photons out the window" for 
the u n k n o w n  and s tandard phosphors, determined 
once at 254 n m  and room tempera ture  by measur ing  
the window signals Sw and correcting them to photons 

Sw 

and is a normalizing factor comparing all excitabilities 
to that  at 254 nm. The three bracketed quanti t ies in Eq. 
[8] are fed to the computer at 10-nm intervals  over 
the entire wave length range. Constants P, T, H are 
fed in on the title card. Rs, I, and S are stored in 
permanent  card decks, I being changed only when  the 
source is changed. The computer  readout provides, 
for every 10-nm wave length interval ,  the computed 
value of quan tum efficiency, the absolute reflectance, 
and the normalized excitability. 
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Fig. 34. Quantum efficiency spectra at various temperatures of 
zinc silicate:Mn. 

Fig. 37. Contour plot of quantum efficiency as a function of 
exciting wave length and temperature of white 3500K calcium 
holophosphate phosphor. 

Fig. 35. Contour plot of the data of Fig. 34 

Fig. 38. Lumen output (lumens emitted per exciting photon 
absorbed) contours vs. exciting wave length and temperature, of 
warm white calcium halophosphate phosphor. 

Fig. 36. Quantum efficiency spectra at various temperatures of 
calcium silicate :Mn,Pb. 

Resulting QE spectra.--Figure 34 is an example of the 
final computed quan tum efficiency spectra, for zinc 
silicate:Mn. Although the QE at 350 n m  increases 
strongly near  l iquid ni t rogen temperature,  the output  
of this phosphor will  remain  low because reflectance 
(Fig. 31) remains  high; obviously this is a case where 
such complete measurement  is necessary in order to 
unders tand  the phosphor behavior; Fig. 35 shows the 
same data presented as a contour plot. Figure 36 
shows the QE spectra of calcium silicate:Mn, Pb  and 
their s imilari ty to the excitation curves of Fig. 28. 
Figure 37 shows a contour plot which is ra ther  typi-  
cal of calcium halophosphate: Sb,lYln. 

Lumen output.--This calculated quant i ty  represents 
the relative number  of lumens one should expect 

Fig. 39. Lumen output (lumens emitted per exciting photon 
absorbed) contours vs. exciting wave length and temperature, of 
magnesium fluorogermanote:Mn. 

from a lamp made with the given phosphor at opti- 
mum coating weight, excited by a discharge generat-  
ing a certain constant  number  of (ul traviolet)  photons 
at a single wave length ~, and operating at bulb wall  
tempera ture  T. "Lumen output" is defined here as 
(Y/Q) QE, where Y/Q is the ratio of lumens emitted 
to total photons emitted by the phosphor at k, T and 
is derived from the relative quanti t ies Y and Q cal- 
culated by the computer  for each spectral energy dis- 
t r ibution.  "Lumen output" is thus simply lumens 
emitted divided by photons absorbed and is plotted as 
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equa l - lumen-ou tpu t  contours against exciting wave 
length and temperature.  Figure 38 represents warm 
white halophosphate and Fig. 39 magnes ium fiuoro- 
germanate:  Mn. 
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Particle Size and Morphology of Zinc Sulfide 
II. Thermal Recrystallization Effects 

R. A. Brown* 
Radio Corporation of America, Electronic Components and Devices, Lancaster, Pennsylvania 

ABSTRACT 

The action of heat on ZnS:0.015% Ag, 2% sodium chloride flux results 
in rapid in t ra-aggregate  coalescence, followed by the subsequent  growth 
of the pr imary  zinc sulfide particles. At temperatures  between 700 ~ and 
ll00~ the rate of growth of the particles dur ing the initial, fast recrystal-  
lization follows the empirical equation D 4/~ = kt, where D is the average 
particle diameter  at a firing time t. An Arrhenius  activation energy of 
13 _ 2 kcal was obtained for this stage of the growth process. An  inverse 
relationship exists between the ini t ial  zinc sulfide aggregate size and the par -  
ticle size of the resul tant  phosphor. This suggests that  the agglomerate struc-  
ture  does not collapse completely dur ing the period of coalescence. 

Luminescent  zinc sulfide phosphors are usual ly  pre-  
pared by firing zinc sulfide precipitate with a suitable 
activator and flux at moderately high temperatures.  
Although the mechanism of flux action in ini t iat ing 
thermal  recrystall ization is not always clearly un-  
derstood, it is well  known that  the presence of a flux 
has a marked influence, not only on luminescent  emis- 
sion (1, 2), but also on crystal  s tructure (3) and par-  
ticle size (4). Common fluxes employed in zinc sulfide 
type phosphors include the halogen salts of ammoni-  
um, the alkali  metals, and the alkal ine earth elements. 

Leverenz (5) has shown that  dur ing  firing particle 
volumes may change by a factor of 108. The data of 
Bube (6) indicate that, in the presence of a flux, a 
l imit ing particle size of about 6~ is attained, irrespec- 
t ive of the temperature  employed, whereas in the ab-  
sence of a flux, and at temperatures  of 900~176 
the particles cont inue to grow. Smith (7), following 
earlier work by Gugel (8), has studied the chemical 
na ture  of the flux and has suggested that, since the 
alkali  or alkaline earth halides are liquid at normal  
firing temperatures,  solid solution may occur with the 

* Elec t rochemmal  Society Act ive  Member .  

zinc sulfide. Contrast this with the work of Houben (9) 
who studied the ZnS-NaC1 system and found no zinc 
sulfide in the fused sodium chloride phase. The activa- 
tor may also be responsible for changes in morphology 
or crystal structure. For example, Gashurov and Banks 
(10) have demonstrated that  the wurtzi te-sphaler i te  
t ransi t ion in the ZnS:Cu  system is ini t iated by a 
separate phase of cuprous sulfide. 

Recently, Bodi (11) and Bodi and Tufts (12) have 
at tempted to give a more detailed description of the 
changes in particle size and morphology which occur 
dur ing the thermal  recrystall ization of zinc sulfide 
containing a sodium chloride flux. Bodi (11) found 
that  particle sizes obtained from air sedimentat ion 
rates were much larger than those given by gas ad- 
sorption measurements.  From this he concluded that  
dur ing  the early stages of heating zinc sulfide has a 
highly porous structure. Electron microscopic studies 
carried out by Bodi and Tufts (12) supported this 
observation. On the basis of these results, the lat ter  
workers showed that rapid coalescence of in t ra -ag-  
gregate grains occurs wi th in  the first few minutes  of 
firing. 
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A previous paper (13) examined the influence of 
various preparat ive conditions on the particle size 
and habi t  of zinc sulfide obtained by precipitation 
methods. Of the parameters  studied, pH had a marked 
effect on particle size. In addition, the size varied 
inversely with the rate of precipitation. Preparat ion 
of the zinc sulfide in strongly acid solution resulted in 
the formation of aggregates, of the order of 1 to 5~, 
which were irregular,  globular masses. If the pre-  
cipitation was carried out in the presence of certain 
additives, such as ammonium acetate or ammonium 
formate, i r regular ly  shaped platelets resulted. In  all 
cases, zinc sulfide obtained from strongly acid, neutral ,  
or alkaline solution was precipitated in the sphalerite 
form, al though occasionally a small  amount  (<2%)  
of wurtzi te was also detected. 

The object of the present  work was to investigate 
thermal  recrystall ization effects in zinc sulfide pre-  
cipitate. With this object in mind, attempts have been 
made to: (a) obtain a phenomenological  description of 
the changes in morphology and particle size which 
occur dur ing heating; (b) determine what  relationship, 
if any, exists between the initial  zinc sulfide particle 
size and that  of the final phosphor; (c) obtain quant i -  
tat ive data on the rate of growth of the particles dur ing  
the ini t ial  stages of recrystallization. Most of this 
work was carried out with ZnS: 0.015% Ag, 2% sodium 
chloride flux, and 1% sulfur  as the start ing material.  
Note that  these are weight per cent values. 

Experimental 
A detailed account of the precipitat ion of zinc sul-  

fide by the addition of gaseous hydrogen sulfide to an 
aqueous solution of zinc sulfate has been given else- 
where (13). In order to obtain reproducible results in 
the firing series, phosphor samples were prepared by 
a dry-b lending  process, following the usual  procedures. 
By way of example, a typical exper iment  involving 
th~ firing of zinc sulfide at 700~ is described below. 

Test samples of 3.5g of ZnS:0.015% Ag, 2% sodium 
chloride, containing 1% sulfur, were fired in air at 
700~ using 10 cm 3 covered "Vitreosil" crucibles. 
During the heating, samples were removed at regular  
intervals  of time from periods of 1 rain up to 4 hr. 
Subsequently,  specimens were examined by electron 
microscopy and Coulter counter  methods, for the de- 
te rminat ion  of the size and shape of the particles, 
and by x - ray  powder and electron diffraction pro- 
cedures, to ascertain the crystal structure. 

Fir ings were carried out at temperatures  in the 
range 700~ In  addition, different "types" of 
precipitate (for example, zinc sulfide obtained at 
various rates of precipitation and in the presence of 
conventional  buffering agents) were used as the s tar t -  
ing material.  For comparison, 3.5g specimens of pure 
zinc sulfide containing no flux or activator as addi-  
tives were fired for various lengths of t ime at 700 ~ 
and 800~ It  should be pointed out that  the thermal  
effects depend on factors such as the sample size, con- 
figuration of the firing vessel, and rate of cooling. Con- 
sequently, the results obtained should be regarded as 
relative. 

Results and Discussion 
A typical firing sequence at 700~ for a ZnS: 0.015% 

Ag phosphor containing 2% sodium chloride as flux and 
1% sulfur  is i l lustrated in Fig. 1. The original pre-  
cipitate was prepared from 1M zinc sulfate solution at 
25~ using a hydrogen sulfide flow of 0.82 l i ter /min.  
Initially, the precipitate is in the form of highly ag- 
gregated, globular masses approximately 2~ in size, a s  

shown in Fig. 1 (a). After firing for 2.5 min  [Fig. l ( b ) ] ,  
there is a roughening in the surface texture  and some 
coalescence of adjacent grains has taken place. ,at 
4.5 min  [see Fig. l ( c ) ] ,  rapid in t ra-aggregate  coales- 
cence occurs, result ing in the formation of many, small  
particles having a size of the order of 0.2~. Following 
this coalescence, the large particles grow at the ex-  
pense of smaller  ones by normal  growth processes (14, 
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15). This is demonstrated in Fig. 1 (d) to 1 (h) which 
show the gradual  assimilation of the zinc sulfide par-  
ticles during the 4-hr firing period. After 4 hr, the 
final size at tained is approximately 4~,; the particle has 
lost all  traces of the globular form, and instead shows 
evidence of crystal facets. These results agree with 
the observation of Bodi and Tufts  (12). 

A summary  of the particle size measurements  ob- 
tained for the firing series, together with the crystal 
s t ructure as determined by x - ray  powder diffraction 
methods, is given in Table I. Note that  the particle 
sizes obtained by the Coulter counter procedure differ 
widely from those given by electron microscopic ex-  
amination.  This confirms the findings of Bodi ( I i ) .  
Apparently,  the size given by the Coulter counter  rep-  
resents that of the zinc sulfide aggregates, whereas 
electron microscopic observation provides the size and 
shape of the pr imary  zinc sulfide particles which com- 
pose the agglomerates. During the early stages of 
heating, the aggregate size does not change appre-  
ciably. In contrast to this, the pr imary  zinc sulfide 
particles grow very rapidly wi th in  an agglomerate. 

The data of Table I also show that dur ing the re-  
crystallization an appreciable amount  of wurtzi te  may 
be formed. Higher firing temperatures  made this even 
more evident. For example, after heating for 10 min  
the amount  of wurtzi te present  was 14% at 700~ and 
27% at 900~ During the remainder  of the 4-hr  heat-  
ing cycle, the quant i ty  of hexagonal  phase present  
gradual ly  diminishes at each of these temperatures.  
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Fig. 1. Firing sequence at 7O0~ for ZnS:0.015% Ag, 2% IqaCI flux: (a) 0 rain, (b) 2.5 min, (c) 4.5 min, (d) 10 rain, (e) 0.5 hr, (f) 
| hr, (g) 2 hr, (h) 4 hr. Initial ZnS precipitated from ZnSO; with HgS. 
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Table I. Influence of temperature on the particle size and crystal structure of 
ZnS:0.015% Ag, 2% NaCI 

301 

Par t i c l e  size (/~} 
D u r a t i o n  of  Cou l t e r  c o u n t e r  E l ec t ron  m i c r o s c o p y  
f i r ing  (rain} 7OO~ 900~ 1100~ 700~ 900~ 1100~ 

W u r t z i t e  in  cubic  hos t  ( ' ; )  
700~ 900~ llOO~ 

1 3.2 3.1 3.1 
2 3.2 3.0 3.0 0.17 0.45 
3 3.1 3.0 3.0 0.07 0.27 0.8 
4 3.1 2.9 3.0 
5 3.1 2.9 3.3 0.17 0.65 1.4 

10 2.9 3.1 5.0 0.32 1.6 3.3 
15 2.7 3.1 7.7 0.6 
30 2.6 4.7 8.5 1 
60 2.5 5.9 10.0 2 

120 3.0 6.5 11.0 3 
180 3.3 6.8 13.6 
240 3.3 7.0 14.0 

4 5 16 
4.5 15 36 
5 24 55 
8 25 75 

13 27 78 
14 27 86 

8 24 100 
6 22 100 
4 20 100 
2 10 100 
2 7 100 
1.4 6 i00  

NOTE: The  Cou l t e r  c o u n t e r  v a l u e s  r e p r e s e n t  the  m e d i a n  p o i n t  by  n u m b e r  of par t ic les .  

Brown (13) has shown that the ini t ial  zinc sulfide 
precipitate is poorly crystall ine and essentially cubic, 
al though it may contain a small  amount  of wurtzite. 
Apparently,  dur ing the period of coalescence that  oc- 
curs in the first few minutes  of firing, the hexagonal  
form grows more rapidly than  the cubic. However, 
since sphalerite is the more stable form at tempera-  
tures below the t ransi t ion point of 1020~ (16), the 
ini t ial  rapid crystallization is followed by a slower re-  
a r rangement  dur ing  which the wurtzi te  present  is 
gradual ly  converted to sphalerite. 5 

Since it  was desirable to obtain a more quant i ta t ive  4 
unders tanding  of the thermal  recrystall ization proc- 
esses, an at tempt was made to determine whether  the 
rate of increase in particle size at a given temperature  
would obey the same type of relationship as that  ob- 2 
served dur ing  grain growth in ceramic systems. For 
many  systems, grain growth is observed to follow the 
empirical  equation (17, 18) 

~1.0  
D '~ = kt N 

where ~ s 
w 

D = average diameter  of the grains o-J 6 
n ---- a constant  
k = the rate constant a ~ 4 
t = t ime 

On the basis of this equation, a plot of log D vs. log t 
should be a straight line with a slope of 1/n. Nicholson 2 
(19) has shown that  an activation energy for the 
growth process can be obtained directly from a plot 
of --log t against 1/T, where T ---- tempera ture  (~ 
for an arbi t rar i ly  selected constant  D. o.II 

Figure 2 shows the relationship between log D and 
1/t at temperatures  of 700 ~ 900 ~ and ll00~ Since 
the particle sizes were estimated from an electron 
microscopic examination,  the values should, perhaps, 
be regarded as relative ra ther  than  absolute. For  
comparison, the particle growth observed in the same 
system by Bodi (11) at 1200~ determined from 
surface area measurements,  is also given. These re -  2 
sults confirm that  a l inear  dependence does, in fact, 
exist. Since the measured slope of these l ines is 5/4, the 
relationship between average particles size D at a 
firing t ime t may be expressed by the empirical equa-  
tion D 4/5 ~ kt. A plot to determine the Arrhenius  acti-  -~ 
vat ion energy for the growth processes was derived ~lo 
from the data of Fig. 2, with the use of an arb i t rar i ly  
chosen constant  D of 1~. From this plot, given as Fig. _j e 
3, the activation energy for the thermal  recrystall iza- 
tion of zinc sulfide, 2% sodium chloride flux dur ing 6 
the ini t ial  stage of firing was calculated to be 13 _ 2 
kcal. Secco (20) and MacKinnon et al. (21) have 
studied the self-diffusion of ions' in polycrystal l ine 
zinc sulfide. Al though the movement  of the zinc ions 4 
was found to be the ra te -de te rmin ing  step, the results 
obtained were not s t raightforward to interpret .  An  
apparent  activation energy of 30.5 kcal  was derived for 
a mechanism involving the interst i t ial  diffusion of zinc; 
for a bu lk  diffusion model, a value of 61.5 kcal was 

obtained. A detailed discussion of the activation energy 
in terms of rate processes and mechanisms is not 
wi thin  the scope of this paper. However, the value of 
13 kcal obtained for the recrystall ization processes is 
considerably lower than that of 30.5 kcal calculated for 
interst i t ial  diffusion, or 61.5 kcal given for self-dif-  
fusion of the rate-control l ing (zinc) ion. This result  
could be interpreted in terms of a boundary  diffusion 
model, as suggested by the work of Nicholson (19). 
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Fig. 2. Rate of particle growth in ZnS:0.015% Ag, 2% NaCI flux 
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Fig. 3. Arrhenlus plot for ZnS:0.015% Ag,  2 %  NaCI flux 
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Fig. 4. Firing sequence at 700~ for ZnS:0.015% Ag, 2% NaCI flux: (a) 1 min, (b) 5 min, (c) 10 min, (d) 15 min, (e) 3 hr, (f) 4 
hr. Initial ZnS precipitated from ZnSO4-ammonium formate with H~S. 
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Figure 4 i l lustrates a firing sequence at 700~ for 
a different zinc sulfide powder. In  this case, the start-  
ing mater ia l  was precipitated wi th  hydrogen sulfide 
from a zinc sulfate solution containing an ammonium 
formate buffer. As such, it  would consist of smaller  
particles with a tendency to aggregate as platelets. In  
general, the recrystall ization follows the same pat-  
te rn  as that  noted above, namely  in t ragra in  coalescence 
followed by the growth of the fundamenta l  zinc sul-  
fide particles. The composition of the phosphor is again 
ZnS:0.015% Ag, 2% sodium chloride flux with 1% sul-  
fur. An interest ing type of behavior is demonstrated in 
Fig. 4(c).  A new crystal l ine phase is observed to form 
from an apparent ly  amorphous precipitate. Electron 
diffraction analyses of the two areas showed that  they 
were both hexagonal zinc sulfide, in spite of the fact 
tha t  the unheated precipitate was essentially cubic. 
This confirms the observation made above, that dur ing 
the rapid thermal  recrystall ization comparat ively large 
amounts  of wurtzi te may result. 

All of the zinc sulfide precipitates examined so far, 
irrespective of the ini t ial  size or morphology of the 
particles, have follwed this same pat te rn  of recry-  
stallization. Note that this applies only to zinc sulfide 
containing sodium chloride as a flux. In the absence of 
additives, pure zinc sulfide showed no noticeable 
changes, either in particle size and morphology, or in 
crystal structure,  even when heated at temperatures  
up to 800~ for periods of 2-4 hr. 

Another  aspect of this work was the determinat ion 
of any relationship that  might  exist between the 
aggregate size of the ini t ial  zinc sulfide precipitate and 
the particle size of the resul tant  phosphor. Previous 
work (13) (summarized above) has shown that  the 
size of the zinc sulfide aggregates can be controlled 
most readi ly by varying the rate of precipitation. 
Consequently, zinc sulfide obtained at different pre-  
cipitating rates was used as the star t ing mater ial  in 
the preparat ion of ZNS:0.015% Ag phosphors. A sum- 
mary  of the results obtained is presented as Fig. 5, 
which shows an inverse relationship between aggre- 
gate size of the precipitate and phosphor particle size. 
Thus, the relat ively small  zinc sulfide aggregates, 
such as would be obtained by rapid precipitation, 
show considerable particle growth on heating [Fig. 
5 (b) ] .  On the other hand, the larger aggregates pre-  
pared at a slow rate of precipitation do not grow to the 
same extent  [Fig. 5 (a ) ] .  It is well  known that  fine 
particles are more "reactive" than coarse ones, owing 
to their  higher surface energy. The behavior of the 
zinc sulfide precipitates is in accord with this gen- 
eral observation. This finding, together with Coulter 
counter  measurements  reported above, suggests that  
the aggregate s t ructure  does not collapse completely 
during the thermal  recrystallization. Apparently,  fol- 
lowing the in t ragra in  coalescence, the submicron par-  
ticles are still held together wi thin  the f ramework of 
the original zinc sulfide agglomerate. 

In  summary,  this work has confirmed that  the 
thermal  recrystall ization of zinc sulfide, in the presence 
of a sodium chloride flux, proceeds by coalescence 
within an aggregate followed by fusion of the pr imary  
zinc sulfide particles. During heating, very pronounced 
changes occur in  particle size, morphology, and crys- 
tal  s t ructure wi th in  a period of a few minutes.  Con- 
trast  this with the fact that, dur ing the preparat ion 
of zinc sulfide luminophors, firing times up to several 
hours in  durat ion are f requent ly  employed. During the 
early stage of recrystallization, the rate of particle 
growth can be expressed by  an equation similar  to 
that  used in describing grain growth in metals or 
ceramic systems, namely  D 4/5 ~- kt, where the symbols 
have the meanings given above. In addition, it was 
shown that  there is an inverse dependence between 
ini t ial  aggregate size and the particle size of the 
resul tant  phosphor. Consequently, these studies have 
led to a clearer unders tanding  of the relationship be- 
tween the physical properties of zinc sulfide precipitate 
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Fig. 5. Influence of initial aggregate size (S) on ZnS:0.015% 
Ag, 2% NaCI flux: (a) S ~- 3-4~, (b) S ~ 0.5~. Firing conditions 
--800~ for I hr. 

and those of the phosphor, and have shown some of 
the factors which are impor tant  in  control l ing the 
particle size of zinc sulfide phosphors. 
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ABSTRACT 

Diffusion pipes in silicon NPN structures were investigated both by elec- 
trical measurements  and by microsectioning. It was found that  certain 
crystal l ine defects, specifically stacking faults and edge dislocations, can 
act as sites for the formation of such pipes. The presence of gold doping at 
these lattice defects greatly increases the incidence of pipes, apparent ly  by 
offering a path of enhanced diffusivity for phosphorus from the emitter.  

"Pipes" in NPN transistor  structures may be de- 
fined as localized n - type  regions extending through 
the p- type base. They appear electrically as a low 
resistance path, or near  short circuit, between the 
emitter and collector and can be a significant cause 
of yield loss in device fabrication. Although these de- 
fects have been known for years, little has been re-  
ported in the l i terature as to their cause and cure. 
Goetzberger and Stephens (1) showed that  localized 
diffusion pipes could result  from small bits of im-  
purities, specifically phosphorus, on the wafer surface. 
Enhanced diffusion along dislocations has also been 
relSorted (2, 3), although not actually correlated to 
pipes in.device structures. 

The scarcity of references on pipes is perhaps par t ly  
due to the fact that  their  incidence has been minimized 
by dust control in the diffusion areas, and also by the 
availabil i ty of silicon crystals with relat ively few im- 
perfections. However, with the advent  of complex in-  
tegrated circuit fabrication, the perfection of the silicon 
may be degraded by the increased number  of high- 
tempera ture  epitaxial and diffusion cycles required (4). 
Also, in most cases, a greater total area of the silicon 
wafer contains active device structures, which in-  
creases the probabil i ty  of a defect occurring in an area 
which is susceptible to damage by such defects. Hence, 
the possibility arises once again that yield loss due to 
pipes can be quite severe. 

In the present  work, the effects of various process 
steps and of certain crystall ine defects have been 
investigated as to their influence on the incidence of 
diffusion pipes. It has been found that  stacking faults 
and edge dislocations can act as sites for pipes, and 
that the probabi l i ty  of the occurrence of pipes is 
greatly increased when the wafers are doped with 
gold. 

Electrical Measurements 
During development  of a specific integrated circuit, 

a si tuation did arise in which yields suffered severely 
from an incidence of pipes. Electrical tests indicated 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

emitter- to-collector shorts, even though the base 
widths were not  abnormal ly  narrow, and it was some- 
times possible to demonstrate  the presence of diffusion 
pipes by microsectioning. The process at that t ime 
employed epitaxial  silicon wafers, a capsule boron base 
diffusion process (5), and an open-tube,  gaseous source 
phosphorus emit ter  diffusion similar to that  described 
by McDonald et al. (6). The wafers were gold-doped 
for lifetime control, and the total emit ter  area (the 
area susceptible to pipes) was about 60 sq mils per 
chip. 

Variations in several of the process parameters  were 
made in an at tempt to discover a part icular  operation 
or operations which caused the large incidence of 
pipes. The results are shown in Table I. In  the "stan- 
dard" gold process, gold from a metallic film deposited 
on the back of each wafer was diffused dur ing an 
1150~ reoxidation following the boron base dif- 
fusion. 

Exper iment  1 in the table consisted of varying the 
surface concentrat ion (Co) of the emit ter  diffusion. 
The highest concentrat ion was obtained with a two- 
zone P205 diffusion, and the lower ones were done 
with the usual gaseous source. The phosphorus sur-  
face concentrations listed in the table were computed 

Table I. Effect of process parameters on junction yield 

E x p e -  
r i m e n t  No .  of  Y i e l d  (%)  

No .  P a r a m e t e r  V a r i a b l e  w a f e r s  R a n g e  A v g  

1 E m i t t e r  d i f f u s i o n  Co = 1.5 • 10 m c m  -3 6 0-2  0.6 
4std A u  p r o c e s s )  Co = 6 • 10 '~ c m  ~ 7 0-1 0 

Co = 3 x 10- "~ cm-3  7 0 -4  0.5 
2 B o r o n  s o u r c e  " A "  7 0-30 7.0 

powder ( s t d  " B "  6 0 -3 0  10.0 
Au process) "C" 5 0 0 

3 Au vs. no Au AbradedfAu 4 0-2 1 
E t c h / A u  4 0-16 4 
A b r a d e d / n o  Au 5 28-57  42 
No A u  5 5-56 35 

4 Au diffusion 970~ Au/post-emit- 
ter depn. 5 0 0 

970~ Au/post-emit- 
t e r  r e o x n .  5 25-42  35 
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from the measured junct ion depths and sheet re-  
sistivities by use of Irvin 's  curves (7). No improvement  
in yield resulted from changing either the surface con- 
centrat ion or the impur i ty  source. Exper iment  2 com- 
pared the results of using three separately prepared 
boron-doped silicon powders as the impur i ty  source 
for the sealed-capsule base diffusions. The small  dif- 
ferences in yield shown in the table probably are not 
significant, par t icular ly  since source "A" was used in 
the previous experiment.  

The thi rd  exper iment  involved the gold diffusion 
process, and wafers with and without  gold were com- 
pared. An addit ional variat ion included chemical etch- 
ing vs. abrasion as a cleaning technique before 
evaporat ing gold on the back of the wafers. Here it can 
be seen that  a dramatic increase in yield (i.e., a de- 
crease in pipes) was obtained by omit t ing gold from 
the process. The method of surface preparat ion before 
gold deposition had little, if any, effect. 

Although it improved the junct ion yield significantly, 
the omission of gold was not acceptable in this part icu-  
lar process, since lifetime control was necessary. 
Hence, exper iment  4 in Table I was performed to learn 
whether  gold added later in the process might be 
less harmful .  Indeed, it can be seen that, if the gold is 
added after the final reoxidation (but  not before), 
the yield approximates that  of wafers without  gold. It 
should be noted that the gold diffusions in both parts 
of exper iment  4 were done at 970~ Hence, it is the 
point in the process, ra ther  than the temperature,  at 
which gold is introduced which is significant in affect- 
ing the incidence of pipes. Although the addition of 
gold as a final process step seems to be an effective 
cure for pipes, it is a practical one only if the gold 
diffusion cycle is compatible with the previous dif- 
fusions. In Table I, for example, gold was necessarily 
added at a lower temperature  in experiment  4 than  in 
the "standard" gold process. In general, the impur i ty  
profiles (base width, etc.), as well as the amount  of 
gold doping required, must  be considered for any 
specific design before such a process can be applied. 

Microsec t ion ing  Studies 
In order to study any influence of crystal l ine de- 

fects on the formation of pipes, and also to a t tempt  to 
get a more quant i ta t ive measure of pipe densities, 
microseetioning techniques were employed. F igure  1 
il lustrates the use of a conventional  bevel section. To 
examine a large area of the base region, where pipes 
are visible, a low-angle bevel of about 1 ~ was used. 
The diffusions were done over a large area, or even 
over the entire wafer, and were adjusted to produce 
abnormal ly  wide bases. By such techniques, and by 
making several microsections across each wafer, a 
total base area of perhaps a tenth of a square centi-  

N + SURFACE N P 

PIPE~ 
""~o 

1 
1 ' 
i 

', P ( B A S E )  
i 

PiPE IN) 

N (COLLECTOR) 

Fig. 1. Microsectioning technique to identify pipes 

Table II. Pipe densities for various substrates and gold diffusions 

E p i t a x i a l ,  E p i t a x i a l ,  
l o w  s t a c k i n g  h i g h  s t a c k i n g  

N o n e p i t a x i a l  f a u l t  c o u n t  f a u l t  c o u n t  

A .  N o  g o l d  3 • 10 '~ / cm 2 0 .4  x l @ ~ / c m  2 7 x 1 0 a / c m  2 
B .  A u  a t  9 7 0 ~  a f t e r  0 .B x 10  a 0 .B x I 0  a 9 )< I 0  a 

f i n a l  r e o x i d a t i o n  
C .  A u  a t  1 1 5 0 ~  d u r -  8 x 10 ,~ 5 x 10" > 1 0  '~ 

i n g  p o s t b o r o n  r e -  
o x i d a t i o n  

meter could be scanned for pipes and counts of pipe 
densities could be made semiquanti tat ively.  A copper 
staining technique, which plates out copper on n - type  
regions, was used to make the pipes and the junct ions 
visible. Incidental ly,  it is noted that  in a bevel  section 
(Fig. 1) a pipe is observed as a small  n - type  spot in the 
p- type base region. 

Crysta l l ine  Defects  as Sites for  Pipes 
To make a correlation between pipes and crystall ine 

defects, it is advantageous to use wafers with very  
high defect densities. For example, it was possible to 
grow epitaxial silicon films with very  high stacking 
fault counts by repeated oxidation and heat cycling of 
the substrate prior to epitaxial  growth. Although this 
is not a completely reproducible effect, some wafers 
with over l0 s stacking faults per square centimeter  
were obtained for this work. 

In  addition to wafers with very high stacking fault  
densities, epitaxial wafers with much greater perfec- 
tion, and also nonepitaxial  wafers, were diffused and 
microsectioned to investigate pipe densities. Three var -  
iations were made with regard to gold doping in this 
experiment,  based on results of the electrical measure-  
ments  previously made: (a) no gold at all  was used; 
(b) gold was added at 970~ following final reoxida- 
tion, to minimize pipe formation; and (c) gold was 
added at 1150~ before the emit ter  diffusion, to en-  
hance pipe formation. 

Table II lists the result ing pipe densities as deter-  
mined by microsectioning. It can be seen that these 
results completely verify the electrical measurements.  
Gold added after final reoxidation is essentially equi-  
valent  to the omission of gold entirely, so far as pipes 
are concerned. The addition of gold earlier in  the 
process increases the incidence of pipes by approxi-  
mately an order of magnitude.  

Of equal interest  is the observation that the epitaxial 
mater ial  with very  high stacking fault densities con- 
tained many more pipes than  did the more perfect 
material.  Good qual i ty epitaxial  mater ia l  appeared 
equivalent  to nonepitaxial  mater ia l  with respect to 
pipe formation. In  the case of highly faulted epitaxial 
material  with gold added prior to emitter  diffusion, 
the density of pipes was found to be on the same order 
as the stacking fault  density, i.e. over 105/cm 2. Figure 
2 is a photomicrograph of a bevel  section i l lustrat ing 

Fig. 2. Pipes due to high density of stacking faults; gold added 
during boron reoxidation cycle. The apparent junction raggedness 
is principally due to scratches introduced in lapping. This is ag- 
gravated by the low angle of the bevel in microsectioning. 
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this extremely high incidence of pipes. Since the 
wafer was ( l l l ) - o r i e n t e d ,  the appearance of pipes in 
pairs showing a three-fold symmetry  is par t icular ly  
significant. The appearance of the pipes, plus the statis- 
tical correlation with stacking faults, suggests strongly 
that there may be a one- to-one correspondence of the 
pipe pairs and stacking faults. 

To test this hypothesis, similar structures were pro- 
duced in which the phosphorus was diffused through 
an oxide mask having an i r regular  shape. The corners 
of this masking pat tern  could then be used as fiducial 
marks to locate specific stacking faults prior to micro- 
sectioning, as well as the pipes themselves after bevel-  
ing and staining. Figure 3 i l lustrates that  an almost 
one- to-one correlation does in fact exist. The location 
of the base region from Fig. 3(b)  is indicated on the 
original wafer surface in Fig. 3(a) .  A comparison of 
the figures shows the correspondence between the 
stacking faults, as indicated by the t r iangular  figures 
on the surface, and the pipes, which appear as small  
n- type  spots in the base region of the microsection. A 
few exceptions are at the stacking faults lettered 
A,B,C in the figure, which do not have any  corres- 
ponding pipes. The converse has also been observed 
in other such studies, i.e., a few pipes which cor- 
respond to no visible stacking faults. Thus, in spite of 
the good correlation, stacking faults alone are nei ther  
a completely necessary nor  a completely sufficient con- 
dition for the formation of pipes. 

A significant observation in Fig. 3(b) is that  pipes 
occur only under  the phosphorus-diffused, or "emit-  
ter," region and not in the remainder  of the base 
region. This leads to the conclusion that  the pipes are 
a result  of enhanced phosphorus diffusion along the 
crystal l ine defects, ra ther  than simply some sort of 
impur i ty  precipitation at these sites. It  may also be 
noted that  the depth to which this diffusion extends 
is appreciable. In the microsections shown, the emit ter  
depth is slightly over 1~ and the base width is also 
almost 1~. In  spite of this excessively wide base, some 
pipes can be seen extending at least this far beyond 
the emit ter  diffusion front. It is also interest ing that, 
in near ly  all cases, there are pipes at two, rather  than  
at all three, corners of the t r iangular  traces of the 
stacking faults. Actually,  of course, the faulted area is 
in the shape of an inverted te t rahedron with its apex 
at the subst ra te-epi taxy interface. Possibly one face of 
this te t rahedron is a mult iple fault, which would re- 
sult in a more complex defect along two edges of the 
te t rahedron than the s tair-rod dislocations ordinari ly  
anticipated. 

Since in many  cases the edges of stacking faults act 
as sites for pipe formation, it  might be expected that  
edge dislocations extending through the base region 
would act the same. It is more difficult to demonstrate  
a one- to-one correspondence here, since it is not easy 
to locate either pipes or dislocations nondestruct ively 
with high precision. By analogy to the results above 
with stacking faults, however, one might  hope to use 

Fig. 4. Topograph of highly dislocated wafer. Microsectien loca- 
tion is indicated at A-A. 

gold-doped wafers with high dislocation counts in 
order to produce enough pipes that  at least a statis- 
tical correlation could be found. 

Silicon wafers from a crystal grown by the floating- 
zone technique, and containing a very high disloca- 
tion density, were used for this work. The dislocation 
ar ray  in  one such wafer  is shown in Fig. 4, which is 
an x - r ay  transmission topograph made by use of the 
scanning oscillator technique (8). The wafer is once 
more ( l l l ) - o r i e n t e d ,  so that  the rows of dislocations 
run  in <110> directions. This wafer was diffused, wi th  
gold included, and microsectioned to search for pipes. 

In preparing the wafer for microsectioning, it was 
cleaved, i.e. broken precisely along a <110> direction, 
parallel  to the rows of dislocations. The approximate 
location of the microsection is shown in Fig. 4, with 
"A-A"  indicat ing the cleaved edge. Figure 5 is a 
photomicrograph of the stained section itself. The ar-  
rangement  of diffusion pipes in straight rows, fol- 
lowing the dislocation array, is quite striking. This 
plus the fact that the pipe density was highest near  
the wafer edge, where dislocations were also most 
dense, is taken as an indication that  edge dislocations 
can indeed act as sites for pipe formation. 

Although it is perhaps an obvious point, it should be 
recalled that these dislocations were grown in the 
crystal and extend general ly from top to bottom of the 
wafer. Dislocations parallel  to the surface, such as 
might result  from high concentrat ion impur i ty  diffu- 
sions (9), would not normal ly  extend through the 
base region and would not be expected to cause pipes. 

Summary and Conclusions 
It has been demonstrated, both by electrical mea-  

surements  and by microsectioning techniques, that  
stacking faults and dislocations can act as sites for 
diffusion pipes in double-diffused silicon npn  struc-  
tures. The presence of such defects alone is not suf- 
ficient to cause pipes; however, the addition of gold 
doping to the crystal great ly increases the probabi l i ty  
of pipe formation at such sites. Since pipes so formed 
occur only under  the emitter,  or phosphorus-diffused 
region, it is concluded that an enhanced diffusion effect 
is involved rather  than  simply a precipitat ion of im-  
purities about the crystal l ine defects. It  seems most 
likely, however, that a clustering of gold about  the 

Fig. 3. Correlation of stacking faults and pipes: (a) top view Fig. 5. Microsection through highly dislocated region, showing 
showing stacking faults, (b) microsection showing pipes, pipes along ~ 1 1 0 ~  direction. 
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dislocations or stacking faults produces this path of 
easy diffusion. 

Although it has not been demonstrated exper imen-  
tally, it is tempting to speculate that  other fast-dif-  
fusing impurit ies might  act in a manne r  similar  to gold 
in causing these diffusion pipes. Copper, for example, 
which is known to segregate at crystall ine defects 
(10-12), would seem to be a l ikely suspect. Thus, the 
experimental  observation that  heavily faulted ma-  
terial exhibits an increased incidence of pipes, even 
without the deliberate addition of gold, may be due 
to the inadver ten t  presence of a similar impur i ty  
through contamination.  

When the use of gold is necessary for lifetime con- 
t r o l  its effect in causing pipes can be minimized by 
adding it at the end of the process, following emit ter  
reoxidation. However, this assumes that the heat cycle 
for gold diffusion is compatible with the completed 
device structures. Otherwise, some compromise may 
be required in the gold diffusion temperature  and, 
hence, in the amount  of gold doping used. 
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ABSTRACT 

The results of coulometric and mass balance analyses have been used to 
elucidate the mechanism of this demineral izat ion process. Essentially, undis -  
sociated fixed groups (e.g., weak acid or weak base) that  are ionized as a 
result  of the electrochemical reactions par take  in an ion exchange process. 
The properties of weak acid and weak base ion exchange resins are in -  
corporated into the electrodes. The simultaneous removal  of anions and 
cations is under taken  in neut ra l  solution. Regeneration of the electrodes is 
accomplished by polar i ty  reversal. 

The exchange of cations at chemically oxidized 
carbon electrodes that  were coupled to Ag-AgC1 elec- 
trodes has been previously discussed (1,2). Essen- 
t ial ly weak acid groups that  were present  on the sur-  
face of the treated carbons were ionized as a result  
of electrochemical reactions, and took part  in an ion 
exchange process. 

The objective of this effort was to investigate the 
feasibility of electrochemically controll ing ion ex- 
change at electrodes that  contained commercial  weak 
acid and weak base, ion exchange resins, respectively. 

Experimental 
The mixtures  used for electrode preparat ion were 

made by the addition of graphite, Norit, and ion 
exchange resin to a xylene solution of Kra ton  binder  
(Shell  Chemical Co.). The cation-responsive mixture  
consisted of: 20% Kraton, 30% acid-treated Norit 
(1), 15% graphite, and 35% Amberl i te  CG-50 (weak 
acid, ion exchange resin).  The anion-responsive mix-  
ture  consisted of: 20% Kraton, 15% untrea ted  Norit, 
15% graphite, and 50% Amberl i te  CG-4B (weak base, 
ion exchange resin) .  Mixtures were painted onto 
one face of a graphite  backing with an  artist 's pa in t -  
brush;  the area covered by the mix ture  was 1.5 cm ~. 

Key words:  e lectrochemical ly  controlled ion exchange,  cation- 
responsive electrodes,  anion-responsive electrodes,  anion exchange 
studies,  cation exchange  studies. 

* Electrochemical  Society  Act ive  Member. 

Generally,  five layers were applied; each layer  was 
allowed to dry (about 1 hr) before subsequent  pa in t -  
ing. 

The cell (Fig. 1) was a small  glass vial  in which the 
three electrodes were fixed in the positions shown. 

\ 
_UGGIN CAPILLARY 

ELECTRICAL LEAD 

ELECTRODE BACKING (GRAPHITE) 

;LASS VIAL 

Ag-AgCI ELECTRODE 

ELECTROOE 

CATION-RESPONSIVE ELECTRODE 

STIRRING BAR 

Fig. 1. Cell used for complete cell experiments 
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Table I. Complete cell studies 
(Series D, Cell 10) 

Na* ( l -  
Eff ic iency ,  E q u i v .  E q u i v .  
per cent x lOb(b) • 104(c) 

R u n  Cou-  
n u m b e r  l o m b s  Cyc le  (=) Na* C1- p H  A d s  Des  A d s  Des  

1 (~) 3.6 D 106 108 7.5 0.40 0.40 
2 3.6 D 97 110 7.6 0.36 0.41 
3 3.6 D 83 119 0.31 0.44 
4 3.6 D 112 85 0.42 0.32 
5 3.6 R 94 100 6.8 0.35 0.37 
6 3.6 R 87 73 0.32 0.27 
7 3.6 R 91 83 0.32 0.31 
3 3.6 R 88 52 8.2 0.33 0.19 
9 (e) 6.4 D 71 82 0.47 0.54 

10 (e) 7.2 D 92 93 0.3 0 .69  0.69 
I1 (e) 7.2 R 74 59 7.0 0.55 0.44 

(") D ---- d e m i n e r a l i z a t i o n ,  R = r e g e n e r a t i o n .  
(b) E q u i v a l e n t s  of  N a  + a d s o r b e d  o r  d e s o r b e d  on  e n t i r e  c a t i o n - r e -  

s p o n s i v e  e l e c t r o d e .  
(c) E q u i v a l e n t s  of C1- a d s o r b e d  or  d e s o r b e d  on e n t i r e  a n i o n - r e -  

s p o n s i v e  e l e c t r o d e .  
(':) C u r r e n t :  1.0 r a a ;  t e s t  s o l u t i o n  a n a l y s i s  = 476 p p m  Na§ 734 

p p m  C1-; 1210 pprn  NaC1.  
(o) C u r r e n t :  2.0 ma .  

The potential  at each of the ion-responsive electrodes 
was detected through a Luggin capillary which con- 
tained a silver wire coated with silver chloride. This 
Ag-AgCI electrode was in contact with the elec- 
trolyte (e.g., 1200 ppm NaC1). The electronic in-  
s t rumenta t ion  has been described previously (3). 

All  of the test solutions were analyzed for sodium 
with a Beckman DU Spectrophotometer with flame 
attachment,  and were t i trated potentiometrical ly for 
chloride ion. The solution pH was determined with 
a digital pH meter  (E. H. Sargent  and Co.). 

Results and Discussion 
Several  hundred  electrodes were prepared and 

evaluated. The tabulated results of representat ive 
experiments with one pair  of electrodes are shown in 
Table I. Each run  involved pipetting 10 cc of 1200 
ppm NaC1 solution into the vial  which contained the 
electrodes (Fig. 1). After  passage of a constant current  
through the cell, the solution was analyzed for sodium 
and chloride ions, and the pH was determined.  The 
efficiency for each run  was determined from the 
ratio of the measured change in sodium or chloride 
ion concentrat ion to the change calculated by Faraday 's  
law. 

When current  was passed such that  the polarity 
of the cation-responsive electrode was negative, so- 
dium and chloride ions were efficiently removed from 
the solution with little change in pH (demineral iza-  
tion cycles, Table I) .  Sodium and chloride ions were 
efficiently released to the solution dur ing regenera-  
tion. Regeneration was accomplished by reversing 
the polarity. 

Cation-responsive electrode potentials (Fig. 2) re-  
corded dur ing demineral izat ion and regenerat ion 
showed some dependence on the sequence of cycles. 
Regeneration followed by demineral izat ion (Fig. 2, 
Run 5) occurred at lower potentials than consecutive 
regenerat ion cycles (Run 6). Demineral izat ion under -  
taken after regenerat ion occurred at lower potentials 
than consecutive demineral izat ion cycles. This has 
been discussed previously (1, 2). Similar  cyclical de- 
pendence was observed at the anion-responsive elec- 
trode. 

The cell potential  (total potential)  recorded dur ing 
demineral izat ion and regenerat ion is shown in Fig. 
3. The cyclical behavior of the individual  electrodes 
is reflected in these curves. Most of the total  cell 
potentials for demineral izat ion and regenerat ion at 
1.0 ma were less than 1.0v (Fig. 3). Increasing the 
current  to 2.0 ma did not  result  in  doubling the po- 
tential. 

The processes occurring in complete cells are shown 
in  Table II. Dur ing  demineralization, the electro- 
chemical reactions involve the generat ion of O H -  

RUN 
1 DEMINERALIZATION NOT SH O'K,'N 
2 DEMINERALIZATION O 
3 DEMINERALIZATION NOT SHOWN 
4 DEMINERALIZATION �9 
5 REGENERATION 
6 REGENERATION [] 

: 
9 DEMIN ERALIZATION ~r 

.o , I  I I  10 DEMINERALIZATION glr I I 

I ~  ~ ~ ~'1 v I A OEMINERALIZATION I 

0 

I ~ ~ SOLUTION: 1210 ppm NaCl 

04 ' " ~ " ~ 1  ~ . o  MILLIAMPERE (SOLID CURVES) I 

08 
I0 20 30 40 50 60 70 80 

TIME, MINUTES 

Fig. 2. Complete cell studies: cation-responsive electrode po- 
tentials recorded during demineralization and regeneration. 
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Fig. 3. Complete cell studies: total cell potentials recorded dur- 
ing demineralization and regeneration. 

and H + at the cation- and anion-responsive elec- 
trodes, respectively. Demineral izat ion (removal of 
NaC1) occurs to the extent that the generated O H -  
and H + are utilized in  the ionization of acidic and 
basic groups, respectively. The reactions occurring 
at the cation-responsive electrode have been elucidated 
(1,2) with the results of coulometric experiments  
where in  the cation-responsive electrode was coupled 
to an Ag-AgC1 electrode (half-cell  studies).  

The rate of exchange of weak acid groups (or 
weak base) is dependent  on the pH wi th in  the resin; 
the pH determines the ratio of ionized to un-ionized 
groups. In the electrochemical process, it is the lo- 
calized pH generated at the electrode interface that  
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Table II. Representation of complete cell experiments 
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C a t i o n - r e s p o n s i v e - e l e c t r o d e  
(Cathode)  

H-JO + e---> H~Ds + OH- 

RCOOH + OH--* RCOO- + H~,O 
RCO0- + Na + -. RCOONa 

Cation-responsive-electrode 
{ Anode } 

H_~DS -- e- --> H~ 
R C O O N a  + H+ ~ R C O O H  + Na+ 

D e m i n e r a l i z a t i o n  

E l e c t r o c h e m i c a l  

Ion i za t ion  
E x c h a n g e  
R e g e n e r a t i o n  

E l e c t r o c h e m i c a l  
E x c h a n g e  

A n i o n - r e s p o n s i v e  e lec t rode  
(Anode)  

H=O - 2 e - - >  OADS + 2H* 
or  

2H=O -- 4 e - ~  O~ + 4H* 
RNHaOH + H + ~  RNI~+ + H~O 
RNH~+ + C I - ~  RNtt3CI 

Anion-responsive electrode 
(Cathode)  

H~O + e- -~ HADS + OH-  
RNH~Cl + OH---> RNHsOH + C1- 

dictates the ratio of ionized and un-ionized groups. 
The ion exchange groups are in close proximity to 
this interface. 

The polari ty is reversed to achieve regenerat ion 
(Table II) .  The hydrogen which was adsorbed on 
the cation-responsive electrode dur ing  demineral iza-  
t ion is oxidized dur ing regeneration, result ing in the 
formation of a localized high concentrat ion of hy-  
drogen ions; the low pH results in  regenerat ion of 
the spent form (1). Additionally, water  is oxidized; 
the resul t ing low pH is favorable to regeneration. 
At the anion-responsive electrode, the O H -  formed 
results in a localized high pH that  is favorable to 
regeneration. In  accordance with the mechanism pre-  
sented, there is no change in pH dur ing  efficient de-  
mineral izat ion or regeneration. 

The ion exchange capacities of electrodes have 
been evaluated chemically (2). During consecutive 
demineral izat ion experiments,  it has been possible 
electrochemically to achieve about 90% of the chemi- 
cally determined value. The capacity of the elec- 
trodes evaluated was of the order of 2.0 x 10 -4 equiv. 
of NaC1. 

The electrochemical process is under taken  in neutra l  
solution; negligible exchange was found to take place 
chemically at these electrodes in neut ra l  solution. 
The anion-  and cat ion-responsive electrodes are re-  
generated simultaneously;  chemical regenerat ion must  
be under taken  with each electrode individually.  
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Electrochemically Controlled Ion Exchange 
II. Transport Processes 

M. A. Accomazzo* and S. Evans* 
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ABSTRACT 

At present, the highest current  density that has resulted in the efficient re-  
moval  of ions is approximately 1.5 ma / c m 2. Chemical ion exchange rates were 
determined at ion exchange sheets prepared in a m a n n e r  similar to electrode 
fabrication. It was concluded that  t ransport  through the b inder  l imited the 
rate of exchange. A simple model was used to predict the critical current  
density for the process. 

The mechanism and feasibility of the electrochem- 
ically controlled ion exchange process has been pre-  
viously discussed (1-3). Essentially, undissociated 
fixed groups (e.g., weak acid or weak base) that  are 
ionized as a result  of the electrochemical reactions 
partake in an ion exchange process. The properties 
of weak-acid and weak-base  ion exchange resins are 
incorporated into the electrodes. The anion-responsive 
electrode (ARE) consists of a weak base ion exchange 
resin, carbons, and a binder.  The cation-responsive 
electrode (CRE) contains a weak acid ion exchange 
resin, carbons, and a binder.  

During demineral izat ion (ARE is made positive),  
acid is generated electrochemically at the ARE. 

H 2 0 - - 2 e -  = 2H + -{- OADS [1] 

Key  w o r d s :  e l e c t r o c h e m i c a l l y  c o n t r o l l e d  ion  exchange ,  ca t ion -  
responsive electrodes, anion-responsive electrodes, anion exchange 
studies, cation exchange studies, ion exchange kinetics. 

* Electrochemical Society Active Member. 

The resul t ing low pH, localized in the vicini ty of the 
weak-base  ion exchange res in  favors exchange. 

RNH~OH RNH3CI 
q- HCI = q- H20 [2] 

resin resin 

The electrochemical generat ion of base at the CItE 

H 2 0  -~ e -  = OH- -~- H A D S  [ 3 ]  

results in a localized high pH which favors ion ex- 
change at the weak-acid ion exchange resin. 

RCOOH RCOONa 
{- NaOH =. q- HzO [4] 

resin resin 

Polar i ty  reversal  results in  regenerat ion of the anion 
and cation resin to the free base and acid form, re-  
spectively. 
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At present, the highest current  density that  has 
resulted in the efficient removal  of ions is approxi-  
mately 1.5 ma / cm 2. A current  densi ty of 15 m a / c m  2 
has been passed between the electrodes, but  the re-  
sult ing cur ren t  efficiency for ion removal was low. 
Under  these conditions, the acid and base produced 
at the electrodes was being released to the solution; 
interaction between acid and base and the ion ex-  
change resins was thus obviated. Hence, at present, 
it appears that  the current  density for this process is 
being l imited by the ion exchange kinetics of the elec- 
trodes. 

Ion Exchange Kinetics 
Although theories of ion exchange kinetics are still 

being developed, a recent  paper by Helfferich (4) is 
helpful  in describing the ion exchange kinetics that  
could be expected at the electrodes. 

During demineralization,  the ion exchange reactions 
at the electrodes are given by Eq. [2] and [4]. It has 
been long known that ion exchange kinetics is con- 
trolled by diffusion. Two types of diffusion control are 
considered; namely, film diffusion and particle diffu- 
sion. 

Film Di~usion 
Film diffusion, which occurs in the solution, is the 

mechanism by which ions are t ransported to the ion 
exchange surface. In  the preceding reactions, NaOH 
and HC1 must  diffuse to the weak-acid and weak-  
base resin surfaces, respectively. Fi lm diffusion control 
is well understood. If an ion exchanger of surface 
area A is placed in a solution of volume Y with an 
init ial  concentrat ion Co, the concentrat ion of the so- 
lution, C, as a function of t ime is given as 

C ~ Co e -ADt/V~ [5] 

Particle Diffusion 
Particle diffusion is the mechanism by which ions 

are t ransported in the resin phase. Part icle diffusion 
in strong-acid and strong-base ion exchangers is very 
rapid (4). Consequently,  at low concentrat ions the 
ion exchange process at strong ion exchangers would 
be under  film diffusion control. Weak-acid and weak-  
base ion exchange kinetics, however, can be many  
orders of magni tude  lower ( than strong).  This results 
from the fact that most of the fixed ionogenic groups 
are undissociated. The concentrat ion of mobile ions is 
therefore low; this results in slowing the diffusion 
process greatly. If the solution in contact with the 
resin can cause ionization (e.g., Eq. [4], weak-acid 
resin in contact with NaOH), the l imit ing kinetics are 
controlled by the particle diffusion of the co-ion, 
namely  OH- .  This is quite an unusua l  si tuation in ion 
exchange kinetics; the rate of ion exchange would be 
dependent  on the solution concentrat ion of the co-ion. 
Analyt ical  expressions have been developed for the 
rate of reaction of weak-acid and weak-base  ion ex-  
changers (4). For a slab of thickness xo placed in an 
infinite volume of solution at concentrat ion CA o, the 
fractional a t ta inment  of equi l ibr ium is given by 

F :  ( 2DACA~ ) 1/2 
- -  [6] 

Xo 2 C 

For a l imited volume of solution, V, the surface con- 
centrat ion would decrease with time. This would re-  
sult in slowing the diffusion rate. Under  these condi- 
tions, the fractional a t ta inment  of equi l ibr ium can be 
represented by 

x 
F = [7] 

Xo 

where x is related to t ime by the following expression 

t Ca  o in  - -  [8] 
DA C A 2 C-~A o -- AC--x/V V 

The expression for time, t, obtained when the loga- 
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Fig. 1. Theoretical rate of ion exchange assuming particle or film 
diffusion control. 
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r i thm is expanded is 

Cx2 

CA ~ DA 

where 

[1/2-t- 1/3 y x + l / 4  (yx) ~ 

~ - l / 5 ( y x ) 3 - F . . . ]  [9] 

[IO] 
A 6- 

y ~ 

V CA o 

Figure 1 is a plot of Eq. [9] for two different ini t ia l  
concentrations. The concentrations chosen (C ~ ) were 
those described. The capacity value (C), represents an 
exper imenta l ly  determined capacity for the coupons. 
The best possible diffusion coefficient was assumed. 
Also shown is the rate of ion uptake for coupons under  
film diffusion control with adequate agitation. 

Experimental 
Chemical ion exchange rates were determined at ion 

exchange sheets prepared in a manne r  similar to elec- 
trode fabrication (3). Ion exchange resin in fine pow- 
der form was mixed with a b inder  (46% Kra ton  101, 
46% Nujol, 8% Piccotex) that was ini t ial ly dissolved 
in xylene. The solution was then poured onto glass 
and the xylene was allowed to evaporate. The remain-  
ing sheet (approximately 1 tara thick) was peeled 
from the glass and cut into 1 cm squares. The result-  
ing coupons were spent and regenerated before being 
used in kinetic studies. 

Ion uptake as a function of ion exchange resin, solu- 
tion concentrations, and time was determined by plac- 
ing the coupon in 10 cc of solution for a given length 
of time. Depending on the resin used, the solution was 
analyzed for change in sodium or chloride ion concen- 
tration, using a Beckman DU Spectrophotometer with 
flame at tachment  or by potentiometric ti tration, re -  
spectively. 

Results and Discussion 
Weak-base ion exchange.--Coupons containing a 

weak-base resin in the hydroxide form (Amberl i te  
CG-4B) were studied in 10 cc of HC1 test solution 
(two concentrat ions) .  The results presented in Fig. 2 
clearly indicate particle diffusion control. In  fact, the 
data closely follow the curves predicted from the 
theoretical model (Fig. 1). 

Similar  tests were conducted with the weak-base 
resin in  the chloride form and a test  solution of 
Na2SO4 (two concentrat ions) .  According to theory, 
the rate of ion uptake should be under  film diffusion 
control. However, the data in Fig. 2 clearly show par -  
ticle diffusion control. 
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Fig. 2. Experimental rate of ion exchange 

Stronpacid ion exchange.--Coupons containing a 
strong-acid resin in the hydrogen form (Amberl i te 
IR-120) were studied in 10 cc of NaOH test solution. 
At the concentrat ion used (0.024N), the coupons' 
kinetics should be under  film diffusion control. How- 
ever, again the data shown in Fig. 2 indicate par-  
ticle diffusion control. 

Critical current density.--The results of the chemi-  
cal rate studies clearly indicate that ion exchange 
kinetics at sheets prepared in a m a n n e r  similar  to 
electrode fabrication is severely limited. Apparent ly,  
the method of preparat ion causes the ion exchange 
particles to be separated or coated by the binder  sys- 
tem. Hence, it is the diffusion through the binder  
which controls the rate of ion uptake. Since the ionic 
concentrat ion between the particles is low, the dif- 
fusion process is slow. 

Now consider an electrode (CRE) placed in an NaC1 
solution (Fig. 3). Inside the electrode, O H -  ions are 
being produced electrochemically at carbon sites ac- 
cording to Eq. [3]. For 100% demineral izat ion effi- 
ciency, based on Faraday 's  Law, the O H -  ion must  be 
involved in ion exchange by Eq. [4]. This means  that  
current  must  be carried across the electrode-solution 
interface solely by the t ransport  of Na + and C1- ions; 
if O H -  does aid in current  t ranspor t  across the in te r -  

! 
I 
I 
I 
I 
I 
I 
I 
I 
I 
. ~  Na + 

I 
I 

/ / ~  CNaCI 

I 
IL/~ I SOLUTION 

I 
I 

x 

(3) 
(q) 

RCO0" Na + 

uNSPENT ~ ~ SPENT 

E L E C T R /  

H20 + e ' ~ O H "  + HAD S 

RCOOH + NaOH'PRCO0 - N~ § + H20 

RCOOH 

Fig. 3. Concentration profile at cation-responsive electrode 
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face, good efficiencies cannot be obtained. Hence, it is 
the t ranspor t  of NaC1 inside the electrode that  limits 
the rate of the process because it is at a low concentra-  
tion (~0.02N). However, that  portion of the electrode 
that  has been converted to the Na + form contains a 
high concentrat ion (~2N)  of mobile sodium ions. If 
the ion exchange resin beads were in contact with each 
other, this would provide a path for rapid t ransport  of 
sodium ions. However, the chemical rate studies pre-  
viously described clearly indicated that  the ion ex-  
change particles were separated. 

With the above considerations in mind  and realizing 
that  the application of a homogeneous model for an 
electrode is a poor assumption and only a first ap- 
proach, one can write the usual  critical current  den-  
sity expression 

FDCs 
(I/A)crit = [11] 

x ( 1 - - t * )  

The above equation shows that  the critical current  
density is directly proport ional  to the surface concen- 
t rat ion of the t ransported ion and inversely propor-  
t ional to the depth of penetrat ion.  For a reasonable 
depth of 0.25 ram, a t ransport  n u m b e r  of 0.5, a dif-  
fusion coefficient of 1 x 10 -5 cm2/sec, and a surface 
concentrat ion of 0.02N, one obtains a critical cur rent  
density of 1.5 m a / c m  2. This is in agreement  with pre-  
vious exper imental  results (1-3). However, if one 
could utilize the mobile ions in the ion exchange 
resin which are at a concentrat ion of approximately 
2N, one would calculate a critical cur rent  density of 
150 ma /cm 2. Of course, solution t ranspor t  would now 
limit  the current  density. 

Research is now focused on methods of electrode 
fabrication which will  allow rapid t ransport  in the 
resin phase to occur. 

SYMBOLS 
F fractional uptake by resin 
Xo slab thickness, cm 
t time, seconds 
C--A o concentrat ion of co-ion at ion exchanger surface, 

equiv. / l i ter  
C- concentrat ion of fixed ionogenic groups, equiv. /  

liter (capacity),  4.5 
D--A diffusion coefficient of co-ion in ion exchanger, 

cruZ/see 
5 effective film thickness, cm 
C solution concentration, equiv. / l i ter  
Co init ial  solution concentration, equiv. / l i ter  
V solution volume, cm~ 
D diffusion coefficient, cm2/sec 
A surface area exposed to solution, cm 2 
x thickness of slab converted from molecular  form 

to ionic form, cm 
t* t ransport  number  
I current,  mil l iamperes 
F Faraday 's  constant  
Cs concentrat ion at ion exchange surface, equiv. /  

l i ter 
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Stability of the Solid State Cell Ag/Ag SI/12 
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In  the past, there has been a fluctuating interest  i n  
solid state batteries (1). The interest  waned pr imar i ly  
because of lack of any  high-conduct ivi ty  solid elec- 
trolyte. A mater ial  that was f requent ly  util ized as a 
solid electrolyte was AgI; the highest specific conduc- 
t ivi ty reported for compressed powdered AgI was 
nomina l ly  10 -4 ( o h m - c m ) - I  at 25~ (2, 3). The com- 
pound Ag3SI was reported to have an ionic conduct iv-  
ity of 10 -2 ( o h m - c m ) - I  at 25~ (4). Because of the 
high ionic conductivi ty of this material,  it appeared 
attractive as a solid state electrolyte, and Takahashi  
and Yamamoto (5-8) have extensively investigated 
cells of the type Ag/Ag3SI/I2. 

The present  investigation was carried out to de- 
termine the feasibility of developing" a solid state 
battery, uti l izing the electrolyte Ag3SI, that could be 
operated at elevated temperatures.  However, the sys- 
tem was found to exhibit  a considerable amount  of 
instabil i ty at the elevated temperatures.  This note 
reports the degradation of the electrolyte by the 
cathode according to the reaction 

I2(g) + Ag3SI(s) --> 3 AgI(s)  + S(s)  [1] 

Reaction [1] has not been reported in the papers on 
the Ag/Ag3SI/I2 solid-electrolyte ceil. 

Experimental 
Reagent-grade or 98% pure  materials  were used 

in these experiments.  The Ag3SI was prepared by the 
combinat ion of AgI and AgaS, following Takahashi 's  
procedure (7). 

Cells of the type Ag/Ag3SI/X, where X represents 
the electroactive cathode material,  were fabricated in 
the configuration reported by Takahashi  and Yama-  
moto (7). In  addition to I2 cathodes, a number  of other 
materials, including CuBr2, V205, S, NiO2, and MnO2, 
were also investigated. 

The reactivi ty of Ag3SI with I2 gas was determined 
by measur ing  the change in weight of powdered sam- 
ples of Ag3SI after these solid samples had been ex- 
posed to controlled atmospheres of Ar, equil ibrated 
with I2 at pressures of 0.18 Torr (65~ or 8.2 Torr  
(70~ The iodine pressures were main ta ined  at the 
indicated values by having present  in  the reaction 
vessel excess solid I2 at T = 70~ or a mixture  of 
RbI and RbI3 at T = 65~ Vapor pressures of I2 were 
calculated from l i terature data (9, 10). A sample of 
Ag2S was also run  for comparative purposes. 

Results and Discussion 
Table I shows ini t ial  open-circuit  voltages observed 

for the cathode systems investigated. Cell voltages 
were obtained as a function of tempera ture  for the 
resul tant  electrochemical couples. All  of the solid 
state cells underwent  an irreversible loss in voltage 
at elevated temperatures  (100~176 This property 
of the cells suggested that the chemical components 
were not compatible and therefore the stabil i ty of the 
electrolyte to I2 was investigated. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  G e n e r a l  T e l e p h o n e  a nd  E lec t ron ic s  Labo ra -  

tories ,  Inc.,  Bays ide ,  N e w  York .  
2 P r e s e n t  add re s s :  G o u l d  Ionics  Inc.,  C a n o g a  Pa rk ,  Ca l i fo rn ia .  
K e y  w o r d s :  ba t t e ry ,  decompos i t i on ,  e lec t ro ly te ,  iodide ,  iodine ,  

s i lver ,  solid,  sulf ide,  su l fu r ,  t h e r m o d y n a m i c .  

The results of the weight gain experiments  are given 
in Table II. It  was assumed that the weight changes 
were due to the addition of I2 to the samples and that  
no volatile products were formed. All  of the samples 
gained weight, and in an amount  consistent with 1 
mole of I2 per mole of solid reactant.  The data are 
in agreement  with Eq. [1] for Ag3SI and with the 
reaction 

I2(g) ~ Ag2S(s) -> 2AgI(s) + S(s)  [2] 

for the Ag2S. The powder pat terns of the products 
confirmed that AgI and S were formed and no sig- 
nificant difference (other than  relative intensit ies) was 
detected in the x - r ay  pat terns of the products of the 
two reactions. 

No thermodynamic  data have been reported in the 
l i terature for Ag3SI and, consequently,  the free en-  
ergy change for reaction [1] is not known. However, 
reaction [2] has a s tandard free energy change of 
--22 kcal at 25~ (for solid components) .  Therefore, 
unless the reaction 

AgI Jr Ag2S --> Ag3SI [3] 

has a free energy change more negative than --22 
kcal, reaction [1] would be expected to be thermo-  
dynamical ly  favored. 

The results show that reaction [1] readily occurs. 
In view of this instabi l i ty  of Ag3SI in the presence of 
I2 vapor, it is necessary to re-evaluate  the usefulness 
of this mater ial  as a solid state bat tery  electrolyte, 
and to reconsider the results of Takahashi 's  invest iga-  
tions. In the cells that Takahashi  fabricated, the iodine 
was present in the cathode as crystal l ine I2 rather  than  
any  complex with reduced activity, and the observed 
cell emf was 675 mv at 20~ slightly below the cal-  
culated Ag-I2 potential  of 687 my. In  addition, it was 
reported that  the emf was unchanged by storage of 

Table I. Cathodes for the Ag/Ag3SI/X solid state cells 

M e a s u r e d  v o l t a g e s  
Cathode (X) a t  25~ ~a) 

v 
V~O~ + C + AgaSI  0.46 
CuBr2 + C + AgaSI 0.73 
I2 + C + Ag~SI 0.68 
S +Na2S + MoS2 + AgaSI 0.22 

("} A l l  vo l t ages  decreased  to  a t  leas t  0.2v a f t e r  e x p o s u r e  to ele-  
v a t e d  t e m p e r a t u r e s .  

Table II. Reaction of 12 with Ag2S and Ag3SI 

W e i g h t  ga in  (moles  of I2 pe r  mo le  of  sample )  

Ag~SI a t  65~C Ag~SI a t  70~ Ag'zS a t  70~ 
Reac t ion  I2 p re s su re  = I.~ p re s su re  = I2 p r e s su re  --- 
t ime  (hr) 0.18 Tor r  8.2 To r r  8.2 To r r  

0 0 0 0 
14 - -  0.50 0.78 
20 - -  0.72 0.87 

107 - -  0.93 0.95 
432 0.94 ~ - -  
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the cells for over 1 yr. This would infer that  e lemental  
I2 is in stable contact with the Ag3SI electrolyte layer. 

Based on the results of the present  investigation, it 
seems unl ike ly  that  a cell Ag/Ag~SI/I2 would be sta- 
ble unless some means of prevent ing  the I2-Ag3SI 
reaction were in effect. Upon fabrication of the indi -  
cated cell, degradation of the Ag3SI at the electrolyte- 
cathode interface should occur according to reaction 
[1]. The product of this degradation is predominately  
AgI which can function as a Ag + conducting solid 
electrolyte. However, the in te rna l  resistance of such 
a cell should increase as the electrolyte-cathode re- 
action occurs. If the products of the electrolyte-cathode 
reaction form in a sufficiently dense layer, imper-  
meable to I2, then the resul t ing cell 

Ag/Ag3SI/AgI,  S/I2,C 

could function in the manne r  observed by Takahashi. 
The cell is now essentially a 

Ag/AgI/I~ 

cell with the electrolyte phase now consisting of a bi-  
layer of Ag3SI and AgI-S. 

An al ternate  method in which the bi layer  electrolyte 
could be fabricated in situ would be to discharge the 
cell immediate ly  upon its fabrication. The cell reac- 
tion product AgI would then form at the electrolyte- 
cathode interface, without the concurrent  formation 
of the S. 

It therefore appears that, although the compound 
Ag3SI has a high ionic conductivity, its application 
to solid electrolyte cells involving the combination 

Ag -t- �89 Is -> AgI 

is quite limited. In  this type of cell, the effective elec- 
trolyte must  be AgI rather  than AgsSI. Lower emf 

cells such as 
Ag/Ag3SI/S 

would be thermodynamica l ly  stable. However, they 
would have the disadvantages of low emf, low power 
density, and possibly kinetic restrictions in the cur-  
rent  densities that  could be attained. 
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Improved Methods for Deposition of 
Thin-Film Zn SiO4:Mn Phosphors 

George M. di Giacomo 
Westinghouse Defense and Space Center, Aerospace Division, Baltimore, Maryland 

In  this paper, two methods are described for the 
deposition of Zn2SiO4:Mn in a polycrystal l ine th in-  
film form: (a) vapor phase reaction; (b) vacuum 
evaporation. Vapor phase reaction is a chemical proc- 
ess in which the reactant  is t ransported as a compound 
to the sample surface. The resul tant  product  is then  
obtained by thermal  decomposition and hydrogen re-  
duction by main ta in ing  the sample surface at a higher 
tempera ture  than the source of reactant  vapors (1). 

In  the vapor reaction process, the  halides of the 
consti tuent materials  were used to form zinc ortho- 
silicate by the following reaction: 

SIC14 + 2 ZnC12 -~- 4 CO2 -~- 4 H2 
Zn2SiO4 + 8 HC1 + 4 CO 

Manganese was added in the form of MnC12 as a 
dopant. 

A metered flow of 50 cc /min  COs and 40 cc/min H2 
was bubbled through a room-tempera ture  bath of 
SiCh. The evaporat ion rate of SIC14 was controlled by 
divert ing some of this gas flow around the liquid. The 
small  part  of the gas bubbled through the SIC]4 bath 
carried 1-2 ml  of l iquid into the reaction. 

Mixing with the solid consti tuents and the deposi- 
t ion took place in a two-zone reaction furnace lined 
with a quartz tube. The solid constituents, 3g ZnC12 
and 0.1g MnC12, were placed in a crucible in the first 

zone, the mixing zone. These solids were vaporized 
by heating this zone at 550~176 An orifice at the 
end of this zone caused turbulence  in the flow and re-  
sulted in mixing of consti tuents before they entered 
the reaction zone. 

In  the reaction zone, the substrates were held on a 
large flat quartz plate to insure even heat distribution. 
This section was heated to 1100~176 By-product  
gases were exhausted. 

The substrates used were quartz, sapphire, and sili- 
con wafers with an oxide thickness of 1~. 

The second method of depositing ZnSiO4: Mn phos- 
phor mater ial  in a thin-f i lm form involves the vacuum 
evaporat ion technique developed by Fe ldman (2). This 
is a two-step process. First,  a commercial  Zn2SiO4: Mn 
phosphor is evaporated onto a substrate. Dur ing  the 
evaporation, the phosphor decomposes into its more sta- 
ble molecular  components and condenses on the sub-  
strate as a film composed of a mix ture  of these mate -  
rials. The second step then  involves the recombinat ion 
of these components into the crystall ine phosphor on 
the substrate by firing the layer  in air. The problem en- 
countered using this method was that it was difficult to 
cover a given substrate with an even film. I t  seemed 
to be a mat ter  of chance whether  a smooth, even film 
condensed as various cleaning techniques and sub- 
strate conditions were used. In  order to increase the 
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affinity between the evaporated mater ial  and the sub-  
strate, a seeding technique was developed. The sub-  
strate was first coated with a film of ZnO of about 
200-300A thickness. The method used to deposit the 
ZnO was first to "nucleate" the substrate with a few 
seconds' exposure to evaporating Ag. Over this, metal -  
lic zinc was evaporated to a thickness of about 200- 
300A. The seeding with silver promotes a smooth, 
even film of Zn. The Zn-coated substrate was then 
removed from the vacuum and placed in an air or 
02 atmosphere furnace at 200~ in order to oxidize 
the Zn film completely. After  the process, the conven-  
tional evaporation and baking process described by 
Fe ldman (2) was used to develop the zinc orthosili-  
cate film. 

Films resul t ing from both these techniques 
luminesced green under  2537A u.v. and glow dis- 
charge bombardment  excitation. When compared to 
powder Zn2SiO4:Mn excited by the same technique, 
the best films were from ~/4 to ~ as bright  as the 
powder. The thicknesses of the layers were from 
0.2 to 0.5~. Thicker films could have been deposited. 

The qual i ty  of the film varied from foggy to clear. The 
best clear films were highly t ransparent  (est 75%) 
but  not as bright  as some of the foggy films. 

The advantage of using the vapor deposition tech-  
nique was that the film could be deposited on different 
substrate shapes such as a cyl inder of curved surface. 
This technique could also be used where a vacuum 
chamber is not available. The advantage of the vacuum 
evaporation techniques was that  a smooth, even film 
of this difficult-to-deposit mater ial  was condensed with 
much greater regularity.  

Manuscript  submit ted Oct. 5, 1966; revised m a n u -  
script received Oct. 18, 1968. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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Dependence of the Composition of the Anodic Layer on the 
Oxidation Potential of Lead in Sulfuric Acid 

D. Pavlov, C. N. Poulieff, E. Klaja, and N. Iordanov 
Institute of Physical Chemistry, Bulgarian Academy of Sciences, Sofia, Bulgaria 

ABSTRACT 

Potentiostatic oxidations of lead in 1N H2SO4 were performed in the 
potential  range between --900 and +1400 mv (with respect to the m e r c u r y /  
mercury  sulfate electrode). The anodic layer was subjected to x - ray  diffrac- 
tion and chemical analysis. According to the phases present  three potential  
ranges are discerned. From --956 to about --300 mv only PbSO~ is present. 
From --300 to +900 mv large amounts  of PbSO4 and PbO- te t  are formed, as 
well as small  amounts  of PbO'PbSO4, 3PbO.PbSO4-H20, 5PbO'2H20 or PbO 
orthorhombic and a-PbO~. Above +900 mv the divalent  lead compound con- 
tent  decreases, while that of a-PbO2 rapidly increases. Above +1200 mv 
/~-PbO2 is formed. 

Many of the processes taking place dur ing anodic 
oxidation of lead in sulfuric acid can be elucidated 
by ident i fying the compounds which constitute the 
anodic layer. 

X- ray  and electron diffraction methods (1-4) as 
well  as electrochemical techniques (5-9) have been 
used for the identification of the phases occurring in 
the anodic layer. In  the potential  range between the 
equi l ibr ium potentials of the Pb/PbSO4 and PbSO4/ 
PbO2 electrodes diffraction lines of te tragonal  PbO 
were found by Lander  (1) and Burbank  (2). Lander  
explained the formation of this compound in terms 
of solid-state reactions between lead and lead dioxide. 
Later, Riietschi and Cahan (3) found lines of --PbO2 
in the anodic layer. The coincidence of diagnostic dif- 
fraction lines of alpha lead dioxide with those of 
tetragonal  lead oxide caused some workers to deny 
the formation of tetragonal  lead oxide (3, 7). 

If diffraction methods alone are used the identifica- 
tion of the individual  phases is ambiguous owing to 
the overlapping of numerous  diagnostic reflections, 
brought  about by close similarities in the crystal 
s tructures of the various lead oxides and hydroxides. 

In  two previous papers (8, 9) one of us studied the 
behavior of the Pb/PbSO4 electrode in H2SO4 upon 
anodic polarization. It was established that  it behaves 
first as a lead sulfate electrode, then, over a large 
interval,  as a lead oxide one, and, lastly, at very high 
polarizations, as a lead dioxide electrode. However, 
the potentiometric identification of the compounds 
formed (8, 9) is also somewhat uncer ta in  because of 
the very close values of the equi l ibr ium potentials of 
lead oxides, hydroxides, and basic sulfates. Fu r the r -  
more, not every compound present  in the anodic layer 
is potential  de termining at open circuit. 

These difficulties in the identification of the phases 
of the anodic layer inherent  in the diffraction and elec- 
trochemical methods led to differences in the model of 
the s tructure of the anodic layer (4, 6). 

The purpose of the present  paper  is to study the 
changes in the phase composition of the anodic layer 
at different oxidation potentials of the lead electrode 
in H2SO4. In  the present  investigation the x - r ay  anal -  
ysis and electrochemical techniques were supple-  
mented by appropriate chemical determinat ions which 
make it possible to el iminate the ambiguities resul t-  
ing from the l imitations of these techniques. 

Results and Discussion 
Electrochemical measurements.--High-purity 

99.9999% lead electrodes with dimensions 16 x 11 x 1 
m m  were subjected to oxidation in electrolytically 
purified, analyt ica l -grade 1N H2SO4. The oxidation 

K e y  words :  x - r a y  diffraction,  lead oxide, lead sulfate, anodic 
oxidat ion of lead. 

was performed by means of an electronic potentiostat  
in the cell described in previous works (8, 9). The 
me r c u r y / me r c u r y  sulfate electrode was used as ref- 
erence. All potentials are given with respect to this 
electrode. Between --900 and +900 mv the oxidation 
was carried out dur ing  72 hr, while above +900 mv 
the oxidation time was only 24 hr. After each oxidation 
run  the quant i ty  of electricity was determined graphi-  
cally from the i/t curves. Figure 1 gives the calculated 
quanti t ies of electricity at the various potentials. The 
steep rise of the curve above +1300 mv must  be 
ascribed to oxygen evolution reaction proceeding 
parallel  to the oxidation of the metal. 

The potential  change of the electrode was recorded 
dur ing several minutes  after the in terrupt ion of the 
polarization in order to study the electrochemical be-  
havior of the anodic deposit. The results of these 
measurements  are shown in Fig. 2. The equi l ibr ium 
potentials of the te tragonal  lead oxide (PbO-te t )  and 
normal  lead sulfate electrodes in 1N H2SO4 are also 
shown in the figure. Three regions of behavior  can be 
discerned on the potent ia l / t ime curves: lead sulfate, 
lead oxide, and lead dioxide (8, 9). 

X-ray diffraction studies.--After performing the 
electrochemical measurements  the electrodes were 
washed, dried, and introduced in the sample holder of 
the Miiller-Mikro 111 diffractometer. The diffraction 
pat terns were recorded with filtered copper radiat ion 
and the following goniometer settings: goniometer 
speed 2~ and slits 1~176 mm. The intensi ty  
of the strongest l ine of each pa t te rn  was taken  as 100. 
The diffractometer traces were measured down to 
d = 1.60A. 

160 1882,8 qul * 

140 

120 

100 

6O 

4 0  o ~  o 

2O 

-900 -700 -500 -300 -100 +100 +300 *500 § +900 +1100 +1300 

Eox[mv] 

Fig. 1. Quantity of electricity passed through the electrode at 
different oxidation potentials. 
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Fig. 2. Change of the electrode potentials with time on open 
circuit: E = --437 my, PbO-tet/Pb; E ~ --957 my, PbSO4/Pb. 

The following method was adopted in order to in-  
sure an unambiguous assignment of each diffraction 
line. For  each diffraction line the dependence of the 
re la t ive  intensi ty (I) of each reflection was plotted 
against the oxidation potent ial  (E);  that  is, it was 
refer red  to a n o n - x - r a y  parameter .  Thus each diffrac- 
tion line was assigned to a par t icular  compound both 
on the basis of its in terp lanar  spacing and of the shape 
of its I/E curve. The diffraction lines were  then sepa- 
ra ted into groups having an identical  or closely re-  
sembling shape of the I/E curves over  the whole 
potent ial  range. This was done under  the assumption 
that  normal ly  the relationships be tween  the intensities 
of the diffraction lines of the various compounds are 
preserved in mixtures.  Therefore,  the resemblance in 
the curve I/E should indicate that  they belong to the 
same compound. Differences in the I/E curve of a 
given reflection can be due ei ther  to tex ture  effects or 
to coincidences wi th  reflections belonging to other  
compounds. The appearance of new lines in the x - r ay  
diffraction pat terns  or a drastic change in the I/E 
curve  are brought  about by the formation of additional 
phases in the anodic deposit  at some oxidation poten-  
tials. 

The diffraction pat terns  of the electrodes contained 
all  lines belonging to PbSO4 and to lead f rom 4.24 to 
1.60A (16). The I/E curve  for PbSO4 is i l lustrated in 
Fig. 3 by the diffraction line with d = 3.00A. 

1o~] 

i 

~: 10 
I I I I L I I [ I I I I I L I I L I I 

-900 -700 -500 -300 -/00 */00 +,K;0 *500 *700 -g00 .1100.1300 +1~00 

Fig. 3. Intensity of the d ~ 3.00A reflection of PbS04 at dif- 
ferent oxidation potentials. 
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Fig.  4 .  I n t e n s i t y  o f  the  d i f f r a c t i o n  l ines ,  [ ]  d : 3.12.~, G 

d : 2.80,~, �9 d : 1.67~., a t  d i f f e r e n t  o x i d a t i o n  p o t e n t i a l s .  

In the diffraction pat terns  of electrodes anodized 
at potentials more posit ive than --300 mv  additional 
strong lines were  recorded with  in terplanar  spacings 
3.49, 3.12, 2.80, 2.12, 1.85, and 1.67A. The re la t ive  in-  
tensi ty changes of the 3.12, 2.80, and 1.67A lines are 
given in Fig. 4, while  the potentials at which the re-  
maining lines occur are given in Table I. The line 
wi th  d = 3.12A is notably broadened. It coincides 
wi th  the strongest reflections in the x - r a y  pat terns  of 
, -PbO~ (10) and of tetragonat  PbO (11). On the other  
hand, both PbO- te t  and ~-PbO2 show reflections wi th  
d = 2.80A, the re la t ive  intensi ty being 62 for the 
former  and 100 for the latter. The coincidences be- 
tween these diffraction lines have been the cause of 
the discussion which has originated dur ing the last 
years concerning the formation of PbO-tet .  This prob-  
lem can be unambiguously  solved only by applying 
addit ional  n o n - x - r a y  identification techniques. Alpha-  
and /~-PbO2 are both strong oxidizing agents, while  
PbO- te t  possesses no oxidizing properties.  We made 
use of this difference in behavior  of the above com- 
pounds in order  to assign the diffraction lines wi th  
d = 3.12 and 2.80A. Af ter  recording the x - r a y  pat tern 
the anodic deposit was removed from the surface of 
the electrode. The powder  thus obtained and the elec- 
t rode were  placed in an iodine determinat ion  flask and 
the amount  of lead dioxide was determined iodomet-  
rically, using the method described by Diehl  and Toph 
(12). These determinat ions  were  duplicated on a sec- 

Table I. 

d : 3 . 4 9  d ~ 2 . 1 3  d = 1 .85  
f l - P b O 2  (9) P b O ~ t e t  (10)  ~ -  a n d  ~ - P b O . ~  (9)  

E m v  I E m v  I E .~v  I 

+ 1200 19 - 300 2 + 500 3 
+ 1300 45 - 100 4 + 1200 11 
+ 1400 52 0 3 + 1300 46 

+ 100 3 + 1400 39 
+200 6 
+300 3 
+ 4 0 0  5 
+ 500 4 
+ 600 3 
+ 950 4 

+ 1 0 6 0  2 

Table II. 

d = 3 .25  d = 3 . 0 6  d = 2 . 9 5  
3 P b O  �9 P b S O ~  �9 H 2 0  5 P b O  �9 2 H ~ O  I = 70  (15)  P b O  �9 P b S O i  

I = 100 (14) PbO-orth. I = 100 (11) I = 100 (16) 

E m v  l E m v  I E m v  I 

--200 6 0 4 -400 1 
--100 3 +100 6 (B) --300 6 
+ 100 6 + 300 10 -- 200 7 
+ 200 8 + 500 5 -- 100 10 
+ 3O0 7 + 706 9 0 5 
+ 4 0 0  3 + 800 6 + 100 5 
+ 600 6 + 200 6 
+ 7 0 0  7 + 3 0 0  5 

+ 600 2 
+ 700 5 
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Fig. 5. Amount of leod dioxide in the onodic Ioyer ot different 
oxidotion potentiols. 

ond series of electrodes by photometric determinat ions 
of lead dioxide with o-tol idine ( i3) .  The results of 
both series of measurements  were in agreement.  Fig-  
ure 5 shows the iodometrically determined amount  of 
PbO2 contained in the anodic layer of the electrodes 
oxidized between --200 and +1400 my. The anodic 
layer does not contain lead dioxide up to the oxidation 
potent ial  +400 mv, nor  between +600 and +700 mv. 
However, the 3.12 and 2.80A reflections already occur 
at --300 mv. The relative intensi ty  of the lat ter  is 
near ly  equal to that of PbSO4 between +300 and 
+1000 my. It can be assumed therefore that  these 
diffraction lines indicate the presence of te tragonal  
PbO in the anodic layer. 

The 3.12 reflection at potentials up to +800 mv is 
due to PbO-tet .  Only at +400 and +500 mv does the 
reflection of alpha dioxide coincide with that  of the 
te tragonal  oxide. In  the s tandard x - r ay  diffraction 
pat tern of tetragonal  oxide this reflection is strongest 
(relative in tensi ty  100), while in the PbO-te t  it ap- 
pears as a very  weak line. In  the s tandard x - ray  dif- 
fraction pat tern  the 2.80 reflection has a relative in-  
tensi ty of 62. In  the diffraction pa t te rn  of anodically 
obtained PbO-te t  in sulfuric acid its intensi ty  is con- 
siderably enhanced. This change in the intensities of 
these lines may be ascribed to preferred orientation. 
In  order to test this assumption a series of oxidations 
was performed between --200 and +900 mv  on wire 
electrodes, x - ray  diffraction photographs of which 
were subsequent ly  taken  in a conventional  57.3-mm 
Debye-Scherrer  camera. The diffraction r ing corre- 
sponding to the 110 reflection of PbO-te t  (d = 2.80A) 
exhibited marked orientat ion texture  effects. This in-  
dicates that  the te tragonal  lead oxide crystals are 
preferent ia l ly  oriented with the texture  axis [110] 
oriented along the axis of the wire. In  the x - ray  dif- 
fraction pat tern the remaining  lines of PbO-te t  in the 
in terval  considered are the following: d = 2.51 (I = 
11); 2.12 (1); 1.99 (8); 1.87 (37); and 1.67 (24). The 
lines with d = 2.51 and 1.99A were not recorded in 
our diffraction pattern. The 1.87 reflection coincides 
with a normal  lead sulfate line. Reflections with d ---- 
2.12 and 1.67A are observed in  the potential  range be-  
tween --300 and + 1000 mv. Up to potential  + 1000 mv  
the 1.67A reflection shows the same shape of the I/E 
curve as the 2.80A reflection, indicat ing formation of 
PbO-tet .  

Figure 2 shows that  following anodization between 
--400 and +800 mv, on in ter rupt ing  the polarization, 
the electrode potent ial  at open circuit is arrested in 
the in terval  between --450 and --750 mv. According to 
the x - ray  data, PbO- te t  is formed in the same poten-  
tial range. Consequently, the potential  arrest observed 
under  open-circui t  conditions should be ascribed to 
the presence of lead oxide in  the anodic layer. 

A comparison between Fig. 4 and 5 indicates that  
the increase in relat ive intensi ty  of the 3.12 reflection 
above +900 mv is due to the alpha dioxide formed 
dur ing anodization. The strong intensit ies at potentials 

above +1300 mv (Fig. 4) show that  the major  par t  
of the anodic layer  above this potent ial  is constituted 
by alpha lead dioxide. From the diffraction lines of 
the s tandard x - r ay  pa t te rn  of alpha lead dioxide 
which do not overlap with lead sulfate reflections only 
those with d ~ 2.73 and 1.64A are absent. In  some 
oxidation runs  minor  amounts  of ~-PbO2 occur in 
electrodes anodized at --100, 0, and +200 my. This 
shows that  between --200 and + 900 mv the formation 
of ~-PbO2 is determined by fortuitous factors. 

The diagnostic diffraction lines of t~-PbO2 are those 
with in te rp lanar  spacings 3.49, 2.80, and 1.85A. The 
remaining  reflections coincide with those of lead and 
lead sulfate. The 3.49 reflection occurs at potentials 
more positive than +1200 mv (Table I).  The increase 
in relative intensi ty  of the 2.80A reflection (Fig. 4) for 
electrodes anodized at potentials above +1200 mv is 
also brought  about by the presence of ~-PbO2. The 
1.85 line is due both to beta and to alpha dioxide. 

Apart  from these reflections the diffractometer 
traces of electrodes anodized at potentials more posi- 
tive than  --400 mv contained some very weak lines. 
These are given in Table II together with the oxi- 
dat ion potentials at which they appear. The reflec- 
t ion with d = 3.25A coincides with the strongest l ine 
of 3PbO.PbSO4.H20 (14). The reflection with d = 
3.06A coincides with the strongest l ine of orthorhombic 
PbO (10) and with the 3.05A reflection of 5PbO-2H20 
(relative intensi ty  I = 70) (15). It is thus impossible 
to differentiate these two compounds only by means 
of the x - ray  diffraction pattern.  The reflection with 
d = 2.95A coincides with the strongest line of PbO- 
PbSO4 (15), Pb203 (I : 90) (17). However, the re-  
main ing  strong lines of Pb2Oa, 3.03 (I = 70), 2.85 (40), 
2.31(80), and 1.78(50), do not occur in the diffraction 
pat terns of the electrodes, thus clearly indicating that 
this compound is not formed in the anodic deposit. 
Consequently the observed reflection with d = 2.95A 
should be assigned to PbO.PbSO4. 

On the basis of the x - r ay  data and of the electro- 
chemical behavior of the electrode the potential  range 
investigated can be divided into three regions accord- 
ing to the composition of the anodic layer: 

(A) Lead sulfate region: from --956 to --300 inv. 
The deposit is bui l t  up by PbSO4 crystals. 

(B) Lead oxide region: from --300 to about +900 
mv. Apart  from lead sulfate the deposit contains sub-  
stantial  amounts  of tetragonal  lead oxide. Minor 
amounts  of PbO.PbSO4, 3PbO.PbSO4.H20, and 5PbO- 
2H20 or PbO-or thorhombic  are also formed. At some 
potentials small  amounts  of orthorhombic a-PbO2 also 
occurs. In  previous electrochemical investigations 
(8, 9) it was established that the lead oxide region 
begins between --450 and --500 inv. The x - r ay  data 
yield a more positive value for the beginning of the 
second region. This difference is probably due to the 
lower sensit ivity of the x - r ay  diffraction technique. 

(C) Lead dioxide region. It lies at potentials more 
positive than +900 mv. However, the composition de- 
pends strongly on the oxidation potential  and changes 
with the oxidation time. The major  component  of the 
anodic layer  in this region is a-PbO2. Beta-PbO2 be-  
gins to form at potentials more positive than  +1200 
m v .  

The present exper imental  results show that  both 
tetragonal  PbO and a-PbO2 are formed in 1N H2SO4 
although it is known that these compounds originate 
in alkal ine media. Obviously the mechanism of the 
alkalinization of the lead electrode dur ing anodic oxi- 
dation must  be elucidated in order to explain this con- 
tradiction. 

Such a mechanism for the alkal inizat ion of the solu- 
t ion in  the near-electrode potential  was suggested in 
previous work (8). This mechanism is based on the 
hindered diffusion of SO42- in  the intercrysta l l ine  
spaces of PbSO4. 

The composition of the anodic layer depends not 
only on the oxidation potential  but  on the quant i ty  of 
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electricity passed at each potential  as well. Any  at-  
tempt to elucidate the mechanism of the processes 
which take place in the anodic oxidation of lead 
should take into account these two parameters.  
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The Influence of Ternary Alloying Additions 
on the Galvanic Behavior of Aluminum-Tin Alloys 

D. S. Keir, M. J. Pryor,* and P. R. Sperry 
Metals Research Laboratories, OLin Mathieson Chemical Corporation, New Haven, Connecticut 

ABSTRACT 

The effect of a series of t e rna ry  alloying additions on the galvanic be- 
havior of A1-Sn base alloys has been investigated. A group of soluble t e rnary  
elements including Bi, Zr, Mg, and Ag expands the a luminum lattice, sta- 
bilizes the A1-Sn solid solution and either mainta ins  or enhances the high 
galvanic currents  observed in an a luminum alloy-steel  couple in sodium 
chloride solution. A group of soluble t e rna ry  elements including Si, Zn, Cu, 
and Mn contracts the a luminum lattice, rejects t in  from solid solution, and 
markedly  decreases the galvanic current.  A group of comparat ively insoluble 
t e rnary  alloying additions including Co, Ni, Fe, and As has little effect on gal- 
vanic current  but  reduces the anodic efficiency of the AI-Sn  base alloy anodes. 

A previous study (1) of the galvanic corrosion char-  
acteristics of a luminum alloyed with group IV metals 
showed that  alloying a luminum with as little as 0.1% 
t in resulted in a major  change in corrosion and gal- 
vanic corrosion characteristics in chloride solutions. 
For instance, the corrosion potential  in 0.1N NaC1 
was debased from around --0.5 to --1.2 volts 1 while 
the cur ren t  in a galvanic couple with an equal  area 
of mild steel was enhanced by a factor of around fifty 
times. Other group IV alloying additions including 
germanium, silicon, t i tanium, and zirconium did not 
result  in a similar major  change in corrosion charac- 
teristics. 

The dramatic  effect of t in  as an al loying addition was 
a t t r ibuted to its abil i ty to enter  the surface oxide film 
a s  Sn 4+ ions thereby creating addi t ional  cation va-  
cancies. It was shown exper imental ly  that the a-c re-  
sistivity of the surface oxide film on the a l u m i n u m - t i n  
alloy in sodium chloride solution was almost two or- 
ders of magni tude  lower than that  of similar films on 
pure a luminum;  this effect was a t t r ibuted to lowered 
ionic resistance. 

The galvanic behavior  of dilute a l u m i n u m - t i n  alloys 
was not par t icular ly  reproducible unless the alloy cast- 
ings were subjected to a the rmal  t rea tment  designed 
to insure max imum retained solid solubili ty of t in  in 
a luminum.  This involved soaking the alloys at around 
620~ followed by  quenching in still water. This 

* Elec trochemica l  Soc ie ty  Act ive  M e m b e r .  
1 A l l  p o t e n t i a l s  i n  this  paper are e x p r e s s e d  on t h e  s t a n d a r d  h y -  

d r o g e n  scale.  

t rea tment  was effective because of the existence of a 
small  but  significant solubili ty loop in the a luminum 
t in  equi l ibr ium diagram at this temperature  where a 
ma x i mum of around 0.1% t in  may be dissolved (2, 3). 
When the ma x i mum amount  of t in  was retained in 
metastable solid solution by this homogenizing t rea t -  
ment, the corrosion potential  and a-c resistivity of the 
surface oxide film were debased to the ma x i mum de- 
gree, and galvanic current  output was maximized. A 
lower tempera ture  thermal  t rea tment  at 400~ re- 
sulted in precipitat ion of most of the t in  retained by 
homogenizing. Such precipitat ion treated (heterogen- 
ized) a l u m i n u m - t i n  alloys showed much more noble 
corrosion potentials, significantly higher film resistiv- 
ity, and greatly reduced galvanic corrosion currents.  
These results demonstrated that  t in  in the alloy could 
not pass effectively into the surface oxide unless it  was 
retained in solid solution. 

In  view of the foregoing, it was felt important  to 
determine the effects of t e rnary  alloying additions on 
the galvanic behavior  of a l u m i n u m - t i n  alloys. Such 
effects might well be related to the influence of the 
te rnary  alloying addition on the solid solubil i ty of t in 
in a luminum.  No information appears to exist on this 
point in  the l i tera ture  par t ly  because of the difficulty 
of s tudying changes in small  solid solubilities by con- 
vent ional  metal lurgical  methods. However, in the alu-  
m i n u m - t i n  system the measurement  of galvanic cur-  
rent  provides an accurate means of locating the phase 
boundary  (1). The part icular  t e rnary  alloying addi- 
tions investigated included iron, magnesium, bismuth,  
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zirconium, zinc, manganese,  copper, silver, nickel, 
arsenic, and cobalt. I ron and silicon were also invest i -  
gated both singly and in combination because these 
are common impurit ies in a luminum.  

Exper imenta l  and Results 
Material preparation.--Alloys were prepared from 

superpur i ty  (99.992%%) a luminum,  high-puri ty  tin, 
and h igh-pur i ty  elemental  te rnary  alloying additions. 
Ternary  alloys containing magnesium, bismuth, zirco- 
nium, zinc, manganese,  copper, silver, iron, nickel, ar-  
senic, and cobalt were prepared using a constant t in 
content  of 0.2 w/o (per cent by weight) .  The te rnary  
alloying additions were added in amounts  varying 
from 0.012% to approximately 1.0% depending on their 
solubili ty in a luminum.  The alloys were prepared as 
small  chill castings measur ing 1.25 x 1.4 x 10 cm using 
the technique described previously (1). The chemical 
compositions are given in Table I. Similar  castings of 
selected b inary  alloys were also prepared, Table II. 

A luminum- t in - i ron - s i l i con  alloys were likewise pre-  
pared from 99.992% pure a luminum with h igh-pur i ty  
iron, silicon, and t in as alloying additions. The nominal  
t in  content  of these alloys was 0.14 w/o. A variety of 
i ron and silicon contents of up to about 0.3 w/o  was 
investigated, Table III. The castings were prepared 
by the direct chill method. The ingots measured 7.5 x 
15 x 100 cm. The pouring temperature  of the melt  was 
720 ~ -+- 5~ with an init ial  drop rate of 7.5 cm/min  
dur ing the start-up,  being succeeded by a final constant 
drop rate of 11 cm/min.  The molten metal  head was 
held constant in the mold at a value of 6 cm. Gaseous 
chlorine at a flow rate of 2500 cc /min  was passed 
through each melt  from 8 to 13 min  before casting to 

Table I. Effects of minor alloying additions on galvanic 
characteristics AI-0.2% Sn alloy anode coupled to steel 

in 0.1N NaCI solution 

Cell  A n o d i c  
C o u l o m b s  p o t e n t i a l - v o l t s  efficiency,  

A l l o y  c o m p o s i t i o n  in  48 h r  (vs. H~} % 

AI-0.2% Sn  850, 930 --1.08 40 
A1-0.2% Sn-0.16% B i  1210, 1580 -- 1.16 52 
AI-0.2% S n - l . 1 0 %  M g  790, 1010 --1.09 54 
AI-0.18% Sn-0.094% Z r  790, 810 - 1.09 50 
AI-0.19% Sn-0.013% A g  970, 1040 - 1.09 48 
AI-0.17% Sn-0.021% Co 630, 900 - 1.07 52 
A1-0.19% Sn-0.076% Fe  800, 840 - 1 . 1 5  32 
AI-0.20% Sn-0.012% As  690, 690 --1.11 41 
A1-0.19% Sn-0.096% Ni  310, 370 --0.96 55 
A1-0.20% Sn-1.05% Z n  35 --0.74 67 
AI-0.18% Sn-0.10% Cu 30 --0.64 5g 
AI-0.20% Sn-0.84% Mn 25 --0.55 52 

Table II. Galvanic output of some high-purity binary alloys 
coupled to steel in 0.1N NaCI solution 

Alloy Coulombs in  48 h r  

AI  + 0.12% Sn  810, 831, 881 
A1 + 0.075% Bi  15, 17 
A1 + 0.17% Zr  (1) 4 , 6  
A1 + 0.083% As  6, 6 
A1 + 0.20% Si (1) 9, 44 
99.997% pu re  A1 (1) 20, 21 

Table Ill. Effects of iron and silicon content on galvanic 
characteristics of AI-0.14% Sn alloy anodes coupled 

to steel in 0.1N NaCI solution 

A l l o y  c o m p o s i t i o n  (w/o)  C o u l o m b s  A n o d i c  
S n  Fe  S i  in  48 h r  efficiency,  % 

0.13 0.003 0.002 810, 831, 881 61, 66, 62 
0.14 0.04 0.05 402, 440,550 61, 64, 56 
0.13 0.04 0.29 32, 36, 41 67, 64, 68 
0.14 0.066 0.13 135, 164, 148 62, 64, 64 
0.14 0.15 0.14 30, 45, 64 57, 56, 62 
0.14 0.19 0.065 406, 494, 511 38, 40, 40 
0.13 0.20 0.30 37, 40, 41 63, 63, 60 
0.14 0.27 0.14 130, 138, 124 37, 36, 34 
0.13 0.33 0.065 268, 279, 300 35, 34, 34 
0.14 0.34 0.31 36, 34, 79 60, 63, 58 

insure a low hydrogen level in the ingots. Each ingot 
was cut into 7.5 cm long sections for use in the galvanic 
corrosion studies. 

Thermal treatment ol castings.--All castings were 
homogenized to insure uniform distr ibution of t in  and 
of the other alloying additions. A homogenizing tem- 
perature of 620 ~ ~- 3~ was employed. Most alloys 
were held for 16 hr and were then quenched in still 
water. The alloys containing zinc, magnesium, and 
arsenic were homogenized fo r  a reduced time of 6 br 
in  order to minimize loss of volatile t e rnary  alloying 
additions. 

Experimental method.--Specimens were machined 
from the castings in the form of square rods having 
dimensions of 0.5 x 0.5 x 8.0 cm. In the galvanic ex-  
periments  only 5 cm of the rod (10 cm 2) were im-  
mersed in  the electrolyte. The machined specimens 
were degreased in benzene, etched in 1N NaOH for 5 
min, washed, dried in acetone, and exposed to dry air 
over phosphorus pentoxide for 24 hr and weighed. 

Mild steel cathodes had an area of 10 cm 2. Their  
chemical composition and method of preparat ion was 
described earlier (1). 

Galvanic couples of 10 cm 2 of the appropriate a lumi-  
num alloy coupled to 10 cm 2 of mild steel in 0.1N 
NaC1 at 25 ~ ~ 0.05~ were investigated using the 
cell and exper imental  method described earlier by 
two of the authors (4). Galvanic currents  and cell po- 
tentials were recorded continuously for 48 hr, the 
s tandard durat ion of all galvanic experiments  in this 
paper. After each exper iment  had been terminated 
the a luminum anode was freed from corrosion product 
by t rea tment  in 2% chromic-5% phosphoric acid at 
85~ after which it was rinsed, dried, and reweighed. 
The steel cathode was cleaned in  1:1 HC1 inhibited 
with 3% of rhodine 41, rinsed, dried, and reweighed. 
All steel cathodes were effectively protected against 
corrosion. 

Results.--The results of the galvanic experiments  on 
homogenized A1-Sn alloys containing a var ie ty  of 
t e rnary  alloying additions are shown in Table I. The 
exper imental  data include the numbers  of coulombs 
flowing in 48 hr, the closed-circuit cell potentials, and 
the anodic efficiencies. 

From Table I, only bismuth caused a major  increase 
(more than  50%) in  the galvanic corrosion current.  
A group of alloying additions comprising Mg, Ag, Zr, 
Co, and Fe, had little effect on the galvanic current  and 
cell potential, al though the iron addition caused a large 
drop in anodic efficiency. The remaining alloying addi-  
tions caused a reduct ion in galvanic current  together 
with an ennobling in cell potential  with the major  
effects s temming from the addition of Cu, Zn, or Mn. 
The closed-circuit  cell potentials for these three ele- 
ments are in the range obtained from homogenized 
b inary  A l - S n  alloys with t in  contents in  the range of 
0.04-0.06% (1). 

Table II shows the number  of coulombs flowing in 
galvanic couples with pure a luminum and selected 
binary alloys including tin. With the exception of tin, 
all other elements (Bi, Zr, As, and St) reduced gal- 
vanic output  in b inary  alloys. 

I ron and silicon are major  impurit ies found in com- 
mercial  grades of a luminum and, hence, were inves-  
tigated in more detail. Table III lists the galvanic data 
obtained from a range of homogenized A1-Sn alloys 
with varying  amounts  of i ron and silicon. 

The data from Table III are plotted in Fig. 1 and 2 
as the individual  effects of iron and silicon, at ap-  
proximately constant silicon and iron levels, respec- 
tively. It may be seen that increasing iron results in 
a modest decrease in galvanic current  together with 
decreasing efficiency as FeA13 accumulates in the alloy. 
Figure 3 shows that the cell potential  change is rela-  
t ively insensit ive to the presence of iron up to 0.2%. 
Alloying with silicon (Fig. 2) results in a major  de- 
crease in galvanic current  accompanied by a drastic 
displacement in cell potential  in the noble direction 
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(Fig. 3). Anodic efficiency increases slightly with in- 
creasing silicon content. 

Discussion 
It  was previously found that t in  in a luminum can 

enter  the surface a luminum oxide film only if it is 
ini t ia l ly dissolved in the a luminum solid solution. A 
te rnary  alloying or impur i ty  element could conceiv- 
ably modify the effect of t in  on the galvanic proper-  
ties in one of two ways: 

(i) it could also enter  the oxide and fur ther  change 
its defect structure, or 

(ii) it could affect the solid solubili ty of t in  in alu-  
m i num so that it influences the effectiveness of t in in 
an indirect  manner .  

If (i) was true, it would be expected that an element  
such as bismuth, which enhances the effect of t in  would 
increase the galvanic current  in  a b inary  alloy. Table 
II shows that this is not so. Furthermore,  it is well  
known that  b inary  zinc additions to a luminum shift 
the potential  in the active direction and yet  this ele- 
ment  annihi lates  the effect of t in  (Table I) .  Clearly 
te rnary  alloying effects in A1-Sn base alloys cannot 
be related to the influence of the te rnary  alloying ad-  
ditions themselves on the surface oxide films. 

Since (i) above is not a valid explanat ion of the re-  
sults in Tables I and III, the t in  solubili ty considera- 
tions outl ined in  (ii) can be examined. In  an earlier 
paper (1) it was demonstrated that only the t in  re-  
tained in solid solution in the alloy could enter  the 
surface oxide film and modify its conductivity. Tin  re-  
ta ined in an a l u m i n u m  solid solution is recognized as 
being a strong expander  of the FCC lattice wi th  the 
expansion being reported as -+-0.0045 A / w / o  of t in  in 
solution (2). This is a surpris ingly large effect which is 
comparable with the effect of magnes ium in also ex- 
panding the a luminum lattice (-}-0.0052 A/w/o) .  

Since t in  expands the a luminum lattice, it would ap- 
pear that it should be compatible with other solid solu- 
t ion elements which are also lattice expanders. By 
contrast, lattice contractors could well result  in the 
rejection of t in  from solid solution which would re-  
duce the galvanic corrosion cur ren t  and ennoble the 
potential of the alloy. Insoluble elements should have 
no effect on the solubili ty of tin, but  if present as elec- 
tronically conduct ing second phase particles should 
reduce anodic efficiency. 

The available data required to support or reject these 
contentions is summarized in Table IV (5-7). This 

Table IV. Solubility and lattice changes due to alloying aluminum 

Change in Goldschmidt 
Ele- Solubility in A1 lattice, atomic 
ment w/o at 600~ * A/w/o* radius A** 

S n  0 . i 0  + 0 . 0 0 4 5  1 ,58  

B i  0 .2  a t  6 5 7 ~  ~ 1 ,82  ] 
M g  3 .6  + 0 . 0 0 5 2  1 ,60  __] 

I 
Z r  0 . 1 5  ~ 1 . 6 0 - 1 . 6 1  | 
A g  17 .6  + 0 . 0 9 0 0 2  1 .44  I 

E x p a n d e r s  

A1 - -  ~ 1 .43  

C o  0 . 0 2  a t  6 5 7 ~  - -  1 . 2 5 - 1 . 2 6  | 
F e  0 . 0 2 5  ~ 1 . 2 6 - 1 . 2 8  l 

I 
As -- -- 1.25 [ 

! 
H i  0 . 0 2 8  ~ 1 .25  | 

L i m i t e d  
Solubility 

Z n  14 .6  - 0 . 0 0 0 3  1 .37  J 
C u  2 . 9 7  - -  0 . 0 0 2 2  1 .28  I 

Mn 1.03 --0.0033 1.12-1.Z~| I 
Si 1.00 --0.0017 1.17 I 

C o n t r a c t o r s  

* D a t a  f o r  s o l u b i l i t y  a t  6 0 0 ~  a n d  c h a n g e  i n  l a t t i c e  f r o m  r e f .  
( 5 ) ;  o t h e r  s o l u b i l i t y  d a t a  f r o m  r e f .  ( 6 ) .  

** D a t a  f r o m  r e f .  ( 7 ) .  
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table contains solubility limits at 600~ for the va-  
rious te rnary  elements 2 together with what  quant i ta -  
t ive information is available relative to their  effect in 
expanding or contracting the a luminum lattice (5). 
Complete information is not available on this point for 
all the t e rnary  elements;  in such cases, the Gold- 
schmidt atomic radius has been used (7). This number  
normalizes the atomic radius for a coordination n u m -  
ber of 12 which is applicable to a luminum.  Where lat-  
tice expansion or contraction data is also available, 
the agreement  between the values quoted and the 
Goldschmidt atomic radius is good. 

The elements in Table IV are organized into three 
groups, as follows: 

1. Elements which are soluble at the quant i ty  added 
and which expand the a luminum lattice. These include 
Bi, Mg, Zr, and Ag. 

2. Elements which are soluble at the quant i ty  added 
and which contract the a luminum lattice. These in-  
clude Zn, Cu, Mn, and Si. 

3. Elements which are insoluble at the quant i ty  
added. 

If the groupings in Table IV are compared with the 
electrochemical results in Tables I and III, an excel- 
lent  correlation is found to exist. The lattice expand-  
ers Bi, Zr, Mg, and Ag do not degrade the electro- 
chemical properties normal  to b inary  A1-0.2% Sn al- 
loys. Indeed the very large bismuth atom results in a 
major  enhancement  of galvanic cur ren t  and a fur ther  
debasement in cell potential. Silver slightly enhances 
the galvanic current,  whereas magnesium and zirco- 
n ium have essentially no effect on the electrochemical 
behavior. These results can be interpreted as meaning 
that the presence of t e rnary  lattice expanders either 
permits the b inary  solid solubili ty of t in  to be ma in -  
tained at around 0.11% or else, in the case of bismuth, 
to be enhanced. 

The lattice contractors, Zn, Cu, Mn, and Si, all have 
the opposite effect on galvanic characteristics. They 
reduce to a major  degree the galvanic corrosion cur-  
rent  and ennoble  the cell potential. The effect is great-  
est for manganese,  which, at the quant i ty  added, re- 
sults from Table IV in the largest total lattice contrac- 
tion. Clearly as the te rnary  element  contracts the 
a luminum lattice t in  is rejected from solid solution 
and the logical (1) reduction in galvanic corrosion 
current  results. Comparison with earlier work on bi-  
na ry  a l u m i n u m - t i n  alloys suggests that  in the t e rnary  
AI -Sn -Mn  system less than  0.05% t in is retained in 
solid solution. 

The insoluble elements, Co, Fe, As, and Ni, general ly 
have a small  effect on galvanic current .  Up to their 

In fo rma t ion  on arsenic  is not  available,  but  its solubil i ty should 
be v e r y  low. 

small solubili ty limits they are all lattice contractors 
(Table IV) so should slightly reduce galvanic current.  
This effect is in fact found in Table I with the greatest 
current  decrease being found with nickel which also 
has the largest solid solubility. As these elements are 
added over and above their solubil i ty limits, they form 
intermetal l ic  compounds. Since these are usual ly  good 
electronic conductors, they can act as good local ca- 
thodes and so can promote local action on the alloy 
anodes. Accordingly, the effect over and above the 
solid solubili ty l imit  is principally to reduce anodic 
efficiency without fur ther  affecting galvanic current.  
This effect is elucidated in Tables I and III and also in 
Fig. 1 for iron. 

The combined effect of silicon (a lattice contractor) 
and iron (an insoluble element)  is of greatest interest  
because these are common impurit ies in a luminum.  
The individual  effects of these elements are shown in 
Fig. 1 and 2. Their  combined effect is shown in Table 
III  which shows that the galvanic current  is controlled 
by the silicon content  and the anodic efficiency by the 
iron content. 

This work provides fur ther  support  of the conten-  
t ion that  only the t in retained in solid solution can en-  
ter the surface oxide film and modify its conductivity 
and through this means, the electrochemical behavior 
of the alloy. Accordingly, the effects of t e rnary  alloy 
additions follow closely the effects of these elements on 
the solid solubili ty of t in in a luminum.  
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Alloys in Hydrochloric Acid 
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ABSTRACT 

Commercially pure titanium and the alloys studied exhibited active to 
passive transitions in HCI. Increasing the acid concentration increased the 
critical current density for passivity and the dissolution current density in 
the passive range and shifted the critical potential for passivity in the noble 
direction. Increasing the temperature served only to increase the critical cur- 
rent density for passivity and the dissolution current density in the passive 
range. Activation energies for the anodic polarization process were the right 
order of magnitude for a reaction controlled by reactivity at the metal sur- 
face. For the a-/~ alloy 6AI-6V-2Sn the critical current density for passivity 
increased as the ratio of amounts of beta to alpha phase decreased with in- 
creasing strength level. The dissolution is accelerated probably, by the gal- 
vanic effects and the unfavorable area ratio. Ti 75A, a commercially pure 
metal, had a smaller critical current density for passivity value than did the 
alloys, which was expected. Secondary current density increases were ob- 
served for all the alloys at potentials above +l.0v. For the 13V-IICr-3A1 alloy 
such behavior was attributed to transpassivity. For the other alloys the phe- 
nomena was attributed to pitting or localized corrosion. The commercially 
pure metal remained passive in this potential range. The addition of Fe 3+ and 
Cu 2+ (0.03M) to the HCI facilitated passivation of the metal and its alloys. 
Pitting of several of the alloys occurred in HCI but not in H2SO4. 

The anodic behavior  in acid media of pure t i t an ium 
and t i t an ium alloyed with selected amounts  of noble 
elements has been reported by several investigators 
(1-7). Relatively few data on the anodic behavior of 
commercial t i t an ium alloys are available (8-10). 

In  previous work (8) the anodic behavior  of ~-p 
t i tan ium alloy 6A1-6V-2Sn was studied in sulfuric 
acid as a funct ion of temperature,  acid concentration, 
selected ion additions to the electrolyte, yield s trength 
level, and microstructure of the alloy. For comparison, 
commercial ly pure ~ t i t an ium and a ~ alloy containing 
13V-11Cr-3A1 were also studied. The present  invest i-  
gation extends this study to hydrochloric acid media, 
addit ional  commercially available t i t an ium alloys, and 
considers the directionali ty of the metal  specimen. 

Experimental Procedure 
The metal  and alloys studied were commercially 

pure a Ti75A in the annealed condition, a-/~ t i tan ium 
6A1-6V-2Sn heat- treated to strength levels of 140, 160, 
and 180 ksi, ;~ t i tan ium 13V-11Cr-3A1 in the as-re-  
ceived rail1 anneal  condition, ~-~ t i t an ium 8AI-IMo-IV 
in  both the single and duplex annealed condition, and 
annealed a-~ t i t an ium 6A1-4V alloy. 

The potential  sweep method of potentiostatic polari-  
zation (sometimes called potent iodynamic polarization) 
was used. The electrode potential  was cont inuously 
changed at a constant rate of 5000 m v / h r  (83.3 m y /  
min)  and current  s imultaneously recorded. A Wenking  
potentiostat  in conjunct ion with a motor  potent iometer  
for automatic programming of the operating potential  
and an x -y  recorder were employed to automatical ly 
record current  vs. voltage. The automatic potent ial  
sweep technique (as opposed to potent ial  step) yields 
the most reproducible results because of the high 
resolution offered by continuous recording. The critical 
potentials for passivity determined by the potential  
step method agree wi thin  _+10 mv of those obtained 
from the potential  sweep technique at the same tra-  
verse rate. The critical cur rent  densities for passivity 
are greater when  the potential  sweep technique is 
used. The polarization cell and general  procedure have 
been described previously (8). 

Polarization measurements were made in 5, 12, and 
20% hydrogen saturated hydrochloric acid electrolytes 

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

at temperatures  of 35, 50 and 65~ -+-I~ Repro- 
ducibi l i ty was wi thin  exper imenta l  error ( < 3 % ) .  

For the directionali ty studies cylindrical  specimens 
of 1 cm 2 surface area were machined both parallel  
( longitudinal)  and perpendicular  ( transverse) to the 
working direction. Because of the many  similarities in 
behavior, a number  of the polarization curves obtained 
are not presented. 

Results and Discussion 
Polarization of Ti-6A1-6V-2Sn 

El~ect of concentration o5 electrolyte.--Figure 1 
shows the anodic behavior  of Ti-6A1-6V-2Sn (180 ksi 
s trength level) at 65~ in 5, 12 and 20% HC1. In-  
creasing the acid concentrat ion increases the critical 
current  density for passivity or ma x i mum dissolution 
current  densi ty and the critical potential  for passivity 
is shifted in the noble direction. The dissolution cur-  
rent  densi ty in the passive range was highest in 20% 
HC1. The higher the value of the corrosion current  
in the passive state, the less stable the passive state. 
Similar  behavior was observed at other s t rength levels 
and temperatures  except at the lowest tempera ture  
(35~ where the curves were characterized by the 
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Fig. 1. Effect of concentration of HCI on polarization of 
Ti-6AI-6V-2Sn (180 ksi) at 65~ 
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Fig. 2. Arrhenius plot for Ti-6AI-6V-2Sn (180 ksi) in 20% HCI 

ex t remely  small  currents  required to passivate the 
alloy and the negligible extent  of their  act ive regions. 

Effect o~ t empera ture . - -The  crit ical  current  density 
for passivity for the alloy (140, 160, 180 ksi s t rength 
levels) in 5, 12, and 20% HC1 increases considerably 
as t empera tu re  is increased f rom 35 ~ to 60~ The cr i t i -  
cal potent ial  for passivi ty is unaffected. Figure  2 shows 
log critical current  densi ty for passivity plotted against 
the reciprocal  of absolute temperature .  The result  is 
a l inear  dependency which can be expressed by the 
Arrhenius  equat ion and an act ivat ion energy of 21 
kca l /mol  calculated. This act ivat ion energy is the r ight  
order of magni tude  for a reaction controlled by chemi-  
cal react ivi ty  at the surface ra ther  than a diffusion 
controlled reaction. 

Effect of s trength leve l . - -Anodic  polarizat ion curves 
for Ti-6A1-6V-2Sn at s t rength levels of 140, 160 and 
180 ksi in 20% HC1 at 65~ are shown in Fig. 3. The 
critical current  densi ty for passivi ty increases wi th  
increasing s t rength level. The dissolution current  den-  
sity in the passive range also increased at the h igher  
s t rength levels. The crit ical  passive potential  shifts in 
the more noble direction at the 180 ksi s t rength level. 
X- r ay  diffraction analysis showed that  the ~ phase 
content decreases from 36 to 23 to 17% with  a corre-  
sponding increase in ~ phase as the s t rength level  
increases from 140 to 160 to 180 ksi. It is probable 
that  the alloying additions in the al loy produce a sig- 
nificant potent ial  difference be tween the a and ~ phases 
which causes the re la t ive ly  high dissolution currents.  
The dissolution cur ren t  increases as the rat io  of 
amounts of fl to a phases decreases wi th  increasing 
s t rength level. Dissolution may be accelerated both by 
the galvanic effects and the unfavorable  area ratio. 
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Fig. 3. Effect of strength level on polarization of Ti-6AI-6V-2Sn 
in 20% HCI at 65~ 

*LI 

~0,R 

~0,7 -- 

,O.C. -- 

~ 0 .  - -  

- D ,  - -  

- O .  : 

- 0 , ~ -  

.D. ; Le.L-~-4---~ I 
8000 5000 

II 

II 

tJl 

3 
/ II 

0 0.03 M 

~, D.DO5 M 

o 0.0005 M 

o UNTREATED 

2ODD O 3ROD 6000 9DO0 

CURRENT DENSITY (~.~k/sq cm) 

Fig. 4. Effect of FeCl3 concentration on polarization of TI-6AI- 
6V-2Sn (180 ksi) in 20% HCI at 65~ 

Effect of Fe and Cu addit ions.--Fe 3 + and Cu 2 + were  
added to the HC1 electrolyte  in the form of FeC13 and 
CuSO4. Figure  4 shows the effect of the Fe addition on 
the polarization behavior  of Ti-6A1-6V-2Sn (180 ksi) 
in 20% HC1 at 65~ The critical current  density for 
passivity decreases wi th  increasing Fe concentrations. 
At  all concentrat ions of Fe  there  is some inhibit ion of 
the anodic reaction. At  the m a x i m u m  Fe concentrat ion 
(0.03M) the polarization current  density becomes 
negat ive and recrosses the zero current  to a positive 
value at some point in the passive range. According 
to Muel ler  (11) this behavior  indicates that  passivity 
is stable and a stable passive potent ial  exists. The 
lower value for the corrosion current  density in the 
passive range at the 0.03M Fe concentrat ion also indi-  
cates a more stable passive state. The electrochemical  
process associated with the cathodic currents  is prob-  
ably hydrogen ion reduction, par t icular ly  because the 
cathodic current  occurred at a potential  more  active 
than the hydrogen electrode value of the electrolyte.  
Similar  cathode currents  have been reported for other  
metals  by Greene et al. (12) and Myers et al. (13) 
who suggested they were  related to the chemical  re-  
duction of hydrogen ions. The effect of cupric ions on 
the polarization behavior  of the alloy in 20% HC1 at 
65~ is shown in Fig. 5. The Cu 2+ ion reduces the 
critical current  density for passivity. The reduct ion in- 
creases with increasing Cu 2+ concentration. At  0.03M 
concentrat ion the m a x i m u m  dissolution current  is ap- 
p rox imate ly  one- th i rd  that of the untreated solution. 
The Cu 2+ ion achieves greater  inhibit ion than the 
Fe 3+ ion. Cobb and Uhlig (4) and L e v y  (8) repor ted  
that  ferr ic and cupric ions are effective inhibitors for 
the corrosion of t i tanium and several  t i tanium alloys in 
other  acid media. 
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Fig. 6. Effect of HCI concentration on polarization of commer- 
cially pure Ti 75A at 65~ 

Polarization o] Commercially Pure Ti 75A 
Effect of concentration of HCl .~F igu re  6 shows 

anodic polarization curves for Ti 75A in 5, 12, and 20% 
HC1 at 65~ The m a x i m u m  dissolution current  den-  
sity increases with increasing HC1 concentration. The 
critical potential  for passivity is essentially the same 
in both 12 and 20% solutions. At the lowest HC1 
concentration, the curve is characterized by the negl i -  
gible extent  of the active region and a very small  cur-  
rent  is required to passivate the metal.  At a potential  
of + l . 5 v  different behavior  is observed in 5% HC1 
solution. A secondary active-passive t ransi t ion is ob- 
served. Although Levy (8) reported transpassive be-  
havior for Ti 13V-11Cr-3A1 in H~SO~, t ranspassivi ty 
has not been reported for commercially pure  t i tanium�9 
Why it should occur only in 5% HC1 is not understood. 
Perhaps it does not represent  t rue transpassive be-  
havior but  ra ther  is an artifact. 

Ef]ect of temperature.~Figure 7 shows the effect of 
tempera ture  on the polarization of the metal  in  20% 
HC1. Para l le l ing the effect of concentration, the crit i-  
cal current  density for passivity increases with in-  
creasing temperature.  The rate of increase corresponds 
to an activation energy of about 20 kcal/mol.  At 35~ 
even at the 20% acid concentration,  a relat ively small  
current  is required to passivate the metal. The dis- 
solution current  density in the passive range is of very 
low order of magni tude  at all  temperatures.  Of course, 
the lower the value of the corrosion current  in the 
passive state, the more stable the passive state. 

Effect o~ Fe~ + additions.--Figure 8 shows the effect 
of FeCls additions on the polarization behavior  of Ti 
75A in 20% HC1 at 65~ FeCla in concentrat ions of 
0.005 and 0.0005M accelerates anodic dissolution, 0.03M 
FeCls reduces the max imum dissolution current  den-  
sity slightly. At this concentrat ion cathodic current  
densities are observed in the passive range which in-  
dicates a more stable passive potential  exists. 

Polarization o~ Ti 8AI-IMo-IV 
Concentration o] H C l . ~ F i g u r e  9 shows anodic po- 

larization curves for the alloy as a function of HC1 
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Fig. 7. Effect of temperature on polarization of Ti 75A in 20% HCI 
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Fig, 9. Effect of concenhation of HCI on polarization of Ti-8AI- 
]Mo-IV (duplex annealed) at 65~ 

concentrat ion at 65~ The ma x i mum dissolution cur-  
rent  density increases with increasing concentration. 
The critical potent ial  for passivity remains  essentially 
the same. Note the negligible extent  of the active re- 
gion in 5% HC1 even at 65~ At potentials between 
+1�9 to +1.25v, depending on the concentration, a 
secondary anodic reaction occurred. Such behavior  is 
usual ly  a t t r ibuted to transpassivity.  However, pi t t ing 
occurred at these potentials indicat ing that  the reac- 
tion was not one involving general  dissolution or 
transpassivity.  

Effect of temperature.mFigure 10 shows anodic po- 
larization curves for the alloy in 20% HC1 as a func-  
tion of temperature.  The critical cur rent  densi ty for 
passivity increases with increasing tempera ture  at a 
rate corresponding to an activation energy of about 20 
kcal/mol.  At 65~ the passive state is less stable since 
the value for the dissolution current  density in the 
passive state is greater. There is no significant change 
in the critical potential  for passivity. Pi t t ing occurred 
at all temperatures  at potentials above + l . l v  where 
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Fig. 11. Effect of directionality on polarization of T i - 8 A I - ] M a - I V  
(duplex anneal) in 2 0 %  HCl at 65~ 

the current  density increased appreciably. The poten- 
tial at which pit t ing occurred varied with temperature.  

Effect of directionality.--The anodic behavior  of the 
alloy in both longi tudinal  and t ransverse directions in 
20% HC1 and 65~ is shown in Fig. 11. The m a x i m u m  
dissolution current  density for the specimen fabricated 
in the t ransverse direction (machined normal  to the 
working direction) was greater than  that  fabricated in 
the longi tudinal  direction (parallel  to the working di-  
rection).  Pi t t ing occurred in both t ransverse and 
longi tudinal  specimens bu t  at a more noble potential  
in the longi tudinal  specimen ( + l . 3 v  vs. -F0.9v). 

E~ect of heat-treatment.--The effect of hea t - t rea t -  
ment  on the polarization of Ti 8AI- IMo-IV in 20% 
HC1 at 65~ is shown in Fig. 12. The critical current  
density for passivity and the critical potential  for 
passivity are essentially the same for the alloy in the 
single and the duplex annealed condition. Localized 
corrosion (pitting) of the single and duplex an-  
nealed alloy occurred at potentials of -t-1.0 and -t-1.3v, 
respectively. 

Polarization o] Ti 13V-11Cr-3A1 
Effect of concentration of electrolyte.--Figure 13 

shows the polarization behavior  of the alloy in 5, 12, 
and 20% HC1 solutions at 65~ The critical current  
density for passivity increases wi th  the increasing HC1 
concentration, and the critical potent ial  for passivity 
shifts in the more noble direction. Al though not shown 
in Fig. 13, above -t-l.0v a secondary reaction was ob- 
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served at all HC1 concentrat ions and was characterized 
as transpassive behavior  due to the 11% chromium 
content  of the alloy. 

EfJect of temperature.--Figure 14 shows that  the 
critical current  densi ty for passivity increases with 
increasing temperature.  The activation energy for the 
polarization process (about 20 kcal /mol)  is the r ight  
order of magni tude  for a reaction controlled by chemi-  
cal reactivi ty at the surface The alloy exhibited t rans-  
passive behavior  at all temperatures  at potentials 
above fi- 1.0v (not shown).  

EfJect of Cu2+.--Figure 15 shows the effect of CuSO4 
on the polarization of Ti-13V-11Cr-3A1 in 20% HC1 at 
65~ Corrosion is accelerated by  the addit ion of CuSO4 
in concentrat ions of 0.005 and 0.0005M. The anodic 
reaction is markedly  stifled in 0.03M solution. Note the 
cathodic currents  in the passive range which indicate 
that  the passivity is stable. 

Polarization of Ti-6A1-4V 
E~ect of temperature.--The tempera ture  dependence 

of the anodic polarization process is shown in  Fig. 16. 
The critical current  densities for passivity and the 
dissolution current  densities in the passive range  in-  
crease with increasing temperature.  Again the activa- 
tion energy is the right order of the magni tude  for a 
chemical controlled reaction rather  than  diffusion 
controlled. Para l le l ing the effect of temperature,  in-  
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creasing the HC1 concentrat ion increased the critical 
current  for passivity. 

Comparison of Polarization Behavior of 
Titanium and Alloys 

The anodic behavior of commercially pure t i tan ium 
and several alloys in 20% HC1 at 65~ are compared in 
Fig. 17. Based on maximum dissolution current, ~-# 
Ti-6AI-6V-2Sn shows the least corrosion resistance 
followed by # Ti-13V-11Cr-3A1, a-# Ti-6AI-4V, ,-# 
8AI-IMo-IV (10%#), and a Ti75A, in order of in- 
creasing corrosion resistance. Since the anodic polari- 
zation process was shown to be controlled by reactions 
occurring at the surface, metal composition and struc- 
ture should achieve their greatest effect. Composition 
gradients in a metal create galvanic cells causing ac- 
celerated attack of anodic areas. A pure metal  or 
homogeneous single phase alloy, therefore, is usual ly  
more corrosion resistant  than  an impure  or mul t i -  
phase alloy which appears to be the case here. The 
critical potential  for passivity is essentially the same 
for the metal  and the  alloys which means that the 
alloying does not significantly al ter  the critical po- 
tential  for passivity. The dissolution current  densities 
in the passive range were of very low order of mag- 
ni tude for all alloys indicat ing stable passivity. The 
commercial ly pure Ti 75A remains passive throughout  
the potential  range (from --0.2 to +2.3v).  All the alloys 
exhibit  secondary reactions above potentials of + l .0v .  
The secondary reaction for the Ti-13V-IICr-~AI alloy 
(+ l . lv )  is attributed to transpassivity. In this region 
of potential, chromium becomes oxidized to its hex- 
avalent soluble state. The secondary current increase 
associated with the remaining alloys Ti-6AI-6V-2Sn, 
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Fig. 17. Comparison of polorizotion behovior of titonium ond 
olloys in 20% HCI ot 65~ 

Ti-6A1-4V, Ti-8AI-1Mo-IV is a t t r ibuted to localized 
corrosion or pitting. It should be noted here that the 
pi t t ing observed in HC1 solutions was not observed in 
H2SO4 solutions. 

Summary 

Commercial ly pure t i t an ium and the alloys studied 
exhibited active to passive t ransi t ions in HC1. Increas-  
ing the acid concentrat ion increased the critical cur-  
rent  density for passivity and the dissolution current  
density in the passive range and shifted the critical 
potential  for passivity in the noble direction. Increas- 
ing the tempera ture  served only to increase the critical 
cur rent  density for passivity. Activat ion energies for 
anodic dissolution in the active region were the right 
order of magni tude  for a reaction controlled by reac- 
t ivi ty  at the metal  surface. For  the a-# alloy 6AI-6V- 
2Sn the critical cur ren t  for passivity increased as the 
ratio of amounts  of beta to alpha phase decreased with 
increasing strength level. The dissolution is accelerated 
probably, by the galvanic effects and the unfavorable  
area ratio. Ti 75A, a commercial ly pure metal  had a 
smaller  critical current  for passivity value than  did 
the alloys, which was expected. Secondary current  
density increases were observed for all the alloys at 
potentials above + l .0v .  For the 13V-11Cr-3A1 alloy 
such behavior was at t r ibuted to transpassivity.  For  
the other alloys the phenomena was at t r ibuted to pit- 
t ing or localized corrosion. The commercially pure 
metal  remained passive in this potential  range. The 
addit ion of Fe3+ and Cu 2+ (0.03M) to the HC1 facil- 
itated passivation of the metal  and its alloys. Pi t t ing 
of several  of the alloys occurred in HC1 but  not in 
H2SO4. 

Manuscript  submit ted Ju ly  15, 1968; revised m a n u -  
script received Oct. 21, 1968. This paper was presented 
at the Chicago Meeting, Oct. 15-19, 1967, as Paper  
55. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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Two-Dimensional Nucleation in Electrocrystallization 
R. D. Armstrong and J. A. Harrison 

Department of Physical Chemistry, University of Newcastle upon Tyne, Newcastle upon Tyne, England 

ABSTRACT 

The t ransient  and steady-state responses of electrodes under  conditions 
where two-dimensional  nucleat ion is rate de termining are considered. 

The suggestion that  the formation of two-d imen-  
sional nuclei  was rate de termining in electrocrystal-  
lization was first made by Erdey-Gruz  and Volmer 
(1). This view was subsequent ly  not accorded much 
at tent ion since (i) no exper imental  evidence could be 
obtained to support  it, and (ii) it was thought by 
analogy with crystal growth from the vapor phase 
that the presence of large numbers  of screw disloca- 
tions in real surfaces would control the kinetics of 
electrocrystallization. More recently it has been dem- 
onstrated that two-dimensional  nucleat ion can be ex- 
per imental ly  observed in situations where the n u m b e r  
of dislocations is drastically reduced, e.g., the deposi- 
t ion of Ag on to Ag single crystals (2), the formation 
of anodic films on Hg and Hg amalgams (3-9), the 
deposition of Ni on to Hg (10), and the formation of 
a monomolecular  layer  of pyridine,  also on Hg (11). 

It is the purpose of this communicat ion to formulate 
the t ransient  and steady-state  responses of unbounded  
electrodes I under  conditions where two-dimensional  
nucleat ion occurs, and to consider the significance of 
the results. 

Potentiostatic Conditions 
For the formation of a single layer of a phase on an 

unbounded  electrode surface, the i-t t ransient  under  
potentiostatic conditions (where the rate constants V 
and A are t ime independent)  has been shown to be 
(3, 12) 

( nt3V2A ) 
i = qmoa ~V2At 2 exp [1] 

3 

for a nucleat ion rate (A) constant  in time, or 

i = qmon 2 ~V2Not exp (--  :tt2V 2 No) [2] 

for a fixed number  of nuclei  (No) formed at t = 0. 
The symbols are defined near  the end of the paper. 
[1] and [2] thus give the t ransient  and steady-state  
responses for the special case of the formation of a 
single layer. Exper imenta l ly  this si tuation often arises 
in the formation of anodic phases on mercury  elec- 
trodes, but  in general  the process will  not stop after 
the formation of the first layer. A derivat ion of the 
i-t t rans ient  for the formation of successive layers 
under  conditions of progressive nucleat ion has been 
at tempted by computer s imulat ion (3). A much sim- 
pler approach in which the dependence of the t r an -  
sient on the rate constants for successive layers can 
be seen more clearly is as follows. 

A patch of the n th layer  (dS,) formed at t ime u, 
will generate a current  due to the succeeding layer  at 
a t ime t given by 

din+1 = qmon 3fln+l(t - -  U) 2 exp [-- ~ n + l ( t ~  u)3JdSn 

so that  the total current  due to the formation of the 

1 T h e s e  a r e  taken to b e  e l e c t r o d e s  w h e r e  edge effects are negli- 
gible. 

(n + 1) layer is 

in+l -~ qmonJ: 3f ln+l( t - -  u) 2 

dS, 
exp [--r 3] du 

du 

--= fo e 3~n+1 (t - -  u) 2 exp [--t~n+ 1 (t -- u)3Jindu [3] 

Since il is known [lJ the current  contr ibut ions from 
successive layers can be evaluated by numerica l  inte-  
grat ion using a calculating machine. For the case where 
/h --~ 82 . . . .  t~n (which is the case expected for metal  
deposition) the result ing i-t t rans ient  with the com- 
ponent  layer currents  are shown in Fig. 1. It is ap- 
parent  that in the steady state the current  is constant 
and is the same magni tude  as the max imum current  
due to the first layer, i.e. 

i(t-> ao) ~ q  . . . .  (z~VZA)I/3 (2)2/~exp(--  2/3) [4] 

(obtained by differentiating [1]). 
Thus evidence for two-dimensional  nucleat ion can 

only be obtained at short times, by observation of the 
rising section and subsequent  damped oscillation of 
the current.  The i-t t ransient  for three dimensional  
nucleat ion when overlap effects are included (6) (Fig. 
2) differs significantly from that  for two-dimensional  
nucleat ion only in that  damped oscillations are not 
observed before the steady state is reached. It should 
be stressed however that the model used for the evalu- 
ation of the i-t  t rans ient  for three-dimensional  nu -  
cleation is somewhat unrealistic,  differing essentially 
from that  for two-dimensional  nucleat ion only in that  
it does not recognize the finite size of atoms. It is for 
this reason that  oscillations due to the formation of 
individual  atom layers are not predicted. We should 
general ly expect to observe three-dimensional  n u -  
cleation in deposition on to heterogeneous substrates 
where the spreading of a monomolecular  layer over 
the surface may be inhibited so that  the outward 
growth becomes comparable with the lateral  growth. 

Fig. 1. Current-time transient for the metal deposition case, 
together with currents for individual layers. 
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t 

| 
t �9 

Fig. 2. Current-time transient for three-dimensional nucleation, 
taking into account overlap. 

The present results extend the computer simulations 
(3) which were not taken to sufficiently long times 
to show the damping of the current  oscillations, and 
which also showed an artifact in that  the curves de- 
pended separately on V and A which is not substan-  
t iated by the present  analysis. 

The steady state i-E relationship is given by [4]. The 
prediction of the i-E curve demands a knowledge of 
the potential  dependence of V and A. The dependence 
on potentiaD would be expected to be the same as that  
of a normal  electrochemical rate constant, i.e. 

V = V , I = o  [ e x p ( , ~ z F ~ l  - - ~ ) z F ~  ~ ) - - e x p ( - - ( 1 R T  ) ] [ 5 ]  

provided that average potentials (7) are of significance 
in de termining the rate. 

The potential  dependence of A is of the form (1, 2, 
12) 

( c o n s t )  
A = const, exp [6] 

Neither [5] nor [6] can be regarded as proved al-  
though [6] has been in some measure substant iated 
(2). [In the earlier work (3-5) on the formation of 
anodic films on mercury  and mercury  amalgams the 
potent ial  dependence of V and A for individual  layers 
is obscured by ohmic overpotential  effects.] 

G a l v a n o s t a t i c  Condi t ions  
For the formation of a single layer  from No ins tan-  

taneously nucleated centers under  galvanostatic con- 
ditions V(t)  is given by  

Sex = No~ ( ft~ V ( t )d t )  2 [7] 

where 

S e x  = ~ In 1 - -  ~ [8] 
qmon 

[7] and [8] use the relationships given by Avrami  
(13). 

Solving [7] gives 

1 - i [ ( ~mon ) ]  -1 /2  

V(t) = 2(~No) 1/2 (qmon-- it) In qmon --  it 
[9] 

The form of V as a funct ion of t is given in Fig. 3. 
This has a m i n i m u m  at a t ime 

qmon (e 1/2-1) 
t = [10] 

,/.eZ/2 

If an exponent ial  dependence of V on ~l is assumed 
the corresponding ~-t relationship can be derived. 

For the growth of successive layers with a t ime 
dependent  rate of nucleat ion the t rans ient  condition 
cannot be solved. However the steady-state  i-E re la-  
t ionship for the metal  deposition case is again given 
by [4]. For a crude approximation to the nonsteady-  
state condition we can assume that  as one layer is 

2 It is important that ~/ is referred to the appropriate monolayer 
reversible potential (7). 
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Fig. 3. Dependence of the rate of advance of on edge (V) on 

time for instantaneous nucleation under galvanostatic conditions. 

A 

Fig. 4. Schematic Wt transients: A, metal deposition case; B, 
anodic film case. 1, double layer charging; 2, period of high 
nucleation rate; 3, steady state. 

completed the potential  rises to a high value for a 
short t ime to produce effectively Nn nuclei  ins tan tane-  
ously. The ~-t relationships are shown in Fig. 4, and 
such t rans ient  conditions have been observed for the 
electrodeposition of Ag on to Ag 2 (although on a 
bounded electrode, where the steady state given by 
[4] is not expected) and for the formation of calomel 
on Hg (14, 15). 

Diffusion Effects 
A situation which is very l ikely to arise in metal  

deposition is that  a t ranspor t  process either on the 
surface or in the solution procedes incorporation into 
the nucleus. A completely rigorous solution of the 
problem is difficult. However the problem can be 
simplified by calculating two l imit ing cases: (i) the 
diffusion zones are confined to individual  nuclei; and 
(ii) the diffusion zones have overlapped so that  only 
a concentrat ion gradient  at r ight  angles to the surface 
exists. 

Case ( i ) . - -The  calculation of the cur ren t - t ime  char-  
acteristic for the formation of a single layer  can be 
achieved by relaxing the condition that  V is t ime in-  
dependent.  The rate of advance of the radius is as- 
sumed to be controlled by hemicyl indrical  diffusion 
symmetr ical ly  about  an axis at right angles to the 2D 
nucleus. The exact solution for the simple growth of 
one nucleus has been given by F r a nk  (16). 

R (t) = S~/Dt  [11] 
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(C* -- C~ 
S is a constant  which depends on and 

p 
c a n  be obtained from equations or cal ibrat ion curves 
g i v e n  in  the paper. 

Application of the Avrami  theorem (13) gives 
analogues of [1], [2] 

i = qmon~S2D exp (--  ~S2DNot) [12] 

( -~S2DAt2 ) 
i = qmonnS2DAt exp [13] 

2 

The forms of [12] and [13] are shown in Fig. 5 
and 6. It is to be noted that the form of Fig. 6 
is the same as that  of Eq. [2] and exper imenta l ly  
indist inguishable from it. 

Case ( / / ) . - -This  l imit ing si tuation is l ikely to arise 
when a large number  of nuclei  are formed ini t ia l ly 
and the individual  diffusion zones soon disappear. 
When the growth is controlled by l inear  diffusion, 
with Nernst  equi l ibr ium only at the growing patches 
the cur ren t - t ime  curve can be calculated as for the 
adsorption of organic molecules (17, 18). The ex- 
pression assuming a l inear  isotherm is (19) 

i : z'A'C*D1/2~,/2t,/2 { ( z F A ' 2 C * ~ D ) (  RT / 

[ C*2DA'2t ( 2 z ,  ) ]  
exp m 2 exp RT 

erfc exp [14] 
m RT 

which is to be compared with the wel l -known situation 

i 

10 

0-25 O.5 t 
mS 

Fig. 5. Current-time transient for instantaneous two-dimensional 
nucleation with diffusion control. 

~S2Dqmon ~ 10ma cm - 2  
qmon ~ 1.0 mcoul cm - 2  
No = 10 o 
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Fig. 6, Current-time transient for progressive two-dimensional 
nucleation with diffusion control. 

qmon~S2DA ~ 107 ma cm - 2  sec - 1  
A ~ 106 sec- 1 
qmon ~ 1.0 mcoul cm - 2  

when the whole of the surface appears to be active to 
cations approaching the surface 

i = zFAC* 1 --  exp RT n 1/2 t 1/2 [15] 

C o n c l u s i o n s  

Since the steady-state response for metal  deposition 
under  conditions where the formation of two-d imen-  
sional nuclei  is rate determining has no remarkable  
features, evidence for 2D nucleat ion must  be obtained 
from t ransient  experiments.  An exact t ime dependent  
analysis is only possible under  potentiostatic condi- 
tions because two potential  dependent  parameters  are 
involved. 

Due to the presence of (i) a large number  of 
bounded areas and (ii) large numbers  of dislocations 
(possibly screw dislocations) which act as growth 
sites, in real  metall ic surfaces it may not be possible 
to observe the predicted i-t or ~-t oscillations even if 
2D nucleat ion occurs. However there are certain other 
indications that 2D nucleat ion and growth control the 
rate of metal  deposition, e.g., the successful predic- 
tion of change of orientat ion with potent ial  based 
upon the equi l ibr ium orientat ion of a 2D nucleus (20). 

Manuscript  received Oct. 22, 1968. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1969 
J O U R N A L .  

SYMBOLS 
A nucleat ion rate (cm -2 sec -1) 
A' area of the electrode (cm 2) 
C* concentrat ion in the bulk  of the solution (mole 

cm-3)  
C ~ concentrat ion at the surface (mole cm -3) 
D diffusion coefficient (cm 2 sec -1) 
i current  density (amp cm -2) 
i ,  current  density due to the n th layer 
m number  of moles in a monolayer  of area A' 
M molecular weight 
No number  of nuclei  formed ins tantaneously  (cm -2) 
l height of edge (cm) 

zFlp 
q m o , - - - - -  charge involved in the formation of a 

M 
monolayer  (coulombs cm -2) 

R Radius of center (cm) 
S,, fraction of area covered by n th layer 
Sex fraction of area with no account taken of overlap 
V rate of advance of an edge (cm sec -1) 
t u } t ime (sec) 

~Vn2An 
fin 

3 
crystallization or nucleat ion overpotential  (volts) 

p density (g ml  -z)  
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A New Cell for Electrochemical Studies at Elevated Temperatures: 
Design and Properties of a Cell Involving a Combination of 
Thorium Oxide-Yttrium Oxide and Zirconium Oxide-Calcium 

Oxide Electrolytes I 

Ju. D. Tretyakov 2 

Moscow State University, Moscow, U.S.S.R. 

and Arnulf Muan 

Department of Geochemistry and Mineralogy, The Pennsylvania State University, University Park, Pennsylvania 

ABSTRACT 

A "double-cell" involving a combination of ZrO2-CaO and ThO2-Y203 
solid electrolytes has been developed for emf measurements at elevated tem- 
peratures. The cell utilizes the desirable properties of the ZrO2-CaO electro- 
lyte at relatively high oxygen pressures and the desirable properties of the 
ThO2-Y203 electrolyte at very low oxygen pressures to make it operative over 
a considerably wider range of oxygen pressures than has been possible with 
previously described cells. 

Galvanic cells involving solid electrolytes with oxy-  
gen- ion conductivi ty are being used widely in invest i-  
gations of thermodynamic  and kinetic properties of 
materials at elevated temperatures  (1, 2). Such cells 
also have potential  applications as fuel cells (3). 

The most commonly used electrolyte is a solid solu- 
tion of zirconia and lime [85 m/o  (mole per cent) 
ZrO2, 15 m/o  CaO], which at moderately high tem-  
peratures (e.g., 700~176 is a practically pure  ionic 
conductor over a wide range of oxygen pressures 
(Po2). This electrolyte performs well  even at oxygen 
pressures above 1 atm. For instance, a p re l iminary  
investigation (4) has shown that  appreciable hole con- 
ductivi ty at 1000~ appears only if Po2 > 100 atm. 
However, the 85% ZrO2 15% CaO electrolyte is not 
suitable at very  low oxygen pressures because of the 
appearance of electronic conductivi ty according to the 
reaction 

Oo ~ 1/2 02 (g) + Vo" + 2e' [1] 

where Oo is an oxygen atom in a regular  oxygen site, 
Vo" is a doubly ionized oxygen vacancy, and e' is an 
excess electron. Applying the method of coulometric 
ti tration, Tretyakov (5) found that  the average value 
of the ionic t ransference number ,  }'i, 3 was _-->0.99 (and 
hence the average value of the electronic t ransference 
number ,  t-e, ~0.01) if 

1 C o n t r i b u t i o n  No.  67-80 f r o m  Col lege  of  E a r t h  a n d  M i n e r a l  Sci-  
ences ,  T h e  P e n n s y l v a n i a  S t a t e  U n i v e r s i t y ,  U n i v e r s i t y  P a r k ,  P a .  

"~ A t  t h e  t i m e  o f  t h i s  w o r k ,  D r .  T r e t y a k o v  w a s  a v i s i t i n g  s c i e n t i s t  
a t  t h e  P e n n s y l v a n i a  S t a t e  U n v e r s i t y  u n d e r  t h e  1967-1968 U.S .S .R . -  
U .S .A.  e x c h a n g e  s c h o l a r  p r o g r a m .  

a A c c o r d i n g  to W a g n e r  (6) 

y :  t'~ t~ d/to 
o p ] 

/zo ~ -- /to' 

w h e r e  t~ i s  t h e  t r u e  v a l u e  of  t h e  ion ic  t r a n s f e r e n c e  n u m b e r ,  a n d  
/~o' a n d  go" a r e  t h e  o x y g e n  c h e m i c a l  p o t e n t i a l s  o n  t h e  t w o  s ides  
o f  t h e  s o l i d  e l e c t r o l y t e .  

60.5 �9 103 
log10 Po2 >---- " q- 23.5 [2] 

T 

Thor ia-yt t r ia  solid solutions (with 5-10 m/o  Y203) 
(7, 8) have been found to be a more satisfactory elec- 
trolyte than ZrO2-CaO at very low oxygen pressures. 
However, the ThO2-Y208 electrolyte has the serious 
disadvantage of developing a significant hole con- 
duct ivi ty at moderate oxygen pressures. This hole 
conductivi ty has been shown (9) to be strongly tem- 
perature  dependent.  

The present work has two main  objectives: (a) to 
design a galvanic cell which combines the desirable 
properties of the ThO~-Y2Oa electrolyte at very low 
oxygen pressures and the desirable properties of the 
ZrO2-CaO electrolyte at relat ively high oxygen pres- 
sures; (b) to determine the conditions of appearance 
of electronic conductivi ty in the ThO2-Y203 electrolyte 
of this cell as a function of temperature .  

Description of the Cell 
The design of the cell is shown schematically in 

Fig. 1. The feature of main  interest  is the two con- 
centric, impervious tubes, an outer 85 m/o  ZrO2 15 
m/o  CaO tube 4 and an inner  92 m/o  ThO2 8 m/o  Y203 
tube, 4 each closed in one end. The two tubes separate 
the electrode to be investigated, located inside the 
inner  tube, f rom the reference electrode, located out-  
side the outer tube, allowing only t ranspor t  of oxygen 
ions through the double electrolyte. In  the space be- 
tween the two electrolyte tubes there is a part ial ly 
oxidized Co strip which acts as a buffer, keeping the 

T h e  t u b e s  w e r e  m a n u f a c t u r e d  b y  t h e  Z i r c o n i u m  C o r p o r a t i o n  of  
A m e r i c a .  T h e  d i m e n s i o n s  a n d  i m p u r i t y  l eve l s  of  t h e  t u b e s  ( in w t .  
%) a r e  a p p r o x i m a t e l y  as  f o l l o w s :  Z rO~-CaO t u b e  (12 ~ long,  1/2" 
O.D. ,  a/s~ I . D . ) :  A l u m i n u m ,  0 .09%;  I r o n ,  0 .07%; M a g n e s i u m ,  0.15%; 
T i t a n i u m ,  0.07%; Si l icon,  0.29%. ThO~-Y~O~ t u b e  (12 ~ long,  3/a ~ 
O.D. ,  9/32 ~ I . D . ) :  A l u m i n u m ,  0.02%; Boron ,  0 .002%; C a l c i u m ,  
0 .001%; Coba l t ,  0 .003%; C o p p e r ,  0 .002%; I r o n ,  0 .03%; M a g n e s i u m ,  
0.005%; M o l y b d e n u m ,  0.001%; N i c k e l ,  0 .001%; P o t a s s i u m ,  0.001%; 
S i l i c o n ,  0.06%; S o d i u m ,  0.003%. 
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RODE 

t ha i -wound  microfurnace (15 m m  ID, 150 mm long) 
wi th  low heat capacity. The EMF of the cell is mea-  
sured with  a Guildl ine 9160-1 potent iometer  assembly, 
which includes a nar row ga lvanometer  combined with 
a photocell  amplifier. 

ING 

SILICON1 

N2--~ 

Fig. 1. Schematic diagram showing main features of new cell 
combining ThO2-Y203 and ZrO2-CaO electrolytes for electrochem- 
ical studies at elevated temperatures (compare text). 

oxygen pressure in this space equal  to that  of the 
Co/CoO equi l ibr ium at a given temperature .  The rest 
of the space be tween the tubes is filled with  ni trogen 
gas, and the two tubes are  at tached to each other  with 
a gas- t ight  silicone rubber  seal which is indifferent to 
the gaseous phase up to 200~ The same sealing tech-  
nique is used to at tach the ThO2-Y203 tube to the 
ground-glass  joint  at the lower end of the  apparatus. 

The mater ia l  to be invest igated is contained in a 
small p la t inum basket (~7  mm OD, ~15 mm long) 
near  the closed end of the ThO2-Y203 tube. A silica- 
glass capi l lary tube occupies the major  part  of the 
remaining volume inside the ThO2-Y203 tube. The 
remaining,  free vo lume inside the ThO2-Y203 tube is 
small and accurately  known [the method of precise 
determinat ion  of free vo lume of such a chamber  has 
been described e lsewhere  (10)]. The tip of the inner 
surface of the ThO2-Y2Oa tube, as well  as the outer 
surface of the tip of the ZrO2-CaO tube, is coated with  
a porous p la t inum film. Good contact is ensured be- 
tween the specimen-containing pla t inum basket and 
the ThO2-Y203 electrolyte  by means of a spring at the 
lower end of the apparatus. This spring exerts  pressure 
on the silica-glass capi l lary tube inside the ThO2-Y203 
tube. A pla t inum wire  at tached to the specimen-con-  
taining basket goes through the silica-glass capi l lary 
tube, through the male part  of the ground-glass  joint  
(silicone rubber  sealing),  and to a very  sensitive po- 
tentiometer.  The reference electrode consists of plat i -  
num gauze in contact wi th  air (Po2 : 0.21 atm) and 
wired firmly to the p la t inum film at the outer surface 
of the tip of the ZrO~-CaO tube. A p la t inum lead wire  
is at tached to the p la t inum gauze. The wire  as wel l  as 
the P t -P t  10% Rh thermocouple  wires used to measure  
tempera ture  are insulated from the electrolyte  by 
alumina capi l lary tubes. The cell is heated by a K a n -  

Experimental  Procedures Used in Testing 
the Performance of the Cell 

The p la t inum basket wi th  the mater ia l  to be in-  
vest igated is introduced into the ThO2-Y20~ tube. The 
lat ter  is evacuated,  heated to 50~176 and filled with 
ni t rogen at pressure sl ightly in excess of 1 atm. The 
ThO2-Y203 tube is then closed by turn ing  the glass 
graded seal, and the cell is heated to the m ax imum 
tempera ture  of the exper iment  (in the present  case 
usually l l00~ In order  to mainta in  the electrolyte  
tubes impervious as long as possible, it is important  
to change the tempera ture  of the cell s lowly - - in  no 
exper iments  did the rate of heat ing or cooling exceed 
300~ 

The emf's of the fol lowing cells were  measured in 
order to check the per formance  of the apparatus under  
various exper imenta l  conditions: 

air  (Po2 = 0.21 arm)IPtIThO~(Y20~) I 

ZrO2(CaO) IPtlair (Po2 = 0.21 atm) (A) 

O., (Po2 = 1 atm) IPtlThO~ (Y203) ] 

ZrO2(CaO) IPtlair (Po2 = 0.21 atm) (B) 

Fe ,Fe l -xOIPt  IThO2 (Y203) I 

ZrO2(CaO) IPtlair (Po2 -- 0.21 atm) (C) 

Mn,MnOIPtlThO2 (Y20~) I 

ZrO2(CaO) IPtlair  (Po2 ~ 0.21atm) (D) 

The electrode Fe ,Fe l -xO was prepared by sintering a 
pellet ized mix tu re  of h igh-pur i ty  meta l  and Fe20~ 
(molar  ratio 4: 1) in an evacuated and sealed silica 
tube at 1000~ for 24 hr. The electrode Mn,MnO was 
prepared by sintering a pressed mix ture  of Mn metal  
and Mn304 (molar  ratio 5: 1) in an a lumina container 
in a ni trogen atmosphere  at l l00~ for 24 hr. Mea- 
surements  of the emf's of the cells were  made over 
the t empera tu re  range 700~176 

Results of these measurements  for the four cells 
are shown in Fig. 2. The results presented are typical  of 
the more extens ive  sets of data which were  obtained;  
for sake of c lar i ty  the number  shown has been re -  
duced. Cell (A) produces the emf  of zero • mv 
over  the ent ire  t empera ture  range, showing that there  
is pract ical ly no emf developed in our apparatus in 
addition to that  created by the different oxygen po- 
tentials on the two sides of the double solid electrolyte  
according to the equation 

1 ~o" 
E = t~ d~o [4] 

2F .o' 

where  F is Faraday 's  number,  t~ is the t ransference 
number  of oxygen ions, and ~o' and ~,o" are the  oxygen 
potentials on the inner  surface of the ThO2-Y203 elec- 
t rolyte  and on the outer  surface of the ZrO2-CaO elec- 
trolyte,  respectively.  The emf  of cell (B) is in good 
agreement  (deviations ~ 0.7 mv)  with  the value 
calculated from Eq. [4], assuming ti ---- 1, i.e. E 
1/2F (~o" -- ~o') = R T / 4 F  in Po2"/P02'. This is re -  
markable,  in v iew of the fact that  a ThO2-Y203 solid 
electrolyte,  when  used alone, has considerable hole 
conduct ivi ty  under  similar  conditions. For instance, 
Wimmer,  Bidwell,  and Tallan (9) have shown that  
in the cell 

O~(P02 = 0.08 atm)IPtlThO2(Y203)IPtlO2(P02 = 1 atm) 

the average ionic t ransference number  is as low as 
~0.7, independent ly  of t empera ture  in the range of 
900~176 
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Fig. 2. Experimentally determined emf values as a function of 
temperature for cells "A," "B," "C," and "D" as described in the 
text. 

In  the double solid electrolyte shown in Fig. 1, 
practically pure ionic conductivi ty is main ta ined  also 
at low oxygen pressures. Thus, the Gibbs free ener-  
gies aG ~ for the reaction Me -4- 1/2 02 = MeO (M = 
Fe,Mn) calculated from the emf's of cells (C) and 
(D) are in good agreement  with the data of Chipman 
(11) and of Coughlin (12). 

Determination o:f Conditions for Occurrence of 
Electronic Conductivity in the ThOz-Y203 

Electrolyte o] the Present Cell 
Theoretical background.--The occurrence of elec- 

tronic conductivi ty at low oxygen pressures, and its 
pressure dependence according to 

[e'] ---- K'  Po2 -1/4 [5] 

are to be expected on the basis of reaction [1] (see 
p. 331). The corresponding mass-act ion expression is 

Po~l/2[Vo ' ' ]  [e'] 2 = K [6] 

For  the ThO2-Y20~ electrolyte, [Vo"] ---- 1/2[Y'wh] = 
Y 2 0 3 t o t a l  ~ constant. The ionic t ransference number  
may be wr i t ten  

r 1 
~i = - -  = [7] 

~ + Ce 1 + K"[e']  

assuming that  electronic conduction ee is proport ional  
to [e']. Inser t ing Eq. [5] into Eq. [7], one obtains 

1 
t~ = [8] 

1 + (Po2*/Po2)l/4 

where Po2* = (K' �9 K") 4. I t  is seen from Eq. [8] that 
Po2* is the oxygen pressure which corresponds to t~ 
= 0.5. Inser t ing Eq. [8] into Eq. [4] and taking into 
account that  go = go ~ + RT In Po21/2, one obtains (3) 
the following expression 

RT (Po~*) 1/4 + (Po2") 1/4 
E = in  [9] 

F (P02*) 1/4 + (P02,) TM 

If P02' < <  P02* < <  P02", Eq. [9] yields the expression 

Po2* = Poe" exp RT [10] 
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where Es is the potential  of a galvanic cell in which 
the equi l ibr ium oxygen pressure on one side of the 
solid electrolyte is determined by the self-dissociation 
of the electrolyte (Po2* > >  Po2"), leading to the oc- 
currence of electronic conductivity.  

ExperimentaL--The method of coulometric t i t rat ion 
was used in the present investigation to measure Es 
over a wide tempera ture  range. In  cell (A) (see p. 
332) oxygen was removed from the inner  compar tment  
of the ThO2-Y20~ tube by the application of a suit-  
able externa l  voltage. The t i t ra t ion cur ren t  varied be-  
tween 0.2 and 2 ma, and every charge consisted of 
0.5-1 coulomb. After  every charge, the external  Cir- 
cuit was disconnected, and the emf was measured. 
High and very  unstable  emf values, result ing from 
polarization of the electrolyte, were followed by stable 
emf values corresponding to equi l ibr ium states of the 
system. One of the curves showing emf as a function 
of charge at 900~ is presented in Fig. 3. It is seen 
that the emf increases dur ing the ini t ial  stage of the 
coulometric t i t ra t ion and then reaches a practically 
constant  value. Results of the de terminat ion  of the 
free volume of the inside of the cell show that  the 
t i t rat ion curves of Fig. 3 are consistent with a com- 
plete removal  of the oxygen which was originally 
present  in this compar tment  of the cell. If the solid 
electrolyte is stable under  similar conditions and is 
impervious to oxygen, the curve emf = ] (q)  would 
go toward infinity. Stabi l i ty  of the max imum emf 
value proves gas-tightness of the solid electrolyte tube. 
The stable, fixed p la teau-va lue  of the emf results from 
proper dissociation of the ThO2-Y203 electrolyte, i.e. 
emf ~ Es in Eq. [10]. The results  of the determinat ion 
of Es as a funct ion of temperature,  as shown in Fig. 4, 
can be expressed by the following equation: 

Es(V) = 2.87 - -  7 �9 10 -4 T ( _  0.02, 1000~176 

From this equation and Eq. [10] it follows that  for 
the ThO2-Y203 electrolyte 

56.25. l0 g 
log10 Po2* -F 13.36 (I000~176 [11] 

T 

Assuming that the range of applicability of the ThO2- 
Y203 electrolyte is limited by the oxygen-pressure 
range in which the average value of the ionic trans- 
ference number ti is ~ 0.99, and taking into account 
the analysis of Vetcher (14), one obtains 

56.25 �9 108 
log10 Po2** -- -4- 17.36 (1000~176 [12] 

T 

where Po2** is the mi n i mum value of the oxygen pres-  

2.0 

1,0 

0,5 

n n n n 

CHARGE (COULOMBS~ 

Fig. 3. Experimentally determined coulametric titration curve 
for cell "A" (compare text). 
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Fig. 4. Experimentally determined values of Es as a function of 
temperature for ThO2-g203 electrolyte of the present cell (com- 
pare text). 

sure for which electron t ransport  in the solid elec- 
trolyte causes an error in the determinat ion of the 
thermodynamic  emf not exceeding 1% (the usual  
l imit of accuracy in such measurements) .  

General Considerations and Conclusions 
In applying the ThO2-Y203 solid solution as elec- 

trolyte in galvanic cells, one must  take into account 
that direct contact between the electrolyte and the 
electrode to be investigated may result  in considerable 
decrease of the emf because of polarization effects 
(15), surface contamination,  oxidation of the elec- 
trode, or reaction between the electrolyte and the ad- 
jacent  solid phases. Hence, it would be more correct 
to consider Eq. [11] as the condition of applicabili ty 
of the ThO2-Y203 solid electrolyte only if there is 

no direct contact between the electrolyte and the solid 
phases of the electrodes, i.e. if equi l ibr ium between 
electrolyte and solid phases is established through 
the gas phase only. 
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Studies of Electrooxidation of Dextrose in Neutral Media 
M. L. B. Rao 1 and Roger F. Drake* 

Monsanto Research Corporation, Boston Laboratory, Everett, Massachusetts 

ABSTRACT 

Eleetrooxidation of dextrose on platinized p la t inum electrodes has been 
studied in phosphate buffer at pH 7.4. Rest potentials are in terpreted as 
mixed potentials. Galvanostatic curves have been observed to exhibit  oscil- 
latory voltage behavior. In  the range of potentials investigated gluconic acid 
is observed as the reaction product and is found to inhibi t  oxidation of 
dextrose due to adsorption on the electrode surface. From the measurements  
of the adsorption characteristics of the acid, the oscillatory voltage behavior 
of the galvanostatic curves have been ascribed to kinetic effects of formation 
of the product and the potential  dependence of its adsorption. 

Anode-cathode couples based on redox components  
of the blood are under  investigation in a program to 
study the feasibili ty of an implantable  fuel cell for an 
artificial heart  (1). The possibility of uti l izing the 
dextrose in blood as fuel for this purpose is contem- 
plated. Therefore, tests are carried out at the blood 
pH of 7.4. 

Li terature  on the electrochemistry of dextrose is 
limited. Polarographic reduction of the carbohydrate  
was treated by Delahay and Strassner (2). Bockris, 
Piersma, and Gileadi (3) reported electrooxidation of 
dextrose in aqueous alkali at high temperature.  Men- 
tion is made of dextrose oxidation in acid media by 
Bagotsky and Vasilyev (4). In  contrast to previous 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  P. R. M a l l o r y ,  Inc . ,  L a b o r a t o r y  f o r  P h y s i c a l  

Sc ience ,  N o r t h  West Industr ial  P a r k ,  B u r l i n g t o n ,  Mass .  

investigations, this paper is devoted exclusively to a 
detailed analysis of the electrooxidation of dextrose 
in neut ra l  media. 

Experimental 
Electrodes.--The working electrode is a 3 cm 2 plat-  

inized p la t inum sheet spot welded to a p la t inum wire, 
which is embedded in a glass tube. Before platinizing, 
the electrode surface is cleaned in concentrated nitr ic 
acid and flamed. It is then platinized at 10-20 ma /cm 2 
for 10-20 min  in a H2PtC16 plat inizing solution. 

The counter  electrode is a platinized p la t inum gauze 
of apparent  area 10 cm 2. 

A standard calomel electrode (SCE), immersed in 
the electrolyte through a Luggin capillary situated 
at the working electrode, serves as the reference for 
the measurement  of potential.  
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Electrolyte and cell.--Reagent grade chemicals and 
distilled water  are used to prepare the solutions. The 
electrolyte is a 1M phosphate buffer (19.85g K2HPO4, 
22g Na2HPO4.12H40, and 29g NaC1 per liter) of pH 
7.4. Known amounts  of dextrose or gluconic acid or 
both are added to the electrolyte as required. Meas- 
urements  are carried out at room tempera ture  em- 
ploying freshly deaerated solutions. An H-type  cell 
with a fine sintered glass frit  separating the two 
compartments  is used in the experiments.  

Measuring procedure and equipment.--The rest 
potential  of the working electrode is first determined 
in the deaerated dextrose solution. The electrode is 
then set at the value of the rest potential  by means of 
a potentiostat. At predetermined time intervals,  the 
potentiostat  circuit is switched off and a constant  
anodic current  is passed by means of a galvanostatic 
circuit and a mercury  wetted relay switch. On ap- 
plication of the galvanostatic current ,  the working 
electrode assumes more positive values. When the 
electrode potential  exhibits a point  of inflection in 
the range of 0 to +0.25v (vs. SCE), the galvano- 
static current  is switched off, and the electrode is re-  
turned to the control of the potentiostat. Between 
measurements,  the electrolyte is stirred by bubbl ing 
ni t rogen for 40 sec. When the gas is tu rned  of[, an 
additional 60 sec is allowed to obtain min imum turbu-  
lence. The galvanostatic pulse is again applied, and 
the sequence of operation is repeated for fur ther  
measurements.  In the absence of the potentiostatic 
circuit, it is observed that  the decay of the electrode 
potential  subsequent  to anodization to the ini t ia l ly 
observed rest potential  is slow and is not reproducible, 
possibly due to formation of p la t inum oxides or sorp- 
tion of the reaction product. By util izing the potentio- 
static circuit, either the reduction of p la t inum oxide 
or the desorption of the product is accomplished, and 
thus reproducible surface conditions are established. 

A 610A Kei th ley  Electrometer,  Wenking Potent io-  
stat, Tektronix Oscilloscope Model 545 with Type-L 
P lug- in  unit ,  a strip chart  recorder, 6200-B Harr ison 
D.C. power supply, and a mercury  relay (Potter  & 
Brumfield JMI-121-11) are used in the experiment.  
The circui try is conventional.  

Product analysis.--In order to determine the prod- 
uct, anodization is carried out at constant  current  
employing small  volumes of 0.5M dextrose solution 
and a large area working electrode. The potential  of 
the electrolysis is restricted to < + 0 . 2 v  (vs. SCE). 
The spent solution is analyzed for products by th in  
layer  chromatography. 

Results 
Open-circuit behavior of dextrose half-cell.--On 

bright p la t inum electrodes immersed in a 0.01-0.5M 
dextrose solution in the deaerated electrolyte, the rest 
potential  is in the range of --0.1 ___ 0.05v. Plat inized 
p la t inum electrodes, however, at tain rest potentials 
of --0.65 • 0.05v. Exper iments  reveal that the rest 
potential  of the electrode is sensitive to the previous 
history of the electrode and impuri t ies  in the solution. 
This behavior is i l lustrated from data in Table I. 

Dextrose oxidation.--Typical galvanostatic curves 
observed dur ing the anodization of platinized p la t inum 
electrodes in 0.SM dextrose solution in the saline 
phosphate buffer are i l lustrated in Fig. 1. Curves 1 
through 5 are for apparent  current  densities 4.26, 3.26, 
2.6, 1.86, 1.3, and 0.66 ma/cm~. The roughness factor 
of the electrode as determined by electrochemical 
hydrogen coverage is in  the range of 80-150. 

The total  coulombic charge required to reach the 
point of inflection A in Fig. 1 varies with current  
density and is quant i ta t ive ly  represented in Fig. 2, 
curve 1. Voltage oscillations are observed in the cur-  
rent  density region 2.6-1.3 ma / cm 2. At current  densi-  
ties of 0.66 ma /cm 2, voltage oscillations are not ob- 
served except just  prior to occurrence of the point of 
inflection (cf. Fig. 1, curve 5). 

Table I. Open-circuit potential established on platinized-platinum 
electrode in 0.bM dextrose solution in phosphate buffer (pH ~ 7.4) 

Observed open-circuit  
potential  (volts 

E x p e r i m e n t a l  c o n d i t i o n  v s .  calomel)  

J u s t  a f t e r  i m m e r s i o n  of t h e  e l e c t r o d e  in  the 
s o l u t i o n  -- 0.56 

S o l u t i o n  d e a e r a t e d  w i t h  N.~ fo r  20 r a in  - -0 .65 • 0.05 
Subsequent  to s u b j e c t i n g  to c a t h o d i c  pu l s e  

at 1 m a  fo r  2 m i n  --0.66 
S u b s e q u e n t  to  s u b j e c t i n g  to  a n o d i c  p u l s e  

a t  10 m a  f o r  1 m i n  + 0 . 1 b y  
3 r a i n  a f t e r  t h e  a n o d i c  pu l s e  - -0 .55 
20 m i n  after the a n o d i c  pu l s e  - 0 . 6 5  • 0.05 
On  s t i r r i n g  t h e  so lu t i on  b y  i n t r o d u c i n g  a i r  --0.1 
U n s t i r r e d  so lu t i on  s a t u r a t e d  w i t h  a i r  --0.56 
E l e c t r o d e  p o t e n t i a l  s u b s e q u e n t  to  potentio-  

stating at - -0 .66v  ( p o t e n t i o s t a t  r e q u i r e s  
• <0 .01  m a  to m a i n t a i n  t h e  po t en t i a l )  --0.66 

In  order to unders tand  the dextrose oxidation be-  
havior, fur ther  experiments  were carried out in the 
electrolyte solution containing 0.01, 0.05, 0.10M of the 
active material.  The na ture  of the galvanostatic curves 
obtained in these experiments was similar to those 
represented in Fig. 1. However, at lower concentra-  
tions of dextrose, no oscillatory behavior was ob- 
served. 

Considering the t ime (t or ~) required to at tain the 
t ransi t ion point A as the te rminat ion  of oxidation of 
dextrose, the data are analyzed for constancy in it and 
iT1/2/C, as in the measurement  of coulometric adsorp- 
tion coverage and in chronopotentiometry,  respec- 
tively. The results indicate that  nei ther  it nor  iT 1/2 is 
constant. 
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Fig. I. Nature of dextrose curves. Curves 1 to 5 are for current 
densities 4.26, 3.26, 2.6, 1.86, 1.3, and 0.66 ma/cm 2, respectively. 
Electrolyte: 0.bM dextrose in phosphate buffer (pH ~ 7.4); elec- 
trode: (Roughness factor 150). 
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Fig. 2. Effect of gluconic acid on oxidation of dextrose. Curve 
1, 0.SM dextrose in phosphate buffer. Curves 2, 3, and 4 ore for 
0.bM dextrose in phosphate buffer solution with 10-4M, 10-2M, 
and 10-1M gluconic acid, respectively. 
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Under  exper imental  conditions gluconic acid is ob- 
served as the product of dextrose electrooxidation. 
St i r r ing as well as increasing the tempera ture  of the 
solution favors the requi rement  of higher charge 
coulombs to at tain the t ransi t ion point A in the gal-  
vanostatic curves. 

Evaluat ion of the effect of the products of oxidation 
of dextrose on the behavior observed in Fig. 1 is made 
by obtaining polarization curves in 0.5M dextrose 
solution containing 0.001, 0.010, and 0.100M gluconic 
acid. The na tu re  of the curves obtained in these ex- 
periments  is s imilar  to the ones in Fig. 1, except that  
the current  density at which voltage oscillations oc- 
curred decreases with an increase in the concentrat ion 
of gluconic acid. The charge coulombs required to 
reach the point of inflection A in Fig. 1 decreases at 
all current  densities with increasing gluconic acid 
concentrat ion in the dextrose solution. The results are 
represented in Fig. 2, curves 2, 3, and 4. 

The platinized p la t inum electrodes used in the above 
experiments  assume open-circui t  voltages of +0.05 
___ 0.05v in deaerated gluconic acid solution (10 -4 to 
10-1M) in the saline buffer electrolyte. Anodic charg-  
ing curves on the platinized p la t inum electrodes are 
taken in the electrolyte with and without  gluconic 
acid in order to examine whether  there is evidence for 
the oxidation of gluconic acid. These experiments  are 
carried out from the open circuit voltage as well as 
from --0.65v (vs.  SCE). The lat ter  potential  is chosen 
since it is the open-circuit  voltage of dextrose solu- 
tion. It is observed that  in either case, the na ture  or 
coulombic charge required  to reach the point of in-  
flection on the anodic curve was not significantly 
different in the two solutions. This suggested gluconic 
acid does not undergo fur ther  oxidation in the voltage 
range of investigation. 

In order to unders tand  the mechanism of inhibi t ion 
of dextrose oxidation induced by gluconic acid (cf. 
Fig. 2, curves 2-5), the adsorption characteristics of 
the acid were studied. The method of investigation 
consisted of taking cathodic charging curves of plati-  
nized p la t inum electrodes immersed in the saline 
buffer of the electrolyte at various levels of gluconic 
acid content. Taking the charging curves from differ- 
ent ini t ial  potentials, QH, the hydrogen coverage was 
determined as a funct ion of potential.  In this pro-  
cedure, the difference in QH observed in the two 
solutions at any given potential  would reflect the 
number  of hydrogen adsorption sites which are oc- 
cupied by gluconic acid. This procedure and method 
of computat ion of 0, the fraction of total surface 
covered by gluconic acid, is similar to that  employed 
by Breiter and Gi lman (5) for obtaining the potential  
dependence of adsorption of methanol  in acid electro- 
lyte. For example, the hydrogen coverage of an elec- 
trode was 83.3 mc/cm 2 at --0.2v. This value was ob- 
served to have changed to 73.3, 61.7, and 51.3 mc/cm 2 
in the presence of 0.0001, 0.01, and 0.5M gluconic acid 
concentration,  respectively. Based on the results the 
0CA values of 0.12, 0.26, and 0.38, respectively, were 
calculated. Similar  computat ion of observed data 
yielded the var iat ion of 0GA with potential  at different 
concentrat ions of gluconic acid and this is shown in 
Fig. 3. 0GA for gluconic acid is potential  dependent,  and 
the max imum adsorption occurs in the region of 
--0.35 to --0.2v (vs.  SCE). 

Discussion 
The open-circui t  potentials in Table I, exhibited by 

oxide-free platinized p la t inum electrodes immersed in 
dextrose-containing saline phosphate buffer solution, 
may be considered as mixed potentials of the follow- 
ing reactions 

O 2 + 4 H  + + 4 - > 2 H 2 0  
EOpHT.4 = +0.55v Vs. calomel [1] 

R-CHO + H20---> R-COOtt  + 2H + + 2e 
E~ pH7.4 = --0.625v vs.  calomel (6) [2] 

2H + + 2e-o H2 E%nT.4 ---- 0.68v vs. calomel (7) [3] 
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Fig. 3. Variation of surface coverage of gluconic acid with 
electrode potential. 

where R- represents the CH2OH (CHOH)4 group of the 
dextrose molecule. 

Considering the facts that  (i) the open-circui t  
potentials are sensitive to the presence of oxygen; 
(ii)  gluconic acid has been identified as reaction 
product; and (i i i)  the open-circui t  potentials are 
close to the reversible hydrogen electrode potentials; it 
is suggested that  the rest potentials are mixed poten-  
tials of reactions represented in Eq. [1], [2], and [3]. 
In  thoroughly deaerated solutions, the effect of reac- 
tion in Eq. [1] is negligible because of very low partial  
pressure of oxygen. 

The electrooxidation products of dextrose in the 
electrolyte obviously depend on the polarization volt-  
age of the electrode. In  the voltage range of invest iga-  
tion, i.e., from --0.65 to +0.2v (vs.  SCE) gluconic 
acid is found as a reaction product. It is also noted 
that gluconic acid does not seem to undergo fur ther  
oxidation in this voltage region, and has a tendency to 
adsorb on the electrode (Fig. 3). In  the presence of 
gluconic acid, dextrose oxidation was noticed to be 
inhibited (cf. Fig. 2, curves 2 to 4). These facts sug- 
gest that production of gluconic acid and its tendency 
to adsorb on the electrode results in a decrease in ac- 
tive surface area for dextrose oxidation and, hence, 
the inhibi t ion of the oxidation reaction. The low ma-  
ter ial  efficiency observed for the reaction is thus ex- 
plained. 

The oxidation curves of dextrose are complicated 
as shown from the oscillatory voltage behavior  repre-  
sented in Fig. 1 and also from the analysis of the re-  
sults which revealed lack of constancy in the com- 
puted values of it or ixl/2/c. The complexities seem to 
arise due to kinetic effects of potent ia l -dependent  ad- 
sorpt ion-desorption phenomena associated with the 
product, gluconic acid. The behavior may be explained 
phenomenologica~ly. 

Curves 1 through 5 in Fig. 1, observed for the dex- 
trose oxidation reaction, may be grouped into three 
categories: (i) high current  density region wherein 
no oscillatory voltage behavior is observed [cf. curves 
1 and 2]; (ii) in termediate  current  density region for 
which oscillatory voltage behavior  is observed as in 
curves 3 and 4; and (ii i)  the low current  density 
region for which the oscillatory behavior  is observed 
only prior to the a t ta inment  of the point  of inflection 
A. As indicated, gluconic acid is the oxidation product. 
Since gluconic acid has been found to inhibi t  the oxi- 
dation of dextrose (Fig. 2, curves 2, 3, and 4), and 
since the extent  of inhibi t ion depends on the concen- 
t rat ion of gluconic acid, it is of interest  to consider the 
effect of pseudoequil ibr ium of adsorption of the elec- 
t rogenerated acid in the system. The quant i ty  of glu-  
conic acid present  under  kinetic conditions in the 
diffusion layer and on the electrode depends upon the 
rate of production of the acid, i.e., current  density, 
and the rate of desorption and diffusion of the acid 
into the bulk  of the solution. The experiments  carried 
out under  stirred electrolyte condition favor the pas- 
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sage of higher charge coulombs unt i l  a t ta inment  of 
the inflection point in comparison to unst i r red solu- 
tion. Based on this information it is inferred that 
both desorption and diffusion processes contr ibute  to 
the removal  of gluconic acid from the vicinity of the 
electrode, the lat ter  being rate limiting. In the high 
current  density region, presumably,  the rate of pro- 
duction of the acid exceeds the rate of diffusion of 
the product into the bulk of solution, and hence a 
large concentrat ion of the acid predominates at the 
electrode. The presence of a large concentrat ion of 
gluconic acid at the electrode decreases the active 
area of the electrode, due to the pseudoequil ibr ium 
for the adsorption of the acid. Thus, the t ransi t ion 
point A may be said to be reached soon because of a 
large decrease in active surface area. The potential  
dependence of adsorption is probably  of secondary 
importance on curves 1 and 2 in Fig. 1 as they are 
inferred to be operating under  the influence of a high 
concentrat ion of adsorbable species. Because of the 
changes in active surface area of the electrode during 
the measurement ,  nei ther  it or iT1/2/c would be con- 
stant. 

At medium current  densities, the rate of production 
of gluconic acid and the rate of diffusion of the species 
away from the electrode are hypothesized to be ap- 
proximately equal. This results in a steady concentra-  
t ion of gluconic acid in the diffusion layer. Under  
these conditions, for the pseudoequil ibr ium of adsorp- 
tion of the acid, the potential  dependence as observed 
in Fig. 3 becomes important .  Thus, dur ing anodiza- 
tion, when the electrode crosses the potential  of maxi-  
n m m  adsorption of the acid, desorption of the ad- 
sorbed species is favored. At this point, the effective 
surface area for dextrose oxidation increases, resul t-  
ing in a decrease in the reaction overpotential,  and 
the reversal  of potent ial  occurs. As the reaction pro- 
ceeds, once again the accumulat ion of gluconic acid 
occurs; adsorption takes place, resul t ing in a decrease 
in surface area for dextrose oxidation. The lat ter  
process increases the reaction overpotential.  Repeti-  
tion of the aforementioned sequence results in oscil- 
latory voltage behavior. The voltages at the tu rn ing  
point of the oscillatory voltage behavior observed for 
Fig. 1, curves 3 and 4, correspond reasonably well 
with the potential  dependence of adsorption observed 
in Fig. 3, and thus the mechanism is substantiated. 

In  the low current  density region, the rate of pro- 
duction of gluconic acid is presumed to be less than 
the rate of diffusion of the acid into the bulk  of the 
solution, and hence a low concentrat ion of the acid 
exists in the vicini ty of the electrode. Under  this con- 
dition the decrease in surface area due to adsorbed 
gluconic acid is small  and the reaction proceeds un -  
inhibited. 

Terminat ion  of the dextrose oxidation at medium 
and low current  densi ty regions possibly occurs be- 
cause of slow accumulat ion and adsorption of im-  
purities. The impurit ies may be oxidation products of 
gluconic acid, and may have been generated from the 
very low partial  currents  effective for such reactions. 
This suggested that  the oxidation products of gluconic 

acid would also effect the inhibi t ion of dextrose oxi- 
dation. The effect of temperature  to favor higher 
charge coulombs dur ing electrooxidation of dextrose 
may be understood in terms of increased rate of re-  
moval of gluconic acid from the vicini ty of the elec- 
trode, due to an increase in the value of diffusion 
coefficient of the species. 

In  earlier studies on small  ampli tude voltage oscilla- 
tions, the behavior was observed for the oxidation of 
formaldehyde in sulfuric acid by Koch (6). The au-  
thor has proposed the accumulat ion and desorption of 
a polymer product as the cause for the oscillatory be- 
havior. Based on the results of this paper, the mech- 
anism of the formation of a polymer product is an 
unl ikely  cause for the oscillatory voltage behavior ob- 
served in the case of dextrose oxidation. 

It is recognized that  the carbohydrate  under  invest i-  
gation exists in two optical isomers. In  the dextrose 
reduct ion reaction on mercury  it is shown that only 
the open chain aldehyde form of the mater ia l  is the 
electroactive species. Because of the inhibi t ing effect 
of the product of oxidation observed in the present  
experiments,  it is not clear whether  the activity of 
dextrose for oxidation at p la t inum depends on the 
s t ructural  and configurational parameters.  Fur ther  in-  
sight into the problem has to come subsequent  to the 
development of electrocatalysts capable of oxidizing 
the carbohydrate without  the complication of adsorp- 
tion of the product. 
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ABSTRACT 

Application of an electric field to the system, electrolyte solution ~- mem-  
brane  ~- electrolyte solution, gives rise to unidirect ional  flow of solvent 
phenomenological ly called electroosmosis. The volume of this t ransference 
depends pr imar i ly  on membrane  water  content  and the concentrat ion of the 
electrolyte solution bounding the membrane  on either side. For the passage 
of 1F of electricity, the quant i ty  of electroosmotie flow in dilute solutions is 
shown by some investigators to be dependent  on current  density, while others 
claim it to be independent  of current  density. Recent measurements  indicate 
that  membranes  with low water  contents (less than about 14%) produce 
water  flows independent  of current  density, while those with higher water  
contents show current  dependence. However, at external  concentrat ion greater 
than O.1N, the current  dependence of water  flow disappears and the flow de- 
creases with increase in external  concentration. These results and others are 
discussed in terms of existing theories of electroosmosis in charged mem-  
branes. 

Application of an electric field to the system, elec- 
trolyte solution ~ membrane  ~ electrolyte solution, 
causes not only transference of ions but also flow of 
l iquid through the membrane.  The n u m b e r  of moles 
of ions and of water  t ransported for the passage of 1F 
of electricity are called ion t ransference n u m b e r  (t~) 
and water  t ransference number  (tw), respectively 
(overbar  refers to membrane  phase).  The total  water  
t ransport  composed of two components - -wate r  of ion 
hydrat ion and water t ransported electroconvect ively--  
is designated purely phenomenological ly by the well- 
known term electroosmosis. The flow of water  usual ly 
takes place in the direction in which the counterions 
move and as a result  the counterions move faster than  
coions, since they experience less resistance to move-  
ment  than  colons. 

Electroosmosis is observed with all types of mem-  
branes. It is due to the presence of charged groups 
arising either by adsorption of one or more ionic 
species from solution onto the walls of the pores or 
by fixation to the membrane  matr ix  by an appropriate 
chemical process. Presence of these fixed groups in an 
aqueous electrolyte medium leads to the type of ionic 
dis t r ibut ion associated with the electrical double layer. 

All  electrokinetic phenomena have been at t r ibuted 
to interactions between flow of electricity and flow 
of l iquid in the double layer  (1). A slipping plane 
between the fixed charges and the diffuse part  of the 
double layer of opposite total charge density is usual ly 
envisaged and the electrical potential  in this plane is 
identified with the zeta (~) potential. The classical 
theory of electroosmosis centers round the parameter  

which cannot be measured directly. Without  using 
this concept of ~ potential,  Schmid and Schwarz (2-8) 
have dealt  with the different electrokinetic phenomena 
in detail  considering the membrane  as a system com- 
posed of fine pore capillaries in which solution of 
fixed charges and their  counterions existed. Disregard-  
ing this membrane  structure, electrokinetic phenom-  
ena have been treated by the methods of thermody- 
namics of irreversible processes by S taverman (9) 
and Kedem and Katchalsky (10). Spiegler (11), on 
the other hand, using a pore model, has given a very  
i l luminat ing  t rea tment  "in general i ty  fall ing between 
Schmid's and Staverman's ."  

Some of our new results and those already existing 
in the l i terature are reviewed in the light of the 
equations developed by Schmid, Spiegler, and others 
(12, 13). 

K e y  words:  double layer,  e lectroconveet ion,  electroosmotic  per-  
meabi l i ty ,  f r ic t ion coefficient, ion t ranspor t  number ,  m e m b r a n e  con- 
ductance,  m e m b r a n e  fixed charge density,  m e m b r a n e  porosity,  
surface charge density,  wate r  transport number,  zeta potential .  

Experimental 
A number  of investigators have measured water 

t ranspor t  through various ion-selective membranes  
using different ions and a var ie ty  of techniques and 
cell designs (12-48). Basically two methods, one based 
on weight changes (12, 16, 34, 35, 44) and the other 
based on volume changes (13, 16-22, 24-30, 33, 36-39, 
41-43, 45-48) have been used to measure total t rans-  
port of water  through ion-exchange membranes.  
Weight method is accurate with flexible membranes  
which are likely to move back and forth dur ing 
electrolysis. It has the other advantage that  volume 
changes due to salt transport ,  electrode reactions, and 
small tempera ture  fluctuations need not be considered 
seriously. It calls for meticulous care in t ransferr ing 
solutions and washing the apparatus. In  contrast, ex- 
per iments  by the volume method are easy to perform, 
provided tempera ture  fluctuations are well controlled 
by a thermostat  held constant  to ___ 0.01 ~ Its chief 
advantage is the innumerab le  n u m b e r  of exper imental  
runs  that  may be carried out by simply reversing 
the direction of current  flow in each succeeding run.  
The membrane  movement  may be controlled by the 
techniques described elsewhere (18, 39). All  our new 
results given in this paper and those results referred 
to herein are obtained by the volume method (13, 18, 
25, 27, 36, 39, 42, 46). 

Results and Discussion 
The work relat ing to electroosmosis in permselec- 

tive membranes  has been recent ly reviewed by Lak-  
shminarayana iah  (49). Since then a few more papers 
dealing with different aspects of electroosmotic water  
flow have appeared (38-48). These and some of our 
new results are examined to emphasize the effects of 
different membrane  parameters  on }-w. 

Ef]ects of various factors on-~w.--Two major  factors 
which act directly to control the amount  of electro- 
osmosis (i.e., tw) in membranes  are the water  con- 
tent  of the membrane  and the concentrat ion of the ex-  
ternal  electrolyte solution. Normal ly  tw is found to de-  
crease with decrease in the water  content  and to in -  
crease with the decrease in the electrolyte concentra-  
tion. The data of Lakshminarayana iah  (42) realized for 
phenolsulfonate (PSA) membranes  and given in Table 
I i l lustrate these effects. It  should be noted that t-w 
values are determined by both the electrolyte con- 
centrat ion and the water  content. To isolate the in-  
fluence of one on tw from the influence of the other is 
difficult. Recently, we have measured tw keeping the 
external  electrolyte concentrat ion constant  at 0.01N 
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Table I. t-w values for phenolsulfonate (PSA) membrane as functions 
of external NuCI concentration and water present 

in the membrane (42) 

Water content  C u r r e n t  
E x t e r n a l  e lec-  g H 2 0 / g  w e t  density 

trolyte  normal i ty  m e m b r a n e  m a / c n ~  t-~ 

0.I0 0.622 0.5-10.1 37.2 
0.50 0.606 0.5-10.1 18.2 
1.00 0.602 0.5-10.1 11.0 
2.00 0.568 0.5-10.1 6.1 
3.00 0.558 0.5-10.1 3.9 
5.20 0.640 0.5-10.1 2.1 

Table II. tw values for AMF C-104 membrane with 0.01N solution 

Current density 
m a / c m 2  L i  + Na+ K+ Rb + Cs+ 

0.32 10.0 5.8 4.5 4.0 4.3 
1.58 9.5 6.3 3.7 3.6 4.1 
3.15 10.1 6.2 4.0 3.7 4.3 

15.75 I0.0 6.4 3.4 4.1 4,4 
W a t e r  content: 
g I-I20/g w e t  m e m b r a n e  0.132 0.121 0.118 0.115 0.112 

but  varying  the na tu re  of the cation. These new results 
obtained for AMF C-104 membranes  and shown in 
Table II indicate that,  besides showing the effect of 
the na ture  of the cation on tw, tw does decrease with 
decrease in the membrane  water  content.  The inde-  
pendent  demonstrat ion of the effect of the other fac- 
tor, i.e. at constant  water  content  increase of elec- 
trolyte concentrat ion will  decrease tw, is quite difficult, 
as electrolyte invasion of the membrane  following 
increase in external  concentrat ion will  always affect 
the membrane  water  content.  

There are a few other factors which also affect u 
rather  indirect ly by affecting the water  content  of the 
membrane.  They are, the temperature,  the degree of 
crosslinking of the membrane ,  the fixed charge den-  
sity of the membrane ,  and the current  density em- 
ployed in the measurement  of-tw. 

Recently George and Courant  (43) examined the 
effect of tempera ture  and found ~ to decrease slightly 
with increase in tempera ture  in the range 10~176 
Usually increase of temperature  decreased the mem-  
brane  water  content  and so the observed Tw var ia t ion 
with tempera ture  was in accordance with the change 
in the water  content  of the membrane.  

The effect of crosslinking on tw depends on the way 
crosslinking affects again the membrane  water  content.  
The data of Lakshminarayana iah  (13) obtained for 
differently crosslinked polymethacryl ic  acid (PMA) 
membranes  in contact with 0.01N NaOH solution are 
shown in Fig. 1. At any given cur ren t  density,- tw 
value is greater  the lower the crosslinking, because 
the membrane  with the lower degree of crosslinking 
has higher water  content. 

The effect of fixed charge densi ty on Tw is quite 
complex. No systematic s tudy of this effect exists in 
the l i terature.  Its effects may, however,  be inferred 
from studies made on a number  of membrane  systems. 
In  Table III  are given the values of tw derived by 
Lakshminarayana iah  and co-workers (27, 36, 39) for 
three membrane  systems. In  the case of PMA mem- 
brane  whose water  content  is greater  than PSA mem-  
brane,  the ~w value is less than that  of the PSA mem-  
brane. This follows from the fact that  the water  asso- 
ciated with an equivalent  of counterion in PMA mem-  
brane  is less than  that  of the PSA membrane.  But  the 
same is not seen in  the case of unt rea ted  collodion 
membrane  which in spite of an in te rna l  molal i ty of 
10.4 is still cation selective giving a water  flow of 
7.4 moles in the direction of the cation flow. These 
facts by themselves are acceptable bu t  taken together 
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Fig. 1. t-w plotted as a function of current density for PMA 
membranes differently crosslinked with 5% ( O ) ,  10% (O)  and 
15% ( O )  ethylene glycol dimethacrylate. Data taken from Ref. (13). 

belie belief in generalizations about membrane  be-  
havior. 

Studies of the dependence of tw on current  densi ty 
using dilute solutions (0.01N), in whose env i ronment  
there is little invasion of the membrane  by  the coion, 
are not definitive. Mackay and Meares (24) in 1959 
reported complete independence of tw on cur ren t  
s t rength employing NaC1 solutions in the concentrat ion 
range 0.01-1.0N. Carr  et al. (29) obtained the same 
current  independence of tw with 0.02N KC1 solution. 
Similar  results have been obtained by others (30, 34) 
using higher concentrat ions and moderate current  den- 
sities. At very high current  densities, however, t ~  
decreased (30) and this decrease was a t t r ibuted to 
membrane  polarization. In  contrast, Lakshminara -  
yanaiah (13, 18, 42, 46, 49, 50) for the first t ime in 1956 
using 0.01N solutions showed (Fig. 1 and Table IV) 
that t'w depended on current  density displaying two 
main  characteristics: (a) at low current  densities tw 
rose to a high value, and (b) at high currents  it a t -  
ta ined a l imit ing value. S u b r a h m a n y a n  and Lak-  
shminarayana iah  (25, 26, 42) showed later  that  these 
relationships changed as the concentra t ion of externa l  
electrolyte was increased to 0.1N and above whenYw 
became independent  of current  density (see Table I) .  
The results for Na + ion (0.01N) obtained by Laksh-  
mina rayana iah  (13, 16, 46) for three different mem-  

Table III. Membrane characteristics 

Elec-  W a t e r  
t r o ly t e  M e m -  c o n t e n t  

s o l u t i o n  b r a n e  g H s O / g  w e t  R e f e r -  
0.1N type  m e m b r a n e  ~ 1  ms X t l  t~  ence 

K O H  P M A  0.68 3.16 0.07 3.09 0.92 7.8 (27) 
NaC1 F S A  0.62 1,40 0.03 1.37 0.90 37.3 (36) 
KCI  Co l lod ion  0.31 10.4 9.4 1.0 0.60 7.4 (39) 

P M A  = 10% c r o s s l i n k e d  p o l y m e t h a c r y l i c  acid.  
P S A  = c ro s s l i nked  p h e n o l s u l f o n i c  acid. 
C o l l o d i o n  = u n t r e a t e d  co l lod ion  cast  on  a g lass  p la te .  
m l  = m o l e / 1 0 0 0 g  m e m b r a n e  w a t e r  ( coun te r ion ) .  
m2 = m o l e / 1 0 0 0 g  m e m b r a n e  w a t e r  (colon) .  

"X = mole /1000g  m e m b r a n e  w a t e r  ( m e m b r a n e  f ixed  charg~ 
g roups ) .  

tx = transference n u m b e r  of coun t e r i on .  
t~  ---- t r a n s f e r e n c e  n u m b e r  of w a t e r .  
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Table IV. t-w as a function of current density for membranes in 
0.0iN NaCI solution 

P o l y e t h y l e n e -  
p o l y s t y r e n e  

C u r r e n t  d e n s i t y  C r o s s l i n k e d  (10%) C r o s s l i n k e d  s u l f o n i c  ac id  
m a / c m  2 P M A  (13, 18) P S A  (46) A M F  C-103  (46) 

0.32 - -  62.1 9.6 
1.58 39.3 7.0 
3.00 15.3 
3.15 - -  32.9 7.0 
7.50 14.0 - -  - -  

15.75 - -  24.7 6.9 
22.50 12.6 - -  - -  
3 0 . 0 0  1 1 . 8  - -  - -  

Table V. tw values for AMF C-103 membrane 
in 0.01Nsolution (46) 

C u r r e n t  d e n s i t y  
m a / c m 2  Rb+ Cs+ 

0,32 4.9 4.6 
1.58 4.9 4.9 
3.15 4,5 4.9 

15.75 4.6 5.0 

branes at different current  densities are given in 
Table IV. These results are fur ther  confirmed by the 
work of George and Courant  (43) who used leached 
membranes  (Nepton CR-61) in 0.01N NaC1 solution. 
The water  content  of PMA, PSA, and AMF C-103 
membranes  were 0.68, 0.59, and 0.18g H20/g wet mem-  
brane, respectively. Lakshminarayana iah  and Sub-  
r a h m a n y a n  (46) used AMF C-103 membrane  in 0.01N 
RbC1 or CsC1 solution and obtained values for tw 
shown in Table V. It is seen that  Yw is completely in -  
dependent  of current  density. The water  contents of 
the membrane  in Rb + and Cs + forms were 14 and 
13%, respectively (46). This pointed to the fact that  
water  content  of the membrane  controlled current  
dependence of tw; that  is, at water  contents greater 
than 14% ~ depended on current  density, whereas at 
lower values it did not depend on current  density. 
To check this further,  we measured ~ with AMF 
C-104 membrane  which has a low water  content  in 
0.01N solutions. The results of Table II confirm the 
independence of t~ on current  densi ty where  the water  
content  of membrane  in different ionic forms is less 
than  14%. 

Evaluat ion  of  Schmid ' s  theory  of e lec t roosmosis . - -  
All  of the results obtained by different investigators 
under  a var ie ty  of conditions cannot be explained by 
any one of the existing theories of electroosmosis. Let 
us consider the theory of electroconvection in fine ca- 
pi l lary membrane  systems proposed by Schmid and 
Schwarz (4, 6). They related the ratio of convection 
current  ~i (i.e., hi = i - -  i' where i is cur rent  flowing 
through the membrane  in presence of an applied field 
and i' is current  flowing in absence of solvent flow) 
to total  cur rent  to the fixed ion concentrat ion and 
radius r of the membrane  pores. Thus 

( i - -  i') / i  = Ai/ i  = (F~X2r2) / (8~ki) [1] 

where F is faraday, X is fixed charge densi ty of the 
membrane  expressed in moles/ l i ter ,  ~1 is viscosity of 
pore liquid, and ki is specific conductance of pore 
liquid. Despic and Hills (17, 51) have cast this into 
the form 

- -  ~.' = ( 1 0 3 F 2 X r 2 ) / ( 8 ~ )  [2] 

(~ is equivalent  conductance measured electrically 
and ~ '  is equivalent  conductance derived from self- 
diffusion coefficient) and found it inapplicable to PMA 
rods (17). 

To make a critical check of Eq. [2], we measured 
the equivalent  conductance ~ )  and self-diffusion co- 
efficient D" of 22Na using PSA and AMF membranes  in 
the usual  way (52). These results are given in  Table 
VI. From D values, ~' values were derived using the 
Nerns t -Eins te in  re la t ion 

- D =  ( R T ) / ( z F 2 ) ~  ' = 2.66 • 1 0 - ~ '  [3] 

for z = 1 

Using the bulk  viscosity value for water  in Eq. [2], 
values for r, the radius of membrane  pores, were 
calculated. These calculated values are compared in 
Table VI with the values derived by water  flux mea-  
surements  described by Lakshminarayana iah  (53). The 
agreement  in the case of t ight membranes  (AMF 
C-103 and C-104) is good, whereas with PSA mem- 
brane the agreement  is bad. From these results, it is 
thus concluded that  Schmid's theory of electroconvec- 
t ion is applicable to tight membranes  of low water  
content. 

Another  equation of Schmid's theory which in-  
volves t'w may be used to make a fur ther  check on 
the val idi ty of the pore model chosen by Schmid who 
in developing the theory of electroosmosis has used 
the equations derived by Bje r rum and Manegold (54) 
and Manegold and Solf (55). He showed that  electro- 
osmotic permeabi l i ty  Di per ampere is given by 

F~f~Dh d 
D~ = ~ [4] 

k 

where Da is permeabi l i ty  defined as the volume of 
solution t ransferred in un i t  t ime through uni t  mem-  
brane area under  uni t  pressure difference, d is mem-  
brane thickness, and k is specific conductance of the 
membrane.  

Some of the data derived again for the three mem-  
branes (PSA and AMF C-103 and C-104) by Laksh-  
minarayana iah  (18, 46, 53) are used here to check 
Eq. [4]. Values of tw calculated according te Eq. [4] 
and those obtained by direct measurement  are shown 
in the last two columns of Table VII. The agreement  
between the calculated and measured values is poor 
in the case of PSA membranes  and very good in the 
case of AMF membranes.  This check also goes to 
show that  the Schmid theory is applicable to t ight 

Table VI. Electrical conductance and self-diffusion coefficient (22Na) of membranes in Na form. 
Test of Eq. [2] 

S p e c i f i c  F i x e d  c h a r g e  E q u i v a l e n t  S e l f - d i f f u s i o n  
c o n d u c t a n c e  c a p a c i t y  c o n d u c t a n c e  coef f i c i en t  

k -  X 10 ~ X -  ~ D -~' k -- k '  r ( A )  Wate r***  
M e m b r a n e  ( o h m  -1 c m - D  ( m o l e / l i t e r )  ( equ iv .  -1 o h m  -1 e m  -~ (cm~ sec-D Eq .  [3] Eq.  [2] f lux  

P S A *  15.3 1.00 15.30 2.65 • 10 -e 9.97 5.33 61.5 37.7 
A M P  C-103"*  1.8 0.92 1.95 5.74 • l 0  s 0.22 1.73 11.7 10.0  
A M P  C-104"*  1.4 1.10 1,27 7.33 • 10 -s 0.28 0 .99 8.0 7.9 

* V a l u e s  t a k e n  f r o m  Ref .  (18) .  
** N e w  r e s u l t s .  

*** T h e  r v a l u e s  f r o m  w a t e r  f lux  m e a s u r e m e n t s  fo r  P S A  a n d  A M F  C-103  m e m b r a n e s  a r e  t a k e n  f r o m  Ref .  (53) .  T h e  r v a l u e  f o r  C-104  
is a n e w  r e s u l t .  
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Table VII. Values far different membrane parameters 

f ~ D u  ( cm 3 ) ~  ( t-w ) Dt • F 

cou lomb " ~ /  t w  
~equiv./cm~) (ohmol cm-D dyne  sec • 10 z 

M e m b r a n e  • 103 d (era} x 10 z • 10 TM (ECl. [3]) (calc) (exp) 

Na-PSA* 1.0 0.029 15.3 141 16.4 88 62 
N a - A M F  C-1O3** 0.92 0.013 1,8 2.08 1,33 'L1 6.9 
N a - A M F  C-I04"* 1.1 0.015 1.4 0.92 1,05 5.6 6.2 

* Values  t a k e n  f r o m  ltef.  (18, 53). 
** N e w  resul t s  excep t  tw a n d  Dh va lues  fo r  AMF C-103 m e m b r a n e  w h i c h  a re  t a k e n  f r o m  Ref.  (46, 53). 

membranes  whose water  contents are about  14% or 
less. The capil lary model therefore seems to be quite 
realistic for evaluat ing both electroconvection and 
total  water  transport .  

Evalua t ion  of  sur face  charge dens i ty  of m e m b r a n e  
pore l iqu id . - - In  order to expla in  the current  de- 
pendence of t',~, Lakshminarayana iah  (13, 49) assumed 
a capil lary model for the membrane  and derived the 
relat ion 

tw = ( rF) / (363)  [5] 

where r is the surface charge density per square 
cent imeter  of the pore liquid. For  any i TM pore in  the 
membrane,  a value of ri/ai can be assigned. If the 
membrane  was "heteroporous," it was postulated that  
at low currents  l iquid in  pores of larger radii  and 
lower surface charge became mobilized and gave a 
larger value for-{w. In  most cases, it is possible, unless 
the membrane  is very homogeneous, ~i r e and r~ 

r where ~ and r are the average values for all the 
n pores in the membrane.  These averages, which 
can be wr i t ten  as ~ = Z a J n  and r = Y. r J n  (i = 

i i 
1,2 . . . .  n ) ,  become effective at high currents  and gave 
l imit ing values for-tw. 

The average values of r given in Table VI for PSA 
and AMF membranes  and the values of t'~ given in 
Tables II and  IV may be used in Eq. [5] to derive 
values for r Some of these values are shown in Table 
VIII in which are included some values derived by 
F r u m k i n  (56) by directly measur ing the current  flow- 
ing (i.e., the charge) from a dropping mercury  elec- 
trode to a pool of mercury  containing the electrolyte 
solution. The agreement  is surpr is ingly good and, if 
this is genuine, it seems to give credence to the 
reali ty of the capil lary model chosen for the mem-  
brane.  This is the first t ime water  t ransport  values 
have been used to derive values for the surface charge 
density of the pore l iquid in a membrane.  

Effect  of  ~riction b e t w e e n  m e m b r a n e  parameters  on 
t-w.--In contrast  to the capillary model approach, 
Winger  et at. (12) made a phenomenological  approach 
and wrote the following relat ionship for an ideal sys- 
tem in which there were no interactions between the 
different membrane  components.  

t~  = (t-ln~/zl) - -  (t-~n'-z/z2) [6] 

where ~ and ~ are the numbers  of moles of water  
associated wi th  cation and anion, respectively. When 
valencies zl ---- z2 = 1, Eq. [6] becomes 

L = tqm%- tT] 

Table VIII. Surface charge in different systems 

S y s t e m  ( /zcoulomb/cm ~) 

P S A  + O.OlN NaC1 : Ec/. [5] 
AMF C-103 + 0.01N NaC1 : Eq.  [5] 
A M F  C-104 + 0.01N NaC1 : Eq.  [51 
IN NaC1 s a t u r a t e d  wi th  Hg~CI2 (F rumkin )  
1N H.-SO~ s a t u r a t e d  w i th  Hg~Cl.z (F rumkin )  

40.5 
38.3 
34.1 
47 
39 

where mw = n~ + n.~. According to Eq. [7], Winger  
et al. (12) found a l inear  relat ionship between tw and  
~. On the contrary,  Kressman et at. (35) and Laksh-  
minarayana iah  and Brennen  (39) found no such l inear  
behavior  al though the lat ter  found a l inear  re la t ion-  
ship be tween Tw and-mw for un t rea ted  collodion mem-  
brane. The straight line relationships between tw and 
tx, and t-~ and m---~ never  gave, on extrapolat ion accord- 
ing to Eq. [7], agreeing values for n2 for any  given 
anion. Further ,  the data of Lakshminarayana iah  (39, 
42) showed that  it was impossible to interrelate  dif- 
ferent  membrane  parameters  by simple relationships. 
The observation that ions and water  moved through 
the membrane  with the same l inear  velocities noted 
by Kressman et  al. (35) has not been observed by 
other workers. However, Eq. [7] predicts that  this 
would take place only when  ~ -- 1 and  n2 ~- 0 (i.e., 
complete absence of colons). These conditions reduce 
Eq. [7] to 

t-w -~ m--w [8] 

This equation has been deduced by Lakshminara -  
yanaiah  and S u b r a h m a n y a n  (46) assuming a capil lary 
model for the membrane  in the form 

T~ = 55.56/~1 [9] 

where ml  is the molal i ty of the counter ion in the 
membrane.  

Although the data of Table IV are obtained under  
these conditions, the values of tw in the case of PSA 
membrane  are higher than  m-~w (m---w ~ 40) at 0.32 
ma / c m 2 and at higher currents  lower than  mw. In  the 
case of the other two membranes,  the values of tw 
are lower than mw (m,, for PMA membrane  ~ 17.6 
and for AMF C-103 ~ 11). This deviation of {w from 
values predicted by Eq. [8] is due to omissions of in -  
teractions between different componen t s - -membrane  
matrix,  counterion, and wa te r - -o f  the membrane  
system. Spiegler (11) has considered these interac-  
tions in detail  and has shown that  the ratio of the 
fluxes of free water  (J3) and mobile counter ion ( J1 )  
is given by 

Ja /J l  -~ Ca/[Ct  + Ca(Xa4/X13) ] [10] 

where C--~ and ~ are the concentrat ions of counter ion 
and water  in the membrane  and X~t and X13 are the 
friction coefficients be tween wa te r -membrane  mat r ix  
and counter ion-water ,  respectively. Equat ion [10] 
shows that  only when  X 3 4 / X 1 3  = 0 both ions and 
water  move with the same l inear  velocity. For the 
condition Jt = 1 (i.e., C2 = 0 and J3 = tw) Eq. [10] 
takes the form in which it has been derived by  Dorst 
et al. (57) 

via., 1/T~ = (U,/c~) + (x~/x~a)  [111 

The re levant  data from the work of Tombalakian  et al. 
(30) have been used by Dorst and S taverman  (58) to 
derive values for the ratio (Xa4/Xls)HCl/(Xzc/X13)X~Cl,  
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Table IX. Water transport numbers and frictional coefficients 

N a C I  KC1 ( X ~ )  ~:aC l 

M e m b r a n e  1/t~ C~/Cs Xa4/Xm 1/t '~ C~/C3 X3~fXI~ (Xla)KC! 

I - - 2 "  0.0625 0.0322 
1 - -  6B* 0.1820 0.0643 
1 - -  8* 0.2220 0.0800 
1 -- 10" 0.2500 0.0909 
10% P M A $  0.0925 0.0495 
P S A $  0.0400 0.0214 
A M F C - 1 0 3 t t  0.1430 0.0583 
A M F C - 1 0 4 * *  0.1590 0.0762 

0.0303 0.0699 0.0332 0.0367 
0.1177 0.2080 0.0681 0.1399 
0.1420 0.2380 0.0865 0.1515 
0.1591 0.2780 0.1000 0.1780 
0.0430 0.1062 0.0538 0.0624 
0.0186 0.0500 0.0169 0.0341 
0.0847 0.2260 0.0633 0.1627 
0.0828 0.2560 0.0760 0.1800 

R b C l  CsC1 

1.21 
1.19 
1,07 
1.12 
1.22 
1.83 
1.92 
2.17 

(X13) R b C I  
o 

P S A t t  0.0512 0.0173 0.0339 0.0510 0.0174 0.0336 
A M F C - 1 0 3 t t  0.2130 0.0675 0.1455 0.2040 0.0608 0.1432 
A M F C - 1 0 4 * *  0.2570 0.0706 0.1864 0.2330 0.0723 0.1607 

PSA 1,82 0.99 
A M F  C-103 1.72 0.89 
A M F  C-104 2.25 1.03 

0.99 
0.98 
0.86 

* T a k e n  f r o m  R e f .  (30). 
$ T a k e n  f r o m  Ref .  (18).  

~t T a k e n  f r o m  Ref .  (46). 
** N e w  da t a .  

i.e. ( X - 1 3 ) N a C I / ( X ' 1 3 ) H C 1 .  They found this ratio to be 
approximately  constant  and to lie between 5 and 6 for 
a n u m b e r  of membranes.  The results of s imilar  calcu- 
lations made for a var ie ty  of membranes  and for dif- 
ferent  alkali  metal  ions but  containing the same anion 
(except in  the case of 10% PMA which contained 
O H -  ion) are shown in Table IX. For different combi-  
nat ions of cations, the ratio (X13)M1+/(X1a)M2+ lies 
between 1 and 2. In  view of this constancy Eq. [11] 
can be wr i t ten  for two electrolytes M1 and M2 as 

[ (1/tw) - -  (Cl/C3) ] M1 = Constant  [ (1/tw) 

-- (C1/C3)]M2 [12] 

and from this, as pointed out by Dorst and S taverman 
(58),-tw for M2 may be inferred, provided all the re-  
quired data for M1 and the values of C1 and Ca for M2 
are known. Since C2 = 0 for the membrane  phase, 
the na ture  of the anion should have little effect on the 
r a t i o  ( X I 3 )  M1 + / ( X I 3 )  M2 + .  

Conclusions 

1. Effects of various factors have shown that  t-w is 
p r imar i ly  controlled by the m e m b r a n e  water  content  
and the concentrat ion of the electrolyte solution sur-  
rounding it.-tw values decrease with decrease in  water  
content  and increase in electrolyte concentration.  

2. t'~ is independent  of current  densi ty  at external  
concentrat ions greater  than  0.1N. In  dilute solution 
(0.01N) it depends on current  density if the water  
content  of the membrane  is greater  than  about 14%. 
This dependence disappears if the water  content  is less 
than  about 14%. 

3. The Schmid theory of electroconvection and elec- 
troosmosis has been tested and found to be inapplic-  
able to membranes  of high water  content  and ap- 
plicable to membranes  of low water  content. 

4. For the first t ime the surface charge densi ty of 
moving pore liquid has been estimated from tw data 
and found to be about  35 gcoulombs/cm 2. 

5. That  ions and water  move through the membrane  
with the same l inear  velocity has been found to be an 
exception ra ther  than  the rule. 

6. The value for the ratio of the friction coefficients 
(X13)M1/(X13)M2 has been found to lie between 1 and  
2 for all  the alkali  metal  ions in dilute solution con- 

t ra ry  to the value of about 5.5 found by Dorst and 
S taverman for (X13) NaCl/(X13) HCl. 
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NOMENCLATURE 
Subscripts 1, 2, 3, and 4 refer to counterions, colons, 

water, and membrane,  respectively. Often, subscript w 
is used instead of 3 for water. Terms with bars on 
top refer to the membrane  phase. 

Concentrat ion (mole cm -3)  
d Thickness of membrane  (cm) 
D Self-diffusion coefficient (cm 2 sec -1) 
Dh Hydraul ic  permeabi l i ty  (cm 3 dyne  -1 sec -1) 
D~ Electroosmotic permeabi l i ty  (cm 3 amp -1 sec -1) 
A Difference 

Viscosity of pore l iquid ( g c m  -1 sec -1) 
F Faraday 's  constant  (coulomb equiv. -1) 
i Current  flowing through the membrane  (amp) 
i" Current  flowing through the membrane  in ab-  

sence of solvent flow (amp) 
J F lux  (mole em -2 sec -1) 
k Specific conductance of membrane  ( o h m - I  

ClT 1- 1 )  

k// Specific conductance of pore l iquid (ohm-1 
cm-1)  

X Equivalent  conductance measured (ohm-1 cm 2 
equ iv . -  1) 

~' Equivalent  conductance derived (ohm -1 cm 2 
equ iv . - I )  

m Molality (mole/1000g H20) 
mw Moles of water  associated with 1 equiv, coun-  

ter ion 
n Number  of pores in the membrane  per uni t  area 
n Number  of moles of water  associated wi th  an  

ion 
N Normal i ty  (equiv. / l i ter)  
R Gas constant  (erg deg -1 mole -1) 
r Radius of membrane  pore (cm) 

Surface charge densi ty (coulomb cm -2) 
T Absolute tempera ture  
t~ Ion t ransference number  (i = 1, 2) 
tw Water  t ransference n u m b e r  (moles /F)  
X Fixed charge densi ty  (mole cm -3) 
Xi~ Frict ion coefficient between components i and j 

(dyne sec cm -1 mole -1) 
z Valency 

Zeta potent ia l  (v) 
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Technical[ 

Limitations of the Determination of the True Surface Area 
of Spongy Metals with the Help of A-C Polarization Measurements 

Carl Wagner* 
Max-Planck-Institut f~r physikalische Chemie, G6ttingen, Germany 

Picker ing  (1) has recen t ly  used a -c  impedance  mea -  
surements  in o rde r  to de te rmine  the  change in t rue  
surface area  of Cu-Au samples  subjec t  to anodic dis-  
solut ion of Cu wi th  a sponge of A u - r i c h  al loy sur -  
rounding the core of the  sample.  Impedance  measu re -  
ments  were  conducted  in 1M H2SO4 wi th  a negl ig ible  
a -c  component  of the faradaic  current .  In  this context  
the  quest ion has been ra ised under  which  condit ions 
the ohmic resis tance of the  e lec t ro ly te  in the  sponge of 
Au- r i ch  al loy affects the  impedance  measurements .  
The fol lowing e lements  of a model  of the  sponge m a y  
be considered (i) channels  of un i fo rm wid th  and finite 
length whose axes are  no rma l  to the  surface of the  
sample,  (ii) wedgel ike  grooves, and  (iii) conical  pits. 

The a-c  impedance  of each of these  e lements  has 
been ca lcula ted  by  de Levie  (2, 3). His equat ions  can 
be used d i rec t ly  wi th  sui table  modificat ions for  the  
speciaI condit ions considered in this  paper .  

* Electrochemical Society A c t i v e  M e m b e r .  

The fol lowing genera l  symbols  are  used 

j = (--1)I /2  
K double l aye r  capaci ty  pe r  uni t  t rue  surface area,  
p res is t iv i ty  of the  e lectrolyte ,  

angular  f requency  of the  a l t e rna t ing  current .  

(i) Fo r  the impedance  Z1 of a single channel  of 
rad ius  r and depth  L > >  r de Levie  (4) has  de r ived  
an expression involving the ohmic resis tance of the  
e lec t ro ly te  in the  pore per  uni t  length  (~-p/nr 2) and 
the impedance  of the  double  l aye r  capac i ty  in a pore  
of uni t  length  ( =  ~/2~rj~K) 

Z I - - - - [  P ] x / 2 . c o t h [ (  ' . 2 n r j ~ ) l / e L ]  
~r 2 �9 2~rjwK n r  2 

[1] 

F o r  the  fol lowing calculat ion,  i t  is expedien t  to 
in t roduce  the rea l  p a r a m e t e r  
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u~ = (2~pr -~)  1/2 L [2] 

and to rewri te  Eq. [1] as 

jl/2u~ �9 coth ( j l /2u0 
Z~ = [3] 

2nrLj~ 

Using a series expansion (5) for j11/2ui �9 coth jl/2ul 
one obtains 

1 F 1 1 
Zl = 2~rLj~--------~ L 1 + ~ ( j l / 2Ul )2 - - -~ -  (jl/2Ul)4 

1 ] 
+ ~ ( j 1 / 2 U l ) 6 -  477----5 (jl/2u1)8 '~ " ' "  

1 1 
1 -{- - ~  u~ 4 -  477"--~ u~S"" 

2 n r L j ~  

1 2 
- - 2 ~ 1 2  - -  Ul 6 -~- . �9 �9 

3 945 
+ [4] 

2nrL~ 

The surface area of the wal l  of the channel  is 2nrL. 
The contr ibut ion of the bottom of the channel  is dis- 
regarded since L > >  r. Thus the admit tance of the 
double layer  capacity C1 is 

2 ~ r L j ~  = j~C1 [5] 

In  view of Eq. [5], one may rewri te  Eq. [4] as 

1 1 
1 + - ~  ul  4 - -  4775 u~s . . . .  

1 2 
~ - u ,  2 -  945 ule + . . .  

-t-- [6] 
~C1 

(ii) The impedance Z2 of a groove of width 2b and 
depth L per uni t  length has been calculated by de 
Levie (3) as 

p I0(~) 
Z2 = - -  [7] 

t a n ~  kll(~) 

In  Eq. [7] fl = sin -1 (b/L) is half  the angle be-  
tween the walls at the bottom of the groove, I0 and 
I1 are the modified Bessel functions of zero and first 
order, respectively, and the variable  X is defined as 

= 2 (pL/~ sin ~) 1/2 [8] 

where ~ ----- (jo~K) - I  is the double layer impedance 
per unit true surface area. In a metal sponge as pres- 
ent in Pickering's experiments, L is much greater 
than b and accordingly ~ < <  I. Hence 

sin ~ ----- tan ~ ~-- b / L  [9] 

Thus Eq. [8] may be rewritten as 

)~ = 2jl/Sus [10] 

where the dimensionless real  parameter  u2 is defined 
as 

u2 = (~pb  -1) 1/2L [11] 

The modified Bessel funct ion of order ~ is repre-  
sented by the  series expansion (6) 

Iv(~.) = (�89 ~ r  (~ )2~  [12] 
k=O k ! ( v +  k) !  

Further ,  one has the auxi l iary  formula 

1 
- - =  1 - - ~ +  ~ 2 - - $ - ~ - . . .  i f ~ < l  [13] 

Subst i tu t ing Eq. [9], [I0] and [12] in Eq. [7] and 
using Eq. [13J, one obtains 

1 1 
1 "~ " ~  U24 ~- . . .  --2 u22 -~ " ' "  

Z2 = + [14] 
2j~KL 2~KL 

The surface area of the walls of a narrow groove 
(8 < <  i) per unit length is 2L. Thus the admittance 
of the double layer per unit length of the groove is 

2 b j ~  = j~C2 [15] 

where C2 is the double layer  capacity per  un i t  length 
of the groove. Thus Eq. [14] may be rewr i t ten  as 

1 1 
1 ~t_ 1"--2 u24 ~- " ' "  T u22 ~- " ' "  

Z2 = + [16] 
j~C2 ~C2 

(iii) The impedance Z3 of a conical pit with the 
radius r at its opening and the depth L has also been 
calculated by de Levie (3) 

2p I,  (~') 
Z3 ----- ~ [17] 

~r tan  ~ X'Is(~') 

where sin ~ = r /L  and 

X' = 2 (2pL/~ sin ~) = 2jl/2u3 [18] 

and the dimensionless real  parameter  u3 is given by 

ua = (2~Kpr -1) 1/2 L [19] 

Subst i tu t ing Eq. [12], [18], and [19] in  Eq. [17] wi th  
tan  ~ ~-- r /L  if r < <  L and using Eq. [13], one obtains 

1 1 
1 + - ~ -  u34 ~- . . . .  6 u32 -~ "'" 

Z3 = -~ [20] 
j ~ r L ~  ~rL~K 

The surface area of the wall  in a conical pit (r < <  
L) is ~rL. Thus the admit tance of the double layer  of 
the pit is 

~ r L j ~  = j~C3 [21] 

where  C3 = nrL~ is the double layer capacity of the 
pit. Thus Eq. [20] may  be rewr i t ten  as 

1 1 
1 -~ - ~  u34 -]- . . .  --6 u32 + "'" 

Z3 ----~ + --- [22] 
JwC3 we3 

The solutions in Eq. [6], [16], and [22] are very  
similar. Thus they may be discussed jointly.  If ul, us, 
or u3 is much less than  unity,  the value of Z ,  for n = 
1, 2, 3 is given by ( j~Cn)-1 as the l imit ing value for 
negligible ohmic resistance. The total  impedance of a 
sample is given by the reciprocal of the sum of the 
individual  admit tances jo~Cn. Thus, if the contr ibut ion 
of the metal  surface between channels,  grooves, or 
pits is disregarded, the total  impedance Z of a sample 
involving a large number  of channels,  grooves or pits 
may be wr i t ten  as 

1 + ~.u. 4 a~u~ 
Z ~ -~ ifun < <  1 [23] 

j~C ~C 

where  C is the total double layer  capacity, the param-  
eters u ,  for n = 1, 2, 3 are given by Eq. [2], [11], and  
[19], and the coefficients an and ~ for the three models 
are 

1 1 1 
a l - = T ,  a 2 : ~ - ;  a 3 : 6  [24] 

1 1 1 
fll 4 5 '  fl2 - ~ - ;  ~3 72 [25] 
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It is noteworthy that  according to Eq. [23] even for 
Un ---- 1 the change in the imaginary  term is relat ively 
small. The predominat ing effect is due to the second 
real term in Eq. [23]. Therefore, if un is not much less 
than unity,  the bridge used by Pickering can be bal-  
anced only if dur ing dissolution of Cu from a Cu-Au 
sample with increasing depth L corresponding to an 
increasing value of Un in the model one adjusts not 
only capacitor C5 but  also resistor R2 shown in Fig. 2 
of Pickering 's  paper (1). Numerical  estimates show 
that  in most runs  reported by Pickering values of un 
for each model were sufficiently small  so that  use of 
the l imit ing relat ion 

Z = (j~C)-* [26] 

is appropriate. This is in accord with Pickering's (i) 
observation that values of C calculated from Eq. [26] 
for measurements of Z with different frequencies do 
not differ to a large extent. 

The ratio of the real part to the amount of the imag- 
inary part of the impedance calculated in Eq. [23] is 
in essence proportional to u 2, i.e., according Eq. [2] 
[ii], and [19], proportional to the resistivity p of the 
solution, the square of the depth L, and the angular 
frequency ~, and inversely proportional to the width 
of the channel, groove, or pit expressed either by r or 
b. Thus the effect of a finite ohmic resistance of the 
electrolyte in the sponge is quite low if the depth L 
is small. In most of Pickering's experiments, L was 
less than 10 -4 cm. Care, however, must be exercised 
if L is greater. Eventually, it is recommendable to 
use a low rather than a high a-c frequency if one in- 

tends an evaluat ion of measurements  with the help of 
Eq. [26]. 

Since no model represents adequately the odd geom- 
etry of a metal  sponge, Eq. [23] cannot be used for 
a quant i ta t ive  evaluat ion of exper imenta l  data ob- 
tained for a meta l  sponge. Equat ion [23], however, 
can be used in order to estimate the limits for the ap- 
plicabil i ty of a-c impedance measurements  and their  
evaluat ion with the help of Eq. [26] for an approx- 
imate determinat ion of the true surface area. In  this 
context it is impor tant  to notice that an estimate based 
on Eq. [23] gives in essence the same result  for all 
three models. 
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Crystal Growth and Properties of Mica-Like Potassium Niobates 
K. Nassau, J. W .  Shiever, and J. L. Bernstein 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Large single crystals of KNb~O8 and K~Nb60~ can be grown by Czochral- 
ski pul l ing from the melt. In  the case of KNb~Os a small  amount  of excess 
K20 is used to avoid incongruent  crystallization. Both materials  show pro-  
nounced cleavage very  s imilar  to that  of mica. The electrical properties of 
KNb,Os are also very similar  to those of mica, making  this mater ial  a possi- 
ble mica substi tute as well as being an interest ing new dielectric mater ia l  in 
its own right. KNb~O8 is orthorhombic Pmmm, with a ---- 8.91 _ 0.01A, b = 
10.66 __. 0.01A, c ---- 3.77 • 0.01A, not the previously reported perovskite s truc-  
ture. Other characteristics determined include optical, mechanical,  and chemi-  
cal properties. When exposed to atmospheres between about 25 and  85% 
relat ive humidity,  K~Nb60~ becomes a tr ihydrate,  with higher hydrat ion 
above about 85% relative humidity.  Optical, electrical, and s t ruc tura l  prop- 
erties of all  three forms of K~Nb~O~ are described. 

A total of n ine  compounds between Nb205 and K20 
have been discussed in  recent studies. Reisman and 
Holtzberg (1) reported K3NbO4, KNbO3, K4Nb6017, 
KNb3Os, and '~:6Nb44O113" in their  equi l ibr ium phase 
diagram based on differential thermal  analysis. Guer -  
chais (2) added to these K4Nb207 and K2NbsO21 from 
his formation reaction powder x - r ay  diffraction study 
and found two other phases instead of "K6Nb44OH3." 
Whiston and Smith (3) in their  single crystal x - r ay  
diffraction study added the uni t  cell dimensions of 
K~2Nb1404~, "K4Nb6Ol~," KNb3Os, "K2NbsO21," and 
K6Nb440,~3 to the well known  perovskite s t ructure  of 
KNbO3. Several of these identifications must, how- 
ever, be questioned. 

Since KNb3Os is stated to melt  incongruent ly  (1), 
the platy crystals obtained by Whiston and Smith 
from a melt  of the composition are expected to be 
the adjacent  compound K6Nb44O113 (1) or K2NbsO21 
(2). It is indeed possible to index the K2NbsO21 pat- 
te rn  of Guerchais (2) with the Whiston and Smith 
KNb3Os cell parameters  thus confirming the probable 
ident i ty  of these two compounds. The cell parameters  
given by Whiston and Smith for acicular K4Nb6017 
do not apply to any  of the three platy forms of that  
composition described below, but  do fit the diffraction 
lines of Guerchais '  "third compound" in the K2Nb80.,~- 
K6Nb~OH3 region. There are other inconsistencies 
which are however not re levant  to the present study. 
Except for KNbO~, none of the crystals obtained in 
these studies was analyzed or characterized other than 
by x - r ay  diffraction and  sometimes brief s tatements  
of crystal  morphology, nor  could the powder x - r ay  
diffraction pat terns be indexed. 

Reisman and Holtzberg (1) state that crystals of 
K~NbeO~ and KNb~O8 are birefr ingent ,  the former 
being similar  in appearance to mica, the lat ter  occur- 
r ing as rec tangular  plates. The growth of IQNb60~ 
crystals by slow solidification of the melt  has also 
been reported by Kest igian e~ al. (4), who gave ex- 
tensive analysis details and some electrical measure-  
ments. They observed moisture absorption, but  it ap- 
pears that  all measurements  and analyses were per-  
formed on freshly dried mater ia l  and accordingly the 
hydrates described below were not observed. 

Among the factors which produce confusion in this 
system may be ment ioned incongruent  melting, ex- 
t reme metastabi l i ty  (5) with excessive anneal ing 
times needed to obtain the final equi l ibr ium com- 
pounds, as well as extensive hydrate  formation, again 
probably including some metastabil i ty.  The growth 
and detailed study of single crystals provides one way 
of avoiding many  of these difficulties. We have grown 
crystals of KNb~Os and K~Nb~O~, and have charac- 
terized these, as well as the hydrates of K~Nb~O~z, by 
chemical analysis, x - r ay  diffraction, optical, and elec- 
trical measurements .  

Crystal Growth of KNb308 and K4Nb6OI~ 
Niobium oxide (Kawecki Chemical Company, opti- 

cal grade, highest impur i ty  Ta < 100 ppm) and po- 
tassium carbonate (Fisher Scientific Company, re- 
agent grade, highest impur i ty  Na < 200 ppm) were 
ground together in stoichiometric amounts  and fired 
overnight  and reground three times at 500 ~ 700 ~ and 
800~ This mater ia l  was melted in a p la t inum cruci- 
ble heated by a 450 kHz radio f requency generator.  
In  the case of KNbaOs a small  amount  of excess 
K2CO3 was added at this point  to avoid the incongru-  
ent melt ing point. The addition of i w/o  (weight per 
cent) K2CO~, corresponding to approximately 2 m/o  
(mole per cent) excess potassium was found to be 
suitable. The tempera ture  was controlled with a plat-  
inum sheathed p l a t i n u m / p l a t i n u m  10% rhodium ther-  
mocouple immersed in the melt. Growth was per-  
formed by the Czochralski pul l ing technique as pre-  
viously described (6). The uncorrected optical pyrom- 
eter tempera ture  of the melt  dur ing growth was 
about 1275~ for KNb3Os and 1220~ for K4Nb6017, 
as usually, somewhat higher than  the mel t ing tem- 
peratures. 

Crystals could readily be nucleated at the end of a 
p la t inum wire. Growth rates of �89 in . /h r  gave 
crystals of satisfactory size and quality. These crystals 
were oriented and cut into seed crystals which were 
used for fur ther  pul l ing experiments.  Growth in a 
direction perpendicular  to the cleavage was difficult 
due to the easy separation along the cleavage in both 
materials.  

The orientat ion of crystals could be rapidly deter-  
mined by the observation of a cleavage f ragment  be-  
tween crossed polarizers. Figure 1 shows the observed 
biaxial  interference figures, and their  relat ion to the 
crystallographic axes of both materials.  Growth along 
a, c, and intermediate  directions yield crystals with 

ACUTE OPTIC BISECTRIX 

_ xs 

OPTIC NORMAL = s ~'OR KNb~O 8 

FOR K4N baOrT-3H20 

Fig. 1. Relationship of optical and crystallographic axes in 
KNb30~ and K4Nb6017"3H20. 

348 
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Table II. Indexed powder x-ray diffraction pattern of KNb308 
(using a = 8.91.~, b = 10.663,, c = 3.77,~) 

h, k ,  1 d c a l c ,  A d obs,  A I o b s  

Fig. 2, Crystals and cleaved sheets of KNb30s (left) and 
K4NbsO17"3H20 (right). 

oval cross-sections, the cleavage plane always lying 
in the widest part. Growth approximately ha l f -way 
between a and  b also proceeded readily. As-grown 
and cleaved c-axis grown crystals are shown in Fig. 
2. The growth of crystals up to 4 in. in  length and 7/8 
in. diameter  from a crucible 1V2 in. diameter  and 1'/2 
in. deep indicates that this process should present no 
difficulties if performed on a larger scale. There was 
a pronounced tendency of crystals to twin  with 
parallel  growth at relat ively small angles close to the 
cleavage plane, but  this could be avoided by the 
choice of undeformed seeds and by  main ta in ing  a 
steady growth temperature.  

Satisfactory crystal growth of KNb308 was also 
obtained in a single Br idgman- type  experiment,  by 
lowering a 3�89 in. long tapered crucible at a rate of 
1 in . /day  through a furnace having a 20~ tempera-  
ture  gradient.  Even  wi thout  refinements, crystals up 
to % in. in size were obtained. 

Measurement Techniques 
Powder x - r ay  diffraction pat terns were obtained in 

a Phill ips 114.6 mm Debye-Scherrer  Camera with V 
filtered CrK~ radiation. Single crystals were examined 
by means of a precession camera using Zr filtered 
MoK~ radiation. 

Differential thermal  analysis was performed in a 
Dupont 900 machine in p la t inum cups in flowing air 
at a heat ing rate of 20~ Densities were deter-  
mined by flotation in a tha l l ium formate-malona te -  
water  mix ture  at 60~ and pycnometr ical ly  in alco- 
hol at room temperature ,  with estimated accuracies 
--+0.2 and • to 0.1, respectively. 

Refractive indexes were determined by measur ing 
the real  and apparent  thickness of paral lel  cleavage 
sheets under  the microscope in  white light. Optical 
t ransmission curves (unpolarized) were determined 
on a Cary Model 14 double beam spectrophotometer 
and a Pe rk in -E lmer  Model 421 double beam grating 
spectrophotometer. Electrical measurements  were per-  
formed on a General  Radio Type 1620A capacitance 
measurement  assembly. Electrodes were applied with 
silver conducting paste. 

010 10.66 10.58 vs  
110 6 .84 6.83 s 
020 5.33 5.31 w 
120 5.47 4.56 w 
210 4.11 4 .12 w 
001 3.77 3.75 s 
220 3.42 3.42 vs  
111 3.30 ~ 3.35 w 
130 3.30 J 3.28 vs  
021 3.08 3.14 s 
121 2.91 ~ 2.87 m 
201 2.88 J 
310 2.86 2.83 v w  
211 2.78 ~ 2.78 v w  
230  2.78 j 2.70  w 
040 2 .66 2.65 s 

Water absorption studies were performed by stor- 
ing about 0.5g samples in small  Teflon cups over con- 
stant  humidi ty  reagents in 500 ml screw-capped jars. 
The specimens were weighed every day un t i l  constant  
weight was reached, usual ly  after two days. At least 
two samples were run  at each humidity.  

Properties o[ KNbsO8 

Crystal data.~The uni t  cell dimensions obtained on 
a single crystal  of KNb308 are shown in  Table  I, to- 
gether with the calculated and observed densities. The 
Laue symmetry  and systematic absences indicated the 
possible space groups Pmmm, Prom2, or P222. The 
absence of response in a laser- induced single crystal 
harmonic generat ion exper iment  (7) demonstrated the 
probable presence of a center  of symmetry ,  thus indi- 
cating the space group to be Pmmm. The previously 
reported perovskite s tructure (3) does not appear to 
refer to the KNb3Os compound as discussed in the 
first part  of this paper. The powder x - r ay  diffraction 
pat tern  is shown in Table II, with indexing based on 
the single crystal  un i t  cell parameters.  The observed 
d spacings are general ly  similar to those of Guerchais 
(2), except that  we do not observe his very strong 
line at 8.44A (for which there would be no index) 
but instead observe the 110 reflection to occur at 
6.83A. 

The similari ty of mechanical  behavior, also shown 
in Table I, with tha t  of mica suggests a similar s truc-  
ture. Mica type materials,  using muscovite 
KA12(A1SiaOm) (OH)2 as representat ive,  contain (8) 
triple layer  sheets composed of a lumina  octahedra 
(sharing edges) with a lumino silicate te t rahedra 
sheets (sharing corners) on each side. These triple lay-  
ers are held together by K + ions. A somewhat  similar  

Table I. Some properties of KNb308, K4Nb6017, and K,tNbfi017 hydrates 

K4Nb6017 �9 x H 2 0  

C o m p o u n d  KNbsOs  x = 0 x = 3 x ~  41/2 

S t r u c t u r a l  d a t a  
S y s t e m  
S p a c e  g r o u p  
U n i t  ce l l  d i m e n s i o n s ,  A 

U n i t  c e l l  v o l u m e ,  A8 
P r o p o s e d  m o l e c u l e s  p e r  

u n i t  ce l l  
C a l c u l a t e d  d e n s i t y ,  g / c o  
M e a s U r e d  d e n s i t y ,  g / c a  

M e c h a n i c a l  d a t a  
H a r d n e s s ,  M o h s  
C l e a v a b i l i t y  
F l e x i b i l i t y  o f  c l e a v e d  

s h e e t  
O p t i c a l  d a t a  

I n t e r f e r e n c e  f i g u r e  
R e f r a c t i v e  i n d e x e s  

T r a n s p a r e n c y  r e g i o n ,  

Or  t h o r h o m b i c  O r t h o r h o m b i c  O r t h o r h o m b i c  
P m m m  P2212x (or  P2212) 
a = 8.91 ~ 0.01 a = 7.58 - -  0.20 a = 7.85 • 0.01 
b = 10,66 -~ 0.02 b --- 3 2 . 3 - -  0.8 b = 37.67 • 0.10 
c = 3.77 + 0.01 c ~ 6.40 + 0.20 c = 6.46 - -  0.01 
V = 358 V = 1567 V = 1910 

n = 2  n~4 n=4 
dx-ray = 4.14 dx-ray = 3.43 
dobs= 4.15 4" 0.05 d o b s =  3.37 ~.~ 0.1 

3.5 + 0.2 

O r t h o r h o m b i c  
P22121 (or  P22~2) 
a = 7.82 • 0.01 
b = 41.09 - -  0.10 
c = 6.42 - -  0.01 
V = 2063  

n ~ 4  
dx-ray ~ 3.18 

21/2 21/2 21/2 <1 
Pronounced Pronounced Pronounced Pronounced 
F l e x i b l e  a l o n g  a a n d  c S l i g h t l y  b r i t t l e  a l o n g  a*, B r i t t l e  a l o n g  a a n d  c S l i g h t l y  b r i t t l e  a l o n g  

v e r y  b r i t t l e  a l o n g  e* c*, f l ex ib l e  a l o n g  a* 

N e g a t i v e  b i a x i a l  B i a x i a l  N e g a t i v e  b i a x i a l  
n a  ~ 1 .92  n a  = 2.22 
n ~  = 2.10 n~  = 2 .36 
n ~  = 2.20 n 7  = 2.43 
0.36 to 5 0.36 to  21/2 

3Vz to  5~/2 

B i a x i a l  

* O r i e n t e d  b y  t h e  i n t e r f e r e n c e  f i g u r e  a s s u m i n g  t h e  r e l a t i o n s h i p  of  F i g .  1 a p p l i e s  as  for  K4NbGO~7 �9 3 H 2 0 .  
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Fig. 3. Optical transmission curve of KNb3Os 

structure with similar  mechanical  properties (9), is 
observed for potassium tetraf luo-aluminate ,  KA1F4, 
where sheets of a luminum octahedra, sharing corners, 
are again held together by K + ions. An analogous 
s tructure consisting of single or mul t iple  sheets of 
n iob ium-oxygen  octahedra, held together with K + 
ions is accordingly suggested for KNb3Os. Detailed 
s t ructural  work is however  expected to be difficult 
due to the easy deformation of the mater ia l  due both 
to the cleavage as well  as the flexibility. 

Mechanical and optica! properties.--The mechanical  
and optical data are also included in Table I. The 
relationship of the optical to the crystallographic di- 
rections is shown in Fig. 1. 

The most notable characteristic of KNb3Os is the 
highly developed cleavage. In  this it greatly resembles 
mica, except that  KNb3Os is appreciably more flexible 
than mica. Delaminat ion occurs on bending,  with 
separations down to one micron. The crystal is color- 
less and highly t ransparen t  with essentially no absorp- 
tion in the 0.5-5~ region as shown in Fig. 3 and with 
the remarkably  high refractive indices shown in Table 
I. 

Chemical properties.--Chemical analysis using x- 
ray spectrochemical analysis on an HF-HNO3 solution 
shows the  crystals to have the composition KNb3Os 
as shown in Table III. Differential thermal  analysis 
indicates no phase changes occur below a melt ing 
point of 1205 ~ • 10~ compared to the reported value 
of 1234 ~ (to <1213)~ (1). 

KNb3Os does not show any detectable reaction with 
water, in contrast  to the closely related K4NbeO~7. It 
dissolves in hot HF, but  is not attacked by other acids 
or alkalies ei ther cold or hot. A number  of impuri t ies  
at the 1 to 2 m/o  level were added to the melt  and the 
distr ibution coefficients (ratio of concentrat ion of im- 
pur i ty  in crystal  to concentrat ion of that  impur i ty  i n  
the melt)  determined.  Most of these contained two 
ions at one time. Distr ibut ion coefficients and colors 
are shown in Table IV. More than one color is listed 
when the mater ia l  is s t rongly dichroic or trichroic. In 
the cases of chromium (yel low-green)  the impur i ty  
was predominate ly  physically trapped, possibly due to 
too rapid growth, the clear crystal  remain ing  color- 
less; dis t r ibut ion coefficients were not determined in 
this case. 

Table IV. Distribution coefficient (k) and colors of various 
impurity combinations in KNb3Os 

S a m p l e  Color  I m p u r i t i e s  k 

T a  1.2 159, 161 Yel low,  b r o w n  0.5 
~ R b  0.9 

163 Color less  N a  0.5 
~ B a  0.5 

168 Color less  T i  0.5 
169 Yel low,  g r e e n  Cr  
173 Yel low,  b r o w n ,  ~ W ~,8 

p u r p l e  o 0.9 

Electrical properties.--The dielectric constant  (D) 
and ioss tangent  ( tan 8) were de termined as a func-  
tion of f requency at room tempera ture  as shown in 
Fig. 4 and 5, and the dielectric constant  as a funct ion 
of tempera ture  at 104 Hz as shown in Fig. 6. 

The room tempera ture  dielectric constant  of 9.5 and 
loss tangent  of less the 0.0005 at 106 Hz may be com- 
pared with the equivalent  values of 6.5-9.0 and 0.0003 
for highest qual i ty na tu ra l  muscovite mica (10). Fu r -  
ther  electrical measurements  will be reported by J. F. 
Puluka,  who has observed a dielectric breakdown 
strength of greater than 3 k v / m i l  as compared to 3 
to 6 k v / m i l  for mica (11). KNb~O8 appears to be 
highly resistant  to radiat ion damage; exposure to 20 
Mrads of 1 meV electrons produced only approxi-  
mately  twice the change in loss tangent  produced in 
mica (11). 

In view of the importance of na tu ra l  mica and the 
relative lack of success in growing synthetic mica as 
a substi tute (12) despite extensive work at the Bureau 
of Mines and elsewhere (10), there  is still a need for 
a comparable dielectric mater ia l  which can be grown 
in large crystals in a controlled manner .  KNb3Os shows 
considerable promise in this respect. 

Properties of K4Nb6017 
Crystals of K4Nb6017 become completely bri t t le  and 

develop many  small cleavage cracks after a number  
of days at ambient  conditions. This is caused by re-  2!I I0 . . , I D ~  n KNbsO8 

~ o 

K4Nb6017"S HEO 

I I I 
1o 2 io 3 io 4 io 5 io 6 io T io 8 

FREQUENCY, Hz 

Fig. 4. Dielectric constant variation with frequency of KNb3Os 
and KtNbeO17"3H20. 

0 0 K4Nb6017 - $ H20 
o 

z OJ +- 

0 ~= - KNb30$ 

0102 103 104 105 106 107 IO g 

FREQUENCY, Hz 

Fig. 5. Loss tangent variation with frequency of KNb308 and 
K4Nb601?'3H20. 

Table III. Analyses in weight per cent 

O + H  
K Nb (by difference) 

KNb~O~,  Sample $122 
O b s e r v e d  8.8 62 .5  28.7  
C a l c u l a t e d  for  KNbsO~ 8.77 62.52 28.71 

I~Nb6Oz~ �9 31-1~), S a m p l e  S129 
O b s e r v e d  54.2 15.0 30.8 
C a l c u l a t e d  fo r  K~-baOz~ �9 3H20  53.6 15.04 31.35 

~ O 4 1  W 
~ A H E A T i N G  CYCLE 

o ~ 0 COOLING CYCLE 

o R /  I I I 
o - 50  I 0 0  150 2 0 0  

TEMPERATURE ~ 

Fig. 6. Dielectric constant variation with tem~rature of KNb3Os 



VoL. 116, No. 3 C R Y S T A L  G R O W T H  O F  P O T A S S I U M  N I O B A T E S  351 

action with moisture as described in the next  section. 
All  of the water  is dr iven off by heat ing to 150 ~ 
200~ Because of this reaction only a l imited n u m b e r  
of properties were determined. The dielectric constant  
and the loss tangent  show small peaks at 148~ as 
shown in  the curves of Fig. 7 and 8. They do not, 
however, show up on the differential thermal  analysis  
curve of Fig. 9, which also indicates a mel t ing point  
of 1155~ the value given by Reisman and Holtzberg 
is 1163~ The only measurement  reported by Kesti-  
gian, who grew thin plates by the slow solidification 
of a nonstoichiometric melt, was a dielectric constant  
of 10.7 at 103 Hz which was reported not to change 
appreciably over the range --50 ~ to 400~ not really 
inconsistent with the data of Fig. 7. 

Lattice parameters  of K,Nb6017 were obtained 
from selected area electron diffraction dur ing  exam- 
inat ion in a Siemens electron microscope operat ing 
at 111 kv. The data is given in  Table I and was used 
to index the powder x - ray  diffraction pa t te rn  given 
in Table V. The powdered and wel l -dr ied crystal 
sample was sealed into a capil lary tube with wax. 

Table V. Indexed powder x-ray diffraction pattern of K4Nb6017 
(using a : 7.58~., b : 32.3A, c : 6.40.~) 

h k l  d e a l t ,  A d o b , , A  Iubs 

040 8.08 
140 5.53 
041 5.02 
200 3.79 ) 
210 3.76 
230 3.57 "/ 
180 3.56 J 

211, 190 3.24~ 
O, 10, 0 3.23 | 

002, 221 3.20 | 
012 3.18 J 
260 3.10 t 
032 3.07 
270 2.929 
132 2.843 

8.08 s 
5.58 v w  
5.06 w 

3.79 w 

3.52 w 

~ 3.23 m 

3.17 w 

3.08 v w  

2.924 s 
2,846 m 
2.712 w 
2.521 w 
2,350 v w  
2.206 s 
2.115 v w  
2.081 w 
1.952 m 

* No  u n i q u e  Lr~dexing fo r  l ines a t  l o w e r  spac ings .  
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Fig. 7. Dielectric constant variation with temperature of K4Nb6017 

and K4Nb60~7"3H20. 
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Fig. 8. Loss tangent variation with temperature of K4NbsO]7 
and ~NbeOl~'3H20. 
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Fig. 9. Differential thermal analysis of K4Nb6017-3H20 and 
K4Nb6017. 

This pa t te rn  does not agree with any of Guerchais '  
pat terns (2), nor  can it be indexed using the 
K4Nb6017 parameters  of Whiston and Smith (3). It  
had been suggested that  the s t ructure  is complex and 
of monoclinic symmet ry  (4); we find it to be ortho- 
rhombic. 

Occurrence of K4Nb6017 Hydrates 
In view of the changes occurring in K4NbeO17 on 

exposure to the atmosphere, the reaction with both 
CO2 and S20  was investigated. No reaction with CO2 
was observed, but  absorption of water  occurred read-  
ily. This had been noted by  Kest igian et al. (4), who 
did not however observe the formation of hydrates. 

Exper iments  on the water  absorption of s intered 
powders did not yield reproducible results, p resum-  
ably due to the presence of metastable intermediates  
(5). The use of powdered single crystal  mater ia l  com- 
pletely avoided these problems and gave the data of 
Table VI. By t ransfer r ing  samples to higher and 
lower humidities,  the water  absorption was found to 
be reversible;  al l  the water  could also be removed 
again by storage in a desiccator over Drierite. Repro- 
ducibi l i ty  was poor only in  the 98% humid i ty  atmo- 
sphere, where water  condensat ion occurs very  readily. 

As shown in  Fig. 10, the stable compound between 
about 25 and  85% relat ive humidi ty  is K4Nb6017 �9 
3H20, which is therefore the composition normal ly  
encountered in the laboratory. Above about 85% hu-  
midi ty  the ful ly hydra ted  compound is probably 
K4Nb60]7"4V2H20, al though more water  may be in -  
volved. 

The differential thermal  analysis curve of K4Nb6OI~ 
�9 3H20 is shown in Fig. 9. The occurrence of the water  
loss in three steps is not significant, since the shape 
of the pa t te rn  changes with the heat ing rate. At all 
heat ing rates there is no water  remain ing  above 

Table Vl. Variation of composition of K4Nb6017"XHEO with 
humidity 

R e l a t i v e  
Chemica l*  h u m i d i t y ,  % PHEO, m m  H g  r 

D r i e r i t e  n 0  ~ 0.0 
ZnCI~ �9 I/2H~O l 0  2.4 0.15 
LiC1 - H~O 15 3.6 0.0 
CaCI2, 6H~O 32 7.6 3.2 
K~COs �9 2H20 43 I0.0 3.1 
N a B r  �9 2H20 58 13.8 3.1 
H-~SO, :H~O* 80 19 2.9 
Na~CO~ �9 10H~O 87 20.7 4.4 
CuSO~ , 5H20 98 23.3 4.8, 5.1, 5.3 

* S u b s t a n c e  i n  e q u i l i b r i u m  w i t h  i t s  s a t u r a t e d  s o l u t i o n  in  a con-  
f ined space  to  g i v e  t he  h u m i d i t y  shown ,  e x c e p t  f o r  Dr i e r i t e  (no 
wa te r )  a n d  the  s u l f u r i c  a c i d - w a t e r  m i x t u r e  w h i c h  h a d  a d e n s i t y  
of  1.20. 
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PRESSURE OF HE0 (mr~.Hg) 
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Fig. |0. Humidity-composition diagram for K4Nb6017-XH20 

150~ and subsequent heating cycles retrace the lower 
curve of Fig. 9, now pertaining to anhydrous K4Nb6017. 

Properties of K4NbsOz7 Hydrates 
The composit ion K4Nb6017 �9 3H20 is the  s table  form 

below 65~ and be tween  about  25 and 85% humidi ty .  
The crys ta ls  p roduced  f rom K4Nb6017 by  a tmospher ic  
wa te r  absorp t ion  are  colorless, c lear  in th in  layers ,  
but  wi th  a s i lver  sheen due to in te rna l  delaminat ion,  
perhaps  at  gra in  boundar ies  at low angles to the  
c leavage p lane  in th icker  sections. They cleave r ead i ly  
but  show grea t  br i t t leness ,  resembl ing  the br i t t le  
micas. The addi t ion of chromium to t h e  mel t  produced 
ye l low crysta ls ;  microscopic examina t ion  however  
showed tha t  the  color  was due to t r apped  melt ,  the  
crys ta l  r emain ing  in fact  colorless. 

The opt ical  t ransmiss ion curve is shown in Fig. 11. 
The s t rong absorpt ion  near  3~ is consistent  with e i ther  
OH-bonded  wa te r  or wa te r  of crysta l l izat ion.  The in-  
tens i ty  of this  absorpt ion  corresponds  only to about  
0.1 moles H20 /mole  K4Nb6017, because a f reshly  
grown sample  of K4Nb6017 wi th  a shor t  exposure  to 
the  a tmosphere  had been used. The optical  constants  
l is ted in Table  I were  somewhat  var iable ,  p resumably  
dependent  on the  humidi ty .  The dielectr ic  constant  
and loss tangent  var ia t ion  wi th  t e m p e r a t u r e  and f re-  
quency is shown in Fig. 4, 5, 7, and  8. The s t rong dis-  
persion at  107 Hz in Fig. 5 p r e s u m a b l y  or iginates  in 
the  wa te r  content.  

The single c rys ta l  pa r ame te r s  of K4Nb6017-3H20 
are  given in Table I. The Laue  s y m m e t r y  and sys-  
temat ic  absences indicate  the  most p robable  space 
group to be P22121. Due to the  low qual i ty  of the  
diffract ion pa t te rns  ar is ing f rom the  bent  crystals ,  
the space group P2212 cannot  be comple te ly  e l im-  
inated. 

The b p a r a m e t e r  was found to be s l ight ly  var iable ,  
again p re sumab ly  dependen t  on the  humidi ty ,  and 

g 3o 
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t = 0.054 cm 
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Fig. 11. Optical transmission curve of N4Nb6017"XH20 

Table VII. Indexed powder x-ray diffraction pattern of 
K4Nb6017"3H20 (using a = 7.85A, b = 37.9.~, c = 6.46A) 

h k l  dcalc ,  A dobe, A Iobe 

020  18.95 
040 9.48 
060 6.32 
151 4 . 1 7 ~  
071 4 . 1 5 J  
231 3.24 
002 3.23 | 

012,  191 3.22 J 
O, 12, 1 2.837 
1, 11, 1 2 . 8 3 4 J  

* w 

19.0 m 
9.50 vs  
0.32 s 

4.16 v w  

3.24 w 

2.832 s 

2 .354 w 
2.215 w 
2.097 w 
1.995 w 
1.894 m 
1.714 m 
1.581 m 

* No u n i q u e  i n d e x i n g  f o r  l i n e s  a t  l o w e r  s p a c i n g s .  

Table VIII. Indexed powder x-ray diffraction pattern of 
K4Nb6017-41/gH20 ~uslng a = 7.52,~, b ~ 4~ .09.k, c = 6.42A) 

h k l  dcalc,  A dobs, A l~bs 

020 20.54 20.53 m 
040 10.27 10.30 vs  
060 6.85 6 .89 s 
0, 10, 2; 340;  2, 14, 1 2.53 2.53 v w  
0, 10, 1; 370;  331 2.38 2.38 v w  
0, 18, 0; 272~  2.28 ~ 2.28 w 
1, 16, 1; 3 6 1 J  [. 2.27 w 
0, 20, 0;  123; 0, 19, 1 2.05 2.05 m 
S i x  p o s s i b i l i t i e s  - -  1.82 w 

the va lue  of 37.9A was used in the  indexed powder  
x - r a y  diffraction pa t t e rn  of Table  VII. This, as wel l  
as the  pa t t e rn  of K4Nb6017"4�89 in Table VIII, 
is based on t races  taken  on a Genera l  Electr ic  XRD 3 
dif f ractometer  wi th  Ni f i l tered CuK= rad ia t ion  at a 
rota t ion ra te  of 0.2~ The sample  consisted of a 
s lu r ry  of powdered  K4Nb6017 crys ta l  in wa te r  on a 
microscope slide covered with  tape. As the  wa te r  
evapora ted ,  the  pa t t e rn  changed s lowly f rom tha t  
given in Table VII I  (K4Nb6017"4V2H20) to that  in 
Table  VII (I~NbaO17"3H20). 

In the  presence of wa te r  K4Nb6017"41/2H20 spon-  
taneously  separa tes  into th in  laminat ions.  A single 
c rys ta l  of K4Nb6017 sur rounded  by  a th in  wal led  glass 
tube  pa r t i a l ly  filled wi th  wa te r  gave the fu l ly  h y -  
d ra ted  compound,  p r e suma b ly  K4Nb6017"4 V2H20. 
The single c rys ta l  pa rame te r s  a re  given in Table I. 
As in the  case of K4Nb6017 the probable  or thorhombic  
space group is P22121 or P2212. Nei ther  of the  two 
hydra t e  diffraction pa t te rns  or uni t  cell  d imensions 
were  the  same as any of those l is ted b y  Guerchais  (2) 
or by  Whiston and Smith  (3). 

The change in unit  cell  volume in going f rom 
K4Nb8017 to the hydra tes  is 28.6AZ/H20 for K4Nb6017 
�9 3H20 and 27.6A~/H20 for K4Nb6017-4�89 These 
values  are  in the  range  observed in inorganic  hy -  
dra tes  (e.g., 24.7 for KAl(SO4)2.12H20,  and 30.0 for 
Ca2Al(OH2)Br.2H~O) and confirm the  hydra t e  for -  
mula  for K4Nb6017.41/2H20. 

Only the  b spacing changed apprec iab ly  wi th  the  
var ia t ion  in wa te r  content  of the  IQNb6017 hydra tes .  
Mica and re la ted  mate r ia l s  consist of layers  of single 
or mul t ip le  sheets of l inked oc tahedra  a n d / o r  t e t r a -  
hedra  wi th  a lka l i  ions be tween  the  sheets. A s imi lar  
s t ruc ture  composed of sheets of l inked  NbO6 octahedra ,  
wi th  K + ions be tween  the sheets, appears  l ike ly  for 
the  K4Nb6017 compounds.  On this basis the  wa te r  mole-  
cules would  p robab ly  occur as a hydra t ion  sphere  
about  the  potass ium ions. 
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ABSTRACT 

Lat t ice  energies  and heats  of a tomizat ion  have been ca lcula ted  for  HfO~, 
ZrO2, A1203, Nb205, and Ta205 from the rmochemica l  (see text,  however )  
da ta  by  the  use of the  appropr i a t e  B o r n - H a b e r  cycles. A n  a t t empt  has been 
made  to explore  the  re la t ion  of these quant i t ies  to cer ta in  fundamen ta l  p r o p -  
erties,  e.g., mel t ing  points,  boil ing points,  heats  of format ion,  d ie lect r ic  con- 
stants,  forb idden gaps, etc., which are  a measure  of the  genera l  phys ica l  and 
chemical  na tu re  of substances.  Average  bond energy  values  as wel l  as MO 
bond dissociat ion energies  for  these oxides have  also been  ca lcula ted  and dis-  
cussed. Possible re la t ion  of these and re la ted  mat te r s  to heats  of hydra t ion  
and  solution, and,  hea t  capaci t ies  and thence t e m p e r a t u r e  coefficients of band  
gaps have been briefly indicated.  

On anodizat ion in sui table  e lectrolytes ,  Ta, Nb, A1, 
Zr, and Hf form th ick  (ca. > 1000A) oxide films (1) 
which are  of considerable  in teres t  as dielectr ic  ma te -  
r ia ls  in e lec t ro ly t ic  capacitors.  I t  is of some impor -  
tance, therefore ,  to a t t empt  to obta in  quant i t ies  which, 
in general ,  a re  diagnost ic  of a va r i e ty  of mechanical ,  
thermal ,  chemical,  and  e lect r ica l  p roper t ies  of these 
substances.  In  case of ionic compounds,  such a quan-  
t i ty  is la t t ice  energy  whereas  the  corresponding 
p a r a m e t e r  for covalent  compounds is the  heat  of 
a tomizat ion (2). Like  many  o ther  mate r i a l s  of tech-  
nological  interest ,  these oxides are  pa r t i a l ly  ionic and 
pa r t i a l ly  covalent  (1). Here,  an a t t empt  has been 
made  to calculate  both the  la t t ice  energies and heats  
of a tomizat ion and  compare  each wi th  var ious  funda -  
menta l  p roper t ies  of these oxides, e.g., heats  of for -  
mation,  mel t ing  points,  and dielectr ic  constants,  etc. 

Lattice Energies and Heats of Atomization 
The la t t ice  energies  have been ca lcula ted  f rom the r -  

mochemical  da ta  1 by  use of the  appropr ia t e  Born-  
Habe r  cycle (3). The values  obta ined as wel l  as the  
the rmochemica l  da ta  used in these calculations,  to-  
ge ther  wi th  the  source references  for these data,  have 
been shown in Table  I. The only previous  va lue  ava i l -  
able  in" the l i t e ra tu re  is for A1208 (3). Our  va lue  for  
la t t ice energy  per  mole  (at  25~ for  A12Os in Table  
I (3651.5 kcal)  compares  f avorab ly  wi th  the  older  
va lue  (3663 k c a l / m o l e ) ,  also ob ta ined  by  B o r n - H a b e r  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
1 Va lues  of  t h e  h e a t  o f  f o r m a t i o n  o f  O ~" f r o m  O c a n n o t  be  o b -  

t a i n e d  by  t h e r m o c h e m i c a l  m e a s u r e m e n t s ,  s ince  O e- ion  is uns t ab l e .  
A n  e s t i m a t e  of  t h i s  q u a n t i t y  is  u s u a l l y  m a d e  b y  f irs t  c a l c u l a t i n g  
thv  t h e o r e t i c a l  l a t t i ce  e n e r g y  of  an  ox ide  b y  a M a d e l u n g  type  com-  
p u t a t i o n  ( a s s u m i n g  100% ion ic i ty )  a n d  t h e n  a p p l y i n g  the  B o r n -  
Habe r  cycle.  O n e  of  t h e  r e f e r e e s  is  t h a n k e d  f o r  p o i n t i n g  t h i s  out  
to  us. 

cycle, quoted by  Waddington  (3). The heats  of a tom-  
izat ion have also been obta ined  f rom the t h e rmo-  
chemical  da ta  l is ted in Table  I, by  means  of the  
shor te r  B o r n - H a b e r  cycle. 

In Table  II, la t t ice  energies  per  equiva len t  as wel l  
as heats  of a tomizat ion per  equ iva len t  for these  ox-  
ides have been compared  wi th  the  corresponding di-  
electr ic  constants,  mel t ing  points,  boi l ing points,  and 
heats  of fo rmat ion  per  equivalent .  In o rder  to explore  
the  significance of these da ta  in more  de ta i l  and to 
permi t  discussion of these proper t ies  indiv idual ly ,  
each one of these proper t ies  has been p lo t ted  sepa-  
r a te ly  against  the  corresponding la t t ice  energies per  
equiva lent  and heats  of a tomizat ion per  equiva len t  in 
the var ious  graphs  shown here.  I t  m a y  be concluded 
from Table II  and f rom Fig. 1-4, that ,  in general ,  wi th  
increasing hea t  of a tomizat ion  per  equivalent ,  m e l t -  
ing point  (Fig. 1), hea t  of format ion  per  equiva len t  
(Fig. 2),  boi l ing point  (Fig. 3),  a l l  increase  and  d i -  
electr ic  constant  decreases (Fig. 4). Again,  la t t ice 
energy,  in general ,  may  be concluded to be re la ted  
to these quant i t ies  in a w a y  opposi te  to tha t  of heat  
of atomizat ion.  

I t  m a y  be noted tha t  the  comparisons  are  not en-  
t i re ly  sat isfactory,  e.g., shaded points  in Fig. 1, 3, and 
4 do not r ea l ly  fol low a re la t ion  e i ther  wi th  the  heats  
of a tomizat ion or  la t t ice  energies.  Al l  these  points, i t  
may  be ment ioned,  represent  A1203. This is p robab ly  
not en t i re ly  unexpected,  since the  heat  of subl imat ion  
for a luminum,  which  makes  a subs tant ia l  cont r ibut ion  
to hea t  of a tomizat ion of a luminum oxide and some 
cont r ibut ion  to the  la t t ice  energy of A1203 is, in the  
present  context ,  unusua l ly  low. The reason being that,  
a luminum,  un l ike  Ta, Nb, Zr, and Hf, is not a t r ans i -  
tion metal .  For  improved  es t imates  one must  invoke 
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Table I.* 

-- AH~ A0-2,~ AHdi s sO2, (AHsub) metals  U,  2S*C 
(kca l  �9 mole -L  Succes s ive  i o n i z a t i o n  p o t e n t i a l s  of  t he  r e s p e c t i v e  me ta l s ,  kca l  kca l  �9 k c a l / g  k c a l / g  kca l  �9 

O x i d e  25~ m o l e  -z a t o m  a t o m  m o l e  -z 

1 2 3 4 5 

ttfO2. 271.5 (5) 160 (6) 344 (6) 485 (7) 715 (7) 156 (8) 59.5 (9) 163.2 (9) 2569.7 
ZrO.. 258.2 (5) 158 (6) 302.8 (6) 530 (6) 791.8 (6) 156 (8) 59.5 (9) 142 (9) 2613.6 
AI,_,O~ 399  (5)  138 (6)  434.1 (6)  655.9  (6)  156 (8)  59.5 (9)  75 (9)  3651.5  
Ta~O5 499.9 (5) 182 (6) 374 (6) 507.5 (7) 761 (7) 1037 (7) 156 (8) 59.5 (9) 185 (9) 7670.4 
Nb205 463.2 (5) 158.7 (6) 330.3 (6) 579.8 (6) 883 (6) 1152 (6) 156 (8) 59.5 (9) 185 (9) 8018.3 

* The  n u m b e r s  in  t he  p a r e n t h e s e s  i n d i c a t e  t he  r e f e r ence  f r o m  w h i c h  a p a r t i c u l a r  v a l u e  has  been  ob ta ined .  
"~ Ao -~~ is  t h e  e n e r g y  r e q u i r e d  to  f o r m  O-2 f r o m  O a tom.  
t The  v a l u e s  of  [AHsub,]meta I h a v e  been  t a k e n  as t he  same  as t he  hea t s  of  f o r m a t i o n  of  g a s e o u s  a t o m s  of  t h e  r e s p e c t i v e  m e t a l  f r o m  i t s  

s t a n d a r d  s ta te ,  i.e., c r y s t a l l i n e  f o r m  of e l e m e n t ,  In  gene ra l ,  [AHsub.]metal = [AHfusion]metal + [AHvap.]meta I a n d  hence  the  v a l u e s  u sed  
are  v a l i d  s ince m e t a l s  u s u a l l y  e v a p o r a t e  to  m o n o a t o m i c  g a s e s  [ see  ref .  (4), pp .  82, 86]. 

Table I1.* 

La t t i c e  energy ,  H e a t  of  Hea t  of  
k c a l / e q u i v ,  a t o m i z a t i o n ,  f o r m a t i o n ,  D ie lec t r i c  

O x i d e  25~ kca l /equiv ,  k c a i / e q u i v ,  c o n s t a n t  M. Ft . ,  ~  ]3. Pt. ,  ~  

HfO~ 642.4 138.42 - - 67 .9  20-22 (1) 3063 (10) ~ 5 7 0 0  (12)  
ZrO2 653.4 129.8 --64.5 22-25 (1) 2950 (10) 4600 (11) 
AI,20~ 608.6 121.25 --66.5 8-10.5 (I) 2300 (I0) 3280 ( I I )  
Ta,-O5 787.4 116.64 - - 5 0 . 0  27.6 (1) 2150 (10) 
Nb205 801.8 113.07 --46.3 41.4 (1) 1733 (10} 3227 (13) 

* The  n u m b e r s  i n  p a r e n t h e s e s  i n d i c a t e  t he  r e f e r ence  f r o m  w h i c h  a p a r t i c u l a r  v a l u e  ha s  been  o b t a i n e d .  

a "correct ion factor"  to t ake  into account the  lack of 
unfilled d orbi ta ls  and thence low cohesive energies  
of a luminum.  This, of course, is not  ve ry  s t r a igh t -  
forward.  

In case of Fig. 3, no da ta  seem to exist  for the  boi l -  
ing point  of Ta205. 

Significance of Various Graphs (Fig. 1-4) 
Since mel t ing  points  increase  sys temat ica l ly  wi th  

heats  of a tomizat ion and not  la t t ice  energies  (Fig. 1), 
it may  be concluded tha t  the  so l id-s ta te  cohesion of 
these oxides is de te rmined  p redominan t ly  by  covalent  
aspects of thei r  bonding  (2; cf. 1). Ident ica l  qua l i t a -  
t ive conclusions would  also fol low f rom Fig. 2-4 (2). 
No quan t i t a t ive  est imates,  however ,  can be made  re-  
gard ing  pa r t i a l  ionici ty  and covalence in these oxides.  
This is because the  var ious  procedures  for  es t imat ing  
the na tu re  of bonding in solids often yie ld  wide ly  
different  resul ts  (4). Fur the r ,  since the  B o r n - H a b e r  
la t t ice energies  a re  not  t rue  the rmochemica l  values  
for the  case of oxides,  it  is not val id  to compare  them 
with  the  theore t ica l  la t t ice  energies  for the  purposes  
of obta in ing per  cent  ionicity.  I t  has been recent ly  
pointed out to us that  Paul ing ' s  c r i te r ia  for pe r  cent  
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Fig. 1. Plat of lattice energy per equivalent (i~1) and heat of 
atomization per equivalent (A) against melting points. 

ionic charac te r  (cf. 1) are  not  appl icab le  to solids 
(4a).  

It may  also be stated,  by  analogy with  some p re -  
vious work  (2),  tha t  the  magni tude  of var ious  o ther  
proper t ies  diagnost ic  of the  genera l  s t ab i l i ty  of these 
oxides would  be l a rge ly  de te rmined  by  the  covalent  
aspects of the i r  bonding. Some of these  proper t ies  
are:  heats  of fusion and evaporat ion,  dielectr ic  
s trengths,  ac t ivat ion energies  for the  creat ion of dis-  
locations and o ther  physical  "faults ,"  and band gaps. 

Band Gaps and Their  Temperature Dependence 
It  may  be noted tha t  no a t t empt  has been made  in 

the foregoing discussion to re la te  heats  of a tomizat ion 
or la t t ice  energies  of these oxides,  to the  cor respond-  
ing values,  • of the  forb idden  gaps. Since re la t ion 
to the  heats  of format ion  per  equ iva len t  has a l r eady  
been examined  (Fig. 2), it  follows that  the  re la t ion to 
the energy of the  forb idden  gap, hE, would  exhibi t  the  
same trend.  This is because, recent ly ,  it  has been 
shown that ,  for a g rea t  va r ie ty  of semiconduct ing 
compounds,  especia l ly  ones wi th  high hE values  and 
specifically for A1203, Ta205, Ga203, In203, TiC2 (and, 
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Fig. 2. Plot of lattice energy per equivalent (F]) and heat of 
atomization per equivalent (A) against heats of formation per 
equivalent. 
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presumably,  other polyvalent  oxides), -~E ~ 2 x heat 
of formation per equivalent  (14). 

The values of heat capacity at constant pressure, 
C~,, available in the l i tera ture  (15) are for Nb2Os, 
Ta.,Os, and A1203 only. For these three substances, C~, 
has a value 3.13 ~ 0.1 cal/deg equiv. (15). Since Cp 
is directly related to O(• the temperature  co- 
efficient of the band gap, it follows that  the change 
in the band gap with changing temperature  for these 
three substances is approximately the same (16). 

It has been taci t ly assumed in the foregoing dis- 
cussion that concepts valid for crystal l ine substances 
can also be applied to amorphous oxides as indeed 
would be obtained on anodization. This is essentially 
valid, though approximately so, since the short range 
s t ructure  and crystal l ine order is still mainta ined 
intact in amorphous substances and even in melts; 
e.g., band theory of solids can be applied to these 
states (i.e., amorphous and molten) exactly the same 
way as to the crystall ine substances, except that  the 
bands tend to be diffuse and thence the consequent 
approximations (17). 

Relation of Lattice Energies to 
Heats of Hydration and Solution 

The lattice energies of compounds are also related 
to their heats of hydrat ion and heats of solution (18). 
In fact, Lattice energy = Heat of hydrat ion -- Heat 
of solution. 

Heats of solution are usual ly a small  fraction (ca. 
5%) of heats of hydration,  and, exper imental  values 
are unknow n  for the present  oxides. It may be con- 
cluded, therefore, that  the lattice energies reported 
in Table I are also an approximate measure of the 
heats of hydrat ion of the corresponding oxides. This 
is confirmed by a direct theoretical est imation of 
s tandard free energies of hydrat ion for oxides and 
their comparison with the lattice energies calculated 
in Table I. These estimations have been carried out 
as follows (19). 

The molal free energy changes associated with the 
conversion of the lattice into individual  ions in the 
ideal gas state at one atmosphere pressure may be 

represented by • which is related to the lattice 
energy U (see, Table I) by the equation (19) 

~GL = -- U -  7.4 (a ~- c) [1] 

where a is the number  of anions and c that of cations 
in one molecule of the given oxide, e.g., A12Os. 

The s tandard free energies of hydrat ion for a cation 
and anion may be estimated semi-empir ical ly  by the 
equations (19) 

(AGh) Cat : ~ 164Z 2 ~ b / ( r +  + 0.75) [2] 
and 

( A G h ) h n  ~- - -  164 Z2-- / ( r  - + 0.35) [3] 

Where Z-t- and Z--  are the respective cationic and 
anionic charges and r-b and r - -  are the crystallo- 
graphic radii  of the cation and anion, respectively; the 
factors 0.75 and 0.35 are in Angstroms and are the 
empirical corrections that  must  be made to the crys- 
tallographic radii  to make the lat ter  agree with the 
radii as determined by the Born equation, which are 
presumably equivalent  to the gas phase ionic radii 

(undefinable and unknow n) .  T h e  AGL, (-~Vh)Cat, 

(-~Gh)A, and (AGh)o~ide, determined, per mole, by 
this procedure for every one of the five oxides have 
been shown in  Table III. 

It may be emphasized that no corrections for per 
cent ionic character are necessary in the lattice 
energies used here since if the oxides were entirely 
covalent, one would replace the lattice energy by heat 
of dissociation into ions (e.g., for HC1) and not corre- 
sponding heats of atomization (18). 

Bond Energies and Bond Dissociation Energies 

If the spin correlation stabilization energies, which 
are usual ly small, are ignored (20), the heats of atom- 
ization (Table II) per equivalent  would be identical 

Table III. 

O x i d e  ~G~ * (~GOh) cat ~ (~G~ ~, $ (~G~ * 

HfO~ 2598 1701 393 2487 
Z r O ,  2642 1690 393 2476 
AI~O~ 3688 1170 393 3519 
Ta~O~ 7722 2866 393 7697 
Nb~O5 8070 2752 393 7469 

* V a l u e s  a re  k c a l  m o l e - L  
. V a l u e s  a re  k c a l  g - i o n  -1. 
$ F o r  t h e  h y p o t h e t i c a l  ion  O-'-'; h y p o t h e t i c a l  b e c a u s e  the  u l t i m a t e  

a n i o n  f o r m e d  for ,  e .g . ,  AlcOa w o u l d  d e p e n d  on t h e  p H  of the  so lu -  
t ion ,  e .g . ,  AlOe-  in  c e r t a i n  a l k a l i n e  so lu t ions .  

N o t e s  : 
Al l  v a l u e s  in th i s  t a b l e  a r e  a p p r o x i m a t e  s ince  no r i g o r o u s  p r o c e d -  

u r e s  a r e  a v a i l a b l e  fo r  c a l c u l a t i n g  ,~G% of i n d i v i d u a l  ions;  a p p r o x i -  
m a t i o n s  b e c o m e  p a r t i c u l a r l y  se r ious  fo r  t he  p o l y v a l e n t  ions  as i n  
the  p r e s e n t  case  [see re f .  118) a n d  (19) ] .  

D a t a  on ion ic  r a d i i  h a v e  been. o b t a i n e d  f r o m  re f .  (5~, p. F-89.  
V a l u e s  of (-~G~ a re  m u c h  m o r e  r e l i a b l e  t h a n  I_~G~ s ince  

e m p i r i c a l  c o r r e c t i o n s  to B a r n ' s  r a d i i  h a v e  b e e n  s h o w n  to g i v e  
m u c h  m o r e  a c c u r a t e  r e s u l t s  in  case  of c a t i o n s  t h a n  in  case  of 
a n i o n s  (19) .  
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Table IV. 

MO bond  d i s soc ia t ion  
Hea t  of MO b o n d  energies ,  kca l  . mo le  -1 

a tomiza t ion ,  energy ,  25~ 
k c a l / e q u i v ,  kca l  �9 mo le  -1 

Oxide  of ox ide  of the  b o n d  1 2 3 

HfO~ 138.4 148 184 
ZrOa 129,8 142 173 1"~ 1"~1 
AI~O~ 121,2 132 158 116 120 
TacOs 116.6 123 167 215 195 
Nb~O5 113 122 115 181 93 

Notes: 
MO b o n d  d i s soc ia t ion  ene rg ie s  u n d e r  1 h a v e  been  ca l cu l a t ed  by  

us f r o m  P a u l i n g ' s  e q u a t i o n  
D~1o = 1/2 (D~.~ + Doo) + 23.06 (X~ -- Xol  ~, 

in  kea l  �9 mo le  -1 of MO (21) ; P a u l i n g  cal ls  i t  b o n d  energy .  H o w e v e r ,  
s ince he  a s sumes  an  i so la ted  d i a t o m i c  m o l e c u l e  in  h i s  p rocedure ,  
MO in  t h i s  case, these  b o n d  ene rg ie s  are bond  d i s soc ia t ion  ene rg ie s  
a n d  in  case of a d i a t o m i c  mo lecu l e  are e q u a l  to bond  energies .  

MO b o n d  d i s soc ia t ion  ene rg ie s  u n d e r  2 a b o v e  h a v e  been  o b t a i n e d  
f r o m  ref.  (22) a n d  h a v e  been  d e t e r m i n e d  by  a v a r i e t y  of expe r i -  
m e n t a l  and  t heo re t i c a l  p rocedures .  See ref .  (22) fo r  the  a s s e s s m e n t  
of  accurac ies  of  these  va lues .  

MO bond  d i s soc ia t ion  ene rg i e s  u n d e r  3 we re  o b t a i n e d  f r o m  ref.  
(23) and  were  d e t e r m i n e d  by  d i f f e ren t  p r o c e d u r e s  of w i d e l y  d i f -  
f e r i n g  accuracies .  

The  q u a n t i t y  of i n t e r e s t  in  t he  p r e s e n t  d i scuss ions  is MO b o n d  
energy ,  an  a v e r a g e  v a l u e  o b t a i n e d  by  H o w a l d ' s  m e t h o d  and  r ep re -  
sents  t he  a v e r a g e  s t r e n g t h  o f  MO bond  as i t  occurs  in  t he  ox ide  of  
in te res t ;  MO bond  d i s soc ia t ion  ene rg ie s  r e f e r  to  i so l a t ed  MO bonds  
an d  are no t  r e l e v a n t  to  the  a r g u m e n t s  d e v e l o p e d  here.  T h e y  h a v e  
been p r e s e n t e d  here ,  h o w e v e r ,  for  the  pu rposes  of c o m p a r i s o n  and  
for  e m p h a s i z i n g  the  d i s t i n c t i o n  b e t w e e n  b o n d  ene rg ie s  a n d  b o n d  
d i s soc ia t ion  energ ies .  

to the average  bond energies (not bond dissociation 
energies for pa r t i cu la r  bonds) .  A n  a t t empt  has also 
been made  here  to calcula te  the  MO (meta l -ox ide )  
bond energies  for these oxides, by t ak ing  into account 
spin corre la t ion s tabi l izat ion energies (20). The values 
obtained have been compared  with  the  values  of heats  
of a tomizat ion in Table IV. This procedure  for  the 
calculat ion of bond energies involves reference  to 
Howald 's  (20) "valence state a toms" [see Table I I I  
in ref. (20)] and an assumption that,  a = Q, since Q 
values are  not  avai lable .  This assumpt ion amounts  to 
ignoring the contr ibut ion of coordinate  valence to the  
bonding. It may  be noted in Table IV that  the  bond 
energies are  consis tent ly s l ight ly  h igher  than the cor-  
responding values  for heats  of a tomizat ion per  equiv-  
alent.  

I t  is c lear  f rom Table  IV, however ,  tha t  replac ing 
heats  of a tomizat ion by  bond energies in var ious  
plots (Fig. 1-4) would not  change the na ture  of a rgu-  
ments  presented  here. 

In Table  IV, values  of ( last)  bond dissociation 
energies  es t imated by  us by  Paul ing ' s  method (21) 
and exper imenta l  values  of o ther  workers  have also 
been shown for the  sake of comparisons wi th  bond 
energies. The re la t ive  significance of var ious  quan t i -  
ties in Table  IV has been expla ined  in the notes to 
that  Table. 
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ABSTRACT 

The electrical conductivity of silver iodide pressure moulded into pellets 
at 2.0 tons /cm 2 was measured and the crystal s t ructure of v-AgI  was invest i -  
gated by means of x - ray  diffraction. The conductivi ty of v-AgI decreases 
gradual ly as the heating and cooling operations are repeated. The decrease 
is a t t r ibuted to the phase t ransi t ion of v- to E-phase. In the case of ~-AgI 
the conductivi ty is not changed by the heating procedure. The activation 
energies of conduction for 7- and ~-AgI at near  room tempera ture  are about 
7.0 and 9.5 kcal /mole respectively. The crystal s t ructure of the compressed 
~,-AgI differs from the ideal zinc blende structure. The modified structure 
has been suggested to be the average one which has silver ions distr ibuted 
randomly over the ideal position of the ideal zinc blende structure and the 
four positions sur rounding  the ideal position. 

Studies on high ionic conductive solids have been 
carried out in our laboratory for several years and 
some compounds have been found to have high ionic 
conductivity (1-6). These compounds, such as Ag:~SI 
(1) and AgiHgSe212 (3), were synthesized using silver 
iodide as a main material.  Silver iodide is, therefore, 
of interest  as a mother compound of the high ionic 
conductivi ty solid electrolytes. 

A number  of reports (7-13) have shown poly- 
morphism in silver iodide. At atmospheric pressure, 
three forms of silver iodide are said to exist: face- 
centered cubic, hexagonal, and body-centered cubic 
forms. The third, a-phase, is famous for typical "aver-  
age structure." 

The electrical conductivi ty of a-phase is the order of 
100 o h m - l c m  1, which is 104 or 106 times larger than 
that of the v- or B-phase. It is known that the charge 
carrier  in the a-phase is the silver ion. 

Silver iodide is usual ly  precipitated by the reaction 
between silver ni t ra te  solution and potassium iodide 
solution at room temperature.  It is, however, impos- 
sible to prepare a single crystal stable at normal  pres- 
sure, and silver iodide is general ly a mixture  of v- 
and ~-phase (14). Accordingly, the electrical conduc- 
tivities reported were mean values. 

The purposes of the present  study were to me~sure 
the electrical conductivi ty of v- and /3-phase silver 
iodide separately, to survey the conductivi ty change 
with time, and to make clear the correlation between 
the electrical conductivi ty and the crystal s t ructure 
of silver iodide. 

Experimental 
Preparation of the starting materiaLs.--Silver iodide 

is precipitated by the following reaction in the low 
cubic form under  the condition that  silver is in excess 
of the stoichiometric proportion (15) 

AgNO3 q- KI --> AgI $ d- KNO3 

By the addit ion of KI  (aq) into excess AgNOa(aq) 
with constant stirring, v-AgI containing a small  
amount  of ~-AgI was obtained. In  order to get as pure 
v-phase as possible, the dried precipitate was gently 
ground in a mortar.  

Electrical conductivi ty and x - r ay  diffraction mea-  
surements  were performed with a pellet type speci- 
men. The v-AgI pellets, 13 mm in diameter  and about 
2 m m  thick, were formed by a hand press. It is known 
that  the /~-phase tends to precipitate if iodide ion is 
in excess (15). However, in this study, ~-AgI was 
prepared by heating the compressed v-AgI for a long 
time at 200~ 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

Conductivity measurement.--Apparatus for conduc- 
t ivi ty measurements  is shown in Fig. 1. To measure the 
conductivity change with t ime and temperature,  the 
apparatus was placed in an electrical oven, the tem- 
perature of which was changed from room temper-  
ature to 160~ An impedance bridge at 1 kHz was 
used to measure the electrical conductivity. 

X-ray dif]raction.--A copper anode tube was op- 
erated at 15 ma and 35 kv. The goniometer scan speed 
was selected to l ~  in the quali tat ive analysis. 

A sample holder made in our laboratory was used 
to follow the change in structure at higher temper-  
atures. 

In the s t ructure  analysis, the goniometer scan speed 
was reduced to 1/4~/min. The observed intensities dis- 
cussed later are the mean  values of the diffraction 
lines obtained from twelve samples. 

Results and Discussion 
Stability of ~-AgI . - -The structure of silver iodide 

changes with tempera ture  and pressure (16-22). 
As a first step, the dependency of the conductivity 

on pressure was examined. The pellet type samples 
made at 0.5 to 6.0 tons/cm 2 were used to measure the 
electrical conductivi ty a. The results are shown in Fig. 
2. Up to about 2.5 tons /cm 2, ~ increases; between 2.5 
and 4.0 tons/cm 2, ~ is near ly  constant;  and in the 
range above 4.0 tons /cm 2, the curve has a descending 
plateau. These three parts of the curve should be com- 
pared with the phase relationship of AgI d rawn by 
Davis and Adams (23) which reveals agreement  with 
the phases found by them at room temperature.  The 
low pressure par t  in Fig. 2 corresponds to the II '  phase 
(low fcc) in their  diagram, the middle part  to the IV 

ad 

ressed 

~hite 

n~ 

Fig. 1. Apparatus for conductivity measurement 
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Fig. 2 Conduct iv i ty  of ~,-Agl compressed at  various pressures at  

room temperature .  

phase (ortho), and the higher pressure part to the TII 
phase (fcc). 

It has been reported that ~-AgI is metastable and 
/~-AgI transforms to ~,-AgI when being ground in a 
mortar  or strongly pressed. In the second part  of this 
report, therefore, the change of the conductivi ty with 
time was followed at room temperature,  a remains  es- 
sential ly constant and there is no change in the x - r ay  
pat tern with time. 

From these facts it is suggested that  the ~-AgI 
pellet is stable at room temperature.  

Conductivity.---~-AgI.wAs ment ioned above, -~-AgI 
has been found to have a high stabil i ty at room tem- 
perature,  but  it is affected by heating. Ini t ial  experi-  
ments  showed that  when  the specimen was annealed 
for 10 hr at 60~ ~ was observed to be lower than  the 
ini t ial  value by about one order of magnitude.  After  
being annealed for several hours at 100~ r decreased 
considerably. 

Thus, the conductivities were measured at several 
temperatures  in the range between room tempera ture  
and 100~ The tempera ture  of the specimen was kept 
constant  for one or two hours in conductivi ty mea-  
surement.  

The results are shown in Fig. 3. Curve A was ob- 
tained with the init ial  heating operation. Curve B 

16 

1r 

l i e  
u 

o 

1r 

I I I I I I I J I I I I ~ 1  "0 
~2.5 3.0 3.5 

1/T x 10 3 [ ~ 
Fig. 3. Conduct iv i ty  change with heat ing and cooling operat iQn_ 

for ~ ' -Agl .  

shows the result  for the cooling operation after the 
init ial  heating. Curves C, D, and E correspond to the 
results for successive heating operations. These curves 
are fairly l inear  and the conductivi ty tended to de- 
crease as the operations were repeated. The activa- 
tion energy of conduction is obtained from these slopes 
to be about 7.0 kcal/mol.  

The repeti t ion of heating and cooling in the range 
of room tempera ture  to 160~ makes the slope larger 
and the l inear i ty  poorer. Curve F in Fig. 3 shows the 
result  in the case where the heating operation was 
done after the heat ing procedure represented by 
Curve E had been performed. The a values are found 
to decrease by about one order in the cooling opera- 
t ion next  to the heating. Finally,  ~ values are fixed to 
the positions shown by the open circles. 

fl-AgI.--It  is ordinari ly  very difficult to prepare pure 
/~-AgI. Even if the pellet type specimen is heated over 
10 hr at 200~ it is not possible to completely prevent  
~-AgI forming. The sample so treated may be regarded 
as pure 3-AgI so far as the conductivi ty measurement  
is concerned. In  practice, the conductivi ty change of 
fl-AgI with t ime is not observed and the presence of 
a trace of ~-AgI has been neglected in this experiment.  

Two kinds of electrodes, graphite and silver plates, 
were used to check the effect of electrode materials,  
but  no effect was detected. 

Figure 4 shows the conductivi ty curve of 3-AgI. 
There exists a slight displacement between the curves 
for tempera ture  descending and ascending. This may 
be due to supercooling of the a-phase. This hysteresis 
was observed in every measurement  extended to 
160~ The activation energy is calculated from the 
slope of the l inear  portion of the curve near  room 
temperature  and is found to be about 9.5 kcal/mole,  
which is larger than that of -y-AgI. 

Conductivity and phase transition.--The electrical 
conductivities of a number  of solid electrolytes are 
known to be changed by phase transit ion.  For ex- 
ample, the electrical conductivi ty of Ag2HgI4 (24, 25) 
is about 10 -?  ohm -1 cm -1 at room temperature,  the 
phase of which is demonstrated as /~-Ag2HgI4. When 
it t ransforms to a-Ag2HgT4 at 50~ which has an 
"average" s tructure (26), the conductivi ty becomes 
about 10 -2 ohm -1 cm -1. 

,_.,1r 

~ 6 5 

J i I i i I I I I J I t I 
2.5 3.0 ,3.5 

1/Tx 10 ~ ["K -7] 
Fig. 4. Conduct iv i ty  curve for f l -Agl  



Vol. 116, No. 3 C O N D U C T I V I T Y  O F  S I L V E R  I O D I D E  

The polymorphism or phase t ransi t ion of AgI has 
been investigated by m a n y  authors. Mrgudich (27) 
studied pellet type AgI. In  his s tudy on solid electro- 
lyte batteries, he measured the conductivi ty of com- 
pressed AgI powder pellets. According to his results, 
the presence of a deformed hexagonal  phase was an 
important  factor in determining the conductivity, and 
the face-centered cubic phase, i.e., v-phase, gave some 
resul tant  decrease in  conductivity.  

On the other hand, different phenomena  were ob- 
served in the present  investigation. X- ray  diffraction 
pat terns were taken in order to find the reason why 
the conductivi ty change was observed when the heat-  
ing and cooling operations were repeated with pellet 
type v-AgI. The results are shown in Fig. 5. The pro-  
file (a) is that of the sample immediate ly  after the con- 
ductivi ty was measured at room temperature.  The three 
peaks are fairly broad. The pa t te rn  (b) was taken 
at 120~ In  addit ion to the three peaks in (a),  a few 
small peaks which belong to /~-AgI are seen. They 
grow moderately as the heating operation is repeated. 
At 170~ which is above the t ransi t ion tempera ture  
147~ four peaks are obtained as are seen in (c). This 
pat tern is typical  for the body-centered cubic lattice. 
After  being annealed for 1 hr  at 170~ the sample was 
cooled to room temperature,  and the x - r ay  diffraction 
pat tern was taken again. The more complex peaks 
shown in (d) are those of ~-AgI which have been 
identified by the help of ASTM card. The ratios of 
their  intensit ies differ slightly from the data indicated 
in ASTM data. This difference suggests that  the lat-  
tice distortion is induced by  heat ing of the pellet. 

To compare the diagram of the pellet with that  of 
the powder sample, x - r ay  diffraction profiles were 
taken at room temperature,  100% and 170~ The re-  
sults with powders shown in Fig. 6 agreed approxi- 
mately  with those of the pellet. The (d) in Fig. 6 
differs from (d) in Fig. 5. The agreement  of the in -  
tensity ratios in Fig. 6 with ASTM data is bet ter  than  
that in  Fig. 5. 

From these results it is confirmed that  the face- 
centered phase transforms to the hexagonal  phase in 
the course of repetit ion of heat ing and cooling. This 
consideration coincides with Burley 's  study (13). 

Thus, the change of conductivi ty in v-AgI can be 
at t r ibuted to the phase transition. The decrease in 

~ cd) 
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Fig. 5. X-ray diffraction of compressed v-Agl at various 
temperatures. 
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Fig. 6. X-ray diffraction of 7-Agl powder at various temperatures 

conductivi ty of the v-phase is not due to the presence 
of the face-centered cubic phase, but  to the t ransi t ion 
of the v- to E-phase. 

Structure of compressed v-AgI . - -The  crystal s t ruc-  
ture  of v-AgI  was analyzed by Wilsey (28) in 1921 
and confirmed by Davey (29) in 1922. According to 
their  powder x - r ay  diffraction studies, v-AgI  has a 
face-centered cubic lattice of zinc blende type. On the 
other hand, a hexagonal  s t ructure  of wurtzi te  type 
was reported as a result  of the optical studies with re- 
lation to iodyrite by Aminoff (30) in 1922. In  addi-  
tion, the fact that  the silver atoms in ~-AgI are dis- 
t r ibuted at random among four positions situated te t ra-  
hedral ly  around the ideal position in the wurtzi te  
s t ructure  was found on the basis of oscillation studies 
by Helmholz (31) in 1935. 

As can be seen in the previous sections, pellet  type 
v-AgI gives a hundred  t imes larger conductivi ty than  
that  of #-AgI at room temperature ,  and its activation 
energy of conduction is comparat ively low. Moreover, 
a little breadth in x - ray  diffraction peaks is observed 
and separation of the peaks corresponding to CuKa~ 
and Ka2 is insufficient. These data suggest that  com- 
pressed v-AgI may  have some s t ructural  peculiarity. 

In  fact, our observed intensit ies did not agree with 
the expected. Thus, a modified s t ructure  model may 
be introduced like (b) in  Fig. 7, which differs from 
that  of ideal zinc blende (a). The intensit ies of the 
diffraction lines were calculated by  the following 
formula in order to compare wi th  the exper imental  
data 

1 + cos ~ 2o 
I = A .  . P .  [fl2 [1] 

sin20 cos0 

where I is the relat ive intensity,  A the  absorption fac- 
tor, the second te rm the Lorentz-polar izat ion factor 
containing the Bragg angle 0, P the mult ipl ic i ty  of la t -  
tice plane, F the s tructure factor. The last t e rm F is 
expressed by the following relat ion 

c&) 

cb) 

Fig. 7. Crystal structure of "y-Agl showing ~ of unit cell, (a) 
ideal zinc-blonde structure, (b) proposed average structure. 
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Fig. 8. Calculated intensity as o function of the parameter 
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F = F (hkl) = E i f i  exp 2hi (hxi 4- kyi + lzi) [2] 

= A (hkl) + iB (hkl) [3] 

A (hkl) = ~ fi cos 2~ (hxi -}- kyi + lzi) [4] 
i 

B (hkl) = E i fi sin 2n (hxi -F kyi + ]zi) [5] 

fi = :rio exp (-- B sin2o/X 2) [6] 

where h, k, 1 are the Miller's indices, fi the modified 
atomic scattering factor of the i - th  atom related to 
the atomic scattering factor flo and the Debye factor 
B by Eq. [6], xi, Yi, zi the parameters  of the i-th atom. 

The ideal lattice of ~-AgI is that of the z inc-blende 
type and the space group is F 43 m (32). A parameter  
in 16(e) is 0.25 in ideal zinc blende but it may be 
changed in the compressed 7-AgI. 

In  this calculation, the Debye factor plays an im-  
portant  role in an at tempt  to conform to the experi-  
menta l  intensities. Therefore both x in 16(e) and 
were roughly examined and then  the range of x was 
limited to 0.28-0.35, and B was kept constant at 5.0. 
This B is somewhat larger than that  of the ordinary 
compound at room temperature,  but  reasonable for the 
"average structure" like a-AgI (33). 

Figure 8 shows the intensit ies as a function of x. 
The open circles are the observed intensities. The 
agreement  of the calculated intensities with the ob- 
served ones is the best when  x = 0.30. 

In  addition, the rel iabi l i ty  index R was computed 
with the aid of next  equation 

Z] Irobsl --  Ircalc] ] 
R = [7] 

zIrobsl 
where Fobs and Fcalc are the observed and calculated 
s tructure factors respectively. The obtained R is 0.115 

which suggests that  the above calculation of the in -  
tensi ty is highly reliable. 

From these results, a new average s tructure is con- 
firmed in which silver atoms are randomly  distr ibuted 
over four possible sites placed te t rahedral ly  around 
the ideal site in zinc blende, s imilarly over the ideal 
position. The distance between the ideal and the te t ra-  
hedral  sites is 0.60A, which is greater than the ampli-  
tude of the simple oscillation of a silver atom. 

The low activation energy in conduction, the large 
ionic conductivi ty at room temperature,  and the in-  
sufficiency of the separation between K~I and K ~  in 
x-ray diffraction may be obviously interpreted by the 
disordered or averaged structure in compressed -~-AgI. 

Manuscript  submit ted Sept. 30, 1968; revised m a n u -  
script received Nov. 19, 1968. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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Thermal Cycling and Surface Reconstruction 
in Aluminum Thin Films 

C. J. Santoro 
Motorola Semiconductor  Products Division, Phoenix,  Arizona 

ABSTRACT 

The appearance of "anneal ing hillocks" on heat treated a luminum films 
has been previously reported. Thin  films of A1, deposited on passivated 
wafers, were annealed for various lengths of t ime in the tempera ture  range 
200~176 The effects of grain size, alloying and surface passivation on 
hillock formation, were studied. It is the purpose of this report to summarize 
the effect of thermal  cycling on similar films and to show in more detail the 
size and appearance of the hillocks. A luminum was deposited on oxidized sili- 
con substrates in a vacuum of about 10 - s  Torr. Grain sizes at the deposition 
tempera ture  were on the order of <1~, 1~, and 5~. Manual  cycling was 
carried out between a hot stage in N2 and a room temperature  heat sink. 
Control samples were annealed (uncycled) for equivalent  t imes-a t - t empera -  
ture. Photomicrographs of the surface at its various stages of reconstruction 
were taken and scanning electron micrographs provided a more detailed view 
of individual  hillocks and their  surroundings.  At the higher temperature~ 
(425~ thermal  cycling increases the number  of hillocks by factors of 2 or 3, 
with the typical  hillock density estimated to be approximately 106/cm ~. 
Cycling also increases the size of the protrusions, and hillocks as high as 
3.5~ have been observed growing out of a 0.7~ film. Exper iments  employing 
glass passivation confirm earlier results that  surface reconstruction can be 
eliminated. 

A l u m i n u m  thin films have found wide application 
in the semiconductor industry.  As interconnections on 
a semiconductor device or integrated circuit the alu-  
minum, usual ly  in contact with a thin layer of SiO._, 
on a Si wafer, may be subject to forces tending to 
change its structure. This is especially true if thermal  
excursions are encountered. If an a luminum film on 
an oxidized silicon substrate is heated sufficiently 
above its deposition temperature  abnormal  localized 
growths, "anneal ing hillocks," appear (1, 2). This ef- 
fect has also been reported for lead, tin, and indium 
films (3) on substrates of lower thermal  expansivity.  
Paddock and Black (1) have reported increases in 
hillock density with increasing time, temperature,  and 
impur i ty  content for a luminum films on silicon held 
at elevated temperatures.  Similar  features exist for 
the other metal  films. 

d 'Heurle et al. (2) do not a t tempt  an explanat ion of 
the growth phenomena  for their a luminum on silicon 
films; Paddock and Black (1) a t t r ibute  this growth 
to increased grain boundary  diffusion. Caswell et al. 
(3) feel that the presence of cross slip in their film 
provides evidence for plastic deformation but find it 
difficult to explain the presence of sufficiently large 
strains even though the films are on low expansion 
coefficient substrates. 

It is the purpose of this report  to summarize some 
experiments  studying the effect of thermal  cycling on 
this surface reconstruction phenomena and to com- 
ment  fur ther  on the mechanisms responsible for the 
size, density, and external  morphology of the hillocks. 

Experimental 
The a luminum films used in this investigation were 

vacuum deposited at less than 10 - s  Torr using 99.999% 
pure a luminum wire on a braided tungs ten  filament. 
The filaments were outgassed with a high tempera ture  
annea l  before each evaporation. The substrates, p - type  
silicon with 1~ of thermal ly  grown oxide on a polished 
surface, were thoroughly cleaned and dried before 
deposition. A dehydrat ion and final surface cleaning 
were accomplished by heating the wafers to several 
hundred  degrees centigrade while under  vacuum. Both 
cleaning and deposition temperatures  were achieved 
with a tungsten wound radiat ion heater and monitored 
with a P t -P t  10% Rh thermocouple, mounted  on a 
"dummy" wafer. Three deposition temperatures  were 

used to produce 7000A thick films of various grain 
sizes; room tempera ture  (28~ 200~C, and 400~ 
The average grain sizes of the films deposited at these 
temperatures  were in the range less than 1~, 1~, and 
5~, respectively. 

Thermal  cycling was performed manua l ly  between 
a hot stage in a tube furnace and a massive a luminum 
block held at room temperature.  Tempera ture  control 
was •176 and a N2 atmosphere was used. A 15 rain 
cycle t ime was selected. Control samples were run  for 
the same t ime-a t - tempera ture  as the cycled ones. 

Observation of the surface reconstruction was ac- 
complished in three ways. During anneal  (i.e., after 
each cycle) surfaces were examined by s tandard op- 
tical microscopy (up to 2000X). This enabled estimates 
of hillock density at various stages of development  to 
be made. Three stage replication and shadowing per-  
mit ted the use of an electron microscope (10,000X to 
20,000X) for viewing individual  hillocks. Employment  
of a scanning electron microscope (up to 20,000X) 
with its large depth-of-field allowed examinat ion of 
individual  hillocks from a var ie ty  of incident  direc- 
tions and yielded much information about the details 
of hillock morphology. 

Results 
The effect of thermal  cycling on surface reconstruc- 

t ion is rather  dramatic. Figures 1 and 2 i l lustrate this 
for 7000A a luminum films deposited at 200~ having a 
grain size of about 1~. Both films were annealed in 
a dry N2 atmosphere at 430~ and hillock growth 
was apparent  in either case. The uncycled film (Fig. 1) 
has had a continuous 21~ hr anneal  and the "uncycled 
hillock density" (pu) is about 5 x 105/cm 2. This 
includes hillocks of base diameter  about 1~ or larger 
whose typical  height is close to 1.5~. 

Figure 2 shows an identical ly prepared film which 
has undergone ten 15 rain cycles at 430~ (equivalent  
t ime-a t - t empera tu re  as the film of Fig. 1). The "cy-  
cled hillock density" (pc) is 1.5 x 106/cm 2 while the 
average height has increased to almost 3~. 

Similar  experiments  (i.e., 430~ anneal)  have been 
carried out for films deposited at room tempera ture  
and also at 400~ The corresponding hillock densities 
are given for all these films in Table I and sample 
data is plotted in Fig. 3. A near ly  logarithmic de- 
pendence on deposition tempera ture  is indicated. For 
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Fig. 1. Optical micrograph of 7000~ AI film annealed 2!/z hr 
at 430~ 4360X. 

Fig. 3. Dependence of hillock density on deposition temperature 
for films annealed at 430~ 

Fig. 2. Optical micrograph of 7000A AI film annealed in ten, 
15 min cycles at 430~ 4360X. 

the room tempera ture  films densities are high and the 
sizes were general ly just  greater than  1~. For the films 
deposited at 400~ densities are considerably lower. 
In  all cases the estimates of hillock number  are rough 
since the relat ively low number  (especially in the 
larger grained specimens) prevents  obtaining good 
counting statistics. 

Both large and small  grain films were annealed at 
temperatures  below that  of deposition. In the case 
of large grains (5~) no hillock formation was observed 
at anneal  temperatures  of 175~ and 237~ for either 
cycled or uncycled samples. For the smaller  grained 
(1~) films deposited at 200~ some hillocks were ob- 
served for an anneal  at 179~ Here the densities are 
pc ~ 5.2 x 105/cm 2 and pu ~ 2.8 x 105/cm 2. These data 
are included in Table I. 

Several  films were passivated by depositing films 
of SiO2 at 150~ with thickness 1000A to 1~. As was 
reported for constant  tempera ture  anneals  (1), ther -  
mal  cycling produced no hillocks in the passivated 
state. 

Table I. Hillock densities for films deposited at room temperature 
and 400~ 

Te ,  ~  Ta ,  ~  p c y c l e d  p u n c y c l e d  pc/p. 

R . T .  4 3 0  8 .7  • 1 0 7 / e m  2 4 .0  X 1 0 7 / e r a  ~ 2 .2  
2 0 0  4 3 0  1.5 • 1 0 e / c r n  ~- 5 .0  X 1 0 5 / c m  ~ 3 .0  
4 0 0  4 3 0  3 .4  • 1 0 ~ / c m 2  6 .0  • 1 0 ~ / c m  '-' 5 .7  
R . T .  2 2 3  6 .0  X 1 0 e / c m  2 3 .2  • 1 0 ~ / c m  2 1 .9  
2 0 0  179  5 .2  X 1 0 5 / c m  2 2 .8  x 1 0 5 / c m  ~ 1 .8  
4 0 0  2 3 7  0 0 - -  

175  

The shape of the hillocks is determined by the 
granular  s t ructure  of the film. The hillocks may be 
divided into three general  classes based on the grains 
from which they originate. Figure 4 shows the three 
grain  patterns present  in these films. Growth from a 
configuration similar  to 4a can result  in an "edge" 
hillock such as shown in Fig. 5. Configurations 4b and 
4c yield hillocks such as the flat-topped one shown 
in Fig. 6 and the spire-l ike one shown in Fig. 7. Edges 
corresponding to the surrounding boundaries are ap- 
parent  in both of the lat ter  types. 

Discussion 
The pr imary reason for hillock development  is the 

disparity in l inear  expansion coefficient between the 
silicon substrate (asi = 3.3 ppm/~ and the deposited 
A1 film (~a] = 23.6 ppm/~  The film is in "size 
equi l ibr ium" with the substrate at the temperature  of 
evaporation (Te) whereas at the anneal  tempera ture  
(Ta) a strain, e, is introduced on the film given by 

LA! (Ta) - - L s i  (Ta) 

L (Te) 

where L (Te) is the size (diameter)  of the substrate 
and film at deposition and LA1 (Ta) and Lsi (Ta) are 
the sizes of each if they are allowed to expand freely 
from Te to Ta. To a first approximation, then, this 

(a )  ( b )  ( r  

Fig. 4. Three grain configurations in a deposited film 
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Fig. 5. "Edge hillock" in 7000~. film, 4360X 

Fig. 6. Electron micrograph of a shadowed replica of a flat- 
topped hillock, 36,000X. 

cients of thermal  expansion of the layers. In  the cases 
where T~ > Te the A1 film is placed under  a com- 
pressional (e ~ o) stress proport ional  to e and hence 
to ['~A1 --  ~si] and AT = Ta - -  Te. Using the afore- 
ment ioned coefficients of expansion, a AT ---- 250~ 
and an elastic modulus of 9 x 106 psi for a luminum, we 
have obtained a rough estimate of this stress to be 
about 40,000 psi. Paddock (1) has calculated a value 
of 60,000 psi for similar conditions. A more elaborate 
calculation (6) employing the appropriate stress 
function (7) for axially coupled cylinders yields a 
value on the order of 25,000 psi with a slight radial  
dependence. It is to relieve this compressional stress 
that mass t ransport  forming the hillocks occurs at the 
elevated temperature.  In  an  uncycled anneal  the 
hillock growth continues unt i l  equi l ibr ium at the 
higher tempera ture  is achieved. When a specimen un-  
dergoes thermal  cycling, however, there is a reversal  
of the stress pat terns  dur ing the cooling cycle. Since 
hillock formation relieves some of the compressional 
stresses present  on heating, and since the a luminum 
atoms are mobile at temperatures  above the recrys-  
tallization point (150~C) one expects some relief of 
the tension stresses, present  dur ing cooling, while the 
film is above the recrystall ization temperature,  and 
the a luminum atoms are still mobile. Because one does 
not expect a reversibi l i ty  to exist in the mass motion 
causing hillock formation, this relief is probably ac- 
complished by gross th inn ing  of the film or by groov- 
ing or separation at grain boundaries.  The film then 
approaches the higher tempera ture  equil ibrium, except 
in a thinner,  "hillocked" state. The reapplication of 
heat, in a subsequent  heating cycle, once again causes 
compressional forces to rise, and new hillocks as well  
as the growth of older ones are promoted. Hence one 
anticipates the increase in both hillock size and n u m -  
ber when films are thermal ly  cycled. 

It is noteworthy that  this re l ief-upon-cool ing may  
also explain the growth of hillocks in the cases where 
Ta < Te. In  one such case where Te = 200~ and Ta 
: 179~ a sparse but  nevertheless significant hillock 
population was seen (Fig. 8). Since cooling in a vac- 
uum after evaporation is general ly slow there may 
have been sufficient t ime for reordering and hence the 
establishment of a film which appears to have been 
deposited at an "effective Te," lower than the anneal  
temperature.  This reordering is certainly present in  
all the films deposited at higher temperatures  and 
hence any quant i ta t ive evaluat ion of stresses which 
would cer tainly involve a knowledge of Te requires 
an assumption about this effective value. 

In  one model for hillock formation, grain boundary  
diffusion is postulated as the controll ing mass t rans-  
port mechanism. It  is assumed that  films containing a 
high grain boundary  density relieve the compressional 
forces by diffusion down these boundaries to nucleat-  

Fig. 7. Scanning electron micrograph of 3/~ high hillock in 
7000.~ film, 27,900X. 

strain can be expressed 

e-~ [~A1- ~Si] (Ta--Te) 

where the-~'s are some appropriate average values (in 
a l inear  approximation a is a constant)  of the coeffi- 

Fig. 8. Hillocks formed in an anneal below the deposition tem- 
perature, 4360X. 
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ing sites when the hillocks form. The evidence of 
higher hillock density on the "cold-deposited" small  
grain films, and films doped with silicon is pointed to 
in support of this mechanism. 

It is present ly  felt that the formation and growth 
of hillocks is a creep (4) phenomenon. Although pri-  
mari ly  diffusion controlled, this is a lattice rather  
than a boundary  process in which the surface is plas- 
tically deformed due to atomic motion in the bulk  of 
the film. Dorn (5) has shown that  creep occurs in bulk  
a luminum at temperatures  above 400~ for stresses 
as low as 3000 psi. The calculations above estimate the 
stress levels in these films to be greater than  25,000 
psi. Hence it is not unreasonable  to consider recon- 
struction of the film as being due to creep under  the 
influence of this rather  high compressive stress. No 
experiments have been performed during this in- 
vestigation to t ry to determine which mechanism of 
creep is operating dur ing the reconstruction process. 

It is interest ing to postulate the effect of many  
thermal  cycles on the a luminum.  Hillock growth is 
highly anisotropic, this random thickening of the 
film takes place as mass is locally "piled-up" dur ing 
the heating cycle. The hillock formation is not re-  
versible, however, and hence some "thin-spots" are 
likely to occur after many  cycles. The stress levels 
in these less thick regions may be considerably higher 
than the remaining f i lms--high enough, perhaps to 
cause separation along a grain boundary.  This is ex- 
pected to occur during cooling at temperatures  below 
150~ where the mobil i ty of A1 atoms is restricted and 
tension forces of sufficient magni tude to pull  grains 
apart, may exist. 

Summary 
In summary,  then, the presence of high compressive 

stresses and elevated temperatures,  coupled with the 
observation of creep in bulk  a luminum,  lends evidence 
to the creep mechanism of hillock formation. 

The effect of thermal  cycling is seen to increase the 
over-al l  hillock density since a renewed compressive 

stress accompanies each heating cycle. This is due to 
the fact that some relief of the tensile stress, present 
during cooling, must  occur above the recrystall ization 
temperature.  This relief is not simply the reverse of 
the hillock formation but is most probably a bulk  re- 
ordering of the film accompanied by some grain 
boundary  separation. The repeated cycling of the film, 
then, produces hillocks as well as enlarging those al- 
ready formed. In  the extreme case of many  cycles, 
grain boundary  separation leading to "opens" may be 
expected to occur. 
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Electrically Conducting Photoluminescent ZnSe Films 
Alvin M. Goodman 

RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

Electrically conducting photoluminescent  ZnSe films have been prepared 
by evaporation onto sui tably cleaned, heated sapphire (1102 orientat ion) sub- 
strates. The presence of electrical conductivi ty is shown to be correlated 
with (a) the degree to which the (111) planes of the films are parallel  to the 
substrate surface, and (b) preferred orientat ion of these planes about the 
normal  to the substrate. Crude electroluminescent  comb cells uti l izing these 
films have been fabricated. 

The purpose of this paper is to describe a technique 
for producing electrically conducting photolumines-  
cent (PL) ZnSe films of micron thickness. This type of 
film should be useful for the fabrication of electro- 
luminescent  (EL) devices (1, 2). With one possible ex- 
ception, 1 it has not been feasible in the past to pro- 
duce such films although much effort has been ex- 
pended toward this objective (4-6). The method used 
here is basically that developed by Fonger (4-6) to 
produce pbotoluminescent  insulat ing ZnSe films; it 
was found, however, that  by proper selection and 
preparat ion of the substrate material,  electrically con- 
ducting films could be produced. 

1 The one poss ib le  e x c e p t i o n  to th i s  is in  the  w o r k  r e p o r t e d  by 
Dobbs  13~ in  w h i c h  the  f i lms were  h e a v i l y  doped  w i t h  Cu to a 
c o n c e n t r a t i o n  of f r o m  500 to 5000 ppm.  I t  seems  p r o b a b l e  t h a t  in  
t ha t  w o r k  the  c o n d u c t i v i t y  was  due  to m e t a l l i c  Cu w h i c h  had  p re -  
c ip i t a t ed  a long  g r a i n  boundar i e s .  

Film Preparation 
A series of ZnSe films were produced using an evap- 

oration technique developed by Fonger  (4-6). Since 
that work has been described in great detail, only the 
essentials will be described here. 

A cross-section view of the mult iple  arm evapora-  
t ion chamber  used in this work is shown in Fig. 1. The 
evaporation chamber and the associated heaters and 
heat shields are mounted  inside the bell jar  of a K in -  
ney evaporation system equipped with a 4 in. diffusion 
pump and a liquid ni t rogen trap. The system ordi- 
nar i ly  pumped down to pressure in the range 10 -6 ---- 
10-~ Torr. The evaporation chamber  is constructed of 
quartz and has five arms extending from its bottom. 
Three of the arms are short, closed at the lower end, 
and inclined (at an angle of 13 ~ with respect to the 
vertical) to point toward the center of the substrate. 
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JAR Table ). Photoluminescence, conductivity, and electroluminescence 
)OUBLE-~ALLED in ZnSe evaporated films 
RADIATION SHIELD 

VYCOR SUPPORT FOR 
f VERTICALLY WOUND S u b s t r a t e  

MAIN HEATER S u b s t r a t e  S u b s t r a t e  t e m p e r -  C o n d u c t -  
t m a t e r i a l  p r e p a r a t i o n  a ture ,  ~ P L  ing  EL 

Q u a r t z  U n k n o w n  400 No No No 
QUARTZ "DOUGHNUT" Q u a r t z  a 670 Yes No No 
SUBSTRATE HOLDER Quar t z  b 670 Yes No No 

OUARTZ CHAMBER (1~02) Sap-  p h i r e  = 670 Yes No No 

SIDE ARM (1102) Sap- 
ph i re  ~ 670 Yes Yes "Yes 

�9 SIDE ARM HEATER SiOz on  Si a 670 Yes No No 
SiO~ on Si  b 670 Yes No No 
SizNy on Si  ~ 670 Yes No No 

DOUBLE-WALLEO D o u b t f u l  RADIATION SHIELD AI~O3 ~ 670 Yes W e a k l y  in spots 
P t  on (1I'02) 

s a p p h i r e  b 670 NO NO No 

TO 
PUMPS 

Fig. 1. Cross-section schematic view of the multiple-arm evapor- 
ation chamber. 

They are intended for use with h igh-evapora t ion- tem-  
pera ture  materials  and were  used in the present work. 
The other  two arms are long and vertical.  One of these 
(not shown in Fig. i)  is closed at the lower end and 
is intended for use in evaporat ing mater ia l  at a re la-  
t ively low temperature ;  it was not used in this work. 
The remaining arm emanat ing from the center  of the 
chamber  bottom is open and serves to evacuate  the 
chamber  to the bell ja r  and the pumps. 

Each of the evaporat ing arms has its own tungsten 
coil heater  and radiat ion shield. There is also a heat-  
ing coil and radiat ion shield which surrounds the main 
chamber.  The power to each of the heaters is individ-  
ual ly controlled and metered.  A thermocouple  be- 
tween the main heater  and the chamber  was used to 
monitor  the chamber  t empera tu re  and thus the sub- 
strate temperature .  Various substrates and substrate 
preparat ion procedures were  used and these are dis- 
cussed in detail  in the fol lowing section. The substrate 
holder was a quartz plate with a beveled hole in the 
center  through which the evaporants  reached the sub- 
strates. 

The usual procedure for the deposition of a film was 
the following: 

1. The chamber  and substrate holder were  thor-  
oughly cleaned in aqua regia and rinsed in distil led 
water.  The weight  of the substrate was measured. 

2. A measured amount  of ZnSe powder  was placed 
in one of the short inclined arms of the chamber  and 
a similar  amount  of NaC1 was placed in another. The 
amount  was in each case typically ,~ 100 rag. The ZnSe 
powder  2 was prefired in a reducing a tmosphere  (H~ or 
forming gas) at ~ 1000~ to remove volat i le  impuri t ies  
and to increase the crystal l i te  size. The larger crysta l -  
lite size is desirable to decrease "rocket  flights" of the 
particles due to self-propulsion as they volati l ize non-  
uniformly.  The use of the coevaporant  NaC1 was shown 
by Fonger to result  in much greater  reproducibi l i ty  
of PL in ZnSe films (6). The probable effect of the 
use of NaC1 as a coevaporant  is the introduction of C1 
as a coactivator  for the red-orange  "se l f -ac t ivated"  
luminescence of ZnSe. 

3. Loosely packed plugs of quartz  wool  were  in- 
serted over  the ZnSe and NaC1 to p reven t  spattering 
during evaporation.  

4. The chamber  was placed in the vacuum system 
and the substrate holder and the substrate were  posi- 
t ioned as shown in Fig, 1. The arm heaters and the 

" L u m i n e s c e n t  g r a d e "  ZnSe  p o w d e r  o b t a i n e d  f r o m  ~he G e n e r a l  
E lec t r ic  Company .  

a C l e a n e d  in  1"1 m i x t u r e  of H~O2 (30% so lu t ion)  and  H,_,SO~ 
(~96% so lu t ion)  f o l l o w e d  by  a t h o r o u g h  r inse  in  d i s t i l l ed  wa te r .  

~ W a s h e d  i n  Calgon i te ,  t h o r o u g h l y  r i n s e d  in  d i s t i l l ed  wa te r ,  
b o i l e d  in  t r i e h l o r e t h y l e n e ,  and  a i r  dr ied .  

chamber  radiat ion shield were  placed as shown in Fig. 
1. 

'5. After  putt ing the bell  jar  in place, the system was 
pumped down and baked by applying power  to all 
heaters. The power  to the main heater  was adjusted 
to obtain the desired chamber  temperature .  The power  
to the a rm-hea te rs  was adjusted to keep the arms hot 
(hopeful ly near  the chamber  tempera ture )  but much 
below the tempera ture  at which rapid evaporat ion 
occurs. 

6. When the chamber  tempera ture  stabilized, the 
power to the arms containing the NaC1 and the ZnSe 
was increased and the evaporat ion was started. Typi-  
cal evaporat ion t imes were  ~ 15 rain. Af ter  this, the 
power  to all heaters was turned off and the system 
was al lowed to cool. The film was then removed from 
the vacuum system and the weight  gain of the sub- 
strate was determined.  Typical ly the deposit weights 
were  of the order  of 1 mg. 

Film Properties 
The films were  tested for photoluminescence by il-  

luminat ing them wi th  nea r -uv  l ight (3660A) and 
visual ly observing the result ing visible ( red-orange)  
luminescence. The photoluminescent  efficiency was not 
measured;  however,  the visually observed brightness 
(of the films which exhibi ted luminescence)  appeared 
to be approximate ly  equal  to that of films grown by 
Fonger  (6) at s imilar  substrate temperatures .  The 
quan tum efficiency of those films was of the order  of 
3%. 

The films were  tested for conductivi ty by measur ing 
the resistance between two In -Ga  electrodes painted 
on the films or between Pt  electrodes which had been 
evaporated onto one of the sapphire substrates before 
deposition of the ZnSe film. 

A var ie ty  of substrates, substrate prepara t ion proce-  
dures, and tempera tures  were  used; the most signif-  
icant results are summarized in Table I. The only 
combination that  resul ted in an electr ical ly conducting, 
photoluminescent  film was that  of (i) a li-02 oriented 
sapphire substrate prepared by washing in Calgonite, 3 
rinsing thoroughly in distilled water  and boiling in 
t r ichlorethylene,  and (it) use of a high substrate t em-  
perature  during film deposition. The observed con- 
duct ivi ty  be tween "painted-on"  In -Ga  electrodes was 
non-ohmic  and light was observed emanat ing f rom 
the per iphery  of the negat ive electrode. Between  two 
Pt  contacts which had been evaporated onto one sap- 
phire substrate before deposition of the ZnSe, the con- 
duct ivi ty  was ohmic and no luminescence was ob- 
served. The cur ren t -vol tage  plots for these cases are 
shown in Fig. 2. 

Calgon i t e  is a l a b o r a t o r y  c l e a n i n g  a g e n t  for  g l a s sware  ob t a ined  
f r o m  F i s h e r  Scient i f ic  Company .  I t  con ta ins  soap, carbonates ,  s i l i -  
cates,  and  a w a t e r  cond i t i one r ,  i.e., g lassy  s o d i u m  phospha te .  



366 J.:Electrochem. Soc.: SOLID S T A T E  SCIENCE March  1969 

2001 , , , / , . ,  

Nsmm 
IGO 

-oF / 

0 v - ~ " " f  I " = I ~ I m I 
0 4 0  eo 120 160 200  

APPUED VOLTAGE (VOLTS) 

Fig. 2. Current-voltage characteristics of a ZnSe film between 
identical electrodes: (a) In-Ga "painted-on," (b) previously evap- 
orated Pt. 

An order of magni tude estimate of the resistivity of 
the conducting films is about 300 ohm-cm. Detailed 
studies of the electrical characteristics of the films were 
not carried out. 

A crude electroluminescent  comb cell using a con- 
ducting, photoluminescent  ZnSe layer is described in 
the Appendix. 

In  an effort to determine why only the films grown 
on sapphire which had previously been cleaned using 
procedure b of Table I were conducting and the others 
were not, the films were examined using high magni-  
fication light microscopy, x - r ay  methods (Laue and 
diffractometry),  and electron diffraction. The results 
are discussed below. 

In  Fig. 3 are shown 4 micrographs of ZnSe films for 
different growth conditions. In (a) the substrate was 
quartz at 400~ There is no granular i ty  apparent ;  
the film is smooth though slightly cloudy. 

In  (b),  the substrate, was also quartz but  at 670~ 
The granular i ty  here is apparent;  the max imum grain 
dimension is about 2~ with the average probably 
somewhat smaller  than  1~. In  (c) the substrate was 
sapphire at 670~ The m a x i m u m  grain  size may be 
slightly larger than  for (b) but  the difference is cer- 
ta in ly  not striking. In (d) the substrate was an evap- 
orated layer of Pt  on sapphire. The grain size is not 
significantly different from either (b) or (c). In  other 
cases (not shown) wi th  different substrates and sub-  
strate preparat ion procedures but  using the same sub-  
strate tempera ture  (670~ dur ing deposition, the film 
grain size was not  noticeably different from (b),  (c), 
or (d). To summarize, the grain size was larger when 
deposition of the ZnSe occurred on higher tempera ture  
substrates but  was relat ively independent  of the sub-  
strate mater ial  and cleaning procedure. 

The x - r ay  results on the same samples showed that 
all were either predominate ly  or ent i rely cubic ZnSe 
but  that there were significant differences in crystal-  
l ini ty and orientat ion (7). These results are sum- 
marized in  Table II. 

Fig. 3. Photomicrographs of ZnSe films for 4 different growth 
conditions: (a) quartz substrate 400~ sample No. 1, (b) quartz 
substrate 670~ sample No. 4, (c) sapphire substrate 670~ 
sample No. 8, (d) evaporated platinum layer (on sapphire) at 
670~ sample No. 8P. 

The back-reflection Laue pat tern showed the pres- 
ence of polycrystal l ine rings for all samples. In  each 
case, the rings were continuous, indicating no detect- 
able azimuthal  ordering in planes not parallel  to the 
surface. The rings were sharp and resolved (K~l- 
Ka2) except for sample No. 1; this was interpreted as 
being due to a smaller particle size in sample No. 1. 
Sample No. 8 produced sharp continuous rings but  fewer 
of them indicating a higher degree of preferred orienta-  
tion; i.e., more planes were parallel  to the surface (111) 
and fewer planes were oriented at an angle to the sur-  
face. 

Diffractometry indicated that all of the samples were 
single phase ZnSe (cubic) and had preferred orienta-  
tion in the (111) direction relative to the substrate. 
There was, however, a difference in degree. Sample 
No. 8 was most highly oriented and showed only (111) 
reflections and higher orders. Samples No. 4 and No. 
16 were less highly oriented in the (111) direction than 
No. 8. Sample No. 1 gave the poorest crystal l ine pat-  
te rn  and was only slightly oriented in the (111) direc- 
tion. Sample No. 8P was the most randomly oriented 
ZnSe of the lot. 

"Omega scans" (rocking curves) were obtained for 
each of the samples by keeping the detector stat ion- 
ary on the 111 reflection and scanning through the 6 
angle. The width at half  ma x i mum intensi ty was mea-  
sured for each sample and is given in Table II. The 
important  observation here is that  the smallest half- 
width  (3.1 ~ was obtained for sample No. 8 and that  

Table II. Results of x-ray and electron diffraction analyses of ZnSe evaporated films 

P e a k  h a l f - w i d t h  
S a m p l e  S u b s t r a t e  Temp,  ~ X - r a y  r e su l t s  in  o m e g a - s c a n  E lec t ron  d i f f r ac t ion  resu l t s  

1 Quar t z  400 G a v e  poores t  c ry s t a l l i ne  p a t t e r n  ( r e l a t ive  > 1 0  ~ P o l y c r y s t a l l i n e  r i n g s  w i t h  l i t t l e  if  any  
to o t h e r  samples )  and  was  on ly  s l i g h t l y  o r i e n t a t i o n  in  re f lec t ions  o the r  t h a n  
o r i e n t e d  in  (111) d i rec t ion .  H a d  sma l l e s t  (151). The  (111) re f lec t ion  shows  
c ry s t a l l i t e  size some o r i en t a t i on .  Some  h e x a g o n a l  

phase  Z n S e  can also be iden t i f i ed  
4 Quar t z  670 S o m e w h a t  h i g h e r  deg ree  of  c r y s t a l l i n i t y  5 ~ S i m i l a r  to  s ample  No. 1 excep t  t h a t  

t h a n  No. 1 and  s l i g h t l y  m o r e  h i g h l y  or i -  no h e x  phase  is p r e s e n t  
e n t e d  in  (111) d i r e c t i o n  t h a n  No. 1 

8 S a p p h i r e  ( c l ean ing  p ro -  670 Mos t  h i g h l y  o r i e n t e d  in  (111) d i r e c t i o n  3.1 ~ S a m p l e  g i v e s  p a t t e r n  of r i n g s  s h o w i n g  
eedure  b of Tab le  I) and  on ly  the  (111) p e a k  a n d  i t s  h i g h e r  p r e f e r r e d  o r i e n t a t i o n  abou t  the  no r -  

o rders  we re  o b s e r v e d  on the  t race  real  to the  sur face  fo r  a l l  r i n g s  w i t h  
the  (111) m o s t  h i g h l y  o r ien ted .  A l l  
r ings  are cub ic  ZnSe  

8P 670 - -  
16 670 4 ~ S i m i l a r  to s a m p l e  No. 1 

P t  on s a p p h i r e  
S a p p h i r e  ( c l ean ing  p r o -  

.cedure a o f  T a b l e  I) 

Mos t  r a n d o m l y  o r i e n t e d  ZnSe  of  the  lo t  
Resu l t s  v e r y  s i m i l a r  to those  for  s a m p l e  

No.  4 
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Fig, 4. Electron diffraction patterns of ZnSe for different growth 
conditions. 

this is still much greater than the value which might  
be expected for a good single crystal ( ~  0.1~ 

Four  of the samples were also examined by reflec- 
tion electron diffraction using 100 key electrons at 
near  grazing incidence (8). The diffraction pat terns 
are shown in Fig. 4 and a summary  of the in terpre ta-  
tion is given in Table II. The significant point here is 
that the (111) planes are highly oriented about the 
normal  to the film surface for sample No. 8 and that  
they are not for the other samples. 

Discussion 

The results of the last section show clearly that  elec- 
trical conductivity of the film is correlated with a 
high degree of crystal l ine grain orientation. This re-  
sult tends to support the following speculation of 
Fischer on the reason for lack of conductivi ty in poly- 
crystall ine ZnSe films (9). Fischer suggests that  de- 
pleted Schottky barr iers  form between grains of a 
polycrystal l ine ZnSe layer thus causing it to be in -  
sulating. It  follows then that a high degree of crys- 
talline orientat ion of the grains should give rise to less 
disorder and thus fewer electronic interface states 
along the grain boundaries. This is i l lustrated in Fig. 
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Fig. 5. Models of the energy-band-diagram at a grain boundary: 
(a) high electronic interface-state density, (b) low electronic inter- 
state density. 
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5 where in (a) the ~high density of electronic interface 
states gives rise to larger depletion regions and a 
higher barr ier  than  in (b) where the interface state 
density is low. While the foregoing reasoning is not  
"a proof," it does constitute a strong plausibil i ty argu-  
ment. 

In  order to determine how the procedure for clean- 
ing the substrates affected the crystal l ini ty of the de- 
posited films, two sapphire substrates were examined 
by scanning electron microscopy (10). One of these 
had been prepared using cleaning procedure " a " - -  
"cleaned" in 1:1 mixture  of H202 (30% solution) and 
H2SO4 ( ~  96% solution) followed by a thorough rinse 
in distilled water. The other was prepared using clean- 
ing procedure "b"- -washed  in Calgonite, thoroughly 
rinsed in distilled water,  boiled in tr ichlorethylene,  
and air dried. The substrate prepared using cleaning 
procedure "a" showed considerably more contamina-  
tion remaining  on the surface than the other substrate 
al though both were relat ively clean. Two more or less 
typical areas are shown in Fig. 6. 

The work described thus far has (hopefully) an-  
swered one question about the na ture  of conductivi ty 
(or lack of it) in ZnSe films. It leads, however, to 
many  more questions. It is appropriate to set the stage 
for possible future  work by explicitly asking some of 
these questions: 

1. What are the electronic properties of these films? 
carrier density? carrier mobili ty? 

2. What would be the effect of using other crystal-  
line substrates? For example, spinel, GaAs, Ge, etc. 

3. What would be the effect of doping on the elec- 
trical conductivity and luminescence of these films? 

4. Are these films useful for device purposes? 
To give a definitive answer to any of these questions 

is beyond the scope of the present  work. However, a 
first and admit tedly very crude step toward an an-  
swer to the last question is described in the Appendix. 

Conclus ion 
Electrically conducting photoluminescent  ZnSe films 

have been prepared by vacuum evaporation onto sui t-  
ably cleaned, heated sapphire (1]-02 orientat ion) sub-  
strates. 

The presence of electrical conductivi ty has been 
shown to be correlated with (a) the degree to which 
the (]11) planes of the film are parallel  to the sub-  
strate surface, and (b) preferred orientation of these 
planes about the normal  to the substrate. 

The results are in agreement  with and tend to con- 
firm a model suggested by Fischer for explaining the 
lack of conductivi ty in other ZnSe films. 

A c k n o w l e d g m e n t  
The author owes a debt of grat i tude to a number  of 

people for their  help dur ing  the course of this work. 
Among these are W. H. Fonger  who gave much val-  

Fig. 6. Scanning electron micrographs of sapphire substrates 
cleaned in two ways. See Table I and text. 
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Fig. 7. Electroluminescent comb cell structure 

uable advice as well as the use of his vacuum system, 
J. Breece who rendered capable assistance in the prep-  
arat ion of the films, M. D. Coutts, R. J. Paff, W. C. 
Roth, and R. T. Smith for their  help in the film and 
substrate  analyses, and A. G. Fischer for useful  dis- 
cussions and advice. 

Manuscript  submit ted Oct. 23, 1968. 

Any discussion of this paper wil l  appear in  a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 

APPENDIX 

An Electroluminescent Comb Cell 
A crude electroluminescent  cell using the comb 

structure i l lustrated in Fig. 7 was fabricated on each 
of two conducting luminescent  ZnSe layers by evapora-  
t ion of metal  electrodes through appropriate masks. 
The current  voltage characteristics of the two devices 
were similar though not identical; one of these is 
shown in Fig. 8. The observed light when viewed 
through the microscope appeared to come principal ly 
from the edges of the negative electrode regardless of 
whether  it was Pt  or In. The mechanism was probably  
that of impact ionization described by  Fischer (2). 
When the Pt  lines were positive, however, some light 
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Fig. 8. Current-voltage choracteristic of o ZnSe film electro- 
luminescent cell. 

did appear to come from their  edges and was probably 
due to hole injection. At a power input  of 5w the light 
from the cell was visible in dim room light. No fur -  
ther  work has been done to improve the performance 
of these devices or to analyze the radiative mechanisms 
involved. 
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Photoexcitation and Luminescence in Redox Processes on 
Gallium Phosphide Electrodes 

K. H. Beckmann and R. Memming 
Philips Zentrallaboratorium, Hamburg, Germany 

ABSTRACT 

The mechanism of the charge transfer  between energy states of electrons 
in GaP electrodes and redox systems was studied. Measurements  of the photo- 
excitation of electrons in GaP have shown that  not only the conduction and 
valence band  but  also surface states are involved in the charge t ransfer  at 
the interface. Electroluminescence is observed if minor i ty  carriers are injected 
into the electrode. The corresponding recombinat ion process is compared with 
that of the photoluminescence. Quenching effects are discussed. 

In  a recent paper (1) we reported on some electro- 
chemical properties of GaP-electrodes. In  connection 
with those studies we already discussed the reduction 
mechanism of certain oxidizing agents. Some results 
indicated that  not only the conduction and the valence 
band but  also surface states are involved in charge 

transfer  reactions. This assumption is based main ly  on 
investigations of redox reactions in which minori ty  
carriers are consumed. In  this case the reaction rate 
may be controlled by light excitation. In  the present  
paper the corresponding excitation mechanism is re-  
ported. 
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In connection with  those studies, measurements  of 
the luminescence produced by l ight or current  injec-  
tion give valuable  information about the charge t rans-  
fer mechanism on GaP surfaces. As mentioned in a 
previous paper  we observed electroluminescence in 
GaP after addition of an oxidizing agent (1). Similar  
effects were  observed with ZnS electrodes in electro-  
lytes containing oleum (2). In this paper the corre-  
sponding recombinat ion mechanisms are reported. 

Experimental 
All  exper iments  were  per formed with single crys-  

tals of GaP oriented in the <111>  direction. Whereas 
the n - type  mater ia l  was doped with  te l lur ium, the 
p- type  crystals contained zinc and oxygen. In both 
cases the density of free carriers was about 101Vcm ~. 
Before each measurement  the electrodes were  etched 
in HC1. 

The cur ren t -potent ia l  curves were  measured using 
a Wenking potentiostat.  In the electroluminescence 
exper iments  the electrolyte  was s t reaming along the 
surface in order to increase the supply of oxidizing 
agent near  the surface. In this case the electrode po- 
tential  was modulated by square wave  pulses (28 Hz) 
leading to current  peaks up to I00 m a / c m  2. The photo-  
luminescence was excited by chopped radiation (12.5 
Hz) from a mercury  arc or a tungsten lamp. Schott 
glass filters BG 18 and a copper sulfate solution in 
the incident and RG 5 in the emit ted  beam were  used. 
The spectral  distribution was measured using a Leiss 
monochromator  and a photomult ip l ier  or a PbS-cel l .  
The corresponding signal was amplified ( lock-in am-  
plifier) and displayed on a recorder.  

Results and Discussion 
Photoexc i ta t ion  m e c h a n i s m . - - T h e  charge t ransfer  

between a semiconductor  electrode and an electrolyte  
may occur via the conduction or the valence band of 
the semiconductor.  F rom cur ren t -vol tage  curves it 
can general ly  be concluded which band is involved in 
the corresponding charge transfer.  Typical  curves of 
the interfacial  current  vs. electrode potential  for n-  
and p- type  GaP-elect rodes  are plotted in Fig. 1 and 2. 
In the anodic region the current  increases exponen-  
t ially at a p - type  electrode whereas a saturation cur-  
rent  was observed with  an n - type  electrode. This 
means that  only the valence band is involved in the 
corresponding process (anodic dissolution). The mech-  
anism of the anodic dissolution itself wil l  not  be dis-  
cussed here;  it was recent ly  published e lsewhere  (1). 

When polarizing the GaP-e lec t rode  cathodically hy-  
drogen evolution occurs. Since the cathodic current  
does not increase at cathodic potentials for a p- type  
electrode obviously only conduction electrons are in-  
volved in this process. The number  of electrons avai l -  
able for the evolution of hydrogen and consequent ly  
the interfacial  current  may be increased by i l luminat-  
ing the electrode (see Fig. 2). 

If K3[Fe(CN)6]  is added as an oxidizing agent to a 
solution of 3N NaOH a cathodic current  was observed 
also with  p- type  mater ia l  wi thout  i l luminat ion (Fig. 
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-0.4 

Fig. i. Interracial current vs. electrode potential for an n-type 
GaP-electrode in 3N NaOH before and after addition of 10-2M 
K3[Fe(CN)6] (electrode potential measured against saturated 
calomel electrode). 

_ l . 5 ~ e l e c t r ~  potential-V 0.1 ~E 

-0.2 ~ 

-03 ~ 

J-0.5 

Fig. 2. Interfacial current vs. electrode potential for a p-type 
GaP-electrode in 3N NaOH before and after addition of 10-2M 
K3 Fe(CN)6., 

2). F rom this result  it may be concluded that  the re-  
duction of [Fe(CN)6]  8- in alkal ine solutions pro-  
ceeds mainly via the valence band?  As shown in Fig. 
2, however ,  not only the valence band is involved 
since the reduct ion current  is sl ightly increased by 
i l lumination of the electrode. As we reported recent ly 
(1) in acid solution the dark current  is much lower  
and the light effect s tronger than  in alkaline solutions, 
i.e., in this case only few electrons f rom the valence 
band are consumed. 

In order  to study this reduction process more ac- 
curate ly  the fol lowing exper iment  was performed.  A 
p- type  GaP electrode was i l luminated by monochro-  
matic light. The change of the cathodic current  nor-  
malized to uni t  intensi ty of the incident radiat ion was 
then measured at weak  cathodic polarizat ion as a 
function of the wavelength  of the incident light. As 
shown in Fig. 3 the photocurrent  in 1N H2SO4 due to 
hydrogen evolut ion starts to rise near  2.0 ev and 
reaches a m a x i m u m  at about 2.75 ev (curve a). Fig- 
ure  4 shows the absorption spectrum of GaP as it was 
measured by Subashiev and Abagyan (3). Comparing 
the increase of the photocurrent  wi th  the absorption 
spectrum it is quite obvious that  electrons by a band-  
band transi t ion are consumed for the discharging of 
hydrogen ions. With K3[Fe (CN)6] present in the solu- 
tion we observed an addit ional  broad peak in the 
excitat ion spectrum at an energy  of about 1.6 ev 
(curve b in Fig. 3). This is a ve ry  weak current  peak, 
since its m a x i m u m  value  differs f rom the main  peak 
at 2.75 ev by about four orders of magnitude.  

Similar  exper iments  have been per formed with  
other  oxidizing agents, such as persulfate  and ceric 
ions. In these cases we also observed a small current  
peak in the same energy range around 1.6 ev as it is 
demonst ra ted  for K2S2Os in Fig. 3 (curve c). The ex-  
per imenta l  results differ only in so far  as the max i -  
m u m  value  of the current  at 1.6 ev depends on the 
type of oxidizing agent used for these measurements .  

Since the current  peak at 1.6 ev appears at an energy 
smaller  than the band gap of GaP (2.25 ev) it has to 
be concluded that  surface states are involved in the 
charge t ransfer  for the reduct ion of cer ta in  oxidizing 
agents. As shown in Fig. 5 surface states may  be filled 
by optical excitat ion with  electrons f rom the valence 
band. In this figure the energet ic  positions of the con- 
duction and valence band, of surface states and of 
the electronic states of the oxidizing agent  are indi-  
cated. The model  for the lat ter  states has been de- 
veloped by Gerischer  (4). According to it these states 

1 I t  s h o u l d  be  m e n t i o n e d  that ,  t h e  l a r g e  sh i f t  of  t he  r e s t  p o t e n t i a l  
o c c u r r i n g  fo r  n -  a n d  p - t y p e  e l e c t r o d e s  in  oppos i t e  d i r e c t i o n s  a f t e r  
addit ion of t h e  o x i d i z i n g  a g e n t  is  d u e  to  t h e  f o r m a t i o n  of  e l e c t r o n -  
h o l e  pa i r s .  T h e  m e c h a n i s m  of t h i s  e f f ec t  w a s  d e s c r i b e d  p r e v i o u s l y  
(1). 
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Fig. 3. Interfociol photocurrent as o function of the photon 
energy of the incident light. The low energy range plotted in 
an enlarged scale in Fig. 3a. Curve a; 1N H2SO4; curve 
b; 1N H2SO4 -I- 10 -1M K3[Fe(CN)8]; curve c; IN  H2SO4 -I- 
10 -1M (NH4)2S208. (Photocurrent normalized to unit intensity 
of incident light). 
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Fig. 4. Absorption spectrum of GaP from ref. (3) 

within  the electrolyte show an appreciable broadening 
so that overlapping with states of different energetic 
positions in the solid electrode is possible. Charge 
t ransfer  between the solid and those states wi thin  
the electrolyte occurs horizontally, i.e., at constant 
energy. Thus t ransi t ions of electrons from surface 

Ec 

225eV 

Ev 

unoccupied states 
(Fe 3.) 

p -  G a P  J electrolyte (redox system) 

Fig. 5. Schematic energy diagram of p-GaP and redox system 
(photoexcitation model). 

states into the electrolyte lead to the increase in the 
reduction current.  An excitation of an electron from 
a surface state into the conduction band can be ruled 
out since in that case the hydrogen evolution should 
also be excited through photons of 1.6 ev, which is 
not the case (see Fig. 3 curve a).  

As ment ioned above in the case of [Fe (CN)6] 3- ions 
a charge t ransfer  also occurs (see Fig. 2) via the 
valence band. Consequent ly  the unoccupied states 
(Fe a+) of this system overlap with the energy levels 
of the valence band and of the surface state as indi-  
cated in Fig. 5, i.e., in alkal ine solutions more with 
valence band and in acid solutions more with the sur-  
face states. According to Fig. 3 the reduction current  
is also increased by exciting electrons directly from the 
valence into the conduction band. From this fact it can 
be concluded that  electrons are also t ransferred di- 
rectly from the conduction band into the unoccupied 
state of the redox system. Since the band gap of GaP 
is quite large it seems to be rather  unl ikely  that  the 
unoccupied states of the redox system also overlap 
with the energy levels of the conduction band. We 
therefore prefer to assume that  electrons excited into 
the conduction band  are t rapped by the surface states 
and then t ransferred to the Fe 3+ states. The quan tum 
efficiency for the lat ter  possibility is much larger than 
for the t ransi t ion from the valence band into the sur-  
face state because of the large absorption cross sec- 
t ion for a ba nd - ba nd  transit ion.  

Elec t ro luminescence . - -As  mentioned above the re- 
duction of [Fe(CN)6] 3- ions proceeds par t ly  via the 
valence band of GaP, i.e., holes are injected. For simi- 
lar  studies with germanium and silicon electrodes 
the inject ion current  was quant i ta t ive ly  de termined 
using the "thin slice" method (5), i.e., the number  of 
holes was detected by a pn- junc t ion  alloyed on the 
reverse side of the electrode. Since the diffusion length 
of minor i ty  carriers in GaP is only about 1~ (see be-  
low), it was impossible to apply this method. Another  
possibility to detect minor i ty  carriers injected from 
the electrolyte into the crystal  is given by lumines-  
cence measurements .  

GaP is a semiconductor with relat ively good lumi-  
nescence properties. The electroluminescence produced 
by  passing a current  through a forward biased pn- 
junct ion of GaP was studied by several authors (6). 
In order to produce electroluminescence by inject ing 
holes dur ing the reduction process we had to take an 
n - type  GaP-electrode. The electroluminescence spec- 
t rum obtained with K3[Fe (CN)6] as an oxidizing agent 
is plotted in Fig. 6. Since no electroluminescence was 
observed without ferr icyanide ions it is proved that 
the electroluminescence is indeed produced by the 
charge t ransfer  dur ing the reduction process. The 
same spectral distr ibution was obtained with a variety 
of other oxidizing agents such as ceric ions, hydrogen 
peroxide, and persulfate. 

In  the spectral dis t r ibut ion of the electrolumines- 
cence two peaks are visible, at 1.2 and 1.55 ev. Ac- 
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Fig. 6. Electroluminescence spectrum of n-GaP in 1N H2SO4 -~ 
1M K3[Fe(CN)6]. 

cording to the l i terature only one luminescence peak 
was found with pn- junct ions .  In  this case the peak 
appeared in the range of 1.4-1.9 ev depending main ly  
on the spatial separation of the Zn and O which par -  
ticipate in this recombinat ion (7). This could lead to 
the assumption that  at least one of our peaks (1.55 ev) 
would fit into this range and could be explained by 
the same recombinat ion mechanism as it was found 
for pn- junct ions .  This assumption, however, may be 
ruled out by two arguments:  (A) According to in -  
vestigations with pn- junct ions  (8) the luminescence 
is due to a corresponding t ransi t ion between an oxy-  
gen and  a zinc level wi thin  the p- type  material .  Since 
we studied the luminescence in n - type  electrodes we 
could not observe the same type of luminescence. 
(B) In  the case that  still small  traces of zinc and oxy- 
gen in our n - type  mater ia l  were responsible for the 
1.55 ev peak one should expect at the same wave-  
length a peak in the luminescence spectrum produced 
by photoexcitation. We performed corresponding mea- 
surements  with n - type  electrodes immersed into an 
electrolyte free from ferr icyanide or any other oxi- 
dizing agent. As demonstrated in Fig. 7 only  one 
peak at 1.2 ev appears in the photoluminescence spec- 
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Fig. 7. Photoluminescence spectrum of n-GaP in IN  H2SO4 at 
rest potential. 
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t rum.  At 1.55 ev practically no luminescence was ob- 
served. 

Comparing the spectrum in Fig. 6 and 7 it is quite 
evident  that  the photoluminescence coincides in  the 
spectral distr ibution very well  with low energy peak 
(1.2 ev) of the electroluminescence. Consequently the 
luminescence at 1.2 ev may be a t t r ibuted  to one and 
the same recombinat ion t ransi t ion wi th in  the bu lk  of 
n - type  GaP independent  from the excitation mechan-  
ism. The levels wi th in  the forbidden zone involved in 
this t ransi t ion mechanism are not known. For demon-  
strat ion only we marked in Fig. 8 the corresponding 
recombinat ion as a t ransi t ion between a level  wi th in  
the band gap and the valence band. Whether  this is 
the case or a t ransi t ion occurs between the conduction 
band  and a certain level or between two levels wi th in  
the forbidden zone is open for discussion. In  order 
to interpret  the appearance of the second peak in the 
electroluminescenee spectrum we have to consider the 
boundary  conditions for the excitation process of the 
photo- and electroluminescence. In  both cases minor i ty  
carriers are injected. Since the photoluminescence is 
very weak in n - type  GaP we had to use light for the 
excitation covering a greater  spectral range between 
~ 2  ev and higher energies. For  all  energies of the ex-  
citing light below 2.75 ev the penetra t ion depth is 
large compared with the diffusion length (1~) of the 
minor i ty  carriers. In  the case of the excitat ion of the 
electroluminescence, however, holes are injected di- 
rectly at the surface. Consequently, the probabi l i ty  
for a recombinat ion near  the surface is much higher. 
From this consideration it may be concluded that  the 
second peak (1.55 ev) is due to a radiat ive t ransi t ion 
via surface states. This assumption is supported by 
the fact that a current  peak in the excitation spectrum 
of the photocurrent  (see Fig. 3) was observed at prac-  
tically the same energy (1.6 ev).  Since we related this 
current  peak with the optical excitat ion of an elec- 
t ron from the valence band  into a surface state (see 
Fig. 5) we have to postulate that  the electrolumines-  
cence is due to a t ransi t ion from the same surface state 
into the valence band  (Fig. 8). 

As ment ioned above the luminescence is very  weak. 
The quan tum efficiency amounts  to about 10 -~. Since 
p- type GaP has much bet ter  luminescence properties 
it seems to be much more favorable to s tudy inject ion 
luminescence with p- type  instead of n - type  electrodes. 
In the case of p- type  electrode we had only to take a 
redox system wi th  which it is possible to inject  elec- 
trons. Pr inc ipal ly  such an exper iment  could be per-  
formed using a strong reducing agent (4). We tested 
a var ie ty  of corresponding redox systems, but  we did 
not find any  reducing agent with which it was possible 
to inject  electrons into the conduction band.  Probab ly  
the position of the conduction band  in  the absolute 
energy scale is so high so that it does not overlap 
with the occupied energy states of a corresponding re-  
ducing agent. 

Quenching el~ects.--In the preceding chapters we 
described the mechanisms of the excitat ion and the 
radiat ive t ransi t ion via surface states. Now we want  

Ec 
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Fig. 8. Schematic energy diagram of n-GaP (electroluminescence 
model). 
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to discuss the influence of interracial  propert ies on the 
bulk photoluminescence.  

As ment ioned before the quan tum efficiency for 
photoluminescence in appropr ia te ly  doped p- type  GaP 
is much larger  than in n - type  material .  According 
to the l i te ra ture  the red luminescence at 1.8 ev is 
due to a transi t ion between an oxygen donor and a 
zinc acceptor te rm as demonstra ted in Fig. 9. In the 
case that  minor i ty  carr iers  recombine  via surface 
states or are consumed for a surface react ion one 
should expect  that  the quantum yield of the bulk 
luminescence depends on the penetra t ion depth of the 
excit ing light. 

We per formed corresponding measurements  with a 
p- type  electrode keeping the electrode potential  con- 
stant at the rest potential.  The result  is plotted in Fig. 
10 (circles).  Values for the penetrat ion depth were  
taken f rom the absorption curve  in Fig. 4. In order 
to get some quant i ta t ive  information from the curve  
presented in Fig. 10 we der ived a simple relat ionship 
be tween luminescence intensi ty and surface param- 
eters as follows. The recombinat ion rate is given by 

~n (x) 
u = - -  [ 1 ]  

T 

5n (x) is the density of charge carriers exci ted at a 
certain distance x f rom the surface and 1/~ is the rate  
constant for the luminescent  transition. The intensi ty 
I of the light emit ted from the  whole  specimen is ob- 
ta ined by in tegra t ing Eq. (1) 

-;F I = bn (x)  dx  [2] 

(a is a factor which includes the quan tum efficiency 
of the corresponding t ransi t ion) .  

The relat ionship be tween  the generat ion and recom-  
bination process is given by the cont inui ty equation: 

1.0 

a 

i 

�9 ~ 0.5 

.= 
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Fig. 10. Intensity of luminescence vs,  penetration depth of inci- 
dent light for p-GaP in 1N H2SO4 (values for L~ obtained from 
Fig. 4). 

0 2 ~n ~n 
D - -  - -  + g ( x )  = 0  [3] 

0 x 2 

g ( x )  is the generat ion rate and is re la ted to the num-  
ber of incident photons P by 

P 
g (x)  = ~ e-x/L.~ [4] 

Lx 

(LA = penetrat ion depth of incident l ight and D = 
diffusion constant) .  

The surface parameters  may  be introduced via the 
boundary conditions. We assume that  minor i ty  carr iers  
recombine via surface states or are consumed for a 
charge t ransfer  into the electrolyte,  s and k are the 
corresponding rate  constants. Under  s tat ionary con- 
ditions the t ransi t ion rate  at the surface equals the 
diffusion current  toward the surface 

0 bn / 
(s + k) b n = D - -  [5] 

OX x=0 

Solving the continuity Eq. [3] one obtains using Eq. 
[1]-[5] 

( ~ ) I Lx -+- [61 
L,, H- Lx s H- k H- D / L ,  

(L,  = diffusion length of minor i ty  carr iers) .  This 
equation is a l ready normalized in so far as I,, is the 
intensi ty of the photoluminescence if no quenching at 
the surface occurs. Moreover  it should be ment ioned 
that  Eq. [6] is valid only in this simple form for the 
case that  the penetra t ion depth is smaller  than the 
sample thickness. As soon as the penetra t ion depth is 
of the order of the sample thickness we actual ly ob- 
served a decrease of the luminescence intensi ty (not 
plotted in Fig. 10). 

According to Eq. [6] the diffusion length may be 
de termined  easily provided that  s + k > >  D/L,,.  Then 

Io 
L,----Lx for I =  

2 

The theoret ical  function of I vs. Lx calculated for large 
values of s and k (Lx ~ >  D / s +  k) is also plotted in 
Fig. 10 (solid l ine).  The best fit was obtained with  
L,, -- 1.5~. According to this result  it has to be con- 
cluded that  s + k ~ 105 . 

Since according to the Shockley-Read  model  the 
surface recombinat ion velocity s depends on the posi- 
tion of the Fermi  level  at the surface (9, i0) it should 
be possible to vary  the luminescence intensi ty by 
changing the band bending, i.e., the electrode po- 
tential.  This effect~ however ,  turned out to be very  
small. In order to measure  those small  variat ions of 
the luminescence intensi ty we increased the sensi t ivi ty 
of our exper imenta l  a r rangement  by modulat ing the 
electric field at the surface. This differential  method 
has the advantage that  scat tered excit ing light is not 
detected. The differential  potent ial  dependence of the 
luminescence ( d I /d  UE) ("differential  luminescence")  
as measured by superimposing a 50 mv a-c  signal on 
the externa l  d-c voltage is plot ted in Fig. 11a. For  
comparison the interracial  d-c photocurrent  (hydrogen 
evolut ion) measured in the same potential  range is 
shown in Fig. 1lb. Since the m ax im um  of the differ- 
ential  luminescence coincides wi th  the inflection point 
of the interfacial  photocurrent  curve obviously the 
charge t ransfer  of minor i ty  carr iers  across the interface 
is responsible for the potent ial  dependence of this 
luminescence. An influence of the surface recombina-  
tion velocity s on the differential  luminescence may 
be ruled out because then, according to the  bell  shaped 
potential  dependence of s (1~ two peaks of different 
signs should have appeared. 

This exper iment  does show the quenching of the red 
luminescence by charge t ransfer  across the interface. 
The quenching efficiency is ve ry  low and the lumi-  



Vol. 116, No. 3 PHOTOEXCITATION IN 

1.0 

= 
'~ (15 

~ - 2 0 ,  
o 

- 4 C  

E -s~ 

J 
i 

0,5 
• j 

kO 

electrode potential - V 

0.5 t.O 

Fig. 11. Differential luminescence (a, top) and photocurrent 
(b, bottom} as a function of the electrode potential for p-GaP in 
1N H2S04. 

nescence is varied by only few per cent of its total 
intensi ty in the corresponding potential  range. Since 
we observed, on the other hand, a strong dependence 
of the luminescence in tensi ty  on the penetra t ion depth 
of the incident  light (Fig. 10) we have to conclude 
that surface recombinat ion is chiefly responsible for 
the quenching. This is in agreement  with results ob- 
tained by Gershenzon and Mikulyak ( l l )  who per- 
formed similar measurements  with dry surfaces. Why 
the surface recombinat ion is not changed by varying 
the electrode potential  remains  a problem. Since at low 
depth of penetra t ion the intensi ty  of the luminescence 
is considerably reduced compared to its value obtained 
by exciting with radiat ion of greater penetra t ion 
depth, the only possible explanat ion is given by the 
assumption that  not only one discrete bu t  a whole 
spectrum of energy levels of the surface states on GaP 
exists. This assumption is supported by the fact that  
also in the photocurrent  spectrum (Fig. 3) the cur-  
rent  peak due to the excitation of electrons from the 
valence band into surface states is very broad. More- 
over, other measurements  have shown that  the quan-  
tum yield for the cathodic photocurrent  determined at 
low penetra t ion depths is very low (10-2). This result  
also indicates that surface recombinat ion is the domi-  
nan t  factor in the luminescence quenching. 

The charge t ransfer  by which the luminescence is 
par t ly  quenched is a cathodic process (cathodic photo- 
current  in Fig. l l b ) ,  i.e., electrons are consumed for 
discharging hydrogen ions. From the thermodynamic  
point of view hydrogen evolution is expected to occur 
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only be low--0 .27v  and not at such a high anodic po- 
tent ia l  as +0.8v. On the other hand, electrons and 
holes are not in thermodynamic  equi l ibr ium under  
i l luminat ion because the n u m b e r  of electrons excited 
by light is by several orders of magni tude  larger than  
that  in the dark  (no ~ 10 -16 for Po ---~ 1017) �9 More- 
over, according to capacity measurements  fiat band  
position is obtained with p- type  GaP at +0.1v in 1N 
H.,SO4, i.e., below + l . 0 v  the energy bands are bent  
downward at the surface. In  the corresponding electric 
field within the space charge region the electron-hole 
pairs created by light are separated: electrons move 
toward the surface and holes in the opposite direction 
which leads to a reduct ion of the electric field (surface 
photovoltaic effect). On the other hand we kept the 
electrode potential  and consequent ly  the potential  
drop within the space charge region constant. In  this 
case the electrons excited by light are forced to pass 
the interface. This leads to a cathodic reaction process, 
i.e., the hydrogen evolution. 
In the derivat ion of Eq. [6] we introduced the 

charge t ransfer  as a diffusion determined term. This 
is not correct, of course, if the photovoltaic effect is 
responsible for the charge transfer.  This fact, how- 
ever, has no influence on the qual i tat ive description 
of the quenching by charge transfer.  
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by the Water Vapor Transport Method 
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A B S T R A C T  

Large  Zn -doped  GaP  crys ta ls  have  been  grown ep i t ax ia l ly  on GaAs and  
GaP  subst ra tes .  The  presence  of oxygen as an  uncon t ro l l ed  and  p e rh ap s  
m a j o r  i m p u r i t y  is i n f e r r ed  f rom pho to luminescence  data.  Ca r r i e r  concen-  
t r a t ions  and  tota l  Zn concen t ra t ions  were  ob ta ined  f rom elect r ica l  m e a s u r e -  
men t s  and  ana ly t i ca l  techniques .  The va r i a t ion  of the  r o o m - t e m p e r a t u r e  hole  
concen t ra t ion  w i th  the  Zn pa r t i a l  p ressu re  of the  g r o w t h  a m b i e n t  is in qua l i -  
t a t ive  a g r e e m e n t  w i th  a ca lcu la ted  curve  us ing an es t imated  va lue  of the  in-  
t r ins ic  ca r r i e r  concen t r a t ion  at  the  g rowth  t emp e ra tu r e .  

F rosch  (1) has  descr ibed  a w a t e r  vapor  t r a n s p o r t  
me thod  for  epi taxia l  deposi t ion of GaP. The  purpose  
of this  paper  is to descr ibe  t he  appl ica t ion  of th i s  
t e chn ique  to the  p r e p a r a t i o n  of l a r g e - a r e a  Zn -doped  
GaP  crys ta ls  and  to p re sen t  da ta  on the  Zn inco rpora -  
tion. 

Exper imental  
A schemat ic  d i ag ram of the  appa ra tu s  is g iven  in 

Fig. 1. Wet  h y d r o g e n  is passed over  a GaP  source 
hea ted  to 1100~ The  source  reacts  w i th  the  w a t e r  
p roduc ing  phosphorus ,  Ga20, and  hydrogen.  As these  
gases are ca r r i ed  over  a GaAs or GaP  seed crys ta l  
placed in a t e m p e r a t u r e  g rad ien t  of 6~176 and  
cen te red  at 1075~ the  decomposi t ion  reac t ion  is 
reversed  and  G aP  is deposi ted on t he  seed as wel l  as 
the  walls  of the  fu rnace  tube. The  Zn vapor  is in-  
t roduced  into the  g r o w t h  a m b i e n t  by pass ing dry  h y -  
d rogen  over  a hea ted  source of Zn and  mix ing  the  gas 
into the  wet  h y d r o g e n  at 900~ u p s t r e a m  f rom the  
GaP  source. At  this  t e m p e r a t u r e  no zinc oxide wil l  
p rec ip i ta te  out. The flow ra te  of the  h y d r o g e n  ca r r ie r  
gas r anged  f rom 130 to 450 cm3/min  bu t  genera l ly  was 
held  at  300 cm'~/min. A cons tan t  w a t e r  vapor  p ressure  
of a round  3 Torr  was  used in the  m a j o r i t y  of the  runs ;  
however ,  p ressures  as h igh  as 10 Torr  and  as low as 
0.3 Tor r  were  tried. The source t e m p e r a t u r e  was var ied  
be t w e en  1100 ~ and  1150 ~ , wh i l e  t h a t  of the  seed 
ranged  f rom 1020 ~ to ll0O~ The  ave rage  g rowth  ra t e  
was 15 ~/hr .  A wide  r ange  of Zn  pa r t i a l  p ressures  

(0.09-34 Tor r )  was  used, the  l imi ta t ion  on the  h i g h -  
pressure  side be ing  the  vo luminous  Zn deposi ts  wh ich  
rap id ly  b locked the  gas flow before  s ignif icant  ep i t ax -  
ial g rowth  was achieved.  

Ga l l ium was ob ta ined  f rom Alcoa or  Alusuisse  and  
had  a pu r i t y  of 99.9999%. Un i t ed  Minera l s  an d  Chemica l  
Co mp an y  was the  suppl ie r  of 99.998% pu re  Zn. The 
GaAs subs t ra tes  ob ta ined  f rom the  Monsan to  Chemica l  
Co mp an y  in the  form of < 1 1 1 >  or ien ted  slices we re  
cut f rom undoped,  b o a t - g r o w n  ingots. The  ca r r i e r  con-  
cen t r a t i on  was 1015 cm -~ and  the  dis locat ion count  l0 s 
cm -2. The  arsenic  (B) faces of the  slices were  pol ished 
w i th  b ro min e  in alcohol  on ro ta t ing  Pe l lon  cloth. The  
G aP  seeds were  made  f rom ep i tax ia l  layers  g rown  on 
GaAs subs t ra tes  in the  same m a n n e r  as the  Z n - d o p e d  
m a t e r i a l  descr ibed below. I m m e d i a t e l y  be fo re  a r u n  
the GaAs subs t r a t e  was e tched  in a m i x t u r e  of 3 pa r t s  
conc sul fur ic  acid and  1 p a r t  each of "Supe roxo l "  (30% 
H~O2) and  water .  G aP  seeds we re  e tched  in aqua regia 
or a m e t h a n o l  solut ion of chlor ine.  Po lyc rys t a l l ine  
source GaP  was p r e p a r e d  by  a m e t h o d  deve loped  by  
Frosch  (2), in wh ich  gaseous phosphorus  was passed 
over  ga l l ium in a quar tz  boat  p laced in  a temperature 
grad ien t  of 10O0~176 

Epi tax ia l  g rowth  of ga l l ium phosph ide  on ga l l ium 
arsen ide  u n d e r  the  condi t ions  employed  was r e p r o -  
ducible  only w h e n  a phosphorus  p ressu re  h i g h e r  t h a n  
the  decomposi t ion  p ressu re  of G aP  was  m a i n t a i n e d  
over  t h e  GaAs seed du r ing  t h e  h e a t - u p  per iod  (10 

Fig. 1. Schematic diagram of 
apparatus. Arrows indicate gas 
flow. 
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min) .  The bulky (20-30g) source heats up more slowly 
than the seed. At the same t ime  the decomposition 
pressure of GaAs is near ly  ten t imes greater  than 
that  of GaP. Thus, af ter  loading, the seed wil l  soon 
start  to decompose forming gal l ium on its surface. If 
the phosphorus pressure is too low, this gal l ium wil l  
not be conver ted to GaP but  wil l  aggregate in small  
spheres which later  may act as centers for unor iented 
growth when the source comes to tempera ture  and the 
phosphorus pressure increases. The phosphine used to 
produce the protect ive  phosphorus pressure was gen-  
erated by passing wet  hydrogen over  a luminum phos- 
phide in the same kind of apparatus as used in the 
synthesis of GaP. 

The resistivit ies of the crystal  plates obtained in 
this study were  measured  using the  Van der Pauw 
method. Ohmic contacts were  made by applying d-c  
pulses to ga l l ium-wet ted  gold or tungsten wires res t -  
ing direct ly  on the etched surface. Etchants  recom- 
mended  by Abrahams and Buiocchi (3) and Richards 
and Crocker  (4), shown by Saul (5) to reveal  disloca- 
tions, were  used on some of the  crystals to obtain an 
est imate of the dislocation density on the (111) phos-  
phorus face, or growth face. The homogenei ty  of the 
mate r ia l  was tested by successive lappings fol lowed 
by resist ivi ty measurements  and etch pit counts. 
Finally,  the photoluminescence of the crystal  was 
measured.  At  l iquid ni t rogen t empera tu re  an u.v. lamp 
was used to excite red fluorescence which was analyzed 
and measured with  a photomult ip l ier  tube (RCA 
7326). 

Results and Discussion 
Size and quality oS crystab.--The GaAs substrates 

used had a semicircular  shape wi th  a d iameter  of 30 
mm. The thickness of the GaP layer  was not uni form 
but decreased going f rom the center  to the long edges, 
i.e., the edges paral le l  to the furnace tube. A crystal  
grown during 60 hr  would typical ly  have a m a x i m u m  
thickness of 1 mm. Sometimes a central  flat, about  1 
cm broad, had developed with i r regula r  terraces lead- 
ing down towards the edges. A picture of one such 
crystal  is reproduced in Ref. (6). 

The etch pit  counts for vapor- t ranspor ted  GaP 
grown direct ly  on the GaAs seeds were  found to be of 
order  l0 S cm -2 al though a low count of order 104 cm -2 
was sometimes observed. No reduct ion in this density 
was achieved by using GaP substrates. Photomicro-  
graphs of some typical, etched surfaces are found in 
Fig. 2(A,B,C).  Etch grooves due to stacking faults 
were  observed in a ve ry  few crystals. 

Table  I lists the results of the homogenei ty  tests. 
Since the crystals were  lapped on the growth face, 
the propert ies  of the first grown layers were  measured  
last. 

Electrical properties.--The Hall  mobili t ies measured 
for  four  crystals at room tempera tu re  are plot ted in 
Fig. 3 against the Zn par t ia l  pressure of the growth 
ambient.  Using interpolated mobil i ty  values f rom this 
plot, resistivit ies obtained on a large number  of cry-  
stals were  conver ted  to carr ier  concentrations. In Fig. 
4, the dependence of the carr ier  concentrat ion on the 
Zn par t ia l  pressure is displayed. At high Zn par t ia l  
pressures the hole concentrat ion varies  as the square 
root of the Zn pressure. This is the expected behavior  
for an extr insic semiconductor  for which the fract ional  
ionization of the acceptors is constant. Evidence for 
such a constant 50% ionization efficiency at room tem-  
pera ture  has been given in Ref. (6). Thickness (mrn) 

The square root dependence has also been observed 
by Trumbore  (7) over  a l imited range of concentra-  SampIe No. I 
tions in solution growth of Zn-doped GaP. From 0.49 0.42 
Trumbore ' s  data one may  calculate the Zn part ial  pres-  0.30 
sure over  a gal l ium solution of GaP and Zn from which 0.20 0.12 
a crystal  wi th  a given Zn concentrat ion can be grown. 
Thus a crystal  containing 1 X l0 is cm -3 Zn can be sample No. I I  

0.37 
grown at 1040~ from a gal l ium solution with  a Zn 0.28 
concentrat ion of 4 X 10 -2 atom per  cent. Adopting an o.2o 0.14 
act ivi ty  coefficient of 0.5 for the Zn and a vapor pres-  o.05 
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Fig. 2. Etch pits and imperfections on (111) phosphorus faces 
of vapor-grown GaP crystals. Etch pit density 3 X 105 cm -2  (A) 
and 4 X 105 cm -2  (B), one numbered scale unit ~ 0.15 mm. 
(C) Etch pits at higher magnification, one numbered scale unit 

0.024 mm. (D) Bulk imperfections, one numbered scale unit 
~= 0.087 mm. 

sure of 2500 Torr one can calculate a partial zinc pres- 
sure of 0.5 Torr for this gallium solution. For com- 
parison the water vapor transport system described 
here required a partial Zn pressure of 0.6 Tort to 
yield a crystal containing 1 X I018 cm -3 Zn. 

A set of four crystals were selected for surface bar- 
rier capacitance measurements and wet chemical 
analysis. In the latter the zinc was coprecipitated with 
copper and the precipitate analyzed by x-ray spectro- 
scopy (8). The results are shown in Table II and are 
plotted in Fig. 4. Due to the fractional ionization of 
the Zn the total Zn concentration is higher than the 
hole concentration. 

Additional information about impurity concentra- 
tions was obtained from spark source mass spectro- 
metry analysis of one sample. The results are sum- 
marized in Table Ill. We note that the concentration of 
silicon was less than 5 X i015 cm -3, in agreement with 
an expected value extrapolated from the data given by 
Frosch, Thurmond, White, and May (9). Secondly we 
observe that the concentration of other donors as 

Table I 

Resist ivity Etch pit count  
(ohm-cm) (cm ~ )  

0.085 5 x 105 
0.086 6 • 105 
0,083 5 • 105 
0.095 4 x 105 
0.107 5 x 105 

0.056 2 • 10; 
0.056 2 • 105 
0.056 3 • 105 
0.061 3 • I0 ~ 

8 • 105 
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Fig .  4 .  C a r r i e r  a n d  t o t a l  Z n  c o n c e n t r a t i o n s  as  f u n c t i o n s  o f  z i n c  
p r e s s u r e :  e ,  r o o m - t e m p e r a t u r e  c a r r i e r  c o n c e n t r a t i o n  f r o m  r e s i s t i v -  
i t y  and Hall data; [~, carrier concentration from capacitance 
measurements (averaged); ~ ,  total Zn concentration from wet 
chemical analysis; , calculated room-temperature carrier con- 
centration; - - -, calculated total Zn concentration. 

measured by mass spectrometry  is small  compared to 
the Zn concentration. This leads us to the conclusion 
that  no significant amount  of compensation has oc- 
curred. The hole concentrat ion obtained f rom the re-  
sistivities and the interpolated mobili t ies indicate that  
the Zn is only about 50% ionized at room temperature .  
A similar  room- tempera tu re  ionization efficiency has 
been measured in Zn-doped, ha logen- t ranspor ted  
GaP (6). 

As shown in Fig. 4 we observe a distinct fal l-off  in 
the  hole concentrat ion at the  lowest Zn par t ia l  pres-  
sures. This effect may  be due to a donor, e.g. oxygen, 
which eludes mass spectrometric  analysis or to a t r an-  
sition to intrinsic mater ia l  at the growth temperature ,  
1075~ Recent  band gap measurements  by M. B. 
Panish and H. C. Casey (10) indicate that  the band gap 
decreases nonl inear ly  wi th  t empera tu re  and that  pre-  
vious extrapolat ions to high tempera tures  have  re-  
sulted in overest imates  of the band gap. Based on the 
new band gap measurements  the intrinsic carr ier  con- 
centrat ion has been est imated to be 2.6 X 1017 cm -3 at 

Table III. Impurities in sample C from spark 
source mass spectrometry 

E l e m e n t  a t o m s / e r a  3 

C a r b o n  9 x 10 TM 

N i t r o g e n  2 x 1016 
S i l i c o n  < 5  x 1O TM 

Z i n c  3 x 10 TM 

A r s e n i c  3 x 1O lo 
A l l  o t h e r s  < 3  x 10 TM 

II00~ Using a value  of 3 X 1017 together  with the 
observed room- tempera tu re  ionization efficiency of 
50% the curves in Fig. 4 were  calculated. As can be 
seen the room- tempera tu re  hole concentrations follow 
this curve quite well. However ,  the scatter  in the data 
is too large to claim more than qual i ta t ive  agreement.  

If  the in terpreta t ion of the fall-off  in the Zn con- 
centrat ion is correct  and the intrinsic carr ier  con-  
centrat ion is as high as several  X 1017 cm -3, the silicon 
incorporat ion data of Frosch et al. (9) wil l  have to be 
given a new interpretat ion.  Instead of operat ing en- 
t i re ly  in the extr insic range as claimed, the authors 
probably grew si l icon-doped crystals in the intrinsic 
range only. The agreement  be tween the carr ier  con- 
centrat ion data and the predictions of their  model  must  
be considered inconclusive, because of the amphoter ic  
character  of the silicon impur i ty  which was ignored 
in the model. For  so lu t ion-grown GaAs it has been 
demonst ra ted  by Rosztoczy (11) that  the conductivi ty 
type depends on the growth rate  and therefore  is the 
result  of nonequi l ibr ium growth conditions. 

Photo luminescence . - -The  photoluminescence spec- 
t rum of the Zn, oxygen-doped GaP crystals always 
exhibi ted two broad bands at 1.84 and 1.96 ev, mea-  
sured at 77~ Dean, Frosch, and Henry  (2) have 
shown that 1.96 ev bands are due to Si-Si  and Si-S pair  
recombination. The 1.84 ev band has been shown to 
consist of two almost over lapping spectra (12). One is 
due to an exci ton bound to a Zn-O complex, while the 
other  arises from pair  recombinat ion be tween a Zn-O 
complex donor and a Zn acceptor. Thus the presence of 
oxygen in the crystals was clearly indicated. Due to the 
large scatter in the photoluminescence data, no cor- 
relat ion of the intensi ty of the 1.84 ev band wi th  any 
controllable exper imenta l  variables could be estab- 
lished. 
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Electrical Properties of Silicone Films on Silicon 
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ABSTRACT 

The electrical properties of silicone resin films on silicon have been in-  
vestigated by means of MIS structures. The silicones considered are commer-  
cially available methyl  phenyl  compounds successfully employed in  passi- 
vat ing high voltage silicon devices. As contrasted to thermal ly  grown sili- 
con dioxide, well  cured silicones feature ra ther  low values of Qss in the 
range of few 101~ cm-".  However, the surface recombinat ion velocity is ap- 
preciably higher, in the range 10-102 cm/sec. There is a room tempera ture  
t rapping instabi l i ty  similar to the one encountered in silicon nitrides. The 
critical field for the onset of t rapping is in the range 0.5-1 x 106 v / cm which 
is significantly lower than that for silicon nitride. The conduction current  
through the films is a rapidly increasing function of the applied voltage. This 
behavior  is s imilar  to that of silicon ni tr ide al though the currents  are higher 
for the same electric fields. 

For several years silicone resins and rubbers  have 
been used in passivating silicon devices. Actually,  in 
spite of the many  efforts made to establish a suitable 
p lanar  technology, the best way to obtain high voltage 
diodes and transistors seems to be silicone passivation. 
Many publications have been devoted to the chem- 
istry and application of silicones in the electrical in-  
dustry (1-3). More specifically Kern  (4) reported some 
effects of resin composition on the production of donor 
or acceptor states at the silicon-silicone interface. 
The experience gained in developing high voltage 
devices (up to 1500v) convinced us that  some silicone 
resins should have very good properties such as fixed 
space charge Qss, a low density of fast states Dst, and  
low bulk  conduction. We also found that the reverse 
current  of relat ively large diodes in which the surface 
contr ibut ion was dominant  was of the same order of 
magni tude  as in the best passivated p lanar  devices. As 
a consequence, the contr ibut ion of surface recombina-  
tion had to be essentially the same. 

For lack of published data a systematic study of the 
interface properties of silicone films on silicon was 
under taken.  Measurements  were performed on MSS 
(Metal Silicone Silicon) capacitors and silicone in -  
sulated gate diodes. The capacitors allow the mea-  
surement  of fixed surface charge densi ty Qss through 
CV plots and flatband voltage displacement (5). 

Silicone films feature a room tempera ture  t rapping 
instabi l i ty  as encountered in silicon ni tr ide (6); how- 
ever, the critical field is ra ther  small, in the range 
of 0.5-1 x 106 v/cm. Conduction current  through the 
silicone film was measured through guard r ing MSS 
capacitors. Recombinat ion velocity was examined 
through the gate diode technique first reported by 
Grove and Fitzgerald (7). 

F inal  interface properties and, of course, device 
performance are heavily de termined by cure schedule; 
long cure times result  in the best electrical per-  
formances. 

Experimental 
The silicones investigated are commercial ly avai l -  

able resins especially designed for electrical indus t ry  
applications. The investigation has been restricted to 

three types made by different manufacturers ,  which 
in the following will  be referred to as A, B, and C 
silicones. They are basically methyl  phenyl  compounds 
diluted in xylene or toluene. Type A silicone is a high 
pur i ty  resin which is claimed to be made in glass 
equipment  under  carefully controlled laboratory con- 
ditions. The high pur i ty  is ensured by spectrographic 
analysis specifications which guard against metal  con- 
taminat ion.  This compound does not contain any 
catalyst. 

Types B and C are general  purpose resins, desig- 
nated to improve the surface resistivity of insula t ing 
materials  in electrical circuitry. Type B contains a 
catalyst, type C does not. 

The samples studied were prepared on 10-20 ohm- 
cm n- type  silicon wafers which were first lapped, 
30~ etched, polished, and finally 10~ etched to remove 
most of the mechanical ly  damaged surface. 

The wafers were then covered with silicone diluted 
in toluene to get a sufficiently low viscosity fluid. The 
wafers were spun up to 4000 rpm on s tandard resist 
spinners and then  cured. Curing schedule was 2 hr at 
65~ 2 hr at 150~ and finally from 60 to 200 hr at 
220~ The silicone film thickness was measured by 
str ipping away the silicone in certain areas of the 
wafer and recording the total height variat ion be- 
tween the bare  surface and the silicone-coated silicon 
surface by means of a Talysurf  4 surface inspection 
test set. The thickness of silicone A samples was 
typical ly 1~ • 5% and was found to be in agreement  
with capacity measurements  in accumulat ion situation 
(see paragraph on fixed surface charge).  

In MSS capacitors the central  electrode is sur- 
rounded by a guard r ing electrode which is useful  in 
avoiding surface leakage effects dur ing  conduction 
current  measurements .  A l u m i n u m  thickness was nor -  
mal ly  7000A. In  gated diode experiments,  silicon diox- 
ide passivated diodes were first obtained by s tandard 
p lanar  technology. After having measured the sur-  
face recombinat ion velocity, the a luminum and oxide 
were etched off and the wafers covered by  silicones 
and then cured with the same schedule as with MSS 
capacitors. To obtain proper gates and contacts, 7000A 
a luminum was evaporated and masked. 
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Most of the measurements  refer to silicone A since 
the reproducibi l i ty  and the electrical performance of 
this compound are quite good, whereas B and C ma-  
terials give high values of Qss and Dst. With type A 
resin the manufac turer  recommends a m in imu m cur-  
ing t ime of 4 hr  at 250~ However, a strong change in 
characteristics is detectable even after  60 hr. From 
100 to 200 hr can be considered as a curing t ime suffi- 
cient to get the complete stabilization of the resin. 
Figure 1 shows a typical  MSS CV plot after 60 hr  
at 220~ The t ransi t ion from accumulat ion to deple- 
tion is quite smooth and is due to a high densi ty of 
surface states. Figure 2 refers to the same sample 
after 140 hr (curve a) and 200 hr  (curve b) at 220~ 
As can be seen, the t ransi t ion is steeper and the flat- 
band-vol tage is highly reduced. The CV plot depends 
also on the operating frequency. When the frequency 
decreases, the f la t -band-vol tage shifts toward negative 
gate voltages and at very low frequencies the CV plot 
features the wel l -known m i n i m u m  capacity (7 Hz). 
Samples cured for 200 hr are significantly similar to 
those cured for 140 hr, although the longest cures re-  
sult in a smaller  f la t -band-vol tage spread between 
100 kHz and 23 Hz. The densi ty of fast states Dst has 
been computed using the method first reported by 
Terman (8) and subsequent ly  improved by Berglund 
(9). At the middle of the energy gap, the state den-  
sity is ra ther  low, in the range of 10 TM cm -2 ev -1, as 
can be computed by the low frequency CV plot (80 Hz 
plot of Fig. 2b). 

As the energy is increased toward the conduction 
band, the state density increases and reaches up to 
1012 cm -2 ev -1 in the energy range 0.15-0.30 ev below 
the conduction band. This can be computed accounting 
for the f lat-band-voltage reduction at 100 kHz and 
1 MHz. At such frequencies even the states in the 
above-ment ioned energy interval  are not sufficiently 
fast to follow the surface potential  variations (10). 

Both silicones B and C feature large and negative 
f lat-band-voltages (see Fig. 3), even when the curing 
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Fig. 1. Type A silicone. CV plots after a 60 hr cure at 220~ 
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Fig. 2. Type k silicone. CV plots after a 140 hr cure at 220~ 
(curve a, top) and a 200 hr cure at 220~ (curve h, bottom), sili- 
cone thickness 1#. 
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Fig. 3. Typical CV plots of type C (solid lines) and type B 

silicones (dotted lines). 

t ime is increased to 200 hr at 220~ Fur thermore,  
the t ransi t ion to the depletion mode is quite smooth. 

Trapping e]]ects.--When the electric field is raised 
above a critical value, the MSS capacitor features a 
permanent  shift in CV characteristics. This instabi l i ty  
was previously reported for silicon ni tr ide and is cur-  
rent ly  ascribed to the t rapping of carriers in the di-  
electric. The critical field strongly depends on the 
curing schedule. Figure 4 refers to the plot of flat- 
band-vol tage vs. bias voltage for a type A-MSS 
capacitor after 60 hr (dotted line) and after 140 hr 
(solid line) at 220~ The addit ional  80 hr  curing t ime 
raised the critical field from 5 x 105 to 7 x 105 v/cm. 
The sample was given a fur ther  220~ 60 hr curing 
but no noticeable increase in the t rapping field was 
detected. When bias voltage is changed, a certain t ime 
interval  is required before the new equi l ibr ium con- 
dition is reached. There is a marked difference in the 
t ime interval  between positive and negat ive bias of 
the metal  electrode. When the electrode is made posi- 
tive, the relaxat ion is controlled by a fast t ime con- 
stant  in the range of a few seconds, followed by a 
much longer one in the range of minutes.  When the 
gate is made negative, there is no fast t ime constant;  
the relaxat ion is controlled by a very long t ime con- 
stant in the range of half  an hour. The critical field 
is strongly dependent  on whether  measurements  are 
performed in absolute dark  or not. Performances so 
far reported are "dark" performances and a noticeable 
reduction in the critical field (1-2 x 105 v /cm)  is 
obtained when even a small  light flux strikes the 
sample. A l ight- induced reduction of the t rapping field 
is detectable at wavelengths up to 1.2~. 

Fixed surface charge density Qss.--As explained in 
ref. (5), p. 280, the fixed surface charge density Qs~ can 
be computed by the expression 

Xo 
Q~s = -- VFB -t- CM -- Cs 

~ S ~ O  

where Xo is the silicone thickness, ~s ~ 2.7 is the sil- 
icone dielectric constant, VFB is the low frequency 
f lat-band voltage, CM and Cs are the metal-si l icone 
and the silicon-silicone bar r ie r  heights. The factor 

I I t i 

* 50 ~ _  

VFB 0 

(Volts) 

-so ~ - ~  

I I t . . . . . .  i 

-100 - 50 0 * 50 

VBIAS (Volts) 

Fig. 4. Dependence of flat-hand-voltage on curing conditions of 
the MSS type A silicone capacitor, with a symmetrical bias stress. 
Curing time and temperature 60 hr at 220~ (dotted lines) and 
140 hr at 220~ (solid lines). 
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Table I. Fixed surface charge values 

Cure 
Temper- 

Silicone Time, hr ature, ~ Q~, cm -~ 

A 60 220 4-7 x 10Jr 
140 220 ~1 x 10 I1 
200 220 ~3 x 10 ~'' 

B Up to 200 220 ~10 ~: 
C 200 220 ~4-10 x, 10 '~ 

~eo/Xo can  b e  q u i c k l y  o b t a i n e d  f r o m  t h e  CV p lo t s  
w h e n  t h e  s i l i con  s u r f a c e  is s t r o n g l y  a c c u m u l a t e d  
( m e t a l  e l e c t r o d e  h e a v i l y  p o s i t i v e ) .  In  t h e  a b s e n c e  of 
e x p e r i m e n t a l  d a t a  for  CM --  Cs, t h e  s i l i con  d i o x i d e  
v a l u e s  h a v e  b e e n  e m p l o y e d  w i t h  a l u m i n u m  a g a i n s t  10 
o h m - c m  n - t y p e  s i l icon:  CM --  CS ~ - -  0.4V (11) .  

F i x e d  s u r f a c e  c h a r g e  v a l u e s  a re  s u m m a r i z e d  in  T a -  
b le  I. 

Sur]ace recombination veloci ty .--Measurements of 
t h e  s u r f a c e  r e c o m b i n a t i o n  v e l o c i t y  w e r e  p e r f o r m e d  b y  
t h e  w e l l  e s t a b l i s h e d  t e c h n i q u e  of m e a s u r i n g  t he  r e -  
v e r s e  c u r r e n t  of g a t e d  d iodes  as a f u n c t i o n  of ga te  
vo l t age .  S i l i con  d i o x i d e  p a s s i v a t e d  d iodes  w e r e  f irst  
o b t a i n e d  a n d  m e a s u r e d .  T h e  s u r f a c e  r e c o m b i n a t i o n  
v e l o c i t y  So r e s u l t s  w e r e  t y p i c a l l y  So = 10 c m  s -~ a n d  
Fig. 6 s h o w s  a t y p i c a l  p lo t  of  r e v e r s e  c u r r e n t  vs. ga t e  
v o l t a g e  ( d o t t e d  l i n e ) .  T h e  a l u m i n u m  a n d  o x i d e  w e r e  
e t c h e d  off, t h e  w a f e r s  c o v e r e d  b y  s i l icones ,  a n d  t h e n  
cured .  A t y p i c a l  p lo t  of r e v e r s e  c u r r e n t  vs. g a t e  vo l t -  
age  fo r  t y p e  A s i l i cone  is s h o w n  in  Fig,  5. As  can  be  
seen,  t h e  r e v e r s e  c u r r e n t  f e a t u r e s  t h e  w e l l - k n o w n  
b u m p  w h e n  t he  s u r f a c e  u n d e r  t h e  ga te  is dep l e t ed .  
No t i ce  t h a t  t h e  ga t e  v o l t a g e  c o r r e s p o n d s  to t h e  be -  
g i n n i n g  of  d e p l e t i o n  in  t h e  v e r y  l o w  f r e q u e n c y  CV 
plot .  The  s u r f a c e  r e c o m b i n a t i o n  v e l o c i t y  as o b t a i n e d  
f r o m  m a n y  m e a s u r e m e n t s  r e s u l t e d  in  

So----- 1 0 - - 2 0 c m s  - I  

w h i c h  is a v a l u e  n o t  m u c h  h i g h e r  t h a n  t h e  be s t  p e r -  
f o r m a n c e s  m e a s u r e d  in  a n n e a l e d  o x i d e s  (12) .  

Conduction current .--Guard r i n g  M S S  c a p a c i t o r s  
w e r e  e m p l o y e d  to  m e a s u r e  t h e  c o n d u c t i o n  c u r r e n t  
t h r o u g h  s i l i cone  films. T y p i c a l  p lo t s  a t  25~ a re  r e -  
p o r t e d  in  Fig.  6. 

T h e  c o n d u c t i o n  p e r f o r m a n c e  m a y  b e  c o m p a r e d  w i t h  
t h a t  of s i l i con  n i t r i d e  w h i c h  also f e a t u r e s  a s t r o n g  de -  
p e n d e n c e  on  e l ec t r i c  field. As  r e p o r t e d  in  ref .  (13) ,  

, 1,O 

3"1{~1~ 23 HZ ~ O,go,8 

1 k Hz 0,7 

2 "10~o O, 6 

I -I0 I~ 

; i 

\ . . . . .  

0 J J 
-20 -10 0 +10 

V G (Volts) 
Fig. 5. Reverse current of a silicone insulated gate diode (solid 

line) as a function of gate voltage Vc. The top curves are CV 
plots of the gate. Silicon resistivity is 6 ohm-cm and silicone 
thickness is 1# (type A). The dotted line plot is the reverse current 
of the same gated diode when insulated with 0.3~ of thermal silicon 
dioxide. 

~.~_ 169 

>0 

I08 

0 lOP 
(Volts) 

Fig. 6. Current vs. applied voltage in 1~ thick type k silicone. 
Curing time is 140 hr at 220~ 

n i t r i d e s  a re  m u c h  b e t t e r  as i n s u l a t o r s  s ince  t w i c e  t h e  
e l ec t r i c  field is r e q u i r e d  fo r  t h e  s a m e  c u r r e n t  d e n -  
sity.  The  s i l i cone  d i e l e c t r i c  s t r e n g t h  is s t r o n g l y  d e -  
p e n d e n t  o n  t e m p e r a t u r e  a n d  v a r i e s  f r o m  s a m p l e  to 
s a m p l e .  W h i l e  a t  r o o m  t e m p e r a t u r e  a n  e l ec t r i c  f ield 
up  to  106 v / c m  c a n  be  succe s s fu l l y  s u p p o r t e d ,  a t  90~ 
few s a m p l e s  s u r v i v e  t h e  e l ec t r i c  s t r e s se s  in  excess  of 
5 x 10s v / c m .  In  m e a s u r i n g  c o n d u c t i o n  c u r r e n t s ,  t h e  
s a m e  success ion  of t i m e  c o n s t a n t s  is f o u n d  as r e p o r t e d  
in  t h e  s ec t ion  on  T r a p p i n g  effects.  Th i s  d e p e n d s  ob -  
v i o u s l y  on  t h e  f ac t  t h a t  b o t h  c o n d u c t i o n  c u r r e n t  a n d  
e l ec t r i c  field a t  t h e  s i l i c o n e - s i l i c o n  i n t e r f a c e  a re  con -  
t r o l l e d  b y  t h e  t r a p p i n g  of c a r r i e r s  in  t he  s i l icone.  

Discussion and Conclusions 

T h e  s i l i c o n e - s i l i c o n  i n t e r f a c e  p r o p e r t i e s  c a n  be  in-  
t e r p r e t e d  in  t e r m s  of t h e  w e l l - e s t a b l i s h e d  t h e o r y  c u r -  
r e n t l y  e m p l o y e d  w i t h  s i l i con  d i o x i d e  (14) .  M a j o r  d i f -  
f e r e n c e s  a re  ( i )  f r e q u e n c y  d e p e n d e n t  f l a t - b a n d - v o l t -  
age, a n d  (it) p e r m a n e n t  sh i f t  in  f l a t - b a n d - v o l t a g c  
w h e n  t he  c r i t i c a l  f ield is exceeded .  

F r e q u e n c y  d e p e n d e n t  effects  w e r e  s h o w n  to be  due  
b o t h  to fas t  s t a t e  d e n s i t y  a t  t h e  s i l i con  d i e l ec t r i c  i n -  
t e r f a c e  (10) a n d  to t u n n e l l i n g  of c a r r i e r s  t h r o u g h  t h e  
d i e l e c t r i c  i n to  d i e l ec t r i c  t r a p s  ( s o - c a l l e d  s low s t a t e s )  
(15) .  A l t h o u g h  t u n n e l l i n g  effects  c a n n o t  be  e n t i r e l y  
e x c l u d e d ,  b o t h  f r e q u e n c y  d e p e n d e n t  CV p lo t s  a n d  
s u r f a c e  r e c o m b i n a t i o n  m e a s u r e m e n t s  c an  be  e x p l a i n e d  
in t e r m s  of a p r o p e r  f a s t  s t a t e  d i s t r i b u t i o n .  

In  fact ,  a low s t a t e  d e n s i t y  a t  t h e  m i d d l e  of t h e  
e n e r g y  gap  is c o n s i s t e n t  w i t h  a low v a l u e  of r e c o m -  
b i n a t i o n  v e l o c i t y  So. On  t h e  o t h e r  h a n d ,  a t  ze ro  ga te  
v o l t a g e  t h e  g a t e d  d iode  r e v e r s e  c u r r e n t  is m a n y  
t i m e s  h i g h e r  t h a n  in  ox ide  i n s u l a t e d  diodes.  Th i s  c an  
be  e x p l a i n e d  by  t h e  r e l a t i v e l y  l a r g e  f a s t  s t a t e  d e n s i t y  
f a r  f r o m  t h e  m i d d l e  of t h e  e n e r g y  gap  w h i c h  h a s  b e e n  
s h o w n  to a c c o u n t  for  t h e  sh i f t  of f l a t - b a n d - v o l t a g e  a t  
h i g h  f r e q u e n c i e s .  

T r a p p i n g  ef fec ts  in  s i l i cones  b e g i n  a t  e l ec t r i c  f ields 
s m a l l e r  t h a n  in  o t h e r  u s e f u l  d ie lec t r i c s .  F o r  i n s t ance ,  
s i l i con  n i t r i d e  f e a t u r e s  c r i t i ca l  f ields in  t h e  r a n g e  of 
2-4  x 10 a v / c m .  F r o m  t h e  h i g h  v o l t a g e  d e v i c e  p o i n t  of 
v iew,  t h e  r o o m  t e m p e r a t u r e  t r a p p i n g  i n s t a b i l i t y  is 
i n s i g n i f i c a n t  s ince  t h e  s i l i cone  c r i t i ca l  field is two  or  
t h r e e  t i m e s  h i g h e r  t h a n  t h e  b r e a k d o w n  field of h i g h  
v o l t a g e  s i l i con  devices .  A c t u a l l y ,  in  s e v e r a l  h u n d r e d  
vo l t  devices ,  b o t h  d iodes  a n d  t r a n s i s t o r s ,  t he  b r e a k -  
d o w n  field h a r d l y  e x c e e d s  2-4 x 10 '~ v / c m  as opposed  
to a c r i t i ca l  t r a p p i n g  field of 7-10 x 10 ~ v / c m .  H o w -  
ever ,  as t he  t e m p e r a t u r e  is r a i sed ,  t h e  d i e l e c t r i c  
s t r e n g t h  of  t h e  s i l i cone  f i lm d r a s t i c a l l y  dec reases .  Th i s  
is p r o b a b l y  t h e  m a i n  r e a s o n  w h y  s i l i cone  p a s s i v a t e d  
dev ices  r e q u i r e  a s ign i f i can t  r e l a x a t i o n  in  e l ec t r i ca l  
spec i f i ca t ion  as t h e  o p e r a t i n g  t e m p e r a t u r e  exceeds  
t h e  100~176 leve l .  
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Etching Characteristics of Silicon Carbide in Hydrogen 
J. M. Harris,* H. C. Gatos,* and A. F. W i t t *  

Departme~t of Metallurgy and Center for Materials Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

It was found that the etching rate of alpha (hexagonal)  silicon carbide 
in hydrogen at high tempera tures  (above 1550~ varies wi th  the susceptor 
mater ia l  on which the induct ively heated silicon carbide rests. Molybdenum 
exhibits  the most pronounced effect increasing the etching rate  by about one 
order of magni tude over  that on all other  susceptors (W, Nb, Ta, C) em-  
ployed. Finite etching rates were  also observed on a-silicon carbide exposed 
to inert  gas atmospheres at elevated tempera tures  and were  a t t r ibuted to hy-  
drogen residually present in the susceptors. It was concluded that  catalytic 
action of the susceptor mater ia l  is involved in the etching process. 

It is well  known that in the case of silicon, vapor 
etching prior to vapor growth great ly  improves the 
perfection of the deposited layer (1). However ,  de- 
pending on exper imenta l  conditions, vapor etching may 
compete with the growth process. For example,  ex-  
periments  with silicon carbide in a hydrogen atmo- 
sphere have shown that  no effective epitaxial  growth 
could be obtained above 1750~ because of the pre-  
vail ing high etch rates (2-4). 

The present exper iments  were  under taken in con- 
nection with our studies on the epitaxial  growth of 
silicon carbide. During these studies it became ap- 
parent  that  the etching rate of a-SiC (hexagonal)  
in hydrogen is substantial ly affected by the susceptor 
mater ia l  used for induction heating. Tempera tures  
below 1550~ were  not considered since the etching 
rates are very  small. 

Experimental Procedure 
The etching exper iments  were  carried out on s-SiC 

platelets (0.15 cm'-') of (0001) orientat ion in a 1.5 in. 
ID, horizontal, water-cooled,  quartz reaction tube. 
Three different susceptor materials,  Ta, C, and SiC- 
coated carbon were  used for induct ive heat ing of the 
system. Figure  1 (a, b, c) shows schematical ly the 
a r rangement  of the sample and the susceptors. Sec- 
ondary susceptor strips of Mo, Nb, and W (about 5 cm 2 
and 0.5 mm thick) were  placed on the pr imary  sus- 
ceptors as indicated in Fig. lb. 

Etching rates (in microns per hour) were  determined 
from the sample weight  changes and of the (0001) 
area face. Area measurements  were  made with a plani-  

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v c  M e m b e r .  

meter  on low magnification (16X) photographs of the 
samples. The etching rates represent  the change in the 
over-a l l  thickness of the sample. Pr ior  to use the 
susceptors were  etched in a 5: 1, conc HF: conc HNO:~ 
solution; the u-SiC platelets were  etched in KOH and 
cleaned in acetone and then distilled water.  

Before introducing the hydrogen the react ion tube 
was purged with  argon or hel ium while the system 
was brought  up to the desired temperature .  The tube 
was also purged with the inert  gas after the t e rmina-  
tion of the etching exper iment  to prevent  hydrogen 
embr i t t l ement  of the metal l ic  susceptors. The indicated 
temperatures  are uncorrected optical pyromete r  read-  
ings of the susceptor. All  gases employed were  
~99.999% pure. The exper imenta l  results were  re-  
producible to wi thin  _ 15%. 

Results 
Etching in hydrogen.- -The results of etching exper i -  

ments with a-SiC on the various susceptors in a 

Fig. 1. (a) Schematic presentation of the reaction tube, (b) 
secondary susceptor, (c) susceptor. 
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Fig. 3. a-SiC sample after 6 min exposure to argon at 1850~ 
on a tantalum suseeptor. The /~-SiC deposit appearing as bright 
spots is the result of mass transfer from other a-SiC samples simul- 
taneously exposed to the etching conditions. Magnification approx. 
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Fig, 2, Effect of susceptor materials on the etching rate of 
,~'-SiC in hydrogen. The data obtained with the carbon susceptor 
are somewhat uncertain because of carbon transfer to the SiC 
(see text). The published results for SiC decomposition in argon 
under static conditions are also shown. For clarity the numerous 
experimental points are omitted. They exhibited o standard devia- 
tion less than 5%. 

hydrogen atmosphere are presented in Fig. 2. For 
convenience published results for the etching of a-SiC 
on t an ta lum silicide (2,3) and for the a-SiC decom- 
position in argon (5) are also included. All  experi-  
ments  were performed with a hydrogen flow rate of 
2 t /m in  (measured under  atmospheric pressure at 
room tempera ture) .  Those on TaSi had been performed 
with a flow rate of 2.5 l / ra in  and those in argon had 
been carried out under  static conditions. 

The results obtained in the etching experiments  on 
carbon susceptors (Fig. 2) are of l imited accuracy due 
to carbon deposits which could be observed on the 
SiC surface in contact with the susceptor after etching 
at high temperatures  (~1800~ Such deposits are 
apparent ly  the result  of carbon transfer  from the 
susceptor to the sample. 

Figure 2 shows that the etching rates of a-SiC 
induct ively heated on Ta, TaSi, Nb, and W susceptors 
in hydrogen are similar. While the apparent  activation 
energies for the etching process on these susceptors 
(as determined from the slopes of Fig. 2) are not 
substant ia l ly  different from that  on the carbon sus- 
ceptor, the corresponding etching rates are consider- 
ably higher. In  the case of Mo susceptors it is seen 
that markedly  greater etching rates and a s tronger 
temperature  dependence prevail. 

When carbon susceptors coated with TiC or with 
Ti -Ta  alloy were employed the weight of the a-SiC 
samples did not change at temperatures  up to 1750~ 
and for etching times up to 20 rain. However, a net  
weight increase was observed after 30 rain at I~00~ 
when a carbon susceptor coated with B-SiC (cubic) 
was employed. This weight increase was apparent ly  
the result  of mass t ransfer  of SiC from the susceptor 
to the sample as a result  of the prevai l ing thermal  
gradients. Figure 3 shows a typical example of poly- 
crystall ine ~-SiC deposit on an a-SiC substrate  by 
thermal  t ranspor t  in argon. 

The etching rates of the (0001) and (000-1) basal 
surfaces of a-SiC were studied by masking one of the 
two with a nonreact ive carbon deposit. It was found 
that  the silicon (0001) surface exhibits somewhat 
higher etching rates than  the carbon (0001-) surface. 
At 1725~ this difference in etching rates was found 
to be approximately 15%. The etching rates of the 

6X. 

basal planes did not significantly change whether  or 
not the surface under  investigation was facing the 
susceptor dur ing etching. 

The basal planes were identified by their  etching 
characteristics (6). In  hydrogen the carbon surface 
exhibited well  defined dislocation etch pits whereas the 
silicon surface showed i r regular  attack and occasional 
hexagonal  pits (see Fig. 4). 

Etching in inert gas atmospheres.--Etching experi-  
ments were carried out in argon and he l ium on Ta and 
Mo susceptors. The results of these experiments  are 
summarized in Fig. 5. It is seen that a-SiC undergoes 
significant etching when exposed to argon or helium. 
The etching rate on Mo is considerably higher and 
exhibits stronger tempera ture  dependence than on Ta 
susceptors. It is of interest  to note that  above 1700~ 

Fig, 4. Carbon (0001") surface (top) and silicon (0001) surface 
(bottom) of a-SiC after 20 min exposure to hydrogen at 1650~ 
on a t a n t a l u m  susceptor (see text) (IOOX). 
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Fig. 5. Etching behavior of  a-SiC in argon and helium on tanta-  
lum and molybdenum susceptors. The interaction of graphite and 
hydrogen at  high temperatures (7) is also shown (see tex t ) .  

the etching rate on Mo in an argon atmosphere is 
higher than on Ta susceptors in hydrogen. 

In  several  experiments  it was observed that  SiC 
was deposited in  the form of s-SiC from samples at 
higher temperatures  to samples at lower temperatures  
when  several  a-SiC samples were exposed s imul tan-  
eously to argon on Ta susceptors (Fig. 3). Such tem-  
perature differences were caused by vary ing  the rmal  
contact of the samples with the susceptor. 

Transport experiments in hydrogen.--Etching ex- 
periments  on Mo susceptors revealed that  about 85% 
of the weight loss of the a-SiC samples could be 
accounted for by a corresponding weight  increase of 
the Mo susceptor. A chemical analysis of the sus- 
ceptor after an etching exper iment  showed that  the 
molar  ratio Si/C was now greater  than one. 

The dis t r ibut ion of the t ransferred mater ia l  on the 
susceptor was investigated by placing SiC samples on 
Ta susceptors at a fixed distance (3 mm) from the 
leading and t rai l ing edge of secondary Mo susceptors 
respectively and exposing them at  1600~ to a hydro-  
gen atmosphere. Figure  6 shows the data of the silicon 

1.0 

0.8 

0 .6  

' l ' / ' l 'o 

0 .4  

0.2 

0 
0 

I ( t ( t ( ( 
~ = ~o e'ol-~.z ) eq t 

x: - (~ ) . [ (~  f._~ 1,,2 
D = 2 265 cmelsec 
k = 3 04 sec-* 

exp theott 

U = * 2 9 c m / s e c  o I 

U = 0.0 era/see �9 11 
U = - 2.9 cmlsec �9 )11 

II �9 

I I 
2 3 4 5 6 7 

Disfonce, z (cm) 

I I 
8 9 I0 

Fig. 6. Silicon distribution on molybdenum susceptor resulting 
from etching of a-SiC in hydrogen at 1650~ The normalized con- 
centrations were obtained by extrapolating the data of the chemi- 
cal analysis to zero distance from the source. Curves I, II, and 
III represent the concentration profiles based on Eq. [1] (see 
text). 

analyses plotted in normalized concentrat ion vs. dis- 
tance from the source. 

If it is assumed that  the component  dis t r ibut ion in  
the vapor phase is de termined by diffusion from the 
source in the presence of convection and chemical 
reaction then the steady state solution of the diffusion 
equation is (8) 

@ = @o exp (--Lz) [1] 

where ~ is the concentrat ion of the component  in  the  
vapor phase; L---- (U/2D) + [(U/2D)2 -t- (k /D)]  1/2, 
where D is the diffusion coefficient, U is the gas flow 
rate, k is an over-a l l  first order rate constant, and z is 
the distance from the source. When Eq. [1] was applied 
to the measured dis t r ibut ion of silicon in '  Mo, the best 
agreement  with the exper imenta l  data was obtained 
for Dsi/H2 = 2.3 (cm2/sec) and k ---- 3.0 (sec-1).  This 
value for the diffusion constant  of silicon in  hydrogen 
at 1600~ appears to be reasonable 1 and is t aken  as an 
indicat ion that  this mechanism of silicon vapor t ransfer  
is plausible under  the given conditions. 

The results of the above analysis are presented as 
solid l ines in  Fig. 6 for the various hydrogen flow 
rates investigated. No analysis for the carbon data was 
at tempted since the carbon concentrat ions on the sus- 
ceptor mater ia l  were too low to permit  an accurate 
analysis of its distribution. 

It was also observed that higher effective etching 
rates on Ta susceptors occurred when  a piece of Mo 
was placed on the p r imary  susceptor near  (but  not 
in contact with) the a-SiC sample. This effect was 
found to decrease exponent ia l ly  with distance of sep- 
arat ion and became negligible when  the distance 
of the Mo piece was in excess of 15 mm from the 
sample. At  flow rates of 2 l / ra in  such an increase in 
etching rate was observed on samples placed up or 
down-s t ream relat ive to the Mo piece. 

These t ransport  experiments  constitute evidence of 
chemical interact ion between the SiC sample and the 
susceptor. Evidence of chemical interact ion was also 
present  whenever  etching occurred. At the lower tem- 
peratures the susceptor changed color undernea th  the 
sample. At higher temperatures  the outl ine of the SiC 
sample was clearly impr in ted  on the susceptor by the 
interaction.  

Discussion 
It was found that  the etching rates of s-SiC 

in hydrogen, argon, or hel ium are s trongly de- 
pendent  on the susceptor mater ia l  on which the 
samples were induct ively  heated. It was also found 
that there was no visible interact ion between SiC and 
the susceptor mater ia l  unless etching of SiC took 
place. Apparent ly  dur ing  the etching process carbon 
is removed from SiC as hydrocarbons and the silicon, 
which forms no stable gaseous compound at these 
temperatures,  reaches the susceptor via surface diffu- 
sion or the vapor phase. The exper imental  results can 
be accounted for by assuming that  a key step in the 
etching process is the formation of atomic hydrogen 
which interacts with the SiC to form stable volatile 
hydrocarbons. On this basis the etching rates should 
reflect the catalytic effectiveness of the susceptor in  
forming atomic hydrogen. Consistent with this require-  
ment  is the fact that  the etching rate of Mo sus- 
ceptors is much greater  than on W susceptors, since 
it is well  known that Mo is more effective than  tung-  
sten in  convert ing molecular  into atomic hydrogen 
(I0) .  I t  should also be noted that  the solubil i ty of H 2 is 
greater  in Mo than  in W (11). Since the processes 
considered were not under  equi l ibr ium conditions no 
at tempt was made to treat  them thermodynamical ly .  

It is not clear at present  as to whether  the atomic 
H reacts directly with SiC or with carbon resul t ing 
from the decomposition of SiC. It is of interest  to note, 
however, that  the reaction rate between graphite  and 
hydrogen (below 2400~ is directly proport ional  to 
the part ial  pressure of atomic hydrogen (7), and that 

Z A  v a l u e  o f  DSi /H 2 = 3 .2  c m ~ / s e c  f o r  l l 0 0 ~  w a s  c a l c u l a t e d  (9)  
u s i n g  C h a p m a n - E n s k o g  p a r a m e t e r s .  
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the apparent  activation energy for the low tempera ture  
hydrogen-carbon reaction is very close to that  ob- 
served for the etching process on Ta (Fig. 5). 

Regarding the observed etching in iner t  a tmo- 
spheres, it is believed that  it is due in part  to residual 
hydrogen being released from the susceptor upon 
heating. The materials  employed as susceptors are 
known for dissolving hydrogen which they release 
slowly at high temperatures  (12). 
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The Effect of Substrate Orientation on the 
Incorporation of Zinc and Selenium in 

Vapor-Grown Gallium Phosphide 
R. C. Taylor* 

International Business Machines Corporation, Research Division, Yorktown Heights, New York 

ABSTRACT 

Vapor-grown GaP doped with radioactive Zn 6~ and Se ~ has been prepared 
by a halogen t ranspor t  method. The dopant concentrat ion in the crystals 
ranged from the mid 10 I~ to mid 10 TM atoms/cm 3. By means of radiotracer 
and electrical measurements ,  it was found that the degree of incorporat ion 
of the dopant  into the growing crystal  is dependent  on the substrate or ienta-  
tion. Zinc was incorporated into ( l l l ) A  face growths more readily than into 
( l l l ) B  face growths by a factor of from 12- to 25-fold, depending on zinc 
concentrat ion in the vapor. Se lenium was incorporated into ( l l l ) B  face 
growths more readi ly than into ( l l l ) A  face growths by  a factor of from 4- 
to 35-fold. Growths on (100) or (110) substrates accepted zinc or selenium 
dopants to about the same extent  as the preferent ia l ly  doped polar [ ( l l l ) A  
or ( l l l ) B ]  face. It  was found that  selenium had a l imit  of solubil i ty in an 
electrically active form of about 4 x 1018 cm -3. The solubil i ty l imit  for zinc 
was not reached at 10 TM cm -3. Studies were also made of undoped and 
selenium doped growths on higher index orientations. A model is presented 
to account for the observed or ientat ion effect based on the properties of the 
(111) double layer. 

In  earlier publications (1, 2), we reported the effect 
of substrate orientat ion on the electrical, optical, and 
paramagnet ic  resonance properties of vapor-grown 
GaP, both undoped and doped with sulfur  or selenium. 
The orientations studied were the polar (111)A (Group 
III  atom) and ( l l l ) B  (Group V atom) surfaces. It  
was found that  donor impuri t ies  were apparent ly  in-  
corporated far more readily into growths on ( l l l ) B  
substrates. Nominal ly  undoped GaP deposited onto 
( l l l ) B  substrates of either GaAs or GaP was n - type  
and had a resist ivity of about 1 ohm-cm, a carr ier  con- 
centrat ion in the low 10 TM cm -3 range due to a residual  
sulfur  impuri ty ,  and a mobil i ty  of 170-190 cm2/v-sec 
at room temperature.  Uadoped samples grown on 
(111) A substrates were high-resist ivi ty (103-104 ohm- 
cm) p- type due to a deep acceptor impuri ty.  Growth 
in sulfur or selenium dopant fluxes sufficient to in-  
crease the carrier  concentrat ion of ( l l l ) B  face growths 
to the low 1017 cm -3 range increased the resistivity of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

the still p- type ( l l l ) A  face growths by two orders of 
magni tude  due to compensation. Similar  or ientat ion 
dependence has also been reported for vapor-grown 
GaAs (3, 4) and for GaP deposited on GaAs (5). 

In  the present  investigation, in order to gain a more 
quant i ta t ive  picture of the magni tude  of the effect of 
substrate orientat ion on impur i ty  incorporation, radio- 
tracer techniques were employed in conjunct ion with 
electrical measurements  to determine the t rue  dopant 
concentrations. Radioactive Se TM and Zn 65 were selected 
as the dopants so that  both donor and acceptor incor- 
poration could be studied. Studies were also extended 
to the (100) and (110) basic planes with radioactive 
Zn and Se doping and to higher index planes with no 
doping and with nonradioact ive Se doping. 

Experimental 
The vapor-grown GaP crystals were prepared by a 

phosphorous tr ichloride t ransport  method (1, 6). The 
apparatus and growth conditions used were the same 
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as those of Ref. (1). The gal l ium source t empera tu re  
was 900~ the substrate t empera tu re  800~ and the 
total  hydrogen flow rate  was 100 cc/min,  of which 50 
cc /min  passed through the PCI3 bubbler  at --30~ to 
give a PC13 flux of 1.2 • 10 -a moles /hr .  In order  to 
employ radioactive species, the H2Se tank normal ly  
used in doping was replaced by hydrogen,  and pellets 
of the radioactive e lements  were  placed in the doping 
line at the appropr ia te  t empera tu re  to attain the de- 
sired vapor  pressure. When radioact ive Zn and Se 
were  in use, 20% of the hydrogen diluent gas was 
passed over  the radioact ive material .  Depending on the 
dopant temperature ,  this resulted in a dopant flux of 
between 10 -10 and 10-~ moles/hr .  

Gal l ium arsenide substrates were  cut from Czochral-  
ski pulled crystals. When nominal  ( l l l ) A  and ( l l l ) B  
growths were  made, the GaAs substrates were  actual ly 
or iented 2 ~ off the basic planes. The substrates were  
mechanical ly  and chemical ly  polished with an H2SO4- 
H202 etch before introduction into the system. In most 
cases of (111) growth, A and B oriented substrates 
were  mounted side by side on a ver t ical  holder so that  
g rowth  occurred on both in the same run. 

Average  growth rates were  14 g /h r  on ( l l l ) A  faces, 
8 ~ / h r  on ( l l l ) B  faces, and 10 g /h r  on (100) and (110) 
faces. Fi lm thicknesses were  approximate ly  250~,. 

Af te r  removal  of substrates and edge growth, the 
same section of each GaP growth was used for both 
radiot racer  and electr ical  measurements .  Radiotracer  
measurements  were  done by gamma scinti l lation count-  
ing and the Van der Pauw method was used for the 
electr ical  measurements .  In order  to check for doping 
uni formi ty  through the thickness of the samples, the 
growths were  lapped and remeasured  several  times. No 
significant gradients were  found. 

Results 
Zn 65 and Se 75 doping of growths on (111)A and 

(111)B planes.--The results of doping ( l l l ) A  and 
( l l l ) B  face GaP growths with Zn 65 and Se r5 are 
shown in Tables I and II. The only var iable  in the 
growth  conditions was the dopant vapor  pressure 
which increases f rom the top of the tables to the bot-  
tom. Each pair  of ( l l l ) A  and ( l l l ) B  samples was 
grown in the same run to insure identical  conditions. 

With the exception of 589 and 590, all samples were  
grown on GaAs substrates. It is clear f rom both the 
radiotracer  and electr ical  data that  ( l l l ) A  face 
growths incorporate  Zn far  more readi ly  than do 
( l l l ) B  face growths, while the heaviest  Se doping is 
found in samples grown on (111)B faces. 

Zinc-doped crystals grown on ( l l l ) A  faces show a 
uniform increase in carr ier  concentrat ion and Zn 6~ 
concentrat ion as the Zn vapor  pressure increases, wi th  
a corresponding decrease in resis t ivi ty and mobility. 
Liquid ni t rogen electr ical  data show a carr ier  f reeze-  
out of two orders of magni tude  at the low zinc con- 
centrat ions and no freezeout  at the higher  concen- 
trations, indicating impur i ty  band conduction at about 
10 TM cm -3 (7). The super ior i ty  of GaP substrates which 
was demonst ra ted  in Ref. (1) for n - type  samples is 
shown here  for p- type  samples by the fact that  sample 
589 had a l iquid ni t rogen mobil i ty  of 1873 cm2/v-sec,  
far  higher  than any obtained when using GaAs sub- 
strates. This is probably due to superior  crystal  s truc- 
ture of samples grown on GaP substrates. 

The propert ies of Zn-doped crystals grown on (111) B 
faces show that  a ve ry  small  amount  of Zn is taken up 
on this face, insufficient in fact to compensate the resid-  
ual background donor impur i ty  in the first five sam- 
ples. This impur i ty  has been shown by photolumines-  
cence to be sulfur, both by identification of the sulfur 
exciton line in undoped samples and the zinc-sulfur  
pair  band in Zn-doped samples (1). The amount  of 
sulfur impur i ty  varies wi th  pur i ty  of the PC13 and in 
this series of samples is 1-2 • 1017 em -3, which is the 
concentrat ion of Zn 6~ requi red  to conver t  the crystals 
to p-type. 

Se len ium-doped  crystals grown on ( l l l ) A  faces 
show electr ical  behavior  similar  to that  of the Z n -  
doped ( l l l ) B  face growths. As in the Zn case, the 
lowest doping levels were  not sufficient to compensate  
the carr iers  of the opposite type that  were  already 
present. These growths were  h igh-res is t iv i ty  p-type,  
as were  undoped samples, unt i l  about 10 TM Se 75 a toms / -  
cm 3 had been added. [We had previously  found about 
10 TM cm -3 deep aceeptors in ( l l l ) A  face growths and 
tenta t ive ly  identified them as Ga vacancies (2).] 

In the more heavi ly  doped ( l l l ) B  face growths, the 
Se TM concentrat ion and room- tempera tu re  carr ier  con- 

Table I. Results of Zn 65 doping 

S a m p l e  
N o .  

S u b s t r a t e  
o r i e n t ,  

Zn ( l z lA)  p n ( p )  /z 
Z n  e~ c o n e  C o n d .  ( o h m - e m )  ( e r a  -a) ( e m ~ / v - s e c )  

( c m  -3) Z n  (lllB) t y p e  R T  R T  R T  

5 8 9  
5 9 0  
5 7 3  
5 7 4  
5 7 7  
5 7 8  
569  
5 7 0  
571  
572  
579  
580  
583  
5 8 4  

(III)A GaP 
(III)B GaP 
(III)A 
(III)B 
(III)A 
(III)B 
(111)A 
(111)B 
( l l l ) A  
( l l l ) B  
( 1 1 1 ) A  
( l l l ) B  
( l l l ) A  
( l l l ) B  

1 .3  X 1017 
3 .3  X 1015 3 9 . 4  P 0 . 4 8  n 
3 .0  X 10i7 
1.6 X 10  i6 2 4 . 3  P 0 . 2 3  n 0 . 4 1  
4 .8  x 10 i7 
2 .5  x 1Cao 19 .3  P 0 . 2 2  

n 0 . 4 2  
1.5 x l0 is 
8.1  x 101G 18 .5  P 0.097 

n 0 . 5 6  
3.0 x 1O Is 
1.7 X 1017 17 .6  P 0 . 0 5 4  

n 0 . 9 1  
6 .3  x l 0  TM 
4 .6  X 101 '  13 .7  P 0 . 0 3 6  p 0 . 4 9  
1 .4  X 1010 
1.2 x 10  as 11 .7  P 0 . 0 2 2  

p 0.13 

Table II. Results of Se 75 doping 

1.0 x 1017 

3 .0  x 1O 17 
1.1 x 10 iv 
3 . 9  x 1017 
I.I X I0 i7 
I.I X lO TM 
1.2 X 1017 
2 .2  X l 0  TM 

6 . 9  X 10  l~ 
5 .4  x 10 TM 

1.7 X 1017 
1.2 X 10  i s  
7.3 x I017 

128 

90 
135 
75 

129 
57 
94 
52 

IOO 
32 
76 
25 
68 

S a m p l e  
N o .  

S u b s t r a t e  
o r i e n t .  

Se(iuB) 0 n(p) /L 
Se ~5 conc Cond. (ohm-cm) (cm "-s) (cm-~/v-sec) 

( c m - ~ )  S e ( m A )  t y p e  R T  R T  R T  

5 4 7  
548  
5 5 5  
5 5 6  
5 6 5  
566  
5 5 7  
5 5 8  
561  
562  
5 6 3  
5 6 4  
5 5 0  
551  

(III)A 
(III)B 
(III)A 
(III)B 
(III)A 
(Ill)B 
(III)A 
(111)B 
(111)A 
(111)B 
(111)A 
(111)B 
(111)A 
(111)B 

3.2 X 10 TM v -- -- -- 
1.4 X 10 Is 4.4 n -- -- -- 
5.9 x 1015 p 2 X 10 e -- 16.8 9.9 x 10~6 n 0.54 9.8 X 10 TM 117 
3.1 X 10 Is n 11.0 1.0 X 10 TM 57 
9 .9  x 1017 3 1 . 8  n 0 . 0 7 5  8 .4  X 1017 99  
5 .2  x l 0  i s  n 4 . 0  2 .0  x 10 TM 78  
1 .8  X 10 TM 34 .7  n 0 . 0 5 7  1.2 X 10 TM 90 
8 .1  x 1016 n 1.1 4 .3  X 1018 129  
3 .0  X 1O TM 37 .2  n 0 . 0 6 1  2 .0  X l 0  TM 51 
1.2 X 1017 58.2 n 1.2 4.0 x I0 TM 129 
7 .0  x 10  TM n 0 . 0 5 1  1.7 x l 0  i s  71  
3 .0  x l 0  TM n 0 . 0 5 6  1.2 x 10 TM 87  
~ 5  x 1039 n - -  - -  - -  
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centrat ion increase with Se vapor pressure to about 
2 X 10 TM cm -a. Above this point, Se 75 concentrat ion 
continues to rise while the carr ier  concentrat ion levels 
off. (A t empera tu re  run on one sample showed that  
Nd - Na became independent  of t empera tu re  at 4 X l0 ts 
at about 400~ This sample had a room- tempera tu re  
carr ier  concentrat ion of 2.1 • 10 TM and a Se 75 concen- 
t ra t ion of 1.3 X 1019 cm-a . )  The solubili ty l imit  of Se 
in an electr ical ly active form has been reported by 
Trumbore  (8). Above 4 X 10 TM cm -a, Se probably 
enters the GaP lattice in the form of Se precipitates 
or neutra l  complexes such as V~GaSe8 as has been pro- 
posed for Se in GaAs (9, 10). It should be remembered  
that  undoped ( l l l ) B  face growths contain 1016-1017 
carr iers  cm -~ due to a sulfur impuri ty  so the electrical  
carr ier  concentrat ion figures are a sum of the ionized 
sulfur plus selenium. 

The magni tude  of the effect of substrata orientat ion 
[ (111)A and ( l l l ) B ]  on the incorporat ion of Zn and 
Se in GaP growths as de termined f rom the radiotracer  
data is shown in Fig. 1. The ratio of Zn 65 in GaP grown 
on a ( l l l ) A  face to that  on a ( l l l ) B  face is plotted 
against the Zn 65 in the ( l l l ) A  face growths, and the 
ratio of Se 75 in (111)B face growths to that  in ( l l l ) A  
face growths is plotted against the Se 75 in the (111)B 
face growths. It can be seen that, wi th  Zn doping, the 
orientat ion effect ratio [Zn on ( I I 1 ) A  to Zn on (111)B] 
increases with decreasing Zn concentrat ion from 12 at 
1.4 X 10 TM cm -3 to 24 at 3.9 X 1017 cm -3. The fact that  
the highest ratio, 39, does not fall  on the line through 
the other  data  might  be due to the use of GaP sub- 
strates for that  pair. The concentrat ion dependence of 
the orientat ion effect for Se doping is greater  than in 
the Zn case and is in the reverse  direction. The ratio 
increases with increasing Se concentrat ion from 4 at 
1.4 X 10 TM cm -3 to 37 at 3.0 X 10 TM cm -a. Points  above 
this concentra t ion are possibly unrel iable  due to for-  
mation of Se precipitates or gal l ium selenide. 

In Fig. 2 and 3, we have plotted the effect of dopant 
flux on Zn incorporat ion in GaP grown on ( l l l ) A  sub- 
strates and on Se incorporat ion in GaP grown on 
( l l l ) B  substrates. The Zn 6~ line in Fig. 2 and the Se ts 
line in Fig. 3 were  obtained from samples for which 
the dopant pellets were  weighed before and af ter  the 
run  to determine  the number  of moles t ranspor ted  and 
then the resul t ing Zn 6~ and Se 75 concentrations were  
measured in the GaP growths. The carr ier  concentra-  
t ion lines show the room- tempera tu re  carr ier  concen- 
trat ions corresponding to the radiotracer  concentra-  
tions from Tables I and II. In the cases of both Zn 65 
and Se 76 doping, there  is an approximate ly  l inear  de- 
pendence of dopant in the GaP growth on dopant con- 
centrat ion in the vapor. The carr ier  concentrat ion line 
in Fig. 3 c lear ly  shows the e lectr ical ly  act ive solubil i ty 
l imit  of Se in the GaP. The corresponding line in Fig. 2 
shows that  no precipi tat ion or separat ion of Zn in an 
inactive form is evident  up to a concentrat ion of 
1019 era-3. 

6o 
o Zn(111A) / Z n ( l l l B )  ? 

O �9 Se(I11B) / Se(11IA ) / 
50 <~ / 

n- / 
I 

40  \ 

~ 3o 
Z o 
~ 20 
Z 

0 

0 I t I I 
1016 1017 I01e 1019 1020 

RADIOTRACER CONCENTRATION (crn -3) Zn 65 ON 111A, Se 75 ON 111B 

Fig. I .  Concentration dependence of the orientation effect for 
Zn and Se doping of ( l l l ) A  and ( l l i )B  face GaP growths. 

10 2o 

o Zn 65 CONCENTRATION 

�9 ROOM TEMP CARRIER / 
CO 

1019 

E 

c 
101e - 

1017 L ~ ] 
10-8 10-7 10-6 10-5 10-4 

Zn 65 VAPOR FLUX (MOLES/HR) 

Fig. 2. The effect of zinc vapor flux on Zn 65 concentration and 
room-temperature carrier concentration in GaP grown on (111)A 
substrates. 
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~ 1018 
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1017 

1016 I I 
10-10 10-9 10-8 10-7 10-6 

Se 75 VAPOR FLUX (MOLES/HR)  

Fig. 3. The effect of selenium vapor flux on Se 75 concentration 
and room temperature carrier concentration in GaP grown on 
(1 i 1 )B substrates. 

Although no runs were  actually made in which both 
Zn and Se were  present  in the vapor  at the same time, 
an idea of the results may be had by combining the 
data for Zn and Se doping and assuming no vapor  
phase interact ion be tween the dopants. The data for 
Zn and Se doping of both ( l l l ) A  and (111)B face 
growths is plotted against  dopant flux in Fig. 4. The 
interest ing th ing to note is that, in the dopant flux 
region where  the data overlap, the lines for Se doping 
of a ( l l l ) A  face growth and Zn doping of a ( l l l ) A  
face growth coincide, and both have  the same slope. 
Thus, whi le  Se prefers  (111)B face growths and Zn 
prefers  ( l l l ) A  face growths, the (111)A face has no 
preference as to which one it incorporates and is more 
inert  toward both than the ( l l l ) B  face is to Se. The 
large effect is that  the ( l l l ) B  face prefers  Se to Zn 
by a factor of 1000. Therefore,  when  both Se and Zn 
are present  in the vapor  in equal  concentrations,  a 
( l l l ) A  face growth should be compensated and a 
( l l l ) B  face growth should be strongly n-type.  These 
observations might  be a fortui tous combination of the 
or ientat ion effect and dopant distr ibution coefficients 
and apply only to the case of Zn and Se under  the 
conditions of these experiments .  

There  was an interest ing effect of Se doping on the 
growth rates of (111)A and (111)B face growths and 
on the surface morphology of (111)B face growths. 
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DOPANT FLUX (MOLES/HR) 

Fig. 4. The effect of dopant flux on Zn o5 and 5e 7~ concentra- 
tion in GaP crystals grown on (1|1)A and ( I | | ) B  substrates. 

Zinc doping had no effect on either. When the Se con- 
centrat ion on ( l l l ) B  face growths reaches the mid 
10 TM cm -3 range, the  growth ra te  abrupt ly  changes 
f rom the normal  8 ~/hr  to about 2 ~/hr.  When the con- 
centrat ion on ( l l l ) A  face growths reaches the mid 
10 TM cm -3 range, the rate  changes from 14 ~/hr  to 
about 20 ~/hr.  This occurs both when  the two faces 
are growing together  in the same run or when the 
two faces are introduced into the system separately.  
The change on the ( l l l ) B  face could be due to the 
format ion of selenium precipitates causing strain and 
impeding  normal  growth, but there  is no apparent  
reason for the increase in the ( l l l ) A  growth rate. 
Such a decrease in growth rate was reported by Hara  
and Akasaki  (11) in sulfur-doped,  vapor -g rown  GaP. 
However  the decrease cannot be due to depletion of 
GaC1 vapor  by format ion of Ga chalcogenides as they 
postulated, or the ( l l l ) A  face growth rate would also 
decrease. The  drop in ra te  must  be associated wi th  
changes at the crystal  surface. Changes in growth rate 
and morphology of epi taxial  GaAs with doping level  
have also been reported (12). 

The effect of Se concentrat ion on (111) B growth  
surface morphology is shown in Fig. 5. The greatest  
change in the surface morphology occurs in the low 
10 TM cm -3 range where  there  is re la t ive ly  l i t t le  change 
in the orientat ion effect ratio [Se on ( l l l ) B  to Se on 
( l l l ) A ] .  The morphology change is probably associ- 
ated with  the appearance of Se precipitates, and does 
not occur on ( l l l ) A  face growths. X - r a y  studies 
showed all of these growths to be single crystal. 

Zn 65 and Se 75 doping of growths on (I00) and (110) 
planes.--Zn 65 and Se 75 doped GaP growths were  also 
made on the other  two basic orientations, (100) and 
(110). The results of the radiot racer  measurements  on 
Zn-doped samples are given in Table III. The dopant 
flux for these samples, as de termined  f rom the weight  
loss of the Zn pellet, was 3.6 • 10 -7 moles/hr .  The 
values in the table for ( l l l ) A  and ( l l l ) B  or ienta-  
tions are  those that  would be expected from Fig. 1 
and 2 for this dopant flux. The Se 75 radiotracer  and 
electr ical  results are given in Table IV. The ( l l l ) A  
and ( l l l ) B  data are for two samples from Table II 
grown at the same Se pressure. It can be seen that  
for both Zn and Se doping, the GaP grown on (100) 
and (110) faces incorporates the dopant to about the 
same degree as does the GaP grown on the prefer -  
ent ia l ly  doped polar  face. Zinc is taken  up in (I00) 
and (110) growths almost as well  as in ( l l l ) A  growths 
and the Se uptake in (100) and (110) growths is close 

Fig. 5. The effect of selenium concentration on the surface 
morphology of GaP crystals grown on (111)B substrates. 

to that  in ( l l l ) B  growths. The electrical  data, while 
giving the correct  re la t ive  order of dopant incorpora-  
tion on the basic planes, do not show the t rue magni -  
tude of the orientat ion effect due to varying degrees 
of compensation. A nominal ly  undoped (110) growth 
is n - type  with  a resist ivi ty of 50-100 ohm-cm,  a carr ier  
concentrat ion in the low 10 TM cm -3 range, and low 
mobility. Undoped (100) growths are n - type  wi th  a 
resis t ivi ty of 103 to 104 ohm-cm. 

Growth on higher index planes.--In order  to see if 
misorientat ion f rom the basic (111) plane had any 
effect on the anisotropy of impur i ty  incorporation, 
several  higher  index planes were  studied. The planes 
were  misorientat ions from the (111) plane in the di-  
rection of both the (100) plane [ ( h l l )  planes] and the 
(110) plane [ ( h h l )  planes].  For  example,  the mis- 
or ientat ion in the (100) direction was 5 ~ 10 ~ 19.3 ~ 
[(211) plane],  and 29.4 ~ [(311) plane].  Also included 
was the (310) plane which is a (hl0)  plane. The com- 
plete list of orientat ions studied is shown in the s tereo-  
graphic t r iangle  of Fig. 6. With the exception of the 
(100) and (110) planes, both the "A" and "B" faces 
of each or ienta t ion were  invest igated by slicing the 
wafers  in half, revers ing one half, and growing on both 
halves in the same run. The A and B faces of all the 
( h l l )  and (hh l )  orientat ions were  dist inguishable wi th  
a s tandard NaOH-H202 etch. 

In all cases, wi th  the exception of the (100), (110), 
and (310) planes, there  was a pronounced orientat ion 
effect on electrical  propert ies of the deposited GaP. All 
undoped samples grown on "B" faces were  n - type  with  

Table Ill. Zn 65 doping of basic planes 

Zn65(111A) 
Sample Substrate Zn e~ 

N o .  o r i e n t .  ( c m  -~) Zn~  I c) 

609 (110) 2.8 x 1017 2.2 
010 (100) 2.6 X i0  ~v 2.4 
- -  (111)A 6.2 x 1017 1.0 
- -  (111)B 2.8 x 10 I~ 2 2 . 2  
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Table IV. Se 75 doping of basic planes 
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S a m p l e  S u b s t r a t e  S e  TM c o n c  
No.  o r i e n t .  (cm-~) 

Se(ll lB) p n 
Cond .  ( o h m - c m )  (cm-~l  (em2/v-see}  

Se(bas J c) t y p e  R T  R T  R T  

557 ( l l l ) A  5.2 x 10 lo 
558 ( l l l ) B  1.8 x 10 is 
559 (100) 5.3 X 10 i~ 
560 (110) 1.6 X 101~ 

34.7 n 4.0 2.0 X 10 a~ 78 
1.0 n 0.057 1,2 • 10 is 90  
3.4 n 0.52 9.9 X 10 l~ 121 
I . I  n 0.33 4.0 x I0 i~ 47 

resistivities between 0.1 and 10 ohm-cm and carrier  
concentrat ions of 2 • 1016 to 4 • 1017 cm -3 (depend- 
ing on the pur i ty  of the PC13 used). "A" face growths 
were either p- type or semi- insula t ing with resistivities 
of 105 ohm-cm and higher. Carrier  concentrations,  
where measurable,  were 10 TM cm -3 or less. Similar  
findings were made by Groves (5) on growths on (211) 
planes. Properties of undoped growths on (100) and 
(110) planes were mentioned in the previous section. 
Growths on both sides of the (310) wafer were n - type  
with resistivity of about 50 ohm-cm and a carrier con- 
cent ra t ion  in the low 1016 cm -a  range. Growths were 
also made on the above orientat ions using hydrogen 
selenide doping. No radioactive species were present 
for a quant i ta t ive  determination,  but  electrical mea -  
surements  showed the persistence of the orientat ion 
effect. It  is clear therefore that the orientat ion effect 
exists on all ( h l l )  and (hh l )  planes, and does not 
exist on (hl0)  planes. In  the absence of radiotracer  
data, it is difficult to know if there is any d iminut ion  
of the effect as misorientat ion from the (111) plane 
increases. 

Surface morphology of growths was significantly 
affected by misorientat ion from the (111) plane, and 
in  each ( h l l )  and (hh l )  higher index orientat ion 
there was a substant ia l  difference between the "A" 
and "B" morphologies. There was no difference in 
morphology between growths on the two sides of the 
(310) plane. Misorientation from the (111) plane had 
little effect on the growth rates of undoped growths 
on the "A" and "B" faces. 

Discussion 
Some of the more str iking features about Zn and Se 

doping of vapor-grown GaP that  are brought  out by 
the radiotracer  and electrical data are: the l inear  de- 
pendence of dopant concentrat ion in the crystal  on 

111 (Ga) 
, &  

5" OFF 1 1 1 ~  5 ~ OFF HI 

,o 0 : : /  \oo , 

~ 10" OFF Iii 
10' OFF 111 ~ / _ 

5 ~ OFF 1 1 ~ " ~  5~ OFF 111 

i l l  
lIT(As) 

Fig. 6. Stereogrophic triangle showing the higher index and 
basic orientations studied in section on Growth on higher index 
planes. 

dopant  flux in the vapor; the opposite direction of the 
concentrat ion dependence of the orientat ion effect in 
the case of Zn and Se; the persistence of the orientat ion 
effect on all ( h l l )  and (hh l )  planes and the absence 
of the effect on (hl0)  planes; the s imilari ty in behav-  
ior between the (100) and (110) planes and the pre-  
ferent ia l ly  doped polar plane for both Zn and Se 
doping. 

The approximately  l inear  dependence of dopant  con- 
centrat ion in the crystal on dopant  flux is surpris ing 
in that  the 800~ growth tempera ture  is well  wi thin  
the extrinsic region for Zn-  and Se-doped GaP. Accord- 
ing to the model  presented by Kroger (13) for equi-  
l ib r ium doping of an extrinsic semiconductor, there 
should be a square root dependence of ionized acceptor 
or donor concentrat ion on the vapor concentrat ion of 
the dopant, and at 800~ all of the zinc and selenium 
are ionized. A l inear  dependence should occur only in 
the intr insic  semiconducting region. Trumbore  (8) did 
find a square root dependence for Zn-doped solution- 
grown GaP, but  a l inear  dependence for Se-doped 
mater ia l  at carrier  concentrat ions where extrinsic be-  
havior was expected. A l inear  dependence was ob- 
served by Luther  (14) for Zn-doped, vapor-grown GaP 
and a l inear  dependence has been found for Cd-doped, 
vapor -grown GaP (14, 15). Zinc and Se doping of GaP 
dur ing  vapor growth therefore appears to be a non-  
equi l ib r ium process. 

The direction of the concentrat ion dependence of the 
Se-doping orientat ion effect suggests that  the effect 
will disappear when the ( l l l ) B  growth Se concentra-  
t ion falls to the low 1015 cm-3 range. It is possible 
that at such low concentrat ions the doping becomes an 
equi l ibr ium process, the deposition being l imited only 
by the input  rate of the selenium and independent  of 
the substrate surface. As the selenium pressure in-  
creases, the incorporation into the crystal becomes a 
kinet ical ly controlled process and more and more ori-  
entat ion dependent.  Other investigators report ing ori-  
entat ion effects have dealt with concentrat ions in the 
range of 1017 carriers cm -3 and above for donors on 
( l l l ) B  faces (3,5).  There is no obvious explanat ion 
for the opposite direction of the concentrat ion depen-  
dence of the orientat ion effect for Zn doping. It is 
possible that  surface nucleat ion sites become saturated 
at the higher concentrat ions so that  incorporat ion on 
( l l l ) A  surfaces is lessened. The effect might  also be 
related to the fact that  the diffusion coefficient of Zn 
is far greater than  that of Se in GaP, and that  the 
diffusion coefficient increases with Zn concentrat ion 
(16). This might allow for redis t r ibut ion of the Zn in 
the heavily doped ( l l l ) A  growths in such a way as to 
lessen the or ientat ion effect. The approach to equi l ib-  
r i um which might  be occurring in Se doping would 
not be observable with the Zn since higher dopant  
concentrations are present. 

The persistence of the polarity orientat ion effect 
through all of the ( h l l )  and (hh l )  higher index planes 
may possibly be explained on the basis of Sangster 's  
model (17). According to this model, all h igh- index 
nonbasic orientat ions are stepped structures consisting 
of "treads" and "risers" of the basic planes. The ( h l l )  
planes are stepped structures consisting of (100) treads 
and (111) risers and the (hh l )  planes are composed of 
(111) treads and (110) risers. All of these planes can 
be resolved into stacks of (111) double layers. Thus, 
aside from the fact that  the planes are stepped, they 
have essential ly (111) characteristics and would be 
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expected  to show the  polar  na tu re  of the  basic (111) 
plane.  When  h becomes grea ter  than  5 on ( h l l )  planes,  
the  axes become indis t inguishable  f rom (100) so tha t  
the  po la r i ty  effect should cease. This has been con- 
f irmed in the  case of GaAs growth  ra tes  by Shaw (18). 
The (hl0)  p lanes  e.g., (310) and (210), which are  com- 
binat ions  of (1O0) and (110) planes,  a re  composed of 
(100) t reads  and (110) r isers  and should therefore  
show no po la r i ty  effects. 

The behavior  of GaP growths  on (10O) and (110) 
faces suggests tha t  there  is a s imi lar  mechanism in-  
volved in Zn incorpora t ion  on (111) A, (100), and (110) 
p lanes  and  in Se incorpora t ion  on ( l l l ) B ,  (100), and 
(110) planes.  The  s imi la r i ty  can again  be found in 
Sangs ter ' s  model  of the  nucleat ion and growth  process 
on the basic planes.  A Zn atom being incorpora ted  
into GaP on a Ga site on a ( l l l ) A ,  (10O), or  ( l lO) 
p lane  wil l  a t tach  i tself  to two surface P atoms wi th  no 
increase in dangl ing surface bonds and no nuclea t ion  
bar r ie r .  In  contrast ,  on a ( l l l ) B  surface the Zn atom 
wil l  a t tach  i tself  to only one surface P atom. It  wil l  
be loosely held  and in the  presence of low Zn pressure  
in the  vapor  s t ream might  tend to re -evapora te .  The 
analogous s i tuat ion exists  wi th  Se doping. Se lenium 
going onto a P site in GaP wil l  bond to two surface 
Ga a toms on ( l l l ) B ,  (1OO), and (110) surfaces, but  to 
only one on a ( l l l ) A  surface. 
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Technical Notes @ 
Sparking Voltages Observed on Anodization 

of Some Valve Metals 
R. S. Alwitt* and A. K. Vijh* 

Research & Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 

Wood and Pearson  (1) recent ly  presented  some ex -  
pe r imen ta l  resul ts  for b reakdown  vol tages of anodic 
oxide films on va lve  metals.  B reakdown  vol tage  was 
defined as the  vol tage  at which vis ible  spark ing  was 
observed to s tar t  or, in the  absence of sparking,  the  
s teady  vol tage tha t  was achieved at  constant  current .  
We have repea ted  some of the i r  measurements  and 
ex tended  the  work  to ano ther  e lec t ro ly te  system. Our  
resul ts  a re  in genera l  agreement  wi th  those of Wood 
and Pearson  except  for the case of a luminum.  This 
difference is cr i t ica l  since i t  weakens  a corre la t ion  
presen ted  by  those authors  and suggests  some other  
corre la t ions  which  are  presented  here.  

Wood and Pearson  a t t empted  to associate the  t end-  
ency for  b r e a k d o w n  wi th  the  type  of bonding in the  
oxide. I t  is essent ial  to explore  such connections be -  
tween  e lect r ica l  and o ther  p roper t ies  in o rder  to a r -  
r ive  at  a unified theo ry  of the  proper t ies  of anodic 
* Electrochemical  Society Act ive  Member .  

oxides. An  impor tan t  point  in the i r  analysis  is tha t  a 
h igher  mel t ing  poin t  corresponds  to a g rea te r  degree 
of ionic bonding. However ,  for at  least  some of these 
oxides the dependence  of mel t ing  point  on cohesive 
forces (2) indicates  the  opposite,  a h igher  mel t ing  
point  corresponds to a g rea te r  degree  of covalent  
bonding. This poin t  wi l l  be pur sued  in the  Discussion 
Section. 

Experimental 
Foi l  and wi re  specimens of a luminum,  niobium, t an -  

talum, and zirconium, of the h ighest  pu r i ty  avai lable ,  
were  chemical ly  pol ished and then anodized at  room 
t empera tu r e  in e i ther  3% aqueous a m m o n i u m  t a r -  
t ra te  or  39% w / w  ammonium pen tabora te  in e thy lene  
glycol. The anodizat ion cu r ren t  dens i ty  was 0.5 m a / c m  2 
in al l  cases except  for z i rconium in ammonium t a r -  
t ra te  whe re  5 m a / c m  2 was used because of the  low 
cur ren t  efficiency for oxide formation.  
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Table I. Comparison of sparking voltages in two electrolytes 

Sparking voRage 

Glycol Dielectric - hilt/eel,  
Metal Pur i ty ,  % Type  borate  3% NH4 tar t ra te  constant  keal/eCl 

Our  Wood & 
results Pearson 

AI 99.97 Foil 442 245 8-10 65.8 
99.99 Wire - -  360 

(210) 
Zr  99.88 Foil 32fi 315 300 22-25 64,6 

+ 0.1 I.~ (2OO) (100} 
Ta 99.9+ 1 roll Foil 250 275 (205) 195-200 2S 50.0 

(electronic grade) 0.S mfl Foil ~ 205 
Nb (electronic grade)  Foil 215 190 165-190 41 46,3 

Wire ~ 170 

Notes: 1, Spark ing  vol tage defined as vol tage a t  wh ich  spark ing  began  over  ent i re  sample  surface,  accompanied  by  rapid  vol tage fluctu- 
ations. 

2. Voltages in parentheses  indicate approx imate  points wh e re  large decrease in dV/dt  occurred  usually accompanied  by gas evolution.  

Results 
Our observat ions  of anodizat ion and subsequent  

b r eakdown  were  s imi lar  to those r epor t ed  by  Wood 
and Pearson.  The notable  except ion was tha t  we  saw 
spark ing  wi th  a l l  metals ,  inc luding a luminum.  Fo r  
a luminum in ammonium t a r t r a t e  this  was achieved by  
tak ing  grea t  care to e l imina te  sources of con tamina-  
tion in both the  e lec t ro ly te  and the  a tmosphere  above  
the solution. Otherwise,  no spark ing  was observed and 
vol tages close to those  repor ted  b y  Wood and Pearson  
were  obtained,  wi th  corrosion on the spec imen s tem 
at the  so lu t ion /a i r  interface.  

The b r eakdown  vol tages  we observed  are  l is ted in 
Table  I along wi th  values  t a k e n  f rom Table  I I I  of Wood 
and Pearson  (1). The  r ank ing  of meta ls  in both elec-  
t ro ly tes  was the  same, but  differed f rom the  resul ts  of 
Wood and Pearson  in t h a t  the b r e a k d o w n  vol tage  for  
a luminum was higher  than  tha t  for zirconium. Fo r  the  
cases of t an t a lum and niobium, use of meta l  obta ined  
f rom different  sources did  not  affect the  ranking.  

Discussion 
The fact  t ha t  we observed the same rank ing  of 

b r eakdown  vol tage  in two e lect rolytes  of ve ry  dif -  
ferent  composit ion makes  more  tenable  the  suggestion 
advanced  by  Wood and Pearson  (1) tha t  spark ing  
b r e a k d o w n  reflects some basic  p rope r ty  of the oxides. 
Cer ta in ly  this same rank ing  would  not  be rea l ized  in 
a l l  e lectrolytes ,  p r o b a b l y  because of chemical  i n t e r -  
actions be tween  solute species and oxide. A l u m i n u m  
is pa r t i cu l a r ly  suscept ible  to such complications.  A 
glycol  bora te  e lec t ro ly te  was chosen for  this  s tudy  
since this sys tem was known to produce  an amorphous  
oxide on a luminum at 100% cur ren t  efficiency wi th  
l i t t le  incorpora t ion  of species f rom the  e lec t ro ly te  (3).  
I t  is be l ieved  tha t  under  the  condit ions of these ex -  
pe r iments  the  t a r t r a t e  e lec t ro ly te  behaves  ve ry  much 
l ike  the  glycol  borate.  

Because of the  h igher  spark ing  vo l tage  obta ined  
wi th  a luminum,  our  resul ts  offer no corre la t ion  wi th  
oxide  mel t ing  point.  We do find an  inverse  cor re la t ion  
be tween  spark ing  vol tage  and oxide  die lect r ic  con-  
s tant  (1) (Table  I ) ,  and  di rec t  cor re la t ion  wi th  both 
a -c  res is t iv i ty  of the  oxide  (4) and hea t  of format ion  
p e r  equiva len t  (5) (Table  I ) .  

Since the  spark ing  vol tage  is a poor ly  defined p rop -  
e r ty  of a complex  phenomenon it is difficult to assign 
a phys ica l  significance to these  correlat ions.  I t  has been 
shown for m a n y  compounds,  including valve  meta l  
oxides, tha t  - -  hHf/eq, is app rox ima te ly  equal  to ha l f  
the  value  of the  fo rb idden  band  gap (5).  This suggests  
a cor re la t ion  be tween  spark ing  vol tage  and band gap  
which  would  reflect the  often cited (but  as ye t  un -  
proven)  electronic na tu re  of the  breakdown.  

Al though  a corre la t ion  be tween  spark ing  vo l tage  
and mel t ing  point  is no longer  found to exist,  the  a t -  
t e m p t  of Wood and Pearson  (1) to connect a h igher  
mel t ing  point  wi th  increased ionic bonding mer i t s  f u r -  
the r  discussion. I t  has been demons t ra t ed  recen t ly  (2) 

t ha t  the  mel t ing  points  of these  oxides increase  sys-  
t emat ica l ly  wi th  increas ing heats  of a tomizat ion per  
equiva lent  (i.e., approx ima te  values  of average  me ta l -  
oxygen  bond energies)  and not  wi th  la t t ice  energies  
per  equivalent .  This is i l lus t ra ted  in Fig. 1. Bond en-  
ergies emphasize  the covalent  aspects of cohesion 
whereas  la t t ice  energies  r epresen t  the  ionic aspects  
(2). This indicates  tha t  the  mel t ing  point  is l a rge ly  
de t e rmined  by  the  covalent  pa r t  of the  bonding.  I t  has 
been concluded e lsewhere  (2) tha t  var ious  proper t ies  
diagnost ic  of e lect r ica l  and t he rma l  s tab i l i ty  of these 
oxides  a re  l a rge ly  influenced by  bond energy and not  
by  la t t ice  energy.  The die lect r ic  b r e a k d o w n  is p r o b -  
ab ly  re la ted  to the  the rmal  and e lec t r ica l  s tab i l i ty  of 
these mater ia ls .  

I t  is impor tan t  to emphasize  tha t  the  ionic compo-  
nent  of so l id-s ta te  cohesion is denoted  accura te ly  only 
by  la t t ice  energies.  Secondary  quant i t ies  l ike  mel t ing  
points  and  (calcula ted)  pe r  cent ionic charac te r  a re  
only crude measures  of ionic cohesion in  solids and 
a re  va l id  only for ex t r eme ly  ionic compounds,  such 
as fluorides of the  a lka l i  and a lka l ine  ea r th  metals .  

If  pe r  cent ionic charac te r  of solids is to be ca lcu-  
lated, the cr i ter ia  of Wells  a re  to be p re fe r r ed  to those 
of Paul ing,  since it has been recent ly  poin ted  out  tha t  
Paul ing ' s  c r i t e r ia  for de te rmin ing  ionic i ty  y i e l d  gross 
overes t imates  of ionic charac te r  when  appl ied  to so l ids  
(6). Wel ls '  p rocedure  predic ts  p redominan t ly  covalent  
charac te r  for these oxides as indica ted  by  the  ca lcula-  
t ions of Wood and Pearson.  

Some recent  exper iments ,  model led  af te r  those of 
War ing  and Ben jamin i  on si l icon (7), deserve  br ie f  
ment ion  here  since they  m a y  s t imula te  fu r the r  con-  
s idera t ion  of the  spark ing  process on va lve  metals .  

90C 140 

- -T1  

g 800 o "~  130 

- - - I  

uJ 70C "~. 120 ~" 

I . o I I I I10 
6001600 2000 2400 2800 3200 

M " P'( ", ~ 

Fig. 1. Experimental lattice energy per equivalent (El)  and heat 
of atomization per equivalent ( A )  vs. melting point for ZrO2, 
HfO2, AI203, Ta2Os, and Nb2Os; for details, see ref. (2). 
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Waring and Benjamini  observed sparking dur ing  the 
anodization of silicon in  a solution of KNOB in  ethylene 
glycol. To help determine the region in which the 
sparks were generated they bubbled  neon against the 
silicon wafer. When these bubbles passed near  a spark 
they gave a br i l l iant  red-orange flash characteristic 
of a neon discharge. From this they concluded that  
the sparks were associated with a s trong field that  
extended into the solution. 

In our experiments  on A1, Ta, and Zr anodes in the 
glycol borate electrolyte the same characteristic neon 
flashes were observed. On each of these metals, as well  
as on Si (7), copious gas evolution accompanied spark-  
ing. This suggests that sparking may be the electrical 
discharge through gas generated at the anode surface. 
When neon becomes mixed with this gas it imparts  its 
characteristic color to the discharge. 

However, when the exper iment  was conducted in the 
aqueous ta r t ra te  electrolyte no red flashes were seen 
on Nb, Ta, or Zr anodes even though considerable 
sparking was evident. It  was thought significant that  
in this aqueous solution oxygen is probably  the gas 
generated at the anode, whereas it has been found in  
our laboratory that the gas generated at A1 anodes in 
the glycol borate electrolyte is a mix ture  of CO, H2, 
and CH4 (8). Mixtures of neon  wi th  each of these 
three gases were bubbled  against  Ta anodes in  the 
aqueous tar t ra te  electrolyte, bu t  in  no case could a 
neon discharge be produced. 

Thus, when glycol is the  electrolyte solvent  an effect 
due to sparking can be detected on the solution side 
of the oxide/solut ion interface. In  an aqueous electro- 
lyte the same test provides no information.  We cannot  
yet offer an explanat ion for this. 
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Point Defect Concentrations as an Aid in 
Calculating Thermodynamic Activities 

C. G. Carson, III, W. R. Bitler, and G. Simkovich 
Metallurgy Section, Department of Materials Science, 

The Pennsylvania State University, University Park, Pennsylvania 

Since the definition of thermodynamic  activity and 
activity coefficient by Lewis (1), the de terminat ion  of 
these quanti t ies  has been the concern of many  invest i -  
gators. A large n u m b e r  of exper imenta l  methods for 
de te rmin ing  these quanti t ies  have evolved through the 
years (2). Techniques for subsequent  evaluat ion of 
activities wi th in  mul t icomponent  systems by in tegra-  
t ion of the Gibbs-Duhem equation also have been ad-  
vanced considerably dur ing  this t ime (3-6). 

During an invest igat ion on the effect of nonhydro-  
static stress on the activity of interst i t ials  in solid solu- 
tion, it was necessary to obtain thermodynamic  data on 
the l i th ium- t in  system. This note deals with a method 
for deriving such data, which, while  based on the famil-  
iar  concepts of the defect solid state (7), to the wri ters '  
knowledge has not  been util ized as a means of deter-  
min ing  thermodynamic  activities. The main  purpose 
of this note is to draw at tent ion to the method out-  
l ined as a possible means  of obtaining thermodynamic  
activities in  a few selected systems which might  prove 
difficult to measure by  other more s tandard methods 
(2).  

In the following the most impor tant  assumption 
that is made is that  the activity coefficients of the 
charged point  defect species remain  constant  over the 
range of interest.  Such an assumption, often made in 
defect chemistry studies (8), implies that  the defect 
concentrat ions fall wi th in  the range where Henry ' s  
law holds, i.e., the dilute solution range. 

Consider first the dissolution of a donor atom, e.g., 
l i thium, into pure e lemental  semiconductor silicon 

D(g)=D + +n [i] 

where D + indicates a donor positively charged with 

respect to the undis turbed  lattice and n denotes a 
quasi-free electron. If the concentrat ions of these de- 
fects are less than  the degeneracy l imit  and the donor 
is completely ionized, one may  apply the mass action 
principle to Eq. [1] to obtain 

ND + ~176 
Kt = [2] 

Pn(g) ~ 

where N indicates the concentrat ion of the species, 
and the superscript zero indicates the selected s tandard 
state for the species considered. 

We assume that the silicon is doped only with the 
donor, D, and that  the intr insic  concentrat ions of de- 
fects are small  in comparison to the donor concentra-  
tions. Under  these assumptions, electrical neu t ra l i ty  
requires 

ND +~ -~- Nn ~ [3] 

so that Eq. [2] may be written 

(ND+O)2 (Nn o) 2 
Kx = - -  = [4] 

PD(g) ~ PD(g) ~ 

If we now consider the dissolution into silicon of 
a donor from a binary or multicomponent alloy, whose 
components other than the donor are insoluble in sil- 
icon, and follow the procedure leading to Eq. [4], we 
obtain 

ND+Nn (ND+) 2 (Nn) 2 
K1 . . . . .  [5] 

PD(g) PD(g) PD(g) 

where  the underscored D indicates the donor in  an 
external  solution. Util izing the definition of the act iv-  
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i ty of the i - th  species, ai, as 

Pi 
ai = -- [6] 

PC 

and equat ing Eq. [4] and [5] yields, on rear ranging 

PD(g)_ ( N D +  ~ 2 (\ Nn ~ 2 
a D  = - ~___ - -  = - [ 7 ]  

P D ( g )  ~ N D  +~ / N n  ~ / 

Thus, if the assumptions made in arr iving at Eq. 
[7] are correct, one may  obtain the activities of the 
donor from measurement  of the concentrat ion of dis- 
solved donor or the concentrat ion of quasi-free elec- 
trons. 

To obtain electron concentrations, one may, as one 
possibility, utilize electrical conductivi ty (~) mea-  
surements.  Since donor doped silicon crystals conduct 
main ly  by the movement  of electrons one has 

K = N ~ e  [ 8 ]  

where ~n is the mobil i ty  of the electrons and e is the 
electronic charge. Subst i tu t ion of Eq. [8] into Eq. [7] 
gives 

aD ---- ~Ol~n'~--- ~" [9] 

Thus, measurement of the electrical conductivity and 
knowledge of the mobilities, which, it is noted, do 
change extensively over small concentration ranges 
(9), permits one to calculate the activity of the donor. 
Should the concentration of intrinsic defects and 

the presence of other doping agents be significant in 
comparison to that of the donor, then these must also 
be taken into account. 

Let us assume that such is the case and that the 
doping agent, other than the donor, is an acceptor, A. 

The intrinsic equilibrium constant, Kint, relating 
concentrations of defects in silicon may be expressed 
as (8) 

Kint = NnNp [10] 

where p indicates a positive hole. 
Charge neutral i ty ,  in the case where both acceptors 

and intr insic defect concentrat ions are comparable to 
the donor, is given as 

N n  + N A- = N p  + ,ND+ [11] 

where A -  indicates the acceptor, A, subst i tut ing for 
silicon and bear ing an effective negative charge in 
comparison to the undis turbed  lattice. 

Use of Eq. [10] and [11] permits one to obtain the 
concentrat ion of electrons as 

N D +  ~ N  A -  -~ [ ( N  A -  - - N D + )  2 ~ - 4 K i n t ]  1/2 
Nn ----- [12] 

2 

Once again, uti l izing Eq. [2], [5], and [6], one may 
obtain 
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PD(g) ND+Nn 
aD . . . .  [13] 

P D ( g )  ~ N D + ~  ~ 

Knowledge of K i n t  and the various defect concen- 
trat ions permits  one to calculate the activities of the 
donor through use of Eq. [12] and [13]. 

For example, consider the case of silicon in con- 
tact with a L i -Sn  alloy melt.  The equi l ibr ium concen- 
t ra t ion of l i th ium ions in silicon in contact with pure  
l i th ium metal  has been determined by Reiss et al. (10). 
The solubili ty of l i th ium in boron doped silicon in 
equi l ibr ium with a l i th ium-t in  alloy has been mea-  
sured by Reiss and Ful ler  (11). From these data the 
activities of Li in the external  phase, Li-Sn,  is calcu- 
lated uti l izing Eq. [13] based on pure l i th ium as the 
selected s tandard state. Table I lists their  per t inen t  
data and the calculated activities for T = 339~ with 
K i n t  ---~ (5.96 x 1015) 2 and for T = 404~ with /~ in t  
= (2.06 x 1016) 2. 

Activi ty coefficients for the l i th ium in the L i -Sn  
system have also been calculated and  are listed in 
Table I. Extreme negative deviat ion from Raoult ian 
behavior  is noted. 

The l i th ium activities calculated show remarkable  
constancy considering the wide range of concentrat ions 
studied and indeed indicate that the assumptions made 
in arr iving at Eq. [12] and [13] are valid. 

It  should be noted that  at zero acceptor concentra-  
tions Eq. [12] reduces to 

N D +  -{- [ N D  +2  -{- 4 K i n t ]  1/2 
N ,  = [14] 

2 

so that intrinsic concentrations may be neglected only 
when 

ND+ ~ > 4Kint [15] 

Since information such as mobilities and concentra- 
tions of intrinsic defects is well known for the ele- 
mental semiconductors silicon and germanium the use 
of these substances in the method outlined requires the 
least amount of experimental effort. However, the 
application of this method to an ionic semiconductor 
or an ionic compound is also feasible. 

Finally, it should be noted that although we have 
considered electrical conductivities as a means of 
measuring defect concentrations, any method giving 
these concentrations may be utilized. 

In summary, we have outlined a method for obtain- 
ing activities of a component common to two con- 
densed phases. The method utilizes the measurement 
of point defect concentrations in one of these phases 
and is based upon dilute solution theory. The method 
is restrictive but may, on occasion, prove useful in 
systems where concentrations and mobilities of point 
defects are well known. 
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Table I. Calculated lithium activities and activity coefficients in the Li-Sn system 

Alloy  
comp, 

T~ w / o  Li  N~  + Nm+ NB- N .  (Eq.[12])  a~l+ (Eq. i13]) ~/LI in Sn 

339 0.16 6.0 • 10 17 cm -a 2.82 • 10 TM cm-S 0.82 • 10 js c m ~  7.05 X 1015 era -s 0.55 • 10-~ 0,19 • 10 -s 
4.0 6.0 5.05 0.56 0.19 
9.6 22.4 2.35 0.63 0,21 

15,3 39.3 1.40 0.60 0.20 
74.0 195.0 0.30 0.62 0.21 

234.0 693.0 0,I0 0.65 0.22 
0.61 6.0 X 1017 7,10 X 10 TM 0,795 • 10 TM 9.89 • 10 TM 1.95 • 10-~ 0.21 • 10 -2 

8.86 6.10 7.49 1.64 0.19 
17.7 22.5 4.00 1.97 0,21 
26,0 36.5 2.70 1.95 0.21 

135.0 198.0 0.55 2.06 0,22 
432.0 700.0 0.15 1.80 0.19 

404 0.18 i.I0 X 10 TM 7.11 • I0 TM 0.820 X 1O TM 23.99 • 10 TM 1.41 X I0 -~ 0,47 • 10 -2 
8.10 6.0 21.67 1.45 0,49 

12.3 22.4 16.16 1.64 0,55 
16.0 39.3 12.01 1.59 0.53 
63.0 195.0 3.15 1.64 0.55 

17'L0 093.0 0.80 1.17 0,39 
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Studies on Chlorate Cell Process 
III. Depolarization of Cathodic Hydrogen Evolution in the 

Bipolar Chlorate Cell Process 

M. M. Jaksi~,* B. Z. Nikoli~, D. M. Karanovi~, and C. R. Milovanovi~ 
Electrochemistry Department,  Institute of Chemistry, Technology, and Metallurgy, Beograd, Yugoslavia 

ABSTRACT 

The cathode process of hydrogen evolution in chlorate cells, including 
possible depolarization, has not been studied to date. High hydrogen polariza- 
t ion at graphite  electrodes delayed the industr ia l  application of bipolar  cells 
for more than 80 years. A new method of depolarization has been developed 
which consists of depositing on the cathode side of a graphite electrode 
metall ic chromium and /o r  an addition of small  amounts  of molybdate.  The 
finely divided cathode molybdenum deposit decreases the cathode polarization 
for the hydrogen evolution reaction (h.e.r.)~ The Tafel lines obtained on 
metallized graphite exhibit  near ly  the same slopes as the ones for the parent  
metals, but  are shifted to more positive values. This represents a fur ther  ex- 
tension of the methods for depolarized hydrogen cathode evolution with 
metallized graphite (8, 9). 

Bipolar chlorate cells have found recent acceptance 
in indus t ry  because of their  high permissible current  
densities, low potential  drops in the electrodes, simple 
design, and high capacity (1, 2). The bipolar construc-  
t ion of the cell allows copper bus bars and their  con- 
nections to graphite electrodes to be almost completely 
el iminated (except for the first and the last electrode 
connect ion) .  Thus, contact resistances are practically 
avoided. However, the higher the current  density, the 
higher is the electrode polarization, especially at 
graphite electrodes. The aim of the present paper is 
to show that  depolarization of h.e.r, on graphite can be 
achieved with a corresponding cell voltage reduction, 
to match that  of i ron cathodes, at least. 

Some Aspects of the Depolarized Hydrogen Cathode 
Evolution together wi th  Suppressed 

Hypochlorite Reduction 
There are two possible cathode reactions that  could 

take place inside chlorate cells: 

(a) Hydrogen evolution (main  reaction) 
2H20 -Jr 2e ~ H2 ~- 2OH-  
(b) Reduction of hypochlorite (side reaction) 
C10-  -}- H20 -~ 2e--> C1- + 2OH-  

The cathode current  losses due to hypochlorite re-  
duction are governed by diffusion of its ions toward 
the electrode surface and could be suppressed by con- 
centrat ion polarization at a high enough current  den-  
sity (3). 

Miiller (4) introduced dichromate addition to the 
electrolyte in the industr ia l  chlorate cell process to 
suppress cathode hypochlorite reduction and to achieve 
a suitable pH buffering effect as well  as i ron corrosion 
inhibition. The chromate action was theoretically ex- 
plained by the formation of a th in  cathode surface 
layer, probably consisting of chromium oxides, which 
decreases the effective surface area and hence provides 
hypochlorite ion concentrat ion polarization and thus 
prevents  its cathodic reduction. 

Nagai and Takei (5) reported practically complete 
suppression of cathodic reduction of hypochlorite ions 
at chromium-pla ted  18Cr-8Ni stainless steel. The elec- 
trolyte was without added chromate ions, which sup- 
ported the theory established by  Mfiller (4). However, 
unpla ted  18Cr-8Ni stainless steel by itself did not sup- 
press hypochlorite cathode reduct ion (5). 

It is well known that  in electrolysis, even from acid 
solutions, the cathode diffusion layer is a lkal ine in 
respect to the bulk  solution because of the h.e.r, and 

* Electrochemical Society A c t i v e  M e m b e r .  

metal  electrodeposition often is accompanied by hy-  
droxide formation. 

Vander  Poorten (6) recently examined the reduc- 
t ion of chromic acid in the presence of chloride ions 
and pointed out by potentiostatic cur ren t /po ten t ia l  
curves, some sudden transi t ions before hydrogen 
evolution, indicat ing the formation of a resistant  layer  
on the electrode, which was considered as a "cathodic 
passivation" layer. 

Wagner  (7) showed theoretical ly that  there exists a 
critical potential  difference across the cathode diffu- 
sion boundary  layer of the order of, or greater than, 
kT/Izi  I �9 e ---- 0.025/Izil, (where k is the Boltzmann con- 
stant, T tempera ture  in ~ zi hypochlorite ion valence, 
or that  of another  reducible anion, and e the electronic 
charge),  providing the adverse potential  gradient  for 
negat ively charged hypochlorite ions so that  their  re-  
duction is effectively suppressed. As long as the cur-  
rent  density or potential  difference is relat ively low, 
chromate reduction takes place, but  it will  practically 
cease after a sufficient cathode layer of chromium ox- 
ide is formed. After  that all anions, chromate as well  
as hypochlorite, will be repulsed by an adverse poten- 
tial gradient. In  this manne r  an effective diaphragm is 
formed without  causing an excessive /R-drop or elec- 
trode polarization. The theoretical considerations of 
Wagner  (7) are in accordance with results of Maroni 
et al. (10) and Kolthoff and Shams el Din (11). 

Maroni et al. (10) showed the cathode reduction of 
hypochlorite to be governed by diffusion in sodium 
chloride solutions and the electrode potential  to be 
changed to more positive value with sudden chromate 
addition, which then in a short t ime decreases to the 
previous one. 

Kolthoff and Shams el Din (11) pointed out the ap-  
pearance of a s trongly adhering monomolecular  film 
consisting of chromium oxide and hydroxide mixture,  

, insoluble and resistant in strong acid solutions. 
Effective depolarization of the h.e.r, can be obtained 

with a number  of metals, as shown by Zholudev and 
Stender  (13). However, precious metals are excluded 
for the present  application because of high price and 
l imited availabili ty.  

In previous papers, the authors (8, 9) have pointed 
out that  th in  cathode deposits of active metal  forms of 
molybdenum or cobalt change the polarization charac- 
teristics of graphite for the h.e.r. The Tafel lines ob- 
tained on metallized graphite exhibi t  near ly  the same 
slopes as the ones on molybdenum or cobalt metal, but  
are shifted to more positive values of potential.  

Two methods of depolarization for the h.e~r~ it, bi-  
polar chlorate cells with graphite electrodes have been 
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developed. The first one results from an electrolytic 
chromium deposition over the whole surface of the 
cathode side of the graphite electrode in sufficient 
thickness that polarization characteristics similar  to 
those of the deposited metal  itself are obtained. 

The second one, much simpler, more effective, and 
more economical, is based on the previously developed 
method of depolarization of the h.e.r, in mercury  cell 
decomposers (8). This consists of depositing active 
molybdenum from molybdate  in a negligible amount  
over the graphite cathode surface. 

Molybdenum has a double effect: it decreases the 
polarization for the h.e.r., and it increases the  potent ial  
gradient  in the chromium oxide diaphragm. The lat ter  
effect results from the fact that  all  the current  of the 
h.e.r, is now predominant ly  concentrated in fewer 
pores, i.e. only those at the bottom of which there are 
sites of an extremely small  amount  of molybdenum.  
The increased potential  gradient  effectively suppresses 
fur ther  reduct ion of chromate, molybdate,  or hypo- 
chlorite in accordance with Wagner 's  theory (7). 

Vanadium could be expected to have a similar effect. 
The combinat ion of the two methods seems also to 

be useful  and effective. 

Experimental 
The effect of the depolarized h.e.r, has been studied 

by comparing the polarization curves on graphite, iron, 
18Cr-8Ni stainless steel, chromium, molybdenum,  co- 
balt, and on molybdenized,  chromized, cobaltized, and 
vanadized surfaces of graphite. Two electrolytes for 
chlorate production were investigated: 310 gpl sodium 
chloride at pH 6.2 and 8.0, with chromate content  of 
4.8 gpl. Available chlorine concentrat ions dur ing in-  
vestigations were at steady state in respect to pH, load, 
and current  density of prepolarization (14), and  hence 
were equal in all measurements .  

Cathodic polarization was carried out in an appa- 
ratus i l lustrated in Fig. 1. The in tent ion was to achieve 
conditions as close as possible to those in industr ia l  
electrolytic chlorate production. Special precautions, 
such as pre-electrolytic purification t reatment ,  were 
not under taken  since, in the range of current  densities 
(1-300 ma/cm~) of practical importance, the influence 
of impuri t ies  in reagent -grade  sodium chloride solu- 
t ion can be neglected. The apparatus used was of glass- 
Teflon construction in order to avoid any  organic mate-  
rial as impuri ty.  The tempera ture  was kept constant  at 
40~ ~- 0.2~ by means of a water  thermostat.  

Cathode potentials were measured vs.  SCE by means 
of VTVM (pH-mv meter  type PHM 22R, Radiometer,  
Copenhagen).  The t ip of the Luggin capil lary was 
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Fig. 1. Apparatus for measurement of hydrogen overpotentlal on 
various cathodes: Pt(-~-), Winkler platinum counterelectrode 
(anode); E, cathode of various materials; I t ,  Luggin capillary; C, 
cathode connecting screw (nickel); D, Teflon fastener device 
with nickel nut; A and B, Teflon connections; mA, multirange mil- 
liammeter; V, vacuum.tube voltmeter; R1 and R2, variable resistors; 
DC, d-c supply. 

about 0.03-0.05 cm diameter  and touched the cathode. 
The pseudo-ohmic polarization at higher current  den-  
sities was determined galvanostatically and subtracted 
from the measured values of potential. 

Polarizat ion curves were taken in the usual  way  
using p la t inum counterelectrode and a saturated calo- 
mel reference electrode connected v ia  a bridge to the 
Luggin capillary. 

The approximate value of the emf of the galvanic 
cell 

P t ( P t )  H2/HsO +, 300 gpl NaC1, H20/ /SCE 

was calculated for pH 8.00 and 40~ and overvoltages 
were obtained by subtract ing this va lue  (740 mv) from 
measured potentials. 

Cathodic polarization of metall ic chromium, cobalt, 
and molybdenum was carried out in the same appa-  
ratus as presented in the previous paper (8) since the 
metal  electrodes were in the form of sheet. 

The cathodes with exposed apparent  surface areas 
of approximately 1.0 cm 2 (12 mm diameter)  for sheet 
electrodes and 3.0 cm 2 for cylindrical  electrodes were 
prepared as follows. 

The molybdenum electrode was made of pure 
molybdenum sheet received from Climax Molybdenum 
Company, New York, type TZM [cf. (8)] .  The elec- 
trode was mechanical ly polished and, after the usual  
cleaning with detergents, it was cathodically prepolar-  
ized in the investigated solution for 2 hr at a current  
of 100 ma. 

The cobalt electrode was formed of electrolytically 
prepared pure cobalt sheet obtained from In terna t ional  
Nickel Limited, London [cf. (9)] and prepolarized in 
the investigated solution, as was the molybdenum 
electrode. 

The chromium electrode was formed of pure chro- 
mium sheet also obtained from In te rna t iona l  Nickel 
Limited, London, Batch GSKY, prepared electrolyti-  
cally in the following puri ty:  C, 0.01%; A1, 0.005%; Ni, 
0.01/0.02%; Mn, 0.01%; Sn, 0.01/0.02%; Zn, 0.01%; B, 
0.001%; Pb, 0.005%; Mo, 0.01%; Mg, 0.001%; Ti, 0.01%; 
S, 0.002%; Si, 0.01%; P, 0.005%. The electrode was 
mechanical ly polished and after proper c leaning with 
detergents it was cathodically prepolarized, as was the 
molybdenum one. 

The mild steel [cf. (8)] and 18Cr-8Ni stainless steel 
electrodes were formed of technical  materials,  pre-  
pared and prepolarized as above. 

Chlorate cell qual i ty  graphite blocks of SIGRI Elek- 
trographit,  Meitingen, type EKS special grade for 
chlorate cells, were carefully abraded with No. 600 
grit  emery cloth and then prepolarized as above. 

Molybdenized graphite was obtained by submerging 
the prepared graphite  electrodes in sa turated sodium 
molybdate solution for 1 day, followed by  immediate  
cathode prepolarization in the investigated solution as 
described for metall ic molybdenum.  

Cobaltized graphite was prepared by the procedure 
described in the previous paper (9). 

Chromatized graphite was prepared as follows. 
Graphite  blocks of SIGRI, type EKS, were carefully 
abraded and pretreated as described by Vaasos et  al. 
(15), and then a chromium deposit was obtained from 
tetrachromate baths by the modified Bornhauser  
method (16). This consists of plat ing from a bath of 
chromic oxide (CrO3) 300 gpl, NaOH 59-60 gpl, H2SO4 
0.6-0.75 gpl, and ethanol (96%) 1 ml/ l i ter ,  at a t em-  
perature  of 16~176 and a current  density of 150 
a m p / d m  ~. The anode was insoluble Pbg0-Sbl0  alloy. 
Prepolar izat ion was carried out as for all  other elec- 
trodes. 

Vanadized graphite was obtained by submerging the 
prepared graphite electrode in a saturated solution of 
sodium vanadate  for 1 day, followed by immediate  
cathodic prepolarizat ion in the investigated solution as 
for the other electrodes. 

Polarization curves were also taken for electrodes 
made of the same graphite and impregnated with l in-  



396 J. Electrochem. Sac.: ELECTROCHEMICAL T E C H N O L O G Y  March 1969 

seed oil according to a recent ly described method (17). 
A l l  values presented in this paper refer to the elec- 

t rolyte  with 4.8 gpl of sodium chromate  and at pH 8.0. 
At the pH value of 6.2, the Tafel lines were shifted to 
more negative values by about 30 my. The reproduci-  
bil i ty of potentials was better  in the presence of chro- 
mate ions, though the values were practically the same. 

Results and Discussion 
The Tafel lines obtained for various electrodes are 

given in Fig. 2, 3, and 4. Reproducibil i ty of the Tafel 
lines in  ascending and descending direction of mea-  
surements  repeated several times was better  than  • 
m v ~  

The Tafel lines were fitted to the funct ion 

~ ] = a - - b  l o g i = b  log-=-  

by the least-squares method for evaluat ing the slopes 
and intercepts (Table I) .  

Results show that  the polarization characteristics of 
graphite have been changed considerably by depositing 
very small  quanti t ies  of metal  on its surface. The Tafel 
lines of metallized graphite for the h.e.r, are shifted to 
more positive values of potential,  even compared to 
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Fig. 2. Tafel plot of experimental results for various cathodes 
at 40~ X ,  graphite; @, 18Cr-8Ni stainless steel; Q ,  chroma- 
tized graphite; I I ,  mild steel; I-], vanadized graphite; A ,  molyb- 
denized graphite-C; -~-, cobalt; ~ ,  coboltized graphite. 
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Fig. 3. Tafel plot of experimental results for various cathodes 
at 40~ D ,  graphite; III, graphite impregnated with linseed oil; 
V, graphite impregnated with linseed oil and molybdenized; @, 
molybdenum; O ,  molybdenized graphite-A; X ,  molybdenized 
graphite-B; ~ ,  molybdenized graphite-C. 
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Fig. 4. Tafel plot of experimental results for various cathodes 
at 40~ •  graphite; V ,  18Cr-8Ni stainless steel; -I-, chroma- 
tized graphite; � 9  chromium; A,  chromatized and molybdenized 
graphite. 

those for the metals themselves, while exhibi t ing 
near ly  the same slopes. 

The chromium deposit of 40-60~ thickness over the 
graphite surface shifts the Tafel l ine to values as posi- 
tive as for 18Cr-8Ni stainless steel or metallic chro- 
mium (Fig. 4). To provide addit ional  protection, the 
s trongly adher ing deposit of chromium in the chlorate 
cell process is covered fur ther  with chromium oxides 
obtained by chromate reduction. After  anodic graphite 
is used up dur ing  the chlorate cell production, the 
chromium could be recovered by convent ional  process- 
ing and used once again for deposition on new graphite 
surfaces. Hence, th in  deposits of chromium could sub-  
sti tute for large weights of steel cell body and cathode 
plates of monopolar  cells. The addition of dichromate 
to the electrolyte is el iminated as are many  copper 
lead- ins  and bus bars. Thus, all voltage drops at con- 
tacts and through metal  are reduced. 

As in the previous paper (8), a small addition of 
molybdate  to graphite or the solution completely 
changes the polarization characteristics of the elec- 
trode. Tafel lines for molybdenized graphite are shifted 
to more positive values and, especially at higher cur-  
rent  densities, they are even more positive than  for 
iron. Subsequent  addition of molybdate  to the invest i-  
gated chloride solution, i.e. over 0.5 gpl, does not fur -  

Table I. Tafel constants (a) for the h.e.r. 
on various cathodes at 40~ 

C a t h o d e  m a t e r i a l  --a,  m y  b, m v  B - - l o g  io 

1. G r a p h i t e  606 207 0.300 2.928 
2. M i l d  s teel  377 194 0.320 1.942 
3. 18Cr-8Ni  s t a in l e s s  s teel  470 163 0.380 2.879 
4. C h r o m i u m  487 156 0.399 3.124 
5. M o l y b d e n u m  539 141 0.442 3.831 
6. Coba l t  385 79 0.787 4.878 
7. C h r o m i z e d  g r a p h i t e  479 155 0.401 3.098 
8. Coba l t i zed  g r a p h i t e  331 80 0.775 4.127 
9. M o l y b d e n i z e d  g raph i t e - - -A  (b) 527 143 0.436 3.701 

10. M o l y b d e n i z e d  graphite---B(c)  448 181 0.344 2.480 
11. M o l y b d e n i z e d  g r a p h i t e  (~) 439 144 0.432 3.054 
12. C h r o m i z e d  a n d  m o l y b d e n i z e d  

g r a p h i t e  434 152 0.407 2.907 
13. V a n a d a t i z e d  g r a p h i t e  354 196 0,318 1.810 
14. G r a p h i t e  i m p r e g n a t e d  w i t h  l i n -  

seed  oi l  552 245 0.254 2.255 
15. G r a p h i t e  i m p r e g n a t e d  w i t h  l i n -  

seed  oi l  a n d  m o l y b d e n i z e d  560 140 0.442 3.991 

(a) 71 = a -- b log  i = b log  io/~, w h e r e  ~ is t he  o v e r p o t e n t i a l  i n  
my,  ~ is t h e  c u r r e n t  d e n s i t y  (ma/cm2) ,  io is  t he  e x c h a n g e  c u r r e n t  
d e n s i t y  (ma/cm2) ,  b = RT/~F. 

(b)Graphi te  i m p r e g n a t e d  in  s a t u r a t e d  s o d i u m  m o l y b d a t e  so lu t i on  
a n d  p r e p o l a r i z e d  in  p re sence  of  c h r o m a t e  ions.  

(c) G r a p h i t e  e lec t rode  i m p r e g n a t e d  in  s a t u r a t e d  m o l y b d a t e  so lu-  
t i on  a n d  p r e p o l a r i z e d  i n  p re sence  of c h r o m a t e  ions ,  b u t  w i t h o u t  
m o l y h d a t e  ions  in  s o d i u m  ch lo r ide  e lec t ro ly te .  

(d) G r a p h i t e  e lec t rode  i m p r e g n a t e d  in  s a t u r a t e d  s o d i u m  m o l y b d a t e  
so lu t i on  a n d  p r e p o l a r i z e d  in  s o d i u m  ch lo r ide  s o l u t i o n  w i t h  m o l y b -  
da te  i o n s  a n d  w i t h o u t  c h r o m a t e  ions.  
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ther  change Tafe l  lines, which is in accordance wi th  
Wagner ' s  t h e o r y  (7),  as wel l  as wi th  the  previous  
paper  of the  present  authors  (8). Polar iza t ion  charac-  
terist ics of graphi te  impregna ted  wi th  l inseed oil are  
also improved  by  the  addi t ion  of mo lybda te  to the  in-  
ves t igated solut ion (Fig. 3). The mo lybdenum deposi t  
is s table  as long as it  is ca thodica l ly  protected,  but  it  
is r enewed  in a short  t ime  by  the  nex t  cathodic po la r -  
ization of the  e lec t rode  af te r  the  e lect rode has been 
wi thout  load. 

The fact  tha t  molybdenized  graphi te  exhibi ts  the  
same slope of the Tafel  l ines as for  the  meta l  i tself  
suggests  tha t  there  is some metal l ic  form of coating. 
The observed h igh ly  ca ta ly t i ca l ly  act ive b lack  dots 
p r o b a b l y  represen t  mo lybdenum oxide reduced  to the  
meta l  by  adsorbed  hydrogen  atoms. F u r t h e r  cathodic 
evolut ion of hydrogen  keeps m o l y b d e n u m  in reduced  
form dur ing  the  process. Our  invest igat ion has shown 
that  the  coating is not  ca ta ly t i ca l ly  act ive for hyd ro -  
gen oxida t ion  in fuel  cells, as pointed out by Feu i l l ade  
(18) for  mo lybdenum oxides deposi ted on carbon. The 
coat ing oxidizes if  i t  is not ca thodica l ly  pro tec ted  and 
loses its act ivi ty.  I t  needs r epea ted  cathodic polar iza-  
t ion to rega in  its previous  ac t iv i ty  and Tafel  l ine slope. 

An  in teres t ing  behavior  of molybden ized  graphi te  
has been observed:  the  Tafel  l ine was shif ted to more  
posi t ive values  of potent ia l  if mo lybda te  was added 
pr ior  or toge ther  wi th  chromate  (Fig. 3). However ,  the  
e lect rode impregna ted  in molybda te  solution and pre -  
polar ized  wi th  chromate  present  in, but  molybda te  
absent  from, the  sodium chlor ide  solut ion exhibi ts  an 
i n t e rmed ia ry  t rans i t ion  behavior  be tween  the two con- 
s idered cases (Fig. 3). 

A chromat ized graphi te  electrode,  impregna ted  in 
sa tu ra ted  molybda te  solution and polar ized in the  
presence of molybda te  ions in a chlor ide  solution, ex-  
hibi ts  the  same behavior  as the  molybden ized  graphi te  
jus t  considered (Fig. 4). I ts polar izat ion character is t ics  
a re  independent  of mo lybda t e  concentra t ion  over  0.5 
gpl in solution. 

Vo l t age -cu r ren t  character is t ics  of a su i tab ly  scaled-  
up b ipolar  cell (21) for the  usual  ch lora te  process 
condit ions as wel l  as for molybda te  addi t ion  to the  
e lec t ro ly te  a re  p resen ted  in Fig. 5, compar ing  the  de -  
polar iz ing  effects achieved under  indus t r ia l  processing 
conditions.  

Addi t ion  of mo lybda t e  to the inves t iga ted  e lec t ro ly te  
in the  case of meta l  e lectrodes (Co, Mo, Fe)  does not 
change the i r  polar izat ion character is t ics .  However ,  it  
has been pointed out  tha t  the  Tafel  l ine shifts to more  
posi t ive values  of potent ia l  for  the  stainless s teel  e lec-  
t rode  in the  presence of molybda te  ions in the  solution. 
The appearance  of mo lybdenum black  over  its exposed 
surface  was also observed.  This fact  could be of im-  
por tance  for monopolar  cells  also. 

The addi t ion  of vanada te  was also t r ied,  and its 
presence exhibi ts  an apprec iab le  depolar iza t ion  too 
(Fig. 2). 

An inves t igat ion was also made of the  influence of 
cobal t  coat ing on the  g raph i t e  surface, obta ined by  the  
descr ibed method (9). The effect (Fig. 2) was s t ronger  
than  wi th  molybden ized  g raph i t e  as was prev ious ly  
observed in caustic soda solution. However ,  due to the  
w e l l - k n o w n  cata ly t ic  effect of cobal t  ions (12) on 
decomposi t ion of hypochlor i te ,  an effective cathode 
protec t ion  of the  deposi ted cobalt  should be provided  
al l  dur ing the  process. 

Effect of molybdate on chlorate and hypochlorite sta- 
bility.--Molybdates, and main ly  Mo 5+ ions, have been 
used as promoters  for  the  ca ta ly t ic  ac t iv i ty  of some 
other  ions such as osmium for ch lora te  reduct ion in 
s t rong acid  solut ion (19, 20). The  cata lyt ic  action of 
molybda te  for  hydrogen  perox ide  decomposi t ion is also 
wel l  known. Therefore ,  an invest igat ion was made  of 
the  effect of molybda te  in the  chlora te  cell  process, as 
wel l  as on hypochlor i te  and chlora te  decomposit ion.  

Sodium molybda te  in the  amount  of 1 gpl, was added  
sepa ra te ly  to hypochlor i te  and chlora te  solutions at  pH 

I i ~ - -  I - - T  I I - -  F ~ r ~ - -  

Currenl d e n s i t y  ( A .  d m  -2 ) 

Fig. 5. Voltage-current characteristics of a scaled-up bipolar 
chlorate cell and the effect of depolarization in industrial process 
conditions: 1, usual cell conditions (unimpregnated graphite, TUP, 
Dubrovnik, Yugoslavia); 2, molybdenized graphite as cathode 
(chromate absent); 3, molybdenlzed graphite as cathode (dichrom- 
ate content 4.0 gpl). 

8.0 and the i r  concentrat ions  were  fol lowed as a func-  
t ion of t ime at  40~ Dur ing  more  than  20 hr  of in-  
vest igation,  no significant decomposi t ion was observed.  

In  an appara tus  for  cont inuous chlora te  product ion 
descr ibed recen t ly  by  the authors  (21), the  influence of 
1.0 gpl  mo lybda te  on chlora te  cell  cur ren t  efficiency 
was invest igated.  No significant change in cur ren t  
efficiency was observed for  the same pH and under  
o therwise  s imi lar  condit ions (flow, cu r ren t  densi ty,  
t empera tu re ,  concentra t ion)  of the  process. A p p a r e n t l y  
the  promot ing  effect of Mo a+ ions is possible  only 
under  s t rongly  acidic condit ions and in the  presence of 
s t rong reducing  or  ca ta lyz ing  agents,  which are  ex-  
c luded in the usual  indus t r ia l  e lectrolyt ic  chlora te  
process. The Mo ~+ ions in the  chlora te  cells exist  only  
inside the  s t rong ly  a lka l ine  cathode diffusion l aye r  and 
for  a short  t ime, because they  are  fu r the r  reduced to 
meta l l ic  mo lybdenum or an oxide of lower  valence at  
least.  Therefore,  one could conclude tha t  the  smal l  ad-  
di t ion of molybda te  has no significant influence on cu r -  
ren t  efficiency in the  chlora te  cell  process. The anodic 
effect is the  same as for  chromate  ions themselves  (22). 

Miscellaneous observations.--The presen t  methods  
thus improve  the polar iza t ion  character is t ics  for the  
h.e.r, at  the  graphi te  e lect rode by 200-300 m v  wi th  
the  molybden ized  surface, more  than  500 m v  wi th  the  
cobalt ized,  and about  150 m v  wi th  chromat ized  
graphite .  

In  conclusion, cur ren t  flow normal  to the  exposed 
graph i te  side surface for  the  e lec t rochemical  process 
in b ipolar  cells provides  minimized  paths  th rough  elec-  
t rodes  and hence enables  appl ica t ion  of h igher  cur ren t  
densi t ies  wi th  reduced cell  voltage.  At  t he  same t ime,  
small  addi t ions of mo lybda te  provide  a depolar iz ing 
effect for  the  h.e.r., s imi lar  to iron, which  al lows high 
cur ren t  densit ies for  b ipo la r  ch lora te  cells (Fig. 2). 

Therefore,  an impregna t ion  of g raphi te  wi th  m o l y b -  
date  is suggested,  as we l l  as the  addi t ion  of 0.1-0.2 gpl  
to the  e lectrolyte ,  as a sui table  method  for cont inuous 
ca thode depolar iza t ion  in a b ipolar  ch lora te  cell  p roc-  
ess. 

In  the  previous  paper ,  the  authors  (21) have pointed 
out  the  s t rong buffer ing effect of hypochlorous  acid-  
hypochlor i te  ions jus t  in the  pH region provid ing  the 
m a x i m u m  convers ion ra te  to chlorate .  Thus, an  ap -  
pl icat ion of the  descr ibed  depolar iza t ion  methods  p ro -  
vides the  poss ib i l i ty  for reducing  d ichromate  addit ion,  
which is impor t an t  for  the  chlora te  crys ta l l iza t ion 
process. 

The methods  of depolar iza t ion  for the  h.e.r, de -  
scr ibed here  seem to be ve ry  advan tageous ly  appl ic -  
able  to al l  e lec t ro ly t ic  processes hav ing  graphi te  or  
o ther  porous cathodes,  such as is the  case for wa te r  and  
hydrochlor ic  acid electrolysis ,  and should l ead  to lower  
cell  voltages.  
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Process for Coating Tin-Free Steel with 
Layers of Metallic Chromium and Chromium Oxide 

Nobuo Fukuda, Shigeru Yonezaki, Hajime Hitto, Minoru Kamada, Hidejiro Asano, and Kazukiyo Terayama 
Yawata Iron & Steel Company, Limited, Chiyoda-ku, Tokyo, Japan 

ABSTRACT 

Tin- f ree  coated steels are a t t r ac t ing  a t tent ion  as new conta iner  mater ia ls .  
As a resul t  of s tudies that  have been conducted  since 1957 on t in - f ree  steel, a 
doub le - l aye red  ch romium-ch romium oxide t i n - f r ee  coated steel  (T.F.S.) has 
been developed.  The proper t ies  of T.F.S. are  excel len t  because each layer  
compensates  for  the  others '  deficiencies; namely,  pin  holes in the  chromium 
are  sealed by the chromium oxide and the rma l  c racking  of the oxide layer  is 
minimized  by  the under ly ing  chromium meta l  layer .  T.F.S. can be produced  
by  a one-s tep  cathodic t rea tment ,  using di lu te  chromic acid solut ion con- 
ta in ing sulfa te  ion. The thicknesses  of each layer  m a y  be contro l led  inde-  
penden t ly  by  t rea t ing  conditions.  The manufac tu r ing  equ ipment  for this  
process is s imi la r  to tha t  used in the  e lec t ro t inning process.  However ,  p la t ing  
ba th  and t ank  l ining mate r ia l s  mus t  be carefu l ly  selected. 

A rise in the  pr ice of t in  due to the  shor tages  and 
the ins tab i l i ty  of product ion,  as wel l  as inroads  being 
made  by  a luminum and plast ics  p roducers  into the  
m a r k e t  for conta iner  mater ia ls ,  has  compel led  can 
manufac tu re r s  and steel  makers  to t ake  g rea te r  in-  
teres t  in the  deve lopment  of low-cost  steel  base con- 
ta iner  mater ia l s ,  such as t in - f ree  s teel  (T.F.S.) .  

Agains t  this background,  compet i t ion  for T.F.S. de-  
ve lopment  is being waged  th roughout  the  world,  and 
T.F.S. should soon en te r  an age of prac t ica l  appl ica-  
tion. In  ant ic ipat ion of such a t rend,  deve lopment  of 
T.F.S. was in i t ia ted  in 1957. 

Af t e r  s tudying  the feas ib i l i ty  of such processes as 
e lec t ro ly t ic  phosphat ing,  nonelec t ro ly t ic  and e lec t ro-  
ly t ic  chromating,  n ickel  and chromium plat ing,  it  was 
concluded tha t  the d o u b l e - l a y e r e d  T.F.S. consist ing 

of an upper  l aye r  of chromium oxide and an unde r -  
l ayer  of metal l ic  chromium was most  effective. 

The chief  mer i t  of the  doub le - l aye red  T.F.S. is t ha t  
the pinholes  in the  metal l ic  ch romium laye r  a re  sealed 
by  the chromium oxide layer .  Thermal  cracking of 
the  chromium oxide  layer  is min imized  b y  the meta l l ic  
ch romium layer .  

I f  the  coat ing layers  are  too thin, the  corrosion re -  
sistance is poor and, if too thick, the  lacquer  adhesion 
is poor. Af t e r  de te rmin ing  the  op t imum film thickness  
(see Table I) for the  most  favorab le  combina t ion  of 
corrosion resis tance and lacquer  adhesion, commer -  
cial product ion  was s ta r ted  on doub le - l aye r  T.F.S. 
in 1967 on a unique h igh-speed  product ion  l ine ( m a x -  
imum 1200 fpm) .  

The purpose  of this  r epor t  is to descr ibe  briefly the  
product ion  process  for  T.F.S. 
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Table I. Quality specification 

I t e m  Coat ing  w e i g h t  ( m g / d m  u surface} 

Metallic c h r o m i u m  0.7 ~1.5  
C h r o m i u m  oxide 0.3 ~ 0.6 

Table II. Comparison of coating film composition with 
conventional chromium plating and T.F.S. process at same 

plating conditions (Bath temp" 50~ 
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2 4 6 7 

' ~ r y e r  ~iler R~ecoiler 

Fig. 2. T.F.$. plating line layout 
P l a t i n g  c o n d i t i o n  Coat ing  we igh t  

Concen- 
t ra t ion  of Cur ren t  P la t ing  Metall ic Cr 

N a m e  of p la t ing  densi ty ,  t ime,  Cr, oxide, 
t r ea tmen t  solution a m p / d i n  2 s e c  r ag /d in  2 rag/din2 

Conventional chro- CrO3:250 
miurn  p la t ing  g / l i t e r  

SO~::2.5 40 3 2.5 0.03 
g/liter 

Plating solution for CrO8:45 
T.F.S. process g / l i t e r  40 3 2.6 0.6 

SO~=:O.4S 
g / l i t e r  

Process for Double-Layered T.F.S. 
The mechanism o~ double-layered film deposi t ion.-  

In convent ional  chromium plat ing,  a solut ion conta in-  
ing about  250 g / l i t e r  of CrO~ (chromium t r iox ide)  and  
about  2.5 g / l i t e r  of sulfa te  ion is used. However ,  in 
o rder  to obtain a doub le - l aye red  T.F.S., in a single 
step, a solut ion conta ining less than  50 g / l i t e r  of CrO~ 
and a smal l  amount  of sulfate  ion is used. 

Uti l izing a solut ion for a doub le - l aye red  T.F.S., 
samples  were  p repa red  and compared  wi th  samples  of 
the o rd ina ry  ch romium-p la t ed  steel. In  both instances, 
the  same cur ren t  densi ty,  p la t ing  t ime,  and  ba th  t e m -  
pe ra tu re  were  used. As shown in Table  II, the  th ick-  
ness of the  chromium on the T.F.S. samples  was about  
the  same as tha t  on the  samples  f rom the  convent ional  
ch romium-p la t i ng  solution, whereas  the  chromium 
oxide l aye r  on T.F.S. was severa l  hundred  t imes 
thicker .  Fur ther ,  the  th ickness  of the  chromium oxide 
film g radua l ly  decreased  if the  samples  were  immersed  
in the  solut ion before  being dr ied  as shown in Fig. 1. 

F r o m  the  resul ts  of these two exper iments ,  it  has 
been  concluded tha t  the  ch romium oxide film is the  
undissolved res idue of in te rmedia te  products  of re -  
duct ion produced dur ing  chromium plat ing.  

The key  p rob lem is how to develop this in t e rmed ia te  
produc t  into a doub le - l aye red  T.F.S. in a single elec-  
t rolys is  step. 

Outline of the process.~The new T.F.S. is p roduced  
by  a process s imi lar  to e lec t ro t inning as shown in 
Fig. 2. 

The steel  base s t r ip  is p r epa red  for  p la t ing  in the  
same manne r  as for  t inpla te .  The s teel  s t r ip  is first 

~ . ~  Cr03 45 g/n 
"~E O. S04-- 0.35 g/l 

v " \  
0.6 \ 27 ~C- 

~ ~ .  53~c 
"5 0 . 4 -  \ 

0 . 2 "  \ a .~ " - -  .,t'~ 75~ 

e~ -Q . . . . .  �9 �9 
0 I I I I I I 

0 I 2 3 4 5 6 
Dipping Time (sec) 

Fig. I .  Influence of dipping time in treating solution on chromium 
oxide coating weight. 

washed  by  the  a lka l ine  cleaning method  to remove  
comple te ly  al l  s tains and oil on the surface. For  
doub le - reduced  str ip,  c leaning mus t  be pa r t i cu la r ly  
thorough.  To obta in  op t imum surface proper t ies ,  e lec-  
t ro ly t ic  a lka l ine  c leaning is recommended .  Af t e r  r ins -  
ing wi th  water ,  the  s t r ip  is p ickled  wi th  sulfuric  acid 
at room tempera tu re .  Then the s t r ip  is t r ea ted  ca th -  
odical ly  in a p la t ing  ha th  to form a doub le - l aye red  
film on its surface. Af t e r  removing  the s t r ip  from the 
p la t ing  solution, i t  is r insed  in w a r m  water ,  dr ied  in 
hot  air,  and oiled. 

Plating so~ution.--The pla t ing  is conducted in solu-  
tions having  the composit ions given in Table  III. The 
fact  tha t  this solut ion is cons iderab ly  less concent ra ted  
than  that  used for convent ional  chromium plat ing,  as 
noted ear l ier ,  exp la ins  w h y  it is possible to obta in  a 
doub le - l aye red  film in one=step electrolysis.  Other  ad -  
vantages  also accrue f rom use of a weake r  solution. 

I t  is cheaper,  in the  first place, and, even when  used 
in a h igh-speed  line, the d rag -ou t  (deplet ion)  of 
chromic acid is less than  tha t  of convent ional  p la t ing  
solution, so there  is no need to recover  CrO3. 

Second, i t  is less corrosive,  having  about  one fifth 
of the chromic acid concentra t ion used in convent ional  
p la t ing  solutions. Hence, rol l  and  l ining mate r ia l s  
p resen t  less problems.  

Third,  i t  is less of a hea l th  hazard  to p lan t  worke r s  
because CrO3 fumes genera ted  dur ing  electrolysis  a re  
p ropor t iona te ly  w e a k e r  than  those p roduced  in con- 
vent ional  chromium plat ing.  

Current e1~ciency for the deposition of metallic 
chromium and the line speed total current curvez--Un- 
l ike the  e lec t ro t inning or ga lvaniz ing processes, the  
cur ren t  efficiency of ch romium pla t ing  var ies  wi th  the  
cur ren t  dens i ty  and the ba th  t empera tu re .  This process 
exhibi ts  s imi lar  character is t ics .  Hence, coat ing weight  
cannot  be kep t  constant  s imply  and l inea r ly  b y  ad jus t -  
ing cur ren t  dens i ty  to l ine speed if  the  line speed 
changes. 

Since in chromium pla t ing  a drop in cur ren t  dens i ty  
causes a cor responding drop  in cur ren t  efficiency, it  
m a y  be necessary  to ac tua l ly  increase  cur ren t  dens i ty  
to compensate  for a drop in cur ren t  efficiency when  
the  l ine slows down. For  this  reason, the  l ine speed-  
to ta l  cur ren t  curve does not  pass th rough  the zero-  
point.  

The l ine speed vs. to ta l  cur ren t  curve  for  t he  new 
T.F.S. line, deposi t ing 1 mg/drn  s of metal l ic  chromium 
is shown in Fig. 3. 

Coating weight control of chromium oxide.--As a l -  
r e a d y  indicated,  the  oxide  l a y e r  of the  film, be ing  an 
in te rmedia te  res idue  of the  p la t ing  process,  dissolves 
when  re immersed  in the  p la t ing  solution wi thout  e lec-  
t ro ly t ic  action. When  p la t ing  in a ver t ica l  tank,  it  was 
found tha t  the  oxide  film dissolved on par t s  of the  
s t r ip  not  facing the  anode, (e.g., par t s  A, B, C, and  
D in Fig. 4). Thus, in mu l t i t ank  continuous plat ing,  
the  oxide  film is p roduced  and dissolved a l te rna te ly .  

Table Ill. Plating solution of T.F.S. process 

CrO3 <50 g/liter 
Concentration SO4= <0.5 g/liter 
Temperature of plating solution 50 ~ ~ 60~ 
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Fig. 3. Total current-line speed curve for 1.0 mg/dm ~ metallic 
chromium in actual line (width: 800 ram). 
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Solution Level 

Fig. 4. Cross-sectional view of vertical plating tank 

This behavior  becomes even more severe at higher 
bath  temperatures.  

If electrodeposition and dissolution of chromium 
oxide occur al ternately,  the effect of each pass on the 
deposition of chromium oxide should become greater  
toward the rear  pass. The contr ibut ion ratio of each 
pass to the deposition of chromium oxide was mea-  
sured in the actual line. It  was found that  most of 
the chromium oxide deposits in the last t ank  as had 
been anticipated. This shows that, by controll ing the 
cur ren t  in the last tank, it is possible to control the 
amount  of chromium oxide deposition independent ly  
of the amount  of metall ic chromium deposition. Ac- 
tually,  in this process the amount  of chromium oxide 
deposition is controlled by the current  in the last 
t ank  and the bath temperature .  

Plating Equipment 
Since a clean strip surface is also necessary for 

T.F.S., equipment  for p re t rea tment  is essentially the 
same as for electrot inning:  

The pre t reat ing section has an alkal ine dunk  tank, 
alkal ine scrubber, electrolytic alkal ine cleaning tank,  
pickling tank, and scrubber  tank. Tank  l ining and roll 
mater ia l  are also the same as used in  electrotinning.  

A predip tank, pla t ing tanks, and rinse tanks are 
used in the plat ing section, the n u m b e r  of plat ing 
tanks depending on how much metall ic chromium is 
to be required, on current  capacity, and on l ine speed. 

Vertical pla t ing tanks are best since it has been 
found that  in horizontal  plat ing gas generated dur ing  
electrolysis produces surface defects on the underside 
of the strip. 

Lead- t in  alloy is used for the anode. The space be-  
tween the anode and strips is 25-40 mm. 

The conductor roll is made of copper with a chrom- 
ium-pla ted  surface similar to that  employed in elec- 
t rot inning.  The roll and t ank  l ining mater ia l  should 
be selected carefully because chromic acid solution 
is oxidizing; ord inary  rubber,  for instance, is corroded 
by chromic acid and the life of the l in ing becomes 
short; moreover,  it reacts with chromic acid and in -  
creases the Cr + + + and sulfate ion in the plat ing solu- 
tion. As shown in Fig. 5, increased Cr + + + reduces 
conductivi ty of the plat ing solution; sulfate ion in -  
crease changes the plat ing solution and makes opera- 
t ion difficult. 

After  testing various roll  and l ining materials,  a 
special resin resistant  to chromic acid corrosion was 
developed as shown in Fig. 6. This mater ia l  is as easily 
fabricated into rolls or l inings as ordinary  rubber ,  
whereas polypropylene and PVC are hard to make 
and tend to crack with aging. 

This new resin has been used with very satisfactory 
results for ho ld-down rolls, s ink rolls, and l inings of 
plat ing tanks. 

To prevent  surface defects caused by  plat ing solu- 
t ion remain ing  on the strip, a hot water  r inse is used. 
Rinse water  is supplied cont inuously to reduce chromic 
acid and sulfate ion concentrations,  but  losses from 
drag-out  are so slight that  no at tempt  is made to 
recover the chromic acid. 
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Fig. 5. Relation between Cr 3 + content and specific conductivity 

NQme 
of 

Mater ia ls  

T i t a n i u m  

Poly propylene 

Our Special Resin 

p v c 

I P v c blended 
rubber No. I 

No.2 

Chlorosulfonoted 
polyethylene 
rubber No. I 

No.2 

,, No.3 

Appearance 

a f te r  Testing 

Good 

Good 

Good 

Good 

Fair 

Fair 

Fair 

Poor 

Poor 

Cr +~ Increase ( g / ~ )  

0.2 0.4 0.6 0.8 1.0 1.2 1.4 
i i i a p i 

-3  

" -7  

I 

I 
] 

I 

I 
I 

Fig. 6. Screening test of CrO~ resistance for some materials 



Vol. 116, No. 3 COATING TIN-FREE STEEL 401 

0 . 8  

A 0.7 "E 

~' o.6, 

JE 
._~ 0,5 

~ o.4 

~ 0.3 

x o 0.2 

E 

E 0. I 
o 

(..) 
o 

0 

'~ Good : Rusting % (4hrs)  < 5  % 

~ ,  Fair : ,, ( . ) 5~20% 

~r Poor : , ( . ,  ) > 20% 

m 

i ( ~ I I ( I 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 

Metal l ic Cr Coating Weight (rag/elm=) 

I 
1.6 

Fig. 7. Relation between salt spray test and coating weight 

~E 0.7 

0.6 Good 
Fair 

-~ O. 5 Poor 

~ 0.4 m 

0.2 Good 

0 I "~''~1 '~" 
0 o. I 0.2 

Non Rust ( Months ) 

Slight Rust " ) 
Heavy Rust ,, ) 

I 
0.3 

I I 
0.4 0.5 

TFS 

I t J I 
0.6 0.7 0.8 0.9 

Metallic Chromium Coating Weight (rng/drnZ) 

Fig. 8. Relation between filiform rust test and coating weight 

The strip is dried by blowing hot air of 150~ on it 
before it goes through the electrostatic oiler. 

Insta l la t ion of a fume exhauster  system is recom- 
mended  to expel fumes generated dur ing  electrolysis. 

Q u a l i t y  
The T.F.S. described herein  is used for containers of 

carbonated beverages, beer, and various foodstuffs, 
also for bottle caps, bat tery  cases, motor oil cans, 
pails, l iquid detergent  cans, and PVC laminated sheets. 

To find the opt imum coating weights of chromium 
oxide and metall ic chromium required to produce ade-  
quate levels of corrosion resistance and lacquer ad-  
hesion for such a wide range of uses, the following 
tests were carried out. 

Tests  for  Q u a l i t y  o f  C o a t i n g  
Corrosion resistance o~ an unlacquered sffeet .~First ,  

as a general  corrosion test, the corrosion resistance of 
an unlacquered sheet was evaluated by the salt spray 
method and the relat ion between the coating weights 
of each layer  of the film and corrosion resistance was 
examined. As shown in  Fig. 7, the coating specifica- 
tion of the T.F.S. was found to be satisfactory. 

Fili~orm rust test.~Filiform rus t ing after lacquer-  
ing is very undesirable  because it greatly reduces the 
market  value of a canned product. 

The re la t ion be tween each layer  of the film and the 
filiform rus t ing is shown in Fig. 8. As this figure shows, 
the double layer of the T.F.S. prevents  filiform rusting. 
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Corrosion resistance in carbonated beverage (~ac- 
quered sample ) .--The results  of a corrosion test in 
carbonated beverage are shown in Fig. 9. 

As this figure shows, the double layer  of the T.F.S. 
coating insures excellent  corrosion resistance in  car-  
bonated beverages. 
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Corrosion resistance a#er  heating.--T.F.S,  can be 
used for the inner  surface of an unlacquered can. In  
this instance, one side of the sheet will  be heated 
prior to fabricat ion and packing. Accordingly, the cor- 
rosion resistance of T.F.S. was examined after heat ing 
for 10 rain at 20O~ by the salt spray test. The results 
were satisfactory as shown in Fig. 1O. 

Lacquer adhesion. - -The relat ion between the coat- 
ing weight and lacquer adhesion of T.F.S. was ex- 
amined by means of the can and punching test. The 
results are shown in Fig. 11. As this figure shows, 
lacquer adhesion deteriorates as the coating weight 
of oxide chromium exceeds 0.7 m g / d m  2, keeping in 
mind  that  the coating weight of metall ic chromium is 
not related to lacquer adhesion. Also in this test, the 
specifications of the T.F.S. proved to be satisfactory. 

Conclusions 
1. The specifications for our T.F.S. are: metall ic 

chromium, 0.7-1.5 mg/dm2; chromium oxide, 0.3-0.6 
m g / d m  2. 

If T.F.S. has the above coating weights, it exhibits 
satisfactory results for such tests as the salt spray test 
(4 hr) ,  filiform rust test, corrosion test in carbonated 
beverage, salt spray test after heating, and the lac- 
quer adhesion test by can end punching.  

2. A manufac tur ing  process was developed that  pro- 
duces t in- f ree  steel in a one-step electrolytic t reat -  
ment.  Equipment  used in this process is also de- 
scribed. 

Manuscript  submit ted Sept. 25, 1967; revised m a n u -  
script received ca. Oct. 1968. This paper was presented 
at the Protective Coatings Symposium at the Chicago 
Meeting, Oct. 15-19, 1967, as Paper  208. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 
1969 JOURNAL. 
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ABSTRACT 

Commercial  electroless nickel coatings on bery l l ium are shown to pro- 
duce residual stresses of appreciable magni tude  at the eoat ing-substra te  in te r -  
face. A 0.005-in. layer of electroless nickel deposited on one side of a 0.010-in. 
bery l l ium strip induced residual compressive stresses in the bery l l ium sub- 
strate as high as 33,000 psi as calculated from the curvature  of the plated 
composite. Evidence is presented to indicate that  at least a substant ial  par t  of 
this residual  stress is the result  of a solid-state reaction and accompanying 
volume change in the coating dur ing  normal  stress-relief  anneal ing of the 
composite near  200~ This is believed to be an ordering reaction associated 
with formation of the Ni3P precipitate phase. The effect of tempera ture  change 
on the level of induced stress in a n icke l -bery l l ium composite due to a 
difference in coefficients of thermal  expansion was investigated. The net  dif-  
ference in coefficients of thermal  expansion increased in the tempera ture  
range 25~176 to a max imum value of ( o l S i  - -  ~ B e ) T  ~ 1.9 x 10 -6 to 2.6 x 10 -6 
( in. / in.  

o----~], and then decreased approximately  l inear ly  up to 200~ at a rate 

/ in. / in.  ~ / 
of ~6  X 10 .9  , ~ / \ ! 

Electroless nickel pla t ing is a general  t e rm applied 
to processes based on the controlled, autocatalytic re-  
duction of nickel cations by means  of hypophosphite 
anions on certain catalytic surfaces in the presence of 
water  (1-4). Brenner  et al. listed the advantages of 
electroless nickel deposition as (a) deposition of un i -  
form thickness in recesses as well  as exposed areas, 
(b) no excessive bu i ld -up  on projections or edges, and 
(c) e l iminat ion of the need for electroplating power 
sources and equipment  (1-4). Coatings obtained by 
the  electroless nickel process are typical ly a-nickel  
containing 8-10% by weight of phosphorus and minor  
amounts  of other residual  elements (5). The s t ructure  
of electroless nickel deposits has been subject to con- 
siderable altercation. Differences in structure,  com- 
position, and properties of electroless nickel deposits 
are attainable,  depending on the type of electroless 
nickel bath and operat ing parameters  for deposition of 
a specific electroless nickel  alloy. Brenner  described 
electroless nickel as "f ine-grained coherent deposits 
with a laminated s t ructure  sometimes imposed upon a 
columnar  s tructure" (1). On the other hand, Gutzeit  

* Electrochemical Society A c t i v e  M e m b e r .  

et al. (2, 5) reported that  "electroless nickel  coatings 
have the s t ructure  of an amorphous solid substance 
with l iquid- l ike  disorder of the atoms," this amor-  
phous character being dependent  of the na ture  of the 
substrate for deposits up to 0.010 in. in  thickness. 
Goldenstein et al. (6) and Ziehlke et al. (7) also 
found catalytic nickel deposits to be amorphous by  
using x - r ay  and electron-diffraction techniques. They 
found that  the amorphous s t ructure  reverted exo- 
thermical ly  to a crystal l ine phase mix ture  of Ni + 
Ni3P at low temperatures.  Graham et al. (8, 9), Dix-  
mier  and Doi (10), and Randin  et al. (11) all re-  
ported that  electroless nickel  had a very  fine grain 
size of the order of 10 -6 cm, and that  the as-plated 
deposit was a supersaturated solid solution of phos- 
phorus in nickel [Ni(p)] as a metastable in termediate  
state between that  of a mix ture  of Ni + P and the 
equi l ibr ium system of Ni(p) ~ Ni3P. 

Dixmier  and Doi found that  this s t ructure was a 
heavily faulted fcc-hcp structure, with the phosphorus 
atoms located inters t i t ia l ly  in the hcp layers (10). 
Alber t  et al. showed that  the s t ructure  was essentially 
a s trained fcc-nickel  latt ice (12). Apar t  from these 
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differing opinions, there is significant agreement  that  
as-plated electroless nickel is a metastable s tructure 
characterized by some degree of atomic disorder which 
tends toward the equi l ibr ium Nir + Ni3P structure 
upon heating. X- ray  diffraction studies of nickel phos- 
phide (Ni3P) indicated that  it has a body-centered 
tetragonal  s t ructure (a ---- 8.91A, c ---- 4.39A). When 
precipitated in a parent  nickel lattice, it shows a pre-  
ferred orientat ion with the {111} planes of fcc nickel 
parallel  to the {110} planes of Ni.~P. Furthermore,  the 
average interatomic distance of 2.6A on the {110} 
planes of Ni~P is very close to the interatomic distance 
of 2.5A in Ni. The lattice parameter  of electroless 
nickel is 3.52A (11). The atomic radii of phosphorus 
and nickel are 1.28 and 1.24A, respectively, differing by 
somewhat more than 3%. From changes in lattice 
parameter  with phosphorus content, it is believed 
that phosphorus content  in a stress-relieved nickel 
deposit is very low, and, therefore, only a little (if 
any) phosphorus occupies subst i tut ional  or inters t i -  
t ial  sites in an a-Ni lattice. 

Variations in phosphorus content  of electroless 
nickel deposits have a marked influence on the me-  
chanical properties of the coatings. Abrupt  changes in 
tensile properties at approximately 7% by weight 
phosphorus (49% by volume Ni3P) were found to 
indicate a change from a ductile Ni continuous phase 
at low phosphorus levels to a bri t t le  Ni~P matr ix  at 
high phosphorus contents (9, 13). The response of elec- 
troless nickel to heat t rea tment  also is sensitive to 
phosphorus content, especially at low temperatures.  
The hardness of deposits with phosphorus content  
above 9 w/o  (weight per cent) remained practically 
constant for heat t reatments  of ~5  hr up to 300~ 
whereas the hardness of low-phosphorus deposits in-  
creased when heat t reated at temperatures  above 
125~ (13). In  the high-phosphorus deposits, Graham 
et al. stated that  the very low rate of hardening for 
heat t reatments  below 200~ seems to be indicative of 
the presence of an "activation energy barrier," de- 
pendent  on phosphorus content, that  retards the ini-  
tial stages of t ransformat ion of the supersaturated 
Ni + P solid solution (9). After  heat t rea tment  at 
200~ Graham et al. reported an increase in hardness 
at a decreasing rate with increasing phosphorus con- 
tent  up to 9 w/o  (9). Goldenstein et al. concluded that  
no transformations occur at 200~ in electroless nickel 
containing 7-10 w/o  phosphorus since their work 
showed no increase in hardness for 21 hr at that  tem- 
perature (6). An ini t ial  increase in hardness of 
Ni + 8-10 w/o  P from ~500 DPH to ~,600 DPH (Rock- 
well  C-50 to 55) wi th in  the first few hours followed 
by no observed change after 617 addit ional  hours at 
200~ was found by Lee (14). Ziehlke et al. observed 
no changes in microstructure for samples (7-10 w/o  
P) heat treated below 400~ (7). Domnikov stated 
that  a slight increase in the microhardness of electro- 
less nickel deposits (phosphorus content  not specified) 
heat treated at 120~176 could be explained by an 
incomplete formation of the Ni~P phase (15). 

This research was par t  of a larger program to in -  
vestigate the production of large precision, diffraction- 
l imited mirrors  which require a dimensional  ins ta-  
bil i ty of <0.033)~ rms or 2.2 x 10 -6 cm in the visible 
region over a moderate tempera ture  range and for 
long periods of time. The purpose of this par t icular  
s tudy was to investigate the effects of commercial ly 
processed electroless nickel deposits on dimensional  
stabil i ty of beryl l ium substrates by comparing the 
magni tude  of residual plat ing stresses with the micro- 
yield s t rength (i.e., the stress to produce a residual 
plastic s train of 1 x 10 -6) of beryl l ium. Response of 
the Be-Ni(p) system to thermal  excursions from am- 
bient  tempera ture  to ~200~ (normal  stress-relief 
anneal ing temperature  for electroless nickel)  was 
analyzed to determine the net variat ion of coeffi- 
cients of thermal  expansion as well as the effect 
of temperature  on microst ructural  stability. Differ- 

ences in coefficients of thermal  expansion between 
substrate and coating of the order of 1 x 10-6/~ are 
considered pernicious for diffraction-limited mirrors,  
but could be accommodated in normal  applications. 

Experimental Procedure 
Preparation of beryllium strips.--A bery l l ium pow- 

der, grade S-200 (Brush Beryl l ium Co., BeO ~ 1.8%) 
was hot isostatically pressed into a fully dense rec- 
tangular  block. The faces of this block were milled to 
an accurate rectangular  geometry and rough slabs 
0.075 in. thick by 4.75 in. long by 0.625 in. wide were 
cut off with a water-cooled cut-off wheel. The slabs 
were assembled into a package and the ends and sides 
milled by a carbide end mil l  at 600 rpm (fine hand  
feed). The final finish on the sides was made accord- 
ing to the s tandard practice of taking successively 
finer cuts of 0.010-0.005-0.002-0.002-0.001 in. in depth. 
Very fine holes approximately 0.025 in. in diameter  
were made at one end about 0.25 in. from the edge to 
facilitate handl ing dur ing plating. The final cuts on 
the top and bottom surfaces of the strips were made 
by using an end mil l  to remove 0.030 in. at 0.005 in . /  
cut from first one side and then  the reverse side, end-  
ing with cuts of 0.002 in. in one pass in one direction 
and 0.001 in. on the re tu rn  pass on both sides to a 
thickness of 0.030 in. The final strip size as machined 
was 4.3 x 0.30 x 0.030 in. 

These strips were then chemically polished to re-  
move approximately 0.010 in. from all surfaces in a 
solution composed of: 

H2804 (95-98%) 47 ml  
H3PO4 (85-87%) 410 ml  
H20 130 ml  
CrO3 70g 
Tempera ture  160 ~176 
Removal rate ~0.6-0.8 m i l / m i n  

The samples were inspected thoroughly and measured 
accurately, especially to note any curvature  or bow- 
out of the strip. The final strip dimensions were 
4.28 x 0.28 x 0.010 in. Twelve identical strips were 
prepared in this m a n n e r  and three  strips were sent to 
each of four commercial plat ing companies using the 
"KANIGEN ''1 process to be coated with a 0.005-in. 
layer of electroless nickel on one side; the reverse 
side was masked in the usual  manne r  employed by 
each company. The usual  outgassing and /o r  s tress-re-  
l ieving heat t rea tment  (180 ~ ___ 20~ for ~5  hr) for 
electroless nickel was requested for all strips. An addi-  
t ional specimen (No. D-Jan67) ,  prepared in  an iden-  
tical manne r  and electroless nickel coated by one of 
the companies 1 yr  earlier, was included in this s tudy 
in order to determine the effect of shelf life on an 
electroless nickel deposit. 

After  the plated strips were returned,  all  d imen-  
sions were measured again. The curvature  (p) of the 
coated strips was computed from measurements  of 
total  strip bow-out  made by using a Gaer tner  Scien- 
tific Corporation optical comparator accurate to 
_+0.00005 in. and was used to calculate the residual  
plat ing stresses. Some uncer ta in ty  in the level of pla t -  
ing stresses calculated by using a single p for the ent i re  
composite would be expected due to edge effects and 
localized i r regular  curvatures.  By measur ing p over 
very short distances along representat ive strips from 
each group, a random variat ion in p of ___33% maxi -  
mum was found. Since p enters into the calculations in 
the denominator  of one term, a deviation in p wou]d 
not necessarily affect the calculated stresses propor-  
tionately. Calculations showed that  +--30% seems to 
be a reasonable estimate of the max imum variat ion 
and the nomina l  accuracy of the plat ing stresses re-  
ported here should be ~___20%. The bow-out  of these 
strips was measured upon heating and cooling by 
viewing with the Gaer tner  comparator  through an in -  
sulated glass window in a laboratory furnace while 

1 T r a d e - m a r k  r eg i s t e red  in the  U.S.A. to Gene ra l  A m e r i c a n  
T r a n s p o r t a t i o n  Corpora t ion .  
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Fig. 1. Electroless nickel plated on beryllium, etched in 50% nitric acid plus 50% acetic acid: (a) specimen A2, 350X; (b) speci- 
men B1,350X; (c) specimen C1,350X; (d) specimen D1,350X. 

heating to 200~ in ,--3 hr  and furnace cooling to room 
tempera ture  in ~20 hr. 

Results 

The microstructures of the four commercially pre-  
pared electroless nickel deposits are shown in Fig. 1. 
There were slight differences in microstructure re- 
flecting the different plating conditions used by each 
commercial plater;  however, since the resul t ing micro- 
structures were similar, any effect of plat ing condi- 
tions should be minimal .  The thicknesses of nickel 
coatings deposited by each plater are summarized in 
Table I. The residual stresses resul t ing from plat ing 
electroless nickel on th in  bery l l ium strips were cal- 
culated based on the model shown in Fig. 2; the deri-  
vat ion used in  these calculations is given in the Ap- 

pendix. The magni tudes  of the plat ing stresses in the 
Be-Ni(p) composites are summarized in Table II. It is 
seen that  the residual plat ing stresses @M2A) are 
quite significant when compared with the nominal  
microyield s t rength of S-200 grade bery l l ium 
(~6000 psi). Tempera ture  for electroless nickel 
deposition is normal ly  about 90~ A nickel-coated 
part  is usual ly  given a stress-relief aneal  at ,~190~ 
or higher for 1 h r /mi l  of coating thickness. To evaluate 
the effect of heat t rea tment  on electroless nickel de- 
posited on beryl l ium, one specimen from Company A 
(Specimen A - l )  was received in the as-plated condi- 
tion. This sample was bowed considerably less than  
the two strips plated and stress relieved by Company 
A. However, after a heat t rea tment  up to 200~ and 
furnace cooling, the sample showed a curvature  quite 
comparable with the others received from Company A 

Table I. Thickness of electroless nickel deposited on beryllium strips 

S p e c i m e n  E n d  n e a r  hole,  Cen te r  of s t r ip ,  E n d  oppos i t e  hole,  
Com-  iden t i f i -  m i l s  m i l s  m i l s  A v e r a g e ,  m i l s  
p a n y  ca t ion  Be Ni  Ni  + Be Be Ni  N i  + Be Be Ni  Ni  + Be Be Ni  Ni  + Be 

A1 9.03 (a) (a) 9.03 <a) (,) 9.27 6.4 15.7 9.11 ~ 6  
A A2 10.17 ~") ~) 9.13 ca) ~) 10.03 9.77 

A3 9.57 (a) (a) 7.67 Ca) (~) 9.93 5.9 15.8 9.06 ~ 6  
B1 10.60 5.7 16.3 9.90 6,2 16.1 10.70 5.4 16.1 10.40 5.77 16.17 

B B2 10.50 5.7 16.2 9.27 6.7 16.0 10.30 6.1 16.4 10.02 6.17 16.20 
B3 9.80 5.2 15.0 8.03 5.7 13.7 10.13 6.1 16.2 9.37 5.67 14.97 
C1 8.83 3.40 12.23 8,07 3.56 11.63 8.87 3.36 12.23 8.59 3.44 12,03 

C C2 10.03 3.07 13.10 8.93 2.87 11.80 9.87 3.60 13.47 9.61 3.18 12.79 
C3 9.47 3.33 12.80 8.67 4.70 13.37 10.57 3.23 13.80 9.79 3.75 13.32 
D1 9.90 5.4 15.3 9.60 4.3 13.9 9.50 5.5 15.0 9.47 5.07 14.73 

D D2 9.93 4.4 14.3 7.80 5.3 13.1 9.07 5.3 14.4 8.73 5.00 13.93 
D3 9.47 5.0 14.5 8.37 5.2 13.6 9.97 4.7 14.7 9.80 4.97 14.27 

(~) Su r f ace  too r o u g h  to  o b t a i n  accura te  m e a s u r e m e n t s  of e l e c t r o l e s s - n i c k e l - c o a t i n g  th i ckness .  
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Fig. 2. Schematic representation of typical stress distribution in 
a cross section of an electroless-nicke[-plated beryllium strip, 

(see Fig. 3). Another  strip (Specimen B-2) ini t ia l ly 
plated and given a stress-relief anneal  by the plater  
was fur ther  heat t reated at 240~ for 20 hr. The radius 
of curvature  of this composite decreased from 13.68 to 
8.63 in., and the computed m a x i m u m  fiber stress in  the 
beryl l ium at the interface (r increased from 
19,970 psi (compressive) to 31,670 psi (compressive).  
The results of the heat t reatments  are summarized 
in Table III. 

Figure 3 shows the typical response to temperature  
variations observed for electroless-nickel-coated be- 
ry l l ium strips. The shapes of bow-out  vs. temperature  
curves were all quite similar  since the rate of change 
of bow-out  with temperature  was approximately con- 
stant. The only significant difference among all the 
bery l l ium strips was the magni tude  of ini t ial  bow- 
out; this was reflected by a change in vertical  displace- 
ment  of the curves such as shown in Fig. 3. Strip A-1 
(Fig. 3) was tested in  the "as-plated" condition; heat-  
ing to 190~ apparent ly  resulted in a s t ructural  change 
within  the Ni(p) layer as indicated by the i r reversi-  
bil i ty in the heating and cooling curves. Strips A-2 
and A-3 were given a stress-relief  annea l  before 
testing, and these specimens retraced essentially the 

Table III. The effect of heat treatment on 
electroiess nickel plated beryllium 

S y m b o l  (~) 

S p e c i m e n  B2 
Specimen A1 As-plated plus 

H e a t  s t r e s s  r e l i e f  H e a t  
As -p la t ed (b )  t reated(c~ a n n e a l  (~) t r e a t e d  (e) 

L ,  in .  0 .0326 0.1108 0.1583 0,2533 
a,  in .  55,97 16.52 13.68 8.63 
P ,  Ib 7.32 24.82 34.47 54.37 
Y,, m i l s  6.80 6.90 7,404 7.404 
P/A~., k s i  4 .10 13.89 18.76 29.75 
P/A,~ k s i  - -  2.70 - -  9.15 - -  11.55 - -  18,32 
abm, k s i  5.42 18.37 23,82 37.77 
~ o ~ ,  k s i  - -  1 . 7 4  - -  5 . 9 0  - - 8 . 4 2  - -  1 3 . 3 5  

~bla, k s i  -- 1.19 -- 4.02 -- 5.73 -- 9.09 
~blc, k s i  - -  4.40 - -  14.92 - -  19.27 - -  30.57 
~ 2 A '  k s i  2.72 9,12 12.26 19.44 
~ s B '  k s i  - 4 . 4 4  - -  1 5 . 0 5  - -  1 9 , 9 7  - -  3 1 . 6 7  

~ B '  k s i  2.91 9.87 13.03 20.66 
a~ic, ksi -- 0.30 -- 1.03 -- 0.51 -- 0.82 

(=) L = de f l ec t ion ,  p = r a d i u s  of  c u r v a t u r e  of  b o w e d  s t r i p ,  P = 
load ,  "Y = n e u t r a l  ax i s ,  ~b = b e n d i n g  s t r e s s ,  a.~r = m a x i m u m  f ibe r  
s t r e s s  {see Fig .  2 a n d  A p p e n d i x ) .  

(b) E l e c t r o l e s s  n i c k e l  p l a t e d  a t  90~ 
(c) H e a t e d  to 20O~ a n d  f u r n a c e  cooled. 
(~ )S t re s s - re l i e f  a n n e a l e d  a t  190~ fo r  5 hr .  
(~) H e a t e d  to 2 4 0 ~  J a r  20  h r  a n d  f u r n a c e  cooled .  

same curves upon heating and cooling. These results 
suggested that  a solid-state reaction occurred upon 
heat t reat ing at ~180~176 This produced a volume 
change in the electroless-nickel microstructure which 
was constricted on one side by the bery l l ium sub-  
strate. Hence, an increased curvature  of the com- 
posite resulted. These tests demonstrated that the 
Nir deposits are metastable structures and that tem- 
perature  excursions and /o r  heat t reatments  can in 
fact increase residual  stresses which adversely affect 
dimensional  stability. In the absence of s t ructural  
changes in a coating, a change in curvature  with var i -  
ation in temperature  resulted from a tempera ture  de- 
pendence of the difference in coefficients of thermal  ex- 
pansion between bery l l ium and nickel, A~ = (~Ni 
-- ~r This is seen by the reversibi l i ty of the change 
in bow-out  upon heating and cooling observed for the 
composites. The na values were calculated by using the 
radius of curva ture  of the bowed bery l l ium-nicke l  
composite as follows (16) : 

tiE1 1 ] 

t2 ~ t2 " - - ~  t lE1 / t2E2  [1]  1)2 6p~r (I +~ 

Table II. Stress distribution in electroless nickel coated beryllium strips 

S p e c i m e n  A 

Symbol (a )  1 2 3 

S p e c i m e n  B S p e c i m e n  C S p e c i m e n  D 

1 2 3 1 2 3 J a n .  1967 1 2 3 ~  

L 0,0326 0 .1348 0.1102 
b 0.2977 0.2942 0.3043 
C 3.82 4.11 4.16 
t l  6 5 6 
t2 9,11 9.77 9.06 
o 55.97 15.73 19.69 
P 7.32 24.81 21.14 

6 . 9 0  6 . 8 0  6.87 
P/AI 4,10 16.87 11.58 
P/As - -2 ,70  - - 8 . 6 3  - -7 .67  
o'b.~ 5.42 19.01 15.36 
~b2a -- 1.74 -- 8.32 -- 4.89 
~blB --1.19 --5.88 --3,33 
a b l e  - -  4 . 4 0  - -  1 5 . 2 1  - -  12 .48  
am2A 2 . 7 2  1 0 . 3 8  7 . 6 9  
~ B  -- 4,44 -- 16.95 -- 12.56 

~rM]B 2.91 11.19 8.25 
(~rlC - - 0 . 3 0  1 . 6 6  - - 0 . 9 0  

0.1541 0.1583 0.1950 0.0730 0.0689 0.0674 0.0861 0.2753 0.2864 0.2056 
0.2929 0.2978 0 .2968 0 ,2929 0 .2898 0.2880 0 .3130 0 .2919 0 .2913 0.2962 
4.15 4.15 4 .14 4.16 4.14 4.1 3.68 4 .10 4.08 4.12 
5.77 6.17 5.67 3 .44 3.18 3.75 5.2 5.07 5.00 4.97 

10.40 10,02 9.37 8.59 9.61 9,78 10,5 9,47 8,73 9.80 
14.05 13.68 11.08 29,67 31,13 31,21 19.49 7.77 7,41 10.42 
33.05 34.47 36.59 8.80 9.49 10.44 24.10 48.21 44.88 37.71 

7.42 7.40 6.88 5.59 5.98 6.30 7.23 6.68 6.29 6.80 
19.56 18.76 21.76 8.73 10.30 9.67 14.81 32.57 30.81 25.62 

- -  10.85 - -  11.55 - -  13.17 - -  3.50 - -  3.41 - -  3 .70 - -  7.33 - -  17.44 - -  17.65 - -  12.90 
23.24 23.82 27.32 8.28 8.46 8.88 16.33 37.82 37.37 28.70 

-- 9.34 -- 8.42 -- 9.88 -- 4.46 -- 5.13 -- 4.93 -- 7.38 -- 15.80 -- 14.47 -- 12.68 
- -  6 .37 - -  5.73 - -  8 .73 - -  3 .04  - -  4 .08 - -  3 .36  --  5.03 - -  10.78 - -  9.87 - -  8.64 

-- 18.69 - -  19.27 - -  22.00 - -  6.51 - -  6.56 - -  8.97 --  13.04 - -  30 .35  --  30.11 - - 2 2 . 9 5  
12.39 12.26 14.15 4.79 5.05 5.17 8.99 20.38 19.73 15.70 

- -20 .19  - -19 .97  - -23 .04  - -7 .95  - -8 .53  - -8 .63  - -14 .71  - -33 .24  ~ 3 2 . 1 2  - -26 .57  
13,19 13.03 15.03 5.69 6.22 6 .31 9 .78 21 .79  20.94 16,98 

0,87 - -0 .51  - -0 .33  2.22 3.74 2.11 1.77 2.22 0.70 2,67 

(~) L -- d e f l e c t i o n  ( i n c h ) ,  b = s t r i p  w i d t h  ( i n c h ) ,  C = l e n g t h  of 

o f  b o w e d  s t r i p  ( i n c h e s ) ,  P = l o a d  (ks i ) ,  Y" = n e u t r a l  ax i s  ( m i l s L  
fiber stress (ksi) (see Fig. 2 and Appendix). 

b o w e d  s t r i p  ( i n c h e s ) ,  t = t h i c k n e s s  ( m i l s ) ;  p = r a d i u s  of c u r v a t u r e  

A = a r e a  ( s q u a r e  i n c h e s ) ,  #b = b e n d i n g  s t r e s s  (ks i ) ,  cr~ = m a x i m u m  
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Fig. 3. Response of electroless-nickel-coated beryllium strips 
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Fig. 4: Variation of the difference in coefficients of thermal 
expansion between electroless nickel and beryllium with tempera- 
ture change. 

and 
C 2 -? 4L 2 

p = [2] 
8L 

where p is radius of curvature,  t is thickness, E is 
tensile modulus, T is temperature,  C is length of 
bowed-composite, and L is bow-out  (see Fig. 2). Fig-  
ure 4 summarizes the variat ion of ( ~ N i - - ~ B e ) W  with 
change in temperature.  The difference in coefficients 
of thermal  expansion ini t ial ly increased up to a tem-  
perature difference of AT ~ 20~ = 25~176 
then decreased at an approximately l inear  rate of 

( i n ' / i n ' )  / o C u p t o ~ 1 9 O O C w h i c h w a s  ~6  x 10 -9 o----~ 

the max imum temperature  reached in these studies. 

Discussion 

Since the magni tude  of bow-out  for the Be-Ni(p) 
composites was used to calculate residual  plat ing 
stresses, a th inner  substrate allowed greater bending 
and in fact increased the sensit ivity of the stress mea-  
surements;  however, thin bery l l ium strips presented 
some problem in handl ing  dur ing masking, plating, 
cleaning, etc. Some bending of the strips during 
handl ing could have introduced error into the stress 
calculations. Yet, coated samples from each plat ing 
company were very consistent with respect to ini t ial  
absolute amount  of bow-out  which suggests that  
either all strips wi thin  each group of three coated 
specimens were bent  the same amount  dur ing handl ing 
or that the ini t ial  bending pr imar i ly  reflected the 
specific coating conditions used. This lat ter  explana-  
tion is more plausible. Also, the calculations for stress 
result ing from a difference in coefficients of thermal  
expansion utilized only the change in bow-out  (AL) 

as a function of thermal  t reatment .  Thus, the ini t ial  
absolute value of bow-out  was not a significant factor 
affecting these calculations and conclusions. 

It is recognized that the use of electroless nickel 
coatings on bery l l ium will  in fact produce deleterious 
residual stresses wi thin  the composite due to such fac- 
tors as plat ing stresses, s t ructural  instabi l i ty  of the 
N i + P  lattice, difference in coefficient of thermal  ex- 
pansion, etc. Barnes stated that  wi thin  the present 
state of technology there exists a necessity for using 
electroless nickel and that good engineering and proc- 
ess control should mitigate the inherent  disadvantages 
(17). Barnes calculated the stress magni tude  for an 
ini t ia l ly plane, 61-cm-diameter,  5.08-cm-thick, nickel-  
coated bery l l ium mirror  resul t ing from a 10~ change 
in temperature.  He reported that  the change of stress 
in the bery l l ium substrate would be 0.006 ksi (tensile) 
and, in the nickel layer, 0.70 ksi (compressive).  By 
using bow-out  vs. tempera ture  data such as shown in 
Fig. 3, the change in deflection (bow-out)  with tem- 
perature  can be approximated for two ranges of t em-  
perature  as follows: 

AL 
(T = 0 to 100~ ~ 0.38 mi l /~  

Z~T 

~L 
(T : 100 ~ to 200~ - -  ~ 0.2 mi l /~  

AT 

[3] 

Table IV summarizes the effect of a change in de- 
flection resul t ing from a given thermal  t rea tment  on 
ma x i mum fiber stresses at a Be-Ni(p) interface. From 
these data and by using the relationships given in 
Eq. [3], a change in tempera ture  of 10~ would be 
expected to change the stress levels in a bery l l ium 
substrate and electroless-nickel layer  by the following 
amounts:  
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Table IV. Effect of change in deflection on maximum fiber stress (a) 

Bow-ou t ,  0" in  Be, ~ in  Ni,  AL, AeMsB, A6M~s, Ar ksi ,  A~rM1B, ksi,  
S p e c i m e n  C o n d i t i o n  L, m i l s  ~Jr~B, ks i  ~ n '  ks i  m i l s  ks l  ks i  AL, m i l  /~L, m i l  

A1 Af t e r  s t ress  r e l i e f  110.8 - 1 5 . 0 5  9.87 
A1 A s - p l a t e d  32.6 -- 4.44 2.91 
A1 88.2 + 10.61 -- 6.96 + 0.123 -- 0.08~ 
B2 A f t e r  H T  at  240~ 253.3 - 3 1 . 6 7  20.66 

(20 hr) 
B2 A f t e r  s t ress  r e l i e f  158.3 - 1 9 . 9 7  13.03 
B2 95,0 + 11.70 - 7,63 + 0.120 -- 0.092 

(~ ( - - )  = compressive stress; ( + ) = t ens i l e  stress.  

Max~inBe(qM2B):  ( 0 . 3 8 m i 1 ~ (  ksi '~ 
~ / \  0.12 r a i l )  (10~ = 

+ 0.456 ksi [2] 

T = 0-100~ 

ksi 
Max=inNi( r  rail ) ( - - 0 " 0 9 - r a i l /  (10~ = ~  

-- 0.342 ksi 

( mil)( ksi~ 
Max �9 in Be (~M2B) : 0.2 0.12 (10~ :- 

~ ~-/ 

+ 0.24 ksi 

T---- 100~176 

( mil)( ksi~ 
M a x ~ i n N i  (~M1B): 0.2 ~ --0.09 m i [ ' /  (10~ = 

-- 0.18 ksi 

Whereas the change in compressive stress in an elec- 
troless-nickel  deposit for a 10~ tempera ture  is in 
fair agreement  with Barnes (17), the residual stress 
change in a bery l l ium substrate differs greatly. This 
difference can be rationalized by considering the de- 
r ivations used to calculate stress levels. Barnes used 
a plate model with strain depending only on the tem-  
perature change, ignoring any stress relief by bending. 
A Beam model was used in the present  study and 
stress levels were deflection governed (see Appendix)  
with deformation a function of the relative elastic 
moduli  and thicknesses of a beryl l ium substrate and 
the nickel layer. The important  difference between 
these two approaches is that  the present  study recog- 
nized the influence of volume changes of the nickel 
layer as a de terminant  of imposed stress. Barnes as- 
sumed that  since plat ing is done at 80~176 a stress- 
free layer is deposited and that subsequent  cooling to 
room tempera ture  produces some stresses in the com- 
posite ( tempera ture-governed) .  This was, indeed, ob- 
served here. However, he fur ther  assumed that  sig- 
nificant stress relief may occur at the 190~ anneal  
commonly given to electroless-nickel deposits, whereas 
it was shown that  this t rea tment  causes finite volume 
changes in the N i + P  metastable structure, thereby in-  
creasing the magni tude  of the residual  stresses in the 
Be-Niep) composite. 

It  is well  substant ia ted in the l i terature that  no 
precipitat ion of Ni3P occurs at temperatures  below 
200~ Contract ion of a metastable  N i + P  lattice de- 
tected in this study by a change in curvature  upon 
heating to 200~ is most probably  a t ransformat ion 
of the electroless-nickel lattice from a structure of 
relat ive disorder to one of higher order. This is l ikely 
to be an ordering of nickel and phosphorus atoms in 
the first stage of forming a Guin ie r -Pres ton  type of 
zone. It is evident  that  more informat ion is needed 
about the behavior of electroless nickel, not only to 
define the as-plated s tructure but  also to study the 
precipitat ion kinetics and the relat ive in terplay of 
volume effects and tempera ture  response (as) of an 
electroless-nickel-coated/metal l ic  substrate  composite. 

For most applications of electroless nickel, residual 
stresses of the order found above can be tolerated; 
however, for diffraction-limited precision optical sur-  
faces, these stresses may produce unacceptable dis- 
tortions. 

Summary 
1. Electroless-nickel deposition on beryl l ium results 

in a significant level of residual  stress wi thin  a com- 
posite due to both volume effects and temperature  
response. 

2. Upon heating to temperatures  below 200~ a 
contraction in the metastable N i + P  structure results, 
presumably  from a t ransformat ion to a more ordered 
lattice, probably the first stage in development  of 
G-P  zones. This leads to high stresses in the elec- 
t roless-nickel  deposit and its substrate. 

3. Temperature- imposed stresses in Be-Ni(~,) com- 
posites result  from a difference in coefficients of ther-  
mal  expansion. This difference (~Ni--~Be)W increases 
in the range 25 ~176 and then decreases approximately 

/ in.An. \ 
l inearly at a rate of ~6  X 10-9~_ ~ ) / ~  

4. The tempera ture  response of electroless-nickel-  
plated beryl l ium was independent  of commercial  plater 
and reproducible upon repeated thermal  cycling after 
any volume effects were stabilized. 

5. Stresses at the interface of a Be-Ni~,~ composite 
after plating at --- 90~ and cooling to ambient  tem- 
perature in the order of 2000-5000 psi can be expected 
to increase after a stress relief anneal  to 10,000-15,000 
psi due to volume effects. 
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A P P E N D I X  

Calculation of Residual Stresses 
Procedures  and formulas  adap ted  ~rom (a) S. 

Timoshenko, "St rength  of Mater ials ,"  pp. 217-219, 
P. Van Nos t rand  Co., (b) A lbe r t  G, H. Dietz, "Engi-  
neer ing Laminates ,"  p. 354, John Wiley  & Sons, New 
York  (1949). 

F rom Dietz: ~ = AaAT : f (p, El, E2, tl, t.,) 
ESL 

(from Fig. A - l )  P/A -- 
L 

Assume: coating and s t r ip  are  the  same length  (L) ;  
then Fig. A-2  is equiva lent  to Fig. A - l ,  resul t ing  in 
the appearance  of a net  moment  as shown in Fig. A-2,  

PL 

EI 
M =  

# 

bt ~ 
I =  

12 

P L  
{ - - -  

A 2E 2 
= bL [ A - l ]  

A l E 1  

P .,t:E1 + = E-- [A-2] 

t ,,, FIGURE A-L (2) ~,~__ 

FIGURE A-2. (2} 

3__ 

(2)  

A (1) 

B ~ o'zs 

(2)  

CzA 

Assume: gz > E~ 

.I 
FIGURE A-3,  

FIGURE A-4.  

F--b~--"l 

d I I d , 

_~- ~ ' -  - N eu--~( 2 -)o x ig"~ - ' - - ~  "- 

IN  \ \  I-~ 
.N I x, ~ I_t_ 

P/s I'~" <-~di,~,,- 

p (  bt2E2 + btlEi .) 5L 
b2hElt2E2 = ~ [A-3] 

bL ( btlt2E1E2 ) 
P = - -  [A-4] 

L hE1 -I- t2E2 
P t2E2 

~"'2 = + - -  [A-5] 
A2 2p 

P tiE1 
A2 2p 

Equat ion [A-5] does not  consider  the neu t ra l  axis; 
therefore,  construct  a beam of one ma te r i a l  to re -  
place the  composite hav ing  the same stiffness (AE) 
and dimensions (b, tl, t.~) bu t  an i r regu la r  cross sec- 
t ion (Fig. A-3 ) .  

Equiva len t  stiffness 

AIlE2 : AIEz 

( ' )  E2b ~ tl : bElt1 

bt2 a b ( -~2 tl~ 
Iy-~ -~ + Alld22 A-" 12 + A12dl 2 [A-6] 

y b t 2 - I - b ~ t l  
E2 

_ t2 + - -  bt2 ~-- ( E1 

y = [A-8] 
t2 + (E1/E2)tl 

I = - -  

P = 
E2b f t23-~ (E1/E2)t13 [ 

2p(h + t2) 3 A- 

+ 

Let:  

2 - t - (  E1 
 )t,2 

- -  ~ -  -f- tlt2 

y =  
t2 -~- (El/E2) tl 

2 2t2 -I- 2tl (El~E2) 
( h ) _ t22-{-tlt2 

dl = t2 A- ~-- - -  Y = 2t2 + 2tl (El~E2) 

bt2 ~ [ (E1/E2)tl2 + (E1/E2)tlt2 ] 2 
12 nu bt2 2t2 -t- 2tl (E1E2) 

b(E1/E2)tl3 [ t22 + tit2 ]2 
12 + (El/E2) btl 2t2 n u 2h (E1/Ez) 

[A-9] 

[A-10] 

[A-11] 

E1 
e =  

E2 

[A-12] 

b f t2~ -t- etl  3 
I =  3 + 

e2t~4t2-F2et~Sta2-}-e2t~2t28-Fetlt24-t-2et~2t28-}-etl~tz2]} 

I t2 2 + 2eht2-t- e~h 2 
[A-13] 

[A-7] E2b r t2 3 "3 L etl 3 
P = 20(tt -t- t2) l 3 

nu[ etlt2(et13-~-2et12t2-~-etlt22-t-t232c2tlt22Jct12t2)] } t 2  2 -4- 2 etlt2 + e2tl 2 

[A-14] 

(E1/E2)tlt2{ (EI/E2)tl~+t,2t2(2(E1/E2) + 1 ) + t i t 2 2 [ 2 +  (El~E2)]+t23} 1 l 
] J t22-t- 2 (El~E2) ht2-P (El~E2) 2t12 

[A-15] 
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M a x i m u m  F i b e r  St ress :  (see Fig.  A - 4 )  

E2 ~ E1 

tens ion  = + 

compress ion  ~- - -  

P 
u n i f o r m  stress  = - -  

A 

My Ey 
bend ing  s t ress  = ~ (El~E2) or  . - -  

I p 

P E2y 
~ 2 A  - ~ -  ~ ~ - ~  

Ao. p 

~r2B __-~ 
P E2 (t2 - -  y-) 

A2 p 
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[A-16] 

[A-17] 

L 
P E1 (t2 - -  y)  

~l~ = + [A-18] 
A~ p 

P E l ( t l  -/- t 2 ~ y )  
~1c = + '  [A-19] 

At  p 

a = coefficient  of t h e r m a l  expans ion  
T = t e m p e r a t u r e  
p = rad ius  of  c u r v a t u r e  

E ~ modulus  of  e las t i c i ty  
t ~ th ickness  

A ~ a rea  
L ~ l eng th  

M ~ bend ing  m o m e n t  
I = m o m e n t  of  i ne r t i a  

P ~ load  
a,~ ~ m a x i m u m  stress 
Cb ~ bend ing  stress  
b ~ w id th  
y = n e u t r a l  axis  

( E I ) N i ~ p )  ~ 30 x 1 0  6 psi 
(E2)I~e ~ 44 x 106 psi 

The Infrared Interference Method of 
Measuring Epitaxial Layer Thickness 

P. A. Schumann, Jr.* 
International Business Machines Corporation, Components Division, 

East Fishkill Laboratory, Hopewell Junction, New York 

A B S T R A C T  

The  i n f r a r e d  i n t e r f e r e n c e  m e t h o d  of  m e a s u r i n g  the  l aye r  th ickness  of  
s i l icon layers  depos i t ed  on h e a v i l y  doped  subs t ra tes  of t he  same t y p e  is a 
w e l l - k n o w n  t echn ique .  The  co r rec t ion  fac to rs  and  t h e o r e t i c a l  mode l s  in ex i s t -  
ence  a r e  d iscussed and the i r  l imi ts  of  app l i ca t ion  defined. I t  is shown  that ,  for  
mos t  cases, it is not  neces sa ry  to co r rec t  for  the  prof i le  of impur i t i e s  in the  
ep i t ax i a l  l aye r  due  to ou t -d i f fus ion  and  au todoping .  A n e w  m e t h o d  of  ca l -  
cu la t ing  the  th ickness  f rom the  i n t e r f e r e n c e  m a x i m a  and m i n i m a  is p r e s e n t e d  
w h i c h  inc ludes  t he  phase  shi f t  and w a v e - l e n g t h  d e p e n d e n c e  of the  ref lec t ion  
at the  l a y e r - s u b s t r a t e  in te r face .  I t  is shown  that ,  w i t h  a s p e c t r o p h o t o m e t e r  
capab le  of  scann ing  the  w a v e - l e n g t h  r ange  2.5-50~, l a y e r  th icknesses  to 0.8~ 
can  be measu red .  Compar i sons  a re  m a d e  b e t w e e n  this  t e chn ique ,  a s ta in  t e c h -  
n ique ,  and  the  sp read ing  res i s tance  t e c h n i q u e  for  N / N  + and P / P +  s i l icon w i t h  
l aye r  th icknesses  f r o m  1.5 to 16~. The  p rec i s ion  of the  i n f r a r e d  i n t e r f e r e n c e  
t e c h n i q u e  is q u o t e d  and  co r r e l a t i on  cu rves  b e t w e e n  t h e  t e c h n i q u e s  a re  p r e -  
sented.  

The  i n f r a r e d  i n t e r f e r e n c e  m e t h o d  of  m e a s u r i n g  the  
th ickness  of ep i t ax i a l  l aye r s  depos i t ed  on h igh ly  doped  
subs t ra tes  of  t h e  s a m e  c o n d u c t i v i t y  t y p e  is accep ted  as 
a prec ise  and  use fu l  t echn ique .  I t  has p r i m a r i l y  been  
used on s i l icon but  some  use has  been  m a d e  on ge r -  
m a n i u m .  T h e  t e c h n i q u e  was  i n t roduced  by  Sp i t ze r  and 
T a n e n b a u m  (1) in 1961. L a t e r  t ha t  s a m e  year ,  G r o -  
chowsk i  and  P l i sk in  (2) desc r ibed  i m p r o v e d  m e a s u r e -  
m e n t  t e chn iques  and c o m p a r e d  the  i n f r a r e d  i n t e r f e r -  
ence  t e c h n i q u e  w i t h  a s ta in  t echn ique .  A l b e r t  and 
Combs  (3) discussed the  t echn ique ,  aga in  c o m p a r i n g  
it  w i t h  a stain.  T h e y  d e v e l o p e d  f r i nge  char ts  and  
po in ted  ou t  tha t  as t he  re f lec t iv i ty  of t he  l a y e r - s u b -  
s t r a t e  i n t e r f a c e  was  chang ing  w i t h  w a v e  length ,  t he  
posi t ions of  t he  m a x i m a  and  m i n i m a  mus t  be d e t e r -  
m i n e d  by  the  e n v e l o p e  t echn ique .  S e v e r a l  of the  p r e -  
ced ing  paper s  d iscussed the  condi t ions  necessa ry  for  
i n t e r f e r e n c e  f r inges  to be  observed .  I t  was  po in ted  out  
by  S c h u m a n n ,  Phi l l ips ,  and Olshefsk i  (4) tha t  t h e  
phase shif t  on ref lec t ion  at t he  l a y e r - s u b s t r a t e  i n t e r -  
face  was  a func t i on  of w a v e  l e n g t h  and  mus t  be  ac-  
coun ted  fo r  in ca l cu l a t i ng  the  th ickness .  These  phase  
shif ts  w e r e  t a b u l a t e d  (5, 6) and  h a v e  been  used  suc-  
cess fu l ly  for  rou t ine  m e a s u r e m e n t .  T w o  paper s  (7, 8) 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

w e r e  pub l i shed  on the  effects  of the  i m p u r i t y  profile 
due  to ou t -d i f fus ion  and au todop ing  in t he  ep i t ax ia l  
l aye r  on the  ref lect ion spec t ra  of  N / N  + si l icon wafers .  
Abe  and Ka to  (7) desc r ibe  t h e  ref lec t ion  in t e r m s  of a 
m u l t i l a y e r e d  s tep func t i on  a p p r o x i m a t i o n  to a compl i -  
m e n t a r y  e r ro r  func t ion  profile.  Sato, I sh ikawa ,  and  
S a g a w a r a  (8) deve loped  an e f fec t ive  i n d e x  of r e f r ac -  
t ion of t he  l aye r  w h i c h  accounts  for  the  same  t y p e  of 
profile. It  is shown  in this  pape r  tha t  it is not  necessa ry  
to account  for  t he  i m p u r i t y  prof i le  in t he  ep i t ax i a l  
l aye r  if e r ro r s  r a n g i n g  up  to 4% in th ickness  can  be 
to le ra ted ,  p r o v i d e d  the  w a v e - l e n g t h  d e p e n d e n c e  of t he  
phase  shif t  and re f lec t iv i ty  of t he  l a y e r - s u b s t r a t e  i n t e r -  
face  a r e  i nco rpo ra t ed  in the  ca lcula t ions .  

The  prec i s ion  of the  t e c h n i q u e  is pe rhaps  t h e  best  of 
any  of the  c o m m o n l y  used  s e m i c o n d u c t o r  ma te r i a l s  
m e a s u r e m e n t s .  The  m u l t i l a b o r a t o r y  t h r ee  s igma p rec i -  
sion of t he  t e c h n i q u e  as d e t e r m i n e d  by  the  A S T M  (9) 
us ing  phase  shi f t  co r rec t ions  and  the  a v e r a g e  of al l  
peaks  and va l l eys  ob ta ined  for  N / N  + si l icon layers  
g r e a t e r  t h a n  5~ is ~- (0.00St ~ 0.25~) and  for  t he  P / P +  
s i l icon layers  is • (0.025t ~- 0.25~) w h e r e  t is t h e  
th ickness  of the  l aye r  to be m e a s u r e d  in microns .  F o r  
this  paper ,  m e a s u r e m e n t s  on t h r e e  w a f e r s  w i t h  t h i c k -  
nesses  of  2, 4, and 8~ w e r e  m a d e  w i t h  a P e r k i n - E l m e r  
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621 spectrophotometer  over  a period of 3 weeks to 
determine  single ins t rument  precision. The reading of 
the position of a single peak or val ley resulted in a 
standard deviated (pooled) of 0.72%. Thickness ob- 
tained from a single peak or val ley using the new cor- 
rections contained in this report  had a s tandard devia-  
tion of 0.82%. In previously published work (2, 3), the 
technique was compared with  various staining pro-  
cedures but no firm correlat ion curve was ever  estab- 
lished. 

The spreading resistance technique (10, 11) of mea-  
suring impuri ty  profiles in epitaxial  layers is well  
suited for comparison with  the infrared in terference 
technique. The impur i ty  profile thus determined can 
be compared with the thickness obtained with the 
infrared in terference technique. 

Theory 
For the reflection from the step function system 

shown in Fig. 1, neglect ing polarization effects which 
will  be small if the angle of incidence is equal  to or 
less than 30 ~ 

rl  ~-[- r2 ~ - 2 r l r 2  COS ( ~ - - r  
R - -  

1 + rl2r22 -- 2r~r2 cos (5 - -  ~) 
where  

(1~.2--nl) 2 -~- k2 2 
T22 : 

(he + n~) 2 + k .,-~ 

and 

1 -  sin 2 r 

where  

r12 ~ ( n l - -  Tt~ ) 2, 
n~ + no 

4~nlh ( 
2n~k~ ) 

r = t a n -  ~ - - - -  
T t l 2  - -  n o 2  - -  k 2 2  

n~ is the index of refract ion 
k~ is the extinction coefficient 
R is the reflectivity of the layer -subs t ra te  system 
r~ 2 is the reflectivity of the a i r - layer  interface 
re -~ is the reflectivity of the layer-subst ra te  interface 

is the phase shift on reflection at the layer-  
substrate interface 
is the angle of incidence 

~. is the wave  length in vacuum 

The factors n~ and k~ are associated with the real  
and complex part  of the complex index of refraction, 
n* = n -- ik. Polarizat ion effects can be neglected in 
this case because, at 30 ~ angle of incidence, the error  
in reflectivity between r]2 and an expression including 
polarization is less than 1% at ~. = 50 ~m. Due to the 
high index of refract ion of the epi taxial  layer, the 
angle of incidence at the layer-subst ra te  interface has 
a max imum of 8 ~ with a 30 ~ angle of incidence at the 

o 

T 
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PI 
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Fig. !. Basic geometry of infrared interference technique 
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Fig. 2 .  Sample of thickness charts for N-type silicon. Normalized 
thickness is plotted as a function of the position of the minima, 
P=1 /2 ,  for various substrate impurity concentrations. 

a i r - layer  interface. The error  in r2 ') is then much less 
than 1%. Both errors are much less than that  at k = 
2 ~,m. 

The value of R was numerical ly  calculated and the 
positions of the maxima and minima determined.  This 
was performed on an IBM 7094 computer  using the 
theory for the optical constants described earl ier  (4, 
12) and produced a series of graphs (13) s imilar  to 
Fig. 2.1 The approximate  order  is usually known, but 
if not it may be calculated f rom 

~]k+m 1 6k Uk+m --  6k+m ~l,k 
P k  + , ,  - -  § 

Uk+~n--u 2 2 f f ( Y k . +  m - -  ~ t k )  

where  

Pk. +., is the order  of the k ~- m' th  fringe, 
ui is the wavenumber  of the i ' th fr inge 
0; is the phase shift at the layer-subst ra te  in ter -  

face for ul 

These charts then make it possible to find the thick- 
ness of the epi taxial  layer without  any calculations for 
the various orders. They include the phase shift correc-  
tions, and since they  are the position of the actual 
maxima or minima as observed they preclude the use 
of the envelope tangent  method. The difference be- 
tween this technique and the phase shift correction 
scheme will  be greatest  for very  thin layers. Figure  3 
shows a calculated reflectivity for an N / N  + s t ructure  
with a layer thickness of 0.5~. The position of the 
max ima  is quite different from the tangent  point of 
the envelope curve  which is also calculated. 

The phase shift corrections apply a correction of 
about + 8 %  and the charts about + 6 %  to the uncor-  
rected thickness values for thicknesses be tween 1 and 
10~. For this comparison the phase shift and uncor-  
rected thicknesses were  calculated f rom 

( -~" "--~--- 1 0 k + , n )  1 
tk+m = P k + ~ - - z + ~ n  2~k +,, [nl2 - -  sin2 r V2 

z N o t e :  A c o m p l e t e  set  of  c u r v e s  is a v a i l a b l e  f r o m  'the a u t h o r  
o n  r e q u e s t .  

WAVELENGTH (MICRONS) 
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Fig. 3. Calculated value of reflectivity for layer thickness of 
0.5~ showing tangent envelope. 
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Table I. Comparison of infrared interference with various techniques to measure epitaxla| thickness 
showing correlation equations and experimental error of fit of correlation curve 

T r e a t m e n t  T1 T2 T3 
@ 1200~ t ,  fIR t sn i  �9 tsRs tSRHP t ,  t i a  tsRP tSRS tSRRP t ,  f i r  tSRP tSRS tSRIIP 

N o n e  4,75 4.91 5.3 4.9 4.8 6.9 7.30 7.3 7.2 7.1 0.78 1.17 1.32 0.97 0.85 
30 r a in  4.42 4.85 5.3 4.6 4.5 6.5 7.19 7.4 6.7 6.5 0.63 1.21 1.32 0.74 0.65 
60 r a in  - -  4.82 5.4 4.3 4.1 - -  7.03 7.3 6.3 6.0 . . . . .  
90 r a i n  -- 4.72 5.0 4.1 4.1 . . . . . . . .  
M a x i m u m  c h a r g e  (pe r  cen t )  - -  3.9 7,4 16.3 14.6 ~ 3.9 1.--3 12.5 15.5 19.3 3.3 0"~ 23.7 23.5 

For the uncorrected case ek+m was assumed to be 
zero. In  all  cases, the thickness was obtained for all 
the maxima and min ima  observed, and averaged. As 
many  as 12 orders were observed in some cases. The 
variance of all the thickness values was calculated 
about the mean and averaged over all the wafers mea-  
sured. The square root of the average variance is a 
measure of the consistency of the technique and was 
9.2% uncorrected, 5.1% phase shift corrected, and 3.6% 
chart  corrected. 

Compar ison  with Stain and Spread ing  Resistance 
The wafers measured by the infrared interference 

technique were beveled at a shallow angle and spread- 
ing resistance profiles were made. The bevels were 
later  stained with a silver stain (14) whose composi- 
t ion was: 100 ml  48% HF, 2 ml  HNO3, and 1 ml  AgNO:~ 
sol. 

The silver n i t ra te  solution was composed of 2g 
AgNO3 in 100 ml H20. The stain was developed with 
i l luminat ion and observed under  low magnification. As 
soon as bubbles began to appear, the stain was 
quenched with water. The thickness thus read is 
labeled ts. 

The spreading resistance profiles were made by the 
technique described earlier (11). A sample profile is 
shown in Fig. 4. Several  techniques were used to de- 
termine the thickness from the profile. It is clear be- 
cause it is a profile that  there is no definite demarca-  
tion of thickness. The slope method used the intersec- 
t ion of the tangent  of the downward portion of the 
profile and the tangent  l ine to the peak value, labeled 
tsas. The thickness of max imum impur i ty  concentra-  
t ion is labeled tsRp, and the thickness of half the maxi -  
mum impur i ty  concentration,  tSaHV. These thickness 
values along with those determined by the infrared in -  
terference method are shown in Fig. 4 for that sample. 
The general  relationships between these thickness 
values and the rms per cent error of the fit of the cor- 
relat ion curves which was obtained by a least squares 
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Fig. 4. Sample spreading resistance profile of epitoxial N /N  + 
structure showing position of thickness measurements. 

technique are given in Table I. The best agreement  
from 1 to 10~ is with the spreading resistance peak 
technique, as the infrared interference technique indi-  
cates a thickness slightly less than  the peak concen- 
tration. 

All wafers studied in this report were grown in a 
horizontal epitaxial  reactor by the hydrogen reduction 
of SiCI4 at 1210~ with a 2-min postdeposition bake in 
hydrogen at the deposition temperature.  

The half peak technique should be the most accurate 
indication of the metal lurgical  interface. The stain 
technique seems to indicate a position on the profile 
below the peak. The spreading resistance slope tech- 
nique and the stain indicate almost the same thickness. 

Effect of Altered Profile 
Three of the wafers grown by the s tandard epitaxial  

process were subjected to various heat t rea tments  in 
order to alter the impur i ty  profile in the layer. These 
layers had nominal  thickness of 1.77, 4.91, and 7.39 
before heat t reatment .  The same stain, infrared, and 
spreading resistance techniques were used to deter-  
mine thickness. The uncorrected spreading resistance 
profiles are shown in Fig. 5, 6, and 7. It  is apparent  
from these that  the impur i ty  profile was altered sig- 
nificantly by the heat t reatments.  Table II lists the 
results obtained by the various thickness methods de- 
scribed. Figure 8 is a plot of the per cent change in 
thickness from the untrea ted  case as a funct ion of the 
heat t rea tment  t ime averaged over all the wafers. The 
infrared interference technique of measur ing the thick- 
ness is much less sensitive to changes in the impur i ty  
profile than  all of the other techniques except the 
spreading resistance peak method. 

The stain technique was not able to resolve those 
layers which were heat t reated more than  30 min. The 
stain region was too broad and shaded. With the ex- 
ception of the data point at 60 min, the infrared and 
spreading resistance values t rack very well. In  all 
cases, the spreading resistance slope and spreading 
resistance half-peak values were comparable. 
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Fig. 5. Effect of heat treatment time at 1200~ on the profile of 
an N / N  + silicon epitaxial layer, T i ,  as obtolned by spreading re- 
sistance. 
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Fig. 6. Effect of heat treatment time at 1200~ on the profile 
of an N / N  + silicon epitaxial layer, T2, as obtained by spreading 
resistance. 
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Fig. 7. Effect of heat treatment time at 1200~ on the profile 
of an N / N  + di silicon epitaxial layer, T3, as obtained by spread- 
ing resistance. 

Conclusions 
Several  conclusions can be drawn regarding N/N + 

and P / P  + epitaxial  silicon from the data presented in 
this paper: 

1. The infrared interference method measured the 
location in depth of a point on the impur i ty  profile 
which is close to the max imum impur i ty  concentration. 
The measured thickness decreases as the profile be-  
comes less abrupt.  

Table II. Comparison of various techniques to measure epltaxial 
layer thickness as a function of heat treatment to alter profiles 

RMS 
C o r r e l a t i o n  e q u a t i o n  e r r o r  

T e c h n i q u e  w i t h  i n f r a r e d  in f luence  of  fit, % 

S t a i n  tiR = 1.054 t .  + 0.196 10.I 
S p r e a d i n g  
resistance 
slope f i r  = 1.018 tSRS + 0.272 6.6 
S p r e a d i n g  
resistance 
peak t iR = 0.936 tSRF + 0.058 7.5 
Spreading 
resistance 
h a l f  p e a k  tiR = 1.022 tSRHP + 0.327 7.0 

2. The stain method measures a position on the steep 
portion of the impur i ty  profile which is approximately 
that given by the spreading resistance slope technique. 

3. The infrared interference technique as practiced 
in this paper  is relat ively independent  of the shape of 
the impur i ty  profile and thus for the variat ions in pro- 
files normal ly  encountered it is not necessary to in -  
corporate addit ional profile corrections. For the dras-  
t ically altered profiles a max imum change of 4% in 
thickness was measured. 

4. Both the s ing le - ins t rument  and mul t i labora tory  
precisions are good for the infrared interference tech- 
nique as practiced in this paper. 

5. The lower l imit  of measurable  thickness is 0.8 ~m 
if a 4% error can be tolerated. Thinner  layers can be 
measured but  the effects of the profile become more 
important .  
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Preparation and Properties of Epitaxial Gallium Arsenide 
M. Maruyama, S. Kikuchi, and O. Mizuna 

Central Research Laboratories, Nippon Electric Company,  Limited,  Kawasaki ,  Japan 

ABSTRACT 

High-pur i ty  epitaxial  layers of n - type  gal l ium arsenide have been grown 
by vapor deposition, using the reaction of arsenic trichloride with gallium. The 
pur i ty  of the layers was significantly increased when nomina l  99.9999+% 
arsenic trichloride was substi tuted for nomina l  99.999+ % material.  When the 
less-pure arsenic trichloride was used, there was a systematic var iat ion in 
the electrical properties of layers grown in successive runs  with the same 
gal l ium source. Resistivity and Hall  coefficient measurements  were made 
between 3 0 0  ~ and 4.2~ The ma x i mum electron Hall  mobili t ies were 9180, 
164,000, and 175,000 cm2/v-sec at 300 ~ 77 ~ and 50~ respectively. No im-  
pur i ty  band conduction was observed even at 4.2~ in pure samples. 

Recent work on GaAs (1-4) has indicated that  vapor 
phase epitaxial  growth using the reaction (5) of 
arsenic trichloride with gall ium is an excellent method 
to prepare h igh-pur i ty  and high-mobil i ty  gall ium 
arsenide. We have used the method and obtained layers 
with max imum electron Hall  mobil i ty  up to 175,000 
cm2/v-sec and room-tempera ture  mobil i ty up to 9180 
cme/v-sec, carrier concentrat ions usual ly being in the 
range 1 x 1014-4 x 1014 cm -3. It is the purpose of this 
report  to describe the preparat ion and electrical prop- 
erties of h igh-pur i ty  gal l ium arsenide epitaxial  layers 
grown from the vapor phase by using the reaction of 
arsenic trichloride with gallium. 

Growth Procedure and Electrical Measurements 
Start ing materials were gal l ium (Eagle-Picher In-  

dustries 99.99999%), arsenic trichloride (Mining and 
Chemical Products 99.999% and Mitsubishi Metal Min- 
ing Company 99.9999%), and palladium-diffused hy-  
drogen. 

The substrates were Cr-doped semi- insula t ing GaAs 
( room-tempera ture  resistivity ~ l0 s ohm-cm) pre-  
pared by horizontal  boat growth and cut in the (100) 
plane. The wafers with mirror l ike surfaces were ob- 
tained by lapping with Carborundum and mechanical  
polishing with diamond paste on a rotat ing pad. They 
were degreased in boil ing tr ichloroethylene three times 
and stored in ethyl alcohol. They were l ightly etched 
with the solution of 3H2SO4 + H202 + H20 and finally 
washed in deionized water  before use. 

A two-zone furnace was used for this work. The 
reaction tube, substrate holder, gall ium boat, and 
AsC13 bubbler  were made of h igh-pur i ty  quartz. The 
dimensions of the reaction tube  were about l m  in 
length and 37 mm ID. Gas supply tubing and valves 
were made of stainless steel. The quartz parts were 
cleaned with aqua regia and r insed with deionized 
water. 

The epitaxial  process was as follows. Twenty-f ive 
grams of gall ium were put in the first zone of the re-  
action tube. The reaction tube was flushed with hydro-  
gen and the furnace was tu rned  on.  Both zones were 
set at 850~ When the furnace was heated up to the 
operat ing temperature,  hydrogen was bubbled at a rate 
of 300 cc /min  through the AsC13 held at 25~ for 1 hr 
and gall ium was completely saturated with arsenic. 
After the saturat ion was achieved, the reaction tube 
was flushed with hydrogen and the furnace was cooled 
to room temperature.  Then  the substrate  was put  in 

the second zone. The reaction tube was again flushed 
with hydrogen and the furnace was tu rned  on. The 
temperatures  were held at 850~ for the source gall ium 
and at 730~176 for %he substrate. The tempera ture  
gradient  in the vicini ty of the substrate was 10~ 
The flow rate of the hydrogen gas saturated with AsCI:~ 
at 0~ in the bubbler  was about 300 cc/min,  corre- 
sponding to about 5 x 10 -5 moles/ra in  of AsC13. The 
growth rate was about 15 ~/hr. 

The Hall coefficient RH and resistivity p were mea-  
sured from 300 ~ to 4.2~ on bridge-shaped samples 
formed by etching. The carrier  concentrat ion n was 
calculated from the relation n = 1/RHe, where R~ is 
the value measured at 6000 gauss. The electron Hall 
mobi l i ty  was calculated from the Hall coefficient mea-  
sured in  low magnetic field (650 gauss). 

The donor concentrat ion ND, acceptor concentrat ion 
NA, and donor ionization energy ED were estimated 
from RH VS. T curves, using the relat ion (6) 

n(NA ~ n)  = Nc e x p (  ED ) 

( N D  - -  NA --  n) D kT  

where D is the degeneracy of the donor level, T the 
absolute temperature,  and Nc the effective density of 
states in the conduction band, given by 

( 2~m*kT ) 3/2 
Nc = 2 h 2 

where m* is the density of states effective mass of the 
electrons. In the present calculation, the values m* = 
0.0072 me (7) and D = 2 were used. 

Dislocations were revealed on the (111) gal l ium 
plane by chemical etching with the solution (8) 3HNO3 
+ 4H20. The dislocation density in the layer 5-10~ 
apart  from the epi taxia l -subst ra te  interface was less 
than  that  in the substrate  by a factor of 1-2 as re-  
ported previously (9). The dislocation density in the 
substrate was about 103-104 cm -2. 

Results and Discussion 
The epitaxial  layers grown in ini t ial  experiments  

exhibited considerable scatter in their  electrical prop- 
erties, with n vary ing  from 1013 to 1015 cm -a  and  ~H 
at room tempera ture  varying from 1000 to 7000 cm2/v - 
sec. This scatter resulted from the presence of leaks in 
the growth apparatus, and may have been due to con- 
tamina t ion  by 02 or H~O. I t  was e l iminated by  using 
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Fig. ]. Variation in the electrical properties of epitaxial layers 

formed in successive runs of o reaction series, The curves labeled 
nl and #1 show the carrier concentrations and the electron Hall 
inabilities in series E-8 and E-9. The curves labeled n2 and #~2 
show those quantities in series E-14 and E-15. 

apparatus which could be evacuated to pressures of 
the order of 10 -4 Torr. All  the epitaxial  layers de- 
scribed in the rest of this paper were grown with the 
leak-free appa ra tus .  

Figure 1 shows the electrical properties of the layers 
grown in successive runs of four reaction series, E-8, 
E-9, E-14, and E-15. The nominal  pur i ty  of the AsC13 
used was 99.999+% in series E-8 and E-9, and 
99.9999+% in series E-14 and E,15. Each series con- 
sisted of about 20 runs  with a single gal l ium source. 
The source was changed between series E-8 and E-9, 
and between series E-14 and E-15. The thickness of 
the growth layers is about 15~. In  Fig. 1, n l  designates 
the carr ier  concentrat ions at 300~ and ~1.~7oK desig- 
nates the electron Hall mobilit ies at 77~ for the layers 
prepared in series E-8 and E-9, while n2 and ~2.7~oK in-  
dicate the corresponding quanti t ies for series E-14 
and E-15. 
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Fig. 2. Variation in the acceptor and donor impurity concentra- 
tions obtained in successive runs of two reaction series. 
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In  the first half  of series E-8, the electron Hall  mo-  
bilities at 77~ ~in~oK, increase to a m a x i m u m  value, 
while those at 300~ are essentially constant. After  the 
weight of source gal l ium decreases to about half  its 
original  value, nz and ~1 decrease markedly.  When the 
source gal l ium is replaced by a fresh one (i.e., E-8 
E-9) ,  n l  and/~1 recover the original  values of the first 
half of series E-8. In  the lat ter  half  of series E-8, it 
was observed that  the acceptor concentrat ion NA in -  
creased clearly in successive runs. In some series, the 
layers were converted from n- type  to p- type by con- 
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temperature in n-type epitaxial GaAs. 
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Table I. Properties of high-purity n-type epitaxial GaAs 

/z (em-O/v-sec) 
Samp le  Nz) - -  NA (era --~) N~  (em-~) N.4 (cm -a) ED (ev)  3 0 0 ~  77=K p e a k  ( 50~  

15-7 2.6 X 10z4 3.6 X 1014 1.0 • 10~r 0 .00 t8  8.580 164,000 175.000 
15-8 1.2 x 10~ 3.6 • 101~= 2.4 X 1014 0.0047 9.180 153.000 162.000 
15-11 1.6 • 101~ ~.5 X 10~.4= 1.9 X lOat 0.0046 8.400 150.000 160.000 

t aminat ion  with acceptor impurities. When h igh-pur i ty  
AsCI3 (99.9999~ %) was used, however, no appreciable 
contaminat ion was observed (see the curves for E-14 
and E-15). In  order to clarify the situation, the calcu- 
lated values of the acceptor and donor concentrations 
are plotted in  Fig. 2 against the run  n u m b e r  for series 
E-12 and E-15. The same pur i ty  AsC13 was used in 
series E-12 as in  series E-8. It is clearly seen that no 
appreciable change in No and NA occurred when 
99.9999-{-% AsC13 was used, in contrast  to the case for 
99.999~-%. From these results, it may be concluded 
that  in the ini t ial  runs  of a series the source gall ium 
acts as a getter for the acceptor and donor impurit ies 
in the AsC13, but  eventua l ly  it becomes saturated and 
is no longer an effective getter. The decrease in/VD and 
NA observed in the ini t ial  runs of each series must  be 
due to the depletion of impurit ies from the walls of 
the reaction tube or from other static parts of the 
system. 

Typical curves for the tempera ture  dependence of 
p, n, and ~H for h igh-pur i ty  specimens are shown in 
Fig. 3 and 4. No impur i ty  band  conduction is observed 
even at 4.2~ in pure samples. The most impor tant  
scattering mechanism between 300 ~ and 100~ seems 

6 -.. 
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Fig. 5. Dependence of donor ionization energy upon donor con- 
centration. 

to be polar optical-mode scattering. Curve I in Fig. 4, 
computed from the theory (10) for this type of scat- 
tering, agrees well  with the exper imental  results. Ion-  
ized impur i ty  scattering is dominant  below 50~ 
Curve II was calculated from the Brooks-Herr ing 
theory (11) using the data for sample E15-7. The dif- 
ference between the theory and exper imenta l  results 
may be due to the difference between zero-field Hall  
mobil i ty and drift  mobility. The highest Hall  mobil i ty 
of 175,000 cm2/v-sec at 50~ was observed for this 
sample, in which ND = 3.6 X 1014 cm -3 and NA ----- 1.0 
x 1014 em -3. Values of ND, NA, ED, and ~H obtained for 
typical  samples are given in Table I. For sample E15-7, 
the mobil i ty at 77~ (164,000 cm2/v-sec) was de- 
creased to 143,000 cm2/v-sec when calculated from the 
high field Hall coefficient. 

The dependence of the donor ionization energy on 
donor concentrat ion is shown in Fig. 5. The value of 
E D extrapolated to infinite di lut ion is approximately 
0.005 ev, which is consistent with the previous data (3). 
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Algorithms for the Vapor Pressure of Water 
Over Aqueous Solutions of Salt and Caustic Soda 

R. B. M a c M u l l i n  

R. B. MacMullin Associates, Niagara Falls, N e w  York  

ABSTRACT 

Incidental to development of a digital computer program for the per- 
formance of electrolytic chlor-alkali cells is the necessity of general formulas 
for calculating the vapor pressure of the aqueous solutions used for the elec- 
trolytes. This paper offers algorithms for vapor pressure of pure water, pure 
NaCl solutions, pure NaOH solutions, and aqueous solutions containing both 
NaCI and NaOH, within the range of conditions usually encountered in com- 
mercial cells of both the mercury and the diaphragm type. 

Incidental  to development  of a digital  computer  pro-  
gram for the performance of electrolytic chlor-a lkal i  
cells is the necessity of a general  formula  for calculat-  
ing the  vapor  pressure of the aqueous solutions used 
for the electrolytes. The electrolytes usually encoun-  
tered are: 

Diaphragm cell Mercury cell 

Anolyt.e NaCI, >20%, 90~176 NaCI >20%, 50~ 
Catholyte NaOH. 10-14%, 93~176 NaOH, 30-60%, 70~176 

NaCl, 14-20%, 93~176 

The algorithms I which follow cover a range of con- 
ditions which include the above ranges of interest. 

I. Vapor pressure of pure water over the range i0 ~ 
150~ 

II. Vapor pressure lowering due to the dissolved 
NaC1 over  the range 3M to saturation, and 30~176 

III. Vapor pressure lowering due to the dissolved 
NaOH: (a) over  the range 0-12.5M, 20~176 (b) 
over  the range 12.5-25M, 20~176 

IV. Combinations of II and I I I ( a ) .  
In this paper, t empera tu re  is expressed ~ concen- 

tration, as Molali ty (g.f .w./kg H20) ;  M for NaCI, N 
for NaOH; vapor  pressure, as Torr  (mm Hg).  

Vapor Pressure of Pure Water  
The steam tables of Keenan  and Keyes (1) are based 

on two formulas  taken f rom the paper by Smith, 
Keyes, and Gerry  (2). The second formula  covering 
t h e  range 10~176 is the s impler  of the two: 

log~0 pc- x [ a + bx ~-cx3 ] [ l]  
p = } -  l + d x  

p ---- vapor  pressure in int arm 
Pc = critical pressure, 218.167 int a tm 
T ---- degrees Kelvin,  t~ ~- 273.16 
T~ ---- cri t ical  temperature ,  647.27~ 
x = T c - - T  

a = 3.2437814 
b ---- 5.86826 X 10 -3 
c = 1.1702379 X i0 -s 
d = 2.1878462 X 10 -3 

Expressing p as Torr and t as ~ the above formula 
reduces to the following, which are programmed in 
sequence: 

374.11- t = x [2] 

antiloglo (5,219603-- 

t -I- 273.16 1 -b dx  ---- Po [3] 

This fo rmula  reproduces published tables for the 
vapor  pressure of wa te r  to wi th in  ~- 0.02 Torr. 

z I-Iere used as the art of reducing data involving three or more 
variables to a single algebraic equation for computer use. 

Vapor Pressure Lowering in Pure Salt Solutions 

Source of data: Internat ional  Crit ical  Tables (3), 
Vol. III, p. 370. 

The fract ional  lower ing  of vapor  pressure due to 
the solute (in this case NaC1) is expressed 

(Po - -  P) ~P 
R . . . .  [4] 

PoM PoM 

Since the concentrat ion of NaC1 in the table is ex-  
pressed as w / o  (weight  per  cent) ,  the Molali ty is 

w / o  NaC1 
M: + 0.0584428 

w / o  H20 

Values of i00 R were  calculated for each  of the data 
points given in the ICT table quoted above. In Fig. 1, 
100 R vs. t is plotted for the various concentrations, 
and R appears to be a l inear function of t. In Fig. 2, 
100 R vs. M. is plot ted for the various temperatures ,  
and above 3 M, R appears to be a l inear function of M. 
The lines appear  to intersect  at the point 100 R ~ 3.5 
at M ~ 3.0. That  is, above 3 M, R may  be expressed as 
follows: 

R---- (M--3)  (0.0019772--0.00001193 t) -~ 0.035 [5] 

4 O  

3,e 

o w ,  "/. NaCl 

3 a  

3 ~  

3 5  

3 , 4  3 0  4 0  5 0  6 0  7 0  8 0  eO 100 
, , ' C .  

Fig. I. Vapor pressure lowering, pure aqueous NaCI. Range 15% 
NaCI to saturation; 40 ~176 
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I 

3 7  
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Fig. 2. Vapor pressure lowering, pure aqueous NaCI. Range, 3M 
to saturation; 40%110~ 

416 



V o l .  116, N o .  3 

S i n c e p  ~ p o -  RMpo ~ ( 1 - - R M ) p ~  

p+ ~ [ 1 - - ( ( M + - - 3 ) ( 1 . 9 7 7 2  • 1 0 - 3 - -  

1.193 • 1 0 - s t  +)  + 0.035) M +] po + [6] 

w h e r e  t h e  s u p e r s c r i p t s  i n d i c a t e  c o n d i t i o n s  a p p l i c a b l e  
to  t h e  ano ly t e .  

T h e  a b o v e  f o r m u l a  r e p r o d u c e s  m o s t  of t h e  d a t a  in  
t h e  ICT tab les ,  a t  c o n c e n t r a t i o n s  a b o v e  15 w / o  NaC1 
a n d  t e m p e r a t u r e s  f r o m  40 ~ to l l 0 ~  to  a n  a c c u r a c y  of 
a b o u t  ~ 0.5 Tor r .  S e v e r a l  r a n d o m  i n c o n s i s t e n c i e s  in  
t h e  ICT d a t a  a r e  a p p a r e n t .  

B e l o w  15 w / o  NaC1, i t  wi l l  g e n e r a l l y  be  suf f ic ien t ly  
a c c u r a t e  fo r  m o s t  pu rposes ,  to  t a k e  R = 0.035 a t  a n y  
t e m p e r a t u r e .  F o r  t h e  a n o l y t e  p r o b l e m ,  t h e  c o n c e n t r a -  
t i o n  w i l l  n e a r l y  a l w a y s  b e  a b o v e  15% NaC1, w h e r e  t h e  
s o p h i s t i c a t e d  f o r m u l a  a b o v e  appl ies .  

Vapor  Pressure  L o w e r i n g  in Pure  Caustic 
Soda So lu t ions  

S o u r c e  of da t a :  I n t e r n a t i o n a l  C r i t i c a l  T a b l e s  (3 ) ,  
Vol.  III ,  p. 370. 

T h e  f r a c t i o n a l  l o w e r i n g  of v a p o r  p r e s s u r e  due  to t h e  
so lu t e  ( i n  t h i s  case  N a O H )  is e x p r e s s e d  

Ap 
R =  

poN 

S i n c e  c o n c e n t r a t i o n  of N a O H  in  t h e  ICT t a b l e  is e x -  
p r e s s e d  as C ~ g N a O H / 1 0 0 g  H 2 0  

C 
N - -  -~ g . f .w . /kg  H 2 0  

3.99971 

100 R ha s  b e e n  c a l c u l a t e d  fo r  a l l  d a t a  p o i n t s  g i v e n  
in t he  ICT  t a b l e  u p  to  C ~ 120 (55% N a O H ) ,  a t  20 ~ , 
40 ~ , 60% 80 ~ , a n d  100~ In  Fig. 3, 100 R vs. N is p l o t -  
t ed  for  v a r i o u s  v a l u e s  of c o n s t a n t  t,  a n d  one  n o t e s  t h a t  
100 R goes t h r o u g h  a m a x i m u m  at  a b o u t  N : 12.5 
Molal .  

Case A . - - C o n c e n t r a t i o n s  < 12.5 Mo]a l  (33 w / o  of  
N a O H ) .  I n  Fig. 4, 100 R vs. t is p l o t t e d  a t  v a r i o u s  v a l -  
ues  of N. A t  e a c h  v a l u e  of  N, R a p p e a r s  to  be  a l i n e a r  
f u n c t i o n  of t. T h e  l ines  a p p e a r  to  i n t e r s e c t  a t  a c o m -  
m o n  po in t ,  100 R = 3.17, t ~ 174~ 
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Ca l l i ng  t h e  s lope  of t h e s e  l i n e s - - d R / d r  ~ m,  

R = 0.0317 - -  m ( t  - -  174) 
o r  

R = 0.0317 -}- m ( 1 7 4  - -  t )  

T h e  s lope  of each  l i n e  w a s  t h e n  m e a s u r e d ,  as p e r  
t h e  t a b l e  w h i c h  fo l lows:  

Slope  100 m 
Mola l i ty ,  N" - - h  100 R /At  

0 0 
2.5 0.0021~, 
5 0.00636 
7.5 0.01000 

10 0.01227 
12.5 0.01299 

S5  

so  

4.S 

40 

S~ 

I i I i I I I I I I r I ~ i 
TEUp 'C .  

N ,  MOLAL ITy  OF NOOH 

Fig. 3. Vapor pressure lowering, pure aqueous NaOH. Range, 
0-30 Molal; 20~176 

5 . :  

-g, ol 

o 

~~ ,'o ~'o o'~ ,;o ,~o 
, �9 174 ~  

Fig. 4. Vapor pressure lowering, pure aqueous NaOH. Range, 
0-12.5 Malal NaOH; 40~176 

In  Fig. 5, t h e  n e g a t i v e  of t h e  s lope,  100 m is p l o t t e d  
a g a i n s t  Mola l i ty .  T h e  c u r v e  a p p e a r s  to  b e  c lose  to a 
q u a d r a t i c  w i t h  a m a x i m u m  at  N = 12.5. H o w e v e r ,  a t  
l o w e r  c o n c e n t r a t i o n  t h e  c u r v e  r e v e r s e s ,  as  s h o w n .  A 
s u i t a b l e  c u r v e  fit is o b t a i n e d  b y  a s s u m i n g  a p o l y n o m i a l  
of t h e  f o r m  

m =  a + bN  + cN~ + d / N  [8] 

S o l v i n g  t h i s  p o l y n o m i a l  fo r  t h e  d a t a  g iven ,  t h e  f o l l o w -  
ing  c o n s t a n t s  a r e  f o r m e d  

a : --8.6715 • 10 -'~ 

b =  3.368 •  -~  

c = - - 1 . 3 5 4  • 10 -"  

d = 7.88 • 10 -,~ 
I - [ e n c e ,  

R : 0.03170 + ( 1 7 4 - - t )  (a + bN + cN 2 + d / N )  [9] 

a n d  

A p ~  [(0.03170 + 1 7 4 - - t )  
(a  + bN + cN 2 + d / N )  ] N  po [10] 

a n d  

p - -  (1 - - R N )  Po = (1 + [ ( t - -  174) 

(a  + bN § cN 2 -}- d / N )  - -  0.03170]N}po [11] 

T h e  c u r v e s  s h o w n  in  Fig. 3, u p  to  N ~ 12.5, a r e  
a c t u a l l y  a p lo t  of Eq. [11]. A l l  t h e  d a t a  p o i n t s  f a l l  
on  t h e s e  cu rves ,  e x c e p t  two,  a n d  t h e s e  a r e  b e l i e v e d  
to b e  e r r o r s  or  m i s p r i n t s  in  t h e  d a t a  t a b u l a t e d  in  ICT.  

Case B . - - N  >12.5  (33% N a O H )  to N : 30 (55% 
N a O H ) .  A p p l i c a b l e  to  caus t i c  m a d e  in  d e c o m p o s e r  of  
a m e r c u r y  cell.  

In  Fig. 6, 100 R vs. t is p l o t t e d  a t  v a r i o u s  v a l u e s  of  
N. A t  each  v a l u e  of  N, w i t h i n  t h e  t e m p e r a t u r e  r a n g e  
of 60~176 R a p p e a r s  to  b e  a l i n e a r  f u n c t i o n  of  t. 
T h e  l i ne s  a p p e a r  to  i n t e r s e c t  a t  a c o m m o n  p o i n t ,  100 
R ~ 2.83, t = 198~ 

C a l l i n g  t h e  s lope  of t h e s e  l ines  - - d R / d t  = m ,  

R = 0.0283 + m ( 1 9 8 - -  t )  [12] 

.014 
o,~ / f  
.012 

. 010  + 

joo8 
~po7 

~ 004 
~03 

pOZ 

~01 

N MOLALITY OF N OH 

Fig. 5. Temperature coefficient of 100 R for pure NaOH. Range, 
0-12.5 Molal NaOH; 40Ll10~ 
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Fig. 6. Vapor pressure lowering, pure aqueous NaOH. Range, 
12.5-30 Molal  NaOH; 40~  10~ 

The slope of each line was then measured,  as per  
the table which follows 

S l o p e  1 0 0 m  
M o l a l i t y ,  N - -  & 1 0 0 R / A t  

1 2 . 5  0 . 0 1 3 1 9  
1 5  0 . 0 1 2 6 8  
1 7 . 5  0 . 0 1 1 6 0  
2 0  0 . 0 0 9 9 0  
2 2 . 5  0 . 0 0 8 0 4  
2 5  0 . 0 0 6 1 6  
3 0  0 . 0 0 2 5 4  

In Fig. 7 the negat ive of the slope 100 m is plotted 
against Molality. The curve shows a m a x i m u m  at 
N ~ 12.5. As before, a suitable curve  fit is obtained 
by assuming a polynomial  of the form 

m = a' 4- b 'N  4- c'N 2 4- d ' / N  [13] 

Solving this polynomial  for the data given, the 
following constants are found 

a ' =  6.2066 X 10 -4 

b' ~-- --2.3155 X 10 -~ 

c' = 2.1860 X 10 -7 

d' ~- --2.920 X 10 -'~ 
Hence, 

R ~- 0.0283 -5 (198 - -  t )  (a' -5 b 'N -5 c 'N 2 -5 d ' / N )  [14] 

~p ~ [0.0283 4- ( 1 9 8 -  t ) ( a '  -5 b 'N -5 c 'N 2 -5 d ' / N ) ] N  Po 
[15] 

p : ( 1 - - R N ) p o  : {1 -5 [ ( t - -  198) 
(a' 4- b 'N -5 c 'N ~ 4- d ' / N )  --0.0283]N}po [16] 

The curves shown in Fig. 3, f rom N = 12.5 to 
N --~ 30, are actual ly a plot of Eq. [16]. These curves 
fit the data from the ICT table ve ry  well. 

V a p o r  P r e s s u r e  L o w e r i n g  in D i a p h r a g m  Cel l  L i q u o r  

Let -%PM be the vapor  pressure lowering due to the 
NaC1 

~PN be the vapor  pressure lowering due to the 
NaOH 

P -  ---- Po- - -  ApM-- - -  ApN- [17] 

where  the minus superscripts refer  to the catholyte  at 
t - a t .  

.014 

.oq ~ i 

.OlC + .o~ ~ 
~oo;  

_~ ~,oo~ ~ +  

Joo~ ~- 

.oo, 

N, MOLAL~TY OF N=OH 

Fig. 7. Temperature coefficient of 100 R for pure NoaH. Range, 
12.5-30 Molal NoaH;  40~ ]0~ 

For the usual cell l iquor composition range, M -  will  
be >3 Molal and N -  <12.5 Molal. The assumption is 
now made that  the APM- and APN- are additive, as 
indicated from Eq. [17]. 

F rom II 

-%PM- ---- [ ( M - -  3) (0.0019772--0.00001193 t - )  

/ -  0.035]M- p~ [18] 
From IIIA 

~ p ~ -  = [0.03170 W (174--  t - )  

(a 4- b N -  4- c ( N - )  2 4- d / N - ) ] N -  Po [19] 

p -  = {1 - -  [ ( M -  - -  3) (0.0019772 - -  0.00001193 t - )  

4- 0.035]M- --  [ ( 1 7 4 - - t - )  ( a4-  b N -  4- c ( N - )  2 

4- d / N - )  4- 0.0317]N-}Po- [20] 

Defining the fract ional  decomposition of salt in one 
pass through the d iaphragm cell as D, then 

N -  D 
- -  - -  [ 2 1 ]  

M -  1 - - D  

so that, if D is known, there  is only one concentrat ion 
variable, ei ther N -  or M - .  

It is also wor th  noting that, in a d iaphragm cell, 
the catholyte t empera tu re  is always greater  than the 
anolyte temperature .  For  Hooker cells at rated load, 
t -  - -  t + = approx 3~ 

E x a m p l e  

Figure  8 shows the calculated vapor  pressure of 
diaphragm cell l iquor at various concentrat ions of 
NaOH and salt decomposit ion within  the range of in-  
terest, for a typical  t empera ture  of 100~ Since the 
solubili ty of NaC1 in NaOH solutions is limited, the 
saturat ion line is shown. Only that  port ion of the 
plot lying above the saturat ion line is valid. 

Comparison of calculated vapor  pressure along the 
saturat ion line wi th  exper imenta l  data indicates an 
accuracy within 3%. This is sufficiently good for most 
engineer ing purposes. Greater  accuracy would requi re  
taking into account the interact ion be tween  NaC1 and 
NaOH; that  is, the slight depar ture  from the assump- 
tion that  the vapor  pressure lowerings of the two 
solutes are additive. 

P r o g r a m m i n g  

For input to a digital computer,  the equations can 
be simplified. The format  wi l l  depend on the computer  
used and its p rogram logic. For  example,  for the 
Mathatron 8-48 (Mathatronics Division of Bar ry  
Wright  Corporation, Waltham, Massachusetts) ,  

Eq. [3] 

c . x . x + b )  x + a )  x - -  ( t+273 .16 )  -- ( l + d . x )  

- -  5.219603) (--1) = log Po, antilog = Po 

5ci  

ioo~ o,~ 

~o 

// // 
// / /  
- / j  

/ 
/ 

o 

Fig. 8. Vapor pressure of catholyte from a diaphragm cell vs. 

salt decomposition. Ordinate, Torr. Abscissa, fractional decomposi- 
tion D. Heavy dashed line shows saturation with NaCI. Valid values 
of composition and vapor pressure lie above this llne. 
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Eq. [6] 

1.9772. 10 -3 - -  1.193. 1 0 - 6 . t  +) ( 3 - - M  +) 
- -  0 . 0 3 5 )  M + -f- 1 )  P o  - ~  p *  

Eq. [11] 

c N - b b )  N §  ( t - - 1 7 4 )  
- -  0.0317) N ~- 1) Po = P 

Eq. [16] 

c'N % b') N ~- a' nu d' -- N) ( t - -  198) 
--0.0283) N W 1) Po = P 

Eq. [20] 

c . N - + b )  N - + a d - d - - N - )  ( t -  - -  174) 
- -  0.0317)N- ~ ((3 - - M - )  (1.9772 �9 I0 -J  

- -  1.193 �9 I0 -~ �9 t - )  - -  0.035) M -  + l)  Po = p -  

Manuscript  submit ted Oct. 22, 1968; revised m a n u -  
script received Dec. 6, 1968. This paper was presented 
at the Tripart i te  meeting of the A.I.Ch.E., Montreal, 
Sept. 25, 1968. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 

REFERENCES 

1. Keenan  and Keyes, "Thermodynamic  Propert ies of 
Steam," John  Wiley & Sons, New York (1962). 

2. L. B. Smith, F. G. Keyes, and H. T. Gerry, Proc. Am. 
Acad. Arts and Sci,  69, 137 (1934). 

3. In te rna t iona l  Critical Tables, McGraw Hil l  Book Co., 
V o l .  III (1926). 

Erratum 
There was an error in the paper "Accommodation of 

Lattice Mismatch at Heterojunctions" by R. S. Mrocz- 
kowski, A. F. Witt, and H. C. Gatos, 115, 750 (1968) 
which was published in the Ju ly  1968 issue of the 
Journa l  (115, 750-752). 

In considering the theoretical dislocation density 
required for the accommodation of an  abrup t  lattice 
mismatch in single crystal  growth (~ = Sao2/5), in-  
advertent ly,  the lattice t ransla t ion in the a(l~o~ direc- 
t ion in the z inc-blende lattice was taken as ar 

1 
= k/2a~ instead of a(11o) = ao; the theoretical dis- 

location density is smaller by a factor of 2 than  that  

indicated in the article. Consequently,  a comparison 
with the exper imenta l ly  observed dislocation density 
suggests that  part  of the lattice mismatch is accom- 
modated by strain. In the light of the present  correc- 

tion, the results seem to confirm the val idi ty of the 

Van der Merve model. 

The authors are grateful  to Dr. G. O. Krause, of 

Texas Instruments ,  Inc., for br inging this error to 

their attention. 



Cathodic Discharge of Nickel Sulfide 
in a Propylene Carbonate-LiClO  Electrolyte 

Raymond Jasinski* and Brian Burrows* 

Tyco Laboratories, Inc., Wal tham,  Massachusetts 

ABSTRACT 

A pre l iminary  evaluat ion was made of the cathodic discharge of nickel 
sulfides in LiC104-propylene carbonate electrolyte. Theoretical  energy den-  
sities of approximately 400-700 w h r / l b  are calculated, depending on the choice 
of the specific nickel sulfide. The nickel sulfides tested had solubilities 
~10-4M in the charged and par t ia l ly  discharged state. High coulombic effi- 
ciencies (>50%) were achieved at 1 ma / c m ~. A discharge of 10 ma/cm'-' 
could be sustained, but  at a lower efficiency. The discharge plateau is be-  
tween 1.8 and 1.4v. 

The performances of the most nonaqueous batteries 
are l imited by  the positive electrode (1). Positive elec- 
trodes with acceptable electrochemical performance 
have high solubilities and, hence, poor shelf life. Ap-  
parent ly  most materials  investigated to date, e.g.. 
CuC1, AgC1, CuF2, must  first dissolve in order to dis- 
charge (2). However, the metal  ions, once in solution, 
can also reach the negative electrode, general ly l i th-  
ium, and discharge chemically. Problems arising from 
excessive solubili ty are par t icular ly  insidious in the 
case of metal  chlorides since one of the discharge 
products, CI- ,  causes fur ther  dissolution of the posi- 
tive plate mater ia l  (3). 

A possible solution of the problems presented by 
high solubil i ty is to prevent  migrat ion of metal  ions 
to the negative electrode with separator membranes.  
This approach is being studied (4); it presents its 
own problems in achieving membrane  perfection and 
stabili ty and low ohmic losses. An al ternat ive approach 
is to employ insoluble plate materials,  preferably of 
good electrical conductivity. This a l ternat ive has been 
the guiding principle behind the work described below. 

Transi t ion metal  sulfides are par t icular ly  insoluble 
materials in aqueous solutions. In the absence of com- 
plex ion formation it  was thought  l ikely that  these 
compounds would also be insoluble in aprotic, organic 
solvents. 

The experiments  described below on nickel sulfide 
imply that  this mater ial  is (i) electrochemically ac- 
tive, (ii) chemically stable. 

The term "nickel sulfide" is actual ly a generic one. 
Six stable, crystal lographically defined sulfides exist 
(5) : Ni3S2, Ni6Ss, NITS6, NiS, Ni3S4, and NiS2. 

The equivalent  weight and energy density of this 
series of compounds varies as shown in Table I. It was 
assumed that  the reaction products were Li2S and 
nickel metal.  Li2S is apparent ly  insoluble in the 
electrolyte; quant i ta t ive  data are not available. The 
higher energy density of the Li/NiS2 couple reflects 
the discharge of the (S -S)=  ion as well as the reduc- 
tion of divalent  nickel. 

Clearly the use of materials  with high sulfur  con- 
ten t  provides for high energy densities, approaching 
that  of the Li/CuF2 couple (740 whr / l b ) .  However, a 
high energy density is not the only cri terion for se- 
lecting a positive plate material .  A suitable compound 
must  (a) be electrochemically active, (b) be relat ively 
insoluble, (c) not show undesirable  side reactions, e.g., 
electrolyte decomposition and /o r  formation of solu- 
ble intermediates,  and (d) be compatible with a l ight-  
weight electrode structure, i.e., not require large 
amounts  of conducting binder.  

Apparatus and Procedure 
All electrochemical measurements  were carried out 

in a recirculat ing argon atmosphere dry box (Vacuum 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  

Atmospheres Corporation).  The electrolyte was 1M 
LiC104 in propylene carbonate (PC).  Chronopotentio-  
grams were recorded on an X-Y recorder (Houston 
Omnigraphic,  model HR-98T). To avoid loading of the 
reference electrode-working electrode cell, a un i ty -  
gain voltage follower, constructed from an operational 
amplifier (Philbrick, type P65AU) was used in the 
potential  measur ing circuit. Curren t  was supplied by 
a constant  current  power supply (Electronic Measure- 
ments, model C633). 

Exper iments  were performed in a three-compar t -  
ment  cell. The working electrode, in the middle  com- 
par tment ,  was separated from the counter  electrode by 
a glass frit and from the reference electrode by a 
Luggin capillary. 

In  all experiments,  the reference electrode was the 
Li /Li  + couple (6), formed by immersing a Li rod in 
PC/LiC104 (1M) solution. Initially,  the counter  elec- 
trode was a Pt  foil. In later experiments,  the Pt  was 
replaced by a Li rod to avoid solvent decomposition. 

The sulfide electrodes were prepared by mixing  the 
powder with approximately 10% graphite and press- 
ing the mixture  between folded, expanded-nickel  
metal, spot-welded to nickel wire. The sulfides ap- 
parent ly  occluded only small  amounts  of water  dur ing 
pressing in air, since there was only slight evolution 
of hydrogen in the potent ial  region for water  re-  
duction. The coulombic efficiencies were not markedly  
different when water  was rigorously excluded from the 
system. Electrode thickness was approximately 30 rail. 

No at tempt was made to optimize mater ia l  pur i ty  or 
electrode s tructure in this p re l iminary  survey. The 
nickel sulfides were prepared as described below and 
their composition was confirmed by x - ray  diffraction. 

NiS was formed by reacting 1.5M NiC12 �9 6 H.20 
with 0:5M (NH4)2S. The precipitate was washed 
thoroughly with water, heated at 120~ under  N2, and 
then t ransferred to the dry box. 

The same procedure was followed for NiS2 using 
0.5M NiC12 �9 6 H20 and 1.5M (NH4)2S. 

Ni3S2 was prepared by the reduction of anhydrous 
NiSO4 by hydrogen at 300~ (7). 

Washing of the NiS and NiS~ precipitates was cri t-  
ical. Discharge of NiS2 which had not been washed 

Table I. Equivalent weight of Li/Ni sulfide couples 

E q u i v a l e n t  
C o m p o u n d  we igh t ,  g* E n e r g y  dens i ty**  

Ni~S~ 67 388 
Ni~S~ 58 450 
NbSe  54 482 
NiS  52 500 
NhS4 42 620 
NiS~ 38 685 

* I n c l u d i n g  the  w e i g h t  of  t he  r e q u i r e d  l i t h i u m ,  b u t  n o t  the  
e lec t ro ly te .  

** Based  on an  o p e n - c i r c u i t  p o t e n t i a l  of  1.8v ( w h r / l b ) .  

422 
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thoroughly resulted in the formation of a b lack-brown 
film in the working electrode compartment.  When this 
cell was removed from the dry box there was a strong 
odor of H2S from it. Thoroughly washed NiS2 does 
not produce a film or odor. 

Quali tat ive resistivity measurements  were made on 
pressed disks of the nickel sulfides. NiS and NiS.~ were 
insulators; NisS2 powder was an electrical conductor. 
However, the powder, as prepared, contained from 1 
to 5% metallic nickel. 

Results and  Discussion 
Discharge behavior.--Half-cell  discharge curves of 

Ni.~S2, NiS, and NiS2 are shown in Fig. 1 at 10 m a / c m 2 
and in Fig. 2 at 1 ma / cm 2. The theoretical capacity 
was computed on the basis of complete reduction to 
metal  and sulfide ion. The performance of CuF2 elec- 
trodes, prepared in a similar manner ,  is also shown 
in the figures for comparison purposes. It is apparent  
that  the performance of CuF2 in this configuration is 
not as good as that  of the nickel sulfides. Note, how- 
ever, the effect of added conductive b inder  (Fig. 1 vs. 
Fig. 2). Complete uti l ization of CuF2 would produce 
0.54 amp hr /g  CuF.~; complete uti l ization of NisS2 
would produce 0.46 amp hr/g.  

The amounts  of graphite binder  used for the sul-  
fides are listed in the figures. Since the Ni3S2 powder 
is an electronic conductor, it would be expected that 
little b inder  should be needed. Since the conductivities 
of discharge intermediates,  if any, are not known, 
graphite was added as a precaut ionary measure. 

All  discharge curves show an ini t ial  section of high 
potential  and short durat ion which may arise from an 
impurity,  such as sulfur. Figure 1 shows that the 
discharge curve for a sul fur-carbon electrode falls 
approximately in the high potential  section of the 
sulfide discharges. Thus, if sulfur  is present  in the 
electrode; it probably discharges above 2v (vs. Li/Li  + ). 

The discharge of sulfur  at 10 ma /cm 2 is shown in 
more detail in Fig. 3. After  about 1.6% of the mater ial  
had discharged (2.4v), a ye l low-brown substance 
moved off the electrode into the electrolyte. In  view 
of the electrochemical behavior  of sulfur  in other 

3,C t I I I I 
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Fig. |. Discharge of NiS, NiS2, N i3~  (A = I cm 2) half-cell at 
10 ma/cm ~. 
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Fig. 3. Discharge of S - - 5 0 % C  (A = 1 cm 2) at 10 ma/cm 2 

electrolytes, it is l ikely that this mater ia l  is a poly- 
sulfide. 

In  order to explore fur ther  the origin of the high 
potential  portion of the nickel sulfide curves, the elec- 
trodes were part ial ly discharged and then allowed to 
re turn  to open circuit for 30 min. If an active im-  
pur i ty  were present, it should be eventual ly  consumed 
and an open-circuit  characteristic of the sulfide should 
be reached. The assumption here is that the presence 
of part ial ly discharged nickel sulfide will not affect 
the open-circui t  potential  of the bu lk  of the electrode 
material.  The data obtained for Ni3S2 and NiS are 
shown in Fig. 4 where the open-circui t  potentials are 
plotted against the per cent charge delivered at 5 
ma / c m 2. The times on open circuit are listed in the 
figure. A plateau in potential  is reached between 1.6 
to 1.8v vs. Li/Li  +. 

The rapid decay in open-circui t  potential  of the Ni~S2 
electrode (0-2% discharge) is also consistent with the 
hypothesis that an impur i ty  is involved. The data for 
NiS could be interpreted as a larger amount  of im-  
purity.  Since NiS was precipitated from aqueous so- 
lution, some free sulfur is to be  expected via the air 
oxidation of sulfide ion. 

Shelf  l i fe . --A few qual i tat ive tests were made of 
nickel sulfide stabili ty in 1M LiC104/PC electrolyte. 
Powdered NiS was equil ibrated in solution overnight.  
Superna ten t  was withdrawn,  di luted 1:1 with dis- 
tilled water, and tested for soluble nickel with di-  
methylglyoxime (DMG). The test was negative. 

A 10-4M NiC12 solution was used as a control. The 
addition of DMG to an aqueous solution produced a 
pink coloration. Dilut ing the solution 1:1 with LiC104/ 
PC diminished the intensi ty  considerably. However, 
some coloration was still visible. The original negative 
test thus implies that  the solubili ty of NiS in LiC104/ 
PC is less than  10-4M. 

The same test was applied to a par t ia l ly  discharged 
NiS electrode. The result  was also negative, implying 
that  the discharge intermediates,  if any, are also in -  
soluble. 

A fur ther  solubil i ty test consisted of suspending for 
two days a cleaned l i th ium rod in solution equil ibrated 
with and containing powdered nickel sulfide. No de- 
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posit was noted on the electrode. Finally,  a number  of 
electrodes were discharged with interrupt ions over-  
night  with no adverse effects. A complete cell (see 
below) was subjected to in ter rupted  discharge, also 
with no adverse effects. Although fur ther  work re- 
mains to be done on this subject, it appears that  
nickel sulfide positives have greater stabili ty than 
copper halide electrodes. It is impor tant  to consider 
the  solubil i ty of the discharge intermediates as well  
as of the start ing plate material,  par t icular ly  for bat-  
tery applications which involve large discharge times. 

Cell testing.--Because the nickel sulfides discharged 
well in the half  cell, a prototype bat tery  was as- 
sembled. The nickel sulfide (NiS) electrode, 2 x 2.5 
cm, served as the bat tery  positive electrode. The sep- 
arator mater ia l  was glass-fiber filter paper (about 12 
mil  thick).  The plates were held together by small  
tabs of l i th ium ribbon, insulated from the positive by 
the separator, and were immersed in 60 cc of P C /  
LiC104 (1M). Comparative discharge curves for the 
half  cell and full  cell are shown in Fig. 5. The bat-  
tery performed well al though at a slightly lower po- 
tent ial  than the half cell. A th inner  separator (]/4 

Apr i l  1969 

thickness) did not seem to improve the discharge of 
the  bat tery  to any  extent  in this configuration. 

Conclusions.--Nickel sulfides can be discharged at 
high uti l ization in 1M LiC104/PC at current  densities 
between 1 and 10 ma / c m 2, e.g., rout inely  efficiencies 
greater than 60% are achieved with Ni3S2. The dis- 
charges of NiS and NiS2 are more affected by the elec- 
trode structure. A single discharge plateau was ob- 
served in all the tests conducted. Nickel sulfides have 
low solubil i ty in the solvent tested (<10 -4 ) and, 
hence, should have a long shelf life. Depending on the 
specific sulfide chosen, the theoretical  energy density 
may be of the same order as for most metal  halides. 
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The Oxidation of Iron-Carbon Alloys at SO0~ 
W. E. Boggs,* and R. H. Kachik 

Applied Research Laboratory, United States Steel Corporation, Monroeville, Pennsylvania 

ABSTRACT 

When iron is oxidized at 500~ in oxygen at 10 Torr, blisters develop in 
the scale. This does not occur when the iron is oxidized at 500~ in oxygen at 
700 Torr, nor  when the iron contains carbon as a cementi te  precipitate. It  
appears that  the iron oxide scale blisters if cation vacancies can accumulate at 
the oxide-metal  interface. The higher oxygen pressure inhibits  scale bl is ter-  
ing by promoting more rapid formation of the outer layer of Fe203, which 
lowers the rate of vacancy formation and accumulation. The presence of car- 
bon in the substrate inhibits  scale bl istering by providing addit ional  vacancy 
sinks, thereby largely prevent ing  the accumulat ion of vacancies at the oxide- 
metal  interface. 

When the i ron-carbon alloys are oxidized at 500~ in oxygen at I0 Torr, a 
decarburized zone appears in the alloy substrate near  the oxide-metal  in ter -  
face. This means that, under  the exper imental  conditions, the rate of diffusion 
of carbon from the alloy substrate exceeds the rate of diffusion of iron into 
the scale. Decarburizat ion does not occur when  the alloy is oxidized at 500~ 
in oxygen at 700 Torr. This effect of oxygen pressure can be explained if it 
is assumed that at l0 Torr, carbon oxides are formed at the oxide-metal  
interface and escape through pores in the scale. At the higher pressure, 
oxygen enters the pores and is incorporated into the scale, thereby blocking 
the pores and prevent ing  the escape of carbon oxides. 

The results of several investigations of the oxidation 
of i ron-carbon alloys at temperatures  above 700~ 
have appeared in the l i terature (1-8). Three iron oxide 
phases, FeO, Fe304, and Fe203 are stable in this t em-  
perature  range, and the reactions between carbon and 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

the oxides are favored thermodynamical ly .  The pub-  
lished informat ion is not directly applicable to the 
present study, which was conducted at temperatures  
up to 500~ at which only two oxide phases, Fe804 
and: Fe203, are stable, and at which the reactions be- 
tween carbon and these oxides are not favored ther-  
modynamical ly.  
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Wagner  et al. (9) have  published a general  qual i ta-  
t ive discussion of the oxidation of meta l -carbon  alloys. 
They discussed two general  react ion sequences: (i) 
diffusion of carbon to the meta l -scale  interface, where  
it reacts wi th  the scale to produce gaseous carbon ox-  
ides which may accumulate  and cause rupture  of the 
scale, and (ii) diffusion of carbon through the scale 
to react wi th  oxygen at the scale-gas interface. The 
second sequence would al low decarburizat ion to take 
place without  scale rupture.  The possibility of the 
diffusion of the gases produced in the first sequence 
through the scale wi thout  rup ture  was not discussed. 

Engel l  (7) oxidized Fe-carbon  alloys in air and in 
CO-CO2 mixtures  over  the t empera tu re  range 750 ~ 
1050~ and found that  the specimens oxidized in air 
decarburized wi thout  scale rupture.  Chemical  analysis 
of the scale, largely FeO, showed that  the solubili ty 
of carbon in the scale was so low (0.003%) that  t rans-  
port of carbon (Wagner 's  second sequence) through 
the scale was not likely. Therefore,  since blistering 
was not observed, Engel l  proposed that  pores present  
in the scales on i ron-carbon alloys permi t ted  the effu- 
sion of the carbon oxides. He fur ther  proposed that  
the pores offered a constant resistance to gas flow at 
all  t imes such that  oxygen could not be t ransported 
directly f rom the gas phase to the  meta l  surface, but  
ra ther  reacted with  CO within the pore to produce 
CO2, some of which then reacted wi th  carbon arr iv ing 
at the base of the pore to produce more CO. 

Billings and Smel tzer  (8) studied the oxidation of 
i ron-carbon alloys at 800~176 in CO-CO2 atmo-  
spheres, conditions under  which FeO is the only iron 
oxide formed. Their  conclusions were  that, under  
th.eir exper imenta l  conditions, iron oxidation took 
place in the early stages at random nucleat ion sites 
on the surface, and decarburizat ion (and carbon oxi-  
dation) took place concurrent ly  at act ive sites in the 
areas of exposed iron be tween the iron oxide nuclei. 
They argued that  a competi t ion occurred be tween the 
iron oxidation and the carbon oxidation processes for 
a~ailable adsorbed oxygen. Evidence was presented 
that  as iron oxidation progressed and the surface cov- 
erage  by FeO became more near ly  complete, the de- 
carburizat ion reaction was "stifled" to a large extent.  
The stifling of direct decarburizat ion by scale growth 
was accompanied by the onset of part ial  diffusion con- 
trol  of decarburizat ion as carbon or carbon oxides 
moved outward  through pores be tween the impinging 
FeO crystallites. It  should be noted that  the reduct ion 
of FeO by carbon is the rmodynamica l ly  favored by 
about 7.7 kcal at 950~ Thus, it appears l ikely that  
CO forms at the Fe -FeO interface and that  the car-  
bon, in that  form, moves outward  through pores in 
the FeO scale under  the exper imenta l  conditions of 
Engel l  (6, 7) and of Billings and Smel tzer  (8). 

Al though the informat ion cited in the l i tera ture  is 
not direct ly  applicable to the present  study because of 
the differences in exper imenta l  conditions, the con- 
cepts are useful in helping to explain the observed 
phenomena.  

M a t e r i a l s  and  Exper imenta l  W o r k  
An a luminum-deoxid ized  iron base and five i ron-  

carbon alloys were  prepared by vacuum melting. The 
compositions of these alloys are listed in Table I. The 
mater ia l  was hot - ro l led  to ~/4-in. thick plates then 

Table I. Analysis of iron-carbon alloys 

Composition, % 

Al loy  C M n  P S Si  C u  N i  C r  A1 

I r o n  
b a s e  0.003 <0 .01  <0 .002  0.002 0.006 <0 .005  0.022 0.004 0.024 

1 0.05 <0 .01  <0 .002  0.003 0.009 < 0 . 0 0 5  0.021 0.004 0.008 
2 0.11 <0 .01  <0 .002  0.002 0.006 < 0 . 0 0 5  0.021 0.004 0.008 
3 0.22 <0 .01  <0 .002  0.005 0.006 <0 .005  0.004 <0 .002  0.14 
4 0.50 <0 .01  <0 .002  0.006 0.006 < 0 . 0 0 5  0.004 <0 .002  0.14 
5 0.99 <0 .01  <0 .002  0.005 0.008 <0 .005  0.004 < 0 . 0 0 2  0.14 

t r immed  and surface-ground to remove  scale and sur-  
face defects. The alloys were  then cold-rol led into 
sheet 0.006-0.012 in. thick. The cold-rol led sheet was 
cut into 2- by 5-cm specimens, which were  electro-  
polished in a 15% perchloric-85% glacial acetic acid 
electrolyte,  washed, and vacuum annealed 4 hr  at 
950~ Af ter  slow cooling (2~ to room tempera -  
ture in vacuum, the specimens were  again electro-  
polished and washed, and then were  inserted in the 
microbalance system. Af ter  t r ea tment  in hydrogen at 
a pressure of 10 Torr  for 1 hr at 400~ and evacuat ion 
for 40 rain, the oxidat ion exper iments  were  begun 
with  ad jus tment  of the  specimen tempera tu re  and the 
introduction of oxygen at the requi red  pressure (10). 

Results and Discussion 
Oxidat ion  of iron at 500~  weight  gain vs. 

t ime curves for the oxidation of the iron base at 500~ 
and an oxygen part ial  pressure of 10 Torr  a re  charac-  
terized by a l ternat ing periods of high and low oxida-  
tion rate, Fig. 1. These changes in oxidation rate are 
associated with  scale bl istering cycles. It is bel ieved 
that the blisters in the scale are init iated by vacancy 
rafts that form under  the oxides as vacancies accumu- 
late at the ox ide-meta l  interface. The oxide phase 
that  forms first when iron begins to oxidize under  the 
exper imenta l  conditions is Fe304. This oxide is a ca- 
tion-deficit  p - type  semiconductor.  The incorporation 
of oxygen into the Fe304 lattice produces cation 
vacancies that  move inward through the oxide toward 
the ox ide-meta l  interface, as iron ions move outward 
toward the ox ide-oxygen  interface (10). As iron ions 
cross over from the meta l  into the oxide they leave 
behind at the interface the vacancies which can then, 
according to Evans (11), accumulate  at the oxide-  
metal  interface to form cavities, pass into the metal  
and react wi th  a vacancy sink such as a dislocation, or 
pass through the meta l  (if sheet) and join a cavi ty  in 
the far  side. 

The number  of vacancy sinks avai lable in a wel l -  
annealed meta l  should be constant at constant t em-  
perature.  Therefore,  the rate  of vacancy annihilat ion at 
a given tempera ture  should be constant or slowly 
decrease as the avai lable  vacancy sinks are con- 
sumed. If the rate of ar r ival  of the vacancies at the 
ox ide-meta l  interface is higher  than the annihilat ion 
rate, vacancies wil l  tend to accumulate  at the oxide-  
meta l  interface and cause the oxide to lose contact 
wi th  the  meta l  (12). Vermi lyea  (13) has pointed out 
that  an oxide such as Fe304, which grows by cation 
diffusion, will  be re la t ively  unstrained, since each new 
layer  is formed at the oxide-gas  interface and need 
only fit the preceding layer.  Accordingly,  the Fe3Ol 
layer  probably is re la t ive ly  unstrained at the t ime 
of separation. However ,  once contact is lost between 
the oxide and the metal,  iron ions cease to diffuse 
through the oxide, and the oxide then reacts with ad- 
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Fig. 1. Oxidation of iron base in oxygen at a partial pressure 
of 10 Tort. 
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Fig. 2. Oxide blisters formed on iron base at 500~ in oxygen 
at a partial pressure of 10 Torr. Conditions: top, 500~ 10 Torr 
02, 690 Torr N2, 5600 min., bottom, 500~ 10 Torr 02, 690 Torr 
He, 4200 min. 

ditional oxygen to become Fe203. Since Fe203 grows 
inward by anion diffusion and has a 2 % greater  vo lume 
than Fe304 (14), stresses are developed in the oxide, 
causing it to arch away from the iron substrate in the 
areas of separation and form the observed blisters, 
Fig. 2. (On cooling at the te rminat ion  of an exper i -  
ment,  the difference between the the rmal  contraction 
of the oxide and that  of the meta l  causes additional 
arching of the blister  caps.) Eventual ly,  the blister  
cap cracks and allows oxygen to leak into the cavity, 
thereby ini t iat ing a fresh oxide layer  on the exposed 
metal  surface. 

The data obtained f rom the oxidation of the iron 
base at 500~ and a higher  oxygen pressure, 700 Torr, 
conformed to a smooth, near ly  parabolic, curve  and 
there  was no evidence of blistering in cross sections 
of the resul t ing scale, Fig. 3. 

Specimens were  oxidized in mixtures  of an inert  gas 
such as nitrogen, helium, or argon at a pressure of 
690 Torr  and oxygen at a pressure of 10 Torr  to de- 
te rmine  if the observed effect of pressure was the re-  
sult of squashing of the oxide into the meta l  at the 
higher  total pressure, 700 Torr. As is shown in Fig. 1 
the weight  gain curves were  similar to those obtained 
in pure oxygen. Blisters were  observed in the scale. 
Thus, it does not appear  that  the increase in oxida-  
tion rate  observed in oxygen at a pressure of 700 Torr  
can be explained as squashing of the oxide. 

The oxide films formed in 1 min and 25 sec at 500~ 
in oxygen at pressures of 10 and 700 Torr  were  ex-  
amined using a polarizing microscope. (The anisotropic 
phase, Fe203, is visible under  polarized light, whereas  

the isotropic phase, Fe304, is dark.) It appeared that  
the outer, Fe203 layer, was more  complete  on the 
oxide formed at 700 Torr  than it was on the oxide 
formed at 10 Torr. This observat ion suggests the fol-  
lowing mechanism to expla in  the difference in oxida-  
tion behavior  observed at the two oxygen pressures. 
As long as Fe~O4 is exposed to gaseous oxygen, cation 
vacancies are generated at a high rate, diffuse through 
the scale, and accumulate  at the ox ide-meta l  interface, 
as was discussed in detail  above. However ,  as the 
surface of the FesO4 becomes completely  covered with  
a layer  of Fe20~, the rate of format ion of cation va-  
cancies is drast ical ly reduced and vacancies a r r iv ing  at 
the ox ide-meta l  interface can be annihi lated at va -  
cancy sinks before  they can accumulate.  Thus, the 
oxide formed at 500~ and 700 Torr  remains in contact 
wi th  the meta l  and thickens more  or less continuously 
under  diffusion control. 

Oxidation of iron-carbon alloys at 500~ effect 
of carbon concentrat ion on the oxidation kinetics at 
10 Torr  and at 500~ is shown in Fig. 4. The oxida-  
tion ra te  of the i ron-carbon alloys was much higher  
than that  of the iron base under  these conditions. The 
effect of carbon concentrat ion on the oxidation ki-  
netics at 700 Torr  is shown in Fig. 5. The oxida-  
tion rate of the i ron-carbon alloys was ini t ia l ly  higher  
than that  of the iron base but  became lower  as the 
oxidation progressed. The plots of weight  gain vs. t ime 
obtained f rom the oxidation of the i ron-carbon alloys 
at both oxygen pressures conformed to smooth curves 
and no evidence of bl istering was found in cross sec- 
tions of the resul t ing oxide scale, Fig. 6. The data 
presented in Fig. 4 and 5 show that  the over -a l l  scal- 
ing rate of the i ron-carbon alloys was not increased 
appreciably at 500~ by increasing the oxygen pres-  
sure f rom 10 to 700 Torr. 
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Fig. 4. Effect of carbon concentration on the oxidation of iron- 
carbon alloys at 500~ in oxygen at 10 Torr. 
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Fig. 3. Oxide scale formed on iron base at 500~ in oxygen at 
a pressure of 700 Tort for 11,325 min. 
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Fig. 5. Effect of carbon concentration on the oxidation of iron- 
carbon alloys at 500~ in oxygen at 700 Torr. 
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WT INCREASE/UNIT AREA, /~ g/cm 2 THICKNESS microns 

Fig. 6. Effect of oxygen pressure on the decarburization of the 
iron-0.99% carbon alloy in 5600 min at 500~ 

The freedom from scale bl is ter ing at 10 Torr  ex-  
hibited by the i ron-carbon alloys, in contrast to the 
iron base, is believed to be due to a greater n u m b e r  of 
vacancy sinks (dislocations) generated in  the sub-  
strate by the precipitat ion of cementi te  dur ing speci- 
men preparat ion and by the subsequent  volume de- 
crease associated with decarburization.  The vacancy 
annihi la t ion rate will, therefore, be higher so that  
there is less tendency for vacancies to accumulate, and 
the scale will  remain  in bet ter  contact with the metal  
dur ing the early stages of oxidation than is the case 
with the oxidation of pure iron. Caplan (12) has 
shown that cold-worked iron specimens exhibit  higher 
oxidation rates than  do wel l -annea led  iron speci- 
mens. He has also observed that  separations occur 
between the oxide and the metal  with wel l -annealed  
material,  bu t  not  with cold-worked material .  He con- 
cludes that  cold work prevents  oxide separation, and 
thereby increases the oxidation rate, by providing 
addit ional  sinks for the cation vacancies ar r iv ing at 
the Fe-Fe304 interface and thus prevent ing  vacancy 
accumulation. According to Caplan, the cold work 
is effective, in spite of the anneal ing that begins as 
soon as the specimen is heated for oxidation, because 
extra vacancy sinks are required only at the begin-  
n ing when the reaction rate is greatest and the va-  
cancy flux a maximum. 

The slight increase in ini t ial  oxidation rate with 
increasing carbon concentrat ion can also be explained 
on this basis. Any  slight vacancy accumulat ion that  
might occur at the lower carbon concentrat ions would 
tend to thrott le the flow of iron through the scale to 
support  the oxidation reaction; but  at the higher car-  
bon concentrations, enough vacancy sinks are avail-  
able to annihi la te  all  of the vacancies reaching the 
oxide-metal  interface. 

The oxidation of the i ron-carbon alloys at an oxygen 
pressure of 10 Torr  is accompanied by decarburiza-  
t ion of the substrate. As the oxidation proceeds, a de- 
carburized zone develops in the substrate at the ox- 
ide-meta l  interface and the pearlit ic zone retreats  
toward the center of the specimen, Fig. 6, top. The 
phenomenon of decarburizat ion below the oxide-metal  
interface will  occur only when  the rate of diffusion of 
carbon in the metal  at a given tempera ture  exceeds 
the rate of diffusion of i ron into the scale (15). 

In contrast, no decarburized zone appears when  
the alloy is oxidized at 700 Torr, Fig. 6, bottom. This 
difference is evident  not only in  the micrographs of 
cross sections of specimens oxidized at the two oxygen 
pressures, but  also in the kinetic data, Fig. 7. The 
weight gain observed in the oxidation of the i ron-  
0.99% carbon alloy at 10 Torr was lower than that  ob-  
served in the oxidation of the same alloy at 700 Torr 
by the weight of carbon evolved at the lower oxygen 
pressure. Parabolic plots of those data are shown in 
Fig. 8. At 700 Tort  the weight-gain  data began to ex- 
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Fig. 7. Effect of oxygen pressure on the oxidation of the iron- 
0.99% carbon alloy at 500~ 
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Fig. 8. Parabolic plots of the oxidation of the iron-0.99% 

carbon alloy at 500~ 

hibit parabolic behavior after about 100 rain. In  con- 
trast, at l0 Torr  the weight gain data began to exhibit  
parabolic behavior after  about 1300 rain. The weight 
gain observed in  the oxidation of this alloy at 10 Torr 
was the net  result  of the weight  gain resul t ing from 
the oxidation of i ron and weight loss resul t ing from 
the simultaneous decarburization.  

The effect of oxygen pressure persists even after the 
exper imental  conditions have been altered. In  a series 
of experiments  with the iron-0.5 carbon alloy, oxida- 
t ion was begun at 700 Torr  and then after 5 rain, 100 
min, or 1000 min  the oxygen pressure was reduced to 
10 Torr and the reaction allowed to continue unt i l  the 
total t ime was 5600 min. Changing the oxygen pres-  
sure after 1000 min  had little effect on the kinetic data. 
The specimen oxidized for 1000 rain at 700 Torr  did 
not decarburize when the oxygen pressure was re-  
duced; some decarburizat ion occurred in the specimen 
oxidized for 100 min  at 700~ and normal  decar- 
burizat ion was observed in the specimen oxidized for 
only 5 rain at 700 Torr before the pressure reduction, 
Fig. 9. 

Another  example of the persistence of the effect of 
oxygen pressure dur ing scale growth on the subse- 
quent  behavior  of the oxide is that  oxide formed at 10 
Torr  can be reduced by in te rna l  carbon, whereas the 
oxide formed at 700 Torr  cannot be s imilar ly reduced. 
Specimens of the iron-0.50% carbon alloy were oxi- 
dized at 500~ and oxygen pressures of 10 or 700 Torr  
for 4000 min  to produce fair ly thick and adherent  
scales. At the end of this time, the oxygen was re-  
moved and the specimens were then allowed to anneal  
in vacuum for 4400 min  at 500~ A loss in weight was 
observed for the specimen oxidized at 10 Torr, whereas 
the weight of the specimen oxidized at 700 Tort  re-" 
mained constant. When the oxide scales produced in 
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Fig. 9. Sections showing the effect of scale formed on the iron- 
0,50% carbon alloy at 700 Tort on the subsequent decarburiza- 
tion at 10 Tort. 

these two exper iments  were  examined  in cross section, 
it was found that  a zone of iron particles, resul t ing 
f rom the reduct ion of Fe~O4 by carbon, had developed 
near  the ox ide-meta l  interface of the specimen oxi-  
dized at 10 Torr, Fig. 10. No similar oxide reduct ion 
was observed in the specimen oxidized at 700 Torr. 
The reduct ion of Fe304 by carbon is not the rmody-  
namical ly  favored at 500~ However ,  it appears that  
the reduct ion is permi t ted  by the r emova l  of the gase- 
ous reaction product,  CO. 

The fact that CO ra ther  than CO2 was evolved dur-  
ing the vacuum reduct ion of the oxide was demon-  
strated by the fol lowing exper iment :  a specimen of 
the iron-0.11% carbon alloy was oxidized at 350~ in 
oxygen at 10 Torr  for 60 min  in the microbalance to 
form an oxide film containing 64 ~,g of oxygen. This 

Fig. 10. Scale formed on the iron-0.50% carbon alloy in 4000 
min at 10 Torr and 500~ is partially reduced by carbon during 
a 4400 min vacuum anneal at 500~ The scale formed at 700 
Tort is not similarly reduced during vacuum annealing. 

0 100 200 
TIME, min 

Fig. i l .  Vacuum reduction of the oxide formed on the iron- 
0.11% carbon alloy in 60 min at 350~ in oxygen at 10 Torr. 

oxide film was then completely  reduced by vacuum an- 
nealing at 500~ for 1185 rain. The weight  losses to be 
expected from the evolut ion as CO or CO,, were  calcu- 
lated f rom the known weight  of the oxide and the 
amount  of carbon requi red  for the reduction. Under  
the exper imenta l  conditions, twice as much carbon 
would be required to reduce the oxide if CO were  the 
gas evolved than would be required if CO,, were  
evolved. As is shown in Fig. 11, the observed weight  
loss demonstra ted that  the gaseous reaction product  of 
the vacuum reduct ion was CO. 

A specimen of the iron-0.99% carbon alloy was 
oxidized at 10 Torr  and the gas evolved was trapped 
in a l iquid-ni t rogen-cooled  finger and determined 
volumetr ical ly.  The iron oxide scale was then com- 
pletely reduced in hydrogen in order to de termine  by 
difference the amount  of carbon evolved dur ing the  
oxidation. The weight  of the carbon, t rapped as CO.,, 
amounted to 97.2% of the weight  of carbon evolved 
during the oxidation. 

An iron-0.50% carbon alloy specimen was oxidized 
at 500~ in a gas mix ture  consisting of hel ium at a 
part ial  pressure of 690 Torr  (added first) and oxygen 
at a par t ia l  pressure of 10 Torr. Decarburizat ion of the 
iron substrate was observed under  these conditions in 
about the same amount  as had been observed when 
the al loy was oxidized in pure oxygen at a pressure of 
10 Torr. Thus, the oxygen par t ia l  pressure ra ther  than 
the total  gas pressure controls the decarburizat ion 
process. 

In v iew of the foregoing exper imenta l  observations, 
the most a t t ract ive explanat ion of the pressure de- 
pendence of the decarburizat ion involves pores through 
the oxide that  remain  open to permi t  the escape of CO 
or CO2 at an ex te rna l  oxygen pressure of 10 Torr  but 
quickly become blocked to prevent  decarburizat ion at 
an oxygen pressure of 700 Torr. In the earliest  stages 
of oxidation, adsorbed oxygen can react  wi th  carbon 
at the alloy surface in the areas be tween expanding 
iron oxide nuclei  to produce CO. Since, under  the ex-  
per imenta l  conditions, the iron oxide nuclei  grow to-  
gether  to form an iron oxide film in a few seconds, 
the observed amount  of decarburizat ion cannot be ex-  
plained by this direct  reaction be tween carbon and 
oxygen. 

The continuation of decarburizat ion after  the forma-  
tion of an iron oxide film at an oxygen pressure of 10 
Torr  could be explained by carbon moving through 
the oxide layer and being emit ted  into the a tmosphere  
as a gaseous reaction product,  CO or CO2. However ,  the 
t ransport  of carbon through the iron oxide film by 
solid-state diffusion appears unl ikely because of the 
low solubil i ty of carbon in the oxide and because it  
is difficult to explain the effect of oxygen pressure on 
the decarburizat ion if the react ion be tween carbon 
and oxygen takes place on the outer  surface of the 
oxide. Therefore,  it appears that  the carbon is oxidized 
at the ox ide-meta l  interface and that  the result ing 
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gaseous reaction products escape into the a tmosphere  
through pores or faults in the oxide layer. 

Thus, it is bel ieved that  pores remain  in the grain 
boundaries when iron oxide nuclei  grow together.  As 
the oxide thickens at 10 Torr, oxygen enter ing a pore 
reacts wi th  CO flowing up f rom the ox ide-meta l  in ter -  
face to form CO2. Some of this CO2 diffuses back to 
the base of the pore where  it reacts  wi th  carbon to 
produce CO. In this way, a CO-CO2 atmosphere  of low 
oxidizing potential  is mainta ined within  the pore, in-  
hibit ing the growth of iron oxide on the pore walls. 

However ,  when the externa l  oxygen pressure is 700 
Torr, oxygen enters the pores faster than CO is pro-  
duced so that  the oxidizing potent ial  of the pore at-  
mosphere is much higher. The excess oxygen is incor-  
porated into the iron oxide latt ice in the pore walls. 
Thus, the pores close quickly  at the higher  oxygen 
pressure, blocking the escape of gaseous carbon oxides 
and thereby stopping fur ther  decarburizat ion of the 
alloy substrate. 

Except  for the direct reaction of oxygen with  carbon, 
none of the possible reactions that  could produce gase- 
ous carbon oxides at the ox ide-meta l  interface are 
favored thermodynamica l ly  at 500~ Thus, the reac-  
tion can proceed only if the reaction product  can es- 
cape from the site of the reaction. When the escape 
paths are blocked, the reaction stops. 

The mechanism for the preferent ia l  oxidation of car-  
bon with  CO2 to produce CO at the base of the pore is 
not clear. Theoretically,  under  the exper imenta l  con- 
ditions, the oxidation of iron by CO2 is sl ightly favored 
over  the oxidation of carbon by CO2. Thus, the iron at 
the base of the pores should be covered with  a thin 
iron oxide layer  through which the carbon must pass 
as it escapes from the iron substrate. The reasons why 
this thin oxide film does not grow and quickly block 
the decarburizat ion have not been resolved. 

If the proposed mechanism for decarburizat ion of 
the iron substrate through an oxide scale is valid, it 
appears that, even at the lower oxygen pressure, the 
pores should eventua l ly  close as the concentrat ion of 
CO in the pore atmosphere decreases because of the 
increasing length of the pore and the increasing length 
of the diffusion paths f rom the source of the carbon 
(the Fe3C phase deep in the iron substrate) to the 
ox ide-meta l  interface. The kinetic data presented in 
Fig. 7 for the oxidation of the i ron-carbon alloys at 
oxygen pressures of 10 and 700 Torr  tend to support  
this hypothesis. The rate of oxidation at both pressures 
is probably quite s imilar  but the decarburizat ion re-  
action at 10 Torr  results in a lower rate of weight  in- 
crease. Af te r  2000 to 3000 min, the weight -ga in  rates 
are similar, which indicates that  the decarburizat ion 
reaction has probably stopped. Fur thermore ,  samples 
oxidized for extended periods at 10 Torr  still have 
Fe3C platelets below a decarburized layer  despite the 
fact that  decarburizat ion at the ear ly  rates should 
have  completely el iminated the carbon. Thus, some 
mechanism, such as eventual  pore closure, evident ly  
exists. 

Sur face-area  measurements  by the B.E.T. method 
using xenon were  made on specimens of the iron-0.99% 
carbon alloy that  had been oxidized for 1000 min at 
500~ in oxygen at pressures of 10 and 700 Torr, re-  
spectively. The oxide formed at 10 Torr  had 8 t imes 
the surface area of the oxide formed at 700 Torr, pre-  
sumably because of the surface area of the pores. Un-  
fortunately,  the slow evolut ion of CO from the speci- 
men oxidized at 10 Torr prevented  establ ishment of 
the adsorpt ion-desorpt ion isotherms with  sufficient ac- 
curacy for pore-s ize  estimations. 

An additional exper iment  was devised to demon-  
strate differences in porosity in the scales formed at 
the two oxygen pressures. Representa t ive  specimens 
of the iron-0.5% carbon alloy were  oxidized at 500~ 
for 3900 min. Af te r  this period of time, the t empera -  
ture was decreased to 350~ and held for 2 hr. The 
iron diffusion rate  outward through the Fe304 was 

Fig. 12. Effect of oxidizing conditions (oxygen pressure) on the 
porosity of the scale formed on the iron-0.50% carbon alloy. 
Specimens first oxidized for 3900 min at 500~ and then 120 rain 
at 350~ 

considerably reduced at the lower tempearture .  Con- 
sequently,  oxygen penetra t ing through the pores in 
the oxide was able to conver t  the oxide in the pore 
walls to Fe203 and thereby decorate the pore walls 
for identification in the metal lographic  cross sections. 
The results of these exper iments  are shown in Fig. 12. 
Considerable porosity was evident  in the scale formed 
at 10 Torr, but only slight oxygen penetra t ion was 
observed in the scale formed at 700 Torr. 

The distr ibution of the Fe203 in these sections sug-  
gests that  the Fe304 layer is much less compact than 
the Fe._,O3 layer. Most of the pores appear  to be con- 
centrated in the lower two- th i rds  of the Fe304, and 
connections be tween these and the outer  layer are 
re la t ive ly  rare. Thus, it appears that  pore closure oc- 
curs near the outer  surface of the scale as required 
for the proposed mechanism for decarburization.  

Summary 
The oxidation of an iron base and a series of i ron-  

carbon alloys at 500~ in oxygen at pressures of 10 
and 700 Torr  has been studied in detail. Reasonable 
explanat ions have been developed for the various phe-  
nomena observed in connection with  these oxidation 
experiments .  

Blisters grow in the scale formed on the iron base 
during oxidation at 10 Torr. It appears that  i ron- ion 
vacancies diffuse through the scale and accumulate  at 
the ox ide-meta l  interface at a faster  rate  than they 
can be annihilated at vacancy sinks exist ing in the 
meta l  substrate. This causes separat ion to occur be-  
tween the oxide and the metal.  Subsequent  conversion 
of the F~O4 to Fe203 in the scale over  the separat ion 
introduces strain, which causes the separated area to 
bow up away from the meta l  and form the blister. 
When cracks develop in the blister cap, gaseous oxy-  
gen enters the cavity, forming a new oxide layer  on 
the exposed metal, and the process repeats. 

Blis ter ing is not observed when  the iron base is oxi-  
dized at 500~ in oxygen at a pressure of 700 Torr. It 
appears that  the outer  phase of the scale, Fe203, nu-  
cleates and grows la tera l ly  to form a continuous layer  
more rapidly at 700 Torr than at 10 Torr. The forma-  
tion of a continuous layer  of Fe,203 reduces the rate of 
formation of i ron- ion vacancies so that  those vacancies 
ar r iv ing at the ox ide-meta l  interface can be anni-  
hi lated at vacancy sinks in the meta l  and thus do not 
accumulate  at the interface to cause the ox ide-meta l  
separations that  result  in oxide blisters. 

The presence of cementite,  Fe3C, in the substrate 
also tends to prevent  the format ion of oxide blisters 
even when these alloys are oxidzed at 500~ in oxygen 
at a pressure of 10 Torr. It appears that  addit ional  va-  
cancy sinks generated by the precipi tat ion of cementi te  
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during specimen preparat ion and by the volume de- 
crease associated with decarburizat ion increase the va-  
cancy annihi la t ion rate and thus prevent  the forma- 
tion of the oxide-metal  separations that  occur in the 
oxidation of i ron under  similar conditions. 

It  has also been observed that  the i ron-carbon al- 
loys decarburize when oxidized at 500~ in oxygen 
at 10 Torr, but  do not decarburize when  oxidized at 
500~ in oxygen at 700 Torr. This effect of oxygen 
pressure can be explained if it is assumed that  pores 
develop as the iron and carbon are competi t ively oxi- 
dized, s tar t ing wi th  a clean meta l  surface. Initially,  
carbon is oxidized and escapes into the atmosphere 
from sites in the areas between iron oxide nuclei. As 
the nuclei  grow together and the iron oxide thickens, 
pores or faults are left at the oxide grain boundaries.  
Carbon from the substrate reacts with CO2 in the pore 
atmosphere to form CO. Thus, the pores provide paths 
for the escape of carbon oxides into the atmosphere. 
When the external  oxygen pressure is 10 Tort,  oxygen 
enter ing the pores reacts with CO to form CO2. This 
mechanism mainta ins  a CO-CO2 atmosphere of low 
oxygen activity wi thin  the pores, keeping them open. 

However, at the higher pressure, 700 Torr, oxygen 
is able to enter  the pores and be incorporated in the 
i ron-oxide lattice. This causes the growth of fresh 
oxide in the pores, blocking them and prevent ing  the 
escape of carbon oxides. Since none of the reactions 
that  could oxidize carbon at or near  the oxide-metal  
interface are thermodynamica l ly  favored at 500~ 
escape of carbon oxides is necesary in order for the 
reaction equi l ibr ium to be shifted in the direction of 
carbon oxidation. Thus, once the pores are blocked, 
carbon oxides cannot escape, and the decarburizat ion 
reaction stops. 
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Polarographic Measurement of the Reaction between 
o-Chlorobenzalmalononitrile and 2-Diethylaminoethyl Mercaptan 

(DEAEM) 
Pascal A. Tarantino* and Samuel Sass 

Research Laboratories, Edgewood Arsenal, Maryland 

ABSTRACT 

Control led-potent ia l  and first derivative polarography were found to be 
effective for de termining  the kinetics of reaction of two electroactive com- 
pounds in nonaqueous and par t ia l ly  aqueous media. The mechanism and rate 
of reaction of o-chlorobenzalmalononi t r i le  wi th  2-die thylaminoethyl  mer -  
captan were  found to be dependent  on the relat ive concentrat ion of the re-  
actants, the solvent medium and temperature.  A rapid-scan polarograph with 
a tr.ielectrode system was used for most of this study. 

The purpose of this s tudy was to determine the elec- 
trochemical properties (polarography) of o-chloro- 
benzalmal0noni t r i le  (CS) and related compounds in 
several media and in the presence of a rapidly  react-  
ing .nucleophile. Since CS is a potent i r r i tant  and has 
been used successfully for riot control, it could be used 
as a s tandard of comparison with related compounds. 
This informat ion could be useful  both from the s tand-  
point of analyt ical  methodology and for obtaining a 

* Electrdchemical  Society Act ive  Member .  

better  unders tand ing  of s t ructure-act iv i ty  relat ion-  
ships. 

The polarographic reduct ion of benzalmalononi t r i le  
in Pr ideaux and Ward buffers, pH 4-8.9, with 30% 
alcohol is reported by Bargain and Delepine (1): in 
acid media there occurs a single two-electron wave, 
and in basic media, two waves, each corresponding to 
one-electron addition. In  d imethyl formamide  (2) 
benzalmalononi t r i le  gives only one wave with a one- 
electron addition, indicat ing the formation of a free 
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radical. The influence of proton donors (benzoic acid 
and phenol)  in d imethy l fo rmamide  for this compound 
(3) has also been reported:  wi th  phenol, two reduct ion 
waves  occur; and when benzoic acid is used, three dis- 
t inct  waves  are formed. 

Holmes et al. reported on the spectral  (4) and po- 
larographic analysis (5) of some benzalmalononitr i les  
and related compounds, and on their  rates of reaction 
with  potassium cyanide (6), n-butanethiol ,  and n - b u -  
ty lamine  (7), including also a theory for the action of 
benzalmalononitr i les  on nerve  endings. 

Sass et al. (8) repor ted  on at tempts  to utilize ali-  
phatic mercaptan  as a reagent  for the volumetr ic  anal -  
ysis of CS and related compounds. This study indi-  
cated that  more  than one thiol adduct  could be ob- 
tained with  CS, depending on the medium and the pH. 
Under  conditions in which a second thiol adduct was 
obtained, one thiol  group was readi ly  removed by 
t i t rat ion with  iodine. 

The work  described in the present  report  represents  
a study of the polarographic characterist ics of CS un-  
der conditions that  had not been described previously,  
nor had an aminomercaptan  been used heretofore for 
reaction studies. 

Experimental 
Reagents.--Preparation of DEAEM.--The free base 

mercaptan  was isolated f rom the hydrochlor ide  salt, 
purchased f rom Evans Chemetics, Inc. The salt was 
neutral ized with  a methanol  solution of sodium meth -  
oxide, decanted f rom the sodium chloride precipitate,  
and fract ional ly distil led in vacuo. The collected 
DEAEM showed a pur i ty  of 99.85%, as indicated by 
iodine ti tration. 

CS.--A CS sample of 99.5% pur i ty  was obtained by 
recrystal l izat ion from an e thano l -wa te r  solution, 
washed with  water,  and dried in vacuo. The white  
crystal l ine mater ia l  mel ted  at 96~ The pur i ty  was de- 
te rmined by volumetr ic  t i t rat ion (8). 

Solvents.--Reagent grade anhydrous methanol  and 
acetone were  used wi th  no fur ther  purification. The 
water  content  for both of these solvents was less than 
0.05%. Pract ical  grade acetonitr i le  was purified by re-  
fluxing for 3 hr  over  phosphorus pentoxide,  decanted, 
distilled, refiuxed over  potassium carbonate, decanted, 
and redisti l led. The solvent, stored in an amber  bot-  
tle, contained less than 0.05% water  and did not re-  
duce iodine. 

Electrolytes.--Lithium nit ra te  and t e t r abu ty lammo-  
n ium perchlorate  (Bu4NC1OD were  used as electro-  
lytes. Li th ium nitrate, B and A Standard of Puri ty,  
was used wi th  no fur ther  purification. Te t rabu ty lam-  
monium perchlorate  was prepared f rom the corre-  
sponding bromide  salt (9). 

Purging gas.--Prepurified nitrogen was used for purg-  
ing electrolytic solutions before and during the re-  
cording of all polarograms and ra te  studies. 

Apparatus.--Polarograph.--A modified version of the 
ORNL Controlled Potent ia l  and Der iva t ive  DC Polaro-  
graph (10) was used. The new polarograph (ORNL- 
Q-1988-FES),  which is capable of doing rapid regular  
and first and second der iva t ive  d-c polarography,  1 was 
constructed in our laboratory.  It permits  a fast scan 
of the polarograms up to 3 v /min ,  which was found 
to be ve ry  convenient  for react ion-ra te  study. 

Polarographic cell.--A t r ie lectrode cell was all-glass 
constructed to accommodate  a ni t rogen gas purger  and 
a th ree-e lec t rode  system. The polarizable electrode 
was a Smolar  type DME with  a d rop- t ime  (t) of 0.5 
sec., a flow rate  (m) of 3.85 mg/sec  and m2/St 1/6 = 
2.18 mg2/3/secl/2. The reference electrode was an 
aqueous Ag/AgC1 (saturated) system bridged to the 
test solution by a saturated KC1 solution, a 4% KNO~ 

1 D.  J .  F i s h e r ,  W.  L.  n e l e w  a n d  M. T. K e l l y ,  A d d i t i o n  of  R a p i d  
R e g u l a r ,  a n d  F i r s t  an d  S e c o n d  D e r i v a t i v e  dc P o l a r o g r a p h y  F u n c -  
t i ons  to  t h e  O R N L  Con t ro l l ed  P o t e n t i a l  dc  P o l a r o g r a p h ,  u n p u b l i s h e d  
data .  
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agar plug and a sintered glass disk. The counter  elec-  
t rode was a spiral of p la t inum wire  (18 gauge) iso- 
lated from the test solution by a 7 m m  porous tip 
Vycor tube filled with the  electrolyte  used in the cell. 

Procedures.--All polarographic work  for calibration 
and rate study was conducted at 25~ by using a 
wa te r - j acke ted  cell and a circulat ing bath wi th  t em-  
pera ture  control. 

Calibration.--The method of s tandard addition was 
used for all cal ibration at 25~ The electrolyte  (20 
ml of 0.1M LiNO3 or Bu4NC104) was placed in the 
electrolytic cell and purged for 5 min. A given volume 
of the standard was added, and the purging of the 
cell solution continued for 1 min longer. The ni trogen 
purge was diver ted  to the solution surface, and polar-  
ograms were  recorded at a scan rate of 1.5 v /min ,  or 
as otherwise indicated. 

Rate procedures.--The react ion rate be tween CS and 
DEAEM was invest igated in the solvents listed above. 
The rates were  measured at 25~ under  different 
concentrat ions of reactants  in 20 ml of electrolyte.  

A 20-ml volume of e lectrolyte  was placed in the 
electrolytic cell, purged for 5 min, and the residual 
current  recorded. DEAEM, from a freshly prepared 
standard, was added to the cell solution to correspond 
to 1 mM; the system was purged for 1 min, and the 
purge was d iver ted  to the surface of the  solution. Af te r  
the DEAEM polarogram was recorded, the applied 
voltage was set on the flat port ion of the DEAEM 
anodic l imit ing current,  and the t ime-sweep  circuit  
of the recorder  was closed to coincide with  the addi-  
tion of CS, and purging was mainta ined for 30 sec to 
insure uni form mixing of the solution. The gas purge 
was diver ted to the surface of the solution mixture ,  
and the consumption of the DEAEM was recorded 
using the preset  t ime-sweep.  The monitor ing of the 
rate was continued unti l  the rate  curve  indicated a 
70% consumption of DEAEM. 

For cases where  both reactants  were  monitored, de- 
r ivat ive  polarography was used at a scan rate  of 3 v /  
min. The sequence of prepar ing the react ion mix tu re  
was the same as that  described above. The der ivat ive  
polarograms recorded the DEAEM oxidation peak and 
the CS reduct ion peak in about 30 sec. Consecutive de-  
r iva t ive  polarograms were  recorded at t ime intervals,  
depending on the speed of the reaction. 

Results and Interpretation 
Polarography of DEAEM.--The selection of DEAEM 
as a reactant  was based essential ly on the desire to 
more closely approximate  thiol  associated wi th  amine 
as in protein (i.e., the cysteine group).  P re l iminary  
studies wi th  cysteine indicated that  it would be diffi- 
cult  to handle because of instabil i ty in any but acidic 
media. Tests wi th  alkanethiols such as n -pen ty l  mer -  
captan showed that, in the absence of added base, the 
compounds are not polarographical ly  act ive in the 
media  employed here. 

Polarography of DEAEM in various solvents.--DEAEM 
was cal ibrated in four different electrolytic media: an- 
hydrous methanol,  50% aqueous methanol,  anhydrous 
acetone containing 0.1M LiNO3, and anhydrous ace-  
tonitr i le  wi th  0.1M Bu4NC104. Normal  and der ivat ive  
polarography were  determined for the calibrations in 
anhydrous methanol.  The other  solvents were  sub- 
mit ted to only normal  polarography.  

DEAEM in anhydrous methanol  has two waves:  one 
anodic at --0.438v and one cathodic a t - -0 .960v .  The 
first is the oxidation of the thiol, and the second is due 
to the  reduct ion of the disulfide. The wave  and the 
peak heights are both l inear wi th  concentrat ion for 
the anodic and cathodic diffusion current.  The normal  
and first der iva t ive  data for this compound are given 
in Table I. 

The polarograms for DEAEM in 50% aqueous me th -  
anol are wel l  defined. The anodic (--0.452v) and the 
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Table I. Calibration of DEAEM in 0. IM I.iNO;~ anhydrous methanol Table III. Stability of DEAEM in anhydrous methanol 

A.  N o r m a l  p o l a r o g r a p h y  P o l a r o g r a p h i c  w a v e s  

A n o d i c  w a v e  C a t h o d i c  w a v e  A g e  of  0 .1M 
C o n c e n t r a -  s t a n d a r d ,  h r  A n o d i c ,  # a  C a t h o d i c ,  # a  

t i on ,  m M  - - E l / e ,  v I --E~/..,, v I 

R S H ,  % 

0.1 - -12 .5  0.5  96  
1.19 0.436 -- 0.97 0 .945 0.046 3.0 -- 12.0 2.0 86 
2.15 0.432 - 1.01 0.948 0.046 5.0 -- 11.0 3.6 75 
3.49 0.440 -- 0.97 0.965 0.046 7.0 -- 10.0 4.9 67 
4.53 0.436 -- 1.Ol 0.980 0.046 16.0 -- 8.0 5.8 59 
5.73 0.446 -- 0.97 0 .964  0.092 32.0 -- 0.2 13.3 2 

A v e r a g e  0.438 -- 0.99 0.960 0.055 

B.  D e r i v a t i v e  p o l a r o g r a p h y  

Anodic p e a k  C a t h o d i c  p e a k  
C o n c e n e r a -  

t i on ,  m M  --El~, v I '  - -E, , ,  v I '  

1.19 0.470 4.81 0.950 0.32 
2.36 0 .470 5.26 0.950 0.37 
3.49 0.475 5.41 0.960 0.41 
4.62 0.470 5.41 0.960 0.41 
5.72 0.475 5.41 0.970 0.41 
6.79 0.480 5.26 0.975 0.46 

A v e r a g e  0.473 5.26 0.961 0.40 

I = u A / C . m ' - V ~ t l / ~  a n d  I '  = I / m i n .  

cathodic (--0.735v) ha l f -wave  potentials are constant 
wi th  increasing concentration; the diffusion current  
constants are --0.69 and 0.07, respectively.  There  is 
ve ry  good l inear i ty  for both waves with concentration. 

The polarographic results for DEAEM in acetone and 
in acetonitr i le  are almost identical. The only differ- 
ence is in the shape of the waves;  that  in acetonitr i le  
is fair ly well  defined, and the wave  in acetone be- 
comes i r regular  wi th  increase in concentration. The 
ha l f -wave  potentials are --0.468v a n d - - 0 . 4 6 1 v  for 
DEAEM in acetone and acetonitrile,  respectively.  The 
diffusion current  constant is the same for both solvents, 
about --1.93. 

Tautomeric forms of DEAEM.--The anodic diffusion 
current  constant of DEAEM, as indicated by data in 
Table II, is dependent  on the degree of hydrolyt ic  
character  and on the polari ty of the solvent. This cur-  
rent  change could be due to several  factors such as 
viscosity and polar i ty  of the solvent, and charge of 
the electroact ive mater ia l  (11). The pKa for t r ie thyl -  
amine and DEAEM in aqueous methanol  at 25~ is 
9.4 and 7.3, respectively.  The lower pKa for DEAEM 
indicates a less basic amine. These results could in- 
dicate the presence of DEAEM in two tautomeric  
forms: 

| 
EtfNCH~CHfSH ~ EteNCHfCH2S O 

H 

The formation constant of the charged molecule  (or 
zwit ter ion) is dependent  on the polar i ty  of the medium. 
The zwit terionic nature  for analogous compounds has 
been shown for 8-mercaptoquinol ine  and 3 mercapto-  
pyridine (12). In another  study (13), the actual per -  
centage of 8-mercaptoquinol ine  in the zwit terionic 
form was measured in different solvents (water,  97%; 
ethanol, 1.3%, acetonitrile,  0.5%; acetone, 0.14%; and 
ethyl  ether, 10-5%).  The percentage of DEAEM in the 
zwitterionic form is probably much greater  since it 

Table II. Dependence of diffusion current constant of DEAEM 
on solvent 

S o l v e n t  m e d i u m  I 

50% M e t h a n o l  - - 0 . 64  
80% M e t h a n o l  - -0 .87  
90% M e t h a n o l  - - 0 . 96  
Anhydrous  m e t h a n o l  -- 1.15 
A n h y d r o u s  a c e t o n i t r i l e  -- 1.88 
A n h y d r o u s  a c e t o n e  -- 1.92 

Note:  A t  0 . I  h r  t h e  i n d i c a t e d  q u a n t i t y  of  R S S R ,  b a s e d  o n  i t s  o w n  
w a v e ,  w a s  of  t h e  o r d e r  of  4 % ;  a f t e r  32 h r  i t  w a s  a t  a l e v e l  o f  a p -  
p r o x i m a t e l y  9 8 % .  

is general ly  known that  aliphatic amines are more 
basic than the corresponding heterocyclic type. 

Stability of DEAEM.--Once the DEAEM standard in 
methanol  is placed in a purged electrolyte,  consecutive 
polarograms with  t ime indicate no change in ei ther  
the anodic or the cathodic wave. However ,  the stock 
s tandard solution, 0.1M DEAEM, changes wi th  time. 
The data given in Table III  indicate that, for this 
solution, the anodic wave  decreases and the cathodic 
wave  increases wi th  t ime of standing. Al though there  
is no 1:2 correlat ion be tween the drop in the anodic 
wave  and the rise of the cathodic wave, it is evident  
that DEAEM is being conver ted  to its corresponding 
disulfide (14). According to this t ime-s tabi l i ty  study, 
the DEAEM standard solution should be used for no 
more  than 5 hr. 

Effect of water on the diffusion current of DEAEM.-- 
Four  DEAEM standard solutions were  prepared,  each 
containing the same concentrat ion (5 mM) in 100%, 
90%, 80%, and 50% methanol  wi th  0.1M LiNO~ elec- 
trolyte. It was found that  the anodic diffusion current  
decreases wi th  increasing quantit ies of water  present 
in the electrolyte.  The cathodic wave  showed some in- 
crease. This decrease in height  of the anodic wave  
is probably due to diffusion effects produced by the 
increasing viscosity or change in dielectric of the 
me thano l -wa te r  solution. The data are shown in Table 
IV. 

Polarography of o-chlorobenzalmalononitrile (CS). 
- - C S  was the most readily avai lable i r r i tant  at the 
t ime of this study. Its biological effectiveness had 
been tested on both animal  and man and informat ion 
made avai lable on some of its chemical  reactivity.  Un-  
der these circumstances, the selection of this com- 
pound as a s tandard of comparison could prove useful  
for obtaining a bet ter  unders tanding of s t ruc ture-ac-  
t ivi ty relationships. 

PoIarography of CS in various solvents.--The cal ibra-  
tion of CS was per formed in the same media and un-  
der the same polarographic conditions as those used 
for DEAEM. 

In anhydrous methanol,  CS was cal ibrated by both 
normal  and der ivat ive  polarography.  The two cathodic 
wave  he ights  and der ivat ive  peaks of CS are l inear 
with concentration. The ha l f -wave  potentials  and the 
m ax im um  der ivat ive  peaks are constant for the first 
wave  and peak; but for the second, there is a shift 
toward a more  negat ive potent ial  wi th  increasing con- 
centration. The average ha l f -wave  potentials for the 
first and the second cathodic waves a r e - -0 .896v  and 
--1.635% and the voltage peaks (Ep) are - -0 .909v  and 
--1.703v. A summary  of this data is shown in Table V. 

Table IV. Effect of water concentration on the diffusion 
current of a 5 mM DEAEM standard 

W a t e r ,  % D E A E M ,  # a  R S S R ,  ~a  

O 12.5 0.5 
10 10.6 0.6 
20 9.4 0.7 
50 7.2 0.9 
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Table V. Calibration of CS in 0.1M L.iNO:3 anhydrous methanol 

A. N o r m a l  p o l a r o g r a p h y  

F i r s t  ca thod ic  w a v e  Second  ca thod ic  w a v e  
C o n c e n t r a -  
t ion,  m M  - -  E l l ~ ,  V I - -  EtI=,, V I 

Table VI. Comparison of o-chiorobenzaldehyde with CS in the 
same electrolytic media 

o-Chlo ro -  
b e n z a l d e h y d e  a S  

E lec t ro ly t e  - E /r . , ,  v l - -  El~..,, v I 

0.99 0.900 2.20 1.605 1.32 
1.96 0.895 2.57 1.620 1.32 
2.90 0.895 2.52 1.635 1.56 
3.85 0.895 2.52 1.645 1.61 
4.76 0.895 2.52 1.670 1.64 

A v e r a g e  0.896 2.48 1.635 1.49 

B. D e r i v a t i v e  p o l a r o g r a p h y  

F i r s t  c a thod ic  peak  Second  ca thod ic  peak  
C o n c e n t r a -  

t ion,  m M  -- E,,, V I '  - E,,, v I '  

0.99 0.925 36,2 1.665 15.1 
1.96 0.920 38.0 1.695 12.4 
2.9.0 0.900 37.6 1.700 12.8 
3,8~ 0.900 37.1 1.725 13.3 
4.78 0.900 35.3 1.730 13.3 

Average 0.909 36.6 1.703 13.8 

In 50% methanol  a polarogram of CS produces two 
waves;  the first is a wave  (--0.79v) having a max im um  
which can be suppressed with  one drop of 1% Titron 
X-100. With t ime there occurs a decrease of the CS 
first wave  and a corresponding increase of the second 
wave  (--1.3v). The over -a l l  height  of the first and 
the second wave  remains constant. Since this e lectro-  
lyte contains 50% water,  hydrolysis of CS is undoubt-  
edly occurring. 

HzO 
ArCH = C(CN)2 ~ ArCHO 4- CH2(CN)2 

In this exper iment  an equi l ibr ium was reached at the 
end of 40 rain, A polarogram of o-chlorobenzaldehyde,  
run under  identical  conditions, gave a ha l f -wave  po- 
tent ial  at .--1.30v. The fact that  the ha l f -wave  poten-  
tial for the known sample of o-chlorobenzaldehyde was 
identical to the second wave  for CS in 50% aqueous 
methanol  was a proof that  CS had hydrolyzed. 

Polarograms of CS in acetone give only one 
wave  (--0.924v) wi th  a diffusion current  constant 
equal to 4.7. There is an increasing l inear  deviat ion at 
concentrat ion greater  than 3 raM. 

CS in acetonitr i le  exhibits  two waves, one a t - -0 .941v 
and the other  at --1.766v. The diffusion current  con- 
stant for the first wave  is 4.2 and for the second wave,  
0.6. The diffusion current  for the first wave  has very  
good l inear i ty  with concentration. The second wave  
is l inear up to 2 mM, beyond which it is not repro-  
ducible. 

Comparison of the polarography of o-chlorobenzalde- 
hyde with that of CS.-- o-Chlorobenzaldehyde,  which 
is both an in termedia te  and a hydrolysis product  of 
CS, was polarograph'ed using the same solvent systems 
as those described previously.  Malononitri le,  the other  
in termediate  and also a hydrolysis  product, showed no 
wave  in these media. The purpose of these polarograms 
was to assign a ha l f -wave  potential  to the aldehyde 
should it appear  during subsequent  reaction studies. 
The polarographic data obtained on o-chlorobenzalde-  
hyde are shown in Table VI. Data cited previously for 
CS are repeated for comparison. 

Polarography of the formation of CS from its inter- 
mediates.--In order  to confirm the stabili ty of benzal-  
malononitr i les  and the dependabi l i ty  of the ra te  mea-  
surement  in the electrolyte  used for making all s tand- 
ard solutions (0.1M LiNO3 in anhydrous methanol) ,  
an exper iment  was devised employing polarography 
to fol low the formation of CS from its intermediates:  

C1 C1 

~ - -  CHO 4- CH2(CN)2--) ~ CH = C(CN)2 

0.1M LiNO~, CH:~OH 1.355 1.15 0.895/1.635 2.48/1.47 
0.1M LiNO~, 50% CHzOH 1.300 1:88 0.790/1.315 1.47/0.23 
0.1M LiNO~, (CH3)2CO 1.405 1.51 0 .924/none  4 . 6 7 / - -  
0.1M BuiNC10~ CH~CN 1.605 1.19 0.941/1,766 4.21/0.55 

From this informat ion it was intended to prove  that  
the reaction was i r revers ible  and that  clear waves 
could be obtained. The ha l f -wave  potentials for the 
three  compounds involved in the above reaction are: 
CS, --0.896v and --1.635v; malononitr i le ,  inactive;  
o-chlorobenzaldehyde,  --1.355v. 

An equimolar  mix ture  of o-chlorobenzaldehyde and 
malononi t r i le  was polarographed in 0.1M LiNO3, an-  
hydrous methanol.  The polarogram, run immedia te ly  
after  mixing, gave only the ha l f -wave  potent ial  of the 
aldehyde. Subsequent  polarograms indicated a slow 
decrease of the aldehyde wave. The solution was left 
overnight  and polarographed again, 24 hr later. By 
this t ime the aldehyde wave  had complete ly  disap- 
peared and new waves, characterist ic of CS, were  ob- 
served. Calculation, based on diffusion current,  indi-  
cated a 98% conversion to CS. In a paral le l  exper i -  
ment, o-chlorobenzaldehyde and malononi t r i le  were  
reacted in the same manner.  Results from a volu-  
metr ic  t i t rat ion for CS (8) indicated the same order 
of conversion to compound. 

Electrode processes of DEAEM and CS in methanol. 
--DEAEM.--The aminothiol,  when first distilled and 
polarographed,  shows only an anodic wave, that  at 
--0.44v. With aging, the clear, concentrated aminothiol  
changes to an amber  color. Po]arograms of the aged 
aminothiol  show, in addition to the anodic wave  which 
is characterist ic of the thiol  group, a cathodic wave  of 
a much lower current  intensi ty occurs at --0.96v. The 
magni tude of the cathodic wave  is less than 5% of the 
anodic wave. The second wave  is due to a disulfide re-  
duction. The electrode reaction of the aminothiol  is 
not a direct oxidation of mercaptan  but, instead, an 
indirect  oxidation of mercury  with the formation of 
mercurous mercapt ide (14): 

Et~NCH2CH2SH + Hg ~-- H + 4- Et~NCH2CH2SHg 4- e 

Consequently,  the anodic current  being measured is 
the oxidation of mercury  which is direct ly  related to 
the mercaptan  concentration. 
CS . - -Normal  polarograms of CS give two cathodic 
waves, the first is well  defined and revers ible  while 
the second is drawn out and irreversible.  The current  
tempera ture  coefficients for the first and second waves 
are 2.0 and 2.4% per  degree, respectively.  The current  
and the square root of the mercury  height  gives a 
l inear relat ionship for both waves. The polarographic 
wave  equat ion (15) plots of the first CS wave  are 
l inear  and the n -va lue  averaged to one electron. The 
revers ibi l i ty  of the first cathodic wave  is indicated 
by the excel lent  symmet ry  at its first der ivat ive  peak 
(16) and the l inear i ty  of the log-plots ment ioned above. 
Coulometric  studies of CS confirmed a one-elect ron re-  
duction for the first wave;  the second wave  occurs too 
close to the background discharge for accurate cou- 
lometric  determination,  but indications are that  it is 
also a one-e lec t ron process. Based on these results the 
fol lowing electrode processes are  postulated for CS: 

CH = C(CN)2 C H - -  C(CN)2 CH2CH(CN)2 

2H + > 



434 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  

The diffusion current  constant (I) of the first CS wave  
is 2.48 and that  for the one-e lec t ron process of ace- 
tophenone in the same electrolyte  is 2.43. 

Polarographic reaction rates of CS and D E A E M . - -  
A pre l iminary  invest igat ion of the reaction be tween 
CS and DEAEM indicated that  when  CS is in excess, 
the decrease in DEAEM content  follows a pseudo 
first-order reaction. When the quant i ty  of DEAEM is 
equivalent  to or is in excess of CS, the reaction is sig- 
nificantly more complex. In the la t ter  case, the CS 
concent ra t ion- t ime curve shows three slopes: the first, 
a rapid init ial  drop which could be indicat ive of a 
prior  equil ibrium, and the other  two represent  the 
formation of the mono-  and di-adducts  of CS-DEAEM. 
In an a t tempt  to fur ther  resolve the formation of 
two different adducts, the interact ion of CS was 
studied in grea ter  depth. 

Reaction rate s tudy of CS wi th  D E A E M . - - T h e  de- 
r ivat ive  polarographic technique was found to be 
very  convenient  for moni tor ing s imultaneously the 
DEAEM (--0.45v) and the CS (--0.92v) der iva t ive  
peak heights when util izing a fast scan of 3 v / m i n  
(Fig. 1). Both reactant  peaks decrease in height,  as 
represented by recordings which occur less than 20 
sec apart. A new peak appears at --1.7v and varies as 
t h e  react ion proceeds; this peak is apparent ly  char -  
acteristic of a react ion in termedia te  and end product,  
but it could not be quanti tated.  Plots made of the re-  
spective quant i ty  of reactants  consumed allowed the 
determinat ion of reaction rate  wi th  respect  to each 
component.  These react ion-process curves (Fig. 2, 3, 
and 4) could be used to de te rmine  the nature  of the 
product on an empir ical  basis at a given time. In the 
fol lowing exper iments  the rates were  measured for 
four different ratio conditions of the reactants  in 20 
ml of methanol.  

The progress of the react ion at a ratio of C S /  
DEAEM, 1:1 (20:20 /~moles) is shown in Fig. 2. The 
initial drop in CS is significantly greater  than that  of 
DEAEM. As the react ion proceeds, the curves cross at 
a point equivalent  to a 1:1 reaction (mono-adduct ) .  
The continued consumption of DEAEM to approxi-  
mate ly  65% of react ion while  CS equil ibrates  at ap-  
p rox imate ly  50% might  be explained as the format ion 
of some di -adduct  (CS.2RSH).  

At a ratio of CS/DEAEM, 2:1 (20:10 ~mole) the 
initial CS drop exceeds that  of DEAEM. As the reac-  
tion approaches completion, the consumption of re-  
actants becomes equivalent ,  indicating a 1:1 reaction 
(CS.RSH, mono-adduct ) .  This exper iment  is i l lus- 
t rated in Fig. 3. 

Exper iments  in which the excess of DEAEM over  
CS was run as 2.5:1 (50:20 ~mole) and 5:1 (50:10 
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~mole) also showed the faster ini t ial  drop for CS 
over that  of DEAEM. As the reaction progressed, there 
was an intersection of the reactant  curves that  was 
approximately equivalent  to mono-adduct  formation. 
B.eyond this point the relative consumption of the com- 
ponents was reversed. At equi l ibr ium or completion 
of reaction, the ratio of the  components consumed was 
DEAEM/CS, 2:1, indicat ing the di-adduct  (CS. 
2DEAEM). 

CN Ar CN 

Rs. / Rs. \ / 
ArCH = C(CN)2 ~ ArCH-C > CH-CH 

'1 \\ / \ 
S C ~ NH RS C ~ NH 
R I 

S 
R 

These two experiments,  where DEAEM was in excess, 
also prove that  no more than  two equivalents  of mer-  
captan are involved in the reaction. The consumption 
of the reactants for the 5:1 ratio is i l lustrated in Fig. 
4. The structure of the mono-adduct  given in the above 
equation could be explained by the quali tat ive be-  
havior of the peak at --1.7v; it increases dur ing the 
formation of the mono-adduct ;  levels off for some 
time; and, dur ing the formation of the di-adduct,  a 
slow decrease of this peak takes place. 

Table VII summarizes the ratio of reactants 
(DEAEM/CS) ini t ia l ly mixed and that consumed 
against time. The tabulated results reflect the same 
t rend as the reaction-progress curves explained above. 
When CS is in excess, the ratio of reactants  repre-  
sented by the product is one, while  at equimolar  quan-  
tities, the ratio of reactants  (DEAEM/CS) is greater 
than one. The lat ter  result  indicates that a mix ture  
of products is being formed. With an excess of 
DEAEM, the ratio of reactants in the product ap- 
proaches two, which shows definitely that  the di- 
adduct, (DEAEM)2CS, is the end product. 

Reaction rate o] CS wi th  D E A E M  under varying con- 
centration conditions.--For purposes of reactivi ty 
screening, it was found that  a ratio of CS to DEAEM 
of 5:1 could produce the best comparative results, 
especially when  monitored on the basis of mercaptan  
consumed. Under  this condition, only the formation 
of the mono-adduct  is being measured,  thus preclud-  
ing the complexities involved when mixed products 
are obtained. When CS was main ta ined  in excess from 
2:1 and higher, no indication of product other than  
the mono-adduct  was found during a 2-hr rate study. 

Mill imolari ty mixtures  of CS and DEAEM in the 
ratio of 1:1 to 20:1 were polarographed against time 
at 25~ in 20 ml  of anhydrous  methanol  (0.1M LiNO~). 
Semilog plots of unreacted mercaptan  were made 
against t ime on mult iple  separate determinat ions for 
each ratio of reactant. The half-react ion times showed 
a reproducibil i ty wi th in  3% for the reactants ratio of 

Table VII. Ratio of reactants (DEAEM/CS) consumed during 
the course of reaction 

M i c r o m o l e s  o f  r e a c t a n t s  u sed  pe r  20 m l  of e l ec t ro ly t e  

10 DEAEiVI 20 D E A E M  50 D E A E M  50 D E A E M  
Time,  m i n  20 CS 20 CS 20 CS 10 CS 

0.5 0.194 0.237 0.312 0.454 
2 0.264 0.543 0.421 0.770 
5 0.440 0.830 0.916 1.03 

10 0.576 1.00 1.09 1.40 
15 0.688 1.10 1.35 1.47 
20 0.760 1.19 1.52 1.52 
25 0.826 1.27 1.57 1.60 
~0 0.945 1.33 1.57 1.66 
40 0.965 1.34 1.62 1.80 
50 0.965 1.35 1.73 1.89 
60 0.965 1.38 1.76 1.93 
70 1.40 1.82 1.97 
80 1.81 2.00 

100 2.01 
120 2.01 

3:1 and higher; for ratios of 2:1 and lower, the re-  
producibi l i ty  was wi th in  10%. As the ratio of reactants 
is increased by increasing the concentrat ion of CS, the 
half-react ion t ime decreases rapidly at first; when 
ratios of 5:1 and greater are used, it approaches a 
constant value. 

When the ratio is main ta ined  at 5:1 and the concen- 
t ra t ion of both reactants  is increased, the ha l f - re-  
action t ime is decreased. Thus, on the basis of these 
results, it is imperat ive that  both the ratio and the 
concentrat ion of the reactants  be main ta ined  constant  
when the reactivity of different analogs and homologs 
is to be compared. The results showing specific rate 
constants and half-react ion times vs. ratio of reactants  
and mil l imolar i ty  are shown in  Table VIII. 

Reaction rates were determined at 5:1 ratio (CS/ 
DEAEM) in different solvents to determine the effect 
of solvent on rate. The electrolytes used were 0.1M 
LiNO3 for 50% methanol,  anhydrous  methanol,  and 
anhydrous  acetone; and 0.1M Bu4NC104 for anhydrous  
acetonitrile. It was found that  the half-react ion times 
increased in this order: 50% methanol  (1 min) ,  an -  
hydrous methanol  (6 min) ,  acetonitri le (10 min) ,  and 
acetone (30 min) .  The selection of anhydrous methanol  
as a convenient  solvent for screening studies was based 
on its reasonable half-react ion time, as well  as on 
those criteria discussed previously. 

Temperature effect on reaction rate of CS wi th  
D E A E M . - - T h e  influence of tempera ture  on reaction 
rates of CS with DEAEM was studied in the range of 
15~176 Rates were measured in triplicate for each 
5~ increment.  The ratio of the reactants was ma in -  
tained at 5:1 (CS/DEAEM, 5 mM: 1 mM).  The 
DEAEM concentra t ion- t ime data for these reaction 
rates were t reated as two al ternat ive types of reac- 
tion: pseudo first-order and reversible pseudo first- 
order (Table IX).  

(a) First  order reaction and rate equation: With an 
excess of CS, DEAEM reacts as designated by DEAEM 
CS 

> CS.DEAEM. If  the ini t ial  concentrat ion and the 
concentrat ion at time, t, of DEAEM are represented by 
Ao and A, respectively, the integrated rate equation 
(17) for the reaction i s l n  A ---- In A o - -  kt. A plot of 
in A / A o  vs. t should be l inear  and its slope equal to 
the first-order rate constant. Exper imental  results 
have shown that a plot of the rate data using the above 

Table VIII.  Reaction of CS with DEAEM at various ratios 
of reactants and molarlty 

CS/DEAENI 

CS, mM DEAEM, mM Ratio k, min -1 hi'-', rain 

1.0 1.0 1:1 0.0291 23.6 
2.0 1.0 2:1 0.0490 14.1 
3.0 1.O 3:1 0.0760 9.1 
zt.O 1.0 4:1 0.0946 7.3 
5.0 1.0 5.1 0.1132 6.1 
6.0 1.0 6:1 0.1236 5.6 
8.0 1.0 8:1 0.1304 5.3 

10.0 1.0 10:1 0.1281 5.4 
20.0 1.0 20:1 0.1304 5.3 

2.5 0.5 5:1 0.0617 11.2 
5.0 1.0 5:1 0.1132 6.1 

10.0 2.0 5:1 0.1536 4.5 
15.0 3.0 5:1 0.1730 4.0 
20.0 4.0 5:1 0.2035 3.4 

Table IX. Effect of temperature on average specific rate constant 
and reaction half-time of CS vs. DEAEM (5 mM:l mM) 

Firs t  o r d e r  R e v e r s i b l e  f i r s t -order  

T e m p e r -  k • 10 ~, t~/2, kb X 102, kf  X 10 ~, tl/2, 
a ture ,  ~ ra in  -1 r a in  rain-1 min-1  ra in  

15 5.10 13.6 1.82 7.91 8.7 
20 7.92 8.6 1.81 10.6 6.5 
25 11.62 6.0 3.68 16.4 4.2 
30 17.19 4.1 5.02 20.3 3.3 
35 22.17 3.1 7.98 30.7 2.3 
40 25.52 2.7 9.60 33.8 2.1 

K 

4.4(1. 
5 .89  
4 .92 
4 .00  
3 .89 
3 .90 
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Fig. 5. First order reaction of CS with DEAEM (5:] )  at 25~ 
k ~ 0.1171 min - I  ( t l / 2  = 5,92 min). 

first-order rate equation gives some deviation at the 
beginning of the reaction, and a greater deviation close 
to the end of the reaction (Fig. 5). This observation 
plus the fact that the isolated mono-adduct ,  CS. 
DEAEM, indicated dissociation to the original re- 
actants (when a dilute solution of this product  was 
polarographed with t ime) lead to the conclusion that 
the reaction is reversible and the reversible first-order 
rate equation should be used. 

(b) Reversible first-order reaction and rate equa- 
tion: The reversible reaction of DEAEM with an ex- 
cess of CS is given by 

DEAEM kf~. CS - DEAEM 
kb 

The reversible first-order rate equation (18) repre-  
senting the above reaction is 

- - d A / d t  = (k  i + KD) A - -  kbAo [1] 

A and Ao were defined above; k s is the forward rate 
constant and ku is the backward (or reverse) rate 
constant. The integrated form of Eq. [1] is 

kiAo 
In = (k  f + kb) t  [2] 

(ks + kb) A --  kbAo 

The rate constants in Eq. [1] or [2] can be solved 
readily by the use of an analog computer. If the reac- 
tion of CS with DEAEM is permit ted to approach 
equi l ibr ium and Ac is the equi l ibr ium DEAEM concen- 
tration, then d A / d t  = 0 and Eq. [1] becomes 

(k  i -1 u kb) Ae = kbAo [3] 

Subst i tut ion of Eq. [3] into [2] gives 

In " -A Z "A-~ = (ks + kb)t  [4] 

The slope of this equation is equal to the sum of the 
forward and reverse rate constants. This slope to- 
gether with Eq. [3] makes possible the calculation for 
k i and kb. A plot of Eq. [4], using the same concen- 
t ra t ion- t ime  data which was used for the simple first- 
order equation, gives excellent l inear i ty  for almost the 
entire reaction with some deviation only after equi-  
l ibr ium of the reaction is reached (Fig. 6). 

(c) Arrhenius  tempera ture  dependence of rate con- 
stants:  The reproducibil i ty of the rate constants, for 

4 . 5  

4 . 0  

3.5  

3 .0  

2 5  

E 2 . 0 -  

1 . 5 -  

1 .0 -  

0 .5-  

o i i i i i l z 
0 2 4 6 8 I0  12 14 

T I M E ,  MIN 

Fig. 6. Reversible first order reaction of CS with DEAEM (5:] )  
at 25~ k i = 0. ]676 min - 1  and kb = 0.0502 min - 1 .  

each of the temperature  increments,  was of the order 
of 1% for the simple first-order k; for the reversible 
first-order, the forward rate constant  (k s ) was of the 
order of 7%. The average rate constant  for each iso- 
therm (Table IX) was used to calculate tl/2's for the 
simple and complex (reversible) reaction. For  the case 
of the reversible reaction, the formation constant, K, 
of the reaction was calculated from the ratio of the 
forward and reverse reaction constant, kJkb .  The 
average rate constants for the various temperatures  
given in Table X were used to make two separate Ar-  
rhenius plots by using the following equation (19) 

Ea 
In k = In A -- -- 

RT 

The activation energy, Ea, was obtained by equating 
--Ea/R to the slope of the respective plots (Fig. 7). 
The value of the universal gas constant, R, is 1.987 
cal/mole/degree. The activation energies for the simple 
and reversible reaction were 13.9 and 11.6 kcal/mole, 
respectively. 

Discuss ion  
The purpose of this invest igat ion was to develop a 

procedure for a subsequent  screening study of the re-  

0 . 7 5 -  

1 .00 

1.25 - 

1 .50 - 

1.75 

2 . 0 0 ~  
mr  

' =  2 .25  
I 

2 . 5 0  

2 . 7 5 -  

3.00 

0 FIRST ORDER RATE CONSTANT, 
Ea= 1:5.9 k c a l / m o l e  

A REVERSIBLE FIRST ORDER RATE 
ONSTANT, E a,=11.6 k c a l / m o l e  

l ] ~ I I I 

3.15 3 .20 3.25 3.30 3.35 3 .40  3 .45 

( ' / T  = K ) I O  3 

Fig. 7. Arrhenius plot for reaction of CS with DEAEM 
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activi ty of benzalmalononitr i les  and related i rr i tants  / C N  
with a mercaptan.  The principal  requi rements  were  to / 
select a hydroxyl ic  solvent as close as possible to ArCH--C 
water  and a mercaptan  to simulate the prote in- th io l  | ' ~  
present i n  v i v o .  These requi rements  were  approxi -  CN 
mated by the use of methanol  as the solvent and 
DEAEM as the mercaptan.  

CS and DEAEM were  each found to be polaro-  
graphical ly  act ive in methanol,  acetonitri le,  and ace- 
tone. Both compounds were  found to show l inear i ty  for 
diffusion current  vs .  concentrat ion in the above sol- 
vents, The basic reaction being fol lowed was the same / C N  
regarctless of the solvent, wi th  the exception of 50% ArCH--C 

/ 

methanol  where  hydrolysis  was noted. The speed of I " ~  
reaction be tween CS and DEAEM varies considerably I CN 
with  the polari ty of the solvent in the fol lowing order:  
50% methanol  > methanol  > acetonitr i le  > acetone. SC2H~NHEt2 
The magni tude  of the zwit terionic form of DEAEM in | 
the above solvents decreases in the same order. The 
charged aminomercaptan  appears to have a major  con- 
trol l ing effect on the reaction rate. 

The type of react ion occurr ing was found to depend 
on the ratio of the start ing materials.  Thus, in the 
at tempt  to elucidate the react ion mechanism between 
CS and DEAEM, the ratio of initial concentrat ion had 
to be considered. 

CS can add one or two molecules of DEAEM, de- 
pending on the re la t ive  concentrat ion of the par t ic i -  Ar 
pating reactants. Polarographic  rate  studies have ~ ,,~ /-~ 

CH--C--C-- N confirmed the fol lowing results: / I 
S CN 

(A) When CS is in excess, the observed rates demon-  
strate the addition of one molecule  of DEAEM based 
on the thiol  consumed. 

(B) When CS and DEAEM are present in equi-  
molar  quantities, rates have shown the establ ishment  
of an equi l ibr ium for the mono- th io l  addit ion and a 
subsequent  addition to a site other  than the CS ~-~ 
double bond. 

(C) When DEAEM is in excess, the decrease of CS 
concentrat ion v s .  t ime shows three distinctly different 
slopes (rates) .  The first one of which could be indic- 
at ive of the rapid formation of a prior  equi l ibr ium; 
the second, a modera te ly  fast mono- th io l  addition; and 
the third, a compara t ive ly  slow, second thiol addition 
to CS. 

Based on the above discussion, a reaction mechanism 
can be i l lustrated to explain the mono-  and di-addi t ion 
of DEAEM to CS. The presence of nitr i le  groups in 
CS, due to thei r  strong e lec t ronegat iv i ty  effect, makes 
the a-fl double bond in CS highly act ive and ex t r eme ly  
susceptible to nucleophilic attack. The resonance of CS 
may  be represented by the fol lowing three  structures 

CI 
/ C N  C1 / C N  C1 CN 

I 

~=-/ ~ "~CN ~-~ | 

The aminomercaptan,  DEAEM, due to its basic ni t ro-  
gen, exists pract ical ly all  in its zwit ter ionic  form in 
polar solvents, and par t ia l ly  in semipolar  solvents. In 
methanol,  the fol lowing equi l ibr ium exists 

@ O 
Et2NCH2CH2SH ~-- Et2NCH2CH2S 

I 
H 

The zwitterion, being a stronger nucleophile,  is prob-  
ably the form of the thiol  which takes par t  in the re-  
action with  CS in methanol  as a solvent. 

By using the above resonance of CS and the ionic 
form of DEAEM, the mono-  and di-adduct  formations 
can be i l lustrated as follows 

CN 

| 9 - + Et2NHC2H4S -~ , ~ r C H - - ~  

- I " \ c N  
SC.,HINHEt., 

| 
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(I) 

ArCHCH (CN) 2 
] ( I I )  
SCH2CH2NEt2 

~ N ~  ArCH~C~C = N n  (III) 
I 

SC.2HtNEte 

Polarographic  indications were  that  s t ructure  ( I I I )  
occurs in the mono-addi t ion  since there  is an increase 
of a new reduction peak at --1.Tv. This peak, a l though 
not too wel l  defined, can be due only to the reduct ion 
of a newly  formed conjugated system. The lat ter  sys- 
tem can be ini t iated only by the free electrons on the 
alpha carbon in resonance with  one of the nitri]e 
groups 

Ar Ar 

"~ S CN ' > S CN 

~CHeCH2NHEt._, ~CH2CH~NHEt.z ~ CH2CH._,NEt._, 
| (9 

and subsequent ly  stabilized to the imine form by the 
qua te rnary  ni t rogen proton. 

The second addition of thiol is possible for s t ructure 
(III) and not for s t ructure  (II) .  The addition of a 
second thiol  was observed in the rates at equimolar  
concentrat ion of the reactants,  and more definitely as 
the mercaptan  concentrat ion was increased. Under  
these conditions, at equi l ibr ium the consumption of 
DEAEM and CS agree wi th  the s toiehiometry of 
CS(DEAEM)2.  Thus, the second addition could go 
through the fol lowing steps: 

CN CN 
I , ,  I 

A r C H - - C  = C  = N H  , A r C H - - C - - C = N H  

S S 

Et2NC2H4S 
| 

CN CN 
I i 

A r C H - - C = C - - N H 2  < A r C H - - C H - - C = N H  
i I I I 

S S S S 
R C2H4NEt2 R C2H4NEt2 

(V) (IV) 

The products (II) or (III) and (V) have been 
isolated. Their  e lementa l  analysis did agree with  
CS (DEAEM) and CS (DEAEM) 2, respectively.  

The mono-adduct  (III) was a brown oil. The iso- 
lated di-adduct  was a white  solid (mp 82~176 whose 
IR and NMR spectra conform with  s t ructure  (V). 
The imino form represented by s tructure (IV) is as- 
sumed to have existed prior to the end product  (V). 

The effect of t empera tu re  on the reaction rate con- 
stants wi th  DEAEM gave excel lent  l inear i ty  be tween 
15~176 which is a good indication of the val idi ty  of 
the reaction rates. The calculated act ivat ion energy 
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was 13.9 kcal /mole for the simple reaction, and 11.9 
kcal /mole  for the reversible reaction. 

Conclusions 
A method employing control led-potent ial  dc polar-  

ography was developed for de termining the rates of 
reaction of CS (o-chlorobenzalmalononitr i le)  and its 
analogs and homologs with a selected nucleophile, 
DEAEM (2-die thylaminoethyl  mercaptan) .  Both the 
i r r i tan t  and the nucleophile are electrochemically ac- 
tive; and, with derivat ive polarography, it is possible 
to measure almost s imultaneously the disappearance of 
the two components dur ing  reaction. The developed 
method employs methanol  as the solvent with l i th ium 
ni t ra te  as added electrolyte, and a trielectrode system 
consisting of a rapid dropping-mercury  electrode, a 
Ag/AgC1 reference, and a p la t inum counter  electrode. 

The products obtained on the reaction of CS and 
DEAEM were found to be dependent  on the concentra-  
t ion of the reactants. Based on rate curves, a 1:1 re-  
actant mixture  produces, initially, a monothioether  
(CS.DEAEM) through addition to the a-~ double 
bond on CS. With CS in excess, the same product is 
formed. When DEAEM is in excess, a dithioether re- 
suits, with addit ion first at the ~ carbon and then at a 
ni t r i le  carbon, CS. (DEAEM)2. 

At a 5:1 ratio of CS to mercaptan,  the half-react ion 
times in various solvents increased in the following 
order: aqueous methanol  (1 min) ,  methanol  (6 min) ,  
acetonitrile (10 min) ,  and acetone (30 min) .  

Manuscript  received June  26, 1968. This paper was 
presented at the Boston Meeting, May 5-9, 1968, as 
Paper  208. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1969 
JOURNAL. 
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The Combined Adsorption of Cadmium(ll) 
and Thiosulfate on Mercury 

Donald J. Barclay and Fred C. Anson* 
Gates and Crellin Laboratories of Chemistry, California Institute of Technology, Pasadena, California 

ABSTRACT 

The combined adsorption of thiosulfate and Cd(II)  on mercury,  as mea-  
sured by chronocoulometry, is reported. It  is concluded, pr imar i ly  on the basis 
of the relationship between the amount  of adsorbed thiosulfate and adsorbed 
Cd(I I ) ,  that the reaction leading to the thiosulfate induced adsorption of 
Cd (II) is 

[82032-]ads ~- CDS203 ~-- [Cd ($203) 22-lads 

Data is also given on the adsorption of thiosulfate from cadmium-free  
solutions. 

In a previous paper  (1) we suggested that  the 
mechanism by which specifically adsorbed and com- 
p lex-forming anions induce adsorption of white metal  
cations on mercury  involves an interact ion between 
the adsorbed anions and an uncharged meta l -an ion  
complex to produce the adsorbed surface species. The 
inducing anions include iodide (1, 2), bromide (1, 2), 
chloride (2), and thiocyanate (2, 3, 4). In  all pre-  
vious studies, only the cation adsorption was mea-  
sured because the concentrat ions of inducing anions 
required to produce significant adsorption of cations 
were too large to permit  the application of the con- 
venient  chronocoulometric technique (5). For  the 
measurement  of the anion adsorption this difficulty is 
essentially el iminated in solutions of Cd(II )  and 

* Electrochemical Society Active Member. 

thiosulfate because substant ial  Cd(I I )  adsorption is 
induced by thiosulfate concentrat ions in the mil l imolar  
range. We therefore studied this system with the 
chronocoulometric technique in the expectation that  
s imultaneous determinat ion of the adsorption of both 
cadmium and thiosulfate would enable the compo- 
sition of the adsorbing species to be identified. The 
results indicate that, as is t rue in hal ide- induced ad- 
sorption, the uncharged complex, C D S 2 0 3 ,  is the ad- 
sorbing species. 

The adsorption of thiosulfate on mercury  has not 
previously been studied, but  on the basis of a recent 
classification of anion adsorbabil i ty (6) which sug- 
gests that  soft bases [in Pearson's  (7) sense] are 
s trongly adsorbed on positively charged mercury,  it 
seemed reasonable to expect strong specific adsorp- 
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tion of the thiosulfate anion. The anodic oxidation of 
mercury  in the presence of thiosulfate proceeds ac- 
cording to Eq. [1] (8) 

Hg + 2 82032- ~ Hg(8203)22- + 2 e [1] 

which was the basis of the chronocoulometric deter-  
minat ion  of the adsorbed thiosulfate. The amount  of 
adsorbed Cd(II)  was s imilar ly determined by the 
procedure previously employed (1). 

The adsorption of z inc(II )  from thiosulfate solu- 
tions and Cd(II)  from sulfate solutions was also 
searched for. In  both cases, the adsorption, if any, was 
less than 0.5 ~C/cm 2. 

Exper imental  
Cadmium adsorption.--The amount  of adsorbed 

Cd(II)  was determined by double potential  step 
chronocoulometry with procedures and apparatus that  
have been previously described (9). The electrode po- 
tential  was stepped from various ini t ial  potentials, Ei 
to- -1000 mv vs. S.C.E. where the reduction of Cd(II )  
is diffusion controlled, and then back to El. Adequate 
time was allowed to elapse following the second po- 
tent ial  step to ensure that  the thiosulfate adsorption 
had reached equi l ibr ium before any data points were 
taken. At the lowest concentra t ions  of thiosulfate em- 
ployed (1 raM) 5 msec were required. A 20 sec wait ing 
period at Ei after the creation of each new mercury  
drop electrode was adequate to assure init ial  adsorp- 
tion equil ibrium. 

Thiosulfate adsorption.--Preliminary experiments  to 
determine the amount  of adsorbed thiosulfate by 
double potential  step chronocoulometry indicated that  
the product of the electrode reaction, Hg(S2Os)22-, 
was also strongly adsorbed, so the correct double 
layer charging correction could not be obtained in 
the usual  way. The tactic developed in previous 
chronocoulometric studies with analogous systems (10, 
11) was therefore employed to determine the amount  
of adsorbed thiosulfate: Three single potential  step 
chronocoulometric exper iments  were performed. First, 
the electrode was potentiostated at --1000 mv vs. 
S.C.E. where it could reasonably be assumed that  no 
thiosulfate was adsorbed at the low concentrat ions 
employed (5 mM or less). The potential  was stepped 
to +t-150 mv and the resul t ing charge flow was mea-  
sured. Least-squares analysis of the charge-t ime data 
yielded an intercept  equal to the difference in charge 
on the electrode between --1000 my and +150 my, 
~Q(-1000  --> 150). The charge on the electrode at 
+150 mv would be expected to decrease with time 
unt i l  the surface became saturated with adsorbed 
Hg($203)22-. To overcome this possible source of 
error no data points at + 150 mv were included in the 
least-squares analysis unt i l  enough Hg2($203)2 a-  to 
cover the surface had been generated. 

Next, the potential  was stepped f rom--1000  my to 
Ei, where thiosulfate was adsorbed, but  no electrode 
reaction proceeds. The resul t ing step-change in charge 
gave the difference in the charge on the electrode be-  
tween --1000 mv and El, • ( r - - 1 0 0 0  ' '> Ei). Finally,  the 
potential  was stepped from Ei to + 150 and the charge- 
t ime data analyzed to give an intercept, I, correspond- 
ing to the amount  of thiosulfate adsorbed at Ei plus 
the difference in charge on the electrode between E~ 
and +150 mv 

I---- Frs2o3 + ~Q (Ei--> 150) [2] 

From the results of these three experiments  the thio- 
sulfate adsorption could be calculated according to 
Eq. [3] 

Frs2o3 = I - -  ~Q (Ei --> 150) --~ 

I - -  [hQ (--1000 --> 150) - -  hQ (--1000 -> E~)] [3] 

When both thiosulfate and Cd(I I )  were present  the 
procedure jus t  described could not be used because 
there is no potential  where thiosulfate adsorption can 
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be el iminated before cadmium reduction commences. 
The appropriate double layer  charging corrections in 
this case were obtained from the double potential  step 
exper iments  used to measure the cadmium adsorption 
in which the potential  was stepped from Ei to --1000 
and back to Ei. These experiments  yielded values of 
=~Q(Ei->--1000)Cd corresponding to the difference in 
the charge on the electrode at Ei and --1000 in the 
presence of adsorbed Cd(I I ) .  These values of AQ(EI 
--> --1000)Cd = --~Q (--1000 ~ Ei)cd were subst i tuted 
for the last te rm in Eq. [3] to calculate Frs2o3. Reac- 
t ion [1] proceeds at the diffusion l imited rate at -t-150 
mv even in the presence of Cd(II )  because the sta-  
bil i ty of the Hg($203)22- complex is much greater  
than the Cd(I I ) -S2032-  complexes. 

The hanging mercury  drop electrode was the s tand-  
ard commercial ly available type (Br inkman  Ins t ru-  
ments)  modified to provide better  electrical contact 
(12). 

Reagent grade chemicals [KNO3, Na2S203, and 
Cd(NO3)2] were used without  fur ther  purification but  
thiosulfate solutions were prepared f requent ly  and 
stored in dark bottles. The ionic s trength of all solu- 
tions was main ta ined  at un i ty  with potassium ni t ra te  
and most experiments  were performed at room tem- 
perature  (25 ~ __+ 2~ the exper iments  at lower tem- 
peratures were performed with the cell immersed in a 
s lur ry  of ice in a sodium ni t ra te  solution. Solutions 
were deoxygenated with prepurified ni t rogen which 
was passed through copper turn ings  at 400~ a trap 
main ta ined  a t - -70~ and t r iply distilled water. Triply 
distilled water  was used to prepare all solutions. Po-  
tentials  are reported in mv vs. S.C.E. 

Results and Discussion 
Adsorption of thiosulfate.--The charge due to ad-  

sorbed thiosulfate is plotted as a function of potential  
in Fig. 1, for 1, 2, 3, and 5 mM concentrat ions of 
thiosulfate. Higher concentrat ions were not used be-  
cause the uncompensated resistance in  the cell seri-  
ously degraded the qual i ty of the data above 5 mM. 
(Typical indications of the presence of errors a t t r ibut -  
able to uncompensated resistance are intercepts of 
charge vs. t'/2 plots that suggest "negative adsorption" 
or current  t ransients  that contain kinks or plateaus 
instead of a smooth monotonic decay.) The values of 
qs2o3 in Fig. 1 could be reproduced within  a range 
of ca. --+2 ~C/cm 2. 

Inasmuch as this is the first quant i ta t ive  data on 
thiosulfate adsorption it is of interest  to compare the 
adsorption of this anion with that  of iodide and 
thiocyanate. In  Fig. 2, the charge due to adsorbed 
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Fig. I. Dependence of qs2o3 on El. Thiosulfate concentration, 
raM; 4, 1.0, 17, 2.0; 0 ,  3.0; (~), 5.0. Each point is the average of 
several replicate experiments. At more negative potentials than 
those shown qs2o3 decreases to values smaJler than the experi- 
mental reproducibility ( ~  0.5 ~C/cm2). 
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Fig. 2, Comparison of q' (charge due to specifically adsorbed 
anion) as a function of electrode charge for 4 mM I -  ( 0 ) ,  6 mM 
NCS-  (~), and 3 mM SeO.~ 2 -  ( e ) .  qm for $2032- was obtained 
from chronocoulometric data as described in (1). 

anions is plotted vs. electrode charge for 4 mM iodide 
(13), 6 mM thiocyanate (14), and 3 mM thiosulfate. 
These plots are not strictly comparable because of the 
concentrat ion differences and because our results were 
obtained in the presence of 1M potassium nitrate. How- 
ever, these factors will probably not affect the signifi- 
cant feature of this comparison which is that  the ad- 
sorption of thiosulfate increases more rapidly with 
increasing electrode charge than does that of iodide or 
thiocyanate. The slope (Oqs.2off~q,~,), on the l inear  
part  of the plot is approximately 2 compared with 
about 1 for the corresponding iodide and thiocyanate 
plots. This difference presumably  reflects the two-fold 
greater charge on the adsorbing thiosulfate anion. 

The potential  at the point of zero charge for a 0.1M 
solution of sodium thiosulfate (no KN03 added) is 
--540 • 15 mv as determined by measur ing the charge 
flowing into a d.m.e. (15). This ra ther  negative value 
suggests that the specific adsorption of the thiosulfate 
anion is quite strong. 

Adsorption of cadmium.- -The  adsorption of Cd(II )  
from solutions of vary ing  thiosulfate concentrat ion was 
d~termined as a function of potential. The limits on the 
initial  potential, Ei, were set on the anodic side by mer-  
cury oxidation and on the cathodic side by the re- 
duction of Cd(I I ) .  Figure 3 gives the variat ion of 

s  
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::L v 
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u- 
oJ 
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2 

215( I I I I I 
500  550 4 0 0  450  5 0 0  

- E l ,  mv vs SCE 

Fig. 3. Potential dependence of Cd(ll) adsorption induced by 
thiosulfate. Cadmium concentration ~ 0.5 mM. Thiosulfate con- 
centration: 1. 2mM; 2. 3mM; 3. 5mM; 4. lOmM; 5. 25mM; 
6. 100 mM. 
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Fig. 4. Dependence of 2FI'cd on Cd(ll) concentration in 25 mM 
S~03-'- at various potentials. 

2Fl'cd with Ei for concentrat ions of thiosulfate be-  
tween 2 and 100 mM and at a Cd(II )  concentrat ion of 
0.5 mM. Figure 4 is a plot of 2Fs vs. the Cd(II)  
concentration in 25 mM thiosulfate where the Cd(II)  
adsorption was greatest. 

Noteworthy points from Fig. 3 are that very low th i -  
osulfate concentrat ions are adequate to induce the 
adsorption of Cd(II )  and that  the ma x i mum adsorp- 
t ion occurs at a thiosulfate concentrat ion of only about 
25 raM; with 100 mM thiosulfate the adsorption is 
quite low, and at higher concentrat ions it is essentially 
absent. The strong potential  dependence of the adsorp- 
tion indicates that, as is t rue with iodide and bromide 
(1), and thiocyanate (3), specific adsorption of the 
inducing anion is required for the cation adsorption to 
occur. Taken together these observations are com- 
patible with the adsorption of a cadmium-thiosulfa tc  
complex species by a t tachment  of the complex to a 
specifically adsorbed thiosulfate anion. 

By suitable analysis of double potential  step chrono- 
coulometric data (5). any change in the charge on 
the electrode produced by the adsorption can be de- 
termined. For cadmium in thiosulfate solutions the 
charge changes were very small  [e.g., AQ < 0.3 ~C/cm 2 
when 4.7 ~C/cm 2 of Cd(I I )  is adsorbed] which sug- 
gests that the adsorbing species is not highly charged. 

Adsorption of thiosul]ate in the presence 05 Cd(II ) .  
- -S ince  both free thiosulfate anions and a cadmium 
thiosulfate complex appear to be adsorbed from cad- 
mium-thiosulfa te  solutions, the sum of the two will  
comprise the values of rs2o3 resul t ing from the chrono- 
coulometric experiments  in these solutions ( r  is in 
moles/cm 2) 

( rS203)  total : I~$203 ani~ ~- XrCd(S203)x [4] 

The data in Table I show how (rs2o3)totat varies as 
the Cd(I I )  concentrat ion is increased in 1 mM and 
3 mM Na2S20~ solutions. At first, (rs2o3)total increases 
with the Cd(II)  concentration, clearly demonstrat ing 
that  the adsorbing Cd(II)  brings addit ional  thio- 
sulfate with it to the electrode surface. However, at 
the highest Cd(II )  concentrat ion (10 raM) (rs2oa)total 
drops well below the value prevai l ing before any cad- 
mium was added. This behavior  results from the fact 
that with 10 mM Cd(II)  a large portion of the total 
thiosulfate present  is converted to the CDS203 complex 
leaving a concentrat ion of free thiosulfate which cor- 
responds to a much lower value of r s2o3  ani~ Since 
this term is the dominant  contr ibutor  to (Fs203)total ,  
the value of the lat ter  decreases accordingly. In  
short, the decrease in rs2o~ ani~ produced by lowering 
the free thiosulfate concentrat ion is greater than 
the increase in ~Cd(S203)x resul t ing from the higher 
concentrat ion of CdS20~. 
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1 m M  S~O~-"-, 
E l  = - - 2 5 0  

T ,  ~  25  25  

C d ,  
m M  (Fs.~o a) t o t a l  Fcdls2oa) x 

0 7 .8  0 
0 .5  8 ,0  1 .85  
1.0 7 .0  1 .75  

1O.0 a 3 .3  - -  

3 m M  SzO~ z-, E l  = - - 3 0 0  

0 2 5  0 25  

m o l e s / c m  ~ x 1011 
( I~ S203) total rcd(s~%)o 

11 .4  8 .0  0 0 
1 3 . 6  9 .5  3 .0  1 .75 
13 ,7  9 . 9  3 .6  2 .3  
10 .2  6 .6  - -  - -  

a A Q ( - - 1 0 0 0  ~ E~) c o u l d  n o t  b e  e v a l u a t e d  a s  d e s c r i b e d  i n  t h e  
E x p e r i m e n t a l  S e c t i o n  a t  t h i s  c o n c e n t r a t i o n  o f  C d { I I ) .  I n s t e a d  t h e  
d i f f e r e n c e  i n  I~s~os b e t w e e n  E i  a n d  - - 5 0 0  w a s  m e a s u r e d ,  a n d  b y  

e s t i m a t i n g  Fs2o a a t  - - 5 0 0  f r o m  t h e  c a l c u l a t e d  c o n c e n t r a t i o n  o f  u n -  

c o m p l e x e d  t h i o s u l f a t e ,  Fs~o~ a t  E i  w a s  e v a l u a t e d .  T h e  e r r o r  i n  t h i s  

p r o c e d u r e  w i l l  n o t  b e  l a r g e  a s  t h e  a d s o r p t i o n  o f  t h i o s u l f a t e  a n d  
C d ( I I )  a t  - - 5 0 0  i s  s m a l l .  

Data such as those in Table I provide  the in forma-  
tion needed to deduce the average  composition of the 
cadmium-th iosul fa te  complex, Cd(S203)x 2-2z that  is 
adsorbed. When Cd(I I )  is added to an ini t ial ly cad- 
mium- f r ee  thiosulfate solution the result ing change in 
(Fs203)total should be given by Eq. [5] 

A (FS203) t o t a l  = A F S 2 0 3  a n i ~  -F X F c d ( S 2 O a ) x  [5] 

where A signifies the difference between the value 
obtained after the addition of Cd(II) and the value 
in the absence of cadmium. ~(FS203)total is obtained 
directly from the two anodic chronocoulometric ex- 
periments based on reaction [i]. Fcd(s20a)x is obtained 
from a cathodic double potential step chronocoulomet- 
ric experiment in which the Cd(II) is reduced. 
AFS203 ani~ cannot be obtained directly. It was evalu- 
ated from the appropriate constant potential adsorp- 
tion isotherm measured in cadmium-free thiosulfate 
solutions and the bulk concentration of thiosulfate 
anion in the cadmium-thiosulfate solutions calculated 
from the formation constants of the cadmium-thiosul- 
fate complexes (16). This method of evaluating 
-%Fs203 ani~ assumes that the adsorption isotherm for 
thiosulfate anion adsorption will remain unchanged in 
the presence of 3-4 /~C/cm 2 of adsorbed Cd(II). This 
approximation seems reasonable because almost no 
chahge in the charge on the electrode is produced by 
the adsorption of this amount of Cd(II). The values 
of x that result from this analysis are given in Table 
If. The fact that they are close to unity indicates that 
the predominant adsorbed species is CDS203 although 
the experimental uncertainty in the measured adsorp- 
tions limits the strength of this conclusion. 

Adsorption induced by adsorbed anions.--It has 
been previously proposed (1) that  the mechanism by 
which specifically adsorbed anions induce the adsorp- 
tion of whi te  meta l  cations involves bond formation 
between adsorbed anions and a meta l  cat ion-anion 
complex. In the par t icular  case of Cd(I I )  adsorption 
f rom iodide solutions the adsorption process was de- 
scribed by a reaction such as 

Table II. Average composition of the adsorbed cadmium- 
thiosulfate complex, Cd(S2Oa)x2 -2x 

E l  = - - 3 0 0 ,  SeO~ a- = 3 m M  
C d ( I I ) ,  m M  0.5  1 .0  
T ,  ~  0 25  0 25  

moles/cm = x 1011 

A (Psso  a) t o t a l ,  m e a s u r e d  2 .2  1.1 2 .3  1.5 

l 'cd(s2o3) . ,  m e a s u r e d  3 .0  1 .75  3 .6  2 .3  

AFs2o3ani on, c a l c u l a t e d  --  0 .7  --  0 . 5 5  --  1 .7  --  1 .3  

x ,  c a l c u l a t e d  f r o m  E q .  [5 ]  0 . 9 7  0 . 9 4  1.1 1.2 

AFI  = FI  w i t h  C d ( I I )  - -  F I  w i t h o u t  C d ( I I ) .  

E 
o 

b 4  
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Fig. 5. Correlation between qs2o3 and 2FFcd in 2, 3, and 5 mM 
S,~O3 2 - .  Concentration of Cd(ll) was 0.5 mM. 

(I-)ads -F CdI2 "-> ( I - -  CdI2) ads [6] 

Evidence to support this proposal included a close 
correlat ion be tween the amount  of Cd( I I )  adsorbed 
and the quant i ty  of specifically adsorbed anions on 
the electrode. The same kind of correlat ion obtains in 
cadmium-th iosul fa te  solutions, as is shown in Fig. 5. 
This figure contains plots of 2Frcd Vs. the charge due 
to adsorbed thiosulfate anions for three different thio- 
sulfate solutions. The plotted values of qs2o;~ are the 
chronocoulometr ic  values of adsorbed thiosulfate in 
cadmium-f ree  solutions less a small correction to take 
account of the decrease in the bulk concentrat ion o f  
free thiosulfate produced by the addition of Cd( I I ) .  
The l inear i ty  of these plots at such low values of 
qs2o3 and the fact that all the lines extrapolate  to 
the origin is strong evidence in favor  of an adsorp- 
tion process involving association be tween adsorbed 
thiosulfate anions and a Cd (II) complex. 

Addi t ional  evidence in support  of this conclusion 
comes from exper iments  testing the effect of t emper -  
ature on the adsorption. Table III compares the values 
of 2Frcll obtained at several  thiosulfate concentrat ions 
at 25 ~ and 0~ The un i formly  greater  Cd( I I )  adsorp- 
tion at the lower tempera ture  parallels  a greater  ad- 
sorption of $2032- at O~ as measured,  at the lower 
thiosulfate concentration, by anodic chronocoulometry  
(Table III) .  The equi l ibr ium constants for the forma-  
t ion of cadmium thiosulfate complexes show temper -  
a ture  dependences too small  to account for the in-  
creased adsorption on this basis (16). The simplest ex-  

Table Ilk Effect of temperature on the adsorption of 
cadmium(ll) and thiosulfate 

B) [$2032-] = 3 mM, 
A) [Cd(II}] = 0.5 mM [Cd(ll)] = 0 

[ S t 0 3 ~ ] ,  m M  3 10 25  

- E l  T, ~ 2 FFca(~,C/cm'-') 

100 

--Ei T, ~ (/~C/cm 'z) 

25  3 .5  - -  - -  - -  25  16 .8  
300 0 6,0 - -  - -  - -  300  0 2 2 . 8  

25  2.1 4 .7  4 . 8  - -  25  10 .2  
350  0 4 .7  7.8 7.0 - -  3 5 0  0 12 .0  

25  1.1 3 .6  4.1 1.4 25  5 .0  
4 0 0  0 3 .0  6.1 6 .7  2 .0  400  0 6.2 

25  0 .4  2 .1  2 .9  1,5 25  2 .2  
450  0 1.6 3 .9  4 .3  2,1 4 5 0  0 4 .6  

25  0 .4  1.1 1.5 0 .9  25  2 ,2  
5 0 0  0 0 .8  1.9 2 ,9  1.6 500  0 3,0 

25  - -  0 .9  0 .6  0 .5  25  1.6 
550  0 - -  1 .0  1.2 0 .7  850  0 2 .8  
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Fig. 6. a t  and a 2  (the fraction of cadmium present as the 
mono- and his-complex) as a function of thiosulfate concentra- 
tion. There is only fair agreement among the reported values of 
the cadmium-thiosulfate complex formation constants. Four differ- 
ent sets were employed [1. ref. (17); 2 and 3, ref. (18); 4, ref. 
(19)] and all lead to the same qualitative deductions about the 
preponderant species at each thiosulfate concentration. 

planation,  and the one we prefer, is that  the increased 
adsorption of $2032- induces increased adsorption 
of the CDS203 complex because the adsorption involves 
bond formation between these two species. 

It has been argued previously (1) that  reliable in-  
formation on the composition of adsorbing complexes 
may be obtained from the dependence of the metal  
adsorption on the bu lk  concentrat ion of the complex- 
forming anion only when  the adsorption is evaluated 
at constant values of adsorbed anion. Unfortunately,  
the lack of data on thiosulfate adsorption at concentra-  
tions above 5 mM prevented the appropriate analysis 
in this case. However, the fractions of Cd(II )  present  
as the mono-  and bis-thiosulfato complexes were com- 
puted from some of the reported stabil i ty constants 
and the results are summarized in Fig. 6. The concen- 
trat ion of Cd(8203)22- tu rns  out to be about the same 
in 5 mM $2032- as it is in 100 mM $2032-. Since qs2o3 
is much greater  at the higher $2032- concentration, 
one might  expect considerably greater adsorption of 
Cd(II )  at the higher $20~ 2-  concentrat ion if 
Cd($203)22- were the adsorbing species. In  fact, 
2Frcd(s2os)x is much greater  in 5 mM than  in 100 mM 
thiosulfate even though qs2o3 is greater at the higher 
thiosulfate concentrat ion (Fig. 3). This fact is more 
compatible with the adsorption of the uncharged com- 
plex, CDS203, as was proposed above on other grounds. 

Because thiosulfate is an ambidenta te  anion the site 
of the proposed bonding between an adsorbed thio- 
sulfate anion and the adsorbing Cd(I I ) - th iosu l fa te  
complex is not obvious. At tachment  to one of the ox-  
ygen atoms of the adsorbed thiosulfate (which is 
almost certainly adsorbed via the outer sulfur atom) 
would appear to be sterically preferable.  Nevertheless, 
a case can be made for the proposition that  the same 
outer sulfur  atom which binds the adsorbed thiosul-  
fate ion to the electrode serves as the site of at tach-  
ment  to the electrode surface of the Cd (II) in  the ad-  
sorbing complex: No adsorption of Zn ( I I )  from thio- 
sulfate media could be detected ( r  < 0.5 #C/cm 2) u n -  

der the same conditions that produced substant ia l  ad-  
sorption of Cd(I I ) ,  i.e., significant adsorption of thio- 
sulfate on the electrode and substant ia l  concentrat ions 
of ZnS203 or Zn ($203) 22- in the solution. Since Zn 2+ 
is a harder  cation than Cd 2+ (7) it would be expected 
to have a stronger affinity than Cd 2 + for the available 
oxygen atoms in adsorbed thiosulfate anions. The fai l-  
ure of adsorbed thiosulfate to induce any adsorption 
of Zn( I I )  thus suggests that a t tachment  through oxy- 
gen is not the mechanism by which thiosulfate in -  
duces the adsorption of Cd (II) .  

A related exper imental  resul t  is the lack of ad- 
sorption of Cd(II )  from sulfate electrolytes in which 
CdSO4 is formed and substant ia l  sulfate anion ad-  
sorption can be achieved at high positive charges on 
the electrode. The soft Cd(II )  does not avail  itself 
of the opportuni ty  to adsorb via the hard oxygen 
atoms in the adsorbed sulfate. 

The bonding of the Cd(I I )  in CDS203 molecules to 
the sulfur  atom of a sulfur-bonded,  adsorbed thiosul-  
fate anion poses greater  steric difficulties than  were 
encountered in the corresponding iodide-induced ad- 
sorption of Cd(I I )  (1). This difference may account 
for . the lower values of rcd resul t ing from thiosulfate-  
induced adsorption even though the Cd ( I I ) - th iosulfa te  
complexes have the higher formation constants. 
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Theoretical Analysis of Mixed Potentials 
David Gray I and Allen Cahill 
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ABSTRACT 

A mathemat ica l  t rea tment  of mixed  potent ia l  generat ion is developed f rom 
basic e lectrochemical  theories, such that  the relationships be tween rest, mixed,  
and Nernst  potentials are evident.  Various approximat ions  of the general  
mixed  potential  equations are also developed and discussed. 

Single Process Electrode Kinetics 
For a simple electrode react ion 

Ox ~- n e  = R [1] 

where  Ox is the oxidized species and R is the reduced 
species. Where  the actual  charge- t ransfe r  valence, z, 
is equal  to the net electrode react ion valence, n, the 
fol lowing may  be used 

- -  , ~ ' ~  ( I  - -  ,~1 - - ' ~  
R T  R T  

i = i ~ e - e [2] 

where  i is the net  current  density (often re fe r red  to 
s imply  as the net  cur ren t ) ,  i ~ is the exchange cur-  
rent  density, a is the t ransfer  coefficient correspond-  
ing to the cathodic process, F is the Faraday,  R is the 
gas constant (different f rom R used in react ion [1]),  
T is the t empera tu re  in ~ and ~1 is the overvol tage  
d e f i n e d  a s  

: E - -  E eq [ 3 ]  

where  E is the applied potent ial  and E eq is the Nernst  
(equi l ibr ium) potent ial  (1, 2). By the Amer ican  con- 
ventions, i wil l  be posit ive and ~1 wil l  be negat ive  
for a net  cathodic process, and i wil l  be negat ive  and 
~1 wil l  be posit ive for a net anodic process. 

When diffusion processes are impor tant  in react ion 
[1], Eq. [2] may  be rewr i t t en  a s  

i RT 
1 - -  e i = 4  ~ 

(1 --  a )  

- -  1 - -  e [ 4 ]  

where  iid is the l imit ing diffusion current  density of 
e i t h e r  the cathodic or the anodic process. 

Since the exchange current  density, i ~ of an elec-  
t rode react ion is a function of the activit ies of the 
react ing species, Delahay  and Berzins (3) have  in-  
t roduced the fol lowing equat ion 

i ~ = z F k  ~ aox 1-a ar ~ (n = z) [5] 

where  k ~ is the heterogeneous ra te  constant for elec-  
t rode react ion [1] and ai is the act ivi ty  of the  oxidized 
or reduced species. By defining the s tandard exchange 
current  density, i ~176 a s  

i oo = z F k  o or z F k ~  ) [6] 
1000 

Spiro (4) has rewr i t t en  Eq. [5] as 

i ~ = i ~176 aox 1-a  ar a (n  = z )  [7] 

Generally,  Eq. [5] and [7] are  wr i t t en  wi th  concentra-  
tions subst i tuted for activities. This substi tut ion prob-  
ably causes a large part  of the differences in k ~ and i ~176 
values as de termined  by different workers  for the  same 
electrode react ion (4). 

�9 P r e s e n t  address: Lockheed-Georgia C o m p a n y ,  M a r i e t t a ,  G e o r g i a .  

More complex electrode reactions l ike 

pOx -t- ne  = qR (n ~ z) [8] 

where  the charge- t ransfe r  react ion may  occur more 
than once for the net react ion to occur once have also 
been considered (1, 5) in evaluat ing the act ivi ty de-  
pendence of the exchange current  density. For  this 
complex case Eq. [7] may  be rewr i t t en  as 

Z Z 
(1 - -  a ) - - P  ~ - - q  

n n 

i ~ = i ~176 aox ar [9] 

Equat ion [9] is often wr i t ten  employing a stoichio- 
metr ic  number,  v, which is the  number  of t imes the 
rate  de termining step must  occur for the net reaction 
to occur once. The terms, n, z, and v may  be re la ted by 

n 
- -  = z [ 1 0 ]  

p 

Mixed Potentials--General 
When an electrode is immersed  in a solution, there  

are numerous electrochemical  processes which may  oc- 
cur. If  one of these processes has a high re la t ive  ex-  
change current  density to the other  possible processes, 
then it wil l  dominate  all processes and the electrode 
wil l  measure  the equi l ibr ium potential  of that  process, 
which is calculated by the Nernst  equation. When this 
happens, the electrode is said to be revers ible  wi th  re-  
spect to that  par t icular  process. In fact, a pract ical  
cr i ter ion for revers ibi l i ty  is that  the Nernst  equat ion 
be obeyed. It is impor tant  to emphasize that  many  of 
the potentials given in standard electrode potent ial  
tables are values obtained f rom thermodynamic  d a t a  

ra ther  than f rom elect romotive  force data and caution 
must  be exercised in using them to predict  e lectrode 
behavior.  These values can only be used for elec-  
t rochemical  purposes when  the process of interest  is 
kinet ical ly dominat ing all  the other  processes which 
can occur; in o ther  words, when its i ~ value  is con- 
s iderably higher  than the  i ~ values for all  the other  
possible processes. 

It  is evident  that  zero net  current  to an electrode 
does not necessari ly correspond to equi l ibr ium condi-  
tions at the electrode when  more than one react ion 
is taking place at the electrode. For  the net current  to 
be zero it is only necessary for the sum of the total  
cathodic currents  and the total  anodic currents  to be 
zero; that  is, the total  rate  of reductions must  equal  
the total  rate  of oxidations. 

If two or more  processes are compet i t ive ly  occurr ing 
at the same electrode and at zero net  current,  a net  
chemical  change or react ion is genera l ly  proceeding 
and the net  cathodic and anodic reactions are  coupled 
and they must  proceed at the  same net rate  (i = ic ~- 
ia = 0), and at the same potential ,  which wil l  be 
different f rom the equi l ibr ium potent ial  for any of the 
processes. This potent ial  is called the mixed  potential,  
and the electrode is called a mixed  or polyelectrode.  
The classic example  of mixed  potential  generat ion is 
electrolyt ic  corrosion; that  is, when  an electrode reacts 
wi th  the solution in which it is immersed  under  zero 
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net current  conditions and at a rest potent ial  which 
does not  appear  to be related to the equi l ibr ium poten-  
tial of the electrode meta l  or the solution. 

The essential idea of mixed  potent ial  generat ion was 
anticipated by Frumkin  (6), Hammet t  and Lorch (7), 
and Bronsted and Kane (8) in research on the dissolu- 
tion rate  of sodium amalgam. The classic paper  of 
Wagner  and Traud (9) demonstra ted that  the general  
behavior  of a mixed  potent ial  can be explained by the 
"priric.iple of superposit ioning of par t ia l  cur ren t -  
vol tage curves"  of each process involved in the net  
electrode reaction. Wagner  and Traud were  aware of 
the fact (10, 11) that  the par t ia l  cur ren t -vo l tage  curves 
as wel l  as the mixed  potent ial  values must  be deter -  
mined in s imilar  environments .  Vetter  (12) has 
pointed out that  the mixed  potentials, as wel l  as the 
cur ren t -vo l tage  curves, depend great ly  on the surface 
characterist ics of the electrode, while the Nernst  po- 
tentials are independent  of the surface propert ies  as 
shown by Fig. 1. It should also be noted that  the par -  
tial cur ren t -vo l tage  curves are also dependent  on the 
activities of the process components. This is often ig- 
nored in graphical  determinat ions  of mixed  potentials. 

The graphical  method for de termining mixed po- 
tentials  was init ial ly developed by Wagner  and Traud 
(9). In general,  the mixed  potential  is evaluated by 
plott ing the appropriate  par t ia l  cur ren t -vo l tage  curves 
as in Fig. 2. The mixed potential, Era, is the potent ial  
at which the net cathodic current  for one of the two 
processes is equal  in magni tude  to the net anodic cur -  
rent  for the other  process. In this simple case of two 
electrode processes, the mixed  potent ial  wil l  corre-  
spond to two different overvoltages,  nc = E m  --  E2 eq 

E1Q 

E 

Eer 

Fig. 1. Dependence of the mixed potential on the relative posi- 
tions of the partial current-voltage curves. 

i 
~cor cathodic -- 

Fig. 2. Graphical determination of a mixed potential generated 
at a mixed electrode by the coupling of two electrode processes. 

A p r i l  1969 

E~ q / I' 
I 
I 
, J_ f 

~or 

Fig. 3. Graphical determination of a mixed potential generated 
at a mixed electrode by the coupling of two electrode processes 
when the cathodic and anodic current densities are taken as 
absolute values. 

and *|a = E m  -- E1 eq, where  *lc < 0 and is cathodic and 
*la > 0 and is anodic. The dashed line in Fig. 2 is the 
over-a l l  cur ren t -vo l tage  curve for the mixed  elec-  
trode. The Em value wil l  tend toward  the E eq value 
for the process wi th  the highest i ~ value and it wil l  
always be be tween the equi l ibr ium potentials of the 
two competing processes. In many  cases the cathodic 
and anodic currents  are plotted wi thout  regard  to sign 
as in Fig. 3, where  the mixed  potent ia l  is de termined 
by the point of intersection of the par t ia l  cur ren t -  
vol tage curves. Since mixed  potentials  are involved in 
corrosion phenomena,  the cathodic current  (and also 
the magni tude  of the anodic current)  associated with  
the mixed  potential  is often refer red  to as the corrosion 
current,  i,.m.. The graphical  method of evaluat ing mixed  
potentials has been expanded for complex systems. Of 
par t icular  note is the work  of Tomashov (13), Hoare 
(14), and Stern and co-workers  (15-17). Hoare (14), 
and Conway and Bourgaul t  (18) have demonstra ted 
the generat ion of mixed  potentials in systems invo lv-  
ing chemisorbed oxygen. Polarographic  analysis of 
mixed potentials has been per formed by Kolthoff and 
Miller  (19), and Milicevic (20). Vetter 's  recent  book 
(12) contains an excel lent  r ev iew of mixed  potentials  
and their  importance in in terpre t ing  electrolytic cor-  
rosion. 

M i x e d  P o t e n t i a l s - - M a t h e m a t i c a l  

If x simultaneous electrode processes 

Oxl  -}- n l e =  R1 

Oxi ~- nle = Ri (ni ---- zi) 

()Xx q- nxe = Rx [ 11 ] 

are oceurring at the same electrode and at zero net  
current  to the electrode then one may wri te  for each 
process 

~/1 -~-- Em --  E1 eq 

* | i~  E m - - E i  eq 

~]x ---- Em --  Ex eq [12] 

where  ni is the overvol tage  for the i th process, Em is 
the mixed  or rest potent ial  of the electrode, and Ei  eq 
is the Nernst  potent ial  for the ith process which can 
be wr i t ten  as 
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E 1  eq = E 1  ~ "JC 

THEORETICAL ANALYSIS  OF MIXED POTENTIALS 

R T  aoxl 
l n - -  - a 

n l F  arl  e 

R T  aoxi 
Ei eq ---- Ei ~ n u In ( h i  = Zi) 

n iF  a n 

R T  aoxx 
Ex eq = ExO -{- In  . - -  [13] 

nxF arx 

w h e r e  Ei ~ is t he  s t a n d a r d  e l ec t rode  po t en t i a l  for  t he  
;th e l ec t rode  process.  Each  process  w i l l  be  p r o c e e d i n g  
at  a r a t e  w h i c h  can  be  exp re s sed  b y  the  n e t  c u r r e n t  
for  t h a t  process.  

I z1F 
--  ax (Em --  E~eq) 

RT 
i l  : i l  ~ e 

--e zlF 1 
- -  (Em -- Excq) 

(I -- st) RT 

ii : i i  ~ 

I e  - z i F  
R T  

(Em --  Eteq) 

( i  - -  r 

--e 

[14] 

z i F  (Em -- Ei~'ll~ 
R T  

J 

i~ = ix ~ 

I ZxF 
-- r (Em -- Exe~  

RT 

e 

--e 

zxF 1 (I -- ax) - -  (Era -- Exeql 
RT 

The  on ly  condi t ion  tha t  has been  set  is tha t  t he  to ta l  
ne t  c u r r e n t  is zero. The re fo re ,  one  m a y  w r i t e  

x 

/total ---- i l  + i2 + . . .  + ii + . . .  + ix = ~ ii = O [15] 
~=1 

I t  is i m p o r t a n t  to e m p h a s i z e  tha t  i t  is no t  neces sa ry  to 
spec i fy  w h i c h  processes  a re  o v e r - a l l  ca thodic  and 
w h i c h  a re  o v e r - a l l  anodic.  I f  a process  is o v e r - a l l  
cathodic,  t h e n  the  ( E r a - - E i  eq) t e r m s  in Eq. [14] wi l l  
be n e g a t i v e  and  the  n e t  c u r r e n t  fo r  t ha t  process,  ~i, 
wi l l  be  posi t ive ,  and  if  a process  is o v e r - a l l  anodic,  
t h e n  the  (Era - -  Ei eq) t e r m s  wi l l  be  pos i t ive  and  the  ne t  
c u r r e n t  for  t h a t  process  w i l l  be nega t ive .  

F r o m  Eq. [15] one  m a y  w r i t e  t ha t  

I e  - ztF x ~ a ,  ~ (Era -- Eleq) 

~--4ii : 0 = ii ~ 
i = 1  i-----I 

z l F  1 
(1 -- a i )  (Era -- El eq) 

R T  
- -  e [ 1 6 ]  

which can be rearranged to 

z i F  z i F  
-- (Xi ~ Em CXi - E ieq  

RT RT 
/ i  ~ e e 

z i F  z i F  
(1 --  ~ l )  - - E r a  -- (1 --  ~ i )  Ei~'" 

R T  R T  
= /i ~ e e 

i=t  [17] 

In  sys tems  in w h i c h  the  fo l l owing  t w o  condi t ions  exis t  

ax ~ ~2 . . . . .  ~i . . . . .  ~x = a [18] 

Z l  = Z2 . . . . .  Zi  . . . . .  Zx ---- Z [19] 

Eq.  [17] r educes  to  
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zF zF  
Em c~ Eieq  

RT ~ RT 

ii ~ e 
i = 1  

zF  
(i - ~) E,. x 

RT 

= e ~ ii ~ e 
i : 1  

zF 
- (i - a) Ei~', ,  

RT 

[2O] 

These  two  condi t ions  a r e  no t  v e r y  ha r sh  since in mos t  
e l ec t rode  processes  z is one  and  a is one -ha l f .  Cond i -  
t ion  [19] also r equ i r e s  t ha t  a l l  t he  ni va lues  are  e q u a l  
to z s ince in th is  t r e a t m e n t  ni is a s sumed  to be  e q u a l  
to zL in Eq.  [11]. 

Thus,  the  m i x e d  po t en t i a l  for  x s imu l t aneous  p r o c -  
esses occu r r ing  at  t he  s a m e  e l ec t rode  u n d e r  cond i -  
t ions [18] and  [19] is g i v e n  b y  

z F  
x ~ _ _  Elcq  

H i  RT 
i ~ e 

i = 1  
[21] 

R T  
Em = - -  in 

z F  zF 
X -- (1 --  OL) - Ei  eq 

ii ~ e 

S c h n e i d e r  and  S c h l e g e l m i l c h  (21) and K o r t t i m  (22) 
h a v e  d e r i v e d  the  fo l l owing  e q u a t i o n  for  a m i x e d  p o -  
t en t i a l  i n v o l v i n g  two  e l ec t rode  processes  occu r r ing  at  
the  s a m e  e l e c t r o d e  w i t h  a = ~ .  

zF 
- -  Ele~ 
2RT 

zF 
- -  E~eq 
2RT 

+ i 2 ~  i l  ~ e 

zF zF  
-- _ _  Excq -- ~ E~cq 

2RT 2RT 
i F  e + i2 ~ e 

[22] 

RT  
Em = - -  In 

z F  

O b v i o u s l y  Eq. [22] can  be ob t a ined  f r o m  Eq. [21] by  
se t t ing  x = 2 and  a =- 1~. 

I f  one  e l ec t rode  process  is d o m i n a t i n g  al l  t he  o the r  
processes,  t h e n  t h e  e l ec t rode  should  be  r e v e r s i b l e  to 
tha t  p a r t i c u l a r  process.  F r o m  Eq. [21] one  can  see 
tha t  i f  one e l ec t rode  process  is d o m i n a n t  t h e n  

Em = Ei eq [23] 

w h e r e  Ei eq is t he  N e r n s t  po t en t i a l  fo r  t h e  d o m i n a n t  
e l ec t rode  process.  

I f  t he  c o m p l e t e  sys tem of x e l ec t rode  processes  is 
at equ i l i b r ium,  t h e n  the  m i x e d  p o t e n t i a l  w i l l  be  
g iven  by  any  of t he  x N e r n s t  po ten t ia l s .  

S ince  the  N e r n s t  e q u a t i o n  is on ly  app l i cab le  w h e n  
bo th  the  ne t  c u r r e n t  is zero and  e i t he r  one  e l ec t rode  
process  is k ine t i c a l l y  d o m i n a t i n g  a l l  o the r  poss ible  
e l ec t rode  processes  or  t he  sys t em is at  equ i l i b r ium,  
Eq.  [21] is a m o r e  g e n e r a l  e q u a t i o n  t h a n  the  N e r n s t  
equa t ion .  H o w e v e r ,  it m u s t  be r e m e m b e r e d  t h a t  in 
Eq.  [21] bo th  the  ii ~ v a l u e  and, of  course,  t he  Ei eq 
v a l u e  a re  also d e p e n d e n t  on t h e  ac t iv i t i e s  of  t he  e l ec -  
t r ode  process  componen t s .  S ince  m i x e d  po t en t i a l  g e n -  
e ra t ion  impl ies  t ha t  a ne t  chemica l  r eac t ion  is p r o c e e d -  
ing, t he  v a l u e s  for  ii ~ and  Ei eq wi l l  be  cons t an t ly  
c h a n g i n g  un t i l  e q u i l i b r i u m  is a t ta ined .  ( I f  a pass ive  
fi lm fo rms  on the  e l ec t rode  t h e n  the  r a t e  of t he  coup led  
e lec t rode  processes  m a y  b e c o m e  so s low t h a t  ii ~ and  
Ei eq w i l l  not  change  n o t i c e a b l y  o v e r  l ong  per iods  o f  
t ime. )  

E q u a t i o n  [21] can  be  w r i t t e n  in a m o r e  e l egan t  f o r m  
e m p l o y i n g  s t a n d a r d  e x c h a n g e  c u r r e n t  dens i t ies  and  
s t anda rd  e l ec t rode  po ten t ia l s  by  no t ing  tha t  for  each  
e l ec t rode  process  [11] t h e r e  co r re sponds  t h e  f o l l o w i n g  
re la t ionsh ips  ( r e f e r  to Eq.  [7])  

i l  o = ix oo aoxl l -~  arl a 

: _-- ii o o ~i o aoxil-  a aria 

�9 * i x  o o ~ x  ~ = a o x x l - a  arx  a [24] 
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R T  i=I 
Em : �9 :In 

zF 

i = l  

RT i = 1  
in  - ~ m  = 

z F  
- E i c q  

i - -  ii ) aT 
. - ii ~ e 
'~ci d 

[27] 
z F  

- -  (1  - -  ~ )  E [ ~  

i-- ii ~ e 

z F  
a , E i  o 

R T  
i -- ii o o aoxi e 

ic 

z F  z F  
x - -  (1 - -  ~ )  ~ E j o  

i i  i i  ~ ~ a r i  e 

i=~ [28] 

where ii is the net current  for the i th process and i~ d 
is the l imit ing cathodic or anodic diffusion current  
for the ith process. The value for ii can be calculated 
as long as aox~ and ar~ can be either measured or cal- 
culated since the part ial  current  for the {th process is 
related to the rate of change of the species activities 
for that process. Of course, these two equations be-  
come less rel iable as the diffusion processes become 
stronger. 

For  more complex electrode reactions, where z ~ n~ 
and under  conditions [18] and [19] 

plOXl -Jr ri le  = Q1R1 

p i O x i  + hie = qiRi (Z -7~ hi) 

pxOxx + n x e  -~ qxRx [29] 

the exchange current  densities for each process can 
be related by Eq. [9] such that  for the ith process 

z 
(1 -- a) -- pi Ot -- q| 

ii ~ = ii ~176 aoxj a n [30] 

Subst i tu t ing Eq. [30] and the Nernst  equat ion for the 
ith process (refer to Eq. [13] noting that ni ~ z) 
into Eq. [21] results in  

z z F  

a ~  n i  e R T  iF o 
RT i=1 

Em ~ - -  in  [31] 
zF z zF 

- - q ~  - -  ( I  - -  a )  - , E ~ o  
n i  R T  

" o o  
~i a r i  e 

i = l  

An equation involving both Eq. [21] and Eq. [25] 
would be very useful  when  one or more of the x 
s i m u l t a n e o u s  electrode p r o c e s s e s  occurs by an u n -  
known mechanism, specifically by an unknow n  charge- 
t ransfer  step. In  this case, each term in  Eq. [25] which 
involves an u n k n o w n  mechanism may be replaced 
by the corresponding term from Eq. [21]. However, re-  
liable data must  be available for the exchange current  
density of the subst i tuted process and, of course~ this 
process must  be independent  of the other electrode 
processes. This method would be very useful in sys- 
tems where complex electrode reactions ( i .e . ,  the 
hydrogen or oxygen electrode reaction) have to be 
considered. 

Approximations of the Mixed Potential Equations 
Approximations similar to those made in cur ren t -  

overvoltage studies (1, 12) involving one process may 
also be made in mixed potential  studies involving x 
simultaneous electrode processes at zero net current .  

If the following is t rue for all the s imultaneous 
processes 

]Em-- Eieq I < 0.02 volt (case 1) [32] 

and if conditions [18] and [19] are obeyed, provided a 
is approximately  one-hal f  (1), then Eq. [16] may  be 
replaced by 

~ i i  ~ Eieq 
i = l  

E m =  [33] 

by using the approximation e x = 1 -t- x. 
Case 2 corresponds to the famil iar  Tafel approxi-  

mation. It is impor tant  to note that the s tatement  

]Em-- Eieq[ > 0.05 volt (case 2) [34] 

must  be true for all of the s imultaneous electrode 
processes which are under  consideration. The funda-  
menta l  drawback in this approximation is that be-  
fore one can wri te  a general  mixed potent ia l  equation, 
one must  be able to specify which processes are 
cathodic and which are anodic. For the over-al l  cathodic 
processes, the (Em -- Ei eq) terms are negat ive and from 
Eq. [14] one can write that 

z F  
-- ~ -  (Em -- EJ eq) 

RT 
~j = ij ~ e (cathodic) [35] 

For the over-al l  anodic processes, the (Em--E~ eq) 
terms are positive and from Eq. [14] one can write 
that  

z F  
( I  - -  0~) '- ( E m  - -  Ekeq)  

RT 
i k  = - -  ~k ~ e (anodic) [36] 

Subst i tut ing Eq. [13] and [24] into Eq. [21] yields 
z F  

RT 

R T  ' aoxi e 
Era -~ ~ l n  i=l 

ZF zF 
--  (1 --  a )  - - E i  ~ 

R T  

i:1 ii~176 ari e [25] 

Now, if one electrode process is kinet ical ly domina t -  
ing all the other possible processes, Eq. [25] will  give 

R T  aoxl 
Em = Ei ~ -}- ~ In (z : n) [26] 

zF a r i  

which is the Nernst  equation for the dominant  elec- 
trode process. 

Equat ion [25] is preferred over Eq. [21] since each 
exponent ial  te rm in Eq. [25] has to be evaluated only 
once and Eq. [25] is wr i t ten  in a form which empha-  
sizes the fact that  the activity of each species is con- 
s tant ly  changing unt i l  equi l ibr ium is attained. Equa-  
tions [21] and [25] also serve to answer  questions 
such as the type raised by Lingane (23) concerning 
the role of the Pt  + + /P t  electrode reaction in setting up 
a hydrogen electrode on plat inum. These equations 
demonstrate  that  all processes which can occur at an 
electrode can be taken into consideration when evalu-  
ating the rest potential  of the electrode. If one process 
kinet ical ly dominates all the other processes, either 
because of its high relative i ~176 value or because of 
its high relat ive activity values, then the rest poten-  
tial will correspond to the Nernst  potential  of that 
process and the electrode can be said to be reversible 
to that  process. If two or more electrode processes 
are competi t ively occurring s imultaneously  at the 
electrode, then the rest  potential  will  correspond to 
the mixed potent ial  as determined by either Eq. [21] 
or Eq. [25]. 

The overvoltage equations [14] are wri t ten  for pure 
charge- t ransfer  rate control. When diffusion processes 
are significant, Eq. [21] and [25] can be rewri t ten  as 
(refer to Eq. [4]) 
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Condit ions [18] and [19] are  fol lowed and since no 
net cur ren t  flows the fol lowing can be wr i t t en  

 ij+ Ei :0= i, [37] 
j k i 

where 
j ~ k [38] 

r + s = x [39] 

F rom Eq. [37] one obtains  
zF  

r -- ~ ~ (Era -- Ejeq) 

i j  ~ e 

J 
zF 

s ( l  - -  cr  - -  ( E r a  - -  Ek~) [40] 

-:- ik ~ e 
k 

Rear ranging  Eq. [40] y ie lds  
z F  

O/ ~ E J C q  
R T  

i j  ~ e 
RT j 

Em = " In [41] 
zF  zF 

- ( i  - a )  Ek"~ 
R T  

i k  ~ e 
k 

Equat ion [41] can be r ewr i t t en  as 
zF  

~ E l  ~ 
R T  

ijo o �9 a o x j  e 
RT j 

E m  = In [42] 
zF  zF 

-- (1 -- a )  Ek ~ 
R T  

ik  ~176 a r k  e 
k 

If  only  two s imul taneous  processes need to be con-  
s idered under  condit ion [34] and obviously one is 
ove r -a l l  cathodic and the other  is ove r -a l l  anodic, the  
fol lowing equat ion m a y  be wr i t t en  wi thout  condit ions 
[18] and [19] 

RT /c ~ 
aczcEc  eq ~- (1 - -  aa)  zaEa  eq ~- - -  In . - -  

F Q~ 
E m  : [ 4 3 ]  

~cZc + (1 -- Vla)Z a 

This equat ion has been given prev ious ly  by  Schneider  
and Schlegelmi lch  (21). 

In t roducing  condit ion [19] into Eq. [43] yields  

RT iJ  
a e E c  eq -~- (1 - -  a a ) E a  eq -~- l n - -  

z F  i a  ~ 
Em = [44] 

~c + (I -- aa) 

Now, in t roducing  condit ion [18] into Eq. [44] gives 

RT ic ~ 
Em: a (Ec eq - -  Ea eq) -]- E a  eq --I- ' In [45] 

z F  i a  ~ 

and if a is equal  to one-half ,  Eq. [45] m a y  be wr i t t en  
a s  

RT /c ~ 
E m =  l/z ( E c  eq -Jc E a  eq )  + I n  [46] 

z F  i a  ~ 
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Chronopotentiometric Studies in 
Concentrated Zinc Chloride Solutions 
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P. R. Mallory & Co. Inc., Laboratory for Physical Science, Burlington, Massachusetts 

ABSTRACT 

Exper imental  studies were made of the effect of self-complexation on 
the cathodic deposition of zinc onto an inert  substrate in 0.1-3.0M ZnC12 
solutions with and without a support ing electrolyte. The effect of the self- 
complexation reactions was accounted for by the use of the apparent  t rans-  
ference number  of the zinc ion in Sand's  equation and a diffusion coefficient 
of 1.7 x 10 -~ cme/sec at 25~ The equations of Morris and Lingane provided 
a good estimate of the influence of the support ing electrolyte. 

The deposition of a metal  from a solution of one of 
its salts in the absence of a support ing electrolyte is 
accompanied by the depletion of ionic species at the 
electrode, and the a t tendant  IR drop may be suffi- 
ciently large to obscure the potential  jumps associated 
with the  onset of other electrode reactions. Chrono- 
potentiometric equations are available (I)  for s im- 
ple reaction systems in fully supporting, par t ly  sup- 
porting, and nonsupport ing electrolytes, but no 
t rea tment  has been presented for the  part ial ly self- 
support ing system which results when self-complexa- 
tion occurs. 

Solutions of zinc chloride contain anionic zinc 
species (2) whose concentrat ion increases when the 
zinc chloride concentrat ion increases. This is indicated 
by the transference n u m b e r  of the zinc ion that  
changes from positive values in dilute zinc chloride 
solutions to negative values in solutions more concen- 
trated than  about two molar  (3). The disproportion- 
ation of the zinc complexes would be expected to 
occur sufficiently fast to el iminate any kinetic terms 
in  the chronopotentiometric equations. However, the 
complexes might  be expected to act as a support ing 
electrolyte, and they might reduce the effective zinc 
ion concentrat ion at the cathode due to the migrat ion 
of anionic zinc species. 

The purpose of the s tudy was to investigate the self- 
support ing phenomenon in zinc chloride solutions and 
to obtain a quant i ta t ive  description of the self-sup- 
port ing effect. 

Experimental Techniques 
Zinc chloride solutions were prepared from ana-  

lytical grade reagents, and the concentrat ion of the 
stock solutions was determined with calibrated hy-  
drometers. It is known that  zinc chloride solutions 
undergo hydrolysis with the formation of precipitates 
(4). When they occurred, they were dissolved by the 
addit ion of sufficient HC104 just  to clear the solutions. 
The support ing effect of the HC104 is considered in the 
section on Exper imenta l  Results. 

A schematic diagram of the cell is shown in  Fig. 1. 
Par t icular  care was exercised in the design of the cell 
to achieve a un i form cur ren t  dis t r ibut ion on the cath- 
ode. The la t ter  consisted of a circular p la t inum disk 
with a diameter  of 0.81 cm. It was mounted horizon- 
tal ly at the bottom of a cylindrical  cavity with an 
inner  diameter  equal to the diameter  of the cathode. 
The cavity was 1.3 cm deep. The zinc counter  electrode 
was located about 3 cm away from the cathode, and it 
had a diameter  of 4 cm. Visual inspection of the zinc 
deposits on the cathode indicated that a uniform cur-  
rent  dis t r ibut ion prevailed under  all  the conditions of 
the reported experiments.  A reference electrode of 
zinc was mounted flush with the cavity wall, Fig. 1, 
and it was located about 0.1 cm away from the cathode. 

* Electrochemical  Society  Act ive  M e m b e r .  

Conventional  circuitry was used for the chronopo- 
tentiometric measurements  with pulses derived from 
a 240v stack of lead-acid batteries. An Ebert  Elec- 
tronics, model HD-4, mercury  switch gave fast and 
clean switching at all the currents  used. The max imum 
change in the current  during any one pulse was 2.3%, 
a t t r ibutable  to the changing resistance of the cell 
dur ing  the pulse. The currents  were measured with 
an accuracy of 0.5% with a Greibach model 700 am-  
meter. A bat tery  derived bias voltage was used in 
series with the zinc reference electrode to position the 
pulse sui tably on the Tektronix  Model 555 CRO screen. 
The voltage difference between the working electrode 
and the biased reference electrode was fed to the 
oscilloscope through a Tektronix  Type O preamplifier. 
IR drops of about 6v and less were encountered, de- 
pending on the current  densities and solutions used. 
The traces were recorded photographically, and the 
t ime scale of the CRO was calibrated with a Servomex 
wave form generator, model LF141. 

The solutions were deaerated with nitrogen, and a 
ni t rogen blanket  was main ta ined  over the solutions. 
The p la t inum electrode was restored after every pulse 
by the anodic dissolution of the zinc to the point of 
incipient oxygen/chlor ine  evolution, after which the 
solution was purged with nitrogen. The restored elec- 
trodes were smooth and shiny and they were consid- 
ered satisfactory for continued use. Anodic currents  
above about 200 ma/cm~ resulted in discernible in ter -  
ferences in  the subsequent  cathodic traces, and, ac- 
cordingly, this current  density was not exceeded dur -  
ing the zinc dissolutions. 

The t ransi t ion times were taken at the point of in -  
flection of the vol tage-t ime curves, and the experi-  
ments  were restricted to t ransi t ion times of 5 sec and 
less to avoid convective disturbances. Because of the 
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Fig. 2. Chronopotentiogram of 0.6M ZnCI2 in 2.0M LiCIO4 at 
pH 4.9. 

high zinc chloride concentrat ions this necessitated the 
use of current  densities as high as 4.64 amp/cm2. The 
high current  densities led to a significant heat ing of 
the electrolyte, par t icular ly  at the cathode in the ab-  
sence of a support ing electrolyte, and although the 
cell was main ta ined  at 25 ~ • 0.1~ it is known that  
higher temperatures  occurred dur ing  the zinc deposi- 
tions. 

Experimental  Results 
In the presence of the support ing electrolyte a wel l -  

defined voltage step was noted for the t ransi t ion from 
zinc deposition to hydrogen evolution on pla t inum,  
Fig. 2. In  the absence of the support ing electrolyte, 
however, the depletion of ionic species at the electrode 
caused a large potential  drop that  obscured the t rans i -  
tion point progressively at the higher current  densities 
for the concentrated ZnC12 solutions, Fig. 3. An u n -  
equivocal t ransi t ion point could not be defined above 
3.0M ZnC12. A dist inguishing feature of the pre t rans i -  
t ion potential  drop that  may be seen in Fig. 3 was the 
change of its t ime derivative from negative to positive 
values wi th  an increase in the current  density. Al-  
though the shape of the t ransi t ion regions varied 
noticeably between the runs  they did not influence the 
observed t ransi t ion times. 

The first phase of the exper imental  work was con- 
cerned with the question of the ra te-control l ing step 
in the deposition of zinc from the zinc chloride solu- 
tions. The known occurrence of anionic zinc species 
in concentrated zinc chloride solutions (2) suggested 
the possibility that even if Zn +~- could be reduced 
without kinetic complications at the currents  used, the 
reduction of the chloride complexes might  proceed 
via their  dissociation to Zn +2, and the rate of the 
dissociation reaction might be rate controlling. Dela- 
hay (5) showed that  a slow reaction step preceding 
the chronopotentiometric reduction of metal  ion com- 
plexes should cause (itl/=/C) to decrease with an in -  
crease in the current  density. No such current  de- 
pendency was observed in any  of the solutions 
whether  a support ing electrolyte was used or not. For 
example, an (itv=/C) value of 813 amp sect/= era/mole 

_~ ~ 1 ~  0.97 A/cm 

o E L I ] L "~P-~L I 
200 m SEC/ UNIT 

~I-I 1 I i i I I i 

o ~  > 50 rn SEC / UNIT 

i 3"8T A/cm2 t 
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I I I 

~ I ] I [ 
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20 m SEC / UNIT 
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Fig. ]. Chronopotentiograms of 1.0M ZnCI2 at pH 4.9 and vari- 
ous current densities, 
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was found for a 2.0M ZnCls solution at pH 5.2 with a 
standard deviation of 3.7% at current densities be- 
tween 1.17 and 4.64 amp/cm 2. Since the concentration 
of the complexes would be expected to depend on the 
pH of the zinc chloride solutions, the possibility 
existed that kinetic effects might occur over a limited 
pH range. (itl/=/C) was found to be independent of 
the current density in the pH range of interest, pH 
3.0 to pH 5.5. Furthermore, (it'll~C) was independent 
of the pH in the same pH range. Thus, at pH 4.9 a 
0.4M ZnC12 solution had an (it'/=/C) value of 1006 amp 
secV= cm/mole with a standard deviation of 3.7% over 
the current density range of 0.19 to 1.94 amp/cm~. A 
1.0M ZnCl2 solution had an (it'/=/C) value of 1000 amp 
sec'1~ cm/mole with a standard deviation of 8.9% over 
the pH range of pll 3.0 and pH 5.5. 
The absence of a current density effect on the 

transition time parameter confirmed the absence of 
convective effects as well. If convection had been 
present (it'/=/C) should have increased with a de- 
crease in the current  density at low current  densities. 
Since convective effects would change (itt/=/C) in the 
same sense as would kinetic effects, a mutua l  cancel- 
lation of the two effects was precluded. Convective 
effects were observed for t ransi t ion times in excess of 
about 5 sec, but  no data are reported for such long 
t ransi t ion times. 

The pre l iminary  observations indicated that the 
chronopotentiometric measurements  could be made 
without any kinetic complications, and  any effects 
noted for the influence of the solution parameters  on 
(itl/=/C) should be at tr ibutable,  therefore, to their  
influence on the mass t ransfer  process itself. 

The transference number  of the zinc ion changes 
from 0.33 in a 0.5M ZnC12 solution to --0.02 in 2.0M 
ZnC12 (3). This indicates that  the anionic complexes of 
the zinc ion become increasingly significant for ZnC12 
concentrat ions above 0.SM, and if any  self-support ing 
effects were to be present, they would be expected in 
the more concentrated solutions. 

The na ture  of the (itl/=/C) changes to be expected 
was ascertained by observing the effect of LiCIO~ on 
the t ransi t ion t ime parameter.  In  a 2.0M solution (it'/z~ 
C) remained constant  at 610 amp sec'/= cm/mole  with 
a s tandard deviation of 8.3% for ZnC12 concentrat ions 
between 0.1 and 3.0M. A decrease in the concentrat ion 
of the supporting electrolyte from 2.0 to 0.0M LiC104 
led to an increase of (itv~/C) from 580 to 1070 amp 
sec ~/= cm/mole  in a 1.0M ZnC12 solution, Fig. 4, with 
a s tandard deviation of 64.1 amp sec t/= cm/mole  about 
the hand-fi t ted curve shown in the figure. Therefore, 
if a self-supporting effect were present, it would 
cause a decrease of (it'/~/C) with an increase in the 
ZnCle concentrat ion for concentrat ions greater than  
about 0.5M ZnC12 in the absence of LiC104. 

The effect of the ZnC12 concentrat ion on (it'/=/C) is 
shown in Fig. 5 for a solution containing no LiC10~ at 
a constant pH of 4.9. A curve represent ing the mean  
value of (it'/=/C) was d rawn by tr ial  and error and it 
gave values of 1120 amp secV2 cm/mole  for the very 
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Fig. 5. Self supporting effect in ZnCI2 solutions at pH 4.9 

dilute ZnC12 solutions and 790 amp sec'/, cm/mole  for 
the 3.0M ZnC12 solution. The standard deviat ion about 
the curve  shown in Fig. 5 was 80.3 amp secV* cm/mole .  
A considerable scatter was observed for ZnCI2 con- 
centrat ions of 1.0M and less, and in that  region the 
s tandard deviat ion was 93.5 amp secV, cm/mole .  In 
the higher  concentrat ion range the standard deviat ion 
was 48.2 amp sec'/2 cm/mole .  Within the l imitat ions of 
these s tandard deviations the (it'll/C) values appeared 
to remain  near ly  constant for ZnCI2 concentrat ions 
below 0.5M, and at higher  concentrat ions it decreased 
with an increase in the ZnC12 concentration. Thus, the 
effect of the complexat ion reactions was qual i ta t ively  
equivalent  to the use of a support ing electrolyte.  

Since HC104 had been added to maintain  a constant 
pH of 4.9 considerat ion had to be g iven to the effect 
of the HC104 as a support ing electrolyte.  The greatest  
amount  of HC104 added was 0.73 cm a 1.0M HC104 to 
200 cm 3 of a 0.1M ZnCI~ solution. It was found (see 
the fol lowing section) that  the equations of Morris 
and Lingane (1) gave a good est imate of the effect of 
the support ing electrolyte,  and, using thei r  equations, 
it was calculated that  the change in (it 'll/C) a t t r ibut -  
able to the HC104 would be 4.6% or less. 

A series of ZnCI2 solutions were  prepared  with  a 
minimal  amount  of HC104, just sufficient to prevent  the 
precipi tat ion of insoluble hydrolysis products of ZnC12 
and the (it 'll/C) values shown in Fig. 6 were  obtained. 
The same general  effect of the ZnC12 concentrat ion 
was observed as for the pH 4.9 solutions, except  that  
(it'll/C) decreased continuously f rom an extrapola ted 
value of 1300 amp secV~ cm/mole  at a vanishing ZnC12 
concentration. In the higher  concentrat ion range, the 
(it'll~C) values agreed reasonably well. The minimal  

HC104 solution data extrapola ted to an (itv*/C) value 
of 840 amp sec */2 cm/mo le  for a 3.0M ZnC12 solution 
which may  be compared wi th  790 amp secV* cm/mole  
for the pH 4.9 solution. The data had a standard de-  
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Fig. 6. Self supporting effect in the minimal HCIO4 solutions 
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viat ion of 50.8 amp sec'/2 cm /m o le  about the hand-  
fitted curve  shown in Fig. 6. 

Severa l  measurements  were  made with  a mercury  
electrode in the same cell to check for possible surface 
kinetic and surface roughness effects (the surface area 
would change during zinc deposition on p la t inum but 
not on mercury) .  An (it'll~C) value of 593 amp sec'/2 
cm /m o le  wi th  a s tandard deviat ion of 64 amp sec'/2 
cm /m o le  was found for ZnCl~ concentrat ions below 
1.0M ZnCle in 2.0M LiC104 in good agreement  wi th  the 
results for the p la t inum electrode under  the same 
conditions, viz., 610 amp sec'/* cm/mole .  In the  absence 
of a support ing e lec t ro lyte  the mercu ry  surface 
changed its shape and size to such an extent  on the 
application of the pulse that  wel l-defined transi t ion 
t imes were  not obtained. 

Discussion 
The exper imenta l  results established that  the dep- 

osition of zinc f rom the zinc chloride solutions was 
mass t ransfer  controlled, and the chronopotent iometr ic  
behavior  of the system could be discussed, therefore,  
in terms of its diffusional and chemical  equi l ibr ium 
characteristics. 

Two circumstances impeded an adequate  analysis 
of the diffusion process. The diffusion coefficient used 
in the chronopotent iometr ic  equations represented an 
average value obtained by an unknown averaging 
process, and it was a composite coefficient in the sense 
that  several  species contr ibuted to the process which 
were  present  in concentrat ion ratios which changed 
in the gradient  region. Fur thermore ,  the diffusion 
layer  became depleted in ionic species and an appre-  
ciable ohmic heat ing of the electrolyte  occurred dur-  
ing the diffusion process. Because of these factors the 
diffusion coefficients calculated from the exper imenta l  
data are of an heuris t ic  nature.  

Case I. Self  supporting ZnCl~ solutions.--The princi-  
pal object ive  of the study was the invest igat ion of the 
sel f -support ing effect a t t r ibutable  to the complexat ion 
equi l ibr ia  in the zinc chloride solutions in the absence 
of an added support ing electrolyte  and the search for 
a quant i ta t ive  description of the effect. We consider 
first the exper imenta l  (it'/2/C) values extrapola ted to 
a vanishing zinc chloride concentrat ion where  ideal 
solution behavior  would be expected and the  per t i -  
nent  Sand equat ion should apply: 

(frill~C) = F(xDs) 1/= (1 - -  T+) -1 

F = Faraday 's  constant 
T+ = Transference number  of zinc ion 
Ds = Diffusion coefficient of zinc chloride 

Using the extrapolated,  exper imenta l  ( i tw/C)  values 
and the repor ted  t ransference number  of the  zinc cat-  
ion of 0.39 (3), the  fol lowing diffusion coefficients 
were  calculated: 

(itt/"-/C) 
a m p  see1/~ Ds 

ZnC1, so lu t i on  c m / m o l e  cma/sec 

C o n s t a n t  pH 4.9 1120 1.56 • 10 ~ 
M i n i m a l  HCIO,  1300 2.15 • 10 -~ 

These values may  be compared with  a diffusion coeffi- 
cient of 1.25 x 10 -~ cm2/sec calculated from the 
equivalent  conduct ivi ty  of the zinc and chloride ions 
tabulated by Conway (6). The values agreed well, 
considering the complexi ty  of the zinc chloride solu- 
tions. 

The next  question concerned the self-support ing 
effect. The exper iments  wi th  LiC104 as a support ing 
electrolyte  had shown that  it caused a decrease in 
(it'/=/C). An analogous effect was observed in the ab-  
sence of LiC104 by increasing the zinc chloride con- 
centrat ion in the range where  complexat ion occurred. 
The t ransference  number  of the zinc ion provided a 
measure  of the extent  of the complexat ion reactions, 
and it was thought  that  the use of the  concentrat ion 
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dependent  t ransference number  in Sand's equation 
might  describe the behavior  of the system. In par t icu-  
lar, since the diffusion process occurred across an ap- 
preciable concentrat ion gradient,  the mean t ransfer -  
ence numbers  were  used to calculate the diffusion co- 
efficients below from the exper imenta l  (it'll/C) values: 

where  the equivalent  conductivit ies tabulated by Con- 
way (6) were  used. 

M o l a r  ra t io*  a m p  see 1/2 a m p  secl/~2 
L iCIO4/ZnCI2  c m / m o l e  c m / m o l e  R a t i o  

ZnClc  T+ /oH 4.9 s o l u t i o n  M i n i m a l  HC10~ s o l u t i o n  
( i t w 2 / C )  (italY-/C) 

m o l e s /  a m p  see1/~ D~ a m p  see1/~ D~ 
l i t e r  m e a n  e r a / m o l e  cm~/sec  c m / m o l e  cm'a/sec 

0,5 888 950 1.07 
1.0 791 817 1.03 
1.6 732 748 1.02 
2.0 692 729 1.05 

0.0 0.39 1120 1.56 • 10 -~ 1300 2.15 x 10-~ 
0.5 0.37 n l o  1.65 • 10 -5 1110 1.65 • 10 -~ 
1.0 0.31 1050 1,80 • 10 -~ 970 1.31 x 10 -7 
1.5 0.24 950 1.78 • 10-5 910 1.60 • 10 -~ 
2.0 0.19 870 1.69 x 10 4 875 1.70 x I0-~ 

The mean value of the diffusion coefficient for each of 
the two solutions was 1.7 x 10-5 cm2/sec. In the pH 4.9 
solution it remained approximate ly  constant over  the 
ent i re  concentrat ion range whereas  it decreased first 
and then increased as the concentrat ion increased in 
the minimal  HC104 solution. 

The behavior  of the exper imenta l  Ds values may be 
contrasted with the expectat ions for the diffusion co- 
efficient of zinc chloride. The viscosity of zinc chloride 
solutions increases uni formly by about 30% (7) over 
the same concentrat ion range, and the act ivi ty correc-  
tions to the diffusion coefficient calculated from the data 
in the l i tera ture  (8) would predict  a decrease of D~ 
between 0 and 1 mole / l i t e r  and an increase between 
1 and 2 mole/ l i ter .  Combining the viscosity and ac- 
t iv i ty  corrections, the diffusion coefficient would be 
expected to decrease about 40% between 0 and 1 mole /  
l i ter and increase about 10% between 1 and 2 m o l e /  
liter. Quali tat ively,  this agreed with  the behavior  ob- 
served in the  minimal  HC104 solution, but the pH 4.9 
solution gave a contrary behavior.  The standard de- 
viations of the (it~/2/C) data would give Ds deviat ions 
of about 10 and 16% for the minimal  HC104 and the 
pH 4.9 solutions, respectively,  which suggested that  
the observed Ds pat terns might  reflect reproducible 
characterist ics of the two solutions. However,  in view 
of the complexi ty  of the diffusion process, we do not 
attach any fundamenta l  significance to the observed 
behavior  as yet  beyond observing that  the assumption 
of a constant diffusion coefficient of 1.7 x 10-5 cm2/sec 
provided a reasonably good description of the self sup- 
porting effect when the  concentrat ion dependent  t rans-  
ference number  of the zinc ion was used in Sand's 
equation. 

Case II. ZnC12 in a supporting electrolyte.--It  was es- 
tablished that  the self support ing electrolyte  effect in 
the zinc chloride solutions was analogous to the effect 
of an added support ing electrolyte,  but  a l though the 
effect could be described formal ly  by the use of the 
apparent  t ransference number  of the zinc ion, it left 
open the question of how to describe explici t ly the 
effect of a support ing electrolyte.  The data obtained in 
the 2.0M LiC104 solutions at various ZnC12 concentra-  
tions and in the 1.0M ZnC12 solutions at various LiC104 
concentrat ions were  used to examine  this question. 

The 2.0M LiC104 solutions of zinc chloride may be 
considered to have been ful ly support ing at the lower 
zinc chloride concentrat ions and the use of Sand's 
equation for the case of a support ing e lect rolyte  would 
be justified. The exper imenta l  (itl/2/C) value  of 610 
amp sec 1/2 cm/mole  gave a zinc ion diffusion coefficient 
of 1.27 x 10 -5 cm2/sec which may be compared with  
the value of 0.71 x 10 -5 cm2/sec calculated from the 
equivalent  conduct ivi ty  of the zinc ion at infinite di lu-  
tion. The agreement  appears to be reasonable, but a 
detailed comparison of the two values wil l  not be pur-  
sued. Instead, we focus at tent ion on the changes caused 
by the support ing electrolyte.  

The most complete description available of the effect 
of a support ing e lect rolyte  is that  given by Morris and 
Lingane (1). The values of (itl/~/C) calculated from 
their  equations [29], [30], and [31] are given below 

* 1.0M ZnCl,z. 
n c  = v i s c o s i t y  of L iC10~-ZnCle  so lu t i on ;  no = v i s cos i t y  of w a t e r  

a t  t h e  s a m e  t e m p e r a t u r e .  

No corrections were  introduced for the concentrat ion 
dependence of the t ransference number  of the zinc 
ion since the same zinc chloride concentration was 
used in all the solutions. Since the equations of Morris 
and Lingane contained no viscosity terms we used 
exper imenta l  viscosity values to adjust  the observed 
(itl/2/C) values to a common basis with the calculated 
(itl/2/C) values, it being assumed that  the product of 
the diffusion coefficient and the viscosity of a solution 
would remain  constant. A common anion was assumed 
by Morris and Lingane in the derivat ion of their  equa-  
tions, and we modified the terms per ta ining to the 
common anion by the use of the mean diffusion co- 
efficient of the chloride and perchlorate  ions weighted 
by their  respect ive formal  concentrations. No activity 
corrections were  available, and, therefore,  a compari-  
son of the numerica l  values of (it'/2/C) was not at-  
tempted. However ,  their  re la t ive  change may  be com- 
pared as a function of the concentrat ion of the  sup- 
port ing electrolyte.  

It may be seen that  the equations of Morris and 
Lingane provided a very  good estimate of the effect 
of the support ing electrolyte  on the transit ion t ime for 
the zinc depositiorL process. The changes in (itY2/C) 
were predicted within  approximate ly  5%. Since a 
meaningful  basis existed for the comparison of the 
changes in (it'll~C) it was considered that  the good 
agreement  resided in the adequacy of the description 
ra ther  than in fortuity. However ,  data on other  elec- 
t ro lyte  systems would be needed to confirm the gen-  
eral  applicabil i ty of the equations of Morris and Lin-  
gane to concentrated solutions of a reducible ion in the 
presence of a support ing electrolyte.  

Conclusions 
The complexat ion reactions in concentrated zinc 

chloride solutions gave rise to a decrease of (itl/2/C) 
with an increase in the zinc chloride concentrat ion 
in the absence of a supporting electrolyte.  The changes 
in the chronopotent iometr ic  constant were  analogous 
to the effect of an added support ing electrolyte, and 
they were  considered to be, tentat ively,  the result  of 
a self  support ing effect a t t r ibutable  to the presence 
of the complexes in the concentrated solutions. 

The self support ing effect could be predicted rea-  
sonably well  f rom Sand's equat ion for the chronopo-  
tent iometr ic  constant in the absence of a support ing 
electrolyte,  using a diffusion coefficient of 1.7 x 10 -5 
cm2/sec, provided the concentration, dependent,  ap- 
parent  t ransference number  of the zinc ion was used 
to account for the complexat ion reactions. 

The changes in the chronopotent iometr ic  constant 
a t t r ibutable  to the presence of a supporting electro-  
lyte were  predicted quant i ta t ive ly  by the equations of 
Morris and Lingane. 

Manuscript  submit ted Sept. 11, 1968; revised manu-  
script received ca. Dec. 11, 1968. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the December 1969 
J O U R N A L .  
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Techn ca]l Notes 

The Anodic Oxidation of CO on 
Nickel Sulfide in Base 

Raymond Jasinski* 
Tyco Laboratories, Inc., Wal tham,  Massachusetts  

A number  of papers have  appeared in recent  years 
o n  the anodic oxidation of carbon monoxide in basic 
solutions, e.g., (1-4). Electrochemical oxidation of CO 
is catalyzed by a var ie ty  of metals. However ,  the rest 
potentials reported have been significantly more  posi- 
t ive than the calculated, thermodynamic  value, --0.39v 
(vs. a revers ible  hydrogen electrode in the same solu- 

t ion),  for the reaction 

CO + 4 O H -  --> CO~ = + 2H20 + 2e -  [1] 

For  example,  the rest  potential  for CO on pla t inum at 
23~ has been quoted (2) at +50 mv vs. RHE in 1N 
KOH a n d  + 83 mv in 6N KOH. In acid the the rmo-  
dynamic value  is --0.105v vs. a revers ible  H2/H + elec- 
t rode in the same solution. 

Recent ly  (2), it has been suggested that  the dis- 
charge mechanism for CO on platinum, as welI  as o n  
Raney nickel, takes place according to the fol lowing 
scheme 

CO + 2 O H -  ~ CO3 = + 2Hads [2] 

2Hads + 2 O H -  -~ 2H20 + 2 e -  [3] 

In effect, the  carbon monoxide electrode behaves as a 
hydrogen electrode opera t ing  at low part ia l  pressures 
of H2. Al ternat ively ,  it has been suggested (4) that  
CO is first chemical ly converted to formate ion on 
Raney nickel, maintaining the same oxidation state, 
a n d  then  to carbonate ion by electrochemical  oxidation. 

This paper  describes the anodic discharge of CO in 
6N KOH on the compound Ni3S2. The equi l ibr ium 
potentials at 25 ~ and 75~ are negat ive with respect 
to  the H 2 / O H -  electrode in the same solution, although 
still  somewhat  more posit ive than the thermodynamic  
CO/CO3 = p o t e n t i a l .  

Experimental 
Ni3~2 was prepared f rom NiSO4 as follows (5): hy-  

drated NiSO4 was dried by programmed heating 
(<25~  under  a s t ream of Nf. At 300~ the t e m -  
pera ture  and flow of N2 were  kept constant for at least 
20 hr  to insure thorough drying. When drying w a s  
complete, NiSO4 was reduced by H2 for another  day. 
The principal  product was Ni.~Sf, as confirmed by x - r a y  
diffraction measurements .  Qual i ta t ive measurements  
o n  a pressed disk of this mater ia l  indicate that  it is an 
electronic conductor. However ,  some metall ic nickel  
w a s  present. 

Af te r  preparation,  the powder  was mixed with  a 
Teflon emulsion (~30%)  and formed into an electrode 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

in the usual manner  (6). The catalyst  loadings were  
var iable  (see below) ; no a t tempt  was made to optimize 
electrode s tructure for these pre l iminary  experiments .  

Electrode test ing was carried out in 6N KOH in the 
"floating electrode assembly" (7). Potent ia l  measure-  
ments were  carr ied out vs. a "Dynamic Hydrogen 
Electrode" (8), cal ibrated against a commercia l  plat i -  
num electrode under  hydrogen in the same solution 
and at the  tempera ture  of operation. Reference  elec- 
trode stabili ty in the presence and absence of CO w a s  
confirmed by periodic checks with  a commercial  calo- 
mel  electrode. All  potentials are given vs. the  revers-  
ible hydrogen electrode (RHE) in the same solution. 

The test e lectrode (a 1 cm 2 disk) was held at selected 
potentials with a Wenking potentiostat.  Unless o ther-  
wise noted, curent  readings were  taken after  steady 
s t a t e  had been reached, genera l ly  t0-I5 rain. 

A freshly prepared electrode, when first assembled, 
exhibits a gradual ly  decaying cathodic current  below 
+400 my, independent  of the gas phase (N2, CO, H2). 
After  1-2 hr  this current  is negligible (<0.01 ma/cm2).  
Presumably  this current  represents  the reduct ion of 
surface oxide formed during electrode preparation.  All  
data were  obtained after this conditioning procedure. 

Results 
The electrode was first scanned under an a tmosphere  

of N2. Anodic corrosion current  was not observed be- 
low +330 mv at 75~ Hydrogen bubbles are observed 
to form on the electrode at negat ive potentials. Under  
O2, the electrode is apparent ly  diffusion l imited in the 
same potential  range for the cathodic reduction of this 
gas. Anodic current  could not be generated below 
+330 mv with hydrogen as the fuel;  nor could current  
be generated from methanol,  formic acid, or ammonia.  
However ,  significant current  was sustained when car-  
bon monoxide was present  in the gas phase. The actual 
value  of the current  was influenced by the catalyst  
loading and by minor  variat ions in the electrode p re -  
para t ive  procedure. 

A steady state vo l tage-cur ren t  plot for a NiaS2 elec- 
trode (20 m g / c m  2) under  CO and under  H2 at 75~ is 
shown in Fig. 1. Figure  2 shows similar  data for an- 
other  Ni3S2 electrode (30 m g / c m  2) operated at 25~ 
The m ax im um  performance  obtained at 75~ has been 
with  an electrode containing 30 m g / c m  2 of catalyst, 
i.e., 80 m a / c m  2 at +200 my RHE. 

The question arises, of course, whether  this e lectro-  
chemical  act ivi ty is due to the catalytic oxidation of 
CO or represents CO-induced corrosion of the electrode 
material ,  possibly according to the fol lowing sequence 
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Fig. 1. Steady state voltage current plot for Ni3S2 electrode 
(20 mg/cm 2) under CO and under H2 at 7S~ 

I0  

8 

6 

4 

2 

co,/' / ,  -A 

CATHODIC 

- IO �9 

25~C 

ANODIC 

~ co 
H2 

mv vs R H E  

mo/crn t 

Fig. 2. Steady state voltage current plot for Ni:~S2 electrode 
(30 mg/em 2) under CO and under H2 at 25~ 

Ni3S2 + 4CO "-> 3Ni(CO)4 + 2S = -- 4e [4] 

S = + 8 OH--~ SO4 = + 4H20 + 6e- [5] 

Ignoring Eq. [4], approximately 96 coulombs would 
result from the oxidation of 30 mg of Ni~S~2. An experi- 
ment was therefore run in which this electrode was 
held at +i00 my (RHE) and the current followed 
with time. These data are shown in Fig. 3. There is a 
gradual improvement in performance (part of the con- 
ditioning effect mentioned above) with the current 
leveling out at ~.42 ma/cm 2. The total charge passed 
was about 430 coulombs, well in excess of that required 
by Eq. [5]. Furthermore, the electrode was completely 
intact at the end of the experiment. 

Discuss ion  

Ni~S2 is stable in 6N KOH below +330 mv at 75~ 
In  this voltage region, Ni~Ss will  catalyze, at room 
temperature  and at 75~ the anodic oxidation of car-  
bon monoxide, but  not of H2, NH~, methanol,  or formate 
ion. This selectivity implies that  the mechanism of 
oxidation does not involve formate ion or gaseous H2 
as intermediates.  The reaction produc~ was assumed 
to be carbonate ion, although this has not yet been 
confirmed by chemical analysis. 

In all experiments  with CO as the fuel, equi l ibr ium 
potentials were more negative than  the reversible H2 
electrode in  the same solution, as well  as the values 
published for CO on Raney nickel and on p la t inum (2). 
At 75~ the equi l ibr ium potential  was --180 mv (RHE); 
at 25~ --60 mv  (RHE). 

5C 
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Fig. 3. Current vs.  time at + ! 0 0  my for CO on Ni3S2 
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Judging from Fig. 1 and 2, the cathodic evolution 
of H2 is most l ikely repressed by the presence of CO; 
gas bubbles were not observed above --100 my on the 
electrode. Because of the negative equi l ibr ium poten-  
tial and suppression of He evolution, it is unl ikely  
that the anodic oxidation mechanism proceeds through 
Hads (Eq. [2] and [3]).  Detailed mechanistic studies 
are required to rigorously substant ia te  this point. 

By the use of high catalyst loadings (--~30 mg/cm2),  
significant current  densities can be obtained, e.g., 80 
ma / c m 2 at +200 mv RHE. It is to be expected that  
optimization of electrode design and the use of higher 
operating tempera tures  would fur ther  improve per-  
formance. 

The use of this catalyst in a fuel cell is, of course, 
obvious. It  is suggested, because of the selectivity of 
Ni~S2 to CO in  the presence of He, that  this catalyst 
could also be used to remove, electrochemically, CO 
from H2-CO mixtures.  P re l iminary  experiments  indi-  
cate that, at a constant  potential, the current  sustained 
by this electrode is proport ional  to the concentrat ion 
of CO in the gas phase. This also suggests the use of 
Ni3S2 as the basis of a detector for CO in the H2, N2, 
or other "inert" gases. 

P re l iminary  tests were also carried out with an 
electrolyte one molar  in K2CO3 and in KHCO3. Per -  
formance was poor a~t 75~ e.g., 0.1 ma / c m 2 at +180 
m v .  

Acknowledgments 
The author wishes to acknowledge the assistance of 

Mr. Robert  Cattabriga and Miss Susan Carroll, as well  
as the support of the Air Force Cambridge Research 
Laboratories, Office of Aerospace Research, under  Con- 
tract  AF 19.(628)5549. 

Manuscript  submit ted Oct. 21, 1968; revised manu-  
script received Nov. 20, 1968. 

Any discussion of this paper will appear in  a Discus- 
sion Section to be published in the December  1969 
J O U R N A L .  

REFERENCES 
1. P. Stonehart,  "Power Sources," D. Collins, Editor, 

p. 509, Pergamon Press, New York (1966). 
2. K. Hamann,  Extended Abstracts, 19th C.I.T.C.E. 

Meeting, Detroit, Michigan (1968). 
3. J. Roberts and D. Sawyer, Electrochim. Acta, 1O, 

989 (1965). 
4. G. Gruneberg,  "Brennstoffelemente," W. Vielstich, 

Verlag Chemie (1965). 
5. G. Pannet ier ,  J. Abegg, Bull. Soc. Chem. France, 

1961, 186. 
6. L. Niedrach and H. Alford, This Journal, 113, 117 

(1965). 
7. J. Giner  and S. Smith, Electrochem. Technol., 5, 61 

(1967). 
8. J. Giner, This Journal, 111, 376 (1964). 



and 14C Diffusion in a Mixture of Li/Na/KCO:  
R. L. Frederick and E. k. Wi l l iams 

Fundamental  Research, Owens-Il l inois Technical Center, Toledo, Ohio 

A et~tectic te rnary  mix tu re  of Li2COa, Na2COa, and 
K.,COa can be formed which wil l  melt  around 400~ 
As reported by Janz  et al. (1-3), the eutectic mix tu re  
contains Li2COa, Na2COa, and K2COa in molar  ratios 
of 43.5:31.5:25.0. A similar  ratio of 44:30:26 was re -  
ported by Rolin et al. (4). 

A mel t ing t empera tu re  of  400~ is 325 ~ to 490~ 
lower than the mel t ing tempera ture  of the salts in the 
pure  state. Melt ing tempera tures  of 500~176 make 
the alkali  carbonate mixtures  a t t ract ive  as an e lectro-  
lyte in high t empera tu re  fuel  cells. Transport  studies 
in various alkali  carbonate  melts have been made by 
Janz et al. (2, 5, 6) and by Spedding and Mills (7, 8), 
but  to our knowledge  no diffusion measurements  have 
been made in the alkali  carbonates below the melt ing 
temperature .  In the study repor ted  here, the diffusion 
of Na + and COw = ions was measured in a mix ture  of 
lithium, sodium, and potassium carbonates near  the 
eutectic mix ture  by a sectioning technique employing 
2"Na and 14C tracers. Also, the electric conductivi ty of 
this carbonate mix ture  was measured.  

Procedure 
Analyt ical  reagent  grade chemicals were  used to 

prepare  the carbonate mix tu re  which contained Li2COa, 
Na2CO3, and K2COa in a molar  ratio of 41:37:22, re-  
spectively. This mix ture  melts approximate ly  150~ 
higher  than the t rue  eutectic mixture.  The appropriate  
quanti t ies of raw chemicals for the mix ture  were  
mel ted first at 700 ~ in an alumipa crucible and then 
individual  specimens of 1 cm in d iameter  and approxi -  
mate ly  1 cm in thickness were  prepared  by mel t ing 
3-4g of the carbonate mix ture  in a small zirconia 
crucible, again at 700~ Both meltings, as wel l  as the 
diffusion anneals, were  in a CO2 atmosphere to prevent  
decomposition of the carbonate. On one surface of each 
specimen a thin layer of the radioact ive isotope was 
formed by al lowing to dry 8-10 drops of an alcohol 
solution containing the isotope. The 14C isotope was in 
the form of Na2CO3, while  the 22Na isotope was in the 
form of NaC1. The act ivi ty  of the layer  was normal ly  
greater  than 10,000 counts /min.  

For the diffusion to take place, the sample pellets 
were  heat t rea ted in an electric resistance furnace 
controlled to •176 of  the desired tempera ture  f rom 
18 to 113 hr, depending on the temperature .  Af te r  the 
diffusion anneal, the  pellets were  sectioned and the 
act ivi ty  of each section was determined as previously 
described (9), with the addition that precautions were  
taken during the sectioning to minimize the absorption 
of water  from the atmosphere.  The act ivi ty of  the 
sections containing the 22Na isotope was counted by a 
Nuclear-Chicago s ingle-channel  gamma ray spectrom- 
eter (Ana lyzer /Sca le r  Model 8725 and Scinti l lat ion 
Detector Model DS202V). The act ivi ty of the 
sections containing the 14C isotope was counted by a 
Nuclear-Chicago l iquid scintil lation counter  (Uni lux  
Model 6850). For  the l iquid scintil lation counting each 
section was washed off the abrasive paper of the sec- 
tioning machine by distil led water  into a scintil lation 
counting vial  filled with  Cab-O-Si l  "O. ''~ The purpose 
(10) of the Cab-O-Si l  "O" was to keep any precipitates 
which may  form suspended throughout  the mixture.  
To this mix tu re  was added 18 ml of scinti l lation fluid, 
which consists of 1-4 dioxane as the solvent and 70 g /  
l i ter  naphthalene,  4 g / l i t e r  of 2,5-diphenytoxazole, 0.1 
g / l i t e r  of 1,4-bis[2- (5-phenytoxazole)  ] as solutes. The 
total  vo lume of the con~tents of each via l  was 23-25 ml. 

C a b o t  C o r p o r a t i o n ,  B o s t o n ,  M a s s a c h u s e t t s .  

The electrical  conductivi ty of the carbonate mix tu re  
was measured on one of the pellets placed between a 
si lver electrode and a nickel  electrode. At  tempera tures  
below 275~ d-c measurements  were  made with  a 
Tul lamore  Elec t rometer  (Model VTE-2) .  At tempera-  
tures be tween 250~176 the resistance was measured 
by an a-c method with  a Genera l  Radio Impedance 
Bridge (Type 1650-A) at 1000 Hz. 

Results 
In the study reported here, the radioact ive isotope 

diffuses from a thin film into a solid of essentially 
"infinite" length. Thus, the distr ibution of the t racer  
in the solid can be described by the equation 

Ai == A , / k / n D t  exp Xi2/4Dt [1] 

where  Ai is the act ivi ty  concentrat ion of section i at 
distance Xi from the surface, t is the t ime of diffusion, 
Ao the act ivi ty originally at Xi = 0, t = 0, and D the 
diffusion coefficient. Thus, plot t ing Ai vs. Xi 2 results in 
a straight line in which D can be evaluated from the 
slope. 

The results of the t racer  diffusion measurements  are 
listed in Table I as the Na § and COo = ion diffusion 
coefficients. It is assumed that  the measure of the 22Na 
and 14C isotope diffusion is in real i ty a measure  of the 
sodium and carbonate ion diffusion, respectively:  that  
is, there  is l i t t le or no isotope effect and the 14C is in 
the COw = ion form. Plots of the diffusion coefficients 
for each ion vs. reciprocal  t empera tu re  as shown in 
Fig. 1 reveal  a good fit wi th  a straight line and thus is 
in accordance with  the simple Arrhenius  equation 

D = Do exp ( - -Ea/RT)  cm2/sec [2] 

where  D,, is the f requency factor, E,  is the act ivation 
energy, R is the gas constant, and T is the absolute 
temperature .  The values of Do and E~, including the 
est imated probable error, were  evaluated and for the 
t empera tu re  range of 200~176 are 

For Na + 

Do = 2.4 • 0.4 x 10 -W cm2/sec 

For  COa = 

Do -~ 1.1 ___ 0.4 x 10 -W cm2/sec 

Ea = 13.0 _ 0.3 kca l /mole  

Ea = 13.2 • 0.3 kca l /mole  

These values were  calculated by a least squares t rea t -  
ment  of the data. 

The va]ues of Do and Ea repor~ted here are very  
similar  in magni tude to those repor ted  by Spedding 
and Mills (7) for Na + and COo = diffusion in L i / N a /  

Table I. Tracer diffusion in Li/Na/KCOa mixture 
(41:37:22 mole per cent) 

Diffusion coefficient ( c r a b / s e e )  

T e m p e r a t u r e ,  ~ C N a +  CO: , -  

160  7 .0  • 10 -9 - -  
200  1.9 x 10 -9 7 .8  x 10 m 
2 2 5  3 . 0  • 10-~ - -  
2 3 5  2 .3  x 10 -9 
277  1.5 x l 0  -s  
3 0 0  2 .5  • 10 -8 1,1 • I 0  -s 
315  3 .7  x 10-~ - -  
325  ~ 1.6 x i 0 - ~  
3 7 5  1.4  •  -7 3 .2  x 10 s 
400  ~ 5 .4  • 10 -s  
4 2 5  1 ,7  • 10 -3 - -  

454 



Vol. 116, No. 4 22Na AND 14C DIFFUSION IN Li/Na/KCO8 455 

400 300 200 150~ 
' o ~ '  - -  ' J I 

I0" 

Pz o o 

'~ I O " -  

oZ__ Na+ 

..= 
c~ 

1 , I , I , I a I , I 
1.4 1.6 1.8 2.0 2.2 2.4 

10~/T'K 

Fig. 1. Diffusion coefficients of both the No + and CO3 = in the 
carbonate mixture plotted against reclprocol absolute temperature. 

KCO3 eutectic melt  of 43.5:31.5:25.0 mole per cent. 
Their  values for the activation energy are 11.0 and 10.1 
kcal /mole for the Na + and CO3 =, respectively, and are 
only slightly lower than  those reported here. The 
largest difference is in the Do value for the Na +. They 
reported 8.1 x 10 -3 cm2/sec for Do, which is more than 
three times the value of 2.4 x 10 - s  cm2/sec reported 
here for sodium diffusion in the solid. 

The electrical conductivi ty of the mater ia l  is shown 
in Fig. 2. The slope of the best fit straight l ine to the 
data corresponds to an activation energy of 33.4 kcal /  
mole at the lower temperatures  and 55.6 kcal /mole at 
the higher  temperatures.  The explanat ion for the 
change in energies is not  known, but  it should be 
noted that  both of these energy values are much 
higher than  the activation energies found for the Na + 
and the CO8 = ions by the tracer measurements .  
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Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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Brief 

Answer to "The Uhlig Defect Model of 
Oxidation Kinetics" by A. T. Fromhold, Jr. 

H. H. Uhlig* 
Department of Metallurgy and Materials Science, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 

In  the above paper (1), Fromhold  criticizes my 
theory of ini t ial  oxidation kinetics first published in  
1956 (2) and which was extended to in terpret  data 
obtained in  my  laboratory by MacNairn (2), Pickett  
and MacNairn (3), and Nwoko (4) on th in-f i lm oxida- 

* E l e c t r o c h e m i c a l  Society Active M e m b e r .  

tion behavior of Cu, Ni, and Zn, respectively. Some of 
the matters discussed by Fromhold repeat his earlier 
criticisms which were answered in ref. (4) and hence 
there is no need to repeat the answers here. 

By and large, it can be said in summarizing the dis- 
cussion that Fromhold starts out with different as- 
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sumptions than mine and reaches different conclusions. 
The final criterion, of course, of which set of assump- 
tions is better  must rest on the accord which is reached 
with  the exper imenta l  facts. No theory can hope to 
survive  which is based solely on philosophic specula-  
tions and which nowhere  along the line makes contact 
with reality. 

Examining  some of the details, it should first be 
made clear that there  is usually more than one solution 
to any differential  equation, and the corresponding 
choice of var iables  and boundary conditions is arbi -  
trary. The only requi rements  are that  the lat ter  must  
be self-consistent  and that  the final solution must have 
physical significance. I bel ieve that  these requi rements  
are adequately  met  in my solution of the Poisson equa-  
tion. 

Fromhold,  using his own part icular  assumptions, cal-  
culates the contr ibution of the negat ive space charge 
layer in zinc oxide to the potent ial  at the meta l  sur- 
face showing that  the contribution amounts  to only 
5.4 x 10-3v. He concludes that  "the space charge for 
all practical  purposes provides an insignificant at-  
tenuat ion of the current ."  However ,  using my assump- 
tions instead (2), the analogous calculation for a ZnO 
film 50A thick on Zn containing a density n of t rapped 

4~ne 
electrons equal  to 0.24 x 10'S/cm 3 is given by 

E 

(ly --  y2/2) where  y is the thickness of oxide, ~ is 
the dielectric constant of ZnO (10), e is the charge 
on the electron (4.8 x 10 -10 esu) and l, equal  to 1.3 x 
10 -~ cm, is the theoret ical ly  m a x i m u m  attainable 
thickness of constant space charge density oxide. The 
va lue  of 1 under  the above-s ta ted  conditions is ob- 
tained from the empir ical  oxidation rate constant 

ekT 
ko (17/2.3A) equal  to . The resul tant  calculated 

4~ne2l 
potential  is 0.13v which is a substantial  contribution 
satisfactorily accounting for the observed decrease of 
electron t ransfer  and corresponding s low-down of 
the oxidation rate  after Zn is exposed 140 rain to O._, 
at 206~ 

The observed change to a higher  react ion rate sub- 
sequent  to the init ial  reaction rate, giving rise to an 
observed two-s tage  logari thmic kinetics, we have as- 
cribed to dissociation of t rapped charge at a critical 
oxide thickness L. Reduced space charge density ac- 
counts for a lower re tarding potential  at the meta l  
surface for electron t ransfer  per unit increase of oxide 
thickness. The objection is raised that  such an abrupt  
change is "non physical" and out of accord with  Boltz-  
mann statistics. But obviously the transi t ion to second- 
stage kinetics is only abrupt  in a re la t ive  sense. If 
more exper imenta l  points were  obtained in the region 
of transition, it is expected that  the change in growth 
of oxide would occur over  a narrow range of oxide 
thickness ra ther  than at a single value. Nevertheless,  
the average value of oxide thickness mark ing  the t ran-  
sition is sufficiently sharp both on examining the ex-  
per imenta l  data and f rom the consequences of theary  
to allow a single oxide thickness to be designated. 
Fu r the r  refinements would undoubtedly  define a na r -  
row range of oxide thickness instead. This detail  has 
no consequence with  regard  to the va l id i ty  of the 
theory. 

In chemical  kinetics, when a given react ion results 
f rom several  concurrent  reactions, the standard pro-  
cedure is to consider that  the slowest reaction of the 
group is the one that  l imits the over -a l l  reaction. In 
the thin-f i lm oxidation process, I have considered elec-  
tron t ransfer  to be the slow process determining the 
over -a l l  oxidation rate. This does not mean that  I have 
negl igent ly  omit ted  consideration of ion migration,  but 
only that  ion migrat ion is a fast process Ln comparison, 
and hence it need not be considered in the final rate  
equation. Carl  Wagner,  whom Fromhold  quotes, 
showed that  for thicker  oxide films for which the 
parabolic equat ion holds, ion migra t ion  is now the  

slow process and electron t ransfer  and migrat ion in 
turn can be neglected. 

The differentiat ion between activation energy and 
free energy is readi ly  resolved. The free energy of ox-  
idation is given by the Gibbs t e rm hG for the over -a l l  
reaction 

M -p 1/2 02 -> MO 

where  _~G is a negat ive quant i ty  under  the usually 
considered exper imenta l  conditions. It  involves both 
ion and electron migration.  The act ivat ion energy for 
the above reaction, on the other  hand, is given by the 
term _~E in the Arrhenius  equation where  rate  = const. 
exp ( - - ~ E / R T ) .  The value of ~E can be obtained by 
plott ing the logar i thm of the reaction ra te  constant 
with the reciprocal  absolute t empera ture  T. According 
to my model  of thin film oxidation the expression 
d ~nko/d 1/T becomes equal  to --e(~o - -x  - - v ) / k  
where  ko is the reaction ra te  constant for first-stage 
logari thmic kinetics, k is Bol tzmann's  constant, r is 
the work  function of the metal,  x is the amount  by 
which the oxide alters the work  function at the meta l -  
oxide interface, and v is the electron affinity of oxygen 
adsorbed on the oxide surface. Comparison with  the 
Arrhenius  equat ion makes it quite  clear that  the  en- 
ergy corresponding to electron t ransfer  from meta l  to 
oxide surface as ment ioned in my paper  is the ac- 
t ivat ion energy and is not the Gibbs free energy te rm 
_~G. The der ivat ion of the expression above was in 
fact the first which extended to thin film oxidation 
the empir ical  relat ion proposed much earl ier  by Rideal 
and Wansbrough-Jones  (5) based on observed act iva-  
tion energies for the oxidation of W, Pt, and C. 

The discussion of nonconservat ion of charge is 
hardly  a re levant  mat te r  because it is always implied, 
such as in the similar development  of double layer  
theory in electrolytes, that  a simultaneous posit ive sur-  
face charge is formed in the meta l  as excess negat ive  
charge accumulates in the environment .  Excess charge, 
in other  words, can and does exist  in the oxide as 
shown by both Volta potential  and other  type  measure-  
ments, but the over -a l l  charge including that  of the 
metal  must, of  course, remain  neutral .  

The l imit ing state of affairs at zero oxide thickness 
is given by nega t ive ly  charged adsorbed oxygen on the 
metal  surface ra ther  than by a clean metal  surface. In 
other words my described approach to thin film oxida-  
tion kinetics includes the l imit ing case for which vola-  
tile oxides are formed (Pt, W, C). Since the negat ive  
surface charge now remains  constant in time, the  l inear  
oxidation equat ion is obeyed instead of the direct  log-  
arithmic, and the expression for the act ivation energy 
of oxidation no longer includes the te rm x, but is 
otherwise the same as is given above. This par-  
t icular  assumption in my der ivat ion answers in large 
part  the long discussion by Fromhold  on various possi- 
ble boundary conditions at the ox ide-meta l  interface, 
as wel l  as detailed mat ters  re la t ing to conservat ion of 
charge. 

The image charge in the metal  is included in my so- 
lution of the Poisson equation. The total  negat ive sur-  
face charge, on the other  hand, made up of oxygen ions 
adsorbed on the oxide surface is included in my  elec- 
t ron affinity t e rm v equal  to 3.6 ev. I have assumed that  
all adsorption sites on the oxide surface are occupied 
throughout  the oxidation process. 

As ment ioned earlier, the final proof of any oxida-  
tion model  is its accord with  experiment .  It may  be 
worthwhile ,  therefore,  to summarize  the contributions 
which are made by the oxidation model  which I have 
proposed. 

1. It leads to the derivat ion of the direct logar i thmic 
equation which represents  most thin-f i lm oxidation 
data for metals  in general. It explains why this equa-  
tion applies only to thin film oxides character ized by a 
space charge and not to th icker  films for which ion 
migrat ion is controlling. It fu r the rmore  explains that  
thin-f i lm oxidation rates depend on the Curie t empera -  
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ture, lattice type, and grain orientat ion because of 
corresponding changes in work funct ion of the metal. 

2. It accounts for observed two-stage logarithmic 
oxidation behavior of both polycrystal l ine and single 
crystal metals and fur thermore  predicts the thickness 
at which second-stage logarithmic kinetics begins. 

3. It accounts for an observed much lower th in  film 
oxidation rate for zinc compared to Cu and Ni, despite 
Zn being a chemically more active metal. The differ- 
ence is ascribed to a calculated higher negat ive space 
charge density in ZnO compared to that  in Cu20 or 
NiO. 

4. It provides a theoretical derivat ion of the Rideal-  
Jones relat ion for the activation energy of oxidation 
dependent  on work funct ion of the metal  and electron 
affinity of adsorbed oxygen. 

5. It suggests why many  metals in  the th in  film 
region oxidize in accord with the cubic equation as 
well as the two-stage logarithmic equation. Only a 
slight difference in distr ibution of excess charge in the 

diffuse space charge layer determines which type equa-  
tion is followed. 

6. It provides for calculating the density of defect 
sites in metal  oxides which for the l imited data so far 
available are in reasonable accord with similar densi-  
ties calculated independent ly  by  others. 

Manuscript  received Dec. 16, 1968. 

Any  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the December 1969 
JOURNAL. 
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Asymmetric Conduction in Thin Film 
Tantalum/Tantalum Oxide/Metal Structures: 
Interstitial and Substitutional Impurity Effects 

and Direct Detection of Flaw Breakdown 
Norman N. Axelrod* and Newton Schwartz* 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Asymmetric conduction in a thin film tantalum/tantalum oxide/metal 
structure depends strongly on the method of preparation of the individual 
elements as well as the conditions under which the structure is measured. 
Some of the factors which need to be considered are: (i) gas and alloy metal 
content of the sputtered tantalum film; (ii) structural perfection of the tanta- 
lum film; (i/i) nature of the metal counter electrode; and (iv) ambient 
factors such as the presence of moisture during measurement. The principal 
results from these investigations can be explained on the basis of flaws in the 
anodic oxide. Evidence exists, however, that some degree of asymmetric con- 
duction exists in nominally flaw-free films. 

Many mechanisms have been proposed to explain the 
rectifying characteristics of anodic oxide films (1). 
This asymmetr ic  conduction is known to be quite var i -  
able and has not been satisfactorily explained in terms 
of simple solid state band theory. 

Two general  classes of response can be considered: 
(2): 

(a) The homogeneous or uni form response of the 
entire th in  film oxide which depends on the band 
structure and contact barr ier  energetics (3-8); 

(b) The heterogeneous or local response at flaws, 
(i.e., small areas which differ in electrical properties 
from the remaining  oxide) which may be due to a local 
variat ion in the stoichiometry, to a fissure, or to other 
types of mechanical  defects in the oxide (9-11). 

Previous studies have indicated that it is possible for 
both responses to exist. Vermilyea has demonstrated 
that  a t ransi t ion from type (a) to type (b) occurs with 
an increase in anodic oxide film thickness (9). The 
heterogeneous mechanism, therefore, may be the sig- 
nificant one in the range of film thicknesses used 
normal ly  for device applications such as capacitors and 
crossovers. Since flaws may arise in  different ways, it 
is of considerable interest  to define the parameters  
which determine their  formation, and to extend the 
s tudy of nomina l ly  flaw-free 1 films to thicknesses 
greater than those used in Vermilyea 's  study. A study 
of these parameters  might also result  in a definition of 
the range of metal lurgical  states of the parent  t an ta lum 
necessary to obtain reproducible  measurements  for an  
invest igat ion of the electronic conduction mechanisms. 

The sputtered t an ta lum-anodic  oxide-metal  ( lb )  
s t ructure  has been shown to have variable  asymmetric  
conduction; the fundamenta l  parameters  associated 
with the asymmetry  might be understood if the var i -  
abil i ty could be controlled. This paper presents some 
of the factors which determine the asymmetry  in this 
s tructure;  it will  be shown that  nomina l ly  flaw-free 
films which have near ly  symmetr ic  conduction charac-  
teristics can be formed in the 2000A thick range. 

Since both homogeneous and heterogeneous re-  
sponses can exist, each investigator ought to determine 
the predominant  response in the par t icular  samples 
under  investigation. A simple test is reviewed in this 
s tudy which may allow such a classification. 

Sample Preparation 
Tanta lum films were deposited by sput ter ing at the 

rate of about 100 A / m i n  at argon pressures in the 
* Elec trochemica l  Soc ie ty  A c t i v e  Member .  
1 " N o m i n a l l y  f l a w - f r e e "  films are t h o s e  w h o s e  b r e a k d o w n  v o l t -  

a g e s  a r e  i n d e p e n d e n t  of  c o u n t e r  e l e c t r o d e  a r e a  a n d  a r e  an  a p p r e c i -  
a b l e  f r a c t i o n  of  t h e  f o r m a t i o n  v o l t a g e .  

range of 10-20 mil l i torr  of argon. Reactive sput ter ing 
techniques (12-15) using small  additions of oxygen, 
nitrogen, methane,  or hydrogen in the argon yielded 
t an ta lum films with the appropriate amount  of the gas 
going into either inters t i t ia l  positions or compound 
formation. Tan ta lum films alloyed with a var ie ty  of 
different metals were formed by sput ter ing with wires 
of the alloying element  suspended across the face of a 
h igh-pur i ty  t an ta lum cathode (Fig. 1) (16). In  all the 
cases under  discussion the s t ructure  of the film was the 
be ta - t an ta lum phase (17) unless specified otherwise. 
For the studies reported here on the area variation, 
moisture dependence, and electrolyte contact depen-  
dence, the t an t a lum films were anodized to 100v at 
105~ in an ethylene glycol-oxalic acid electrolyte, 
while for all of the other studies, the anodization was 
performed at room tempera ture  in a 1% aqueous citric 
acid solution with a formation voltage of 130v. In both 
of these anodizations the oxide film thickness was 
2300A. In  all of these oxide preparations, the anodiza- 
t ion was in terrupted at midpoint  to allow the back- 
etching with 0.01% AIC13 in methanol,  al though it has 
been demonstrated that  this step does not affect the 
degree of asymmetric  conduction. Metal film counter  
electrodes, usual ly  gold, were evaporated through 
masks to form 10-15 capacitors of one size, or else a 
dis t r ibut ion of sizes (Fig. 2a). Large and small  area 
electrolyte contacts could be isolated on the same 
anodic film with the use of electroplaters masking 
tape. The current-vol tage  characteristics and the non-  

~ -  SLIDE HOLDER 
ON HEATERS 
400~ 

fT(] WiTH 

Fig. I. Tantalum cathode wound with two wires of alloy metal 
for sputtering onto four glass slides on the two symmetrically 
placed slide holders. 

460 



Vol. 116, No. 4 ASYMMETRIC CONDUCTION IN THIN FILMS 461 

F 

,j>'EVAPORATEO METAt 
COUNTERELECTROOE 

Fig. 2. Structures for the evaluation of printed tantalum oxide 
capacitors: (a) (left) tantalum anode area variation; (b) (right) 
schematic capacitor structure. 
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Fig. 3. Cathodic breakdown voltage (Ta +) as a function of 
capacitance of printed tantalum oxide capacitors. All oxide forma- 
tions at 100v at 110~ 

catastrophic breakdown voltages were  determined as 
repor ted  previous ly  (2). 

C o u n t e r  E lectrode A r e a  Studies 
Vermi lyea  demonstra ted the existence of flaws in 

anodic oxide films grown on bulk anodes by the use of 
fine wire  contacts and electrodeposit ion (9, 18). With 
wire probes, it is possible for the pressure and area of 
the contact wire  on the oxide to vary;  in some cases, 
the wire  can puncture  the oxide, par t icular ly  if the 
wire had previous ly  conducted current  at the site of a 
local catastrophic breakdown. With evapora ted  con- 
tacts, the pressure problem is avoided, the capacitance 
of the s t ructure  can be measured to assure an appro-  
priate contact and provide informat ion on the area of 
contact, and the re  is more  flexibil i ty in the kind of 
exper iments  that  can be done as compared  with  the use 
of e lectrolyte  contacts. 

A possible ambigui ty  in the area var ia t ion technique 
i l lustrated in Fig. 2 is that  the per imeter  to area ratio 
increases with decreasing area. If one assumes that 
flaws are  concentrated at the perimeter ,  and that  in-  
creasing the per imeter  to area ratio increases the prob-  
abil i ty of making contact to a flaw, the results to be 
described are incompat ible  with this assumption. 

The results of measurements  on the break-  
down vol tage as a function of the capacitance (i.e., of 
the calculated area using 26.5 as the dielectric constant 
and 16.5 A / v  for the anodization constant) for a con- 
stant oxide film thickness are  shown in Fig. 3 for two 
different slides prepared under  ostensibly identical  
conditions (2). The reduct ion in the area of the ca- 
pacitor sample results in a marked  increase in cathodic 
breakdown voltage. This resul t  is compat ible  wi th  a 
model  of an oxide film with  flaws whose densi ty is on 
the order  of one per 0.05 mm 2 (i.e., with an average 
separation distance of 0.22 ram).  This calculated den-  
sity assumes one type  of flaw which breaks down at a 
given voltage, but  a more realistic t r ea tment  would 
have to include a distr ibution of flaws breaking down 
at various voltages. 2 

The difference be tween the two curves in Fig. 3 may 
be a t t r ibuted to two different flaw densities caused by 
minor  changes in the process parameters .  In about one 
third of the samples, the flaw density was so high that  
no change in cathodic breakdown voltage could be ob- 
served in the samples by vary ing  the counter  electrode 
areas. 

Large increases in the anodic breakdown voltage 
when  the counter  electrode area was decreased f rom 
200 X 10-3 cm 2 to 1 X 10 -3 cm 2 have  also been repor t -  
ed (20), thus suggesting that flaws can play a role  in 
anodic conduction as well.  

S e e  l a t e r  d i s c u s s i o n  o f  d i r e c t  o b s e r v a t i o n  o f  b r e a k d o w n  a t  f l a w s .  

The area var ia t ion technique uti l izing evaporated 
counter  electrodes is a powerful  method for detect ing 
flaws if the area of the contact  is made small  enough. 
Similar  results can be observed with  8N sulfuric acid 
as a contacting electrolyte.  For  the identical area, 
where  the loosely adherent  gold counter  electrode was 
removed with  t ransparent  sticky tape, the cathodic 
and anodic breakdown voltages of the small  area 
samples were  significantly larger  than  those for the  
large area samples. 

Large Area Aqueous Electrolyte Contacts 
Studies on anodic oxides have been reported in 

which aqueous electrolyte  contacts were  used. To cor- 
re la te  these studies wi th  the present  work using meta l  
counter  electrodes, the nominal  b reakdown voltages for 
both counter  electrode types were  compared on the 
same oxide sample. First, the  b reakdown voltage was 
determined with a gold counter  electrode (see Fig. 4, 
upper ) ;  then the gold counter  electrode was removed  
with aqua regia, the sample reformed at the original  
anodizing vol tage for a short  period of time, and then 
the identical  area was contacted with  8N sulfuric acid 
resul t ing in the lower  trace of Fig. 4. This la t te r  
sample shows almost complete  rectification with  a 
nomina l  cathodic b reakdown vol tage of less than lv ,  
and with  anodic b reakdown voltages improved  over  
the meta l  counter  electrode sample. Gold counter  elec-  
trodes were  then evaporated over  the same area, and 
results identical  to the upper  t race in Fig. 4 were  ob- 

UA ~ .035UF TANTALUM OXIDE 
2 x I0 - [  pRINTED CAPACITOR 

I x ~0 ~l 
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Z X I C  ~ i 0 .035 UF TANTALUM OXIDE 
CAPACITOR MEASURED IN 

i X iO.t BN HzSO 4 

-~'ov -A'o -'o _ _  ~ov 
- - I  x I0 - t  

- - - 2  XlO ~ 

- - -3 X t ~ l  
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Fig. 4. Comparison of I-V chorocterlstics with gold and aqueous 
counter electrodes (large area example); positive voltage is for 
anodic direction (To+).  
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tained, indicating no i r revers ib le  changes occurred in 
the  oxide as a result  of these different steps 

As indicated in the previous section, however ,  small  
area samples showed a s imilar  decrease in cathodic 
breakdown vol tage with  an electrolytic contact, but the 
values of the breakdown voltage were  in the 20-30v 
range. This result  indicates that  the electrolytic contact 
results are also area dependent,  but  wi th  a different 
sensi t ivi ty factor than for the meta l  counter  electrodes. 
One of the conclusions f rom this study is that  b reak-  
down voltages for gold counter  electrodes and for con- 
centrated electrolyte  contacts show a similar  depen-  
dence on the contact area, though the  lat ter  contact 
results Ln much  smaller  cathodic breakdown voltages 
for a given area. 

Any  model  which can be set up to expla in  these 
e lect rolyte  resul ts  must also take  into account concen-  
trations of water  less than that  associated wi th  an 
aqueous solution. To invest igate  this, vacuum baking 
was employed to remove  trace amounts  of water  f rom 
the gold counter  electrode samples. F igure  5 shows the 
breakdown vol tage results for both a gold electrode 
thin film capacitor and a s tandard tan ta lum solid elec- 
t rolyt ic  capacitor. Removal  of t race amounts  of mois-  
ture  by heat ing at 120~ in 10 -5 Torr  vacuum for 3 hr  
and then cooling in vacuum to room tempera tu re  
cause a decrease in the anodic breakdown vol tage 
wi th  v i r tua l ly  no change in the cathodic breakdown 
voltage. These effects are  t ime dependent  since ap- 
plying a vol tage of 50v to desiccated samples does not  
lead to catastrophic breakdown,  but a polar izat ion-  
l ike phenomenon is observed in which the  leakage 
current  decreases wi th  t ime at constant voltage. An 
impor tant  observat ion is that  the desiccated sample 
shows almost  symmetr ic  b reakdown behavior,  but 
wi th  anodic and cathodic breakdown voltages of 
about one -qua r t e r  that  anticipated f rom the 130v ano-  
dization voltage. Exposure  to room ambient  mois ture  
at about 50% re la t ive  humidi ty  results in a revers ible  
re turn  of the anodic breakdown vol tage to the ini t ial  
vol tage trace. Moreover,  the rate  of re turn  is propor-  
t ional to the gold electrode thickness. Small  area ca- 
pacitors comparable  to those shown in Fig. 3 wi th  
cathodic breakdown voltages in the 100 volts range, 
do not show this revers ib le  moisture effect, and in fact 
are qui te  s table at different mois ture  levels  (see Fig. 
6). 

The effects of vary ing  degrees of exposure  to mois- 
ture on the breakdown voltages are  pictorial ly sum- 
marized in Fig. 7. The anodic breakdown vol tage in- 
creases marked ly  with  an increase in the re la t ive  
humidity,  but then has a fu r the r  smaller  increase 
when  an e lect rolyte  contact is used instead of the metal  
counter  electrodes. For  the cathodic breakdown voltage, 
there  is essential ly no change when the re la t ive  hu-  
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gold counter electrode before (at 88% relative humidity) and after 
vacuum baking with capacitor having aqueous electrolyte (8N 
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midi ty  is increased, but a decrease results when an 
electrolyte  contact is used. 

For meaningful  models, there  should be a wel l -  
defined exper imenta l  situation to be described. It has 
been shown above how the contact conditions can af-  
fect the results, and we shall discuss below how var i -  
ations in the fabricat ion can affect the electr ical  char-  
acteristics. Thus, instead of proposing or reaffirming 
specific models based on electronic mechanisms or 
e lectrochemical  processes, a more  modest model  based 
on flaws will  be used to correlate  the above informa-  
tion. It wil l  point up a level  of explanat ion which is 
cur rent ly  suitable for a large number  of anodic tan ta -  
lum oxide films, and emphasizes the difficulty in using 
more  sophisticated models when applied to flaws. 

It is assumed that  flaws are responsible for the 
cathodic and anodic breakdown voltages. F rom the 
data on moisture dependence,  th ree  models may  be 
applicable: (a) one type of flaw behaves differently 
wi th  moisture under  biases of different signs; (b) 
there  are two separate types of flaws; or (c) there  is 
essential ly one type of flaw with  two different parts. 
For  simplicity, we  assume that  there  are  two different 
types of flaws, one of which responds to low moisture  
content  in a certain way  in the anodic direct ion but is 
not influenced in the cathodic direction, while  the 
other  type  of flaw is not influenced in the anodic di-  
rect ion and has a response to h igh  levels of mois ture  
(i.e., electrolyte  contacts) ,  albeit  a different response, 
in the cathodic direction. 

The two major  changes wi th  mois ture  are (a) a 
large change in the cathodic breakdown vol tage when 
going f rom a sample in high re la t ive  humidi ty  to a 
sample wi th  an electrolyte  contact and (b) a large 
change in the anodic direction be tween a sample being 
in a dry ambient  to being in an ambient  wi th  a high 
re la t ive  humidity.  The process responsible for (a) 
might  be a H + or I-t a tom transport,  hydrogen em-  
br i t t lement ,  or tunnel ing  across a thin section of oxide 
which becomes impor tant  only at high concentrat ions 
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of water. Proposed explanations for the latter change, 
(b),  have been oxygen bubble formation under  anodic 
bias or the unl ikely  collapse of the metal  film into the 
flaw to give closer contact with a th inner  portion of the 
oxide. It  is difficult to ascribe a conduction reaction 
under  anodic bias in  the absence of water  with a metal 
counter  electrode. 

Since the current  flow is so t ime dependent  at low 
moisture content, it is possible that  an electronic 
mechanism is operative which depends markedly  on 
the absence or presence of water, perhaps affecting 
some trap levels in the conducting oxide (2). 

The influence of water  can also be used to explain 
the marked effects of different metal  counter  electrodes 
on the anodic breakdown voltage, with almost no effect 
produced on the cathodic breakdown voltage (21). In 
this case, the free energy of formation of the oxide 
appears to correlate with the abili ty of the metal  
counter electrodes to control the moisture level in the 
anodic film. Electrodes with large negative free energy 
of formation, such as the A1-AleO:~ couple, result  in 
current-vol tage  characteristics similar  to the desic- 
cated sample in the upper  trace of Fig. 4, and show 
little humidi ty  dependence. The large negative free 
energy of formatLon for the At-A120:~ couple may be 
correlated with its greater adherence which, therefore, 
provides a high impedance barr ier  to moisture t rans-  
piration. 

Electron microscope examinat ion of stripped tan ta -  
lum oxide films from thin film anodes have revealed a 
variety of flaws including cracks and recrystallized 
areas, but  these do not appear with the surface density 
expected from the area variat ion data. 

The rest of this work is concerned with an under -  
s tanding of the parameters which will el iminate flaw 
formation as well  as direct exper imenta l  verification 
that destructive cathodic breakdown occurs at discrete 
flaw sites using in situ interferometric microscopy. 
This course has led to more frui tful  ~esults than a 
continued effort to define the flaw-moisture interact ion 
mechanism. 

Effect of Composition of Sputtered T a n t a l u m  on 
Breakdown Voltages 

The variations in properties of different samples 
(e.g., see Fig. 3), has impeded the unders tanding  of the 
mechanisms involved in the conduction process. As 
discussed above, the moisture and area conditions 
under  which the measurements  are made can change 
the results. Metallurgical parameters  in the prepara-  
tion of sputtered t an ta lum samples which have been 
demonstrated to affect the experimental  results mark-  
edly are the following: (i) gaseous impurit ies ( inter-  
stitial) (12-15), (ii) metallic impurit ies (subst i tu-  
t ional)  (16), and (iii) sput ter ing parameters;  these 
determine bcc or E- tanta lum formation (22). In  what  
immediately follows only the effects of the interst i t ial  
and subst i tut ional  impurit ies are discussed in detail. 

One of the principal  differences between sputter ing 
vacuum stations is the ambient  gas level prior to and 
during deposition (23). Increasing the content  of n i t ro-  
gen, oxygen, carbon, or hydrogen in the t an ta lum film 
in a controlled m a n n e r  by reactive sput ter ing has been 
shown to al ter  the conduction characteristics severely. 
This effect can be seen in Fig. 8 for different samples 
with gold counter electrodes. The max imum relative 
cathodic breakdown voltage as a function of the re-  
active gas pressure in Torr has been plotted. The 
largest changes in the cathodic breakdown voltage for 
t an ta lum films reactively sputtered occur at pressures 
of 5 X 10 -5 Torr of oxygen dur ing  the sput ter ing 
(i.e., 0.25% in Ar  or about 12 (atom per cent) in the 
film). This  gives almost symmetric  conduction charac- 
teristics. However, oxygen pressures less than 10-5 Torr 
have a measurable and reproducibly large effect on 
the cathodic breakdown voltage. Similar  results for 
other anodic films grown on tan ta lum sputtered in 
methane (for the carbon),  oxygen, and hydrogen are 
i l lustrated in Fig. 8; pressures of these gases of less 
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Fig. 8. Maximum relative cathodic breakdown voltage (cathodic 
breakdown voltage divided by anodic breakdown voltage) vs. re- 
active gas pressure in Torr for nitrogen, methane, oxygen, and 
hydrogen (from D. Gerstenberg). 

than 10 -2 Torr also had large effects on the cathodic 
breakdown voltages. 

However, the gaseous content of the sputtered t an -  
ta lum film is but one parameter  which determines the 
properties of the result ing anodic film. An equal ly 
important parameter is the metallic impurity content 
in the tantalum cathode used for the sputtering of the 
tantalum films (16). 

Sputtered alloys of tantalum with molybdenum will 
be used to illustrate the general effects of alloying on 
the conduction properties of the thin film tantalum 
oxide structures, although other metals also have 
marked effects (16). The preparation of these alloys is 
illustrated in Fig. I. The alloying was accomplished by 
wrapping wires around the cathode as indicated in the 
figure and then simultaneously sputtering from the 
wires and the cathode. This yielded uniform films as 
determined by x-ray fluorescence measurement of the 
solute element. A tantalum cathode was used whose 
impurity content was less than 50 ppm per each metal- 
lic element in the cathode, with most elements at or 
below the i0 ppm level. The molybdenum-tantalum 
alloy films were sputtered in argon under the same 
conditions which reproducibly gave the lowest cathodic 
breakdown voltages for tantalum-only controls. 

In Fig. 9 the measured anodic and cathodic break- 
down voltages are plotted as a function of the atomic 
per cent of molybdenum as measured in the sputtered 
films. First, the anodic breakdown voltage is essentially 
constant up to concentrations on the order of I-5% of 
molybdenum in the sputtered film. Second, the cathodic 
breakdown voltage rises in a semilogarithmic fashion 
with molybdenum content in the sputtered film. The 
addition of several hundred parts per million of molyb- 
denum to tantalum cathodes will double the cathodic 
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Fig. 9. Cathodic and anodic breakdown voltages vs. the atomic 
per cent molybdenum in sputtered tantalum films prior to anodiza- 
lion for printed capacitors with gold counter electrodes. 
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breakdown voltages. Results consistent with this have 
been obtained using films sputtered f rom a molybde-  
num- tan ta lum alloy cathode. The effect of al loying 
has been invest igated for a wide range of other  ma-  
terials  including vanadium, iron, tungsten, cobalt, 
nickel, copper, gold, and a luminum and, in all cases, 
over  some range of concentration, there  has been some 
increase in the cathodic breakdown voltages. 

Thus, changes in the metall ic impuri t ies  in the 
cathode and in the ambient  residual gas pressures 
during sputter ing can result  in changes in the cathodic 
breakdown of the resul t ing anodic films; these are, in 
large measure, responsible for many of the. discrep- 
ancies seen be tween thin film samples by different 
invest igators and even between different samples 
under  invest igat ion by the same worker.  

The possibility of vary ing  the cathodic breakdown 
voltage at low concentrat ions permits  fur ther  invest i -  
gation of the flaw problem in a controllable situation. 
If alloying resulted only in decreasing the density of 
flaws, then the size of the counter electrode area which 
has a good chance to be free of flaws should increase 
with solute concentration. Studies in which counter  
electrode areas were  var ied have been made wi th  dif-  
ferent  concentrat ions of molybdenum. Measurements  
consistent wi th  the flaw interpretat ion,  made on sepa- 
ra te  sets of thin film structures which had been fabri-  
cated at different t imes from different sets of sput ter -  
ing runs, are shown in Fig. 10. 

It is important  to note that  for small  counter  elec- 
t rode areas the breakdown voltages approach constant 
values; these l imit ing values are a function of the alloy 
concentration. Thus, in nominal ly  "f law-free"  films, a 
homogeneous asymmetr ic  conduction mechanism ex-  
ists, which can be modified by the  addit ion of alloy 
agents as molybdenum. This effect may wel l  be as- 
sociated with  band s t ructure  modification in the tan ta -  
lum oxide. The degree of asymmetry  in the conduction 
for these nominal ly  f law-free films is unusual ly  low; 
these capacitors appear to have almost symmetr ic  non- 
catastrophic breakdown voltages. 

It should also be noted that  the higher  concentrat ion 
alloy films are essentially moisture insensitive; this 
agrees with the area studies above in which opera-  
t ionally defined f law-free films are mois ture  insensi-  
tive. There  is another  in terpreta t ion consistent wi th  
the area studies on alloy films: instead of, or in ad- 
dition to, a change in the flaw density there  is an 
al terat ion of the distr ibution function over  different 
flaws of the breakdown voltage vs. current,  

An ion beam probe mass spectrometer  has been 
used to analyze a composite film of ( M o - T a ) -  
(Mo, Ta)205 to ver i fy  the presence of Mo in the oxide 

film. This spectrometer  allows analysis of the oxide 
film in at least 500A intervals  in a 2000A oxide film. 
There were  positive indications of molybdenum in the 
anodic oxide films at concentrations compatible wi th  
these expected from the grown concentrat ion in the 

original thin film alloy anode which could also be 
analyzed. 

There are some pre l iminary  observations which 
strongly suggest that  the appearance of flaws in the 
tan ta lum oxide films are related to minor  changes in 
the surface topography of the sput tered metal  film. 
Additions to the sputtered metal  film result  in a more 
uniform metal  surface, thereby changing thee oxide 
growth conditions. Tanta lum films with a minimuin  
number  of microscopic protuberances,  or less pro-  
nounced protuberances,  will  result  in t an ta lum oxide 
films with nearly symmetr ic  I -V characteristics. These 
conclusions are supported by the in-situ microscope 
observations described in the next  section. 

Direct  Observat ion of Flaws and Flaw Behavior 
Direct observations with a differential  in terference 

microscope of flaws, flaws decorated by metall ic 
counter electrodes, growth of the flaws, and i r revers ible  
changes at these local inhomogeneit ies  under  cathodic 
voltage provide more direct evidence of the existence 
and role of the flaws (11). 

Tanta lum oxide flaws, with and without  their  sur-  
faces decorated by a thin a luminum counter  electrode, 
are shown in Fig. 11. Decoration by a thick gold 
counter electrode and the effect of a cathodic voltage 
are shown in Fig. 12. Here, the i r revers ible  damage 
at flaws on the application of a cathodic vol tage can be 
seen by comparison of the same field of v iew before 

Fig. 11. Nomarski interference microscope (i.e., differential 
interference microscopy) photograph of tantalum oxide (dark left 
side of figure) and 400& aluminum film covering the oxide (light 
right side of figure). Arrows point to flaws in the oxide and dec- 
mated flaws. 
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tance for printed tantalum oxide capacitors formed on sputtered 
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Fig. 12. A (left) Nomarski interference microscope photograph 
of 2500~ gold counter electrode on tantalum oxide before appli- 
cation of voltage. B (right) Nomarski interference microscope 
photograph of same field of view as in Fig. 12A after applica- 
tion of cathodic voltage (Ta- )  of 55v. 
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and af ter  application of voltage; in (A),  the flaws are 
seen before application of voltage, while in (B),  the 
same field of view is shown af ter  application of 55v 
applied in the cathodic ( T a - )  direction. Similar  flaws 
have been observed, with diameters less than ~,/2~ 
using transmission electron microscopy of carbon re-  
plicas. The following observations have also been made 
using this technique (11) : 

1. Capacitors have been stressed in the anodic direc-  
tion to 85v with no optical evidence of i r revers ible  
changes; application of 85v in the cathodic direction 
resulted in i r revers ible  physical changes at the same 
flaws. This indicates that  the flaws are asymmetr ic  in 
their  behavior  and supports the hypothesis that  the 
flaws are responsible for the asymmetr ic  conduction. 

2. The density of flaws observed under  the micro-  
scope (i.e., on the order of two per 100~ diameter,  or an 
average area per flaw on the order of 10 - 2  mm 2) as seen 
in Fig. 11 and 12 is consistent with the order of magni -  
tude of the flaw density obtained from studies of the 
area dependence of the cathodic breakdown vol tage 
(see Fig. 3). This fur ther  supports the hypothesis that  
the flaws are responsible for the asymmetr ic  con- 
duction. 

3. Different flaws in the same field of view have  been 
shown to develop i r revers ible  changes at different 
rates when the cathodic voltages are applied in steps; 
these changes stop at different voltages for different 
flaws in the same field of view. This suggests that  the 
usual method of identifying different conduction mech-  
anisms by the measurement  of cur ren t -vo l t age  charac-  
teristics may only result  in the measurement  of the 
distribution function over  different flaws of the cur-  
ren t -vo l tage  characterist ics of the different flaws under  
one counter electrode. 

4. Differential  in terference microscopic observations 
of in situ growth of flaws indicates that  they grow 
at local imperfections or inclusions in the sputtered 
tanta lum film. Since these films were  prepared under  
~:lean room conditions, these local imperfect ions or 
growths should be less dependent  on dir ty  conditions 
than such oxide films prepared from sputtered tanta-  
lum films deposited under  less str ingent  conditions or 
from bulk tantalum. Conditions for flaw growth and 
the flaw density should be different for oxides grown 
on bulk and thin film tantalum. 

5. The current  density used for anodization (11, 24), 
as well  as the electrolyte (9), will  have an effect on 
the growth of the flaws. 

Summary and Conclusions 
The conditions under  which the sput tered tan ta lum 

films are deposited and the anodic films are grown wil l  
strongly affect the conducting propert ies of the oxide 
films; the conditions under  which the formed films are 
measured will  also determine  the results obtained. 

Evidence from breakdown measurements  as a func-  
tion of counter  electrode area, moisture sensit ivity 
of breakdown voltages, and optical observations indi-  
cates that flaws can play a significant role in deter-  
mining the asymmetr ic  conduction characteristics.  It  
is thought  that  the presence of metall ic and nonmeta l -  
lic additives in the sput tered film results in a more 

uniform metal  surface which changes the flaw growth 
during anodization so that  the oxide films formed have 
a less pronounced flaw response. 

Previous measurements  of the I -V characterist ics 
of tanta lum oxide films must  be in terpre ted  in the 
light of results indicatLng that  the flaws may  be re -  
sponsible for the asymmetr ic  conduction and have  a 
distr ibution of responses on the same film. In order to 
be meaningful ,  investigations on conduction mecha-  
nisms in tan ta lum oxide films should demonstra te  that  
the conduction is not flaw dominated; the procedure 
used here  with counter electrodes of different area is 
a simple method which can be used to establish 
whether  the nominal ly  f law-free condition has been 
achieved. This test is only adequate  when a counter 
electrode area of l inear dimension of the mean sepa- 
ration between defects is used; in this work, this area 
is 0.05 mm 2 or less. 

Manuscript  received Nov. 15, 1968. This paper  was 
presented at the Dallas Meeting, May 7-12, 1967, as 
Paper  25. 

Any  discussion of this paper will  appear  in a Discus- 
sion Section to be published in the December  1969 
JOURNAL. 
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Some Evidence for Duplex Film Structuring 
Within the Anodic Alumina Barrier Layer 

G. A. Dorsey, Jr. 
Kaiser A~uminum & Chemical Corporation, Department of Metallurgical Research, Spokane, Washington 

ABSTRACT 

Direct observations of anodic barr ier  layer oxide, by transmission elec- 
tron microscopy, provide fur ther  evidence for the duplex film s t ructur ing 
suggested earlier, based on infrared data. Anodic films were prepared with a 
boric acid electrolyte main ta ined  at 60~ and two film layers were observed: 
the uppermost  layer being extremely thin. Only the layer lying next  to the 
metal  (pr imary phase barr ier  layer) showed a thickness relationship with 
respect to forming voltage: 14.8 A/v.  The thickness of the uppermost layer  
(secondary phase barr ier  layer) was on the order of 200A and was essentially 
independent  of forming voltage. With the boric acid electrolyte employed at 
90~ a pronounced increase was found in the thickness of the uppermost  
layer. The thickness of the layer next  to the metal surface remained con- 
sistent with the --14 A /v  relationship. Infrared,  coating weight, effluent gas 
detection, and impedance data were also obtained for these coatings and cor- 
related with the data obtained by transmission electron microscopy. 

Aluminum,  oxidized anodically, may yield coatings 
that consist of one or more layers. An eIectrolyte with 
li t t le tendency to dissolve a luminum oxide, or other-  
wise interact  with the a lumina  structure, will general ly 
produce only a single nonporous film. Boric acid or 
near -neu t ra l i ty  ammonium tar t ra te  are examples of 
this type of electrolyte. Other aqueous electrolytes such 
as sulfuric, chromic, or phosphoric acids (or organic 
acids that have the abil i ty to dissolve a lumina)  will 
general ly yield two anodic oxide layers. The first layer 
to form is still a nonporous oxide, however fur ther  
anodic oxidation yields a thicker porous film above this 
relat ively th in  layer. Such composite films are referred 
to as porous layer oxides to distinguish them from 
coatings that  contain only the single nonporous layer. 
Various models (1-4) for this type of film growth 
have been proposed and i l lustrate many of the physical 
characteristics of these films. 

The nonporous oxide is an insulat ing layer through 
which current  is carried only by ionic diffusion or 
charge transfer. During the growth of this oxide, the 
applied voltage must  be cont inual ly  increased in order 
to mainta in  a constant rate of formation. If the voltage 
is increased to some final value ( termed the forming 
voltage) and thereafter  main ta ined  constant, the ano- 
dization current  density will quickly fall to a low 
value. Indirectly,  then, the forming voltage is a mea-  
sure of the total number  of coulombs that were ex- 
pended toward the formation of this oxide. The thick- 
ness of this film is often calculated using an empirical 
th ickness- to-forming voltage relationship of 14 A / v  (5), 
assuming a negligible or reproducible current  flow 
after forming voltage is attained. Since the voltage 
drop through this nonporous film constitutes a barr ier  
to further  anodic oxidation, this film is commonly re-  
ferred to as the anodic barr ier  layer. 

Electron microscopy has often been used to s tudy 
these barr ier  and porous-layered anodic oxides (1-3, 
6-13) via t ransmission and replication techniques. This 
has revealed much regarding the pore s tructure of 
thick anodic oxides and of the cellular  features in-  
volved in the growth of both the anodic barr ier  and 
porous layers. Barr ier  layer coatings appear, by elec- 
t ron microscopy, as amorphous pore-free films (12). 
Only the observation of an ul t ras t ructure  at the bar -  
rier layer surface (8) suggests the possibility of mul t i -  
layered effects within this film. Other techniques, how- 
ever, indicate that there are at least four layered 
regions of dissimilar electrical resistance (11) wi thin  
the barr ier  layer film and, possibly, at least two regions 
of dissimilar acid solubil i ty (14). 

K e y  w o r d s :  anodic a luminas ,  t ransmiss ion  electron microscopy,  
IR.  

Our own work led to a proposal (15-18) based on 
just  such a layer ing effect since the data suggested a 
growth mechanism involving a gradual  t ransi t ion from 
first one barr ier  layer oxide structure (pr imary  phase) 
to yield a duplex film structure  (pr imary  plus second- 
ary phase of the barr ier  layer) .  Deuterat ion of the 
anodic barr ier  layer from aqueous electrolytes implied 
a hydrogen-bonded t r ihydrate  s tructure (pr imary 
phase barrier  layer) whose surface was altered during 
the course of film formation. This appeared to produce 
a second barr ier  layer oxide that was seemingly less 
dense, with a lower polymer weight, and comprised of 
~-hydroxy linkages (secondary phase barr ier  layer) .  

While this secondary phase barr ier  layer is more 
characteristic of oxides that also contain a porous 
layer, its s t ructure can also be detected (by IR) in 
"pure" barr ier  layer oxide: the latter prepared by 
conventional  methods in boric acid or ammonium tar -  
trate electrolytes. An IR spectrum of the coating sur-  
face, via the ATR effect (19), is required to detect this 
apparent ly  duplex film characteristic since, with these 
barr ier  layer films, the secondary phase barr ier  oxide 
is present only in the surface region: the bulk of the 
film being composed of pr imary  phase oxide. 

Since these two barr ier  phases are apparent ly  in-  
volved in a growth process through gradual  transit ion,  
the pr imary phase may only gradual ly blend into the 
secondary phase. There may be no sharp demarkat ion 
between them and, unless exper imental  conditions 
were sensitive to a subtle differentiation in structuring,  
such layering effects might not be observable. If such 
an ar rangement  actually exists, the duplex barr ier  
layer s tructure would likely be more apparent,  by 
electron microscopy, with th in  films rather  than with 
the thick porous-layered films that  are more often 
studied with this technique. 

Oxide solubil i ty is usual ly low in these barr ier  layer 
electrolytes. The oxide is amorphous, by x- ray  diffrac- 
tion, and there is no electrolyte anion incorporation. 
Accordingly, porous layer oxide is not present in these 
films: a factor which might otherwise interfere with 
the detection of the secondary phase barr ier  layer 
in cross sections examined by transmission electron 
microscopy. 

Experimental 
Anodic aluminas.--Cleaned, etched, and chemically 

brightened 99.9% A1 (alloy 1199) foil coupons were 
used as the substrate material,  and at least four 
anodized samples were prepared at each of four form- 
ing voltages: 20, 50, 100, and 130v. A 2.0M boric acid 
electrolyte was employed, with stainless steel cathodes, 
at 60 ~ and 90~ Anodization was carried out at 
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25 m a / d m  2 unti l  reaching a preselected forming volt-  
age; afterwards, the current  density was allowed to 
decay to ~3  ma/dm2 before removing and r insing the 
samples. This equi l ibr ium cur ren t  density (leakage 
rate) was reached ~ 3 rain after a t ta ining forming 
voltage at 60~ but ca. 15 rain were required with 
the 90~ electrolyte. Two samples were prepared 
under  the lat ter  conditions: a 100v and a 130v coating. 

Transmission electron microscopy (TEM).--Thin 
cross sections of the anodized foils were prepared, 
using a diamond microknife, with a Reichert OM/U2 
ultramicrotome. These were mounted on carbon grids 
in a Philips EM 100C electron microscope and t rans-  
mission photomicrographs were obtained at a magnifi-  
cation of 84,000. 

The edge of the microknife cut parallel  with respect 
to the anodic oxide, occasionally producing curls in the 
fihn. This artifact appears in the photomicrographs as 
striations that  run  near ly  perpendicular  with respect to 
the metal surface. Also, a layer of carbon, inadver t -  
ent ly deposited on the sample during examinat ion 
with the electron microscope, sometimes appears as a 
featureless gray layer at the outer surface of the 
anodic coating. This film can readily be distinguished 
from the coating itself, however, by the sharp contrast 
boundary  and by the absence of microknife marks  in 
the carbon layer (fur ther  evidence that this is an 
artifact layer deposited sometime after the anodic 
film was cross sectioned). 

Infrared analysis.--The samples were examined over 
t h e  4000-600 cm-* range of the Beckman IR-7, as be- 
fore (15) using a reflectance at tachment  set at 45 ~ angle 
of incidence. These same coating sections, examined 
by IR, were later cross sectioned for examinat ion with 
the electron microscope. Thus, we kept a one- to-one 
correspondence with the data obtained by both tech- 
niques. 

Far  infrared data were not obtained with these 
samples since earlier work (15) showed that barr ier  
layer oxides absorb, over the range of from 4000 to 
35 cm -1, only in the nar row region of 900-to-1000 
c m -  1. 

Effluent gas detection (EGD).--The EGD data were 
taken in the usual  manner ,  described earlier (20). 
Since relat ively large sample areas were required 
however, a separate group of samples were prepared 
at the two lower forming voltages: 20 and 50v. Only 
the coatings prepared in the 60~ electrolyte were 
sampled with EGD; the abnormal ly  thick oxide 
samples (to be discussed later) were not analyzed with 
the EGD technique. 

Impedance measurements.--Impedance measure-  
ments were made immediately after anodizing and air 
drying the same films that were later examined by 
IR and TEM techniques. The data reported are aver-  
age values taken from mult iple  readings with each 
anodized coupon. A Twin City Testing Corporation 
Z-Scope (1000 CPS impedance bridge) was employed 
for these readings, using a 3.5 w/o NaC1 media. 

Coating weight.--These data were taken in t h e  
standard manner  (21) using the chromic-phosphoric 
acid s tr ipping technique. These were the same samples 
from which sections had been previously removed for 
impedance, EGD, IR, and TEM measurements .  A sep- 
arate coating weight determinat ion was made with 
each of the two abnormal ly  thick oxides (prepared 
in 90~ electrolyte) whereas the remainder,  grouped 
according to forming voltage, were combined for coat- 
ing weight analysis. 

Results and Discussion 
Assuming that the rate of oxygen l iberation was 

low or reasonably constant at both electrolyte tem- 
peratures, the coatings prepared at 90~ might be 
expected to be abnormal ly  thick with respect to the 
forming voltage that  was employed. Thicker than  
would be anticipated from the 14 A / v  relationship, 

EVIDENCE FOR DUPLEX FILM STRUCTURING 467 

since more coulombs/surface area were expended in 
their formation. 

Based on interpretat ions  of earlier data (15-18), 
there should be the normal  amount  (at 14 A / v )  of 
pr imary  phase oxide in these films. This would be the 
oxide layer lying next  to the metal  surface. However 
the higher electrolyte tempera ture  might be expected 
to accelerate the postulated t ransformat ion rate of 
pr imary- to-secondary  phase oxide and more than a 
nominal  amount  of secondary phase oxide might there-  
fore be found in the barr ier  layer oxides formed at 
90~ (vs. 60~ Note that the secondary phase oxide 
(if such exists) is still referred to as a form of the 
barr ier  layer, even though it is expected that this 
oxide may be more permeable to the electrolyte (18) 
and might therefore present only a minor  voltage ba r -  
rier to fur ther  oxide growth. Structural ly,  based on 
IR data, the secondary phase oxide differs only slightly 
from the pr imary phase oxide and appears to form as 
a gradual  t ransi t ion product of the pr imary  phase. 
There is no evidence of A1-O-A1 linkage in either 
oxide phase, which is normal ly  associated with a por- 
ous layer oxide, nor is there any detectable porosity 
in these boric-acid-anodized films (this may be seen 
in the data that follow and in the earlier l i terature 
dealing with electron microscopic surface examina-  
tions of these same type of films). We will therefore 
cont inue to refer to secondary phase oxide as a form 
of the barr ier  layer even though the expected charac- 
teristics of this oxide do not necessarily constitute a 
voltage barr ier  to further  anodic oxidation. 

Figure 1 shows the coating weight values (micro- 
grams per square centimeter)  plotted vs. forming volt-  
age for these barr ier  layer oxides. The two abnormal ly  
thick films (abnormal,  judging from the anodizing 
response) show as clearly displaced points above the 
normal  values: at 100 and 130v, respectively. With the 
exception of these two points, the coating weight 
data fit a l inear  relationship with respect to forming 
voltage. Essentially the same relation may be seen 
in Fig. 2, which is a plot of total barr ier  layer  IR ab-  
sorbance vs. forming voltage: pr imary-plus-secondary  
phase absorbance, since IR cannot accurately dis- 
t inguish between various admixture  compositions. 

Again there are two points that are out of line with 
the remainder.  These two points were from the same 
films that yielded abnormal ly  high coating weight val-  
ues. Unlike the coating weight determinat ions which, 
for weighing accuracy, required a combining of all 
samples from the same forming voltage, the IR data 
show individual  points for the four separate films that  
were prepared at each forming voltage. However the 
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Fig. 1. Coating weight vs. forming voltage. (Solid circles are for 
abnormally thick films.) 



468 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  

~'- 5.0 
_o 
x 

~4.0 
z 
~D 

~3.0 

~ 2.0 
,J 

~ 1.0 

' ' ' 0 4 ' 0 5 ' 0 ;  ' ' ' 8 o  ' ' ' ' O IO 20 3 O 70 90 IOO IIO 120 130 
FORMING VOLTAGE, volts 

Fig. 2. Infrared absorbance (amount) of barrier layer coatings vs. 

forming voltage. (Solid circles are for abnormally thick films.) 

Apr i l  1969 

IR data do not fit a l inear  relationship with respect 
to forming voltage; instead, the data seem to give 
better fit to a curve, as shown in Fig. 2. 

Since barrier  layer  oxides are known to follow a 
linear thickness-vs .-forming voltage relationship ( ~  
14 A/v)  these IR data present an anomaly. If there 
are two oxide phases in the barr ier  layer, but  if only 
one has an appreciable thickness dependence on form- 
ing voltage, then this might explain the apparent  
anomaly in the IR data. However, in order to resolve 
this question, it would be necessary to determine the 
various proportions of pr imary  and secondary phases 
in each of these films. 

If such data are to be available at all, then they 
must come from an examinat ion of the t ransmission 
electron microscope data. Earl ier  reasonings would 
predict a dark glass-like layer lying next  to the metal 
surface: a low-ordered t r ihydrate  gel, as was sug- 
gested (17) in describing the pr imary  phase barr ier  
layer. The thickness of this layer should fit with a 
nominal  14 A / v  relationship to the forming voltage. 
Above this layer, there may be a more open struc- 
ture, less dense and therefore appearing somewhat 
l ighter (more t ransmi t tan t  to the electron beam) in 
contrast to the lower- lying oxide. This oxide would, 
as it has been described, be the postulated secondary 
phase of the barr ier  layer. 

Further,  the electron photomicrographs should show 
an abnormal ly  thick oxide with the two film samples 
that were prepared at 90~ and gave high values 
in the coating weight and IR data. The thickness of the 
pr imary  phase, in these abnormal  oxides, should be 
about the same as that found in all other coatings 
prepared at the same forming voltage. Only the thick- 
ness of the secondary phase (if it can be located in 
these films) should be different: thicker, perhaps 
near ly  as thick as the pr imary  phase itself. 

Figure 3 shows two photomicrographs of coatings 
prepared with a 20v forming voltage. A carbon deposit 
is evident on both, but there seemingly are two layers 
present al though the uppermost  layer shows only as 
a thin light band. Figure 4 shows a photomicrograph 
of a coating formed at 50v. Again there is a l ighter 
uppermost layer, but somewhat thicker than before 
and better defined. A carbon film still shows but  is 
easily recognized by its light gray shading and by the 
absence of microknife mark  striations that  appear in 
the lower two layers. 

Figure 5 shows cross sections of a pair  of 100v coat- 
ings. Figure 5b is of a coating that  appeared to be 
abnormal ly  thick, seemingly because of an excess of 
secondary phase barr ier  layer oxide. The uppermost  
layer gives the appearance of being composed of a 
closely packed columnar  oxide. It is quite possible, 
however, that this is an artifact caused by a curl ing 
action induced by the cross-cut of the microknife, 
with this less dense, softer, oxide. 

An addit ional  pair of photomicrographs, Fig. 6, ex- 
hibit essentially the same features as were seen in 
Fig. 5. Figure 6b is a cross section of a coating prepared 

Fig. 3, (o, top, and b, bottom). Cross sections of 20v barrier layer 
coatings at 84,000 magnification. 

Fig. 4. Cross section of 50v barrier layer coating at 84,000 
mag nification. 

Fig. 5. (a, top, and b, bottom). Cross sections of 100v barrier 
layer coatings at 84,000 magnification. 

with a 130v forming voltage, but  one which yielded 
abnormal ly  high coating weight and IR absorb- 
ance values (total barr ier  absorbance: p r imary-p lus -  
secondary layers) .  The cross section shown in Fig. 6a 
is also of a 130v coating, but one with a lower coating 
weight and lower IR barr ier  layer absorbance. 

Quanti ta t ive data from these (and their  companion) 
photomicrographs may be seen in Fig. 7, which gives 
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the measured coating thickness data for each group 
of four coatings that were prepared at the four form- 
ing voltages. Three plots are shown, v s .  forming volt-  
age: total coating thickness, pr imary  phase layer 
thickness, and secondary phase (uppermost layer) 
thickness. Even with the abnormal ly  thick coatings 
(p r imary-p lus -abnormal ly  thick secondary phase bar-  
rier layer films) the plot of p r imary  phase barr ier  
layer thickness is l inear  with respect to forming volt- 
age: 14.8 A / v .  The plot of total coating thickness, v s .  
forming voltage, is displaced upward  from this and 
appears to fit a curve (as do the IR data, Fig. 2) ra ther  
than a l inear  relationship. This is due to the presence 
of the secondary phase barr ier  layer, whose thickness 
seemingly is altered by changes in the anodizing con- 
ditions. 

There does appear to be a slight thickness increase 
of this layer as the forming voltage increases: ~ 0.8 
A/v. However the thickness of the secondary phase 
oxide may be governed more by the tempera ture  and 
(though minor)  by the dissolving action of the elec- 
trolyte: both influencing the rate of pr imary- to-sec-  
ondary phase transformation.  The apparent  secondary 

phase thickness-to-voltage dependence may only be 
an indirect indication that, at higher forming voltage, 
the coatings were exposed to the electrolyte for longer 
t ime periods. 

Figure 8 shows the impedance values that  were 
obtained with these coatings: normal  and abnormal ly  
thick coatings. As discussed by Hoar and Wood (22), 
these measured impedance values (at 1000 cps) are 
due, mainly,  only to the capacitance of the barr ier  
layer: not to  resistive effects. However there was no 
measurable  difference in impedance between coatings 
prepared at the same forming voltage regardless of 
the total coating thickness. This indicates that the 
impedance of the secondary phase (whatever  its ac- 
tual  value) is negligible compared to that  of the pr i -  
mary  phase barrier  layer. It is apparent ly  permeable 
to the electrolyte and should therefore also have a 
negligible thickness dependence on forming voltage. 

Figure 9 shows EGD data for some of these coatings: 
those that  were normal  in thickness, not abnormal ly  
thick. The plot is l inear  with respect to forming volt-  
age and fits with data that were presented and dis- 
cussed earlier (20). It  is interest ing to note that, be-  
low 300~ these coatings lost only 1.1 w/o (weight 
per cent) water  v s .  the 23% water  loss experienced by 
mineralogical tr ihydrates,  when the lat ter  are heated 
under  the same conditions (23). As reported earlier 
(20) there are indications that  the barr ier  layer oxides 
lose most of their  water of hydrat ion above 400~ 
which would indicate a surpris ingly t ightly bound 
hydrate network for the pr imary  phase oxide. 
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While there is seemingly reasonable correlation be- 
tween these various data and discussions, there is 
one final point that now needs to be developed. With 
IR data, there is little to distinguish between various 
admixtures of pr imary  and secondary phase barr ier  
layer oxides. Admixture  films prepared in borJ.c acid 
are especially difficult in this respect since the postu- 
lated secondary phase still apparent ly  has a high poly- 
mer weight. 
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Instead of a band shift with increased quanti t ies of 
secondary phase, only the band absorbance markedly  
changes when the barr ier  film is prepared in boric 
acid. However, whether  the absorbance Ls due to 
"pure" pr imary  phase oxide or due to an admixture  
of pr imary-p lus-secondary  phases, the total absorb- 
ance of this IR band should correlate with the total  
thickness of oxide present:  thickness as determined 
independent ly  from the electron photomicrographs. 

To make this correlation, it is first necessary to de- 
termine the densities and absorbancy indices of the 
pr imary  and secondary phase barr ier  layers. This can 
be done by combining the available data for coatings 
prepared at a single forming voltage (where the pri- 
mary phase thicknesses are equal) but  where there 
is a wide variat ion in secondary phase thickness (it- 
self not a direct function of forming voltage). For 
coatings prepared at a forming voltage of 100v, the 
calculated density and absorbancy index values are 
given in Table I. 

Using these single values, with the Beer's law rela-  
tionship, an "expected IR absorbance" can now be 
calculated with any of the barrier  layer coatings for 
which electron microscope data are available. 

The ratio of pr imary and secondary phases varied 
widely among the various barr ier  layer oxides that 
were prepared. Still the calculated IR absorbance 
values, from the electron microscope thickness data, 
should match with those values found experimentally.  
This is assuming that there is a one- to-one correla- 
t ion between the IR identification of pr imary  and 
secondary phase bar r ie r  layer oxides and the duplex 
layered film effect found by transmission electron 
microscopy. 

Figure 10 shows a plot of calculated-vs.-experi-  
menta l  absorbance for each of these barr ier  layer 
coatings. This includes coatings with either extreme 
in secondary phase thickness. The plot is l inear  and 
the calculated values fit the exper imenta l  data to 
within 5%. This, and with the preceding discussion, 

Table I. Catculated density and absorboncy index values 

Densi ty ,  A b s o r b a n c y  
O x i d e  type  g /cma  index ,  cm'-'/g 

P r i m a r y  phase  b a r r i e r  l aye r  2.73 7.34 • 10": 
S e c o n d a r y  phase  b a r r i e r  l ayer  2.41 4.13 • 10c 

Table II. Data obtained with oxide aged in electrolyte 

I n i t i a l  F i n a l  P r i m a r y  phase  S e c o n d a r y  phase  
v o l t age  v o l t a g e  th i ckness ,  A th i ckness ,  A 
" A , "  v " B , "  v A t  " A "  At  " B "  At  " A "  At  " B "  

10O 85 1460 1300 210 550 
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Fig. 10. Calculated IR absorbance data, from coating thickness 
values, vs. experimental absorbance values for each barrier layer 
coating. 

would seemingly indicate that the pr imary  and sec- 
ondary phases of the barr ier  layer exist and can be 
separately identified. The conditions under  which these 
samples were prepared, and the earlier discussion re- 
garding similarities of pr imary  and secondary phase 
barr ier  layer IR absorption, argue in favor of regard- 
ing the secondary phase as a form of nonporous 
barr ier  layer, rather  than as a form of porous layer. 

One further  note regarding the transi t ions involved 
with these barr ier  layer oxides: some cursory data 
are given in Table II. P r imary  phase thicknesses were 
taken by impedance measurements,  using the cali- 
brat ion given in Fig. 8, and the secondary phase 
thickness values were taken from IR data: total ab- 
sorbance less pr imary  phase absorbance calculated 
from the impedance estimates of pr imary  phase thick- 
ness. 

A coupon was taken to the 100v forming voltage, in 
2.0M boric acid at 60~ and then allowed to reach a 
nQminal leakage rate. Afterwards,  a section was re-  
moved for analysis and the remainder  was re-exposed 
to the boric acid electrolyte for 3 hr at 60~ and 
85v. 

This type of behavior is essentially the same as the 
Recovery Effect described by Murphy (24) and 
Michelson (25). They too discuss a t ransi t ion effect 
and, in this respect, their  in terpreta t ion parallels the 
preceding discussion. 

A c k n o w l e d g m e n t  
We are indebted to A. T. Melville, D. J. Blew, and 

Mrs. R. A. Woods, of this laboratory, for their  skill 
and patience in operating the ul tramicrotome and ob- 
ta ining the electron photomicrographs that  form the 
basis of this paper. The author also wishes to thank  
the Kaiser A luminum & Chemical Corporation for its 
support of this work and for its permission to publish 
these results. 

Manuscript  submit ted Nov. 1, 1968; revised m a n u -  
script received Jan  16, 1969. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1969 
J O U R N A L .  

REFERENCES 
1. F. Keller. M. S. Hunter,  and D. L. Robinson, This 

Journal, 1{}0, 411 (1953). 
2. H. Ginsberg and K. Wefers, MetalL, IT, 202 (1963). 
3. H. Akahori, J. Electro~zmicroscopy, 10, 175 (1961). 
4. J. F. Murphy and C. E. Michelson, Proceedings of 

the Symposium on Anodizing Aluminum,  Not- 
t ingham University, September 1961. Published 
by the Aluminum Development  Association, 
London (1962) p. 83 ff. 

5. W. Ch. van Geel and B. J. J. Schelen, Philips Re- 
search Rept., 12, 240 (1957). 



Vol.  116, No. 4 E V I D E N C E  F O R  D U P L E X  

6. M. Gyenes-Hollo, Acta Met., 8, 265 (1960). 
7. P. E. Doherty and R. S. Davis, J. Appl. Phys., 34, 

619 (1963). 
8. J. C. Grosskreutz and G. G. Shaw, ibid., 35, 2195 

(1964). 
9. S. Tajima, Metall., 18, 581 (1964). 

10. G. Paolini, M. Masocro, F. Sacchi, and M. Paganelli ,  
This Journal, 112, 32 (1965). 

11. A. J. Brock and G. C. Wood, Electrochim. Acta., 12, 
395 (1967). 

12. H. A. Francis, This Journal, 112, 1234 (1965). 
13. G. C. Wood, J. P. O'Sullivan, and B. Vaszko, ibid., 

115, 618 (1965). 

F I L M  S T R U C T U R I N G  471 

14. D. Altenpohl,  Inst. Radio Engrs. Corn. Rec., 111, 35 
(1954). 

15. G. A. Dorsey, Jr., This Journal, 113, 169 (1966). 
16. G. A. Dorsey, Jr., ibid., 113, 172 (1966). 
17. G. A. Dorsey, Jr., ibid.. 113, 284 (1966). 
18. G. A. Dorsey, Jr., ibid., 115, 1053 (1968). 
19. J. Fahrenfort ,  Spectrochem. Acta, 7, 698 (1961). 
20. G. A. Dorsey, Jr., This Journal, 115, 1057 (1968). 
21. ASTM Test Method B 137. 
22. T. P. Hoar and G. C. Wood, Electrochim. Acta, 7, 

333 (1962). 
23. G. A. Dorsey, Jr., Anal. Chem., 41, 350 (1969). 
24. J. F. Murphy, Plating, 54, 1241 (1967). 
25. C. E. Michelson, This Journal, 115, 213 (1968). 

Luminescence from Erbium-Activated Group II-VI Compounds 
Containing Alkali Metal Compensators 

S. Larach,* R. E. Shrader, and P. N. Yocom* 
RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

Group II -VI compounds, doped with t r ivalent  erbium, were prepared with 
a lkal i -meta l  compensators. Str iking differences are found in the emission 
spectra, with respect to intensi ty  and spectral character, and the suppression 
in host- lat t ice-emission in l i th ium-compensated materials. The temperature  
dependence of the 4S3/2 --> 4115/2 and 2 H l l / 2  "-> 4115/2 t ransi t ions was studied. 
Emission appearing with 4115/2 ~ 4Gll/2 excitation was found and was as- 
signed tentat ively  to the 2H9/2 ---> 4113/2 transition. A model is proposed for the 
observed transitions. 

Luminescence from rare earths in II-VI compounds 
has been of interest  for many  years (1). Such mate-  
rials have a discrete ion as the principal  source of 
luminescence emission, the f-f  transit ions yielding 
nar row emission bands or lines. As part  of a general  
program on the luminescence of rare  earths in II-VI 
compounds, we wish to treat, in this paper, the effect 
of a lka l i -meta l  ions on the luminescence properties of 
t r ivalent  e rb ium in zinc sulfide type materials. 

Some optical properties of zinc sulfide containing 
erbium have been reported by Trapeznikova and 
Shchaenko (2) for materials prepared with fluxes or 
coactivators as consisting apparent ly  of band and line 
emission. Rothschild (3) reported that e rb ium intensi-  
fied the emission from silver in zinc sulfide, and that 
phosphors activated with copper and erbium show the 
expected emission due to copper, and in addition, lines 
due to erbium at 5300 and 5480A. However, with er- 
bium alone in zinc sulfide, Rothschild obtained no 
luminescence. In 1958, luminescence from erbium in 
zinc sulfide was reported by Trapeznikova (4) as lines 
superimposed on broad bands, while in 1963, it was 
reported by Goldsmith et al. (5) that  electrolumines-  
cence from erbium in zinc sulfide could be obtained as 
the characteristic ra re -ear th  lines, with m i n i m u m  
broad-band  emission. Levshin et al. (6) reported in 
1965 on the cathodoluminescence of zinc sulfide con- 
taining rare earths (prepared without coactivator),  and 
found that erbium showed intensive lines at 549, 533.5, 
and 527.6 mr,. Also in 1965, Kingsley et al. (7) reported 
on shor t - range energy t ransfer  from noble metals to 
rare earths, including erbium, in I I -VI compounds, and 
recently Kingsley and Aven (8) published on epr and 
fluorescence from erbium in zinc selenide containing 
copper. The general  effect of a lka l i -meta l  charge com- 
pensation on rare earths in I I -VI compounds has been 
reviewed by Larach (9) and is applied to erbium in 
zinc sulfide in the present paper. 

* Electrochemical  Society Act ive Member. 

Materials 
The ZnS used in the preparat ion of these materials 

was luminescent  grade, RCA 33-Z-19. To this base 
mater ia l  the various doping ions were added as aque-  
ous sulfate solutions. Enough deionized water  was 
then added to make a smooth slurry, and the pH was 
raised to the basic region with NH4OH. The s lurry 
was then evaporated to dryness. In the cases of the 
nonalka l i -conta in ing  samples, manipulat ions  were car- 
ried out using polyethylene vessels. Concentrations are 
in mole per cent. 

The firing of the samples was performed under  a 
slow flow of H2S at 1150~ The fir ing was done in a 
fused silica tube in which the sample was held in a 
purified fused silica ("spectrasil") boat. Before firing 
the rare ear th-conta in ing samples, the tube and boat 
were fired with three consecutive, hour- long firings 
of the undoped ZnS for scavenging purposes. These 
special firing methods were evolved to achieve re- 
producibil i ty from sample to sample, as well as to 
minimize "host-lattice" emission, which, however, 
could not be el iminated except with a lkal i -meta l  addi- 
tives. 

Measurements 
Emission spectra were obtained using "host lattice" 

absorption, i.e., 3280A at room temperature,  and f-f  
absorptions, as indicated. Due to the temperature  de- 
pendence of the absorption characteristic, the excit- 
ing wavelength was changed with temperature.  The 
exciting wavelength was obtained with a Bausch and 
Lomb 500 mm grating, in conjunct ion with a 150w d-c 
xenon arc lamp. Emission spectra were obtained pho- 
toelectronically with a Spex Czerny-Turner  grating 
monochromator,  capable of resolving 0.3A in first 
order. 

Results 
Excitation spectra.--That the addition of an alkali-  

metal  affects the basic electronic processes in ZnS is 
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Fig. 1. Excitation spectra of the 5577~. emission from ZnS:Er 
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Fig. 3. Emission spectra of manifolds I and II, expanded scale, 
30~ 2A bandpass. Note that the two spectra are not to the same 
scale. 

shown in Fig. 1. This is a port ion of the excitat ion 
spectrum of ZnS:Er ,  wi th  Li and wi thout  Li, taken at 
77~ We see that  the essentially unst ructured exci ta-  
tion spectrum of the non-Li  mater ia l  is changed to 
a s t ructured spectrum with  addit ion of Li. The struc- 
ture  below 3200.~ can be related to host- lat t ice effects 
observed in absorption spectra of ZnS materials;  how-  
ever, note the new s t ructure  at about 3285A introduced 
by Li addition. The flux line (quanta sec -1) is also 
shown in Fig. 1. 

Emission spectra.--The broad-band " la t t ice-emis-  
sion," due to vacancies compensated by the rare  ear th  
in ZnS (9), is present in ZnS:Er,  as shown by curve  
1 of Fig. 2. In addition to the broad band peaking at 
about 4500A, there are two emission manifolds present,  
one (I) wi th  a center  of gravi ty  at about 5300~k, due 
to the 2Hll/2 --> 4115/2 transition, and one (II) mani -  
fold centered at about 5500A, due to the 4Sa/2 ~ 4115/., 
transition. Curve 2 is for ZnS :Er :L i ,  taken with no 
Change in ins t rumenta l  gain. We see that  wi th  Li addi-  
tion, (i) the broad band emission is not detectable, 
(ii) manifold I has increased great ly  in intensity, and 
(iii) the smaller  increased intensity of manifold II is 
accompanied by a degradation in the fine structure, 
and (iv) a band at about 4900A appears, a t t r ibutable  
possibly to ~F7/2 --> 4115/2 emission. Some of these effects 
are shown in Fig. 3, where  manifolds I and II are 
shown, wi th  2A band-pass. We can clearly see the 
f ine-structure effects of the Li -addi t ive  in manifold I, 
and the degradat ion of manifold II wi th  Li  addition. 

The effects of exci tat ion energy are of interest.  Thus, 
as shown in Fig. 4, when 3815A excitation, which is f - f  
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Fig. 4. Emission spectra as o function of exciting wavelength for 
ZnS:O.lEr:O.ILi; 77~ curve ! 38]5~, excitation, curve 2 3200~. 
excitation. 
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in nature is used, the emission spectrum designated as 
curve  1 is obtained, at 77~ When excitat ion in the 
host- lat t ice is used, such as 3200A, the emission spec- 
t rum shown as curve 2 is obtained. It is interest ing to 
compare the results of Fig. 3 and 4. The s t ructured 
emission from manifold II at room tempera tu re  (Fig. 
3) terminates  close to 5600~k. However ,  at 77~ new 
emission s t ructure  appears beyond 5600A, which is a 
function of exci tat ion energy (Fig. 4). The materials  
described in Fig. 5 consist of 0.01 Er  and 0.01 Li. 

I~ii ~ 2  - -  z .s :o , i  E, 
j l t i ~  - - -  z n S :  0., E r :O . ,  Li 

3 0 ~  
o 

3 2 8 O A  EXCITATION 

i i 

, I J 

4 0 0 0  5 0 0 0  6 0 0 0  7 0 0 0  

WAVELENGTH,  ~ 

Fig. 2. Spectral distribution curves of photoluminescence from 
curve 1 ZnS:O.1Er and curve 2 ZnS:O.1Er:O.1Li, under 3280~ 
excitation (30~ 
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Fig. 8. Proposed model for erbium in zinc sulfide. Arrows upward 
indicate excitation, arrows downward indicate emission, and the 
curyed arrows i.ndicate energy transfer. 
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Fig. 7. Emission spectra from ZnS and Zn(So.~Seo.1), both with 
Er and I.i. 

Again, we note quali tat ively similar effects when 3815A 
is used and when 3200A is used, al though quant i ta-  
tive differences are discernible between the two con- 
centrations. The effect of solid solutions of zinc sul- 
fide with cadmium sulfide and with zinc selenide is 
shown in Fig. 6 and 7. Although the major  part  of 
this work was done with l i th ium as the compensator, 
similar effects were noted with sodium and with po- 
tassium. 

Temperature dependence.--The tempera ture  de- 
pendence of manifolds I and II is shown in Table I. 
It is seen that with decreasing temperature,  manifold 
I decreases in intensity.  We note that at about 200~ 
a new emission (IIA) appears after manifold II, 
[as we have seen in Fig. 4 at 77~ which is also shown 
as a function of temperature.  This emission can prob-  
ably be assigned to 2H9/2 --~ 4113/2. 

Table I. Integrated areas of manifolds I, II, and IIA as a 
function of temperature 

T e m p ,  ~  I I I  n A  I / [ I  + I I  + I I A ]  I / [ I  + I I ]  

333 7.46 1.76 81 81 
294 6.40 1.86 77 77 
277 4.46 1.76 72 72 
256 2.66 1.70 61 61 
232 2.55 2.37 53 53 
208 2.35 2.80 0.98 39 35 
189 1.74 2.91 1.25 29 38 
182 1.33 3.10 1.40 23 30 
139 0.81 3.23 1.35 15 20 

Proposed Model  
Bandgap excitation of ZnS:Er  results preponder-  

ant ly  in 2Hll/2 --> 4115/2 and 4 8 3 / 2  -'> 4"[15/2 emissions. 
This would indicate that  of the roughly 3.7 ev excita- 
tion, only about 2.3 ev is available for exciting the 
erb ium ion. This would be the case if the model was 
that  shown in Fig. 8, where  E2 = 1.4 ev, and would be 
the upper  l imit to the optical acceptor depth, relative 
to the valence hand. Dieleman et at. (15) have re-  
ported an acceptor depth for alkali  metals in cubic 
zinc sulfide as 1.4 ev. Thus, with bandgap excitation, 
the energy available for exciting t r iva len t  erbium via 
an Auger- type  t ransfer  would give rise to 48~/2 and 
2Hw2 ~ 411~/2. Level "A" is an acceptor which is avail-  
able for recombinat ion only at temperatures  below 
200~ to excite, via Auger transfer, 4Gll/2 and /or  
-~H,j/2, to yield the manifold IIA emission. However, 
when  3820~ photons are used as the exciting source, 
4115/2 ~ 4Gll/2 excitation takes place, with 2H9/2 
4113/2 emission. This emission can also be obtained by 
exciting into 2 H 9 / 2  directly from 4115/2 with 4]10A 
photons. 

Site Mu l t ip l i c i t y  
In the system such as the one under  investigation, 

the problem of site mult ipl ic i ty  and its effects on the 
luminescence from the  rare earth is of great impor-  
tance. Thus, many  of the effects can be interpreted, at 
least qualitatively,  on the basis of erbium in differ- 
ent sites. Another  aspect of site mult ipl ic i ty  is indi-  
cated in Fig. 4 and 5, where, when Z---K excitation is 
used, another  type of emission spectrum is obtained, 
as against indirect (bandgap) excitation. ESR-invest i -  
gations of rare earths in I I -VI  compounds have been 
reported recent ly by Schneider (16) as indicat ing the 
existence of a large number  of defect centers formed 
by the rare earth ion associating with, for example, 
l i thium. 

Manuscript  submit ted Nov. 22, 1968; revised m a n u -  
script received ca. Jan 8, 1969. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1969 
J O U R N A L .  
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Evidence for Eu Emission from Two Symmetry 
Sites in Y O :Eu +3 

H. Forest and G. Ban 

Zenith Radio Corporation, Chicago, Illinois 

ABSTRACT 

In Y203: Eu+ 3 two possible symmetry  sites exist for the Eu + 3 ions, namely  
SG and C2. The emission spectrum is pr imar i ly  due to C2 Eu +3 ions but  two 
addit ional  lines are reported corresponding to $6 Eu +3 emissions. The lines 
were identified by their  long lifetime relative to the C2 emission and represent  
the Stark split t ing of the ~D0 --> VFl transit ion.  This is a pure magnetic dipole 
t ransi t ion in $6 symmetry  and consequently has a low oscillator strength. The 
7F0 -> 5D~ absorption t ransi t ion due to $6 Eu +3 has also been identified. 
Similar  results have been found for the low tempera ture  form of Gd203:Eu +3, 
which is isostructuraI with Y203: Eu +3. 

Y203 is a we l l -known phosphor host mater ial  for 
t r ivalent  activators which are believed to subst i tu-  
t ional ly occupy y+3 sites (1). The crystal  s t ructure of 
Y20~ is of the ra re-ear th  sequisoxide C-type in which 
each y+3 ion is surrounded by six oxygens located at 
the corners of a cube (2). Two of the corners are va-  
cant and can be along a body or face diagonal of the 
cube which results in two y+3 site symmetries,  namely  
S~ 1 or C2, respectively. This is shown in Fig. 1. The 
uni t  cell consists of two types of a l ternat ing y§ lay- 
ers, one composed of only C2 sites and the other com- 
posed of an equal number  of $6 and C2 sites; the ratio 
of C2 to $6 sites is 3 to 1. 

There is some evidence based on paramagnet ic  
studies on Y203:Yb +3 by Mandel and luminescence 
studies on Y203: Bi +3 by Toma and Palumbo to suggest 
that in Y203 activated phosphors, the activator sub- 
stitutes for both C2 and $6 y+3 ions (3). Chang and 
Gruber  in their  study of the absorption and lumines-  
cence of Y203: Eu +3 have assigned all of their reported 
emissions to Eu +8 ions located at C2 sites (4). No 
emissions were found due to $6 Eu +3 ions; however, in 
the absorption spectrum they report five lines in  the 
region of the ~F0 -~ 5D~ transi t ions where only three 
lines are expected based on C2 symmetry  alone. They 
suggested that  the two extra lines are due to Eu +~ ions 
located at $6 sites, but  an assignment was not possible. 

T h e  present  s tudy was init iated in order to establish 
the two Eu + ~ symmetry  sites in Y203: Eu + 3 by search- 
ing for the $6 Eu +3 emission. 

Symmetry  Ef]ects on Eu +3 Spectra 
The symmetry  of the crystal field about the Eu +3 

ion affects the 4f 6 absorption and emission spectra in 
two ways. First, interact ion with the crystal field 
splits the 4f 6 Eu +8 levels, which par t ly  or completely 
removes the angular  momen tum degeneracy (Stark 
effect) and produces a fine s tructure for each free ion 
transition. Since the 4f6 electrons are substant ia l ly  
shielded from the crystal field by the outer electrons, 

z Se is i d e n t i c a l  to  Csi .  

the Stark splittings are small  compared to the spin- 
orbit coupling. Since the m a x i m u m  splitt ing of a level 
cannot  exceed 2J ~ 1, the 5Do level of Eu +3 is always a 
singlet. 

The other effect is that the crystal field establishes 
in part  the oscillator strengths of the 4f 6 transitions. 
In  the case of the free ion all of the 4f 6 configurations 
have the same pari ty  so that  only magnetic  dipole 
and quadrupole transi t ions can occur. As is well 
known, electric dipole transi t ions are forbidden since 
this type of t ransi t ion only connects states of differ- 
ent parity. However, interactions with the crystal 
field introduce terms into the potential  energy part  of 
the Hamil tonian which, depending on the symmetry,  
can alter the pari ty of the state. For symmetries  which 
lack a center of inversion these terms are odd and 
consequently, the par i ty  selection rule breaks down, 
al lowing electric dipole transitions.  The selection rules 
for dipole transit ions involving a J - ~  0 emit t ing or 
te rminal  state, which are applicable to the Eu +3 5Do 
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Fig. I .  Two Y+~ symmetry sites in Y203 
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state, are: -~J ---- •  for a magnet ic  dipole transit ion 
and AJ -~ 2, 4, 6 for an electric dipole transi t ion (5). 

In the Eu +3 emission spectrum both types of dipole 
transitions are found: the 5Do -> 7F~ is a magnet ic  
dipole transi t ion and the ~D0 ~ 7F2 is an electric dipole 
transition. Accordingly,  when  the Eu +~ is located at a 
center  of inversion, the 5D0 -> 7F,, emission should bc 
suppressed and only the ~D0 -~ 7Ft emission should 
occur. In the above reference,  Blasse et al. have found 
this to be t rue in a series of Eu + ~ act ivated phosphors 
where  the inversion symmet ry  is gradual ly removed  
(5). In their  phosphors the ratio of the 5D0 ~ 7F._, 
emission to the 5D0 ~ 7F1 emission was found to in- 
crease wi th  asymmet ry  of the crystal  field. 

Another  factor to consider is the 5D0 lifetime, which 
will  na tura l ly  be affected by changes in the probabil i ty 
of the 5D(~ -~ 7F., transition. Since in asymmetr ic  
crystal  fields electric dipole transit ions are more prob-  
able than magnet ic  dipole transitions, an efficient Eu + ~ 
emission which consists of the 5D0 ~ 7Ft transit ion 
alone wil l  be expected to have a longer radiat ive 
l ifet ime than one dominated by the 5D0 -> TF., t ransi-  
tion. Recently, Weber  has calculated the ~D0 --> ;F~ 
radiat ive l i fe t ime for C2 Eu +3 ions in Y203 to be 9.1 
msec (6). However ,  due to the presence of the strong 
~Do ~ ~F~ emission, the observed 5D0 l ifet ime is ac- 
tually about 1 msec. 

The different na ture  of the 5Do -> 7F1 and ~D0 -> VF., 
transitions is impor tant  in separat ing the S~ and C~ 
emissions in YeO3:Eu+:L Since the C2 site lacks a cen-  
ter of inversion, its Eu +~ emission wil l  be composed 
of both transitions, which is consistent with Chang 
and Gruber 's  assignment (4). On the other  hand, 
the $6 symmet ry  site possesses a center  of inversion 
and only the ~Do -> ~F~ transi t ion is allowed; con- 
sequently,  the S6 ~D0 l ifet ime is expected to be long 
compared to the C., ~D0 lifetime. 

Experimental  
The phosphors were  prepared by firing stoichio- 

metric mixtures  of the oxalates for 2 hr  at 600~ fol- 
lowed by 2 hr  at 1400~ under  an O2 atmosphere.  Most 
of the measurements  were  made on powders but some 
were  made on a single crystal  of Y20~:Eu +~ 5% which 
was obtained f rom Lockheed Palo Alto Research Lab-  
oratory. 

Two Ja r re l l  Ash grat ing monochromators,  a V4-meter 
Ebert  and a 1-meter  Czerny-Turner ,  were  used to ob- 
tain the spectral  measurements .  The Czerny-Turner  
monochromator,  which has a dispersion of 8.2 A/mm,  
was used for the emission spectra and l i fet ime mea-  
surements,  while both monochromators  were  used to 
obtain excitation spectra. In the lat ter  experiments,  the 
Czerny-Turner  ins t rument  was used to monochromate  
the light. In all measurements  an RCA 1P21 phototube 
was used as a detector  and the excit ing source was 
either a low pressure Hg discharge lamp (CW or 
pulse) or a 100w Xe lamp. 

Results and Discussion 
Emission spectra.--The ye l low-red  port ion of the 

room tempera ture  emission spectrum of Y203:Eu +3 
6% is shown in Fig. 2. The excit ing source was a 
low pressure Hg lamp which corresponds to exci tat ion 
in the broad Eu +~ absorption band in the short u.v. 
range. Six lines are found in this region and are listed 
in Table I. The free ion assignments are based on the 
position of the emissions predicted by the 4f6 Eu+~ 
energy level  diagram. The ~D0 ~ 7F2 transi t ion is the 
dominant  emission at 6112.9A. The emission at 5804.5A 
is a nar row singlet and its assignment is clear since 
the J = 0 state is not split by the crystal  field. How-  
ever,  there  is a question about the number  of lines 
occurring in the region of the 5D0 -> 7F1 transition. 
Depending on the site symmetry,  this t ransi t ion can be 
split into a m a x i m u m  of only three  lines, which cor- 
responds to complete removal  of the VF1 degeneracy. 
Accordingly,  there  are  one or more  ext ra  lines in this 
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Fig. 2. Yellow-red portion of the emission spectrum 
Y20~:Eu +:~ under 2537,~ excitation. 

of  

region which can be due to ~'DI emissions or to more  
than one emit t ing Eu +:i symmetry  site. In order to 
establish the number  of addit ional  lines and their  or i-  
gin, the l ifet imes of the individual  lines were  measured 
using a monochromator  to isolate each line. 

Table II lists the 1/e l ifet imes for the six lines over  
the concentrat ion range 0.3-10 a /o  (atom per cent) 
Eu+:L The decays were  obtained with  the pulsed low 
pressure Hg flash lamp. Some decays were  not ex-  
ponential  so that  the 1/e l ifetimes are to be taken as 
a convenient  reference.  It is seen that  the five lines 
marked  with  asterisks all have roughly the same l ife-  
times, which indicates that  they all originate from the 
same emit t ing level. There is l i t t le doubt that  these 
are all 5Do emissions because of unique character  of 
the 5D0 ~ 7F0 singlet. On the other hand, the l i fet ime 
of the 5823A line at low concentrations is too long to 
belong to this group of lines. Its long l i fe t ime el imi-  
nates the possibility of it being a 5D1 emission since 
the 5D1 level  is readi ly  quenched at these concentra-  
tions. There  are  several  ~D~ emissions that  occur in 
the 5270A region and their  l ifetimes have been mea-  
sured by us to be about 125-150 ~sec. In fact, there  
is some ~D1 emission over lapping the line at 5873.7A, 
which accounts for its sl ightly shorter  l i fet ime at low 
Eu +3 concentrations. As the Eu +3 concentrat ion is 
increased beyond 1%, the ~D1 emission has been found 
to decrease re la t ive  to the 5D0 emission so that  the l i fe-  
t ime of the 5873.75_ line approaches the other  four 
5D0 values. 

The other  possibili ty for the origin of this emission is 
that  the 5823A line is a ~D0 --> 7F1 transi t ion which 
arises f rom a different Eu +3 symmet ry  site than the 
other five shor t - l ived  5D0 emissions. We feel  that  this 
is the case and the two symmet ry  sites are $6 and C2 
ment ioned earlier.  The emission at 5823A was not re-  
ported by Chang and Gruber,  but the five shor t - l ived  

Table I. Assignment of Y20~:Eu +~ 6% emissions 

Wavelength  (A) Transit ion 

5804.5 ~Do-~VFv 

5B23.0 ) 
5873.7 5Do___>VF1 
5934.5 
5996.0 

6112.9 ~ D o ~ F c  

Table II. Lifetimes (msec) of Y2Oa:Eu + 3  emissions. 
The emission wavelengths, in angstroms, refer to the 

Y203:Eu +3 6% sample. 

C (%) 5804.5" 5823.0 5873.7* 5934.5* 5996* 6112.9" 

0.3 1.12 5.5 0.77 1.25 1.06 0.98 
1.0 1.07 4.3 0.83 1.0 1.03 1.03 
2.0 1.03 2.8 0.98 1.05 1.0 1.05 
6.0 1.03 1.2 0.98 1.07 1.02 1.07 

I0.0 1.00 0.95 0.93 0.92 0.94 0.95 
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Fig. 3. Emission spectra of Y203:Eu +~ 0.6% under 2537,~, 
excitation: (a) taken at room temperature, (b) taken at 78~ 

ones were  and assigned to Eu +~ ions situated at C._, 
sites. This is reasonable since a strong 5Do ~ 7F., t ran-  
sition is possible in C2 symmet ry  and the 5D0 --> 7F1 
transit ion is split into the correct number  of Stark  
components for this symmetry,  namely  three  (4). 
This suggests that  the 5823A line is an $6 emission and 
it wil l  be shown below that  this emission possesses all 
of the characterist ics expected for a Eu+3 ion situated 
at an Se site. 

In the first place, the 5823A line occurs in the region 
of the 5D0 ~ 7F1 transi t ion which is the only 5D0 emis-  
sion al lowed in $6 symmetry.  The long l i fet ime is ex-  
pected since this t ransi t ion is a pure  magnet ic  dipole 
and consequently,  has a low oscillator strength. How-  
ever, the number  of Stark  components predicted by S~ 
is two so that  there  should be another  line in this re-  
gion which has the same l ifet ime as the 5823A line (4). 
This other  S ta rk  component  was found but only after  
the phosphor was cooled to 78~ where  considerable 
nar rowing of the emission spectrum occurs. F igure  3 
shows part  of the emission spectrum of Y20:3:Eu +:~ 
0.6% at room tempera ture  and at 78~ with the two 
5D0 ~ 7F1 Stark  components  indicated by arrows. 
There is a few angstrom shift in the emission spectrum 
between room tempera ture  and 78~ Due to the low 
Eu +3 concentrat ion several  weak 5D~ emissions are de- 
tected which can easily be indentified by their  short 
l ifetime. The l i fet ime of the two $6 emissions was 
found to be identical and equal  to 7.7 msec. The l ife- 
t ime of the C2 5D0 emissions at 78~ is about 1.0 msec., 
which is the same as the room tempera ture  value. The 
magni tude of the 5Do ~ 7F1 Stark  splitt ing in each 
symmet ry  site is about the same as seen from Table 
III, which lists the respect ive lines. 

Since the degeneracy of the 7F1 level  is not com- 
pletely removed,  one of the So emissions terminates  at 
a doubly degenerate  level. This is probably the 5822.3A 
line since it is stronger than the 5924.5A line including 
an est imated correction for the response of the photo- 
tube. We wil l  re turn  to this point. 

Gd203, like all r a re -ea r th  oxides, can be made in the 
cubic C form (8). Therefore,  the emission of Gd_~O3: 

Table III. 5D0 -> 7F1 Emissions, in angstroms, at 78~ 

$6 C= 

5822.3 5875.3 
5924.5 5931.5 

5997.9 

April 1969 

Eu +3 should be similar  to Y.,O~:Eu +~ and due to Eu ~:~ 
ions located at $6 and C2 symmet ry  sites. We have 
prepared Gd203: Eu +3 and found this to be so. 

There is l i t t le doubt that  the two long-l ived emis- 
sions found in Y20:~:Eu +3 and Gd203:Eu +3 are due to 
$6 Eu +3 ions because of their consistency with crystal  
field and oscillator s trength predictions for the 
~D0 --> ~F1 transit ion in that  symmetry.  The splitting 
of the 5Do --> 7F1 transit ion into two Stark  components 
by $6 symmet ry  and its low oscillator s trength also 
supports this assignment. 

Excitation spectra.--Some fur ther  evidence for the 
$6 Eu +3 emission in Y203:Eu +3 can be obtained by 
locating S6 Eu +3 absorptions, which can be used to 
selectively excite it; two possibilities are the 7Fo --> 5DI 
and 7F1 ~ 5D2 magnet ic  dipole transitions. Since these 
two transitions are al lowed in C2 also, their  absorption 
spectra will  show lines due to both C2 and $6 Eu ~ :~ 
ions. This is in agreement  wi th  the five absorption 
lines reported by Chang and Gruber  for the VF0 --> 5D~ 
transition, since this t ransi t ion is expected to be split 
into two $6 and three C2 Stark  components. Assign- 
ments of the absorption lines can be established by 
comparing the $6 and C2 Eu +3 excitation spectra and 
determining the preferent ia l  emission for each absorp- 
tion line, since absorptions arising from a part icular  
Eu +3 site will  be expected to produce the emission of 
that  site. Only the results of the TFo -> 5D1 excitation 
are reported below. Unfortunately,  the absorption 
spectrum of the 7F1 ~ 5D 2 transition, which is com- 
posed of many  lines, cannot be resolved to the  same 
degree as the 7F0 -~ 5D1 transition. This makes the C~ 
and $6 assignments difficult to establish, but fur ther  
studies are planned including an analysis of the 
5D2 --> 7F1 emission at low Eu +3 concentrations. 

Figure  4 shows the absorption spectrum of Y._,O:~: 
Eu +:~ 5% in the region of the 7F0 ~ 5D1 absorption 
transition. This spectrum was taken on a single crys-  
tal with a Model 14R Cary absorption spectrophotom- 
eter. The five lines agree with those reported by Chang 
and Gruber. The C2 and S~ excitat ion spectra over the 
same region are shown in Fig. 5 a and b, respectively. 
The emission lines at 5823A and 5873.7A were  used for 
the exci tat ion spectra since these two lines can be 
completely isolated by the V4 meter  monochromator.  It 
is seen from Fig. 4 and 5 that  every  line in the ab- 
sorption spectrum gives rise to both $6 and C2 emis- 
sion and fur ther  there  are no lines in the excitation 
spectra that  are not present in the absorption spec- 
trum. 

The fact that  none of the absorption lines gives one 
or the other emission exclusively suggests that  there 
may be energy t ransfer  between the S(~ and C~ Eu ~:~ 
ions. In some subsequent  work, we have found that 
energy t ransfer  does occur and can proceed in both di- 
rections (C., ~ S,) (9) so that  an S~ or C._, absorption 
can produce Sa and C,~ emission. Due in part  to the 
long l ifet ime of the S~ emission, the predominant  
t ransfer  is $6--> C2. It can be seen in Table II that  the 
S~ l i fet ime decreases with increasing Eu +:~ concentra-  
t ion which is a consequence of the $6-~ C._, transfer.  

Even though the excitat ion spectra are complicated 
by the energy transfer,  the assignment of the five ab- 
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i '~ 
5240 w 5250 5 2 6 0  5 2 7 0  5280 

WAVELENGTH ( ~ ) 
Fig. 4. Absorption spectrum of Y._~O:~:Eu ~:~ 5% corresponding 

to the 7Fo--> 5Dz Eu § transition. 
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Fig, 5. Excitation spectra of Y20~:Eu +3 5%: (o) emission 

monoehromatar set at 5823A line, (b) emission monochromator 
set at 5873.7,~ line. 

sorption lines can still be made. The five lines can 
be separated into two groups of two and three  lines, 
which are listed in Table IV. The basis for the separa-  
tion is that  the intensi ty distr ibution of the lines within 
each group is constant and only the intensi ty ratio of 
Group I to Group II lines varies in each exci tat ion 
spectrum. In related studies, we have found the lat ter  
to depend on Eu +:~ concentrat ion which is a conse- 
quence of the energy t ransfer  dependence. The lines of 
each group act as a unit  and, therefore,  are in ter-  
related. It is seen that  compared to the lines of Group 
II, Group I lines are re la t ively  s t ronger  in the $6 ex-  
citation spectrum; this means that  this group prefer -  
ential ly excites the $6 emission. Based on this fact we 
assign the two lines of Group I to S, Eu +~ ions and the 
three  lines of Group II to C=, Eu +3 ions. This assign- 
ment  leads to the correct number  of Stark  components 
of the 7F0 ~ ~D~ transi t ion for each symmetry.  

If there  were  no energy transfer, the C., and $6 ex-  
citation spectra would only be composed of the Group 
II and Group I lines, respectively.  Since the Group II 
lines (C~) are weak in the $6 excitat ion spectrum, 
one can conclude that  there is very  l i t t le C., ~ SG en-  
ergy transfer.  

The above process can be reversed and the emission 
spectrum can be scanned whi le  exci t ing at each of the 
five absorption lines. All  five excitations were  found 
to produce one or the other  of two emission spectra, 
where  the basic difference was the re la t ive  amount  of 
C~ to S~ Eu +~ emission present.  As expected, the two 
Gro.up I excitations ($6) yielded the emission spectrum 
with re la t ively  more  S~ to C=, Eu +3 emission than the 
three Group II (C~) excitations. The Group I and 
Group II emission spectra are shown in Fig. 6a and 
b, with the respect ive $6 and C._, excitat ion wave-  
lengths. In Fig. 6a, the S~ emission at 5823A is clear  
but the other  one is obscured by the C2 emission at 
5935A and its presence is detected by a shift toward 
the shorter  wavelengths  of the combined emission. 
By close examinat ion of the two spectra in Fig. 6 the 
different contributions of the $6 and C2 Eu +3 emission 
can be noted and is in accord with the above. 

A new feature  in Fig. 6a is the presence of a weak 
emission at about 5959A. This line is a $6 Eu +3 emis- 
sion, since it appears with $6 excitat ion and also has 
been found to have a long lifetime. At  78~ this emis-  
sion resolves into several  lines, which indicates that  it 

Table IV. 7F 0-~ 5D 1 Excitations in angstroms 

G r o u p  I G r o u p  I I  

5262.0 5278.5 
5237.5 5272.3 

5257.7 
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Fig. 6. Part of the emission spectrum of Y203:Eu +a 5%: (a) 
Group I excitation, (b) Group II excitation. 

may be due to vibronic interactions of the $6 Eu +:~ 
3Do -> 7F1 transition. 

As is the case with the 7FI level, the $6 splitt ing of 
the 5D~ level  produces a s ingly and a doubly degener-  
ate Stark  level. Based on the re la t ive  intensi ty of the 
two $6 absorptions, the more intense low energy ab- 
sorption at 5262.0A probably  involves the doubly de- 
generate  level. The opposite was found for the 
5Do --> 7F1 split t ing where  the high energy emission 
terminated  at the doubly degenerate  level. The in- 
tensity reversa l  of the 5D0--> 7F1 emission and the 
7F0--> 5D1 absorption indicates the same type of split-  
ting for the 7F1 and ~D~ levels where  the doubly de- 
genera te  level  is at a lower  energy than the singly 
degenerate  l e v e l  This is expected since both levels 
have the same total  angular  momen tum quan tum 
number  (J  = 1) and should, therefore,  be split by the 
crystal  field in the same way. A similar  situation is 
found for the 5D1 and 7F1 split t ing in LaC13:Eu +~ 
(10). The reversa l  is due to the fact that  in absorp- 
tion the 7F0 level  is closer to the doubly degenerate  
level  and in emission the 5D0 level  is closer to the 
singly degenera te  level. 

Assuming that  the degeneracies of the 7F1 and 5D~ 
levels are proper ly  assigned, the center  of gravi ty  of 
the 5D0 ~ 7F1 and 7F0 ---> 5D 1 $6 transit ions can be cal-  
culated and compared to the corresponding Ca t ransi -  
tions. It is found that  the center  of g rav i ty  of both 
$6 transitions occurs at h igher  energies. Al though the 
ent ire  $6 Eu +3 energy level  diagram has not been ob- 
tained, this implies that  the energy separation be tween 
the 5D and ;F states is greater  when  the Eu +3 is lo- 
cated at the $6 site. We only ment ion this as an ob- 
servation since a discussion of its origin is beyond the 
scope of this paper. 
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Growth and Characterization of Gaxlnl xSb Solid Solutions 
Using Temperature-Gradient Zone Melting 

Raymond W. Hamaker and William B. White ~ 
Materials Research Laboratory, Pennsylvania State University, University Park, Pennsylvania 

ABSTRACT 

Tempera ture-gradien t  zone melt ing has been utilized to grow a wide range 
of solid solution compositions of GaxInl -xSb using indium and lead as zone 
metals. Single crystal growth was accomplished on {111} InSb seed substrates. 
Migration velocities as large as 12 x 10 -7 cm/sec were observed dur ing in-  
dium growth experiments,  while velocities as large as 7 x 10 -7 cm/sec were 
noted dur ing lead growth experiments.  All  growth runs  were performed with 
the top of the seed substrate at 420~ to provide a reference temperature  for 
the migrat ion experiments.  Electron microprobe scans of sections taken along 
the growth direction have shown gradual  increases in the concentrat ion of 
GaSb in growth layers over the first 2 to 3 mm of solid solution growth. There-  
after, uni form compositional growth is indicated. Photomicrographs of growth 
surfaces have clearly indicated that growth proceeded by a two-dimensional  
nucleation mechanism. Etch pit observations taken along the growth direc- 
tion have indicated noticeable decreases in the dislocation densities of the 
individual  growth layers compared with those in the respective seed sub-  
strates. 

Since tempera ture-grad ien t  zone melt ing (TGZM) 
was first introduced by Pfann  (1, 2) this technique 
has been utilized to grow both germanium and silicon 
(3-6) as well  as various intermetal l ic  compounds such 

as GaAs (7), GaP (8-10), SiC (11, 12), InAs (13), and 
InSb (14). Solid solution growth of GaAsyPl-y (8-15), 
HgxZnl-xTe (15), and ZnSeyTel-y (16) have also been 
reported recently by various modifications of TGZM. 
In  general, crystals ranging from several mil l imeters  
up to several centimeters in length have been grown 
by this technique. 

Growth of solid solutions by any method is difficult 
and it is important  that the result ing crystals be well 
characterized par t icular ly  with respect to composi- 
t ional zoning. This paper at tempts to make a careful 
examinat ion of the growth of solid solutions by the 
t ravel ing solvent modification of tempera ture  gradient  
zone mel t ing using GaxInl -zSb as a convenient  ex- 
ample. 

Single crystal layers up to 4 mm in thickness with 
cross sections of 0.7 x 0.7 cm have been grown using 
<111> seed orientations of InSb (i.e., both "A" and 
"B" orientations) at a growth tempera ture  of 420~ 
Migration velocity measurements  have been made dur-  
ing the growth experiments  to determine the effect of 
changing solid solution composition on crystal  growth 
rate. Chemical  etching of growth surfaces has been 
employed to indicate the type of growth mechanism 
present. Par t icular  a t tent ion was paid to composi- 
t ional variations and zoning in the resul tant  growth 
layers as determined by electron microprobe analysis. 
Finally,  etch pit examinat ions have been used to de- 
termine the relative changes in dislocation densi ty 
between the individual  seed and growth layers. 

Experimental 
Polycrystal l ine solid solution charge sections rang-  

ing from 3-4 mm in thickness were obtained from 

* Also  assoc ia ted  w i t h  the  D e p a r t m e n t  of G e o c h e m i s t r y  and  Min-  
eralogy. 

ingots (7-10 cm in length) grown at 2-4 m m / h r  by 
a s tandard vertical Bridgman technique. Ind ium-r ich  
star t ing compositions were used to minimize composi- 
t ional gradients along the growth direction due to 
segregation dur ing solidification. Single crystal seed 
sections of InSb were also obtained from Br idgman-  
grown ingots. 

Slow growth rates in the range of 2-4 m m / h r  were 
necessary in the case of solid solution ingots, since 
faster growth rates usual ly resulted in a two-phase 
separation as previously described by Ivanov-Omski i  
and Kolomiets (17). Such a separation was undesirable  
for sections that  were to be used as charge layers in  
TGZM experiments,  since nonuni form dissolution and 
unstable  zone migrat ion conditions were general ly  
evident  from such material.  This phase separation 
was observed through x - ray  powder pat tern  measure-  
ments  performed on selected thin sections taken nor -  
mal  to the growth direction of an ingot. These mea-  
surements  indicated either one or two sets of distinct 
reflection peaks as a function of angular  position, which 
in tu rn  indicated the presence of either one or two 
solid phases in the crystall ine matrix.  A Norelco Dif- 
fractometer Cu Ka radiat ion was used. 

The uni formi ty  of solid solution sections cut normal  
to the growth direction of an ingot was determined 
with an Applied Research Laboratories Electron Mi- 
croprobe Analyzer. Microprobe beam scans across the 
individual  sections indicated compositional variations 
in the range of several tenths of a mole per cent (m/o) .  
Scans made along the growth direction indicated com- 
positional variat ions in the range of 2 m/o  over 4 mm 
of ingot length. The spot size of the scanning electron 
beam was 10 ~m. 

Both indium and lead were used as zone solvents 
in this series of migrat ion experiments.  The chemical 
preparat ion techniques for both the zone metals and 
the solids were described previously (14). In order 
to obtain uniform wet t ing of the zone metals with the 
individual  solid sections, it was necessary to wet each 
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layer  of solid on a polished silica plate prior to the final 
assembly of the growth configurations. Subsequent  
electron microprobe scans have indicated no detectable 
amounts of silicon in the growth layers of the indivi -  
dual configurations after migrat ion was completed 
(the l imit of detection was about one part  in 106). 
Attempts to wet both charge and seed layers together 
usually resulted in nonuni form wetting. This in t u r n  
caused i r regular  zone migrat ion and unsatisfactory 
growth conditions. 

The rate of zone migrat ion in the individual  growth 
configurations was determined by not ing the average 
velocity of either interface dur ing  the first 2 mm of 
growth with the growth interface ini t ia l ly  at 420~ 
This was done since no temperature  profile could be 
estimated accurately across either the zone or charge 
regions dur ing a part icular  growth experiment  because 
of the unavai labi l i ty  of thermal  conductivity data 
for the two regions. This approximat ion  was reasonable 
since no significant increases in migrat ion velocity were 
observed over the limited tempera ture  range  for any 
of the zone configurations. During this series of growth 
experiments,  tempera ture  gradients across the InSb 
seed substrates ranged from 10 ~ to 12~ as de- 
termined by two-posit ion thermocouple measurements.  
At the onset of zone migration, the growth interface 
was not usual ly  visible unt i l  ~ 0.2-0.4 mm of growth 
had occurred. This was due to considerable dissolu- 
tion of InSb at the top of the seed substrate after the 
initial  mat ing  and wett ing of the two specimen layers. 
Figure 1 shows a pictorial representat ion of this zone 
enlargement  effect. Ind ium zones suffered more en-  
largement  than  did lead zones. No fur ther  changes in 
zone thickness were noted in any  of the migrat ion 
experiments  included in this paper; however, in some 
experiments where nonuni form wet t ing had ini t ia l ly  
taken place, shape irregularit ies general ly increased 
with zone motion. A telemicroscope assembly having a 
magnification of x20 and a vernier  scale accuracy of 
0205 cm was employed to determine zone movement.  

The growth chamber  assembly that  was used for this 
series of zone migrat ion experiments  has been des- 
cribed in a previous paper (14). Slight evaporat ion 
was present dur ing the growth of the solid solutions; 
however, it was not  severe enough to war ran t  ei ther 
the use of in ternal  gas pressures wi th in  the evacuated 
chamber or the use of sealed ampoules containing the 
growth configurations as described by Weinstein and 
Mlavsky (9). 

Results and  Discussion 
The ten most successful zone migrat ion experiments  

are listed in Table I. Thick zones were used to min i -  
mize interface kinetics effects and this has resulted 
in an essentially constant  zone migrat ion velocity over 
the entire t raverse of the zone. The compositions 
listed in Table I are those of the polycrystal l ine feed 
material.  The changing GaSb content  of the feed 
has a pronounced effect on the zone migrat ion velocity 
and this is shown in Fig. 2. At 10% GaSb concentra-  
tion, the velocity is near ly  halved. 

Compositional variations in the growth layers of 
samples considered in Fig. 2 have been determined by 

G a : I n l - x S b  S O L I D  S O L U T I O N S  4'/9 

Table I. Data for zone migration experiments 

Ini t ia l  cha rge  Zone  
G r o w t h  r u n  compos i t ion  th ickness  InSb  seed 
des igna t ion  (XGam)) (1) o r ien ta t ion  

DIRECTION OF 
MIGRATION 

m m  l 
POLYCRYSTALINE 5 

3 ZONE ZONE R ~  ~ m ~ onsel o( igrotion) 

SINGLE C 
SEED 

(a) INITIAL 
CONFIGURATION 

(b) CONFIGURATION 
AT ONSET OF MIGRATION 

Fig. 1. Pictorial representation of (a) initial zone profile and 
(b) profile of zone at onset of migration. 

I n ( l )  0.00 0.90 m m  < l l l > " A "  
In(2) 0.06 0.85 < l l l > " A "  
In (3) 0.27 0.85 < l l l > " A "  
In(4) 0.33 0.90 < l l l > " B "  
In (5) 0.54 o.g5 < 111 > " B "  
Pb(1)  O.00 0.90 m m  < l l l > " A "  
Pb(2)  0.13 0.90 rmrn < 1 1 1 > " B "  
Pb(3)  0.30 0.95 m m  < l l l > " A "  
Pb(4)  0.37 0.85 m m  < l l l > " B "  
Pb(5)  0.47 0.90 m m  < l l I > " A "  

an electron microprobe analysis. Figure 3 indicates the 
composition of the individual  growth layers as a func-  
tion of distance t raversed along the growth direction 
for ind ium-r ich  zones. Figure 4 shows the composition 
of growth layers as a function of distance t raversed 
along the growth directions for lead-r ich zones. All  
scans were made on sections cut along the growth 
direction. In  all cases, InSb- r ich  growth layers were 
evident  at the onset of growth. After  2-3 mm of 
growth, solid solution concentrat ions became more un i -  
form, indicat ing that s teady-state  conditions were ap-  
proached. Since the ind ium zones were observed to 
dissolve more InSb at the onset of a migra t ion run  
than were the lead zones, it is reasonable to expect 
that  the ini t ial  growth layers for ind ium migrat ion e x -  
p e r i m e n t s  would be more InSb-r ich  than would be 
those for lead zone experiments.  

xlo-7 
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A I n ( I )  
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I0 .0  

Pb(() 

~-...~ In ( 3 )  

4.0 ~ " ~ b  ( 21 ~ 5) 

2 0  Pb (41 
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v 

o d, 0'2 o13 0'4 o's OlB o17 O'B XGaSb 
Fig. 2. Migration velocity dependence on solid solution composi- 

tion in the charge layer for both indium and lead zone configura- 
tions. 

I n  (5) 

~ 4o 

zU=EO ~J~ E03010 ~ n ,  ( 2) ~ (3)), 

0 1.0 Z.O 3.0 4.0 MICROPROBE ANALYSIS ALONG GROWTH DIRECTION (mm) 
Fig. 3. Solid solution composition along the growth direction 

for indium zones. 
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Fig. 4. Solid solution composition along the growth direction for 
lead zones. 

Electron microprobe scans were also made to de- 
te rmine  the lead content  in the growth layers of solid 
solution crystals when lead was used as the zone sol- 
vent. No detectable amounts  of lead were observed in 
any of the growth regions to a l imit  of detectabil i ty 
of about one par t  in 105 . 

Evidence for solid solution crystal growth by the 
two-dimensional  nucleat ion mechanism has been ob- 
tained by etching the regrown region in  dilute HC1, 
after migrat ion of ind ium zones through the charge 
sections. Figure 5 shows faceted growth steps observed 
on an "A" face, while  Fig. 6 shows those observed on 
a "B" face. These step features agree with those for 
faceted steps observed on pure  InSb crystals that  were 
grown under  similar  growth conditions (14), al though 
the size of the growth steps are somewhat smaller  on 
the solid solution surfaces. 

Etch pit observations have been made on polished 
and chemically etched sections parallel  to the growth 
directions of the individual  specimens. Figure 7 shows 
a photomicrograph of the region bounding the init ial  
growth interface separating the seed and growth re-  
gions after migrat ion of an ind ium zone through a 

Fig. 5. Typical growth figures on o {111~ "A'" surface 

Fig. 6. Typical growth figures on a { I  11 } "B" surface 

Fig. 7. Etch figures on a surface parallel to the growth direction 
for a In:lnSb Ga~lnt-  ~-Sb growth experiment. 

solid solution charge layer. A noticeable decrease in 
etch pit density can be observed in the growth region 
after an init ial  layer of 20-40 ~m of higher etch pit 
density growth. This ini t ial  region of higher etch pit 
density can be correlated with f ine-structure from 
the electron microprobe scans, which has indicated 
a rapid change in solid solution composition over the 
first 25 ~m of growth. Such changes in composition 
have been shown as abrupt  in Fig. 3 and Fig. 4, since 
mil l imeter  scales are used to describe the growth 
layer composition profiles. Similar  etch pit density 
observations have been noted on growth layers when 
lead was used as the zone metal  as shown in Fig. 8. 
After  the ini t ial  region of abrupt  compositional change, 
the etch pit concentrat ions in the individual  growth 
layers usual ly decreased by about an order of magni -  
tude. This also agrees with similar  observations made 
on growth layers of pure InSb as shown in Fig. 9. 
Since a direct correlation of etch pit figures with 
emergent  dislocations is not always present on an 
etched surface as discussed by Faust  (18) and by Sagar 
and Faust  (19) it can only be concluded that the effec- 
tive dislocation densi ty in a par t icular  growth layer is 
somewhat  less than  that in a seed layer for either zone 
configuration. The most satisfactory etchant used to 
obtain distinct pit figures on the polished sections was 
found to be 4H20:2HNO3: 1HF (by volume).  Similar  
observations of decreased etch pit concentrat ions in 
the growth layers of crystals grown by TGZM have 
been noted by Mlavsky and Weinstein (17), by Wein-  
stein and Mlavsky (9), and by Weinstein et al. (20). 

The rapid decrease in migrat ion velocity with in-  
creasing values of XGaSb for InSb rich solid solutions 
of (Ga, I n ) S b  can be reasonably explained by an in-  
creased sluggishness of the dissolution interface ki-  
netics for both the indium and lead systems. Evidence 
of this in both systems has been observed in several 
migrat ion experiments  where the individual  grain 
size in the charge sections was relat ively large. In such 
instances, nonuni form dissolution general ly occurred 
with one grain dissolving more rapidly than an ad- 
jacent  grain. The growth data from these experiments  
were sporadic and have not been included in this 
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Fig. 8. Etch figures on a surface parallel to the growth direction 
for a Pb:Gaxlnl-xSb growth experiment. 

Yost (24) has shown that  the effective diffusion co- 
efficient for mass t ransport  across an alloy zone is de- 
pendent  on both the activity of the diffusing substance 
in the part icular  solution as well as the viscosity of 
the liquid. Since no informat ion is available concern-  
ing activities or viscosities for either t e rnary  solvent 
system, no conclusive s ta tement  can be made about 
relat ive changes in the effective diffusion coefficient 
of (Ga, I n ) S b  alloys as a funct ion XGasb. It is reason- 
able to conclude, however, that  the relat ive difference 
in migrat ion velocities between the indium and lead 
solvent systems could be a t t r ibuted to differences in 
viscosity between the two liquids. 

A qual i ta t ive description of interface conditions du r -  
ing a solid solution: i n d i u m : I n S b  migrat ion experi -  
ment  can best be explained in terms of the par t ly  hy-  
pothetical liquids shown in Fig. 10. After a short t rans-  
ient period in which the solid and l iquid compositions 
at the growth interface equil ibrate,  the growth in te r -  
face will be at a tempera ture  of 420~ while the 
dissolution interface will  be at a tempera ture  of ap-  
proximately 425~ At the onset of growth, the l iquid 
compositions at the respective interfaces are indicated 
by the square and round figures at 420 ~ and 425~ 
Equi l ibr ium liquid compositions are considered; how- 
ever, for sluggish interface kinetics, slight shifts of 
the square figures on the respective isotherms would 
be evident  to denote nonsa tura t ion  conditions at the 
interfaces. The respective solid compositions are in -  
dicated by Xm (dissolution interface) and XGI 
(growth interface).  The respective solid compositions 
will be denoted as the straight line intercepts on the 
solid solution b inary  diagram from the indium end 
of the Gibbs tr iangle through the individual  points 
at which the respective liquids lie on the l iquidus 
surface. Actually, these intercepts are tangents  to the 
respective te rnary  fractionation curves as discussed 
by Masing (25) and Ricci (26). In  the ind ium-r ich  
region of the t e rna ry  diagram, it is reasonable to ex- 
pect the fractionation curves to be straight lines; 
Hence a l inear  extrapolat ion can be made to indicate 

Fig. 9. Etch figures on a surface parallel to the growth direction 
for a In:lnSb growth experiment. 

paper. Trumbore  ct at. (21) have observed rapid de- 
creases in the interatomic lattice spacing of InSb rich 
(Ga, In)  Sb solid solutions with small  increases in 
XGaSb. Such decreases in the interatomic spacing could 
be expected to produce subsequent  increases in  the 
interatomic bond energy (i.e., the lattice cohesive 
energy) .  An increase in bond energy would, in turn,  
imply a larger activation energy for the dissolution 
process as discussed by Jackson and Chalmers (22). 
Therefore, the rate of zone migrat ion could be expected 
to decrease in these two systems with increasing XGaSb 
if dissolution interface kinetics are the ra te-control l ing 
factor. Since there  was no evidence of migra t ion 
velocity decreasing dur ing  the first few mil l imeters  
of growth as successive growth layers were becom- 
ing more GaSb-rich,  it would appear that  atomic in ter -  
face kinetics at the growth interface of individual  
growth configuration were rapid enough to allow 
their over-al l  effect on zone migrat ion to be negligible. 

Another  factor that  is impor tant  in de termining  the 
magni tude  of the migrat ion velocity in this series of 
experiments  is the l iquid diffusion transport  te rm as 
discussed by Ti l ler  (23) and by Seidensticker (6). 

U 5~176 I 

30o[ x, G~ Xo~, 

InSb Xc~sb X ~  " GaSb InSb~ XGI~ ~Ol Gc[S~/ 

\ \\ I ~ ~_.-' 

Fig. 10. Portion of a partly hypothetical ternary diagram with 
bounding binaries for the system In-lnSb-GaSb. Since the binary 
tn-GaSb is unknown, the ternary phase boundary connecting the 
binary eutectics has been omitted. The tie lines connecting the 
composition of the solid at the growth and dissolution interfaces 
terminate at different points on the ternary phase boundary and 
do not necessarily intersect the indium apex. 
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the  genera l  fea tures  of solid solut ion composit ions at 
the respect ive  interfaces  dur ing  the growth  period. 

As zone migra t ion  progresses,  the l iquid composi-  
t ions at the  two interfaces change along the paths  
shown by the arrows.  The solid composit ion at the  
dissolution interface will  remain  the same dur ing  this 
period, whereas  the solid composit ion at  the  growth  
interface wi l l  change g radua l ly  unt i l  a value  of XDI 
is reached.  At  this  t ime  s t eady- s t a t e  condit ions have  
been a t ta ined  wi th in  the  zone. The respec t ive  in te r -  
face posit ions are  again  indica ted  by the square  and 
c i rcular  figures once both interfaces are  Ln equi l i -  
b r ium (or near  equ i l ib r ium)  with  the  same composi-  
t ion of solid. Thereaf ter ,  both l iquid composit ions wil l  
change along the dot ted  l ine f rom In to XDI wi th  both 
interfaces being in equi l ib r ium with  a solid of com- 
posit ion XD~. A ~igorous analysis  of this process for 
s imi lar  systems is discussed by Broder  and Wolff (8). 

Summary 
Both ind ium and lead  have  prov ided  sa t i s fac tory  

solvent  meta ls  for the growth  of a wide range of solid 
solutions of GaxIn l -xSb  on InSb substrates .  Al though 
it was ant ic ipated  tha t  s t eady-s t a t e  condit ions would  
occur r ap id ly  wi th in  a moving zone, it  appears  tha t  
a region of at least  2-3 m m  of growth  must  occur be -  
fore s t eady-s ta te  solute condit ions exist  at  the  growth  
interface.  This is unders tandable ,  since a consider-  
ab le  amount  of dissolution in i t ia l ly  takes  place on an 
InSb seed pr io r  to zone migrat ion.  By  ut i l iz ing a less 
soluble seed mate r i a l  it  is reasonable  to expect  that  the  
ini t ia l  region of nonuni form growth  could be decreased 
considerably.  

The g rowth  mechanism opera t ive  in this  series of 
TGZM exper iments  is two-d imens iona l  nucleation.  
This has been de te rmined  by  the appea rance  of faceted 
growth  steps on the {111} surfaces. F rom the mig ra -  
t ion veloci ty dependence  o n  XGaSb , it  would appear  
that  dissolution interface  kinetics become more  s lug-  
gish as the  GaSb concentra t ion increases.  This, in 
turn,  would  l imi t  the  ra te  at which solid solut ion crys-  
tals could be grown by this technique.  

Noticeable  decreases in etch pit  dens i ty  have been 
observed in the  ind iv idua l  g rowth  layers  of solid solu-  
t ion crys ta ls  compared  wi th  those in the  respect ive  
InSb seed regions, af ter  in i t ia l  g rowth  regions of 20- 
40 ~m. Since there  is usual ly  a high correspondence 
be tween  the  number  of observed etch pit  figures and 
emergent  dislocations on a crys ta l  surface af ter  pol ish-  
ing and chemical  etching, it  is reasonable  to a t t r i b -  
ute  this observed decrease  in etch pi t  dens i ty  in the 
growth  region of a solid so lu t ion- InSb  configurat ion 
to a resu l tan t  decrease in dislocation densi ty  in tha t  
region compared  with  tha t  in the  seed region. The 
ini t ia l  g rowth  region of h igher  etch pi t  dens i ty  has 
been a t t r ibu ted  to the rap id  change in solid solut ion 
composit ion over  the first 25 ~m of growth  as de te r -  
mined by  an electron microscope analysis.  Such a 
change in composit ion could int roduce considerable  
strain,  resul t ing  in a high dislocation densi ty  at the  
onset of growth.  
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Illumination and the Photoengraving of Silicon 
R. D. Wales* 

L o c k h e e d  Pa lo  A l t o  R e s e a r c h  L a b o r a t o r y ,  Pa lo  A l t o ,  Ca l i fo rn ia  

ABSTRACT 

Equations have been derived for the rate and depth of engraving of near -  
intr insic  and low-resist ivi ty n - type  semiconductor materials.  Semiempirical  
relationships for n - type  silicon have been developed from the derived equa-  
tions. The low-resist ivi ty material,  probably due to the defect structure, etched 
in t r iangular  pits. The high-resist ivi ty mater ial  gave very good engravings 
with a resolution of better  than 12~. The good qual i ty of the pat tern and lens 
is critical in obtaining fine engravings, and the qual i ty  and degree of mono-  
chromaticity of the i l luminat ion affect the resolution and qual i ty of the 
engraving.  

The effects of i l luminat ion  on semiconductors have 
been discussed, studied, and theoretical developments 
presented under  conditions in which the semiconductor 
mater ial  itself is not greatly affected (1-7). Few 
studies have considered the effects of i l luminat ion 
when the semiconductor mater ia l  is in contact and 
reacting with an electrolyte solution (2). It is known 
that  i l luminat ion aids, or is necessary, for the etching 
or polishing of n - type  semiconductor materials  (7-10). 
The effect of i l luminat ion  on the "electrode" potential  
has been examined (2, 3, 6), and several processing 
techniques and device applications utilize the effects of 
i l luminat ion  to obtain desired results (10). Brat ta in  
and Bardeen (11) developed a theory for the surface 
photovoltage of semiconductors which was applied to 
semiconductor electrodes (6). The theory has been 
utilized and modified or expanded to fit par t icular  
problems. The effects of i l luminat ion  have been dis- 
cussed from a theoretical basis and applied to specific 
problems or effects (1, 2). 

The effects o~ i l luminat ion  intensi ty  on the chemical 
engraving (etching) of n - type  semiconductors have 
not been studied, other than to note the requi rement  
for intense i l lumination.  This paper is concerned with 
the effects of i l luminat ion  on the rate of solution of 
an n - type  semiconductor in an electrolyte solution, 
and with the application of the technique to the en-  
graving of silicon. 

T h e o r e t i c a l  C o n s i d e r a t i o n s  

Electrochemical studies of the dissolution of silicon 
have indicated that the electrochemical reaction is 
activation controlled, at least over a portion of the 
ranges studied (10). Thus, when the reaction is not 
at equil ibrium, and the rate in one direction is much 
less than the rate in the other direction, the rate of the 
electrochemical reaction in terms of the current  den-  
sity, i, is 

i = z F C o e x p  - - ~  [1] 
R T  

or, as more commonly represented (as the Tafel equa-  
tion) 

E---- a + b l o g i  [2] 

The symbols in the above equations have the usual 
meanings,  and Co is the concentrat ion of the reacting 
or rate controll ing species. 

The electrochemical dissolution of n - type  silicon 
has been studied by Turner  (10), F lynn  (12), Efimov 
and Erusal imchik (13), and others. They have found 
that holes are consumed dur ing the anodic dissolution, 
and that only holes generated in a region much smaller 
than the diffusion length for holes can take par t  in  
the dissolution reaction. Brat ta in  and Garre t t  (5, 6), 
Uhlir  (I4),  Gerisher (2), and others have found that  
i l luminat ion affects the anodic electrode potential, or 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

the anodic current,  in proportion to the number  of 
holes produced by the i l luminat ion.  Thus, the rate-  
controll ing specie in the anodic dissolution of n - type  
silicon are the holes, p, and Eq. [1] can be wr i t ten  as 

i = k ' p e x p  - -  R'--~ [31 

where k'  is a proport ional i ty constant. 
Many of the chemical processes used for etching or 

engraving semiconductors are electrochemical proc- 
esses in which the anodic and cathodic reactions oc- 
cur s imul taneously  at the surface of the semiconductor. 
When an n- type  semiconductor is engraved in an elec- 
trolyte solution in which the rate of reaction or re-  
moval of mater ia l  is controlled by the concentrat ion of 
holes in the semiconductor, the rate of reaction is 
represented by Eq. [3]. Since the rate of engraving, 
d x / d t  (where x is the depth of the engraving) ,  is pro-  
portional to the rate of removal  of material,  Eq. [3] 
can be wri t ten  as 

d x  = k p  exp [4] 
d t  

The energy absorbed in the surface of the semicon- 
ductor by i l luminat ion with nonpenet ra t ing  radiat ion 
results in the generat ion of hole-electron pairs. If the 
i l luminat ion is fair ly intense, and if the probabi l i ty  
for thermal  release of trapped holes is small, then the 
traps will be filled and the hole concentrat ion will  be 
affected by the rate of recombinat ion of holes and 
trapped electrons, cntP, or cp 2, and by the hole current  
into the bu lk  of the semiconductor. Since no external  
electrical field has been used, the hole current  into 
the bulk of the semiconductor is the diffusion current  
and a field-induced (or drift) current.  The drift  te rm 
is negligible in comparison to the diffusion term if 
the hole concentrat ion dur ing i l luminat ion is much less 
than the electron concentrat ion (1). Thus, the rate of 
change of hole concentrat ion is 

dp  (x )  ~2p 
= q ( x )  - -  c p ( x )  2 -  D p ~  [5] 

d t  Ox 2 

where q is the rate of generat ion of hole-electron pairs 
due to the i l luminat ion  and c is the recombinat ion 
probabi l i ty  or rate constant. Furthermore,  if it is 
assumed that  the effects of diffusion can be neglected 
after the semiconductor has been i l luminated for a 
short time, the rate of change of hole concentrat ion in 
the semiconductor near  the electrolyte surface is 

dp 
= q ~ cp~ [6] 

d t  

The concentrat ion of holes, p~ produced by the i l lumi-  
nat ion is, by integrat ion of Eq. [6] 

483 
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p~ = - -  t anh  v cq t [7] 
c 

If  the recombina t ion  ra te  constant  is large,  s teady 
state is a t ta ined  rap id ly  and Eq. [6] (and [7]) reduce 
to 

p~ = - -  [8] 
C 

However ,  if the recombinat ion  ra te  constant  is small ,  
s teady  s tate  is not a t ta ined  rap id ly  and Eq. [7] reduces 
to 

p~ : qt [9] 

During i l lumina t ion  there  is a change of potent ia l  
due to the holes (electrons)  p roduced  (photopoten-  
t ia l ) .  This photopotent ia l  has been given as (2) 

R T l n  ( 1 - b  P~ ) [10] 
V p l  -~ nF Po 

for n - t y p e  mate r i a l s  and, for  p - t y p e  mate r ia l s  

V p 2 - ~ - - ~ l n  1 + [11] 
nF  n o  

Assuming that,  in a near  intr insic  n - t ype  mater ia l ,  
the photopotent ia l ,  Vp, is 

P~ 
1 - t - ~  

RT Po 
Vp = Vpl ~- Vp2 = In [12] 

n F  n~ 
1 +  

~-o 

then, since Pi = hi, Pl > >  Po, and Po + P~ ~ no + ~ti, 
the  photovol tage  in a near - in t r ins ic  ma te r i a l  is smal l  
or nea r ly  constant  and can be neglected.  Thus, the  ra te  
of engraving  a s t rongly  n - t y p e  ma te r i a l  is, by  com- 
bining Eq. [4], [7], and [10], and set t ing E = Eo + Vp 

dx 

dt 

k ~ f f q  t anh  V'~ t 
- -  C 

C 
1 -t- ~ tanh  X/cq t 

Po 

exp ( n F E ~  [13] 
RT 

If the ra te  constant  for recombina t ion  is large, as is 
genera l ly  the case in h ighly  doped mater ia ls ,  Eq. [13] 
is 

) 
: [ 14 ]  

1 - ~ . u  
Po 

The ra te  of engraving  of a near - in t r ins ic  n - t y p e  ma te -  
r ia l  is, by  combining Eq. [4] and [7] 

dx ( ) = k q t anh  V / ~  t exp [ 15 ] 
dt - -  c RT  

If  the  ra te  constant  for recombina t ion  is small ,  as is 
genera l ly  the case in near - in t r ins ic  mater ia ls ,  Eq. [16] 
may  be wr i t t en  as 

dx ( nFE ) [16] 
d--t- = kqt  exp RT 

The depth  of the  engraving  is obta ined by  in te-  
gra t ion of Eq. [13-16]. The depth  of engraving  for 
s t rongly  n - t y p e  ma te r i a l  is 
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k ~ / q e x p (  nFEo ) 
- -  c RT 

x = ( t - -  t l )  [17] 

Po 

The depth  of the engraving  for near - in t r ins ic  n - t y p e  
ma te r i a l  is 

x =  1/2 kqt  2 exp . - - C  [18] 
RT 

where  C is an in tegra t ion  constant .  
Many  s impl i fy ing assumptions  have been made 

which may  de t rac t  from the theore t ica l  significance of 
the results.  The assumptions  tha t  the hole  cur ren t  due 
to diffusion can be neglected,  and that  the  electron 
concentra t ion need not  be considered (other  than  in 
te rms of the photopotent ia l )  in the  near - in t r ins ic  m a -  
te r ia l  are  p robab ly  the most quest ionable  assumptions.  
However ,  if these assumptions  are  not  made,  the  solu- 
t ion becomes quite complex.  Since the  surface is con- 
t inua l ly  moving, if the diffusion te rm is not neglected 
the concentra t ion of holes is not only  decreasing due 
to diffusion, but  is also increas ing due to the  holes in 
the  next  increment  of depth  as a function of the  con- 
cent ra t ion  and diffusion f rom the last  increment  of 
depth.  Thus the  s implest  assumpt ion is tha t  these ef- 
fects tend  to be equal,  and the effect of diffusion ne-  
glected. Fur the rmore ,  severa l  p robab le  condit ions have 
not been included,  such as the  possibi l i ty  of a space-  
charge  region in the  semiconductor  at  the interface,  
and the app rox ima te ly  equal  ho le -e lec t ron  concent ra-  
tions in the near - in t r ins ic  mater ia l .  However ,  it  is 
be l ieved tha t  the  ma jo r  contr ibutors  to the engraving  
rate  have  been included,  and tha t  the  engraving  process 
is descr ibed by  Eq. [13-18]. 

The ra te  of generat ion of ho le -e lec t ron  pairs  is a 
funct ion of the incident  l ight  intensity,  I, so that  q 
may  be represen ted  as 

k = aI [19] 

where  a is a constant  including the absorpt ion  effi- 
ciency. The engrav ing  Eq. [14] and [17] for s t rongly  
n - t y p e  mater ia l s  can thus be wr i t t en  as 

K ~/-I-exp ( n F E o )  
dx RT  

[2O] 
dt 1 -{- ~/-[/Io 

and 
nFEo 

k V'/-exp ( ~ / 

x = ( t -  t~) [21] 
1 + ~ /~ / Io  

and the  engraving  Eq. [16] and [18] for near - in t r ins ic  
mate r ia l s  may  be wr i t t en  as 

dx = K' It exp [22] 
dt RT  

and 

( nFE ) -- C [23] x = 1/2K' It 2 exp RT 

k ~ /  ~ 
C 

K' = ks  

wbere  

Io ~ Po -~  

Experimental  Technique 
The semiconductor  mate r ia l s  used in this  s tudy 

were  n - t y p e  silicon of 190-225 ohm-cm and 0.5-1.5 



Vol .  116, No.  4 

ohm-cm resistivity oriented on the (100) and (111) 
planes, respectively. Before. use the silicon was im-  
mersed in White etch (1HF/3HNO:~) for about 1 rain 
to obtain a polished surface. "The photoengraving was 
performed in Dash etch (1HF/3HNOj10HA3) .  

The source of i l luminat ion  was a General  Electric 
1000-w theatrical spotlight, and the pat terns used 
were a solar critical focusing chart (Burke and James, 
Inc., Chicago, Ill inois) and a mask with a 21-ram 
square opening. 

The lens system consisted of an 8-in. diameter  glass 
planoconvex lens with a focal length of 14 in. placed 
about V2 in. after the pat tern  and about 28 in. from 
the light source. Fur ther  reduction was obtained with 
either a Wollensak f 4.5 Enlarging Velostigmat 3�89 in. 
focus or a Wol lensak-Dumont  CRD 75 mm f 1.9 Oscil- 
]o-Anastigmat No. C15413 lens. 

The light in tensi ty  through the lens system to the 
silicon substrate was measured with a Spect ra-Phys-  
ics 4018 Power Meter. The engraving depth measure-  
ments  and the pictures of the engraved surface char-  
acteristics were made with a Reichert Research Metal- 
lograph MeF No. 300/747. 

The electrolyte solution was contained in a 2 in. 
square polystyrene box. The silicon was suspended in 
the solution in such a manne r  that  the surface to be 
engraved was 4 mm from the side of the polystyrene 
box, perpendicular  to and in line with the lens sys- 
tem. 

The image of the square mask on the silicon aver-  
aged about 3.3 mm on a side and was measured to the 
nearest 0.1 mm on each sample. The precision of the 
depth measurements  was about 5# at the greater depths 
increasing to about 2u at the smaller  depths. 

Results and Discussion 
Illumination intensity and engraving t ime .~High -  

resistivity silicon.--The high-resist ivi ty silicon should 
be near- in t r ins ic  in its responses so that the experi-  
menta l  data should be described by Eq. [23]. Figure 
1 indicates graphical ly the relationship between the 
engraving depth and the product of the i l luminat ion 
intensi ty and the square of the engraving time. This 
data indicates that the integrat ion constant  in Eq. [23] 
is independent  of both i l luminat ion in tensi ty  and en-  
graving time. Thus, the exper imental  data is described 
by the semiempirical  equation 

x ~- 8.05 x 10 -1~ [It 2 --2.00 X 105] [24] 

for any  i l luminat ion in tens i ty  and /or  any engraving  
time. 
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Fig. I. lUumination intensity, engraving time, and engraving 
depth relationship for 190 to 225 ohm-era n-type (100) oriented 
silicon at room temperature in Dash etch. 
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This result  implies that  a certain mi n i mum hole 
concentrat ion is necessary before engraving  com- 
mences, the rate of engraving is a function of the 
concentrat ion of holes (Eq. [16]), and the depth of 
the engraving is a function of the concentrat ion of 
holes at the end of the engraving period times the 
durat ion of the engraving period. This lat ter  state-  
ment  implies that the depth of the engraving is in -  
dependent  of the "path" and the same result  would be 
obtained by varying i l luminat ion intensi ty  only, va ry -  
ing engraving t ime only, or varying both i l luminat ion 
in tensi ty  and engraving  time. Thus Eq. [23] may be 
wri t ten  as 

n.FE 
x : ~ K '  (It 2 -- [It211) exp ~ [25] 

RT 

Low-resis t iv i ty  sil icon.--The low-resis t ivi ty silicon 
should have a higher concentrat ion of electrons and a 
low concentrat ion of holes with a high recombinat ion 
rate constant. Thus, the exper imental  results obtained 
with this mater ial  should be described by Eq. [20] 
and [21]. Figure 2 indicates that  the engraving  depth 
is a l inear function of the engraving time. Rearrange-  
ment  of Eq. [20] gives 

• 1 1 
q-. [26] 

~x nFE nFE 
\ . ; IK exp ~ IoK exp . ~  

RT RT 

Figure 3 indicates that  the reciprocal of the slopes 
of the lines in Fig. 2 is a l inear  function of the re -  
ciprocal of the square root of the light intensity.  Thus, 
Eq. [20] is of the correct form for the low resistivity 
silicon. These results give the semiempirical  form of 
Eq. [21] as 

5.518 X 10 -6 th/I- 5.518 X 10 -6 tl VI- 
x = [27] 

1 -t- 2.649 \ / I  1 q- 2.649 \ / I -  

The value of tz can be obtained from the difference 
between the exper imental  engraving depth and the 
depth calculated from the first te rm on the right side 
of Eq. [27]. This difference, 5, is described by the 
relationship 

5.518 X 1 0 - ~ h X / I  
5 = [28] 

1 q- 2.649 \ / I  
o r  

40 XIO~ 0.20~ 
/ 
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NUMBERS INDICATE LIGHT INTENSITY / , 
IN WATTS/CM2 / / ~  

3C / / i  088 

O.ITO 

~ 2G 

0ti0 0,0108 

t0 0.2 

/ o 9 2  I t I I 
600 4200 t800 2400 3000 3600 

ENGRAVING TJME,t,SEC 

Fig. 2. Engraving time, engraving depth relationship for 0.5 to 
!.5 ohm-cm n-type (111) oriented silicon at room temperature in 
Dash etch. 
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Fig. 3. Rate of engraving (from Fig. 2), illumination intensity 
relationship. 

5(1 + 2.649 N/T) 
= t1~/T [29] 

5.518 X 10 -6 

A plot of the  left  side of Eq. [29] vs. \ / I  is shown in 
Fig. 4. The slope of the line in this figure gives a value  
of tl or 233 sec. Thus, the semiempir ical  equat ion for 
the low resist ivi ty mater ia l  is 

5,518X 10_6tN/~(I___233) 
t 

x = [30] 
1 + 2.649-~/I 

The values of 5 are  of such a low magni tude  that  
it is impossible to state conclusively that  Eq. [28] is 
the correct  relationship. 

Verification o~ the argument.--Additional exper i -  
ments util izing a P E K  Industr ies  Model 911 100w 
mercury  arc lamp with  a Corning 1-69 infrared filter 
give results in agreement  wi th  the equations presented 
(Eq. [24] and [30]). The 0.5 to 1.5 ohm-cm mater ia l  
exposed for 1800 sec at 0.982 w / c m  2 was engraved to 
a depth of 24 x 10 -4 cm, and when exposed for 8820 
sec at 0.016 w / c m  2 was engraved to a depth of 45 x 
10 -4 cm. Calculat ion of the engraving depth using 
Eq. [30] gives 23.6 x 10 -4 cm and 44.9 x 10 -4 cm, 
respectively.  The 190 to 225 ohm-cm mater ia l  exposed 
for 1800 sec at 1.041 w/cm2 was engraved to a depth 
of 27 x 10 -4 cm, and when exposed for the same t ime 
at 1,700 w / e m  2 was engraved to a depth of 43 x 10-4 
cm. Calculation of the engraving depth using Eq. [24] 
gives 25.6 x 10 -4 cm and 42.7 x 10 -4 cm, respectively.  

Exper iments  per formed with  the  back of the 195 to 
225 ohm-cm mater ia l  exposed to the solution, wi th  
the back masked (with polys tyrene film) and with  
part  of the back of the i l luminated area exposed to the 
solution have  resulted in (respect ively)  l i t t le or no 
engraving,  engrav ing  as described in this work, and 
engraving depths equiva len t  to that  in which the 
total incident i l luminat ion is concentrated in only the 
area for which the back of the sample is insulated 
from the solution. The 0.5 to 1.5 ohm-cm mater ia l  was 
not affected in this manner.  

While the effects of masking the back of the 195 
to 225 ohm-cm mater ia l  appear  at first glance to be 
easily explained, such is not the case. Thus, if a space- 
charge region is developed at the back of the sample, 
i.e., due to more  rapid migrat ion of electrons, it might  
be postulated that  holes would still react  at the i l lu-  
minated surface while  electrons react  wi th  the solu- 
tion at the back surface. However ,  there  is (li t t le or) 
no dissolution of the  material .  Fur thermore ,  the en-  
hanced dissolution in front of the masked area due 
to i l luminat ion outside this area suggests that  migra -  
tion of holes is not only rapid, but preferent ia l ly  di-  
rected toward the area in front  of the mask, where  re-  
action with the solution proceeds. A fur ther  complicat-  
ing factor is that  the dissolution reaction (or eng rav -  
ing) proceeds only in the i l luminated area when  the 
back is masked. While conclusive results have not 
been obtained, results suggest that  dissolution is en-  
hanced in front of the mask by i l luminat ion in un-  
masked areas in proport ion to the i l luminat ion on the 
face opposite the masked surface. 

Engraving properties.--The low-res is t iv i ty  mater ia l  
was not useful for precise engravings.  The t r iangular  
etch pat tern indicated in Fig. 5 has been obtained by 
other  workers  (8, 10) and, a l though they did not in- 
dicate orientation, the p re l iminary  t rea tment  used 
in this work  v i r tua l ly  el iminates the possibility that  
the effect is due to surface faults, a l though there  is 
a good possibility that  it is due to the defect s t ruc-  
ture (15). Discussions wi th  sales representat ives  of 
companies producing mater ia l  having zero-defect  
s t ructure have indicated that  such pits are not obtained 
on this material .  

The high-res is t iv i ty  silicon oriented in the (100) 
plane gives an etched surface as indicated in Fig. 6. 
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Fig. 4. Determination of the constant t l  for 0.5 to 1.5 ohm-cm 
n-type (100) oriented silicon. 

Fig. 5. Pattern obtained on 0.5 to 1.5 ohm-cm, (!11) oriented 
n-type silicon during illumination-induced etching. 
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clear area).  However, there is a "cross" effect in these 
areas which is not present  in other areas. This effect 
is probably due to diffraction and can thus be lessened 
or el iminated by use of a monochromatic light source. 
The five rail black and clear lines can be easily re- 
solved. There is an over-al l  etch, but  the depth of etch 
under  the center of the black lines is about 4~ com- 
pared to about 30~ under  the clear lines. On the sam- 
ple these lines are each about 19-20~ in width. The to- 
tal  depth of the engraving is about  30g. 

The pat tern  (pictured in Fig. 7) was engraved at a 
reduction of 10.4 using the mercury  arc lamp and in-  
frared filter. The diffraction effect on the 5 mil  dots 
was absent, and the dots were well  defined. 

Fig. 6. Pattern obtained on 195 to 225 ohm-cm, (100) oriented, 
n-type silicon daring illumination-induced etching. 

Fig. 7. Engraving obtained on 195 to 225 ohm-cm, (100) oriented, 
n-type material. The fine lines in the figure are 19-20~ in width 
on the sample. 

This surface is quite good for engravings, the pits 
being one micron or less in cross-section. Figure 7 is a 
picture of an engraving in this mater ia l  using the f 4.5 
lens (the better  lens).  The reduction to the sample is 
6.43, the total light in tensi ty  was 29 mw and the en-  
graving t ime was I hr. Slightly more than  one half the 
chart  is on the sample. The fr inge effect is indicated 
to be about 12u. That is, there is slight etching indi-  
cated up to about 12g from the light boundary.  The 
only portions of the engraving which are not  easily 
resolved are the portions of the chart  consisting of 
five mil  dots spaced five mils apart  (black dots on 

Conclus ions 
The effect of light in tensi ty  on the engraving of 

semiconductors has been indicated. If the recombina-  
t ion rate constant  is large, s teady-state  conditions are 
at ta ined fair ly rapidly and the engraving  depth is 
a l inear  function of engraving time. If the recombina-  
t ion rate constant  is small, the rate of engraving is a 
function of the ins tantaneous concentrat ion of holes or 
the product of i l luminat ion  in tensi ty  and engraving 
time, and the depth of the engraving  is a function of 
the product of the i l luminat ion  in tens i ty  and the 
square of the engraving time. 

The engraved surface of the (111) mater ia l  is not 
satisfactory for fine engravings.  The surface consists 
of steps in a t r iangular  pa t te rn  which are probably  
due to the defect s t ructure of the crystal. 

The engraved surface of the (10% mater ia l  is satis- 
factory for fine engravings.  The surface nonun i fo rm-  
ities are 1~ or less. The i l luminat ion  and lens system 
used in this study give engravings with a resolution 
of better  than  12~. 

The type of i l luminat ion  and the lens system be-  
come quite critical when  fine engravings are desired. 
Some of the factors, including the more obvious ones, 
which probably affect the resolution of the engraving 
and the degree to which it reproduces the original  are: 
(i) the pat tern:  the engraving can be no bet ter  than  
the pattern.  (ii) The lens system: good lenses must  
be used to obtain sharp images with good resolution. 
The depth of field (or focus) of the lenses should be 
compatible with the depth of the engraving.  (iii) The 
light and type of light: the use of monochromatic light 
of a part icular  wavelength greatly decreases the pos- 
sibili ty of scatter and diffraction through the pa t te rn  
and lens system, and through the cell wall  and engrav-  
ing solution. (iv) The cell window: the window ma-  
terial  must  not only be inert  toward the engraving so- 
lution, but  must  also have good optical properties. (v) 
The diffusion length and other properties of the in-  
jected hole-electron pairs, and /o r  the resist ivity of 
the material :  this study indicates that  high-resist ivi ty 
(100) oriented mater ia l  gives satisfactory results and 
zero defect s t ructure  mater ia l  may also give satisfac- 
tory results. (vi) Material  crystal form: polycrystal l ine 
or monocrystal l ine material ,  and the crystal  or ienta-  
t ion may affect the engraving rate  and the type of sur-  
face obtained and the defect s t ructure  is probably quite 
important .  (vii) Technique: the manipula t ive  tech- 
nique becomes quite critical in obtaining a high de- 
gree of resolution. A very  stable system and critical 
means of focus and a l ignment  is necessary. 

The back surface of near - in t r ins ic  mater ia l  should 
probably be masked if the t rea tment  presented is to 
be applicable. The study of the effects of masking is 
beyond the scope of this work, and no at tempt  has 
been made to suggest a cause of these effects. 
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NOMENCLATURE 
Constants  in the Tafel  equat ion 
Rate constant  for recombina t ion  
Concentra t ion of reac t ing  species 
In tegra t ion  constants  
Diffusion coefficient for holes 
Total  potent ia l  be tween  bu lk  of semicon-  
ductor  and bu lk  of e lec t ro ly te  solution 
Total  potent ia l  E less the photopotent ia l ,  
Vp 
F a r a d a y  
Current  densi ty  
Incident  i l lumina t ion  in tens i ty  
Equal  to po~/a/c 
Equal  to C 
Hole cur ren t  due to diffusion 
Constants  
Equal  to k~/a/c 
Equal  to k~ 
Number  of equivalents  
Number  of free electrons in the bulk  of 
the  semiconductor  
Number  of electrons produced dur ing  i l lu-  
minat ion  
Number  of bound electrons 
Number  of free holes 
Number  of free holes in the  bu lk  of the 
semiconductor  

p~ Number  of holes p roduced  dur ing  i l lumi -  
nat ion 

q Rate of genera t ion  of ho le -e lec t ron  pairs  
by incident  i l lumina t ion  

R Gas constant  
t Time 
T Absolu te  t e m p e r a t u r e  
Vp, Vpl, V~2Induced photopoten t ia l  
x Distance 

Constant  re la t ing  i l lumina t ion  in tens i ty  
and ra te  of ho le-e lec t ron  pa i r  genera t ion  

b Representa t ion  of second t e rm in Eq. [21] 
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Electrical Properties of Zinc and Cadmium 
Ion Implanted Layers in Gallium Arsenide 

R. G. Hunsperger and O. J. Marsh 
Hughes Research Laboratories, Malibu, California 

ABSTRACT 

Ion implan ta t ion  has been used to dope high resis t ivi ty,  single c rys ta l  
ga l l ium arsenide  with  cadmium and zinc. Implan ts  were  made  wi th  20 kv  
ions into heated subst ra tes  held at 400~ Elect r ica l  character is t ics  of the im-  
p lanted  layers  have been s tudied as a function of i so thermal  and isochronal  
anneal ing  cycles. The surface resis t ivi ty,  average  mobil i ty ,  and car r ie r  con-  
cent ra t ion  in the layer  have been de te rmined  by Hal l  measurements ;  it  has 
been observed that  these e lect r ica l  proper t ies  a re  dependent  on pos t - im-  
p lan ta t ion  anneal ing  and genera l ly  tend to improve  signif icantly wi th  annea l -  
ing at re la t ive ly  low t empera tu res  for short  t imes. For  example ,  anneal ing  of 
cadmium implan ted  samples  at  t empera tu re s  up to 800~ for less than  1 h r  
was sufficient to increase  mobi l i ty  from a value  of 4 cm"/v  sec to app rox ima te ly  
180 cm2/v see, and to reduce sheet  res is t iv i ty  f rom a pp rox ima te ly  8 x 104 
ohm/[:] to about  6 x 103 o h m / 5 .  Addi t iona l  anneal ing  for 20 min at  900~ 
fur ther  reduced sheet  res is t iv i ty  to 300 o h m / c m  and increased surface ca r r i e r  
concentra t ion to a m a x i m u m  of 2 x 1015/[~ 2. The increased car r ie r  concen- 
t ra t ion even tua l ly  resul ted  in decreased mobi l i ty  because of impur i ty  sca t te r -  
ing. 

Ion implan ta t ion  has been used to dope ga l l ium 
arsenide wi th  var ious  elements,  producing  both n-  
and p - t y p e  layers ;  proton bombardmen t  has been used 
to produce  e lect r ica l ly  isolat ing semi- insu la t ing  layers  
(1). In i t ia l  resul ts  have indica ted  tha t  implan ta t ion  is 
a promis ing method for producing  doped regions in 
gal l ium arsenide  at re la t ive ly  low t empera tu re s  com- 
pared  with  those requ i red  for diffusion processes. In 
addition, ion implan ted  layers  in semiconductors  have  

been found to be more  p l ana r  than  diffused layers  
(2). Numerous  ions have a l r eady  been implan ted  in 
gal l ium arsenide  to produce doped layers,  and it is 
l ike ly  that  many  other  ion species also can be used 
successfully,  including some tha t  do not lend them-  
selves wel l  to diffusion techniques. Zinc and te l lu r ium 
implanta t ions  have been repor ted  by  Mayer  et al. (3), 
and work  on zinc implan ts  has also been done by 
Roughan and Manches ter  (4). Cadmium implants  into 
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GaAs have been made by Itoh (5), neodymium im- 
plants by Gibbons et al. (6), and sulfur  by Kellet 
et al. (7). This paper describes the electrical charac- 
teristics of zinc and cadmium Lmplanted layers in 
GaAs as a function of implanta t ion parameters  and 
subsequent  anneal ing  procedures. 

Exper imenta l  
Implantat ions  were made into undoped n- type  gal- 

l ium arsenide substrates with room tempera ture  re- 
sistivities of 1 to 10 ohm-cm. Substrate  wafers 15 mils 
thick were lapped and subsequent ly  chemically pol- 
ished to remove surface damage prior to ion implan-  
tation. These surfaces were oriented in the <111> 
direction (4- 3~ 

All implanta t ions  were performed with 20 kv ions. 
A heated stage was used to main ta in  the substrate at 
an elevated tempera ture  (400~ for most samples) 
dur ing implantat ion.  An arc discharge ion source was 
used for these implants  (8). The pulsed na ture  of this 
source makes it very difficult to measure ion current  
density. The implanted ion densities ranged from 1012 
to 10i6/cm 2 as determined by Rutherford scattering 
measurements  (9). After  implanta t ion the samples 
were annealed at various temperatures  up to 900~ 
The annea l ing  was performed in a ni trogen atmos- 
phere, and for temperatures  of 600~ or greater the 
samples were encapsulated in a film of SiO2 to prevent  
decomposition of the GaAs and /o r  outdiffusion of 
the dopant atoms. The SiO.~ was deposited by decom- 
position of te t raethyl  orthosilicate at 480~ Below 
600~ extended anneal ing  (24 hr) of the implanted 
samples showed no observable decomposition of the 
GaAs even without the protective SiO2 film. 

The electrical characteristics of the implanted layers 
(sheet resistivity ps, effective surface carr ier  concen- 
trat ion Ns, and effective mobil i ty ~) were determined 
using van der Pauw (10) Hall  measurement  tech- 
nique. A "cloverleaf" shaped mesa was etched onto 
the samples to lessen the effect of contact size on the 
measurements.  The junct ion between the p- type im- 
planted layer and the n- type  substrate provided the 
necessary electrical isolation of the implanted layer  
dur ing measurement .  All Hall measurements  were 
made at room temperature,  after the samples were 
quenched in air  from their  anneal  temperature.  

Results and Discussion 
Figure 1 shows the change in sheet resistivity as a 

function of anneal ing for a sample implanted with 
approximately 1016/cm 2 20 kv zinc ions, with the sub- 
strate held at 400~ The implanted layer was ini t ia l ly 
p- type (after implanta t ion-before  anneal ing)  with a 
sheet resistivity of approximately 4.5 x 104 ohm/[q. 
Anneal ing  at temperatures  up to 600 ~ caused the re-  
sist ivity to decrease. (As one moves to the right on 
the diagram, each point represents an addit ional 10 
min anneal  at the indicated temperature.)  Note that 
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Fig. 3. Results of annealing zinc implanted GaAs at 600~ 
with surface protection. 

most of the decrease in resist ivity occurred early in 
the cycle at temperatures  below 450~ As will be 
shown later the decrease in resistivity results mainly  
from improved mobil i ty as crystal  damage caused by 
implanta t ion  is annealed away. 

It has been found that care must be taken to protect 
the surface of the sample dur ing  anneal  at 600~ and 
above, in order to prevent  outdiffusion of the dopant 
atoms. Outdiffusion of zinc atoms from implanted GaAs 
has been observed when  the surface was not protected 
dur ing annealing.  An example of this effect is shown 
in Fig. 2, where data are given for a sample annealed 
at 600~ with no protective covering on the surface. 
IN the first 2 min of the anneal,  mobil i ty  increased 
greatly and surface resist ivity decreased. After  fur ther  
anneal ing the sheet resistivity began to increase, while 
surface carrier concentrat ions decreased and mobil i ty 
remained relat ively constant. No dissociation of the 
GaAs was observed when the surface of the sample 
was viewed under  200X magnification, thus it is felt 
that the increased sheet resistivity cannot be at t r ibuted 
to dissociation. Instead, it appears to result  from out-  
diffusion of the implanted zinc. The results of an ex- 
per iment  to verify this conclusion are shown in Fig. 
3. A sample similar to that  of Fig. 2 was annealed at 
600~ but it was covered dur ing the first 10 min by 
a polished, non implan ted  wafer of GaAs of the same 
type as the substrate. This cover wafer retarded out-  
diffusion by reducing the concentrat ion gradient  at 
the surface and thus very little degradation of elec- 
trical characteristics was observed. When the cover 
was removed after 10 rain, ps began to increase and 
Ns began to decrease at rates similar to those observed 
for the other uncovered sample in Fig. 2. Subsequent  

20 kV ZINC IMPLANT 
INTO G a A s - 4 0 0  ~ 

10:5 _ I00 I I I I I I I I I I 1013 
0 4 8 12 16 20 

6 0 0  ~ ANNEAL TIME, rain 

Fig. 2. Results of annealing zinc implanted GoAs at 600~ 
without surface protection. 
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to the annea l  cycle of Fig. 3 the sample was annealed 
at 700~ for a total of 30 min without surface protec- 
tion. This anneal ing  resul ted in an increase in ps to 
1.04 x 104 ohm/El, an increase in # to 206 cm2/v-sec, 
and a decrease in Ns to 2.92 x 10r~/cm 2. Addit ional  
evidence of outdiffusion was given by the fact that 
the cover wafer (al though unimplanted  n - type  ma-  
terial) was found after  the anneal  to have a p- type 
layer at the surface which had contacted the implanted 
layer. A similar effect has been observed for t in  im-  
plants in GaAs but not for cadmium implants,  pre-  
sumably because t in  and zinc diffuse much more 
rapidly in GaAs than does cadmium. The data of Fig. 
2 and 3 emphasize the importance of providing some 
type of protective covering for ion implanted GaAs 
dur ing annealing.  Such protection can be provided by 
using a cover wafer or by encapsulat ing the sample in 
SiO.,. Both techniques are also effective in prevent ing  
the dissociation of GaAs, at least at temperatures  up 
t o  900~ 

T h e  use  o f  S iC& p r o t e c t i v e  c o v e r i n g  a l l o w e d  t h e  a n -  
n e a l  behavior  of implanted layers to be studied at 
elevated temperatures.  Figure 4 shows the effect on a 
typs 20 kv zinc implanted sample of anneal ing in 
a series of 10 min anneals from 500 ~ to 900~ The 
sample was implanted at 400~ The sheet resist ivity 
decreased monotonical ly as a result  of increasing 
mobility, and above 700~ also as a result  of increasing 
carrier  concentration. In the tempera ture  range below 
700~ the surface carrier concentrat ion first increased 
and then decreased somewhat with fur ther  annealing.  
The increase is thought to be caused by  implanted ions 
moving to electrically active subst i tut ional  positions 
in the lattice; the decrease is not well  understood at 
present and may be a t t r ibuted to a number  of possible 
causes. The decrease may result  from compensation 
by defect centers which are released when damage 
clusters dissociate on annealing.  An effect of this type 
in n - type  GaAs has been reported by Fuller,  Wolf- 
stern, and Allison (11). The apparent  decrease in ef- 
fective surface carrier  concentrat ion may also result  
merely because the mobil i ty  in implanted layers is 
nonuni form with depth, and the calculation of surface 
concentrat ion from van  der Pauw Hall  data is more 
dependent  on the contr ibut ion from higher mobil i ty 
regions. Therefore, even if we assume hypothetically 
that the concentrat ion profile of electrically active 
atoms does not change significantly between 500 ~ and 
700~ but  that  the mobil i ty  in the more l ightly doped 
regions increases appreciably, the effective mobil i ty 
in the layer would increase and cause an apparent  de- 
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crease in the surface concentrat ion Ns. [This effect has 
been described by Mayer et  al. (12).] 

The relat ively large increase in carrier concentrat ion 
above 700~ results in part  from the increased solu- 
bili ty of zinc [7 x 1019/cm 3 at 700~ to 3 x 102~ 
at 900~ (13)], in addition to the fact that the doped 
layer thickens with anneal ing because of the very 
rapid diffusion of zinc in GaAs. For an anneal  cycle 
such as that  of Fig. 4, calculations based on the work 
of Shih et  al. (14) predict a total  diffusion depth of 
as much as 90#, depending on the ini t ial  concentrat ion 
vs.  depth profile of the implanted ions. Assuming that  
there are enough implanted atoms present  that  the 
concentrat ion of electrically active (subst i tut ional)  
zinc per cubic cent imeter  is constant or increasing 
with increased solubility, the th ickening of the layer 
because of diffusion would result  in a higher measured 
value for surface concentrat ion per square centi-  
meter. 

For a series of isothermal anneals  of zinc implanted 
GaAs, as shown for a typical  20 kv, 400~ implant  
in Fig. 5, the variat ion of ps, #, and Ns with anneal  
tempera ture  agreed with that  observed in the series 
of 10 min anneals  of Fig. 4. In  addition, it can be seen 
from the data of Fig. 5 that much of the change in 
electrical properties (at tempera ture  up to 700~ 
occurred dur ing the first few minutes  of each cycle at 
a new, higher temperature.  Mobili ty increased to a 
value of about 150 cm2/v-sec following annea l  at 
900~ This behavior is in contrast  to that  of cadmium 
implanted samples as shown in Fig. 6 and 7, in that  
the mobil i ty in the cadmium case peaked after an-  
neal ing at 800~ and then decreased with fur ther  an-  
nealing. This difference between the mobil i ty  behavior 
for zinc implants  and that  for cadmium is believed to 
result  because cadmium diffuses three orders of mag-  
ni tude more slowly than zinc in GaAs (14, 15). Angle 
lap and stain techniques on the cadmium implanted 
samples indicated a junct ion depth of 0.3# after the 
600~ anneal ing  and showed negligible diffusion after 
the 900~ anneal  (to within the accuracy of measure-  
ment  o f  0.05#). The junct ion depth of 0.3# is consider- 
ably greater than the 250A depth expected from the 
theoretical Lindhard-Scharff  projected range of the 
ions in amorphous material.  It  is possible that  the 
larger junct ion depth is due to channel ing and /or  en-  
hanced diffusion of the ions dur ing implantat ion.  As 
more cadmium atoms enter  subst i tut ional  sites (and 
become electrically active) as a result  of increasing 
solubil i ty at higher temperature,  the doped layer  does 
not thicken as in the case of zinc. Hence the concen- 
t rat ion of electrically active cadmium atoms per cubic 
cent imeter  increases, and ionized impur i ty  scattering 
tends to decrease the mobility. A comparison of the 
observed decrease in mobil i ty  with the Brooks-Her-  
r ing (16, 17) relat ion for ionized impur i ty  scattering, as- 
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suming a la t t ice mobi l i ty  of 450 cm2/v-sec (18), shows 
that  the observed mobi l i ty  decreased somewhat  more 
s lowly than  would  be  expec ted  wi th  increasing ion 
impur i ty  concentra t ion (see Fig. 8). This may  resul t  
f rom the  compet ing  process of damage annealing,  
which reduces defect  scat tering.  It can also be seen in 
Fig. 8 tha t  the  mobi l i ty  remains  below the va lue  ex-  
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pected for only  ionized impur i ty  scat ter ing unt i l  an -  
neal ing at  900~ for  20 rain has been per formed.  This 
indicates the presence of la t t ice damage and resul tan t  
defect  scattering.  Such pers is tent  damage is typica l  
only for the ex t r eme ly  h e a v y  implants  (10 ~ to 10 TM 

ions /cm 2) used in these exper iments .  The damage  
produced by  smal ler  doses anneals  at t empera tu re s  
below 6OO~ (9). 

With  the  except ion of mobil i ty,  the e lect r ica l  p rop-  
er t ies  of cadmium implan ted  samples  changed wi th  
anneal ing  in a fashion s imi lar  to those of zinc im-  
plants.  The surface ca r r i e r  concentra t ion increased 
above 700~ as it  did for zinc. For  cadmium this in-  
crease p re sumab ly  results  a lmost  en t i re ly  from the 
increase in solubil i ty,  since negl igible  diffusion was 
observed.  Another  difference be tween  cadmium and 
zinc implants  was that  cadmium samples  genera l ly  
had to be annealed  to h igher  t empera tu re s  to achieve 
equivalent  values for sheet  res is t iv i ty  and mobil i ty.  
No measurab le  p - t y p e  layers  were  obtained in cad-  
mium implan ted  samples  unt i l  af ter  anneal  at 600~ 

Summary 
Ions of both zinc and cadmium can be implan ted  

into GaAs to form p - t y p e  layers.  The electr ical  p rop-  
er t ies  of the  layers  a re  dependent  on pos t - imp lan t a -  
t ion anneal ing  and genera l ly  tend to improve  signifi- 
cant ly  wi th  anneal ing  at r e l a t ive ly  low t empera tu re s  
for short  times. The fact tha t  e lectr ical  p roper t ies  
cont inue to change even af te r  considerable  anneal ing  
is consistent  wi th  the results  of Ru ther fo rd  sca t ter ing  
measurements  (9), which indicate  tha t  for heavi ly  
zinc implan ted  GaAs (dose ~ 1016/cm 2) considerable  
damage  remains  even af ter  anneal ing at 600~ For  
implan ted  doses < 1016/cm2 most damage  anneals  
away  below 6O0~ It  also mus t  be r emembered  tha t  
in the  case of zinc implants  considerable  diffusion 
occurs above 700~ and tha t  this  diffusion can affect 
the  e lectr ical  proper t ies  of the  layers.  Decomposit ion 
of the GaAs and outdiffusion of the  implan ted  atoms 
dur ing  anneal ing  can be l imited to an insignificant 
level  by  provid ing  a sui table  pro tec t ive  covering for  
the surface of the  sample.  
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The Preparation and Properties of Vapor-Deposited Epitaxial 
InAs,_xPx Using Arsine and Phosphine 

J. J. Tietjen, H. P. Maruska, and R. B. Clough 

RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

Single crystal l ine InAs~-xPx layers have been prepared by a vapor-phase 
growth technique previously used to prepare very h igh-qual i ty  GaAsl-xPx. 
These InAsl -xPz  alloys exhibit  electron mobilit ies equivalent  to the highest 
yet  reported for this system. Extensive electron mobi l i ty  data is reported 
for the alloys at 77~ At this temperature ,  a mobi l i ty  value of 120,000 
cm"/v-sec was measured for InAs, which is sl ightly higher than  previously 
reported. Vegard's law is obeyed over the entire composition range. Both n -  
and p- type doping has been achieved dur ing  vapor growth to provide a 
broad range of electrical resistivities and 

InAsl -xPx alloys have a broad range of band gaps 
and electron mobilities. Consequently, they have po- 
tent ial  advantage for a number  of device applications. 
These include infrared emit t ing (1) and detecting de- 
vices, uti l izing their low energy band gaps, and de- 
vices operating at high frequencies, which can take ad- 
vantage of their  high mobilities. Although results (2-5) 
have been reported per ta ining to improving the prep-  
arat ion and properties of mel t -g rown crystals, very  
little work has involved the vapor-phase growth of 
these alloys. 

Recently, a vapor phase growth method (6) has 
been described for the growth of GaAsl-xPx alloys, and 
the high purity,  homogeneity, and crystal l ine perfec- 
t ion of the crystals prepared by this technique has been 
demonstrated. With this growth method, Ga is t rans-  
ported as its subchloride via a reaction with HC1 gas, 
and AsH3 and PH3 serve as the sources of the group V 
elements. As a logical extension of this growth tech- 
nique, a simple subst i tut ion of In for the Ga has per-  
mit ted the preparat ion of InAsl -zPx  single crystals 
having very good electrical properties and crystal-  
linity. In addition, both n-  and p- type doping has been 
achieved, and mul t i layer  structures have been pre-  
pared. 

Experimental 
Apparatus aT~d materials.--The apparatus, shown 

schematically in Fig. 1, is essentially identical to that 
described previously (6) with the exception that  the 
source Ga is replaced by In. It consists pr incipal ly of 
a straight tube through which the per t inent  vapors 
pass. A large bore stopcock separates the growth re-  
gion from a forechamber which may be purged in-  
dependent ly  to facilitate insert ion and wi thdrawal  of 
the specimens without  contaminat ing the system. HC1 
gas, ASH3, PH3, and H2Se (which serves as the n - type  
dopant source) are all monitored into the apparatus by 
precision valves and flowmeters. P - type  doping is 
achieved by vaporizing metallic Zn in a heated s i d e -  
a r m  and t ranspor t ing the vapors into the deposition 
zone with H2 carrier  gas. 

With the exception of the use of In, 1 and <100>-  
oriented InAs single crystal l ine substrates, 2 the ma-  

Z Purchased  f rom Cominco Amer ican ,  Inc., Spokane,  Wash ing ton  
{manufac ture r ' s  repor ted  pu r i t y  is 99.9999%). 

2 Purchased  f r o m  Monsanto Company,  St. Louis, Missouri .  

p - n  junctions.  

terials employed in this study are as described pre-  
viously (6). The InAs substrates were mechanical ly 
polished to a flat, mir ror-smooth  finish, and then chemi- 
cally polished in a solution of 2% by volume of 
bromine in methanol.  Typical substrate dimensions 
were about 2 am 2 in area and 0.5 mm thick. 

Procedure.--The growth procedure also closely fol- 
lows that described previously (6). Freshly etched sub-  
strates are inserted in the growth chamber  and heated 
in hydrogen at a rate of about 20~ When the 
substrate temperature  reaches 600~ the AsHs flow 
is started in order to provide an arsenic atmosphere to 
stabilize the substrate surface. When the final operat-  
ing temperatures  are reached, the HC1 flow over the In  
is started and the epitaxial  deposition of InAs occurs. 
The flow of PH3 is then init iated and slowly increased 
to produce a final gas phase mixture  of AsH3 and PH3 
appropriate to the desired alloy composition. The de- 
pendence of the alloy composition on the concentrat ion 
of PH3 in the AsH3-PH.~ mixture  is presented in Fig. 2. 
By slowly increasing the PH3 flow, a region is in t ro-  
duced which is graded in composition from InAs at the 
substrate to the selected alloy composition. This graded 
region, which has been as thick as 50~ for phosphorus- 
rich a l loys , i s  included to minimize strain arising from 

AsH3+H ? 

PH3+Hz 

~ " P -  H 2 

~'---HzSe+H z 

I f 
HCI+Hz~__ ~ \ ../In'1 II CONTIN UE~ 

I TO EXHAUST 
AND STOPCOCK INDIUM 

ZONE 

~ - Zn+H 2 
IL___ SUBSTRATE 

CENTER DEPOSITION 
ZONE ZONE 

Fig. I. Schematic representation of vapor deposition apparatus 
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Fig. 2. Dependence of alloy composition on concentration of 
PH:+ in the AsH3-PH.I gas mixture. 

differences between the lattice constants of the sub- 
strate and the final alloy layer. 

The sum of the flow rates of pure  AsH3 and PH3 are 
in the range of 20-60 cm3/min. The HC1 flow rate is 
about 5 cm'~/min, and between 1 and 2 1/min of hy-  
drogen is used as a carrier. With these flow rates, with 
a substrate temperature  in the range of 675~176 a 
center zone tempera ture  of 950~176 and an indium 
zone tempera ture  of between 850 ~ and 950 ~ 
growth rates in the range of 1/4 to 1/z ~ /min are ob- 
tained under  s teady-state  conditions. Typical thick-  
nesses for the constant composition region of these 
deposits have been between 50 and 150~. 

Results and  Discussion 

CrystaIlinity and growth morphoIogy.--X-ray ana ly-  
sis by the Debye-Scherrer  technique indicates that 
these layers are single phase, cubic, solid solutions, 
and show no detectable range of composition. In  addi-  
tion, Laue back-reflection analysis reveals that the 
layers are epitaxial. The lattice constant  is presented 
as a funct ion of alloy composition in Fig. 3, which 
demonstrates that Vegard's law of solid solutions is 
obeyed in this system. This result  is in general  agree- 
ment  with those of Folberth (2), and Koster and Ulrich 
(7). The compositions were determined by chemical 
analysis  (8) with an accuracy of _+ 0.5%. 

Although no detailed evaluat ion of the crystal l ine 
perfection of these layers was carried out, examina-  

t ion by optical microscopy revealed that  macroscopic 
surface imperfections, such as hillocks, were prevalent  
only  in  phosphorus-rich alloys. For alloys containing 
less than  50% InP, surfaces are obtained which show 
vir tual ly  no gross structure,  and to the unaided eye 
appear to be mirror-smooth.  

Electrical proper t ies . - -The epitaxial  layers were ex-  
amined by Hall coefficient and resistivity measure-  
ments  using a technique (6) which permits  these mea-  
surements  to be made on layers as thin as 50~. Typical 
electron carrier concentrat ions for undoped alloys are 
in the range of 5 x 1015 to 1 x 1016/cm 3. The electron 
mobilities are presented as a function of alloy composi- 
tion in Fig. 4 and 5 for room tempera ture  and 77~ 
respectively. The data of other workers (3, 5, 9-11), 
and the results of a theoretical analysis of Ehrenreich 
(12) based on polar scattering alone, are included for 
comparison. In general, the mobil i ty  values at room 
tempera ture  are good. In addition, these data cor- 
roborate Ehrenreich 's  content ion that  alloy scattering 
is not dominant  in  this alloy system, at room tem-  
perature. The relat ively low mobil i ty values obtained 
for alloy compositions approaching InP  are a t t r ibuted 
to strain arising from lattice and thermal -expans ion  
differences between the InAs substrate and the alloy 
layer. It is anticipated that  fur ther  compositional 
grading can alleviate this problem. 

The data presented in  Fig. 5 are the most extensive 
data reported for 77~ for this alloy system and com- 
pare favorably with the best previously reported 
mobil i ty values. The mobil i ty  value of 120,000 cm2/v - 
sec for InAs is to be compared to the best previously 
reported value of 112,000 cm2/v-sec (9). However, the 
value of 18,000 cm2/v-sec for InP  is somewhat lower 
than the best reported value of 23,400 cm2/v-sec (10). 

Doping.--Doping of InAs has been investigated using 
H2Se gas as a source of Se for n - type  doping, and zinc 
for p - type  doping. Electron concentrat ions as high as 
3 x 10zg/cm "~ were achieved and in general  these crystals 
exhibit  inabili t ies comparable to the best reported in 
the l i terature  for untreated samples (11, 13). For  ex-  
ample, at carrier  concentrat ions of 1 x 10 zs and 3 x 10 TM 
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Fig. 3. Dependence of lattice constant on alloy composition in 
the system InAsl-xPx. The dependence observed by Folberth (2) 
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this paper. 

cm -3 the mobil i ty  values at room temperatures  are 
10,000 and 1,500 cm2/v-sec,  respectively.  Thus, doping 
to these high donor concentrat ions does not degrade 
the material .  With respect  to hole concentrations, 
values in the range of 5 x 1017 to 1 x 10]9/cm 3 can be 
readily obtained, with mobilit ies of be tween 150 and 
90 cm2/v-sec for this doping range. These compare with  
ear l ier  reported values as high as 120 cm2/v-sec for 
hole concentrat ions of about 2 x 1019/cm3 (11). 

Both n-  and p- type  doping were  also demonstra ted 
for some InAs l -xPx  alloys, and for InP, as charac-  
terized by point-contact  breakdown and the rmal  probe 
measurements .  In addition, mul t i l ayer  structures in-  
volving both n-  and p- type  regions were  prepared 
for selected alloy compositions. 

Conclusions 
The abili ty to prepare good-qual i ty  InAsl-~P~ alloys 

by a vapor -g rowth  method previously used for the 
preparat ion of GaAs~-,.P~ alloys has been demon-  
strated. Electron mobili t ies have been obtained for 
these InAsl-xP~ alloys which are comparable  to the 
best previously  reported values for m e l t - g row n  ma-  
terial. Both n- and p- type  doping can be achieved 
over  a broad resist ivi ty range, and these doped layers 
can be incorporated in mul t i layer  structures. Vegard 's  
law of solid solutions was found to be obeyed in this 
alloy system. 
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Oxygen Doping of Solution-Grown GaP 
L. M. Foster and J. Scardefield 

1BM Research Division, York town  Heights, New  York  

ABSTRACT 

The solubil i ty of oxygen in Zn-doped, so lu t ion-grown GaP was de termined  
from the degree of compensation of the Zn by the oxygen electrons. An oxygen 
content of 7 x 10 TM cm -3 was obtained for crystals grown at 1144~ from 
Ga-GaP  melts that were  doped with  0.016 m / o  (mole per cent) Ga203. The 
solubili ty of Ga203 in Ga as a function of t empera tu re  was also determined,  
and a distr ibution coefficient for oxygen be tween  the solid and liquid of 0.0055 
was derived.  The implications of these findings for the generat ion of red 
luminescence in GaP are discussed. 

Visible luminescence of high efficiency can be 
achieved in GaP that  is doped with  Zn and oxygen 
(1-3). Emission is a t t r ibuted in part  to recombinat ion 
of an electron bound to a neutra l  Zn-O complex with 
a hole on a distant Zn acceptor (4), and in part  to 
an exciton bound to a Zn-O nearest  neighbor pair (4, 
5). At room tempera tu re  this emission is centered at 
about 7000A. In addition, there  is an infrared band 
that  can be resolved at low tempera tures  into a spec- 
t rum characteris t ic  of ordinary  pair  emission between 
Zn and O on distant, randomly spaced sites (6). In 

the last case the oxygen behaves as an isolated, very 
deep donor at about 0.9 ev below the conduction edge. 
For the nearest  neighbor case, the donor energy is 
reduced by coulomb interact ion to about 0.4 ev. 

Zinc is a fair ly shallow acceptor in GaP and has 
been reported at 0.03 ev (7) and, more recently,  at 
about 0.06 ev (8, 9) above the valence band. 

Studies of this luminescence in GaP have almost all 
employed GaP crystals that  were  obtained by pre-  
cipitation from dilute Ga-GaP  solutions. To a large 
extent  this has been a mat te r  of convenience. How- 
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ever, it should be noted that at tempts to obtain effi- 
cient red-emit t ing  GaP from vapor or bulk growth 
processes have thus far been unsuccessful. 

Little was known about the oxygen content  of GaP 
because of the analytical  problems a t tending  its de- 
tection and measurement .  The present  investigation is 
concerned with the determinat ion of oxygen from its 
electrical behavior  in solut ion-grown GaP crystals 
that are co-doped with Zn. For this determinat ion it is 
assumed that oxygen acts as a singly ionized donor 
and in p- type mater ial  compensates one Zn acceptor 
for each oxygen atom present. The oxygen content  of 
a crystal can be deduced, therefore, from the reduction 
in hole concentrat ion that is effected by oxygen 
doping. 

The solubil i ty of oxygen in liquid Ga was also 
determined,  and its dis t r ibut ion coefficient between 
the Ga melt  and the solid GaP was obtained. 

Experimental 
Crystal growth.--GaP stock mater ial  was synthe-  

sized from Ga and PH.3 in a quartz, open- tube  fiow 
system. Unreacted Ga was removed by digestion in 
hot, aqueous HC1, then the coarsely granular  product 
was freed of surface silica contaminat ion from the 
glassware by two successive t reatments  in cold HF 
solution (25 parts H.~O : 1 part  HF).  

The degassed charge, consisting of 50g of Ga and 
7g of GaP [8 a/o (atomic per cent) P] was encapsu- 
lated in quartz. Dopants, as metallic Zn and Ga203, 
were added from a side a rm in  the system prior to 
sealing it off, A crystal  growth exper iment  consisted 
of lowering the capsule through a tempera ture  gradi-  
ent from 1185~ through the l iquidus (1144~ to 
850~ over a period of 16 hr. The precipitated GaP 
platelets were separated from excess Ga with HCI. 
Generally,  there was no difficulty in selecting one or 
more single crystal areas from which a 1/4 in.- long Hall 
bar  could be cut. The selected platelet was hand- lapped 
to a uniform thickness and polished on both sides to 
render  it perfectly t ransparent .  This was essential so 
that the crystal could be examined microscopically 
for the presence of free Ga. Gal l ium inclusions had 
to be avoided since the dis tr ibut ion coefficient for Zn 
between solid GaP and the melt  is very small  and the 
slightest amount  of entrapped 1Lquid could contain 
enough Zn to inval idate  its subsequent  quant i ta t ive  
determination.  

Zinc determination.--It will  be seen that  the in ter-  
pretation of the data depends on very accurate knowl-  
edge of the acceptor concentration, since the desired 
information (the degree of compensation that  is 
brought  about by oxygen additions) will, in general, 
be the difference between two considerably larger 
numbers.  Radioactive Zn was employed as the acceptor 
dopant to provide the necessary precision. 

The Zn determinat ions  were made on the actual 
Hall bars before contacts were applied for t ransport  
measurements.  The sample activities were compared 
wLth those of s tandards consisting of evaporated ali- 
quots of solutions of the same Zn source. Zinc sources 
with several different specific activities were used in 
the investigation to provide suitable sensit ivity over 
the entire composition range. Based on counting 
statistics alone, the determinat ion was good to ___ 2%, 
except in two cases where it was --+15%. These lat ter  
points fell on the smooth curve through the other  data, 
however, so no fur ther  ment ion  will  be made of 
them. Radiochemical pur i ty  of the isotope was estab- 
lished by gamma ray spectroscopy and half-l ife deter-  
mination.  

Three confirming experiments  were performed where 
na tura l  Zn was employed as the acceptor dopant, and 
its concentrat ion was subsequent ly  determined by 
radioactivation analysis. Since this is a destructive 
analysis, the Hall measurements  were made first, 
then the contacts were removed by etching prior to 
neut ron  activation. In  order to achieve high sensit ivi ty 

in this analysis it was necessary to effect a quite com- 
plete chemical separation of the Zn activity from the 
t remendously  greater  p32 activity. This is accomplished 
by first taking the sample into solution with hot aqua 
regia, then separat ing the Zn, with carrier  added, 
as ZnHg(SCN)4. It  was counted in this form and com- 
pared with Zn standards that had been irradiated at 
the same time. The Zn concentrat ions determined in 
this manner  agreed with those deduced from radio- 
active Zn doping to wi thin  2%. 

E~ectrica~ measurements.--Eight-arm Hall specimens 
were cut ul trasonical ly from the single crystal plate-  
lets. The identical samples were employed for both 
the electrical measurements  and determinat ion of the 
Zn concentrations. After  de terminat ion of the Zn con- 
tent, which is a nondestruct ive measurement ,  ohmic 
contacts were made with A u- Zn  alloy dots, and Hall  
effect measurements  were made by convent ional  d-c 
techniques. The electrical measurements  were checked 
over a ten-fold  range of current  values, and at mag-  
netic field strengths from 500 to 10,000 gauss. Hole 
concentrat ions were calculated from p -= 1/RHe. Only 
room temperature  data were employed. 

Results and Discussion 
The nominal ly  undoped crystals were n-type,  with 

a room temperature  carrier  concentrat ion of 2-4 x 101G 
cm -3 and mobi l i ty  of about 150 cm"/v-sec, going to 
600 at 77~ A single lot of synthesized GaP was used 
for all of the low-doped experiments  to avoid scatter 
of the data in this sensitive region due to different 
amounts  of residual background impurities.  

The room tempera ture  hole concentrat ion that  re-  
sults from Zn doping of this mater ial  in the 10 TM to 10 l'J 
cm -3 range is shown as the upper  curve of Fig. 1. The 
fact that  the hole- to-Zn ratio is anomalous in GaP, 
being too high for an acceptor energy level of 0.06 ev 
and actually greater than  uni ty  at the extremLties of 
the curve, has been discussed elsewhere (10) and will 
not be elaborated on here. It  wil l  suffice to say that  
this si tuation should exist in the Zn-O samples as well  
and should not affect the interpreta t ion of the hole 
compensation that  is brought  about by co-doping with 
oxygen. 

A second series of Zn-doped crystals was made fol- 
lowing exactly the same procedure as before, except 
that  Ga203 was also added to the system. The oxygen 
addition was constant  throughout  the series at 0.016 
m/o  Ga20,s, which is approximately the concentrat ion 
that experience here and elsewhere had shown to 
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resul t  in high photoluminescent  and e leet rolumineseent  
efficiencies in the red Zn-O band (2, 11). 

The reduced carr ier  concentrat ion that  is brought 
about by the addition of oxygen is shown as the lower 
curve  in Fig. 1. The reduction, the algebraic differ- 
ence be tween the two curves, is essentially constant 
at 7 x 10 TM holes cm -a regardless of the Zn concentra-  
tion up to about 10 is cm -3, where  this small  reduc-  
tion in carr iers  becomes lost in the data. At the di lute 
end, when the hole concentrat ion falls below 7 x 10 '~ 
cm-~, the compensation of the Zn is complete and the 
crystal  conduct ivi ty  changes over  to very  high re-  
s ist ivi ty n- type,  characterist ic of a donor deep in the 
energy gap. 

The constant compensation by the added oxygen is 
not expected behavior;  rather,  its solubili ty might  be 
expected to depend on the Zn concentration. Therefore,  
before the concentrat ion of compensat ing centers can 
be identified direct ly  wi th  the oxygen content  of the 
crystal, the situation that  obtains when an electr ical ly 
active solute is added to a crystal  of the opposite con- 
duct ivi ty  type must  be examined  (13). 

When a donor atom dissolves in intrinsic material ,  
the heat  of solution includes the energy gain of the 
electron as it drops to its new equi l ibr ium state at the 
Fermi  level,  Eis. When the mater ia l  is doped p-type,  
the Fermi  level  lowers to Epf and the donor solubili ty 
is increased by the Bol tzmann factor, exp (Eif ~ EPf)/ 
kT. However,  this is also the factor by which the hole 
concentrat ion increases when the Fermi  level  moves 
from Ei I to EpI. It  follows that  the donor solubil i ty 
ratio be tween p- type  and intrinsic mater ia l  equals the 
hole ratio, thus 

Sp exp (Eil/kT) p 

S i exp (EpI/kT) ni 
where  E is measured from the valence band, or 

P Sp = S i ~ [1] 
ni 

where  p and ni are the total  and intrinsic holes, re-  
spectively. Whether  our observation of a constant 
oxygen content  regardless of the Zn concentrat ion is 
to be expected depends on whether ,  at the growth 
temperature ,  the intrinsic holes predominate  over  the 
holes that  are contr ibuted by the Zn. We will  now con- 
sider that  aspect. 

Determination of ni . - -The intrinsic carr ier  densi ty at 
a given tempera tu re  can be de termined  in a number  of 
ways. We wil l  es t imate it f rom the solubil i ty of Zn in 
GaP as a function of its concentrat ion in the liquid. 
(These data had been taken while  establishing the 
hole vs. Zn relat ionship for ref. (10); upper curve  of 
Fig. 1 of this paper) .  It is shown for our crystal  growth 
tempera ture  of 1144~ in Fig. 2. All  of the solid does 
not precipi ta te  at the one l iquidus temperature ,  of 
course, and the liquidus itself wil l  va ry  slightly as a 
function of the Zn concentrat ion in the liquid. This is 
reflected in the scatter  of the data in Fig. 2 as com- 
pared to Fig. 1. The Zn concentrat ion in the solid was 
de termined  on the small  Hall  specimen only, but  for 
Fig. 2 this is taken to represent  the ent ire  7g of solid. 
The er ror  introduced by this approximat ion is not con- 
sidered serious for the purpose for which the infor-  
mation is to be used. 

Solubil i ty in the solid is de termined by the equi-  
l ibr ium (12) 

[Zn-Ga] [p] 
Zn(1) -}- VGa ---- Zn--Ga q- p; K1 = 

[Zn(1) ] [VGa] 
or 

KI [Zn(1) ] [VGa] 
Zn-Ga = [2] 

P 
When p ~ ni > >  Zn-Ga 

Zn-Ga= [ K'[VGa] ] [Zn(1)] ~_K2[Zn(1)] [3] 
ni 
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Fig. 2. Zn concentration in solid GaP as o function of its concen- 
tration in Go-GaP melts at I ]44~ 

and the  Zn dissolved in the solid is direct ly  propor-  
t ional to its act ivi ty  in the liquid. This dependence is 
almost exact ly  obeyed at low concentrat ions in Fig. 2. 

If the holes are contr ibuted pr imar i ly  by the zinc, 
then 

p ~ Z n - c a  > >  ni 
and [2] becomes 

p ~ Z n - c a  = [Kl[Vca]]l/2[Zn(1)] 1/2 -~ K3[Zn(1) ] t/'-' 
[4] 

and the Zn solubili ty is proport ional  to the square 
root of its concentrat ion in the liquid. A distinct slope 
of 1/z is not seen in Fig. 2 since at the lower  side a 
substantial  f ract ion of holes are still intrinsic, and at 
the upper  side non-ideal  behavior  of the Zn is becom- 
ing evident  as the solutions become concentrated. It  
suffices for our purpose to draw in a 1/z slope tangent  
as seen in Fig. 2. 

It remains now to determine  the intrinsic hole con- 
centrat ion that, together  wi th  the increasing contr ibu-  
tion of Zn holes, gives the best fit of the exper imenta l  
curve  be tween slope 1 and slope 1/z. 

Returning to [2], this cannot be solved explici t ly 
wi thout  approximations.  However ,  by invoking the 
two additional equi l ibr ia  

pn = n2i [5] 

and the neutra l i ty  condition 

Zn-Ga ~ n -  ---- p [6] 

eliminating n and p through simultaneous substitution, 
and letting/s ---- KI[Vca], we obtain 

K4[Zn (I) ] 
Zn-Ga = [7] 

[hi 2 + K4[Zn(1) ] ]1/2 

By arb i t rar i ly  selecting values for ni to adjust  the 
curve  shape, and normal iz ing to some value of Zn-c~, 
(2 x 1017 cm -3 was chosen) to e l iminate  the constant, 
various fits to the exper imenta l  curve of Zn-G,  vs. 
Zn (1) were  obtained. 

Figure  3 shows the fit for three  values of hi. The 
solid line is an exact  t racing of the exper imenta l  
curve of Fig. 2. F rom Fig. 3, ni is c lear ly  greater  than 
5 x 1017 cm -3. As noted by Trumbore  (14), the ex-  
per imenta l  curve  should begin to rise above the theo-  
ret ical  curve when the Zn holes begin to predominate  
over  the intrinsic holes since, rigorously, activities 
ra ther  than concentrat ions are required in (4) and 
the act ivi ty  coefficient of Zn in Ga is greater  than 
unity in these dilute solutions. We choose 9 x 1017 
c m - a  as the best value for ni. 

Returning now to Fig. 1, it is seen that  the con- 
stant solubili ty of oxygen in GaP, i r respect ive of the 
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Fig. 3. Comparison of the observed relation between tEe Zn 
concentration in the solid vs. liquid at 1144~ with that calcu- 
lated from various values for the concentration of intrinsic boles. 

Zn concentrat ion up to almost 10 Ls, is consistent wi th  
the large intrinsic hole concentration, according to 
relat ion [1]. At  Zn concentrations greater  than 10 is the 
oxygen solubil i ty would  be expected to increase pro-  
portional to the increase in Zn. This increase is indi-  
cated in Fig. 1 as a dotted line extension of the ex-  
per imental  curve  that  parallels  the "Zn only" curve. 
The continuation of the curve in this manne r  is 
c lear ly  permi t ted  by the  data. 

Solubility ol oxygen in gallium.--In the next  section 
we wil l  de termine  the distr ibution coefficient of oxy-  
gen be tween  the mel t  and the solid GaP for the par -  
t icular  conditions employed in this study. Before that  
can be done, however,  the solubili ty of Ga203 in Ga 
must  be measured in order to establish the m a x i m u m  
oxygen addit ion for which such a coefficient would 
apply. 

The solubil i ty was determined by a weight  loss 
method. A solid piece of ~-Ga.~O3 was obtained by 
flame fusion of Ga2Oa powder  .The weight  of this piece 
was measured before and af ter  holding it in Ga in a 
sealed quar tz  capsule at several  t empera tures  for 
sufficient t imes to achieve equil ibrium. This ranged 
from 72 hr at 900~ to 24 hr at 1200~ Care was taken 
to ensure that  the t empera tu re  was uni form over  the 
capsule and did not cycle; otherwise,  there  could be 
a continual  t ransport  of Ga203 f rom the  solid piece to 
the cooler  part  of the capsule. Before  obtaining the 
weight  loss, any Ga that  adhered to the piece was 
removed by boiling in 50% HC1 for 3 hr. (In a separate 
exper iment  it was established that  this t r ea tment  did 
not remove  any Ga203.) 

In order to de termine  the t rue solubil i ty of oxide in 
the liquid, it was necessary to correct for that  lost in 
filling the free space of the system. The volat i le  species 
is the suboxide, Ga20, which is formed in the reaction 

Ga203 -F 4Ga ---- 3Ga._,O [8] 
for which 

[pG~,2o] s 
K = ~ ( P e a 2 0 ) 3  [ 9 ]  

[aGa] 4 [aGa203] 

K had been obtained as a function of T by Cochran 
and Foster  (15). The Ga20 pressure calculated from 
[9], together  with the known free space in the capsule 
and the ideal gas relation, pv = nRT, permits  the cal- 
culation of the correction that  is to be subtracted f rom 
the measured weight  loss. The correct ion ranges f rom 
5.5% at 1200~ to 1% a 1000~ The final solubili ty 
curve  is shown in Fig. 4. The consistency of the data 
is at tested to by the straight  line plot of log Xca2o3 vs. 
1/T. From the slope of  the line, which is AH/R, we 
obtain an enthalpy of solution of • = 35.8 kcal /mole .  

Distribution o] oxygen between the mel t  and solid 
G a P . ~ F r o m  Fig. 4, the solubil i ty of Ga203 in Ga at 
the GaP crystal  growth t empera tu re  (1144~ is about 
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Fig. 4. Solubility of Ga.,O:~ in Ga as a function of temperature 

0.034 m/o  or approximate ly  twofold grea te r  than the 
oxygen addition that  was employed for the growth 
of the Zn-O doped crystals. (It is assumed for this 
purpose that  because of their  low concentrat ions the 
P and Zn do not affect the oxide solubil i ty in the 
melt.) Therefore,  a distr ibution coefficient, k can be 
der ived for our case which should be applicable to 
neighboring compositions as well. Again, it is neces- 
sary to examine  the loss of oxygen to the vapor. In 
this case, however,  since the free space in the system 
is small  (ca. 7 ml) and the t empera tu re  is moderate.  
a calculat ion similar  to that  in the previous section 
shows a loss of less than 1%, which can be neglected. 
F rom Fig. 1 was obtained an oxygen content  of 7 x 
1016 c m - a  for the Zn-O doped GaP crystals. This is 
an atom fract ion of 2.65 x 10-6 (considering P and Ga 
as separate enti t ies) .  This resulted f rom an oxygen 
addition of 0.016 m/o ,  or 4.8 x 10 -4 atom fraction, to 
give a distr ibution coefficient of 0.0055. 

From analysis of the Zn-O exciton and pair band 
spectra, Henry  et al. (4) est imated that  there  were  
5 x 1016 cm -3 Zn-O complexes in GaP crystals that  
had been grown at 1050~ from a mel t  that  was doped 
with 0.01 m / o  Ga203. F rom our distr ibution coeffi- 
cient of 0.0055 we too calculate an oxygen content  of 
5 x 1016 cm -3 for this case. It is recognized that  this 
perfect  agreement  must  be somewhat  fortuitous, con- 
sidering the approximations that  go into the two in-  
dependent  determinations.  

Conclus ions 
The oxygen content  of p - type  GaP that  is grown 

from Ga-8 a /o  P solutions that  are  doped with 0.016 
m / o  Ga203 is 7 x 1016 cm-~. This is independent  of the 
acceptor concentrat ion of the crystal  up to approx-  
imately  10 TM cm-a.  This behavior  is consistent with an 
intrinsic hole concentrat ion at the growth tempera ture  
of about 9 x 1017 cm -~, which fixes the Fermi  level  
and removes the dependence of the donor solubili ty on 
the acceptor content  of the sample. Under  the exper i -  
menta l  conditions of this investigation, the distr ibution 
coefficient of oxygen between the solid and liquid is 
0.0055. Util ization of this coefficient is l imited to Ga._,O:; 
additions below 0.034 m/o,  which is the solubili ty of 
Ga._,O3 in Ga at the growth tempera ture  of 1144~ 

Some consequences of these findings are noteworthy.  
Gershenzon et aL (11) found that  the m a x i m u m  photo-  
luminescent  efficiency in the red Zn-O band was 
achieved with oxygen additions to the  melt  of 0.01 
m / o  Ga203. From Fig. 4 it is seen that  this is essen- 
t ially the solubil i ty l imit  of Ga203 in Ga at their  
g rowth  t empera tu re  of 1050~ We suggest that  the 
efficiency was l imited by the solubili ty of oxygen in 
the melt, which in turn l imited the solubil i ty in the 
solid. 

There are other  observations that  confirm this view. 
Ladany (16) made  very  large oxygen additions (0.4 
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m/o Ga203) to Zn-doped Ga-GaP melts when form- 
ing p -n  junct ions by liquid phase epitaxy onto n - type  
substrates for the production of EL diodes. Although 
this is th i r ty-  to forty-fold greater  than  the oxide 
addition typically employed in this process (2), the 
quan tum efficiency of the diodes was essentially un-  
changed. In our laboratory we have observed little 
difference in the efficiency of red luminescence in GaP 
whether  there was a continuous flow of oxygen through 
the crystal growth system, whether  a small  addition of 
Ga203 (0.01 m/o)  was made, or, as was the case in one 
instance, a minute  accidental admission of air occurred 
through a crack in the quartz envelope. These obser- 
vations too can be explained by the very low solubil- 
ity of Ga203, which limits the oxygen concentrat ion 
in the melt  to a low value irrespective of the amount  
of solid oxide phase present. 

It appears that because of this low solubil i ty of 
oxygen in the liquid and its low dis tr ibut ion coefficient 
between the liquid and solid, the oxygen concentrat ion 
of 7 x I0 l~ cm -a  that  was determined in this work 
cannot be greatly exceeded. Crystal  growth at higher 
temperatures  would increase the oxygen solubili ty in 
the liquid according to Fig. 4 and, if the distr ibution 
coefficient is insensi t ive to temperature,  this increase 
would be reflected in a greater oxygen content  of the 
solid. However, practical considerations limit the 
growth temperature  in quartz systems to 1150~176 
From Fig. 1, it is seen that  some increase in oxygen 
solubili ty should result  from increase in Zn doping 
above the intrinsic range of about 10 TM cm-~. Whether  
the increase in Zn-O pairs that could be achieved in 
this way would result  in greater  external  luminescence 
efficiencies is doubtful.  Concentrat ion quenching can be 
expected, and the increased free carrier absorption in 
this doping range begins to darken the crystal. 

The very low concentrat ion of the Zn-O lumines-  
cent centers in optimally doped GaP suggests that  the 
desired luminescent  process might be very vulnerable  
to degradation by various competing processes. The 
concentrat ion of impuri t ies  such as Si, Ca, A1, Be, and 
Mg, that form stable oxides, cer tainly should be main-  
tained well  below the oxygen concentrat ion so as not 
to compete with the Zn. Many other trace impuri t ies  
that do not form stable oxides could still compete for 
the electron that is bound to the Zn-O complex and 
introduce al ternat ive decay paths. The fact that it is 

difficult to achieve high red luminescence efficiencies 
reproducibly in GaP probably reflects the difficulty in 
avoiding very low concentrat ions of competing centers. 
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Enhanced Gold Solubility Effect in Heavily n-Type Silicon 
S. F. Cagnina 

Fairchild Semiconductor Research & Development Laboratory, Palo Alto, California 

ABSTRACT 

Using radiotracer methods, a s tudy has been made of the increased gold 
solubil i ty in uni formly  heavily n-doped silicon. Data for both phosphorus and 
arsenic showing gold solubili ty as a function of doping is presented. The gold 
solubil i ty at 1000~ begins to increase substant ia l ly  for concentrat ions of 
donor impur i ty  in the range 1019 cm -3, al though a difference in this increase 
between arsenic doping and phosphorus doping was noted. The data was re-  
lated quant i ta t ive ly  to an ion pair ing model which appeared to best explain 
the results. 

As gold is useful in silicon for controll ing minori ty  
carrier lifetime, its properties in silicon have been 
studied extensively (1, 2). An impor tant  effect, little 
studied to date, is the apparent  enhanced solubil i ty of 
gold in  n + (phosphorus) layers. Wilcox et al. (3) 
found that the presence of a diffused phosphorus layer 
resulted ha higher gold concentrat ion (in excess of the 
normal  solid solubili ty) in such a layer. Such an effect 
was not observed for heavily boron-doped layers. In  

addition, the diffusivity of the gold was found to be 
retarded significantly by the presence of phosphorus 
(3). Joshi and Dash (4) studied the distr ibution of 
gold in phosphorus diffused silicon and interpreted 
their  results in terms of the Reiss theory (equivalent  
Shockley-Moll theory) of solubili ty enhancement .  
Some authors have at t r ibuted this effect to the forma- 
tion of gold phosphide precipitates as delineated by 
transmission electron microscopy and x - r a y  topog- 
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raphy (5, 6). While precipitat ion may occur, the pres- 
ent paper is concerned solely with a solubil i ty effect. 

The present  paper deals with the enhanced solubility 
of gold in a quant i ta t ive  manner ,  contrast ing the gold 
solubili ty in silicon wafers heavily doped with phos- 
phorus, arsenic, and boron. To avoid precipitat ion 
effects and to ensure that  a t rue gold solubili ty was 
being measured, only wafers homogeneously doped 
were used in  the experiments.  Thus, large dislocation 
densities generated dur ing the n + diffusion (part icu-  
larly of phosphorus} and any subsequent  precipitation 
of gold were avoided. Special experiments  were per-  
formed to ascertain that  precipitat ion was not in-  
fluencing the results. 

Theory 
Shockley-Moll theory.--For some time now, in ter-  

actions between impurit ies in solids have been de- 
scribed in terms of chemical reactions (7). Reiss et al. 
(8) showed how the law of mass action could be ap- 
plied to explain enhanced solubili ty of l i th ium (a 
donor) in boron-doped silicon. Using thermodynamic  
arguments,  expressions of a general  na ture  were de- 
rived relat ing the donor concentrat ion (e.g., ] i thium) 
to the boron concentration.  Subsequently,  the same 
theory was reformulated by Shockley and Moll (9) 
arguing from a somewhat  different point of view. In 
addition to solubili ty enhancement  of l i thium, similar 
effects have been noted for gal l ium in germanium (10) 
and for copper in silicon, germanium, and gall ium 
arsenide (11). 

To unders tand  how the presence of one charged 
impur i ty  can affect the solubility of another  charged 
impuri ty,  we shall consider the basic a rgument  pres- 
ent  in ref. (9). If an amphoteric impur i ty  (such as 
gold) is diffused to saturat ion in silicon containing a 
p -n  junction,  then we state that  the concentrat ion of 
neut ra l  impur i ty  should be uniform throughout  the 
silicon since the only "force" acting on the neut ra l  
atoms is diffusion. In other words, the concentrat ion 
of neut ra l  impur i ty  should be independent  of the local 
electropotential or Fermi  level. But the impur i ty  atoms 
in other charge states wil l  be dependent  on the Fermi  
level; in fact, the ratio of the concentrat ion of impur i ty  
in any two charge states will be given by the ratio of 
the Bol tzmann factors. Thus the solubility, or total 
number  of atoms in all charge states, will  be altered 
by the presence of other charged impurit ies if the 
concentrat ion of these impurit ies is sufficiently large 
to affect the Fermi  level. 

At room temperature,  subst i tut ional  gold in silicon 
possesses a donor level Eo ~-~ 0.35 ev above the valence 
band edge and an acceptor level EA = 0.54 ev below 
the conduction band edge (12). The ratio of gold atoms 
in each charge state is (negative, neutral ,  and positive, 
respectively) t 

N A u -  : NAuo: NAu + 

= exp [(EF--EA)/kT]:I:exp[(ED--EF)/kT] [1] 

in which EF is the Fermi  level, k is the Bol tzmann 
constant, and T the temperature.  In  the following 
analysis we shall assume that the gold solubili ty is 
always much less than  ND, the shallow level donor 
density, and that the shallow level donors are all ion- 
ized since at the temperatures  considered the Fermi 
level is not far from midgap. 

Using the equation 

n = ND -}- p [2] 

and the equi l ibr ium relat ions ~ 

np = ni 2 [3] 

n = ni exp [E~. --  E i ) /kT]  

1 Technically,  spin degeneracy  factors should be included for 
each level (13). However ,  omission will not alter the fo rm of the 
der ived expression. 

In  these expressions, n denotes the electron concentration,  p the 
hole concentration,  nl the intrinsic car r ie r  concentration,  and Ei is 
the intrinsic Fe rmi  level. 
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it can be shown after a little algebra that  

{ ND ~ "X/ND2 ~- 4ni " } 
N A u -  = [NAu-]i 2 ni 

NA,o = [NAuo]i 
2 ni ] [4[ 

NAu+ = [NAu+]i 
ND ~- \ /ND 2 -t- 4 n i  2 

in which the bracket  []i denotes the value of the en-  
closed quant i ty  in intr insic silicon. The total gold con- 
centrat ion (i.e., the solubili ty) is the sum of the above 
three terms. 

NAu = N A n -  + NAu o -~- N A u +  [5 ]  

It is clear that  solubil i ty enhancement  in n- type  
silicon occurs through the action of the gold acceptor 
level. Apparent ly,  in the same n- type  silicon, a con- 
comitant  lowering of the gold concentrat ion in the 
donor state also occurs. This is a negligible effect since 
the concentrat ion of gold in the positively charged 
state is very small  to begin with, as solubili ty en-  
hancement  through the action of the gold donor level 
is heavily doped p- type silicon has not been observed 
(3). For the gold solubili ty to be unaffected by a de- 
creasing Fermi level in heavily p- type silicon, then 
the ratio of positively charged gold to neutra l  gold 
should be considerably less than 1, i.e., exp [ (ED-- 
Ev)/kT] < <  1. Thus, we assume the donor level ED 
to be at least 2 kT units  below the Fermi  level (about 
0.2 ev at l l00~ Neglecting the small  contr ibut ion of 
positively charged gold, the gold solubil i ty as a func-  
t ion of doping is then 

NAu = NAu(ND = 0) 

{ N D - - 2 n i ~ - V N D 2 ~ 4 n ' 2  ) [ N A a _ ] i  [6 ] 

-{- 2ni 
A prominent  feature of the above equation is that 

the gold solubil i ty begins to increase when  ND ,-- nl 
[an extrapolated value of ni is of the order 101" cm -:~ 
at 1000~ (14)] the point at which the silicon is no 
longer intrinsic. Unfortunately,  nei ther  the gold 
energy levels nor nl are precisely known at tempera-  
tures in the range 1000~176 so that an exact 
comparison between theory and exper iment  is not 
possible. However, in the l imit  for large values of ND, 
the solubility goes as 

ND 
[NAu- ] i 

ni 

Therefore, from an experimental plot of NAn VS. No, 
we should observe a slope of one on a log-log plot for 
sufficiently large values of ND. 

Ion pairing.--As the existence of a phosphorus-gold 
compound (Au2P3) is known, one must also consider 
the possibility of ton pairing between gold and phos- 
phorus and its effect on gold solubility. The most 
straightforward approach is that of Reiss et al. (8) 
and the techniques used by these authors will be ap- 
plied to a hypothetical (but not unique) pairing re- 
action, i.e. 

{AU}sub,o -[- e -  + p+ ~ {AuP} [7] 

in which AUsub,o is a neutral substitutional gold atom, 
e-  is an electron, P + an ionized phosphorus atom, and 
{AuP} is a neutral gold-phosphorus ion pair. From 
the law of mass action it follows that 

Cp 
= K [8] 

(NAuo) r iND 

where Cp is the neutra l  pair concentrat ion and K is 
the reaction constant. From Eq. [2], [3], [8] it follows 
than [see ref. (8) ]a 

Cv= K(NAa~ { ND'2 -~ ND'x/ND2 + 4ni2 [9] 

Note that  in the limit of ND large compared  wi th  ni, the pair 
concentrat ion goes as the square of the doping (C~ oc NnS). Also 
this expression assumes NAu < <  ND. 
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It is impor tant  to realize that the occurrence of ion 
pairing presupposes solubili ty enhancement  through 
variat ion of the Fermi  level  since both are mass action 
effects. In addition, those phosphorus atoms that  pair 
will  no longer contr ibute  an electron to the conduc- 
tion band and this wil l  therefore  affect the Fermi  
level, par t icular ly  the value of ND to be used in Eq. 
[6]. Exper imenta l ly ,  it wi l l  be shown that  solubili ty 
enhancement  approaches 1017 cm -3 for dopings in the 
1019 cm -3 --1020 cm -3 at 1000~ Since the gold con- 
centrat ion is always much less than the doping con- 
centration, the number  of doping atoms removed if 
pair ing does occur will  also be much less than the 
doping concentra t ion and can therefore  be neglected. 
In summation, the total  gold solubili ty in the presence 
of ion pair ing wil l  be the sum of Eq. [6] and Eq. [9]. 

Experiment 
A brief description of the exper imenta l  technique 

employed is as follows: A known amount  of nonradio-  
act ive gold was tagged with several  mill icuries of 
Au 19s (half  life = 2.7 days) in a solution whose vol-  
ume was 25 ml. 4 F rom this, 5k ( lk = 0.001 ml) was 
pipetted into a test tube which therefore  contained a 
known amount  of gold (by volume rat io)  as well  as a 
known act ivi ty  (measured) .  This therefore  served as 
a cal ibrat ion s tandard for the run relat ing number  of 
gold atoms to counts per minute.  Gold was chem- 
plated onto a lapped surface of the silicon wafers  to 
be diffused (usually five, thickness 200~ or less) by 
inject ing the gold chloride solution into a bath of 10: l 
hydrofluoric acid (HF) solution in which the wafers  
lie (3). Pla t ing was al lowed to take place for approxi-  
mate ly  5 min. The amount  of gold plated was approxi -  
mately  two orders of magni tude  larger  than that  
needed to satisfy the solid solubili ty requirements .  
The wafers  were  then rinsed with  deionized water,  
blown dry, and diffused. 

The solid solubil i ty was measured at a par t icular  
t empera tu re  by diffusing the wafers  to saturat ion and 
measuring the bulk gold concentration. To determine  
the t ime required for saturation, a series of equally 
heavi ly  doped n- type  wafers  were plated with  gold 
as described and each wafer  was diffused for vary ing  
lengths of time. Heavi ly  doped n- type  wafers were  
used to de te rmine  the t ime to reach saturation since 
the diffusion rate for gold is progressively lower the 
higher  the doping. This behavior  is due to the in-  
creased gold substi tut ional  solubility. That  the diffu- 
sivi ty should be concentrat ion dependent  was first 
shown in a paper by Frank  and Turnbul l  which dis- 
cussed the rapid diffusivity of copper in dislocated 
ge rmanium crystals (15). Like copper in germanium, 
gold in intrinsic silicon is bel ieved to have a high in-  
terst i t ial  diffusivity with low interst i t ial  solubility, 
and low substi tutional diffusivity wi th  high substi tu- 
t ional solubil i ty (16). An expression was der ived in 
ref. (15) which shows that  the effective diffusivity 
should be approximate ly  inversely  proport ional  to the 
substi tut ional  solubility. The re tarded diffusivity of 
gold in heavi ly  doped n- type  silicon was observed 
during the course of study. For  example,  a l ightly 
doped wafer  was observed to complete ly  saturate 
with gold in less than a day at 1000~ whereas  a 
heavi ly  doped sample requi red  seven days. As men-  
tioned, a set of heavi ly  doped wafers  were  plated with 
gold and diffused vary ing  lengths of time. That  t ime 
at which the gold concentrat ion no longer changed 
with added diffusion was taken as the saturat ion time. 
Once the saturat ion t ime at a par t icular  t empera tu re  
was determined,  wafers  of various doping levels were  
diffused wi th  t racer  gold for that  length of t ime and 
evaluated  as previously  described. 

In order  to avoid surface accumulat ion of gold (17), 
each wafer  was etched to about 60~ after  diffusion and 
t reated with hot "Auro Strip," a commercia l ly  avai l -  
able cyanide compound which readily dissolves gold. 
This la t ter  operat ion is critical, since it was found 
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that  a large percentage of the gold contained in the 
etched silicon plates back onto the wafer.  Af ter  being 
rinsed with deionized water  and blown dry, the sample 
was weighed in an anlytical  balance to an accuracy of 
bet ter  than 1%. The sample was then dissolved in 
about 4 ml of HF-HNO3 mix ture  and counted re-  
peatedly for t imes sufficiently long so that  the stand- 
ard deviat ion was less than 1%. The gamma radiation 
produced by the Au 19s was measured using a tha l l ium-  
act ivated sodium iodide photodetector  assembly in 
conjunction with an amplifier, single channel  analyzer,  
and scaler. By comparing the count rate of the dis- 
solved wafer  wi th  that  of the prepared calibration 
standard, the number  of gold atoms in the sample is 
determined.  The weight  measurement  determines  the 
volume. Thus, the gold concentrat ion is known. 

Results and Discussion 
The exper imenta l  procedure was performed for 

phosphorus and arsenic (and in one case boron) doped 
wafers at t empera tures  of 1000 ~ and ll00~ 5 Shown 
in Fig. 1 and 2 are measured gold concentrat ions at 
each of these temperatures ,  normalized with  respect 
to the intrinsic solubil i ty measured as a function of 
donor density. The donor concentrat ions were  inferred 
from resist ivi ty measurements  using Irving 's  data 
(18). Values of intrinsic solubil i ty (i.e., ND small) 
found were  (NAu)o ~ i . i  x 10 TM cm -a at lO00~ and 

Uni fo rmly  an t imony  doped wafe r s  of sufficiently low res is t iv i ty  
c o u l d  n o t  b e  obtained.  
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(NAu)o = 3.6 X 1016 cm -~ at ll00~ both of which are 
in excellent agreement  with previously reported re- 
sults (12, 19). Autoradiographs of the gold-doped 
wafers made by placing an etched sample atop denta l  
x - r ay  film revealed homogeneity, as best as could be 
determined,  of the gold in the silicon for both the 
lightly doped and heavily doped samples. Reproduci-  
bili ty of measured gold concentrat ions from r un  to 
run  bore out the estimate of about 5% absolute ac- 
curacy and better than  2% relat ive accuracy. 

Figure 1, which gives the data for l l00~ diffusions, 
clearly shows an increased gold concentrat ion (about 
a factor of 4) for phosphorus doped silicon in the 6 x 
1019 cm -3 concentrat ion range. Unexpectedly,  a heavily 
arsenic doped wafer showed a smaller value of en-  
hanced solubility. A boron doped sample (1.5 x 10 TM 

cm -3) gives no indication of the enhanced solubil i ty 
effect, in agreement  with previously reported results 
(3). 

More revealing is the data shown in Fig. 2 which 
gives the same data for 1000~ Note that  as the tem- 
perature is decreased, the silicon becomes more ex- 
trinsic for any  given value of heavy doping and there-  
fore a larger effect can be expected. Again, heavily 
arsenic doped wafers showed a consistently smaller 
value of enhanced solubil i ty than do phosphorus doped 
samples. Equal ly  interest ing is the fact that  the slopes 
of the curve of gold concentrat ion vs. donor density is 
close to a slope of two for both impurit ies whereas the 
enhanced subst i tut ional  solubil i ty effect predicts a 
max imum slope of one (see Eq. [6]).  At first it was 
thought that a mobil i ty difference might exist between 
heavily phosphorus and heavily arsenic doped silicon 
which might explain the apparent  solubili ty differ- 
ence. 6 Hall  effect measurements  made in this labora-  
tory on silicon samples heavily doped with phosphorus 
and arsenic showed no significant difference in mobil-  
ity. Mobility difference between phosphorus and 
arsenic doped silicon has been alleged to exist (20); 
however, it is too small to explain the difference seen 
in Fig. 2. 

As precipitates of both As and P have been observed 
in as-grown heavily doped material  (21), it is possible 
that the difference observed could be due to differences 
in the amount  of dopant precipitated. That is, the 
precipitated As or P could go back into solution at 
the solubility temperature (and thus be electrically 
active) whereas the precipitates would be inactive dur- 
ing the resistivity measurement (room temperature). 

Since it was recognized that the data used to evalu- 
ate the donor concentration from the resistivity (Irvin's 
data) (18) is a composite made up from various 
sources, it was decided to re-evaluate Fig. 2 using these 
original sources. In every case it was found that the 
shape of the characteristics was approximately the 
same, the major changes being shifts along the ND axis. 

For comparison purposes, a theoretical curve giving 
the enhanced substitutional solubility effect (Eq. [6]) 
is shown in Fig. 2. For this evaluat ion a value of ni 
1.4 x 10 t~ cm -3 was used [extrapolated value from 
data of Morin and Malta (14) ]. The parameter  [NA,- ] ~. 
the gold concentrat ion in the negat ively  charged state 
in intrinsic silicon, was assumed equal to 0.27 NAt ' (O), 
where NAu (O) is the gold solubili ty in intrinsic silicon. 
Clearly, this curve is inadequate  to explain the data. 
To see if a pair ing model might explain these results, 
the value of gold solubility in excess of the value pre-  
dicted by Eq. [6] was plotted for phosphorus as a func-  
t ion of doping. In  Fig. 3 are shown the resul tant  points 
in addition to which is plotted Eq. [9] which gives the 
predicted pair density, l i t  was assumed that  KNAu o 
(1.2 x 10 -39) NAu(O).] As can be seen, good agreement  
exists between the theoretical curve and the experi-  
mental  points. In  fact, since pair ing appears to be the 
dominant  mechanism, no essential assumptions need 
to be made at which point Shockley-Moll solubili ty 

6 T h e  r e s i s t i v i t y  is i n v e r s e l y  p r o p o r t i o n a l  to t h e  m o b i l i t y .  
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fit was plotted from Eq. [10]  assuming that KNA,,o = (1.2 x 
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enhancement  commences in order to obtain an ap- 
proximate fit in Fig. 3. 

As gold and phosphorus are known to form a com- 
pound (22) which has also been seen as precipitates 
in silicon, a pair ing model to explain our results is not 
unreasonable.  The author has not been able to find 
direct evidence of the existence of an arsenic-gold 
compound but, since arsenic and phosphorus are in 
the same group in the Periodic Table, their  chemical 
behavior should be similar. Although the data shown 
for arsenic in Fig. 2 does not  cover as wide a range  as 
does that  for phosphorus, it too appears to have a 
slope approximately equal to two. A plot similar to 
Fig. 3 could also be made for the arsenic case, although 
it would be less convincing since there are less data. 

Joshi and Dash (4), in part, showed a gold profile 
in a diffused phosphorus region and at tempted to cor- 
relate the gold concentrat ion at each point with the 
phosphorus concentration. They pointed to the satis- 
factory agreement  between the gold concentrat ion 
measured and that predicted by a theoretical Shock- 
ley-Moll  curve though they still al luded to the forma- 
t ion of gold-phosphorus pairs. Our work corroborates 
their  assertion of gold-phosphorus pairing. 

The binding energy for a gold-phosphide pair can 
be calculated from statistical arguments  by consider-  
ing the product of number  of gold atoms in subst i tu-  
t ional  sites adjacent  phosphorus atoms and probabil i ty 
of a " jump" by this gold atom to a pair site. An analy-  
sis of this type yields the pair  density Cp as 

Cp -- (ND) (NAu-) exp [i0] 
Nsi 

in which Nsi is the density of silicon atoms and Ea 
is the binding energy. Using the data of Fig. 2 in this 
expression, we can estimate a b inding  energy of ap- 
proximately 1 ev. This number  is of the same order 
as the b inding  energy of radiat ion induced pairs in 
silicon (23). 

E1~ect of dislocations on solubili ty measuremen t s . - -  
Several special experiments  were performed to ascer- 
ta in  any gross precipitat ion of gold in the bulk  silicon 
after diffusion to saturation. As ment ioned previously, 
autoradiographs of l ightly and heavily doped samples 
indicated uni formi ty  as best as could be determined;  
however,  the resolution of the film used was poor, of 
the order 10-20 ~m. I t  was thought  that  if bu lk  pre-  
cipitates of gold were influencing the data, then in-  
creasing the density of dislocations might increase the 
measured bulk  gold concentration.  Accordingly, 
wafers l ightly doped with phosphorus were severely 
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dislocated by s tanding the wafers on end and insert ing 
into a 1280~ furnace. The wafers were then fast pulled 
from the furnace. This procedure was then repeated 
a number  of t imes (usual ly 4-6) unt i l  the wafers be- 
came warped and dislocated as high as l0 T cm -2. These 
samples were then annealed in the same furnace, lying 
flat on a quartz boat. The large dislocation densities 
produced were thus rendered stable. The same slices 
were plated with gold and diffused to saturat ion at 
l l00~ and pulled quickly from the furnace. Eva lua-  
t ion of the gold concentrat ion proceeded in the fashion 
given previously. It was found that  there was no dif- 
ference in gold concentrat ion between heavily dis- 
located and moderately dislocated controls (103-10 ~ 
cm -3) . 

This same exper iment  was repeated for heavily 
phosphorus doped wafers (ND ~ 5 x 10 TM cm-3) .  It 
was thought that possible formation of auric phosphide 
precipitates might be influenced by the dislocation 
count. After diffusion to saturation, wafers were both 
slow and fast pulled from the furnace. Again, no dif- 
ference whatever  in bulk  gold concentrat ion was noted 
between the dislocated samples and controls. 

These exper iments  do not imply that  precipitation 
does not occur. They do mean that  the total amount  
of gold deep in the bulk, whether  precipitated in solid 
solution or paired with a phosphorus atom at a sub-  
st i tut ional  site, does not change with dislocation den-  
sity. Any  gold which does precipitate on cooling comes 
from pair  sites or solid solutions; thus the average con- 
centrat ion of gold in the bulk does not change after 
precipitation. 

Segregation of gold in disused n + regions.--A dra-  
matic demonstrat ion of the high solubil i ty of gold in 
diffused n + regions was performed as follows: Silicon 
wafers, which contained diffused silicon diodes on one 
side, were doped with radiotracer gold from the back- 
side at 900~ using a 2 hr  diffusion t reatment .  After-  
ward, the slices were back etched (about 15 ~,m re-  
moved) and were then placed in a POC13 predeposi- 
t ion furnace at a tempera ture  of 1070~ for 15 min. 
It was found that the phosphorus glass on the backside 
contained a negligible amount  of gold in agreement  
with an earlier study (24). In all cases unusua l ly  large 
concentrat ions of gold were found in the 10 ~m of 
backside silicon which contained the n + region, where-  
as the gold concentrat ion in the bulk  decreased by two 
orders of magnitude.  The gold-doped wafers without  
the phosphorus t rea tment  showed a gold concentrat ion 
(averaged over the central  100 ~m of wafer) of ap- 
proximately 3.8 x 1014 cm -3. Those which received the 
"gettering" t rea tment  yielded an average gold concen- 
t rat ion of approximately 3.5 x 1012 cm -3. 

Reverse current  vs. reverse voltage measurements  
were made on the diodes fabricated in the gettering 
samples as well as the gold doped and unget tered ones. 
For both groups the reverse current  varied l inear ly  with 
reverse voltage on a log-log scale with slope 1/2, cor- 
responding to a p+n  step junction.  The current  level 
for the gettered case was approximately two orders of 
magni tude lower than the ungettered case in agree- 
ment  with the radiotracer analysis. (The space-charged 
generation current  is directly proport ional  to the gold 
concentration.)  

Conclusion 
The solubili ty of gold in heavily doped n- type  silicon 

has been measured in such a way as to place a high 
degree of reliance on the exper imental  results. Special 

exper iments  performed indicated that  precipitat ion of 
gold was not affecting the data in a deleterious way. A 
pair ing model appears to offer the best explanat ion for 
the behavior of gold solubili ty with doping. Solubil i ty 
enhancement  through action of the Fermi  level was 
found inadequate to explain the data. Probably  both 
of these mechanisms are occurring at the same time, 
al though pair ing appears to be the dominant  one. 

In addition, the enhanced solubil i ty of gold in n § 
regions was effectively demonstrated by using a dif- 
fused n + region to remove dissolved gold from the 
silicon bulk. 
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Oriented Impurity Precipitates in Single Crystals 
of Sodium Chloride-Barium Chloride 

K. N. Swamy Rao and A. S. Parasnis 
Department of Physics, Indian Institute of Technology, Kanpur, India 

ABSTRACT 

Single crystals of sodium chloride pulled from melt  containing 1% by 
weight of bar ium chloride have been observed to contain a second phase pre-  
cipitat ing throughout  the interior  in the form of th in  rods (10-25~ long) and 
well defined polygonal platelets (10-15~ in size). Two types of rods have been 
observed, one type oriented along <100> and the other along <110> direc- 
tions. The platelets are variously in the form of hexagons, octagons, decagons, 
and rhombi. The hexagonal  and octagonal platelets seem to lie on {l l l} .planes .  
Precipitates disappear on quenching the crystals and reappear on aging the 
crystals under  suitable conditions. 

Extraneous phases are known to precipitate in solids 
when the impur i ty  addit ive in solid solution begins 
to exceed the solubil i ty limit as a result  of slow cool- 
ing. Although a good deal of work has been done on 
metallic systems of technological importance not much 
extensive work has been done on nonmetal l ic  solid sys- 
tems. Alkali  halides being t ransparent  to optical wave-  
lengths belong to a convenient  class of solids for s tudy-  
ing by optical microscopy the processes of precipita-  
tion and in ternal  decoration of dislocations. Ame-  
l inckx (1) has shown that  dislocations in mixed crys- 
tals of alkali  halides are decorated by particles of a 
second phase. Suzuki (2) and Toman (3) have studied 
NaC1-CdC12 and NaCI-CaC12 systems by x - r ay  diffrac- 
tion techniques and have proposed a model of metast-  
able centers in the form of plate zones due to pre-  
cipitation. Similar ly Lil ley and Newkirk (4a, b) have 
investigated the s t ructural  aspects of precipitat ion in 
the LiF-MgF2 system. On the other hand, Dreeben (5) 
has reported optical microscopic observations on 
oriented precipitate particles in the CdS-Au system. 
Precipitates have been observed in KC1 crystals by 
Ewles and Dawson (6), in NaC1 crystals by Gi ra rd-  
Nottin and Taurel  (7), and in some alkali halide crys- 
tals by Bansigir  and Schneider (8). In the NaC1- 
BaCI., system Harvey (9) has observed decorated dis- 
locations. However, no direct microscopic observation 
on oriented impur i ty  precipitates in sodium chloride 
crystals, such as that  reported here, seems to have been 
made. 

Experimental Method 
The single crystals of sodium chloride used in  this 

investigation were grown in air in the laboratory from 
melt  containing 1% by weight of bar ium chloride, 
following a modified Kyropoulos technique (10), the 
growth rate being 3 mm/hr .  The materials  used were 
of B.D.H. Analar  grade. As soon as the entire melt  had 
solidified the boule was detached from the chuck hold- 
ing the seed and was carefully dropped back into 
the silica crucible in the same furnace. The boule was 
then cooled at the rate of l ~  down to room 
temperature.  Large cubical blocks cleaved from the 
boule looked turbid.  Th in  sections of about 0.2 mm 
thickness were cleaved from the blocks and mounted  in 
Canada balsam for microscopic observations. 

Microscopic Observations 
On examinat ion under  an optical microscope the 

specimens were found to contain, throughout  the in-  
terior, precipitates of a second phase. Several different 
forms were observed (see Fig. 1 to 5). 1 Careful ob- 
servations made on the geometry of the various pre-  
cipitate forms enable one to determine the or ienta-  
tions of the precipitates embedded in the NaC1 matrix.  

1 T h e  e d g e s  of  t he  p h o t o m i c r o g r a p h s  a re  pa ra l l e l  to t he  [100] a n d  
[010] d i r e c t i o n s  of  t he  c r y s t a l s .  

Most of the precipitates are in the form of either th in  
rods or hexagonally shaped platelets, but many  other 
forms also are observed (Fig. 1). 

Orientation of precipitates in the ]orm of thin rods . -  
Two types of rods are seen. Those of one type make 
angles of 45 ~ with the edges of cleavage sections. 
Figures 2 and 3 show them at lower and higher mag- 
nifications, respectively. It is seen that  they a r e  

oriented along <110> directions. By using the fine 
focus of the microscope it is possible to see the rods 
oriented along the other four <110> directions which 
are inclined to the plane of observation. The second 
type of rods are parallel  to the edges of cleavage sec- 
tions; this shows that  they are oriented along <100> 
directions. The rods oriented along the third <100> 
direction normal  to the plane of observation would be 
seen end-on  and would appear as "specks." It is, how- 
ever, possible to follow a "speck" in depth, by using the 
fine focus, and dist inguish it from specks as such. All 
of the three orientations of <100>-rods  are also seen 
at x in Fig. 2. Clearly they are far less numerous  
than those of the first type. The length of a < l l 0 > -  
rod is typically in the range of 15-25~. The lengths of 
<100>-rods  show a wider variation, 5-20~, but  on the 
whole they are shorter. 

Viewed under  crossed polarizers, the < l l 0 > - r o d s  
get extinguished for any orientat ion of the specimen 
with the transmission axes of the polarizers, while, for 
an arb i t ra ry  orientat ion of the specimen, the <100>-  
rods do not (see Fig. 4a and 4b). This means that either 
the two types are made of two different materials  (one 

Fig. !. Precipitates of various forms 
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Fig. 4. b. Same area as (a), viewed between crossed polarizers. 

Fig. 2. Precipitates in the form of rods oriented along ~ 110 
or ~ 100 ~ directions. 

Fig. 5. Showing a part of Fig. I at higher magnification. Hexa- 
gonal platelets in different orientations and an octagonal platelet 
are seen. 

Fig. 3. ~ 110 ~-rods at higher magnification 

being noncubic)  or  they  are  made  of the  same ma te r i a l  
but  the i r  opt ical  or ientat ions  are  different.  

Li l ley  and Newki rk  have  publ ished (4b) a photo-  
micrograph  of prec ip i ta te  rods which, according to 
them, do not seem to correspond to any ra t iona l  low 

Fig. 4. a. Showing some ~ 1 0 0 ~ - r o d s  and one ~110~>-rod,  
viewed by transmitted light. 

Fig. 6. Several hexagonal platelets and rhombus-shaped platelets 

index direction. Both types  of rods descr ibed in the  
present  work  are, however ,  definitely or ien ted  along 
s imple c rys ta l lographic  direct ions in the mat r ix .  Drey -  
fus (11) also has observed c rys ta l lograph ica l ly  or iented 
rod- l ike  prec ip i ta tes  in the  KC1-SmC12 system. 

Orientation of precipitates in the form of hexagonal 
platelets.--Figures 5 to 8 show hexagona l  platelets ,  
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Fig. 7. Platelets in the forms of hexagon, octagon, and deca- 
gon seen in relative orientations. 

Fig. 8. < 110 ~-rods, hexagons, and a decagon 

10-15~ in size, as seen on a {0Ol} plane. They are  all  
incl ined to the plane of  observat ion,  viz., a {001} plane,  
and a l though they  appear  to be i r r egu la r  t hey  could 
be r egu la r  hexagons in the i r  respect ive  planes.  The 
hexagonal  s y m m e t r y  suggests the  possibi l i ty  tha t  these 
are  {111} planes.  F u r t h e r  microscopic observat ions  and 
x - r a y  analysis  have confirmed tha t  the hexagons in 
fact lie on {111} planes.  

Precipitates of other forms.--(a) Figure  5 which is 
par t  of Fig. 1 observed at a h igher  magnification, 
shows, at "a," an elongated prec ip i ta te  which appears  
to be a p la te le t  ly ing  in the  plane of observa t ion  and 
or iented along a <110> direction.  
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(b) F igures  5 and 7, at  "b," show octagonal  platelets .  
These also are  incl ined to {O01} planes  and four  d i f -  
ferent  or ientat ions are  observed. Thus they, l ike  the  
hexagonal  platelets ,  seem to lie on (111} planes.  

(c) F igures  7 and 8 show, at "c," p la te le ts  which 
c lear ly  have  ten  sides. These decagons too are  incl ined 
to {OOl} planes  and p r e l im ina ry  observat ions  indicate  
tha t  they  lie on {111} or  nea r -  {111} planes.  

(d) In Fig. 6 are  seen, at  "d," p la te le ts  which  appear  
to be in the  shape of rhombi.  They  could, however,  be 
rec tangu la r  or square  pla te le ts  and are  only seen as 
rhombi  because of the i r  incl inat ion to the  p lane  of ob-  
servation.  

Al l  of these forms are, as can be seen in the photo-  
micrographs,  much less numerous  than  the  rods  of 
e i ther  kind and the  hexagons.  In  addi t ion to the  forms 
descr ibed so far  some others  also are  seen but  they  are  
not ve ry  prominent .  

Nature of Precipitates 
The precip i ta tes  seen in the  present ,  viz., NaC1-BaC12, 

sys tem are  a l l  t r ansparen t ,  unlike,  for example ,  those 
seen by Dreeben (5) in CdS-Au.  They are  thus some 
ba r ium compound, not  ba r ium metal .  I t  could be 
ba r ium chloride,  hydroxide ,  or a ch lo r ide -hyd roxy l  
complex.  F u r t h e r  invest igat ions are in progress  to de -  
t e rmine  the  deta i led  morphology  and na ture  of the 
precipi tates .  

Al l  of the prec ip i ta tes  can be dissolved back  into the  
solid by heat ing the crys ta l  to e levated  t empera tu re s  
below the mel t ing  point, and the impur i t y  r e t a ined  in 
solution by rap id  quenching in air. Such quenched 
crysta ls  do not show any precip i ta tes  when examined  
under  the microscope. Aging the same crys ta ls  in a i r  
at about  350~ for about  48 hr  resul ts  in the  r e a p -  
pearance  of or ien ted  precipi ta tes .  

Manuscr ip t  received August  19, 1968. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1969 
JOURNAL. 
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Technical Notes @ 
Silicon Dioxide Thermally Grown in a Silicon 

Nitride Ambient* 

Ronald A. Cohen* 
MIT Lincoln Laboratory, Lexington, Massachusetts 

and R. Wheeler 
Sprague Electric Company, Worcester, Massachusetts 

Many techniques have been used to reduce the 
number  of surface states and increase the stabil i ty 
of MIS devices. Recently,  much of the emphasis has 
been on the reduct ion of alkali  metal  contaminat ion 
of the silicon dioxide dielectric. Ul t rac lean processing 
techniques and mater ia l  for format ion of ul t raclean 
silicon dioxide, replacement  of silicon dioxide as the 
dielectric with silicon nitr ide as a more effective 
alkali  barrier,  and combinations of silicon dioxide 
with silicon nitride, controlled phosphorus gettering,  
and most recently,  the use of alkali  barr ier  l iners 
(silicon carbide) to replace convent ional  quar tz  tube 
and alumina l iner systems have all been t r ied with  
varying degrees of success. This note i l lustrates the 
use of silicon nitr ide as an alkal i  barr ier  l iner analo-  
gous to silicon carbide. 

Experimental Procedure 
MOS structures were  fabricated on <100> p - type  10 

ohm-cm silicon mater ia l  by a rout ine "clean" MOS 
process (1) with the oxidation being carr ied out at 
1200~ The normal  quartz  oxidation tube and high-  
puri ty a lumina l iner were  replaced by a single silicon 
nitr ide tube. 1 Electron beam probe analysis of the 
tube mater ia l  before and after  use showed no ob-  
servable  sodium to the limits of the te~ting technique. 
The tube was cleaned by etching in a 10/1 solution of 
distil led deionized wate r  and concentrated HF for 15 
min, r insed for 1 hr  in 18 megohm-cm water,  dried 
in a Class 100 ambient  overnight ,  and finally baked in 
its entire length at 1000~ with  oxygen  flowing. 
Capaci tance-vol tage measurements  (2) were  used to 
evaluate  the qual i ty  of the oxide. In the course of 
this work  it became necessary to shut down and 
move the apparatus. Later,  the furnace was react i -  
vated and result ing exper imenta l  wafers  were  of low 
quality. The silicon ni tr ide was then recleaned by 
the above procedure and the resul t ing wafers  were  
again of high quality. 

Results and Discussion 
The capaci tance-vol tage  measurements  were  carried 

out at room tempera tu re  and after  a tempera ture-b ias  
t rea tment  of 300~ under  a 1 x 106 v / c m  negat ive 
field. Shifts in flat band voltage of 0.1-0.7v were  ob- 
ta ined corresponding to 1.0 to 8.0 x 10 l~ q / c m  2. A com- 
parison of this result  to those obtained by Schmidt  (3) 
are shown below: 

L i n e r  m a t e r i a l  ~q/cm~ 

H i g h - p u r i t y  a l u m i n a  (3) 3.0 • 101~ 
Si l i con  carb ide  (3) 4.5 x 10 t~ 
Si l i con  ni tr ide  1.0-8.0 • 10 lo 

7 T h i s  w o r k  w a s  s p o n s o r e d  in  p a r t  by  t h e  U .S .  A i r  Fo rce .  
* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
t S i l i con  n i t r i d e  t u b e  w a s  o b t a i n e d  f r o m  H a y n e s  D i v i s i o n  of 

U n i o n  C a r b i d e ,  K a l a m a z o o ,  M i c h i g a n .  

It is shown that  the h igh-pur i ty  a lumina can con-  
taminate  the silicon dioxide dielectric and the ord inary  
quartz tube which cannot be cleaned of alkali  metal  
and must then be scrapped. The silicon ni t r ide  tube, 
if accidental ly contaminated,  can be cleaned and re -  
turned to satisfactory use. There is no data, to o u r  

knowledge, that  this is possible wi th  the silicon ca r -  
bide tube. 

The advantage of the silicon nitr ide tube is based 
on the fact that  silicon ni t r ide does oxidize (4) to a 
small  extent. Al though the silicon ni tr ide tube itself 
does not contain or al low alkali  meta l  contaminat ion 
to pass through it, the  inter ior  work area can be con- 
taminated by accident or by poor mater ia l  control  o r  

processing techniques. In addition, silicon ni t r ide also 
possesses small diffusion coefficients for alkali  metals,  
negligible alkali  metal  concentration, good the rmal  
conduct ivi ty  and the rmal  shock resistance, slow rate  
of oxidation, availabili ty,  and low price. 

Conclusions 
Alkali  barr ier  l iners appear  to be great ly  superior  

to convent ional  quartz  tubes and a lumina l iner  sys- 
tems. 

Silicon nitr ide liners can be recleaned and re turned  
to use if contaminated.  Much data are avai lable in 
the l i tera ture  on propert ies of silicon ni tr ide in re la-  
tion to si l icon/si l icon dioxide systems. Fu r the r  exper i -  
menta t ion  is necessary to determine  the re la t ive  ad-  
vantages of silicon ni tr ide and silicon carbide in this 
application. 

Acknowledgments 
The authors wish to thank K. Carrol  of NASA ERC, 

Cambridge,  Massachusetts, for the electron beam probe 
analyses. The major  portion of this work  was per -  
formed at NASA's  Electronic Research Center,  Cam-  
bridge, Massachusetts. 

Manuscript  received Dec. 2, 1968. 

Any discussion of this paper wi l l  appear in a Dis- 
cussion Section to be published in the December  1969 
J O U R N A L .  

REFERENCES 

1. F. Cocca, R. Cohen, and J. Simonne, Proc. IEEE, 
55, 2193 (1967). 

2. K. Zaininger, RCA Rev., 27, 341 (1966). 
3. R. Schmidt,  Recent  Newspaper  308 presented at 

Boston Meeting of the Society, May 5-9, 1968. 
4. N. C. Tombs and F. A. Sewell,  Jr., This Journal, 115, 

101 (1968). 

506 



Variation of Contact Resistance of MetaI-GaAs Contacts 
with Impurity Concentration and Its Device Implication 

Kenneth L. Klohn and Lothar Wandinger 
Electronic Components Laboratory, U. S. Army  Electronics Command, Fort Monmouth, New Jersey 

For efficient and reliable operation of microwave 
semiconductor devices which require h igh-cur ren t  den-  
sities, it is essential to use the lowest resistance ohmic 
contacts possible. The generat ion of excessive ohmic 
heating (I2Rs) limits the output  which can be achieved 
by such devices as laser diodes, Gunn  oscillators, tunne l  
diodes, avalanche transi t  t ime devices, and high cut-  
off-frequency varactors. In addition, heat must  be 
dissipated rapidly to prevent  any bui ldup in the bulk  
mater ial  and in the vicinity of the junction.  This re-  
quires a good thermal  path with low resistance from 
the device to suitable heat sinks. Device cutoff fre- 
quency, fc, is another  parameter  which is l imited by 
series resistance of which contact resistivity, Re, is a 
part. A low re, in turn,  affects the upper  operating fre- 
quency and power efficiency. Any  degradation in 
power efficiency generates addit ional  heat which if 
not removed could result  in early device failure and 
poor reliability. 

The formation of an int imate  metal-semiconductor  
contact which exhibits low resistance is dependent  on: 
(i) surface preparation,  (ii) metal  deposition condi-  
tions, (i/i) post-deposition alloying, (iv) barr ier  
height, (v) impur i ty  density of the adjacent  semicon- 
ductor layer, and (vi) uniform wet t ing between metal  
and semiconductor. A number  of investigators (1-11) 
have developed various techniques to achieve satisfac- 
tory ohmic contacts to GaAs. This note presents tech- 
niques and meta l -GaAs combinations which produced 
good ohmic, low resistance contacts at moderate alloy- 
ing temperatures,  and shows how these Rc values vary 
with substrate impur i ty  density. The metals chosen 
for this investigation have, for the most part, been 
used previously on an empirical  basis and their  quali ty 
evaluated by the performance of the completed device. 
Also, it will  be indicated how the results of this in -  
vestigation reduce the series resistance of laser diodes 
and consequently improve their potential  output  
power capabilities. 

Experimental Procedure 
The mater ia l  used for these experiments  was Czo- 

chralski and boat -grown GaAs having 10s-10 s etch 
pits/cm2 and oriented in both the <100> and <111> 
directions. Wafers were lapped down to 4-6 mils using 
a 3 gm a luminum oxide grit. Impur i ty  concentrations, 
determined by the van  der Pauw technique (12), 
varied from 2.8 x 10 l~ to 1020 cm -s  for Zn-doped ma-  
ter ial  and 1 x 1017 to 3 x 10 TM cm -a for Te-doped ma-  
terial. The wafers were cleaned ul trasonical ly in t r i -  
chlorethylene followed by a methyl  alcohol rinse. The 
cleaned wafers were then  etched in a wa rm mixture  
of 1H20:1H202:3H2SO4 to remove approximately Vz- 
mil  and stored under  methyl  alcohol prior to placing 
them in the vacuum system or plat ing solution. 

The metals used in this study were Ag, Au-4% Zn, 
In, and Ni. Ag and Au-4% Zn were applied by evapora-  
tion using the metals in wire form with a pur i ty  of 
99.999%. The metal  wire was cleaned in KOH and 
stored under  methyl  alcohol prior to evaporation. In 
each case approximately 6000A of metal  was evap- 
orated on both sides of the substrate  at 1-5 x 10 -6 
Torr. Subsequent  microalloying was carried out in 
vacuum by heating the substrate to 300~C for 10 min. 
The Ag samples received an addit ional  6000A of Au 
on each side which was then heated to 150~ for 5 min. 
The 2.8 x 1017 cm -3 samples with Au-4% Zn required 

an addit ional  s intering operation at 400~ for a few 
seconds on a strip heater  in a forming gas atmosphere. 

The nickel contacts were plated with an electroless 
nickel solution (2), r insed in H20 followed by methyl  
alcohol, and placed in the vacuum system for the al- 
loying step. These samples were also heated to 300~ 
for 10 rain. 

The indium contacts on n - type  GaAs were applied 
by electroplating, followed by a rinse in H.,O and 
methyl  alcohol. They were then microalloyed on a 
strip heater  in forming gas at 350~ for 2 min. Follow- 
ing the metalizat ion and microalloying, all samples 
were diced with a wire saw to 8-10 mil  squares. 

Resistance measurements  were made by using a pre-  
cision Wheatstone bridge. The resistance due to leads, 
package, and bulk  GaAs was subtracted from the total 
resistance measured to obtain the contact resistance 
values. Five to ten dice were measured for each point 
and averaged. The deviation from the average value 
was typical ly - -30-440%.  Each point for a given im-  
pur i ty  concentrat ion involves a separate metalization 
and alloying procedure. 

Results and Discussion 
The value of specific contact resistance vs. substrate 

impur i ty  concentrat ion for Au-4% Zn, Ni, and Ag on 
p- type  GaAs and for In  on n - type  GaAs is shown in 
Fig. 1. In order to achieve the values of Rc indicated 
in the figures, it was necessary to exercise great care 
to achieve and main ta in  substrate surfaces free of 
contaminat ion and minimize any oxides which may 
have been present. Fa i lure  to a t ta in  good surface 
conditions would result  in substant ia l ly  higher con- 
tact resistance. The values of substrate impur i ty  con- 
centrat ions used in these exper iments  ranged from 2.8 
x 1017 to 9 x 1019 cm -3 for p- type GaAs and 1 x 101T to 
3 x 10 TM cm -3 for n - type  GaAs. They correspond to 
those normal ly  found when fabricat ing GaAs laser di-  

10-3 
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Fig. i. Average specific contact resistance of gold-4% zinc, 
silver, and nickel on p-type GaAs end indium on n-type GaAs as 
a function of GaAs impurity concentration. 
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odes or emission diodes. Specific contact resistance 
values measured  for p - type  GaAs var ied  f rom 1.2 x 
10-~ ohm-cm2 for Au-4% Zn on 2.8 x 1017 cm-3  mate -  
rial to 7.3 x 10 -7 ohm-cm 2 for Ag on 9 x 10 TM em -:~ 
mater ia l  and for n - type  GaAs with  In contacts from 
2.5 x 10 -4 ohm-cm 2 for 1 x 1017 cm -3 to 1.5 x 10 -5 
ohm-cm 2 for 3 x i0 ls cm -3. 

The curves show only a modest increase of contact 
resistance with decreasing substrate impurity density 
of l0 TM cm -3 and lower, but a rapid decrease as sub- 
strate doping is increased above 5 x I0 TM cm -3. In gen- 
eral, the decrease amounted to 1.5 orders of magnitude 
per order of magnitude increase in doping level. The 
lowest average Re value measured was 7.3 x 10-7 ohm- 
cm -~ Ag on 102o cm -3 zinc-doped material. It is this 
behavior which is most important for the design of 
low series resistance semiconductor devices where 
heating due to ohmic losses plays an important role, 
such as in laser diodes. 

The desirability of incorporating an n § layer ad- 
jacent to the metal contact, in order to reduce the 
series resistance of a device significantly, can be il- 
lustrated by calculating the contact resistances and 
bulk resistance for a typical laser diode such as shown 
in Fig. 2(a). The n-type material generally used for 
lasers is 1-3 x i0 TM cm-3. The p-n junction required 
for the device is typically generated by the diffusion 
of Zn at 850~176 yielding a surface concentration 
of 1-3 x 102~ cm -3. Using the dimensions in Fig. 2(a), 
the experimentally measured contact resistances, and 
assuming a typical diffusion profile in a 25 #m diffused 
p-layer with an average density of 4.5 x 1019 cm -:~, 
the contact resistance and series resistance for the dif- 
ferent layers are calculated and summarized in Table I. 

Table I shows that the series resistance Rs for a 
typical laser structure is of the order of a one tenth 
of an ohm. In addition, it can be seen that 47% of 
the total resistance comes from the metal contact to 
the n-layer. To improve this value a modified struc- 
ture can be used, as shown in Fig. 2 (b). A 3 ~m layer 
can be replaced by an epitaxial n +-layer doped with 
Se or Sn with a carrier concentration of 1 x 10 TM cm -:~ 
which represents the highest concentration for any 

~ -  p-CONTACT 

/ ///A n - S U B S T R A T E  / / /TJ~ 
/ / / / V -  3x,o '8 ~ / / / , ' 1 ~  

~ L 2 ~ J e  ~ ~ n + REGION /4 
I x IO Is cm -~ / /  

Se DOPED / 
(a) n+ CONTACT J (b) 

Fig, 2. (a) Typical laser diode structure. (b) Modified laser 
structure with an n + region adiacent to the contact. 

Table I. Calculated contact and bulk resistance of typical laser 
structures based on measured specific contact resistance 

R e g u l a r  s t r u c t u r e ,  Mod i f i ed  e p i - s t r u c t u r e ,  
F ig .  2 (a )  F ig .  2(b) 

P e r c e n t a g e  P e r c e n t a g e  
of t o t a l  of  to t a l  

Res is tance*  (ohms)  r e s i s t a n c e  R e s i s t a n c e *  (ohms)  r e s i s t a n c e  

Reu + 0.0023 2.3 Rcp+ 0.0023 4.1 
Rv 0.0223 22.0 Rp 0.0223 39.5 
R .  0.029 28.5 R .  0.028 49.6 
R.+ R.+ 0.0006 1.1 
R~. 0.~8 4~.2 R~.+ 0.0032 5.7 

Rs 0.1016 I00.0 R, 0.0564 i00.0 

* R,.. ,  Rcp +, R~n + = c o n t a c t  r e s i s t a n c e  to n, p+, n+ l aye r s ;  R . ,  Rp, 
R,,+ = b u l k  r e s i s t a n c e  of  n, p,  n* l a y e r s ;  Rs = t o t a l  s e r i e s  r e s i s t a n c e .  

known n- type  dopant for GaAs (13). The p-layer,  
which is also a big contr ibutor  to the R~, was not 
changed to i l lustrate clearly the effect of the impuri ty  
concentrat ion of the n-doped semiconductor  layer im- 
media te ly  adjacent  to the metal  layer on the series 
resistance of a specific device. It can be seen that  the 
Rs of the modified device s t ructure  is 44% lower than 
the one of the original geometry.  Significantly, how- 
ever,  the resistance of the n-contact  is only 5.7% of 
the total, a reduction of eight to one. The bulk rc-  
sistance of the modified s tructure accounts for 89':; 
of R~ with  the n-region being the major  contributor.  
A specific contact resistance of 10 -U ohm-cm'-', ext rapo-  
lated from the In curve  at 1019 cm -3 (Fig. 1) for the 
n-side and 7.3 x 10-7 ohm-cm 2 f rom the Ag curve at 
9 x 1019 for the p-side was used in these calculations. 

Manuscript  submit ted Oct. 8, 1968; revised manu-  
script received Dec. 6, 1968. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December  1969 
J O U R N A L .  
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Optimum Abrasive Sizes for Minimizing 
the Polishing Times of Semiconductors 

Sumner Mayburg* 
S e m i c o n d u c t o r  P r o c e s s i n g  C o m p a n y ,  H i n g h a m ,  M a s s a c h u s e t t s  

The polishing of glass is a combination of f ractur ing 
of the surface by the abrasive particle, a flow of mate -  
rial during the t ime the part icle of abrasive produces 
the scratch, and some chemical  action produced by the 
abrasive polishing s lurry  (1). Glass polishing tech-  
nology has been developed with  a large number  of 
variables not the least of which is the var iabi l i ty  of 
glass itself. It is not at all surprising that  glass polish- 
ing is an art  which has not been converted to a 
s t ra igh t - forward  scientifically understood technology. 

Much of the art  of glass polishing has been carr ied 
over  to the semiconductor  industry. However ,  for 
many semiconductor  materials,  fast chemical  polishes 
have been found which are significantly bet ter  than 
abrasive polishes in producing damage free surfaces. 
In silicon polishing, where  such a chemical  polish (2) 
exists, abrasive polishing is essentially unnecessary. 
However ,  in those mater ia ls  where  good chemical  
polishing has not yet  developed, abrasive polishing 
continues to be an impor tant  step in making useful 
practical  structures. In this paper we a t tempt  to t reat  
some practical  aspects of abrasive polishing to see what  
optimization is available.  

Abras ive  polishing of good single crystals should be 
simpler  to understand than the polishing of glass. The 
plastic flow tempera tu re  and the thermal  conductivi ty 
of most semiconductor  and dielectric single crystals are 
much higher  than glass. Therefore  the probabil i ty  of 
creat ing plastic flow during the polishing is great ly 
reduced. We shall assume that  the polishing operation 
is s imply a scratching procedure in which the ma-  
terial  being polished is f ractured by the hard abrasive 
particles moving across the surface and that  the max-  
imum scratch depth is the d iameter  of the abrasive 
particle. This scratch depth is fur ther  defined to be 
the surface roughness. 

In a rev iew of the grinding, lapping and polishing 
of quartz wi th  silicon carbide abrasive, Bond (3) 
notes that  the rate  of remova l  of mater ia l  is propor-  
tional to the size of the abrasive part icle used. Soper 
(4) has observed this same proport ional i ty  in the case 
of garnet  abrasive on silicon. The calculations that  
follow are based on the assumption that  the rate of 
removal  is proport ional  to abrasive size, an assumption 
which should be verified for each abrasive and mater ia l  
to be polished. In recirculat ing s lurry  systems where  
the abrasive particles are gradual ly  being broken down 
through use and are being re turned  to the surface 
being polished, a simple relationship be tween rate  of 
removal  of mater ia l  and abrasive part icle size is not 
l ikely to exist. 

Theory 
In our discussion we assume that  the rate of re-  

moval  of mater ia l  is aS where  S is the size of the abra-  
sive particles used and a is a constant wi th  respect  to 
S but does depend on the nature of the abrasive and 
the pressure used during polishing. We assume a is 
kept constant in a polishing process which consists 
of using several  steps with an abrasive which has been 
graded into different sizes. Each subsequent  step uses 
a finer grade of abrasive than the pr ior  step, and the 
final step uses the finest grade of the abrasive avai l -  
able. 

Consider the first step; we start  wi th  a surface of 
roughness So and use abrasive part icles of size S~ to 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

remove material .  We need to remove  a layer  of ma-  
terial  which is at least an amount  So. If  we do this, the 
roughness of the surface now becomes determined 
by St and, assuming that  r emova l  of mater ia l  is pro-  
duced by a scratching or plowing action, the m a x i m u m  
roughness is $1. Let  tl be the t ime requi red  to remove  
a layer  of mater ia l  So f rom the surface then  

So = a S l t l  [1] 

On the second step we want  to conver t  a surface f rom 
roughness $1 to a surface of roughness $2 with  the 
min imum of polishing time. Thus, we remove  a ]ayer 
of mater ia l  $1 but not more. 

S1 = aS2t2 [2] 

Similarly,  we have for the n th step 

S n - i  = a S , t ,  [3] 

and for the final step ] 

S f - ,  = a s t i r  [4] 

F rom a practical  point of view, it is impor tant  to 
minimize the t ime requi red  to polish the surface. In 
principle we could polish the roughest  surface with  
the finest abrasive available and have only one step in 
the polishing operation. However ,  this may requi re  an 
impract ical ly  long time. 

We can minimize the  total t ime of polishing T in the 
following way: From Eq. [3] 

.=I n=I 

2 12s"-' T = t .  = - -  [5] 
n = l  a n = l  S n  

In principle, we are free to choose the abrasive size 
on any step independent  of the abrasive sizes on the 
other steps. In particular,  we may choose the abrasive 
size on the n th step S ,  so that  T is a minimum. 

We have af ter  differentiat ion 

os,--Y = -  + = o  

since S ,  enters in both t ,  and tn+t, but nowhere  else 
in Eq. [5]. The condition for  m in im um  T is thus 

Also 

o r  

S,$ = ( S , - x )  (S ,+I )  [6] 

S.-, S. 
= [7] 

Sn 'S .  + 1 

t ,  = t , + l  = t [8] 

The polishing t ime on each step should be the same 
t ime t for min imum total polishing t ime T. From Eq. 
[5] we have  

T = I t  [9] 

From Eq. [3], [4], and [8] we may wr i te  the products  
of each step t ime as 

1 
I tn = t I"  t f - I  . . . tn . . . .  t l  ~-- t f = a - ' f  S o / S l  [10] 

,ll~l 

By combining Eq. [9] and [10] we find for the total  
t ime T 

T = a - 1  f ( S o / S  f) , /s  [11] 

509 



510 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  Apr i l  1969 

as the total t ime required for the f step polishing 
operation. 

We may minimize the total polishing time T with 
respect to the number  of steps f. From Eq. [11] we find 

f = In (So/S t) [12] 

With this number  of steps 

T = fe/,~ [13] 
with e = 2.72. 

Discussion 
It is especially interest ing to note from Eq. [12] that  

the opt imum number  of steps is independent  of a and 
depends only on the star t ing surface roughness So and 
the finest abrasive avai lable S t to be used on the final 
step. 

We can estimate f for the case of diamond polishing 
of a surface produced by a diamond " in ternal  d iam-  
eter" cut t ing blade. These blades usual ly have diamond 
pieces of size 40~. The finest diamond abrasive has 
particle size typically 0.10~, so that S I is 0.10~. We have 
from Eq. [8] 

f ---- In 400 = 6 steps 

for m i n i m u m  polishing time. 
If only three polishing stations were available, we 

would obtain most efficiency by use of Eq. [6] to 
determine the abrasive sizes to be used on the first 
and second abrasive polishing station. We have 

S, 2 = S o  $2 

S._, 2 = $1 Sf 
o r  

S,2 = So ~/S, Sf 
Then 

S13 = S02 SI 
or  

S, = (S02 Sl) 1/3 
Similarly,  we find 

$2 = (So St 2) 1/3 

With So ---- 40g and S t = 0.1g as above we have 

SI ---- 5.5~ 

and 
S.~ ---- 0.74~ 

As another  example, consider the abrasive polish- 
ing of Si with garnet.  We have established (4) a 
value of ~ for the garnet  abrasive of (1/6) rain - I .  
Suppose we wish to get a final finish of 0.1~ and sup- 
pose So = 40~ is the surface roughness produced by a 
diamond ID blade slicing. Then the m i n i m u m  time T 
given by Eq. [13] is 

T ---- 6(2 .72) / (1/6)  min  -1 
---- 97 min  

where six polishing steps are required. However, if 
only two polishing steps are available, we find from 
Eq. [11] that the required t ime is 

T = (6 min) (2) (400) i/2 _ 240 rain 

or roughly 2 I/2 times the minimum time. 
For a three-step process 

T---- (6min) (3) (400) i /3= 124min 

which is only 29% greater than the minimum time. 
From a practical point of view, a three-step process 
may be almost as fast as a six-step process when one 
considers the clean up time required in going from 
one step of the process to the next step. 

Manuscript submitted Oct. 18, 1968; revised manu- 
script received Dec. 31, 1968. This was Recent News 
Paper 699 presented at the Montreal Meeting, Oct. 6-11, 
1968. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1969 
JOURNAL.  
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Brief Co nn un cadons @ 
Preparation of Vitreous Materials in the Form of 

Well-Defined Hollow Cylinders 
N. S. Platakis, H. C. Gatos,* and A. F. Witt* 

Department of Metallurgy and Materials Science, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 

A method has been developed for the preparat ion of 
vitreous materials which essentially overcomes some 
of the main  problems associated with the characteriza- 
t ion and study of such materials.  These problems are 
chemical homogeneity (1,2), porosity (or inclusions),  
and lack of well-defined geometrical  shapes. 

The system xAs2Se3.ySb2Se8 was employed in the 
present  work since in this type of chalcogenide glasses 
the problem of chemical homogeneity is quite acute. 
Fur thermore  due to their  very  pronounced brittleness, 

* Elec t rochemical  Society Act ive  Member .  

the mechanical  preparat ion of samples with wel l -de-  
fined geometrical shapes is tedious at best. 

The salient steps of the new method are as follows: 
the consti tuents of the vitreous system are placed, in 
the desired proportions, in a quartz ampoule  (typical 
dimensions were 1 cm ID and 10 cm long) which is 
evacuated (to a pressure of approximately 10 -6 mm 
Hg) and sealed off. Then the ampoule is fitted to a 
horizontal shaft of a motor. The shaf t -ampoule  ar -  
rangement  can be placed in and out of a horizontal  
furnace (by moving the motor or by moving the 
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Fig. 1. Hollow cylinder samples of vitreous chalcogenides. The 
sample on the left is still contained in the quartz tube (after cut- 
ting the ampoule). The other two samples have been removed from 
the quartz tube. Magnification 1X. 

furnace)  whi le  the  ampoule  is being ro ta ted  in the  
v ic in i ty  of 25 rpm. Af te r  the  ma te r i a l  is mol ten  the  
ampoule  is w i thd rawn  from the furnace  and whi le  
st i l l  under  ro ta t ion is quenched e i ther  in a i r  or  o ther  
media.  (The mate r i a l  can of course be s lowly cooled 
in the  furnace  if desired.)  Subsequent ly  the  ampoule  
containing the vi t reous  ma te r i a l  is cut into the  des i red  
lengths (a s t r ing saw or o rd ina ry  cut t ing wheels  were  
employed wi th  consistent  success).  Since the coeffi- 
cient of t he rma l  expansion of quar tz  is smal le r  than  
tha t  of the  chalcogenide glasses, the  hollow cyl inders  
of the  vi t reous  ma te r i a l  a re  r ead i ly  separa ted  f rom 
the ampoule  by  s imply  immers ing  the  cut  pieces into 
acetone. This obvious r equ i rement  tha t  the  coefficient 
of the rmal  expans ion  of quar tz  be smal le r  than  that  of 
the  ma te r i a l  being p repa red  (to avoid cracking the 
cyl inder)  is essent ia l ly  met  by  al l  mate r ia l s  under  con- 
s idera t ion (3). Some typ ica l  samples  of vi t reous  chal-  
cogenides are  shown in Fig. 1. 

The hol low cyl inders  obta ined wi th  the present  
method exhib i ted  no var ia t ion  in thickness.  The th ick-  
ness could be va r ied  f rom run  to run  by  control l ing the  
amount  of the  s ta r t ing  mate r i a l  and the size of the  
ampoule.  I t  should be pointed out tha t  hol low cyl inders  
a re  advantageous  shapes for quenching since cooling 
takes  place  th rough  both the i r  outer  and inner  sur -  
faces. (In the  presence of he l ium ra the r  than  in vac-  
uum quenching can be even more  effective.) In  fact  i t  
was possible to ex tend the glass format ion  region of 
the presen t  sys tem since single phase hollow cy l inder  
samples  were  obta ined  wi th  composi t ions which  con- 
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s tan t ly  gave two phase samples  by other  means  of 
prepara t ion .  

No porosity,  inclusions, or o ther  macroscopic defects 
could be detected in the hollow cyl inders .  This resul t  
is not surpr is ing  if one considers tha t  solidification 
proceeds progress ive ly  in a l a y e r - t y p e  fashion f rom 
the outer  to the inner  par t  of the  cylinders.  Because of 
the  rotat ion,  dur ing  cooling the  mel t  is in contact  wi th  
only par t  of the  forming cy l inder  at  any  given t ime. 
In al l  instances the hollow cy l inder  samples  exhib i ted  
far  grea ter  mechanical  s t rength  than  samples  p repared  
by other  methods.  F u r t h e r m o r e  e lect ron probe analysis  
along the  cyl inders  and across the i r  thickness  revea led  
no detec table  var ia t ion  in chemical  composition. 

The  hollow cy l inder  samples  lend themselves  to 
e lectr ical  measurements  ( res is t iv i ty)  which often p r e -  
sent  serious difficulties. Resis t iv i ty  measurements  were  
made  by  immers ing  the  hollow cyl inders  into s i lver  
paste  and a t taching electrodes in the  inner  and outer  
surface (4). The  s i lver  paste  shor t ing the inner  and 
outer  e lectrodes was r emoved  by gr inding the  two ends 
of the  cylinders.  For  t h i n - w a l l e d  cyl inders  (where  the  
outer  a rea  is essent ia l ly  the same as the  inner)  the  
total  res i s t iv i ty  R is 

l 
R = P  A 

where  p is the  res is t ivi ty ,  l is the  length  ( thickness  of 
cy l inder ) ,  and A the area  of the  cyl inder .  I t  is appa ren t  
that  in the present  samples  the rat io  I/A can be made  
orders  of magni tude  smal le r  than  in convent ional  sam-  
ples and thus faci l i ta te  the  de te rmina t ion  of ve ry  large  
resis tance values.  

Al though the method was p r i m a r i l y  appl ied  to the  
prepara t ion  of homogeneous hollow cyl inders  of v i -  
t reous mater ia l s  it  can read i ly  be adop ted  for  a n u m -  
ber  of po lycrys ta l l ine  mate r ia l s  and even single c rys-  
tals  wi th  the aid of appropr ia t e  seeds. 

The ove r -a l l  r eproduc ib i l i ty  of the  method  was 
found to be excellent .  
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Homogeneous Impurity Incorporation during 
Crystal Growth from the Melt 

August F. W i t t  and Harry C. Gatos 

Department of MetalLurgy and Materials Science, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 

Semiconductor  single crystals  were  grown r ep ro -  
ducib ly  in a Czochra l sk i - type  pu l l e r  wi th  here tofore  
una t t a inab le  dopant  homogenei ty .  No concentra t ion 
fluctuations of the  dopant  could be de tec ted  by  employ-  
ing the high resolut ion techniques descr ibed e lsewhere  

(1) ( l inear  resolut ion less than  0.2~). The effects of 
the rmal  a s y m m e t r y  at the  growth  in ter face  which are  
responsible  for the  commonly  observed  impur i t y  fluc- 
tuat ions  (2) were  overcome by dispensing wi th  seed 
rota t ion and by  v i r t ua l ly  e l iminat ing  random the rm a l  
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Fig. 1. Impurity distribution in an InSb single crystal as revealed 
by high resolution etching. The upper part was grown with seed 
rotation and synchronized crucible rotation in the same direction 
and exhibits pronounced impurity concentration fluctuations (ro- 
tational striations). The "facet" region (upper left part) "off 
facet" region (upper right part) are clearly delineated. The lower 
part was grown with crucible rotation alone; it exhibits extremely 
homogeneous impurity distribution and no rotational striations. 
Magnification approx. 350X. 

Fig. 3. Growth characteristics of the off facet region of InSb as 
revealed by vibrational "rate striations." The upper part, grown 
with seed rotation and synchronized crucible rotation exhibits 
periodic growth rate changes as seen from the varying spacing of 
the "rate striations." The lower part, pulled with crucible rotation 
only, exhibits a constant growth rate (constant spacing of "rate 
striations") which is a prerequisite for homogeneous impurity 
incorporation. Magnification approx. 450X. 

Fig. 2. "Facet" (left-hand side of the figure) to "off facet" 
(right-hand side) transition regions in InSb pulled under crucible 
rotation only. The facet region does not exhibit the commonly 
observed impurity concentration increase; the transition is charac- 
terized only by a change of the growth interface from flat to 
curved. The stripes were introduced by a periodic interruption of 
crystal pulling so that the growth interface could be clearly 
delineated. Magnification approx. 360X. 

fluctuations in the melt  by means of moderate crucible 
rotation (10-30 rpm).  

In previous studies (2,3) it was shown both theoret-  
ically and exper imenta l ly  that thermal  asymmetry  
(whereby the thermal  axis does not coincide with the 
rotational axis) in Czochralski-type pullers leads to 
fluctuations of the microscopic growth rate which in 
tu rn  cause the well known impur i ty  striations. Asym- 
metric heat inputs, which are encountered in near ly  
all growth systems, establish thermal  asymmetry  both 
in the growing crystal and in the melt. Whereas 
crucible rotat ion can significantly decrease the effec- 
tiveness of thermal  asymmetry  present  in the melt, it 
does not alter appreciably the thermal  configuration 
in the growing crystal. Thus, when seed rotat ion is 
employed, rotat ional  impur i ty  heterogeneities are es- 
sential ly always present regardless of whether  or not 
crucible rotation is used. Accordingly (and in contrast 
to the general ly held belief),  pul l ing with s imultaneous 
seed rotat ion and crucible rotat ion in the opposite 

Fig. 4. Multiple beam interferogram of an etched InSh single 
crystal. The periodic deflections of the interference fringes in the 
upper part reflect the impurity concentration fluctuations always 
present under seed rotation. The homogeneous impurity distribu- 
tion in the lower part (straight line interference fringes) reflects 
the growth conditions associated with crucible rotation without 
seed rotation. Magnification 230X. 

direction does not improve the impur i ty  dis t r ibut ion in 
the result ing crystal. Synchronized crucible and seed 
rotat ion in the same direction reduces (but  does not 
el iminate)  the commonly observed impur i ty  striations. 

By growing without seed rotation, in addition to 
making any existing thermal  asymmetry  in the solid 
ineffective, the growing crystal  can readily drift  to- 
ward the thermal  center of the system. This self-po- 
sit ioning process v i r tual ly  el iminates the effects of 
thermal  asymmetry  in the melt  and, thus, insures 
steady-state microscopic growth conditions. 

It was fur ther  found that in growing with crucible 
rotat ion but  without seed rotation the facet (on-core) 
region does not exhibit  any noticeable increase in 
impur i ty  concentrat ion in contradict ion to earlier re-  
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ports (4). The pronounced difference in impur i ty  con- 
centrat ion between the facet and  the off-facet regions 
discussed in these reports was a t t r ibuted to different 
growth mechanisms operat ing in the two regions. In  
view of the present results a revision of the prevai l ing 
views may be necessary. 

Exper imental  results obtained with single crystals of 
InSb are shown in Fig. 1,2,3, and 4. The crystals were 
grown in the <111> direction and were studied with 
techniques discussed elsewhere (1). 

Although the bulk  of the experiments  were per-  
formed with InSb, a similar behavior was observed in 
the case of germanium single crystals. We believe that  
silicon and other semiconductors should behave l ike- 
wise. Work is underway  to study the electrical charac- 
teristics of crystals with the same over-al l  macro-  
scopic concentrat ion of a given dopant but  with dif- 
ferent degrees of homogeneity. Pre l iminary  results in -  
dicate that the carrier  mobilities in InSb are signifi- 

eant ly  decreased in the presence of impur i ty  fluctua- 
tions. 
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Preparation of Rhenium Hexafluoroacetylacetonate 
Harvey J. Anderson and Abner Brenner* 

National Bureau of Standards, Washington, D. C. 

We were interested in preparing the rhen ium deriv-  
ative of hexafluoroacetylacetone (the lat ter  will be 
designated by F6AA) for the purpose of using it to 
produce a deposit of rhen ium by chemical vapor depo- 
sition. The F6AA compounds are known  to be stable 
and yet surpr is ingly volatile for metallic compounds. 
Van Hemert  and co-workers (1) had prepared thin 
deposits of copper, nickel, and rhodium by passing the 
F6AA chelates of these metals mixed with hydrogen 
through a hot tube. 

The metal  chelates are usual ly  easily prepared by 
simple metathesis of the sodium salt of the ligand with 
the simple metal  salt (chloride, nitrate,  or acetate) in 
aqueous or alcoholic media (1-4). A variat ion consists 
in adding the l igand directly to a suspension of the 
metal  chloride in carbon tetrachloride (5). Since none 
of these methods yielded the rhen ium chelate, we in-  
vestigated several other procedures. The only one that 
was successful is described below. 

We prepared the rhen ium compound by the destruc- 
tive disti l lation of the anhydrous sodium salt of F6AA 
with anhydrous  rhen ium trichloride. Results with the 
pentachloride were not as satisfactory. The sodium 
compound was prepared by adding sodium hydride to 
an excess of F6AA dissolved in te t rahydrofuran  and by 
evaporat ing to dryness. In  a typical exper iment  about 
7.2g of the sodium salt were in t imately  mixed in a 
mortar  with 3.0g of ReC13. The finely ground powder 
was t ransferred to a retort  through which dry argon 
was passed dur ing the distillation. The flow of argon 
aided the removal  of the vapors from the hot zone. The 
delivery tube of the retort  was connected to a vessel 
which was cooled with solid carbon dioxide. The retort  
was heated slowly in a small  pot furnace. At about 
125~ the dark vapor of the rhen ium compound began 
to evolve. Heating was cont inued unt i l  the tempera ture  
reached about 400~ at which tempera ture  the dark 
vapors ceased to form. 

The rhen ium compound in the receiver was col- 
lected by dissolving it in petroleum ether. Part ial  
evaporat ion of the solution followed by cooling with 
solid carbon dioxide left a crop of dark purple, almost 
black crystals. These were purified by  sublimation.  The 

yield was 34% based on the rhen ium trichloride. The 
following analysis was obtained: 

Calculated for Re (CF~.CO.CH-CO.CF~):~ Found 

Rhenium 23.1 22.4 
Carbon 22.3 22.0 
Hydrogen 0.4 0.7 

The compound crystallizes in black needles which 
are soluble in m a n y  organic solvents but  insoluble in 
water. The compound is stable in air. The vapor of the 
compound has a beaut i ful  purple  color resembling 
that  of iodine and the organic solutions of the com- 
pound have a similar purple color. A few mil l igrams of 
the compound placed in a 100 ml flask, which is then 
t ransferred to an oven at 100~ will main ta in  a purple  
vapor for about a day. This indicates that  the com- 
pound is fairly stable to air oxidation. Passage of the 
vapor mixed with hydrogen through a tube heated to 
400~ yielded a rhen ium mir ror  which, however, was 
rather  dark in color. Details of the exper iments  on 
chemical vapor deposition of rhen ium will  be contained 
in another publication. 
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Electrocatalysts for 
Hydrogen/Carbon Monoxide Fuel Cell Anodes 

IV. Platinum-Nickel Combinations 

D. W. McKee and M. S. Pak 
General Electric Research and Development Center, Schenectady, New York 

ABSTRACT 

The behavior of a series of platinum-base metal binary catalysts as 
anodes for the oxidation of H2-CO fuel mixtures has been studied at 85 ~ and 
100~ with 85% phosphoric acid electrolyte. Platinum-nickel catalysts show 
the best tolerance for carbon monoxide and the performance of catalysts with 
less than 25 w/o (weight per cent) nickel is much superior to that of plati- 
num black. The effect appears to be related to the strength of bonding of 
ehemisorbed carbon monoxide to the alloy surface. 

Although p la t inum black in various forms still re-  
mains the most widely used electrocatalyst for fuel 
cell purposes, for some applications other metals and 
alloys appears to be superior to p la t inum alone. For 
example, in the indirect  hydrocarbon system, where 
the reformer effluent contains small  amounts  of car-  
bon monoxide, the performance of p la t inum black 
anodes is seriously l imited by the irreversible chemi- 
sorption of carbon monoxide, which causes the anode 
to polarize rapidly at low current  densities. It  has 
recently been found that alloys of p l a t i num- ru then ium 
(1), p la t inum-rhodium,  and p la t inum- i r id ium (2) are 
much more resistant to poisoning by carbon monoxide 
than is p la t inum alone, and improved electrodes for 
H2-CO mixed fuels have been developed which utilize 
these b inary  catalysts (3). 

Synergistic behavior of this type is not confined 
to alloys of the noble metals, and reports of similar 
effects are widespread in the catalytic l i terature.  A 
recent observation by Bond and Webster  (4), that 
addition of small  amounts  of a t ransi t ion metal  such as 
nickel, cobalt, or iron increases to a marked extent  
the hydrogenat ion activity of p la t inum catalysts, sug- 
gested that  such noble metal-base metal  combinations 
might show enhanced activity as electrocatalysts in 
fuel cell applications. Although corrosive attack of the 
acid electrolyte on the base metal  component  was an 
obvious objection, it was felt that  small  amounts  of 
base metal  incorporated in the p la t inum lattice might 
be protected from corrosion in the same way that  
alloys of copper and gold are known to be resistant to 
concentrated nitric acid up to 50 a/o (atom per cent) 
copper (5). The present  paper is concerned with the 
behavior of p la t inum-base  metal  catalysts as fuel cell 
anodes for H2-CO mixed fuels. Special a t tent ion has 
been devoted to the p la t inum-nicke l  combination, 
which appears to be the most promising of the b inary  
systems investigated. 

Experimental 
Catalyst preparation and characterization.--A n u m -  

ber of p la t inum-base  metal  combinat ion catalysts were 
prepared by a modification of the Adams method pre-  
viously described (1). This procedure involved fusion 
of a mixture  of chloroplatinic acid and the base metal  
chloride with an excess of sodium nitrate.  After  the 
product was washed to remove soluble salts, the resul t-  
ing mixed oxides were reduced in suspension with 
bubbl ing  hydrogen. Before use, the catalysts were 
dried thoroughly, ground, and  sieved through a 400 
mesh nylon screen. 

The base metal  additives was selected so as to fall 
into one of the following categories: 

(i) P la t inum-oxide  combinations. Metals such as 
molybdenum,  tungsten,  chromium, cadmium, and in-  

dium would be expected to remain  as oxide phases 
under  the conditions of catalyst  preparation.  

(ii) Alloy combinations. Easily reducible metals such 
as silver and gold would be expected to form alloy 
phases with the plat inum. Par t ia l  alloy formation was 
also observed in the case of nickel and copper. 

(iii) Leachable additives. The reactive metals mag-  
nesium, zinc, and t in would be rapidly attacked by the 
acid electrolyte in the fuel cell, leading to a porous or 
Raney type p la t inum structure. 

The surface areas of the powdered catalysts were 
measured in a gas adsorption apparatus by the BET 
method, using ni t rogen as adsorbate at --195~ The 
structures of many  of the catalysts were examined by 
means of x - ray  diffraction and, for the p la t inum-  
nickel series, more detailed studies were made by 
thermogravimetr ic  analysis. For this purpose, catalyst 
samples weighing 8-10 mg were contained in a pla-  
t inum dish suspended from the balance arm of a Cahn 
Electrobalance coupled with a Fisher Linear Tempera-  
ture  Programmer  (Model No. 360). With a s t ream of 
5% hydrogen-ni t rogen as reducing gas, init ial  mea-  
surements  of weight change at room tempera ture  were 
followed by measurements  of loss in weight of the 
samples as a funct ion of time, using a constant  heat-  
ing rate of 10~ In this way, information on the 
reduction characteristics and composition of the cata- 
lysts could be obtained. 

Evaluation as fuel cell anodes.--As in previous work 
(3), the catalysts were evaluated in the form of Teflon- 
bonded anodes in circular cells having 5.06 cm 2 of ac- 
tive electrode area. The catalyst loading was adjusted 
to about 34 mg/cm 2, and a second electrode containing 
the same loading of p la t inum black was used as 
cathode. The anodes were evaluated with 85% phos- 
phoric acid as electrolyte, with synthetic fuel mixtures  
containing 2, 5, and 10% carbon monoxide. Oxygen 
was used as the oxidant, and measurements  of anode 
polarization were made with a Kordesch-Marko 
bridge, using a separate p la t inum black electrode as 
hydrogen reference. 

Chemisorption and catalytic activity measurements. 
- -Measurements  of the chemisorption of hydrogen and 
carbon monoxide on the p la t inum-nicke l  catalysts and 
of the gas phase oxidation of carbon monoxide on 
these materials were carried out in the apparatus 
described previously (6). This consisted essentially of a 
calibrated volumetric adsorption apparatus connected 
via a capil lary leak to a mass spectrometer (Consoli- 
dated Electrodynamics Model 21-610). By this means, 
the composition of the gas phase in contact with the 
catalyst could be analyzed at 2-min intervals,  and the 
course of a catalyzed reaction followed as a funct ion of 
time. 
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In  a typical experiment,  a catalyst sample weighing 
1.Og was sealed into the apparatus and evacuated to a 
pressure less than 1 • 10 -6 Torr for 16 hr. The 
catalyst was then reduced at room tempera ture  by 
t rea tment  with hydrogen/n i t rogen  mixtures,  the hy-  
drogen being admitted slowly into the apparatus by 
diffusion through a heated pal ladium thimble.  The 
tempera ture  of the catalyst was then increased slowly 
to 150~ in contact with hydrogen, and the sample was 
then evacuated at this temperature  for a fur ther  period 
of 16 hr. This procedure was necessary to l imit  exces- 
sive sintering during the reduction process. Adsorption 
isotherms of hydrogen and carbon monoxide were then 
determined volumetr ical ly in the usual  way. The 
kinetics of the gas phase oxidation of carbon monoxide 
were studied by admit t ing CO-O., mixtures  to the 
unreduced catalyst samples and measur ing the con- 
centrat ion of carbon dioxide in the gas phase as a 
function of time. These measurements  were general ly 
carried out with the catalyst samples held at 0 ~ and 
25~ 

Results and Discussion 
Fuel cell performance of platinum~base metal 

anodes.--A summary  of the fuel cell performance of a 
number  of typical p la t inum/base  metal  b inary  cata- 
lysts is shown in Table I. The catalysts were tested 
as anodes for H2/CO mixtures  at 85~ using 85% phos- 
phoric acid as electrolyte. The data are shown as 
anode vs. reference voltages at a n u m b e r  of current  
densities, the loading of catalyst on the anode being 
the same in each case. In comparison to p la t inum 
black, the lowest polarizations in the presence of 
carbon monoxide were observed with catalysts con- 
taining nickel and copper. Slight to moderate improve-  
ment over pure p la t inum was found with catalysts 
containing iron, indium, tin, and zinc, although ap- 
preciable corrosion of these and other electrodes was 
observed, as indicated in Table I. The addition of 
metals such as silver and gold gave rise to a very 
rapid loss in activity of the catalyst. Alloying with 
silver and gold is often found to decrease the activity 

Table I. Performance of catalysts with H.JCO mixed fuels 

Catalyst 
No. 

85% 
85~ H3PO,  

Catalyst 34 m g  Catalyst/cm~ 
c a m p .  % CO A n o d e - r e f e r e n c e  v o l t a g e  a t  ma. /cm~ 

w / o  in  f u e l  20 40 100 200 300 

AZ-1 1O0C;~Pt 2 O.011 0.025 0.086 0.223 0.328 
5 0.017 0.038 0,184 0.371 0.380 

10 0.032 0.1Ol 0.430 0.505 0.523 
NPT-2 Pt-5,4%Ni 2 0,006 0,010 0.022 0_045 0,050 

5 0.005 0.013 0.031 0.071 0.073 
10 0.011 0.017 0.044 0.091 0.090 

PCU-I Pt-5f~Cu 2 0.003 0.013 0.034 0.081 0.098 
5 0.013 0.024 0.077 0.172 0.190 

I0 0.017 0.035 0.133 0.292 0.329 
P C U - 4  Pt-10c,~Cu 2 0.007 0.015 0.051 0.153 0.247 

10 0.018 0.041 0.367 0.557 0.600 
PCU-3* Pt -20c~Cu  2 0.397 -- -- 
PZN-I* P t - T r ~ Z n  2 0.006 0.011 0.031 0.061 0.076 

5 0.008 0.016 0.046 0.098 0.115 
10 0.014 0.028 0.127 0.265 0.265 

P Z N - 1 5 *  Pt-15c,~ Z n  2 0.009 0.017 0.044 0.099 0.172 
5 0.015 0.028 0.089 0.199 0.285 

PCR-5*  Pt-5<;  Cr  2 0.010 0.021 0.093 0.250 9.322 
10 0.025 0.078 0.410 0.570 0.610 

P M O - 5 "  Pt-5C~Mo 2 0.029 0.077 0.300 0.475 0.400 
P W - 5  Pt-5f ,~W 2 0.016 0.039 0.193 0.266 0.188 

5 0.040 0.158 0.425 0.400 0.325 
]?CO-l*  P t - 5 f ; C o  2 0.000 0.002 O.01O 0.035 0.220 

5 0.023 0.054 0.170 0.410 0.830 
B P I - 1  P t - 1 0 r ~ B i  2 0.244 0.303 0.395 0.460 0.487 
P S N - 5  P t -5e}Sn  2 0.018 0.037 0.118 0.175 0.180 

6 0.025 0.057 0.180 0.226 0.178 
10 0.022 0.059 0.308 0.384 0.347 

P P B - I  P t - 1 0 % P b  2 0.052 0.165 0.521 - -  
PCD-I Pt-10~Cd 2 0.OlO 0.024 0.083 0.230 
P I N - 5 *  P t - 5 % I n  2 0.009 0.019 0.061 0.137 0.~65 

5 0.014 0.028 0.144 0.222 0.257 
10 0.015 0.036 0.160 0.268 0.305 

P A U - I  P t - l l r . ~ A u  2 0.058 9.193 0.584 0.619 0.619 
5 0.255 0.613 - -  - -  

P A G - 1  P t - l l % A g  2 0.191 0.631 0.744 - -  
P M G - 5 *  Pt-5%Mg 2 0.042 0.241 0.531 0.628 0.660 
P S B - 5  P t - 5 ~ S b  2 0.008 0.015 0.035 0.073 0.106 

5 0.015 0.026 0.096 0.214 0.345 
10 0.022 0.046 0.177 0.394 0.454 

* E l e c t r o d e  corroded during t es t .  

Table II. Surface areas of platinum-nickel catalysts 

Sample No. Composition w/o Surface area m=/g 

AZ-I 100%Pt 72.9 
NPT-14 1.4~ Ni 35.2 
NPT-3 2.19Ni 38.4 
NPT-13 3.4~Ni 43.9 
NPT-2 5 . 4 9 N i  47.6 
NPT-1 10.29Ni 63.1 

of the noble metals in gas phase hydrogenat ion re-  
actions (7). As among all the catalysts tested, only 
those of p la t inum-nickel  showed good stability, high 
corrosion resistance and consistently low polarizations 
in the presence of CO, the properties of this series of 
catalysts were studied in more detail. 

Platinum-nickel catalysts.--Structure. The surface 
areas of a series of p la t inum-nicke l  catalysts, as 
measured by the BET method, are listed in Table IL 
A sharp decrease in surface area is indicated on addi-  
tion of small  amounts  of nickel to p la t inum black. The 
increased tolerance of these catalysts for carbon mon-  
oxide does not therefore appear to be a mere surface 
area effect. On careful reduct ion of these samples with 
hydrogen gas at 100~ the catalysts were found to 
sinter  to a residual surface area of 10-15 m2/g. 

Fur ther  information on the s tructure of the P t -Ni  
catalysts was obtained by thermogravimetr ic  analysis. 
Figure 1 shows thermograms obtained with samples of 
p la t inum black, Pt-10.2%Ni, and Pt-50%Ni. In  all  
three cases, isothermal t rea tment  with a 5% H~-N2 gas 
mixture  resul ted in a large weight loss at room tem-  
perature. With p la t inum black, this ini t ial  loss could 
be a t t r ibuted to reduction of residual  p la t inum oxide 
to the metal. A fur ther  loss in weight on heating to 
140~ resulted from desorption of water vapor and no 
fur ther  loss occurred up to temperatures  exceeding 
300~ Reduction of Adams p la t inum black was there-  
fore essentially complete after t rea tment  with diluted 
hydrogen at room temperature.  On the other hand, the 
thermogram for the Pt-50%Ni sample showed three 
distinct steps: (a) reduction of p la t inum oxide at room 
temperature,  (b) dehydrat ion at 140~ and  (r reduc-  
tion of nickel oxide at 180~176 The thermogram 
for the Pt-10.2%Ni sample, however, failed to show a 
distinct step identifiable as nickel oxide reduction and 
reduction of this catalyst appeared to be complete at 
140~ This effect was found to be a common feature 
of catalyst samples containing 10% nickel or less and 
it seems likely that  a t rue alloy phase is present  in 
these samples. This point is fur ther  i l lustrated in Fig. 
2 which shows curves for the total weight loss, the 
weight loss at room temperature ,  and the weight loss 
due to reduction of nickel oxide as functions of the 
nickel content  of the catalysts. Samples containing 
less than 10% nickel thus showed no evidence of a 
separate nickel oxide phase. 
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Fig. i. Thermograms of Pt-Ni catalysts on reduction in flowing 
5 % H2/N2. 
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losses on reduction of Pt-Ni catalysts in 

Addit ional  evidence for alloy format ion was obtained 
by x - ray  diffraction studies. Debye-Scher re r  powder  
pat terns obtained with  the P t -Ni  catalysts containing 
5, 7, and 10% nickel  showed clear ly  the presence of a 
P t -Ni  alloy phase with lattice spacing a0 = 3.86A, com- 
pared with the spacing of 3.916A found with  p la t inum 
black. The existence of this al loy phase may  wel l  
account for the corrosion resistance and unusual  elec- 
t rochemical  act ivi ty  of  this catalyst  series. 

Fuel cell performance. Typical  fuel cell performance 
data for a Pt-10.2%Ni catalyst  are shown in Fig. 3, 
where  anode vs. hydrogen reference voltages at 100+C 
are plotted against current  density for H2-CO fuel  
mixtures  containing 2, 5, 10%CO. Comparable  data for 
a s tandard pla t inum black anode under  the same con- 
ditions are also included in the  figure. The improve-  
ment  resul t ing f rom the addit ion of nickel is ve ry  
evident.  Data obtained at 85~ and 85% H3PO4 elec- 
trolyte wi th  a 20.3%Ni-Pt anode are shown in Fig. 4 
for the three  gas mixtures.  Also included are com- 
parable data with a 10%CO-H.~ mix tu re  for p la t inum 
black and a typical p l a t inum-ru then ium catalyst  
studied previously (1). It is apparent  that  the CO 
tolerance of the P t -Ni  catalyst  was definitely superior  
to the P t -Ru  catalyst. 
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Fig. 4. Performance of 20.3%Ni-Pt anode with H_o-CO mixed 
fuels, 85~ 

The improved  tolerance for carbon monoxide  ex-  
hibi ted by these catalysts was also found at lower  
nickel contents. Figure  5 shows similar  data  obtained 
at 85~ with  a 5.4%Ni-Pt anode. Even wi th  a 10% 
CO-H2 fuel mixture,  the polarizat ion of the anode did 
not exceed 0.1v at 400 m a / c m  2 C.D. The effect of 
nickel content  on the polarization of the anode is 
shown in Fig. 6 at a C.D. of 100 m a / c m  2 for the  three  
gas mixtures.  Addit ion of as l i t t le  as 2% nickel  was 
apparent ly  sufficient to give rise to a marked  improve-  
ment  in anode performance.  Above 30% nickel, cor-  
rosion became noticeable and the electrode surface 
showed a greenish tinge after  several  hours of opera-  
tion at 85~ It is probable that  corrosion wil l  become 
more noticeable at lower nickel  contents wi th  increas-  
ing temperature .  However ,  below 10% nickel, no t race  
of corrosion or nickel  salts in the effluent e lectrolyte  
was observed after  tests at 100~ of 3 hr  duration. No 
extended corrosion tests were  conducted, and the long- 
te rm stabil i ty of these catalysts remains uncertain.  

In an a t tempt  to provide more  detailed information 
on the nature  of the reactions at the anode, analysis of 
the carbon dioxide content  of the effluent gases from a 
working anode was carr ied out. Analysis of effluent 
samples was made with the mass spectrometer  af ter  
10-min periods of operat ion on steady loads at various 
current  densities. Using a P t - l . 4%Ni  catalyst  as anode 
and a 5%CO-H2 fuel mixture ,  v e r y  small  amounts  of 
CO2 were  detected in the product  gases at current  
densities below 200 m a / c m  2. P la t inum black electrodes, 
on the other  hand, give rise to large amounts  of CO2 
under  the same conditions (1). It seems, therefore,  
that, as with alloys of p la t inum-ru then ium,  p la t inum- 
nickel alloy electrodes in the presence of H J C O  mixed  
fuels give rise to a higher  surface coverage with  hy-  
drogen and a higher  hydrogen oxidation current  than  
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Fuels, 85~ 



Vol. 116, No. 4 

045 

0.40 

0.35 

0.30 

~ 0 25 

I 020 

< 

0.15 

85 % H3PQ 4 
I O O m o / c m  z 
T=85oc 

ANODE-PI - Ni CATALYSTS 
CATHQOE - Pt BLACK 

CORRO~N= 

0 

0 05 -R~ 

0 tO 20 30 40 BO 

Pt ANODE C O M P O S I T I O N  W! % Ni 
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is the case with pure p la t inum electrodes, which tend 
to be rapidly poisoned by the CO in  the fuel stream. 

Adsorption and catalytic propevties.~Prevs 
studies of the co-adsorption and interact ion of carbon 
monoxide and hydrogen from the gas phase on plat i-  
num and ru then ium blacks (6) have indicated that  
CO is much less strongly chemisorbed on ru then ium 
than on p la t inum under  the same conditions. It seems 
likely that this fundamenta l  difference in the behavior  
of the two metals is responsible for the increased CO 
tolerance exhibited by p l a t i n u m - r u t h e n i u m  alloys in 
fuel cell anodes (1). Similar  exper iments  were there-  
fore carried out with the P t -Ni  catalysts in  an at-  
tempt to provide a bet ter  unders tanding  of the be-  
havior of these materials.  

The upper  curve in Fig. 7 shows the adsorption iso- 
therm of carbon monoxide at 150~ on a reduced 
sample of p la t inum black. The isotherm is of the 
Langmuir  type and adsorption vi r tual ly  ceases when  
the metal  is covered with a monolayer  of adsorbate. 
At the end of these measurements,  the p la t inum black 
was evacuated for 16 hr at 150~ and the CO isotherm 
determined again, as shown in the lower curve of Fig. 
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Fig. 8. Adsorption of CO on Pt-20.3%Ni catalyst at |50~ I. 
adsorption of CO on reduced sample; II. subsequent adsorption of 
CO after evacuation at 150~ for 16 hr. 

7. If all the chemisorbed CO was desorbed on evacua-  
tion, the two isotherms should be coincident. It  is 
apparent,  however, that only a small  portion (around 
25%) of the ini t ial ly chemisorbed CO could be re-  
moved by pumping alone. Similar  data for a Pt-20.3% 
Ni catalyst under  the same conditions are shown in  
Fig. 8. In this case, a much larger fraction (60-70%) 
of the chemisorbed CO was desorbed by pumping  at 
150~ for a 16-hr period. The addition of nickel to 
the p la t inum thus appears to weaken the bonding of 
CO to the metal  surface. 

Fig. 9 i l lustrates the effect of nickel concentrat ion 
on the strength of bonding of CO to the catalyst. The 
solid curve (a) shows the percentage of chemisorbed 
CO which is desorbable on pumping  at 150~ for 
16 hr ( le f t -hand ordinate) ,  this quan t i ty  reaching a 
max imum at about 20% nickel. The dashed curve 
[ordinate (b) on right side] shows the variat ion in 
the ratio, volume of CO adsorbed: volume of H2 ad- 
sorbed at 50 Torr  and 150~ for the various catalyst 
samples. A general  decrease in this ratio was observed 
with increasing nickel content  of the catalyst. These 
results suggest that, as in the case of p l a t i n u m - r u -  
then ium alloys (1), the improved tolerance for CO 
shown by the alloy catalysts is a result  of decreasing 
CO coverage on the catalyst surface in the presence 
of hydrogen. 
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The Pt -Ni  alloy catalysts were also found to be very 
active for the low-tempera ture  oxidation of carbon 
monoxide in  the gas phase. The formation of CO2 by 
the reaction of carbon monoxide and oxygen was found 
to fit the kinetic expression 

kT  ~ -- Poco log (P~ - -  Pco.,) 

where P~ is the ini t ial  pressure of carbon monoxide 
and P~ the pressure of carbon dioxide at t ime t. A 
similar expression has been used by Winter  (8) to 
describe the course of the reaction over nickel oxide. 
The apparent  activation energies between 0 ~ and 
25~ were in the range 3-5 kcal /mole for all the P t -  
Ni catalysts tested. The variat ion in the init ial  rate 
of CO2 formation at 0~ for an ini t ial  ratio of CO:Oe 

1.1 is shown by the dotted curve [ordinate (c) on 
right side] in Fig. 9. The activity of the Pt -Ni  catalysts 
for this reaction also shows a max imum value at 
around 20% nickel, in spite of the fact that  there is 
no corresponding max imum in the surface areas of 
the catalysts. 

Although the results of analysis of the fuel cell 
effluents indicate that  electrochemical oxidation of 
CO plays only a minor  role at the P t -Ni  alloy anode, 
the enhanced activity of these catalysts in the gas 
phase oxidation of CO may be a reflection of a weaker  
bonding of carbon monoxide to these alloys than is 
found with p la t inum alone. 

Conclusions 
Of a large number  of p la t inum-base  metal  combi- 

nations tested as anodes in the He-CO fuel cell, plat i-  
num-n icke l  catalysts containing 2-20 w/o  nickel show 
an exceptional resistance to poisoning by carbon mo- 
noxide. These catalysts are corrosion resistant  to phos- 
phoric acid at 100~ and exhibit  stable and repro- 

ducible performance which equals or exceeds that  
of the best noble metal  alloy catalysts studied pre-  
viously. The addition of small  amounts  of nickel to 
the p la t inum lattice appears to reduce the heat of 
adsorption of carbon monoxide on the metal  surface 
result ing in an increase in hydrogen coverage on the 
electrode dur ing operation of the cell. 
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The Effect of Electrolyte Flow on the Morphology 
of Zinc Electrodeposited from Aqueous Alkaline 

Solution Containing Zincate Ions 
R. D. Naybour 

Electricity Council Research Centre, Capenhurst,  Chester, England 

ABSTRACT 

The effect of flowing electrolyte on the morphology of zinc electrode- 
posited from aqueous alkal ine solution has been investigated. Aqueous potas- 
s ium hydroxide solution of 5.8N normal i ty  containing 19.1 g /d in  :~ of dissolved 
zinc oxide was circulated through a flow tube at flow velocities up to 1.7 m/s,  
corresponding to Reynold 's  numbers  of up to 13,500. The morphologies of zinc 
electrodeposits formed on a zinc substrate in the wall  of the flow tube were 
examined over a range of current  densities and Reynold's numbers .  The re-  
sults showed that  flowing electrolyte under  both tu rbu len t  flow and laminar  
flow conditions greatly modified the deposit morphologies. It was possible to 
construct a morphology, current  density, and Reynold's number  "phase dia-  
gram" to describe the effects of flowing electrolyte on deposit morphology. 

The growth of zinc dendri tes is a major  difficulty 
in the development  of a secondary bat tery employing 
zinc as an active material .  Consequently, the mor-  
phologies of zinc electrodeposited from aqueous alka-  
line solution containing zincate have been extensively 
studied in recent years (1-6). It is clear from pre-  
vious work that  dendri t ic  growth occurs dur ing dif-  
fusion-l imited current  conditions, and the rate of 
growth, ra ther  than the rate of nucleat ion (2), is the 
controll ing factor. Methods used to control deposit 

K ey  words:  zinc, morphology, electrodeposition, turbulent ,  Reyn-  
old's number .  

morphologies have included restricting the charging 
current  density to below the l imit ing current  density 
(1), using current  pulses, including both charging and 
discharging currents  (4), and, the use of half-wave,  
rectified a.c. (5). Each of the above methods have 
been claimed to prevent  the formation of dendrites 
but, as found in exploratory experiments  dur ing  the 
present  investigation, they all place l imitations on the 
charging current  density without  achieving a large 
increase in the rate at which an acceptable zinc deposit 
can be formed. Any  method of prevent ing dendrit ic 
growth would be successful if the diffusion-depleted 
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layer near  the electrode surface was thereby prevented 
from forming, and it is well  known that  diffusion- 
controlled processes in liquids are very dependent  
on the hydrodynamic conditions. These two conclusions 
st imulated the present  study in which the effect of 
flowing electrolyte on the morphology of zinc electro- 
deposits was studied over a range of Reynold's n u m b e r  
and current  density. 

Experimental 
The specimen was a single crystal  of zinc cut to re- 

veal the basal p lane  and prepared prior to deposition 
as previously described (2). The flowing electrolyte 
apparatus, i l lustrated diagrammatical ly  in Fig. 1, was 
designed to obtain Reynold 's  numbers  of up to 104 in 
a tube of length 0.6m and rectangular  cross section 
0.01 x 0.05m. The specimen was mounted  on a holder 
suitable for examinat ion in the scanning electron 
microscope. After  electropolishing, the specimen was 
embedded into a hollow plug by means of plasticine. 
Care was taken to ensure the specimen surface and 
plasticine were smooth and level with the edges of 

the plug. The plasticine and specimert surface were 
covered by a layer of v inyl  plastic from an aerosol 
and, after drying, the plastic was dissolved from the 
specimen surface. The specimen was then electro- 
polished immediate ly  before placing into the flowing 
electrolyte apparatus.  The removable plug was screwed 
onto an "O" ring un t i l  a previously determined mark  
indicated the surface of the specimen was level with 
the inside of the flow tube. After  this procedure, the 
surface of the specimen was about 30~ below the level 
of the surrounding surface at the start  of deposition. 
During deposition, this difference in surface height 
decreases unt i l  the roughness of the deposit limits 
the applicabil i ty of the Reynold's  numbers  quoted. The 
morphologies obtained were not greatly dependent  on 
the charge densi ty and it is concluded that  surface 
modifications to the Reynold 's  numbers  quoted were 
small. By means of the valves below the flow tube, it 
was possible to adjust the flow rate in the tube  to any 
value corresponding to Reynold's numbers  between 0 
and 1.4 x 104, The volume of l iquid passing through 

Fig. 1. Schematic diagram of flowing electrolyte apparatus. 
Inset showing specimen holder. 

Fig. 3. Scanning electron micrograph of morphology at Re ~ O, 
12 rain at SO0 amp/m 2 viewed at 45 ~ (XISO0). 

Fig. 2. Scanning electron micrograph of morphology at Re ~--- O, Fig. 4. Scanning electron micrograph of morphology at Re ~ O, 
4 rain at 103 amp/m 2 viewed at 10 ~ (X1500). 8 min at 358 amp/m 2 viewed at 10 ~ (X1SO0). 
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Fig. 5. Scanning electron micrograph of morphology at Re = 0, 
20 min at 20 amp/m 2 viewed at 10 ~ (X150). 

Fig. 7. Scanning electron micrograph of morphology at Re = 
7900, 1 min at 8000 amp/m 2 viewed at 45 ~ (X1500). 
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Fig. 6. Graph of morphology as a function of Reynold's numbe~, 
Re, flow velocity, and current density. 

the tube in a given t ime was measured  in the  cali-  
bra ted vessel below the flow tube and the Reynold 's  
number,  Re was calculated f rom Re ---- aV/p where  a 
is the distance between the broader  walls of the  flow 
tube, V the average veloci ty in the flow tube, and p 
the kinematic  viscosity. The electrolyte  used was made 
from disti l led wa te r  and Analar  grade potassium hy-  
droxide and zinc oxide. The normal i ty  of the solution 
was 5.8N and the solution contained 19.1 g / d m  8 of dis- 
solved zinc oxide. The densi ty and dynamic viscosity 
of the electrolyte  were  measured at 20~ and the value 
of 1.28 x 10 -6 m2/s was calculated for the kinematic  
viscosity. Exper iments  were  per formed at ambient  
t empera tu re  which was in the range 20 ~ +_ 2~ so that  
the er ror  in Re due to t empera tu re  variat ions was 
--+5%. At high Re, above 8 x 10 a, the high rates of flow 
were  measured to •  and the er ror  in Re was 
therefore  around +__10%. Exper iments  using wate r  and 
ink as a dye confirmed that  the flow was laminar  be- 

Fig. 8. Scanning electron micrograph of morphology at Re = 
7900, I min at 6000 amp/m 2 viewed at 450 (X400). 

low Re of 1.6 x 103 and that  turbulence  was wel l  de-  
veloped above Re of 2.5 x 103. 

Electrodeposit ion was carr ied out at constant cur -  
rent  using a transistorized potent ial  source, constant to 
1 part  in 2000, and var iable  resistances. The anodes 
were  pieces of p la t inum foil and the zinc s ingle-crys-  
tal specimen was the cathode. Af ter  deposition, the 
specimen was removed from the flow tube, washed in 
distil led wate r  and methanol,  and placed in the scan- 
ning electron microscope. 

Results 
Stationary electrolyte.--In stat ionary electrolyte,  

the deposit morphologies obtained over  the range of 
cur ren t  densities were  similar  to those obtained in 
our previous work  (2). At  a current  density of 103 
a m p / m  2, the deposit was dendri t ic  as shown in Fig. 2. 
As the current  density was decreased, the dendri tes 
became less needle shaped and more  platelike;  Fig. 3 
is an example  of the morphology at 500 a m p / m  e . 
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Fig. 9. Scanning electron micrograph of morphology at Re = 
7900, 2 min at 3000 amp/m 2 viewed at 10 ~ (X150). 

Fig. l l .  Scanning electron micrograph of morphology at Re = 
13,500, I rain at 1600 arnp/rn 2 viewed at 45 ~ (X400). 

Fig. 10. Scanning electron micrograph of morphology at Re 
7900, 3 min at 2000 amp/m 2 viewed at 45 ~ (X400). 

Fig. 12. Scanning electron micrograph of morphology at Re 
13,500, I min at 12,000 amp/m s viewed at 45 ~ (X400). 

Fur ther  decrease in current  density resulted in a fine 
granular  deposit at 448 a m p / m  2 and at 358 a m p / m  2 
the deposit consisted of a mixture  of granular  and 
layerlike deposits as shown in Fig. 4. At 250 a m p / m  ~, 
the deposit was essentially granular  and layerlike as 
in Fig. 4 but  some bulbous growths were obtained. At 
125 a m p / m  2, the deposit was in the form of large 
bulbous growths as shown in Fig. 5. 

Flowing electrolyte.--Morphologies produced at cur-  
rent  densities up to 16 x 103 a m p / m  2 and Re up to 
14 x 103 were examined. With in  the above range of 
current  density and Re, three reasonably distinct mor -  
phologies were produced. First, at high current  den-  
sities and low flow rates the deposit was clearly 
dendrit ic in form. Increasing the electrolytic move- 
ment  resulted in a bulbous deposit which was not  
comparable to any morphology obtained in s tat ionary 
electrolyte. Finally,  at high Re and intermediate  cur-  
rent  densities the deposit was similar to the flat, 

granular ,  deposits obtained at 358 a m p / m  2 in stat ionary 
electrolyte. 

The effect of Re and current  densi ty on the type of 
deposit produced is presented in the form of a "phase" 
diagram in Fig. 6. The morphologies produced were 
classified into one of the categories, dendritic, bulbous, 
or fiat. The micrographs in  Fig. 7-14 i l lustrate these 
three morphologies and the quite sharp t ransi t ions 
among the three types of deposit. Figures 7-10 were 
obtained at Re = 7.9 x 103 and current  densities of 
8000, 6000, 3000, and 2000 a m p / m  2 and show the 
dendrit ic deposit at 6000 a m p / m  2, the bulbous deposits 
at 6000 and 3000 a m p / m  2, and the fiat type at 2000 
amp/re". The morphologies at Re = 1.35 x 104 are 
shown in Fig. 11-14. The deposit at 16,000 a m p / m  2, 
Fig. 11, was clearly dendritic;  that  at 12,000 a m p / m  2, 
Fig. 12, was bulbous;  and that  at 4000 a m p / m  2, Fig. 13, 
was in a t ransi t ion region between bulbous and flat 
deposits, while, at 2000 a m p / m  2, Fig. 14, the deposit 
was clearly "flat." 
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Fig. 13. Scanning electron micrograph of morphology at Re 
13,500, 1 min at 4000 amp/m 2 v~ewed at 10 ~ (X400). 

The effect of Re on the uni formi ty  of the deposit is 
shown in Table I in which the max imum protuberance 
height estimated from the electron micrographs is 
compared with the theoretical thickness of deposit as- 
suming a current  efficiency of 100%. 

Discussion 
Levich (7) has considered the effect of flowing elec- 

trolyte on l imit ing currents  under  both tu rbu len t  and 
laminar  flow conditions and has calculated that under  
tu rbu len t  conditions the diffusional flow to a plate is 
approximately proport ional  to the 0.8-0.9 power of the 
fluid velocity. For l aminar  flow, the index is in the 
region 0.5-0.3. In  the present  experiments,  the "phase" 
boundary  del ineat ing the flat to bulbous t ransi t ion is a 
curve in which, approximately,  the current  density is 
proport ional  to (Re)1.0. In  the case of the bulbous to 
dendri t ic  t ransi t ion the current  densi ty is proportional 
to (Re) H for Re > 2000 and proport ional  to (Re) 0.7 
for Re < 2000. It therefore seems likely, in the light 
of Levich's theory, that  one or other of these curves 
is in fact the locus of the onset of diffusion-limited 
current  as a function of Re. 

The results at 0.5 x 10 :~ a m p / m  2 i l lustrate the change 
in morphology produced by flow which is certainly 
laminar.  The dendri t ic  deposit at Re = 0 has been 
modified to a bulbous deposit at Re ~ 1100 and it is 
flat by Re = 1600. This change in morphology pro- 
duced by flowing conditions which are wholly laminar  
is not surpris ing because there is a large amount  of 

Table I 

Re 

Theo-  M a x i m u m  
re t i ca l  p r o t u b e r a n c e  
t h i c k -  h e i g h t  es t i -  Ra t io  

Cur r en t ,  ness  of  m a t e d  f r o m  \ ' (p r~  h e i g h t ~  
dens i ty ,  Time,  depos i t ,  m i c r o g r a p h s ,  - - - -  
amp/m~ min /~rn ~m (+--307~) deposit t h i c k n e s s  / 

0 
0 
0 
0 

1570 
3000 
7900 
790O 
7900 
7900 

13500 
135O0 
13500 
13500 

120 20 6.8 290 43 
358 8 8.2 33 4.0 
500 12 17 140 8.2 

1000 4 12 200 18.0 
1000 4 12 120 10.0 
10O0 4 12 47 4. O 
2000 3 17 67 0.6 
3000 2 17 50 2.9 
6000 1 17 34 2.0 
8000 1 23 100 4.4 
2000 3 17 7.2 0.4 
4000 1 12 32 2.7 

12000 1 36 100 2.8 
16000 1 46 150 3.3 

Fig. 14. Scanning electron micrograph of morphology at Re 
13,500, 2 rain at 2000 amp/m 2 viewed at 45 ~ (X1500). 

microturbulence dur ing the deposition of zinc pri-  
mar i ly  due to density changes in the electrolyte and to 
hydrogen evolution. For the same reasons, a sharp 
t ransi t ion in morphology when the electrolyte flow 
changes from laminar  to tu rbu len t  would not be ex- 
pected. 

Previous workers (8-10) have stressed the examina-  
t ion of electrodeposits in situ and a number  of cells 
suitable for optical microscopic examinat ion of grow- 
ing electrodeposits have been used by them. However, 
even though these cells employed a flowing electro- 
lyte at the surface of the electrode, the flowing con- 
ditions were not specified. Indeed the possibility of 
hydrodynamic conditions affecting the deposit was not 
considered. The present results show clearly that even 
flowing conditions which appear to be laminar  can af- 
fect the deposit morphologies and thus the hydrody-  
namic condition of the electrolyte is an important  
factor in the control of the morphology of electrode- 
posits. 
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The Electrochemical Behavior of Molybdenum 
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ABSTRACT 

The anodic and cathodic polarization of molybdenum in 1N H2SO4 was in- 
vestigated. In deaerated solutions, two stable rest potentials,  0.368 and --0.020v 
vs. NHE, were  observed, depending on the act ivat ion procedure. In aerated 
solutions, only the rest potent ial  of 0.368v was observed. From the more noble 
rest potential,  an anodic Tafel  slope of 44 _ 4 mv  and a corrosion current  
of 1.5 _ 0.8 ~a/cm 2 were  obtained. For  the h.e.r., a Tafel  slope of 70 _+ 3 mv  
and an exchange current  of 0.10 _+ 0.04 ~a/cm 2 were  obtained. Two distinct 
act ive-passive transitions were  observed between the two rest potentials.  The 
shor t - t ime galvanostatic transients  exhibi ted two linear regions in the potent ia l -  
t ime responses and could be represented by an electr ical  model  of two R-C 
networks in series. Capacitance values were  de termined  from the slopes of 
the two l inear regions. The first capacitance was a t t r ibuted to MoO2 at the 
Mo-MoO2 interface and was a constant value of 3.75 ~f /cm 2 throughout  the 
potential  region investigated. The second capacitance was surmised to be a 
pseudocapacitance, and ranged f rom 200 to 600 ~f /cm 2. However ,  for suffi- 
ciently large polarization from the more noble rest potential,  the second ca- 
pacitance was too large to be measured.  

Few investigations have been made of the electro-  
chemical  behavior  of pure molybdenum.  Some early 
work  (1-3) indicated that  molybdenum passivated 
easily and that  the end product of its e lectrochemical  
oxidation was hexavalent  molybdenum. In acidic solu- 
tions, exper imenta l  rest potentials of 0.390v vs. NHE 
(4), 0.368v vs. NHE (5), and 0.000-0.058 pH v vs. 
NHE (8) have been reported. Anodic Tafel  slopes of 
70 mv (7) and 45 mv  (4, 5, 8) have been de termined  
for the dissolution reaction and cathodic Tafel  slopes 
of 76-104 mv  (6, 9, 10) have  been repor ted  for the 
h.e.r, on molybdenum. More recently,  the anodic passi- 
vation (11) and the mechanism of the dissolution re-  
action (8) have been studied. 

As indicated above, two different stable rest poten-  
tials of molybdenum in acidic solutions have been re-  
ported. The anodic region above the more noble rest 
potential  and the cathodic region below the more ac- 
tive rest potential  have been invest igated previously. 
It seems appropria te  that  one laboratory group in- 
vestigate the electrochemical  behavior  of molybdenum 
in the region between these two stable rest  potentials 
and in the potential  regions previously investigated. 

Experimental 
The test cell was a convent ional  one and made from 

Pyrex  glass wi th  a nominal  capacity of 1 liter. The 
test solution was 1N H2804. Pr ior  to introduction of a 
molybdenum electrode, the test solution was ei ther  
aerated or deaerated (Air Reduction Prepurif ied N.,, 
99.997%) for 24 hr. 

P lanar  (0.005 cm thick sheet, 99.9% Mo) and cyl in-  
drical (0.825 cm diameter  rod, 99.9% Mo) molybdenum 
electrodes (Fansteel  Metal lurgical  Corporation) were  
used. Both types of electrodes had an exposed area of 
1 cm 2. 

Subsequent  to fabrication, the general  electrode sur-  
face preparat ion procedure was as follows: 

1. Mechanical  polishing to 4/0 emery  paper. 
2. Removal  of polishing residue with tissue. 
2 (a). Masking (planar electrode only) with purified 

paraffin wax. 
3. Wash with distilled water.  
4. Degrease with absolute e thyl  alcohol. 
5. Wash wi th  disti l led water .  
6. Act ivate  in acid for 5 min. 
7. Wash wi th  dist i l led water .  
8. Place electrode in cell while  still wet. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  Ne w York  U n i v e r s i t y ,  U n i v e r s i t y  He igh t s ,  

New York,  New York.  

Once the electrodes had been polished, care was taken 
to minimize exposure to the atmosphere.  The elec- 
trodes were  act ivated in different acids: 5, 8, and 12N 
HCI, 5 and 10N H2SO4, 5 and 10N HNO3, and a 1-1 
mix ture  of concentrated HNO3-HzSO4. 

Both galvanostat ic  and potentiostatic s teady-sta te  
polarization techniques were  used to de termine  the 
potential  --  log I curves. Galvanostat ic  t ransient  tech-  
niques were  used to de termine  the differential  capaci- 
tance. 

The potent ial  of the test  electrode was measured  
with respect to a saturated calomel electrode (SCE),  
which was connected to the test solution near  the 
test electrode through a Haber -Lugg in  Capillary. The 
potential  difference be tween the test e lectrode and SCE 
reference electrode was measured with  a Kei th ley  
electrometer.  Wenking and Anotrol  potentiostats were  
employed. A Ruther ford  Model  585 pulse generator  
with a cathode fol lower a t tachment  was used for the 
shor t -dura t ion  galvanostat ic  pulses used to de termine  
the differential  capacitance. A Tektronix  dual beam 
oscilloscope, Model 555, was used to moni tor  the initial 
part  of the potent ia l - t ime response of the test elec- 
trode. 

Results 
All molybdenum electrodes in aerated 1N H2804 had 

a rest potential  of 0.368v vs. NHE. Molybdenum elec- 
trodes in deaerated 1N H2SO4, except  for the polished 
cylindrical  electrodes act ivated in HC1, also had a rest 
potential  of 0.368v vs. NHE. The polished cylindrical  
molybdenum electrodes act ivated in HC1 had a rest po- 
tent ia l  of --0.020v vs. NHE. 

The polarization data are divided into two separate 
groups. Group I contains all data taken on electrodes 
with a rest potential  of 0.368v vs. NHE and includes 
data taken in both aerated and deaerated 1N H2804. 
Group II contains all data taken on electrodes wi th  a 
rest potential  of --0.020v vs. NHE. 

Group / . - - F i g u r e  1 shows the s teady-s ta te  galvano-  
static and potentiostatic polarization data obtained for 
both planar  and cyl indrical  ( tangential  velocity, vt  ~- 
6.7 cm/sec)  molybdenum electrodes in deaera ted  and 
aerated 1N H2SO4. Cathodic polarization was per formed 
prior to anodic polarization. Subsequent  to cathodic po- 
larization, the potential  was al lowed to re turn  to the 
rest potential,  0.368v before  anodic polarization. Ident i -  
cal polarization behavior  was observed for both p lanar  
and cylindrical  electrodes. The anodic Tafel  slope, 
corrosion current,  the h.e.r, cathodic Tafel  slope, and 
exchange current  density are given in Table I. During 
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Fig. 1. Cathodic-anodic polarization sequence. Eo = 0.368v vs. 
NHE. [ ]  galvanostatic, aerated; �9 galvanostatic, aerated; O gal- 
vanostatic, deaerated; 0 galvanostatic, deaerated; C)potentio- 
static, aerated; �9 potentiostatic, aerated; V potentiostatic, de- 
aerated; �9 potentiostatic, deaerated. Open points represent 
planar electrodes; closed points represent cylindrical electrodes; 
dashed line represents capacitance data. 

anodic polarization, the color of the electrode changed 
from silver gray to black at a potential  of 0.500 • 
0.010v. In  addition, the polarization curve started to 
deviate from the l inear  Tafel behavior  at this poten-  
tial. Cathodic polarization appeared to be discont inu-  
ous between the rest potential,  0.368v, and the begin-  
n ing of the h.e.r. Initially,  a cathodic overpotential  
greater than 400 mv was observed by the imposition of 
the lowest cathodic current  density. 

Figure 2 shows the anodic-cathodic polarization se- 
quence (lines 1 and 2). It is seen that the ini t ial  anodic 
run  affects the cathodic polarization. As shown in Fig. 
2, there is a gradual  decrease in the potential  with in-  
creasing cathodic current  density rather  than the 
abrupt  drop in potential  as shown in Fig. 1. This 
gradual  decrease in potential  continues up to a cur-  
rent  density of approximately 25 • 10 /m/cm 2 (0.240v 
< * < 0.340v). At approximately this point, a l imit ing 
current  densi ty was observed. Beyond this l imit ing 
current  density, hydrogen gas was evolved and the 
cathodic polarization was identical  to that  shown in 
Fig. 1. Both the s tat ionary planar  and rotat ing cyl in-  
drical electrodes exhibited the same l imit ing current  
density. The anodic Tafel slope, corrosion current  den-  
sity, cathodic Tafel slope (h.e.r.), and exchange cur-  
rent  density (h.e.r.) determined from Fig. 2 were 
identical to the data in Fig. 1 and presented in Table 
I. The electrode also tu rned  to a black color at a po- 
tent ia l  of 0.500 • 0.01v. 

Lines 3, 1, and 2 show the cathodic-anodic-cathodic 
polarization sequence. The Tafel slopes, corrosion, and 
exchange current  densities were identical  to those 
values obtained for the other two polarization se- 
quences. 

Galvanostatic cathodic polarization of the cylindrical  
electrodes in aerated and deaerated 1N H2SO4 after 
different immersion times at the rest potential, 0.368v, 
is shown in Fig. 3. In  the time in terval  studied, it is 

Table I. Electrochemical parameters of molybdenum in H2SO4 

H y d r o g e n  
:Rest e x c h a n g e  

p o t e n t i a l  A n o d i c  C o r r o s i o n  C a t h o d i c  c u r r e n t  
vo l t s  vs.  T a f e l  s lope  c u r r e n t  T a f e l  d e n s i t y  

G r o u p  NI-I~ m y  / ta /cm~ my /~a/cm "= 

I 0.368 4 4 + 4  1 . 5 •  70-+" 3 0 . 1 0 •  
I I  - -0 .020  ~ - -  70-~---3 0.10 ~- 0.04 

CAPACITANCE .UF/CM = 

l e O  EO0  5 0 0  4 0 0  5 0 0  

' I ' I _ '  I ' I . . ~ l ~ , ~ e : ~ ~ _ _ _  - ' 
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�9 0 4  . . ~ - ~  ~ B ~ ' ~  - ~ . . . . . . . . . . . .  
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Fig. 2. Polarization sequence. Line ]-2, onodic-cothodlc. Line 
3-1-2, cothodic-onodic-cothodic. Eo = 0.368v. [ ]  Golvonostotic, 
aerated; �9 golvanostotic, aerated; ~ galvonostatic, deoeroted; 

galvonostatic, deoeroted; G potentlostatic, aerated; �9 po- 
tentiostotic, aerated; ~ potentiostotic, deoeroted; �9 potentlo- 
static, deaeroted. Open points represent planer electrodes; closed 
points represent cylindrical electrodes; dashed line represents 
capacitance data. 
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Fig. 3. Cathodic polarization at different immersion times. 
Eo = 0.368v. �9 After immersion, deaeroted; C) offer immersion, 
aerated; ~ after 4 weeks immersion, deaefated; �9 after various 
immersion times, aerated; �9 after onodic polarization. 

seen that  the cathodic polarization of molybdenum in 
the deaerated 1N H2SO4 did not change with immer-  
sion time. However, the cathodic polarization behavior 
in aerated 1N H2SO4 did change with immersion time. 
With increasing immersion time, these cathodic polar-  
ization curves approached the curve obtained for elec- 
trodes which had previously undergone anodic polar-  
ization. These two runs were almost identical when the 
electrode was immersed in the aerated solution for 
4 weeks. 

Differential capacitance measurements  were obtained 
with galvanostatic pulses. The potent ia l - t ime responses 
exhibited two l inear regions as shown in Fig. 4. The 
ini t ial  l inear  region was a t t r ibuted to the charging 
of the meta l -meta l  oxide interface. At open circuit and 
dur ing  polarization, this capacitance remained con- 
stant at 3.75 ~f/cm 2. The second l inear region was at-  
t r ibuted to the charging of the metal  oxide-solution 
interface and showed marked  changes wi th  potential.  
The second capacitance as a funct ion of potential  for 
the different polarization sequences is shown in Fig. 
1 and 2. This second capacitance remained constant at 
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325 #f/cm 2 at open circuit and dur ing cathodic polar-  
ization up to the h.e.r. (except for electrodes which 
had undergone anodie polarization previously) .  At the 
beginning of the h.e.r., the second capacitance de- 
creased sharply to 280 #f/cm 2 and remained constant 
throughout  the h.e.r. Tafel region. 

With anodic polarization, the second capacitance in-  
creased unt i l  it became too large to measure accurately. 
However, the first capacitance remained constant  at 
3.75 M/cm". Subsequent  to anodic polarization the 
second capacitance remained at a very high value. 
Cathodic polarization did not reduce this capacitance 
value. 

In aerated 1N H.2SO4, the open-circui t  second ca- 
pacitance increased l inear ly  with immersion time unt i l  
it became too large to measure accurately, while the 
first capacitance remained constant  at 3.75 ~f/cm 2. The 
rate of increase in the open-circui t  second capacitance 
was approximately 14 • 2.5 ~,f/cm2/hr. 

Group II. In  deaerated IN H2SO4, the rest poten-  
tial of the polished cylindrical  molybdenum electrodes 
activated in HC1 was --0.020v vs. NHE. This rest 
potential  stabilized after an immersion time of 2-4 hr. 
Prior to stabilization, the open-circui t  potential  fluc- 
tuated between 0.080 and --0.160v with potential  ar-  
rests observed at --0.150, --0.100, and 0.080v. Some 
electrodes exhibited all three arrests while others ex-  
hibited 2, 1, or none. Subsequent  to stabilization, the 
rest potential  remained constant  for test periods of up 
to 4 weeks. 

The galvanostatic and potentiostatic polarization of 
molybdenum for the cathodic-anodic polarization se- 
quence and for anodic polarization of a previously 
unpolarized electrode is shown in Fig. 5. It is seen that  
cathodic polarization has no apparent  effect on the 
anodic polarization behavior. For current  densities 
greater than 1 #a/cm 2, the cathodic polarization be- 
havior of Group II electrodes was identical to pre-  
viously unpolarized Group I electrodes. 

From Fig. 5, the cathodic TafeI slope and the cor- 
responding exchange current  density (h.e.r.) were 
obtained (Table I).  During anodic polarization, two 
active-passive transit ions were observed. The first had 
a pr imary  passivation potential  of 0.035v and a critical 
current  density of 15 #a/cm 2, and the second had a 
pr imary  passivation potent ial  of 0.190v and a critical 
current  density of 22 ~a/cm 2. These values were ob- 
ta ined for exper iments  on more than  six electrodes. 
Above a potential  of 0.390 -*- 0.010v, anodic polariza- 
t ion was identical to that observed for Group I elec- 
trodes. 

In  the first active region, the electrode changed from 
a br i l l iant  silver to a s i lver-gray color. The si lver-  
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Fig. 5, Polarization of molybdenum in deaerated 1N H.~SO4, 
E o = - - 0 . 0 2 ~ .  0 Potentiostatic, �9 galvanostatic. Dashed line 
represents capacitance data. 

gray color was main ta ined  unt i l  the potential  ap- 
proached 0.350v. At this potential,  the electrode again 
assumed a br i l l iant  silver color. However, when  the 
anodic Tafel region was reached, the s i lver-gray 
color was again observed. The electrode tu rned  black 
at a potential  of 0.500 • 0.010v. 

After  anodic polarization to 0.390v, the rest poten-  
tial changed from --0.020 to 0.368v. The cathodic po- 
larization behavior of this electrode, with the rest po- 
tent ia l  now at 0.368v, was the same as that  of Group I 
electrodes which had previously undergone anodic 
polarization. 

If potentiostatic anodic polarization of a Group II 
electrode was discontinued at 0.340v, the rest potential  
re turned to the original  value of --0.020v after an ar-  
rest at 0.080v. Two types of potential  decay behavior 
were observed. The first was an exponent ial  decay to 
the potential  arrest at 0.080v followed by abrupt  de- 
crease in potential  to the rest potential  of --0.020v. The 
second was characterized by numerous  fluctuations in 
potential  with potential  arrests at 0.190v prior to the 
arrest at ~-0.080v. Then, as in the first case, the poten-  
tial abrupt ly  changed from 0.080 to --0.020v. 

The anodic polarization of molybdenum subsequent  
to the above-ment ioned decay is shown in Fig. 6. This 
polarization was not affected by the type of decay ob- 
served. In  this second anodic polarization run,  the first 
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Fig. 6. Second onodic polarization run on molybdenum in de- 
aerated l N  H2SO4, ='Co = --0.02Or. Dashed |ine represents capaci- 
tance data. 
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active-passive region almost disappeared. However, 
the second region exhibited the same pr imary  passiva- 
tion potential  and critical current  density as observed 
for the first anodic polarization run. For the second 
run,  a Tafel region was observed from 0.240 to 0.390v 
with a slope of 120 my. Above 0.390v, the anodic po- 
larization behavior  was the same for all electrodes. If 
the second potentiostatic anodic polarization was ter-  
minated at 0.340v, the potential  did not re tu rn  to 
--0.020v but  increased to 0.368v and stabilized at this 
potential. 

When shor t -dura t ion current  pulses (10 sec) were 
utilized for cathodic polarization, the potent ia l - t ime 
responses indicated that  the passage of 6.4 x 10 -4 
coulombs/cm 2 was required before a steady-state po- 
tent ial  was attained. This result  indicates that  the 
surface coverage of hydrogen atoms dur ing the steady- 
state h.e.r, was about a monolayer.  

The anodic t ransient  behavior of molybdenum is 
shown in Fig. 7. For current  pulses (10 sec) less than 
150 ~a/cm 2, the potential  increased monotonical ly with 
time. For pulse currents  between the range of 150-750 
~a/cm 2, it was observed that  the potential  reached a 
max imum which was followed by a m in imum and 
then a subsequent  monotonic increase with time. 
Above 750 ~a/cm 2, these maxima and min ima  were not 
observed and the potential  increased monotonical ly 
with time. The m a x i m u m - m i n i m u m  phenomena was 
only observed for electrodes which had not undergone 
anodic polarization previously. Cathodic polarization 
prior to the application of anodic pulses had no effect 
on the potent ia l - t ime responses. In Fig. 7, the solid 
lines represent  the anodic t ransients  of electrodes 
which had not been previously anodically polarized. 
The dashed lines represent  anodic t ransients  of elec- 
trodes which had previously undergone either pulse 
anodic polarization (10 sec) above 750 ~a/cm 2 or 
s teady-sta te  anodic polarization. 

Differential capacitances were obtained at the rest 
potential, --0.020v vs. NHE, and as a funct ion of po- 
tential. The potent ia l - t ime responses were similar to 
those observed for Group I electrodes. The first ca- 
pacitance was again constant  at 3.75 #f/cm 2 throughout  
the potential  range investigated, while the second ca- 
pacitance varied with potential  as shown in Fig. 5 and 
6. It is seen that  second capacitance for the first and 
second anodic polarization runs  were identical above 
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Fig. 7. Anodic transients of molybdenum in deaerated IN  H2S04. 
Eo = --0.020v. Continuous line---electrodes not previously onodi- 
cally polarized; dashed line--electrodes previously anodically 
polarized. 

about +0.140v. The open-circui t  second capacitance of 
previously unpolarized electrode was 420 ~f/cm 2, while, 
subsequent  to the l imited anodic polarization, the 
open-circui t  second capacitance was 625 ~f/cm 2. In  the 
h.e.r. Tafel region, the second capacitance of previ-  
ously unpolarized electrodes was 280 #f/cm 2, while, 
for electrodes which had undergone l imited anodic 
polarization, it was 330 #f/cm 2. Then, at open circuit, 
the second capacitance of the former electrodes im-  
mediately increased to 330 ~f/cm 2 and then slowly 
increased over a period of 6-8 hr to 420 ~f/cm 2. A 
similar capaci tance-t ime response from 360 _ 20 to 
420 ~f/cm 2 was observed after immersion of a fresh 
electrode and shown in Fig. 8. Electrodes which had 
undergone l imited anodic polarization previously did 
not exhibit  this t rans ient  phenomenon.  The second 
capacitance of these electrodes increased from 330 
~f/cm 2 to 625 ~f/cm 2 at open circuit after cathodic 
polarization in the h.e.r. Tafel region. 

Discussion 
The 0.368v rest potential  of molybdenum in 1N 

H2SO4 (aerated and deaerated) was not changed by 
repeated anodic and cathodic polarization although 
the concentrat ion of the oxidation product increased 
dur ing anodic polarization and in aerated solutions 
after long immersion times at open circuit. Comparison 
of the polarization data (Fig. 2, 5, 6) with polaro- 
graphic data (12) indicates that  the product  of corro- 
sion and anodic polarization was hexavalent  molyb-  
denum. In  this potential  region, hexavalent  molyb-  
denum can be reduced to pentavalent  molybdenum 
(12). These results indicate that  rest potential  of 0.368v 
is independent  of the concentrat ion of pentava len t  and 
hexavalent  molybdenum and oxygen. 

The rapid stabilization of the 0.368v rest potential, 
its independence of Mo (V), Mo (VI), and O2 concen- 
tration, and the differential capacitance data indicate 
that the molybdenum electrode is covered with an 
oxide or oxides either before immersion or immedi-  
ately thereafter.  The stoichiometric stable oxides of 
molybdenum are MoO.~ and MOO3. The redox reaction 
involving MoO2 and MoO.s, MoO2 ~- H20 = MoO:~ 
+ 2H + + 2e- ,  has a redox potential  of 0.298v vs. NHE. 
Thus, the 0.368v rest potential  is not determined by 
this redox reaction. However, this reaction may occur 
as a part ial  process of a polyelectrode. A process in -  
volving this redox reaction must  include the reduction 
of MoO3 and the formation of MoO2 since, at open 
circuit, accumulat ion of hexavalent  molybdenum or 
increase in differential capacitance was not observed 
in deareated 1N H.,SO4. A possible mixed process is the 
following: 

MoO2 -~- H20 = MoOs -P 2H + + 2e-  

MoO3 + 6H + -t- 3e-  = Mo +a -t- 3H20 

Mo +a -t- 2H20 ---- MoO2 § 4H + -t- e -  

In deaerated solutions, molybdenum which has not 
undergone previous anodic polarization has only a 
l imited amount  of hexavalent  molybdenum on its sur-  
face. Thus, a cathodic current  would reduce the hexa-  
valent  molybdenum and then shift the potential  to 
the h.e.r. 

In  aerated solutions, hexavalent  molybdenum is 
cont inual ly  being formed. However, the rest potential  
and corrosion current  are the same as for deaerated 
solutions. Since the l imit ing diffusion current  of oxy-  
gen reduction to water  was not observed, a slower re- 
action step must  determine the rate of production of 
hexavalent  molybdenum.  Delahay and Stagg (13), who 
investigated oxygen reduction on molybdenum,  sug- 
gested that oxygen reduct ion involves a peroxyder iva-  
tive of molybdenum which subsequent ly  reduces to 
water  and a normal  oxide state of molybdenum.  The 
formation of the peroxyderivat ive occurs by the re-  
action of peroxide with a surface oxide. Thus, the 
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rate of production of the hexavalent  mo lybdenum may  
be limited by the rate of formation or reduction of 
this peroxyderivative.  The over-al l  electrode reaction 
for the formation of hexavalent  molybdenum in 
aerated H~_SO.~ may be as follows: 

3 
Mo + ~-O2 + HEO = HMoO4- + H + 

As the concentrat ion of hexavalent  molybdenum in-  
creases, the contr ibut ion of the pen tava len t /hexava len t  
redox reaction to the rest potential  must  be considered. 
Theoretical cathodic polarization curves for various 
hexavalent  molybdenum concentrat ions were deter-  
mined by considering the polarographic studies of 
Johnson and Robinson (12), the cathodic polarization 
behavior after anodic polarization, and a l imit ing cur-  
rent  density of 0.5 ~a/cm 2 for oxygen reduction. This 
part icular  value of the l imit ing current  densi ty for 
oxygen reduction was arb i t rar i ly  chosen to minimize 
changes in the rest potential  and the corrosion cur-  
rent  density with changes in the concentrat ion of 
hexavalent  molybdenum.  In  Fig. 9 are shown the theo- 
retical cathodic polarization curves for hexavalent  
molybdenum concentrat ions of 2, 5, and 12.5 ~M. It can 
be seen that the concentrat ion of hexavalent  molyb-  
denum has little effect on the rest potential  and corro- 
sion current .  For example, E, ~ 0.370v and ico,'r ~- 1.2 
#a/cm 2 for 12.5 uM, and Eo : 0.363v and ico,.~ ~- 0.5 
~a/cm 2 for 0.0 ~M Mo(VI) .  A comparison of the theo- 
retical cathodic polarization curves in Fig. 9 and the 
exper imental  curves in Fig. 3 indicate good agreement.  
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Fig. ?. Partial electrode processes near rest potential of molyb- 
denum in aerated IN  H2SO4. Eo ~ 0.368v. Continuous l i n e ~  
theoretical polarization curves; dashed lines~single electrode 
partial process as indicated. 

The curves in Fig. 9 represent  the following pro-  
posed electrode reactions: 

I. Mo = Mo(IV) -~ 4 e - - ~  Mo(VI)  ~- 2e 

II. O~ -t- 4H + -~ 4e -  ----- 2H20 

III. Mo (VI) W e -  ---- Mo (V) 

According to H e u m a n n  and Hauck (8), the ra te -de ter -  
min ing  step for the anodic dissolution reaction is 
Mo(IV) -~ Mo(VI) .  

The rest potentials of polished cylindrical  electrodes 
activated in HC1 were --0.020v which was approxi-  
mately that of the reversible hydrogen electrode. 
Pr ier  to stabilization at this s teady-state  rest potential,  
potential  arrests were observed at 0.080, --0.100, and 
--0.150v. The arrests occurred at the redox potentials 
of the reactions (14, 15): 

Mo -}- 3 H20 = MoOa -}- 6H + -}- 6e -  

Mo+2H~O=MoOE+4H + + 4 e -  
and 

MoO2 = MoO2 + + e-  
respectively. 

Although the rest potential of --0.020v is the same 
value as the potential of the reversible hydrogen elec- 
trode, there is some doubt as to the actual processes 
which determine this rest potential. In the potential 
range in the neighborhood of the rest potential, ca- 
thodic polarization indicates a reduction process other 
than the h.e.r, and anodic polarization indicates oxide 
growth by the formation of a silver-gray film. Konig 
and Gohr ( i i )  have concluded that this silver-gray 
film was MoOE. Heumann and Hauck (8) have also re- 
ported the presence of MoO2 on the surface of molyb- 
denum in acidic solutions. In addition, the constant 
value of 3.75 ~f/cm 2 for the first capacitance, through- 
out the entire potential range investigated, suggests 
the continual presence of MOO._, on the surface of the 
molybdenum electrode. 

The capacitances determined from the two linear 
regions in the galvanostatic transients can be inter- 
preted in terms of the electrical model shown in Fig. 
I0 which describes the charging behavior of molyb- 
denum due to the metal-metal oxide and metal oxide- 
solution interfaces. The mathematical representation 
of this model is given as: 

E ~- Ip(R, + R2 + Rc -- Ri e-tlalcl -- R2 e-tIR~cE) 

Where E is the potential, I v the imposed current, RI CI 
refers to the metal-metal oxide interface, R2 C~ refers 
to the metal oxide-solution interface, and Re is the 
resistance of the solution. For the potential-time re- 
sponse, the first capacitance is the initial linear region 
which has the larger slope corresponding to a smaller 
capacitance value. The second capacitance is deter- 
mined from the other linear region which has the 
smaller slope which corresponds to a larger capaci- 
tance value. If Rt CI <<  R2 C2, the capacitance values 
may be determined independently. Figure i i  shows 
theoretical E -- t curves for CI = 3.75 #f/cm ~, RI ---- 5II, 
R2 ~ RI, and various values of C2 (I00, 133, 200, and 
400 af/cm2). As shown in Fig. Ii, the experimental 
potential-time response for short-time intervals can 
be very adequately represented by the proposed elec- 
trical model. Calculated and experimental potential- 
time responses for a 1.0 ma/cm 2 current pulse are 
shown in Fig. 12. The dashed lines represent the upper 

C I C , ,  

R, R2 

Fig. 10. Electrical analog of metal-metal oxide-solution interfaces 
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and lower limits of the exper imenta l  data (24 runs) .  
The points represent  the calculated data. 

The first capacitance, 3.75 #f/cm 2, is ascribed to the 
MoO2 at the Mo-MoO2 interface. Since the first capaci- 
tance remained constant  throughout  the potential  
range investigated, it seems apparent  that MoO2 was 
always present  on the electrode surface and that  the 
anodic dissolution of molybdenum involves MOO,,. The 
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second capacitance is a t t r ibuted to the electrical double 
layer and an adsorption pseudocapacitance which are 
in parallel  and represented by R,, C2 in the electrical 
model. The increase in the open-circui t  second capaci- 
tance of molybdenum with immersion in aerated solu- 
tions and its increase with increase in anodic polariza- 
tion suggest that  the pseudocapacitance may be due to 
an electroactive intermediate  or intermediates  pro- 
duced during the electrochemical oxidation of molyb-  
denum. 
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Enhancing the Brightness Capability of Color-TV Receivers 
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ABSTRACT 

An ideal  p ic ture  tube  for color TV would  have three  efficient phosphors  
wi th  almost  spec t ra l ly  pure  (nar row)  bands of emission on a facepla te  which 
t ransmi t s  only  at  the  same wave  lengths  and is opaque at o ther  wave  lengths.  
This poses an in teres t ing  physics  problem,  for how do you make  a n a r r o w -  
band filter which works  s imul taneous ly  in three  different  spec t ra l  regions? 
Working  wi th  prac t ica l  phosphors  and ava i lab le  filters, it  is in teres t ing to 
de te rmine  what  can p resen t ly  be achieved.  A deve lopment  program,  s ta r t ing  
out wi th  the w e l l - k n o w n  d i d y m i u m  glass, led to the  presen t  composit ion.  
Measurements  have been made  to de te rmine  the character is t ics  of a 3% 
neodymium doped glass having some spect ra l  optical  p roper t i e s  approx imat ing  
the specifications. Such a glass would  be used to replace  the  neu t r a l -dens i t y  
safety glass now used. Data  are  presented  showing its optical  proper t ies ,  and  
the changes in spectra,  brightness,  and color coordinates  of t r ico lor  p ic ture  
tubes.  I t  is concluded that  there  a re  some demons t rab le  improvements  in 
color, brightness,  and contrast .  

Every  manufac tu re r  of color TV receivers  is desirous 
of ob ta in ing  a br igh te r  p ic ture  d i sp lay  capabi l i ty .  A l l  
o ther  factors  being equal,  the rece iver  hav ing  a h igher  
br ightness  capabi l i ty  wi l l  unde r s t andab ly  ou t -pe r fo rm 
others  in a room having  high ambien t  l ighting. The 
manufac tu re r  wants  to a t ta in  this  h igher  capabi l i ty  
at  a m in imum increase  in cost and, cer ta inly ,  at  no 
sacrifice in ove r -a l l  performance.  Many labora tor ies  
a re  engaged in research,  therefore,  to develop br igh te r  
phosphors,  and  every  yea r  thousands  of new phosphors  
are  p r e p a r e d  and tested. 

We have inves t iga ted  an a l t e rna te  approach  to en-  
hance the  br ightness  obta inable  wi th  p resen t ly  used 
color pic ture  tubes by  30% or  more. The approach  
endeavors  to recover  most of the  loss in phosphor  
l ight  occurr ing  with the  p resen t ly  used con t r a s t - im-  
proving t in ted  glass in front  of the  pic ture  tube.  

Ins tead of a neu t ra l  t in t ing of the  glass faceplate,  
as is now the practice,  the  glass would be t inted only 
in the spectra l  regions where  the  t r icolor  phosphor  
emissions are  low. The glass would  then be h igh ly  
t r ansmi t t ing  to the phosphor  l ight  but  st i l l  re ta in  its 
con t ra s t - improv ing  capabi l i ty .  Discussions of this  ap -  
proach are  given in Ref. (1-4).  

Of the  mate r ia l s  p resen t ly  avai lable ,  the substances 
found to be most sui table  to produce this type  of spec-  
t r a l l y  select ive t in t ing  were  compounds  conta ining 
t r iva l en t  neodymium.  Whi le  neodymium-con ta in ing  
glasses tes ted were  found to have  most of the  des i r -  
ab le  character is t ics ,  they  have some which are  not  
desirable,  and, because of this, the  over -a l l  br ightness  
gain was found not to exceed 12%. 

Use of Neutral Tinting to Improve TV Picture Contrast 
In b l a c k - a n d - w h i t e  television,  t in t ing or darken ing  

of the facepla te  glass is done to permi t  v iewing of the  
p ic ture  in a room having  normal  ambien t  l ighting. 
(With  neu t r a l  t int ing,  the  t ransmiss ion of the  face-  
p la te  glass is de l ibe ra te ly  reduced.  Some manufac -  
tu re rs  make  the s ingle-pass  t ransmiss ion about  70%; 
others  p re fe r  a t ransmiss ion as low as 40%. 1 Wi th  
neu t ra l  t int ing,  also, the optical  absorpt ion  is app rox i -  
ma te ly  un i fo rm throughout  the  vis ible  spect ra l  range.)  
The contras t  is improved  because the  ambien t  l ight  

The  p rac t i ce  n o w  is  to m a k e  the  b u l b  70% t r a n s m i t t i n g  a n d  t he  
sa fe ty  w i n d o w s  e i t h e r  70 or 55%; t he  f ina l  t u b e s  are  52 or  41% 
t ransmit t ing .  S o m e  n e w e r  t u b e s  d o  no t  use  a safe ty  w i n d o w  and  
h a v e  a d e e p e r  t i n t e d  bulb.  

reflected f rom the phosphor  screen is more  g rea t ly  
a t t enua ted  than  is the  phosphor  l ight;  this  is because  
it takes  two passes th rough  the t in ted  glass, whereas  
the phosphor  l ight passes only once. 

Concept of Spectrally Selective Tinting 
If the neu t ra l  t in t ing in the facepla te  glass of a 

color-TV screen were  replaced  by  one having high 
t ransmissions in the  red, blue, and green spectra l  
regions (where  the  t r icolor  phosphors  emit )  and s t rong 
absorpt ions in the b lue-green ,  yel low, and far  r ed  
regions (where  the phosphor  emissions are  low) ,  it 
should be possible to real ize a subs tant ia l  gain in the  
obta inable  br ightness  wi thout  degrada t ion  of the  con-  
trast .  In Fig. 1, the  shaded areas  represent  the  regions 
where  s t rong opt ical  absorpt ions  would  be permi t ted ;  
also shown is the  emission spec t rum of a typ ica l  P22 
phosphor  (in this case, the  r ed -emi t t i ng  phosphor  is 
a eu rop ium-doped  y t t r i um oxysulfide, whi le  the  b lue  
and green are  both sulfides) (5). If  it were  possible 
to obtain 100% optical  absorpt ion  in the  shaded areas  

400 500 600 700 

WAVELENGTH - NANOMETERS 

Fig. 1. A selectively tinted glass having total optical absorptions 
in spectral regions depicted as shaded areas would provide con- 
trast improvement with very little effect on picture brightness. 
The curved trace describes the emission spectrum of a typical 
P22 phosphor, 
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and 100% t ransmiss ion in the  clear  areas,  the  ove r -a l l  
t ransmiss ion for incandescent  l ight,  when v iewed by 
the eye, would  be about  53%; for  day l igh t  or  f luores- 
cent light,  it  would  be about  54%. 2 This is ve ry  nea r ly  
the  same as the  double-passage  t ransmiss ion th rough  
70% t ransmi t t ing  neu t ra l  t int  glass. The amount  of 
reflected l ight  with the  spec t ra l ly  t in ted  glass would, 
thus, be the same as wi th  the  70% neut ra l  t in t  glass. 
The br ightness  of the  phosphor  l ight,  however ,  for 
equal  beam currents ,  would  be over  30% grea te r  wi th  
the spec t ra l ly  t in ted  glass. 

Of the  th ree  des i red  absorpt ion bands in the  spec-  
t r a l ly  t in ted  glass, the  most effective in improv ing  
contras t  is tha t  in the  yel low region because it is 
near  the  peak  of the  human  eye response. 

Select ion of M a t e r i a l  to Produce Spectra l  T i n t i n g  
Unfor tunate ly ,  a spec t ra l ly  select ive t in t ing  having 

the des i red  optical  absorbing character is t ics  is not 
easi ly  at tained.  The use of mul t ip le  in t e r fe rence - type  
coatings capable  of providing na r row and sharp  t r ans -  
mission bands is out of the  question; the  design of 
such a filter wi th  three  s imul taneous  spect ra l  regions 
of t ransmiss ion (corresponding to the  regions of phos-  
phor  emissions) is beyond the presen t  s tate of the 
art .  

Most organic and inorganic t in t ing  mater ia ls ,  in-  
corporable  into a glass or  plastic,  have broad absorp-  
tion bands wi th  broad  edge slope characteris t ics .  Com- 
pounds of the lan than ide  e lements  provide  spec t ra l ly  
na r row absorpt ion  bands  at  room tempera tu re ,  but, 
of these, only  P r  and Nd have  the  desired na r row  
bands  and sharp ly  defined absorpt ion  in the  ye l low 
spect ra l  region.  

The spect ra l  t ransmissions of wa te r  solutions of P r  
and Nd ni t ra tes  are  shown in Fig. 2. The absorpt ions  
obtained when the oxides of P r  and Nd are  incorpo-  
ra ted  into glass wil l  be somewhat  different  in degree  
and detai l  but  the  fundamen ta l  absorpt ive  spectra l  
regions wil l  be the  same. The shaded areas  on the top 
show the ideal  regions depic ted  in Fig. 1 where  ab-  
sorpt ions are  desired.  It may  be seen tha t  P r  com- 
pounds have an absorpt ion  band in the blue region. 
This would  produce  an objec t ionable  reduct ion in the  
br ightness  of the  blue phosphor.  I t  m a y  also be seen 
that  Nd compounds have  undes i rab le  absorpt ion bands  
in the  blue and green regions. However ,  because of 
its p ropor t iona l ly  grea te r  absorpt ion  in the  ye l low 
region, it  was considered to be the  best  choice as a 
t in t ing  mater ia l .  

Use of  D i d y m i u m  and  N e o d y m i u m  Glasses 
At the t ime of our  ea r ly  measurements  and eva lua -  

tions, a glass wi th  pure  Nd203 was not ava i lab le  as a 
s tandard  commercia l  i tem. However ,  d i d y m i u m  glass, 
well  known for its ye l low-absorb ing  proper t ies  and  
use in glassblowers '  goggles, was available.~ Didymium 
is a name given to a group of lan thanide  elements,  
La, Nd, Pr,  Sm, and Ce, and is in the  ex t rac t  obta ined  
from monazi te  sand af te r  most of the  Ce is removed.  
Lan thanum and Nd a r e  the  p r i m a r y  consti tuents,  
but  La compounds do not  absorb  opt ical ly  in the  vis-  
ible  spect ra l  range.  

The spect ra l  t ransmiss ion of a wa te r  solution of 
d idymium chlor ide  solut ion is shown in Fig. 3. I t  is 

T h e s e  v a l u e s  w e r e  c o m p u t e d  f r o m  t h e  r e l a t i o n s h i p :  

f k = 7000A 
Tx Px Rx d~ 
k = 4O00A 

f k = 7000A 
Px Rx dk  
k = 4000A 

where 

T- is  t h e  o v e r - a l l  t r a n s m i s s i o n  to  the  r o o m  light~ s o u r c e  ( d a y l i g h t  o r  
i n c a n d e s c e n t )  

Tx is t h e  s p e c t r a l  t r a n s m i t t a n c e  of  t h e  s p e c t r a l l y  t i n t e d  g l a s s  
Px is  t h e  s p e c t r a l  d i s t r i b u t i o n  of  t h e  r o o m  l i g h t  s o u r c e  ( d a y l i g h t  o r  

i n c a n d e s c e n t )  
Rx is t h e  s p e c t r a l  r e s p o n s i v i t y  of  t h e  h u m a n  eye .  

3 D i d y m i u m  g l a s s  is  a v a i l a b l e  f r o m  C o r n i n g  G l a s s  W o r k s  as  t h e i r  
g l a s s  n u m b e r  5120. 
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Fig. 2. Relative transmission characteristics o~ water solutions 
of Pr(NOa):~ and Nd(NO:0a in the visible spectral range. Shaded 
areas on top indicate, as in Fig. 1, the spectral regions where 
total optical absorptions would be desired in a selectively tinted 
glass. 
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Fig. 3. Relotlve transmission characteristics of o water solution 
of didymium chloride in the visible spectral range. Shaded areas 
on top indicate, as in Fig. 1, the spectral regions where total 
optical absorptions would be desired in a selectively tinted glass. 

ident ical  to the  spectra l  t ransmission of  a Nd chlor ide  
solution shown in Fig. 2 except  for the  g rea te r  a b -  
sorpt ion in the  blue spectra l  region. The l a t t e r  is a t -  
t r ibu ted  to the  presence of P r  and Ce. 

F igure  4 shows the spect ra l  t ransmiss ion of a 2-ram 
th ick  sample  of Corning 5120 glass which  contains 
about  4% of d idymium oxide. Fo r  comparison,  the  
spec t ra l  t ransmiss ion of 70% t r ansmi t t i ng  neu t ra l  t in t  
glass is also shown. It  is shown la te r  t ha t  the  average  
double-pass  t ransmiss ion of room l ight  is about  the 
same for the  two glasses. Thus, the  contras t  of a TV 
pic ture  would be about  the  same wi th  e i ther  t in ted  
glass. The d idymium concentra t ion represen ted  in the  
2 -mm th ick  glass sample  appea red  to be op t imum 
for this  applicat ion.  At  increas ing glass thickness,  the  
a t tenuat ions  produced by  the  absorpt ion  bands  in the  
blue and green spectra l  regions increase rapidly .  The 
double-pass  a t tenuat ion  for  ambien t  room light,  how-  
ever, increases only  slowly. Thus, a considerable  r e -  
duct ion in ove r -a l l  p ic ture  br ightness  w o u l d  be ex -  
per ienced wi thout  a subs tant ia l  improvemen t  in con- 
trast .  
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Fig. 5. Computed spectral characteristics of P22 phosphor light 
through neutrally tinted and didymium glasses. Initial P22 phos- 
phor emission c h a r a c t e r i s t i c s  same as shown in Fig. 1. 

The effects of the  70% t ransmi t t ing  neu t ra l  t in t  
glass and 2 -mm th ick  d idymium glass on the spect ra l  
character is t ics  and intensi t ies  of the  P22 phosphor  
emi t ted  l ight  are  shown in Fig. 5. The neu t ra l  t int  
glass has no effect on the  spect ra l  character is t ics  of 
the phosphor  light; i t  acts only  to reduce its intensi ty.  
The d i d y m i u m  glass, on the other  hand, affects both  
the  spec t ra l  character is t ics  and the  intensities.  Clearly,  
the  red  phosphor  emission is b r igh te r  th rough  the  
d idymium glass than  th rough  the neu t ra l  t int  glass. 
The ye l low component  in the  red  phosphor  emission 
is g rea t ly  reduced resul t ing  in a more  sa tu ra t ed  red  
color. By the  same token,  the  ye l low spect ra l  por t ion  
of the green phosphor  emission is also reduced,  r e su l t -  
ing in a more  sa tu ra ted  green color as well.  Unfor tu -  
nately,  however ,  some green absorpt ion  also occurs 
which  negates  any gain in the  br ightness  of the  green 
phosphor  emission. In  the  blue spec t ra l  region,  some 
gain in br ightness  might  be rea l ized th rough  the  use 
of the d idymium glass. 

Glass in which  pure  Nd203 was incorpora ted  was 
avai lab le  in the  l a t t e r  par t  of our  invest igat ions  
th rough  the  cooperat ion of the  Chicago Dial  Corpora -  
tion. 4 F igure  6 shows the spect ra l  t ransmiss ion of a glass 
sample  containing 3% Nd203; the  type  of glass used 
as the  host is not known.  The sample  was 3.3 m m  
thick. I t  m a y  read i ly  be seen tha t  the  absence of P r  
and  Ce resul ts  in g rea t ly  reduced  absorpt ions  in the  
blue spec t ra l  region.  The  thickness  of 3.3 m m  for 3% 
concentra t ion  of Nd203 appeared  op t imum in this  ap -  

C h i c a g o  D i a l  Corp . ,  1315 N o r t h  B r a n c h  St. ,  Ch icago ,  Ill. 60622. 

plication,  and  measurements  and observat ions  were  
made  compar ing  the d i d y m i u m  wi th  the  neodymium 
glass. 

Performance with Didymium and Neodymium Glasses 
Measurements  were  made  of the  t ransmiss ions  by  

the 70% neu t ra l  t int,  d idymium,  and neodymium 
glasses of the  emi t ted  l ight  f rom ind iv idua l  phosphors  
compris ing the P22 screen. The resul ts  a re  shown 
in Table I. Light  in tens i ty  measurements  requ i red  
for the  de te rmina t ion  of these values  were  made  wi th  
a Weston Photronic  Cell  having the spect ra l  response 
of the  human eye. The Nd glass is super ior  to the  
d idymium glass in the  extents  of the  phosphor  emis-  
sions t ransmi t ted .  The increase  in t ransmiss ion  of the  
d idymium glass over  that  of the  neu t ra l  t in t  glass for 
the  red  oxysulfide type  phosphor  emission is small ,  
but  this is due to the  loss of the  yel low component  
which is of apprec iab le  magni tude  in this  t ype  phos-  
phor. The t ransmiss ions  by  d idymium and Nd glasses 
of the red  component  of  the  red  phosphor  emission 
(e i ther  vanada te  or oxysulfide types)  is thus  grea ter  
than  tha t  indicated in Table  I. 

Measurements  were  also made  of the  t ransmissions 
by  the 70% neu t ra l  tint, d idymium,  and Nd glasses of 
whi te  (9300~ phosphor  l ight  and two types  of 
room lighting. The resul ts  a re  shown in Table II. 
Again, the l ight  intensi t ies  requi red  for the  computa -  

Table I. Transmission data for light from TV phosphors, 
transmission % 

P h o s p h o r  

T h r o u g h  T h r o u g h  n e o -  
T h r o u g h  d i d y m i u m  d y m i u m  g lass  

70% n e u t r a l  g l a s s  (2 m m  (3% Nd~O:~, 
t i n t  g l a s s  t h i c k )  3.3 m m  th i ck )  

]Red ( v a n a d a t e  t y p e )  72.9 80.7 82.8 
R e d  (oxysu l f i de  t y p e )  72.9 75.5 (Not  m e a s u r e d )  
G r e e n  (sul f ide  t ype )  73.4 68.3 76 
B l u e  (sul f ide  t ype )  70.5 71.4 84.8 

Table II. Transmission data for ambient room light, transmission % 

L i g h t  s o u r c e  

70% N e o d y m i u m  
T r a n s m i t -  D i d y m i u m  g lass  

t i n g  n e u t r a l  g l a s s  (2 m m  (3% Nd~O:~, 
t i n t  g l a s s  t h i c k )  3.3 m m  t h i c k )  

Averaged transmission for 
white (9300~ phosphor 
l igh t*  72 73.4 81 
I l l u m i n a n t  A (60-w i n c a n -  
d e s c e n t  l a m p )  ** 53 54 55 
I11uminan t  C ( f l uo re scen t  
l a m p )  ** 54 51 52 

* Single passage through glass. 
** Double passage through glass. 
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Fig. 7. Trichromatic color coordinates of P22 phosphor light 
through neutlal tint and neodymium glasses. 

t ion of these values  were  measured  with  a Weston 
Photronic  Cell. The double-pass  t ransmiss ions  by  al l  
t h ree  glasses are  about  the  same for e i ther  day l igh t  
or  incandescent  room lighting;  for a given TV pic-  
ture  brightness,  the reflected l ight  in a room wi th  am-  
bient  l ight ing would, therefore,  be the  same wi th  
e i ther  of the  th ree  t in ted  glasses. Wi th  ident ica l  op-  
e ra t ing  picture  tube  beam currents ,  however ,  the  pic-  
tu re  on the TV receiver  employing  the  Nd glass was 
about  12% brighter .  

In  Fig. 7, we show on a color d i ag ram the  change 
in chromat ic i ty  coordinates  of the  P22 phosphor  l ight  
resul t ing f rom the use of the  3.3-ram th ick  neodymium 
glass. The area  in the  t r iangle ,  which shows the gamut  
of hues obta inable  through the  mix ing  of the  th ree  
p r i m a r y  colors, is la rger  wi th  neodymium glass. I t  is 
possible to genera te  a g rea te r  range  of hues, therefore ,  
th rough  the  use of neodymium glass. However ,  the  
"yel lows,"  which are  p r imar i l y  der ived  th rough  the  
exci ta t ion of both the  red  and green phosphors,  are  
somewhat  degraded.  Visual ly  they  appear  s l ight ly  
grayish.  

Physical Appearance of Picture Tube Face 
with Spectrally Selective Tinting 

There  is a physical  appearance  a t t r ibu te  evident  
when using ei ther  the  d i d y m i u m  or Nd glass. When  
the  TV rece iver  is off, the  face of the  pic ture  tube  ap-  
pears  to have  a bluish cast in a room i l lumina ted  by  
dayl ight  or f luorescent l ighting, and a p inkish  cast  
when the  room has incandescent  l ighting.  At  present ,  
it  is considered desi rable  for the  glass to be only 
neu t ra l -g ray .  This dichroic effect is a na tu ra l  conse- 
quence of the  s t rong absorpt ion in the  ye l low spect ra l  
region. The effect is not  not iceable  when the set is on; 

in this condition, the beneficial effects noted  above  can 
p robab ly  be maximized  by  ad jus t ing  the color  m a t r i x -  
ing to match  the  ca lor imetr ic  proper t ies  of the  glass. 
(This was not done in this  invest igat ion.)  

Discussion 
The use of glasses t inted by  Nd compounds in place 

of neu t ra l  t in ted  glass on the face of a color pic ture  
tube has been invest igated.  Computa t ions  indica ted  
that  a g rea te r  than  30% improvemen t  in br ightness  
capabi l i ty  could be realized,  together  wi th  the  usual  
reduct ion in reflected room light,  th rough  the use of 
spec t ra l ly  select ive t in t ing which would  provide  to ta l  
t ransmiss ion of phosphor  l ight  but  be opaque in non-  
emission regions. I t  was found tha t  Nd compounds 
come close in p rov id ing  the des i red  spect ra l  t inting. 
Measurements  show, however ,  tha t  the  br ightness  im-  
provement  rea l ized with  the avai lab le  Nd glass was 
only about  12%. The reduced  pe r fo rmance  is, un -  
doubtedly ,  due to the  undes i rab le  but  character is t ic  
Nd +3 absorpt ions  in the green and blue spect ra l  regions 
However ,  these absorpt ion bands are  due to 4f t r a n -  
sitions, the  probabi l i t ies  of which are  sensi t ive to the  
crys ta l  fields sur rounding  the Nd +3 ions. 

There  is evidence that,  when the c rys ta l  s y m m e t r y  is 
changed,  by  incorpora t ing  the Nd +3 ion into different  
host glasses, the  change in the  absorpt ion  in the  green 
region is not propor t iona l  to tha t  in the  ye l low region. 
H i r ayama  and Lewis (6) descr ibe the  absorpt ions  of 
Nd203 in var ious  host glasses. Compar ing  the i r  14.5 
Na20, 25TIO2, 60 SIO2, 0.5 Nd203 glass wi th  the i r  33 
Li20, 66.5 SIO2, 0.5 Nd203 glass, it would be seen that,  
ad jus t ing  the thickness to yield the  same absorpt ions  
in the  ye l low region, the  absorpt ion in the  green  region 
wil l  be subs tan t ia l ly  less in the  t i t an ium-con ta in ing  
glass. I t  is possible, therefore,  tha t  th rough  the use of 
a different  host glass br ightness  improvemen t  closer 
to 30% might  be achieved.  

The ideal  s i tuat ion for the u l t imate  in contras t  and 
br ightness  would  be to have th ree  n a r r o w - b a n d  phos-  
phors and one fi l ter wi th  three  match ing  t ransmiss ion 
bands. The mak ing  of such a filter is an in teres t ing  
p rob lem in physical  optics. 
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ABSTRACT 

Phosphors are evaluated for use in h igh-cur ren t -dens i ty  cathode-ray tubes. 
Oxide-based phosphors exhibit  a l inear  increase in brightness with current  
density, whereas convent ional  I I -VI sulfide phosphors show a less- than- l inear  
increase. At high current  densities, the sulfides also exhibit  spectral shifts and 
a decrease in decay times. Selected ra re-ear th-ac t iva ted  oxide phosphors in -  
corporated in a postdeflection focusing tube demonstrated a substant ia l ly  
l inear  increase in brightness,  improved contrast  ratio, and good color balance. 

The in tensi ty  of the luminescence emitted by a 
phosphor screen excited by cathode rays increases as 
the number  of electrons per un i t  area incident  upon 
the phosphor is increased. The l inear i ty  of the increase 
in the in tensi ty  of the luminescence is, however, gen-  
erally l imited to low current  densities with phosphors 
used in most color-TV display systems (1-5). At 
high current  densities, the increase is less than linear.  
This nonl inear  behavior is called the "saturat ion" 
effect. The most common type of color-TV tube in 
use today is the shadow-mask version in which a 
perforated electrode is interposed between the elec- 
tron guns and the phosphor screen in a unipotent ia l  
drift  space. This electrode severely limits the number  
of electrons reaching the screen since 85% of the 
electrons emitted by the guns are not t ransmit ted  by 
the mask (6). Other types of color picture tubes are 
available which considerably increase the current  den-  
sity at the phosphor screen by providing for finer fo- 
cusing of the electron beam. One such class of tubes, 
the post-deflection focusing (PDF) type, produces a 
focusing action at the screen by replacing the unipo-  
tent ial  drift  space by a retarding field region created 
by a gril l  in close proximity  to the screen. The 
"Chromatron" or "Lawrence" tube (7) are examples 
of this tube type in which either one or three electron 
guns are used and in which the current  densities on 
the phosphor screens are several orders of magni tude  
higher than the current  densities in the shadow-mask 
tube. Recently, another type of tube has been an-  
nounced (8) which utilizes current  densities between 
those encountered in the shadow-mask and the PDF 
tubes. In this tube, electron guns with improved focus 
are used, and a grill  system having a higher optical 
t ransmit tance  than that of the shadow mask is placed 
between the phosphor screen and the electron guns. 
Conceivably, the development  of guns having im-  
proved focus could also be utilized in shadow-mask 
tubes to obtain higher current  densities. 

The brightness advantage which would be expected 
from the PDF grill has, however, not been realized in 
practice. The PDF grill has an electron transmission 
about six t imes that  of the aperture mask and, in addi-  
tion, provides a focusing action which delivers a higher 
current  density at the screen. However, the phosphor 
characteristics preclude full ut i l ization of the higher 
current  densi ty because of the nonl inear  response 
of the phosphors at higher current  densities and 
the decrease in contrast ratio 1 caused by secondary 
electron bombardment  of the screen. This is par t icu-  
larly true of the conventional  I I -VI sulfide phosphors. 
Also, some phosphors, especially these sulfides, exhibit  
color variat ions with changes in current  density which 
can lead to loss of color balance for colors derived 
from the combinat ion of two or more phosphors. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
i The  con t r a s t  r a t io  is  def ined  as  (Bo -- B s ) / B s ,  w h e r e  B~ is t he  

brightness of t he  sc reen  due  to  s t r ay  e lec t rons ,  a nd  Bo is the  b r i g h t -  
ness  of t he  screen due  to the primary beam and the s t r ay  e lec t rons .  
I f  Bs <<: Bo, the  con t r a s t  r a t io  i s  a p p r o x i m a t e d  b y  Bo[Bs.  

In conventional  screens for color television, at least 
one of the three phosphors exhibits a nonl inear  in-  
crease in brightness as the beam current  density is 
increased. A typical phosphor combinat ion which ex-  
hibits this nonl inear  effect is the "all-sulfide" screen in 
which ZnS:Ag serves as the blue pr imary,  (Zn,Cd)S: 
Ag the green primary,  and (Cd,Zn)S:Ag the red pr i -  
mary. All  three of these phosphors saturate at current  
densities well  wi thin  the operat ing range of the PDF 
tube. In  more recent screens, the red sulfide is re-  
placed by a Eu3+-activated phosphor (9) which has a 
substant ia l ly  l inear  response; the blue and green 
sulfide phosphors, however, are nonlinear .  

This paper describes a cathodoluminescent  screen 
composed of ra re-ear th-ac t iva ted  phosphors which 
exhibits a substant ia l ly  l inear  increase in  brightness, 
yields improved contrast  ratio, and main ta ins  good 
color balance over the operating range of the PDF 
tube. 

Experimental 
The usual  method for s tudying luminescence in ten-  

sity as a funct ion of current  density is to measure the 
increase in photomult ipl ier  response as the incident  
current  is increased and the spot size is main ta ined  
constant. When the screen operates at high voltage, 
measurement  of the current  incident  upon the screen 
becomes difficult and often an indirect  measurement  
is made, i.e. the cathode current  (current  leaving the 
cathode) is taken as a measure of the screen current.  
This, however, does not account for those electrons 
which leave the cathode but  do not reach the screen. 
More reliable measurements  can be made by ma in -  
ta in ing the cathode current  constant  while the spot 
size is changed by defocusing the beam. In  this way, 
the number  of electrons which reach the screen re-  
mains the same. (By screen current ,  we mean  the total 
pr imary  current  incident  upon the screen; this mus t  
include electrons backscattered from the screen if 
a direct measurement  of the screen current  is a t -  
tempted.) 

When the number  of electrons incident  upon a phos- 
phor is main ta ined  constant  but  the current  density is 
varied by changing the spot size, the luminescence 
output  remains  constant  for a strictly l inear  phosphor, 
i.e. the efficiency does not change. The magni tude  of 
the change in the emission in tensi ty  for a non l inear  
phosphor therefore gives a measure of the change in 
efficiency. Al though this method does not provide an 
absolute measurement  of the screen current ,  the usual  
errors involved in the measurement  of relat ive screen 
current  are avoided. 

Such measurements  were made using the following 
procedure. A Sylvania  model VMC-8TV monitor  was 
modified to accept 5F cathode-ray tubes equipped with 
EM-129 electron guns. The high-vol tage supply was 
variable from 0 to 30 kv. Focusing was accomplished 
by varying the current  to a magnetic focusing coil. 
A pulse generator  pulsed the beam on, by driving G1 
positive, for only a fraction of one scan line (typical 
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pulse duration,  2 ~sec). The pulse was synchronized 
with the signal to the deflection yoke so that the spot 
always appeared at the same position on the screen. 
The screen current  was not measured directly. In -  
stead, the current  leaving the cathode and the current  
collected by the first grid, G1, of the electron gun were 
measured by using two current  probes. These probes 
were connected to a differential p lug- in  uni t  in such 
a way that  the display on the oscilloscope shows the 
current  leaving the cathode minus the current  col- 
lected by G1. We found this differential method neces- 
sary since a current  probe measurement  of G1 alone 
showed that  some current  was collected by G~ during 
the t ime that  G1 was dr iven positive with respect to 
the cathode. The current  collected by G2 was neglig-  
ible. (The current  collected by the anode of the elec- 
t ron gun was not accounted for and therefore the in -  
cident screen current  may be less than that  measured 
by our method.) The oscilloscope display was then as- 
sumed to be a measure of the instantaneous screen 
current.  A typical value was 1.2 ma. The line width 
or thickness, which varies with spot diameter, was 
measured using a cathetometer after the response of 
a 1P21 photomult ipl ier  equipped with a Wrat ten  106 
filter was recorded. The detector combinat ion therefore 
gives a measure of the luminosity.  The total size of 
the area bombarded by the electron beam was ma in -  
tained smaller than  the photosensit ive area of the 
photomult ipl ier  tube. Therefore,  as the spot size is 
reduced, since the number  of electrons incident  upon 
the screen remains constant, the photomult ipl ier  re- 
sponse should remain  constant unless the phosphor 
"saturates." Typical line widths of 0.5-0.02 cm were 
obtained by varying  the voltage drop across the mag-  
netic focusing coil. With this information,  the current  
density can be calculated if several approximations and 
assumptions are made. 

It is well known that  the current  distr ibution across 
a line is not constant, and it is difficult to deter-  
mine where the in tensi ty  falls to zero. Therefore, any 
definition of spot size and current  densi ty is somewhat 
arbitrary.  We have at tempted to use a definition which 
gives a measure of the current  density averaged across 
the line width. We make the following approximations:  

1. The spot is assumed to be circular. Although the 
spot is actual ly elliptical, with the same scan speed 
and raster  size, the measurements  are consistent. 

2. The current  falls to zero at the point where the 
eye perceives a sharp cut-off in brightness contrast. 
This, in actuality, is the point  where the brightness 
drops to approximately  5% of the peak brightness. 

3. Although it is known that the intensi ty  is not 
equally distr ibuted across a line width (probably a 
bell-shaped, not quite Gaussian, dis t r ibut ion) ,  the dis- 
t r ibut ion is averaged by dividing the current  by the 
area of the spot. This also yields consistent, al though 
not absolute, values. 

4. The effects of backscattered electrons, halation, 
and light scatter in the phosphor are ignored. These 
effects may vary  from one phosphor to another  but  it 
is assumed that  they are negligible. 

Since the scan speed (and therefore dwell  t ime) and 
the current  distr ibution across the spot are altered as 
the tube size is changed, there may  be a "scaling-up" 
effect. Indications of this type of effect were obtained 
by changing the scan speed and also by s tudying the 
effect of pulse durat ion on the degree of "saturat ion" 
for a s tat ionary pulsed spot. To increase the scan speed, 
the beam was pulsed on dur ing  the horizontal retrace. 
To study the effect of increased pulse duration, the de- 
flection circuit was disconnected and a General  Radio 
Model 1217-C pulse generator  was added to the grid 
circuit. The chassis of the pulse generator  was "float- 
ing"; its potential  was determined by the voltage out-  
put from a regulated d-c power supply to give cut-off 
when the pulsing voltage is zero. The pulsing voltage 
was then increased to produce a s tat ionary pulsed spot 
on the screen. The pulse repeti t ion frequency was set 

at 30 Hz, and the pulse width was varied from 2 to 
10 ~sec. 

In  addition to measurements  of the in tensi ty  of the 
luminescence as a function of the current  density, the 
spectral dis t r ibut ion was recorded at relat ively high 
and low current  densities by interposing a quar ter -  
meter  Jarre l l  Ash monochromator  between the cath- 
ode-ray tube and the 1P21 photomult ipl ier  tube. 

Results and  Discussion 
Figures 1,2, and 3 show the relative luminosi ty vs. 

current  density at constant cathode current  for several 
red-, green-,  and b lue-emi t t ing  phosphors. The value 
1.0 in the figures corresponds to 1 amp/cm 2 ins tanta-  
neous current  density (or 6 x 10 -0 amp/cm" averaged 
over t ime).  In all cases, comparison is made with sul-  
fide phosphors of corresponding emission colors. The 
blue and green sulfides correspond to the blue and 
green primaries used in the conventional  shadow-mask 
color-TV display tubes, and the red sulfide corresponds 
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to t h e  red p r imary  which had been used prior to its 
replacement  by Eu~+-aetivated phosphors. It  is ap-  
parent  that the I I -VI  sulfide phosphors "saturate" (e.g., 
their  efficiencies decrease at high current  densities) to 
a much greater  extent  than the rare-ear th-ac t iva ted  
phosphors at the current  densities obtainable in  a 
PDF tube. With the red-emi t t ing  phosphors of Fig. 1, 
the EuS+-activated phosphors are superior to the 
(Cd,Zn)S: Ag phosphor at both high and low current  
densities. The Eu 3+ phosphors show some degree of 
"saturation," but  the effects are not near ly  as drastic 
as with the sulfide phosphor. Therefore, the Eu~+-ac - 
t ivated red-emi t t ing  phosphors, which are superior to 
the sulfide red at the low current  densities in shadow- 
mask tubes, show even better  relat ive performance in 
h igh-cur ren t -dens i ty  tube designs (Y~O2S:Eu behaves 
similarly to the Eu ~+-activated phosphors shown).  

Although none of the green-emi t t ing  phosphors mea-  
sured has an efficiency comparable to that  of the 
(Zn ,Cd)S:Ag phosphor at low current  densities, sev- 
eral  phosphors investigated surpass the green sulfide 
at high current  densities (Fig. 2). The Tb z§ phos- 
phors (10-12) appear to have an upper  l imit  of 50-60% 
of the efficiency of (Zn ,Cd)S:Ag at low current  den-  
sity, but  they main ta in  their  efficiency as the current  
density is increased and soon exceed the sulfide phos- 
phor at densities above 0.1 amp/cm ~. Other oxygen 
host systems perform similarly to the Tb~+-activated 
materials.  As an example, Fig. 2 shows the behavior 
of Zn2SiO4: Mn 2 + - a  non- ra re -ea r th -oxygen-based  
phosphor which is closest to the efficiency of sulfide 
type phosphors. The silicate is, however, characterized 
by an intr insical ly  ]ong decay which decreases its 
ut i l i ty  in color-TV tubes. 

In Fig. 3, the response of the phosphor Sr5 (PO4)sCl: 
Eu 2+ (13) is shown along with that  of the b lue-emi t -  
t ing ZnS:Ag phosphor. The measured relat ive effi- 
ciency of the sulfide phosphor is superior to that of 
the d iva len t -europium-ac t iva ted  mater ia l  over the 
range of current  densities studied. However it should 
be pointed out that  the color coordinates of the Eu 2 + 
mater ial  are x ---- 0.152, y ---- 0.032, and those for the 
sulfide are x = 0.145 and y ---- 0.052. The Eu 2+ emis- 
sion is therefore more saturated (more near ly  char-  
acteristic of a pure spectral color) than  the blue emis- 
sion from ZnS:Ag,  and its efficiency requirements  for 
proper color balancing with the other primaries are 
correspondingly lowered (14). Consequently,  Srs(PO4).~ 
Cl :Eu is more effective, by a factor of 1.9, than ZnS:Ag  
in producing a white field when it is mixed with red 
and green. Its "effective" efficiency is indicated by the 
dashed line which demonstrates  that  its performance 
also exceeds that of the sulfide at high current  den-  
sities. 

The magni tude  of the deviat ion from l inear i ty  is di-  
rectly related to the dwell  t ime of the electron beam. 
This is demonstrated in Fig. 4 and 5 using the test pro-  
cedures described in the exper imental  section. Both 
figures show that the deviation from l inear i ty  increases 
as the dwell  t ime increases either for a s tat ionary or 
for a scanning spot. The dwell  t ime on the retrace of 
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Fig. 5. Relative luminosity vs. current density for ZnS:Ag show- 
ing the effect of change of dwell time using a scanning spot. The 
change in dwelt time ;s brought about by pulsing the beam on 
during normal scan or during retrace. 

a scanning spot is about 1/6 that  dur ing the normal  
scan. 

A limited test of the effect of repeti t ion frequency 
was made. Using a scanning spot, we were able to 
pulse the beam on every raster (60 Hz) or a l te rna-  
t ively only every eighth raster (7.5 Hz).  There was no 
detectable difference between the saturat ion effect at 
60 and at 7.5 Hz. 

For those phosphors which show a drastic deviation 
from l inear i ty  at high current  density, we observed a 
broadening of the emission band and a shift toward 
shorter wavelength.  Figures 6-8 demonstra te  the ef- 
fect. In these figures, the heights of the emission peaks 
for high and low current  densities were set equal by 
adjust ing the gain on the photomult ipl ier  tube. Low 
current  density corresponds to approximately 1 x 10 -'~ 
amp/cm 2 and high current  density to 1.0 amp/cm 2 
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Fig. 6. Spectral shift for ZnS:Ag. The gain was adjusted to 
equalize the peak heights of the two curves. 
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Fig. 7. Spectral shift far (Zn,Cd)S:Ag. The gain was adiusted 
to equalize the peak heights of the two curves. 
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Fig. 8. Spectral shift for (Cd,Zn)S:Ag. The gain was adjusted 
to equalize the peak heights of the two curves. 

according to the definition of spot size discussed pre-  
viously. No spectral shifts were observed for the other 
phosphors which showed only small  deviations from 
l ineari ty;  that  is, the spectral distr ibutions at high and 
low current  densi ty were unchanged.  

From our results, we cannot determine if the non-  
l inear i ty  is due to a t rue  saturat ion effect (in the 
sense that  the luminescence is l imited by  the number  
of luminescent  centers available) or due to a temper-  
ature increase at high current  density. 

Inspection of Fig. 2 will  show that, while Zn2SiO4: 
Mn is not strictly linear, its nonl inear i ty  is much less 
pronounced than that  of (Zn,Cd)S:Ag.  For Zn2SiO4: 
Mn containing 1 m/o  (mole per cent) of Mn, we cal- 
culate 2 x 1020 Mn + + ions/cm 3. We can estimate how 
many  Mn + + ions are excited by the average incident  
electron if we use the energy efficiency (8.5%) of 
Zn2SiO4: Mn as measured by Bril and Klasens (15) and 
assume that  the average photon emitted has energy of 
2.36 ev (5250A). If we now estimate the range of 
p r imary  electrons from that  found by Ehrenberg and 
F rank  (16) and by Ehrenberg  and King (17) for phos- 
phors with a density near ly  the same as Zn2SiO4, we 
can calculate the number  of Mn + + ions/cm 3 excited 
by the average electron. For a pulse with a current  
density of 1 amp/cm 2, we estimate that  on the average 
4 x 10 TM Mn + + ions/cm 3 are excited per pulse. There-  
fore a higher current  density would be necessary to 
bring about a very pronounced t rue  saturat ion effect. 
By using the same argument  for ZnS:0.015 m/o  Ag + 
but  assuming an energy conversion efficiency of 20%, 
we estimate that  at 1 amp/cm 2 the number  of Ag + 
ions/cm 3 excited per pulse is approximately twice 
the Ag + ion concentration. Therefore, at these high 
current  densities, the t rue saturat ion effect should be 
very pronounced for the I I -VI  sulfide phosphors. 

The nonl inear i ty  of the I I -VI  sulfide phosphors 
might also result  from thermal  quenching. Bril and 
Klasens (15) have shown that  thermal  quenching for 
these phosphors begins to set in at about 50~ We 
can make a rough estimate of the tempera ture  rise of 
the phosphor ZnS:Ag by using the thermal  properties 
and the method reported by Archard and Einstein (18). 
For the case of a s tat ionary pulsed spot, 30 Hz, with 
a pulse width of 10 #sec and an instantaneous current  
densi ty of 0.2 amp/cm 2 (Fig. 4), we calculate a tem- 
perature  of approximately 60~ We should emphasize 
that  the thermal  conductivi ty of ZnS: Ag and the glass 
substrate as measured by  Archard and Einstein (18) 
may not be quant i ta t ive ly  appliable to our situation. 
Therefore, it would not be unreasonable  to expect a 
higher temperature.  A higher tempera ture  (about 
130~ would be necessary to a t t r ibute  all the non-  
l inear i ty  observed to an increase in  tempera ture  
alone. 

Table I. Decay times for phosphors tested 

P h o s p h o r  

T i m e  (msec) to decay  to  1/10 
of initial  br ightness  

L o w  c u r r e n t  d e n s i t y  H i g h  c u r r e n t  dens i t y  
( ~ 5  m a / c m  2) (~500  ma /cme)  

(Cd,Zn)  S :Ag  0.2 * 0.04 
YVO4:Eu~+ 1.1 0.90 
YVO4:Eu 8+, B i  1.1 0.98 
Y~O3:Eu s+ 2.5 2.2 
( Z n , C d ) S : A E  0.5" 0.08 
YPO4Tb 8+ 5.4 5.4 
Yl.ssTbo.z4SiO5 6.0 6.0 
InBO~:Tb  a§ 19 18 
Zn~SiOt :Mn s+ 21 20 
Z n S : A g  0.1" 0.05 
Sr~(POt) aCl :Eu  2+ <0.006 <0.006 

* These  m e a s u r e d  values  are v e r y  s e n s i t i v e  to c u r r e n t  d e n s i t y  a n d  
d w e l l  t ime .  

Table I shows the t ime in milliseconds for decay to 
1/10 of ini t ial  brightness ~or the various phosphors 
tested. It is obvious that  the decay times of the l inear  
phosphors ren~ain constant  as the current  density is in-  
creased, but  the decay times of the sulfide phosphors 
decrease drastically as the current  is increased. 

Embodiment in PDF tube.- -A phosphor screen was 
fabricated in which phosphors were deposited in ver-  
tical stripes across the width of the faceplate. This 
screen was mated to the grill  of the PDF tube after 
a thin layer of a luminum was evaporated over the 
phosphor stripes. The phosphors utilized were euro-  
p ium-act iva ted  y t t r ium vanadate,  YVO4:Eu 3+, ter -  
b ium-act ivated  y t t r ium phosphate, YPO4:Tb 3+, and 
d iva lent -europium-act iva ted  s t ront ium halophosphate, 
Sr5(PO4)3CI:Eu 2+. At low current  densities, this tube 
was adjusted to give a white field, and the current  was 
then increased step-wise up to the ma x i mum operating 
current  of the tube. No color shifts were observable, 
and the brightness increased l inearly over the entire 
operating range. 

Figure  9 i l lustrates the relationship between the 
luminescence in tensi ty  and current  density for a 
hypothetical nonl inear  "saturat ing" cathodolumines-  
cent phosphor and that  for a l inear  phosphor. The 
contrast ratio for the nonl inear  phosphor is Bon/Bsn, 
while for the l inear  phosphor the contrast  ratio is 
Bol /Bs l .  2 Since Bon < Bol and Bsn > Bsl it follows that 
Bol/Bsl > Bon/Bsn; that is, the contrast  ratio for the 
l inear  phosphor is greater than that  for the nonl inear  
phosphor at high current  densities. At low current  den-  
sities, the relat ive values of the contrast  ratio may be 
reversed because the brightness of the l inear  phosphor 
at low current  densities is less than that  of the non-  
l inear  phosphor. Therefore in cathode-ray tubes such 
as the shadow-mask tube, which operates at low cur-  

2 The  s u b s c r i p t  1 r e fe r s  to  the  l i n e a r  p h o s p h o r  and  n re fe r s  to 
the  n o n l i n e a r  p h o s p h o r .  The  s u b s c r i p t s  o a n d  s h a v e  the  same  s ig-  
n i f icance  as p r e v i o u s l y  i n d i c a t e d  in  t he  de f in i t ion  of con t r a s t  ra t io .  

(n Bon 
to 
bJ 
z 
I- 

ra 

~n 
8s! - 

i i, 
Js Jc Jo 

CURRENT DENSITY 

Fig. 9. Brightness vs.  current density for a linear and nonlinear 
phosphor. Js is the current density of back-scattered electrons, Jo 
the current density under operating conditions, and Je the cur- 
rent density at which crossover occurs. 
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rent  densit ies,  the  br igh te r  nonl inear  phosphor  m a y  
pe r fo rm be t t e r  than  the l inear  phosphor.  

A n  advantage  of the  l inear  phosphor  screen over  the 
nonl inear  "sa tura t ing"  phosphor  in the  PDF type  tube  
is the  reduct ion in the  effect produced by  electrons 
scat tered back f rom the screen. Since there  is a po-  
tent ia l  difference be tween  the screen and the grill, 
e lectrons which are  scat tered back  f rom the screen are  
subjec ted  to a r e t a rd ing  field. Electrons that  do not 
have  a large  veloci ty  component  pe rpend icu la r  to the  
plane of the  screen fol low a parabol ic  t r a j ec to ry  in 
the space be tween the  screen and gr i l l  and re tu rn  to 
the screen wi th  genera l ly  less veloci ty  than  the p r i -  
ma ry  beam. Since they  are  d i s t r ibu ted  over  a wider  
area, the  dens i ty  of these scat tered electrons is con- 
s ide rab ly  less than  the dens i ty  of electrons in the p r i -  
m a r y  beam. Therefore,  if  we  again  refer  to Fig. 9 for 
the hypothet ica l  l inear  and nonl inear  phosphors,  and 
if we assume tha t  Js represents  the  dens i ty  of back-  
sca t tered  electrons,  it  becomes apparen t  tha t  the  
br ightness  due to back-sca t t e red  electrons wi l l  be 
g rea te r  for the nonl inear  than  for the  l inear  phosphors.  
This is t rue  if the  nonl inear  phosphor  is b r igh te r  than  
the l inear  phosphor  at  low cur ren t  densities.  For  ex-  
ample,  this  would  not  be the  case where  a Eu 3 +-ac t i -  
vated phosphor  is compared  wi th  ( C d , Z n ) S : A g  if the  
Eu3+-ac t iva ted  phosphor  is b r igh te r  than  the sul-  
fide over  the  ful l  range  of cur ren t  density.  

Conclusion 
This pape r  has descr ibed a method  by  which  the 

"sa tura t ion"  effect, or  the  decrease  in cathode r ay  
efficiency as a function of cur ren t  density,  can be 
evaluated.  The sa tura t ion  effect is especial ly  p ro -  
nounced in convent ional  I I -VI  sulfide phosphors.  
Therefore,  a l though these phosphors  have p layed  an 
impor tan t  role in the  pe r fo rmance  of convent ional  
co lor -TV d isp lay  systems, the i r  nonl inear  per formance  
in h igh -cu r r en t -dens i t y  tubes l imits  the i r  usefulness.  
Oxygen-based  phosphors,  on the  o ther  hand,  have  been 
found to respond l inear ly  wi th  increase  in cur ren t  
density.  Specifically,  r a r e - e a r t h - a c t i v a t e d  phosphors  
based on Eu a+ act ivat ion for red, Tb 3+ act ivat ion for 
green, and Eu 2+ act ivat ion for blue  show dist inct  ad -  
vantages  over  the  Zn-Cd sulfide phosphors  in cer ta in  
tube  designs. 
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Hydrogen Sulfide as an Etchant for Silicon 
P. Rai-Choudhury ~ and A. J. Noreika 

Research & Development Center, Westinghouse Electric Corporation, Pittsburgh, Pennsylvania 

ABSTRACT 

The etch rates  for Si by  gaseous H2S are  measured  as funct ions of t em-  
pe ra tu re  and found to be l imited,  a t  t empera tu re s  be low about  1000~ by  an 
increas ingly  s table  react ion product ,  viz. SIS2. Etched surfaces a re  eva lua ted  
by  forming carbon  repl icas  which  a re  subsequent ly  examined  by  t ransmiss ion  
e lect ron microscopy.  Some ep i tax ia l  l ayers  a r e  g rown on the  etched Si  surfaces 
and are  examined  opt ica l ly  and by  a spread ing  resis tance method.  Nei ther  
c rys ta l lographic  (precipi ta tes)  nor  e lect r ica l  (doping)  anomal ies  are  in t ro-  
duced by  the H2S t rea tment .  Al l  resul ts  a re  compared  to equiva lent  da ta  ob-  
ta ined f rom control led  etching exper iments  in which gaseous HC1 and H20, 
respect ively,  are  used as etchants.  For  comparab le  t empe ra tu r e  and flow 
conditions,  etch ra tes  using H~S have  far  exceeded  those obta ined  f rom both 
HC1 and H20; e.g., at 1200~ the  rat io  of etch rates  ( H 2 S : : H C l : : H 2 0 )  is 
roughly  2000::15::1.  Considerable  difference is also observed  in the  repl icas  
t aken  from equiva lent  Si surfaces. Surfaces  e tched wi th  H2S show l i t t le  detail ,  
indica t ing  considerable  smoothness.  Etching wi th  HC1 and H20 inva r i ab ly  
produces  pa tchy  or ru t l ike  features.  

The role of subs t ra te  perfect ion on the  per formance  
of silicon devices has been the subject  of a recent  
r ev iew (1). In  general ,  si l icon subs t ra tes  a re  observed  
to suffer f rom two main  classes of imperfect ion,  viz. 

* Electrochemical  Society  Act ive  Me mber .  

(a) defects in t roduced dur ing  processing and (b) in-  
herent  bulk  defects. The former,  e.g. cer ta in  surface 
oxides  and films, mechanica l  damage,  etc., can be re -  
moved  in situ by chemical  etching. The la t ter ,  e.g. 
dislocations, s tacking faults,  precipi ta tes ,  etc., are  not 
r ead i ly  removable .  
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To date, the most extensively used gaseous etchants 
for i n  s i t u  etching of silicon are hydrogen chloride (2) ~x 102 
and water  vapor (3). Hydrogen chloride reacts with 
the silicon surface at a moderate rate (see Table I) ,  
the volatile reaction products being removed by the 
gas flow. At temperatures  > ll00~ hydrogen chloride 
has the undesirable  proper ty  of being an excellent 
t ransport  agent (4). The etched silicon, consequently, 
is subject  to an influx of contaminants  from various 
components,  e.g. the susceptor, etc. ~x ~o ~ 

Water  vapor, a much slower etchant (Table I),  
required temperatures  > 1200~ before effective clean- ~ 
ing occurred. Unlike hydrogen chloride, water vapor 
proves a poor t ransport  agent. .~ 

Because of a need for a rapid, effective etchant, the 
present  investigation of the etching properties of hy-  =~ 
drogen sulfide on silicon was initiated. Some prel imi-  
na ry  work on this etchant was done independent ly  by 
Chu (5) of these laboratories. (Note: thermodynamic  lx~~176 
calculations indicated that  hydrogen selenide might 
also prove an efficient etchant.) 

Experimental 
The vapor etching experiments  were performed in 

a convent ional  horizontal reaction chamber  in which 
substrates were placed on a SiC-impregnated carbon 
susceptor and heated v ia  rf current,  the rf coil being 
external ly  mounted. Three etchants were used sepa- 
rately, viz .  anhydrous hydrogen chloride (ul trahigh 
pur i ty) ,  doubly distilled water, and 10% hydrogen 
sulfide in u l t rapure  hydrogen. Desired concentrat ions 
of the etchants were obtained by mixing controlled 
amounts  with pal ladium-purif ied hydrogen. Si (111) 
wafers which were to be etched in  s i tu  were ini t ia l ly 
chemically polished then split into three parts, thus 
enabl ing the effects of the three etches to be evalu-  
ated on a given wafer. Carbon replicas of the split Si 
wafers were made after etching and these were ex- 
amined by transmission electron microscopy (TEM). 
The etch rates were determined from weight loss and 
wafer thickness measurements.  All  temperatures  re-  
ported are uncorrected pyrometer  readings. 

Epitaxial  layers were grown on etched substrates by 
the hydrogen reduction of SIC14 and provision for 
doping with B2H6 or PH3 was made. These layers were 
subjected to optical examinat ions  and spreading re-  
sistance measurements  (6). 

Results and Discussion 
Figure  1 shows the variat ion of etch rate (change 

in  total thickness per  un i t  time) with tempera ture  for 
a H2S part ial  pressure of 5.5 x 10 -3 atm and a total 
hydrogen flow of 100 l i ters /rain ( l inear  velocity _~ 25 
cm/sec).  The curve indicates a slowing of etch rate as 
tempera ture  decreases. Appearances of surfaces etched 
at 800 ~ 1000 ~ and 1100 ~ give a clue to the mechanism 
by which simple mass t ransfer  which would occur v ia  
the reaction 

Si(s)  % 2H2S(g) --> SiS2(s or l) + 2H2(g) 

may be inhibited. Substrates etched at 800~ appeared 
optically smooth al though discolored. When examined 
by reflection electron diffraction, the surfaces were 
found to be covered by highly insulat ing amorphous 
films, most probably SiS~. The formation of SiS.~ as 
the pr ime reaction product is thermodynamica l ly  
favored over that of SiS in our tempera ture  range of 
interest  7). It  is also substant iated by data which indi-  
cate that SiS (the al ternate  reaction product) may be 
obtained in significant amounts  only through a gas 
phase reaction between SiS~ and Si at temperatures  
greater than  1400~ (8, 9). In  the course of Si etching, 
the reaction product was observed to condense in the 
cold part  of the reaction tube as small  yellowish 
needles. These were subjected to x - r ay  diffraction 
examinat ions and were found to resemble glasslike 
structures al though the compositions could not be as- HCl 

H~O certained. Since Si~2 is known to hydrolize readily H~s 

Temperature, oc 
1200 1100 l~0 900 800 

I 

ixio -L I I i . . . . . .  

6.0 7.0 8.0 9.0 
lo% ~-1 

Fig. 1. Effect of temperature on etch rate: PH2S = 5 .5x  10 - 3  
arm; total  flow rate 100 l i ters/min. 

(10), its decomposition to SiO., (glassy form) and 
H2S is suspected~ Substrates subjected to H2S flow at 
1000~ were vis ibly roughened. The presence of an 
insula t ing layer was not detected. At temperatures  
l l00~ and higher, smooth, highly polished surfaces 
were prepared, the streaked diffraction pat terns being 
indicative of surface smoothness. The rapidly decreas- 
ing slope of the curve for etch rate vs. l / T ,  therefore, 
is most l ikely due to a surface- l imit ing activation 
process. The high-  ( l l00~ and low-(800~ temper-  
a ture  results show the respective absence and pres- 
ence of the amorphous layers. The in termediate  tem-  
perature ( ~  1000~ results reflect noncoherent  etch- 
ing due to incomplete removal  of the reaction products. 

A measure of the relat ive speed with which H.~S 
etches at 1200~ is shown in Table I where etch rates 
of the three etchants are compared. The part ial  pres- 
sures of the HCI and H,,O etchants approximate those 
used in practice (a higher H.~O pressure, for instance, 
initiates the formation of SiO2 and surface pi t t ing).  
For the pressure and flow parameters  chosen, the H2S 
etch rate  exceeded that of HC1 by approximately two 
orders of magnitude.  

The effects of etching at 1200~ on the silicon sur-  
faces are shown by the micrographs of replicated sur-  
faces (Fig. 2). These surfaces were essential ly ident i -  
cal, prior to etching, being cut from a single, chemi- 
cally polished wafer. The results (Fig. 2) indicate a 
microscopically smoother finish, akin to a rapid non-  
preferent ial  chemical etch, for the H2S etched surface. 
A total of seven wafers were split and etched, the 
results being similar. 

Although appreciable sulfur  doping was not antici-  
pated, the effect of H2S on doping profiles were in-  
vestigated. Silicon deposition was init iated on a H20 
etched substrate and a layer  of 90~ average thickness 

Table I. 

T o t a l  
E t c h a n t  p a r t i a l  E t c h i n g  f l o w  r a t e ,  E t c h  r a t e ,  

E t c h a n t  p r e s s u r e ,  a t r a  t a m p ,  ~ l i t e r s / r a i n  /~/min 

1.0 x 10-= 1200 100 0.183 
1.3 X 10-4 1200 100 0.071 
5.5 X 10-.~ 1200 100 15,1 
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Fig. 2. Transmission electron micrographs of the carbon replicas of silicon surfaces etched at 1200~ using (a) HCI, (b) H:zS, and 
(c) H20. 

was formed.  Twenty  microns of the  layer  were  sub-  
sequent ly  removed  by  etching wi th  H2S at 1150~ An 
addi t ional  75~ of ep i tax ia l  silicon were  then deposited.  
These th ick ep i tax ia l  layers  were  essent ia l ly  free f rom 
any inclusions and s tacking faults,  and const i tute  a 
severe  test  of surface cleanliness.  Spread ing  resis tance 
measurements  showed no discont inui ty  in the  impur i ty  
profile of the combined 145-~, layer ,  the net  donor 
concentra t ion being 4 x 1014 a toms /cm 3 throughout .  

Conclusions 
Gaseous H2S is found to be a r ap id  and nonpre fc r -  

ent ia l  e tchant  for  silicon. Sulfur ,  a l though a donor 
impur i ty  in silicon, was not observed to be in t roduced 
dur ing  the  etching cycle. 
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Extra-High-Purity Nickel Powder from Nickel Sulfate Solution 
by Hydrogen Reduction 
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ABSTRACT 

The method descr ibed for the  p repa ra t ion  of e x t r a - h i g h - p u r i t y  n ickel  pow-  
der  is based on the reduct ion of n ickel  sulfa te  solut ion by  hydrogen  under  
pressure  in an autoclave.  To obta in  the requi red  pur i ty ,  the n ickel  sulfa te  
solution must  first be thorough ly  purif ied f rom the e lements  tha t  are  more  
e leetroposi t ive  than  nickel  in the  Nernst  e lec t romot ive  series and f rom the  
elements,  the  salts  of which  are  suscept ible  to hydro lys i s  above a pH of 4. 
The methods  employed  for removing  the t races  of impur i t ies  include cementa -  
t ion of the  copper,  hydro lys i s  of the  i ron salts, and chemical  prec ip i ta t ion  of 
the  cobalt .  Unl ike  commercia l  prac t ice  of the  hydrogen  reduct ion process,  the  
reduct ion of the  purified nickel  sulfate  solut ion is car r ied  out wi thout  a f e r -  
rous sal t  catalyst .  To ini t ia te  the  reduct ion reaction,  a smal l  amount  of am-  
monium carbonate  is in t roduced into the  system. Reduct ion is carr ied  out  at 
a t empe ra tu r e  of 350~ under  a hydrogen  pressure  of 350 psi. The ammonium 
carbonate  p r e sumab ly  promotes  the  format ion  of a fine suspension of solid 
basic n ickel  ca rbona te  which then  p lays  the role of a ca ta lys t  and provides  the  
nuclei  on which the  n ickel  precipi ta tes .  In  this way, contaminat ion  by  the 
foreign e lements  or ig inat ing  from the ca ta lys ts  no rma l ly  used is avoided.  
F ina l  "polishing" of the nickel  powder  is done using a wet  hydrogen  t r ea tmen t  
at a t empera tu re  of 800~ to remove t races  of carbon f rom the  nickel  powder ,  
and a d ry  hydrogen  heat  t r ea tmen t  at 800~ to remove  oxygen.  The pu r i t y  
and some of the  proper t ies  of the  n ickel  powder  produced  are  given. 

Commerc ia l  nickel,  whe the r  i t  is produced by  elec-  
trolysis ,  by  the  decomposi t ion of nickel  carbonyl ,  or by  
prec ip i ta t ion  by  hydrogen  f rom aqueous systems, is 
a l r eady  a h i g h - p u r i t y  mater ia l .  Since more  than 75% 
(1967) of the  n ickel  p roduced  is normal ly  incorpora ted  
into al loys wi th  i ron or  copper,  the minor  contaminants  
usua l ly  present ,  such as cobalt,  copper,  iron, sulfur,  and 
carbon, are  low enough in commercia l  n ickel  to have 
no effect on the  proper t ies  of the  final products .  The 
remain ing  25% of the  n ickel  produced is used d i rec t ly  
as the  v i r tua l ly  pure  me ta l  or as the  feed ma te r i a l  
for the  product ion  of ca ta lys ts  and chemicals.  In some 
of these applications,  specific impur i t ies  can be h a r m -  
ful; however ,  these  impur i t ies  can usua l ly  be avoided 
by  careful  selection f rom the commercia l  forms ava i l -  
able. 

The pur i ty  of commercia l  forms of n ickel  is de-  
penden t  on the  s ta r t ing  ma te r i a l  and  on the  refining 
process used. Table  I shows the chemical  analyses  of 
commercia l  n ickel  p roduced  by  var ious  methods  and 
analyzed by  the same labora tory .  The e lements  not 
l is ted in Table  I, namely  Ag, A1, Ba, Be, Bi, Ca, Cd, 
Cr, Ge, Hg, Mn, Mo, Sb, Si, Sn, Ti, and V, a re  al l  r e -  
por ted  to be less than  0.001% by emission spec t ro-  
graphic  analysis.  

F rom t ime to t ime, there  is a demand  for n ickel  of 
ve ry  high pur i ty  for special  applicat ions.  Such appl ica-  
t ions include vacuum tubes  for submar ine  cable re -  
peaters  (1), electronic equipment  (2),  special  al loys 
for nuclear  reactors  (3, 4) and  for  the  s tudy of the  
mechanical ,  electrical ,  and magnet ic  proper t ies  of 
nickel  and n icke l -base  alloys. Wi th  the  sophis t icated 
methods  p resen t ly  avai lab le  for  conver t ing  meta l  pow-  
ders  d i rec t ly  into wrought  forms, a v e r y - h i g h - p u r i t y  
n ickel  powder  provides  a sui table  s ta r t ing  ma te r i a l  
for many  of these applicat ions.  

The  first a t t empt  to p repa re  a pu re  nickel  powder  
was made  by  de R u o h  in 1841 (5) using an e lec t ro-  
lyt ic  prec ip i ta t ion  method.  Since that  t ime,  a cons ider -  
able  amount  of work  has been carr ied  out to improve  
the pur i ty  of the  n ickel  powder  produced  by  essent ia l ly  
the  same elect rolyt ic  method,  by  adding in te rmedia te  
purif icat ion steps. 

1 P resen t  address :  S. A. Indus t r i as  Votorant im,  Brazil.  

The hydrometa l lu rg ica l  methods  developed by  She r -  
r i t t  Gordon Mines L imi ted  for the  commercia l  p ro -  
duct ion of n ickel  powders  f rom the  aqueous a m m o -  
n ium sulfa te  sys tem (6) or ammonium carbonate  sys-  
t em (7) by  reduct ion,  at  e leva ted  tempera tures ,  wi th  
gaseous hydrogen,  do y ie ld  a r e l a t ive ly  h i g h - p u r i t y  
n ickel  powder .  However ,  to produce an even h ighe r -  
pu r i ty  nickel  powder  for special  applicat ions,  i t  is nec-  
essary  to modify  the  procedures  developed.  

The modified method  comprises  the  dissolution of a 
commercia l  grade  nickel  powder  in sulfuric acid, pur i f i -  
cat ion of the  n ickel  sulfate  solut ion to remove  minor  
meta l  contaminants ,  and  prec ip i ta t ion  of the  n ickel  
wi th  hydrogen  in a meta l l ic  form using a different  
ca ta lys t  f rom tha t  used convent ional ly .  The product ,  
in the  form of a powder ,  is then  decarbur ized  and de-  
oxidized by t r ea tmen t  wi th  hydrogen  at e leva ted  t em-  
pera ture .  A block flow d i ag ram for the  product ion  of 
e x t r a - h i g h - p u r i t y  n ickel  powder  is shown in Fig. 1. 

Materials and Equipment 
In the  invest igat ions  unde r t aken  to develop the proc-  

ess, the s ta r t ing  ma te r i a l  for the  p repa ra t ion  of e x t r a -  
h igh -pu r i t y  n ickel  powder  was commerc ia l  "S" grade 
nickel  powder .  

The reagents  used were:  C.P. grades of sulfuric  acid, 
ammonium hydroxide ,  hydrogen  peroxide,  1-ni t roso-2-  

Table I. Analyses of commercially pure nickel 
produced by various methods 

Method of prepara t ion  

Type  of Ele- Elee- Carbonyl  
analys is  m e n t  trolysis process 

H~ precip i ta t ion  f r o m  
A m m o n i u m  Amino-  

sulfa te  n i u m  
system carbonate  

( " S "  grade)  system 

Chemica l  

Spec t rograph ic  

Co 0.07 0.0012 0.07 0.06 
Cu 0.012 0.0011 0.006 0.004 
Fe 0.012 0.015 0.010 0.010 
S 0.004 0.0017 0.016 0.005 
C 0.020 0.013 0.004 0.04 
As <0.001 <0.001 <0.001 <0.001 
B 0.003 <0.001 <0.001 <0.001 
Li <0,001 <0.001 <0.001 <0.001 
Mg 0.001 <0.001 <0.001 <0.001 
Pb  0.002 <0.001 <0.001 <0.001 
Te <0.005 <0.005 <0.005 <0.005 
Zn <0.005 <0.005 <0.005 <0.005 
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Fig. 1. Flowsheet for preparation of high-purity nickel powder. 

aaphthol,  or 1-naphthol  and ammonium carbonate. The 
1-ni t roso-2-naphthol  reagent  solution was prepared by 
dissolving 100g of reagent in 250 ml  of a 6% sodium 
hydroxide solution and mixing with 200 ml of a 20% 
potassium ni tr i te  solution. 

The dissolution of the feed nickel powder and the 
purification of the nickel sulfate solutions were carried 
out at temperatures  below 200~ at solution pH values 
between 0-6.0. For these operations, glass or polypro- 
pylene- l ined equipment  was used. The precipitat ion of 
the nickel  by hydrogen was carried out at 350~ from 
ammoniacal  solutions, and stainless steel autoclaves 
were fgund to be adequate. The decarburizat ion and 
deoxidation step was carried out at temperatures  in 
the range of 800~176 in a hydrogen atmosphere, 
and ceramic or nickel trays were used to hold the 
nickel powder. 

It goes without  saying that extreme cleanliness with 
respect to the equipment  had to be main ta ined  
throughout  all  of the process stages. Contaminat ion of 
the final product by a i rborne  dust particles also had to 
be avoided. 

Process Development  Investigations 
Preparation of nickel sulfate solution.--Nickel sul- 

fate solution was prepared by leaching commercial  
"S" grade nickel powder in C.P. sulfuric acid in an 
agitated vessel into which air or oxygen could be 
sparged. The essential reaction dur ing  leaching was: 

Ni + H2SO4 -> NiSO4 -}- H2 [1] 

However, when oxygen was sparged into the system, 
the reaction taking place was: 

Ni + H2SO4 -}- I~ 02 -'> NiSO4 + H20 [2] 

The rate of dissolution was accelerated by the pres- 
ence of the sparged oxygen. Cobalt and iron, when 
present  in the nickel powder, dissolved at the same 
rate as the nickel. Copper did not go into solution in 
the presence of metall ic nickel; however, when  the 
nickel powder was completely leached, copper did 
dissolve al though it was readi ly cemented out by add- 
ing a few grams of fresh nickel powder. 

543 

By using a 20-50% stoichiometric excess of nickel 
powder, a final solution was obtained which contained 
only a few grams of free sulfuric acid. This solution 
was suitable for fur ther  purification. Although the 
nickel concentrat ion in the final solution could be 
buil t  up to about 250 g/li ter,  it was found preferable 
to l imit the nickel concentrat ion to 100 g/ l i ter  for 
practical considerations. 

The rate of nickel dissolution and sulfuric acid con- 
sumption is shown in Fig. 2(a)  and the behavior  of 
the Co, Fe, and Cu impuri t ies  dur ing leaching is 
shown in Fig. 2 (b).  

Using an excess of nickel powder, the nickel sul-  
fate solution produced contained less than  0.0006 
g/ l i ter  Cu and this was considered adequately pure 
with respect to copper. 

Purification of nickel sulfate solution.--Using "S" 
grade nickel powder, the nickel sulfate solution con- 
tained only Fe and Co as impurities.  These were nec- 
essarily removed before the hydrogen reduction of 
the nickel from solution. 

Iron removal. An effective and convenient  method for 
i ron removal is to precipitate the iron as ferric hy-  
droxide and to remove the precipitate by filtration. 
The completeness of the iron precipitat ion depends on 

CONDITIONS : 200 ~ 3.2 tools11 INITIAL SULPHURIC ACID CONC. 
4.5 moll/] NICKEL POWDER , BUBBLING AIR. 
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mollll 
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/ \ .  
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Fig. 2(a). Dissolution rate of nickel powder in sulfuric acid 
solution. 
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Fig. 2(b). Behavior of impurities during dissolution of nickel 
powder in sulfuric acid solution. 
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the iron being present  in the ferric form and on the 
pH of the system. In  the above dissolution procedure, 
the iron in the nickel sulfate solution was present  as 
ferrous sulfate. Two methods were employed to oxidize 
this iron to the ferric form: (a) oxidation with oxygen 
or air under  pressure in an autoclave at elevated tem- 
peratures, or (b) oxidation with hydrogen peroxide 
or ammonium persulfate. While the oxidation with air  
could be carried out at atmospheric pressure, the long 
retent ion time made this method impractical. 

The impor tant  parameters  affecting the iron precipi-  
tat ion were the pH of the system and the temperature.  
The conditions favoring iron precipitation were also 
conducive to the p rec ip i t a t ion  of nickel. Oxidation 
with hydrogen peroxide or ammonium persulfate  
proved to be more advantageous than  oxidation with 
air" under  pressure because it could be carried out at 
lower temperatures.  From practical considerations, 
oxidation using hydrogen peroxide was selected as the 
preferred procedure. 

Under  the opt imum conditions with hydrogen per-  
oxide and using ammonia  for pH control, a nickel sul-  
fate solution was produced containing 0.0002 g/ l i ter  Fe 
as shown in Table II. 

The chemical reactions taking place during iron 
removal  were: 

2FeSO4 -}- H2SO4 -~- H202--> Fe2(804)3 -~- 2H20 [3-I 

Fe2(SO4)3 + 6NH~OH--> 2Fe(OH)3 + 3(NH4)2SO4 [4] 

Filtration was carried out using a diatomaceous earth 
filter-aid to insure the removal of the very fine ferric 
hydroxide particles. 

Cobalt removal. Because of the similar chemical be- 
havior of nickel and cobalt in solution, a number of 
procedures had to be investigated for removing co- 
balt from the nickel sulfate solution. Two promising 
methods, one using the preferential electrolytic pre- 
cipitation of cobalt on a high-speed rotating cathode 
(8) and the other chemical precipitation by sodium 
ethyl xanthate (9) in an ammoniacal medium, at a 
pH of 9.5, using 30 times the theoretically required 
quant i ty  of reagent,  have been reported by other 
workers. Exploratory tests were carried out in the 
laboratory on acidic nickel sulfate solution using a 
wide variety of chemical precipitat ion agents. The 
most promising results were obtained by precipitat ing 
the cobalt with 1-ni t roso-2-naphthol  or 1-naphthol  and 
these reagents were chosen for systematic invest iga-  
tions to establish the opt imum conditions for the pre-  
cipitation. The work showed that  the quant i ty  of re-  
agent and pH were the most important  parameters  
affecting the completeness of the cobalt removal. The 

Table II. Iron precipitation from nickel sulfate solution 
with H202 and ammonia at 180~ 

Fe, g / l i t e r  Co, g / l i t e r  pH 

Head  so lu t ion  0.0110 0.042 1.0 
Pur i f i ed  s o l u t i o n  0.0002 0.041 5.9 

Table III. Precipitation of cobalt from nickel sulfate solution 
with 1-nitroso-2-naphthol reagent 

C o n d i t i o n s :  180~ p H  = 2.0 

Ana lys i s ,  g / l i t e r  Excess  of  r e a g e n t  • 
Var i ab le  Ni  Co Fe s t o i c h i o m e t r i c  fo r  Co 

Head  so lu t i on  40 0.018 0.012 
p H  = 1.0 0.006 0.007 4.7 

2.0 0.001 0.008 4.7 
3.0 0.001 0.008 4.7 
4.3 0.013 0.004 4.7 

Q u a n t i t y  of r e a g e n t  (g / l i t e r )  
0 0.023 0.004 0 
0.12 0.010 0.004 0.61 
0.24 0.005 0.004 1.25 
0.50 0.004 0.002 2.50 
1.00 0.001 0.001 5.00 
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effects of these variables are shown in Table III and 
Fig. 3. 

The results of these investigations, as well as those 
with 1-naphthol  shown in Table IV, demonstrated that  
iron, as well as cobalt, may be removed to a very low 
level by these reagents. 

The reactions taking place dur ing cobalt precipita-  
tion can be expressed by the following equation: 

NOH 
,~ ~ 

6 C o S O 4  "-}- 18 ~ / / ~ '  + 2NaNO2 > 

N ~ O  w 

. I I  O 

6 1 ~  ~ )Co + N2 + 2NaHSO4 + 4H2SO4 + 4H20 

; ;  [5] 

It is assumed in this reaction that the 1-nitroso-2- 
naphthol is present in the quinonoid form: 

N -- O N--OH 

'1 OH II o 

as sugested by Thorne and Roberts (10). The sodium 
nitr i te  added with the 1-ni t roso-2-naphthol  oxidized 
the cobalt to the cobaltie form. Stoiehiometrieally, 3 
moles of 1-ni t roso-2-naphthol  are required to precipi-  
tate 1 mole of Co. However, for complete precipita-  
tion, it was found that  a 5-times excess of reagent was 
required. The completeness of the cobalt precipitation 
increased with t ime and a 4-hr  reaction t ime was 
found to be the optimum. In practice it was found that  
the f l te red  nickel solution should be stored for 16 hr 
and refiltered to remove the very fine particles of co- 
balt  precipitate. The effectiveness of this procedure is 
shown in Fig. 3. 

Nickel reduction.--The reduction of  nickel from the 
aqueous nickel ammine  sulfate system by gaseous 
hydrogen under  pressure at elevated temperatures  re-  
quires a catalyst. In the commercial  application of this 
process, two catalysts are used, ferrous sulfate as a nu -  
cleation catalyst and nickel powder as the catalyst in 
subsequent  densifications (11). The procedure used 
involves a cycle consisting of about 50 densification re-  

CONDITIONS : 180~ , I-NITROSO-2-NAPHTHOLI Co M.R. = 15/I 
FILTER AID FOR FILTRATION. 
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Fig. 3. Effect of time on the precipitation of cobalt with 1- 
nitroso-2-naphthol at pH 2.0 and 4.5. 
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Table IV. Purification of nickel sulfate solution with 1-naphthol 

EXTRA-HIGH-PURITY Ni POWDER 

Excess of reagen t  
Nickel  solution analysis ,  g / l i t e r  • s to ichiometr ic  

Reagents  (gpl} Ni Co Cu Fe for  Co 

Head solution 97 0.100 0.0003 0.016 0 
0.88 0.023 0.0002 0.016 1.2 
2.64 0,015 0.0002 0.006 3.6 
~.28 0.013 0 . 0 0 0 3  0 . 0 0 4  7.2 
8.80 0.0006 0.0001 0.002 12.0 

ductions. The cycle is started with a nucleat ion re- 
duction using 0.5-1.0 g/ l i ter  Fe + + in  the form of fer- 
rous sulfate as the catalyst. The product of nucleat ion 
reduct ion is a very fine nickel powder with an average 
particle size of 1-2~. The subsequent  densification re-  
ductions are carried out using the nickel powder pro- 
duced in the previous reduction. The nickel powder 
becomes coarser as the cycle proceeds and, after about 
50 reductions, the cycle is terminated,  the nickel prod- 
uct discharged, and a new cycle started. 

The following reaction takes place dur ing reduction: 

Ni(NH3)2SO4 + H2-~ Ni + (NH~)2SO.I [6] 

In this procedure, about 20% of the iron added as the 
catalyst in the nucleation reduction, remains with the 
nickel. During the subsequent densifications, the iron 
is progressively diluted to less than 0.01% Fe in the 
final powder and thus does not materially affect the 
purity of the commercial grades of nickel powder, 
However, such contamination could not be tolerated if 
the specifications, arbitrarily set for the extra-high- 
purity nickel powder, were to be met. 

In the search for an alternative catalyst which would 
not contaminate the final product, it was found that 
ammonium carbonate was most effective. Ammonium 
carbonate, added in quantities as low as 5 g/liter, was 
found to be not only an effective reduction catalyst, as 
shown in Fig. 4, but its use also resulted in lowering 
the sulfur content of the final nickel powder from 0.02 
to 0.005% S. This finding was a critical advance in the 
development  of the process for the preparat ion of 
ex t ra -h igh-pur i ty  nickel powder using hydrometa l -  
lurgical techniques. Using a similar  densification pro- 
cedure to that in commercial practice, the ex t ra -h igh-  
pur i ty  nickel  powder was prepared from purified 
nickel sulfate solution in a cycle comprising one nu-  
cleation with ammonium carbonate and several den-  
sifications. Ammonia  was added to the system to give 
a nickel ammine  in solution with an average iNH:3r 
Ni molar ratio of 2.2/1. In this way, the pH of the sys- 
tem at the end of the reduction was main ta ined  
slightly higher than 7.0. With insufficient ammonia,  
the reduction would finish on the acid side with the 

C oror'rlONS : 350 ~ , 350 pslg H~ , NH3IN[ MR. :  22.  50glt (NHs)~SO~ 
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Fig. 4. Rate of nickel precipitation from aqueous ammonium 
sulfate system with gaseous hydrogen and various catalysts. 
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possibility of trace contaminat ion of the nickel  powder 
product due to corrosion. 

The nickel powder produced by this procedure was 
superpur i ty  grade with respect to all elements except 
carbon and oxygen. 

Decarburization and deoxidat ion.--Low carbon and 
oxygen values in the nickel powder were obtained by 
subject ing the nickel to t rea tment  with hydrogen at 
elevated temperatures.  Decarburizat ion and deoxida- 
tion were carried out at temperatures  between 800 ~ 
and 1500~ The reactions proceeded at a faster rate 
at the higher temperatures  bu t  the higher tempera-  
tures promoted the s inter ing of powder and the 
product  had to be pulverized. In  practice, the tempera-  
ture was selected on the basis of the particle size of 
s tar t ing material  and the required physical properties 
of the final product. To achieve this final purification 
without sintering, the nickel powders were treated at 
800~ for 2 hr in wet hydrogen followed by an addi-  
tional 2 hr in dry hydrogen. The wet hydrogen proved 
most effective for decarburization and the dry hydro- 
gen was necessary for deoxidation. The treated pow- 
der was cooled in a dry hydrogen atmosphere and 
stored in a protective atmosphere of ni trogen if very 
low oxygen contents were required. 

The conditions and procedures worked out in the 
laboratory were confirmed on a semicommercial  scale. 
The analysis and physical properties of the superpur i ty  
nickel powder produced in the semicommercial  plant  
are given in Table V. 

Summary 
Superpur i ty  nickel powder can be produced by hy-  

drometal lurgical  methods from the commercial  grade 
nickel. The method developed involves the dissolu- 
tion of nickel in sulfuric acid under  conditions which 
promote the cementat ion of copper, purification of 
nickel sulfate solution from iron and cobalt, and pre-  
cipitation of a h igh-pur i ty  nickel powder from an 
aqueous nickel ammine  sulfate solution by hydrogen 

Table V. Production of extra-high-purity nickel powder on a 
semicommercial scale; Analyses of starting, intermediate, 

and final products 

Sta r t ing  Pur i f ied  Ni  Nicke l  powder  
nickel  solution Nucleation,  Af te r  10 den- 

Elements  powder  (g/liter} % sifications, % 

Ag <0.001 <0.001 <0.001 
A1 <0.001 0.001 <0.001 
As <0.001 <0.001 <0.001 
B <0.~01 <O.OO1 <0.001 
Ba <0.001 <0.001 <0.001 
Be <0.001 <0.001 <0.001 
Bi <0.001 <0.001 <0.001 
Ca <0.001 <0.001 <0.001 
Cd <0.001 <0.001 <0.001 
Cr <0.001 <0.001 <0.0~1 
Ge <0.001 <0.001 <0.001 
Hg  <0.001 0,001 <0,001 
Li <0.001 <0,001 <0.001 
Mg <0.001 <0,001 <0.001 
Mn <0.001 <0.001 <0.001 
Mo 0.005 <0.001 <0.001 
Pb <0.001 <0.001 <0.001 
Sn <0.001 <0.001 <0.001 
Si <0.001 O.O01 <0.001 
Sb <0.001 <0.001 <0.001 
Te <0.005 <0.001 <0,001 
Ti <0.001 <0.001 <0.001 
V <0.001 <0.001 <0.001 
Zn <0.005 <0.001 <0.001 
Zr <0.001 <0.001 <0.001 
Co 0.07 0.0001 0.0005 0.0001 
Cu 0.006 0,0002 0.0003 0.0003 
Fe 0.010 0,0005 0.005 0.0001 
S 1 0,016 0.005~ 0.003'-" 

0.003 ~ 
C z 0.004 O. 112 0.0562 

0.0033 
Physical properties: 

A.D. 4.2 1.22 3.8~ 
F.N. I00 2 ~ 60 ~ 

1 Chemical  analysis .  
Nickel  powder  as produced in the  autoclave.  

a Nicke l  powder  t rea ted  in h y d r o g e n  at  1500~ for  4 hr,  
Af te r  t r e a t m e n t  in hyd rogen  and pulver iz ing.  
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using ammonium carbonate as the nucleat ion catalyst. 
The autoclave powder is heat t reated in hydrogen to 
remove carbon and oxygen. 
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The Sodium Amalgam-Oxygen Fuel Cell 
Application to the Chloro-Alkali Industry 
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ABSTRACT 

The ability of the sodium amalgam-oxygen fuel cell to recover power con- 
sumed by mercury cells presently employed in the industrial production of 
chlorine and sodium hydroxide was studied. The effects of temperature, amal- 
gam concentration, current density, as well as the nature of the electrodes, 
are presented. Results suggest that the power generated by the fuel cell can 
be supplied directly to the mercury cells on a continuous basis. The sodium 
amalgam-oxygen cell described operated at voltages up to 1.3v at a current 
density of 100 amp/ft 2 with special fuel cell cathodes. Utilization of this out- 
put would result in a power recovery of up to 35%. 

The high conversion efficiencies at ta inable with fuel 
cells have s t imulated many  to consider their  applica- 
tion by large energy consumers such as the electro- 
chemical industry.  

The production of chlorine and sodium hydroxide by 
electrolytic methods consumes large quanti t ies  of elec- 
trical energy. The power demand is becoming increas-  
ingly greater  with the expansion of the industry.  Be- 
cause power costs represent a large portion of the 
operating expenses in a chloro-alkali  installation, the 
combinat ion of a sodium amalgam-oxygen  fuel cell and 
a mercury  electrolysis cell may become a requi rement  
in the projected expansion of mercury  cell plants  (1). 
It is recognized that the extent  of industr ia l  application 
of the fuel cell will  be dependent  on certain economic 
factors, pr incipal ly the power cost in areas where the 
instal lat ions might be  considered. 

The power recovered by the fuel cell, corrected for 
products and depreciation, is estimated at 3.5-4.5 
mils /kwhr .  If variat ions in local power costs are con- 
sidered, savings of $3-$10/ton of chlorine can be 
realized. 

The sodium amalgam-oxygen fuel cell is an elec- 
trochemical device involving the conversion of the 
free energy of a chemical reaction to useful electrical 
energy. Its fuel is the sodium of the amalgam, the l iq- 
uid metal  electrode generated cont inuously in a con- 
vent ional  electrolytic mercury  cell. Normally, the 
amalgam produced by the electrolysis of sodium chlo- 

* Elect rochemical  Society Act ive  Member .  
1P re sen t  address :  Aerospace In fo rma t ion  Division,  L ib ra ry  of 

Congress,  Washington ,  D. C. 

ride br ine  is reacted with steam or water  in a physi-  
cally separated cell, called a denuder  or decomposer, 
to form a sodium hydroxide solution of a concentrat ion 
of about 50 %. 

If, however, the sodium amalgam is introduced as 
the fuel in a fuel cell, up to 35% of the power needed 
to operate the electrolytic plant  may be recovered. 

In  the early development  of mercury  cathode cells, 
it was shown that  a decomposer acts as a p r imary  cell 
in which sodium hydroxide solution is formed as the 
result  of short-circui t ing the amalgam to a more noble 
metal  such as iron (2). A simple voltaic cell is thus 
formed in which the amalgam is the anode and sodium 
hydroxide is produced. Actually,  the mercury  acts as 
a bipolar element:  as an anode in the decomposer and 
as a cathode in the electrolysis cell. The possibility of 
coupling this p r imary  cell to the electrolysis cell and 
reducing the voltage requi rement  on the order of 0.By 
presented itself. Such systems are i l lustrated by Cast- 
ner  and Kel lner  Short-Circui t  and Shunt  cells, where 
large surfaces of i ron or graphite are brought  into 
direct contact with the amalgam and alkal ine solutions 
(3). The major  difficulty with these systems is that  
the sodium concentrat ion at the amalgam electrolyte 
interface drops rapidly to a low value when  current  is 
passed and cannot  be  renewed at a sufficient rate to 
prevent  the emf of the p r imary  cell becoming almost 
zero. 

Dony-Henaul t  effected power recoveries of 13% at 
a current  densi ty of 10O m a / c m  2 and 8% at 200 m a / c m  2 
uti l izing a similar system (4). In  the 1950's, Yeager at 
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Western Reserve Univers i ty  demonstrated that, when 
an oxygen half cell is coupled with the sodium amal-  
gam half cell in the presence of low concentrat ions 
of alkali, a pr imary  cell is formed capable of generat-  
ing electrical energy (5). 

This pr imary  cell can be run  to produce, in addi- 
tion to the power recovery, 50% sodium hydroxide 
equivalent  to the alkali s t rength present ly  made in the 
decomposer. However, one may elect to operate the 
fuel cell with 10-20% sodium hydroxide electrolyte 
(5) to recover higher electrical energy. In most in-  
stallations, this would be at the expense of evapora-  
tion of the caustic l iquor to 50% and removal  of the 
heavy metallic impurities.  This communicat ion will 
deal with the 50% electrolyte system. 

In a power recovery installation, the liquid sodium 
amalgam issuing from a mercury  cell would consti tute 
the anode, and oxygen or air diffusing through an 
activated porous electrode would be the cathode. The 
half-cel l  reactions of the system are: 

Anode 2 N a / H g z -  2e-> 2Ha + -t- 2Hgx [1] 

Cathode O~ + 2e + H.~O--> O H -  + H a 2 -  [2] 

H a 2 -  --> O H -  + ~/~O~ [3] 
Over-all reaction: 

2Na/Hg~ + ~O2 + HaO -> 2Na + + 2OH- + 2Hgx [4] 

The anticipated performance of the system is calcu- 
lated from the Nernst  equation: 

2.30 RT (ANa+)2(AoH-) (AHo2-) 
E = 1.89 ~ l o g  [5 ]  

nF  ( A 0 2 )  ( A H 2 0 )  ( A N a / H g ) 2  

Because of the low values of the peroxide ion concen- 
t rat ion and the difficulties inherent  in its de termina-  
tion, it was of interest  to calculate its effect on the 
oxygen half-cell  potential. Figure 1 is a Nernst  equa-  
tion plot and depicts the relationship between cathode 
potential  and peroxide ion concentrat ion (6). The de- 
pendence of the amalgam half-cell  potential  on the so- 
dium activity is shown in like manne r  in Fig. 2 (5). 

Working voltages were calculated by subtract ing IR 
drops and electrode polarization from the open-circui t  
potential  estimated from Fig. 1 and 2 and are de- 
picted in Fig. 3. The electrolyte IR drop was calcu- 
lated from a 0.25-in. interelectrode spacing and 50% 
NaOH electrolyte at 150~ Electrode IR drop assumes 
a 0.31-in. thick graphite electrode with a resist ivity of 
0.45 ohm-in.  Miscellaneous losses were assigned a 
value equivalent  to 50 mv at a current  density of 100 
amp/f t  2. The cathodic polarization depicted is the dif-  
ference between the preceding IR losses and the ex- 
per imental  cathodic polarization data reported in 
Table I. 

Experimental 
The apparatus used in this investigation (Fig. 4) 

consists of a horizontal  mercury  cell (A) of the type 
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Fig. 1. Open-circuit oxygen half-cell potential vs. --log AHoy-  
assuming: A N a / H g  ~ 10-2M, temperature = 150~ 
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Fig. ]. Polarization and IR losses in the sodium amalgam-oxygen 
fuel cell assuming: amalgam concentration ~ 0.15 w/o (weight 
per cent), AHo2-  = 10-~M,  temperature = 200~ 
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Fig. 4. Laboratory assembly: A--amalgam-producing cell, B- -  
brine preheater, C--amalgam flow interruptors, D~amalgam de- 
composer, E--load circuit, F--sigma motor pump, G--amalgam 
preheater, H--brine storage, I--amalgam-oxygen cell. 

current ly  employed in the indus t ry  and an amalgam- 
oxygen fuel cell (I). The amalgam produced in the 
n~ercury cell passes through a flow in te r rup te r  (C) to 
the anode of the fuel cell. The amalgam is depleted in 
sodium and re tu rned  to the mercury  cell after flow- 
ing through a second in ter rupter  (C). During opera- 
tion, the mercury  was cont inuously cycled through the 
system. Conventional  steam decomposers (D) provided 
an al ternate route for the amalgam. The fuel cell is 
composed of a s team-jacketed stainless steel container  
coated with epoxy resin. This uni t  contains the elec- 

I01 ASSUMED : A H 0 2 -  = 

- I0~  ,-: 

0.15 i 
0.10 -- 

) .~ 

).01 

I,'~ 3 I r I I I I I 
1.70 1.80 I.g0 

E NalH 9 (VOLTS) 
Fig. 2. Open-circult amalgam half-cell potential vs. ANa/Ilg 

assuming: AHo 2 -  = 10-SM,  temperature = 150~ 
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t rolyte  and electrodes. The anode consists of a low- 
carbon steel plate whose surface is grooved and welded 
to a stainless steel frame. The plate and frame form 
an enclosure into which the amalgam flows. The amal-  
gam overflows through a series of perforations at the 
top of the plate and flows downward  in a continuous 
film. A porous electrode mounted on a steel f rame 
similar to the anode s t ructure  forms the cathode. Ox-  
ygen or air is fed to the back of the cathode. The 
cathodes selected included plain and act ivated carbon, 
a commercia l  metal l ic  electrode containing silver, and 
a new gas electrode under  development  at the M. W. 
Kellogg laboratories. The electrodes had an apparent  
area of 0.1-0.15 ft 2. The 48-50% NaOH electrolyte  was 
stirred during certain exper iments  to assure uniform 
heating. 

Working potentials and currents  were  measured with  
a vacuum tube vo l tmeter  (V) and an ammeter  (A).  
The presence of two flow interrupters  (C) al lowed the 
measurement  of these values to be made independent  
of the performance  of the mercury  cell. The load im-  
posed on the fuel  cell was controlled wi th  var iable  
resistance (E). Half -ce l l  measurements  were  made 
with  a Luggin probe connected to a reference cell 
(Hg/HgO/50% NaOH) which was introduced at a 
point midway  be tween  the anode and cathode. 

A rapid and accurate potent iometr ic  method for de- 
te rmining the sodium concentrat ion in the amalgam 
streams was developed. The details of this method are 
described elsewhere (7). 

Discussion of Results 
Electrodes.--Initial evaluat ion of the  power  recovery  

system consisted of de termining the vo l tage-cur ren t  
density relationships for the system with  various 
cathodes. Typical  curves for carbon electrodes are de- 
picted in Fig. 5. Curves 2 and 3 were  obtained with  
two different act ivated porous carbon electrodes. Curve 
4 represents  unt rea ted  carbon and demonstrates  the 
significance of the act ivat ing catalysts. Curve 1, which 
is calculated, assumes (HO2-)  = 10-s moles / l i t e r  
and is included for comparison. The  open-circui t  po- 
tentials were  reproducible  to • 50 mv for different 
samples of similar  electrodes. It  is difficult to compare 
the exper imenta l  voltages wi th  the calculated values 
because the act ivi ty  of the peroxide ion is unknown. 
However ,  Fig. 1 and 2 indicate that  for the act ivated 
electrodes the peroxide ion act ivi ty  would be about 
10 - s  moles which does not seem unreasonable.  Kor-  
desch (8) has est imated that, with special peroxide-  
decomposing catalysts, values of 10 -1~ moles are at-  
tainable in KOH electrolyte  hydrox systems. The role 
of the catalysts appears to be, at least in part, to 
decompose the peroxide ion. This effect has been pre-  
viously studied and repor ted  (9). 

A current  density of 100 amp/ f t  2 was chosen as a 
reference point and all working voltages are compared 
at this current  load. Voltages of 1.1 and 1.3v at 100 
amp/ f t  2 were  observed with  two different act ivated 

2.0 F i i i i - i i i 

I i 1 I I I I I 
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CURRENT DENSITY ~ A M P / F T  ~ 

Fig. 5. Carbon electrodes: l--calculated assuming ( H 0 2 - )  
1 O-  8M, 2--acti.vated, 3--activated, 4--unactivated. 

carbons. The unt rea ted  carbon yielded only 0.23v at 
50 amp/ f t  2. The calculated vol tage assuming a perox-  
ide ion concentrat ion of 10 - s  moles was found to be 
1.4. 

Two other types of electrodes were  evaluated  and 
the results are depicted in Fig. 6. Curves 1, 3, and 4 
refer  to specially t rea ted si lver electrodes obtained 
commercia l ly  and curve 2 refers to a new type of 
oxygen electrode under  development  at The M. W. 
Kellogg Research Laboratories.  

In the course of this investigation, it was observed 
that when the fuel cell is ini t ial ly subjected to a di- 
rect current  from an external  source complete wet t ing 
of the anode surface by the amalgam is obtained. It 
was also observed that the open-circui t  potent ial  and 
the working voltages increased. To determine  the ex-  
tent  to which this effect is reproducible,  a typical  ac- 
t ivated carbon electrode was tested in the fuel  cell 
prior to current  t reatment .  An open-circui t  vol tage of 
1.55v was obtained. The cell was then subjected to 
the described t rea tment  and an open-circui t  voltage 
of 2.2-2.3v was observed. This potential  was not stable 
and decayed to 1.55v. Measurements  were  made with 
an 11 meg vacuum tube vol tmeter .  The rate  of decay 
is al tered if the durat ion of the t rea tment  wi th  ex-  
ternal  current  is varied. This phenomenon is depicted 
in Fig. 7. 

One may  at tempt  to explain this behavior  by the 
oxidation of the catalytic species in the cathode; how-  
ever, similar observations were  made with  leached, 
unact ivated carbon electrodes whose metall ic impur-  
ities content  was not high enough to allow this ex-  
planation. It  may be possible that  the peroxide ion 
concentrat ion is reduced drastically,  in the immediate  
vicini ty of the cathode, when a current  is applied, and 
that  this results in a higher  initial cell voltage. 

Amalgam concentration and depletion.--The sodium 
concentrat ion in the amalgam has an effect on the 
voltage of the cell ei ther at open circuit  or under  load. 
The results presented in Fig. 8 show the effect of inlet  
sodium amalgam concentrat ion on open-circui t  voltage. 
Under  load, the inlet  and outlet  amalgam concentra-  
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Fig. 6. Metallic electrode: 1--activated silver, 2--activated 
M. W. Kellogg, 3--activated silver, 4----activated silver. 
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tions may be correlated with the cell voltage. Figure 9 
demonstrates the relationship of inlet  and outlet amal-  
gam concentrations t6 performance, par t icular ly  when 
under  load. Figure 1O shows a typical  effect of sodium 
depletion. 

It was observed that the amalgam should contain a 
min imum of 0.01-0.02% sodium to promote wet tabi l i ty  
of the steel or nickel anode surface. This concentrat ion 
min imum is applicable to the amalgam inlet and outlet 
streams. 

Temperature.~The t empera ture  range of 130~176 
was investigated. The effect of temperature  is shown 
by Fig. 9 and 10. At a current  density of 100 amp/f t  2, 
an increase of 10 m v / ~  was observed. The upper  tem- 
perature l imit is set by the chemical decomposition of 
the amalgam in the presence of the aqueous electrolyte. 
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Fig. 10. Effect of amalgam depletion on performance 
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Table I. Polarization measurements 

Cathode  = A c t i v a t e d  ca rbon  
E l ec t ro ly t e  = 50% NaOH at  150~ 
Refe rence  Cel l  = H g / H g O / 5 0 %  NaOH 

C u r r e n t  dens i ty .  A m a l g a m  h a l f  cell,  O x y g e n  ha l f  cell,  
a m p / f t  ~ vo l t s  v o l t s  

To ta l  cell, 
v o l t s  

2 1.631 --0.063 1.568 
5 1.626 --0.087 1.539 

21 1.591 --0.168 1.425 
41 1.567 --0.213 1.351 

117 1.456 --0.366 1.091 
142 1.410 --0.453 0.962 
200 1.326 --0.578 0.749 
263 1.223 --0.729 0.496 
309 1.147 --0.839 0.307 

The reaction: 

Na/Hgz + H20-> NaOH + xHg + V2H2 [10] 

is not electrochemical and, therefore, causes low fuel 
efficiency. Above 180~ hydrogen evolution becomes 
evident on the surface of amalgam in contact with the 
50% NaOH electrolyte. When the cell was operated at 
200~ an unstable  open-circui t  potential  of about 1.6v 
was observed. 

Half-cell measurement.--It  was of interest  to deter-  
mine the extent  of anodic and cathodic polarization. A 
probe frora a Hg/HgO/50% NaOH reference cell was 
inserted midway between the anode and cathode which 
were 0.25 in. apart. Table I is typical  of the data ob- 
tained with activated carbon electrodes and demon-  
strates that  oxygen half-cell  polarization represents a 
prime area for system improvement .  

Summary and Conclusions 
This pre l iminary  study has shown that  a sodium 

amalgam-oxygen  fuel cell is capable of generat ing elec- 
tric power that  can be supplied directly to a mercury 
cell of the type present ly used in the industr ia l  pro-  
duction of chlorine and sodium hydroxide. This cell is 
capable of delivering a voltage up to 1.3v at a current  
density of 100 amp/ f t  2 with specially prepared and 
activated cathodes. The electrical energy recuperated 
with this type of performance can be equivalent  to as 
much as 23-35% of the power consumed in present -day 
mercury  cells. 

Manuscript  submit ted Dec. 18, 1967; revised m a n u -  
script received Dec. 23, 1968. 

Any  discusson of this paper will appear in a Discus- 
sion Section to be published in the December 1969 
J O U R N A L .  
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There has been a renewed interest  in solid electro- 
lyte galvanic cells dur ing recent years because such 
cells offer solutions to several problems encountered 
with aqueous systems. One conspicuous shortcoming 
of aqueous systems is the l imited shelf life of the cell 
which results from corrosion reactions of the elec- 
trode materials  in highly conducting electrolytes. A 
second problem is cell leakage and the need to use 
special sealing techniques. A third l imitat ion is the 
rather  short tempera ture  range over which these cells 
can efficiently operate. Final ly,  there is the need, in 
many  applications, to achieve appreciable minia tur iza-  
tion. These are problem areas in which solid electro- 
lyte galvanic cells offer solutions or the promise of 
improvement  over the present  situation. 

The renewed interest  in this field has coincided with 
the improvement  in certain solid electrolytes and the 
achievement  of a bet ter  unders tand ing  of the mech- 
anism of t ransport  in these solid ionic materials.  F u r -  
ther, in the last decade there have been great advances 
in techniques whereby th in  layers may be vacuum de- 
posited. This has made available methods of fabricat-  
ing cells with electrolytes with very high area to 
thickness ratios with result ing high in te rna l  conduc- 
tivity. 

The purpose of this review is to appraise the state 
of the art in this field. Major a t tent ion is given to the 
employment  of solid electrolyte cells for energy con- 
version purposes which explains the detailed discus- 
sion of cells uti l izing electrolytes such as AgI, one 
of the bet ter  ionic conductors. The study is restricted 
to low-tempera ture  cells which operate at about 300~ 
or lower, as dist inguished from cells requir ing higher 
temperatures  for (oxide ion) conduction. A fur ther  
restriction excludes those systems that  require water  
for conduction, such as ion exchange membranes  or 
certain inorganic gels. Raleigh (1) has recent ly re-  
viewed solid state electrochemistry from the viewpoint  
of uti l izing solid electrolyte galvanic cells for the 
s tudy of solid state reactions, for the determinat ion 
of free energies of compound formation, related ther-  
modynamic  quantities,  and the electronic and ionic 
conductivi ty of compounds. These subjects are dis- 
cussed here only where per t inent  to the cell in a 
power producing capacity. 

Historical development.--The fact that  solid crys- 
ta l l ine compounds could funct ion as electrolytes was 
recognized early in the development  of electrochem- 
istry. Haber and Tolloczko as early as 1904 (2) mea-  
sured the emfs  of the cells 

Pb /PbC1JAgC1/Ag (I) 
and 

Cu/CuCI/AgC1/Ag (II) 

over the tempera ture  range of 145~176 The open- 
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circuit voltage of cell I was 0.477v at 145 ~ and 0.500v 
at 250~ Cell II gave voltages of 0.150v at 150~ and 
0.187v at 240~ These values were essentially in 
agreement  with what  was calculated from thermo-  
chemical data for the cell reaction. No current  was 
drawn from these cells. In  fact, the exper imental  
ar rangement ,  involving a U- tube  with substant ia l  dis- 
tance between the two electrodes, was such that  the 
in terna l  resistance was too high for appreciable cur-  
rent  to pass. 

Ka tayama  (3) in 1908 constructed and made mea-  
surements  on three types of cells uti l izing solid elec- 
trolytes. These included lead amalgam concentrat ion 
cells of the type: 

Amalgam I /PbBr2 /Amalgam II (III) 

chemical cells such as 

Pb/PbBr2/Br2 (IV) 
and 

Ag/AgC1/C12 (V) 

and Daniell  type cells as 

P b / P b B r e / A g B r / A g  (VI) 
and 

Pb /PbC1JAgC1/Ag (I) 

The potential  of the AgC1 chemical cell (V) was 
measured over the tempera ture  range of 15~176 
The emf was described by 

E = 1.130 + 0.0006 ( 2 0 -  t ~ 

The lead chloride-si lver  chloride cell gave an emf 
relationship of 

E = 0.480 + 0.0001 (60 - -  t~ 

These relations were in agreement  with Haber 's  earlier 
results and have been confirmed by present  day mea-  
surements.  Lorenz and Ka tayama  (4) showed that  
the electrical energy developed by these cells could 
be calculated from the heat of the chemical reaction. 
The Gibbs-Helmholtz  equation, modified for a con- 
s tant  pressure process, was applicable. At approx- 
imately the same time, Beutner  (5) used measure-  
ments  on solid electrolyte galvanic cells to study 
the reactions of various salts in the solid state. 

Significant advances in  the unders tanding  of the 
mechanism of conduction as well  as the operation of 
solid electrolyte cells were made by Tuband t  and his 
co-workers. Tuband t  and Lorenz (6) published con- 
duct ivi ty data for AgC1, AgBr, AgI, T1C1, T1Br, and TII 
over the tempera ture  range 100~176 They also ob- 
served (7) that  Faraday 's  laws held in the silver 
halides and they noted the very  high mobil i ty  of the 
Ag ion (1.13 x 10 -3 cm sec -1) in AgI in the neighbor-  
hood of its mel t ing point. Tuband t  and Eggert (8) ex-  

13C 
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tended the test of the applicabil i ty of Faraday 's  law 
to crystals of AgC1, AgBr, AgNO3, PbC12, PbBr2, and 
PbI2. The problem of dendri te  formation and conse- 
quent  short-circui t ing of the cell dur ing deposition 
of the silver was recognized as a problem. These in-  
vestigators introduced the technique of measur ing 
t ransference numbers  by the isolation and observation 
of weight changes in the anode and cathode portion 
of the cell similar to what  had been done in aqueous 
solutions (Hittorf technique) .  Tuband t  (9) recognized 
the several different types of conductivi ty that  existed 
in these crystals. For example, conduction in AgI was 
main ly  due to Ag ions, and in PbC12 the anion mi-  
grated as well. In certain crystals, e.g. fi-Ag2S be- 
tween 150~176 the current  was carried by elec- 
trons as well  as ions. 

Reinhold in 1928 (10) studied solid electrolyte cells 
as thermoelements  over the tempera ture  range of 
150~176 He investigated solid electrolyte thermo-  
electric elements, as exemplified by 

Ag /AgI /Ag  (VII) 

Ag/AgC1/Ag (VIII) 

Ag /AgBr /Ag  (IX) 

Pb/PbC12/Pb (X) 

C12/AgC1/C12 (XI) 

Br2/AgBr/Br2 (XII) 

C12/PbC12/C12 (XIII)  

in which the thermoelectric power was generated by 
the anode and cathode held at different temperatures.  
It is significant that  gas electrodes, which exhibit  a 
higher thermogalvanic  voltage and represent  the more 
sophisticated case in thermogalvanic  technology, as 
well as metall ic electrodes, were considered as ther-  
mogalvanic elements. Reinhold (10) also investigated 
"solid isothermal" galvanic cells such as 

Ag/AgC1/C12 (V) 

Ag/AgBr/Br2 (XIV) 

Pb/PbC12/C12 (XV) 
and 

Pb/PbC12/AgC1/Ag (I) 

recognized as "chemical" cells and Danie l l - type cell, 
respectively. The emf measurements  made on the 
lead chloride-si lver chloride cell (I) were compared 
by Reinhold to those reported by Haber and Kata-  
yama as follows: 

Temp,  ~ K a t a y a m a  H a b e r  R e i n h o l d  

6'/ 0.480 0.488 
151 0.471 0.~80 0.472 
200 - -  0.492 0.463 
250 - -  0.500 0.451 

The good agreement  at the lower temperatures  is ob- 
vious. 

For all of these systems, the Nernst  heat theorem 
applies. Reinhold and Blachney (11) extended the 
theory and exper imenta l  work to cells such as 

Ag/AgC1/PbC1JAgC1/Ag (XVI) 
and 

Pb/PbC12/AgC1/PbC12/Ag (XVII) 

which involved the t ransfer  of ions across electrolyte/  
electrolyte interfaces. It was shown that  the thermo-  
galvanic emf of a mul t ip le  system such as those indi -  
cated above was additive from the s tandpoint  of the 
simpler elements, e.g., Ag/AgC1/C12 (V). 

At the same t ime (1934), Reinhold (12) and Wag- 
ner  (13) used solid electrolyte cells to s tudy ta rn ish-  
ing and corrosion reactions using slightly different 
techniques. To study the reaction 

2 Ag -{- S = Ag2S 
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( x v I I I )  
a cell such as 

Ag/AgI /Ag2S/P  t (S) 

was required ra ther  than  the simpler cell 

Ag/Ag2S/Pt  ( § S) (XIX) 

because Ag2S is a mixed (ionic and electronic) con- 
ductor. 

Thus, by the early 1930's it had been demonstrated 
that solid electrolytes could be treated ent i re ly  the 
same as aqueous electrolytes from the viewpoint  of 
the theory of chemical and concentrat ion cells, con- 
duction mechanisms, equi l ibr ium reactions, and ther-  
modynamics.  

There was little work reported in this field in the 
late 1930's and in the 1940's, but  studies were revived 
dur ing  the early 1950's with Sator's work (14) on 
vacuum-deposi ted films and intensive studies of gas 
depolarized cells to be discussed below. Dur ing  the 
1950's, a large number  of studies were reported in 
the patent  l i terature,  in the open li terature,  and in 
reports on government-sponsored research. The ma-  
jor problem holding up substant ia l  development  of 
this type of cell was the relat ively low conductance 
of the electrolyte at room tempera ture  in comparison 
with aqueous electrolytes and at elevated tempera-  
tures in comparison with fused salt systems. Tech- 
niques to achieve electrolytes with substant ia l ly  im-  
proved conductivi ty have been realized dur ing  the last 
decade. A fur ther  problem has been one of construct-  
ing the solid electrolyte cell so that  low in terna l  re-  
sistances could be achieved. The employment  of vac- 
uum-deposi ted films has made for improvement  in 
this respect. 

Solid Electrolytes 
A logical basis for discussing solid electrolytes can 

be based on the na ture  of the basic t ranspor t  process, 
as suggested by van der Gr in ten  (15). This would dis- 
t inguish cases uti l izing (a) Ag + transport,  (b) C1- 
transport,  (c) Na + transport ,  (d) H + transport ,  and 
(e) cases wherein  the t ransport  is unknown,  e.g. the 
t in sulfate case discussed below. 

Solid Electrolytes  w i th  Ag + Transport . - -Most  of 
the work reported on solid electrolyte galvanic cells 
has been based on the t ransport  of Ag cations through 
silver halides. This is best understood by considering 
the unusua l  s t ructure of AgI and the related compound 
Ag2 Hg I4. 

The use of the silver halides for cur ren t -producing  
cells was based ini t ia l ly on the conductivi ty data of 
Tubandt  and Lorenz (6, 7). In  the study of the tem- 
perature dependence of the specific conductance of the 
halides of silver and tha l l ium over the range 100 ~ 
700~ the unusua l  behavior  of AgI was noted. Unlike 
the other halides of silver and thall ium, the conduct iv-  
i ty of AgI rose sharply as it went  from the liquid to 
the solid state. On fur ther  cooling, the conduct ivi ty-  
tempera ture  curve had a slope more characteristic of 
aqueous solutions than  the other solid crystals. In 
the region of the mel t ing point, the mobil i ty  of Ag + 
in AgI was approximately  double the mobil i ty of 
Ag + in aqueous solutions. As a result  of these findings 
and their subsequent  verification, many  galvanic cells 
were based on AgI as the electrolyte. 

AgI undergoes a t ransi t ion from its low- tempera-  
ture, low-conductance,  beta form to its h igh- tempera-  
ture, high-conductance,  alpha form at 145.80~ ac- 
cording to Tubandt  (16). Jost et al. (17) reported 

--> , ,  t ransi t ion temperatures  of 143.8 ~ 144.4 ~ and 
146.7 ~ depending on the rate of heating. Lieser (18) 
found the t ransi t ion tempera ture  with certain samples 
at 153.3 ~ and at 149.3 ~ with a sample that  had been 
heated at 300 ~ ~ for a period of t ime implying some 
sort of aging effect. The general ly  accepted t ransi t ion 
tempera ture  is 145~176 A third modification of 
AgI, with an undefined crystal  form, stable above 
2940 kg/cm 2 pressure has also been reported (93). 
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The alpha form of AgI is stable in the tempera ture  
range 14t~~176 The s t ructure  and deficiency order 
of a-AgI has been the subject of a number  of invest i -  
gations. Lieser (19) made dilatometric measurements  
and s t ructure  (x- ray)  measurements  on the AgI 
system from --187~ to above the t ransi t ion point. 
He observed a negative dilation coefficient in p-AgI 
over the tempera ture  range studied, a fact impor tant  
in the employment  of this electrolyte in thermogal-  
vanic cells. Jost et al. (20) report  s imilar  results and 
characterized a-AgI as a body-centered cubic struc-  
ture  of I -  ions wi th  disordered cations. Lieser (21) 
reports a lattice constant  of a -~ 5.046 • 0.02A at 
150~ In  going from the E-form to the a-form, the 
conductivi ty of the crystal increases by a factor of 
about 4000 (8) ; the resist ivity of a-AgI  is 0.38 ohm-cm 
at 500~ and 0.47 ohm-cm at 350~ (21). 

The current  in AgI is carried almost exclusively by 
Ag ions, the t ranspor t  number  of Ag being very close 
to un i ty  as demonstra ted by Tubandt  (16). The self- 
diffusion rate of I -  in a-AgI  was measured by Jost 
and NSlting (22) and their  data were expressed by 
the equation 

--16.2 
D = (4.41 x 10 -4) e . cm2/sec 

R T  

Electronic conductivi ty is also low. Jost and Weiss (23) 
reported an electronic t ransport  n u m b e r  of about 10 -7 
at an I~ par t ia l  pressure of 3 mm Hg at 179~ Ilschner 
(24) used a direct polarization method to measure elec- 
tronic conduction. A value for the electron hole con- 
duct ivi ty  of about  10-5-10 -6 ohm -1 cm -1 may  be read 
from the plotted data. At elevated pressure, the con- 
duction mechanism changes, the formation of free sil- 
ver at pressures of 2 and 4 kilobars being indicated 
(25). Many similar studies on s t ructure  and conduction 
mechanism have been carried out on the other silver 
halides, but  only the work on silver iodide is discussed 
here because of the un ique  electrochemical properties 
of this compound. 

The increased conductivi ty achieved by working 
above the t ransi t ion point, i .e.,  with  the highly con- 
ducting =-AgI, was demonstrated by Weininger  (26) 
with batteries composed of a number  of gas-activated 
cells of the type 

Ag/AgI/I2  (Pt) (XX) 

T e m p  of Open-c i rcu i t  Shor t -c i rcui t  
cell operat ion,  ~ voltage,  v current ,  ~a 

25 6 1 
200 6 1000 

A n u m b e r  of at tempts have been made to improve 
the conductivi ty of the silver halides. AgI is highly 
conducting in its h igh- tempera ture  form, i.e. the form 
stable over 146~ It  would be desirable to render  this 
highly conductive s tructure stable at room temperature.  
Weiss, Jost, and Oel (27) measured the electrical con- 
ductivi ty and phase changes in the systems p-AgI-CdI2, 
p-AgI-PbI2, p-AgI-Ag2Se, p-AgI-KI,  and a-AgI-PbI2 
(and CdI2). The tempera ture  at which the E-form is 
converted to the a-form is lowered by the addit ion of 
PbI2, e.g. from 144.6 ~ to 100~ ~ by the addit ion of 
5 mole % PbI2. The conductivi ty of the mixed crystal  
is lower rthan that  of pure AgI. At 120 ~ the relat ive 
conduct ivi ty  of the 5 mole % compound is about 18% 
that of the pure AgI. The mixed crystal system of 
p-AgI-KI  was studied but  only at low concentrat ions 
(0.5 mole %) of KI. Only in the last decade has this 
system been ful ly explored. The use of an electrolyte 
modified by  the addition of lead iodide or cadmium 
iodide in a vapor-act ivated cell was proposed by 
Weininger  (28). 

According to Lieb and De Rosa, additions of tel-  
lu r ium to the silver halide great ly reduced its resist- 
ance (29). For  example, the resistance of AgC1 at 
100~ was reduced from 7.7 x 106 ohms to 2.3 x 103 
ohms by  the addit ion of 5% Te. Additions of ~-10% 

were claimed to give this beneficial effect with 5% be-  
ing the opt imum value. The in te rna l  resistance of a cell 
of the type 

Ag/AgBr/CuBr2 (C) (XXI) 

was decreased from 114 to 18K by the incorporat ion 
of 5% Te in the AgBr electrolyte. A 16-~a current  was 
observed with an external  load equal to the cell re-  
sistance. 

Lehovec (30) claimed a galvanic cell in which the 
improved electrolyte was a crystal l ine compound pos- 
sessing lattice defects. An example of this galvanic cell 
was 

Ag/AgC1 ( 10 % PbCt2) /Pb  (XXII)  

The electrolytes were such crystals as 10% CdCI2 in 
AgC1, 15% CaC12 in Hg2C12, 10% SbCI~ in  PbC12, and 
12% BiC13 in ZnC12. In addition to cation doping, 
Lehovec and Smyth  (31, 32) cited improvements  to 
be gained in the conductivi ty of silver halides by the 
addit ion of anions such as Te =, Se =, or S =. This im-  
provement  occurred for additions low in  concentrat ion 
but greater than  0.1 m/o  (mole per cent) .  The addi-  
t ion of AgeS to AgC1 in amounts  up to 0.1 m/ o  caused 
an increase of resistance from 7-10 to 30-40 megohm- 
cm. However, fur ther  additions caused a l inear  de- 
crease in resistance. The mixture  with 1 m/o  sulfide 
had a resistance of 3 megohm-cm, and that  with 6 m/o  
0.4-0.5 megohm-cm. 

In recent years, effort has been devoted to the im-  
provement  of the AgI electrolyte by modifying its 
crystal  structure. The preparat ion of a-AgaSI, its crys- 
tal structure, and the tempera ture  dependence of the 
electrical conductivities of the  a and p forms were 
worked out and reported by Reuter  and Hardel  (34). 
Takahashi  and Yamamoto (33) reported a conductivi ty 
of about 10 -2 ohm -1 cm - I  for the compound at room 
tempera ture  with the conduction mechanism similar 
to that  of AgI, i .e.,  the t ransference n u m b e r  for Ag + 
was measured as 0.977. This conductance figure agrees 
approximately with the (extrapolated) value reported 
by Reuter  and Hardel  in their  early work (34) and con- 
firmed in their  recent more complete investigation of 
the conduction mechanism (94). 

A number  of widely differing values have been re-  
ported for the electronic conduction of Ag3SI. Taka-  
hashi and Yamamoto have reported 10 - s  (33), 10 -6 
(95), and 10-4 ohm-1  cm -1 (96). An extrapolated fig- 
ure from Reuter  and Hardel 's  recent work (94) would 
fall between 10-4-10 -5 ohm -1 cm-1.  It is very  l ikely 
that  all of these are correct for the part icular  samples 
tested, with the discrepancy caused by the meta l /  
nonmeta l  ratio in the sample reflecting, in turn,  the 
method of preparat ion as observed by Takahashi  and 
Yamamoto (96). Values as high as 10 -4 ohm -1 cm -1 
would be undesi rable  from the s tandpoint  of ta rn ish  
rate and long- te rm stability. The galvanic cell 

Ag/Ag3SI/I2 (C) (XXIII)  

was investigated. The open-circui t  voltage was close 
to that  calculated from free energy data and iodine 
vapor pressure relationships. At 20.0~ the experi-  
menta l  cell voltage was 0.675v as compared with a 
calculated 0.687v. The in te rna l  resistance of the above 
cell constructed with an electrolyte thickness of 0.15 
cm was 10 ohms and the cell voltage did not decay 
at 100 ~a/cm 2 current  density. The polarization was 
essentially due to the  silver anode, bu t  it was found 
that  this could be considerably improved by amalga-  
mation;  e.g., relat ively little polarization was observed 
at 1000 ~a/cm 2 at 25~ Cathode polarization was im-  
proved by the selection of the proper carbon; in the 
case reported, an acetylene black gave the best results. 
In  the improved cell with the Ag3SI electrolyte, only 
slight polarization (less than  10 my) was observed at 
a current  density of 1000 ~a/cm 2 at 25~ The cell 
could be discharged at a 1 -ma/cm 2 rate for 3-4 hr 
with a re la t ively fiat voltage curve. The polarization 



16C J. Electrochem. Society: 

behavior  of the si lver electrode, amalgamated  and un-  
amalgamated,  was explained by the degree of re -  
action polarizat ion (35). Up unti l  this point in the 
invest igat ion of solid electrolytes,  the in ternal  re -  
sistance of the solid e lectrolyte  itself had been so high 
that  only resistance polarizat ion had been measured.  
The ra te -de te rmin ing  step accounting for polarization 
in the cell  containing the si lver plate anode was es- 
tablished as the react ion be tween  interst i t ia l  s i lver  
ions and s i lver- ion vacancies. In the amalgamated  
si lver electrode case, the interst i t ia l  s i lver  ion reacted 
with  mercury  and the react ion polarizat ion was not 
observed. 

Owens and Argue  (36) quest ioned the long- te rm 
stabil i ty of cells using the Ag3SI electrolyte  and I2 as 
the cathode material .  They showed exper imenta l ly  
that  the react ion 

I2~- Ag3SI-> 3AgI -~ S 

proceeded readi ly  at 65 ~ and 70 ~ . Therefore,  upon 
standing, the cell described above should convert  to a 
cell 

Ag/Ag3SI /AgI ,  S/I2 (C) (XXIV) 

with a corresponding increase in internal  resistance. 
The a rgument  offered by Owens and Argue  appears 
convincing, but it is difficult to reconcile these wi th  
the results reported by Takahashi  and Yamamoto.  A 
possible explanat ion might  be that  the former  studies 
were  carr ied out at 65 ~ and 70 ~ where  the react ion 
rate should be considerably grea ter  than at room 
temperature .  These effects would  be expected to show 
up after  several  years of storage, however .  

Recently,  improvements  in the AgI  electrolyte  have 
been repor ted  by Bradley  and Greene (37, 38) and 
Owens and Argue  (39). These involved  double salts 
such as KAg415 and RbAg415. The quant i ta t ive  values 
for the conductivit ies differed be tween  the two lab-  
oratories wi th  Owens and Argue  report ing the higher  
values, i.e. 0.21 ohm -1 cm -1 for both the K and the 
Rb salts at 20~ Their  explanation,  which appears 
reasonable, was that  the English invest igators  had a 
high contact resistance in their  conduct ivi ty  specimen. 
These crystals t ransformed from the h igh - t empera -  
ture, highly conductive,  a form to the ~ form at 
--136~ (KAg4Is) a n d - - 1 5 5  (RbAg4Is). Bradley  and 
Greene (37) measured t ransport  numbers  and found 
that  the cur ren t  was essential ly all  carr ied by Ag + and 
that  there  was no change in composit ion of the ano- 
lyte  or catholyte  af ter  electrolysis. Geller  (40) re -  
ported on the crystal  s t ructure  of the highly con- 
duct ive solid electrolyte,  RbAg4Is, as did Bradley  and 
Greene (41). The lat ter  described the s t ructure  of 
M Ag415 (where  M : K, Rb, NH4) as consisting of 
Ag + essential ly in a l iquid state inside of a crystal  
lattice of I -  and M + ions. This explains the high 
mobil i ty  of the Ag + ions. The s t ructure  that  they pro-  
posed accounts on a geometr ical  basis for the exper i -  
menta l  fact that  the K +, Rb +, and NH4 + compounds 
have been found but the Cs + and Na + compounds 
have not. The Cs + ion is too large and the Na + is too 
small  to produce stable structures,  whi le  the other  
three  ions are the proper  size, the ideal M + to I -  dis- 
tance being 3.62A. 

The electrochemical  behavior  of the ~ form of 
Ag2HgI4 is similar in several  respects to that  of the 
h igh- t empera tu re  form of AgI. Kete laar  measured  the 
electr ical  conduct ivi ty  of this crystal  (42) and dis- 
cussed the relat ion be tween  conduction and s t ructure  
(43). He in terpre ted  the high conduct ivi ty  of 
a-Ag2HgI4 as a result  of an averaged s t ructure  in which 
the number  of atoms in the crystal  was smaller  than 
the number  of latt ice points among which they were  
distributed. On an average,  every  four th  lattice point 
was unoccupied. Al though si lver  ions and mercury  
ions are present  in the structure,  only about 6% of the 
charge is t ransfer red  by mercury  ions. The con- 
duct ivi ty  data reported by Kete laar  for ~-Ag2HgI4 
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appear  to be too high on the basis of la ter  invest iga-  
tions. Suchow and Pond (44) measured  the t empera -  
ture  of phase change and the electr ical  conduct ivi ty  
of Ag2HgI4, Cu2HgI4, and thei r  eutectoid. Their  t ransi -  
t ion tempera tures  are in agreement  wi th  Ketelaar ' s  
and approximate  those repor ted  by Jaff ray (45, 46). 

S u b s t a n c e  S u c h o w  & P o n d  K e t e l a a r  J a f f r a y  

A g 2 H g I 4  5 0 . 0  ~ 50 .7  ~ 57  ~ 
Cu2I-IgI4  6 6 . 6  ~ 72 ~ 
A g l . 1 4 C u o . s e H g I ~  3 4 . 2  ~ 

However ,  the electr ical  conduct ivi ty  data are at va r i -  
ance and, in v iew of the fact that  the data of Suchow 
and Pond (44) have  been substant ial ly confirmed by 
the recent  work  of Weil  and Lawson (47), the la ter  
work  is taken as correct. The ionic conduct ivi ty  has 
been expressed by the equat ion 

= ~ o e - - Q / R T  

where  a is the specific conduct ivi ty  at absolute t em-  
pera ture  T, ~o is a constant, Q is an act ivat ion energy, 
and R the gas constant. 

The comparison of the several  invest igat ions is as 
follows: 

S u c h o w  a n d  W e i l  a n d  
P o n d  (44 )  K e t e l a a r  (43)  L a w s o n  (477 

Q ( e a l / g - a t o m )  1 0 , 2 0 0  8 6 0 0  1 2 , 1 0 0  
o-o ( o h m  -1 e m  -1 7 .5  • 108 4 • 10 s 

Well and Lawson (47) invest igated the pressure de- 
pendence of the electr ical  conduct ivi ty  of Ag2HgI4 as 
wel l  as the t ransport  properties.  Measurements  made  
at 80~ indicated a low electronic conduct ivi ty  about 
10 -4 ohm -1 cm -1, and an ionic conduct ivi ty  of about 
3 x 10 -2 ohm -1 cm - I .  They pointed out some of the 
difficulties in making  d-c  conduct ivi ty  measurements .  
As a d-c  vol tage was main ta ined  on the a-Ag2HgI4 
crystal  be tween electrodes, s i lver  was deposited at 
the cathode and HgI2 and I2 at the anode. Both the 
ionic and electronic conduct ivi ty  dropped and the cell  
was conver ted to a galvanic cell wi th  an emf  of 0.6v. 

In several  instances, cells have  been constructed 
where in  two electrolytes were  used in a series a r -  
rangement .  Lehovec and Broder  (48) uti l ized the de-  
sirable high ionic conduct ivi ty  of AgI and Ag2S at 
e levated tempera tures  (about 200~ They worked  
with  cells of two types. The first was 

A g / A g I / A g 2 S / S  (XVIII)  

the role of AgI  being to reduce electronic conduct-  
ance within  the cell. This cell had an open-ci rcui t  
vol tage of 0.2v at 200~ which approximated  the 
value calculated f rom the free energy  of the react ion 
be tween  Ag and S. A shor t -c i rcui t  current  of 0.18 
a m p / c m  2 and a shelf life of 100 min  at 200~ was 
observed. These operat ing characterist ics were  com- 
pared to those of a second cell  

Ag /AgI / I2  (C) (XX) 

which operated at room tempera tu re  at current  den-  
sities of several  hundred  microamperes  and an emf  
of 0.7v. 

An  invest igat ion by Smyth  and coworkers  (49) 
dealt  wi th  XX which was similar  to that  previous ly  
disclosed by Broder  (50). An extens ive  study of the 
tarnishing of Ag in I2 a tmospheres  was conducted on 
the basis that  the shelf life of the cell was l imited by 
electronic leakage through the electrolyte.  The ra te  of 
consumption of the electrode mater ia l  was de te rmined  
by the react ion of Ag and I2, which  tarnish react ion 
was governed by the diffusion of cations and elec-  
trons through the react ion product  film. The tarnish 
ra te  was found to be sufficiently rapid so that  the 
Ag /AgI / I2  cell system did not re ta in  sufficient shelf 
life to be of practical  interest  in the application of 
interest  to the investigators.  To overcome this de-  
ficiency, the system 
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Ag/AgC1/AgI / I z  (XXV) 

was taken up. This system offered improvement  but 
only part ial  solution to certain e lectrochemical  and 
mechanical  problems. The disadvantages of this system 
were  the low emf of 0.684v (20~ and the requ i re -  
ment  that  the AgC1 film over  Ag must  be nonporous 
to p reven t  at tack on the Ag and preserve  a long life 
on open circuit. It was fur ther  noted that  the Is vapor  
was corrosive to the organic compounds used in seal-  
ing the cells. 

The tarnishing react ion of si lver by bromine and 
iodine was studied by Weininger  (51) in connection 
with  the  vapor -ac t iva ted  cell  wi th  the respect ive sil- 
ver  halide electrolyte.  This s tudy was conducted from 
the viewpoint  of prepar ing the solid electrolyte  film 
and also contr ibuted to an unders tanding of the stor-  
age problem discussed above. The halide electrolyte  
formed at room tempera tu re  was re la t ive ly  imper -  
vious as shown by photomicrographs.  The r a t e -de t e r -  
mining step was established as the diffusion of de-  
fect electrons which migra te  in a direction opposite 
to that  of s i lver  ions. In common with  many  other in-  
vestigations, the presence of water  vapor  was found 
to be important ,  the  tarnish ra te  being reduced by 
a factor of two in the presence of water  vapor. 

In the invest igat ion of cells uti l izing silver iodide as 
an electrolyte,  Buchinski  et aL (52) found that  a more 
adherent  si lver iodide film was formed on si lver if 
the si lver contained low al loying contents of Cu and 
Si (0.05-0.15% and 0.01-0.15%, respect ive ly) .  

Solid Electrolytes with Cl-  Transport--In  the 
halide salts of certain bivalent  metals, such as PbC12 
and BaC12, current  is carr ied by anions as wel l  as ca- 
tions. For  example,  in the t empera tu re  range of 200 ~ 
450 ~ , the t ransference number  of the anion is about 
uni ty  (53). Data have been reported for e levated 
tempera tures  but  ve ry  lit t le for ambient  tempera ture .  
For room temperature ,  the ionic conductivit ies of 
these halides are quite  low and it is l ikely that  both 
the cation and anion car ry  equivalent  currents.  C1 ~ 
t ranspor t  is involved  in the operat ion of the  recharge-  
able cell 

Pb/PbC12/AgC1/Ag (I) 

studied extensively  by Sator  (53) and discussed be- 
low. 

Solid Electrolytes with Na + Transport--Alkal ine 
aluminates  of the "be ta -a lumina"  type are examples  
of s tructures in which Na + (as well  as other  cations) 
are transported.  Be ta -a lumina  is an example  of a 
solid, re la t ive ly  low- tempera ture ,  e lectrolyte  and for 
that  reason is briefly ment ioned here. Its significant 
employment  has not been in a solid galvanic cell but 
one in which both the anode and the cathode were  
liquids. 

Ridgway et al. (54) concluded f rom their  exper i -  
menta l  results that  be ta -a lumina  was not an allo- 
t ropic modification of a lumina  as commonly thought  
at that  t ime (1936) but ra ther  was an alkal ine a lu-  
minate  wi th  the approximate  formula  of Na20 �9 12 
A1203 or K20 �9 12 A1203 depending on the cation in- 
volved.  The t ransport  propert ies  of be ta -a lumina  were  
de termined  by Yao and K u m m e r  (55) who measured 
the self-diffusion coefficients of Na +, Ag +, K +, Rb § 
and Li + in single crystals. Of the ions studied, Na + 
had the highest  rate, about 1 x 10 -5 cm2/sec at 300~ 
and 40 x 10 -7 cm2/sec at 25~ The mechanism ap-  
peared to be interst i t ial  ra ther  than a vacancy move-  
ment.  The secondary ba t te ry  reported by Weber  and 
K u m m e r  (56) uti l ized an anode of l iquid sodium, the 
sodium aluminate  electrolyte,  and a l iquid sulfur 
cathode. The electrolyte  that  they used was a s intered 
product  wi th  a resistance of 3-5 ohm-cm at 300~ 
and about 250 ohm-cm at 25~ For  this reason as 
wel l  as the need to mainta in  the cell products in the 
mol ten  state to prevent  excessive polarization, it was 
necessary to operate the cell above 250~ At  these 

temperatures ,  the cell operated at about 2.0v and a 
current  density of 170 m a / c m  2 of e lect rolyte  surface. 

Solid Electrolytes with H + Transport.--Very l i t t le 
exper imenta l  work  has been repor ted  on proton con- 
duction in (anhydrous)  solids al though such a mech-  
anism would be of considerable significance in gal-  
vanic cells. Proton mobil i ty  in ice has been found to 
be appreciably higher  than that  of any other  ionic 
mobi l i ty  in a l iquid or solid including that  of H + 
in water .  The exper imenta l  data  on mobil i ty  and con- 
duct ivi ty  in ice along with  theoret ical  explanations 
have been summarized by Eigen and de Maeyer  (57). 
Ext rapola ted  values  for the specific conductance of 
water  and ice at 0~ are 1.2 x 10 -8 and 0.3 x 10-8 
ohm -1 cm -1, respectively.  Whereas  the proton con- 
centrat ion in ice is lower  than that  in wa te r  by a 
factor of about 2, the proton mobil i ty  is h igher  by 
1 or 2 orders of magnitude.  Proton t ransport  in ice 
is much greater  than that  of other  reported ionic 
mobili t ies but it differs by only a factor of 50 from 
electronic mobili t ies in semiconductors.  Eigen and 
de Maeyer  (57) thus consider the ice crystal  as a 
"protonic semiconductor." 

The hydrogen bonded s tructures  represented by 
water  and ice are unique and ex t reme care must be 
taken before extrapola t ing this th inking to other  sys- 
tems. Similar  theoret ical  reasoning was cited in the 
development  of solid electrolytes wi th  proton con- 
duction (58). The solid electrolyte  was a mix ture  of 
urea or a urea  der iva t ive  wi th  an organic acid. Typ-  
ical mixtures  were  urea  and formic acid, th iourea and 
citric acid, or th iourea and toluene sulfonic acid. A 
mix tu re  of 100g of urea and 8g of acetic acid yielded 
a conduct ivi ty  of 5 x 10-3 ohm -1 cm - 1 . *  at ambient  
temperatures .  The conduct ivi ty  of this solid compound 
was 104 grea ter  than  that  of s i lver halides at the same 
temperature .  This e lectrolyte  supposedly could be em-  
ployed in a galvanic  cell  wi th  a hydrogen electrode 
(anode),  which might  be a catalytic electrode or a 
metal  hydride.  The cathode could be manganese diox- 
ide, s i lver  iodide, or oxygen. 

Solid Electrolytes with Other Species.--Solid elec- 
t rolyte  cells capable of producing high potentials but  
l imited to low currents  were  described by Ruben 
(59-61). Cells of the composition 

N i / t i n  su l fa te / lead  peroxide  (XXVI)  

supplied 1.65v and "several  microamperes ."  A modifi-  
cation of this cell but  not an improvement  (60) sub- 
st i tuted bismuth sulfate or an t imony sulfate for the 
tin sulfate. These were  hydrolyzable  salts, and cells 
composed of these electrolytes were  capable of hold-  
ing potentials for long times. However ,  of the sulfates 
mentioned, t in sulfate was pre fe r red  because it was 
not hydroscopic (61). I t  was fu r the r  pointed out that  
permanganates  such as bar ium permangana te  offered 
improved cathode depolarization so that  a p re fe r red  
cell  was 

Ni / t in  su l fa te /bar ium permangana te  + carbon 

(XXVII)  

This cell operated at 1.42v. These systems, described 
as "potent ial  producing cells," were  character ized by 
current  output in the "severa l  microampere"  range. 
This appears reasonable in v iew of the fact that  there  
was no apparent  al lowance for anode depolarizat ion 
unless a redox react ion involving the electrolyte  was 
involved.  Typical  cell  thicknesses were  0.031 in. wi th  
the tin sulfate e lectrolyte  contr ibut ing 0.020 in. and 
the Ni-pla ted  steel anode 0.005 in. 

hnodic and Cathodic Reactions 
The greater  part  of the exper imenta l  work  on solid 

electrolyte  galvanic cells has involved cell reactions 
be tween si lver and the halogens or sulfur. The anode 

** U n i t s  of o h m ~ c m  w e r e  g i v e n  in  t h e  p a t e n t .  
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was furnished as s i lver  strip, foil, or as a v a c u u m - d e -  
posited layer. As was ment ioned above, Buchinski  
and co-workers  (52) found that  Cu and Si in low 
alloying concentrat ions improved the adherence of 
the AgI film subsequent ly formed. But, apparent ly  
very  l i t t le effort has been expended to improve  the 
anode reaction. As was pointed out by Takahashi  and 
Yamamoto (33), anode polarization became obvious as 
a problem only when electrolytes of grea t ly  improved 
electrical  conduct ivi ty  became available.  The polar iza-  
tion due to the silver anode was effectively countered 
by amalgamat ion so that  current  densities of 1000 ~a/  
cm 2 could be sustained at 25~ Mrgudich, in an in- 
vest igat ion of the conduct ivi ty  of AgI, also found that  
electrode polarization could be great ly  reduced by 
amalgamat ion of the si lver electrode (62). 

In the invest igat ion of thin films, the interaction of 
the vacuum-depos i ted  film with  the substrate ( the 
anode) was observed by Kostyshin (63). For  example,  
films of PbI2 and CuC1 deposited on meta l  substrates 
such as Ag, Pb, or Cu show a great ly  enhanced photo-  
graphic sensit ivi ty over  that  observed when  similar  
mater ia ls  are deposited on dielectric substrate. The 
reaction of the si lver anode with  halogen vapor  upon 
storage was discussed above in connection with  the 
use of AgC1 layers in series with AgI layers. 

When the anodic react ion was the oxidat ion of A g  
the cathodic reaction was usual ly  based on the reduc-  
tion of sulfur, a halogen, or a halogen-producing com- 
pound. The emf for the cell was then der ived f rom the 
free energy decrease associated with  the reaction be-  
tween Ag and the cathode material .  Some of the early 
work  used a sulfur cathode. Lehovec (64) in his patent  
made a broad claim of a p r imary  cell comprising . . . 
a solid crystal l ine electrolyte  . . . be tween two reac-  
t ive electrodes. His specific example  was the cell 

A g / A g I / S  (XXVIII)  

with the sulfur electrode being a compressed mix ture  
of 15% sulfur  and 85% carbon, and the AgI a 0.0025- 
mm tarnish coating produced by I2 vapor. Such a cell 
reputedly  had an open-circui t  vol tage of 0.2v and a 
short-circui t  current  of 0.22 a m p / c m  2 for a single cell. 
The cell described above is actual ly bet ter  represented 
by 

A g / A g I / A g 2 S / S  (XVIII)  

as Ag2S is the product  formed immedia te ly  after  re -  
action begins. 

Whereas the Lehovec patent  made the broad claim 
for a solid electrolyte  cell, Broder  (50) claimed an 
improved cell of the type 

Ag /AgI / I~  (XX) 

in which the Ag and AgI  were  similar  to the Lehovec 
cell but  the cathode mater ia l  was a pressed mix tu re  
of 80% carbon and 20% iodine. This cell yielded an 
open-circui t  vol tage of 0.67v and a short-circui t  cur-  
rent  of 3 ma at room temperature .  

Van der Grinten (65) appeared to have been the 
first to use a gas-depolar ized cell as a power -produc-  
ing unit. In his solid electrolyte  cell, he used as a 
cathode mater ia l  a permeable  solid s tructure which 
produced a low pressure of a gas capable of react ing 
with  the anode. Examples  were  CuC12, CuBr2, and 
FeCI~. 

The type of per formance  reported by van der Grin-  
ten (66) for the gas act ivated cell was as follows: 

O p t i m u m  
Flash load 

Cell type  Ernf {volts) cu r ren t  (ma) cu r ren t  (/~) 

Ag/AgBr/CuBr._, (C) 0.74 0.22 2 
Ag /AgBr /Br~  (C) 0.85 1.5 26 

With these cells, coulombic capacities up to 3.6 amp-  
sec were  obtained. One of the ra te - l imi t ing  factors in 
these gas-act ivated cells was the vapor  pressure of 
the cathode depolarizer.  The required and obtained gas 
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pressure over  the CuBr2(C) electrode was est imated 
as 10-4-10 -7 m m  Hg. An improved electrode with  
Br2 sorbed on carbon yielded 0.1-10 mm pressure. 
The Br2 system approximates  Nernst  law behavior,  
while  the C12 system does not. 

Van der Grinten ment ioned vacuum deposition as one 
possible method of fabricat ion of the halide electro-  
lyte (65). Van der Grinten and Mohler  (67) in fur-  
ther  work  minia tur ized this type of cell to the ~ol- 
lowing dimensions: 

Ag (0.019 m m ) / A g C 1  (0.025 m m ) / C a  (OC1) 2 

Jr C(1.0 mm)  

This cell produced an open-ci rcui t  vol tage of 0.9-1.0v 
and a short-circui t  current  of 0.03 ma/ in .  2 at room 
temperature .  The problem of internal  short circuit ing 
dur ing storage was recognized. This was solved by 
using an insulat ing annular  washer  holding the ca th-  
ode mater ia l  in a fixed location. The anode, usual ly 
Ag or Pb, was also faced on the side exposed to the 
solid electrolyte  wi th  an impervious electr ical ly  con- 
ducting material .  The gas-act ivated cell was invest i -  
gated by Weininger  who demonst ra ted  (28, 68) that  
the iodine gas to act ivate  a cell of the type 

A g / A g I / I 2  ( Ta ) (XX) 

could be produced by a number  of ways depending on 
the physical s t ructure  of the cell. For  example,  the 
the rmal  decomposition of a polyiodide (e.g., CsI4) or 
reaction with  an oxidizing agent (KMnO4 -~ CuI) 
could be utilized. 

Vapor-ac t iva ted  cells using silver halide electrolytes 
were  intensively studied by Smyth  and his co-workers  
(49, 69, 70). This s tudy involved  cells of the type 

Ag/AgC1/KIC14 (XXlX)  

Potassium tetrachloroiodide is representa t ive  of 
polyhalide compounds that  are reasonably stable at 
room tempera tu re  but dissociate at e levated t emper -  
atures to give iodine t r ichloride (IC18), I2, and C12. A 
large number  of salts of this type and l i tera ture  on the 
subject were  cited (69). Their  general  proper ty  was 
that  they dissociated rapidly  enough to furnish the 
active cathode component  but s lowly enough so that  
the shelf life of the cell was not unduly  shortened by 
the tarnishing of the anode. The cell cited by Smyth  
and Shirn consisted of a si lver anode shaped as a cup, 
a si lver chloride electrolyte  5-50~ thick developed by 
tarnishing with  chlorine gas at 200~176 for 30 rain, 
and a cathode composed of 30-50% KIC14, 5-10% car-  
bon black, and 40-60% grease (e.g., a Ke l -F )  binder. 
The emf  of this cell was 1.04v as compared with  a 
theoret ical  value of 1.04v. This emf was constant to 
• 5% in the t empera tu re  range of --40 ~ to ~-75~ 
The tarnish experiments ,  which are also a measure  of 
the electronic conduct ivi ty  in the electrolyte,  indicated 
a shelf life of about 25 yr. The cells constructed on 
this project  had an internal  resistance of about 10 ~ 
ohms /cm 2 at 25~ When loaded with  a resistance of 
106 ohms, a ten-cel l  ba t te ry  del ivered  1.0 ~a for 100 
min with a flat discharge curve at about 1.0v. The 
AgC1 film produced by the dissociation of KIC14 was 
actual ly a dilute solution of AgI  in AgC1 (a chloride: 
iodide atomic ratio of 19.5-1 found by analysis) .  Of the 
four types invest igated by Smyth  and co-workers  (49) 

1. Pb/PbC12/AgC1/Ag (I) 

2. A g / A g I / I 2  (XX) 

3. A g / A g C I / A g I / I 2  (XXIV) 

4. Ag/AgC1/KIC14 (XXIX)  

only the four th  was considered to possess suitable 
characterist ics for fur ther  development.  

The exact  influence of water  vapor  in supposedly 
dry solid state cells is not known but it may be re-  
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lated to the cathode reaction. Van der Grinten (66) 
had observed that  vapor -ac t iva ted  cells stored in a 
chamber  in which the air was less than 1% rela t ive  
humidi ty  dropped in vol tage from. 0.73 to 0.4-0.5v. 
Upon re turn  to the more humid laboratory atmos- 
phere, the original  vol tage was regained. Smyth  and 
Lehovec  (71) noted that  the exclusion of all  wa te r  
vapor  was de t r imenta l  and proposed adding a hy-  
drated salt such as MgCI~ �9 6H~O to their  cathode 
that  contained KIC14 as the act ive material .  They 
visualized the water  vapor  as being adsorbed in the 
cathode side and blocking the electronic current,  
which, of course, would tend to discharge the cell 
total ly in time. They also pointed out that, in addition 
to improving the electrochemical  behavior  of the cell, 
the tarnish rate of si lver in the iodine cell is lowered 
by a factor of 100. Weininger  (51) also observed a 
reduction in the tarnishing rate of s i lver  in bromine 
and iodine vapor  in the presence of water  vapor. The 
presence of wa te r  vapor  in these solid electrolyte  cells 
is obviously complex because the possibility then ex-  
ists of other  mechanisms such as proton transfer.  

Cathode depolarizers other  than halogens have been 
used in cells in which the electrolyte  was the si lver 
halide. Louzos (72) reported on a cell  of the com- 
position 

Ag/AgI /V205  (C) (XXX) 

The cathode depolarizers were  oxides of polyvalent  
metals  in their  h igher  valence state. In addition to 
V205, compounds such as PbO2, MnO2, NiO2, Ni20:~, 
AgO, and CeO., were  cited. These cells with Ag 
anodes and AgI electrolytes yielded cell voltages rang-  
ing f rom 0.5 to 0.Tv. Cells of this type were  able to 
sustain currents  in the 1-10 t~a range at cell voltages of 
0.45-0.55v over  the t empera tu re  range of --75 ~ to 
200~ An improved version of the cell was described 
by Evans (73). By an elevated t empera tu re  tarnishing 
reaction (25 mm I,~ at 230~ a 15-~ layer  of AgI was 
produced on the Ag strip. Subsequent  anneal ing low- 
ered the electronic conductivity.  The cathode current  
collector was constructed f rom stainless steel. Cells of 
this composition gave stable voltages of 0.455v and 
flash currents  of 50 ~a/cm 2 at room temperature .  These 
cells were  about 0.625 mm in thickness. A number  of 
improvements  were  made f rom standpoint of improv-  
ing per formance  or in facil i tat ing production. 

Rechargeability 
The major  effort in the field of solid electrolytes, 

aside from the use of solid galvanic cells to demon-  
strate thermodynamic  principles, has been in the de- 
ve lopment  of p r imary  cells. Moreover,  unti l  recently,  
such effort has involved only h igh-vol tage  and low- 
current  application. 

Sator appears to have been the first to utilize thin 
solid ionic electrolytes in galvanic cells (14, 53, 74) 
and one of the few to a t tempt  to study revers ible  sys- 
tems. Per ro t  and Sator (74) described a method for 
measur ing the electrical  resistance of ionic conduc- 
tors at room temperature .  They vacuum-depos i ted  
PbCle be tween  silver layers and measured vol tage-  
current  curves. Upon passing current,  they observed 
the formation of AgC1 at one electrode and Pb at the 
other. This suggested the development  of a revers ible  
galvanic cell. Subsequent ly  (14), vacuum-depos i ted  
cells of the type 

A g / P b / P b C 1 J A g C 1 / A g  (I) 

were  prepared.  These cells were  then charged at a 
constant current  of 0.5 ~a. The cell equations were  

charge 
PbC12 q- 2 Ag ~--- Pb q- 2AgC1 

discharge 

The emf  of the cell af ter  charging was 0.523v, which 
diminished to 0.460v during the first hour and sta- 
bilized at this point. 

G A L V A N I C  C E L L S  19C 

Severa l  different techniques were  used by Sator  in 
the preparat ion of the cells. One method involved 
start ing with  a Ag electrode upon which AgC1 was 
formed by chemical  at tack in chlorine. Upon this sub- 
strate, a layer  of PbC12 was vacuum deposited, then a 
layer of Pb, and finally a layer  of Ag to complete the 
cell. The thicknesses deposited in these exper iments  
were  in the range of 10-5-10 -4 cm. Cells of the 

P b / P b C 1 J A g C 1 / A g  (I) 

type were  carr ied through nine charge-discharge  cy-  
cles and were  found to be reversible.  

Cells of type I construction were  prepared by vac-  
uum deposition techniques by Moulton, Hacskaylo, 
and Feldman (75). The chloride cell exhibi ted an 
open-circui t  vol tage of 0.47-0.50v and the bromide 
cell 0.33-0.35v, both values being close to theoret ical  
for the cell reaction. They were  not successful in 
prepar ing the iodide cell. 

The PbC12-AgC1 cell (I) was also invest igated by 
Smyth  and co-workers  (49). The chlorides of Ag and 
Pb which furnished the electrolytes were  prepared 
in three  ways: (a) by evaporation,  (b) by tarnishing, 
and (c) by anodically chlorinating. Of these, evapora-  
tion appeared to be the most successful. It should 
be noted that  the meta l  and meta l  chloride layers 
were  re la t ive ly  thick as compared to the Sator  ex-  
periment.  A typical  cell was constructed as follows: 

Ag (0.150 mm) /AgC1  (0.058 mm)  / 

PbC12 (0.050 m m / P b  (0.001 mm) 

Further ,  evaporat ion was carr ied out from a graphi te  
crucible and the possibility of contaminat ion existed. 
In some preparations,  open-circui t  voltages in the 
range of 0.46v (approximat ing theoret ical)  were  ob- 
tained, but in most cases the vol tage was lower. These 
invest igators concluded that  the system had a major  
defect, i.e. the tendency for local si lver meta l  depo- 
sition at the si lver chlor ide- lead chloride interface. 
This deposition of free metal l ic  si lver which was ac- 
tual ly  observed at the interface led to inner  electronic 
conduction and cell shorting. For  this reason, fur ther  
invest igat ion of the system was abandoned by Smyth  
and co-workers.  

The revers ibi l i ty  of the iodine-act ivated cell of the 
type 

Ag /AgI / I2  (Pt) (XX) 

was invest igated by Weininger  (76). It was possible 
to recover  some cell capacity, but the charging effi- 
ciencies were  low. A cell charged immedia te ly  after  
discharge yielded only 73% of the capacity, whereas  
cells stored for 90 min at --210 ~ 0 ~ and 25~ yielded 
73, 63, and 15% of capacity on charging. It was postu- 
lated that  this loss in capacity was related to the loss 
of iodine by diffusion al though it was difficult to cor-  
relate  the rate of the loss wi th  known diffusion coeffi- 
cients for I2 and Br2 in the appropriate  halides. Gen-  
eral ly speaking, at tempts to recharge  the gas-act ivated 
type of solid electrolyte  cell have been unsuccessful. 

A thin-fi lm, rechargeable  sol id-electrolyte  ba t te ry  
was described by Mrgudich et al. (77) wi th  the com- 
position 

A g / A g I / P t  (XXXI)  

Pd was also used as the posit ive electrode. In typical  
cells, flash currents  of 100 ~a/cmU and open-circui t  
voltages of 0.370v were  reported.  These cells were  
subjected to a large number  of charge-discharge  cy- 
cles and apparent ly  rechargeabi l i ty  was demonstrated.  
The author 's  description of the mechanism is open to 
question; i.e., it does not appear  reasonable that  the 
exper imenta l  observations can be explained in terms 
of a s i lver  concentrat ion cell. The assumption was 
made that  h igher  flash currents  could be obtained 
f rom cells without  evident  cathode depolarization 
than those in which the cathode depolarization was 
provided by the halogen gas. It appears more logical 
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to explain the results obtained with  this cell in terms 
of the a i r -depolar izat ion mechanism proposed by 
Hacskaylo and Foley (78). Recently,  Mrgudich (79) 
has reported some exper iments  where in  the A g / A g I /  
Ag cell has been used as a pressure-sensing device 
and a tempera ture -sens ing  device, in the lat ter  case 
util izing the thermogalvanic  effort described below. 

The revers ibi l i ty  of solid e lectrolyte  cells using 
silver halides was studied by Andes and Manikowski  
(80, 81) by charging and discharging in short pulses. 
Their  cell used Pt  wire  and Ag wire  electrodes in 
halide electrolytes, one of the bet ter  being a solution 
of 80 mole % si lver iodide and 20 mole % silver 
chloride. The cells were  charged wi th  single pulses 
vary ing  f rom a mill isecond to more than a second. 
Discharging was done by pulses of the same magni -  
tude but of opposite polarity. For  example,  in a 
typical  experiment ,  a charge vol tage of 45v for a 
t ime of 10 msec resulted in a current  efficiency of 
85% and an energy efficiency of 0.86%, the lat ter  
due to the higher  charging voltage. The abil i ty to 
charge revers ib ly  with short  pulses argues against 
Mrgudich's  v iewpoint  that  the mechanism involves 
diffusion of Ag into Pt  as the cell operates. 

Fabrication and Applications 
One of the objectives of many  investigations has 

been to counteract  the high in ternal  resistance of 
the solid electrolyte  by using thin layers, e.g., those 
furnished by vacuum deposition. The possibility of 
pr int ing the  various cell  components  was suggested. 
Originally,  the idea of making bat ter ies  by pr int ing 
techniques was advanced by Bjorksten (82). In his 
patent,  he described a process that  involved, first, 
pr int ing with  an ink containing Fe powder,  then  ori-  
enting the Fe particles so that  they  touched, and then 
al lowing the resin to dry  and cure. This process was 
repeated with  another  ink containing a second powder  
such as Ni. Whereas  this may  be character ized as 
thin-film, pr inted battery,  the electrolyte  cited in 
the patent  was a solution such as zinc chloride in the 
vehicle mainly  comprised of linseed oil. Conduction 
was by mechanisms similar  to those in aqueous so- 
lution ra ther  than those operat ing in solid ionic crys-  
tals. 

The fabricat ion of solid electrolyte  batteries,  pre-  
sumably to minimize  in ternal  shorting by surface 
leakage and to prevent  the at tack of the anode by 
corrosive (halogen) vapors, was described by Smyth  
and Lehovec (83). A design of a galvanic cell in-  
tended to produce a high current  was described by the 
same authors (84). In a cell of the type 

Ag /AgI / I2  (C) ( XX ) 

formed wi th  layer  configuration, a ba t te ry  wi th  a 
voltage of 0.68v and a short-circui t  current  of 2.5 
m a / c m  2 of act ive cell was claimed. A bat tery  with 
20 cm 2 of effective contact be tween  the foils yielded 
50 ma of short-circui t  current  and operated at 5 ma 
without  "appreciable decrease in cell voltage." It 
was claimed by these authors that  these cells could 
be recharged al though no charging efficiency curves 
were  given. The design and method of manufac tu r -  
ing a cell described by Smyth  and Shi rm (69) of the 
type 

Ag/AgC1/KIC14 (XXIX)  

where in  the cathode react ion involved a gas act iva-  
tion process was claimed by Hurt  et al. (85). A series 
a r rangement  of cup-shaped cells was described. 

Richter  et al. (86) described a process for auto-  
mat ical ly  making the cell described original ly by 
Louzos (72). This cell  was of the type 

Ag/AgI /V20~ (C) (XXX) 

The gas-act ivated cell util izing solid si lver halides 
as electrolytes described above was fur ther  developed 
by Weininger  (26,76). He described a method of 

fabricat ing a cell of the type 

Ag /AgI / I2  (Pt) (XX) 

intended to operate at e levated temperatures .  In a 
fur ther  improvement  (87) of this type of cell, a AgI 
electrolyte  of 2-5~ thickness was developed by chem- 
ically tarnishing Ag in I2 vapor  at 150~ A bimetal l ic  
corrugated sheet was used to provide space for the gas 
to diffuse to the active electrode areas. When the cell 
was act ivated by I2 vapor  at 0.306 mm at 25~ a 
voltage of 0.67v and a shor t -c i rcui t  current  of 200 ~a 
was produced. 

Miniature  ceils of a similar  configuration gave short-  
circuit  currents  of 6.7 ma at 170~ at which t emper -  
ature the open-ci rcui t  vol tage was 0.67v (28). 

Galvanic cells using si lver iodide in its highly con- 
duct ive form were  utilized as thermogalvanie  cells 
(88). The so-called "si lver"  thermocel l  

( T1 ) A g / A g I / A g  (T2) (VII) 

where in  T~ and T2 were  two different tempera tures  
above 146~ was invest igated and proven feasible as 
a device for solar energy conversion (89). This cell 
suffered because of t ransfer  of Ag to the cathode and 
nonuniform, dendri t ic  bui ld-up as the cell operates. 
This led to the iodine thermocel l  

(T1) (C) I2 /AgI / I2(C)  (T2) (XXXII)  

using the same electrolyte  but  gas electrodes (90). 
In the par t icular  configuration described, wi th  elec-  
trodes of 10 em 2 and an electrolyte  thickness of 0.1 
cm, wi th  iodine electrodes at 1 arm, with one elec-  
t rode at 350~ and a second at 550~ an open-circui t  
vol tage of 112 mv  and a shor t -c i rcui t  current  of 27 
amp was obtained. The voltage approximated  that  
calculated by considering the corresponding entropy 
t ransfer  wi thin  the cell. Whereas  the current  appears 
high, it is ve ry  close to what  would  be expected f rom 
the configuration of the eel1 and the reported resist-  
ance for the electrolyte,  as given above (21). Wein-  
inger reports  typical  operat ing characterist ics for the 
iodine thermocel t  for a t empera tu re  difference of 280 ~ 
a ~E of 347 my, equivalent  to 1.24 mv/deg ,  and an 
internal  cell resistance of 91 ohms at a current  greater  
than 1 ma (88). 

The first substantial  improvement  in electrolyte  de-  
ve lopment  was made by Takahashi  and Yamamoto (33) 
in thei r  work  with  the silver sulfide iodide electrolyte,  
as described above. A minia tur ized version of the cell 
was prepared wi th  a th in  film (20~) of this e lectrolyte  
(91). This cell could be discharged at several  hundred 
microamperes  per  square cent imeter  at 25~ without  
significant polarization. 

The second improvement  was that  involving double 
salts wi th  the alkali  halides and the si lver halides. Bat-  
teries util izing this type of electrolyte  were  prepared 
on a propr ie tary  basis (92). Individual  cells were  re-  
ported to have 0.64v open-circui t  vol tage and to ex-  
hibit  flash currents  of 900 m a / c m  2. A typical  discharge 
curve of a 100 m a - h r  cell at 5.55 ma showed a flat 
vol tage curve  approximate ly  at 0.64v out to about 16 
hr  or 88% of capacity. 

As has been pointed out above, the mobile species in 
this cell  is Ag + ions. As the cell operates, it would be 
expected tha t  Ag + ions would move  to the cathode and 
form a layer of AgI which would have a comparat ive ly  
high resistance. Thus, if this passivation is to be pre-  
vented, some mechanism to prevent  cathode polar iza-  
t ion must be buil t  into the cathode reaction. A recent  
report  indicates that  this effect is achieved by employ-  
ing a cathode mixture  of RbI3, carbon, and RbAg415 
(97). 

Conclusions 
For a number  of reasons cited above, solid electro-  

lyte galvanic cells as energy conversion devices have 
been the object of a considerable amount  of invest i -  
gation by electrochemists  since the tu rn  of the century.  
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Solutions to the ma jo r  ba t t e ry  problems  have evolved 
wi th  the disclosure of h igh ly  conduct ive ionic elec-  
t rolytes ,  gas -ac t iva ted  cathodes, and fabr ica t ion  tech-  
niques for e l iminat ing  in te rna l  shor t  circuit ing.  In ad-  
dition, the  deve lopment  of sophis t icated vacuum depo-  
sition techniques renders  the  fabr ica t ion  of th in- f i lm 
configurations possible. 

The quest ion of rechargeab i l i ty  has not  been an-  
swered  sa t is fac tor i ly  as yet, wi th  the  exper imen ta l  
work  of severa l  invest igators  furnishing cont radic tory  
evidence. However ,  cells based on lead ch lor ide-s i lver  
chlor ide  e l ec t ro ly t e s - - the  so-cal led  S a t o r - H a b e r  t y p e - -  
offer promise  in the deve lopment  of a secondary ba t -  
t e ry  system. 
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Alternating-Current Field-Induced Forces and 
Their Biological Implications 
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ABSTRACT 

Steady-s ta te ,  f ie ld- induced forces on par t ic les  of microscopic size become 
significant at  field s t rength  values  of the  o rder  of 100 v /cm.  They  include 
"pear l -cha in  formation,"  i.e. the  a l ignment  of par t ic les  in the  di rect ion of 
the  imposed field, and the or ienta t ion of nonspher ica l  part icles .  The t ime  con- 
stant, which descr ibes  the  speed of these phenomena,  depends  on field 
s trength,  and par t ic le  and other  parameters .  For  pulsed  fields, a lower  level  
of appl ied  average  power  can suffice to evoke the phenomena  mentioned.  Bio-  
logical  impl icat ions  include the possibi l i ty  of non the rma l  effects of b io-  
logical  significance. 

Al t e rna t ing -cur ren t ,  f ie ld- induced force effects have 
been observed  for severa l  decades. However ,  the i r  de -  
ta i led unders tand ing  in genera l  and f ie ld- induced ef- 
fects on biological  ma te r i a l  in pa r t i cu la r  seem not to 
have been of much interes t  to the  scientific community .  

We shall  repor t  here  about  two such effects, which 
we shal l  classify as "pear l -cha in  format ion"  and 
"or ienta t ion"  effects (Fig. 1). Two other  effects in this 
category,  a -c  e lectrophoresis  and dielectrophoresis ,  
have  a l r eady  been discussed by  us (1, 2). "Pea r l - cha in  
format ion"  is the  o rdered  a r r angemen t  of smal l  pa r -  
t icles in a suspending med ium which is observed if an 
a-c  field is applied.  "Or ienta t ion  effects" descr ibe  the  
a l ignment  of suspended par t ic les  and micro-organ isms  
as an a-c  field is applied,  so that  the i r  long axes are  
para l l e l  or  pe rpend icu la r  to the  field direction.  

Al t e rna t ing -cur ren t ,  f ie ld- induced forces on par t ic les  
of microscopic size can become significant at  field 
s t rength  values  of the  o rder  100 v /cm.  They have  been 
observed for a va r i e ty  of biological  cells and the  ques-  
t ion arose under  wha t  c i rcumstances  non the rmal  ef-  
fects of r f  rad ia t ion  can be biological ly  significant. 

Background Remarks 
Muth (3), by  exposing fa t -pa r t i c l e  emulsions to 

h igh - f r equency  fields, was p robab ly  the first to ob-  
serve the  phenomenon of pea r l - cha in  formation.  
K r a s n y - E r g e n  (4) s ta ted  that  the  phenomenon can be 
expla ined  by  considerat ions of potent ia l  theory.  How-  
ever, for ma themat ica l  s implici ty,  he e r roneous ly  as-  
sumed per fec t ly  conduct ing biological  part ic les .  
L iebesny  (5) observed pea r l - cha in  format ion  of 
e ry throcy tes  in a h igh- f requency  field. Manegold (6), 
fol lowing Muth (3), again demons t ra ted  and discussed 
pea r l - cha in  format ion  using fat  par t ic le  emulsions.  

Renewed interes t  in field effects on biological  pa r -  
t icles developed in the  late 1950's and ear ly  1960's. 
Hel le r  et al. (7, 8) noted not only  pea r l - cha in  fo rma-  

t ion but  also or ientat ion and p re fe ren t ia l  direct ions of 
mot i l i ty  of mic ro-organ i sms  in h igh- f requency  fields. 
Saito and Schwan (9) p rov ided  a theore t ica l  t r e a t -  
ment  of the  p rob lem of how fast  pea r l - cha in  format ion  
takes  place. Quant i t a t ive  exper iments  on pea r l - cha in  
formation,  s tudying  the threshold  field s t rength  of 
this  phenomenon,  were  p robab ly  first car r ied  out by  
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Fig. 1. Alternating-current fields of sufficient strength will cause 
alignment of particles (pearl-chain formation) and orientation of 
nonspherical particles parallel or perpendicular to the direction of 
field. 
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Sher (10). The results were compared with theoretical 
equations given by Saito and Schwan (1I).  A general  
theory of orientat ion due to a-c fields was developed 
by Schwarz, Saito, and Schwan (12). Saito, Schwan, 
and Schwarz (13) provided a theory of the orientat ion 
of biological particles by a-c fields in 1966. 

All exper imental  work so far, with the exception of 
that done by Sher (10), is not sufficiently quant i ta t ive  
to be suitable for a check against theory. However, 
Sher's data permit  comparison and agree with the 
theory of pear l -chain  formation developed by Saito 
and Schwan (11). The theory of orientat ion given by 
Saito, Schwan, and Schwarz (13) predicts that  " tu rn -  
over" of field-oriented micro-organisms from one di-  
rection to another occurs in the high MHz range. This 
was indeed observed by Heller et al., (7, 8). However, 
their  data are not specific enough to permit  a precise 
quant i ta t ive  comparison. More exper imenta l  work is 
needed to check fully the orientat ion theory, even 
though there appears to be little doubt that the con- 
siderations of potential  energy by Saito, Schwan, and 
Schwarz (13) are applicable. 

While the response of particles to nonuni form 
fields is an apparent  digression from pear l -chain  for- 
mation and orientation, both demonstrable  in uni form 
applied fields, it is ment ioned here since the individual  
particles of a pear l -chain  do experience nonuni form 
fields, even when the applied field is uniform. The 
response of particles to nonuni form fields has been 
the subject of many  investigations. Thus, Debye has 
proposed a "molecular  centrifuge" (14), and separa- 
tion of biological cells has been achieved by Pohl and 
Hawk (15) by application of nonhomogeneous fields. 
The existence of this force and its description for a 
spherical particle in a d-c field is we l l -known (16). 
More recently, Saito and Schwan (11), using the re-  
sults of Schwarz (17), have shown that  pear l -chain  
formation for complex dielectric media in an a-c field 
ean be described very well  by considering each particle 
of a representat ive particle pair  to be acted upon by 
the (nonuniform)  induced dipole field of its partner.  
A minimizat ion of their  combined potential  energy 
results when  the particles are brought to tangency 
with their line of centers parallel  to the field. Pear l -  
chain formation can thus be considered to be the re-  
sult of the applied uniform field or, with greater in-  
sight, the result  of the induced nonuni form fields. The 
force on single complex dielectric particles in a com- 
plex dielectric medium under  the influence of an a-c 
field has been very recently derived and discussed by 
Sher (2), again basing the derivation on the funda-  
menta l  work of Schwarz (17). 

Pear l -Chain  Format ion  and Orientat ion 
It has been our hypothesis that the above-ment ioned 

effects are manifestat ions of field-induced forces. We 
have developed appropriate theoretical concepts by 
applying potential  theory and, in some cases, have 
conducted experimental  work to check the theory. Our 
group, H. P. Schwan, L. D. Sher, M. Saito, and G. 
Schwarz, has concentrated on three problem areas 
which will  be described in some detail: Pear l -cha in  
formation and its threshold; t ime constants of pear l-  
chain formation;  and orientat ion phenomena and their 
threshold. 

Pearl -chain  format ion  and its thresho ld . - -Pear l -  
chain formation is the result  of at tractive forces 
between induced dipoles on neighboring particles (18). 
A demonstrat ion of this effect is shown in Fig. 2 (10). 
Equivalently,  it can be considered to occur because, in 
an electric field, the combined electric potential  energy 
of two particles diminishes with their  separation and 
because any system will  move toward that state where 
its potent ial  energy is minimized. The mathemat ical  
t rea tment  of the phenomenon of pear l -chain  forma-  
t ion (11) considers the interact ion of two spherical 
particles of complex dielectric constant  ~1 and radius 
R in a medium of complex dielectric constant  e2 under  
the influence of an a l ternat ing field Eo. (e = e" - -  id', 

Fig. 2. Demonstration of pearl-chain formation with red blood 
cells in saline, Field strength is 50 v/cm. 

where ~' is the real dielectric constant  and ~" is elec- 
trical, conduct iv i ty /angular  frequency.)  Pear l -cha in  
formation succeeds if the ordering forces, which 
yield a minimizat ion of potential  energy, are greater  
than the randomizing forces due to Brownian  motion. 
Thus, one anticipates that pear l -cha in  formation will 
occur if the change in potential  energy due to the 
particle a l ignment  is greater than kT ,  i.e. if 

2 -~  ]2 
[ e ~  ~ 2e2 > 

e2'R3Eo 2 k T  [1] 

where e'e is the real dielectric constant of the sus- 
pending phase. In fact, it is found theoretically that  
the term on the left must  be about 9X larger than  
kT  for pearl  chains to be observable. Exact numer ica l ly  
evaluated solutions for the minimal ,  or threshold, 
field s trength needed to cause pearl  chains to form 
have been obtained if the particles are ei ther perfect 
conductors, perfect dielectrics, or complex dielectrics 
with any par t icular  set of specified parameters  (11). 
The most general  case of complex dielectric constants 
yields a useful simple closed-form solution (Eq. [2]) if 
the problem is treated as a dipole-dipole interact ion 
phenomenon,  even though the per turbat ion  of a field 
by a sphere is no longer precisely described by a 
dipole if there is another  sphere in the neighborhood. 

For the steady-state case, i.e. after the electrical field 
has been applied for a t ime which is larger than  the 
t ime constants characteristic of the process of pear l-  
chain formation (see next  section), the following con- 
clusions have been derived: 

1. At frequencies for which el ~ e'l and ~2 ~ ~'2, the 
threshold value of field s t rength causing pear l -chain  
formation is relat ively insensi t ive to changes in the 
particle concentrat ion but  changes rapidly with the 
real dielectric constant  ratio, gl/E'2, of particle and 
fluid. If the particle 's complex dielectric constant  be- 
comes identical  with that  of its environment ,  the par-  
ticles cease to be dist inguished electrically, and, hence, 
pear l -chain  formation becomes impossible. Thus 
E t h  "-> O0 as el "-> e2 (Fig. 3). 

2. No frequency dependence for the threshold rf  
field s trength is found in the case where particle and 
suspending medium have f requency- independent  elec- 
t r ical  parameters  and where either conductive or ca- 
pacitive currents  predominate  over the frequency 
range of interest. This may be recognized from Eq. [2] 
which gives the threshold field s trength Eth for pear l -  
chain formation in complex dielectric media 

' e , - 5 2 ~ 2 ' ~ v / k T  
Eth = 1.7 R -1.5 ~ [2] 

el - -  e2 - -  ~ 2 '  

Reduction of this general  equation to the case where 
the particle and medium properties are purely  con- 
ductive or purely  dielectric yields equations which 
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Fig. 3. Threshold field strength Eth necessary to cause pearl- 

chain formation as a function of the ratio of real dielectric con- 
stants, if suspended particles (subscript 1) and suspending medium 
(subscript 2) are pure dielectrics. Notation: . . . .  exact value, 

dipole approximation, - . . . . .  asymptote for all curves 
at the point where e'l ~e'2. The ordinate is linear and is propor- 
tional to E~t~. A particle concentration of 1.6% (v/v) was assumed. 
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predict  a f requency- independent  threshold value. For  
example,  let us neglect  e'l and e'2 which corresponds to 
the exper imenta l  conditions in Fig. 4 (el' < ~1" due to 
surface conductance) .  Then Eq. [2] reduces to Eq. 
[3] 

V kT 
Eth = 3.4 R -1"5 - -  [3] 

e '  2 

which is independent  of frequency,  a predict ion con- 
firmed exper imenta l ly  (Fig. 4). The theoret ical ly  pre-  
dicted size dependence of the threshold field strength 
has also been exper imenta l ly  confirmed (Fig. 5). 

Time constants of pearl-chain formation.--A theory  
of the t ransient  behavior  of pear l -cha in  format ion has 
been developed. While  a complete  theory of the speed 
with  which  pear l -chains  form is difficult, it has been 
possible to calculate the t ime constant T if the field 
s t rength is at or  near  zero (in which case T measures  
the  b reak-up  t ime) or is large in comparison wi th  the 
threshold value  Eth (in which case T measures the 

Eth (V/cm) 

250 

T --t  .... 

50 

o 
103 iO 4 i05 iO 6 io 7 iO 8 

FREQUENCY (Hz) 

Fig. 4, Experimental threshold field strength values for pearl- 
chain formation of 1.17/~ diameter polystyrene spheres as a func- 
tion: of frequency. Bars indicate ~-1 standard deviation. Average 
of these values is indicated here by a dotted line and in Fig. 5 by 
the data point and bar numbered "2." Fluctuation of data indi- 
cates the experimental difficulty of obtaining precise threshold 
values, even when the experimental system is very well defined. 
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Fig. 5. Threshold field strength for pearl-chain formation vs. 

particle size. Experimental measurements on five different particle 
suspensions are shown: 1: 0.6 + 0.1/~ silicone globules; 2: 
1.17/~ polystyrene spheres; 3: E. coil bacteria; 4 : 2 . 3  _ 0.3/~ 
silicone globules; and 5: human erythrocytes. All suspensions are 
in aqueous media. Vertical bars indicate standard deviations except 
for 5 in which they indicate the data spread of two (difficult) 
measurements. Where the Eth had a frequency dependence, the 
values plotted here were the high-frequency limit values. The line 
is the theoretical prediction using the dipole approximation (Eq. 
[2])  at its high-frequency limit (where e ~ e'). 

format ian  t ime) .  Thus two  solutions for small  and 
high values are obtained which, if taken together,  in-  
dicate the over -a l l  field s t rength dependence of the 
t ime requi red  for pear l  chains to form or break  up (9). 
The theory yields the following conclusions: 

1. The t ime constants which characterize how fast 
pear l -chain  formation occurs are proport ional  to the 
cube of the radius. For  E ~ 0, they are of the order 
of 1 sec for particles of the order of lg in radius. For  
part icles of several  microns, the t ime constants be- 
come as large as minutes and exper imenta l  measure-  
ments of the t ime constants are difficult for  such par -  
ticles. 

2. The t ime constants are not s trongly dependent  on 
the field s t rength when it is s m a l l  They are inversely  
proport ional  to the square of the field s t rength when 
it is large. The transit ion between the two regions oc- 
curs near  the threshold f ield-strength value of pear l -  
chain format ion (Fig. 6). It is apparent  from Fig. 6 
that  appropr ia te ly  applied pulse trains of high peak 
field s t rength can cause pear l -chain  formation even 
though the t ime average of the field s t rength  applied 
is less than that  needed in the case of continuous fields. 
To what  extent  this fact may be uti l ized to affect 
biological s tructures and their  funct ion has not yet  
been studied intensively.  

3. However ,  when the pulse repet i t ion rate  is much 
greater  than the reciprocal  of the t ime constant, the 
pulsed applied field is as effective as is expected f rom 
its root mean square value. Personnel  hazards due to 
tissue heat ing in a radar  beam become pronounced at 
f ie ld-strength values smaller  than those requi red  for 
pear l -chain  format ion for particles smaller  than about 
20~ in diameter.  Thus, wi th  the qualification noted in 
paragraph 2 above, pear l -cha in  format ion is not l ikely 
to be a biological hazard due to microwave  i r r ad ia -  
tion (9). 

Orientation phenomena and their threshold.--Posi- 
tions of stabili ty of nonspherical  particles in an rf field 
were  studied theoretically,  using a fundamenta l  der-  
ivat ion of Schwarz (17), which gives the potent ial  
energy of a complex dielectric body in an a-c field. 
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Fig. 6. Field strength dependence of the time constant of pearl- 
chain formation. The inclined dashed line indicates the TccE - 2  
behavior which is approached if E is larger than the threshold 
field strength for pearl-chain formation. 
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Fig. 8. Comparison of threshold field strengths, Eth, for orienta- 
tion and for pearl-chain formation of E. coli in water. Since bacteria 
possess a highly frequency-dependent complex dielectric constant, 
the threshold values are frequency dependent. Each point is the 
average of three measurements whose spread is indicated. 

The potential  energy of a nonspherical  particle of com- 
plex dielectric constant in a medium of another  com- 
plex dielectric constant is found to be a funct ion of 
frequency, applied field strength, and orientat ion of 
the particle. If the particle is free to rotate, then, as 
the f requency is varied, the particle will  rotate from 
one direction to another in order to main ta in  a state of 
m in imum potential  energy (Fig. 7). A general  ellipsoid 
can assume three possible orientations in the field, 
while a prolate or oblate spheroid can assume only 
two, the axis being parallel  or perpendicular  to the 
field direction. The t ransi t ion from one to the other 
orientation, or "turnover,"  depends on the frequency 
and complex dielectric constants of the particle and the 
suspending medium. 

Ellipsoidal particles with and without  a shell were 
treated as special cases. For ellipsoidal particles with 
parameters  of biological interest, the change in orien- 
tat ion with frequency is in the region of 1-100 MHz. 
In the case where the field intensi ty  is not sufficiently 
high, the tu rnover  may be b lur red  by Brownian  mo-  
tion. The threshold field s trength necessary to cause 
a well-defined orientat ion is usual ly  less than,  but  of 
the same order of magni tude  as, the threshold for 
pear l -chain  formation (Fig. 8). When both thresholds 
are exceeded, both phenomena occur simultaneously.  

POTENTIAL 
ENERGY DUE TO 
ORIENTATION 
IN THE FIELD 

_L--" I 

I I 
I MC I00 MC FREQUENCY 

Fig. 7. Each of the curves shown is the potential energy (vs. fre- 
quency) of an ellipsoid, one of whose three axes is artificially con- 
sfralned to be parallel to the field direction. The particle will ro- 
tate from one direction to another at the frequencies where curves 
intersect, as indicated by arrows (see text). 

Biological  Imp l ica t ions  and  Conclusions 
Biological implications include the possibility of non-  

thermal  effects of biological significance. A phenome-  
non, which has been reported by several authors, is the 
direct audi tory sensation experienced by persons ex-  
posed to pulsed microwave beams. It  appears to be 
related to field-evoked forces (19, 20). The possibility 
of inducing chromosomal aberrat ions has been ob- 
served (21), but  fur ther  work appears desirable. 

In  conclusion, we wish to state that  nonpulsed a-c 
fields are not l ikely to be biologically significant as a 
result of non thermal  effects, but  that it may be pos- 
sible to evoke nonthermal  biological effects with ap- 
propriately designed pulsed fields. 
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Chemical Behavior of the Components of the 
KCN/KAu(CN)2 Electroplating System 

H. Graham Silver 1 

Bell Telephone Laboratories, Incorporated, Reading, Pennsylvania 

ABSTRACT 

The chemical reactions occurring wi th in  aqueous solutions of potassium 
cyanide, potassium cyanide and metall ic gold, potassium gold cyanide, and 
mixtures  of these compounds with potassium hydroxide have been examined. 
It was determined that  aqueous potassium cyanide solutions are unstable  
to water and air. The major  reaction products formed were the formate and 
carbonate ions which increased in concentrat ion with time. This increase, 
which was temperature  dependent,  was accompanied by a corresponding de- 
crease in the cyanide ion concentration. Analyses confirmed that gold would 
dissolve, to any extent, only in those aqueous potassium cyanide solutions ex-  
posed to air. The reactions of potassium cyanide with water  and oxygen 
within  solutions of potassium cyanide and metallic gold produced similar 
products to those found in pure potassium cyanide solutions. 

The addition of potassium hydroxide in concentrat ions greater than  ,~0.1M 
to aqueous potassium cyanide solutions depressed the rate of hydrolysis of 
potassium cyanide. However, concentrat ions far in excess of 1M potassium 
hydroxide would be necessary to prevent  the formation of formate ion com- 
pletely. Analyses confirmed that aqueous potassium gold cyanide solutions are 
very stable to heat, high concentrat ions of hydroxide ion and atmospheric 
oxygen, and show no detectable signs of decomposition. The solutions are l ike- 
wise stable to acid at room tempera ture  down to a pH of ~-4.5, below which 
a slow decomposition to insoluble gold cyanide occurs. At pH 1, aqueous 
potassium gold cyanide solutions remain  stable indefinitely at a temperature  
of I~ In mixtures  of potassium gold cyanide, potassium cyanide, and po- 
tassium hydroxide, which are typical electroplating solution components, the 
stabili ty of potassium gold cyanide was apparent ly  unaffected. The reactions 
of potassium cyanide with water  and oxygen wi th in  these mixtures  gave no 
other products but  those detected in a pure potassium cyanide solution. 
Potassium hydroxide merely  decreased the rate of hydrolysis of the potassium 
cyanide. 

Activated charcoal t rea tment  of the cyanide solutions did not remove any 
of the ionic products of decomposition. 

For many  years, extensive use has been made of the 
cyanide- type gold electroplating bath wi thin  the elec- 
tronics indust ry  for processing a wide var ie ty  of com- 
ponents, devices, and circuitry. Much empirical infor-  
mat ion has been accumulated and used to control the 
many  variables associated with the composition and 
performance of such baths. 

For example, it is observed that variations in the 
brightness, porosity, hardness, impuri ty,  and gas con- 
tent  of the gold electrodeposit depend on the plat ing 
bath composition, the na ture  of the bath  additives, the 
current  density, s t irr ing rate, the tempera ture  of the 
bath, and the final t reatments  of the material  to be 
coated prior to immersion in the plat ing bath. How- 
ever, this informat ion has not been adequate to con- 
sistently secure gold deposits with reproducible char-  
acteristics, which are essential to electron device ap- 
plications. 

Although there is a great deal of the above empirical 
data available and although, each year, many  patents 
are granted for new or unique  plat ing bath composi- 
tions and for improved techniques of gold electro- 
deposition, surpr is ingly enough, very  little is known 

�9 Presen t  address :  Genera l  Telephone & Electronics Labora tor ies  
Incorporated, Bayside,  N e w  York  11360. 

Key  words :  eleetrodeposi t ion;  gold electroplat ing;  cyanide  decom- 
position. 

about the basic mechanism of gold electrodeposition 
and, hence, the lat ter  remains more of an art than  a 
science. 

It is apparent  that, in order to relate the bath com- 
position with the observable characteristics of the 
deposit and to establish appropriate techniques of con- 
trol, an unders tanding  of the basic mechanism of gold 
electrodeposition dur ing  electrolysis is desirable. 

As a first step in the solution of this problem, there 
is a need to explore the inherent  behavior of the elec- 
troplat ing solution constituents. Some of the first 
papers on the chemical reactions occurring within 
aqueous so]utions of potassium cyanide are those of 
Wick (1) and Angles et al. (2), who report  on the de- 
composition of cyanides in plat ing solutions. Their  
analyses detect substant ia l  quanti t ies of carbonate, 
formate, and cyanate ions together with minor  amounts  
of urea and ammonia  wi thin  the plat ing solutions. 

Accordingly, a careful re -examina t ion  of the chemi- 
cal reactions occurring wi th in  aqueous solutions of 
potassium cyanide, potassium gold cyanide, and mix-  
tures of these compounds with potassium hydroxide, 
has been under taken.  

Experimental 
Twelve Pyrex  reaction vessels, each containing 

200 ___ 20g KCN (DuPont, 98.0% mi n i mum puri ty)  dis- 
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solved in deionized water  and made  up  to 2 li ters 
of solution, were placed upon Fisher combinat ion 
hotplate and var iable-speed magnet ic  stirrers in a con- 
vent ional  hood. The following exper imental  conditions 
were imposed on the reaction vessels: (~) six vessels 
were mainta ined at 70 ~ _ 3~ six main ta ined  at 
30 ~ • 2~ (b) six solutions were exposed to air, six 
covered with a Pyrex  lid to isolate them, but  not her-  
metically, from air (these lat ter  solutions were pre-  
pared using deionized water, which had previously 
been deaerated by bubbl ing  a stream of ni t rogen 
through the water  for 18 h r ) ;  (c) four vessels were 
external ly  sprayed with flat black enamel  paint  to pre-  
vent  visible radiat ion from penet ra t ing  through the 
walls, four vessels were exposed to laboratory visible 
radiation, while four were exposed to an intense source 
of visible radiation, produced by a General  Electric 
Type S-4 lamp, placed about 18 in. above the reaction 
vessels. A diagram of the a r rangement  is shown in 
Fig. 1. 

All 12 solutions were cont inuously stirred for 31 days 
with Teflon-covered st i rr ing rods. A 50 ml  sample 
from each reaction vessel was wi thdrawn at approxi-  
mately the same t ime every day and sealed in a 50 ml 
glass bottle, which was then cooled to about 5~ The 
following day, each solution was quant i ta t ive ly  ana-  
lyzed for the components listed below 

(a) C N -  (e) H . C O O - f o r m a t e  
(b) CO~ = (f) C204=oxalate  
(c) pH (g) NH4 + 
(d) CNO-  (h) CO(NH_~)2urea 

The above exper iment  was repeated exactly as de- 
scribed, except that a piece of gold, 99.99% pure, ob- 
tained from Engelhard Industries,  of 16 cm2 total sur-  
face area, was now placed on the bottom of each re-  
action vessel. The 12 solutions were quant i ta t ive ly  
analyzed for the above components plus dissolved gold. 

Results and Discussion 
Experiment/.--The results of the quant i ta t ive  chem- 

ical analyses, the major i ty  of which were done in 
duplicate, have been plotted and are shown in Fig. 2- 
5. The accuracy of these results and subsequent  results 
is ~5%.  The graphs drawn for this exper iment  show 
that: 

1. Those solutions (a) not heated and (b) isolated 
from air (Fig. 2) show little change in C N -  ion con- 
centrat ion over the period of 1 month.  

2. Those solutions (a) not heated and (b) exposed 
to air (Fig. 3) show a drop in C N -  ion concentrat ion 
(from ~40 to ~30 g/ l i ter ) ,  a bu i ld -up  of CO3 = ion 
concentrat ion (from ,--2 to ,-,9 g/ l i ter)  and an increase 
in H.COO- ion concentrat ion (from O to ~2  g/ l i ter)  
over the period of 1 month.  

3. Those solutions (a) heated and (b) isolated from 
air (Fig. 4) show a drop in C N -  ion concentrat ion 
(from ~40 to ~0.8 g/ l i ter)  and a bu i ld-up  of H.COO- 
ion concentrat ion (from 0 to ~72 g/l i ter)  over the 
period of 1 month. Note the absence of CO3 = ion 
build-up.  
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4. Those solutions (a) heated and (b) exposed to air 
(Fig. 5) show a drop in C N -  ion concentrat ion (from 
~40 to 0.1 g / l i t e r ) ,  a bui ld-up of COs = ion concentra-  
tion (from ~2  to ,~11 g / l i te r )  and an increase of 
H .COO-  ion concentrat ion (from 0 to ~50 g / l i t e r )  
over the period of 1 month. 

5. The pH of all  the  solutions remains almost con- 
stant at 10.3 _+ 0.3 over  the period of 1 month. 

Analyt ical  data which have not been plotted show 
that: 

6. The C N O -  ion concentrat ion in any of the solu- 
tions does not exceed ~0.4 g / l i t e r  over  the period of 
1 month. 

7. Urea and the C204 = ion do not form to a concen- 
t rat ion greater  than 0.5 and 0.2 g/ l i ter ,  respectively,  
over  the period of 1 month. 

8. The NH4 + ion is expelled f rom the solutions as 
gaseous NH3. In the heated and covered solutions only 
(vessels 3, 7, and 11, Fig. 1), its concentrat ion builds 
up after  7 days to a max imum of ,-~8 g / l i t e r  but then 
decreases slowly to <0.5 g / l i t e r  over  the period of 1 
month due to gradual  escape. 

A list of the possible chemical  reactions, which may 
occur between the C N -  ion and atmospheric  02 and 
CO2 in the presence of wa te r  and visible radiation, is 
given below (3, 4) 

C N -  4- 1/2 02--* C N O -  

2CNO-  4- 3/2 02--> CO3 = -t- CO2 4- N2 

2 C N -  4- CO2 + H20 ~ CO3 = 4- 2HCN 

2CN-  ~- 2H20 + 2 O H -  + O2--> 2CO3 = 4- 2NHa 

HCN 4- 2H20 ~ NH~.OOCH ammonium formate  

H20 
HCNO 4- H20-> NH4.CNO > CO(NH2)2 urea 

hv 
HCN 4- H20 ) COO.NH4 ammonium oxalate 

I 
COO.NH4 

In the solutions which were  heated and isolated f rom 
air, the total reaction of the C N -  ion with  wate r  to 
form ammonium formate  (Fig. 4), corresponds to an 
approximate  100% conversion, according to the equa-  
tions 

KCN -b H20--> KOH 4- HCN 

HCN + 2H20--> H . C O O -  4- NH4 + 

NH4 + ~ NH.~ 1' + H + 

January  1969 

The slightly higher, init ial  pH values found for the 
heated solutions (Fig. 4, 5) probably result  f rom the 
presence in solution of modera te  quanti t ies of NH~. 
Since the rate  of production of ammonium formate  
starts to decrease after  about the seventh day, but  the 
rate of evolut ion of NHz remains pract ical ly constant, 
the  pH of the  heated solutions also sl ightly decreases, 
e.g. f rom 10.3 to 10.1. 

In order  to de termine  the free C N -  ion wi th in  the 
solutions, just  sufficient AgNO~ solution was added to 
form the complex ion Ag (CN)2- .  At  this point, the pH 
of the solutions was measured,  since, then, the CN 
ion would not contr ibute to the acid-base equil ibrium. 

The constant pH of ,-,10.3 observed for all the  solu- 
tions over  the period of 1 month  suggests that  the bi-  
carbonate-carbonate  equi l ibr ium 

HCO3-  ~ H + + CO3 = 

occurr ing at pH 10.25 is responsible for this value. Free  
hydroxide ion is probably not present  since, if it had 
existed, a higher  pH would have been expected. 

The formation of CO3 = ion within  the solutions ex-  
posed to air can occur via the reactions 

C N -  + 1/2 O2--> C N O -  

2CNO-  + 3/2 O2--* CO~ = 4- CO2t 4- N2t 

The low concentrat ion of C N O -  ion in all  the solu- 
tions over  the period of 1 month  is presumably  due to 
its almost immedia te  oxidation to CO3 = ion. Thus, the 
C N -  ion concentrat ion is reduced. 

If the formation were  to occur via the reaction of 
CO2 with the C N -  ion 

2 C N -  4- CO2 Jr- H20--> CO3 = ~- 2HCN 

then regenerat ion of HCN would result  and no drop 
in the C N -  ion concentrat ion would be observed. This 
lat ter  predict ion is contrary to observation, hence the 
former  reaction path probably predominates.  

Similarly,  if the formation of COa = ion were  to 
occur via the react ion 

2CN-  4- 2H20 4- 2 O H -  4- O2--> 2CO3 = 4- 2NH3t 

then a drop in pH of the solutions would be expected 
owing to the removal  of O H -  ions. Since this predic-  
tion is again contrary to observation, the first react ion 
path probably predominates.  

Different levels of visible radiat ion appear to affect 
only the production of COs = ion f rom C N -  ion. Those 
solutions exposed to visible radiat ion show a concen- 
t ra t ion of COs = ion 33-50% higher  than that  in the 
unir radia ted solutions. Thus, it would appear that  
visible radiat ion catalyzes the carbonate-producing re-  
action 

hv 
C N -  4- 1/2 02 > C N O -  

hv 
2CNO-  4-3/2.O2 , >CO3 = §  

A Kjeldahl  test for total  ni t rogen on one of the solu- 
tions indicated that  there are no n i t rogen-conta in ing 
compounds present  wi thin  that  solution that  hre pass- 
ing undetected. Moreover,  a drop in C N -  ion concen- 
t rat ion within  the solutions may be satisfactorily ac- 
counted for by a corresponding increase in the con- 
centrat ion of CO3 = and H .COO-  ions. 

This apparent  agreement  among the various data 
gives confidence tha t  all major  components of the solu- 
tions have been detected. 

After  the exper iment  had been run continuously for 
about 10 days, some crystal l ine mater ia l  was observed 
in those solutions which were  heated and exposed to 
air (reaction vessels 2, 6, and 10, Fig. 1). Approx i -  
mate ly  a week later, the same crystal l ine mater ia l  was 
observed in those solutions which were  heated but 
isolated f rom air (reaction vessels 3, 7, and 11). Upon 
analysis of thin material_ it w~.~ fnnnc] fn  onn~i~t- rn~{n]xr 
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of silicon, possibly in the form K2SiO3.(H20)x, which 
had been leached out of the Pyrex reaction vessel. Ap-  
parently,  heating and the presence of air or, more 
accurately, oxygen, causes an acceleration of the leach- 
ing action of the KCN solutions. 

A purification procedure widely used throughout  
the electroplating indust ry  to remove solid mater ia l  
and "organics" from plat ing baths is to heat and stir 
the electroplating solutions with a small  quant i ty  of 
activated carbon and subsequent ly  to filter. 

In order to assess quant i ta t ive ly  the effect of ac- 
t ivated carbon on a KCN solution, two additional sam- 
ples from reaction vessels 5 and 6 (Fig. 1) were heated 
and shaken with activated carbon for ]/2 hr, centr i -  
fuged, and finally quant i ta t ive ly  analyzed for the same 
components as the other 12 regular  samples on the final 
day of the experiment,  The results showed that  there 
was essentially no difference in the individual  ionic 
concentrations between the carbon- t reated samples 5 
and 6 and the unt rea ted  samples 5 and 6. 

Consequently, activated charcoal is not effective for 
removing ionic mater ia l  from cyanide solutions. 

A plot of In[concentra t ion of C N -  ion] vs. t ime  for 
the solutions 3 and 4, 7 and 8, 11 and 12 (Fig. 1), which 
were isolated from air, gives straight lines, indicative 
of a first-order or pseudo first-order reaction. The 
slope of the lines for the solutions main ta ined  at 70~ 
3, 7, and 11, is much greater than for the solutions 
main ta ined  at 30~ 4, 8, and 12. In  these six solutions, 
the only reaction occurring was that  between the KCN 
and water  

(a) KCN -5 H 2 0 ~ K O H  + HCN 

(b) HCN + 2H20 = H.COONH~ 

The absence of air prevented the additional oxidation 
reaction of CN- to CO3 =, but, in the remaining six 
solutions, exposed to air, a deviation from linearity of 
the In[CN-] vs. time graphs was observed. Hence, 
since the hydrolysis reaction (a) is very rapid, the rate 
of formation of ammonium formate (b) is directly pro- 
portional to the concentrations of HCN and water 
within the solutions 

d [H.COONH4] 
[HCN] [H20] ~ 

dt 
or 

d [H.COONH4] 
---- k[HCN] [H20] 2 

dt 

where k is the velocity constant for that reaction. Since 
the water is present in very large excess, its concentra- 
tion is essentially constant throughout the course of the 
reaction. The velocity equation, thus takes the form 

d[H.COONH4] 
(c) = k* [HCN] 

dt 

so that the rate of formation of H.COONH4 is propor- 
tional to the concentrat ion of HCN. Thus, this termo-  
lecular second-order  reaction becomes kinetical ly of 
the first order or a pseudo-unimolecular  reaction. 

Another  way of now expressing Eq. (c) would be 
to state that the rate of disappearance of the C N -  ion 
is proport ional  to its concentrat ion at any one ins tant  

-- d[CN-] 
= k[CN-] 

dt 

This equation upon integration yields 

-- In[CN-] ---- kt -5 K 

where K is the constant of integration. 
Thus, the plot of In[CN-] vs. time for the six pre- 

viously mentioned solutions yields straight lines of 
negative slope, as shown in Fig. 6. The gradient of 
these lines is a measure of the velocity constant k at 
the temperature chosen for the reaction. 
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The half life, tl/2, of a first-order reaction may be 
calculated using the equation tl/2 ~ 0.693/k. Hence, for 
the heated solutions, the half life is calculated to be 
between 6 and 7 days. This value agrees excellently 
with the half life observed exper imenta l ly  for the de- 
plet ion of the cyanide ion. 

Using the integrated form of the Arrhenius  equation 

i n k  ---- constant  - -  E/RT 

where R is the gas constant  and T the absolute tem-  
perature,  the following values for the activation energy 
E have been obtained 

(a) E = 20 kcal mole -1 (k values 0.111 and 0.0027) 
(b) E = 24 kcal mole -1 (k values 0.110 and 0.0011) 
(c) E = 26 kcal mole -1 (k values 0.108 and 0.0008) 

If any significance can be a t t r ibuted to the calculated 
activation energy values and, part icularly,  the increase 
in activation energy for the three pairs of solutions ex-  
posed to (a) no visible radiation, (b) laboratory visible 
radiation, and (c) an intense source of visible radiation, 
one must  conclude that it becomes increasingly diffi- 
cult for the reaction of HCN with water  to occur as the 
intensi ty  of visible radiat ion increases. 

Experiment/ / . --Figures 7-10 plotted from the quan-  
t i tat ive analyt ical  results obtained for Exper iment  II 
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reveal  a close s imilar i ty to those plotted for Exper i -  
ment  I�9 

1. Those solutions (a) not heated and (b) isolated 
from air (Fig. 7) show little change in CN - ion con- 
centrat ion over  the period of 1 month�9 

2. Those solutions (a) not heated and (b) exposed 
to air (Fig. 8) show a drop in C N -  ion concentrat ion 
(from ~38 to --27 g / l i t e r ) ,  a bui ld-up of Au concen- 

t ra t ion (from 0 to ~8  g / l i t e r ) ,  an increase in CO3 = ion 
concentrat ion (from ~1 to 9 g / l i te r )  and a bui ld-up  of 
H .COO-  ion concentrat ion (from 0 to 3 g / l i te r )  over  
the period of 1 month�9 

3. Those solutions (a) heated and (b) isolated f rom 
air (Fig. 9) show a drop in C N -  ion concentrat ion 
(from ~39 to 1.5 g / l i t e r ) ,  an increase in Au concentra-  

tion (from 0 to ~0.8 g / l i t e r ) ,  and a bui ld-up  of 
H :COO-  ion concentrat ion (from 0 to ~72 g / l i t e r )  over  
the period of 1 month. Note the absence of CO3 = ion 
build-up.  

4. Those solutions (a) heated and (b) exposed to 
air (Fig. 10) show a drop in C N -  ion concentrat ion 
(from ~39 g / l i t e r  to 0), a bui ld-up  of Au concen- 

t ra t ion (from 0 to ~--8 g / l i t e r ) ,  an increase in CO3 = ion 
concentrat ion (from ,~1 to ~10 g / l i t e r ) ,  and a bui ld-up  
of H .COO-  ion concentrat ion (from 0 to --48 g / l i te r )  
over  the period of 1 month�9 

5. The p H  of all the  solutions remains  almost con- 
stant at 10.3 _ 0.3 over  the period of 1 month. 

Analyt ical  data which have not been plotted show 
that:  

6. The C N O -  ion concentrat ion in any of the solu- 
tions does not exceed ~0.7 g / l i t e r  over  the period of 1 
month�9 

7. Urea and the C20~ = ion do not form to a concen- 
t rat ion greater  than 0.5 and 0.2 g/ l i ter ,  respectively,  
over  the period of 1 month�9 

8. The NH~ + ion is expel led from the solutions as 
gaseous NH3. In the heated and covered solutions only 
(vessels 3, 7, and 11, Fig. 1), its concentrat ion builds 
up, af ter  5 days, to a m ax im um  of ~7  g / l i t e r  but then  
decreases slowly to <0.5 g / l i t e r  over  the period of 1 
month, due to gradual  escape�9 

It is immedia te ly  apparent  f rom the results that  gold 
dissolves, to any extent ,  only in those KCN solutions 
which are exposed to a i r - -oxygen ,  presumably,  being 
the active ingred ien t - -accord ing  to the equat ion 

2Au + 4 C N -  + 1/2 02 + H20--> 2 A u ( C N ) 2 -  + 2 O H -  

Since the O H -  ion is produced in the above reaction, 
the pH of a solution, in which much gold dissolves, 
might  be expected to rise. This was observed for solu- 
tions 1, 5, and 9 (Fig. 1) in which the pH rose sl ightly 
f rom ~10.2 at the start  of the exper iment  to ~10.6 at 
the end of the 1-month period. Dur ing this time, ~8  g /  
l i ter  of gold had dissolved but only ~3  g / l i t e r  of 
H .COO-  ion had been produced. 

A similar condition might  be expected for solutions 
2, 6, and 10 in which ~8  g / l i t e r  of gold had also dis- 
solved. But, it was observed that the pH of these solu- 
tions remained constant at ~10.5 over  the 1-month 
period. A possible reason for this is that  the O H -  ion 
is being neutral ized by a small proport ion of the 48 g /  
l i ter  of H . C O 0  ion or, rather,  the H + ion associated 
with  the hydrolysis of formic acid H.COOH, also pro- 
duced during the reaction�9 Calculations show that  the 
presence of O H -  ions does not appear to al ter  the 
mechanism of format ion of CO~ = ion f rom C N -  ion, 
i.e�9 it proceeds, using oxygen, v ia  the C N O -  ion. 

An interest ing observat ion made after the third day 
of the exper iment  was that  the piece of gold, placed 
on the bottom of reaction vessels 6 and 10, and prob-  
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ably 2 a/so (Fig. 1), had become marked ly  discolored. 
By the sixth day, on gently shaking vessels 2, 6, and 
10 (Fig. 1), th in  flakes of gold were  seen to become 
detached from the gold substrate, to float around in the 
solution for several  minutes  and then, apparently,  to 
disappear. It was subsequent ly  found that  the flakes 
re joined the mass of gold, i.e., became reat tached to 
the surface of the gold, which appeared to be "moul t -  
ing." A bright  substrate was visible under  the peeling, 
da rk -b rown surface film. 

Since vessels 2, 6, and 10 were  exposed to air, which 
is requi red  for the dissolution of gold in KCN solution, 
it was suspected that  the da rk -b rown  film observed was 
a hydrated form of insoluble Au203 (5) which possibly, 
is formed as an in termedia te  in the reaction path to the 
soluble Au (CN)2-  ion. Af te r  the period of 1 month, an 
examinat ion of the surface of two different gold pieces 
by transmission electron microscopy could only detect 
Au and AuCN diffraction patterns. This fa i lure  to de- 
tect the diffraction pat tern  of Au203 has been com- 
mented on previously (5) and a similar  problem has 
been encountered in this work. 

Most of the observations and deductions made from 
the results of Exper iment  I, in which an aqueous KCN 
system was alone considered, can be applied to the 
results of Exper iment  II. Only those which are different 
are discussed further.  

The production of NH3 within the solutions does not 
appear  to affect the pH of those solutions, as described 
for Exper iment  I. Possibly, the format ion of the O H -  
ion, which is a s t ronger  base than NH3, overshadows 
any effect that  the NH4 + ion may  have within the 
solutions. 

Different levels of visible radiat ion appear not to 
affect any of the reactions occurring within the K C N /  
Au solutions, this being contrary,  for reasons present ly  
undetermined,  to what  was observed in Exper iment  I. 
The CO~ = ion concentrat ion in solutions 1, 5, and 9 and 
2, 6, and 10 (Fig. 1) are all s imilar  (Fig. 8 and 10). It 
is also evident  that the dissolution of gold in aqueous 
KCN is not dependent  on the catalyzing action of visi- 
ble radiat ion (Fig. 8 and 1t3), but  depends solely on 
the presence of oxygen. 

Once again, a drop in C N -  ion concentrat ion within  
the solutions may be satisfactori ly accounted for by 
a corresponding increase in the concentrat ion of Au, 
COo = ions, and H.COO-  ions. It would appear  that  the 
presence of metal l ic  gold wi th in  the KCN solutions 
adds l i t t le more than an ext ra  competitor,  along with 
oxygen and water ,  for the C N -  ions. 

Crystal l ine mater ia l  was again observed in reaction 
vessels 2, 6, and 10 (Fig. 1) af ter  about 10 days and, 
approximate ly  a week later, the same mater ia l  became 
visible in react ion vessels 3, 7, and 11 (Fig. 1). P re -  
sumably, it had the same composition and was der ived 
from the same source, the Py rex  reaction vessel, as in 
Exper iment  I. 

The results of both exper iments  indicate that  visible 
radiat ion appears to play a minor  role in the major i ty  
of reactions occurr ing within KCN and K C N / A u  solu- 
tions. F rom the information gained above, fur ther  work  
was init iated on a less extensive scale to observe the 
effect of vary ing  quanti t ies  of KOH on the reactions of 
KCN with  water ;  of heat, KOH, and mineral  acids on 
the stabili ty of KAu(CN)2  solutions; and of a low and 
a high concentrat ion of KOH on the chemical  reactions 
occurr ing in a solution of KCN and KAu(CN)2.  

The exper iment  performed to observe the effect of 
varying concentrat ions of KOH on the hydrolysis of 
KCN and the reactions of KCN with water  and oxy-  
gen indicated immedia te ly  that  the presence of KOH 
in concentrat ions greater  than ~0.1M depressed the 
rate  of hydrolysis  of KCN, and hence the disappearance 
of the C N -  ion, in proport ion to its concentration. A 
concentrat ion of KOH of 0.1M or less did not appear  to 
affect the hydrolysis  of KCN at all, as shown by the 
fol lowing calculations. 

OF KCN/KAu (CN) 2 31C 

A comparison was made between the rate of deple- 
tion of CN- ions in a pure KCN solution, as described 
in Experiment I, and the rate of depletion in KCN/ 
KOH solutions over the same time interval and under 
the same conditions. With no air present  and over a 
period of 10 days, a pure KCN solution lost 68% of its 
C N -  ions. In comparable  K C N / K O H  solutions, the 
CN ion concentrat ions dropped (a) 68%, (b) 64%, and 
(c) 60% for KOH concentrat ions wi thin  the solutions 
of (a) 0.1M, (b) 0.5M, and (c) 1.0M. With air present 
and over  the same t ime interval ,  a pure KCN solution 
lost 70% of its C N -  ions. In the K C N / K O H  solutions, 
the C N - i o n  concentrat ions dropped (a) 70%, (b) 64%, 
and (c) 59% for KOH concentrat ions of (a) 0.1M, (b) 
0.bM, and (c) 1.0M. 

A drop in C N -  ion concentrat ion wi th in  these solu- 
tions was satisfactorily accounted for by a correspond- 
ing increase in the concentrat ion of H .COO-  and CO3 = 
ions, although, at KOH concentrat ions of 0.bM and 1.0M 
in those solutions exposed to air, the CO3 = ion concen- 
trations after  10 days were  found to be ~80% and 
~120% higher, respectively,  than in comparable  pure 
KCN solutions after  the same t ime interval.  This in-  
crease was a t t r ibuted to the absorption of CO,, from 
the atmosphere.  The calculations made above indicated 
that, as the concentrat ion of KOH increased, so the for-  
mation of COo = ion followed the a l te rna t ive  route in-  
dicated in the fol lowing equat ion 

2 C N -  + 2H20 + 2 O H -  + 02 ~ 2COo = + 2NH:~ 

Once again, the C N O -  ion concentrat ion in any of the 
solutions did not exceed 0.2 g / l i t e r  and urea and the 
C204 = ion did not form to a concentrat ion greater  than 
0.5 and 0.2 g/ l i ter ,  respectively,  over  the period of 10 
days. 

The exper iment  performed to ver i fy  the stabili ty 
of KAu(CN)2  solutions toward  heat, alkali, atmos- 
pheric oxygen, and minera l  acids showed that, for 
heated aqueous solutions of KAu(CN)2  exposed and 
isolated from air, a quant i ta t ive  analysis of the ionic 
components remained  invar iant  over  a period of 10 
days. 

Trea tment  of a sample of the above KAu (CN)2 solu- 
tions wi th  act ivated charcoal for 1/2 hr  and subsequent 
reanalysis  for gold showed no change in the gold con- 
centration. This suggests that  act ivated charcoal does 
not remove  gold, as the dicyano complex, f rom a pure 
KAu(CN)2  solution which contains no other  ingredi-  
ents. 

In solutions of KAu(CN)2  with 1M KOH, a quant i -  
ta t ive analysis of the ionic components remained in- 
var iant  over  a period of 10 days, except  for the  CO~ = 
ion, the concentrat ion of which increased from 0 to ~8  
g / l i t e r  in the solution exposed to air and to 0.8 g / l i t e r  
in the solution isolated from air. This increase was at-  
t r ibuted solely to the absorption of CO2 from the a tmo-  
sphere. The above results indicate that  KAu(CN)2  
solutions are indeed very  stable to heat, alkali, and 
atmospheric  oxygen and cer ta inly  show no signs of 
decomposition within  the 10 days that  the exper iment  
was run. 

However ,  on the addition of dilute HC1, HzSO~, or 
H3PO4 to pure unbuffered KAu(CN)2  solutions, yellow 
AuCN slowly deposited from those solutions which 
were  maintained at room tempera tu re  at or below a 
pH of about 4.5, and was first noticed after about 16 hr. 
The amount  of AuCN deposited from the KAu(CN) , ,  
solution, acidified with  H3PO4, appeared to be less than 
that  observed in the KAu (CN)2 solutions acidified with 
HC1 and H2SO4. This could be expected, since H3PO4 
is a weaker  acid than ei ther HC1 or H2SO4 and the re -  
fore may not be able to decompose the KAu(CN)2  as 
rapidly as the s t ronger  acids. However ,  by the fifth day 
of standing, the deposit in the solution containing the 
HaPO4 had increased, while  the others remained ap- 
proximate ly  constant. 
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A KAu(CN)._, solution acidified with  H~PO4 to pH 1 
and left in the ref r igera tor  at l~ was opalescent af ter  
the 16-hr period with only some minor  deposition of 
yel low AuCN. No change in the density of the deposit 
was observed even after  5 days at this temperature .  
Thus, the t empera tu re  of the solutions plays a large 
part  in determining the rate of breakdown of the 
KAu(CN)2  to insoluble AuCN. In fact, if any of the 
above solutions, when freshly prepared,  are heated to 
65 ~ • 5~ AuCN readi ly  precipitates wi thin  1/2 hr. 

The effect of the acids may  be similar  to the reaction 
of H.,SO4 with  NaC1, e.g., 

NaC1 + H2SO4--> NaHSO4 + HC1 
so, KAu(CN)2  ~- H2SO4 ~ KHSO4 + HAu (CN)~ 

H A u ( C N ) 2 ~  HCN T + AuCN$ 

The acid, HAu (CN)2, is unstable and readily decom- 
poses at e levated temperatures ,  depositing yel low 
AuCN and evolving HCN. 

The. exper iment  per formed to observe the effect of 
varying concentrat ions of KOH on the chemical  reac-  
tions occurring within heated aqueous solutions of KCN 
and KAu(CN)2  provided results which, as expected, 
closely paral le led those obtained earl ier  in this paper. 
A concentrat ion of, for example,  3 g / l i t e r  KOH did not 
decrease the rate of hydrolysis of KCN, although, at a 
concentrat ion of 1M KOH, a slight decrease was noted. 
The gold concentrat ion within  the solutions did not 
change over  a period of 10 days, confirming that  it was 
still present  as a soluble complex. 

A drop in C N -  ion concentrat ion within the solu- 
tions was again satisfactori ly accounted for by a cor-  
responding increase in the concentrat ion of H.COO 
and CO3 = ions, although, at the 1M KOH concentrat ion 
in the solution exposed to air, the CO3 = ion concen- 
t rat ion after  10 days was found to be ~180% higher  
than in a comparable  pure KCN solution after  the same 
t ime interval .  This increase was a t t r ibuted to the ab- 
sorption of CO2 from the atmosphere.  From the calcu- 
lations made above, it appears that, at the 1M KOH 
concentration, the format ion of CO3 = ion follows the 
route 

2 C N -  ~- 2H20 + 2 O H -  -~ O2--> 2C03 = § 2NH3 

The C N O -  ion concentrat ion in any of the solutions 
did not exceed 0.2 g / l i t e r  and urea  and the C204 = ion 
did not form to a concentrat ion greater  than 0.5 and 
0.2 g/ l i ter ,  respectively,  over  the period of 10 days. 

Conclusion 
In aqueous KCN solutions, isolated from air and 

maintained at 70~ the KCN is hydrolyzed to form 
HCN, which then fur ther  reacts with the water  to form 
ammonium formate.  This reaction, which is a pseudo 
f irs t-order react ion with  an act ivat ion energy of ~24 
kcal mole -1 and a half  life of ~6.5 days, is unaffected 
by different levels of visible radiat ion but its rate is 
much reduced at 30~ 

In aqueous KCN solutions, exposed to air and main-  
tained at e i ther  30 ~ or 70~ not only is the KCN hy-  
drolyzed, as explained above, to form eventual ly  am-  
monium formate,  but also the C N -  ion reacts direct ly 
with atmospheric oxygen to form, via the C N O -  ion, 
CO;~ = ions. This la t ter  reaction appears to be acceler-  
ated by visible radiat ion and by raising the t empera -  
ture f rom 30 ~ to 70~ 

The pH of aqueous KCN solutions all remain constant 
at ~10.3, while a Kje ldahl  test for total  ni t rogen and 
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calculations based on the concentrations of reactants  
and products indicate that  all major  components  of 
the solutions have been detected and analyzed for. 

In aqueous KCN solutions, urea, the C N O -  and 
C204- ions do not form to a concentrat ion greater  than 
0.5 g / l i t e r  and the NH4 + ion is expel led eventua l ly  
from all solutions as gaseous NH3. 

Gold dissolves to any extent  only in those KCN 
solutions which are exposed to air. Its dissolution is 
not dependent  on the catalyzing action of visible ra-  
diation but solely on the presence of oxygen. 

The reactions of KCN with wate r  and oxygen within 
the K C N / A u  solutions produce similar  products to 
those found in pure KCN solutions. 

The addition of KOH to a KCN solution in concen- 
trat ions greater  than ~0.1M depresses the rate of hy-  
drolysis of KCN in proport ion to its concentration. 
The react ion of the HCN produced and of C N -  ions 
with water  and oxygen gives no new products other  
than those detected in a pure KCN solution. The ef- 
fect of a 0.1M concentrat ion or less of KOH on the 
prevent ion  of hydrolysis of KCN solutions would ap- 
pear to be negligible. 

Solutions of KAu(CN)2  are very  stable to heat, al- 
kali, and atmospheric oxygen and show no signs of 
decomposition. However ,  at room tempera ture ,  they  
slowly decompose over  a period of several  hours, de- 
positing yel low AuCN at or below pH 4.5, while,  at 
65~ a thick yel low deposit precipitates well  wi thin  
1/e hr. If the t empera tu re  is mainta ined at about I~ 
solutions of KAu(CN)2  remain  stable indefinitely at 
pH 1. 

The addition of 3 g / l i t e r  KOH to a K C N / K A u  (CN)._, 
solution does not decrease the rate  of hydrolysis  of the 
KCN, although, at a concentrat ion of 1M KOH, a slight 
decrease is noted. The stabil i ty of KAu (CN)2 is appar-  
ently unal tered in its solutions with KCN and KOH. 
The reaction of the HCN produced and of C N -  ions 
with water  and oxygen gives no other  products but  
those detected in a pure KCN solution. 

Act ivated  charcoal  t r ea tment  of any of the cyanide 
solutions does not remove  the ionic impuri t ies  gen- 
erated in these solutions by chemical  decomposition. 

Work is present ly  in progress to de te rmine  the effect 
of electrolysis on the chemical  reactions occurring 
wi th in  aqueous KCN solutions. The results will  be re-  
ported and discussed in a for thcoming publication. 
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Chlorates and Perchlorates Safety 
Carl M. Olson* 

Industrial Chemicals Division, Hooker Chemical Corporation, Niagara Falls, New York  

ABSTRACT 

More than  65 years of Amer ican  production of sodium chlorate and its 
use have shown that  this oxidant  can be handled  safely, or that  misused it 
can be extremely hazardous. With any oxidizable substance, it can provide 
oxygen for fire, or even explosion, if ignited by heat, friction, or pressure 
unless kept wet. This applies to clothing, including gloves and shoes, bu i ld-  
ings, equipment,  lubrication,  and materials.  It  is relat ively innocuous on body 
contact, but  can be fatally poisonous if ingested in quanti t ies  of I/2 to I oz 
unless proper medical a t tent ion is given. Since it is a source of oxygen, fires 
involving it cannot  be smothered but  are ext inguished by water.  CO2 snow 
may provide sufficient cooling to ext inguish small  fires. Fire blankets  and dry 
powder extinguishers are ineffective. 

Potassium chlorate manufac ture  in the U.S.A. started 
near  the end of the 19th century. Sodium chlorate 
has been produced in  Niagara Falls since 1902. By 
1967 there were five U.S. producers of it. Domestic 
production of potassium perchlorate was begun in 
1910. With the increasing number  of producers and 
users, it is quite proper to review the hazards of 
chlorates and perchlorates and the precautions to be 
taken in order to work safely with them. 

Sodium chlorate by itself is relat ively stable; po- 
tassium chlorate even more so. Provided the properties 
are known and given due consideration, chlorates can 
be and are handled safely. It  is very important  that  
this be understood by all persons involved. 

There are several good references on chlorates 
safety. Two are the Manufac tur ing  Chemists'  Asso- 
ciation Safety Data Sheet SD-42, Sodium Chlorate 
(1952); and the National  Safety Council Data Sheet 
D-371 (1967). American Potash & Chemical Corp. has 
a 10 V2 -minu te  movie in color on the subject. 

Walter P. Huhn  of American  Potash & Chemical 
Corp. presented a paper covering hazards of sodium 
chlorate and safe procedures to be used at an ASTME 
meeting in New York, October 26, 1967. It is a concise, 
well-organized, up- to-da te  treatise worth careful 
study. J. S. Sconce of Hooker Chemical Corp. gave a 
similar  paper at that  meeting. Material  was drawn 
from both, as well as forty years of experience with 
chlorates and perchlorates, in prepar ing this paper. 

Sodium chlorate, NaC1Oa, is a moderately hydro-  
scopic, white crystal l ine oxidant, which melts at 248~ 
and starts to decompose at about 300~ l iberat ing 
oxygen. Decomposition is exothermic and self sus- 
ta in ing above a critical temperature.  The large 
amounts  of oxygen released in case of fire can cause 
bu rn ing  of combustible mater ial  to be explosively 
rapid. 

Many substances catalyze the thermal  decomposition 
and some form explosive mixtures  with sodium 
chlorate. Such mixtures,  par t icular ly  those involving 
organic materials,  such as alcohols, solvents, sugars, 
sawdust, paint  and painted metals, lint, vegetable 
dusts, and oils and greases, or with inorganic materials,  
such as sulfur, sulfides, ammonium compounds, phos- 
phorus, cyanides, acids, metall ic oxides, or reducing 
agents of any sort, may be extremely sensitive to 
shock, friction, or heat, and bu rn  or explode spon- 
taneously. Paper, wood, cloth and leather impregnated 
wi th  chlorate by contact wi th  an aqueous solution are 
dangerously combustible when  dry and may be ignited 
by friction or heat. 

Alkal ine  chlorate solutions do not exhibit  strong 
oxidizing properties. As the pH decreases, the oxidiz- 
ing activity Of chlorate solutions increases. Concen- 
t ra ted acid solutions are vigorous oxidizing agents as 
a result  of formation of chloric acid, a powerful, un -  
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stable oxidizing acid known only in solution. In  the 
cold, solutions containing up to about  30% HC1Oa 
are stable in the absence of organic mat ter  and 
reducing agents. More concentrated solutions decom- 
pose spontaneously with the formation of oxides of 
chlorine, chlorine, oxygen, and perchlorlc acid. With 
oxidizable matter,  the reaction may be violent, es- 
pecially at elevated temperatures.  Also, chlorine diox- 
ide is an explosive gas in certain concentrations. 

Handling Precautions 
Clean work clothing must  be worn each day and 

laundered  afterwards. It  must  not be taken home. 
Clothing wet with chlorate solution should be changed 
before drying. No smoking can be permit ted in chlorate 
work areas or while wear ing work clothes. Deluge- 
type safety showers should be provided. Some prefer  
jump tanks (a bath tub old or new, or its equivalent)  
that wil l  more quickly quench burn ing  trouser legs. 
Salt can be added to this emergency water  to prevent  
freezing in winter.  Rubber  shoes must  be worn and 
l inings rinsed, if contaminated.  Only rubber  or rub -  
berized gloves are permitted, and without  cloth wris t -  
lets. Avoid skin oils, greases, or protective creams. 
Shower before leaving work. 

Clothing fires from smoking have occurred. One 
October 23, 1967 near ly  cost a young worker  in  Michi- 
gan his life. He was permit ted to work without  a rub-  
ber apron or rubber  shoes, etc. Uncomfortable  be-  
cause his clothing became stiff from dried chlorate 
solution, he went  to the locker room to change. He 
lit a cigarette, his clothing ignited and he suffered 
burns  on 52% of his body. Warnings  had not been 
heeded or enforced. 

A worker  with dry chlorate dust on one sleeve used 
an abrasive wheel gr inder  in a nearby  shop. A spark 
ignited the sleeve. He convalesced 40 days and has a 
badly scarred arm. Several  farm workers have suf- 
fered burns  from ignit ion of chlorate-contaminated 
clothing, one fatally in 1967. These are but  a few cases, 
all unnecessary if the available informat ion had not 
been ignored. 

Sodium chlorate is not i r r i ta t ing or very toxic by 
contact or by inhalation. Dust masks are worn  only 
if dusting is excessive. Ingestion of 15-30g may be 
fatal as it changes hemoglobin to methemoglobin,  but  
August 5, 1957 a research physician at the Buffalo 
Univers i ty  Medical School survived a measured 40g 
dose taken by mistake instead of sodium chloride. He 
was saved by an artificial k idney and massive t rans-  
fusion of 18 pints of blood, and apparent ly  suffered no 
ill after-effects. [JAMA 180, 1133 (1962).] 

Storage 
Sodium chlorate should not be stored close to flam- 

mable materials, reducing agents or other substances 
hazardous with it. Buildings in work areas should be 
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fireproof. Wood becomes dangerously combustible, so 
should not be used in any chlorate  area. (Trea tment  
wi th  sodium silicate water  glass beforehand and per i -  
odically thereaf ter  may afford some protect ion).  
Chlora te-contaminated  wood may  ignite f rom pressure  
or friction. It must  not be left where  it could be taken 
or used, but should be disposed of by burning. 

Spillage should be picked up for reuse or disposal, 
which may  be sewering with  lots of water.  1~ ~nls 
is not permissible, bury  it in an isolated area away 
from trees as it is a herbicide. Wash drums wi th  water  
and careful ly  burn any paper liners. 

Discharge dust vent i la t ing systems to a water  scrub- 
ber designed for easy flushing with  water  and clean 
frequently.  

Equipment 
Dust control or prevent ion of contaminat ion by 

chlorate solution is par t icular ly  important  where  mo-  
tors are used, since mixtures  of sodium chlorate wi th  
oil or grease are violent ly  explosive. Hooker now 
uses total ly-enclosed fan-cooled ball  bearing type elec- 
tric motors, not oi l - lubr icated bearings. Once or twice 
a year, the end bell is taken off and the area around 
the fan and the air-cooling passages is cleaned. When 
motors wi th  outside bearings were  used in dusty 
locations, they were  completely protected by enclosure 
in clean air pressurized cabinets. Open motors in 
other  chlorate service had a s teel-plate  deflection 
shield at the back to stop any flame from je t t ing 
out in case the motor caught fire. An open motor  
explosion at a ro ta ry  dr ier  blew par t  of roof  off and 
steel window frames out al though doors were  wide 
open. Chunks of motor  went  through remaining roof 
and brick wall. About  the mid-fort ies ,  an explosion 
of a total ly-enclosed motor in chlorate service was 
reported. There were  fatalities. 

In his paper, Walter  P. Huhn  of Amer ican  Potash & 
Chemical  Corp. says, "TEFC motors with sealed bear-  
ings ( metal l ic  seals) are acceptable, but the bearings 
should be cleaned and packed before use wi th  one of 
the recommended lubricants, fluorolube or halocarbon 
or Kel-F,  and should be changed once a year, whe ther  
they need it or not, in areas where  contaminat ion is 
possible. Ex t r eme  care should be taken in removing 
the bearings. They should be pressed off wi th  a steel 
safety shield between them and the mechanic:  bear-  
ings sometimes explode if tapped with  a hammer.  
After  removal,  the bearings should be washed free of 
any sodium chlorate that may have entered them." 

The same hazard exists for pumps and bearings. 
At Hooker, chlorate l iquor pumps have braided Teflon 
packing surface- lubr icated with fluorolube (halocarbon 
or K e l - F  could be used) to be graphi te - f ree  and proc-  
essed for oxygen service. As a second precaution, there 
is in wi th  the packing, a lantern ring for a flow of 
water  of 2-5 ga l / h r  measured by a purge meter  to 
maintain a pressure of about 5 psi above the chlorate 
l iquor pressure on the seal. 

Shaft flingers keep chlorate solutions from creeping 
into bearings. A fluorinated lubricant  should be used 
for bearings exposed to chlorate dusts or  solutions. 
And be certain that  it is not contaminated with  other  
lubricants. A luminum (and possibly magnesium) seals, 
sleeves, and cages must not be used as the fluorinated 
lubricant  may break down and explode if finely di- 
vided a luminum and other  act ive metals  are present. 
There are some differences of opinion as to whe ther  
fluorinated lubricants are always suitable for high 
speed applications. Where  oxidizable lubricants are 
still used, they are applied f requent ly  to flush out any 
contaminated lubricant. However,  channeling may per-  
mit some contaminated lubricant  to remain. Samples 
of such lubricant  are analyzed periodically for oxi-  
dants. Bearings should not be run hot and should be 
armored against explosions by at least 1/4-in. steel 
plate with enough space to contain an explosion. 

Several  incidents have demonstrated the power  of 
minute  quanti t ies of chlorate or perchlorate  closely 
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confined with  oxidizable material .  In 1925 while  clean-  
ing an inboard bearing of the gr inder  he had been 
operating, a man was decapitated by explosion of the 
bearing. A change was then made to outboard bearings 
heavi ly  armored.  This and other  incidents show the 
importance of proper  bearings procedures. 

Special procedures are used repair ing bearings and 
pumps as for all work  on chlorate equipment.  Hot 
water  or wet s team are used to thoroughly  clean before 
start ing work  in a special area. If heat  is to be applied 
to a p la te-patched steel plate, it is first dri l led with  
running water  on the dri l l  to provide a vent  for any 
oxygen released f rom chlorate inside by the rmal  de- 
composition. 

The National Fire  Protect ion Association reported 
seven chemical  plant fires in 1957 that  each resulted in 
a loss of more than $1/4 million. One of these was a 
bucket  e levator  explosion in a chlorate plant. A rubber  
belt  carrying 90 a luminum buckets had j ammed  with  
the bottom dr ive  pul ley still turning.  Undoubtedly  it 
was grinding off rubber  and heat ing the belt. There  
was an explosion. No trace of the 90 lb of rubber  belt 
was found, and only 4 of the 90 a luminum buckets 
remained. A luminum had splat tered on the walls and 
"ingots" of it were  on the floor under  chlorate. Al-  
though rubber  belt bucket  elevators  had been in use 
at Niagara Falls more than 50 years, bronze or mal le -  
able steel chain has been used since for  all  Hooker  
chlorate e levator  installations. 

Fire Fighting and First Aid 
Since chlorate provides the oxygen, fires with it 

cannot be smothered, so dry powder  is ineffectual. 
Carbon dioxide may  provide sufficient cooling to ex-  
t inguish a small  fire, but water  fog or wa te r  usually 
has to be employed on fires involving chlorate, even 
electrical fires as it has been found that  a s t ream of 
tap (pure) water  is pract ical ly a nonconductor  an inch 
away f rom a 220v electrical power supply. This is not 
t rue  of a soda-acid ext inguisher  stream. Fire  blankets 
are of no use. 

For  burns, use the cold water  t rea tment  as speedily 
as possible and for as long as necessary. Serious burns 
should be referred to a physician for t reatment .  Apply  
no medications beforehand;  only the cleanest cold, 
moist cloth available. 

For  ingestion, avoid all s t imulants  including alcohol. 
Give an emetic and call a physician immediately.  Wash 
out s tomach and follow with  demulcent  drinks. Keep 
patient  warm. Obtain blood electrolytes immedia te ly  
and apply adequate  intravenous therapy. If large 
amounts of chlorate have been ingested, it may cause 
renal  fai lure and requi re  an artificial  kidney and 
transfusions. Such occurrence should be ex t remely  
rare. 

Manuscript  submit ted Ju ly  22, 1968; revised manu-  
script received September  15, 1968. This paper was 
presented at the Boston Meeting, May 5-9, 1968, as 
Paper  273. 
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D I V I S I O N  N E W S  

Battery Division 
The Battery Division held its annual 

business meeting at the Montreal 
Meeting of the Society on October 8, 
1968. The luncheon was well attended 
by Division members and guests. 

The Battery Division Research Award 
was presented to Dr. Donald Tuomi for 
his work on the nickel electrode. Dr. 
Joseph C. White presented a Past- 
Chairman Pin to Dr. J. J. Lander, hon- 
oring his service as Division Chairman. 

An election of officers was held for 
the next two-year term. 

The results are as follows: 
Chairman--Paul C. Milner, Bell Tele- 
phone Laboratories, Inc., Murray Hill, 
N. J. 07974 

Vice-Chairman--Alvin J. Salkind, ESI3, 
Inc., Yardley, Pa. 19068 

Secretary-Treasurer--Howard R. Ka- 
ras, Aerospace Division, Clevite Corp., 
540 E. 105 St., Cleveland, Ohio 44108 

Howard R. Karas 
Secretary-Treasurer 

Corrosion Division 
The Corrosion Division held its an- 

nual business and luncheon meeting 
in Montreal on October 8, 1968. The 
following officers were elected to serve 
the 1%8-1969 term. 

Chairman--Michael J. Pryor, Olin 
Mathieson Chemical Corp., Metals Re- 
search Division, 275 Winchester Ave., 
New Haven, Conn. 06511 

Vice-Chairman--Z. Andrew Foroulis, 
Esso Research & Engineering Co., P.O. 
Box 101, Florham Park, N. J. 07932 

Secretary-Treasurer--J. Paul Pemsler, 
Ledgemont Laboratory, Kennecott Cop- 
per Corp., 128 Spring St., Lexington, 
Mass. 02173 

Henry Leidheiser, Jr. 
Past Chairman 
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Boston Section 
The sixty-sixth meeting of the Boston 

Section was held on September 17, 
1968 at the Ledgemont Laboratory of 
The Kennecott Copper Corp., Lexing- 
ton, Mass. 

The speaker was Mr. Mark Nigberg, 
Market Promotion Manager of Digital 
Equipment Corp., Maynard, Mass. Mr. 
Nigberg spoke on "The Application of 
Dedicated Computers to Laboratory In- 
strumentation" and pointed out that 
during the past few years small general 
purpose computers have become in- 
creasingly important tools in analytical 
laboratories as new instruments lead 
to increased data rates and more 
stringent limits of accuracy. In the 
course of his talk Mr. Nigberg sur- 
veyed the areas in which small dedi- 
cated systems are currently used and 
explained some potential applications 
to laboratory systems. 

Raymond G. Donald 
Secretary 

Chicago Section 
The Chicago Section met on October 

3, 1968 at the Chicago Engineers Club 
to hear Prof. E. N. Leith, University 
of Michigan, Ann Arbor, Mich., present 
a talk on "Modern Holography." 

The following is an abstract of his 
talk. 

The basic theory of holography was 
presented followed by a discussion of 
recent ramifications and potential ap- 
plications. The discussion included 
multicolor holography, holographic in- 
terferometry, data storage on thick 
recording materials, holomicroscopy, 
holography at nonoptical wave lengths, 
"white light" holography, coherence re- 
quirements, and holography with inco- 
herent sources as well as transmission 
of holographic data and techniques for 
bandwidth reduction. 

On November 14 the Section heard 
Dr. R. P. Frankenthal, U. S. Steel 
Corp., Monroeviile, Pa., present a talk 
on "Origin of Passivity in Iron-Base 
Alloys." 

The following is an abstract of his 
talk. 

The phenomenon of passivity was 
discussed in detail for the iron- 
chromium alloy system. It was shown 
that two distinct, potential-dependent 
films are formed during the passivation 
process. The electrochemical properties 
of these films were examined at various 
potentials throughout the passive po- 

tential region and changes that occur 
in these properties were discussed in 
relation to the effectiveness of the films 
as passivating agents. The applicability 
of these results to other systems was 
also considered. 

Metropolitan New York Section 
The Metropolitan New York Section 

held its first meeting of the 1968-1969 
season at the Stonehall Inn in New 
York City with members and guests at- 
tending the lecture on "New Aspects 
of Leclanche Cells Research" pre- 
sented by Prof. Lou Rozeanu of the 
Technion Israel Institute of Technol- 
ogy. He reported that comparative tests, 
of amalgamated zinc vs. pure zinc sur- 
faces, showed that the amalgamated 
zinc had a higher emf, was more reac- 
tive chemically, and gave maximum 
performance at 4.0 to 4.25 mg Hg/sq in. 
Impurities in the zinc, such as lead, 
cobalt, copper, iron, nickel, and an- 
timony were harmful since they were 
insoluble in mercury. Professor Ro- 
zeanu reported that he had developed 
an accelerated corrosion test for amal- 
gamated zinc, based on rotating a 
sleeve of zinc at 20,000 rpm for ap- 
proximately 24 hr in dilute hydrochloric 
acid, to simulate the results obtained 
over a period of 6 months of storage. 

Dodd S. Carr 
Secretary 
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State of the Art of Electrostatic Separation of 
Minerals 
James E. Lawyer 

Mines Experiment Station, University of Minnesota, Minneapolis, Minnesota 

Man's knowledge of electrification of minerals  dates 
back to at least 540 B.C. when Thales of Miletus 
observed that  rubbed amber  had the power of at-  
t ract ing small  objects. Although the mechanism of 
Thales' observation of fr ict ional electrification, or t r i -  
boelectrification as it  is now called, is still shrouded 
with uncertainties,  today's engineers are usual ly  able 
to prevent  unwanted  static electrification and are 
often able to use electrical effects as a means of 
concentrat ing solids. Materials that  have a high sur-  
face-area- to-mass  ratio readily respond to even weak 
electrical fields. This is probably the reason that  
the first electrical concentrator patented in the United 
States (1880) was a device for purifying g round  
cereal (1). In 1881 a crude machine (2) was bui l t  to 
concentrate gold ore, and in 1892 Thomas A. Edison 
also devised an electric machine (3) for the concentra-  
t ion of gold, a sketch of which is shown in Fig. 1. 
None of these machines was used industr ial ly.  

The first commercial process for treating minerals  
was started in 1908 at Platteville,  Wis. (4). This 
plant, operating under  the patents of C. E. Dolbear 
(5) and the Huff Electrostatic Co. (6), was used to 
produce lead and zinc concentrates. The process was 
called the "electrostatic process"--a term often still 
used for any electrical separation of solids, although 
such separations rarely are t ru ly  static in nature.  
By about 1914 the electrostatic process had gained 
considerable favor in the metal lurgical  industry  and 
was accepted as an  industr ia l  process for minera l  
concentration. It was successfully used on a small  
scale throughout  the world, both as a single process 
and in conjunct ion with wet gravi ty processes. The 
popular i ty  of concentrat ing minerals  by the electro- 
static process, however, was short lived, because about 
1912 froth flotation was introduced in the United 
States as a commercial process. The new flotation 
process offered numerous  advantages over the elec- 
trostatic process with respect to both selectivity and 
cost. As a result, dur ing the following years the flota- 
tion process grew with fabulous rapidity, and the 
electrical method of concentrat ion began to be re-  
garded as l i t t le more than a metal lurgical  curiosity. 
It was the t i t an ium shortage dur ing World War II 
that sparked a new interest  in the possibility of uti l iz-  
ing electrical separation, and numerous  commercial 
applications using conduct ivi ty- type separators were 
installed to concentrate t i tanium-bear ing,  heavy min-  
eral beach sands. Since that  t ime electrical concen- 
t rat ion of minerals  has steadily increased. Now vir -  
tua l ly  all  physical beneficiation processes producing 
t i t an ium and t in minerals  throughout  the world are 
using conduct ivi ty- type electrical concentrators known 
as "high tension" (7) machines. In  1965 the world 's  
largest electrical concentrat ion p lant  was installed 

at Wabush Mines, Que., Canada, to reduce the silica 
content of a specularite gravity concentrate from 8% 
to less than 3%. This p lant  has a "high tension ca- 
pacity" of over 6 mill ion tons /y r  and enjoys a high 
tension operating cost of about 5C/ton of dry feed. 
Figure 2 is a photograph of this modern  high tension 
plant. At present the free world produces about  13 
mill ion tons /yr  of mineral  concentrates (8) by elec- 
trical separation. The bulk  of this tonnage comes 
from the beneficiation of i ron ore and from the con- 
centrat ion of heavy minera l  beach sands. 

General Principles 
The basic principle of electrical concentrat ion is 

simply the uti l ization of body forces acting on charged 
or polarized solids in an electric field such that a 
selective sorting of the different species can be el-  

Fig. 1. Thomas A. Edison's electrostatic separator (patented 
1892). 

Fig. 2. A group of high-tension separators which make an elec- 
trodynamic concentration of iron ore at the rate of 1000 tons/hr. 

57C 



58C J. Electrochem. Society: 

fected. Both a-c and d-c fields are used at field 
gradients ranging from about 3 x 103 v / m  up to the 
breakdown strength of air  (about 3 x 108 v / m ) .  Com- 
mercial  separators use high-voltage power supplies 
ranging from 5 x 103 to 250 x 103v. The power re-  
qui rement  is smal l - - ra re ly  exceeding 0.15 kwhr / t on  
of feed. 

The electric body force acting on solid grains in an 

electric field E is: 

F =  newtons 
. -> 

p = electric momen t - - cou lombs /m 2 
Q = total charge on the mineral---coulombs 

= electric f ie ld--newtons/coulombs 

The art and science of electrical concentrat ion de- 
pend largely on the abil i ty selectively to charge one 
species differently than the others in the mixture.  
Once this has been accomplished, they can readily 
be sorted in an electric field. The important  charging 
mechanisms used commercially for d-c separators 
are: (a) charging by corona discharge; (b) charging 
by conductive induction;  and (c) charging by contact 
electrification. A-C separators usual ly  depend on po- 
larization and shape phenomena to effect a separation. 

Charging by corona discharge is effected by passing 
the solids to be charged through an intense corona 
glow such as is obtained from needle points or a fine 
wire charged to a potential  exceeding the breakdown 
strength of air. Special electrodes have been de- 
veloped for prevent ing  spark-over  when treat ing com- 
bustible materials such as coal and grains (9). The 
corona discharge machine depends almost ent irely 
on the intense electrification caused by a corona 
wire. Nevertheless, there is a slight tendency to 
charge conductive particles by the mechanism of 
conductive induction. The total charge received by 
conductive induction, however, is very, very slight 
compared to the corona discharge and is usual ly  
un impor tan t  and can be omitted from all calcula- 
tions. 

Charging by conductive induction is accomplished 
by allowing solids to contact a grounded conductor 
while the grains are in an electric field whence the 
conductive particles become charged opposite to the 
grounded conductor. This type of machine never  uses 
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a corona discharge---in fact, the electrodes used a r e  

always rather  large in diameter  and caution is always 
taken to prevent  any sharp edges tha t  might  result  
in corona discharge. 

Charging by contact electril~cation is the same mech-  
anism as is demonstrated by the famous experiment  
of rubbing  hard rubber  with catskin. Dissimilar sur-  
faces will always electrify to some extent  simply 
by part icle-part icle contact. It is sometimes possible 
to predict the sign of the charge produced from con- 
tact  electrification on the basis of the band  theory 
of solids. In the usual  case, however, contact electri-  
fication is controlled by surface films often of un -  
known composition. For example, quartz and diamonds 
will strongly electrify by contact electrification at 
room temperature.  According to the band theory, 
the energy gap for either mineral  is such tha t  elec- 
trification by contact should be negligible. In  this 
case the t ransfer  of charge is certain to be due to 
surface films. 

Mechanisms (a) and (b) are invar iab ly  used to 
separate good conductors such as ilmenite, rutile, 
galena, pyrite, specularite, etc., from poor conductors 
such as quartz, zircon, monazite, diamonds, etc. Mech- 
anism (c) is usual ly used to separate nonconductors 
such as phosphate rock and quartz from each other. 

Commercial Machines 
There are v i r tual ly  hundreds  of patents describing 

various configurations of electrodes and feeding a r -  
rangements  for making an electrical separation of a 
mixture  of solids. There are, however, only four 
general  types of machines that  are used commercially. 
These are shown in Fig. 3. 

The first machine is the corona discharge separator 
(often called the high tension machine) .  If a mixture  
of solids consists essentially of good electrical con- 
ductors and good electrical insulators, a high tension 
machine can separate the conductors from the in-  
sulators very efficiently and inexpensively.  

Unfortunately,  there is very  little informat ion in 
the l i terature regarding the electrical conductivity 
of solids. Some insight regarding the conductivi ty 
of minerals  can be obtained by reference to a Bureau 
of Mines publicat ion (10) in which 95 minerals  have 
been classified according to the weight per cent that  
is collected as a conductor (in an electrostatic sep- 
arator)  as a function of the tempera ture  at which the 
separation was made. 

From the standpoint  of high tension separation, 
the criterion used to distinguish conductors from 

Fig. 3. Common commercial 
electrical concentrators. 
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insulators is the relaxat ion t ime Tr (11). Relaxation 
t ime is defined as the t ime required  for an ini t ia l  
charge density po to decay to 1/e of its original value. 

~ t  

p ~ poe  e 

Po = ini t ial  charge density 
e = charge density at t ime 

= conductivi ty 
= permit t iv i ty  

For example, Tr for pyri te  is about 10 -3 sec, while 
T~ for quartz is about l0 s sec. 

In  the high tension machine, conductors and in-  
sulators alike are charged as they pass through the 
corona zone. The l imit ing charge is a funct ion of 
the particle radius, the relaxat ion time, t ime in the 
field, and to some extent  the permit t iv i ty  of the par-  
ticle (12). Particles having a small  relaxat ion t ime 
(conductors) share their  charge with the grounded 
rotat ing cylinder and are th rown free of the cyl inder 

while particles wi th  a large relaxat ion t ime ( in -  
sulators) are held to the cyl inder by their  image force 
and must  be removed by a scraper. Figure 4 is a 
photograph of a high tension machine showing the 
corona discharge. 

The capacity of high tension concentrators depends 
on the particle size dis tr ibut ion and on the electrical 
properties of the species that  are to be separated. 
The normal  range of particle sizes that  can be handled 
is from a coarse value of about  1.5 mm diameter  to 
a fine l imit  of about 0.03 mm diameter. A good rule  
of thumb is to estimate capacity at about 175-300 
lb /h r / in ,  of rotor for a particle size distr ibution that  
is essentially minus  1 mm plus 0.2 ram. As the mean  
particle diameter  is decreased, the capacity falls rap-  
idly. The capital cost for high tension equipment  varies 
from about  $1200 to $1500/ton/hr/pass.  

The second most important  (conduct ive- induct ion)  
machine (Fig. 3) is a typical twin  electrode concen- 
trator. This type of separator can be used to separate 
conductors f rom insulators uti l izing "charging by con- 
ductive induction" or it can be used to separate 
dielectric particles that  have become charged by par-  
t icle-particle contact or by part icle-rotor  contact. 
There are many  models available, each with special 
features of feeding mechanisms, dust control, and 

Fig. 4. High-tenslon machine showing corona discharge 

Fig. 5. DF604-Bullock-Simpson electrostatic separator. Double- 
face unit with 5-ft feed roils for four stages of separation. At- 
tracting rolls and dividers easily adjusted for most efficient po- 
sition. Positive or negative polarity to 30,000v. Capacity 3-I0 
tons/hr. Feed minus 6 to 200 mesh. Fig. 6. Carpco Free Fall separator used to concentrate asbestos. 
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some even having special rotor composition (13) to 
enhance part ic le-rotor  contact electrification. Figure 
5 is a photograph of a Bullock-Simpson electrostatic 
separator. This is a double-face uni t  with 5-ft feed 
rolls for 4 stages of separation. The capacity and 
capital cost vary  widely depending on the mater ial  
being treated. The approximate capacity ranges from 
about 85 lb /h r / in ,  of electrode for f ine-grained ma-  
ter ial  to 170 lb /h r / in ,  of electrode for coarse-grained 
material.  The power cost is negligible. 

The free fall machine is used to provide an electric 
field for separating particles that  have become charged 
by contact electrification. The l imit ing charge in con- 
tact electrification is the electrical breakdown 
strength of air which limits the charge density on 
the solids to about 26.6 x 10 -6 coulombs/m 2. Several  
potential ly impor tant  examples of electrostatic sepa- 
rations based on contact electrification are: separa- 
tion of Florida phosphate rock from silica sand (14), 
separation of halite from sylvite (15), and separation 
of quartz from feldspar (16). The sign and magni tude  
of the charge obtained from contact electrification 
depend not  only on the electrical properties of the 
bu lk  of the mater ia l  but  also on trace quanti t ies  of 
impurit ies that may be present in the surfaces. It 
is, thus, impossible to form a meaningful  triboelec- 
trification series for minerals  since the sample history 
greatly influences its contact electrification properties. 
Selective contact electrification is also possible by 
the addition of a suitable surfactant  or cleaning agent 
(17, 18). The free fall separator has a capacity of 
about 200 lb /h r / in ,  of electrode when used to con- 
centrate phosphate rock or feldspar ores. Figure 6 
is a photograph of a Carpco Free Fall  separator used 
to concentrate asbestos. 

Miscellaneous Separators 
There are a variety of a-c machines that have been 

used for special purposes (19-21) but  so far they have 
not been widely accepted for commercial use. Separa- 
tions made using a-c fields depend on the fact that  
conductive and high-permeabi l i ty  particles will  oscil- 
late with the field reversals, while nonconductive 
particles remain  stat ionary (19, 20). Hatfield (22) 
devised a method for separating minerals  on the 
basis of differences in dielectric constant, bu t  to date 
the method is restricted to laboratory use since it 
required the use of dielectric fluids whose cost pre-  
cluded commercial use. 

Applications 
At the date of this writing, high tension con- 

centrat ion of iron ore, heavy minera l  beach sands, 
and t in ore accounts for about 95% of the estimated 
13 mill ion tons /y r  of concentrates produced by elec- 
trical methods. The success of the Wabush Plant  
for concentrat ing iron ore has aroused considerable 
interest  in the iron and steel industry,  and it is 
l ikely that  corona discharge machines will  play an 
increasingly important  part  in producing super iron 
ore concentrates (containing less than  0.5% silica) 
that can be used for direct reduction processes. Table 
I lists ten typical applications of the electrical separa- 
t ion processes used throughout the world. 

Table I. Ten typical industrial separations 

Surface  Usual  cha rg ing  
Mineral  combinat ion t r ea tmen t  m e c h a n i s m  

1. Specular  hemat i t e -  D r y i n g  
quar tz  

2. n m e n i t e  and rut i le  Scrubbing  to re-  
f r o m  poorly con- move  organic  
duc t ing  h e a v y  rain-  s l imes 
eral  g r a v i t y  con- D r y i n g  
centra tes  {zircon, {Reducing roast  at  
monazite,  etc.) 650~ 

3. Zircon ( c l ean ing ) - -  D r y i n g  
i lmeni te  

Ruti le  
4. Cassiterite----scheelite Dry ing  

5. Fe ld spa r - -qua r t z  D r y i n g  
HF  vapors  

6. Hali te---sylvite Hea t ing  to 340~ 
or 

Dry ing  plus 1 lb /  
ton of fa t ty  
acids 

7. Pyrite---coal D r y i n g  

8. Coal - -sha le  

9. Diamonds---si l ica 

10. Dry  foods and d rugs  
f rom t rash  and  
rodent  f e c e s  

Corona d ischarge  

Corona d ischarge  

Corona d ischarge  

Corona d ischarge  
or 

Conduct ive  induct ion 
Contact  electrif ication 

Contact  electrification 

Corona d ischarge  
or 

Conduct ive  induct ion 
Humid i ty  control Corona d ischarge  

or 
Conduct ive  induct ion 

Wet  sc rubbing  in Conduct ive  induct ion 
NaC1 pulp 

D r y i n g  
Dry ing  Conduct ive  induct ion 

Manuscript  submitted Nov. 28, 1967; revised m a n u -  
script received Oct. 11, 1968. This paper was presented 
at the Chicago Meeting, Oct. 15-19, 1967, as Paper  149. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL.  
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Secondary Silver-Zinc Battery Technology 
L. Gaines 

Tyco Laboratories, Inc., Waltham, Massachusetts 

ABSTRACT 

A review of the current  status of si lver-zinc bat tery  technology is pre-  
sented as part  of an at tempt  to organize, on a fundamenta l  basis, the varied 
design improvements  developed as a result  of empirical  studies. Past efforts 
to improve the secondary si lver-zinc system have been devoted to (a) sta- 
bilization of the zinc electrode structure,  (b) control of zinc dendri te  grovcth, 
(c) increasing the uti l ization of the silver electrode, (d) separator improve-  
ments, and (e) development  of sealed batteries. Improvements  that  have 
been suggested in these areas are often mutua l ly  exclusive and in terdepen-  
dent. Clarification of the fundamenta l  processes involved is necessary for the 
creation of an opt imum bat tery configuration. 

The conversion of the pr imary  si lver-zinc system, 
as it was originally devised some 25 years ago, into a 
high energy density rechargeable energy storage de- 
vice has been a slow and not ent i re ly  successful proc- 
ess. Although a high level of performance (in the vi-  
cinity of 100 w - h r / l b )  is obtainable in pr imary  appli-  
cations, current ly  available secondary si lver-zinc cells 
capable of extended cycle life possess energy densi-  
ties below those of a l ternat ive  systems which although 
possessing a lower energy density, are bet ter  able to 
retain their  ini t ia l  capacity on continued cycling. 

Past research, both basic and applied, has elucidated 
many  of the problems inherent  in the si lver-zinc sys- 
tem, and in addition, has indicated methods for their  
control. 

Many of the difficulties in the design of high energy 
density si lver-zinc batteries relate to the solubili ty of 
zinc oxide, the anodic discharge mater ial  of the zinc 
electrode, and of silver oxide, the active mater ia l  of 
the positive electrode. The high solubili ty of ZnO 
causes a gradual  degradation of the zinc electrode 
s tructure on repeti t ive cycling at high depths of dis- 
charge. Due to the loss of effective surface area, the 
zinc may plate back on the electrode in  a highly struc- 
tured dendrit ic form which tends to grow through the 
cell separators. 

The part ial  solubil i ty of the silver plate ( ~  10-*m) 
allows diffusion of the Ag(I )  ion to the zinc electrode 
where it is reduced to metall ic silver causing self-dis- 
charge of the cell. In  order to prevent  the diffusing 
silver ions from reaching the zinc electrode, and at the 
same t ime to prevent  deposited zinc from short circuit-  
ing the bat tery plates, separators are required between 
al ternate  electrodes. Historically, these separators have 
been based on cellulosic materials.  These materials are 
satisfactory for l imited cycle life, but  improved sep- 
arators have been developed which are more resistant 
to oxidation by the Ag( I )  ions which eventual ly  re-  
duce the effectiveness of cellophane membranes.  

In  addit ion to the development  of improved sepa- 
rator  systems, past efforts to improve the secondary 
si lver-zinc system have been devoted to (a) stabiliza- 
t ion of the zinc electrode s tructure to prevent  the loss 
of surface area due to agglomeration of the zinc par-  
ticles, (b) elucidation and control of the conditions 
which lead to zinc dendri te  growth, (c) improving the 
uti l ization of the silver electrode to assure ma x i mum 
performance, and (d) development  of sealed batteries. 

Research into these areas of si lver-zinc technology, 
funded principally by DOD and NASA, has been re- 
ported in the contract l i terature.  This review at tempts 
to summarize these experiments,  and to integrate the 
results presented with the basic electrochemical and 
physical principles of ba t te ry  operation. Since m a n y  of 
the references cited are subject to dis t r ibut ion l imita-  
tions, this review has the addit ional purpose of making  
their  contents more readi ly available in the open 
l i terature.  

Zinc Electrode Technology 
During the past five to ten  years a considerable 

amount  of informat ion has been obtained on the cy- 
cling characteristics of the si lver-zinc system. These 
tests have been conducted under  varying conditions 
of temperature,  depth of discharge, rates of charge and 
discharge, electrode structure, separator systems, and 
caustic concentration. The studies indicate that, for 
the most part, cycle life and performance of si lver- 
zinc cells are l imited by the capabilities of the zinc 
electrode. The negative electrode limits cycle life be- 
cause of changes in its physical characteristics (part i -  
cular ly porosity) and /or  because of the formation dur -  
ing charge of metall ic dendrites which can penetrate  
the cell separators. These mechanisms result  in an 
inabi l i ty  to accept charge efficiently which, in the case 
of sealed cells, causes a rapid pressure increase due 
to hydrogen accumulation. 

The extent  to which each of the above fai lure mech- 
anisms occurs in  a given system depends in  large mea-  
sure on the individual  cycle regime and cell structure. 
Research programs carried out over the period in 
question have succeeded in large measure in correlat-  
ing the above fai lure modes wi th  the electrode reac-  
tions occurring at the surface. In  addition, empirical  
studies have indicated several ways in which electrode 
performance can be significantly improved and cycle 
life extended. 

Theoretical studies--The most recent and compre- 
hensive survey of the electrochemical reactions of the 
zinc electrode is provided by Dirkse (1). Although the 
details of the charge t ransfer  reaction are not estab- 
lished, the anodic or discharge process is general ly 
described in three steps: 

(A) The zinc is oxidized to solid ZnO or Zn(OH)2. 
(B) The ZnO or Zn(OH)2 dissolves in the electrolyte 

to eventual ly  yield Zn (OH)4 =. 
(C) The electrolyte becomes saturated with zincate, 

a ZnO or Zn(OH)2 film forms on the surface, 
and the electrode passivates. 

The rate of formation of the oxidized zinc species in 
step (A) is a simple funct ion of current  density. Even 
though the exact composition of the discharge product 
is unknown,  it is apparent  that its solubili ty in KOH 
is much higher than  any of the stoichiometric zinc 
oxides current ly  known, since zinc can be anodically 
dissolved in KOH which has been presaturated with 
ZnO. The discharge product of the reaction eventual ly  
precipitates out as stable ZnO although the rate of this 
process appears to be slow (1). 

The onset of electrode passivation on discharge is a 
function of electrode surface, caustic concentration, 
electrolyte volume, and perhaps time. However, at 
normal  temperatures,  anodic passivation is not usual ly  
the l imit ing factor in designing cells with zinc elec- 
trodes. Proper ly  fabricated porous zinc electrodes, 

61C 



62C d. Electrochem. Society: R E V I E W S  A N D  NEWS February 1969 

formed by reduction of compacted zinc oxide of small  
particle size, are capable of utilizing in  excess of 70% 
of the zinc present  (2). It is also well  established that  
this capabili ty is not long mainta ined under  repetit ive 
discharges and charges. 

The cathodic behavior of zinc has also been effec- 
t ively summarized by Dirkse (1). The general ly ac- 
cepted mechanism involves a two-step process: 

(i) Zn(OH)4 = -~ Zn(OH)2 -F 2 O H -  

(ii) Zn(OH) 2 -F 2e -  -> Zn -t- 2 O H -  

In  practical alkaline batteries with zinc electrodes, 
the problem has been two-fold: loss of capacity on 
continued cycling and penetrat ion of the cell separa- 
tors by deposited zinc. 

Capacity loss on cycling is usual ly at t r ibuted to an 
agglomeration of the zinc with a loss in effective sur-  
face area as the zinc is deposited from solution accord- 
ing to the above reactions, and to a displacement of 
active material  towards the bottom of the electrode. 
These two effects are usually denoted by the terms 
"shape change" and "shedding." 

The conditions which lead to and control the growth 
of zinc dendrites have recently been elucidated (3, 4). 
In plat ing zinc from alkaline zincate solutions, it  is 
observed that the deposit can range from short fine 
whiskers or sponge at low current  densities to the 
longer more highly structured type of branched, den-  
dritic deposits at higher current  densities or greater 
overpotentials. The type of deposit produced is related 
to the amount  of free zincate available at the electrode 
surface for reduction. If sufficient zincate is present  
close to the electrode surface, i.e., under  conditions of 
low current  density (1 to 5 ma/cm2),  or sufficient agi- 
tat ion is provided to support  higher currents,  the zinc 
is deposited under  activation control. The growth of 
this spongy zinc is thus confined to the zinc electrode. 
There is no tendency to penetrate the separator since 
sufficient zinc is available for deposition from the free 
electrolyte. 

If the current  densi ty is increased or the amount  of 
free zincate surrounding the zinc electrode is reduced, 
growth of zinc proceeds under  diffusion-limited con- 
ditions. Zinc dendrites may now enter and grow 
through (rather  than puncture)  the cell separators. 
Under  these conditions cell failure is likely to occur 
by catastrophic shorting or excessive self-discharge. 

Empirical studies--Experimental programs have 
provided most of the design criteria for secondary 
electrodes. The zinc electrode, formed from a zinc ox- 
ide of appropriate particle size, has been improved on 
through the use of diverse and often unrela ted addi- 
tives, including organic and inorganic binders, sur-  
factants, and solubil i ty depressants. 

The process by which the effective surface area of 
the zinc electrode decreases has not been subjected 
to the same type of analytical  effort as has the den-  
drite growth mechanism. Although the ini t ial ly formed 
electrode can utilize 80% of its theoretical capacity, a 
substant ia l  excess of zinc oxide must  be provided over 
and above that required to supply the rated capacity. 
The penalties in terms of cell weight and volume for 
this extra  zinc are clear. 

Goodkind (5) has reported extended cycle life ca- 
pabilities for zinc electrodes prepared with 5 to 10% 
by weight of Teflon suspension and cured in the vicin-  
ity of 275~ It seems logical to relate the improve-  
ment  in cycle life to the creation of an inert  interlock- 
ing matr ix  which effectively retards shifting of the 
active mater ia l  on continued cycling and, in addition, 
provides for the maintenance  of a highly porous struc-  
ture. The use of cotton fibers and organic binders such 
as polyvinyl  alcohol is discussed by Lander  and Ker-  
alla (6). The effect of negative grid geometry has also 
been investigated (10). 

Aside from the development of separator materials 
having greater resistance to penetrat ion than cello- 

phane, efforts to reduce the growth of dendrites have 
centered in three areas: cell design, use of surfactants, 
and the use of solubili ty depressants. 

Most present ly  available si lver-zinc cells operate 
with an excess of ZnO in the negative electrode and 
with a KOH electrolyte saturated with ZnO prior to 
cell activation. These steps are taken to reduce the ex- 
tent of the concentrat ion gradients caused by con- 
sumption of Zn(OH)~ ~ dur ing charge. Depletion of 
Zn(OH) ~= and the concurrent  change in the morphol-  
ogy of the deposited zinc from mossy to dendritic, oc- 
curs as the zinc electrodes densify and less ZnO dis- 
solves. Thus, dendrite growth and shape change are 
often concurrent  processes. 

The use of surfactants to control the morphology of 
zinc deposits was first reported by Kryukova  (7), who 
noticed changes in the shape of zinc dendrites pene-  
t ra t ing through cellophane when various surface ac- 
tive agents were used. The general  usefulness of or-  
ganic additions to plating baths has long been estab- 
lished in commercial practice (8). 

It  is unl ikely that the addit ion of surfactants in-  
creases the diffusion of zincate, thereby delaying the 
transfer  into diffusion limited conditions. Dirkse (9) 
has pointed out that  the additives significantly in-  
crease the viscosity of the electrolyte, and thus should 
retard diffusion processes. It is possible, however, that 
adsorption of a surfactant  molecule on the zinc sur-  
face could alter the deposition process by  poisoning 
active growth sites on the propagating dendrites. 

Stachurski (3) measured the adsorption of various 
surface active agents by double layer capacity mea-  
surements  on dropping mercury  electrodes. At poten-  
tials corresponding to a working zinc electrode, only 
Igepal CO-730 [a polyphenoxypoly (ethyleneoxy) 
ethanol] remained adsorbed on the electrode surface. 
The other surfactants tested, Tr i ton X-100 and the 
fluorochemical surfactants FC-134, FC-19, and FX-161, 
were desorbed at the same or lower potentials. The 
above result  was given a practical significance by 
Lander  and Keral la  (10) and Dirkse (9) who have re- 
ported extended electrode life through the incorpora- 
tion of alkylated poly (ethyleneoxy) ethanols into the 
zinc electrode s t ructure  in amounts  from 1-5%. The 
materials also seem to improve electrode performance 
when incorporated in the electrolyte alone (11). 

The use of zincate solubili ty depressants, par t icu-  
larly Ca(OH)2, to reduce or el iminate zincate in  the 
cell electrolyte has recently received some degree of 
attention. Van der Gri ten (12) has resolved the con- 
flicting exper imental  results of Romonov (13) and 
Zhulidov (14) with the observation that  zincate t rap-  
ping only occurs at concentrations of KOH less than  
20%, and that the rate of reaction is inhibi ted by car-  
bonate contaminat ion of the Ca(OH)2 particles. The 
use of Ca(OH)2 impregnated zinc electrodes in high- 
rate si lver-zinc batteries is complicated by the need 
to provide sufficient caustic for rapid cell discharge. 
The low caustic concentrations involved manda te  care- 
ful cell design to insure adequate amounts  of available 
hydroxide. In  addition, the high freezing point  of 20% 
KOH (--  23~ introduces env i ronmenta l  limitations, 
par t icular ly  when the caustic concentrat ion in  the an-  
olyte falls dur ing cell discharge. 

Silver Electrode Studies 
Theoretical studies--The anodic oxidation of silver 

in alkal ine solutions is basically a two step process. 
First, a layer of monovalent  Ag20 is produced on the 
metal. When this layer reaches a critical thickness, 
mass t ransfer  of oxygen ions to the Ag-Ag20 interface 
becomes slow, and the oxidation of Ag20 to AgO be-  
gins. It has been noted (15) that  significant addit ional  
Ag20 is also produced on this second plateau. Fur ther  
anodization leads to evolution of oxygen. 

Similarly, discharge of a silver electrode occurs at 
two distinct potentials. Consequently,  discharge of a 
si lver-zinc bat tery proceeds at two voltage levels: 1.8v 
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for the reduction of AgO to Ag20 and 1.55v for the 
reduction of Ag20 to metallic silver. 

The mechanism of formation and reduction of Ag20 
and AgO is a matter  of some controversy, but pub-  
lished x - ray  data (16) indicate the following: 

(a) Ag20 nucleates on Ag and grows with random 
orientations; there is no evidence of a suboxide, solid 
solution, or alloy of oxygen and silver dur ing charge 
or discharge. 

(b) AgO forms as a distinct second phase and not 
by distortion or modification of the Ag20 lattice; sim- 
ilarly, Ag~O appears on discharge as a dist inct  separate 
phase, and not by shr inking of the AgO lattice. 

(c) AgO grows on the surface of the Ag20 layer dur-  
ing charge, and conversely, Ag20 is formed on the sur-  
face of AgO dur ing discharge. 

(d) AgO is not reduced directly to Ag. 

The sequence of reactions during both charge~and 
discharge thus involves the coating of either the silver 
or the AgO by a layer of Ag20. The argentous oxide 
is a semiconductor of relat ively low electronic con- 
ductivity. For these reasons, the voltage and current  
efficiencies of the silver oxide electrode are dependent  
to a large extent on the properties of the Ag20. 

Argentous oxide is also involved in a major  mech- 
anism of cell deterioration in the si lver-zinc system. 
Since Ag20 is appreciably soluble in KOH the dissolved 
silver can diffuse to the negative electrode where it 
reacts directly with the zinc. A direct failure mode is 
the appearance, upon repeated cycling, of dendrit ic 
silver growths which may penetrate  the cell separators. 

AgO is insoluble in KOH, but  it is unstable  wi th  re-  
spect to the reaction: 

2 AgO -~ Ag~O + 1/2 O2 • = --  9512 cal 

The rate of this reaction is inhibi ted by the high oxy- 
gen over-voltage on silver and by the formation of a 
film of Ag20. The reaction results in a self-discharge 
rate of the silver electrode equivalent  to 16% in 1 year 
at 30~ (17). 

The solubili ty of Ag-~O in KOH was determined by 
potentiometric t i t rat ion (17). The results are summar -  
ized in Table I. 

Empirical approaches to improving charge accept- 
ance--Two general  empirical  approaches to improv-  
ing the charge acceptance of the s i lver-si lver  oxide 
electrode have been first, to vary the porous electrode 
structure by changing the particle size of the silver or 
the density of the plate, and second, to alloy the silver 
with small  amounts  of a second metal  in order to alter 
the properties of the passivating Ag.,O film. 

It has been shown that  the uti l ization of silver at 
the Ag(I )  level is improved by the addition of small 
amounts  (--  1%) of lead or pal ladium to the silver 
powder (10, 18, 19). At a discharge current  density of 
120 ma/ in .  2, the util ization of silver at the argentous 
level was approximately 71% in the fifteenth cycle for 
her-pressed plates formed from 0.5~ silver. Plates 
pressed from unalloyed silver powder exhibited only 
20% uti l ization of the silver after the same number  of 
cycles (19). 

Recent work has indicated that  for alloys of silver 
with Pd, Pb, Cu, Au, and S the improvement  in charge 
acceptance comes about  from a roughening of the sil- 
ver surface via a preferential  etching or dissolution of 
the alloyed metal  (20-22). Once the roughening factor 

Table I. Solubility of Ag20 in KOH 

N o r m a l i t y  of  W e i g h t  p e r  c e n t  N o r m a l i t y  
K O H  K O H  of  s i l v e r  

1 5 1.7 • 10-~ 
1.9 10 2 X 10 , 
4.2 20 4.4 • 10-* 
6 27 4.7 • 10-~ 
9.7 40 4.5 • 10-~ 

13.5 50 3.4 x 10 - '  

has been taken into account, the remaining improve-  
ment  due to the increase in the electronic conductivity 
of the Ag20 is about 10 to 15%. 

Lead seems to be the preferred mater ial  for use in 
the positive electrodes of si lver-zinc cells, since the 
contaminat ion of the zinc electrode with pal ladium 
leached from the silver electrode is l ikely to lower the 
hydrogen overvoltage on zinc and hence cause in-  
creased gassing. The use of Pb  additives to the zinc 
electrode has also been shown to have beneficial effects 
on the morphology of the zinc deposited dur ing charge 
(4). 

The effect of silver particle size and plate fabrica-  
t ion procedures on the performance characteristics 
of secondary si lver-zinc cells is a question of basic 
interest. Investigation of various silver powders and 
several different sintering temperatures  indicated that 
the effect of these variables was small  (18). Plates 
were constructed with silver particle sizes in the range 
1 to 12~ and sintering temperatures  of 800 ~ 1000 ~ and 
1200~ In general, the data indicated that  even after 
1000 cycles at 25% depth of discharge, all the plate effi- 
ciencies were comparable. Photomicrographs taken 
of the electrodes after formation and after 200, 500, and 
1000 cycles indicated that the larger particles broke 
down on cycling, while the smaller  particles tended 
to grow or agglomerate. The tendency was thus for 
the particle size to become more un i form on cont inued 
cycling. 

Variation in the densi ty of the silver plates may also 
be a significant factor in the performance capabilities 
of the si lver-zinc system. From the s tandpoint  of en-  
ergy density, the use of a dense silver electrode is pref- 
erable, since cell pack thickness is thereby reduced. 
A brief study of the effect of positive plate density has 
been carried out (19). Plate densities of 3.0, 3.6, 4.2, 
and 4.8 g/cm 3 were investigated. The correspond- 
ing porosities are 71.4%, 65.8%, 60%, and 54.3% based 
on a silver density of 10.5 g /cm 3. The results indicated 
that  the lower density positives probably increased 
cycle life, but  the results were not  statistically signi- 
ficant because of the large error  variance. Also ten-  
tat ively indicated was a decrease in the rate of silver 
attack on the cellulose separator as the density in-  
creased. 

The use of a dense electrode structure, while in-  
creasing the electronic conductivity of the plate, has 
the disadvantage of decreasing the uti l ization of the 
active material.  This capacity loss arises from the fact 
that ionic t ransport  to the interior of the plate is 
impeded by the closely packed structure. 

Separator Systems 
Proper design and funct ioning of the separator sys- 

tem in alkaline si lver-zinc batteries is crucial to suc- 
cessful cell performance. In  addit ion to electronically 
insula t ing al ternate  plates without  impeding t rans-  
port of K + and O H -  ions, the separator system must  
prevent  catastrophic dendrit ic shorting, reduce or 
el iminate the t ransport  of silver through the cell pack, 
and be chemically and physically unaffected by the 
cell environment .  

The relationships between the physical properties 
of membranes  and their resistance to penetra t ion by 
dendrites have been extensively studied by Stachurski  
(3). As has already been discussed, zinc penetra t ion of 
the separator can only begin when  the zincate concen- 
t rat ion in the catholyte becomes too low to sustain the 
rate of zinc plating. Once penetra t ion commences, how- 
ever, the rate of growth and the morphology of the 
deposit wil l  be determined by the diffusion constant  
and amount  of free zincate present  in the inter ior  of 
the membrane.  

In  addition to the chemical composition of the sep- 
arator, the concentrat ion of zincate in the  external  
solution was found to influence the amount  of free 
zincate in the membrane.  At low external  concentra-  
tions of zincate (up to 0.2 mole/ l i ter ) ,  the apparent  
concentrat ion of zincate in the absorbed l iquid rises 
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rapidly and is higher than  would be expected if no in -  
teraction took place between the membrane  and the 
zincate. At  concentrations exceeding 0.2M there is a 
much smaller increase in concentration, and the con- 
centrat ion of zincate inside the membrane  is lower 
than in the external  solution. At concentrations of ex-  
ternal  zincate greater than  1 mole/1Rer, the amount  
of absorbed zincate becomes constant. 

Based on these observations, zincate present  in the 
membrane  was concluded to exist in  two distinct forms 
(3): chemisorbed zincate adsorbed on the microfibers 
of the membrane  mater ial  (experimental ly  indicated 
~t low external  concentrat ion),  and free zincate in the 
electrolyte present wi thin  the membrane  structure. 

Since zinc plat ing wi thin  the membrane  can only 
come from this free zincate, it is the concentrat ion of 
the free zincate which determines whether  penetra t ion 
of the membrane  will or will not occur. In  order to 
increase the overpotential  for deposition wi thin  the 
membrane,  it is desirable that  the free zincate con- 
centrat ion be as low as possible. These points are per-  
haps best i l lustrated with reference to a specific ex-  
ample. 

Regenerated cellophane, both with and without  fi- 
bers, has been the usual  separator material  for an ex-  
tended period. Consequently, it is the one for which 
the most data, both empirical and theoretical, is avail-  
able. In  saturated zincate, the concentrat ion of zinc= 
ate outside the membrane  exceeds the concentrat ion 
of free zincate inside the membrane  by only a factor 
of 1.5. In  dilute zincate (0.01M), however, the ratio 
of the outside to the inside concentrat ion becomes 30 
(3). The lat ter  case is representat ive of the situation 
where the catholyte has become zincate limited. As 
long as the concentrat ion of free zincate is much lower 
inside than outside of the membrane,  the overpotential  
for zinc deposition wi th in  the membrane  will be rela-  
t ively high, and zinc penetrat ion will  be retarded (23). 

In addition to el iminat ing zinc penetration,  the cell 
membrane  also functions as a silver barrier.  The 
slightly soluble Ag + ion diffuses to the zinc electrode 
where it is reduced to metallic silver, which decreases 
charge efficiency (10). Membranes such as cellophane, 
which reduce the silver ions to silver metal,  are in i -  
t ial ly effective silver barriers but  lose their  effective- 
ness as the metallic silver accumulates wi th in  their  
pores and the membrane  structure deteriorates. 

Nonoxidizable films which re tard  the diffusion of 
the silver ions also retard the passage of potassium and 
hydroxyl  ions and thereby increase cell resistance. If 
a reasonable cell resistance is to be obtained, it is 
therefore seen to be necessary to accept a finite rate 
of silver diffusion. The use of mul t ip le  layers of both 
oxidizable and nonreact ive films may provide an ac- 
ceptable set of properties (24). 

Table II summarizes the per t inent  properties of 
several representat ive membrane  materials available 
for use in si lver-zinc cells. 

The Borden methylcellulose and Permion films are 
all re lat ively resistant to oxidation by silver compared 
with the "standard" cellulosic material .  The Permion 
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films, al though exhibit ing the greatest oxidation re-  
sistance, allow the most rapid silver t ransport  of all 
the films. The use of the Borden 5-9107-21 film which 
has a low diffusion rate for silver ion is precluded by 
its high resistance in KOH. For cells which must  be 
sterilized prior to use, several types of inorganic sep- 
arators have been developed (26). Use of these rigid, 
relat ively thick (25 m i d  separators to retain the zinc 
electrode mater ia l  mechanical ly has been reported to 
result  in extended cycle lives (27). 

A rat ional  basis for selection among the films just  
described can only be made with some knowledge of 
the effect of silver contaminat ion of the zinc electrode. 
Lander  (10) cycled several cells containing silver ad-  
ditions of 0.01, 0.1 and 1.0% to the negative plates. Cell 
life was significantly reduced due to decreased charge 
efficiency at the 1.0% silver level. Since the silver pow- 
der was dispersed uni formly  throughout  the electrode, 
the results are likely to be optimistic when  compared 
with silver deposited on the surface of a working elec- 
trode. 

The poor recharge capabil i ty of zinc electrodes con- 
taminated by unamalgamated  silver can result  from 
two distinct processes. By providing sites with rela-  
t ively low hydrogen overvoltage, the hydrogen evolu-  
tion reaction can become more favorable than the re-  
duction of ZnO to Zn. In addition, finely divided silver 
can catalyze the oxidation of zinc by oxygen present 
in the cell head space or electrolyte. 

At 0.1% silver, the silver concentrat ion in  a zinc 
electrode of typical thickness corresponds to 2 mg/sq  
in. or 2.9 x 10 -3 moles/cm 2 (I0) .  The assumption of a 
silver diffusion rate of 25 x 10 -10 moles/cm2-sec re- 
sults in a t ime period on the order of 106 sec or 2 
months being required to t ransport  the specified 
amount  of silver to the negative plate. Even though 
this figure is probably conservative, it is apparent  that  
mul t iple  layers of separator material  will  be required 
to assure stable performance of the zinc electrode. 

In  order to retain max imum energy density, it is 
impor tant  that the thickness of the separator layer be 
reduced to as small  a value as is consistent with the 
cycle life capabilities of the zinc electrode, and with 
the type and durat ion of the mission to be encountered. 
The trade-off between cycle life and energy density 
requires that the separator system be specifically de- 
signed for the mission contemplated. 

As of the present  time, no separator has been shown 
to be more effective than those based on cellophane or 
methylcellulose in prevent ing  dendri te  growth, the 
assumption being that  the elevated temperatures  re-  
quired for cell sterilization will  not  be experienced. 
However, McBreen (23) reports that  the ini t ia l ly 
higher zincate exclusion properties of the methyl-  
cellulose membrane  deteriorate after soaking in KOH 
at temperatures  approaching 60~ In  any event, the 
rapid oxidation of cellulose by Ag + makes the use of 
cellophane in  direct contact with the positive plates 
unat t ract ive for long- term operation. The use of a 
methylcel lulose-based membrane  such as Borden 5- 
9107-23 is therefore a requi rement  to retard the rate 

Table II. Membrane properties (25) 

M e m b r a n e  

R a t e  of  s i l v e r  R a t e  of  s i l v e r  
d i f f u s i o n  r e a c t i o n  R e s i s t a n c e  

m o l e s  A g / c m S  g r a m s  A g / i n . 2 /  n - c m  2 
sec  • 10 ~o h r  • 106 40% K O H  

T h i c k n e s s  
i n c h e s  Material 

P ~ - 3 0 0 *  
B o r d e n  5-9107-21"* 
B o r d e n  6-9107-23 (24)** 

B o r d e n  5-9107-29"* 
Permion 116"** 
P e r m i o n  110"** 
P e r m i o n  1770 C*** 

35.5 62.7 0,062 0.001 
25.1 3.85 2,58 0.0015 
23 C o m p a r a b l e  to 0.096 (31%~ 0.0015 

5-9107-21 
38.6 13.9 0.048 0.0015 
57.2 0.78 0.161 0.001 
79.9 - -  0.135 O.001 
46.6 0.65 0.170 0.001 

C e l l o p h a n e  
M e t h y l c e l l u l o s e  
M e t h y l c e l l u l o s e  a n d  p o t a s s i u m  a c e t a t e  

P o l y v i n y l  a l coho l  
P o l y e t h y l e n e  a c r y l i c  a c i d  g r a f t  
P o l y e t h y l e n e  a c r y l i c  a c i d  g r a f t  
Chemically g r a f t e d  p o l y e t h y l e n e  

* D u p o n t .  
** B o r d e n  C h e m i c a l .  

*** R A I  R e s e a r c h  Inc .  
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of silver diffusion and hence slow the oxidation rate 
of cellophane. 

The use of mult iple  layers of separator material  
presents some problems in wrapping the electrodes. 
In  the conventional  U-wrapp ing  technique (24), two 
silver electrodes are placed bottom ends opposed across 
the short dimension of a rectangular  separator strip 
and folded for several wraps (usual ly 5 or 6). The two 
electrodes are then folded together to give a U-bend  
into which the zinc electrode is inserted. When mul -  
tiple layers of separator are used, the outer layers of 
separator become stressed at the crease at the bottom 
of the fold. Small cracks can be produced which may 
alter the diffusion characteristics of the membrane  
and allow premature  cell failure due to contaminat ion 
of the zinc electrodes with deposited silver metal,  or 
by dendri t ic  shorting. 

Treat ing the fold area with electrolyte to swell the 
membrane  and make it more resistant to stress crack- 
ing has been suggested as a means of e l iminat ing the 
problem of premature  cell failure (24). Al ternat ive  
methods to el iminate the "U" fold involve changes in 
the wrapping method. 

The use of an "accordian" wrap where a long r ibbon 
of separator is used to wrap the entire cell pack is ex- 
tensively employed in rectangular  n ickel -cadmium 
cells. Its use in silver-zinc cells is precluded by the 
fact that  a l ternate  edges of the silver electrodes are 
exposed to the free electrolyte, thereby al lowing un -  
impeded diffusion of silver ions to the negative elec- 
trodes. The envelope type of wrap, consisting of heat 
or adhesive sealing of the separator edges around an 
individual  electrode, has also been considered, part i-  
cular ly with regard to the zinc electrode (24). 

Sealed Cell Technology 
A reliable and predictable method for prevent ing 

pressure bui ldup in sealed si lver-zinc cells is a basic 
requirement .  While a pressure relief device is usual ly 
included in cell designs to prevent  damage to the cell 
case, f requent  vent ing of excess hydrogen or oxygen 
on long missions will result  in a deteriorat ion of the 
electrical performance of the cell due to both concen- 
trat ion and volume changes of electrolyte. Four  pos- 
sible methods for recombinat ion of evolved gases have 
been extensively studied for use in sealed silver zinc 
cells: in te rna l  recombinat ion of gases on the bat tery 
plates, use of a third or auxi l iary  electrode, recombina-  
tion catalysts placed in the head space of the cell, and 
finally, the use of external ly  mounted fuel cells. 

Rates oS gas evolution and recombination on silver 
and zinc electrodes.--Zinc is thermodynamical ly  un -  
stable in contact with alkal ine solutions, its potential  
being approximately 0.4v below that  required for hy-  
drogen evolution. The rate of gas evolution is strongly 
influenced by the high hydrogen overvoltage of zinc 
and by additives which tend to alter the overvoltage, 
par t icular ly  mercury.  

Snyder  and Lander  (28) have studied the rate of 
hydrogen evolution of zinc electrodes under  open cir-  
cuit conditions. These results indicate that  the gassing 
rate varies inversely  with KOH and mercury  con- 
centrat ions and  directly with temperature.  The pres- 
ence of ZnO in the electrolyte appeared to have li t t le 
effect. The use of 2% by weight of HgO dispersed in 
the ZnO prior to formation was found to yield the low- 
est gassing rates under  most conditions. However, it is 
not uncommon for increased amounts  of HgO (up to 
15% by weight) to be employed in applications where 
it is desirable to main ta in  the lowest possible gassing 
rates under  a wide range of env i ronmenta l  conditions. 

The exper imenta l ly  observed gassing rate of such 
an amalgamated electrode (2% HgO) at 100~ in 40% 
KO.H was 1.5 x 10-4 m l / m i n  for each ampere-hour  of 
theoretical capacity. This figure corresponds to a tol-  
erably low self-discharge rate. For a cell containing 
20 amp-hours  of zinc, this rate of capacity loss cor- 
responds to less than 0.5 ma. For long missions, how- 
ever, even this low a gassing rate results in an intol-  

erably large pressure bui ldup in sealed cells, if no pro- 
vision is made to remove the hydrogen. It is l ikely that 
the zinc electrode is always gassing hydrogen at rates 
similar to the preceding, since the voltage of the elec- 
trode always remain  close to its open circuit value 
(assuming the charging potential  is closely regulated) .  

Generat ion of oxygen at the positive electrode does 
not present the same degree of difficulty as hydrogen 
generat ion at the Zn electrode. The level of free elec- 
trolyte in sealed cells is usual ly main ta ined  at about 
one-half  the plate height to allow any  oxygen pro- 
duced at the silver electrode on stand or overcharge 
to be reduced by exposure to the high surface area 
zinc electrodes. 

Based on this principle si lver-zinc cells are designed 
to be silver l imited so that the si lver-electrode reaches 
ful l  charge and begins to evolve oxygen before rapid 
hydrogen generat ion commences at the zinc electrode. 
In  one study a convent ional  15 plate, 25 amp-hr  cell 
was shown to be capable of support ing a continuous 
overcharge current  of 0.25 amp without  accumulat ion 
of excessive oxygen pressure (10). However, bui ldup 
of significant oxygen over-pressure  has also been re-  
ported dur ing ini t ial  cycling (29). 

The accumulat ion of hydrogen in sealed cells has 
presented more of a problem. In  addition to the con- 
t inuous corrosion of zinc as described previously, 
greater amounts  of hydrogen may be evolved as the 
supply of avai lable ZnO in the negative plate declines 
dur ing cycling. The zinc and silver electrodes then be- 
come mismatched and  the zinc electrode must  be over-  
charged to restore full charge to the positive plate. 

The extent  to which this hydrogen is oxidized to 
water  by AgO is a mat ter  of crucial importance for 
design of sealed si lver-zinc cells. Exper imenta l  work 
has shown that  the recombinat ion is fast enough on 
unwrapped plates to avoid excessive hydrogen accu- 
mulation.  Completed cells, however, have exhibited 
the tendency to rupture  from excessive hydrogen pres- 
sure, par t icular ly at high charge rates. 

The existence of the recombinat ion reaction has been 
shown by both indirect and direct methods. The obser- 
vation has been made (28) that the pressure buildup 
in sealed silver-zinc cells on open circuit stand is much 
slower than would be expected from the amount of 
hydrogen being generated at the zinc electrode. Rhyne 
(30) showed that  lg  of high surface area AgO moist-  
ened with KOH reacts with hydrogen at about 0.008 
m l / m i n  at room temperature.  Exper iments  performed 
on full sized plates (2.5 x 4 in.) have given comparable 
results (10). Hydrogen recombinat ion rates range from 
0.42 m l / m i n  on s tandard plates to 4.1 m l / m i n  for plates 
that had been wet-proofed with Teflon to decrease the 
KOH film thickness and expose more surface area. The 
total recombinat ion abi l i ty  of a multiplate,  25 amp-hr  
bat tery can be estimated by assuming that ~ the area 
of each of the 8 positive plates is available for recom- 
bination. For the wet proofed electrode the continuous 
overcharge capabil i ty is calculated to be 40 ma (0.039 
ma / c m 2) (10). 

Sulkes (19) and Lander  (10) have both shown that 
small  additions of Pd (about 1%) to the positive plates 
increase the reaction rate with H2. However, the rate 
changes caused by pal ladium additions were not as 
great as the changes caused by factors l ikely to al ter  
the diffusion of H2 to the electrode surface, v/z. KOH 
concentration, choice of separator system, and wet-  
proofing the electrode. 

The observed fact that  sealed cell failure is due al-  
most universa l ly  to hydrogen rather  than oxygen ac- 
cumula t ion  can lead only to the conclusion that  the  
oxidation rate on the positive electrode has a greater 
kinetic l imitat ion than  the oxygen reduction on the 
zinc electrode. Due to the higher kinetic h indrance  for 
the hydrogen oxidation, it is necessary to provide more 
surface area for the reaction. 

The rate  of reaction on the silver positive is thus 
seen to be more sensitive to factors which may not ap-  
preciably affect the reaction rate at the zinc electrode. 
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In  particular,  differences in cell pack wrapping or 
electrode s tructure which affect ei ther the diffusion 
of gases through the electrolyte film, or the amount  of 
surface area available for reaction, are more likely to 
l imit the hydrogen ra ther  than  the oxygen reaction 
rate. 

Auxiliary electrodes.--The use of AgO electrodes to 
control hydrogen accumulat ion has been described 
previously. Biasing the additional positive plate at a 
potential  lower than that of the working electrodes is 
not required, since the rate of recombinat ion has been 
shown to be accelerated by  higher potentials (19), and 
since there is no danger  of cont inuous oxygen evolu- 
tion from the AgO. 

The use of in terna l  fuel cell electrodes to react with 
evolved hydrogen was investigated by Lander  (I0).  
In order for the H2 electrode to function, it must  be 
connected to the positive plate through a diode to pre-  
vent  the hydrogen electrode from reaching the oxygen 
l iberat ion potential. 

The electrode investigated consisted of a wetproofed 
nickel plaque impregnated with a pal ladium-si lver  
catalyst. Insert ion of the electrode into a complete cell 
required the removal  of two plates. Contact of the ac- 
t ivated surface with the gas space was main ta ined  by 
wrapping the electrode in a coarse plastic mesh. The 
cells were overcharged to an extent  l imited by a pre-  
determined potential  rise. Potential  cutoffs in the range 
2.00 to 2.19 were investigated. In  all cases, cell fail- 
ure was by dendrit ic shorting ra ther  than by pressure 
buildup. 

The presence of catalytic materials  with low hydro-  
gen overvoltages, e.g. palladium, introduces an addi- 
tional complication. Precautions must  be taken  to in -  
sure that such materials are not transported,  either 
by electrochemical or physical processes, to the sur-  
face of the negative electrode, since the result  would 
be to lower the necessarily high hydrogen overvoltage 
of the zinc. Screening of a l ternat ive  catalyst materials 
with relat ively high hydrogen overvoltages has indi-  
cated that mercury  (amalgamated on a silver plaque) 
has sufficient activity to function as an auxi l iary elec- 
trode for oxygen reduction (20). 

Development  of reliable sealed cells with auxi l iary 
electrodes has been hampered by the fact that zinc may 
plate out on the oxygen electrode. In  addition, changes 
in cell pack dimensions on continued cycling may alter 
the rates of gas recombinations.  

Recombination catalysts.--The use of a recombina-  
tion catalyst in the head space of the cell has also 
been investigated ( i0) .  Tests indicated that a Pd-  
A1203 catalyst was capable of recombining the gases 
at a significant rate, al though some difficulties were 
experienced. This method can only be successful in 
recombining stoichiometric amounts  of hydrogen and 
oxygen. A vent  of some type is therefore still a re-  
quirement.  

Externally mounted fuel cel ls . --The use of an ex- 
ternal ly  mounted  device to el iminate the accumula-  
t ion of gases in sealed cells is at tract ive since such a 
device is not  exposed to the variable in ternal  cell en-  
vironment.  Programs to evaluate small  fuel cells for 
use in sealed bat tery  operation have been under taken  
(29, 31). Fuel  cells with from 0.25 to 5.0 sq/cm of elec- 
trode area have been investigated. 

Successful results have been obtained with commer-  
cially available Teflonated p la t inum black electrodes. 
Both electrodes are identical and the KOH electrolyte 
is impregnated in an asbestos matrix.  

Since, under  most conditions, the in te rna l  oxygen 
recombinat ion reaction has been found to be rapid, 
the fuel cells are used to oxidize hydrogen. For fuel 
cells employing two pla t inum electrodes, an  external  
supply of oxygen is required. Also under  investigation 
is the use of a consumable cadmium or zinc anode for 
oxygen consumption and a silver or mercuric oxide 
cathode for hydrogen consumption (31). The results 
are promising, with efficiencies approaching 90% uti l i -  

zation of the AgO electrodes being obtained at the low 
cur ren t  drains required. 

Fuel  cell operation can be carried out in  any of 
several modes: open end flow without wicking, dead- 
end flow without  wicking, and dead-end flow with 
wicking of the product water. For long- term operation 
of the bat tery and fuel cell system, dead-end flow and 
re tu rn  of product water  to the cell electrolyte are 
necessary to assure stable operation. 

Since the probable continuous rate of hydrogen evo- 
lut ion is equivalent  to less than 1 ma (28), current  
densities on even the small cells being investigated are 
quite low. This fact contributes to the maintenance  of 
stable performance. Fuel  cells operating in the re-  
quired mode with an electrode area of 1 cm 2 have ex- 
hibited greater than 3000 hr of stable operation at a 
current  density of 5 ma/cm'-'. 

The implication that the use of external  fuel cells is 
a suitable method for e l iminat ing hydrogen over-  
pressure in sealed si lver-zinc cells is clear. If proper 
formation techniques are followed, and the cells are 
properly stored while await ing use, no difficulty should 
be encountered with oxygen accumulation. The invest i -  
gation into the gassing rates of si lver-zinc cells, which 
indicated that  oxygen pressure became excessive on the 
first few cycles, employed dry charged batteries which 
had likely been stored in air prior to their  activation 
(29). Par t ia l  surface oxidation of the zinc could have 
easily occurred, with the result  that  the oxygen re-  
combination reaction was inhibited for several cycles. 

The role of di~usion in sealed cell design.--As has 
already been pointed out, the reduction rate of oxygen 
on zinc electrodes is sufficiently rapid to accommodate 
substant ial  oxygen evolution from the silver plate. 
Even though the analogous hydrogen reaction has been 
shown to occur at the positive electrode, its apparent  
rate is slower, and in most cases is inadequate  to con- 
trol hydrogen accumulation. Studies on a rotat ing zinc 
disk electrode have shown that the rate of oxygen re-  
duction in fabricated cells is l imited by the kinetics of 
the reaction and by the available surface area, ra ther  
than by diffusion of the oxygen to the electrode sur-  
face (19). 

Corresponding studies are not available for the silver 
electrode. Some conclusions can be drawn from the 
empirical  studies, however, Sulkes (19) has observed 
that  the rate of hydrogen accumulat ion in sealed cells 
becomes slower as the tempera ture  is raised. In view 
of the fact that  the rate of gassing at the zinc elec- 
trode increases rapidly with tempera ture  (28}, it is 
evident  that  rate of the hydrogen recombinat ion in-  
creases at least as fast as the rate of zinc corrosion. 
The strong temperature  dependence of the recombina-  
t ion rate on silver would thus tend to indicate kinetic 
ra ther  diffusion control, since diffusion processes would 
not be expected to exhibit  the sensit ivity to tempera-  
ture  that  has been shown to exist. 

Lander  (10) investigated the rate of hydrogen re-  
combination on positive plates and found it to be in -  
creased by the addition of wet proofing agents such 
as Teflon and  by the use of Pd. Pd has been shown 
(20-22) to increase the specific surface of the silver 
electrode and hence provide greater surface area for 
the recombinat ion reaction. The presence of Teflon 
would logically have the effect of reducing the thick- 
ness of the electrolyte film that the hydrogen must  
diffuse through in order to react at the electrode sur-  
face. 

Since the diffusion coefficients of hydrogen and oxy- 
gen are of the same order of magnitude,  the slow rate 
of hydrogen recombinat ion on the silver electrode is 
therefore related to the lower specific surface of the 
s i lver-si lver  oxide plate compared to the zinc plate. 
The negative electrode has been shown to have a sur-  
face area of 200 times its apparent  area by double layer 
capacity measurements  (19). In  view of this conclusion, 
the rate of hydrogen recombinat ion may  be signifi- 
cant ly  altered by changes in the porosity and structure 
of the positive electrode. 
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Control  of hydrogen  evolution th rough  the  use of 
ex te rna l ly  mounted  fuel  cells located in the head space 
of the  cell  or  th rough  in te rna l  recombina t ion  requi res  
an unders tand ing  of the  factors which may  affect the  
diffusion of hydrogen  from within  the  zinc electrode. 
If hydrogen  bubbles  accumula te  in or a round the zinc 
electrode,  e lec t ro ly te  is displaced, the  effective cur ren t  
densi ty  is increased,  and the growth  of dendr i tes  is 
faci l i tated.  In  addit ion,  the  presence of smal l  discrete 
pockets  of hydrogen  may  encourage the format ion  
of explosive mix tures  due to oxygen diffusing into the 
bubbles.  

The  s t ruc ture  of the  zinc electrode and the  t ype  of 
e lec t rode-e lec t ro ly te  in terface  are  the  ma jo r  var iables  
which wil l  de te rmine  the amount  and size of the  gen-  
e ra ted  hydrogen  bubbles.  Determina t ion  of these va r i -  
ables is usual ly  pe r fo rmed  on the basis of o ther  per -  
formance specifications such as cycle life and zinc 
util ization. However ,  many  of the design improvements  
employed  for these o ther  reasons have a significant 
effect on the  ra te  of diffusion of hydrogen  from the 
zinc electrode.  In  par t icular ,  the  use of surfactants  in 
the  cell  e lec t ro ly te  and of absorbent  fibers in the  elec-  
t rode s t ruc ture  m a y  encourage d isplacement  of en-  
t r apped  hydrogen  bubbles  by  the cell  e lectrolyte .  

Summary 
A var ie ty  of indiv idual  improvement  factors have 

been suggested for the zinc electrode. Some of these 
are  mutua l ly  exclusive;  for example ,  both hydrophobic  
and hydrophi l ic  addi t ives  are repor ted  to be capable  
of s tabi l iz ing the  zinc electrode structure.  Some in te r -  
dependence  wi th  factors is to be expected in app ly ing  
surfac tants  to control  dendr i te  g rowth  and to prevent  
zinc agglomerat ion.  

I t  r emains  to be  de te rmined  whe the r  the  addi t ives  
l isted above function (a) because of their  hydrophobic  
or hydrophi l ic  character ,  (b) because they  increase the 
s t ruc tura l  s t rength  of the  electrode, (c) because they  
provide  for  a more  uni form structure,  or (d) th rough  
some other  mechanism. The appropr ia t e  mechanism 
is, obviously,  of concern in choosing the op t imum elec-  
t rode  s t ructure .  

A number  of empir ical ,  factor ia l  studies have re-  
la ted  the  physical  s t ruc ture  of s i lver  oxide electrodes 
to p la te  discharge character is t ics .  These exper iments  
have  genera l ly  been specific, i.e., re la ted  to a single 
charge-d i scharge  regime;  therefore  some amplif icat ion 
of work  a l r eady  discussed may  be requi red  for  use in 
a l te rna t ive  cycle regimes.  At t empts  have  also been 
made  to improve  s i lver  e lectrode per formance  by  the 
use of a l loyed  consti tuents.  I t  was concluded, for ex-  
ample,  tha t  a l though pa l l ad ium improved  performance,  
it  migra ted  into the  separator .  Recent  exper iments  
have demons t ra ted  tha t  the  effect of many  such a l loyed 
const i tuents  is to increase the  roughness of the  s i lver  
e lect rode and hence to increase the ava i lab le  surface. 
This same type  of basic mechanist ic  informat ion is 
requi red  to de te rmine  the significance and appl icab i l -  
i ty  of ind iv idua l  design features  in other  areas  of 
ba t t e ry  fabricat ion.  

I t  is by  now apparen t  tha t  there  are  severa l  a l t e r -  
na t ive  design improvements  avai lable  in each of the  
major  areas  of s i lver-z inc  technology. Select ion of any  
one design procedure  must  be made  so as to insure  
compat ib i l i ty  wi th  the  rest  of the  cell  sys tem and to 
insure  the  creat ion of an op t imum cell  design. 
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Product ion of chlorates and perchlorates has in- 
creased enormously dur ing  the past twenty-f ive years 
and appears destined to continue to increase at an 
accelerated rate in the years ahead. 

This growing market,  as shown in Table I, has 
brought increased competit ion among producers and 
thus has created new demands for bet ter  technology 
and higher standards of production efficiency. A new 
drive is being made to increase energy efficiency, also 
to reduce operating and capital costs. These objectives 
and related goals can be accomplished only through 
a bet ter  unders tanding of the electrochemical pro- 
cesses and electrode materials consti tut ing the elec- 
trolytic cell system. 

At the present time, large-scale commercial sodium 
chlorate cells operate at 80 to 87% current  efficiency 
with an average requi rement  of 6000 kw hr  (DC) 
of electrical energy per ton (2000 lbs) of product. 
Potent ial  improvements  include increasing current  
efficiency to 95% or higher and in reducing the 
electrical energy requi rement  to 4000 kw hr per ton 
or less as shown in Fig. 1. Current  efficiency losses 
in the chlorate cell result  from losses of hypochlorite, 
an in termediate  in the formation of chlorate. These 
losses can occur through formation of oxygen at the 
anode, reduct ion at the cathode, catalytic decomposi- 
t ion ih the electrolyte, or by volatil ization of undis -  
sociated hypochlorous acid in the cell gases. 

Potent ia l  improvements  lie also in the area of 
reduced cooling requirements  and anode replacement  
costs. Recovery and use of hydrogen is now not in  
common practice, bu t  may be so in the future  in 
order to improve production economics. 

Commercial  perchlorate cells operate at cur rent  
efficiencies of 95% or higher, but  there is a need 
for and room for fur ther  improvement  in energy 
efficiency and reduction of capital and main tenance  
costs. Improvements  of this type can best be achieved 
through greater knowledge of the electrode processes 
and materials.  

The following chronology of events traces the evolu-  
t ion and development  of the electrochemistry and 
technology of chlorates and perchlorates and points 
up areas of current  interest. 

Evolution of Electrochemistry and Technology of 
Chlorates 

1808 Berzelius reports electrochemical preparat ion 
of chlorate (1). 

1847 Kolbe confirms electrochemical conversion of 
chloride to chlorate (1). 

* Electrochemical Society A c t i v e  M e m b e r .  

Table I. Sodium chlorate production 

U n i t e d  S t a t e s  S w e d e n  J a p a n  
( S h o r t  tons)  (Metric tons) (Met r i c  tons)  

1940 
1950 
1960 
1965 
1966 
1967 
19'/2 

15,000 2000 
22 ,085  3000 6370  (1958)  
91 ,585 14 ,000  11 ,279  

132 ,689  34,000 22 ,630  (1963)  
- -  50 ,000  

151,000 3 5 , 0 0 0 * *  
2 2 0 , 0 0 0 * "  

** Estimate. 

1866 First  commercial  electrochemical production of 
chlorate in  France with p la t inum anodes (1). 

1894 Carlson reports the use of graphite anodes in 
chlorate production in Sweden (1). 

1898 Mfieller reports diaphragm unnecessary when 
chromate is added to chlorate cell electrolyte (2). 
Carlson reports the use of magneti te  anodes (3). 

1899 Foerster and his students postulate mechanism 
of electrochemical chlorate formation. Discharge of 
chloride ions is followed by a series of chemical re-  
actions. Current  efficiency losses involve oxygen evo- 
lut ion through discharge of hypochlorite (4). 

1900's Graphi te  becomes the s tandard anode ma-  
ter ial  for chlorate cells. Monopolar and Bipolar cells 
are used (5). 

1911 Mfieller and Koppe report  relationship of acid- 
ity and current  concentrat ion to current  efficiency (6). 

1915 Magnetite anodes are used in chlorate produc- 
t ion in Germany  (1, 3). 

1920 Knibbs  and Pal f reeman conclude that the dis- 
charge of hydroxyl  ions or chlorate ions did not con- 
t r ibute  significantly to current  efficiency losses (7). 

1953 de Valera extends Foerster 's  theory of formation 
of chlorate by mathematical  t rea tment  and describes 
important  role of anode diffusion layer (8, 9). 

1954 Wagner  explains the effect film has which forms 
on cathodes when chromate is added to the electro- 
lyte (10). 

1956 Nagai and Takei report cathodic losses are 
controlled by diffusion of hypochlorite toward the 
cathode surface (11). 
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1961 Beck's  calculat ions suppor t  conclusion tha t  
t r anspor t  of hypochlor i te  ions f rom bulk  of the  so- 
lut ion to the  anode is factor  which  controls  ra te  of 
reac t ion  (12). 

1963 Ibl  repor ts  his studies of mass t r anspor t  dur ing  
electrolysis  in the  anodic diffusion l aye r  (13). 

Ibl  and Landol t  pos tu la te  chlorine,  fo rmed at  the 
anode, is hydro lyzed  in diffusion layer .  Also diffusion 
layer  is buffered by  hypochlor i te  ion diffusing from 
bu lk  of the  solut ion thus  main ta in ing  a high pH so 
that  chlor ine  hydro lys i s  can proceed (14). 

1964 de Valera  considers h y d r o x y l  ion discharge to 
be p r i m a r y  step in oxygen  evolut ion anodic react ion 
(15). 

H a m m a r  and W r a n g l e n  repor t  the i r  invest igat ions 
of cur ren t  efficiency losses in chlora te  format ion  (16). 

Evolution of Electrochemistry and Technology of 
Perchlorates 

1816 Von Stadion repor ts  e lect rochemical  p r e p a r a -  
t ion of perch lora tes  (17). 

1893 F i r s t  commercia l  product ion of perch lora te  in 
Sweden  (18). 

1897 Foe r s t e r  repor ts  studies of e lect rolyt ic  con- 
vers ion of ch lora te  to perch lora te  (19). 

1903 Oechsli  postula tes  mechanism of perch lora te  
formation.  Discharge of chlora te  ions fol lowed by 
chemical  react ions  (20). 

1916 Bennet t  and  Mack pos tu la te  d i rec t  oxidat ion  
of chlora te  by  active oxygen  at anode (21). 

1920 Knibbs  and Pa l f r eeman  examine  losses of cur -  
ren t  efficiency at  the anode. Disagree  wi th  Oechsli  
and Bennet t  and Mack. Postu la te  new mechanism 
involving fo rmat ion  of pe rox ide  fol lowed by  r e a r -  
r angemen t  (22). 

1955 Phi l l ip  and Morgan pos tu la te  direct  anodic 
oxida t ion  of ch lora te  v ia  high va lence  p l a t i num oxide 
(23). 

1956 Sugino and Aoyag i  repor t  use of lead dioxide  
anodes. Pos tu la te  s imul taneous  d ischarge  of chlora te  
and h y d r o x y l  ions fol lowed by  combinat ion  of radicals  
(24). 

1967 Gro thee r  postula tes  d i rec t  anodic oxidat ion  of 
ch lora te  via  oxygen species adsorbed on anode (25). 

This his tor ical  rev iew shows tha t  react ion mecha-  
nisms which  occur under  opera t ing  condit ions which  
exis t  in indus t r ia l  e lect rolyt ic  chlora te  and perch lora te  
cells have not  been fu l ly  established.  Also, the  theore t -  
ical  problems associated wi th  chlorate  format ion  re -  
ceived almost  no a t tent ion in the  publ ished l i t e ra tu re  
dur ing  the 33 yea r  per iod  f rom 1920 unt i l  de Valera  
publ i shed  his work  in 1953. In teres t  in these  p rob lems  
by  o ther  invest igators  developed r a the r  s lowly unt i l  
approx ima te ly  1960. Since then there  has been an in-  
creasing effort to resolve the myster ies  which sur round  

the  anode in chlorate  cells. Continuing studies along 
presen t  lines of in teres t  should provide  the  in forma-  
t ion requ i red  to achieve the  prev ious ly  s ta ted  ob jec-  
t ives  of h igher  energy  efficiencies and lower  product ion 
costs. 

Manuscr ip t  submi t ted  Sep tember  9, 1968; revised 
manuscr ip t  received October  8, 1968. This paper  was 
presented  as an in t roduct ion to the Sympos ium on 
Chlorates  and Perchlora tes  a t  the  Boston Meeting, 
May  5-9, 1968. 
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Francis Laurence LaQue 
H. H. Uhlig* 

Dr. H. H. Uhlig delivers introductory remarks about the Acheson 
Medalist. 

The Acheson Medal was established in recognition 
of contributions "to the advancement  of any of the 
objects, purposes, or activities, here or hereafter, 
fostered or promoted by the Society." Our present 
Medalist has certainly contr ibuted outstandingly to 
the professional areas fostered by our Society; he 
has in addition served the Society itself in several 
capacities, including the office of President.  Whatever  
the place or occasion, he has added luster to what  
otherwise would be dull  or tarnished and, in more 
ways than  one, he has converted rust  into useful 
metal. 

During the t ime I have had the pleasure of knowing 
F rank  LaQue, the characteristics that  identify him 
above all others, to my mind, are both his clari ty 
of th inking  and his abili ty to persuade others that 
his th inking  is clear. The combination, as you might 
suspect, is a reasonable formula for success. It has 
carried him to the top ranks of his profession, to 
the top echelons of his company, to the top office of 
three technical societies, and to important  advisory 
and consult ing positions in government.  

Throughout  all of his crowded professional and 
business responsibilities, F rank  has retained an in -  
imitable sense of humor  which fits the occasion and 
which he often uses to drive home his point. For 
variat ion or for emphasis he is fur thermore not averse 
to, or perhaps I should say he is not shy about, ex- 
pressing his thoughts of the moment  in  verse. He 
is the Poet Laureate of corrosion engineers and the 
"Robert Frost" of the Sea Horse Institute.  Each year, 
members of the Sea Horse Inst i tute  receive a Christ-  
mas card, at tract ively designed by his daughter  Mary, 
on which is pr inted one of Frank 's  delightful  con- 
tr ibutions to rhyme and jingle. I wish there were 
t ime to read several of his poetic creations; I know 
you would enjoy hearing them. Here are some ex- 
cerpts: 

The time has come the Sea Horse said to talk of 
many  t h i n g s . . .  

Of ships and rigging and deep ocean pinging 
That can sound even better  than bar- room singing. 

Offshore platforms that  are much more stable 
than  political ones seem ever to be able. 

* I n t r o d u c t o r y  r e m a r k s  by  H. H. U h l i g  on the  occas ion  of the  
p r e s e n t a t i o n  of the  A e h e s o n  M e d a l  A w a r d  to  F.  L. L a Q u e  on 
October  8, 1968 at  the  M o n t r e a l  Mee t ing .  

Nodules of manganese, a new kind of ore 
never  even dreamed of in days of yore. 

Houses for people who have the odd notion 
they would like to live way down in the ocean. 
Vessels designed for deep-sea submergence 
with reasonable hope of later emergence. 

And another:  
Novices may feel they must  be quite smart  
In knowing so much, r ight  after they start. 
But, sooner or later, they may have to confess 
What they know for sure becomes less and less. 

As time goes on, the wise wil l  discover, 
The best th ing to do is trade with each other. 
Like all good Sea Horses who take their  tu rn  
In  passing along the new facts they learn. 

For relaxation, F r a nk  plays golf and bridge, or he 
goes fishing or sailing. The lat ter  activities center 
around his summer  home in the Thousand Islands 
where he was born at Gananoque, Canada. He at-  
tended public schools there, demonstrat ing very early 
a scholarly abil i ty which insured his eventual  ad- 
mission to Queens University.  By remaining at the 
top of his class, he made himself eligible for local 
scholarship aid which was essential to the fur therance 
of his education. He also worked in indust ry  dur ing 
college years in order to supplement  available scholar- 
ships. It was during one of his summer  jobs at 
Chatham, Canada, that he met  Kate Clark who pro- 
fessed an interest  in knowing more about science 
and mathematics and in part icular  how to use a 
slide rule. F rank  impressed her with his patient  
abil i ty as a teacher, a characteristic that has carried 
through all of his subsequent  professional activities. 
More important,  she was impressed with Frank.  They 
were marr ied in Gananoque  in 1930 and have two 
daughters. Kathy is an occupational therapist  at the 
Massachusetts General  Hospital in Boston, present ly 
on assignment in California, and Mary, who is now 
Mrs. Gerard McMartin, is marr ied to a teacher and 
lives with their four sons near Toronto, Canada. 

At college, F rank  decided to major  in metallurgy,  
both because of the broad challenge which this field 
offered, and because of the many  job opportunities 
in Canada in the metals and minerals  industry.  Upon 
graduation in 1927, a personal appraisal by his class- 
mates appeared in the college yearbook, "Tricolor," 
which on reading today, impresses one with its terse 
accuracy. After describing where F rank  came from, 
the scholarships he won and his in ter im jobs dur ing 
college years, the "Tricolor" account closes with: "His 
specialty is metal lurgy and he is par t icular ly  in ter-  
ested in steel. Brilliant,  wit ty and good, his success 
in life is assured." The account, I suppose, might 
also have ment ioned nickel, but  i ron and nickel, 
after all, are in the same group of the Periodic Table. 
Thi r ty-seven years later, his Alma Mater confirmed 
the "Tricolor" prediction by conferring on him the 
honorary degree of Doctor of Laws. The college 
authorities could by then  well  afford to describe 
their  distinguished a lumnus  at greater length and 
with unres t ra ined approbation. The citation reads, 
"Native son of the Thousand Islands, graduate and 
devoted a lumnus  of this University,  metal lurgist  ex- 
t raordinary,  more than thir ty-f ive years a vital, crea- 
tive force wi thin  the In terna t ional  Nickel Company, 
whose sustained work and leadership in the study 
of corrosion on metals have advanced us towards a 
secular paradise where rust does not corrupt, and 
who has given uns t in t ingly  of his great knowledge 
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and exper ience in helping this Univers i ty  to educate 
a new generat ion of engineers for the needs of a 
changing world." I would personally have retained 
in this description the earl ier  te rm "wi t ty"  because 
somehow it belongs in the record. This characterist ic 
has happily remained with Frank, undiminished since 
his college days. It would be an omission at this 
point not to ment ion Kate  LaQue's  wit which charm-  
ingly supplements that  of her husband. 

Short ly  af ter  graduat ion and a br ief  job with  the 
Deloro Smelt ing and Refining Co., F rank  was em-  
ployed by the Internat ional  Nickel Co. at their  office 
in New York City. Since the company's  products, 
nickel and nickel alloys, are useful in large part  
because of their  corrosion resistance, the company 
wanted to employ someone who could help develop 
corrosion information of value to both its established 
and its potential  customers. F rank  had had heretofore 
no experience,  nor special interest  in corrosion, but 
typical of a procedure carr ied out in many companies 
even today, he was prompt ly  appointed "corrosion 
engineer."  He explored the subject, finding it to be 
more than ordinar i ly  fascinating, and learned it 
thoroughly.  On his visits to industries besieged with 
corrosion problems, he offered them unslanted advice 
on the proper  solution, whether  or not this advice 
entai led the sale of nickel. His perspicacity in diagnos- 
ing corrosion problems, plus his surprising candor 
and honesty, won the complete  confidence of mana-  
gers and engineers whereve r  he went, and in the 
long run he probably sold much more of the com- 
pany's  products than a dozen men  would have sold 
using any other  approach. 

In 1938 he was made Assistant Director  of Tech-  
nical Service  and in 1940 he was placed in charge 
of the Corrosion Engineer ing Section. This was fol- 
lowed in 1954 by the fur ther  promotion to Vice- 
Pres ident  and Manager  of the Development  and Re-  
search Division. Since 1962, he has been Vice-Pres i -  
dent and Special Assistant to the Preside,nt of the 
company. 

On reviewing Frank 's  career  with the Internat ional  
Nickel Co., we go back to 1935 when he was busily 
spelling out prescriptions for corrosion maladies. One 
of the industries he visited was the Bromine  Plant  
of the E thy l -Dow Chemical  Co. at Kure  Beach near  
Wilmington, N. C. He immedia te ly  recognized that  
the company's  continuous intake of ocean water  made 
the canal leading to the  plant  an ideal  place in which 
to immerse  corrosion test specimens. He persuaded 
both his own management  and that  of Dow to make 
the necessary arrangements ,  and at first the Dow 
Co. personnel  took care of the test site. Severa l  other  
companies in addition to the Internat ional  Nickel  
Co. became interested in exposing samples, so that  
eventual ly  the site was expanded and a permanent  
staff was employed. Inspection of test specimens took 
place usually on an annual  basis at which t ime a 
small  group of interested people discussed the mean-  
ing of the results, wi th  Frank  as discussion leader. 
More corrosion information passed hands at these 
meetings than at a mult iple  of classrooms or tech-  
nical society meetings;  I know because I was one 
of those who benefited. 

The reputat ion of the Kure  Beach test site grew, 
and with  it the number  of visitors who were  anxious 
to learn the latest per formance  of alloys, coatings, 
galvanic  couples, cathodic protection, stress corrosion 
cracking, and a host of related subjects. In order  to 
distinguish the employees, who acted as guides, f rom 
the visitors, Mrs. Paterson, wife of the test station 
manager,  supplied red hats t r immed  with  green sea 
horses. Spontaneously,  the meet ing became known 
as the Sea Horse Inst i tute  and F rank  arranged to 
have made appropriate  certificates of membersh ip  
accompanied by small  nickel lapel pins of sea horses. 
The pins were  distr ibuted to visit ing corrosion en-  
gineers so that  as they  converged on Wilmington 

by t ra in  or plane, they could identify themselves as 
members  of the friendliest  corrosion f ra te rn i ty  in 
the world. 

In 1950, Frank  persuaded his company to invest  
considerable money in a permanent  test site up the 
coast at Harbor  Island which was much more secure 
against the damage inflicted by occasional hurr icanes 
and which provided permanent  buildings for test 
equipment  and for a museum where  test specimens 
could be adequate ly  displayed and catalogued. The 
atmospheric test racks were  retained at Kure  Beach. 

The annual  corrosion sessions at the new site were  
at tended by several  hundred persons, requir ing that  
the local movie house be taken over  for adequate 
space. At these corrosion clinics, Frank  st imulated 
everybody assembled to exchange data and informa-  
tion which he supplemented by incontrover t ib le  data 
from the ar ray  of test specimens exposed at Harbor  
Island and Kure  Beach. Any  misinformation,  or super-  
stition, or exaggera ted  claims for propr ie tary  products 
were  apt to be shattered early in the proceedings. 
F rank  held the reins of discussion with a firm dip- 
lomatic hand, not quite  avoiding stepping on the toes 
of those whose products or ideas were  suspect, but 
later healing wounded feelings by apologizing for 
bringing out the t ruth which on fur ther  thought  he 
wished he had not mentioned.  His complete aplomb 
in handl ing controversial  issues amazed both those 
who agreed with  him as well  as those who disagreed. 

The Corrosion Labora tory  and its adjoining facilities 
at Harbor Island now constitute the largest  sea water  
test station in the world. Any  materials  considered 
for use in sea water,  such as for desalination equip-  
ment, sea water  disti l lation apparatus, mar ine  struc- 
tures, condenser tubes, etc., are subjected to a com- 
plete going over  by systematic tests of all kinds. 
The atmospheric test results are similarly used to 
survey mater ia ls  suitable for use in mar ine  atmo- 
spheres. At  any one t ime there  are as many  as 3000 
test specimens immersed in sea water,  and 30,000 
test specimens exposed to the air. Over  100 com- 
panies, research institutions, technical  societies, and 
government  agencies f rom the U.S., and also from 
abroad, part icipate in carrying out this t remendous 
evaluat ion program. 

The Harbor  Island Laboratory  which reflects so 
much credit  to the Internat ional  Nickel Co. is one 
of Frank  LaQue's  great  achievements.  Another  
achievement  along the same lines involved the  estab-  
l ishment of the Internat ional  Nickel Co.'s modern  
research facilities at Ster l ing Forest, N. Y. As long 
ago as 1956, he and W. Wesley campaigned to have 
the company's  laboratory moved from the original  
location in Bayonne to a more suitable suburban 
area. The new building, formal ly  opened on October 
29, 1964, is one of the most modern  and most at-  
t ract ive meta l lurgica l  research laboratories in the 
country. It is a t r ibute  to Frank 's  l i fe- long interest  
in research and development .  

Professional Society, Government 
and Related Activities 

Frank 's  act ive interest  in many professional so- 
cieties is matched by his numerous invitat ions to 
speak at local, national, and internat ional  meetings. 
I would judge there  are ve ry  few places remaining 
in this country, or in Mexico or Canada, whereve r  
technical  society meetings are held, where  Frank  
has not  appeared as speaker one or more times. 
This fall, for example,  he is invi ted to be P lenary  
Lecturer  at the Australasian Corrosion Conference 
in New Zealand. His discerning remarks  and for th-  
r ight appraisals, combined with  a keen sense of humor  
have made him a popular lecturer.  I recall  a tech-  
nical society meet ing some years ago in Schenectady 
at which Frank  talked. As chairman, I asked the 
audience if there  were  any questions. Before the 
usual quiet  preceding the s torm of inquiries, F rank  
whispered into my ear, "Tel l  t hem that  the pecul iar i ty  
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of my subject allows me to give some sort of answer 
to any question that is asked." 

He was elected president  of the National Association 
of Corrosion Engineers in 1948-1949 and president 
of the Amer ican  Society of Testing and Materials  
in 1959-1960. He says, wi th  a twinkle  in his eye, that  
his President ial  Address to the corrosion engineers 
was wr i t ten  by his daughter  who was then of school 
age. Ka thy  learned at the dinner table that  her  fa ther  
was going off again to give another  of his corrosion 
talks. She arose from the table and solemnly an- 
nounced that she knew exact ly what  he was going 
to say: "Are we just  going to stand around and let 
metals corrode?" Frank  thought  that  was the most 
concise reason for the existence of the National Asso- 
ciation of Corrosion Engineers so he used it as the 
sum total  of his remarks.  

F rank  has been active over the years on many 
government  committees, including those of the Ma- 
terials Advisory  Board, the National  Research Coun- 
cil, and the National Bureau of Standards. He was 
recent chairman of the Depar tment  of Commerce  
Panel  on Engineer ing and Commodity  Standards, and 
he is at present  chai rman of the Advisory Commit tee  
on Ocean Resources of the U.S. Depar tment  of In-  
terior. I am told that  his activities in government  
extend as far as Canada where  he has been known 
to argue at length with  the authori t ies  on the urgent  
need to change regulations that  make it difficult 
for U.S. citizens to obtain Ontario fishing licenses. 

He is a member  of the Board of Directors of the 
Will iam F. Clapp Laboratories in Duxbury,  Mass., 
now a division of the Bat tel le  Memorial  Institute. 
Frank 's  close association with the Clapp Laboratories  
goes back to 1938 when the late Bill Clapp, a colorful, 
wor ld - renowned  exper t  on mar ine  organisms, found 
that  the corrosion test site at Kure  Beach was an 
excel lent  place to study the various flora and fauna 
which attach themselves  to, or bury themselves  in, 
various materials  exposed to sea water. F rank  and 
Bill 's combined studies led to joint ly authored papers, 
and inevi tably  to such unofficial antics as growing 
hai r - l ike  organisms on bil l iard balls as proof that  
natura l  sea water  is a good hair  tonic. 

In our own Society he has contr ibuted outstandingly 
to each office he has held. He is a former  Chairman 
of the Membership Committee,  Business Manager  of 
the Journal at a t ime when income was of essence, 
and Chairman of the Sustaining Membership Commit -  
tee. In connection with the latter appointment,  Frank 's  
personal acquaintance with a large cross section of 
adminis t ra t ive  heads and research directors made his 
letters invaluable  for gaining additional corporate 
friends and supporters of the Society. His campaign 
brought  many grat i fying replies and an occasional 
surprise. One unexpected response came f rom one 
of the directors of a large a luminum producer  whose 
pr imary  product, of course, is all made e lect rochemi-  
cally. The director regret ted he was unable to rec-  
ommend support of The Electrochemical  Society in 
light of the fact that  his company's  activities were  
not pr imar i ly  concerned with electrochemistry.  F rank  
was tempted to ask permission to f rame the let ter  
and display it as an example  of how much some top 
managements  know about their  own business. 

He served on the Execut ive  Commit tee  which or-  
ganized the "Corrosion Handbook" sponsored by the 
Corrosion Division. Not only were  the chapters he 
contr ibuted outstanding portions of the final book, 
but his advice to the Editor was also invaluable  in 
choosing the right author  for the r ight  chapter. He 
served as President  of our Society in 1962-1963 and 
continues to contr ibute his valued counsel to several  
committees. 

Publications 
Despite his occupation with a wide range of ac- 

tivities, F rank  somehow found t ime to wr i te  more  
than 150 papers on corrosion, on metals  in general, 
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and on a few miscellaneous subjects related to neither,  
for example  a paper in Metals Review for 1961 en- 
titled "The Care and Feeding of Librarians." He 
co-edi ted with Har ry  Copson in 1963 a sizeable mono- 
graph "Corrosion Resistance of Metals and Alloys," 
which is a major  reference source for corrosion en- 
gineers. His many  papers on corrosion of metals  in 
sea water  combine to form the chief source of authentic 
information on this subject. The titles of his re-  
maining papers range f rom down- to -ea r th  subjects 
such as "Corrosion in the Home" and "Corrosion 
of Auto Bodies" to "Corrosion Testing," and "Metals 
for Space Travel ."  He wrote  a fascinating article 
in the 1968 Yearbook of the Encyclopedia of Science 
and Technology on the design of our present sandwich 
coins. His exper t  advice was drawn upon to specify 
the proper electr ical  conductivi ty and density of the 
nickel a l loy-copper  laminates making it possible for 
15 mill ion coin-operat ing machines in the U.S. to 
continue operat ing normal ly  instead of automatical ly  
reject ing the new coins as counterfeit .  

Perhaps his paper on "A Crit ical  Look at Salt  
Spray Tests" is the one which received widest notice, 
debunking as it does a corrosion test that  was used 
r i tual is t ical ly for many years by industry and govern-  
ment  without  a t rue  unders tanding of what  the test im-  
plied. LaQue, in typical  fashion, has verba l ly  summed 
up the salt spray test as one which "can be used 
to provide a recordable reason for accepting or re-  
ject ing something, and is valuable  for this purpose 
if the reason does not have to be sound." He wrote  
fur thermore:  "One of the characterist ics of the salt 
spray test is its inconsistency. This extends as well  
to some of the people who make the greatest  use of 
it." But his paper was much more than a wit ty  
exposure of careless specification. He presented a 
var ie ty  of data, many of which were  obtained at 
the Harbor  Island Laboratory  by his own staff, to 
show that the salt spray test could hardly  be called 
reliable for evaluat ing the meri t  of meta l  per formance  
in other than perhaps a spray of NaC1 solution. 
The results cer tainly did not accord with the per-  
formance of metals  exposed to rural  or industr ial  
atmospheres, or when immersed in fresh or salt 
waters, or even necessarily when exposed to a tmo-  
spheres along the sea coast. The journa l  Metaux 
Corrosion-Industries t ranslated his paper for the bene-  
fit of French-speaking  engineers and I daresay that  
engineers in many  other parts of the world quickly 
learned of it through one source or another.  Largely  
because of LaQue's  efforts, this test, once a universal  
hand-me-down,  is now specified with greater  caution 
and with  greater  respect for its limitations. 

Educational Activities 
In addition to Frank 's  many talks to technical  

societies, his corrosion clinics at Harbor  Island mee t -  
ings of the Sea Horse Inst i tute  established his reputa-  
tion as a pat ient  teacher. Early in his career  at the 
Internat ional  Nickel  Co., he taught sales and tech-  
nical personnel  some of the elements of corrosion 
so that  they could bet ter  unders tand the alloys wi th  
which they were  dealing. This led eventual ly  to the 
th ree- ree l  educational  film "Corrosion in Action" 
which, with the accompanying book, was completed 
in 1955 with T. P. May's help and some advice 
from me. The film has been in great  demand ever  
since it was first issued. With sound t rack avai lable 
in any of the major  foreign languages, it has been 
shown to thousands of students and technical  society 
audiences all over  the world. 

F rank  has served as a member  of the Visiting 
Committees of the Depar tments  of Metal lurgy at 
M.I.T. and at the Case Inst i tute of Technology, and 
of the Division of Elec t rochemis t ry  at the Univers i ty  
of Pennsylvania.  In 1964 he published results of a 
survey he conducted on the education of corrosion 
engineers in which he proposed various recommen-  
dations to meet  current  needs, emphasizing that  basic 
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research should be supported as a s t imulant  to par-  
t icipation of teachers and students in the many  fun-  
damentaI  and practical  corrosion problems begging 
for some solution. His President ia l  Address to our 
Society at Pi t t sburgh in 1963 included an evaluat ion 
of the present  education of students in electrochemis-  
try. He concluded that, despite present trends and 
obvious changes of emphasis, the education of future  
members  of our Society is in good hands. 

Honors 
He received the F. N. Speller  Award  of NACE in 

1949, the Howard Coonley Medal of the American 
Standards Association in 1962, and he del ivered the 
Edgar Marburg Lecture  of ASTM in 1951. His Hon-  
orary Doctorate, conferred by Queen's  Univers i ty  in 
1963, has a l ready been mentioned. He wel l  deserves, 
as I am sure you agree, the added recognition by 
our Society which is provided by the Acheson Medal 
Award.  His name adds fur ther  distinction to an al-  
ready dist inguished list of Acheson Medalists. It has 
been a pleasure and a pr iv i lege  for me to outl ine 

briefly Frank  LaQue's impressive career and ac- 
complishments  which make him so deserving of the 
honor he receives tonight. The t remendous influence 
he has made on his professional area, ,on the over -a l l  
communi ty  wi thin  which all of us live, and on The 
Electrochemical  Society, continues to evoke our ad- 
miration, our respect, and our continuing good wishes 
for a long career  which I expect  wil l  more than 
adequately  project  the marked  successes a l ready in 
the record. 

At this moment  in the evening's  proceedings, F rank  
would have an appropriate  poem to recite. Perhaps  
the best I can do is to quote one of his, which has 
nothing to do with  my previous remarks,  but  which 
may nevertheless  strike a note of sympathy among 
many of you who have been at tending technical  ses- 
sions: 

We are gathered from all  over  the nation 
For studying polarizat ion 
And calomel cells that  don't  r ing any bells 
But provide an excuse for oration. 

Electrochemistry and Corrosion 
(Research and Tests) 

F. L. LaQue I 

Fwancis L. LaQue accepts Acheson Medal from ECS President 
Ivor E. Campbell. 

Members  of this Society and par t icular ly  of its Cor- 
rosion Division are not l ikely to require  much per-  
suasion that  most corrosion processes are e lec t rochem- 
ical in nature. S temming from this fact, research re-  
lated to corrosion as a phenomenon has become more 
and more a series of exper iments  in electrochemistry 
dealing with what  happens when a meta l  or an alloy is 
placed in contact wi th  an electrolyte.  The significance 
of such exper iments  wil l  vary  through wide limits, 
depending on how corrosion is approached and de- 
fined by whoever  wishes to make some practical  use 
of the results. 

In Dr. Uhlig 's  "Corrosion Handbook," sponsored by 
the Corrosion Division of this Society, corrosion is 
defined as "destruct ion of a metal  by chemical or elec- 
t rochemical  react ion with its envi ronment ."  

t A c h e s o n  M e d a l  A d d r e s s  d e l i v e r e d  Oc tober  8, 1968 at  the  Mon-  
t r ea l  Mee t i ng  of The  E l e c t r o c h e m i c a l  Socie ty .  

In this definition, the order of the words gives 
priori ty to the results of the corrosion reactions ra ther  
than to the reactions themselves.  Otherwise,  the de-  
finition would presumably  have been wr i t ten  as 
"chemical  or electrochemical  reaction causing destruc-  
tion of a metal  by its environment ."  

This difference in wording of the definition of cor-  
rosion has probably in some par t ly  subconscious fash- 
ion had a strong influence on how the study of cor- 
rosion has been approached. Invest igators  can be 
divided into two broad classes. One group must deal 
with corrosion as an engineer ing problem. The other  
is pr incipal ly concerned with corrosion as an interes t -  
ing subject  for electrochemical  experimentat ion.  

What is described as "Corrosion Research" under -  
taken by these groups may have very  l i t t le in common. 
Corrosion engineering research, often more proper ly  
described as corrosion tests, may do no more  than put 
selected metals  and alloys in a proper  o r d e r  of ap-  
parent  mer i t  in resisting at tack by the envi ronment  to 
which test specimens are exposed. No effort may  be 
made to understand the mechanisms of the corrosion 
reactions or why  one metal  per formed bet ter  than 
another. Generally,  the results are expressed in quant i -  
tat ive terms that  are l ikely to be more useful  in giv-  
ing an impression of the order of magni tude  of cor-  
rosion rates than as a rel iable basis for est imating how 
long the metals  will  last in the intended service. The 
numbers  also facili tate placing the metals in an order  
of rank. 

On the other  hand, a good deal  of what  is called 
basic corrosion research represents no more than ex-  
ercises in the study of electrochemical  phenomena em-  
ploying combinations of metals  and envi ronmenta l  
conditions chosen mainly  to facili tate exper iments  for 
the convenience of the investigator.  They also may 
enable him to make use of equipment  and exper imen-  
tal techniques wi th  which he is famil iar  or which are 
current ly  in vogue. This leads to the accumulat ion and 
publication of data on combinations of metals  and en- 
vironments  rare ly  if ever  encountered in practice and 
of no real  significance with respect to our first defini- 
t ion of corrosion. 

No doubt, dilute solutions of sulfuric acid represent  
a convenient  electrolyte  for under taking e lec t rochem- 
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ical exper iments  with a potentiostat.  No doubt, also, 
such exper iments  are easier to under take  as wel l  as 
to in terpre t  when oxygen is excluded. Probably,  also, 
in many  cases the choice of the metal  to be studied is 
not real ly  cri t ical  to the exper iment  so long as it is 
not subject to errat ic behavior  in the test environment .  
All  of these considerations probably account for the 
great  amount  of data that  may be found in the l i tera-  
ture  dealing with exper iments  making use of a poten-  
tiostat and involving dilute sulfuric acid, f requent ly  
free of oxygen. 

A casual survey turned up eight papers along this 
line published between 1957 and 1965. Because of the 
fact that, in my forty years of concern with corrosion 
problems, no practical  questions have arisen with 
respect to the behavior  of the metals  covered in these 
papers in oxygen-free ,  one or two normal  sulfuric acid, 
one is tempted  to wonder  if the invest igators  could not 
have satisfied their  scientific curiosity as well  by 
choosing combinat ions of metals  and envi ronments  that  
someone might  be real ly  interested in. 

It wil l  be recalled that  our definition attaches pr ime 
importance to "destruct ion" of a meta l  when this is not 
desired ra ther  than "destruct ion" to a degree that  may 
be of l i t t le consequence to the investigator.  Under  
these circumstances, the corrosion reactions that  are 
involved  in some corrosion research are  f requent ly  
made to occur so that  they  can be observed and studied 
largely for their  own sake. 

One should not object to research under taken  for its 
own sake and to satisfy scientific curiosity. However ,  
in the field of corrosion, such exercises should not be 
described as being specifically aimed at an improved 
knowledge of corrosion in terms of the definition in 
common use. The most tha t  can be expected is that  
the product of such research may in some unplanned 
way provide a missing piece to complete  a par t icular  
area of the perplexing j igsaw puzzle of corrosion. 

These remarks  do not extend, of course, to corrosion 
research aimed at an improved unders tanding of the 
mechanisms of corrosion and par t icular ly  of the types, 
such as localized pit t ing and crevice corrosion, in-  
t e rgranula r  attack, and stress corrosion cracking, that  
are most troublesome. Even here, some problems arise 
when methods of test designed to facili tate s tudy of 
the basic phenomena are applied to qual i fy  materials  
for par t icular  services. 

Many electrochemical  techniques, and par t icular ly  
the use of potentiostats, are  valuable  in th rowing  l ight 
on why, and to what  extent,  changes in composition of 
an alloy are effective. They are useful  for screening 
alloys for service in environments  reasonably approxi-  
mated by the electrolytes used in the experiments.  
These solutions need not t ry  to simulate the envi ron-  
ment  of use. They should be chosen to permit  sys- 
tematic  modification so as to provide  a means for 
characterizing the abil i ty of an alloy to preserve, or 
regain, passivity under  conditions which are progres-  
sively and measurably  made more aggressive. 

Potentiostat ic techniques are useful, also, in a some- 
what  oblique connection with the p r imary  definition 
of corrosion in the controlled etching of specimens to 
disclose details of s t ructure  which are  l ikely to affect 
corrosion behavior.  

Some of the points just  discussed wil l  be i l lustrated 
by examples  encountered during my  struggles with 
corrosion over  the past for ty  years. 

In spite of occasional assertions by others to the 
contrary and possible mis interpreta t ion of these pres-  
ent remarks,  I am in favor  of basic research in cor-  
rosion. I served for several  years as cha i rman of the 
Corrosion Research Council  and endeavored with  only 
l imited success to persuade industry  to provide funds 
for support  of such research in universit ies.  This 
program did yield some valuable  results and did at-  
tract to the field several  very  competent  scientists who 
are carrying on thei r  work  with  other  support  and, 
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equal ly  importantly,  are educating others to continue 
scientific at tent ion to corrosion. 

At  the same time, I have been f requen t ly  disap- 
pointed by programs described as fundamenta l  re-  
search in corrosion. 

All  too often it seems that  what  is called fundamen-  
tal research should be described more accurately as 
"oversimplif ied" research. The "oversimplif icat ion" 
stems general ly  f rom the apparent  unwil l ingness of the 
invest igator  to cope with  important  factors that  may 
be difficult to control and which, if al lowed to exer t  
their  influence, would have such a t remendous effect 
on the results that it is more  convenient  to e l iminate  
their  possible effects than to cope wi th  them in the 
exper iments  and in the in terpreta t ion of the results. 

This point is i l lustrated very  wel l  by effects of dis- 
solved oxygen. One of the too- f requen t  characterist ics 
of wha t  are claimed to be " fundamenta l"  corrosion 
research exper iments  is the rigid exclusion of oxygen 
from the test environment .  It is obviously easier to 
keep oxygen out of a test solution than to study its 
effects over  a broad range of concentration. 

When researchers are chal lenged on this point, they 
f requent ly  assert that the oxygen- f ree  solution rep-  
resents only the beginning of a series of exper iments  
in which effects of control led amounts  of oxygen wil l  
be observed systematically.  Unfor tunately ,  many, if 
not most, of these projects never  get beyond the oxy-  
gen-f ree  stage. 

Since oxygen- f ree  envi ronments  are the except ion 
ra ther  than the rule in situations where  destruction is 
an impor tant  practical  problem, it is not too surprising 
to hear  complaints from industr ial  sources of support  
for corrosion research that  they  have found it to be 
difficult to recognize practical  benefits f rom such re-  
search. 

The situation i l lustrated by oxygen extends to such 
other  important  factors as t empera ture  and velocity 
of movement .  Here, again, the control of these factors 
is l ikely to be determined more by the convenience of 
the exper iment  and the l imitations imposed by the test 
apparatus than  by the need to extend the results to 
other  conditions of t empera tu re  and veloci ty more  
l ikely to be encountered in practical  corrosion prob-  
lems. 

Reference was made previously to the inclination of 
some investigators to approach the  study of corrosion 
by the use of apparatus and techniques that are cur -  
rent ly  in vogue. A pr ime candidate for this charac-  
terization is the potentiostat.  

The potentiostat  is well  adapted to gr inding out 
data ra ther  easily, which can be displayed in a series 
of impress ive- looking curves relat ing applied vol tage 
to current  flow. These provide ample scepe for in-  
terpre ta t ion and comment  which often extends to por-  
tions of the curves which have quest ionable re la t ion-  
ship to what  goes on in normal  corrosion reactions not 
disturbed by the application of current  f rom externa l  
sources. Potentiostats  are quite  capable of applying 
potentials ve ry  much higher  than could ever  be en-  
countered in a normal  corrosion reaction. The data 
outside such normal  ranges of potential  f requent ly  oc- 
cupy large sections of the curves that are plotted and 
are given probably much more at tent ion than they  
should receive in drawing conclusions f rom the ex-  
per iments  

I have seen reports  of exper iments  wi th  a poten-  
tiostat designed to compare the resistance of a number  
of low-al loy  steels to corrosion by a sodium chloride 
solution (assumed to represent  sea water ) .  The curves 
that  were  plotted covered a range of potential  wel l  
over  a vol t  even though the m a x i m u m  difference in 
potent ial  of anodic and cathodic surfaces of the steels 
studied would not exceed about  200 my. 

The invest igator  concluded, properly,  that  there  was 
no significant difference in the resistance of the several  
steels to corrosion by sea water.  This confirmed data 
which I had published about  twenty  years ear l ier  based 
s imply on long- t ime  exposure of similar  steels under  
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conditions of immersion in sea water  under  natura l  
conditions. The similar i ty in the conclusions should be 
considered to be largely a mat te r  of coincidence ra ther  
than as evidence of the value and rel iabi l i ty  of the 
potentiostat  approach. The reason the steels behaved 
alike in the test under  natural  conditions was that  
the rate of at tack of all the steels was determined,  not 
by the corrosion-resist ing characterist ics of the steels, 
but by the rate at which oxygen could diffuse through 
the thick layers of rust and mar ine  growths that  
accumulated on all the steels to the same extent.  Since 
no such controll ing factors were  capable of being in- 
troduced into a shor t -dura t ion exper iment  wi th  a 
potentiostat,  it could not be expected that  such a test 
would rel iably measure  resistance to corrosion under  
the natural  conditions to which the results were  
claimed to apply, and where  the major  controll ing 
factor was not a characterist ic of the steel but ra ther  
an externa l  factor involving marine organisms. 

One may also question the rel iabil i ty of studying the 
two halves of a corrosion reaction separately and 
then endeavor ing to combine the results on the as- 
sumption that this approach is equivalent  to s tudying 
the simultaneous reactions concurrent ly  without  dis- 
tor t ion by impressed currents.  Some investigators ap- 
pear  to be convinced that  it wil l  suffice to observe 
the behavior  of a metal  only as an anode even though 
there are many  corrosion reactions in which what  hap-  
pens at the cathode has the dominant  effect. There  are 
many  other  instances of mixed  control. 

There  is a quite  legi t imate and proper  use of a poten-  
tiostat or galvanostat  to provide a basis for the applica- 
tion of electrochemical  methods of protection---cathodic 
or anodic. Such exper iments  are l ikely to be most re-  
l iable if the expected envi ronmenta l  conditions are 
reproduced in the test, e.g. wi th  proper  control  of 
aeration, temperature ,  and velocity, as wel l  as the 
chemical  composition of the test solution. 

Too many  corrosion engineers practicing the art  of 
cathodic protection continue to be unconcerned, as well  
as confused, by a lack of unders tanding of the elec- 
t rochemical  phenomena by which what  they accom- 
plish is achieved and monitored.  

Fortunately,  the marg in  for er ror  in this field ap- 
pears to be broad enough to accommodate  imperfec-  
tions. The economic penal ty  and possible hazards of 
overprotect ion are general ly  tolerable except  when 
alloys susceptible to at tack by alkalis or to hydrogen 
damage are involved. This lat ter  danger  is wor thy  of 
much more at tention by both electrochemists  and 
metallurgists.  

On the other  hand, the practice of anodic protection 
appears to have a more substantial  scientific basis and 
to be much bet ter  understood by those who use it. 
This for tunate ly  permits  more precise application and 
control. Fai lure  to provide for proper  moni tor ing and 
control of anodic protect ion could have disastrous con- 
sequences. 

At tempts  may also be made to use a potentiostat  
technique to study the normal  corrosion behavior  of a 
meta l  in a corrosive solution l ikely to be encountered.  
Here there  is a f requent  difficulty associated with  the 
very  short  in terval  over  which the measurements  wil l  
be made as compared with  very  long periods of t ime 
during which accumulat ion of adherent  protect ive 
films of corrosion products or envi ronmenta l  deposits 
may have a controll ing effect on behavior.  

Metals to be studied for normal  corrosion behavior  
can be divided into two general  classes: 

Class one includes metals  that  are not expected to 
survive  for the desired life without  benefit of some 
means of protection, e.g. by some sort of coating or 
some t rea tment  of the envi ronment  which would have 
to be duplicated in the potentiostat  experiment.  The 
difficulty of dealing with  and in terpre t ing  results of 
tests wi th  coated specimens in a potentiostat  setup 
limits its usefulness in this category. 

Class two includes materials  that  are expected to 
survive  wi thout  the benefit  of supplementary  protec-  

tion. These mater ia ls  ve ry  ra re ly  fail by general  
wastage in ei ther  the active or passive state in the 
environments  in which they are l ikely to be used. They 
fail, when they do so, by such forms of at tack as 
pitting, stress corrosion cracking, corrosion fatigue, 
in tergranular  attack, impingement  attack, hot spot ef-  
fects, and so on, not readily disclosed by the results of 
studies wi th  a potentiostat.  This device is, of course, 
applicable to studies of the mechanisms of such forms 
of damage under  conditions designed to create the 
damage so that  it can be studied. It  is less rel iable for 
qual i fying metals  for service in which these forms of 
damage may be encountered.  

Devices and techniques for using response to polar-  
izing currents  as a means for observing corrosion be- 
havior  have been found to be very  useful  for moni tor -  
ing the effects of changes in the envi ronment  on its 
corrosivity toward a metal.  For example,  such mea-  
surements  have been found to be more sensitive than 
other  means for detecting excursions in the oxygen 
content of brines in sea water  dist i l lat ion plants. 

Mainly because of the short t ime in terval  involved 
in such measurements ,  they are of quest ionable value 
in predict ing long- t ime behavior  or for more than 
pre l iminary  screening of a number  of metals  and 
alloys as a basis for selection of the most appropriate  
one for a par t icular  application. 

One can be equal ly  crit ical  of at tempts to attach 
quant i ta t ive  significance, in terms of life expectancy, 
to corrosion tests under  natural  conditions or as good 
a simulation of natural  conditions as may be achieved. 
It is not too difficult to secure excel lent  reproducibi l i ty  
of results of such tests and excel lent  agreement  among 
the results for several  specimens tested at the same 
time. Reproducibi l i ty should not be taken as qual i fying 
the results as being quant i ta t ive  in terms of predict ing 
life. 

A principal  reason for this difficulty is that  in many, 
if not most, cases the results are de termined to a major  
extent  by the dimensions of the test specimens. 

Where pit t ing is the principal  mode of attack, the 
results will  involve both the number  of pits and their  
depth. Since in most cases the occurrence of a pit is 
a mat ter  of statistical probabil i ty  and the chance that  
a pit will  be found increases wi th  the area of surface 
exposed to attack, a large specimen can be expected to 
disclose grea ter  susceptibil i ty to pit t ing than will  a 
small  one. And, since the pi t t ing mechanism usually 
involves a sort of galvanic effect be tween an anode in a 
pit and a cathode on the surrounding surface, the 
chance that  an anodic pit will  be surrounded by a 
large cathode wil l  be greater  on a large specimen 
than on a small one. Consequently,  pits on large 
specimens are l ikely to be deeper  than on small  ones. 
If the size of specimen happens to yield a populat ion 
and depth of pi t t ing that  may occur under  conditions 
of actual use, this is most l ikely to represent  coinci- 
dence more than a t ru ly  quant i ta t ive  test. 

A similar area effect pertains to tests for resistance 
to corrosion in crevices. Here, too, the depth of at tack 
that  may  be observed in a test wil l  be determined 
largely  by the ratio of the area of the freely exposed 
surface outside a crevice to the area wi th in  a crevice. 
This is i l lustrated by Fig. 1. Test setups are not l ikely 
to duplicate these area relationships as they exist in 
large fabricated equipment.  

Another  example  of an area effect is provided by 
tests for s tudying the abili ty of alloys to resist erosion 
in sea water  by spinning submerged meta l  disks on a 
shaft at some appropriate  number  of revolutions per 
minute.  

There  will  be a velocity gradient  from the center  to 
the per iphery  of a spinning disk and, by ignoring fr ic-  
t ion film or boundary layer effects, it is possible to 
calculate the veloci ty  at any radius of revolution.  By 
measur ing the decrease in thickness at any radius 
point, it is possible to relate the rate of at tack to the 
speed of movemen t  as shown by Fig. 2, Unfor tunate ly ,  
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Fig. 1. Average maximum pit depth within the crevice vs, area 
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Fig. 2. Effect of velocity on depth of attack in sea water at 
Kure Beach, N. C., for 60 days. 

it has been observed that  different rates of at tack can 
be associated with the same velocity depending on the 
diameter  of the disk that  is used for the experiment.  
This is i l lustrated by a series of tests on copper alloy 
disks shown in Fig. 3, and the wide spread in  rates of 
attack at the same calculated velocity shown by Table 
I. 

To add fur ther  confusion to the interpreta t ion of 
velocity effect data such as yielded by tests with spin-  
ning disks, consider what  happens when the materials  
being tested are iron and its alloys rather  than copper 
and its alloys. Figure 4 shows that, when  iron disks 
are tested, the differential aerat ion electrochemical 
phenomena that  come into play produce the greatest 

Table I. Comparison of depths of attack on surfaces of disks of 
different sizes moving at same speed as periphery of smallest disk 

Disk  d i a m e t e r  
Inches  C m  

Depth of a t t a c k  
a t  r a d i u s  of  1.5 in. (3.8 cm) 
ve loc i ty ,  "15.2 fps  4.5 m / s e c  

In. M m  

3 - 1 / 4  8 .3  0 . 0 2 0  0 .51  
3 - 3 / 4  9 .5  0 .017  0 .43  
4 - 1 5 . / 1 6  12 .5  O.OO2 0 .005  
5-21/32 14.2 0.0Ol 0.002 
6-5/16 15.9 0.001 0.002 
7-3/16 18.3 0.002 0.005 

* Ca lcu l a t ed  f r o m  r p m  and  r a d i u s  of  r o t a t i o n  a t  p o i n t  of a t t ack .  

a t tack at the lowest velocity rather  than  the highest 
and the size effect becomes as important  with i ron as 
it is with copper. 

It will  be evident also from looking at Fig. 4 that  ex-  
periments  could be conducted that would yield ra ther  
amazing and certainly incorrect results. For example, 
one could decide to s tudy the effects of a range of 
velocities using smal l -d iameter  disks for low velocities 
and larger disks for higher velocities and measur ing 
the rates of attack at the peripheries of the several 
disks. 

By this means, it would be possible to generate ap-  
parent ly  quant i ta t ive  a nd  reproducible data that would 
prove that  iron is not corroded by sea water  at any  
velocity wi thin  the range studied. 

Similar ly  with copper alloy disks, as in Fig 3, it 
would be just  as easy to show that  an alloy would be 
corroded by sea water  ra ther  severely at a rate that  
would be substant ial ly independent  of velocity in the 
range achieved in such a series of tests. 

One could also manipula te  the choice of size of 
copper alloy disk to achieve a certain velocity to 
produce data that  would "prove" that  one alloy was 
better  than  another at  the velocity of interest. This 
would be accomplished by using a larger disk for the 
alloy one wanted to show to be better  and a small  
disk for the alloy to be downgraded. This would re-  
quire, or course, that  only the velocity achieved, and 
not the different sizes of disks used to get it, be de- 
scribed in the report of the results. 

To make matters  worse, the effect of velocity on 
corrosion is quite different when  the method of test 
achieves a velocity gradient  over the surface of the 
specimen from what it is when the method of test 
maintains  a uniform velocity over the test surface. 

A sharp velocity gradient  is l ikely to be more dam-  
aging than a high but  uni formly  distr ibuted velocity. 
Consequently, any test of velocity effects must  be prop- 
erly related to the expected velocity gradients in the 
service to which the results of the test are to be 
applied. It would be reasonable to require the use of 
both types of test in a search for an alloy that would 
perform well  in the presence of both very  high un i -  
form velocities and very high velocity gradients. 

Electrochemical measurements  including polariza- 
tion phenomena are not free from the size effects that  
detract from the quant i ta t ive  significance of other and 
more direct means of measur ing corrosion behavior. 
The apparatus general ly requires the use of quite 

Fig. 3. Distribution of attack on copper alloy disks rotated in 
sea water at the same speed in revolutions per min. 

Fig. 4. Distribution of corrosion on cast iron disks of different 
diameter rotated in sea water at the same speed in revolutions 
per rain: cast iron disks rotating spindle test 30 days at 15~ 
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small specimens. Reproducibil i ty is general ly favored 
by making test specimens smaller  and smaller. It 
should be understood, however, that, while reproduci-  
bili ty is a necessary feature of any  method of test tha t  
gives reliable results, it can also be a characteristic of 
a procedure that  gives consistently wrong answers. 
One test can be as consistently wrong as another  can 
be consistently right. Either type can be useful  once a 
consistent relationship between the results of the test 
and performance in the service toward which the test 
is directed has been established by experience. 

Even though the possibility exists that  a funda-  
menta l ly  unsound but  consistent test can be in ter -  
preted properly, one cannot  be blamed for preferr ing 
the type of test that gives results that  point rat ional ly 
in the right direction. 

In summary,  I have suggestions for corrosion scien- 
tists and for corrosion engineers. 

It would be most helpful  if electrochemists interested 
in corrosion phenomena,  in their  response to scien- 
tific curiosity, were more f requent ly  to choose for 
their experiments  combinations of metals and envi ron-  
ments  that  are likely to be encountered in practice, so 
long as this action does not introduce intolerable or 
insurmountab le  exper imental  difficulties or undu ly  
limit the range of their  studies. 

Corrosion engineers should develop more scientific 
curiosity as to the reasons why the metals they test 
behave the way they do. They should also develop 
more scientific curiosity about, and a bet ter  under -  
s tanding of, the electrochemical mechanisms of the 
corrosion reactions responsible for the results they 
observe. These mechanisms general ly determine and 
f requent ly  restrict the quant i ta t ive  significance of the 
data from which they draw their conclusions and on 
which they make their engineering decisions. 

A better  unders tanding of the science of corrosion 
should lead engineers to abandon improper tests, im-  
prove old tests, introduce new tests, make more re-  
liable evaluat ion and interpreta t ion of results of all 
kinds of test, good or bad. It would also permit  more 
ready recognition of the faults of a bad or inap-  
propriate test and the merits of a good one. 

My friends who know me best will, I am sure, rec-  
ognize that  in making these del iberat ively provocative 
remarks I am, at the same time, hoping that  those 
who feel they have been abused will become deter-  
mined to demonstrate  conclusively that I am mistaken. 
I shall not be unhappy  if they should succeed in such 
endeavors. 

At the same time, there is at least an off chance that 
one or another  of my  criticisms has a substant ia l  foun-  
dation and that the response to this criticism will show 
that it has been constructive. 

Reports on ECS Summer Assistance Awards 
and Weston Fellowship Award for 1968 

During the summer  of 1968, the following graduate 
students received $800 each, represent ing three Sum-  
mer Assistance Awards of The Electrochemical Society. 

Karl  Doblhofer, Colorado State University,  Fort  
Collins, Colo., was awarded the Edward Weston Fel-  
lowship. 

Robert A. Bonewitz, Depar tment  of Chemistry, Uni -  
versity of Florida, Gainesville, Fla., was designated 
recipient of the Colin Garfield F ink  Fellowship. 

L. P. Zajicek, Univers i ty  of Hawaii, Honolulu, 
Hawaii, received the ECS Summer  Fellowship Award. 

The Summer  Assistance Award is made "without 
regard to sex, citizenship, race, location, or financial 
need to a fellow or teaching assistant pursuing work 
between the degree of B.S. and Ph.D. on a subject in a 
field of interest  to The Electrochemical Society." It  is 
intended to cover a period dur ing which the recipient 
has no financial support  for the cont inuance of his 
work. 

The Edward Weston Summer Fellowship 
Report 

A summary  of Mr. Doblhofer's report is given below. 

Instrumentation for Interfacial Tension and 
Differential Capacity Measurements 

I am concerned with the measurement  of adsorption 
isotherms of organic materials on mercury  electrodes. 
The amount  of adsorbed substance ( to)  can be calcu- 
lated according to the thermodynamic  theory of elec- 
trocapil lari ty (1) by means of the equation 

where .y is the interfacial  tension and go is the chemical 
potential  of the sorbate. I am using two exper imental  
methods to investigate the adsorption: 

(A) Measurement  of interfacial  tension, using a 
capil lary electrometer. 

(B) Measurement  of differential capacity curves us- 
ing an a-c bridge. 
An improved capil lary electrometer was buil t  in our 
laboratory. It allows the determinat ion of the in ter -  
facial tension of the mercury-solu t ion  interphase with 
a s tandard deviation of approximately 0.02 dynes/cm. 
Some t ime last summer  was spent evaluat ing the pre-  
cision of this instrument .  The electrocapillary curves 
were analyzed by digital computer  using the moving 
fit technique for smoothing and differentiation pre-  
viously developed in this laboratory (2). As a critical 
test, double differentiation was performed to obtain the 
differential capacitance C, according to the equation 

The result ing C-E curves for sodium ehloride solutions 
have the eharaeteristic morphology, ineluding the fa- 
mil iar  hump (Fig. 1). The general agreement  with 
capacitanee values directly determined in our labora-  
tory and also with those reported by Grahame (3) 
was satisfactory. 

A detailed description of the capil lary electrometer 
is being prepared for publication. 

The rest of the summer  was spent developing the 
ins t rumenta t ion  for accurate differential capacity mea-  
surements.  The measurement  is carried out with a 
General  Radio type 1615-A t ransformer  ra t io-arm 
capacity bridge. The range of this bridge is not quite 
wide enough to allow measurement  of either capacity 
or dissipation on the high adsorption-desorption peaks 
of the differential capacity curves of neu t ra l  organic 
sorbates. However, it was found that  satisfactory mea-  
surements  could be performed by connecting a s tan-  
dard capacitor of 1 ;,f in series with the electrochemical 
cell. 

Because of the thermodynamic  significance of a ref-  
erence electrode reversible to an ion in the solution 
[indicator electrode (1)],  we wanted to use the very 
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Cahoon and McKinley Take Office in Hew York 

N. Corey Cohoon 

As a result of the recent annual 
elections in which the voting was con- 
ducted by mail, N. Corey Cahoon has 
been elected the new President (1969- 
1970) of The Electrochemical Society 
and Theodore D. McKinley has been 
elected Vice-President (1969-1972). 

Mr. Cahoon, Senior Scientist, Elec- 
trochemical Development Laboratories 
of the Consumer Products Division of 
Union Carbide Corp., Cleveland, Ohio, 
replaces Ivor E. Campbell, who will 
continue as Past President on the Board 
of Directors. 

Theodore D. McKinley 

Dr. McKinley, Research Supervisor, 
Du Pont Experimental Station, Pigments 
Division, E. I. du Pont de Nemours and 
Co., Wilmington, Del., begins the first 
year of his three-year term as Vice- 
President. 

The new officers assume their posi- 
tions in May 1969. 

Offices not affected by the election 
are those of the two other Vice-Presi- 
dents, Charles W. Tobias and Cecil V. 
King; Secretary, Dennis R. Turner; and 
Treasurer, R. Homer Cherry, respec- 
tively. 

D I V I S I O N  N E W S  

Electronics Division 
The bylaws of the Electronics Di- 

vision of The Electrochemical Society 
require that the Chairman of the Di- 
vision appoint, at least six (6) months 
prior to the convention at which the 
next election is to be held, a Nominat- 
ing Committee of at least three (3) di- 
vision members. This committee is re- 
quired to nominate a slate of officers 
and members at large of the Execu- 
tive Committee. At the last Executive 
Committee Meeting in Montreal, a 
Nominating Committee was appointed 
to nominate a slate of officers for the 
years 1969-1971. It is with pleasure we 
announce that the Nominating Commit- 
tee has selected the following candi- 
dates for the next term of office. 

Chairman-Electronics Division--Rog- 
er Newman, Sperry Rand Research 

Center, North Rd., Sudbury, Mass. 
01776 

Chairman-Semiconductor Group--Har- 
ry Sello, Fairchild Semiconductor Re- 
search & Development, 4001 Miranda 
Ave., Palo Alto, Cal. 94304 

Vice-Chairman--Genera I Electronics 
Group--Erik M. Pell, Xerox Corp., Re- 
search & Engineering Science Division, 
Xerox Square Wl14, Rochester, N.Y. 

Vice-Cha irma n-Lu m i nescence--Ph i l- 
ip Jaffe, Zenith Radio Corp., Research 
Dept., 6001 W. Dickens Ave., Chicago, 
II1. 60639 

S e c r e t a r y - T r e a s u r e r - - B e r t r a m  
Schwartz, Bell Telephone Laboratories, 
Murray Hill, N. J. 07974 

The election of officers will be held 
at a General Electronics Meeting that 
will be held during the time of the So- 
ciety Meeting in New York City. 

Additional nominations for officers 
may be made by petition signed by 
five (5) members of the Division. Such 
petitions must be in the hands of the 
Chairman of the Nominating Commit- 

171C 

tee at least ten (10) days before the 
election, with the assurance of the 
nominee's willingness to serve if 
elected. 

The officers and members at large 
shall be elected by a majority vote of 
those present at the business meeting 
of the Division that will be held in New 
York City. Those elected shall take of- 
fice immediately after adjournment of 
the New York National Meeting. 

D. K. Hartman 
Secretary-Treasurer 

Electro-Organic Division 
The Electro-Organic Division will 

hold a luncheon and business meeting 
at the New York Meeting at 12:15 P.M. 
on Wednesday, May 7, 1969, at the 
Commodore Hotel. A vote will be taken 
on adoption of new bylaws for the Di- 
vision. The new bylaws include pro- 
vision for changing the name of the 
group to the Organic Division. Plans 
for future symposia will also be dis- 
cussed. Professor Stanley Wawzonek of 
the University of Iowa, Divisional Edi- 
tor of the Electrochemical Science Sec- 
tion of the JOURNAL, will present a 
brief talk on the publication of scien- 
t i f ic papers in the JOURNAL. 

The Division's Nominating Committee 
under the Chairmanship of Manuel 
Bazer have proposed the following 
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ion Retention in Cathodes and Precipitates of 
Silver Chloride-Magnesium Sea Water-Activated Batteries 

Duane W. Faletti 
Applied Physics Laboratory, University of Washington, Seattle, Washington 

Michael A. Gackstetter 
University of Minnesota, Minneapolis, Minnesota. 

and John A. Arne 
Naval Torpedo Station, Keyport, Washington 

ABSTRACT 

The magni tude  of the retent ion of ions in the reduced portion of the 
cathodes and in the precipitate formed in AgC1-Mg sea water-act ivated cells 
was studied. Both the ions found in the enter ing electrolyte and those in t ro-  
duced by the electrochemical reaction were retained in significant amounts.  
Calculations indicate that  underest imat ions  in the voltage losses across the 
interelectrode space as high as 0.05v occur if this re tent ion is neglected. A 
method to adequately account for re tent ion is suggested. 

As part  of a cont inuing study of the silver chloride- 
magnesium couple in sea water, an investigation was 
made of the magni tude  of the re tent ion of ions in (a) 
the reduced portions of the cathode, and (b) the pre-  
cipitate. This process, referred to as retention, in -  
creases the magni tude  of the voltage drop across the 
interelectrode space by its affect on the composition 
(hence conductivi ty)  of the electrolyte. 

The electrochemical reaction for the silver chloride- 
magnes ium couple 

2AgC1 ~ Mg-~ 2Ag -t- MgC12 [1] 

results in the addition of the soluble salt, MgC12, to 
the electrolyte and the formation of a porous layer of 
silver, known as sponge silver, on the AgC1 cathode. 
The void spaces in the sponge silver fill with elec- 
trolyte composed of water  and dissolved ions from 
the free electrolyte enter ing the cell and the Mg + + 
and C1- ions generated from reaction [1]. 

AZ61 magnes ium alloy is the commonly used anode 
mater ial  for such batteries as it forms reasonably non-  
clogging reaction products [ref. (1) and (2)].  Anode 
efficiencies are reduced to about 75% by the secondary 
anode reactions with water  dur ing discharge to form 
Ha and insoluble reaction products, the lat ter  probably 
containing the hydroxides (along with hydroxy-chlo-  
rides and other double salts) of magnesium, a luminum,  
zinc, and manganese.  The anode consti tuents tied up 
in these insoluble products are not considered re-  
moved or withheld from the free electrolyte since they 
play no electrochemical role. However, the tying up of 
chloride ions, etc., via the formation of double ( insolu- 
ble) salts a n d / o r  the absorption of ions in the precipi-  
tate do constitute another  source of ion removal  
(retention) from the free electrolyte. 

Basis for Experimental and Calculation Procedure 
In  order to simplify the chemical analyses, sea 

water  (Table I) was simulated from only three salts: 
NaC], MgC12, and Na2SO4. (The resul t ing solution cor- 
responds to that  used in ref. (3) with the substi tution, 
on an equivalent  weight basis, of NaC1 for the KC1 and 
KBr, and MgC12 for the CaC12, and of Na2SO4 for the 
NaHCO3. The remaining  salts used in ref. (3), HBOa, 
SrC12, and NaF, are present  in such minute  concentra-  
tions that they were neglected.) Therefore, the re ten-  
t ion of four ionic species, Na +, Mg + +, CI - ,  and SO4 =, 
consti tut ing over 98% of the ions found in sea water, 
was studied. 

The retent ion of the above ions, with the exception 
of Na +, was determined from a mater ia l  balance by 
(a) de termining the flux of each ionic species into and 
out of the cells by quant i ta t ive  determinat ions of the 
concentrat ion of the ionic species and the flow rate 
of the electrolyte; (b) calculating the amount  of Mg + + 
and C1- ions generated by reaction [1] from Faraday 's  
law and a knowledge of the current  (held constant)  
flowing through the cell. 

The following items were taken into account: (a) 
the amount  of water  reacting with the AZ61 anode, 
(b) the effect of the weight of the precipitate on the 
weight of the effluent, and, (c) the amount  of water  
enter ing the sponge silver, calculated by assuming that  
the water  filled 95% of the voids in the sponge silver 
(the remaining  5% is an allowance for the effects of 
volume changes resul t ing from ion re tent ion) .  

The results were  expressed in the form of gram-  
equivalents  per cubic cent imeter  of sponge silver de-  
termined by dividing the equivalents  of each ionic 
species re ta ined per uni t  t ime by the volume of sponge 
silver formed per uni t  t ime (calculated from Faraday 's  
law and the cur ren t  by assuming that  no volume 
change occurred in the over-al l  dimensions of the 
cathode on reduct ion) .  From electroneutral i ty  one can 
write 

R• = RCl- �9 Rso4 = = RMg+ + �9 RNa+ [2] 

where R• is the total re tent ion coefficient, g -equ iv /  
cm 3, and Rcl- ,  Rso4=, and RNa+ are the individual  
ionic retent ion coefficients for the chloride, sulfate, 
magnesium, and sodium ions, respectively, g -equ iv /  
cm 3 of sponge silver. 

Since no sufficiently accurate analyt ical  technique 
was available for the direct de terminat ion of the re-  
tent ion of Na +, the re tent ion of sodium ions was 
obtained from Eq. [2] by subtract ing RMg+ + from R• 

Analyses of the effluents of silver chlor ide-mag-  
nesium batteries showed that, except for magnesium, 

Table I. Composition of simulated sea water* 

Salt Chlorinity 

4.5%0 19.0%o 
NaCI 5.695 24.044 
MgCI~ 1.404 5.926 
NaSO~ 0.966 4.079 

* Concentrations given in g/kg of solution. 
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negligible amounts  (less than 10 ppm) of the consti tu- 
ents of AZ61 alloy remained in solution; hence, only 
the four above-ment ioned ions need be considered. 

Apparatus 
The apparatus, essentially that  used in a former 

s tudy [ref. (1)],  was designed to main ta in  relat ively 
constant  inlet  conditions while discharging the cell 
at constant current  and relat ively constant  flow rate. 

The production of H2 by the secondary reactions at 
the anode resulted in a two-phase, slugging flow with 
a relat ively long period between slugs of liquid which 
degraded the accuracy of the flow measurement .  To 
circumvent  this problem, ni trogen was passed into the 
exit line immediate ly  ups t ream of the exit valve (used 
to main ta in  test pressure) in order to reduce the peri-  
ods of the al ternate slugs of liquid and gas to less than 
one second. 

The desired inlet  tempera ture  was obtained for the 
low and the high tempera ture  discharges by passing 
the incoming electrolyte through a stainless steel coil, 
placed in a bath kept wi thin  +_4~ of the desired inlet  
temperature.  The coil was removed for runs made at 
or near  75~ 

The current  was determined by placing a 0.01 ohm 
standard resistor (+--0.04% accuracy) in series with 
the constant  current  load and measur ing  the voltage 
drop with a differential vol tmeter  accurate to 0.05%. 

The average flow rate dur ing the sample period was 
determined by  t ime-weight  measurements.  The elapsed 
time, measured with a stop watch, was accurate to 
about a second; the weight was measured to an ac- 
curacy of 0.01%. 

Cell Assembly 
The cell assembly is the same as described in ref. 

(1), except that i t  was modified for use with only 
one cell. 

Cells of two different lengths were used in the 
study which were fabricated from 0.0215 in. thick 
silver chloride and 0.013 in. thick magnesium. The 
cells had active surface areas 2.125 in. wide by 10.75 
in. long for discharges conducted at current  densities 
of 1 asi and 2 asi, and 2.125 in. by 6.25 in. for the 
discharges at 3.4 asi. 

Preparation of Electrolytes 
Four electrolytes were studied. Two were made 

according to Table I, having chlorinities of 4.5% o 
(parts per thousand) and 19.0% o. The two remain ing  
electrolytes were prepared from simulated sea water  
with a chlorini ty of 4.5%0 by adding, respectively, 
17.5 and 35.0g of magnesium chloride per liter (mea- 
sured at 77~ The solutions are designated by the 
notat ion "chlorini ty-added magnesium chloride" (e.g., 
4.5-35.0). 

Procedure 
To complete decontaminat ion of the entire assembly, 

the bat tery  was flushed with electrolyte for one to two 
minutes  prior to start ing the discharge. During the 
discharge, the current  was held constant (+-0.05% 
tolerance) by cont inual  minor  adjus tments  of the con- 
stant cur ren t  load setting. 

The outlet valve and ni t rogen flow rate were ad- 
justed to main ta in  a slugging flow with a l ternat ing 
slugs of vapor and gas (exiting at least once per 
second). 

Two samples per  run  were taken, the first s tar t ing 
one minute  after the ini t iat ion of current  flow (allow- 
ing t ime to flush out the pre-discharge electrolyte).  
Sample collection times were, for the 1.0 and 2.0 asi 
discharges, from the 1.0 to the 4.0 min  mark  for the 
first sample and from the 4.5 to the 7.5 min  mark  for 
the second sample. Sample collection t imes for the 
3.4 asi discharges were from the 1.0 to the 3.25 min  
mark  for the first sample, from the 3.5 to the 5.75 min  
mark  for the second sample. Sample collection times 
were so chosen as to el iminate the possibility of false 
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results arising from exhaust ion of the cathode. At the 
end of the discharge, a sample of electrolyte was col- 
lected at the entrance to the bat tery  assembly as a 
check on the composition of the enter ing electrolyte. 

The flow rate was held as steady as possible during 
the discharge with ma x i mum short term variations of 
10%, with more typical short term variat ions of about 
3%. Special care was taken to hold the flow steady 
dur ing the ha l f -minute  before the start  of the collec- 
tion period and the ha l f -minu te  before the end of the 
collection period as flow variat ions would have their 
greatest effect on the results at this time. 

After  the weight of the effluent sample was de- 
termined,  the electrolyte was decanted from the pre-  
cipitate. 

Chemical Determinations 
Quanti ta t ive determinat ions for chloride, sulfate, 

and magnesium were made on each of the electrolyte 
solutions. 

The chlorides were determined gravimetr ical ly by 
precipitat ion with silver nitrate.  The sulfates were de- 
termined gravimetr ical ly  by precipitat ion with bar ium 
chloride. Two methods were used to determine mag-  
nesium: (a) gravimetr ical ly by precipitat ion with di-  
basic ammonium phosphate (the magnesium was then 
calculated from the weight of magnesium pyrophos- 
phate) ,  or (b) by  t i t ra t ing with EDTA (ethylenedi-  
aminetetraacetic  acid), using Erochrome Black T as 
an indicator. The EDTA was standardized by t i t ra t ing 
against pure magnesium. 

Presentation of Results 
The exper imental  results are presented in Fig. 1 

and 2. The values of uncer ta in ty  in the total re tent ion 
coefficient, R• shown on Fig. 1 and 2 are derived 
from a ma x i mum error analysis based on the effects 
of uncertaint ies  in flow rate and chemical composition 
(uncertaint ies in current  measurements  were negligi-  
ble in comparison).  Levels of uncer ta in ty  of 1.0% in 
flow rate, 0.2% in chloride concentration, and 1.0% 
in sulfate concentrat ion were used in the error anal -  
ysis. These estimates of ma x i mum uncer ta in ty  are 
conservative (on the high side). Since the amount  of 
an ion retained was always considerably smaller  than 
the amounts  of that  ion enter ing or leaving the cell, 
the above uncertaint ies  in flow rate and composition 
resulted in considerably larger (percentagewise) u n -  
certainties in the re tent ion coefficients. 

Discussion of Results 
The values of the total  re tent ion coefficients, R• 

obtained from the first samples collected dur ing the 
discharges (Fig. 1) were general ly about 25% lower 
than those obtained from the second samples collected 
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Fig. 1. Total retention coefficient for first series of samples 
taken during discharge. The symbols designate electrolytes of the 
following compositions "chlorinity-added magnesium chloride:" 
[ ]  4.5-0.0, O 19.0-0.0, V 4.5-17.5, and A 4.5-35.0. Discharges 
at 1.0, 2.0, and 3.4 asi are designated, respectively, by unshaded, 
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Fig. 2. Total retention coefficient for second series of samples 
taken during discharge. The symbols designate electrolytes of the 
following "chlorinity-added magnesium chloride:" [ ]  4.5-0.0, 
Q 19.0-0.0, V 4.5-17.5, and A 4.5-35.0. Discharges at 1.0, 2.0, 
and 3.4 asi ore designated, respectively, by unshaded, half-shaded, 
and fully-shaded symbols. 

during the discharges (Fig. 2). This result  cannot  be 
explained by not allowing adequate t ime for flushing 
out the apparatus as this would result  in a higher 
value of R• not a lower one. A reduction of the flux 
of salts leaving the sponge silver as the  discharge 
progresses might  explain the increase in R• with dis- 
charge time; but  an increase in the re tent ion due to 
precipitate effects is unlikely.  

The collection t ime varied from the norm for one 
discharge at 2 asi in that  the first sample was collected 
between the 3 and 6 rain mark,  and the second sam- 
ple was collected between the 6.5 and 8.5 min  mark.  
Though the two values of R• obtained with this dis- 
charge differ by only 15%, this is not sufficient evi-  
dence that  the t ime dependence of R• becomes less as 
the discharge progresses. 

For a given collection time, tempera ture  and current  
density had the greatest effect on the values of R_+; 
electrolyte composition had no discernible effect. In -  
creased current  density caused an increase in R• 
whereas increased tempera ture  caused a decrease in 
R• These results suggest that  re tent ion is governed 
pr imar i ly  by the diffusion of salt ions from the sponge 
silver: the effect of higher current  density is to in-  
crease the rate at which the chloride ions are generated 
at the sponge s i lver-s i lver  chloride interface and the 
effect of tempera ture  is to increase the rate of dif-  
fusion. 

Rso4= ranged from 1.6 x 10 -4 to 1.0 x 10 -3 g -equ iv /  
cm 3 and ranged from 2 to 20% of the total value of 
R• (note Eq. [2]),  except for the case of the two dis- 
charges at 1 asi where Rso4= averaged 35% of R• 
Rso4= exhibited only a moderate decrease with tem-  
perature and had no discernible correlation with cur-  
rent  density. However, the ratio of Rso4= to R_+ was 
significantly higher at 1 asi than  at 2.0 or 3.4 asi, 
giving weak evidence that  Rso4= was not diffusion 
controlled to the degree that  R• (or Rc l - )  was. 

Of special interest  is the fact that  the observed 
values of Rso4= far exceed those which could be ex-  
plained by  re tent ion in  the sponge si lver because the 
only way in which sulfate ion re tent ion in the sponge 
silver can occur is for the sulfate ion to be carried into 
the sponge silver by convection via the flow of elec- 
trolyte into the void spaces in the sponge silver. Cal- 
culations based on convection yield a value of Rso4= 
of 1.7 x 10-5 g-equ iv /cm 8 of sponge silver for the 
19.0%o chlorini ty electrolytes (this value is propor-  
t ional to chlorini ty) ,  which lies far below the values 
of Rso4= actual ly observed (1.6 x 10 -4 to 1.0 x 10 -3 
g-equiv/cm~).  Molecular diffusion of sulfate ions into 

the sponge silver is an unl ike ly  explanat ion for the 
high observed values of Rso4= because of the adverse 
concentrat ion gradient  that  would be generated. Sim- 
ilarly, electrolytic mobil i ty  is ruled out because the 
electric field inhibits  the movement  of sulfate ions into 
the cathode. Therefore, except for precipitat ion of 
sulfate ions in the sponge silver, convection is the 
only method by which the sulfate ion could enter  the 
sponge silver. 

The high values of Rso4= therefore suggest the re- 
tent ion of sulfate ions in the precipitate formed dur -  
ing discharge by the reaction of the AZ61 alloy with 
water;  perhaps by double salt formation or absorp- 
tion. 1 In  order to investigate this hypothesis, samples 
of electrolyte were collected dur ing  discharge of a 
full-sized battery.  The value of Rso4= calculated from 
the composition of the clear port ion of the electrolyte 
from the bat tery  was 4.9 x 10 -4 g -equ iv /cm 3 of sponge 
silver which is well  wi thin  the range Rso4= obtained 
with the single cell discharges. However, when the 
amount  of sulfate ion retained in the precipitate (de- 
te rmined from weight-composit ion determinat ions  of 
the precipitate) was taken into account, it was found 
that  essentially all (112 • 22%) of the  sulfate ion 
retained was retained in the precipitate. The uncer-  
ta in ty  value resulted from an error analysis maxi-  
mizing the effect of exper imenta l  errors. The nomina l  
value obtained for the re tent ion of sulfate ions in the 
sponge silver was of the same order of magni tude  
(.--4.0 x 10 -5 g -equ iv /cm 3 of sponge silver) as that  

predicted from convection. 
The results of a similar full-scale bat tery test to 

determine the relat ive roles played by the precipitate 
and the sponge silver on the retent ion of chloride ion 
showed that  88 • 1.2% of the chloride ion, produced 
by reaction [1] was retained in the sponge silver. 
Two likely mechanisms of chloride re tent ion in the 
precipitate are: (a) the formation of magnes ium hy-  
droxychlorides and (b) formation of regions of high 
concentrat ion in the void spaces of the precipitate. The 
first hypothesis is supported by  x - r ay  diffraction 
studies which have shown evidence of the presence 
of magnesium hydroxychlorides in the precipitate; 
the second hypothesis is supported by an apparent  
t ransfer  of chloride ions from the precipitate to the 
electrolyte with time. Whether  this t ransfer  is the 
resul t  of (a) molecular  diffusion from electrolyte 
t rapped in the pores of the precipitate, (b) equi l ibra-  
t ion between double salts and the sur rounding  elec- 
trolyte, or (c) a change in the composition and size of 
the precipitate particles (e.g., the corrosion of small  
pieces of magnes ium in the precipitate) is not known. 

As stated above, the value of RNa+ was determined 
by subtract ing RMg++ for R_+. Since the estimated 
max imum error of the magnesium determinat ion was 
1~/2%, resul t ing in large uncertaint ies  in RMg+ + (see 
Presenta t ion of Results),  and since the values of R• 
exhibit  a fair degree of uncer ta in ty  (see Fig. 1 and 2), 
the values of RNa+ exhibit  a large degree of u n -  
certainty. However, the values of Rsa+ and RMg+ + 
are of the same order of magni tude  and in most cases 
values overlap when  the uncer ta int ies  are taken into 
account. Consequently these results indicate that  both 
the sodium and magnes ium ions enter  the sponge sil- 
ver  under  the influence of the electric field or take 
part  in double salt formation and therefore, one can 
assume that  in a sea water-act ivated battery,  signifi- 
cant amounts  of the salts found in the enter ing sea 
water  and of the MgC12 formed from the bat tery  re-  
action are retained. 

E~ect of Retention on Voltage Losses 
In  order to estimate the m a x i m u m  effect of re ten-  

t ion on the voltage losses in a sea water -ac t iva ted  bat -  
tery, two hypothetical  and extreme cases were con- 
sidered: (a) only the ions found in the enter ing elec- 

1 T h e  t e r m  " p r e c i p i t a t e "  wi l l  h e n c e f o r t h  r e f e r  to t h e  p r e c i p i t a t e  
f o u n d  in  t h e  f r e e  f l o w i n g  e l ec t ro ly t e .  
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Table II. Effect of retention on voltage drop across interelectrode spacing a 
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Chlorini ty  of T e m p e r a t u r e  T e m p e r a t u r e  Voltage drop 
electrolyte en- electrolyte en- increase  of wi th  no re ten-  
t e r ing  cell (~ t c r ing  cell (~ electrolyte (~ t ion b (volts) 

Increase  in vol tage drop due to: 
Only m a g n e s i u m  Only sea w a t e r  
chloride re ta ined  salts re ta ined  

(volts) o (ehlorini ty  reduced) 

4.5 40 30 0.53 0.048 0.064 
19.0 40 30 0.27 0.011 0.012 
19.0 85 30 0.17 0.005 0.008 
4.5 40 80 0.17 0.020 0.023 

19.0 40 80 0.12 0.008 0.009 
19.0 85 80 0.09 0.006 0.008 

a Voltage drop across the electrolyte passage at  the point  in the cell where  t empera tu re  of the electrolyte has  increased  by the indi-  
cated amount .  Calculated on the basis  of cell spacing of 0.022 in., and a cur ren t  density of 2.00 asi. 

b For  a hypothet ica l  cell w i th  no retent ion.  
The re ten t ion  of ions is considered to reduce  the a m o u n t  of NIgCI~ added by the  cell react ion to the  electrolyte wi thou t  affecting 

the chlor in i ty  of the  electrolyte .  
The  re ten t ion  of ions is considered to reduce the  chlor in i ty  of the  electrolyte  w i thou t  affect ing the  amoun t  of MgCI~ added  to the  

electrolyte by  the  cell reaction. 

trolyte are retained, i.e., the chlorini ty of the electro- 
lyte is reduced, and (b) only the magnes ium chloride 
generated in the ba t te ry  is retained. Voltage losses 
for the two cases are compared to those that  would 
occur in the absence of re tent ion of any  form. 

A retent ion coefficient consistent with the data, 6.3 
x 10-8 g_equiv/cm 3 of sponge silver was assumed. Also, 
in order to relate re tent ion to the tempera ture  and 
composition of the electrolyte, which determine its 
electrical conductivity,  the following assumptions 
were made: (A) The cell is adiabatic. (B) The thermal  
energy released by the cell is independent  of electro- 
lyte conditions and current  density and is 2.4 t imes as 
great as the electrical energy produced at 1.065v (the 
assumed cell emf).  This ratio of thermal  to electrical 
energy has been observed in discharges of a typical  
full-size h igh-dra in  battery. Though this ratio cannot  
be applied to all such batteries it is adequate for the 
purposes of this calculation. (C) The density and 
heat capacity of the electrolyte are constant  at 1.0 
g /ml  and 1.0 cal/g~ respectively. (D) The effect of 
ion retent ion on flow rate is negligible. 

The re levant  conductivi ty data were taken  from 
a prior study [ref. (3)] ;  and the current  densi ty and 
interelectrode spacing were chosen to reflect cur rent  
design practice; 2.0 asi and 0.022 in., respectively. 

The results of the calculations are presented in Ta-  
ble II. The two enter ing temperatures  were 40 ~ and 
85~ The two electrolytes used were of 4.5 and 
19,0%o chlorini ty (the former the lowest  chlorini ty 
found in the world's  oceans, the lat ter  the "normal"  
chlorini ty of the world 's  oceans). Two tempera ture  
rises, 30 ~ and 80~ were studied. 

The results given in Table II show that  the in-  
creases in voltage losses caused by re tent ion are re la-  
t ively small  at a current  density of 2.0 asi for en te r -  
ing electrolytes of 19.0%o chlorinity, but  become sig- 
nificant (0.05v) for electrolytes of low chlorinity. The 
use of ei ther of the two methods given in Table II 
to estimate the effects of re tent ion gives results wi th in  
0.02v of each other. 

Since the two approaches used in Table II are really 
boundary  conditions, and since both sea water  salts 
and the magnes ium chloride from reaction [1] are 
retained in  a battery,  perhaps the best estimate of 
the correction needed to account for re tent ion would 
be obtained by basing the relat ive amounts  of mag-  
nesium chloride and sea water  salts undergoing re-  
tent ion on the ratio of normal i ty  of the salt under  

consideration (either sea water  salts or magnes ium 
chloride) to the sum of the normal i ty  of the sea water  
salts and the normal i ty  of the magnesium chloride. 

Conclusions 
A study of the re tent ion of the four major  ions 

found in silver chloride-magnesium, sea water -ac-  
t ivated batteries (CI- ,  SO4 =+, Na +, and Mg ++) in -  
dicated that  the major  locus of chloride ion re tent ion 
was in the pores of the sponge silver formed on the 
cathode dur ing discharge whereas the major  locus of 
re tent ion of the sulfate ion was in  the  precipitate 
formed by secondary reactions at the anode. Both mag-  
nesium and sodium were re ta ined in  significant 
amounts  indicat ing that  both the salts found in the 
sea water  and the magnes ium chloride formed by the 
bat tery  reaction are retained in significant quantities.  

The evidence available suggests that  re tent ion in 
the sponge silver is pr imar i ly  determined by diffusion 
as the re tent ion increases with current  density and 
decreases with temperature.  Sulfate retention,  which 
occurs pr imar i ly  in the precipitate, does not appear to 
be as strongly controlled by diffusion. 

A brief  study of the effects of re tent ion on bat tery  
voltage indicated that  increases in voltage losses of 
3 to 15% above those predicted wi thout  compensating 
for re tent ion are to be expected. Adequate corrections 
can be made by use of the retent ion coefficients pre-  
sented in Fig. 1 and 2, the method presented herein. 
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ABSTRACT 

Direct  ammonia -oxygen  or air cells were  operated be tween 25 ~ and 140~ 
with aqueous potassium hydroxide  as e lectrolyte  and with  Teflon-bonded elec-  
trodes containing ei ther  unsupported pla t inum black or p la t inum supported on 
graphite.  The effect of p la t inum on the per formance  of ammonia,  oxygen, 
and air electrodes was investigated. Power  densities of 50 m w / c m  2 at 0.5v 
( IR-included)  were  achieved in ammonia -a i r  cells at 120~ with  only 2.5 mg 

P t / c m  2 on each electrode. 

The many  advantages of hydrogen  as an electro-  
chemical  fuel  are largely  offset, for commercial  fuel  
cell application, by the need to store and distr ibute it 
e i ther  as a l iquid at t empera tures  below --240~ or as a 
compressed gas at h igher  temperatures ,  e.g., 2000 psi at 
room temperature .  Consequently,  much work  has been 
done to develop fuel  cell  systems in which the  hydro-  
gen is generated as needed f rom fuels that are cheaper 
and easier to handle than the pure  element,  such as 
meta l  hydrides, ammonia,  methanol,  and common hy-  
drocarbons. These fuels, except  meta l  hydrides, can 
also be oxidized direct ly  in fuel cells equipped wi th  the 
proper  combination of electrodes and electrolyte,  but  
power densities at a given voltage are lower than those 
obtainable by electrochemical  oxidation of the hydro-  
gen der ived f rom these fuels. 

In a recent  rev iew of government -sponsored  re-  
search on fuel  cells, Aust in (1) concluded that  "am-  
monia is re la t ive ly  inert  as an e lectrochemical  reactant  
and requires  very  active electrodes or high t empera -  
tures."  Subsequently,  Cairns, Simons, and Tevebaugh 
(2) found that  Teflon-bonded pla t inum black elec- 
trodes (3) provided the necessary electrocatalyt ic  ac- 
tivity. The performance  levels they  observed in a direct 
ammonia -oxygen  fuel  cell, operated in the range 100 ~ - 
200~ wi th  aqueous potassium hydroxide  electrolyte,  
exceeded those reported for any fuels other  than  hy-  
drogen or hydrazine. More detailed results on am-  
monia -oxygen  and ammonia -a i r  cells are presented in 
this paper. 

The anodic oxidation of ammonia  on a platinized 
pla t inum surface in contact wi th  aqueous potassium 
hydroxide  has been shown by earl ier  workers  to occur 
wi th  100% coulombic efficiency according to the over-  
all  s toichiometry (4-7) 

NH3(g) ~- 30H-(aq) --> I/z N2(g) -~- 3 H20(liq) -~ 3 e-  [i] 

The thermodynamic reversible potential (E~ for re- 
action [1], calculated from free energy data (8), is 
--0.77% only 0.06v less negative than the value of 
--0.83v for a reversible hydrogen electrode in alkaline 
solution. Experimental open-circuit potentials, how- 
ever, are 0.2-0.4v less negative than the reversible po- 
tential, and calculated exchange current densities 
range from 10 -12 amp/cm 2 (9) to 10 -8 amp/cm 2, com- 
pared to about 10 -3 for hydrogen (5). F rom at tempts  
that  have been made to elucidate  the  details of reac-  
t ion [1], it has been suggested that  the react ion pro-  
ceeds by the s tep-wise oxidat ion of hydrogen atoms 
f rom n i t rogen-hydrogen  species adsorbed on the cata-  
lyst surface (5, 6, 9). 

In a complete  ammonia -oxygen  fuel  cell, reaction 
[1] is accompanied by the cathodic reduct ion of oxy-  
gen, which, in the absence of peroxide  format ion is 
represented by (8) 

3/4 O2(s) ~- 3/2 H20(liq) -~- 3e- 
3 0 H - ( a q ) ;  E0298 = 0.40v [2] 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  A r g o n n e  N a t i o n a l  L a b o r a t o r y ,  9700 S o u t h  Cass  

A v e n u e ,  A r g o n n e ,  I l l inois .  
2 P r e s e n t  a d d r e s s :  G e o r g e t o w n  U n i v e r s i t y ,  W a s h i n g t o n ,  D.  C. 

Performance  data for complete gaseous ammonia -oxy-  
gen fuel  cells are scanty. Wynveen  (7) has published a 
few vol tage-cur ren t  curves for such a cell operat ing in 
the range 30~176 with  the concentrated aqueous 
potassium hydroxide  electrolyte  immobil ized in a por-  
ous matr ix.  Most o ther  reported work  (10, 11) has been 
per formed at tempera tures  be tween  140 ~ and 750~ 
using fused alkali  hydroxide  mixtures,  usual ly in a 
s intered magnesium oxide matrix,  as the electrolyte.  
Al l  cells have  used porous f low-by electrodes made of 
carbon or nickel wi th  p la t inum as the anode catalyst. 
Some results have also been reported for cells in which 
the feed to the anode was a solution of ammonia  in 
aqueous potassium hydroxide  (11, 12). The m a x i m u m  
current  densities reported for operat ion below 150~ 
were  about  40 m a / c m  2 at a cell  vol tage of about 0.4v 
(11). Current  densities of 120-130 m a / c m  2 were  
achieved only above 200~ (10, 11). 

Experimental 
Fuel cell assembly.--The fuel cell used in these ex-  

per iments  was like that shown in exploded v iew in 
Fig. 1 except  that  the spacer (electrolyte compar t -  
ment)  was ei ther  1/8 or 1/16 in. thick and the thermo-  
couple well  (added to the cell  af ter  the first series of 
runs) did not extend into the electrolyte  compar tment  
but  ended about 1/32 in. f rom the c i rcumferent ia l  wall. 
In most exper iments  the working  fuel  cell was 
mounted  below an identical  reference cell  whose gas 
compartments  were  kept filled with  hydrogen, and the 
entire system was assembled in a forced convection 
air thermosta t  as shown in Fig. 2. Elec t ro ly te  flowed 
under  gravi ty  from an upper  Teflon reservoir  through 
the working and reference cells into a lower reservoir.  
Electrolyte  was re turned  by an all-Teflon bellows 
pump (not shown) f rom the lower to the upper  reser-  
voir, in which the m a x i m u m  height  of electrolyte  was 
set by an overflow pipe through which excess electro-  
lyte was re turned  to the lower  reservoir.  The total  
vo lume of the electrolyte  in the system was 190 cc, of 
which only 3.6 or 1.8 cc were  be tween the  two elec- 
trodes of the cell (11.38 cm 2 circular  cross section; 0.32 
or 0.16 cm thick) .  

Fig. 1. Exploded view of fuel cell assembly 
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Fig. 2. Fuel cell assembly in air thermostat 

In some experiments  the total volume of electrolyte 
was reduced by e l iminat ing the reference cell, electro- 
lyte reservoirs, and bellows pump and instal l ing in 
their place the electrolyte loop shown in  Fig. 3. Thin  
Teflon tubes (1.7 mm OD) inserted into the upper  and 
lower branches of the electrolyte loop were connected 
to manua l ly  operated syringes and were used to re- 
move gas bubbles that  sometimes accumulated in  the 
loop and impeded circulation of electrolyte. 

Electrolyte solution and gases.--The electrolyte solu- 
t ion [54 w/o  (weight per cent) KOH] was prepared 
by direct weighing from USP grade KOH pellets and 
distilled water. Dry gases were fed from tanks into the 
fuel cell at essentially atmospheric pressure. The air 
contained 0.035 v/o  (volume per cent) carbon dioxide. 
Ammonia  flow rates were 2-3 times stoichiometric and 
air flow rates 3-4 times stoichiometric. 

Electrodes.--Teflon-bonded electrodes (3) were pre-  
pared with catalysts that were either unsuppor ted 
p la t inum black (Englehard Industries,  Inc.) or 10 w/o  
p la t inum-on-graph i t e  (American Cyanamid Company 
designation S-7547-48). The support ing screen was 45- 
mesh p la t inum (8-mil  wire) ,  and the electrodes were 
covered on the gas side by a pre-cast  film of Teflon 
containing from 0.04 to 0.22 mg Teflon/cm 2 (,~0.2 to 
~1.1~ thickness).  The amount  of catalyst used in  pre-  
par ing the electrodes was chosen to give p la t inum 

INLET TUBE FOR 
MAKE-UP WATER 

CATHETER 

EL72ROOE .~'J---~ 

Fig. 3. Schematic diagram of cell with electrolyte loop 

loadings of 0.9, 1.0, 2.0, 2.4~: and 2.5 mg/cm 2 supported 
on graphite and 51 m g / c m  2 of unsupported p la t inum 
black; the total content  of Teflon binder  was 14-15 w/o, 
A p la t inum-f ree  electrode was prepared from Cyana-  
mid 99% graphite. The reference electrodes were made 
with unsupported p la t inum black. To obtain reproduc-  
ible measurements  with supported p la t inum electrodes, 
the assembled cells were allowed to remain  for 24 hr 
at tempera ture  with electrolyte in the l iquid compart-  
ment  and ni t rogen in the gas compartments.  

Electrical measurements.--Preset currents,  measured 
on a mul t i - r ange  ammeter,  were passed through the 
cell from a modified, 60-cps Kordesch-Marko in ter -  
rupter  bridge (13, 14), and the resul t ing cell voltage, 
including resistive losses across the electrodes~ and elec- 
trolyte, was cont inuously monitored on a Var ian  str ip- 
chart  recorder or measured with a potentiometer.  
When the cell voltage had reached a constant value for 
each (average) current ,  a potentiometer  connected to 
the bridge was used to measure  the IR-free voltages 
between the anode and cathode and between each and 
the hydrogen reference electrode. 

Niedrach and Tochner (14) have shown that a low- 
frequency in te r rup te r  bridge can give erroneous 
values for IR-free voltages of cells in  which the  elec- 
trodes contain low loadings of supported p la t inum 
catalyst because nonresist ive voltage changes occur 
along with the resistive changes dur ing the noncon-  
ducting portion of the bridge cycle. Results presented 
in this paper show similar behavior  for low loadings 
of p la t inum on carbon in alkal ine electrolytes. For cells 
with low p la t inum loadings the voltages between anode 
and cathode and between each and the hydrogen refer-  
ence electrode were measured while constant  currents  
were being sent through the cells from a d-c power 
source. In  series between the cell and power source 
was a Clare mercury-wet ted  relay switch (No. 
HG2A3033). Addi t ional  voltage taps were connected 
from the cell to the input  of a Type H p lug- in  uni t  on 
a Tektronix  Type 545 oscilloscope, and  the tr iggering 
input  of the scope was connected in parallel  across the 
coil of the Clare relay. When the coil was energized, by 
operation of a manua l  switch, a known current  flow 
through the cell was in te r rup ted  in synchronizat ion 
with a preset oscLUoscope sweep rate (usual ly 10-100 
~,sec/cm). The voltage step on the oscilloscope screen, 
resul t ing from decay of the IR-component  of overvolt-  
age, was photographed and measured, the cell resist- 
ance calculated from it, and the appropriate correction 
applied to obtain IR-free  values of the cell voltages. 

Results and Discussion 
E~ect of Temperature 

The pre l iminary  results already reported (2) for the 
performance of an ammonia-oxygen  cell with p la t inum 
black (51 mg/cm 2) electrodes in the range 100~176 
were confirmed and extended by runs made at ambient  
temperatures  of 140 ~ 120 ~ 80 ~ 60 ~ and 25~ The per-  
formance data from the runs  at 140 ~ and 60~ are pre-  
sented in Fig. 4 as vol tage-current  density curves ob- 
ta ined with a Kordesch-Marko bridge. (The data for 
120 ~ and 80~ fall between these limits.) 

The effect of tempera ture  upon the IR-free perform- 
ance of the cell in the range 60~176 is pr imar i ly  a 
reflection of the effect of tempera ture  on the anode 
performance.  The poten t ia l -cur ren t  densi ty curve for 
the anode at 60~ is roughly parallel  to that  at 140~ 
and is displaced upward  by about 80 my, The max imum 
spread among the four cathode-reference curves is 
only about 30 mv. No l imit ing current  density was ob- 
served up to about 700 ma / c m 2. 

The effect of temperature  on cell performance is 
more pronounced when the IR-losses are included in  
the measurements ,  because the specific resistivity of 
the electrolyte increases markedly  with a decrease in 
temperature.  The var ia t ion of specific conductivi ty of 
54 w/o  KOH with tempera ture  is shown in Fig. 5, from 
which the extrapolated value at 60~ is 0.672 ohm -1 
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Fig. 5. Effect of temperature on specific conductivity of 54% 
aqueous KOH. 

cm -1, corresponding to a specific resistivity of 1.49 
ohm-cm. Thus in the range from 140 ~ to 60~ the 
specific resistivity increases by a factor of about 2.8. 
This tempera ture  dependence is in reasonable  agree- 
ment  with that  observed by Klochko and Godneva (15) 
for other aqueous KOH solutions in the range 150 ~ 
200~ 

A careful examinat ion  of the IR- included anode- 
cathode voltage curves in Fig. 6 reveals a qual i tat ive as 
well  as quant i ta t ive  difference between the results at 
140~ and those at 120 ~ 80 ~ and 60~ The curve at 
140~ shows a change in  slope from concave upward  
at lower current  densities to concave downward at 
higher current  densities. The curves at the other tem- 
peratures, however, are concave upward  over their en-  
tire course. In other words, the slope of the voltage- 
current  density curve at each of the lower tempera-  
tures decreases continuously with increasing current  
density in the range covered by these experiments.  
Fur thermore,  a comparison of the IR-free and IR- in -  
cluded cell voltages showed that  the cell resistance de- 
creased significantly with increasing current  density, 
par t icular ly  at 60 ~ and 80~ indicat ing that  the elec- 

t rolyte  tempera ture  had increased above ambient  dur -  
ing operation. 

The effects of self-heat ing are dramat ical ly  i l lus- 
trated in Fig. 6 by the performance of a cell whose 
operation was started at room temperature.  The  IR- in -  
cluded cell voltage dropped sharply at low current  
drains, but then remained at about 0.3v over the range 
100-300 ma /cm 2. .& thermocouple mounted on the out-  
side wall  of the anode gas: compar tment  registered 
~45~ when  the cell was operated at ~800 ma /cm s, 
at which point the cell voltage was the same as that  ob- 
served in the run  made at an ambient  tempera ture  of 
140~ 

The comparison of the performance curves in  Fig. 6 
can be only quali tat ive because cell operat ion was ob- 
viously not isothermal at ambient  temperatures  of 80~ 
and below. The results, nevertheless,  have a two-fold 
significance: (i) They are the first demonstrat ion that 
a fuel cell operat ing on a fuel other than  hydrogen or 
hydrazine can be started at room temperature  without  
an external  heat source. If room tempera ture  s tar t -up 
can be achieved in a single cell, such s ta r t -up  should 
be even more feasible in a bat tery designed to reduce 
ini t ia l  heat losses; (ii) Because of the high electro- 
chemical reactivi ty of ammonia,  which is revealed by 
these experiments,  it should be possible to reduce sig- 
nificantly the amount  o~ p la t inum catalyst used in the 
electrodes. 

E~ect of Platinum Loading 
Comparison aS 60-cps interrupter bridge and steady 

d-c drain.--A cell was assembled in which one elec- 
trode contained 51 mg p l a t i n u m / c m  2 as unsupported 
p la t inum black and the other contained 6.2 mg plat i-  
num/cme supported on Cyanamid graphite. In  one run  
the graphi te-based electrode was used as the anode 
(NH3) ; in the other as the cathode (02). Fay both runs, 
oscilloscope tracings were made of the voltage changes 
that  occurred between anode and cathode dur ing 60- 
cps operation at several values of the t ime-average  
current  density. At current  densities above 40 ma /cm 2 
the tracings from both runs were l ike that  shown in 
Fig. 7, which is identical in form to those reported by 
Niedrach and Tochner (14) for a hydrogen-oxygen 
cell in which the cathode was made with p la t inum 
supported on tantalum. The tracings show clearly tha t  
at no t ime in the K-M bridge cycle did the cell voltage 
reach an IR-free plateau and that  significant decay of 
overvoltage occurred dur ing  the zero cur ren t  portion 
of the cycle. The magni tude  of this decay increased 
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Fig. 7. Cell voltage transient during Kordesch-Marko bridge 
cycle. If both electrodes had been platinum black, the rapid voltage 
changes as the current flow was interrupted and then resumed 
would have been separated by a plateau of constant voltage during 
the nonconducting portion of the cycle. In this experiment a slow 
decay of almost 50 my occurred during the nonconducting portion 
of the cycle. Run 8446-43-3: NH3J54% KOH[O2; T = 120~ 
Anode, Pt black, 51 mg/cm2; cathode, Pt on C, 6.2 mg/cm2; cur- 
rent density, 88 ma/cm 2. 

with increase in current  density to ~150 mv at HI  
amp/cm 2. 

Four  pairs of runs were then made with four com- 
binations of high (unsupported) and low (supported) 
p la t inum loadings in ammonia-oxygen  cells with 54 
w/o potassium hydroxide at 120~ For each combina-  
t ion performance data were obtained both by K-M 
bridge operation and by steady d-c drain. The voltage- 
current  density relationships are summarized in Table 
I and Fig. 8, to which the following comments apply: 

1. In  col. 6. the symbol ET Dc denotes the te rmina l  cell 
voltage dur ing steady d-c discharge at a constant cur-  
rent  ( I ) ,  the symbol ET TM denotes the t ime-average 
te rmina l  cell voltage dur ing operation of the cell with 
a K-M bridge at a constant  t ime-average  current  
(I ---- I) .  The numbers  listed in col. 6 are the mi n i mum 
and max imum values of the difference, ET TM - -  ET DC, 
observed between the members of each pair of runs 
over the range of cur ren t  densities from 0 to 350 m a /  
cm 2. These values are not significantly different from 
the differences between duplicate runs made with a 
given mode. Thus, either mode of operation gives es- 
sential ly the same values for the IR-included te rmina l  
cell voltage of ammonia-oxygen fuel cells with either 
p la t inum black or p l a t inum-on-ca rbon  electrodes. 

2. By contrast, the four pairs of curves in Fig. 8 
show that the relationship between the IR-free voltage 
vs.  current  density curves obtained by the two modes 
of operation does depend on the composition of the 
electrodes. The voltage readings designated as EA-C TM 
were obtained directly from operation of the K-M 
bridge. Those designated a s  EA-C DC were obtained by 
subtract ing from the measured values of ET Dc the ap- 
propriate IR-component  as calculated from the voltage 
t ransients  recorded dur ing in ter rupt ion  of the cell at 
several  cur rent  levels. 

For each pair of runs, the E A - C  TM c u r v e  lies above 
t h e  E A - C  DC curve; i.e., the K-M bridge gives too high 
a value for the IR-free anode-cathode voltage. The 
magni tude  of this difference between EA-C TM and 
E A - C  pC is not exper imenta l ly  significant for cells in 
which both electrodes are made with unsupported 

Table I. Comparison of Kordesch-Marko bridge and d-c discharge 

NH3 ] 54% K O H  i ~ 
T = 120~ 

(1) (2) (3) (4) (5) (6) 
M g  P t / c m  e E s t i m a t e d  

c e l l r e s i s t . ,  ET T M  -- E r  ])c 
R u n  No.  M o d e  A n o d e  C a t h o d e  o h m s  v 

8593-34-1.%. K - M  51 51 0.025 -- 0 .010 to  
8 5 9 3 - 3 4 - 1 B  D.C.  51 51 0.023 + 0.010 
8593-46-`%. K - M  2.5 on  C 51 0.034 - -0 .011  to 
8593-46 -B  D.C.  2.5 on C 51 0.024 + 0.030 
8593-46-D K - M  51 2.5 on  C 0.037 - -0 .005  to  
8593-46-C  D.C.  51 2.5 on  C 0.024 + 0.014 
8446-148-2B K - M  2.5 on  C 2.5 on  C 0.047 - -0 .012  to 
8446-148-2.%. D.C.  2.5 on  C 2.5 on  C 0 .024 + 0.010 

i i i r i i I i I 
(r o -  KORDESCH-MARKO RUNS A-C 

a - D.C. DISCHARGE RUNS (E,~Cc) mq P? 

NH,154% KOH lOt cmz 
0.8 

T = 120% 

~ 2  I o7 

0., 5; O.G 

~ ~o ~ 05 

>0.5 

o~ 0.8 
z 

.,~ 0.6 o o., .5 

OJ 0.5 

0.6 ~ 0.4 

0.5 2.5 2 

o.~ ~o ;o ,~o ,~o ~o ~'o ~o ~o ~o ~oo 
ma/cm 2 

Fig. 8. Comparison between EA-C values obtained from operation 
of ammonia-oxygen cells with Kordesch-Marko bridge and with 
d-c discharge. Platinum Ioadings for each pair of runs are tabu- 
lated along right-hand border of figure. Arrows indicate the voltage 
scale that applies to each pair of curves. 

pla t inum black. The difference is significant for cells 
in  which one of the p la t inum black electrodes is re-  
placed by a p la t inum-on-ca rbon  electrode; it is im-  
mater ia l  whether  the subst i tut ion is made at the anode 
or cathode. The difference is even greater for cells in 
which both electrodes contain 2.5 mg p l a t i num/cm 2 
supported on Cyanamid graphite. 

3. This difference between the IR-free voltages ob- 
tained by the two modes of operat ion is also sum-  
marized in col. 5 of Table I, which lists the estimated 
values of the cell resistances. Those for the d-c mode 
were estimated by the in ter rupter  method already 
described. Those for the K-M mode were calculated 
from the relat ionship 

E A _ C  TM - -  ETKM 
R =  

i 

and were found to be essentially independent  of cur-  
rent. 

EI~ect o~ p l a t i n u m  load ing  on i n d i v i d u a ~  electrode 
p e r f o r m a n c e . - - I n  addition to the cells described in the 
preceding section, three were assembled in which the 
pairs of electrodes were 

Cell No. Electrode pairs Total mg P t / cm  2 

8446-132 2.5 vs.  0.0 2.5 
8593-4-2 2.5 vs.  0.9 3.4 
8593-8-2 2.0 vs.  1.0 3.0 

Altogether, several  runs were made ,~n each of seven 
different cells in order to test the effect of each level 
of p la t inum loading on electrode performance with 
ammonia,  oxygen, and air. 

For  all runs, the d-c in te r rup t ion  method provided 
reproducible and in te rna l ly  consistent values for IR- 
free cell voltages, but  not for IR-free values of the 
individual  electrode potentials with respect to the hy-  
drogen reference electrode. Single e~ctrode com- 
parisons have, therefore, been made wiihout correct- 
ing for the IR-component  of overvolt~ge. Although 
these IR-included comparisons cannot  pIovide a basis 
for quant i ta t ive  electrochemical calcula~.ons, they do 
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show differences in performance,  par t icular ly  among 
ammonia  anodes of different p la t inum contents, that  
are greater  than can be a t t r ibuted to differences in IR-  
losses be tween different electrodes or to the scatter of 
points in repl icate  runs. 

The effects of p la t inum loading on the per formance  
of an electrode as an anode or cathode are i l lustrated 
by the curves of Fig. 9, in which the voltages re la -  
t ive to a common hydrogen electrode are plot ted 
against  cur ren t  density over  the range 0-180 m a / c m  2. 
Al though most electrodes could sustain current  densi-  
ties well  beyond this range, the curves were  distorted 
by the effects of in ternal  heat ing at cell  currents  
above 2 amp. 

The ammonia  oxidat ion curves (Fig. 9At for elec-  
trodes made  with  unsupported pla t inum black and 
with 2-2.5 mg pla t inum/cm2 on graphi te  are essentially 
parallel.  At  1 m g / c m  2 the per formance  of the anode 
and its reproducibi l i ty  were  poorer, and at zero pla t -  
inum loading the electrode showed negligible catalyt ic 
activity. The cathode curves for the graphi te  electrodes 
are v i r tua l ly  parallel ,  and there  is no evidence for a 
l imiting current  densi ty with pure  oxygen out to 176 
m a / c m  2 even for the zero plat inum loading; wi th  ai r  
the p la t inum-f ree  electrode could not sustain more 
than 138 m a / c m  2. 

The solubili ty of ammonia  in the alkal ine electrolyte  
is high enough (16) so that  in the absence of a barr ier  
to its diffusion some fuel  is oxidized at the cathode, 
with a consequent  increase in the overvol tage  of that  
electrode, as i l lustrated in Fig. 9B. The uppermost  
curve  is for a p la t inum b l ack  cathode run in a hydro-  
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Fig. 9. Effect of platinum loading on voltage-current density 
curves for indi~dual electrodes (vs. reversible H2) in cell with 
54% KOH (1/l~-in. electrolyte space) at 120~ (all voltages in- 
clude IR component). Except as noted, oil measurements were 
made with ammonia as the anode gas. 9A. Ammonia. 9B. Oxygen. 
9C. Air (includbg two different TFE films). 

gen-oxygen  cell; the one immedia te ly  below it is for a 
p la t inum black cathode run  in an ammonia -oxygen  
cell. 

The performance  of an air cathode is affected both 
by p la t inum loading and by the thickness of the 
Teflon film on the gas side. In Fig. 9C the family  of 
air cathode curves includes two at the level  of 2-2.5 
mg P t / c m  2. The upper  of the two curves is for an 
electrode with 0.04 mg Tef lon/cm 2 (~0.2~ thickness) ;  
the lower, 0.13 m g / c m  2 (,~0.5u). A similar  effect of 
Teflon thickness was observed with  another  pair  of air 
electrodes at this p la t inum level, one with  0.18 and 
the other  wi th  0.05 mg Tef lon/cm 2. No such relat ion 
be tween performance  and film thickness was observed 
when the electrodes were  used as oxygen cathodes or 
ammonia  anodes. 

Performance of Complete  A m m o n i a - A i r  Cells 
The effects of p la t inum loading and Teflon film 

thickness on the IR- inc luded performance  of the com- 
plete ammonia -a i r  cells used in this invest igat ion are  
presented in Fig. 10A and B as curves of cell vol tage 
vs. current  density and power  density, respectively.  

The  upper  curve  of each figure is for a cell in which 
both electrodes contained 51 mg of unsupported 
pla t inum black per square centimeter .  The middle  
curve  is d rawn through the points obtained f rom the 
cells in which each electrode contained 2.4 mg 
p l a t i num/cm 2 supported on graphi te  and in which the 
film on the gas side of the cathode contained 0.05 mg 
Tef lon/cm 2. One cell was operated in conjunct ion with  
a reference  cell and electrolyte  reservoir  (Fig 2); the 
other  was operated with  the small  e lectrolyte  loop 
(Fig. 3). 

The lower curve  is for a cell wi th  v i r tua l ly  the same 
p la t inum content  (2.5 m g / c m  2) as those for the middle  
curve, but  wi th  a much thicker  film on the gas side 
of the cathode (0.18 mg Teflon/cm2). This is a reflec- 
tion of the effect of Teflon film thickness on the per -  
formance of the air cathode (see Fig. 9C). 

The internal  resistances (electrodes plus electrolyte)  
for the four cells represented by Fig. 10 were  0.023, 
0.030, 0.024, and 0.026 ohms, respectively,  so even at 
the highest cur ren t  density used (176 ma/cm~ =- 2 
amp) differences in per formance  at t r ibutable  to differ- 
ences in IR-losses are not more  than 14 my. 

Al though the total  cell per formance  is diminished 
by a change from unsuppor ted  pla t inum black to plat i -  

anode cathode cell 
mq/cm ] m~i/r z resist, 

RUN NO Pt TF~ Pl TFE ohms 
0.8- o B595-34-1C 51.0 0JI 51.0 0.11 0.023 

, ~  Q [8446-123-2B 2.4 0JB 2.4 005 0.030 
O? ~ b  1.8446-148-3B 2.4 0.04 2.5 0.05 0.024 

~ - 0 . 6  

0.5 

~ 0.4 

030 {o ,;  ~; ~ ,~o ,{o ,;o ,6o ,~o 2--~o 
CURRENT DENSITY, mo/cm z 
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~" 0.6 

~o.5 

0.4 
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Fig. 10. Effect of platinum loading and TFE film on (At cell 
voltage vs.  current density, and (B) cell voltage vs. power density 
for ammonia-air cell with 54% KOH ( | / |6- in.  electrolyte space) 
at 120~ Run No. 8446-148-38 was mode with the experimental 
arrangement shown in Fig. 3. 
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num-on-graphi te ,  the power density per uni t  weight 
of plat inum, at 0.5v, is greater with the supported 
catalyst. For  the air cells represented by the middle 
curves in Fig. 10, the power density of 51 mw/ c m 2 at 
0.5v was achieved with a catalyst loading in each 
electrode of 2.5 mg p la t inum/cm 2, or a total of about 
95g of p la t inum per kilowatt. 

El]ect of carbon dioxide on air operation.--All of the 
performance data presented in this paper were ob- 
tained dur ing  individual  runs  that lasted no more than 
a few hours. During the series of experiments  reported 
earlier (2), some cells were operated continuously for 
periods up to 168 hr with air  on the cathode. Cell fail- 
ures were preceded by sharp decay in performance, 
and postmortem analyses of the cathodes showed evi- 
dence for precipitation of potassium carbonate in the 
pores of the electrodes. Other experiments  showed 
that aqueous cesium hydroxide is as good an electrolyte 
as aqueous potassium hydroxide for operation of a 
cell with oxygen (17) and is bet ter  for operation with 
air because the cesium carbonate that  forms does not 
precipitate in the pores of the cathode but remains 
in solution, where a s teady-state  level of carbonate to 
hydroxide ratio is reached. Although the cell is still 
operable at this steady state, the performance level is 
lower than  that  for a cell with a carbonate-free  elec- 
trolyte. The most practical solution to the carbonate 
problem may  be to remove the carbon dioxide by 
scrubbing the incoming air. 

During prolonged operation of some cells, droplets 
of electrolyte appeared on the ini t ia l ly hydrophobic 
gas-face of the Teflon-bonded electrodes, par t icular ly  
the cathode. This "weeping" is not caused by cracks 
in the electrode, but  appears to result  from a gradual  
increase in the wet tabi l i ty  of the entire electrode by 
the hot, concentrated alkali  solution. If extensive 
enough, "weeping" can also cause a marked decay in 
electrode performance. 

Conclusions 
Most studies that  have been made of possible fuel 

cell power plants  for the util ization of ammonia  have 
been based on the thermal  dissociation of this gas to 
provide hydrogen as the electrochemical fuel (18-21). 
The laboratory experiments  described in this paper 
suggest the feasibili ty of fuel cell power systems for 
the direct electrochemical oxidation of ammonia.  The 
direct ammonia-a i r  laboratory cells generated more 
power per uni t  weight of noble metal  catalyst than 
laboratory cells using any other fuels except hydrogen 
and hydrazine. Furthermore,  subsequent  work on cata- 
lyst development  (22) has shown that i r idium and 
alloys of i r idium and p la t inum are even more active 
than p la t inum alone for the anodic oxidation of am-  
monia, thus making possible cells with even higher 
performance than herein reported. 
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ABSTRACT 

Electrocatalysts containing i r idium and p la t inum- i r id ium alloys have shown 
very encouraging levels of performance when used as anodes in ammonia  
fuel cells. These materials  were appreciably more active than  p la t inum alone, 
and the open-circui t  voltage and polarization under  load general ly improved 
with increasing i r id ium content. Data are presented for ammonia /oxygen  
cells at 100~176 using 54% potassium hydroxide as electrolyte and plat-  
i num- i r id ium blacks and P t / I r  supported on boron carbide and graphite as 
anodes. The observed electrochemical activity of i r idium appears to be 
related to the unique  activity of this metal  in the gas phase catalytic decompo- 
sition of ammonia.  Supported i r idium catalysts were also found to be effective 
in an external  cracking uni t  main ta ined  at 350~176 and coupled to a hydro-  
gen fuel cell system. In this case enhanced performance was observed when 
small  amounts  of oxygen were introduced with the ammonia  into the catalytic 
reactor. 

During the course of investigations into the electro- 
catalytic activity of noble metals and alloys in fuel 
cells, it has become evident  that  the platinoid metals 
are highly specific in their behavior toward fuels of 
different types and also that  alloys can often show 
higher intr insic activities than  those of the const i tuent  
metals alone. Thus, p l a t i num- ru then ium alloys have 
been found to be much more active than p la t inum 
alone in the electrochemical oxidation of methanol  
(1), and p la t inum-ru then ium,  p la t inum-i r id ium,  and 
p la t inum-rhod ium alloys have demonstrated substan-  
tial improvements  over p la t inum as anode electro- 
catalysts for the oxidation of reformer gas (2). Simi- 
lar synergistic phenomena have often been observed 
in gas phase catalytic reactions (3), and it is likely 
that  cooperative electronic effects are responsible in 
both cases. 

This work was extended to include studies of the 
noble metals and their alloys both as anode electro- 
catalysts in ammonia /oxygen  fuel cells and as catalysts 
for the gas phase decomposition of ammonia.  Although 
ammonia  has f requent ly  been considered as a cheap 
source of hydrogen in fuel cell applications (4), its 
oxidation at a p la t inum anode is general ly far less 
reversible than hydrogen. In  spite of the improvements  
recently reported in the performance of ammonia /  
oxygen cells with p la t inum catalysts (5, 6), the major  
overvoltage loss is still observed at open circuit. It 
has been found, however, that i r idium has a unique  
abil i ty to dissociate ammonia  in the gas phase and 
that fuel cell anodes containing i r idium are capable 
of oxidizing ammonia  electrochemically at dist inctly 
lower overpotentials than those observed with p la t inum 
electrodes. 

In spite of the many  studies of the kinetics and 
mechanism of ammonia  decomposition on the t rans i -  
tion and noble metals (7), i r idium seems to have been 
almost completely neglected. In  this paper the results 
of electrochemical and catalytic measurements  on this 
metal  are presented. 

Experimental 
Preparation of electrocatalysts.--Unsupported P t - I r  

alloys and i r idium black were prepared by a modifica- 
tion of the Adams procedure (8). Appropriate  quant i -  
ties of chloroplatinic acid and i r id ium trichloride were 
in t imate ly  mixed with an excess of sodium ni t ra te  and 
the mixture  fused in a silica dish at 500~ for 3 hr. 
After  thorough washing the resul t ing suspension of 
mixed oxides was reduced at room tempera ture  by 

1 Present address: Pratt & Whitney Aircraft, East Hartford, 
Connecticut. 

~Present address: Direct Energy Conversion Business Section, 
General Electric Company, 930 Western Avenue, West Lynn, 
Massachusetts. 

hydrogen bubbl ing  through a fri t ted disk. The product 
was then  allowed to settle and, after removal  of the 
superna tant  liquid, was dried slowly under  a heat 
lamp. F ina l ly  the catalyst powder was ground and 
sieved through a 400 mesh nylon screen. 

P l a t inum and i r idium were also deposited together 
on boron carbide and graphite substrates by thermal  
decomposition of mixed solutions of p la t inum "P" salt, 
Pt(NH3)~(NO2)2, and i r id ium chloride, IrCl~, Com- 
mercial boron carbide ("Norbide" abrasive, Norton 
Company, Worcester) which had been acid leached to 
remove iron impuri ty,  and Cyanamid graphite powder 
were used as support materials.  Samples of these sub-  
strates, previously ground and sieved to 400 mesh, 
were in t imate ly  mixed with aliquots of the mixed salt 
solution and the paste evaporated to dryness under  a 
heat lamp. The catalysts were then reduced in flowing 
hydrogen at 125~ for 3 hr  and then  cooled in a stream 
of nitrogen. 

Catalysts for the indirect ammonia  system were 
prepared by impregnat ing % in. a lumina  pellets (Har-  
shaw A1 0104T) with appropriate quanti t ies  of i r idium 
chloride solution. After evaporation to dryness, the 
catalyst was reduced at 500~ in flowing hydrogen for 
3 hr. Supported i r idium catalysts were also prepared 
using activated carbon (Girdler  Company,  G-32C, 8-30 
mesh granules) ,  silica gel (Davison Company, 40 mesh 
granules)  and 5A type molecular sieve (Linde Com- 
pany, 1/16 in. pellets) as substrates. 

Electrode preparation.--Platinum-iridium powdered 
catalysts were mixed with Teflon suspension and 
pressed into th in  electrodes of the Niedrach-Alford 
type (9), the quant i ty  of catalyst being adjusted to 
give approximately 34 mg of noble meta l / cm 2 of geo- 
metrical  area. A porous film of Teflon was sprayed on 
the gas side of the electrode to give about 1.6 mg 
Teflon/cm 2. 

Supported catalysts were mixed into a stiff paste 
with Teflon and then painted on the p la t inum screen 
current  collector according to the method described 
by Grubb and Michalske (10). The loading of noble 
metal  in this case was general ly  in the range 2-10 
mg/cm 2 of electrode area. 

Fuel cell measurements.--The activity of the elec- 
trodes was evaluated in  the fuel cell assembly de- 
scribed previously (2), which provided a working elec- 
trode area of 5.07 cm 2. A counterelectrode, containing 
34 mg of p la t inum black/cm 2 was included with oxy-  
gen as the reactant,  and a similar but  smaller cell 
containing a single hydrogen electrode served as a 
reference. 

The electrodes were normal ly  tested with 54% po- 
tassium hydroxide at 100~176 the cell assembly 
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being mounted  in an air thermostat  with a thermo-  
couple inserted directly into the electrolyte chamber  
of the cell. Most measurements  of IR-free and IR- 
included voltages were made with a Kordesch-Marko 
in te r rup te r  bridge (11), although in some cases IR- 
included voltages were measured directly across the 
cell dur ing  steady d-c discharge through an external  
load. The measured cell resistance with supported cata- 
lysts was found general ly to be smaller  than that  de- 
te rmined by means of the Kordesch-Marko bridge (6). 
Cell resistances were about 0.3-0.35 ohm for boron 
carbide anodes and 0.2-0.25 ohm for graphite anodes, 
using a 1/2 in. electrolyte gap. Anhydrous  ammonia  
was supplied to the anode chamber  at a constant  inlet  
flow rate of 30 ml /min ,  corresponding to 3-4 times 
stoichiometric at the highest cur ren t  densities used. 

Measurement of catalytic activity.--For measure-  
ments  of the activity of i r id ium black in the gas phase 
decomposition of ammonia,  catalyst samples weighing 
1.5g were sealed into the vacuum system described 
previously (12), where they were evacuated and re-  
duced at 200~ with pure hydrogen admit ted into 
the apparatus by diffusion through a pal ladium th im-  
ble. After this t rea tment  and fur ther  evacuation to 
1 x 10 -6 Torr, the residual  surface area of the catalyst, 
as determined in situ by the BET method, was about 
5 m2/g. No fur ther  change in surface area was detected 
dur ing the subsequent  measurements.  

Measurements of NH3-D2 exchange and NH3 de- 
composition were then carried out on the reduced 
catalyst by admit t ing samples of NH3, NH3-D2, and 
NI-I3-He mixtures  and following the rates of the sub- 
sequent reactions as functions of t ime and tempera-  
ture by means of a mass spectrometer (Consolidated 
Electrodynamics Model 21-610), connected through a 
capil lary leak to the gas space over the sample. The 
tempera ture  of the catalyst  was kept constant to wi thin  
• 0.5~ by means of a furnace and Honeywell  con- 
troller. 

The activities of supported i r idium catalysts for am-  
monia decomposition were measured in a flow system 
at approximately 1 atm pressure. The reactor was a 
quartz tube, 30 cm long and 2.5 cm ID, mounted inside 
a tube furnace. The catalyst pellets were packed in the 
central  section of the reactor and were confined with 
glass wool plugs. A thermocouple wel l  was inserted 
radial ly  into the center of the catalyst bed. The inlet  
flow of ammonia  was adjusted by means of micrometer  
needle valves and  calibrated flow meters. The effiuent 
gas was passed into calibrated gas buret tes  and the 
undecomposed ammonia  absorbed in 1N sulfuric acid. 
By this means  the decomposition of the ammonia  was 
studied as a function of flow rate and catalyst tempera-  
ture. 

Indirect ammonia fuel cell system.--Tests were also 
carried out of the activity of i r id ium-based catalysts 
in an indirect ammonia  fuel cell system, that  is with 
a separate catalytic cracking uni t  coupled to a s tandard 
hydrogen fuel cell. The catalytic reactor was a 1 in. 
diameter  quartz tube, filled with 100g of a 4% i r id ium-  
a lumina  catalyst (% in. pellets) and mounted inside 
a tube furnace. Ammonia  was passed through this 
cracking uni t  at a constant  flow rate and the effluent 
admit ted directly to the anode compartment  of a s tand-  
ard fuel cell with p la t inum black electrodes. This cell 
used 54% KOH as electrolyte and  was main ta ined  at 
35 ~ or 100~ throughout,  The performance of the cell 
was studied at different temperatures  of the catalytic 
cracking unit .  

In later  experiments  provision was made for in t ro-  
ducing small  amounts  of air or oxygen into the am- 
monia feed to the reactor. Controlled rates of addit ion 
of these gases was achieved by  means of sensitive 
micrometer  needle valves and flow meters. 

R e s u l t s  

Fuel cell measurements.--Unsupported platinum 
iridium black anodes.--The performances of anodes 
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having the composition Pt-21.3% Ir and Pt-51% Ir and 
containing 34 mg noble me ta l / cm 2 are compared with 
that  of a s tandard p la t inum black anode with 51 mg 
P t / c m  2 in Fig. 1A. In  this figure the anode polarization 
(vs. H2 reference) is plotted as a funct ion of current  
densi ty at 120~ The polarization of these anodes con- 
ta in ing  ir idium was 100-120 my less than  that  of the 
pure p la t inum electrode and this improvement  was 
main ta ined  up to current  densities of at least 300 
m a / c m  2. In  addition, the open-circui t  potential  is 
wi th in  0.15v of the thermodynamic  reversible potential  
( E ~  = - -  0.77v). 

In  general  the anode polarization with ammonia  
decreased wi th  increasing i r id ium content  of the elec- 
trocatalyst. Difficulty was experienced, however, in 
prepar ing satisfactory electrodes with pure i r idium 
black, probably as a result  of poor wet t ing of the 
powder by the Teflon suspension. Performance data 
(anode vs. cathode, anode vs. H2 reference, IR-free) 
for an i r idium black anode at four different t empera-  
tures are presented in Fig. 2. Because of the wett ing 
problem, however, these data may not represent  opti- 
m u m  performance. 

Supported platinum-iridium anodes.--Figure 1B shows 
anode-H2 reference data for P t / I r -g raph i t e  anodes 
with noble metal  loadings in  the range 6-7 mg/cm 2. 
Similar  data for a Pt -graphi te  anode containing about 
the same loading of noble metal  are also included. 
The improvement  resul t ing from the addition of 
i r idium is again evident, and increasing proportions 
of i r idium result  in lower open-circui t  potentials and 
reduced polarization under  load, the improvement  over 
p la t inum in the best case being over 0.1v at 50 ma /cm 2. 
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.4 ~ .,,.~...PI- 51mglcm 2 

e, = �9 
0 . 3  ~ p F .  21.3O/olr 34 nxj/cm 2 
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r 
o o j I  I I I I I I .I t I I 

(B) 
,~o.4 

"~ 0.2 
NH~/O 2 CATHODE- Pt. 34mg/cm 2 

O.t I I I I I _ I I I I I 
o 20 40 6o BO too 120 ~4o t6o ~Bo 200 

CURRENT DENSITY mo/cm 2 

Fig. 1. Anode vs. H2 reference data at 120~ far Pt / I r  anodes 
far NH3 oxidation: (A) unsupported blacks; (B) catalysts ca- 
deposited on graphite. 
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Fig. 2. Perfarrnance af Ir black as anode far NH3 oxidation. 
if-free voltages; H2 reference. 
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Satisfactory electrodes were also obtained using 
boron carbide as the catalyst substrate. Anodes con- 
taining i r idium again showed less polarization than 
those with p la t inum alone. A typical [Pt-20% Ir] --B4C 
anode containing 6.8 mg noble meta l / cm 2 showed an 
open-circui t  voltage of 0.180v vs. SHE and an anode- 
H2 reference voltage of 0.255 at a current  densi ty of 
200 ma /cm 2. Boron carbide-based anodes were, how- 
ever, general ly  less reproducible than  those prepared 
from graphite. 

Measurements of catalytic activity.--Following the 
observation of the unexpectedly high activity of 
i r idium in ammonia  fuel cell anodes, it appeared logi- 
cal to inquire  whether  this metal  is superior to plati-  
n u m  in  the gas phase decomposition of ammonia.  Mea- 
surements  of the rates of NHa-D2 exchange and am- 
monia dissociation were therefore carried out over 
i r id ium black, and subsequent ly  the cracking of am- 
monia  over supported i r idium catalysts was studied. 

Ammonia-deuterium exchange.--The exchange of am- 
monia  with deuter ium took place at a rapid rate over 
the i r idium black at 25~ the ini t ial  rate of formation 
of the deuteroammonias  decreasing with deuter ium 
content. A typical  exchange exper iment  is i l lustrated 
in Fig. 3, where the percentage concentrat ion of the 
isotopic ammonias are plotted against time. In this 
case a mixture  containing equal amounts  of NHa and 
D,, was admit ted to the activated catalyst. By analogy 
with the t rea tment  developed by Kembal l  (13), the 
init ial  rate of subst i tut ion of H by D in 100 molecules 
of NHa, ka, was evaluated from the relat ion 

ka t 
log10 (X~--  X) -~ - -  log10 X~ 

2.303 X~ 
where X is defined by 

3 

X = ~  in~ 
i = l  

n~ being the percentage of the NI~-~Di species present  
at t ime t, and X| is the equi l ibr ium value of X. Simi-  
larly, the rate of removal  of NH3 was calculated in 
terms of a second rate constant, ks, defined by the 
equation 

k s t 
- -  l og lo  ( Y ' - -  Y=) = l o g l o ( l O 0 -  Y~) 

2.303 ( 100 - -  Y=) 
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Fig. 3. NH3-D2 exchonge on Ir block, 25~ 50 Torr NH3 -t- 50 
Torr D2 initioliy, 1.59 Ir; 9os volume ~ 20.| ml. 
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Fig. 4. Plots of Ioglo ( X ~ - - X )  and Iogzo ( Y -  Y~) vs. time for 
NH3-D2 exchonge on Ir at 25~ 

Y and Y~ being in this case the percentages of NH3 at 
t ime t and at equil ibrium. Application of these equa-  
tions to the exchange data of Fig. 3 is shown in Fig. 4. 
Good straight lines were obtained over most of the 
course of the reaction. It is l ikely that  the slight de- 
viation from l inear i ty  shown by the lower plot is due 
to the init ial  rapid physical adsorption of ammonia  on 
the glass envelope of the apparatus,  causing the NHa 
concentrat ion to decrease more rapidly than expected 
from the exchange reaction. The ratio of the rate 
constants k J k  s is a measure of the average number  
of hydrogen atoms being replaced by deuterium. The 
value of this ratio was found to be 1.2 at 25~ indicat-  
ing that  on the i r idium catalyst the hydrogen atoms of 
the ammonia  were being replaced one by one in suc- 
cessive stages. 

Ammonia decomposition on iridium black.--Ammonia 
decomposed rapidly over the i r id ium black catalyst 
at temperatures  in the range 100~176 Using an 
ini t ial  ammonia  pressure of about 50 Torr, the progress 
of the reaction was followed as a funct ion of t ime at 
various temperatures.  Figure 5 shows a plot of log 
(init ial  rate of formation of N2) vs. 1/T~ The l inear 
portion of this Arrhenius  plot gave an apparent  act iva- 
tion energy of 38.5 kcal /mole and a f requency factor, 
lOgl0 A ---- 38.3, A being in molecules/rain.  

The ini t ia l  rate of formation of ni t rogen was found 
to increase with increasing ini t ial  ammonia  pressure 
in the range 5-100 Torr, as shown in Table I. A plot 
of log PNH3 VS. log (rate) gave a value for the exponent  
of ammonia  pressure of 0.85 by the method of least 
squares. The ini t ial  rate of ni t rogen formation was 
also found to be strongly retarded by added hydrogen. 
Figure  6 shows the effect of increasing pressure of 
hydrogen in premixed NHa-H2 mixtures  on the init ial  
rate at 160~ A least squares computat ion gave a 
value of - -1 .4  for the hydrogen exponent.  The over-al l  
rate expression was therefore of the form 

d IN2] 
= k PNH30'85 �9 PH2  - 1 ' 4  

dt 

A few experiments  were carried out using p la t inum 
black prepared by the same method and  having an 
equivalent  surface area to that of the i r idium black. 
It was found that the decomposition of ammonia  over 
p la t inum was undetectable  below 250~ 

Ammonia decomposition on supported iridium cata- 
lysts.--In experiments  carried out in the flow system, 
the decomposition of ammonia  over supported i r idium 
catalysts was measured as a function of flow rate and 
temperature.  
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Figure 7 shows conversion data for a 5% i r id ium/  
a lumina  catalyst in the tempera ture  range 350~176 
50 g of catalyst (~/s in. pellets) were used in these 
experiments,  and an inlet  flow rate of 50 ml  N I ~ / m i n  
corresponded to a space velocity of about 130 hr  -1. 
With this catalyst at low flow rates over 90% of the 
ammonia  was decomposed at a tempera ture  of 450~ 
Similar  data for a 5% i r id ium/carbon  (8-30 mesh 
granules)  are shown in  Fig. 8. For  comparison purposes 
samples of commercial  ammonia  cracking catalysts 
were tested under  the same conditions. Both n ickel /  

Table I. Effect of NH3 pressure on initial rate of N 2  formation 

T e m p e r a t u r e  = 130~  1 . 5 g  I r ,  g a s  v o l u m e  = 6 9 . 6  m l  

pNH3 R a t e  Ne f o r m n ,  I n i t i a l  r a t e ,  
i n i t ,  T o r r  T o r r / m i n  m o l e c u l e s / r a i n  log lo  ( r a t e )  

2 2 . 0  0 . 1 1 5  2 , 5 7  • 10  ]7 1 7 . 4 0 9  
51 .2  0 . 1 7 1  3 . 8 1  X 1017 17 ,581  
6 8 . 2  0 . 2 7 9  6 . 2 2  • 101~ 1 7 . 7 9 4  
8 2 , 3  0 . 2 9 7  6 . 6 2  x 1017 17 .821  

106 :0  0 . 3 3 0  7 . 3 6  • 1017 1 7 . 8 6 7  
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s i l ica-a lumina (Harshaw Company, Ni-0901S) and 
i ron /a lumina  (Harshaw Company, Fe 1401~S) pellets 
gave much lower levels of activity than the supported 
i r id ium catalyst, the per cent NH~ decomposed at 
420~ with a 20 m l / m i n  flow rate  being about  15% 
for both commercial  catalysts. The effect of i~idium 
content  on the activity of the a lumina-based  catalysts 
is shown in Fig. 9. Opt imum activity was found with 
a 2% ir idium catalyst, a concentrat ion which may re-  
sult in a max imum effective metal  area. However, even 
the 0.5% i r id ium catalyst showed a much higher activ- 
i ty  than  that  previously reported for 0.5% r u t h e n i u m /  
a lumina  catalyst (14). 

The equi l ibr ium percentages of ammonia,  extrap-  
olated from the data of Larson and Dodge (15), at 
350 ~ 400 ~ and 450~ are approximately 1.8, 0.8, and 
0.3, respectively, so that  equi l ibr ium is not achieved 
even with the most active catalysts. 
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Fig. 9. Decomposition of NH3 on Ir/alumino ( ~  in. pellets). 
Effect of Ir loading. 

Satisfactory catalysts were  also prepared by deposit-  
ing 5% ir idium on silica gel and molecular  s ieve 5A 
pellets. These supports general ly  gave somewhat  lower  
activities than alumina, and large amounts  of ammonia  
were  physically adsorbed before s teady-s ta te  conditions 
were  achieved. 

A 5% pla t inum/a lumina ,  prepared  from chloroplat-  
inic acid, was tested after  reduction at 500~ under  
the same conditions as those used for the i r id ium cata-  
lysts. At 480~ less than 15% ammonia  was decom- 
posed by the p la t inum catalyst  at the lowest flow rates, 
whereas  below 400~ no decomposition could be de- 
tected. 

Indirect ammonia fuel cell system.--The results of 
exper iments  in which a separate reactor, containing 
supported i r idium catalyst,  was coupled to a fuel  cell 
wi th  p la t inum electrodes, are shown in Fig. 10. Anode-  
H2 reference  data using pure hydrogen, pure ammonia,  
and ammonia  after  passage through the catalytic re-  
actor at various tempera tures  are indicated. A marked  
decrease in anode polarization was shown as the 
cracker  t empera tu re  increased, the performance being 
equivalent  to that of pure hydrogen at catalyst  t em-  
peratures  of 400~ and above. F~gure 11 shows the 
effect of cracker  t empera tu re  on the cell vol tage under  
three  different conditions, the effect of the cracking 
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Fig. 10. Behavior of the indirect ammania fuel cell system. 
Anode vs. H2 reference voltages as a function of cracking catalyst 
temperature. 
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Fig. 11. Indirect NH2, fuel cell system. Variation of cell voltage 
(IR-free) with cracker temperature. 

catalyst  on the open-circui t  vol tage being especially 
marked.  These results indicate that  ammonia  acts as 
an iner t  di luent in the presence of hydrogen which 
is more strongly adsorbed on the electrode surface. 
The fuel  cell is thus a rel iable indicator of hydrogen 
concentrat ion in the fuel  stream. 

The effect of oxygen added to the ammonia  inlet  of 
the catalytic cracker  on the performance  of the fuel  
cell is shown in Fig. 12. In this case the fuel  cell as- 
sembly was mainta ined at 100~ and the  catalytic 
cracker  kept at 367~ initially. The increase in per-  
formance shown with  added oxygen is a reflection of 
the heat ing of the catalyst  bed as a result  of the exo-  
thermic  ammonia  oxidation reaction: 4NH_~ -t- 302 = 
2N2 + 6H20. Addi t ion of 19% oxygen to the input  
ammonia  gave fuel  cell per formance  identical  wi th  
that of pure hydrogen,  and the equivalent  t empera tu re  
rise of the  catalyst  was about 90~ All  the added 
oxygen was reduced in the reactor  unit  and none 
was carr ied into the anode chamber  of the fuel  cell. 

Figure  13 shows comparable  data wi th  the fuel cell 
maintained at room tempera tu re  (about 35~ due to 
internal  heat ing) .  In this case, ammonia  itself (in the 
absence of cracking catalyst)  showed ve ry  poor per-  
formance in the cell, a l though considerable improve-  
ment  was observed af ter  passage of the fuel  through 
the cracker  at 380~ Addit ional  and marked  increase 
in cell performance was again found when  oxygen was 
introduced into the inlet  stream. It  appeared to be 
necessary to preheat  the catalyst  to around 200~ to 
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Fig. 12. Indirect NH3 fuel cell system. Effect of addition af 
oxygen to NH3 feed; fuel celt temperature IO0~ 
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ini t iate the ammonia  oxidation reaction. However, this 
requi rement  and the min imum concentrat ion of oxy- 
gen needed to produce a given tempera ture  rise, could 
certainly be improved by optimization of the reactor 
design and i r idium catalyst activity. 

Discussion 
The high level of activity of i r id ium and its alloys 

in the anodic oxidation of ammonia  in the fuel cell 
appears to be directly related to the unusual  abil i ty 
of this metal  to dissociate the NH3 molecule. This 
analogy between the electrochemical and gas phase 
decomposition of ammonia  has been noted previously 
by Oswin and Salomon (16). From an analysis of the 
slopes of the Tafel plots observed with platinized plat i-  
n u m  anodes, these authors conclude that  the reaction 
proceeds by a sequence of steps involving the progres- 
sive dissociation of ammonia  into amine and imine 
radicals 

NH3 q- M -[- O H -  --> M--NH2 -]- H20 -t- e -  (i) 

M--NH2 -b O H -  --> M = N H  q- H20 -b e -  (ii) 

M--NH q- O H -  -> M_--N -~ H20 -4- e -  (iii) 

M - N  -t- M-N--> 2M -t- N2 (iv) 

It is suggested that  at low current  densities, reaction 
(ii) is ra te-determining,  whereas at high current  den-  
sities, n i t rogen recombinat ion and desorption (iv) may 
be the slow step. The lat ter  reaction is often regarded 
as the ra te -de te rmin ing  step in the gaseous dissocia- 
t ion of ammonia  on active catalysts (17). 

Previous studies of the exchange of ammonia  with 
deuter ium on evaporated films of plat inum, rhodium, 
and pal ladium (18) have shown that  these metals are 
very active for this reaction at low temperatures,  step- 
wise exchange being the only mechanism observed. 
P la t inum is the most active metal, the rate of exchange 
being rapid even at 0~ By contrast, the decomposition 
of ammonia  on the metals of group VIII requires much 
higher temperatures,  general ly  in excess of 300~ and 
the act ivi ty decreases in the order Ru > Rh > Pd 
(14). Osmium has also been reported to be qui te  ac- 
tive (19), al though the behavior of i r id ium does not  
appear to have been investigated previously. 

Attempts have f requent ly  been made to correlate the 
catalytic efficiencies of the group VIII metals for am- 
monia decomposition with their abil i ty to chemisorb 
ni t rogen and with the number  of unfilled d-orbi tals  in 
the metal  (7). As it is felt that  the dissociative chemi- 
sorption of ni t rogen is the slow step in ammonia  syn-  
thesis, only those metals which are capable of disso- 
ciat ing N2 molecules should be active catalysts for 
the synthesis reaction. Metals which form stable n i -  
trides are not, however, good catalysts, and a weak 
adsorption of ni t rogen atoms is believed to be the 
most important  requisite for high activity in ammonia  
synthesis and decomposition. Although the abi l i ty  to 
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chemisorb ni t rogen is general ly considered to in -  
crease on passing from right to left across the group 
VIII metals, informat ion on the properties of i r idium 
is lacking. 

As with the other noble metals, the decomposition 
of ammonia  on i r idium appears to be strongly inhibi ted 
by hydrogen. Hydrogen is thus more strongly adsorbed 
than ammonia,  a fact that  is reflected in  the per-  
formance of the fuel cell anode, where open-circui t  
potentials approaching that of hydrogen were observed 
with NH3-H2 fuel. mixtures  containing only small  
amounts  of hydrogen. 

The ratio ( - -y /x)  of the exponents in the rate equa-  
t ion 

Rate ---- k PXNH 3 �9 PYH2 

was observed to be 1.65 approximately.  This is in good 
agreement  with the value of 1.7 obtained by Logan 
and Kembal l  for evaporated films of p la t inum and ru-  
then ium (20). Although the Temkin-Pyzhev  mecha-  
nism, based on ni t rogen desorption as the ra te -de ter -  
min ing  step, predicts a value of ( - -y /x)  -~ 1.5, sig- 
nificantly higher values have often been obtained, 
especially for the metals of the p la t inum group. It 
has been suggested (20) that this result  is due to the 
influence of chemisorbed hydrogen atoms which com- 
pete with ni t rogen atoms for the surface. As the abi l-  
ity to chemisorb ni t rogen is expected to decrease in 
the order Os > Ir  > Pt, hydrogen atoms may compete 
for the surface of i r idium more successfully than in 
the case of osmium. With the lat ter  metal, values of 
( - -y /x)  close to 1.5 have been reported (19). 

Although the kinetics of ammonia  decomposition 
over i r idium agree well with those observed for the 
other p la t inum group metals, the high level of activ- 
i ty of i r idium is somewhat unexpected. It is interest ing 
to note that i r id ium and ru thenium,  the most active 
metals for this reaction, have recent ly  been shown 
to form stable complexes containing molecular  N2 as 
a l igand (21), in which ni trogen shares two loosely 
bound electrons with the metal. The corresponding 
compounds of p la t inum are very unstable.  It is pos- 
sible, therefore, that  the high activity of i r idium for 
the dissociation of ammonia  results from an accelera- 
t ion of step (iv) above, involving the recombinat ion of 
ni t rogen atoms on the metal  surface. 

Conclusions 
In  summary  it appears that substant ial  improvements  

in ammonia  fuel cell performance can be achieved 
by using i r idium as the dissociating element. The 
i r idium catalyst can be incorporated directly into the 
anode structure or used in an external  catalytic uni t  
coupled to a hydrogen cell. In the former case, open- 
circuit voltages of up to 0.934v have been achieved 
at 100~ with an oxygen cathode, a potent ial  which 
is at least 0.1v greater than that  obtained with the 
best p la t inum anodes under  the same conditions (5, 6). 
In  the case of an  external  cracker, the supported i r id-  
ium catalyst can be mainta ined at a tempera ture  sev- 
eral hundred  degrees lower than that  necessary with 
conventional  ammonia  dLssociators which employ 
nickel or iron based catalysts. 
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Inhibition Mechanism of Medium-Sized Polymethyleneimine 
Kunitsugu Aramaki *l and Norman Hackerman* 

Department of Chemistry, The University of Texas at Austin, Austin, Texas 

ABSTRACT 

The inhibi t ive effect of medium-sized polymethyleneimines  on the corro- 
sion of iron in HCI solution is par t icular ly  good, and this effective inhibi t ion 
is closely related to the angle of C-N-C bond or to strain in the r ing  as has 
been observed previously. The inhibi t ion mechanism of the cyclic imines is 
developed fur ther  in this paper. Comparat ive studies on inhibi t ion effective- 
ness of d imethylpo lymethyleneammonium chlorides, N-phenylpo lymethy lene-  
imines, and the cyclic imines were carried out. Synergistic effects of iodide ion 
on the inhibi t ion by cyclic imines and cyclic ammonium chlorides were also 
studied. Corrosion rate measurements  on pure iron were made in HCI solution 
by polarization, hydrogen evolution, and weight loss. From the results, it was 
concluded that  good inhibi t ion of medium-sized polymethyleneimine  is caused 
by donation of the unshared x-electron pair of its n i t rogen atom to the metal. 

The inhibi t ion effectiveness of medium-sized poly- 

methyleneimines,  (C~I' 2)n :NH, with 9 to 12 methylene  

groups, is markedly  high, especially with 10, for iron 
corrosion in HCI solution (1). It was concluded (1) 
that this was closely related to the angle of C---N--C 
bond or to strain in the ring. 

In this paper the inhibi t ion mechanism of C10 in-  
hibitor is developed fur ther  by studying inhibi t ion 
effects of polymethyleneimine derivatives. 

Some factors in the enhanced inhibi t ion of medium-  
sized cyclic imines 2 are: 

1. Because of strong strain in the ring, the angle 
of C - - N - - C  bond in the C10 imine molecule is be- 
lieved to be near  120 ~ which means sp 2 hybr id  orbital 
geometry of the ni t rogen atom (1). This geometry 
provides ~-electron character on the ni trogen atom. 
The high inhibi t ion of C10 imine may be at t r ibuted to 
adsorption via enhanced meta l -n i t rogen  bonding, in-  
eluding ~r-electron bonding (1-3). 

2. If the cyclic imine is adsorbed on the metal  by 
~r-electron bonding, the relat ive molecular  area, the 
effective area of the metal  surface covered by in -  
hibitor molecule (1, 2), is presumed to increase. This 
may result  in a high inhibi t ion effect. 

3. Polymerized inhibitors may be produced by de- 
composition of the cyclic imine caused by r ing strain, 

* E lec t rochemica l  Socie ty  Act ive  Member .  
1 P r e s e n t  address :  D e p a r t m e n t  of Eng ineer ing ,  Keio  Univers i ty ,  

Yokohama ,  J a p a n .  
2The  t e rms  "cyc l ic  imine , "  "cyc l ic  a m m o n i u m  chloride," and 

" p h e n y l  cycl ic  imine"  u sed  here  are ,  respect ive ly ,  for  p o l y m e t h y l -  
eneimine ,  fo r  d i m e t h y l p o l y m e t h y l e n e a m m o n i u m  chlor ide,  and  for  N- 
p h e n y l p o l y m e t h y l e n e i m i n e .  Also used  a rc  Ca imine,  Cn a m m o n i u m  
chloride,  a n d  p h e n y l  Ca imine.  Fo r  example ,  Clo imine  fo r  deea-  
me thy lene imine ,  Clo a m m o n i u m  chlor ide  for  d i m e t h y l d e e a m e t h y l -  
e n e a m m o n i u m  chlor ide ,  a n d  p h e n y l  Clo imine  fo r  N - p h e n y l d e c a -  
me thy lene imine .  

e.g. 

m (C~'I2)  10 i ~ H  "-> [ ( C H 2 ) 1 0  N H  ] m  

In  faet, formation of resinous matter  dur ing distil la- 
t ion of medium-sized eyclie imines suggests the l ikeli-  
hood of this reaction. The polymerized compound may 
well  favor the inhibi t ion effect (4, 5). 

In order to confirm these factors, three groups of 
experiments  were carried out. The first was a compara-  
t ive study of inhibi t ion effectiveness between the series 
of eyclie imines and eyclie ammonium ehlorides. The 

latter, (CH~)nI~ + (CH3)2 CI- ,  contained 5 and 8 to 
I I 

14 methylene  groups in  the ring. 
In  the second group of experiments,  a synergistic 

effect of these inhibitors and iodide ion was sought. 
Hackerman,  Snavely,  and Payne  (6) reported on the 
synergism between Cs imine and iodide ion in inhibi t -  
ing iron in HC1 solution. Here, adsorption of med ium-  
sized cyclic imine on the iron surface is studied by 
comparing the cyclic imine- iodide system with the 
cyclic ammonium chloride-iodide. 

The third was a comparat ive s tudy of inhibi t ion be-  
tween cyclic imines and phenyl  cyclic imines. In the 

! I 
la t ter  compound, (CH2)n NBCsH5 containing 5, 8, 10, 

12, and 14 methylene  groups in the ring, were tested 
as corrosion inhibitors.  Inhibi t ion effectiveness of N,N- 
dipentylanil ine,  C6HsN(C5Hll)2, a phenyl  derivative 
of d ipenty lamine  (C10 secondary amine) ,  was also 
measured. 

Three kinds of measurements  were carried out for 
determining corrosion rates of pure  iron wire in 6.1M 
HC1 solution with and without  the inhibitor~ at 30~ 
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They were made by polarization, hydrogen evolution, 
and weight loss. 

Approximate  areas of metal  surfaces effectively 
covered by each inhibi tor  molecule in the adsorbed 
position were also determined with properly arranged 
scale molecular  models. 

Experimental 
Corrosion inhibi tors .--Cyelie  imines containing 9 to 

14 methylene  groups were synthesized by known pro- 
cedures (1). Piperidine and octamethyleneimine were 
obtained as high-grade commercial  reagents. They 
were all repeatedly purified by fractional disti l lation 
or by recrystallization. 

N-methylpolymethylene imines  derived from the cor- 
responding cyclic imines with formaldehyde and 
formic acid (7) were converted to their  methiodides. 
The lat ter  were carefully alkalized with silver oxide 
and then neutral ized wi th  hydrochloric acid. Cyclic 
ammonium chlorides thus produced were purified by 
recrystallization. Infrared spectra showed the absence 
of impurit ies except for traces of water.  They were 
extremely hygroscopic and melted with decomposition 
at the following temperatures:  C5, 3 343~ Cs, 229~ 
C9, 219~ C10, 216~ Cm 243~ C12, 211~ C13, 223~ 
C14, 217~ 

Phenyl  cyclic imines containing 5, 8, 10, 12, and 14 
methylene  groups in the imine r ing were synthesized 
by reaction of the corresponding cyclic imine with 
bromobenzene in the presence of sodium amide (8). 
These imines were purified by fractional disti l lation 
and /o r  by recrystall ization. Their  pur i ty  was verified 
by infrared spectra and by nuclear  magnetic resonance 
spectra. They have physical constants as follows: C5, 
bp 133 ~ C/19 mm Hg; Ca, bp 174 ~ C/16 mm Hg; C10, 
bp 125 ~ C/1 mm Hg; C12, bp 148 ~ C/1 mm Hg, mp 51~ 
C14, 176 ~ C/1 mm Hg, mp 47~ N,N-dipentylani l ine  
was s imilar ly  synthesized from d ipenty lamine  and 
then purified by fractional disti l lation at 116~ under  
1 mm tig. 

Inhibi tor  solutions were prepared by dissolving the 
inhibitors in constant boiling (107~ HC1 solution 
(6.1M) made from reagent grade ma te r i a l  The solu- 
tions containing iodide ion, which was added in 6.1M 
HC1 solution as reagent grade sodium iodide, were 
stored for short periods under  N2 atmosphere and in 
a dark cold place. Before use they were refluxed under  
N2 for removing traces of iodine produced dur ing  the 
storage. 

Corrosion rate measurements . - -Corros ion rates of 
pure iron wire (99.5%, Mall inckrodt Analyt ical  Re- 
agent Grade, 0.36 mm diameter)  were de termined in 
6.1M HC1 solution at 30~ by the three kinds of mea-  
surements.  

Polarizat ion was carried out gaivanostat ical ly by 
supplying current  with a coiled Pt  wire, a 90v-battery, 
and high variable resistors. Potent ia l  of the iron wire 
was measured with a saturated calomel electrode and 
an electrometer. 

Hydrogen evolution measurements  were carried out 
volumetr ical ly  with a graduated gas buret  for 120 
min. Weight loss measurements  were made s imul tane-  
ously. The details of the exper imental  equipment  and 
the procedures have previously been given (1). 

Relative molecular  areas were determined by ar-  
ranging Stuar t -Briegl ieb models on a plane in a posi- 
tion corresponding to the appropriate configuration 
of the molecule adsorbed on the metal  surface by 
formation of a given meta l -n i t rogen  bonding. For ex-  
ample, the ni t rogen geometry of cyclic imine molecule 
adsorbed via the ~r-electron coordinated bonding was 
based on the sp 2 hybr id  orbitals. The configurations 
of imine rings were assumed to be analogous to those 
represented by Dunitz and Prelog (9). All  of these 
molecular  areas were compared with that of piperidine. 
Details of this measurement  have also been given 
(1,2).  

a C a r b o n  n u m b e r  in  t h e  i m i n e  r i n g .  

Results 
Corrosion current,  i~orr, was obtained by the in ter -  

section of extrapolated anodic and cathodic Tafel lines. 
The reproducibil i ty of ir was good to wi th in  less than  
_ 4%. 

Corrosion currents  for cyclic ammonium chlorides 
are shown as a funct ion of inhibi tor  concentrat ion in 
Fig. 1. The results show a regular  decrease of icorr 
with increase of carbon number  in the ring. 

Hydrogen evolution rates, R~, were determined by 
using the average slopes of hydrogen volume versus 
t ime curves between 30 and 120 min  after the wires 
were dipped in the solution. Reproducibil i ty was 
wi th in  • 4%. 

Corrosion rates, Rw, were also measured by weight 
loss of iron wire in HC1 solution. These data were also 
reproducible to wi thin  • 4%. 

The hydrogen evolution and weight loss rates for 
cyclic ammon ium chlorides are not shown here but  are 
in good agreement  with those of Fig. 1. The data for 
each inhibi tor  showed the same inhibi t ion effieieneies 
by all three exper imental  methods. 

Corrosion currents  in HC1 solution inhibi ted with 
iodide ion and either Clo imine or C10 ammonium 
chloride were measured as were those inhibi ted with 
only iodide ion. Two concentrat ions of the cyclic in -  
hibitors, 3 x 10 -~ and 10 -2 M, were chosen for iodide 
concentrat ions at 10 -4 to 10-1 M. Figure 2 gives the 
log icorr vs. iodide ion concentrat ion for the Clo imine-  
iodide system and for the C10 ammonium chloride- 
iodide system, and for the iodide ion alone. 

The synergistic effect is evident  in these systems 
since the corrosion currents  with the cyclic inhibitors 
were decreased on increase in iodide concentration. 

The synergistic effect was detected with the cyclic 
imines and with the cyclic ammonium chlorides. The 
~corr values at 1 x 10 -2  M of the  cyclic compounds and 
1 x 10 -3 M of iodide ion is shown vs. r ing carbon n u m -  
ber in Fig. 3. For  comparison, ir is also given for the 
system without  iodide ion. Both curves for both series 
are much alike. 

Corrosion rate measurements  for the phenyl  cyclic p 
imine series and for phenyl  Clo imine were made by 
polarization, hydrogen evolution and weight loss pro-  
cedures. Typical curves of log icorr vs. concentrat ion 
of phenyl  cyclic imines in imine r ing shown in Fig. 4. 
The t rends of the corrosion rates by hydrogen evolu- 
t ion or weight loss were in agreement,  all showing rate 
decrease with increase of carbon number  in the imine 
ring. 

In  the polarization measurements ,  anodic oxidation 
of phenyl  cyclic imines was observed at higher concen- 

E 
n=8 

o 

-j I I I 
-3 -2 -i 

Ioq CONCENTRATION (M) 

Fig. 1. Inhibition effect of dimethylpolymethyleneammonium 

chloride, @H2)n ~ + (CH3)2 121-. 
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Fig. 2. Synergistic inhibition effect for CIo imlne-iodide ion 
system and for Clo ammonium chloride-iodide ion system. 
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Fig. 3. Synergistic effect of iodide ion on inhibition effectiveness 
of cyclic imines and cyclic ammonium chlorides. 

trations as formation of a red product  around the Pt  
anode. This product  is probably a mix ture  of complex 
polymers as has been reported for anodic oxidation of 
d imethylani l ine  (10). It  was found to enhance the in-  
hibit ion effectiveness of the phenyl  cyclic imines. For  
example, the corrosion current ,  0.599 ma /cm 2 for 
phenyl C10 imine at 3 x 10 -3 M, decreased to 0.300 
ma /cm 2 in  the first r un  and to 0.105 m a / c m  2 in the sec- 
ond. Therefore, the icorr values for these inhibi tors  are 
reliable at low concentration.  

Hydrogen evolution rates with phenyl  Cio amine are 
shown in Fig. 5 along with those of phenyl  Clo imine, 
C10 amine, and Clo imine. The data indicate that  inhibi-  
t ion effectiveness abil i ty of phenyl  Clo amine is about 
the same as with phenyl  Clo imine. Similar  results 
were also obtained by polarization and weight loss 
measurements .  

Relative molecular  areas of cyclic imines adsorbed 
on the metal  by vir tue of ~-electron bonding are shown 
in Fig. 6. This also includes those held via q-electron 
meta l -n i t rogen  bonding as previously reported (1). 
Since sp 2 hybr id  orbital  geometry of the ni t rogen atom 
relaxes the r ing strain, there is no i r regular i ty  in the 
relat ion of molecular  area via ~-electron bonding to 

Fig. 4. Inhibition 

(C iH2)n NIC6H5. 

-~L--- I I i 
-_ II -3 -2  -I 

log CONCENTRATION (M) 

effect of N-phenylpolymethyleneimiae, 

4 

E 

>5 
nr 

. - - " ~  .~ .~.~CIoAMIN E 

PHENYL ~MINE 
C , o A ~  ~ \ \ \ ' \ \  

PHENYL CmlMINE ~ ~  

- . . %  

II I I I 
-.~ - 2  - I  

log CONCENTRATION (M) 

Fig. 5. Rates of hydrogen evolution (Re) for pheayl Cto imine, 
phenyl Cso amine, Cl0 imine, and Clo amine. 
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Fig. 6. Relative molecular area of cyclic imine 
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Fig. 7. Relative molecular area of cyclic ammonium ion 

carbon number .  The two areas differ l i t t le from each 
other at carbon numbers  8 to 10. 

Relative molecular  areas of the cyclic ammonium 
ions were also determined.  Because there are no un -  
shared electron pairs in  these ions, they are adsorbed 
on the metal  surface via coulombic bonding which does 
not restrict  direction. Therefore, simple areal compari-  
son is unavai lable  even if configuration of hydrocarbon 
groups are assumed as have been described (9). The 
max imum and min imum relat ive molecular  areas for 
cyclic ammonium ions are shown in Fig. 7. 

Discussion 
To repeat, three effective factors for the enhanced 

inhibi t ion of medium-sized cyclic imines were consid- 
ered. To verify the second one, relat ive molecular  areas 
of cyclic imine molecules adsorbed on the meta l  by 
vir tue of n-electron bonding were compared wi th  those 
via ~-electron bonding. The two areas are relat ively 
close to each other at carbon numbers  9 and 10, but  
not at 11 and 12 (Fig. 6). 

C9 imine, one of the enhanced inhibitors, has almost 
identical areas by either of the two bonding types. The 
area of C10 imine via n-electron bonding is slightly 
greater than that by ~-bonding. The icorr value for C10 
imine remains  lower than  the value for s t ra in-free  cy- 
clic imines, 4 regardless of which area is used. There-  
fore, increase of the relat ive molecular  area for C10 
imine is not sufficient to account for the enhancement  
of inhibition. It is thus concluded that  the enhanced 
inhibi t ion of 09 and Clo imine does not depend on their  
relative molecular  areas while it still might for C11 and 
C12 imine. 

To decide between the first and third possibilities, 
corrosion currents  for the cyclic ammonium chloride 
series were compared with those for the cyclic imine 
series. The rate data for both series, plotted against 
carbon number  in the ring, are shown in Fig. 8. The 
concentrat ion of each inhibi tor  was 10 -2 M. 

Comparison of these curves indicates that  enhanced 
inhibi t ion of medium-sized cyclic imine was d imin-  
ished by convert ing to cyclic ammonium chloride since 
there is no peak on the curve for the ammonium chlor- 
ide series. 

Figure 9 shows icorr v s .  relat ive molecular  areas for 
cyclic ammonium chlorides. Since the configuration of 
these inhibi tor  molecules adsorbed on the metal  surface 
is uncertain,  the m a x i m u m  and m i n i m u m  areas were 
used. General  consideration of hydrocarbon configura- 

~ R e f e r  t o  F i g .  10 i n  r e f .  (1) .  
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\ 
\ 
\ 
\ 
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6 8 I0 12 14 

CARBON NUMBER IN RING 

Fig. 8. Relation between corrosion current and carbon number 
of cyclic ammonium chloride at 10-2M. 
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Fig. 9. Log icorr vs. relative molecular area of cyclic ammonium 
chloride at 10-2M. 

t ion in adsorbed particles suggest the area is close to 
the m i n i m u m  at high inhibit ion.  

The curve for cyclic imines is complicated with 
marked i r regular i ty  at the position of the medium-  
sized compounds (1), whereas Fig. 9 shows a smooth 
relat ion with li t t le scattering. The i r regular i ty  is the 
basis in the conclusion relat ing to strain in the cyclic 
imine ring. 

The difference in this relat ion between the two in-  
hibitor  series thus appears to depend on differences in 
their  molecular  structures. Since the unshared  electron 
pair on the ni t rogen atom of cyclic imine is blocked by 
methyl  groups, adsorption of cyclic ammonium chloride 
by means of electron donation to the metal  is not 
likely. However, there is the possibility of polymeriza-  
t ion both in  cyclic imine  and in  ammon ium chloride 
because the r ing strain persists. 

It  is concluded, therefore, that  the difference in log 
icorr v s .  relat ive molecular  area relat ion is not a t t r ib-  
uted to polymerization. This leaves donat ion of the 
electron pair on the ni t rogen atom to the metal  as the 
applicable inhibi t ion mechanism for the medium-sized 
cyclic imines. 

The effect of halide ion on inhibi t ion was studied for 
developing the inhibi t ing mechanism of cyclic imines. 
Synergistic effects between halide ion and amine have 
been observed and explained by a mechanism which 
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includes specific adsorption of the  halide ion on the 
metal  (6, 11-13). Iodide is the most adsorbable of the 
halide ions on iron (14). It enhanced inhibit ion of 
both cyclic imine and ammonium chloride in 6.1M 
HC1 solution as shown in Fig. 2. 

Murakawa,  Nagaura,  and Hackerman  (13) have  ex-  
pressed synergistic inhibit ion efficiency, hA+ +x- ,  of 
amine and halide ion as 

hA+ + x -  ----- ~A+ n L ~x-  [1] 

where  ~A+ and ~x-  are inhibit ion efficiencies due to 
ammonium ion and hal ide ion, respectively.  The in- 
hibition efficiency, ~, is defined here as 

Ro--  R 
- [2] 

Ro 

where  Ro is the uninhibi ted and R the inhibited cor- 
rosion rate.  

In this paper, for the cyclic compound and iodide ion 
not interact ing with  each other, this relat ion was ex-  
pressed with  a l i t t le modification as 

R I + I - -  R T  R I -  
[3] 

Ro Ro Ro 

where  RI, RI - ,  and R : + ] -  are, respectively,  the cor-  
rosion rate  of iron in the HC1 solution wi th  cyclic com- 
pound, with iodide ion, and with both, or 

n T + I - -  = 11T -~- 'TII-- - -  T I I ~ I - -  [4]  

w h e r e  ~lT, ~1[--, and  ~lI+T-- are, respec t i ve l y ,  t h e  i n h i b i -  
t i on  efficiencies of cyclic inhibitor, of iodide ion, and 
of both. 

The efficiency ~A + + X- can be more  than one in 
Eq. [1] whi le  ~ + i -  is l imited to less than one. 

The R:+T- value calculated from Eq. [3] was com- 
pared to the measured one, R:+~- by s, defined as 

RI+1- 
s = ~ [5] 

R~+I- 

This shows the extent  of synergism in the cyclic com- 
pound and iodide ion system. When there  is no in te r -  
action be tween them, s should approach one. 

Figure  10 shows the s values calculated f rom the 
data in Fig. 2. The s values for Ci0 ammonium chloride 
plus iodide were  almost one and did not change with  
concentrat ion of ei ther  inhibitor. Since these inhibitors 
are cationic and anionic and are l ikely to be adsorbed 
on the meta l  separately,  i .e . ,  the  cyclic ammonium ion 
on the cathode and the iodide ion on the anode, the 
results are bel ieved to be reasonable. Moreover,  there  
is slight enhancement  of the synergism in this system 
as shown by the  values exceeding one at low iodide 
concentration. This probably arises from stabilization 

by diminishing coulombic repulsion be tween charges 
of the adsorbed ions, as described by Iofa (11), Con- 
way  (12), and Murakawa (13). 

For  the C~0 imine and iodide ion system, s decreased 
with  increase in concentrat ions of each. This indicates 
that  adsorption of these inhibitors interferes  wi th  each 
other  at high concentrations. 

Iodide ion is adsorbed on the anode of the meta l  sur-  
face. Cyclic imine is bel ieved to be adsorbable not 
only on the cathode areas by coulombic at tract ion 
using charge of the  protonated molecule, but  also on 
the anode areas by v i r tue  of donation of the electron 
pair  on the ni t rogen atom of the unprotonated mole-  
cule (15). Therefore,  in terference adsorption can take 
place at the anode. Adsorption of C10 imine by means 
of electron donation is probably blocked by the ad- 
sorbed iodide ion especially at h igher  concentrations. 
Stabil ization of the molecules on the meta l  adsorbed 
is not l ikely because the unprotonated imine lacks a 
charge. 

The s values for the cyclic imine series and for the 
cyclic ammonium chloride series were  calculated by 
using the data in Fig. 3 and are shown in Fig. 11. All  
the values for cyclic ammonium chlorides are near  one. 
As stated above, there  is no in terference of their  ad- 
sorption with  iodide ion, but  stabilization by dimin-  
ishing the coulombic repulsion enhances their  syn- 
ergism. 

The curve of s v s .  carbon number  for cyclic imines 
shows a min imum at carbon number  10. This suggests 
that  iodide adsorption on the anode interferes  wi th  C:0 
imine adsorption there. Since cyclic imine is adsorbed 
on the anode by v i r tue  of electron donation, this ad- 
sorption is probably  blocked by adsorbed iodide. En-  
hanced inhibit ion of C:0 imine is thus again shown to 
be due to donation of an unshared electron pair  to 
the metal.  

The possible effect of chloride ion adsorption on the 
inhibit ion of cyclic imine must  be considered. In the 
absence of iodide, chloride ion adsorption on the anode 
may  interfere  wi th  cyclic imine adsorption. However ,  
adsorption of chloride ion on iron or steel in acid solu- 
tions is less than that  of iodide ion (6, 14). Therefore,  
iodide replaces chloride (16) 

I -  + Cl-ad "> I -ad -]- C1- 

Taking into account the high inhibit ion of cyclic imine  
in the HC1 solution, a similar  reaction is possible for 
cyclic imine, e .g . ,  

I I I I 
Cl-o  + (CH2) .  N H r (CH2) .  + C l -  

But  the  above  resu l ts  i nd i ca te  t ha t  adsorbed  i od ide  is 
not replaced by cyclic imine. Therefore,  the effect of 
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Fig. 10. The s value for iodide ion-Cio imine system and for 
iodide ion-Clo ammonium chloride system. 
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Fig. 12. Inhibition effects of phenyl cyclic imine, (CH2)n 1~1 C6H5, 

cyclic imine, ((~H2)nNH, and secondary amine, (Cn/2Hn+l)2 NH 
at 10-3M. 

chloride on the synergism discussed here is not be- 
lieved to be important .  

To verify fur ther  the effect of x-electrons in C10 
imine ni t rogen on its inhibit ion,  the effectiveness of 
phenyl  cyclic imines was studied. Because the corro- 
sion currents  at high concentrat ions may be in error 
due to oxidized inhibitor,  the data obtained at 10 -3 M 
were plotted vs.  carbon n u m b e r  in the imine r ing as 
shown in Fig. 12, together with those for cyclic imines 
and for symmetric secondary amines. The curve for 
phenyl  cyclic imine shows no peak at carbon number  
10 as is shown for the cyclic imine. 

To explain t he  electron structure of phenyl  cyclic 
imines, phenyl  C5 imine and phenyl  C~0 imine were 
chosen as typical  examples. Because of the r ing strain, 
the geometry on the ni t rogen atom of the la t ter  is 
believed to be sp 2 hybr id  orbital, which provides 
x-electrons on the ni t rogen atom, while unshared 
electrons of the former are a-type in sp .~ hybr id  
orbital  nitrogen. These unshared electrons are sta- 
bilized by part icipation in resonance with ~-electrons 
of the phenyl  group. Electron-delocalized structures 
of phenyl  C10 imine are supposed to be stable because 
of the unshared ~-electrons on its ni t rogen atom. The 
x-electrons in phenyl  C10 imine ni t rogen are therefore 
stabilized more by the resonance than  are the unshared 
a-electrons in phenyl  imine. 

Ultraviolet  absorption spectra of these compounds 
agreed with this suggestion. Absorption bands, based 
on ~-~* t ransi t ion of the phenyl  group, shift to longer 
wavelengths by part icipation of unshared electrons 
on a ni t rogen atom in resonance of the phenyl  group 
(17). Wavelengths at peak of the E2 and B band (18) 
for phenyl  cyclic imines measured in cyclohexane are 
listed in Table I. 

The data show a max imum wavelength at carbon 
number  10. This suggests that the unshared electron 

Table I. Ultraviolet absorption spectra of phenyl 
cyclic imine and phenyl Clo amine 

W a v e l e n g t h ,  m ~  

E2 b a n d  B b a n d  

phenyl C5 i m i n e  253 287 
p h e n y l  Cs i m i n e  263 303 
p h e n y l  Clo i m i n e  263 304 
p h e n y l  C~2 i m i n e  260 302 
p h e n y l  C1, i m i n e  258 303 
phenyl C1o a m i n e  258 303 

pair on phenyl  C10 imine ni t rogen is the most attracted 
and stabilized by the phenyl  group. Therefore, adsorp- 
tion of phenyl  C10 imine by vi r tue  of the x-electron 
meta l -n i t rogen  bonding is weaker  than that  of phenyl  
C5 imine by the a-electron bonding. This results in 
no peak on the curve of log icorr vs.  carbon number  as 
is shown in Fig. 12. This curve and that  for secondary 
amines which are free from the r ing strain are sim- 
ilar. 

In order to detect delocalization of unshared elec- 
t rons in phenyl  cyclic imine, other approaches were 
made by infrared spectra (19) and by nuclear  mag-  
netic resonance spectra (20). However, they were not 
successful except that  the electron delocalization in 
phenyl  C10 imine was shown to be increased more than  
in phenyl  C5 imine. 

Although the degree of the electron donation to the 
metal  is diminished by the phenyl  group, the inhibi -  
t ion effectiveness for phenyt  cyclic imine is higher 
than  for cyclic imine. This may be due to increase of 
the effective molecular  area and to bifunct ional  adsorp- 
t ion via both the ni t rogen atom and the phenyl  group. 
Format ion  of a surface complex (21) would be possible 
for this inhibitor.  Inhibi t ion by cyclic imine is thus 
concluded to be enhanced by donation of the unshared 
x-electron pair of the ni t rogen atom to the metal. 

To confirm this, the inhibi t ion difference between 
phenyl  C10 amine and phenyl  C10 imine was compared 
with that  between C10 amine and C10 imine. Because of 
lack of r ing strain, there is no unshared x-electrons in 
the C10 amine nitrogen. Therefore, the unshared  elec- 
trons of phenyl  C10 amine should be at tracted less by 
the  phenyl  group than  in phenyl  C~0 imine. This agrees 
with the ul traviolet  spectra. Wavelength  at the peak 
of absorption bands for phenyl  C~0 amine is shorter 
than that  for phenyl  Clo imine as shown in Table I. 
Thus, adsorption abil i ty of the lat ter  should be de- 
creased more in comparison to that of the former. In  
fact, as can be seen in Fig. 5, corrosion rates, Rv, for 
phenyl  C~0 amine and for phenyl  C10 imine are alike, 
while R, for Clo amine  is much higher than  that  for 
Clo imine. This result  shows that  inhibi t ion by phenyl  
C10 imine is decreased by electron delocalization, 
thereby diminishing the abil i ty of donat ing unshared  
, x -e lec t rons  to the metal. 

Conclusion 
It is concluded that  enhanced inhibi t ion by medium-  

sized polymethyleneimines  on corrosion of iron in 
HC1 solution is caused by donation of the unshared x- 
electron pair on its n i t rogen atom to the metal. 

The adsorption of this cyclic imine is improved by  
formation of coordinated meta l -n i t rogen  bonding via 
n-electrons. However, there is no evidence for ex- 
plaining how this bonding enhances the adsorption 
qual i ty of cyclic imine. 

The sp 2 geometry in the ni t rogen atom of med ium-  
sized cyclic imine may be changed to the sp 3 geometry 
to form the meta l -n i t rogen  bonding by chemisorption. 
However, strong adsorption cannot arise from forma- 
tion of unstable,  deformed sp ~ geometry (1). Forma-  
tion of stable meta l -n i t rogen  bonding, in which the sp 2 
geometry of ni t rogen atom remains, may be required 
for strong adsorption. Litt le insight into the geometry 
of adsorbed species by vi r tue  of x-electron bonding is 
provided by infrared spectra on ethylene adsorbed on 
metals (22). Direct measurement  of adsorption spectra 
derived from the x-electron meta l -n i t rogen  bonding 
are needed to confirm this suggestion. 
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Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL.  

REFERENCES 
1. K. Aramaki  and N. Hackerman,  This Journal, 115, 

1007 (1968). 
2. N. Hackerman, R. M. Hurd, and R. R. Annand,  

Corrosion, 18, 37t (1962). 
3. N. Hackerman and R. M. Hurd, "First  In terna t ional  

Congress on Metallic Corrosion," p. 166, But ter -  
worths, London (1962). 

4. R. R. Annand,  R. M. Hurd, and N. Hackerman,  
This Journal, 112, 134, 144 (1965). 

5. G. W. Poling, ibid., 114, 1209 (1967). 
6. N. Hackerman, E. S. Snavely, Jr., and J. S. Payne, 

Jr., ibid., 113, 677 (1966). 
7. A. W. Ralston, D. N. Eggenberger,  and P. L. 

DuBrow, J. Am. Chem. Soc., 76, 977 (1948). 
8. J. F. Bunne t t  and T. K. Brotherton, J. Org. Chem., 

22, 832 (1957). 
9. J. D. Dunitz and V. Prelog, Angew. Chem., 72, 

896 (1960). 
I0. F. Fichter and E. Rothenberg, Helv. chim. Acta, 

5, 166 (1922). 
II. Z. A. Iofa, V. V. Batrakov, and Cho-Ngok-Ba, 

Electrochim. Acta, 9, 1645 (1964). 

12. B. E. Conway and R. G. Barradas, "Transactions of 
the Symposium on Electrode Processes," p. 299, 
John Wiley & Sons, New York (1961). 

13. T. Murakawa, S. Nagaura, and N. Hackerman, 
Corrosion Sci., 7, 79 (1967). 

14. T. Murakawa, T. Kato, S. Nagaura, and N. Hacker-  
man, ibid., 7, 657 (1967). 

15. N. Hackerman, Corrosion, 18, 332t (1962). 
1.~. K. Komiyama, K. Kudo, and N. Sato, Corrosion 

Engineering, 16, 208 (1967). 
17. R. M. Silverstein, G. C. Bassler, "Spectrometric 

Identification of Organic Compounds," p. 163, 
John  Wiley & Sons, New York (1967). 

18. E. A. Brause, Ann. Repts. Progress Chem., 42, 105 
(1945). 

19. R. M. Silverstein and G. C. Bassler, "Spectrometric 
Identification of Organic Compounds," p. 96, John 
Wiley & Sons, New York (1967). 

20. P. L. Corio and B. P. Dailey, J. Am. Chem. Soc., 
78, 3043 (1956). 

21. F. M. Donahue, A. Akiyama, and K. Nobe, This 
Journal, 114, 1006 (1967). 

22. L. H. Little, "Infrared Spectra of Adsorbed 
Species," p. i00, Academic Press, London (1966). 

Anodic Polarization of Some Ferritic Stainless Steels 
in Chloride Media 
E. A. Lizlovs* and A. P. Bond* 

Research Laboratory, Climax Molybdenum Company of Michigan, Ann Arbor, Michigan 

ABSTRACT 

Potent iodynamic polarization experiments  were performed in 0.1N hydro-  
chloric acid with 17% chromium ferritic stainless steels containing up to 3% 
molybdenum and with 18% Cr-2% Mo ferritie stainless steels containing 
0-2% nickel and 0-2% ti tanium. Potent iodynamic polarization studies with 
the 17% chromium alloys were also performed in 1N hydrochloric acid and 
in IN sulfuric acid -l- 0.1N sodium chloride media. The critical current  den-  
sities were significantly decreased with an increased molybdenum content. 
The pit t ing potentials were increased with increased molybdenum and t i-  
t an ium contents, whereas nickel additions had no effect. All  materials were 
sensitive to crevice corrosion. Sulfate ions in the SO4=: C l -  molar  ratio of 5:1 
inhibi ted pit t ing corrosion and suppressed crevice corrosion. 

The effects of molybdenum on anodic polarization 
of 17% chromium stainless steels in sulfuric acid have 
previously been studied in this Laboratory (1). Be- 
cause of the well-established usage of molybdenum 
alloying for increasing the resistance of stainless steel 
to pi t t ing corrosion, interest  developed in extending 
anodic polarization studies to chloride media. It was 
envisioned that  the anodic polarization in acidic chlo- 
ride media would not only provide information con- 
cerning the effect of molybdenum additions on the pit-  
t ing potential  of ferritic stainless steels, but  would 
also provide some informat ion concerning the active- 
passive t ransi t ion of stainless steels in the presence 
of chlorides. 

Experimental Procedures 
Two sets of laboratory-prepared ferritic alloys and 

two commercial  ferritic stainless steels (Types 430 and 
4341) were investigated. The h igh-pur i ty  17% chro- 
mium, 17% Cr - l% Mo, and 17% Cr-3% Mo laboratory 
alloys were prepared by melt ing and casting in vac- 
uum. The resul t ing ingots were hot-rol led to 0.64-cm- 
thick sheet, which was cold-rolled to a 0.32-cm thick-  
ness, annealed for 1 hr at 815~ and water-quenched.  
The 18% Cr-2% Mo alloys modified by t i t an ium and 

* Elect rochemical  Society Act ive  Member .  
1Type  434 is the  proposed des ignat ion for  stainless steel con- 

ra in ing  17% c h r o m i u m  and  1% molybdenum.  

nickel additions were produced by induction mel t ing 
in an argon atmosphere, using the spli t-heat  technique. 
In  this technique, the base composition is melted, and 
part  of the melt  is poured off to produce an ingot; then 
to the balance of the melt, the required al loying ad- 
ditions are made and the next  ingot is cast. This proc- 
ess is repeated un t i l  a series of the desired composi- 
tions is cast. The 18% Cr-2% Mo ingots were hot- 
forged, hot-rolled to 0.76-cm-thick strips, and cold- 
rolled to 0.38-cm-thick strips. The 18% Cr-2% Mo al-  
loys containing t i t an ium were annealed  for 1 hr  at 
104O~ the mi n i mum tempera ture  that prevented for- 
mat ion of a second phase in the high t i t an ium alloy, 
and then water-quenched.  The rest of the 18% Cr-2% 
Mo materials  and the hot-rolled, commercial  Types 430 
and 434 steels were annealed at 815~ for 1 hr and 
water-quenched.  The chemical compositions of all the 
materials are given in Table I. 

The electrodes for the potent iodynamic studies were 
mounted  in acrylic plastic, the exposed surface (0.5 
by 0.6 cm) always being a longi tudinal  section parallel  
to the rolled surface. A more detailed description of 
the electrode can be found elsewhere (1). The exposed 
surface was polished using s tandard metallographic 
techniques, ending with a distilled water  s lurry of 
0.3~ alumina.  For the pit t ing potential  measurements ,  
the electrode surface was masked with electroplaters 
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Table I. Compositions of alloys studied 

C h e m i c a l  c o m p o s i t i o n ,  % 
A l l o y  C C r  M o  N i  T i  M n  C u  S i  P S N 

T y p e  4 3 0  0 . 0 4 6  1 6 . 3 0  0 . 3 3  - -  0 . 7 0  0 . 1 0  0 . 6 0  0 . 0 1 8  0 . 0 0 8  - -  
T y p e  4 3 4  0 . 0 6 9  1 6 . 5 2  0 " ~ 9  0 . 3 0  - -  0 . 4 2  0 . 1 1  0 . 5 4  0 . 0 1 6  0 . 0 0 7  - -  
H i g h - p u r i t y  1 7 %  c h r o -  0 . 0 0 3  1 7 . 0 8  0 . 0 3  - -  - -  - -  0 . 0 0  0 . 0 6  0 . 0 0 9  - -  0 . 0 0 6 5  

m i u m  a l l o y s  0 . 0 0 2  1 6 . 9 3  1 . 0 4  - -  - -  - -  0 . 0 0  0 . 0 5  0 . 0 0 7  - -  - -  
0.003 16.68 2 .99  - -  - -  0 .00  0.06 0 .007 - -  0 .0048 

1 8 %  C r - 2 %  M o  n i c k e l  N A  a N A  N A  0 . - ~ I  - -  - -  - -  N A  - -  - -  N A  
s e r i e s  N A  N A  N A  0 , 6 2  - -  - -  - -  N A  - -  - -  N A  

0 . 0 3 1  1 8 . 5 3  1 . 9 5  1 , 0 8  - -  - -  - -  N A  - -  - -  N A  
1 8 %  C r - 2 %  M o  t i t a n i u m  0 . 0 3 4  1 8 . 4 5  1 . 9 7  0 , 1 1  0 . 4 7  - -  - -  0 . 1 3  - -  - -  0 . 0 4 5  

ser i e s  0 . 0 3 5  N A  N A  N A  1 . 8 6  - -  - -  N A  - -  - -  0 . 0 2 3  
1 8 %  C r - 2 %  M o  n i c k e l -  0 . 0 3 2  1 8 . 7 0  1 . 9 7  0 . 5 7  0 . 9 1  -- -- N A  - -  - -  - -  

t i t a n i u m  s e r i e s  N A  N A  N A  2 . 0 8  1 . 7 5  - -  - -  N A  - -  - -  - -  

a N A  = n o t  a n a l y z e d ,  b u t  a s s u m e d  t o  b e  i n  t h e  r a n g e  o f  t h e  s e r i e s .  

tape (Scotch 470), except for a circular area 0.36 cm 
in diameter. 

The potent iodynamic polarization exper iments  were 
performed using s tandard equipment  and techniques. 
Potentials  were measured with respect to a saturated 
calomel electrode. The auxi l iary  p la t inum electrode 
was isolated from the test solution by a glass frit. All  
materials  were tested in argon-sa tura ted  0.1N hydro-  
chloric acid (HC1). The h igh-pur i ty  alloys and com- 
mercial  steels were tested in a rgon-sa tura ted  1N HC1, 
IN sulfuric acid (H2SO4), and 1N H2SO4 W 0.1N sodium 
chloride (NaC1). Potent ia l  scanning rates for most 
polarization experiments  were 600 m v / h r  for the 18% 
Cr-2% Mo series, and 540 m v / h r  for the rest of the 
materials.  For determinat ion of the pi t t ing potentials,  
the electrode potential  was scanned at the rate of 600 
or 540 m v / h r  up to potentials of about 0.1-0.2v less 
noble than the expected pit t ing potential. At this 
potential  the scanning rate was decreased tenfold, i.e., 
to 60 or 54 mv/hr .  Scanning was cont inued unt i l  the 
pit t ing potential  was reached. The onset of pi t t ing was 
marked by a sharp and sudden increase in  polarization 
current .  The potential  scanning was stopped at the 
pi t t ing potential,  and the electrode was allowed to pit 
for 20 to 30 min. It was then removed from the solu- 
tion, the tape was stripped, and its surface was exam- 
ined for pi t t ing and possible crevice corrosion. The 
potential  scanning was usual ly started a t - - 0 . 7  to 
--0.6v, with respect to the saturated calomel electrode 
(SCE);  the scanning was always into the passive po- 
tential  region. In some experiments,  the potential  of 
an actively corroding electrode was changed almost 
ins tantaneously  to a selected potential  in a passive 
range by switching on a potentiostat, with a potential  
preset at a desired value. 

The exper iments  with the 18% Cr-2% Mo series of 
alloys were performed at 24 ~ __ I~ All the other 
materials  were tested at 29.6 ~ _ 0.1~ 

Results 
Exper iments  in 0.1N hydrochloric acid.--Typical 

anodic polarization curves for the Types 430 and 434 
stainless steels in  0.1N HC1 are shown in Fig. 1. The 
active region for the Type 430 steel exhibited two cur-  
rent  maxima, one peak at --0.50v and another  at 
--0.38v. Considerable variat ions in peak heights were 
observed for different Type 430 samples, and in some 
samples the second peak was higher than  the first 
peak. However,  the corresponding potentials remained  
approximately within _ 10 mv of the values given 
above. 2 The single critical current  density peak, shown 
by the Type 434 steel, was always lower than  the cor- 
responding peak for the Type 430 steel. 

The passive region for the Types 430 and 434 s ta in-  
less steels te rminated  at potentials considerably less 
noble than  the normal  t ranspassive t ransi t ion range, 
+0.85 to +0.95v. This passivity breakdown for the 
unmasked electrodes was characterized by a gradual  
increase in polarization current .  A considerable amount  

M H e n c e f o r t h ,  t h e  c u r r e n t  d e n s i t y  p e a k  a t  t h e  l e a s t  n o b l e  p o t e n t i a l  
w i l l  b e  r e f e r r e d  to  a s  t h e  c r i t i c a l  c u r r e n t  d e n s i t y ,  a n d  t h e  c o r r e -  
s p o n d i n g  p o t e n t i a l  a s  t h e  p r i m a r y  p a s s i v a t i o n  p o t e n t i a l .  

of polarization current  could usual ly  be sustained at 
selected potentials without  visible pi t t ing or general  
corrosion. However, after a long potentiostatic polari-  
zation time, microscopic examinat ions  revealed some 
corrosion at the boundary  of the sample and at the 
acrylic mount.  This observation was in accord with 
the results obtained by Schwenk (2). Thus, in all  the 
potent iodynamic polarization experiments  with un -  
masked electrodes in HC1, the apparent  passivity 
breakdown was not due to pi t t ing corrosion, bu t  was 
a result  of the pass ivi ty  b reakdown inside the ex- 
t remely fine crevice between the electrode and plastic 
mount.  The presence of crevices with the electrode 
mounted  in metallographic materials  was also indi-  
cated by Greene et al. (3). 

The differences in polarization behavior  between an 
unmasked  and a masked electrode in the passive state 
are i l lustrated in Fig. 1. For  the masked electrode the 
current  density beyond the p r imary  passivation po- 
tent ia l  gradual ly  decreased to the level of 10 -6 amp/  
cm 2 or lower, depending on the potential  scanning 
rate, and remained at this level unt i l  either pi t t ing or 
a normal  t ranspassive breakdown occurred. The cur-  
rent  densi ty for unmasked  electrodes, however,  first 
decreased and then increased gradually,  indicative of 
the onset of crevice corrosion. 

Typical anodic polarization curves for the high- 
pur i ty  17% chromium alloys in 0.1N HC1 are shown in 
Fig. 2. As the molybdenum content  increased, the 
crit ical cur ren t  density decreased. The p r imary  passi- 
vat ion potential,  however, tended to become more 
noble at higher molybdenum content. A second peak 
in the active-passive t ransi t ion region was observed 
only for the 17% Cr-3% Mo alloy. Critical cur ren t  
density for the 17% chromium alloy varied from 1 to 
6 ma / c m 2 for different samples. These variat ions in 
critical current  density were accompanied by changes 
in p r imary  passivation potent ia l  be tween --0.49 and  
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Fig. 1. Anodic potentiodynamic polarization curves for unmasked 
Types 430 and 434 electrodes and for masked Type 430 electrode 
in 0.1N hydrochloric acid at 29.6~ 



576 

i0-3 

10_4 

10-5  

10-6  
- 0 . 6  

J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  

I I I I I I I I 

f77o CHROMIUM ALLOY 

177o Cr - lyo Mo ALLOY 

7% Cr - 3%~ MO ALLOY 

I I i i I J [ I 
- 0 . 4  - 0 . 2  0 0 .2  

POTENTIAL (V)  VERSUS SOE 

Fig. 2. Anodic potentiodynamic polarization curves for 17% 
chromium, 17% Cr-1% Mo, and 17% Cr-3% Mo alloys in 0.1N 
hydrochloric acid at 29.6~ (unmasked electrodes). 
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Fig. 3. A n o d i c  p o t e n t i o d y n a m i c  p o l a r i z a t i o n  curves  for  t h e  1 8 %  
Cr-2% Mo-0.11% Ni and 18% Cr-2% Mo-1.86% Ti-0.11% Ni 
alloys (masked electrodes) in 0.1N hydrochloric acid at 24~ 

-0 .43v;  i~ general, the more noble the pr imary  passi- 
vat ion potential, the higher the critical cur rent  den-  
sity. The passive region for the unmasked  electrodes 
again te rminated  at potentials less noble than  pi t t ing 
potentials. However, crevice corrosion did not influ- 
ence the critical current  density of the materials,  so 
that unmasked electrodes could be used for the anodic 
polarization studies in the active region. Fur thermore,  
the m i n i m u m  current  densities, reached in the passive 
region with unmasked electrodes, appeared to de- 
pend on the molybdenum content for both commercial  
and h igh-pur i ty  alloys. The steels with the highest 
molybdenum content had the lowest current  min ima  
in the passive state (Fig. 1 and 2). Thus, molybdenum 
appears to improve the resistance of ferritic stainless 

May 1969 

Table III. Current density maxima and corresponding potentials 
in argon-saturated 0.1N hydrochloric acid for 18% Cr-2% Mo 

ferritic stainless steels 

S e c o n d a r y  P o t e n t i a l  c o r r e -  
A l loy  a d d i t i o n  Cr i t i c a l  P r i m a r y  c u r r e n t  s p o n d i n g  to  the  
to 18% O r - 2 %  c u r r e n t  p a s s i v a t i o n  d e n s i t y  s e c o n d a r y  c u r r e n t  

Mo  base ,  % d e n s i t y ,  p o t e n t i a l  m a x i m u m ,  d e n s i t y  m a x i m a  
T i  N i  m a / c m ~  v s .  SCE,  v m a / c m 2  vs .  SCE,  v 

- -  0.11 0.11 --0.475 0.014 --0.350 
- -  0.62 - -  - -  0.04 --0.340 
-- 1.08 -- -- 0.018 --0.380 

0.47 0.11 0.10 --0.480 0.006 --0.350 
1.86 ~0.I -- 
0 . 9 1  0.57 0 . 0 0 2  - 0 : ~ 5  0.002 ~ 3 0  
1 . 7 5  2 . 0 8  - - 0 . 0 0 5  - o . 3 0 0  

Table IV. Average pitting potentials in 0.iN hydrochloric acid 

A v e r a g e  p i t t i n g  po t en t i a l ,  
A l l o y  v s .  SCE,  v 

T y p e  430 0.18 
T y p e  434 0.19 
17% C h r o m i u m  0.26 
17% C r - l %  Mo 0.32 
17% C r - 3 %  Mo > 0 . 8 0  
18% C r - 2 %  Mo-0 .11% N i  0.31 
18% C r - 2 %  Mo-0 .62% H i  0.35 
18% C r - 2 %  M o - l . 0 8 %  H i  0.34 
18% O r - 2 %  Mo-0 .47% T i  > 0 . 8  
18% C r - 2 %  M0-1 .86% T i  0.63 
18% C r - 2 %  Mo-0 .91% Ti -0 .57% N i  > 0 . 8  
18% C r - 2 %  Mo-1 .75% T i -2 .08% N i  0.62 

steels to crevice corrosion in chloride media. However, 
since the crevice geometry was not in tent ional ly  con- 
trolled on the electrodes, fur ther  exper imental  work 
is needed to obtain more quant i ta t ive  informat ion con- 
cerning the effect of alloying additions on crevice 
corrosion. Representat ive values of critical parameters  
for the commercial  steels and h igh-pur i ty  alloys are 
summarized in Table  II. 

Representat ive anodic polarization diagrams in 0.1N 
HC1 for 18% Or-2% Mo alloys are shown in Fig. 3. 
Table III gives the crit ical parameters  for these alloys. 
Table III also shows that  an increase in nickel  content, 
from 0.11% to 0.62%, results in complete suppression 
of the active region. Although the addition of 0.47% 
t i tan ium had no effect on critical behavior, an increase 
in t i t an ium level to 1.86% resulted in a complete dis- 
appearance of the active region. In addit ion to the 
normal  critical current  densi ty peaks, considerably 
lower secondary peaks were observed for most of the 
18% Cr-2% Mo alloys in the --0.38 to - -0 .30v  region. 

Average pit t ing potentials for all the materials  are 
summarized in Table IV. A typical  polarization run  
with a masked electrode, exhibi t ing te rminat ion  of the 
passive range due to onset of pitting, is shown in Fig. 
4. The onset of pi t t ing corrosion was always marked 
by a sharp cur ren t  rise over several orders of magni-  
tude, but  crevice corrosion was marked  by a gradual  
current  increase. Under  the exper imental  conditions 
used, the materials  that  could be scanned beyond the 
threshold of t ranspassivi ty (+0.80v) ought to be con- 
sidered resistant  to pi t t ing corrosion. However, ex- 
ploratory studies showed that potentiostatic pit t ing 
could be achieved with materials  that  exhibit  a ful l  

Table I1. Current density maxima and corresponding potentials in argon-saturated hydrochloric 
acid for commercial ferritic stainless steels and high-purity 17% chromium alloys 

0.1N H y d r o c h l o r i c  a c i d  

P r i m a r y  p a s s i v a -  
C r i t i c a l  c u r r e n t  t i on  p o t e n t i a l  

A l l o y  d e n s i t y ,  m a / c m  e v s .  SCE,  v 

1.0N H y d r o c h l o r i c  a c i d  
P o t e n t i a l  c o r r e -  

S e c o n d a r y  c u r r e n t  s p o n d i n g  to P r i m a r y  p a s s i v a -  
d e n s i t y  m a x i m u m ,  s e c o n d a r y  c u r r e n t  C r i t i c a l  c u r r e n t  t i on  p o t e n t i a l  

m a / c m  2 d e n s i t y  m a x i m u m  d e n s i t y ,  m a / c m  2 vs .  SCE,  v 

T y p e  430 1.2 --0.502 
T y p e  434 0.26 --0.490 
17% C h r o m i u m  0.95 --0.495 
17% C r - l %  Mo 0.48 --0.500 
17% C r - 3 %  Mo 0.058 --0.463 

0.77 - -0 .380 __a __  
- -  - -  18 a --0.310 to -- 0.305 
- -  - -  140 a - -0 .230 

- -  46 - -0 .310 
0.018 -- 0.368 13 --0.340 

a No  t r u e  p a s s i v e  s t a t e  a t t a i n e d  f o r  t h e s e  m a t e r i a l s .  
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Fig. 4. knodic potentiodynamic polarization curve for masked 
17% Cr-1% Mo electrode in 0.1N hydrochloric acid at 29.6~ 

passive range under  potent iodynamic conditions. This 
occurred under  conditions of near ly  instantaneous po- 
tent ia l  switch from an active corrosion potential  to a 
sufficiently noble passive potential.  Thus, the 17% Cr- 
3% Mo alloy was pitted at +0.40v under  these con- 
ditions. 

A repassivation phenomenon was also observed 
dur ing  several  potent iodynamic pi t t ing experiments.  
This phenomenon was usual ly  indicated by current  
blips at potentials that  were lower than those at which 
continuous pit t ing occurred (Fig. 4). However, the 
pit t ing corrosion was sometimes sustained for 15 to 20 
min, and then  followed by complete repassivation of 
the pits. Examina t ion  of the electrode revealed visible 
pits inside the free electrode area, bu t  revealed no 
evidence of corrosion under  the masking tape. 

Experiments in I.ON hydrochloric acid.--Anodic 
polarization curves for the commercial and h igh-pur i ty  
alloys in 1.0N HC1 are shown in Fig. 5 and 6 (un-  
masked electrodes). Table  II gives the critical current  
densities and pr imary  passivation potentials. Type 430 
stainless steel did not  passivate at all in 1.0N HC1. 
Type 434 steel did exhibit  a current  peak at the ex- 
pected position for the pr imary  passivation potential,  
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Fig. 5. Anadic potentiodyaamic polarization curves for Types 
430 and 434 stainless steels in 1N hydrochloric acid at 29.6~ 
(unmasked electrodes). 
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Fig. 6. Anodic potentiodynamic polarization curves for 17% 
chromium, 17% Cr-1% Mo, and 17% Cr-3% Mo alloys in 1N 
hydrochloric acid at 29.6~ (unmasked electrodes). 

--0.310v; however, cur rent  densities beyond the cri t i-  
cal peak remained quite high. All the h igh-pur i ty  
alloys exhibited a critical current  density peak, but  
the current  densities at potentials approximately 100 
mv more noble than the p r imary  passivation potentials 
were several  orders of magni tude  higher than  the cor- 
responding current  densities in 1N H2SO4 (1). The 
potentiostatic passivation experiments,  performed in 
1N HC1 with masked electrodes, showed than 17% Cr- 
1% Mo and 17% Cr-3% Mo alloys could be completely 
passivated in the - -0 .20  to --0.10v region. The resul t -  
ing polarization cur ren t  densities in the passive state 
were  of the same order of magni tude  as those ob- 
served in H2SO4, 10 -6 amp/cm 2 (1). Thus, the ap-  
parent  h igh-cur ren t  densities obtained with unmasked 
electrodes are an outcome of crevice corrosion, which 
is much more severe in 1.0N than  in 0.1N HC1. 

At any passive potential  under  potentiostatic con- 
ditions, the polarization current  densities for the 
masked 17% chromium alloy and for commercial  Types 
430 and 434 steel were several orders of magni tude 
above the 10 -8 amp/cm 2 level. Fur thermore ,  the po- 
tentiostatic experiments  with an unmasked  17% chro- 
mium electrode at --0.15v showed that  at this poten- 
tial, the electrode corroded uni formly  at a rate cor- 
responding to approximately  10 m a / c m  2. Thus, for 
the straight chromium steels and for Type 434 steel, 
the high current  densities in a passive range are pr i -  
mar i ly  the result  of the un i form corrosion, but  for the 
17% C r - l %  Mo and 17% Cr-3% Mo alloys, the rela-  
t ively high current  in the passive range is largely the 
result  of crevice corrosion. 

The e l iminat ion of the crevice by the use of mask-  
ing tape was considerably more difficult in 1N than  
in 0.1N HC1; in fact, many  experiments  were inval id 
because the mask loosened, and crevice corrosion re-  
sulted. Therefore, nei ther  the potentiostatic main te -  
nance of the passivity over prolonged periods of time, 
nor  the potential  range over which the steels would 
re ta in  their  passivity was investigated. 

The critical current  density for all materials  again 
decreased with the increase in molybdenum content, 
and at the same time the pr imary  passivation poten-  
tials became more negative. The relat ionship among 
molybdenum content, critical cur ren t  density, and 
pr imary  passivation potential  is shown in Fig. 7. 

Potentiodynamic studies in sulfuric acid -I- sodium 
chloride solution.--Typical potent iodynamic polariza- 
tion curves for ferri t ic stainless steels in  the 1N H2SO~ 
medium and the 1N H2SO4 -t- 0.1N NaC1 medium are 
given in  Fig. 8, which shows that  the  crit ical  cur ren t  
density is increased by the addition of the chloride ion 
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Fig. 8. Potentiodynamic polarization curves for Type 430 stain- 
less steel in IN  sulfuric acid and in IN  sulfuric acid -~- O.IN 
sodium chloride at 29.6~ (unmasked electrodes). 

to sulfuric acid; however, this increase is caused by 
the shift of the pr imary  passivation potential  in a 
noble direction due to the activation effect of the 
chloride ions. At a given potential  up to the p r imary  
passivation potential  for pure acid, the dissolution 
rates of Type 430 stainless steel were lower in the 
chlor ide-containing acid than in pure acid. This in-  
hibi t ing effect of chloride ions on anodic dissolution 
was similar  to that  reported by Bockris et al. (4) for 
pure iron. Fur thermore,  in the 1N H2SO4 + 0.1N NaC1 
solution, the passive range te rminated  at the same po- 
tent ials  as in  the 1N H2SO4. Similar  polarization be- 
havior was observed for Type 434 and all 17% chro- 
mium alloys. 

Discussion 
Pitting potentials in 0.1N hydrochloric acid.--The 

examinat ion  of the average pi t t ing potentials for the 
17% chromium alloys (Table IV) discloses that, as 
the molybdenum content  is increased, pi t t ing potentials 
become more noble (i.e., the resistance toward pit t ing 
corrosion increases with the molybdenum content) .  
Since a normal  transpassive t ransi t ion was obtained 
for the 17% Cr-3% Mo alloy, this mater ia l  should be 
i m m u n e  to pi t t ing corrosion under  the exper imenta l  
conditions. However, Types 430 and 434, which are 
commercial  counterparts  of the 17% chromium and 
17% C r - l %  Mo alloys, have significantly lower pi t t ing 
potentials. This difference in pi t t ing potentials is prob- 
ably the result  of the higher carbon levels and im-  
pur i ty  contents of commercial  steels, as compared 
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with the vacuum-mel ted  laboratory alloys. Fu r the r -  
more, the average pi t t ing potential  for the Type 434 
steel is only slightly higher than  the pi t t ing potential  
for the Type 430 steel. The difference in pit t ing po- 
tent ia l  was much more in the 17% chromium and 17% 
C r - l %  Mo alloys. Since the carbon level for the Type 
434 sample used in this invest igat ion was considerably 
higher than  that  for the Type 430 sample [i.e., 0.069 
as compared with 0.046% (Table I ) ] ,  it may be con- 
cluded that  the higher carbon level obscured the effect 
of molybdenum on pit t ing potential.  Higher carbon 
content  in a ferritic mat r ix  will  result  in  more pre-  
cipitated chromium and molybdenum carbides and in 
a depletion of the matr ix  of chromium and molyb-  
denum. Consequently,  the ferritic steels with higher 
carbon contents wil l  probably have a greater sensi- 
t iv i ty  to pi t t ing corrosion. 

The examinat ion of the pit t ing potentials for the 
18% Cr-2% Mo ferritic alloys, with a carbon content  
of about 0.03%, leads to the conclusion that  small  
nickel additions (up to 1%) do not affect the pit t ing 
potentials of these alloys. In  contrast  to the insensi-  
t ivi ty to small  additions of nickel, small  additions of 
t i t an ium have a very  pronounced effect on pi t t ing po- 
tentials. T i tan ium contents of 0.47 and 0.91% raised 
the pi t t ing potential  above the transpassive transit ion.  
A fur ther  increase in t i t an ium to about 1.8% reduced 
pi t t ing potential. P i t t ing potentials for t i t an ium-modi -  
fied alloys, however, are still more noble than  for 
t i t an ium-f ree  alloys. This effect of t i t an ium could be 
indirect. The t i t an ium ties up carbon and nitrogen, pre-  
vent ing  the formation of chromium and molybdenum 
carbides and nitr ides and, consequently,  prevents  the 
formation of zones depleted in chromium and  molyb-  
denum. With larger t i t an ium additions, the consider- 
able amount  of second phase that  develops might  be 
the preferred site for pi t t ing attack. 

The pit t ing potential  for the 18% Cr-2% Mo-0.03% 
C alloy was about the same as that  for the h igh-pur i ty  
17% Cr-1% Mo-0.002% C alloy, and was significantly 
more noble than  that for either Type  430 steel or the 
h igh-pur i ty  17% chromium alloy. Thus, in the 17% 
chromium steels with commercial carbon levels, the 
increase of molybdenum content  to 2% should result  
in considerably improved resistance to pi t t ing cor- 
rosion. 

The values of pi t t ing potentials are significantly in -  
fluenced by exper imental  techniques (5, 6). In  work 
with molybdenum-con ta in ing  austenitic stainless steels, 
a fast potent ial  scanning rate was a more severe ex-  
per imental  condit ion than  a slow scanning rate (7). 
Consequently,  the instantaneous potential  rise from 
the active corrosion potential  to a selected passive po- 
tent ia l  would be one of the most severe exper imental  
conditions for the potentiostatic pi t t ing studies. That 
the 17% Cr-3% Mo alloy could be pitted by the above 
method implies that  all  the materials  investigated 
would pit under  conditions of instantaneous potential  
jump. Thus, the results from the potent iodynamic pit-  
t ing studies would at best predict only a relat ive order 
of resistance to pi t t ing corrosion, bu t  would not  neces- 
sari ly determine the immuni ty  to pi t t ing at a given 
chloride ion concentrat ion and temperature.  

Polarization studies in hydrochloric ac/d.--The re-  
sults of the critical cur rent  density and pr imary  passi- 
vat ion potential  de terminat ion in 0.1N and 1.0N HC1 
are consistent with previous measurements  in H2SO4, 
i.e., molybdenum decreases the critical cur ren t  density 
required to produce passivity and, to a lesser extent, 
shifts the pr imary  passivation potential  to more active 
potentials (1). Thus, molybdenum additions facilitate 
the a t ta inment  of the passive state for ferritic s tain-  
less steels in HC1. This effect was especially pronounced 
in 1N HC1 for h igh-pur i ty  alloys (Fig. 6). In  this 
series, only alloys containing molybdenum could be 
completely passivated in 1N HC1, i.e., the current  den-  
sities for masked electrodes decreased to between 10 -8 
and 10 -7 amp/cm 2 at some potential  beyond the pr i -  
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mary  passivation potential.  In contrast  to such pure 
alloys as 17% chromium alloy, the commercial  Type 
430 did not show a critical behavior  in 1N HC1, and 
Type 434 showed little tendency to passivate (Fig. 5). 
This behavior is probably the result  of the depletion 
of the ferritic matr ix  of chromium and molybdenum 
by the precipitation of carbides. 

Small nickel additions to 18% Cr-2% Mo alloys 
were somewhat beneficial to the a t ta inment  of passiv- 
i ty in 0.1N HC1, since these additions depressed the 
critical cur rent  density to the point where  no active 
region was displayed. However, results from work on 
austenitic stainless steels (7) showed that an 18% Cr- 
16% Ni alloy free of molybdenum could not be com- 
pletely passivated in 1N HC1, but  a similar alloy con- 
ta in ing molybdenum could be. Thus, the beneficial 
effects of small  nickel additions to ferrit ic stainless 
steel in  HC1 may be l imited to the mo lybdenum-  
conta in ing grades. 

Polarizat ion studies in HC1 solutions revealed that 
HC1 is an effective medium for the potent iodynamic 
investigation of the effects of alloying elements on 
the corrosion and passivation properties of stainless 
steels. The effects of molybdenum additions are very 
dramatical ly shown by polarization curves in 1N HC1; 
it is expected than any alloying addition which has 
a s trong effect on the passive film will  also have a 
pronounced effect on the active-passive t ransi t ion in 
HC1. Polarizat ion curves in 0.1N HC1, especially with 
the 17% chromium alloy, were characterized by con- 
siderable variations in critical cur rent  density and 
p r imary  passivation potential. Such behavior  would 
probably result  from the competit ion of the normal  
tendency of the alloy to passivate in a weakly acidic 
medium with the act ivat ing effect of the chloride 
ions. Stainless steels with relat ively weak passivation 
tendencies would therefore be expected to have a 
more p rominent ly  variable passivation behavior  than  
steels with a strong passivation tendency. The active- 
passive t ransi t ion region in O.IN HC1 was often com- 
plicated by the presence of two current  density max-  
ima. Since measured current  is the difference between 
the total  oxidation and total  reduction current ,  the 
small  secondary current  maxima might  arise from the 
changing hydrogen evolution kinetics, which are the 
result  of the passivation of the electrode surface. How- 
ever, large secondary peaks observed with Type 430 
steel could not be explained. Since the potential  for 
either peak is fair ly reproducible, the double-peak 
phenomenon for the Type 430 steel might  result  from 
the chromium segregation and different passivation 
behavior of chromium-r ich  and chromium-deple ted  
regions. For the Type 434 steel, which has a stronger 
passivation tendency, the second peak is only slightly 
indicated (Fig. 1). Some support for the above specu- 
lat ion is given by the work of Voeltzel and Pla teau 
(8) who observed a double-peak phenomenon for 
sensitized austenitic 16% Cr-8% Ni stainless steel. The 
double-peak phenomenon was ascribed to chromium 
depletion along the grain boundaries.  

None of the ferri t ic stainless steels studied was im-  
mune  to crevice corrosion in  HC1, not even those which 
had a high resistance to pitting. 

Polarization studies in sulfuric acid-sodium chloride 
solution.---Since a complete passive range was obtained 
for all the materials  studied, the results from potentio- 
dynamic  polarization studies in 1N H2SO4 q- 0.1N NaC1 
indicate that  sulfate ions in  the SO4=:C1 - molar  ratio 
of 5:1 inhibi t  pi t t ing corrosion. The inhibi t ing  effect 
of sulfate ions on chloride pit t ing of austenit ic steels 
has been described in  the l i te ra ture  (5, 9). This in -  
vestigation showed that  pi t t ing corrosion of ferritic 
stainless steel can also be inhibi ted by sulfate ions. 
Fur thermore ,  since crevice corrosion was very  promi-  
nen t  in 0.1N HC1, it may  be concluded that  sulfate 
ions suppress the crevice corrosion to the extent  that  
a normal  t ranspassive t ransi t ion can be obtained with 
a potential  scanning rate of 0.540 v/hr .  

Summary 
Molybdenum additions to ferritic stainless steels 

facilitated the a t t a inment  of passivity in 0.1 and 1N 
HCI. 

The pit t ing potent ial  in 0.1N HC1 became more noble 
with increased molybdenum content  for h igh-pur i ty  
17% chromium alloys and with increased t i t an ium 
content  for 18% Cr-2% Mo-0.03% C alloys. An in-  
crease in carbon content  general ly  resulted in less 
noble pi t t ing potentials, whereas small  nickel  addi-  
tions (up to 1%) did not change the pi t t ing potential  
significantly. 

All  the ferritic stainless steels studied were very  
sensit ive to crevice corrosion in HC1. 

The sulfate ions, in a molar ratio of SO4=:C1 - of 
5:1 not only inhibi ted pi t t ing corrosion but  also sup- 
pressed crevice corrosion for all the steels investigated. 

Manuscript  submit ted Sept. 16, 1968; revised m a n u -  
script received Feb. 3, 1969. This paper was presented 
at the Chicago Meeting, Oct. 15-19, 1967, as Paper  60. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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On the Passivity of Iron-Chromium Alloys 
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ABSTRACT 

Precise potential  control and measurement  have permit ted the de te rmina-  
t ion of the p r imary  activation potential,  E~, of an Fe-24% Cr alloy in 2N 
H2SO4 to wi thin  _ 0.5 mv and the determinat ion of the kinetics of passivat-  
ing film growth at this potential,  as well  as at other potentials. Small  changes 
in potential  give rise to large differences in film thickness. From the t ime 
dependence of the anodic current  and the film thickness dur ing  passivation, a 
theory for the p r imary  passivation process is proposed based on different rates 
of dissolution and different degrees of passivation at various types of sur-  
face sites, e.g., kinks, ledges, and terraces; these differences arme from dis- 
t inct  activation energies for anodic dissolution and distinct adsorption energies 
associated with each type of site. The steady-state  film thickness at the activa- 
t ion potential, as measured by cathodic reduction,  is 0.36 ___ 0.03 mC / c m 2 and 
corresponds to between one and three monolayers  of film depending on the 
assumed model of a monolayer  and the reduct ion product. F ina l ly  it is shown 
that  secondary film formation can occur at the activation potent ial  after 
sufficiently long times of passivation. 

In  an earlier paper  (1) it  was shown that  on an 
Fe-24% Cr alloy in H2804 at least two distinct, poten-  
t ia l -dependent  films are formed dur ing  the passivation 
process. It was concluded that the pr imary  passivation 
process is phenomenological ly reversible; that  the 
p r imary  film is responsible for the ini t ial  passivation 
and is stable only wi th in  a few mill ivolts  of the pr i -  
mary  activation potential,  Ea, defined as the reversible 
m i n i m u m  in the cathodic loop (Fig. 2); and that  the 
thickness of the p r imary  passivating film corresponded 
to no more, and probably  less than one O = ion per 
surface metal  atom. The secondary film, on the other 
hand, forms at more positive potentials, grows to a 
thickness greater  than 10-7 cm and, with increasing 
time and potential,  becomes very stable and resistant  
to reduction. In  this paper we consider in more detail 
the passivation process and the passivating film at the 
p r imary  activation potential.  We also emphasize the 
importance of control l ing and measur ing potentials 
very  precisely (at least to • 0.5 my)  to obtain rel iable  
and meaningfu l  mechanistic data. It will  also be shown 
that  the p r imary  act ivat ion potential  and the Flade 
potent ial  (2) are not synonymous as is f requent ly  
assumed (3) and that  the Flade potential  is strictly a 
kinetic potent ial  and not a thermodynamic  one as is 
f requent ly  assumed (3). 

Experimental  
The alloy investigated was a high-pur i ty ,  vacuum-  

melted, ferrit ic Fe-24% Cr alloy which has the follow- 
ing analysis: Cr, 23.8%; C, 0.0075%; N, 0.0068%; O, 
0.050%; P, <0.005%; S, 0.004%; Si, <0.01%; A1, 
<0.005%; Cu, <0.01%; Mg, <0.001%; no other ele- 
ments  were detected. The electrodes were machined as 
previously described (4) and then annealed for a week 
at 800~ and quenched in  water. To remove any  scale 
and to obtain a uni form surface, they were electro- 
polished according to Sewell et al. (5). 

The glass cell had two concentric compartments  
connected by four 2-ram diameter  fine porosity flits. 
The outer compar tment  housed the auxi l iary  electrode 
and the inner  compartment ,  the test electrode. A Lug-  
gin capi l lary connected the inner  compar tment  to a 
hydrogen reference electrode. A solution reservoir  was 
connected to the cell so that  fresh de-aerated solution 
could be introduced into the cell whenever  desired. 
This vessel, as well  as both compartments  of the cell, 
was fitted with a bubbler  through which hel ium was 
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cont inuously  passed. The hel ium was prepurified by 
passing it over CuO at 440~ through a l iquid ni t ro-  
gen cold trap, through an activated charcoal cold trap 
also at l iquid ni t rogen temperature,  and through a 
bubble r  containing doubly distilled water. 

The electrolyte was 2N H~SO4 (pH 0.02) prepared 
from reagent-grade  acid and doubly distilled water  
(resistivity > 4  Mohm-cm).  In  certain experiments  the 
solution was fur ther  purified by passing it over acti- 
vated charcoal as described by James (6) and Barnar t t  
(7). All  exper iments  were conducted at 24~ 

A schematic circuit d iagram is shown in Fig. 1. A 
Wenking  potentiostat  was used with an external  po- 
tent ia l  programmer.  For rapid switching from one 
potential  to another,  mercury-wet ted  contact relays 
(C. P. Clare & Company HG-1002) with switching 
t imes in the microsecond range were used. Potent ia l  
measurements  were made with an Orion pH-meter ,  
the output  of which was connected to a Honeywell  
Electronik 19 recorder, vs. a hydrogen electrode in  the 
same solution and are reported relat ive to the s tandard 
hydrogen electrode (SHE).  Current  was followed by 
measur ing the potential  drop across a precision resistor 
(0.1%) with an oscilloscope or recorder. All  potentials 
were controlled and measured to bet ter  than  ___ 0.5 inv. 

Fi lm thicknesses were measured by coulometric re-  
duction with a s tandard amperostatic circuit  consisting 

G S(l) I S(2) 
I 

AMPEROSTATIC ~ POTENTIOSTATIC CIRCUIT CIRCUIT 

Fig. 1. Schematic circuit diagram: A, test electrode; B, reference 
electrode; C, auxiliary electrode; D, potentiostat; E, pH-meter; 
F, recorder; G, ammeter; S, switch. 
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of a 45v bat tery  and a high resistance to give a con- 
stant  current  density of 1 ~a/cm2 for film reduction. In  
practice switch S-1 would be closed before S-2 was 
opened, the potentiostat  compensating for the cathodic 
current  introduced by the reduction circuit; this in -  
sured that  when S-2 was opened, reduction of the film 
would begin ins tantaneously  with no possibility of 
side reactions dur ing t ime at open circuit. The end 
point for the reduction was taken as the inflection point  
in the potent ia l - t ime (E-t) curve. The total cur rent  
used consisted of the film reduct ion current  plus the 
hydrogen evolution cur ren t  at Ea 1 (1). The film reduc- 
tion potential  lies 15 mv negative of Ea and the correc- 
tion for the hydrogen evolution cur ren t  should have 
been slightly greater. As a result  the film thicknesses 
reported may be slightly high. 

The real surface area of an electrode was determined 
by measur ing  its capacitance at ~-0.300v and comparing 
it to the capacitance of an electropolished and cathodi- 
cally reduced specimen at the same potential,  the sur-  
face roughness factor of which is assumed to be 1.0. 
Measurements  were made with an a-e br idge (8) at 
frequencies between 5 and 10 kHz, a region free of 
f requency dispersion effects. The measured roughness 
factors were general ly  between 1.1 and 1.4. All  calcu- 
lations in this paper  are based on the real surface area 
determined in this manner .  

The normal  operat ional  sequence for any one experi-  
ment  was as follows. The surface was cathodically 
reduced at --0.5v and then anodically dissolved at the 
potential  corresponding to the max imum anodic cur-  
rent  dens i ty , - -0 .205v ;  the electrolyte solution was 
flushed out by  fresh solution; the specimen was put  
on open circuit  and allowed to come to its corrosion 
potential, which normal ly  required about 5 sec; finally 
the potential  was switched to that  to be studied. This 
procedure gave the most consistent and reproducible 
results. It was found that  the cathodic reduction step 
could be omitted in between experiments  in which the 
specimen was not exposed to the air or to very positive 
potentials at which thick films grew. Satisfactory 
cleaning was evidenced by an anodic current  densi ty 
of 28 m a / c m  2 dur ing  the dissolution step and by a cor- 
rosion potent ial  of --0.261 • 0.001v. In  those experi-  
ments  in which no secondary film growth was expected, 
reproducibi l i ty  of the film reduction potential  to wi th in  
1 mv was also used as a cri terion for an ini t ia l ly clean 
surface. For  a surface that  had not been cleaned satis- 
factorily, the reduction potential  was always more 
negative. 

Changing the electrolyte solution between passiva- 
t ion and cathodic reduct ion was found to have no 
effect on ei ther  the measured film thickness or on the 
E- t  curves for film reduction. 

Results 
The potentiostatically determined steady-state  polar-  

ization curve (E-i curve) for this system is shown in 
Fig. 2. If the potential  is not permit ted to exceed the 
p r imary  activation potential,  Ea, by more than 5 mv, 
that  section of the E-i plot given by the solid l ine is 
measured and exhibits no hysteresis. However, the 
dashed section always shows a hysteresis (1); the 
curve in Fig. 2 was measured by  changing the potent ial  
from negat ive  to positive values. The negat ive current  
(cathodic loop, indicated by the discontinuit ies in the 
curve) is due to the evolution of hydrogen. The pr i -  
mary  activation potent ia l  has previously (1) been 
defined as the potential  at which the first increase in 
the anodic current  is observed in going from the pas- 
sive region into the anodic loop under  conditions of 
reversibil i ty.  This corresponds to the m i n i m u m  in the 
cathodic loop and lies between --0.108 and --0.109v for 
this system. 

Behavior on open circuiL--If the specimen is poten-  
tiostated at a potent ial  sl ightly negative of Ea, e.g., at 
--0.111v, un t i l  a s teady-state  cur ren t  is reached and 
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Fig. 2. Potential-current curve for Fe-24% Cr in 2N H2SO4. Ea 
is the primary activation potential, Solid line is region of reversi- 
loility; dashed line is region of irreversibility. 

then the potentiostat  is disconnected so that  the speci- 
men is on open circuit, the potent ial  decays to the 
active state exhibi t ing a classic Flade potential  (2, 9) 
at the potential  at which the specimen had been 
potentiostated. However, if the specimen is held at a 
potent ia l  positive to Ea unt i l  a s teady-state  current  
is achieved and then is put  on open circuit, the speci- 
me n  wil l  remain  passive and the potent ial  will  slowly 
drift  to a value b e t w e e n - - 0 . 0 5  and --0.0By. After  
passivation at Ea the potent ial  will  drift  in nei ther  
direction on open circuit. At first it appeared that  this 
may provide another  definition of the activation poten-  
tial; however, when  these experiments  were repeated 
in the solution purified by passing it over charcoal, 
the potential  corresponding to no drift  on open circuit 
shifted a few mill ivolts  in the negative direction. How- 
ever, the activation potential  as determined by the 
m i n i m u m  in the cathodic loop was unaffected by the 
purification. 

Transient phenomena during passivation.--The an-  
odic cu r ren t - t ime  (i-t) t rans ient  (Fig. 3) was obtained 
by subtract ing the steady-state  hydrogen-evolut ion 
current  from the observed i - t  curve after switching the 
potent ial  from the corrosion potent ial  to Ea. Due to 
/R-drops between the specimen surface and the tip of 
the Luggin capillary, the potent ial  at the surface dif- 
fered from Ea by more than 1 mv  dur ing the ini t ial  
half  second. At any  time dur ing  the transient ,  the 
thickness Q (in mC/cm 2) of the film formed up to that  
t ime could be measured by  cathodic reduction. Typical 
cathodic reduct ion curves (E-t  plots) are shown in Fig. 
4 for different t imes of passivation. The thickness- t ime 
(Q-t) t ransients  calculated from the reduct ion curves 
are shown for three potentials in Fig. 5. None of the 
curves shown in Fig. 3-5 was affected by the charcoal 
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purification procedure  so it was general ly  omitted. A 
complete  mater ia l  balance be tween the quant i ty  of 
meta l  going into solution and that  going into the film 
was not made  because the former  quant i ty  is 102 to 
103 t imes greater  than the lat ter  quanti ty.  

To de te rmine  whe the r  perhaps more than one reduc-  
ible film was formed at Ea, the cathodic reduction was 
al lowed to proceed for a t ime equiva len t  to the pass- 
age of 54 m C / c m  2. No addit ional  break in the E-t  curve 
was observed, indicating that  no other  reducible  species 
was present  on the surface. In an exper iment  to de te r -  
mine whe the r  all the film formed dur ing the passiva-  
tion process was being reduced, the potential  was 
switched to Ea immedia te ly  after  film reduct ion was 
completed, as evidenced by the E-t  curve, and the i-t 
t ransient  was recorded. There  was essentially no differ- 
ence be tween  this i-t  t ransient  and that  obtained af ter  
the normal  cleaning procedure.  

The film reduct ion potential,  the  init ial  potent ial  on 
the first plateau at which the E-t  curve  is linear, was 
measured af ter  passivat ing the specimen for 9000 sec 
at Ea as a function of the cathodic current  density for 
reduct ion and a plot of these data is shown in Fig. 6. 
The extrapola t ion to i ~ 0.00 ~a /cm 2 intersects the 
abscissa at --0.107v, or wi thin  1 to 2 mv of Ea. 

Discussion 
Activation potential .--The previously determined 

value of the p r imary  act ivat ion potent ial  (1) has been 
confirmed in this study in which more careful  potent ial  
control and measurements  were  accomplished. When 
the surface was careful ly  prepared,  as described, Ea 
was always within  the limits indicated, namely, --0.108 
to --0.109v; deviat ions from this could always be 
t raced to improper  surface t reatment .  The reproduci -  
bil i ty of this value over  many  exper iments  also indi-  
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Fig. 6. Plot of film reduction potential against the current 
density for reduction, illustrating linear polarization kinetics. 

cates that  the surface composition of the specimen re-  
mained  constant. To i l lustrate  this point better,  it may  
be pointed out that  an Fe-19% Cr alloy has an act iva-  
t ion potent ia l  of --0.036v in the same solution, a 72 mv 
difference for a 5% change in Cr content. 

The results of the exper iments  in which the potent ia l  
decay was fol lowed on open circuit  show that  in this 
system the p r imary  act ivat ion potent ial  and the Flade  
potent ia l  are not the same. Fur thermore ,  the var ia t ion 
of the Flade potent ia l  with pur i ty  of the solution indi-  
cates that  this potent ial  is a kinetic one and not a 
the rmodynamica l ly  revers ible  potential,  contrary  to 
wha t  is f requent ly  stated, e.g., ref. (3). 

Validity of film thickness measurements . - -Before  the 
data can be interpreted,  it is necessary to establish that  
the cathodic reduct ion procedure  measures  all  the film 
present.  If  it is assumed that  no film is present  at the 
corrosion potential ,  then no reducible  film other than 
that  measured can be present  at potentials be tween  the 
corrosion potent ial  and Ea because only one break  is 
observed in the E-t  curves even  when  the reduct ion 
was permi t ted  to continue for long times. A film wi th  
a more negat ive  reduct ion potent ial  than the hydrogen 
evolut ion potential,  i.e., the final potent ia l  plateau 
af ter  all film is reduced (Fig. 4), can also be discounted 
because the hydrogen evolution potent ial  is approxi -  
mate ly  equal  to the corrosion potent ial  at the current  
densities used for reduction; also if the film were  
formed at a potent ial  posit ive of the corrosion potential,  
but  reduced at a more  negat ive  potential ,  we  would  not 
observe the revers ibi l i ty  reported,  especially in the 
exper iment  in which the potent ial  was switched to Ea 
immedia te ly  after  film reduct ion and the i - t  t ransient  
was observed to be the same as wi th  a clean surface. 
This same exper iment  also el iminates the possibility of 
the formation of a nonreducible  film. 

A prepassive film, such as might  be formed by a 
dissolut ion-precipi tat ion mechanism as suggested by 
Bockris, Reddy, and Rao (10), also does not  appear  
reasonable for this system for several  reasons: (i) if 
the prepassive film is conver ted  ent i re ly  into the 
passivat ing film, then the former  must  also be of 
monomolecular  dimensions, which is most unl ikely  
for a precipitate;  (ii) if only part  of it is converted,  
the remainder  must  e i ther  be reducible  or nonreduci -  
ble, possibilities which have been discussed above; 
(iii) after  polarizing the specimen at--0.205v,  a poten-  
t ial  at which  the prepassive film would  exist, and then 
put t ing the specimen on open circuit, the corrosion 
potent ial  is stabilized wi th in  ___ 0.1 mv  in 5 sec, hardly  
sufficient t ime for a film to dissolve and all concentra-  
tion effects to disappear. 

We cannot exclude the possibility that  a film forms 
at potentials negat ive  to the corrosion potential.  If  so, 
this film would be present at the corrosion potent ial  
prior  to the t ransient  experiments .  However ,  it is of no 
importance because it does not appear to prevent  
anodic dissolution at potentials in the anodic loop. It  
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cannot be argued that  this film may cover part  of the 
surface and that  the passivating film covers the rest 
because electron microscope examinat ion  of the surface 
shows that  it etches uni formly  in the region of anodic 
dissolution (1). Thus we must  conclude that  it is most 
unl ikely  that  any film other than  that  measured is i~- 
volved in the passivation process at Ea. We also believe 
that the only cathodic side reaction occurring dur ing  
film reduct ion is hydrogen evolution, for which a cor- 
rection has been made, and hence the remaining  cur-  
rent  goes solely for film reduction with 100% efficiency 
because (i) the E-t  reduction curves are very sharp 
and (it) a l inear  relat ionship between the reduct ion 
current  and potential  is observed (Fig. 6) and the 
extrapolat ion to zero current  comes wi thin  1 mv of E~. 
I t  is highly unl ikely  that  this l inear  relationship would 
be followed if side reactions were occurring (11). Self- 
activation has previously (1) been shown not to be a 
factor. This was again confirmed in this study when 
it was found that the film thickness is independent  of 
the cur ren t  densi ty for cathodic reduction. 

Steady-state  film thickness . - -The l imit ing film thick-  
ness at the p r imary  activation potential  is 0.36 _ 0.03 
mC/cm 2 (Fig. 5). The t ime to achieve this thickness is 
the same as the t ime to reach the l imiting passive 
current  density (Fig. 3). The apparent  decrease in 
film thickness at longer  t imes at all  potentials (Fig. 
5) is not real but  due to secondary film formation to 
be discussed below. The deviation of • 0.03 mC/cm 2 
represents the measured extremes and not the s tandard 
deviation, which is much less. We believe this deviation 
to be due pr imar i ly  to poor potent ial  control which 
was general ly  to wi th in  0.2 to 0.3 mv, al though as 
much as 0.5 mv was tolerated. As may be seen from the 
curves in Fig. 5, small  deviations in potential  can give 
rise to large differences in film thickness. The coulom- 
bic equivalent  of a monolayer  depends on the model 
chosen for the s t ructure  of that monolayer.  Assuming 
the film to be composed pr imar i ly  of Cr + + + and O = 
ions, reasonable limits for the thickness of a monolayer  
are 0,4 to 0.7 mC/cm 2. Inclusion of H20, SO4 =, or 
HSO~- in the film would reduce these values slightly, 
again depending on configuration. If the passivating 
film is reduced to the metall ic state, i.e., Cr + + + --> Cr 0, 
the measured coulombic film thickness would represent  
about  one monolayer.  The reduct ion to the metall ic 
state seems unl ikely  because the s tandard potential  for 
this reaction i s - -0 .74v  (12). It is more reasonable to 
assume that  the reduction product is chromous ion 
soluble in solution. 2 In that  case the measured coulom- 
bic film thickness corresponding to a monolayer  would 
be 0.13 to 0.23 mC/cm~. From this we conclude that  
the measured l imit ing film thickness at Ea, 0.36 m C /  
cm 2, is equivalent  to between 1 and 3 monolayers of 
film. 

Since the reduction potential  of the film is constant  
for thicknesses from 0.02 to 0.36 mC/cm 2, the struc-  
ture  and composition of the film must  be the same 
throughout  this thicknes,s range from fractional to ful l  
coverage. Therefore, in the following section on t rans i -  
ent  behavior we will t reat  film formation at E~ as an 
adsorption process, realizing that  at complete coverage 
the film may be thicker than  one monolayer.  

Transient behavior . - -We assume that  the l imit ing 
thickness of 0.36 mC/cm 2 represents complete coverage 
of the surface, i.e., 0 = 1, where  0 is the fraction of 
the surface covered. By combining the i - t  curve from 
Fig. 3 with the Q-t curve from Fig. 5 and convert ing 
the coulombic thickness to fract ional  coverage, a plot 
of cur ren t  vs. coverage is obtained (Fig. 7). It is seen 
that  a very small  coverage affords a high degree of 
protection. For example, for 0 ---- 0.011 the current  is 

z I f  the  r e d u c t i o n  p r o d u c t  is  c h r o m o u s  c h r o m i u m ,  i t  m u s t  be 
so lub le  in  s o l u t i o n  because  a cor ros ion  p r o d u c t  on the  su r face  is  
i n c o n s i s t e n t  w i t h  the  r e p r o d u c i b i l i t y  of the  i - t  c u r v e  on r a p i d  
s w i t c h i n g  back  to Ea a f t e r  c a thod ic  r e d u c t i o n ,  as we l l  as fo r  o the r  
r easons  m e n t i o n e d  in  t he  sec t ion  a n  t he  v a l i d i t y  of the  f i lm t h i c k -  
ness  m e a s u r e m e n t s .  

700 

600 

5OO 

4oo 

N 3oo 

 ii~ 

2400 I 
2000 

1600 
, 

1200 

- -  CALCULATED 

o EXPERIMENTAL 

BOO 

o\  
~o o 002 004 006 008 

02 04 0.6 08 IO 
COVERAGE, 8 

Fig. 7. Effect of surface coverage an the anodic current density 
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reduced to 1% of its init ial  value of 85 ma /cm 2. This 
may be explained on an atomistic and kinetic basis. 

Anodic dissolution occurs with different rates at dif- 
ferent  types of surface sites, e.g., kinks, ledges, and 
terraces (k, l, and t) (13), the rate being governed 
by the activation energy for the anodic process at that 
type of site and by the potential,  which is independent  
of the type of site. The current,  i, may be expressed as 
the sum of the  currents  from the different types of sites 

i = A f ( E )  ~ ij (nj, ~Gfl) [1] 
J 

where ] (E)  is an exponent ia l  function of the potential  
E, ij is the current  from the j th  type of site which is a 
funct ion of the n u m b e r  nj of tha t  type of site avai lable 
for anodic dissolution and the activation free energy 
_~Gjt for anodic dissolution from that  type of site, and 
A is a constant. The passivation process is the deactiva-  
tion of these sites due to adsorption of, or chemical 
reaction s with, the passivating species; the extent  of 
passivation of any  one type of :site relat ive to another  
type of site depends on the relat ive adsorption energies 
of the passivating species at these types of sites. Thus 
to calculate the var iat ion of i with e, we must  first 
de termine the var iat ion of nk, nL, and nt with e. We 
will  now treat  these ideas quanti tat ively.  

From Parsons (14) we can express the anodic cur-  
rent  by  

i = A exp exp E [2] 
RT ~RT 

where AG* is the act ivat ion free energy  for the dissolu- 
tion process, /~ is the t ransfer  coefficient, v is the 
stoichiometric number ,  and R, T, z, and F have their  
usual  significance. 

Consider a surface atom in a terrace position to be 
in the standard state. An atom in a ledge position 
possesses greater free energy and an atom at a k ink 
site still greater free energy, because they form 
fewer bonds with the substrate.  Conversely, the order 
of the activation energies for dissolution nG* is 

AGk $ < AGL* < AGt~ 

since the activated state is the same for dissolution 
from all sites. Combining Eq. [1] and [2] we obtain 

i = A  exp ~R-~ E ~j n j e x p  RT [3] 

The most prevalent  sites on a surface are kink, ledge, 
and terrace positions. Since AG* is expected to increase 
with increasing n u m b e r  of nearest  and second-nearest  

a In  th i s  t r e a t m e n t  we  a s s u m e  chern isorp t ion ,  a l t h o u g h  a com-  
p l e t e l y  a n a l o g o u s  t r e a t m e n t  w o u l d  f o l l o w  i f  w e  a s s u m e d  chemica l  
reac t ion .  In  t h a t  case r eac t i on  f ree  e n e r g i e s  w o u l d  be s u b s t i t u t e d  
for  a d s o r p t i o n  f ree  energ ies .  
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neighbors and since for each type  of site these vary  
with  the  orientat ion of the surface (15), the number  
of te rms  in the summation will  be larger  than three. 
As an approximation,  however,  we wil l  consider only 
one t e r m  for each k, l, and t. 

Next  we evaluate  the var ia t ion of  the n~'s wi th  cov- 
erage, e. Ini t ia l ly  at e = O, n~ = nfl  and we assume 
nt ~ = 1015/cm2, n~ ~ = 1014/cm 2, and nk ~ = 1011/cm 2 
(16). As e increases, the ratio of nt : n~ : n~ wil l  change 
due to the different adsorption energies of the passi- 
vat ing species at the different types of sites. 4 Since 
almost all the  passivation occurs dur ing the first few 
per cent surface coverage (Fig. 7), we  can neglect  in-  
teract ions be tween adsorbed passivat ing species and 
assume that  the Langmuir  adsorption isotherm is 
obeyed for each type of site. We then define the act iv-  
ity of  the passivating species adsorbed on a site of  
type j as 

as = ~ [4] 
1 - -  0~ 

where  o~ is the fraction of j -s i tes  covered, wi th  the 
s tandard state,  a~ = 1, being 0~ = u Assuming equi-  
l ibr ium be tween  the adsorbed species regardless of the 
site, so that  ~G~ = ~G~ = hGt and remember ing  that  

~O~ = ~Gfl  + R T  In a~ [5] 

where  AGi and AG~ o are the free energy of adsorption 
and standard free energy  of adsorption, respectively,  
of the  passivat ing species on the j-sites, we have 

a~ [ AG~o--AG~ o ] 
- -  = exp [6a] 
a~ R T  

and 

With 

ak [ A G t ~  ~ ] 
- -  = exp [6b] 
at R T  

nk~ -~" n~~ -F nt~ 
e = [7] 

n k  o -~- n l  o ~ -  n t  o 

and using Eq. [3], [4], and [6], the i-0 relat ionship can 
be calculated if hGfl and 5Gfl  are  known, the constant 
A in Eq. [3] being evaluated  f rom the  measured cur-  
rent  at t ime t = 0, when ~ : 0. It is not  necessary to 
know the absolute values of the AGfl's but only the 
differences ( 5 G t * -  ~Gk r and ( 5 G l * -  ~Gk$) since the 
value of aGk* can be subtracted f rom each ~Gj*, taken  
outside the summation sign in Eq. [3] and included in 
the constant A. Neglect ing changes in entropy which 
are small  (13), the difference be tween  aG~* and • r 
should to a first approximat ion be equal  to the s t rength 
of a nearest  neighbor bond, or  about  12 kcal /mole .  The 
actual difference wil l  probably be lower  because H20 
will  adsorb more  s t rongly at a kink site than at a ledge 
site, the reby  lowering the free energy of init ial  state 
of a kink site more than that  of the ledge site. Simi-  
laxly the difference be tween  5Gt $ and AG~* should also 
be less than  the energy of a neares t -ne ighbor  bond. 
For  this reason both (AGt* - -  ~Gl*) and (~Gl~ ~ AGk~) 
were  chosen equal  to 9 kcal /mole ,  and (AGt ~ ~ AGk$) 
then equals 18 kcal /mole .  The differences (~Gt o - -  
•  ~ and (AGt o - -  hGk o) are more  difficult to esti-  
mate. Fortunately ,  however ,  the results are not ve ry  
sensit ive to variat ions in these differences, and we 
arb i t rar i ly  chose ( A G ~ o -  hGko) = 4 kca l /mole  and 
(AGe ~ --  AGko) = 8 kcal /mole .  Using the above values 
the  i-0 relat ionship was calculated as indicated at Ea 
and compared  to the exper imenta l ly  determined re la -  
t ionship (Fig. 7). The agreement  is considered very  
good. 

Fbr # ~ 0.00 the anodic current  arising f rom disso- 
lution at k ink sites accounts for essentially all the  cur-  
rent, i.e., 85,000 ~a/cm 2. The dissolution rate  f rom 
ledge sites is only 25 ~a/cme and f rom terrace sites it 
is only 7.5 • 10 -5 #a /cm 2 or  for pract ical  purposes 
nil. F rom this it is apparent  that  the values chosen 

T h e  c o n c e p t  of  p r e f e r e n t i a l  a d s o r p t i o n  of  i m p u r i t i e s  a t  a c t i v e  
s i t e s  i s  n o t  n e w  (17, 18). 
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for the  parameters  ( ~ G t * -  • and (.~Gt o - - ~ G k  o) 
are essentially of no consequence. These calculations 
were  made for the potent ia l  Ea. However,  even at E 
= Ea + 0.2v, the  current  f rom each type of site is 
increased by a factor of only 55 and the current  from 
terrace  sites is still essentially zero. 

The effect of potential  on the i-0 relat ionship arises 

through the factor exp [ ( I - - E ) z F  E ] in Eq. [3]. 
vRT 

Assuming ~ = 0.5 and z / v  = 1, and keeping all  o ther  
parameters  constant, we have calculated the i-0 re la -  
tionship at Ea -t- 100 my. This relationship, as well  as 
the exper imenta l  data at this potential,  is shown in 
Fig. 8. The agreement  be tween theory  and exper i -  
menta l  data is satisfactory. At potentials greater  than 
Ea + 20 mv, this theory  holds only up to coverages 
of about 0 = 0.4. At  higher  coverages secondary film 
format ion occurs (19). At  potentials above E~ + 200 
my there  no longer is any agreement  between the 
theory and the exper imenta l  data. 

We realize that  with the possibility of fixing four 
parameters  [(• * - -  AGk*), (• ~ - -  ~Gk*), (~Gt ~  
AGk~ and (• o --  AGk~ it is not too difficult to 
get a good fit. However ,  we have  indicated above that  
the values  chosen for two of these parameters  are un-  
important,  and we point out that  the same basic shape 
of the i-e curve  is obtained over  a wide range of 
values of all these parameters .  What  is important  is 
the basic shape, namely  that  the m a x i m u m  decrease 
in the current  occurs wi th  very  l i t t le coverage. This 
is a direct consequence of  this theory in so far as it 
requires  that  almost all the current  originates f rom 
a small  fract ion of the surface, the kinks, and that  
these same kinks are the sites for the init ial  and 
strongest adsorption. So while  the exact values of the 
parameters  may not be the best ones, the basic theory  
is in complete  agreement  wi th  the exper imenta l  facts 
and the values chosen for the parameters  have  been 
justified. 

Secondary  f i lm f o r m a t i o n . - - I t  was previously con- 
cluded (1) that  secondary film formation only oc- 
curred at potentials greater  than the act ivation po- 
tential.  However ,  the more precise measurements  made 
in the present  s tudy indicate that secondary film 
format ion can occur at the p r imary  act ivat ion poten-  
t ial  and even at sl ightly lower  potentials. This is evi-  
denced by both the E - t  curves for cathodic reduct ion 
(Fig. 4) and the Q - t  curves for film growth (Fig. 5). 
In Fig. 4 it is observed that  the film reduction poten-  
t ial  is independent  of the t ime of passivation up to 
9000 sec, the t ime to achieve complete passivation. At 
longer  times, however,  the reduct ion potent ial  in-  
creases and the apparent  film thickness decreases 
(Fig. 4 and 5). This is due to the formation of the 
secondary film which cannot be completely reduced 
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(1, 19). These changes in reduction potential  and film 
thickness are much more pronounced at higher poten-  
tials (19). At Ea the shift in the reduction potential  
is only about 4 mv at 65,000 sec, and the correspond- 
ing reduction in film thickness is about 0.05 mC/cm'-'. 
While these changes are small, they are reproducible 
and always go together. This, together with the height-  
ening of this effect at higher potentials, leads us to 
the conclusion that it is a real effect and due to sec- 
ondary film formation. This will be discussed in more 
detail in a subsequent  paper  (19). 

Conclusions 
The pr imary  activation potential  for an Fe-24% Cr 

alloy in 2N H2SO4 has been determined to wi thin  
___0.5 my. It  has been shown that  the thickness of the 
passivating film in the potential  neighborhood of E~ 
is very sensit ive to small  changes in the potential  and 
that, therefore, very precise potent ial  measurements  
and control are essential if meaningful  kinetic mea-  
surements  are to be made. The time dependence of 
both the anodic current  and the film thickness has 
been measured, and a theory is proposed to account 
for the observed behavior. This theory considers dif- 
ferent rates of anodic dissolution from kink, ledge, and 
terrace sites due to differences in the activation free 
energy associated with different numbers  of nearest  
neighbors; these sites are also passivated to different 
extents due to different energies of adsorption. The 
steady-state film thickness of 0.36 mC/cm 2 at the pri-  
mary  activation potential  corresponds to between one 
and three monolayers of film depending on the as- 
sumed model and the reduction product. F ina l ly  it is 
shown that  secondary film formation occurs at Ea at 
long times. 
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A Capacitive Divider Technique for Fast 
Interface Capacitance Measurement 

D. E. Aspnes 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

A fast method of measuring interface capacitance in electrolyte-semicon- 
ductor systems is presented and discussed. The interface capacitance is de- 
termined from the voltage response of the interface to a driving voltage 
applied across the interface and a small series capacitor which form a capa- 
citive voltage divider. In particular, the differential capacitance, related to 
the derivative of the constant-current charging curve, Is obtained directly if 
a pulse or square-wave driving voltage is used. A further advantage is that 
capacitance can be determined in shorter time intervals than required by 
previous methods. Experimental results which demonstrate the method are 
given for the intrinsic Ge-aqueous electrolyte system, and it is also shown 
that semiconductor surface fields can be determined in the presence of rapid 
modulations. Applications to electroreflectance are discussed. 

Rapid measurement  of the capacitance of semicon- 
ductor-electrolyte interfaces has yielded much useful  
informat ion about processes which occur in both the 
space charge region of the semiconductor and in the 
response of slow and fast surface states on the semi- 
conductor (1-6). The recent development  of electro- 
reflectance (7-8), in which the optical properties of 
a semiconducting crystal are modulated by a periodic, 
rapidly varying  electric field in the space charge re-  
gion (SCR), has placed new demands on capacitance 
measurement  as a means for de termining the surface 
field for the semiconductor in that  capacitance mea-  

surements  must  now be performed in the presence of 
per turbat ions of the order of volts, repeat ing at kHz 
rates, if detailed informat ion about the field variat ion 
dur ing a modulat ion cycle is to be obtained. Various 
fast capacitance measur ing methods have been devel-  
oped. The first of these (9, 1, 2) utilized square wave 
current  pulses which resulted in a l inear  charging 
curve to the extent  that the interface could be repre-  
sented as a constant  capacitance. The constant  current  
pulse technique has since been adapted to potentio-  
static control (4), and voltage pulses have also been 
used successfully (5). The use of continuous sinus-  
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oidal potentials (10) or currents  (11) is wel l -known.  
These methods are all adequate for capacitance mea-  
surement  when  the interface potential  is changing 
relat ively slowly in  t ime (less than 1000 v/sec) ,  but  
fail under  the usual  conditions of electroreflectance. 
In  order to meet electroreflectance requirements,  a 
simple method has been developed which permits  the 
direct measurement  of differential capacitance at fre- 
quencies in the megacycle range, appreciably higher 
than  previously possible. It  is easily adapted to either 
potentiostatic or galvanostatic control of the interface 
potential. In addition, the shor t - te rm t ime dependence 
of the interface differential capacitance can be ob-  
tained directly, in contrast to other methods which 
give an averaged value over a measurement  cycle. The 
method and theory are discussed and followed by an 
application to the par t icular  case of an intr insic Ge- 
aqueous electrolyte interface. 

Method and Theory 
Measurement prineiple.--Interface capacitance can 

be obtained by construct ing a capacitative voltage di-  
vider  with the interface capacitance as one branch, 
as i l lustrated in  Fig. 1. A typical electrolytic cell con- 
figuration is shown, with the control circuit at top 
center. The new features are shown at the left, and 
consist of a pulse or fast-rise square wave generator  
V~(t) driving a small  inject ion capacitor C~. The pr in-  
ciple of the method is straightforward. Let the effective 
capacitance which describes the interface be denoted 
as C. Then the inject ion capacitor Ci and C form a 
capacitive voltage divider, and if Ci < <  C, a change 
-~Vi in Vi(t) injects a charge • ~ CiAVi into C caus- 
ing a voltage change AVp ~ AQ/C to appear at the 
probe. Therefore 

AV~ 
C ~ Ci • [1] 

Although any waveform Vi(t) may be used, a pulse 
or square-wave  t ime dependent  source has par t icular  
advantages which will  be discussed later. These follow 
from the fact that  the total interface charge remains  
constant  except when V~(t) is changing levels, at which 
t ime charge is injected into the interface [Ci is a 
high-pass filter e lement  which differentiates Vi( t ) ] .  
The terminology "charge injection" refers to the ca- 
pacitive divider technique when  such sources are 
used. Before proceeding with a more detailed ana ly-  
sis, we note that  the charge inject ion technique is 
closely related to the coulostatic method introduced 
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and developed by Delahay (12), with the difference 
that  the charge is injected into the interface as a re-  
sult of a rapid potent ial  change across the capacitive 
divider ra ther  than  by  discharging a capacitor into 
the interface. In  the l imit of long pulse durations, 
charge inject ion and the coulostatic method are basi- 
cally identical. Charge inject ion is also directly re -  
lated to cons tan t -cur ren t  pulse methods (2, 4, 9), since 
in the l inear  approximation,  the probe response is the 
derivat ive of the constant current  charging curve, as 
will be shown. 

Detailed treatment.--Having outl ined the method, 
we now analyze it in detail  with the objective of re- 
lat ing the probe output  Vp(t) to the interface param-  
eters. For the purpose of obtaining interface capaci- 
tance, short pulse durat ion (<10 ~sec) or h igh-f re-  
quency square-wave  operation (>100 kHz) is pre-  
ferred, hence we consider only the h igh-f requency be-  
havior of Fig. 1. The approximate h igh-f requency 
equivalent  circuit of Fig. 1 is given in Fig. 2. The 
source V~(t) is represented with an effective output  
impedance R~. The inject ion capacitor Ci charges the 
interface effective capacitance C through the electro- 
lyte and sample resistances Re and Rs. The interface 
leakage is described by a conductance G, and the con- 
trol circuit is represented by its h igh-f requency equiv-  
alent  impedance Zc. 

The circuit of Fig. 2 can be simplified since the 
impedance levels of the various elements in general  
differ appreciably. With proper l ine termination,  Ri 
will  be one-hal f  the generator  output  resistance, cor- 
responding to the parallel  combinat ion of the gener-  
ator output  resistance and the equal line te rminat ion  
resistance (typically, Ri = 25 ohms).  Either  potentio-  
static or galvanostatic control may be used, provided 
Zc is sufficiently large (or wel l -de termined)  at high 
frequencies. Z~ is always large wi th  galvanostatic con- 
trol, and can be made large at high frequencies with 
potentiostatic control by insert ing a large resistance 
Ro in series with the amplifier output  (as indicated 
in Fig. 1) and reducing the response t ime ~a of the 
control amplifier sufficiently, whence from simple cir-  
cuit theory 

Ro 
Zc ~ , wmin 2:a > >  1 [2] 

go 
1-{- i ~  

C~min Ta 

where wmin is the lowest frequency component of V~(t) 
and the gain of the control amplifier is 

g ( r ) = go~(1 + i,~za) 

Therefore, Zc is neglected throughout. The cell re- 
sistance Re and the bulk sample resistance Rs can 
usually be made of the ,order of ohms. R~ may include 
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Fig. 1. Electrochemical system, indicating additions required by 
the capacitive divider technique at left. Ci is the injection capaci- 
tor, driven by the source Vi(t). The working electrode is insulated 
to contact the electrolyte only in the region desired. 

J 
CONTROL 
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CELL AND 
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Fig. 2. Approximate high-frequency equivalent circuit of Fig. I 
for calculating the probe response. Re ~ electrolyte resistance, 
Rs ~ sample resistance, Zc ~ control circuit effective impedance; 
G and C describe the interface and space charge region admittance, 
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part  of the electrolyte resistance, since the probe can-  
not be located arbi t rar i ly  close to the interface. 

The interface admittance,  represented in Fig. 2 as 
the paral lel  combinat ion G and C, is quite difficult 
to treat  in  detail, depending on the consti tuents of 
the interface as well  as on interface biasing condi- 
tions, history, and time. Although the following dis- 
cussion applies in general  to any  interface, we will  
discuss explicit ly only the semiconductor-electrolyte 
interface since the objective is to apply the results 
to these systems. Numerous complicated equivalent  
circuits have been proposed to describe the admit tance 
of the semiconductor-electrolyte interface (1, 13). 
However, the problem is simplified considerably for 
frequencies in the megacycle range, since the mos~ 
rapid dispersion in C general ly occurs at appreciably 
lower or much higher frequencies, and the leak-  
age conductance G becomes rela t ively less im-  
portant.  If the charge leakage through G is small, i.e., 
if G/C < <  r G is effectively zero and can be 
neglected. This relat ion is satisfied in usual  capaci- 
tance measur ing conditions, except when rapid elec- 
trochemical reactions occur at the interface. G can 
be measured independently,  since it is approximately 
the slope of the low-frequency I -V characteristic (1). 

The capacitance C is near ly  equal to Cscr, the capaci- 
tance of the semiconductor space charge region (SCR). 
The Helmholtz capacitance Ch between the semicon- 
ductor and electrolyte and the Gouy capacitance Cg of 
the electrolyte space charge region are in series with 
Cscr so that  

1 1 1 1 
c;o  [31 

but since Cu ,~ 10 to 20/~f/cm 2 is typical ly an order of 
magni tude  larger than  Csr and Cg for aqueous solu- 
tions of the order of 0.1M concentrat ion is several times 
larger than  Ch, it follows that C ~ Cscr. Csr is fre- 
quent ly  dependent,  and also depends on the SCR po- 
tent ial  unless I~sc~( t ) [  < <  kT, which is easily 
achieved experimental ly.  For intr insic semiconductors, 
dispersion in Cscr occurs when the frequency becomes 
comparable to the reciprocal of the space charge re-  
laxat ion time, ~ / ~  (14). At  lower frequencies 
Csc~ is equal  to its equi l ibr ium (15, 16) value. If a 
well-defined minor i ty  carrier  is present, low-frequency 
dispersion results from the diffusion of the minor i ty  
carrier between SCR and bulk, which has a relaxat ion 
t ime T' ~ Ld2/Dmin, where LD is the minor i ty  carr ier  
diffusion length and Drain is the minor i ty  carrier  dif- 
fusion coefficient. If T' > >  1/m~i, the capacitance is 
approximately dispersion-free and may be obtained by 
dropping the minor i ty  carrier contr ibut ion to the equi-  
l ibr ium expression, provided an appreciable inversion 
region is not present (17, 18). Detailed t rea tments  of 
dispersion in Cscr can be found in the l i terature (17, 
18). It is sufficient to point out here that  C ~ Cscr can 
be related to SCR parameters  such as surface field 
over a wide range of bulk  properties, with the relat ion 
determined by the bulk properties. Fast  surface states 
cause complications, but  in many  cases are not present  
and in any event can be detected since they produce an 
addit ional  capacitance which tends to be much larger 
than  the theoretical m i n i m u m  capacitance of the SCR 
(17). 

Neglecting Zc and G, the t ime-dependent  probe re-  
sponse nVp(t) ~ d~Vscr(t) to a step change in dr iving 
potential  V~(t) = Vo W aV~u(t),  where u ( t )  is the 
uni t  step function, is 

aVp(t)  = ~v~ 

{ Ci [ Rs C i l e _ t / , r  
"Ci+C + R~§ C~+C 

[4] 

e -  t / ~  
I. Cscr Rs ,.~ Re "~ Ri 
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where T~ = [ ( C i C ) / ( C i q - C ) ] ( R s  q- R~ -}- Ri) de- 
scribes the decay of the charging t rans ient  not in -  
cluded in Eq. [1]. If G is not  negligibly small, charge 
leaks from Cscr. This decay can be approximately 
represented by mul t ip ly ing  the r igh t -hand  side of Eq. 
[4] by exp (--  Gt/Cscr), where the decay t ime con- 
stant  is To = Cscr/G. 

An actual response Vp(t) is shown in Fig. 3. This 
signal was obtained from an intr insic Ge crystal  in an 
aqueous electrolyte, biased near  the flat band  condi- 
tion, and represents the response to one cycle of a 1.0 
MHz square wave driving voltage Vi( t )  of peak- to-  
peak ampli tude 2.6v. Fur ther  details of the cell, crys- 
tal, and electrolyte are given later. The circuit param-  
eters are Ci = 100 pf, R~ = 25 ohms, Rs ~ 5 ohms, and 
Re ~ 20 ohms. The small  amount  of decay following 
the ini t ial  t rans ient  in each half of the cycle indicates 
that  G is small  and C is independent  of time, both to 
a good approximation. The space charge capacitance 
Cscr can be calculated by measur ing nVp as the voltage 
difference between the baseline defined by the value of 
Vp(t) at the moment  of level change in V~(t), at t = 0 
and t = 500 nsec in Fig. 3, and the extrapolat ion of the 
flat portion of the response past the t rans ient  back to 
the t ime of level change. We find AVp ~ 13 my, whence 
by Eq. [1], Cscr = 0.020 ~fd/cm 2 at this bias condition 
for the Ge crystal  of 1.0 cm 2 apparent  surface area [the 
theoretical m i n i m u m  value of Cscr for intr insic Ge at 
295~ is 

n~ 
Cmin ~ e kT  ~- 0.017 ~f/cm 2 

using ni = 1.7 X 1013 cm -3 at 295~ (19)]. By Eq. [4], 
the ini t ial  t rans ient  should become negligible after a 
t ime 

R 8  ~ Csc r 
to ~-~ Tc In [5] 

(Rs -}- Re q- Ri) Ci 

determined by requir ing the t ime-dependent  term to 
be smaller than  the constant  term. Using the values 
re levant  to Fig. 3, we have Tc ~ 5 nsec and to ~ 15 

Fig. 3. Probe response to a 2.6 vpp square wave at 1 MHz for 
intrinsic Ge, biased to approximately the flat-band condition. The 
horizontal scale represents 100 nsec per large division; the vertical 
scale 5 my per large division. The injection capacitor Ci = 100 pf. 
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nsec. Cscr can therefore be measured in principle by 
using a 30 MHz (approximate reciprocal of 2to) repeti-  
tive square wave Vi( t ) ,  and the magni tude  of the 
response implies measurement  capabil i ty in the pres- 
ence of interface voltage changes of the order of 5 
my/50 nsec, or 105 v/sec. The actual 1Lrait of 100 nsec 
in Fig. 3 is a result  of the measur ing ins t rument  re-  
covery t ime from the init ial  t rans ient  overload, and is 
appreciably longer than  the calculated value (a Tek-  
t ronix 547 oscilloscope with Type 1A1 preamplifier was 
used to obtain the exper imental  results in this paper) .  

In  the l inear  response 1Lmit, where I~V~crl 
I~Vpl ~ kT, a close connection exists between charge 
inject ion and constant current  pulse methods of capaci- 
tance determination.  In this approximation,  the space 
charge response equations can be linearized (17, 18) 
and the complex admit tance Y(~0) ~ G(w) ~- i~C(~) 
in  Fig. 2, including dispersion effects and conductance, 
can be wr i t ten  as a t ransfer  function Y(~o) ~ 1/Z(~) .  
After  ini t ial  t ransients  have dissipated, i.e., by the t ime 
that the dependence of the probe output  is determined 
completely by Y(~,), the t ime-dependent  probe re- 
sponse AVp(t) can be obtained directly from the input  
current  I i ( t )  produced by the source Vi(t)  through 
Fourier  analysis 

[6] 

It follows immediate ly  from Eq. [6] that  if two t ime- 
dependent  current  sources Iil(t) and Ii2(t) bear  a 
derivative relat ionship to each other such that  I~2(t) 

d/d t  I i l ( t ) ,  then their  responses also satisfy the 
same relationship 

d 
nVp2(t) ---- ~ ~Vp~ (t) [7] 

ct$ 

Now the approximate current  waveform for charge 
injection, I2 (t) ~ I2o5 (t),  is just  the derivative of that 
of a cons tan t -cur ren t  pulse, I I ( t )  ~_ Ilou (t) ,  to wi thin  
a constant. Therefore, the respective probe responses 
relate as in Eq. [7], and the response to the charge 
injection pulse is proportional to the derivat ive of the 
constant  current  charging curve. This result  follows 
even if G is not negligibly small  or C is dispersive. If 
G is negl igibly small, the derivat ive of the constant  
current  charging curve gives the inverse of the ins tan-  
taneous differential capacitance. The charge inject ion 
response gives this inverse directly, differentiation is 
not required, and in addition the average capacitance 
obtained by the total change of Vscr for a finite con- 
stant  current  pulse (2, 9), or by sinusoidal methods, 
is avoided. 

We conclude this section by noting that even though 
charge inject ion and cons tant -current  methods are 
closely related, it  is general ly  advantageous to use the 
former. To the extent  that  conductance and dispersion 
are negligible, Vp(t)  is the image of Vi( t )  for charge 
injection. Shape-dis tor t ing effects such as dispersion 
and finite interface conductivi ty are much more easily 
detected in the nomina l ly  square wave image Vp(t) 
than in its integral,  the nominal ly  l inear ly  increasing 
potential  of the cons tan t -cur ren t  response, where dis- 
tortions only result  in deviations from linearity.  The 
change ~Vp for de termining Cscr can be established in 
a shorter t ime in terval  than  necessary for obtaining 
the slope of the cons tan t -cur ren t  charging curve. In 
single-pulse operation, charge injected on the leading 
edge is extracted on the fall ing edge leaving the sys- 
tem unchanged;  cons tan t -cur ren t  methods require  two 
pulses of opposite polari ty to accomplish this. It should 
be pointed out, however, that  the derivative relat ion-  
ship between the charge inject ion and constant  current  
methods fails for I~Vscr[ ~ kT, in which case the non-  

l ineari t ies in the system must  be explicit ly taken into 
account in calculating the charging curve, and no sim- 
ple relat ion between the two methods exists (20). Also, 
the separation of dispersion in C from discharging 
through G cannot be done by either pulse method, but 
requires both ampli tude and phase determinat ion 
which only sinusoidal methods can give. The lack of 
a sui table phase-sensi t ive detector for the megacycle 
region has restricted the use of sinusoidal methods to 
much lower frequencies. 

Experimental Results and Discussion 

The method is i l lustrated by application to a part icu-  
lar case, the measurement  of the space charge capaci- 
tance of the ( l l l )  face of an  intr insic Ge sample, 
having  an apparent  surface area of 1.0 cm 2, in a 0.1M 
aqueous solution of K2SO4 (2) buffered with 0.025M 
KH2PO4 and 0.025M Na21-1PO4 to a pH of 6.86 (21). 
The sample was prepared by an optical polish ending 
with 1/4~ diamond grit, followed by an anodic etch in 
solution. The sample and mount  were masked with 
Apiezon black wax. To el iminate  impuri t ies  which 
would react with the surface, par t icular ly  heavy met -  
als, the electrolyte was previously gettered with Ge 
crushed in solution. Both potentiostatic and galvano- 
static control were used, and the h igh-f requency out-  
put impedance of these control sources was at least 
Ro ~ 20 kohms. The effective impedance in series with 
the inject ion capacitor C~ was R~ = 25 ohms, and C~ 
100 pf. A Pyrex cell, Pt  electrodes, and a s tandard 
calomel electrode (SCE) isolated through a capil lary 
tube and stopcock (200 kohms hnpedance)  completed 
the electrolytic system. The SCE drove an Analog 
Devices Model 148A operational  amplifier having an 
input  impedance of 1011 ohms shunted by 3.5 pf. 
Potentiostatic control was obtained through a second 
such amplifier, provided with a feedback loop which 
l imited its response t ime to 2 msec. The probe re-  
sponse shown in  Fig. 3 was obtained using this system. 

The capacitance of the interface as a funct ion of bias 
is presented in Fig. 4, in order to test the capacitive 
divider method against we l l -known results (2, 22). 
Figure 4 shows the probe a-c response to an applied 
square wave of 2.78 vpp at 1.0 MHz, where the in ter -  
face potential  is swept potentiostatically at 100 mv/sec  
from anodic bias toward cathodic bias, as indicated in 
the figure caption. The sweep generates two curves 
which are simply 107 repetit ions of the square wave 
response shown in Fig. 3, but  each cycle highly com- 
pressed and at slightly different bias conditions given 
by the abscissa voltage. Cscr as a funct ion of bias is 
then obtained by using Eq. [1], where aVp is the 
separation between the inner  edges of the upper  and 
lower curves. This separation is inversely proport ional  
to Cscr, and with the 1.0 MHz square wave driving 
voltage, yields directly the differential capacitance 500 
nsec after the charging pulse as discussed earlier. The 
two curves of Fig. 4 approximately form the outl ine 
of the oscilloscope pat tern which one would obtain 
from a cons tan t -cur ren t  pulse charging technique, as 
a comparison with Fig. 2 of ref. (2) shows immediately,  
except that  the cons tant -current  technique gives the 
average capacitance over the pulse duration. 

The capacitance determined from Fig, 4 is plotted in 
Fig. 5, together with the theoretical equi l ibr ium curve 
(15, 16) which applies to the intr insic sample. The 

theoretical m i n i m u m  capacitance value Cmin ~ 0.0173 
~f/cm 2 fits the measured m i n i m u m  exactly, so only an 
a l ignment  along the abscissa was required. We note, 
however, that all  quanti t ies  used in calculating Cmi, 
are sufficiently uncer ta in  so that no part icular  meaning  
should be attached to this m i n i m u m  fit; a surface 
roughness factor of 20-30% is typically obtained (2). 

The fit is fair ly good, but  a deviation is observed 
on the cathodic side where the slope of the plot is 
about 70 my, instead of the theoretical 2 kT ~ 52 my. 
This deviation is consistently observed in other mea-  
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surements,  and is due to the potential  drop across the 
Helmholtz  region (2, 22). The deviat ion also becomes 
severe  for large anodic bais, where  Ge passes into 
solution at the expense of holes from the SCR and 
the effective leakage conductance G is no longer negl i -  
gible (23). The fit be tween  theory  and exper iment  in 
Fig. 5 is comparable  to that  obtained in other  methods 
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(2, 22) and demonstrates  the val idi ty  of the charge 
inject ion method for de termining space charge capaci- 
tance. 

In order  to obtain a.flat baseline in Fig. 4, the  probe 
output  was fi l tered by a simple L-sect ion high pass RC 
circuit  inserted be tween the probe and the oscilloscope, 
wi th  elements R~ ----- 100 kohm and C s = 0.01 ~f, having 
a low-f requency  cutoff T s = Rs Cf ---- 1 msec. The  low-  
f requency cutoff was chosen sufficiently long so that  
the charge 

AViRs ~c 

~Qf --~" Rs -F Re -F Rp " R'--f- [8] 

accumulated on C s dur ing the init ial  t ransient  resulted 
in a vol tage change 

~Qf Re ~c 
~Vf = ~ ~V~ �9 - -  [9] 

Cf R.~ + Rc -54:- R~ "~f 

Fig. 4. A-C response of the probe to a 2.78v p-p square voltage 
wave at 1.0 MHz for the intrinsic Ge sample used in Fig. 3. The 
interface potential is swept at 100 my/see, anodie (left) toward 
cathodic. The vertical scale is 2.5 mv/large division; the horizon- 
tal scale 50 mv/large division. The horizontal scale gives the 
potential of the Ge electrode with respect to the reference elec- 
trode; the left edge corresponds to --100 my, the right edge, 
--600 my. The zero-current (quiescent) potential is --630 my. The 
entire curve is taken with the sample biased anodically. 
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Fig. 5. Space-charge capacitance calculated from the data of 
Fig. 4, plotted against the theoretical curve for intrinsic Ge. The 
theoretical curve was normalized for coincidence at the capaci- 
tance minimum. The horizontal axis is the potential of the Ge 
electrode with respect to the reference electrode. 

such that  I• < <  IhVpI. The sign of hVf is opposite 
that  of • and can also occur if a potentiostatic con- 
trol amplifier is isolated inductively.  

We now consider an application to an actual s i tua-  
tion arising in electroreflectance, where  a re la t ive ly  
large per turbat ion  repeats at high frequency,  and it 
is necessary to de termine  the surface field as a function 
of t ime during a cycle of the perturbation.  A 1.0 kHz 
current  square wave  was used to drive the intrinsic Ge 
sample  at anodical ly directed current  levels of 90 and 
330 ~a/cm 2, respectively,  for this measurement .  F igure  
6 shows the resul t ing probe response, wi thout  the high-  
pass filter used for Fig. 4. The left  hal f  of the trace 
corresponds to I = 330 #a /cm 2, and the r ight  half to 
I = 90 #a /cm 2 (flat band).  The response of the in ter -  
face to the 1.0 kHz per turbat ion  alone would be the 
average of the upper  and lower  curves. The upper  
and lower  curves correspond to the two curves of Fig. 
4, except  for being superimposed on the interface 
response to the 1 kHz current  drive. The capacit ive 
divider  dr ive V~(t) was a 1.0 MHz square  wave  of 
ampl i tude  3.1 vpp. Cscr is obtained by measur ing the 
separat ion of the upper  and lower  curves of  Fig. 6 and 
using Eq. [1]. 

Fig. 6. Experimental trace of the Pt probe potential produced 
by modulating the intrinsic Ge sample galvanostatically using a 
1 kHz current square wave at anodic levels of 90 Fa/cm 2 (right 
half, flat band) and 330 #u/cm 2 (left half). The horizontal time 
scale of 100 p, sec/large division covers one modulation cycle. The 
vertical scale is the d-c coupled Pt probe voltage at 20 my/large 
division, with respect to the grounded Ge electrode. The lower 
edge is equivalent to -580 my, the upper edge -5240 my. 
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Figure  7 shows the ca lcula ted  sur face  field Es as a 
function of t ime over  one per iod of the  1 kc cui ' rent  
modulat ion,  obta ined from po in t -by -po in t  measu re -  
ments  of expanded  port ions of the  t race  of Fig. 6, as-  
suming the intr insic  re la t ion  be tween Cscr and Es ap-  
plies (15, 16) and that  the  m a x i m u m  value  of the  
separa t ion  of the  upper  and lower  curves,  which occurs 
over  the  r ight  half  of  Fig. 6, corresponds  to  the  flat-  
band condit ion where  Es = 0 (the sweep was ex-  
panded  using the Tek t ron ix  oscil loscope in the  "B in-  
tensified by  A" t ime base mode;  a type  W different ia l  
preampli f ier  was used for  this measuremen t ) .  The last  
assumption is p robab ly  not comple te ly  correct,  and 
the t rue  flat band posi t ion should be de te rmined  ex-  
pe r imen ta l ly  by  more  sensi t ive techniques such as 
photovol tage (15, 24) or electroreflectance (25) re -  
sponse. Notwi ths tand ing  this possible uncer ta in ty ,  Fig. 
6 and 7 demons t ra te  tha t  the  surface field as a function 
of t ime in the  presence of r ap id  modula t ions  can be 
obta ined re l a t ive ly  easi ly  by charge  injection.  

The ab i l i ty  to measure  the  surface field dur ing  a 
rap id  modula t ion  cycle has a direct  appl ica t ion  to elec-  
troreflectance,  where  a compar ison of theory  and ex-  
per iment  requires  the  knowledge  of the electr ic  field 
var ia t ion  over  a modula t ion  cycle. Conversely,  the  
capac i tance  d iv ider  or charge inject ion technique can 
be used to de te rmine  the proper  control  waveform to 
Obtain the  ideal  f ield-on field-off t ime var ia t ion,  which 
would  al low a direct  comparison of experLmental  elec-  
t roref lectance resul ts  wi th  theory  (26). The s imple 
expe r imen ta l  requ i rements  are compat ib le  wi th  exis t -  
ing electroreflectance technology,  which  is impor tan t  
for the  continuous moni tor ing  of surface field and de-  
tection of dr i f ts  due  to e lec t rochemical  react ions du r -  
ing ac tua l  measurement .  The de te rmina t ion  of the  t rue  
field t ime dependence  in electroreflectance has been 
almost wi thout  except ion neglected and as a resul t  ser i -  
ous doubt,  can be raised about  conclusions d rawn from 
the deta i led  shape of electroreflectance spectra  (27). 
Exper iments  for more  accura te ly  measur ing  e lec t ro-  
reflectance are  in progress.  

Conclusion 

A capaci t ive  d iv ider  technique  of measur ing  in te r -  
face capaci tance in e lect rolyt ic  cells is presented  and 
discussed. A small  capaci tance in series wi th  the in t e r -  
face acts as a d i f ferent ia tor  of pulse or square  wave  
dr iv ing  vol tages and in effect injects  charge into the  
in terface  dur ing  level  changes of the  dr iv ing  voltage. 
The resu l tan t  potent ia l  response is easUy in te rp re ted  
to give the  interface capacitance.  The method is ana-  
lyzed with  respect  to the  semiconduc tor -e lec t ro ly te  
system and its re la t ion to other  capaci tance measur ing  
techniques outl ined.  In  par t icular ,  it is demonst ra ted  
tha t  charge inject ion produces d i rec t ly  the  der iva t ive  
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Fig. 7. Surface electric field calculated from the curve of Fig. 6, 
using the assumptions given in text. 

of the  cons tan t -cur ren t  charging  curve  in the  l inear  
response l imit ,  f rom which the  different ia l  capaci tance 
is obtained.  Being fas ter  than  o ther  methods,  it per -  
mits the  expe r imen ta l  de te rmina t ion  of space charge  
capaci tance in the  presence of r ap id ly  changing in te r -  
face potentials ,  which is demons t ra ted  by  an exper i -  
menta l  appl ica t ion  to intr insic  Ge. The appl icat ions  
to electroreflectance measurements  are  discussed. 
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Gas Content of Gold Foils Deposited from Polymer-Saturated 
Electroplating Solutions 

H. Graham Silver 1 
Bell Telephone Laboratories, Incorporated, Reading, Pennsylvania 

ABSTRACT 

A study of the reactions of the cyanide ion at the anode of a potassium 
gold cyanide electroplating solution containing free potassium cyanide has 
revealed that  a brown polymeric mater ia l  is generated there which not only 
discolors, but  also codeposits with the gold electrodeposit. This polymer is 
responsible for the gaseous impuri t ies  evolved from the gold deposit on sub-  
sequent heating. However, electroplating solutions, formulated without  the 
addition of free potassium cyanide, produce gold deposits containing only low 
levels of gaseous impurities.  

In  a recent publication (1), an evaluat ion of the 
chemical behavior of typical  cyanide electroplating 
solution components was described. Quant i ta t ive evi- 
dence was obtained to show that  potassium cyanide 
solutions, or gold electroplating solutions containing 
free potassium cyanide, are unstable  to water  and air, 
the major  reaction products formed being the formate 
and carbonate ions. 

Studies of the effect of electrolysis on aqueous KCN 
solutions have already been performed (2-4). In  the 
most recent of these (4), the authors reported that  the 
passage of current  through the aqueous KCN solution, 
using Pt  electrodes, resulted in the formation at the 
anode of (HCN)x, which precipitates in high concen- 
tration. Polymer  formation was inhibi ted in more 
strongly alkal ine KCN solutions. 

This work was repeated and exper imental ly  fully 
confirmed. In addition, it was found that the produc- 
tion of the brown polymer was independent  of the .  
anode mater ial  chosen and was most readi ly ob- 
servabIe when  oxygen was copiously evolved. Acti- 
vated carbon t rea tment  readily removed the brown 
polymer from hot aqueous KCN solutions. 

Polymerizat ion of HCN can also occur if the pH of 
the alkal ine KCN solution is less than  about 10, par-  
t icular ly in the presence of the NH4 + ion (5). 

Infrared absorption and dipole moment  measure-  
ments (6-8), chemical (9) and x - r ay  diffraction (1O, 
11) studies of the HCN polymer in the solid state have 
established that  it is a tetramer,  existing as diamino- 
maleonitr i le  

H2N--C--CN 
t( 

H2N--C--CN 

It is generally accepted that organic compounds, in- 
tentionally added to or unintentionally generated by a 

~ P r e s e n t  address:  Genera l  Te lephone  & Electronics  Laboratories  
Incorporated,  Bays ide ,  N e w  Y o r k  11360. 

K e y  words:  Electrodeposi t ion.  gold e leetroplat ing,  p o l y m e r i c  
impuri ty ,  gas  content .  

gold electroplating solution, have an impor tant  effect 
on the physical characteristics of the gold electro- 
deposit (12, 13), al though most of the data avai lable 
is of a quali tat ive nature.  In  order to determine 
whether  the presence of this b rown polymer [HCN]4 
in gold electroplating solutions is potent ial ly deleteri-  
ous, an observation was made of the effect of the 
polymer, artificially generated wi thin  the electro- 
plat ing solution, on the color and gas content  of gold 
foils obtained from that  solution. 

Experimental 
A K C N / K A u  (CN)2 electroplating solution of formu-  

lat ion 

(68% rain. Au) KAu(CN)2 9 g/1 
KCN 45 g / l ~  • 0.1 g/] 
KOH 3 g/1 
pH 13 

and a convent ional  dibasic ammonium ci t ra te /  
KAu(CN)  2 electroplating solution of formulat ion 
(14) 

(68% min. Au) KAu(CN)2  20 g / l ]  
dibasic ammonium citrate 50 g/lJ • 0.1 g/1 

pH 5.5 

were prepared, without  boiling, in deionized water. 
Using a stainless steel plate cathode 2 of total surface 
area 8 in. 2, placed between flat gold anodes of total 
surface area 50 in. 2, a gold foil was plated from each 
solution at a cur ren t  density of 20 _ 5 ma/ in .  2 for 45 
min  after a "flash" of 1 amp for 1 rain to facilitate 
the ini t ial  plate. The tempera ture  of the solutions was 
main ta ined  at 65 ~ • 3~ To both solutions was added 
a total of 5, 15, 25, 50, 75, and 100 • 0.1 g/1 formate 
( H - C O O - )  ion in the form of ammonium formate. 

2 A l l  stainless  s tee l  pla tes ,  u sed  fo r  t h i s  p u r p o s e  in  this  ex p er i -  
ment ,  were  d e g r e a s e d  in  the  v a p o r  of  b o i l i n g  t r i c h l o r o e t h y l e n e  for 
5 ra in ,  i m m e r s e d  in acetone  for 15 rain, ac id - c l eaned  in  ho t  1 : I  HCl  
fo r  1 min,  and finally r insed in  d e i o n i z e d  w a t e r .  
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After each addition of the ammonium formate, a gold 
foil was plated, as explained above, from each solution, 
using a fresh stainless steel plate cathode. The thick- 
ness of the gold deposits varied slightly, but  averaged 
about 100 mg/in.~. 

The seven gold foils thus obtained from each solu- 
tion were stripped from the substrate,  carefully 
washed and dried, and finally mass spectrometrically 
analyzed for the evolved gases after vacuum fusion at 
1300~ 

The ent i re  process, as explained above, was repeated, 
but subst i tu t ing potassium formate and then am-  
monium sulfate for the ammonium formate. Once 
again, a total  of 5, 15, 25, 50, 75, and 100 • 0.1 g/1 
formate ( H . C O O - )  ion and sulfate (SO4 =) ion, re-  
spectively, were added to both the cyanide and citrate 
electroplating solutions. 

Results and Discussion 
The results of the mass spectrometric analyses of 

the gases evolved from the three series of gold foils 
on vacuum fusion at 1300~ are shown in Fig. 1, 2 and 
3. It is immediate ly  apparent  that the gold foils plated 
from the dibasic ammonium c i t ra te /KAu(CN)~ elec- 
t roplat ing solution contain low levels of gaseous im-  
purities, which do not increase in concentrat ion as the 
concentrat ions of the ammonium formate, potassium 
formate and ammonium sulfate salts increase. This ob- 
servation, of course, would be t rue for any gold elec- 
t roplat ing solution, which does not contain free KCN. 

However, on the addition of the ammonium salts 
of H.COOH and H~SO4 to the KCN/KAu(CN)~  eIec- 
t roplat ing solution, a rise in the gaseous impur i ty  
level wi thin  the gold foils is observed to occur. Also, 
not shown on the figures as a curve, l iberal  amounts  
of HCN and cyanogen (CeNe) are also detected. On 
the other hand, the KCN/KAu(CN)2  electroplating 
solution containing potassium formate does not show 
this rise in the gaseous i~npurity level wi thin  the gold 
foils, as the concentrat ion of the salt increases. In fact, 
the gaseous impur i ty  levels in the lat ter  solution com- 
pare very closely with those found in the dibasic am-  
monium c i t ra te /KAu(CN)~  electroplating solutions. 

It is clear that  the hydrolysis of ammonium formate 
and ammonium sulfate reduces the pH of the solutions 
below pH 10 where it has been shown that  [HCN]4 
forms (5). Potassium formate, an alkal ine salt, reduces 
the pH only very slightly, so that  little, if any, poly- 
mer forms. 
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Fig. 1. Gas analysis of gold foils obtained from ammonium 
formate-r lch electroplat ln9 solutions. 

The gold electrodeposits, obtained from those elec- 
t roplat ing solutions in which no HCN polymer genera-  
t ion occurs, are all bright  yellow and matte. Con-  
versely, those gold deposits obtained from polymer-  
containing electroplating solutions, progressively be-  
come browner  and darker  as the concentrat ion of 
polymer absorbed with the gold, increases. The values 
in ppm of the total gaseous impur i ty  concentration, 
which correspond to Fig. 3B, are reported in Table I 
as a function of the concentrat ion of sulfate ion dis- 
solved in the electroplating solution. The gaseous im-  
purit ies include the following: H2, CO, CO2, N2, ell4, 
C6H6, HCN, Ar, C2N2. 

At zero g/1 ammonium sulfate in the electroplating 
solution, the gold deposit is br ight  yellow and  mat te  
in color. This corresponds to the lowest total  gaseous 
impur i ty  concentrat ion (28 ppm),  i.e., the sum in ppm 
of all the gaseous impurit ies reported in the foil, of 
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Table I. Total gaseous impurity concentration, ppm 

g/1 Sulfate ion as (NHD~,SO~ 

O 5 15 25 50 75 IO0 
28 56 56 171 306 408 149 

any of the seven foils. As the concentrat ion of each 
individual  impuri ty,  and hence the sum total of the 
impurities,  increases wi th in  the gold foil at any one 
concentrat ion of the SO4 = ion, so the color of the foil 
progressively deepens to a max imum around 75 g/1 
SO4 = ion, at which point  the total  impur i ty  concen- 
t ra t ion also reaches a m a x i m u m  of 408 ppm. A similar 
discoloration of the gold deposits is observed in the 
K C N / K A u ( C N ) 2  electroplating solution when am- 
monium formate is added. 

For reasons unde te rmined  at present, the polymer 
was apparent ly  not absorbed to such a high degree on 
the next  gold foil obtained from the KCN/KAu(CN)2  
electroplating solution containing 100 g/1 SO4 = ion. 
This is immediate ly  apparent  from the drop in the 
individual  concentrat ions of H2, CO, CO2, and N2, 
(Fig. 3B), the resul tant  drop in the total  concentrat ion 
of the gaseous impuri t ies  to 149 ppm and the slight 
l ightening of the gold foil. Thus, the relat ive discolora- 
tion of the gold foils could be used as a qual i tat ive test 
of the amount  of contaminat ion of the foil by the HCN 
polymer. 

It has been postulated that  the H . C O O -  ion, pro- 
duced as a reaction product of KCN with water  (1), 
is responsible for the large increase of CO, CO2, and 
H2 observed in the gold foils, when the ammonium 
salts are purposely added to the KCN/KAu(CN)2  
electroplating solution (Fig. 1B and 3B). Since the 
addition of H . C O O -  ion did not affect the gas content  
of the gold foils obtained from the dibasic ammonium 
c i t r a te /KAu(CN)e  electroplating solution (Fig. 1A), 
it was assumed that the HCN polymer was responsible 
for ent rapping or adsorbing the H - C O O -  ion or maybe 
the acid H.COOH, in some manner  not determined,  as 
the polymer codeposited with the gold. However, there 
is the possibility that  monomeric HCN absorbed with 
the HCN polymer wi thin  the gold foil, slowly reacts 
with water  to provide an additional, in situ source of 
the H . C O O -  ion by the reaction discussed elsewhere 
(1). 

It would appear therefore that, wJ.thin certain limits, 
the amount  of gaseous impuri t ies  evolved from an 
electrodeposited gold foil is proport ional  to the con- 
centrat ion of the HCN polymer wi th in  the foil, which 
in t u r n  is proport ional  to the concentrat ion of polymer 
wi thin  the electroplating solution. The concentrat ion 
of polymer wi thin  the electroplating solution increases 
as the pH is decreased by the hydrolysis of an acidic 
ammonium compound or by l iberat ion of oxygen at 
the anode. It has been found exper imenta l ly  that  an-  
other source of gaseous impurities,  main ly  H2, is de- 
rived from the substrate of the device upon which 
gold has been electrodeposited. The amount  of H2 
evolved is usual ly dependent  on the pre t rea tment  of 
the substrate and can be several times that evolved 
from the gold deposit alone. Since an examinat ion  of 
the absorptive properties of different substrates was 
not wi thin  the scope of the present work, it will  not 
be discussed further.  

A check to reveal whether  cont inual  electroplating 
from a KCN/KAu(CN)2  solution containing some 
HCN polymer at a current  density less than  that  re- 
quired to l iberate oxygen at the anode, would ul t i -  
mately  result  in the el iminat ion of the polymer, due 
to its codeposition with the gold, was ra ther  disap- 
point ing in that no drastic br ightening of the gold 
deposit was observed even after six successive electro- 
platings from the same solution. It  was hoped that  
eventual ly  a bright  yellow matte  gold deposit would 
result. There is the possibility, however, that  many  
more than  six electroplatings would be required to 
clear the solution of the polymer, which was present in 
abundance.  

It has f requent ly  been observed that gold anodes, 
used cont inual ly  in KCN/KAu(CN)2  electroplating 
solutions, become covered with a dark brown coating, 
somewhat reminiscent  of the brown gold deposit ob- 
tained from electroplating solutions heavily con- 
taminated  with the HCN polymer. In order to clarify 
the na tu re  of this brown coating, two gold rod anodes, 
99.99% pure, were sent for vacuum fusion and elec- 
t ron diffraction studies of the coating on that  part  of 
the anode which had been repeatedly immersed over 
a period of several months in the plat ing solution. 

The vacuum fusion study revealed that  the dark 
brown coating contained at least 100% and up to about 
400% more oxygen than any area of the gold anode 
uncovered by the da rk -b rown  coating. Moreover, the 
results of the electron diffraction measurements ,  
shown in Table II are consistent, al though not ident i-  
cal, with those obtained from the surface of gold 
heated in an oxygen atmosphere at 500~ (15). This 
compound was indexed as hexagonal  with lattice 
parameters  a ~ 5.26 and c ~ 6.75 and assigned the 
formula  Au302. This, however, has been disputed (16) 
and the pat terns assigned to spinels formed from im- 
purit ies in the gold. 

Difficulties in the detection of the diffraction pat-  
te rn  of gold oxide have also been experienced by an-  
other worker  (17). 

Since the gold anodes were used in a s tandard KCN/  
KAu(CN)2 electroplating solution and never  allowed 
to remain  in contact with the solution for any length 
of t ime without electrolysis, the source of the oxygen-  
containing layer  is probably electrolytic. It would ap- 
pear that, as well as gold being dissolved from the 
anode, oxygen is also being formed, if not evolved. 

On aging, in air at room temperature,  the brown 
layer so formed is par t icular ly  resistant to a concen- 
trated solution of KCN, a 1:1 HC1 solution, and even to 
prolonged heat ing in air at about 600~ This behavior  
is contrary to what  is usual ly  assumed to be a weak 
gold compound. Only on prolonged usage in a KCN/  
KAu (CN)2 electroplating solution will  the dark brown 
mater ial  disappear, presumably  an electrolytic dis- 
solution reaction to form the soluble A u ( C N ) 2 -  ion. 

Since the chemical stabili ty of KAu(CN)2  in solu- 
tion with compounds other than KCN is an extremely 
important  parameter  to be considered in these electro- 
chemical s.tudies, it was decided to determine how 
stable the s tandard  solution of KAu(CN)2  and  dibasic 
ammonium citrate (14) is, before and after boiling. 
Thus, a solid sample of KAu(CN)2,  Engethard Indus-  
tries, was analyzed for total  cyanide and gold. A solu- 
tion was made up by mixing  20 • 0.1 g/1 KAu(CN)2  
and 50 • 0.1 g/1 dibasic ammonium citrate in deion- 
ized water. An aliquot was removed 'and analyzed for 
total cyanide and gold. The solution was then boiled 
for 1/2 hr, cooled and after volume-loss corrections, 
an aliquot removed and analyzed again for total  cyan-  
ide and gold. 

The results of the analyses for total cyanide and 
gold are shown in Table III, together with calculated 
theoretical values. 

With in  exper imental  error, the results obtained for 
total  cyanide and gold in each case lie very close to 
the calculated theoretical values. The data present  
evidence of the stabil i ty of KAu(CN)2  to decomposi- 
tion and that, in particular,  no new complex of gold is 
formed with the citrate ion (14, 18, 19, 20). The gold 

Table II. Results of electron diffraction measurements 

Calculated d-spacings 
h, k, 1 for Au30~ (15) Observed d-spacings 

I00 4.56 4.5 
101 3.16 3.0 
110 2.54 2.47 
102 1,95 1.90 
300 1.52 1.54 
301 1,43 1.44 
310 1.26 1.24 
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I o n  

Table Ill. Analyses for cyanide and gold 

U n b o i l e d  B o i l e d  
C a l c u l a t e d  So l id  K A u  ( C N  ) 2 K A u  (CN) 

c o m p o s i t i o n ,  K A u ( C N ) e ,  a n d  a m m o n i u m  a n d  a m m o n i u m  
% % citrate,  % c i t r a t e ,  % 

C y a n i d e  18.03 17.95 18.10 18.55 
Gold 68.40 68.05 69.25 70.25 
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is present as the gold dicyanide ion, whether  the elec- 
t roplat ing solution is boiled or unboiled. A similar 
opinion has recent ly  been expressed from observations 
made dur ing  a study of plat ing conditions on the 
porosity in gold electrodeposits (21). 

Conclusion 
Potassium gold cyanide electroplat ing solutions con- 

ta ining free KCN are subject to contaminat ion not 
only by H . C O O -  and CO3 = anionic impurities,  but  
also by a brown polymeric mater ial  of formula 
[HCN]4, generated at the soluble gold anode when 
the pH in its vicini ty is reduced on the occasional 
anodic evolution of oxygen. This polymer codeposits 
with the gold, discoloring the latter, and is the agent 
responsible for the major  proportion of the gaseous 
impurit ies found residing within the gold deposit. 
However, gold deposits obtained from electroplating 
solutions containing no free KCN, for example the 
dibasic ammonium citrate/KAu(CN).2 electroplating 
solution, contain only low levels of gaseous impurities.  

Electron diffraction and vacuum fusion studies have 
shown that the dark brown coating formed occasion- 
ally on gold anodes is high in oxygen and may be 
similar to a compound claimed to be Au302, but  be- 
lieved by others to be a spinel formed from impurit ies 
in the gold. When freshly prepared, this mater ia l  
readily dissolves in an aqueous KCN and a 1:1 HC1 
solution, but, on aging in air at room temperature,  be-  
comes par t icular ly  resistant  to chemical and thermal  
attack. 

No new complex of gold is formed with the citrate 
ion wi th in  a dibasic ammonium c i t ra te /KAu(CN)2  
electroplating solution. The gold is invar iab ly  present 
as the A u ( C N ) 2 -  ion, whether  the electroplating solu- 
tion is boiled or unboiled. 

Stabilized Zirconia as an Oxygen Pump 

D. Yuan and F. A. KrSger 

Department of Materials Science, University of Southern California, University Park, 
Los Angeles, California 

ABSTRACT 

Electrolytic cells based on stabilized zirconia as a solid electrolyte may  be 
used to remove oxygen from stat ionary or s t reaming gas. The m i n i m u m  
pressures (activities) that can be accurately measured are l imited by the onset 
of electronic conduction in the electrolyte. In buffered gases, the lowest pres-  
sure that  can be at tained ei ther  by the capacity of the buffer or by the de- 
composition kinetics of the buffer molecules. Typical values of the oxygen 
pressures that can be reached when using commercial  h igh-densi ty  s intered 
stabilized zirconia tubes as an electrolyte, are ~10 -Ss a tm at 530~ 3 x 10 -30 
a tm at 700~ and 3 x 10 -27 atm at 800~ 

Stabilized zirconia of the composition Zr0.s5 Ca0.15 
O1.85 crystallizes in the CaF2 type s tructure with the 
Ca +2 and Zr +4 occupying metal  sites and oxygen oc- 
cupying the nonmeta l  sites. The presence of 15% Ca 
gives rise to 7.5% vacant  oxygen ion sites (1, 2). Elec- 
trical conduction in  Zr0.s5 Ca0.15 O1.82 at high t empera -  
tures in air or oxygen is pr imar i ly  due to the migra-  
tion of oxygen ions through the movement  of doubly 
charged oxygen vacancies (1, 3). At  lower oxygen 

pressures electronic conduction sets in (4, 5). The 
value of the oxygen pressure at which the ionic t rans-  
ference number  t~ z 0.5 is a funct ion of tempera ture  
(6) and varies from sample to sample, possibly as a 
result  of the presence of donor impuri t ies  in different 
concentrat ions (6, 7). 

Stabilized zirconia can be used as a solid electrolyte 
in a galvanic cell with p la t inum contacts. Such cells, 
when operated with different oxygen pressures ar the 
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two sides in the range of pressures where  t~ ---- 1, can 
be used as a fuel  cell (8), the vol tage being given by 

R T  
E = - -  - -  In (Po2) r/(Po2) 1 [1] 

4F 

On the other  hand, operat ing wi th  a known oxygen 
pressure at one side and an unknown one at the other, 
and again using Eq. [1], the cell  can be used to mea-  
sure  the unknown pressure (4). S imi lar  cells can be 
used to measure  gas equi l ibr ium constants or free 
enthalpies of format ion of oxides (9). 

In the range where  stabilized zirconia is an ionic 
conductor, the passing of current  t ransfers  oxygen 
f r o m  the cathode side to the anode side. This has been 
used to adjust  the stoichiometric composition ,of ura-  
nium oxides (10, 11). It has also been used to pump 
oxygen gas f rom the cathode side to the anode side, 
thus reducing the oxygen pressure at the cathode side 
in a known way. In exper iments  carr ied out by Heyne 
(12) the  oxygen is r emoved  f rom a closed system. It 
has been indicated, however ,  that  the same principle 
can be used to remove  oxygen  from st reaming gas in 
an open system (13). Str ickler  et al. (14), recognizing 
the dependence of the  ionic current  on the presence of  
oxygen gas at the cathode, used this dependence to 
de te rmine  t~, but  did not r emove  oxygen by passing 
current.  

I t  is the object  of the work  repor ted  in this paper 
to invest igate  the effectiveness of stabilized zirconia 
as an oxygen pump. As we shall see, it is possible to 
reach oxygen pressures as low as 10 -zs arm at a flow 
rate  of 4.6 cm3/sec at 530~ 

Exper imental  
The zirconia tubes used in the exper iments  were  

high density sintered calcia-stabil ized zirconia, ob- 
tained f rom the Zirconium Company of America.  It 
has the composition (ZrO~)0.9(CaO)5.~ and x - r ay  
analysis shows it to consist of two phases, the major  
phase being calcia-stabil ized cubic zirconia, the  minor  
one being monoclinic zirconia. One of the  tubes had 
an inner  d iameter  of  5 ram, the other  of 12 mm, both 
having a wall  thickness of  0.5 mm. 

Inner  and outer  electrodes were  made with the aid 
of  Hanovia  p la t inum paste. This is a fluxless mix tu re  
of  0.1~ pla t inum powder  and resinous mater ia l  sus- 
pended in an organic solvent;  it is marke ted  in the 
United States by Engelhard  Industries, East Newark,  
New Jersey.  The inner  electrode (I) is a continuous 
porous layer, a few microns thick, extending over  

22 cm. It  was made by pull ing a cotton wool  plug, 
wet ted  with  Pt  paste, through the tube, fol lowed by 
heat ing to 500~ in air. This procedure  leaves only 
plat inum metal  particles on the zirconia surface. This 
inner  electrode is grounded. The outer  electrode con- 
sists of th ree  sections. One (II) ,  the "pump" section, 
made again with  Che aid of  P t  paste in the manner  
described above, is 14 cm long. The others (III, IV) 
are ~ 0.5 cm. long and consist of  p la t inum foil and 
0.05 in. p la t inum wire  wound around it, placed, re -  
spect ively 2 and 6 cm away from the edge of II. F ig-  
ure  1 shows the electrode arrangement .  An additional 
P t -Rh  wire  welded to the Pt  contact wire  at contact 
III  forms a thermocouple  which makes it possible to 
measure  the tempera ture .  The  whole  assembly is 
placed in an electric furnace, the  t empera tu re  of which 

Pt w i r~  
- - - D ' A I R  . . . . . . . . . . . . . . . . . . . . . . . . . .  L~ t -PO~ te / " ~ Z r ,  C o ) O ~  / 

L4cm J - 2 - A - -  ~ : ~ J  

Pr Rh 
~ P t  

Fig. l. Electrode assembly for oxygen removal (11, I) and measure- 
ment of oxygen pressure (111, I and IV, I). 

is kept constant to q-_ 2~ Tank ni t rogen is led 
through the tube  at measured flow rates. The outside 
of  the  tube is kept in air. Applicar of a posit ive 
vol tage at II re la t ive  to I leads to the r emova l  :of O2 
from the inside of the tube. The effectiveness of this 
"pumping"  is de te rmined  by measur ing the emf Em o f  
the cells I I I - I  and IV-I, one being fur ther  removed 
from the pumping cell than the other.  This is done 
with  the object of de termining whe ther  pumping  af-  
fects the gas over  the ent i re  cross section, or  only over  
a th in  layer  near  the surface. Currents  are measured  
with  a Simpson meter ,  and voltages wi th  a Kei th ley  
610 B high impedance vol tmeter .  

Results 
Init ial  exper iments  wi th  no ex te rna l ly  applied vol t -  

age, using Eq. [1] for Em, showed that  the tank ni t ro-  
gen contained 2 x 10 -5 a tm 02. The cell  showed the 
t empera tu re  dependence as requi red  by Eq. [1]. No 
appreciable emf  was observed in symmetr ica l  s i tua-  
tions, i.e., with  nitrogen, air, or oxygen both in and 
outside the tube. 

The results of pumping exper iments  at 530~ using 
the nar row tube with  a ni t rogen flow rate  of 4.6 cm.~/ 
sec inside and air outside, are shown in Fig. 2. 

The values of the vol tage Em over the measur ing 
cells I I I - I  and IV-I  are  s tat ionary state values, mea-  
sured wi th  t he  Kei th ley  vo l tme te r  wi thout  compensa-  
tion. E,, is seen to increase wi th  increasing cur ren t  
passed through the pumping section II-I .  A sharp 
increase of Em occurs at pumping  currents  Jpump b e -  
t w e e n  0.7 and 2 ma. In this current  range the r emova l  
of oxygen from the ni t rogen passing through the tube 
approaches completion. The current  at which com- 
plete oxygen remova l  is expected at the given flow 
rate  and the oxygen content of 2 x 10 -5 a tm as de- 
te rmined at Jpum, = 0, should the ionic t ransference  
number  of the zirconia remain  1, is Jpump ---- 0.6 ma. 
The measur ing cells I I I - I  and IV-I, placed at different 
distances downst ream from the pumping section give 
similar  results, but the values of IV-I  are systemati-  
cally ~ 3% lower  than those of III-I .  The  fact that  
the two voltages are so close indicates that  the oxygen 
is not jus t  r emoved  from a thin layer  at the  inner 
surface, mainta ined by laminar  flow, but  tha t  there  
is deplet ion of oxygen  over  the ent ire  cross section of  
the  tube. This v iew finds support  in an es t imate  of the 
diffusion length I. For  oxygen at 530~ the diffusion 
coefficient, D ~ 0.9 cm 2 sec -1, and using a t ransi t  t ime 
t = 0.1 sec given by the t ime it takes the gas to flow 
from the r igh t -hand  edge of II to III at a flow rate of 
4.6 cm3/sec in the  tube wi th  d ---- 0.5 cm, we find l 
(Dr) 1/2 ~ 0.3 cm ~ r, the  radius of the tube. Since 
diffusion starts wel l  before the edge of II is reached, 
t may  be 2-4 t imes larger.  Accordingly diffusion wil l  

m) Po 
I.E , , , , , , . . . .  , , , , , , J l i -" z 

OE 
iO -~ 

i I0" o O4 

0.2 IO- 

i i I i I i i I I I I i i i i i I i I 
O.O 0 .2  0 4  0 6  0.8 I.O 5 0  9 0  13.0 17.O 2 1 0  2 5 0  2 9 0  

I~ J ~ p ( m A )  

Fig. 2. Experimental results for Em and the values of Po2* and 
Po2 calculated from it with Eq. [1] and [4] as a function of the 
pumping current, with air as the outside atmosphere and an inner 
atmosphere consisting of: I. N2 -I- 2 X 10-502 passed through 
a liquid nitrogen trap; 2. N2 -I- 2 X 10-502  direct from the 
tank; 3. N2 H- 2 X 10-502 passed through water at 25~ and 
4. wet or dry N2 -f- 4 X 10-5CO2. Inner diameter of tube: 5 mm; 
flow rate 4.6 cm3/sec. Temperature: 530~ Note the difference 
in scale for J < and > 1 ma. 
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effectively even out the oxygen concentrat ion over the 
cross section. As we shall see, the small  difference be-  
tween cells I I I - I  and IV-I  is probably  due to back dif- 
fusion from the end of the tube, contact IV being 
closer to the end than III. Curves 1-4 correspond to 
different conditions of the experiment.  For  curve 1 
the ni t rogen was dried by passing it through a liquid 
air trap. This leads to the bighest  voltage ( =  lowest 
residual oxygen pressure) at tained: Em = 1.5v, cor- 
responding to (Po2*)min ~ 10 -36 atm. (Here and be-  
low, Po2* indicates pressure values calculated from 
Eq. [1]. As we shall see later, more correct values, 
given as Po2 without asterisk, are calculated using a 
more general  equation.) Using ni t rogen directly from 
the tank  (curve 2) gives Em---- 1.4v, (Po2*)min : 10 -34 
atm. Since this suggests a dependence on the water  
pressure, a third exper iment  was carried out with 
ni t rogen saturated with water  at 25~ (curve 3). Now 
the m i n i m u m  pressure obtained is considerably higher, 

10 -20 atm. In the fourth and fifth exper iment  the 
oxygen present  in the ni trogen was t ransformed into a 
mixture  of CO2 and CO by passing the t ank  ni t rogen 
over graphite at 650~ For the fourth experiment,  
t ank  ni t rogen was used as such. For the fifth experi-  
ment  the gas was predried by means of a l iquid air 
trap. No difference was observed (curve 4). The re-  
moval  of oxygen in this m a n n e r  leads to a relat ively 
high Em without  pumping.  On the other hand, pump-  
ing has little effect on E~. The no-pumping  value of 
E,, is considerably lower than  is expected, should the 
mixture  of CO2 formed by passing the N2 + 02 over 
carbon at 600~ correspond to thermodynamic  equi-  
l ibrium. We shall r e tu rn  to this point later. 

Instead of plott ing Em as a funct ion of Jpump as 
shown in Fig. 2, we might plot Em as a funct ion of the 
pumping  voltage, Epum~). There are, however, complica- 
tions resul t ing from a t ime dependence of the current  
voltage characteristic: Jpump-Epump curves obtained 
by measur ing Jpump at different times after applica- 
t ion of the voltage, are different for Epump ~ 4v. This 
is demonstrated in Fig. 3, where 1-2-3-4 and 1'-2'-3'-4'  
represent  two ~ifferent current -vol tage  sequences. In 
the first sequence Epurnp is increased rapidly to 6v and 
held for 2 hr before decreasing the voltage to 3v. In 
the second sequence, Epump is kept for 5 rain at 9v. In 
both cases, but  especially in the second sequence, 
lowering the voltage to 3v leaves a small  excess cur-  
rent  as compared to that  in the cell in its ini t ia l  state. 

The change of Jpump with  t ime indicates that  at these 
voltages the zirconia of the pumping section is i r re-  
versibly changed. This effect is also indicated by the 
recovery t ime of the signal of the measur ing cell. This 
recovery t ime is the t ime it takes the measur ing cell 
to come back to its original, low, no-pumping  value 
after in te r rup t ion  of the pumping  current,  indicating 
that  the gas in the tube  is again of the original  com- 
position. As shown in Fig. 4 for Epump > 4v, this t ime 
depends on the t ime dur ing which the pumping bas 
taken place, the recovery t ime increasiag with in-  

/ I 

/ I 
5 ' / "  I 

/ / /  ZiSm 
/ r / 

J (rnA) / /  / ] / 

/ ~ "~'4' I 
/ / . . ~ . . J  / / 

Fig. 3. Current voltage sequences 1-2-3-4 and 1'-2'-3'-4' of the 
pumping cell (11-1) for different times of operation. 

6/0 
/ 

/ 
5~ 

,y8 

5/8 

f i  
2 /8  

I /8 

, f  
- -  E~.p (volts) 

Fig. 4. The time (tree) needed by the measuring cell (111-1) to 
revert back to its pre-pumping emf. 1. For interruption of the 
pumping current immediately after its being established; and 2. 
for interruption of the pumping current 30 rain after its being 
established. 

creasing pumping  time. This dependence is stronger 
for larger Epump. The semipermanent  changes in the 
zirconia of the pumping  section are related to its de-  
composition by electrolysis and /o r  its becoming polar-  
ized when  no .oxygen is available at the cathode. 
Thermodynamic  data for ZrO2 and CaO indicate, re-  
spectively, decomposition voltages for formation of 
the pure metals and oxygen a t  1 a t m  of 2.52 and 2.84v 
at 530~ in  the solid solution employed, the value 
may be expected to be somewhat higher. The values 
given correspond to thermodynamic  equil ibrium. If 
currents  are drawn, the applied voltage wil l  be higher 
by the ohmic voltage drop. This brings the expected 
value for the voltage at which electrolysis occurs close 
to ~ 4v. At voltages smaller  than  that  required for 
electrolysis, polarization occurs, which gives rise to a 
change in the stoichiometric composition in the direc- 
t ion of metal  excess at the nonrevers ible  electrode. 
This in t u rn  represents  a change in the activity of the 
components of the compound at this electrode, the 
meta l  activity being increased, the oxygen activity 
being decreased. Note that  polarization and electrolysis 
are closely related: electrolysis occurs when  the polar-  
ization is so strong that  the metal  activity reaches 
the value at which pure metal  may  be formed. In  the 
strongly polarized state the  zirconia assumes a dark 
color (15, 16) and becomes par t ly  electronically con- 
ductive (4-6). The theory of the polarization process 
and its consequences as far as electronic conduction is 
concerned is essentially the one given by Wagner  for 
AgBr (17, 18). Phase diagram studies show that  te t rag-  
onal  zirconia saturated with zirconium may  contain 
up to 3 x 10 -2 excess Zr per  molecule ZrO2 at 1500~ 
and probably < 10 -2 at 530~ Cubic zirconia, on the 
other hand, may contain up to 5.5 x 10 -2 at 1500~ 
and a similar value may be expected for calcia-stabi-  
lized zirconia. At 530~ this will  be reduced to ~ 2 or 
3 x 10 -2. Although this is still an  appreciable concen- 
tration, and the bui lding up of this concentrat ion wil l  
involve some time, it is doubtful  whether  it can ac- 
count for the slow semipermanent  changes observed. 

A decision as to whether  polarization and electroly- 
sis both occur, or whether  only polarization occurs, 
can be reached on  the basis of the  t ime dependence of 
the  pumping  current .  Electrolysis should give a con- 
t inuously  increasing current.  Polarization, on the other 
hand, requires a current  approaching asymptotically a 
certain final value. Our data for voltages ~ 4v, indi-  
cate tha t  electrolysis occurs. 

On the basis of these arguments  we expect a s i tua-  
t ion in which we have ~onically conductive zirconia in 
the outer  and central  sections of the tube, electroni-  
cally and ionically conducting zirconia, below the 
inner  surface, and zirconium (and calcium) metal  at 
the  inner  surface. Since application of a strong field 
tends to give rise to polarization as well  as electrolysis, 
an ini t ial  concentration of the field at cer tain points, 
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for tubes with different inner diameter d: 1. d = 0.5 cm; 2. 
d = 1.2 cm. 

e.g., at grain boundaries  or dislocations, tends to give 
rise to the local formation of metal  and electronically 
conducting zirconia which in t u rn  tends to s t rengthen 
locally the field across the less affected part  of the 
cross section. Thus both effects favor dendri te  forma- 
tion. Such dendrites have been observed with zir- 
conia used in an electrode in magnetohydrodynamic  
power generators (15, 16). 

Electrolysis occurs only at the pumping section 
which is affected directly by the pumping  current .  
The oxygen-poor,  par t ly  decomposed inner  surface 
goes on acting as a pump after in ter rupt ion  of the 
pumping  current  unt i l  it is reoxidized by the oxygen 
of the gas. If the oxygen content of the gas is low, as 
in our experiments,  this may  take a long time. This 
explains the long recovery t ime (measured with the 
measur ing cell) plotted in Fig. 4. 

The mater ial  of the measur ing cell is affected only 
through the reduced oxygen activity in the gas. If this 
activity is sufficiently low, it wil l  lead to an oxygen 
poor, electronically conducting mater ia l  over part  of 
the cross section. Decomposition with the formation 
of metallic zirconium will  not occur: the lowest oxy- 
gen pressure that can be reached corresponds to the 
coexistence of oxygen-poor  zirconia and metall ic zir- 
conium, and this does not represent  a dr iving force for 
the nucleat ion and formation of metallic zirconium re- 
quired for electrolysis. 

Normally,  Em was measured with the Kei th ley  volt-  
meter  without  compensation. Pract ical ly the same re-  
sults are obtained for measurement  of Em with com- 
pensation, using the Keithley meter  as a zero indicator. 
This indicates that the small cur rent  d rawn by the 
meter  does not upset the measurement .  

In  Fig. 5 the max imum values of Em reached by 
pumping  are compared with E0.5, the emf of the ZrO2- 
CaO diffusion cell calculated from Eq. [1] for (Po2)0.5; 
the la t ter  represents the low oxygen pressure at which 
zirconia has equal ionic and electronic conductivities, 
Schmalzried's Pe (20). 

It is seen that the values of E,, are close to the 
values of E0.5 found by Yanagida (21) for a tube  of 
the same mater ia l  as used by usJ At 800~ Yanagida's  
and our values for E0.5 correspond to (Po2)0.5 ~ 5 x 
10 -20 atm. Other reported values are considerably 
lower. Schmalzried's data (20) lead to (Po2)o.5 = 1.6 x 
10 -32 atm. Pat terson et al. (6) found values of 10 -84 
a tm from conductivi ty measurements ,  and 10 -39 atm 
from polarization experiments.  These differences are 
par t ly  due to differences (and possibly errors) in the 
measur ing techniques, but  differences may also result  

i These  values  w e r e  arrived at b y  compar ing  the e m f  of the  cel l  

A1, Ale(hi (Zr, Ca)O=[02 
w i t h  t h e  t h e o r e t i c a l  e m f  c a l c u l a t e d  f r o m  t h e  G i b b s  f r e e  e n e r g y  of  
f o r m a t i o n  o f  A h O a  f r o m  A1 a n d  O~ 

E 
= ln(P%)o.5 / (P%)A1, AI2Os 

Eth 

(Po~)AI,  &I~Os b e i n g  the  pressure  of  o x y g e n  o v e r  A I  i n  e q u i l i b r i u m  

w i t h  AlsOg.  

from differences in the composition of the zirconia 
used. This point  deserves fur ther  study. 

F igure  6 compares Em as f(Epump) for the wide tube 
(curve 2) and the nar row tube (curve 1) at equal  
flow rates. As expected, the wide tube is less efficient, 
although the performance is still satisfactory. 

Attempts  to measure the pumping  efficiency at 
higher flow rates were complicated by tempera ture  
changes, fast flowing gas tending to cool the tube. 
Although pumping still takes place, uncertaint ies  in 
the tempera ture  make a quant i ta t ive  evaluat ion more 
difficult. For this reason this l ine of investigation was 
not pursued any further.  

Instead of removing oxygen from the gas in the 
tube, we can add oxygen by passing current  through 
the pumping  section in  the opposite direction. Due to 
the re la t ively small  pumping  currents  employed, for 
flowing gas the effect of oxygen addition is not very 
spectacular. Figure 7 shows the complete J -E  charac- 
teristic including both types of operations. As men-  
t ioned before, the r igh t -hand  part  of the characteristic 
at E ~ 4v is t ime dependent;  the curve given cor- 
responds to t ~ 1 min. The characteristic differs from 
that  measured on a point electrode [Kleitz (13)] be-  
cause the various sections of the pumping  cell operate 
in different oxygen pressures. At voltages where the 
cell acts as a pump, the section near  the edge where 
the flowing gas enters operates in the original  oxygen 
pressure, whereas sections fur ther  down operate in an 
oxygen free environment .  Since a change of the oxy- 
gen pressure shifts the zero current  point  of a cell, 
the total characteristic arises as the sum of contr ibu-  
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Fig. 7. J-E characteristic for the narrow tube at 530~ Oxygen 
addition and removal refer to the inside of the tube. 
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tions f rom cells, the  characterist ics of which are shifted 
re la t ive  to each other. As a result  the marked  S- 
character  of the individual  characterist ics is largely 
lost, a l though some is still observable.  

Discussion 
It has been shown that  under  favorable  conditions 

(narrow pumping tube and reasonably low flow rates) 
stabilized zirconia may be used to reach ex t remely  
low oxygen pressures in flowing as well  as s ta t ionary 
gases. Two points need closer examination.  The first 
is that, as has been found, the value  of (P02*),,i, at-  
tained by pumping is dependent  on the presence of 
water  vapor  and or CO2, high part ial  pressures of 
these gases l imit ing the lowest oxygen pressures that  
can be attained. The second point that  needs examina-  
tion is that  values of E,~ corresponding to values of 
P02 as 10w as reported can be measured  at all. 

The first effects are due to the capacity of H20 and 
CO2 to produce oxygen by dissociation 

H20--> H2 -~- 1/2 02 P02 ~/2 = KH20 �9 PI~20/PH2 

CO2 "-> CO -~ 1/2 O2 P021/~ = Kc02 " Pco2/Pco 

with 
( K H 2 0 )  53~}'C = 6x10-14 attar/, and 

(Kco2) 53ooc --~ 1.2x10-14 atm~/, 

Af ter  the remova l  of the free oxygen original ly  pres-  
ent, dissociation of H~O and CO2 establishes a cer ta in  
residual  oxygen pressure. This residual  pressure is low- 
ered as more  oxygen is r emoved  and as more H2 or 
CO is formed. The value  actual ly  at ta ined in the rela-  
t ive ly  short t ime that  the gas passes through the pump-  
ing cell  depends on the rate  of oxygen removal ,  on the 
rate  of decomposition of the buffer molecules, or on 
the buffering capacity of the gas for oxygen removal .  
This buffering capacity must be expected to be greater  
when  more  H20 or CO2 is present. In the case of 
wa te r - sa tu ra ted  gas, in which water  (and thus oxygen) 
has been added to the gas, it may wel l  be the in-  
creased buffering capacity that  is responsible for the 
decreased pumping efficiency. For  the gas mix ture  
made  by passing the oxygen-conta in ing  ni trogen over  
graphi te  at 650~ no additional oxygen was added. 
Therefore,  in this case the rate of decomposit ion of the 
buffer molecule  (CO2) must l imit  the pumping rate. 
This view is supported by results obtained by Kleitz 
(13) wi th  stabilized zirconia in contact wi th  Pt  in a 
mix ture  of oxygen and CO~ (Fig. 60, p. 97 of that ref-  
erence).2 Oxidation of graphi te  at T < 1000~ leads to 
part ial  pressures of CO2 and CO determined by the 
kinetics of oxidation ra ther  than by equi l ibr ium (23). 
The emf of the measur ing  cell when  no pumping is 
taking place indicates Po2 ~ 10-22 atm, corresponding 
to P c o J P c o  ~ 10 s. Hence, Pco2 ~ 2 x 10-a a tm (the 
original  oxygen pressure) and Pco ~ 2 x 10 - s  atm. 

The buffering capacity, but now against oxygen ad- 
dition, must  also be involved to explain why  we can 
measure,  wi thout  compensation, pressures as low as 
the ones found in the measurements .  The main diffi- 
cul ty lies in the possibility of oxygen leaking back into 
the tube. There  are three  ways in which this may 
occur, viz., (i) by counters t ream diffusion f rom the 
open end of the tube, (i i)  by diffusion through the 
tube wall, and (ii i)  as a result  of the measur ing cur-  
rent.  Let  us look at these three  processes a l i t t le  more 
closely. 

C o u n t e r s t r e a m  d i f Jus ion . - -An  est imate of the im-  
portance of counters t ream diffusion may  be made by 
calculat ing the oxygen pressure, buil t  up a certain 
distance l up-s t r eam away from the end in the  t ime t 
requi red  by the flowing gas to cover  the distance l, if 
we  start  at t = 0 wi th  an oxygen pressure step profile 
wi th  po~ = 0 inside the tube, and Po2 = 0.2 atm out-  
side. 

~Note t h a t  K a r p a e h e v  e t  a t .  (22), i nves t iga t ing  the  w o r k i n g  of 
the  P t / z i r c o n i a  e lec t rode  in  CO, f o u n d  r a t e  l imi ta t ion  of the  
opposite process,  the  ox ida t ion  of CO to CO~. 

For the distances as shown in Fig. 1, wi th  contacts III 
and IV respect ively 6.7 and 2.7 cm from the end, the 
t imes involved are ~0.33 and 0.14 sec. Taking again 
( D o 2 ) 5 3 o ~  ~ 0.9 c m  2 s e c  - 1  w e  find ( P o 2 ) i n  ~ 2 x 10 - 1 7  
atm and (Po2)zv ~ 10-s atm. These figures have been 
ar r ived  at wi th  the aid of the tables of e r ror  functions 
given in ref. (24). The re la t ive ly  large leak at elec- 
t rode IV due to this mechanism can be largely  removed 
by the use of a somewhat  longer  tube. 

Dif fus ion th rough  the tube  w a l l . - - I n  the  wel l - s in-  
tered tube as used in our experiments ,  diffusion by 
neut ra l  species is negligible. The only diffusion of im- 
portance involves charged species, moving  through the 
bulk of the crystals. Such diffusion requires  the s imul-  
taneous diffusion of ionic and electronic defects, e.g., 
vacancies and electrons and /o r  holes. If the permeat ion 
is diffusion controlled, its rate  is given by an expres-  
sion s imilar  to the one describing the ra te  of oxidat ion 
of a meta l  according to Wagner 's  theory  of oxidation 
(12, 25). 

R T  f P 0 2  (outside) 
= atitet din Po2 g -m o le s / cm 2, see 

J 8 F 2 d  'r Po2(inside) 

[2] 

Here  a is the total  conductivity,  tel ~ 1 - -  t~ -~ te -~ th, 
the total  t ransference  number  for electrons (re) and 
holes (th) and d the thickness of the wall  of the tube. 
Heyne  (12) measured the permeat ion of stabilized 
zirconia (15% CaO) at 730~ from oxygen to vacuum, 
conditions under  which only th is appreciable. In te r -  
pretat ion on the basis of the formula  given above 
gave th ~ 3 x 10 -4 , smal ler  by a factor 7 f rom the 
value  2 x 10 -3, ar r ived at by ext rapola t ing  to this 
t empera tu re  the conduct ivi ty  data by Pat terson et al. 
(6). A second check can be made by compar ing  cal-  
culated values of j d and exper imenta l  results by Smith  
et al. (26). At 800~ from 25 Torr  to high vacuum, 
(j d)calc = 2 x 10 -12 g -mole /cm,  sec whereas  (jd)obs 
= 10 -14 g -mole /cm,  sec. Thus in both cases the cal-  
culated value  is smaller  than the observed one. This 
indicates that  the permeat ion is not ent i re ly  diffusion 
controlled,  but is de termined to some extent  by surface 
processes. In any case, the formula  may  be used to find 
an upper  bound to the permeation.  Carrying out the 
in tegrat ion with  

ael = ~e "~ qh ~ -  4.6 • 107 Po2-1/4 exp (--  4.3 e v / k T )  
[3] 

+ 8.8 • 104 Po2 -~/~ exp (--2.12 e v / k T )  

as found by Pat terson et a~. (6), wi th  outer  and inner  
oxygen pressures of 0.2 and 10 -~s atm, and T = 530~ 
we find 

J -~ Je -~ Ju--~ 5.2 • 10 -17 + 2.6 • 10 -17 

=7.8 • 10 -17 g - m o l e / c m  2, sec 

Permeat ion  occurs through the wall  section between 
the pumping section and the measur ing electrodes wi th  
an area of 3.14 cm 2 for contact III and 9.42 cm 2 for 
contact IV. The times involved  are 0.1 sec for III, 0.3 
sec for IV. At  a gas flow rate  of 4.6 cm3/sec, the per-  
meated  gas flows into gas volumes of 0.46, and 1.38 
cm 3 respect ive ly  for the two cases and gives rise to 
(Po2)111 ~ 3 x 10 -12 a tm and (Po2)iv ~ 9 x  10 -12 atm. 
Since these are upper  bounds, the actual values may 
be somewhat  smaller.  

P e r m e a t i o n  as a resu l t  o] the measur ing  c u r r e n t . -  
The Kei th ley  610B e lec t rometer  used for the measure-  
ments has an entrance impedance of --~ 1014 ohms. 
Therefore  a current  of 10 -14 amp flows at Em -~ lv.  
It flows in a direction opposite to that requi red  for  
pumping, and represents  a back flow of oxygen into 
the system of 2 x 10 -2~ g-moles/sec .  At  the ra te  of flow 
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Table I. Effect of estimated oxygen leaks 

E l e c t r o d e  I I I ,  a t r n  E l e c t r o d e  I V ,  a t m  

C o u n t e r s t r e a m  d i f f u s i o n  2 • 10-~7 1 0 - s  
P e r m e a t i o n  3 • 10-~2 9 X 10 -12 
M o n i t o r  c u r r e n t  2 X 10 -16 2 • 10  -]e 

Table II. Combination of partial pressures of H20 and H2 in 
equilibrium with Poe ~--- 10 -38 atm at 530~ and the corresponding 

initial water pressures (units: atmospheres) 

10H20 ~H2 ~ (~0H20) i n i t i a l  

10 -1~ 3 • 10  -~ 
10-~-" 3 • 10  -v 
10  -1~ 3 x 10  - s  
10-1~ 3 • 1 0  -9 
10-~" 3 • :10-11 

of 4.6 cm3/sec this corresponds to a part ial  pressure of 
2 x 10 -1~ atm of oxygen added to the gas in the tube. 

Table I summarizes  the effect of the various esti-  
mated oxygen leaks at electrodes III and IV. The fact 
that  in all cases appreciably lower values are indicated 
by the vol tage of the measur ing cells must be due to 
the remova l  of the  back diffusing oxygen by a buffer. 
Actually,  the emf  measured indicates an oxygen ac- 
t iv i ty  mainta ined by the buffer system ra ther  than a 
real  oxygen pressure. We use pressures only as a con- 
venient  way  to express these activities. For  the wate r  
system, the buffering action consists of the reaction of 
oxygen with He; for the C O J C O  system it involves 
reaction wi th  CO. In the la t ter  case, the calculated Pco 
is well  in excess of the oxygen back flow so that  the 
measurement  wil l  not affect the results. In the water  
system the buffering capacity depends on the presence 
of He. If no He is present in the N~ initially, all the 
He active in the measur ing section must be formed by 
decomposit ion of HeO in the pumping period. The pres-  
Sures required,  though large re la t ive  to the ex t remely  
low oxygen  pressures involved,  are small  when  con- 
sidered on an absolute basis; therefore  format ion of 
the required amount  of H2 dur ing pumping is not un-  
acceptable. F igure  8 shows the relat ion be tween  Poe 
and possible values of Pn2 and PHeO at 530 ~ in the gas 
after it has passed the pumping section, calculated 
under  the assumption that  equi l ibr ium is attained. 
Oxygen pressures of --~ 10 -3s atm are seen to be pos- 
sible for PH2 --  10 -11 a tm and PHeo between 10 ~s and 
10 -t6 atm. If  the hydrogen has been created by the 
pumping, the init ial  water  pressures must have been 
equal  to ( P H 2 0 ) i n i t i a l  = ( P H 2 0 )  r e s i d u a l  "~- ~2-12. 

Table II shows a few combinations of part ial  pres-  
sures PI-120 and PH2 giving Poe = 10 -3s a tm and the 
c o r r e s p o n d i n g  (PTIgO)initial. A clue to which of these 
combinations was actual ly present when Po2 ---- 10 -as 

arm was measured at contact III  lies in the increase of 
the measured oxygen pressure to Poe ~ 10 -36 atm at 
contact IV which must result  f rom the countercur ren t  
diffusion leak of ~ 10 - s  atm. Such an effect is to be 
expected if the hydrogen pressure, which determines  
the buffering capacity, is of the same order  as the 
back flow leak, e.g., PH2 ~ 2 x 10 - s  atm, (PH20)res idual  

7 X 10 -14 atm, and thus (PH20)ini t ia l  ~ 2 x 10 - s  atm. 
This last value is much higher  than the equi l ibr ium 
pressure of ice at l iquid air tempera ture .  However ,  it 
is probable that  a single stage t rap does not  remove  
wate r  vapor  down to this theoret ical  limit, and a re-  
sidual water  pressure of ~ 10 - s  a tm is not unlikely. 
Under  these conditions, all the  other  leaks are small  
re la t ive  to the buffering capacity and therefore  the 
buffering is pract ical ly complete. 

Values of Em actually measured  are affected and 
ul t imate ly  l imited by the occurrence of electronic con- 
duction in the solid e lectrolyte  at low oxygen pressures. 
The transi t ion f rom ti ---- 1 to t~ = 0 is a gradual  one. 
For, whereas  the ionic conduct ivi ty  r is approximate ly  
constant, the electronic conduct ivi ty  o- e OZ Po2--1A (4-6). 

As a consequence ti ---- ~ = requires  a 
ai + ~e 1 + ~e/~i 

range of ~ 10 orders of magni tude  in Po2 to change 
f rom ti = 0.95 to tl ---- 0.05. Figure  9 demonstrates  this 
for (Poe)0.5 ---- 1 0 - ~  atm as observed at 530~ by 
Yanagida (21) and ~e as given by Eq. [3]. The var ia -  
t ion of ti in turn affects the value of the measured emf 
which is given by (20) 

RT ~Po2 (inside) 
Em = -  4----F- PO2 (~ t~, dln Poe [4] 

Equat ion [4] is equivalent  to [1] only if ti = 1. If  
we apply [4] to our case in which (POe) outside = 1/5 
atm, under  which condition ti = 1, we find Em as a 
function of Poe by carrying out the integrat ion using 
t~ as a function of Iog Po2 as shown in Fig. 9. The re-  
sult is given in Fig. 10. The shape of the curve  is as 
discussed by Schmalzr ied (20), the slope at each point 
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Fig. 9. ti as a function of log Poe for #i ~--- constant, Ce ~ Po2-  
and (P02)0.5 = 10-36 atm. 
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Fig. 8. Limitations to Em by the advent of electronic conduction 
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H20 and H2. 
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RT 
being equal to 2.3 t~. Since the curve ti vs. log 

4F 
Po2 shows inversion symmetry  with respect to the 
point ti ~- 0.5, the max imum contr ibut ion to the inte-  
gral [4] from the range with t~ ~ 0.5 is just  equal  to 
the loss of voltage in the range where 1 > t~ > 0.5 
(the two contr ibut ions being proport ional  to the shaded 
areas in Fig. 9). Therefore, when the oxygen pressure 
inside the tube approaches zero, Em approaches asymp-  
totically the value calculated from [1] at (Po2)0.5. 

Evident ly  for Po2 < ~  10-3~ atm, the point where  t~ 
starts to drop, values of the oxygen pressure Po2* de- 
duced from Em using [1] are considerably too high. 
The actual  oxygen pressures reached in our pumping 
experiments  may be found with the aid of Eq. [4] 
or Fig. 10. In  Fig. 2 these are given as Po2; the min i -  
mum value, (PO2) min ~ 10-38 atm is indeed markedly  
lower than  the corresponding Po2*. Obviously the 
nonl inear i ty  of Em vs. log Po2 near  (Po2)0.5 has to be 
taken into account when the oxygen pump is used in 
experiments  where the oxygen pressure must  be ex- 
actly known. It should be pointed out that  the results 
for (Po2)min shown in Fig. 10 and 2 are based on 
(Po2)0.5 as measured by Yanagida (21) on a tube simi- 
lar  to ours, but  with ae o~ Po2- '/~ as reported in the 
l i terature (6). In  case such pumps are to be used in 
applications where exact knowledge of P02 is neces- 
sary, it is prudent  to ei ther restrict the application to 
the range where  [1] holds, or to measure  (Po2)o.5 and 
O'e a s  f (Po2) for the tube used and deduce a curve 
of the type of Fig. 10 for this tube. 

Conclusion 
Electrolytic cells based on stabilized zirconia as a 

solid electrolyte may be used to remove oXygen from 
streaming or s tat ionary gas. Min imum oxygen pres- 
sures that can be accurately measured are l imited by 
the onset of electronic conduction in the zirconia at 
low oxygen pressures. Typical values for the min i mum 
oxygen pressure, reached when using commercial  zir- 
conia tubes, were 10 -Ss arm at 530~ and 3 • 10 -27 
atm at 800~ 
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Erratum 
An error has been discovered in Table I, p. 611, of the Technical Note "A Study of the Dissipation Factor 

(Tan 5) of Corrosion Product  Films Formed on A l u m i n u m  Alloys in Hot Sodium Chloride Solutions" by W. H. 
Anthony  which was published in the June  1968 issue of the Journal ,  Vol. 115, No. 6, p. 610. 

The first row of this table reads: 
Man-  Mag- Chro- 

Alloy Silicon Iron Copper ganese nes ium mium Zinc Ti tan ium 

5454H16 0.11 0.22 0.04 0.84 3.90 0.09 0.02 0.009 

Subsequent  analysis of this a11oy has shown that  the magnes ium content  and the zinc content  were in error. 

The correct analysis is as follows: 

5454H16 0.10 0.21 0.04 0.76 2.70 0.10 0.06 0.01 
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Electrochemical Cell 

I. From Chlorine Trifluoride 
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ABSTRACT 

Coulometric experiments  under taken  with chlorine trifluoride in anhy-  
drous hydrogen fuor ide  resulted in the formation of chlorine pentafluoride in  a 
divided or an undivided electrolytic cell. The yields of chlorine pentafluoride, 
based on current ,  in the undivided and the divided cell were of the order of 
25 and 50% respectively. Fluorine,  nickel fluoride, and small  quanti t ies  of 
chlor ine-oxygen-f luorine compounds were also formed at the anode. At the 
cathode, hydrogen, hydrogen chloride, and chlorine were formed depending 
on the degree of mixing  of anolyte and catholyte. Nickel electrodes were used 
almost exclusively; however, chlorine pentafluoride was also formed at a 
Glassy Carbon anode. The rate of formation of chlorine pentafluoride was 
found to be a function of the concentrat ion of chlorine trifluoride in the 
electrolyte. From an analysis of polarization data, it was concluded that  the 
mechanism involved the anodic oxidation of fluoride ion to some form of ac- 
t ive fluorine, followed by its reaction with chlorine trifluoride to form chlo- 
r ine pentafluoride. 

Anodic oxidations of oxygen- and /or  n i t rogen-con-  
ta in ing  compounds in hydrogen fluoride have shown 
that  near ly  complete fluorination general ly results. For 
example, oxygen difluoride was formed from the oxi- 
dation of water  (1), and ni t rogen trifluoride was 
formed from the oxidation of ammonia  (2). In this 
laboratory, n i t roxy fluoride, n i t rogen trifluoride, and 
oxygen difluoride were formed by the oxidation of 
nitrous oxide at a nickel anode (3). Therefore, it 
seemed reasonable that  chlorine pentafluoride (4), 
would result  from the anodic oxidation of chlorine 
trifluoride dissolved in anhydrous hydrogen fluoride. 
Vapor pressure measurements  (5) have shown that  the 
vapor pressure of the system, 14 m/o  (mole per cent) 
chlorine trifluoride-86 m/o  hydrogen fluoride, at 0 ~ 
was 527 mm. 

This paper deals with a study of the electrochemical 
synthesis of chlorine pentafluoride from the hydrogen 
fluoride-sodium fluoride-chlorine trifluoride system. 

Experimental 
Electrolytic cell and associated apparatus.--A por-  

t ion of this study was carried out in  an undivided cell 
which was previously described (6). The divided cell 
(Fig. 1) was utilized in an effort to gain a bet ter  unde r -  
s tanding of the anodic and  cathodic reactions. The cell 
was divided in  both the liquid and gaseous phases to 
minimize mixing of both anolyte and catholyte react-  
ants and products. The liquid phase divider was an 
open end tube of porous Teflon (Pal l  Corporation, Glen 
Cove, New York).  The bott,om end of the tube  was 
closed by a disk of solid Kel-F.  The walls of the tube 
were u in. thick and the mean  pore opening was 
specified by the manufac ture r  to be 9~. Since the pore 
size was relat ively large, and since hydrogen fluoride 
wets Teflon, relat ively free flow of electrolyte through 
the Teflon occurred as a result  of slight shifts in elec- 
trolyte level or thermal  gradients in  the cell. The wall  
tempera ture  in the cathode compartment  was about 
--16 ~ while the anolyte tempera ture  was 10 ~ dur ing  
electrolysis. With the exception of the reference elec- 
trode and level detection system, the other features of 
this cell were similar to the undivided cell. 

The level detection system consisted of a sight tube 
and two probes, one of which was also a thermocouple 
well, while the other probe also supported a mercury-  

* Electrochemical Society Active Member. 
Key words: chlorine pentafluoride, electrolysis, hydrogen fluoride, 

electrochemical synthesis,  chlorine trifluoride. 

mercurous fluoride reference electrode. The probes 
were connected to an a-c-operated electrical a larm to 
indicate when  the level rose or fell below the indicated 
ma x i mum or minimum.  A mechanical  refr igerat ion 
system was used to supply chilled (--16 o ) methanol  
to the condensers and cell jacket. The anolyte was not 
cooled directly because of the cell geometry. 

The design of the mercury  reference electrode (Fig. 
2) was based upon the work of Koerber  and DeVries 
(7), except that  mercurous fluoride was not added in-  
tent ional ly  to the electrode. It was found to main ta in  
its potential  wi th in  0.1v even after being made anodic 
to the normal  anode and after passage of several mil l i -  
amperes of current.  

The schematic of the anodic product handl ing sys- 
tem and electrolytic cells is shown in Fig. 3. A separ- 
ate cathodic product  handl ing system (not shown) is 
s imilar  to the anodic system. 

Electrical apparatus.--The power supply, constant 
current  regulator,  and associated recorders have been 
described (6). Electrode potentials against the refer-  
ence electrode were read with either a Keithley 
Model 621 Electrometer or with a transistorized in-  
s t rument  (8). 

Polarization curves were taken automatical ly with 
the aid of a potentiostat  and ramp generator  (9). With 
this equipment,  a l inearly increasing and decreasing 

Fig. 1. Divided electrolytic cell (cylindrical) 
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flow rate) passed through the remainder  of the anodic 
~EP s~,~HE,T, system, as indicated in  Fig. 3. This product  s t ream was 

sampled periodically and infrared spectra were taken. 
' ~  ...... ~E~ The part ial  pressures of chlorine pentafluoride were 

NO. 2~ KEL-F 
SPAGHETT] 

Fig. 2. Mercury reference electrode 

Fig. 3. Electrolytic cells and system for anodic products 

anodic or applied voltage (0.17 v/sec usual ly)  could be 
applied to the electrolytic cell, while  the voltage and 
the logari thm of the current  were plotted on an Electro 
Instruments ,  Inc., Model 500 X-Y Recorder. 

Chemicals.--The Matheson "anhydrous" hydrogen 
fluoride (99.9% min. pur i ty)  was dried overnight  in 
the undivided electrolytic cell (Fig. 3) by periodic re-  
versal  of current  (6), and then distilled into the  di-  
vided cell. J. T. Baker  Company Reagent  Grade sodium 
fluoride was used after drying at 110 ~ for 16 hr. 
Matheson chlorine trifluoride (98.0% rain. pur i ty)  was 
used directly from the cylinder.  

The hydrogen fluoride absorption columns were 
packed with Harshaw sodium fluoride pellets, No. 
0202 T %, mixed with a lumina  spheres, Norton A l un -  
dum Size 8F, E-163, with all particles removed which 
passed a 12 mesh screen. 

Electrolysis procedure.--After electrolytic drying of 
hydrogen fluoride, about  250 ml were distilled into the 
divided cell, which contained the dried sodium fluoride, 
used as a conductivi ty additive. The dissolution of the 
sodium fluoride resulted in the formation of a 3 m/o  
solution. Streams of iner t  gas (ni t rogen or hel ium) at 
constant  flow rates between 20 and 50 cc /min  were fed 
into the gas space of both the anode and cathode com- 
partments .  Up to 6 m/o  of l iquid chlorine trifluoride 
was then added to the anolyte (anolyte volume ca. 
130 ml) .  When the cell was to r un  for sustained peri-  
ods, periodic additions of chlorine trifluoride were 
necessary to replace that  lost by volatilization, anodic 
oxidation, and diffusion to the catholyte. All  elec- 
trolyses were carried out  at constant current .  

After  passage through the hydrogen fluoride ab-  
sorption column, the mix ture  of anodic products, vola-  
tilized chlorine trifluoride, and iner t  gas (at a known 

then calculated with the aid of the following formu-  
las, where hA is the difference in absorbance. 

Pmm(ClFs) = hA (104) at 786 cm -1 

Pmm(ClFs) = hA (1.25) at 732 cm -1 

The data for the above equations were obtained with 
chlorine pentafluoride which was prepared electro- 
chemically and purified by fractionatlon through a 
--112 ~ trap. The only contaminant  was a trace of 
chloryl fluoride. The data (precision •  was in 
good agreement  with that f rom chlorine pentafluoride 
prepared by a different route (4). Although more pre-  
cise analyt ical  procedures were  available, they were 
not required for the purposes .of this study. This 
infrared method was used because it was rapid and 
convenient,  thereby permi t t ing  a large number  of de- 
terminat ions  in a reasonable period of time. 

The determinat ion of fluorine in the anode gas 
stream was carried out by first removing condensable 
product by passing the stream through --78 ~ and 
--183 ~ traps. The part ial  pressure of the fluorine 
which was mixed with the iner t  carrier gas, was found 
by observing the volume change on shaking the mix-  
ture  with mercury.  

Analysis of cathodic products was also carried out by 
periodic sampling of the gas stream. Mass spectrometry 
was used for the analysis of hydrogen, chlorine, and 
hydrogen chloride. Infrared spectrometry was used for 
fluorine compounds. All  yields were based on the 
amount  of cur ren t  passed. 

Anode considerations.--Both smooth and porous 
nickel anodes of the same outside dimensions, corres- 
ponding to an apparent  surface area of 66 cm 2, were 
used for synthesis. Anodic polarization curves  indi-  
cated that  the porous anode had an effective surface 
area approximately 3�89 times greater than  the smooth 
anode. Allowable cell cur rent  was l imited by heat  
generat ion in the anode compartment.  Generally,  the 
smooth anode was operated at a constant current  of 
1 amp, while 2 amp were used with the porous anode. 
Measured applied voltages ranged from 5 to 7, and 
anode potentials (against the mercury  reference elec- 
trode) were about 11/2v less. 

Results 
Results of electrolyses of the hydrogen fluoride- 

sodium fluoride-chlorine trifluoride system are de-  
scribed below. 

Anodic products.--Chlorine pentafluoride yields in 
the divided cell were larger than  50% for over 2 hr  
even though no addit ional  chlorine trifluoride was 
added to the init ial  6 m/o. Other gaseous products 
were fluorine, chloryl fluoride, and occasionally chlor- 
ine dioxide and perchloryl  fluoride. Large quanti t ies  
of chlorine trifluoride were entra ined with the effluent 
chlorine pentafluoride. However, yields of chlorine 
pentafluoride of about 12%, substant ia l ly  free of chlor- 
ine trifluoride, were obtained directly by star t ing with 
0.6 m/o  ra ther  than 6 m/o  of chlorine trifluoride. Con- 
vent ional  vacuum fractionation was used to remove 
the by-products.  

Cathodic products.--Cathodic products were hydro-  
gen, hydrogen chloride, and chlorine. When 0.6 m/o  
chlorine trifluoride was used as the star t ing anolyte, 
analysis of the products of a typical  exper iment  gave 
a mole ratio for the above products of 1:0.1:0.02 (82% 
total cathodic yield).  However, when 6 m/o  chlorine 
trifluoride was used, the mole ratio found for a typical  
exper iment  was 1:20:6 (85% total cathodic yield).  In 
this lat ter  experiment,  chlorine pentafluoride was also 
found in the cathodic gas stream, in an amount  cor- 
responding to an anodic yield of 8%. The chlorine 
pentafluoride was accompanied by chlorine trifluoride. 
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Table I. Effect of CIF3 concentration on yield {current), 
divided cell 

Mole % C1F3 added % Yield CIF5 % Yield 
to anolyte  (max.) F2 

0.6 12-17 43-52 
1.2 17 * 
3 3 6  " 
6 5 1  * 

�9 N o t  a n a l y z e d .  

E~ect of concentration of chlorine trifluoride.--The 
yield  of chlor ine  pentaf luoride ( f rom the  anode com- 
pa r tmen t )  as a funct ion of chlor ine  t r i f luoride con- 
cent ra t ion  in the  anoly te  is shown in Table  I. The 
yie ld  of fluorine obta ined  when  smal l  concentrat ions  of 
chlor ine  t r i f luor ide were  p resen t  in the  anoly te  is also 
indicated.  

Nickel dissolution.--Nickel was used almost  exc lu-  
s ively as an anode mater ia l .  Dur ing  electrolysis  in the  
und iv ided  cell, in the  hydrogen  f luor ide-sodium fluor- 
ide electrolyte ,  the  cur ren t  equ iva len t  of the  nickel  
weight  loss was 9.5 m a / c m  2. Such electrolyses  were  
rout ine ly  car r ied  out dur ing  the  e lect rolyt ic  d ry ing  of 
HF;  the  equ iva len t  cu r ren t  of  the  n ickel  weight  toss 
was h igh ly  reproducible .  Under  the same conditions,  
but  in the  presence of 0.6 or 1.2 m / o  of chlor ine  t r i -  
fuor ide ,  the cur ren t  equivalents  of the  anode weight  
loss were  about  4 m a / c m  2 or 2 m a / c m  2, respect ively .  

Studies of other anode materials.--Polarization 
curves of many  materials~ indica ted  tha t  on ly  one, 
Glassy Carbon (Tokai  Electrode Manufac tur ing  Com- 
pany,  Tokyo, J apan ) ,  had  electr ical  character is t ics  
close enough to nickel  to be considered for use as an 
anode. Electrolysis  in the  d iv ided  cell wi th  a Glassy 
Carbon anode subst i tu ted  for  nickel  resul ted  in a 35% 
yie ld  of ch lor ine  pentaf luor ide  af ter  3 m / o  of chlor ine  
t r i f luoride was added  to the  anolyte.  Al though  no car -  
bon te t raf luor ide  was found as an anodic product ,  com-  
plete  d is in tegra t ion of the  anode into g ranu la r  carbon 
occurred af ter  severa l  hours of operat ion.  

EfYect of impurities.--Chlorine pentaf luor ide  was 
p repa red  using hydrogen  fluoride d rawn  d i rec t ly  f rom 
the  cyl inder ;  however ,  smal le r  amounts  of the  oxygen-  
containing impur i t ies  chloryl  fluoride, pe rch lo ry l  
fluoride, and chlor ine  d ioxide  resul ted  when the h y d r o -  
gen fluoride was dr ied  first. In  e i ther  case, cont inued 
electrolysis  oxidized the  impur i t ies  more  r ap id ly  than  
the chlor ine  trifluoride,  so that  the  quan t i ty  of oxygen-  
containing by-p roduc t s  decreased as a funct ion of t ime. 

Electrochemical data.--Representative anodic po la r i -  
zat ion curves  de te rmined  on n ickel  in the  d iv ided  cell  
in the  hydrogen  f luor ide-sodium fluoride and hydrogen  
f luor ide-sodium f luor ide-chlor ine  t r i f luor ide  systems 
are  shown in Fig. 4. The low-cu r ren t  por t ions  of the  
curves are  presented  to focus a t ten t ion  on the  potent ia l  
region below tha t  corresponding to the  oxida t ion  of the  
solvent.  The h igher  cur ren t  port ions of the  curves were  
not  s ignif icant ly different  in the  presence or  absence of 
chlor ine trifluoride. Polar iza t ion  curves de t e rmined  on 
sheet  n ickel  e lectrodes in  the  und iv ided  cell  under  
s t eady-s ta te  condit ions were  s imi lar  to those presented  
in Fig. 4. 

Discussion 
Conditions are  favorab le  in the  hydrogen  f luoride-  

sodium fluoride sys tem (e.g., indifferent  e lectrolyte ,  
h igh  mobi l i ty  of f luoride ion) for  f inding species which 
would  be oxidized below the  decomposi t ion poten t ia l  of 
hydrogen  fluoride. I t  can be seen (Fig. 4) that ,  in the 
hydrogen  f luor ide-sodium f luor ide-chlor ine  t r i f luor ide 
system, no subs tant ia l  oxidat ion  process occurred be-  
low the potent ia l  corresponding to the  oxidat ion  of 
fluoride ion. Dur ing  coulometr ic  exper iments  chlor ine  

1 Cu, Au, Zn, Cd, A1, Sn, Pb, Ti, Zr, Nb, Cr, Mo, W, Mn, Fe, Co, 
Monel, Carbon 371A, Graphi te  8826, Pyrographi te ,  Glassy Carbon, 
Si, and SiC. 
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Fig. 4. Polarization curves, HF-NaF and HF-NaF-CIF3 systems, 
porous nickel anode (area 66 cm2), divided cell, linear anodic scan 
rate, 0.17 v/sec, electrolyte temperature, ca. 0~ 

pentaf luor ide  was not  found at potent ia ls  below the 
decomposi t ion potent ia l  of HF. I t  is concluded tha t  
C1F3 is not  e lec t rochemica l ly  oxidized be low the  de-  
composit ion potent ia l  of HF. The ra te  of product ion  of 
C1F5 increased wi th  increas ing anode potent ia ls  above 
the  decomposi t ion potent ia l  for HF2- .  Thus, whi le  i t  
m a y  be possible  tha t  C1F3 is d i r ec t ly  oxid ized  at  po-  
tent ia ls  near  this  decomposi t ion potential ,  the  s imi la r -  
i ty  of the  polar iza t ion  curves (Fig. 4) suggests a com- 
mon e lec t rochemical  reaction,  name ly  the oxidat ion  of 
fluoride ion. 

In  one series of exper iments ,  fluorine was bubb led  
past  a n ickel  anode under  condit ions which  closely ap-  
p rox ima ted  those used dur ing  e lec t rosynthet ic  runs,  
except  that  no cur ren t  was passed f rom an ex te rna l  
source. Chlorine pentaf luor ide  was not  found among 
the products .  Both short  c i rcui t  current ,  and poten t ia l  
measurements ,  gave no evidence for any  e lec t rochemi-  
cal reaction.  

I t  is pos tu la ted  tha t  the  format ion  of chlor ine pen ta -  
fluoride resul ts  f rom a react ion at the  anode, be tween  
chlorine t r i f luoride and e lec t rochemica l ly  genera ted  
act ive fluorine. 2 The  basic e lec t rochemical  step is 
shown as Eq. [1]. 

H F 2 -  --> F .  + e -  + H F  [1] 

Subsequent  steps are  hypothes ized which  involve  r e -  
actions of act ive fluorine wi th  chlor ine  tr if luoride,  
another  active fluorine, or in the  case of a nickel  
anode, wi th  the  metal .  

C1Fs + F .  --> [CIF4. ] [2a] 

[C1F4-] + F-  -> C1F5 [2b] 

F .  + F .  --> F2 [3] 

2F. + Ni-> NiF~ [4] 

I t  is obvious f rom Eq. [2al and [2b] tha t  an increase  
in chlor ine  t r i f luor ide  concentra t ion should  cause an 
increase  in the  ra te  of fo rmat ion  of ch lor ine  p e n t a -  
f luoride as observed  (Table  I ) .  At  the  same time, since 
the r a t e  of format ion  of act ive fluorine should be 
constant  at  constant  cell  current ,  less act ive fluorine 
should have been avai lab le  for side react ions (Eq. [3] 
and [4]) .  Hence the observed large decrease  in the  
ex ten t  of n ickel  dissolut ion would  have been expected.  

The par t ic ipa t ion  of complex compounds of nickel  
has been suggested for the  e lec t rochemical  f luorinat ion 

2For  convenience,  F. is used to represent  act ive fluorine, but  
does not imply  that  the fo rm of act ive  fluorine is known.  
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of organic compounds (10). Since the synthesis of 
chlorine pentafluoride has been successfully demon-  
strated at a Glassy Carbon anode, the formation of 
complex nickel compounds as a necessary condition 
for the synthesis can be ruled out in this case. 

In  another  investigation in this laboratory, it was 
found (4) that  the following reaction (Eq. [5]) took 
place when  small  amounts  of water  reacted with 
chlorine pentafluoride dissolved in anhydrous hydro-  
gen fluoride, in an all plastic system. PerchloryI fluor- 
ide 

C1F5 + 2H20--> C102F + 4HF [5] 

and chlorine dioxide were also found when the reaction 
was carried out in metal. The presence of chloryl 
fluoride, perchloryl  fluoride, and chlorine dioxide as 
products from the metal  electrolytic cell could, there-  
fore, easily have been a result  of hydrolysis of the 
p r imary  electrolysis product, chlorine pentafluoride. 

Chlorine dioxide, also found as an impur i ty  in the 
start ing material,  chlorine trifluoride, would be ex- 
pected to have been oxidized at the anode dur ing 
electrolysis, possibly according to the following equa-  
tion. While Eq. [5] and [6] probably  caused reduced 

CI02 -5 F" -> C102F [6] 

yields of chlorine pentafluoride, oxygen-conta in ing im-  
purit ies were consumed so that the yields of oxygen-  
containing products decreased dur ing  the course of 
electrolysis. 

A negligible degree of mixing occurred in the cell 
dur ing electrolysis with low concentrat ions of chlorine 
trifluoride in the anolyte. Under  these conditions, the 
cathodic product was essentially hydrogen, as ex-  
pected. At higher concentrat ions of chlorine trifluoride, 
significant quanti t ies  of chlorine trifluoride were pres-  

ent in the catholyte. The cathodic products were then 
pr imar i ly  hydrogen chloride and chlorine. 
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The Formation of Chlorine Pentafluoride in an 
Electrochemical Cell 

il. From Chlorine 

Howard H. Rogers,* Rudolf Keller,* and Julian H. Johnson 
Rocketdyne, A Division of North American Rockwell Corporation, Canoga Park, California 

ABSTRACT 

Galvanostatic experiments  were performed at electrolyte temperatures  
near  0~ with chlorine in anhydrous  hydrogen fluoride. Chlorine pentafluoride 
formed at current  yields of up to 18%, and chlorine monofluoride, chlorine 
trifluoride, fluorine, nickel fluoride, and chloryl fluoride were also found. 
Both divided and undivided electrolytic cells were used, and the formation of 
hydrogen and hydrogen chloride at the cathode depended on the degree of 
mixing of anolyte and catholyte. While the most satisfactory anode was porous 
nickel, chlorine pentafluoride and chlorine monofluoride were also formed at 
sheet nickel anodes and at a Glassy Carbon anode. The rate of formation 
of chlorine monofluoride was found to be a funct ion of the concentrat ion of 
chlorine at the anode while the rates of formation of chlorine pentafluoride 
and chlorine trifluoride were not. The addition of chlorine at a nickel anode 
dur ing electrolysis at constant  current  above a m i n i m u m  cur ren t  density 
caused a gradual  rise in anodic potential.  This rise was at t r ibuted to the 
formation of, or a change in, an anodic film. The polarization data were con- 
sistent with a mechanism that  involved the anodic oxidation of fluoride ion 
to some form of active fluorine. Chlorine monofluoride, chlorine trifluoride, 
and chlorine pentafluoride were apparent ly  formed by the stepwise reaction 
of the active fuor ine  with chlorine. 

The oxidation of chlorine trifluoride dur ing  elec- 
trolysis in anhydrous  hydrogen fluoride has been 
shown (1) to result  in the formation of chlorine 
pentafluoride. It was of considerable interest  to de- 
te rmine  whether  e lementary  chlorine also would react 

* Electrochemical  Society Act ive  Member .  
Key  words:  chlorine pentafluoride, electrolysis, hydrogen  fluo- 

ride, e lectrochemical  synthesis, chlorine. 

at the anode and be oxidized to the plus five state. This 
paper  describes a s tudy of the oxidation of chlorine 
dur ing  electrolysis in anhydrous  hydrogen fluoride. 

Experimental 
Equipment  including the  electrolytic cells, proced- 

ures, exper imental  conditions, and analyt ical  tech-  
niques were almost the same as those previously em-  
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ployed in the synthesis of chlorine pentafluoride from 
chlorine trifluoride (1). All  yields were calculated on 
the basis of current,  which was main ta ined  constant 
dur ing all electrolyses. Although both divided and un -  
divided cells were used, most of the exper imental  work 
was carried out in the divided cell using a porous 
nickel anode (Kwikset  Powdered Metal Products, Ana -  
heim, California).  Chlorine (Matheson High Pur i ty  
Grade, 99.5% min.) was passed through the porous 
metal  into the anolyte. 

Cleaning of the anode was accomplished by washing 
with water  and then heating to approximately 600 ~ 
in a hydrogen atmosphere for several  hours. Nickel 
fluoride hydrates that  had not  been removed by wash-  
ing with water  were converted to nickel, water, and 
hydrogen fluoride. 

A Glassy Carbon anode (Tokai Electrode Manufac-  
tur ing  Company, Tokyo, Japan)  was also used. Since 
this mater ia l  is impervious, chlorine was passed 
through a series of small  holes dril led into a Teflon 
plug placed in the lower end of the tubu la r  carbon 
anode. This a r rangement  sufficed to test the effective- 
ness of the Glassy Carbon in the hydrogen fluoride- 
sodium fluoride-chlorine system. 

Early experiments  were carried out in the undivided 
electrolytic cell using a sheet nickel anode (2). This 
system was similar  to those of Schmeisser (3) and 
Sartori  (4). The chlorine was fed to the anode surface 
from a short length of pierced Teflon spaghetti  tubing,  
attached along the bottom edge of the anode. 

Part ial  pressures of chlorine monofluoride and 
chlorine trifluoride were calculated with the aid of the 
following formulas, where  ~A is the difference in in -  
frared absorbance. The baseline method was used to 
obtain the data for Eq. [1]. More satisfactory results 

Pmm(ClF) = ~A (500) -~ 10 at 788 cm - I  [1] 

were obtained when the difference in absorbance from 
the background was used to obtain the data for Eq. [2]. 

Pmm(ClF3) = AA (78) + 2 at 761 cm -1 [2] 

Results 
Products.--The gaseous anodic products of the elec- 

trolysis of the system consisting of anhydrous  hydro-  
gen fluoride, 3 m/o  (mole per cent) sodium fluoride and 
chlorine were found to be chlorine pentafluoride, 
chlorine monofluoride, chlorine trifluoride, fluorine, 
and chloryl fluoride. The o x y g e n - c o n t a i n i n g  com- 
pounds resulted from impuri t ies  in the chemicals used. 
Typical yields in the divided cell were chlorine penta-  
fluoride 12%, chlorine monofluoride 49%, and chlorine 
trifluoride 2%, at a current  of 2 amp (30 ma /cm 2) and a 
flow rate of chlorine through the anode of 50 cc/min. 

The p r imary  gaseous cathodic product was hydrogen. 
However, hydrogen chloride was also found as a 
cathodic product as a result  of mixing of anolyte and 
catholyte. Mole ratios of hydrogen to hydrogen chlor-  
ide of 19:1 and 9:1 were found when chlorine flow 
rates through the anode were 10 and 25 cc/min,  re- 
spectively. 

Effect of chlorine flow rate.--The yield of chlorine 
pentafluoride was determined in the divided cell as a 
funct ion of the flow rate of undi lu ted  chlorine through 
the porous anode. It  was found that  the yield of chlor-  
ine pentafluoride increased as the flow of chlorine was 
increased from 10 cc /min  to 60 cc/min.  From 60 cc /min  
to the largest flow used, 100 cc/min,  there  was no 
fur ther  change in the yield. 

Changing the flow rate of chlorine through the anode 
could have caused changes in the concentra t ion of 
chlorine in the anolyte. In  addition, the efficiency of 
the anode as a gas electrode could also have been 
affected because of changes in diffusion conditions. To 
isolate the effect of changes in chlorine concentration, 
the part ial  pressure of chlorine was varied in  a chlo- 
r ine -n i t rogen  mixture.  The total  gas flow was kept  
constant  to minimize variat ions in  the diffusion con-  
ditions at the gas electrode. In  a separate experi-  
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Fig. 1. Effect of partial pressure of Cl2 on yield, electrolyte 
temperature, ca. O~ 

ment,  n i t rogen was found to be unreact ive at the anode 
dur ing electrolysis. 

The results (Fig. 1) show that  the amount  of chlorine 
monofluoride produced increased with increasing par-  
t ial  pressure of chlorine, whereas the chlorine penta-  
fluoride yield remained constant. Fur thermore ,  the 
amount  of chlorine trifluoride determined in the gase- 
ous products did not vary  significantly. 

After  electrolysis had been carried out at a constant  
flow rate of a 1:4 chlor ine-ni t rogen mix ture  for 2 ~  hr, 
the chlorine flow was stopped and the ni t rogen flow 
was increased to main ta in  a constant  total gos flow. 
The yield of chlorine monofluoride decreased drastic-  
ally from 37 to 15%, whereas the yields of the other 
products were unaffected (Fig. 2) dur ing the period of 
measurement .  Similar  results were obtained when  
star t ing with undi lu ted  chlorine. 

Effect of impurities.--As with previous work  when 
the start ing mater ia l  was chlorine trifluoride (1), oxy-  
gen impuri t ies  caused the yield of chlorine penta-  
fluoride to decrease. The oxygen-conta in ing by-product  
was pr imar i ly  chloryl fluoride (Fig. 1), al though small  
amounts  of perchloryl  fluoride and chlorine dioxide 
were occasionally found. As the amount  of chloryl 
fluoride decreased dur ing  electrolysis in the divided 
cell, the yield of chlorine pentafluoride increased (Fig. 
2). In  another  set of experiments  when  impur i ty  levels 
were lower, 18% yields of chlorine pentafluoride were 
observed. 

c, 2+ o. ~ .//~__~', c,~ I ~ ~%OFF 

32 

28 1 

30 6~ ~O ) 20 I ~0 180 
TIHE, HINUTES 

Fig. 2. Effect of CI2 on yield (total flow: CI2 -[- N2 = 50 
co/rain), electrolyte temperature, c a .  O~ 
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Analysis  of the anolyte  at a t ime when  the yields of 
chlorine pentafluoride and chloryl fluoride were ap- 
proximately  equal showed 0.015 m/o  of chlorine di-  
oxide. 

Solubility of chlorine in hydrogen Jluoride.--The 
anolyte was analyzed both before and after the a d -  
d i t ion  of chlorine through the anode at a ra te  of 
10 cc /min  for 30 min. The concentrat ion of chlorine at 
an anolyte tempera ture  o f - - 1 6  ~ was 0.002 m/o.  At 
--64 ~ , the solubil i ty of chlorine in hydrogen fluoride 
was found to be at least 2 m/o. 

Electrochemical data.--Typical steady-state condi-  
tions for the formation of chlorine pentafluoride w e r e :  
applied cell voltage, 7v at 2 amp (30 ma /cm 2) in the 
divided cell using a porous nickel anode, or 1 amp 
(15 ma /cm 2) in the undivided cell using a sheet nickel 
anode. Variations of the cell voltage as great as __2v 
were observed in  s teady-state  operat ing conditions. 

Electrolysis (undivided cell) in the hydrogen fluor- 
ide-sodium fluoride-chlorine system with a nickel 
anode was accompanied by a characteristic, gradual  
rise in measured anode potential  from about 4 to 6v. 
This rise was obtained only when  the current  was 
sufficiently large (Fig. 3), and only after the in t roduc-  
tion of chlorine (Fig. 4); inert  gas was ineffective. 
Chlorine pentafluoride was not found as a product  
unless the anodic potential  had risen to the 6v level. 

Representat ive anodic polarization curves deter-  
mined on nickel in  the divided cell in  the hydrogen 
fluoride-sodium fluoride and the hydrogen fluoride- 
sodium fluoride-chlorine systems are shown in Fig. 5 
and 6. As in the previous paper  (1), the low-cur ren t  
portions of the curves (Fig. 5) are presented to focus 
at tent ion on the potent ial  region below that  corres- 
ponding to oxidation of the solvent. The higher current  
portions of the curves (Fig. 6) are shown to i l lustrate  
the effect of the characteristic rise in potential  on the 
polarization curves. 

Polarization curves taken in  the undivided cell with 
sheet nickel electrodes were similar  to those taken  in 
the divided cell with a porous nickel anode (Fig. 5 and 
6). It  was found, however, that  a current  of at least 2 
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rote, 0.17 v/sec, high current region, after several hours electroly- 
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amp was required to init iate the characteristic rise in  
potential  at the porous anode compared to a current  of 
0.5-1.0 amp found for the sheet nickel anodes. The 
electrochemical data obtained from the divided cell 
with a smooth nickel  anode were similar to that  ob-  
ta ined in  the undivided cell wi th  sheet nickel  elec- 
trodes. 

When a Glassy Carbon anode was subst i tuted for a 
nickel anode in  the divided cell, yields of chlorine 
pentafluoride of 3.5% and of chlorine monofluoride of 
4.3 % were obtained at a constant  current  of 2 amp, an 
applied voltage of 8v, and a chlorine flow rate of 
50 cc/min. The gradual  rise in  potential,  which was 
characteristic of nickel, was not observed wi th  Glassy 
Carbon. Instead, a rapid 1.5v increase was observed 3 
rain after the introduct ion of chlorine. However, po- 
tentials  at the Glassy Carbon anode were erratic du r -  
ing the first 40 mi n  of electrolysis. 

Discussion 
The oxidation of chlorine at the anode in  a hydrogen 

fluoride-sodium fluoride electrolyte seems to take place 
by a mechanism general ly  similar  to tha t  proposed (1) 
for the anodic oxidation of chlorine trifluoride. Ex-  
aminat ion of the polarization curves (Fig. 5) for the 
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hydrogen fluoride-sodium fluoride-chlorine system 
shows that  no substant ia l  oxidation process occurs 
below the potential  corresponding to the oxidation of 
fluoride ion. As in the oxidation of chlorine trifluoride 
(1), the s imilari ty of the polarization curves (Fig. 5) 
again suggests a common electrochemical reaction 
(Eq. [3] ). 

HF2- -> F- + e -  + HF [3] 

Subsequent  steps probably  involve the react ion of 
active fluorine with chlor ine-conta in ing species, as 
shown below. 

C1-C1 + F.  --> C1F + C1- [4] 

C1. + F.  -> C1F [5] 

F.  + F.  --> F2 [6] 

C1. + F~--> C1F + F. [7] 

C1F + F.  --> [C1F2. ] 
[8] r 

[C1F2.] + F.  -~ C1F3J 

C1F3 + F- --> [C1F4.]] 
[9] ( 

[C1F4.] + F.  --> C1FsJ 

Ni + 2F. --> NiF2 [10] 

Chlorine monofluoride and chlorine trifluoride ap-  
pear as in termediate  products in this reaction sequence. 
Chlorine trifluoride, as the most soluble compound, 
accumulates in the electrolyte and its concentrat ion 
directly affects the yield of chlorine pentafluoride (1). 
Chlorine monofluoride is soluble to a much lesser 
extent  and its concentrat ion in the electrolyte may  be 
the l imit ing factor in  the formation of chlorine pen ta -  
fluoride from chlorine. 

A change in chlorine part ial  pressure is equivalent  
to a change in the concentrat ion of chlorine at the 
anode and thereby affects the yield of chlorine mono-  
fluoride (Fig. 1 and 2), according to Eq. [4], [5], and 
[6]. The yields of the other products are unchanged,  
apparent ly  because the electrolyte is saturated wi th  
chlorine monofluoride so that  its concentrat ion is con- 
stant. 

When oxygen-conta in ing  impuri t ies  (e.g., water)  are 
present, they compete with the in termediate  products 
and are apparent ly  preferent ia l ly  fluorinated. The pr i -  
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mary  by-product  is chloryl  fluoride, which appears to 
be formed at the expense of chlorine pentafluoride. 
The yields of chlorine pentafluoride and chloryl fluoride 
are approximately inversely proportional.  

Anodic polarization curves in the hydrogen fluoride- 
sodium fluoride-chlorine system with a nickel anode 
showed higher potentials at high currents  than  had 
been found for the hydrogen fluoride-sodium fluoride 
system alone (Fig. 6). At constant  current ,  a charac- 
teristic gradual  potential  rise wi th  t ime was observed 
above a m i n i mum current  density (6 m a / c m  2, Fig. 3) 
and only on the in t roduct ion of chlorine (Fig. 4). It  
was found that nei ther  chlorine pentafluoride nor  
chlorine monofluoride was generated unt i l  the potent ial  
had reached 6v (Fig. 3 and 4). A possible explanat ion 
for the increase in potential  is an increase in resistance 
at the nickel anode seen as a change in the slope of 
the polarization curves (Fig. 6). This increase in  re -  
sistance may  be at t r ibuted to the formation of, or a 
change in, a film at the anode. 

It is of significance that  the formation of chlorine-  
fluorine compounds is not dependent  on the chemical 
na ture  of the anode mater ia l  (nickel) .  Both chlorine 
monofluoride and pentafluoride were formed at a 
Glassy Carbon anode which had operating potentials 
close to that of nickel. 
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Electrochemical Behavior of Sulfide in 
Fused LiCI-KCI Eutectic 
F. G. Bodewig* and James A. Plambeck** 

Department of Chemistry, University of Alberta, Edmonton, Alberta, Canada 

ABSTRACT 

Liquid sulfur  has been reduced coulometrically in fused LiC1-KC1 eutectic 
at 420~ Nernst ian behavior is observed for the cell C, S (1)/S =, LiC1-KCI/ /  
Pt + +, LiC1-KCI/Pt. The s tandard potentials of the sulfur/sulf ide couple at 
450~ with respect to the appropriate s tandard p la t inum reference electrode 
are --1.008,--1.039, a n d - - l . 2 1 9 v  on the molar, molal, and mole fraction scales, 
respectively. Voltammetric studies showed an anodic wave at ~0.03v ascribed 
to 2S -~ 2C1- --> 82C12 -~- 2e -  and a cathodic wave at --0.92v ascribed to 
S q- 2e-  --> S =. The diffusion coefficient of the (poly)sulfide ion was found 
to be 3.12 x 10-6 cm2/sec at 420~ by chronopotentiometric  measurements .  
The observed blue color of sulfur-sulf ide solutions is ascribed to polysulfide 
ions. 

Solutions of heavy metal  sulfides in fused chlorides 
are believed to be ionic (1-3), and a reversible sulfur  
vapor electrode has been used in a recent study (3) of 
the cell Ag/AgC1, Ag2S/C, $2 (g) over the tempera ture  

* Electrochemical Society S t u d e n t  Member .  
** E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  

range 490~176 Kiukkola  and Wagner  (4) have 
measured the emf of the cell Ag ( s ) /AgI  (s)/Ag2S (s), 
S(1), C to obtain the s tandard molar free energy of 
formation of Ag2S. A large body of emf data now ex- 
ists in the fused LiC1-KC1 eutectic at 450~ (4, and 
references cited there in ) ;  it therefore appeared de- 
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sirable to obtain comparable data for the sulfur-sulfide 
couple. Sulfide has been studied vol tammetr ical ly  in 
fused halides by Delarue (6, 7) and Rempel and Mal-  
kova (8), Delarue's work being in the LiC1-KC1 eutec- 
tic. Potentiometric,  voltammetric,  and chronopotenti-  
ometric techniques were used in the present  study. 

Experimental 
Apparatus.--Potentials were measured with a digital 

vol tmeter  (Model 3440A, Hewlet t -Packard) .  Coulo- 
metric generations employed a Model IV Coulometric 
Current  Source (E. H. Sargent  and Company) .  An 
Anotrol  Model 4100 Potent ia l  Controller  modified to 
operate with a Model 4510 ]inear scan uni t  (Magna 
Electronics) was used for vol tammetr ic  investigations. 
Chronopotentiometric investigations employed a Model 
6824A power supply-amplif ier  (Hewlet t -Packard)  in 
a constant current  configuration controlled by ap- 
propriate mercury-wet ted  relay switching circuitry;  
measurements  were recorded on a Hewlet t -Packard  
Model 175A oscilloscope equipped with 1750B and 
1781B p lug- in  units  and a Model 196B camera using 
ASA 3000 Polaroid film. 

The tempera ture  of the 3 in. diameter  vert ical  tube  
furnace was controlled by a Model 3120-SCR-477 t em-  
pera ture  controller  (Marshall  Products Company) .  
Temperatures  were measured with a chromel-a lumel  
thermocouple calibrated at the melt ing point of zinc. 

The electrolytic cell and glassware preparat ion have 
been described previously (9). 

Solvent.--The LiC1-KC1 eutectic solvent [59.5 m/o  
(mole per cent) LiC1, mp 352~ was prepared by the 
method of Maricle and Hume (10) modified as de- 
scribed below. 

A total of 600g of the component salts was mixed 
and melted without  previous drying. Chlorine gas 
dried over magnes ium perchlorate was bubbled  
through the melt  for 2 hr. After purging the melt  with 
ni t rogen for 4 hr, magnes ium r ibbon was introduced to 
displace any  heavy metal  ions. Subsequently,  chlorine 
was again introduced to oxidize any magnes ium metal  
that may have dissolved in the melt, followed by n i t ro-  
gen. The mol ten eutectic was t ransferred to large test 
tubes in charges of 120-140g inside a glovebox purged 
with nitrogen. The test tubes were sealed and stored 
for future  use. 

Chemicals.--Reagent grade LiC1 (Fisher Scientific 
Company) and KC1 (Shawinigan Chemicals) were 
used. The sulfur  (sublimed; Fisher Scientific Com- 
pany)  was dried at 100~ prior to use. Graphite  elec- 
trodes were Special Spectroscopic Electrodes % in. in  
diameter  (National Carbon Company) .  Nitrogen was 
purified over hot copper turnings  and dried by passage 
through a magnesium perchlorate column. 

Procedure.--The crucible containing the frozen eu-  
tectic and isolation compartments  with electrodes was 
placed inside the outer glass jacket of the electrolytic 
cell which could be connected to a vacuum pump. 
Transfers of frozen eutectic to the jacket were made 
inside the glovebox. The outer jacket  could also be 
closed off with a machined Teflon stopper with holes 
for up to five isolation compartments,  a thermocouple, 
and a ni t rogen inlet  tube. The isolation compartments  
were made of Pyrex sealing tubes with 10-20~ frits 
(D porosity; Ace Glass Inc.) and protruded through the 
Teflon stopper. A hole below the Teflon stopper al- 
lowed ent ry  of ni t rogen into the otherwise closed 
compartments  to equalize pressure. The tempera ture  
of the cell was then raised slowly to 420~176 
under  vacuum in order to dry thoroughly the glass 
equipment  and electrodes before fusion of the eutectic. 
The compartments  were allowed to fill with eutectic 
dur ing  a fur ther  8 hr at this temperature.  Final ly,  
purified ni t rogen was introduced and allowed to pass 
over the mel t  dur ing all experiments.  

A reference electrode based on the Pt  ( I I ) / P t  couple 
(about 0.04M) was generated coulometrically for each 
exper iment  by anodization of a 3 cm 2 Pt  foil sealed 

into Pyrex tubing;  a current  densi ty of 7 m a / c m  2 was 
employed. All  potentials were measured against this 
reference electrode and are reported with reference to 
the P t ( I I )  (1.0M)/Pt  s tandard molar p la t inum elec- 
trode (SMPE) (11), conforming to the IUPAC "Stock- 
holm" sign convention. The counter  and indicator 
electrodes each consisted of a graphite rod. 

The boiling point of sulfur  (444~ being very  
close to the tempera ture  of 450 ~ at which the emf 
data were desired, it was necessary to work ei ther  
with a vapor electrode or a l iquid electrode and ex- 
trapolate from higher or lower temperatures  to 450 ~ . 
The l iquid electrode appeared simpler [ref. (3) then  
not being available],  and the sulfur  electrode used 
consisted of an isolation compar tment  with a pool of 
l iquid sulfur  floating on the melt. Electrical contact 
with the pool was made by a graphite rod attached to 
Nichrome leads well above the sulfur pool. Sull~de was 
ini t ia l ly  added to the compar tment  as Li~S, but  this 
proved unsatisfactory due to hydrolysis and the diffi- 
culty in t ransfer r ing  known amounts  to the compart-  
ment.  The addit ion of sulfide by cathodic coulometric 
reduct ion of the sulfur  pool proved more satisfactory 
and was used for all  experiments  reported here. P re -  
cautions were taken to ensure that  an excess of l iquid 
sulfur  was always present, and more was added as 
necessary. 

The sulfide electrode emf was measured against  the 
same reference electrode for each run  which norm,~lly 
included three different sulfide compartments.  Dur ing  
the course of one r un  the sulfide concentrat ion in each 
of the compartments  was successively increased by 
coulometric reduction of sulfur. The reduct ion product  
was blue in color (see below). The graphite electrode 
had a geometric area of about 2.5 cm 2 and a current  
density of 8 m a / c m  2 was employed. The thermoelectric 
potential  between the graphite  and p la t inum elec- 
trodes was found to be ~1.5 mv with respect to the 
p la t inum electrode in the temperature  range of 400 ~ 
450~ All  emf values were corrected accordingly. 

The electrodes used in the chronopotentiometric in -  
vestigations were gold wires (0.05 cm in  diameter)  
suspended in the melt  or rhen ium wires sealed in 
glass. Other metals such as tungsten  or p la t inum were 
unsatisfactory because they became coated, presum- 
ably with insoluble sulfide. The geometric area of the 
gold electrode was calculated from its diameter  and 
depth of immersion, that  of the rhen ium electrode 
from its diameter  and the length of metal  exposed. 
The carbon rods used in the emf studies were also 
used as the vol tammetr ic  indicator  electrodes. 

The amount  of solvent in each isolation compart-  
ment  was determined by a potentiometric chloride 
analysis. When necessary, sulfide was removed from 
aqueous solution as H2S by addition of nitr ic acid and 
purging with nitrogen. The concentrations of S = and 
Pt + + ions were determined from the coulombs passed 
and the solvent volume as described previously (11). 

Least square calculations were carried out on the 
Univers i ty  of Alber ta  IBM System/360 computer. 

Results 
Standard potential of the sulfur-sulfide couple.-- 

Five runs were carried out wi th  new compartments,  
electrodes, and eutectic charge used in each. A total of 
89 concentra t ion-potent ia l  data points were taken over 
the range 400~176 each point the mean  of two 
potentials measured 15 min  apart. In  general  the emf 
became constant, to wi thin  0.5 my, 15-30 min  after 
coulometric reduct ion of sulfur  had been terminated  
and did not change more than  1 mv over a period of 
several hours. The tempera ture  of the melt  was r e -  
corded at the t ime of each potential  measurement .  The 
effect of tempera ture  on the emf was determined for 
various sulfide ion concentrat ions with both increasing 
and decreasing temperature.  Plots of measured poten-  
tial against tempera ture  were l inear  over the range  
400-440 ~ for a fixed sulfide ion concentration. 
Plots of hE/AT against the logari thm of the molar  con- 
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Fig. 1. Temperature dependence of potential as a function of 
sulfide ion concentration. Line is that given by least-squares an- 
alysis. Points indicated by triangles not included in least-squares 
analysis. 

centrat ion of sulfide were l inear  over the concentrat ion 
range 0.03-0.5M as shown in Fig. 1. Least square 
analysis gave, for the temperature  dependence of the  
cell ( - - )C,  S(1) /S  =, LiC1-KC1//Pt + +, LiC1-KC1/Pt 
( + ) ,  A E / A T  : -F 0.124 log [S =] --0.520 mv/~  with a 
relat ive s tandard error  of 4.4% in the slope and of 1% 
in the intercept. This equation was used to extrapolate 
all measured potentials to 450 ~ Linear  Nernst  plots 
were obtained for these extrapolated potentials over 
the concentrat ion range 0.03-0.5M sulfide. Less stable 
potentials were obtained at lower sulfide concentrations. 
A typical  plot of potentials against the logari thm of 
sulfide concentrat ion (Fig. 2) shows that Henry 's  law is 
obeyed over the concentrat ion range  studied. A sum-  
mary  of all  runs  is given in Table I. Least square 
analysis of all points gave a s tandard potential  (mo- 
lar i ty  scale) at 450~ of --1.008v with a s tandard devi-  
ation of 0.002v. This corresponds to values of --1.039v 
and --1.219v with the same standard deviation on the 
molal i ty and mole fraction scales, respectively (11), 
all potentials being with respect to the appropriate 
s tandard p la t inum electrode. The slope of the Nernst  
plot was --0.0772 v/ log uni t  with s tandard deviation of 
0.0015, corresponding to a value of 1.86 • 0.04 for 
the number  of electrons taking part  in the reaction. 
This is in  good agreement  with the theoretical  value 
of 2 expected for S + 2e -  --> S =. 
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Table I. Standard emf determinations for the S/S = couple* 

S u l f i d e  No. of  E ~ (v) S t a n d a r d  E x p e r .  
m o l a r i t y  p o i n t s  1VL d e v i a t i o n  (mv)  n 

0.093-0.15 6 --  1.010 1.3 1.81 
0.095-0.15 6 - -  1.008 6.7 1.80 
0.054-0.25 7 - -  1.012 0,7 1.'/5 
0.037-0,21 7 - -  1.012 0.8 1.80 
0.045-0.20 7 - -  1.015 1.3 1.72 
0.0~5-0,22 6 -- 1.007 0.4 1.98 
0.036-0,18 6 - -  1.009 1.6 2,02 
0.071-0.43 7 -- 1.004 0.2 2.09 
0.055-0.20 5 -- 1.007 0.9 2.03 
0.19-0,48 5 -- 1.006 0.3 2.19 
0.092-0.28 5 -- 1.007 0.2 2.13 
0.035-0.26 7 -- 1.004 0.9 1,79 
0.030-0.32 8 -- 1.002 0.6 1,83 
0,046-0.31 7 -- 1.004 1.3 1.72 
Least square 
ana lys i s  of 
a l l  p o i n t s  89 -- 1.008 1.5 1.86 

* T w o  e m f  r e a d i n g s  t a k e n  a t  each point 15 ra in  apar t ,  e x c e p t  f o r  
r u n  1; t e m p e r a t u r e  c o n v e r t e d  to  450~ a l l  p o t e n t i a l s  g i v e n  w i t h  
respec t  to S M P E ;  each e n t r y  is a s epa ra t e  c o m p a r t m e n t ,  t he  f i rs t  
two  b e i n g  r u n  1 and  the  r e m a i n d e r ,  o the r  r u n s  w i t h  t h r e e  com-  
p a r t m e n t s  pe r  run .  

V o l t a m m e t r i c  r e s u l t s . - - V o l t a m m e t r i c  scans of the 
pure eutectic melt  with a graphite electrode gave the 
curve denoted by circles in Fig. 3. The potent ial  was in -  
creased in the reduct ion direction and the current  
was measured after it had become constant  (general ly 
5-10 sec). After  addit ion of sulfur  to the compartment ,  
the curve denoted by triangles in Fig. 3 was obtained. 
For the cathodic rise, which we ascribe to the reac- 
tion S (1) + 2e-  ~ S =, extrapolat ion of the lower 
part  of the curve to zero current  gave --0.92 • 0.02v 
for the "decomposition" potential  (mean and s tandard 
deviat ion of 5 experiments) ,  in agreement  with the  
potentiometric measurements  cited above. We ascribe 
the anodic wave to the reaction 2S(1) + C1- -> 82C12 
+ 2 e -  which Delarue (7) estimated to occur at about 
--0.05v. The "decomposition" potential  determined in  
this study is +0.03 • 0.02v (mean and s tandard de- 
viation of 5 experiments) .  These measurements  were 
carried out at 420 ~ + 2~ as were all other vol tam-  
metric and chronopotentiometric studies reported here. 

Voltammetric  curves were also obtained in  com- 
par tments  in which sulfur  was present and sulfide had 
been generated coulometrically at concentrat ions r ang-  
ing from 0.1 to 0.5M. Two typical curves are shown in  
Fig. 4, obtained from two different concentrations in 
the same compartment.  Identical  straight lines were 
always obtained regardless of the direction of voltage 
change as long as precautions were taken to prevent  
significant change in the sulfide concentrat ion be- 
tween measurements .  These precautions included stir-  
r ing and, when necessary, oxidation or reduct ion such 
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Fig. 2. Electromotive force of sulfide electrode (vs. SMPE) as a 
function of sulfide concentration in a typical run. Temperature 
(extrapolated) 450~ 
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Fig. 3. Valtammetric curves of pure LiCI-KCI eutectic (circles) 
and of eutectic with sulfur present (triangles). Temperature 420~ 
graphite electrode area 2.5 cm 2, reference potential SMPE. 
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that the zero-current  potential  remained within  3 mv 
of its original value. The slopes of these lines ranged 
from 10-15 ohms and represent  the cell resistance. 
These curves show the sulfur/sulf ide couple to be re-  
versible under  these conditions. 

Chronopotentiometric results.--One set of measure-  
ments  was made with an uninsula ted  gold wire in-  
dicator electrode (diameter  0.055 cm, area 0.43 cm2), 
others with rhen ium wire (diameter  0.062 cm, area 
0.34 cm 2) sealed in Pyrex so as to isolate it from the 
liquid sulfur  pool. A total of 67 anodic chronopoten-  
tiograms were obtained. Each contained a single t rans-  
ition whose ET/4 (corrected for IR drop) was wi th in  
30 mv of the equi l ibr ium emf for that sulfide concen- 
tration. The times for this transit ion,  which we ascribe 
to S = -~ S + 2e- ,  were measured and the results are 
summarized in  Table II. All  separate values of i~'/=/A, 
except those obtained at 93.6 mmol/1 sulfide, were 
subjected to least square analysis; this produced the 
l inear  plot of i~V=/A against concentrat ion shown in  
Fig. 5 .  This l inear i ty  'indicates that  the t ransi t ion is 
diffusion-controlled and that the Sand equation 
iT'/= = �89 is obeyed by the sulfur/sulf ide 
system with both rhen ium and gold electrodes. From 
the slope of the l ine in Fig. 5 and the Sand equation, 
the diffusion coefficient of the diffusing sulfide species 
was calculated to be 3.12, s tandard deviation 0.11, 
x 10-6 cm2/sec at 420 ~ • 2~ This value is almost 
an order of magni tude  smaller  than  the smallest 
value reported for a divalent  metal  ion, Pb + +, which 
we calculate as 1.3 • 0.2 x 10 -5 cm2/sec at 420~ 
from l i terature data (12), indicating that  the diffusing 
species is a somewhat larger entity, perhaps a poly- 
sulfide ion Sx =. There appears to be a t rend towards 
smaller iT'/=/AC values with increasing sulfide con- 
centrat ion (Table II) ,  but  it  is doubtful  whether  any 
significance can be attached to this in  view of the 
s tandard deviations of these values. 

Some of the curves indicated a very ill-defined 
second transi t ion whose ET/4 was estimated as --0.08 

Table II. Chronopotentiometric study of sulfide* 

Sul f ide  Mean  irll~/AC, 
concen t r a t i on ,  No. of a m p  e m  S t a n d a r d  

mraole /1  p o i n t s  secl/2 mo le  -I  d e v i a t i o n  

23.2 7 349 20 
27.9 6 335 12 
37.2 8 331 6 
51.1 9 321 20 
65.1 8 299 1O 
37.4** 7 348 25 
51.5"* 7 352 13 
74,8**  8 316 6 
03.6"*  7 281 9 

* M e d i u m ,  f u s e d  LiC1-KC1 eu tec t i c  a t  420" "+" 2~ c u r r e n t  d e n s i t y  
range ,  26-101 ma /em2 ;  each  p o i n t  t a k e n  a t  a d i f f e r en t  c u r r e n t  
dens i ty .  

** R h e n i u m  e lec t rode ;  o the rwi se ,  go ld  e lec t rode .  
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Fig. 5. Variation of chronopotentiometric constant iT,1/=/A with 
sulfide concentration, showing obedience to Sand equation. Solid 
circles, single points; solid rectangles, multiple points, with num- 
ber given. 

• 0.05v and which we therefore ascribe to 2S -t- 2C1- 
$2C12 + 2e- .  No measurements  of the t ransi t ion 

t ime were possible due to poor definition and the 
proximity  of chlorine evolution. 

Some difficulty was encountered with deposition of 
sulfur  on the electrode. It was necessary to strip off 
the sulfur  produced in each chronopotentiogram 
cathodically and wait  10 min  between polarizations for 
the solution to become uniform. Errat ic results (ex- 
t remely short t ransi t ion times, probably due to block- 
ing of electroactive surface) were sometimes obtained, 
apparent ly  due to a t tachment  of sulfur  from the pool 
to the electrode. A small residual  t ransi t ion t ime was 
observed (intercept, Fig. 5), but  it was much less 
than that reported by others (13) in fused salt media 
and can be ascribed to trace impuri t ies  and /o r  double 
layer  charging. 

Discussion 
It is unfor tunate ly  not possible to compare the po- 

tent ial  data for the cell Ag/AgC1, Ag2S/C, $2 (g) 
studied by Thompson and Flengas (3) with the results 
of this work since Ag2S is completely miscible with 
AgC1 but  practically insoluble in the LiC1-KC1 eutec- 
tic. 

The standard potential  of the S=/S couple cannot 
be used to calculate thermodynamic  functions of form- 
ation of metal  sulfides in the LiC1-KC1 solvent  since 
metal  sulfides (with the exception of l i th ium sulfide) 
have nei ther  an anion nor a cation in common with 
the solvent (14). In the cell M/MCln, LiC1-KC1/LiC1- 
KC1, Li2S/S (1), C employed in  this study, the forma- 
t ion of M "+ and S = takes place in two separate cell 
compartments.  

The present  vol tammetr ic  studies appeared to be in 
disagreement with those of Delarue (6), who a t t r ib-  
uted an anodic wave in sulfide solutions at El~2 

- -  0.45v to the reaction S = --> S -f- 2e- .  His melt  was 
not purified nor  was an iner t  atmosphere used, and 
the sulfide was added as Na2S'9H20 and an alkal ine 
earth chloride. The necessity of scrupulously anhy-  
drous and oxide-free melts has been discussed (10, 
15), and it or iginal ly appeared that impuri t ies  in his 
melt  might  account for the discrepancy. On duplicat ing 
his exper iment  with a purified melt  and a p la t inum 
stat ionary microelectrode, it was found that  the vol-  
tammetr ic  curves were not  reproducible, but  that  
waves of Ez/2 near  --0.45v were sometimes obtained. 
The poor reproducibil i ty was unaffected by  addition 
of sulfur, CaC12, and /or  water. The equi l ibr ium po- 
tent ia l  at the microelectrode was always near  --0.9v. 
The p la t inum surface immediate ly  became dark on 
immersion in  a melt  containing sulfide. The discrep- 
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ancy between our work and that  of Delarue appears 
to be due to formation of a surface layer, probably 
PtS, on the p la t inum electrode in  his work. We have 
been unable  to obtain reproducible vol tammetr ic  re-  
sults with p la t inum electrodes in melts containing 
sulfide. 

Delarue (6) has observed the formation of S2C12 in 
this solvent when  a strong oxidizing agent  was added 
to melts containing sulfur. We therefore ascribe the 
anodic wave, which we observe vol tammetr ical ly  and, 
with less reproducibili ty,  in the chronopotentiometric 
studies, to the reaction 2S (1) ~ 2C1- --> 82C12 -~- 2e- .  
From the data of Lewis and Randal l  (16) we calculate 
• for this reaction as --12.6 kcal /mole  at 420~ 
while f rom our vol tammetr ic  curves we calculate 
--12.4 ___ 0.9 kcal /mole  at the same temperature,  in 
excellent agreement.  Our at tempts to trap and identify 
the gaseous F~2C12 product were, however, unsuccessful. 

I t  has long been known  that  sulfur  produces a blue 
color in certain solvents. This has been observed in 
fused KSCN (17, 18) and fused LiC1-KC1 (19). The 
na ture  of the colored sulfur  species has not been es- 
tablished, and the following exper iment  was there-  
fore performed. 

Chlorine was generated in a compar tment  on a 
graphite electrode to remove any  remain ing  traces of 
impurit ies which could reduce sulfur  to sulfide ion. 
The chlorine was then removed by repeated a l te rna-  
t ion of vacuum and ni t rogen purging.  Sulfur  pieces, 
obtained by heating sublimed sulfur  to 200~ and 
cooling under  vacuum, were added to the melt. No 
blue color developed even after 1 hr. When sul-  
fide was then generated by cathodic coulometry the 
blue color developed close to the electrode surface. On 
st i rr ing the color spread throughout  the compar tment  
and was clearly visible at a concentrat ion of about 
10-SM calculated as sulfide ion. Fur the r  cathodic gen-  
eration intensified the color. The color disappeared 
when chlorine was generated or when  the potential  
of the graphite electrode was held at --0.3v with re-  
spect to the SMPE, both resul t ing in oxidation of 
sulfide to sulfur. The color also disappeared under  
vacuum after about 2 hr and reappeared on addition 
of sulfur  to the melt. We are unab le  to explain these 
results, which indicate tha t  both sulfide and sulfur  
are necessary to produce the blue color, other than 
by postulat ing that  the color is due to a polysulfide 
ion formed by sulfur  and sulfide, i.e., S = + xS ~ Sx+l = 
(blue).  The molar  ext inct ion coefficient is so high, 
16,600 (17), that  a small  amount  of trace impurit ies 
present in  the fused LiC1-KC1 (19) could reduce 
enough sulfur  to sulfide to produce the color. The si tu-  
ation in the fused KSCN system is more complex (17, 

18, 20) but  both sulfur  and sulfide could well  be pres-  
ent. Spectrophotometric studies of sulfur  species in 
the LiC1-KC1 system are now in progress. 
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ABSTRACT 

The hydrogen overvoltage was determined on the front  side of a br ight  
Pt foil in 2N H2SO4 solution while the solution on the back side was st irred 
with H2, N2, or 02. No change in the ~ was detected when  the foil was con- 
nected as a d iaphragm and when H2 st irr ing was replaced with 02 st i rr ing on 
the back side. With the foil connected as a bielectrode, the ~ increased after 
an induct ion period depending on the thickness of the .foil when  H2 st irr ing 
was" replaced with 02 st i rr ing on the back side. These results indicate that  
under  anodic polarization, oxygen can be dissolved in Pt. The dissolved oxy- 
gen can penetrate  to the front side of the Pt  foil where  its presence as derma-  
sorbed oxygen modified the catalytic activity of the Pt  surface for the H2 
evolution reaction. In  the absence of anodization, oxygen sorbed from solution 
can penetrate  the Pt  lattice no fur ther  than  the dermasorbed region. 

From a survey of the l i terature  ( I ) ,  it becomes 
obvious that  the noble metals are not inert  to oxygen. 
When oxygen is adsorbed from solution on a "bare" 
p la t inum surface a dissociative adsorption process 
takes place (2) resul t ing in the formation of a hy-  
drated, adsorbed layer  of oxygen atoms. 

It is l ikely that the adsorbed oxygen can diffuse into 
the metal. Kalish and Burshtein (3) reported that the 
work function increased when oxygen was adsorbed on 
a Pt surface because of the presence of the negative 
dipoles of the adsorbed oxygen atoms. This effect was 
also observed by Giner  and Lange (4). After  about 11 
hr, they (3) found that the work function decreased, 
which was interpreted to mean  that some adsorbed 
oxygen had dissolved in the Pt. From repeated 
cathodic str ipping determinat ions (3), the equivalent  
of about  3 or 4 monolayers of sorbed oxygen were 
detected. Rapid dissolution of oxygen in Pt  was re-  
ported by Schuldiner  and Warner  (5), but  this oxygen 
penetrated no fur ther  into the Pt  surface than the 
first 2 or 3 atomic layers (5, 6). The term "dermasorp-  
tion" was suggested (5, 6) to describe this form of 
occluded oxygen and to distinguish it from oxygen 
(known as absorbed oxygen) which had penetrated 
deeper into the metal  lattice. 

It is possible that anodization causes a penetra t ion 
of oxygen into the metal  lattice deeper than the derma-  
sorbed layer. Support ing evidence for two kinds of 
sorbed oxygen is obtained from the results of s tr ipping 
the adsorbed oxygen films wi th  H2 (7), from the hy-  
steresis effects observed in potentiostatic polarization 
curves (8) and from t r iangular  sweep traces (9-11). 

Trea tment  with concentrated HNO3 (12) causes even 
more oxygen to be dissolved in the Pt  lattice to such 
an extent  that  it is referred to (13) as a P t -O alloy. 
X- r ay  diffraction data (14) support  this conclusion. 

As noted in the l i terature  (15-19), a preanodized Pt  
electrode has different electrochemical properties than 
one not preanodized, and this effect was explained (20) 
by the presence of dissolved oxygen in the Pt  metal. 
The dissolved oxygen concept offers a possible explan-  
ation [ref. (20) p. 43] for the observation (21-24), that 
for charging curves obtained on Pt under  certain cir-  
cumstances, the amount  of charge, Qa, required to form 
a monolayer  of adsorbed oxygen anodically is not 
equal  to that, Qc, required to remove it cathodically; 
but  after a n u m b e r  of cycles of anodic and cathodic 
polarization, qa = Qc. 

To determine whether  it  is possible for oxygen to 
penetra te  the Pt lattice more deeply than  the derma-  
sorbed region, an investigation of the diffusion of oxy-  
gen through thin p la t inum foils was under taken.  An 
account of the results of this work is presented in  this 
report. 

Experimental 
Pla t inum lead wires were spot welded to small  

pieces of P t  foil about  I cm square. The P t  foil was 
* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  

cleaned by repeatedly heat ing it to white heat in a 
burn ing  Ha jet  followed by quenching in concentrated 
HNO3. After  cleaning, the foil was mounted  with poly-  
ethylene washers between the compartments  of a clean 
dual  Teflon cell (7) in place of the usual  glass frLt. 
A P t  gauze counterelectrode, a small  P t  gauze ref -  
erence electrode, gas entrance and exit tubes through 
the cell tops, and a removable Pt  wire preelectrolysis 
electrode are in each compartment .  After  the cell was 
assembled it was soaked in t r ip ly  distilled water  (with 
numerous  changes of water)  for at least 72 hr to leach 
out impurities. The cell was then filled (~20 cc per 
compartment)  with 2N H2SO4, sealed, and preelectro- 
lyzed for about 16 hr. 

Purified hydrogen was bubbled through each com- 
par tment  unt i l  v i r tua l ly  zero v was recorded between 
all pairs of Pt  electrodes. F ina l ly  the steady-state,  
hydrogen-overvol tage curve was determined for step- 
wise increasing and decreasing cur ren t  density on the 
front side of the foil with purified H2, N2, or O2 bub-  
bl ing in the back-side compartment.  Note that  H2 is 
always bubbled in the f ront-s ide compartmenL A con- 
s tant  current  in te r rup te r  (25, 26) was used to correct 
for the solution iR and to monitor  the cleanliness of the 
system by observing the pseudocapacitance of the H2 
reaction on the Pt  foil (27). It  was necessary to deter-  
mine  the iR correction for each reading because gas 
bubbles  forming over the Pt surface caused large va r -  
iations in  the value of the solution iR, chiefly in the 
high current  density region. To minimize mass t rans-  
fer effects, the gases w e r e  bubbled  through the elec- 
trolyte at rates above 300 cc/min. 

Two electrical hookups were investigated; the Pt  
diaphragm (Fig. 1) and the Pt  bielectrode (Fig. 2). In  
the diaphragm case only the front side of the foil was 
polarized while the back side was unpolarized. Both 
the front and the back sides of the foil were polarized 
when the foil was connected as a bielectrode. Since 

+ COUNTER 

w 

h 
Pt FOIL ~ 

Fig. 1. Dual Teflon cell with Pt foil connected as a diaphragm 
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Fig. 2. Dual Teflon cell with Pt foil connected as a bielectrode. 
Notation same as in Fig. 1. 

the iR correction cannot be determined in the bielec- 
trode setup, the overvoltage was determined only over 
the low current  density range where bubble  formation 
on the cathode surface did not interfere with the iR 
readings and when the iR values obtained with the 
diaphragm set up could be used. 

The hydrogen overvoltage, n, was studied on three 
thicknesses of Pt  (99.9+% pure) foil; 0.00127, 0.00254, 
0.00762 cm. Examinat ion  for pinholes was made by 
observing the foil with an intense light behind it. The 
tempera ture  Of this work was 24 ~ __I~ and the po- 
tent ial  was read on a General  Radio Electrometer, 
Model 1230A. 

Results 
A plot of the hydrogen overvoltage as a funct ion of 

the log of the apparent  current  density is given in 
Fig. 3 for a 0.00127-cm Pt diaphragm. It is seen that  
the data do not depend on the na ture  of the gas 
bubbled  in the back-side compartment  since they are 
the same for H2, N2, and O~. The data points are the 
average values of at least four complete cycles of in -  
creasing and decreasing cathodic polarization on the 
front side of the diaphragm. Although the spread of 
date at the higher current  densities extended over 
about 2 my, the data at the lower current  densities 
could be reproduced within  • my. These data are 
in  agreement  with hydrogen overvoltage data recorded 
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Fig. 3. Hydrogen overvoltoge on the front side of o 0.00127-cm 
thick Pt diophrogm in 2N H2SO4 with H2 ( Q ) ,  N2 (A) ,  and 
02 (V )  bubbling on the bock side. Data points ore the overoge of 
4 complete cycles of increasing and decreosing polorizotion. 
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Fig. 4. Hydrogen overvoltoge on the front side of Pt bielectrode~ 
with thicknesses of 0.00127 cm ( Q ) ,  0.00254 cm (A) ,  and 
0.00762 cm ( ~ )  in 2N H2SO4. Open symbols ore data with H2 and 
filled with 02 bubbling on the back side. Dota points are the av- 
erage of 4 complete cycles of increosing and decreasing polariza- 
tion. 

in the l i terature  (28) for bright  Pt  in  sulfuric acid 
electrolytes. 

For the Pt  bielectrode, Fig. 4, the n is higher with 
02 bubbl ing  in the back-side compar tment  than with 
H2, and although a thickness effect was not observed, 
a t ime effect was. After  the He in the back-side com- 
par tment  was replaced with oxygen, the cell had to be 
polarized at the highest cur ren t  densi ty studied for a 
certain t ime before a change in the n could be observed 
on the front side of the Pt bielectrode. This induct ion 
period was independent  of the t ime dur ing which O2 
was bubbled through the back-side compar tment  be-  
fore the polarization procedure was begun. I t  was dif- 
ficult to determine exactly the length of the induct ion 
period since the change in n was a gradual  process. 
However, at a current  density of 0.25 ma / c m 2, it was 
estimated that  it required a polarization t ime of about 
20-30 min  for the 0.00127-cm foil, about 90 rain for the 
0.00254-cm foil, and about 3-4 hr for the 0.00762-cm 
foil, before reproducible H2-~l data could be obtained. 
These data were reproducible wi th in  _1  my of the 
average value. 

When the 02 bubbl ing  on the back side of the 
0.00127-cm foil was replaced with H~ again, the n on 
the f ront  side did not re tu rn  to the original  curve 
unt i l  polarization was continued for several hours. 

Discussion 
When Pt  is placed in contact with O2-saturated acid 

solution, a part ial  monolayer  of adsorbed oxygen atoms 
(Pt-O) is formed on the surface by a dissociative 
adsorption mechanism (2). Once this par t ia l  layer  is 
formed, a local cell can be set up (1, 17) between the 
O J H 2 0  reaction 

O3 + 4H + + 4e ~ 2 H 2 0  [1] 

and the P t / P t - O  reaction 

Pt -O + 2H + + 2e ~ P t  + H20 [2] 

A steady state is reached after about 24 hr, and the 
system exhibits a mixed potential  of 1.06v. 

Schuldiner  and co-workers (29) found that  above 
about lv, oxygen can be dissolved in the surface layers 
of the Pt  metal. Ellipsometric studies (30) have shown 
that no changes in the p la t inum-oxygen  system are 
observed unt i l  a potential  greater than 0.98v is reached. 
Consequently, a Pt  surface in contact with O2-saturated 
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acid solution could, in time, dissolve oxygen in the 
metal  derma (first 2 or 3 atom layers) under  the 
driving force of the local cell action. 

The data in Fig. 3 are consistent with this viewpoint  
since no effect was observed on the n on the front  side 
of the Pt  diaphragm when H2 was replaced with 02 
on the back side. Because the back side is not polarized, 
02 is dissolved in the metal  no deeper than the derma-  
sorption region and cannot  affect any process occurring 
on the front side of the Pt  foil. 

As noted by Schuldiner  et al. (29), the dissolved 
oxygen penetrated more deeply than  the derma when 
Pt was anodized at 1.7v because the effects of the der-  
masorbed oxygen could be detected for extended 
periods of t ime after the potential  had been lowered 
below lv. This observation was explained by diffusion 
of absorbed oxygen from the metal  inter ior  into the 
dermasorbed region. 

In  the bielectrode case, the f ront  side of the Pt  foil 
is cathodized while the back side is anodized. At a 
current  density of 0.25 ma /cm 2, the potential  of br ight  
Pt in O2-saturated acid solution is in the vicinity of 
1.9v (31). It is possible for dissolved oxygen to pene-  
trate into the interior  of the Pt metal. As demonstrated 
in  Fig. 4, the oxygen can diffuse all the way through 
the Pt foil to the dermasorpt ion region of the front 
side where its presence is detected by catalytic effects 
on. the H2 evolution kinetics. When H2 is replaced with 
O2.on the back side of the Pt  bielectrode, the hydrogen 

on the front side increases after a certain induct ion 
period depending on the thickness of the foil. Since the 
value of the Tafel slope did not change, the electrode 
mechanism is the same whether  the back-side com- 
par tment  is stirred with H2 or with 02. The change 
in io, however, indicates that the catalytic na ture  of the 
cathode surface does change. 

It has been reported (5, 32) that the presence of 
dermasorbed hydrogen or oxygen in Pt can exert 
catalytic effects on certain electrode reactions. In  the 
present  case, a similar  explanat ion may account for 
the results shown in Fig. 4. 

The ra te -de te rmin ing  step for the cathodic evolution 
of H2 on bright Pt  is assumed to be the combinat ion 
of adsorbed hydrogen atoms (Tafel mechanism) to 
form H2 molecules (33) 

H + H --> H2 [3] 

which gives a Tafel slope of RT/2F (28)1. If the pres- 
ence of dermasorbed oxygen in the cathode surface 
makes a t ighter  bond between the adsorbed hydrogen 
and the metal  surface, this effect would slow down the 
hydrogen combinat ion reaction with the resul tant  in-  
increase in ~ and decrease in io. The data in Fig. 4 
are consistent with such an explanation.  

This viewpoint  also affords an explanat ion for the 
observation that replacement  of the O2 by H2 on the 
back side did not lower the ~ on the front side imme-  
diately to the original value but only after an ex- 
tended period of cathodic polarization (several hours) 
had been applied. Although dermasorbed oxygen is 
eventual ly  removed by migrat ing to the surface to 
react with hydrogen, it can be replaced by the ab-  
sorbed oxygen migrat ing from the interior  of the 
metal. Under  these conditions, it would require long 
periods of time before all of the dissolved oxygen 
could be removed by reaction with hydrogen. Once all 
of the dissolved oxygen is removed, the ~ falls to its 
original value as observed experimental ly.  

From the results of this work, it is possible to dis- 
t inguish between two situations. In  the first case, 
oxygen sorbed from solution penetrates  the P t  lattice 
no deeper than  the dermasorption region. In the second 
case under  the influence of anodic polarization, the 
sorbed oxygen penetrates to much deeper levels of 
the Pt  lattice than  the dermasorbed region, and, in 
fact, oxygen may be made to pass completely through 
thin Pt  foils. The presence of dermasorbed oxygen 

A It2 d i f f u s i o n - c o n t r o l l e d  p r o c e s s  s h o u l d  s h o w  no  d e p e n d e n c e  
o n  t he  c a t a l y t i c  n a t u r e  of  t h e  e l e c t r o d e  s u r f a c e .  

can modify the catalytic activity of the Pt  surface for 
the hydrogen evolution reaction. Similar  observations 
appear in the l i terature [e.g., (5), (12), (15-19), (32)]. 

Other possible explanations for these observations 
involving the diffusion of hydrogen from the cathode 
to the anode side are not considered favorably because 
it was shown (34) that hydrogen would not diffuse 
through Pt foils which had clean surfaces. The high 
degree of cleanliness of the Pt  surfaces used in this 
work was confirmed by the large pseudocapacitance 
observed on the pulses obtained from the current  in -  
te r rupter  (28, 35). 

Manuscript  submit ted Oct. 14, 1968; revised m a n u -  
script received Feb. 13, 1969. This paper was presented 
at the New York Meeting, May 4-9, 1969, as Paper  256. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
J O U R N A L .  
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Technical Notes @ 
Cathodic Crossed Hydrocoupling of Acetone with Pyridine 

Tsutomu Nonaka and Kiichiro Sugino* 
Department of Applied Electrochemistry, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo, Japan 

In previous works (1), cathodic crossed hydrocoupl-  
ing of acetone with activated olefinic compound was 
accomplished by using acrylonitr i le  and maleic acid as 
start ing materials.  In  the case of acrylonitrile,  more 
than 70% current  efficiency was obtained, but  in the 
case of maleic acid the current  efficiency was only 
about 10%. A proposed mechanism for the crossed 
hydrocoupling and the reason for the difference in 
current  efficiency in two cases were described there. 

Fur ther  investigation of the cathodic process of ace- 
tone with other activated olefines has led to the dis- 
covery of the occurrence of a similar  crossed hydro-  
coupling be tween acetone and pyridine.  The current  
efficiency was as high as 70%. The reaction could be 
obtained at a potent ial  of --1.30v vs. SCE at mercury.  
The product  was a mix ture  of [2-(1,2,3,6-tetrahydro)-  
pyridyl]  dimethylcarbinol ,  [2- (1,2,5,6-tetrahydro) py-  
r idyl]dimethylcarbinol ,  and a small  amount  of 2- 
piperidyldimethylcarbinol .  

Proof for the formation of the te trahydro derivatives 
was the catalytic reduct ion of the products to the 
known 2-piper idyldimethylcarbinol  and the oxidation 
with potassium permanganate  to a mixture  of ~-ala-  
nine, glycine, a-hydroxyisobutyr ic  acid, and oxalic 
acid. 

Experimental 
Electrolysis was carried out in an H-type cell with 

a sintered glass diaphragm similar to that  described 
earlier (2) using a mercury  cathode (area 12.6 cm 2) 
and a p la t inum disk anode. The catholyte consisted of 
a mix ture  of 14.2g (0.08 mole) of pyr idine sulfate, 
acetone (40g) and 20% sulfuric acid (by weight) 
(40g); the anolyte was 20% sulfuric acid. The amper-  
age varied from 0.82 to 1.02 amp and gave a cathodic 
current  density of 6.5-8.1 amp/d in  2 (average 6.7 amp/  
dm2). The electrolysis was carried out at about 20~ 
with a controlled cathode potential  of --1.30v vs. SCE. 
The amount  of current  used was 4.23 amp-hr  (0.158F). 

After  the electrolysis the catholyte was neutral ized 
with 30-40% aqueous sodium hydroxide and the re-  
sult ing solution was extracted with ether. Analysis by 
v.p.c, of the ether extract  showed the formation of 
isopropyl alcohol (0.062g) and pinacol (0.008g). 

The aqueous layer was concentrated under  reduced 
pressure and made alkal ine with 30-40% sodium hy-  
droxide. The resul t ing oily layer was extracted with 
ether and analyzed v.p.c, using Tri ton 305X on Flusin  
T6 column at 160~ The products were [2 - ( t e t rahy-  
dropyridyl)  ]d imethylcarbinol  (4.03g) and 2-piper i-  
dyldimethylcarbinol  (0.42g). These migrat ion t imes 
were 10.5 and 8.8 rain, respectively, when  the flow 
rate of carrier  gas (hydrogen) is 40 m l / m i n  (column 
diameter, 5 mm; length, 2m). These amounts  repre-  
sent cur ren t  efficiencies of 73 and 11%, respectively. 
No piperidine could be detected, bu t  the formation of 
propane was observed in the electrolysis. 

Separation and identification of products was per-  
formed as follows. The ether extract  containing the 
basic substances was dried over anhydrous  potassium 
carbonate and gave a brownish oil after removing the 
solvent. By repeated disti l lation of the oil at reduced 
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pressure, a fraction boiling at 102.5-103.5~ mm 
was obtained as the main  product;  nD 3~ 1.4929. 

Anal. Calcd. for CsH15NO: C,68.04; H,10.71; N,9.92 
Found:  C,69.02; H,10.86; N,9.95. 
The picrate (recrystallized from benzene) melted at 

129o-132oC. 
Anal. Calcd. for C14HIsN4Os: C,45.41; H,4.90; N,15.13 
Found:  C,45.50; H,5.10; N,15.61. 
The ni t ra te  (recrystallized from absolute alcohol) 

melted at 85.5~176 
Anal. Calcd. for CsH1sN204: C,47.05; H,7.90; N,13.72 
Found:  C,46.63; H,8.04; N,14.13. 
The N-benzoate (recrystallized from benzene) 

melted at 101~176 
Anal. Calcd. for C15H~gNO2: C,73.44; H,7.81; N,5.71 
Found:  C,73.25; H,7.81; N,5.60. 
This product is a mixture  of [2-(1,2,3,6-tetrahydro- 

pyridyl)  ]d imethylcarbinol  and [2- (1,2,5,6-tetrahydro- 
pyr idy l ) ]d imethy lca rb ino l  since it absorbed one mole 
of bromine in acidic medium and absorbed one mole 
of hydrogen using a nickel catalyst and gave 2- 
piper idyldimethylcarbinol ;  bp, 107~176 mm; 
no 2s-5, 1.4777. The picrate melted at 138.5~176 
These properties and the infrared spectrum were iden-  
tical with those of an authentic sample (3). 

The location of the double bond in the 2- te t rahydro-  
pyr idyldimethylcarbinol  was indicated by the oxida- 
tion products obtained using potassium permanganate .  
2-Tet rahydropyr idyld imethylcarbinol  (0.18 mole) pur -  
ified by repeated disti l lat ion was oxidized with aque-  
ous potassium permangana te  (0.97 mole) in basic 
medium at 25~176 The reaction mix ture  was con- 
centrated and, then acidified wi th  hydrochloric acid, 
gave an evolution of carbon dioxide. The result ing so- 
lut ion was again concentrated to a syrupy mass. After  
esterification with methanol,  the syrup was subjected 
to disti l lation and gave dimethyl  oxalate and a yellow 
viscous oil. The lat ter  was found to be a mixture  of 
the amides of a-hydroxyisobutyr ic  acid with ;~-alanine 
methyl  ester and glycine methyl  ester, since it gave 
a-hydroxyisobutyr ic  acid, ~-alanine and glycine by 
hydrolysis with hydrochloric acid; bp 135~176 
mm, yield, about 20%. The oxidation reaction and the 
hydrolysis reaction were presumed to proceed as fol- 
lows: 

/ CH~ 
CH2 CH 

CH~ 7 Hs 
I S[O] HOOC.CH-~-CH2-NHOC--C~CH3 + COs + H~O 

CH2 CH--~--CHa ) l ] \ o. 
OH H20 

NH CH~ 
HOOC.CH2.CH2.NHo_ + HOOC--~--CH~ 

/~cn, OH 
CH ~H,, CHa 

- I COOH 
I I ~ Ha 8[O] HOOC.CH2.NHOC--C--CHa+ I |  +H20 

~) I COOH CH.> CH--C--CH3 | OH \NI &_, 
HOOC.CH2-NH2 + HOOC--C--CHa 

OH 
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(2-Piper idyl )d imethylcarbinol  itself was also pres-  
enf, al though in minor  quanti ty,  in the reduction prod-  
uct; it could not  be separated from the main  product 
by fractional distillation. The amount  was determined 
however by gas chromatography. 1 
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Two-Dimensional Electric Field between 
Elliptical and Wire Electrodes 

G. N. EIlison 

The National Cash Register Company, Electronics Division, Hawthorne, California 

Continuous wire plat ing processes f requent ly  require 
the use of single or mult iple  electrodes distr ibuted 
around a substrate  for electropolishing and electroplat-  
ing operations. An asymmetric  dis t r ibut ion of these 
electrodes around the substrate wire may result  in an 
electric field symmet ry  which is enhanced or d imin-  
ished by the substrate geometry. The current  dis t r ibu-  
t ion resul t ing from this electric field is the "pr imary 
cur ren t  distr ibution," i.e., the current  distr ibution for 
vanishing polarization. The following calculation treats 
the electric field from which the p r imary  current  re- 
sults and is exact only when polarization phenomena 
are absent. 

The theoretical analysis of the electric field is per-  
formed for the electrode geometry shown in Fig. 1. 
A grounded, conducting substrate with an elliptic 
cross section is used to provide the field asymmetry  
due to the substrate. A charged double wire electrode 
is placed above and below the substrate to test the 
possibility of compensat ing for the substrate asym- 
metry. The length and cross-sectional dimensions of 
the electrodes used in continuous wire plat ing proc- 
esses are such that  only the two-dimensional  field in 
the x -y  plane needs to be considered. Numerical  re-  
sults are given for the points P and Q on the ellipse. 

Formulation of the Problem in 
Elliptical Coordinates 

The t ransformat ion from the cartesian coordinates 
x, y to the elliptic coordinates ~, 0 is given by  (1) 

u 
Charged l J  
Wire ~ = d 
Electrode 

co~O~ B ~  Grounded 

Cylinder 

Charged 
Wire =~ 
Electrode 

- -  Q(O,B) 

Fig. 1. Cross-sectional view of grounded conducting cylinder in 
presence of two charged wire electrodes. 

x = (a/2) cosh~cos0, y---- (a/2) sinh#sin0 [ la]  

The coordinate ~ is an ellipse with semimajor  and 
semiminor  axes given by 

A ~ (a/2) cosh/~, B ---- (a/2) sinh/~ [ lb]  

respectively. The coordinate e is measured in a coun- 
ter clockwise direction from the positive x-axis. 

The electric field E (~o, 0) at the surface of the 
grounded conducting cylinder is given by the gradient  
of the potential  r in the direction normal  to the sur-  
face ~o defined by the conducting cyl inder  

2/a ( 0 ~ ) ~  [2] 
E (/~o,0) cc (cosh 2 ~o - -  cos20) '/~ ~ "  =~o 

The potential r is just the solution to Laplace's equa- 
tion in elliptic coordinates. The potential is calculated 
in the following sections by superposition of the po- 
tential for the two line charges and the potential for 
the grounded conducting cylinder. 

Potential Due to Two Line Charges 
The potential  of a single charge at gl, 01 is (2) 

0o 

~b = .--2~--21na + 4 - -  e - ~ , l  (coshn~cosnocosnol 
n = l  n 

-t- sinhngsinn0sinnol) 

A mul t ip ly ing  constant  ~/(~eo) containing the l ine 
charge density k and the free space permit t iv i ty  eo has 
been el iminated by setting it equal  to one. The poten-  
t ial  due to the two line charges at g = g~ and ~ ---- ~/2, 
- -~/2  is found by superposition to be 

---- --4~1 --41na 

-{-4 ~ (--1)n e-2,~lcosh2n~cos2no 
n = l  n 

Total Potential for Two Line Charges 
and Conducting Cylinder 

The 0 dependence of the potent ia l  due to the con- 
ducting cyl inder  can be wr i t ten  down immediate ly  by 
not ing that  the symmet ry  about 0 = 0, ~/2, - -~/2 must  
be maintained.  Clearly the angular  dependence is 
then cos2no. 

The ~ dependence is determined by the boundary  
conditions r ---- 0 at ~ ---- ~o, ~ is finite or zero for 
~o ----0, and 

(cosh~ ~o --  cos 20) '/~ =uo 
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Fig. 2.. Ratio of electric fields at points P and Q (see Fig. 1) 
of elliptic cylinder in presence of double wire electrode. 
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Electric Field at Extreme Points oS Ellipse 
The evaluation of the electric field requires the 

substitution of Eq. [3] into [2]. The infinite series in 
the final expression for the electric field at ~ = ~o can 
be summed by writ ing the hyperbolic and t r igonomet-  
ric functions in their  exponential  form such tha t  each 
term of the infinite series may  be recognized as a term 
of a binomial expansion. The electric field at /~ = ~o 
and any angle s is then 

- -2 /a  
E (~o,0) = 

(sinh s #o -5 sin~O) I/= 

[ (1 + tan~0)tanh (~o--/~1) 

X 1 - -  1 + tan~0tanh 2 (~o--~1) 

(1 + t an2~  (~~ + # l ) ] }  

+ 1 -5 tan2~ tanhZ (~o -5 #,) 

It is suf~cient to compare the electric field at the two 
points P and Q (see Fig. I) on the surface of the cylin- 
der. The ratio of the electric fields is 

E ( P )  A [ t a n h ( # o - - ~ l ) - s t a n h ( g o - 5 ~ . z ) - - 2  ] 
E(Q) = -B- I tanh(~o -5 ~ l ) -+  t a n h ( ~ o -  ~1) - 2 tanh(/~ o -  ~i) tanh(~o + ~1) • tanh (~o --  ~l) tanh(~o +/~l) 

The multiplicative and additive constants are deter-  
mined f rom the requirement  that  the potential due 
to both the cylinder and line charges is zero at/~ = ~o. 

The potential ~c due to the elliptical cylinder only is 
therefore 

~c = -- 4 (~ - -  #o) + 4/~ -5 4 lna 
"r oo 

- -  4 ~.r ( - - l )n  e-2n~t cosh2n(g - -  go) 
~ = I  ~ ,  

• cosh2n~ocos2n0. 

The total potential of the two line charges and the 
conducting cylinder is then 

r -- - -  4 (~ --  #o) -t- 4 ~.~ ~ ( ~ I )  n e-2nul sinh2n~o 
n : l  T/, 

X sinh2n(~ -- ~o) cos2n6 [3] 

where A /B  is the ratio E ( P ) / E ( Q )  for d /B ~- ~r The 
coordinates ~o and ~1 can be determined in terms of 
A, B, and d using Eq. [ la]  and [ lb] .  Figure 2 is a 
graph of E ( P ) / E ( Q )  vs. the ratio B / A  for several 
values of d/B. It  is 'no tewor thy  that  the double wire 
electrode has only a small effect on the electric field 
at the substrate for values of d/B greater than 10. 

Manuscript submitted Dec. 16, 1968; revised manu-  
script received Jan. 17, 1969. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
J O U R N A L .  
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Stress in Thin Films of 
Silane Vapor-Deposited Silicon Dioxide 

Richard Lathlaen and Donald A. Diehl 
Philco-Ford Corporation, Microelectronics Division, Research and Development Department, 

Blue BeLl, Pennsylvania 

ABSTRACT 

The stress in  th in  films of silane vapor-deposited SiO2 on Si substrates 
was measured by an optical technique which is sensitive to changes in  focal 
length. The optical method requires only a single measurement  for each 
value of stress determined and, therefore, is suitable for processing a large 
number  of samples. The equipment  used to bui ld the focal length measur ing 
s tand was inexpensive.  The vapor-deposited films exhibi ted tensile stress 
which: (i) increased l inear ly  as a funct ion of film thickness, (ii) was a l inear  
function of the logari thm of the SiO2 deposition rate, and  (iii) increased 
asymptotical ly to a constant value as a funct ion of the volume ratio of 
oxygen to silane, for a constant  deposition rate. A typical  value for the stress 
of a 7500A layer, plated at 4000 A / m i n  and 400~ was 2.5 x 109 dynes /cm 2. 

The low-tempera ture  deposition of SiO2 by the oxi- 
dation of silane is a relat ively economical method of 
coating a microcircuit  device with an insulat ing mate-  
r ial  which is chemically inert, electrically stable and 
physically strong. The method was reported by Evitts 
et al. (1), and a detailed description of the process 
was given by Goldsmith and Kern  (2) and by Ham-  
mond and Bowers (3). 

Vapor-deposited films can be used as the deposited 
dielectric in  mult i level  metallized integrated circuits. 

Since the elastic condition of silane vapor-deposited 
SiO2 was of interest,  a sensitive, rapid, and easy to 
implement  method of measur ing the stress in th in  films 
on silicon substrates was devised. The stress in 
thin films of chemically deposited SiO2 was studied 
and was observed to be sensitive to the deposition 
parameters.  

The study showed that  it was practical to charac- 
terize empirical ly the effect of realistic permutat ions  
of the reaction ingredients  on the elastic properties of 
the chemically deposited SiO2 films. 

Stress is a mutua l  force between contiguous surfaces, 
which in  films is manifested by elastic deformation 
of the f i lm-substrate  pair. The chemical deposition 
of SiO2 on a silicon substrate results in an imbalance 
of forces which deforms the composite Si-SiO2 sys- 
tem unt i l  equi l ibr ium is established. Therefore, the 
stress of the SiO2 layer  is reflected by the amount  of 
deformation which the substrate must  undergo to 
establish equil ibrium. The rigorous mathemat ical  ex-  
pression for the stress of thin films on thick plates has 
been derived by Davidenkov (4). 

Several  authors have described methods by which 
the deformation of a thin, flexible, rec tangular  sub- 
strate which is clamped rigidly along one edge and 
free to deflect at the other can be measured (5-7). The 
edge deflection has been measured using a microscope 
(5), using a mechanical  t ransducer  (6), and as a 
funct ion of the capacitance between the substrate and 
a nearby  fixed metal  plate (7). In  general, ei ther the 
methods were not  amenable  to the s tudy of a large 
number  of samples wi th in  a reasonable period of t ime 
or they required the use of expensive equipment.  The 
calculations presented by Glang et al.~ (8) were used 
as the f ramework for an exper iment  which permit ted 
the stress of vapor-deposited SiO2 films to be mea-  
sured without  the forenamed limitations. 

According to Glang, the stress, ~, in films on thin 
circular s ingle-crystal  substrates can be wr i t ten  as 
follows 

1 E ts 2 5 
= [ 1 ]  

3 1 - -  ~ t f  r 2 

Key words: thin film stress, vapor deposited Si02. 

where E and ~ are Young's modulus and Poisson's 
ratio, respectively, for the substrate;  ts is the substrate 
thickness, and tf is the deposited film thickness. The 
quotient  of the substrate deflection, 8, divided by the 
square of the distance r from the center in Eq. [1] 
may be considered as a funct ional  un i t  and, conse- 
quently,  be rewr i t ten  in a new form with an arb i t ra ry  
parameter  f. The te rm 1/4f can, therefore, be substi-  
tuted for 5 / r  2, where ] is equivalent  to the optical 
focal length of the paraboloid of revolut ion with a 
cross-sectional profile defined by the equation 

45~ ---- r2 

Equation [1] may be rewr i t ten  in the form 

1 E ts 2 1 
[2] 

12 l--~t I ] 

where (El1 - -  ~) = 2.30 x 1012 dynes /cm 2 for <111> 
oriented Si substrates. 

The technique which is described in the next  section 
measures ] in  Eq. [2] instead of the deflection of the 
substrate at the edge. 

Experimental Procedure 
The silane vapor deposition system used to prepare 

the samples for this invest igat ion has been described 
by Hammond and Bowers (3). The substrates that  
were used were 2-3 mils thick, <111> oriented Si 
single-crystals  which were supplied by the Monsanto 
Company. The substrates were close to 3 cm in  d iam-  
eter and were chosen so that  any inheren t  curvature  
was not measurable using the focal length measur ing 
system described below. The substrates were held flat 
by a vacuum chuck inside the substrate pedestal of 
the hotplate to preclude their deformation dur ing  dep- 
osition. 

The stress in the th in  films of chemically deposited 
SiO2 was determined by measur ing the focal length 
of the substrates on which the films were deposited. 
A high intensi ty  mercury  arc lamp was used to i l-  
lumina te  a pinhole which was then optically posi- 
t ioned at infinity by  a collimator. The exit pupil  of 
the collimator could be varied between 1 m m  and 
1 cm. The collimated i l luminat ion  was reflected by a 
front surface mir ror  on the substrate which was po- 
sitioned horizontally on a microscope leveling stage. 
When the source and substrate were properly aligned, 
the light reflected from the substrate was directed 
along the optical axis of the  system and viewed on a 
ground glass screen, with the aid of a par t ia l ly  reflect- 
ing surface inserted in  the path of the i l luminat ing  
beam of light. The components were rigidly mounted  
to a calibrated optical bench which enabled measure-  

620 
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FRONT SURFACE APERTURE LIGHT SOURCE 
MIRROR DIAPHRAGM (HIGH PRESSURE 

FOCUS OF THN G L A S S  E N L  
SUBSTRATE SLIDE 

STRA MICROSCOPE 
STAND OBJECTIVE j 

COLLIMATOR 
(ENLARGEMENT LENS + MICROSCOPE 
OBJECTIVE + PINHOLE) 

Fig. 1. Top, focal length measuring stand; bottom, path of the 
light relative to the components of the stand. 

ments of the position of the focus of the substrate to 
be made accurately and reproducibly.  Figure  1 shows a 
photograph and a schematic d iagram of the optical 
stand. 

Stress was measured as a function of three  pa ram-  
eters of the SiO2 film: (i) film thickness, ( i i )  deposi- 
t ion rate, and ( i i i )  volumetr ic  ratio of oxygen to silane. 
The films were  deposited at 400~ and the stress mea-  
sured at room temperature .  

Each sample of vapor  plated SiDe was prepared by 
one of two different ways for the measurement  of 
stress as a function of film thickness. 

1. An init ial  thickness of SiO2 was deposited on a 
substrate, and subsequent  thicknesses were  obtained 
by select ively etching away the init ial  deposit. 

2. A fresh layer  of SiO2 was deposited for each mea-  
surement  of ~. 

In both cases the deposition parameters  were  con- 
stant: 23 cc /min  of silane was diluted by 7.6 ] /min  
of N2, then oxidized by 75 cc /min  of O2. 

A fresh layer  of SiO2 7500A thick was deposited for 
each measurement  of stress as a function of the depo- 
sition rate  and volume ratio of oxygen to silane. 

The film thickness was calculated _from the number  
of in ter ference  fringes of ye l low l ight  in a wedge 
formed using a chemical  etchant.  The deposition rates 
were  calculated f rom the film thicknesses and deposi-  
tion times, and the gas vo lume ratios were  moni tored 
by s tandard gas flow meters.  

Results and Discussion 
The chemical  vapor-deposi ted  SiO., films warped  the 

substrates concave upward,  thereby  forming a real  
image of the light source; that  is, the films were  in 
tension. A typical  value  for the tensile stress of a 
7500A thick SiO~ layer  deposited at 4000 A / m i n  was 
be tween 2.4 x 109 and 2.7 x 109 dynes /cm 2. 

Figures 2, 3, and 4 summarize  the quant i ta t ive  re-  
sults of the work. Figure  2 is a plot of the stress 
v s .  the thickness of the SiO2 film for a constant depo- 
sition rate  of 4000 A / m i n  and a constant volume ratio 
of oxygen to silane of 3.25 to 1. The range of SiO., 
thicknesses tested was from 3000 to 26,000A. The graph 
shows that  the stress was consistently higher  for the 
freshly prepared films than for the films prepared by 
chemical  etching. The stress was a Hnear function of 
the deposited film thickness for both cases. 

Figure  3 is a plot of the stress vs .  the deposition 
rate  of the SiO2 film for a constant film thickness of 
7500A and for three  different vo lume ratios of oxygen 
to silane. 

F igure  4 is a plot of the stress vs .  the volume ratio 
of oxygen to silane for a constant film thickness of 
7500A and for three  different deposition rates. 

Figures 3 and 4 were  obtained f rom the same body 
of data. F igure  3 shows the stress to be a l inear func-  
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VALUE OF O" 

A AN INITIAL DEPOSIT OF SIO 2 
WAS SELECTIVELY ETCHED 
WITH DILUTED BUFFERED HF 

4 8 12 16 20 24 28 32 36 
THtOKNESS OF VAPOR DEPOSITED SiO 2 ( x IOOO~] 

Fig. 2. Stress vs. thickness of the SiO2 film. The deposition rate 
was 4000 ~,/min and the volume ratio of oxygen to silane was 
3:25 to 1. G A fresh thickness of SiO2 was prepared for each 
value of r /~ An initial deposit of SiO2 was selectively etched 
with diluted buffered HF. 
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Fig. 3. Stress vs. deposition rote for constant oxygen to silane 
ratios. The film thickness was 7500,~. O O2:SiH4 was 3.25 to I .  
[ ]  O2,SiH4 was 6.5 to 1, ~ O2:SiH4 was 13 to 1. 
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tion of the logar i thm of the deposition rate. F igure  4 
shows that  the stress increases asymptot ical ly  to a 
constant value, as a function of the volume ratio of 
oxygen to silane, for a constant deposition rate. 
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Experimental errors and limitations.--Stress is a 
function of three independent  variables in Eq. [2] : the 
substrate thickness, ts, the film thickness, tf, and the 
focal length, f. The error involved in the stress mea-  
surement  is dependent  on the uncer ta in ty  associated 
with each of the independent  variables, and was cal- 
culated to be typical ly +__10%, but  always less than 
• 

The following uncertaint ies  were estimated for each 
of the independent  variables in Eq. [2], and for the 
abscissae shown in Fig. 2, 3 and 4: 

1. The substrate thickness was measured gravi-  
metrically, and had an error of less than  1%. 

2. The uncer ta in ty  in the values of the film thick- 
ness was less than  •  

3. The error associated with the measurement  of the 
focal length was governed by the factors sketched be- 
low and was typical ly 210%. 

4. The deposition rate errors were governed by the 
same factors which influenced the film thickness errors, 
anal were, therefore, less than 210%. 

5. The error for the volumetric  ratio of oxygen to 
silane did not exceed 25%.  

The boundary  limits for the calculation of the stress 
are set by factors involving the measurement  of the 
focal length. 

The lower detection limit for stress was determined 
by the unevenness  of the substrate. The measurement  
of the focal length involves the discrimination of the 
focus from neighboring regions of the reflected light 
beam. An uneven  substrate distorts the geometry of 
the focus, so that the uniqueness of the focus with 
respect to neighboring regions of the reflected light 
beam is compromised. Consequently,  the decreased 
max imum convergence angle of the reflected light at 
long focal lengths significantly influences the identifica- 
t ion of the focus when the substrate is uneven.  For 
example, at about 6 x 10 s dynes /cm 2, the focal lengths 
for 2-rail thick substrates were approximately 100 cm, 
with a corresponding uncer ta in ty  of 50%. This was 
considered to be the lower l imit of measurable  stress. 

The upper  measurement  l imit of stress was fixed by 
the substrate  thickness and the aper ture  of the col- 
l imated light beam. Equat ion [1] and, therefore, Eq. 
[2] are valid only when  the max imum deflection mea-  
sured is much less than the substrate thickness. There-  
fore, since the focal length is directly proportional to 
the ratio of the square of the beam diameter  to the de- 
flection at the perimeter  of the i l luminat ion,  an upper  
l imit of permissible deflection impresses an upper  l imit  
to the stress that can be measured with a given sub-  
strate thiCkhess and beam diameter. The upper  stress 
l imit for 2-mil  thick substrates and a 1-cm beam di- 
ameter  is 3.5 x 109 dynes /cm 2. 

The upper measurement  l imit of stress could be 
raised by decreasing the aper ture  of the collimator 
and /u r  increasing the thickness of the substrate. How- 
ever, since the aperture should be several t imes larger 
than the size of the average abberat ion in the surface 
contour of the substrate, the m i n i m u m  useful aperture 
is determined by substrate unevenness.  On the other 
hand, the sensi t ivi ty of measur ing low values of stress 
decreases sharply by increasing the thickness of the 
substrate. Therefore, for a given film thickness, the 
max imum thickness of the substrate which can be 
used is determined by the min imum value of stress 
to be measured. 

The opt imum substrate  thickness, ts, for this experi-  
ment  was found using Eq. [1] and let t ing r = beam 
diameter/2,  8 = ts/10, and assigning realistic values to 

and tf (see Fig. 2). The 2-mil  thick substrates used 
in this exper iment  were approximately half  the op- 
t imum substrate thickness calculated according to the 
procedure out l ined above. 

A constant  uncer ta in ty  of 2__10% was observed in 
locating the position of the focus. The error cannot be 
accounted for by the same factors which influenced the 
boundary  limits ol ~ the stress. However, the eye is 

relat ively insensit ive to changes in brightness, which 
introduces a calculatable error into the judgment  of 
the position of the focus. It is therefore l ikely that  a 
large portion of the uncer ta in ty  can be accounted for 
by the lack of sensit ivi ty of the eye. 

The flatness of the substrate was characterized by 
two properties: (i) the focal length for zero stress, 
and (ii) the unevenness  of the surface. The uneven-  
ness was given by the max imum possible normal  com- 
ponent  of the set of vectors connecting any two points 
of the surface, for zero stress. The focal length of all 
substrates used in this exper iment  was much longer 
than  the detectable l imit  of the 200-cm long optical 
bench, and the unevenness  was less than  1250A when 
the stress was zero. 

Conclusions 
The optical method used to measure stress in this 

experiment  required only a single measurement  for 
each determination,  and therefore was effective in 
processing a large number  of samples. The equipment  
used to bui ld the measurement  apparatus  was inexpen-  
sive. 

In  general, the stress of deposited films has two 
components: (i) the intrinsic stress, which is inde-  
pendent  of the substrate onto which the films are de- 
posited, and (ii) the thermal  stress, which is due to 
different thermal  expansion coefficients for film and 
substrate,  and which results whenever  the measure-  
ment  tempera ture  differs from the deposition temper-  
ature. The thermal  stress is compressive because the 
thermal  coefficient of expansion of Si is an order of 
magni tude  higher than for SlOe. An extrapolat ion of 
the data presented by Jaccodine and Schlegel (9) in -  
dicates that  the thermal  stress would not exceed 1.0 x 
109 dynes /cm e for a layer 8000A thick. Since the depo- 
sitidn tempera ture  was constant  in the experiment,  the 
relat ive shapes of the curves in Fig. 2, 3, and 4 were 
not influencea by the thermal  stress, and the curves 
can be considered to be characteristic of the intrinsic 
stress. 

No theoretical model was suggested at this t ime by 
the observed dependence of the intrinsic stress on the 
deposition parameters.  
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Phosphors Based on Rare Earth Phosphates 
II. Reflection Spectra of Rare Earth Phosphates 

R. C. Ropp* 
Westinghouse Electric Corporation, Bloomfield, New Jersey 

ABSTRACT 

Because PO4 does not absorb at wavelengths longer than about 2000A, 
the rare earth phosphates, LnPO4, where Ln is any rare earth (other than  
La, Pro, or Lu) ,  represent  an ideal system for the study of rare  earth absorp-  
tion. Reflectance spectra of all compounds are presented for wavelengths be-  
tween 2000 and 8000A. Only TbPO4 and EuPO4 produce luminescence when  
excited by the proper wavelength.  Major, broad absorption bands are cata-  
logued but  not identified, except for that  of Eu +~ and Tb +3, where  
Eu (III)  On-  2n -> EU (II) On-  2n + I and 4f 8 -> 4ff5d, respectively, are the probable 
mechanisms. 

A number  of prior studies of rare earth absorption 
spectra have been reported (1), including infrared 
spectra (2), visible spectra (3), and ul traviolet  spectra 
(4). Perhaps the most extensive of these was published 
by J~rgensen and co-workers (5). Most of their  studies 
concentrated on the pure and mixed oxides which be- 
gin to show strong absorption bands around 2600- 
2800A. It would have been desirable to extend their  
absorption studies at least to 2000A, par t icular ly  in 
view of the assignments made by J~rgensen et al. (5) 
for the 4f -> 5d t ransi t ion bands and those made for 
charge t ransfer  bands of the several rare earths. Their  
results were obtained by correlat ion of the expected 
positions of the 4f -> 5d bands and also by the observed 
absorption edge of the oxides. 

Because PO4 -3 does not absorb appreciably for 
wavelengths longer than 2000A and  because the peak 
absorption occurs close to 1800A, as shown recent ly by 
Ha lmann  and Pla tzner  (6), one would hypothesize that  
rare ear th  phosphates should represent  an ideal sys- 
tem for the study of far -u l t ravio le t  spectra of the 
rare  earths. Any  absorption, (1 - -  R) observed for 
LnPO~ compounds for wavelengths longer than  about 
2000A could only be a t t r ibuted to rare earth absorption. 

A prior paper  (7) has a l ready shown that  it is pos- 
sible to obtain resolution of the order of 1-2A in 
powder reflectance spectroscopy. 

The rare earths occur in  na tu re  as xenotime, and 
monazite (orthophosphates) and as bastnasi te and 
euxenite  (fluorocarbonates and complex oxides, re-  
spectively).  The synthesis of rare earth orthophos- 
phates has been described previously. Fusion methods 
(8), hydrothermal  crystal l ization from aqueous solu- 
tions (9), and chemical reactions (10) are some of the 
methods to be found. However, there  are no previous 
reports on the absorption properties of the rare  earth 
phosphates. 

Experimental Methods 
Method of preparation.--The rare  earth phosphates 

were prepared by precipitat ion from an H3PO4 solu- 
tion, as described previously (11). Since the solubil i ty 
of the rare earth phosphates is an inverse funct ion of 
precipitat ion tempera ture  and a direct funct ion of 
phosphoric acid concentration,  it is possible to prepare 
crystal l ine materials  of controlled particle size (see 
Fig. 1) by carefully adjust ing the conditions of pre-  
cipitation. Note that  the dis tr ibut ion is size-limited, as 
would be expected for a chemical growth process. 
Crystal l ine materials  can be obtained as mono-  and 
hemi-hydra tes  as shown i n - F i g .  2, for YPO4 and 
LaPO4, respectively. Fi r ing at 1200~ in air  then gave 
crystal l ine materials  with uni t  cells, as determined 
from x - ray  powder diffraction patterns,  whose values 
matched very  closely with published data (12). 

Chemical pur / ty . - -Commercia l  raw materials  were 
employed, rare earth oxides having a stated pur i ty  of 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

99.9%, or better,  while the I-I~PO4 employed was of 
reagent  grade quality.  The oxides were analyzed by 
spectrographic means and found to contain no detect- 
able amounts  of t ransi t ion element  impurit ies,  minor  
amounts  of A1 and Si, and several parts per mil l ion 
of alkal ine earths. Thus, the only major  impuri t ies  
were rare  earths. Since the ma x i mum was only about 
1:1000 in ratio, the spectral properties measured are 
regarded as typical  and not  affected by the impuri t ies  
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Fig. I. Particle size distribution produced by precipitation 
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present. In  addition, the method of preparat ion effects 
a fur ther  purification (with the exception of other 
rare  earths) since both a lkal ine-ear ths  and t ransi t ion 
elements are complexed, not precipitated, by H3PO4 
and tend to remain  in  solution. 

Spectral measurements.--Excitation and emission 
spectra were obtained with the aid of a commercial  
ins t rument  (13) having two monochromators.  The 
excitat ion monochromator  provided a constant  energy 
excitation beam over the range of 20,000-50,000 cm 
(5000-2000A). Ei ther  monochromator  could be pro- 
grammed separately to provide excitation or fluores- 
cence spectra directly, the former automatical ly cor- 
rected to constant  energy, the la t ter  compensated for 
ins t rumenta l  energy losses. Resolution in the ins t ru-  
ment  varied from a few angstroms in the ul traviolet  
to about 10A in the red region of the spectrum. 

Reflectance measurements  were made employing a 
double-beam Model 15 Cary spectrophotometer equip- 
ped with two diffuse reflectance heads, coated with 
BaSO4. The method was described in detail previ-  
ously (7). 

Resolution.--Resolution of the absorption bands ob- 
ta ined in this work was sufficient to determine that, 
in most rare earth phosphates, the individual  half-  
widths of the Stark components vary  between 55 and 
15A. 

However, in order to present a complete reflectance 
spectrum, as seen below, it was necessary to plot the 
exper imental  data on a compressed scale and just  to 
indicate the number  of Stark components observed, so 
as to show the broad bands observed more clearly. 

Exper imental  Results 
Structure.--Powder reflectance spectra were ob- 

tained for all rare earth phosphates, except for CePO4, 
which could not be prepared in a pure form by the 
method. No broad band absorption was observed for 
YPO4, and GdPO4 up to 1980A, the beginning of the 
phosphate absorption band. Transit ions wi thin  the 4f? 
mult iplet  of Gd +3 were observed, however. Various 
structures are formed by the rare earths, the lighter 
rare earths being monoclinic (monazite structure)  and 
the heavier  rare earth phosphates being te t ragonal  
(zenotLme s t ructure) .  The x - r ay  diffraction pat tern  
results determined in this study agreed very closely 
with those already published for the rare earth phos- 
phates (10, 12). Mooney has already shown (10) that 
certain rare  earth phosphates can exist in a low 
tempera ture  hexagonal  modification. Transi t ion from 
the low to the high tempera ture  form general ly occurs 
below 1000~ (14). The materials  studied herein all 
had the high tempera ture  form, including TbPO4, 
which is dimorphie. 

Reflectance spectra.--PrPO4.--Two broad absorp- 
tion bands occur in the visible region of the spectrum 
as shown in Fig. 3, giving rise to the green body color 
of PrPO4. The figures given in the parentheses in 
Fig. 3 show the n u m b e r  of individual  Stark compo- 
nents  observed. In  Fig. 3, it is evident  that the t rans i -  
t ion 3H4 --> 1D 2 is great ly broadened in relation to the 
other transit ions which form the band near  to 4500A. 
This lat ter  band is composed of at least four separate 
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Fig. 4. Transitions found for Pr +3 absorption 

t ransit ions between 4f 2 electron states. The average 
band  width was estimated, from the chart, to be about 
15A, near ly  three times those of the other phosphates. 
In Fig. 4 is presented a Grotr ian  diagram showing the 
transi t ions assigned for Pr  +3. Note that t ransi t ions 
from the ground state, 3H4, to all known Pr  +3 states 
were observed. Undoubtedly  transi t ions to the other 
3H, 3F, and ]G states occur in the infrared region of 
the spectrum, a region not measured in the present 
work because of lack of ins t rumenta l  capability. Table 
I shows the lines observed, transit ions between Stark 
states, the transi t ions identified, and a comparison of 
the baricenters of the observed and calculated absorp- 
t ion bands. 

There is another  broad band which occurs around 
3000A and another whose peak lies below 2000A. While 
identification cannot be certain for these bands, they 
are probably caused by transi t ions from the ground 
state to upper  state configurations. Jcrgensen et ak 
(5) have calculated the positions of these upper  state 
levels to be about 32,000 cm-1  for the 4f ~ 5d t rans i -  
t ion and 55,000 cm -1 for the charge t ransfer  t ransi t ion 
of Pr  +3. These values agree very well with those of 
the present work. However, Sugar  (15) has also cal- 
culated the configurational levels of Pr  +3 and sur-  
prisingly enough, a t ransi t ion such as 4f ~ 4fn-16p can 
occur as low as 3000A even though the t ransi t ion is 
par t ly  forbidden. Apparent ly ,  the 4f ground state has 
a certain percentage of 6s character admixed with 
the 4f state, thereby raising the t ransi t ion probabi l i ty  
somewhat. At the present time, the broad bands can- 
not be positively identified. 

NdPO4.--NdPO4 absorbs s trongly in the green and 
yellow regions of the spectrum as shown in Fig. 5. Up 

Table I. Reflectance spectrum of PrP04 

Bar icen te rs  
o f  a b s o r p t i o n  

bands,  cm-1 
Ob- Calcu- 

Trans i t ion  se rved  lated* Lines  observed,  A 

3H~-~ ZD2 17,007 16,973 5680 5720 5793 5853 5975 
3H4-~ 3Po 20,243 20,407 4928 4946 
3H~-> 3Pz 20,747 20,984 4809 4328 4842 4872 
3H~-~ 116 21,322 20,898 4659 4698 4729 4748 
3H4-~ 3P2 22,212 22,211 4350 4404 4467 

6020 

* J'. R. Margolis ,  J, Chem. Phys. ,  35, 1367 (1961). 
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to n ine  components were observed in some of these 
transitions. However, no broad band was observed in 
contrast  to the results for Pr  +3. Neither did a band 
appear which could be considered the beginning  of the 
phosphate absorption band. Table II gives the spectral 
data observed for NdPO4. 

SmPO4.--SmPO4 absorbs weakly in the blue and blue-  
green regions of the spectrum as shown in Fig. 6. The 

strongest absorption band  occurs about 4000A and is 
caused by transi t ions to a 4G level. The numbers  given 
in the parentheses are the n u m b e r  of components ob-  
served for each band. Table III gives the spectral data 
observed. Much of the complexity of Sm +~ arises from 
the fact that the 4f ~ free- ion configuration of Sm +~ is 
characterized by 198 SLJ states involving sextet, quar-  
tet, and doublet  states. In  the presence of the crystal 
field (C1 symmetry)  each SLJ state splits into a maxi -  
m u m  of J -t- ~ crystal  sublevels (the Kramers  degen- 
eracy) to give rise to as many  as 2002 crystal  states. 
However, not all of these may participate in the ab-  
sorption. Polarizat ion data are required to unrave l  the 
crysta2-states which are responsible for the t ransi t ions 
observed. 

In  addition, there are also two weak, but  broad, 
absorption bands near  2750 and 2900A whose ident i ty  
remains  uncertain.  Since these bands are broad, it is 
not believed that  they can represent  4f ~ 4 f  transit ions.  
More likely they are upper-s ta te  t ransi t ions or phos- 
phate absorption bands. The broad band  at 2000A can-  
not  be identified with the present  data. 

EuPO4.~The  reflectance spectrum of EuPO4 is given in 
Fig. 7. It is characterized by a very  strong and broad 
absorption band  occurring around 2300A with a n u m -  
ber of 4f -~ 4f t ransi t ions occurring in the near  u l t ra -  
violet region of the spectrum. Of all the rare  earth 
phosphates, the strong absorption band of EuPO~, 
whose width is about 800-1000A at the 50% point, ap- 
pears at the lowest energy. The absorption bands rep-  
resent ing 4f --> 4f t ransi t ions were  fair ly nar row (about 
4A in width) with those from the ground-s ta te  to ~D, 
~L, ~G, ~F mult iplets  being represented. It  is interest-  
ing to note that, al though transi t ions from the ground 
state, VF6, to all of the 5D states do occur, t ransi t ions 
from an upper-state,  7F1, to all of the same states were 

Table II. Reflectance spectrum of NdP04 

B a r i e e n t e r s  o f  
absorption bands, em-X 

Transition Observed Calculated* Lines observed, A 

~I~/'~-~ 4F~/2 14,706 14,903 L o s s  of resolution 
4I~/,~ --> 2I~11/2 15,873 15,985 L o s s  of  r e s o l u t i o n  
119/~-') 2G7/2 1 17,240 l 17,354 f 5725 5752 5780 5914 
~I~/~-~ ~Gs/~ 17,356 L 5806 5842 5875 5954 
419/:~ --> 4G7/2 19,084 19,320 5268 5310 5381 5205 5227 5250 
"#I9/:~ --> 4G9/~ 19,763 19,620 4995 5060 5102 5125 5165 
~I~/~ -~ 2C_~/2 21,136 21,255 4702 4717 4730 4756 4773 4795 
~I!)/2 -~ ~G~/._, 21,786 21,826 4543 4584 4615 4635 
~Is/~ -~ ~P:/~ 23,202 23,146 4288 4301 4326 4347 4372 
~I~/,~ -~ 2p~/~ 26,110 26,343 3820 3828 
419/s--> ~D�92 aD3/'2, 4D5/~, 2I~1/2 28,571 28,641 3478 3486 3505 3518 3537 3557 
~I~/~ ~ ~ / ~  30,211 30,070 3246 3310 
~I~/~ ~ ~D~/~ 33,333 33,771 2996 3005 

6006 

3565 3574 3616 

* B. G.  W y b o u r n e ,  J. C h e m .  P h y s . ,  32, 640 (1960.) 

Table Ill. Reflectance spectrum of SmP04 

Baricenters of 
absorption bands, cm-~ 

Transition Observed Calculated* Lines observed, A 

~H5 -~ 4G5/2 17.823 17,643 5609 
~;H~ ~ 4F~/2 17,963 18,059 5567 
~ ~ 4M15/~ 18,974 19,049 5270 
6H~ -~ 419/~, 4G7/~ 19,302 19,762 5050 
eH~ ~ 4Ill/~ 20,134 20,190 4933 4956 4976 5002 
6H~ -~ 4I~/~ 20,670 20,735 4838 
ell5 --> 4M17/2 20,912 20,868 4782 4756 4720 4703 
~;H5 -~ 4F5/2 21~542 21,742 4668 4650 4609 
~H~ -~ 4G9/2, 4M19/2, 4115/2 22,556 22,353 4370 4415 4450 4500 
"H~ -~ 4M2~/~ 34,697 34,676 4190 4210 4224 
6H5 ~ 4Klz/2. 4p~/~ 24,038 23,933 4141 4154 4174 
~H~ --) ~Gll/2, ePs/~ 24,820 24,736 3960 3991 4008 4022 
6H5/~ "~ 4D1/2, 4K13/2 25,700 25,705 3862 3890 3920 
6H5/~ ") 4D7/2, 4F9/2 26,617 26,674 3730 3745 3754 3776 
eHs/~ -~ 4K15/2, 61:)5/2, ~D3/2 27,640 27,694 3601 3610 3618 3644 
eH~/~ ~ 6P7/~ 28,952 29,008 3436 3457 3470 
~H~/, ~ 4G5/= 29,940 29,838 3313 3335 
~Hs/~ ~ ~-~ /2  31,605 31,139 3148 3164 3180 
~H~/~--> ~L1~/2, ~Fg/= 32,820 32,662 3047 

4040 4050 

3782 

4068 4095 

* B.  G.  W y b o u r n e ,  J .  C h e m .  P h y s . ,  36, 2301 (1962).  
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Fig. 7. Reflectance spectrum of EuP04 

also noted. There is little doubt that  these t ransi t ions 
do take place and can be proved by comparing the 
number  of Stark components  observed, with those pos- 
sible, as shown in  Table IV. Thermal  energy at 293~ 
is sufficient to populate the ~F1 state. Since these levels 
produce fluorescence, their  apparent  in tensi ty  appears 
to be low and loss of resolut ion must  cer ta inly have 
occurred. However, exper imenta l  bands involving the 
lowest 7F and 5D states allow unequivocal  assignment  
of t ransi t ions between these states. Table V presents 
the spectral data observed. 

The broad absorption band observed in EuPO4 is 
cer ta inly much different than any observed, or de- 
scribed below, both in position and in apparent  width. 
This is the charge t ransfer  band for Eu +3 as asserted 
by Jergensen (16) and Borchardt (17) for which sub-  
s tant ia t ing data have been published by the author  
(18). The mechanism can be postulated as follows 

E u  (III)  O n  - 2 n  -"> E U  ( I I n  O - 2 n +  1)  

There are probably  a number  of 4f states which are 
masked by the charge t ransfer  band. 

TbPO~.--The body color of TbPO~ is an off-white. A 
continuous decrease in the reflectance was seen as a 
funct ion of shorter wavelengths as shown in Fig. 8 i r-  
respective of the 4f -->4f transi t ions of Tb +3 and may 
be due to the presence of Tb +4. Table VI presents the 
assignments for Tb +3 transit ions.  

Table IV. Comparison of predicted and observed transitions 

States predic ted  
(C~ s y m m e t r y )  States observed  

VFo -~ 5Do 1 1 
~F~ --~ ~Do 3 2 
~Fo --> 5Dz 3 2 
7Ft --> 5Dz 5 3 
ZFo -~ SD. 5 2 
7Fz -> b'D= 8 1 
~Fo ~ ~D~ 7 1 
"r'2"o ---> ~D~ 7 1 
~F~ --> ~ 11 3 

Table V. Reflection spectrum of EuP04 

Baricenters 
of absorption 
bands, cm -~ 
Ob- Calcu- 

Trans i t ion  s e r v e d  lated* Lines  observed,  A 

~F~-> ~ 16,835 17,000 5934 5948 
VFo--> ~Do 17,036 17,374 5878 
7F~--~vDz 18,692 18,571 5328 5332 5373 
VFo--> ~Dz 19,048 18,945 5253 5260 
~Fo-~ 5Ds 21,505 21,508 4644 4655 
~'J~l -'~ 5D2 21,186 21,134 4710 
~ F z - ~ D s  24,038 24,082 4142 4151 4178 
~Fo~ ~ D s , ~  24,396 24,456 4107 
~JPo-->~L~ 25,381 25,340 3939 3954 3975 3998 4043 4064 
~Fo->~L~ 26,247 26,220 3783 3797 3818 3892 3850 3864 
~Fo-> sG2, ~7~ 25,496 26,564 3730 3747 3758 
EFo --~ ~L~o 27.473 27.386 3673 3691 
~F~--~ ~D~ 27.781 27,747 3612 3617 
7F~-~ SD~ 27,367 27,373 3654 
~Fo.-~ ~ fe  31,348 31,248 3162 3172 3178 3190 3197 
~F~ --) SF~, ~Is 33,557 33,581 2982 
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Fig. 8. Reflectance spectrum afTbP04 
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There is also a broad band occurring around 2100A, 
which is the 4f s --> 4f75d t ransi t ion as noted by Jergen-  
sen (6). 

DyPO4.--The ivory body color of DyPO~ arises be-  
cause of the lack of strong absorption in the visible 
region of the spectrum, as shown in Fig. 9. A great 
n u m b e r  of near  ul t raviolet  bands were noted due to 4f 

4f transit ions.  Table VII gives the spectral data ob- 
served. It is notable that no broad bands were observed 
in this reflectance spectrum. 

HoPO4.--The body color of HoPe4 is beige. A great 
n u m b e r  of absorption bands occurs in the visible re-  
gion of the spectrum and throughout  the ul t raviolet  
with a large number  of Stark components observed as 
shown in Fig. 10. Table VIII presents the spectra data 
measured. No broad bands were observed. 

ErPO4.--The pink body color of ErPO4 can be at-  
t r ibuted  to the strong absorption bands occurring in 
the green region of the visible spectrum as shown in 
Fig. 11. A Grotr ian diagram of the t ransi t ions assigned 
is shown in Fig. 12. Transi t ions to 4F and 4G mult iplets  
were identified as well as those to individual  2K, 2H, 
2L, and 2p states. Note that  a broad band, was also 
observed. Table IX presents the spectral data observed. 

Table VI. Reflectance spectrum of TbP04 

Bar icen te r s  
of absorpt ion 

b a n d s ,  cm -1 
O b -  Calcu- 

Trans i t ion  se rved  lated* Lines  observed,  A 

7FG --~ 5D4 20,408 20,455 4890 
7F6~ 5D~ 26,385 26,216 3770 3783 3795 3807 3817 3844 
7FG~sGo 27,027 27,263 3684 3697 3708 3725 
7Fo-->SG5 27,778 27,659 3596 3607 3617 
7 F 6 - - ~ 4 ,  SD2 28,409 28,365 3496 3510 3522 3537 3556 
7F6 ~ ~C~ 28,969 28,960 3542 
7F~-~ ~ 2  29,274 29,411 3404 3428 
~F6 -~ 5D1 30,460 30,400 3283 
7FG->~H7 31,056 30,953 3192 3200 3217 
7FG ~ VDo 31,447 31,649 3177 3185 
~Fs-> SHs, 5H e 33,000 32,995 3040 3064 
7F6--~ .~  34,843 34,414 2832 2850 2869 
7F6 ~ ~F4 36,563 36,223 2735 
~Fo--> 5F~, ~Fa 37,523 37,563 2665 (9OA wide)  
7FG --~ ~P2 39.216 39*295. 2550 
U n k n o w n  40,469 - -  2489 2453 
U n k n o w n  41,468 - -  2423 2400 
U n k n o w n  42,221 - -  2363 2374 

* G. S. O'Felt ,  J.  Chem. Phys, ,  38, 2171 (1963). * G. S. O'Felt ,  J. Chem. Phys. ,  38, 2171 (1963}. 
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Table VII. Reflectance spectrum of DyP04 
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Bar icen te r s  of  
absorpt ion  bands,  em-~ 

Trans i t ion  Obse rved  Calculated* Lines  observed,  A 

eHt~/= -~ *F~/s 20,704 20,216 4802 4812 4831 4852 
eHl~/= ~ qz~/s 31,097 21,427 4723 4738 4754 4771 
eH~5/s -~ ~C~/~ (4M21/~) 22,075 22,442 4510 4522 4536 4544 4568 4600 
~'I1.~/2 --~ ~M19/2 (4K17/2) 23,310 23,903 4270 4278 4291 4302 4325 
6Hts/~ --) 4Ila/2 24,661 24,296 4040 4052 4072 
eHt~/= ~ ~F~/s 24,902 24,720 3980 3994 4020 4028 
~'~Is ~ 4ML~/~ (q~/2) 25,707 26,170 3859 3869 3383 3890 3900 3913 
CHL~/S --~ q~/~ 26,281 26,224 3784 3799 3814 
~'H~/~ -~ ~M~/~ 27,248 27,662 3658 3669 3693 
~Ht~/~ -~ q~/~ (~F~/~) 27,778 27,772 3586 3596 3603 
e,H~I~ --~ ~,7,r~/~ 28,369 38,582 3525 
CH~/s .~ epr (~p~/2) 29,499 29,400 3334 3381 3395 3425 
~q'I~/~--> 4G~/~, 4G~.~/~ 30,628 30,106, 30,839 3230 3265 3295 
~H~/s ---> ~Ps/2 31,250 31,479 3166 3182 3193 3208 
~H~5/~ --~ ~F~/~ 33,222 33,147 2987 2997 3007 3025 3035 3053 
"Ht~/s -~ ~Lz~/s 34,130 34,451 2919 2927 2958 
~I'Iz~/= --~ ~I~.~/~ 34,702 34,733, 34,762 2882 
~H~/s -~ ~F~/~ 35,907 36,116 2792 
~HI~/= --* ~P~/.- 36,496 36,498 2740 2750 2758 
eI-It~/= --* 2C~/= 37,736 37,668 2651 
CHL~/S --~ ~Ps/= 38,711 38,566 2584 
aI-I15/= --~ ~F~/~ 38,956 39,210 2567 
U n k n o w n  40,950 - -  2442 
U n k n o w n  41,665 ~ 2405 
U n k n o w n  45,065 -- 2360 2290 2240 2195 2175 

* B. G. Wybourne ,  J. Chem.  Phys . ,  36, 2301 (1962). 

Table VIII. Reflection spectrum of HOP04 

Bar ieen te r s  of  
absorpt ion  bands,  cm -z 

Trans i t ion  Observed  Calculated* Lines  observed,  A 

3922 

~s-->~F5 15,385 15,403 6444 6550 
~s~SF~ , sS~  18,450 18,479 5345 5374 5396 5414 
~ s ~ 6 F s  20,575 20,568 4859 4878 4897 4909 
~ F ~ , S K ~  21,090 21,113 4682 4689 4703 4724 
~s-->sGeWF~) 22,080 22,192 4451 4494 4512 4536 
~s->~G~ 23,868 24,104 4150 4163 4169 4181 
~ G ~ , ~  25,907 26,070 3818 3824 3847 3866 
~ a l ~  2~,701 28,040 3537 3547 3601 3615 
~ _ _ ~ ( r ~ _ ~ )  28,968 28,953 3449 2462 3472 3483 
~ I ~ K ~  30,120 30,261 3332 3338 3346 3351 
~--->~F~ 30,817 30,726 3245 
~ - ~ P ~ ( a D ~ )  34,015 33,973 2908 2936 2950 2967 
~ - ~ D ~  34,780 35,125 2848 2878 2897 
~ I ~ I . , s ( s F s )  36,230 36,267 2720 2728 
~s-~SPo(~F~) 36,710 36,700 2743 2749 2757 2781 
~ I ~ - - ~  38,315 38,521 2586 2594 2608 2613 
~ I ~ , S F ~  39,216 39,216 2540 2552 
5 I s ~ I ~  39,840 39,654 2507 2514 ~424 
~ F ~  41,667 41,859 2396 2417 2425 
~ I s ~ D e  42,735 42,671 2339 
~ s ~ H ~  43,350 45,314 2203 

5429 5447 5457 
4917 
4734 4752 4764 
4552 4569 4588 
4199 4212 4225 
3880 3890 3901 
3630 3636 3649 

3362 

2788 2794 2804 

5493 5508 

4781 4800 4810 

4231 
3909  3917 3922 
3664 

* M. H. Crozier  and  W. A. R u n e i m a n ,  J.  Chem.  Phys . ,  35, 1392 (1961). 

YbPO4.--The 4f TM configuration of Yb +s is the "one- 
hole" conjugate of Ce+S(4f 1) and, with the exception 
of a 2F5/2 level near  10,000 cm -1, has no energy states 
much below 50,000 cm -1 (2000A). F igure  13 shows the 
reflectance spectrum measured for YbPO4, Only one 
broad band near  2200A was seen which may  be a 
charge t ransfer  band (19). 

Fluorescence.--Only two of these phosphates pro- 
duced fluorescence when irradiated by ultraviolet.  This 
is shown in Fig. 14 for EuPO4 and  TbPO4. 
EuPO4.--Essential ly the same emission spectrum was 
obtained as for Eu +3 in LaPO4 [see Fig. 3, Par t  I (11)]. 
In  the excitation spectrum, the band at 38,500 cm -1 
(2580A) can be identified as the charge t ransfer  band, 
par t icular ly  since the relat ive in tensi ty  of this band 
changes with Eu +s concentrat ion in the LaPO4:Eu 

phosphor, eventua l ly  showing that  presented in  Fig. 14, 
as the Eu +3 becomes 100%. 

This excitation spectrum may be compared to the 
absorption spectrum (Fig. 7). One notes tha t  EuPO4 
is not an efficient phosphor probably because of con- 
centrat ion quenching. 

TbPO4.--The emission spectrum of TbPO4 is quite 
similar to that  of Tb +3 in LaPO4 (LaPO4, EuPO4, and 
TbPO4 all have the same structure;  YPO4 does not) .  
Thus, one concludes that  emission occurs from the 4f 8 
energy levels of Tb +3 (21). In the excitation spectrum 
of TbPO4, several  separate bands appear which are 
not as distinct in the absorption spectrum (Fig. 8). 
In comparing the figures, it becomes apparent  that  the 
excitation band at 39,000 cm -1 (2550A) could be as- 
signed to the transit ion,  4fS(TFs) --> 4f 8 (5F2) while the 
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Fig. |0. Reflectance spectrum of HOP04 
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Fig. 11. Reflection spectrum of ErP04 
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Fig. 13. Reflectance spectrum of YbP04 

bands at 43,000 cm -z cannot be identified with the 
present  data. 

Laser application.--It is apparent  that several  of 
these materials  should be possible candidates for fab- 
rication of lasers. Those materials  which absorb in the 
visible region (ErPO4, HoPO4, and NdPO4) could be 
used in conjunct ion with a high in tensi ty  xenon arc 
lamp, with selected activators such as Tm +3 and Pr  +3. 
Since the phosphate does not absorb, one should have 
a rare earth coupled system with host-sensit ization as 
the main  excitation process. Such systems should then 

May 1969 
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Fig. 14. Spectra of some rare earth phosphates 

depend only on the coupling of the two rare earths. 
For such systems, low threshold values would be ex- 
pected. In  addition, fabrication of single crystals of 
rare earth phosphates has already been reported (14). 

Conclus ions  
The absorption spectra (1 - -  R) of the rare earths, 

as phosphates, have been presented. It is interest ing to 
note that  4f ~ 4f t ransi t ions were identified for all  
compounds except the 4f 13 configuration (YbPO4). 
Note that  this ion has 4f energy levels between 10,000 
and 12,000 cm -1 and that  sharp l ine spectra would be 
expected only below 8000A, a region not measured be- 
cause of ins t rumenta l  incapabili ty.  

In regard to luminescence, rare earth ions having 7F 
ground states do not interact  as strongly with their  
env i ronment  as those with H or I ground-states  (21). 
Thus, only EuPO4 and TbPO4 would be expected to 
produce luminescence, as noted experimental ly.  In  ex- 
amining  reflectance and excitation data, it becomes 
clear that  excitation is a much more sensitive method 
of observing energy transit ions,  al though the combina-  
tion and comparison of both excitation and absorption 
data leads to conclusions not tenable  with just  one 
method of measurement .  It has already been noted that  
only Eu +3 and Tb +3 produce broad excitation bands 
(11). It is of interest  to summarize  the origin of these 
bands. For Eu +3, the band arises from a charge t rans-  
fer t ransi t ion involv ing  nearest  oxygen neighbors 

Eu (III) On - 2 n  --> Eu (II) %-2n + 

Thus, the efficiency should be dependent  on the polar-  
izabili ty of the oxygen atoms. For the rare  earth 
phosphates, where the oxygen atoms are covalently 
bonded within  the phosphate group, phosphor efficien- 
cies should be much lower because of the inherent ly  
higher saturat ion of charge wi thin  the PO4 groups as 
compared to an individual  oxygen atom whose 2p 
shells remain  unfilled in an ionic matrix.  This effect on 
efficiency has a l ready been noted in a prior paper (11). 

Table IX. Reflectance spectrum of ErP04 

Bar ieen te r s  of 
absorption bands,  crn-Z 

Transition Observed Calculated* Lines,  observed,  A 

q~/= -~ ~I9~ 15,244 15,449 6550 6660 
q ~ - ~  ~$8~ 18,349 18,525 5436 5449 5465 5478 
q~/~ -~ ~rIu/= 19.237 19,407 5218 5244 5273 5308 
q~-->~F~/~ 20,576 20,717 4872 4881 4894 4923 
q~/2-~4Fs~ 22,272 22,321 4510 4516 4526 4538 
q ~ - - > 4 F s ~  22,624 22,701 4436 4453 4465 4484 
q~/=- ->~G~ 24,691 24,893 4057 4062 4072 4076 
q~-~Gn/s 26,667 26,889 3737 3781 3785 3794 
q ~ / ~ - - ~ K ~  27,397 27,408 3630 3647 3653 3658 
~ I ~  -~ 4G9~ 27,918 27,940 3567 3574 3588 3598 
4I~/~ -> 2Ds/~ 31,949 32,061 3168 3174 3181 3192 
q~ -~ 2K~la 32,981 32,857 3022 3032 3042 
4Ira/= --> 2Gn~ 33,864 33,974 2940 2952 2967 
q ~ - ~ D s ~  35,089 34,910 2875 2883 2896 
qm/j-~2I-I~/2 37,037 37,217 2740 2752 2766 
q ~ - ~ 4 D ~ / ~  38,700 39,151 2598 2614 2553 2569 
~ I ~ / = - > 2 I ~  41,152 40,737 2370 2407 2422 2437 
~I~- ->~P8~ 43,422 43,626 2303 

* B. G. Wybourne ,  J .  Chem. Phys., 32, 641 (1960). 

5508 5522 
5355 
4941 4957 
4544 4577 

4083 4092 
3801 3807 
3667 3674 

3200 

4099 
3818 
3679 

3824 
3684 3694 
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For Tb +~, the pr imary  band in TbPO4 arises from a 
per turbed 4f --> 4f t ransi t ion (7F6 --> 5F2) whereas in 
LaPO4:Tb, the pr imary  t ransi t ion is probably 4f s 
4ff5d in nature,  with transi t ions involving other upper  
states not identified. 

Acknowledgment 
The author is indebted to Dr. C. K. Lui  Wei for x - ray  

measurements  and to E. Chen and G. Grasso for phos- 
phor preparation.  

Manuscript  submit ted Nov. 21, 1968; revised m a n u -  
script received ca. Jan. 20, 1969. This paper was 
presented at the Cleveland Meeting, May 1-5, 1966, as 
Abstract  33. 

Any discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 

REFERENCES 
1. D. C. Stewart,  AEC Report ANL-4812, Argonne 

National  Lab., Chicago (1952); W. J. Baun  and 
N. T. McDevitt, J. Am. Ceram. Soc., 46, 294 
(1'963) ; J. Hoogschagen and C. J. Gorter, Physica, 
14, 197 (1948). 

2. F. Varsanyi  and G. H. Dieke, J. Chem. Phys., 36, 
835 (1962). 

3. J. W. Adams, Am. Mineral., 50, 356 (1965). 
4. D. C. Stewart,  AEC Report ANL-5642, Argonne 

National  Lab., Chicago (Oct. 1965). 
5. C. K. Jorgensen, R. Rappalardo, and E. Rittershaus, 

Cyanimide European Research Inst i tute  Report. 

CERI-TIC60 (1964); C. K. Jorgensen, R. Pappa-  
lardo, and E. Rittershaus, Z. Natur Wissen., 19, 
424 (1964) ; ibid., 20, 54 (1965). 

6. M. Ha lmann  and I. Platzner,  J. Chem. Soc., 1965 
1440. 

7. R. C. Ropp, Appl. Spectroscopy, To be published. 
8. M. F. Radominski,  Compt. Rend., 80, 304 (1875); 

M. A. Duboin, loc. cir., 107, 622 (1888). 
9. M. K. Carron, C. R. Naeser, H. J. Rose, and F. A. 

Hildebrand,  U.S. Geol. Survey Bull. 1036N, 253 
(1958); see also: M. K. Carron, M. E. Morse, and 
K. J. Murata, Am. Mineral., 43, 985 (1958). 

10. R. C. L. Mooney, J. Chem. Phys., 16, 1003 (1948); 
R. C. L. Mooney, Acta Cryst., 3, 337 (1950); 
H. Schwarz, Z. Anorg. Allegem. Chem., 323, 44 
(1963). 

11. R. C. Ropp, This Journal, 115, 841 (1968). 
12. F. Weigel, V. Scherer, and H. Henschel, J. Am. 

Ceram. Soc., 48, 383 (1965). 
13. Pe rk in -E lmer  Corp., Norwalk, Conn. Recording 

Spectrofiuorimeter Model 195. 
14. R. S. Feigelson, J. Am. Ceram. Soc., 47, 257 (1964). 
15. J. Sugar, J. Opt. Soc., 55, 1058 (1965). 
16. C. K. Jorgensen, "Proceedings of the Fifth Rare 

Ear th  Conference", p. 1, Ames, Iowa (1965), To 
be published. 

17. H. J. Borchardt, Ioc. cit., p. 65, To be published. 
18. R. C. Ropp, E. E. Gritz, P. H. Haberland,  and 

D. E. U. Ridout, Electrochem. Technol., 4, 24 
(1966). 

19. B. W. Bryant,  J. Am. Opt. Soc., 55, 771 (1965). 
20. E. Loh, Phys. Rev., 147, 332 (1966). 
21. G. H. Dieke and L. A. Hall, J. Chem. Phys., 25, 465 

(1957). 

Eu" Luminescence in the Ternary EuO-AI O -SiO.  System 
P. M. Jaffe .1 

Westinghouse EIectr/c Corporation, Bloomfield, New Jersey 

ABSTRACT 

A study has been made of the t e rnary  EuO-AI203-SiO2 system. Several  
phosphors activated by divalent  Eu were found, some of which are very  effi- 
cient under  u.v. excitation. Several  new compounds containing divalent  Eu 
are reported. Some of these are fairly efficient photoluminescent  phosphors. 
The materials  studied are A1203:Eu; SiO2: Eu, A1203: Si,Eu; SiO2: A1,Eu; (1 - -  
x) A1203 .xSiO2: Eu; EuA12Si208; Eu 3 + A103: Eu 2 + ; Eu2A12SiOT, and Eu6AllBSi2037. 
All  but  the last two are luminescent .  

An at tempt to prepare Eu 2+ activated si l l imanite 
(A12SiOs) by firing a 1:1 A1203:SIO2 mixture  con- 
ta in ing  1 a/o (atom per cent) Eu in NH3 resulted in 
a bright b lue-whi te  band emit t ing phosphor. X- ray  
analysis showed this phosphor to be main ly  a mix ture  
of A120~ and SiO2 plus a trace of si l l imanite and 
mul l i te  (3A1203.2SIO2). In  an at tempt  to identify the 
phosphor matrix,  the t e rna ry  EuO-AI20~-SiO2 system 
was studied. As a result  of this study, several  other 
phosphors activated by Eu 2+ were found. In  addition, 
some new compounds containing Eu 2+ were synthe-  
sized, some of which were luminescent .  

Experimental Procedure 
All phosphors were prepared from mixtures  of 

Eu203 (Lindsay, 99.8%) and Mall inckrodt 's  SL AI(OH)3 
and  SIO2. The mixtures  were slurried, dried at l l0~ 
and ball  milled. Fir ings were done in silica crucibles 
for samples high in SiO2 and in a lumina  crucibles for 
samples high in A1203. The firing atmosphere used 
was NH3; somewhat similar  results were obtained in 
H2 or H2-N2 mixtures.  Except where otherwise noted, 
the firings were done at 1250~176 

Emission spectra were obtained with a Bausch and 
Lomb 1/2 meter  grat ing monochromator  equipped with 

* Electrochemical Society Active Member. 
1 Present address: Zenith Radio Corporation, Chicago, Illinois. 

a wavelength  drive. The spectra were corrected for 
spectral sensit ivi ty of the photomult ipl ier  and ins t ru-  
ment  transmission. The exciting sources were a 2537A 
Germacidal  lamp and a 3650A 100w Hg lamp. Excita- 
tion spectra were taken with the same apparatus using 
a 150w d-c Xenon lamp. The excitation spectra are 
given relat ive to a 0.2% fluorescein solution which has 
a constant  quan tum efficiency from 250 to 500 nm (1). 
Diffuse reflectance spectra were obtained with a Beck- 
man  DU spectrophotometer equipped with a diffuse 
reflectance at tachment.  The data are reported as ab-  
sorption spectra, us ing the relat ionship % absorption 
= (100 - -  % reflectance). Brightness measurements  
were made with a Spectra brightness spot meter. 

Experimental Results 
A1203: EU 2 + and SiO2:Eu 2 + . - S i n c e  the x - r ay  anal -  

ysis indicated the main  components in the 1:1 A120:~: 
SiO2 phosphor to be a-Al~O3 and SIO2, these materials  
were first examined to see if one or the other was the 
pr imary  phosphor mat r ix  

Eu 2+ activated SiO2.--These samples were activated 
with 0.01-1.0 a/o Eu. They were given two 2-hr  firings 
at 1250~ After the first firing, the samples developed 
a strong electrostatic charge on grinding. This charge 
disappeared after the second firing. X - r a y  examinat ion 
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of these samples  showed tha t  increas ing Eu caused an 
increase  in c rys ta l l in i ty  but  no appa ren t  compound 
formation.  The body color va r i ed  f rom whi te  to ye l low 
and the  emission shif ted f rom blue to yel low wi th  in-  
creasing Eu. The m a x i m u m  blue emission was obta ined  
with  0.05 a /o  Eu. F igure  1 shows the  emission spect ra  
of samples  conta in ing 0.01, 0.1, and 0.5 a /o  Eu exci ted 
by  2537A u.v. The 3650A u.v. exci ted  spect ra  are  s imi-  
la r  but  the  emission peaks  are  shif ted about  15 nm to 
longer  wavelengths .  

The absorpt ion  spec t rum of the  SiO2:1 a /o  Eu sam-  
ple is shown in Fig. 2A. It  consists of a broad  band 
peaking  a round  275 to 300 rim, the in tens i ty  of which 
increases wi th  increas ing  Eu. The exci ta t ion spec t rum 
is shown in Fig. 3A. There  are  three  peaks,  increas ing 
in in tens i ty  in the  order  270, 300, and 330 nm. 

Eu 2+ activated Al2Os.--The effect of Eu concent ra -  
t ion was examined  over  the  range  of 0.01-10 a/o.  The 
body color of samples  having  1 a /o  Eu or  less was 
white;  the  luminescence was weak  blue. The  10 a /o  
Eu sample  had  a pale  ye l low body color and a green-  
ye l low emission. 

X - r a y  examina t ion  of the  0.1, 1, and 10 a /o  Eu sam-  
ples gave the  fol lowing results :  

0.1 a /o  Eu ~-Al2Os (S) ,  e-A12Os (W) 

1 a / o E u  a-A120~ (S) ,  8-AI203 (W),  
unknown (VW) 

10 a / o E u  a-A120~ (S) ,  EuA10.~ (W) 

(S = s t rong;  W = weak.)  

Most l ikely,  the  unknown ma te r i a l  in the  1 a /o  Eu 
samples  is EuA10.~. This compound wi l l  be discussed 
later .  

The emission spec t ra  f rom the  AleO3 phosphors  con- 
ta in ing 0.1, 1, and 10 a /o  Eu are  shown in Fig. 4. For  
0.1 and 1 a /o  Eu, the  emissions are  s imi lar  for  2537A 
exci ta t ion but  show a slight long wave  broadening  
with  10% Eu. Under  3650A exci tat ion,  the  emission 
from the  0.1 a / o  Eu phosphor  is s imi la r  to tha t  of the 
2537A exci ted phosphors.  However ,  as the  Eu concen-  
t ra t ion  increases, there  is a shift  of the  emission to 
longer  wavelengths .  This shift  is due  to emission from 
EuA10.~: Eu ~+ which  is present  as a separa te  phase. 

The absorpt ion  spec t rum of the  A12Os:l a / o  Eu 
phosphor  is shown in Fig. 2A. The re  are  severa l  weak  
bands and one s t rong one al l  due to Eu 2+. The main  
band peaks  at  275 nm. The exci ta t ion spec t ra  of the  
blue emission is shown in Fig. 3A. It  consists of th ree  
bands,  two m a j o r  ones at  310 and 350 nm, respect ively ,  
and one minor  one at  270 nm. 

The br ightness  of the  best  Eu ac t iva ted  A12Os and 
SiO2 phosphors  was much lower  than  the  or iginal  
l : l  ANO3:SiO~ p repa ra t ion  (see also Table  I ) .  

Eu activated A1203 with  silica and silica wi th  alumina. 
- - S i n c e  the  Eu ac t iva ted  A1203 and SiO2 were  of low 
brightness,  the  poss ibi l i ty  of l imi ted  solid solutions of 
AltOs in SIO.2 and vice versa  was invest igated.  This 
was done by  p repa r ing  the  fol lowing two series of 
samples:  (a) A120~:xSiO2,1 a /o  Eu where  x = 0, 0.01, 

o.e-J / ,// "x "~,~ "~-,~ 
"C,, 

\" , , . ,  
~:  , , - ~ ". 01Eu 02 

400 450 500 550 600 

WAVELENGTH (rnp) 

Fig. 1. Emission spectra for Si02:xEu 2+ for 2537~, excitation. 
The 3650,~ excited spectra are similar to the corresponding 
2537,~, excited spectra but are shifted about 15 nm to longer 
wavelengths. 

May 1969 

0.05, 0.1, and 0.5 m/o ;  (b) SiO2:xA1,0.05 a /o  Eu where  
x = 0, 0.01, 0.05, 0.1, 0.5, and 1 a/o.  

The A1 was added  as the  hyd rox ide  which  was 
f reshly  prec ip i ta ted  f rom the  ni t ra te .  

Af te r  two 2-hr  firings, the  A1203: SiO2,Eu phosphors  
had a fa i r ly  un i form emission. Increas ing  SiO2 add i -  
t ions resu l ted  in a shift  of the  emission, for  3650A 
excitat ion,  f rom blue  to b lue -g reen ;  for  2537A ex-  
ci tat ion,  the  emission was blue for Eu concentrat ions  
below 0.05 a /o  and b lue -w h i t e  for concentrat ions  
above. The in tens i ty  of the  b lue  emission, measured  
th rough  the blue Spec t ra  spot  mete r  filter, had a min -  
imum at about  0.01% SiO2. 
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Fig. 2. Absorption spectro for (A) Si02, AI203 ond 
0.6Ab03"0.4Si02; (B) Eu'~+AIO.~:Eu 2+ and EuAI2Si208, 011 con- 
taining 1 a/o Eu 2+. 
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Fig. 3. Excitation spectra for (A) blue emission of Si02, AI203, 

and 0.6AI203"0.4Si02; (B) green emission of Eu3+AIO.~:Eu +2 and 
green-yellow emission of EuAI2Si2Os, all containing 1 a/o Eu 2+. 
The ordinate is proportional to the relative number of fluorescent 
quanta. 
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Fig. 4. Emission spectra of AI203:x a/o Eu 2+. (A) For 2537~, 
excitation; (B) for 3650~, excitation. 

The emission of the SiOz:xA1, Eu samples shifted 
from blue-green  under  3650A excitation and from 
blue-whi te  under  2537A excitation for zero A1 to 
blue with increasing A1 additions. The intensi ty  of the 
blue emission progressively decreased with increasing 
A1. 

In no case was the blue emission from these phos- 
phors as br ight  as the original  Eu 2+ activated 1:1 
A1203:SIO2 or the mixed AlzO3.SiO2 phosphors dis- 
cussed in the next  section. 

The A1203-SiO2 system (2) . - -Since  the phosphor ob- 
tained by firing a 1:1 A1203-SiO2 mixture  was found 
to contain ma in ly  A1203 and SiO2 plus some mulli te,  
no fur ther  at tempts were made to prepare the 1:1 
compound. 

A sample of almost pure mull i te  activated by Eu'-' § 
was obtained by  a series of firings at 1250~ for a 
total t ime of 100 hr. The resul tant  phosphor was much 
less bright  than a sample having the same raw mix 
composition but  having two 2-hr firings. X- r ay  analysis 
of the lat ter  phosphor showed it to be pr imar i ly  a 
mix ture  of a-Al203 and SiO2 plus a trace of mullite.  
The emission spectra of these two phosphors, however, 
were similar. 

Since these data indicated that  mull i te  was not 
needed to give a bright  phosphor, no fur ther  work was 
done with it. 

The effects of compositional variations,  at constant  
added Eu ( =  1 a /o) ,  on the mixed A1203-SiO2 sys- 
tem, were examined. Samples having the raw mix 
composition (1--x)A120~.xSiO2 where  x varied from 
0 to 1 were  prepared by firing at 1250~ for 2 hr. X- ray  
examinat ion of this series showed them all to be es- 
sential ly the same, namely  a mix ture  of A1203, SIO2, 
and a trace of mullite.  

The in tens i ty  of the blue emission from this series 
is shown Ln Fig. 5. There is a max imum around the 
composition 0.3A120~'0.7SiO2. The brightness of several 
of these phosphors relat ive to ZnS.Ag and CaWO4:Pb 
is shown in Table I. It mus t  be pointed out that  even 
though these phosphors have not been optimized, they 
have high brightness. 

The effect of Eu concentrat ion was examined for 
both the 0.6A1203-0.4SIO2 and 0.3A1203.0.7SiO2 raw 
mixes. The Eu concentrat ion was var ied from 1.7 x 
10 -~ to 2.2 a/o. The results for both compositions are 
similar and are shown in Fig. 6. For both 2537 and 
3650A excitation, the opt imum Eu concentrat ion is 
about 1 a/o. 
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The emission spectrum of the 0.6A1203"0.4SIO2,1 a/o 
Eu phosphor is shown in Fig. 7. The spectrum of sim- 
i lar phosphors having the A1203 to SiO2 ratio varying 
between 1:5 to 9:1 is essential ly the same. The absorp- 
tion spectrum of the 0.6A1203-0.4SIO2: 1Eu is shown 
in Fig. 2A. There is only one strong absorption band, 
peaking at about 300 nm. The excitat ion spectrum of 
this phosphor is shown in Fig. 3A. It consists of five 
main  peaks which are at 346, 305, 270, 250, and 380 nm 
(in order of decreasing in tensi ty) .  

The EuO-A1203-SiO2 system (3 ) . - -Dur ing  the s tudy 
of the (1--x)A1203"xSiO2 system, x - r ay  analysis of 
phosphors having 10 a/o Eu indicated the presence of 
a new phase, EuA12Si2Os, isomorphous with SrA12Si2Os. 
Test preparations yielded a br ight  green-yel low emit-  
t ing phosphor excited by 2537 and 3650A. The body 
color was green-yellow. 

Table I. Relative brightness of several blue emitting Eu 2+ 
activated AI20~-SiO2 phosphors 

B r i g h t n e s s  
Eu cone., 

Cor~position a/o 2537A 3650A 

SiO2  0 . 0 5  0 . 8 5  1.7 
A b O s  1 0 . 8 5  2 . 5 8  
0 . 6 A h O y '  0 . 4 S i O z  1 3 .9  2 0 . 0  
0 . 4 A b O a "  0.6SiO,. ,  1 4 .0  2 2 . 0  
0 . 3 A I ~ O 3 - 0 . 7 S i O ~  1 4 .3  2 0 . 0  
C a W O 4 : P b  - -  4 . 9  7"-  
ZnS:AE -- -- 22.5 
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Si0z AI.203 
Fig. 8. Approximate phase diagrom of the ternary EuO-AI20~- 

5iO2 system showing the compounds prepared in this system. The 
area around EuAI2$i208 bounded by the solid line is single 
phased. The area bounded by the dashed line is multiphased but 
contains some EuAI2Si2Oe. 

The effect of vary ing  the ratio of EuO, A1203, and 
SiO2 on the luminescence was examined over a wide 
range around the stoichiometric point. Based on visual 
observation of the emission and body colors and x - r ay  
examination,  it appears that  EuA12Si208 can tolerate a 
slight excess of A1203, SiO2, or EuO. The solid l ine in 
Fig. 8 shows the region where x - r ay  indicates the 
presence of only one phase, EuA12SieOs. The region 
within  the dashed line is mult iphase but  still contains 
some EuA12Si2Os. 

Brightness measurements  of samples lying within the 
area bounded by the solid l ine of Fig. 8 were made. 
The results show that  the brightness varies with Eu 
concentrat ion for the basic composition EuxAleSi20(7 + x~ 
over the range x----0.1 to 2 with a max imum at x=0.4. 
For an Eu concentrat ion of 0.4, there are two regions of 
max imum brightness, namely  Euo.4AleSi(1.5.Ls)O(6.4.7) 
and Euo.4Al(2.0-2.2)Si20(7.4.7.7). Phosphors lying wi th in  
this region are br ighter  than the stoichiometric com- 
pound, Table II. Also shown in Table II are the 
brightnesses of a (ZnCd)S:  Ag phosphor having a sim- 
ilar emission color and a s tandard ZneSiO4:Mn phos- 
phor. 

Table II. Relative brightness of some 
EuxAlySizO(x- Lsy + 2z) phosphors 

Brightness  

P h o s p h o r  c o m p o s i t i o n  2537A 3650A 

EuAleSizOs 0.066 25 
Euo.4Als. lSi20~.~ 0.073 36 
Euo. 4A12SiL.~O~. ~ 0.076 37 
Zn2SiO4:Mn 0.92 - -  
( Z n C d ) S : A g  ( g r e e n - y e l t o w }  - -  ;~6 
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MJ 
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Fig. 9. Emission spectrum of typical EuAI2Si20s and Eu3+AI03: - 
Eu 2+ phosphors. The lines on the EuAI03 curve are clue to ab- 
sorption by Eu(lll). There are also weak lines, not shown in this 
figure, at 390 and 470 nm. 

The emission spectrum of a typical EuAl,,Si2Os phos- 
phor is shown in Fig. 9. It consists of a broad band  
peaking at 520 nm. Phosphors wi th in  the area bounded 
by the solid l ine of Fig. 8 have essentially the same 
emission. The absorption spectrum of these phosphors 
is shown in Fig. 2B. It consists of a broad band in the 
u.v. and extending slightly into the visible. The ex- 
citation spectrum is shown in Fig. 3B and is the same 
for the stoichiometric compound and the compositions 
in the region of max imum brightness. It consists of 
three peaks. The major  one is at 350 nm and the other 
two are at 265 and 310 nm. 

Two other compounds were found in the EuO-A120~- 
SiO2 system, v/z., Eu2A12SiO7 and Eu6AllsSi20~7. They 
have the same structure as the corresponding Sr ana-  
logs. These two compounds have a gray-green  body 
color and are nonluminescent .  

The EuA103 system.--It was ment ioned earlier in 
the section on A1203:Eu that  NH3-firing a sample with 
10 a/o Eu resulted in a phosphor having a green emis- 
sion. X- ray  showed the presence of another  compound. 
Since Eu 2+ and Sr 2+ have similar ionic sizes, 1.10 
and 1.13A, respectively, Eu 2+ may have formed a 
compound similar to one of the compounds in the SrO- 
A120~ system. Those that  have been reported are 
4SrO.A12Os, 3SrO.A1203, SrO-A1203, Sr.O.2A1203, and 
SrO.6A12Oa (4). Fir ing stoichiometric compositions of 
Eu2Oa and A1203 corresponding to these Sr analogs at 
1000~176 in NH~ resulted in samples containing 
mixtures  of A1203, EuA103, and EuO'6A12Oa. EuA10:; 
was the main  component  in these preparations. Two 
2-hr  firings of the Eu2Oa-A12Oa composition at 1300~ 
resulted in almost pure EuA103. However, a slight 
excess of A12Oa was needed to compensate for A1._,O:~ 
lost dur ing  the firing. A sample of EuA1Oa fired in O~ 
was white and nonluminescent .  The NH3 fired samples 
had a pale yellow body color and a green emission. 
This phosphor is relat ively efficient under  3650A ex- 
citation. Compared to a (Zn ,Cd)S:Ag phosphor of 
about the same color, it is 75% as bright. However, the 
EuA103 phosphors have not been optimized. 

The emission spectrum of EuA1Oa is shown in Fig. 
9. It consists of a band with a peak at 520 nm plus 
some superimposed absorption lines. The absorption 
spectrum is shown in Fig. 2B. It consists of two strong 
bands and one weak one. 2 The excitation spectrum is 
shown in Fig. 3B. It consists of three peaks located at 
250, 310, and 350 n m  with the ampli tudes increasing in 
the order given. 

Discussion 
The goal of this investigation was to ident ify the 

matr ix  responsible for the bright  b lue-whi te  fluores- 
cence obtained when mixtures  of A12Oa and SiO2 
containing 1% Eu are fired in a reducing atmosphere. 
Analysis of the x - r a y  results of various compositions 

2 T h e  a b s o r p t i o n  l i n e s  f o u n d  in  t h e  e m i s s i o n  s p e c t r u m ,  F ig ,  10, 
a r e  d u e  to t h e  E u  3+. T h e y  do n o t  s h o w  u p  in  t h e  a b s o r p t i o n  spec -  
t r u m ,  F ig .  2B,  b e c a u s e  t h e  f o r m e r  w a s  m e a s u r e d  by  a c o n t i n u o u s  
s c a n  a n d  t h e  l a t t e r  w a s  point  b y  p o i n t .  
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of A1203 and SIO2, after firing, shows that  A1203, SIO2, 
and a trace of mull i te  (3A1203-2SiO2) are present. 
Activation of these three compounds by Eu 2+ results 
in materials whose emission is much weaker than fired 
mixtures  of A1203 and SiO2. Even phosphors contain-  
ing l imited solid solutions of A1208 in SiO2 and SiO2 
in A1203 result  in weak emission. An examinat ion of 
the optical properties of all of these phosphors shows 
them to be different from the mixed "A1203-SIO2: Eu" 
phosphors. The only conclusion that  can be reached 
is that both A120~ and SiO2 are necessary for phos- 
phor formation but  the specific host is not known. 
Subsequent  to this work, Wachtel (5) also worked on 
this system. He believes that  the Eu 2 + is located at the 
interface between mull i te  and a second phase which 
may be A1203 or SiO2. 

The band  emission of these phosphors is due to 
the presence of Eu 2+ since Eu 3+ causes l ine emission 
(6). Fur ther  evidence for the presence of Eu 2+ is 
the need for firing in a reducing atmosphere, the body 
color in the case of EuA103 and EuAl~Si2Os and the 
lack of luminescence or l ine emission when fired in 02. 

Normally Eu 2+ emission is blue. However, in 
EuA12Si2Os and in EuA103, the Eu 2 + emission is green-  
yellow and green, respectively. Note, however, Fig. 
9, that  both of these phosphors peak at the same wave-  
length. Their  visual  color difference is due to the wider  
emission band  of the SrA12Si2Os phosphor. The differ- 
ence in emission color, blue vs. green, is most l ikely 
due to a different lattice env i ronment  of the Eu 2 + ion. 

There are other Eu ~ + activated phosphors that have 
green emissions, for example, some of the alkal ine 
earth silicates (7), Na2B4OT (8), and A120~-A1N (9). 
In  fact, it appears that  almost any  emission color can 
be obtained with divalent  Eu. For example, Jaffe and 
Banks have obtained yellow, orange, and red band 
emissions with the alkal ine earth sulfides (6). 

The interes t ing thing about the EuA12Si208 phos- 
phor is that  even with such high Eu concentrations,  

the phosphor is very efficient, Table II. At these con- 
centrations, one would expect concentrat ion quenching 
to occur, resul t ing in relat ively low efficiency. The 
EuA103:Eu 2+ phosphor is interest ing in that  Eu is 
present in both the + 2  and +3  oxidation states. Ex-  
aminat ion of Fig. 3B shows that  the excitation spectra 
of Eu 3+ A10~:Eu 2+ and EuA12Si2Os are somewhat 
similar. The main  peak at 350 m n  is most l ikely due 
to a 4f 7 to 4f 6 5d 1 t ransi t ion of the Eu 2+. 
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LiYO2:Eu as a Red Phosphor 

Philip M. Jaffe* and John D. Konitzer* 
Zenith Radio Corporation, Chicago, Illinois 

ABSTRACT 

LiYO2 can be activated by Eu( I I I )  to give an efficient red emit t ing phos- 
phor under  cathode-ray and under  2537A excitation. This phosphor has op- 
tical properties which indicate its possible use as the red component  in color 
television screens. Unfortunately,  dur ing  tube fabrication, the phosphor de- 
composes to Y203:Eu. The main  cause of this deteriorat ion has been found 
to be hydrocarbons which are present  dur ing  tube manufacture .  

The search for new and efficient red cathodolu- 
minescent  phosphors over the past several years has 
resulted in a n u m b e r  of interest ing host materials  ac- 
t ivated with rare earth elements. Among these hosts 
are compounds having the general  formula LiMO2 
where M is a rare earth element.  Hoppe (1), Vorres 
(2), Ber taut  and Gondrand  (3) have described the 
preparat ion of the pure undoped hosts while Blasse 
(4) and Brixner  (5) have described the luminescent  
properties of some of the Eu activated compounds. 

We have investigated LiYO2:Eu for possible use in 
color television screens. Cathodo and photoluminescent  
properties of this phosphor as well  as some problems 
involving its use in CR tubes are presented here. 

Experimental Procedure 
Phosphor preparation.--The prepara t ion  of the host 

has been most completely described by Ber taut  and 
* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  Member .  

Gondrand.  They fired a mix ture  of the rare earth ox- 
ide with an excess of Li2CO8 for two days at 900~ in 
an a lumina  crucible in air. 

We prepared the compound LiYO2, without  prior 
knowledge of the papers listed, by firing a mixture  of 
Li2CO3 and Y2(C204)3 at 1O00~ for 2 hr  in an oxy- 
gen atmosphere. We found that  the materials  attacked 
p la t inum and that  recrystallized a lumina  crucibles 
should be used. Following a procedure which was sim- 
i lar to that  of Bertaut  and Gondrand,  we fired samples 
in an excess of Li2CO3 in order to force the reaction 
to completion. X - r a y  diffraction pat terns for these 
samples were much stronger and better  resolved than  
for similar  samples without  excess Li2CO~. 

Bertaut  and Gondrand  state that  firing above 900~ 
results in a room tempera ture  metastable  tetragonal  
s t ructure  which, after some time, changes to the mono-  
clinic form, while firing at 900~ or below results in  
the stable monoclinic form. We fired our  charges at 
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temperatures  up to 1200~ for 2 hr and obtained only 
the monoclinic form. This difference might  be due 
to Bertaut  and Gondrand 's  long firing t ime and /o r  
may also be due to the incorporat ion of europium in 
our samples. We have found that  the europium doped 
monoclinic form results in a br ight  red phosphor while 
Eu doped samples which were fired at temperatures  
high enough and for times long enough to form the 
tetragonal  s t ructure were not luminescent .  

In  our  procedure, firing t ime is critical. If  the ma-  
terials are fired for periods much longer than  2 hr we 
obtain mixtures  of LiYO2:Eu and Y203:Eu as evi-  
denced by the presence of Y20~:Eu lines in the emis- 
sion spectra.Z 

Our phosphors were prepared by ball  mil l ing a 
water  s lurry  of the freshly coprecipitated oxalates of 
y t t r ium and europium with about a 1.2 fold excess of 
Li2COa. This was dried and  fired for 1 hr at 1000~ in 
oxygen. After  cooling, the sample was ground finely 
in a mor tar  and retired an addit ional hour. The resul t -  
an t  phosphors have a white  body color and are effi- 
ciently excited by both 2537A uv rays and cathode 
rays. The determined density of the phosphor is 4.29 
• 0.032 g/cc. The m a x i m u m  solubil i ty in water  was 
0.06% by weight. The pH of this mater ia l  was deter-  
mined to be 12.2. After  several washings with boil ing 
water  to remove the excess Li2CO~, the pH was about 
9. After  about 1 hr, however, the pH rose to 10 indicat-  
ing either that  some hydrolysis of the sample occurred 
or that all the Li2CO3 was not removed. 

Preparat ions using freshly coprecipitated hydroxides 
of europium and y t t r ium mixed with Li2CO3 result  in 
even better  yield of the phosphor than  those obtained 
using the oxalates. The phosphors resul t ing from the 
two methods have the same spectral properties, but  
the hydroxide method results in a purer  and a br ighter  
product. 

Measurements.--Emission spectra were obtained 
with a Ja r re l l -Ash  1/4 meter  grat ing monochromator  
equipped with a wavelength  drive and a photomul t i -  
plier whose output  was recorded on a B&L VOM 7 re-  
corder. The spectra were corrected for spec t ra l  sensi- 
t ivi ty  of the photomult ipl ier  and ins t rumen t  t rans-  
mission. For the photoluminescent  emission, the excit-  
ing source was a 2537A Mineral ight  while excitat ion 
spectra were taken under  a 150w d-c Xenon lamp. All  
spectra are given relat ive to a 0.2% fluorescein solu- 
tion which has constant  quan tum efficiency over the 
range of 250-500 nm (6). Diffuse reflection spectra 
were obtained by at taching a Beckman diffuse reflect- 
ance uni t  to the output  of the 3arre l l -Ash mono-  
chromator. The reflected light was detected by a 
Hitachi 913B photomult ipl ier  and its output  recorded 
on the B&L recorder. The reflection spectra were taken 
relat ive to MgCO~. Absorpt ion spectra are reported 
using the relationship: % absorption = (100 - -  % re-  
flectance). 

The cathodoluminescent  data were taken using a de- 
mountable  cathode-ray tube. 

Discussion of Experimental Results 
Figure 1 shows the brightness of LiYO2 as a func-  

t ion of europium concentrat ion for both 2537A and 
cathode-ray excitation relat ive to a commercial  batch 
of YVO4:Eu. The opt imum europium concentrat ion 
occurs in the vicini ty of 4-5 a/o (atom per cent) for 
both modes of excitat ion al though the actual  in ten-  
sities are quite different. This curve represents a 
larger number  of points than is indicated and agrees 
with the data reported by Br ixner  (5). However, our 
data, not shown here, indicate that a small  dip occurs 
at about 5 ~  to 6 a/o europium. Our original hypothesis 
was that  this dip represented differences in prepara-  
tion and pur i ty  of our samples and so the curve is 
d rawn smoothly through this region ignoring this dip. 

1 The emiss ion  s p e c t r u m  of a sample  w a s  m u c h  more  indica t ive  
of the  p resence  of Y~O3:Eu t h a n  x - r a y  analys is .  The  l a t t e r  t e chn ique  
c a n n o t  de tec t  less t h a n  3-5 w / o  Y=&j:Eu. The  f o r m e r  m e t h o d  
could  de tec t  less t h a n  1%. 
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Fi 9. 1. Emission intensity of LiYO2:Eu relative to YVO4:Eu un- 
der cathode-roy excitation and 2537A excitation. 
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Fig. 2. Expanded scale emission spectrum of LiYO2:Eu under 
2537.~ excitation. The same spectrum is obtained with cathode- 
ray excitation. 

More recent  work indicates that  this dip may be real, 
but  if so, we do not know the reason for it. 

The emission spectrum of LiYO2:3 a /o  Eu is shown 
in Fig. 2 for uv excitation. The same spectrum is ob-  
tained with cathode-ray excitation. It  consists pr i -  
mar i ly  of a very strong line at 613 nm and a weaker  
doublet  at 620 and 622 nm. 

The transi t ions shown in Fig. 2 are derived from 
El 'Yashevich (7). According to Blasse, the split t ing of 
these lines should be such that  two lines appear for 
each of the ~Do ~ ~F1 and the 5D0 --> 7F~ transit ions.  It  
seems that  the 613 and 620 n m  lines may represent  the 
5D0 ~ 7F2 t ransi t ion except that  the 620 n m  line is 
fur ther  split into two lines. Blasse reports that  LiYO2 
has a distorted un i t  cell (4). This may  be the cause 
of the addit ional  splitting. Evidence for the 620 n m  
lines being due to addit ional  spli t t ing of the ~Do --> vF.~ 
t ransi t ion and not to an impur i ty  is found by measure-  
ment  of its persistence. The persistence of the 5920, 
6118, 6132, 6200, and 6217 n m  lines is the same as that  
of the 620 lines indicat ing that  all these lines originate 
from the same 5Do level, Fig. 3. 

Under  both uv  and cr excitation, LiYO2:Eu shows 
a slight color shift as a function of the europium con- 
centrat ion as shown in Fig. 4. This is an enlarged view 
of the lower r ight  side of the chromatici ty diagram. 
Also shown, for comparison, are the color shifts for 
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Fig. 3. Relative decoy of  the 5919, 6 ] ] 8 ,  6]32,  6200, and 6217~ 
lines from LiYOg:Eu for 2537,~ excitation. Identical curves are 
obtained with europium concentrations of 2 and 10 a/o.  
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Fig. 4. Color coordinates of several recent and commercial cath- 
odolumlnescent phosphors. This figure is a great ly  expanded par- 
tion of the lower right corner of the C.I.E. chromaticity diagram. 
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Fig. 5. Ultraviolet excited emission intensities of selected lines 
from LiY02 as a function of europium concentration compared to 
the emission intensity of the 613 nm line. This diagram shows the 
emission lines which are responsible for  the color change as a 
function of the europium concentration. 

La202S:Eu, Y203:Eu and Gd2Os:Eu and the color co- 
ordinates for YVO4:5 a/o Eu and P22 (ZnCd)S:Ag.  
Figure 5 shows a least-squares plot of the per  cent 
intensit ies of selected spectral emission lines from 
LiYO,,: 5 a/o Eu relat ive to the 613 n m  line. From 
Fig. 5 it can be seen that the color shift is due to a 
combinat ion of a decrease in the ~D1 --> 7Fz,2 and 5Do -+ 
7F0 emissions and an increase in the 5D0 --> rF.~,4 emis- 
sions as well as in the doublet  at 620 and 622 n m  (here-  
after called the 620 n m  lines).  

Figure 6 shows the absorption and excitation spectra 
of LiYO2 containing 0, 2, and 10 a/o Eu, respectively. 
The undoped sample exhibits no excitation spectrum. 
Its absorption spectrum has no structure,  but shows a 
weak band  below 240 rim. The absorption and excita- 
tion spectra of the Eu containing samples show a strong 
band lying below 280 nm plus fine s t ructure  above 280 
nm. The fine s t ructure  is due to direct excitation or 
absorption in the Eu centers (f -+ f t ransi t ions) .  The 
band below 280 nm is most l ikely due to a charge 
t ransfer  process (8). Blasse (4) reports similar  data. 

Figure "/ compares the phosphorescent decay of 
Liu a/o with a YVO4:5 a/o Eu production phos- 
phor under  cathode-ray excitat ion at ambient  t em-  
perature.  Both phosphors show an exponent ia l  decay. 
The LiYO2:Eu has a decay t ime of 1.08 msec which 
i s  twice that  observed for YVO4:Eu, bu t  still well 
wi thin  the limits necessary for use in color television. 

Figure 8 shows the brightness of LiYO2:Eu as a 
function of electron beam current  density under  an 
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Fig. 8. Relative brightness of LiYO2:Eu phosphor as a function 
of electron beam current density for a constant accelerating po- 
tential of 20 kv. Linear portion indicates usable range of current 
densities. Saturation of the phosphor is indicated by the deviation 
from linearity. 

accelerating potential  of 20 kv. Below 10 ~a/cm 2 the 
curve is l inear;  above this value the phosphors start  
to saturate. This saturat ion occurs above the normal  
operating current  density of 0.8 ~a/cm 2. Since we were 
able to reproduce this curve on the same sample we 
conclude that  the phosphor is stable under  cathode-ray 
bombardment .  

In Table I we list some of the luminescent  properties 
of LiYO2:Eu which are impor tant  for evaluat ing the 
phosphor for possible use in color television tubes. The 
relat ive luminosi ty  compares the brightness of LiYO2: 
Eu and YVO4:Eu assuming 100% for YVO4:Eu. The 
luminosi ty  factors were calculated from the cathode- 
ray spectra of both phosphors. The fact that the 
luminosi ty  factors are the same implies that the emis- 
sion spectra are quite similar. This is also apparent  
from the color coordinates listed in Table I and the 
data in Fig. 4. The last column of Table I, relat ive 
luminous conversion efficiency, also indicates that  the 
LiYO2: Eu is about 1.5 times br ighter  than  the commer-  
cial YVO4: Eu phosphor. 

Experimental Tube Production 
All of the data so far presented indicate that LiYO2: 

Eu should be a successful color television phosphor. 
However, our at tempts to produce a monochrome tube  
were very disappointing. The resul tant  tube was low 
in brightness and showed the emission spectrum of 
Y=,O3:Eu indicat ing that  the LiYO2:Eu decomposed 
dur ing the tube  fabrication process. 

Table II lists some of the steps in tube  fabrication 
processes which could cause decomposition of the 
phosphor. Table III  shows the actual  observations that 
we made under  simulated conditions. 

Examinat ion  of Table III  shows that  heating of the 
phosphor in the presence of hydrocarbons,  i.e., pump 
oil, polyvinyl  alcohol, polymethylmethacrylate ,  but  
not benzene, resulted in complete degradation to low 
brightness Y203: Eu. 

Conclusions 
The phosphor LiYO2: Eu is a very efficient one which 

could be used as the red component  in ca thode-ray 
tubes, b u t  is not compatible with present  tube fabrica-  
t ion processes. Coating the phosphor with silicate could 
help to stabilize the phosphor in production methods. 

Table I. Cathodoluminescent data for LiYO2:Eu and YVO4:Eu 

P h o s p h o r  

L u m i n o u s  R e l a t i v e  
R e l a t i v e  C.I .E.  co lor  L u m i -  e f f i c i e nc y  l u m i n o u s  

l u m i -  c o o r d i n a t e s  n o s i t y  l u m e n s /  c o n v e r s i o n  
n o s i t y  x y f a c t o r  r a d .  w a t t  e f f i c iency  

L iYO2:4  a / o  Eu  155 0.664 0.332 0.493 335 1.54 
YVO4:6  a / o  E u  100 0.661 0.336 0.493 335 1.00 

Table II. Steps in CR tube manufacture in which 
LiY02 could decompose 

a. V a c u u m  h e a t - t r e a t m e n t ;  
b. W a t e r  w a s h i n g ;  
e. A i r  o r  v a c u u m  h e a t i n g  in  c o n t a c t  w i t h  m e t a l l i c  A1; 
d. V a c u u m  h e a t i n g  in  t h e  p r e s e n c e  of  o r g a n i c  m a t e r i a l s  s u c h  as  

p o l y v i n y l  a lcoho l  o r  p o l y m e t h y l m e t h a c r y l a t e ;  
e. A i r  h e a t i n g  in  t h e  p r e s e n c e  of  t h e  a b o v e  o r g a n i c s .  

N o t e :  A l l  h e a t i n g  d o n e  a t  400~176 

Table III. Effects of various tube fabrication procedures on the 
LiYO2:Eu phosphor 

T r e a t m e n t  O b s e r v a t i o n  

H e a t  in  v a c u u m  no  c h a n g e  
H e a t  in  O,j, N,.,, a i r ,  He no  c h a n g e  
W a s h  w i t h  w a t e r  s l i g h t  c h a n g e  o v e r  l o n g  

t i m e  
h e a t  in  v a c u u m  in  

a. p r e s e n c e  of  c a r b o n  
b. v a c u u m  p u m p  oi l  
c. c o n t a c t  w i t h  a l u m i n u m  fo i l  

d. p r e s e n c e  of  p o l y v i n y l  a lcoho l  
e. p r e s e n c e  of  p o l y m e t h y l m e t h a c r y l a t e  
f.  p r e s e n c e  of  b e n z e n e  

no  c h a n g e  
d e g r a d a t i o n  
d e g r a d a t i o n  of p o r t i o n  in  

c o n t a c t  w i t h  t h e  a lu -  
m i n u m  

d e g r a d a t i o n  
d e g r a d a t i o n  
no  c h a n g e  

Our attempts to do this did not appear to help. Per -  
haps a dusting process would help, but  there s t i l l  re-  
mains the problem of decomposition after deposition 
of the a luminum film. Because the phosphor is uns table  
in the presence of the organic materials  cur rent ly  
used, a new process of applying it to a screen and a 
means to prevent  its contact with a luminum would 
have to be developed. In  view of these difficulties and 
the difficulties which new processes would generate, it 
is concluded that LiYO2: Eu has no immediate  applica- 
tion to color television tubes. 
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The Origin of Secondary Phases in Melt-Grown 
Fluorapatite Crystals 

R. H. Hopkins and W. E. Kramer 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

Czochra l sk i -grown f luorapat i te  boules contain inclusions identif ied as 
CaF2 and Ca3(PO4)2. The morpho logy  and composit ion of the  inclusions de-  
pends on the fluoride content  of the  mel t  f rom which a c rys ta l  is pulled.  Ev i -  
dence of prec ip i ta t ion  in these crys ta ls  suggests tha t  some solid solut ion occurs 
in f luorapat i te  at  high tempera tures .  Both inclusions and precip i ta tes  p romote  
c leavage of the pu l led  crystals .  

Neodymium-doped  f luorapat i te  (Nd: F A P )  was 
shown to be  a promis ing  laser  ma te r i a l  by  Mazelsky 
et al. (1, 2). Most efficient lasing act ion obtains  in 
crysta ls  free from color centers,  dislocation arrays ,  and 
inclusions of addi t ional  phases.  We have  inves t iga ted  
the  occurrence of such defects in synthet ic  f luorapat i te  
and repor ted  the  resul ts  on point  and l ine defects 
e l sewhere  (3, 4); in this paper  we descr ibe  our obser -  
vat ion and in te rp re ta t ion  of included phases in mel t  
grown F A P  crystals .  

"Opalescent"  inclusions (p resumab ly  a second phase) 
were  seen by  Johnson (5) in the  first large  single 
crys ta ls  of F A P  produced d i rec t ly  f rom the  melt .  S imi -  
la r  f ea the ry  inclusions were  observed  in Czochralski -  
grown N d : F A P  by Mazelsky  et al. (1) who noted 
tha t  the i r  occurrence was minimized  by  slow growth  
rates  (3-5 m m / h r ) .  These authors  sugested tha t  some 
re la t ion exis ted be tween  the inclusions and f luoride-  
ion vacancies in the  apa t i t e  s t ructure.  

We observe two types  of inclusions in synthet ic  F A P  
and find tha t  they  m a r k e d l y  enhance f rac tur ing  of the  
mel t  grown crystals .  

Crystal Growth and Analysis 
The ideal  composit ion of f luorapati te ,  Cas(PO4)~F, 

lies on the pseudob ina ry  join CaF2-Caa(PO4)2 at  25 
m/o  (mole pe r  cent)  CaF2 (6). The inclusions in our  
crysta ls  s t rongly  suggest  tha t  depar tu res  f rom the 
ideal  apat i te  composit ion occur dur ing  crys ta l  growth.  
We inves t iga ted  this poss ibi l i ty  by  ranging  mel t  com-  
posi t ion f rom 20 to 30 m / o  CaF2 along the join thus  
producing f luor ide-r ich  or deficient crysta ls  wi th  re-  
spect to the  ideal  F A P  composition. 

We employed  the same mate r ia l s  and methods  of 
c rys ta l  growing repor ted  prev ious ly  (1, 3); no Nd dop-  
ing was used here. Pu l l  ra tes  were  be tween  2 and 6 
m m / h r ;  <0001> and <1010~  were  the  growth  axes.  
Af t e r  slow cooling of the  crys ta ls  to room tempera tu re ,  
sections were  cut longi tud ina l  and t r ansve r se  to the  
growth  axes and p repa red  for opt ical  examinat ion  
ei ther  by mechanica l  pol ishing ending with  6~ d iamond 
paste  or by  chemical  pol ishing in 1:5 HC1/H2SO4 (4). 
Immers ion  of samples for 15 sec in 50% HC1/H20 
produces  clear  dislocation etch pits  (and associated 
"tai ls")  (4, 7) on most c rys ta l  p lanes  in FAP.  

Observations 
Crystal morphology.--When grown from mel ts  of 

ideal  composit ion and at slow rates,  <0001> crys ta ls  
of F A P  exhib i t  c i rcular  cross sections having smooth 
surfaces m a r r e d  only by  smal l  {1010} facets. Boules 
grown pa ra l l e l  to <1010> have  a character is t ic  paddle  
shape d isp laying  large  basal  and smal ler  pr i sm 
facets (3). As the  mel t  composit ion is shif ted f rom 
Ca5 (PO4)~F the surface of a growing crys ta l  becomes 
qui te  wr ink led  and fea the ry  inclusions l ike those seen 
in previous  studies (1, 5) become obvious regardless  
of the crys ta l  g rowth  direction.  Crysta ls  grown from 
both f luor ide-r ich  and f luor ide-poor  mel ts  contain these 

fea thery  inclusions. However ,  at  a given growth  rate,  
e.g., 4 mm/h r ,  a 3% deficiency of CaF2 is necessary to 
induce the  inclusions whi le  less than  1% excess CaF2 
is sufficient to produce a s imi lar  result .  A t  any  com- 
posi t ion devia t ing  f rom the ideal  inclusions form when 
some cr i t ical  g rowth  ra te  is exceeded.  

Fracture characteristics.--Natural f luorapat i te  has 
imperfec t  basal  and {1010} cleavage (8);  P r e n e r  (9) 
observed no easy c leavage in so lu t ion-grown crystals .  
Me l t -g rown  F A P  crys ta ls  sometimes f rac ture  by  c leav-  
ing dur ing  growth  or cooling to room tempera tu re .  We 
de te rmined  f rom Laue  photographs  of c leavage su r -  
faces tha t  <0001> crys ta ls  c leave on both basa l  and  
{1210} planes,  whi le  <1010> crys ta ls  cleave on both 
pr ism planes of the  hexagona l  lattice.  The tendency  
toward  c leavage was enhanced by  condit ions which 
also favored  inclusion formation,  i.e., high growth  
rates  and off- ideal  composit ion melts.  Some re la t ion  
then p robab ly  exists  be tween  the  propens i ty  of F A P  to 
c leave and the  inclusion content  of the  crystals .  This 
poss ibi l i ty  is discussed fu r the r  below. 

Inclusion morphology.---Optical examina t ion  of sec- 
tions cut  f rom F A P  crys ta ls  revea ls  that  two types  of 
inclusion are  present  depending  on the growth  condi-  
tions. 

Typica l ly  we observe tubu la r  inclusions ( type  I) in 
crysta ls  grown from fluoride r ich melts,  Fig. 1, whi le  
crysta ls  grown from CaF2 deficient mel ts  contain 
smal le r  jagged par t ic les  ( type  I I ) ,  shown in Fig. 2. 
Both these photomicrographs  were  t aken  of unetched 
longi tudina l  sections of <0001> crysta ls  grown at  4 
mm/h r .  The c axis (growth  direct ion)  is ver t ica l  in 
each photograph.  The highest  concentra t ion of defects 
in these 2 m/o  off composi t ion samples  is neares t  the  
cen te r  of the  pul led  crystal .  Note also tha t  t ype  I in-  
clusions lie pa ra l l e l  to the  c axis (Fig. I )  whi le  the  
long dimension of type  II  inclusions is no rma l  to c. 

The morphology  of type  I inclusions in CaF2-r ich 
<1010> crys ta ls  is somewhat  different  f rom tha t  ob-  
served in <0001> samples  grown under  the  same con- 
ditions. The pho tograph  of a longi tudina l  section f rom 
a <1010> shown in Fig. 3 i l lus t ra tes  this  difference. 
The inclusions though sti l l  t ubu l a r  are  now "T" shaped. 
However ,  the longer  ba r  of the  "T" is pa ra l l e l  to the  c 
axis of FAP.  

The ~1010> crysta ls  grown from 1-3% CaF2-defi-  
cient mel ts  contain a genera l  d is t r ibut ion  of par t ic les  
ve ry  s imi lar  to tha t  i l lus t ra ted  in Fig. 2. Again, the  
long axes of the  inclusions lie no rma l  to <0001>.  How-  
ever, as the  deficiency of CaF2 exceeds about  3%, t u b u -  
lar  inclusions pa ra l l e l  to c and having  a morpho logy  
ve ry  s imi lar  to the  type  I inclusions shown in Fig. 3 
develop in <1010> crystals .  Some smal l  j agged  type  II  
par t ic les  a re  also d i s t r ibu ted  wi th in  the  crystals .  Re-  
call  f rom the section on Crys ta l  morphology  that  in-  
clusions vis ible  to the  naked  eye in f luor ide-poor  
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Fig. I. Type I tubular inclusions in a FAP crystal grown from a 
fluoride rich melt. < 0 0 0 1 ~  growth direction vertical. Transmitted 
light. Magnification approx. 50X. 

Fig. 2. Jagged type 11 inclusions in a crystal grown from a 
fluoride deficient melt. < 0 0 0 1 ~  growth direction vertical. Trans- 
mitted light. Magnification approx. 50X. 

samples  did  not  develop unt i l  a 3 % devia t ion  f rom the  
ideal  F A P  composi t ion was exceeded.  

Ano the r  impor t an t  observat ion  is tha t  both  <0001> 
and <1010> crysta ls  g rown from mel ts  of ideal  F A P  
composi t ion contained smal l  amounts  of par t ic les  wi th  
the  same morpho logy  as type  II  inclusions. In  this  
case, however ,  par t ic les  were  not r a n d o m l y  d i s t r ibu ted  

Fig. 3. '~1" shaped type I inclusion. Crystal growth direction from 
top to bottom parallel to <~1010~. c axis horizontal. Transmitted 
light. Magnification approx. 36X. 

but  were  localized along dislocat ion lines. This has been 
verified by  x - r a y  topographica l  analysis  (4). 

Inclusion analysis.--To successful ly e l iminate  the in-  
clusions de tec ted  in F A P  we mus t  charac te r ize  the i r  
chemical  composi t ion as wel l  as the  condit ions under  
which they  form. F rom the phase  d iag ram (6) we ex -  
pect  CaF2 to be presen t  in f luor ide-r ich  crys ta ls  and  
Ca3 (PO4)2 to co-exis t  wi th  F A P  in f luor ide-poor  c rys -  
tals. 

We analyzed  type  I inclusions by  e lect ron micro-  
probe finding tha t  they  contained no oxygen  or phos-  
phorus  wi th in  expe r imen ta l  error .  The measured  fluo- 
r ine and calcium contents  of the  inclusions confirmed 
tha t  they  were  CaF2. 

The analysis  of type  II  inclusions was s l ight ly  com- 
pl ica ted  by  the  smal l  size of these  par t ic les  and  the i r  
chemical  s imi la r i ty  to f luorapati te .  The chemical  compo-  
sit ion of type  II  inclusions de te rmined  by  microprobe  
analysis  appears  in Table  I. The computed  amounts  
of Ca, P, F, and O in f luorapat i te  and  Ca3(PO4)2, 
assuming ideal  chemical  formulas,  are  also given for  
comparison in the table.  We conclude from this da t a  
that  type  II  inclusions are Ca3 (PO4)2. The composit ions 
of al l  other  ca lc ium phosphates  give poorer  ag reemen t  
than  Ca3 (PO4)2 wi th  the  measu red  composit ion of the  
inclusions. We cannot expla in  the  smal l  amount  of 
fluorine found in the inclusions but  speculate  tha t  
e i ther  the  mic roprobe  beam pene t ra t ed  the par t ic les  
thus exci t ing x - r a y s  f rom the F A P  ma t r i x  or tha t  
Ca3 (P04)2 can hold smal l  amounts  of fluorine in solu-  
tion. 

Discussion 
We have t e rmed  the second phases found in F A P  

crys ta ls  inclusions. However ,  t ype  II  Ca~(PO4)2 in-  
clusions are  rea l ly  discrete  euhedra l  par t ic les  (seen 
end on in Fig. 2). This morpho logy  (10, 11) and the  
tendency  of these par t ic les  to form along dislocation 
l ines (12) suggests that  the origin of t ype  II  " inclu-  
sions" is th rough  prec ip i ta t ion  ra ther  than  mechanica l  

Table I. Experimental and ideal composition of type II inclusions 

I n c l u s i o n  ana ly s i s ,  Ca3 (PO~) .~, F A P ,  
E l e m e n t  m i c r o p r o b e  t h e o r e t i c a l  t h e o r e t i c a l  

P 19.3" ~ 0.2~ 20.0 18.4 
Ca 38.3 ~ 0.1 38.7 39.7 
F 0,9 ~ 0.1 0.0 3.97 
0 44.6 ~ 2.8 41.2 37.9 

* C o m p o s i t i o n s  a r e  in  w e i g h t  p e r  cen t .  
? D e v i a t i o n s  i n d i c a t e d  a r e  v a r i a t i o n  f r o m  s a m p l e  to s a m p l e  n o t  

i n s t r u m e n t a l  e r r o r .  
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en t r a inmen t  as the  t e rm inclusion implies.  The  m o r -  
phology of type  I par t ic les  is typ ica l  of CaF2 inc lu-  
sions in solut ion grown F A P  crysta ls  (9) and inclusions 
in other  mate r ia l s  (13). 

The evidence of Ca3(PO4)2 prec ip i ta t ion  in crys ta ls  
grown from ideal  F A P  composit ion mel ts  indicates  tha t  
CaF2 vaporizes  dur ing  crys ta l  pu l l ing  thus  enr iching 
the mel t  in Ca3 (PO4)2. Johnson has also suggested this 
possibi l i ty  (5). Our  x - r a y  powder  analysis  of the whi te  
res idue condensed on the  colder  por t ions  of the  g rowth  
system dur ing  a run  confirms this hypothesis ;  the  res i -  
due was ma in ly  CaF2. These observat ions  coupled wi th  
the  findings of Maze lsky  et al. (3) tha t  the m a x i m u m  
mel t ing  point  in the  v ic in i ty  of the  composit ion 
Caj (PO4)3F lay  at  23% CaF2, not  25%, lead us to be -  
l ieve tha t  the  phase d i ag ram (6) is in e r ror  and tha t  
F A P  can contain  an as ye t  unde t e rmined  amount  of 
second component  in solution. 

Assuming  this reasoning correct  we can now u n d e r -  
s tand  severa l  aspects  of second phase  format ion  in 
pul led  F A P  crystals .  CaF2 exhibi ts  l i t t le  so lubi l i ty  in 
F A P  and when it  is p resen t  to excess in the  mel t  
forms a diffusion contro l led  bounda ry  l aye r  at  the  
growing crys ta l  interface.  At  high g rowth  ra tes  or high 
CaF2 concentra t ions  the  p l a n a r  c rys t a l - l i qu id  in ter face  
becomes uns table  (14) and CaF2 is en t r apped  as in -  
clusions in the  growing crystal .  Since Ca3(PO4)2 is 
pa r t i a l l y  soluble in FAP,  sl ight  excesses (~3  % ) of this  
component  resul t  only  in prec ip i ta t ion  of a second 
phase, t ype  II  inclusions, whi le  l a rge r  composi t ion de -  
viat ions f rom ideal  again lead  to in ter face  ins tab i l i ty  
and t rue  second phase en t r a inmen t  as observed.  

We pointed out  above  tha t  c rys ta l  f rac ture  and in-  
clusion format ion  were  both p romoted  by  high g rowth  
ra te  and off-composi t ion melts.  I t  is wel l  known tha t  
large stresses can be genera ted  by  different ia l  ra tes  
of t he rma l  cont rac t ion  be tween a par t ic le  and  its sur -  
rounding  mat r ix .  In  duct i le  mate r ia l s  these  stresses a re  
re l ieved  by  dislocat ion genera t ion  and movemen t  (15) ; 
this mode of stress re l ie f  is difficult in a b r i t t l e  m a t e -  
rial.  P r e l i m i n a r y  studies 1 indicate  F A P  is h ighly  p las -  
tic above about  1375~ but  b r i t t l e  be low this t em-  
pera ture .  At  t empera tu re s  above this duc t i l e - t o -b r i t t l e  
t rans i t ion  the  stress genera ted  be tween  par t ic le  and  
ma t r i x  produces  dislocat ion generat ion.  The high etch 
pi t  concentra t ion  sur rounding  the  CaF2 inclusion in 
Fig. 4 demons t ra tes  this  fact. However ,  if a l l  stress 
cannot  be re l ieved  in this  manne r  before  a c rys ta l  
cools be low 1375~ then  cracks are  nuclea ted  at  the  
p a r t i c l e - m a t r i x  interface.  This is s t r ik ing ly  i l lus t ra ted  
in Fig. 5. Here  c leavage cracks in i t ia te  at m a n y  p re -  
c ipi ta tes  and p ropaga te  into the  b r i t t l e  apa t i te  a long 
{0001} planes.  

Conclus ions  
Our resul ts  indicate  tha t  the  publ i shed  pseudob ina ry  

jo in  be tween  CaF2 and Ca3 (PO4)2 is in er ror ;  f tuorapa-  
t i te  m a y  exist  over  a solid solut ion range  on the CaF._, 
deficient side of the ideal  composition. Included phases  
in pu l led  f luorapat i te  crys ta ls  form under  condit ions of 
const i tu t ional  supercool ing in the  mel t  and should be 
suppressed  by  slow growth  rates,  high the rma l  g rad i -  
ents, and s table  mel t  composition. Prec ip i ta tes  of 
Ca3 (PO4)2 develop in F A P  when  CaF2 volat i l izes  d u r -  
ing crys ta l  growth.  The f rac ture  of F A P  crys ta ls  is 
caused p r i m a r i l y  by  c leavage cracks which  nucleate  at  
the  inclusion ( p r e c i p i t a t e ) - a p a t i t e  in ter face  then  
propaga te  r ap id ly  th rough  the b r i t t l e  apa t i t e  mat r ix .  
Cleavage is g rea t ly  reduced  b y  removing  ha rmfu l  
second phases  f rom pu l l ed  crystals .  

A c k n o w l e d g m e n t s  
Mr. P. J. Wal i t sky,  West inghouse  Electr ic  Corpora -  

tion, Bloomfield, New Jersey,  car r ied  out the  mic ro-  
probe  analysis.  We also g ra te fu l ly  acknowledge  the  
capable  technica l  assis tance of Mr. A. M. S t ewar t  and 

i P r i s m a t i c  s ing le  c ry s t a l  ba r s  o f  F A P  1 • 3 • 15 m m  w e r e  
loaded  in  t h r e e  p o i n t  b e n d i n g  a t  v a r i o u s  t e m p e r a t u r e s .  A b o v e  
a b o u t  1375~ these  ba rs  c o u l d  be  b e n t  p l a s t i c a l l y  in to  a " V "  shape ;  
b e l o w  th i s  t e m p e r a t u r e  ba r s  f r a c t u r e d  in  a b r i t t l e  m a n n e r  i m m e -  
d i a t e l y  on  load ing .  
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Fig. 4. Dislocation etch pits concentrated in areas surrounding 
tubular type I inclusion. ~ 0 0 0 1 ~  growth direction parallel to etch 
pit rows. Reflected light. Magnification approx. 150X. 

Fig. 5. Nucleation of cleavage cracks at the crystal-precipitate 
interface. ~ 0 0 0 1 ~  growth direction vertical. Dark etched precipi- 
tates are surrounded by vertical rows of etch pits. Reflected light. 
Magnification approx. 100X. 

the  many  helpful  comments  of Dr. G. W. Roland dur ing  
p repa ra t ion  of the  manuscr ip t .  This work  was sup-  
por ted  by  the  A F  Avionics  L a b o r a t o r y  under  contract  
F83615-C-68-1550. 

Manuscr ip t  submi t t ed  Dec. 16, 1968; rev ised  m a n u -  
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A n y  discussion of this  pape r  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1969 
J O U R N A L .  
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Phase Studies Using the Traveling Solvent Method 
of Crystal Growth: The Bismuth-Tellurium System 

John Strassburger 
Research Division, Carrier Corporation, Syracuse, New York 

ABSTRACT 

The t rave l ing  solvent  method  (TSM) of c rys ta l  g rowth  was eva lua ted  as 
a means  of de te rmin ing  the solidus in a phase diagram,  by  inves t iga t ing  a 
por t ion of the b i smu th - t e l l u r i um phase system. Sections of ingots grown by 
TSM were  chemical ly  analyzed and these results,  combined wi th  the  crys-  
ta l l iza t ion t empera tu res  of the  same sections, were  used to define equ i l ib r ium 
solidus lines. A comparison of these resul ts  wi th  those obta ined f rom long-  
t e rm anneal ing  exper iments  pe r fo rmed  by  another  inves t iga tor  essent ia l ly  
showed agreement  be tween  the two techniques.  Much less t ime and effort is 
r equ i red  to obtain the  same informat ion  if TSM is used. An  ingot  was grown 
across a per i tect ic  react ion t e m p e r a t u r e  in the  Bi-Te  sys tem to demons t ra te  
the  ab i l i ty  to p repa re  a per i tec t ie  compound and a congruen t ly  mel t ing  com- 
pound in the  same ingot. 

Inconsistencies in much of the ava i lab le  phase  d ia -  
g ram data  p robab ly  s tems first f rom the inab i l i ty  to 
obtain equ i l ib r ium conditions,  and second from the  
method of analysis.  The impor tance  of obta ining semi-  
conductor  mater ia l s  at  t he i r  "equi l ib r ium" composi t ion 
is becoming recognized more  eve ry  day  in the  s tudy  
of phase d iagrams and, in general ,  anneal ing  tech-  
niques are  being used for  s tudy ing  "equi l ib r ium" phase  
relat ionships.  These methods  are  labor ious  and neces-  
s i ta te  the  p repara t ion  and analysis  of a la rge  number  
of samples.  Glatz  (1) showed the impor tance  of long-  
t e rm anneal ing  of fine powders  for obta in ing " t rue"  
equi l ib r ium in the  b i smu th - t e l l u r i um system and 
poin ted  out tha t  the  phase  da ta  presented  by  Hansen 
(2) for  this  sys tem is in e r ror  a p p a r e n t l y  because 
the rmodynamic  equi l ib r ium was not at tained.  Because 
of the ava i lab i l i ty  of Glatz 's  data,  a d i rec t  comparison 
can be made  which shows tha t  c rys ta l  g rowth  by  the 
t rave l ing  solvent  method  (TSM) is as good a method,  
if  not bet ter ,  for e lucidat ing  specific port ions of an 
equi l ib r ium phase diagram.  Complete  solidus l ines 
can be e lucidated  in much less t ime and equi l ib r ium 
seems to be  more closely approached.  

Al though crys ta l  g rowth  by  the t rave l ing  solvent  
method was first r e fe r red  to by  Pfann  (3) as t e m p e r -  
a ture  grad ien t  zone mel t ing  (TGZM),  we p re fe r  the  
former  name suggested by Mlavsky  (4). 

Al though  the theory  for p repa r ing  compounds by  a 
t rave l ing  zone (5, 6) or "control led  solidification" (7) 
technique  is s imi lar  in m a n y  respects  to TSM, the con- 
dit ions for recrys ta l l iza t ion  by  TSM seem to be more  
favorable  than  zone level ing methods  for obta in ing 
"equilibrium" compositions. In TSM, all  systems are  
static and the dr iv ing  force (concentra t ion grad ien t  
across the  mol ten  zone) for t r ave l  of the  mol ten  zone 
is s t r ic t ly  governed by the  equi l ib r ium phase diagram,  
whereas  in zone level ing methods  the  ra te  of t r ave l  
of a hea te r  or ingot  can regu la te  pu r i ty  and repea ted  
passes a re  usual ly  requ i red  because of this  l imita t ion.  
Uti l izing TSM one can e luc ida te  a complete  solidus 

line of va ry ing  composi t ion by  a single pass through 
one ingot. To obta in  s imi lar  in format ion  by  zone leve l -  
ing techniques seems to requi re  ex t reme  care in ma-  
n ipula t ion  of expe r imen ta l  condit ions such as mix ing  
(7) or cooling rate,  etc. 

Goodman (5) and Pfann  (6) forsaw var ious  uses 
for zone refining such as purif icat ion of the  e lements  
and the p repa ra t ion  of compounds,  both congruent ly  
mel t ing  as wel l  as those f rom per i tec t ic  reactions.  
Many inves t igators  have  ut i l ized zone refining to s tudy 
phase relat ionships.  McHugh and Ti l ler  (8) s tudied 
the pseudob ina ry  system Bi2Te3-BieSe~ and Umeda 
et al. (9) s tudied the  Sn-Te  system. 

Wi th  a s ta t ionary  t e m p e r a t u r e  gradient ,  P fann  (3) 
used TSM to fabr ica te  semiconduct ive  devices, grow 
single crysta ls  and measure  diffusivit ies in liquids. 
More extens ive  diffusivi ty studies have  since been 
made by  Wern ick  (10). Because of the in teres t  in semi-  
conductor  research,  ex tens ive  invest igat ions  (11-13) 
have been conducted to de te rmine  the  solid solubi l i ty  
of var ious  meta ls  in silicon and germanium.  Trumbore  
(14) summar ized  much of the  avai lab le  solubi l i ty  da ta  
and observed tha t  "over the  years  there  has been a 
pronounced  t endency  for the accepted equi l ib r ium 
solid solubil i t ies  to decrease." An  in teres t ing  case in 
point  has since been brought  out by  McCaldin  and 
Wi t t ry  (15) when they  showed that  the  "Ga concen-  
t ra t ion  in a TSM specimen was reduced some 27 pe r -  
cent f rom tha t  in the  ' regrowth '  specimen." 

Mason and Cook (16) p repa red  the per i tect ic  com- 
pound CdIn~Te4 by  employing  a t rave l ing  hea te r  and 
Arms t rong  et al. (17) s tudied the  compound AgSbTe2 
by  a s imi la r  method.  Since then, others  (18-22) have  
used this or a static t empe ra tu r e  grad ien t  to p repa re  
congruen t ly  mel t ing  compounds.  

Experimental 
Apparatus.--The furnaces used for growing crysta ls  

by  the  t rave l ing  solvent  method  were  fabr ica ted  f rom 
Vycor  glass and produced a l inear  t e m p e r a t u r e  g ra -  



VoL 116, No. 5 STUDIES USING TSM OF CRYSTAL GROWTH 641 

" / '  il 

i i  LOeaRITHMIG WINDING 
I I  (BIFILAR) 

NICHROME WIRE, NOI8 

' ~r 
II Ht 
,, ~riL 

I I  ~ C O T T O  ~ 

i i SEAL 

Fig. 1. Furnace for crystal growth by TSM 

dient of approximately 10~ As seen in Fig. 1, 
nichrome wire No. 18 was bifilar wound about the in -  
side furnace tube with logarithmic spacing to produce 
the desired tempera ture  gradient  at the center  of the 
furnace. This furnace was placed inside a glass tube 
and packed at the ends with glass cotton to form a 
dead air space. The entire furnace was then insulated 
with Fiberglass covered inside and outside with alu-  
m i n u m  foil except for a long, nar row vertical  opening 
used as an observation port, which was helpful for 
monitor ing the process of the l iquid zone. The furnace 
was designed to be sealed so that  crystal  growth could 
be carried out in an iner t  atmosphere if desired. Three 
thermocouple wells, which extended essentially the 
length of the furnace, were placed as close to the 
sample as possible. 

Vertical tempera ture  profiles of the furnace were 
taken with the specimens in place and also by substi-  
tu t ing a fourth thermocouple in place of the sample 
held in place by a heavy walled glass tube. When three  
thermocouples were placed as in Fig. 1, Section A-A '  
and a fourth in the center, the radial  tempera ture  dis- 
t r ibut ion across any given horizontal was wi thin  2~ 
With an ingot in place, the three outside thermocouples 
again read wi th in  2~ although it is recognized that  
the radial tempera ture  dis tr ibut ion could change due 
to the added heat capacity of the sample. 

Original ly at tempts were made to grow the crystal  
in a dynamic  argon atmosphere but  this resul ted in  
volatil ization of the solvent zone, and the ingots were 
consequently sealed in evacuated ampoules, as shown 
in Fig. 2. A single crystal  wafer was placed at the bot- 
tom of the ampoule to be used as a deposition site on 
top of which the solvent zone was placed. The parent  
mater ia l  to be recrystall ized was placed on top of the 
solvent zone and supported near  the top (hot end) by 
a glass rod as shown. This was necessary to keep it 
from fall ing when  the solvent zone melted, thus forc- 
ing the solvent up the sides of the ampoule. The am- 
poule was sealed with a m i n i m u m  void volume and 
supported with a glass rod attached to one end. 

Materials.--The bismuth  metal  shot and the tel-  
lu r ium used for preparing the samples were not pur i -  
fied fur ther  after being obtained from the manufac-  
turers. The b ismuth  metal  (99.9999+ %) was obtained 
from Cominco Products, Inc., and the te l lu r ium 
(99.999+%) from the Kawecki Chemical Company. 

Fig. 2. Crystal growth ampoule before recrystallization 

Crystal growth procedure.--It becomes helpful, 
when  choosing s tar t ing compositions for both parent  
ingot and solvent zone, to have some knowledge of the 
phase diagram in which one is working. For this rea-  
son, the data presented by Glatz (1) for this system 
was utilized. The solvent chosen for growing Bi2T.,~ 
(v-phase, mp = 585~ was mater ia l  of t e l lu r ium-  
eutectic composition (Bi10Te90) which has a mel t ing 
point  of 414~ The tempera ture  varied along the poly- 
crystal l ine ingot between 425 ~ and 530~ so that 
when the ingot was recrystall ized (solvent zone passed 
completely through the ingot) its composition followed 
the t e l lu r ium-r ich  solidus l ine of Bi2Te3 from 425 ~ to 
530~ as is represented in the b i smuth- te l lu r ium phase 
diagram (Fig. 3). The ini t ial  thickness of the solvent 
zone was about 4 mm. 

Solvent  zones were passed upward  through three 
Bi2Te3 ingots with an elapsed t ime for each of about 
one month.  The zones passed through the entire length 
of the ingots in about a week or less and the r emain -  
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ing t ime was given to allow possible l iquid en t rapments  
to diffuse to the top. The lengths of the result ing ingots 
varied between 21/2 and 3 in., since the liquid zone 
usual ly disconnected before reaching the top of the 
original  ingot (3V2-4 in.).  The diameter  of all of the 
ingots grown was 11 mm. 

In  an effort to produce a single crystal  ingot, a 
single crystal  seed was used as a deposition-site. This 
seed crystal was cut from an ingot pulled from a Czo- 
chralski- type furnace. This configuration was later 
varied by using an ampoule with a constriction near  
the bottom. The bulb formed by the constriction was 
filled with solvent zone and then run  through the 
procedure described above. Al though large crystal-  
lites were obtained in some ingots, no ingot was 
grown as a single crystal. 

The existence of a peritectic compound (E-phase) on 
the Bi-r ich side of Bi2Te3 was reported by  Glatz (1) 
as well  as by Abrikasov and Bankina  (23). Glatz used 
long- te rm anneal ing  of fine powders and established 
the peritectic invar ian t  point  at 562~ and 55 m/o  
(mole per cent) te l lur ium. This informat ion was used 
as a guide in choosing the star t ing composition for 
the preparat ion of the E-phase by TSM. The procedure 
was the same as that  for the preparat ion of the 
congruent ly  mel t ing v-phase except different s tar t ing 
compositions were required. The parent  mater ia l  was 
a rapidly quenched ingot of composition Bi47Te53 and 
the zone had the composition Bis0Te20. Due to the 
large single-phase region of the E-phase, pure b ismuth  
metal  was also used as a zone to furnish  enough Bi 
to reach the saturat ion point. A star t ing zone of about 
5 mm thickness was used. No seed was used since no 
parent  E-phase mater ia l  was available as was the case 
with the v-phase preparation.  The crystall ization tem- 
peratures of the ingots prepared varied between a 
m i n i m u m  of 425 ~ and a max imum of 550~ except in 
the un ique  case described in the next  paragraph. 

In  one case an effort was made to prepare both the 
E-phase peritectic and the congruent ly  mel t ing v-phase 
in one ingot. This ingot could be used to determine the 
solubili ty of Bi in Bi2Te3 above 562~ as well  as an 
added proof for the existence of the E-phase. A sharp 
change in the composition of Bi noted as one analyzes 
along this ingot will  be strong evidence for the exist- 
ence of a peritectic reaction. Quenched Bi2Te3 was used 
as a s tar t ing ingot and pure Bi metal  was used for the 
solvent zone. Again no deposition-site was used. The 
tempera ture  varied from 505~ (cold end) to 580~ 
(hpt end) thereby  crossing the peritectic tempera ture  
(562~ Almost  a week was necessary for the zone to 
t ravel  to the top of the 3-in. ingot, and two  extra  
weeks were allowed for annealing.  

Analysis 05 ingots.--After cooling to room temper-  
ature, each ingot was cut into representat ive horizontal  
slices for chemical, microscopic, and differential ther -  
mal analysis (DTA).  DTA was used to determine the 
mel t ing point  (first formation of l iquid) of a given 
segment which had also been analyzed chemically. 

The DTA thermograms were obtained by  plott ing the 
difference in tempera ture  between an a luminum oxide 
reference s tandard and the sample on a Honeywell  
X-Y recorder (Model 153X33). The reference and 
the sample (ground into powder) were sealed in 
Vycor ampoules containing thermocouple wells and 
placed symmetr ica l ly  in a high thermal  capacity K a n -  
thal furnace. The heat ing rate of the furnace was 5~ 
min  controlled with a Honeywell  cam-type program 
controller  (Model 152). Using sodium chloride as a 
cal ibrat ion standard, mel t ing points could be deter-  
mined well  wi th in  an accuracy of ___2~ The mel t -  
ing point  defined the ordinate and chemical analysis 
the abscissa for locating one point on a given solidus. 
A 4 m m  segment  was necessary to obtain enough ma-  
terial  for duplicate chemical analyses and one 0.75g 
DTA sample. DTA was also used to determine the 
presence of any  eutectic solvent which may have been 
trapped in grain boundaries.  This was also checked 

by mount ing  slices for microscopic inspection. Repre-  
sentative sections, usual ly  near  both ends and the mid-  
dle, were polished so that  eutectic phases could be 
observed under  polarized light. Eutectic mater ia l  must  
be absent  in order to validate the chemical analyses 
used for de termining the equi l ibr ium solidus lines. 

The chemical analyses performed by our analytical  
section were essentially the method of Reed (24) with 
minor  modifications. The analyses were always per-  
formed by the same chemist and the accuracy checked 
by periodically insert ing knowns along with the TSM 
samples. The known standards were prepared by 
sealing carefully weighed metals of at least 5 9'S 
pur i ty  in an evacuated ampoule. The samples were 
then melted, rocked, and quenched to insure  un i form-  
ity. The entire ingot was ground, mixed, and sectioned. 
The results of a representat ive analysis is shown in 
Table I. 

The results of other analyses were always approxi-  
mately  the same. One sees that  the accuracy for the 
Te analysis is well  wi th in  the one to two parts per 
thousand claimed by Reed and is at least • w/o  
(weight per cent) Te, but  the Bi analyses are high. 
Since the Te analyses were consistently reliable, the 
%Bi was always taken  by difference. 

Results 
Congruently melting Bi2Te3 (v-phase).--Three in -  

gots of v-phase Bi2Te3 were recrystall ized by TSM, 
all of which were te l lu r ium-r ich  as determined by 
chemical analyses. All  three ingots prepared contained 
crystallites varying  from about 1 to 3 mm in cross- 
section. 

The first ingot grown was removed from the fur-  
nace immediate ly  after the solvent zone traveled the 
length of the parent  ingot. Twelve days were required 
for growth. Differential thermal  analyses of sections of 
this ingot showed the presence of anywhere  from 0.1 
(near  the bottom) to 1.0% (near  the top) uncombined 
te l lu r ium eutectic (solvent),  thereby inval idat ing the 
chemical analyses for de termining the solubil i ty of 
Te in Bi2Te3. Because of these entrapments ,  it became 
necessary to annea l  the samples past the t ime for com- 
plete zone passage. Microscopic inspection showed that 
more than 90% of the eutectic mater ia l  present  was 
located in the outer skin of the ingot and the remainder  
in grain boundaries.  

This dis t r ibut ion was also found in the next  two in-  
gots (annealed three weeks) bu t  the total quant i ty  of 
solvent was at least an order of magni tude  less. Sep- 
arate DTA's were made on sections along the ingots 
of both the inter ior  and exterior portions. In  the ther-  
mograms of the sections where the outer skin was con- 
centrated, a very small  eutectic peak was seen; and 
on sections where only the inside of the ingot was 
used no peak was visible. 

The outer skin is a dis t r ibut ion of eutectic mater ia l  
in the outside layer of the ingot and might  be as thick 
as 0.1 m m  in some locations. A radial  temperature  dis- 
t r ibut ion in the furnace is one explanat ion for the 
formation of this "skin" since it is quite l ikely that  
a slightly cooler tempera ture  exists in the center  of 
the ingot than on the outside on a given horizontal 
plane. The amount  of Te-eutectic located in the grain 
boundaries  (disregarding outer skin) was negligible. 
The results of all the slices f rom both ingots were 

Table I. Results of representative analysis of known 
Bi2Te3 standard 

Sec t i on  Te, w / o  Bi,  w / o  

Bi  (w/o)  a d d e d  = 52.19 A 47.81 52.28 
(Bi~Tes) 47.81 52.32 

B 47.83 52.34 
47.83 52.30 

Te (w/o)  a d d e d  = 47.81 C 47.82 52.27 
(Bi~Te3) 47.83 52.36 

Note :  w / o  is w e i g h t  pe r  cent .  
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essentially the same. Chemical analyses of the inside 
sections of these two ingots indicate a solubil i ty of 
0.22 m/o  te l lu r ium in Bi2Te3 above 420~ and also 
indicate that the composition of the equi l ibr ium 
solidus varies very little (if at all) between 430 ~ and 
530~ The Te concentrat ion variat ion vs. tempera ture  
approached the rel iabil i ty of the chemical analyses 
(• therefore, the te l lur ium concentrat ion was 
considered invar ian t  over the tempera ture  range 
studied. The Te-r ich solidus is depicted in the partial  
phase diagram (Fig. 3) as a vertical  straight line at 
the composition 60.22 • 0.05% Te. The line is solid 
only where data points were taken. Each segment 
taken from the two ingots was analyzed in duplicate 
and considered to be independent .  The DTA thermo-  
grams for all of these segments were identical, all 
showing ini t ial  mel t ing at about 565~ The traces 
showed gradual  breaks at the mel t ing point  indicative 
of a solidus t ransformation.  Since the first sign of 
mel t ing appeared at 565~ we can draw the Te-r ich 
solidus vertical  up to this temperature.  

Since the most l ikely source of error in the chem- 
ical analysis is that due to Te-r ich eutectic mater ia l  in 
the samples, the phase boundary  could only be closer 
to the stoichiometric composition than the value 60.22 
• Te. Close inspection of the DTA's showed that 
the Te-eutectic peak was always larger on the cooling 
cycle (after sample has been completely melted) than 
on the heat ing cycle and if no peak was seen on the 
heating curve, one was usual ly seen on the cooling 
curve. The equi l ibr ium solubil i ty of Te in Bi2Te3 is 
apparent ly  disrupted when the sample melts and not 
restored when refrozen. 

Peritectic B-phase.--Four ingots of B-phase bismuth 
tel lur ide were grown with no variat ions necessary 
from the original procedure. The crystal l ine size ob- 
tained from these ingots was markedly  larger than 
those obtained when growing the congruent ly  melt ing 
7-phase. Crystall i tes up to five or six mil l imeters  in 
two dimensions were observed and up to one or two 
centimeters  in length. The en t rapment  of an eutectic 
phase ( including outside skin) was essentially non-  
existent  as evidenced by microscopic inspection and 
als0 DTA. No bismuth-eutect ic  peak was noted on the 
heat ing curve on any  of the thermograms obtained. 
Back reflection x - r ay  Laue photographs were taken of 
single crystal sections of one of the B-phase ingots 
grown and showed very good crystal l ine perfection. 
This was also evidenced by the good cleavage obtained 
with these crystals. 

The data obtained from the first three ingots defining 
the equi l ibr ium solidus are tabula ted in Table II and 
plotted as closed circles in  Fig. 3 and those obtained 
from the last ingot (discussed in the next  section) as 
open circles. 

Again, each data point  is an average of two chemical 
analyses plotted vs. t empera ture  of first mel t ing as 
seen on a DTA thermogram. The thermograms of all 
alloys between 50 and 58% Te showed double peaks 
indicating that  the 561~ peritectic t iel ine is essentially 
correct as drawn, meet ing the l iquidus boundary  at 
about 50 m/o  Te. This is in agreement  with data found 
by Glatz (1). The solidus curve calculated by the least 
squares method was found to follow the equation 

T(~ = --0.0031792x 3 + 0.I1351x 2 + 24.202x-- 604.59 

Table II. Melting points of B-phase as obtained from DTA, 
with corresponding chemical analysis 

M e l t i n g  po in t ,  ~ Te, r a /o  

450 46.71 
460 47.27 
470 49.29 
493 49.48 
512 52.21 
515 
525 
527 
533 
541 

52.62 
52.97 

~ .96 
.83 

54.86 
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where x = m/o  Te. The s tandard deviat ion for this 
curve is 5.6~ 

Along this curve the points obtained from four in -  
gots agree well  with each other  except for a pair  of 
points at approximately  50 m/o  Te. The observed tem-  
pera ture  difference of about 25 ~ is much greater than  
the estimated rel iabi l i ty  in the mel t ing point  deter-  
mination.  Therefore, there exists the possibility that  
this pair  of points indicates a discontinui ty in the 
solidus line. On close inspection of the DTA's an ap-  
parent  small  peak was seen at about 500~176 par-  
t ial ly masked by the larger l iquidus peak. Another  
interest ing fact was noted. On thermograms of all 
compositions below 50 m/o  Te a bismuth-eutect ic  
peak (268~ was observed on the cooling curve only, 
after the sample had been melted. This is evidence 
that  equi l ibr ium solubil i ty is not easily at ta ined in 
this region. Using anneal ing  techniques to s tudy the 
same region of the phase diagram, Glatz (1) found 
difficulty obtaining equi l ibr ium below 52 m/o  Te. 
Whether  an actual compound or reaction occurs at 
this composition necessitates fur ther  investigation. 

Peritectic jump (B- and 7-phase in same ingot).-- 
The results obtained from the one ingot grown across 
the peritectic reaction tempera ture  are shown as open 
circles in Fig. 3. All  th i r teen data points were obtained 
from consecutive 4 mm segments s tar t ing immediate ly  
below the solvent zone which was clearly outl ined on 
the frozen ingot. The chemical analyses showed no 
tempera ture  dependence of solubil i ty of Bi in Bi2Te:~ 
(7-phase) between 561 ~ and 580~ but  a constant  solu- 
bil i ty of 0.17 _ 0.05 m/o  bismuth.  All  of the first five 
samples (crystallized above 561~ showed sharp 
mel t ing points at 585 ~ • 2~ which is indicative of a 
vertical  solidus line. Since the mel t ing points for these 
first five samples were essentially the same, and their  
crystall ization temperatures  were known to lie from 
560 ~ to 580~ they defined the Bi-r ich 7-phase solidus 
and were plotted as such in Fig. 3. A representat ive 
DTA of these five segments is shown in Fig. 4 ac- 
companied by the average chemical composition of 
each of the five ingots. 

The next  two segments had a sharp thermal  arrest 
at 561~ followed by the large peak due to -~-phase 
mel t ing (Fig. 5). This clearly defined the peritectic 
reaction tempera ture  in agreement  with the value 
(562~ reported by Glatz (1). The fact that  the 
peritectic reaction was seen in two segments (although 
very small  in one) is explained by assuming that  a 
nonhorizontal  or nonplanar  isotherm existed in the 
ingot at the peritectic t empera ture  because of t emper-  
ature variat ions wi th in  the furnace. When horizontal  
slices were made, the alloy corresponding to the 561~ 
crystall ization composition was found in two segments. 

. . . .  ; | . . . . . . .  F - - ~ 2 ~ I - - P ~  i E L T I ~ |  N S ' r  . - 

1  :li- , " i G H E M I O A L  G O M P O S I T I O N S  O F  F I R S T  

" F I V E  S E G M E N T S  O F  I N G O T  H A V I N G  
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E J ; . . ' ' ' ~ . ~ .  , . �9 M O L E  % T I  
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Fig. 4. Representative DTA thermogram Bi-rich 7-phase bismuth 
telluride as depicted in Fig. 3 as five points on 7-phase solidus. 
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phase boundary  slopes toward the Bi-r ich side of 
Bi2Te~ above 565~ and the ma x i mum melt ing com- 
position occurs at 59.83 _ 0.05 m/o  tel lurium. 

It must  be kept in mind  that all data points in Fig. 
3 are average values obtained from 4 mm slices. Since 
the tempera ture  varies cont inuously across an ingot 
dur ing  crystal growth, a sample with a finite crystal-  
lization tempera ture  cannot  be chosen and chemically 

. . . . . .  analyzed. Across 4 mm the crystall ization temperature  

Fig. 5. DTA thermogram showing peritectic reaction at composi- 
tion A in Fig. 3. 

The remain ing  points tail  off to define the /S-phase 
solidus and the lower points are shown overlapping 
results from the other ingots. The overlapping data 
are in  very  good agreement  with each other, and two 
of the points are essentially superimposed. A repre-  
sentative DTA depicting /~-phase mel t ing is shown in 
Fig. 8 from which point  B was obtained in Fig. 3. 

The calculated /~-phase solidus is seen to intercept  
the peritectic reaction temperature  (561~ at 58.1 
m/o  Te, thereby defining the peritectic invar ian t  point. 
Although not as certain, extrapolat ion at the lower end 
of the solidus to the 420~ peritectic t iel ine shows the 
/~-phase region extending to 44.7 m/o  Te. 

Discussion and Conclusions 
The remainder  of the part ial  phase diagram (Fig. 3) 

is d rawn in broken lines. Exactly where the Bi- and 
Te-r ich solidus lines combine on the l iquidus might  
still remain  debatable, al though the evidence favors 
a b ismuth-r ich  m a x i m u m  mel t ing point  and was 
drawn as such. This would agree wi th  Glatz (1), Offer- 
geld and Van Cakenberghe (19), and with Sat ter th-  
waite and Ure (20). The evidence favoring a b ismuth-  
rich m a x i m u m  mel t ing composition is: (I) The data 
points show a b i smuth- r ich  solidus up to 580~ 
whereas data points on the te l lu r ium-r ich  solidus were 
taken only to 530~ (II) The b ismuth-r ich  DTA 
thermograms show very  sharp breaks (Fig. 4) at the 
mel t ing point, while the t e l lu r ium-r ich  samples show 
a more gradual  break at 565~ which is indicative of 

L i - ! - i  ! ' . E ,  ! / = ~ :  
" - ~  . . . . . .  ; -  ~ " . " ~ - '  . . . .  - " 1 
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Fig. 6.  D T A  thermogram showing fl-phase melting (paint B in 
Fig. 3) and peritectic transformation. 

may vary  as much as 4~ and the concentrat ion as 
much as 0.4 m/o  tel lurium, where the slope of the 
curve is small. 

It becomes expedient  at this poin t to compare our 
results with those obtained by  Glatz (1) who used a 
completely different approach ( long- term anneal ing 
of fine powders) to define the equi l ibr ium phase rela-  
t ionships for the Bi-Te system. Table III  compares 
significant points and, in general, good agreement  is 
seen except for the peritectic point where Glatz (1) 
used visual  examinat ion of photomicrographs to de- 
te rmine  this value. 

One concludes that, al though either technique is 
satisfactory for de termining equi l ibr ium phase rela-  
tionships, the advantages for TSM are: (i) the results 
can be obtained in a shorter t ime; (ii) the resul t ing 
mater ia l  is in a condition for practical applications, 
and (iii) the complete solidus curve can be defined 
from one or two ingots, whereas much more t ime and 
effort is necessary when  using anneal ing  techniques to 
obtain the same information.  Annea l ing  techniques, 
however, must  be used to s tudy solid-solid equil ibria 
while TSM becomes practical only where the solid 
phase of interest  is in equi l ibr ium with a liquid. 

Although fairly large (5 x 5 x 20 mm) single crys- 
tals were obtained by TSM crystal  growth, an ingot 
containing only one crystal was not. It  is believed that 
this could be realized by decreasing the tempera ture  
gradient  across the ingot thereby slowing the crystal 
growth process and el iminat ing spurious nucleation.  
The fact that  some Te-eutectic was found in the grain 
boundaries after two to three weeks of anneal ing  is 
evidence for an oxide or other high energy barr ier  at 
the grain boundaries  which prohibi ted diffusion. An-  
other less l ikely possibility might  be vertical channel-  
ing of eutectic phase. 

Summary 
TSM has been found to be a valuable technique for 

the preparat ion of equi l ibr ium b inary  compounds, 
both peritectic and congruent ly  melting. The extension 
into te rnary  and more complicated systems should be 
relat ively simple. I t  has been relat ively easy to pre-  
pare the /~-phase peritectic b ismuth- te l lur ide  from 
a quenched ingot of Bi2Te3. The problem of preparing 
large single crystals of b ismuth tel luride by TSM ap- 
paren t ly  necessitates bet ter  control of crystal  growth 
parameters.  

From a single ingot of b ismuth  tel luride grown 
across a peritectic reaction temperature,  the following 
informat ion was obtained: (i) the Bi-r ich 7-phase 
solidus was well-defined above the peritectic temper-  
ature;  (ii) the peritectic t empera ture  was easily de- 
rived from sharp breaks on D T A  thermograms:  (iii) 

Table III. Comparison of results obtained by long-term anneal 
experiments [Glatz (1)] with those obtained from TSM crystal 

growth (Strassburger) 

L o n g - t e r m  a n n e a l  T S M  

T e - r i c h  ~ - p h a s e  
S o l i d u s  l i m i t  {% T e )  6 0 . 3 5  ---+ 0 . 1 5  6 0 . 2 2  • 0 . 0 5  

B i - r i c h  " y - p h a s e  
S o l i d u s  l i m i t  ( %  T e )  5 9 . 7 0  ~ 0 . 1 0  5 9 . 8 3  • 0 . 0 5  

P e r i t e c t i c  p o i n t  ( %  T e )  5 5 . 0  58 .1  
L o w e r  l i m i t  o f  ~ - p h a s e  

( %  T e )  ~ 4 5 . 0  4 4 . 7  
M a x i m u m  m e l t i n g  o f  ~ -  

p h a s e  ( %  T e )  5 9 . 8  5 9 . 8 3  
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the  per i tec t ic  (p-phase)  solidus was defined wi thin  
the  t e m p e r a t u r e  r ange  covered, and (iv) the  per i tect ic  
invar ian t  point  was found by  sl ight  ex t rapola t ion  of 
the least squares  t~-phase solidus curve to the per i tec -  
tic t empera ture .  
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Control of Boron Diffusion from a 
Pyrolitic Borosilicate Glass Source 

K. M. Whittle and G. L. Vick 
Instrument~Controls Division, Conrac Corporation, Duarte, California 

ABSTRACT 

A diffusion sys tem is descr ibed for the  diffusion of boron into sil icon which  
is independent  of deposi t ion pa rame te r s  over  wide ranges of values.  The dif -  
fusion depends  only on diffusion t ime and tempera ture .  A py ro ly t i c a l l y  de -  
posi ted boron-doped  oxide is used as the  impur i t y  source. Wet  oxygen is used 
to control  the  diffusion of boron f rom the  oxide  into the  silicon. 

Diffusion systems which use py ro ly t i ca l ly  deposi ted 
doped oxides as diffusion sources have been discussed 
by  severa l  authors  (1, 2). Diffusion f rom such a source 
may  be per formed  in e i ther  an oxidizing or nonoxidiz-  
ing a tmosphere .  Fo r  diffusion in a nonoxidiz ing a tmo-  
sphere  the  resul t ing  diffusion profile wi l l  depend  on 
the composit ion o f  the doped oxide, the  segregat ion 
coefficient, the  diffusion coefficients of the  dopant  in 
the oxide  and the semiconductor ,  and the thickness  of 
the  oxide. For  diffusion in an oxidizing atmosphere ,  
the  diffusion profile wil l  depend on al l  of the above 
pa rame te r s  in addi t ion to others  re la t ing  to the  k ine t -  
ics of oxide growth  compared  to the  diffusion ra te  of 
the  dopant  through the oxide. The diffusion m a y  be 
car r ied  out  in two steps: (i) diffusion in a nonoxidiz-  
ing a tmosphere  to provide  a th in  h ighly  doped layer  
of semiconductor  fol lowed by (ii) a red is t r ibu t ion  
cycle in which an oxidiz ing a tmosphere  inhibi ts  fu r -  
ther  doping f rom the oxide while  diffusion continues 
unt i l  the  des i red  junct ion depth  and surface concent ra -  
t ion are  achieved.  The diffusion profiles obtained,  in 
general ,  depend on a high degree  of control  over  the  
pa rame te r s  re la t ing  to the deposi t ion of the  doped 
oxide. 

This paper  describes a sys tem which minimizes  or 
e l iminates  the  dependence  on deposi t ion parameters .  I t  
does this by sat isfying two condit ions:  (i) an oxide 

Key words: diffusion, boron, silicon, pyrolysis. 

of sufficient i m p u r i t y  concentra t ion and thickness  that  
throughout  the  doping cycle, the  diffusion of impur i -  
ties f rom the oxide  into the semiconductor  depends  
only on the solid solubi l i ty  and diffusion coefficient of 
the  i m p u r i t y  in the  semiconductor ,  and (ii) an oxidiz-  
ing a tmosphere  sufficiently effect.lye that  oxidat ion  wil l  
occur at the  semiconduc tor -ox ide  in ter face  fas ter  than  
the impur i t ies  can diffuse th rough  it, thus  comple te ly  
p reven t ing  fu r the r  doping dur ing  the red is t r ibu t ion  
cycle. (The doped oxide could be removed by  chemical  
e tching e l imina t ing  this  r equ i rement  on the oxidiz ing 
atmosphere .  I t  is of ten undesi rable ,  however ,  to in t ro-  
duce this s tep into the  diffusion cycles.) The work  of 
P l i sk in  and Gnal l  (3) shows tha t  t he rma l  oxida t ion  
does proceed at the oxide-s i l icon interface,  but  it  is 
not obvious f rom this work  tha t  doping wi l l  be p re -  
ven ted  at diffusion t empera tu re s  (e.g., 1150~ or in 
the  presence of th ick  (e.g., 4000A) doped oxides. 

Deposition and Diffusion Systems 
The exper imen t  descr ibed deals  wi th  diffusion of 

boron into sil icon f rom a borosi l icate  glass film de-  
posi ted on the  silicon by  pyrolys is  of t r i - n - p r o p y I  
bora te  and t e t r ae thy l  orthosi l icate.  

The borosi l icate  glass film is deposi ted on the wafers  
in the  sys tem shown in Fig. 1. The wafers  a re  de-  
posi ted five at a t ime  ly ing flat on a boat. The quant i ty  
of bora te  and s i l icate  in t roduced  into the  deposi t ion 
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Fig. 1. Deposition system. Liquid A, tetraethyl orthosilicate; 
liquid B, tri-n-propyl borate. 

furnace is determined by the tempera ture  of the water  
bath and b y  the flow rate of carrier gas bubbled 
through the borate and the silicate. It is assumed that 
the geometry of the bubblers  is such as to ensure that  
the carrier  gas is saturated with the dopants. The tem- 
perature of the borate and silicate is main ta ined  at 
32 ~ ~-0.5~ The furnace tempera ture  is 688~ Deposi- 
tion t ime is 10 to 25 min  and gas flow is 600 cc /min  
through the borate, 47.2 cc /min  through the silicate 
with a di lut ing flow of 15 SCFH of argon. In  this ex- 
periment,  the deposition parameters  were varied one 
at a t ime about these values to determine the depen-  
dence of the final V/ I  on the deposition parameters.  

The diffusion furnace is operated at 1151 ~ •176 and 
is provided with sources for dry ni t rogen and for wet 
or dry oxygen. The wet oxygen is obtained by bubbl ing  
through water  at 85~ Flow rates are 1420 cc /min  for 
the ni t rogen and for the oxygen. The diffusion consists 
of a doping period dur ing  which n i t rogen flows through 
the furnace followed by a dr ive- in  period during 
which the ni t rogen is t u rned  off and wet or dry oxygen 
is introduced into the furnace. The total diffusion time 
(doping plus dr ive- in)  is held constant  at 180 min. 

Figure 2 shows the calibration curves of sheet re- 
sistivity v s .  doping time. The curve labeled ni t rogen 
only is plotted for wafers which were removed from 
the diffusion furnace after the doping time indicated. 
The wafers for the other two curves were left in the 
furnace for the dr ive- in  cycle for a total diffusion t ime 
of 180 rain. It may be seen from these curves that  for 

SURFACE FAILED TO C O N V E R T  TO P - T Y P E  
AT Z E R O  N 2 TIME 

o ~ / N I ' r R O G E N  AND WET OXYGEN 

I I I I I -I I 
2 0  4 0  6 0  8 0  I 0 0  120 180  

N ITROGEN T I M E ,  M I N U T E S  

Fig. 2. Sheet resistivity vs. nitrogen time 
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a dry oxygen dr ive- in  cycle the sheet resist ivity con- 
t inues to decrease dur ing the dr ive- in,  indicating that  
the dry oxygen is not " turn ing  off" the boron source. 
This is also indicated by  the fact that the sheet resistiv- 
ity for zero doping t ime is only 9 ohms/square.  The 
wet oxygen on the other hand turns  off the boron 
source so completely that for zero doping time, the 
surface of the silicon is not converted from n to p type. 
(The wafers were originally 3 to 6.5 ohm-cm, phos- 
phorous-doped silicon.) The increase i~ sheet resistiv- 
ity dur ing  the wet  oxygen dr ive- in  results from some 
of the  boron-doped layer being converted to SiO2 and 
also some segregation of boron back into the newly 
grown oxide. It should be pointed out that  the doped 
oxide film used with the dry oxygen is only half  as 
thick as that  used with the wet oxygen. 

Deposition Parameters 
The deposition parameters  were varied one at a t ime 

about the values given above. The dependence of the 
resul t ing sheet resist ivity on these parameters  for 
diffusions using wet oxygen to stop the doping process 
is compared with diffusions using dry oxygen. In Fig. 
3 through 7 diffusions of 105 rain in N2, 75 rain wet 
02 are compared to the diffusion in dry oxygen which 
gives roughly the same total  n u m b e r  of diffused im-  
purities, namely  30 min N2, 150 min  dry O2. 

Figure 3 shows the dependence of sheet resistivity 
on deposition time. The curve for diffusion in wet 
oxygen indicates an approach to an infinite source as 
the slope approaches zero for a deposition t ime of 25 
min. The curve for diffusion in dry oxygen continues 
to drop rapidly because of the fai lure of the dry  oxy- 
gen to stop the doping reaction. The dependence of 
final V/I  on deposition t ime is 0.47%/min of deposition 
t ime for wet 02 diffusion and 3.3%/min for dry 02. 

Figure  4 shows the dependence of sheet resist ivity 
on deposition temperature.  The two curves compare a 
10-min deposition with dry oxygen diffusion to a 25- 
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Fig. 3. Sheet resistivity vs. deposition time 
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Fig. 4. Sheet resistivity vs. deposition furnace temperature 
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Fig. 5. Sheet resistivity vs, dopant bath temperature 

min deposition with wet oxygen diffusion. The lat ter  
is found to be insensit ive to deposition temperature.  

A comparison of the dependence of sheet resistivity 
on dopant source tempera ture  for dry as opposed to 
wet diffusion is made in Fig. 5. The 10-min deposition 
followed by the dry oxygen diffusion cycle is found to 
show a strong dependence on dopant  source tempera-  
ture, while the 25-min deposition with wet oxygen 
diffusion is near ly  independent  of this parameter.  

Figure 6 shows the effect of changes in carrier flow 
through the borate source. 

Figure  7 shows the effect of variat ions in silicate 
carrier  flow rate. 

Results 
Table I shows the repeatabi l i ty  of sheet resistivity 

in wafers diffused in accordance with the wet oxygen 
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Fig. 6. S h e e t  resistivity vs. tri-n-propyl borate carrier flow rate 
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Fig. 7. Resistivity vs. tetraethyl orthosilicote carrier flow rate 

Table |. Repeatability of sheet resistivity 

p.  Aps ~  
R u n  No.  W a f e r  No,  D a t e  o h m / s q u a r e  w a f e r ,  % 

109 1 10 /27  3.72 -----1.2 
2 3.72 " -0 .6  

l lO  1 1 0 / 3 0  3 ,56  -----0.6 
I I I  1 11 /2  3.56 •  

2 3.55 ~---~0.6 
3 3 .33  + 1 . 2  

1 1 3  1 1 1 / 7  3 . 3 0  --'~'1.5 
114 1 11 /15  3 .55  + 0 . 7  

2 3 . 5 5  - - 0 . 7  
115 1 12 /1  3 .26  "4"0.6 
1 1 8  1 1 2 / 5  3.55 "~"0.7 

2 3 .55 "+'0.7 
1 2 0  1 1 2 / 2 6  3 . 6 9  "1"1.5 
148 1 4 / 2  3.33 •  
150 1 4 / 8  3.33 •  
151 1 4 / 1 1  3 . 2 4  0 

control described above. The repeatabi l i ty  from run  
to r un  is +--6.5%. However, this spread is near ly  wi thin  
the tolerance (6%) to be expected from diffusion tem- 
perature  variat ions of +-2 ~ . The repeatabi l i ty  of sheet 
resist ivi ty over a single wafer is +-1.5%. The resistivi- 
ties were measured with a four-point  probe. The run  
numbers  listed are not consecutive; those omitted were 
exper imental  runs not done in accordance with this 
process or were subjected to inadver ten t  departures  
from the process, the most common being water  con- 
taminat ion  in the dopant  bubblers.  The deposition tube 
was cleaned between runs  112 and 114 by etching 
away the accumulat ion of deposited glass with a 1:1 
solution of hydrofluoric and nitr ic acids. The consis- 
tency of results before and after this c leaning indicates 
that the process is not dependent  on reaching a steady 
st'ate or equi l ib r ium condition where the walls of the 
deposition tube  are saturated with dopant. 

It has been found that the surface concentrat ion 
after the ni t rogen cycle is independent  of ni t rogen 
time over periods ranging from 20 to 105 min lending 
strong support  to the assumption that  the concentra-  
tion is l imited by solid solubility. The final diffusion 
profile indicates that  significant quanti t ies of boron 
have segregated out into the oxide dur ing  the wet 
oxygen dr ive- in  cycle, resul t ing in a max imum con- 
centrat ion at 1.5g depth. 

Sta ining of the diffused areas resul t ing from forma-  
t ion of suboxides of boron and silicon (4) or a boron-  
rich phase (5) which commonly occurs in highly doped 
boron diffusions did occur on wafers subjected to the 
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Fig. 8. Boron concentration vs. depth from surface 
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dry oxygen diffusion, but  was el iminated by diffusion 
in wet oxygen. 

Conclusion 
It has been shown that  a deposition-diffusion system 

for boron in silicon can be made to be highly inde-  
pendent  of the deposition parameters.  This is accom- 
plished by using highly doped pyrolytic  oxide as an 
impur i ty  source together with an atmosphere of wet 
oxygen to control the diffusion of boron from the ox- 
ide into the silicon. 

Manuscript  submit ted June  24, 1968; revised ma nu-  
script received Dec. 27, 1968. This paper  was presented 
at the Boston Meeting, May 5-9, 1968, as Paper  94. 

J. EIectrochem. Soc.: SOLID STATE SCIENCE May 1969 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 
1969 JOURNAL. 
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Zinc Diffusion into Gallium Phosphide under 
High and Low Phosphorus Overpressure 

S. F. Nygren 1 and G. L. Pearson 

Stanford Electronics Laboratories, Stanford University, Stanford, California 

ABSTRACT 

The acceptor zinc has been diffused into n - type  single crystal gall ium 
phosphide at temperatures  between 700 ~ and 1000~ from diffusion sources 
which lie in two different regions of the G a - P - Z n  phase diagram. One source 
(pure zinc) provides low phosphorus overpressure and leads to p - n  junct ions 
which are dist inctly nonplanar .  The other (zinc plus excess phosphorus) pro- 
vides high phosphorus overpressure and leads to smaller  diffusion coefficients 
and considerably more p lanar  p - n  junctions.  These effects are consistent with 
the in ters t i t ia l -subst i tu t ional  model for diffusion of zinc in GaP. With either 
source, diffusion induced dislocations are formed throughout  the diffused layer 
after an incubat ion time. The p -n  junct ion  depth corresponding to the first 
appearance of the induced dislocations is found to be greater when  the 
high phosphorus pressure source is used. 

Zinc diffusion into gal l ium phosphide has general ly 
been described as anomalous. Concentrat ion profiles 
cannot be fitted by complementary  error functions, 
and the diffusion coefficient is found to be dependent  
on zinc concentrat ion as well  as temperature  (1). 
Moreover, p -n  junct ions formed by diffusion from a 
pure  zinc source are usual ly  quite nonplanar .  

Recent results from experiments  with GaAs (2-4) 
suggest that the na ture  of zinc diffused junct ions in 
GaP may be changed and perhaps even improved by 
using a diffusion source other than pure zinc. Hence, 
it is the purpose of this s tudy to examine the depth 
and planar i ty  of zinc diffused junct ions Ln GaP, using 
temperature,  phosphorus overpressure, and t ime as 
independent  variables. It is found that  substant ial  
changes can be made in the diffusion results by chang-  
ing the diffusion source. Diffusion sources which pro- 
vide high phosphorus overpressures lead to diffusion 
coefficients which are smaller  than those associated with 
low phosphorus pressures, and they also lead to con- 
s iderably more planar  p -n  junctions.  However, with 
any  diffusion source, diffusion induced dislocations 
appear throughout  most of the diffused layer after the 
p -n  junct ion  has reached a critical depth. The onset 
of these dislocations increases the diffusion coefficient 
considerably and provides sites on which the zinc can 
precipitate. Nevertheless, when the induced disloca- 
tions are taken  into account, the relation among phos- 
phorus overpressure, junct ion depth, and junct ion 
p lanar i ty  is described quite adequately by the in te r -  
s t i t ia l -subst i tut ional  model that was first proposed for 
Zn diffusion in GaP by Chang and Pearson (1). 

The Ga-P-Zn System 
In  order to unders tand  the relat ionship among the 

thermodynamic variables that  control diffusion prop- 

1 P r e s e n t  add re s s :  B e l l  Telephone Laboratories, Read ing ,  P e n n -  
s y l v a n i a .  

erties, the G a - P - Z n  system must  be examined. Figure 
1 presents the relationship among the condensed 
phases at 900~ as determined by Panish (5). The 
diagram has this general  shape for all temperatures  
between 700 ~ and 1040~ the only differences being 
slight movements  of the l iquidus lines as tempera ture  
changes. Within the tempera ture  range of 700~176 
two regions of the phase diagram are of special in ter -  
est for diffusion studies. They are labeled regions 1 
and 2. In either region, the system contains 4 phases: 
solid GaP doped with Zn, solid Zn3P2 doped with Ga, 
a l iquid ("a" in region 1, "b" in region 2), and a vapor 
which is discussed below. Both regions are monovar i -  
ant;  that is, within either one the diffusion conditions 
are fixed as soon as a single variable  such as tempera-  
ture is fixed. This means that  reproducible diffusions 
can be carried out even though ra ther  loose control of 
the diffusion source is allowed. 

Z n [419A~ 

Ga GO P P 
(29.8~ ( 1464~ ) ( 597~ ) 

Fig. 1. Ga-P-Zn phase diagram at 900~ (after Panish) 
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Before diffusion sources for regions 1 and 2 can be 
prepared,  it is necessary to know the vapor  pressures 
that  exist in equi l ibr ium with liquids "a" and "b" at 
the tempera tures  of interest.  Since these pressures are 
not avai lable in the l i terature,  they must be calculated. 
From thermodynamic  considerations, 

Pzn ~ Xzn 7zn P~ [1] 

PP4 = (Xp ~p)4 POp4 [2] 

where  P~, X~, and ~t are the vapor  pressure, mole frac-  
tion, and act ivi ty  coefficient of substance i for a given 
liquid, and Poi is the vapor  pressure of substance i over  
pure  l iquid i. The values of P~ are  given by the J 'ANAF 
Tables (6) in the case of phosphorus, and by averaging 
the data of Bar row et al. (7) and Nesmeyanov (8) in 
the case of zinc. The Xi may  be read or ext rapola ted  
from Panish's  phase diagram (5), and the 71 are cal-  
culated by the regular  solution method of Furukawa  
and Thurmond (9). 

Results of the calculations are shown in Fig. 2. It is 
seen that  Pzn is somewhat  lower  over  l iquid b than 
over  l iquid a, and that  PP4 is considerably higher  over  
l iquid b than l iquid a. Similar  calculations show that  
Pca is negligible and that  other  phosphorus species can 
be neglected over  l iquid b. The accuracy of these cal-  
culations is somewhat  difficult to determine,  but  it can 
be shown that  they give values which are wi thin  25% 
of those repor ted  by Thurmond (10) for PP2 and PP4 
over  the GaP binary liquidus. 

Experimental Procedure 
The GaP single crystals used in this study were  

grown by an open tube chloride t ransport  process 
similar  to that described by Oldham (11). Epi taxial  
GaP layers were  grown on ( l l l ) G a  faces of GaAs 
seeds. The 50-100 ~m of GaP closest to the seed con- 
tained about 1 x l0 s dis locat ions/cm 2. The remaining  
portions of the layers were  fair ly uniform, having 
about l0 s dis locat ions/cm 2 and a densi ty of stacking 
faults and microtwins of 300-500 cm -1. The layers 
were  n- type  with carr ier  concentrat ions of 1-5 x 1015 
cm -'~. Samples were  prepared for diffusions by lapping 
away the heavi ly  dislocated portions of the GaP crys-  
tals and then mechanical ly  polishing both faces in 
Linde A 0.3 ~,m alumina. Each sample was loaded into 
a clean, evacuated (1 x 10 -.~ Torr)  quartz  ampoule 
along with  a diffusion source which was located in a 
quartz  container  designed to minimize contact be tween 
the sample and the t e rna ry  source liquid. The net  
in ternal  vo lume of the ampoule  was 0.170 • 0.025 cm .~. 

Two different diffusion sources were  used. For  dif-  
fusions in region 1 the source was 1.0 mg of a pu lver -  
ized mix tu re  of 75% undoped vapor  epi taxial  GaP and 
25% 5 nine's pure  Zn. The mix ture  was annealed at 
1000~ for 24 hr  before it was pulver ized  (12). One 
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Fig. 2. Pressures of P4 and Zn over liquids a and b as calculated 
by the regular solution method. 

mil l igram of this mix ture  is sufficient to provide a dif-  
fusion source in region 1 yet  small  enough to minimize 
the amount  of l iquid in the system. 

For  diffusion in region 2, the source was 2.7 mg high 
pur i ty  phosphorus, 3.4 mg zinc, 0.87 mg of 7 nine's 
pure gallium, and 5 mg crushed GaP. These amounts 
were  calculated to provide a diffusion source in re-  
gion 2 for all t empera tures  between 750 ~ and 1000~ 
even if the pressure calculations were  in er ror  by 40%. 
As a check, a diffusion was carr ied out at 900~ wi th  
less than 2.7 mg phosphorus. The resul t ing sample had 
almost  no surface damage, suggesting that  no l iquid 
had been present  in the system. The junct ion depth 
af ter  1 hr  was 16 ~,m. When a diffusion was carr ied 
out at 900~ using the full  2.7 mg phosphorus, some 
damage had been done to the sample surface, indicat-  
ing that  l iquid had been present in the system, and the 
junct ion depth after  1 hr was 10.6 ~,m. Comparison of 
these two results suggests that  the full  2.7 mg of phos- 
phorus provides a system which is in region 2. 

In this study p-n  junctions were  revealed by cross 
sectioning diffused samples on (111)Ga planes that  are 
inclined to the surfaces of the samples, and then etch- 
ing the cross sections in the dislocation etchant 8g 
K3Fe(CN)B: 12g KOH: 100g H20 (13). This etchant 
reveals both the p-n  junct ion and crystal  defects so 
that  i r regular i t ies  in the p-n  junct ion may be corre-  
lated wi th  the defects. As shown in Fig. 3, three depths 
are typically measured:  the m in im um  p-n junct ion 
depth, xj; the min imum p + - p  junct ion depth, xj'; and 
the average depth of a diffusion spike, Xs. The spike 
depth is measured at a fault  that  extends f rom the 
surface of the sample beyond the p-n junction. Such 
diffusion spikes have a ra ther  consistent depth, and 
comparison of xj and xs is a good measure  of junct ion 
planarity.  Each of the measured depths is corrected for 
the thickness of the surface layer  that  had been re-  
moved by the etchant, typical ly  1-2 ~m per  side. 

Experimental Results 
Dif]usion w4th low phosphorus overpressure.--Diffu- 

sion of zinc into GaP with l iquid a in the diffusion 
system (region 1 of the phase diagram) typical ly  re-  
sults in moderate  damage to sample surfaces and in 
p-n  junctions that  are ve ry  irregular .  F igure  4 shows 
a highly magnified picture of a p-n  junct ion and asso- 
ciated crystal  defects as revea led  by etching a 5 ~ 
beveled surface on a sample  that  had been diffused in 
the presence of l iquid a at 1000~ for 15 rain. The p -n  
junct ion is seen to be quite  i r regular ,  and there  are  
two regions where  par t icular ly  enhanced diffusion is 
seen. One region is associated with  a s tacking fault  
or microtwin  (center  of the figure) and the o ther  is 
associated with a cluster of dislocations (r ight) .  

The correlat ion between junct ion depth and dislo- 
cation densi ty is fur ther  i l lustrated by observing how 
junct ion depth changes with diffusion time. All  sam- 
ples for this exper iment  were  cut f rom the same GaP 
crystal  (n ---- 1.3 x 101~ cm -3) so that  the init ial  dis- 
location and fault  densities would be roughly  the same 
in each sample. The results of four  diffusions at 800~ 
and four diffusions at 900~ are shown in F ~ .  5. For  
ei ther  tempera ture ,  the junct ion depth is proport ional  
to the square root of t ime for shallow diffusions. For  

SURFACE: 
BEFORE ETCHING 1 ~  

AFTER E T C H I N G "  I x 

I I ~  x+ 

P-N JUNCTION-- 

p t p  J U N C T I O N - - ~ ~  " 
-/- -J 

STACKING FAULT TRACE 

Fig. 3. Schematic of an etched cross section of a diffused sample, 
showing the various depths that are measured. 



650 J. Electrochem. Sac.: S O L I D  S T A T E  S C I E N C E  May 1969 

Fig. 4. Zinc diffused (1000~ 15 min, liquid o) p-n junction in 
GaP as revealed by etching a 5 ~ beveled surface. 
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Fig. 5. p-n junction depth vs. the square root of diffusion time 
for samples that were diffused at 800 ~ and 900~ with liquid a. 

diffusions deeper than 20-25 ~m, however, the dif- 
fusion depth is considerably deeper than  would be 
predicted by proport ional i ty to the square root of 
time. Previous workers (I4) concluded that  junct ion 
depth is proportional to the square root of t ime for all 
depths at 1000~ 

The knee in the curve is a demarcat ion between two 
very different diffusion conditions. First, as ment ioned 
above, the diffusion coefficient is smaller  below the 
knee than  above. Second, samples with shallow junc-  
tions have no diffusion induced defects, while samples 
that are diffused beyond the knee have diffused layers 
containing about 1 x l0 s induced dislocations/cm 2 
which are dis tr ibuted almost un i formly  throughout  the 
layer. Only  the region within  a few microns of the 
p - n  junct ion  escapes the induced dislocations. This is 
i l lustrated in Fig. 6, where etch pat terns are shown on 
samples that  were diffused below and beyond the 
knee. Third, samples with shallow junct ions remain  
t ransparent ,  while the diffused layers of samples dif- 
fused beyond the knee become opaque. Since undi f -  
fused samples containing l0 s dislocations/cm 2 are 
t ransparent ,  the opaqueness is a t t r ibuted to zinc pre-  
cipitation. Lastly, Ting (15) has shown that  a knee in 
the xj vs. x/t curve also exists for zinc diffusion in 
GaAs. In  that  case shallow diffusions have zinc con- 
centrat ion profiles which decrease smoothly with in-  
creasing distance; diffusions beyond the knee have 
concentrat ion profiles which stay relat ively constant  
near  the surface and then decrease sharply. It is rea-  
sonable to assume that  the same effect occurs in GaP. 
It should be noted that  the depth corresponding to 

Fig. 6. Etched cross sections of samples that were diffused to 
different depths at 900~ with liquid a. The sample diffused be- 
low the knee in the xj vs. ~ t c u r v e  (t ~ 0.31 hr) has no induced 
defects; the sample diffused beyond the knee (t ~ 3.75 hr) has a 
heavily dislocated diffused layer. 

the knee in the GaP curve varies sl ightly from crystal 
to crystal. 

The relationship between diffusion tempera ture  and 
p -n  junct ion depth has also been measured. Again, all 
samples were cut from the same crystal. Table I sum-  
marizes the results, and both x j / ~  and xs/x/-t are 
plotted against reciprocal tempera ture  in Fig. 7. For 
the 998~ sample, the diffusion time was so short that  
w a r m - u p  time was appreciable; in this case an effective 
t ime was found by fitting xj (998~ to the straight 
l ine defined by the other points. In  view of the fact 
that  xj is not proportional to x/t', FJ.g. 7 should not be 
used to predict the junct ion  depth that  would be 
reached for specific diffusion temperatures  and times. 
However, the relationship be tween xj/x/t and Xs /~  
does provide a good measure of the i r regular i ty  of the 
junction.  At 1000~ the spikes penetrate  1.5 times as 
far into the crystal  as the shallowest part  of the junc-  
tion. Due to the smaller  act ivation energy associated 
with the spikes, they become more pronounced at 
lower temperatures;  and at 700~ they penetrate  5.5 
t imes as deep as the shallowest part  of the junction. 

Diffusion with high phosphorus overpressure.--Dif- 
fusion of zinc into GaP in the presence of l iquid b 
(region 2 of the phase diagram) differs in detail, but  
not in principle, from diffusions done with liquid a. 
Liquid b diffusions general ly give better  results, the 
sample surfaces being somewhat less damaged, and 
the p - n  junct ions being considerably more planar.  A 
comparison of junct ion  i r regular i ty  in samples that  
were diffused to similar depths at 900~ is shown in 
Fig. 8. (The surface damage on these samples and on 
the samples shown in Fig. 10 occurred when the sam- 
ples were cross sectioned and was not present dur ing 
diffusion.) 

As with liquid a diffusions, the relat ion between 
junct ion depth and induced dislocations was studied 

Table I. Minimum p-n junction depth and spike depth for samples 
diffused with liquid u at temperatures between 700 ~ and 1000~ 

T, ~ S a m p l e  t, h r  tl/2, hrl/2 x j , / L m  xs , /~m 

715 1 47.17 6.88 31.9 160 
761 2 11.88 3.45 31.0 129.5 
813 3 3.29 1,185 31.4 96 
907 4 0.309 0.556 26.6 42.6 
998 5 0.0256 ~ 0.160 18.2 26.6 

* Ef fec t ive  t ime .  
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Fig. 7. Minimum p-n junction depths, xj, and average spike 
depths, Xs, for diffusions from systems containing liquids a and b 
between 700 ~ and 1000~ 
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Fig. 9. p-n junction depth xj, and p+-p junction depth, xj', vs. 

the square root of diffusion time for samples that were diffused at 
900~ with liquid b. Data from liquid a are included for compari- 
son. 

Fig. 8. Etched cross sections of crystals comparing junction plan- 
arity of samples that were diffused to approximately the same 
depth at 900~ with liquids a and b. 

by observing how the p -n  junct ion depth changes with 
time. All  samples were  cut from the same GaP crystal  
(n = 2.1 x 1015 cm-3 ) ,  and the diffusions were  per -  
formed at 900~ Results are summarized in Fig. 9, 
where  the 900~ curve  f rom liquid a has been included 
for comparison. For  l iquid b, both xj and xj' are pro-  
port ional  to the square  root of diffusion t ime for me-  
dium depths. However ,  for t imes greater  than about 
60 hr, both are deeper  than  would  be expected from 
proport ional i ty  to the square root of time, and for short 
t imes the junctions seem too shallow. The shallowest  
point in Fig. 9 was checked by diffusion into two dif- 
ferent  crystals; the same junct ion depth was found in 
each. 

The knee in the curve  provides the same demarca-  
tion wi th  l iquid b as wi th  l iquid  a. Here  again faster  
diffusion, zinc precipitation, and diffusion induced dis- 
locations occur beyond the knee. It is seen, however ,  
that  the knee in the curve  does not occur unti l  a con- 
s iderably greater  depth than  it does wi th  l iquid a. This 
is consistent wi th  the Zn diffusions per formed in GaAs 
by Black and Jungb lu th  (16). They found that  the use 
of a high arsenic pressure diffusion source increased 
the diffusion depth necessary for diffusion induced de- 
fects to occur. It is also seen that  the diffusion induced 
defects produced by l iquid b do not appear to be as 
uni formly  dis tr ibuted as those produced by l iquid a. 

Fig. i0. Etched cross sections of samples that were diffused at 
900~ with liquid b. The sample diffused below the knee in the 
xj vs. ~ curve (t = 45.7 hr) has no induced defects; the sample 
diffused beyond the knee (t = 182 hr) has a heavily dislocated 
diffused layer. 

A comparison of samples diffused above and below 
the l iquid b knee at 900~ is given in Fig. 10. 

For  l iquid b diffusions, the relat ionship between 
junct ion depth and t empera tu re  was measured  in an 
undoped crystal  with n = 3.1 x 1015 cm -3. Table II 

summarizes  the results, and xj/k/-t and Xs/X/t are plot-  
ted in Fig. 7. Again, since xj is not proport ional  to ~/t, 
the  in terpre ta t ion of these curves must  be restricted. 
Still, it is clear  that  l iquid b diffusions have a smaller  
diffusion coefficient than l iquid a diffusions, and that  
l iquid b diffusions are considerably more  planar. The 

Table II. Minimum p-n junction depth, minimum p+-p junction 
depth, and spike depth for samples diffused with liquid b at 

temperatures between 750 ~ and ]O00~ 

T, ~ SamDle t, hr tl/~, hrl/2 ml', ~m X j ,  ~ Z,, #m 

750 1 118,0 10.85 3.6 4 .8  6.6 
850 2 10.20 3.20 10,9 14.2 17,5 
900 3 3.70 1,92 11.0 13.8 18.5 
950 4 1.30 1,14 15.9 19.6 25 .9  

1000 5 0 ,575 0 ,759 21.6 27 .3  31.6 
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spikes go only  about 1.3 times as far into the sample as 
the shallowest part  of the junction,  and since the ac- 
t ivat ion energy for the spikes is almost the same as 
the act ivat ion energy for diffusion in the bulk, junct ion 
i r regular i ty  is hardly  any worse at low temperatures  
than at high. 

Discussion 
Because the diffusion coefficient of zinc in  GaP is 

concentrat ion dependent,  the diffusion equation cannot 
be solved analytically.  Nevertheless, it has been shown 
(1.4) that  the p -n  junct ion  depth obtained under  such 
conditions is 

Xj = ~/Dot J ~o  [31 

where Do and Co are the diffusion coefficient and con- 
centrat ion of zinc at the surface of the sample, t is the 
diffusion time, Cd is the background donor concentra-  
tion, and f is an unknown  function. In the case of zinc 
in GaP, the zinc concentrat ion changes very  rapidly 
near  the p - n  junct ion so that  xj is only weakly  de- 
pendent  on f. In  fact, ~ may be taken  as a constant, 1o, 
for most purposes. 

Diffusion of zinc into GaP is viewed as a parallel  
mode process, with the zinc existing as both inters t i t ia l  
and subst i tu t ional  species (1). Casey et al. (17) have 
given the effective diffusion coefficient for this process 
as  

-D__--(2-{- Cs d'TP ) (KI-1DiCs2 .yp2Pp4-V4 +Ds) 
7p dos 

[4] 

where Di is the interst i t ial  diffusion coefficient, Cs and 
Ds are the concentrat ion and diffusion coefficient of 
subst i tut ional  zinc, 7p is the hole activity coefficient, 
PP4 is the overpressure of P4, and Kt is an equi l ibr ium 
coefficient which is dependent  only on temperature.  In 
deriving this equation it was assumed that the inters t i -  
tial zinc atoms are fully ionized single donors, and 
that  the concentrat ion of interst i t ial  zinc is orders of 
magni tude  smaller than  that  of subst i tut ional  zinc. Ex-  
pressions for the subst i tut ional  diffusion coefficient and 
the surface concentrat ion of zinc may be obtained from 
the chemical equi l ibr ium rela t ing gal l ium vacancies to 
phosphorus pressure, and from the equi l ibr ium relat ing 
zinc in the vapor to zinc in the crystal: 

1/4 P4(g) ~ Vca +u + Ps + ue-  [5] 

Zn(g)  + VGa+U ~e~-- Zns o -k ue + ~ - Z n s -  + (u + 1)e + 
[6] 

Here Zns ~ and Zn~- are un- ionized and ionized zinc 
atoms in subst i tut ional  sites in the gal l ium sublattice, 
and Ps is a phosphorus atom in a subst i tut ional  site in 
the phosphorus sublattice. Vca *u is a vacancy in the 
gall ium sublattice which is given an arb i t ra ry  charge 
of +u .  Applying the law of mass action to the above 
equations gives 

CVGa = K2 Cs u 7p u Pp4 v4 [7] 
and 

Cs = (K3 Pzn PP4V~/Tp) '/~ [8] 

where CvGa is the concentrat ion of gal l ium vacancies, 
Pzn is the overpressure of zinc, and K2 and K3 are 
equi l ibr ium coefficients. The subst i tut ional  zinc is as- 
sumed to be fully ionized so that  Cs = p. By making 
the common assumption that the subst i tut ional  diffu- 
sion coefficient is proport ional  to the concentrat ion of 
gall ium vacancies, Eq. [3], [4], and [7] may be com- 
bined to give an expression for p - n  junct ion  depth 
as predicted by the in ters t i t ia l -subst i tu t ional  model 
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Fig. I I .  Surface concentration of zinc in samples that were dif- 
fused between 750 ~ and i000~ with liquids a and b. Values for 
liquid b were calculated from the experimental values for liquid a. 

where 7p is given by Panish and Casey (18) and the 
factors inside the square root are evaluated at the 
surface of the sample in  accordance with Eq. [3]. 
Values of Co are shown in Fig. I1; the values for l iq- 
uid a are given by Chang and Pearson (1), and the 
values for l iquid b have been calculated using Eq. [8]. 

Equat ion [9] states that, for a fixed time, the junc-  
tion depth will  be determined by the two factors 
wi thin  the second square root. The first factor contains 
the effects of the bu i l t - in  electric field and the concen- 
t rat ion dependence of the hole activity coefficient. In 
the second factor, the first te rm is due to interst i t ial  
zinc, and the second term is due to subst i tut ional  zinc. 
In the range where the inters t i t ia l  zinc is dominant ,  
the junct ion  depth will be proportional to 7p Co PP4-1/8; 
in the range where subst i tut ional  zinc is dominant ,  the 
junct ion  depth will  be proport ional  to ~,pU/2 CoU/2 pp4Vs. 
In either case, the dominant  factor is Pp4 • (unless 
u < --4, which seems highly unl ike ly) .  Since the ex- 
per imenta l  evidence shows that, the junct ion depth is 
decreased by an increase in pl~osphorus pressure, it is 
concluded that the interst i t ial  diffusion mode is domi- 
nan t  for all  l iquid a diffusions in the tempera ture  range 
studied, and that it is also dominant  for at least most 
of the range between liquid a and liquid b. 

Previous workers (1) have shown that  Zn diffusions 
into GaP at 800 ~ 850 ~ and 900~ give concentrat ion 
profiles which decrease smoothly with increasing dis- 
tance, while diffusions at 950 ~ 1000 ~ and 1100~ give 
profiles which stay relat ively constant  near  the surface 
and then decrease sharply. This was taken as evidence 
that the interst i t ial  diffusion mode was dominant  only 
at temperatures  above 950~ However, the low- 
tempera ture  diffusions of ref. (1) are all shallow, 
about 45 ~m at 900~ less than  25 ~m at 800 ~ and 
850~ while the h igh- tempera ture  diffusions are all 
deeper than  75 gm. In light of the present  work and 
that of Ting (15), it seems l ikely that the low- tem-  
perature diffusions involved no diffusion-induced dis- 
locations, while the h igh- tempera ture  diffusions had 
created induced dislocations. Thus, the difference seen 
Ln the two sets of profiles in ref. (1) is probably due 
to the differing numbers  of dislocations present, and 
not to the relat ive importance of the interst i t ial  mode. 

It is clear from Fig. 4 that  the diffusion of zinc is 
enhanced in regions near  dislocations in GaP. This 
fact is the basis of a model which is proposed here to 

f (  Co dTp 
7p dCs 

co ) (KI-IDi C~ P~'4- 
] �89  

V4 .~- K4CoU,ypUpp 4 + 1/4 ) 
A [9] 
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explain why the p -n  junct ion depth is not proportional 
to the square root of t ime as predicted by Eq. [3]. 
Init ial ly,  due to some unknown  nonequi l ib r ium process, 
the diffusion proceeds more slowly than  expected, as 
seen in Fig. 9. Before long, however, the junct ion depth 
begins following the square root of t ime law according 
to the in ters t i t ia l -subst i tu t ional  model. As diffusion 
proceeds, stress is bui l t  up wi thin  the crystal because 
of the size difference between Zn and Ga atoms. [The 
te t rahedral  covalent radius of Zn is 1.31A; of Ga, 1.26A 
(19).] During the early stages of diffusion this stress 
is simply tolerated wi thin  the crystal. Finally,  at some 
critical junct ion  depth, the in terna l  stress within the 
sample exceeds the yield stress of the crystal, and dis- 
locations are formed. These dislocations appear 
throughout  the diffused layer so that  almost the entire 
layer has a uni formly  high concentrat ion of diffusion 
induced dislocations. Moreover, as the diffusion front 
continues to move into the crystal, new dislocations are 
formed so that  the dislocated layer continues to be 
almost the same thickness as the diffused layer. The 
interst i t ial  diffusion coefficient, Di, is higher in the 
dislocated region of the diffused layer than it is in the 
undis turbed bulk, and most of the diffusion now takes 
place in the dislocated layer. This increases the rate of 
diffusion, but  otherwise the diffusion is the same as 
before. The junct ion depth now follows 

xj = fo~/Doto + D, ( t -  to) [10] 

where D1 is the new effective diffusion coefficient, and 
to is the t ime at which the induced dislocations were 
formed. For t > > to 

dxj/dk/~ = fo~/D1 [11] 

For times not much greater  than to, dxj /dk/ t - is  differ- 
ent from that  given by Eq. [11]. In the cases presented 
in Fig. 5 and 9, however, the changes in the diffusion 
coefficient are relat ively small, making the deviations 
from Eq. [11] too small  to be seen experimental ly.  

According to this model, Eq. [9] should apply to the 
two t ime periods in which the xj vs. k/t plot is a 
straight line, and it turns  out that the model is in good 
quant i ta t ive  agreement  with experiment.  For example, 
at 900~ taking  the interst i t ial  mode to be dominant  
for all phosphorus pressures, the equation predicts that  
the ratio between l iquid b junct ion depths and liquid 
a junct ion depths will be 

{xj/-v~ (liq. b ) } / { x j / k / t  (liq. a)} = 0.37 

Using Fig. 9, the exper imenta l ly  determined value of 
this ratio in the shallow, straight l ine portions of the 
curves is 0.30. For deep diffusions, beyond the knee in 
the curves, the exper imenta l ly  determined slopes of 
the curves are applicable to Eq. [9] and at 900~ the 
result  is 

{• (liq. b) }l{~xj/~.~ (liq. a) } = 0.31 

In  view of the approximations involved in calculating 
the pressure over the Ga -P -Zn  system, this corre- 
spondence between calculated and exper imental  values 
is very good. The change in junct ion depth between 
liquid a diffusions and liquid b diffusions is correctly 
predicted within 10%. The fit would not have been as 
good if the interst i t ial  zinc had been taken as doubly 
charged, a suggestion that  has appeared in the l i tera-  
ture  (1). This is taken as addit ional evidence that the 
appropriate charge state of an interst i t ial  zinc atom 
is +I. 

Several features of this model must be discussed in 
more detail. It might be argued that the zinc precipi- 
tation occurs while the sample is at the diffusion tem- 
perature and that the precipitates cause the stress that 
results in dislocations. However, Panish and Casey (18) 
have effectively argued against this. They point out 
that if precipitation occurs during diffusion, then the 
zinc solubility would be expected to change with time. 

Moreover, the surface concentrat ion of zinc in a dif- 
fused sample would be expected to be different from 
the zinc concentrat ion found in a solution grown sam- 
ple. Neither of these effects occur, so it is more rea-  
sonable to assume that the presence of unprecipi tated 
zinc can cause dislocations. Calculations similar to 
those of Black and Lubl in  (20) suggest that  zinc dif- 
fusion into GaP may indeed generate sufficient in terna l  
stress to cause plastic flow which results in misfit lo- 
cations (21). The precipitation is then taken  to occur 
on cooling, using the existing dislocations as nucleat ion 
sites. 

The mechanism that defines the p -n  junct ion depth 
at which induced dislocations are first nucleated is not 
clearly understood. The change in critical depth with 
diffusion source indicates either that  diffusions done 
with liquid b ini t ia l ly place less stress on the crystal  
or that  crystal yield s trength near  the surface is in -  
creased by the use of high phosphorus pressure. The 
first possibility seems unlikely.  For equal p -n  junct ion 
depths a l iquid b diffusion would be expected to have 
a steeper concentrat ion gradient  than a liquid a diffu- 
sion since l iquid b gives a higher surface concentration. 
This suggests that  a liquid b diffusion would create 
more, not less, s train in the lattice. Taking the other 
possibility, Maruyama (22) has suggested that  high 
phosphorus pressure will cause interst i t ial  phosphorus 
atoms to precipitate onto dislocations, render ing them 
immobile, and increasing the yield stress of that part  
of the surface layer with which the phosphorus comes 
into equil ibrium. Since the zinc surface concentrat ion 
associated with liquid b is substant ia l ly  larger than 
that associated with liquid a, the change in yield stress 
would have to be quite large. Unfortunately,  there is 
no data to suggest how large a change in yield stress 
might be obtained by this effect. 

It was noted above that l iquid b diffusions are con- 
siderably more p lanar  than  liquid a diffusions. This 
is consistent with the in ters t i t ia l -subst i tu t ional  diffu- 
sion model. For diffusions with liquid a the interst i t ial  
mode is dominant ,  and the diffusion coefficient is 
strongly concentrat ion dependent.  In this case, any 
crystal  defect that  causes a local change in the zinc 
concentrat ion also causes a local change in the diffu- 
sion coefficient, resul t ing in an i r regular  diffusion front. 
When the phosphorus pressure is increased and the 
diffusion is performed in the presence of l iquid b, two 
effects occur. First, the gall ium vacancy concentrat ion 
in the crystal  is increased so that clusters of vacancies 
near  crystal defects are no longer so different from 
the rest of the lattice. Second, the subst i tut ional  dif- 
fusion mode increases in importance, decreasing the 
dependence of the diffusion coefficient on zinc concen- 
t ra t ion (providing the charge on a gal l ium vacancy is 
0 or •  Both effects would reduce the influence that  
crystal defects have on diffusion. However, the in ter -  
stitial diffusion mode appears to have remained domi- 
nant  for all phosphorus pressures used in these experi-  
ments. Thus, the second effect has negligible impor-  
tance in this part icular  set of experiments.  

Conclusion 
The results of zinc diffusions into GaP were found 

to be strongly dependent  on the diffusion sources that  
were used. When the diffusion source was a sufficient 
amount  of pure zinc, the resul t ing diffusion system was 
monovariant ,  containing a liquid which was mostly 
gall ium and zinc and a vapor which had low phos- 
phorus pressure. Diffusions from this source resulted 
in highly i r regular  p -n  junct ions since the diffusion 
coefficient was highly sensitive to crystal defects. A 
second monovar ian t  system could be obtained by using 
a diffusion source that contained proper proportions of 
zinc and excess phosphorus; the result ing system con- 
tained a liquid that  was mostly phosphorus and zinc 
and a vapor with high phosphorus pressure. Diffusions 
from this source had smaller  diffusion coefficients than 
the previous source and resulted in p -n  junct ions that 
were consistently more planar  since the diffusion coeffi- 
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cient was much less sensi t ive to c rys ta l  defects. Both 
of these effects can be expla ined  qui te  adequa te ly  by  
the in te r s t i t i a l - subs t i tu t iona l  model  for zinc diffusion 
in GaP.  

The resul ts  of zinc diffusion were  also s t rongly  de-  
pendent  on diffusion t ime. Regardless  of the  diffusion 
source, short  t imes  resul ted  in diffused layers  which 
had no induced c rys ta l  defects. However ,  if diffusion 
was cont inued beyond an incubat ion t ime which was 
dependent  on the  diffusion source, the  stress genera ted  
wi th in  the diffused layer  by  the  incorpora t ion  of zinc 
into the  c rys ta l  la t t ice  exceeded the  y ie ld  stress, and 
almost  the  ent i re  diffused layer  became filled wi th  a 
high concentra t ion of dislocations. When  this happened,  
the  diffusion coefficient wi th in  the  diffused layer  was 
suddenly  increased,  causing a cor responding  increase 
in dxj/d~/t. Again,  the  high phosphorus pressure  source 
resu l ted  in more  des i rable  diffusion propert ies ,  a l low-  
ing a g rea te r  junct ion depth  to be reached before  the  
induced dislocations appeared.  
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Epitaxial Films of Germanium Deposited on 
Sapphire via Chemical Vapor Transport 

R. F. Tramposch* 
Airco Speer, Research Laboratory, Niagara Falls, New York 

ABSTRACT 

Single  c rys ta l  films of ge rman ium have been deposi ted on sapphi re  ( a -a lu -  
mina)  by  chemical  vapor  t r anspor t  using a d i spropor t iona t ion  react ion involv-  
ing wa te r  vapor  and a technique in which  the  source and subs t ra te  a re  closely 
spaced. The he te roep i tax ia l  process was found to be sensi t ive not only  to 
subs t ra te  or ienta t ion  and tempera ture ,  but  also to impur i t i es  in the  source 
mater ia l .  Monocrys ta l l ine  films were  only obta ined on subst ra tes  o r ien ted  
in the (0001) or  basal  p lane  when hea ted  to 600 ~ • 1O~ and only when 
using source wafers  heav i ly  doped (~10 TM at . /cc)  wi th  arsenic. Under  iden t i -  
cal growth  conditions,  po lycrys ta l l ine  films inva r i ab ly  resul ted  if the source 
mate r i a l s  used were  e i ther  undoped,  or doped wi th  gal l ium, indium, or  an -  
t imony  in a wide range of concentrat ions.  In  addi t ion to a high dens i ty  of 
dislocations and low angle gra in  boundaries ,  the  films also contained s tacking 
faul ts  of the s ingle- l ine  type,  be l ieved to occur p r imar i l y  as a consequence of 
la t t ice  mismatch.  The e lect r ica l  character is t ics ,  as wel l  as c rys ta l l ine  pe r -  
fection, approach  tha t  of bu lk  ma te r i a l  as film thickness  increases;  however ,  
p - n  junct ions fabr ica ted  in these films were  infer ior  to those formed in bu lk  
mater ia l .  

He te roep i t ax ia l  films of ge rman ium on s ing le -c rys ta l  
a luminum oxide appear  to offer a rea l  po ten t ia l  in 
microcircui t  appl icat ions  requ i r ing  high-speed,  minor -  
i t y - c a r r i e r  act ive film devices (1). Growth  and per fec-  
t ion have  been s tudied as par t  of an effort to obta in  
the  c rys ta l l ine  qual i ty  essential  in the  fabr ica t ion  of 
useful  b ipolar  devices. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r ,  

Sing le -c rys ta l  films of ge rman ium were  deposi ted  on 
sapphi re  wafers  at 800~ by  chemical  vapor  deposit ion,  
using a d ispropor t iona t ion  react ion and wa te r  vapor  as 
the reactant .  The process 

Ge + H20 ~- GeO + H2 

was first inves t iga ted  by  Lever  and Jona  (2) and  
appl ied  to ge rman ium ep i t axy  using a c losed- tube  
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system and slightly higher temperatures.  Employing 
an open- tube  flow system and an a r rangement  in 
which the source and substrate are closely spaced, sim- 
ilar to the technique used by Nicoll (3) to deposit 
epitaxial  GaAs films, we obtained films of uniform 
thickness on sapphire at growth rates several orders 
of magni tude  higher. It  is believed that  the increased 
growth rate and uniform film deposition are impor tant  
factors in obtaining good heteroepitaxial  films. 

Experimental Technique 
The vapor growth apparatus  consisted essentially of 

a gas purification train, a means of introducing the 
water  vapor into the carrier  gas, and a deposition 
chamber  (20 m m  diameter) .  In  the latter, as detailed 
in the lower portion of Fig. 1, a source wafer  and sub-  
strate are sandwiched between two graphite blocks 
induct ively heated by rf. Quartz spacers were used to 
main ta in  a parallel  separation between the source and 
substrate. For  most film depositions the surfaces were 
separated by about 0.5 mm. The substrate was heated 
in the tempera ture  range of 750~176 By differential 
rf coupling and the relat ive size difference between 
the heater elements, the source could be heated 25 ~ 
50~ higher. In  this tempera ture  gradient  the dispro- 
port ionation reaction as indicated is assumed to occur. 
At the surface of the source, the reaction proceeds to 
the right, forming a volatile oxide for temperatures  
above 700~ German ium is t ransported to the cooler 
substrate via the oxide as the reaction proceeds in the 
opposite direction. 

The source tempera ture  was main ta ined  by a con- 
troller and sensing element  inserted in a hole in the 
side of the heater. Prepurified, dry hydrogen was 
employed as the carrier gas at flow rates of 10-60 
cc/min.  After  the tempera ture  of the source was sta- 
bilized, the hydrogen was diverted to pass over a 
small  volume of distilled water.  Provisions were made 
for heating or cooling the water  to control vapor pres- 
sure; however, best results were obtained with the 
water  bubbler  at room temperature .  

Source materials  used were wafers sliced from single 
crystal ingots of Ge grown in the (111) or (110) di- 
rection, and doped with As, P, Ga, In, or Sb to con- 
centrat ions of 10 TM to 3 x 102o at./cc, or the solubility 
limit. The wafers, nomina l ly  0.025 in. thick, were 
lapped and etched in CP-4 prior to use and could be 
used for a number  of film depositions. 

The sapphire substrates were obtained commercially 
in the form of 20 mils thick, mechanical ly  polished 
disks, % in. or 1/z in. in diameter,  sliced from Ver-  
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Fig. 1. Schematic of vapor growth apparatus 
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neuil  or Czochralski-grown boules, and oriented in 
the (0001), near  the (1123), or (112-0), i.e., pole direc- 
tions of 0 ~ 60 ~ or 90 ~ with respect to the c-axis. The 
pulled material ,  having a lower dislocation density 
and no visible subgrains, was used to examine the ef- 
fect of substrate perfection on film quality. For the 
most part, the substrates were used as received with-  
out fur ther  surface t reatment ,  except for the usual  
predeposition cleanup. In  a few instances, films were 
deposited on chemically polished sapphire by wet 
chemical (4) or gas phase etching techniques (5) to 
investigate the effect of surface preparation.  An evalu-  
ation of film qual i ty  was made by comparing the elec- 
trical characteristics of thick films with that  of bulk 
s ingle-crystal  material .  Conduct ivi ty  and Hall effect 
measurements  were performed on the films at room 
tempera ture  using the van der Pauw technique (6). 

Results and Discussion 
Film growth . - -We have found that  at least three 

conditions must  be satisfied to obtain perfect hetero- 
epitaxy: (i) the substrate must  be oriented in the 
(0001) or basal plane; (ii) it must  be heated to a tem-  
perature of 800 ~ __ 10~ and (iii) the source mate-  
rial must  be heavily doped with As ( ~  1019 at./cc). 

Highly oriented films resulted when Ge wafers used 
as source materials  were heavily doped with phos- 
phorus; or the substrate surface was oriented in the 
(1123) plane, i.e., 60 ~ with respect to the c-axis, if the 
other two conditions were satisfied. 

Polycrystal l ine  films having no preferred orientat ion 
were obtained consistently for all growth conditions 
in which the Ge wafers used were doped with Ga, In, 
Sb, or lower concentrat ions of As; or the substrates 
used were oriented in the (1~0)  plane, i.e., 90 ~ with 
respect to the c-axis. 

Substrate  orientat ion had li t t le effect on film growth 
rate. Fi lms grown under  ideal conditions as stated 
were deposited at a rate of 0.3 to 0.5 ~m/min.  Deposits 
grown at lower rates by reducing water  vapor pres- 
sure and /o r  source temperature,  or at higher rates by 
increasing these parameters,  were invar iab ly  polycrys-  
ta l l ine or composed of large individual  crystallites. 

Typical examples of perfect heteroepitaxial,  highly 
oriented, and polycrystal l ine films of Ge on sapphire, 
all deposited under  identical conditions of substrate 
temperature  and source doping, are shown in Fig. 2, 
i l lustrat ing the effect of substrate orientat ion on film 
crystall inity.  The film thickness of these and other 
films described in this work is of the order of 30-50 
~m. In the film deposited on the 0~ sub- 
strate, the growth features characteristic of epitaxy 
and the x- ray  diffraction pa t te rn  in the Laue back 
reflection photograph are evidence of its s ingle-crys-  
tal orientation. The s t ructure  and the x - r ay  diffraction 
pat tern  of the surface of a film deposited on a 60 ~ 
oriented substrate  indicate a high degree of preferred 
orientation. Films grown on 90~ sapphire ex- 
hibit  growth facets which are randomly  oriented, as 
is fur ther  evidenced by the r ing diffraction pat tern  in 
the Laue photograph. 

Film perfection.--Characteristic growth defects that  
have been observed in films deposited on 0~ 
substrates under  opt imum growth conditions are shown 
in Fig. 3. The surface was etched l ightly in a warm 
ferr icyanide solution to reveal the crystal l ine imper-  
fections. In  addition to stacking faults which appear 
pr incipal ly  as single and intersecting etched lines 
along the (110) direction, there is also present  a 
large density of etch pits typical  of dislocations and 
low-angle  grain boundaries.  The stacking faults have 
the appearance of the single l ine type reported by 
Mendelson (7) as observed in epitaxial  silicon films 
deposited on mechanical ly  polished substrates. We have 
observed similar effects in epitaxial  Ge films. 

Substrate per]ection and surface treatment . - -The 
effect of using mechanical ly  polished sapphire was ex- 
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Fig. 2. Films of germanium on sapphire oriented in the (a) 0001, 
(b) near the 112-3, or (c) 112-0 directions. Magnification approx. 
225X. 

Fig. 3. Defect structure in a Ge film on a (0001) oriented sap- 
phire substrate: (a) as-deposited (175X), and (b) etched surface. 
Magnification approx. 400X. 
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amined in a number  of ways. Films of Ge were de-  
posited on Ge substrates mechanical ly  polished with 
different abrasives and the defects produced in these 
epitaxial  films were compared with those found in 
heteroepitaxial  films on sapphire. Figure  4 shows that  
the defects are indeed similar  and appear to result  
from using mechanical ly polished substrates. ~Iow- 
ever, in several films deposited on sapphire polished 
by wet chemical and gas phase etching techniques, the 
crystal l ine perfection was found to be as poor as that  
of films deposited on unetched substrates. In  addition, 
films deposited on etched sapphire unde r  identical  
growth conditions were general ly  found to be poorly 
oriented, mult icrystal l ine,  exhibi t ing only a few single- 
crystal  regions. It was also found impossible to grow 
wel l -or iented  films on used substrates, i.e., substrates 
from which previously deposited films were removed 
by etching. In  some cases mechanical ly polishing these 
used substrates with 0.25 ~m diamond lapping com- 
pound seemed to assist in promoting epitaxy; however, 
the results were not  ent i re ly  satisfactory. 

With regard to the crystal l ine perfection of the 
sapphire, it has been noted that  films deposited on 
better  qual i ty substrates, i.e., Czochralski-grown ma-  
terial, were more un i formly  oriented due to the ab-  
sence of subgrains,  or regions of slight misorientat ion 
found in the poorer quality, Verneui l -grown material .  
The surface of a typical  film grown on this lat ter  ma-  
terial  is shown in Fig. 5. As a result  of perfect epi- 
taxy, subgrains present  in the substrate are propagated 
in the Ge deposit. The darker  regions of the etched 
surface are those having a higher density of stacking 
faults. The difference in densi ty in  adjacent areas is 
evidence that the stacking faults are produced by la t -  
tice mismatch, since these areas differ only in or ienta-  
t ion and not in  surface t reatment .  

Although the dislocation densi ty  in the bet ter  qual-  
ity substrates was a factor of 108-104 lower than  the 
standard, Verneu i l -g rown material ,  we could find no 
evidence of film perfection being related to the dis- 
location density of the substrate. 

These results apparent ly  confirm that  crystal l ine de- 
fects observed in films of ge rmanium on sapphire are 
not related pr imar i ly  to substrate perfection and sur-  
face treatment ,  but  ra ther  are a consequence of lattice 
mismatch inheren t  of heteroepitaxy, or film deposition 
on a foreign substrate. 

Elect r ica l  Charac te r i s t i cs  
A comparison of the electrical characteristics of 

thick films with tha t  of bu lk  single crystal  mater ia l  is 
given in Fig. 6, a pl0t of Hall  mobil i ty  as a funct ion of 
excess charge carrier density. The smooth curves rep-  
resent bulk  values and were obtained from both pub-  
lished and unpubl ished Hall  effect data. A pro- 
nounced substrate orientat ion dependence is evident. 
Fi lms deposited on 0~ substrates have the 
highest mobilit ies and, in fact, closely approach bulk  
values. These data relate electrical characteristics to 
film crystall inity,  i.e., films deposited on 0~ 
substrates are more highly ordered than  those de- 
posited on 60~ substrates, have less s t ructural  
defects and consequently a higher charge carrier mo- 
bility. All  films represented here were heavily doped 
with arsenic, except those indicated otherwise. Fi lms 
doped with Sb, or low concentrat ions of arsenic, ex-  
hibit  low mobilities, are polycrystal l ine and p-type.  
Gal l ium-doped films, on the other hand, exhibit  very  
high hole mobility, approaching that  of single crystal 
material ,  even though these films are all polycrystal-  
line. This apparent  anomaly has been reported by  other 
investigators in vacuum deposited Ge films on a lumina  
(8), glass (9), and GaAs (10). 

The effect of arsenic concentrat ion in the source 
wafer on the film crystal l ini ty  and Hall  mobil i ty  is 
shown in Table I. The table lists typical  results of a 
large number  of film depositions on 0~ sap- 
phire under  identical  and opt imum growth conditions 
in which the sources used were doped to various 
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Fig. 6. Hall mobility as a function of excess charge-carrier density 
in Ge films on sapphire. 

Fig. 4. Stacking fault generation in films of Ge deposited on: 
(a) polished Ge substrete, and (b) polished sapphire substrate. 

AlAs from which a s ingle-crystal  film of Ge could 
propagate, since it has the same crystal  s t ructure  and 
a lattice parameter  that  matches to wi th in  a half  a 
per cent (Ge = 5.65A; AlAs = 5.62A). Other I I I -V 
compounds which could also form an intermediate  
layer if source materials  were doped with P or Sb, i.e., 
AlP and A1Sb, apparent ly  do not promote oriented 
growth to any great extent  because their  a spacings 
differ from that  of Ge by 4 and 9%, respectively. 

E~ect of film thickness.--We have found that  film 
crystal l ini ty  and perfection improve wi th  thickness. 
As film thickness increases, the n u m b e r  of stacking 
faults appearing in the etched surface are reduced. A 
correlat ion was made of the electrical characteristics 
and crystal l ini ty  as a funct ion of film thickness from 
room tempera ture  measurements  of the Hall  effect and 
from x - ray  diffraction studies. 

The electrical measurements  were performed on 
films that  were etched to reduce their  thickness in in -  
crements,  the average charge carrier  density and mo-  
bil i ty determined for each thickness. A plot of the 
data for a film exhibi t ing high electron mobil i ty  is 
shown in Fig. 7. For comparison, the Hall  mobi l i ty  of 
electrons in  bu lk  mater ia l  having equivalent  charge 
carrier  density is also plotted. Both the n u m b e r  of 
charge carriers, N, and their  mobility, ~F, increase 
with increasing film thickness, the lat ter  approaching 
bulk  values. The difference in film and bulk  mobil i ty  
appears to be due to the presence of s t ructural  defects, 
probably dislocations associated with stacking faults, 
since they are found in increasing numbers  as film 
thickness decreases. The var ia t ion in  the average ex-  
cess charge carrier density, i.e., the difference in the 
density of donor and acceptor levels, (ND--/VA), in -  
dicates that  the density of acceptors is decreasing with 
increasing film thickness, assuming of course, films are 
uni formly  doped with donor atoms. Since dislocations 
behave as acceptors in Ge, one might  conclude that  the 
var iat ion in the electrical characteristics with thickness 

Fig. 5. Effect of substrate perfection on film crystallinity: (a) 
as-grown surface of a Ge film deposited on a sapphire containing 
subgralns, (b) same surface, mechanically polished and etched. 

levels of arsenic concentration. The mobil i ty  in  the 
films is compared to values in bu lk  mater ia l  of equi-  
valent  excess charge carr ier  density. There is ap-  
paren t ly  an op t imum arsenic concentrat ion for which 
good qual i ty  films can be obtained, i.e., about 1019 
at./cc. It  is interest ing to speculate on the role of 
arsenic in promoting oriented growth. It  may  be that  
As bonds to A1 on the reduced surface of the a luminum 
oxide, forming an interracial  or in termedia te  layer  of 

Table I. Effect of arsenic concentration in source wafer on the 
characteristics of Ge films deposited on 0~ sapphire 

Concert-  H a l l  
t r a t i o n  m o b i l i t y  % B u l k  

cm-~ F i l m  c r y s t a l l i n i t y  emS/v-sec  m o b i l i t y  

3 • 10 TM P o l y c r y s t a U i n e  192 37 
( h i g h l y  p r e f e r r e d  
o r i e n t a t i o n )  

9 • 10 is S i n g l e - c r y s t a l  560 83 
9 x I0 Is Single-crystal 385 50 
9 • 1 0 1 8  Single-crystal 335 44 
5 • 10 TM P o l y c r y s t a l l i n e  110 14 

(p re fe r r ed  o r i e n t a t i o n )  
5 • 10 TM P o l y c r y s t a l l i n e  82 10 

(p re fe r r ed  o r i en t a t i on )  
5 • 10 TM P o l y c r y s t a l l i n e  110 3 

( r a n d o m  o r i e n t a t i o n )  
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Fig. 7. Electron Hall mobility and charge-carrier density 
function of film thickness of Ge on 0~ sapphire. 
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is due to dislocations associated with stacking faults 
which introduce acceptor levels in sufficient concen- 
t ra t ion to compensate films doped to donor levels in 
excess of 10 TM at./cc. 

One might  speculate that films are being contami-  
nated by the substrate. The presence of a luminum in 
silicon films deposited on sapphire has been reported by 
Dumin  and Robinson (11). However, they observed 
that  the a luminum diffusion only becomes appreciable 
at temperatures  above 1250~ For the deposition t em-  
perature  used and the growth conditions unde r  which 
Ge films are deposited on sapphire, contaminat ion of 
films by a l u m i n u m  from the substrate should be negl i -  
gible. Similar  conclusions have been reported for Ge 
deposits on spinel (12). 

A correlation between film thickness and crystal-  
l ini ty  was determined by comparing the x - r ay  dif-  
fraction pa t te rn  of a single film grown to various thick-  
nesses. The film was grown to the desired thickness, 
a Laue back-reflection photograph was made, and 
then the film thickness was increased by cont inuing its 
growth. Results of in te r rup t ing  its growth at various 
thicknesses are shown in Fig. 8. At  a thickness of 8~, 
the film appears to be twinned  and highly strained. The 
diffraction pa t te rn  consists of reflections from both the 
substrate and the film. At a thickness of 35~, the film is 
p redominant ly  ( l l l ) - o r i e n t e d ,  with only a few mis-  
oriented regions. The diffraction pa t te rn  now shows 
only three-fold symmetry.  At a final thickness of 52~, 
the film is well  oriented having no misoriented regions. 

Device aspects.--Mesa diodes fabricated in  these 
thick Ge films, both by diffusion and by epitaxial  tech- 
niques, exhibited current -vol tage  characteristics that  
were general ly  inferior to those of p - n  junct ions  formed 
in s imultaneously processed bulk  material .  This is evi-  
denced by a high reverse leakage current,  and lack of 
a well-defined breakdown voltage, i.e., very  soft j unc -  
t ion characteristics, due presumably  to the high defect 
densi ty in the heteroepitaxial  layer. 

Recent results suggest that  it may be possible to form 
reasonably good p - n  junct ions  in epitaxial  layers of 
Ge deposited on the heteroepitaxial  films. Using a 
low- tempera ture  chemical vapor deposition process, 
the epitaxial  films were found to be free of stacking 
faults, al though the substrate film contained high 
densities of these defects. Details of these results will  
be reported in a subsequent  paper. 

Fig. 8. Laue back-reflection photographs of a Ge film on a 
(0001)-oriented sapphire showing film crystallinity as a function of 
thickness. 

Summary 
In  depositing s ingle-crystal  films of germanium on 

sapphire using a wet hydrogen process and close-spac- 
ing technique, we have found that, in addit ion to sub-  
strate tempera ture  and orientation, heteroepitaxy is 
dependent  on the presence of high concentrat ions of 
arsenic in the source wafer. The films contained many  
crystal l ine defects that  were characteristic of hetero- 
epi taxy or lattice mismatch, ra ther  than  due to surface 
t rea tment  of the substrate. Al though the crystal l ine 
perfection and electrical properties were found to im-  
prove marked ly  with thickness, diodes fabricated in 
thick films were inferior to those formed in bu lk  mate-  
rial. 

Manuscript  submit ted Nov. 8, 1968; revised m a n u -  
script received Jan. 30, 1969. This paper was presented 
at the Chicago Meeting Oct. 15-19, 1967, as Paper  164. 

Any  discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in  the December 1969 
J O U R N A L .  
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Oxidation Studies on Zirconium Alloys 
in High-Pressure Liquid Water at 360~ 
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ABSTRACT 

Corrosion studies were  made  on 22 z i rconium al loys in l iquid  wa te r  a t  
360~ and 2708 psi  for t ime per iods  up to l l 2  days. These al loys include 
di lute  a l loys of Zr wi th  V, Cr, Ni, Fe, Sn, and Cu, in te rmeta l l i c  al loys of Zr  
wi th  V, Cr, Ni, Fe, Sn, and Cu, in t e rmed ia te  a l loys of Zr  wi th  V, Cr, Ni, Fe, 
Cu, and Zirca loy-2  and -4. Weight  gain and hydrogen  contents  were  de te r -  
mined.  

The corrosion of z i rconium alloys in l iquid wa te r  
at high pressure  and at a t e m p e r a t u r e  of 360~ is a 
subject  of both  scientific and technica l  in teres t  since 
the corrosion behavior  is de te rmined  by  both ox ida-  
t ion processes and b y  the  hydrogen  p i ck -up  and its 
effect on the  meta l  s t ructure .  

This paper  presents  the  resul ts  of autoclave  cor ro-  
sion tests on 20 al loys in l iquid w a t e r  at  360~ and 
2708 psi for t ime per iods  up to 112 days.  Al loys  were  
chosen on the  basis of the hydrogen  react ion of the  
a l loying e lement ' s  in te rmeta l l i c  phases  (1-3).  Many  of 
the  a l loying e lements  were  chosen f rom the first 
long per iod of the  per iodic  table  where  a wide va r i a -  
t ion in the  hydrogen  react ion occurs. These include 
V, Cr, Fe, and Ni. Cu, Nb, and Sn alloys were  also 
included.  Copper  forms an in te rmeta l l i c  which breaks  
down on react ion wi th  hydrogen;  Nb does not  form 
in te rmeta l l ic  phases wi th  zirconium. Two separa te  Zr 
and Nb r ich phases exis t  in Z r - N b  alloys. Tin is of 
pa r t i cu la r  in teres t  since it forms the  ma jo r  a l loying 
e lement  in the  Zircaloy alloys. 

Types of Hydrogen Reaction of Zirconium Alloys 
Four  types  of hydrogen  react ion have  been found for 

the in termeta l l ics  (1-3).  1. Hydrogen  reacts  to b r e a k -  
down the in te rmeta l l i c  to form 5-ZrH14 and another  
metal l ic  or in te rmeta l l i c  phase deple ted  in Zr af ter  
first sa tu ra t ing  the alloy. ZrCu and Zr2Cu are  e x a m -  
ples. 2. New and unique hydr ide  phases form when 
the  in te rmeta l l ic  is reac ted  wi th  hydrogen  af ter  first 
sa tu ra t ing  the  alloy. ZrNi and Zr2Ni are  examples .  3. 
Solid solut ion of hydrogen  occurs in the  in te rmeta l l ic  
ove~" an ex tended  composit ion range.  ZrCr2, ZrV2, and 
Zr4Sn are  examples .  4. No apprec iab le  react ion wi th  
hydrogen  is found. ZrFe2 and ZrCo2 are  examples .  

Zi rconium reacts  wi th  hydrogen  to form ~-ZrHI.4 
and ~-ZrH1.gs af ter  sa tura t ing  the  metal .  For  mul t i -  
phase  alloys, such as the  Z r - N b  alloys where  no 
in te rmeta l l ics  form, the  hydrogen  reac t iv i ty  depends  
on the hydrogen  s tab i l i ty  of each phase. ~-Nb absorbs 
hydrogen  only at r e l a t ive ly  high hydrogen  pressures  
and af ter  z i rconium has t aken  up large  quant i t ies  of 
hydrogen  as ~-ZrH1.4. 

Literature 
A complete  survey  of the  l i t e ra tu re  wi l l  not be 

given. Many  papers  exist  on the  effects of al loying,  
specimen prepara t ion ,  and h e a t - t r e a t m e n t  on the re -  
action of z i rconium al loys in h i g h - t e m p e r a t u r e  wa te r  
and steam. Excel len t  rev iews have  been given by  
W a n k l y n  (4, 5), Coriou (6), and Hi l lne r  (7). Douglas  
(8) has r ev iewed  the phys ica l  me ta l lu rgy  of z i rconium 
alloys. 

Preparation of Alloys 
H i g h - p u r i t y  meta ls  were  levi tated,  melted,  and cast 

into a copper  mold  under  purif ied argon a tmosphere  
to assure  homogenous specimens and min imum of 
contaminat ion.  Table  I shows the procedures  used in 
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the  p repara t ion  of the  al loys whi le  Table  II  shows 
the composi t ion of the  meta ls  used in p repa r ing  the 
alloys.  Many  of the al loys were  ex t r eme ly  br i t t l e  and 
difficult to cut in 20 mi l  th ick  slices. We found it  
impossible  to cast the  in te rmeta l l i c  ZrCr2 wi thou t  
cracking of the  ingot. 

Table  I I I  shows a list  of the a l loys p repared .  They 
can be classified in four  ma jo r  groups:  1, the  di lute  
al loys having composit ions at  or near  the  eutectoid 
composit ion and containing two phases;  2, the  10 w / o  
(weight  per  cent)  al loys conta ining two phases;  3, the  

in te rmeta l l ics  containing one phase; and 4, the  nio-  
b ium al loys conta ining two phases,  i.e., ~-Zr and ~-Nb. 

Table I I I  shows the anneal ing  t r ea tmen t s  used in 
p repa r ing  the alloys.  Annea l ing  was done at  10 -6 to 
10 -T Torr  in Ta and Zr  containers .  The  t empera tu re s  
were  chosen f rom considerat ions  based on the  phase 
d iagrams  of the  respec t ive  systems. 

The composi t ion of each ingot  was de t e rmined  by  
the  ini t ia l  weights  of the  respect ive  metals .  In  each 
case the weight  a f te r  mel t ing  and cast ing was de te r -  
mined  t o  check for vola t i l iza t ion of the  more  vola t i le  
metals .  The final weights  of the  10g cast ingots checked 
wi th in  a few mi l l ig rams  of the  weight  of the  compo-  
nents  t aken  ini t ia l ly .  Chemical  analysis  was made  of 
the  a l loys and s tandards  set up for  x - r a y  fluorescence 
analysis .  In  this  w a y  the  composi t ion of each sample  
could be  de t e rmined  before  test ing.  X - r a y  diffract ion 
pa t t e rns  were  t aken  of each al loy to check the mel t ing  
and hea t  t r e a tmen t  procedures .  Light  mic rographs  
were  taken  of each al loy to eva lua te  the  phases p res -  
ent  and to compare  where  possible  wi th  pho tomicro-  
graphs  in the  l i te ra ture .  

Table I. Procedures for preparation of alloys 

Crystal  bar  zirconium Alloying me ta l  
l t 

Sliced under  benzene Sheared  or cut  into small  pieces 
[ (air) 

Sheared  into  smal l  p ieces  (air) 1 
f f 

Cleaned with  pe t ro leum ether  Cleaned wi th  pe t ro leum e ther  
and alcohol  and a l c o h o l ~  

Compacted  under  pressure into but ton for mel t ing  

Levi ta t ion  m e l t e d  in purified argon a tmosphere  

Cast into copper  mold 

V a c u u m  annealed  in Ta  or Zr container  at  10-6-10 -7 Tor t  

Cut into spec imens ,  soft  sam ties wi th  SiC wheel,  ha rd  spec-  
imens  by electric diseharge machine  

Polish th rough  V4/~ d iamond paste 

Cleaned using acetone, pe t ro leum ether,  and alcohol 

Weighed and specimen a rea  measu red  

Composition checked by  x - r ay  fluorescence analysis 

X- ray  diffraction and micrographs  taken  

Reacted  

659 
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Table II. Material for alloy and specimen preparation 

Metal content ,  
l~etal  w / o  Ma jo r  impur i t ies ,  p p m  Source 

Z r  (alloy prepara t ion)  >99.8 Fe<100,  O<lOO, Hf-290, S i<25  N u m e c  Corporat ion 
Zr  (specimens)  >99.94 Fe-183, O-190, Hf-70, Si-40 N u m e c  Corporat ion 
Cu >99.999 A m e r i c a n  Smel t ing  and  Ref ining 

Compa ny  
Fe 99.999 Mater ia ls  Research  Corporat ion 
Cr >99.99 Union Carbide  Corporat ion 
Sn >99.999 Vulcan Mater ia ls  Compa ny  
Nb >99.94 Mater ia ls  Research  Corporat ion 
V H i g h - p u r i t y  g rade  C-500, 0-900, H-100, N-500 Union Carbide Corporat ion 
Zircaloy-2 98. + Sn-1.45, Fe-O.135, Ni-0.055, Cr-0.100, N-0.038, ~ * Wes t inghouse  Electr ic  Corporat ion 

H-O.002, O=0.14, Hf-O.055, Al-O.0045 J 
Zircaloy-4 98. + Sn-142, Fe-0.22, Ni-0.0015, Cr-0.09, N-0.0043, ] *  West inghouse  Electr ic  Corporat ion 

H-0.O02, O-0.14, AI-0.0045, Hf-0.0055 f 

�9 Weigh t  per  cent  basis. 

Table III. Alloy characterization 

Composi-  Annea l ing  Compo- Annea l ing  
tion, w / o  Phases  t r e a t m e n t  si t ion Phases  t r e a t m e n t  

Fe-200, O-150, N-100, Si-200 

Zr-2.2 Fe  a - Z r  + ZrFc~ A Zr - l .3  Ni  a - Z r  + ZrsNi A 
Zr-54.8 Fe* ZrFe~ A Zr-10 Ni a - Z r  + Zr2Ni A 
Zr-6.4 Nb ~-Zr  + ~-Nb B or D Zr-24.4 Ni* Zr~Ni A 
Zr-50 Nb a - Z r  + ]~-Nb C Zr-39 Ni* ZrNi  A 
Zr-5 V a - Z r  + ZrV~ A or E Zr - l .6  Cu a - Z r  + Zr2Cu A 
Zr-lO V a-Zr + ZrV~ A Zr-lO Cu ~-Zr + Zr~Cu A 
Zr-52.8 V* ZrV~ A Zr-25.8 Cu* Zr2Cu A 
Zr  a - Z r  None Zr-41.O Cu* Z r C u  A 
Zr-2.5 Sn a - Z r  + Zr~Sn F Zr-l .O Cr a - Z r  + ZrCr~ A 
Zr-23.5 Sn* Zr4Sn G Zr-1O Cr cx-Zr + ZrCr2 A 

* In termeta l l ics .  The  exac t  composi t ion of Zr4Sn is Zr-24.55 Sn. 
A. 900~ hr  + 750~ h r  + quench  
B. 700=C-24 h r  + 575"C-96 h r  + quench  
C. 900~ hr  + 575~ hr  + quench  
D. 1500~ h r  + 500~ hr  + quench  
E. 1300~ hr  + 1 day s low eool--750~ h r  + quench  
P. Cold w o r k  10% + 800~ h r  + quench  
G. 900~ hr  + quench  

High-Pressure Autoclave Test Apparatus 
A high-pressure  autoclave at the Westinghouse 

Atomic Power  Labora tory  was used for react ing the 
zirconium and zirconium alloys in h igh-pur i ty  l iquid 
wate r  at 2708 psi and 360~ This apparatus had been 
used previously,  and its operat ion had been checked 
and qualified. 

The autoclave is 12.5 cm inside diameter ,  50 cm long, 
constructed of stainless steel. The volume is 6.61. The 
test  specimens were  supported f rom a special f rame 
constructed f rom Ni -Cr  alloy sheet using small  sec- 
tions of p la t inum wire. The f rame was placed on a 
stainless steel t ree  and then lowered into the autoclave.  
Before using the autoclave, the t ree  and support ing 
specimens were  preoxidized.  Before each run the auto-  
clave was cleaned wi th  alcohol. 

The  wate r  was demineral ized wate r  having a pH of 
6.5-7.5 and a resis tance of 1-2.5 x 106 ohms cm. The 
samples and support  t ree  were  placed in the autoclave 
and 3.21 of wa te r  were  added. The cover was then 
bolted on to the vessel. The air space was evacuated 
for 10 min before heating. Af te r  heat ing to 120~176 
100 cc of wa te r  was w i thd rawn  as s team to el iminate  
air f rom the space over  the H20. A period of 6 hr  was 
used to heat  be tween 25 ~ and 360~ Al though the 

init ial  vo lume of wa te r  was 3.21 this vo lume expanded 
to 4.81 at 360~ and 2708 psi. 

The test cycle was 28 days after  which the heaters  
were  turned off and the system al lowed to cool for 8 
to 9 hr  before opening. Samples  were  careful ly  re-  
moved and dried. All  operat ions were  carr ied out us-  
ing p la t inum tipped tweezers  and clean cotton gloves. 

Hot Extraction Method for Hydrogen Analyses 
The method (9) was designed to use samples of 

0.01-0.2g and to de te rmine  hydrogen contents of zir-  
conium and zirconium alloys wi th  a sensit ivi ty of 
t0 -7 g of H2 or 1 ppm on an 0.1g sample. The hydro-  
gen was extracted by heat ing the sample to 1200~ 
and condensing the gas into a l iquid he l ium cooled 
trap. The hydrogen was then vaporized and the pres-  
sure measured by a sensitive capacitance manometer .  

Results 
Preliminary oxidation study.--Twenty-two stand- 

ard size specimens of about 1 cm 2 area and two large 
control  specimens of about 10 cm 2 area of Zircaloy-4 
were  reacted for 28 days at 2708 psi and 360~ in 
h igh-pur i ty  water .  Table IV shows the alloys, the 
oxygen weight  change calculated from the total  weight  

Table IV. Preliminary autoclave test results. 
28-day, 2708 psi and 360~ ~ I cm 2 specimens 

AIloy O-a ga in  H2 ga in  Alloy O3 gain  Ha gain 
w / o  Phases  ~g ~g % Theory  w / o  Phases  ~g /~g % Theory  

Zr-5 V a - Z r  + ZrV~ Dis in teg ra t ed  Zr - l . 6  Cu a - Z r  + Zr2Cu 2,258 265 94 
Zr-10 V a - Z r  + ZrV2 Dis in teg ra t ed  Zr-1O Cu a - Z r  + Zr2Cu 3,331 >230 >55  
Zr-52.8 V ZrV~ Dis in tegra ted  Zr-25.8 Cu ZreCu Dis in teg ra t ed  
Zr-l .O Cr a - Z r  + ZrCr2 326 O 0 Zr-41.0 Cu Z r C u  Dis in tegra ted  
Zr-10 Cr a - Z r  +ZrCr~ 11,436 >253 > 1 8  Zr-6.4 Nb a - Z r  + ~-Nb 1,562 7.3 3.7 
Zr-2.2 Fe a - Z r  + ZrFe~ 467 20 35 Zr-50 Nb a - Z r  + ~-Nb 1,241 26.7 17.2 
Zr-54.8 Fc ZrFe~ > 7 5 %  reac ted  Z r  a - Z r  139 2.7 15.5 
Zr - l .3  Ni  a - Z r  + Zr~Ni 397 52 104 Zr-2.5 Sn a - Z r  + Zr4Sn 223 1.0 3.6 
Zr-1O Ni a - Z r  + ZreNi 6,056 >250 >30  Zr-23.5 Sn Zr4Sn Dis in teg ra t ed  
Zr-24.4 Ni Zr~Ti Dis in tegra ted  Zirc-2 a - Z r  + others  358 2.0 4.5 
Zr-39 Ni  ZrNi  Dis in teg ra t ed  Zirc-4 a - Z r  + o thers  330 2.7 6.5 



Vol. 116, No. 5 O X I D A T I O N  S T U D I E S  ON Z I R C O N I U M  A L L O Y S  661 

change and the hydrogen uptake, the increase in hy-  
drogen content  of the alloy, and the per cent of the-  
oretical hydrogen taken up by  the alloy. The theoret-  
ical hydrogen value was calculated from the oxygen 
weight gain using the weight  rat io of H2/O of 1/8. 

Table IV shows that  all the tested intermetal l ic  al- 
loys, i.e., Zr2Ni, ZrNi, Zr2Cu, ZrCu, ZrFe2, ZrV2, and 
Zr4Sn were reacted to 75% or more. All  of the vana-  
dium alloys were disintegrated in the 28-day cycle. The 
dilute alloys Zr-l .3 Ni, Zr- l .0  Cr, Zr-2.2 Fe, the two 
Zircaloy alloys, and Zr showed low oxygen weight 
gains. The hydrogen taken up by the alloys varies 
greatly from 0 ~,g for the Zr- l .0  Cr alloy to greater 
than  250 ~g for the Zr-10 Ni and the Zr-10 Cr alloys. 
This was the approximate upper  detection l imit  for the 
hydrogen analysis apparatus  used in these early tests. 
The sample sizes used in the later  tests were reduced 
so the complete hydrogen content  could be measured. 

Multiple cycle oxidation study.--Four 28-day oxida- 
t ion tests were conducted. The total accumulated oxi- 
dation t ime for some samples was 112 days. On the 
basis of the p re l iminary  oxidation s tudy all of the 
intermetal l ic  alloys and the three vanad ium alloys 
were el iminated from the longer period oxidation 
studies. 

Seven samples of each of eight alloys listed in Table 
V were placed in the high-pressure  360~ autoclave. 
After  28 days of reaction all samples were weighed. 
One sample of each of the alloys was removed from 
the series for hydrogen analysis. The remain ing  sam- 
ples were brushed to remove loose corrosion products 
and reweighed. The weight after brushing  was taken 
as the ini t ial  weight  for the second 28-day oxidation 
run.  This procedure was repeated for the 3rd and 4th 
oxidation cycles except duplicate samples were re-  
moved for hydrogen analysis on the 3rd cycle. 

Tables V and VI show a summary  of the experi-  
menta l  data and calculations made on the  various al-  
loys for the 28, 56, 84, and 112 day oxidation tests. 
Table V shows the results on the di lute alloys, and  
Table VI shows the results  on the 6.4 to 50 w/o  alloys. 
Zircaloy-2, Zircaloy-4, and crystal bar  zirconium were 
included with the dilute alloys. 

Table V. Autoclave test dilute Zr alloys, 2708 psi - -  360~ 

02, H~ % 
A l l o y  T ime ,  days  C~,/~g /~g/cm2 H2,/~g t h e o r y  

28 279 239 2.6 7.4 
56 402 351 2.4 5.0 

Z i r ca loy -2  84 419 362 3.8 7.3 
84 423 368 2.7 5.1 

112 537 479 14.1 21.0 

28 247 206 3.6 12 
56 202 180 2.3 9 

Zircaloy-4 84 259 213 5.2 16 
84 501 414 3.1 5 

112 497 424 3.8 6.1 

28 5473 6,159 89 13.2 
Zr-2 .5  Sn 56 6931 7,876 132 15.2 

84 9740 11,499 163.3 13.4 

28 441 397 59 107 
56 483 429 68.4 109 

Z r - l . 3  Ni  84 609 564 74.8 98 
84 675 614 92.5 110 

112 607 557 100.4 132 

28 4033 3,398 367 73 
56 6380 5,968 901 113 

Z r - l . 6  Cu  84 7824 7,618 984 101 
84 5863 5,306 824 112 

112 5362 5,063 807.7 120 

28 234 226 0.2 0.7 
56 209 281 -- 0.6 0 

Z r - l . 0  Cr  84 351 325 0 0 
84 335 327 0 0 

112 538 476 0 0 

28 412 427 19 36 
56 536 550 30 45 

Zr-2.2 Fe  84 632 584 40.4 51 
84 652 652 44.5 55 

112 671 709 51,5 61.4 

Z r  e t c h e d  28 6954 7,096 396 46 

Zr-5 .0  V 28 D i s i n t e g r a t e d  

Table VI. Autoclave tests. 
Zr + 6.4 -- 50 w/o alloying element, 2708 psi -- 360~ 

0~, Ha, % 
A l l o y  T ime ,  d a y s  O~, g g  ~g/cmZ H~, ~g t h e o r y  

28 7,541 6,207 1453 154 
Zr -10  Ni  56 9,564 8,647 3154 263 

84 D i s i n t e g r a t e d  
28 3,660 3,453 628 137 
56 6,977 6,430 1082 124 

Zr-10 Cu  84 7,918 7,435 1410 142 
84 10,756 10,176 1661 124 

112 13,718 13,280 2096 122 
28 8,462 8,067 275 26 
56 16,737 16,062 635 30 

Zr-10  Cr  84 21,420 21,947 1056 39.4 
84 21,510 20,924 1360 50.6 

112 26,682 24,569 1149 34.4 
28 2,266 2,087 10 3.4 

Zr-6.4 Nb  56 3,570 3,269 18 4 
84 4,481 3,971 22 4 

112 4,637 4,476 27.5 4.7 
28 1,633 1,439 27 13 
56 1,463 1,272 35 14 

Zr-5O Nb 84 3,285 3,062 30 7.4 
84 2,669 2,530 32 9.5 

Zr-lO V 28 D i s i n t e g r a t e d  

Tables V and VI show the alloys tested, the oxygen 
weight gain calculated from the total weight change 
and the hydrogen uptake, the oxygen weight ga in /cm 2, 
the increase in hydrogen content  resul t ing from the 
reaction, and the per cent of theoretical hydrogen 
produced in the reaction which was taken up by  the 
alloy. 

Both Zircaloy-2 and Zircaloy-4 showed low oxygen 
weight gains and hydrogen pickup with Zircaloy-4 
showing the lower values. Of the other tested alloys, 
only Zr- l .0  Cr showed low oxygen weight gain and 
low hydrogen absorption. 

The oxidation tests on the Zr-2.5 Sn alloy in  con- 
trast  to the other dilute alloys showed a wide var ia-  
t ion in reactivity. Two of the seven samples showed 
a low react ivi ty dur ing  the first 28-day cycle while 
the other five samples showed a large amount  of 
reactivity. One of the five samples showing a large 
amount  of react ivi ty is shown in Table V. The 56-day 
tests show that  all of the Zr-2.5 Sn specimens have 
large weight gains even though several of the speci- 
mens in the first 28-day cycle showed very low total 
weight gains. One unusua l  feature of this alloy is the 
low hydrogen uptake values for the large amount  of 
reactivity. 

Zr-5.0 V showed complete reaction for the 28-day 
test cycle while the Zr- l .6  Cu alloy showed a large 
amount  of reaction and a large hydrogen uptake. In  
fact, the hydrogen uptake -was greater than  that  ex- 
pected from the oxygen weight gain. This fact sug- 
gests that  the Zr- l .6  Cu specimens were gettering 
hydrogen from the hydrogen produced by the other 
samples reacting with water. 

Zr-l .3 Ni and Zr-2.2 Fe react at a fa i r ly  low rate 
with water.  The Zr-2.2 Fe samples have the lower hy-  
drogen uptake values. The Zr-l .3 Ni alloys take up 
98-132% of theoretical  hydrogen while the Zr-2.2 Fe 
take up 36-61.4% of theoretical hydrogen. Zr- l .0  Cr 
alloy has the lowest oxygen weight  gain of all of the 
alloys tested and near  zero hydrogen pickup. 

High-pur i ty  zirconium showed errat ic-corrosion be-  
havior in  l iquid water. Thus, the p re l iminary  screening 
28-day test showed a low corrosion rate while seven 
samples of the same sheet showed complete reaction 
after 28 days in the first cycle of the mult iple  cycle 
tests. All  of the specimens had been mechanical ly  pol- 
ished through 1/4~, d iamond paste and cleaned. A sec- 
ond set of seven samples was mechanical ly  polished 
and reacted in the second cycle of the mult iple  cycle 
test. All  were completely reacted. Two addit ional  sets 
of seven samples each were cut from two h igh-pur i ty  
crystal  bars of zirconium and etched in a solution con- 
ta in ing 50 cc of 30% H202, 30 cc of HNO3, and 2 cc 
of HF. Both sets of samples showed a high level of 
corrosion. A hydrogen analysis  was made on the 
heavily reacted zirconium samples. The unreacted 
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metal  showed a hydrogen content  of 46% of theoret-  
ical. 

Table VI shows the results and calculations for the 
6.4-50 w/o  zirconium alloys. The Zr-10 Ni, Zr-10 Cu, 
and Zr-10 Cr showed large oxygen weight gains for 
the 28, 56, 84, and 112 day oxidation periods. The Zr-10 
Ni alloy showed hydrogen uptakes of 154 to 263% of 
theoretical. The Zr-10 Cu also showed hydrogen up-  
ta res  greater  than theoretical. Although the Zr-10 Cr 
alloy showed the highest oxygen weight gains, the 
hydrogen uptakes were 26-50.6%. 

The Zr-6.4 Nb shows oxygen weight  gains of 2266- 
4637 ~g. However, the hydrogen uptake values were 
3.4-4.7% of theoretical. The Zr-50 Nb alloy showed 
oxygen weight gains of 1463-3285 ~g and hydrogen 
weight gains of 8.5-14% of theoretical. Considering 
the extent  of reaction the two Zr-Nb alloys show very 
low hydrogen uptake values. 

None of the more concentrated zirconium alloys 
showed good corrosion behavior  in liquid water  under  
the given reaction conditions. The Zr-10 V and Zr-10 
Cr alloys showed the highest corrosion rates. 

Discussion 
Corrosion results.--Our results show that  crystal  bar  

zirconium exhibits variable bu t  usual ly  extensive re-  
activity in liquid water  at 360~ and 2708 psi unde r  
static conditions. The p re l iminary  28-day test showed 
zirconium to have a low corrosion rate while later  
tests showed poor corrosion resistance. Earlier studies 
(10, 11) at 375~ using a water  vapor plus hel ium gas 
mixture  in a flow reactor showed zirconium to have 
a consistently low rate of corrosion. In  these experi-  
ments  the hydrogen formed in the corrosion reaction 
was removed by gas flow from the reaction interface. 
In  the autoclave tests the hydrogen produced and not 
absorbed remains in the autoclave atmosphere to be 
absorbed by other alloys. 

Many elements have harmful  effects on the corro- 
sion of zirconium as shown by the extended studies 
(12) which led to the development  of Zircaloy-2 and 
-4. Nitrogen in  concentrat ions above 130 ppm causes 
rapid corrosion in l iquid water  at 360~ Tin  was 
found to reduce the harmful  effects of ni t rogen (12) 
al though too much t in is harmful .  An autoclave test 
on a Zr-2.5 Sn alloy shown in Table V shows that  
the Zr-2.5 Sn composition is not a good corrosion re-  
sistant alloy. This is in agreement  with the conclusions 
reported by Hil lner  (7). 

Table V shows the excellent corrosion resistance and 
zero hydrogen pickup of the Zr-l .0 Cr alloy. The Zr-  
1.3 Ni alloy showed low oxygen weight gains and a 
hydrogen pickup greater  than theory. We conclude 
that  this alloy was gettering hydrogen from the auto- 

clave atmosphere. The Zr- l .6  Cu alloy reacted at a 
rapid rate with water  and had hydrogen pickups 
greater than theoretical. The Zr- l .0  Cr alloy was less 
reactive than the two Zircaloy alloys, both in oxygen 
weight gain and in hydrogen pickup. 

The concentrated zirconium alloys Zr-5 V, Zr-10 V, 
and Zr-10 Ni alloys dis integrated after 28 to 56 days 
in the autoclave tests. Both the Zr-10 Cr alloy and 
the Zr-10 Cu alloy reacted rapidly in the autoclave 
over the l l 2 - d a y  test with the Zr-10 Cu alloy absorb-  
ing more hydrogen than theoretical. The most in ter -  
esting concentrated alloys are the  Zr-6.4 Nb and the 
Zr-50 Nb alloys where ~-Nb is present  as a second 
phase in the a-Zr  matrix.  Both alloys reacted with 
liquid water  at moderate rates of corrosion. Only small  
amounts  of hydrogen were absorbed. Hydrogen absorp-  
t ion experiments  on a Zr-25 Nb alloy (3) showed that  
~-Nb does not absorb appreciable hydrogen unt i l  high 
hydrogen pressures were reached. 

The single phased zirconium alloys ZrV2, ZrFe2, 
Zr2Ni, ZrNi, Zr4Sn, ZreCu, and ZrCu all showed high 
corrosion rates in liquid water  compared to the dilute 
zirconium alloys containing the intermetal l ics  as sec- 
ond phases. Zr2C u and ZrCu were studied earlier by 
us using a water  vapor reactor at 375~ (10). Both 
alloys reacted rapidly when compared to the dilute 
alloys. 

Differences do exist between the reactivities of the 
several intermetal l ics  in l iquid water  corrosion. These 
differences were not shown in the 28-day l iquid water  
experiments  since the alloys were completely reacted. 
Comparison of the rates of corrosion of the dilute 
alloys, the 10 w/o  alloys, and the intermetal l ics  show 
that  the rates of corrosion were a funct ion of the 
amount  of intermetal l ic  in the alloy. 

The following points will  be considered in discus- 
sion of the mechanisms of corrosion of zirconium 
alloys in l iquid water  at 360~ and 2708 psi: 1, the 
crystal s tructure and thermodynamic  stabil i ty of the 
intermetal l ic  phase; 2, the type and extent  of the 
hydrogen reaction and the stabil i ty of hydrogen in 
the several  phases; 3, the dis tr ibut ion of hydrogen 
between the several metal  phases and the hydride 
phase; 4, the size and dis tr ibut ion of the particles of 
the several phases in the zirconium matr ix;  and 5, 
the na ture  of the oxide film over the several phases 
and the t ransport  of oxygen, hydrogen and metal  ions 
through the oxide film. 

Crystal structure and thermodynamic stability of 
the intermetallic compounds.--Table VII shows a sum-  
mary  of the s tructure types, lattice parameters,  ratios 
of ionic radii  of zirconium to the al loying element, 
electronic structures of the outer shell electrons, elec- 

Table VII. Summary of data and calculations on crystal structure, electronic structure, 
and thermochemical stability of intermetallic compounds of zirconium 

S t r u c t u r a l  d a t a  i n t e r m e t a l l i e  c o m p o u n d s  
C o m p o u n d  S t r u c t u r e  La t t i c e  

A B  types  p a r a m e t e r ,  A 

ZrCo2 CI~,MgCu2 6.954 
Cubic  

ZrFe~ C~,MgCu~ 7.04 
Cubic  

ZrCr2 C14,MgZn2 ~ 5.107 
8.272 H e x a g o n a l  

ZrVa C~ ,MgCus  7.44 
C u b i c  

ZrMo~ O~,MgCu~ 7.596 
Cubic 

ZrWs C~,MgCu~ 7.615 
Cubic 

Zr2Ni CIo,CuAI~ f 6.477 
b.c. t e t r a g o n a l  [ 5.241 

Zr2Cu Cll,  MoSi~ ( 3.22 
b.c. t e t r a g o n a l  (,11.183 

Zr4Sn Lc. t e t r a g o n a l  f 7.645 
( 12.461 

E l e c t r o n  s t r u c t u r e  T h e r m o c h e m i c a l  d a t a  
E lec t rons  E l e c t r o n /  LB* L A / L B  --  AH~  

rA/rB (17) o u t e r  she l l  a t o m  ra t i o  k c a l / g  at.  k c a l / m o l e  

1.28 3d~4s 2 7.3 101.5 • 4 1.40 16.2 

1.25 3d04s ~ 6.7 99.5 ~- 0.4 1.49 12.5 

1.24 3da4s I 5.3 94.8 • 0.5 1.49 7.5t 

1.19 3d34s 1 4.7 123.0 -~ 4 1.16 4.6 

1.15 4d54s 1 5.3 158.2 4" 0.8 1.0O 2.2 

1.17 5d46s ~ 5.3 203.4 • 1.5 0.70 --0.7 

1.29 3dS4s 2 6.0 98.5 • 4 1.44 11,8 

1.16 3dlO4s 1 3.3 81.0 ~ 0.5 1.76 (2.7) 

1.02 3dS4s 2 4.0 72.0 2.02 - -  

* LA, L~ L a t e n t  h e a t s  of  s u b l i m a t i o n  LA(Zr)  = 145.4"*-0.4 k c a l / g  a t o m  (14, 15, a n d  16). 
~-Calcula t ion  based  on h i g h - t e m p e r a t u r e  fo rm,  i . e . ,  C15MgCu~ w i t h  ao = 7.20A. 
$ C14 a n d  C1~ a re  L a v e s  phases .  
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t ron to atom ratios, latent  heats of subl imat ion of the 
alloying elements, ratios of the la tent  heats of subl ima-  
t ion to that  for zirconium, and estimates of the heats 
of formation of the intermetal l ic  compounds. The 
heats of formation were calculated for us by Kubas-  
chewski (18) and checked by us (3) using an inde-  
pendent  analysis of the data. The values given are our 
calculated values. 

The basic hypothesis of the method (19) is that the 
stabil i ty of a metall ic mul t icomponent  phase is due to 
a decrease in heat content  from an increase in coordi- 
nat ion on formation from the component  metals. The 
coordination numbers  are not those used by crystal-  
lographers since mutua l  at t ract ion occurs also between 
atoms some distance beyond the first shell of nearest  
neighbors. The heats of formation are estimated from 
the change in coordination of the alloy when com- 
pared to the metals and from the heats of subl ima-  
t ion of the component  metals alone. The electronic 
contr ibut ion is neglected. 

Table VII shows that  ZrC02, ZrFe2, ZrCr2, and ZrV., 
intermetall ics have va ry ing  number  of electrons in 
the 3d shell, crystallize in the C14 and C15 structure 
of varying lattice parameter,  have varying  electron 
to atom ratios and widely varying heats of formation. 
Zr.~Ni and Zr2Cu do not crystallize in the C14 and C15 
structures. Zr4Sn could not be calculated since the 
s tructure has not been determined.  

All  of the intermetal l ics  which crystallize in the C,4 
and C15 structures do not react appreciably with hy-  
drogen or they react to take up hydrogen in solid 
solution. The intermetal l ics  which crystallize in less 
stable structures react with hydrogen to form hydrides 
after saturat ing the metal. Zr2Cu and Zr2Ni are ex- 
amples of these structures. We conclude that  the type 
of hydrogen reaction and the stabil i ty of hydrogen in 
solid solution is a funct ion of the crystal structure,  
lattice parameter,  and the heat of formation of the 
intermetal l ic  compound. 

Correlation of corrosion reaction with thermochem- 
istry of the hydrogen reactions of zirconium and its 
intermetallics.--Table VIII shows a summary  of the 
important  thermochemical  data on zirconium and its 
intermetal l ics  (1-3). The part ial  molal  free energies 
of formation of hydrogen in the solid solution phase 
(GH - -  1/2 GH2), Sievert 's  law constant, kH, the 
te rminal  solubility, nH/nzr, and the hydrogen pressure, 
PH2, are tabulated.  Positive values of (GH -- 1/2 GH2) 
and small  values of kH indicate weak bonding for 
hydrogen in the metal  or alloy. This occurs for hydro-  
gen in the intermetal l ics  ZrCr2 and ZrFe2. Negative 
values of (G~ -- 1/2 GH2) and large values of kH 
indicate strong bonding for hydrogen. Column 6 of 
Table VIII shows the equi l ibr ium hydrogen concen- 
trat ion in the several intermetal l ics  at 360~ and at 
the hydrogen concentrat ion where  zirconium precipi-  
tates 8 - -  ZrH~.4. Column 9 shows values of the part ial  
molal  free energy of formation, (G-H - -  1/2 GH2), for 
the first hydride phase at 360~ when hydrides are 
formed. 

The values of kn in Table VIII show that  Zr2Cu 
takes up about 1/2 as much hydrogen in solid solu- 

t ion as does a-Zr  at the same hydrogen pressure. In 
contrast  Zr2Ni takes up 21/2 times as much. The calcu- 
lated value for the hydrogen concentrat ion of a-Zr at 
the te rminal  solubili ty at 360~ is 143 ppm. ZrCr2 and 
ZrFe2 for the same conditions take up less than  0.5 
ppm of hydrogen. Zr4Sn for these conditions would 
take up about 8 times as much hydrogen as a-Zr. 

Zirconium forms the most stable hydride of the 
three hydride formers Zr, Zr2Cu, and Zr2Ni. With 
Zr2Cu or Zr2Ni as second phases in ~-Zr hydrogen re-  
acts with the alloy to first saturate  the ~-Zr and the 
intermetall ics.  Above a hydrogen concentrat ion of XH 
= 0.013 for ~-Zr at 360~ 5-ZrHi.4 forms with an 
equi l ibr ium hydrogen pressure of 2.3 x 10 -5 Torr. 
Zr,~Cu will  not form b-ZrH1.4 unt i l  a hydrogen pressure 
of 6.3 x 10 -4 Torr is reached while Zr2Ni requires a 
hydrogen pressure of 1.59 x 10 -4 Torr. Local kinetic 
conditions involving the permeabi l i ty  of the oxide film 
over the several phases could lead to hydriding of 
the intermetal l ic  phases rather  than a-Zr. 

The corrosion data of Tables V and VI suggests that  
the intermetal l ic  compounds are a critical factor in the 
corrosion process. This could occur if the oxide film 
over the ~-Zr matr ix  were resistant  to the penetra t ion 
of hydrogen. The fact that the Zr-l .0 Cr alloy does 
not absorb hydrogen suggests that  both ~-Zr and the 
intermetal l ic  are resistant  to hydrogen. Since larger 
quanti t ies  of second phase makes a poor alloy, e.g., 
Zr-1O Cr, we propose that  stresses exist in the alloy 
at the phase boundaries  between intermetal l ic  and ~-Zr 
where more rapid reaction can occur. 

We would predict that  Zr- l .0  Fe and Zr-l .0 Co also 
may have good corrosion properties: The Zr-2.2 Fe 
alloy tested here is too concentrated to compare its 
corrosion behavior with that  for the Zr-l .0 Cr alloy. 

On the basis of Table VIII we would predict that  
copper and nickel are not good alloying elements since 
hydrogen is not only taken up in solid solution but  
both alloys contain hydride forming intermetall ics.  

Table VIII shows us that t in and vanad ium form 
intermetal l ics  which are strong hydrogen absorbers in 
solid solution. Lattice parameter  changes occur on 
adsorption of the large amounts  of hydrogen with the 
development  of addit ional stresses between the zir- 
conium and the intermetal l ic  lattices. However, per-  
manen t  changes in the intermetal l ic  lattice through the 
formation of hydrides does not occur as was the case 
for the copper and nickel intermetall ics.  We would 
predict  that  both Sn and V should have fair  corrosion 
resistance at the 1 w/o  level. The good corrosion re-  
sistant properties of Zircaloy-2 and -4 support this 
interpretat ion.  

Exper imenta l  corrosion data are not extensive 
enough to make exact correlations between the ther-  
mochemical data on the hydrogen reaction and the 
corrosion reactivity. The critical importance of the 
amount  of second phase on the corrosion properties 
was not recognized in choosing our alloy composi- 
tions. In addition close control must  be given to the 
size and dis tr ibut ion of the second phase particles in 
the various alloys. There is the difficult problem of 
characterizing the large number  of alloys which need 
to be studied. 

Table VIII. Hydriding calculations zirconium and zirconium alloys at 360~ solid solution region 

Alloy 

- -o  
( G H  --  I/2 G H  2) 3 6 0 ~  

k e a l / g  a t .  o f  H 

--o 
--  ( G H  --  I/z G H  2) 

k H  = 10 , X H  = kHPH2112, X H  = T~,H/nZr 
4 . 5 7 5  T 

S o l i d  s o l u t i o n  r e g i o n  1 s t  p l a t e a u  

Terminal P H  2 (Torr) - - o  
S i e v e r t ' s  l a w  s o l u b i l i t y  3 6 0 ~  1 s t  p l a t e a u  p : 2 . 3 4  x 10-5 ( T o r r )  (G t I  --  1/2 G H s * )  3 6 0 ~  
c o n s t a n t ,  k i t  n H / n Z r  3 6 0 " C  Z r ( H )  ~ - . 6 - Z r H I . ,  k c a l / g  a t .  o f  H a  

Z r  
Zr~Cu 
Zr2Ni 
ZrCr~ 
ZrVs 
Zr4Sn 
ZrFes 

- - 5 . 6 6  
- - 4 . 7 3  
- -  6 . 8 6  
+ 1 .8 8  
- - 7 . 6 1  
- - 8 . 4 7  
> 2 . 6  

7 3 . 5  0 . 0 1 3  2 . 3 4  • 10  -5 t e r m .  s o l y .  0 . 0 1 3  - - 1 2 . 1 3 9  
3 6 . 3  0 . 0 3 3  6 .3  x 10-~ 6 . 4  x 10  - s  - - 8 . 5 3  

182  0 . 0 8 3  1 .59  x 10-~ 3 .2  x 10  ~ - - 9 . 9 4  
0 . 2 2  n o n e  - -  3 . 9  • 10 -5 

3 2 4  n o n e  - -  5 .7  x 10 -2 - -  
6 1 7  n o n e  - -  1.1 x 10  1 
~0.I -- -- <1.7 x I 0  -~ -- 
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We can conclude that the thermochemical  behavior  
of hydrogen in  a-Zr  and in the intermetal l ic  phase is 
of major  importance in the alloys corrosion reactivity. 

Other factors such as the t ranspor t  of oxygen, hy-  
drogen, and metal  ions through the oxide films over 
the a-Zr  and the intermetal l ics  and the stresses de- 
veloped between the intermetal l ics  and a-Zr  and be-  
tween the oxide and metal  phases also are of major  
importance. 

Manuscript  received Jan. 27, 1969. This work was 
supported in part  by the United States Atomic Energy 
Commission under  Contract AT (30 - 1 ) -3203. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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The Structure of Thin Oxide Films Formed on Nickel Crystals 
J. V. Cathcart,* G. F. Petersen, and C. J. Sparks, Jr. 

Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

A study was made of the s t ructural  details of thin oxide films formed on 
the (100), (111), (110), and (311) of nickel. Oxidation temperatures  ranged 
from 400 ~ to 600~ and the oxide films produced were between 25 and 500A 
thick. An x - ray  technique was utilized to measure  the average s t rain in the 
films, the mosaic spread, the thickness, and the epitaxial  relat ionships between 
oxide and metal. The oxide films on all crystal  planes studied were observed 
to contain large numbers  of short circuit diffusion paths. A change in the ex-  
tent  of these diffusion paths in the oxide on a given crystal  p lane produced a 
corresponding change in the oxidation rate. Fur thermore ,  there was a var i -  
ation in the extent  and efficiency of the short circuit diffusion paths as a func-  
t ion of crystallographic orientat ion of the substrate, and this var iat ion corre- 
lated directly with the marked oxidation rate anisotropy exhibited by nickel. 

Our previous studies (1-6) of the th in-f i lm stage of 
the oxidation of copper led us to the conclusion that  
th in  Cu~O films, with thicknesses ranging  up to a few 
hundred  angstroms, are subject to large epitaxial  
forces which give rise to the development  in the films 
of extensive arrays of paths of easy diffusion. We found 
several correlations between the extent  and efficiency 
of these paths of easy diffusion and the oxidation rates 
exhibited by the copper specimens. In fact, there was 
a correspondence between the oxidation rate anisotropy 
of copper and the anisotropy of the extent  of paths of 
easy diffusion in the oxide films. Other investigators, 
e.g., Lawless and Gwathmey (7), Smeltzer  and co- 
workers (8), Ali and Wood (9), and Gibbs (10), have 
also called a t tent ion to the potential  significance of 
such s t ructural  defects in oxide films. 

This paper describes a s tudy of the thin-f i lm stage 
of oxidation of bulk  nickel. Some significant differences 
were found between the oxidation of nickel and copper 
especially with regard to the magni tude  and na ture  of 
the  strains which develop in the oxide films. However,  
there were broad areas of s imilar i ty  between the two 
systems. For example, high concentrat ions of paths of 
easy diffusion also exist in the NiO films, and we ob- 

* Electrochemical Society Active Member. 

served that  for those crystal planes where the extent  
of paths of easy diffusion in  the oxide was large, the 
rate of oxidation was high, and vice versa. 

Experimental Procedures 
Specimen preparation.--All our work was done on 

single crystals of nickel. Single crystal  disks with 
(100), (111), (110), or (311) surfaces were cut from 
cylindrical  rods with a spark cutter. After  mechanical  
polishing, the specimens were either chemically or 
electrolytically polished. Just  prior to oxidation the 
spechnens were  annealed  in hydrogen at the oxidation 
tempera ture  for 10-15 min. The oxidation chamber  was 
then pumped down to a pressure of about 10# with a 
mechanical  pump, and oxygen was admit ted to the 
system at a pressure sl ightly less than  1 atm. Oxida- 
t ion temperatures  investigated ranged from 400 ~ to 
600~ with most of our work being done at 500~ The 
t ime of oxidation was varied from a few minutes  to 
several hours in  order to produce film thickness of 
25 to 500A. 

A comment  is in order concerning this exper imenta l  
procedure. Our ma in  concern in this invest igat ion was 
to establish procedures-which yielded reproducible re-  
sults, and the oxidation methods out l ined do that fair ly 
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well. Obviously, however, we have been s tudying crys- 
tals with "dir ty" surfaces. Hydrogen was a major  im- 
puri ty  in our system, and we know from our own 
experience as well  as that  of Gwathmey's  group (11) 
several years ago that the presence of hydrogen can 
influence the oxidation characteristics of nickel. Sur-  
face impuri t ies  from the polishing solutions may also 
have had an effect on our  results. Throughout  the work 
we have felt that  the impor tant  th ing  was to t ry  to 
explain the marked oxidation rate anisotropy exhibited 
by nickel under  a given, if arbi t rary,  set of conditions. 

Measuring techniques.--In at tempting to characterize 
these oxide films, we used many  of the same methods 
we employed in our study of copper. X- ray  diffraction 
techniques (12, 13) represented our major  research 
tool in de termining the s t ructure  of the films. We also 
used electron microscopy and electron diffraction in 
invest igat ing other properties of the films. 

The x - r ay  method is a very  sensitive one; e.g., we 
could study a 20A film with little difficulty. Its suc- 
cess depended on the oxide film being sufficiently well  
oriented so that, when the specimen was set at the ap- 
propriate Bragg angle, v i r tua l ly  all the oxide was in 
position to diffract. 

The x - r ay  results yielded a variety of information 
about the films. The 2a scans allowed us to measure 
the average d-spacing (and, hence, the average strain) 
in a direction normal  to the surface of the film. The 
relat ive line broadening of a pair  of first and second 
order Bragg peaks yielded an estimate of the film 
thickness and the magni tude  of any microstrains in the 
film. Rocking curves gave a measure  of the mosaic 
spread of the films, and the determinat ion of the area 
under  these curves produced an independent  estimate 
of the average film thickness. Of course, x - r ay  mea-  
surements  also permit  one to invest igate  the details of 
the epitaxial  relationships between the oxide and the 
metal. 

Results 
Oxidation rate anisotropy.--We used single crystal 

spheres of nickel to obtain a qual i tat ive measure of 
the oxidation rate anisotropy. The major  crystallo- 
graphic planes in the order of decreasing oxidation 
rates were (110), (100), (111), and (311). For a speci- 
men oxidized 30 min  at 500~ the oxide film thickness 
varied from about 50 to 500A between the (311) and 
(110). The film thickness on the (100) was about half  
that  of the (110). For reasons discussed below, the oxi- 
dation characteristics of the (111) were quite sensitive 
to the effects of surface contaminants.  Under  "stand- 
ard" conditions the oxidation rate of the (111) was 
roughly  twice that of the (311), but in some experi-  
ments  the rate increased to a value only slightly less 
than  that  for the (100). Thus we characterize the 
(110) as a high rate plane, the (100) and (111) as 
in termediate  rate planes, while the (311) is a slow- 
rate orientation.  

X-ray  Results 
Average strain in f i /ms.--Figure 1 shows the differ- 

ence between the average d-spacing observed for the 
NiO films and that of bulk  NiO plotted as a function 
of thickness for the four major  planes of nickel in -  
vestigated. Previously published data (6) for the ox- 
ide on the (110) and (111) of copper is also included 
for comparison. In  every case the thin NiO films ex-  
hibited a d-spacing equal to that of the bulk  oxide 
with the exception of very thin films on the (311). 
There the d-spacing values were slightly smaller  than  
bulk. These results  were surpris ing since the lattice 
parameter  of NiO is about 18% larger than  that  of Ni 
(see Table I for the epitaxial  relat ionships) .  One would 
expect that the forces arising from this misfit would 
tend to compress the films in  the plane of the metal  
surface and produce a corresponding expansion normal  
to the surface (i.e., in the direction in which the d- 
spacings were measured) .  As may be seen, the Cu20 
films were, in general, expanded in just  this fashion 
relat ive to their  bulk  properties. 
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Fig. 1. Deviation of the observed, average d-spacing from bulk 
values plotted as a function of thickness for oxide on several 
crystallographic planes of Cu and Ni. In all cases the d-spacing 
was measured normal to the surface of the oxide film. 

Line shape analysis.--Despite the fact that  the aver-  
age lattice parameter  of the NiO films was essentially 
equal to that  of bulk  material ,  an analysis of the l ine 
shapes of the Bragg maxima for the films indicated 
that  substant ia l  strains existed in the films. X - r ay  l ine 
broadening can result  from two general  effects: small 
particle size and the presence of strain gradients (17). 
Small  particle size (in our case, film thickness) causes 
the widths of first and second order peaks, expressed 
in te rms of sin e, to broaden equally. St ra in  effects, on 
the other hand, produce a greater broadening of the 
second order than  the first order peak. We did, in fact, 
observe an excessive broadening of second order peaks, 
a result  which we interpret  as indicating that  s train 
effects of some sort are impor tant  in the NiO films. 

These data were analyzed in  terms of the model de- 
veloped by Borie (2, 12) for Cu20 films in which it is 
assumed that  the strain varies approximately l inear ly  
across the oxide film. On the basis of this model, a 2% 
variat ion of d n l  from one interface to the other was 
indicated, for a NiO film formed on the (111) of Ni. 
The results are shown in Fig. 2 along with comparable 
data for the oxide on the (110) of copper. Note that  
the strain gradient  in the two films is of the same order 
of magni tude;  however, the fact that the average d- 
spacing for the NiO films was that  of the bulk oxide 
forced us to conclude that  part  of the film was in 
compression and part  in tension. 

We rationalized the s t ra in gradient  in the oxide on 
the (110) of copper in terms of the development  of 
an ar ray  of growth dislocations which permit ted a 
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\ 
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Fig. 2. Strain, expressed as a per cent of bulk d-spacing, vs. 

position within the oxide for films formed on the (111) of Ni and 
the (110) of Cu. The d-spacings were measured normal to the 
film surface, and "L" is the position parameter within the oxide 
film. 
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Fig. 3. Mosaic spread vs. film thickness for oxide films formed 
on several crystallographic planes of Cu and Ni. 

relaxat ion of the epitaxial  strains as the film grew (2). 
In  this model, however, the lattice parameter  of the 
Cu20, measured normal  to the film surface, was never  
less than  that  of bulk  Cu20 (see Fig. 2). A si tuation 
comparable to that observed for NiO occurred in the 
Cu20 films only when they were stripped from the 
copper surface. The strain gradient  in the stripped film 
was essentially the same as before stripping, but  the 
average s t rain dropped to zero, reflecting the removal  
of the epitaxial  constraint  imposed by the copper 
surface. Thus, if the dislocation model developed for 
Cu20 films is to be applicable to the NiO films, one 
must  assume that a mechanism exists by which the 
epitaxial ly induced strain in the oxide at the oxide- 
metal  interface can relax either dur ing film growth or 
dur ing  cooling after oxidation. Conceivably this re lax-  
ation could be tr iggered by the small  change in lattice 
parameter  which accompanies the phase t ransforma-  
tion NiO undergoes at about 250~ (18, 19). For the 
present, however, it is not clear what  the precise ex- 
planat ion is for the substant ial  strain effects which 
exist in the NiO films. 

Mosaic spread.--Figure 3 shows the mosaic spread 
of a series of NiO and Cu20 films plotted as a function 
of film thickness. We defined mosaic spread in terms of 
the width at ha l f -max imum intensi ty  of the rocking 
curves for the films. Except for the (110) films, which 
were essentially polycrystalline, the NiO films were 
better  oriented than corresponding Cu20 films. Note 
that, in  contrast to the Cu20, the mosaic spread of the 
NiO films was approximately constant  with thickness. 

Epi taxy . - -The  last of the x - r a y  results has to do 
with the epitaxial  relationships between the oxide and 
metal. Except for the formation of polycrystal l ine ox- 
ide on the (110), we found that  NiO-Ni exhibited the 
same epitaxial  relationships as Cu20-Cu. These data 
are summarized in Table I, and, with the exception of 
the results for the (110), are in agreement  with the 
data of Lawless et al. (11). 

(llO) 
P o l y c r y s t a l -  

l i ne  ox ide  

Table I. NiO-Ni epitaxial relationships 

P l a n e s  D i rec t ions  
(hkl)N!// (hkl)Nlo [hkl]Ni // [hkl]Nio 

(I00) (III) [011] [01-I ] 
[011] [011] 
[011] [0]'I ] 
[O-fl | [011] 

( I I I )  (111) [0~.] [011] 
[0~1] [011] 

(311) [01-1] [110] 
(11o) 

M a y  1969 

Note that  these epitaxial  relationships serve as a 
basis for dividing the NiO films into three general  
categories. At one extreme is the oxide on the (311). 
These films are pseudosingle crystals, and while they 
have a mosaic structure,  the mosaic boundaries  are all 
low-angle  boundaries  (see Fig. 3). On the other hand, 
the oxide on the (llO) is essentially polycrystal l ine 
and contains, therefore, a high concentrat ion of high 
angle boundaries. 

The oxide films on the (111) and (10O) fall into a 
third category. These films consist of arrays of small 
crystall i tes which ma y  be present  in two or more 
orientations, orientations which bear a twin relat ion-  
ship to one another. The first oxide orientat ion indi-  
cated for the (111) (see Table I) is one in which the 
oxide and metal  lattices are essentially paral lel  to one 
another  (parallel  or ienta t ion) ;  the second orientat ion 
may be derived by a 180 ~ rotat ion of the oxide lattice 
about its surface no rma l  to produce the so-called ant i -  
parallel  orientation. 

Two sets of these twin- re la ted  orientations a exist in 
the oxide on the (100). The first pair  of orientations 
shown in Table I form one set, the lat ter  pair  the other. 

Discussion 
FiLms on the: (100) and (111) 

Incoherent twin  boundaries.--An assessment of the 
na ture  of the boundaries  between oxide crystallites in 
the films on the (100) and (111) is essential to an 
estimate of their  importance as paths of easy diffusion. 
It is not known (i) whether  actual twinn ing  occurs 
wi thin  a given oxide crystall i te as the film grows or 
(ii) whether  each oxide crystall i te extends un twinned  
completely through the thickness of the film, ma in ta in -  
ing either the parallel  or ant iparal le l  orientat ion 
throughout  its growth. As discussed at greater length 
in ref. (5), there is some evidence in the case of Cu20 
films that  the lat ter  condit ion prevails;  however, as 
our diffraction data show, if t rue  twinn ing  does occur 
wi th in  the oxide crystallites, the twinn ing  plane is al-  
ways the (111), i.e., the plane parallel  to the film sur-  
face. Thus any  coherent twin  boundaries that develop 
in the oxide are parallel  to the film surface. On the 
other hand, the boundaries  which have a compo- 
nent  perpendicular  to the film surface and which sep- 
arate oxide nuclei  of different orientations must  be 
incoherent  twin boundaries.  

Therefore, in ei ther of the two cases just  described, 
regions of incoherent  twin  boundaries  will exist within 
the films. Such boundaries constitute paths of easy 
diffusion which are almost as efficient as high angle 
boundaries  (20, 21). Thus if incoherent  twin  bound-  
aries are present in the oxide film in sufficiently large 
numbers ,  they could play a very impor tant  role in 
mass t ransport  processes across the oxide. 

The factors which determine the total  area of in -  
coherent twin  boundaries in the oxide are (i) the 
size of the oxide crystallites, (ii) the dis tr ibut ion rel-  
ative to one another,  of oxide crystalli tes having dif- 
fering orientations, and (iii) the relative amounts  of 
oxide in each possible orientation. 

Crystallite size and distribution.--Dark field electron 
microscopy of stripped NiO films showed the films to 
have a mosaic structure,  the diameter of the mosaic 
blocks (or oxide crystallites) vary ing  from about 200 
to 5O0A. This value did not appear to vary  with sub-  
strate orientat ion or with film thickness in the range  
of thicknesses considered in this study. Fur thermore,  
as near ly  as we could tell  on the basis of electron dif- 
fraction experiments,  the dis tr ibut ion across the speci- 
men surface of oxide crystalli tes having a given ori-  
entat ion was essentially random. We concluded, there-  
fore, that  films containing sizable quanti t ies of the 
various possible oxide orientations should be rich in 
incoherent  twin  boundaries;  i.e., r ich in efficient paths 
of easy diffusion. 

1 Fo r  t he  sake  of b r e v i t y  we  s h a l l  h e r e a f t e r  r e fe r  to  the  m u l t i p l e ,  
t w i n - r e l a t e d  o r i e n t a t i o n s  d e s c r i b e d  a b o v e  s i m p l y  as " t w i n s '  or  
" t w i n  o r i e n t a t i o n s . "  
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showing the relutive quantities af axide pre- 
sent in the parallel and antiparallel orientations in oxide films 
grown on the (111) of Hi. Figure 4a shows results typical of those 
obtained for chemically polished specimens, while the data in 
Fig. 4b are characteristic of electropolished specimens. 

Relative quantities of dif]erent oxide orientations.- 
Since, as outl ined above, the '~twinning plane" in the 
oxide was parallel  to the metal  surface, we could not 
detect the presence of twins in the oxide by  x- ray  
techniques as long as the specimen was kept in the 
normal  diffraction geometry. However, by t i l t ing the 
specimen so as to br ing the (220) planes into dif- 
fract ing position, we could measure  the relat ive 
amounts  of the twins  present  in a given oxide film. 
The mosaic spread for these (220) peaks was the same 
for all peaks, thus making  the peak height proport ional  
to the amount  of oxide in a given twin  orientation. 
The results for the (111) are summarized in Fig. 4. 
The in tensi ty  of the (220) reflection is shown for each 
twin orientat ion in bar  graph form. In  all cases in-  
vestigated we found the ant iparal le l  orientat ion to 
predominate  in the (111) oxide, but  the relat ive 
amount  of each twin  was dependent  on the surface 
t rea tment  given the specimen. The results shown in 
Fig. 4a are typical  of chemically polished specimens, 
and the ratio of IJIp was 1.7, where I~ and Ip are the 
(220) peak intensit ies for the ant iparal le l  and parallel  
twin  orientations, respectively. An electropolished 
crystal  was used to obtain the data shown in Fig. 4b, 
and IJIp was about 5. 

Note the difference in the  oxidation rates for the two 
specimens. The crystal  for which IJI~ was larger (Fig. 
4b) required an oxidation period three times longer 
than the other in  order to at tain the same oxide thick- 
ness. Obviously, the  specimen with the more near ly  
equal quanti t ies  of the parallel  and ant iparal le l  orien- 
tations of oxide and, thus, with the  oxide film contain-  
ing the greatest extent  of incoherent  twin  boundaries,  
exhibited the higher rate  of oxidation. 

The twin  dis t r ibut ion in  two different (100) films is 
shown in Fig. 5. The (220) in tensi ty  is plotted for each 
of the four orientations (i.e., for each of the two sets of 
twins)  occurring in the film. Genera l ly  the twin  ratio 
was the same for both sets of twins, the results in 
Fig. 5a with ratios of about  60/40 being typical. Oc- 
casionally, however, we found a var iat ion in the twin  
ratio between the two sets of twins as shown in Fig. 
5b where the ratio for the A set was about 2/1 while 
that  for the B set was almost 1/1. This ra ther  atypi-  
cal result  probably  reflects a slight difference in the 
degree of the ini t ial  surface contaminat ion of the 
specimen. 

These results for the (100) and (111) may be sum-  
marized as follows: 

1. The size of the crystall i tes of which the oxide 
films are composed ranges from 200 to 500A and is 
constant.  

! 
L ( I O 0 )  Ni OXIDIZED 1 2 0 m i n _ _  

AT 500~ 

o~oo ] 

80 TWIN SET A TWIN SET B 

/ IA/&,= 1.48 IB/Z~,= 1.44 

Distribution of Twins in Oxid, 

_(100) Ni OXIDIZED 5 0 r a i n _ _  

AT  5 0 0 ~  

_TWIN  SET A 

&/&,= 2.07 

TWIN SET B 

. . .  I B / / I B , =  1,19 

on the (100) of Ni 

Fig, 5. Bar graphs showing the relative quantities of oxide in 
the four possible orientations present on the (100) of Ni. The 
results in Fig. 5a are typical; the results in Fig. 5b are atypical 
and probably reflect a subtle variation in the degree of the 
initial surface contamination of the specimen. 

2. C ~ s t a ] l i t e s  h a v i n g  a n y  one of  the  o r i en ta t i ons  
observed are dis tr ibuted essentially randomly  through 
the film. 

3. The relat ive quanti t ies of the oxide crystallites 
having different orientat ions vary  according to the pre-  
cise conditions of oxidation. The ma x i mum extent  of 
paths of easy diffusion in the oxide, i.e., of incoherent  
twin  boundaries,  is realized when  the quanti t ies of 
oxide of various possible orientat ions are equal. As this 
condit ion was approached in  the oxide on the (111), 
the rate of oxidation was observed to increase. 

Analysis of the Oxidation Rate Anisotropy of Nickel 
These general  observations make  clear the important  

s t ructural  aspects of NiO films. In  m a n y  ways the 
properties of NiO films are s imilar  to those of com- 
parable Cu20 films, and it is possible on the basis of 
these results to propose an explanat ion for the  oxida- 
tion rate anisotropy of nickel which is consistent with 
that  already suggested for copper (1, 6). The pa t te rn  
which emerges is as follows: 

1. The oxide films, whi le  general ly well  oriented, 
consist of large numbers  of small  mosaic blocks, 200 
to 500A in diameter  in the case of NiO. Assuming a 
grain boundary  width of approximately 10A, this 
means that  5 to 10% of the t ransverse  area of the films 
is associated with mosaic boundaries.  

2. Depending, of course, on the exact na ture  of these 
boundaries,  one expects tha t  the diffusion coefficient, 
Dgb, in such regions will  be different from the volume 
diffusion coefficient, Dr. For  the case of the diffusion of 
Ni along high angle boundaries  in NiO, Smeltzer and 
Perrow (8) have estimated that  Dgb exceeds Dv by a 
factor of 102-104. Such a large value for Dgb/Dv is 
consistent with measured values of this ratio for mate -  
rials such as silver (14), NaC1 (15), and A12Os (16). 
Therefore, we feel justified in assuming that  at 500~ 
Dgb for NiO is at least a few orders of magni tude  
greater  than  Dr. If that  be the case, given the large 
fraction of oxide area associated with the grain bound-  
aries in the NiO films, one can easily imagine si tua- 
tions where short circuit diffusion in the NiO might  
swamp out volume diffusion. 

3. The numbers  cited above apply for high angle 
boundaries,  and obviously not all the mosaic bound-  
aries in  the NiO films are high angle boundaries.  Our  
x - r ay  data indicate that the character of these bound-  
aries varies with crystal  plane. Very low angle bound-  
aries exist in the oxide on the (311), and for these 
films we would expect Dgb ~ Dr. The resul t ing oxida- 
t ion rate of the (311) should be relat ively small, as 
indeed, we observe. 
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The oxide on the (110) is at the other extreme, the 
mosaic boundar ies  being for the most par t  high angle 
boundaries.  For these films Dgb > >  Dr, and we expect 
and observe a re la t ively large rate of oxidation. 

The oxide on the (111) and (100) is characterized 
by the presence of incoherent  twin  boundaries  which 
in metals, at least, have interfacial  energies 50-80% 
as high as high angle boundaries  (21). For these films, 
therefore, we would predict  that  Dgb > Dr, and that, 
as a consequence, the oxidation rates for these two 
faces would be significantly greater  than  that  for the 
(311) but  less than  that  for the (110). 

The differences in rate be tween the (111) and (100) 
can be rationalized in terms of the fact that the ratio 
of the amounts  of each twin  orientat ion in the (100) 
oxide tends to approach uni ty  more closely than  is 
the case for the (111) oxide. For that  reason one would 
expect the extent  of incoherent  twin  boundaries to be 
greater  in the (100) oxide. There is also the added 
factor on the (100) that  there are two sets of twin-  
related orientations rotated at 90 ~ to each other, thus 
producing two kinds of "incoherent  twin" boundaries  
in the (100) oxide. 

We have already reported a similar correlation be-  
tween the oxidation rate and the extent  of short cir- 
cuit diffusion paths in the oxide on the major  planes 
of copper (1, 6). Only the (110), which is a "slow- 
rate" plane on copper, deviates from the order of oxi- 
dation rates reported for nickel. The reason for this 
difference lies in the fact that  the oxide formed on the 
(110) of copper, in contrast  to that  of nickel, is well 
oriented with but  a single orientation. Paths of easy 
diffusion through it are confined largely to low angle 
boundaries;  hence one expects its oxidation rate to be 
small. 

We conclude, therefore, that  for nickel  as for copper, 
paths of easy diffusion in the oxide play an impor tan t  
role in de termining the rate of oxidation. Fur thermore,  
a strong correlation exists between the oxidation rate 
anisotropy exhibited by nickel and copper and the 
anisotropy of the extent  of paths of easy diffusion in 
the oxide films. 
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Technica  Notes 

Effect of Kilovolt Electrons 
on the Etch Rate of AI203 and Ta205 

B. H. Hill 
Advanced Electronic Devices Branch, Air Force Avionics Laboratory, 

Wright-Patterson Air Force Base, Ohio 

It has been established recent ly that  the chemical 
etch rate of thermal ly  grown SiO2 is enhanced (~3  
times) when the sample is bombarded with energetic 
electrons. This process is called the bombarded en-  
hanced etch rate (BEER) effect and is a function of 
electron dose. In fact, this new and highly promising 

technique has been used to fabricate p lanar  silicon 
transistors without  the use of convent ional  photore- 
sist by opening holes in the SiO2 diffusion mask  for 
subsequent  diffusion and contacting. Process resolution 
is very  high, and windows as small  as 0.6 x 5~ have 
been obtained (1). 
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In order  to de te rmine  whe the r  the  BEER effect 
would open discret ionary windows in other  dielectric 
materials,  electron i rradiat ion studies were  conducted 
on films of A1203 and Ta2Os. The Westinghouse Model 
504 Scanning Electron Microscope (SEM) was selected 
as the source of ki lovol t  electrons (15 kv) .  Precise 
e lec t ron-bombarded  pat terns  could be generated since 
the SEM allowed direct observat ion of the oxide sur-  
face dur ing the irradiation. The characterist ic area of 
the pat terns  was on the order  of 1 mil  2 since exposure 
t ime for larger  areas would take too long, e.g., ~10 s 
sec for a 1 cm 2 total  exposure area using typical  SEM 
operat ing conditions of a 0.1~-diam beam at 10 - s  amp 
beam current.  First, the pr imary  beam current  was 
measured (2); then, this value and the prede te rmined  
area to be i r radia ted were  used to calculate the ex-  
posure t ime requi red  to produce the desired electron 
bombardment  dose 

Q = tIp/A 

where  Q is electron dose in coulombs/cm~, t is ex-  
posure t ime in sec, I n is p r imary  beam current,  and A 
is area in cm 2. 

The 0.6-cm 2 specimen was mounted  on a TO-5 
header  at the same height  as and adjacent  to the Fara -  
day cup using si lver print  as an adhesive (3). In order  
to prevent  charging of the oxide deposited on the glass 
microscope slides, the same si lver  pr int  was used to 
form a conductive path f rom the  oxide to the specimen 
holder. All  i rradiat ions were  conducted in an oil- 
pumped system at 5 x 10 -6 Torr  wi th  the sample 
surrounded by a cold finger at l iquid ni t rogen tem-  
perature.  This cold finger protected the specimen sur-  
face f rom pump-oi l  vapor  which otherwise would be 
polymerized by the electron beam. 

Films of evaporated A1203 and anodic A1203 and 
Ta205 were  used because of their  ease of fabricat ion 
and interest  to this Laboratory.  Table I summarizes  
the types of films studied, the substrates, and the 
methods used to produce the films (4). The BEER 
effect exper iment  in SiO2 was repeated in order  to 
develop a standardized exper imenta l  technique and to 
de termine  the effectiveness of the cold finger. If  oil 
were  being polymerized under  the beam, then a re-  
tardat ion effect would be obtained on the SiO2; how-  
ever, this was not the case. 

The unbombarded  etch rates and oxide thickness 
were  obtained by masking a port ion of the specimen 
surface with  paraffin, etching the specimen for a speci- 
fied time, and then measur ing the step with  a Zeiss 
in terference microscope. Fi lms of A120~ formed by both 
evaporat ion and anodization were  etched in phosphoric 
acid (85%) at 70~ The evaporated films etched at the 
rate of 500 A/ r a in  and the anodic ones at approxi-  
mate ly  1200 A/min .  The etchant  for Ta205 was a 
solution of  200 cc of  hydrofluoric acid (48%), 80g am-  
monium fluoride, and 20 cc deionized water  (5). The 
etch rate  at room tempera ture  was 300 A/min .  

Table I. Sample preparation 

Fi lm Subs t ra te  Method of fo rmat ion  Etch resul t  

SiO.., Si w a f e r  T he rma l  oxidat ion E n h a n c e m e n t  
Al~O~ Si w a f e r  Evapora t ive  deposit ion Retarda t ion  

of sapphire  
Al~O3 Microscope slide Evapora t ive  deposit ion Retarda t ion  

of  sapphire  
Anodic  AI~O~ Microscope slide Evapora t ive  deposit ion Retarda t ion  

of A1 and anodizat ion 
Anodic Ta,O~ Microscope slide Triode spu t te r ing  of Ta Retarda t ion  

and anodizat ion 

80001 I., RvEICHARGg IRETARD,I 

6000 

~ ,'o 
TiME (MIN) 

Fig. 1. Etch curves for evaporated A|203 

In a series of irradiat ions made on samples of 
evaporated A120~, the accumulated electron doses 
ranged f rom 0.5 to 10 coulombs/cm2. Af ter  a series of 
etch cycles, a ve ry  distinct l ine of hillocks remained 
where  the  surface had been irradiated.  Each hillock 
corresponded to an area which had been irradiated. Ex-  
posure to the electron beam had re tarded the etch 
rate, which is an opposite effect to that  observed in 
SiO2. Figure  1 shows the etching behavior  of a 7000A- 
thick evaporated A1203 layer  af ter  bombardment  by 
15 kv electrons, wi th  electron dose as a parameter .  The 
inset summarizes  the results wi th  the re tardat ion factor 
normalized at the value where  saturat ion occurs (2 
coulombs/cm2),  i.e., continued bombardment  above 2 
coulombs/cm 2 produces no fur ther  decrease in the etch 
rate. Any  effect of dose below 0.5 cou lombs /cm 2 could 
not be measured  with  the Zeiss in ter ference  microscope 
and was, therefore,  considered negligible. 

Fi lms of A1 and Ta were  electrolyt ical ly  anodized to 
form A1203 and Ta20~, but  samples wi th  oxide thick-  
ness greater  than ~2500A could not be fabricated due  
to equipment  limitations. The thinness of the samples 
and the  fact that  the measurements  were  hampered  
fur ther  by somewhat  uneven  etching of the surface 
resulted in qual i ta t ive  data only. However ,  observation 
of the in ter ference  color changes of the bombarded and 
unbombarded regions after  each etch cycle showed that  
the colors of the bombarded region fol lowed one or 
two etch cycles behind the unbombarded  region. From 
this observation, and the fact that  the oxide on the un-  
bombarded port ion of the substrate etched away first 
leaving a hil lock where  the oxide had been irradiated,  
it could be concluded that  the etch rate of both anodic 
films had been definitely re ta rded  af ter  bombardment .  

Manuscr ipt  submit ted Oct. 8, 1968; revised manu-  
script received Jan.  27, 1969. 

Any discussion of this paper wil l  appear  in a Dis- 
cussion Section to be published in the December  1969 
JOURNAL. 
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Determination of Mobility and Its Profile 
in n/n + Silicon Epitaxial Layers 

Dinesh C. Gupta  * l  

Sylvania Electric Products, Inc., Woburn,  Massachusetts 

Current  needs of achieving good qual i ty epitaxial  
silicon for applications in  integrated circuits and mi-  
crowave devices make it desirable to know the mo-  
bil i ty in epitaxial  layers. Hall  measurements  can be 
made on layers deposited on substrates of opposite 
conductivi ty type such as p on n or n on p (1) or on 
layers deposited on insula t ing substrates such as sili- 
con films grown epitaxially on sapphire (2). How- 
ever, most applications require high resist ivity layers 
on low resistivity substrates of the same conductivi ty 
type in which case Hall  measurements  cannot be made. 

There is an increasing interest  in depositing thin 
silicon layers at low temperatures  (3, 4) because of the 
need of achieving controlled doping impur i ty  gradients. 
At very low temperatures,  however, the crystal l ini ty  of 
the layers deteriorates, enhancing the surface (5) and 
defect scattering (6) and, thus, reducing the carrier 
mobility. Recently, the MOS capacitance method has 
been used to measure epitaxial  layer resistivity (7) 
and the effective mobil i ty  (8). The mobi l i ty  of the 
carriers calculated by this method is usual ly  less than 
the bu lk  mobi l i ty  because it depends on the physical 
s t ructure of the s i l icon-insulator  interface, which in-  
troduces another scattering process. 

The spreading resistance probe method (9) has been 
used to measure the electrical resistivity and the re- 
sistivity profile in n / n  + and p /p  + epitaxial layers and 
the diode voltage-capacitance method (10) has been 
used to determine the impur i ty  density profile in these 
layers. These two methods are independent  of each 
other and can be used to determine the carrier mo- 
bil i ty in the layer. 

M e t h o d  and Results 
In a semiconductor, the conductivi ty is approxi-  

mately  given by 
a = q~ J ND -- NA [ [1] 

if the impurit ies are fully ionized. 
For an uncompensated n - t y p e  semiconductor 

/.Sn ~ - .  r [2] 

Equat ion [2] enables one to calculate the major i ty  
carrier  mobil i ty  if independent  measurements  of the 
electrical conductivity,  ~, and the major i ty  carrier  im-  
pur i ty  density, ND, are available. Kennedy  et al. (11) 
have pointed out recent ly that  the diode voltage-ca-  
pacitance method establishes the dis tr ibut ion of ma-  
jor i ty  carriers ra ther  than the impur i ty  atoms. Thus, 
this technique together with the spreading resistance 
probe method can be used to determine a value for 
the major i ty  carrier  mobi l i ty  in an epitaxial  layer. 

Table I gives the comparison of mobil i ty  data cal- 
culated by the above measurements  and from Hall 
measurements  on n - type  bulk  silicon. Hall measure-  
ments were made by the Van der Pauw method (12). 
The same specimens were measured by the spreading 
resistance probe. Diffused junct ions were then formed 
and the impur i ty  densities were calculated from diode 
voltage-capacitance measurements.  The calculated mo- 
bil i ty is dependent  on the impur i ty  density because of 
impur i ty  scattering (13) and correlates well with the 
values calculated from the Brooks-Herr ing equat ion 
at 300~ (14). 

Figure 1 shows the mobilit ies determined in n - type  
epitaxial  layers of about 5 /~m in thickness deposited 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  G e n e r a l  T e l e p h o n e  a n d  E l e c t r o n i c s  L a b o r a ~  

t o r i e s ,  I n c . ,  1 0 0  S y l v a n  R o a d ,  W o b u r n ,  M a s s a c h u s e t t s  0 1 8 0 1 .  
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Fig. 1. Electron mobilities in various n/n + silicon epitaxial lay- 
ers. Solid line is calculated from Brooks-Herring equation at 300~ 
for constant activation energy of 0.039 ev and uncompensated 
n-type silicon. 

on n + As-doped ( l l l ) - o r i e n t e d  substrates of resistiv- 
ity about 0.002 ohm-cm by different processes such as 
hydrogen reduct ion of SIC14, Sill4 pyrolysis and two 
tempera ture  deposition cycle using Sill4 in hydrogen. 
The results are plotted on the curve calculated from 
the Brooks-Herr ing equation. Each data point  in Fig. 1 
is the average of measurements  on five layers de- 
posited by the process shown. The spread in the values 
of mobil i ty  was found to be 8-12% and the spread in 
the values of impur i ty  density was 3-5%. 

Figure 2 gives the mobil i ty  profile of two epitaxial  
layers, one deposited by the hydrogen reduction of 
silicon tetrachloride and the other deposited by the 
pyrolysis of silane on ( l l l ) - o r i e n t e d  substrates of re-  
sistivity about 0.002 ohm-cm. Each specimen was 
scribed into two pieces; one was successively etched 
in a modified CP4 etch (60 ml  48% HF, 400 ml  acetic 
acid and 100 ml  HNO3) 2 and measured by the spread- 
ing resistance probe; diffused diodes were made on the 
other half  and the diode voltage-capacitance mea-  
surements  were taken. From the resist ivity and  im-  
pur i ty  density profiles, the carrier mobil i ty  was cal- 
culated. 

Discussion 
Results plotted in Fig. 1 show that  the same carrier  

mobilit ies can be obtained as those reported in bu lk  
semiconductors. However,  these values depend on the 
deposition process used. This may be because the 

s For small layer thicknesses, a modified pyrocatechol etch (170 
m l  o r  9 8 %  e t h y l e n e d i a m i n e ,  3 0 g  p y r o c a t e c h o l  a n d  8 0  m l  w a t e r )  
c a n  b e  u s e d  ( 1 5 ) .  T h e  t e m p e r a t u r e  o f  t h e  b a t h  s h o u l d  b e  k e p t  c o n -  
s t a n t  a t  1 0 0 ~  d u r i n g  e t c h i n g .  

Table I. Comparison of mobility by Hall and spreading resistance 
measurements on n-type bulk silicon 

Mobility calculated from 
Impurity density, Hall mobility, spreading resistance probe 

atoms/cc cm2/v-sec measurements, cm~/v-sec 

1.55 • 10 I~ 926 890 
5.04 X 10 a~ 920 1020 
5.80 x 10 x5 920 905 
3.25 • 10 x6 540 577 
3.50 • I0  ze 860 870 
5.30 • 10 Is 390 3'/2 
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Fig. 2. Mobility profiles in n/n § silicon; e- -Si l l4  deposition at 
950~ with in-situ etch, A--SiCI4 deposition at 1175~ with 
in situ etch. Thickness of these epitaxial layers is about 8 ~m. The 
graph in the upper right corner is a direct resistivity profile from 
spreading resistance probe measurements. 

layers deposited by some processes have greater 
amounts  of surface or defect scattering or both. Layers 
processed with in situ HC1 vapor etch yield a higher 
mobil i ty  than those processed wi thout  in situ etch 
which may suggest that  stacking faults or s ta i r-rod 
dislocations also give rise to scattering. The mobi l i ty  
in layers deposited at low temperatures  with a two- 
tempera ture  cycle seem to be approaching those ob- 
ta ined in bu lk  semiconductors. Layers whose surfaces 
are visibly free of misoriented growth and in which 
dislocation density readings are fairly low (<1000/ 
cm 2) also have mobil i ty  approaching the max imum 
attained at a given impur i ty  density. A detailed anal -  
ysis on the dependence of the mobil i ty  on defects is not 
possible at this time. 

The data in  Fig. 2 show some scattering, probably  
because of the accuracy l imitat ion in spreading re-  
sistance probe measurements .  Because the layers were 
successively etched, the etched surfaces might  have 
caused the variat ion in the total contact resistance 
measurements.  

Conc lus ion  
Measurements  of mobil i ty  in n - type  silicon epitaxial  

layers deposited on n + substrates show that  it is pos- 
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sible to obtain values in layers comparable to those 
in bulk  semiconductors. However, the values depend 
on the deposition process used. A two- tempera ture  
cycle yields higher mobilities. In situ etch also helps 
in obtaining higher mobil i ty  in  layers. The accuracy of 
the technique is dependent  on the accuracy of the 
spreading resistance probe and diode voltage-capaci-  
tance measurements .  The technique could also be 
used on p/p+ silicon epitaxial  layers as well  as on 
gal l ium arsenide epitaxial  layers. 
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Br eiF Communications @ 
Comments on the Paper "Optical Properties 

by Far Infrared Ellipsometry" 
B. Rao and  R. A .  G r i f f i n  

Department of Chemistry, University of Toronto, Toronto, Ontario, Canada 

An infrared ellipsometric method to measure the 
thickness of th in  epitaxial  layers of silicon and ger-  
m a n i u m  has been described recent ly by Jones and 
Hilton (1,2). Optical constants derived using their  
method were compared with those calculated from the 
Lyden expression (3) for free carrier and lattice ab-  
sorption in semiconductors. The differences were 
ascribed as due to surface (ellipsometric technique) 
rather  than  bulk  (electrical method) optical prop- 

erties. An al ternat ive  explanat ion which considers the 
fundamenta l  aspects of the ellipsometric method in the 
far infrared is proposed. 

Ell ipsometry (4) relates changes in the phase • and 
ampli tude r components of monochromatic polarized 
radiat ion after reflection at a surface, as a function of 
wavelength ~ of the radiation, optical constantS of sur-  
face and environment ,  and the angle of incidence e. 
The optical constants so determined depend very much 
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Table I. Penetration depth for various materials for radiation in 
different regions of the spectrum 

Table II. Optical constants of n-type silicon obtained by 
different methods 

P e n e t r a t i o n  d e p t h  i n  A 
E lec t r i ca l  con-  u n i t s  fo r  r a d i a t i o n  a t  

M a t e r i a l  d u c t i v i t y ,  sec -1 1~ 1O~ 100~ 

A n g l e  of R e f r a c t i v e  Absorption 
Method i nc idence  index ,  n coefficient,  k 

Copper 5.14 • 1017 20 62 193 
Pure silicon 9.0 • 10x~ 46 145 460 
n - t y p e  s i l i con  5.62 X 1O ~3 1800 5800 18,000 
(0.016 ohm cm) 
G e r m a n i u m  1.96 x 10 m i00,000 311,000 1,000,000 

on the surface preparat ion (5). This phenomenon has 
been elucidated by Mott and Jones (6), in a t tempt ing 
to explain the widely different optical constants ob- 
tained by different workers for ostensibly the same 
specimen, as due to the limited penetra t ion of the 
radiat ion into the mater ia l  medium. The extent  to 
which the optical constants are a characteristic of 
the bu lk  specimen depends, therefore, pr imar i ly  on the 
penetra t ion depth of the radiat ion into the mater ial  
medium. 

The penetra t ion depth d is defined according to the 
equation 

1 ~ /  C~o 
d = - -  

4~ #~ 

where c is the velocity of light, ~o the wavelength in 
vacuum, ~ the magnetic permeability, and ~ the elec- 
trical conductivity (7). Some typical values of d for 

---- 1 are shown in Table I. Considering 0.016 ohm cm 
n-type silicon, the optical constants measured in the 
far infrared by the ellipsometric method will be es- 
sentially independent of the surface properties, as the 
penetration depth is of the order of 10,000A in this 
region. The differences in optical constants observed 
by electrical methods (I) (A, B, and C) in comparison 
with the ellipsometric method (2) (D and E), as shown 
in Table II, must  therefore be due to other factors. 

The independence of optical constants with the angle 
of incidence is assumed in the ellipsometric method. 
The general i ty  of this s tatement  has been doubted by 
several workers (4, 7). In Table II, the refractive in-  
dex and adsorption coefficient of n - type  silicon deter-  
mined by ellipsometric method (1, 2) at two different 
angles of incidence are compared with those derived 
from the electrical methods. A wide range of values 
of the absorption coefficient is found in both electrical 
and ellipsometric observations of the same silicon sur-  
face. The different values of optical constants ob- 
served at two angles of incidence may be due to sys- 
tematic errors in the technique of ellipsometric mea-  
surement  used in the far  infrared. 

Elec t r i ca l  (1) 
A 2.18 2.44 
B 2.48 2.18 
C 2.21 1.49 

E l l i p s o m e t r y  (2) 
D 50 ~ 2.59 1.38 

70 ~ 2.34 2.64 

The Lyden expression (3) is based on a theoretical 
model of single carrier conduction with a t tendant  as- 
sumptions regarding the total dispersion a t t r ibutable  
to a lattice contr ibut ion and the infrared reflectivity 
min imum.  In mobil i ty  measurements ,  n and k are ob- 
served at a f requency different from that  employed in 
the ellipsometric method. Thus, coincidence in optical 
constants for both methods should not be expected. 
Other workers and ourselves find that  the intensi ty  
ratio method (8-10) (which involves the measurement  
of relat ive intensit ies for different azimuthal  positions 
of the analyzer, the polarizer being held at a fixed 
azimuth) without  a quar ter  wave plate is superior to 
the technique of visible el l ipsometry at these wave-  
lengths. 
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Identification of the (0001) and the (00 ) Surfaces 
of Silicon Carbide 

J. M.  Harris,* H. C. Gatos,* and A. F. W i t t *  

Department of Metallurgy and Materials Science, Massachusetts Institute of Technology, Cambridge, Massachusetts 

An alkal ine solution of K3Fe(CN)6 has been em-  
ployed at its boiling temperature  (somewhat above 
100~ for differentiating rel iably and reproducibly 
between the (0001) or silicon and the (0001) or car- 
bon surfaces of a-silicon carbide. Bubbl ing  oxygen or 
air through the solution dur ing etching enhances the 
differentiating action of the etchant and decreases the 
etching time from approximately 20 min  down to a 
few minutes.  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

In  a typical etching test the silicon carbide platelet, 
polished with 3# diamond powder, is placed in ap-  
proximately  50 cc of the etchant which consists of 
equal  volumes of aqueous solutions of K3Fe (CN)6 and 
NaOH, both saturated at 22~ The etchant  is then 
brought  to a boil in an open beaker  of 200 cc capacity. 
Isolated etch figures begin to appear on the silicon 
surface in about 20 min  (Fig. 1). They increase in 
number  and intensi ty  with time. 

Approximate ly  15 min  of etching without  gas bub -  
bl ing and 10 rain with gas (O2 or air) bubbl ing  could 
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Fig. 1. Carbon surface, (0001-), (upper) and silicon surface, 
(0001), (lower) after etching for 22 min in the alkaline K3Fe(CN)6 
solution. Both sides were polished with 3~ diamond past prior to 
etching; the scratch lines on the carbon surface are accentuated 
during etching but no etch figures develop. Magnification 90X. 

be sufficient for the identification of the two surfaces. 
The silicon surface develops a brownish t int  (before 
any etch figures develop) whereas the carbon surface 
is not detectably attacked. [Twinned regions of (0001) 
orientat ion on the carbon (000]-) surface have typical 
(0001) appearance.] After  about 25 min  of boil ing (in 
the open beaker) the solution becomes quite viscous 
and the silicon surface shows general  attack. Repre-  
sentative cases of etched silicon carbide surfaces are 
shown in Fig. 1 and 2. It is seen that  the final etch 
pa t te rn  is dependent  on the etching t ime and concen- 
t ra t ion of the solution. The part icular  method of prep-  
arat ion of the surfaces prior to etching (polishing with 
a diamond abrasive, etching in molten KOH, or high-  
tempera ture  etching in hydrogen) has no detectable 
effect on the etching process. 

Since in the above described etching process (with-  
out gas t rea tment)  the concentrat ion of the etching 
solution constant ly  increases with t ime (boiling in an 
open beaker)  a number  of experiments  were carried 
out to examine the effect of concentration. The con- 
centrat ion of the solution was main ta ined  constant  by 
employing a reflux system. Under  these conditions it 
was found that  in the solution saturated at room 
tempera ture  (boiling point 104~ no etching action is 
detectable wi thin  35 min. In  solutions saturated at 
48~ (boiling point  113~ and at 70~ (boiling point  
115~ etching action became detectable in about 25 
and 5 min, respectively. No change in the general  
features of the etch pat terns was observed in the 
various concentrations. Among a large n u m b e r  of 
oxidizing agents tested, K3Fe(CN)6 gave by far the 
best results in differentiating between the two types of 
surfaces. The only others which in boiling alkaline 
solutions exhibited some preferent ia l  attack of the 
silicon surfaces were KMnO4 and K3Co(CN)6. While 
evidence of attack could be observed, no clear etch 
figures developed under  these conditions. 

Fig. 2. Silicon surface of SiC exhibiting fully developed etch 
patterns (upper part). The lower part depicts o typically over- 
etched condition. Magnification 90X. 

It is apparent  from the present  results that  the sili- 
con and carbon surfaces of a-SiC retain to a large ex-  
tent  the characteristics of the surfaces of the corre- 
sponding elements silicon and carbon. Indeed, ele- 
menta l  silicon samples exhibited similar etching pat-  
terns in the above solutions whereas graphite was not 
attacked. The detailed mechanism of this process 
should be of special relevance to the over-al l  behavior 
of the surfaces of compounds with a crystallographic 
polarity. 

Solutions of K3Fe(CN)~ have been used for some 
time as a cleaning solution for silicon carbide (1) but  
not for ident i fying the (0001) and the (000]-) surfaces. 
The methods usual ly employed for such identification 
involve etching at temperatures  in excess of 300~ or 
electrolytic action (2). The present  etching process 
has the distinct advantage of employing aqueous solu- 
tions ( ra ther  than molten salts) and relat ively low 
temperatures  (approximately l l0~ at which ordi- 
na ry  Pyrex  glass containers are suitable. 
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A New Etchant for Thin Films of Tantalum 
and Tantalum Compounds 

J. Grossman* and D. S. Herman 

Westinghouse Electric Corporation, Aerospace Division, Solid State Technology Laboratory, Baltimore, Maryland 

The etchants for thin films of t an ta lum and t an ta lum 
compounds, i.e., t an ta lum ni t r ide  and t an ta lum pent -  
oxide, usual ly  contain hydrofluoric acid as one of the 
constituents.  If the thin film of t an t a lum (or a t an ta -  
lum compound) is deposited on a substrate which 
contains silica, i.e., glass, glazed ceramic, or SiO2 coated 
silicon, the etchant will  also attack the substrate once 
it has penetrated through the film. This difficulty 
either requires great care in etching the film or the 
use of other methods such as depositing an under layer  
of Ta205 or a luminum (1-3). The Ta205 does not etch 
as rapidly as TaN or Ta in HF and therefore acts as a 
protection for the substrate surface. A l u m i n u m  acts as 
a rejection mask, i.e., it can be etched with an a lumi-  
num etch which will  remove the t an ta lum overlayer  
from portions of the substrate where it is unwanted.  
These methods require addit ional  processing steps with 
inherent  re l iabi l i ty  problems. 

The use of TaN and Ta20~ in hybr id  and monolithic 
applications as resistor and capacitor elements where 
the substrate contains silica has presented us with the 
usual  etching difficulty. This problem was extensively 
examined, and a new etchant found which attacks thin 
films of t an ta lum (or one of the t an ta lum compounds) 
at a rate equal to, if not faster, than  the etches con- 
ta in ing HF. It  also attacks silica but  at a much slower 
rate than the etches containing HF. 

Because the new etchant is highly reactive, it also 
attacks negative photoresists. Therefore, gold is used 
as a mask to etch the t an ta lum (or t an ta lum com- 
pound) th in  films. The desired pa t te rn  is delineated, 
using s tandard photoengraving techniques, in a gold 
film deposited over the t an ta lum (or t an ta lum com- 
pound) thin film. After  the photoresist is removed the 
etchant is used to remove the t an t a lum (or t an ta lum 
compound) thin film from portions of the surface 
where it is not wanted. The gold can then  be removed 
from the entire surface using any of the gold etches. 
However, the gold can also be selectively removed 
from the surface using photoengraving techniques. The 
gold left on the surface makes an ideal contact to re -  
sistors or an excellent  capacitor electrode. Thus, the 
deposited gold can perform two functions. 

The etchant  is made up of a very  highly concen- 
trated solution of 30% sodium (or potassium) hy-  
droxide and 30-35% hydrogen peroxide. The propor-  
t ion is about  9 or 10 to 1 of NaOH to H202. A small  
Pyrex  beaker  (~50 ml) is filled half  full  of the NaOH 
solution. The solution is heated to 90~ and the H202 is 
added. The substrate is then etched in the mixture.  
Fresh reactants  are used for each substrate;  otherwise 
an insoluble residue remains on the substrate. Sodium 
or potassium peroxide can also be used for etching, 
bu t  they leave an insoluble residue on the substrate 
similar to the one previously mentioned.  

This mixture  etches t an ta lum and t an ta lum nitr ide 
at the rate of 1000-2000A/min and t an ta lum pentoxide 
at the same rate. No etching of the silica substrate  has 
been noted after the etching of the t an ta lum (or t an ta -  
lum compound) thin film has been completed. 

The figures are for t an ta lum sputtered onto a ther-  
mal ly  oxidized silicon wafer followed by a gold dep-  
osition. The t an ta lum is 1500A thick. Figure 1 is a 
photograph of the t an ta lum film exposed through 

* Electrochemical Society Active Member. 
Key words: tantalum, thin films, etching, capacitors, resistors. 

Fig. 1. Gold (3000.~) and tantalum (1500.~) deposited onto a 
thermally oxidized silicon wafer. The gold has been etched to ex- 
pose the tantalum~ dark on the photograph. 

Fig. 2. Same wafer with the tantalum etched and the gold 7e- 
moved. 

openings in the gold film. The width of the smallest set 
of gold lines is 1 rail. Figure 2 shows the t an ta lum 
etched away down to the oxide and the gold removed 
in this region. No attack of the oxide surface was 
noticed. Undercut t ing occurs, but  the amount  is very  
small. 

Manuscript  received Jan. 16, 1969. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
JOURI~AL. 
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Calculation of Current Density Distribution and 
Terminal Voltage for Bipolar Electrolyzers; 

Application to Chlorate Cells 
I. Rousar 

Department of Inorganic Technology, Technical University, Prague, Czechoslovakia 

ABSTRACT 

Criterion equations are derived to enable  the calculation of voltage and 
local current  densities in one cell of a bipolar  chlorate electrolyzer. For  the 
cell system, expressions for current  losses due to parasitic currents  are de- 
rived for two models (with common bubble  separator channel  or with bubble  
separator channels for each cell). The calculation includes also the deter-  
minat ion of the circulation rate of electrolyte in the cell system. Final ly,  the 
influence of specific parameters  on the te rminal  voltage, parasitic currents,  and 
circulat ion rate of electrolyte is discussed. 

The importance of bipolar electrolyzers in  chlorate 
production is indicated by new patent  applications 
(1,2) and especially by three instal lat ions put  in 
operation recent ly (3-5). In  the present  paper, we 
carry out the chemical engineer ing calculations for 
this type of electrolyzer, i.e. for a bipolar, d iaphragm- 
less flow electrolyzer with the formation of a gas phase 
in the interelectrode space and with recirculat ing elec- 
trolyte. The present  work is a cont inuat ion of a series 
of studies devoted to electrolyzers for chlorate pro- 
duction (6-8). 

The Model System 
The bipolar  electrolyzer consists of a series of 

identical cells (Fig. 1 and 2). Each cell is in the form 
of a vert ical  channel  of a rectangular  cross section. Two 
channel  walls that  are opposite to each other are 
formed by the electrodes; the other two are made of 
an insulat ing material .  The electrolyte is led into 
the cell at the bottom; a mix ture  of bubbles and elec- 
trolyte leaves the cell at the top and enters  the bubble -  
separation channel  or channels  located along the side 
of the cells. 

All  bipolar  plane electrodes of the height L and 
width w are made of a single mater ia l  of thickness 
S A ~  SK (from symmet ry  it follows that  SA ~ SK). 
The mutua l  distance of the electrodes is d. Insula t ing  
walls of height Ll and thickness SA ~- SK lengthen the 
interelectrode channel  to the total height LT ( =  L § 
2L1). The system of n- in tere lec t rode  channels  in one 
row is located in the electrolyzer t ank  in the distance 
L2 from the bottom and from the cover of the tank.  

Between two rows of interelectrode channels, there 
is a common bubble  separator channel  of width Wl 
(model Q). The bubble  separator space can be divided 
using n insula t ing walls of thickness d2 into n small  
bubble  separator channels  (model W). 1 The connect-  
ing inlet  electrolyte channels  (of length Lss and cross 
section FsB) are placed on the side of the tank. Outlet 
connecting channels  of length Lsr  and cross section 
Fs r  lie on the cover of the electrolyzer. 

Similar  a r rangements  for one-row systems can be 
seen in Fig. 3 and 4. 

The cell is si tuated in a rec tangular  system of co- 
ordinates x, y, and z with the origin located at the 
bottom of the cell. Q (O, O, O) ; Fig. 1 and 2. 

Supposing that  all cells in the system are identical, 
we derive first the equations for the j - t h  cell. U n -  
known quanti t ies  included in  these equations are the 
cur ren t  load I t (amp)  in the j - t h  cell and the inlet  
volume flow rate of the electrolyte VE (cm3/sec). Both 
quanti t ies depend on the a r rangement  of the whole 

1 E q u a t i o n s  t h a t  r e f e r  o n l y  to  t he  m o d e l  Q o r  o n l y  to  W a r e  
d e n o t e d  w i t h  n u m b e r s  c o m b i n e d  w i t h  Q o r  W,  r e s p e c t i v e l y .  O t h e r  
e q u a t i o n s  are  d e n o t e d  w i t h  n u m b e r s .  

system and will  be determined later. The calculation 
of the tempera ture  of the electrolyte is given in the 
Appendix.  

Mathematical Description of the j-th Cell 
We suppose that  the cell is isothermal with the 

tempera ture  tEB and that  processes on both electrodes 
are controlled by the rate of the electrode reaction. If 
the electrodes are large, the distance be tween them is 
small, and bA and bK in the Tafel equations are large, 
we can assume that  the lines of force in the electrolyte 
and in the electrodes are perpendicular  to the elec- 
trode surface. Then the current  densi ty in a given 
height y is the same at both electrodes. The voltage 
dis tr ibut ion in the j - t h  cell is given by  

U = eA - -  elf --~ HA 2ff U K  -~- UM [ 1 ] 

where U means t e rmina l  voltage, UM ohmic voltage 
drop in the electrolyte in the x-direction,  UA and UK 
ohmic voltage drops in the bipolar electrode (anode 

A. 

\ 
m 

Q 
Fig. 1. Model electrolyzer (side view), two-row system: w-- 

width of the bipolar electrode, L--height of the bipolar electrode, 
L~--height of the insulating walls, L2--height of the channel con- 
necting interelectrode channel with bubble separator channel, W1--  
width of the bubble separator channel, Q(O, O, O)--origin of the 
coordinates x, y, z. Arrows indicate the direction of the electrolyte 
flow. 

676 



VoL 116, No. 5 
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! ! ~ 1 ~ / / / ~ / ~ l  " . . l t ~ / / Z f / ~ l  ,, 

X 

Fig. 2. Model electrolyzer (top view), two-row system: d--distance 
between electrodes, SA, SK--thicknesses of the anode and cathode 
plates, w--width of the bipolar electrode, w~--width of the bubble 
separator channel. 

A " A 

Fig. 3. Model electrolyzer (side view), one-row system. The de- 
scription is given in Fig. 1. 

BIPOLAR ELECTROLYZERS 
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: 

and cathode, respec t ive ly) ,  eA and ~g local e lec t rode  po-  
tent ia ls  at  the  anode and cathode,  respect ively .  A l l  
pa rame te r s  except  U depend  on the  d is tance  f rom the  
origin of coordinates  Q ( O , O , O ) ,  hence they  are  
funct ions of y. 

The dependence  of the  local  e lec t rode  potent ia ls  
e A and  eK on the  local cur ren t  dens i ty  i is given by  
equations:  

eA = aA -F bA In i, --eK ----- aK -]- bK In [i I [2a,b] 

In o rde r  to solve Eq. [1] ana ly t ica l ly ,  Eq. [2a,b] mus t  
be l inear ized.  F o r  smal l  devia t ions  of i f rom mean  
cur ren t  dens i ty  in the j - t h  cell  (i ~]sj), 

en : aA' 71- hA" i ,  - -  eK ~ aK' "~- bg '  i [3a,b] 
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Fig. 4. Model electrolyzer (top 
scription is given in Fig. 2. 

I///111111  , % 

/ I / / / I / / / A  ~ 

view), one-row system. The de- 

where  

'a' = aA - -  bA --~ bA In (~-ns~), 

a~c' ---- a K - -  bzc + bE in  ( i  ~s~) 

b A ' =  bn/ (~ls j ,  b~'  = bK/ i~ ls j  

mean cur ren t  dens i ty  T is given by  i----- I o / w L ,  where  
Io = I T / n R  is t he  input  cur ren t  load for one row, and 
the cur ren t  efficiency (dependen t  on the flow of p a r a -  
sitic cur ren t )  is defined as 

~lsj = b l I o  [4] 

The ohmic vol tage  drops  in the  anode and cathode 
are  given b y  Ohm's  law, 

HA = i S A  pA, UK = i SK  PK [5a,b] 

The vol tage  d rop  in the  e lec t ro ly te  is given b y  the  
equat ion 

TIM = i d PM 

in which pM is the  specific res is tance of the  e lec t ro ly te  
containing bubbles.  This quan t i ty  can be s imply  ca l -  
cula ted  from the  modified Maxwel l  (6) equat ion 

p~---- p~(1 -}- 1 . 5 F ~ / F ~ )  [7] 

where  FG and FE are  hypo the t i ca l  cross sections of the  
in te re lec t rode  channel  corresponding respec t ive ly  to 
gas and electrolyte ,  and  

FE = w d  (1 - -  a) ,  Fo  : w d a  [8a,b] 

whe re  a means  the  f ract ion of  bubb le  vo lume (void  
f rac t ion) .  

For  l amina r  two-phase  flow in ver t ica l  channels  
(9, 10), the  re la t ion  be tween  the l inear  velocit ies of 
gas (vG), e lec t ro ly te  (VE), and veloci ty  of smal l  bub -  
bles (in the  presence of surface  act ive compounds)  due  
to buoyancy  (vR) is 

v ~  = VE -~ VR(1 - -  a) 3"~ [9] 

Equat ion [9] can be simplif ied for  smal l  void f r ac -  
tions (a--> 0) (6-8) to vo ---- vE + vR, or for la rge  
bubb le  volume fract ions (a --> l )  (11) to vo ----- vE. 

Using volume ra tes  of gas flow or  e lec t ro ly te  flow 
and Eq. [8a,b], we obta in  

VG = ( V G  -~ V G B S ) / W d a ,  VE : V E / ( 1  - -  a ) w d  [ 1 0 a , b ]  

The volume ra te  of rec i rcu la t ing  gas (VoBs) faust  
be de te rmined  exper imenta l ly .  The  volume ra te  of gas 
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flow VG in a given height y in the cell can be calculated 
from Faraday 's  law and from the equation of state of 
an ideal gas as 

V G  = V G T P r  J :  r i r  dyr [11] 

where 

VGT = ( R T /  (Po- -  Ps)  ) (Io,lsj/F) (mlA/nA -F ~IK/nK) [12] 

P,  = (Po ~ P S ) / ( P  - -  Ps) [13] 

ir = i / i n s j  [14] 

Yr = y / L  [15] 

In Eq. [12], the current  efficiencies 'lA and '}K refer 
to the evolution of a gaseous phase in the anodic and 
cathodic processes, respectively. Po denotes the pres-  
sure on the top of the electrolyzer, P the pressure in 
a given height, and Ps water  vapor pressure in the 
given system. 

Subst i tu t ing l inear velocities from [10a,b] into [9] 
and rearranging,  we obtain for a at a height y 

a = (Vc + VGSS)/(VG + Vcss 
+ VE + wdvR(1  - -  ~ ) 4 . 5 )  [16] 

and for the ratio FG/FE 

Z FG/FE = a / ( 1 -  a) : K3PrF3 ir dYr "Jr- K3'F3 [17] 

where (setting aT for a at y = L) 

K3 = VGT/(VE -{- wdvR(1  - -  aT) 4'5) [18a] 

K3" = VGBs/(V~ ~- wdv~(1  ~ aT) 4-~) [18b] 

F3 = (VE + wdvR(1  ~ a T ) 4 " 5 ) / ( V  E -F w d v R ( 1 -  a) 4.5) 

The functions Pr and F3 are general ly  dependent  on 
y but  we can assume that  Pr ~ F3 ~ 1. 

Assuming that  the mean  bubble  diameter  DG is 
known and that  SE > >  SG, the vR value can be cal-  
culated as 

va = gDG2/18v for ReG ~ 1.9 
o r  

v~ = (4/3) 5/7 (gDG/18.5) 5/7 ( D d v )  3/7 
for 

ReG = DGVR/V e < 1.9; 505> 

Subst i tu t ing the expressions [3a,b], [5a,b], [6], [7], 
and [17] into [1], we obtain the equation describing 
the potential  dis t r ibut ion in the electrode-electrolyte 
system in the following integral  form: 

U -~ aA' -F aK' -I- i (hA' -I- bg' -t- PASA ~- 

-~ dpE (1 -{- 1.5K3') ) + idpE1.5K3 j : , r  i~dy~ [19] p K S K  

Since the U value is unknown,  we need a boundary  
condition, which may be wri t ten  as 

Y o i r  dyr : 1 [20] 

Using following definitions for criteria K1 --  K4 

K1 = ( U - -  aA' + az~') /~d pe~lS~ [21] 

K2 = (bA" + bK') /dp~ [22a] 

K4 = (pASA Dr- pKSK) / d  pE [22b] 

we obtain from Eq. [19] 

l: K1 = it(1-I- K2 -t- 1.5K3' -F K4) -F 1.5K3ir irdYr [23] 

Solving Eq. [23] together with [20] leads to the ex- 
pressions for K1 and ir 

K1 : 1 + K2 + 1.5K3' + K4 + 0.75K3 [24] 

i,. : (Ks + 0.5)/(K52 -Jr" 2K~y, + yr) 1/2 [25] 
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Table I. Influence of Ks on K1 for Model Q 

K2 = 0.8266-0.8360; K4 = 0.000447; '~-= 0 . 0 9  a m p / c r n  ~ 

/ Q  K1 w l  (cm*)  V~ (cmS/sec)  Us  (v) 

0.1003 1.9118 20 1107 3.092 
0.1079 1.9158 10 1028 3.093 
0.1377 1.9360 5 796 3.097 
0,2438 2.0122 2 439 3.111 
0.3620 2.0986 I 293 3.125 

* The change of  Ka is  d u e  to  the change of  w l .  

where 
Ks = (1 -{- K2 + 1.5K8' + K4)/1.5K3 [26] 

Calculated K1 values for several  K3 values are sum- 
marized in Table I. K3 depends on VE; the influence 
of K3 on the dis t r ibut ion of the relat ive current  den-  
sity ir is shown in Fig. 7. An increase of K3 results in 
an increase of the difference between local (i) and 
average current  densities (i',lsj). 

The t e rmina l  voltage U of the  j - t h  cell is then found 
by subst i tut ing [24] into [21] and rear ranging  as 

U = A + B ~lsj [27] 

where  A = aA' + aK', B = (1 + K2 ~- 1.5K3' + K4 
+ 0.75K3)'Td pE. The values of A and B are slightly in -  
fluenced by changes of ~sj. Nevertheless, we suppose 

B ~ '  

I I  l f / /  
i /  v,, 
I I  
//~/ via 
/ /  
/ /  
/ /  
/ /  
/ I  

/ /  _..  
/ /  
/ /  

MODEL 0 

Fig. 5. Model electrolyzer, side view: Rs1, Rs2--resistances of 
the electrolyte in the interelectrede channel with insulating walls 
of the height L1. RQ1, Ra2--resistances of the electrolyte including 
bubbles in the connecting channels between two cells of the height 
12. 

Zo & 

I 
R~ R~ I Ra 

n -/1' 

n - 6  n-S 

R~ 

Fig. 6. The electrical basic circuit equivalent to Fig. 5: 
Ro, R2, Rs, Rj, R3n-d--bipolar cell resistances, Rs--resistance in 
the interelectrode channel with insulating walls, RQ--resistance in 
the connecting channels between two cells. 
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1,20 I I '  [ I 

1,16 - 

1,00 

0,9~ ' ~ ~ 
q2 0,4 0,6 0,8 

Yr 

Fig. 7. Dependence of local relative current density ir on the 
dimensionless distance yr from the bottom of the cell for Model Q. 
K2 = 0.8266-0.8360; K4 : 0.000447; Curve 1--K3 : 0.1003, 
Curve 2--K3 : 0.3620. 

that  for ,lsj -> 1 it is possible to calculate A and B for 
the mean  value of ~sj, which is defined by  

j=n 

'Is = ( l / n )  ~-~ ~sj [28] 

Calcu la t ion  of the Parasit ic Cur rent  
The parasitic current  flows through the electrolyte 

between inlet  and outlet channels,  which form elec- 
trical shunts to the cells. 

According to Wilson (12), we can describe such a 
system by a ne twork  of three types of resistances R~, 
Rs, and R~. R~ denotes the resistance of the j - t h  cell 
(more properly, it is the resistance of the j - t h  bipolar  
electrode with one half  of the electrolyte resistance in  
the interelectrode channel  at each side). The cell re-  
sistance R~ is equal to the cell voltage U, Eq. [27], 
divided by the current  I~. From this point  of view, the 
first and last electrode form a cell loaded by the total  
cur rent  (Io). Rs is the resistance of the electrolyte in 
the inlet  (Rs~) and outlet (Rs2) parts of the cell chan-  
ne l ( s ) .  RQ denotes the resistance of the electrolyte in 
the channel  connecting two neighboring cells (on the 
bottom RQ~, on the top RQ2). We suppose that  all re-  
sistances of the type Rs are equal and that  the same 
applies for R~. This simplification leads to the ex-  
pressions 

Rs = ((1/Rs~) + ( 1 / R s 2 ) ) - l ,  

R Q =  ((1/RQt) -{- (1/R~2)) -~ 

Equations for Rs~, Rs2, RQI, and R~2 depend on the 
model used. Equations leading to the lowest ,Is value 
are as follows. 

Model Q: 

Rs~ ---- p~(1 -{- 1.5K3 ~- 1.5K3') (L~/wd) [Q-29a] 

Rs2 = pE (1 -}- 1.5K3') (L1/wd)  [Q-29b] 

Rm ---- p~(1 + 1.5K3 + 1.5K3') (SA + SK -~- d ) /  
(L2(w -{-- wl )  -~ (L -{- 2L1)wl/2n•) [Q-30a] 

RQ2 --~ pE(1 --}- 1.5K3') (SA -}- SK + d ) /  
(L2(w -F wl )  + (L -t- 2L1)wl/2nR) [Q-30b] 

Model W: 

Rsl = pE(1 + 1.5K3 -{- 1.5K3') ( (L1 /wd)  

+ 0.5(w + wl ) /L2d )  

+ pE (1 + 1.5(VGT/Vp)) (LST/FST) [W-29a] 

Rs2 = p~(1 + 1.5K~') ( (L1/wd) 
-{- 0.5(w + w l ) / L 2 d )  + pE(LsB/FsB) [W-29b] 

RQI ~-~ pE(l -}- 1.5(VGT/Vp)) 
(SA ~- SK -{- D)~FaT [W-30a] 

R ~  = pE (SA -F SK -}- d)/FQB [W-30b] 

Using Kirchhoff's law for the electrical basic cir-  
cuit (Fig. 6) equivalent  to the described system of 
cells (Fig. 5), we obtain 3n - -  4 l inear  equations (for 
n-cel ls) ,  which can be simplified by introducing the 
dimensionless parameters  IRj ~- Ij/Io, aR = A/IoRs,  
fir = B/IoRs, and "~R = RQ/Rs. 

Table II contains coefficients for the dimensionless 
current  and for the r igh t -hand  side of the ment ioned 
3n --  4 l inear  equations. It  is obvious from Table II 
that  the t ransi t ion from n-cel l  system to n + 1 cell 
system is connected with expansion of the matr ix  by 
three rows (j, j + 1, j + 2). 

The Thomas method (13) for calculating this t r i -  
diagonal matr ix  leads to the desired values for nsj and 
consequently to ,Is. 

n - I  

~ S =  (1/n) ( I - F ~ I R ( 3 j - I ) )  
j :1  

The total voltage UT for the n-cel l  system is then given 
by 

U T = n ( A  + B~s)  [30] 

and the total consumption of energy W for the desired 
react ion 

W = n ~flo(A ,Is -~ B ~p) [31] 
where 

n - - 1  

~Ip = (I/n) ( I  -~- ~r IR(3j-1) 2 ) 
j=l 

The mean cell voltage Us is defined by Us = UT/n. 
Energy efficiency nw = W/UTIo is given by 

nw = ni(A ,Is -}- B np) / (A -l- B ~s) [32] 

and the specific consumption of energy Esc in kilowatt- 
hours per ton of product can be calculated as 

Esc Jr (A + B ns)/3.6p n~ ns [33] 

where p is g ram-equiva len ts  of the product  (p ---- 
17.741 g-equiv, for NaC1Oa). 

Table II. Coefficients and right-hand sides of 3n-4 equations describing the electrical basic circuit 
in Fig. 6 

R i g h t -  
IBI IR~ IR8 IR4 IR~ IR(~-~) I R ( j - ~  IRj IR(~,-6) IR(~-5)  IR (~ -O h a n d  s i d e  

1 1 + ,yR - -  f R  - -  1 a B  
2 1 1 - - I  0 
3 I - - I  - - I  0 
4 1 ~,B - -  f R  - -  1 a ~  
5 1 1 - - I  0 

j - 2  1 - - 1  - - I  0 
j -  1 1 ~,R - -  f R  --  1 a B  

:J 1 1 -1 o 
3 n - 6  1 - - 1  - - I  0 
3 n - 5  1 1 + "yR - - f i r  aR 
3n-4 1 1 1 
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Calculation of the Volume Flow Rate of the 
Electrolyte 

The value of the volume flow rate of the electrolyte 
VE is involved in calculating K3 and ~I. The lat ter  
quant i ty  depends considerably on the  volume flow 
rate (1, 14) and its dependence on VE (or on the 
Reynolds criterion) must  be found experimental ly.  

The calculation of V~ is based on the pressure bal-  
ance for the j - t h  cell with bubble  separation channel  
or channels  si tuated along the side of the cell row(s) .  
The dr iv ing force of the flow is buoyancy acting on 
the bubbles  in  the interelectrode space; pressure losses 
are due to friction in  the interelectrode space (ApM), 
in  the inlet  and outlet channel  of the cell (hPc), and in 
the bubble  separator channel  (hPss).  Neglecting the 
acceleration of the electrolyte with rising bubbles  and 
assuming a l inear  dependence of a on y, we have 

gLTSE (1 -- aSS) -- gLTSE (1 - -  0.5 ( a T  4-  aO) 

= APM 4- APss + • [34] 
The le f t -hand side of Eq. [34] represents the differ- 

ence between the pressure at the bottom in the bubble  
separator channel  and in the interelectrode channel;  
on the other side are friction losses in the recirculation 
circuit. 

The relat ion between VE and ~r is given by Eq. 
[16]. In  the bubble  separator channel,  the buoyancy 
acts on the bubbles in the direction opposite to the 
electrolyte flow; hence 

VGBS = V~BS -- VR(1 - -  aSS) 3'5 [35] 

where ~ss is known from experiments.  Subst i tut ing 
the two following equations for v~ss and vEss 

v~ss = VGss/Fss  ~ss [36a] 

VESS = VEBs/FBs (i -- aSS) [36b] 
where 

Fes = W l L J n  nR [Q-37] 

Fss  = wt  (SA 4- SK 4- d -- d2)/nR [W-37] 

into [35] we obtain for VGBS: 

V c e s  : a s sVEBs / (1  - -  aSS) --  aBsFBsvR(1 - -  a S S )  3"5 [38] 

Using VGBS, we can evaluate the inlet  gas volume frac- 
tion at the bottom of the interelectrode channel  ao: 

0o---- Vces / (V~Bs  4- VE 4- w d v R ( 1 - -  %)4.5) [39] 

Equations [16], [39], and 

VE = VEss + Vp [40] 

express the dependence of % and aT on VE or VEBS. 
Pressure loss due to friction in the interelectrode 

channel is given by 

hPM = ~M (LT/DM) (SE/2) (V~/wd)2/ (i -- 0.5 (aT + ~o) ) 
[41] 

where ~M and DM depend on the shape of the channel  
cross section; for w > >  d, we use the relations 

),M = 96/ReM for ReM < 2300 
o r  

kM = 0.316/ReM ~ for ReM > 2300 

According to Zuber  (10), in the calculation of the 
Reynolds n u m b e r  the dynamic viscosity ~ for the two- 
phase flow has to be replaced by ~(1 - -  0.5(aT 4- ao) )2.5, 
SO that 

ReM -.~ (VEDM/w:~v) ( i -  0 . 5 ( a  T 4 -  CXo))2.5 
for 

s~ << sE 
where 

DM = 2 w d /  (w + d) 

Pressure loss in the bubble  separator channel  is 
given by 

aPes = kss (LT/D~s) (SE/2) (VEBs/FBs) 2/(1 -- aBS) [42] 

~M, kSS, and DBs for 

M a y  1969 

L3 = n ( S A  4- SK Jj- d) > >  Wl ( m o d e l  Q) 

or for 
Wl > >  SA 4- SK 4- d -- d2 (model W) 

are defined as 
kBS = 96/ReBs for ReBs < 2300 

and 
),M = 0.316/ReBs ~ for ReBs > 2300 

with 
ReBs = (VEBs DBS/FBS v) (1 --  ao) 2.5 

and 
DBS -~- 2 W l (S A  4- SK 4- d - -  d 2 ) /  

(Wl 4- SA 4- Sg 4- d - -  d2) [W-43] 

DBs = 2 W l L J  (Wl -F L3) [Q-43] 

Pressure losses due to the change of the electrolyte 
velocity and of its direction in the connecting parts 
between interelectrode channel  and bubble  separator 
channel  can be derived from the velocities in  the 
cross section L~L~ (model Q) or L2d (model W).  Fr ic-  
t ion coefficients at the top and at the bottom are de- 
noted as h and ~2, respectively. Thus, we get 

A P c  ----- ~1 ( S E / 2 )  ( V E / F c ) 2 / ( 1 -  r 
4- ~2(SE/2) ( V E B s / F c ) 2 / ( 1  - -  aSS) [44] 

where 
Fc = L2L3/n [Q-45] 

Fc = L2d [W-45] 

Sett ing [41], [42], [44] together with [16], [39], and 
[40] into [34], we obtain an implicit  formula for eval-  
uat ing VEBS or VE. 

Discussion of the Influence of Several Parameters on 
VE, ~Ts, Us, and E~c 

The influence of the change of Fss  (or wl) on VE is 
given in Table I for model Q. V~ decreases with de- 
creasing Wl (Fss ) ;  this is due to the increase of pres-  
sure loss in the bubble  separator channel.  

The values of VE, Ks, and Us depending on the 
thickness of the insulat ing wall  in the bubble  sepa- 
rator channel  (d2) are summarized in Table III  for 
model W. VE decreases with decreasing Fss (increas- 
ing d2). 

The influence of the height of the insula t ing channel  
walls L1 on ns and n~ for various numbers  of cells n 
for model  Q can be seen from Table IV whence the  
great  influence of the increasing n u m b e r  of cells on ~s 
and Esr is comparable with the influence of L1. The de- 
pendence of nsj on the cell n u m b e r  j is visualized 
in Fig. 9. As shown in Fig. 8, ns~ becomes larger  with 
increasing L1. 

Table III. Influence of d2 o n  VE and Us for Model W 

'i-= 0.09 a m p / c m  2 

d2 (cm) VE (cmS/sec) ;Q Ua(v) 

0.2 723 0.158 3.113 
0.4 658 0.174 3.116 
0.6 578 0.196 3.118 
0.8 495 0,228 3,122 
1.0 407 0.275 3.128 
1.2 319 0.349 3.136 

Table IV. Influence of L1 and n on TIs, Us, and Esc for Model Q 

~t= i 

Z,c 
LI (cm) n ~s Us (v) ( k w h r / t o n )  

10 15 0.9125 3.081 5101 0.0821 
20 15 0.9512 3.093 4920 0.0858 
40 15 0.9741 3.100 4808 0.0876 
60 15 0.9824 3.103 4772 0.0884 
20 5 0.9942 3.107 4721 0.0895 
20 25 0.8844 3.072 5247 0.0796 
20 35 0.8144 3.049 5655 0.0733 
20 45 0.7529 3.028 6076 0.0677 
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Fig. 8. Dependence of ~ls~ on the cell number i for Model Q. 
Curve l - - L 1  = 40 r Curve 2--L~ = 20 cm; Cur,e 3--L1 = 
i0  cm. 

Table V. Influence of the number of cells (n) on Tis and Esc 
~ I =  1 

M o d e l  Q M o d e l  W 

E,c Esc 
n ~s (kwhr / ton)  ~ (kwhr / ton)  

5 0.9942 4721 0.9999 4726 
15 0.9512 4913 0.9995 4728 
25 0.8844 5247 0.9986 4731 
35 0,8144 5655 0.9975 4736 
45 0.7529 6076 0.9960 4742 

C(--~I) which gives us the ratio of the final thickness 
of graphite anode to the ini t ial  one. The distance be-  
tween the electrodes changes from d to dl = d -b 
(SA + SK) (1 --  C) and the thickness of the graphite 
plate changes from (SA + SK) to (SA -k SK)C. 

The dependence of ns, Us, and Esc on C (hence on 
time) for both models is given in Table VI. For  
~i = 0.9, the mean  Esc value for model Q is ~5809 
kwhr / t on  of NaC103, whereas for model W only 
~5619 k w h r / t o n  of NaC103, in  accord with the pub-  
lished (5) value 5400 kwhr / ton .  

1,oc 

c~9~ 

q92 

q88 

qe~ 

0,8C a i , ., i , , ; i , L i 
4 8 j 12 6 20 24 

Fig. 9. Dependence of ~sj on the cell number j for Model Q. 
Curve 1--n = 5; Curve 2 ~ n  = 15; Curve 3 - -n  = 25. 

The models Q and W can be compared in terms of 
~s and Es, values (~i = 1) using the data in Table V. 
These parameters  are near ly  the same for both models 
with a small  n u m b e r  of cells in one row. 

With increasing n (25-45), the decrease of ~s for 
model Q is much greater than  for model W. Therefore, 
the lat ter  shows only a small  increase of E~c wi th  rising 
I~. 

From the practical point  of view, it is necessary to 
know the t ime dependence of Us and Esc, which is due 
to corrosion of graphite anodes. Supposing that  the cor- 
rosion rate is constant,  we can introduce the parameter  

APPENDIX 

Calculation oS Electrolyte Temperature 
in the Electrolyzer 

The previous considerations were made with the 
assumption that  the tempera ture  of the recirculat ing 
electrolyte t~B in the electrolyzer was known.  Never-  
theless, this quant i ty  can be evaluated from the inlet  
electrolyte tempera ture  t ,  using the following pro- 
cedure. 

The enthalpic balance will  be made for the in te r -  
electrode channel.  The heat evolved in this channel  as 
a result  of the electrochemical reaction is T(aSrev + 

ASir rev)  : 

Q1 = ( U-- ~ (AHK~IK/~KK)/O.239F) " 0.239i~swL 
K 

[A~I] 

where AHK �9 ~IIK and ~KK refer to part ial  electrochem- 
ical reactions with the entha lpy  change hHK (cal /  
mole) and with current  efficiency ~XK. The n u m b e r  of 
equivalents  per mole for the k- th  electrochemical re-  
action is ~KK. 

A part  of the heat is absorbed dur ing  saturat ion 
of the gas phase with water  vapor: 

Q2 = (T~swL/F) (Ps / (Po--  Ps)) 
(('~A/~A) "~- (~]K/~K))r [ A - 2 ]  

where r is the heat  of water  evaporat ion (eal /mole)  
in the given system. 

A par t  of the heat is evolved in the electrolyte by 
the passage of parasitic current :  

Q3 ~ aH 0.239 U (1 - -  ~ s ) T w L  [A-3] 

and another port ion is Ied off through the side walls 
of the electrolyzer: 

Q4 ~ ( % . - -  t F )  (SA -~- SK -~ d) ( L T  -~ 2 L 2 )  [A-4] 

Table VI. Influence of corrosion of the anode plate on ~ls, Us, and Esc 

@t = 1, ~-= 0.09 a m p / c r a ~  

C(SA + S~)* d~** (cm) 

M o d e l  Q 

~ Us(v) E,~ (kwhr / ton)  ~s 

M o d e l  W 

U~ (v) E,c {kwhr/ ton)  

1.2 0.4 
0.96 0.64 
0.72 0.88 
0.48 1.12 
0.24 1.36 
M e a n  v a l u e  

0.9512 3.093 4913 0.9995 3.128 4728 
0.9489 3.185 5071 0.9995 3.238 4894 
0.9472 3.279 5229 0.9995 3.346 5053 
0.9456 3.372 5387 0.9994 3.452 5219 
0.9440 3.465 5544 0.9994 3.556 5376 

5229 6057 

* Thickness  o f  t h e  a n o d e  plate.  
** D i s t a n c e  b e t w e e n  e l e c i x o d e s .  
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Table VII. Influence of recirculafion rate on tEB and tv at 
Vp = 200 cm3/sec, tp = 40~ 

for Model Q 

wl (era) V~ (cm3/sec) t~B (~ tv (~ 

13. L. It. Thomas,  "Ell ipt ic  P rob lems  in L inea r  Dif -  
ference Equat ions over  a Network ,"  Watson Sci-  
entific Lab., Columbia  Univ., New York  (1949). 

14. I. Rousar, V. Cezner, M. Vender,  M. Krout i l ,  and 
J. Vachuda,  Chemicky  prumysl ,  17/42, 468 
(1967). 

20 1107 41.42 41.73 
10 1028 41.39 41.73 
5 796 41.29 41.73 
2 439 40.94 41.74 
1 293 40.55 41.75 

aA 

The t empe ra tu r e  of the  outlet  e lec t ro ly te  rises to tv: ag 

Q5 ~- - V,SECeE (tv -- tv) [A-5] bA 

The hea t  balance  in the  s teady s tate  takes the  form 
bK 

Qi = 0 [A-6] 

On subs t i tu t ing  [A-5] into [A-6] and rear ranging ,  we aA', aK' 
get A 

tv = tp + (Q1 + Q2 -~ Q3 -]- Q4)/(V,SECvE) [A-7] bA',bK' 

In calculat ing the  e lec t ro ly te  t empe ra tu r e  at  the  in-  B 
let  into the  in tere lec t rode  channel,  we assume tha t  the  C 
t empera tu re  of the  e lec t ro ly te  passing th rough  the 
separa t ing  channel  is ty. The enthalpic  balance  at the 
channel  inlet  wi th  the  assumpt ion tha t  the  e lec t ro ly te  
densi ty  is independen t  of t e m p e r a t u r e  is: Cp~ 

V.t~ -]- VESStV = (V1 -}- Vg) "tEB [A-8] d 

The e lec t ro ly te  t empe ra tu r e  at the  inlet  of the  in te r -  dl 
e lectrode channel  is found by  combinat ion  of Eq. [A-7] 
wi th  [A-8] .  Since VERS ~ V ,  in prac t ica l  cases, it de 
follows tha t  tEB ~ tv and the sys tem can be considered 
as isothermal .  

Diminut ion  of the  cross section of the  inner  sepa ra t -  DG 
ing channel  causes an increase of tv and of the  differ-  
ence be tween  tEB and tv (Table  VII ) .  DM, DBS 

On in t roducing  the  t empera tu re  coefficients of cer-  
ta in  quant i t ies  used in the calculat ion (e.g., aA, hA, aK, 
bK, p~), we can obta in  the  values at  the  t empe ra tu r e  E~c 
tEll ins tead of t ,  and use them in fu r the r  calculations.  
The t empera tu re  coefficients 5~ are  defined by  equa-  F 
tions of the  type  Fc 

~i ~-- ]i,p[1 -]- ~i(tEP - -  tp) ] [A-9] 

Expe r imen ta l  work  is under  way  to test  these caIcu-  Fc, FE 
lations. 
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NOMENCLATURE 
Values 

u s e d  
for  

c a l c u l a t i o n  

1.7" Tafel  constant  a for  anode 
(v) 
Tafel  constant  a for  cathode 1.54" 
(v) 
Tafel  constant  b for anode  0.061" 
(v) 
Tafel  constant  b for  ca thode 0.065* 
(v) 

Constants  of the  l inear ized 
Tafel  Eq. (v) 
Constant  in Eq. [27] 
Constants  of the  l inear ized 
Tafel  Eq. ( ohm-c m 2) 
Constant  in Eq. [27] 
Frac t ion  of the  thickness  of 
the corroded graph i te  p la te  
with respect  to or ig inal  th ick-  
ness 1 
Specific hea t  of e lec t ro ly te  
(ca l /g  ~ 
Elec t rode  dis tance  (cm) 0.4-1.36 
Electrode dis tance af te r  cor-  
rosion of the  g raph i te  p la te  
(cm) 
Thickness of the  insula t ing  
wal l  in the  bubble  separa to r  
channel  (cm) 
Average  d iamete r  of bubbles  
at  a p ressure  P (cm) 0.05 
Equiva len t  d iameters  for  in-  
t e re lec t rode  and bubble  sep-  
a ra to r  channels  (cm) 
Specific consumpt ion of en-  
e rgy  for n~ = 1 (kw hr / t on )  
One Fa raday ;  96496~ 
Cross section of the  connect-  

~ ] channel  (cm2), cf. Eq. 

Cross sections of the  in t e r -  
e lec t rode  channel  effective 
only for  the  gas, and  for  the  
e lec t ro!yte  (cm 2) 
Cross section of the  connect-  25 
ing inlet  channel  (cm 2) 
Cross section of the  connect-  25 
ing out le t  channel  (cm 2) 
Cross section of the  in le t  200 
channel  (cm 2) 
Cross section of the  outlet  200 
channel  (cm 2) 
Func t ion  of the  c r i te r ion  K3 
Accelera t ion  of  gravi ty ,  981 
cm/sec  2 
React ion enthalpies  of the  
pa r t i a l  e lec t rochemical  reac-  
t ion (ca l /mole)  
Cur ren t  flowing th rough  one 
row of b ipolar  e lectrodes = 
Ir /nR (amp)  
Total  cur ren t  (amp)  1800 
Local  cu r r en t  dens i ty  ( a m p /  
c m  2 ) 
Reduced local cu r ren t  dens i ty  

i / ' i  'rlSj 
A ve ra ge  cur ren t  dens i ty  = 
Io/Lw 
Cell n u m b e r  
Criterion,  c]. Eq. [21] 
Criterion,  cf. Eq. [22a] 
Criterion,  cJ. Eq. [18a] 
Criterion,  cL Eq. [22b] 
Criterion,  cf. Eq. [26] 
Height  of the  b ipo la r  e lec-  
trode, (cm) 100 
Height  of the  insula t ing  wal l  
in the  in tere lec t rode  channel  
(cm) 5-60 
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Le Height  of the  connect ing 
channel  be tween  in te re lec-  
t rode  channels  and  bubble  
separa tor  channel  (cm) 

L3 Width  of the  e lec t ro lyzer  
(cm) 

LST Length  of the  connect ing 
channel  a t  the  top (cm) 

LsB Length  of the  connect ing 
channel  at the  bot tom (cm) 

nR Number  of rows in the  elec-  
t ro lyzer  

nA Number  of equ iva len t s /mole  
for the  anodic process 

nK Number  of equ iv . /mole  for 
the  cathodic process 

n~K Number  of equ iv . /mole  for 
the pa r t i a l  e lec t rochemical  
react ion 

p G r a m - e q u i v a l e n t  (g-equiv . )  
~PM Pressure  loss due  to f r ic t ion 

in the  in te re lec t rode  channel  
( dynes / cm 2 ) 

Pc Pressure  loss due to fr ic t ion 
in  the  connect ing channels  
( dynes / cm 2) 

Pss Pressure  loss due to fr ic t ion 
in the  bubb le  separa to r  chan-  
nel (dynes / cm 2) 

P Local  pressure  (dynes/cm2) 
Po Pressure  at  the  top of the  cell  

( dynes / cm 2 ) 
PR Reduced pressure ,  cf. Eq. [13] 
Ps Pressure  of w~ter  vapor  in 

equi l ib r ium wi th  e lec t ro ly te  
(dynes / cm 2) 

QI . . . . .  Q5 A u x i l i a r y  pa rame te r s  
r Heat  of  ~vater evapora t ion  

(ca l /mole )  
R gas constant;  e rg /mo le  ~ 
ReG Reynolds  number  for bubbles  
ReM, ReBs Reynolds numbers  ca lcula ted  

for in tere lec t rode  and bubble  
separa tor  channels  

SA Thickness of the  anode  (cm) 
SK Thickness  of the  ca thode 

(cm) 
sE Specific g rav i ty  of the  elec-  

t ro ly te  (g /cm 3) 
tEB Tempera tu re  of the  e lec t ro-  

ly te  at  the  bot tom of the  in-  
t e re lec t rode  channel  (~ 

tF Ambien t  t e m p e r a t u r e  (~ 
t , ,  tv Inlet ,  out le t  e lec t ro ly te  t e m -  

p e r a t u r e  (~ 
T Absolu te  t empe ra tu r e  ----- tEB 

-b 273.16 ~ 
U Cell voltage (v) 
Us Mean cell voltage (=UT/n) 

(v) 
UT Terminal voltage of the elec- 

trolyzer (v) 
UA, UK Ohmic vol tage  drops  in the  

anode and cathode (v)  
UM Ohmic vo l tage  drop in the  

gas emuls ion be tween  the 
electrodes (v) 

vE Rate  of flow of the  e lec t ro-  
ly te  in the  in tere lec t rode  
channel  (cm/sec)  

Vc Rate of flow of the  gaseous 
phase in the  in te re lec t rode  
channel  (cm/sec)  

I00 

I00 

2 

2 

2 

17.741 

9.81 • 105 

5.88 X 104 

8.314 X 10 ~ 

0.6 

0.6 

1.43 

40* 

v~Bs Rate of flow of the  e lec t ro ly te  
in the  bubb le  separa to r  chan-  
nel  (cm/sec)  

vcBs Rate  of flow of the  gaseous 
phase  in the  bubble  sepa-  
ra to r  channel  (cm/sec)  

va  Veloci ty  of bubbles  corre-  
sponding to buoyancy  ( c m /  
sea) 

VE, VEB S Volume flow rates  of the  
e lec t ro ly te  in the  in te re lec-  
t rode  and bubble  separa to r  
channels  (cm3/sec) 

Va, Vc~s Volume flow ra tes  of the  
gaseous phase in the  in te r -  
e lectrode and bubble  s epa ra -  
tor  channels  (cm3/sec) 

VCT Volume flow ra t e  of the  gase-  
ous phase  in the  in te re lec-  
t rode  channel  a t  the  top 
(cm3/sec) 

V, In le t  volume flow ra te  of the  
e lec t ro ly te  for one channel  
(cm3/sec) 

w Bipolar  e lect rode wid th  (cm) 100 
wl Bubble  separa to r  wid th  (cm) i0 
W Energy  consumption,  cf. Eq. 

[31] 
x, y, z Coordinates  (cm) 
Yr Reduced dis tance pa ra l l e l  to 

the  y - ax i s  = y / L  
a, ao, aT Bubble  volume fract ions at  a 

height  y, at  the  bo t tom and 
at the  top of the  in te re lec-  
t rode  channel  

ass  Bubble  volume fract ion in 
the  bubble  separa to r  channel  

~H Heat  t r ans fe r  coefficient ( ca l /  
cm 2 sec ~ 

aR, ~a, "~a Reduced pa rame te r s  for e lec-  
t r ica l  basic c i rcui t  

5~ Tempera tu re  coefficients, cl. 
Eq. [A-9]  

cA, ~ Potent ia ls  of the  anode and  
cathode (v) 

t]A Anodic  cur ren t  efficiencies 
for gas evolut ion  0 

~]K Cathodic cur ren t  efficiencies 
for gas evolut ion  1 

nl, nIK Curren t  efficiency, cu r ren t  
efficiency of the  pa r t i a l  e lec-  
t rochemica l  reac t ion  

n, Dimensionless  p a r a m e t e r  
,ls Average  cu r ren t  efficiency 
ns:i Local  cu r ren t  efficiency 
~]w Energy  efficiency, cf. Eq. [32] 
~M, ~BS Fr ic t ion  coefficients for  i n t e r -  

e lect rode and bubb le  sep-  
a ra to r  channels  (dynes / cm 2) 

;~ Dynamic  viscosity of the  elec-  
t ro ly te  (dynes/cm2) 

v Kinemat ic  viscosi ty  of the  0.0154" 
e lec t ro ly te  (cm2/sec) 

~1 ,~2  Coefficients of f r ic t ion r e -  
sistance, cf. Eq. [44] 

PA Specific resis tance of the  a n -  
ode (ohm-cm)  0.00066* 

pc Specific res is tance of the  
cathode (ohm-cm)  0.00066* 

p~ Specific res is tance of the  
e lec t ro ly te  (ohm-cm)  4.42* 

PM Specific res is tance of t he  gas 
e lec t ro ly te  mix tu re  be tween  
the electrodes (ohm-cm)  

* T h e  c o m p o s i t i o n  of  t h e  e l e c t r o l y t e  w a s  600g NaC1Oa + 120g 
N a C I  + 10g Na2CrO~ in  i l i t e r ;  b o t h  e l e c t r o d e s  w e r e  m a d e  f r o m  
i m p r e g n a t e d  g r a p h i t e  ( B A E ) .  
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ABSTRACT 

It has been shown that neu t ra l  salts, such as NaC1 and NaC103 and their 
mixtures,  cause an apparent  increase in the thermodynamic  dissociation con- 
stants of weak acids and bases. The pH value of aqueous salt solutions at fixed 
hydrogen ion concentrat ion decreases l inear ly  with increasing content  of 
neu t ra l  salt and represents a l inear  funct ion of the salt 's heat of hydrat ion 
(12). The hydrogen ion activity coefficient and, hence, the thermodynamic  
dissociation constants of weak acids and bases apparent ly  follow a correspond- 
ing dependence. In solution for the electrolytic chlorate formation, the dis- 
sociation constant  of hypochlorous acid is thus apparent ly  enlarged by one 
order of magnitude.  As a consequence, in solutions for the electrolytic chlorate 
production the optimal pH region for the conversion of available chlorine is 
shifted toward lower values (pH 5.7-6.1), as shown both in theory and prac- 
tice. The same phenomenon is shown to be of some importance for what  hap-  
pens in the anode diffusion layer, where chlorine hydrolysis may hence be 
affected. 

The conversion of hypochlorous acid and hypochlor-  
ite ion, ha other words the total  available chlorine, into 
chlorate was investigated by Foerster  (1, 2), who 
pointed out that  it follows the equation: 

kl 
2 HOC1 -b OC1- -b 2 H20--> C103- 

q-2 HaO + -k 2 C I - . . .  [1] 

The conversion kinetics is defined by the following 
kinetic equation (1, 2, 3): 

d{[HOC1] q- [OC1-]} d[C103-]  
~1 = - -  �9 V =  3 V  �9 

d t  d t  

: 3f 2 �9 kl �9 [HOC1] 2 [OC1-] �9 V . . .  [2] 

where f is the activity coefficient of hypochlorous acid; 
kl, the rate constant  for reaction [1] ; and V, total vol- 
u m e  of the electrolyte. 

More recent investigations by Skrabal  (4), Imagawa 
(5), D'Ans and F reund  (7), and Jaksi6 e t  al. (8) in 
concentrated chloride and chlorate solutions, character-  
istic for the electrolytic production of the latter, con- 
firmed the mechanism suggested by Foerster. 

Lister (9) showed that  the formation of chlorite is 
the slow step in the available chlorine conversion to 
chlorate, while fur ther  oxidation proceeds extremely 
fast, so that it is practically impossible to identify the 
presence of chlorite in the solution [cf.  (7) ]. 

On this account it is not unjustified, at least theo- 
retically, especially for the slightly alkaline region, in 
which the conversion of available chlorine still pro- 
ceeds at a sufficiently measurable  rate, to assume the 
possibility of the presence of the following mechanism 

k 2 
HOC1 -~ 2 OC1- -b H20--> C103- -k H30 + q-2 C1- . . .  

[3] 

Namely, for the subsequent  fast step of oxidation of 
chlorite ions to chlorate, it is quite the same, from the 
theoretical point of view at least, whether  it is done 
by hypochlorous acid or hypochlorite ions. Therefore, 
two theoret ical ly possible mechanisms have to be con- 
sidered (Eq. [1] and [3])-. 

Flis (10, 11) pointed out that  the oxidizing abil i ty 
and character of the oxidizing action of available 
chlorine to a very large extent  depends on the hydro-  
gen ion activity, whereby, with the decrease of pH 
value of the solution, the oxidation potential  becomes 

�9 E l e c t r o c h e m i c a l  S o c i e t y  Active Member. 
1 P r e s e n t  a d d r e s s :  " J u g o v i n i l , "  K a s t e l  S u d u r a c ,  Sp l i t ,  Yugoslavia. 

proport ionately more positive. This can be ascribed to 
the fact that such changes favor the predominant  pres-  
ence of hypochlorous acid. Therefore, for a long t ime 
it has been a common belief that, owing to a consider- 
ably higher positive potential,  hypochlorous acid oxi- 
dizes hypochlorite ion in the process of disproport iona- 
t ion of available chlorine to chlorate. From this point 
of view, there is no doubt that  the mechanism sug- 
gested by Foerster (I, 2) is the more plausible one, 
par t icular ly  if one has in mind  that, in the highly 
alkal ine region and especially at lower temperatures,  
the conversion of available chlorine fully ceases. 

In a closed-loop system for electrolytic chlorate pro- 
duction, in which the electrolyte is circulated between 
the cells and a holding volume at any point of the cycle 
at s teady-state  conditions, the amount  of available 
chlorine (Cs) 

Cs : [HOCl] + [OC1-] . . .  [4] 

remains  practically constant  dur ing  the operation. 
On the other hand, the thermodynamic  dissociation 

constant  (Ka) of hypochlorous acid 

alia0+ �9 foc1- " [OC1-] 
Ka . . . .  [5] 

f �9 [HOC1] �9 aH2o 

can be expressed in a form more suitable for our  con- 
sideration, i .e. 

a H 3 0 +  " [ O C 1 - ]  $ " an2o 
K *  = : K a  " ~  . . .  [6] 

[HOCl] /OCl- 

By subst i tut ing the values from Eq. [4] and [6] in 
Eq. [2], and also in the corresponding kinetic equa-  
tion relat ing to Eq. [3], one obtains the rates for two 
possible mechanisms of available chlorine conversion 
as a funct ion of hydrogen ion activity 

dCs  
v 1 . . . .  V - ~  3 �9 $2 . k l  " V �9 

d t  
K* �9 (aHao+) 2 �9 C~ a 

. . .  [7] 
[K* d- (aH3o+)] 3 

or 
dCs 

. v ~ 3 . ~ . k ~ . v .  
d t  

(K*) 2 �9 (an3o+) �9 Cs 3 
.. [8] 

[K* q- (aH30+)] 3 

where ~ represents a kinetic activity factor. 
Finally,  by differentiating the rates with respect to 

hydrogen ion activity, pH values are obtained which 

684 
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provide maximal  conversion for the two theoret i -  
cally considered mechanisms [for the condition 
(dv/d (all30 + ) = 0) ] 

p H ~  = p K *  - -  log 2 . .. [9] 

o r  

Prim = p K *  + log 2 . . .  [10] 

Thus, by applying the thermodynamic  value of dis- 
sociation constant  (~5.10-8) ,  one would expect the 
maximal  conversion rate of available chlorine at pH 
7.0 for the Foerster mechanism, and 7.6 for the other 
theoretical ly possible kinetic path (Eq. [3] ). 

In di lute solutions, Flis and Byniaeva (11) obtained 
the maximal  conversion rate in the middle of the range 
defined by the optimal pH values (Eq. [9] and [10]) 
for the two possible mechanisms and thermodynamic  
value of dissociation constant, which would in a way 
be a confirmation of the assumption that  the reac- 
tion s imultaneously proceeds by both theoretically pos- 
sible kinetic paths. 

Critchfield and Johnson (12) showed that, at a fixed 
constant  hydrogen ion concentration,  the pH value of 
an aqueous salt solution is a l inear  function of ionic 
strength, i.e. of the concentrat ion of neut ra l  salts and 
of their  heats of hydrat ion;  that  is 

pH = - log [Ii~O + ] - -  J) (0.18 + 6 �9 10-~ �9 AH~) 
. . .  [11] 

where J ~- n / 2  x M, and M the molarity,  n the n u m -  
ber of ions composing the salt, and • the heat of 
hydration.  Thus, in a mix ture  of NaC1 and NaC1Os in 
concentrat ions characteristic for chlorate production, 
the pH value of the electrolyte should be decreased by 
more than one pH uni t  (cf. [13]), compared to that  
at zero ionic strength, or, in other words, h y d r o g e n  ion  
a c t i v i t y  coe f f ic ien t  s h o u l d  be larger  by  one o r d e r  of  
m a g n i t u d e .  Considering that activity coefficients of 
other components consti tut ing the HOC1 dissociation 
equi l ibr ium (HOC1, O C I - ,  and H20) are close to each 
other and close to un i ty  (3, 5, 6, 14), 2 one could con- 
clude that the apparent  dissociation constant, K*, 
should be larger by one order of magnitude,  at least, 
than the one found in dilute solutions. As a direct 
consequence, the maximal  conversion rates of avail-  
able chlorine into chlorate for the two possible mech- 
anisms should be in  the pH range be tween 6.0 and 6.5, 
ra ther  than between 7.0 and 7.5, as suggested by some 
authors (3, 15, 16). 

Imagawa (6) also recent ly  found the same phenom- 
enon of the pH decrease in the acid region of sodium 
chloride solutions containing available chlorine. Such 
a pH value decrease was explained by the effect of an 
analogous change of e lemental  chlorine activity co- 
efficient with increasing neut ra l  salt concentrat ion (6). 
However, in the alkal ine region and in the absence 
of chlorine, the same pH decrease has also been ob- 
served (12, 13). It is, hence, quite evident  that  such 
behavior is caused by the presence of neut ra l  salt and 
depends main ly  on its concentration. 

Experimental 
In a closed-loop system, recent ly  described (8) 

and consisting of a cell with p la t inum gauze elec- 

~ A c c o r d i n g  to I m a g a w a  (6),  a c t i v i t y  coeff ic ient  of  h y p o c h l o r i t e  
ion  ( /oel-)  in  5.43M NaC1 so lu t i on  is 1.064, Weiss  {14) g i v e s  ac- 
t i v i t y  coef l le ients  o f  h y p o e h l o r o u s  ac id  fo r  4.986M NaC1 : 1.304, a n d  
fo r  6.466M NaCl  : 1.404. F i n a l l y ,  a c t i v i t y  of  w a t e r  was  r e c e n t l y  
ca lcu la ted  b y  G a z i t h  (23) : fo r  5.0M NaC1, aH,~0 = 0.8066; fo r  5.4M, 

aH~o = 0.7683; and  for  6.0M NaC1, aH20 = 6.7596; of. [3]. There fo re ,  

J' �9 aH~o 

~ocl- 
and,  f r o m  Eq.  [6], i t  f o l l o w s  

aH~o+ �9 [OCl-]  f - a~l~o 
K* K~ �9 -~ K~ 

[HOCl]  fOOl- 

or, a p p a r e n t  d i s soc i a t i on  c o n s t a n t  of h y p o c h l o r o u s  acid,  K*, is a 
l i n e a r  f u n c t i o n  of  a c t i v i t y  coeff ic ient  of  h y d r o g e n  ion,  w h i c h  i n -  
creases  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  of  n e u t r a l  sal t ,  NaC1 and  
NaC103. 

trodes and a holding volume, both acting as back 
mix flow reactors, the effect of pH value of the elec- 
trolyte on the degree of conversion of available chlo- 
r ine inside the lat ter  was investigated. The cell was 
kept at 25~ so that, apart  from the anodic oxidation, 
the available chlorine consumption was predominant ly  
taking place in the holding volume by chemical con- 
version to chlorate. Namely, the cell was acting as a 
s teady-state  avai lable chlorine generator,  and subse- 
quent  conversion to chlorate inside ~ gas-t ight holding 
volume was followed as a funct ion of pH (cf. [8]). 

The electrolyte was 300 g/ l i ter  NaC1 and 2.0, 4.0, 
and 8.0 g/ l i ter  of sodium dichromate. Electrolysis was 
carried out to 30 g/ l i ter  of sodium chlorate, whereupon 
the electrolyte was renewed. 

pH values in the holding volume were varied be-  
tween 4.20 and 16.0, and currents  of 2.0-8.0 amp, or 
current  densities of 2.94-11.76 amp/d in  -~, were used. 

Two quanti t ies  were measured simultaneously:  the 
pH values and the total available chlorine of the in-  
flowing and outflowing electrolyte of the holding 
volume. 

The holding volume used was 2.2 liters, and the flow 
rate, provided by a suitable diaphragm pump, could be 
varied from 1 to 4 l i ters/hr ,  while the tempera ture  was 
varied between 40 ~ and 6O~ 

Results and Discussion 
Available chlorine conversion to chlorate inside the 

holding volume as back mix flow reactor, according to 
Foerster  (1, 2) and Eq. [2] and [7], is given as follows 

/ dCsh ~ 
_~ ~ / " Vh = 3 f2 " k l  " Vh " [HOC1]~2. [OCl- ]  h 

K~* (all30+) h 2 " Cs~? 
= 3 . ] 2 . k l ' V u  . . .  [12] 

[Kh* + (an3o+)h] 3 

where all values have a previous meaning,  but  the 
subscript h refers here and throughout  to the quan-  
tities relat ing to the holding volume. 

At  the same time, available chlorine conversion in-  
side the holding volume (Vh)  is given by the follow- 
ing relat ionship 

dC~h ~ 
--( ~ / " Vh = q (Csc--C~h) ... [13] 

where q is e]ectrolyte flow rate (liters/sec), and Csc 
and Csu are the total available chlorine concentrations 
(moles/liter) of inflow and outflow of the holding 

volume, respectively. 
In a previous paper (8), it was shown that  current  

efficiency, tl, in the case of negligible conversion of 
available chlorine inside the cell, may be expressed by 
the equation 

t,=-~+-~'F" -I �9 (Csc--C,~) ... [14] 

where F is the Faraday constant, and I the load in 
amperes. Hence, the second term in Eq. [14] defines 
the yield of the conversion inside the holding volume 
to the over-al l  current  efficiency of the system. 

The effect of hydrogen ion activity on the degree 
of available chlorine conversion under  the actual con- 
ditions of industr ia l  chlorate production is represented 
by the funct ional  relat ionship of the pH value of the 
electrolyte inside the holding volume and the second 
term in Eq. [14], as i l lustrated in Fig. 1 for temper-  
atures in the range between 40 ~ and 60~ 

It can be clearly seen that  the ma x i mum appears in 
the pH region which has previously been theoretically 
predicted and expected. Namely, from Eq. [12], [13], 
and [14], one finds that  maximal  yields to the over-al l  
current  efficiency due to an available chlorine conver-  
sion inside a holding volume result  at the  same op- 
t imal  pH value [for the condit ion d t / d  (au3o +) -~ 0], 
which provides maximal  reaction rates (Eq. [9]). 
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Fig. I. Contributions of available chlorine conversion to chlorate 
inside a holding volume to the over-all current efficiency as a func- 
tion of pH of the holding volume, phil: Q and A represent curves 
for temperatures in a holding volume of 40 ~ and 60~ respectively. 

In  addition, it has been shown exper imenta l ly  that  in 
the presence of 5N NaC1 all the usual  buffer solutions 
show a decrease in pH values for more than  one pH 
uni t  as compared to the values characteristic for pure 
aqueous solutions. On this ground, one would also ex- 
pect an apparent  change in the dissociation constants 
of various acids as a function of ionic s trength of 
neut ra l  salts. Namely, if one has in mind  that the 
maximal  buffer capacity is obtained at pH ~ pK, and 
that  this pH region is changed, it would be reasonable 
to expect that  the dissociation constant  itself follows 
the same dependence. 

By t i t ra t ing  solutions of hydrochloric acid and so- 
d ium hydroxide of known concentrations, each con- 
ta in ing 5N NaC1 in order to keep the ionic s trength 
unchanged dur ing the t i t rat ion at 25~ the ratio 
aHao +/[HaO + ] ---- faro + was de termined for each point 
of t i t ra t ion and, by the least-squares method, the con- 
version factor was obtained, fR3o+ ---- 10.0. 

Fil ippov (17) exper imenta l ly  showed that  losses of 
graphite anodes in the chlorate production are lowest 
at pH 6.0, which might be interpreted by the effect of 
maximal  available chlorine conversion in this region, 
since it has previously been shown that  these losses 
are proport ional  to the amount  of available chlorine 
present inside the cell (18). 

Fil ippov (19) also pointed out without  enter ing into 
theoretical considerations, that, in a closed-loop flow 
system for chlorate production, the maximal  efficiency 
is achieved when the pH value of the cell is 6.0-6.1. 
Since the whole system was operated at one and the 
same temperature,  the total  volume of the electrolyte 
could be considered integrally,  and the results obtained 
be brought into agreement  with the theory presented 
here and serve as its addit ional  confirmation. 

Wranglen  (15) recently suggested that  current  effi- 
ciency of the chlorate cell is independent  of the pH 
value of the electrolyte. However, in his experiments  
the current  efficiency was evaluated from the gas 
analysis and in more alkaline solutions the evolved 
carbon dioxide was absorbed by the electrolyte. This 
we consider as a possible source of error that  may 
have led to dubious conclusions (15). 

The authors (24) pointed out earlier that  the pH 
value inside the cell directlY contributes to the current  
efficiency by affecting the equi l ibr ium inside the anodic 
diffusion layer, thus de termining  the conditions for the 
hydrolysis of chlorine inside it. On the other hand, it 

has been shown here that  the pH value constitutes a 
measure of the available chlorine conversion through 
the system. Therefore, the control of this value at 
main  points of a closed-loop system for the electrolytic 
chlorate production is of part icular  importance. From 
this consideration and taking into account the figures 
obtained elsewhere (24), it can be concluded that  the 
opt imum conditions for chlorate production are pro- 
vided in the pH value range of 5.7-6.1 and 6.5-6.8 at 
the point of outflowing the holding volume and the 
cell, respectively. 

It could easily be shown using the usual  engineering 
considerations (20) that a s teady-s ta te  plug flow reac- 
tor under  identical working conditions provides higher 
degrees of conversion than  the back mix flow reactor 
of identical  dimensions, so that  the former constitutes 
a more favorable holding volume for industr ia l  chlor- 
ate production. Nevertheless, depending on the work-  
ing cell conditions, the herein previously defined opti- 
mal  pH value should be mainta ined at the exit of 
the reactor, by successively adding hydrochloric acid 
or caustic soda through it. 

The above-described effect of neu t ra l  salts also pro- 
vides for the maximal  buffer capacity of the system 
(HOC1) and (NaOC1) to be just  in the pH region which 
provides maximal  conversion of available chlorine. 
Wagner  (21) earlier showed that  only min imal  and 
l imited chromate reduction at the cathode makes it 
possible to suppress completely the cathode reduction 
of hypochlorite ions. Thus, it was here pointed out that  
it is possible to reduce the presence of dichromate in 
the electrolyte under  the concentrat ion of 1 gpl in 
order to achieve all the necessary effects (buffering 
effect and OC1- cathodic reduct ion to be suppressed 
enough).  This facilitates pure crystal l ine chlorate to 
be obtained in the absence of chromate. 

The formerly  derived general  equation for current  
efficiency in electrolytic chlorate production (8) has 
been confirmed under  the practical conditions of oper- 
ation and found to hold only if the values of the ap- 
parent  thermodynamic  dissociation constant are ap-  
plied, which is another  confirmation of the theory (8). 

Fur ther  Consequences  
By analogy, one might expect an apparent  change in 

the equi l ibr ium constant  for the hydrolysis of chlorine 

C12 + 2H20 ~,~ HOC1 + H30 + + C1- [13] 

in agreement  with the increase in the hydrogen ion 
activity coefficient, caused by the presence of neut ra l  
salts under  the conditions of electrolytic chlorate pro- 
duction. Namely, by applying the thermodynamic  val-  
ues which hold for dilute aqueous  solutions, Ibl  (22) 
came to the conclusion that, for current  densities of 
practical Lmportance, the hydrolysis of chlorine is not 
accomplished inside the diffusion layer, but  extends 
into the bulk of solution. 

However, by using the apparent  values of the equi-  
l ib r ium constants for the hydrolysis of chlorine, corre- 
sponding to the actual  conditions of the chlorate 
production and, in agreement  with our consideration, 
by one order of magni tude higher than  the known 
thermodynamic  values, it may be shown that  the 
hydrolysis of chlorine in the diffusion layer may be 
complete. This has actually been confirmed by the 
exper imental  and operat ing practice of chlorate pro- 
duction. 

At the same time, one comes to the conclusion that  
neut ra l  salts, by  causing dehydrat ion of the ionic shell 
of hydrogen ions in aqueous solutions, br ing about, on 
the one hand, a considerable increase in the hydrogen 
ion activity coefficient and acidity at all, and, on the 
other, an adequate apparent  increase of the value of 
the thermodynamic  dissociation constant  of weak acids 
and bases, as compared to the values per ta ining to 
dilute solutions. The magni tude  of this effect is a 
funct ion of the concentrat ion and  heat of solution of 
the salt (12). Salts with the highest positive heat of 
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hydra t ion  produce  the greates t  change in pH, hyd ro -  
gen ion ac t iv i ty  coefficient, and appa ren t ly  in t he rmo-  
dynamic  dissociation constant .  In this  way,  the  values  
for t he rmodynamic  dissociat ion constants,  which are  
constant  for any  given ra t io  of components  const i tut ing 
the  dissociation equi l ib r ium itself, are  no longer  in-  
va r i ab le  wi th  an increased var iab le  composit ion of 
neu t ra l  salts, as foreign ionic species having  a p re -  
dominant  and specific effect on hydrogen  ion ac t iv i ty  
coefficient. 

Our  measurements  and resul ts  (Fig. 1) could also 
be considered as fu r the r  confirmat ion of Foers te r ' s  
(1, 2) mechanism (Eq. [1] and [9]) be tween  two pos-  
s ible  ones, including,  in equations for one o rde r  of 
magni tude,  appa ren t l y  increased values  of the  hypo-  
chlorous acid dissociat ion constants.  
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Sympos ium at the  Boston Meeting, May  5-9, 1968, as 
P a p e r  257. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ ished in the  December  1969 
J O U R N A L .  
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Statistical Studies of Rechargeable Battery Systems 
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ABSTRACT 

The appl ica t ion  of the 2,~ fac tor ia l  expe r imen t  to the  s tudy of the  factors  
influencing the behav ior  of he rmet i ca l ly  sealed, r echargeab le  Ni -Cd  cells is 
discussed. The character is t ic  cell  pa rame te r s  m a y  be expressed  as logar i thmic  
functions of the  pe r t inen t  cha rge -d i scharge  conditions.  Data  fi t t ing is accom- 
pl ished by  means  of a l inear  regress ion analysis .  Both p r ima ry  and factor  
in terac t ion  effects cont r ibute  to the behavior  of the  cells. The magni tudes  of 
the effects are  dependen t  on the  cell  opera t ing  conditions.  The effects resul t ing  
f rom a cobal t  addi t ion  to the  posi t ive e lec t rode  are  p r i m a r i l y  re la ted  to the  
kinet ics  of the  charge  and d ischarge  reactions.  

Numerous  invest igat ions,  a imed  at  e lucidat ing  the  
effect of process and o ther  expe r imen t a l  var iables  on 
the parame te r s  charac te r iz ing  the  opera t ion  of a r e -  
chargeable  ba t t e ry  system, have been per formed.  In 
many  cases, a meaningfu l  in te rp re ta t ion  of the da ta  is 
difficult, since one cannot  separa te  the  effects of the  
var ious  factors control l ing the  o v e r - a l l  opera t iona l  be -  
havior .  The t e rm "factor" wi l l  be employed  to descr ibe  
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** Elec t rochemical  Society Act ive  M e m b e r  Represen ta t ive  of a 

Sus ta in ing  M e m b e r  Company ,  
P resen t  address :  Research  and  Deve lopmen t  Division,  W h i t t a k e r  

Corporation, San Diego, California.  

any independen t  va r i ab le  of the  sys tem under  the  con- 
t ro l  of the  invest igator ,  w i th  the  except ion of those 
per ta in ing  to the  opera t ing  conditions,  i.e. the  charge-  
discharge routine.  

Genera l ly ,  factors  may  be of a qua l i ta t ive  or quan-  
t i t a t ive  nature .  Fo r  example ,  in a sealed Ni -Cd  cell, the  
na tu re  of the  separa to r  ma te r i a l  is a qua l i t a t ive  factor,  
whi le  the  e lec t rode  thicknesses  and the  to ta l  volume 
of e lec t ro ly te  are  quan t i t a t ive  factors.  In  many  cases, 
the  composite  effect of two or more  factors is syne r -  
gistic; the  factors are  said to interact .  Considerable  
advan tage  is gained if  the  e xpe r ime n t a l  design is such 
tha t  the  effect of changing any  one factor  can be s tud-  
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led independent ly  of the others. Furthermore,  it is of 
considerable importance to be able to assess the sig- 
nificance of both pr imary  factor effects and factor in-  
teraction effects separately. Of the various p lanned 
statistical procedures available, the factorial experi-  
ment  affords a promising method of achieving these 
objects. It must  be noted that  the magni tudes  of the 
various factor effects will  vary  according to the 
charge-discharge conditions to which the cell is sub-  
jected. Thus, a factor, such as an electrode additive, 
may affect the charge acceptance capabilities of the 
electrode but  show lit t le or no effect on the charge 
del ivery characteristics. By performing a series of cell 
behavior  studies over a range  of operat ing conditions, 
it should be possible to predict the conditions under  
which a factor or combinat ion of factors will  exert a 
dominant  effect. The results of such studies should 
prove useful to the bat tery manufac turer  in designing 
and fabricat ing cells to be operated under  a specific 
charge-discharge routine.  

Factorial Experiments 
The reader is referred to Cochran and Cox (1), Da- 

vies (2), and Ostle (3) for detailed discussions of this 
statistical procedure. In  this experiment ,  the effects of 
a n u m b e r  of factors, set at two or more levels, are 
examined. For example, in one exper iment  one may 
wish to examine two types of separator  material,  four 
positive electrode thicknesses, and three electrolyte 
concentrations. Such an exper iment  is referred to as 
a 21.31.41 factorial. Twenty- four  cells are required, 
each containing a different combinat ion of the three 
factors at the different levels. Generally,  the number  of 
factor combinations required for a complete study is 
given by ~iLi n,, where  Li is the number  of levels of 
each of the ni factors. The te rm "factorial" refers to 
the manne r  in which the various factor combinations 
are formed and not to any basic type of design (3). As 
can be seen, when one is considering setting up a lab- 
oratory-scale exper iment  with a number  of factors at 
more than two levels, the number  of combinations can 
very easily become prohibitive. It is possible to gain 
insight into the effect of the various factors by employ- 
ing only a fraction of the max imum n u m b e r  of com- 
binations. The reader is referred to Davies (2) for a 
discussion of fractional factorial experiments.  The most 
simple factorial exper iment  is one in which n factors 
are examined at two levels only, i.e., the 2" factorial. 
The par t icular  factor a r rangement  for this type  of ex-  
per iment  will  be elaborated on at a la ter  stage. The 
procedure is as follows. Having chosen the type of 
factorial, the various factor-level combinations are in-  
corporated into the requisite number  of systems under  
study. A parameter,  characteristic of the system, is 
measured for each member  of the factorial set. An ef- 
fect is then calculated for each member.  Each effect 
is a measure  of the deviation of the parameter  value 
from the set average taking into account the specific 
factor-level  combinat ion contr ibut ing to the deviation. 
In the case of the 2" factorial, one calculates the effect 
due to changing a factor from one level (low) to the 
second level (high) averaged over the two levels of 
the remaining  factors. With a knowledge of the experi-  
menta l  error associated with each measurement  for 
each member  of the set, the signfficance of each cal- 
culated factor or factor combinat ion effect is then 
estimated by means of the statistical F-test.  

Factorial  experiments  have been widely and suc- 
cessfully employed in many  fields. However, to the 
knowledge of the authors, applications of this proce- 
dure in electrochemical research, and in part icular  bat-  
tery research, have been sparse. Resnic (4) employed 
a 24.41 half factorial in a study of the effect of charge 
rate and charge level on the faradaic capacity of sealed 
Ni-Cd cells of various types at various ambient  t em-  
peratures. Cupp (5) examined the effects of various 
factors, including positive electrode additives and elec- 
trolyte additives, in a 34.24 factorial experiment  per- 
t a i l i n g  to the performance of both sealed and vented 

Ni-Cd cells. The exper imental  design, referred to as 
the basic plan for factors was not described in any 
detail and, furthermore,  a l i terature  reference was not 
given. Panzer  and Schaer (6) employed a fractional 25 
factorial exper iment  in an optimization study relat ing 
to the performance of molten alkali thiocyanate cells. 
Very recently, Blickwedel (7) has reported on the re-  
sults of a 24 and a 23 full factorial exper iment  per-  
formed on Ni-Fe  and Ni-Zn cells, respectively. The 
factors included electrode geometry, electrolyte con- 
centration, electrolyte additive, and separator material.  
The faradaic capacity was expressed as a l inear  func-  
tion of the pr imary  factors and first-order factor com- 
binations.  Data fitting was accomplished by means of 
a mul t i ] inear  regression analysis. Each part ial  regres- 
sion coefficient was used as an indicator of the effect 
of its associated factor or factor combinations on the 
capacity independent  of the other factors. The com- 
puted t -values  were used to rank  the order of im-  
portance of the various factor combinations in affecting 
the capacity. 

Although the l imitat ions of the factorial exper iment  
should not be minimized, the disadvantages are out-  
weighed by the advantages, which may be summarized 
as follows: 

1. Maximum efficiency in the statistical evaluat ion 
of a min imal  quant i ty  of data. 

2. Informat ion on factor interact ion effects is ob- 
tained, necessary to preclude misleading conclusions. 

3. Latent  replications inheren t  in the factorial ar-  
rangement  result  in a comprehensive study over a 
range of exper imenta l  conditions. 

There are three main  requisites for a successful bat-  
te ry  2 n factorial experiment:  

1. The parameter  response should be a l inear  func-  
t ion of the factor level between the chosen limits. 

2. The parameter  response should be reproducible 
under  identical exper imental  conditions. 

3. The sample cells should have the capabil i ty of 
wi ths tanding a variety of charge-discharge conditions. 

It is difficult to realize the first condition. In the case 
of quant i ta t ive  factors, one can assume that it is ap- 
proximated by selecting close limits for the two levels. 
One of the most significant problems plaguing the bat-  
tery indus t ry  has been the lack of reproducibi l i ty  of 
electrodes and cells fabricated under  identical condi-  
tions. In this laboratory, a great deal of effort has been 
devoted to de termining  the causes of these variances, 
and e l iminat ing them. As indicated by Jost and Popat 
(8), with the present state of our  art, these variances 
have been reduced to a point  where a factorial experi-  
ment  becomes meaningful .  Such experiments  have 
been carried out in this laboratory only after achieving 
this close uni formi ty  and reproducibili ty.  As indicated 
in the exper imental  section, the third condition has 
been met. 

A number  of factorial experiments,  per ta ining to the 
effect of various factors on the performance of sealed, 
sintered plate, Ni-Cd cells, have been carried out in 
this laboratory. This paper deals with the findings of 
one such study. 

Ni-Cd Cell 24 Factorial Experiment 
The effect of the presence of cobalt on the behavior 

of the positive electrode in the sealed Ni-Cd cell has 
been studied relat ively extensively in comparison with 
other metallic ion species. While Yamashita (9) and 
Doran (10) indicate that  this additive improves charge 
retention, Januszkiewicz (12) indicates little or no ef- 
fect. Doran (11) reports that  the effect of a cobalt ad- 
dition is to raise the positive electrode potential  dur ing  
discharge and, with up to 20% addition, the efficiency 
is enhanced (12). During impregnat ion with hot, con- 
centrated nickel  ni t ra te  solution, the s intered nickel 
plaque corrodes. The extent  of corrosion is markedly  
affected by replacing from 0 to 15% of the nickel con- 
tent  of the impregnat ion l iquor with cobalt (13). Fu r -  
thermore, the extent  of corrosion is dependent  on the 
physical na ture  of the carbonyl  nickel employed to 
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Table I. Physical characteristics of carbonyl nickel and sintered 
plaque 

A v g  A v g  P l a q u e  W e i g h t  p e r  c e n t  
I N C O  p a r t i c l e  d e n s i t y  p o r o s i t y  p l a q u e  c o r r o d e d  

d e s i g n a t i o n  d i a m e t e r  (/D (g /cc )  (%)  0% Co 5% Co 

# 2 8 7  2.9-3.8 0.88 90 18.7 26.5 
# 2 5 5  2.6-4.3 0.59 93.3 25.5 27,0 

Table II. Ni-Cd cell, 2 4 factorial experiment 

Factors  L e v e l s  
D e s i g -  L o w  H i g h  
n a t i o n  D e s c r i p t i o n  (0) (1) 

I N C O  I N C O  
A C a r b o n y l  n i c k e l  p l a q u e  m a t e r i a l  ~ 2 5 5  # 2 8 7  
B R a t i o  C d / C d ( O H ) 2  a t  100% c h a r g e  l eve l  1.73 6.9 
C P e r c e n t a g e  p o r e  f i l l ing  w i t h  30% K O H  64 82 
D P e r c e n t a g e  coba l t  i n  p o s i t i v e  p la t e  0 4.4 

fabricate the sintered plaque. As a result  of these ob- 
servations, it is per t inent  to reconsider the role of 
cobalt. Two positive electrode factors were chosen for 
study: 1--cobal t  additive, 2- -s in tered  plaque physical 
characteristics. The re levant  physical parameters  of the 
two types of carbonyl  nickel powder used are shown 
in Table I. As can be seen, s intered plaque fabricated 
with INCO #255 powder corrodes more than  that made 
from the more  coarse-grained #287 powder. However, 
5% cobalt in the impregnat ion l iquor only increases 
the extent  of corrosion of the #255 plaque by 6%, 
whereas a 40% increase is effected in the case of the 
#287 plaque. 

The electrolyte dis t r ibut ion is an impor tant  factor in 
governing the cell behavior. It will  be influenced both 
by the s t ructure  of the positive plate and the total 
amount  of electrolyte. Turne r  (14) has shown that  the 
rate of oxygen recombinat ion in sealed Ni-Cd cells is 
directly proport ional  to the s tate-of-charge of the neg-  
at ive electrode. However, the rate will also be gov- 
erned by the oxygen diffusion rate through the sepa- 
rator, which will be highly dependent  on the amount  
of electrolyte available for dis t r ibut ion wi th in  the 
separator. These two facts formed the basis for the 
choice of the remaining  factors: 3 - -vo lume  of 30% 
potassium hydroxide added to the cell, and 4---ratio of 
cadmium to cadmium hydroxide in the negative elec- 
trode at full  charge. The two levels chosen for the four 
factors are summarized in Table II. A four-digi t  code, 
which must  not be confused with a number  wri t ten  in 
b inary  notation, is employed to describe the cells com- 
prising the factorial set. The digits 0 and 1 are assigned 
to the low and high levels, respectively, of each factor. 
The 16 factor combinations are shown in their specific 
order in the second column of Table III. 

Exper imenta l  
Cell theoretical capacities.---Weight gain data cannot  

be used to calculate the theoretical  capacity of an elec- 
trode, prepared by impregnat ion  of a s intered nickel 
plaque with nickel or cadmium ni t ra te  solution, since 
it does not correctly account for the Ni 2+ produced as 
a result  of plaque corrosion. Analyt ical  procedures 
have been developed in this laboratory, whereby the 
total amount  of Ni2+ may  be determined in the pres-  
ence of Co 2 + and /o r  metallic nickel. Similar  analyt ical  
techniques have been developed for the selective de- 
te rminat ion  of metall ic cadmium and  Cd 2+ in the pres- 
ence of metallic nickel and Ni 2+. The theoretical  ca- 
pacity of the positive electrode is calculated on the 
basis of the total amount  of Ni(OH)2. Since there  is no 
evidence that cobaltic ion, which is more stable than 
nickelic, takes part  in the discharge reaction, the 
amount  of Co(OH)2 in the "cobalt addit ive" plates is 
not included in  the capacity calculation. The theoret i -  
cal capacities of both electrodes are given by N A L X, 
where N is the n u m b e r  of plates, each of geometric 
area, A In.2; L is the plate loading, i.e. grams of 
Ni(OH)2 or Cd(OH)~ per in.2; and X is the appro- 
priate conversion factor, 0.292 AH/g Ni (OH)2 and 0.367 
AH/g  Cd(OH)2. The electrodes, following production, 
are charged at the 3-hr  rate and discharged at the 
2-hr  rate in the flooded condition. The delivered capac- 
ities agree very closely with those calculated from the 
analyt ical  data. 

Experimental cells.--Prismatic cells, of nominal  ca- 
pacity, 1 AH, were used for this study. Replicate cells 
were not assembled. Nylon separators (Pellon) were 
used throughout.  The electrolyte was carbonate-free 
30% (6.9M) potassium hydroxide. All cells were filled 
under  vacuum with the requisite volume of electrolyte. 
The 16 cells were positive limited, and remained so 
dur ing the ent i re  course of the experiment.  No electri-  
cal shorts, electrolyte leakages, or excessive cell pres-  
sures developed dur ing  the various charge-discharge 
routines. 

Data acquisition and test routines.--The factorial 
sets were located on individual  series-connected test 
stations. All tests were performed under  constant  cur-  
rent  conditions, using a 36v-5 amp regulated power 
supply (Hewlet t -Packard,  Harr ison model 6266A). 
Each station was equipped with an adjustable  level, 
voltage and pressure switch, whereby any cell could 
be electrically bypassed independent ly  of its neighbors. 
Cell voltage data were automatical ly  recorded, using 
the DYMEC data acquisition system (Hewlet t -Packard,  
model 2010F), coupled to an IBM card punch. In te rna l  
resistances were measured by means of the super im- 
posed a-c technique. Elapsed t ime meters (Cramer, 

Table Ill. Ni-Cd cell 2 4 factorial experiment 

Cel l  
# 

Test routine: 150% Charge level C/10 Charge rate 

Signifi- 
Variance cance 

F a c t o r  code  EffcY. F a c t o r  r a t i o  l e v e l  E .C.V.  
A B C D d a t a  e f f ec t  V P d a t a  

C /2  D i s c h a r g e  r a t e  A m b i e n t  t e m p .  22~  

S ign i f i -  
V a r i a n c e  c a n c e  

F a c t o r  r a t i o  l eve l  O.C.V.  F a c t o r  
ef fect  V P d a t a  e f f e c t  

S i g n i f i -  
V a r i a n c e  c a n c e  

r a t i o  l eve l  
V P 

1 0 0 0 0 0.6482 1.424 
2 1 0 0 O 0,6186 -- 0.0396 5.86 0.940 1.423 0.0059 
3 0 1 0 0 0.6555 0.0128 1.423 0.0016 
4 1 1 O 0 0.6223 --0.0216 1.75 0.757 1,426 0.0031 
5 0 0 1 0 0.7223 0.0742 20.59 0.994* 1.424 0.0059 
0 1 0 1 0 0.7112 0.0005 1.429 0.0029 
7 0 1 1 0 0.6926 --0.0319 3.82 0.892 1.420 --0.0004 
8 1 1 1 0 0.7037 --0.0037 1.438 0.0031 
9 0 0 0 1 0.5195 --0.0717 19.25 0.993* 1.411 --0.0059 

10 1 0 0 1 0.5195 --0.0239 2.13 0,796 1.418 --0.0004 
11 0 1 0 1 0,6524 0.0194 1.41 0.711 1.416 --0,0001 
12 1 1 0 1 0.5547 --0.0263 1.419 --0.0011 
13 0 0 1 1 0.6640 0.0029 1.424 0.0021 
14 1 0 1 1 0.6328 --0.0152 1.424 --0.0024 
15 0 1 1 1 0,6913 --0.0199 1.418 --0.0011 
16 1 1 1 1 0.5663 --0.0027 1.430 0.0009 

M e a n  = 0.6359 M e a n  ~ 1.423 
E.V.  = 0.00107 E.V.  = 0.000015 

1.388 
9.23 0.971" 1.388 0.0030 9.23 0.971" 

1.388 -- 0.0003 
2.61 0.833 1.389 --0.0003 
9.23 0.971" 1.393 0.0063 40.07 0.999* 
2.21 0.803 1.397 0.0003 

1.390 --0.0030 9.23 0.971" 
1.394 0.0005 

9.23 0.971" 1.376 --0.0052 28.27 0.997* 
1.383 0.00075 
1.383 - -0 .0010 1.03 0.642 
1.386 --0.0005 

1.21 0.678 1.390 0.0010 1.03 0.642 
1.392 -- 0.0015 
1.386 --0.0013 
1.389 0.0008 

Mean = 1.389 
E.V. = 0.0000039 

* S i g n i f i c a n t  factor effects.  
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type 636Y, Giannini  Controls Corporation) were em- 
ployed to measure discharge times to the l v  cut-off, 
from which faradaic capacities were calculated. Bour-  
don gauges (Ashcroft #1850, Manning,  Maxwell  and 
Moore, Inc.) were attached directly to each cell. Fol- 
lowing the automatic recording of voltage data, in ternal  
pressure, and discharge t ime data, test rout ine infor-  
mat ion and cell factor-level  codes were manua l ly  
punched. For each charge-discharge routine,  two cards 
per cell were required to record all per t inent  informa-  
tion. The IBM s/360, model 30 computer  was employed 
to analyze all data. The analysis of var iance and mul t i -  
l inear  regression analysis programs were wr i t ten  in 
For t ran  IV. 

Thi r ty- two separate test routines, covering the 
ranges:  70-150% charge input  level, C/50-C/1 charge 
rate, and C/10-2C discharge rate, were performed at 
random. Dur ing  each test, cell voltages were mea-  
sured at end of charge, E.C.V., on open circuit, O.C.V. 
following a 2-hr stand period, and at 25, 50, and 75% 
depth of discharge, based on the theoretical capacity. 
The cell in te rna l  resistances and pressures were mea-  
sured at end of charge (E.C.R. and E.C.P.). Dur ing  the 
s tand period, pressure decay data were recorded. There 
was no capacity degradation after the completion of 
the ent i re  test routine. 

Results 
For each test routine,  factor effects were calculated 

for each type of data, with the exception of cell 
voltages, at 25 and 75% depth of discharge. The Yates 
sum and difference i terative technique (15) was em- 
ployed for this purpose. The reader is referred to 
Davies (2) for an account of this procedure. There are 
two means whereby an estimate of the exper imental  
error may be made. One or more replicates of each cell 
of the factorial set may be assembled and tested. The 
second method, which does not involve the use of 
replicates, is based on the assumption that  t rue  high- 
order interact ion effects are insignificant; i.e., the 
effects calculated for those cells with three or four 
high-level  factor combinations are due to exper imental  
error. The error  variance is then  given by the mean  
square effects for these combinations in the factorial 
set. It  is the opinion of the authors that  the uni formi ty  
of the cells produced in this laboratory justifies the 
use of this second method in this factorial experiment.  
As an example, the efficiency, end-of-charge,  and  open- 
circuit voltage data, measured under  the conditions 
150% charge input  level, C/10 charge rate, and C/2 
discharge rate, are shown in  Table III. Since the ana ly-  
sis calculates only the effect of one or more high-level  
factors on the parameter  value, no effect is calculated 
for cell #1.  The error variance is the mean-square  
effect for cells #8,  12, 14, 15, and 16. These estimates 
of error  are comparable with those measured from an 
independent  source in this laboratory (8). The var i -  
ance ratio is given by: 

2n-2 (Effect) 2 
V : [ I ]  

Error  variance 

If V > 1, then the level of significance of the effect 
is calculated from the relat ionship:  

P = ~ F ( x ,  r e) dx  [2] 

where F ( x ,  ~, o) is the F-d i s t r ibu t ion  funct ion for r 
and 0 degrees of freedom (3). It has been decided that  
no significance should be attached to an effect if P 
0.95. Thus, under  the charge-discharge conditions 
shown in  Table III, only three pr imary  effects can be 
considered significant. 

As the exper iment  proceeded, certain pat terns 
emerged as regards the pr imary  and interact ion effects 
of the four factors on the several  parameters.  Over the 
entire range  of test conditions, the presence of the 
INCO 287 more coarse-grained and highly corroded 

carbonyl  nickel  substrate resul ted in an increase in 
E.C.V., E.C.R., and E.C.P. The cell voltage at 50% 
depth of discharge is lowered by this factor, and the 
efficiency decreased. The high ratio of Cd/Cd(OH)2 
emerged as a significant factor only when  the cells 
were overcharged at a relat ively high rate. Under  
these conditions, the E.C.V. is raised. At high charge 
rates, the presence of this factor tends to effect a re -  
duction in E.C.P. The effect of the high-percentage 
pore fill was consistent throughout  the series of tests. 
On overcharge, the E.C.V. is raised. The O.C.V., the 
cell voltage at middle of discharge, the E.C.P., and the 
efficiency are raised, and the E.C.R. reduced. The ef- 
fects of the cobalt additive were the most interest ing 
feature of this study. The direction of the effect of this 
factor on the several parameters  is h ighly  dependent  
on the charging conditions, and to a lesser extent  on 
the discharging conditions. This additive pr imar i ly  af- 
fects the E.C.V., E.C.P., O.C.V., and the efficiency. 

During the course of the tests, it was observed that  
for a constant  charge input  the faradaic capacity in -  
creased l inear ly  with the logari thm of the charging 
current ,  when discharged at a constant  rate. Similarly, 
under  constant  charge and discharge current  condi- 
tions, the del ivered capacity increased l inear ly  with 
the logari thm of the charge input.  A similar  depen-  
dency between delivered capacity and discharge cur-  
rent,  following constant  charging conditions, was in-  
dicated, al though not so well  defined. Based on these 
observations, an at tempt was made to fit the predis- 
charge parametr ic  data to an equation of the form: 

Paramete r  = K0 -~ K, log10 (C.L.) ~ K2 loglo (C.R.) 
[3] 

and all other data to an equation of the form: 

Parameter---- K• -~ K1 log10 (C.L.) 

-t- K~ loglo (C.R.) ~ Ks log10 (D.R.) [4] 

where the charge level, charge rate, and discharge 
rate  are given by 

C.L. = C.T./C.R. [5], C.R. : T.C./C.C. [6], 

D.R. ~ T.C./D.C. [7] 

T.C. is the theoretical cell capacity, calculated on the 
basis of a chemical analysis of the active mater ia l  in 
the positive plates, as previously indicated, C.C., D.C., 
and C.T. are the charging current ,  discharging current ,  
and charging time, respectively. The data fitting was 
accomplished with the aid of a mul t i l inear  regression 
analysis program. In  Tables IV and V are shown the 
regression coefficients and associated statistical data 
for the E.C.V. and efficiency for each cell in the fac- 
torial  set. The efficiency is the ratio of the faradaic 
capacity to the theoretical  capacity. Each independent  
variable  is separately correlated with the dependent  
variable;  ri ~ is the square of the correlation coefficient, 
corrected for degrees of freedom, of the ith indepen-  
dent  variable,  i = 1, 2, and 3; Si is the s tandard error 
associated with the coefficient, K~; t~ is the absolute 
value of the ratio, Ki/Si;  S.E.E. is the s tandard  error of 
the estimate; M.C.C. is the mult iple  correlat ion coeffi- 
cient; F is the statistical F-value.  As can be seen, both 
the E.C.V. and the efficiency data correlate well with 
the logarithms of the charge level and the charge rate. 
The values of 7"32 indicate a low dependency of the 
efficiency on the discharge rate. The values of ti for 
each cell give a relat ive measure of the importance of 
each independent  variable  in governing the magni tude  
of the dependent  variable. Thus, the E.C.V. is more 
dependent  on the charge rate than  on the charge level. 
~or most cells, the charge rate and the charge level 
are of equal importance in de termining efficiency. It 
is to be noted that certain factors markedly  affect the 
relat ive ri 2 and t~ values. Thus, for example, with ref- 
erence to the E.C.V. data, Table IV, compare tl  and t2 
for cells 9 and 10 in  relat ion to the values for the re-  
main ing  cells. 
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Table IV. Ni-Cd cells. 24 Factorial experiment. E.C.V. = go -t- gl  Ioglo(C.L.) -J- K2 Ioglo(C.R.) 
Regression coefficient and associated statistical data. 32 Observations. q~ = 2, 8 = 29 

Cel l  F a c t o r  c o d e  
No. A B C D /Co K1 r l  2 $1 t~ K2 r,~ S~ t2 S.E.E. M.C.C, F 

1 0 0 0 0 1.507 0.1386 0.084 0.0837 4.11 --0.0641 0.683 0.0063 10.18 0.020 0.890 60.36 
2 1 0 O 0 1.526 0.1294 0.040 0.0408 3.17 --0.0775 0.717 0.0076 10.16 0.024 0.884 56.70 
3 0 1 0 0 1.505 0.1584 0.127 0.0308 5.14 --0.0620 0.665 0.0058 10.76 0.018 0.905 71.14 
4 1 1 0 0 1.532 0.1444 0.051 0.0436 3.31 --0.0796 0,695 O.OOS2 9.77 0.026 0.878 53.22 
5 0 0 1 0 1.503 0.1872 0.185 0.0324 5.77 --0.0594 0.593 0.0061 9.79 0.019 0.887 64.66 
6 1 0 1 0 1.515 0.2015 0.186 0.0334 6.03 --0.0636 0.606 0.0062 10.30 0.020 0.905 71.23 
7 0 1 1 0 1.509 0.2047 0.192 0.0368 5.56 -- 0.0623 0.564 0.0069 9.06 0.022 0.884 56.50 
8 1 1 1 0 1.561 0.3309 0.239 0.0578 5.73 --0.0857 0.489 0.0108 7.94 0.034 0.867 47.94 
9 0 0 O 1 1.513 0.0670 0.012 0.0321 2.08 --0.0803 0.837 0.0060 13.36 0.019 0.924 91.4,6 

10 1 0 0 1 1.521 0.0904 0.003 0.0324 2.79 --0.0824 0.829 0.0060 13.62 0.019 0.928 96.75 
11 0 1 0 1 1.537 0.2194 0.106 0.0504 4.25 --0.0880 0.637 0.0094 9.34 0.030 0.877 52.66 
12 1 1 0 1 1.514 0.1198 0.038 0.0326 3.68 --0.0759 0.778 0.0061 12.47 0.019 0.918 84.61 
13 O 0 I 1 1.514 0.1923 0.153 0.0297 6.47 --0.0708 0.666 0.0056 12.74 0.018 0.931 102,21 
14 1 0 1 1 1.523 0.1967 0.137 0.0322 6.11 --0.0764 0.699 0.0060 12.69 0.019 0.929 99.26 
15 0 1 1 1 1.521 0.2283 0.178 0.0345 6.62 --0.0768 0.650 0.0065 11.91 0.021 0.925 92.87 
16 1 1 1 1 1,555 0.2919 0.186 0.0491 5.95 --0.0929 0.602 0.0092 10.13 0.029 0.903 69.09 

Mean  1.522 0.1810 -- 0.0749 

Table V. Ni-Cd cells. 24 Factorial experiment. Efficiency = Ko + K1 Ioglo(C.L.) -.J- K2 Ioglo(C.R.) K3 Ioglo(D.R.) 
Regression coefficient and associated statistical data. 32 Observations. r = 3, 0 = 28 

Cel l  F a c t o r  c o d e  
No. A B C D Ko K~ r12 $1 t l  Kz r2 2 S.~ t2 Ka r3e $3 ts S,E,E. M.C,C. F 

1 0 0 0 0 0.818 0.894 0.359 0.103 8.69 --0,190 0.448 0.019 9,82 0.092 --0.026 0.049 1.88 0.061 0.920 57.94 
2 1 0 0 0 0.710 0.663 0.258 0.087 7.65 --0.164 0.475 0.016 10,07 0.136 0.001 0.041 3.32 0.052 0.917 55.67 
3 O 1 0 O 0.820 0,967 0.407 0.107 9.07 --0.183 0.397 0.020 9.14 0.089 --0.027 0.051 1.77 0.063 0.917 55.92 
4 1 1 0 0 0.717 0,668 0.301 0.090 7,40 --0.156 0.447 0.017 9.23 0,129 --0.001 0.043 3.01 0.054 0.906 48.61 
5 O 0 1 0 0.836 1,043 0.477 O.lO0 10.44 --0.172 0.343 0.019 9,15 0.093 --0.025 0.047 1.96 0.059 0.928 65.05 
6 1 0 1 0 0.792 0.677 0.429 0.095 9.27 --0.157 0.371 0.018 8.86 0.083 --0.025 0.045 1.86 0.056 0.917 55.53 
7 0 1 1 0 0.803 0,955 0.450 0.104 9.18 --0.161 0,840 0.020 8,26 0,090 --0.024 0.049 1,82 0.062 0.911 51.56 
8 1 1 1 0 0,793 0,895 0,430 0.098 9.15 --0.159 0,365 0.018 8.68 0,087 --0,024 0.046 1.87 0.058 0,914 53.77 
9 0 0 0 1 0,694 0,453 0.102 0.086 5.28 --0.203 0.664 0.016 12.55 0,158 0.004 0.041 3.88 0,051 0.927 64.62 

I0  I 0 O 1 0.705 0,434 0.098 0.087 5.02 -- 0_198 0.679 0.016 12.17 0.130 --0.010 0.041 3.18 0.051 0.922 59.44 
11 0 1 0 1 0807  0.778 0.295 O.lO0 7.82 --0.191 0.498 0.019 10.20 0.106 --0.022 0.047 2.25 0.059 0.917 55.96 
12 1 1 0 1 0.723 0.476 0.133 0.079 6.01 --0.190 0.661 0.015 12.77 0.126 --0.010 0.038 3.35 0.047 0.931 68.34 
13 O 0 1 1 0.821 0,804 0.314 0.094 8.59 --0.192 0.499 0.018 10.90 0.105 --0.022 0.044 2.36 0.056 0.928 65.24 
14 1 0 1 1 0.808 0.743 0.285 0.090 8.24 --0.190 0.534 0.017 11.23 0.088 --0.027 0.043 2.07 0.054 0.928 65.37 
15 0 1 1 1 0.830 0.897 0.373 0.094 9.50 --0.188 0.447 0.018 10.59 0.103 --0.023 0.045 2,30 0.056 0.931 68.46 
16 1 1 1 1 0.786 0,647 0.252 0.087 7.41 --0.178 0.558 0.016 10.85 0.069 --0.030 0.041 1.68 0.052 0.920 58.01 

M e a n  0.780 0,762 --0.179 0.105 

The introduct ion of cobalt into the positive plate 
causes the E.C.V. to be much more dependent  on the 
charge rate than  in the cells not containing cobalt in 
the nickel hydroxide electrode. Although not so 
marked,  a similar effect is observed with regard to the 
efficiency data, Table V. The high values of M.C.C. 
indicate that only a small  percentage of the experi -  
menta l  data over the entire range of charge-discharge 
conditions was removed by the regression. The high F 
values indicate that  the data fit the proposed equations 
very  well. For  the E.C.V. equation, with 2 and 29 deg 
of freedom, an F value exceeding 8.85 is significant 
at the 0.999 level. For  the efficiency equation, with 3 
and 28 deg of freedom, an F value exceeding 7.19 is 
significant at the 0.999 level. From the values of the 
s tandard  error of the estimate, it is seen that, over the 
operat ing range  covered, the exper imenta l  and cal-  
culated value of E.C.V. agree to wi thin  1-2%. Similarly,  
efficiencies are predictable to wi thin  5%. Similar  
analyses have been performed for the other parametr ic  
data recorded. In  all cases, the exper imental  data have 
been shown to fit the proposed equations. 

The factor effects causing the variat ions in the 
values of the various regression coefficients may be 
calculated and tested for significance in the same man-  
ner  as previously described. For the constant  term, 
K0, there is no independent  estimate of the error. 
Again, it is assumed that  h igh-order  interact ions are 
insignificant and, therefore, the calculated effects for 
the cells with the second- and th i rd-order  interact ion 
factor combinations may be employed to estimate the 
error variance. In  the case of the remain ing  coeffi- 
cients, Ki, the regression analyses result  in independent  
estimates of error, S~. For each cell in the factorial 
set, the error var iance is given by S~ 2. The effects are 
calculated by the Yates technique, and the significance 
level, P, is given by Eq. [2] with ~ ---- 1 and o = 5 for 
the analyses of variance per ta ining to K0. For the 
analyses of variance per ta in ing to the Ki coefficients, 

is given by 

e = Number  of observations 

- -  Number  of independent  variables -- 1 

In Table VI are summarized the findings of the anal -  
yses of variance for the following cell parametr ic  data, 
E.C.V., O.C.V., E.C.R., E.C.P., the cell voltage at mid-  
discharge and the efficiency. Only P values - -  0.95 are 
shown. The signs in parentheses show the direction of 
the effect on changing the factor from the low to the 
high level. It has been shown in this laboratory that, if 
a 50% charged positive plate  is employed in a Ni :Cd 
cell as a reference electrode, then the electrode poten- 
tials with respect to this reference, at various stages 
of the charge-discharge routine, may be correlated 
with the cell operat ing conditions by equations of the 
types [3] and [4]. 

Discussion 
The method of summariz ing exper imental  Ni-Cd 

bat tery  data, obtained under  a var ie ty  of operating 
conditions, by means of the logari thmic parametr ic  
equation has proved very  successful. First, it allows 
one to present a large amount  of data in a highly com- 
pact form. Second, the independent  correlat ion coeffi- 
cient data, resul t ing from the regression analyses, in -  
dicate the relative importance of the three operat ional  
conditions, charge input  level, charge rate, and dis- 
charge rate, in governing the over-a l l  performance. 

For the part icular  cells employed in this study, the 
cell efficiency is determined pr imar i ly  by factors which 
affect, and conditions associated with, the charge ac- 
ceptance capabilities of the positive electrode. The 
end-of-charge voltage and pressure, and to a certain 
extent  the open-circui t  voltage and the end-of-charge 
resistance, serve as useful  indicators of this capabili.ty, 
which is governed by the electrode s tructure and the 
avai labi l i ty of the electrolyte. The effects produced by 
the incorporation of certain factors, specifically A and 
C, into the cell design, were, to a certain extent,  pre-  
dictable. However, as indicated in the introductory 
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Table VI. Ni-Cd cell. 24 Factorial experiment. Significant factor effects on parametric equation coefficients 

F a c t o r  E f fec t s  
code  E.C,V.  O.C.V.  E .C.P .  E .C.R.  P r i -  I n t e r -  

A B C D Ko Kz K,~ Ko Kz K2 Ko K1 K2 Ko K1 K2 m a r y  action 

0 0 0 0  
1 0 0 0 0 . ~ 5 ( §  
0 1 0 0  
1 1 0 0  
0 0 1 0  
1 0 1 0  
O l l O  
1 1 1 0  
0 0 0 1  
1 0 0 1  
0 1 0 1  
1 1 0 1  
0 0 1 1  
1 0 1 1  
0 1 1 1  
1 1 1 1  

0,973 ( + ) 
0 . 9 9 9 ( + )  0.954( + ) 

0.999( + ) 
0.968 ( + ) 

F a c t o r  code  
A B C D Ko 

0 . 9 9 9 ( + )  

0.999( + ) 0 . 9 7 9 ( + )  

0.996 ( + ) 

0.999( + ) 

0 . 9 9 7 ( + )  0 , 9 9 9 ( + )  0 . 9 9 0 ( + )  A 
0.953 ( + ) B 
0.999( + ) A B  

0 . 9 9 9 ( + )  0 .984 ( - - )  0 .999 ( - - )  0 .999 ( - - )  0 . 9 9 9 ( + )  C 
0.966(--) 0.963( + ) AC 

0.999 ( + ) D 
0,9fi8 ( + ) A D  

0.996 ( + ) A B D  

Cell  v o l t a g e  a t  m i d - d i s c h a r g e  
Kz K~ Ka 

Effects 
Ef f i c i ency  (%) P r i -  I n t e r -  

Ko Kz K s  Ka m a r y  a c t i o n  

0 0 0 0 
1 0 0 0 0.992 ( -- ) 
0 1 0 0 
1 1 0 0 
0 0 1 0 0.970 ( + ) 
1 0 1 0 0.986( + ) 
0 1 1 0 
1 1 1 0 
0 0 0 1 
1 0 0 1 
0 1 0 1 
1 1 0 1 
0 0 1 i 0.984(-- ) 
1 O 1 1 
0 1 1 1 
1 1 1 1 

0.999( -- ) 0.999( + ) 

paragraphs ,  the i r  inclusion was considered necessary  
in o rder  to be able  to in t e rp re t  the  cobal t  effect. 

Factor A.- -Ce l l s  conta ining posi t ive electrodes,  p ro-  
duced by  impregna t ing  the  more  dense, less porous, 
s in tered  #287 carbonyl  n ickel  plaque,  a re  s ignif icant ly 
less efficient over  the  ent i re  r ange  of opera t ing  condi-  
tions. The corre la t ion  coefficient da ta  show tha t  this  
factor  causes the  efficiency and the  cell  vol tage  da ta  
to become less dependent  on the  charge  level,  and 
more  ra te  dependent .  However ,  the  opposi te  effect r e -  
sults for  the  end -o f - cha rge  pressure.  The E.C.V. and 
E.C.R. a re  increased by  this h igh - l eve l  factor,  whi le  
the cell  vol tage  at  mid -d i scha rge  is decreased.  In  the  
overcharge  region,  the  E.C.P. is ra ised by  this factor.  

Factor B. - -The  negat ive  electrode,  high s t a t e -o f -  
charge factor  shows l i t t le  effect on the  pa ramet r i c  data. 
In  the  overcharge  region, it  does manifes t  i tse l f  in 
cont r ibu t ing  to an increase  in both the end -o f - cha rge  
vol tage  and pressure.  The pressure  decay data,  a l -  
though not  presented,  have been shown to follow the 
logar i thmic  re la t ionship  (14), Pt/Po = exp ( - - t / r ) .  
The presence of the  excess amount  of metal l ic  cad-  
mium at fu l l  charge  has no significant effect on the  
oxygen recombina t ion  re laxa t ion  t ime constants.  A l -  
though there  is no subs tan t i a t ing  evidence,  it  appears  
tha t  the  h igher  pressures  developed,  in the presence of 
this  h igh - l eve l  factor,  a re  due to enhanced hydrogen  
evolution.  

Factor U.--As  is fu l l y  expected,  the  effect of the  
h igher  percentage  pore fill is beneficial  to the  ove r -a l l  
cell  performance.  The corre la t ion  coefficient da ta  ind i -  
cate  tha t  this  h igh - l eve l  factor  causes the  efficiency, 
the  end -o f - cha rge  voltage,  and  pressure  to be  more  
dependent  on the  charge  input  leve l  than  on the  charge 
rate.  However ,  the  end -o f - cha rge  cell  res is tance be-  
comes m a r k e d l y  more  dependent  on the  charge ra te  
than  on the charge  level.  The  open-c i rcu i t  voltage,  cel l  
vol tage  a t  mid-d ischarge ,  and the  efficiency a re  raised,  
and the  end -o f - cha rge  res is tance  is m a r k e d l y  de-  
creased. The  oxygen  diffusion ra te  th rough  the ceil  is 
impa i red  by  the  re la t ive  increase  in the  amount  of 
e lectrolyte .  This is m i r ro red  in the  significant increase  
in the  end -o f - cha rge  pressure,  and a significant de-  

0.982 ( -- ) 0.909 ( -- ) A 

0.991 ( + ) 0.999( + ) C 

0.999( -- ) 0.992( + ) D 

A C  

C D  

crease in the  r e l axa t ion  t ime  constant  for  oxygen r e -  
combinat ion.  

Factor D.- -As  is indica ted  in Table  I, the  inclusion 
of cobaltous ion in the  impregna t ion  l iquor  causes the  
two types  of nickel  p laque  to be  corroded to the  same 
extent .  Thus, the  effect of the  cobal t  addi t ive  is to op-  
pose the p r i m a r y  effect of fac tor  A. This is fu r the r  
emphasized by  the  efficiency da ta  for  cells  # 9  and 
#10 (see Table V).  I r respec t ive  of the  or iginal  na ture  
of the  substrate ,  the  efficiency regression coefficient 
da t a  for  the  e lectrodes conta in ing the  cobalt  addi t ive  
a re  ve ry  similar .  The  p r i m a r y  effect of the  cobal t  ad -  
d i t ive  is to enhance the  kinet ics  of the  charge  accept -  
ance and charge  de l ive ry  reactions.  Thus, the  cor re la -  
t ion coefficients associated wi th  the  charge  level  r e -  
gression coefficients of the efficiency and cel l  vol tages 
are  m a r k e d l y  decreased,  whi le  the  corre la t ion  coeffi- 
cients associated wi th  ra te  dependency  are  grea t ly  in -  
creased. The fact  that  the re  is a cobal t  effect per se, 
independent  of the  posi t ive e lect rode s t ruc ture  modi -  
fication effect, is shown by the  significant p r i m a r y  
factor  D effects shown in Table  VI. Fol lowing  charge  
at a high rate ,  the  end -o f - cha rge  and open-c i rcu i t  
voltages and the  efficiency are  raised.  Thus, under  
cer ta in  opera t ing  conditions,  a cobal t  addi t ive  can en-  
hance the  efficiency. However ,  under  o ther  conditions,  
cobal t  can exer t  a de t r imen ta l  effect. By consider ing 
the  re la t ive  values  of the  four  t e rms  in the  efficiency 
equation,  in the  absence and presence of  a cobal t  ad -  
ditive,  one can predic t  the  over -a l l  effect of this add i -  
t ive under  different  test  routines.  The p red ic ted  effects 
agree  ve ry  wel l  wi th  those ac tua l ly  observed,  which  
may  be summar ized  as follows: 

1. At  or be low the  100% charge  level,  the  effect of 
cobal t  is to increase  efficiency, especia l ly  af ter  charg-  
ing at  high rates.  

2. At  med ium to low discharge  rates,  C/5-C/50,  
cobal t  cont r ibutes  to an increase  in efficiency. 

3. When  the  posi t ive e lec t rode  is overcharged,  the  
presence of a cobal t  addi t ive  is de t r imen ta l  to the  
efficiency. 

Conclusion 
Prov ided  tha t  h igh un i fo rmi ty  in cell  fabr ica t ion  and 

opera t ion  can be mainta ined,  the  2 n fac tor ia l  exper i -  
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men t  is a v e r y  useful  tool  w h e r e b y  the  effects of factors  
on the behav ior  of a ba t t e ry  sys tem m a y  be examined.  
The significance of factor  in terac t ion  effects in de te r -  
mining  the  per formance  character is t ics  of Ni -Cd  cells 
should not  be overlooked.  The combinat ion  of the  two 
s ta t is t ical  techniques has proved  h igh ly  useful  as a 
cell  pe r formance  opt imizat ion procedure.  Thus, it  a l -  
lows one to es tabl ish  the  most favorab le  choice of 
factors which  should be incorpora ted  into a cell  de -  
s igned for  opera t ion  according to a prescr ibed  charge-  
discharge routine.  

Manuscr ip t  submi t ted  May  10, 1968; revised m a n u -  
script  received Jan.  16, 1969. This paper  was presented  
in par t  at  the  Ph i l ade lph ia  Meeting,  Oct. 9-14, 1966 as 
P a p e r  19. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  
1969 JOUm~AL. 

REFERENCES 
1. W. G. Cochran and G. M. Cox, "Exper imen ta l  De- 

sign," 2nd Ed., Chap. 5-8, John  Wiley  & Sons, 
New York  (1962). 

B A T T E R Y  S Y S T E M S  693 

2. O. L. Davies, "Design and Analys i s  of Indus t r ia l  
Exper iments , "  Hafner  Co., New York  (1954). 

3. B. Ostle, "Stat is t ics  in Research,"  2nd Ed., Iowa 
Sta te  Univers i ty  Press  (1963). 

4. B. Resnic, Proc. Ann. Power Sources Conf., 17, 107 
(1963). 

5. E. B. Cupp, ibid., 18, 44 (1964). 
6. R. E. Panzer  and M. J. Schaer,  This Journal, 112~ 

1136 (1965). 
7. T. W. Blickwedel ,  R&D Tech. Report ,  ECOM- 

0102-1, G.T.&E. Labs., Inc., Bayside,  N. Y. 
8. E. M. Jost  and P. V. Popat ,  Proc. Ann. Power 

Sources Conj., 20, 137, (1966). 
9. D. Yamashita ,  J. Electrochem. Soc. Japan, 31, 47 

(1963). 
10. R. J. Doran, Proc. 1st Intern. Symp. Batteries, 

pape r  Y (1958). 
i1. R. J. Doran, Proc. 2nd Intern. Symp. Batteries, 

paper  26 (1960). 
12. S. Januszkiewicz,  Proc. Ann. Power Sources Conj., 

13, 75 (1959). 
I3. K. J. Johnson and 0.  A. Nietzel,  P a p e r  17 presen ted  

at  Electrochem. Soc. Meeting,  Phi ladelphia ,  Oct. 
9-14, 1966. 

14. D. R. Turner ,  Electrochem. Technol., 2, 1 (1964). 
15. F. Yates, Imp. Bur. Soil Sci. Tech. Comm., 35 

(1937). 

Secondary Cadmium-Air Cells 
O. C. Wagner* 

Power Sources Division, Electronic Components Laboratory, 
United States Army Electronics Command, Fort Monmouth, New Jersey 

ABSTRACT 

C a d m i u m - a i r  cells have  been deve loped  tha t  de l iver  45-50 w h r / I b  at  the  
C/5 ra te  of discharge.  The m a j o r  fa i lure  modes  of the  c a d m i u m - a i r  sys tem 
are: loss of capaci ty  by  the cadmium anode, shor t ing by  cadmium penet ra t ion ,  
poisoning of the  a i r -ca thode  by a soluble cadmium species, loss of e lec t ro-  
cata lyt ic  ac t iv i ty  by  the a i r - ca thode  dur ing  pro longed  cycling, and wa te r  loss 
by evapora t ion  th rough  the cathode pores  a n d / o r  cell  vent.  I t  has been d e t e r -  
mined tha t  loss of capaci ty  by  the  cadmium anode can be p reven ted  by  the  
addi t ion of Fe203 or TiO2 ex tender  into the  ac t ive  s t ruc ture  and by  the r e -  
moval  of CO2 from the influent a i r  s t ream. I t  was found tha t  cadmium pene -  
t ra t ion  th rough  the separa to r  w r a p  can be avoided by  p reven t ing  carbonate  
bu i ld -up  in the  e lec t ro ly te  and b y  placing a wet table ,  iner t  in te r separa to r  
be tween  the anode and main  separator .  Poisoning of the  a i r - ca thode  by  solu- 
b l e . c a d m i u m  can be overcome by sa tura t ing  the  e lec t ro ly te  wi th  zincate  or  
a lumina te  ions. Deact iva t ion  of the  a i r - ca thode  is a p rob lem tha t  requi res  
fu r the r  invest igat ion,  and  d ry ing  out  of the  c a d m i u m - a i r  cell  can be p r e -  
vented  by  provid ing  the cell  wi th  an e lec t ro ly te  sump. 

The c a d m i u m - a i r  ba t t e ry  is of in teres t  to the  ba t t e ry  
technologis t  in that :  1 - - i t  has a theore t ica l  energy  
dens i ty  of 202 whr / l b ,  2 - - t he  s tab i l i ty  and cycle life 
of the a lka l ine  cadmium anode are  excel len t  in n ickel -  
cadmium and s i l ve r - cadmium bat ter ies ,  and 3 - - t h e  
cadmium anode  has a ve ry  low se l f -d i scharge  rate.  

In  order  to a t ta in  m a x i m u m  energy dens i ty  f rom 
the c a d m i u m - a i r  system, sponge cadmium electrodes 
were  deve loped  under  a USAECOM in te rna l  p rogram.  
The a i r -ca thodes  were  suppl ied by Genera l  Electr ic  
Company  and Leesona Moos Laborator ies .  The sep-  
a ra tors  were  suppl ied  by  Douglas Ai rc ra f t  Company,  
R.A.I. Research Corporation,  Pel lon Corporat ion,  and 
E, I. du Pont  de Nemours  8, Company.  No aux i l i a ry  
charging e lect rodes  were  employed  since the  a i r -  
cathodes were  bifunct ional ;  i.e., t hey  were  charging 
and discharging electrodes.  

Experimental Procedure 
The sponge cadmium anodes were  p repa red  in the  

fol lowing manner :  (a)  cadmium oxide (F i sher  Cer t i -  
fied, Cat. No. C-16) was homogeneous ly  b lended wi th  

Key words: electrochemistry, ene rgy  s toragel  batteries,  c a d m i u m -  
air,  c a d m i u m  electrodes,  a i r -cathodes,  ex tenders .  

* Elec t rochemical  Society Act ive  Member ,  

5% by weight  of ca rbonyl  n ickel  powder  ( In te rna t iona l  
Nickel  Company,  Type  255) and 5-10% by  we igh t  of 
fer r ic  oxide ex t ende r  (F i sher  Certified, Cat. No. 1-116) 
or t i t an ium oxide ex tender  (F isher  Certified, Cat. No. 
T-315), and (b) 44g of the  cadmium oxide mix  were  
mold  pressed into an e lec t rode  containing an Aldex  
paper  wrap  (Aldine  Corpora t ion) ,  a 5 Ni-15-2/0 nickel  
Exmet  gr id  (Exmet  Corpora t ion) ,  and a n ickel  tab. 
The e lec t rode  dimensions were:  0.095 in. in thickness,  
3 ~  in. in height,  and 23~ in. in width,  and the 
e lect rode poros i ty  (in the fu l ly  charged  state)  was 
62.5%. 

The unit  c a d m i u m - a i r  cells were  const ructed as fol-  
lows: The sponge cadmium anode was inser ted  into a 
hea t - sea led  po lyamide  Pel lon  bag  of 6 mils  th ickness  
(2506K, Pel lon Corpora t ion) .  Around  this, one or two 
layers  of main  separa to r  ma te r i a l  were  l a t e ra l ly  
wrapped .  The w ra ppe d  nega t ive  was then  inser ted  
into another  Pe l lon  bag (2506K) which completed  the  
sepa ra to r  sys tem for  the  unit  cell. The e lect rode pack  
was f inal ly inser ted  into a b ice l l  conta ining s t a te -o f -  
t he - a r t  b i funct ional  a i r -ca thodes .  Nylon mesh ai r  
spacers  of 100 mils  th ickness  were  placed on the  gas 
side of the  a i r  cathodes, and the  complete  uni t  cell  
was secured be tween  luci te  supports.  
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Fig. 2. Capacity maintenance as a function of cadmium mix and 
C02 exposure. 

The ins t rumenta t ion  employed in this program is 
shown in Fig. 1. The un i t  cadmium-a i r  cell was 
contained in a reaction kettle. An electrolyte reservoir 
provided electrolyte to the electrodes by means of 
the wicking action of the Pellon wraps. The cell was 
cycled using an automatic cycler with the voltage cut-  
off set to zero volts on discharge and 1.9v on charge 
(C/5 rates of charge and discharge).  Reference read-  
ings were taken with a potent iometer  using a part ial ly 
charged n ickel -hydroxide  reference electrode. Charge-  
discharge curves were automatical ly recorded by a 
Honeywel l -Elect ronik  voltage recorder. When  desired, 
carbon dioxide was removed from the incoming flow 
of air by means of a scrubber  which contained KOH 
solution. All  tests in this program were run  at room 
tempera ture  ambient.  

Results 
The major  failure modes of the cadmium-a i r  system 

are: loss of capacity by the cadmium anode, shorting 
by cadmium penetration,  poisoning of the air-cathode 
by a soluble cadmium species, loss of electrocatalytic 
activity by the air-cathode dur ing prolonged cycling, 
and water  loss by evaporat ion through the cathode 
pores and /o r  cell vent. 

Loss of capacity by the cadmium anode.--When an 
alkaline cadmium electrode is cont inuously cycled on 
a deep discharge regime, it gradual ly loses capacity. 
This phenomenon is often observed with nickel-cad-  
mium and s i lver -cadmium batteries when  the cells 
become cadmium l imit ing on discharge. 

The problem of capacity loss by the cadmium anode 
was to a large extent  overcome by the in t roduct ion 
of alpha ferric oxide into the active cadmium powder 
and by removal  of CO2 from the influent air to the 
uni t  cell. Figure 2 shows that a control cadmium-a i r  
cell with a sponge negative containing no extender, 
and which was exposed to CO2 (black circles), lost 
37% of its ini t ial  capacity in 12 cycles. A test cell 
(open squares) with a negative containing 5% ferric 
oxide, and where CO2 was removed from the un i t  cell, 
delivered 80% of theoretical capacity without  any loss 
in capacity for 35 cycles. The combinat ion of 5% 
ferric oxide extender  and CO2 exposure (black 
squares) resulted in  the loss of 30% capacity in 35 
cycles, while the combinat ion of no extender  and no 
CO2 exposure (open circles) resul ted in a capacity 
loss of 25% in 20 cycles. From these data, it is seen 
that  the loss in capacity by the cadmium anode can 
be prevented by the addit ion of ferric oxide extender  
to the active cadmium powder and by the removal  of 
CO2 from the influent air to the uni t  cell. Recent test 
results show that 5-10% t i tan ium dioxide also acts as 
an extender  for the cadmium anode, the results being 
equivalent  to that of ferric oxide. 
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~lO0 DISCHARGING C.D.- 60 MA IN 2 (TO0.O0 V/CELL ) 
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I ,o~- 

o / , _ _  , , , , ~ , , 
o.. 0 5 I0 15 20 25 30 35 40 45 

CYCLE NO. 
Fig. 3. Capacity maintenance as a function of carbonate ex- 

posure and charging current density. 

The carbonate effect is fur ther  i l lustrated in Fig. 
3. The fgu re  shows the capacity of the sponge cad- 
mium anode (containing 10% Fe203) as per cent of 
theoretical capacity vs. cycle number .  The pr ime var i -  
ables were cycling of the cell in carbonate free elec- 
trolyte (open circles) and in carbonate saturated elec- 
trolyte (solid circles). No data are available for in te r -  
mediate concentrat ions of carbonate-KOH solutions. 
From the figure, it is seen that  carbonate exposure 
decreased the capacity of the anode by 30% in 35 deep 
cycles, while the anode in a carbonate-free electrolyte 
lost only 3 % of its ini t ia l  capacity in the same number  
of cycles. Later cycling data of the test cell containing 
the ferric oxide extender  and where the influent air 
was scrubbed free of CO~ show that  75-80% of the 
theoretical capacity was a t ta inable  after 100 deep dis- 
charge cycles. These anode efficiencies yield energy 
densities of 45-50 w h r / l b  for opt imumly designed cad- 
mium-a i r  uni t  cells of nominal  10 amp-hr  capacity. 

Cadmium penetration.--Cadmium, like zinc, has 
been known to bui ld up crystals which can penetrate  
separators and cause shorting of batteries. Table I 
shows the effects of carbonated electrolyte, overcharge, 
and the separator system on shorting by cadmium 
penetration.  Group A separator wraps were employed 
in a carbonate-sa tura ted  cadmium-a i r  cell containing 
a sponge anode. Group B separator wraps were with a 
carbonate saturated cell containing a sintered cad- 
mium anode. Group C separator wraps were with a 
CO2 scrubbed cell containing a sponge anode. 

From the data in Table I, it can be seen that  cad- 
mium penetra t ion can be prevented by: (a) e l iminat-  
ing carbonate from the un i t  cell (compare Group C 
with Groups A and B), (b) minimizing overcharge, 
and (c) placing a layer of polyamide Pellon between 
the anode and main  separator (compare A1 and A2). 
In  addition, s in tered-nickel  cadmium anodes appear 
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Table I. The effect of overcharge, carbonate, and separator system 
on cadmium penetration 

Separator system 

Total 
Cycles amp-hr 

to of over-  
short charge 

REFERENCE ELECTRODE -llgO/Hg C02 REMOVAL - YES 
CYCl F NO -I0 CYCI F~/VARIATIOR ff, YCI F I0) MOISTURE REMOVA{ - NO 

A Sponge cadmium-air cell (CO~ = saturated) 
A1 ( + ) 1 x 0.001 in. Cellophane/1 x 0.006 in. Pelion 

( - -  ) 58 48 
A 2  ( + ) 1 x 0 . 0 0 6  i n .  P e l i o n / 2  x 0 . 0 0 1  i n .  c e l l o p h a n e  

( - - )  9 5 
A3 ( + ) 1 X 0.006 in. Pel lon/2 x 0.002 in. Astroset 

/1 X 0.006 in. Pel ion ( --  ) 75 76 
B Sintered nickel  cadmium-air cell (COa= saturated) 
B1 ( + ) 1 •  in. Pellon ( - - )  98 56 
C Sponge cadmium-air cell (no CO.~ = in electrolyte) 
C1 ( + ) 1 x 0.006 in. P e l l o n / 2  x 0.002 in. Astroset 

/1 x 0.006 in. P e l l o n  ( - - )  120+ 180+ 
(still cycling) 

C2 ( + ) 1 x 0.006 in. Pe l lon / l  x 0.0015 in. R A I  P300 
/ l x  0.006 in,  P e l l o n  ( - - )  2 0 +  2 0 +  

(still cycling) 

more resistant to shorting than sponge anodes (com- 
pare Group B with  Group A ) .  

Cadmium poisoning of the air-cathode.--Both types 
of air-cathodes evaluated in this program (from 
General Electric and Leesona Moos) became severely  
polarized toward the end of discharge in cells dis- 
charged at current densities greater than 10 ma/cm2. 
On subsequent recharge, the cathodes were reactivated 
and exhibited normal E-I discharge responses vs. fu l ly  
charged cadmium anodes. However,  vs. nearly fu l ly  
discharged cadmium anodes, the air-cathodes become 
inactive during discharge. Even when  a fresh uncycled 
air-cathode was discharged against a nearly ful ly  dis- 
charged cadmium anode, the cathode became inactive. 

Spectrographic analysis  shows the presence of 0.1 
m g / c m  2 cadmium in the air-cathode after cycl ing in a 
cadmium-air  bicell.  The poisoning of the air-cathode 
by the cadmium anode occurred in KOH electrolytes 
which were free of carbonate ions or other impurities. 
In these experiments,  the influent air had been CO~ 
scrubbed. 

Figure 4 shows that when the electrolyte is saturated 
with  carbonate ions, deactivation of the air-cathode 
wi l l  not occur. For comparison, the figure includes the 
discharge curves of the air-cathodes and cadmium 
anodes (vs. an Hg/HgO reference cell)  in pure 7 nor- 
mal KOH (open circles) and 7 normal KOH saturated 
with carbonate (solid circles).  From these data, it 
appears that the cadmium anode forms a soluble 
species which  poisons the air-cathode, but in the pres- 
ence of carbonate ions the poisoning effect is pre- 
vented. However,  as was shown in Fig. 2, carbonate 
severely decreases the capacity of the cadmium anode 
(after 20 cycles) .  Therefore, carbonate is not a desir- 
able additive in a cadmium-air  cell  to prevent poison- 
ing of the air-cathode. Consequently,  a search was 
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made for electrolyte additives which  would: (a) pre- 
vent  poisoning of the air-cathode by cadmium ions, 
and (b) be innocuous to the cadmium anode. One 
such additive has been found. As shown in Fig. 5, 
when the electrolyte was saturated with zincate ions, 
the air-cathode did not deactivate at the end of dis- 
charge. In addition, the electrical efficiency of the 
cadmium anode was not impaired after 10 deep dis-  
charge cycles. Since overcharge did not show a zinc 
deposition step, it apparently is safe to saturate the 
electrolyte with zincate in a rechargeable cadmium- 
air cell. It should be pointed out that aluminate  ions 
have also been found to prevent cathode poisoning. 
At present, cadmium-air  cells with zincate electrolyte 
are being life cycled and other additives are being 
screened in an effort to understand and better control 
the poisoning effect of the air-cathode. 

Deactivation of the air-cathode on prolonged cycling. 
- -An oth er  failure mode encountered in the cadmium-  
air cell program was deactivation of the air-cathode 
after prolonged cycling. Figure 6 shows the per- 
formance of a cadmium-air  cell during 300 deep dis- 
charge cycles. The air-cathode was manufactured by 
the Leesona Moos Laboratories in 1966 for a prototype 
mechanical ly  rechargeable zinc-air  battery. The anode 
was a sintered cadmium anode, and the influent air 
was not COs scrubbed. The upper curve in the figure 
shows the capacity maintenance of the cell. The cel l  
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Fig. 6. Performance of Cd-air cathodes (bifunctional). (C02 
exposure; 31% KOH.) 
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lost 25% of its ini t ial  capacity dur ing  the first 100 
cycles and was negat ive- l imi t ing  in each discharge 
cycle. Since the electrolyte became saturated with 
carbonate ions, the anode lost capacity by carbonate 
contaminat ion and the air-cathode never  became l imit -  
ing on discharge. 

The lower curves in the figure show the half-cell  
potentials of the anode and cathode vs. cycle number  
(using an Hg/HgO reference cell). At a discharge 
current  density of 10 m a / c m  2, the anode half cell 
potential  decreased from 800 to 750 mv in 300 cycles, 
while that of the air-cathode decreased from minus 
50 to minus  220 my. The drop in  anode potential  is 
probably caused by carbonate contaminat ion and the 
drop in cathode potential  is a t t r ibuted to a loss in 
electrocatalytic activity of the p la t inum catalyst. 

Figure 7 shows the performance of cadmium-a i r  
cells which were constructed with s ta te -of - the-ar t  
air-cathodes manufac tured  by General  Electric and 
Leesona Moos Laboratories. The cells were charged at 
20-ma/cm 2 to a 2.0v cutoff and discharged at 10 ma / c m a 
to a zero volt cutoff. The cells were given 50 deep dis- 
charge cycles (without  overcharge) ;  the influent air 
was CO2 scrubbed; the electrolyte was pure 30% KOH; 
and the anodes were sponge cadmium electrodes con- 
ta ining 5% ferric oxide extender.  From the figure, it is 
seen that: (a) the half-cel l  potential  of the a i r -cath-  
odes decreased from minus  50 to minus  100 mv in 50 
cycles, (b) the cells were posi t ive- l imit ing for each 
discharge cycle, (c) the electrical capacity decreased 
by about 10% for each cell in 50 cycles, and (d) the 
negative half-cell  potential  remained constant at 800 
mv dur ing the 50 cycles. In  this experiment,  the 
poisoning effect of the air-cathode by soluble cadmium 
again was very evident. Therefore, the deactivation 
effect of the cathodes was not very apparent.  

To demonstra te  more clearly the deactivation effect 
of the air-cathodes, the preceding exper iment  was 
repeated by using similar cells but  employing 30% 
KOIt  electrolyte saturated with zincate ions. In this 
case, the cadmium poisoning effect would not be a 
factor. Figure  8 shows the performance of these cells 
during 50 deep discharge cycles. It  should be noted 
that the cells were given large overcharges on an 
in termi t ten t  basis. This resulted from failure of the 
automatic cyclers to cut off on charge dur ing  several  
cycles. The following results were noted: (a) one cell 
failed by cathode flooding after overcharge on 
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Fig. 8. Performance of Cd-air cathodes (bifunctional). (No CO2 
exposure; 31% KOH -f- saturated zincate.) 

cycle 12, (b) the other cell was negat ive- l imi t ing  dur-  
ing the first 20 cycles and became positive l imit ing 
dur ing the remaining  30 cycles, (c) the half-cel l  po- 
tent ia l  of the air-cathode decreased from minus 100 
to minus  160 mv in 50 cycles, and (d) the half-cel l  
potential  of the cadmium anode remained constant 
at 800 m v  dur ing the 50 cycles. 

The slow deactivation of the air-cathode is indicated 
by the test results of these experiments.  The per -  
formance characteristics of these s ta te-of - the-ar t  air-  
cathodes indicate that fur ther  developmental  work is 
required to prevent  a loss in electrocatalytic activity 
by the p la t inum catalyst. 

Water  loss and uni t  cadmium-air  cell des ign . - -The  
10 amp-hr  uni t  cadmium-a i r  cells employed in the 
USAECOM program lost about 0.5 cc of water  per 
cycle at the C/5 rate of charge and discharge. This 
water  loss pr imar i ly  resulted from t ranspi ra t ion  of 
water  vapor through the pores of the air-cathode and 
cell vent. As shown in Fig. 9, an opt imumly designed 
cadmium-a i r  cell of nomina l  10 amp-hr  capacity in-  
cludes a sump at the base of the cell which contains 
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Fig. 9. Unit cadmium-air cell 
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5 cc of reserve electrolyte (as water) .  The excess 
water would prevent  drying of the cell for approxi-  
mately 10 cycles (the un i t  cells cycled in this program 
had an electrolyte reservoir  of 100 cc of excess elec- 
t rolyte) .  The cells could be watered every 10 cycles 
through a filling hole in the cover, after unscrewing 
the sealing plug. The required amount  of water  could 
be indicated by construct ing the cell with a t rans-  
parent  or t rans lucent  plastic frame through which the 
electrolyte level can be seen and adjusted. 

Electrolyte absorbent  polyamide Pel lon is placed in 
both the anolyte and catholyte compartments  to t rans-  
port electrolyte from the sump to the electrodes. The 
main  separator consists of two layers of a nonoxidiz-  
able and nondegradable  membrane,  such as Astroset 
3420-09 (an inorganic membrane  from Douglas Air -  
craft Corporation) or Radiation Applications Inc. P-300 
(a grafted polyethylene membrane) .  The cadmium 
anode is 100 mils thick, with an apparent  porosity of 
62%, and contains 5% ferric oxide extender  and 5% 
carbonyl  nickel conductor. The air-cathodes are state- 
o f - the-ar t  and bifunct ional  (with a p la t inum loading 
not exceeding 6 mg/cm2).  The electrolyte is 30% KOH 
saturated with zincate, and CO2 is removed from the 
influent air by means of ascarite or soda-lime columns 
contained wi th in  the bat tery  case. 

The energy densities on the basis of weight and 
volume for the 10 amp-hr  cadmium-a i r  cell are tabu-  
lated in the top of Table II. The weights of the cell 
components are listed in the bottom of the table. 
From the data, it is seen that an energy density of 
51 w h r / l b  is a t ta inable at the C/10 rate and 43.5 
w h r / l b  at the C/2 rate. 

An actual  24v, 25 amp-hr  cadmium-a i r  bat tery was 
constructed by General  Electric for the U. S. A r m y  
Electronics Command. The bat tery was bui l t  according 
to the design parameters  derived from the USAECOM 
program. The uni t  test cells had an energy densi ty of 
45 w h r / l b  at the 2-amp rate and the bat tery plus case 
hardware  had an energy density of 35 whr / lb .  Un-  
fortunately,  electrolyte leakage from the cells and 
cathode flooding after prolonged charged stand pre-  
vented fur ther  testing of the battery. Serious as these 
problems are, they should not be difficult to correct in 
future  cadmium-a i r  bat tery  designs. 

Discussion 
The loss in capacity by the cadmium anode is a t t r ib-  

uted to a loss in real surface area by the growth of 
cadmium crystals and by the subsequent  blockage of 
the electrode pores (1-3). At moderate  and elevated 
temperatures,  the charge and discharge of the cadmium 
electrode are reported to be controlled by the reaction 
between a soluble cadmiate ion species [Cd(OH)3- ]  
and the active lattice sites (4). It  is believed that the 
function of the extender  is to provide lattice sites for 
the formation of cadmium hydroxide and metal  cad- 
mium via the soluble cadmiate ion species. As the 
number  of lattice sites, or nuclei, increases, there 
should then be a greater tendency to form finely 

Table II. Energy density calculations for a 12 amp-hr 
cadmium-air cell 

Energy  density (cycles 1-50) 

Capacity, 
Rate a m p - h r  CCV, v Whr / lb  Whr/in.a 

C/10 13.5 0.86 51.0 4.05 
C/5 12.5 0.83 47.2 3.80 
C/2 11.5 0.73 43.5 3.50 

Weight  of cell c o m p o n e n t s  

Cathodes  17.5g 
Anode  39,8g 
Separa to r  3.0g 
Electrolyte + 5 ec of w a t e r  22.0g 
Cell case, sump,  cover,  and other  22.0g 

Total  104.3g 
(0.30 lb) 

Volume of cell ( including O.100 in. air  spacer) 47.0 c c  
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divided metal  cadmium or cadmium hydroxide. It is 
possible that any metal  oxide, which (a) is insoluble 
in alkali, (b) is electrochemically inert, and (c) pos- 
sesses crystal lattice dimensions similar to those of 
cadmium hydroxide, could serve as a beneficial ex- 
tender  for the cadmium electrode. 

The fact that  carbonate increases the rate of capacity 
loss by the cadmium anode may be explained by (a) 
the formation of electrochemically inactive cadmium 
carbonate and /o r  (b) the accelerated growth of cad- 
mium crystals by a soluble cadmium carbonate species 
[Cd (CO3)3 -4] (5, 6). The reason that carbonate causes 
cadmium to penetrate  the separator wraps may be 
due to a dendri t ic  type of electrodeposited metall ic 
cadmium during the reduction of soluble cadmium 
carbonate. Final ly,  the fact that  carbonate  pre-  
vents poisoning of the air-cathode by the soluble 
cadmiate species [Cd(OH)3- ]  ma y  be due to a pref-  
erential  formation of soluble cadmium carbonate 
by the cadmium anode toward the end of discharge, 
the soluble cadmium carbonate species being innocu-  
ous to the air-cathode. Some of these phenomena are 
of interest  in that they also relate to the performance 
of n icke l -cadmium and s i lver -cadmium batteries. Basic 
studies of the effects of carbonate on the electro- 
chemical performance of the cadmium anode are there-  
fore warranted.  

The effect of zincate or a luminate  ions on the per-  
formance of the air-cathode in the presence of cad- 
miate ions is not understood. Possibly the cadmiate 
concentrat ion is reduced when the electrolyte is satu-  
rated with zincate or a luminate  and /or  the lat ter  ions 
prevent  chemisorption of cadmiate ions on the electro- 
catalytic sites of the air-cathode. A study of this 
phenomenon on a fundamenta l  basis is required. 

The loss of electrocatalytic activity by  the p la t inum 
catalyst after prolonged cycling of the air-cathode may 
be due to a recrystal l ization of the p la t inum and /or  
loss of hydrophobici ty at the three phase interface. 
Fur ther  study and development  of the air-cathode is 
undoubtedly  warranted.  

Conclusions 
i. Loss of capacity by the cadmium anode can be 

prevented by the addition of ferric oxide or t i t an ium 
dioxide extender  into the active s t ructure  and by re-  
muval  of carbon dioxide from the influent air s tream 
to the uni t  cells. 

2. Cadmium penetra t ion through the separator wrap 
can be prevented by removal  of CO2 from the cell, 
minimizing overcharge and placing an inert  electrolyte 
absorbent  interseparator  between the cadmium anode 
and main  separator. 

3. Poisoning of the air-cathode by soluble cadmium 
can be overcome by saturat ing the electrolyte with 
zincate or a lumina te  ions. 

4. Fur ther  development  work is required on the 
air-cathode to prevent  electrocatalytic deactivation 
after the prolonged cycling. 

5. Water  loss can be compensated by providing uni t  
cell with an electrolyte sump. 

6. Unit  cadmium-a i r  cells have been developed 
which show a cycle life capabil i ty of 300 cycles and 
an energy density in the range of 45-50 whr / lb .  

Manuscript  submit ted Oct. 16, 1968; revised m a n u -  
script received Jan. 17, 1969. This paper was presented 
at the Montreal  Meeting, Oct. 6-11, 1968, as Paper  360. 

Any discussion of this paper wil l  appear in  a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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The Heat Capacity of Electrolytes Simulating 
Those Found in Silver Chloride-Magnes:"- 

Water-Activated Batteries 
Duane W. Faletti 

Applied Physics Laboratory, University o~ -washington, Seattle, -washington 

and Ivan W. Herrick and Mark F. Adams 
College of Engineering, Research Division, -washington State University, Pullman, Washington 

ABSTRACT 

The heat capacities of magnes ium chloride-sea water  solutions with chlo- 
rinit ies varying from 4.5 to 19.0 parts per thousand and with 0-70g of mag-  
nes ium chloride per l i ter of solution were determined over a t empera ture  
range from 5 ~ to 85~ These solutions s imulate the electrolyte conditions 
found in silver chlor ide-magnes ium water -ac t iva ted  batteries using sea water.  
An empirical equation was developed which successfully predicts, wi th in  
1.5%, the heat capacities of such solutions over a range of chlorini ty from 0 
to 19 parts per thousand. 

Work is in progress to develop an improved design 
technique for silver chlor ide-magnesium water -ac t i -  
vated batteries based on a semiempirical  mathemat ical  
model (1). To determine bat tery  performance, heat 
capacity values accurate to a few per cent are required 
to calculate the tempera ture  of the electrolyte cir- 
culat ing in flow passages and cells. 

AZ61 magnes ium alloy is commonly used as the 
anode in silver chlor ide-magnesium batteries and sea 
water  is the common electrolyte (though it is possible 
to operate such batteries on fresh water) .  Since the 
pr imary  effect of the bat tery reaction is to add mag-  
nes ium chloride to the enter ing electrolyte, sufficiently 
accurate results for the purposes of bat tery design 
can be obtained from a s tudy of the heat capacity of 
solutions of magnes ium chloride in sea water  and in 
water. Secondary effects include the formation of 
precipitates of the hydroxides of magnesium, alu-  
minum,  zinc, and manganese,  and the removal  of some 
of the salts found in the enter ing electrolytes by, 
among other things, re tent ion in the sponge silver 
formed by the reduction of the silver chloride. The 
solutions studied cover the range of composition and 
tempera ture  of interest.  They were prepared by the 
method given in Ref. (2). 

Experimental Method 
The heat capacity was determined by a method 

commonly applied to static systems: electrical energy 
was converted to heat  at a constant, known rate wi th in  
the confines of the solution for a known length of 
time. 

Tempera ture  measurements  were taken prior to 
and after the heating period for de termining the tem- 
pera ture  rise caused by the heat  input.  The above 
informat ion plus a knowledge of the heat capacity of 
the calorimeter and the mass of the fluid in the 
calorimeter was sufficient to allow a calculation of the 
heat capacity using the equation 

E2t 
CpCal 

4.184 RAT 
Cp = [1] 

"Wsoln 

K e y  words :  h e a t  capac i ty ,  sea w a t e r - m a g n e s i u m  chlor ide  solu- 
tions, s i lver  c h l o r i d e - m a g n e s i u m  b a t t e r y  e lec t ro ly tes .  

where Cp is the heat capacity of the solution, Cal/g 
~ E is the potential  across the heater  in volts, t is 
the length of the heating period in seconds, R is the 
heater  resistance in ohms, aT is the tempera ture  rise 
resul t ing from the heat  input,  CpCal is the "heat 
capacity" (note units)  of the calorimeter in Cal/~ 
and Wsoln is the mass of the solution under  study. 

Apparatus.--Two types of calorimeters were used in 
this study. One type which worked satisfactorily at 
at 5 ~ and 25~ was simply a l - l i t e r  Dewar flask 
capped by a cork into which the thermometer ,  heater, 
and glass st irrer  were mounted,  an a r rangement  which 
can be operated rapidly and easily. However, there 
appeared to be no effective way of heating the space 
in the calorimeter above the liquid while still ma in-  
ta ining calorimetric conditions. The resul t ing con- 
densation of vapor in this space caused significant 
errors at temperatures  above 45~ 

In order to c i rcumvent  these problems, a cavity 
calorimeter was constructed for use at temperatures  
of 45 ~ , 65 ~ and 85~ (Fig. 1). Though agreement  
between the two calorimeters was acceptable at 45~ 
only the results obtained with the cavity calorimeter  
a r rangement  are presented for temperatures  above 
25~ 

A Beckman differential thermometer  accurate to 
0.002~ was used for the tempera ture  measurements.  
The heaters were glass coils filled with silicone oil 
with a nomina l  60-ohm length of Nichrome C re-  
sistance wire r u n n i n g  through them. The resistance 
wire ended below the liquid level and was connected 
to copper leads which extended to the outside of the 
calorimeter. 

Electrical energy to the heater was supplied by a 
stable power supply of 60v. The resistance of the 
heater was measured immediate ly  before and after the 
heating period, and the potential  drop across the 
heater  was measured dur ing the heating period. The 
accuracy of the thermometer ,  electrical components, 
and balance weights was checked periodically. 

Procedure.~All heat capacity determinat ions were 
made with a m i n i m u m  void space above the liquid so 
that  evaporat ion effects could be ignored. 

To el iminate condensation on the upper  portion of 
the calorimeter jar  (which occurred at 45~ and 
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Fig. 1. Schematic of cavity calorimeter; for measuring heat ca- 
pacity of electrolytes wlth temperatures ranging from 45 ~ to 85~ 

above),  the following procedure was used with the 
cavity calorimeter:  Samples were preheated to about 
I~ below the test temperature  in a preheat ing bath, 
whereupon the top of the calorimeter jar  was heated 
with a hot air blower to evaporate any  condensate 
which may have accumulated there. The calorimeter 
jar  was then placed in the calorimeter with the water  
circulat ing through the outer compar tment  held at 
I~ above the test tempera ture  dur ing the entire test. 

After  the calorimeter was allowed to equil ibrate 
for 20 rain, seven temperature  readings were taken 
at 50-sec intervals,  whereupon the heater resistance 
was measured and the heater was started. The voltage 
of the heater  (held constant  to 0.01v or better)  was 
measured at least three times dur ing the 150-sec heat-  
ing in terval  and the results averaged. Upon comple- 
tion of the heating per iod,  the heater  resistance was 
measured along with an addit ional  seven tempera ture  
readings taken at 50-sec intervals.  

Data reduc t ion  and error a n a l y s i s . - - T h e  t empera-  
ture  rise in the calorimeter was determined as fol- 
lows: Separate t empera ture - t ime  curves were drawn 
through the two sets of temperatures  recorded prior to 
and following the heating period. This could be done 
with a max imum deviat ion of 0.002~ or less by 
excluding the first point  taken after the end of the 
heating cycle. The tempera ture  rise from the heat input  
was taken to be the difference of these two tempera-  
tu re - t ime  curves at a t ime 80 sec after the start  of 
the heating period. 

The time chosen to take the tempera ture  rise, using 
Challoner 's  Method (3), was based on (a) an observed 
10-see t ime lag between the start  of the heat ing and 
the first indication of a tempera ture  rise, and (b) 
the apparent  I ineari ty of the t empera ture  rise with 
time dur ing the heat ing period. This process yields 
tempera ture  rises with max imum uncerta int ies  of 0.4% 
(0.008~ with about two thirds of the uncer ta in ty  
resul t ing from the extrapolat ion process. 

The heat capacities of both calorimeters were de- 
te rmined from experiments  with water  using the tech- 
niques described above but  solving for the heat  capac- 
ity of the calorimeter by rear ranging  Eq. [1] and add- 
ing the known value of the heat capacity of water  (4). 
The values of calorimeter heat capacity obtained 
should at least part ial ly compensate for systematic 
errors in tempera ture  extrapolations, etc. Five values 

of calorimeter heat capacity were determined at each 
tempera ture  level studied from which the average 
values of calorimeter heat capacity were calculated. 

An error analysis based on the values of ma x imum 
uncertaint ies  in the five parameters  of the experiment  
(Table I) and the uncer ta in ty  values calculated for 
the heat capacity of the calorimeter (using the values 
of the same five parameters)  gives a ma x i mum u n -  
cer ta inty  value of _ 1.25% for the heat capacity 
results. If the uncer ta in ty  value of the calorimeter 
heat capacity is excluded, a ma x i mum uncer ta in ty  
value of _ 0.7% results. The lat ter  value is of some 
interest  since the values of the calorimeter heat capac- 
ities were subjected to averaging. 

As a check on the exper imental  technique, the heat 
capacity was determined for four solutions wi th  known 
heat capacities. Two of these solutions were sea water;  
the agreement  obtained is discussed later. Of the 
two remain ing  solutions, one was of 2.44 m/o  (mole 
per cent) sodium chloride solutions which was run  
through at 45~ The heat capacity obtained was 
0 . 3 3 %  greater than  that  found by interpolat ing ICT 
data (5). 

The other check was made with a 0.405 molal  sodium 
chloride solution studied at 85~ The heat capacity 
obtained was 0.55% lower than  that  obtained by Eigen 
and Wicke (6). 

Presentation and Discussion of Results 
Three determinat ions  of the heat capacity were 

made for each solution at each temperature.  These 
three values were averaged and are presented in 
Table II and Fig. 2. The total spread in the three 
determinat ions made at a given point  never  exceeded 
0.7% and was typical ly 0.3%. Values of the heat 
capacity of solutions with zero chlorinity, i.e. mag-  
nesium chlor ide-water  solutions, over a tempera ture  
range of 10~176 were obtained by crossplotting 
the results of Eigen and Wicke (6) and Rutskov (7) 
and are shown in Fig. 2. 

An addit ional  check on the accuracy of the results 
is provided by the values of heat capacity for artificial 
sea water  solutions. The heat  capacities determined 
at 5~ for a solution with a chlorini ty of 4.5 parts per 
thousand (% o) and for a solution at 25~ with a 
chlorini ty of 19.0%o were, respectively, 0.39% and 
0.27% lower than values obtained by Cox and Smith 
(8). 

The empirical  equation, 

Cp = 0.9960--0.001259 ( C M )  - -  
0.002174 ( C H L )  q- 0 . 0 0 0 0 0 ' 9 5 2 6  ( C M )  (CHL) [2] 

Table I. Estimates of maximum uncertainties 

Estimated maximum 
Parameter uncertainty, % 

Potential (E) 0.03 
R e s i s t a n c e  (R) 0.05 
Mass (W) 0.01 
Time (t) 0.07 
T e m p  rise  (AT) 0 .29  

Table II. Values of heat capacity of simulated electrolytes for 
silver-chloride-magnesium sea water-activated batteries (cal/g~ 

Added 
Chlorinity MgC12 

(% o) g/liter 5~ 25~ 45~ 65~ 85~ 

4.5 0.0 0 .987 
4.5 10.0 0 .978 0.972 0 .984 
4.5 20.0 0 .957 0.966 0.961 
4.5 35.0 0 .947 0 .944 0.945 
4.5 50.0 0 .926 0.925 
4.5 70.0 0.898 
9.0 10.0 0 .958 0 .966 0.970 
9.0 35.0 0.930 0.935 

19.0 0.0 0 .953 
19.0 10.0 0.937 0 .939 0,957 
19.0 29.0 0.932 0 .939 0 .934 
19.0 35.0 0 .914 0.918 0 ,916 
19.0 50.0 0 .899 0 .900 
19.0 70.0 0.881 
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Fig. 2. Heat capacity as a function of added MgCI2. Lines show 
values of heat capacity as predicted by I:q. [2] for the levels of 
chlorinity shown, in parts per thousand. 

was developed where CM is added MgC12 in g/ l i ter  of 
sea water  or fresh water, and CHL is chlorini ty in 
parts per thousand. This equation successfully predicts 
the heat capacity as a function of chlorini ty 
(0.0-0.19%o) and added magnesium chloride (0-70 
g/ l i ter)  to within 1%, with two exceptions: The first 
is a 1.1% deviation with a solution of 4.5%0 chlorini ty 
and 10 g/ l i ter  added magnes ium chloride at 45~ the 
second is a solution of 19.0% o chlorini ty and 10.0 
g/ l i ter  added magnesium chloride at 45~ with a de- 
viat ion of --1.4%. 

The chlorini ty of sea water  in the world's oceans 
varies from about 4.5 to 22.5%0. Since Eq. [2] is based 
on a l inear  interpolat ion between 0.0 and 19.0%o 

chlorinity, the use of Eq. [2] to extrapolate to a 
chlorini ty of 22.5% appears justified. 

The electrolyte temperatures  and compositions cov- 
ered in this study are typical of those found in high- 
dra in  silver chlor ide-magnesium sea water-act ivated 
batteries. The observed 10% variat ion in heat capacity 
(see Table II) indicates that  corrections for this var ia-  
t ion in heat capacity (i.e., Eq. [2]) should be incor-  
porated into design techniques which make use of 
material  and energy balances (such as the design 
techniques under  development  at Applied Physics 
Laboratory, Univers i ty  of Washington) .  
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Mechanisms of Oxidation of 
Ta-lOW Alloy Coated With Tungsten Disilicide 

Joan B. Berkowi tz -Mat tuck*  

Arthur D. Little, Incorporated, Cambridge, Massachusetts 

ABSTRACT 

Continuous oxygen consumption measurements  have been made on two 
commercially available W/Si  type coatings, the TRW duplex coating and 
Solar's TNV-13, at temperatures  between 1000 ~ and 1800~ and an oxygen 
part ial  pressure of 150 Torr in helium. The coatings were applied by the 
vendors to small  cylindrical  pellets of Ta-10 a/o W. It was shown that  the 
coated samples undergo significant changes in properties if preheated in non-  
oxidizing atmospheres. Although the as-received TRW and TNV-13 samples 
are both nominal ly  similar, they exhibit  totally different oxidation behavior 
under  the conditions investigated. Oxidation of the TNV-13 coated samples is 
parabolic between I000 ~ and 1700~ and the parabolic rate constant increases 
with temperature.  Oxidation of the TRW coated samples is logarithmic, and 
the extent  of oxidation in a l - h r  t ime period decreases as the temperature  is 
increased from 1000 ~ to 1250 ~ to 1500~ At  1700~ the TNV-13 coating pro-  
vides protection, while the TRW coating fails catastrophically. The results of 
electron microprobe analysis suggest that  the basic differences in oxidation 
mechanism between the two coating systems may be ascribed to the presence 
of a small  amount  of t i tan ium in the TNV-13 coating. 

The poor oxidation resistance of refractory metals 
and alloys severely limits their  usefulness in oxidizing 
envi ronments  at high temperature.  Since the metals 
themselves are at tractive for many  projected applica- 

* Electrochemical Society Active Member. 

tions due to their  high mel t ing points and good high- 
temperature  strengths, considerable effort has been 
devoted in recent  years to the development of oxida- 
t ion-res is tant  coatings. This paper examines the basic 
oxidation mechanism of two commercial coating sys- 
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terns, both based on tungs ten  disil icide, which  were  
developed for improving  the  oxida t ion  resis tance of 
Ta-10W. The coating systems, whi le  s imi lar  f rom a 
chemical  s tandpoint ,  differ both in precise  formula t ion  
and in ove r - a l l  oxidat ion  behavior .  

Mater ia ls  
Annea led  Ta-10W rod, 0.312 in. in diameter ,  was 

suppl ied by  Nat ional  Research Corporat ion,  Newton, 
Massachusetts .  A certified hea t  analysis  of the ma te r i a l  
is reproduced  in Table  I. The pr inc ipa l  impur i ty  is 
seen to be Nb and the  W concentra t ion is somewhat  
lower  than  the nomina l  10%. The as - rece ived  rod was 
machined  into cyl indr ica l  pel le ts  app rox ima te ly  0.3 in. 
in height,  a size sui table  for the oxidat ion  tests de-  
scr ibed in Table  I. The ma te r i a l  ana lyzed  9.2 w /o  
(weight  pe r  cent)  W wi th  the  balance  Ta. 

The coat ing systems selected for  s tudy  were  the 
Solar  TNV-13 duplex  coat ing (1) and the TRW 
(Thompson Ramo-Wool r idge )  s i l icon- tungs ten  coat-  
ing (2). The coatings were  appl ied  by  the manufac -  
turers  to the  cy l indr ica l  tes t  pel lets  descr ibed above. 
The basic steps in the respect ive  coating fabr icat ion 
processes are  summar ized  in Table  II. Both coating 
systems are  duplex  in nature .  The TRW system has a 
chemical ly  vapor  deposi ted l aye r  of W, appl ied by  
Westinghouse,  ad jacen t  to the  Ta-10W al loy surface. 
The TNV-13 sys tem s tar ts  wi th  a s lu r ry  coat  of 95W- 
5Ti. The silicon is diffused into the TRW coating in 
a vacuum pack, and into TNV-13 in a h igh-pressure  
pack. Final ly ,  TNV-13 is impregna ted  wi th  glass frit ,  
whi le  the  TRW coating receives no fu r the r  t rea tment .  

Oxidation Kinetics Measurements and Results 
For  both as - rece ived  and coated samples,  measu re -  

ments  were  made  of the  ra te  to ta l  oxygen  up take  as a 
function of t ime  at  t empera ture .  A d iag ram of the  
oxidat ion  appara tus  is shown schemat ica l ly  in Fig. 1 
and has been descr ibed prev ious ly  (3). Briefly, a m i x -  
ture  of he l ium and oxygen  of known composit ion flows 
th rough  a t he rma l  conduct iv i ty  cell  (TC-I)  conta in-  
ing a the rmis to r  bead detector,  and over  an induct ive ly  
heated pellet ,  where  some of the  oxygen is lost from 
the s t ream by  reaction.  The oxygen deple ted  s t ream 
passes th rough  a second the rmal  conduct iv i ty  cell  
(TC-I I )  s imi lar  to the  first. The two cells, TC-I  and 
TC-II ,  form two arms of a Wheats tone  bridge, whose 
recorded output  at any  t ime is d i rec t ly  p ropor t iona l  to 
the ra te  at which the  sample  is reac t ing  at  that  t ime. 
The recorded ra te  curve is au tomat ica l ly  in tegra ted  to 
give the  net  ex tent  of react ion over  a given t ime 
period. The test  envi ronment  for  the  oxidat ion  studies 
repor ted  he re  was 760 Torr,  wi th  150 Tor t  oxygen and 
the r ema inde r  helium. 

Table I. Certified heat analysis of Ta-iOW rod 

I m p u r i t y  Concentra t ion (ppm) 

O 14 
N 17 
C 48 
A1 <25 
Cr <5 
Cu < I  
Fe 20 
Mo 30 
Nb 125 
Ni <5 
Si I I  
Ti <10 

Table II. Basic steps in coating application 

TNV-13 (Solar} (1) TRW (2) 

:1. S lu r ry  coat wi th  95W-STi 
and s inter  

2. P res su re  pack  silicide in 
a rgon  near  1 arm 

3. I m p r e g n a t e  wi th  glass f r i t  

1. Chemical ly  vapor  deposi t  W 
(West inghouse)  

2. V a c u u m  pack  silicide (TRW) 

TC-II 

SAMPLE 

O 

ThO 2 

H~ SUPPORT ROD 

Fig. 1. Schematic drawing of apparatus for monitoring rates of 
oxygen depletion. 

In previous  oxida t ion  studies wi th  the present  ap -  
paratus ,  i t  was rou t ine  to p rehea t  specimens in pure  
he l ium at the  p lanned  oxidat ion  t empe ra tu r e  to r e -  
move any res idual  pe rmanen t  gasses. This degassing 
procedure  was found to degrade  ser iously the coated 
systems under  inves t igat ion here,  and was u l t ima te ly  
abandoned.  Oxida t ion  resul ts  for degassed and unde-  
gassed TRW samples  are  compared  in Fig. 2 for t em-  
pe ra tu res  of 1000 ~ 1250 ~ and 1500~ respect ively .  At  
1000 ~ and 1250~ the ex ten t  of oxidat ion  at  al l  t imes 
is s ignif icantly h igher  for the  degassed samples, a l -  
though the form of the  oxidat ion  vs. t ime curves is 
similar.  At  1500~ the oxida t ion  mechanism may  
change, and the degassed sample  in i t ia l ly  oxidizes less 
r ap id ly  than  the undegassed one. Eventual ly ,  however ,  
the  degassed sample  fails  ca tas t rophical ly ,  whi le  the 
undegassed one re ta ins  exce l len t  p ro tec t ive  charac-  
teristics.  Thus, the  oxidat ion  behavior  of a coated 
sample  is c r i t ica l ly  dependent  on pr ior  history.  F u r -  
thermore ,  coated specimens wil l  not  to lera te  prolonged 
exposure  at  high t empera tu re s  in nonoxidiz ing a tmos-  
pheres  wi thout  significant changes in propert ies .  I t  may  
be noted that  pe rmanen t  gas evolution,  as moni tored  
wi th  the  t he rma l  conduct iv i ty  cell, p roved  to be neg-  
l ig ible  in all  cases. 

In Fig. 3, oxidat ion  resul ts  for undegassed TRW 
coated samples  a re  compared  as a function of t e m p e r a -  
ture.  Over  a 1-hr  period, the  extent  of oxidat ion  de-  
creases as the t empera tu re  is increased f rom 1000 ~ to 
1250 ~ to 1500~ The improvemen t  of oxidat ion  res is t -  
ance with  increas ing t empera tu re  over  the pro tec t ive  
range  is character is t ic  of both  monoli thic  mo lybd enum 
and tungsten silicides (4). The ra te  of format ion  of 
the  pro tec t ive  sil ica film is p robab ly  more  rap id  at  
h igher  t empera tu re  and hence protec t ion  is es tabl ished 
earl ier .  A t  1700~ ini t ia l  ra tes  are  exceedingly  high, 
but  a pro tec t ive  oxide is never  es tabl ished and a ca ta-  
s t rophic oxidat ion  fa i lure  occurs. 

In contras t  to the  da ta  in Fig. 3 for the TRW coating, 
oxygen  consumpt ion vs. t ime curves for the  unde -  
gassed Solar  TNV-13 coat ing are  shown in Fig. 4 for 
t empera tu res  of 1000 ~ 1250 ~ 1500 ~ 1700 ~ and 1800~ 
The TNV-13 coat ing c l ea r ly  shows a decl ining ra te  of 
oxidat ion  wi th  time, character is t ic  of a good ox ida t ion-  
res is tan t  mater ia l ,  up to the  highest  t empera tures .  
Even up to 1500~ w h e r e  both the TNV-13 and the  
TRW coatings are  protect ive,  the  fundamen ta l  mech-  
anism of oxidat ion  appears  to be different.  The curves  
of Fig. 4 a re  a pp rox ima te ly  parabolic ,  as seen in the  
plots of oxygen consumpt ion squared (ge/cm4) vs. 
t ime in Fig. 5. Near  1500~ where  the  pro tec t ive  p rop-  
er t ies  of the  T R W  coat ing seem to be opt imum, the  
oxida t ion  curve is logar i thmic,  and the  final rate of 
oxidat ion  at  long t imes is lower  than  for  the  pa rabo l i -  
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cally oxidizing TNV-13. The total oxygen  consumed 
in a 1-hr t ime period at 1500~ is also lower for the 
TRW than for the TNV-13 coating, 1.2 x 10 -4  g / c m  ~ 
for TRW compared to 9.4 x 10 -4  g / c m  2 for TNV-13. 
However,  at 1700~ the TNV-13 coating is vast ly  
superior, sti l l  retaining good protective properties wi th  
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parabolic oxidation, whi le  the TRW coating has failed 
completely.  At 1800~ (observed brightness tempera-  
ture) ,  the TNV-13 coating is seen to have failed 
catastrophically wi th in  6 rain. A n  experiment  con- 
ducted at gradually rising temperatures with TNV-13 
l e d  to irreparable coating degradation near 1740~ 

For purposes of comparison, a number of runs were  
made on the uncoated alloy, previously heated in pure 
he l ium at the oxidation temperature for about Y2 hr. 
The kinetic results for 150 Torr oxygen  partial pres- 
sure are summarized in Fig. 6 for temperatures of 
1000 ~ 1250 ~ 1500 ~ and 1700~ At 1000~ although the 
rate of oxidation decreases wi th  t ime for at least 40 
min, the rate law is not parabolic. The data at 1250~ 
show very clearly the breakaway behavior character- 
istic of tantalum and its alloys. If the 1000~ runs were  
extended to longer times, sharp increases in rate might  
become apparent. A t  1500~ the very rapid oxidation 
precluded a long run. For the first 12 min, oxidation 
proceeded l inearly.  Note that at 1250~ the total oxy -  
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perature. 
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Fig. 5. Parabolic plot of oxidation data for Solar TNV-13 coated 
samples. 

gen consumed over a 45-min period was 0.248 g /cm 2, 
with breakaway occurring at an oxygen pick-up close 
to 0.07 g/cm 2. At 1500~ the oxygen pick-up reached 
0.248 g/cm 2 in a period of a little over 9 min. At 1700~ 
there is an abrupt  increase in oxidation rate after 
3 min  at temperature,  followed by a period of apparent  
decrease in rate. Thus in these experiments  the total 
oxygen consumed, or equivalent ly  the alloy recession, 
was comparable after 12 rain at both 1500 ~ and 1700~ 
Fur ther  kinetic measurements  for longer t imes on 
larger samples, and detailed s t ructural  analyses, would 
be required to determine whether  different mechanisms 
a r e  operative. 

Metal lography and Microprobe Analysis 
Photomicrographs of the oxidized uncoated samples 

of Ta-10W are shown in Fig. 7. In  Fig. 7(a) and 7(b) ,  
macrographs (magnification of 10X before reproduc-  
tion) are shown for uncoated samples oxidized at 
1000 ~ and 1250~ respectively. In  Fig. 7(b) ,  the 
Maltese-cross type cracks visible in  the oxide layers 
are indicative of a h ighly  stressed oxide film. Even at 
1000~ dissolution of oxygen into the t an t a lum gives 
rise to an extensive ne twork  of in te rna l  oxide pre-  

ALLOY 
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Fig. 6. Oxidation of Ta-10W 

cipitate in the alloy immediate ly  adjacent  to the outer 
oxide film [Fig. 7(c)] .  

NIetallographic sections of the as-received TRW 
coated samples are shown in Fig. 8 under  normal  and 
polarized light. The br ight  outermost  layer that  ap- 
pears under  polarized light for both coating systems 
is an artifact, probably due basically to the roughness 
of the coating surface. The TRW coating is described 
by the m , n u f a c t u r e r  as a duplex W / S i - W  two-cycle 
coating (2). A tungs ten  layer  is deposited by chemical 
vapor deposition, and a Si -W coating is then  formed 
by a vacuum-pack  process. The pack typical ly con- 
tains 99% Si, 0.5% W, and 0.5% NaF activator. Silicon 
is diffused into the tungs ten  precoat at temperatures  
near  2200~ for times of the order of 3 hr. A layer  of 
WSi2 purportedly grows inward  from the external  
surface. The two layers are p la inly  visible in Fig. 
8 ( a ) - - a  grey band  of tungs ten  adjacent  to the alloy 
substrate, and a crystal l ine outer layer  of silicide. 

The Solar TNV-13 coating, shown in Fig. 9, is quite 
different from the TRW, both in method of preparat ion 
and in final microstructure.  TNV-13 is described as a 
duplex (95W-5Ti)-Si  composition. I t  is prepared in 
three steps. First, a 95W-5Ti slurry, in an organic 
vehicle, is applied and then sintered in vacuum at 
2760~ Second, a silicide coating is formed by high-  
pressure pack cementat ion;  i.e., the s lurry  coated alloy 
is imbedded in a mix ture  of silicon and a small  amount  
of NaF activator, and heated in argon at pressures 
slightly above atmospheric for about 7 hr  at 2150~ 
Finally,  the coating is impregnated  wi th  an aqueous 
slip of finely mil led bar ium borosilicate glass frit, and 
air-fired for 10-14 rain at 1800~ The duplex na tu re  of 
the final coating is clear in Fig. 9. A comparison of the 
TNV-13 coating in Fig. 9 wi th  the TRW coating in 
Fig. 8 seems to suggest that  the 95W-5Ti precoat, ap- 
plied as the first step in fabricat ing TNV-13, is silicided 
almost completely dur ing subsequent  steps. The inner  
layer  of TNV-13 has a similar microstructure  to the 
outer layers of the TRW coating system, and was later  
shown to consist main ly  of t an t a lum silicides. The 
outer layer  of the TRW coating is, of course, WSi2. 
Table III  indicates the Ti and Ta dis tr ibut ion in the 
TNV-13 coating system, as determined by electron 
microprobe analysis. The Ti is seen to be concentrated 
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Fig. 7. Oxidized uncoated Ta-lOW 

near  the  center  of the  inner  c rys ta l l ine  t an t a lum si l i -  
cide band  [posi t ion 0.5 in Fig. 9 ( b ) ] .  In  this  case, t he  
ana ly t ica l  measurement s  were  somewhat  crude,  and 
the  absolute  numbers  are  of less significance than  the 
r e l a t ive  t rends  d isplayed.  

Fig. 8. TRW coated samples of Ta-lOW (as received) 

The micros t ruc tu re  of the  TNV-13 and TRW coatings 
af te r  oxida t ion  for 1 hr  a t  1500~ are  compared  in Fig. 
10. Both coat ing sys tems a re  charac te r ized  b y  the  
growth  of a surface  layer  wi th  a rough uneven  s t ruc-  
tu re  at  the  in ter face  wi th  the  coating. The na tu re  of 
the  surface layer ,  however ,  is qui te  different  in the  
two cases. In  the Solar  coating,  the  surface layer  tha t  
develops is a smooth dense ox ide  wi th  no appa ren t  
s t ructure .  Microprobe analysis,  discussed below, shows 
the  oxide  to contain silicon and t i tan ium,  but  essen-  
t i a l ly  no tungsten.  Compar ison  of Fig. 10 (b) wi th  Fig. 
9(b)  reveals  the  subs tan t ia l  c rys ta l  g rowth  and re -  
crys ta l l iza t ion of the  coat ing tha t  appears  to occur 
s imul taneous ly  wi th  h i g h - t e m p e r a t u r e  oxidat ion.  Whi le  
the  coat ing s t ruc ture  of the as - rece ived  ma te r i a l  shown 
in Fig. 9 (b) appears  to be amorphous,  the  s t ruc ture  in 
10 (b) af ter  oxida t ion  displays  an equiaxed  gra in  s t ruc-  
ture.  Microprobe resul ts  for  the  TRW sample  af te r  
oxidat ion  at 1500~ are  summar ized  in Table  IV. The 
tungs ten  and tungsten disi l icide layers  a re  identif ied 
unambiguously .  The outer  l aye r  tha t  develops dur ing 
oxida t ion  is seen to contain  both  Si and  W, and pre -  
sumably  oxygen as well.  I t  is possible tha t  protect ion 
is ac tua l ly  conferred  by  a ve ry  th in  l aye r  of silica 
which  is not  detected in the photomicrograph.  I t  is 
in teres t ing  to note the  absence of a W5Si~ phase  at  the  
W/WSi2 interface,  as wel l  as the  absence of in terdi f fu-  
sion be tween  the  chemical ly  vapor  deposi ted tungs ten  
letyer and the  t an t a lum in the  alloy. Unfor tuna te ly ,  ad-  
herence at the  W/Ta-10W inter face  may  be inadequate .  
Delaminat ion,  as shown in Fig. 10(e),  was ac tua l ly  
seen to have  occurred over  most  of the  surface of the  
oxidized sample.  

In Fig. 11, photomicrographs  are  shown for coated 
samples  oxidized at  1700~ and  150 Tor r  oxygen  p res -  
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Table III. Electron microprobe analysis of solar sample 

Point  Area  Ti  Ta 

Coating "w/o 

1 ~30/~ f r o m  surface 0.2 <0.08 
2 ~60~ f r o m  surface 0.2 <0.08 
3 ~90/~ f rom surface 0.4 <0,08 
4 ~120~ f rom surface 0.2 0.2 
5 Center  of band  0.8 63.7 

Matrix 

6 5~ f rom coating interface 0.3 90.1 
7 10~ f rom coating interface 0.07 92.0 
8 20/L f rom coating interface <0,01 91,3 
9 40~ from coating interface <0.01 92.7 

10 60~ f rom coat ing interface <0.01 91.5 
11 Matrix (way in) <0.01 92.3 

Fig. 9. Solar TNV-13 Coated samples of Ta-IOW (as received) 

sure. The  TNV-13 coat ing is seen to be  intact ,  w i th  a 
smooth glassy outer  oxide  s imi lar  to tha t  obta ined at  
1500~ [cf. Fig. 10(a) and ( b ) ] .  The oxide is also ob-  
served to br idge  a crack.  Compar ison of Fig, l l ( b )  
wi th  10(b) shows gra in  growth  and recrys ta l l iza t ion  
in the  area  benea th  the  surface oxide to have proceeded 
to a g rea te r  ex tent  at  1700 ~ than  at  1500~ as might  be 
expected.  Two bands a re  vis ible  in Fig. 11 (b) be tween  
the recrys ta l l i zed  zone and the al loy substrate ,  whereas  
only one is apparen t  in Fig. 10 (b) .  Results  of e lect ron 
microprobe  analysis  of the  oxidized coated s t ruc ture  
for  TNV-13 coat ing are  summar ized  in Table  V. The 
outer  oxide  is in a l l  l ikel ihood silica, containing sub-  
s tan t ia l  quant i t ies  of t i tan ium,  p r o b a b l y  as the  oxide. 
The  new band  at  the  a l loy /coa t ing  interface  appears  

to be Ta2Si, fo rmed by  interdiffusion of silicon f rom 
the  coating. The ex tens ive ly  recrys ta l l ized  region is 
WSi2 conta in ing  some Ti. Benea th  this  is a band  con-  
ta in ing W~Si3 nea r  the  in te r face  wi th  WSi2, and  
Ta5Si~ (having the same hexagona l  c rys ta l  s t ruc ture  
as WsSi3) nea r  the  in terface  wi th  Ta2Si. I t  is pa r t i cu-  
l a r ly  no tewor thy  tha t  Ti in the  oxidized s t ruc ture  is 
concent ra ted  in the  pro tec t ive  oxide. The TRW sample,  
shown in Fig. l l ( c ) ,  (d) ,  and  (e) fai led at  an  edge 
via tungsten delaminat ion.  The a t t ack  on the  unpro -  
tec ted  subs t ra te  is s imi lar  to tha t  discussed above for  
uncoated  Ta-10W. The th ree  layers  vis ible  in Fig. 10 
m a y  also be seen wi th in  the  l ight  band of Fig. l l ( e ) - -  
the  W, WSi2, and W - S i - O  layers.  Fa i lu re  the re fore  ap -  
pears  to be bas ica l ly  mechanica l  in nature .  

The  TNV-13 specimen tha t  fa i led  at  1800~ is shown 
in Fig. 12. The  ve ry  th ick  oxide tha t  covers most  of the  
surface has the  character is t ics  of the  Ta205 tha t  forms 
on the uncoated  alloy. The  conversion of the  a l loy sub-  
s t ra te  to oxide  resul ts  in such a l a rge  increase  in  vol -  
ume tha t  t he  oxide grows out  to envelop p a r t l y  the  
or ig ina l  coating.  

Discussion 
Both the  TRW and TNV-13 coatings have  been ex -  

tens ive ly  tes ted  in o ther  laborator ies ,  wi th  resul ts  tha t  
differ in severa l  aspects f rom those  r epor t ed  here.  P e r -  
haps the  most significant difference lies in the  upper  
t e m p e r a t u r e  l imit  of t he  coat ing systems. In  this  work,  
ca tas t rophic  fa i lure  of the  TRW coat ing at 1700~ 
(3090~ was noted in less than  10 min; pro tec t ive  
l i fet imes of 0.5-3.0 hr  at 3500~ have  been  repor ted  by  
TRW. The TNV-13 coat ing was found here  to provide  
re l iab le  protec t ion  for  at least  1 h r  at 1700~ but  to 
show signs of fa i lure  near  1730~ (3150~ The same 
coat ing tes ted by  TRW disp layed  va r i ab le  edge fa i l -  
ures  at  t imes of 0.5, 2.0, and 8.50 hr  at 3000~ and 
genera l  fa i lure  af ter  5 min  at  3500~ Tests of the  
TNV-13 and TRW coatings at  McDonnel l  a r e  ci ted by  
Sola r  (1) and pro tec t ive  l i fe t imes r epo r t ed  a re  as fol -  
lows: a t  3200~ 10 and  6.5 hr, and, at  3600~ 0.8 and 

Table IV. Microprobe results for TRW sample oxidized at 1500~ 

w/o 
Point  Area  Si W Ta T i  

Coating 

1 Surface oxide 16.5 57.8 <0.08 <0.01 
2 White me ta l  in gray  surface oxide 23.4 76.6 <0.08 <O.Ol 
3 Band (30/~ f rom surface) 24.8 75.2 <0.08 <0.01 
4 Band  (5O/L f r o m  surface) 24.8 75,2 <0.08 <O.01 
5 Band (70~ f r o m  surface) 0.04 ~100 <0.08 <0.01 
6 Mottled band (90~ f rom surface) 0.03 ~100 <0.08 <0.01 

Matr ix  

7 ~3-5~  f rom coating interface <0.02 9.5 90.5 <0.01 
8 10/~ f rom coating interface <0.02 9.5 90.5 <O.O1 
9 20~t f r o m  coating interface <0.02 9.5 90.5 <O,Ol 

10 40/~ f rom coating interface <0,02 9.4 90.8 <0.01 
11 80~ f rom coating interface <0,02 9,5 90.5 <0.01 
12 100~ f rom coating interface <0.02 9.9 90.1 <0.01 
13 Matr ix  (way in) <0.02 10.O 90.0 <0.01 

W-Si-O 
WSi2 
WSi2 
V~rSi2 
W 
W 
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Fig. 10. Coated sample of Ta-10W after 1 hr oxidation; 1500~ 
and ] 50 Tort oxygen pressure. 

1.5 hr  for TNV-13 (Solar C) and TRW, respectively. 
On the basis of the present  results, useful  coating life- 
times could not be predicted above 3090~ for TRW or 
above 3150~ for TNV-13. The difficulty may lie in the 
different methods of testing, and /or  inaccuracies of 
temperature ,  introduced by lack of knowledge of the 
proper emit tance corrections for each test. Fur the r  
work on tempera ture  measurement  is clearly required, 
and the present  experiments  serve to confirm the exist~ 
ence of a problem, ra ther  than  to provide a solution. 

No quant i ta t ive  data were found in the l i terature  for 
comparison wi th  results reported here on extent  of 
oxidation as a funct ion of temperature .  At 2400~ 
(1315~ weight gains of I and 5 mg/cm 2 are reported 
for TNV-13 after 50 hr in static air (5). The measure-  
ments  described above are of total  oxygen consump-  
tion, ra ther  than  weight gain. Since some tungsten  may 
be lost from the coating in the form of volatile t ung -  
sten oxides, total oxygen consumption should be larger 
than  net weight gain. Extrapola t ing the oxygen con- 
sumption data given above for a l - h r  t ime period at 
1250 ~ and 1500~ to 50 hr on the basis of a parabolic 
rate equation, oxygen values of 2.4 and 6.65 mg/cm 2 
are predicted at 1250 ~ and 1500~ respectively. While 
the extrapolat ion is certainly over too wide a range to 
be very  reliable, the agreement  wi th  the Solar results 
(5) is grat i fyingly good nonetheless. Since ni t rogen 
influences the behavior  of some materials,  the test data 
reported here for hel ium oxygen may not be strictly 
comparable to air oxidation test data. This point  might  
be checked experimental ly.  

Comparing the oxidation behavior  of the TRW and 
TNV-13 coatings as shown in  Fig. 3, 4, and 5, we  are 
led to the conclusion that  the oxidation mechanism 
must  be quite different for the two coating systems, 
in spite of the s imilar i ty  in basic chemical composi- 
tion. The TNV-13 coating oxidized parabolically;  the 
TRW coating oxidizes logarithmically.  Between 1000 ~ 
and 1800~ and an oxygen pressure of 150 T0rr, the 
rate of oxidation of the TNV-13 coating increases with 
increasing tempera ture  and the coating remained  pro-  
tective at 1700~ In  contrast, the rate of oxidation of 
the TRW coating decreases as the tempera ture  is in-  
creased from 1000 ~ to 1250 ~ to 1500~ and then in-  
creases catastrophically at 1700~ The metallographic 
and microprobe results reported above identify im-  
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Fig. 11. Coated samples of Ta-10W after oxidation at 1700~ 
and 150 Torr oxygen pressure. 

por tan t  s t ruc tura l  differences in the  two coat ing sys-  
tems tha t  m a y  account for the  ve ry  different  oxidat ion  
mechanisms observed.  

The pro tec t ive  oxide  tha t  develops on TNV-13 is a 
r e la t ive ly  th ick  sil ica glass, conta ining 4-10 w / o  of 
t i tanium.  The SiO2-TiO2 phase  d i ag ram is of the  s imple  
eutectic type,  wi th  a eutectic composi t ion and t e m p e r a -  
tu re  near  10 w/o  TiO2 and 1540~ (6). The mel t ing  
point  of si l ica is r epor ted  as 1713~ (7). No oxygen  
p ickup was detected in the  WSi2 l aye r  benea th  the  
pro tec t ive  oxide. However ,  the WSi2 l aye r  was or ig i -  
na l ly  porous ar/d extens ive  gra in  g rowth  and r ec rys t a l -  
l izat ion were  observed as a resul t  of the  h i g h - t e m -  
pe ra tu re  exposure.  The ou te r  l ayer  observed in the  
TRW coat ing was a mic rocrys ta l l ine  W - S i - O  phase,  
a l though the  kinet ic  da ta  suggests tha t  an ex te rna l  

si l ica skin might  have  been formed as well.  The pres-  
ence of t i t an ia  in the  TNV-13 coat ing is a lmost  cer-  
t a in ly  beneficial. I t  may  act as a ca ta lys t  for  the  r ap id  
nuclea t ion  and growth  of silica, or m a y  improve  the 
pro tec t ive  proper t ies  of the  glass. 

A majo r  p rob lem wi th  the  TRW coat ing is de l amina -  
t ion of the  chemica l ly  vapor  deposi ted  tungs ten  l aye r  
dur ing  exposure.  In  the  TNV-13 system, a l though a 
95W-5Ti s lu r ry  is la id  down ini t ia l ly ,  s i l ic iding is ve ry  
deep and the  final l ayer  lef t  in contact  w i th  the  al loy 
is not  tungs ten  but  a t an t a lum silicide. Here,  too, it  
m a y  be tha t  t i t an ium promotes  coat ing adherence.  

The oxidat ion  of the  TRW coat ing in the  pro tec t ive  
range,  1000~176 is logar i thmic,  and oxida t ion  re -  
sistance improved  wi th  increas ing t empera tu re .  The 
oxida t ion  of TNV-13 is parabolic .  The parabol ic  ra te  
constants  for to ta l  oxygen consumpt ion are  p lot ted  vs. 
rec iprocal  absolute  t e m p e r a t u r e  in Fig. 13. Be tween  
1250 ~ and 1700~ the ca lcula ted  act ivat ion energy is 
42 kca l /mole .  This is s ignif icantly h igher  than  the  27 
kca l /mo le  r epor ted  both for  oxygen  diffusion in si l i -  
con (8) and for parabol ic  oxida t ion  of both  silicon 
(9) and sil icon carb ide  (10). This, too, suggests tha t  the  
t i t an ia  acts to modi fy  the  s t ruc ture  of the ou te r  p ro -  
tec t ive  sil ica glass. 
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Fig. 12. Failure of TNV-13 at 1800~ 
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Table V. Microprobe results for solar sample oxidized at 1700~ 

w/o 
Point  Area  Si W Ta  Ti  

Coat ing  

1 La rge  oxide 30-40 <0.01 <0,08 4-10 
2 Surface  oxide 30-40 <0.01 <0.08 4-10 
3 Coat ing (50~ f r o m  surface) 22.7 75.7 <0.08 1.4 
4 Coat ing (80~ f r o m  surface) 22.4 77.0 <0 .0g  0.7 
5 Coat ing (110g f r o m  surface) 22.2 77.7 <0.08 0.4 
6 Band (150/L f r o m  surface)  8.8 81,5 7.9 1.7 
7 Band (165/~ f r o m  surface)  8.0 12.4 78.7 0.9 
8 Band (180~ f r o m  surface) 6.0 9.0 85.0 0.04 

Mat r ix  

9 ~5-7/~ f r o m  coat ing in terface  <0.02 10.5 89.4 0.1 
10 20~ f r o m  coat ing in te r face  <0.02 10.5 89.5 <0.01 
i1 40~ f r o m  coat ing in ter face  <0.02 10.5 89.5 <0.01 
12 80/* f rom coat ing in ter face  <0.02 10.2 88.8 <0.01 
13 120/L f rom coat ing  in ter face  <0.02 10.4 89.6 <0.01 

Ma t r ix  (way in) <0.02 10.1 89.9 <0.01 

SiO~ 
SiO2 
WSi2 
WSi~ 
WSi,., 
W~Si3 
TarSi3 
Ta2Si 



Vol. 116, No. 5 O X I D A T I O N  O F  T a - 1 0 W  A L L O Y  709 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 
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Technical Note 

Contact Resistances of Several Metals and 
Alloys to GaAs 

Haruhiro Matino and Makoto Tokunaga 
Central Research Laboratory, Tokyo Shibaura (Toshiba) Electric Company, Limited, Kawasaki, Japan 

Low-resistance ohmic contacts are essential in the 
fabrication of GaAs devices, par t icular ly  for the de- 
mands of h igh-f requency operation and /or  small  de- 
vice geometry required in  microwave diodes and 
transistors. Resistance data have been reported by 
several investigators on ohmic contacts to n - type  GaAs 
using metal  halide fluxes (1) and Ag- In -Ge  alloys 
(2), and to p- type  GaAs using Ag-Mn alloys (3). 

I t  is fur ther  hoped for p lanar  s t ructure  that  the con- 
tact metals have good adherence to SiO2 surface. How- 
ever, no data on the ohmic contact between the metals 
Mo, Ti and Cr, and GaAs are available in the existing 
li terature.  

In  this report, the specific contact resistances are 
quant i ta t ively  investigated for a variety of metals (Ag, 
Au, Mo, Cr, and Ti) and alloys (Sn-Ag, In-Ag, Sn-  
Ge-Ag, Ge-Au-Ag,  In -Ge-Ag)  on both n-  and p- type 
GaAs of a wide resistivity range. 

Most of the GaAs materials  used in this invest iga-  
tion were boat -grown single crystals; epitaxially 
grown n- type  crystals were used for the lower carrier 
concentrat ions of 1 to 5 x 1015 cm -3. For the n - type  
studies, the carrier concentrations ranged from 1 x 1015 
to 6 x 10 TM carrier~/cm 3 and from 1 x 10lS to 6 x 10 TM 

carr iers /cm 3 for p- type samples. All  of the metals 
used in this investigation were of 99.99% purity.  
After  lapping the (100)-oriented wafers, both sur-  
faces of the wafer were chemically etched in a solution 
of 8H2SO4: 1H202:lH20. The thickness of the etched 
wafers is about 200~. On both etched surfaces heated 
at 300~ the elemental  metals were evaporated to a 
thickness of 1000A or more, and were fur ther  covered 
with gold when  necessary, u n d e r  background pres- 
sure of 10-6 mm Hg or lower. In  the case of alloys, 
e.g. In-Ag, the film is formed by sequential  evapora-  
t ion of In and then Ag in the proportion of 25:75 w/o  
(weight per cent) In :Ag,  to a total thickness of 3000A 
or more. After evaporation, the wafer was heated to 
500~ for 10 rain in a hydrogen atmosphere in order 
to form the contact. The consecutively evaporated 
metals will  alloy in a very short t ime (minutes  or 
seconds) when exposed to temperatures  near  the 

recrystall ization tempera ture  of the metal  of higher 
mel t ing point or at a lower temperature  (4). 

On one side of the wafer, circular dots of 25 or 100~ 
diameter  were formed by a photoengraving technique 
with the use of a suitable etching solution for each 
metal  or alloy. The smaller  contact was used for lower 
specific resistance measurements  in order to raise the 
accuracy. When this contact of 25~ diameter  was used, 
the error was less than 50% even for 1 x 10 -7 
ohm-cm 2 resistance contacts. 

After scribing, chips were mounted on TO-5 head- 
ers. Two leads were bonded to each dot: one is for a 
current  feed and the other is used for a voltage drop 
measurement .  No influence of the lead resistance was 
introduced by this double lead method. The specific 
contact resistance is obtained from total resistance 
measured, and the resist ivity and the thickness of the 
wafer. The contact is considered to be ohmic when  
I -V characteristics are completely l inear  over several  
orders of magni tude of current  range. 

The results obtained are listed in Table I. Ag con- 
tacts provide good ohmic contacts to both n-  and 
p- type materials with the carrier concentrations of 
1 x 101s cm-a  or higher, and of 6 x 10 TM cm -a or higher, 
respectively. Au contacts are good only to n - type  of 
6 x 10 is cm -3 and p- type of 1 x 1019 cm -a or higher. 
Mo, Ti, and Cr, which are widely known  to have 
good adherence to SIO2, yield good ohmic contact to 
p- type  materials  with carrier concentrat ion of 6 x 10 is 
am -3 or higher. Specific contact resistances of Mo and 
Cr contacts to the p- type mater ia l  of 6 x 10 TM carr iers /  
cm a are both one order of magni tude  lower than  those 
reported by Nuese and Gannon  on Ag-Mn contact to 
p- type  mater ia l  of 8.5 x 1019 carr iers /cm a (3). The 
resist ivity of the Ti contact was slightly less than that  
of Ag-Mn. These act ive-metal  (Mo, Cr, and Ti) con- 
tacts, however, were found not to be good to n - type  
materials  of 6 x 10 is carr iers /cm a, even when a s inter-  
ing tempera ture  was chosen as high as 700~ The 
Ag-alloys containing In, Sn, and /or  Ge provide good 
ohmic contacts to n - type  materials  with carrier con- 
centrat ion of 1 x 10 ~5 cm -~ or higher as is shown in 
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Table I. Contact resistance in ohm-cm 2 of sintered metal contacts to GaAs a (300~ 

C a r r i e r  c o n c e n -  
t r a t i o n s  a n d  S n - A g  I n - A g  G e - A u - A g  S n - G e - A g  I n - G e - A g  

c o n d u c t i o n  t y p e  A g  A u  (25 :75)  (d) (25 :75 )  ( 1 0 : 1 0 : 8 0 )  ( 1 0 : 1 0 : 8 0 )  (10 :10 :80 )  MO C r  T i  

6 • 10 ls n - t y p e  2.9 x 10-4 2.8 x 10-4 0.3 x 10-5 3.0 x 10 -5 3.6 x 10 -e 1.2 x 10 -o 7.5 x 10 -e Rect i fy ing(V)  
1 X 1015 n - t y p e  6.5 • 10-s N o n o h m i c  6.5 x 10-o 5.5 • 10-5 
1 • 10 z7 n - t y p e  N o n o h m i c  8.0 x 10 -6 9.6 x 10 -5 3.8 X 10 -5 2.3 x 10-5 9.5 X 10 -5 
5 x 101e n - t y p e  4.0 x 10-5 
1 X 10 TM n - t y p e  3.4 X 10 -4 2.2 x 1 0 s  1.6 X 10-4 2.3 X 10 -4 
5 X 10 TM n - t y p e  3.6 X 10-5 1.1 X 10-s 
1 • 1 0 ~ n - t y p e  5.5 X 10 -2 7.6 X 10 -s 1.0 X 10 -3 9.0 X I0  -4(c) 
6 • 10 TM p - t y p e  3.8 • 10 -6 4.0 • 10 -e 1.3 • 1 0 ~  1.0 • 10-6 2.1 • 10-e 7.2 x 10 -6 
1 • 10 TM p - t y p e  6.2 • 10 -o 1.1 • 10-5 1.5 • 10-5 4.3 • 10-5 2.7 • 10-5 
6 • 10 TM p - t y p e  2.9 x 10-4 N o n o h m i c  2.4 • 10-4 7.3 • 1O -4 1.9 • 10-4 
1 • 10 TM p - t y p e  N o n o h m i c  5.3 • 10-4 N o n o h m i c  N o n o h m i c  

(a) T h e  s i n t e r i n g  w a s  p e r f o r m e d  a t  500~ f o r  10 r a in .  
(b) Ohmic contacts cannot be obtained even at 700~ a~ter 60 r a i n  sintering. 
<c) 1 x 10 -s ohm-cmS or less was reported by Cox and Strack (2). 
(d) This and other ratios shown in the case of the alloys are the mean of weight per cents. 

Table I. Their  magni tude  is comparable with that  of 
Ag- In -Ge  contacts to 0.6-2.6 ohm-cm n- type  GaAs 
reported by Cox and Strack (2). 

It is seen in the table that  the contact resistance 
is highly dependent  on the carrier concentration. The 
contact resistances of Mo, Cr, and In -Ag  to p-GaAs 
and of some alloys to n -GaAs  are plotted as functions 
of square root of carr ier  concentrat ion in Fig. 1. Fol-  
lowing the theory of ohmic contact given by Mead 
(5), this suggests that  carrier tunnelhug through a 
finite potential  barr ier  of the contact is dominant  in 
governing the contact resistance, even at room tem-  
perature. In the case of n -GaAs samples, whose carrier  
concentrat ions are re la t ively lower, the l inear i ty  does 
not hold except in the higher concentrat ion region and, 
thus, another  carr ier  t ranspor t  mechanism such as 
thermionic emission should be present.  

Metallurgical features of these contacts have been 
microscopically examined. Figure  2(a) shows a sur-  
face of the Mo contact to GaAs after s inter ing at 
500~ for 10 min;  the surface is seen to be extremely 
smooth. In  contrast, the Au contact usual ly  yields a 
spotty regrown region on the GaAs surface by a 
s inter ing at 341~ or higher, as is shown in Fig. 2(b) .  
This would be because of Au-GaAs  eutectic formation 
at 341~ (6). Note that  the photograph in Fig. 2(b) 
was taken  after the contact was formed at 500~ for 10 
min and Au was etched off by Metex Aurostr ip  (sup- 
plied by McDermid Incorporated of Waterbury,  Con- 
necticut) .  We have been using the Mo or Cr contacts 
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Fig. 1. Plots of zero-bMs contact resistance, Re, as functions of 
square root of carrier concentration, N; 300~ 

covered with gold in the fabricat ion of GaAs p+n  
p lanar  diodes with a reasonably shallow junct ion  less 
than  0.5~ without  any noticeable degrading of device 
performances. 

In conclusion, Mo and Cr contacts to p- type  GaAs 
of 1 x 1018 carr iers /cm s or higher are recommended, 
especially for p lanar  structures. For h igh-pur i ty  n -  
type GaAs, Ag- In -Ge  and Ag-Sn-Ge  alloys contacts 

Fig. 2(a). A photomicrograph of a surface of Mo contact after 
sintering ot 500~ for 10 mln. (A) GaAs, (B) Mo, (C) mesa-etched 
region. 

Fig. 2(b). A photomicrograph of a regrown region by a Au con- 
tact on a GaAs surfgce. Au was etched off. This contact was 
formed at 5Q0~ for 10 mln. (A) GaAs, (B) regrown region. 
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are good. Ag- In  alloy contacts are especially recom- 
mended to both n -  and p- type  GaAs of 1 x 10 TM 
carr iers /cm 3 or higher. This is very  advantageous for 
transistors and integrated circuits which should have 
both n -  and p- type  regions. 

Manuscript  submit ted Oct. 9, 1968; revised m a n u -  
script received Jan.  27, 1969. 

Any  discussion of this paper  wil l  appear in a Discus- 
sion Section to be published in the December 1969 
JOURNAL. 
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Addendum 

The following Note was added in  proof to the 
Technical Paper  "Oxygen Doping of Solu t ion-Grown 
GAP" by L. M. Foster and J. Scardefield which was 
published in the Apri l  1969 issue of the JOURNAL, VO]. 
116, No. 4, pp. 494-498: 

In  recent  private communicat ion with P. J. Dean, it 
was pointed out that the estimate of oxygen content  
from Zn-O pair emission could differ from that  de- 
termined by electrical compensation by perhaps a 

factor of two lower, and the perfect agreement  re-  
ported here is thus somewhat fortuitous. However, 
it was also pointed out that  the local field correction 
that enters the formula connecting concentrations,  
oscillator strength, and absorption [J. D. Cuthbert ,  
C. H. Henry,  and P. J. Dean, Phys. Rev., 17@, 739 
(1968)] might  have been sufficiently in error to re- 
store the agreement.  



Anodic Oxidation of Cyclic Hydrocarbons at 
Fuel Cell Electrodes 
M. L. Savitz .1 and A. L. Hubbard .2 

U. S. Army  MobiLity Equipment Research & Development Center, Fort  Belvoir, Virginia 

ABSTRACT 

The anodic oxidation of cyclohexane and benzene has been studied with 
potentiostatic-gas chromatographic techniques on commercial ly available 
fuel cell electrodes at 107~ in 85% H3PO4. The cathodic desorption products 
were identified and studied as a function of potential  and reactant. Pos- 
sible mechanisms for over-al l  oxidation of benzene and cyclohexane are 
discussed. 

The practical application of fuel cell power plants  
is related to the performance which can be achieved 
at an electrode surface. Reaction paths and the rate-  
l imit ing steps must  be understood for aliphatics, ole- 
fins, aromatics, naphthenes,  and oxygenated com- 
pounds if versatile electrode structures are to be de- 
vised. Luksha (1) found that  there was a 50 mv in-  
crease in polarization from that  of pure octane when 
a fuel containing up to 5% olefins, 1% aromatics, 5% 
six-r inged naphthenes,  15% five-ringed naphthenes,  
and the remainder  saturated normal  or isooctane was 
reacted at a Niedrach-Alford Teflon bonded 35 mg /  
cm2 p la t inum electrode with phosphoric acid elec- 
trolyte. Grubb  (2) had shown earlier that  cyclohexane 
and benzene were 1/a as reactive as hexane and Ys as 
reactive as the most reactive hydrocarbon, propane. 
Benzene was slightly less reactive than cyclohexane. 
Several  investigators (3-6) obtained evidence for sev- 
eral types of intermediates  adsorbed on the electrode 
surface when  normal  saturated hydrocarbons or e thyl-  
ene were the reactants. Par t  of the adsorbate desig- 
nated CH-a (3) can be cathodically desorbed and is 
thought to contain only C and H. Another  C-H mate-  
r ial  (CH-~) is unreact ive  toward both reduct ion and 
oxidation at reasonable potentials and may be a 
polymer. The third species is a more highly oxidized 
mater ia l  thought to contain at least one C-O bond 
(O-type) .  Previously (7) we examined the composi- 
tion of the s teady-state  adsorbed residues on plat i-  
num wire with benzene or cyclohexane as the reactant  
using cathodic and anodic desorption techniques de- 
veloped by Brummer  (3). Much of the adsorbed 
species was removed at 0.01v vs. RHE, and this species 
(CH-a) for both cyclohexane and benzene appeared 
to be in the same state of oxidation. That part  of the 
adsorbate which was not cathodic~lly desorbable was 
in a highly oxidized state similar  to O-type. 

The electrochemical measurements  on a wire elec- 
trode did not indicate (i) whether  the cathodically 
desorbable species is a composite of several entities; 
(ii) whether  the relat ive amounts  of the possible con- 
s t i tuent  species are dependent  on the potential  ma in-  
ta ined dur ing adsorption; and (iii) whether  these 
species are the same for benzene and cyclohexane. In  
order to clarify this situation, gas chromatographic 
methods were used to study the cathodically desorb- 
able products obtained from the reaction of cyclohex- 
ane or benzene at a fuel cell electrode. In prior efforts 
using this type of technique with propane, Grubb  (8) 
and  Barger  and Savitz (9) found that  on cathodic de- 
sorption methane  and ethane were identified gas 
chromatographical ly and that  the relat ive amounts  of 
these two consti tuents were very potent ial  dependent.  

Experimental 
The exper imental  set-up was similar to that  which 

has been described previously (9). Briefly, a corn- 
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mercial ly available American  Cyanamid type AA-25 
electrode, containing 25 mg / c m 2 p la t inum black and 
25 w/o  (weight per cent) Teflon pressed together on 
a t an ta lum screen with a Teflon coating on the gas 
side and with an active geometric area of 20.3 cm 2, 
was mounted  into a cell wherein  the Teflon backed 
side was exposed only to the fuel which entered 
through a 1/16 in. gas space milled out of Teflon block 
and the other side of the electrode was exposed to 
85% HsPO4. The counter  electrode, in a compar tment  
separated from the working compartment  by a glass 
frit, had a geometric area of 58.2 cm 2 and a p la t inum 
loading of 35 mg / c m 2. The reference electrode was the 
autogeneous type developed by Giner  (10). The 
benzene or cyclohexane (Phillips Research Grade 
99.91 mole per cent pur i ty)  was introduced into the 
cell via a l iquid capil lary pressure system (11) so 
that  reactants were fed at a flow rate no greater than  
0.1 cc/min. The liquid was vaporized before enter ing 
the cell which was main ta ined  in  an  oven at 107~ 
1% The exit of the working compartment  was con- 
nected with heated lines directly to the sampling 
valve of a dual column F&M 5750 research gas chro- 
matograph containing flame ionization and thermal  
conductivi ty detectors. A 6 ft, ~/s in. gas chromato- 
graphic column packed with UCON LB550-X on 
chromosorb W had a retent ion t ime of 2.1 min  for cy- 
clohexane and 3.2 rain for benzene at 90~ Normal  
hydrocarbons were retained for only a few seconds 
and were not well  separated; therefore a Poropak T 
column was used in separate exper iments  to identify 
the lower boil ing hydrocarbons.  Standards of known 
compounds were run  and identification accomplished 
by comparison of re tent ion times. 

In  order to obtain a reproducible surface, poten-  
tiostatic procedures were used similar to those used 
by Brummer  (12) and Gi lman (13) for p la t inum wire 
and adapted by us (9) for porous electrodes. Figure 1 
shows the schematic of the procedure used. Cyclohex- 
ane or benzene could be admit ted to the system either 

1.35V 
HELIUM I - ' ~ - - ' - -  [ 

ORGANIC SAMPLE WITH GAS CHROMATOGRAPH 
/ \\\ 

/ \ / \} 
/ \ 

/ /  \ \  
35 MIN. I ~ i \ 

ORGANIC ~ HELIUM 
60 SEC. 

Fig. 1. Schematic of procedure used for gas chromotographic 
studies. 
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at 1.35v or at the potential  of adsorption with no 
change in the results. In  most previous hydrocarbon 
studies, the p la t inum oxide formed at potentials above 
1.0v was usual ly reduced at a more cathodic potential, 
e .g . ,  0.05v, before going to the potential  of adsorption. 
This step was omitted in these studies because in 
some pre l iminary  experiments  at a porous electrode 
with benzene as the reactant  some of the benzene 
could be hydrogenated to cyclohexane at the more 
cathodic potentials. With cyclohexane, omission or in-  
clusion of the 0.05v step did not affect the results. 
When the current  no longer changed at the potential  
of interest, usual ly  after  about 35-min total adsorp- 
tion time, the electrode was swept with hel ium (high 
pur i ty  99.995%) at a flow rate of about 6 cc/min. 
During the hel ium sweep the effluent from the fuel 
side of the electrode was sampled periodically with 
the gas chromatograph. After  vary ing  lengths of t ime 
at potential  under  helium, the potential  was stepped 
to  0.05v. The hel ium effluent was then sampled three 
times at 15-sec intervals  after being at 0.05v for 45 to 
60 sec. This t ime was critical since the max imum 
amount  of desorption products appeared in this in te r -  
val. The t ime reflects the length of the line between 
the cell exit and the gas chromatograph and the rate 
of the hel ium sweep. Quant i ta t ive determinat ions of 
the hydrocarbon species desorbed from the electrode 
were determined by calculating the area under  the 
curve with the height t imes the width at half  height 
method (14). This method of area determinat ion gives 
reasonable accuracy provided the peaks are sym- 
metrical,  as was the case with the hydrocarbons on the 
columns used in this study. No direct normalizat ion 
of areas corresponding to hydrocarbon concentrations 
was made. When standard solutions containing 90-10, 
50-50, 10-90 mixtures  of cyclohexane and benzene 
were injected on the column, the relat ive percentage 
of the areas under  the curve corresponded to the pre-  
pared composition wi thin  •  Five different sample 
injections of each s tandard solution gave similar  re-  
sults. Experiments  at each potential  and under  each 
hel ium sweep with cyclohexane and benzene as re- 
actant  were repeated at least three times. For the same 
electrode, the value of areas or peak heights for 
benzene, cyclohexane and CI to C6 hydrocarbons 
agreed to wi th in  15% in separate experiments.  

The electrode area was measured daily to determine 
whether  the results were related to a decrease in  
surface area. The surface area of the electrode was 
determined by measur ing the charge associated with 
galvanostatic reduct ion of a surface oxide formed at 
a fixed potential  (15). Hydrogen adsorption methods 
could not be used due to extensive hydrogen evo- 
lut ion in the potential  range of interest  dur ing anal -  
ysis of hydrogen coverage. The electrode was held at 
1250 mv v s .  RHE for 2 min  to form oxide layers. At 
this point, a cathodic galvanostatic pulse of 2 amp 
was applied to the electrode [400 ~coul = 1 cm 2 of 
area (16)]. Galvanostatic reduction of oxygen de- 
posited at constant  potential  gave reproducible values 
for a part icular  electrode at a specific potential. Figure 
2 shows how the area of the electrode decreased with 
time. The electrode decreased the most rapidly the 
first few days and then leveled off. When benzene was 
used on the same electrode, the decay rate of the elec- 
trode did not increase from that  found with cyclo- 
hexane. When new electrolyte was added, the area 
increased temporar i ly  and then decreased to its pre-  
vious value. The decay of the electrode area was also 
followed by examining  the oxidation of the electrode 
in the presence of hel ium at 0.4v. The electrode was 
held at 1.35v for 20 rain and main ta ined  at 0.4v for 
30 rain. Then the surface of the electrode was exam- 
ined with an anodic galvanostatic pulse. Although the 
charge obtained is different by the two methods, the 
decay is similar. Although the area of the electrode 
decreases by a factor of three dur ing a 40-day period 
and the absolute values for the areas corresponding 
to the desorbed species are different, the relative 
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Fig. 2. Change of area of electrodes with time 

amounts  of C1 to C6 compounds agree to wi thin  10% 
regardless of the age of the electrode. 

Results and Discussions 
In studies with p la t inum wire electrodes (7), we 

found that  when  cyclohexane or benzene was adsorbed 
at potentials from 0.1 to 0.4v v s .  RHE 70% ( •  
of the final adsorbate was CH-a. At 0.5 to 0.Tv v s .  

RHE about 60% (--+5%) of the adsorbate was CH-a. 
Since the residue for both cyclohexane and benzene 
appeared to be in the same state of oxidation, the 
possibility of a benzene-cyclohexane equi l ibr ium was 
suggested (7). To determine whether  the oxidation 
reaction proceeds from cyclohexane to benzene to C~- 
C6 species to O-type and CO2 (Eq. [1], whether  con- 
version of cyclohexane to benzene is a equi l ibr ium 
reaction with each proceeding via individual  paths to 
CO2 (Eq. [2]), or whether  conversion of cyclohexane 
to benzene is an equi l ibr ium reaction with a common 
path to CO2 (Eq. [3]), the adsorption and desorption 
of benzene and cyclohexane on a fuel cell electrode 
was studied at representat ive potentials. 

0 - ~ >  0 -> CI-C. -> O-type-> C02 [1] 

O k 2  C1-C6--> O-type--> CO2 

[2] 
1~ > C1-C6--> O -type--> CO2 

O k4> C1-C6 ~ O-type ~ CO2 [3] 

�9 
In the above possible reaction paths it has been as- 
sumed that  O-type is in the ma in  react ion path. There 
might  be parallel  paths (Eq. [4]) with any  one of 
the cyclohexane and benzene reactions from Eq. [1] 
to [3] to form CH-~. 

Eq.[1], [2], or [3] 
--> CH types -~ CO2 

Hydrocarbon [4] 
--> O-types -~ CO2 

If some of the cyclohexane is convert ing to benzene 
and parallel  reaction paths are pursued, and the oxi- 
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Table I. Variation of benzene formation with time and potential 

Time,  m i n  

0.2v O.4v 
C y c l o h e x a n e /  C y c l o h e x a n e /  

Benzene  B e n z e n e .  Benzene  Benzene  b 
(8 x lO~) ~ (8 x 103) c 

1.25 890 1.05 1650 0.4 
6 1140 0.77 2200 0.3 

16 1350 0.65 3300 0.2 
27 1510 0.55 3300 0.2 

a Cyc lohexane  h e i g h t  is  c o n s t a n t  880 (8 x lOg). 
C y c l o h e x a n e  h e i g h t  is c o n s t a n t  660 (8 x log). 

c R e p r e s e n t s  a t t e n u a t i o n  of gas  c h r o m a t o g r a p h i c  area.  For  ac tua l  
a rea  m u l t i p l y  each  a rea  b y  S • l0  g. 

dation of benzene is slow compared to cyclohexane 
(k3 < k2) benzene formation would be an undesi rable  
side reaction which could reduce the over-al l  fuel cell 
performance. The dehydrogenat ion of cyclohexane 
need not necessarily lead to benzene unless there 
were six Pt  atoms involved directly in adsorption and 
a p lanar  configuration would result. If cyclohexane 
were to exist in p lanar  form, there would be angle 
strain and instabili ty.  Stereochemically, cyclohexane 
can exist in a chair or boat conformation. The chair 
conformation is the more stable form (17) and would 
lead to 1 site adsorption; the boat form would lead 
to 4 or 2 site adsorption with preference for the 
former. 

Cathodic desorption products wi th  cyclohexane as 
reac tan t . - -When  cyclohexane was adsorbed on an 
electrode at a fixed potential, excess removed under  
hel ium sweep, and the potential  then  stepped to 
0.05v to remove the cathodically desorbable species 
(Fig. 1), vary ing  amounts  of methane,  ethane, pro- 
pane, n-butane ,  n-pentane ,  n-hexane,  benzene and 
cyclohexane were observed in the effluent gas stream, a 
No branched chain hydrocarbon or compounds con- 
ta ining 7 or more carbon atoms were obtained; thus 
there appears to be no dimerization of species. At 
1.35v no mater ia l  other than cyclohexane appeared in 
the effluent. When the potential  was lowered from 
1.35v to 0.05v (no intermediate  adsorption potential)  
with cyclohexane as reactant,  nei ther  benzene nor 
the Cz-C6 compounds were observed; thus the cathodic 
desorption step caused no cracking of cyclohexane. 
However, after 1 rain of cyclohexane adsorption at 
potentials from 0.25 to 0.40v, the gas chromatographic 
analysis indicated the presence of benzene. The total 
amount  of benzene decreased both with t ime at poten-  
tial and with increasing potential  as shown in Table I. 
The amount  of benzene was reproducible w i t h i n  10% 
for four different experiments  with the same electrode. 
At potentials above open circuit (0.45v) no benzene 
was observed. Under  hel ium sweep at the potential  of 
adsorption, the benzene disappeared completely, and 
the excess cyclohexane decreased at least by a factor 
of 10, depending on the length of hel ium sweep. When 
the potential  was stepped to 0.05v, benzene was again 
observed in the effluent. The fact that  some benzene 
desorbed at adsorption potential  below 0.4v and more 
was removed at 0.05v indicates that the benzene 
formed may be adsorbed in two different ways, may 
be adsorbed on two different types of sites or that  
the site energies change with potential. It also ap- 
pears that  benzene is not  as t ightly bound as has 
been previously thought (18), may not  lose aromatic 
character, and may be more loosely bound than  cy- 
clohexane. 

Benzene formed is also competing for sites with the 
cyclohexane reactant.  When the electrode was lowered 
to 0.05v the max imum amount  of benzene desorbed 

8 I t  m u s t  be r e m e m b e r e d  t h a t  w h e n  C1, C2, C8, cyc lohexy l ,  etc., 
i n t e r m e d i a t e s  are m e n t i o n e d ,  the  m e t h a n e ,  e thane ,  p ropane ,  cyclo-  
hexane ,  etc., are no t  necessa r i ly  the  adso rbed  compounds .  The  C1 
m i g h t  be t h o u g h t  of as a m e t h i n e ,  m e t h y l e n e ,  or  m e t h y l  f r a g m e n t  
r e p r e s e n t i n g  th ree ,  two,  o r  one  b o n d  b e t w e e n  ca rbon  and  the  sur -  
face. D e s o r p t i o n  a t  0.05v cou ld  h y d r o g e n a t e  t he  n o r m a l  species.  I t  
d o e s  not  h y d r o g e n a t e  a l l  of the  benzene ,  as e v i d e n c e d  by  p resence  
o/ benzene  in  eff luent  s a m p l e d  a t  O.05v. 

from the electrode was always observed on the chro- 
matograph 15 sec before the ma x i mum cyclohexane 
peak. This was t rue at all  potentials and length of 
hel ium sweep; e.g., at 0.3v adsorption, 60 rain. hel ium 
sweep, max imum benzene was seen after 60 sec at 
0.05v, ma x i mum cyclohexane after 75 sec at 0.05v; 
at 0.5v adsorption 60-min hel ium sweep, max imum 
benzene was seen after 75 sec at 0.05% ma x i mum cy- 
clohexane after 90 sec at 0.05v. This behavior  was 
not a column effect, as when standards containing 
90-10, 50-50, 10-90 mixtures  of cyclohexane and ben-  
zene were injected on the column, the retent ion times 
were independent  of relat ive amount  of mater ial  in 
the samples. There was no conversion of benzene to 
cyclohexane in the 15-sec period as cyclohexane in-  
creased to a greater amount  than the ma x imum 
amount  of benzene decreased and there was still ben-  
zene coming off the electrode after 75 or 90 sec. If 
the diffusion coefficients of benzene and cyclohexane 
in hel ium were different, benzene would move from 
the electrode to the gas sampling valve faster. (Air-  
benzene at 0~ is 0.077 cm2/sec atm; air-cyclohexane 
at 45~ is 0.086 cm2/sec (19)). 

The benzene observed at potentials of adsorption 
from 0.25 to 0.4v could result  from init ial  dehydro- 
genation of cyclohexane to benzene (11). When the 
potential  was changed from 1.35 to 0.4v the current  
became more anodic for 15 sec before becoming cath- 
odic. At potentials anodic to 0.45v where no benzene 
was observed unt i l  desorption, anodic current  was 
always observed during ini t ia l  adsorption. 

In  Fig. 3 the cyclohexane and benzene desorbed as 
a function of potential  are presented. Figure 3 shows 
the actual heights obtained for cyclohexane and ben-  
zene as a function of potential  after 10- and 60-rain 
sweeps. The cyclohexane which was still in excess 
in the lines after  10 or 60 min  of he l ium sweep has 
been subtracted from the total amount  of cyclohex- 
ane to give that quant i ty  a t t r ibuted to the cyclohexyl 
species on the electrode. The quant i ty  at t r ibuted to 
excess cyclohexane in the l ine was obtained by sweep- 
ing with hel ium at the potent ial  of adsorption for up 
to 65 rain and sampling for cyclohexane at 15-sec in -  
tervals. At every potential  there was more of the 
cyclohexyl type species than benzene. At 0.4v, the 
largest amount  of benzene relative to cyclohexane 
was observed (ratio of benzene to cyclohexane at 
0.4v was 1:25, at 0.3v was 1:80, and at 0.5v was 
1:130). The area a t t r ibuted to benzene at 0.4v ac- 
counted for only 4% of the total area a t t r ibuted to de- 
sorbed six carbon r ing species. The amount  of cyclo- 
hexane was constant  and high at 0.25 and 0.3v regard-  
less of length of hel ium sweep (10 or 60 min) .  This is 
to be expected since in the region of hydrogen dep- 
osition any benzene formed could be hydrogenated. At 
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potentials posit ive to open-circui t  potential  of 0.45v, 
the total  amount  of cyclohexane decreases wi th  t ime 
and potential.  At  potentials posit ive to open circuit  
the amount  of benzene rapidly decreases during the 
10-min hel ium sweep. At 0.Tv, no benzene was ob- 
served on the O.05v step within  limits of detection of 
flame ionization using a UCON column. The benzene 
which is not seen at h igher  potentials might  be an 
undesirable side product at lower potentials or that  
which is formed might  react direct ly  to CO2 (Eq. [2] ) 
wi th  k3 and subsequent  steps ve ry  fast. Reaction of 
benzene has been studied to clarify this and is dis- 
cussed la ter  in the paper. 

In addition to benzene and cyclohexane being ob- 
served on cathodic desorption, vary ing  amounts of 
normal  chained C1-C6 hydrocarbons were  observed. 
Table II indicates the re la t ive  amount  of each spe- 
cies at several  potentials and the total  area a t t r ibuted 
to the compounds on a gas chromatograph.  At  most 
potentials, C3 and C4 species were  predominant.  The 
re la t ive  amounts  of C1 and C2 species were  small al- 
though the relat ive amount  of C1 species increased 
sl ightly wi th  potential.  In Table II i t  can be seen that  
the total  amount  of C1-C6 hydrocarbon increased with  
increasing potential  and was largest  at the most 
anodic potential  considered (0.7v). The areas in Table 
II represent  those of an electrode two days old. Total  
areas on a 17-day old electrode were  50% less, but  
the re la t ive  amounts of C1 to Ce mater ia l  were  wi thin  
•  At  all potentials, the  total  amount  of C1 to C6 
was greater  than the benzene. At 0.3v, benzene was 
26% of total  mater ia l  excluding cyclohexane. At 0.5v 
benzene was 8.5% of total  mater ia l  excluding cyclo- 
hexane. The amount  of cyclohexane found in the de- 
sorbable mix tu re  also decreased wi th  potential.  At 
0.3v 96% of the desorbable species was cyclohexane;  
at 0.5v, 90%, cyclohexane and at 0.7v, 73%, cyclo- 
hexane. 

Results f rom t h e  adsorption of cyclohexane have 
indicated that  any one of the paths ment ioned earl ier  
(Eq. [1]-[4])  might  occur. The adsorption and de- 
sorption of benzene has been studied at representa-  
t ive  potentials to provide additional informat ion for 
choosing a specific path. 

Gas c h r o m a t o g r a p h i c  r e s u l t s  w i t h  b e n z e n e  as r e -  
a c t a n t . - - P r o c e d u r e s  for pre t reatment ,  adsorption, and 
hel ium sweep were  the same for benzene as those for 
cyclohexane. With cyclohexane as reactant,  desorption 
was per formed at 0.05v in order to minimize hydro-  
genation of benzene to cyclohexane during pulsing. 
When benzene was admit ted to the electrode at 1.35v 
for 30 min, hel ium swept through for 10 rain to re-  
move some of the excess, potent ial  lowered to 0.05v 
with  sampling every  15 sec wi th  the chromatograph,  
there  was a 1:2500 ratio of cyclohexane to benzene 
after 45 sec at 0.05v, a 1:1625 rat io af ter  60 sec and 
1:180 rat io af ter  about 5 min  at 0.05v. During a nor-  
mal  desorption the m a x i m u m  amount  of mater ia l  is 
removed af ter  45 to 60 sec at 0.05v. When benzene 
is the reactant,  hydrogenat ion of the excess as it 
passes over  the  electrode does not appear to occur 
during the t ime of interest.  Thus any cyclohexane ob- 
served during a run  would result  f rom desorption of 
some 6 ring species adsorbed on the electrode and not 

Table II. Percentage C1-C6 hydrocarbons, cyclohexane as reactant, 
helium sweep for 10 min 

P o t e n -  T o t a l  
t i a l ,  v a r e a ,  in.Z C1 C~ Ca C~ C5 Ce 

0.3 64.2 7.0 7.9 30.7 17.1 23.3 12.4 
0.5 131.1 8.9 4.1 24.2 29.2 17.8 17.5 
0.6 178.5 6.7 3.6 22.8 20.2 26.9 20.9 
0.6 206.5 a 10.5 4.8 34.6 26.2 16.9 6.6 
0.7 258.8 12.5 3.6 31.3 22.1 18.6 12.9 
0.7 406.3 b 9.0 5.4 27.6 28.0  19.0 10.5 

a H e l i u m  s w e e p  for  60 r a in .  
b H e l i u m  s w e e p  fo r  30 r a in .  

as a resul t  of hydrogenat ing excess benzene in the 
line. Also the amount  of cyclohexane that  appeared 
when benzene was adsorbed at potential  and then re-  
moved at 0.05v was always greater  than the corre-  
sponding decrease in benzene peak. Whether  the cy- 
clohexane which is seen originates from a cyclohexyl  
species and /o r  benzene on the electrode and hydro-  
genated at 0.05v is difficult to distinguish. 

Benzene is more difficult to handle chromato-  
graphical ly than cyclohexane. The peaks are broader  
and not as well  defined even though benzene remains  
on the column only 3 min. With cyclohexane, it was 
possible to continue sampling at the potential  of ad- 
sorption to note how cyclohexane would decrease 
during the t ime at 0.05v. When cyclohexane was the 
reactant  and the potential  was lowered to 0.05v, the 
area of cyclohexane would increase; thus cyclohexane 
area originating from excess in line could be sub- 
t racted f rom that  total  area. When benzene was re-  
actant, the peak after  the cathodic pulse would some- 
t imes increase and sometimes decrease. 

In spite of the problems with chromatographic  
analysis for benzene, there  were  very  definite trends 
as shown on Fig. 4. Each point was repeated at least 
three times. The areas of desorbed cyclohexane were  
reproducible to •  The area of cyclohexane 
changed by 20 % as a result  of length of hel ium sweep 
(e.g., 30-min sweep instead of 10 min at 0.3v). When 
the exper iment  was repeated a few days later, the 
area for 10-min hel ium sweep at 0.3v decreased 16% 
and the area for the 30-min hel ium sweep was still 
20% less than the 10-min sweep per formed on the 
same day. The total amount  of cyclohexane, as de ter -  
mined by measur ing the peak area f rom the chro-  
matograph,  was greatest  for 0.3v regardless  of t ime at 
potential  under  helium. Af ter  30 min under  hel ium 
sweep, the value decreased 20% and remained con- 
stant. A m a x i m u m  of cyclohexane might  be expected 
in the region of hydrogen adsorption, as adsorbed 
benzene could be easily hydrogenated.  At 0.5 and 0.7v 
there  was less cyclohexane. At 0.5v the amount  of 
cyclohexane remained fair ly constant wi th  t ime under  
helium. At 0.7v there  was a 40% decrease in cyclo- 
hexane during the 30-min hel ium sweep and then it 
was fair ly constant. If  hel ium was swept through 
for over  16 hr  at the potent ial  of adsorption, there  was 
lit t le benzene left  in the line; however  a re la t ive ly  
large amount  of benzene desorbed at 0.05v. Figure  
5 shows the area of cyclohexane and benzene. In the 
results shown in Fig. 5, the benzene is f rom the elec- 
t rode with  the small amount  of background sub- 
t racted out. It can be seen that  behavior  is similar  
af ter  16 hr  as 60 min. These results were  obtained on 
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Fig. 4. Area of cyclohexane, desorbed with benzene as a re- 
actant, as a function of time under helium sweeps at various po- 
tentials. Number 8 x 10 3 represents attenuation on gas chromato- 
graph. 
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a different electrode, bu t  the 10-min results from each 
electrode were  similar in both cases. From the long 
sweep, it can be seen that  there is a max imum amount  
of cyclohexane desorbed at 0.3v. The amount  de- 
creases at the more anodic potentials. There is less 
benzene at 0.2 and 0.6v than at the intermediate  po- 
tentials. When cyclohexane was reactant,  there was a 
max imum of benzene at 0.4v; with benzene there is 
a m a x i m u m  of benzene relat ive to cyclohexane at this 
potential. This might  lead to the conclusion that  there 
was an equi l ibr ium between the two species (Eq. [3] ) 
with the relative amount  very potential  dependent.  
With cyclohexane, the max imum amount  of benzene 
was still only 4% of the total mater ia l  from the elec- 
trode. When benzene is reactant,  at least 50% of the 
species is cyclohexane. This could be a result  of hy-  
drogenation of some of the adsorbed benzene dur ing 
the 60 sec at 0.05v. Deuterated experiments  in  progress 
should give some informat ion concerning this. 

If the cyclohexyl species which is desorbed at 0.05v 
is from a cyclic in termediate  species similar to that  
when  cyclohexane is reactant  and not just  from hy-  
drogenat ion of adsorbed benzene at 0.05v, the relat ive 
amounts  of C1-C6 species should be similar at the 
various potentials to those obtained with cyclohexane 
(Eq. [1] or [3]).  This does not prove to be the case. 
Even though the same C1-C6 hydrocarbons were ob- 
served on cathodic desorption the relative amounts  
were different. Table III  shows relat ive percentage 
of each species at the various potentials. The relative 
amount  was independent  of t ime under  hel ium sweep 
at potential  of adsorption. At 0.3v, there was a min i -  
m u m  of C1 species. This species increased with po- 
tent ia l  and was the predominant  species at 0.5 and 
O.7v. There was also less Ce species at the lower po- 
tentials. At each potential,  there was a relat ively 
equal amount  of C~-C5. It appears that  at potentials 
above open circuit (0.45v) longer chain hydrocarbons 
convert  to C1 species more readily than  at 0.3v. When 
cyclohexane was reactant,  there was no relat ive in -  
crease of C1 species and the total  amount  of C1-Ce 
species increased with potential. However with ben-  
zene as reactant,  there was a max imum of lower 
boil ing mater ia l  at 0.3v and a m i n i m u m  at 0.5v which 

Table III. Percentage C1 to C6 hydrocarbons, benzene as reactant, 
helium sweep for 10 min 

P o t e n -  T o t a l  
t i a l ,  v a r e a ,  in .  s C1 C2 C8 C4 C5 Ce 

0.3 101.1 2.7 19.4 22.4 24.2 20.4 10.7 
0.5 22.8 20.1 10.7 15.0 23.8 19.4 10.6 
0.7 53.9 26.4 11.0 15.5 15.4 14.4 1fi.7 

June 1969 

is also where the max imum and mi n i mum amount  of 
cyclohexane is observed on desorption. The dis t r ibu-  
t ion of C1-Ce was quite different than  for cyclohexane, 
and the total amount  of C1-C6 was much less when  
benzene was reactant  than when cyelohexane was re-  
actant except at 0.3v. Also, the origin of the species 
appears to be quite different. Although the Ca species 
appears as ethane for both cyclohexane and benzene, 
the amount  of t ime for the max imum amount  of C2 
species to be seen depends on the reactant.  This indi-  
eates that  the C2 species may be a different C2 species 
(a more unsa tura ted  species when benzene is re-  
actant)  or bound on different types of sites. Deu-  
terated experiments  should clarify the first point. 

The fact that  the amounts  of C1-C6 are so different 
for benzene and cyclohexane indicates tha t  there is 
not just  a simple consecutive step (Eq. [1]) or equi-  
l ibr ium between cyclohexane and benzene (Eq. [3]), 
but  probably an equi l ibr ium and then different steps 
to CO2 (Eq. [2]). To fur ther  determine whether  the 
reaction proceeds through O-type (Eq. [2]) or there 
are paral lel  paths (Eq. [4]), the rate of oxidation of 
the two compounds is being studied and will  be re-  
ported later. 

Conclusions 
On the basis of gas chromatographic data, benzene 

and cyclohexane react via different paths. Both com- 
pounds yield methane,  ethane, propane, n -butane ,  
n-pentane ,  n-hexane,  cyclohexane, and benzene on 
cathodic desorption. The amount  of each species, how- 
ever, depends on the reactant  and potent ial  of ad- 
sorption. 

Manuscript  submit ted Aug. 22, 1968; revised manu-  
script received Feb. 20, 1969. This paper was presented 
at the Montreal  Meeting, Oct. 6-11, 1968, as Paper  330. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the December 1969 
J O U R N A L .  

REFERENCES 
i. E. Luksha and E. Y. Weissman, Prepr in t  of papers 

presented ACS, Miami, Fla., April,  1967, Vol. 11, 
No. I, p. 247. 

2. W. T. Grubb  and C. J. Michalske, Proceeding from 
the 18th Annua l  Power Sources, May, 1964, p. 17. 

3. S. B. Brummer  and M. J. Turner ,  J. Phys. Chem., 
71, 2825 (1967). 

4. S. B. Brummer  and M. J. Turner ,  ibid., 71, 3494 
(1967). 

5. S. Gilman, Trans. Faraday Soc., 61, 2561 (1966). 
6. L. W. Niedrach and M. Tochner, This Journal, I14, 

17 (1967). 
7. M. L. Savitz and R. L. Carreras, Prepr in ts  of papers 

presented ACS Biennial  Fuel  Cell Symposium, 
Chicago, Sept., 1967, p. 143, Adv. in Chem., in 
press. 

8. W. T. Grubb  in General  Electric Report No. 6 on 
Contracts DA-44-009-AMC-479(T) and DA-44- 
009-ENG-4909. 

9. H. J. Barger and M. L. Savitz, This Journal, 115, 
686 (1968). 

10. J. Giner,  ibid., 111, 376 (1964). 
11. E. Luksha and E. Y. Weissman, Prepr ints  of papers 

presented ACS Biennial  Fuel  Cell Symposium, 
Chicago, Sept., 1967, p. 152. 

12. S. B. Brummer,  J. I. Ford, and M. J. Turner ,  
J. Phys. Chem., 69, 3424 (1965). 

13. S. Gilman, ibid., 67, 78 (1963). 
14. E. Gremer  and R. Muller, Mikrochem. Acta, 36137, 

553 (1951). 
15. J. Giner, J. M. Parry,  and S. M. Smith, Tyco 

Laboratory,  Inc. Report on Contract  DAAE15-67- 
C-0048, Jan., 1968. 

16. A. H. Tayler  and S. B. Brummer,  J. Phys. Chem., 
In  press. 

17. J. D. Roberts and M. C. Caserio, "Basic Principles 
of Organic Chemistry," pp. 103 ff, W. A. Benja-  
min, Inc., New York (1965). 

18. W. Heiland, E. Gileadi, and J. O'M Bockris, J. Phys. 
Chem., 70, 1207 (1966). 

19. Chemical Engineers  Handbook, R. H. Perry,  C. H. 
Chilton, S. D. Kirkpatrick,  Editors, 4th ed., p. 
14-22, McGraw-Hil l  Co., New York (1963). 



The Anodic Dissolution and Passivation of 
Zinc in Concentrated Potassium Hydroxide Solutions 

R. W. Powers* and M. W. Breiter* 
General Electric Research and Deve lopment  Center, Schenectady,  New Y o r k  

ABSTRACT 

In this study, main ly  two sets of experiments  were carried out to obtain 
a bet ter  unders tanding  of the tendency of the alkaline zinc electrode to 
passivate. Either photomicrographs of the electrode surface were taken in-s i tu  
at different potentials dur ing an anodic voltage sweep or the two com- 
ponents of the electrode impedance were measured with a small  signal of 
superimposed 1000 Hz A.C. The course of the passivation was found to depend 
strongly on the convective condi t ions  in the electrolyte near  the zinc elec- 
trode. The conditions for the formation of two different types of solid films 
have been defined and their  effects on the current -potent ia l  curve have been 
determined.  Type I film is white, loose, and flocculent. It  forms in the ab-  
sence of convection by precipitation from a supersaturated layer of zincate 
near  the surface. When the conditions for supersaturat ion are largely re-  
moved by stirring, the formation of the type II film can be observed. The 
la t ter  is more compact and appears to form directly at the surface ra ther  
than by precipitation. Its color can range from light gray to black depending 
on the potential  and time of formation. The type II film is considered re -  
sponsible for the t ransi t ion from the active to the passive state of zinc in 
alkaline solution. 

Three kinds of studies have been carried out in re-  
cent years on the kinetics and mechanism of the zinc 
electrode in alkaline media: (a) measurements  near  
the equi l ibr ium potential  of the zinc electrode in solu- 
tions containing zincate or other zinc complexes (1-9) ; 
(b) anodic dissolution and formation of passivating lay- 
ers (10-41); and (c) cathodic studies with emphasis 
on the morphology of the electrodeposit. The lat ter  
are outside the scope of the present  paper. 

In  this communication, new results on the anodic 
dissolution and passivation of zinc in KOH solutions 
are described and discussed. A combinat ion of tech- 
niques was used to supplement  past work and to gain a 
bet ter  unders tanding  of the processes taking place. 
Mainly two kinds of experiments  were carried out. In  
one set, an anodic voltage sweep, start ing at the rest 
potential  of the zinc electrode, was applied potentio- 
statically at a slow constant rate and photomicrographs 
of the electrode surface were taken in-s i tu  at different 
potentials. In the second set of experiments,  the ohmic 
and capacitive components of the electrode impedance, 
in addition to the current -potent ia l  curve, were mea-  
sured using vol tammetry  with superimposed 1000 Hz 
A.C. 

Previous w o r k . - - T h e r e  seems to be near ly  universal  
agreement  that  at anodic potentials near  the equi l ib-  
r ium value, the oxidation product of zinc in  concen- 
t ra ted alkal ine solutions is the soluble zincate ion. By 
emf measurements,  Dirkse has shown that this species 
is the complex te t rahydroxyl  anion, Z n ( O H ) 4 - - ,  an 
interpreta t ion supported by recent Raman and inf ra-  
red, as well as NMR, studies (2, 4, 5). 

Gerischer was the first to s tudy the discharge mech- 
anism of the zinc electrode (1). From impedance mea-  
surements  on zinc amalgams he concluded that  r e a c -  
t i o n  [1] of the following sequence is ra te -de te rmin ing  

Zn + 2 O H -  -* Zn(OH)2 ~- 2e -  [1] 

Zn(OH)2 -b 2 O H - - >  ( Z n ( O H ) 4 ) - -  [2] 

The exchange current  density of reaction [1] was 
about 0.1 amp/cm 2 in 5M KC1 containing various con- 
centrat ions of hydroxyl  ions with a total concentrat ion 
of zinc ions of 0.1M. Gerischer's results have been 
confirmed very recent ly  by Far r  and Hampson, using 
however NaC10~ as the support ing electrolyte (9). 

* Electrochemical Society Active Member. 

Lorenz suggested the subsequent  scheme on the basis 
of the frequency dependence of the electrode imped-  
ance of a solid zinc electrode in  2M KCI zc 0.bM ZnC12 
at pH values of 7 and 1.5 (3). 

Z n  § +bulk electrolyte -* Zn + +surface [3]  

Z n  + +surface -~- 2 e -  -* Znad  [4] 

Znad  -* Z n  [5] 

Zinc ions that diffuse to the surface in step [3] are dis- 
charged in step [4] to adsorbed atoms. Step [5] in-  
cludes the surface diffusion of these so-called ad-atoms 
and their  incorporat ion into the lattice. Surface diffu- 
sion was found to be the hindered step. The exchange 
current  density of the discharge step was about the 
same as for the zinc amalgam electrode. This result  
suggests that the discharge steps are similar  on solid 
zinc and on zinc amalgams. 

Impedance measurements  and measurements  by the 
double-pulse technique were made on polycrystal l ine 
zinc electrodes, on the cleavage plane of zinc single 
crystals, i.e., on (0001), and on heavily cold-worked 
electrodes in different alkal ine solutions (6-8). The 
independence of the exchange current  of the discharge 
step on the zincate concentrat ion indicates the adsorp- 
t ion of intermediates.  A two-step discharge mechanism 
was considered the most probable one 

Znkink -~- O H -  -* (ZnadOH) - [6] 

(ZnadOH) - -* Zn(OH)  + e -  [7] 

Zn(OH)  + O H - - *  Zn(OH)2 + e -  [8] 

Zn(OH)2 + 2 O H -  --> (Zn(OH)4) - -  [9] 

Step [6] includes the formation and surface diffusion 
of ad-atoms which may be stabilized by at tachment  of 
O H -  ions. It is considered the slowest step and leads 
to low values of the diffusion flux (6). Step [7] was 
suggested as the discharge step which determines the 
value of the exchange current  in measurements  with 
the double-pulse  technique (7). 

Several  groups of workers have studied the passiva- 
t ion of zinc in concentrated alkali  using the constant  
current  technique (10-19). For a ra ther  wide range 
of conditions, equations of the type 

( i - -  il) ty2 = k 
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were found to describe the relationship between i, the 
applied constant  current  density, and t, the t ime re-  
quired for passivation. Here the quantities,  il and k, 
are constants for a given electrolyte concentration, 
temperature,  and convective conditions. The form of 
the above equation indicates the important  role of 
diffusional processes in the passivation of zinc. How- 
ever, there is a m in imum amount  of charge per uni t  
area required for passivation, corresponding to at least 
the formation of a monolayer. This requi rement  leads 
to the replacement  of the inverse square root law 
given above by an inverse l inear  law at cur rent  densi-  
ties in excess of about 0.2 amp/cm% On the other hand, 
at low current  densities the inverse square root law 
also fails to describe the exper imental  data if modes of 
mass transport ,  other than pure diffusion, become im- 
portant. Thus, it was found that longer passivation 
times are required for vertical electrodes than for hori-  
zontal ones due to the onset of na tu ra l  convection (13, 
16, 18). 

Unlike the exper imenta l ly  simpler constant  current  
technique, the potentiostatic method permits measure-  
ment  of the current  density at all potentials within a 
range of interest  and hence s tudy of intermediate  
stages of passivation. The first comprehensive potentio-  
static study of solid zinc electrodes in alkal ine solutions 
in both active and passive regions was carried out by 
Sanghi and Fle ischmann (23). They observed that the 
concentrat ion of zincate ion-has a small  effect on the 
dissolution rate in the active region. The max imum 
dissolution rate (at the peak of the potentiostatic cur-  
rent -potent ia l  curve) is only a fraction of the l imit ing 
diffusion current  of hydroxyl  ions at bulk concentra-  
tions greater than  0.OlM. St i r r ing increases the current  
at a given potential  in both the active and passive re-  
gions. Saturat ion with zincate decreases the current  
at a given potential  in the passive region. The passiva- 
tion of the zinc electrode was at t r ibuted to precipitation 
and formation of a new oxide phase that  is less soluble 
than the one formed at lower anodic potentials. The 
outer port ion of this oxide phase is nonetheless con- 
verted to a soluble species in the passive region. 

Vozdvizhenskii and Kochman found that, in both 2M 
and 5M KOH solutions, the potentiostatic cur ren t -  
potential  curve had two peaks before the electrode 
became passive (25). The relative heights of these 
peaks depended on the sweep rate  of the voltammetric  
measurement.  According to their  visual observation of 
the surface, a white film, that appears almost from the 
start of the experiment,  covers the surface at the onset 
of passivation. This film gradual ly darkens with in-  
creasing potential  in the passive region, turns  brown, 
and is finally converted to a completely black color, 
presumably  due to the presence of finely dispersed 
zinc within it. The two peaks were a t t r ibuted to the 
formation of oxides with different hydration, structure,  
and solubility. 

The behavior  of the zinc electrode in the passive 
region was thoroughly investigated by  Kabanov and 
co-workers (26-28). In  solutions saturated with zincate 
in the potential  range --1.0 < U < 0.2v with respect 
to a mercury-mercur ic  oxide electrode, the direct dis- 
solution reaction 

Zn ~ Zn + + + 2e -  [10] 

was suggested to occur to a large extent in addit ion to 
the chemical dissolution of zinc oxide 

ZnO + 2 O H -  q- H20"-> ( Z n ( O H ) 4 ) - -  [11] 

The independence of current  on potential  at U less 
than  0.2v was at t r ibuted to the l imit ing rate of diffu- 
sion of zinc atoms through the oxide layer. 

Ashton and Hepworth established that  the rate  of 
dissolution of zinc single crystals in 0.5M NaOH in 
the active region decreases slightly at constant  poten- 
t ial  with an increase in the planar  packing density 
(29). This lat ter  quant i ty  increases in the order 

(0001) < (10~0) < (1120) 

for zinc and other hexagonal close-packed metals. 
Their  polycrystal l ine electrodes showed a dissolution 
behavior similar  to that for the (10~0) plane. 

There is a considerable l i terature on the s tructure 
and properties of the solid products formed dur ing  the 
anodization of zinc in alkali  (18, 30-38). Thus Fischer 
and Budiloff identified the dark, 3-4~ thick layers 
formed in 2% NaOH at a constant  ct~rrent of 50 
m a m p / c m  2 as zinc oxide by means of both x - r ay  and 
electron diffraction (30). Very extensive studies of 
anodic coatings formed at anodic potentials correspond- 
ing to oxygen evolution in NaOH solutions of various 
concentrat ions have been carried out by Huber  (31- 
33, 35, 36). The coloration of such coatings was at-  
t r ibuted to an excess of zinc in zinc oxide since they 
are bleached on heat ing in  air and colored again on 
heat ing in zinc vapor (33). Fry  and Whitaker  estab- 
lished that anodic films formed in 0.145M NaOH + 
0.027M Na2CO3 at potentials in excess of 3.5v against 
saturated calomel were white. By both chemical and 
x - ray  diffraction analyses, these films, as well as 
darker  films formed at lower potentials, were ident i -  
fied as zinc oxide (36). Hampson, Tarbox, Lilley, and 
Far r  identified zinc oxide by electron diffraction on 
specimens in KOH solutions subjected to potentials 
sl ightly below that for oxygen evolution. Very weak 
lines due to v-zinc hydroxide were also noted (18). 

On the other hand, Huber reported that  7-zinc hy-  
droxide and a very small  amount  of colorless zinc oxide 
precipitate on an active zinc electrode in 1M NaOH 
after continued electrolysis. Such findings were ob- 
tained by electron diffraction of th inner  coatings and 
by x - ray  diffraction of thicker ones (35). Niki t ina 
made an extensive study by  means of microscopy as 
well as by x - r a y  diffraction of the precipitate formed 
on a zinc anode as well as the product precipitated in 
the bulk  of the electrolyte. She worked with KOH 
solutions from 3 to 10M and at different temperatures  
between --20 ~ and 20~ (37). Prismatic -y-zinc hydrox-  
ide, rhombic e-zinc hydroxide, as well  as zinc oxide 
were identified depending on the KOH concentrat ion 
and the temperature.  The less stable 7 form of the 
hydroxide was observed with lower alkali concentra-  
tions and at the lower temperatures.  The most stable 
hydroxide, the ~ modification, appeared under  in ter-  
mediate conditions. Zinc oxide, which is slightly more 
stable than  the ~-hydroxfde, was observed in the more 
concentrated KOH solutions at higher temperatures.  
For instance in 10M KOH, ZnO was found at 20~ but  
~-Zn(OH)2 with a small  amount  of v-Zn(OH)2 at 0 ~ 
and --20~ Nikit ina 's  results are in general  agreement  
with those of Jofa, Mirlina, and Moiseeva (34). Vozd- 
vizshenskii and Kochman reported that after the evolu- 
tion of oxygen on a zinc anode in 2M KOH, the surface 
was black but  coated on the outside by a white gela- 
t inous coating which readkly washed off (25). 

Experimental Procedure 
Two kinds of zinc electrodes were used in this study. 

The first was obtained by cleavage from single crystal  
rods grown from zinc 99.9995% pure. Specimens, about 
0.3 cm thick, were produced by the rapid insert ion of 
a needle into the crystal  whi le  it was immersed in  
liquid ni t rogen contained in a thermal ly  insulated box. 
Rewarming to room tempera ture  was carried out in  
an inert  atmosphere. The specimen surface so-produced 
lies in the (0001) plane. It is mi r ror - l ike  and marred 
by only a few cleavage steps. Such specimens were put  
into the test cell without  fur ther  pretreatment .  Experi-  
ments  were started after an equil ibrat ion t ime of about 
10 min, dur ing which the zinc electrode stayed at open 
circuit potential  in a 7M KOH + 0.25M ZnO solution 
saturated with purified argon. Both sets of measure-  
ments  (current  densi ty i vs. electrode potential  U with 
photomicrographs and i -- U curve with determinat ion 
of the components of the electrode impedance) were 
made on the single crystal specimens. 
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Polycrysta l l ine  electrodes were  cut f rom rolled zinc 
sheet, designated as Mix 60 by the supplier,  the  New 
Jersey  Zinc Company. It was about 99.99% pure. The 
polycrystal l ine electrodes were  pre t rea ted  by dipping 
them for a short t ime in concentrated nitric acid fol-  
lowed by thorough rinsing in a s t ream of distilled 
water.  It  took about 2 min to mount  an electrode and 
to t ransfer  it to the test cell. A polycrystal l ine elec-  
t rode was connected to a potentiostat  and immersed 
in electrolyte  at --1.6v in the absence of zincate and 
at the rest potent ial  in the presence of zincate. Mea- 
surements  were  s tar ted 5 min af ter  immersion.  A 
cathodic current  t ransient  was observed during and 
after  immersion of the specimen electrode in KOH 
solutions wi thout  zincate. This cathodic current  decays 
with t ime and tends toward  a steady state value. 

Throughout  this study, the electrode potent ial  was 
measured against and is re fer red  here  to a mercu ry -  
mercuric  oxide electrode in pure KOH of the same 
concentrat ion as that  in the test cell. In addition, a 
secondary potent ial  scale, one refer red  to the zinc rest  
potential ,  is also shown on the various i - - U  curves 
presented in this paper. Such a scale facilitates the 
detailed examinat ion of the shapes of the  various ex-  
per imenta l  curves, an impor tant  part  of the analysis 
carr ied out in this study. 

The exper imenta l  work  was carr ied out in KOH 
solutions prepared  f rom reagent  grade chemicals and 
distil led water .  The solutions were  e i ther  f reshly pre-  
pared before the exper iments  or  were  stored under  
argon with exclusion of air in special apparatus. 

The v iewing cell and techniques for microscopic ob- 
servat ion of zinc electrodes under  polarization as wel l  
as most of the auxi l iary  ins t rumenta t ion  were  de- 
scribed in detail  previously (42). The zinc electrode 
potential  was controlled by a Jaissle  potentiostat  and 
was p rogrammed using ei ther  a Type 255 or a Model 
504 Exact  function generator.  The current  was re -  
corded as a function of potential  on a Moseley Model 
2D-2A X-Y recorder.  In this cell, designated here  as 
cell I, the  specimen surface is positioned horizontal ly 
facing upward.  Impedance  measurements  on both 
cleaved and polycrystal l ine electrodes were  also made 
in it. In addition, a second Teflon vessel, designated 
here as cell II, was used in which a polycrystal l ine 
sheet electrode was posit ioned vert ically.  A Teflon 
block with  a cyl indrical  hole, 1 cm in d iameter  by 1.5 
cm long, was pressed against the zinc sheet to affect 
a uniform current  distr ibution over  the zinc electrode. 
A fine hole in the block, 0.3 cm from the electrode 
surface, led to a separate reference  electrode com- 
par tment .  

Both the vol tage sweep and the a-c signal were  ap- 
plied to the test e lectrode by the  potentiostat  dur ing 
the impedance measurements  as described previously 
(43). The manua l ly  t r iggered vol tage for the sweep 
was taken f rom a Type 255 Exact  Electronics function 
generator.  It was necessary to keep the ampli tude of 
the a-c signal as small  as possible in order  not to per-  
turb  the shape of the i ~  U curve. An  ampli tude of 
1 m v  between the test and reference  electrodes was 
used as the i - - U  curve  was not affected by the a-c 
component  at this low amplitude.  The ohmic (1/Rp) 
and capacit ive (co Cp) components  of the electrode im-  
pedance in an analog paral le l  circuit  were  obtained 
simultaneously.  The a-c signal be tween test e lectrode 
and reference electrode was fed to the reference  input  
of the circuit  which resolves the two components  of the 
impedance (44, 45). The a-c vol tage across a s tandard 
resistor, through which flowed the cell current  be tween  
test and counter  electrodes, was applied to the o ther  
input  of this circuit. Both components of impedance 
were  recorded as a function of the electrode potential  
on a Moseley Model 136A X - Y - Y  recorder.  The  d-c 
current  was obtained by amplifying the total  vol tage 
across the s tandard resistor by an operat ional  amplifier, 
fi l tering out the a-c component,  and feeding the  d-c 
vol tage to the Y input of another  X - Y  recorder.  The 

electrode potential  was always recorded on the X axis 
of the recorders.  

Experimental Results 
The cur ren t -poten t ia l  curve  shown in Fig. 1 was 

measured on a c leaved single crystal  electrode at 0.55 
mv / sec  in 7M KOH + 0.25M ZnO at 23~ The pho- 
tomicrographs A to J shown in Fig. 2 were  taken  at 
the corresponding points marked  on the i - - U  curve  
in Fig. 1. The micrographs,  obtained with  dark field 
objectives at a total  magnification of 90X, show the 
changes in the surface s t ructure  of the same area dur-  
ing the anodic potent ial  sweep. Representa t ive  traces 
of the two components of the electrode impedance 
measured  in an analog paral lel  circuit  at 1000 Hz on 
similar  c leaved single crystal  electrodes in 7M KOH + 
0.25M ZnO are shown in Fig. 3. The measurements  
were  made under  s imilar  exper imenta l  conditions of 
assembling, sweep rate, and quiescent e lectrolyte  as 
for those shown in Fig. 1 and 2. The 1 / R p  - -  U and 
the r --  U curves display characterist ic waves  which 
are discussed in a la ter  section. 

Because of the low impedance of the zinc electrode, 
a correction was necessary to take account of the re-  
sistance RE1 of the electrolyte  be tween  the test elec- 
t rode and the opening to the  capi l lary leading to the 
reference  electrode compartment .  This resistance was 
de termined  by applying a-c voltages wi th  frequencies 
be tween 100 and 10,000 Hz from a function generator  
across cell  I and a mul t ip le  decade resistance box in 
series wi th  this test cell. For this determination,  the 
cell was filled with 0.1M KC1, the zinc electrode was 
replaced with  a platinized pla t inum sheet, and the H g /  
HgO electrode with  a plat inized plat inum wire. Using 
a dual beam oscilloscope, the series resistance was ad- 
justed so that  the ampli tude of the a-c signal measured  
between the p la t inum sheet and the p la t inum wire  
equal led that  across the resistance box. When the two 
signal ampli tudes were  equal, the e lect rolyte  resist-  
ance equalled that  of the adjustable  series resistance. 
The distance f rom the test electrode to the  center  of 
the  capi l lary opening, measured with  a microscope 
equipped with  a filar eyepiece, amounted to 0.76 mm. 
This value can be compared wi th  one, 0.77 mm, cal-  
culated from the measured electrolyte  resistance, the 
measured cross-sectional area of the cell, and the 
known specific res is t ivi ty  of the  electrolyte.  The elec- 
t ro lyte  resistance correction for the cell  filled with  
7M KOH + 0.25M ZnO was computed with  this in-  
format ion and the known specific resist ivi ty of the 
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Fig. 1. Current potential curve for cleaved zinc single crystal in 
7M KOH -i- 0.25M ZnO taken during anodic sweep at 0.55 mv/sec 
in cell I. Quiescent condition. 
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solution (46). It  amounted to only 0.14 ohm cm 2. After  
conver t ing the data in Fig. 3 to those for an analog 
series circuit, the electrolytic resistance, REL,  w a s  sub- 
t racted f rom the ohmic component  Rs in the series cir-  
cuit. Then the corrected ohmic value (Rs - -  R E L )  and 
the capaci t ive component  1/o~Cs were  used for a final 
conversion back to a paral le l  circuit  consisting of the 
components  R'p and C'p. This is the regular  procedure 
for the t rea tment  of impedance data (47, 48). 

The 1/R'p --  U, C'p - -  U, and i - -  U curves are plot-  
ted on Fig. 4 for the cleaved single crystal  e lectrode 
and on Fig. 5 for the polycrystal l ine electrode in 7M 
KOH + 0.25M ZnO. The exper imenta l  conditions for 

the measurements  shown on the  two figures were  the 
same except  for the pre t rea tment  of the electrodes as 
described in the preceding section. 

A large number  of vol tammetr ic  exper iments  were  
carr ied out on polycrystal l ine electrodes in cell II. 
Typical  curves of i - -  U, 1 / R p -  U, and r - -  U ob- 
tained at a 1 mv / sec  sweep rate  in 7M KOH + 0.25M 
ZnO are shown on Fig. 6. Curves for the anodic sweep 
are  represented by solid lines while  those for the re-  
turn  cathodic sweep are  indicated by broken ones. Still  
o ther  i - -  U curves and photomicrographs appear in 
Fig. 7-13. 
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Fig. 2. Changes in the optical morphology of a zinc electrode observed during the anodic sweep shown in Fig. 1. Dark field 90X. Let- 
ters correspond to potentials indicated on Fig. 1. 

Discussion 
D i E e r e n t  s h a p e s  o~ t h e  i - -  U,  1 / R p  - -  U, a n d  r - -  

U c u r v e s . - - P r o b a b l y  t h e  m o s t  i n t e r e s t i n g  f e a t u r e  of 
t h e  d a t a  p r e s e n t e d  in  Fig.  1-6 is t h a t  t h e  s h a p e s  of  t h e  
i - -  U, 1 / R p  - -  U, a n d  r - -  U c u r v e s  m e a s u r e d  in  

ce l l  I a r e  v e r y  d i f f e r e n t  f r o m  t h o s e  m e a s u r e d  in  ce l l  II. 
T h e r e  is a v e r y  l a r g e  p e a k  in  t h e  i - -  U c u r v e  f r o m  
cel l  I a t  a p o t e n t i a l  of  - -1 .27v t h a t  is c o m p l e t e l y  a b s e n t  
o n  t h e  c u r v e  o b t a i n e d  in  ce l l  II.  As  w i l l  b e  d i s c u s s e d  
in  m o r e  d e t a i l  be low,  d o u b l e  p e a k s  in  t h e  i - -  U c u r v e s  
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Fig. 3. Parallel conductance (l/Rp) and capacitive susceptance 
(mCp) vs. U for cleaved zinc single crystal in 7M KOH -~- 0.25M 
ZnO taken during anodic sweep at 0.55 mv/sec in cell I. Quiescent 
condition. 
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Fig. 4. Current density (i), corrected parallel conductance 
(1/R'p), and corrected capacitance (C'p) vs. U for a cleaved zinc 
single crystal in 7M KOH -~- 0.25M ZnO taken during anodic 
s w e e p  at 0.55 mv/sec in cell I. Quiescent condition. 
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Fig. 5. Current density ( i) ,  corrected parallel conductance 
(1/R'p), and corrected capacitance (C'p) vs. U for polycrystalline 
zinc in 7M KOH -F 0.25M ZnO taken during anodic sweep at 0.55 
mv/sec in cell I. Quiescent condition. 
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F i g .  6 .  C u r r e n t  d e n s i t y  ( 1 ) ,  p a r a l l e l  c o n d u c t a n c e  (]/Rp), a n d  

capacitive susceptance (<~Cp) vs. U for polycrystalline zinc in 7M 
KOH --~ 0.25M ZnO taken during triangular sweep at 1 mv/sec 
in cell II. 

were  usual ly observed only in the  former  cell. The 
current  densities measured in cell II were  usual ly 
larger  and the width  of the active region greater  by 
about 100 mv  as can be seen on compar ing Fig. 1 wi th  
Fig. 6. 

The differences in data obtained in the two cells are 
accentuated in the resolved component  measurements .  
The traces of the two components of the electrode 
impedance measured in an analog paral lel  circuit  at 
1000 Hz as shown in Fig. 3 were  representa t ive  of data 
obtained Ln cell I. They were  obtained under  similar 
exper imenta l  conditions of assembling, sweep rate, and 
quiescent  electrolyte  as for those shown in Fig. 1 and 
2. Similar  results f rom numerous  runs demonst ra ted  
that  the characteris t ic  shapes of the 1/Rp --  U and 
coCp --  U curves shown in Fig. 3 can be correla ted wi th  
that  shape of the i -  U curve  shown in Fig. 1. When 
measured data such as shown in Fig. 3 were  corrected 
for the electrolyte  resistance by the method described 
previously, double peaks appeared in the C'p -- U 
curves in the potential  range between --1.37 and 
--1.07v which correspond qual i ta t ively  to the double 
peaks in the i - -  U curves. These are shown in Fig. 
4 and 5. 

Numerous  exper iments  showed that  the character -  
istic shapes of the 1/Rp -- U and o~Cp - -  U curves ob- 
tained in cell II, as shown on Fig. 6, are  to be associ- 
ated wi th  that  shape of the i --  U curve  also shown on 
the same figure. Both components  of impedance display 
a rapid change with U near  the  potent ia l  whe re  the 
i -  U curve  undergoes an initial rise. In contrast to 
data obtained in cell I, nei ther  resolved component 
changes much with  potent ial  be tween  --1.25 and 

--1.00v. The onset of passivation is correlated wi th  an 
abrupt  decrease in 1/Rp and a small  increase in Cp. 
The increase of Cp with  increase in potential  for po- 
tentials less than --1.3v is in general  agreement  wi th  
recent  results of Dirkse and Shoemaker  (49). 

While these measurements  of the resolved  com- 
ponents of impedance were  very  useful in point ing up 
differences be tween the two exper imenta l  cells, a 
quant i ta t ive  study of impedance variat ions is ve ry  
dLfficult because the impedance of the  zinc electrode 
in strong alkal ine solutions is so low. Even though the 
electrolyte  resistance correct ion is ve ry  small  by ordi-  
nary standards, amount ing to only 0.14 ohm cm 2, it 
consti tuted such a re la t ive ly  large correction on the 
measured  values that  presentat ion of data as 1/R'p 
and C'p over  a range of potential,  roughly  be tween 
--1.15 and --0.9v, did not seem worthwhile .  Al though 
the  resistance correction at the beginning of the ex-  
per iment  is probably known to wi th in  a per cent, un-  
certaint ies  arise from the change of the electrolytic 
conductance dur ing the potent ial  sweep because of the 
enr ichment  of the electrolyte  film near  the surface with 
zincate as a result  of the anodic zinc dissolution. De-  
tai led correlat ions be tween the  different peaks become 
difficult since their  locations are affected by the un-  
certainties mentioned. 

Most of the variat ions in the shapes of the curves 
measured  in the two cells arose f rom ve ry  different 
hydrodynamic  conditions. In cell I there  was l i t t le 
natura l  convection as the test electrode was ar ranged 
horizontal ly  facing upward.  In contrast, in cell II the 
electrolyte  near  the ver t ica l  test electrode was un-  
doubtedly st i rred (50). That  s t i rr ing due to na tura l  
convection is the important  difference was shown by 
mechanica l ly  st i rr ing the e lect rolyte  in cell  I using 
both single crystal  and polycrystal l ine specimens. A 
lift pump operated by u l t r a -pu re  hydrogen was used 
for this purpose. In Fig. 7, the i -  U curve  for a single 
crystal  electrode with  st irred electrolyte  is presented 
and should be compared with  Fig. 1 for the unst i r red 
condition. Al though these results are strong evidence 
of the influence of processes in the diffusion layer  on 
some aspects of film formation, addit ional  evidence is 
presented below. 

Formation of a loose whi te  coating under quiescent 
condit ions.--The relat ionship be tween  the potential  
and the kind of film formed wil l  be considered first 
for quiescent conditions. Up to about --1.28v, under  
which conditions the current  increases monotonical ly 
wi th  increasing potentials, facet ing of the ini t ia l ly  ve ry  
smooth single crystal  surface takes place. Such facets 
grow coarser wi th  t ime as shown in Fig. 2A-D. As no 
evidence of anodic film format ion is seen in this re-  
gion, presumably  only a soluble oxidized zinc species 
is formed. The  facet ing was sufficiently coarse in this 
exper iment  that  the specimen reta ined its mi r ro r - l ike  
qual i ty  reasonably well. A mi r ro r - l ike  surface, which 
appears dark with  dark field microscope objectives, 
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Fig. 7. Current potential curve for cleaved zinc single crystal in 
7M KOH -I- 0.25M ZnO taken during anodic sweep at 0.50 mv/sec 
in cell I. Solution stirred. 
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is of course the most suitable background against 
which to v iew the format ion of a whit ish film that  oc- 
curs at a sl ightly higher  potential.  In some runs, for 
reasons we do not yet  understand, the faceting oc- 
curred on a smaller  scale, wi th  the result  that  the 
detection of the beginning of filming was made more 
difficult. 

A coating or film on the electrode is first evident  
ve ry  near  that  potent ial  at which the current  density 
is maximum,  i.e., at about --1.27v as shown on Fig. 
2E. This film spreads out and gradual ly  covers the 
surface (Fig. 2F and G).  Al though i t perhaps cannot 
be discerned f rom the photomicrographs,  the film that  
forms near  --1.27v is loose, flocculent, and white. At  
higher  potentials, it may  cover  the electrode to a depth 
of 50-100~ in some places. This coating l ikely  results 
f rom precipitat ion from a layer  of e lectrolyte  close to 
the electrode surface that  is supersaturated with zincate 
ions. In "channels"  between "islands" of film, it is 
often possible to see small whi te  particles in motion 
under  the microscope. This agitat ion is an indication 
of small  scale convect ive  motion associated with phase 
separation as precipitat ion should leave a less dense 
solution below a more  dense one. This brings out the 
point that  the word "quiescent"  is used throughout  
this paper  in a re la t ive  sense to distinguish hydrody-  
namic situations in which natura l  convection is small 
f rom others in which a solution is ei ther pumped or 
subject to considerable na tura l  convection. At still 
h igher  potentials, the anodic coating darkens as shown 
in Fig. 2G and H. The point I on Fig. 1 at the onset of 
passivation corresponds to almost complete  coverage 
of the zinc electrode with  film. 

As shown on Fig. 7, the --1.27v peak in the i --  U 
curve  is absent if the electrolyte  is stirred. In Fig. 8, 
photomicrographs are presented which were  taken at 
various potentials as indicated on Fig. 7. A whi te  coat-  
ing was not observed near  --1.27v in this experiment .  
These results provide negat ive  evidence that  this peak 
is associated with a precipi tated film. By stirring, the 
mass t ransfer  of zincate ions is presumably  increased 
sufficiently that  a supersaturated layer  of zincate does 
not  form close to the zinc electrode. 

When the potent ial  scan ra te  is reduced to about 
one- tenth  of that  used to obtain Fig. 1, other  exper i -  
mental  conditions remaining the same, a second peak 
in the i - -  U curve  near  an anodic potential  of --1.15v 
becomes ful ly  developed as shown on Fig. 9. This peak 
appears only as an inflection point in Fig. 1. The over-  
all  reduct ion in the heights of the anodic peaks at the 
very  slow scan ra te  should be noted. Double peaks in 
the anodic polarization curve  for zinc in concentrated 
alkali  were  reported previously by Vozdvizhenskii  and 
Kochman (25). These authors pointed out that  the 
resolution of the second peak was improved by de- 
creasing the potential  scan rate, al though they  did 
not state quant i ta t ive ly  the scan rates used in their  
experiments.  In our experience,  very  low rates of the 
order  of a fract ion of a mil l ivol t  per second are re -  
quired. Vozdvizhenskii  and Kochman used horizontal  
test electrodes as did we in cell I. It is impor tant  to 
point out that  the horizontal  electrode a r rangement  
is not the only exper imenta l  situation in which double 
peaks can be observed. They also appeared with  
vert ical  electrodes in contact wi th  a separator. We as- 
sume that  the natural  convection which usually occurs 
near  a ver t ical  zinc electrode under  polarizat ion is 
suppressed by the separator. This reduces sufficiently 
the rate  of mass t ransport  of zincate away  f rom the 
electrode that  the formation of a supersaturated layer  
of zincate occurs. 

The formation of dark compact films.--The shape of 
the i - -  U curve is al tered great ly  by s t i r r ing as shown 
in Fig. 6 for a ver t ical  electrode subject to na tura l  
convection and in Fig. 7 for a horizontal  electrode wi th  
forced convection. Instead of obtaining a peak near  
--1.27v, the current  density continues to rise wi th  in-  
creasing potential.  However ,  the rate  of rise var ied 

considerably f rom run to run. In some, the current  
increased very  slowly up to a potential  o f - -0 .97v ,  at 
which it dropped abrupt ly  and complete passivation 
ensued. This behavior  is ve ry  similar  to that  reported 
recent ly  by Ashton and Hepwor th  for the anodization 
of zinc in 0.5M NaOH (29). A more rapid increase of 
current  densi ty wi th  potential  is shown on Fig. 6. In 
other  runs the rise was gradual  up to a potential  of 
about --1.22v when  fluctuations in the current  density 
occurred as shown on Fig. 7. These fluctuations are 
often much larger  than those indicated on the lat ter  
figure. At higher  potentials, the current  increased more 
steeply, passed through a maximum,  and then dropped 
precipitously. 

The st i rr ing action permits  the observat ion of a sec- 
ond, ve ry  different kind of film by prevent ing the for-  
mat ion of a supersaturated layer of zincate with sub- 
sequent precipi tat ion of a loose whi te  layer. The fluc- 
tuations in the current  ment ioned above are associated 
with  the buckling and tear ing  of this second type. This 
behavior  is shown on Fig. 8E and F. This type  II film 
appears to be much more  compact than the first type 
and is t ransparent  to a greater  or lesser degree. It is 
genera l ly  more adherent  and seems to form direct ly  on 
the surface of the zinc electrode. As discussed in more 
detail  below, its color can range f rom very  light gray 
to black. Other photomicrographs of buckled films, 
taken dur ing a run under  conditions similar  to those 
used for Fig. 7 and 8, are shown in Fig. 10A and B. 

There  is another  technique which facili tates the ob- 
servation of type II film without  in terference f rom the 
first type. This involves  the  use of a potent ial  jump 
from the rest value to a potential  ranging usual ly f rom 
--0.5 to 0.5v in a quiescent solution. As discussed ha 
the section on previous work, the application of a 
large constant current  leads to passivation with  a 
minimum, near ly  constant, amount  of charge per unit  
area and minimizes the format ion of a supersaturated 
layer  of electrolyte  near  the electrode. With potent io-  
static experiments ,  af ter  jumping  the potential,  for in-  
stance to 0.5v, an ini t ial ly very  high current  density 
is noted which saturates the potentiostat.  The current  
declines wi th  time, amount ing after  1 rain to about 
76 m a / c m  2, af ter  5 min to 56 m a / c m  2, and to 38 m a /  
cm 2 after  10 rain. With time, surface features on the 
single crystal  zinc electrode surface become obli terated 
due to the presence of type II film which becomes in- 
creasingly opaque. It is interest ing to note however  
that  even when the electrode is covered with  film so 
as to appear  ve ry  black to the eye, under ly ing surface 
features on the electrode surface may  be v iewed mi-  
croscopically mere ly  by increasing the intensi ty of il-  
lumination.  If the potential  is reduced after  a certain 
t ime of formation,  e.g., t o - - 0 . 5 v  af ter  10 min, fissures 
often appear  in the film and some portions of the  sur-  
face become denuded of film as shown on Fig. l lA .  
On other  portions of the surface, the type II film is 
piled up several  layers deep as shown in Fig. l iB .  

Interpretation of impedance data.--As discussed pre-  
viously, the general  shape of the 1/Rp -- U and r 
--  U curves reflects the convect ive conditions under  
which the measurements  were  made. The gradual  de- 
crease of current  wi th  potential  between --1.2 and 
--1.0v on the single crystal  and the polycrystal l ine zinc 
surface in cell  I (see Fig. 4 and 5) and the sudden 
decrease at about --0.95v on the polycrystal l ine sur-  
face in cell II (see Fig. 6) are  accompanied by similar  
changes in the resolved components.  The lat ter  be- 
havior  is a t t r ibuted to the complet ion of the coverage 
of the surface with type II film. Fur the r  conclusions 
of a qual i ta t ive nature  may be der ived f rom the im-  
pedance measurements  in cell  I for which a RE1 cor-  
rection was made under  the simplifying assumption 
that  RE! ~ constant. A corresponding correction was 
not applied to the data obtained in cell II since the 
convect ive conditions did not guarantee  a uniform 
current  distribution. 
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Fig. 8. Changes in the optical morphology of a zinc electrode observed during the sweep shown on Fig. 7. Dark field 90X. 

The C'p ~ U curves in Fig. 4 and 5 show C'p values 
larger than  60 ~F/cm 2 between --1.35 and --1.15v and 
between --0.90 and --0.70v. The peak values are sev- 
eral  hundred  /~F/cm 2. Such C'p values cannot repre-  
sent the double layer  capacitance on zinc which is of 
the order of 20/~F/cm 2 (48). Large values of C'p were 
also found by impedance measurements  at the equi-  
l ibr ium potent ial  of the zinc/zincate electrode and were 
a t t r ibuted at high frequencies to a capacitance resul t -  
ing from the presence of (Zn~a-OH-)  (6). Our ca- 
pacitance data in  the two potential  regions defined 

above have to be in terpre ted  in a similar  way. The 
adsorption reactions in question cannot be specified yet 
on the basis of the available data. However, it is con- 
sidered l ikely that the formation of OHad is involved 
in the appearance of one or possibly of the two ca- 
pacitance peaks in the region between --1.35 and 
--1.15v. Since the first peak is small  on the single crys- 
tal  plane and larger on the polycrystal l ine surface, the 
same adsorption reaction on different planes may  have 
been observed. Since the second potential  region is 
separated by about 0.4v from the first one, an adsorp- 
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Fig. 9. Current potential curve for cleaved zinc single crystal in 
7M KOH -t- 0.25M ZnO taken during onodic sweep at 0.0.5 mv/sec 
in cell |. Quiescent condition. 
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Fig. 10. Additional illustrations of ripped and buckled type II 
film. Dark field 90X. 

t ion reaction different from that  in the first region has 
to be postulated as the cause of the capacitance peak 
between --0.90 and --0.70v. 

Fig. 11. Torn and piled-up type II film. Formed at 0.5v and torn 
by reducing potential to --0.5v. Dark field 48X. 

Concluding Remarks 
In  the preceding sections, we have at tempted to de- 

scribe exper imental  conditions wherein  one of the two 
different kinds of film involved in  zinc passivation 
could be observed without  interference from the other 
type. Both kinds of film were described previously by 
numerous  authors. It appears l ikely from this prior 
work that type I film is either a form of zinc hydroxide 
or of zinc oxide while type II film is zinc oxide. An 
impor tant  part  of the present  contr ibut ion is a bet ter  
delineation of the conditions for their  formation. The 
electrode potent ial  and the hydrodynamic conditions 
in the electrolyte near  the zinc electrode ma in ly  deter-  
mine  which film is observed. 

An  in t r iguing question, for which we have as yet 
no definitive answer, is the potential  at which the type 
II film first forms. A thin, compact, near ly  t ransparent  
coating that forms directly atop the surface of the zinc 
electrode is very  difficult to detect. As shown on the 
photomicrographs in this report, it is probably most 
easily observed when buckled and torn. In  our experi-  
ence, the films formed by jumping  the potential  anodi-  
cally from the rest value were capable of various 
shades of darkness depending largely on the forming 
potential  and the elapsed time. Type II films formed 
dur ing  s t i r r ing at potentials near  - - l .2v  are of a still 
l ighter color. If the darkening of a filmed zinc elec- 
trode can be a t t r ibuted ent i rely to the type II film, 
then  the film that forms on a zinc electrode under  
quiescent conditions at potentials in excess of --1.22v 
must  be of a duplex character. A porous, whi te  pre-  
cipitated film (type I) must  cover type II. The dark-  
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ening of a filmed zinc electrode undergoing anodiza- 
t ion under  quiescent conditions is evident  in that  series 
of photomicrographs shown in Fig. 2 beginning with 
H, and possibly even in G. Darkening was determined 
quant i ta t ive ly  in another  experiment.  The potential  of 
a single crystal zinc electrode was changed rapidly 
from the rest value by 200 mv in the anodic direction 
and the intensi ty  of diffusely reflected light from the 
specimen was sensed usLng a photometer placed in 
one of the eyepiece tubes of the Leitz Ortholux micro- 
scope used to observe the zinc electrode under  polari-  
zation. A recording of the intensi ty  var iat ion with t ime 
is shown in Fig. 12. The intensi ty  of incident  light upon 
the specimen was held constant  throughout  the experi-  
ment. There was a delay of 20-30 sec dur ing  which 
time the specimen retained its mi r ror - l ike  character 
and appeared black. As type I coating formed and 
spread over the surface, the in tensi ty  increased. After  
about 110 sec, however, as the filmed electrode became 
dark because of adsorption of incident  light, the re- 
corded in tens i ty  fell. If the film formed after such an 
experiment  is dissolved by s t i r r ing for 10-30 rain at 
open circuit, a black web- l ike  s tructure is observed 
under  the microscope. It is often one of great delicacy 
and beauty.  These so-called "zinc cobwebs," which we 
assume to form from an under ly ing  compact type II 
film, are described elsewhere (51). 

The rather  different behavior of the two kinds of 
film substances involved in zinc passivation is brought 
out in yet another  way on considering the curves 
shown on Fig. 6 and 12. Use was made of t r iangular  
sweeps wherein  the potential  was changed at a con- 
stant  rate from the rest value to about --0.5v and 
then back again to the rest value. On Fig. 6, one can 
see that  the current  obtained with decreasing potential  
on the re tu rn  part  of the sweep duplicated ra ther  well 
that obtained with increasing potential. This conclu- 
sion applies par t icular ly  well to data obtained at the 
more negative potentials. These data were obtained in 
cell II (vertical zinc electrode) where because of 
na tu ra l  convection only small  amounts  of the first type 
film would be expected to form. Curves demonstra-  
t ing these points have also been obtained with cell 
I (horizontal zinc electrode) with st irred electrolyte. 
In  contrast, the very  different behavior encountered 
with a horizontal electrode without s t i rr ing (quiescent 
condition) is brought out in the i - -  U curves shown 
on Fig. 13. Here the current  at the lower potentials 
obtained dur ing the cathodic sweep is very much less 
than that  obtained during the anodic sweep. Micro- 
scopic observations readily indicate that  the type I 
film which formed gradual ly  with increasing potential  
(probably with some type II film beneath it) remained 
on the electrode for the entire re tu rn  sweep. It thus 
appears that, whereas type II film substance is of 
predominant  importance in controll ing the active to 
passive t ransi t ion between --1.07 and --0.97% type I 
film can greatly influence the current  level at lower 
potentials. 

,~o ~$o ~o ,~o 
TIME-SECONDS 

Fig. 12. Variation with time of diffusely reflected light intensity 
from zinc anode. 
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Fig. 13. Current potential curve for cleaved zinc single crystal in 
7M KOH + 0.25M ZnO taken during triangular sweep at 0.50 
mv/sec in cell I. Quiescent condition. 
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The Microstructure of Sintered Silver Electrodes 
I. During Discharges at the 1-Hour Rate 

Charles P. Wales* 
Naval Research Laboratory, Electrochemistry Branch, Washington, D. C. 

ABSTRACT 

Silver electrodes that  had been manufac tured  for Ag-Zn  storage batteries 
were cycled in 35% KOH at 25~ The electrodes were examined by optical 
microscopy. The ini t ial  Ag20 formation dur ing a discharge at the 1-hr rate 
usual ly  occurred on the surfaces of AgO clumps at many  scattered areas 
throughout  the electrode. After  discharge potent ial  fell to the Ag20/Ag 
plateau, Ag formation occurred on the electrode surface and t h e n  gradual ly  
spread to the interior  as a discharge was continued. When a slow (20-hr) 
discharge rate was used, however, Ag formed at the surface and at the in-  
terior of an electrode simultaneously.  

The use of s i lver-zinc and s i lver-cadmium storage 
batteries is l imited by several factors, including the 
gradual  loss of capacity often observed with use, the 
short life of some models, and the difficulty of re-  
charging the batteries to full  capacity in a short time. 
The present  invest igat ion concerns the s t ructure  of 
the silver electrode that is used as positive electrodes 
in si lver-zinc and s i lver -cadmium storage batteries. 
Microscopic examinat ion  of electrodes at various stages 
of charge and discharge has been of considerable 
value in unders tanding  the processes which occur. 
The three phases Ag, Ag20, and AgO can be seen and 
differentiated from each other by using optical micros- 
copy. The progressive decrease in capacity of a sin- 
tered silver electrode that  was discharged at a low 
(20-hr) rate has been shown to be the result  of a 
gradual  change in electrode s tructure as large Ag 
particles formed dur ing the slow discharges in place of 
the small  particles originally present  (1). 

The present  paper describes s t ructural  changes that  
occur dur ing discharges of sintered silver electrodes 
in the first 30 cycles of an electrode. These electrodes 
were always discharged at the 1-hr rate and charged 
at the 20-hr rate. Structures present  in  these elec- 
trodes at the end of discharges and s t ructural  changes 
dur ing charges tha t  followed the  1-hr rate discharges 
are to be the subject of later papers. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
K e y  words"  ~iLver e lec t rode ,  s i l v e r  oxides ,  m i c r o s t r u e t u r e .  

Experimental Procedure 
The silver electrodes used for the microscopic ex- 

aminat ion had been manufac tured  commercial ly for 
use in Ag-Zn storage batteries. The electrodes were 
all of the same size and had been designed to dis- 
charge at comparat ively low rates, requir ing one or 
more hours for a complete discharge. The electrodes 
consisted of sintered Ag particles with a grid of ex- 
panded sheet Ag that  was close to one electrode sur-  
face. The structure of these electrodes has been i l lus- 
t rated (1). Electrode dimensions were 41.5 m m  wide 
by 38.0 mm high by 0.8 mm thick. The theoretical ca- 
pacity of an electrode, based on the weight of sintered 
Ag present, was approximately 2.9 amp-hr .  

An electrode which was to be examined was 
charged and discharged between two other sintered 
Ag electrodes of the same size and construction. All  
three electrodes were wrapped individual ly  with 
treated cellulose separator to slow the diffusion of 
soluble Ag species. The cell containing these elec- 
trodes, which has been described in more detail  in ref. 
(1), was so constructed that  the middle electrode 
could be removed readily from the separator when  it  
was desired to cut an electrode sample for micro- 
scopic examinat ion.  The cell also contained a Ag/Ag20 
reference electrode. All  work was done at approxi-  
mately  25~ in an excess of 35% KOH solution. 

The removable electrodes were charged at the con- 
s tant  current  which required approximately 20 hr  for 
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a complete charge. A charge was ended when elec- 
trode potential  stopped changing rapidly  after oxygen 
began to evolve. These electrodes were discharged 
at the constant  current  which required 1 hr  for po- 
tential  to drop to --500 mv vs. the reference elec- 
trode, a potential  equivalent  to an endpoint  of ap- 
proximately  1.0v for a typical  Ag-Zn  cell. Pro-  
gressively lower values of charge and discharge cur-  
rent  were used as the electrode capacity gradual ly 
declined with cycling, so that the actual hours usual ly  
varied less than  3% from the desired 20 hr for charge 
and 1 hr  for discharge. An exception was the first two 
cycles of an electrode, where capacity fluctuated and 
variat ion from the desired times averaged 9.6%. Sam- 
ples approximately 19 x 21 mm were cut from a re-  
movable electrode at various times, for microscopic 
examination.  The remainder  of the electrode was then 
re turned to the cell and placed wi th in  the separator 
as before. Current  was lowered by an amount  suffi- 
cient to compensate for the removal  of each sample, 
so that  current  density on the remainder  of the elec- 
trode was unchanged.  

Each sample from an electrode was handled sepa- 
ra tely to avoid unnecessary delay in microscopic ex-  
amination.  Sample t rea tment  was changed from that  
used earlier (1). The wet-polishing step was omitted 
and a different impregnat ion plastic was used. Porous 
electrodes cannot be ground and polished successfully 
in  preparat ion for microscopic examinat ion unless the 
voids wi thin  the electrode are filled with a solid ma-  
terial. Several  polyesters were tested as the impreg-  
nat ion mater ia l  but  all reacted slowly with Ag20 and 
AgO before solidifying. Epoxy resins are available 
that  are less reactive with silver oxides, but  most 
epoxy resins have high viscosity and need to be 
heated for curing. A little decomposition of AgO 
seemed to occur even when an electrode sample was 
heated at the relat ively low temperature  of 40~ for 8 
hr. This agrees with the recent report of slow AgO 
decomposition taking place at 25~ while at 50 ~ the 
AgO decomposition had increased greatly (2). The 
major i ty  of the samples in the present  work were 
impregnated with an epoxy resin that  required sev- 
eral days at room tempera ture  before the epoxy resin 
hardened sufficiently that  it could be ground and 
polished successfully. The most recent  samples were 
impregnated with a t ransparen t  epoxy resin~ that  is 
less viscous and wil l  harden  overnight  at room tem-  
perature. 

Note that  an exothermic reaction takes place after 
the components of an epoxy resin or polyester are 
mixed. Dangerously high temperatures  can occur 
when a large volume of the liquid plastic is  prepared. 
The temperature  may increase sufficiently that  the 
plastic will  ignite spontaneously. A par t icular ly  haz- 
ardous situation can occur if a large quant i ty  of plas- 
tic is used to impregnate  large bat tery  electrodes 
consisting of an oxide, because the oxide will  decom- 
pose when heated and the released oxygen will  speed 
combustion of the plastic. In the present  work only a 
small  quant i ty  of epoxy was needed for a sample. The 
tempera ture  of the a luminum mold that  held a sample 
did not rise noticeably above room temperature.  

After  a sample was cut from an electrode, the sam-  
ple was immediate ly  washed in 4-6 changes of distilled 
water  to remove the KOH solution. Then the sample 
was dried in a vacuum for 1 hr. A dried sample was 
placed in the cylindrical  cavity of an a luminum mold. 
The cavity was then filled with Lucite pellets to hold 
the sample upright.  While unde r  a vacuum, the sam- 
ple was impregnated with the epoxy resin. Only 15- 
20g of epoxy were needed to fill the void spaces 
between the pellets and in the electrode. The im-  
pregnated sample was re turned to atmospheric pres-  
sure while the plastic was still liquid, and the plastic 
was cured at room temperature.  Then a cross section 
of the sample was prepared by grinding the sample 

x E P O - T E K  301 ( E p o x y  T e c h n o l o g y  Inc . ,  65 G r o v e  S t r ee t ,  W a t e r -  
t o w n ,  Mass .  02172). 

successively on 120, 240, 400, and 600 mesh silicon car- 
bide papers. F ina l ly  the sample was dry polished on 
a sponge rubber  lap charged with 0.3~ a lumina  pow- 
der. The sample was then examined by optical mi-  
croscopy and the appearance of significant areas 
recorded by photography. 

Results of Microscopic Examinations 
Figure 1 gives typical potentials measured dur ing 

discharges at the 1-hr rate and for comparison also 
includes two discharges at the 20-hr rate. The po- 
tent ia l  in the first portion of a discharge was the po- 
tent ial  of AgO being reduced to Ag20, and then the 
remainder  of the discharge took place at the poten-  
tial of Ag20 being reduced to Ag. Electrodes showed 
the AgO/Ag20 potential  dur ing the first 11-15% of 
cycle 1 discharges at the 1-hr rate. A smaller propor-  
t ion of the following discharges took place at the 
AgO/Ag20 potential, and from cycle 3 to cycle 30 this 
potential  lasted for only the first 6-12% of discharges 
at the 1-hr rate. (No electrodes were given more than  
30 cycles in the present work.) The shape and length 
of this higher potential  portion of a discharge varied 
from cycle to cycle. When the 20-hr rate was used, a 
larger proportion of a discharge took place at the 
AgO/Ag20 potential. The first discharge at the 20-hr 
rate showed less of this higher potential  than the 
later cycles. After the first cycle, the higher, potential  
plateau resembled that  of E in Fig. 1. It can be seen in 
Fig. 1 that the total  capacity delivered dur ing  dis- 
charge decreased gradual ly  as an electrode was cycled 
at the 1-hr rate and capacity decreased more rapidly 
when  the 20-hr rate was used, al though the slower 
discharge gave a larger capacity on the first cycle. 

At the end of a charge to oxygen evolution at the 
20-hr rate over half  of the Ag in an electrode had 
been oxidized to AgO, with much smaller amounts  of 
an electrode consisting of metallic Ag or of Ag20. 
Figure 2 i l lustrates an electrode at the end of the first 
charge, as well  as can be done in one photograph. 
This and all subsequent  figures are photographs of 
cross sections through an electrode and, therefore, also 
show cross sections through individual  particles or 
crystals of which the electrode is composed. The 
charged electrode had variat ion from one area to 
another. At some areas more AgO was present  than  
was in the area shown in Fig. 2, while  elsewhere 
larger amounts  of Ag and Ag20 were present. Large 
Ag particles did not oxidize completely dur ing charge, 
but  many  of the small  Ag particles had oxidized com- 
pletely to AgO. It could be seen under  polarized light 
that what  appeared to be large AgO crystals actually 
consisted of several smaller  AgO crystals tha t  had 
grown together. The AgO crystals tended to fill some 
of the voids originally present  in the unused electrode. 
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Fig. 1. Discharge potentials of two sintered Ag electrodes in 
35% KOH at 25~ following charges at 20-hr rate. A, cycle I; 
B, cycle 15; and C, cycle 30 of electrode always discharged at 
1-hr rate. D, cycle 1; and E, cycle 6 of another electrode always 
discharged at 20-hr rate. 
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Fig. 2. Previously unused electrode at the end of the first charge 
to oxygen evolution. Metallic Ag particles are the lightest shade. 
Groups of AgO crystals are shown by the medium gray that pre- 
dominates. Ag20 (darker gray) is present in small patches within 
the AgO and also is present as a thin layer separating Ag particles 
from the AgO. Void areas are the darkest shade. Lines forming 
the squares are 30g apart. 

The appearance of the electrode at the end of the 
first charge and dur ing the first discharge was differ- 
ent  from the appearance when  charged or discharged 
equivalent  amounts  in subsequent  cycles. One area of 
an electrode that  was discharged over 90% at the 
Ag20/Ag potential  plateau using the 1-hr rate at 
cycle 1 is shown in Fig. 3. All  areas of an electrode 
did not discharge simultaneously.  In  the area i l lus- 
t rated by Fig. 3, the surface of all AgO clumps had 
been reduced to Ag20 dur ing the discharge The Ag20 
was present  as very small  crystals in a layer that  was 
more porous than  the AgO. The Ag present  in the area 
shown in Fig. 3 was Ag that  had not been oxidized 
dur ing the ini t ial  charge of the electrode. During the 
part ial  discharge no Ag had been formed in this area. 
Comparison with Fig. 2 indicates the changes that  had 

occurred as Ag20 formed dur ing an incomplete dis- 
charge at cycle 1. The angular  shapes of AgO clumps 
had been retained. 

Most of the Ag particles that  formed dur ing  the 
first discharge at the 1-hr ra te  were much smaller  
than the Ag particles originally present. The forma- 
t ion of Ag from Ag20 is shown in  Fig. 4. During the 
first discharge the Ag formation took place more often 
below the surfaces of the small  clumps of active ma-  
terial than  at their  surfaces. Comparison of Fig. 3 to 
Fig. 4 suggests that  the Ag had nucleated from the 
smaller Ag particles that  had remained at the end of 
the first charge. Ag began to form before all AgO was 
reduced to Ag20. As the Ag20 coating on a clump of 
AgO was reduced to Ag, addit ional AgO was reduced 
to Ag20 with the result  that  Ag never  contacted AgO. 
Almost all of an electrode had been reduced to Ag by 
the end of a discharge at the 1-hr rate, al though a few 
small areas of oxides usual ly remained. 

The Ag particles produced by a discharge at the 
1-hr rate formed into larger clumps than were pres-  
ent in the unused electrode. As an electrode was 
cycled, these clumps gradual ly became larger and 
large void spaces developed. During charge of an elec- 
trode that  contained clumps of small  Ag particles 
produced by one or more discharges at the 1-hr rate, 
larger AgO clumps were formed than those shown 
in  Fig. 2 for the ini t ial  charge of a sintered Ag elec- 
trode. As discharges at the 1-hr rate and charges at 
the 20-hr rate were repeated, the AgO clumps in a 
charged electrode became larger. These large AgO 
clumps contained many  particles of Ag that  had not 
been oxidized dur ing the charge. The remaining  fig- 
ures show structures present  dur ing discharges of 
electrodes that had developed clumps of active mate-  
rial  after an electrode had been cycled. The ap- 
pearance of an electrode dur ing cycle 5 discharge will  
be i l lustrated as being typical  after clumps have 
formed. Electrodes given 30 cycles differed only in 
having larger clumps, larger void spaces between the 
clumps, and in having slightly more Ag remaining  
unoxidized at the end of a charge. 

During the early par t  of a typical discharge at the 
1-hr rate, the first Ag20 formation was on the surface 
of AgO clumps. This is i l lustrated in Fig. 5 by an 
electrode that was discharged unt i l  potential  had just  
reached the Ag20/Ag plateau. No Ag had formed 
dur ing this incomplete discharge. In some areas of this 
electrode, such as the area shown in Fig. 5, relat ively 

Fig. 3. Incompletely discharged electrode at cycle 1, showing 
an area where a thick Ag20 layer has formed an the outside of 
AgO particles but where Ag has not yet formed during the dis- 
charge at the 1-hr rate. Ag present in this area was Ag that had 
failed to oxidize during the charge. Compare with Fig. 2 at the 
same magnification. 

Fig. 4. Electrode incompletely discharged at cycle I using the 
1-hr rate showing formation of small Ag particles (white). AgO 
is medium gray, Ag20 darker gray, and void areas are b~ack. 
Marker indicates 15~. Compare with Fig. 3 but note different 
magnification. 
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Fig. 5. Electrode discharged at the 1-hr rate just to Ag20/Ag 
potential plateau at cycle 5, illustrating that Ag20 formed initially 
on the surface of AgO clumps. Approximately 11% of capacity 
had been removed during discharge. Most areas of this electrode 
had more Ag20 present than is shown here. Lines forming squares 
are 15~ apart. 

l i t t le Ag20 had formed and the shape of the AgO 
clumps present  at the end of the previous charge 
could be recognized despite penetra t ion of Ag20 at 
many  points along the AgO surfaces. A more common 
area is the one shown in Fig. 6, where Ag20 formation 
has been extensive in m a n y  places. Areas that  were 
predominant ly  Ag20 were scattered at random 
throughout  areas of AgO. Ag20 had formed at both the 
center and the surface of the electrode, and AgO still 
remained in both places. AgO remained near  most of 
the Ag grid in the electrode, however, al though Ag20 
predominated at a few of the grid members.  

Ag began to form dur ing a discharge after potential  
reached the Ag20/Ag plateau. This Ag formed first 
on the surface of the electrode when the 1-hr dis- 
charge rate was used, in contrast  to the more random 
formation of Ag20 in the earlier part  of a discharge. 
Figure 7 i l lustrates this Ag formation in an electrode 
that had been discharged 0.50 hr. Instead of the 
bright-field vert ical  i l luminat ion  used for all other 
photographs, oblique i l luminat ion was used for Fig. 7 

Fig. 7. Cross section of an electrode that was discharged 50% 
at the 1-hr rate at cycle 5, showing that Ag formed first at the 
surfaces. Arrow points to cross section of a grid. Large Ag particles 
that have been cross sectioned and polished appear as medium 
gray in this photograph using oblique illumination, but most Ag 
particles were too small to be visible at this low magnification. 
geflections of light from the surfaces of Ag particles below the 
polished cross section appear as white. Oxide regions are the 
darkest shade. Marker indicates 1 mm. 

in order to emphasize the areas where Ag had formed 
dur ing discharge. Many small  black areas remained 
on the surface in places where Ag had not yet formed 
dur ing this part ial  discharge. One such area is visible 
in Fig. 7 at a small  distance to the left of the grid. 
Less than 5% of the surface of this half-discharged 
electrode consisted of these oxide areas. The formation 
of Ag in the electrode is shown in Fig. 8 at higher 
magnification. In  the center of this electrode that was 
50% discharged the oxides seemed unchanged from 
those in an electrode 12% discharged (Fig. 5 and 6), 
with some areas being predominant ly  AgO and others 
Ag20. 

Figure 9 shows Ag that had formed next  to an area 
where AgO had already been reduced to Ag20. Small  
Ag particles that  probably had been formed dur ing 
the part ial  discharge were often found in  Ag~O areas 
such as the top of Fig. 9, but  not in AgO areas. Ag 
formation next  to an area that  contained AgO with 
a coating of Ag20 on its surface is shown in Fig. 10. 
Areas such as this were more common in the half-  
discharged electrode than  areas where  AgiO predomi-  
nated, such as the one shown in Fig. 9. 

By the end of a discharge at the 1-hr rate an elec- 
trode consisted almost ent i re ly  of clumps of Ag par-  

Fig. 6. Typical Ag20 formation in the discharged electrode 
shown in Fig. 5. Lines forming squares are 15~ apart. 

Fig. 8. Higher magnification view of electrode shown in Fig. 7. 
Boundary was fairly sharp between oxides in the middle of the 
electrode (top) and Ag that had been formed from the surface 
inwards (bottom) during discharge. Marker indicates 30~. 
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Fig. 9. Ag that farmed during discharge (bottom) in a region 
that was predominantly Ag20 and Ag (top). Same electrode as 
Fig. 7 and 8. Marker indicates 15~. 

Fig. 10. Boundary between Ag that formed during discharge 
(bottom) and AgO clumps that were covered with Ag20 (top). 
Same electrode and magnification as Fig. 9. 

ticles, such as those shown at the bottom of Fig. 8-10. 
A few small areas of oxides were usual ly  present  also. 
The appearance of discharged electrodes and the 
gradual  changes that  occur with cycling will  be dis- 
cussed in detail in the next  paper  in this series. 

Discussion 
When the 20-hr rate of discharge was used, it has 

already been shown that  the Ag particles which 
formed dur ing this slow reduction were larger than  
the Ag particles original ly present  in an  unused  elec- 
trode (1). This increase in particle size was the cause 
of the rapid capacity decrease when  slow discharges 
were used (compare D and E in Fig. 1) because the 
large Ag particles that  had formed did not oxidize 
completely dur ing charges. When the 1-hr ra te  of dis- 
charge was used, however, most of the Ag particles 
that  formed were smaller  than  those original ly pres-  
ent. Since these small  particles oxidized readily dur -  
ing charges, the capacity did not decrease near ly  as 
rapidly when  the 1-hr discharge rate was used as 
when the 20-hr rate was used. 

During a discharge, the first AgzO was usual ly  
formed at the AgO-electrolyte interface and was not 
formed using as nuclei  the Ag20 that  separated Ag par-  
ticles from AgO (Fig. 3, 5, and 6). The Ag~O formed 
an uneven  coating on the surfaces of AgO clumps, 
and penetrated at some points. This penetra t ing 
formation resembled the way that  Ag20 formed on Ag 
dur ing a charge. Since 11% of the capacity had been 
removed from the electrode shown in Fig. 5 and 6, 
and this capacity all came from the reduction of AgO, 
over 22% of the AgO present  at the end of the pre-  
vious charge had been reduced to Ag20. The exact 
amount  of AgO that  had been reduced is uncertain,  
because a small  par t  of the capacity of the charged 
electrode was present  as Ag20. Judging by the photo- 
graphs, the surface of all  AgO clumps was covered 
with Ag20 before discharge potential  reached the 
Ag20/Ag plateau. When the discharge was in ter rupted  
to cut the electrode sample shown in Fig. 5 and 6, 
the open-circui t  potential  rose rapidly and reached 
the AgO/Ag20 potential  in 1.5 rain, which was not 
surpris ing considering the large amount  of AgO that  
remained. 

Comparison showed many  differences between elec- 
trodes tha t  were discharged at the 1-hr rate un t i l  
potential  reached the Ag20/Ag plateau and elec- 
trodes discharged to the same plateau at the 20-hr 
rate. When the 20-hr discharge rate was used, ap- 
proximately  30% of the electrode capacity was re-  
moved by the t ime that the Ag20/Ag plateau was 
reached, a value 3 to 5 t imes greater than the ca- 
pacity removed when the 1-hr rate was used. As a 
result, much more Ag20 was present  in an electrode 
that  was discharged slowly to the Ag20/Ag plateau, 
and areas where AgO predominated were relat ively 
uncommon. In  an electrode discharged at the 20-hr 
rate, in contrast to an electrode discharged at the 1-hr 
rate, the Ag20 layer  which separated Ag particles 
from AgO had thickened dur ing  a part ial  discharge, 
and AgeO (presumably newly formed) was present  
wi th in  AgO areas. The Ag20 that  was formed dur ing 
a discharge at the 1-hr rate re ta ined more of the 
angular  shape of AgO clumps than  did the Ag20 
formed at the 20-hr rate. 

Although most of a discharge at the 1-hr rate took 
place at the Ag20/Ag potential  plateau (Fig. 1), much 
AgO remained in electrodes un t i l  potential  fell at the 
end of a discharge. Examples of this AgO were shown 
in  Fig. 8 and 10 for an electrode discharged 50%, and  
in Fig. 3 and 4 for an electrode discharged over 90%. 
A few small  patches of AgO and Ag20 could usual ly  
be found in an electrode even after a discharge at the 
1-hr rate reached the endpoint  of --500 mv vs. the 
Ag/Ag20 reference electrode. At the 20-hr discharge 
rate the AgO was reduced more readily, with the 
result  that  only a small  amount  of AgO remained by 
the t ime that  a discharge was two-thirds  completed. 
At the end of a discharge to --300 mv at the 20-hr rate 
it was unusua l  to find any AgO or Ag~O remaining.  
This difference in the amount  of oxide remain ing  at 
the end of a discharge was the reason for cycle 1 of 
an electrode giving a smaller capacity when  the dis- 
charge was done at the 1-hr rate than when done at 
the 20-hr rate. Figures 4 and 10 show that  a solid AgO 
clump at the end of a charge becomes a clump of Ag 
particles at the end of a discharge and that  the Ag 
particles in a discharged electrode occupied less 
volume than  the oxides. 

Not only the size of Ag but  also the dis tr ibut ion of 
Ag in the electrode varied with discharge current  
density. When an electrode was discharged par t  way 
along the Ag20/Ag potential  plateau at approxi-  
mate ly  the 20-hr rate, some Ag had formed and some 
oxide remained in areas throughout  the electrode, 
although a little more Ag was found near  the surface. 
In  contrast, dur ing the first half of a discharge at 
the 1-hr rate the Ag started forming at the surface 
of the electrode and none was formed in the inter ior  
(Fig. 7). The width of oxide in the center of the elec- 
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trode shown in Fig. 7 approximate ly  equal led the 
sum of the widths of areas wi thout  oxide on the sur-  
face of this electrode, confirming that  the discharge 
was approximate ly  50% complete. The Ag had not 
formed preferent ia l ly  at the Ag grid, a l though the 
grid was connected direct ly to the electrical  leads. 
Conductivity,  therefore,  was not the factor that  de-  
te rmined  in which areas Ag would form. Diffusion in 
the electrolyte  was probably the controll ing factor. 
The formation of Ag20 f rom AgO must  occur by a 
different mechanism because Ag20 areas w e r e  formed 
at scat tered sites throughout  the electrode. The re-  
duction of AgO seems to have  stopped temporar i ly  in 
the central  areas of an electrode after  Ag began to 
form on the surface. The reduct ion react ion was then 
concentrated near  the surfaces, moving  inward  af ter  
oxide neare r  the surface was reduced to Ag. Since 
AgO areas, such as are shown in Fig. 8 and 10, were  
commonly found next  to Ag areas while  Ag20 areas 
were  less common (Fig. 9), probably Ag20 areas were  
reduced preferent ia l ly  to Ag and the formation of Ag 
stopped temporar i ly  when AgO regions were  reached. 

Summary 
Sintered Ag electrodes, that  had been manufac tured  

commercia l ly  for use in Ag-Zn  storage batteries, were  
charged at the 20-hr ra te  and discharged at the 1-hr 
rate  in 35% KOH solution at 25~ Samples were  
cut f rom an electrode at various t imes and cross sec- 
tions were  prepared for microscopic examination.  

Ag20 was formed on the surface of AgO clumps 
during the ear ly  par t  of a discharge. The Ag20 for-  
mation took place at many  areas scattered throughout  
an electrode. Some AgO clumps were  completely  or 
almost completely  reduced to Ag20, whi le  others 
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were  only reduced on their  surfaces. Discharge poten-  
tial fell  to the A g20 /A g  plateau after  a coating of 
AgeO had formed on the surface of all AgO clumps. 
AgO was reduced much less readi ly  at the 1-hr rate  
than at the 20-hr rate. Comparing discharges at the 
1-hr and 20-hr rates, dur ing the more rapid discharge 
the potent ial  fell  to the A g 2 0 / A g  plateau after  less 
capacity had been wi thdrawn from the electrode, the 
proport ion of AgO present  in an electrode discharged 
beyond this point was greater,  and noticeable amounts  
of AgO remained-a t  the end of a discharge. 

Ag began to form af ter  discharge potential  fell to 
the Ag20 /Ag  plateau. In contrast  to the formation of 
Ag20 at scat tered sites, Ag formed first on the sur-  
face of an electrode when the 1-hr discharge rate  was 
used and then gradual ly  spread f rom the surface to 
the interior.  During a discharge at the 20-hr rate  Ag 
formed at both the surface and the interior,  wi th  a 
slight preference being shown for areas at or near  the 
surface. The formation of Ag must  be l imited by a 
different step in the mechanism than is the formation 
of Ag20 during discharge. 
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Influence of Oxygen Pressure on the Oxidation Kinetics 
of Copper in Dry Air at Room Temperature 
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ABSTRACT 

The effect of oxygen pressure in the range of 0.01-0.21 atm 02 pressure on 
the oxidation behavior  of "annealed copper at room tempera tu re  was invest i -  
gated. The results have been analyzed with  reference to the Cabrera-Mot t  
theory of growth of very  thin oxide films on metals. The al terat ion in the 
ra te  of oxidation has been explained on the basis of the cationic vacancy 
concentrat ion of the oxide, as it is well  established that  the oxygen pressure 
on a p - type  oxide semiconductor  surface has an influence on the cationic 
vacancy concentrat ion of the semiconductor.  A correlat ion of rate  constant 
wi th  pressure has been obtained which is in conformity  wi th  the theoret ical  
t r ea tment  of the kinetics by Gr imley and TrapneI1 assuming the destruction 
of cation vacancies at the meta l  oxide interface to be the rate controll ing 
step. 

It is wel l  known that  the oxygen pressure exerts  
a great  influence on the vacancy concentrat ion of p-  
type semiconductor oxides. Hence it is expected that  
the pressure should exert  an effect on the oxidation 
kinetics of copper at low tempera tures  as the cuprous 
oxide is a meta l  deficit one. In the thin film range, 
i.e., at tempera tures  above 60~ where  the logarithmic, 
cubic, and parabolic laws are obeyed, a pressure de- 
pendent  rate has been observed by Wil l iam and Hay-  
field (1), Lus tman and Mehl  (2), etc. At low tempera -  
tures, of the order of room temperature ,  Germer  and 
White (3) found that  the rate  of oxidat ion at 4 and 20 
mm mercury  of oxygen pressure were  identical. But  
Jennings  and Stone (4) and Lanyon and Trapnel l  (5) 
observed the rates to be pressure dependent.  

The present work  was taken up to cover the pres-  
sure effect in the very  thin  film range where  Cabrera  
and Mott 's (6) inverse logari thmic law leading to a 
l imiting thickness is obeyed. The influence of an ap- 
plied field, addition of l i thium, and cold working were  
first invest igated and have been reported earl ier  (7- 
10). These studies have established quant i ta t ive ly  the 
val id i ty  of Mott 's theory, and the influence of pressure 
was then taken up to confirm the hypothesis further.  

Experimental Details 
The mater ia l  used contained 0.23% nickel and 

0.003% silver.  The specimens used were  in the form 
of sheets 2.5 x 1 x 0.05 cm wi th  a hole of 1 m m  diam- 
eter dri l led at one end for hanging purposes. All  speci- 
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mens were thoroughly annealed at 6O0~ for 2 hr 
before exposure. Surface preparat ion was done first 
by mechanical ly polishing on emery papers followed 
by electropolishing in phosphoric acid bath under  
conditions suggested by Al len  (11). To overcome any  
surface contaminat ion by any  phosphate or oxide film 
the specimens were cathodized in a NaH2PO4 and 
Na2HPO4 buffer solution at a current  density of 50-100 
~A/cm 2 for a few seconds. They were then thoroughly 
cleaned and dried in acetone before exposure. The 
surface obtained was reproducible. The ini t ia l  air-  
formed film, before exposure, was the same in all the 
cases and was small. 

Oxidation was carried out at five different pressures, 
viz., 0.0135, 0.027, 0.068, 0.1227, and 0.21 atm O2 part ial  
pressure. Different pressures were obtained by first 
hanging the specimen in a chamber  containing silica 
gel (for drying the air inside) provided with ar range-  
ments  for evacuation. The chamber was evacuated to 
a pressure of a few mm of mercury, and then a con- 
trolled amount  of air was admit ted to the system unt i l  
the desired pressure was reached. The system was 
quite leak proof. The fall in mercury  level even dur ing 
long exposures was of the order of 1-2 mm only. Only 
one specimen was used at a t ime for a part icular  ex- 
posure. 

The thickness estimations were done electrometri-  
cally by cathodic reduct ion in a NaH2PO~-Na2HPO4 
buffer solution at a current  density of 5 ~A/cm ~. This 
was done in a setup designed for the purpose similar 
to that of Mills and Evans (12) with a r rangement  for 
evacuation under  reduced pressures. An accuracy of 
• 1 A could be achieved. 

Results and Discussions 
Results are discussed with reference to the Cabrera-  

Mott (6) theory of growth of very  th in  oxide films on 
metals at low temperatures.  They derived their equa-  
t ion by considering the process as follows: 

1. Adsorption of oxygen on oxide surface. 
2. Ionization of this by capture of electrons from 

the metal  by the quan tum mechanical  tunne l  effect. 
3. Creation of cationic vacancies at the oxide/gas 

interface. 
4. Subsequent  migrat ion of cations under  the action 

of the electric field set up or, in other words, the mi-  
grat ion of cationic vacancies toward the metal /oxide  
interface. 

5. Destruction of these vacancies at the metal /oxide  
interface. 

On the above basis they arrived at an equation of 
the form 

= K exp [1] 
dt 

where 
K = N~v exp ( - -W/kT)  

and 
1 qa 
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Fig. 1. Oxidation at 30~ at different oxygen pressures 
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x being the thickness at t ime t, where the different 
quanti t ies have the usual  significance. 

The equation may be rewr i t ten  in the form 

dx 
l o g - - ~ - =  log K + xl/2.3x [2] 

so that a plot of log dx/dt  vs. 1/x should yield a 
straight line. 

The results of oxidation at different pressures are 
presented in  Fig. 1. The log dx/dt  vs. 1/x plot com- 
puted by taking the slopes of the curve at different 
thickness values is shown in Fig. 2. The straight l ine 
plot of these seems to obey Motifs equation quant i ta -  
tively. 

Further ,  the parallel ism of these plots indicates that 
the xl t e rm is independent  of pressure, or in  other 
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Fig. 2. Effect of oxygen pressures on oxidation at 30~ Log 
d x  1 

vs. ~ plot. 
dt x 

words V, the potential  difference between the meta l /  
oxide and the oxide/gas interface, stays constant  as 
the other terms in xl  are constants at a fixed tem- 
perature.  For the atmospheric pressure case calcula- 
tions have shown earlier (10) that  the V term, and 
the K term calculated on the basis of slope and in ter -  
cept on dx/dt  axis, respectively, are of the same value 
as predicted theoretically by Mott (6). 

From the plots shown in Fig. 2, it can be concluded 
that  pressure main ly  affects the N term (or K term, 
W being constant  at a fixed tempera ture) .  This value 
has been computed at the different pressures and is 
shown in Table I. The next  step, hence, was to find 
the na tu re  of var ia t ion of N wi th  pressure. For  this 
let K cc p% where p = part ial  pressure of oxygen in 
the system and n = constant. 

Table I. Variation of N (concentration of cation vacancies 
in the oxide) with oxygen pressure 

P a r t i a l  p r e s s u r e  E ,  
o f  o x y g e n - - P  a t m  A / h r .  Ng~, A / h r .  N, No . / cm~ 

0.0135 0.045 0.2 x 10 TM 0.32 x 101~ 
0.027 0,07 0.316 x 101~ 0.51 x 10 I~ 
0.066 0.085 0.38 x 10 le 0.608 x 10 ~5 
0.123 0.12 0.55 x 10 TM 0.88 • 10 TM 

0.21 0.20 0.632 x 10 le 1.01 x 10 ~ 
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Hence a plot of log K vs. log p should be a straight 
l ine with n = slope. This plot is shown in Fig. 3. The 
curve shows that n --~ 0.3 or K cc pl/3-~/4. 

The term N according to Mott and Cabrera is the 
number  of ions /un i t  area of the oxide ready to mi-  
grate or, in other words, the concentrat ion of mobile 
species/unit  area of the oxide�9 This can be taken equal 
to the cationic vacancy concentrat ion according to 
Hauffe (13) that  the diffusion in case of defect s truc-  
tures is actuated essentially by the vacancies�9 This has 
been fur ther  confirmed by the influence of addition of 
a l i t t le l i th ium to the metal  which was found to block 
the vacancies and thus retard the rate (8). 

The observed relationship can be arrived at theo- 
retically by considering Mott's kinetics as has been 
done by Trapnel l  and Grimley (14). For very thin 
films they have formulated two equations for a p- type 
semiconductor oxide growth based on two different 
assumptions. According to them, if the rate-control l ing 
step is the destruction of cation vacancies at the meta l /  
oxide interface, then they replace the N term of Mott's 
equation by a new term involving the concentrat ion 
of vacancies and a pressure 1/4 term, whereas if the 
rate-control l ing step is the formation of vacancies at 
the oxide/gas interface, they have not included any 
pressure term but  define N as the number  of adsorp- 
t ion s i tes /uni t  area of the oxide surface, which is ob- 
viously dependent  on pressure to the saturat ion value. 
Close observation of Grimley and Trapnel l ' s  (14) 
equation indicates that  it is same as Mott's (6) equa- 
tion with bet ter  significance of the parameters  V and 
W. For example, the ~ o  term in Grimley's  equation, 
i.e., the free energy cbange of the reaction forming the 
cationic vacancies at the oxide/gas interface is equiva-  
lent to the Wi term, viz., the energy of solution of an 
ion in the oxide�9 Again this t rea tment  shows that  even 
though Mott has not specifically talked of pressure 
effect, the N term obviously includes this. 

Rhodin (15) ment ioned that  in the th in  and very 
thin film range the process is ra ther  insensit ive to 
pressure. This is presumably  because he has worked 
in the pressure range beyond the saturat ion value 
(since adsorption dependence on pressure shows a 
saturat ion)  or because that  in the high-pressure range, 
as the rate is dependent  on one-four th  power of pres- 
sure, it may be difficult to detect the effect�9 

The increase in the value of N wi th  pressure is in 
conformity with the we l l -known fact that  increase in 
oxygen pressure on a p- type  semiconductor oxide 
surface tends to increase the vacancy concentrat ion 
of the oxide. 

The value of the power n (0.3) is slightly higher 
than  0.25. This probably  shows that, in the pressure 
range studied, the surface is not ful ly  saturated with 
oxygen ions and some of them may be present  as 
( O - / a d s )  and major i ty  as (O2- /ads) .  At the moment,  
since the exact na ture  of the adsorbing species is not 
well established, the above explanat ion probably  ac- 
counts for the deviation in the value of n from 0.25. 

The present  s tudy also/confirms the importance of 
the interface reaction ra te -de te rmin ing  step for very 
thin film growth as suggested by Grimley and Trap-  
nel l  (14), Hauffe (13) etc. 
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ABSTRACT 

The dissolution processes involved in the formation of porous films in 
sulfuric acid have been studied by suddenly lowering the formation voltag.e 
and observing changes in the current  flowing and the barr ier  layer capacl- 
tance as steady-state conditions are re-established. It was found that  current  
changes always follow capacitance changes, and that  the dissolution proc- 
esses involved are (a) ini t ia l ly  a short t ime region of chemical dissolution is 
found up to some point where the mi n i mum electric field s t rength required 
for ionic migrat ion is approached, and (b) a second stage dissolution as- 
sisted by the presence of this electric field. The change from one dissolution 
rate to the other is continuous as this m i n i m u m  electric field is approached. 
On the basis of the Keller  model, the required pore base or ientat ion is pro- 
posed to occur dur ing the second stage field-assisted process. 

The structure of porous anodic oxide films on alu-  
m inum has been investigated for many  years, the 
results of which have produced essential ly two main  
proposals: (a) the classical s t ructure of the cylindrical  
pore proposed by Keller  et al. (1), this cylindrical  
pore general ly being regarded as being an ideal struc- 
ture. Proposed variat ions have included the t runcated  
cone-shaped pore (2), the s lant ing pore axis (3), 
twist ing and distortion of the pores (4), and the fi- 
brous (5) ra ther  than  the regular  porous structure. 
The second model (b) was proposed by Murphy and 
Michelson (6, 7) in which the s tructure is seen as a 
combinat ion of submicrocrystall i tes of a lumina  and 
hydrated alumina,  the ratio of the lat ter  to the for- 
mer  increasing as the distance from the metal  surface 
increases (this model has been described as the tr iple 
layer model consisting essentially of layers of low, 
moderate, and high degree of hydrat ion moving from 
metal  outwards) .  

Model (b) ,  however, lacks the presence of discrete 
pores, unl ike the Keller  model (1), and consequently 
lacks exper imental  verification since the presence of 
pores appears to be well  established, especially from 
the excellent  photographs of Wood, O'Sullivan, and 
Vaszko (8). Despite the apparent  val idi ty of the 
Keller  model, several phenomena associated with the 
behavior  of porous films have yet to be explained 
satisfactorily. This paper is concerned with one of 
these phenomena,  i.e., the behavior  of the porous films 
when the anodizing s teady-state  conditions are 
changed, par t icular ly  when the voltage of formation 
is reduced. 

Since the dimensions of the Kel ler  model are con- 
trolled largely by the voltage of formation (the oxide 
cell size increasing with increasing voltage),  changes 
in the voltage during anodizing would seemingly re-  
quire a re -or ienta t ion  of the film dimensions, i.e., as 
the voltage is reduced new pores should be init iated 
and the oxide cell size should decrease. Some evidence 
has been presented to show that this re-or ienta t ion 
takes place (8). The role played by the barr ier  layer 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

during this re-or ienta t ion process is, as yet, uncer-  
tain, and it is with this specific problem that  this pa-  
per is concerned. 

From a study of this voltage decrease phenomenon,  
Michelson (9) has shown that, initially, the p r o c e s s e s  
involved do not produce any  significant changes in 
barr ier  layer  capacitance before substant ial  cur rent  
begins to flow. This, it was argued, indicated the 
barr ier  layer re-or ienta t ion  was ini t ia l ly a mat ter  of 
proton space charge rea r rangement  (which produces 
no capacitance change);  only later  did dissolution 
occur and, therefore, produce changes in current .  It 
was concluded that  the Keller  model was incapable 
of accounting for these exper imental  observations, 
which were in agreement  with the triple layer  model. 
However, the center  of the a rgument  lies in the ob- 
servation that  no barr ier  layer capacitance, i.e., the 
thickness, changes were observed before the current  
began to increase. In  the present  study, the authors 
have examined the voltage decrease phenomenon by 
measur ing the rate of rea t t a inment  of steady-state 
thickness for the barr ier  layer, and the rate  of re-  
a t ta inment  of the s teady-state  current  density, as 
functions of the voltage decrease increment  and the 
recovery tempera ture  of the electrolyte. 

Experimental 
A suitable length of 99.98% superpur i ty  grade ful ly 

annealed a luminum in the form of Ys in. diameter  
wire was chemically polished in a solution containing 
125 ml  concentrated sulfuric acid, 350 ml  orthophos- 
phoric acid, and 25 ml  concentrated nitric acid at 90 ~ 
95~ for 5 min  [this t ime being chosen as that  neces- 
sary to produce a reproducible surface finish (15)]. 
Following this t reatment ,  the specimen was washed in 
distilled water for 1 min, r insed in acetone and air-  
blown dry and immediate ly  immersed in 15% w / w  
sulfuric acid in a cell thermostated at the required 
temperature.  Anodizing was performed by applying 
the required voltage of formation between the speci- 
men anode and a large area a luminum cathode. Ca- 
pacitance values were obtained by applying a 100 Hz 
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D.C. 

Fig. ]. Circuit, cell and analogue circuit used in this study. At, 
aluminum anode; P, platinum gauze subsidiary electrode; C, 
aluminum cathode; D.C. is stabilized voltage supply, A, a micro- 
milliammeter, and V is a voltmeter measuring cell voltage. 

Table 1. Reattainment times for the voltage decrease 10-5v 
as a function of electrolyte temperature 

and voltage mode of change 

R e a t t a i n m e n t  t i m e ,  see,  e m p l o y -  
V o l t a g e  E l e c t r o l y t e  i ng  t h e  v o l t a g e  c h a n g e  m o d e  

c h a n g e ,  v t e m p e r a t u r e ,  ~ (a) (b) 

10-5 28 45 1080 
35 22 600 
45,5 9 150 

Table II. Comparison of the reottainment times for the two 
voltage changes 10-5v and 15-5v using voltage change 

mode (b) as a function of electrolyte temperature 

square wave signal (ampli tude < 5 mv) to the test 
anode and a reference capacitance electrode (25 times 
the test area p la t inum gauze electrode) and to an 
R-C parallel  analogue (10) circuit s imultaneously.  
The responses of the two systems were displayed on 
a twin  beam oscilloscope, and a balance obtained by 
selecting the correct values of Rs, Rp, and Cp (see 
Fig. 1). The values of RD and C~, are then taken as 
being representat ive of the resistance and capacitance 
of the barr ier  layer lying adjacent  to the metal  sur-  
face (after Hoar and Wood) (11). 

Following the immersion of the specimen in the 
15% w / w  sulfuric acid, the capacitance value in-  
creased to a constant value (10 ~f cm-2) .  A forma- 
tion voltage of 5v was then applied from a constant 
d-c stabilized voltage supply and steady state was 
allowed to be attained. C~ and the current  i, were 
then measured and noted. The formation voltage was 
then increased to either 10 or 15v, and steady-state 
conditions were again allowed to be attained. Fol-  
lowing this, the formation voltage was reduced to 5v, 
and the rea t ta inment  of the 5-volt  values of C~, and i 
were observed with respect to time. This procedure 
was repeated for the 15 to 5v and the 10 to 5v re- 
ductions as a funct ion of electrolyte temperature  and 
the mode of change of the formation voltage; the ef- 
fect of the voltage change mode was studied on a 
single electrode, and the effect of voltage reduction 
increment  on separate electrodes. 

Results 
As observed previously by Michelson (9) the rate 

of rea t ta inment  of the 5v values of C~ and i from 
either the 15 or 10v voltage was strongly dependent  
on the mode of voltage change; this, itself, suggests 
some field-assisted dissolution process is involved in 
the dissolution processes being studied. Consequently, 
two modes of voltage change were adopted: 

(a) A rela t ively slow change in voltage, the cur-  
rent  density being main ta ined  above an arb i t ra ry  
min imum of 1 ma cm -2, i.e., the current  flowing was 
mainta ined at ionic magni tudes  and hence the electric 
field was main ta ined  about the min imum field re- 
quired for ionic motion (ca. 7.2 • 106 v -cm-1) .  

(b) An instantaneous decrease in voltage in order 
to induce a large instantaneous decrease in the field 
strength. The current  decreases suddenly to those 
values typical of electronic magnitude,  and hence 
fur ther  oxide growth ceases. 

Table I shows the times required for the rea t ta in-  
ment  of the s teady-state  cell cur rent  and capacitance 
values for 5v for the voltage change 10 to 5v, as a 
function of the sulfuric acid electrolyte tempera ture  
and the voltage mode of change. 

Table II shows the same times for the 10 to 5v 
compared with times for a 15 to 5v change, employing 
voltage change mode (b) in each case. 

Figure 2 shows the behavior of the cell current  
with respect to time, dur ing the rea t ta inment  process 
for the voltage change 10-5v employing voltage change 
mode (b), as a function of electrolyte temperature.  
Figure 3 shows the change in the cell current  corre- 

Voltage E l e c t r o l y t e  Reattainment time, sec, employ- 
change, v temperature, ~ ing voltage change mode (b) 

10-5 26 1080 
35 600 

15-5 26 3840 
35 1620 

lated to the changes in capacitance for the 10 to 5v 
change employing voltage change mode (b) at 26~ 
This figure clearly shows that  a substant ial  change in 
capacitance does occur before an appreciable cur-  
rent  increase is observed, in exact opposition to that 
reported by Michelson. 

Figure 4 i l lustrates the corrrelation of current  and 
capacitance changes for the two voltage changes 15- 
5v and 10-5v employing voltage change mode (b) at 
35~ electrolyte temperature;  the conclusion concern-  
ing which parameter  changes first, cur ren t  or capaci- 
tance, obtained from Fig. 3, is confirmed in  this figure. 

Discussion 
It would appear from Table II, when comparing the 

rea t ta inment  times required for the 10 to 5v and 15 to 
5v changes that, whatever  the mechanism of barr ier  
layer  dissolution, it does not seem chemical in nature.  
However, this conclusion is not new. Novakovsky 
(12, 13) first in a general  discussion of passivity and 
then in a mechanistic s tudy of the passivation of iron 
has indicated that  the film theory of passivity taken 
with a chemical dissolution process is un tenable  with 
the known facts concerning passivating oxide phe-  
nomena. Engell  (14) has reported that  the dissolution 
of oxides can be strongly potential  dependent,  e.g., 
the dissolution rate of oxides of iron falls exponen-  
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Fig. 2. Total cell current against time for the reattainment of 
steady-state anodizing conditions for the 10 to 5v change employ- 
ing voltage change mode (b), as a function of the electrolyte 
temperature. 
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Fig. 3. Total cell current (circles) and barrier layer capacitance 
(triangles) changes following the voltage reduction 10 to 5v em- 
ploying voltage change (b) at 26~ electrolyte temperature. 

2.3 

2.1 

Z r.9 
iz 1.7 

1.5 

g~ I.I 
0.9 
0.7 

I 
6 ~2 18 2 4  30 36  

Time (minutes) 

9 

8 

7 
6 

4 ~  

2 

I 

Fig. 4. Total cell current (circles) and barrier layer capacitance 
(triangles) changes following the voltage reductions, 15 to 5v 
(empty symbols) and 10 to 5v (filled symbols) at 35~ electrolyte 
temperature. 

t ial ly with increasingly positive potentials. Engell  con- 
cluded from this that  anions, in the oxide lattice, 
leave the lattice more easily than cations. 

If pure ly  chemical dissolution of the bar r ie r  layer  
were involved, and assuming that  such dissolution 
follows zero order kinetics, as has been previously 
reported (15), then the t ime of dissolution of 100A 
would be double that  required for 50A. However, 
Table II shows that  100A required 3.6 times that  re-  
quired for the 50A dissolution. Figures 3 and 4, 
which effectively show the change in barr ier  layer 
thickness with time, indicate that  the rate of dissolu- 
t ion undergoes a sharp increase following a l inear  C-t  
change. This may  indicate that  the na ture  of the dis- 
solution process changes during the course of disso- 
lution, and consequently a t ime-basis  comparison with 
purely chemical kinetics would be inval id (Table IV).  

Table I provides fur ther  apparent  evidence that  
simple chemical dissolution is not  involved. When the 

electric field is main ta ined  above the m i n i m u m  field 
required for ionic motion, the rea t ta inment  t imes are 
between 15 and 25 times less than that  required when 
~he field is ins tantaneously  decreased to below the 
mi n i mum field. Nagayama and Tamura  (16) have 
deduced that the tempera ture  increase due to local 
Joule heating, in the presence of current  flow, is very 
small (<  I~ and therefore it can be concluded that  
the presence of a passage of current  cannot account 
for the wide difference in the dissolution times be- 
tween voltage change modes (a) and (b). 

The influence of the electrolyte tempera ture  can also 
be seen from Table I as being in the ratio 5:2.5:1 for 
increasing tempera ture  with voltage change mode (a), 
and 7:4:1 for increasing tempera ture  with voltage 
change mode (b).  These ratios can be compared with 
work reported by Hunte r  and Fowle (17) in  which 
the dissolution action of 15% w / w  sulfuric acid was 
doubled for every 8.5~ rise in temperature,  and in-  
creased fivefold by a 10~176 rise in temperature.  

Michelson (9) has proposed the barr ier  layer  disso- 
lution to be the result  of the passage of current ,  and 
not the cause of the passage of current ;  however, Fig. 
2 and 3 clearly show that ini t ia l ly the capacitance in -  
creases rapidly,  this rapid increase being followed by 
an appreciable l inear  region of increase which, in 
turn,  is followed by a second very rapid increase lead- 
ing to capacitance overshoot. The greatest change in 
capacitance and the capacitance overshoot occurs ap- 
proximately  at the point at which the greatest change 
in the current  occurs; this is to be expected if the 
current  is the resul t  of barr ier  layer  dissolution. 

If the bar r ie r  layer has to dissolve to a thickness 
which corresponds to the presence of the mi n imum 
field required for ionic motion before any appreciable 
current  increase can occur, can one calculate this 
thickness and perhaps obtain proof of this s ta tement  
from Fig. 3 and 4? From Table I it was concluded that 
the presence of a field, in excess of the m i n i m u m  
field, produced a 15-25 times increase in the dissolu- 
t ion rate; therefore, as the field increases from an in-  
s tantaneously low field to the m i n i m u m  field, appre-  
ciable changes in the dissolution rate should occur 
and this should be reflected by a rapid change in ca- 
pacitance at some point. Figures 3 and 4 show this to 
be true; extrapolat ion of the l inear  region to the in-  
tersection of the extrapoIation of the rapid increase 
slope produces the capacitance valur at which this 
m i n i mum field is established, of 1.25 ~f cm -2 for the 
three cases reproduced here. 

A simple calculation shows that, if the min imum 
field is assumed as 7.2 • 106 v -cm -1, the thickness of 
barr ier  film across which 5v is applied will  be 70A 
when this m i n i m u m  field is achieved. The capacitance 
value of this 70A film is assumed to be given by the 
paral le l -pla te  condenser equation, Le., ~A/4~d, where 
E is the dielectric constant  [assumed as 10 from the 
work of Hoar and Wood (11) and Vermilyea (18)], 
A is the barr ier  layer surface area [assumed as equal 
to the metal  surface area and not the pore base area, 
following Dekker and Urquhar t  (19)], and where 
d = 70A. Calculation shows the capacitance to be 
equal to 1.26 td cm -2, in excellent agreement  with the 
exper imental  value. 

Therefore, it would appear that  the m i n i m u m  elec- 
tric field is present  at the point  the current  begins to 
increase above ionic magnitudes;  prior to this point  
substant ial  changes in the barr ier  layer thickness do 
occur, being the greater the higher the init ial  voltage 
of formation. 

Table III  shows an analysis of the rea t ta inment  
times from Fig. 3 and 4. The time required up to the 
m i n i m u m  field is dependent  on the thickness that  has 
to be dissolved, and on the electrolyte tempera ture  
for any one voltage change. The dissolution rates 
above and below the m i n i m u m  field can now be cal- 
culated (Table IV).  The dissolution t ime above the 
m i n i m u m  field was corrected for t ime spent in, and 
recovering from, bar r ie r  layer  thickness overshoot. 
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Table Ill. Reattainment times from Table II divided into 
the time spent above and below the minimum electric 

field strength required for ionic migration 

R c a t t a i n m e n t  t ime ,  sec 
Vol tage  E lec t ro ly t e  B e l o w  m i n i -  A b o v e  m i n i -  

change ,  v t e m p e r a t u r e ,  ~ m u m  f ie ld  m u m  field 

10-5 26 840 240 
35 270 330 

15-5 35 1080 540 

Table IV. Mean dissolution rates calculated above 
and below the minimum field 

Dis s o lu t i on  rate ,  A min-~ 

Elec-  B e l o w  m i n i m u m  field 
t ro ly t e  

Vol tage  temper~ T ime  F r o m  l i n e a r  m i n i m u m  
change ,  v a tu re ,  ~ a v e r a g e d  C- t  sec t ion  f ield 

A b o v e  

10-5 26 2.2 1.1 20.0 
35 6.7 3.1 40.0 

15-5 35 4.4 1.8 10.0 

Prior  to the a t ta inment  of the m i n i m u m  electric 
field, the dissolution rate is a function of tempera ture  
and appears to be a funct ion of the voltage change at 
the tempera ture  of 35~ being the smaller  the greater  
the voltage decrease to 5v involved, i.e., the lower the 
instantaneous new field at 5v. However, the rates re-  
ported in Table IV, prior to the a t ta inment  of the 
m i n i m u m  field required for ionic migration, are 
strictly mean  values calculated over the t ime re- 
quired to reach this point, and thus may be invalid, 
as ment ioned earlier. Figures 3 and 4 show that  ini-  
t ial ly the capacitance changes rapidly, then is rela-  
t ively l inear  for a short while, then changing rapidly 
finally to produce the overshoot. This observation in -  
dicates that  a t ime-averaged dissolution rate is in -  
valid. Applying the equations from an earlier paper 
(15) to the ini t ial  capacitance changes, the rates of 
dissolution derived from 1/C-t ime plots were calcu- 
lated (column 4, Table IV). Values obtained at 25 ~ 
and 35~ can be compared with the values of 1 and 
2A min  -1, respectively, previously reported (15, 17) 
for dissolution of a lumina  films in sulfuric acid. Thus, 
al though the first indications were that  chemical dis- 
solution was not involved in these steady-state  re-  
a t ta inment  processes, on closer examinat ion there 
would appear to be a chemical dissolution process for 
a short in terval  below the m i n i m u m  field. As the min -  
imum field is approached, the dissolution rate in-  
creases progressively in an exponent ial  manner ,  i.e., 
dissolution ra te  is field-assisted approaching and ex- 
ceeding the min imum field. The exponent ial  na ture  
of the increasing dissolution rate, and the fact that  
when the barr ier  layer  reaches 50A, insufficient oxide 
is being produced to balance dissolution, capacitance 
overshoot occurs. The formation rate of the oxide, i.e., 
the current ,  continues to increase, and, at some point  
dur ing overshoot, exceeds the dissolution rate, thereby 
producing a decrease in barr ier  layer  capacitance. 
Finally,  balance between the oxide formation rate 
and the dissolution rate  is at tained; thus, the bar r ie r  
layer capacitance remains  constant. 

Conclusions 
The dissolution processes occurring at barr ier  layer  

surfaces, following voltage reductions, are seen as 

processes in which current  changes follow capacitance 
changes, i.e., the opposite to that  reported previously 
(9). The na ture  of the dissolution process is seen as 
essentially chemical (apart  from some init ial  unex-  
plained phenomenon)  for a short period up to a point 
where the mi n i mum electric field for ionic migrat ion 
is approached; following this, dissolution increases 
exponent ial ly  and is seen as a field-assisted process. 
It is during this lat ter  period that  reorientat ion of the 
pore base s t ructure  is considered to occur. Since this 
period is not totally taken up with barr ier  layer dis- 
solution, but  with the regrowth of bar r ie r  layer fol- 
lowing overshoot dur ing dissolution, reor ientat ion of 
the pore base s tructure is seen as a process requir ing 
a few minutes  when the m i n i m u m  electric field is 
achieved (the greater this reorientation,  the longer 
the t ime that is required) .  

This evidence concerning the processes which oc- 
cur when voltage reductions are performed dur ing 
anodizing can, it is considered, be explained most 
easily in terms of a model derived from the "ideal" 
Keller  model (1), or one of its derivatives (2). It  is 
fur ther  suggested that the capacitance overshoot and 
the barr ier  layer  regrowth serve to demonstrate  the 
"dynamic equi l ib r ium:"  which exists between barr ier  
oxide formation and the ensuing dissolution processes 
leading to a conversion of barr ier  to porous oxide. 
Whenever  these two processes, i.e., formation and dis- 
solution, are in nonequi l ibr ium,  some phenomenon will  
occur in an at tempt to regain the "equil ibrium," e.g., 
reduction of voltage reduces the formation to a negli-  
gible level, and, therefore, the dissolution wil l  p re -  
dominate (the barr ier  layer  will  become th inner)  
unt i l  an "equi l ibr ium" is achieved. 

Manuscript  submit ted Sept. 23~ 1968; revised m a n u -  
script received Jan. 28, 1969. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
J O U R N A L .  
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Analysis of Gold Foils and Electroplating Solutions 
for Metallic and Anionic Impurities 

H. Graham Silver 1 

Bell Telephone Laboratories, Inc., Reading, Pennsylvania 

ABSTRACT 

A comparison made  be tween an "acid" c i t ra te  gold elec%roplating solu- 
t ion and an a lka l ine  free potass ium cyan ide-con ta in ing  gold e lee t ropla t ing  
solution demonst ra tes  that  both are  suscept ible  to meta l l ic  impur i ty  con- 
taminat ion.  However ,  except  for s i lver  which is also codeposi ted f rom the 
a lka l ine  e lec t ropla t ing  solution, only  the  acid solut ion read i ly  releases these  
impur i t ies  to codeposit  wi th  the  gold. The a lkal ine  solution, on the  other  
hand, immedia t e ly  becomes contamina ted  wi th  anionic impuri t ies ,  such as the 
formate  and carbonate  ions, which r ap id ly  bui ld  up to a high concentrat ion.  

Potass ium gold cyanide e lec t ropla t ing  solutions con- 
ta ining free KCN are  subject  to contaminat ion  not only 
by H .COO-  and CO~ = anionic impur i t ies  (1), but  also 
by  a b rown polymer ic  ma te r i a l  (2) of fo rmula  [HCN]4. 
This po lymer  is genera ted  at a soluble gold anode 
when the  pH in its v ic ini ty  is r educed  on the occasional 
anodic evolut ion of oxygen.  The po lymer  codeposits  
wi th  the  gold, discoloring the  lat ter ,  and is the agent  
responsible  for the ma jo r  propor t ion  of the  gaseous 
impur i t ies  evolved f rom the gold deposi t  on subsequent  
hea t ing  (3). However ,  gold deposits  obta ined from 
e lec t ropla t ing  solutions containing no free KCN, for 
example,  the  dibasic ammonium c i t r a t e / K A u  (CN) 2 
e lec t ropla t ing  solution, contain only low levels of 
gaseous impuri t ies .  

It is wide ly  known that,  even wi th  careful  per iodic  
maintenance,  the  ex tended  use of al l  types  of 
KAu  (CN) 2 e lec t ropla t ing  solutions (4, 5) often resul ts  
in a de ter iora t ion  of the color, pur i ty ,  and other  
physical  proper t ies  of the  gold deposit.  Thus, it  was 
deemed ins t ruct ive  to observe and d i rec t ly  compare  
the  increase  in meta l l ic  and anionic contaminants ,  by  
sui table  analysis,  in heav i ly  used dibasic ammonium 
c i t r a t e / K A u  (CN) 2 and K C N / K A u  (CN) 2 e lec t ropla t ing  
solutions and in the  gold foils obta ined therefrom. 
The choice of these pa r t i cu la r  e lec t ropla t ing  solutions 
was made owing to the i r  i m m e d i a t e  ava i lab i l i ty  and 
the fact that  the  former  solution, as opposed to the 
la t te r  solution, did  not contain free KCN and was 
opera ted  at a pH below 7. 

Experimental 
A gold foil was p la ted  on a stainless steel  subs t ra te  2 

f rom a dibasic ammonium c i t r a t e / K A u ( C N ) 2  e lec t ro-  
p la t ing solut ion of formula t ion  (6) 

(68% min  Au)  K A u ( C N ) 2  2 0 g / I ] §  

dibasic ammonium c i t ra te  50 g / l  J - -  g/1 
pH 5.5 

Anodes  P la t in ized  t i t an ium ( insoluble)  

which had been used s teadi ly  for a per iod of about  
six months wi th  per iodic  maintenance.  The foil was 
analyzed  by emission spectroscopy for meta l l ic  im-  
puri t ies.  Two 50-ml samples  of the e lec t ropla t ing  solu- 
t ion were  wi thdrawn,  one of which was analyzed  for 
to ta l  metal l ic  impur i t ies  by  emission spectroscopy, 
whi le  the  other  was analyzed  for the  fol lowing com- 
ponents:  (a) F r ee  C N - ;  (b) CO3=; (c) pH; (d) 
C N O - ;  (e) H .COO-  formate ;  (f) C204 = oxalate;  (g) 
CO (NH2) 2 urea.  

K e y  w o r d s :  e l e c t r o d e p o s i t i o n ,  gold electroplat ing,  metal l ic  im- 
puri t ies ,  a n i o n i c  i m p u r i t i e s .  

1Presen t  address :  Genera l  Telephone & E l e c t r o n i c s  L a b o r a t o r i e s  
I n c o r p o r a t e d ,  B a y s i d e ,  N e w  York.  

A l l  s t a i n l e s s  s t e e l  s u b s t r a t e s ,  u s e d  for  t h i s  p u r p o s e  in  this  ex-  
per iment ,  w e r e  degreased  in the v a p o r  of  b o i l i n g  t r ichloroethylene  
f o r  5 rain,  i m m e r s e d  in a c e t o n e  for  15 rain, acid-cleaned in hot 1:1 
H C I  for  1 rain,  a n d  f ina l l y  r insed in deionized water .  

A gold foil was p la ted  on a s tainless  steel  subs t ra te  
f rom a K C N / K A u ( C N ) 2  e lec t ropla t ing  solut ion of 
formula t ion:  

(68% min. Au)  K A u ( C N ) 2  9 g / l ]  
! 

KCN 45 g/l~+__ 0.1 g/1 
! 

KOH 3 g/lJ 
pH 13 

Anodes Gold (99:99%) 

which had  been used cont inual ly  for a per iod of about  
six weeks  wi th  per iodic  maintenance.  The foil was 
analyzed  by  emission spectroscopy for  meta l l ic  im-  
puri t ies .  In  the  same manne r  as above, two 50-ml 
samples  of the  e lec t ropla t ing  solution were  w i thd rawn  
and analyzed  for to ta l  metall ic,  anionic, and organic 
impuri t ies .  

Final ly ,  in o rder  to act as a reference  point, two 
solid samples  of KAu  (CN)2, one obta ined from Engel -  
ha rd  Industr ies ,  68.31% gold, and one obta ined from 
Technic Inc., 68.2% gold, were  analyzed for  the  fol-  
lowing components,  (a) metal l ic  impuri t ies ,  (b) free 
C N -  ion, and (c) H .COO-  ion. 

Results and Discussion 
A comparison of the metal l ic  and  anionic impur i t ies  

present  in the two solid samples  of K A u ( C N ) 2  is 
shown in Tables I and II. 

The resul ts  indicate  tha t  both  the  Enge lhard  and 
Technic K A u ( C N ) 2  salts  have a somewhat  high level  
of s i lver  contaminat ion,  which is r a the r  to be expected,  
owing to the  close chemical  s imi la r i ty  be tween  s i lver  
and gold. However ,  compared  wi th  the  resul ts  r e -  
por ted  be low for the  heavi ly  used e lec t ropla t ing  so- 
lutions, the  concentra t ion of o ther  meta l l ic  impur i t ies  
and anionic contaminants  in the  K A u ( C N ) 2  sal ts  is 
indeed ve ry  low and m a y  be considered negl igible  for 
most  e lec t ropla t ing  purposes.  This is also t rue  for 
the  metal l ic  impur i t ies  p resen t  in the  soluble gold 
anodes (99.99%) used in the  K C N / K A u ( C N ) 2  elec-  
t rop la t ing  solution. 

Table I. Comparison of metallic impurities 

Metall ic impur i t y  Fe Cu Ag  Si Pb  Pd  A1 Mg Ca 

Enge lhard  salt ,  p p m  5 1 20 2 2 3 1 3 5 
Technic  salt, p p m  7 1 40 20 < 1  < 1  4 3 5 

Table II. Comparison of anionic impurities 

A n i o n i c  impur i t y  Free CN- H.COO- 

Enge lhard  salt, w / o  <0.03 0.46 
Technic  salt, w / o  <0.03 0.48 
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Table III. Metallic impurities 

I m p u r i t y  F e  Cu A g  N i  Cd  Si  P b  P t  A u  

p p m  50 1000 < 1 0  40 500 30 30 1O Major 

Table IV. Metallic impurities 

I m p u r i t y  P t  Sn  F e  Cu  A g  N i  Cd Si  P b  

p p m  20 70 400 250 2 900 30 300 20 

I m p u r i t y  S r  Ca  A1 B Mn M g  Cr  B a  N a  

p p m  l0  400 200 30 200 1O0 10O 200 H i g h  

Table V. Anionic and organic impurities 

I m p u r i t y  F r e e  C N -  COs = H . C O O -  C N O -  C~O4 = U r e a  p H  

g/1 0.6 0.4 0.4 0.4 < 0 . 2  < 0 . 5  5.7 

The gold foil plated from the s ix-month-o ld  dibasic 
ammonium c i t ra te /KAu(CN)2  electroplating solution 
contained the metall ic impurit ies listed in Table III. 
The dibasic ammonium c i t r a te /KAu(CN)2  electroplat- 
ing solution contained the metallic impurit ies shown 
in Table IV after the sample was heated to dryness, 
and the same solution contained the anionic and or- 
ganic impurit ies given in Table V. Of the metallic im- 
purit ies present  in the gold foil, copper and cadmium 
appear to be the ones most easily plated out of the 
electroplating solution. It is instruct ive to note that 
cadmium, although present  at a concentrat ion of 30 
ppm in the solution, occurs in the foil at a concentra-  
t ion of 500 ppm. Although such a comparison between 
the concentrat ion of metallic impurit ies wi thin  both 
the electroplating solution and the gold foil is not 
strictly valid and quanti tat ive,  it is commonly stated 
that  a "concentrat ion" effect has taken place, in that 
the cadmium appears to be preferent ia l ly  plated out of 
the electroplating solution. The same observation ap- 
plies to the behavior of copper. On the other hand, 
iron and nickel, present  at a concentrat ion of 400 
and 900 ppm, respectively, in the solution, occur in 
the foil at a concentrat ion of only 50 and 40 ppm, 
respectively. 

Presumably,  the concentrat ion of the metallic con- 
taminants  Cd and Cu within  the solution would be 
even higher if they were not so easily plated out with 
the gold. In fact, metallic contaminat ion of a dibasic 
ammonium c i t ra te /KAu(CN)2 electroplating solution 
is very easily detected, since its color changes to yel-  
low on the dissolution of small  amounts  of iron (7). 
This color deepens as the concentrat ion of i ron in -  
creases, which also usual ly signifies that  other metallic 
contaminants,  such as nickel, cobalt, and copper pres-  
ent in Rodar 3 and copper parts, are also increasing. 

Contrary to the ease with which metall ic contam-  
inat ion of a dibasic ammonium c i t ra te /KAu(CN)2  
electroplating solution can occur, the level of anionic 
impur i ty  remains  remarkably  low considering the 
length of time, about six months, that  the solution 
was used. This is true, even if it is assumed that  the 
levels detected now are no different from those pres- 
ent at the solution make-up,  which is unlikely.  The pH 
of the solution, 5.7, precludes too great an increase in 
concentration, wi thin  the solution, of the free C N -  
ion, obtained on the electrodeposition of the gold, since 
HCN is evolved in acidic solution. There is the pos- 
sibili ty that  some polymerizat ion of the HCN will  oc- 
cur at this pH (2), but  owing to the low concentra-  
t ion of HCN present  in the solution, the amount  of 
polymer produced is very  small  and may readily be 

3 R o d a r :  29% Ni,  17% Co, 0 .3% Mn,  b a l a n c e  Fe .  

removed by treat ing the electroplating solution with 
activated carbon, upon which the polymer is adsorbed, 
and filtering. Thus, with a low concentrat ion of the 
C N -  ion present at any one time, its reaction products 
with water  and air (1), the CO3 =, H.COO-,  CNO-  
ions, etc., do not form at any appreciable rate. 

The gold foil plated from the s ix-week-old KCN/  
KAu(CN)2 electroplating solution contained the me-  
tallic impurit ies listed in Table VI. 

The KCN/KAu(CN)2  electroplating solution con- 
tained the metall ic impurit ies listed in Table VII after 
the sample was heated to dryness; and the same so- 
lution contained the anionic and organic impurit ies 
listed in Table VIII. Of the metallic impurit ies present 
in the gold foil, silver and iron appear to be the ones 
most easily plated out of the electroplating solution. 
All  the other impurit ies are effectively held at a con- 
centrat ion of < 10 ppm within  the gold foil. The low 
concentrat ion of silver in the electroplating solution, 
on the other hand, may be due to a "concentrat ion" 
effect, which preferent ia l ly  plates silver out of the 
solution. The free KCN present  in the electroplating 
solution combines with many  of the metall ic impur -  
ities to form complex anions, e.g., Fe(CN)68-  , 
Cu(CN)2- ,  Ni(CN)32-,  Cr(CN)63-,  etc., thus al ter-  
ing the redox potentials of the metal  ions sufficiently 
to prevent  their  codeposition with the gold. This 
complexation mechanism effectively keeps the metall ic 
impurit ies dissolved in the electroplating solution, 
which also slowly turns  yellow as the concentrat ion 
of several of the impurities,  notably iron, nickel, and 
chromium, increases. This color change may be dif- 
ficult to dist inguish from that  due to an increase in 
concentrat ion of the HCN polymer wi th in  the elec- 
t roplat ing solution (2). Thus, care should be taken 
in ascribing such a color change exclusively to a 
polymeric or metall ic impuri ty.  

Contrary to the low level of metall ic impuri t ies  
present  in the gold foil obtained from a KCN/  
KAu(CN)2 electroplating solution, the increase of 
anionic impurities, par t icular ly  the CO8 = and H.COO- 
ions, wi thin  the electroplating solution, over the period 
of about six weeks that it had been used, is ra ther  
disturbing. The drop in pH of the electroplating so- 
lution from 13 to 10.6 is probably par t ly  due to the 
absorption of CO2 from the atmosphere, but  main ly  
due to the electrolytic propagation wi th in  the solu- 
tion of CO2, as will  be explained shortly. Thus, an 
electroplating solution containing free KCN readily 

Table VI. Metallic impurities 

I m p u r i t y  Fe  Cu  A g  N i  Si  P b  P t  

p p m  20 < 1 0  40 < 1 0  < 1 0  < l O  < 1 0  

I m p u r i t y  C r  AI  M g  P d  As  P A u  

p p m  < 1 0  < 1 0  < 1 0  < 1 0  < 1 0  < 1 0  M a j o r  

Table VII. Metallic impurities 

I m p u r i t y  F e  Cu  A g  N i  Si  

p p m  100 100 < 10 50 20 

I m p u r i t y  Ca  A1 M g  Cr  N a  

p p m  400 30 < l0  < 10 200 

Table VIII. Anionic and organic impurities 

I m p u r i t y  CO3:  H . C O O -  C N O -  C20~ = U r e a  p H  

g/1 27.2 41.8 0.14 0.30 1.10 10.6 



Vol. 116, No. 6 A N A L Y S I S  O F  G O L D  

becomes contaminated with anionic impurities, de- 
r ived main ly  from the side reactions of the KCN with 
water  and air. Moreover, a comparison of the results 
of this work and those of a previous work (1) would 
indicate that  electrolysis has an effect on the relat ive 
concentrations of the H.COO- and CO3 = ions present  
wi thin  a KCN/KAu(CN)2  electroplating solution. 

The ratio of CO3 = ion to H.COO- ion in Table VIII  
is approximately 0.65. Yet, in an aqueous KCN solu- 
t ion main ta ined  at 70~ and exposed to air (1), in 
which no electrolysis is being conducted, the ratio is 
closer to 0.2. The higher CO3=/H.COO - ratio ob-  
served for the used electroplating solution probably  
results from the electrolytic oxidation of the H.COO- 
ion at the anode to CO2 (8, 9), which is re ta ined in 
the alkal ine KCN solution. 

Conclusion 
Dibasic ammonium c i t ra te /KAu(CN)2  and KCN/  

KAu(CN)2  electroplating solutions are both suscepti- 
ble to metallic impur i ty  contamination.  These impur -  
ities do not  plate out of the K C N / K A u  (CN)2 solution 
with the gold as readi ly  as they do from the dibasic 
ammonium c i t ra te /KAu (CN) 2 solution. However, 
the H.COO- and CO3 = ionic impurit ies build up to 
a high concentrat ion in the KCN/KAu(CN)2  electro- 
plat ing solution, but  are barely present  in the dibasic 
ammonium c i t ra te /KAu(CN)2  electroplating solution. 
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There is evidence that  some of the H.COO- ion is 
oxidized at the anode to CO2, which is retained in the 
alkal ine electroplating solution. 
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Electrolytic Reductive Coupling 
XVI. A Study of 1,2-Diactivated Olefins. Part I, Voltammetry 

John P. Petrovich, Manuel M. Baizer,* and Morris R. Ort 
Central Research Department, Monsanto Company, St. Louis, Missouri 

ABSTRACT 

Representat ive 1,2-diactivated olefins XCH=CHY,  in which X and Y are 
e lec t ron-wi thdrawing groups not themselves reduced in the course of the 
electrolyses, were studied in polarography, cyclic vol tammetry,  electron spin 
resonance spectroscopy, and macroelectrolyses. This first of three papers 
deals with the vo l tammetry  of these compounds and the evidence it affords 
that  a major  pa thway to the cathodic formation of reduced dimeric products 
at the first reduct ion wave is the nucleophilic attack of the in termediate  
anion radical  on star t ing mater ial  ra ther  than radical  dimerization of the 
anion radicals. The rates of disappearance of the anion radicals were mea-  
sured as a funct ion of olefin concentrat ion as well  as the concentrat ion of 
proton source and Michael-type acceptor. In  each case a l inear  dependence 
of observed rate  on concentrat ion was noted. The implications for directed 
synthesis and for anionic polymerizat ion are discussed. 

Previous papers in this series (1) have been con- CH~-CHX 
cerned main ly  with del ineat ing the scope of electro- / 2~ 
lytic reductive coupling of activated olefins as a G 
method for synthesizing bifunct ional  compounds (2). \ 2H20 
Within  the limits discussed previously the general i ty CH~--CHY 
of the reactions summarized in Eq. [1] and [2] has 3 
been demonstrated when  R = H or 
R R 

C = C X  + C=C--Y > 
/ / 2H.,O 

R R 
1 2 

R R 
' ),,+ 

/I /I ~" 
R R 

R R 

+ XCH--C--C--CHY + 2 OH [I] 

i l 
R R 

* E l e c t r o c h e m i c a l  Society Active Member .  

CH--CH2X 

> G / 1 \  
CH--CH2Y 

-~- 2 OH 

[2] 

alkyls, X and Y are e lec t ron-wi thdrawing groups, not 
themselves reduced under  the conditions of the elec- 
trolysis, and G is a bridging group, e.g., (CH2)n. When 
X = Y (Eq. [1]),  the process has been called electro- 
hydrodimerization;  the process of [2] is electrohydro- 
cyclization (3). 

A working hypothesis which has been very useful 
in rat ionalizing the synthetic results previously ob- 
tained and, indeed, in predict ing the scope of the 
method has been the proposal (4) that  an anionic 
intermediate  is formed by electroreduction of 1 or 2 
(depending on which is more easily reduced) and that  
this intermediate  nucleophically attacks the E-position 
of the unreduced but  polarized acceptor molecules to 
form the coupled product(s)  (5). Mechanistic studies 
(8) relat ing to Eq. [1] have been concerned main ly  
with one or another  aspect of acrylonitr i le  hydrodimer-  
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ization (Eq. [3]) and have not thus far resulted in a 

2e 
2CH~=CHCN ~ NC (CH2)4CN -t- 2 OH [3] 

2H20 

completely satisfactory detailed elucidation of the re-  
action. Concerning process [2] evidence has been pre- 
sented (9) in support of the proposal that concerted 
one-electron t ransfer - r ing  closure occurs followed by 
a second reduction step 

Now olefins 1 and 2 show only one polarographic 
wave; the l imit ing diffusion current  corresponds to two 
or fewer electrons per molecule depending on the 
concentrat ion and type of proton donor available (10). 
The major  mechanistic problems concerning the reac- 
t ions of 1 and 2 arise then from the fact that  the pre-  
sumed anion radical intermediate  reacts with monomer,  
proton source, or possibly another  anion radical before 
its presence can be verified by available ins t rumenta l  
methods. 

The 1,2-diactivated olefins XCH=CHY 4, however, 
possess two e lec t ron-wi thdrawing groups and do pro- 
duce observable (11) anion radicals on one-electron 
reduction. While the na ture  of the first in termediate  
formed from 4 is, wi thin  certain limitations, more de- 
finable than  that  from 1, the analysis of the subsequent  
steps by which 4 is converted to products via 5 is com- 
plex (Chart  I) because several reasonable al ternate  
pathways may be 

CHART I 

XCH~----CHY -F e - ~  (XCHCHY)~"  

4 5 

kd 
dimerizat i~  ~ Prod. ec 

ko 
Prod. ece 

olefin 

kH 
~ Prod. ec or ece 

water 

kAN 
acrylonitr i le  ) Prod. ece 

formulated. Processes may be encountered that  are ec 
(an electrochemical step followed by a chemical step, 
e.g., radical anion formation and dimerization, kd), eec 
(formation of a dianion followed by reaction of this 
species with substrates),  ecc (radical anion protona-  
tion, kH, followed b y  dimerization of neut ra l  radicals),  
ece (radical anion attack upon substrate followed by 
a second reduction, ko and kAN, and e c e c . . . c  (poly- 
merization}. The first objectives therefore, after prov-  
ing the intermediacy of 5, were to determine by es- 
tablished electrochemical techniques the most probable 
modes of decomposition of 5 through chemical reac- 
tions with each of the several components  of the sub- 
strate under  electrolysis conditions. 

On a microscale olefins 4 were examined by polarog- 
raphy, cyclic vol tammetry,  and electron spin resonance 
spectroscopy. On a macroscale olefins 4 were reduced 
at the first polarographic wave in a divided cell either 
alone or in the presence of 1 at different levels of 
proton donor concentration. The polarographic and 
cyclic voltametric results are reported in this paper. 
The electron spin resonance spectroscopy and macro 
electrolysis will be given in subsequent  papers. 

Experimental 
Materials.--Solvent. Dimethylformamide (Dupont, 

technical grade) was stored at least 24 hr  over potas- 
sium carbonate, distilled at atmospheric pressure from 
bar ium oxide ( lumps) ,  distilled under  reduced pres- 
sure from anhydrous copper sulfate, passed through 
Linde Type 4A molecular  sieve, and stored under  
ni trogen unt i l  used. 

Te t rae thy lammonium perchlorate (Southwestern 
Analyt ical  Chemicals) was recrystallized from water  
and dried in a vacuum oven. 

Activated Olefins.--Cinnamonitrile, fumaronitrfle,  
ethyl  cinnamate,  diethyl fumarate,  stilbene, and ethyl 
a -cyanocinnamate  were obtained commercial ly and 
used without  fur ther  purification. 

Dibenzoylethylene (29), f l-benzoylacrylonitri le (30), 
ethyl ~-benzoylacrylate (31, 32), benzalacetophenone 
(33), ~-carbethoxyacrylonitr i le  (34), 3- (4-pyr idyl )  
acrylonitr i le  (35), ethyl 3 - (4-pyr idy l )  acrylate (36), 
N,N-dimethyl  ~-carbethoxyacrylamide (34), N,N,N',N'- 
t e t ramethyl fumaramide  (37), ethyl  4,4,4-trifluorocro- 
tonate (38), e thyl  4,4,4-trifluoro-3-trifiuoromethylcro- 
tonate (39, 40), and ethyl a-cyanosorbate were pre- 
pared by minor  modifications (41) of l i terature meth-  
ods. 

N,N-dimethylc innamamide  was prepared from cin-  
namoyl  chloride (I85g, 1.1im, Eastman) and dimeth-  
y lamine  (100g, 2.22m). Three recrystallizations of the 
solid from benzene gave 104g of the desired amide, 
mp 99~ 

Anal. Calcd. for C11H~3NO: C, 75.32; H, 7.48; N, 8.00. 
Found:  C, 75.43; H, 7.42; N, 8.03. 
Ethyl  ~-trifiuoromethylcrotonate.  A solution of ~- 

trifluoromethylcrotonic acid (32.8g, 0.21m, Aldrich 
Chemical Company),  200 ml  of ethanol and 0.5 ml  of 
concentrated sulfuric acid was refluxed for 8 hr. The 
reaction mix ture  was poured into water, dissolved in 
dichloromethane, washed with dilute sodium bicar-  
bonate, water, dried over anhydrous  sodium sulfate, 
and the solvent was removed by distillation. The liq- 
uid residue was distilled to give 21.5g of ethyl ~- t r i -  
fluoromethylcrotonate, bp 128 ~ n2~D 1.3746. 

Anal. Calcd. for C~H9F302: C, 46.!6; H, 4.98; F, 31.29. 
Found:  C, 46.25, 46.36; H, 5.01, 5.39; F, 31.33, 31.65. 
Polarography.--All polarograms were obtained with 

a Sargent  Model XXI polarograph. The dropping 
mercury  electrode constants were m = 1.58 mg/sec., 
t = 4.20 sec., m2/at 1/6 ~ 1.725. Standard  polarographic 
H cells were used throughout.  The polarograms were 
recorded against a saturated calomel electrode as the 
reference using 0.1M te t rae thy lammonium perchlorate 
in dimethylformamide as solvent. Cell resistances were 
around 1000 ohms and no correction was made for ir 
drop in the cell. 

Cyclic voltamrr~etry.--The cyclic vol tammograms 
were obtained using a Wenking Model 66TAI potenti-  
ostat and an Exact Model 505 function generator. Re- 
cording of the current -vol tage  curves was accom- 
plished with a Tektronix 502-A Dual Beam Oscillo- 
scope and a C-27 camera at tachment.  The cell used for 
these experiments  was a th ree-compar tment  cell; the 
reference and auxi l iary electrode compartments  were 
separated from the working electrode compartment  by 
glass frits. The working electrode was a mercury  drop 
suspended on a mercury-coated p la t inum wire. The 
reference electrode was a saturated calomel electrode 
connected to the electrolysis vessel by a cot ton-plug-  
ged glass capillary. The auxi l iary  electrode was a 
p la t inum wire. The solutions analyzed were 1. to 5. x 
10-aM depolarizer with 0.1M te t rae thy lammonium 
perchlorate in dimethylformamide as solvent. Typical 
peak- to-peak separations were between {).06 and 0.15v 
for scan rates of between 3 and 360 v /min .  

Results and Discussion 
PoIarography.--The polarograms of a series of diac- 

t ivated olefins, Tables I and II, were obtained Lu di- 
methyl formamide (DMF) solution containing 0.1M 
te t rae thy lammonium perchlorate (TEAP).  Both anhy-  
drous DMF and DMF containing 1M water  were used. 
Among this group of olefins two distinctive behaviors 
were observed. For olefins XIII  and XVII two one- 
electron waves were obtained which coalesced into a 
single two-electron wave with the addition of a suffi- 
cient amount  of water. This type of polarographic be-  
havior has f requent ly  been reported (12). On the other 
hand,  for olefins III, VI, IX, and X only a single re-  
duction wave was observed using anhydrous DMF as 
solvent. In these cases a decrease in the l imit ing cur-  
rent  is observed in approximately  the expected posi- 
tion for the second reduct ion wave, and the l imit ing 
current  (Ia) for the first wave is very  small, e.g., 0.80 
for olefin III. 
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Table I. Polorographic reduction of dlactivated olefins. X - - C H ~ C H - - Y  a 

-- E1/.2 b w i t h  a n h y .  D M F  Id c -- Ez/e b w i t h  1M w a t e r  I4 
C o m p o u n d  X ~; Y W a v e  I W a v e  I I  W a v e  I W a v e  I I  W a v e  I W a v e  I I  W a v e  I W a v e  I 

I C~-I~CO Ct~I.~CO 1.08 1.73 1.51 0.30 0.93 1.37 1.19 0.65 
I I  CcI-I~CO CN 1.11 - -  0.44 - -  1.06 1.64 0.54 0.16 
I I I  C~HsCO CO,oC~H~ 1.23 1.8'; 0,80 dec.  1.20 1.72 0.89 0.16 
IV  CoH~CO 4 - P y  1.39 2.02 1.47 0.61 1.37 1.86 1.52 0.37 
V C ~ C O  C(~H~ 1.59 2.21 1.50 0.61 1.55 2.01 1.52 1.24 
VI  C N  C O._,C -,I-I~g 1.45 2.4a 1.01 dec.  1.40 2.36 1.24 1.20 
VII  C N  4 - P y  1.64 2.25 1.62 0.44 1.63 2.00 1.72 1.75 
V I I I  CN C~H~ 1.99 2.58 1.65 1.22 1.94 2.42 1.85 1.64 
I X  C N  CN 1.36 2.3'~ 1.10 dec .  1.36 2.25 1.16 0.34 
X CO~C.,.~I5 CO,zCrH~ 1.54 2.1~ 1.27 dec .  1.54 2.27 1.91 1.18 
Xl CO~C~IIn 4 - P y  1.71 2.36 1.78 1.10 1.68 1.98 1.95 1.51 
X I I  CO2C.~,H~ Cr 2.00 2.49 1.72 1.62 1.96 2.35 1.72 1.70 
X l I I  COzC,,_H5 C O N  (CH:0 ~ 1.76 2.62 1.56 0.53 1.68 1.951~ 1.53 1.31 
X I V  C O,_,C,,,H~ CFs 1.74~ 1.97 1.737 3,08 
X V  C~-I5 C O N  (Ctta) = 2.16 2.58 1.74 1.67 2.15 2.38 1,71 1.22 
X V I  C,~H~ C~H~ 2.36 2.76 1.68 1.21 2.43 2.75 1.76 1.25 
X V I I  C O N  (CH~) .z C O N  ( CI-I~ ) ~ 1.97 2.28 1.75 1.40 1.99f 3.23 

A l l  t r a n s c o n f i g u r a t i o n ,  b E1/~ v s .  SCE in  d i m e t h y l f o r m a m i d e  (DMF)  w i t h  0 .1M t e t r a e t h y l a m m o n i u m  p e r c h l o r a t e .  
c C o n c e n t r a t i o n  of  o le f ins  ~ 1  • 1O-3M. ~ A d ip  in  t h e  c u r v e  i n d i c a t i n g  t h e  a p p r o x i m a t e  p o s i t i o n  of t h e  s econd  w a v e .  
, A l l  of  t h e  b e n z o y l  k e t o n e s  s h o w e d  2 a d d i t i o n a l  w a v e s  a t  E~/.., - -2 .3  a n d  - - 2 . 5 v  fo r  t h e  r e d u c t i o n  of  t h e  k e t o  g r o u p .  
f P o l a r o g r a m  c h a n g e s  s lope  b u t  does  n o t  s p l i t  in to  t w o  de f i ned  w a v e s ,  g T h e  w a v e s  in  0 .1M L i O H  so lu t i on  a t  - -1 .57  a n d  - -1 .94v  o b s e r v e d  

by  K a r c h e n e r  e t  at . ,  Z h .  O b s h c h .  K h i m , ,  29, 1364 (1959) w e  f o u n d  a r e  d u e  to t h e  r e d u c t i o n  of a n i o n  of f l - e y a n o a c r y l i e  ac id .  h COl lapsed  a t  
3M w a t e r .  

TabJe II. Polarograpbic reduction of miscellaneous activated olefins 

I-I Y 
\ / 

C = C  
/ \ 

X Z 

- -E I /~  w i t h  A n h y .  D M F  I4 --E1/2, I M  W a t e r  Ie 
C o m p o u n d  X Y Z W a v e  I W a v e  I I  W a v e  I W a v e  I I  W a v e  I W a v e  I I  W a v e  I W a v e  I I  

X V I I I  C~H~ CN CO~CeH5 1.32 2.05 1.67 0.18 1.35 2,Ol 1.54 0.45 
X I X  CHaCH = CH C N  CO~C.zH~ 1.37 - -  1.O0 - -  1.37 - -  0.84 - -  
X X  CO~CeI~ CH~ CFa 1.91 2.79 - -  1.94 - -  4.64 - -  
X X I  CO:~eH~ CFa CF3 1.35 2.~7 1.37 3.28 1.34 1.84 1.43 0.89 

e -  e -  
4 ) 5 ) ( X C H - - C H Y ) =  [6] 

1 st 2 nd 
wave  wave  

6 

With olefins I, V, VII, XII I  the second wave  is con- 
siderably smaller  than expected for a one-e lec t ron 
process. F rom the measured rate  constants, vide infra, 
it is clear that  the generated anion radicals 5 react 
with incoming depolarizer within the l ifet ime of the 
mercury  drop. 

Under  the anhydrous conditions employed here, the 
reaction can form t r imers  or higher  oligomers as wel l  
as dimers, thereby exhibi t ing a diffusion current  some- 
what  less than one electron per molecule (10, 26). 
Since the dianion 7 has two negat ive charges in the 
same molecule, it would be expected to react even 
more rapidly with incoming depolarizers than the 
anion radical  5, ini t iat ing oligomerization and thereby 
causing the observed decrease in the l imit ing current  
at the potential  of the second reduct ion (13). The ad- 
dition of 1M water  to these systems affects the first 
wave  only slightly, but el iminates the ol igomerizat ion 
init iated by the dianion, thereby  increasing the diffu- 
sion current.  The second wave  is then observed at a 
s l ightly more  posit ive potential  than  the potent ia l  at 
which the decrease in the Iimiting current  is observed 
in the anhydrous system; e.g., for otefin III  in anhy-  
drous DMF the  decrease is at --1.8v, and in aqueous 
DMF the second wave  is at --1.72v (Fig. 1). These 
observations again point out the caution which must  
be observed in in terpre t ing  polarographic data on ac- 
t ive systems, especially when proton sources are absent. 

The react ion of 5 wi th  sufficient wa te r  yields a 
neutra l  radical  ~ to an act ivat ing group. Since no 
additional polarographic wave  is observed under  con- 
ditions where  this reaction occurs, this radical must  be 
reduced ei ther  at the same or at a more positive po- 
tent ial  than the olefin (14). Further ,  no addit ional  
reduct ion waves are observed using conditions under  

which 5 reacts with the olefin. The product  of this 
reaction is a dimeric anion radical in which the radical  
site is insulated f rom the negat ive charge by a two-  
carbon bridge. This dimeric anion radical  must also 
consequent ly be reduced at the same or at a more 
posit ive potential  than the original  olefin. It is clear, 
therefore,  that  a t tempts  to t rap a dimeric anion radical  
of this type by chemical  methods (15) are difficult 
since the in termedia te  is unstable to reduct ion by the 
reducing agent, such as an alkal i  metal, and even the 
monomeric  anion radical. 

It is interesting, incidentally,  to compare  the polaro-  
grams of olefin VI, Table I, and olefin XIX, Table II. 
These two olefins have the same two act ivat ing groups, 
carbethoxy and nitrile, but in 1,2 and 1,1 positions, 
respectively.  The effect of placing both act ivat ing 
groups on the same carbon atom shifts the first wave  
sl ightly in the anodic direction and also completely  
el iminates the second wave  below --2.5v. This points 
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Fig. 1. Polarograms of diethyl fumarate (a) in anhydrous DMF 
and (b) in DMF with 1M water. 



Table III. Cyclic voltametric data for representative 
diactivated olefins a 

C o m p o u n d  Scan  ra te  v / s e c  ip/~)ll2 i r / i f  Ep b 

Lp 

vh 

C u r v e  1, F ig .  2 
I I  0.12 6 . 3  - -  1.05 

0.48 6.9 0.30 1.06 
1.2 7.3 0.42 1.07 
4.8 8.6 0.54 1.06 

12. 8.6 0.65 1.09 
I I I  0.12 24 0.34 1.11 

0.24 25 0.38 1,12 
0.72 26 0,55 1.14 
2.4 24 0.80 1.15 
7.2 22 0.97 1.18 

C u r v e  2, F ig .  2 
X I  0.072 36 0.43 1.67 

0.24 33 0.59 1.68 
0.96 30 0,80 1.70 
1.2 30 0,84 1.71 
2.4 29 0.92 1,73 

X I I I  0,024 ]9 0.47 1.64 
0,072 17 0.55 1.65 
0.48 15 0,83 1.65 
1.2 13 0,94 1.66 
2.4 13 0.96 1.67 

a 2 • 10-~M depo la r ize r ,  0.1M T E A P  in  DNiF; h a n g i n g  m e r c u r y  
d rop  electrode,  b I n  vo l t s  VS. SCE. 

CURVE I 
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out the importance of charge separation in the forma-  
tion of a dianionic species. 

Severa l  a t tempts  were  made to correlate  these po- 
larographic  El12 values wi th  published ~ values. Nu-  
merous successful correlations for other classes of 
compounds have appeared in the l i tera ture  (16). How- 
ever,  the diact ivated olefins discussed here do not lend 
themselves  to such t reatment .  

A qual i ta t ive  order can be drawn from our data for 
the stabilizing effects as measured by Eli2 values of 
the act ivat ing groups on the anion radical in te rme-  
diates: 

r > CN ~-- COaC2H5 > 4-Py > CF8 

> CON(CH3)2 > • > H 

The most easily reduced diactivated olefin of those 
studied is dibenzoylethylene (1); the most difficult to 
reduce is stilbene (XVI). 

Attempts to correlate polarographic EI/2 values for 
monoactivated olefins with reactivity as measured by 
anionic polymerizability have had limited success (17). 
The rates of polymerization of these olefins depend 
importantly on the steric requirements of the propaga- 
tion step. It is clear from the data in Table I that the 
polarographic data depend overwhehningly on the 
number and nature of the electron-withdrawing groups 
in conjugation with the olefin and only slightly if at all 
on the bulkiness of the groups, cf. I and IX. 

The high Id value for compound XXI is probably 
due to fluoride ion elimination followed by reduction. 
Fluoride elimination has been observed in the bulk 
electrolysis of ethyl  ~-trifiuoromethylcrotonate.1 

Cyclic v o l t a m m e t r y . - - T h e  cyclic vo l tammograms of 
a series of diaet ivated olefins were  obtained in anhy-  
drous DMF solution containing 0.1M TEAP. The de- 
pendence of the  peak current,  ip, on the voltage scan 
ra te  was obtained. Representa t ive  data are  given in 
Table III. Two types of behavior  were  noted (Fig. 2). 
Curve  1, Fig. 2, is typical  of the  behavior  observed for 
olefins II, III, IV, VI, VII, IX, i.e., olefins which are  
ve ry  react ive and easily polymerizable,  while  curve  2 
was typical  of the behavior  of the other olefins studied, 
i.e., I, V, VIII, X, XI, XII, XIII,  XV, XVI, XVII. Nei ther  
of these curves corresponds to the " l inear"  dependence 
of i p / V  1/2 with V 1/2 expected for an ec mechanism (18). 
Curve 2 is, however ,  typical  of the behavior  expected 
for a revers ible  electron t ransfer  followed by a fast 
chemical  react ion and a subsequent  electron t ransfer  
(ece) (18). Curve 1 probably corresponds to an ece 

1 See P a r t  II ,  E x p e r i m e n t a l  Sect ion .  J .  P. P e t r o v i c h ,  NI. M. Ba ize r  
and  M. R. Ort ,  This  Journa l ,  116, 749 (1969). 

SCAN RATE VOLTS/SEC 

Fig. 2. Plot of ip /V  1/2 vs. scan rate for curve 1, ethyl cinnamate 
and curve 2, ethy| ~-cyanoacry~ate. 

mechanism when  the slow scan region is complicated 
by a polymerizat ion reaction. In all cases a 20-40 m v  
shift in peak voltage was noted for a ten- fo ld  change 
in sweep rate. 

In order to gain some knowledge  of the nature  of the 
chemical  reaction involved,  the ra te  constants for the 
decomposition of the electrochemical ly generated anion 
radicals were  calculated f rom the cyclic vo l tammo-  
grams using the  simplified method of Nicholson (19), 
Eq. [8], and a numer ica l  plot of kf ~ vs. i t / i f  as given 
by Nicholson and Shain (20); where  ir/if is the ratio 
of the reverse  to the forward  

" 0.485 (isp) 
i r / i f  -~- ~ap -~ ~- 0 . 0 8 6  [ 8 ]  

"bcp icp  

current,  lap is the anodic peak current,  icp is the cath-  
odic peak current,  i~p is the  current  at the switching 
potential,  z is the t ime f rom El/2 to the switching po- 
tential  and kf is the f irst-order ra te  constant for the 
disappearance of the in termediate  ion radical. When 
there  is no fur ther  electron exchange, a plot of k~ vs. 
T has been shown to be l inear and to pass through zero 
(21). 

For  the diact ivated olefins, a plot of kT vs. �9 deviates 
f rom l inear i ty  significantly for values of Jr/if of <0.75, 
but is fair ly l inear  above this value. The region of the 
curve  represent ing 5-20% chemical  reaction was used 
for all of the ra te  constants reported here. In this 
region the contribution f rom the second electron t rans-  
fer to icp and isp is small. Therefore,  the equat ion de- 
r ived  for an ec mechanism would also apply t o  an ece 
mechanism. The ra te  constants calculated i n t h i s  man-  
ner, Tables IV, V, and VI, were  reproducible  to ~ 10%. 

The half- l ives,  0.69/kob~, var ied  f rom 15 sec for di-  
benzoylethylene to 0.0096 sec for ethyl  p-cyanoacryla te  
at 2 x 10-3M depolarizer.  In general,  the  symmet r i -  
cally substi tuted olefins are the least react ive  indicat-  
ing that the ground-s ta te  dipole contributes to the 
reactivity.  It is interest ing to note that the nitr i le  
function contributes significantly more to the react iv-  
ity of the anion radical than does the benzoyl function, 
e.g., the in termedia te  from olefin VI reacts nearly 30 
times as rapidly as does the corresponding in termedi-  
ate from olefin III. The anion radical f rom cinnamoni-  
tr i le (VIII) reacts 9 t imes as fast as the anion radical  
f rom ethyl  c innamate  (XII) .  

The rate  constants for the disappearance of the 
anion radicals by any route were  determined for six 
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Table IV. Pseudo-first-order rate constants a for the disappearance 
of anion radicals electrochemically generated from 

diactivated olefins at 25~ 

tl/~ 'I, see 

k e -  
X C H = C H Y  > X C H - - C H Y  > P r o d u c t  

C o m -  kobs  c 
p o u n d  X Y lO~M I' s e c  -1 

I CeI-I~CO C~I-I~CO 2 .01  0 . 0 4 5  15 .3  
I I  C~I-I~CO C N  2 .0 0  37.  0 . 0 1 8  
I I I  CeI-I~CO C O.~C,2H~ 1 .97  2 .3  0 .3  
I V  C6I-IsCO 4 - P y  2 .0 4  3 .6  0 .19  
V C ~ / - I ~ C O  C~:I5 1 .96  12. 0 . 057  
V I  C N  CO2C2I-I~ 2 .15  72.  0 . 0 0 9 6  
V I I  C N  4 - P y  1 .96  6 .9  0 .10  
V I I I  C N  C~-I~ 1.96 2 .2  0 .31  
I X  CN CN 1.96 - - ~  

X CO2C2H5 CO.~C~H5 1 .99  0 .31  2 .2  
X I  CO.2C~I-I~ 4 - P y  2 . 3 4  0 .2 7  2 .6  
X I I  CO2C~-I~ C,~H~ 2 .0 0  0 .2 4  2 .9  
XIII CO2CeI-I~ CON (CH:0 ._, 2 .0 0  0 .2 4  2 .9  
X I V  CO2C2H~ C F ~  2 .0 2  - - ~  
X V  C ~ q 5  C O N  (CH ~)  ._, 1 .95  0 .15  4 .6  
X V I  CeI-I5 C6H~ 2 . 0 0  0 . 0 6 9  10. 
X V I I  C O N  ( C H a )  s C O N  (CH a)  2 2 .0 0  0 .1 1  6 .3  

C a l c u l a t e d  b y  t h e  m e t h o d  o f  N i c h o l s o n  a n d  S h a i n ,  A n a l .  C h e m .  
36,  706  ( 1 9 6 4 ) .  b I n  D M F  s o l v e n t  w i t h  0 . 1 M  T E A P .  c + 1 0 , % .  d t l /~ 
= 0 . 6 9 / k o b s .  e TOO f a s t  t o  m e a s u r e .  

Table V. Pseudo-first-order rate constants for the disappearance 
of anion radicals electrochemically generated from diactivated 

olefins as a function of the concentration of olefin, 
water, and acrylonitrile (AN) at 25~ 

C o m p o u n d  1O a M O l e f i n  a M W a t e r  M A N  k o h ~ '  

I I I  1.OO - -  - -  1.62 
1 .97  - -  - -  2 . 2 5  
4 .06  - -  3 . 74  
2 . 3 8  1~-03 - -  5 .4  
2 . 25  - -  1 .Ol  2 .3  

V I  1.12 - -  - -  22 .  
2 . 15  - -  - -  72.  
2 .01  1.0 71.  
2 . 13  - -  1 .05  73.  

X 0 .92  - -  - -  0 .19  
1.99 - -  - -  0.31 
4.28 - -  0.53 
2 .18  0~99 1 .28  
2 . 9 8  1.--04 - -  0 .52  

X I  1 .13  - -  - -  0 . 30  
2 . 3 4  - -  - -  0 .56  
4 . 1 8  - -  - -  0 .97  
2 .15  1 .0 4  - -  3 .75  

XII 0.98 - -  - -  0.12 
2 . 0 0  - -  - -  0.24 
4 .57  - -  - -  0 .32  
1 .85  1 .04  - -  0 . 62  

X I I I  0 . 8 9  - -  - -  0 .13  
2 . 0 0  - -  - -  0 .24  
4 . 1 8  - -  - -  0 . 4 1  

2 . 9 8  1 .02  - -  2 . 5 8  
3 . 5 9  - -  1 .04  1 .51  

a I n  D M F  s o l v e n t  w i t h  0 . 1 M  T E A P .  b R e p r o d u c i b i l i t y  -4- 1 0 % .  

Table VI. Rate constants for the reactions of anion radicals 
electrochemically generated from diactivated olefins with 

diactivated olefins, ko, water, kw, and acrylonitrile, 
k A N  at 25~ 

C o m p o u n d  k o  k w  kAN 

III 690 2.8 O 
VI 40,000 0 0 
X 101 0.96 0.12 
XI 230 3.1 - -  
X I I  69 4.2 - -  
X I I I  82 2 .2  1.2 

of the olefins, III, VI, X, XI, XII, XIII,  as a function of 
the bulk concentrat ion of the olefin. The effect of add- 
ing water  and acryloni tr i le  to the system was also 
examined. For  each diact ivated olefin studied, a plot 
of the observed rate  constant, k o b s ,  V S .  the  bulk con- 
centrat ion of olefin was l inear but  did not pass through 
zero. This is the type of behavior  expected for com- 
pet i t ive  reactions following Eq. [9]. The quant i ty  used 
to calculate ko 
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kobs = k + ko [olefin] [9] 

was the bulk concentrat ion of olefin. This introduces 
an er ror  in the calculation of ko since, under  electrol-  
ysis conditions, the concentrat ion of the olefin in the 
area of the electrode is less than but proport ional  to 
the bulk concentration. However,  since all of the dif- 
fusion coefficients for the olefins studied are probably 
of similar magnitude,  the re la t ive  values of ko are 
sufficiently accurate for comparisons. Since one of the 
act ivat ing groups for each of the olefins studied is a 
carbethoxy group, the re la t ive  react ivi ty  of these ole- 
fins is a measure of the contribution to the over -a l l  
react ivi ty  from each of the other act ivating groups. 
The order and re la t ive  react iv i ty  is C6H.% 1 ~ CON 
(CH3)2, 1.2 < CO2C2H5, 1.5 < 4-pyridyl,  3.3 < C6H5CO, 
10 < CN, 580. 

Three  possible reaction paths can be wri t ten  for the 
disappearance of these anion radical  intermediates  5, 
Eq. [10], [11], and [12]. The measured rate constants 
for the reaction of the anion 

( ~ )  
X C H = C H Y  + e -  ~ XCH--CHY 

4 5 

( .)  7 
5 + proton source-~ (XCHCHY)H->  dimer [10] 

7 

5 + XCH=CHY--> dimeric anion radical  [11] 

5 + 5 --> dimeric dianion [12] 

radical 5 of representa t ive  olefins, Table V, with water  
clearly indicate that  Eq. [10] is not a major  path for 
the reaction of the anion radicals and, therefore,  for 
the formation of dimeric products, e.g., for olefin X, 
ko/kw = 105. The yield of dimeric products is, how- 
ever, dependent  on the concentrat ion of water  in the 
electrolysis mix ture  (9). In general, the more water  
present in the e]ectrolysis mixture,  the lower the yield 
of dimeric products and the higher  the yield of satu-  
rated monomer.  It is hard to explain how or why  
water  would interfere  with a free radical reaction. 
Water  is an ex t remely  poor f ree- radica l  inhibitor. If 
the formation of dimer products involved the dimeri -  
zation of the free radicals 7, Eq. [10], an increase in 
the water  concentrat ion should resul t  in an increase 
in dimeric products, in contrast to what  is observed 
experimental ly .  

In addition, the protonat ion of the anion radical 5 
would most l ikely lead to the resonance stabilized, 
secondary ~-radical, ra ther  than the p r imary  fi-radical. 
The a-radical  would lead to branched-chain  dimers 
ra ther  than the l inear  dimers that  are observed. In 
special cases, small yields of a, fi coupled dimers have 
been observed (7), but no ~, ~ dimers have been ob- 
tained. 

Concerning the second and third paths, our in ter-  
pretat ion of the data obtained in studying cyclic 
polarograms of 4 at several  concentrations and sweep 
rates as well  as the determinat ion of the effect of 
water  on the rate  of disappearance of 5 leads to the 
conclusion that  [11] ra ther  than [12] is the major  
route to the dimeric species. 

It is clear that  the observed rate constant for the 
reaction of the e lectrochemical ly  generated anion 
radical  5 wi th  the olefin (Eq. [11]) should be a l inear 
function of the bulk concentrat ion of the olefin. On 
the other  hand, the dependence of the observed rate 
constant for anion radical  dimerizat ion (Eq. [12]) on 
the bulk concentrat ion of olefin is not easily deter -  
mined. It may also be linear. A rigorous mathemat ica l  
solution for this kind of system has not been accom- 
plished (22), so that  an argument  for [10] and [11] 
based on concentrat ion dependence alone is not at 
present unequivocal .  However ,  our data (Table V), 
when coupled with  the observed dependence of ip/V 1/2 
and the peak potent ial  on the sweep rate  (Table I I I ) ,  
argue strongly in favor  of an ece mechanism (Eq. 
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[11]) ra ther  than an ec mechanism (Eq. [12]). The 
coupling reaction, therefore, does not involve the di-  
merization of two electrochemically generated anion 
radicals to any appreciable extent. In  certain nonelec-  
trochemical systems this same conclusion based on 
electrostatic considerations has been stated by Szwarc 
(23) in a general  discussion of anion radical dimeriza-  
tion. Calculated equi l ibr ium constants (24) for the 
dimerization of two anion radicals for 1,2-diactivated 
systems highly favors the monomeric species, e.g., for 
st i lbene anion radicals, log K -= --53. 

The rate constants for the reaction of the anion 
radicals with water, kw, as well  as with acrylonitrile,  
kAN, were calculated assuming a simple kinetic ex- 
pression for competitive pseudo-first-order reaction 
paths, Eq. [13]. The reactivity of 

kobs = k ~- ko[olefin]+ kw[H20]+ kAN[acrylonitr[le] 
[13] 

these anion radicals toward the parent  olefin was 
found to be much greater than toward either water  or 
acrylonitrile.  In  particular,  the relat ive rates for the 
reactions of the anion radicals from diethyl fumarate  
(X) and from N,N-dimethyl  f l-carbethoxyacrylamide 
(XIII)  with the parent  olefin, water, and acrylonitr i le  
are 840:8:1 and 39:2: 1. In  a typical  homogeneous re- 
action, one would expect from polymerizat ion data 
and their effectiveness as Michael acceptors (25) the 
relat ive reactivities toward an anion to be water  > 
acrylonitr i le  > parent  olefin. The apparent  "low re-  
activity" of water in the electrohydrodimerization re-  
action has been rationalized (26) on the basis of a 
large difference in the concentrat ion of water  in the 
bulk of the solution and at the electrode surface due 
to the hydrophobic na ture  of the t e t raa lky lammonium 
ion. Let us examine the result, however, of analyzing 
the si tuation from the point  of view of electric field 
effects alone. 

Just  prior to electron transfer  when the depolarizer 
is oriented in the electric field, one would expect it to 
have a very  strong induced dipole, almost to the ex- 
t reme of charge separation. All  of the molecules in 
the vicini ty of the electrode would be subjected to 
some kind of polarization. The degree of the polariza- 
t ion at a given electrode potential  should be different 
from each reactant,  e.g., diethyl fumarate,  acrylonitr i le  
and water, depending on its individual  polarizability. 
The net effect of this polarization should be an "in-  
duced reactivity" which may be very different from 
the respective "normal" reactivity in nonelectrochemi-  
cal system's (27). This induced react ivi ty would be 
quite similar  to induced electron density discussed by 
Hoi j t ink (28) to rationalize the reduct ion products of 
polynuclear  hydrocarbons as a function of the applied 
electric field. The extent  of the polarization of the ole- 
fins in question should be qual i ta t ively related to 
their  polarographic reduct ion potentials. 

From the rate constants measured for olefins X and 
XIII  an interest ing t rend is apparent.  At their re-  
spective reduction potentials (--1.54 and --1.76v) the 
two anion radicals show similar reactivities toward 
their  respective olefins and yet  show different react ivi-  
ties toward water  and acrylonitrile.  The reactivities of 
both water  and acrylonitr i le  are higher at the higher 
electrode potential. The reactivi ty of water changes 
by a factor of 2, while that  for acrylonitr i le shows a 
tenfold increase. Extrapolat ing these very limited data, 
which is always dangerous, to couplings occurring in 
similar electrolyte systems, one would predict  that  the 
react ivi ty of acrylonitr i le  would be about 15 times 
that  of water  toward an anion radical  generated at ca. 
--2.0v, the reduct ion potential  of acrylonitrile.  

Conclusions Concerning Mechanisms 
From the above results as well  as the  observed rate 

constants, Tables III  and IV, we conclude that the 
init ial  chemical step in the electrolytic reduction of 
activated olefins occurs at the electrode surface. A 
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Fig. 3. Mechanistic picture of results 

mechanistic picture consistent with these results pre-  
sents the anion radical lying on the electrode surface 
wi thin  the plane of the adsorbed t e t raa lky lammonium 
ions and reacting with a polarized acceptor molecule 
or proton source as depicted in Fig. 3. The results 
of the reaction with an acceptor is a coupled species 
with an anionic site outside of the polarizing fe ld  and 
a radical site at the electrode surface. This radical 
probably reduces rapidly either by the electrode or 
by relay through a monomeric anion radical, thus 
yielding a new anion which is repelled from the elec- 
trode surface. Once the final reduct ion product, either 
the dimeric or monomeric anion, leaves the influence 
of the electric field, normal  solution reactions can occur. 
This mechanism is consistent with the mechanism pro-  
posed previously for the electrohydrocyclization re-  
action (9) since the upper  l imit  of a rapid reaction is 
a concerted process. It is also consistent with the basic 
suggestions as to the mechanism of the electrohydro- 
dimerization of monoactivated olefins (8) with the 
exception that  the relat ively low reactivity of water  
may be due at least part ial ly to polarization effects 
ra ther  than exclusively to concentrat ion effects. These 
three systems, monoactivated olefins, diactivated ole- 
fins, and bisactivated olefins, give the full  spectrum of 
reactivities for the electrolytic reductive coupling re-  
action. The diactivated olefins show the lowest reac- 
tivity, i.e., the anion radicals are observable. The bis- 
activated olefins react by a concerted path, and the 
monoactivated olefins are intermediate  in reactivity. 

Manuscript  submit ted Oct. 22, 1969; revised m a n u -  
script received ca. Feb. 1, 1969. 

Any discussion of this uaper  will  appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL. 

REFERENCES 
1. M. M. Baizer and J. P. Petrovich, This Journal, 

114, 1023 (1967). 
2. M. M. Baizer, J. D. Anderson, J. H. Wagenknecht,  

M. R. Ort, and J. P. Petrovich, Electrochim. Acta, 
12, 1377 (1967). 

3. J. D. Anderson, M. M. Baizer, and  J. P. Petrovieh, 
J. Org. Chem., 31, 3890 (1966). 

4. M. M. Baker ,  Tetrahedron Letters, 973 (1963). 
5. The part icipation of the ~-carbon atom is involved 

in oligomerizations (6) and to a minor  extent in 
certain hydrodimerizat ions (7). 

6. M. M. Baizer and J. D. Anderson, J. Org. Chem., 
30, 1351 (1965). 

7. G. L. Jones and T. H. Ledford, Tetrahedron Letters, 
615 (1967). 



Vol.  116, No. 6 ELECTROLYTIC REDUCTIVE COUPLING 749 

8. S. Lazarov, A. Trifonov, and T. Vitanov, Z. Phys. 
Chem., 226, 221 (1964); F. Beck, Chem.-Ing. 
Tech., 37, 607 (1965); M. Figeys, Tetrahedron 
Letters, 2237 (1967); M. J. S. Dewar in This 
Journal, 111, 215 (1964) footnote 18. 

9. J. P. Petrovich, J. D. Anderson, and M. M. Baizer, 
J. Org. Chem., 31, 3897 (1966). 

10. M. Murphy, M. G. Carangelo, M. B. Ginaine,  and 
M. C. Markham, J. Polymer Sci., 54, 107 (1961); 
I. G. Sevast 'yanova and A. P. Tomilov, Zh. 
Obshch. Khim., 33, 2815 (1963); A. V. Finkel ' sh-  
tein and V. I. Klyaer,  Tr. Sibirsk Teknol. Inst., 
36, 106 (1963). 

11. The details of the esr study are to be reported 
separately. 

12. I. A. Korshunov, Yu V. Vodzinskii, N. S. Vyazan-  
kin, and A. I. Kalinin,  Zhur. Obshch. Khim., 29, 
1364 (1959); S. Wawzonek and D. Wearring,  
J. Am. Chem. Soc., 81, 2067 (1959). 

13. In both cases l imit ing currents of the type that  
have recently been ment ioned (14) are involved. 

14. Radical dimerization yields the same results but  is 
ruled out by the evidence for an ece mechanism. 
J. H. Wagenknecht  and M. M. Baizer, This 
Journal, 114, 1095 (1967). 

15. K. F. O'Driscoll and A. V. Tobolsky, J. Polymer 
Sci., 31, 123 (1958); K. F. O'Driscoll, R. J. Bond- 
reau, and A. V. Tobolsky, ibid., 31, 115 (1958). 

16. P. Zuman, "Subst i tuent  Effects in Organic Polarog- 
raphy," P lenum Press, New York (1967). 

17. T. Fueno, T. Tsuruta,  and J. Furukawa,  J. Polymer 
Sci., 40, 499 (1959). 

18. R. S. Nicholson and I. Shain, Anal. Chem., 37, 
178 (1965). 

19. R. S. Nicholson, ibid., 38, 1406 (1966). 
20. R. S. Nicholson and I. Shain, ibid., 36, 706 (1964). 
21. R. S. Nicholson and I. Shain, ibid., 37, 190 (1965). 
22. A study of these systems is under  way. Pr iva te  

communicat ion Professor A. J. Bard, Univers i ty  
of Texas. 

23. M. Szwarc, Makromol. Chem., 35, 132 (1960). 

24. B. J. McClelland, Chem. Rev., 64, 301 (1964). 
25. A. N. Nesmeyanov, M. I. Rybinskaya, and L . V .  

Rybin, Russ. Chem. Rev., 38, 453 (1967). 
26. L. G. Feoktistov, A. P. Tomilov, and I. G. Se- 

vast 'yanova,  Soviet Electrochem., 1, 1165 (1965); 
I. E. Gillet, Abstracts 17th Meeting of CITCE, 
Tokyo-Kyoto, September 1966, p. XXV. 

27. The polarization of the reactants is analogous to 
the Wien effect as shown by the increased con- 
ductivity of electrolytes and the changes in ioni- 
zation constants of weak acids due to polarization 
in a strong electric field. 

28. G. J. Hoijt ink, Rec. Trav. Chim., 78, 885 (1957). 
29. R. E. Lutz, "Organic Synthesis," Coll. Vol. III, p. 

248, John Wiley & Sons, Inc., New York (1955). 
30. A. N. Nesmeyanov and M. I. Rybinskaya,  Dokl. 

Akad. Nauk. SSSR, 120, 793 (1958). 
31. N. H. Cromwell  and R. Benson, "Organic Syn-  

thesis," Coll. Vol. III, p. 105, John Wiley & Sons, 
Inc., New York (1955). 

32. R. Delaby, P. Chabier, and S. Dantor, Compt. rend., 
232, 2326 (1951). 

33. E. P. Kohler  and H. M. Chadwell,  "Organic Syn-  
thesis," Coll. Vol. I, p. 78, John Wiley & Sons, 
Inc., New York (1941). 

34. I. A. Korshunov, Yu V. Vodzinskii, N. S. Vyazan-  
kin, and A. I. Kalinin,  Zhur. Obs. Kh~m., 29, 
1364 (1959). 

35. M. Strell and E. Kopp, Chem. Ber., 91, 1621 (1958). 
36. R. Lukes, J. N. Zvonkova, A. F. Mironov, and M. 

Ferles, Collection Czech. Chem. Commun., 25, 
2668 (1960). 

37. F. A. Marchetti, Gazz. Chim. Ital., 84, 816 (1954). 
38. E. T. McBee, O. R. Pierce, and D. D. Smith, J. Am. 

Chem. Soc., 76, 3722 (1954). 
39. I. L. Knunyan t s  and Yu A. Cheburkov., Izv. Akad. 

Nauk. SSSR Otd. Khim. Nauk., 678 (1960). 
40. I. L. K nunya n t s  and Yu A. Cheburkov., ibid., 

2168 (1960). 
41. Detailed descriptions are available on request. 

Electrolytic Reductive Coupling 
XVI I. A Study of 1,2-Diactivated Olefins. Part II. Macro-electrolyses 

John P. Petrovich, Manuel M. Baizer,* and Morris R. Ort 
Central Research Department, Monsanto Company, St. Louis, Missouri 

ABSTRACT 

The electrolytic reductive coupling of a variety of diactivated olefins, 
XCH~CHY,  has been studied. The reduced dimeric products have been iso- 
lated and carefully identified. Both symmetrical  and unsymmetr ica l  dimers 
were observed. The dimeric products are formed by two paths: the first 
involves the attack of the electrochemically generated anion radical on u n -  
reduced olefin; the second involves the protonat ion of the anion radical fol- 
lowed by reduction to an anion and subsequent  attack on the olefin. The 
isomer distr ibution in the dimeric product  obtained by the first route is 
rationalized on the basis of the relat ive anion stabilizing abil i ty of the acti- 
vat ing groups in the acceptor molecule and the relative abil i ty toward stabi-  
lizing a radical site in the donor molecule. The possibility of forming cross- 
coupled products (between a diactivated olefin and a Michael acceptor) is 
l imited to systems in which the electrochemically generated anion radical is 
relat ively stable toward its parent  olefin or in which the reduction poten-  
tials of the pair  are similar, i.e., ~E]/2 ~ 0.4v. 

Par t  I (1) described the vol tammetr ic  s tudy of 
olefins X C H z C H Y ,  l,  in which X and Y are electron- 
wi thdrawing groups not themselves reduced under  
the conditions of electrolysis. It was established that  
anion radicals 2, were the in termediate  species pro-  
duced by 

e 
XCH--CHY --* (XCH---CHY) 

1 2 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

the first one-electron reduction. Strong evidence was 
presented that 2 reacts anionically at the electrode 
surface with 1, water, or nonreduced electrophiles 
added to the catholyte. The results of macroelectrol- 
yses (at the first reduction wave) designed to obtain 
simple coupled products are reported here. The inter-  
pretat ion of the results is complicated (Charts I and 
II) because (a) each of the above ini t ial  ec reactions 
init iates a separate route to products; (b) water  or 
some other proton donor must  be included in the 



750 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  J u n e  1969 

catholyte lest the 1 oligomerize/polymerize; (c) as a 
consequence of (b), some e-water -e  contr ibut ion to the 
total reaction scheme will  lead to products formed 
from anions reacting not in the vicini ty of the elec- 
trode (Eq. [4]);  and (d) symmetrical  as well as un -  
symmetrical  hydrodimeric products may be formed. 
From a careful analysis of the coupled products ob- 
tained and a consideration of the facts summarized in 
Part  I a rat ional  scheme is proposed for the routes 
(Chart II) whereby 1 leads to products. A conclu- 
sion concerning the most probable path(s) leading to 
each coupled product is included in the presentat ion 
of the Results; the support ing arguments  are pre- 
sented in the Discussion. 

Chart I: Over-all reduction coupling reactions of 
X C H :  CHY 

XCHCH2Y XCHCH2Y XCH2CHY 
2 + 1 > I + I + I [1] 

H20 XCHCH2Y YCHCH2X XCH2CHY 

3 4 5 

q- XCH2CH2Y q- polymer 

1 
2 + R2C--CHZ ~ (3, 4, 5, 6) -p XCHCH2Y -r XCH2CHY 

H20 I I 
R2CCH~_Z R2CCH2Z 

7 8 

[2] 

Chart II: Reaction paths for reductive couplings o] 
XCH CHY 

l e -  
1------->2 

e -  
Path A 2 + olefin -~ d imer  -- ) hydrodimers  [3] 

21: .2o ole o 
- H20 

Path B 2 § H20 -) ( X C H C H Y ) H  ~ ( X C H C H Y ) H  ~ XCH~CH2Y [4] 
e _ ~ l .  CH2CHCN 

2. H20 

Path C 2 ~- CH~CHCN-~ (XCHCHY)CH2CHCN ~ cross-coupled products 
H20 

[5] 

Experimental 
Materials.--Solvent.--Dimethylformamide (Dupont, 

technical grade) was stored at least 24 hr over po- 
tassium carbonate, distilled at atmospheric pressure 
from bar ium oxide ( lumps),  distilled under  reduced 
pressure from anhydrous copper sulfate, passed 
through Linde Type 4A molecular sieve, and stored 
under  ni t rogen unt i l  used. 

Electrolytes.--Tetraethylammonium p-toluenesulfon-  
ate (Aldrich Chemical Company) was recryst~llized 
twice from acetone and dried in a vacuum oven. 

Activated Olefins.--Cinnamonitrile, ethyl cinnamate,  
and diethyl  fumarate  were obtained commercially and 
were used without  fur ther  purification. Dibenzoyl-  
ethylene (19), ~-benzoylacrylonitr i le  (20), ethyl  
~-benzoylacrylate (21), ~-carbethoxyacryloni tr i le  (24), 
N,N-diethyl ~-carbethoxyacrylamide (22), N,N-di-  
methyl  ~-carbethoxyacrylamide (22), N,N-dimethyl-  
c innamide (1), and ethyl 4,4,4-trifluorocrotonate (23) 
were prepared by l i terature methods. 
a,~-Disubstituted ethanes.--Hydrocinnamonitrile, ethyl 
hydrocinnamate  and diethyl succinate were obtained 
commercial ly and used as vpc standards without  fur-  
ther  purification. 

~-Benzoylpropionitrile (24), ethyl  ~-benzoylpropio- 
nate (25), ethyl ~-cyanopropionate (26), and diben-  
zoylethane (27) were prepared by adaptations of l i tera-  
ture  methods. 

N,N-dimethylhydrocinnamamide was prepared from 
dimethylemine  and hydrocinnamoyl  chloride, bp 110 ~ 
112 ~ (0.8m), n25D 1.5308. 

Anal. Calcd. for CnH13NO: C, 74.50; H, 8.54; N, 7.89. 
Found: C, 74.22; H, 8.51; N, 7.65. 

N,N-dimethyl ~-carbethoxypropionamide.--A suspen- 
sion of N,N-dimethyl  ~-carbethoxyacrylamide (23g, 
0.134m), 0.5g of 10% pal ladium on charcoal and 100 ml 
of ethanol was treated for 30 min  with hydrogen at 
40 psi in a Par r  shaker at room temperature.  The sol- 
vent  was removed by disti l lation at reduced pressure. 
Disti l lation of the oily residue at reduced pressure 
gave 18.9g of the desired compound, bp 90~ ~ (0.1 
mm),  n25D 1.4527. 

Anal. Calcd. for CsH15NO3: C, 55.50; H, 8.73; N, 8.07. 
Found: C, 55.03; H, 8.85; N, 8.40. 

N,N-Diethyl ~-carbethoxypropionamide was prepared 
by hydrogenat ion of the olefin as described above, bp 
95~ ~ at 0.6 mm, n25D 1.4502 [lit. (28) bp 102~ ~ 
(0.8 mm) ]. 

Preparative electrolysis.--The apparatus used for 
the preparat ive electrolysis has been described pre-  
viously (29). A mercury  cathode, area 55 cm 2, was 
used throughout.  

General electrolysis method.--The anolyte consisted 
of a saturated aqueous solution of te t rae thylammo- 
n ium p-toluene-sulfonate .  The catholyte consisted of 
0.1-0.2m of the depolarizer, 20g of te t rae thylammo-  
n ium p-toluenesulfonate,  and 3-20g of water  depend-  
ing on the react ivi ty of the depolarizer. This mixture  
was diluted to 150 ml  total  volume with a cosolvent, 
either dimethylformamide or acrylonitrile.  The elec- 
trolysis was conducted to about 80% conversion, as- 
suming 1 electron per mole of depolarizer. The pH of 
the catholyte was main ta ined  around 8 by the addi-  
t ion of acetic acid. When the electrolysis was com- 
pleted, the catholyte was diluted, poured into methyl -  
ene chloride, washed with water, and the organic 
phase was dried over anhydrous  sodium sulfate. The 
solvent was removed by distil lation and the product 
distr ibution (olefin, saturate and dimer) was esti- 
mated by vpc on appropriate columns. 

Electrolysis of ethyl ~-cyanoacrylate.--The catholyte 
contained 16g of water, 24.0g depolarizer with DMF 
as solvent. A 6-ft XE-60 on Chromosorb W column 
was used for product identification. It was pro- 
gramed from 120 ~ to 240 ~ . The yields were 16% 
ethyl ~-cyanopropionate and 84% hydrodimers.  Two 
hydrodimeric products were apparent  by vpc: peak A 
95%, peak B 5%. The hydrodimer  was distilled at re-  
duced pressure, 21.0g, bp 159~ ~ at 0.4 mm, n25D 
1.4535. 

Anal. Calcd. for C12H16N204: C, 57.13; H, 6.39; N, 
11.11; mol wt 252. Found:  C, 56.82; H, 6.70; N, 11.36; 
mol wt 250. 
The nmr  spectrum of this mixture  had a tr iplet  at 
8.67, a slightly split doublet  at T 7.12, mult iplet  at 

T 6.51, and a quar te t  at T 5.73, a very small tr iplet  at 
T 8.65, and a very small  quar te t  at T 5.68 in a ratio of 
3:2:1:2. 

The copper I chloride complex (30) . - -Sulphur  di-  
oxide was bubbled for 5 min  through a solution of 
2.52g (0.01m) of the hydrodimers and 1.34g (0.01m) 
of copper II chloride in 20 ml of 95% ethanol. The re-  
action mixture  was placed in  a refr igerator for 2 days, 
during which time the product separated from solu- 
tion. The product was isolated by filtration under  
nitrogen, washing on the filter with ethanol and dry-  
ing under  vacuum. The product, 1.15g, had an in-  
definite mp. The original dimer could be regenerated 
with hydrochloric acid. 

Anal. Calcd. for C12H16CuC1N204: C, 41.03; H, 4.59; 
Cu, 18.09. Found: C, 40.49, 40.55; H, 4.43, 4.17; Cu, 
17.97, 17.96. 
The nmr  spectrum of the complex in d6 acetone as 

solvent had a single tr iplet  at ~ 8.63, a slightly split 
doublet  at T 6.94, a mult iplet  at �9 6.27 and a quar te t  
at T 5.68. 

The saponification of the hydrodimer  with 10% so- 
dium hydroxide gave quant i ta t ively  a dicarboxylic 
acid, mp 173~ ~ 

3,4-Dicyanoadipic acid.---cis-4-Cyclohexene-l,2-di- 
amide was prepared as described by Ficken and Lin-  
stead (31). This diamide was dehydrated to form cis- 
1,2-dicyano-4-cyclohexene by the action of p- to luene-  
sulfonyl chloride by the method of Stephens, Biance, 
and Pelgr im (32). The 1,2-dicyano-4-cyclohexene was 
oxidized to 3,4-dicyanoadipic acid (mp 174~ ~ by 
KMnO4 in acetone solution. The nmr  spectrum of this 
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mater ia l  was identical to that  of the acid isolated from 
the saponification of the electrolysis product of ethyl  
~-cyanoacrylate.  Diethyl  3,4-dicyanoadipate was pre-  
pared f rom the acid, and it was found to have  the 
same vpc retent ion t ime as the electrolysis product. 
Electrolysis of ethyl fl-benzoylacrylate.--The catholyte  
contained 10 ml  of water  and acryloni t r i le  as solvent. 
Only 5g of the ethyl  f l-benzoylacrylate was added to 
the catholyte at the start  of the run. The remainder  
was added dropwise as necessary to maintain  the 
working electrode potent ial  below --1.0v vs. sce (total 
20.4g, 0.1m). After  electrolysis and extraction, the 
low-boi l ing materials,  e thyl  t t-benzoylacrylate and 
ethyl  ~-benzoylpropionate,  were  removed  by disti l la- 
tion at reduced pressure. The 13.0g of residual dimeric 
products was chromatographed on a luminum oxide 
(Taylor  Company 80-200 mesh) .  Two main fractions 
were  isolated; the first product was a yel lowish oil 
which was washed with  hexane and recrystal l ized 
from ethanol, 2.9g, mp 105~ ~ 

Anal. Calcd. for C24H2606: C, 70.23; H, 6.39; mol  wt 
410. Found: C, 70.32; H, 6.23; mol wt 416. 

The second major  fraction diluted was a white  solid 
which was recrystal l ized from ethanol, 1.2g, mp 119 ~ 
120 ~ . 

Anal. Calcd. for C24H2606: C, 70.23; H, 6.39; mol  wt  
410. Found: C, 69.90; H, 6.07; mol wt 408. 
The nmr  spectrum of the first sample, mp 105~ ~ 

with carbon te t rachlor ide  as solvent had 2 tr iplets at 
8.82 and 8.76 in a rat io of 1:10, a poorly defined 

mult iple t  at x ~ 7.2 (very  small) ,  a sl ightly split 
singlet at x 6.32, a quar te t  at T 5.78, a mul t ip le t  at 
r 2.4, and a mul t ip le t  at T 1.95 in a ratio of 3 :6 :2 :3 :2  
for the major  signals. The second isolated solid, mp 
119~ ~ had a much cleaner  nmr  spectrum with 
only the major  peaks listed above in a ratio of 
3: 6: 2: 3: 2. The mother  l iquors from all of the recrysta t -  
lizations were  combined and analyzed by nmr. The 
presence of an unsymmetr ica l  isomer was indicated 
by a tr iplet  at �9 8.91, a doublet  at T 7.36, a mult iplet  at 

6.6, and considerable broadening of the phenyl  hy-  
drogens. 
Electrolysis of ~-benzoy~acry~onitri~e.--The catholyte  
contained 20 ml of water  and acryloni tr i le  as solvent. 
The olefin was dissolved in acrylonitri le,  23.5g di luted 
to 100 ml, and 10 ml of this solution was added to the 
catholyte at the start  of the run. The remainder  was 
added dropwise as necessary to maintain  the working 
electrode potential  below --1.0v vs. SCE. The organic 
extract  was concentrated by distil lation and cooled. 
A whi te  solid separated, was filtered and washed with  
methylene  chloride. Recrystal l izat ion f rom acetonitr i le  
gave 6.1g of a white  solid, mp 197~ ~ 

Anal. Calcd. for C20H16N2Of: C, 75.93; H, 5.09; N, 
8.86; mol wt  316. Found: C, 75.62; H, 4.86; N, 8.99; 
tool wt  314. 
The nmr  spectrum of this mater ia l  in d6-dimethyl-  

sulfoxide showed a singlet at T 6.66, a mult iplet  at 
r 2.13, and a mul t ip le t  at z 1.80 in a ratio of 3:3:2. 
The mother  l iquor from above was concentrated, 
t r i tura ted with  hot ethanol  to remove  the fl-benzoyl- 
propionitri le,  13.1g, (compared to an authentic s~mple 
by nmr  and vpc) and the residue was recrystal l ized 
from acetonitrile,  4.8g, mp 183~ ~ The nmr  spec- 
t rum of this mater ia l  was identical  to that  of the 
isomer, mp 197~ ~ These two isomers are meso and 
dl 1,4-dibenzoyl-2,3-dicyanobutane. 
Electrolysis of dibenzoylethylene.--The catholyte  con- 
tained 3 ml  of water,  23.6g dibenzoylethylene (0.1m) 
and d imethy l formamide  as solvent. The electrolysis 
products were  chromatographed on alumina wi th  
methylene  chloride as eluant. Four  compounds were  
isolated, dibenzoylethane (10.2g), mp 144~ ~ from 
eth3nol [lit. (33) mp 144~176 dl 1,2,3,4-tetraben- 
zoylbutane (6.1g), mp 164~ ~ f rom ethanol  [lit. 
(33) mp 167~ ~ meso 1,2,3,4-dibenzoylbutane 
(1.8g), mp 198~ [lit. (33) mp 202~176 and 
the hydrotr imer,  1,2,3,4,5,6-hexabenzoylhexane (2.4g), 
mp 285~ ~ probably dl and meso mixtures.  

Anal. Calcd. for C4sH3806: C, 81.10; H, 5.38; mol wt  
710. Found: C, 81.56; H, 5.42; mol wt  690. 

Electrolysis of N,N-dimethyI ~-carbethoxyacrylamide. 
- - T h e  catholyte contained 3 ml of water,  d imethyl -  
formamide,  and 44g of depolarizer.  The crude elec- 
trolysis product was analyzed by vpc. Five hydro-  
dimeric products were  observed on 2% si lver nitrate,  

18%Carbowax 4000, on Chromosorb W 6-ft column at 
225 ~ . One of the isomeric products was quant i ta t ively  
precipitated by t reat ing the oily mix ture  wi th  acetone, 
6.5g, mp 146~ ~ 

Anal. Calcd. for C16H28N206: C, 55.79; H, 8.19; Iq, 
8.14; mol wt  344. Found: C, 55.89; H, 8.32; N, 8.21; 
mol wt 330. 

Disti l lation of the thick, oily residue gave 2.8g, bp 
85~ ~ (0.1 mm)  of N,N-dimethyl  f l -carbethoxy- 
propionamide and 26.3g, bp 177~ ~ (0.15-0.3 mm) 
of a mix tu re  of hydrodimer ic  products. 

Anal. Calcd. for C16H28N206: C, 55.79; H, 8.19; N, 
8.14. Found: C, 55.71; H, 8.31; N, 8.52. 

A second electrolysis of N,N-dimethyl  f l -carbethoxy- 
acrylamide was run  using 10g of water  and d imethyl -  
fo rmamide  as solvent. The electrolysis products were  
analyzed as above. 

Electrolysis of N,N-diethyl ~-carbethoxyacrylamide.-- 
The catholyte contained 20g of water  and dimethy]-  
formamide  as the solvent. The electrolysis products 
were  distilled at reduced pressure. The product dis- 
t r ibution based on distilled mater ia l  was 34% N,N- 
diethyl  /3-carbethoxypropionamide, bp 96~ ~ (0.3- 
0.5 mm) and 66% of a mix tu re  of hydrodimers,  bp 
162~ ~ (0.3-0.4 mm) .  The hydrodimer  fraction was 
found to contain about 3% of N,N,N' ,N'- tetraethyl-3,4-  
d icarbethoxyadipamide by vpc comparison with  an 
authentic sample prepared as described below. 

N,N,N',N'-tetraethyl-3,4-dicarbethoxyadipamide.--To a 
solution of 1,2,3,4-butanetetracarboxylic acid anhy-  
dride (158g, 0.8m) in 200 ml  of acetone was added 
dropwise d ie thylamine  (116g, 1.6m) at 25~ ~ The 
mix ture  was stirred at room tempera tu re  for 2.5 hr, 
and the solvent was removed.  To the residue was 
added 200 ml  of acetic anhydr ide  and the mix tu re  was 
refiuxed for 4 hr. The acetic acid and the excess 
acetic anhydride were  removed  by distillation. The 
residue was taken up in acetone, cooled and 19.6g of 
1,2,3,4-butanetetracarboxylic dianhydride was recov-  
ered. The filtrate was concentrated and cooled. The 
desired product  crystal l ized out. Recrystal l izat ion 
f rom acetone gave 29.6g of 3 ,4-bis(N,N-diethylcar-  
bamoylmethyl )  succinic anhydride,  mp 115~ ~ In-  
f rared bands at 1850-1780 cm -1 are consistent wi th  a 
5-membered  anhydride.  

Anal. Calcd. for CI6H26NfO5: C, 58.87; H, 8.03. 
Found: C, 58.34, 58.11; H, 7.84, 7.92. 

A solution of 17.7g (0.05m) of this anhydr ide  in 150 
ml  of ethanol  and 0.5 ml  of concentrated sulfuric acid 
was refluxed for 4 hr. The reaction mix ture  was cooled, 
poured into water,  extracted with  benzene, and the 
organic layer washed with water.  The benzene was 
removed by disti l lation and the product  isolated by 
prepara t ive  vpc. A 12% silicone grease on Chromosorb 
W column, 8 ft x 3/4 in., at 275 ~ was used for the iso- 
lation, n25D 1.4728. 

Anal. Calcd. for C20H36N206: C, 59.97; H, 9.06; N, 
�9 7.00. Found: C, 59.19; H, 9.01; N, 6.78. 

Electrolysis of cinnamonitrile.--The catholyte  con- 
tained 0.25m of depolarizer, 5g of water,  37g depolar-  
izer, and DMF as solvent. The electrolysis products 
were  analyzed by vpc (6-ft 5% XE-60 cm Chromo-  
sorb W column programed from 125~ ~ and found 
to contain 20% hydrocinnamoni t r i le  and 80% hydro-  
dimeric products (7 and 28.2g, respect ively) .  Of the 
hydrodimeric  products, 4 components (A, B, C, and 
D) were  apparent  in a ratio of 9:22:57:12%. The 
crude electrolysis product  was t reated wi th  methy lene  
chloride whereupon  a whi te  solid crystallized. The 
solid contained only components B and C (vpc).  The 
solid was chromatographed on alumina and the com- 
ponents were  separated, B, mp 165~ ~ f rom acetone 
and C, mp 214~ ~ from acetone. The nmr  spectrum 
of C in a 1:1 mix ture  of methy lene  chloride and d6- 
benzene has a mul t ip le t  at z 8.13, a mul t ip le t  at �9 7.08, 
and a broad singlet at T 2.80. Therefore  C is 3,4-di- 
phenyladiponitr i le ,  lit. (18) mp 215 ~ The nmr  spec- 
t rum of B in 1:1 methylene  chloride and d6-benzene 
has two doublets at x 7.91 and 7.88, a broad mul t ip le t  
at x 6.86, a mul t ip le t  at �9 3.33, and a mul t ip le t  at ~ 2.93. 
This spectrum is consistent wi th  the expected spec- 
t rum of 2-benzyl-3-phenylglutaroni t r i le .  The isomer 
A was not obtained pure but  as a mix tu re  wi th  B. The 
nmr spectrum of A, e l iminat ing the resonance due to 
B, showed a doublet  at T 7.75, a mul t ip le t  at x 7.13, and 



752 J. EIectrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  June 1969 

a broad singlet at T 2.98. This isomer we bel ieve to be 
2,3-dibenzylsuccinonitrile.  

Electrolysis of N,N-dimethyl cinnamide.--The catho- 
lyte contained 5g of water,  35g of depolarizer and 
d imethyl formamide  as solvent. Vpc analysis of the 
crude electrolysis mixture,  36.2g, 6-ft, XE-60 on 
Chromosorb W at 200 ~ showed 18% N,N-dimethyl  hy-  
drocinnamide and 82% of a single hydrodimer.  Crys-  
tall ization of the crude electrolysis product  f rom 
benzene-hexane  gave a single hydrodimer ,  mp 134 ~ 
136 ~ The nmr  spectrum of this mater ia l  in 1:1 riG- 
benzene and d6-acetone as solvent showed a mul t iple t  
at T 7.35, a broad tr iplet  at T 6.25 and a singlet at 
T 3.02. This spectrum is consistent wi th  that  expected 
for N,N,N' ,N'- te tramethyl-2,3-dibenzylsuccinamide.  

Anal. Calcd. for C22H22N202: C, 79.96; H, 6.71; N, 
8.48. Found: C, 74.54; It, 8.23; N, 7.92. 

Electrolysis o~ ethyl cinnamate.--The catholyte  con- 
tained 10g of water,  49.2g of depolarizer  and DMF as 
solvent. Vpc analysis (XE-60 on Chromosorb W col- 
umn programed from 150 ~ to 225 ~ of the crude elec- 
trolysis mixture ,  48.7g showed 41% ethyl hydrocin-  
namate  and 59% of a hydrodimer ic  mix tu re  (two iso- 
mers by vpc analysis).  The ethyl  hydrocinnamate  and 
ethyl  c innamate  were  removed by disti l lation at r e -  
duced pressure, bp 65~ ~ (0.1 m m ) .  The residue was 
t reated with  ethanol and cooled. A white  solid crys-  
tallized. Recrystal l izat ion f rom ethanol gave product 
A, a single compound by vpc, mp 105~ ~ The nmr  
spectrum of the material ,  in carbon te t rachlor ide as 
solvent, had a t r iplet  at ~ 9.10, a t r ip le t  at �9 8.83, a 
mul t ip le t  at T 7.20, a t r ip le t  at T 6.46, a pair  of quartets  
at T 5.88, and a singlet at T 2.88, sl ightly split at the 
base. The IR spectrum of this mater ia l  has 2 carbonyl  
frequencies  at 1730 and 1700 cm -1. These data are  
consistent with 2-carbethoxy-3,4-diphenyl  cyclopenta-  
none. 

Anal. Calcd. for C2~H200~: C, 77.90; H, 6.54. Found:  
C, 78.00; H, 6.74. 

A second product  was isolated f rom the residue by 
concentrat ion of the ethanol solutions, mp 117~ ~ 
from ethanol  [lit. (5) mp for diethyl  3,4-diphenyl 
adipate 116~ The nmr  spectrum of this mater ia l  in 
carbon te t rachlor ide  as solvent showed a t r iplet  at 

8.75, a broad doublet  at T 7.30, a broad t r iplet  at 
T 6.47, a quar te t  at z 6.04, and a singlet at T 2.93. The 
nmr  spectrum of the l iquid d imer  indicates the pres-  
ence of a third compound, namely,  diethyl  2-benzyl-  
3-phenylglutarate .  

Electrolysis of ethyl 4,4,4-trifluorocrotonate.--The 
catholyte contained 36g of depolarizer, 5g of water,  
and DMF as solvent. The electrolysis products were  
distilled. The products were  ethyl  4,4,4,-trifluorobuty- 
rate, 23g, bp 110~ ~ (atmospheric pressure) and a 
d imer  fraction, 3g, bp 58~ ~ (0.2 mm) .  The nmr  
analysis showed ~85% of the d imer  mix ture  was di-  
ethyl  3 ,4-di ( t r i f luoromethyl)adipate ;  the remaining  
15% was probably the unsymmetr ica l  isomer. The 
mixture  was analyzed. 

Anal.  Calcd. for C12H~6F~O4: C, 42.60; H, 4.73. 
Found: C, 42.59; H, 4.78. 

Electrolysis of ethyl ~-trifluoroethylcrotonate.--The 
catholyte  contained 46g of depolarizer,  10g of water ,  
and acetonitr i le  as solvent. The electrolysis products 
were  distilled, bp 128~ ~ (atmospheric pressure) .  
This main cut, 41.6g, contained the depolarizer,  17%, 
ethyl  3- t r i f luoromethylbutyrate ,  21%, and a third 
component,  62%. This last component  was purified by 
prepara t ive  vpc, 5% silicone rubber  on Chromosorb 
W, 8 ft column, and was identified as e thyl  3-difluoro- 
methy lenebutyra te  by its ir spectrum, bands at 1340 
and 1760 cm -1 for CF2 ---- C, and nmr  spectrum. 

Anal. Calcd. for CTH10F202: C, 51.22; H, 6.14; F, 
22.62. Found: C, 50.11, 50.24; H, 6.33, 6.67; F, 23.49, 
23.76. 

Mixed coupling of N,N-dimethyl-fl-carbethoxy acryl- 
amide and acrylonitrile.--The catholyte  had 10 ml  of 
water  and acryloni tr i le  as the solvent. Only 5g of the 
olefin was added to the catholyte at the start  of the 
run. The additional 25g was added as needed to main-  
tain the working electrode potential  below --1.4v. The 
thick electrolysis products were  distil led at reduced 
pressure. Three  main cuts were  .separated: The first, 
8.0g, bp 27 ~ (0.6 ram),  was shown to be N,N-d imethy l -  
f l -carbethoxypropionamide by vpc comparison with 

an authentic sample; the second cut, 20.5g, bp 90.92 ~ 
(0.5 mm) ,  contained 2 isomers in 2:1 ratio by vpc. 
The infrared and nmr  spectra were  consistent with a 
1:1, N,N-dimethyl -~-carbe thoxyacry lamide ,  aeryloni-  
t r i le  addit ion product.  The minor  component  was 
shown to be N,N-d imethy l -3 -ca rbe thoxy-5-cyano-  
pentanamide  by comparison of vpc re tent ion t imes on 
several  columns with  an authentic  sample prepared as 
described below; the third cut, 2.4g, bp 185~ ~ 
(0.3 mm) ,  was a mix tu re  of hydrodimer ic  products as 
discussed above. 

N,N-dimethyl-3-carbethoxy-5-cyanopentanamide.--To 
a solution of chloroacetyl  chloride (125g, 1.11m) in 500 
ml of dry benzene was added d imethylamine  (ca. 
100g). The solution was st i rred for 1 hr, filtered, and 
the solvent was removed by disti l lation at reduced 
pressure. Disti l lation at reduced pressure gave 115g 
of N,N-dimethylchloroacetamide,  bp 57 ~ ~ (0.3 mm) .  
To a s lurry of Na i l  (40g, 55% dispersion in minera l  
oil, 0.94m) in 375 ml of d imethy l fo rmamide  was added 
diethyl  malonate  (150g, 0.94m) at a sufficient rate  to 
maintain  a reaction tempera ture  between 40 ~ and 50 ~ 
Af te r  the addition was complete,  the yel low solution 
was st i rred unti l  hydrogen evolut ion ceased, To this 
solution was added N,N-dimethylchloroace tamide  
(l15g, 0.94m) at a sufficient rate to mainta in  a reac-  
tion tempera ture  of 75 ~ . The s lurry  was st irred over -  
night, poured into water,  and extracted two times 
with  methylene  chloride. The organic layers were  
combined, dried over  sodium sulfate, and the solvent 
was removed by distillation. Disti l lat ion at reduced 
pressure gave 171g of N ,N-d imethy l -d ie thy lmalony-  
lacetamide,  bp 140~ ~ (0.9 ram).  

Anal. Calcd. for CllH19NOs: C, 53.86; H, 7.81; N, 
5.71. Found: C, 53.25; H, 7.72; N, 5.75. 

Vpc analysis on a 6-ft  Ucon. W98 column at 200 ~ 
showed only one peak. 

To a solution of 0.4g of sodium metal  in 70 ml of 
ethanol  was added N,N-d imethy l -d ie thy lmalony lace t -  
amide (171g, 0.74m). To this solution was added acry-  
lonitr i le (44.5g, 0.8m) dropwise keeping the react ion 
tempera ture  below 40 ~ by means of an ice bath. The 
solution was then heated to 50 ~ for 3.5 hr. Sufficient 
acetic acid was added to neutral ize  the solution. The 
solution was poured into wate r  and extracted two 
times with ether. The ether  extracts  were  combined, 
dried over  anhydrous sodium sulfate, and the solvent 
was removed by distillation. Recrystal l izat ion of the 
residue f rom ether  gave l14g of N,N-dimethyl-3,3-  
d icarbethoxy-5-cyanopentanamide ,  mp 70~ ~ 

Anal. Calcd. for C14H22N2Os: C, 56.35; H, 7.43; N, 
9.39. Found: C, 56.36; H, 7.68; N. 9.38. 

N, N - d imethy l -  3, 3-di carbethoxy - 5- cyanopentanamide,  
(l14g, 0.38m) was saponified in the cold with  one 
equivalent  of potassium hydroxide  in 50% aqueous 
ethanol as solvent. The neut ra l  solution was acidified 
with  hydrochloric  acid, and the  solvent was r emoved  
by distil lation at reduced pressure. The crude acid 
was dissolved in 750 ml of pyridine. Copper powder  
(40g) was added, and the s lurry  was refluxed for 
4 hr. The solvent was removed  by disti l lation at re -  
duced pressure. The residue was dissolved in meth-  
ylene chloride, washed with  dilute hydrochloric  acid, 
water ,  dried over  sodium sulfate, and the solvent  was 
removed by distillation. Severa l  recrystal l izat ions of 
the residue from hexane-e thano l  gave 24g of N,N- 
d imethyl -3-carbe thoxy-5-cyanopentanamide ,  mp 43 ~ 
45 ~ . 

Anal. Calcd. for C11HlsN203: C, 58.39; H, 8.02; N, 
12.38. Found: C, 58.36; H, 8.10; N, 12.11. 

Ethyl 3,5-dicyanopentanoate was prepared as de- 
scribed above f rom ethyl  bromoaceta te  and ethyl  
cyanoacetate,  bp 160 ~ (0.9 mm) .  This mater ia l  was 
shown to contain about 6% of an impurity.  

Anal. Calcd. for C9H12N202: C, 59.98; H, 6.71; N, 
15.55. Found: C, 59.35; H, 6.85; N, 14.44. 

Michael reaction.--The olefin (0.1m) was dissolved in 
50 ml of t -butanol  with 0.2m of diethyl  malonate.  Po-  
tassium t -bu tox ide  (10 ml of 0.1M solution) was 
added, and the mix ture  was st i rred about 72 hr. The 
mix ture  was then acidified with  acetic acid, dissolved 
in methylene  chloride, washed with  water,  dried over  
sodium sulfate, and the solvent was removed  by dis- 
tillation. The residue was e i ther  distil led or recrys-  
tallized to obtain the addition product.  
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From ethyl p-benzoyIacryIate.--The produc t  was  d is -  
t i l led, bp 188~ ~ (0.35 m m ) ,  narD 1.4943. The n m r  
spec t rum of this  ma te r i a l  had  a pa i r  of doublets  a t  

2.10, a mul t ip le t  at ~ 2.58, a pa i r  of quar te t s  at  ~ 5.90 
and 5.94, a mul t ip le t  at  �9 6.2 and 6.6, and a pa i r  of 
t r ip le ts  at ~ 8.78 and 8.83. Vpc analysis  on severa l  
columns showed only one component .  

Anal .  Calcd. for C,9H~40~: C, 62.65; H, 6.64. Found:  
C, 62.84; H, 6.60. 

From benzalacetophenone.--The product  was r ec rys -  
ta l l ized f rom ethanol,  mp  71~ ~ I t  had  a single com- 
ponent  (by  vpc analysis  on severa l  columns) .  

Anal .  Calcd. for C22H240~: C, 71.72; H, 6.57. Found:  
C, 71.49; H, 6.71. 

From ethyl ~-cyanoacrylate.--The product  was dis-  
t i l led, bp 138~ ~ (0.5m). 

Anal .  Calcd. for C~sH19NO6: C, 54.95; H, 6.37; N, 
4.99. Found:  C, 54.90; H, 6.37; N, 4.99. 

Vpc analysis  showed 2 components  in a 78:22 rat io.  
The isomers  were  separa ted  by  p r epa ra t i ve  vpc. The 
isomers were  saponified wi th  one equiva len t  of sodium 
hydrox ide  and decarboxyla ted .  The two possible  
products  were  p repa red  independent ly .  Die thy l  3 -cy-  
anog lu ta ra te  was p r e p a r e d  by  hea t ing  the  react ion 
produc t  of sodium salt  of t - b u t y l  cyanoaceta te  and 
e thyl  chloroaceta te  wi th  p- to luenesul fonic  acid, bp 
106~ ~ (0.2m). 

Anal .  Calcd. for C10Hl~NO4: C, 56.32; H, 7.09; N, 
6.57. Found:  C, 56.34; H, 7.10; N, 6.44. 

Die thy l  cyanomethylsucc ina te  was p r e p a r e d  by  sapon-  
ification and decarboxy la t ion  of the  addi t ion produc t  
of e thyl  cyanoace ta te  and d ie thy l  fumarate ,  bp 115 ~ 
117 ~ (0.4m). 

Anal .  Calcd. for C10Hl~NO4: C, 56.32; H, 7.09; N, 
6.57. Found:  C, 56.26; H, 7.30; N, 6.29. 

From ethyl ~(4-pyridyl)acrylate.--The product  was 
dist i l led,  bp 138~ ~ (0.3m). 

Anal .  Calcd. for C~HesNO6: C, 60.75; H, 6.58; N, 
4.14. Found:  C, 61.08; H, 7.26; N, 4.68. 

Vpc ana]ysis  showed 2 components.  The isomer dis-  
t r ibu t ion  was obta ined  f rom the n m r  spectra.  
From N,N-dimethyl -~-carbethoxyacrylamide. - -The 
product  was dist i l led,  bp 158 ~ (0.05 m m ) .  

Anal .  Calcd. for  C~He~NO~: C, 54.50; H, 7.61; N, 
4.23. Found:  C, 54.37; H, 7.69; N, 4.21. 

Vpc analysis  showed only  one component  on four  
different  columns. The ma te r i a l  was saponified and 
decarboxyla ted .  The produc t  of %his reac t ion  showed a 
s ingle ester  group in the  nmr.  

Results 
The da ta  obta ined f rom bu lk  electrolysis  at the  first 

polarographic  wave  of var ious  r ep resen ta t ive  diac-  
t iva ted  olefins 1 a re  summar ized  in Table I. 

The electrolysis  of d ibenzoyle thy lene  I yields  four  
products ,  d ibenzoylethane,  meso- l ,2 ,3 ,4- te t rabenzoyl -  
butane,  d l - l ,2 ,3 ,4- te t rabenzoylbutane  and a smal l  
amount  of 1,2,3,4,5,6-hexabenzoylhexane. In view of 
the  r e l a t ive  s tab i l i ty  of the  anion radical ,  t~/~ = 15.3 

sec at  2 x 10-3M toward  reac t ion  wi th  the  pa ren t  ole-  
fin (1), i t  is not  surpr is ing  tha t  a r e l a t ive ly  large  
amount  of the  e thane der iva t ive  was obtained.  Only 
3 ml  of wa te r  could be used in the  ca tho ly te  in order  
to get  even a 40% yie ld  of the  hydrod imer .  The hyd ro -  
d imer  in this  case is p robab ly  formed by  a combina-  
t ion of paths  A and B. 

In contrast ,  pa th  A is the  p redominan t  route  to 
products  f rom ~-benzoylac ry lon i t r i l e  ( I I ) .  In  the 
e lectrolysis  of II, 20 ml  of w a t e r  was used, and the 
pH was ma in ta ined  as near  7 as possible by  the f re -  
quent  addi t ion  of acetic acid. Under  these  condit ions 
55% of the  hyd rod ime r  was isolated.  (Using less wa te r  
resul ted  in the  exclusive  fo rmat ion  of t r imers  and 
h igher  ol igomers  of the  olefin.) Two crys ta l l ine  iso- 
mers  were  isolated f rom the  electrolysis.  The n m r  
spectra  of these isomers were  identical .  The posit ions 
of the  resonance of the  pheny l  hydrogens  as wel l  as 
the  shape of  the s ignal  a re  ident ica l  for the  h y d r o -  
d imers  and for ~-benzoylpropioni t r i le .  The most  l ike ly  
s t ruc ture  for these  products  are  meso and d l - l , 4 - d i -  
benzoyl -2 ,3-d icyanobutane  (XI) .  

C8H5CO COC6H5 
I I 
CH2--CH--CH--CH2 

I I 
CN CN 

(XI)  

C6H5CO CO~C2H5 
I L 
CH2--CH--CH--CH2 

I ' 
COC6H5 

CO~C2H~ 

(XII) 

C6H5CO COC6H5 
l I 
CH2--CH--CH--CH2 

I i 
COeC2t'I5 

CO2C2H5 

(XII I )  

No cross-coupled products  were  obta ined  even when  
acry lon i t r i l e  was used as the  solvent.  

Ano the r  example  which  p robab ly  involves pa ths  A 
and B but  not  C is the  e lectrolysis  of e thy l  ~ -ben-  
zoy lac ry la te  ( III)  in acryloni t r i le .  Two solid products  
and a l iquid mix tu re  were  obtained.  The n m r  spect ra  
of the  solids were  n e a r l y  identical .  The posi t ion of the  
resonance of t he  pheny l  hydrogens  are  ident ica l  for 
the  hydrod imers  and for  e thy l  ~-benzoylpropionate .  

Table I. Electrolytic reductive coupling of diactivated olefins 

C o m p d .  X Y 

2e- 
2XCH=CH--Y ) [ (XCH-- CHY)H]2 

2H20 

2e- 
XCH= CHY ) XCH~CH~Y 

2H20 

P r o d u c t  d is t .b  
% Y i e l d  a, g D i h y d r o  e H y d r o d i m e r e  

CHYCH~Xc CHYCH~ CHXCHsYa 

I l I 
CHYCH2X CHXCH~Y CHXCH2Y 

I C~IsCO CeHsCO 76 56 r 44 -- -- -- 
II C~IsCO CN 87 45t 55 i00 -- -- 
I I I  CeHsCO CO~C~H5 67 4 96 77 23 r 
IV  C N  CO2C~H5 89 l S  84 - -  5 ~ 
V CN C6H5 92 20 80 22 57 9 
VI CO~C~H5 COlChIs 85 17 83 -- -- -- 
VII  COzC~I-I~ CeH~ 90 417 59 68 32 
VIII CO2C:I-I~ CON ( CHs)~ 84 4 96 66 31 "-2 

81 7 93 56 40 4 
IX CO~C2H5 CF3 71 90 I0 85 15 -- 
X CeH~ C O N  (CH3) 2 g4  18 82 I 0 0  - -  - -  

a % Y i e l d  b a s e d  on c u r r e n t ;  b b a s e d  on  v p e  a n a l y s i s  w i t h o u t  s t a n d a r d s ;  ~ b a s e d  on v p c  a n a l y s i s  a n d  n m r  a n a l y s i s  to  i d e n t i f y  p r o d u c t s ;  
n o t  i s o l a t e d ;  ~ d i h y d r o  + h y d r o d i m e r  i s  100%; ? a c e t i c  a c i d  w a s  a d d e d  t o  c o n t r o l  P H  a n d  to  p r e v e n t  p o l y m e r i z a t i o n ;  o d i h y d r o  + h y -  

d r o d i m e r .  



754 J. ~ l ec t rochem.  Soc.: E L E C T R O C H E M I C A L  SCIENCE J u n e  1969 

The nmr  spec t rum of the  l iquid mix tu r e  indica ted  the  
presence of ca. 80% of the solid isomers and ca. 20% 
of a th i rd  compound which has a ca rbe thoxy  group in 
a different  environment .  The nmr  spec t rum of the 
solid isomer is consistent  wi th  the  expected spec t rum 
from 1 ,4-d ibenzoyl -2 ,3-d icarbe thoxybutane  (XII ) ,  
whi le  the  shif ted methy lene  and me thy l  resonances in 
the  nmr  spec t rum of the  l iquid indicate  an unsym-  
met r ica l  s t ructure,  i.e., 1,3-dibenzoyl-2 ,4-dicarbeth-  
oxybu tane  (XII I )  poss ibly  ar is ing th rough  pa th  B. No 
cross-coupled product  was obtained.  

E thy l  f i -cyanoacryla te  on electrolysis  gives th rough  
pa th  A at least  95% die thyl  3 ,4-dicyanoadipate  (XIV) 
with  a smal l  amount  of the  unsymmet r i ca l  isomer. 
The n m r  spec t rum of (XIV) is consistent  

CN CN CN 
I I t 

CH2- -CH--CH--CH2 NCCH2CH~CHCH2CO2C2H5 

CO2C2H5 CO2C2H5 

(XIV) (XV) 

wi th  this  s t ructure.  The nmr  spec t rum of the  copper  
(I)  complex  of (XIV) shows the  most h ighly  shif ted 
protons are  the  me thy lene  protons.  This type  of com- 
p lex  is fo rmed wi th  ni t r i le  groups and is ve ry  sensi-  
t ive to the  r ing  size being formed (2). Saponification 
of (XIV) gave 3,4-dicyanoadipic  acid which  was 
identified by  comparison wi th  an authent ic  sample  
synthesized f rom 3,4-dicyanocyclohexene.  

Four  isomers were  indica ted  by  the vpc analysis  of 
the  e lectrolysis  products  of c innamoni t r i le  (V) (3). 
One of the  isomers (22%) was the prev ious ly  r epor ted  
3 ,4-d iphenyladiponi t r i le  (XVI) .  The nmr  spec t rum of 
the  second isomer  showed two different  pheny l  

C6H5 C6H5 
I I 

CH2--CH----CH--CH2 

CN CN 

(XVI)  

C6H~ CN 

CH2--CH CH--CH2 
I I 
CN C6H~ 

(XVII)  

CN CN 
I 3 

CH2- -CH--CH--CH2 
I I 

C6H5 C6H5 

(XVIII )  

groups and 2 doublets  for the  methy lene  hydrogens.  
This spec t rum is consis tent  wi th  tha t  expected for 
2 -benzy l -3 -phenyIg lu ta ron i t r i l e  (XVII ) .  The th i rd  
isomer had  a single pheny l  group and a single me th -  
y lene  group both signif icantly different  f rom the  
phenyl  group of (XVI) .  I t  is, therefore,  p robab ly  2,3- 
d ibenzylsuccinoni t r i le  (XVII I ) .  The nmr  spectra  of 
the  four th  isomer showed two different  phenyl  groups, 
and therefore  the  compound is p robab ly  an isomer of 
(XVII) .  Paths  A and B are  p robab ly  used here.  Pa th  
C was not  tested. S imi lar ly ,  pa ths  A and B are  ind i -  
cated in the  electrolysis  of e thyl  c innamate  which 
y ie lded  two solid products  and a l iquid mixture .  One 
of the  solids is the  p rev ious ly  repor ted  meso-d ie thy l  
3 ,4-d iphenyladipa te  (5). The  second isomer is a cy-  
clized ketone. The n m r  spec t rum of this compound 
has a broad  singlet  at ~ 2.91. Of the  two possible ke -  
tone products ,  only  2 -ca rbe thoxy-3 ,4 -d iphenylcyc lo -  
pentanone  would be expected to have  nea r ly  equiv-  

a lent  pheny l  groups. The n m r  spec t rum of the l iquid 
mix tu re  shows two different  ca rbe thoxy  groups and 
a broad mul t ip le t  for the pheny l  group. The mix tu re  
p robab ly  consists of some d l -d i e thy l  3 ,4-d iphenyladi -  
pa te  (ca. 20%) and d ie thyl  2 -benzy l -3 -pheny lg lu t a -  
rate.  

The electrolysis  of N ,N-d ime thy lc innamide  (6) gave 
only N,N,N ' ,N ' - te t ramethyl  2,3-dibenzylsuccinamide,  
p robab ly  th rough  pa th  A. The n m r  of this  ma te r i a l  
showed a single pheny l  group ident ical  to the  pheny l  
group of N ,N-d ime thy lhydroc innamamide ,  and the 
a m i d e - m e t h y l  groups were  significantly shifted. 

A ve ry  poor yie ld  of dimeric  products  was isolated 
from the electrolysis  of e thyl  p - t r i f luo romethy lac ry -  
late. The dimeric  product  appears  to be a mix tu re  of 
ca. 85% of d ie thy l  3 ,4- t r i f luoromethyladipate  and 15% 
of d ie thyl  2- t r i f luoromethyl -3-(2 ,2 ,2- t r i f luoroethyl )  
g lutara te .  S imi lar ly ,  the e lectrolysis  of e thyl  ~- t r i f luo-  
romethy lc ro tona te  gives no d imer ic  products ,  but  does 
give the  fluoride e l iminat ion  product ,  e thy l  3-dif luoro-  
me thy lenebu ty ra te ,  in 70% yield.  The steric effects on 
the  d imer iza t ion  react ion are  apparen t  in this  case. A 
me thy l  group in the  posi t ion fi to the  ca rbe thoxy  
group, the  posit ion th rough  which the d imer  of olefin 
(IX) forms, blocks the  d imer iza t ion  reac t ion  and, 
therefore,  affords the  in te rmedia te  the oppor tun i ty  to 
e l iminate  a fluoride ion. 

Al l  three  paths  are  opera t ive  in the  electrolysis  of 
N,N-dimethyl ~-ca rbe thoxyacry lamide .  P roduc t  ana l -  
ysis by  vpc showed 5 hydrod imer ic  isomers. One solid 
isomer was isolated, and the nmr  spec t rum was con- 
sistent wi th  d ie thy l  3 ,4 - (N,N,N ' ,N ' - t e t ramethy lcar -  
bamoyl )  ad ipa te  (XIX) .  The s t ructures  of o ther  iso- 
mers were  assigned b y  a comparison of the  nmr  spec- 
t r um of the  mix tu r e  wi th  the  spect ra  of (XIX)  and 
N,N,N' ,N ' - te t rae thy1-3 ,4-d icarbe thoxyadipamide  syn-  
thesized independent ly .  In  this case, the  product  dis-  
t r ibu t ion  was sensi t ive to the  amount  of pro ton  donor 
added  to the  ca tholy te  (1). The second run  contained 
10 ml of water ,  whi le  the  first run  contained only 3 ml  
of wa te r  in the  catholyte.  No acetic acid was added  
dur ing  the electrolysis.  The pH was contro l led  as uni -  
fo rmly  as possible for each run s imply  by  a l lowing the 
ester  to saponify.  

Of the  possible paths  ava i lab le  for the  react ion of 
the  anion rad ica l  2 only pa th  E [Eq. (4)]  is sensi t ive 
to the  wa te r  concentrat ion.  The pro tonat ion  of 2 
yields  a rad ica l  a to e i ther  X or Y depending on the i r  
ind iv idua l  ab i l i ty  to s tabi l ize  the  radical .  This rad ica l  
is r a p id ly  reduced,  y ie ld ing  the most  s table  anion. 
The a t tack  of this anion on the pa ren t  olefin yields an 
unsymmet r i ca l  p roduc t  since the  a t t ack  would  resul t  
in the  most  s table  anion (Eq. [6]) .  Pa th  B can lead to 
a different  i somer  than  pa th  A and in fact, f rom olefin 
VIII. 

( - - )  ( - - )  
YCH2CHX + YCH = CHX-> YCH2CHXCHYCHX 

[6] 

does as evidenced by  the change in isomer d is t r ibut ion  
wi th  wate r  concentrat ion.  

Only d ie thyl  fumara t e  (--1.54v) and N ,N-d ime thy l -  
~ -ca rbe thoxyac ry lamide  (VIII)  gave cross-coupled 
products  wi th  acry lon i t r i l e  in sufficient y ie ld  to be 
isolated. A trace of cross-coupled product  be tween  
e thyl  /~-cyanoacrylate (--1.45v) and acry loni t r i l e  was 
indica ted  by vpc analysis  af ter  many  unsuccessful  ex-  
periments .  The only successful t echnique  for ob ta in-  
ing the  cross-coupled products  was to add the  de -  
polar izer  dropwise  to the electrolysis  solution using 
ac ry lon i t r i l e  as the  solvent.  Even using this technique,  
no cross-coupled products  were  obta ined f rom ole- 
fins I I  (--1.11v) and I I I  (--1.23v). The cross-coupled 
products  f rom olefins (VIII)  were  e thyl  3 - ( N , N - d i -  
m e t h y l c a r b a m o y l ) - 5 - c y a n o p e n t a n o a t e  (XX) and N,N- 
d i m e t h y l - 3 - c a r b e t h o x y - 5 - c y a n o p e n t a n a m i d e  (XXI)  in 
a 2:1 ratio. The cross-coupled product  from olefin IV 
was e thyl  3 ,5-dicyanopentanoate  (XV).  These p rod -  
ucts were  identif ied by  comparison of vpc re ten t ion  
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times and nmr  spectra with authentic  samples pre-  
pared independently.  

N C C H 2 C H 2 C H C H 2 C O 2 C 2 H 5  
I 
CON (CI-13) 2 

(XX) 

NCCH2CH2CHCH2CON (CH3) 2 
I 

C O 2 C 2 H 5  

(XXI) 

Discussion 
Reaction sequences and alternate routes to prod- 

uc t s . - -From consideration of the energetics and the 
na ture  of the products obtained we conclude that  the 
attack of 2 on the substrate is nucleophilic ra ther  than  
free radical. This type of reaction leaves the radical  
site on the electrode surface where it is available for 
fur ther  rapid reduct ion without  reorientat ion of the 
molecule. Chart  II outlines the detailed subsequent  
reaction paths. By paths A and C coupled products 
are formed at the electrode: A leads exclusively to 
hydrodimers;  C leads exclusively to cross-coupled 
products. Path  B, which involves coupling probably 
away from the electrode surface, can lead to hydro-  
dimers, dihydroproduct,  and cross-coupled products. 
The distr ibution of total products depends then cri t i-  
cally on the extent  of part icipation of reagents by 
path A, B (7), or C. This, in turn,  depends on (a) the 
inherent  reactivities of the species involved, (b) their 
avai labi l i ty at the electrode surface, (c) their  steric 
requirements ,  and most of all (d) their polarizabil i ty 
in the electric field. 

The influence of each of these factors is best i l lus- 
trated by an analysis of the si tuation that  obtains, 
when 1 is undergoing reduction, in the presence of an 
acceptor like acrylonitri le:  

1. The react ivi ty of 2 toward 1 (path A) is roughly 
proport ional  (1) to the reduction potent ial  of 1. (De- 
viations from this relationship appear to be due to 
steric factors.) In all types of current  macrocells em- 
ployed unreduced 1 is always available for reaction 
with 2 at the electrode. When 2 is formed at a much 
more positive potential  (e.g., --1.23% compound III)  
than is required for acrylonitr i le  (--1.9v), the se- 
quence through path A overwhelms any possibility of 
obtaining mixed coupled products. 

2. The reactivi ty of 2 toward acrylonitr i le  (in the 
unavoidable  presence of 1 at the electrode surface) in-  
creases as required potential  for forming 2 (e.g., 
--1.76v, compound VIII) becomes more negative prob-  
ably due to the increased polarization of acrylonitr i le  
at the higher potential.  Simultaneously,  as indicated 
above (1), the reactivity of 2 toward 1 decreases, so 
that mixed coupled products can be formed (path C 
competing with path A).  The l imit  of separation of 
the potentials of the donor and acceptor appears to be 
ca. 0.4v. This is a similar potential  spread to that  ob- 
served by HSfelmann et at. (8), for the anionic co- 
polymerizat ion of activated olefins. 

3. Reaction of 2 with water  as the first c reaction 
leads to products derived from 3 (path B). The ex- 
tent  of part icipat ion of water  to a much lesser ex- 
tent  than that of acrylonitr i le  also increases (I)  with 
increasing negative potential  requi rements  of 1. The 
distr ibution of products obtained from 3 is what  might 
be expected from a Michael reaction in which 1, 
acrylonitrile,  and a proton source compete for a car-  
banion. In  par t icular  the amount  of coupled product  
derived from 3 is sensitive to the bu lk  water  con- 
centration. 

Act ivat ing  group e~ect; role in isomer distribution. 
- -S ince  the ini t ial  addition products formed by path A 
are dimeric anion radicals [(Eq. 3)] having a com- 
plete separation of the anion and the radical  sites, the 

distr ibution of the isomeric products obtained should 
depend on three considerations: (a) the relat ive sta- 
bilizing effect of the activating groups for an a -an ion  
in the "acceptor" half  of the dimer, (b) the relat ive 
stabilizing effect of the activating groups for an 
a-radical  in the "donor" half of the dimer, and (c) 
some steric effects similar to those encountered in 
ordinary Michael reactions. By contrast  the major  
factor that need be considered in rat ionalizing the 
distr ibution of the isomeric Michael adducts obtained 
from X C H = C H Y  1 (9) and a typical  donor such as 
diethyl  malonate  anion is the relative abil i ty of X and 
Y to stabilize an adjacent  anion (Table II) .  

By comparing the distr ibution of isomeric products 
obtained electrochemically from individual  monomers,  
an order of relat ive stabilizing effects can be obtained; 
e.g., from the s tructure of the dimeric product from 
olefin (II) ,  it is clear that  the benzoyl group is more 
effective at stabilizing both the anionic and radical 
sites than  is the nitr i le  group. Similarly,  the s tructure 
of product  from olefin (IV) indicates that  the car- 
bethoxy group is more effective than the nitr i le  group 
at stabilizing both; the product from olefin (X) indi-  
cates that  the phenyl  group is more  effective than the 
amide for stabilizing both the anionic and radical sites. 
A comparison of the products from olefins (IV), (V), 
and (VII) indicates that  the relat ive stabilizing effects 
for an anionic site are CO~C2H5 > CN > C6H~, while 
for the radical  site they are CO2C2H5 --~ C6H5 > CN. 
The remaining  activating groups can be assigned ra t -  
ings of activating influences in this series on the basis 
of product distr ibution from individual  olefins. There-  
fore, the relative stabilizing effects are: for an 
anionic site, C6H5CO > CO2C2H5 > 4-pyr idyl  > CN 

CF3 ~ C6H5 ~ CON(CH3)2 (10), and for the radical 
site, C6H5CO ~ CO2C2H5 --~ 4-pyr idyl  --~ C6H5 ~ CF3 

CN > CON(CH3)2. These "stabilizing" orders nec- 
essarily include steric effects since no at tempt was 
made to el iminate them. It is not clear whether  these 
stabilizing orders reflect kinetic or thermodynamic  
control of the product distribution. Since the addi-  
t ion of the anion radical 2 to the olefin is very rapid 
(Eq. [3]), the products which are formed by path A 
probably exhibit  kinetic control. On the other hand, 
no conclusion on this point  can be drawn with regard 
to the reaction of the monomeric anion with the olefin 
(Eq. [4] ). 

With this reservat ion in mind, some comments con- 
cerning the orders of stabilizing abil i ty as derived from 
this work and its relat ion to reported work can be 
made. The predominant  abil i ty of the benzoyl group to 
stabilize both an anion and a radical is as expected 
(11). The finding that  the carboxylic ester dominates 
over a competing ni tr i le  group is unusua l  (12). How- 
ever, recently, Lentz and Weiss (13) have shown that  
the major  adduct obtained from a 1:1 mixture  of 
acrylonitr i le  and ethyl acrylate catalyzed by t r ia lkyl -  
phosphine was ethyl ~-cyanoethylacrylate.  This reaction 
has been postulated as going through a series of equi- 
l ibria (14) one of which in this case would involve 
a direct competit ion between an anion ~- to the car- 
bethoxy or ~- to the nitr i le  group. The predominance 

Table II. Product distribution from the Michael reaction of 
selected diactivated olefins with the potassium salt of 

diethyl malanate in t-butanol solution 

H + 
R- + XCH=CHY-~ ~ RCHXCH~Y + CH2XCHRY 

Compound X Y RCHXCH2Y a CH2XCHRY a 

I I I  C~I-IsCO CO~C2H5 - -  100 
X I  C~H~CO C6H5 - -  100 
IV  CN CO~C2H5 78 22 
V ~ CoI-I~ CN 100 - -  
VIIo C~I~ CO~_C2H5 I00 -- 
V I I I  CO2C~H5 CON(CH3)s  - -  100 

a p e r  c e n t  of  a d d u c t  p r o d u c t ;  b r e f .  (9) ;  c re f .  (10) .  
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of this crossed product  indicates  the  grea te r  s tabi l iz-  
ing abi l i ty  of the  ca rbe thoxy  group over  the  n i t r i le  
group for the  anionic site. Both the n i t r i le  (15) and 
the ca rbe thoxy  (16) groups have been shown to be 
be t te r  for s tabi l iz ing an anion than  the pheny l  group. 
Very  l imi ted  da ta  a re  avai lab le  regard ing  the  r e l a -  
t ive s tabi l izing effects of these act ivat ing groups on a 
radical .  The da ta  of Knunyan t s  (17) from the ama l -  
gam dimer iza t ion  of c innamate  der iva t ives  in acid 
media  and of Huang and Singh (18) f rom the  genera -  
t ion of hydroc innamate  radicals  by  t - b u t y l  pe roxy  
radicals  indicate  tha t  the  pheny l  group is be t te r  than  
the carbe thoxy,  n i t r i le  and amide  groups for s tabi l iz-  
ing a radical .  No comparisons in this  r ega rd  have  been 
repor ted  among the l a t t e r  three  groups. 

An  a t t empt  to obta in  a quant i t a t ive  reac t iv i ty  order  
f rom our data  was unsuccessful.  As pointed out p re -  
viously,  the  dimeric  products  can ar ise  by  e i ther  pa th  
A or B (Eq. [3] and [4]) p robab ly  y ie ld ing  different  
isomeric products .  I t  is difficult to ascer ta in  the  r e l a -  
t ive contr ibut ion  of each path.  Obviously,  the  concen-  
t ra t ion  of pro ton  source in the  ca tholy te  is cri t ical .  
Hydron ium ions mus t  pass th rough  the m e m b r a n e  
separa t ing  the anoly te  and ca tholy te  dur ing  the elec-  
t ro lys is  to main ta in  e lect r ica l  neut ra l i ty .  Since the 
poros i ty  of the  membrane  can not be r igorous ly  con- 
t rol led,  the  concent ra t ion  of proton source in the  
ca tholy te  var ies  to a smal l  but  significant ex ten t  not 
only  dur ing  a pa r t i cu la r  e lectrolysis  bu t  more  im-  
po r t an t l y  f rom one electrolysis  to the  next.  Therefore,  
only  a qua l i ta t ive  order  of re la t ive  s tabi l iz ing effects 
under  these e lec t rochemical  condit ions can be drawn.  

Al l  of these conclusions are  based on the use of the  
t e t r a a l k y l a m m o n i u m  cation. The effect of using an 
a lka l i  me ta l  cat ion on the  produc t  d is t r ibut ions  as 
wel l  as on the reac t iv i ty  of anion radicals  is being in-  
vest igated.  
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ABSTRACT 

The electrochemical behavior of horizontally disposed p lanar  zinc in 30% 
(6.9M) potassium hydroxide, alone and saturated with zinc oxide at 25~ has 
been investigated in a controlled manner ,  using both galvanostatic and po- 
tentiostatic techniques. The anodic characteristics have been interpreted in 
terms of a kinetical ly controlled process preceding a diffusion step. The 
cathodic behavior  of oxidized zinc has been interpreted in terms of a complex 
two-state process, involving the formation of a bound zinc hydroxide, fol- 
lowed by a reduction of both the adsorbed species and the soluble zincate to 
zinc metal. 

Of the several sophisticated energy conversion de- 
vices investigated in the last two decades, there is 
strong evidence of the increasing predominance of 
rechargeable alkaline bat tery systems. Within this 
field, there is an ever- increasing interest  in the use of 
zinc as the favored anode material.  One of the main  
disadvantages in the use of zinc as the negative elec- 
trode in silver-zinc and nickel-zinc cells lies in the 
fact that zinc hydroxide is highly soluble in the 
strongly alkal ine aqueous electrolytes employed in 
these systems. Any study of the electrochemical be- 
havior of zinc in alkal ine media must  consider the 
mechanism and kinetics of the complex electrode re- 
actions in relation to the nature  of the electrolyte at 
the electrode interface and in the bulk of the solution. 

Potentiometric (1, 2), spectral (3) and P.M.R. (4) 
investigations indicate that the predominant  zincate 
species existing in highly alkal ine media is 
Zn(OH)42- .  Jost (5) and Okinada (6) do not preclude 
the presence of Zn (OH)3 - ,  specially in more dilute 
solutions. Detailed physicochemical data per ta ining to 
solubil i ty (5, 7-9), conductivity (7-9), and vapor 
pressure (9) is available. Kober and West (10) indi-  
cate that the nature  of the species present in solution 
is dependent  on the hydroxyl  ion activity, which is 
itself governed by the zincate ion concentration. As 
one approaches saturation, negatively charged col- 
loids tend to form (2) which fur ther  complicates the 
situation. Under  certain conditions, notably dur ing 
anodization of zinc, supersaturat ion can occur (11). 
However, little is known concerning the nature  of such 
solutions, which are localized in the anolyte layer. 
Practical, porous zinc bat tery electrodes investigated 
singly, or in the cell environment ,  in the laboratory, 
are normal ly  charged and discharged under  constant  
current  conditions. Although it is argued that when 
such a highly active electrochemical system as this is 
investigated using the galvanostatic technique, certain 
t rans ient  features of the electrode phenomena will be 
overshadowed (14), there are reasons why such a 
technique should be employed. By studying the be- 
havior of planar  zinc under  such conditions, it is hoped 
that the observations will assist in the interpretat ion 
of the behavior of the more complex practical system. 
A number  of studies of the anodic behavior of p lanar  
zinc in highly concentrated aqueous alkali  have been 
performed (12-20). As Hampson et al. (17) state, the 
common feature of galvanostatic investigations is the 
difficulty in obtaining reproducible results. Eisenberg 
et al. (15) emphasize the importance of considering 
the disposition of the zinc anode and the result ing 
effects of convection on passivation phenomena. Using 
the rotat ing disk electrode to control mass transfer,  
Popova et al. (18-19) have investigated the anodic 
dissolution of passivated zinc using both potentiostatic 
and galvanostatic control. Sanghi and Wynne-Jones  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
' P r e s e n t  address :  E l e c t r o c h e m i s t r y  D e p a r t m e n t ,  W h i t t a k e r  Cor-  
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(13) concluded that  insufficient electrode pre t rea tment  
was a major  cause of i r reproducibi l i ty  and error in 
such passivation experiments.  Most investigations of 
this system have employed some form of mechanical  
polishing, although there is some disagreement as to 
the correct method. Far r  and Hampson, who employed 
both faradaic impedance measurements  (21) and the 
doubie pulse galvanostatic technique (22) in a t tempt-  
ing to elucidate the mechanisms associated with the 
anodic oxidation of zinc, have stressed very high metal  
puri ty in their studies with micro-electrodes. 

The relationship of anodic current  density and zinc 
passivation t ime has very often been expressed by the 
empirical equation (12, 15-17) i - -  ilim = k ' t  -1/2. The 
purpose of the present  invest igat ion was to test the 
val idi ty of this relationship over a wider  range of 
current  densities than has hitherto been studied, with 
special emphasis on accuracy and reproducibili ty.  The 
major  part  of this paper deals with the findings of the 
chronopotentiometric study. The anodic oxidation of 
horizontally disposed zinc in 30% (6.9M) potassium 
hydroxide, and in the zinc oxide saturated electrolyte 
at 25~ and the cathodic reduction of the oxidized 
electrode under  galvanostatic control, have been 
studied. The slow cyclic vol tammetr ic  technique was 
also employed and some of the result ing data are 
presented. 

Experimental  
Electrolytic cell.--In Fig. 1 is shown a cross-sec- 

tional diagram of the cell used in this investigation. 
It consists of a 6.5 x 3.5 x 3.5 in. double-wal led Lucite 
container  with two compartments.  Water from a con- 
stant  temperature  bath is cont inual ly  circulated 
through the double-wal led spacing, main ta in ing  the 
tempera ture  at 25~176 The mercury-mercur ic  oxide 
reference electrode system was set up in the r ight-  
hand compartment.  The working-counter  electrode 
system consists of a fixed p la t inum gauze disk and a 
1.08 cm 2 area p lanar  zinc disk, embedded in a remov-  
able Lucite disk, both mounted on a Lucite support. 

C(Pt) 
H21N I 

WATER OUT 

WATER IN 

Fig. 1. Electrolytic cell, cross-sectional diagram: C, counter elec- 
trode; W, working electrode; R, reference electrode; P.B.C., pre- 
bias counter electrode. 
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99.999% zinc (A. D. Mackay,  Inc., New York)  was used 
throughout.  The e lec t rode  support ,  when  in t roduced 
into the  ma jo r  compar tment ,  fits r ig id ly  into a posi-  
t ion adjacent  to the  compar tmen t  separa t ing  wall, in 
such a manner  that  the  pe r iphe ry  of the  zinc disk lies 
wi th in  0.5 mm of a 0.4 mm diameter ,  45 ~ channel  
through pa r t  of the  wall.  This channel  serves as a 
Luggin  capi l lary .  I t  opens into a wider  channel  packed  
wi~h compressed nylon  fiber, soaked wi th  cell  elec-  
t rolyte,  ac t ing as a sal t  bridge. The cont inuat ion of 
the open channel  as shown, al lows for the  escape of 
any gas bubbles  which o therwise  might  become en-  
t r apped  in the  Luggin. A four th  p l a t inum gauze disk 
electrode,  suspended in a cyl indr ica l  nylon chamber  
wi th  a base of compressed nylon  fiber located in the  
major  compar tment ,  is employed dur ing  potent ios ta t ic  
prebias ing  of the  work ing  electrode. Solut ion and gas 
inlets and outlets  and a t h e r m o m e t e r  -well complete  
the  cell. 

Electrode Pretreatment . --Sanghi  et al. (13, 14) 
mechanica l ly  pol ished zinc wi th  a lcohol - lubr ica ted  
emory,  fol lowed b y  Se lvyt  cloth. Hampson et  al. (16, 
17) p re fe r r ed  an acid dip, fol lowed by  pol ishing with  
moist  filter paper .  Popova  et al. (18-20) pol ished zinc 
wi th  moist  glass powder .  I t  has been observed re -  
pea ted ly  in this l abo ra to ry  that ,  if mechanica l ly  
polished zinc is ca thodica l ly  polar ized in a hyd rogen-  
saturated,  concentra ted  aqueous alkali ,  finely d ivided 
zinc forms on the e lec t rode  surface. However ,  such a 
deposit, resul t ing  f rom the reduct ion of a th in  surface 
layer  of oxide, does not form if the mechanica l ly  
polished zinc is chemical ly  pol ished pr ior  to immer -  
sion in the  electrolyte.  Chemical  polishing was chosen 
since the suggested l abo ra to ry  electropolishin~ pro-  
cedure for zinc is t ime-consuming  (23). Three  solutions 
were  studied. Chromic-sul fur ic  acid proved unsuccess-  
ful, immers ion  in this solution y ie lded  a ~white film. 
Al though a 50% hydrogen  pe rox ide- -50% acetic acid 
solution m a y  be used, it  is not advised since one must  
control  the  t e m p e r a t u r e  and immers ion  t ime r ig id ly  
and the anoly te  l aye r  must  be quiescent.  A 1-sec im-  
mersion in 50% nitr ic  acid at room t empera tu r e  
proved ve ry  successful and was used throughout  this 
invest igat ion.  P r io r  to each exper iment ,  the fol lowing 
procedure  was fol lowed: The zinc disk was mechani -  
cal ly pol ished on th ree  grades of w a t e r - l u b r i c a t e d  
silicon carb ide  emory,  fol lowed by  a 0.3~ micropol ish 
on Selvyt  cloth. The disk, then  mounted  on the Luci te  
support ,  was chemical ly  polished,  washed successively 
in hyd rogen - sa tu ra t ed  deionized wa te r  and 30% po-  
tass ium hydroxide ,  and then rap id ly  inser ted into the  
cell. At  the  moment  of insert ion,  the zinc was held at 
the appropr ia t e  prebias  potent ia l  (see Results  section) 
pr ior  to in i t ia t ing  the  charging study. Under  these 
conditions, reproduc ib le  da ta  were  obtained.  

Electrical circuitry.--Conventional ci rcui t ry  was 
employed  for the p rog rammed  charging studies. A 
simplified block d iag ram is shown in Fig. 2. The po-  

V II.W OUT d ~  OUT 

,.OT..i.o!': 
| OUT TRIGGER 

Fig. 2. Simplified electrical circuitry: VF1, VF2, voltage follow- 
ers;~ VC, voltage comparator; I, integrator; D, differentiatar. 

ten t ios ta t ic -ga lvanos ta t ic  sequence control  uni t  in-  
corporates  t i m e - d e l a y  circuits  and the necessary mer -  
cu ry -we t t ed  switching relays.  Ph i lb r i ck  so l id-s ta te  
opera t ional  amplif ier  c i rcu i t ry  was used throughout .  
The vol tage followers,  VF1 and VF2, were  a P.85 and 
a P.65AU, respect ively.  An SP.656 was employed for 
the integrator ,  I. P.65AU amplif iers  were  employed  for  
the  differentiator ,  D, and the vol tage  comparator ,  VC, 
sensi t ive to _--_ 1 my. In conjunct ion  wi th  a potent ios ta t  
(Wenking,  s t andard  model  #61 TRS) and two inde-  
pendent  constant  cur ren t  units, of the  type  descr ibed 
by Bockris  et al. (24), a va r ie ty  of opera t ional  se-  
quences m a y  be appl ied  to the  work ing  electrode 
system. Dur ing  potent iosta t ic  prebiasing,  the  Oster-  
young (25) four -e lec t rode  technique was employed  in 
o rder  to obtain clean switching to the  galvanosta t ic  
mode. Swi tching f rom the  first to the  second ga lvano-  
stat  may  be accomplished e i ther  when the work ing  
electrode has a t ta ined a given potent ia l  level,  VF1-  
VF2-VC network,  or when a given charge input  has 
been reached,  V F I - I - V C  network.  The Wenking  motor  
potent iometer ,  MP. 165, was employed  to dr ive  the  
potent iosta t  for the  slow cyclic vo l tammet r ic  studies. 
A Tekt ron ix  #565, d u a l - b e a m  oscilloscope with  type  
2A63, different ia l  amplif ier  ver t ica l  p lug- in  units was 
used to record  fast  charging curves.  Slow chronopoten-  
t iometr ic  and cyclic vo l tammet r ic  da ta  were  recorded 
with  a Hewle t t -Packa rd ,  Moseley, 136AM, dua l -pen  
recorder .  

Results 
A s teady equi l ib r ium poten t ia l  is not  observed when 

f reshly  polished zinc is immersed  in 30% potass ium 
hydroxide.  At  --1.400v (--1.302v vs. NHE),  a ve ry  
smal l  cathodic cur ren t  flows. In  al l  subsequent  studies 
in this media,  the  zinc was p reb iased  at  this  potent ia l  
pr ior  to in i t ia t ing ei ther  the  galvanosta t ic  charging 
p rogram or the  slow l inear  potent ia l  sweep. In  the zinc 
oxide  sa tu ra ted  electrolyte ,  zinc in i t ia l ly  exhibi ts  a 
potent ia l  of --1.345v (--1.247v vs. NHE).  This s lowly 
drif ts  to --1.352v where  it remains  steady. This final 
va lue  was employed  in this media  as the  prebias  po-  
tential .  

In Fig. 3 is shown a t rac ing  of an osc i l lographica l ly  
recorded po ten t ia l - t ime  curve,  typica l  of the  e lec t ro-  
chemical  behavior  of zinc in 30% potass ium hydrox ide  
at 25~ undergoing the fol lowing charging program,  
anodic oxidat ion at 500 ma (462 m a / c m  2) for 15 sec, 
i.e., a charge  input  of 7.5 coulombs, fol lowed by  
cathodic reduct ion  at  100 ma (93 ma/cm2) .  Whi le  the  
zinc was prebiased  a t - -1 .400v ,  the  oscil loscope was 
t r iggered,  point  a. A p p r o x i m a t e l y  ha l f  a second later ,  
anodic charging was ini t iated,  point  b. The potent ia l  
j umped  ve ry  quickly  to point  c, circa --1.2v where  the  
anodic t rans i t ion  commences.  The potent ia l  r ises 
l inea r ly  to point  d, circa --1.0v in 6.7 sec. Differential  
measurements  confirmed tha t  this t rans i t ion  exhibi ts  
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Fig. 3. Typical anodic-cathodic potential-time curve for zinc in 
30% potassium hydroxide at 25~ Prebias -1.400v, anodic C.D. 
462 ma/cm 2, cathodic C.D. 93 ma/cm ~. 
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no discontinuities. At point d, passivation is complete, 
as indicated by the large increase in impedance. The 
potential  rises extremely rapidly to point e, circa 
+2.2% where the galvanostatic overshoot commences. 
The potential  peaks at +3.2% point f, and then levels 
at +2.25v, where oxygen evolution proceeds. Cur-  
rent  reversal  was init iated at point g. The potential  
falls rapidly to circa --0.5v, point h, where there is a 
relat ively short- l ived t ransi t ion to point i, circa --0.9v. 
(The t ime scale of this region has been magnified in 
the diagram to show the transit ion.)  The potential  
drops rapidly to point j, circa --1.35% where a larger 
cathodic t ransi t ion is observed. Like the anodic t rans i -  
t ion region, c-d, this t ransi t ion is well-defined and 
shows no discontinuities, as indicated by differential 
measurements.  The potential  falls l inearly to circa 
--1.37% point k, in 2.1 sec. The potential  finally falls to 
circa --1.9v, point m, where vigorous hydrogen evolu- 
t ion occurs. In the zinc oxide saturated electrolyte, the 
potent ia l - t ime characteristics are very  similar to 
that  described above. Following prebias at --1.352v, 
on charging, a well-defined continuous passivation 
region is observed, followed by  a galvanostatic over- 
shoot. On cathodic polarization from the oxygen evo- 
lut ion potential, the first cathodic t ransi t ion is ob- 
served. This is more well  defined than that  observed 
in potassium hydroxide alone. The potential  then falls 
to the final value, --1.35v. On continuous polarization, 
a mossy deposit of zinc results, and the potential  never  
falls to that  indicative of the H.E.R. The anodic 
t ransi t ion region has been studied over a wide range 
of current  densities in both electrolyte media at 25~ 
In  order to s tudy the cathodic current  dens i ty- t rans i -  
tion t ime characteristics, zinc was anodically oxidized 
under  constant  conditions (potassium hydroxide alone, 
462 ma /cm 2, zinc oxide saturated electrolyte, 342 m a /  
cm 2) to 7.5 coulombic input, prior to ini t ia t ing cathodic 
polarization. The result ing chronopotentiometric data 
for regions c-d, h- i  and j - k  are shown in Table I. 

Anodic characteristics.--Zinc exhibits a steady 
anodic potent ial  when charged at low current  densi-  
ties. As the l imit ing current  density is approached, the 
potential  commences to drift  with t ime to less negative 
values. At any  given current  density in the range, 
10 -4 - -  10 -1 amp/cm 2, the anode potential  is less nega-  
tive in the zinc oxide saturated electrolyte than  in 
potassium hydroxide alone. Furthermore,  there is no 
l inear  Tafel region. In the zinc oxide saturated media 

Table I. Anodic and cathodic chronopotentiometric data, planar, 
horizontally disposed zinc 

only, two anodic transit ions were observed at high 
current  densities. The first t ransi t ion was very short 
lived, and the potential  was relat ively close to the 
equi l ibr ium value. The second, main  transition, was of 
much longer durat ion and at a less negative potential, 
e.g., at an anodic cur ren t  densi ty of 740 ma / c m 2, the 
first t ransi t ion at --1.27v lasted for 3 msec, while the 
second transi t ion at -0 .7v  lasted for 0.37 sec before 
passivation and the ensuing overshoot. With decrease 
in current  density, the potential  of the short- l ived 
t ransi t ion approached the equi l ibr ium value, and the 
time decreased to such a value as to be extremely 
difficult to measure with any accuracy. 

Cathodic characteristics.--The potent ia l - t ime curves 
characteristic of the cathodic behavior of oxidized 
zinc were monitored in the following manner .  After 
prebias and anodization, the oscilloscope was triggered 
just  prior to point g (see Fig. 3). The appropriate t ime 
base was selected to study either region h-i  or j-k.  
The first cathodic t ransi t ion region h- i  was observed 
on potent ial  decay as well as dur ing cathodic polariza- 
tion. On potential  decay in potassium hydroxide alone, 
the t ransi t ion t ime was 0.72 sec. In the zinc oxide 
saturated media, the t ransi t ion t ime was 5 sec. On 
cathodic polarization, the t ransi t ion times were re-  
duced considerably and, furthermore,  the region be- 
came increasingly ill defined. In  potassium hydroxide 
alone, it became impossible to measure t ransi t ion 
times with any  accuracy above 15 ma /cm 2. In  the zinc 
oxide saturated electrolyte, this l imit  was extended 
to 45 ma / c m 2. This characteristic region is observed 
only if, in the preceding oxidation, the potential  has 
at tained a certain value. If, by means of the voltage 
level switch, anodic charging is in terrupted at any 
potential  between points d and e, region h- i  is not 
observed. An example of this behavior is shown in 
Fig. 4. Following prebias at -- 1.4v, the oscilloscope 
was triggered and the zinc oxidized at 462 ma / cm 2. At 
--0.75% the potential  decay curve was initiated. The 
potential  fell ins tantaneously  to --1.35v where it re-  
mained steady. If the voltage cut-off is raised from e 
to f, the characteristics of the first cathodic t ransi t ion 
region become more well  defined. Once the peak of the 
galvanostatic overshoot has been attained, region h-i  
characteristics remain unaffected on fur ther  anodic 
polarization: The second cathodic t ransi t ion region j-k,  
which can only be studied in potassium hydroxide 
alone, was observed irrespective of the voltage level 
at which cathodic polarization was initiated. 

In  Fig. 5 are shown cyclic vol tammograms charac- 
teristic of the behavior  of zinc in 30% potassium hy-  
droxide (full line) and the zinc oxide saturated 

Z n O  s a t u r a t e d  
30% K O H ,  25~ 30% K O H ,  2 5 ~  

R e g i o n  c - d  R e g i o n  h - i  R e g i o n  j - k  R e g i o n  c - d  R e g i o n  h - i  

ia Ta ic "re ic "rc {a "ra {c "re 
m a / c m  ~ sec m a / c m  2 sec m a / c m 2  sec m a / c m  ~ sec  m a / c m  a see  

109.0 1012.0 0.46 0.70 9.3 104.0 60.0 1500.0  
111.0 655.0 0.92 0.68 13.9 51.0 65.0 1276.0 
120.0 452.0 1.85 0.62 18.5 21.5 74.0 331.0 
129.0 259.0 3.70 0.56 27.7  10.6 83.0 225.0 
139.0 216 .0  5.60 0.46 37.0 6.95 93.0 181.0 
148.0 129.0 7.40 0.43 46.2 4.8 102.0 75.0  
157.0 112.0 9.30 0.37 55.5 3.65 111.0 61.0 
166.0 93.0 13.90 0,27 64.7 2.7 139.0 40.0 
176.0 82,0 74.0 2.5 162.0 27.4 
185.0 77.0 83.2 2.2 185.0 19.3 
203,0 64.0 92.5 2,1 208.0 16,7 
222,0 51.0 231.0  13.8 
240.0 44.0 254.0 9.8 
277.0 31.0 277 .0  7.2 
324.0 19.4 324.0 4.5 
370.0 14.0 370.0 3.8 
416.0 10.5 416.0 2.4 
462.0 6.7 462.0 2.1 
555.0 4.3 509.0 1,7 
647.0 3.0 555.0 1.1 
740.0 1.95 601.0 0.85 
832.0 1.4 647.0 0.7 
925.0 1.05 693.0 0.49 

740.0 0.37 
832.0 0.17 
925.0  0.13 

1020.0 0,12 
1200.0 0.11 

0.46 5.0 
0.92 4.8 
1.85 3.25 
3.7 1.9 
5.6 1.3 
7.4 1,05 
9.3 0.86 

13.9 0 .69 
18.5 0,5 
27,7 0.26 
37.0 0.22 
46.2 0,16 
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Fig. 4. Anodic potential-time and decay curve for zinc in 30% 
potassium hydroxide at 25~ Anodic C.D. 462 ma/cm 2, decay ini- 
tiated at 0.75v vs. Hg/HgO. 
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Fig. 5. Cyclic voltammograms for zinc in 30% potassium hy- 
droxide at 25~ Sweep rate 2.78 mv/sec; full line, potassium hy- 
droxide alone; dashed line, zinc oxide saturated media. 
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electrolyte (dashed line) at 25~ The sweep rate was 
2.78 mv/sec. In  potassium hydroxide alone, following 
an ini t ial  prebias a t - -1 .4% the applied potent ial  was 
lowered to --1.7v and the slow l inear  potential  sweep 
initiated. The sweep was reversed manua l ly  at --0.8v 
and cont inued to --1.7v. In  the zinc oxide saturated 
media, the forward sweep was init iated from the pre- 
bias potential,  --1.352v, reversed a t - -0 .8v  and stopped 
at--1.352v.  If the sweep was continued to more nega-  
tive potentials in this electrolyte, the cathodic current  
density increased l inear ly  and a mossy zinc deposit 
resulted. At very low sweep rates, marked current  
oscillations were observed in region 2. Visual observa-  
t ion showed the growth of an oxide film in region 3. 
On the reverse pass, this film disappeared in region 2, 
with an instantaneous increase in anodic current.  
Irrespective of the sweep rate, this anodic spike oc- 
curred at the same potential,  --1.03v in potassium 
hydroxide alone, --1.06v in the zinc oxide saturated 
media. With increase in sweep rate, the character of 
regions 1, 2, and 4 became less well  defined, whereas 
region 5 remained unaffected. A study of the variat ion 
of the peak currents  and potentials of regions 4 and 5 
with sweep rate yielded inconclusive results. How- 
ever, on the forward pass, consistent results were 
obtained relat ing the region 1 anodic peak current  and 
potential  with sweep rate. For both electrolyte media, 
the potential  shifted to less negative values, and the 
current  increased with increase in sweep rate. The 
major i ty  of the data recorded pertained to the zinc 
oxide saturated electrolyte. The re levant  data over the 
range, 0.56-139 mv/sec  are summarized in Table II. 
The potential  data was reproducible to --+5 mv and the 
current  density to -+2 ma /cm 2. On cont inued cycling at 
any part icular  sweep rate, the over-al l  vol tammetr ic  
character remained essentially the same. However, the 
anodic region 1 broadened and lost character. The 
peak, which became increasingly difficult to identify,  
tended to move to more negative potentials, and the 
current  densi ty decreased in value, u l t imately  ap- 
proaching a limit. When cycling was in ter rupted  at 

Table II. Cyclic voltammetric data, zinc in ZnO saturated 
potassium hydroxide, 25~ 

S w e e p  ra te ,  A n o d i c  p e a k  C.D. ,  P e a k  po t en t i a l ,  
Vt, m v / s e c  i,,, m a / c m  ~ E~ vs .  H g / t t g O ,  vo l t s  

0.56 116 -- 1.155 
1.11 127 --1.160 
1.39 136 -- 1.140 
2.78 161 --1.125 
5.6 201 -- 1.080 

11.I  253 -- 1.030 
13.9 275 -- 1.007 
27.8 341 --0 .950 
56.5 423 --0.887 

139.0 537 --0.810 

the conclusion of a complete pass, the system im- 
mediately reverted to its ini t ia l  state, as indicated 
by the character of the first vol tammogram recorded 
after the interrupt ion.  On continued cycling, the above 
behavior was repeated. 

Discussion 
The anodic polarization data obtained at low charg- 

ing current  densities in this study is in good agreement  
with that  reported by Dirkse et al. (26). The l imit ing 
current  density data obtained in this investigation is 
compared with selected per t inen t  published data in 
Table III. The magni tude  of the values reported for 
differently oriented electrodes examined after various 
pre t rea tments  in  the several  media tend to cast doubt 
on the value reported by Hampson and Tarbox (16). 
In general, a working electrode potential  is a function 
of both the current  density and the electrolyte in ter-  
facial concentrat ion of the electroactive species (27). 
Since Dirkse (11) and Eisenberg et al .  (15) have es- 
tablished a concentrat ion bui ld-up  in the anolyte layer 
dur ing the anodic oxidation of zinc, it is not surprising 
that the working potential  data cannot be analyzed 
in terms of the charge t ransfer  kinetic equation (28). 
i - -  ~ data for the anodic oxidation of zinc in highly 
alkal ine media has t radi t ional ly  been correlated by 
means of Eq. [1] 

( i -  film) ~1/~ = k [1] 

The data obtained in this invest igat ion (Tables I and 
III)  has shown that  k is a function of the current  
density. For both electrolyte media, with increase in 
current  density, k increases to a ma x i mum (KOH, 
kmax = 1 amp s e c l / 2 / c m  2 at 425 ma /cm 2, KOH-ZnO, 
kmax = 0.65 amp secl/2/cm 2 at 230 ma/cm2),  and then 
gradual ly  decreases. The convent ional  method of 
t reat ing chronopotentiometric data, characteristic of 
electrochemical phenomena involving at least one 
electrolyte soluble species, is to study the charac- 
teristics of iT 1/2 v s .  i plot. Such plots are shown in 
Fig. 6 for A, potassium hydroxide, B, zinc oxide satu- 
rated potassium hydroxide. When the l imit ing cur-  
rent  density has been exceeded, iT 1/2 decreases l inear ly  
with increase in current  density, u l t imately  a t ta ining 
a l imit ing value. Between the l inear  plot current  den-  
sity limits, the data has been fitted to a general  equa-  
tion of type [2] by means of a least squares fit re-  
gression analysis program (IBM S/360 computer) .  

i~ 1/~ = ~o - -  k l  �9 i m m = 1, 2, 3 . . . .  [2] 

In Table  IV are shown the calculated values of k0 
and kl for m = 1, and the associated statistical data. 
The high value of the correlation coefficient, C.C., and 

Table III. Summary of limiting current density data, anodlc oxidation of zinc 

R e f e r e n c e  E l e c t r o l y t e  E l e c t r o d e  O r i e n t a t i o n  it  i m, r a a / c m  ~ 

(12) 4.0M N a O H ,  20~ Z n  p l a t e d  Cu w i r e  V e r t i c a l  55 
(17) 5.0M K O H ,  20~  Z n  d i s k  V e r t i c a l  84 
(17) 7.0M K O H ,  25~ Z n  d i s k  V e r t i c a l  150 
(16) 6.5M KOI-I, 25~ Z n  d i s k  H o r i z o n t a l  f a c e  u p  0.118 

This w o r k  6.9M K O t t ,  25~ Z n  d i s k  H o r i z o n t a l  f a c e  u p  115 
T h i s  w o r k  6.9M K O H ,  25~ Z n O  s a t ' d .  Z n  d i s k  H o r i z o n t a l  f a c e  u p  60 

(15) 6.9M K O H ,  25~ Z n O  sa t ' d .  Z n  r e c t a n g u l a r  p l a t e  H o r i z o n t a l  f a c e  u p  67 
(15) 0.9M K O H ,  25~ Z n O  sa t ' d .  Z n  r e c t a n g u l a r  p la t e  H o r i z o n t a l  f a c e  d o w n  143 
(26) 6.9M K O H ,  25~  Z n O  sa t ' d .  Z n  m i c r o d i s k  H o r i z o n t a l  f a c e  d o w n  62 
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Fig. 6. Anodic chronopotentiometric curves for zinc in 30% 
potassium hydroxide at 25~ Region c-d. A (x) potassium hydrox- 
ide, this investigation; B (o) zinc oxide saturated media, this in- 
vestigation; C (A )  zinc oxide saturated media, Eisenberg et al. (15). 

the low values of the s tandard error, S.E., and the 
standard error of the estimate, S.E.E., confirm the ac- 
curacy and reproducibi l i ty  of the data and the val idi ty 
of Eq. [2]. With increase in m, C.C. decreases indicat-  
ing that m = 1 is the correct value. For comparison, 
the data of Eisenberg et  al. (15) in zinc oxide satu- 
rated potassium hydroxide are shown plotted in Fig. 6, 
Curve C, and the calculated coefficients of [2] are 
given in Table IV. The greater scatter in this data is 
mirrored in the associated statistical data. The anodic 
oxidation of zinc shows all the characteristics of a 
complex mechanism involving a kinetical ly controll ing 
step preceding the diffusion of a soluble species 
through the boundary  layer. Theory (27) indicates 
that, if the concentrat ion of a soluble diffusing species 
is dependent  on the kinetics of a preceding process, 
then the chronopotentiometric parameter  is related to 
the current  density by Eq. [3]. 

nF(~D)  1/2 ~ C  i~1/~ 
i I/2 = [3] 

2 2 K ( k ~  -t- k,.) :/2 

_~C is the concentrat ion difference between the bulk 
and the interface, D is the diffusion coefficient of the 
soluble species. K = k l / k r  is the equi l ibr ium constant  
of the preceding kinetically control l ing step. This 
equation is valid provided that (k s + k,.)1/2 ~/2 ~ 2. 
At sufficiently high current  densities, when ~ is small, 
[3] reduces to [4]. 

K n F  (;~D) 1/2~C 
i~ 1/2 -~ [4] 

K + I  2 

Fa r r  and Hampson (21, 22) indicate the possibility 
of kinetical ly control l ing reactions preceding a solu- 
tion diffusion stage. Dirkse et  al. (26) have summar -  
ized the possible mechanistic steps involved in the 
anodic oxidation. Following the stabilization of zinc 
adatoms by hydroxyl  ion adsorption, a rapid two- 
electron charge t ransfer  process is postulated with an 
exchange current  density of 224 mA/cm 2 in a zinc 
oxide saturated 7M potassium hydroxide solution (22). 
The very short- l ived potential  plateau, observed at 
high current  densities, may well be indicative of this 
step. This stage is followed by equil ibria 

Zn (OH) 2ad ~ Zn (OH) 2diss [ 5 ]  

Table IV. Anodic oxidation of horizontally disposed zinc facing up 
at 25~ 

C.D, i T 1 / 2 I  i m ,  
l imits ,  a m p  

Elec t ro ly t e  m a / c m  2 sec~/~/cm e ko kl  C,C. S.E. S.E.E. 

6.9M K O H  148-555 0.913 1.825 1.121 0.989 0.043 0.031 
6.9M K O H  102-740 0.345 0.967 0.696 0.982 0.024 0.032 
Z n O  sa t 'd .  
6.9M K O H  (15) 117-555 - -  
Z n O  sa t 'd .  

1.286 0.544 0.463 0.224 0.133 

Zn(OH) 2diss -F- n O H -  ~ Zn (OH)2+,, [6] 

If either [5] or [6] is rate controlling, and if a first- 
order process, then, assuming the val idi ty  of [3] and 
[4], kf and kr may be calculated using the data of 
Table IV. In potassium hydroxide, k I = 0.98, kr ~ 0.9 
sec -1. In the zinc oxide saturated media, k s = 0.02, 
kr = 0.06 sec -1. Although no great emphasis should 
be placed on these absolute values, relat ively they 
appear plausible. Utilizing the values for the bu lk  and 
interfaciaI concentrat ions of zincate given by Eisen- 
berg et  aI. (15), a value of 1.0 x 10 -5 cm2/sec is cal- 
culated for the apparent  diffusion coefficient of the 
zincate ion in the zinc oxide saturated media. This 
value is slightly greater than 0.85 x 10 -5 cm2/sec 
reported by Stachurski  (29) from polarographic mea-  
surements  ( temperature  not given).  Fur ther  experi-  
menta t ion in varying  concentrat ions of potassium hy-  
droxide and zincate over a range of temperatures  is 
required before it is possible to state which of the two 
processes, [5] zinc dissolution or [6] the complexing 
step, is rate determining.  

The findings of the cyclic vol tammetr ic  study qual i -  
tat ively confirm the conclusions regarding the com- 
plexi ty of the anodic process. The region 1 anodic 
peak current  density and IR-free peak potential  data, 
shown in Table II, obey the relationships 

ip = 123.4 Vt 0.3 (ma /cm 2) [6] 

with a correlation coefficient of 0.996. The s tandard 
error of the index is 0.002. 

Ep = --1.177 + 0.1565 log10 Vt (volts) [7] 

with a correlation coefficient of 0.975. The s tandard 
error of the estimate is 24 my. 

E~ = --0.701 -~ 0.5246 log10 ip (volts) [8] 

with a correlation coefficient of 0.987. The s tandard 
error  of the estimate is 17 my. 

For a purely  diffusion-controlled process, ip should 
be a l inear  funct ion of the square root of the sweep 
rate. Equat ion [8] shows that  the anodic peak corre- 
sponds with the init ial  potential  of the anodic plateau, 
point c, Fig. 3. Region 2 corresponds with the onset of 
passivation, point  d. The potent ial  at which the anodic 
spike is observed agrees with the peak potential  re-  
ported by Popova et  al. (18-19). These workers have 
been pr imar i ly  concerned with the electrode phenom-  
ena assoc ia ted  with region 3. They have shown that, 
when zinc is deeply passivated, 80-90% of the total 
current  is associated with the direct electrochemical 
dissolution of zinc. The remaining  current  is associated 
with the growth of the oxide film. Impedance data 
(20) has been employed to support  the conclusion that 
the kinetical ly controll ing stage in the zinc dissolution 
is the rate of diffusion of zinc atoms through the 
th ickening oxide film. The si tuation is fur ther  com- 
plicated by the chemical dissolution of this film, the 
rate of which is dependent  on the na ture  of the elec- 
trolyte. The rate decreases l inear ly  with increase in 
the zincate concentration, u l t imately  ceasing in super-  
saturated solutions. It  would appear, therefore, that  
the cathodic behavior of passivated zinc is dependent  
not only on the prior anodic history of the electrode, 
but  also on the na ture  of the electrolyte. 

It  is per t inent  first to consider the second cathodic 
t ransi t ion region, j -k.  The data for this region, ob- 
served in potassium hydroxide alone, have been ana-  
lyzed in a manne r  similar to that  for the anodic re-  
gion, c-d. iT 1/2 (amp secl/2/cm 2) increases l inear ly  
with i ( amp/cm 2) according to Eq. [9]. 

i~ 1/2 ~ 0.0736 + 0.602 i [9] 

The very high correlation coefficient, 0.98, and the 
low s tandard error of the estimate, 0.003, confirm the 
validity of this relationship. General  theory of coupled 
adsorptive-diffusive phenomena (30) predicts that the 
chronopotentiometric parameter  should increase l in-  
early with the polarizing current  density. As is often 
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the case, the data fits the three Lorenz models (30), 
(i) adsorbate reduced first, (ii) adsorbate reduced 
last, (iii) s imultaneous reduction of adsorbate and 
diffusing species. Furthermore,  quant i ta t ive  est ima- 
tions of the diffusion coefficient of the soluble species 
and of the surface concentrat ion of the adsorbate are 
precluded because of the lack of knowledge of the 
catholyte concentrat ion gradient  and the t rue  surface 
area of the electrode. 

The findings of this investigation regarding the ap- 
pearance and characteristics of region h-i  are in gen- 
eral agreement with those of Popova et al. (18). They 
find that  this region becomes increasingly well defined 
if the zinc is passivated at increasingly positive poten-  
tials. Since this region is observed on potential  decay, 
it would appear to be a spontaneous reduction. Since 
it is also observed even if the anodic overshoot is in-  
complete, prior to the O.E.R., it is thought not to be 
due to the reduct ion of adsorbed oxygen molecules. 
Popova et al. (18) propose that  this region is the re- 
sult of the reduction of excess oxygen in the zinc oxide 
film. If this indeed is true, then one may speculate 
that  the hydroxyl  ion so produced reacts with the 
zinc ion, cont inual ly  produced as a result  of the direct 
electrochemical oxidation of diffusing zinc atoms, 
forming a surface bound zinc hydroxide. Since the 
growing oxide film is thicker in the zinc oxide satu-  
rated electrolyte, there is a relat ive increase in the 
amount  of excess oxygen available for reduction. 
Therefore, the amount  of charge associated with this 
reduction will be greater in the zinc oxide saturated 
media than in potassium hydroxide alone. An exami-  
nat ion of the data per ta ining to this region in Table I 
shows that as the cathodic current  density is in-  
creased, iT approaches a l imit ing value, 4 mil l i -  
coulombs/cm 2 in potassium hydroxide, 8 mil l icou- 
lombs/cm 2 in the zinc oxide saturated media. 
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A Study of the Anodic Oxidation of Tantalum Using 
Open-Circuit Transients 

J. L. Oral* 
Department ol Physics, University of Waterloo, Waterloo, Ontario, Canada 

and D. J. DeSmet* 
Department of Physics, University of Alabama, University, Alabama 

ABSTRACT 
The anodic oxidation of t an ta lum in sulfuric acid has been studied by 

analyzing open-circui t  t ransients  applied at intervals  along galvanostatic 
oxidation transients.  The dependence of the oxidation current  density, i, on 
the overpotential,  V, is expressable in an equation of the form i ~ io exp 
(V/Vo), where io and Vo are parameters  determined from the data analysis. 
The parameter  Vo is found to vary  l inear ly  with the potential  dur ing gal- 
vanostatic oxidation, while  io depends on the applied current  density. Using 
this equation relat ing current  density and potential, together with a knowl-  
edge of the behavior of the parameters  io and Vo, one can predict both the 
steady-state and t ransient  behavior  of this system. 

In studies of the anodic oxidation of valve metals across the oxide layer and the parameters  measured 
such as tanta lum,  the overpotentials observed, because are usual ly  expressed in terms of the electric field in  
of their  magnitude,  are general ly  assumed to appear the layer. In  studies of the anodic oxidation of other  

* Electrochemical Society Active Member. metals, in par t icular  the passive metals such as iron, 



VoI. 116, No. 6 OXIDATION OF TANTALUM USING TRANSIENTS 763 

the overpotentials observed are much lower. In  these 
systems there is no general  agreement  as to whether  
the overpotential  appears across the oxide layer, 
across the double layer in  the electrolyte, or even 
whether  this potential  can be called a t rue overpo- 
tential. As a result, measurements  on the anodic oxida- 
t ion of the passive metals are in terpreted in a wide 
variety of ways, thus under l in ing  the fact that  the 
determinat ion of an equation relat ing current  density 
to overpotentiaI  from electricaI measurements  is not  a 
unique  process. 

A str iking i l lustrat ion of this fact is provided by 
two careful studies of anodic oxidation which used 
similar techniques, yielded similar data, but  from 
which quite different conclusions were drawn:  Young's 
s tudy of the anodic oxidation of t an ta lum (1), and 
Sato and Cohen's s tudy of the anodic oxidation of 
iron in neut ra l  electrolyte (2). Both of these invest i-  
gations yielded data on the dependence of d V / d Q  on 
log i. This dependence, which is general ly linear, may 
be wr i t ten  in  the form d V / d Q  = B log ( i / A )  by in-  
t roducing the two parameters  A and B. Both sets of 
data showed only a slight dependence of d V / d Q  on log 
i. Sato and Cohen took what  might  be called the logi- 
cal approach to their  data and ignored this slight 
variat ion by setting B ~ 0. In  their  proposed model 
the current  density depended on both the overpoten- 
t ial  and the layer thickness, but  not explicitly on the 
electric field in the layer. Young, following the work 
of Gfintherschulze and Betz (3), expected the field in 
the layer to affect the conduction process, and hence 
expected d V / d Q  to vary  l inear ly  with log i. He decided 
that  the variat ion he detected exper imenta l ly  was sig- 
nificant, accounted for its magni tude by making A a 
very small  number ,  and concluded that  the electric 
field in the layer  controlled the current  through the 
layer. Thus, al though the exper imental  data obtained 
in these two studies were quite similar (as are most 
features of the anodic oxidation of iron and t an ta lum 
with the exception of the range of potentials which 
can be studied),  the two systems were described in 
the l i terature as behaving quite differently. 

Over the past few years the work carried out in  our 
laboratory (at the Univers i ty  of Waterloo) has been 
aimed at de termining which features of the anodic 
oxidation process are dependent  on the part icular  sub- 
strate or electrolyte used, and which features are 
more characteristic of the process itself. In  an earlier 
paper (4) data were presented which showed that  if 
open-circuit  t ransients  (5) were used to study the 
anodic oxidation of iron in sulfuric acid and in neut ra l  
electrolyte, similar results were obtained. The data 
in both cases indicated that  the current  through the 
layer was controlled by the electric field in the layer. 

In  the present  work we present  the results of open- 
circuit t rans ient  measurements  taken dur ing  the 
anodic oxidation of tanta lum.  The parameters  arising 
from the analysis of open-circui t  t ransients  provide a 
different s tar t ing point for setting up an equation re-  
lat ing current  density to overpotential  and can be 
used as basic parameters  to describe the response of 
the system to other types of transients.  Perhaps the 
most important  use of these parameters  is in the com- 
parison of the anodic oxidation of the valve metals 
and the passive metals. 

Experimental 
Electrodes were prepared from single crystals of 

t an ta lum (purchased from Semi-Elements  Inc. of 
Saxonburg,  Pennsy lvan ia ) .  Hollow cylindrical  sam- 
ples of length 0.3 in. and diameter  0.2 in. were ma-  
chined from this material .  The samples were then 
etched to remove the cold-worked layer, or to remove 
the anodic oxide in subsequent  experiments,  and then 
chemically polished (6). The final surface t rea tment  
consisted of a brief  immersion in hydrofluoric acid (6 
to 8 sec), followed by a rinse in distilled water. The 
sample was then dried and mounted between Teflon 
washers in the electrode assembly (7). All  the data 
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Fig. 1. Circuit schematic: A1, A2, operational amplifiers; SC, 
strip chart recorder; INT, computer interrupt switch; LC, latching 
contact; A/D, analog to digital data line; S, computer operated 
relay; V], blocking batteries; C, cathode; r, reference electrode; a, 
anode. 

presented in this work were obtained using the same 
sample. Current  densities were computed by dividing 
the applied current  by the macroscopic surface area, 
assuming a roughness factor of unity. 

The cell consisted of a 500 ml  jacketed five-necked 
flask fitted with s tandard taper joints through which 
the electrode assembly, a mercurous sulfate reference 
electrode, a p la t inum cathode, a gas dispersion tube, 
and a thermometer  were inserted, the electrode sur-  
face under  study being vertical. The electrolyte used 
was 0.2N H2SO4 which was bubbled with argon for at 
least 12 hr prior to the beginning  of an exper iment  in 
order to remove traces of other dissolved gases. The 
bubbl ing  was continued throughout  the course of an 
experiment.  The cell was main ta ined  at a tempera-  
ture of 25.0 ~ +_ 0.1~ 

A schematic diagram of the circuitry used is shown 
in Fig. 1. High input  impedance differential opera- 
t ional amplifiers (Phi lbr ick SP2A) were used for the 
galvanostat  and follower. These amplifiers normal ly  
operate over a __10v range, therefore biasing bat-  
teries (V]) were used to provide an operating range 
of 0-20v. Potentials  were monitored on a strip chart  
recorder (Sanborn 7700), and open-circui t  t ransients  
were recorded using the analog to digital converter  
of an IBM 1710 Process Control Computer. The com- 
puter  was used ra ther  than  a fast recorder simply 
because our laboratory was l inked to the computer 
and the analysis of open-circui t  t ransients  was greatly 
simplified by storing the data in digital form in the 
computer. 

An open-circuit  t rans ient  was ini t iated by closing 
an in ter rupt  switch. The computer  sensed the closure 
of this switch, recorded the potential, started an in ter -  
nal  clock with a 4.8 msec t ime interval,  and set a 
latching contact which energized a relay which opened 
the circuit. The potent ial  was then  sampled every 4.8 
msec, and, when  the sampled potential  differed from 
the last stored potential  by more than  100 my, it was 
stored along with the corresponding time. The t r an-  
sient was terminated  by a second closure of the in-  
ter rupt  switch. The computer then stopped sampling 
the potential, opened the latching contact to reclose 
the relay, t ransferred the values of potential  and time 
to a disk memory,  and was ready to record another  
transient .  

Results 
Open-circuit  t ransients  (in which the potential  of 

the electrode was recorded as a funct ion of t ime as 
the layer capacitance discharged through the layer) 
were used to determine the values of io and 17o in  the 
equation 

i = io exp (17/17o) [1] 
which is used to relate the current  density through the 
layer, i, to the overpotential  of the electrode, V. Here 
io and I7o are parameters  which have the same dimen-  
sions as i and t7, respectively. Since the charge stored 



764 J. ~ l ec t rochem.  Soc.: ELECTROCHEMICAL SCIENCE J u n e  1969 

on the layer capacitance is small  when  compared to 
the charge necessary to cause an appreciable change in 
the thickness of the layer, these t ransients  may be 
considered as taking place at fixed layer thickness. 
The analysis of this type of t ransient  has been de- 
scribed by Grahame (8), and t ransients  of this type 
have been used to s tudy the anodic oxidation of 
passive iron (4, 5, 9, 10). 

Using Eq. [1] for the relat ion between the overpo- 
tent ial  and the current  density through the layer, the 
differential equation of the circuit under  study is 

C d V / d t  Jr io exp ( V / V o )  -~ ix [2] 

where C is the layer capacitance and il the measured 
current  in the external  circuit. When the circuit is 
opened the external  cur ren t  immediate ly  becomes 
zero and Eq. [2] takes the form 

C d V / d t  -b io exp (V/Vo) -~ 0 [3] 

with the ini t ial  condition that the current  flowing im-  
mediately before the circuit was opened is known. 

If io, Vo, and C are considered constant  dur ing the 
open-circuit  t rans ient  (or dur ing some init ial  portion 
of the t rans ient ) ,  then, by solving Eq. [3], the poten-  
tial will  have a t ime dependence dur ing the t rans ient  
given by 

V = Yo log (CVo/io) - -  Yo log (t -t- o) [4] 

where e ~-- CVo/i l .  Thus Vo, io, and C can be deter-  
mined directly by the analysis of such a transient .  

Exper imental  open-circui t  t ransients  fit expressions 
of this form extremely well  for sui tably chosen values 
of 0. Transients  were analyzed either graphically, by 
plott ing V vs. log (t q- 0), or with the aid of a digital 
computer.  In  either case 0 was varied unt i l  the best 
fit to a straight line was obtained for an init ial  portion 
of the transient .  The t ransient  would not  necessarily 
be expected to fit Eq. [4] for large values of t ime since 
complicating factors may enter  as the current  den-  
sity becomes extremely small  and Eq. [1] may no 
longer be valid. Experimental ly,  the fit to a straight 
l ine was found to be good to a point  where d V / d t  (or 
the current  through the layer) had decreased by a 
factor of at least 25 from its ini t ia l  value. From this 
we conclude that the exponent ial  form of Eq. [1] is 
valid with constant  parameters  dur ing  an open-circui t  
transient.  A typical set of data gave straight lines for 
V vs. log (t -t- e) by the method of least squares with 
the s tandard deviation in the slope less than 2 �9 10 -3 
for slopes of the order of unity.  For the least squares 
analysis points separated by equal potentials ra ther  
than equal times were used in order to have equal ly 
spaced data points on a semilogarithmic plot. The fit 
to a straight l ine is relat ively insensi t ive to small var i -  
ations in o; hence the values found for e cannot be 
considered very  accurate, and the values of the ca- 
pacitance found in this way may not be as accurate 
as those determined by other techniques. 

A series of open-circui t  t ransients  was recorded at 
intervals  along a galvanostatic oxidation t rans ient  and 
analyzed to determine the values of Vo and 0. In  what  
follows we will use the term formation current  den-  
sity to designate the current  density of the galvano- 
static oxidation transient ,  and the term formation po- 
tential  to designate the overpotential  at which the cir- 
cuit was opened. Figure 2 shows the values of Yo ob- 
tained from these t ransients  as a function of the for- 
mat ion potential  for two values of the formation cur-  
rent  density, 3 and 100 ~a/cm~. For each value of the 
formation current  density the plot of Vo vs. forma- 
t ion potential  is linear, and both lines pass through 
the zero of formation potential. At 3 ~a/cm 2 the slope 
of the straight line is 0.0938 with a s tandard deviation 
of 0.0008 and at 100 #a/cm 2 the slope is 0.0865 with a 
s tandard deviation of 0.0013. The difference between 
the slopes is statistically significant. 

The corresponding values of the reciprocal capaci- 
tance, calculated from 1/C = V o / ( i l  �9 o), are shown in 
Fig. 3 for formation current  densities of 3 and 100 
~a/cm 2. This result  shows that the reciprocal capaci- 
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Fig. 2. Dependence of Vo on formation potential. The formation 
current density is 3 ~a/cm 2 for the data represented by the circles 
and 100 #a/cm ~ far the data represented by the squares. 
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Fig. 3. Dependence of the reciprocal capacitance an formation 
potential. The formation current density is 3 #o/cm 2 for the data 
represented by the circles and 100/~a/cm 2 for the data represented 
by the squares. 

tance varies l inear ly  with formation potential,  but  it 
does not show the slight dependence on the oxidation 
current  density reported by others (1). 

A value for io can be calculated for each open-c i r -  
cuit t ransient ;  however, since values of Vo are pro- 
port ional  to the formation potent ial  for a fixed for- 
mat ion current  density, io will  have the same value 
for all t ransients  from the same formation current  
density. For example, at 100 ~a/cm 2 the value of io 
may be found by setting log (100/io) equal to 1/0.0865, 
giving io = 93.5 �9 10 -5 ~a/cm~. Figure  4 shows io 
plotted vs. formation current  density, if, on logari th-  
mic scales for five sets of open-circui t  t ransients  with 
formation current  densities ranging from 3 to 300 
~a/cm 2. (The straight l ine is a least squares fit to 
these points.) F rom this figure, assuming that  the 
relation between log io and log i t is l inear  over this 
range of formation current  densities, one may  wri te  

io = k(is)~ [5] 
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Fig. 4. Dependence of io on the formation current density 
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Fig. 5. Recorder trace of overpotential vs.  charge for on oxidation 
transient in which the current density was switched from 200 to 
40 /~a/cm 2 and then back to 200 p.a/cm 2. 

The values of k and ~ obtained f rom this figure are 
2.7 �9 10 -5 and 0.8, respect ively,  if  both io and if are  
expressed in ~a/cm 2. The  errors  in k and ~ cannot be 
given quant i ta t ive  estimates wi th  any degree of confi- 
dence, but  errors  of 25% would not be surprising. It 
should be noted that  if there  were  no dependence of 
the slope of Vo vs. formation potent ia l  on the forma-  
tion current  density then io would be direct ly pro-  
port ional  to the formation current  density. 

In order to facil i tate the discussion of the difference 
be tween the parameters  found here and those found 
by other  methods (11,12) a t ransient  in which the 
current  density was switched from 200 to 40 ~a/cm 2 
and then back to 200 ~a/cm 2 is shown in Fig. 5. The 
speed of the strip chart  recorder  was slowed by a fac- 
tor of five when  the current  density was switched back 
to 200 ~a/cm 2, producing a plot of potent ial  vs. charge. 
Reference is made to this figure below. 

Discussion 
In general  an exponent ia l  dependence of current  

density on overpotent ia l  can be in te rpre ted  in terms 
of a process controlled by an activation energy using 
the relat ion 

ekT 
i = K ) ~ -  al exp ( - -U/kT)  exp ( fke~/kT)  [6] 

h 

This expression is valid provided ,1, the overpotent ia l  
across the barrier,  is large enough to inhibit  the re -  
verse current  across the barrier.  Here  K is the t rans-  
mission coefficient, ~ the valence of the charge car-  
riers, al the act ivi ty  of carr iers  moving across the  bar -  
r ier  in the forward  direction, U the act ivat ion energy 
at the revers ible  potential,  and f the fraction of the 
overpotent ia l  aiding motion in the forward  direction. 
The other  symbols have their  s tandard meanings. 

The parameter  Vo can be in terpre ted  in terms of 
this  equation using a simple Mot t -Cabrera  model  (13). 
The data plot ted in Fig. 2 show that  Vo is proport ional  
to the formation potential,  Vf. In this model  the over -  
potent ial  appears across a layer  of thickness D, setting 
up an electric field V/D in the layer. The product  of 
this field and the half  jump distance, a, gives the over -  
potent ial  which aids the forward  current,  fin. Thus 

Vo = (kT/~,ea)D [7] 

and is di rect ly  proport ional  to the layer  thickness. 
The exper imenta l  data s trongly support  a model  of 

this type in which the electric field in the layer  con- 
trols the current  density through the layer. The pa-  
ramete r  Vo varies over  a wide range of values, and the 
fit to a l inear proport ional i ty  to formation potent ial  
for fixed formation current  density is quite  good. Data 
taken at different format ion current  densities fall  on 
lines wi th  sl ightly (but significantly) different slopes. 
Since Vo and Q are both proport ional  to the layer  
thickness, dV/dQ is proport ional  to dV/dVo. The dif-  
ference in the slopes in Fig. 2 is essential ly the ex-  
per imenta l  data from which the high-field models 

are deduced in the dV/dQ measurements .  In terms of 
the open-circui t  measurements ,  the high-field model  is 
deduced f rom the f i rs t -order  proport ional i ty  of Vo to 
Vf, and the second order  dependence of the Vo vs. V I 
slope on the  format ion current  density is re la ted to 
the behavior  of the pa ramete r  io. 

The behavior  of the paramete r  io cannot be in ter -  
preted in terms of a simple Mot t -Cabrera  mode] since 
this model  assumes that  all of the factors in Eq. [6] 
except  the exponent ia l  factor containing the over-  
potential  are constants. The dependence of io on the 
formation current  density detected exper imenta l ly  can 
be made consistent wi th  Eq. [6] by choosing a more 
complicated model  in which at least one of these fac- 
tors can vary. The Frenke l -defec t  model  (14) used 
to in terpre t  t ransient  Tafel  slopes in theories based on 
dV/dQ data is one such model  in which the act ivi ty  
factor is given an explici t  field dependence.  We do 
not feel that  we can deduce a meaningful  model  to 
account for the io variat ion from present  exper imenta l  
data. In Fig. 4, io is plotted vs. the  formation current  
density, if, both of which parameters  have the same 
dimensions. The data in Fig. 4 could equal ly  have 
been given in terms of the formation field. Had the 
paramete r  io been found exper imenta l ly  to be in- 
dependent  of the formation current  density, the open-  
circuit  parameters  would have  been identical  to the 
parameters  de termined by dV/dQ measurements ,  and 
the dV/dQ data would have predicted t ransient  Tafel  
slopes. 

The data in Fig. 3 show that  the reciprocal  of the 
capacitance which is discharged through the layer  
during an open-circui t  t ransient  is proport ional  to the 
format ion potential  and, therefore,  is proport ional  to 
the layer  thickness. It might  be expected that  the reci-  
procal capacitance data would show the same de- 
pendence on the formation current  density that  is 
shown by Vo, a result  which has been obtained by 
other  workers  (1). One explanat ion of the lack of 
dependence on formation current  density found here  
is that  the paramete r  ~ f rom which the reciprocal  ca- 
pacitance is calculated is far  less sensitive to the fit- 
t ing process than is Vo. This explanat ion must  be re-  
jected on the basis of the exper imenta l  evidence in 
Fig. 3, which shows very  l i t t le scatter in the reciprocal  
capacitance data. The explanat ion we propose for this 
behavior  is based on data obtained in our laboratory 
(16) on the effect of the electric field in the layer  on 
the low-f requency  dielectric constant and the re-  
f ract ive index of the layer. It  was found that  at fixed 
layer  thickness the reciprocal  capacitance of the layer  
decreased appreciably when the current  density 
through the layer  was lowered, and it exhibi ted an 
overshoot of similar  durat ion to the potential  over-  
shoot. The data obtained by other  workers  which de- 
tected the dependence of the slope of the reciprocal 
capacitance vs. formation potent ial  on current  density 
were  taken with  the format ion current  disconnected. 
We suggest that  the reciprocal  capacitance plotted in 
Fig. 3 is the reciprocal  capacitance with  the  formation 
current  flowing and that  1/C retains its init ial  value 
over  the init ial  portion of an open-circui t  transient,  
as does io. Our data on the field dependence of the 
dielectric constant predicts that  this reciprocal  ca- 
pacitance should show very  l i t t le  dependence on the 
format ion current  density. 

The equation usually used to describe the s teady- 
state (constant growth rate) current  density through 
the oxide layer  during the anodic oxidation of tan-  
ta lum is 

i ---- A exp (BE) [8] 

where  E is the electric field in the layer and A and B 
are constants wi th  the values 0.5 �9 10 -12 ~a/cm 2 and 
5 �9 10 - 6  c m / v ,  respectively.  The t ransient  presented 
in Fig. 5 can be used to i l lustrate the way in which 
the parameter  A can be determined.  The slope of 
the curve  in Fig. 5 is about 5% lower  at a formation 
current  density of 40 #a /cm 2 than it is at 200 ~a/cm 2. 
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Since d V / d Q  is proport ional  to E, and E is in turn 
proport ional  to log ( i / A ) ,  log ( i / A )  must  also change 
by 5% when  the format ion current  density is switched 
between these two values, implying that  A ~ 2 �9 10 -12 
~a/cm 2. This est imate agrees reasonably well  wi th  the 
accepted value given above. 

The s teady-state  equation (Eq. [8]) can also be 
obtained from the open-circui t  t ransient  data as a 
special case of Eq. [1]. In the steady state, Eq. [5] 
can be substi tuted into Eq. [1], giving 

i s = k (~f)~ exp (Vf /Vo)  
o r  

if = (k)1/r 1-~) exp (Vs/(1 -- a)Vo) [9] 

For the parameters  in Eq. [9] to have the same values 
as the parameters  in Eq. [8], a must  have a value  of 
0.63. This value falls wi thin  our est imate of the er ror  
in ~. (This error  est imate takes into account the fact 
that  Vo is determined from the slope of V vs. log 
( t+o) ,  io f rom the slope of Vo vs. Vf, and a from a 
third successive slope, the slope of log io vs. log if.) 

The parameter  a can be est imated much more accu- 
ra te ly  wi th  the aid of Fig. 5 by extrapolat ing the 
l inear port ion of the potential  t ransient  at 200 ~a/cm 2 
back to the point where  the current  density was 
switched from 40 ~,a/cm% The potential  at this point 
is found to be 12.9v. Thus when the current  was 
switched the change in the formation potential  (ig- 
noring the potential  overshoot) was from 12.2v to 
12.9v. Using 

V = Vo log (i/io) = Vo log ( i / k  (i)~) 
one obtains 

~V = Vo ( 1 - - ~ ) ~  log (i) ----Vo ( 1 -  ~) log (i2/il) 
With il = 40 ~a/cm 2, i2 ~--- 200 ~a/cm 2, Vo ~ 1.1v (at 
V = 12.2v), and hV = 0.70V (from Fig. 5) one finds 
that  ~ = 0.61, which is consistent with the va lue  of 
0.63 necessary for the numerical  comparison of Eq. 
[8] and [9]. 

We have  stated that  io is a function of the format ion 
current  density, but  so far  the only s ta tement  we have 
made about the manner  in which io changes when the 
formation current  density is changed is that  io changes 
very  l i t t le during the initial port ion of an open-c i r -  
cuit transient. We would now like to outline briefly 
one way in which potent ial  overshoot may be t reated 
using the parameters  der ived from open-circui t  t ran-  
sients. 

The general equation used to relate the total cur- 
rent in the circuit to the currents charging the layer 
capacitance and flowing through the layer was given 
in Eq. [2]. The differential equation describing this 
type of galvanostatic transient can be obtained in 
much the same manner as Eq. [3] was obtained, with 
the exception that here V, C, io, and Vo are all func- 
tions of time. The time dependence of Vo can be taken 
care of quite simply by setting Vo proportional to Q. 
The capacitance may be considered a constant because 
the  capacit ive t e rm is only impor tant  when d V / d Q  
is large. Therefore  it is only necessary to specify the 
t ime dependence of io in order  to solve the differential  
equation. One such t ime dependence is a re laxat ion 
t ime approximat ion for the change in io when the 
formation current  density is changed from if,~ to if, s 

io = io,f + (io,i --  to,f) exp ( - - t / z )  [10] 

where  T is a re laxat ion time. Since the exper imenta l  
evidence shows that  the overshoot involves an ap- 
p rox imate ly  constant amount  of charge, the re laxat ion 
t ime can be made inversely  proport ional  to the cur-  
rent  density, the proport ional i ty  constant being the 
only unknown parameter  which must  be fit to exper i -  
menta l  data. The foregoing discussion is in no sense an 
explanat ion of potential  overshoot;  it is mere ly  one 
way  of fitting overshoot transients using the pa ram-  
eters Vo and io determined from open circuit t r an-  
sients. 

The discussion of overshoot  given above predicts a 
long re laxat ion t ime for open-circui t  t ransients  for 

which the only current  flowing through the layer is 
the rapidly decreasing current  which discharges the 
layer capacitance. This predict ion is consistent with 
our assumption based on the fitting of open-circui t  
t ransients  that  io does not change appreciably over  the 
initial portion of an open-circui t  transient.  If an ex-  
tended open-circui t  t ransient  is analyzed, a deviat ion 
from a log (t + ~) fit is found for large values of t. 
The direction of this deviat ion is such as to produce a 
slower decrease of V with t than predicted by log 
(t + 0). This deviat ion is consistent wi th  our predic-  
tion that  any change in io over an open-circui t  t ran-  
sient must be a decrease produced by the decreasing 
current  density through the layer. A deviat ion in the 
other  direction is observed with  poorly prepared sam- 
ples with appreciable leakage currents.  Reclosing the 
circuit  produces a slight overshoot whose magni tude  
increases with the durat ion of the open-circui t  t ran-  
sient. We interpret  this overshoot as the recovery  of 
io to its initial value. A larger  overshoot is observed 
if, instead of opening the circuit, the cur ren t  density 
is lowered by a factor of two for the same length of 
t ime before reapplying the init ial  current  density. 
Greater  potential  changes (and hence field changes) 
are produced during the open-circui t  t ransient  than 
during this transient,  but we in terpre t  the smaller  
overshoot as indicating that  the open-circui t  t ransient  
creates a smaller  per turbat ion  of the system. It is for 
this reason that  we prefer  open-circui t  t ransients  for 
studying the system. We feel that  they come closest 
to determining the t rue field dependence of the cur-  
rent  density, i.e., the  part ial  der ivat ive  of the current  
density with respect  to electric field wi th  all other 
variables  constant. 

If  an equation relat ing current  density to overpo-  
tential, deduced from exper imenta l  data, is considered 
to be no more than a compact way of summariz ing 
the exper imenta l  results, then the exact form of the 
equation is not important.  If, on the other  hand, the 
equat ion is considered to have sufficient general  
val idi ty  to enable it to be compared wi th  a theoret ical  
equation such as Eq. [6] in order to deduce a mode] 
for the conduction process, then the form of the equa-  
tion becomes very  important,  since it is general ly  the 
model  and the deduced values of parameters  and not 
the exper imenta l  data on which they are based which 
are re fer red  to when describing a system. For ex-  
ample, it has been stated that  one of the basic differ- 
ences between the behavior  of the valve  metals  and 
that  of the passive metals  is the vast difference be- 
tween the value of A quoted for the valve  metals and 
the value of io quoted for the passive metals. We have 
shown that  this vast difference between the values 
arises because of different approaches to the data 
analysis. When the two systems are studied using 
open-circui t  transients, their  behavior  is found to be 
quite similar. 

We have stated that  the parameters  obtained from 
open-circui t  t ransients  provide a basis for the com- 
parison of the anodic oxidation of tan ta lum with  that  
of iron in a neut ra l  electrolyte.  It has been previously 
mentioned that  both of these systems show a slight de- 
pendence of d V / d Q  on log i. It is also wel l  known that  
both systems show potential  overshoot when the cur-  
rent  density is abrupt ly  changed. By comparing the 
open-circui t  t ransient  data for iron in a neut ra l  elec- 
t rolyte presented by Ord (4), several  more quant i ta-  
t ive similarit ies become evident.  The potent ia l  decay 
during an open-circui t  t ransient  fits Eq. [4] for both 
systems, implying that  the dependence of overpo-  
tent ial  on current  density may be described by Eq. 
[1] for both systems. Both systems show a l inear de- 
pendence of Vo on Vf at constant formation current  
density. The value of the slope of this line is com- 
parable in the two systems (for tan ta lum it is about 
0.09 while  for iron it is 0.2). Both systems show a 
slight dependence of the slope of Vo vs. Vj  on the 
formation current  density; in both cases the slope in- 
creases with decreasing current  density. Thus the 
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parameter  io will  depend on the current  density in 
roughly the same manner  for both systems. Values 
of io for comparable  formation current  densities are 
7 �9 10 -~ ~a/cm 2 for tan ta lum and 5 �9 10-3 ~a/cm 2 for 
iron [this la t ter  number  was calculated f rom data pre-  
sented in ref. (4) ]. 

Because of the many  similarit ies between iron and 
tan ta lum it is our opinion that  many general  features 
of the anodic oxidation process may be independent  
of the meta l  involved,  even when the metals  are as 
dissimilar as iron and tantalum. Therefore  we bel ieve 
that  any theory devised to apply to one of these sys- 
tems should be equal ly  applicable to the other. For 
this reason we feel that  theories of the passivity of 
iron which place the entire overpotent ia l  across the 
electrical  double layer  are not tenable. Likewise, any 
theory  of the anodic oxidation of tan ta lum should be 
applicable to a film only 10A thick. 
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Effects of Oxidizable Anion Adsorption 
on the Anodic Behavior of Platinum 

Sigmund Schuldiner* 
Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

The re tardat ion of the hydrogen oxidation reaction which commences at 
about 0.7v (NHE) in sulfuric acid solution can be modified by the presence 
of formate  ions. Steady-state ,  potentiostatic measurements  were  made in 
formic acid and formic acid plus sulfuric acid solutions both in the pres-  
ence and absence of hydrogen. The work  showed that  at potentials under  
1.5v passivity was due to adsorbed anions ra ther  than adsorbed oxygen 
atoms, Pt oxides, or free radicals formed by the oxidation of water.  Pure  
formic acid solutions were  not passivated below 1.5v; however ,  formate ion 
did re tard  hydrogen oxidation, but  not as s trongly as does sulfate ion. The 
oxidation of formic acid in solutions containing sulfuric acid was affected 
by adsorption of both sulfate and formate ions. The re tardat ion of the net  
oxidation of hydrogen and formic acid in formic acid-sulfuric  acid mixtures  
was less than that  of hydrogen in sulfuric acid. In the presence of de rma-  
sorbed oxygen, both formate  and sulfate ions strongly re tard  the oxidation 
of added species. The effect of potential  on react ion ra te  appears to depend 
on the part icular  organic species adsorbed and may reflect the potent ial  of 
zero charge. 

Several  recent  papers (1-3) from this Laboratory  
have indicated that  under  steady-state,  potentiostatic 
conditions, the retardat ion of the hydrogen oxidation 
reaction at potentials more anodic than 0.Tv may be 
caused by anion adsorption ra ther  than adsorbed oxy-  
gen atoms, oxides, or oxygen containing radicals. The 
possibility of this passivation being due to adsorbed 
oxygen atoms, oxides, or oxygen-conta in ing free radi -  
cals was shown to be improbable because of the very  
rapid reaction of such oxygen species with hydrogen. 

To provide fur ther  evidence to support  the author 's  
opinions concerning anion adsorption, exper iments  
were  designed to determine  the effects of reactable 
(oxidizable) anions. Such oxidizable anions should 
compete with inert  anions adsorbed at anodic poten-  
tials and may  affect react ion rates. In addition the total  
replacement  of an inert  anion with  a readi ly  oxidizable 
anion should el iminate  or appreciably reduce passiva-  
tion due to anion adsorption. 

It was felt  that  an ideal oxidizable anion for this 
work  would be formate  ion. This is the simplest type 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

of organic anion. It should be easily adsorbed at 
posit ive potentials and is fa i r ly  easily oxidized. For-  
mate  ions and formic acid could be dissociated on a Pt  
electrode and neutra l  products such as atomic hy-  
drogen, carbon monoxide, and carbon dioxide, could 
be formed. However ,  if  formate  ion can adsorb on the 
surface (or h ighly  polarizable formic acid, f ree radicals 
or similar species), competi t ion with  inert  anions are 
possible and information concerning the effects of such 
adsorbed species 1 on the ra te  of anodic reactions would 
be available. 

Experimental 
The exper imenta l  high-puri ty ,  gas- t ight  setup and 

conditions were  the same as previously  used (1, 4). The 
solutions were  1M formic acid, and 0.1M and 1M formic 
acid in 1M sulfuric acid solution. Each solution was 
invest igated under  both hel ium and hydrogen 
saturated conditions (atmospheric pressure) .  The for-  
mic acid was reagent  grade. An initial run through the 

1 No a t t e m p t  w a s  m a d e  in  th i s  w o r k  to d e t e r m i n e  t h e  a c t u a l  o r -  
g a n i c  spec i e s  w h i c h  w e r e  a d s o r b e d  o r  o x i d i z e d  a n d  t h e  t e r m s  
f o r m i c  a c i d  a n d  f o r m a t e  ion  a r e  n o t  u s e d  in  a s t r i c t  s ense .  
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potential  range up to 2v was made before data were 
recorded. The concentrations of formic acid given are 
the ini t ial  values; losses m concentrat ion due to elec- 
trochemical reaction, decomposition, and vaporization 
dur ing each exper iment  did occur. Titrations of acid 
content  after te rminat ion  of a run  (some lasted for 
over a month)  showed decreases in the order of 25- 
40% of formic acid. However, changes in the poten- 
tiostatic current  density vs. voltage relations were not 
appreciable dur ing a series of runs.  In several cases, 
formic acid was added dur ing a run  to approximately 
approach the ini t ia l  concentration. This made li t t le 
difference. 

It should be emphasized that  this work was designed 
to determine the steady-state potentiostatic behavior of 
formic acid oxidation and oxidation of hydrogen and 
formic acid mixtures  with especial interest  in the in-  
fluence of the formic acid (or a derivat ive)  on the pas- 
sive behavior of p la t inum in the potential  region 
above 0.7v (NHE). No at tempt was made to correct for 
IR losses in the low conductivity,  pure formic acid 
solutions, to conduct a mechanistic or kinetic study 
which involved the various by-products  of formic acid, 
or, indeed, to determine what  the reaction steps or 
products were. The goal was the effects of formate ion 
adsorption (or other oxidizable by-products) ,  in par-  
t icular the effects of such species on the adsorption of 
an iner t  anion (sulfate ion) and on the reactabil i ty of 
oxidizable species on a Pt  anode. 

The two bright  Pt  bead (99.99%) working electrodes 
used were about 0.5 cm 2 in t rue area (5) and the tem- 
perature was 25 ~ __+ 2~ The gas flow into the cell 
was about 40 m l / m i n  unt i l  a s teady-state current  
density was reached. The time necessary to at ta in  this 
steady-state current  density varied from a few minutes  
to more than a day, depending on both the set potential  
and the previous sequence of potentials. The gas flow 
rate was then increased to well  over 1000 ml /min ,  and 
the constant  current  density was recorded. Potent io-  
static control was accomplished with a Pt  wire ref- 
erence electrode for one series of runs  and with a Pd 
wire reference in a side arm for another  series. The 
presence of a Pd wire made no apparent  difference in 
the potentiostatic measurements.  When hydrogen 
flowed either a Pt/H2 reference electrode or a minia ture  
glass electrode was used to monitor the potential. The 
results were the same in either case. In  hel ium 
saturated solution the potential  moni tor ing reference 
was always a minia ture  glass electrode. All potentials 
are referred to the normal  hydrogen electrode (NHE) 
with the exception of the data in pure formic acid 
solutions (Fig. 2 and 3) where the reference electrode 
is the hydrogen electrode, same solution (HESS), To 
change the scale for these formic acid solutions to NHE 
would require  a reduction of the HESS values by about 
0.1v. 

Cyclic current  fluctuations usual ly  ranging from 
about 10 to 20% were observed in the potential  region 
between 0.3 and lv  and on the decreasing potential  
sequence from 1.3 to 0.9v. Values shown in the figures 
are average values. The scatter of points was essen- 
thally the same as found for pure hydrogen [Fig. 1, ref. 
(1) ]. At least three increasing and decreasing potential  
sequences were determined and wherever  critical 
changes occurred, many  addit ional checks were run. 
Figure 1 demonstrates the current  density vs. t ime 
relat ion typically found when the potential  was 
changed in regions where slow changes occurred. 

Resul ts  a n d  Discuss ion  
Figures 2 and 3 show the potentiostatic current  den-  

sity vs. potential  relations obtained in 1M formic acid 
both in he l ium-  and hydrogen-s t i r red  solution. Figure 
2 is for the increasing potential  sequence, whereas Fig. 
3 is for the decreasing potential  sequence. The broken 
line in Fig. 2-7 is either the increasing or decreasing 
potential  sequence for the oxidation of water  in 
he l ium-sa tura ted  1M sulfuric acid solution (4) and the 
dotted l ine in each figure is either the increasing or 

decreasing potential  sequence for the oxidation of 
hydrogen (1) in 1M H2SO4. 

The 1M HCOOH curve in Fig. 2 shows that  although 
the rate of oxidation of formic acid is much slower 
than hydrogen oxidation there is no passivation of the 
Pt  electrode to the formic acid oxidation below lv. 
Indeed, the rate of oxidation of formic acid increases 
with potential  or remains constant in several potential  
regions unt i l  a potential  of 1.6v (HESS) or about 1.5v 
(NHE) is reached. From about 1.0 to 1.8v the rate of 
formic acid oxidation is about one order of magni tude 
faster than  the rate of hydrogen oxidation in sulfuric 
acid solution. 

The mix ture  of Iormic acid and hydrogen, as i l lus- 
t rated in Fig. 2, shows a great increase in the rate of 
oxidation at potentials below 1.0v. This shows that the 
pr imary reaction in this region is the oxidation of 
hydrogen. The formic acid under  these potential  con- 
ditions retards the hydrogen oxidation reaction. There 
is a re tardat ion of the oxidation reaction at about 0.8 to 
1.2% but it is not as sharp as for pure hydrogen in  
sulfuric acid solution. At potentials more noble than  
1.2v, the rate of oxidation of the formic acid-hydrogen 
mixture  is essentially the same as for formic acid 
alone. 

The data in Fig. 2 clearly show that passivation of 
p la t inum for formic acid oxidation does not occur 
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below 1.6v. Hence the formation of either oxides or 
adsorbed oxygen atoms which passivate the electrode 
is not possible. In  the case of the formic acid-hydrogen 
mixture, formate ion most l i ke ly  is being adsorbed, 
which in fact retards the hydrogen oxidat ion reaction, 
even though the formate ion itself can be oxidized but 
at a much slower rate. Determinations of the over-al l  
rate of oxidat ion of a monolayer of Pt-O,d w i th  formic 
acid gave reaction rates of about 5 x 10 -4 amp/cm 2. 
Thus the rate of reaction of adsorbed oxygen atoms 
w i th  formic acid is we l l  over two to three orders of 
magnitude faster than the oxidation of water in  the 
potential range from 0.7 to 1.6v. Hence, signLA_cant 
amounts of oxygen cannot remain on the surface 
beIow 1.6v. 

Data for the decreasing potential sequence, F~I. 3, 
clearly show that, f rom 1.7 to 0.9v, the behavior of 
formic acid, formic acid + hydrogen, and hydrogen in 
sulfuric acid solution is v i r tua l ly  identical. Evidently,  
the formation of dermasorbed oxygen decreases the 
catalytic activity of the p la t inum so much that  the 
rate �9 of oxidation of formic acid is identical  to that  of 
hydrogen in the presence of sulfate ion. However, the 
rate of water  oxidation under  similar  potential  condi-  
tions is still significantly slower. It should be men-  
t ioned that  the  presence of dermasorbed oxygen also 
considerably reduces the reaction rate of adsorbed 
oxygen with oxidizable species such as hydrogen (6). 
However, it is doubtful  that  adsorbed oxygen is an  
impor tant  factor under  these conditions. This is be-  
cause the reduced reaction rate between adsorbed 
oxygen and hydrogen or formic acid would still be well  
above the rate of water  oxidation. 

Potentiostatic polarization cur~es (increasing poten- 
t ial  sequence) for a mixture  of formic acid and sulfuric 
acid at two nomina l  concentrat ions of formic acid 
(0.1 and 1M) are shown in Fig. 4. Here again, even 
though, at lower potentials, the rate of oxidation of 
formic acid is considerably slower than that  of hydro-  
gen; no passivation occurs at 0.7v. Passivi ty is evident  
at about  1.6v only. Fur thermore,  in the potential  range 
between 1.2 and 1.6v, the rate of oxidation of formic 
acid is greater  than  that  of hydrogen. At potentials 
above 1.7v, where the principle reaction is the oxida- 
t ion of water  to oxygen, formate ions slightly increase 
the net  oxidation current .  

For  the potent ial  decreasing sequence shown in Fig. 
5, in  the potent ial  range from 1.7 to 0.9v the rate of 
the oxidation of formic acid mixed with sulfuric acid is 
well  below that  of either formic acid, formic acid + 
hydrogen, or hydrogen in sulfuric acid solution (Fig. 
3). This shows that  sulfate ion adsorption on the Pt  
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electrode containing dermasorbed oxygen retards the 
formic acid oxidation considerably more than  the 
hydrogen oxidation. Thus under  similar  conditions of 
sulfate ion plus dermasorbed oxygen, hydrogen is more 
readi ly oxidized than  is formic acid. This indicates that  
even though formate ions may  be present, the bulk of 
the coverage of the electrode is with sulfate ions and 
that  under  similar surface conditions and at high posi- 
tive potentials the electrostatic at t ract ion of formate 
ions does not have as great a bear ing  on the rate  of 
oxidation as does the presence of a neut ra l  but  more 
easily oxidizable species such as hydrogen. This is in 
contrast  with the case of the increasing potential  
sequence (Fig. 4) where  formate ions do effectively 
compete with sulfate ions. The difference is most likely 
due to the reduct ion in  catalytic activity owing to 
dermasorbed oxygen. The dermasorbed oxygen affects 
the rate of formic acid oxidation much more than  that  
of hydrogen. 

The data shown in Fig. 6 and 7 show the potentio- 
static behavior  in formic acid + sulfuric acid in the 
presence of hydrogen for the increasing and decreasing 
potential  sequence, respectively. Figure  6 shows that in 
the active low potent ial  range,  high concentrat ions 
(1M) of formic acid in the presence of sulfate ion 
re tard  the hydrogen oxidation rate considerably more 
than  in the absence of sulfuric acid (Fig. 2). At low 
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concentrat ions of formic acid (0.1M), however,  oxida- 
t ion of hydrogen is affected only moderately.  

In the potential  range from 0.7 to 1.6v, passivation 
does occur as in  the case of pure hydrogen; however, 
the presence of formic acid has a moderat ing effect 
and significantly increases the rate of the net  oxida- 
t ion reaction. This is believed to be due to the competi-  
t ive adsorption of formate ions which can be oxidized 
and can contr ibute  to the net anodic current .  Figure  7 
again shows that  the presence of formic acid consider- 
ably retards the hydrogen oxidation reaction when 
dermasorbed oxygen is present. In  the low current  
densi ty regions shown in both Fig. 5 and 7, water  
oxidation may contr ibute  significantly to the n e t  cur-  
ren t  density. 

Investigations of formic acid oxidation [see Conway 
(7) and Piersma and Gileadi (8) for reviews] offer 
only a l imited amount  of informat ion on the steady- 
state, potentiostatic oxidation of formic acid at poten-  
tials positive to 0.gv. Gilroy and Conway (9) refer to 
data from Conway's laboratory which indicate a pas- 
sivation of formate ion oxidation in aqueous solution at 
about lv. They a t t r ibute  this passivation to the 
presence of a passivating "oxide." For pure  formic acid- 
potassium formate solutions, Conway, et al. (10) in-  

dicated passivation by the formation of intermediates.  
The results reported here (Fig. 2) indicate no passiva- 
t ion in  aqueous formic acid solution up to 1.6v. The 
data obtained in this investigation verify previous 
findings (1-3) that  passivation in the vicini ty of 0.7v is 
due to sulfate ion adsorption ra ther  than the formation 
of adsorbed oxygen, an oxide, or other oxidation 
products of water. Water  oxidation is too slow below 
1.6v, and the oxidation products of water  on a Pt  sur-  
face react so rapidly with oxidizable species in solution 
that  the possibility of the bu i ld -up  of a passive layer 
by such oxygen species is most unlikely.  Only at high 
noble potentials is the combined effects of anion ad- 
sorption and sorbed oxygen adequate to retard the 
oxidation of hydrogen and formic acid effectively. 
At sufficiently noble potentials the  rate of water  oxida- 
t ion exceeds the  rate of hydrogen and /or  formic acid 
oxidation. 

The data can therefore be reasonably explained by 
a t t r ibut ing  passivity to anion adsorption. As shown in 
Fig. 2, formate ion can cause passivation of the hydro-  
gen oxidation reaction, but  the re tardat ion of reaction 
rate is much less than for inert  sulfate ions. Since 
formic acid is more difficult to oxidize than hydrogen 
it would tend  to increase the re tardat ion if oxygen 
passivated the Pt  electrode, but  the reverse is obtained. 

One may argue that  some formate ion attracted to 
the positive surface in the passive region may  cause a 
part ial  breakdown of a passive oxygen layer  and, 
thereby, increase the rate of oxidation. However, this 
is not  borne out by the behavior  observed in  the de- 
creasing potential  sequence curves (Fig. 3, 5, and 7). 
Figure  3 shows that in the presence of dermasorbed 
oxygen the formate  ion retards the rate of hydrogen 
oxidation just  as much as does sulfate ion. The data in 
Fig. 5 and 7 show that  in the presence of dermasorbed 
oxygen and both sulfate and formate ions, the rate of 
oxidation of hydrogen is less than in the presence of 
only sulfate or formate ion (Fig. 3). Figure  2 clearly 
shows that, even though formate ion does not passivate 
its own oxidation below 1.6v, it passivates hydrogen 
oxidation at 0.8v. In  addition, a breakdown in passivity 
due to formate ion adsorption assumes a complete 
oxygen coverage of the Pt  surface at potentials in the 
vicini ty of 0.Tv. Data previously given (2) show that  
such a complete oxygen film is not obtained. The 
1M HCOOH + 1M H2SO4 curve in Fig. 4 shows that  a 
l imit ing current  density is reached at 0.5v and passiva- 
t ion does not occur unt i l  1.5v. Contrast ing this with the 
results for 1M HCOOH shown in F~g. 2, the init ial  
l imit ing current  density occurs at 0.Sv. These results  
show that  sulfate ions do play an impor tant  role in the 
oxidation of formic acid. 

One may speculate on the potential  of zero charge 
(pzc) and the region in which adsorption of formic 
acid species are at a min imum.  This effect is best seen 
in Fig. 6 in the 0.1M HCOOH + 1M H2SO4 + H2 curve. 
These data show a current  densi ty max imum between 
0.6 and 0.8v. Below 0.6v the rate of hydrogen oxidation 
is moderately retarded by formic acid, but  in the po- 
tent ia l  range from 0.6 to 0.Sv a current  density of 
2 x 10 -3 amp/cm 2 is reached. This is exactly the 
m a x i m u m  current  density found for pure hydrogen 
oxidation in high pur i ty  sulfuric acid solution (1). This 
may indicate that  the potential  of zero charge is in the 
vicini ty of 0.6o0.8v because at the pzc the adsorption 
of a highly polarizable species, such as formic acid or 
of formate ion, should be at a min imum.  The max imum 
cur ren t  densi ty  of 2 x 10 -3 amp/cm s does not decrease 
unt i l  a potential  of 0.8v. Contrast  this to the 1M 
HsSO4 + H2 curve which starts decreasing at 0.7v. 
This also shows that formate ion does compete with 
sulfate ion in the passivation of the Pt  surface. 

Conclus ions 

This work verifies that, at potentials negat ive  to 
1.5v, passivation of a Pt  electrode to the oxidation of 
hydrogen is not due to the adsorption of species from 
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the oxidation of water  or to the formation of Pt  oxides. 
Such passivity is caused by anion adsorption. 

If the oxidizable mater ial  exists as an adsorbable 
anion, which can oxidize faster than water, then no 
passivation will  occur. If a species is present  which is 
oxidized more rapidly than the adsorbable anion, then 
the oxidation of that  species will  be retarded when the 
potential  is noble enough to significantly adsorb such 
anions. 

In  the presence of dermasorbed oxygen, passivation 
in a combinat ion of sulfuric and formic acids is much 
more pronounced than  in the presence of either acid 
alone. The oxidation reaction rates may give a clue 
as to the potential  of zero charge in the presence of an 
organic species which is both easily polarized and 
ionized. 

Manuscript  submit ted March 22, 1968; revised m a n -  
uscript received Jan. 13, 1969. 

Any  discussion of this paper appears in the Dis- 
cussion Section of this issue, p. 824. Addit ional  dis- 

cussion will  be published in the December 1969 JOUR- 
NAL. 
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T. H. Etsell and S. N. Flengas* 

Department o~ Metallurgy and Materials Science, University of Toronto, Toronto, Ontario, Canada 

ABSTRACT 

Electrical conductivi ty measurements  have been made in the La203-CaO 
system as a function of composition, temperature ,  and oxygen pressure. At 
1600~ La203 can dissolve about 16 m/o  CaO which leads to the creation of 
anion vacancies. These defect solid solutions behave as oxygen anion con- 
ductors below an oxygen pressure of l0 -7 atm. Above this pressure, the ap-  
pearance of p- type  conductivity,  proport ional  to Po2 TM, produces a region of 
mixed conduction. No evidence of n - type  conduct ivi ty  was observed. Even 
La203 exhibits p redominant ly  ionic conduction at in termediate  oxygen pres-  
sures. Several  t ranspor t  numbers  were verified by emf measurements .  The 
results of this invest igat ion are compared with those obtained previously 
for other oxide electrolyte systems. 

For certain subst i tu t ional  solid solutions of oxides 
having cations of different valences, the condition of 
electrical neu t ra l i ty  requires the appearance of oxy- 
gen anion vacancies. With in  specified ranges of t em-  
perature  and oxygen pressure, such systems exhibit  
exclusively ionic conduction arising from the motion 
of oxygen anions through lattice vacancies. However,  
outside these ranges, the solid solutions cease to func-  
t ion satisfactorily as electrolytes due to the appear-  
ance of either p- or n - type  conductivity.  

Most of the previous studies of the electrical con- 
ductivities of these electrolytes have dealt with mix-  
tures of various di- and t r iva lent  metal  oxides (MgO, 
CaO, SrO, Sc203, Y2Os, and the rare  earth oxides) 
with the group IV oxides ZrO2 (1-9), ThO2 (10-17), 
HfO2 (5, 18, 19), and CeO2 (20, 21). For  solid solutions 
based on t r iva lent  metal  oxides, only a l imited n u m -  
ber of measurements  have been reported (22-24), and 
the potent ia l i ty  of such systems as solid electrolytes 
cannot be properly evaluated. Par t icular ly ,  for the 
La203-CaO system, results have been given (23) for 
only two oxygen pressures. 

In  the present  investigation, the electrical properties 
of La203-CaO solid solutions containing from 0 to 50 
m/o  (mole per  cent) CaO have been measured over 
the tempera ture  in terva l  400~176 under  oxygen 
pressures varying  between 1 and 10 -21 a tm at 1000~ 
Care was taken  to ensure  that  equi l ibr ium was 

* E lec t rochemica l  Society Act ive  M ember .  

achieved dur ing  the preparat ion of the specimens 
since several authors (25, 26) have denied any  sig- 
nificant solubil i ty of CaO in  La203, al though Foex 
(27) determined that  16 m/o  CaO could be dissolved 
dur ing  fusion in a solar furnace. 

Normally,  La203 has the hexagonal  A- type  rare 
earth oxide structure.  The cubic C-type can only be 
prepared by decomposing l a n t h a n u m  compounds be-  
low 550~ (28-30). Other forms may be stable above 
2040~ (31), al though these phases could not  be re-  
tained by rapid quenching to room temperature.  In 
A- type  La203, each cation is seven-coordinated with 
six of the oxygen anions in an octahedral  a r rangement  
which is distorted to accommodate the seventh. The 
cations have four oxygen neighbors at 2.42A and 
three at 2.69A (32). Both four-  and five-coordinated 
oxygen anions exist in the lattice. 

During the formation of solid solutions in  the 
La203-CaO system, subst i tut ion of La 3+ ions with 
Ca 2+ ions on the cation sublattice will  cause the for- 
mat ion  of either anion vacancies or cation interstit ials.  
For  the anion vacancy model, the fraction of vacant  
oxygen sites Xv o wil l  be given by 

X2 
Xv o = [1] 

6Xl + 3X2 

where Xl and x2 are the mole fractions of La208 and 
CaO, respectively. Even for small  additions of CaO, 
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the composit ion-controlled vacancy concentrat ion will 
far exceed that arising from thermal  disorder. In  a 
system of this kind, the ionic conductivi ty ai may be 
expressed as 

ai = [V'o]2eu [2] 

where [ V o ]  is the charge carrier concentrat ion in 
vacancies per cubic centimeter,  2e is the charge in 
coulombs, and u is the mobil i ty  in square cen t imete r /  
volt-second. Therefore, there will be a large increase 
in the ionic conductivi ty accompanying the addit ion 
of CaO to La203 which could result  in an oxygen 
pressure region of almost exclusively ionic conduction. 

According to the theory of Kiukkola and Wagner  
(33), at high oxygen pressures some of the anion 
vacancies may  dissolve gaseous oxygen according to 
the reaction 

�89 " t -  V ' o  = Oo + 2h" [3] 

where V 'o  is a doubly ionized oxygen vacancy, Oo is 

an oxygen anion on a normal  lattice site, and h" is an 
electron hole. Assuming that  the concentrat ion of 
electron holes p is low, the equi l ibr ium constant  for 
this reaction may be wri t ten  as 

p2 
K = [4] 

Po21/2 [V"o] 

Since [V"o] is large and essentially unaffected by 
Eq. [3], the p- type  conductivi ty ap will  be propor-  
t ional to Po2 I/4. Similarly,  at low oxygen pressures, 
oxygen wil l  be lost from the lattice via the reaction 

Oo = ~ O2(g) + V"o ~ 2e' [5] 

where  e' is an excess electron. The resul t ing n - type  
conductivi ty an wil l  va ry  as Poe -1/4 providing that  the 
excess electrons do not mutua l ly  interact.  Equat ion [2] 
indicates that  the ionic conductivi ty should be inde-  
pendent  of oxygen pressure. Hence, the oxygen pres-  
sure dependence of the electrical conductivi ty should 
describe the type of charge carriers present  in  these 
oxide systems. 

Experimental  
The oxide mixtures  were prepared by an oxalate 

coprecipitation method, which was found superior to 
both evaporation of ni t ra te  solutions and direct mix-  
ing of the const i tuent  oxides. Initially,  appropriate  
amounts  of 99.99% La203 and 99.95% CaCOs, whose 
analyses are given in Table I, were dissolved in a 
slight excess of ni tr ic  acid. Pr ior  to this, the "La203" 
had been heated to 1000~ to remove H20 and COe. 
After  neutral izat ion with ammonium hydroxide, pre-  
cipitation was effected by  the rapid addit ion of the 
near-boi l ing  ni t ra te  solution to a boil ing Solution 
containing a 25-40% excess of ammonium oxalate. 
After  filtering immediately,  the oxalates were washed, 
dried at 125~ and decomposed at 950~176 in a 
porcelain crucible. 

Subsequently,  the oxides were reacted in a P t  cru-  
cible held in air for 24 hr  at 1400~176 The caked 
products were ground to obtain --300 mesh particles. 
Next, the light b rown oxide powders were compacted 
at 1O0,000 psi in a tungs ten  carbide die into disks �89 in. 

Table I. Impurities in La203 and CaCO~ 

La20B CaCOG 
Impurity ppm Impurity ppm 

CeO~ 10 SO4= 70 
PrGOn 100 B a  100  

O t h e r  r a r e  e a r t h s  20 S r  200 
Fe 1 M g  <50 

F e  10 
Pb 10 
K <50 
N a  50 

in  diameter  and about ~/s in. thick. Most of these pel-  
lets were sintered in air for 36 hr at 1600~ in a 
p l a t i num-wi re -wound  furnace, while being supported 
by  prefired 1 in. diameter  pellets of a similar  composi- 
tion. Several  were t reated in air for 3 hr at 1900~ 
in a gas-fired furnace or in vacuum (10 -3 Torr) at 
1500~ 

Prior  to conductivi ty measurements,  the faces of 
the samples were platinized by applying a 10 % chloro- 
platinic acid solution which was subsequent ly  decom- 
posed at 600~176 to yield an adherent,  black Pt  
film. They were then t ransferred to the h igh- tempera-  
ture  press shown in Fig. 1. The Inconel  tube (76% 
Ni, 16% Cr, 7% Fe) was 24 in. long with an inside 
diameter  of 1.35 in. With this apparatus,  0.002 in. Pt  
foil electrodes could be pressed against the samples at 
12,000 psi and 1000~ After this operation, the mea-  
sured conductivities became independent  of the ap- 
plied pressure and, indeed, the electrodes could not 
be separated from the ceramic disks. A second method 
of electrode application consisted of pressing --200 
mesh Pt  powder onto the faces of the pellets before 
they were removed from the carbide die. These elec- 
trodes (~0.003 in. thick) adhered extremely well  after 
sintering. Both methods effectively el iminated con- 
tact resistance. The conductivi ty measurements  were 
taken  in either the h igh- tempera ture  press or a 
quartz cell, in which the samples were held between 
an a lumina  rod and the bottom of a quartz tube. 

High oxygen pressures (1-10 -5 atm) were achieved 
using Ar-O2 mixtures  analyzed with either a mass 
spectrograph or an electrochemical oxygen analyzer. 
In termedia te  and low oxygen pressures (10-6-10 - i s  
atm at 1000~ were controlled with CO-CO2 mixtures  
analyzed wi th  a gas chromatograph. In  addition, 
highly reduced conditions (10-IS-10 -21 atm at 1000~ 
were obtained using H2-H20 mixtures.  The appro-  
priate gases were dried with either Mg(C104)2 or 
P205, passed through cal ibrated rotameters,  and mixed 
in a one-l i ter  Pyrex  bulb. All  of the expected oxygen 
pressures were  verified with an oxygen concentrat ion 
cell involving a commercial  ZrO2 + 10 m/o  CaO 
closed-end tube as the electrolyte and at Pt,O2 refer-  
ence electrode. The gases were passed at a total  pres-  
sure of 1 a tm and room tempera ture  l inear  speeds of 
about 0.9 cm/sec. 

The two-probe a-c conductivi ty readings were taken  
at 3000 cps with a conductivi ty bridge equipped with 
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Fig. 1. High-temperature press for electrical measurements 
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a Wagner  ground and a cathode ray oscilloscope and 
having an accuracy of --+0.1% in the range 500-50,000 
ohms. Usually, measurements  were made by holding 
the temperature  constant  unt i l  the entire oxygen 
pressure range had been traversed in both directions. 

Emf measurements  were conducted on the cells 

(--)  Ni,NiO/La2Oa-CaO/Cu,Cu20 ( + )  
and 

(--) Fe, FexO/La2Oa-CaO/Ni,NiO (§  

at 600~176 in the h igh- tempera ture  press shown 
in Fig. 1. The meta l -meta l  oxide electrodes were pre-  
pared by mixing the appropriate powders, pressing 
them at 80,000 psi, and sintering in situ. With this 
arrangement ,  the three pellets could be pressed 
t ightly together in order to minimize any harmful  
effects from the surrounding atmosphere which could 
give rise to mixed potentials (34). After  evacuating 
the system, argon, dried with Mg(C104)2 and P205 
and deoxygenated with Cu turnings  at 500~ and Ti 
pellets at 850~ was admit ted into the cell. Readings 
were taken at increasing and decreasing tempera ture  
using a Radiometer Universal  pH meter  connected to a 
scale expander  which could be read to -+0.1 inv. 

Results and Discussion 
Physical properties.--Unfortunately, LazO3 is very 

hygroscopic due to weak bonding between hexagonal  
layers (27) and insufficiently screened cations (35). 
In  the present  study, x - ray  diffraction analysis indi-  
cated the presence of only hexagonal  La203 with 
a = 3.937A and c = 6.130A. If the oxide was handled 
in air for more than 2-3 hr, lines of La(OH)a  were 
observed. However, the addition of CaO markedly  im-  
proved the stabili ty of La203 towards hydration.  Foex 
(27) reported that the addition of 15 m/o  CaO de- 
creased the hydrat ion speed by about 25 times. 

Room temperature  x - r ay  analysis indicated that 
about 16 m/o  CaO [3.2 w/o  (weight per cent)]  could 
be dissolved in La20~ at 1600~ Sinter ing at 1900~ 
did not affect the solubili ty limit. The lattice param-  
eters of La20~ were almost independent  of the CaO 
content  on account of the limited solubili ty and the 
similari ty of the radii of the cations (rLa3+ ~ 1.14A, 
rca2+ ~ 0.99A). For specimens containing from 17.5 
to 50 m/o  CaO, lines of hexagonal  La203 and CaO 
were observed. Therefore, no compound formation 
occurs in this system, a finding which is substantiated 
by a previous study (36) and predictable from cation 
field-strength considerations (37). The solubili ty l imit 
was verified by gravimetric analyses on samples hav-  
ing more than 16 m/o  CaO since the free l ime could 
be separated from the solid solution phase by prefer-  
ential  dissolution in distilled water. Also, two phases 
could be seen under  a microscope when more than  
20 m/o  CaO was present. 

For temperatures  below 1600~ the solubili ty l imit 
shifts to lower CaO contents. For instance, heating a 
pellet containing 15 m/o  CaO at 1000~176 for 20 
hr resulted in the appearance of free CaO. 

After sintering, the densities of the pellets were 
determined by carefully measur ing their  dimensions. 
All  of the ceramic disks underwent  a l inear  shrinkage 
of 5-7% of their original 1/~ in. diameters. Theoretical 
densities were calculated using the oxygen vacancy 
model for the solid solutions and the measured lattice 
parameters.  Past the solubili ty limit, the theoretical 
densities were determined by accounting for the vol- 
ume fractions of the two phases. These values are 
compared with the measured ones in Fig. 2. The mea-  
sured densities range from 95-100% of theoretical. The 
agreement  between the two sets of data from 10-17.5 
m/o  CaO, combined with an almost complete absence 
of porosity evidenced from observations made with a 
microscope, lends support to the anion vacancy model 
for the solid solutions. Sinter ing at 1900~ did not lead 
to any improvement  in the densities of the pellets. 

Although La203 pellets were white, the solid solu- 
tions were brown and reached a max imum color in-  
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tensi ty at the solubili ty limit. The colors were not as 
intense after s inter ing in vacuum, indicat ing that  color 
centers are created in the crystals when they are 
exposed to high oxygen pressures. In  order to observe 
the microstructure of the pellets, they were etched 
with a hot HF -i- 20% HNO~ solution. Grain  sizes in-  
creased with the CaO content  and were approximately 
2.5-5, 10, and 25~ for samples containing 0-2.5, 5, and 
15 m/o  CaO, respectively. Grains in the order of 2000~ 
resulted from the heat t reatments  at 1900~ The 
pressed Pt  electrodes, adhering to the faces of the 
pellets, were never  observed to penetrate  to a depth 
greater than  25~. 

Electrical conductivity measurements.---All of the 
reported measurements  were taken at 3000 cps. In -  
creasing the frequency from 1000 to 3000 cps caused 
resistance decreases of less than 1% at high oxygen 
pressures and less than 2% at low pressures. Upon 
changing the oxygen pressure, the t ime required to 
at ta in  equi l ibr ium varied from 10-15 rain at 1000 ~ 
1100~ to several hours at 600~176 

To il lustrate the oxygen pressure dependence, four 
conductivi ty isotherms for the La203 + 15 m/o  CaO 
composition are plotted in Fig. 3. The solid lines define 
the oxygen pressure range covered with Ar-Oe and 
CO-CO2 mixtures,  while the dotted lines continue to 
the lowest pressures imposed by the H2-H20 mixtures.  
An analysis of these curves indicates that  the conduc- 
t ivi ty  is solely ionic below 10 -7 atm and, above this 
pressure, mixed p- type and ionic conductivity is 
present. The oxygen pressure dividing the two regions 
is essentially independent  of temperature.  No trace 
of n - type  conductivi ty was detected. 

The effect of the CaO content  on the ionic conduc- 
t ivi ty is shown in Fig. 4. The corresponding vacancy 
concentrations, calculated from Eq. [1], are also given. 
Among nominal ly  identical samples, the conductivi ty 
results were reproducible to about --+10%. The ionic 
conductivi ty increases rapidly up to 3 m/o  CaO and 
is proport ional  to the vacancy concentrat ion,  as pre-  
dicted by Eq.  [2]  for a dilute solution of defects. 
From 3 to 16 m/o  CaO, the conductivi ty increases only 
slightly making any decomposition that  may occur 
dur ing the measurements  difficult to detect. In  the 
two-phase region past 16 m/ o  CaO, the conductivi ty 
decreases very little. However, in samples containing 
30 and 50 m/o  CaO, free CaO only occupies 7 and 
20% of the volume, respectively. The conductivi ty at 
50 m/o  CaO is 25-30% lower than  the ma x i mum value. 
Since the conductivi ty of CaO is only about 10 -6 
o h m s - l c m  -1 at 1000~ (2, 5), a rapid decrease in con- 

l t l 210 215 ,5.9 5 I0 15 50 
MOLE %CaO 

Fig. 2. Measured and theoretical densities in the La203-CaO 
system. 
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ductivity should occur when  the continuity of the 
solid solution phase is destroyed. 

The variation of p- type  conductivity with oxygen 
pressure and composition is presented in Fig. 5 and 6 
for temperatures of 1063 ~ and 895~ The p-type con- 
tribution was determined by assuming that the ionic 
conductivity remained independent of oxygen pres- 
sure above 10 -7  atm. The slopes are in reasonable 
agreement with the value of 0.250 predicted from Eq. 
[4]. Hence, the electron holes produced via Eq. [3] 
are free to conduct and the assumption of doubly ion-  
ized anion vacancies appears to be true. The reaction 

V'o = V"o -t- e' 

wi l l  go to the right at high oxygen  pressures where  
the concentration of excess electrons is low. The 
p-type conductivity  increases as the oxygen vacancy 
concentration increases. If the electron hole mobil i ty  
and the activity coefficient for the anion vacancies are 
independent of the CaO concentration, Eq. [4] pre- 

Po z t~ t ~ ~  -3-0 I atm 0 ~ 5 "  
I0 "z ,' 0.78 
10 .4 . 0.91 
I0 -~ ,, 0.97 I C 
I0 "~ 0.99 extrapoloted 

-3-2 I0 "I~ 0-996 

~< b?.)-(6)~ 0.40 for (I) 

i l ] l l 
-5.4 0 -I -2 -3 - 4  -5 -6 

LOG Po z (atm) 

Fig. 6. P-type conductivity at 895~ os a function of oxygen 
pressure and role CoO. 

dicts that 

~p ~ [V"o]~n 

at a constant oxygen pressure. This relationship, pre- 
v ious ly  discussed by Bauerle (15) and Lasker and 
Rapp (16), was obeyed up to about 5 m / o  CaO. 
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Also given in Fig. 5 and 6 are several ionic t rans-  
port numbers  ti, calculated from the expression ti : 
~i/~ where �9 is the total conductivity. The t ransport  
numbers  at oxygen pressures below 10 -5 atm must  be 
obtained by extrapolat ion of the log cp vs. log Po2 
plots. For compositions from 2.5 to 25 m/o  CaO, the 
electronic contr ibut ion reaches near ly  50% at an oxy- 
gen pressure of 1 atm, while  pressures below 10 - s  
arm are required to reduce it below 1%. The ionic 
t ranspor t  numbers  are somewhat lower for the 1 m/o  
CaO composition, in agreement  with the dilute solution 
model proposed by Lasker and Rapp (16) for ThOe- 
Y203 solid solutions. The t ransport  numbers  are ap-  
proximately  independent  of tempera ture  from 600 ~ 
ll00~ 

The total  conductivi ty of La203 over a much wider  
range of oxygen pressures than previously reported 
(38-42) is shown in Fig. 7 for 1032~ A broad min -  
imum occurs between 10 -9 and 10 -12 arm. The a vs. 
Po21/4 plot in Fig. 8 i l lustrates that this m i n i m u m  is 
essentially ionic conductivity.  The intercept at Po2 I/~ 
---- 0 is in close agreement  with the m i n i m u m  conduc- 
t ivi ty  of 4.5 x 10-5 ohms-1 cm-1 in Fig. 7. Assuming 
that the ionic conductivi ty is independent  of oxygen 
pressure, both ~p and cn may  be determined and are 
also plotted in Fig. 7. Extrapolat ion of these lines 
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indicates that  the smallest electronic contr ibut ion is 
found between 10 -10 and 10 -11 atm. Lower tempera-  
tures shifted the p - n  t ransi t ion point to somewhat 
lower pressures. At this point, the ionic t ranspor t  
number  was calculated to be 0.91 at 1032~ 

Four  p- type  conductivi ty isotherms for La20~ are 
presented in Fig. 9. Similar  to the La203-CaO solid 
solutions, the data appear to be best represented by a 
Po21/4 dependence. The slope at 677~ may be low on 
account of the difficulty experienced in achieving equi-  
l ibr ium with the surrounding atmosphere below 700~ 
Ionic t ranspor t  numbers  are given in Fig. 9 at oxygen 
pressures of 1 and 10 -5 atm. The conduction is almost 
ent i re ly  electronic at 1 atm and the ionic t ransport  
numbers  increase markedly  with decreasing temper-  
ature. 

Regarding the conduction mechanisms in La208, the 
questions remain  as to what  type of lattice defects are 
present  and which ions (La 3+, O =, or impur i ty  ions) 
are t ranspor t ing the ionic current .  The hexagonal  A-  
type s tructure of La203 is closely related to the low- 
temperature,  cubic C-type form which, in turn,  is 
obtained from the fluorite s t ructure by removing 1/4 
of the  anions and slightly rear ranging  the remainder .  
Therefore, anion in t e r s t i t i a l s -migh t  reasonably be 
expected. From Table I, the major  impuri t ies  in the 
La203 used in this investigation were Pr  4+ and Ce 4+ 
cations. Their presence on the cation sublattice could 
also create anion interstitials.  Also, the possibility of 
Schottky defects cannot be ignored. On account of the 
large charges and radii  of the cations, cationic conduc- 
t ivi ty appears unlikely.  Thus, the ionic conduction in 
La203 undoubted ly  resut ted from the migrat ion of 
oxygen anions through either vacancies or interst i t ial  
positions. The intr insic or extrinsic origin of these 
defects cannot be determined from the preceding dis- 
cussion. However, the analysis of Chebotin et al. (43) 
of Rudolph's results (39) for La20~ (1000 ppm im- 
purities) indicates that  the ionic t ransport  number  
is 0.31 at 1000~ and an oxygen pressure of 1 atm. In  
the present s tudy involving purer  La203 (100 ppm 
impuri t ies) ,  the corresponding value is 0.09. This dif- 
ference lends support to the possibility of impur i ty -  
controlled ionic conduction. 

At high oxygen pressures, oxygen may enter  the 
lattice by filling anion vacancies, creating cation va-  
cancies, or occupying interst i t ial  positions. The anion 
vacancy case has been treated in Eq. [4] and [5]. The 
cation vacancy and anion interst i t ial  mechanisms may 
be represented by the reactions 

3/4 O 2 ( g )  = 3/2 Oo + V'"La -]- 3h" [6] 
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and 

1/2 O2cg) = O"i + 2h" [7] 

where V'"La is a triply-ionized cation vacancy and O"i 
is an interstitial oxygen anion. It is eviden~ that, re- 
gardless of which mechanism is assumed, a Po21/4 de- 
pendence for p-type conductivity will always be de- 
rived, providing that only small deviations from 
stoichiometry occur. Since electronic defects are much 
more mobile than ionic defects, this should be true 
near an oxygen pressure region where ti ~ 1. Equa- 
tion [5] describes a possible mechanism which would 
lead to the appearance of n-type conductivity at low 
oxygen pressures. In the present instance, this onset 
may have been aided by the ease of reduction of the 
Pr 4+ and Ce 4+ impurity ions. 

The temperature dependence of the total conduc- 
tivity for both La203 and La203-CaO solid solutions 
is presented in the form of Arrhenius plots in Fig. 10. 
Curves 1, 3, and 4 represent mainly ionic conductivity, 
curve 2 represents mainly p-type conductivity, and 
curve 5 represents approximately equal amounts of 
both types. Arrhenius plots for p-type conductivity are 
given in Fig. 11. For LatO3, the apparent activation 
energy for ionic conduction Qi and for p-type conduc- 
tion Qp are somewhat lower than  the values deter-  
mined by Chebotin et al. (43). Since Qp > Qi, ionic 
t ransport  numbers  increase with decreasing temper-  
ature as shown in Fig. 9. For  the solid solutions, Qp 
Q~ and both are approximately independent  of com- 
position. However, for La203 + 1 m/o  CaO, Qi ~ 17 
kcal/mole.  The apparent  activation energy for p - type  
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Fig. 11. Arrhenius plots of the p-type conductivity at an oxygen 
pressure of I otto. Apparent activation energies are shown. Com- 
positions are in terms of m/o CoO. 

conduction may be related to the enthalpy change of 
Eq. [3]. 

Least squares analyses have been made on the 
equation 

log �9 ---- log A - -  B / T  

where B = Q/2.303R and the results are recorded in 
Table II. Both the conductivities and the apparent  
activation energies were more difficult to reproduce 
for solid solutions rich in CaO than for those dilute 
in CaO. Several  times, the conductivities of samples 
containing more than  10 m/ o  CaO decreased i r re-  
versibly around 1000~ However, two La208 + 2.5 
m/o  CaO samples were cycled over the temperature  
range 600~176 for 3 weeks. During this time, no 
detectable changes in their  Arrhenius  plots were 
observed. 

Emf  measurements . - -Some of the t ranspor t  numbers  
of these electrolytes were determined by emf mea-  
surements.  Results for several runs  are plotted in 
Fig. 12. The solid lines define values recently mea-  
sured with a stabilized zirconia electrolyte (34), a 
purely  ionic conductor. Agreement  to wi th in  +_1 mv 
was obtained with the La2Os-CaO electrolytes. At 
1000~ the Cu-Cu20, Ni-NiO, and Fe-FexO electrodes 
impose oxygen pressures of 10 -6.2, 10 -1~ and 10-14.s 
atm, respectively (34). Verification has, therefore, 
been obtained for the assumption that  the pressure-  
independent  conductivities in Fig. 3 define a region of 
solely ionic conduction. The low value for the Cu/Ni  
cell in Fig. 12 at 1000~ may have resulted from the 
appearance of p- type  conductivi ty in the electrolyte 
because of the relat ively high oxygen pressure asso- 
ciated with the Cu-Cu20 mixture.  The cell 

Table II. Constants for the equation log ~ = log A -  B/T 

R e p r o d u c i -  
Mole  % CaO log  A, S t a n d a r d  d e v i a t i o n ,  b i l i t y  of Q,* T e m p e r a t u r e  

in  La203 C o n d u c t i v i t y  type  o h m s  -1 cm -1 B, ~ o h m s  -1 cm -1 Q, k c a ! / m o l e  k c a l / m o l e  range .  ~ 

0 p - type**  2.613 7,710 •  35,3 -----1.5 700-1100 
0 Ion ic  0.323 6,010 +-0.035 27.5 +---1.5 700-1100 
1 Ion ic  0.654 3,740 +_0.037 17.1 +-0.5 400-1100 
2.5 Ion ic  1.498 4,200 --+0.030 19.2 •  400-1100 

15 Ion ic  1.864 4,440 +-0.027 20.3 --+1.0 400-1100 

* The  d e v i a t i o n  f r o m  the  m e a n  of  the  a p p a r e n t  a c t i v a t i o n  ene rg ie s  fo r  n o m i n a l l y  i d e n t i c a l  samples ,  
* * A t  Po 2 = 1 a tm.  
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w e  also investigated. For an electrolyte exhibi t ing 
mixed conduction, {i = Emeas/Ethermodyn where {~ is 
the average ionic t ransport  number  between the oxy- 
gen potentials defined by the electrodes and Ethermodyn 
is calculated for the case where ti = 1. If the elec- 
trodes do not remain  reversible because of electronic 
conduction in the electrolyte, low values for Emeas 
will  result. Application of this equation to the mea-  
surements  on the above cell gave ti N 0.9 from 800 ~ 
1050~ in  good agreement  with the results in Fig. 7. 

Comparison with other oxide electrolytes.--The 
maximum ionic conductivities reported in several solid 
oxide electrolyte systems are presented in Table III. 
The data have been averaged where more than one 
reference is used. For the ZrO2-based electrolytes, the 
max imum conductivities occur at compositions which 
coincide with the min imum amount  of the additives 
necessary to fully stabilize the cubic phase (1, 3-7). 
Although the conductivi ty of the La203-based elec- 
trolyte is comparable to the other oxide systems, the 
concentrat ion of anionic vacancies is somewhat lower. 
However, the shape of the curves in Fig. 4 indicates 
that the l imited solubili ty of CaO in La2Os has not 
restricted the max imum ionic conductivi ty to any ap- 
preciable extent. 

The La203-based electrolytes can be more easily 
compared to ThO2-based ones since similar vacancy 
concentrat ions can be considered. Although the ionic 
conductivities of La2Os and ThO2 (15, 16) are similar, 
the addition of CaO to La203 causes a much more 
rapid increase in conductivi ty than the addition of 
either Y203 or CaO to ThO2. For instance, the ionic 
conductivi ty of La203 + 1.5 m/o  CaO is one to two 

Table III .  Conductivities of solid oxide electrolytes 

C ompos i t i on ,  m / o  

A n i o n i c  
v a c a n -  

cies, ~i a t  1000~ Qi, k c a l /  
m / o  ohms-1 cm-1 mo le  Re fe rences  

ZrO2 + 13% CaO 6.5 
ZrO2 + 8% Y~Os 3.7 
ZrO2 + 8% SceO3 3.7 
ThO~ + 8% Y2Os 3.7 
HfO~ + 12% CaO 6.0 
HfO~ + 8% YM98 3.7 
La203 + 15% CaO 2.7 

5.2 • 10-2 26.2 3, 4, 6, 9 
11 • 10 -a 17.0 3, 7 
25 • 10 -2 15.2 7 

0.5 • 10 -a 25.4 12, 16 
0.4 X 10 -2 33.0 5 
2.9 x 10 -a 25.8 19 
2.4 x 10-~ 20.3 Th i s  s t u d y  

orders of magni tude  g rea t e r  than it is for ThO2 + 
0.5 m/o  Y203 (12, 15, 16). These two compositions 
have equivalent  vacancy concentrat ions of 0.25 m/o. 
In  addition, the ionic conductivi ty of La203 + 6 m/o  
CaO (1 m/o  vacancies) is about two orders of magni -  
tude higher than  values reported for the Sc203-CaO, 
Y203-CaO, and Sm203-CaO systems at a similar va-  
cancy concentrat ion (24). The oxygen anions are very 
mobile in the hexagonal  A- type  rare earth oxide 
structure of La203. Perhaps, the three large La3+-O = 
interionic distances and the low coordination numbers  
for the anions cause them to be weakly held in their  
lattice positions. Also, there may be relat ively large 
gaps between the cations through which the anions 
can move. 

Nevertheless, in the La2Os-CaO system, the con- 
ductivi ty-composit ion curves shown in Fig. 4 level 
off much more rapidly than  they do in the ThO2-Y203 
(12, 16) or ThO2-CaO (12) systems. Possible reasons 
for this include lattice distortion introduced by the 
Ca 2+ cations, defect interactions between Ca 2+ ca- 
tions and anion vacancies, vacancy clustering, and va-  
cancy ordering, a phenomenon previously found to 
reduce the ionic conductivi ty in the ZrO2-CaO (4, 9, 
44) and ZrO2-Y203 (6) systems. Vacancy ordering 
might occur at relat ively low defect concentrations 
since all the Las+-O = interionic distances are not 
equal and, accordingly, all the oxygen positions are 
not equivalent.  

The marked stabili ty of the La 3 + and Ca 2+ valence 
states could render  La203-CaO electrolytes useful to 
extremely low oxygen pressures. From Eq. [5], ~n 

varies as [V"o] - 1/2Po2-114 at low defect concentrations. 
Combining this expression with the proport ionali ty 

between ~p and [V"o]l/2Po21/4 leads to the result  that, 
at constant temperature,  O-p~ n is constant. For La203 
at 1000~ ~p~n : 7 x 10 -13 ohms -2 cm -2. Providing 
that the mobilities of the electron holes and excess 
electrons do not change appreciably, this product may 
be extended to La203-CaO solutions, dilute in CaO. 
Application of this relat ionship to the La203 -5 5 m/o  
CaO composition means that  ~i ~ Cn (ti = 0.50) at 
Po2 = 10 -35 atm and 1000~ 

Conclusions 
Solid electrolytes, permeable only to oxygen anions 

below an oxygen pressure of 10 - s  atm (ti > 0.99), 
may be formed in the La203-CaO system. The oxalate 
coprecipitation method permits  solid solutions to be 
formed at re la t ively low temperatures.  Although 16 
m/o  CaO will  dissolve in La203 at 1600~ only 2 to 
3 m/o  CaO is required to achieve a high level of ionic 
conductivity. Conditions favoring ionic conduction in 
La203 are low temperatures,  in termediate  oxygen 
pressures, and, perhaps, the presence of impur i ty  ions. 
The electrolytes are extremely resistant  to reduction 
and may be useful for measur ing the thermodynamic  
properties of systems which exert  very low oxygen 
potentials. 
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ABSTRACT 

The electrolytic hydrogen-deuterium separation factor, SD, was studied 
on bright platinum as a function of overpotential in 1.2N HCI-10% D20 at 
25~ SD increased from 4.1 • 0.21 at --50 mv to 6.5 • 0.35 at --400 my, and 
remained virtually constant between --400 mv and --l.2v applied overpoten- 
tial. Results agree with published work with H2SO4 but not HCI as electrolyte. 
Only because there is a plateau in the SD vs. overpotential curve are the 
ohmic potential drop corrections of little significance. The high degree of 
reproducibility in results achieved, namely • is believed to be due to 
(a) effective exclusion of Cl2 (anode gas) from the cathode compartment, 
(b) relatively short (1-60 rain) electrolyses, and (c) removal of the large 
pre-electrolysis cathode from the cell prior to an electrolysis. A leaching- 
distillation process was also employed as the pretreatment, and is shown to 
be as effective as pre-electrolysis. Tafel plots obtained before and after 
electrolysis showed no hysteresis, and are in agreement with recent work 
on copper cathodes, where cathodic saturat ion currents  are observed. 

Many investigators (1-7) have studied the effect 
of cathode materials, current  density, temperature,  and 
the na ture  and concentrat ion of the electrolyte on the 
electrolytic hydrogen-deuter ium separation factor, SD, 1 
usual ly  in an at tempt to dist inguish between different 
mechanisms of the hydrogen evolution reaction. More 
recently,  several workers (8-12) have studied the 
separation factor as a funct ion of the applied electrode 
potential. 

To date, very little agreement  exists between re-  
sults of various workers. Thus, for example, the deu- 
ter ium separation factor for p la t inum in acid solution 
has been reported as low as 2 (14) and as high as 
9 (11) by different workers. Moreover, even invest i -  
gators from the same laboratory have obtained dif- 
ferent  results on the same cathode-electrolyte sys- 
tem (12, 15). Theoretical predictions as to the magni-  
tude of the separation factor are at present  conflicting, 
because of the complexity of the calculations and their  
inherent  assumptions, as Salomon and Conway (16) 
have pointed out. 

The present  work was under taken  in an at tempt  to 
obtain more consistent exper imental  data. Potent io-  
static ra ther  than  galvanostatic control was chosen 
for the work reported here, because it has been shown 
(17, 18) that  the potential  at a solid metal  electrode 
can vary  with t ime under  constant  current  conditions. 
It will  be shown that  we have achieved some measure 
of success in our aim, and that  the dependence of the 
separation factor on overpotential  is not greatly 
altered when the applied overpotential  has been cor- 
rected for ohmic potential  drop in the electrolyte. 

Experimental 
The cell.--The separation factor measurements  were 

made unde r  potentiostatic conditions in a three-com-  
par tment  cell, (see Fig. 1 and 2) whose temperature  
was controlled to 0.1~ by a circulating water  bath. 
Each compar tment  could be isolated by solut ion- 
wetted stopcocks. The reference electrode was con- 
nected to the cathode compar tment  by a Luggin 
capillary. The solution volume of the cathode com- 
par tment  is about 80 ml, and the gas volume about 60 
ml. The gas exit on the cathode compar tment  head was 

K e y  ~vords: hydrogen ,  deu te r ium,  isotope separat ion,  electrolysis,  
water ,  h e a v y  water .  

1 SD is defined as  t h e  H / D  r a t i o  in  the evolved gas d iv ided by t h e  
I-I/D ratio in the electrolyte.  

fitted with a water-cooled condenser for future ex- 
periments  to be carried out at higher temperatures.  
Presaturators  for the argon sweep gas were connected 
to the anode and cathode compar tment  with O-r ing 
joints. Viton O-rings were used for all such joints. 

A leak- t ight  fit of the electrode into the cathode 
holder (Teflon) was achieved with a Teflon plug which 
had a tapered thread and a center hole just  large 
enough to accept the exposed stem of the electrode. 
The cathode holder was designed to fit into a 10 ml 
Pyrex  syringe barrel  (uni form bore) b lown onto the 
cathode compartment  head. A good seal between the 

I-ig. 1. Electrolysis cell; A, anode; C, cathode; R, reference elec- 
trades. 
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Fig. 2. Semischematic diagram of the electrolysis ce~l and gas 
collection system; A, electrolysis cell; B, solid C02-acetone t,ap; 
C, Cartesian manostat; D, argon inlet; E, hydrogen inlet; F, 
purge vent; G, Toepler pump; H, sample flask; J, Pirani gauge; K, 
solid N2 trap. 

barrel  and Teflon holder  was obtained with  an O-ring, 
and yet  the holder could readi ly  be moved for the 
purpose of positioning the cathode with  respect to the 
Luggin capillary. Later, the O-r ing seal was replaced 
by a seal formed by expanding the polished surface 
of a new Teflon holder against the syringe barre l  by 
screwing a stainless steel cyl inder wi th  a tapered 
thread into the holder. 

Reference electrodes.--Two reference electrodes, 
one for potential  control  and the other  for potent ial  
measurements ,  were  used in the same solution at the 
same temperature .  Apar t  f rom some ear ly  measure-  
ments which were  based on quinhydrone  reference 
electrodes wi th  gold as the metal l ic  phase, hydrogen 
reference  electrodes were  employed. The design of the 
hydrogen electrode half -cel l  was such that  no hy-  
drogen gas f rom it was ever  detected in the cathode 
compartment .  An electrolytic hydrogen generator,  
(Matheson of Canada Ltd., model  R-152) was the 
source of pure  hydrogen gas for the reference elec- 
trodes, and the reduction of the cathodes described 
later. Pr ior  to an exper iment  the emfs of the hydrogen 
reference electrodes were  checked against a saturated 
calomel electrode as wel l  as each other. 

Chemicals.--Analytical grade concentrated HC1 was 
doubly distil led in an a l l -quar tz  still. The 1.2N (unit 
act ivi ty)  HC1 solutions containing 10% D20 by volume 
were  made up with t r ip ly  distil led H20 and D20 each 
of which had been prei r radia ted wi th  Co60-~-rays, 
and then refluxed with  alkal ine permanganate  to 
destroy any peroxides formed before the final dist i l la-  
tion. The distil led electrolyte  was stored in a l i ter  
quartz flask. 

Cathodes.--TwQ types of electrodes were  employed 
as cathodes. A plat inum tube electrode (diameter  
1.27 mm, wal l  thickness = 0.254 m m ) ,  sealed at one 
end in the shape of a hemisphere,  2 was used as re-  
ceived f rom Engelhard  Industr ies Ltd. af ter  it had 
been cleaned in a hot H2SO4-HNO3 bath. Heat  shr ink-  
able Teflon tubing was pushed over  the open end unti l  
the desired geometr ic  surface area at the closed end 
remained exposed to the electrolyte.  Thus, the elec- 
t ro ly te  was in contact only wi th  the outside of the 
tube electrode. 

Smooth plat inum bead electrodes were  formed by 
mel t ing the tips of 1.27 mm diameter  (0.050 in.) 
p la t inum wires in a gas-oxygen flame. They were  re-  
duced in a hydrogen atmosphere for a few hours in 
a quartz  oven ei ther  at 800 ~ or 1050~ The system was 
then evacuated through a grease free vacuum line 
before reducing the oven temperature .  Heat  shrinkable 

2 This  e l ec t rode  con f igu ra t i on  was  o b t a i n e d  w i t h  a n o t h e r  e x p e r i -  
m e n t  in  mind .  

Teflon tubing, which  had been t rea ted  in the hot 
H2SO4-HNOs bath, was then pushed over  the electrode 
stem unti l  only the bead and the upper  part  of the 
stem, where  electr ical  contact was made, was exposed. 
As a final p re t rea tment  the electrode was ext rac ted  
with  warm electrolyte  overnight  in a Soxhele t  ex-  
tractor.  

Anode.--The anode consisted of a strip of p la t inum 
gauze, 15 cm long and 4.5 cm wide (Johnson, Mat they 
and Mallory Unimesh #Q2050, 48 mesh x 0.006 in.). 
This strip was wound into a roll, 0.5 cm in d iameter  
and 4.5 cm wide, to which a p la t inum wire, 0.127 cm 
in diameter,  was ;fastened at one end. 

Pre-electrolysis pretreatment.--For all the exper i -  
ments on the p la t inum tube electrode, the electrolyte 
was pre-electrolyzed,  in situ, overnight  wi th  the aid of 
a p la t inum gauze cathode identical  to the anode just  
described. This pre-elect rolysis  cathode could be 
raised from, or lowered into the electrolyte, by means 
of double O-r ing seal contained in a Py rex  sleeve, 
which was mounted  ver t ica l ly  on the cathode com- 
par tment  head. 3 The current  used was 10-15 mA. Af ter  
pre-electrolysis  was completed, the p la t inum gauze 
cathode was pulled out of the electrolyte,  but  not re -  
moved from the cathode compartment .  This procedure 
led to difficulties which wil l  be discussed later. 

Leaching-distillation pretreatment.--For all exper i -  
ments on the p la t inum bead cathodes, the p re t rea t -  
ment  was as follows. Pr ior  to a series of runs, the cell 
was t reated in a hot H2SO4-HNO3 mixture ,  baked in 
a 525~ oven overnight ,  and leached wi th  freshly 
redist i l led electrolyte  for at least 24 hr. Meanwhile,  
the selected cathode was extracted with  w a r m  elec- 
t rolyte  overnight  in a Soxhelet  extractor  as a l ready 
mentioned. Another  al iquot of electrolyte  was then 
total ly  distilled in an a l l -quar tz  still immedia te ly  be- 
fore filling the cell and mount ing the bead electrode 
into the cathode holder. 

Argon sweep gas.--Once the cell  system had been 
assembled, argon gas enter ing the anode and cathode 
compar tments  at the bot tom of each through glass 
frits, specially selected for their  uni form porosity, 
served to sweep the hydrogen gas and /o r  air out of 
the cell. The Matheson ul tra  high pur i ty  argon used 
for this purpose received no fur ther  purification. Mass 
spectrometr ic  analysis of argon samples in which the 
impurit ies had been concentrated about a thousand-  
fold by freezing most of the argon in a solid N2 trap, 
confirmed the low levels of impuri t ies  claimed by the 
manufacturer .  The hydrogen concentrat ion was found 
to be about 0.1 ppm. 

Potential controL--The desired overpotent ia l  was 
control led to ___2 mv  by a sensitive potentiostat  
(Magna Corporation, model  4700M), and continuously 
moni tored on one channel  of a Moseley dual -channel  
strip chart  recorder,  (model 7100B-11-19 with  two 
plug- in  modules 17501A); the current  passed between 
the counter (anode) and working (cathode) elec-  
trodes was continuously recorded on the other  chan-  
nel. The t ime of electrolysis var ied  f rom 1 to 60 min 
depending on the overpotent ia l  applied. 

Temperature measurements.--For a few runs a 
plat inum-10% rhodium 90% pla t inum thermocouple  
was placed a few mil l imeters  f rom the P t -bead  elec- 
trode in order to measure  possible t empera ture  in-  
creases in the vicini ty of the electrode dur ing elec- 
trolysis, and to check on the efficiency of the the rmo-  
stating facilities described previously.  

Gas collection.--After completion of an electrolysis, 
the  cathode compar tment  was isolated from the anode 
and reference compartments ,  and the H2, HD, and D2 
gases swept into the collection system (see Fig. 2) 
wi th  h igh-pur i ty  argon. The collection system con- 
sisted of a glass spiral trap cooled t o - - 8 0 ~  with  solid 

3 T h i s  p a r t i c u l a r  ca thode  c o m p a r t m e n t  head  is no t  s h o w n  in  
Fig ,  1. 
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CO2-acetone, a Cartesian manostat  (Edwards High 
Vacuum Canada Ltd., model 6), and a solid N2 trap in 
which the hydrogen isotopes were concentrated by 
freezing down some of the argon. After  about 15 min, 
the solid N2 trap was isolated so that  the gas in the 
rest of the system could be t ransferred into a gas 
flask with a Toepler pump without appreciably di lut-  
ing the gas sample with argon (vapor pressure about 
3 mm Hg, and volume of trap: volume of system 
: :1:60) .  The remaining  gas in the trap was then ex- 
panded into the system, the trap isolated again, and 
the gas added to the flask. Experience showed that 
one expansion was enough to collect essentially all 
the hydrogen. This procedure increased the hydrogen 
concentrat ion in argon sufficiently to permit  accurate 
analyses of samples from electrolyses as short as 1 
min. 

H/D analyses.--All samples were analyzed mass 
spectrometrically. A CEC (Consolidated Electrody- 
namics Corporation) model 21-610 mass spectrometer 
was first used. Later, the work load on this ins t rument  
became too great, and a CEC model 21-130 mass spec- 
t rometer  was employed. Both ins t ruments  were care- 
fully calibrated over a range of ionizing currents  and 
sample pressures, as well  as different hydrogen to ar-  
gon ratios from 30% hydrogen:  70% argon to 2% hy-  
drogen: 98% argon. Carefully prepared heavy water  
s tandards were reduced in a u ran ium furnace pre-  
viously equil ibrated with the same standard, and the 
gas mixtures  wi thdrawn at the reduction tempera ture  
(500~ Complete reduction required several hours. 
An appropriate quant i ty  of argon was then added to 
the hydrogen isotopes. From the equi l ibr ium constant  
data (12) for the reaction 

H2 + D2 ~ 2HD 

at 500~ the isotopic composition of the hydrogen 
was calculated and this, in turn,  allowed the sensit iv- 
i ty  factors for HD and De relat ive to H2 to be deter-  
mined for each ins t rument .  Each gas sample was an-  
alyzed three times with a reproducibi l i ty  of ___1%. 

The deuter ium content  of the electrolyte was de- 
termined before and after a series of runs  on a 
Thomson-Houston model THN-202B hydrogen-deu-  
te r ium mass spectrometer (13). 

Ohmic potential drop measurements.--The ohmic 
potential  drop between the tip of the Luggin capil lary 
and the cathode was measured galvanostatically. Cur-  
rent  supplied by a galvanostat  (Northeast Scientific 
Corporation, model RI-234) to the cell was in te r -  
rupted at the anode with a mercury  relay (C.P. 
Clare and Company, type HG 2A-1004). The energiz- 
ing current  to the relay coil was also used to tr igger 
the t ime base of an oscilloscope (Tektronix type 556, 
vertical  plate amplifier type L). For meaningfu l  mea-  
surements  of the ohmic potential  drop, a 50 ~,sec/div 
or faster sweep rate  was necessary, but  the switching 
time of the re lay was about 5 msec or ten times slower 
than  the required oscilloscope sweep. This problem 
was solved by delaying the tr iggering pulse from the 
relay coil to the oscilloscope with the variable  delay 
t ime of a pulse generator  (Datapulse, type 101). The 
change in the potential  difference between the cathode 
and reference electrode was recorded photograph- 
ically. 

Tafel plots.--Steady-state Tafel plots were obtained 
periodically in the usual  manne r  at both increasing 
and decreasing successive overpotentials before, and 
sometimes after a set of electro]yses. 

Results and Discussion 
SD as a function of n.- -The main  result  of our ex- 

per iments  concerning the relat ion between overpoten-  
tial and the separation factor, SD, on p la t inum elec- 
trodes immersed in 1.2N HCI-10% D20 aqueous elec- 
trolyte is that  SD increases as the applied cathodic 
overpotential,  11applied, increases from zero to about 

S E P A R A T I O N  F A C T O R  781 

I-- 400 mv[, and then remains vi r tual ly  constant  with 
increasing overpotential.  

Figure 3 shows this dependence of SD on ~applied for 
(a) the p la t inum tube electrode at two different ex- 
posed areas with the quinhydrone  electrode as the 
reference electrode and pre-electrolysis as the elec- 
trolyte pretreatment ,  and (b) two p la t inum bead elec- 
trodes in two series of runs with the hydrogen elec- 
trode as the reference electrode and the leaching-dis-  
t i l lat ion process as the pretreatment .  

It must  be pointed out that, although s t r ingent  pre-  
cautions were taken to keep quinhydrone out of the 
cathode compartment,  no claim is made that this aim 
was achieved. For this reason two experiments  were 
carried out, one with the hydrogen reference elec- 
trode, and the other with the qu inhydrone  electrode 
plus deliberate additions of qu inhydrone  (approx. 
10-3M) to the catholyte. The values of SD were ex-  
per imenta l ly  the same in both cases, but  it was ob- 
served that the hydrogen gas in the catholyte contain-  
ing quinhydrone  was l iberated in smaller  and more 
uniform bubbles from the electrode surface, sug- 
gesting that  qu inhydrone  was probably adsorbed on 
the cathode surface. 

For  the SD determinat ions  on the p la t inum tube 
electrode several a]iquots of electrolyte were used 
over a period of several days. For the SD determina-  
tions on the p la t inum bead electrodes only one ali-  
quot of electrolyte was used for each electrode and 
all electrolyses (whose corresponding SD values are 
numbered  in Fig. 3 in the order in which the elec- 
trolyses were obtained) were carried out over a 
period of about 14 hr. Because of our sensitive hy-  
drogen isotope measurement  technique, it was possible 
to keep the electrolysis t ime --~5 min  for 1]applied 
1--100 mvl thereby minimizing time effects on SD due 
to electrode surface aging (9, 20, 21) and /or  changes 
in  concentrat ions of electroactive impurit ies in the 
electrolyte with time. 

As Fig. 3 shows, the data obtained on the tubular  
electrode system show good reproducibil i ty contrary 
to expectations based on the above discussion, and are 
in  excellent agreement  with the results shown in 
Fig. 4 to be discussed later. While the scatter in the 
data obtained on the bead electrode systems is much 
greater, the over-al l  reproducibi l i ty  of the results of 
Fig. 3 is still wi th in  that  obtained by previous work-  
ers [e.g. see ref. (11) ]. 

Reproducibility of SD measurements.--The dilemma 
of why the more s tr ingent  electrode and electrolyte 
pre t reatments  used for the  bead electrode system 
should yield the less reproducible results, was at least 
part ial ly resolved, when it was realized that  C12 could 
reach the cathode, and that this possibility was greatly 
enhanced by the very t ime-saving techniques designed 
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Fig. 3. Electrolytic separation factor as a function of applied 
overpotential for bright platinum in 1.2N HCI-10% D20 at 25~ 
�9 and G ,  hollow platinum tube electrode with geometric surface 
areas of 0.063 and 0.51 cm 2, respectively; electrolyte was pre- 
electrolyzed and the quinhydrone reference electrode was used. 
5 i and /~ i, two platinum bead electrodes, each with geometric 
surface area = 0.06 cm2; the leaching-distillation pretreatment 
and the hydrogen reference electrode were used; i ~ i ' th  con- 
secutive electrolysis on a given electrode. 
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Fig. 4. Electrolytic separation factor as a function of applied 
overpotential for bright platinum. Curve I, this work in 1.2N 
HCI-10% D20 at 25~ curve II, average values for 1.0N HCI- 
10% D20 at 25~ from ref. (11); curve III, average values for 
1.0N H2SO4-10% I)20 at 15~ from ref. (12); x and o, with gal- 
vanostatic and potentiostatic control, respectively. 

to reduce impur i ty  bui ld-up.  When some Cl2 was 
deliberately added to the catholyte, the separation 
factor from the subsequent  electrolysis was always 
depressed as Table I shows, although the results in 
Table I are quali tat ive only. In order to prevent  
chlorine contaminat ion of the catholyte, the anode 
compar tment  was thereafter  cont inuously purged with 
argon rather  than only for a few minutes  between 
successive electrolyses. SD determinat ions uti l izing this 
improvement  are shown in Fig. 4. 

The results in Fig. 4 were all obtained from.a single 
electrode and one aliquot of electrolyte. Successive 
overpotentials were chosen at random as before. The 
results obtained here without  pre-electrolysis are in 
excellent agreement  with those of Fig. 3 with pre-  
electrolysis. Our leaching-dist i l la t ion pre t rea tment  
therefore appears to be as effective as pre-electrolysis 
in yielding reproducible results, aft least as far as SD 
determinat ions are concerned A pre t rea tment  other 
than electrolysis is to be preferred, provided it is 
effective, in any system where the electrolyte concen- 
t rat ion is being changed as a result  of electrolysis 
(C12 evolution at the anode in this work) .  One value 
of SD was obtained under  controlled current  condi- 
tions and, as shown, is in good agreement  with the 
potentiostatic data. This behavior was also observed 
by Yokoyama (12) and suggests that  the importance 
of potentiostatic control may very well  have been 
over emphasized in s teady-state  applications such as 
electrolysis at high current  densities, where large 
ohmic potential  drops cannot  be avoided. Ohmic po- 
tential  drop measurements  are discussed in a later 
section. 

The results presented in Fig. 4 are wi thin  a •  
reproducibi l i ty  range. This degree of reproducibil i ty,  
not achieved before, is believed to be due to several 
factors. The rela t ively short durat ion of an electrol- 
ysis, the exclusion of C12 from the cathode compart-  
ment, and the electrode and electrolyte pre t rea tments  

Table I. Effect of chlorine on the H /D  separation factor on 
platinum at 50r 

•D at --600 m v  
C h l o r i n e  a d d e d  to C h l o r i n e  p u r g e d  f r o m  

R u n  No. ca thode  c o m p a r t m e n t  ca thode  c o m p a r t m e n t  

1 5.50 
2 4.26 
3 5.47 
4 5.57 
5 4.81 
6 5.41 
7 5.32 

Table II. Values of SD based on successive aliquots of gas from 
a single electrolysis 

Aliquot  No. SD 

1 4.11 
2 3.99 
3 3.84 
4 3.81 
5 2.78 
6 2.17 

have already been mentioned.  Two addit ional  factors 
will now be discussed. 

It  was observed that  H-D analyses of successive 
aliquots of gas, removed from the cell 30 to 90 min  
apart  following one electrolysis period, yielded differ- 
ent values of SD. Typical results are shown in Table II. 
It is obvious that  the first al iquot was relat ively richer 
in hydrogen (SD larger) than  the mean  value, and 
vice versa for the last aliquot. Under  the same elec- 
trolysis conditions, a value of SD close to the mean  
value was obtained from analyses made on the total 
gas produced. This effect disappeared ent i rely when 
the large surface area pre-electrolysis cathode was 
removed from the cathode compar tment  prior to an  
electrolysis. We believe the effect was due to slow 
effusion of absorbed hydrogen gas with an isotopic 
ratio significantly different from that  of the elec- 
trolysis gas, and t ime dependent.  The pre-electrolysis 
electrode would be expected to occlude apreciable 
quanti t ies of the hydrogen isotopes after a 24-hr pre-  
electrolysis (22-25). Nevertheless, since the cell was 
always thoroughly purged with argon for at least an 
hour after completion of the pre-electrolysis,  it was 
surpris ing to find this effect. Par t  of the scatter in 
published SD values, where  pre-electrolysis was em- 
ployed, might be explained if the pre-electrolysis 
electrode were left in the cathode compar tment  and 
H/D analyses were based on aliquots of the electrol- 
ysis gas. All  SD measurements  reported here are based 
on analyses of the total electrolysis gas. The pre-  
electrolysis electrode was removed from the cathode 
compar tment  when that technique of purification was 
used. 

The second factor is that  mass spectrometric anal-  
ysis results for samples of pure hydrogen isotopes are 
pressure dependent  due to Ha + formation, which is 
also dependent  on composition and the ion source 
characteristics of the mass spectrometer. With our 
ins t ruments  the. pressure effect was only about 3% 
over a decade change in analyzer  pressure, but  could 
be more significant in other systems. In our work this 
difficulty was ci rcumvented by di lut ing the hydrogen 
isotopes with argon, and also by working over a small  
range of inlet  pressures at a constant  ionizing current  
of 80 ~A. This resulted in analyses of such mixtures  
being independent  of pressure. 

Comparison with published results.--Our results in 
Fig. 4 have been compared with the AVERAGE values 
of SD on p la t inum obtained by Salomon and Conway 
(11) for 1.0N HCI-10% D20 at 25~ and those ob- 
ta ined by Yokoyama (12) for 1.0N H2SO4-10% D20 
at 15~ Our results agree well  with Yokoyama's 
when his exper imental  error of about 25% and lower 
tempera ture  are taken into account. However, our 
results disagree with those of Salomon and Conway 
who found a ma x i mum in the curve. Lewis and 
Ruetschi (8) observed maxima on Pt electrodes, but  
in  6N KOH. No explanat ion of the disagreement can 
be given except that  electrode surface conditions could 
have been different. Nevertheless, some doubt now 
exists as to the val idi ty of Salomon and Conway's  
co-anion hypothesis (11) to explain their  HC1 and 
HC104, and Fukuda  and Horiuti 's  (15) H2SO4 results. 

Temperature controL--Temperature measurements  
with the thermocouple near  the cathode dur ing elec- 
trolysis at high overpotentials (current  density 
approx. 2A cm -2) indicated that  no significant in -  
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crease in tempera ture  occurred in our system and that  
tempera ture  control inside the cathode compartment  
was wi thin  _0.1~ It may be significant that  no de- 
crease in SD was observed here at the higher over-  
potentials. Such a decrease could conceivably be due 
to local heat ing of the electrode and solution in its 
immediate  vicinity, for it is well  established [see (26) 
for example] that SD decreases with increasing tem-  
perature.  

Ohmic potential-drop measurements.--A typical 
oscillograph of the ohmic potential  drop between the 
cathode and the Luggin capil lary is shown in Fig. 5. 
The ohmic potent ial  drop was measured from the 
horizontal  l ine at the top, represent ing Tlapplied just  
before the anode circuit  was broken, to the point  
where the intensi ty  of the display increased sharply, 
but  where the potential  decay was still almost vert ical  
on the 50 ~sec cm -1 sweep rate  used. Reproducible 
results were obtained in this manne r  up to Tlapplied = 

1--500 mv], beyond which the relay failed to produce 
a sharp break, as evidenced by noise signals in the 
oscillographs. The magni tude  of the ohmic potential  
drop, for electrode placements of about 1 m m  from 
the capil lary tip, is displayed in Fig. 6 and seen to 
be a large "correction" at the higher applied overpo- 
tentials. For example, at ~applied = I - - - 4 0 0  m v l  the 
ohmic potential  drop = 107 _+ 5 inv. The current  den-  
sity is ~,0.TA cm -2, and "R" is thus ~0.15 ohm cm 2. 

Although the ohmic potent ial  drop correction can 
be large, its effect on the dependence of SD on over-  
potential  is relat ively small  as seen in Fig. 7. Because 
SD reaches a plateau at about 11applied = --400 my, the 
ohmic potential  drop correction has no fur ther  effect 
on the shape of the curve (Fig. 7) for ~app]i~d 
1--400 mv I. The exper imental  l imitat ions of the re lay 
are thus i r re levant  for this special case. However, 
the importance of the ohmic potential  drop correction 
will  increase with increasing cathodic overpotential  
for all such curves which do not exhibit  a plateau. 
Comparison of results of different workers must  
therefore be made with the ohmic potent ial  drop cor- 
rection in mind. The appropriate curve in Fig. 7 
should be employed when comparing the results of 
our work with results of other workers. Any  theo- 
retical t rea tment  should be based on the corrected SD 
vs. ~1 curve. 

Tafel plots.--A typical  Tafel plot, corrected for 
ohmic drop, is shown in  Fig. 8. The "data were ob- 
tained after  the series of electrolyses whose corre- 
sponding SD values are given in Fig. 4 and 7. The 
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l inear  portion at the lower current  densities, based 
on the geometric area, always had a slope of --30 _ 1.5 
mv regardless of whether  the data were obtained be-  
fore or after SD measurements.  Moreover, the Tafel 



784 J. E[ectrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  J u n e  1969 

plot  showed no hys teres is  [cf. re f  (27)].  Our  Tafel  
plot  resembles  closely tha t  r ecen t ly  publ ished by  
Nomura  and Ki ta  (28) for the  hydrogen  evolut ion 
react ion on copper  cathodes.  They argue tha t  the  
large  devia t ion  f rom the Tafel  slope at  the  h igher  
cur ren t  densi t ies  is due to the  exis tence of a cathodic 
sa tura t ion  current ,  which they  regard  as evidence for 
the  ca ta ly t ic  mechanism for the  hydrogen  evolut ion 
reaction;  tha t  is 

2MHads--> 2M -t- H2 

(where  M denotes the  me ta l  adsorpt ion  site) is the  
r a t e -de t e rmin ing  step of the  ove r -a l l  react ion,  

2H30 + + 2e --> 2H20 + H2 

Whether  thei r  a rguments  are  appl icable  or not  to the 
hydrogen  evolut ion react ion on pla t inum,  no evidence 
was obta ined  under  the  p resen t  expe r imen ta l  con- 
dit ions for the  second Tafel  region of 100-120 mv 
(27,29), which has been a t t r ibu ted  (27) to a slow 

elect rochemical  a tom- ion  desorpt ion  step, viz. 

MH~ds + H30 + + e--> M + H~O + Ha 

At first sight,  i t  appears  that  our  Tafel  da ta  a re  in-  
consistent  wi th  those of Bockris  and Azzam (27), and 
Schuld iner  (29). This is not so for the fol lowing r ea -  
sons. Al though  Bockris  and Azzam obta ined the i r  
da ta  employing  a flow technique,  the reby  minimizing 
concentra t ion polar izat ion effects, and they  appl ied  
an IR-drop  correction, the i r  resul ts  on P t  a re  in some 
doubt.  I t  is pa r t i cu l a r ly  difficult to expla in  the  p ro -  
nounced hysteres is  in the i r  Tafel  p lot  wi thou t  invok-  
ing adsorpt ion  of some inorganic  impur i t y ( i e s )  on 
the i r  e lectrodes as Schuld iner  (30) has pointed out. 
Fur the rmore ,  our  resul ts  do not  d isagree  wi th  those 
obta ined by  Schuld iner  (30) at  about  the  same pH. 
Schuld iner  observed the Tafel  slope of about  110 mv 
only in systems of h igher  pH ( > 1 ) ,  and in systems 
wi th  added  salts  (29), also at h igher  pH. 
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Mechanism of the Electrochemical Reduction of 
Persulfates and Hydrogen Peroxide 

R. Memming 
Philips ZentraUaboratorium GmbH, Laboratorium Hamburg, Germany 

ABSTRACT 

Electrochemical studies have shown that  the reduct ion of persulfate and 
hydrogen peroxide is a two step mechanism, the first step occurs by electron 
t ransfer  with the conduction band and the second step by hole inject ion with 
the valence band. It could be concluded from corresponding measurements  
performed with a semiconductor electrode (GAP) that the electrochemical 
properties of these oxidizing agents have to be described by two instead of one 
redox (normal)  potential. One normal  potential  is much lower (COl) and the 
other much larger  (~o2) than  the theoretical value (c o) determined from 
thermodynamic  data. These values are estimated as 

~ol _--< 0.6v; Eo2 >_-- 3.4v; c ~ = 2v for S2Os 2- 
and 

~Ol <_-- 0.6v; ~o2 >_-- 2.9v; c ~ ---- 1.77v for H202. 

Redox reactions with persulfates and hydrogen per-  
oxide have been subject of several investigations. Es- 
pecially the electrochemical behavior of H202 was of 
interest  in connection with the electrochemical reduc-  
tion and formation of oxygen. Bagotzky and Jablokowa 
(1) and Weiss (2) determined the reaction order in 
the reduction process of H202 on a dropping Hg- 
electrode and assumed a two step mechanism 

H 2 0 2  ~- e -  ~ OH -b O H -  

OH + e -  ~ OH-  

R. and H. Gerischer (3) and Winke lmann  (4) ob- 
tained the same results with a Pt-electrode and as- 
sumed also the same mechanism. Chemical properties 
of persulfate also are reported in the l i terature  (5). 
The reaction kinetics, however, have not been studied 
in detail. F r u m k i n  (5) has only postulated a possible 
reduction process which is similar to that  of H202. 

In  the present  paper investigations on the reduction 
mechanism using a semiconductor electrode (GAP) 
are reported. As is shown such a GaP-electrode with 
a large energy gap makes it possible to obtain funda-  
menta l  informat ion about the corresponding charge 
transfer  in the reduction process. 

Experimental 
The electrochemical measurements  were performed 

with single crystals of GaP as electrode material .  
These crystals were oriented in the <111> direction. 
The best results were obtained with Ga planes. In  all 
cases the density of free carriers was about  1017/cm '~. 
The solutions (Merck, p.a.) were buffered to the 
proper pH values using standard phosphate and borate 
buffers. The electrodes were glued in araldit  (CIBA) 
sockets (exposed area , -  0.2 cm2). A saturated calomel 
electrode was used as a reference electrode. (In the 
figures, however,  values are plotted against  the poten-  
tial of the normal  hydrogen electrode.) 

All measurements  were performed under  potentio- 
static conditions. In the medium pH range, measure-  
ments  could be carried out only at cathodic potentials 
since Ga (OH)8 layers are formed dur ing  anodic polar-  
ization (8). The interracial  capacity was determined 
at 250 kc by measur ing the phase angle between a-c 
current  and a-c voltage (6). The exper imental  a r range-  
ment  for the luminescence measurements  has been 
described previously (7). 

Reduction of Simple Redox Systems 
Charge t ransfer  processes on GaP electrodes may 

occur via the valence or the conduction band of the 
crystal. As was reported (8) previously the anodic 

dissolution proceeds via the valence band, whereas for 
the cathodic hydrogen evolution conduction electrons 
are consumed. In  the lat ter  case a charge t ransfer  
across the interface can only occur if sufficient elec- 
trons in the conduction band are available. Conse- 
quently,  in the case of n - type  GaP the interfacial  
current  rises rapidly with increasing cathodic poten-  
tial, whereas with p- type  GaP a very small  saturat ion 
current  of less than 1 ~a was found (Fig. 1). I l lumin-  
ation of such a p- type  electrode, i.e., optical excita- 
t ion of electrons from the valence band  into the con- 
duction band, leads to an increase of the cathodic 
current .  The saturat ion current  is only determined by 
the number  of electrons excited by light. As shown in 
Fig. 2 it increases l inear ly  with the light intensity.  

Moreover, it was observed (8) that the charge 
t ransfer  during the reduction of certain redox systems 
on GaP proceeds via the conduction band and in others 
via the valence band. This is demonstrated in  Fig. 3 for 
ceric and ferr icyanide ions in acid solutions using a 
p- type  electrode. In  the first case the current  density 
is quite large and is not determined by the diffusion of 
minor i ty  carriers toward the surface, i.e., the reduction 
of ceric ions proceeds via the valence band. In  the 
case of ferr icyanide ions the cathodic current  is much 
smaller. Since this current  may be increased by i l lu-  
minat ion  of the p- type  electrode it has to be concluded 
that  electrons from the conduction band are consumed 
for the reduct ion of [Fe(CN)6] 3- in acid solutions. 1 

As proved by investigations with a variety of semi- 
conductor electrodes the probabi l i ty  for a charge 

I t  s h o u l d  o n l y  be  m e n t i o n e d  h e r e  t h a t  in  a l k a l i n e  s o l u t i o n s  th e  
r e d u c t i o n  o f  [ F e ( C N ) ~ I  3- p r o c e e d s  v i a  t h e  v a l e n c e  b a n d .  T h i s  e f f ec t  
is  not  o f  i n t e r e s t  h e r e ,  i t  w a s  d i s c u s s e d  e l s e w h e r e  (8).  

t 1 .o.` 
Fig. 1. Current-potential behavior of n- and p-type GaP elec- 

trodes in the cathodic region (1N H2S04) (electrode potential 
against nermal hydrogen electrode, NHE). 
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Fig. 3. Current-potential (NHE) behavior 
trode in various oxidizing agents (10-2M) 

of a p-type GaP elec- 
in 1N H2SO.~,. 

t ransfer  via the conduction or the valence band de- 
pends on the redox potential  of the corresponding sys- 
tems (9). It was always found that  the valence band 
process is prefer red  for systems with  a high redox 
potential. This result  may be qual i ta t ively  understood 
by the fact that  an oxidizing agent is an electron ac- 
ceptor. This proper ty  can be described energet ical ly  
by deep lying energy levels. If we have, e.g., a redox 
reaction of the type 

A (z+l)+ ~ e -  --> A z+ 

then the A (z+l)+ ions represent  the unoccupied and, 
A z+ the occupied electron levels. According to Ger-  
ischer's theory (10) the position of those energy levels 
is influenced by the solvation shell of the correspond- 
ing ions. Since the s t ructure  of the solvation shell  de- 
pends on the charge of such an ion in its oxidized 
( A  (z+l>+) or reduced state (A ~+) the energy levels 
of A (z+l)+ and A z+ differ considerably from each 
other. This is schematical ly shown in Fig. 4. Accord-  
ing to the basic concept of this model  electrons can 
be exchanged only be tween states on the same energy 
level  (10), i.e., the  tunnel ing of an electron occurs 
wi thout  energy exchange with the surrounding mole-  
cules. As fur ther  shown by Gerischer  the Fermi  level  
in the semiconductor and of the  redox system are 
equal  at equi l ibr ium conditions. Since general ly  we 
do not have  an iner t  electrode no equi l ibr ium is 
achieved, i.e., one observes a corrosion potential  which 
differs considerably f rom the redox potential.  This 

A(Z.1). 
i I (unoccupied 

E c ,~ I ~ / s t a t e s )  

EF~c~ ~ E F ( r e d o x )  / ~  
(occupied 

states) 

semiconductor redox system 

D 
space coordinate 

o 

cond. 
band �9 

A(Z*l)* 
(unoccupied 
/ states) 
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density of energy states 
b 

Fig. 4. Schematic energy diagram of the interface semiconduc- 
tor-redox system. 

model proposed by Gerischer (10) is the basis of all 
fu r the r  considerations. 

In Fig. 4 we have shown schematical ly a situation 
where  the energy levels of the redox system only 
over lap with the valence band. In this case the electron 
t ransfer  only occurs via the valence band as it was 
observed wi th  ceric ions on gal l ium phosphide elec- 
trodes. The normal  potential  of this redox system 
amounts to 1.4v. The energy levels of redox systems 
with  a higher  normal  potential  have a much lower 
position in Fig. 4 (strong electron acceptors),  i.e., in 
this case the electron t ransfer  is expected even more 
to proceed via the valence band. 

We have performed corresponding measurements  
wi th  persulfates and hydrogen peroxide which have 
a normal  potential  of 2.0 and 1.77v, respectively.  As 
discussed above the reduction of these systems should 
occur via the valence band, i.e., the reduction current  
should not be l imited by minor i ty  carr iers  in p- type  
GaP. In contradict ion to this postulation, however ,  we 
did observe a cathodic current  diffusion l imited by 
minor i ty  carriers.  The  results obtained with  persul-  
fates and hydrogen peroxide and the corresponding 
reduct ion mechanism are  discussed next. 

Reduc t ion  M e c h a n i s m  o] Persu l fa te  and 
H y d r o g e n  Perox ide  

In Fig. 5 the cur ren t -vo l tage  behavior  is shown 
for a p- type  GaP electrode in sulfuric acid before and 
after  addition of (NH4)2S2Os of various concentra-  
tions. It should be noted that  the current  scale is con- 
siderably enlarged compared with Fig. 1. As shown 
in Fig. 5a only a ve ry  small  current  increase occurs 
after addition of a large amount  of S2Os 2- ions. Simi-  
lar results were  also obtained with I-I202. As shown in 
Fig. 5b the cathodic current  may be increased by i l-  
luminat ion of the electrode. In this figure it is quite 
str iking that at large cathodic potentials the current  
obtained for the reduction of  S2Os 2-  is twice  as large 
as that  measured during the hydrogen evolution in 
H2SO4. As discussed in the previous section and de- 
monstra ted in Fig. 1 and 2 the saturat ion value  of the 
photocurrent  for the hydrogen evolution is only deter-  
mined by the number  of electrons excited by light 
from the valence band into the conduction band. Pro-  
vided that  this a rgument  still  holds for the reduction 
of persulfate  we have  to assume that only half  of the 
electrons necessary for the reduct ion is produced by 
light excitation. This is possible pr incipal ly because 
two electrons are necessary for the reduct ion of one 
persulfate  ion according to 

S2082- JF 2e-  --> 2SO42- [1] 

Actually,  this result  leads to a ve ry  simple model  as- 
suming that  reaction [1] is a two step process. We 
can then assume that  only for the first reaction step 
an electron f rom the conduction band is consumed, 
whereas  an electron f rom the valence band is t rans-  
ferred across the interface in the  second step. Conse- 
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Fig. 5. Interracial current vs. electrode potential (NHE) of p- 
type GaP in 1N H2SO4 with various concentrotion of (NH4)2 S2Os. 
(a) Without illumination, (b) during illumination. 

quent ly  react ion [1] may be split up into 

S2Os e-  + e -  -> SO4- + SO42- [la]  

SO4- --> SO42- + p+ [lb] 

In these equations e -  indicates an electron f rom the 
conduction band whereas  p+ is a hole injected into 
the valence band. Such a hole is created if an elec- 
t ron f rom the valence band is t ransferred to the redox 
system. A similar equat ion can be postulated for the 
reduct ion of hydrogen peroxide 

I-I202 Jr e -  "-> OH + O H -  [2a] 

OH--> O H -  + p+ [2b] 

Such a cur ren t -doubl ing  was also observed by Mor-  
rison and Freund  (11, 12) for the oxidation of formic 
acid on ZnO. These authors also postulated a two 
step mechanism in which both valence and conduction 
band are involved.  This in terpreta t ion of the current  
doubling, of course, is only an assumption. In the case 
of GaP electrodes, however,  it is possible to prove this 
model  as follows: 

As ment ioned above holes are injected if electrons 
f rom the valence band are consumed in the second 
react ion step ( [ lb ]  and [2b]). Using n - type  GaP in- 
stead of p - type  as the electrode material ,  these holes 
diffuse into the inter ior  of the crystal  and recombine 
somewhere  wi th  an electron f rom the conduction 
band. As we reported recent ly (7) this recombinat ion 
process corresponds to a radiat ive transition, i.e., lu-  
minescence occurs if holes are injected into an n- type  
GaP electrode. Such an exper iment  can only be per -  
formed with  n - type  mater ia l  in order  to have suffi- 
cient electrons in the conduction band for the recom-  
binat ion with  injected holes. In the case of persulfate  
or hydrogen peroxide  an n- type  electrode has also 
the advantage  in the luminescence exper iment  that  
the first react ion step ( [ l a ]  or [2a]) is not l imited 
by minor i ty  carriers. 

As we reported recent ly  (7) we did observe lumin-  
escence which can only be explained by inject ion of 
holes. The same spectral  distr ibution was also ob- 
tained with  hydrogen peroxide. This result  proves 
indeed that  the second reaction step proceeds via the 
valence band. 

pH dependence.--In a fur ther  exper iment  we also 
measured the pH dependence of the current  doubling, 
as shown for hydrogen peroxide in Fig. 6 and for per -  
sulfate in Fig. 7. As a s tandard value  we used again 
the cathodic photocurrent  for the H2 evolut ion which 
is independent  of the pH value. In the case of HeO.~ 
current  doubling always occurs in alkal ine solutions, 
whereas  in acid solutions it depends on the H202 c o n -  
c e n t r a t i o n  (Fig. 6). 

This pH dependence may obviously be related to 
the degree of dissociation of this molecule. Since the 
pK value  of H202 is about  12 it may  be concluded 
that  the O O H -  ion is more easily reduced on a GaP 
electrode than the undissociated molecule itself. The 
pH dependence for S2Os 2- as shown in Fig. 7 is much 
more difficult to understand. One possible explanat ion 
for the drop of the current  doubling above about pH 
= 2 would be the assumption that  hydrogen persulfate  
ions (HS2Os-)  exist below pH = 2. In general  ions 
with a lower negat ive  charge are more easily reduced 
than those wi th  a higher  charge for electrostatic rea-  
sons. Unfor tunate ly  the corresponding pK va lue  is 
not known. Only the corresponding pK value  for 
SO42- (HSO4-)  is tabulated which would fit to the 
exper imenta l  results (pH ~ 2). It seems to be rea-  
sonable to assume the pK value  for persulfate  to be 
similar. This is supported by the fact that  the reduc-  
tion current  (saturation value)  of persulfate  on a Pt  
electrode varies in the same way in the corresponding 
pH range and remains constant at h igher  pH values. 
On the other  hand the photocurrent  on a GaP elec- 
t rode increases slowly again at higher  pH values. This 
may  be due to the fact that  SeOs 2- is not ve ry  stable 
in alkal ine solutions and decomposes par t ly  to H202 
(via Caro acid).  

It would be interest ing to study the pH dependence 
in the reduct ion of persulfate or peroxide also with 
n - type  electrodes since then sufficient electrons are 
avai lable in the r band. Current  voltage 
curves have shown, however,  that  with n- type  ma-  
ter ial  pract ical ly no increase of the cathodic current  

0.2 I m 

o~= ~ I / / ' ~  
" '0~/' / ~ 2~'~ 

.....>-. 
i ~ p - V V - -  ~ " / DX IU - 

o, . . . H  
�9 =- i " :  = � 9  " 2 

t o 0.05 

I I I i i I i I 
0 2 4 6 8 10 12 pH 14 

Fig. 6. pH dependence of the photocurrent for p-type GaP in 
vorious H202 concentrations. 
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Fig. 8. Current potential (NHE) behavior of an n-type GaP elec- 
trode in 1N H2SO4 and 10-~M (NH4)~ $208. 

occurred after addition of persulfate to H2804 (pH 
= 0.5) (see Fig. 8). On the other hand  we did already 
ment ion in connection with the luminescence experi-  
ments  that  holes are injected if $2082- ions were 
present in the electrolyte. From this we may conclude 
that obviously the reduct ion of $2082- does occur at 
higher cathodic potentials than for p- type  electrodes. 
Actually, in the case of n - type  electrodes the reduc-  
tion of persulfate sets in  at about the same potential  
as the hydrogen evolution. This result  implies that 
also with n - type  electrodes the rate de termining step 
is not determined by the redox system but  by charge 
carriers wi thin  the electrode. This prediction may 
easily be proved by capacity measurements  as fol- 
lows: 

In Fig. 9 the exper imental  values of the space charge 
capacity Csc are plotted vs. the electrode potential  for 
n -  and p- type GaP. According to this figure 1/Csc 2 
varies l inear ly  with the electrode potential,  i.e., the 
space charge capacity follows the Schottky-Mott  law 

I 2kT ( e U s c  ) 
Csc - - ' ' ~  = e 2 eeo ND(A) kT 1 

where Usc = potential  drop across the space charge 
layer, ND(A) = density of donor or acceptor states 
wi thin  the semiconductor, e = dielectric constant, ~o ---- 
8.854 x 10 -12 a m p . s e c . v - ' . m e t e r - 1 ) .  Such a re la t ion-  
ship is always obtained for a depletion layer (6). Ex- 
trapolat ing the curves to 1/Csc 2 = 0 one obtains 
roughly flat band position, i.e., Usc ---- 0. The band 
bending is zero for n - type  at --0.gv and for p- type  at 
-}-1.2v. The difference between the two flat band posi- 
tions is then 2.1v, i.e., it is slightly less than  the energ~ 
gap of GaP (2.25 ev). This result  is expected for 
highly doped semiconductors provided that the poten- 
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Fig. 10. Energy band bending at the rest potential UR; (a) n-GaP, 
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tial difference applied across the interface occurs only 
wi thin  the space region of the electrode. From this 
result  the band bending at the rest potential  UR = 
+0.35V (see Fig. 9) can be determined (13). One 
obtains an upward  bending of 1.25v for n - type  and 
downward bending of 0.85v for p- type as shown sche- 
matical ly in Fig. 10. Consequent ly  the electron density 
at the surface of an n - type  electrode is so small  that  
any charge t ransfer  from the conduction band into the 
electrolyte is only determined by number  of electrons 
available at the surface. This behavior makes it also 
impossible to obtain any fur ther  informat ion about 
the reduct ion of persulfate from current  voltage curves 
with n - type  GaP-electrodes. 

Normal potentials of persulfate and hydrogen perox- 
ide.--As described in the first part  of our discussion in 
this paper it depends on the normal  potent ia l  of a 
redox system whether  the charge t ransfer  occurs via 
the conduction or via the valence band. Since the 
reduction of 82082- and H202 is a two-step mecha- 
nism in which both energy bands of the electrode are 
involved it follows directly from Gerischer 's model 
(10) that the properties of these redox systems can 
only be described by two instead of one normal  poten-  
tial. This can be demonstrated again by an energy 
diagram (Fig. l l a )  which is similar to that  shown in 
Fig. 4b. In  the case of persulfate, for example, we have 
now three energy states. The energy position of the 
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Fig. 11. Schematic energy diagram of the interface semiconduc- 
tor-persulfate (hydrogen peroxide) (at equilibrium). Concentration 
of SO41- : (a) large, (b) small. 
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intermediate  state SO4- is just  between the unoccupied 
S2Os 2- and the occupied state SO42-. According to 
Gerischer 's model the density of the unoccupied 
(S2Os 2-)  and of the intermediate  state (SO4-) are 
equal at normal  potential  c o] for the first reaction step 
provided that the concentrations of S~O82- and SO4- 
are equal. The lat ter  condition is more or less t r ivial  
because, according to Nernst  law, the redox potential  
is only identical with the normal  potential  if the con- 
centrat ions are equal. In  the same way also the normal  
potential  for the second step co2 is determined. The 
effective redox potentials depend on the concentra-  
tions of the three species. The corresponding Nernst  
equations are given by 2 

CS2Os 2 -  
ect = ecol + kT  In [3] 

CS04 t -  C s 0 4 2 -  

Cso41- 
e~ = eco2 -t- kT In ~ [4] 

Cso42  - 

where e ~ e lementary charge, and k = Boltzmann's  
constant. The free enthalpy of the complete reversible 
electrochemical reaction is given by AG = zFc ~ For a 
two-step mechanism this free enthalpy may be split 
up into two values 

zFc ~ = (zlc~ + z2eo2)F [5] 

According to [ la]  and [ lb]  Zl = z2 -- 1 and z = 2 
so that 

co~ -t- ~~ 
co = _ _  [ 6 ]  

2 

i.e., the  no rma l  po tent ia l  c o of the  to ta l  system is jus t  
the mean va lue of the  no rma l  potent ia ls  col and ~o2 
defined for each reaction step (see Fig. l l a ) .  Under  
equi l ibr ium conditions the concentrations of the three 
species have to ar range themselves in such a way that  
the redox potentials are equal, i.e., 

ci ~ ~ = c [7] 

Since the intermediate  state SO4- is a very unstable  
species its concentrat ion is very low. Using an elec- 
trolyte containing S~Os 2- and SO42- ions in concen- 
trat ions of the same order of magni tude  then the ef- 
fective redox potential  e of the complete system is 
almost identical  with the corresponding normal  poten- 
tial c o according to 

kT Cs2o8  2 - 
= ~o + ,  I n  - -  [8] 

2e C2so42- 

In  th is  case the  redox  po ten t ia l  e ( ~  c ~ is jus t  ha l f -  
w a y  between the two normal  potentials c~ and c~ and 
the density of energy states for the intermediate  species 
(SO41-) is very low as indicated in Fig. l lb .  

Moreover, at equi l ibr ium the Fermi  level EF(sc) in 
the semiconductor and the Fermi  level EF(redox) in the 
redox system (which is defined as eD are equal (10) 
(Fig. I l b ) .  Values of the normal  potential  c a in this 
energy scale are not known. Only the corresponding 
normal  potential  ~Oh relat ive to the hydrogen normal  
potential  can be general ly  measured or calculated from 
thermodynamic  data. In the case of persulfate  c% -~ 
-F2.0v (14). 'Consequently, at equi l ibr ium one would 
also measure an electrode potential  of -F2.0v pro- 
vided that  no corrosion etc. occurs. This is a very  
large potential  and according to capacity measurements  
the energy bands even for p- type GaP would be bent  
upward  very strongly. Consequently the electron den-  
sity at the semiconductor surface would be very low, 
i.e., at an electrode potential  of -F2.0v the Fermi  level 
at the surface of the semiconductor is quite close to 
the valence band. This leads to the conclusion that  the 
upward  band bending has to be decreased considerably 
by varying the electrode potential  into the cathodic 

2 The re fe rence  point  for the  normal  potent ials  COl, 2 is here  not 
the standard h y d r o g e n  electrode. The point  of zero ene rgy  is the  
free  electron ene rgy  at  infini ty which  is zero by definition. 
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direction before sufficient electrons are available in 
the conduction band for a charge t ransfer  across the 
interface. In  the energy distr ibution picture (Fig. l l b )  
this is equivalent  to an upward  shift of the Fermi  level 
in the semiconductor (dotted l ine for EF(sc)). Accord- 
ing to the current  voltage curves (Fig. 5b) a reduction 
current  was actual ly measured below +0.75v, i.e., 
Fermi  level EF(sc) has to be shifted upward  relat ive 
to the equi l ibr ium value by at least 1.5v. 

It is impor tant  to note that  this behavior of persul-  
fate or hydrogen peroxide not only  occurs on semi- 
conductor electrodes bu t  exhibits a general  property 
of these redox systems. Using a p la t inum instead of a 
semiconductor electrode a cathodic reduct ion cur ren t  
is also only observed below about +0.8v, although 
sufficient electrons are available even at large anodic 
electrode potentials. On the other hand it is also a 
necessary condition for a charge t ransfer  that  occupied 
energy states in the metal  overlap with the empty 
states ($2082-) in the redox system. In  the case of a 
metal  its Fermi level is also equal to that  of the redox 
system at equil ibrium. Since only energy states up to 
Fermi  level are occupied and no higher energy levels 
can be filled, the overlapping between the  occupied 
states and the S2Os 2- states is very poor (Fig. 13a). 
Applying an external  voltage ~U the Fermi  level in a 
metal  (in contradiction to a semiconductor) cannot be 
shifted relative to its energy states. In this case only 
the potential  difference across the Helmholtz double 
layer  can be changed (Fig. 12b), i.e., the energy states 
in the metal  are  shifted relat ive to those of the redox 
system as shown schematically in Fig. 13b. Since the 
energy difference between the unoccupied (S2Os 2-)  
and the occupied state (SO4 ~-)  is quite large (see 
below) the electrode potential  has to be varied con- 
siderably into the cathodic direction before a current  
flow is discernible. 

Comparing the results obtained with S2Os 2- and 
H202 with those of other redox systems it is possible 
to get a rough estimate for the values of the two nor-  
mal  potentials C~ and c~ This does not mean  that we 
obtain absolute values of the potentials. We can only 
determine corresponding values of the normal  pa ten-  
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Fig. 12. Potential distribution fer (a) semiconductor end (b) metal 
electrolyte interface. Dotted line: at cathodic polarization. 
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t i a l s  e~ a n d  e~ VS. a normal  hydrogen electrode. As 
ment ioned before it depends on the normal  potential  
whether  the charge t ransfer  in  a certain redox reac- 
tion occurs via the conduction or the valence band. 
According to Fig. 3 the reduct ion of Fe 3+ proceeds 
already via the conduction band. Since the normal  
potential  of the Fe2+/Fe3+ amounts  to 0.6v we have 
to conclude that also the normal  potential  ~Ol.h for the 
first reaction step of persulfate and hydrogen peroxide 
is equal or smaller  than  this value. The normal  poten-  
tial ~ol,h can immediate ly  be calculated using Eq. [6] 
since the normal  potential  of the complete system is 
known from thermodynamic data. One obtains for 
persulfate 

normal  potential:  ~oh ~ -p2.0V (complete system) 
~ol. h ~ ~u0.6v (1. reaction step) 
�9 ~ ~ W3.4v (2. reaction step) 

and for H 2 0 2 :  e~ --~ -~1.77V 
~~ =< +O.6v 
�9 ~ ~ -]-2.94V 

In  the case of persulfate, e.g., the difference between 
the two normal  potentials is 

he ---- [eot - -  e%[ ~ 2.8v 

Consequently, the energy difference between the un-  
occupied and occupied states is also larger than  2.8 ev. 
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Capacities of Zinc-Potassium Hydroxide 
Interfaces 

R. A. Myers 1 and J. M. Marchello 
University of Maryland, College Park, Maryland 

ABSTRACT 

A galvanostatic pulse current  technique was employed to measure the 
capacitance of flat and porous zinc electrodes in 32 w/o KOH solution at 25~ 
The data were obtained by operating near  the hydrogen evolution potential.  
The electrode capacities were used to obtain the wet surface area of the zinc- 
KOH interface. Some exchange currents  were obtained and average pore 
cross sections were calculated for porous zinc electrodes. 

The metal-e lectrolyte  interface exhibits a double 
layer  capacitance which can be used to calculate the 
surface area. The objective of this invest igat ion was to 
obtain a better  unders tanding  of the properties of the 
zinc electrode in the zinc-air  battery. Unpubl ished re-  
sults of investigations conducted on zinc electrodes at 
the Naval Ordnance Laboratory indicated that  porous 
zinc electrodes do not  seem to passivate as readi ly as 
flat zinc electrodes. Performance data is usual ly  based 
on current  density in terms of projected geometric 
area without  regard for the physical s t ructure of the 
surface. Since performance is dependent  on the sur-  
face characteristics, the double layer capacitance tech- 
n ique  was employed to determine the wet surface area 
of the zinc electrode. 

Grahame (1) states that  the charges (once the con- 
ditions equil ibrate) do not cross the double layer  
because they lack the tendency to do so. The metal  
electrode is infinitely polarizable either ( ~ )  or (w) 
at the interface. The dis t r ibut ion of charge in the elec- 

1 Present address: Harry Diamond Laboratory, Washington, D. C. 

t rolyte  phase at the interface may be calculated using 
the Gouy-Chapman  theory. The original theory as- 
sumed point size charges, but  this has been modified 
by Stern to account for finite size particles. In  this 
theory, two double layers are assumed; the compact 
double layer (Helmholtz or inner  double layer) is 
separated by the distance of closest approach from the 
outer or diffuse double layer. 

The double layer capacity is usual ly  measured by 
a galvanostatic pulse or an a-c bridge technique. The 
total capacitance is made up of two double layer ca- 
pacitances in series. If the bu lk  of the capacitive na-  
ture  of the interfacial  system is very close to the 
interface then Cdiffuse is large and the total  capacitance 
is equal to the compact capacitance. This is usual ly 
the case in strong electrolytes. It is also assumed that  
there is no specific adsorption of impurit ies which 
would alter the double layer. The capacitance is a 
funct ion of potential. The electrode-electrolyte in ter -  
face exhibits a m i n i m u m  capacitance with respect to 
some part icular  potential ,  often referred to as the 
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zero-point. This m i n i m u m  usual ly  occurs when  the 
interface capacitance equals the compact capacitance. 

The t rue surface area is obtained by dividing the 
capacitance measured by some standard capacitance 
density. The s tandard that has been used is l iquid 
mercury for which the geometric and interfacial  area 
are the same. Liquid mercury  behaves as an ideally 
polarizable electrode (no charge t ransfer) .  Specific 
adsorption effects can be prevented by using a drop- 
ping mercury  electrode (4). In  strong electrolytes, 
mercury  exhibits only a compact double layer for 
which the m i n i m u m  capacitance is 16 , f / c m  2 (1, 2). 
This capacitance min imum can be used as a s tandard 
because the compact double layer is independent  of 
metal, electrolyte, and tempera ture  (2). 

Single pulse techniques, similar to the one used in 
this investigation, are described theoretically and ex-  
per imenta l ly  in the l i terature.  McCallum et al. (2, 3) 
report capacitance data for the following: flat p la t -  
inum, nickel, and silver; porous carbon and nickel: 
and nickel screen in aqueous electrolytes. They also 
report results for porous l i th ium in propylene car-  
bonate electrolyte. Mercury-electrolyte  interface ca- 
pacitance techniques are reported by McMullen and 
Hackerman (4). They also report values for plat inum, 
silver, copper, a luminum,  and tantalum. 

McCallum et al. (3) report an a t tempt  to measure 
the capacitance of zinc electrodes in KOH. Their  con- 
clusion was that it was impossible to obtain mean ing-  
ful results under  the conditions they used due to 
faradaic effects. However, Dirkse et al. (5) recent ly 
report  measurements  for fiat zinc. 

Experimental  
In  galvanostatic pulse techniques the capacitance, 

CT, or the electrode surface is calculated from the 
equation 

Cr = ip d--t- [1] 

where i ,  is the pulse current  in amperes and dv/d t  
is the slope of the voltage response curve. 

The technique used for double layer capacitance de- 
terminat ion,  Myers (6), was adapted from the work 
of McCallum and Hardy (3, 4). The cell used in the 
determinat ion of the double layer  capacitance is shown 
in Fig. 1. It  was fabricated from Pyrex  and Teflon. 
No grease was used in any  joint  because of contam- 
ination. The body was a s tandard tapered joint,  5 in. 
high, with a capacity of 250 ml. Two provisions were 
made for bubbl ing  argon gas through the cell. A 2 cm 
gas dispersion tube rested in the bottom of the cell 

for deoxygenating the KOH. A surface level opening 
introduced an argon blanket  over the KOH. These 
openings were connected to the gas washing bott le 
shown on the left. The male end of the joint  was 
fashioned into a top for the cell. It  contained four 
female joints for electrode connections and a bal l  joint  
and stopper for KOH addition. Teflon stoppers with a 
small  hole down the center were used in the female 
joints. Two of these held the nickel wire which was 
connected to a 65 cm 2 plat inized p la t inum counter  
electrode; one held the nickel wire connected to 
the working electrode, and the fourth was for optional 
leads to a Teflon sheathed copper-constantan thermo-  
couple. 

The reference electrode shown on the far r ight  of 
Fig. 1 in a separate compar tment  connected to the cell 
by an electrolyte bridge was a saturated calomel elec- 
trode (SCE). While the mercury-mercur ic  oxide elec- 
trode is recommended to avoid liquid junct ion  po- 
tentials, the SCE was found to be adequate for this 
s tudy (6). P re l iminary  exper iments  gave l iquid junc-  
t ion potentials of 3.5 mv which is well  below the ___ 10 
my accuracy of the electrometers used here. 

A wire diagram of the double layer circuit appears 
in Fig. 2. I t  is similar to the diagram appearing in 
the report  by McCallum (3). The circuit is divided 
into two sections. The right half  was the polarizing 
circuit. The power source (bat tery and /or  power sup- 
ply) applied a voltage between the working electrode 
and counter electrode in the cell. The 10,000 ohm pre-  
cision adjustable  resistance controlled this voltage so 
that  the desired voltage, between the working and 
reference electrodes, could be established. The two 
reversing switches allowed polarization in either di-  
rection. The mi l l iammeter  measured the faradaic cur-  
rent.  The two 45-henry inductor  coils prevented puls-  
ing through the polarization circuit. 

The left side of Fig. 2 shows the pulsing circuit. The 
Tektronix 160 series ins t ruments  provided a known 
constant  square wave pulse across the working elec- 
trode and counter  electrode with the pulse generator  
operating in "negative pulse out" mode. Pulse dura-  
tions could be adjusted from 0.01 to 100 msec, pulse 
heights from 0.5 to 50v, and pulse repeat intervals  be-  
tween 0.1 and 10,000 msec, each independently.  The 
pulse size and the voltage response of the working 
electrode were separately indicated on the oscillo- 
scope through the dual- t race p lug- in  unit.  A perma-  
nent  record of these traces was obtained on polaroid 
film with a C-12 Polaroid Camera Unit  mounted on 
the oscilloscope. 

The pulse current  was obtained by dividing the 
height of the pulse on the lower trace by 10,000 (Rs- 
series resistance).  The dv /d t  was measured directly 
on the upper  trace. The capacitance of the electrode 
surface was calculated from Eq, [1]. 

An electrolyte of 32 w/o  (weight per cent) KOH 
was used throughout.  I t  was prepared from reagent  
grade KOH pellets and purified water. Distilled water  
was passed through an acid-leached activated carbon 
bed and redistilled, using a small  Pyrex  disti l lation 
apparatus, from an alkal ine permanganate  solution. 

Fig. 1. Double layer capacitance measurement cell configuration 

I - -  Pu~sln~ circuit "~ PolarizinR circuit ~ 

Fig. 2. Electrical circuit for double |dyer capacitance measure- 
ments. 
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Disti l lat ion was carr ied out at atmospheric pressure. 
Vapors passed through a 4 ft  insulated column to 
prevent  mechanical  carry  over.  The final wa te r  had a 
conduct ivi ty  of 8 x 10 -7 mhos/cm.  This wa te r  was 
used to make up the electrolyte. The final procedure  
was to pre-e lec t ro lyze  the KOH solution for 48 hr  at 
50 ma employing two pla t inum electrodes just  before 
use. 

All  zinc electrodes studied were  less than 2 cm=' 
projected area and weighed less than  0.6g. The size 
and weight  were  restr icted due to l imitations in de-  
tecting slopes of the dv/dt response during the double 
layer  capacitance measurements .  

Fla t  zinc electrodes were  cut f rom acetone washed 
99% pure zinc meta l  strips, 0.016 in. thick, to an area 
of 1 cm 2 with  a 4 in. extension of the same piece of 
metal.  Only zinc meta l  contacted the KOH. The area 
of extension that  contacted the KOH was taken into 
account for apparent  area determinations.  Before m a k -  
ing the capacitance measurement ,  the electrode was 
placed in pure KOH and cathodically cleaned at 50 ma 
for 30 rain to remove  any oxide film. The counter  elec-  
t rode during cleaning was a 14 cm 2 pla t inum electrode. 
At the end of the cleaning period, the electrode was 
rapidly  t ransferred to the Py rex  cell for the double 
layer  capacitance measurements .  

Porous zinc electrodes were  prepared by electro-  
chemical  deposition of zinc onto a si lver X - m a t  screen 
f rom a saturated ZnO-KOH solution. The si lver X - m a t  
was pure silver, weighed 0.2 g/in.  2 and was 0.005 in. 
thick. For  each zinc electrode 1 cm 2 of this screen was 
cut out and spot-welded to a 6 in. piece of nickel wire. 
The ra te  of deposition was controlled at values be- 
tween  0.1 and 0.5 a m p / c m  2 for  a period of 1-2 hr  
at about 2.0v. By knowing the  rate  and t ime of depo-  
sition, the amount  of zinc on the  screen was deter -  
mined. Zinc is known to deposit under  these c i rcum- 
stances at a rate of 1.1833 g /amp-hr .  The electrode 
was then pressed to a thickness of be tween 0.03 and 
0.05 in. and cleaned the same as the flat zinc described 
above. This procedure produced pure  mossy type 
porous zinc electrodes. 

The control l ing parameters  studied for effect on sur-  
face area were  t ime and ra te  of deposition and applied 
pressure after  deposition. A few electrodes were  pre-  
pared by depositing zinc onto flat zinc to obtain sur-  
face area data between flat zinc and porous zinc. This 
procedure fol lowed the same outline. 

At the beginning of a capacitance measurement  the 
cell was assembled and purged wi th  argon for 30 min. 
Then the argon flow was stopped and the stopcocks 
closed. The polarizing switch was closed, and the po- 
larizing voltage was applied across the cell. The vol t -  
age between the working and reference electrodes was 
observed unti l  it reached the desired value. The sig- 
nals on the oscilloscope were  centered and a picture 
was taken of these signals. A series of pictures was 
taken at various voltages for several  electrodes in 
order to obtain the zero-point  capacitance. This was 
the point that  corresponded to the t rue surface area. 
The min imum capacitance occurred where  the re-  
sponse t race had a m a x i m u m  slope which made it 
easy to find the approximate  voltage range by scan- 
ning first and then working step by step across the 
range recording the responses. Plots of capacitance vs. 
reference voltage defined the zero-point  which was 
used in la ter  runs  as the operat ing point. A sl ightly 
negat ive  overpotent ia l  had to be established on the 
zinc during the argon purge to prevent  zinc f rom go- 
ing into solution. Also, the establ ishment of the de- 
sired z inc-reference voltage (saturated calomel elec- 
trode) on the porous electrode required a longer t ime 
than for the other  electrodes. 

Posey et al. (7) developed an expression for the 
charging of ideally porous structures. For  charging 
t imes greater  than the characteris t ic  t ime constant ~, 
his results s implify to 

v(x,t) =ipno - ~ + - ~ + - ~  -~-~--1 + Vo [2] 

where  v(x,t) ---- potent ial  in electrolyte  at point x 
and t ime (v) ,  Ro = pL/A total  axial  pore resistance 
(ohms),  A = normal  pore cross sectional area (cm2), 
p = electrolyte  resist ivi ty (ohm-cm) ,  ip = cur ren t  
pulse (amp),  T = RoCT t ime constant (sec), Cr = 
total  capacitance (farads) ,  L = electrode thickness 
(cm),  t = pulse t ime (sec), and Vo = init ial  vol tage 

on porous s t ructure  (v).  
Differentiat ion of Eq. [2] wi th  respect  to t ime re-  

sults in Eq. [1] which shows that  for charging times 
grea ter  than �9 the potential  response will  be a con- 
stant. A pre l iminary  estimate showed that  the pulse 
current  had to be greater  than 1.0 msec to al low for 
the total  zinc pore to be charged and less than 12 msec 
in order  to minimize faradaic effects. Therefore,  a 
pulse t ime of 5 msec was chosen for this work. The 
smallest  setting on the vert ical  deflection of the oscil- 
loscope was 0.005 v /cm.  On this setting, the smallest 
detectable vol tage deflection (which corresponded to 
the change in the zinc electrode potential  result ing 
f rom the galvanostatic pulse) was about 0.25 mv. For  
a pulse current  of 1.2 x 10 -4 amp for a durat ion of 5 
msec this would correspond to a capacitance of about 
30,000 ~f according to Eq. [1]. Based on the standard 
of 16 ~f/cm 2, this capacitance would correspond to a 
double layer area of about 2000 cm 2. Therefore,  this 
was the l imit  for the area determinat ion on the porous 
electrodes. 

Sixteen standard electronic capacitors with rated 
values in the range f rom 12 to 250 ~f were  tested on 
several  occasions. This was done by removing  the cell  
f rom the system and connecting the capacitor across 
the working e lec t rode-reference  electrode panel  con- 
nections. The rest of the procedure was the same. 
Severa l  voltages were  placed on each capacitor for 
tests. As before, the oscilloscope traces were  evaluated,  
and the capacitance was calculated. In all cases, the 
results were  wi thin  2% of the ra ted  values, and re-  
peated results checked within  0.5%. 

Results 
In the course of the exper imenta l  work, about 350 

pictures were  taken of the double layer  responses of 
electrode surfaces and response of electrodes to load 
changes during discharge. This entai led the study of 
over  75 electrodes. About  one half  of these electrodes 
were  of metals that  were  repor ted  in the l i tera ture  
(1, 2, 4) and were  used to establish the l imitations of 
the procedure used here. The other  half  of the elec-  
trodes were  ei ther flat or porous zinc on which the  
exper imenta l  data were  the main concern of this re-  
search. All  of the data were  taken in 32% KOH at a 
t empera ture  be tween 25 ~ and 27~ 

Before measur ing zinc the values for platinum, 
nickel, silver, and mercu ry  were  measured to check 
with reported l i tera ture  values. These are summarized 
in Table I. Sample  oscilloscope traces are shown 
in Fig. 3. 

Table I. Summary of double layer capacitance measurements on 
standard metals 

G e o -  Spec i f i c  
m e t r i c  c a p a e i -  

C u r r e n t  a r e a  t a n c e  
M e t a l  D e s c r i p t i o n  Emin (v) (ma)  (cra~) ( $ f / c m  2) 

N i c k e l  0.012 in .  t h i c k  s h e e t  - -0 .70  0.006 12.9 20.65 
- -0 .70  0.004 12.9 20.60 
- -0 .70  0.0 12.9 26 .30 

S i l v e r  0.025 in.  t h i c k  s h e e t  -- 0 .44 0.0 13.5 61.4 
-- 0.335 0.0 13.5 70.0 

0.003 in .  t h i c k  fo i l  - -0 .70  0.0 12.9 38.3 
P l a t i n u m  0.002 in.  t h i c k  fo i l  - -0 ,77  0.004 14,1 62.2 

- -0 .77  0.002 2.0 29.0 
M e r c u r y  T r i p l e  d i s t i l l e d  l i q u i d  -- 0.81 0.035 0.952 17.3 

- -0 .84  0.037 0.952 18.4 
-- 0.84 0.036 0.952 18.4 
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Fig. 3. Oscilloscope traces from double layer capacitance meas- 
urements on nickel and mercury. 
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The first successful results were obtained on flat 
zinc plates near  the hydrogen evolution potential. 
With small  surface areas in comparison to porous 
zinc, it was easier to t raverse the current-vol tage  
curve of flat zinc in KOH. The rest voltage for zinc 
was --1.60 vs. SCE. Figure 4 shows current  density 
(based on geometric area) voltage characteristics for 
a flat zinc electrode under  current  producing condi- 
tions. However, the current  producing reaction at the 
interface disrupts the double layer. In  fact any  fara-  
daic current  involving the metal  ions at the surface 
decreases the capacitive na ture  of the surface so that  
the double layer can not be readi ly measured. There-  
fore, at tempts to measure the double layer capacitance 
at voltage less negative than --1.60 (vs. SCE) were 
unsuccessful. As positive polarization was applied 
more current  flowed as indicated by Fig. 4 unt i l  a 
current  of about 375 ma /cm 2 was obtained. At this 
point passivation occurred. Passivation is the result  of 
a zinc oxide coating forming on the surface which in-  
hibits the flow of current.  Oscilloscope traces photo- 
graphed in this current -vol tage  region showed ex- 
t reme curvature.  

Thus polarization was applied to make the zinc 
voltage more negative. The current  went  to zero and 
then became negative below b l .64v ,  Fig. 5. The net 
current  was flowing onto the zinc electrode. The os- 
cilloscope response curve straightened at about --1.75v. 
More negative operating voltage caused the response 
to become curved again. Linear  voltage responses in-  
dicate a m in imum faradaic current  and capacitance at 
the interface. Therefore, an apparent  zero-point  ex- 
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Fig. 6. Double layer capacitance measurements for flat zinc 

ists in this voltage range. Several  flat zinc electrodes 
were measured in this range to define the exact min-  
imum. Figure 6 shows two sets of data taken to show 
the capacitance obtained. The zero-point  is found to 
be at --1.76v. Figure 7 shows example oscilloscope 
traces for flat and porous zinc at the minimum.  

The current-vol tage  characteristics were measured 
potentiostatically in the operat ing range on flat zinc 
since this data was not reported by Sanqhi  and 
Fleischman (9). A sample of these results is shown 
in Fig. 5. This figure also shows production of cur-  
ren t  and a t rend toward passivation which was shown 
in Fig. 4. More negative voltages are the results of 
adding current  which eventual ly  results in hydrogen 
evolution. There is an inflection point  near  the mea-  
sured zero-point  capacitance. The slope of this curve 
(di/dv) in the operating range has a smaller  magni -  
tude. The magni tude  of the current  is less than 0.2 
ma / c m 2 (based on geometric area) and is not the 
result  of the zinc electrode reaction. 

Once the zero-point  capacitance range and current -  
voltage range were obtained for zinc, the data taking 
procedure was simplified for the remaining electrodes 
studied. It  was only necessary to establish the zero- 
point  voltage on an electrode and photograph the 
traces at that  point, since this is the only one cor- 
responding to the double layer  area. 

Equat ion [1] was used with the oscilloscope read-  
ings to calculate the capacitance. The double layer 
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Table III. Exchange current values 

Elec t rodepos i t ed  
P la te  zinc f iat  z inc 

Io Io" Io Io' 

P o r o u s  zinc 

Io Io" 

114.0 37.0 290.0 33.0 2026.0 19.0 
124.0 36.0 430.0 24.0 2188.0 21.0 
137.0 34.0 831.0 33.0 2568.0 19.0 
122.0 32.0 1430.0 20.0 
157.0 34.0 1162.0 19.0 

Io lza/cm2 based  on g e o m e t r i c  area.  
Io' # a / c m  2 based  on  d o u b l e  l a y e r  area.  

Fig. 7. Oscilloscope traces from double layer capacitance meas- 
urements on zinc electrodes. 

area (DLA) in square cent imeters  was obtained f rom 
Eq. [3], according to ref. (2). 

C (~f) 
DLA = [3] 

16 (~f/cm 2) 

where  C is the capacitance measured.  
Th i r ty - two  zinc electrodes were  studied in the 

course of exper imenta l  work. Double layer  areas were  
measured f rom 3.82 cm 2 on flat zinc to 824.0 cm 2 on 
porous zinc. If a roughness is defined as the ratio of 
double layer area (DLA) to geometric areas (GA),  
then the range of roughness obtained was 3.0 to 212 
cm2/cm 2. Based on the weight  of zinc on the electrode, 
these compared to about 20.0 to 2100 cm2/g. The 
faradaic current  effect was obtained by dividing the 
total  current  at the zero-point  by the DLA. These 
values ranged f rom 0.02 to 0.17 m a / c m  2. A summary  of 
results of the double layer  measurements  on zinc are 
listed in Table IL 

According to McCallum (3), the oscilloscope t race  
data used to determine  the double layer  capacitance 
can be used to de termine  an exchange current  ac- 
cording to Eq. [4]. 

nF ( ~act~ 
Zo = - ~ -  - 7 - /  [41 

where  Io is the exchange current  density. ~act is the 
voltage change due to the pulse current  I. However ,  
because of the large negat ive polarization (1.60 mv)  
the nature  of the species involved in the exchange 
current  reaction wil l  be different. This polarization 
should prevent  zinc from taking par t  in the exchange 
reaction. 

Equat ion [4] held for ~act ~ 50 mv, and in most 
cases this vol tage change was less than 5 mv. For a 
pulse of 5 msec durat ion the resul t ing vol tage change 

Table il. Summary of double layer capacitance measurements on 
zinc 

Z e r o - p o i n t  voltage  
Pu l se  cur ren t s ,  amp 
Geometr ic  area, era2 
D o u b l e  l aye r  area,  cm 2 

Roughness  

Double layer  a r e a / g r a m  of zinc 
Exchange current ,  ,~a/cm 2 

A v e r a g e  pore  diameter  

--1,76 -- 0.1v vs. SCE 
4 and  12 • 10-~ 
2.0-4,0 
F l a t  z inc  4.0-10.0 
Electroplated 20-40 
P o r o u s  100-800 
F l a t  3.0-4.0 
E l e c t r o p l a t e d  20-25 
Porous  40-200 
20.0-2100.0 
F l a t  34 
E l e c t r o p l a t e d  29 
P o r o u s  20 
0.05-0.10 c m  

can be assumed to be activation controlled, which is 
a requ i rement  of Eq. [4]. For  these calculations ~lact 
was not the electrode overpotent ia l  which was equal  
to 1.76-1.60v or 160 mv. The Io values obtained in this 
way  are tabulated by the type of zinc electrode in 
Table III. Io is based on geometr ic  area, and Io' is 
based on the DLA. Similar  results were  obtained by 
Far r  and Hampson (8) in the potent ial  range for zinc 
going to zincate. 

Two electrodes of the same physical characterist ics 
were  discharged up to 95% of their  theoret ical  ca- 
pacity. One was mounted ver t ical ly  and the other  
horizontal ly in the cell  to study the gravi ta t ional  ef-  
fect. There was some zinc left  on the electrodes at 
95% discharge which indicated that  the method used 
to calculate weight  of zinc was accurate. The two 
sets of data are plotted in Fig. 8. 

Equat ion [2] can also be solved for the response 
at the outside edge at the beginning of the pulse 

i~Ro 
V (O,O) = T + Vo [5] 

The pore resistance according to Eq. [2] is equal  
to pl /A ,  where  A is the normal  average  pore cross sec- 
t ional  area. The range of the average pore diameters  
obtained in this equation are repor ted  in Table IL 

Discussion 
This invest igation measured the surface area and 

pore s tructure of porous zinc electrodes. The area 
measurement  was made by a single pulse galvano-  
static measurement  of the double layer capacitance 
of zinc meta l  in potassium hydroxide electrolyte.  Ex-  
tensive work  has been done by McCallum et al. (2) 
on this par t icular  approach to measur ing the double 
layer  area of metals. Their  conclusion was that  pH, 
temperature ,  and agitat ion had li t t le effect on the 
capacitance values. If t empera tu re  is controlled within  
•176 the change in capacitance will  not be detected. 
Graham (1) calculated that  capacitance min imum 
only changed 1.5 ~f for an 85~ change in temperature .  

The effect of concentrat ion was also considered by 
McCallum. The only effect occurred in dilute solu- 
tions. There  are two double layers according to the 
theory  of Gouy and Chapman: the compact and dif- 
fuse double layers. In dilute solutions, a second min-  
imum occurred because the diffuse double ]ayer was 
controlling. They recommended using concentrated 
electrolyte  to avoid ambiguous results, since these 

TwO plates produced to the same sgecificatiens 

~ 300 0 Prate HM-vertical discharge 
Prate PP-hofizontal discharge 
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Fig. 8. Porous zinc double layer area = f (per cent discharge) 
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minima might  occur very close in some cases and also 
to avoid high resistances in the cell that  could in t ro-  
duce curvature  in the d v / d t  trace for the porous zinc. 

The results for nickel, plat inum, and silver in Table 
I agree well with those reported by McCallum et al. 
(2) both in the zero-point  voltage and the capacitance. 

Mercury in  aqueous systems has received the at-  
tent ion of m a n y  workers. Grahame showed that  the-  
oretically the min imum should be 16 #f/cm 2. Unti l  
only recently, the best data published was about 
20 ~f/cm 2. Table I lists three values of mercury  ob- 
tained in this work of 17.5, 18.4, and 18.4 ~f/cm 2. 

The oscilloscope traces in Fig. 4 and 6 show a volt-  
age gap at the beginning of each pulse. This is the IR 
component of the polarization between the working 
and counter  electrode due to the pulse. The size of 
the IR component depends on the relat ive position of 
these electrodes in the cell. 

An  operating voltage was found at which the ca- 
pacitance of zinc could be measured. The approxi-  
mate ly  parabolic like curves in Fig. 5 are similar in 
shape to ones obtained for the other metals. The ca- 
pacitance values at the min imum for the various types 
of zinc are consistent with the method of production. 
The relat ive areas seem reasonable. The surface of 
flat zinc was viewed under  a microscope, and it ap- 
peared slightly more rough than the other metals. The 
min imum capacitance obtained on zinc was about 56- 
64 ~f/cm 2 or a roughness of 3.5-4.0. The faradaic cur-  
rent  was larger than it was for the other metals, and 
hydrogen evolution was noted at the min imum of 
--1.76v vs. SCE. But  because the amount  of hydrogen 
evolution was small and the surface area was large, 
the evolution was not  believed to al ter  the double layer 
significantly. 

Dirkse et al. (5) reported values for zinc which ap- 
proached the values obtained in this work for the min -  
imum capacitance. Their  plots of capacitance vs. volt-  
age do not show a min imum which is because they 
were not at the m i n i m u m  voltage found in this work 
(6). It  is felt that this point (--1.76v vs. SCE) is 
the zero point for zinc because it was the same 
for the three types of zinc: flat, electroplated, 
and porous; and the dv /d t  response was l inear  in 
each case. In  this work electrodes of about 1 cm 2 
area were measured. The specific capacitance (in 
~f/cm 2) would not differ greatly from the total  ca- 
pacitance so that  small  errors in the area had little 
effect on the specific capacitance. However, Dirkse's 
electrodes had an area of only 0.02 cm 2 so that a small  
error could change the specific capacitance by 10-20 
~f/cm. 

The zinc reaction in KOH during discharge is 

Zn -b 4(OH) - ~ Zn(OH)4 = § 2e-  [6] 

For the double layer measurements ,  a negative over-  
potential  was placed on the zinc which eliminates this 
reaction and any oxide present  is converted to zinc. 
Current  is forced in the opposite direction which re-  
sults in hydrogen evolution at the zinc metal  surface 
according to the reaction 

2H + ~- 2e -  ~ H2 [7] 

The current  is small, in the order of ~a/cm 2 at the 
operating voltage, and the rate of hydrogen evolution 
is also small. 

The hydrogen reaction stabilizes the double layer. 
Without this reaction, the oxide and electrolyte exist 
in both a compact and diffuse double layer. The hydro-  
gen reaction eliminates the effect of the diffuse layer. 
Hydrogen exists either as (H +) or (H80 + ) since this 
species has to exist with a positive charge in the elec- 
trolyte phase of the double layer and the chemisorbed 
species on zinc at the other side of the double layer. 
The electrons ( e - )  in  the zinc redis tr ibute  at the 
metal  side of the interface. The controll ing reaction is 

H + -~- e -  ~z::2Zn (H)chem [8] 

It is this hydrogen equi l ibr ium reaction that stabilizes 
the double layer. The small  cur rent  is the result  of 
a second reaction causing the hydrogen evolution 

2Zn (H)chem ~ 2Zn ~ ~- H2 [9] 

The above interpreta t ion of the double layer struc- 
ture on zinc is consistent with the theory of the struc- 
tur~ of the double layer and the part icular  operating 
point for zinc. 

The determinat ion of the exchange current  from 
the oscilloscope pictures resulted in values that  are 
almost constant. The exchange current  should be a 
constant value for a metal. Values reported for other 
metals are usual ly  in the order of 1 ma / c m 2 based 
on the geometric area. The zinc data are less than 
1 m a / c m  2 and dependent  on the type of zinc surface, 
but  they are constant  based on the DLA. The average 
values are about 34, 29, 20, •  ~a/cm ~. These values 
are not l ikely to be the true exchange currents  for 
the zinc electrode as described by Eq. [6], but  rather  
an exchange current  due to Eq. [8] and [9]. 

Double layer measurements  were at tempted in KOH 
saturated with ZnO. As would be expected, it was 
not possible to obtain the proper polarization voltage 
for the measurement .  Instead of the hydrogen evolu- 
tion reaction, which was necessary to establish the 
compact double layer, zincate ion was being converted 
to zinc. 

In  order to confirm the fact that the double layer 
area was being measured in the study, several  elec- 
trodes were discharged to obtain the DLA as a 
function of the per cent of discharge. Electrodes were 
discharged in a separate Lucite cell with an excess 
of 32% KOH in order to prevent  any precipitat ion of 
ZnO. Precipitat ion of ZnO would result  in ZnO trapped 
in the porous s tructure which could alter the ca- 
pacitance measured. Then at various percentages of 
total discharge the electrodes were switched into the 
Pyrex  cell containing fresh KOH that was not con- 
taminated with zinc species for the double layer ca- 
pacitance measurements .  In  this way, zincate ion 
would not be available to interfere with the capaci- 
tance determination.  Two sets of data are presented 
in Fig. 8. The DLA drops about 40% in the first 10% 
of discharge, mainta ins  a slower rate of change up to 
about  60% of discharge and then  drops off. The ini-  
tial change in DLA is due to reaction of the many  
small dendrites result ing from the method of elec- 
trodepositing and pressing. Once this large, rough 
surface is reacted, the remain ing  uni form in ternal  
s t ructure reacts away slowly. Therefore, the DLA 
must  be the total wet surface area available to the 
KOH, but  it is not the reaction area. 

Porous electrodes fail by passivation but  only at 
much higher current  densities. This is because the re-  
action surface is greater so that  there is more space 
available for diffusion of Zn (OH)4 = and for saturat ion 
to occur. 
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Interfacial Electrical Effects Observed during 
the Freezing of Dilute Electrolytes in Water 

Alan W. Cobb ~ and Gerardo Wolfgang Gross 
New Mexico Institute of Mining and Technology, Socorro, New Mexico 

ABSTRACT 

Dilute solutions of about 50 typical salts, acids, and bases in the concen- 
t ra t ion range 10 -8 to 10-~M were frozen at nonequi l ib r ium rates. The freez- 
ing potential, charge separation across the phase boundary,  and chemical 
composition of the phases were measured. The charge separation is a func-  
t ion of ionic species present  in the solution, their  concentration, and the 
freezing rate. It  is caused by a differential t ransfer  of ion consti tuents across 
the phase boundary.  Hydrogen and hydroxyl  ions neutral ize the charge as 
the phase boundary  advances. The solution pH greatly affects the charge 
separation, other conditions held constant. 

In  1950, Workman and Reynolds (1) suggested that  
thunders torm electricity may be produced by an elec- 
trical effect that  they had found to occur dur ing con- 
trolled freezing of dilute ionic solutions. Depending 
on the ions present  and their concentration, they 
measured potential  differences that could exceed 200v 
between an electrode placed wholly within the ice and 
an electrode in the unfrozen solution. Workman and 
Reynolds showed that  these potentials are not merely 
electrostatic in nature, that  is, contact potentials, but 
that  charge is actually t ransferred across the advanc-  
ing phase boundary.  The rate of charge t ransfer  is 
dependent  on the rate of phase t ransformation (2), 
and the amount  of charge t ransferred is proportional 
to the mass, or volume, of the solid phase. For a given 
experimental  configuration and freezing rate, sign and 
magni tude of the potential  difference and rate and 
quant i ty  of charge t ransfer  depended on the kind 
and amount  of contaminants  in solution. Thus, for a 
2 • 10-4M NaF solution, Workman and Reynolds 
measured a t ransfer  of 530,000 esu or 1.8 X 10 -4 
coulombs/cm 8 of ice formed. Working in a hel ium 
atmosphere with a 7 • 10-SM NaC1 solution, these in-  
vestigators found that  the pH of the solid phase, when 
melted and brought back to room temperature,  was 
lower than that  of the liquid phase. They interpreted 
this as being caused by selective t rapping of chloride 
ions in  the solid phase and rejection of sodium ions 
into the supernatant  liquid. They found a rough agree- 
ment  to exist between the charge t ransfer  calculated 
from the pH change and that based on the electrical 
measurements.  Workman and Reynolds suggested that 
the incorporation of solute ions may be a means for 
reducing the surface energy of a freshly formed ice 
surface. 

Subsequently,  other investigators made exper imental  
(3, 4) and theoretical (5, 6) studies of the charge 
t ransfer  mechanisms, the effects of specific solutes 
(7-12), the effect of electrode materials and electrode 
t rea tment  on the charge separation (13), the connec- 
t ion between freezing rate and preferent ial  ion incor-  
poration (14), the relat ion between interface proc- 
esses dur ing ice growth and d-c conductivity charac- 

x Present  address:  California State Polytechnic College, San L u i s  
Obispo, California. 

Key words:  interracial  electrical effects, i ce /wate r  system, freez- 
ing potentials, differential solute incorporation in ice, i ce /water  in- 
terface potentials, charge separation at the advancing  i ce /wate r  
interface.  

teristics of the bulk ice (15), solute part i t ion coeffi- 
cients (16), and spontaneous freezing of supercooled 
solutions (17). These studies have recently been dis- 
cussed by one of us (18). Par t ia l  reviews are also 
found in ref. (19) and (20). 

The purpose of the present  paper is a systematic 
investigation of typical  solutes, grouped according to 
their chemical characteristics and studied over a large 
range of concentrations. The pH effect has been in-  
vestigated in detail, and charge separation measure-  
ments  have been compared to the solute content  of the 
phases. 

Experimental Procedures 
Aqueous solutions.--Solutions in  the range 10 -6 to 

10-3M were tested. The water  was first carefully dis- 
tilled and then passed through an ion exchange column 
of Amberl i te  MB-1 resin just  before using. Typical 
resistivity range for the freshly prepared water  stock 
was 3 to 10 • 106 ohm-cm. Control experiments  with 
freshly distilled water  of 1 to 2 • 106 ohm-cm not 
subjected to ion exchange yielded results indis t in-  
guishable within exper imental  error from those where 
deionized water  was used. The reagents used to make 
up the test solutions were of the best grade com- 
mercial ly available. All  glassware, plastic materials, 
and metal  parts used in contact with the samples were 
carefully cleaned and stored in purified water. 

Freezing arrangement.--A small cylindrical  sleeve 
of Teflon (0.25-0.50 mm wall  thickness, 34 mm diam- 
eter, and 52 mm height) was pressed onto a metal  base, 
usual ly plat inum, to make a water - t ight  container 
(see Fig. 1). This "freezing cup" was filled with ap- 
proximately 35 ml of the solution to be frozen and put 
in contact with a heavy block of copper main ta ined  at 
about --12 ~ to --14~ (except where noted otherwise).  
Thermal  contact was improved by having the bottom 
of the cup base wet as it was hand-pressed to the 
cold copper. With this procedure, ice forms within 
a few seconds on the inside surface of the metal  
base and grows upward  with the c-axis approximately 
normal  to the refr igerat ing surface. In order to avoid 
the formation of large concentrat ion gradients in the 
ice, freezing was customari ly halted when 10-15% of 
the solution had frozen. Typically, the ini t ia l  freezing 
rate (after 1 sec) was of the order of 1.9-2.5 • 10-3 
cm/sec, and the average freezing rate for the first 
5 rain of freezing was about one- ten th  of the ini t ial  
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~Plotinum wire electrode ~ -Thin-wolled Teflon cylinder 

Platinum bose 
~'onnection for ground wire 

5 inch cylindrical copper b~ock I d i ~  /7"/7"/7-/72 
protruding from deep freeze J 

oopoer ~ ~  oopper 
fins fins 

Fig. 1. Experimental arrangement used for studying electric 
charge separation during the freezing process. 

rate. Runs were te rmina ted  after 5 to 6 min  unless 
otherwise stated. 

Electrical measurements.--The pla t inum base also 
served as the ice electrode and was electrically 
grounded. The solution electrode was a p la t inum wire 
with a flat Teflon-tipped spiral formed at one end. The 
other end was connected to the input  t e rmina l  of an 
electrometer through a movable Lucite arm connected 
to a micrometer.  When the Teflon tip made contact 
with the ice surface, the electrical cont inui ty  was in -  
terrupted,  causing a deflection on the electrometer. The 
corresponding level of the ice surface could be read 
off the micrometer  and recorded. In this way, it was 
possible to measure the freezing rate and the volume 
frozen. 

A General  Radio model 1230A d-c electrometer was 
used to measure either the potential  difference or the 
charge flow between the solution and ice electrodes. 
Since the highest full-scale deflection of this ins t ru-  
ment  was 1Ov, potentials exceeding this value were 
measured either with a bucking potential  from a dry 
cell connected between the solution electrode and the 
electrometer input  or with an electrostatic voltmeter.  

The input  impedance of the GR 1230A electrometer 
is var iable  from zero to "infinity" ( >  10 TM ohms).  
Freezing potentials were measured across an "infinite" 
input  impedance called "open-circuit" a r rangement  in 
this paper. The rate of charge t ransfer  (freezing cur-  
rent)  was measured wi th  an input  impedance of 10,000 
ohms. This effectively provided a low-resistance elec- 
trical shunt  between the water  and ice electrodes. 
Either freezing potential  or current  were recorded on 
a strip chart  recorder (Varian Model G-1O) r u n n i n g  
at a speed of 4 ipm. The freezing current  was in -  
tegrated over 5 m in  (unless otherwise indicated).  
From the total  charge thus obtained, the average 
concentrat ion of t ransferred charges was derived and 
compared with the chemically determined difference 
between solute cations and anions. 

The type of mater ia l  used for the cup base (and for 
the solution electrode) was not critical provided that  
comparable freezing rates could be main ta ined  and the 
electrodes were not attacked by the solutions. For 
charge- t ransfer  determinations,  however, the metal  
used for the base must  be resistant to electrolytic 
oxidation; plat inum, palladium, gold, purified graphite, 
and stainless steel were found to be satisfactory. 

The dimensions of the freezing cup, as well  as the 
electrode distances (and shapes), did not in our ex- 
perience affect freezing potentials and t ransferred 
charge concentrations, as long as comparable freezing 
rates were maintained.  Theoretically, the interface 
potential  is independent  of the area of a flat, smooth 
interface (Eq. [2]). 

The freezing potent ial  was measured under  experi-  
menta l  conditions essentially precluding charge neu-  
tral ization except through the phase boundary  itself 
which can be characterized by an "interface resistance" 
(6, 14). The bulk  resistances of the phases had no direct 
effect on the measurements.  

The cell resistance was estimated from the average 
of the ratio of a small  change in freezing-cell  emf to a 
small  change in current  when  an external  source of 
emf was applied in both the positive and negative 
directions. For many  solutes, notably  those yielding 
a larger incorporation of the negative ion constituent,  
this is essentially the ice resistance. To convert  cell 
resistance to ice resistivity it would be necessary to 
evaluate  the external  circuit resistance, the two elec- 
trode resistances, the solution resistance, and the ice/  
solution interface resistance, subtract  these from the 
cell resistance and mul t ip ly  the result  by a cell ge- 
ometry factor of about 23. Data on ice resist ivity and 
interface resistances for samples of a few solutions 
grown under  comparable exper imental  conditions are 
found in the l i terature  (6, 14-16). 

Exclusion of atmospheric gases.--Most experiments  
were carried out in the normal  atmosphere. Freezing 
of deaerated solutions under  vacuum often led to 
supercooling and disorderly freezing and therefore 
was not practical as a routine. Of gases occurring. 
in the atmosphere, carbon dioxide and ammonia  were 
found to have specific effects which will  be discussed 
later. No specific effect was detected from atmospheric 
oxygen. Since the solubili ty of air in ice is smaller  
than  in water, air bubbles may form at the interface 
and, in escaping, cause convection. This reduces the 
interface concentrat ion below the theoretical level. 

Analysis methods .~Af ter  completing a freezing run, 
the unfrozen liquid was separated, and the ice was 
immediately washed several times with h igh-pur i ty  
water. After  removing excess water, the ice was 
melted. Analyses for alkali  and alkal ine earth metal  
ions were made with a Beckman D. U. flame pho- 
tometer. The pH was determined with a Beckman 
model G pH meter, and the fluoride and chloride 
determinat ions were made by s tandard colorimetric 
methods (21) using a Bausch and Lomb Spectronic 20 
spectrometer. For ammon ium ion or ammonia  deter-  
minations,  the Jackson modification of Nessler's 
method was used (22). For a given element  or radical, 
analysis results are expressed as concentrat ions (in 
moles per liter) of ion consti tuent  in the melted ice 
at room temperature.  The use of the terms "ion" or 
"ion t ransfer"  does not imply judgment  concerning the 
state of the impurit ies in the phases. 

Freezing rate and inter~ace concentration.--Assume 
that heat flow is perpendicular  to and through the base 
only of the freezing cup (that is, the interface is 
horizontal, flat, and smooth),  that the solute concen- 
t rat ion far from the phase boundary  remains  constant, 
and that  no convection takes place. Under  these ideal 
conditions, the freezing rate diminishes according to 
the relat ion (Ref. 23, p. 285, Eq. [12]) 

dx 
- =  at -1/2 [1] 

dt 

a is the heat-flow parameter  (see List of Symbols) ,  
which is numer ica l ly  equal to the freezing rate one 
un i t  t ime after the beginning of freezing. 

For this freezing mode, Wagner  (24) has shown that  
the concentrations of a solute atom at the interface 
(on the solid and on the l iquid side) are independent  
of freezing rate and, indeed, constant if the solute 
par t i t ion coefficient is constant. Thus, these concentra-  
tions are un ique ly  related to the concentrat ion of the 
ini t ial  solution. For ionic impuri t ies  in ice, however, 
the dis tr ibut ion coefficient may be concentra t ion-de-  
pendent  (12, 18, 25, 26). While it thus appears probable 
that Wagner 's  relat ion is not strictly applicable to 
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ionized solutes in water, it is a useful  first-order ap- 
proximation.  

Results 

The Freezing Potentia~ 
The potential  difference developed during the freez- 

ing of dilute ionic solutions depends in sign and 
magni tude on the ionic species present. The magni -  
tude also depends on concentrat ion and on the freezing 
rate. Only salts gave consistent freezing potential  
differences of more than  1 or 2v. The typical potential  
curve exhibits a relat ively steep ini t ial  rise leading to 
a peak, and a much more gradual  decline. Table I lists 
for a number  of salts in  unbuffered solutions the 
highest peak potential  obtained and the corresponding 
concentration. For each salt, a considerable number  of 
concentrations was tested, and for each concentrat ion 
the data of three or more consistent freezing runs  were 
averaged. With care, freezing potentials could be du-  
plicated wi thin  plus or minus 10%. The major  causes 
of variat ion were (a) poor thermal  contact of the 
freezing cup with the cold block (potentials too low), 
(b) par t ia l  supercooling of the solution before the 
onset of orderly freezing (very sharp init ial  rise to an 
unusua l ly  high peak),  and (c) insufficient recovery of 
the heat sink between runs  (potential  too low). 

The effect of concentrat ion on the magni tude  of the 
potential  peak is i l lustrated in Fig. 2 for solutions of 
five typical salts. All  curves exhibit  a max imum of 
varying sharpness. The max imum-peak  concentrat ion 
increases in the order: ammonium salts (except am-  
mon ium fluoride); lead salts and fluorides; chlorides; 
and ammonium fluoride (Table I) .  

The fluorides tested typically showed a m a x i m u m  
freezing potential  of 30-45v (ice negative) at a con- 
centrat ion of approximately 2 • 10-SM. Sodium salts 
showed a somewhat greater freezing potential  than 
potassium salts and usual ly  more of the sodium ions 
were carried into the ice. 

Every pure uncontaminated  hydroxide solution 
yielded an insignificant freezing potential  (e.g., 0.1v 
for a fresh ammonium hydroxide solution, 5 • 
10-GM), whereas the presence of carbonates, either by 
design or not, caused the development  of high po- 

Table I. Highest freezing potentials for various salts. 
Concentrations given in units of 10-6M. Sign of potential 

difference refers to the ice. 

S o l i d  ice  M e l t e d  ice  
M o t h e r  s o l u t i o n  a n a l y s i s  

M a x .  pot . ,  Ce l l  res., .  
S p e c i e s  Conc.  [H+] v 10 e o h m s  S a l t  [H+] 

(NHD$COs 15 0,5 + 214 1000 - -  1.0 
NH~CaHsC~ 5 0.4 + 151 1000 - -  1.6 
NHdCI  5 0.7 + 92 1000 1 1.3 
NH~CHC~ 15 2.0 + 84 1O,0OO 
P b  (CsHsO~) ~ 11 - -  + 102 100 
Pb(NC~)~  15 ~ + 68 10,00O 
K2SO4 2 0  1.1 + 8 5000  < 1 1.3 
Na~SO4 20  1.0 + 22 4000 1 1.4 
NaHSO~ 20 20 + 8 3000 ~ 1  2,4 
NaC~HsOs 50  1.2 + 16 100O-10,O00 2 1.6 
LisSO4 1O0 1.3 + 9 3000  2 - 4  1.6 
NH4F 2000 2.0 - - 9  5-9  1600 1.6 
K F  20  1.4 - - 4 0  2 6 3.2 
K C !  250  - -  - - 3 7  2 7 3.2 
K B r  180 - -  -- 35 2-3  6 1.3 
K I  750  2 .0  - -25  5-9  18 4.0 
KCHO~ 1O0 1.5 - - 2 8  2 5-7 1.6 
KNO2 250  - -  -- 31 2 -4  2 3.2 
K H C O s  250 0.03 - -41  100-1000 5 0.3 
K H C O s  p l u s  
CO2 (sa t 'd . )  200 0.2 - - 1 3  15 - -  1.0 
K C N  25 0.002 - -90  1000-10,000 
N a F  20 2.4 - - 4 4  1.5 5-7 3.2 
N a C I  250  2 .0  - - 4 3  3-5 8-16 2.0 
NaCHO2 200  l.O - - 2 8  2-3  25 1.6 
N a H C O z  200 0.02 - - 5 5  100-1000  10 1.0 
Na~COs 50 0.05 - -  70 1000-10.000 1 1.3 
NaNs  170 - -  - -27  0 .9  50 0.8 
L i F  10 0.1 - - 4 5  - -  - -  3.5 
CaCOs 28 -- -- 40 200 

Ca(HCO3)2  100 - -  --30 6 
NiF~ 2 0  - -  -- 32 2 
Z n F 2  2 0  -- - - 2 8  5 
(C.2H~) 2NH2F 12 -- --23 2-3  
(C2Hs)~.,NH~CI 150 -- - -  16 (?) 1-3 
(C~-~) ~FF  10-30 - -  - -  31 0,6-2 

i 
~oc  

I Pb(C2H~Oz) 2 ce or e e 
ZOO : (NH,)z C0  , 

IC< IceClloroe - KF 

g 

1o l o_ ,  t o  1o - "  i o  - 

Noymolity of Salt Sotufion Frozen 

Fig. 2. Effect of solute concentration on the freezing-potential 
peak. The ammonium salts yield the largest potential differences. 
The concentration dependence is relatively weak. The ice is posi- 

t i v e l y  charged with respect to the liquid phase. Lead acetate also 
gives o positively charged ice, but the maximum potential is 
sharply peaked between 1 and 2 x 10-5M. A less rapid decline 
is shown by the fluorides which (except the ammonium fluoride) 
also peak around 2 x 10-5M. In the fluorides the ice is nega- 
tively charged. 

tentials  (e.g., 165v for a similar solution prepared from 
old stock and in contact with the atmosphere) .  

Solutions of the acids HF, HC1, and H2SO4 gave 
insignificant potentials. 

Solutions of various nitrates, oxalates, and sulfates, 
with a few exceptions (lead ni t rate)  gave max imum 
potential  differences not exceeding 25v (ice positive) 
and poorly reproducible. In some cases this may have 
been due to a rise t ime exceeding the durat ion (typic- 
ally 5-6 min)  of our runs. 

Qualitatively, these results are typical, but  quant i -  
ta t ively they may differ for different investigators or 
for the same investigator at different times. The rea-  
sons are several: different samples of a reagent-grade 
salt may yield solutions of different pH even when 
made up with water  of the same degree of puri ty;  
a reagent  may contain traces of interfer ing impurit ies;  
a lack of care dur ing  the handl ing  of a solution prior to 
and dur ing freezing may cause the absorption of 
carbon dioxide or of ammonia  from the atmosphere, or 
of other impurit ies from different sources. 

ESSect o] pH on the freezing potentiaL--The maxi-  
m u m  freezing potential  of a 2 • 10-SM NaF solution 
varied from 90 to 6v as the pH was lowered from 
7.7 to 4.8. Detailed results are presented in Table  II. 
The opt imum solution pH for the highest freezing 
potential, regardless of sign, was usual ly  between 7 
and 8. A number  of the salt solutions tested, especially 
those containing anions of the stronger acids, were 
slightly acidic (pH near  6). An adjus tment  to a pH 7.5 
in these cases would probably have resulted in a 
higher max imum freezing potential  than  shown in 
Table I. For example, the pH of a 5 • 10-6M NaF 
solution was adjusted to 7.85 by means of 1 • 10-5M 
NaOH. This solution gave successive max imum freez- 
ing potentials of 240 and 225v (ice negative) ; a freezing 
potential  of under  10v was the rule when the pH was 
not adjusted. 

Typically, the fluorides show a rapid decrease with 
concentrat ion of the freezing-potential  max imum on 
the low-concentrat ion side of the peak (Fig. 2). The 
fluoride concentrat ion in the ice at the point where the 
ma x i mum freezing potential  had fallen to 25% of the 

Table II. Effect of pH on the freezing potential of a 2 x 10-5M 
NaF solution 

A c i d  o r  p H  F r e e z i n g  Ce l l  res . ,  p H  M e l t e d  
b a s e  a d d e d  S o l u t i o n  p o t e n t i a l  106 o h m s  ice  

1 • 10-~M NaOI - I  7,68 S0 30-70 6.17 
N o n e  5,62 46 1.5 5.38 
1 x 1 0 ~ M  H F  5.07 14 0,6 5.10 
2 x 10-5M H F  4,82 6 0,3 4.82 
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peak was in  the nar row range of 6 X 10-~ to 1.5 X 
10-6M for seven different fluorides tested. This was 
approximately the hydrogen- ion concentrat ion of the 
solutions frozen. At these very low solute concentra-  
tions the avai labi l i ty of hydrogen ions from the solu- 
tion may be sufficient to keep pace with the incorpora- 
tion of solute anions, thus leading to a sharp reduction 
of the observed freezing potential. 

In  general, a reduct ion of the hydrogen ion concen- 
t rat ion in a given solution reduces the slope of the 
potential  decay curve and allows the development  of 
much higher max imum potentials. 

An increase in the hydrogen- ion content  of the 
freezing solution invar iably  increases the proton con- 
tent  of the ice as measured by the pH of the melted 
ice or by an increased conductivity of the solid (Table 
II). 

Effect of the freezing rate on the freezing potential 
- - I n  one series of experiments  the temperature  of the 
heat s ink was varied from --47 ~ to 0~ This resulted 
in init ial  freezing rates (after 1 sec) of 4.2 to 0.7 X 
10 -2 cm/sec. The observed max imum freezing poten-  
t ial  for a 4.3 X 10-SM NaF solution appeared to satu- 
rate at ini t ial  freezing rates above 2.4 X 10 -2 cm/sec 
(Fig. 3). The saturat ion value lay between --45 and 

--50v. The impur i ty  concentrat ion in the ice was in 
direct proport ion to the ini t ia l  freezing rate. 

E~ect of ammonia and atmospheric carbon dioxide. 
- - A m m o n i a  may be a residue in distilled water, or it 
may be absorbed from tobacco smoke, floor waxes, or 
fertilizers. In  the presence of carbon dioxide it im- 
presses a positive potential  on an advancing ice/water  
phase boundary  and therefore tends to counteract  
negative potentials such as those caused by halides. 

Atmospheric carbon dioxide, by itself, produces two 
distinct effects. In  solutions of salts producing a nega-  
t ively charged ice, it lowers the pH and therefore the 
freezing potential  difference. In basic solutions, on the 
contrary, it increases the freezing potential  difference. 
Both of these effects have been discussed above. 

Volatile organics from various sources (e.g., insecti-  
cides used to spray garden plants) appear to have 
an inhibi t ing  effect on freezing potentials. 

Location and width of the charged layer.--A freez- 
ing cup was equipped with several small  wire probes 
imbedded horizontal ly in the insulated side of the 
cup above the base. As the advancing ice front cov- 
ered a probe completely, the probe potential  became 
the same as that of other more deeply imbedded 
probes, or of the base itself. Therefore, the freezing 
potential  is generated close to the growing ice surface. 

Net Charge Transport 
Purpose.--Because of the specific relation, experi-  

menta l ly  observed, between freezing potentials and 
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Fig. 3. Freezing-potential peak and solute concentration in the 
melted ice as a function of the freezing rate 1 sec after start of 
freezing (at) for a 4.3 x 10-5M NaF solution. The difference be- 
tween solute cation and anion constituents was below the detection 
limit. 

types of solute species present, Workman and Reynolds 
(1) concluded that  charge t ransfer  is related to a selec- 
tive incorporation into the solid phase of ions of one 
sign. Actually, in many  cases a considerable number  of 
the "less favored" ion consti tuents are also taken into 
the solid, so that  it is more accurate to speak of 
differential rates of t ransfer  of the solute species 
across the phase boundary.  Workman and Reynolds 
(1) presented evidence that, as the phase boundary  
advances, charge balance is being restored by hydro-  
gen and hydroxyl  ions, respectively. The charge separ-  
ation ceases when the interface ceases to advance or 
when it advances very slowly. Theoretically, the quan-  
tity of charge t ransferred should be directly and sim- 
ply related to the chemical composition of the phases. 
In  practice this relat ion is difficult to demonstrate  in 
a quant i ta t ive manner :  the phenomenon is observed 
in rather  dilute solutions, the solute fraction incor-  
porated into the ice is f requent ly  small, and dif- 
ferences between species are typically of second-order 
magni tude (Ref. 14, Table II) .  

For  some solutes (those favoring incorporation of 
the anion) ,  the charge separation effect can be de- 
monstra ted by  shunt ing the phase boundary  with an 
external  resistance of known value. In  this case a 
fraction of the charge t ransferred appears as a current  
that  can be measured and recorded as a funct ion of 
time. Workman and Reynolds (1), using shunts of 106 
to l0 s ohms, measured a max imum charge transfer of 
about 500,000 esu/cm 3 of ice frozen from dilute fluoride 
solutions. Because this is too low for chemical detec- 
tion (see Table III, Footnote),  we arbi t rar i ly  chose a 
shunt  resistance of 10,000 ohms. This is at least two 
orders of magni tude  lower than the typical  interface 
resistance but  high enough to allow accurate electrical 

Table III. Charge separation and differential incorporation for KF solutions (3 x 10 - 5  to 2 x 10-3M).  
(Concentrations are given in units of 10-6M.)  

S o l i d  ice  M e l t e d  i c e  
M o t h e r  s o l u t i o n  

C h a r g e  A n a l y s i s  C o m p u t e d  
[ K F ]  [H+] t r a n s f e r *  [H+] [K+] [ F - ]  [ F - ]  

S u p e r n a t a n t  a n a l y s i s  

[K+] [ F - ]  [H+] R e m a r k s  

30 1.0 13 13 1.6 15 15 35 - -  0 .4  
45 1.1 19 18 3.2 20 21 61 - -  0.3 
70 1.3 28 32 4,6 30 37 86 - -  0.3 

100 1.3 37 32 6.2 40 38 120 - -  0 .3  
150 1.6 41 32 22 50 54 190 - -  0.3 
300 1.3 37 32 69 100 110 380 - -  0.3 
450 1.3 28  28 110 130 140 550 - -  0.5 
700 1.3 11 16 200  200  220 830 - -  0 .5  

1000 1,3 10 10 260 250 270 1,400 - -  0.6 

10KO s h u n t  
C o m p a r e  F i g .  4a  

20  - -  - -  3.0 5.6 10 - -  29 28  1.4 O p e n . c i r c u i t  
60 0.005 (?) - -  2 .0  20  25 - -  75 83 2.0 C o m p a r e  F ig .  4b  

200 - -  (?) 0 .3  43 50 - -  280 310 0.03 (?) 
600 2 -  - -  4 280 260  - -  660 ~10 3.1 

2000 8 - -  18 880 800 ~ 2,300 2,100 9.0 

* In  u n i t s  o f  10 -~ m o l e s  of e l e m e n t a r y  c h a r g e s  p e r  l i t e r  of  so l id  f o r m e d .  T h i s  u n i t  is  a p p r o x i m a t e l y  e q u i v a l e n t  to  6 x 10 ~ e l e m e n t a r y  
c h a r g e  un i t s ,  1 • 10 ~4 c o u l o m b s ,  or  3 • l 0  s e s u / c m 3  of ice  f o r m e d .  
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measurements,  and the charge separation is increased 
from five to thir tyfold over Workman and Reynolds'  
results. 

ExperimentaL--In Table III  and Fig. 4, we present  
data on the charge transport  and differential ion t rans-  
fer. Potassium fluoride solutions were frozen in a 
freezing cup much larger than the one described be-  
fore. The base was made of stainless steel ( interior  
diameter 11.2 cm) and the solution electrode of pure 
nickel. 500 ml  of solution were placed into this cup 
and about 100-120 ml  of this were frozen in about  30 
rain (average freezing rate about 1 • 10 -8 cm/sec) .  
Thus, enough melt  water  was obtained to analyze for 
solute cation, solute anion, and hydrogen ions. Both 
shunt  and open-circui t  data are presented. For the 
shunt  experiments,  the solute cation concentrat ion of 
the melted ice is considerably smaller  than the anion 
concentrat ion at the most dilute concentrations. The 
fractional difference becomes smaller as the mother  
solution concentrat ion increases. The difference be- 
tween solute cations and anions is made up by hydro-  
gen ions. There is good agreement  between the hy-  
drogen-ion t ransfer  derived from charge t ransfer  data 
and results computed from pH measurements.  The 
sum of hydrogen- ion concentrat ion and potassium-ion 
concentrat ion agrees fairly well  with the measured 
fluoride concentration. For the open-circui t  runs, the 
differences between cations and anions are much 
smaller  and difficult to measure accurately, therefore 
the agreement  of the difference with the hydrogen-  
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ion concentrat ion is poor. At smaller freezing rates, 
however, larger differences were obtained (Ref. 14, 
Table II) .  NaF solutions gave similar results. 

Chlorides of sodium and potassium (Fig. 5 and 6) 
showed trends similar in general  to the fluorides, but  
at a given solution concentrat ion the fraction incor- 
porated into the ice was general ly smaller  for the 
chlorides. 

The contrast in cation consti tuents between shunt  
and open-circuit  samples grown from the same solu- 
tions is i l lustrated in Fig. 7. 

The ma x i mum charge t ransfer  for a number  of rep-  
resentative compounds is given in Table IV along with 
the concentrat ion required for ma x i mum transfer.  
The concentrat ion dependence of the charge t ransfer  
is shown in Fig. 8. These charge transfer  data were 
obtained with the small freezing cup (see Experi-  
menta l  Procedures) .  Typically, the solution concen- 
t rat ion for ma x i mum charge flow is from five to ten  
times the concentrat ion that  gives a max imum freez- 
ing potential. A current  of more than  10 ~a/cm 2 of in-  
terface surface was obtained with fluoride solutions 
at the concentrat ion and at the freezing rate specified. 

With the exception of ammonium fluoride (see be-  
low), all the fluorides tested (those of Cs, K, Na, Li, 
Mg, Ca, Ba, Ni, Zn, Ag, di-  and te t rae thy lammonium)  
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Fig. 7. Cation constituents in ice samples grown from dilute 
NaF solutions with and without a shunt. In the melted "shunt" 
ice, Na + content is lower, H + content higher than in the "open- 
circuit" ice. Hydrogen-ion concentration of open-circuit ice fol- 
lows closely but is consistently a little higher than that of the 
original solutions. 

showed a m a x i m u m  charge t ransport  of 3-4 x 10 TM 

e lementary  charges per cubic cent imeter  of ice formed 
at solution concentrat ions of 2 to 3 x 10-4M. The na-  
ture  of the posit ive ion (excluding ammonium)  had 
only a small  effect on the charge t ransfer  in contrast  
to salts of other  negat ive ions. 

Among the potassium salts, the fluoride gave the 
highest  interphasial  charge transfer,  fol lowed by the 
formate, the azide, the chloride, the bromide, the ni-  
trite, and the iodide. Solutions of salts that  on freez-  
ing gave a cell resistance of more than 10 ~ ohms (see 
Tables I and IV) showed only a small  charge t ransfer  
(1015 or less charges /cm 8) at any concentration. 

The freezing current  through an externa l  circuit  is 
accompanied by electrolytic production of oxygen and 
hydrogen at the electrodes. The format ion of oxygen 
on the base (visible as a uniform whi te  deposit of 
minute  bubbles) was demonstra ted in a clear Luci te  
freezing cell  wi th  a stainless steel base. A KF solution 
(2 x 10-4M) wi th in  the air t ight  cell was first boiled 
under  vacuum to flush the cell free of all  atmospheric 
gases. The oxygen ident i ty  was verified by Winkler ' s  
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Fig. 8. Transferred charge concentration for several typical 
solutes (type I) as a function of concentration of the freezing solu- 
tion. The curves are clustered in two groups (fluorides and chlor- 
ides, respectively) because the anion is preferentially incorporated 
and therefore determines the charge transfer. 

method (27) on the gas collected on repeated freezing 
and mel t ing  under  shunt conditions. 

The charge t ransfer  through an externa l  circuit  is 
great ly  dependent  on the condition of the meta l  sur-  
face on which freezing takes place (13) and can be 
enhanced by conditioning the metal  base prior  to 
freezing. Two methods were  used: Hydrogen was elec- 
t roplated onto the base by a p p l y i n g - - 3 v  f rom a ba t te ry  
while  al lowing a ve ry  thin layer  of ice to form on the 
base. The ice was removed  prior  to freezing the desired 
solution. Al ternat ively ,  a small  charge was passed 
through the cell  applying + 1.5v to the base for a few 
seconds and cutt ing off when freezing started. These 
procedures assured an immedia te  release of hydro-  
gen ions to the ice f rom the base, great ly  lowering 
the electr ical  resistance of the ice as wel l  as the i ce /  
meta l  contact  resistance (Fig. 9). The open-circui t  
freezing potent ial  was not influenced by these p repara -  
tions of the base. 

As in the case of potential  measurements ,  the hy-  
drogen- ion content  of the freezing solution has an 
effect on the measured charge flow since these ions 
provide a neutral iz ing or countercurrent  at the in ter -  
face. When the proport ions of a mix ture  of 2 x 10-4M 
KF and 2 x 10-4M HF were  adjusted to a pH of 4.5 
and this mix ture  was frozen in the usual manner,  no 
appreciable charge flow was observed through an ex-  
te rnal  shunt, nor did a measurable  potent ial  develop 

Table IV. Maximum charge flows obtained with a lO,O00-ohm shunt, with or without treatment of 
the base. (Concentrations are given in units of 10-6M) 

S o l i d  i c e  M e l t e d  i c e  a n a l y s i s  

M o t h e r  s o l u t i o n  C h a r g e  C e l l  r e s . ,  
S p e c i e s  C o n c .  [ H §  t r a n s f e r *  10  4 o h m s  

S o l u t e  
c a t i o n  [H  + ] 

K F  150-300 2.5 50-80 8-9 40-80 30-60 
KC1 2000-3000 ~ 50 6-8 200-1000 50 
K B r  1 5 0 0 - 3 0 0 0  - -  50  6 - 1 3  1 0 0 - 4 0 0  4 0 - 5 0  
K I  8 0 0 - 1 5 0 0  2 .5  7 4 0 - 5 0  2 0 0  10 
K C H O , J  4 0 0 - 1 0 0 0  - -  3 0 - 7 0  7 - 3 0  5 - 2 0 0  2 0 - 3 0  
K N 3  5 0 0  - -  5 0 - 7 0  8 - - -  
K N O 2  1 5 0 0  - -  15 2 0  3 0 0  1 0  
K,,~SO~ 1 0 0  1 .7  0 . 0 0 4  2 0 0 , 0 0 0  < 1  1 ,5  
N a F  1 6 0  2 .0  5 0 - 7 0  10 2 0 - 6 0  3 0 - 6 0  
N a C 1  6 0 0 - 1 5 0 0  2 .0  30  1 0 - 2 0  1 0 0 - 6 0 0  30  
Na._,CO~ 2 0  0 .2  0 .2  7 0 , 0 0 0  1 .4  
NaHCO~ 100 0.04 0.7 6,000 3 1.6 
Na~SO4 40-100 1.5 0.004-0.006 300,000 3 1.5 
L i F  1 0 0  - -  50  - -  - -  - -  
L i ~ S  O4 1 0 0 0  1 .4  0 .03  600  5 9 0  2 .0  
N H 4 F  4 5 0  2 .0  3 - 7  5 0 - 1 0 0  3 0 0 - 4 0 0  - -  
( C ~.~I-Is) .,A',f H-_F 250 - -  50-70 10 - -  - -  
(C.-H~) 2NH2C1 4 0 0  - -  1 0 - 2 0  4 0 -  80  - -  - -  
(C~H~) ~ F  150 ~ 60 10-20 -- -- 

CaF.~ 90-100 -- 60-70 - -  -- -- 

M g F ~  20-30 -- 30-60 -- -- -- 

BaF~ I00 -- 50-70 -- -- 

N i F ~  1 4 0  -- 50  1-0 - -  - -  

* I n  u n i t s  o f  10 -6 m o l e s  o f  e l e m e n t a r y  c h a r g e s  p e r  l i t e r  o f  s o l i d  f o r m e d .  S e e  F o o t n o t e ,  T a b l e  I I I .  
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Fig. 9. Effect of electroplating the freezing base with hydrogen. 
Charge transfer during freezing with a shunt. The effect is great- 
est near the concentration of maximum charge transfer. 

at the ice surface. The composition of the ice was the 
same as though a 2 x 10-4M KF solution had been 
frozen under  m a x i m u m  charge flow conditions. 

Ammonium Salts 
A salt composed of ammonium and fluoride ions, 

both of which are preferent ia l ly  incorporated into ice 
when they are consti tuents of other salts, might  be 
expected to show a ra ther  unusua l  behavior. NH4F 
concentrat ions below 5 x t0-SM gave freezing poten-  
tials under  lv  (ice negative) .  Above this concentration, 
the potent ial  difference increased to a max imum of 
--9v at 2 x 10-3M. Since other ammonium salts tested 
(chloride, bromide, formate) gave very high positive 
potentials, the ammonium radical  has a greater t en-  
dency to enter  the solid phase than  any anion consti tu- 
ent except the fluoride. The quant i ty  of NH4F t rans-  
ported into the ice dur ing the usual  freezing procedure 
was higher than that  of any other salt (Table I).  The 
concentrat ion for max imum freezing potential  (2 x 
10-3M) was 100 or more times the concentrat ion for 
max imum freezing potential  of any other fluoride 
and ammonium salt, and from 3 to 10 times higher 
than that  of any other salt studied. Furthermore,  the 
max imum charge transfer,  of only 0.25 x 1016 charges/  
cm 3 of ice, was measured at a solution concentrat ion 
more dilute, 4.5 x 10-4M, than the solution giving the 
max imum potential.  The cell resistance dur ing the 
freezing experiments was higher than that  observed 
for other salts giving negative freezing potentials 
(Table I) ,  and it passed through a m i n i m u m  value for 
a solution concentrat ion of 2.5 x 10-SM [see also ref. 
(15), Fig. 4]. The cell resistance of ice prepared with 
other ammonium salts, those giving positive potentials, 
was always very much higher (Table I).  The substi-  
tuted ammonium salts, diethyl  ammonium and te t ra-  
ethyl ammonium fluorides, performed like the metallic 

fluorides, that  is, they exhibited moderate negative 
freezing potentials and a large charge transfer.  

Discussion 
The exper imental  work discussed above leads to a 

broad classification of solutes into three types accord- 
ing to their  electrochemical characteristics during 
freezing of an aqueous solution (18). This classifica- 
t ion is summarized in Table V. 

Differential Incorporation of Ion Constituents 
The electrical effects discussed above are specifically 

related to ion-forming solutes. From this, it does not 
necessarily follow that in the solid phase these solutes 
exist in the ionic state, or even that they cross the 
phase boundary  as ions. As to the first point, it has 
been postulated on the basis of conductivi ty measure-  
ments  that impurit ies in the ice lattice ionize accord- 
ing to the law of mass action (28-30). If this is true, 
then a certain fraction must  be nonionized. Selden- 
sticker's semiconductor model of ice (31) postulates 
that  impurit ies also affect the orientat ional  and t rans-  
lat ional  lattice defect states in the ice s tructure i t -  
self, and these states may produce a potential  in addi-  
t ion to ionized impurities.  Therefore, electrical effects 
could occur even if a given solute atom or radical  
crosses the phase boundary  in a nonionized state, that  
is, effectively shielded by a hydrogen or hydroxyl  
ion. The fact, however, that dilute salt solutions may 
show high freezing potentials which are absent  with 
all concentrations of either the corresponding acid or 
the appropriate base alone (even if solute incorporation 
proceeds at comparable rates) lends some justification 
to the view that it  is indeed the ionic charge, un -  
shielded by hydrogen or hydroxyl  ions, that  gives rise 
to the freezing potential. 

The preferential  inclusion of foreign atoms or radi-  
cals into the ice lattice appears to be based on size 
and structure so that  a m i n i mum readjus tment  of the 
ice lattice will  afford accommodations. This may ex-  
plain the high acceptability of the ammonium radical 
and the fluorine atom. The large anions, such as CI- ,  
B r - ,  CN- ,  are less acceptable. Some of the still more 
complex anions (SO4H-, S O 4 - - ,  N O 3 - - ,  C2H302-) are 
not preferent ia l ly  incorporated into the ice structure, 
and the same holds true of the simple cations, NI-I4 + 
and Pb + + excepted. The results obtained with am- 
monium fluoride and other ammonium salts (Fig. 10) 
indicate, however, that  the acceptabili ty of a given ion 
(its dis t r ibut ion coefficient) is coupled to that  of its 
counterion. This greatly complicates the picture. 

Variables That Determine the Freezing 
Potential Peak 

LeFebre (6) has given an analyt ical  expression of 
the freezing-potent ial  peak as a funct ion of the ionic 
incorporation rates and the neutral iz ing interface cur-  
rent. We are specifically interested in his expressions 
for the ampli tude and t ime (after start of freezing) of 
the freezing-potential  peak 

Table V. Generalized electrochemical classification of solutes tested for this report 

C h a r g e  s e p a r a t i o n  

D e p e n d e n c e  o n  S o l u t e  i n c o r p o r a t i o n  

S i g n  of I n t e r f a c e  M a g n i -  p H  o f  
T y p e  & S p e c i e s  f r eez ,  pot .* Concen .  F r e e z .  r a t e  S h u n t  d i schg**  tude*** m e l t e d  i ce  S u p e r n a t a n t  

I. A l k a l i  h a l i d e s ,  NH4F N e g .  S t r o n g  S t r o n g  S t r o n g  L a r g e  A A c i d  A l k .  
I I .  A m m o n i u m  sa l t s  ( e x c e p t  

NH4F) .  S u l f a t e s ,  n i t r a t e s ,  W e a k  or  
o x a l a t e s ,  a c e t a t e s  Pos .  W e a k  W e a k  n o n e  S m a l l  (?) S A l k .  (?) A c i d  (?) 

I I I a .  A c i d s  Pos .  ( < l v )  . . . .  A A c i d  A c i d  
I I Ib .  B a s e s  ( c a r b o n a t e - f r e e ,  

so lub ,  h y d r o x i d e )  Neg .  ( < l v )  . . . .  S A l k .  A l k .  

* Ice  w i t h  r e s p e c t  to  l i qu id .  
** E s t i m a t e d  f r o m  d i f f e r e n c e  b e t w e e n  a n i o n  a n d  c a t i o n  c o n s t i t u e n t  in  t h e  i ce  g r o w n  w i t h o u t  a s h u n t .  

*** A r b i t r a r i l y  de f i ned  as a p p r e c i a b l e  (A) i f  so lu t e  c o n t e n t  of  so l id  p h a s e  w a s  t y p i c a l l y  h i g h  e n o u g h  to be  m e a s u r e d  w i t h  f a i r  to good  ac-  
c u r a c y ;  s m a l l  (S) i f  so lu t e  w a s  close to  or  b e l o w  d e t e c t i o n  l im i t s .  
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Fig. 10. Incorporation of ammonium ion constituent during the 
freezing of ammonium fluoride and of ammonium chloride. The in- 
corporation of a given ion constituent is coupled to that of its 
cou nterion. 

Vmax ---- KIIg'A (aRs/Cs) 1/2 = KlIg'ds (aps/es) 1/2 [2] 

tmax = K2CsRs [3] 

K1 and K2 are empirical constants, depending on ex-  
per imental  conditions; I~" is a parameter  characteriz- 
ing the charging current,  defined below; A is the sur-  
face area of the interface; a is the heat-flow param-  
eter defined in Eq. [1]; Rs, the interface resistance, 
and Cs, the interface capacitance, determine the dis- 
charge current ;  ps, ~s, and ds are, respectively, the in-  
terface resistivity, dielectric constant, and thickness. 

The charging parameter  

Ig' = Iz+q +]k+cl + - -  [ z - q - [ k - C l -  [4] 

where the superscript refers to the anion or cation 
respectively, z is the valence and q the effective ionic 
charge. The charging parameter  is a function of the 
difference between two products involving interface 
concentrat ions (on the l iquid side), Cl, and dis t r ibu-  
t ion coefficients, k. 

This expression accounts in a general  way for the 
concentrat ion dependence of the max imum potential  
peak ampli tude in different solutes. In  particular,  we 
compare KF  and KC1 (Table I).  The max imum po- 
tential  peak is of about the same ampli tude but  the 
corresponding concentrat ions are 2 x 10-SM and 2.5 
x 10-aM, respectively. Equat ion [2] gives this result  
if in Eq. [4] the distr ibution coefficient for the 
chloride ion is about an order of magni tude  smaller  
than for the fluoride. The distr ibution coefficient for 
chloride is indeed smaller  (16, 18) although there is 
no certainty at present  about the magni tude  of the dif- 
ference. Discharge currents  may also be different for 
these two cases and affect the potential, but  this possi- 
bil i ty is not at present  exper imental ly  verifiable. 

The concentrat ion dependence of the potential  am-  
pli tude peak for the same solute can also be explained 
by this model through the concentrat ion dependence 
of the distr ibution coefficients. 

Since the freezing potential, according to this model, 
is produced by the sum of several ion currents,  it is 
not in any simple way related to the work of bui lding 
a solute into the ice lattice. 

Other possible models have been reviewed else- 
where (18). 

E~ect of Interface Potential on the 
Solute Content of Ice 

The relationship between interface potential  and ice 
composition was studied for fluorides of potassium (14) 
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and sodium. The amount  of fluoride ion consti tuent  
incorporated into the ice was not appreciably affected 
by either the potential  differences na tura l ly  present  
or artificially imposed during freezing. Incorporat ion 
of the cation constituent,  on the other hand, was highly 
sensitive to the potential  difference between ice and 
solution. Reduction of this potential  difference by an 
external  shunt  resulted in a considerable reduction of 
solute cation incorporation into the ice (Fig. 7). The 
shunt  permits an electrolytic reaction that  produces an 
abundan t  supply of neutral iz ing hydrogen ions. Con- 
versely, it has been seen that  adding hydrogen ions 
to a freezing solution decreases the potential.  

If both solute anion and cation were equal ly  ac- 
ceptable to the ice structure, the shunt  should not 
make an appreciable difference with respect to either 
the cation or the anion consti tuents in the ice. This 
case is approximately realized for ammonium fluoride, 
and indeed results of a shunted sample differ little 
from the open-circui t  case. 

The effect of the interface potential  on the solute 
dis t r ibut ion is also related to the problem of the 
thickness of the charged interface layer which has 
been discussed elsewhere (18). 

Role of Hydrogen Ions in Interface Processes 
and Bulk  Ice Conductivity 

The migrat ion of hydrogen ions into the ice as a 
mechanism for making possible the preferent ial  in -  
corporation of certain anion consti tuents (type L) was 
substantiated in  this work by (i) the large increase 
of the freezing potential  and of the ice resistance when 
the hydrogen ion content of the solution was low- 
ered (ii) the rapid decline of the freezing potential  
when  the freezing was lowered or suddenly te rmi-  
nated; (iii) the absence of a freezing potential,  re-  
gardless of the kind and concentrat ion of solute anion 
constituent, at high hydrogen- ion levels (~10 -4M) ;  
and (iv) the high ice resistance when  type II solutes 
were incorporated and therefore no "demand" existed 
for hydrogen ions. 

With the exception of the shunt  case, where the ice 
resistance is connected in series-paral lel  with the 
interface resistance, the bulk  resistance of ice has no 
appreciable effect on the interface processes. The fol- 
lowing exper imental  evidence supports this conclu- 
sion. First, the polari ty and magni tude  of the freez- 
ing potential  is not affected by the conductivi ty of a 
substrate  ice of different composition. Thus, when  
a cold type I solution is subst i tuted for a freezing 
type II solution, the ice of which is characterized by 
a high positive potential  and low conductivity, the 
potential  difference reverses its sign and acquires 
the characteristics of the new solution. If a cold type 
II solution is poured onto a highly conductive type I 
(or type III) ice, a similar reversal  is observed in the 
opposite sense (3, 18). (In performing this experiment,  
it is important  to avoid mixing  of the two solutions, 
or remel t ing of the substrate ice.) 

Second, ice is grown from a type I solution at a 
uni form freezing rate (16). The potential  curve typic- 
ally exhibits a more or less pronounced peak and then 
declines very slowly. In  this stage, the solution is 
briefly stirred vigorously. The potential  sharply de- 
clines as new ice ceases momentar i ly  to form but, as 
the freezing rate recovers, the potent ia l  sharply rises 
to a value considerably higher than  before s t i r r i n g .  
A slow decline begins from this new and higher value. 
This process may be repeated at will. The freezing 
potential  is pr imar i ly  a funct ion of the interface con- 
centrat ion in the liquid but  not of the bulk  resistance 
of the ice column. 

Since ice is a proton conductor (28-80), those solutes 
(types I and IIIa) ,  freezing rates, and interface condi- 
tions (shunt)  favoring a large hydrogen- ion  t ransfer  
into the solid will  also produce an ice with a high 
electrical bulk  conductivity. 
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Summary and Conclusions 
Exper imen ta l  techniques were  descr ibed to measure  

the  charge t rans fe r  across the  phase bounda ry  du r -  
ing nonequi l ib r ium freezing of di lute  solutions and 
to re la te  this  charge  t rans fe r  to the  difference be tween  
the concentrat ions of anionic and cationic solute con- 
s t i tuents  in the  phases. The m a x i m u m  measured  charge 
t ransfer  was of the  order  of 10 TM e lemen ta ry  charge 
units  pe r  cubic cen t imeter  of ice formed. This appears  
to be an upper  limit.  

Because hydrogen  and hydroxy l  ions res tore  the  
charge  balance,  the  solut ion pH dras t ica l ly  affects the  
f reez ing-poten t ia l  difference; its la rges t  values  (of 
more  than  200v) were  observed in the pH range  be-  
tween  7 and 8. 

The charge  separa t ion  effect is specific in magni tude,  
sign, and ra tes  of g rowth  and decay wi th  respect  to 
type  (acid, base, sa l t ) ,  species, and concentra t ion of 
solutes. I t  is also a funct ion of f reezing rate.  F o r  a 
given solute, the  concentra t ion giving the m a x i m u m  
charge t ransfer  th rough  a shunt  is, in general ,  roughly  
ten t imes the  concentra t ion giving the h ighest  po ten-  
t ia l  difference. 
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LIST OF SYMBOLS 
a heat  flow paramete r ,  cm-sec-1/2;  a = aok/'~T, 

in which:  
( c~ Ki ~ I/2 

ao = \ - - ~ - /  ~ 6.04 • 10 -3 ~T -1/2 cm sec -1/2 

where  ci = specific heat  of ice (0.505 ca l /g -C  ~ 
at 0~ Ki ~--- t he rma l  diffusivi ty of ice 
(0.0115 cme/sec; Q = la ten t  hea t  of fusion 
(79.7 ca l / g ) ;  AT = difference be tween  t em-  
pe ra tu re  of hea t  s ink and of ice mel t ing  point  

al f reezing ra te  1 sec af ter  s ta r t  of freezing, 
cm-sec -1  

cl +, c~- solute  cation or anion concentrat ion,  respec-  
t ively,  on the  l iquid side of the  phase bound-  
ary,  cm -3 or moles 10 -3 cm -3 

Cs in ter face  capaci tance,  fa rads  
D diffusion coefficient, cm 2 sec -1 
ds thickness  of the  interface,  cm 
~s dielectr ic  constant  of the  interface,  d imen-  

sionless 
I~' charging parameter ,  coul -cm -~ 
k +, k -  d is t r ibut ion  coefficients of a posi t ive or nega-  

t ive  ion consti tuent ,  respec t ive ly  ( ra t io  of 

solute concentra t ion on the solid side of the  
phase bounda ry  to tha t  on the  l iquid side) 

q+, q -  effective charges of ions as they  cross the  
phase boundary ,  coul or cou l /mole  

Rs interface resistance,  ohms 
p~ interface  resis t ivi ty,  ohm-cm 
t,~ax time, af ter  f reezing begins,  at  which  the  

f reez ing-poten t ia l  difference reaches its m a x i -  
mum value  (wi thout  r ega rd  to s ign) ,  sec 

Vmax ma x imum f reez ing-poten t ia l  difference (wi th-  
out r egard  to sign),  volts 
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The Transport Entropy of Hydrogen Ion 
in the Water-Ethanol System 
I. The Initial Thermoelectric Powers of the 

Hydrogen-Hydrogen Ion Thermocell, and the Cation 

Transport Number of HCI in the Water-Ethanol System 

J. Lin and James J. De Haven 
Department of Chemistry, Boston College, Chestnut Hill, Massachusetts 

ABSTRACT 

The ini t ial  thermoelectric powers co(X) of the thermoeell  (T)P t / i I2  ( l  
a tm)/HC1 (0.01M), S20  (100-X), C2H~OH(X)/H2(I  a t m ) / P t ( T  + • 
[X w/o  (weight per cent) ] ,  and the cation t ranspor t  numbers  t~+(X)  of 
HC1 in the H20-C2H5OH system were measured at 25~ These exper iments  
were under taken  in connection with a thermoelectric s tudy of the mechanism 
of the t ransfer  of hydrogen ion across a tempera ture  gradient. The depen-  
dence of co(X) and tH+ (X) on X is discussed in terms of the s tructure of the 
solvent system. 

The exceptionally high mobil i ty of the hydrogen ion 
under  an applied electric field in water  has long at-  
t racted interest.  In  spite of the view of Darmois (1) 
regarding proton mobil i ty on the Lorenz-Drude model 
as an electronlike metall ic conduct ivi ty  involving the 
bare proton, existing evidence seems to suggest over-  
whelmingly  that  the small  size of the proton could 
not itself be responsible for the high mobility, since 
the proton is strongly hydrated in aqueous solution as 
a distinct chemical species H+(H20)n ,  where  n 
1,2,3... Since the formation of hydrogen bonds is in-  
volved, the s t ructure  of the solvent itself is par t icu-  
larly re levant  to the problem. Indeed, the t ransfer  of 
proton with help from another  water  molecule as a 
possible mechanism for the abnormal ly  high hydrogen 
ion mobility, has been developed more explicitly in 
recent years by uti l izing modern ideas concerning the 
s tructure of water  and the na ture  of hydrogen ions in 
the solution (2a). The point  of view here is that  when 
water  contains an acidic substance, the H~O + ions 
that  are formed may be considered to fit into the 
s tructure just  as well as in pure water  and that  in te r -  
atomic distances can be regarded as approximately 
unchanged.  When an electric potential  is applied, it is 
supposed that  the hydrated  protons migrate  to some 
extent  through the solution in the ordinary  diffusion 
manne r  from one equi l ibr ium position to another;  at 
the same t ime a proton can t ransfer  from the hydro-  
n ium ion to an adjacent  water  molecule which is 
favorably oriented. This lat ter  process can be very  
rapid. The exchange takes place wi thin  a hydrogen 
bond, and the actual distance an individual  proton 
moves is quite small  ( ~ I A )  (2a), but  the center of 
charge has moved an oxygen-oxygen distance which 
is the order of 2.5A (2a). In  this way the positive 
charge will  be t ransferred a considerable distance in 
a short time, and as a consequence the hydrogen ion 
acquires an exceptionally high mobility. 

The famil iar  exper imental  data on ion mobility, con- 
ductance, t ransport  number ,  conductance-viscosity 
product, and activation energy for ionic mobil i ty (4) 
all point to the fact that the migrat ion of the hydrated 
hydrogen ion through aqueous solution involves a 
mechanism different from that applicable to other 
ions. Recently in a study of the entropies of equeous 
ions, Breck and Lin (3) have observed that the ionic 
entropies of t ransport  for H + and O H -  are also ex- 
ceptionally large for un iva len t  ions. For example at 
infinite dilution the s tandard "absolute" ionic en-  
tropies of t ransport  S*% as determined by these au-  

thors (3) are: (in e.u.) CI- ,  0.7; H +, 10.2; O H - ,  14.2; 
Na +, 2.2; K +, 1.5; B r - ,  0.6; I - ,  .--0.9. Since both H + 
and O H -  ions have a unique  relat ion to the solvent, 
it was also suggested that the behavior of both ions 
under  the influence of a tempera ture  gradient  might  
be exceptional. Thus, the al ternate  ordering and dis- 
ordering effect of the ionic field on the water  s truc-  
ture  arising from the simple migrat ion of these ions 
may not be the only contr ibut ion to the t ranspor t  of 
entropy. There may be a much more significant con- 
t r ibut ion from the entropy of reaction as hydrogen 
bonds are a l ternate ly  made and broken. The heats of 
t ransport  involved here are of the order 3-4 kcal /mole  
while the exper imental  value of the hydrogen bond 
energy in water  is approximately 3.1 kcai/moIe (5). 

The present  work is motivated by the above con- 
siderations and is concerned with the mechanism of 
the t ransfer  of hydrogen ion under  a tempera ture  
gradient. Exper imenta l ly  this may be approached by 
s tudying the solvent effect on the thermoelectric 
power of thermocells. For  indeed, if a considerable 
part  of the heat of t ranspor t  of H + comes from the 
fact that  hydrogen bonds are a l ternat ively  made and 
broken, then S 'H+ should exhibi t  a distinct depen-  
dence on the s tructure of the solvent. In  fact in a 
recent  study of the heats of t ransport  of CdSO4, AgNO3, 
BaC12, and KI in H20 and D20, Becsey and Bierlein 
(6) found that  heats of t ransport  in H20 are con- 
siderably higher than in D20. This is a t t r ibuted by the 
authors to the fact that  D20 has more "structure" than  
H20. A more randomly  consti tuted liquid wil l  ex-  
perience a greater degree of orderliness while under  
the influence of the electrostatic field of an ion and 
hence will  exhibit  the greater heat of transport.  F u r -  
thermore, by a proper choice of solvents it should be 
possible to diminish to a great extent  the contr ibut ion 
from al ternat ive formation and breakage of hydrogen 
bonds to the heats of transport .  One good example of 
this solvent system is the H20-ROH system where R 
is an alkyl group. If we represent  the reaction which is 
main ly  responsible for the t ransfer  of addit ional (be- 
sides the simple migrat ion)  aqueous H + as 

H30 + ~- H20 ~ H20 + H30 + [ 1 ] 

then at a point where enough alcohol has been added 
to the water  reaction, [1] is replaced by 

H30 + + ROH = H20 -~ ROH2 + [2] 

However, [2] is favored chemically in the backward 
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direction (equi l ibr ium constant  for the reverse reac- 
tion is ~250 for R ---- C2H5) and therefore the addi-  
t ional proton t ransfer  process should be retarded sub-  
stantially. Under  these circumstances, a simple mi-  
gration mechanism should be operative and if the sug- 
gestion by Breck and Lin  is correct, S 'H+ should then 
be of the order of magni tude  of that  of an ordinary 
un iva len t  ion, i.e., around --1 to ~-2 e.u. 

Hydrochloric acid in the H20-C2H5OH solvent sys- 
tem was investigated first. The system H20-C2H5OH 
as a solvent is par t icular ly  convenient  for present  
purposes. First, the physical constants of the solvent 
system have been studied and are fairly complete (7). 
Second, thermodynamic  properties and the s t ructural  
aspects have been reviewed admirably  by Franks  and 
Ives (8). An attractive feature of the solvent system 
is that, at about 20 w/o  ethanol, it exhibits a very 
strong solvent s t ructure  quite sharply. This is very 
interesting, since we have found that  tH+ shows a 
maximum,  and eo shows a m in imum at this par t icular  
solvent composition. Detailed discussions of this ob- 
servation are given in  the Discussion section. 

In any  solvent study the problem of s tandard states 
is always a formidable one. If we wish to compare 
our study with the available results in aqueous solu- 
tion, the results of heats or the corresponding en-  
tropies of t ransport  obtained at each X, where X is 
the weight per cent of alcohol in the solvent mixture,  
must  be converted to the same reference state as that 
of the aqueous solution (whether  this is on a conven-  
t ional  or on an "absolute" basis).  Therefore, in order 
to have quant i ta t ive  results from the thermocell  study, 
we need to know the cation t ransport  number  at a 
given X, tH+ (X),  for HC1 in H20-C2HsOH system, 
init ial  and final thermoelectric powers I ~o(X) and 
~ (X) of a thermocell  of the form 

A/HC1 (m), H20(lOO-X)-C2H5OH(X)/A [3] 
T T + A T  

where A is the electrode system reversible to H+, and 
finally the s tandard part ial  molar  entropy of H +, 
SoH+(X), at each solvent composition. The cation 
t ransport  number  tH+(X) at concentrat ion greater  
than 0.1m has been studied by Wear, Curtiss, and 
Amis (9) by the Hittorf  method; also at infinite di lu-  
tion it is readily calculated from Spivey and Shed- 
lovsky's (10) conductance result. However, data for 
tH§ at the concentrat ion of present  interest  
(0.01m) are lacking. Although theoretical interpola-  
t ion may be used to give the desired value at 0.01m, 
we have preferred not to do so and we have measured 
tH+ (X) at 0.01m using the moving boundary  method. 
In  this paper, we report the observed tn+ (X) and 
~o(X) of cell [3] at an average tempera ture  of 25~ 
(T ---- 20~ and ~T = 10 ~ using hydrogen electrodes 
at m ---- 0.01 and X ranging from 0 to 92%. The hy-  
drogen electrode is popular  and has served as a refer-  
ence electrode in isothermal cells; however, data on 
the hydrogen electrode in thermocell  s tudy appear to 
be rare. For  example, the work by Goyan (11) which 
is f requent ly  referred to dates back to 1937. A com- 
parison (even though only at X ~ 0) with the result  
of Goyan would also seem interesting. Results of 
e~(X) of [3] and Soil+ (X) which may be calculated 
referr ing to Soil+ (X ---- 0) by s tudying the isothermal 
tempera ture  coefficient of the emf of the cell P t /H2/  
HC1 (m),  H20//HC1 (m),  H20-C2H5OH (X) /H2/Pt ,  
where / /  represents a salt bridge, will  be reported 
in a future  paper. 

Experimental 
Preparations of the solutions.--Baker's analyzed HC1 

was used throughout  the experiments.  95% commer-  
cial ethanol was used after distil l ing twice. The spe- 
cific gravi ty  of the purified ethanol was found to be 
d425 = 0.8058 which, by the interpolat ion of the den-  

The  i n i t i a l  and  f ina l  t h e r m o e l e c t r i c  p o w e r s  eo a nd  e~ r e f e r  to 
t h e  t h e r m a c e ] l  be fo re  t h e r m a l  diffusion has occurred and after it 
has reached its s teady state, respect ively .  

Table I. Observed cation transport number tu+(X) and 
initial thermal emf co(X) of 0.01m HCI in ethanol (X)-water 

(100-X) mixtures at a mean temperature of 25~ 
X ~ Weight per cent 

eo (X) 
X d~ '~ CHCl Mac~ tti  + m v / d e g  

0 0.9970 0.01033 0.01040 0.826 0.150 
4.9 0.9855 0.01002 0.01017 0.824 0,156 

17.9 0.9676 0.009366 0.00968 0.854 0.140 
34.2 0.9429 0.009806 0.01040 0.~23 0.163 
48.7 0.9126 0.008812 0.00966 0.795 0.202 
63.4 0.8785 0.008856 0.01008 0.756 0.243 
77.8 0.8457 0.008560 0.01013 0.700 0.348 
92.0 0.8079 0.006200 0.01015 0.576 0.551 

sity data given by the Handbook of Chemistry (7), 
was found to correspond to a composition of 92.0% 
ethanol. Solutions used in the thermocells and the 
t ranspor t  number  measurements  were then prepared 
by mixing  proper amounts  of concentrated HC1 and 
the purified ethanol to give 0.01m solution at a de- 
sired solvent composition. Densities, molal i ty (m),  
and molari ty (C) of the solutions along with solvent 
compositions are given in Table I. 

Measurement of the transport numbers.--A moving 
boundary  method described by Shoemaker and Gar-  
land (12) was used to measure the t ranspor t  numbers  
of HC1 in the H20-C2H5OH system. Fisher certified 
grade Cd stick was used as the anode and Ag/AgCl, 
prepared by the thermal  method (13), as cathode. The 
current  source used was a General  Radio Type 1203B 
uni t  power supply. The graded t ransference cell was 
calibrated at 25~ so that  accurate volume displace- 
ments  could be obtained. The IR drop over a constant 
s tandard resistance (General  Radio Type 500-A) was 
recorded with a Sargent  MR recorder; the amount  of 
total  electricity passed through the transference cell 
was calculated by integrat ing the potent ia l - t ime 
curve obtained in the recorder. Methyl  orange was 
used as indicator up to X ~ 80. For X higher than  
80% it was found necessary to use Gramacey Univer -  
sal Indicator to give a bet ter  view of the boundary.  
The results of the measurements  are given in Table I. 

Measurements of ~o(X).--A modified N-type cell 
(14) to accommodate the improved Hi ldebrand type 
hydrogen electrode (13) was used to measure co(X). 
Glass joints were used where  needed to prevent  access 
of air to the electrode. As is well  known the pur i ty  of 
the hydrogen gas used is critiCal to the accuracy of the 
measurement ,  and it is necessary that  gas supplied to 
the electrode be of adequate purity.  The gas used in 
this investigation is Matheson u l t rapure  hydrogen and 
is analyzed to contain less than  5 ppm N2 and less 
than 1 ppm O2. To avoid introducing any  impurities, 
a stainless steel regulator  (Matheson Model 18) was 
used. General  instruct ion concerning the plat ing of 
the electrode given by Hills and Janz (13) was fol- 
lowed. The hydrogen gas was presaturated with the 
cell solution before supplying to the cell. A few ex-  
per iments  were carried to s tudy the sensit ivity of the 
electrode to the flow rate of the hydrogen gas. In  
some cases, it was found that  for flow rates lower than  
one bubble per second, the thermal  emf would fluctu- 
ate considerably (over a range of about 0.1 mv)  and 
would almost take an hour  to reach a steady value. 
For over two bubbles  per second, the electrode was 
found to be quite insensit ive to the flow rate and was 
fast to reach a steady value (~10 rain) .  For  example, 
between two bubbles  per  second and continuous 
stream of hydrogen gas (approximately six bubbles 
per second), the thermal  emf observed was in differ- 
ence of about 10 ~v. For the data reported here, a flow 
rate  of about three bubbles per second was used. The 
electrodes so prepared were very  reproducible and 
gave a residual emf of about 30 ~v over a period of 
about a week. The tempera ture  of each electrode com- 
par tment  was measured by a copper-constantan ther -  
mocouple, and the emf of the thermocell  was recorded 
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by the MR recorder. The recorded reading was fre-  
quent ly  checked by the L&N K3-type potentiometer.  
A L&N constant current  supply (L&N No. 0,99034) was 
used for the K3 potentiometer.  A Guildl ine enclosure 
Type 1149 s tandard cell and Type 9450 galvanometer  
were used. Residual emf readings were taken both 
before and after the measurement  of ~o, and the aver-  
age of the two readings, which was wi th in  15 ~v of 
each of the readings, was then subtracted from the 
value of the measured eo. The ini t ial  thermoelectric 
powers ~o observed are listed in Table I. 

Discussion 
By vir tue of the high solubili ty of alcohols in water, 

the alcohol-water  system has been used f requent ly  as 
a solvent. However, a lcohol-water  mixtures  often 
show abnormali t ies  which are as yet inadequately 
understood; for instance the viscosity-composition 
maxima and the negative part ial  molal volumes (18). 
Although attempts may be made to study these solvent 
systems directly, it may  often be more profitable to 
use ions as a kind of in terna l  indicator which reflect 
the electrochemical properties of the solvents, e.g., the 
study of ionic Walden product of H + ion in ethanol-  
water  system. Many thermodynamic,  transport,  and 
structure data (8) indicate that  the addition of a small  
amount  of simple alcohols to water  ini t ia l ly enhances 
the s tructure of the solvent. For the case of ethanol, 
this s t ructure enhancement  reaches its max im um at 
around X = 20%. Fur the r  addition of ethanol to in-  
crease its concentrat ion tends to reduce the s tructure 
progressively. This s tructure-composi t ion variat ion is 
also indicated by the sharp max imum of the ionic 
Walden product of H + ion at about X = 20%. Accord- 
ing to Spivey and Shedlovsky (10) the position of the 
max imum Walden product  is the point where the 
probabil i ty  of the occurrence of the hydrogen bonded 
path required for the hydrogen ion t ransfer  is the 
highest. Thus, it is implied that  the solvent has more 
s tructure at this composition. 

The structure-composi t ion variat ion of the solvent 
system seems to be also in l ine with our results on 
the t ransport  number  of H +. It is noticed from Fig. 1 
that  tH+ also has a max imum at around X = 20%. 
The capacity of our t ransference cell is 1 ml, and the 
uni t  of the graded scale is 0.01 ml; therefore, it is 
l ikely that  our results may have an inherent  error of 
about 0.5%. At around X = 5% the tH+ has a slight 
decrease, and it is not known whether  this bears any 
significance in the ion solvent interact ion or whether  
this is due to the exper imental  error. Jus t  to see how 
the present  measurement  compares with other studies, 
we have calculated tH+ from the conductance data of 
Spivey and Shedlovsky obtained at infinite dilution. 
The equation used for this calculation comes from a 
simple Debye-Hiickel  consideration and is given by 
Robinson and Stokes (15). Denoting '/ as the viscosity 
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of the solvent, N the Avogadro number ,  e the elec- 
tronic charge, and D the dielectric constant, the equa-  
tion reads 

~,~ - -  0.5 AC1/2HCl/ (1 ~ K~) 
tH+ = [4] 

A~ AC1/'~HC1/ (1 'b K~) 

where ~On+ and a~ are the equivalent  conductance 
of H + and HC1, respectively, at infinite di lut ion and 
A = 82.5/~(DT)1/2, ~ = (8~Ne2/IOOODkT)I/2 C1/~ncl, 
and ~ is the distance of closest approach which is 
taken from Scatchard (16) to be 4.05A. The result  of 
this calculation is compared with the exper imental  
results in Fig. 1. It is interest ing to see that  the calcu- 
lated tH+'S seem to fit in well  with the observed 
tn+'S except at X around 10 N 20%. However, it is 
worth ment ioning  that the conductance data at 
X = 10% is an estimated value  (10) and therefore 
subject to a slight uncertainty.  The fact tha t  the cal-  
culated ts+ at X = 100% is large, deserves some 
comment.  If, indeed, t ransfer  of protons occurs ac- 
cording to [1], then it is not surpris ing that  tH+ at 
X ~ 100% should be higher than that  of X around 
90%. Since at about X = 90%, the percentage of pro- 
tons present  as H30 + is close to 100 (17) and there-  
fore, ROH2 + -{- ROH -> ROH ~ ROH2 + at X = 100% 
should be more effective than  the case expressed in 
Eq. [2]. While the general  agreement  of the observed 
and calculated points is good, the over-al l  shape of 
the curve does not as yet permi t  the tracing of a 
curve through the points especially in the domains 
X = 0-20% and 90-100%. 

In  measur ing the ini t ial  thermoelectric power, in-  
stead of measur ing the residual  emf and applying this 
correction, measurements  may also be done by the 
so-called reversal  technique described by Goyan (11). 
For 0.01m HC1 in aqueous solution (X = 0) Goyan's 
eo value is 0.142 mv/deg  which is somewhat lower than 
our value, 0.150 mv/deg.  Since for aqueous 0.01m HC1 
the activity coefficients kHCl and the relat ive part ial  
molal  heat content LHCl are known it is interest ing to 
see how the present  measurement  compares with 
other thermocell  studies. The equation which governs 
the ini t ial  thermoelectric powers when a hydrogen 
electrode is used may be wr i t ten  as 

1 
F eo = -~- S H 2 - -  Se  ~ S H +  - -  t H + S * H +  -~ t c l - S * c 1 -  [5]  

where F is the Faraday  constant, Se, the t ransported 
entropy of the electron in the metal  leads (Cu leads 
were used in this study) and SH+, the part ial  molal  
entropy of the hydrogen ion. If instead of the hydro-  
gen electrode, other electrodes such as Ag/AgC1 or 
Hg/HgC1 are used, then the other init ial  thermoelectric 
powers 40 may be wr i t ten  as 

Fdo = SM-- SMCl- ~e + SCl- - -  tH+S*H+ -t- t c l : S * c l -  
[6] 

where M denotes the metal  and MC1, its chloride. By 
subtract ing [5] from [6] 

1 S F(~ 'o--~o)----(  S ~ - - S M c l - - ~ -  H~) § SHcl 

( ) ( = S M - - S M c l ~ - S H 2  - t -S~ R i n m i t c l  

~ ) 
-t- R in  7HCl -t- RT in  ~'HCl 

OT 

1 
----(SM--SMcl----~S.,-I2)'-t-S~ 

- -  2R In mHCl -b 2S'Hcl [7] 

Using the famil iar  expression in terms of t h e  relat ive 
par t ia l  molal  enthalpy of the solute Li~cl, we may 
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Table II. Ionic activity coefficients, ~H + (X), nonideal entropy, 
S'H+(X), and the thermal diffusion potential, TDP 

X 0 4.9 10 17.9 20 34.2 40 48.7 60 63.4 79.8 00 92.0 100 

~bSHe| 0.905 0.891 0.883 0.632 
~/CalH§ 0.905 0.895 0.883 0.851 0.803 0.729 0.629 

l n D  
- -  T - , .  1 . 3 7  1 . 5 1  1 . 6 0  1.68 1.70 1.78 1.90 

a T  
S 'H + ( c a r d )  0.31 0.36 0.39 0.45 0.47 0.59 0.65 0.74 0.89 0.95 1.36 1.36 1.79 2.17 
S'n + (obs) 0.22 
T D P  --0.117 --0.110 --0.123 --0.093 --0.040 --0.007 +0 .125  +0 .346  

,.g'~+ (ca l 'd)  ; I n  e .u. ,  f r o m  Eq.  [10]. T h o s e  o t h e r  t h a n  X = 0, 10, 20, 40, 60, 80, a n d  100% a r e  i n t e r p o l a t e d  r e su l t s .  
S 'H § (obs) ; I n  e.u. ,  f r o m  7 n c l  a n d  LHCI g i v e n  in r e f  (18). 
7~ F r o m  re f .  (18). 

0 l nD 
T ; C a l c u l a t e d  f r o m  D a t  0, 25, 35~ 

O T  
T D P ;  In  m v / d e g  = F-1 ( t e l - S ' e l -  -- tn+ S*H +) , b a s e d  on  c o n v e n t i o n a l  v a l u e  So~+ IX) = 0. 

write the nonideal  terms S'HCl as 

S'Hcl = - - a  ( In "yncl + T ~ In 7HCI 
k OT / 

.~_ _ _ R  ( l n  ~HCl  L H c 1  ) [ 8 ]  
2RT 

Taking ~'HCl = 0.905 (18), LHCl = 15.86 cal /mole (18), 
for 0.01M HC1 from [8] we have, S'HCl = 0.22 e.u. 
With SAg = 10.206 e.u., SAgCl = 22.9'/ e.u., SHg = 18.5 

eu., SHgC1 = 23.4 eu., �89 2 = 15.61 e.u., Se = --0.045 
e.u. and SOncl = 13.16 e.u. we have from [7] 

3.53 e.u. for M = Ag 
F ( ~ ' o - -  Co) = 

11.39 e.u. for M = Hg 

Since ~'o for Ag/AgC1 electrode at 0.01m HC1 is re-  
ported to be 0.288 (19) mv/deg  and that  of Hg/HgC1, 
0.638 mv/deg  (20), we obtained the calculated init ial  
thermoelectric powers for H2-electrode as 

0.135 mv/deg,  based on Ag/AgC1 electrode 
e O 

0.144 mv/deg,  based on Hg/HgC1 electrode 

Thus it is seen that  both Goyan's  and our results seem 
to be consistent with other existing thermocell  
studies. 2 

It is worth  ment ioning  that  the thermocell  studies 
could be an effective way of measur ing the s tandard 
part ial  molal  entropies of electrolytes. This is seen in 
Eq. [7] from which all thermal  diffusion potentials 
and t ranspor t  entropy have been eliminated. If one 
wishes to calculate the s tandard part ial  molar  entropy 
of an electrolyte, say HC1, one could study the 
isothermal tempera ture  coefficient of the cell P t / H J  
HC1/AgC1/Ag at infinite dilution; however, in a 
thermocell  s tudy one would only have to measure the 
init ial  thermoelectric powers using the two electrodes 
at an average tempera ture  of interest. Thus, as far 
as entropy is concerned, what  may be accomplished by 
several tempera ture  measurements  in an isothermal 
cell may be equal ly well  accomplished with the mea-  
surements  of two thermocells at a given average tem- 
perature.  3 

There  is, at present, no way of cross checking the 
consistency of the other eo(X) values for which X is 
not 0%. It is interest ing to note that the var iat ion of 
,o(X) values with X shows behavior opposite to that  
of the t ranspor t  numbers .  In  view of the correlation 
between the t ranspor t  numbers  and the s tructure of 
the solvents, the behavior of Eo(X) vs. X must  be more 

B y  m a k i n g  a c o r r e c t i o n  on  c o n c e n t r a t i o n  f r o m  0.01040 to 
0.0100M, o u r  r e s u l t  b e c o m e s  0.147 m v / d e g .  

3 E q u a t i o n  [7] m a y  be  r e w r i t t e n  a s p  = F (e'o -- eo) + 2R In M ~ c l  

= S~  -- S~ez -- ~ - S H 2  + S~ + 2S'Hel .  S i n c e  S'Hel = 0 

a t  in f in i t e  d i l u t i o n  So~iel m a y  be  e v a l u a t e d  b y  e x t r a p o l a t i n g  P t o  
i n f in i t e  d i l u t i on .  

than  just  a coincidence. However, there appears no 
satisfactory way of explaining the correlation between 
~o (X) and the solvent  structure, at the present  time. 

Assuming that  s tandard part ial  molar  entropy of 
the hydrogen ion, S~ (X),  is known, it is possible 
to compute S 'H+ on a convent ional  basis of S*cl-  = 0 
at 0.01m provided that the nonideal  contr ibut ion S'H+ 
is known. Since the solution is dilute enough, S'n+ 
may be estimated wi thin  the frame of Debye-Hiickel  
theory. For this purpose, we have computed "ionic" 
activity coefficients 7n+ at X=0 ,  10, 20, 40, 60, 80, and 
100% by the equation 

c~m l / 2 H  + 
in  ~H+ + fl mH+ [9] 

1 + ~) 

where, using d as the density of the solvent, at 25~ 

a = 816.147 x D ~1  . The constant  ~ is known to 

vary  with D -2 (16) and we have taken fl = 2000/D e. 
The results of this calculation are compared with ex- 
per imenta l  (18) activity coefficients of HC1 at X = 0 ,  
10, 20, and 100% in Table II. By neglecting the co- 
efficient of thermal  expansion and from the dielectric 
constant  at 0 ~ 25 ~ and 35 ~ given by Spivey and Shed- 
lovsky, S'H+(X) may finally be calculated by the 
following formula (21) 

3 ( 01nD 1 )  
S'H+ = + "-~R T oT  + ~- l nTn+  [10] 

Results of S'H+ are also entered in Table II. It is in-  
teresting to see that  for X=0 ,  the observed S'H+ and 
the calculated values are in a good agreement.  Based 
on the calculated S'H+ , and taking S ~  = 
--5.5 e.u. the conventional  S 'H+ (0.01m, X = 0 )  is 
found to be 9.98 e.u. The value reported by Snowdon 
and Turner  (22) is 10.22 e.u. For other solvent compo- 
sitions it is not possible to perform the same analysis 
since SOn + (X) is not known. However, the thermal  
diffusion potential  (TDP),  TDP = 1/F(tc l -S*cl-  
--  tH+S*H+ ) using a convent ional  value of S~ ( X ) =  
0 may be calculated and is shown in the last row of 
Table II. It  is interest ing to note that TDP's also ex- 
hibits a min imum at around X=20%.  Fur ther  discus- 
sion will  be reserved unt i l  the determinat ion of 
S~ (X) and ~ ( X ) ,  to be published in another paper. 
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Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1969 
JOURNAL.  
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Technical Notes 

Preparation of Uniform Pore Structures 
for Porous Electrode Studies 

Richard C. AIkire,* Edward A. Grens ii,* and Charles W. Tobias* 
Lawrence Radiation Laboratory and Department of Chemical Engineering, 

University o] California, Berkeley, California 

In  many  exper imental  studies using porous materials  
it is desirable to have highly regular  pore structures 
where the local porosity and specific surface area are 
de terminable  to a much greater accuracy than  would 
be possible with random pore configurations. In these 
cases knowledge of the pore geometry reduces the 
number  of unknown  parameters  of the system thereby 
permit t ing a more quant i ta t ive assessment of experi-  
mental  results. Some investigators have used porous 
bodies composed of bundles  of fine tubes (1) or beds 
of small  spheres (2) to accomplish this purpose, but  
the former approach is l imited to pores of quite large 
dimensions (>300~) while  the lat ter  gives structures of 
insufficient regular i ty  for many  purposes. 

In  connection with studies of anodic dissolution of 
porous metal  electrodes a technique has been devel-  
oped for fabrication of porous structures possessing 
highly uni form porosity and having individual  pores 
of near ly  identical  and uni form size and shape (3). 
These structures are formed from fine wires sintered 
in  parallel  close-packed configuration. 

In  principle, the method may be used to fabricate 
porous bodies from any mater ial  which may be sin-  
tered and which is available in wire form. A bundle  
of straight wires is assembled in such a way that the 
wires lie in a hexagonal  close-packed array. The b u n -  
dle is then sintered under  appropriate conditions of 
tempera ture  and duration.  The resul t ing mass has 
parallel  individual  pores passing through it which 
correspond to the original  void spaces between wires. 

* Elec t rochemical  Society Act ive  Member .  

If the assembly of the bundle  is carefully accomplished, 
all of the pores will  have very near ly  the same size and 
shape. This method of assembling wires in  a hexa-  
gonal close-packed array is an extension of the work 
of Alexander  and Balluffi (4) to the formation of 
porous bodies on a considerably larger scale. 

Proper  choice of s inter ing conditions will allow com- 
plete fusion of adjacent  wires along lines of contact 
and el iminat ion of the nar row fissures bordering these 
contact lines without  distortion of the over-al l  struc- 
ture. An ar ray  of straight wires can be closely ap- 
proximated by sections of a large wire coil where  the 
radius of curvature  of windings is much greater than 
any pore length of interest. This technique has been 
successfully applied to fabrication of porous copper 
electrodes with pores of about 35~ diameter. 

Experimental 
Porous structures were fabricated from 0.010 in. 

d iameter  copper wire (BS No. 30, 99.9% Cu) formed in 
a coil of 6 5/8 in. ID. In  order to promote good 
s inter ing conditions, the wire was first cleaned three 
times in t r ichloroethylene solvent. The degreased wire 
was wound in hexagonal  close-packed ar ray  on a stain-  
less steel spool (3 3A in. width) .  The first layer of wire  
was wound in such a way that on each tu rn  the wire 
was in contact with the neighboring wire, wound on 
the previous turn.  Each subsequent  layer of wire was 
wound in the same direction and placed in  the crack 
between wires of the preceding layer. In  this manner  
83 layers of wire were placed on the spool (a 1.04 cm 
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Fig. 1. Porous electrode structure; enlarged cross section par- 
allel to electrode face. 

thickness).  During the winding, the tension in the 
wire was main ta ined  at approximately 130g force. 

After  completion of winding, the air contained in the 
coil was evacuated and replaced with nitrogen. The 
coil was then stored in ni t rogen unt i l  sintering. At that  
t ime the ni t rogen was removed under  vacuum and 
replaced with hydrogen. The coil was then placed in 
furnace with a hydrogen atmosphere and sintered for 
60 hr at 1050 ~ ___ 10~ These conditions were deter-  
mined by the results of test sinterings made with small  
coils of the same wire for temperatures  of from 980 ~ 
to 1070~ and for s inter ing times of from 4 to 64 hr. 
After  s inter ing the temperature  was reduced at the 
approximate rate  of 100~ 

Individual  porous blocks were cut from the sintered 
coil. The first cut, of two used to remove a block, was 
made such that the exposed surface was parallel  to 
and about 0.04 cm off a radial  plane bisecting the coil. 
The second cut was made parallel  to the first to give 
a rough piece about 0.57 cm thick. The pieces were 
then machined to final dimension, with removal  of 
about  0.04 cm from the faces (first and second cuts).  
The pores then intersected the face at approximately 
r ight  angles. This machining did not damage the pore 
s t ructure  al though it wiped or smeared a thin film 
of copper over the surface, largely closing over the 
pores. The smeared film was then removed by electro- 
chemical dissolution in dilute sulfuric acid at current  
densities sufficiently high (~0.8 A /cm 2) to prevent  
penetra t ion of the reaction appreciably into the pores; 
about 3 min of such electrolysis was required to give 
clean surfaces with open pores. 

Results and Discussion 
A typical cross section of the result ing s tructure is 

shown greatly enlarged in Fig. 1. From photographic 
enlargements,  measurements  of individual  pore cross- 
sectional areas and perimeters yielded mean  values, at 
the 95% level of 

1.964 (+_0.101) X 10 -5 cm~, and 

2.22 (___0.05) X 10 -2 cm 

respectively, and thus a specific surface area of 

1,130 cme/cm s 

based on void volume. The porosity was 3.5%. 
Porous materials  fabricated by the method outl ined 

above have a highly uni form porosity. This property is 
par t icular ly  advantageous in such applications as the 
study of the rate of dissolution at various locations 
wi thin  porous bodies. If the porosity is ini t ia l ly un i -  
form, measurement  of the porosity distr ibution 
throughout  the porous piece after dissolution imme-  
diately gives the t ime-averaged reaction rate dur ing 
dissolution. This type of porous body has a fur ther  
advantage. Should a large part  of the sintered contact 
region be removed by a process such as dissolution, the 
mater ia l  will still retain its essential structure.  F u r -  
ther, analyses of many experiments  involve a param-  
eter which contains the product of the specific surface 
area and the reaction rate constant, and often nei ther  
of these is known with confidence. Thus use of porous 
bodies such as those described here having a known 
and uniform specific surface area facilitates the theo- 
retical in terpre ta t ion of exper imental  data. Finally,  the 
structures formed by this method possess a regular  
geometry readily described mathematically.  They thus 
lend themselves well  to exper imental  investigation 
of theories based on well characterized pore configura- 
tions. 
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On the Formation of Growth Twins 
in Electrodeposited Silver 

T. K i lned  and A. Plumtree 

Materials Science Laboratory, Department of Mechanical Engineering, 
University of Waterloo, Waterloo, Ontario, Canada 

Faust  and John (1) have reported twinned bound-  
aries in electrodeposited dendrites of a luminum,  cop- 
per, gold, lead, and silver. The presence of twinned 
boundaries  has also been reported in metals grown 

P r e s e n t  a d d r e s s :  R y e r s o n  I n s t i t u t e  o f  T e c h n o l o g y ,  T o r o n t o ,  On- 
tario, C a n a d a .  

by vapor deposition (2) and semiconductors solidified 
from the melt  (3). The importance of twin  boundaries  
lies in their abil i ty to provide r e - en t r an t  grooves or 
two-dimensional  nucleat ion sites, which are self- 
perpetuat ing when two or more twin  planes are 
present in a dendri te  of a mater ial  crystallizing in 
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the diamond-centered cubic or face-centered cubic 
systems. 

This present  investigation reports some observations 
on the origin of twinned  boundaries in silver electro- 
deposited from an unst i r red aqueous solution 
(1M AgNO3 -t- 2M NH4NO3). The cathode was made 
from 99.98% Ag wire of 0.030 in. diameter  and was 
subsequent ly  melted to increase the available surface 
area, producing a bead of about  1/16 in. in diameter.  
The cathode was then annealed at 900~ for 7 hr to 
produce excessive grain growth, result ing in the bead 
containing only about 10-20 grains. To prevent  defor- 
mat ion due to handl ing dur ing x - r ay  work and also to 
ease removal  from the electrolyte, the cathode was 
contained in an open-ended capil lary tube normal ly  
used for powder pa t te rn  x - ray  diffraction work. The 
anode was also prepared from 99.9.8% Ag wire. 

The electrodeposition conditions ranged from 15 ~A 
and 0.210v up to 200 ~A and 0.700v a room tempera-  
ture. Voltage measurements  included the IR drop be-  
tween cathode and anode. No reference electrode was 
used. The current  density was estimated from the total  
current  and the area of the cathode which showed 
deposition, thereby giving average values which ranged 
from 4 x 10 -3 A/ in .  2 to 50 x 10 -3 A/ in .  2 Outside this 
range, higher current  densities produced nonadherent  
deposits, and lower current  densities resulted in im- 
pract icably slow growth rates (0.001 in . /day) .  
Throughout  the range of current  densities used in this 
investigation, two basic growth morphologies were ob- 
served. The ~irst consisted of a small  needlelike form 
and the second, a thin flat angular  form in the shape 
of a three-  or six-sided lozenge s on which the present  
work was carried out. 

These lozenge-shaped dendrites were studied meta l -  
lographically by mount ing  in a cold setting resin and 
mechanical  polishing on emery papers. F inal  mechani -  
cal polishing was carried out using 6 and 1~ diamond 
paste. The specimens were then chemically polished 
with the chromic acid-based solution of Gilpin and 
Worzala (4) and etched in the manne r  described by 
Ki lner  and Plumtree  (5). This technique revealed that  
the dendrites possessed several twinned  boundaries 
r unn ing  paral lel  to the major  flat surfaces of the 
dendri te  as seen in Fig. 1 which shows a longi tudinal  
cross section of a dendri te  electrodeposited at 300 mv. 
Laue x - ray  back-reflection photographs revealed that  
the boundaries were {111} twin planes and that  the 
growth direction was [2,1,1]. Faust  and John have 
discussed the ramifications of the growth direction of 
twinned  dendri tes (1,6). 

Careful examinat ion showed twin  boundaries ap- 
pearing wi thin  the deposited metal  as shown in Fig. 2, 
indicat ing that these growth twins formed out of a 
faul t ing sequence which occurred dur ing deposition i t-  
self ra ther  than  from epitaxial  growth on the sub-  
strate and also in the absence of polycrystal l ine 
growth. The presence of secondary twinn ing  branch-  
ing out from the main  twinned planes was also ob-  
served, and an example is shown in Fig. 3. However, 
the incidence of secondary twinn ing  was not marked. 
As with the main  twins, growth accidents or faulted 
stacking sequences occurring at the r e -en t r an t  groove 
may well  account for the origin of the secondary twins. 
Once this twinned  region is formed, the current  density 
or dr iving force for crystal growth by the secondary 
twinn ing  mechanism will  be the same as that  for 
growth by the main  twin  boundaries and therefore 
both parts of the crystal  will  grow at the same rate. 
Since the main  twinned  bands have a greater  com- 
ponent  of growth in the growth direction, (i.e., [2,1,1] 
direction) than the secondary twin  bands, then the 
secondary twin  bands will  be outgrown, leaving the 
dendrite dominated by twinned  boundaries lying 
paral lel  to the main  growth direction (in this case, 
[2,1,1] direction) as seen in Fig. 1 

Since  in  cross sec t ion  these  l ogenze - shaped  g r o w t h  f o r m s  ex- 
h i b i t e d  b r a n c h i n g ,  t h e y  w i l l  be  r e f e r r e d  to  as d e n d r i t e s ,  Th i s  is  
in  k e e p i n g  w i t h  the  n o m e n c l a t u r e  of p r e v i o u s  a u t h o r s  (1). 

Fig. 1. Lozenge-shaped dendrite. Cell voltage 300 my, etched. 
Magnification approximately 60)(. 

Fig. 2. Twin boundary starting within dendrite, etched. Magnifi- 
cation approximately 820X. 

Fig. 3. Secondary twin branching out from main twin, etched. 
Magnification 600X. 

Acknowledgment 
This invest igat ion was supported by the National  

Research Council of Canada (Grant  No. A-2770). 

Manuscript  submit ted Apri l  11, 1968; revised m a n u -  
script received Feb. 17, 1969. 



812 J. Electrochem. Soe.: E L E C T R O C H E M I C A L  S C I E N C E  June 1969 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1969 
J O U R N A L .  

REFERENCES 
1. J. W. Faust,  Jr., and H. F. John, This Journal, 108, 

109 (1961) ; 110, 463 (1963). 
2. P. B. Price, Phil. Mag., 4, Series 8, 1229 (1959). 

3. E. Billig and P. J. Holmes, Acta Met., 5, 53 (1957). 
4. C. B. Gilpin and F. J. Worzala, Rev. Sci. Inst., 35, 

229 (1964). 
5. T. Ki lner  and A. Plumtree,  Trans. Met. Soc., AIME, 

239, 129 (1967). 
6. J. W. Faust,  Jr., and H. F. John, ibid., 233, 230 

(1965). 

The Field-Effect Transistor as a Constant 
Current Source in Electrochemical Investigations 

R. B. Davidson and M. A. Hopper* 

Department of Physics, University of Alabama, University, Alabama 

The wel l -known application of the field-effect t r an -  
sistor to cur ren t  control (1, 2) has received no a t ten-  
tion in electrochemical investigations. Circuits em- 
ploying the field-effect t ransistor  are simply and in-  
expensively constructed, in addition offering excellent 
control of current.  These advantages, combined with 
the moderate operating voltage of the device, make 
a field-effect t ransis tor  galvanostat  more practical 
than the usual  constant  current  circuit of a source 
of emf in series with a high impedance. In comparison 
to operational amplifier based galvanostats the cir- 
cuits using a field-effect t ransistor  require  fewer com- 
ponents, thus being more economical to construct. 

Electrical circuit  schematics for a galvanostat  using 
only a field-effect transistor, a resistance and a power 
supply (bat tery)  are shown in Fig. 1. For the circuits 
shown a max imum current  is main ta ined  in the load 
resistance (the electrochemical cell) when the feedback 
resistance is small. The max imum controllable current  
depends on the part icular  transistor, but  is general ly 
between 1 and 10 mA. The load current  is decreased 
by increasing the feedback resistance. With a feedback 
resistance of 10 megohms the current  is reduced to 
about 0.1 ~A. Generally,  no current  smaller  than this 
is required in electrochemical applications. 

The load current  will  be held constant  provided 
that  the voltage between the dra in  and source of the 
field-effect transistor is less than the breakdown vol-  
tage but  greater  than the so-called "pinch-off" voltage 
of the device. In  our studies we have used the Motorola 
HEP 802 field-effect t ransistor  (priced at under  $2). 
This t ransistor  has a rated breakdown voltage of 
25v, but  certain transistors were found to have actual 
breakdown voltages of almost 50v. Employing a power 
supply with an output  slightly less than  the breakdown 
voltage of the transistor,  it was found that  load cur-  
rents between 0.1 ~A and 5 mA could be controlled to 
better  than 0.1% provided that  the voltage drop 
across the t ransistor  was greater  than 3v (the "pinch- 
off" voltage).  The current  remains constant, subject  
to the above conditions, even though the voltage 
appearing across the load may vary over a fairly 
wide range (approximately 2Ov for the transistors 
used in this s tudy).  

As a check on the operation of the circuit of Fig. 1 
the galvanostatic oxidation of b ismuth in  a sodium 
carbonate solution was studied up to an 0verpotential  
of 20v. The results obtained in this s tudy were in 
excellent agreement  with the investigation of the 
anodic oxidation of b ismuth  using an operational 
amplifier galvanostat  (3). 

The variable feedback resistance in Fig. 1 may be 
replaced by the combinat ion of a potentiostat  and 
a fixed resistance; a modified circuit using this tech- 
nique is shown in Fig. 2. The potentiostat  controls 
the voltage between the gate and the source of the 
field-effect transistor, thus controll ing the load current .  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

By varying  the potentiostat  output, the load current  
may be altered to any desired value. Replacement of 
the potentiostat  of Fig. 2 with a potential  sweep 
generator  t ransforms the circuit into a current  sweep 
generator. 

The disadvantage of the simple field-effect t ran-  
sistor circuit (Fig. 1) is that a ma x i mum current  of 
the order of only 5 mA may be controlled. Many 
electrochemical applications require more current  than 
this upper  limit. An extension of the current  range 

V ~ 

m 

V 4F 

Fig. 1. Schematic diagrams for field-effect transistor galvano- 
stats: Ql, fMd-effect transistor; RL, load resistance; RE, variable 
feedback resistance; V +, d-c power supply. 

V § 

E 97 :' 
Fig. 2. Schematic diagram for potentiostatic control of galvano- 

stat: Q1, field-effect transistor; RL, load resistance; RF, feedback 
resistance; Ve, potentiostat; V +, d-c power supply. 
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The wel l -known application of the field-effect t r an -  
sistor to cur ren t  control (1, 2) has received no a t ten-  
tion in electrochemical investigations. Circuits em- 
ploying the field-effect t ransistor  are simply and in-  
expensively constructed, in addition offering excellent 
control of current.  These advantages, combined with 
the moderate operating voltage of the device, make 
a field-effect t ransis tor  galvanostat  more practical 
than the usual  constant  current  circuit of a source 
of emf in series with a high impedance. In comparison 
to operational amplifier based galvanostats the cir- 
cuits using a field-effect t ransistor  require  fewer com- 
ponents, thus being more economical to construct. 

Electrical circuit  schematics for a galvanostat  using 
only a field-effect transistor, a resistance and a power 
supply (bat tery)  are shown in Fig. 1. For the circuits 
shown a max imum current  is main ta ined  in the load 
resistance (the electrochemical cell) when the feedback 
resistance is small. The max imum controllable current  
depends on the part icular  transistor, but  is general ly 
between 1 and 10 mA. The load current  is decreased 
by increasing the feedback resistance. With a feedback 
resistance of 10 megohms the current  is reduced to 
about 0.1 ~A. Generally,  no current  smaller  than this 
is required in electrochemical applications. 

The load current  will  be held constant  provided 
that  the voltage between the dra in  and source of the 
field-effect transistor is less than the breakdown vol-  
tage but  greater  than the so-called "pinch-off" voltage 
of the device. In  our studies we have used the Motorola 
HEP 802 field-effect t ransistor  (priced at under  $2). 
This t ransistor  has a rated breakdown voltage of 
25v, but  certain transistors were found to have actual 
breakdown voltages of almost 50v. Employing a power 
supply with an output  slightly less than  the breakdown 
voltage of the transistor,  it was found that  load cur-  
rents between 0.1 ~A and 5 mA could be controlled to 
better  than 0.1% provided that  the voltage drop 
across the t ransistor  was greater  than 3v (the "pinch- 
off" voltage).  The current  remains constant, subject  
to the above conditions, even though the voltage 
appearing across the load may vary over a fairly 
wide range (approximately 2Ov for the transistors 
used in this s tudy).  

As a check on the operation of the circuit of Fig. 1 
the galvanostatic oxidation of b ismuth in  a sodium 
carbonate solution was studied up to an 0verpotential  
of 20v. The results obtained in this s tudy were in 
excellent agreement  with the investigation of the 
anodic oxidation of b ismuth  using an operational 
amplifier galvanostat  (3). 

The variable feedback resistance in Fig. 1 may be 
replaced by the combinat ion of a potentiostat  and 
a fixed resistance; a modified circuit using this tech- 
nique is shown in Fig. 2. The potentiostat  controls 
the voltage between the gate and the source of the 
field-effect transistor, thus controll ing the load current .  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

By varying  the potentiostat  output, the load current  
may be altered to any desired value. Replacement of 
the potentiostat  of Fig. 2 with a potential  sweep 
generator  t ransforms the circuit into a current  sweep 
generator. 

The disadvantage of the simple field-effect t ran-  
sistor circuit (Fig. 1) is that a ma x i mum current  of 
the order of only 5 mA may be controlled. Many 
electrochemical applications require more current  than 
this upper  limit. An extension of the current  range 
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Fig. 1. Schematic diagrams for field-effect transistor galvano- 
stats: Ql, fMd-effect transistor; RL, load resistance; RE, variable 
feedback resistance; V +, d-c power supply. 
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Fig. 2. Schematic diagram for potentiostatic control of galvano- 

stat: Q1, field-effect transistor; RL, load resistance; RF, feedback 
resistance; Ve, potentiostat; V +, d-c power supply. 
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may be achieved by the addition of a single or mult iple  
transistor  current  amplifier to the basic circuit. 
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Measurement of Electrical Conductivity in Molten 
Fluorides. A Survey 1 

G. D. Robbins* 
Reactor Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

Invest igat ion of the electrical conductivi ty of molten 
salt systems has been an area of l ively research in 
recent years, and a n u m b e r  of articles have appeared 
which deal with this aspect of t ranspor t  phenomena 
(1-3). It is the in tent  of this survey to l imit itself to 
the subject of conductance measurements  in molten 
fluorides. The conta inment  problems encountered with 
these materials  set them apart  from the other molten 
halides with respect to exper imental  difficulties and 
consequent precision of measurement  which can be 
expected. By considering only fused fluorides, it is 
hoped that  sufficient details may be presented to per-  
mit  workers in the field to obtain a comprehensive 
overview of the exper imental  techniques employed 
covering the period 1927 to 1967, to indicate possible 
sources of error in the light of electrode process con- 
cepts, and to present  a recommended procedure for 
the measurement  of electrical conductance in highly 
corrosive mol ten salts. To our knowledge, no such 
survey exists which addresses itself to these questions. 

Many investigations in the past have been concerned 
with cryol i te-containing melts because of their  rele-  
vance to the a luminum industry,  and a review of these 
systems has been given by Grjotheim and Matiasov- 
sky (4). Renewed interest  in the t ransport  properties 
of fused fluorides in general  has resulted from their  
use as fuel, blanket,  and coolant materials in molten 
salt reactors (5). 

This survey consists of a tabula t ion of fluoride sys- 
tems investigated over the last forty years, followed 
by a discussion of exper imental  techniques noted in 
the tabula t ion and a critical analysis of their relat ion 
to the principles of measurement  of electrical con- 
ductance in molten salts. Emphasis is placed on cell 
and electrode design and material ,  on measur ing 
bridges, and on frequency ranges employed and fre- 
quency dispersion of the measured resistance. Values 
of specific and equivalent  conductance for many  of 
the systems reported here may be found in tabular  
form in Janz's  "Molten Salts Handbook" (6). 

Tabulation 
Table I is a tabula t ion of electrical conductance in-  

vestigations ordered by system and within  each sys- 
tem, chronologically. Where similar  exper imental  
techniques have been employed for more than one 
fluoride system a cross reference is given. In  the col- 
u m n  headings, (R) and (l/a) refer to approximate 
values of measured resistance and cell constant, r e -  
s p e c t i v e l y .  V,p is the peak- to-peak  value of voltage 
applied to the bridge. The logic of the table headings 
and the significance of the large number  of "not 
stated" (abbreviated "N.S.") entries wil l  become 
apparent  in the discussion which folIows. 

* Electrochemical  Society A c t i v e  M e m b e r .  
1 Research sponsored b y  t h e  United S t a t e s  A t o m i c  E n e r g y  C o m -  

m i s s i o n  under contract w i th  the Union C a r b i d e  C o r p o r a t i o n .  

Discussion 
Materials.--Because of the high specific conductance 

of most molten salts (1-6 ohm -1 cm -1) (7), experi-  
menta l  approaches have tended to fall into two groups 
(1): (I) use of capi l lary-containing cells, which re-  
sults in a cell constant  of several hundred  cm - l ,  the 
capillaries being constructed from electrically in-  
sulat ing materials;  or (II) use of metallic cells in 
which the container  is usual ly one electrode, with a 
second electrode positioned in the melt. The lat ter  
type of cell has cell constants of the order of a few 
tenths cm -1, requir ing quite accurate measur ing 
bridges and determinat ion of lead resistances. Since 
the value of measured resistance in such cells is less 
than  1 ohm, errors due to tempera ture  gradients, 
changes in cell constant  with temperature,  and po- 
larization become a significant problem. Hence, cells 
of type (I) are clearly desirable for use in molten 
salts. However, electrically insulat ing materials for 
capil lary construction which are resistant  to at tack 
by mol ten fluorides are scarce. 

Boron ni tr ide (15) and single-crystal  magnesium 
oxide (19-21) have been employed in capil lary con- 
struction in cells of type I, while metall ic cells of 
type II have been fabricated from p la t inum (8, 13, 
14, 16-21, 26-28) and pla t inum-20% rhodium (9, 22, 
23). Hot-pressed bery l l ium oxide (28), fused magne-  
sium oxide (25), and graphite (15, 24,32) also have 
been used in cell construction. 

In addition to the above-ment ioned metall ic con- 
ductors, electrode materials have ranged from graph-  
ite (25, 32) to Inconel  (11, 12), molybdenum (15, 24), 
and molten a luminum (25, 32). 

Bridges.--Figure 1 shows the basic circuits of bridge 
types listed in Table I. By far the most commonly em- 
ployed type of measur ing  bridge is some form of the 
basic Wheatstone bridge circuit (Fig. 1A), such as the 
Jones bridge (33, 34) (Fig. 1B), in which the two up-  
per arms are matched, s tandard resistances, and the 
impedance of the cell in one lower arm is balanced by 
a variable impedance in the fourth arm. A sinusoidal 
potential  source and a nu l l  detector complete the cir- 
cuit. The balancing impedance is usual ly a variable 
resistance, Rp, and capacitance, Cp, connected in paral-  
lel. However, the solution resistance, Rs, and solution- 
electrode interracial  capacitances, Cs, in the cell are 
considered to be in series (35) (Fig. 2a). The capaci- 
tance result ing from the electrode leads is in parallel, 
across the representat ion shown in Fig. 2a, but  at 
frequencies ordinar i ly  employed, and with some care 
in positioning, the relat ively low resistances encoun-  
tered in mol ten salts usual ly  permit  this capacitance 
to be neglected. 

At applied potentials sufficiently small  that  no 
electrochemical reaction occurs, the equivalent  cir-  
cuit of Fig. 2a is approximately valid (Cs is potential  
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A WHEATSTONE BRIDGE, 
NO CAPACITORS 

/ e I 
JONES BRII)GE (34'33) s~d s,a 

B. (WHEATSTONE BRIDGE, 
Rp AND Cp IN PARALLEL] 

c. KELV,. BRrO~E" ' 

Z :  IMPEDANCE OF CONNECTrONS 

CAREY FOSTER BRIOGE {27) 

T. %~% .................... _TVP~ 0 , E{I~,I4} CHANGEABLE ) 
(EMPLOYED BY w $ 1 ] ~  - 
H A E R  A N D  WERNER)  

Z = IMPEOANCE OF CONNECTIONS 
T 

Fig. l .  Basic typos of impedance bridges employed with molten 
fluorides. 

Rs C s Rs 

(o) 

Zr 

Cs 

(b) 

Rs 

e e Rr Cr 

Cs Cs 

(c) 
CONSTANT FREQUENCY 

Fig. 2. Equivalent circuit representations for a conductance cell: 
(a) no electrochemical reaction, (b) generalized electrochemical 
reaction, (c) electrochemical reaction according to Faradaic ad- 
mittance theory. 

dependent) ,  and the interracial  capacitance is charged 
and discharged during each half-cycle through the 
solution resistance. Subst i tu t ing this equivalent  cir- 
cuit representat ion for the cell into Fig. 1B and per-  
forming a circuit analysis reveals that  the two condi- 
tions which must  obtain at balance are 

Rs Cp Rstd 
-}- - -  = 1 [ 1 ]  

Rp Cs Rstd 
and 

RsRpCsCp (2nf) 2 = 1 [2] 

f is the frequency of the sine wave. Equations [1] and 
[2] may be combined to yield 

Rp = Rs [1 + Rp2Cp 2 (2af)2] [3] 
or 

1 
Rp = Rs + [4] 

RsCs2 (2~) ~) 2 

It is often the practice to equate R, (the reading on 
the bridge dials) to Rs (the t rue solution resistance).  
(In the case of unmatched s tandard resistors, their  
ratio is used.) Yet as Eq. [4] demonstrates,  this is 
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really an approximation in which the additive term 
1/RsCs2(2nf) 2 has been neglected. The approximation 
is usual ly  valid in dilute aqueous solutions where Rs 
is large. However, in molten salts, par t icular ly  in 
cases where capillaries are not  used to increase the 
conducting path (such as in most fluorides), consider- 
able error can result  from the neglect of this term. 

As an example, in  a dilute aqueous solution reason- 
able values of Rs, Cs, and f might be 1000 ohms, 20 ~f, 
and 1000 Hz, respectively. In which case the neglected 
term is 0.06 ohm (compared to 1000 ohms). In  mol ten 
salts in cases where  capillaries are not used to in-  
crease resistance, Rs is often less than 5 ohms. For 
such a value of resistance, and assuming values of Cs 
(36) and f as above, the neglected term becomes 
12 ohms (compared to 5 ohms). 

Although this approximation was pointed out by 
Jones (34) forty years ago and has been discussed 
more recent ly (37), in none of the n ine  groups of in-  
vestigations employing this type of bridge (Table I) 
is it apparent  that  the effect of the approximation has 
been considered. Rs can be calculated from Rp and Cp 
(the resistance and capacitance readings on the 
bridge) via Eq. [3] provided the bridge has been 
demonstrated to obey Eq. [1] and [2] by first testing 
it with a dummy cell consisting of a known resistance 
and capacitance connected in series. 

It is not possible to assess the extent  to which ne-  
glect of the additive term in Eq. [4] may have con- 
t r ibuted to an error in  the published results (using 
Eq. [3]) because no author reported the values of ca- 
pacitance required for bridge balance. However, such 
an error would be frequency dependent  in magnitude,  
and the frequency independence of some results (15, 
19-23) indicates no error  from this source. 

Use of Eq. [3] to calculate Rs is l imited by the ac- 
curacy with which the values of the variable  ca- 
pacitance and the frequency are known and by the 
demonstrated abil i ty of the bridge to satisfy the bal-  
ance equations using dummy components. These diffi- 
culties can be avoided by employing a bridge in which 
the balancing components are in series (38). Then 
in the case of no electrochemical reaction, the value 
of Rs is well  represented by the reading on the bal-  
anced bridge; however, this method does require the 
use of large capacitors. 

Frequency response . - -As  seen in Table I, of the six- 
teen independent  groups of investigators, over half 
do not state whether  or how measured resistance 
varied with measur ing frequency. Jones and Chris- 
t ian (39) considered this question in their investiga- 
tions in aqueous electrolytes, measured resistances at 
a series of frequencies, and extrapolated measured re-  
sistance to infinite f requency employing the functional  
form ]-1/2. The theoretical  basis for their  exper imen-  
tal procedure was the work of Warburg  (40, 41) and 
Neumann  (42) who, on the basis of Fick's laws of 
diffusion, predicted that the polarization resistance 
(that part  of the measured resistance due to electrode 
polarization) was inversely proport ional  to fl/2. Thus 
the measured resistance, Rm, was considered to be 
composed of a t rue solution resistance, Rs, and a po- 
larization resistance, Rz. 

R m :  Rs + R z  [5] 

Frequency dispersion of the measured resistance has 
been observed in organic solvents (43) and in mol ten  
salts. Often the form of the frequency dispersion was 
not f-1/2. Nichol and Fuoss (43) observed ]-1 fre- 
quency dependence in methanol  solutions, while 
De Nooijer (44) reported that  in mol ten ni t rate  melts 
plots of measured resistance vs. 1-1/2 were not linear, 
but  approached l inear i ty  as the frequency approached 
infinity. His values of measured resistance at 20 kHz 
only differed from values extrapolated to infinite fre- 
quency by about 0.1%. Winterhager  and Werner  (13, 
14) have considered frequency dispersion in molten 
nitrate, chloride, and fluoride melts and have mathe-  

matical ly (45) analyzed their  results obtained with a 
Thomson- type  bridge. They conclude that  at suffi- 
ciently high frequencies measured resistance becomes 
independent  of frequency, and they employ a mea-  
sur ing frequency of 50 kHz. 

It  should be emphasized that, while one can measure 
resistance at a series of frequencies and extrapolate to 
infinite frequency, one cannot make measurements  at 
frequencies which approach infinity. In fact, very high-  
frequency measurements  (in the megahertz range) 
are to be avoided because of the increased admit tance 
of the leads and the fact that at very high frequencies 
one ceases to measure a property associated with ionic 
mobil i ty and observes properties associated with di- 
pole moments  and polarizabilities. Hence the question 
of concern is what  funct ional  form of the frequency 
should be employed to extrapolate the measured re-  
sistance to infinite frequency. 

Applying the concepts resul t ing from electrode 
process studies (46-48), when  a sufficiently large a-c 
potential  is impressed on the cell that  charge is t rans-  
ferred across the solution-electrolyte interfaces dur -  
ing par t  of each half-cycle, corresponding to an elec- 
trochemical reaction, one may envision the equivalent  
circuit shown in Fig. 2b. Zr represents the impedance 
associated with the reaction, which is in parallel  with 
the solution-electrode interfacial  capacitance. Under  
the exacting assumptions of faradaic admit tance the-  
ory, Zr may be represented by a f requency- inde-  
pendent  resistance, 0, in series with a f requency-de-  
pendent  impedance, -W- ,  the Warburg  impedance 
(Fig. 2c). The lat ter  is convenient ly  represented as a 
resistance and capacitance in  series, Rr and Cr, at con- 
s tant  frequency, while both are predicted to vary  as 
f-1/2. Although this is the funct ional  form sometimes 
observed in conductance measurements ,  the assump- 
tions on which faradaic admit tance theory are based 
are sufficiently restrictive (e.g., that the ampli tude of 
the sine wave approach zero) as to render  equivalent  
circuit 2c of margina l  applicabil i ty to most conduct-  
ance apparatus. However, during that part  of each 
half-cycle in which reaction is occurring at the elec- 
trodes, equivalent  circuit 2b is a useful concept, and 
it is interest ing to examine this representat ion in the 
light of exper imental  practices commonly employed to 
el iminate Rz (Eq. [5]).  In  the practice of extrapolat-  
ing the measured resistance to infinite frequency, it 
can be seen that  at very high frequencies the impe- 
dance of the capacitance path across the interface de- 
creases relat ive to that  of the reaction path, so that 
the equivalent  circuit approaches that  of Fig. 2a. The 
practice of ptat inizing the electrodes results in greatly 
increasing their  surface area, increasing Cs and the 
relat ive admit tance of this path. Thus, the effect of 
R~ is diminished. 

Robinson and Stokes (49) have considered the ques- 
tion of frequency dispersion in terms of electrode 
process concepts as applied to aqueous media and give 
balance equations for a bridge with a paral le l -com- 
ponent  balancing arm, assuming various relat ive mag- 
nitudes for Rs, 0, and Rr. Under  the conditions em- 
ployed by Jones and Christian (39), f-1/2 dependence 
is predicted. Hills and Djordjevic (50) analyzed fre- 
quency response in terms of an equivalent  circuit 
representat ion similar to that  of Fig. 2c and demon-  
strated possible errors which may result  from ex- 
trapolat ion vs. ]-1/2. The largest error encountered in 
molten salts was 0.04 ohm. Robinson and Stokes con- 
clude that  one should measure resistance as a function 
of frequency and extrapolate to infinite frequency in 
accordance with the observed behavior. This is also 
the conclusion of Nichol and Fuoss (43), who had ob- 
served a f-1 frequency dependence of resistance in 
methanol  solutions. Buckle and Tsaoussoglou (51) 
have found that  measured resistance vs. frequency 
plots show a plateau in the range 10-100 kHz in aque-  
ous potassium chloride and mol ten potassium bro- 
mide. They suggest that  extrapolat ion of resistance vs. 
f - l i e  would lead to erroneous conductances and 
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that  one should s tudy f requency  dispers ion in a pa r -  
t icular  appara tus  and select a f r equency- independen t  
region for per forming  conduct iv i ty  exper iments .  

Thus, it  seems clear  tha t  a priori predic t ion  of the  
funct ional  form which should be employed  for e l im-  
inat ion of polar izat ion resis tance (via Eq. [5] ) is not 
possible, and one must  de te rmine  exper imen ta l ly  the 
f requency  response wi th  a pa r t i cu la r  appara tus  and 
under  a given set of exper imen ta l  conditions. How-  
ever, before  resor t ing to this  empir ica l  approach,  there  
are severa l  steps which may  be t aken  to reduce f re-  
quency dependence  of the measured  resis tance:  1. A 
test  of the  br idge  circui t  by  subst i tu t ing a ca l ibra ted  
resistance and capacitance,  connected in series, having 
values s imi lar  to those expected f rom the conductance 
cell indicates wi th in  wha t  l imits  the  br idge  read ing  
represents  the  series resis tance (cf. Eq. [4]) .  2. Reduc-  
tion of the  sine wave  ampl i tude  to the  smal les t  pos-  
sible value  compat ib le  wi th  the  detector  (p re fe rab ly  
below 100 mv)  reduces effects associated with  any 
electrode reactions.  That  over  ha l f  of t he  inves t i -  
gators  represen ted  in Table I do not  address  them-  
selves to the  quest ion of f requency dispers ion justifies, 
the author  feels, the  foregoing discussion. 

The lower  the appl ied  voltage, the less should be the 
contr ibut ion f rom any e lect rochemical  react ion since 
dur ing  each ha l f -cyc le  the  t ime dur ing  which reac-  
t ion occurs is less. The last  column of Table I lists 
the  p e a k - t o - p e a k  vol tage appl ied  to the  bridge. Two 
authors  (13-14, 16-17) cont r ibuted  this information.  

Summary 
A survey of e lectr ical  conduct iv i ty  measurements  in 

mol ten  fluoride systems covering the  per iod 1927 to 
1967 has been presented.  Pa r t i cu l a r  emphasis  is placed 
on cell  and electrode ma te r i a l  and design, on mea -  
sur ing bridges,  and on the f requency  dispers ion of the  
measured  resistance.  It is poin ted  out  tha t  the  common 
pract ice  of measur ing  resis tance wi th  a Whea t s tone-  
type  br idge having a pa ra l l e l  resis tance and capaci -  
tance, Rp and Cp, in the balancing a rm can resul t  in 
considerable  e r ror  if the  re la t ion  Rp z Rs[1 -t- 
Rj,2Cp 2 (2~f) 2] is not  employed  in de te rmin ing  the 
solution resis tance Rs. The f requency  dependence  of 
the measured  resis tance and the pract ice  of e x t r a p -  
olat ing measured  resis tances to infinite f requency  vs. 
f-1/2 is examined  in terms of e lect rode process con- 
cepts. Recommendat ions  are  presented  for reducing  
f requency  effects, and a summary  of expe r imen ta l  ap-  
proaches of 16 groups of inves t igators  for 56 mol ten  
fluoride systems is given. 

Manuscr ip t  submi t ted  Apr i l  22, 1968; rev ised  manu-  
script  rece ived  ca. Feb. 10, 1969. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1969 
JOURNAL. 
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in the Journal  01 The  Electrochemical  Society ,  Vol. 115, No. 4, 5, 
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The Alkaline Manganese Dioxide Electrode 
II. The Charge Process 

David Boden, C. J. Venuto, D. Wisler, and R. B. Wylie 
(pp. 333-338, Vol. 115, No. 4) 

S. Ghoshl: In  unders tanding  the mechanism of the 
charge process in the alkal ine medium of the man-  
ganese dioxide cell system, a basic question has re-  
mained unanswered:  whether  alkali  will dissolve 
MnO2 to form manganate  solution. During the discharge 
of the MnO2 electrode in the alkal ine media, it is 
susceptible to the formation of solution in liquid 
phase near  the electrode. At the t ime of charging, 
the quant i ta t ive  reformation of MnO2 could not be 
obtained resul t ing in loss of ini t ia l  electrode material .  
In  our s tudy of the depolarization mechanism of 
gamma MnO2, we observed that  high pH was not 
conducive to obtaining the proper charge and dis- 
charge capacity relat ion with that  of the theoretically 
calculated value, whereas in the acidic range the 
coulometric capacity has some comparable relations. 

In Fig. 5, 7, and 8, the charge and discharge curves 
were drawn on the basis of constant  current  charge 
and discharge. I feel, instead, if the discharge were 
carried out through a s tandard resistance and simi- 
lar ly the coulometric values obtained dur ing  the 
charge, it would have been useful for comparison 
with the theoretical coulometric capacity for a closer 
unders tanding  of the practical ut i l i ty  of the system. 
To date a reversible cell system with manganese  
dioxide electrode has not been a practical proposition. 
Your study is most enl ightening;  I hope you will  
explore fur ther  and will  be able to establish the 
proper condition for a reversible alkal ine managanese  
dioxide cell. 

Before I close my observations, I would like to 
inform you about my  unpubl ished work in which I 
have tried to form a reversible system with manganese  
dioxide as positive electrode and cadmium as negative. 
I observed that  the alkali  was reacting with the 
stat ionary electrode and a liquid layer  was formed 
in the neighborhood of it; a considerable dissolution 
of MnO2 was observed after a few cycles of charge 
and discharge. The ini t ia l  cycling was, no doubt, 
hopeful but  we were restricted by the problem of 
dissolution and other side reactions, which occurred 
in the system. In  the study on the depolarization 
mechanism of gamma MnO2, we observed that  high 
pH was not conducive to gett ing the proper coulo- 
metric discharge capacity compared with the medium 
in acidic or neut ra l  range. It was observed that, if 
discharge is carried out to the point beyond break-  
down of the s tructure of manganese  dioxide, it was 
difficult to obtain MnO2 again for discharge process. 
Up to the point where the lattice dilution of the oxide 
occurred it was possible to br ing  them back to 
the charge condition. In our study we examined those 
progressively discharged samples of MnO2 by x - r ay  
diffraction, electron diffraction, and electron micros- 
copy, and found that  discharge products of progres- 
sively discharged samples are mixtures  of manganese 
dioxide with lower oxide of manganese,  and the 
preparat ion of lower oxide progressively increased 
with the discharge. 

1 Indian  S tandards  Inst i tut ion,  Manak  Bhavan ,  9 B. S. Za fa r  Marg,  
New Delhi  1, India.  

I am giving the above comments in the hope that  
they wil l  help to reveal  the actual  mechanism of this 
charge and discharge process which is, no doubt, 
still an open question. 

Field Ion Microscopical Studies of Exchange 
Current Density on Iridium 
Leonard Nanis and Philippe Javet 

(pp. 509-511, Vol. 115, No. 5) 

D. A. Smith2: The contrast  to be expected from field- 
ion images of dislocated surfaces has recently been 
quantified in detail (Pashley, 19653; Ranganathan,  
19664; Smith et al., 19685; Brandon and Perry,  19676; 
Sanwald and Hren, 1968~). It is general ly agreed that  
a dislocation will  be visible when  the component 
of the dislocation Burgers vector along the normal  
to the surface where it emerges is not equal  to zero. 
Dislocations are visible as a characteristic spiral con- 
trast  which may arise from both edge and screw dis- 
locations. Almost all observations of dislocations can 
be analyzed in terms of this model. The authors ref-  
erence to the absence of "spiral dislocations" is im-  
precise. More importantly,  it is worth emphasizing 
that the perpetual  steps postulated in theories of 
growth both from the vapor phase and by electro- 
deposition may be produced at emergent  edge and 
mixed dislocations, not jus t  screw dislocations. Any  
dislocation converts a crystal into a continuous helical 
ramp (Cottrell, 1964s). The geometrical si tuation in 
the surface is i l lustrated in Fig. 1 of Smith et al.5 It 
may be that  considerat ion of the surface topology 
around emergent  stacking faults can add to knowledge 
of the reasons for the different behavior of various 
substrates in growth processes. 

It is not justified to suggest that  the absence of 
dislocation spirals in the small  image shown as Fig. 5 
suggests a growth mechanism which does not in-  
volve dislocations; a field-ion tip and the deposit which 
was observed to develop contain a mul t i tude  of the 
k ink  sites required for nucleation. Fur thermore  dis- 
locations might  emerge in the areas of the specimen 
which did not contr ibute  to the image. Dr. G. D. W. 
Smith of this laboratory has pointed out that the 
occurrence of only two "spikes" around the tetrad 
axis of the specimen casts doubt on the crystallo- 
graphic na ture  of the build up. 

Some Properties of Electroless Cobalt 
Allen S. Frieze, Richard Sard, and Rolf Weil 

(pp. 586-591, Vol. 115, No. 6) 

P. Cavallotti  and G. Salvago9: In teres t ing informat ion 
is supplied by Messrs. Frieze, Sard, and Weft on the 
nucleat ion and growth of chemically deposited cobalt. 
The explanat ion given of their  results in terms of 
growth inhibi t ion by codeposited phosphorus is, how- 
ever, in contrast with some exper imental  results ob- 
tained in the course of the systematic research work 
carried out in this Laboratory on the chemical plat ing 

�9 2 Meta l lurgy  Depar tmen t ,  Un ive r s i t y  of Oxford,  P a r k s  Road, 
Oxford,  England.  

a D. W. Pashley,  Rept. Prog.  Phys. ,  28, 291 (1965), 
S. Rangana than ,  J.  Appl. Phys. ,  37, 4346 (1966). 

5 D. A. Smith,  M. A. Fortes,  A. Kelly, and B. Ralph, Phil. Mag., 
17, 1065 (1968). 

eD.  G. Brandon  and A. J.  Per ry ,  Phil.  Mag., 16, 119 (1967). 
7 R. C. Sanwald  and  J .  J.  Hren,  Sur~. Sci., 9, 257 (1968). 
s A. H. Cottrell, Theory  of Crysta l  Dislocations,  Blackie  (1964). 
9 Ins t i tu te  of Elec t rochemis t ry ,  Phys ica l  Chemis t ry  and Metal-  

lurgy,  Milan Polytechnic ,  Milan, I taly,  Laborator io  del gruppo di 
r icerea  "Elet t rol i t i  e proeessi  e le t t rochimic i"  del C.N.R. 
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of nickel and cobalt. As a mat ter  of fact, x - r ay  and 
electron diffraction pat terns  of the chemical deposits 
obtained in  different conditions showed different pre-  
ferred orientations corresponding to the most densely 
packed planes parallel  to the base: <0001>, <10i-0> 
and <1120>. 10 

Fur ther  exper iments  were carried out varying the 
parameters  of a bath assumed as standard, of the fol- 
lowing composition 

[CoSO4] -~ 0.3 m/1 

[NaH~PC~] = 0.6 m/1 

[C6H6072-]/[Co ~+] ~- 1 

[NH4 + ] / [Co s+ ] = 2 

[NH2CH2COOH]/[Co 2+ ] ----- 1 

pH = 10.5 adjusted with NaOH. 
The deposition usually was carried out at 80~ on cop- 

per specimens chemically plated with acid nickel baths 
containing [NiC12] = 0.15 m/ l ;  [CH3CHOHCOOH] 
0.5 m/ l ;  [NaH2PO2] = 0.3 re~l, at pH = 3.5 and 90~ 
Therefore the deposition occurred on a nickel-phos-  
phorus alloy of very high phosphorus content, which 
could be considered an "amorphous" substrate. 11 

All  our deposits were examined to determine possi- 
ble preferred orientations by taking electron reflection 
diffraction patterns,  as well  as by x - r ay  diffraction, 
with the method of Clark  and Simonsen, mentioned 
by Frieze, Sard, and Well, or  with a North American 
Philips Geiger counter  x - ray  spectrometer. 

Results obtained by the three techniques were in 
agreement;  except that the <0001> fiber texture  was 
more markedly  observed by x - r ay  diffraction tech- 
niques in the deposits of low phosphorus content. 

Deposits from the s tandard bath showed a strong 
<1010> fiber texture. Varying the operating condi-  
tions, by lowering [NaH2PO2] to 0.225 m/1 or increas- 
ing the pH up to incipient precipitation of basic salts 
or hydroxides in the solution (corresponding to a pH 
value of about 11.5 at room tempera ture) ,  we noticed 
a <0001> fiber texture  perpendicular  to the base, as 
we did when the thickness of the deposit was 10~. 

At variance with the results of Frieze, Sard, and 
Well a strong <1120> preferred orientat ion was ob-  
served varying  four different operating conditions: 

1. Increasing [NaH2PO2] up to 1.5 m/ l ;  
2. Using solutions not containing ammonium ions; 
3. Increasing the molar  ratio [C6H6072-]/[Co 2+] up 

to 2.4; 
4. Decreasing the pH value to 8. 

Figure 1 shows the electron diffraction patterns ob- 
ta ined from deposits in the above ment ioned conditions 
with <1010>, <0001> and <1120> fiber axes. 

According to the theory followed by Frieze, Sard, 
and Well the < 1 ~ 0 >  fiber axis corresponds to the least 
inhibi ted outgrowth. If the growth inhibi t ion was to 
be a t t r ibuted to codeposited phosphorus, as in  those 
authors '  opinion, the occurrence of a <1120> fiber axis 
would correspond to a decrease of the phosphorus con- 
tent  in the deposit. This is not, however,  the case, be-  
cause for deposition at increased [NaH~PO2], which 
lead to the development  of a strong <1120> preferred 
orientation, the phosphorus content  obviously increased 
from about 4%, in the deposits from the s tandard bath 
with <1010> fiber axis, to about 5%. Moreover, the 
deposits with <1120> preferred orientat ion had dif- 
ferent  phosphorus content  depending on the conditions 
under  which they were obtained. 

So, when we increased [NaH2PO2] the phosphorus 
content increased too, as already noted, but  deposits 

~o L. Cadorna ,  P.  Cava l lo t t i ,  a n d  G. Sa lvago ,  Electroch~m. Metal- 
lorum, 1, 177 (1966). 

11G. Gutzeit ,  Plating, 46, 1156 (1959). 
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Fig. 1. Electron reflection diffraction patterns of chemical co- 
balt deposits. Bath conditions: a--[CoSO4] ~ 0.3 m/ l ;  
[NaH2PO2] ~ 0.6 m/ l ;  [C6HeO72-] / [Co 2+]  ~ 1; [ N H 4 + ] /  
[Co 2+] = 2; [NH2CH2COOH]/[Co 2+]  ~ 1; pH ~ 10.5 ad- 
justed with NaOH; T ~ 80~ deposit thickness, 50 p,; b, idem a, 
except pH ~ 11.7 adjusted with NaOH, deposit thickness: 3~; c, 
idem b, deposit thickness: 30~; d, idem a, except [NaH2PO2] 
0.225 m/ l ,  deposit thickness: 10~; e, idem a, except [NaH2PO2] 

1.5 m/ l ,  deposit thickness: 30~; f, idem a, except no ammonium 
ions in the solution, deposit thickness, 30#; g, idem a, except 
[C6H6072-] / [Co 2+]  ~ 2.4, deposit thickness: 10~; h, idem a, 
except pH ~ 8 adjusted with NaOH, deposit thickness: 10~. 

from solutions not containing ammonium ions showed 
near ly  the same phosphorus content as in the deposits 
obtained from the standard solution, and deposits from 
bath  at pH 8 showed a decreased phosphorus content 
of about 3.5%. An increase in the phosphorus content 
to about 5% was also observed for deposition from 
baths at a molar  ratio [C6H607~-]/[Co 2+] value of 2.4. 
Examining  the phosphorus content  in the deposits with 
<0001> fiber axes, a more str iking evidence arises of 
the consequential  character of obtaining of the pre-  
ferred orientations in the deposits on the plat ing condi-  
tions; the phosphorus content  does not appear as the 
cause of the development  of preferred orientations but  
ra ther  as a consequence of the operating conditions. In  
fact, while the deposits from baths of low [NaH2PO2] 

0.225 m/1 contain about 2% of phosphorus, the de- 
posits obtained in severe conditions of precipitat ion at 
very high pH, with the same <0001> fiber texture  of 
the preceding deposit, contain about 5% of phosphorus, 
conditions in which the inhibi t ion would be severe 
according to the above ment ioned authors, who affirm 
that  "the {0001} plane should tend to be perpendicular  
to the surface." Considering the chemical deposition 
of nickel, it has been shown that  only a <111> fiber 
texture  could be observed in most deposits with phos- 
phorus content up to 7%J 2 

According to the theory of Reddy, as reported by 
Frieze, Sard, and Weil, the (111} plane should tend to 
be perpendicular  to the surface when growth is inhibi t -  
ed. This is in sharp contrast with the exper imental  
evidence, which shows a more marked ]amellar  s truc-  
ture  (i.e., lateral growth according to Reddy) when 
the phosphorus content increases. 

In the case of cobalt chemical deposition a similar 
tendency toward a more lamel lar  s t ructure is shown 
when [NaH2PO2] in the solution is increased, and 
consequent ly  the phosphorus content  in the deposits 
increases; the preferred orientation, however, changes 
from <0001>, through <1070> to a <1120> fiber 
axis. This sequence of preferred orientat ion is at var i -  
ance with the explanat ion given by Frieze, Sard, and 
Weft. Moreover, Gutzeit 11 a t t r ibuted the lamellar  struc- 
ture  to periodic variations of the phosphorus Gontent 
in the coating. This would lead, increasing the phos- 
phorus content  in the deposited cobalt, to a disorienta- 
t ion of the deposit, as a consequence of the different 
preferred orientations depending on the amount  of 

J2 A. H. G r a h a m ,  R. W. L indsay ,  and  H. J. Read,  This Journal, 
112, 401 (1965); L. C a d o r n a  and  P. Cava l lo t t i ,  Iglectrochim. Metat- 
lorum, l ,  93 (1966). 
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phosphorus codeposited, variable in each lamella. The 
very strong <1150> fiber axis obtained at higher 
[NaHaPOf] is at var iance with this conclusion. Ac- 
cording to the theory proposed by Reddy 13 to explain 
the different preferred orientations obtained in the 
electrodeposition of nickel, the coverage of different 
faces with adsorbed hydrogen atoms on the cathode is 
a decisive factor in the development  of a preferred 
orientation. Trying  to explain the exper imental  re- 
sults by assuming the adsorbed atomic hydrogen as 
a growth inhibitor,  we would observe only the most 
inhibi ted fiber textures because of the very high hy- 
drogen concentrat ion on the surface, since a marked 
hydrogen evolution was always observed in the chem- 
ical plat ing of nickel and cobalt. This, however, is 
contradicted by the obta inment  of several  preferred 
orientations, among which also the <0001> and 
<1120> fiber texture  for chemical deposits of cobalt, 
corresponding to the less inhibited lateral  and out- 
growth according to Reddy, as well  as the <111> 
fiber texture  for chemical deposits of nickel. Also the 
sequence <0001>, <1010>, <1120> of fiber textures, 
which was observed when increasing [NaH2POe] in 
the cobalt solutions for chemical plating, with conse- 
quent  increase of hydrogen evolution, cannot be ex- 
plained by this theory. 

Frieze, Sard, and Well have also under l ined  the 
similari ty between the microstructures of chemical 
and electrodeposited cobalt with <101-0> fiber axes. 
An analogous relat ionship is valid between electrode- 
posits and some chemical deposits with <1120> fiber 
axes, viz., from baths without  ammonia  or at low pH. 
When [NaHePOf] or [C6H6072-]/[Co 2+] are increased 
to a high value with corresponding development  of a 
<1120> fiber axis, the coating shows a mamelonar  
structure,  typical  of deposits containing inclusions. It 
may be concluded that  phosphorus affects the morphol-  
ogy and the grain size of the deposits, without inhibi t -  
ing the formation of a crystal l ine s tructure in the case 
of cobalt deposits. 

Deposits with <0001> fiber axes were observed at 
low [NaH2POf] and high pH, i.e., in a range of possi- 
ble inhibi t ion conditions, with a decrease of the depo- 
sition rate. These conditions can be related to a too 
great stabilization of the hydrated and hydrolyzed 
cobalt ions in the layer adjoining the surface, on which 
the reaction occurs. 

Deposits with <0001> fiber axes were also obtained 
in our laboratory by electrodeposition. TM In this case 
the <0001> fiber texture  is favored by high tempera-  
ture, high c.d., and eventual  presence of surface-act ive 
substances. This is substant ia l ly  in agreement  with 
the results of several authors. 15 The addition of boric 
acid has a negative influence on the development  of 
this preferred orientation; e.g., from a bath containing 
[COSO4] = 1 m/l ,  at pH ---- 5.5, T ~ 80~ c.d. ---- 1500 
amp /m S, the deposits presented strong <0001> fiber 
axis. 

As in the preceding case, the <0001> preferred ori- 
entat ion can be related to the formation of highly sta- 
bilized hydrolyzed species at the cathode. A certain 
relationship between the microstructures of chemical 
and electrodeposited coatings with the same preferred 
orientat ion can be observed. These results are at vari-  
ance with the theory of Reddy, which is followed by 
Sard, Schwartz, and Weil, TM because, in the given con- 
ditions, corresponding to inhibi t ion by hydroxides or 
basic salts, the less inhibi ted la teral  growth accord- 
ing to Reddy can be observed. If one at tr ibutes the 
inhibi t ion to the hydrogen atom coverage of the sur-  

1~ A.  K .  N.  R e d d y ,  J. Electroanalyt. Chem., 6, 141 (1963). 
~ L .  Cadorna a n d  P .  C 'aval lot t i ,  EIectrochim. Metatlorum, I ,  364 

(1966). 
~6 N.  A. P a n g a r o v  a n d  S. R a s h k o v ,  Co,rip. Rend Acad. Bulg. Sci., 

13, 555 (1960); R.  B r e c k p o t ,  Anal. Real Soc. Espan Fix. Quim 
(Madrid), Ser .  B61, 517 (1965}; N .  A. P a n g a r o v  a n d  S. D.  V i t k o v a ,  
Electrochim. Acta,  11, 1733 (1966); K .  E. I-Ieusler  a n d  R.  K n o d l e r ,  
Bet. Bunsenges.  Phys.  Chem., 71, 1085 (1967). 

la R. S a r d ,  C. D.  S c h w a r t z ,  a n d  R. Wei l ,  This Journal, 113, 424 
(1986). 

face, the already ment ioned objection arises on the 
possibility of obtaining this preferred orientat ion in 
the chemical plating, when  the surface coverage by 
hydrogen atoms is always very high. 

The microhardness of the deposits with <0001> 
fiber axes presented a characteristic behavior  for in-  
dentat ion on the cross section: the hardness changed 
with direction and was greater for indenta t ion parallel  
to the base (300 HV for electrodeposits, 260 for chemi- 
cal deposits from baths at low [NaHePOf], while in 
the perpendicular  direction it was 250 for electrode- 
posits and 230 for the corresponding chemical ones). 

Deposits with <112-0> and <1010> fiber axes be-  
haved in the opposite way: indenta t ion parallel  to 
the base was 350 HV from the s tandard bath, 200 HV 
from baths without  ammonia,  450 HV from baths with 
high [NaH2PO2], while in the perpendicular  direction 
it was 400 HV, 270 HV and the same of that  in the 
parallel  direction for baths at high [NaH2PO~]. This 
behavior is in agreement  with the crystallographic 
s tructure and with the results of the micrographs of 
the surface and of the cross section of the deposits. 

In our last paper on chemical plating of nickel and 
cobalt by reduction with hypophosphite, 17 we exam- 
ined the characteristics of the process and evidenced 
the importance of hydrolysis phenomena Ln the proc- 
ess. The reactions, by which nickel or cobalt are re-  
duced, involves hydrolyzed species, but with hydroxyl  
ions not too t ightly bonded to the nickel or cobalt ion, 
and the possibility of bridged intermediates.  

The importance of the hydrolysis phenomena cannot 
be misunderstood taking into account the in terpre ta-  
t ive scheme of the obta inment  of the different prefer-  
red orientation. In fact, to obtain a determinate  pre-  
ferred orientat ion we must  consider the possible in-  
fluence of the substrate and of the par t icular  bath 
conditions, at which the reactions occur at the surface. 
We have deposited cobalt on a surface of "amorphous" 
chemical nickel of high phosphorus content, 11 search- 
ing to el iminate the first effect. Examin ing  the condi- 
tions at which deposits with <1120> fiber axes ob- 
tained: low pH, high [NaHfPO2], high relat ive citrate 
concentration, no ammonia  in the solution, it appears 
that all these conditions can be related to a decreased 
interact ion of the hydrolyzed species with the surface, 
caused either by an increase in the concentrat ion of 
the concurrent  hypophosphite, or, when the pH or the 
complexing agents in the solution are decreased, by 
a decrease in the concentrat ion of the hydrolyzed spe- 
cies, or else by a decrease of their degree of reactivity 
in respect to the considered reduction reactions. It is 
not possible to extend the consideration on the  chemi- 
cal plat ing to the electrodeposition without taking into 
account the differences between the two processes. 
The in tervent ion of the hydrolyzed species on the 
anodic dissolution as well as on the cathodic deposi- 
t ion of the i ron-group metals has been outl ined in a 
number  of papers (e.g., lS). This influence can also 
be acknowledged, when  considering the modes of 
electrocrystallization of cobalt. As a matter  of fact, 
by increasing the c.d. some influence may be observed 
toward changing the preferred orientat ion from 
<1120> to <1010>. The influence of increasing chloro- 
anions concentrat ion is the opposite. TM The influence of 
the pH is complicated by the possible formation of 
cubic cobalt, which favors the <110> + <11.0> fiber 
a x e s .  14 

By obtaining a <1120> fiber axis, ra ther  than a 
<1010> fiber texture,  the subst i tut ion of the hydroxyl  
ions in the coordination sphere of the metal  ions by 

z~ p .  C a v a l l o t t i  a n d  G.  S a l v a g o ,  Electroehirn. Me$a~Iorum, 3, 239 
(1968}. 

lS K.  E. H e u s l e r ,  Bet. Bunsenges. Phys,  Chem., 62, 582 (1958); 
66, 177 (1962); 71, 620 (1967); K .  E. H e u s l e r  a n d  L .  G a i s e r ,  Electro- 
chim. Acta, 13, 59 (1968);  R.  P ion te l l i ,  B. R i v o l t a .  B. Mazza ,  a n d  
F. M a g n o n i ,  Ist Lomb.  (Rend. Sc . ) ,  A97, 282 (1963).  R. P i o n t e n i ,  
B. R ivo l t a ,  M. L a z z a r i ,  a n d  A.  L a  Vecch i a ,  ibid., A98, 372 (1964); 
H.  D a h m s ,  J. Electronal. Chem., 8, 5 (1964}. H.  D a h m s  a n d  I.  M. 
Croll ,  This Journal, 112, 771 (1965). 
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chlorides, and more precisely in the hydrolyzed layer 
adjoining the surface, may be considered. By increas- 
ing the concentrat ion of the hydrolyzed species in 
this layer, the preferred orientation of the deposit 
would change to the <1010> fiber axis and to the 
<0001> in the most pronounced conditions, where 
hydroxides or basic salts begin to precipitate. This 
suggestion, al though still lacking decisive exper imen-  
tal evidence, allows one to explain and predict several 
results, while by "using the concepts of free and in-  
hibited outgrowth" this "was not possible." 

A. S. Frieze, R. Weft, and R. Sard: We fail to see where  
our experimental  results are "at variance" with those 
of Cavallotti  and Salvago, when the fact is considered 
that their  bath compositions, plating conditions, and 
deposit thicknesses were considerably different from 
ours. We did not observe the <1120> fiber axis be- 
cause the conditions under  which it occurs were not 
investigated. 

Cavallotti  and Salvago seem to feel that, because the 
<1120> fiber axis was observed in deposits with 
higher phosphorus contents than those where <1010> 
was found, the whole concept of free and inhibi ted 
growth is negated. We disagree with this conclusion. 
Deposits with both fiber axes have the most densely 
packed plane perpendicular  to the surface. The differ- 
ence between the axes is that the <1120> direction is 
more closely packed. As the plane is the governing 
factor, there is, therefore, not a significant difference 
in the degree of inhibi t ion between the deposits with 
the two fiber axes. The work of Pangarov and Vit- 
kova 19 il lustrates this fact. The phosphorus contents 
reported by Cavallotti  and Salvago is probably the 
average over the entire thickness. It is conceivable 
that in deposits as thick as those used by them, the 
phosphorus content  near  the surface where the electro- 
diffraction pat terns were taken was considerably dif- 
ferent from the average. Therefore, it is necessary 
to show that  the phosphorus content in the surface 
layer, where the <1120> fiber axis was determined, 
was higher than where the grains have the <1010> 
preferred orientation. 

The statement  "it may be concluded that phosphorus 
affects the morphology and the grain size of the de- 
posits, without inhibi t ing the formation of a crystal-  
l ine s tructure in the case of cobalt deposits," appears 
to be a contradiction. Also, Cavallott i  and Salvago 
appear not to have performed the necessary experi-  
ments  to determine grain size, which obviously 20 can- 
not  be done by optical microscopy. 

We also disagree that a lamel lar  s t ructure consti- 
tuted lateral  growth. Earl ier  work 21 has shown that 
lamellar  structures consist of a l ternat ing layers of 
columnar  and more equiaxed crystallites. A columnar  
structure is outgrowth. 

Cavallotti  and Salvago criticized the lateral  and 
outgrowth concepts, claiming that they do not predict 
the results. The theory put forth by them is also a 
phenomenological  one and gives no reason why cer- 
ta in  plat ing variables should produce a certain order 
of crystallographic orientations. Their  in terpre ta t ion 
follows from a different point of view, namely,  that  of 
chemists, while ours is that of physical metallurgists.  
The argument  that  hydrolysis at the surface accounts 
for all observations is far from compelling. It appears 
that the chemical and metal lurgical  approaches must  
be reconciled if a satisfactory unders tanding  of elec- 
troless deposits is to be reached. 

xo N. A. P a n g a r o v  and  S. D. V i tkova ,  Electrochim.  Acta ,  11, 1733 
(1966). 

~o It. Wel l  and  H. C. Cook, This  Journal ,  109, 295 (1962). 
--t It. We l l  and  W. N. Jaeobus ,  Plating,  53, 102 (1966). 

Charge-Transfer Complexes and Electrochemical 
Cells--Coal Batteries 

R. A. Friedel 
(pp. 614-615, Vol. 115, No. 6) 

F. Gutmann,  22 A. M. Hermann,23 and A. Rembaum24: 
With reference to the recent paper by R. A. Friedel, 
we wish to offer the following comment. 

Dr. Friedel  mainta ins  that the operation of the solid- 
state pr imary cells based on charge transfer  complexes 
reported by us 25,26 i5 based on the presence of liquid 
water which acts as a reactant  and not merely as a 
catalyst. He substantiates this by experiments  using 
Mg anodes. 

We wish to point out that his experiments,  as well as 
his conclusion regarding the presence of water, agree 
with our own work as long as magnesium anodes are 
employed. A parasitic corrosion reaction between Mg 
and I2 which occurs without  drawing current  causes 
the poisoning of the Mg surface with insulat ing MgI2 
and thus stops the reaction unless sufficient water is 
present to dissolve it. The presence of water, of course, 
then causes the evolution of gaseous hydrogen, as re- 
ported by Dr. Friedel. 

However, we have already pointed out 26 that water 
as such is by no means essential, even using Mg 
anodes, and have shown that  a number  of nonaqueous, 
organic liquids, serve at least equal ly well. Moreover, 
later, so far unpubl ished experiments  using Ag anodes 
in place of the Mg, support our above contention that 
the presence of water  is associated with a parasitic 
reaction of the Mg: pr imary  cells were prepared and 
assembled in a dry box under  dry argon, using a 1:2 
phenothiazine:iodine complex, and Ag anodes. Some 
of these were then assembled in nickel formers, spot- 
welded together, and potted in epoxy while still in the 
dry box. A fur ther  coat of epoxy was then applied 
immediately after removal  from the dry box. These 
cells gave open-circuit  voltages of 0.65-0.68v and 
short circuit currents  of the order of 100 ~a/cm 2, so 
far for about 4 weeks after preparation.  

Other cells were assembled in a Teflon insulated C- 
clamp and then sealed, still in the dry box, in a glass 
jar  containing P205. These cells gave the same voltage 
and a short circuit current  density of about 8 ma /cm 2 
and thus far have lasted for several weeks under  the 
above conditions. The higher current  densities are 
probably due to a bet ter  mechanical  contact between 
the cell components; in the case of the Ni-formers it 
is very difficult to mainta in  sufficient positive pressure 
to ensure uniform contact over the entire electrode 
area. 

Still other cells prepared under  like dry conditions, 
using a highly iodinated ionene 27 complex salt behaved 
likewise: no significant current  with Mg anodes, and 
0.8 ma /cm 2 sealed over P205 thus far for several 
days. 

As to the merits of containing the iodine in the form 
of a charge t ransfer  complex ra ther  than in its ele- 
mental  form, it might be apposite to point out that the 
current  obtainable from a cell is determined in ter  alia 
by the cell's effective internal  series resistance. Room 
tempera ture  resist ivity of commercial, chemically 
pure, iodine is usual ly  about 105 to 10 ~ ohm-cm; zone 
refined iodine has a resistivity 28 of 1.3 x 109 ohm-cm, 
while, e.g., the phenothiazine: iodine complex has a 
resist ivity of 3-10 ohm-cm at room temperature.  The 
result ing improvement  by 5 to 6 orders of magni tude  

.~o I n s t i t u t e  for  D i rec t  E n e r g y  Conve r s ion ,  U n i v e r s i t y  of P e n n s y l -  
van ia ,  P h i l a d e l p h i a ,  Pa.  

e3 T u l a n e  U n i v e r s i t y ,  N e w  Orleans ,  La. 
~ J e t  P r o p u l s i o n  L a b o r a t o r y ,  C a l i f o r n i a  I n s t i t u t e  of Techno logy ,  

Pasadena ,  Cal i f .  
'~ F. G u t m a n n ,  A. H e r m a n n ,  and  A. R e m b a u m ,  This  Journal ,  114, 

323 (1967). 
e6 F. G u t m a n n ,  A. H e r m a n n ,  a n d  A. I temhaum~ This  Journal ,  115, 

359 (1968). 
27 A. I t e m b a u m ,  W. B a u m g a r t n e r ,  and  A. E i senberg ,  J. P o l y m e r  

Sei., B6, 159 (1968). 
�9 _,s E.G., " H a n d b o o k  of Phys ic s  a n d  C h e m i s t r y , "  48th ed., p. F-132, 

C h e m i c a l  R u b b e r  Co., C l e v e l a n d  (1967-1968). 
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in the ohmic series resistance of the cell caused by 
storing the iodine in the form of a charge transfer  
complex, is thus by no means negligible. 

R. A. Fr iedeh With reference to the discussion by 
Gu tmann  et al. I wish to offer the following comment:  

The above discussion principally concerns new work 
and work that  had not been published at the t ime of 
my paper. I wish to congratulate the authors on the 
development of their  new Ag-anode charge- t ransfer  
bat tery that operates without any trace of water  or 
other high permit t ivi ty  solvents. 

There is only one point that perhaps needs clarifi- 
cation, the degree of importance of having a charge- 
t ransfer  complex as the source of iodine. In the above 
discussion Gu tmann  et al. state that the storing of iodine 
in the form of a charge- t ransfer  complex is important  
because the effective in terna l  resistance of a cell is 
thereby lowered to a practicable range of values. But 
the preparat ion of complexes by mechanical  gr inding 
was reported in the original paper to be as good as 
a chemically prepared complex. 25 The two "complexes', 
must differ greatly; it seems questionable, therefore, 
whether  a bona fide charge- t ransfer  complex is 
vi tal ly important.  Perhaps the new bat tery  with Ag 
anode requires a true, chemically prepared complex. 
In any  case the batteries with Mg anodes apparent ly  
at tain low resistance values in the first few moments  
of operation, for the uptake of water  or solvent vapors 
and the production of MgI2 and probably other com- 
pounds must  lower drastically the in terna l  resistance 
of chemically pure iodine and thus reduce the im- 
portance of having a charge- t ransfer  complex. 

We are indebted to Gutmann,  Hermann,  and Rem- 
baum for their discovery of these batteries which led 
to our use of coals as bat tery components. Work on 
coal-iodine batteries will continue; water  will be in-  
volved as it is a const i tuent  of all coals. Work will  be 
carried out also on anthraci te  batteries; pieces of some 
anthracites as the cathode, with a magnesium anode, 
produce open-circuit  voltages under  one volt and 
short-circuit  current  densities in the range of 100 
~a/cm 2. 

The Direct Observation of Barrier Layers in 
Porous Anodic Oxide Films 

G. C. Wood, J. P. O'Sullivan, and B. Vaszko 
(pp. 618-620, Vol. 115, No. 6) 

A. La Vecchia,29 G. Piazzesi,30 F. Siniscalc029: The 
beautiful  electron micrographs of the anodic oxide 
cross section presented by the authors improve our 
knowledge about oxide morphology and restrict the 
very subtle discussions grown up on this subject to 
a sound model supported by the most complete evi- 
dence. 

Regarding Fig. 1, we observe that the lack of details 
in the cell section does not allow one to discover fine 
s tructure such as those observed by other experi-  
menters  31 and ourselves. 32 

We systematically found a sort of graininess on cell 
surface, both from the A1 and the oxide side, working 
with different replica techniques such as two-stage 
cellulose acetate-carbon or direct carbon replicas. 
Even with the purest single crystal samples such ir-  
regulari t ies were discovered, and this fact led us to 
th ink  of a probable subpore mechanism of ion t rans-  
fer in the barr ier  layer. Instead of considering the 
barr ier  layer as a bulk  homogeneous material,  one 
may imagine a fur ther  subpore s tructure consisting of 
microchannels spreading radially from the pore bot- 
tom toward the cell surface. Those channels may not 
be considered as ordinary pervious channels, but  

'Z~Isti tuto di  C h i m i c a  F i s i ca ,  E l e t t r o c h i m i c a  e M e t a l l u r g i a  del  
P o l i t e c n i c o  di  Mi lano ,  I t a ly .  

~o C e n t r o  di  M i c r o s c o p i a  E l e t t r o n i c a  de l  P o l i t e c n i c o  di  Mi lano ,  
I t a ly .  

8l M. P a g a n e l l i ,  Atluminio, 27, 3 (1958). 
aZA. L a  Vecch ia ,  G. P iazzes i ,  a n d  F. S in i sca lco ,  Rlectrochim. 

Me~a~l., 2, 71 (1967). 

Fig. 1. Electron scanning micrograph of a fracture surface 

ra ther  as easy paths of peculiar structure, such as 
chains of more hydrated near ly  amorphous alumina,  
in which charge carriers flow preferential ly.  So we 
arr ive to a sort of Murphy- type  mechanism confined 
in the barr ier  layer. A more detailed observation of 
the layer morphology will give useful contr ibut ion 
to support  or to disregard this hypothesis. 

Observing oxide microfractographs we found that 
pore channels grow up approximately perpendicular  
to the mean metal  surface, but  with a memory  of 
the previous metal  crystal s t ructure and orientation; 
very often the fracture surface does not contain pore 
axes but  is slightly ti l ted giving a low angle section 
of pore channels. For this reason we could not make 
extensive observations along single pore sections that  
appeared l imited in length, such as those shown by 
the authors in Fig. 3. 

An Electron Scanning Microscope Stereoscan II ~3 
enabled us to remove doubts: there was no artifact 
introduced by the replica technique and fracture sur-  
faces appeared highly i r regular  and not everywhere 
parallel  to pore axes such as shown in Fig. 1. For 
this reason, we would ask the authors if they used 
a part icular  technique to obtain fracture surfaces or 
if they have fur ther  exper imental  evidence support ing 
the proposed mechanism for redis t r ibut ion of pores 
and cells dur ing t ransient  assessment of the barr ier  
layer  after having changed the external  electrical 
conditions. 

Transient  electrical response constitutes another  im-  
portant  source of informat ion about the oxide forma- 
tion processes, although in our experience such re-  
sults must  be handled with great care. We performed 
several tests on samples of various pur i ty  (from 
commercial grade to 99.9995% A1 single crystals) 
anodized in sulfamic acid baths (7.5% H~) at different 
temperatures,  and we noted the essential influence 
on such behavior of the actual t ime-gradient  of the 
imposed e]ectrical var iable  and of the st irr ing of the 
bath. The electrical t ransient  behavior of our layers 
was rather  complicated, and we could observe three 
essential stages: a very rapid depar ture  from the  
stat ionary value of one of the electrical parameters  
depending on the t ime-gradient  imposed to the other; 
the layer behaves as a condenser with a large ap- 
parent  capacity, the major  contr ibut ion to which may 
be ascribed to the electrical space charge bui ld up 
by protons. The second stage consists in a slower sub-  
sequent recovery toward the stat ionary values, main ly  
due to thermal  and diffusional phenomena and strongly 

~3 O b s e r v a t i o n s  a t  t h e  E l e c t r o n  S c a n n i n g  M i c r o s c o p e  w e r e  p e r -  
f o r m e d  w i t h  t h e  k i n d  c o l l a b o r a t i o n  of  C a m b r i d g e  Sc ien t i f i c  I n s t r u -  
m e n t s  L td . ,  E n g l a n d .  
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Fig. 2. Current transient response to a linear voltage variation 

influenced by the amount  of st irr ing or by the rate 
at which fresh solution can be supplied at the anode. 
Finally,  depending on the magni tude  of the impressed 
variation, there may be a slow drift  toward final 
values of the observed electrical parameter  determined 
by the actual  value at which the other electrical 
variable is constrained. In  this stage we recognize a 
plausible change in the oxide geometrical s t ructure  
to fit the imposed electrical conditions. We studied 
systematically the effects of small  l inear  variat ions 
around steady-state values, acting with an anodization 
cell already described. 34 An example of recorded 
curves is shown in Fig. 2. Detailed description, results 
and discussion will  be given in a later paper. 

Observing the curves reported by the authors in 
Fig. 2, we wonder, because we never  found that  be- 
havior, that, after a voltage change, current  always 
increases reaching the steady value. 

This fact seems to us very interesting; unfor tunately ,  
more information about the experimental  conditions 
is needed to evaluate the importance of such results, 
and we also would ask to the authors if they have 
formulated some thermodynamical  interpretat ion.  
Clearly, in both cases the system is evolving, through 
a t rans ient  structure, toward a more organized state 
showing an increase in  energy dissipation. 

A tentat ive explanation, based on the theory of the 
local potential  of Prigogine and Glansdorff 35 in analogy 
with the work done for other organized structures such 
as the cell pa t te rn  arising in  the B~nard convection, 
wil l  be of remarkable  interest. 

G. C. Wood, J. P. O'Sull ivan,  and B. Vaszko: We 
thank  the authors of the discussion for their  k ind 
remarks on our electron micrographs and for their  
interest ing comments. 

The lack of "graininess" in oxide sections shown in 
our paper was reproducible throughout  the experi-  
ments  described and also in subsequent  extensive 
work. Replicas taken from the metal  after removal  
of the oxide film, as well  as those from the cell bases 
themselves, showed even less structure, apart  from 
the ceil a r rangement  itself. It  is our experience that  
simple scanning electron micrographs add li t t le in-  
formation in this area al though it is conceivable that  
careful experimentat ion,  e.g., special precautions to 
avoid "charging up" of the specimen in the electron 
beam, might  improve the situation. I t  should be noted 
that  to draw conclusions concerning the chemicaI 
or electrical na ture  of the barr ier  oxide from electron 
microscopical data alone is not advisable, without 

ga A. La Vecchia,  G. Piazzesi,  and F. Sinisealco, Electrochim. 
Meta~l., 3, 71 (1968). 

R. J.  Donnelly,  R. He rman ,  and I. Pr igogine ,  Editors,  "Non-  
equ i l ib r ium Thermodynamics ,  Var ia t ional  Techniques  and  Stabil-  
i ty ,"  Un ive r s i t y  of  Chicago Press ,  Chicago (1965), 

reference to other techniques. Without  necessarily 
denying the existence of hydrogen bonding, anion 
incorporation, proton space charges, etc., in  anodic 
films we consider that their use in explaining the 
development  of pores, etc., has been overemphasized. 
Our results support  a very simple model which we 
intend to publish shortly. 

Concerning the na ture  of the fracture surfaces, 
the observation that  fracture often occurs at an angle 
to the direction of pore growth is in line with our 
experience, al though occasionally the two planes cor- 
respond. No special technique was used to achieve 
this. 

Our t rans ient  electrical measurements  are different 
from those by the discussors, our changes being 
much greater. Thus the system is removed much fur-  
ther  from equi l ibr ium in our case. General ly,  we find 
that  the changes observed were much less reproducible 
at smaller values of the change in the applied voltage. 
We have formulated an explanat ion showing the 
importance of the general  film structure  prior to the 
voltage change in de termining the na ture  of the 
electrical fluctuations observed. This explanat ion does 
not involve thermodynamics  directly. 

Analysis of the Uhlig Defect Model of Oxidation 
Kinetics 

A. T. Fromhold, Jr. 
(pp. 882-890, Vol. 115, No. 9) 

D e n n i s  B.  Matthews36:  The recent paper by Fromhold 
in this journal  analyzes the kinetics of electron tun-  
nel ing processes in a way which fails to take into ac- 
count several factors which significantly affect the 
conclusions reached. 

It is fundamenta l  that the rate of a reaction is con- 
trolled by the activation energy rather  than  the en-  
ergy change accompanying the reaction, but  it is not 
obvious that  under  certain circumstances the two may 
be equal. Such a si tuation can occur when the reac- 
tion involves electron tunnel ing.  The word "involves" 
is impor tant  because, in general, the actual tunne l ing  
process is preceded by an activation process, wherein  
the electron in its ground state absorbs energy which 
raises the electron to some excited energy level. The 
need for such an activation process is brought about 
by the fact that  the electron in its ground state is 
not always in a state conducive to tunne l ing  owing to 
the absence of empty acceptor states at the same en-  
ergy level. To undergo a radiationless t ransi t ion the 
electron often has to undergo thermal  excitation. For 
an electron in a metal  this thermal  excitation is de- 
scribed by the Fermi  dis tr ibut ion function. The mech-  
anism under  discussion is best described as " thermally 
excited electron tunnel ing."  Such a mechanism cannot, 
wi thin  the f ramework of absolute rate theory, be 
divided into two steps, thermal  excitation and t u n -  
neling, one of which becomes rate determining,  just  
as one cannot divide other reactions into distinct steps 
comprising thermal  excitation to the top of a barr ier  
and electronic a r rangement  to form the product  nu -  
clei. 

Utilizing the Uhlig model as given in Fig. 2(c) of 
Fromhold 's  paper it is seen that  in order for electron 
t ransfer  to occur the electron has to be thermal ly  ex- 
cited either to the level of the oxide conduction band 
(top of the barr ier)  or to the O -  energy level 
which then permits electron tunne l ing  with nonzero 
probabil i ty  to the O -  site. For thin films where the 
electron tunne l ing  probabil i ty  is high, the lat ter  mech- 
anism is more probable while for very thick films the 
former mechanism is the more probable. Naturally,  for 
intermediate  thicknesses both mechanisms will  be 
operative, and in general  the rate is proport ional  to 
f n ( E )  .W(E) -dE  where n (E)  is the number  of elec- 

Union Carbide Aust ra l ia  Ltd., Research  and Deve lopment  Lab-  
oratories,  Marque t  St., Rhodes, N. S. W., Austral ia .  

~z Bu t  e.f. below for a corrected vers ion  os this Uhl ig  m o d e l  
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trons at the energy level  E, W(E)  is the probabil i ty 
of electron tunnel ing at the energy level  E, and inte-  
gration is over  all energy levels E. The possibility of 
an absence of O -  sites at the energy level  E is ac- 
counted for by W(E) ,  which would then be zero. 
W(E) is a function of oxide film thickness. 

The concept of electron tunnel ing described above 
does not necessarily result  in a fast electron t ransfer  
step (i.e., nonrate  determining)  since the thermal  
act ivation te rm n ( E )  still remains  even if W ( E ) = I .  
Under  conditions of easy electron tunnel ing the ac- 
t ivat ion energy of the electron t ransfer  step is given 
by footnote 37 r  where  r is the meta l /ox ide  elec- 
tronic work  function and A is the e]ectron affinity of 
oxygen at the oxide-oxygen interface. 

Thus it is seen that  there  is a dist inctive feature 
of electron transfer  during oxide formation as com- 
pared to electron emission, namely,  the avai labi l i ty of 
acceptor  states, which introduces a the rmal  exci ta-  
tion te rm into the rate  expression. The distinction 
is actual ly  not so clear cut when  one considers that, 
in order to measure  the number  of electrons emitted, 
we need a collector electrode biased with respect to 
the emit ter  electrode in such a way as to provide an 
electron sink for all the emit ted electrons. In this 
sense then the adsorbed oxygen acts like an electron 
sink or as a collector of the emit ted electrons. 

Regarding the re la t ive  energies of the meta l  and O -  
electron levels, one must  take into account all energy 
terms. Thus if the reaction step under  consideration is 

O (ads.) + e -  (M) --> O -  (ads.) [1] 

then the standard enthalpy change is given by 

~Ho = ~Ho ( O -  ads.) - -  ~Ho (O ads.) -t- ~-A [2] 

where  ~H ( O -  ads.) and AH (O ads.) are the s tand- 
ard enthalpies of O -  and O adsorption, respectively.  
The electronic work  function is potential  dependent  
according to 

r ~ , ( Y =  0) + V  [3] 

so that  when the me ta l /ox ide  interface is posi t ively 
charged with respect  to the oxide-a i r  interface then 
V is posit ive and ~, > ,I,(V = 0). 

The energy change ~Ho defines the differences in 
energy of the O -  and metal  electron states. For  the 
thermal ly  excited electron tunnel ing mechanism the 
standard enthalpy of act ivation AHo is equal  to AHor 
hence from Eq. [2] and [3] 

~Ho = ~Ho ( O -  ads.) - -  hHo (O ads.) + �9 [4] 

= ~Ho~ (V ----- O) + V [5] 

and a l inear  dependence of log (rate)  on potential,  V, 
is predicted. 

As a concluding remark,  it is noted that  if one al- 
lows for the thermal  distr ibution of electrons in the 
metal, one should also allow for the thermal  distr i-  
bution of adsorbed oxygen states, i.e., the oxide --  O -  
bond can have a Bol tzmann distr ibution of v ibra-  
t ional-rotat ional  energy levels. At first sight, for thin 
films this will  lead to an approximate ly  equal  dis- 
tr ibution of current  be tween all energy levels ex tend-  
ing f rom just  above the Fermi  level  up to the O -  level. 

A. T. Fromhold, Sr.: Dr. Matthews makes a s ta tement  
in his opening paragraph which is ent i re ly  unsup-  
ported by the remainder  of his discussion. The p r in -  
cipal point of the discussion appears to be that  rate  
processes l imited by tunnel ing can have activation 
energies equal  to the energy change accompanying re-  
action, a point that  is made explici t ly in the section 
"On the Possibili ty of Obtaining the Di rec t -Logar i th -  
mic Law" of the paper  which he says does not con- 
sider this factor. That  the tunnel ing process is not in 
actuali ty direct ly re levant  to the Uhlig theory ~s is a 
fact which has apparent ly  missed his at tention also; no 

~SH. H. U h l i g ,  Acta  Met.,  4, 541 (1956). 

at tempt  is made in his discussion to explain the re le -  
vance of the equations to any theory of meta l  oxida-  
tion. 

It should be pointed out that  Eq. [3] under lying the 
derivat ion of the final result  embodied in Eq. [5] in 
his discussion is valid only when  the potent ial  V is 
impressed over  a barr ier  thickness so thin (~-- 50 or 
100A) that  electron tunnel ing has a nonnegligible 
probabil i ty  of occurring. In addition, a posit ively 
charged meta l -ox ide  interface, such as ment ioned by 
Dr. Matthews, clearly precludes electronic emission 
processes (including the rmal ly -ac t iva ted  tunnel ing)  
from being rate  l imit ing in the rmal  oxidation; instead, 
this would general ly  indicate that  ionic t ransport  is 
rate  limiting. Fur thermore ,  no a t tempt  is made in his 
discussion to deduce the film thickness dependence of 
V, which is the critical step in ascertaining the re -  
sulting kinetics of thermal  oxidation. 

It  thus appears that  my recent  paper  serves as an 
opportuni ty  for Dr. Matthews to present  his views on 
the complexit ies  of the rmal ly  act ivated tunnel ing  
whenever  no single step is completely  ra te  limiting. 
For  an author i ta t ive  account of this matter ,  the reader  
is referred to the excel lent  article by Murphy and 
Good 39 enti t led "Thermionic  Emission, Field Emission, 
and the Transit ion Region", which is ref. (26) in the 
paper Dr. Mat thews uses as a basis for his remarks.  

Effects of Oxidizable Anion Adsorption on the 
Anodic Behavior of Platinum 

Sigmund Schuldiner 
(pp. 767-771, Vol. 116, No. 6) 

K. J. Vetter  and $. W. Schultze4~ Schuldiner 's  assump- 
tion that  the re tardat ion of hydrogen oxidation on 
plat inum at potentials above l v  is due to adsorbed 
anions4~,42 ra ther  than to adsorbed oxygen atoms or 
p la t inum oxides is essentially based on the fol lowing 
exper imenta l  results and hypotheses: (i) The unsta-  
t ionary rate of the reaction of p la t inum oxide with  
dissolved hydrogen, measured on open circuit, is ade-  
quate to a current  density of 0.4-8.10 -8 amp/cm~. 4~ 
During this reduct ion of the pla t inum oxide the cover-  
age of PtO and the potential  decrease, whereas  the 
react ion rate  remains constant. ~ From this Schuldiner  
concludes that  this reaction is a potential  independent  
reaction of zero (or first) order in the P tO-cove r -  
age42, 43 The reaction rate of the p la t inum oxide with  
formic acid is stated to be 5.10 -4 amp/cmf.  41 (ii) The 
rate  of the electrochemical  formation of  the oxide 
layer is assumed by Schuldiner  to be equal  to or less 
than the s tat ionary measured current  density of 10 -7 
to 10 -6 a m p / c m  2 in the absence of hydrogen (see Fig. 
2, footnote 41 curve  1M H2SO4). Since the ra te  of the 
reaction of PtO with  H2 or HCOOH according to hy-  
pothesis (i) at potentials below 1.6v is much more 
rapid than the rate of the electrochemical  formation of 
PtO as given by hypothesis (ii), Schuldiner  concludes 
that  significant amounts  of oxygen cannot remain  on 
the surface below 1.6v. ~ 

Hypotheses (i) and (ii) are not compatible wi th  
other  exper imenta l  results. As shown below, the chem-  
ical reaction 

PtO + H2---> P t  ~- H20 (I) 

has to be subdivided into an anodic reaction 

H2--> 2H + ~- 2 e -  (Ia) 

and a cathodic react ion of equal  ra te  

PtO d- 2H + + 2 e -  -> Pt  -f- H20 (Ib) 

The current  densities of reactions (Ia) and (Ib) as 
a function of potential  E and coverage o are plotted in 

s9 E. L. M u r p h y  and  R. H. Good,  Jr . ,  Phys.  Rev.,  105, 1464 (1956). 
40 I n s t i t u t  f u r  P h y s i k a l i s c h e  C h e m i e  der  F r e i e n  U n i v e r s i t a e t  Ber-  

l in,  B e r l i n - D a h l e m ,  G e r m a n y .  
~1 S. Schu ld ine r ,  This Journal, 116, 767 (1969). 
4~ S. S c h u l d i n e r ,  This Journal, 115, 362 (1968). 
43T. B. W a r n e r  a n d  S. S c h u l d i n e r ,  This Journal, 115, 28 (1968). 
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Fig. 1. i+ anodic current density of reaction (la); i -  (open 
symbols) cathodic current density of reaction (Ib); 44 8 = cover- 
age of PrO. Full symbols, exper imental  rate of over-al l  reaction (I) 
by Schuldiner and Warner. ~ Full circles, estimated values of the 
rate of over-all reaction (I) obtained from partial current densities 
i+ and i - .  

Fig. 1. The anodic current  densi ty i+ of reaction (Ia) 
is taken from Fig. 1 of Schuldiner 's  paper. 42 The cath- 
odic current  density i -  of the reaction (Ib) was de- 
te rmined  by Vetter and Schultze 44 through galvano- 
static pulse experiments  as a function of ~, E, and pH. 
In  Fig. 1 the cur ren t -poten t ia l  curves are shown for 
different values of coverage of PtO at pH 0.3 (1N 
H2SO4). The exper imental  values of footnote 44 are given 
by the open symbols. From these measurements  follows 

i -  = k -  �9 c n +  �9 exp a - o  b----~-- [1] 

with a -  ---- 13.8, b -  = 60 my, k -  = constant, CH+ = 
concentrat ion of hydrogen ions. If reaction (I) is a 
combinat ion of reactions (Ia) and (Ib) ,  the rate of (I) 
on open circuit is given in Fig. 1 by the points of in -  
tersection of the curves of i+ and of i - .  i+ is inde-  
pendent  of the potential  in the range of 0.4v < E < 
0.Pv, whereas i -  is dependent  on E and ~. It can be 
seen that  the resul t ing rate given by the full  circles 
in Fig. 1 is near ly  constant and independent  of E and 
e because a drop in e is compensated by a decreasing 
potential. This conclusion can be verified by the ex- 
per imental  results obtained by Schuldiner  and 
Warner.  43 The mean value of the reaction rate is stated 
to be 1.2.10 -8 amp/cm2. 42,43 Potent ia l  E related to 
this current  density and coverage 0, stated in Fig. 1, 
are taken from Fig. 4 of the paper by  Schuldiner  and 
Warner.  43 These points are shown in Fig. 1 by full 
symbols. The agreement  of the intersection points 
(dots) estimated from 42 and 44 and the exper imental  
points (full, large symbols) taken from 43 is excel- 
lent. Hence, the reaction of PtO with Ha is an electro- 
chemical process combining (Ia) and (Ib).  This con- 
clusion is in agreement  with conceptions of Breiter.45 
An  extrapolat ion of the reaction rate constant in  the 

4~K. J .  V e t t e r  a n d  J .  W.  S c h u I t z e ,  To  be  p u b l i s h e d ;  J .  W.  
Schu l t ze ,  Thes i s .  F r e i e  U n i v e r s i t a e t  B e r l i n  1966. 

M. W.  B r e i t e r ,  This Journal, 109, 425 (1962). 
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Fig. 2. Anodic current density of the oxide layer formation 44 
and the current-potential curves of the systems H2S04 + H2 and 
HCOOH -F H2 (41, 42). ~ = coverage of PtO. HESS = hydrogen 
electrode same solution. 

range of 0.4v < E < 0.9v, to higher potentials E > 
0.Pv as shown by the dotted l ine of Fig. 1 is not 
allowed. The same conclusion may be valid for the 
reaction of PtO with formic acid; for this reaction 
Schuldiner  does not give any exper imental  details. 41 

If chemical reaction (I) would take place besides 
the electrochemical oxidation of hydrogen, the reac- 
t ion rate should be equal to or less than  the current  
density of 1.5-10 -5 amp/cm~ in the potential  range 
1.2v < E < 1.7v. In  this case an equivalent  current  
density is consumed to subst i tute the PtO which has 
been reduced by chemical reaction. To calculate the 
resul t ing coverage, the anodic current  density of the 
oxide formation as a funct ion of 0 and E must  be 
given. This was measured by  Vetter and Schultze 44 
and is shown in Fig. 2. The resul t ing equation is 

( ~"3 E ) 
i+ = k +  'CoH-- -exp  - - a + 0 + ~  [2] 

In the case of pure chemical oxidation of the hydro-  
gen, the coverage of PtO is determined by the in ter -  
section points of the current -potent ia l  curves of the 
oxide-layer  formation and the cur ren t -po ten t ia l  curve 
of the system H~SO4 + H~ measured by SchuIdiner. 
The PtO-coverage is 0.4 for a potential  of 1.2v, and 
1 for 1.5v. These are m i n i mum values for a pure chem- 
ical oxidation mechanism which is not proved. In the 
case of minor  part icipation of the chemical reaction, 
the coverage values are higher, i . e .  about 0.6 and > 1 
for the pure electrochemical mechanism. 

As for formic acid solutions with or without  hydro-  
gen, it can be seen from Fig. 2 that  the min imum 
coverage of PtO is 0.36 at 1.2v and 1.0 at 1.6v provided 
that the chemical reaction of PtO with formic acid is 
rate determining.  If not, even higher coverages of 0.6 
and > 1 result. 

These values of PtO coverages are sufficient to 
change the electrochemical and electronic 46 proper-  
ties of the p la t inum surface and to cause the re tarda-  
t ion of the hydrogen oxidation reaction. 

~G H. S h i m i z u ,  Electrochim.. Actq, 13, 27 (1968). 



Stress Generation during High-Temperature Oxidation 
I. Oxygen Solution Effects 1 

R. E. Pawel* and J. J. Campbell 
Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

The flexure of thin rec tangular  specimens of tan ta lum and niobium oxidiz-  
ing on one side at 800~ was measured at several  oxygen pressures. In these 
experiments," the oxygen pressure and oxidation t ime were  general ly  kept  
small  enough to prevent  excessive oxide formation, and the oxygen diffusion 
distances were  of the same order as the specimen thickness. For both oxida-  
tion and annealing experiments ,  the observed flexure behavior  under  these 
conditions could be correlated with that  predicted on the basis of changes in 
the oxygen concentrat ion gradients in the specimen. The  results  have helped 
to establish fur ther  some of the important  characterist ics of stress generat ion 
due to the dissolution of oxygen into the  surface layers of a meta l  during 
oxidation. 

The influence of mechanical  stresses during gaseous 
oxidation has been a subject  of in tui t ive  importance 
for some time. However ,  the measurement  and charac-  
terizat ion of these effects have only recent ly  been at-  
tempted on a quant i ta t ive  and systematic basis. Stress 
systems which arise as a consequence of the oxidation 
process itself have now been shown in several  in-  
stances to be the p r imary  t r igger  for dramatic  ki-  
netic and morphological  responses. Events such as 
wrinkling,  cracking, and spalling of compara t ive ly  
thick oxide films on ei ther  a macro-  or microscopic 
scale furnish the more obvious bases for several  types 
of changes in react ion rates. However ,  especially in 
the thin-f i lm stage of oxidation, stresses may  act in 
less spectacular  ways whi le  still p laying a large role 
in the determinat ion of the react ion kinetics and 
mechanism. For  example,  studies of the first stages of 
gaseous oxidation of copper (1) and nickel (2, 3) em-  
phasize the importance of s t ructural  defects in such 
films on the rate  of oxidation. It follows that  the exist-  
ence of stresses wi thin  the films may in large mea-  
sure de termine  the extent  of such defects as well  as 
their  behavior  during continuing film growth. 

In systems where  the solution of oxygen into the 
meta l  is an impor tant  factor dur ing oxidation, it has 
been predicted (4,5) and shown (6,7) that  large 
stresses (of the order of the yield stress) in the sur-  
face layers of the meta l  can arise from this source. 
There are several  ways in which these stresses in the 
metal  might  be expected to affect the oxidation rate. 
Al though few definitive exper iments  have been made, 
a clear example  where  the normal  react ion sequence 
has been drast ically changed by the presence of stress 
in the meta l  is furnished in the init ial  stages of the 
gaseous oxidation of tan ta lum at tempera tures  in the 
range of 350~176 where  platelets of oxide grow 
into the meta l  along certain crystal lographic planes. 
The unusual  morphology in this par t icular  case is very  
probably a result  of a shear or martensi t ic  type of 
t ransformat ion (8, 9), a process which would take 
place more readily under  the influence of the high 
biaxial  stress which exists. 

The refractory  metals  tan ta lum and niobium are 
cases where  stresses due to both oxygen solution and 
film effects might  be expected to arise. Our previous 
work  with  these metals  has shown that  in the t em-  
pera ture  range 350~176 the stress system is ini-  
t ial ly dominated by oxygen solution effects which give 
way  later  in the process (af ter  the "breakaway"  in- 
crease in the oxidation rate)  to film effects. We  are 
continuing our invest igat ion of the details of stress 
generat ion in these metals  a higher  tempera tures  

* E l ec t rochemica l  Soc ie ty  A c t i v e  Me mber .  
�9 Research sponsored by the U.S. Atomic Energy Commission un- 

der contract with the Union Carbide Corporation. 

where  it appears more feasible to separate the two 
major  stress sources by vary ing  the  oxygen pressure. 
The present  paper  presents data for oxidation at 
800~ under  conditions which emphasize oxygen solu- 
tion effects and fur ther  establishes some of the im-  
portant  phenomena during the dissolution of a react -  
ant into the surface layers of a solid. 

Experimental Procedure 
We have continued to use the flexure technique (6) 

to follow stress development  during oxidation. In this 
method, the curva ture  exhibi ted by a thin rec tangular  
specimen is measured  as it oxidizes on one side only. 
Thus, if the dimensions and physical propert ies  of the 
specimen are  known, the elastic bending stresses 
which exist can be computed. While the measurement  
is basically a simple one, its accuracy depends cr i t i -  
cally on mainta ining pure cyl indrical  elastic bending 
of the specimen, a condition requir ing specimen uni-  
formity  and very  close tolerances on dimensions. 

The equipment  and procedures for these basic mea-  
surements  have been described in detail  previously 
(6, 7). Tanta lum and niobium coupons approximate ly  
1 x 4 cm were  cut from 0.020, 0.030, and 0.050 in. sheet 
and annealed in vacuum at 1600 ~ and 1000~ respec-  
tively. 2 They were  careful ly  mechanical ly  and elec- 
t rolyt ical ly  polished and furnished wi th  a Nichrome 
support yoke to facili tate mount ing in the oxidation 
apparatus.  Finally,  a thin layer  of a protect ive mater ia l  
was deposited on one side of each specimen by vac-  
uum evaporation.  A luminum proved to be effective 
for this purpose for oxidation tempera tures  up to 
550~ however ,  for exper iments  at 800~ a 2 parts 
gold, 1 part  a luminum alloy was used. The specimen 
was affixed to the support  in the apparatus and brought  
to the oxidation t empera tu re  in vacuum. The oxygen 
pressure was then adjusted to the desired value by a 
controlled leak, and the flexure of the specimen fol-  
lowed as a function of time by measur ing the deflec- 
tion of a fiber " t ransducer"  wi th  a cathetometer.  The 
amount  of flexure exhibi ted by the specimen per unit  
of strain energy supplied by the oxidat ion react ion 
depends on the thickness of the specimen. Thus, some 
additional degree of control was available wi th  respect  
to the sensit ivity of the measurements  as wel l  as the 
abili ty to insure that  the bending stresses remained 
within  the elastic l imit  throughout  most of the exper i -  
ments. The m ax im um  elastic bending stress was com- 
puted from the simple beam formula  

Eh 
~s = +-- 2px [1] 

2 N o m i n a l  ana lys i s :  99.8-99.9 w / o  w i t h  Ta, Nb, Fe, and  W m a j o r  
m e t a l l i c  i m p u r i t i e s ;  t y p i c a l  o x y g e n  c o n t e n t  a f te r  a n n e a l  w a s  abou t  
200 ppm. 
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where E is Young's modulus for the metal, h is the 
specimen thickness, and pz is the radius of curvature  
of the specimen in its long dimension. It is recognized 
that the equation is an approximation which, for cou- 
pon-shaped specimens, general ly yields slightly con- 
servative bending stress values (6). 

d x = O  

[4] 

Results 
It  is impor tant  to r emember  that  the flexure of the 

specimen is the mechanical  result  of a process that  
takes place on one side of the specimen. Thus, in order 
to be able to use bending stress values to determine 
the complete stress dis t r ibut ion in a quant i ta t ive  
fashion, it is necessary to establish either the mech-  
anism of stress generat ion and /o r  the general  shape 
of the stress-distance curve. If  such informat ion  is 
not immediate ly  available, it is possible to use the bend-  
ing stress data themselves to point out or to evaluate 
the consistency of a given model. 

In our  present  work, the flexure of t an ta lum and 
n iobium specimens was followed dur ing  oxidation at 
800~ at oxygen pressures from about 10 to 100~. A 
few experiments  were conducted at higher pressures 
in order to observe the influence of film stresses on 
the total  s train behavior. Additionally,  s train measure-  
ments  made dur ing anneal ing after short oxidation 
periods were useful  in corroborating the oxidation 
model. 

Method of analysis.--Previous work (10) has indi -  
cated that  under  the conditions of our  experiments,  
the solution of oxygen into the metal  would be ex- 
pected to account for a significant fraction of the total 
oxygen consumed, at least dur ing the first stages of 
the reaction. Thus, since an oxygen concentrat ion 
gradient  exists, a corresponding stress gradient  will  
also exist. 3 The relat ion between the surface stress and 
the measured bending stress can then be determined 
by employing the conditions of mechanical  equil ib-  
r ium; that is, the sum of the forces and moments  for 
the system must  be equal to zero. The stress in the re-  
action layer  is assumed to be a function of depth, x, 
and time, t, given by 

~i(x, t) = K[C(x, t) -- Col [2] 

where C(x, t) is the oxygen concentrat ion as a func-  
t ion of position and time, Co is the residual oxygen 
concentration, and K is a proport ional i ty  constant, the 
form of which depends on the boundary  conditions of 
the experiment.  This stress, (~1), on one side of the 
specimen, will  result  in a set of bending stresses given 
by 

~ ( x ,  t) = ~B + L--'-h'-- x [3] 

where ~B is the component of bending stress at the 
reacting surface, cs(t) is the measured max i mum 
bending stress as a funct ion of t ime from Eq. [1], and 
h is the specimen thickness. Thus, the equi l ibr ium 
equations are 

and 

fi~ K[C(x,  t) - -  Co]x dx 

h 

In  our earlier paper, it was shown that, for conditions 
where the surface oxygen concentrat ion quickly 
reached its final value, and the depth of oxygen pe ne -  
t ra t ion was small  compared to the thickness of the 
specimens, an approximate "working equation" could 
be derived by simultaneous solution of Eq. [4] and 

U n l e s s  the  concentrat ion  gradient  is c o m p l e t e l y  l i n e a r  a n d  t h e  
spec imen  is no t  constrained, 
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Fig. 1. Oxygen concentration profiJes for diffusion at 800~ in 
0.020 in. (0.0508 cm) thick tantalum sheet. 

[5]. For these conditions 

C (x, t) -- Co x 
~l(x, t) ---- ~I = ~z eric ~ [6] 

Cs --  Co 2A/Dt 

where ~i is the surface stress due to oxygen solution, 
D is the diffusivity of oxygen in the specimen, and Cs 
is the oxygen concentrat ion at the surface. For the 
steep concentrat ion gradients which existed, the com- 
p lementa ry  error  function could be approximated by a 
l inear  funct ion of x, resul t ing in a simple relat ionship 
between the surface stress and  the measured maxi- 
m u m  bending stress 

h 2 
r = 2~s (t) [7] 

d (3h - -  2d) 

where d is the effective penetra t ion distance, 2.3N/Dr. 
Similarly,  when other simple boundary  conditions are 
applicable along with semi-infini te  geometry, an-  
alytical expressions can be used to obtain the stress 
distr ibution parameters  under  the terms of the model. 
However, the rate of oxygen diffusion is sufficiently 
high at 800~ so that for most specimens the condition 
of a l imited diffusion zone is met only for the very 
early stages of reaction. When diffusion distances be-  
gin to approach the specimen thickness, the relat ion 
between total stress and bending s t rain is not direct, 
and part icular  a t tent ion must  be paid to differences in 
stress behavior between free specimens, constrained 
specimens, or specimens oxidizing on both sides. 

Data and interpretation.--In order to in terpret  flex- 
ure data in terms of oxygen-solut ion effects, it is 
necessary to define the oxygen concentrat ion profiles 
in the specimen as a function of time. 4 A typical set of 
such profiles for a simple oxidation experiment  on a 
0.020 in. (0.0508 cm) thick t an ta lum specimen is 
shown in Fig. 1. Since the specimen thickness must  be 
considered finite ra ther  than  semi-infini te when solv- 
ing the diffusion equation in this case, these profiles, 
and the others used in  this work, were obtained from 
dis tance-t ime arrays produced by a computer  program 
based on finite-difference techniques. This approach 
was sufficiently accurate for the purposes of these ex- 
per iments  and, in addition, furnished an exceptional 
versat i l i ty in allowing us to vary  the boundary  condi-  
tions to test several details of the oxygen solution 
model. These tests would have been v i r tua l ly  impos- 
sible to make by analyt ical  means. The profiles in Fig. 
1 were computed on the assumption that  a constant  

~ D i f f u s i o n  c o e f f i c i e n t s  b a s e d  o n  t h e  e x p r e s s i o n s  D = 0 . 0 1 9  
cxp(- -27,500/RT)  for diffusion of  o x y g e n  i n  t a n t a l u m  a n d  D = 0 . 0 1 5  
e x p  ( - - 2 6 , 3 0 0 ] R T )  f o r  d i f f u s i o n  o f  o x y g e n  in n i o b i u m  w e r e  u s e d  i n  
t h i s  w o r k  ( 1 1 ) .  
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surface oxygen concentration, Cs, existed dur ing  the 
diffusion time. While this assumption is probably in-  
correct in  detail  for short diffusion times, the compu- 
ter results obtained by the methods referred to above 
indicated that  the shape of the profiles would not be 
altered significantly for diffusion times greater than  
about 20 or 30 min. As is seen in the figure, oxygen 
penetrates  rapidly and after about 100 min  the oxygen 
level on the protected side of the specimen starts to 
increase. According to the oxygen-solut ion model for 
stress generation, this behavior should resul t  in  flex- 
ure or bending stress components that  should first in-  
crease, then decrease as the specimen "fills up" with 
oxygen. The resul t ing "ideal" behavior of the maxi -  
mum bending stress, expressed as a fraction of the 
surface stress developed, was computed on this basis 
and is presented in Fig. 2. The bending stresses are 
seen to increase to a max imum and then to decrease 
at a slower rate. Unlike the case for which the reac- 
tion is l imited to a shallow region, it is noticed that  
for experiments  in which the thickness of the diffusion 
zone is comparable to the specimen thickness, the 
max imum bending stress wil l  be a significant fraction 
of the surface stress, a]. However, it must  be r emem-  
bered that  for specimens undergoing flexure, the stress 
at the surface due to oxygen solution will  be reduced 
by the component  of the bending stress at the react-  
ing surface. Thus, the resul tant  stress at the surface 
may approach zero even as the specimen goes through 
its max imum flexure. 

The measured max imum bending stresses for a t an-  
t a lum specimen being oxidized on one side at 800~ 
at a pressure of approximately 10# are shown in Fig. 
3. Metallographic examinat ion  at the conclusion of the 
exper iment  did not reveal  any significant changes in 
the appearance of the polished specimen surface, indi -  
cating that  little, if any, oxide film or platelet  forma-  
t ion occurred. The behavior  is similar enough to the 
ideal to lead us to believe that  oxygen is indeed the 
principal  stress source under  these conditions. How- 
ever, the behavior of the apparent  surface stress, 
computed via Eq. [7], in the ini t ia l  stages of flexure 
show that  the ideal model, which assumes a constant  
surface oxygen concentration,  is not sufficiently ac- 
curate to permit  quant i ta t ive  values to be obtained. 
The most probable reason for this is that  the effective 
oxygen concentrat ion at the surface is increasing with 
t ime dur ing  this par t  of the reaction. For example, if 
it is assumed in this exper iment  that  the surface oxy- 
gen concentrat ion increases to its max imum value at 
a decreasing rate (parabolically) over the first 30 rain, 
a more consistent result  is obtained which correlates 
the oxygen concentrat ion with stress very closely. 
Values of the surface stress thus computed for this 
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Fig. 2. "Ideal" flexure behavior for 0.020 in. (0.05{)8 cm) thick 
tantalum specimen computed from concentration profiles shown 
in Fig. 1. The maximum bending stress is expressed here as a 
fraction of the surface stress due to oxygen solution, ~z, assumed 
to be a constant. 
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Fig. 3. Experimental flexure behavior for 0.0381 cm thick tan- 
talum specimen at 800~ at an oxygen pressure of approximately 

exper iment  reached approximately 4000 psi. Such 
computations necessitate the use of Eq.[4] and [5], 
including computer solutions for C(x,t) for the un -  
usual  conditions imposed to obtain surface stress 
values. 

An interest ing sidelight which was made evident  
from such experiments  was the possibility of using 
flexure behavior to estimate diffusion coefficients for 
oxygen in the metal  in a m a n n e r  which does not re- 
quire quant i ta t ive  s t ra in measurements .  To a first 
approximation, the specimen should start  to "unbend"  
dur ing a flexure exper iment  shortly after the effec- 
tive penetra t ion distance equals the specimen thick- 
ness. Thus, for these conditions 

h 2 
D ~-~ ~ [8] 

5.3 tm 

where D is the diffusion coefficient, h is the specimen 
thickness, and tm is the t ime at which the specimen 
flexure starts to decrease. For the exper iment  repre-  
sented by the data of Fig. 3, the flexure reversal  oc- 
curred at approximately 150 min. Thus, Eq. [8] leads 
to a diffusion constant  for oxygen in t an ta lum at 
800~ of 3 X 10 -8 cm2/sec, a value which compares 
very  favorably with the accepted value of 4.75 X 10 - s  
cm2/sec (11). A similar exper iment  with a n iobium 
specimen yielded D = 8 X 10 - s  cm2/sec which also 
compares well  with the accepted value of 6.6 • 10 - s  
cm2/sec. This agreement  is t aken  as addit ional  evi- 
dence that  volume diffusion ra ther  than grain bound-  
ary diffusion controls the s t ra in effects observed in 
these specimens. 

At in termediate  pressures for t an ta lum and nio-  
b ium specimens, flexure effects due to both oxygen 
solution and oxide film sources are seen. However, if 
the oxygen is pumped out of the system before large 
quanti t ies  of oxide have formed, the unbending  of the 
specimen observed dur ing the anneal  can then be cor- 
related satisfactorily with the changes in the oxygen 
concentrat ion gradient  alone. Figure  4 shows max-  
imum bending stress data for a n iobium specimen held 
at 800~ For the, first 16 min, the oxygen pressure was 
main ta ined  at about 15#; then the oxygen was re-  
moved and the specimen allowed to annea l  in  vacuum 
at the same temperature.  The measured bending 
stresses (solid circles) are seen to have increased to 
about 16,000 psi dur ing  the oxidation period, and then 
to have vi r tual ly  disappeared after an hour 's  vacuum 
anneal.  The oxygen concentrat ion profiles per t inent  
to this exper iment  are presented in Fig. 5. Linear  
approximations of these profiles were then used in the 
mechanical  equi l ibr ium equations (Eq. [4] and [5]) 
to obtain bending stress changes dur ing  annealing.  
These computed bending stresses, normalized with 
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respect to the measured value at t = 16 rain, are 
shown by the open rectangles in Fig. 4. The agree- 
ment  with the actual values is good. The flexure be-  
havior that  would be expected if the oxygen con- 
centrat ion at the surface of the specimen were ma in -  
tained constant, perhaps by dissolving oxide, is shown 
in this figure by the solid triangles. Clearly, in this 
experiment,  the lat ter  case does not apply, oxide dis- 
solution was a slow step, or insufficient oxide was 
present. Metallographic examinat ion of this specimen 
after the exper iment  revealed only a few isolated 
small  patches of NbO with a l imited superficial film, 
which may have formed dur ing cooling. A similar  
result  was obtained for flexure of t an ta lum specimens 
as shown in Fig. 6. In  this case, the specimen was held 
for 65 rain at about 45~ O2 pressure before s tar t ing the 
anneal.  The bending stresses dur ing annealing,  com- 
puted on the basis of oxygen redistr ibution,  again 

# I t  i I 
:' I ~ \  0.0381 crn To SPECIMEN AT 
; I \,'\ INITIAL PRESSURE: 45 F 

r O 2 ~ I ~ V A C U U M  - -  ~ .  " ' ~  . . . .  
' I I  I I - - ~ - .  " - -  

800~ 

0 50 t00 150 200 250 300 :350 400 450 
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Fig. 6. Flexure behavior for 0.0381 cm thick tantalum specimen 
held at 800~ For the first 65 min, the oxygen pressure was held 
at about 45/~. �9 Experimental values; D calculated values (nor- 
malized at t = 65 min) on the basis of oxygen redistribution by 
volume diffusion during anneal. 

agreed reasonably well  with the observed values. 
The divergence between the observed and predicted 
values, as well  as the residual  curvature  of the speci- 
men is thought to be due main ly  to the presence of a 
small  amount  of plastic s t ra in induced dur ing  the 
oxidation period, since v i r tua l ly  no film or platelet  
growth could be found at the conclusion of the ex-  
periment.  Surface stresses of about 20,000 psi due to 
oxygen solution were estimated in the manne r  dis- 
cussed previously, al lowing for a finite t ime over 
which the surface oxygen concentrat ion increased. 

At still higher pressures, the formation of oxide 
products along with oxygen dissolution led to a very  
rapid stress bu i ld -up  which resulted in extensive 
plastic bending and distortion unless the oxidation 
t ime was limited. Of course, if plastic deformation oc- 
curs, the ma x i mum bending stresses calculated from 
the observed flexure by Eq. [1] will  be excessive by 
an amount  proport ional  to the depth in the specimens 
over which the yield stress was exceeded. Figure 7 
i l lustrates flexure behavior  for a t an ta lum specimen 
under  such conditions. In  only a few minutes,  a max-  
imum bending stress of over 20,000 psi was indicated. 
The oxygen was removed from the apparatus, but  
then instead of unbend ing  in strict accordance to oxy-  
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gen redis t r ibut ion effects, the specimen cont inued to 
bend. Finally,  the max imum bending stresses were 
observed to decrease sluggishly to some constant  value. 
There are several possible explanations for this be- 
havior; however, it seems reasonable to postulate that 
oxygen from dissolving oxide is responsible for the 
postoxidation t ime flexure changes which are similar 
to those shown by the dashed curve in Fig. 4. The 
tendency for the max imum bending stresses to ap- 
proach a constant  value is probably  due to a com- 
binat ion of (i) stresses which exist in the remain ing  
thin oxide film and (ii) plastic deformation which oc- 
curred as the bending stresses went  through their  
maximum.  

Summary 
The flexure of t an ta lum and n iobium specimens ox- 

idizing at 800~ on one side was measured at several 
oxygen pressures. The large mechanical  strains ob- 
served in these experiments  dur ing the early stages 
of the oxidation reaction were found to be due to 
the presence of oxygen concentrat ion gradients, in 
agreement  with both prediction (4, 5) and previous 
results (6, 7). Annea l ing  experiments,  in which the 
changes in bending stresses were correlated directly 
with the redis t r ibut ion of the oxygen which was 
present  were par t icular ly  definitive in this respect. 
Since the effective oxygen concentrat ion at the sur-  
face of an oxidizing specimen changed as a funct ion 
of both t ime and oxygen pressure, the exact form of 
the oxygen concentrat ion gradient, and thus the stress 
gradient, was difficult to compute. However, reasonable 
approximations regarding this behavior  permit ted at 
least semiquant i ta t ive  values of the surface stresses 
to be obtained. For example, for the exper iment  de- 
picted in Fig. 3, the component  of stress at the t~n- 
t a lum surface due to oxygen reached a max im um of 
only 4000 psi; at higher pressures, e.g., Fig. 6, the 
stress values reached about 20,000 psi. 

These experiments  have shown the usefulness of 
the flexure technique to test models for stress devel-  
opment  dur ing  oxidation and, despite the approxima-  
tions involved, have contr ibuted to a more complete 
characterization of the na ture  and extent  of these 
effects. 
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ABSTRACT 

Ferroelectric compounds in the family Bi4-xRxTi~O12 (R = rare  earth) 
have been prepared as ceramics and single crystals. The solid solution l imit  
increases with ionic radius: Xmax exceeds 2 for La 8+ and P r  3+ and approaches 
zero for the smaller  Yb 3+ and Lu g+ ions. The larger rare earth ions also 
stabilize the paraelectric phase. The dielectric properties and  crystal  chem- 
istry of the bismuth t i tanates are discussed with reference to related s t ruc-  
tures, and the results of p re l iminary  optical and electrical measurements  are 
given. 

Twenty  years ago Aurvi l l ius  (1) discovered a fam- 
ily of mixed b ismuth  oxides wi th  composition 
Mn+lRnO3n+3 where M -- Bi 3+, Pb  2+, Na +, K +, Sr 2+, 
Ca 2+, BaZ+; R = Ti 4+, Nb 5+, Ta 5+, Fe 3+, Ga3+; and 
n ---- 2, 3, 4, 5. The crystal  s tructures consist of Bi202 
layers inter leaved with Ms ~RnO3n + 1 layers containing 
n perovskite- l ike units. The pseudotetragonal  uni t  cell 
of Bi4TizO12, with n ---- 3, is i l lustrated in Fig. 1. 

Most, if not all, of these compounds are ferroelec- 
tric (2-5) with high t ransi t ion temperatures  and large 

spontaneous polarizations. X - r a y  pat terns  indicate 
orthorhombic symmetry,  bu t  recent  electrical and op- 
tical measurements  on Bi4Ti8012 (5) show that  the 
true symmet ry  is monoclinic, point  group m. A change 
in the sense of polarization produces a large change in 
the optical properties of b ismuth  t i tanate,  making  it 
unique among ferroelectrics and s t imulat ing several 
device proposals (6). Bismuth t i tanate  has a high 
t ransi t ion tempera ture  (675~ resul t ing in large 
switching fields; to lower the voltages, it is desirable 
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RARE EARTH BISMUTH TITANATES 

{}Ri e T i  O0 

Fig. 1. Crystal structure of Bi4Ti3012 after Aurvillius (1). Di- 
mension A delineates the Bi2Ti~Ozo layers with its three perov- 
skite units, B, and C denotes the bismuth oxide layers. 

to lower Tc. We have a t tempted  to do this by sub- 
sti tuting t r iva lent  rare  ear th  ions for bismuth, fo rm-  
ing the solid solution series Bi4-zR=Ti~On. 

Ceramic specimens of the ra re  ea r th -b i smuth  t i-  
tanates were  prepared by sintering reagent  grade ox-  
ides in air at 1150~ Weight  losses never  exceeded 1%. 
Solid solution limits were  de te rmined  to an accuracy 
of 3%, using x - r ay  diffractometer  pat terns  and the 
disappearing phase method. In all cases the major  
exsolved phase was a ra re  ear th  pyrochlore  (R2Ti2OT), 
possibly containing bismuth in solid solution. The re-  
sults of these exper iments  are  shown in Fig. 2, where  
the m a x i m u m  value  of x in Bi4-=R=Ti3012 is plot ted 
against ra re  ear th  ionic radius. The la rger  ions f rom 
La to Eu fill 50% or more  of the Bi sites; Gd substi- 
tutes 35%, and Xmax descends rapidly  to near  zero for 
the smallest  ions, Yb and Lu. 

X - r a y  intensi ty calculations showed that  the rare  
ear th  ions do not substi tute randomly  for bismuth. 
There  are two different b ismuth positions in the unit  
cell: hal f  are  coordinated to twe lve  oxygens in the 
perovski te  layers, while  the remainder  are closely 
bonded to four  oxygens in the bismuth oxide layer. 
Possible ordered configurations for composition 
Bi2R2TiaO12 are i l lustrated in Fig. 3. S t ruc ture  factors 

I.LO Los too .s5 ,9o .as 
Lo Pr Nd Sm [uGd TbDyHo Er TrnYbLu 

AHREN'S IONIC RADII (A) 

@ 

z$ 7o 

2.4 60 
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"3 

~) o~ zo 
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Fig. 2. Solubility of the rare earth elements in bismuth titanate 
at i 150~ 
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P e r o v s k l t e  

L o y e r  
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P e r  avsk i t  a 

L a y e r  

Bi 2 R 2 Ti 5 012 

t q 

833 

Q RARE EARTH 

0 BISMUTH 

(I} RANDOM 

Fig. 3. Possible ordered configurations for the rare earth bismuth 
titanates of composition Bi2R2Ti3012. The large cation sites in 
the perovskite and Bi202 layers ore equal in number, o, Rare 
earth; � 9  bismuth; ~ ,  random. 

were  computed for the three  models and compared 
wi th  the s t ructure  ampli tudes measured f rom x - r a y  
diffractometer  patterns.  The results for Bi2La2Ti~O12 
given in Table I are  typical  of the ra re  ea r th -b i smuth  
titanates. The rare ear th  ions show marked  preference 
for the perovsk i te - layer  position, wi th  bismuth in 
the more asymmetr ic  in te r layer  site. Similar  results 
have  been reported for CaBi2Nb209 (1) and 
Nao.sBi4.sTi4015 (7). 

The observed ordering explains the stabil i ty ranges 
presented in Fig. 4 for the Bi4-xRzTiaO12 solid solution 
series. Bi2R2Ti3012 compositions are stable for R s+ 
ions larger  than Gd 3+. Since rare  ear th  ions occupy 
perovski te  sites up to x = 2, the i r  ionic radii  must  
satisfy the requi rements  for twelve-coordinat ion.  In 
d iva lent - ion  t i tanates (M TiO3), the perovski te  s t ruc-  
ture forms when the M e+ radius exceeds that  of Cd 2+, 
wi th  i lmeni te  s t ructures  predominat ing  for smaller  
cations. Since the ionic radii  of Gd ~+ and Cd 2+ are 
identical  on the Ahrens '  scale, it appears that  the 
same stabil i ty cr i ter ia  apply. Compounds such as 
Bi2Lu2Ti3012 are unstable because the Lu 3+ ion is too 
small  for the perovski te  layer  site. For  la rger  ions 
like La 3+, the Bi202 layer  l imits substitution. Only an 
a tom with  an asymmetr ic  electron cloud, such as the 
lone-pa i r  configuration of Bi 3+ or Pb  2+, wi l l  promote  
the stabil i ty of the bismuth oxide layer. Hence Xmax 
never  exceeds 2 by ve ry  much. 

Latt ice parameters  were  de termined  f rom x - r a y  
diffractometer  pat terns  using C u K -  radiat ion and a 
silicon standard. The pa t te rn  of pure  Bi4Ti3012 was 
indexed on an or thorhombic  uni t  cell out to 20 = 120 ~ 
Having  observed no monoclinic split t ing in appropr i -  
ate h igh-angle  reflections, we conclude that  the angle 

differs f rom 90 ~ by less than  0.15 ~ . 

Table I. Typical results of structure factor calculations for the 
three ordering models in Fig. 3 

h k l  

F c  
La in  L a  in 

I Fo [ p e r o v s k i t e  r an d o m  (BiO)s l a y e r  

006 25 26 29 32 
113 14 -- 16 --9 --20 
115 28 27 15 5 
026 21 --24 --26 --29 
226 20 --20 --23 --25 
Iii 21 22 24 27 
131  14 18 21  22  
133  12 -- i 0  - - 7  -- 15 

R F a c t o r  9 %  1 9 %  3 1 %  
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Fig. 4. Stability fields of the divalent-ion titanates and the rare 
earth bismuth titanates of composition Bi2R2Ti30~. 

Orthorhombic cell dimensions for a few rare  earth 
bismuth t i tanates are given in Table II. Comparing 
cell volumes, it appears that  the radii  of Bi 8+ and 
La z+ are near ly  equal, cont rary  to the Ahrens '  scale 
which gives Bi 3+ 0.93A, and La 3+ 1.14A. The axial  
rat io b/a is a measure  of the or thorhombic distortion; 
b/a decreases when  any rare  ear th  is substi tuted for 
bismuth, suggesting that  the ferroelectr ic  transi t ion 
t empera tu re  is lowered. 

Curie tempera tures  of the rare  ear th  bismuth t i-  
tanates were  determined by differential  the rmal  anal-  
ysis using AlcOa as a reference  material ,  and the ~- 
to #- quartz  transi t ion as a calibrant.  As shown in 
Fig. 5, T~ decreases l inear ly  wi th  increasing ra re  
earth concentrat ion x. The effect is more  pronounced 
with  large ions like La ~+, showing that  T~ depends 
on r a re  ear th  ion radius r as wel l  as composition x. 
Analyt ical ly,  the straight  lines in Fig. 5 are given by 

Te = 660 ~  

To determine  the dependence of Tc on radius r, the 
s l o p e s - - A  (r) are plotted against r in Fig. 6. This too 
yields a s traight  line 

- -  A ( r )  = M ( r - -  to) 

where  M = 5.47~ and ro = 0.83A. Thus the t ransi t ion 
t empera tu re  depends l inear ly  on the product  (r ~ ro)x 

Tc = 660 ~ - -  5.47 (r ~ 0 . 8 3 ) x  [1] 

This equation is plot ted in Fig. 7 along with  a n u m -  
ber of exper imenta l  points. The agreement  verifies 

Table II. Orthorhombic cell dimensions for several rare earth 
bismuth titanates 

Cel l  
C o m p o s i t i o n  a b c a / b  v o l u m e  

Bi4Ti30]~ 5.411 5.449 32.82 1.007 968.7 
Bia.~Lao. 4Ti~O~ 5.421 5.439 32.88 1.003 969.5 
Bi~.~Ndo4Ti~O~ 5.407 5.433 32,83 1.005 965.5 
Bi~.sYo.~Ti~O~ 5.407 5.442 32.81 1.006 965.4 
Bi~.,zY0. sTisO~ 5.400 5.434 32.78 1.006 961.9 
Bi~.sDyo.~Ti~O~ 5.403 5.439 32.78 1.006 963.3 
Bia.~Dyo.sTi~O]~ 5.398 5.431 32.77 1.006 960.7 

~ .  B i4 -xRxT i3012  

P- ", ", - .  "-. "-,e" 

f J  4 0 0  �9 �9 u 

x 0.0 o . i  0 . 2  0~3 0 .4  o . s  0.6 0.7 o.B 0 . 9  i .0 
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Fig. 5. Curie temperatures of the rare earth bismuth tltonates 

as determined by differential thermal analysis. 
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Fig. 7. Linear dependence of Tc on the product of radius and 
composition. All the experimental points in Fig. 5 are plotted here. 

that  Eq. [1] is valid for any rare  ear th  R and any 
composition Bi4-xRxTi8012. 

The one-dimensional  models shown in Fig. 8 can 
be used to explain the dependence of Tc on x and r. 

F igure  8a shows a polar  chain which is schematical ly 
representa t ive  of bismuth and oxygen atoms in t e r ra -  
electric Bi4Ti3012. Because of its nonspherical  electron 
configuration, Bi ~+ prefers  an asymmetr ic  a r range-  
ment  of oxygen neighbors. This is t rue in many  ox-  
ides of t r ivalent  bismuth and isoelectronic Pb 2+. In 
Bi4Si3012, for example,  each bismuth is coordinated to 
six oxygens, th ree  on one side at 2.15A and three  on 
the other at 2.62A, a marked  difference in bonding. 
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tRd 

Fig. 8. One-dimensional model of bismuth and oxygen atoms in 
Bi4Ti3012 showing the effects of rare earth substitution. 

Using 1.32A as the ionic radius of oxygen, the short-  
est distance yields a Bi 3+ radius of 0.83A, very close 
to the critical radius ro in  Eq. [1]. 

Figure 8b shows the polar chain with a large rare 
earth atom replacing a b ismuth atom. The subst i tu-  
t ion has two effects on the polar chain. First, the in-  
t roduction of a symmetr ical  atom into the chain 
weakens the ferroelectric interactions of the bismuth 
atoms simply by reducing their number ;  this is the 
compositional dependence. Second, the large effective 
size of the subst i tut ing atom separates the bismuth 
atoms even further;  this is the radius effect. Figure 8c 
shows a polar chain in which a small  rare earth ion 
has replaced a b ismuth atom. The compositional effect 
is the same, but  the radius contr ibut ion to the de- 
pression of Tc is decreased. Ultimately,  as r approaches 
ro (the effective bismuth radius in the direction of its 
shortest bond length) ,  the radius contr ibut ion goes to 
zero, and Tc becomes independent  of composition. 

Permi t t iv i ty  measurements  as a function of tem- 
perature  were made on ceramic disks of the rare earth 
b ismuth t i tanates as a check on the Curie points de- 
te rmined by DTA. 

Figure 9 shows some typical curves. The t ransi t ion 
tempera ture  observed for ceramic Bi4Ti3012 was 676~ 
with a peak dielectric constant  of 375, slightly lower 
than the value reported by Subbarao (8). Peak di-  
electric constants for all the compositions tested were 
in the range 300-500. The dielectric measurements  
consistently yielded Tc values 20 ~ higher than those 
observed by DTA. 

Single crystal  measurements  were needed to deter-  
mine  the t rue symmetry  of the solid solutions since 
x - r ay  powder pat terns are insensit ive to the mono-  
clinic distortion in Bi4Ti~O12. The crystals were grown 
by the flux growth technique in which titania, rare  
earth oxide, and excess Bi203 were melted in a plat-  
inum crucible, brought  to a peak tempera ture  of 
1250~ for 8 hr, and then cooled at a programmed rate 
of 2~176 The crystals were removed from the flux 
with a p la t inum sieve suspended in the melt. The 
largest plates measured 7 m m  on edge and 0.5 mm 
thick. Crystals of composition Bi34Lao.sTi3012 were 
chosen for optical and electrical studies. 

The technique devised by Cummins  and Cross (5) 
was used to prepare th in  sections of Bi~.4Lao.sTi3012 
with the a or b axis normal  to the th in  section. When 
the crystal sections were viewed under  polarized light, 
both a and b sections showed uni form parallel  ex- 
tinction. This observation strongly suggested that  the 
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Fig. 9. Dielectric constant as a function of temperature for some 
rare earth bismuth titanotes. 

crystals possessed orthorhombic symmetry,  point 
group mm2. Hysteresis measurements  in the c direc- 
tion supported this conclusion. Fields as high as 150 
kv /cm failed to produce a noticeable hysteresis loop 
for a small  single crystal; if a spontaneous polariza- 
tion along c does exist it must  be smaller  than 0.4 
~C/cm 2. This result  is unfor tuna te  since it is the com- 
ponent  of polarization along the c direction that  gives 
rise to the interest ing electrooptical properties of 
Bi4Ti~Ol~. 

When the same crystal was subjected to an a l te rna t -  
ing current  pyroelectric test, a small  but  definite sig- 
nal  was observed, an indication that  the crystal sym- 
met ry  may yet be monoclinic. Fur the r  work is un -  
derway in an at tempt  to determine the t rue  symmetry  
of the rare earth b ismuth  titanates. 

A c k n o w l e d g m e n t  
This work was supported by the Advanced Elec- 

tronic Devices Branch, Air  Force Avionics Laboratory, 
Wright -Pat te rson Air Force Base, Ohio, under  Con- 
tract No. F33615-67-C-1427. 

Manuscript  received Jan. 22, 1969. This paper  was 
presented at the Montreal  Meeting, Oct. 6-11, 1968, as 
Paper  439. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published gu the December 1969 
JOURNAL. 

REFERENCES 
1. B. Aurvil l ius,  Arkiv  Kemi, 1, 499 (1949); 2, 463 

(1949); 1, 519 (1950). 
2. E. C. Subbarao, J. Amer. Ceram. Sac., 45, 166 (1962). 
3. E. C. Subbarao, J. Phys. Chem. Solids, 23, 665 (1962). 
4. I. G. Ismailzade, Sov. Phys.-Cryst., 8, 686 (1964); 

12, 400 (1967). 
5. S. E. Cummins  and L. E. Cross, J. Appl. Phys., 39, 

2268 (1968). 
6. S. E. Cummins,  Proc. IEEE, 55, 1536 (1967); 55, 

1537 (1967). 
7. R. E. Newnham, Mat. Res. Bull., 2, 1041 (1967). 
8. E. C. Subbarao, Phys. Rev., 122, 1804 (1961). 



Effect of Polarizing Temperature on the 
Characteristics of SR,0Vinyl (PVC) Electrets 
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Department of Physics, Indian Institute oJ Technology, New Delhi, India 

ABSTRACT 

The results of an exper imenta l  invest igat ion on the charge format ion and 
decay characterist ics of SR10 vinyl  (PVC) electrets prepared  at different 
tempera tures  are presented in this paper. The results  show that  the polar i ty  
of the final charge on ei ther  side of the electrets is posit ive i r respect ive  of 
the polarizing conditions. It is also shown that  polarizing t empera tu re  has a 
major  influence on the behavior  of v inyl  electrets. 

A permanent ly  polarized dielectric, which exhibits  
electr ical  charges of opposite sign on its sides, is known 
as an electret  (1). Recent ly  there  has been a consider-  
able increase in the study of e lectret  effect in solids, 
because of its various applications in electronics and 
electr ical  devices (2-5). The l i te ra ture  on electrets  has 
been rev iewed  by Gutmann  (6), Johnson (7), and 
Gross (8). Proper t ies  of electrets  are known to be 2c 
dependent  on the propert ies  of the electret  mater ia l  
and also on the polarizing conditions under  which the ,e 
sample is fabricated (9-14). 

~ 2  

Experimental Details 
The object  of this paper is to describe the effect of " 8 

polarizing t empera tu re  on the decay characterist ics of 
SR10 vinyl  electrets. SR10 vinyl  is a PVC compound ~ ~ 4 
(manufac tured  by Rajas than Vinyl  & Chemical  Indus-  
tries, Kota, India) which is found to be a good elec- ?o 
t r e t - fo rming  material .  This mater ia l  is avai lable in 
powder  form. Al though it does not show any definite 
mel t ing point, most of the ingredients  of this com- ~ -4 
pound are mol ten at about  140~ Above  140~ it be- ~ 
comes reddish in color, and at about 210~ it becomes ~ -8 
very  br i t t le  and completely  carbonized. 

A special technique has been developed for the ~-~2: 
preparat ion of plastic electrets (9). A small  quant i ty  
of this plastic powder  was kept  in a mica cavi ty  of -,6 
1.0 cm 2 area and 1.0 m m  thickness be tween  two alu-  
minum electrodes. This electret  gadget wi th  the  sam- 
ple was then kept  in a regulated thermosta t  for the r -  
mal  and electrical  t reatment .  A polarizing field of 10 
k v / c m  was applied for 6 hr. Af te r  3 hr  of heating, 
the sample was al lowed to cool down to room tem-  
pera ture  whi le  under  the influence of the  polarizing is, 
field. The electret  molded in the mica cavi ty  in this 
way  was then  taken out for charge measurement .  The ~c 

surface charge measurement  was carr ied out by means 
of a L indemann e lec t rometer  using the method of in-  t 
duction. Af te r  measurement  the sample was short % 
circuited by means of metall ic foil and preserved in a o e 
desiccator for fur ther  studies. 

Results and Discussions o 
4 

o 

The charge decay characterist ics of the electrets o 2 
prepared  at different tempera tures  (30~176 but ,o 
with all other  parameters  constant, have  been studied -~ o 
for about 30 days and the charge decays of  these sam- 
pies are shown in Fig. 1 to 6. It  can be seen that, for ~ -2 
the  anode side of the samples prepared in the t e m -  
pera ture  range 300-11O~ the  init ial  charge was ~ - 4  
hetero, which reversed  to homo in a few days' t ime 
except  for those electrets prepared at 30 ~ and 80~ 
For  the cathode sides of those samples prepared at -e 

30~176 the initial charge was hetero,  which  gradu-  _ 
ally decayed to a more or less permanent  value in 
about a month without  showing any charge reversal.  
In the second t empera tu re  range (120~176 the  
anode side ini t ial ly showed a high homocharge which 

gradual ly  decayed to a constant value in about 30 
days wi thout  showing any reversa l  of charge. But  it 
is interest ing to note that  the cathode sides of these 
samples first possessed a homocharge which eventual ly  
reversed  to a final he terocharge  unl ike  many other 
e lectret  forming materials.  

' S - < ~ - ~ ,  12 16 20  24 2 e  32 

TIME IN DAYS 

3~ 

Fig. 1. Surface charge density vs. time for SRIo vinyl electrets 
prepared at 30 ~ and 40~ with 10 kv/cm field strength in 6 hr 
time. Symbols used: A means anode side, and C means cathode side. 
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Fig. 2. Surface charge density vs. time for SRlo vinyl electrets 
prepared at 60 ~ and 80~ with 10 kv/cm field strength in 6 hr 
time. 
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Fig. 3. Surface charge density vs. time for SR10 vinyl eleetrets 
prepared at 100 ~ and 110~ with 10 kv/cm field strength in 6 hr 
time. 
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Fig. 5. Surface charge density vs. time for SR~o vinyl electrets 
prepared at 140 ~ and 150~ with 10 kv/cm field strength in 6 hr 
time. 

F i g u r e  7 s h o w s  the  f inal  c h a r g e  a f ter  30 d a y s  v s .  

p o l a r i z i n g  t e m p e r a t u r e s ,  T h e s e  c u r v e s  ind ica te  tha t  
t h e  f ina l  c h a r g e  on  e i t h e r  s ide  o f  the  v a r i o u s  e l e c t r e t s  
has  t h e  s a m e  p o l a r i t y  ( p o s i t i v e )  i r r e s p e c t i v e  of  t h e  
f o r m i n g  cond i t ions .  In  m o s t  of  the  e l ec t re t  f o r m i n g  
mater ia l s ,  t h e  f inal  c h a r g e s  on e i t h e r  s ide  are  f o u n d  
to  h a v e  o p p o s i t e  po lar i ty .  
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Fig. 7. Final charge density after 30 days vs. polarizing tem- 
peratures for SRlo vinyl electrets prepared with 10 kv/cm field 
strength in 6 hr time. 
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Fig. 8. Surface charge density vs. time for SRlo vinyl electrets 
formed without polarizing voltage at 180 ~ 140 ~ and 125~ 

Figure  8 shows the charge  decay curves of dummy 
s a m p l e s  prepared at 125 ~ 140 ~ and 180~ without  the 
application of polarizing field. The sample prepared 
at 180~ gives an initial charge of 10xl0 -1~ coul /cm 2 
on ei ther  side which gradual ly  decays to a constant 
value of about 1.0xl0 -~~ cou l /cm 2 in about 15 days. 
The sample prepared at 140~ shows only a smaller  
value of about 2 to 3x10 -1~ coul/cm2 ini t ia l ly  and de-  
cays to about 0.75 cou l /cm 2 in 15 days. But the sample 
prepared at 125~ did not show a permanent  charge. 
The anode side of this sample init ial ly showed about 
2.0x10 -10 cou l /cm 2 which decayed to zero in 10 days'  
time. But the cathode side showed an initial homo- 
charge of about 1.0xl0 -1~ cou l / cm 2 which also decayed 
to zero in about e leven days wi thout  any reversa l  of 

C(160~ ) o 

160 a C (]7 O'C)  

TIME IN DAYS 

Surface charge density vs. time for SR10 vinyl electrets 
at 160 ~ end 170~ with 10 kv/cm field strength in 6 hr 
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Fig. 9. Surface charge density vs. time for SRzo vinyl electrets 
prepared directly from powder at 200~ with the application of 
12 kv/cm field strength. Damaging treatment (i) by heating and 
(ii) by dipping in water for 2 min were done on the 21st day. 
[~] A1 ~ ~ A2}corresponds /k C1 corresponds to heat-treated sample; C2 
to water-treated sample. 

charge. It has also been noted that  samples prepared 
at 100 ~ and 80~ exhibited no str ipping charge from 
the very beginning.  This may be due to the lack of 
close contact between the dielectric and the electrode 
below the softening point of the electret material .  
These results thus show that  str ipping charge phenom- 
ena is tempera ture  dependent  and the magni tude  is 
more at higher tempera tures  par t icular ly  above the 
molten state of the material.  

Figure 9 shows the charge decay curves for two 
electrets prepared from SR10 vinyl.  The samples were 
prepared directly from the powder by heat ing at 
200~ for 3 hr  under  an electric field of 12 kv/cm,  and 
then cooled down to room tempera ture  in about 3 hr. 
When the charge becomes permanent ,  the following 
two types of damaging t reatments  were performed on 
the 21st day to see whether  the SR~0 electrets are 
good at recovering their  charge after damaging t reat -  
ment.  

One of the samples was heated for an hour  in a 
thermostat  at 140~ and, when the sample cooled down 
to room temperature,  the charge on :e i the r  side was 
measured for a few days. The charges on either side 
were found to be reversed, and the magni tudes  of 
charge were also reduced considerably. With t ime the 
charges gradual ly  increased to about 2.0x10 -1~ coul /  
cm 2 after  reversal  (Fig. 9). 

The second eIectret was dipped in water  for 2 rain, 
and then it was allowed to dry. On measurement  for a 
few days, no surface charge was obtained from this 
sample (Fig. 9). It  indicated that  penetra t ion of water  
into the sample damaged the electret almost pe rma-  
nen t ly  without  rega in ing  either hetero or homocharge. 
The same result  was obtained with another  sample 
after performing the same type of damaging t reatment .  

The above experiments  show that  recovery of 
heterocharge is possible at least part ial ly for the sam- 
ple t reated at high temperature.  But for the  other 
sample, water  penetra t ion seems to have spoiled both 
the in terna l  and the external  polarizations, and no re- 
covery of charge was detected for four days. 

Dummy samples were also prepared without any 
metall ic electrode and without  the application of polar-  
izing field at 145~ and it was found that such sam- 
ples did not show any  charge. These experiments  
indicate tha t  the presence of a metallic electrode is 
highly essential for obta ining a molding charge and 
also for the formation of an electret. 

Comparing the charge decay characteristics of the 
zero field samples to those with field at low and high 

temperatures,  it can be seen that  polarizing field has 
played a major  role in the formation and characteris-  
tics of SRlo v iny l  electrets. Charge formation below 
100~ is main ly  due to the influence of polarizing field 
as zero field samples did not show any final charge 
at these low temperatures.  However, contr ibut ion due 
to molding charge plays an impor tant  role a t  and 
above the molten state of the electret material.  

It can be seen from Fig. 5 that the anode side of 
electret prepared at 140~ with 10 kv / c m field gives 
an ini t ial  charge of 18x10 -1~ coul /cm 2 in comparison 
to 3x10 -z~ coul /cm ~ of the dummy sample (Fig. 8) 
prepared without  field. The zero field sample gives a 
final charge of about 0.75x10 -1~ coul /cm 2 after 30 days 
whereas the other one gives about 2.0x10 -10 coul /cm 2. 
But the cathode side of the sample without  field gives 
an init ial  heterocharge of 2x10 -10 coul /cm ~ whereas 
the sample with field shows about 18x10 -~0 coul/cm 2 
homocharge ini t ia l ly which reversed to hetero with 
t ime and assumes the final value of about 2.0x10 -1~ 
coul /cm 2. But the anode side does not  show such re-  
versal  of  charge. This indicates that  the polarizing field 
and polarizing tempera ture  have major  influence on 
the formation and characteristics of SR10 v inyl  elec- 
trets. It also shows that  the charge obtained with both 
zero field samples and the samples with field are not 
mere ly  due to the contact electrification between the 
induct ion electrode and the dielectric surface as in -  
dicated by Donald (16) dur ing measurement .  

The curves in Fig. 7 again show that  the cathode 
side always gives a final heterocharge whereas the 
anode side shows a final homocharge . . I t  would be 
difficult to explain these typical  charge formation 
characteristics of the SR10 v inyl  electrets on the basis 
of the two-charge theory of Gross (15) alone. Since 
the cathode side always shows a final heterocharge, 
it can be assumed that  this mater ia l  contains more 
positive ions which under  the influence of the electric 
field must  have collected on the cathode side and 
produced an excessive positive charge on that  surface. 
Charge due to dielectric polarizations as well  as var i -  
ous mechanisms for t ransfer r ing  charge across the 
electret-electrode gap may also be s imultaneously ex-  
isting and the observed charge may  be the resul tant  
of all these contributions.  Thus the effective charge of 
electret at any instant  can be expressed analyt ical ly  
by the following equation. 

CE ~ O'D J r  a- i J~ ~rHomo ~-  ~r M 

where r is the effective surface charge of the elec- 
tret;  ~D is the contr ibut ion of charge due to dipolar 
orientat ion;  ~ is the component due to ionic polariza- 
tion produced by opposite displacements of positive 
and negative ions in the material ;  aHomo is the contr i-  
but ion of charge due to external  polarizations; and 
aM is the charge due to molding and stripping. The 
sign, magnitude,  and the t ime constants of each of 
these components decides the magni tude  and sign of 
the effective charge of an electret. 

Summary and Conclusions 
From this invest igat ion the following conclusions 

can be drawn. 

(i). SR~0 vinyl  is found to be suitable for electret 
preparation.  

(ii). 80 ~ and 140~ are found to be good polarizing 
temperatures  for the fabricat ion of v iny l  electrets 
with stable surface charge characteristics. 

(iii). The cathode sides of all the electrets prepared 
above 120~ give an ini t ial  homocharge which eventu-  
ally reverses to a pe rmanen t  heterocharge, a fact 
which is not  observed normal ly  with other electret 
forming materials.  But the cathode sides of all the 
samples prepared below 120~ show a high ini t ial  
heterocharge which slowly decays to a permanent  
value without any reversal  of charge. This result  in -  
dicates the influence of polarizing tempera ture  on the 
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behavior of electrets, especially in determining the 
polari ty of the final charge. 

(iv). The ini t ial  charge on the anode side of all the 
samples is found to be more than that  of the cathode 
side. This may be due to the fact that  charge mea-  
surements  on the anode side was carried out first, and, 
as the charge decay is very rapid initially, some charge 
on the cathode side must  have been decayed before 
the actual measurement  on that surface has been 
made. This effect could also be par t ia l ly  due to con- 
tact electrification which can occur when the polariz- 
ing electrode is removed from the electret. 

(v).  The polari ty of the final charge on either 
side of all the electrets is found to be positive i r-  
respective of the polarizing conditions. 

(vi). The charge decay characteristics of electrets 
prepared directly from powder under  an electric stress 
(Fig. 9) is found to be very much different from those 
prepared from a molded sample (Fig. 1-6). 

(vii). It is again shown in Fig. 8 that charged sam- 
ples can be prepared by thermal  t rea tment  alone wi th-  
out the application of a polarizing field. But the magni-  
tude and stabil i ty of charges of these samples are not 
as good as those obtained from the electrets prepared 
with a forming field. This result  thus clearly shows 
that polarizing field plays an impor tant  role in the 
formation of a stable electret. 
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Characteristics of NaNb Ol  for Optical 
Switching and Harmonic Generation 

R. R. Rice, ~ H. Fay, H. M. Dess, :* and W. J. Alford 

Union Carbid e Corporation, Electronics Division, Crystal Products Department, San Diego, California 

ABSTRACT 

The optical qual i ty of large single crystals of Ba2NaNb~O15 grown by the 
Czochralski process has been studied. Crystals pulled along the a axis appear 
more attractive than those pulled along the c axis for both electrooptic and 
nonl inear  applications. The 0.528~ second-harmonic beam divergence is slight 
in a-axis  crystals, but  is severe in c-axis crystals. Using a-axis  crystals, ex-  
t inct ion ratios of 13-17 db were obtained over apertures on the order of 1 ram. 
The extinction is l imited by inhomogenei ty  in the passive birefr ingence due 
to slight gradients in the refractive indices. 

Several ferroelectric niobates of the tungs ten  bronze 
s tructure have been synthesized as single crystals by 
Rubin, Van Uitert, and Levinstein (1). Compositions 
such as Ba2NaNb5Ol~ that  have filled A-sites are said 
to be resistant to the type of optical damage observed 
Ln LiNbO3. The properties of Ba2NaNb~O15 have been 
investigated by Geusic and co-workers, and it was 
reported that  Ba2NaNb5015 crystals suffered no optical 
damage even under  intense i rradiat ion at 0.53~ (2). 
The useful nonl inear  coefficients of Ba2NaNb5Oi~ crys- 
tals are approximately twice those of LiNbO3. The 
conversion efficiency for second harmonic  generat ion 
has been found to approach 100% under  opt imum con- 
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1 Presen t  address :  McDonnell  Douglas  Corporation,  St. Louis, 

Missouri. 
S p r e sen t  address: National  Lead Company,  Highs town  Labora-  

tory, Highstown,  N e w  Jersey.  

ditions, and continuous parametric oscillation has also 
been observed (3-5). The hal f -wave retardat ion volt-  
age for optical switching was found to be convenient ly  
low, the field distance product being about 1500v in 
the opt imum direction (6). 

Since Ba2NaNb5015 ideally has such interest ing 
properties, a great deal of effort at various laboratories 
has been devoted to its growth, Characterization, and 
improvement.  This paper describes the authors '  efforts 
to grow and characterize single crystal Ba2NaNb5015. 
The most serious problem in the growth and applica- 
tion of Ba2NaNb~Ol~ has been that  of obtaining good 
optical quality. The authors have at tempted to im-  
prove the optical quali ty of this mater ial  by usLng 
various growth procedures and  to characterize the 
performance of optical components fabricated from 
existing material.  
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Growth and Preparation 
Large single crystals of Ba2NaNBsO:~ can be grown 

from the melt  by the Czochralski technique. The mel t -  
ing point is approximate ly  1450~ (uncorrected py-  
rometer  reading)  and is essentially unaffected by 
slight changes in mel t  composit ion or gross changes 
in ambient  atmosphere.  The mel t  can be established 
and maintained in p la t inum crucibles by induct ive 
coupling of the crucible to an r - f  generator�9 Single 
crystals are grown by nucleat ion on a seed crystal  
and pull ing the seed from the melt. In a typical  growth 
run, the crystal  is pulled into a neutra l  or oxidizing 
atmosphere at a ra te  of 5-15 m m / h r  wi th  a rotat ion 
rate of about 30 rpm. An electr ical ly heated af ter -  
heater  is located over  the mel t  so that  the crystal 
can be cooled slowly af ter  te rminat ion  of the growth, 
in order to reduce cracking. Crystals can be pulled 
along ei ther  the a or c direction by approximate ly  the 
same technique, a l though the a-axis  crystals have a 
somewhat  greater  tendency to crack. Figure  1 shows 
two representa t ive  a-axis  and c-axis boules. Typical  
boule dimensions are 1 x 5 cm. 

Boules of Ba2NaNb5015 consist of many ferroelectr ic  
domains as shown by the ear l ier  studies (7). The  
domain s t ructure  in both a- and c-axis crystals con- 
sists of stacked concave disks in which the polarization 
is oppositely directed. The domain s t ructure  in c-axis 
Ba2NaNb5Ols can be readi ly  observed by polishing or 
l ight ly  etching with  HF normal  to the growth direc-  
tion. The domains may be detected s imilar ly in a-axis  
boules, but they are more difficult to observe. The 
domain thickness in both a- and c-axis crystals varies 
f rom approximate ly  two to ten microns�9 To be useful 
as an act ive optical component  a crystal  must first be 
conver ted to a single ferroelectr ic  domain by an ap- 
propriate  poling procedure. Both a- and c-axis  crystals 
can be completely  poled by the same procedure which 
consists of applying a field in excess of 100 v / c m  along 
the c direction near  the Curie temperature�9 The field 
can be applied a few degrees below the Cur ie  point 
for a sufficient period, or the crystal  can be cooled 
through the Curie  point under  field. The authors pre-  
fer  the la t ter  procedure. 

Since Ba2NaNb~O15 is an or thorhombic crystal  (2 
m m )  below about 300~ it becomes finely twinned  
whenever  the boule is cooled below this temperature .  
Detwinning  is accomplished after  poling by applying 
a compressive mechanical  stress along one of the 
principal  or thorhombic directions (a or b) perpendicu-  
lar to the te t ragonal  c direction, to reor ient  the un-  
desired twins�9 As in the case of L a A 1 Q  (8), de twin-  
ning can be accomplished at room tempera ture  by 
the application of sufficient stress�9 It can also be ac- 
complished by the application of a milder  stress at 
e levated temperatures�9 Typical stress requi rements  
are 30,000 to 50,000 psi at 25~ 10,000 psi at 175~ or 

less than 100 psi at 300~ The detwinned crystal  is 
sufficiently stable so that  it can be subsequent ly  cut 
and polished without  re int roducing the twins�9 How- 
ever, reheat ing the crystal  to 300 ~ wil l  cause the 
twins to recur.  

Characteristics 
The dielectric propert ies of many Ba2NaNb~O:~ 

boules have been measured from room tempera tu re  to 
600~ The real  part  of the dielectric constant along 
the c direction rises f rom about 50 at 25~ to as high 
as 70,000 at the Curie point, as shown in Fig. 2. The 
imaginary  par t  also rises wi th  t empera tu re  and attains 
a m ax im um  at the Curie point�9 There  appears to be 
no dielectric anomaly at the or thorhombic- te t ragonal  
transi t ion near  300~ Figure  2 shows the dielectric 
constant at 10 kHz along the c direction as a function 
of t empera tu re  for one par t icular  specimen. The re-  
ciprocal is also plotted to show how well  the Cur ie-  
Weiss law is obeyed above Tc. The value of Tc can be 
reproduced to wi thin  I~ and is probably accurate to 
wi thin  a few degrees. 

The Curie point was found to be sensitive to com- 
position. When spectroscopic grade Ba(NO3)2 and 
NaNO3 were  used as s tar t ing materials,  the authors 
found the Curie point to be near  560~ as reported 
by Van Uitert.  However,  when  reagent  grade nitrates 
were  used, the Curie point rose to 580~ In both 
cases, the same source of Nb205 was used. Analysis 
of the powders used are repor ted  in the Appendix.  

The effects of doping s toichiometry and growth ori-  
entation were  studied. Ta205 was added up to 5 w/o,  
and excesses of up to 10 a /o  Na20, BaO, and Nb20.~ 
were  made in various melts�9 The Curie point is de- 
pressed about 8 ~ per m / o  Ta205 added to the melt, in- 
dicating the formation of a continuous solid solution 
as in the case of KTN. The Curie point was found to 
be sl ightly depressed in crystals pulled f rom off- 
s toichiometry melts. Chemical  analyses did not reveal  
any significant var iat ions in the s toichiometry of crys-  
tals pulled f rom melts of different compositions�9 This 
is similar to the results found for LiNbO3 (10). 

There  are four types of optical aberrat ion in 
Ba2NaNb~Ols which tend to restr ict  the usefulness of 
crystals for electrooptic or nonl inear  applications. The 
most persistent defects are growth striations which 
appear  to some extent  in all crystals�9 A second more 
subtle optical defect is a refract ive  index var ia t ion 
parallel  to the growth direction which is observable 
as bands paral le l  to the growth axis. A third type of 
defect is a slow variat ion of refract ive  index which 
produces in terference fr inges when a crystal  with flat 
and paral lel  faces is used as a Fabry -Pe ro t  etalon in 
a laser beam, A four th  type of defect, seen only oc- 
casionally, is a gross localized refract ive index a n o m -  

Fig. i. Typical boules of Czochralski-grown Ba2NaNb~Ols pulled 
along the a axis (top) and along the c axis (bottom). 
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aly which may appear quite different when  viewed 
under  different polarizations. 

The growth striations are periodic variat ions of 
refractive index normal  to the growth direction. Under  
certain growth conditions, the spacing of the striations 
is perfectly regular  and is usual ly between 5 to 10~. 
The growth striations appear to be identical  in crys- 
tals pulled along either the a axis or the c axis. The 
appearance of the growth striations and other refrac- 
t ive anomalies in the crystal is s trongly dependent  on 
the polarization of the t ransmit ted  light. The striations 
appear in sharpest relief when the light is propagating 
along the a or b axis and is polarized along the c axis. 
The striations near ly  vanish when  viewed in light 
propagating along a, polarized along b, or vice versa. 

In both electrooptic and nonl inear  applications the 
incident beam is directed normal  to the c axis. This 
requires that  the light pass along or between the 
growth striations in  a c-axis crystal  and normal  to 
the striations in an a-axis crystal. Light is refracted 
and diffracted by these index variations, and the aber-  
rat ion can be appreciable in a c-axis crystal when 
the beam passes parallel  to the striations. This may 
cause a deleterious affect on the performance of an 
optical component. In  an a-axis crystal, the beam 
passes normal  to the striations, and the aberrat ion is 
much less severe. 

Optical defects cause an increase of beam divergence 
when a collimated beam of light is t ransmit ted  through 
the crystal. The beam divergence introduced by a-axis 
crystals differs markedly  from that  produced by c-axis 
crystals. Figure 3 shows the effect of insert ing optically 
finished crystals of both orientations into a He-Ne 
laser beam. In  all cases the light was propagated per-  
pendicular  to the c axis. For the c-axis crystal this 
direction is along the striations, and the beam is de- 
graded appreciably by diffraction in the crystal. In  the 
a-axis crystal the beam is propagated in the growth 
direction, thus, normal  to the striations, and the beam 
divergence is much less. The incident  light is polarized 
along c on the right, at 45 ~ to c in the center, and along 
a on the left. The photographic plate was at a distance 
of 3m from the crystal. The most severe effect is seen 
for light polarized along c, which is the polarization 
direction of the harmonic wave in second-harmonic-  
generation experiments  when the incident wave is 
polarized normal  to c. Figure 4 shows actual 0.528~ 
second-harmonic spots obtained with a- and c-axis 
crystals at a distance of 3m from the crystal  with a 
lens after the crystal to collimate the harmonic beam. 
The harmonic beam generated by the c-axis crystal 
suffers severe distortion, and the spot is degraded into 
a line. The spot obtained with the a-axis crystal shows 

Fig. 4. Photographs of 0.53~ harmonic beam generated by passing 
1.06~ laser beam into c-axis (left) and a-axis (right) crystals of 
Ba2NaNb5015. A lens was used to collimate the harmonic beam. 
The distortion of the spot indicates the beam divergence at the 
plane of the lens. 

some loss of definition, but  the effect is not near ly  so 
severe as in the c-axis crystals. 

Crystals of Ba2NaNb5015 are very good harmonic 
generators for 1.06~ Nd:YAG laser radiation. About  
20 mw of 0.528~ second harmonic radiat ion was pro-  
duced in an early exper iment  using a rather  poor a- 
axis crystal without  antireflection coatings. No optical 
damage was induced in the crystal at this power level, 
nor was damage reported by Geusic for the much 
higher power levels obtained with selected crystals. 
Some differences have been observed in the phase- 
matching tempera ture  (PMT) of crystals studied at 
this laboratory. Some crystals have a PMT as high as 
125~ while others grown from purer  melts have a 
PMT as low as 80~ The PMT and the Curie point  
show a definite correlation. Crystals having a Curie 
point near  580~ have a PMT near 80~ The precise 
PMT obtained for a given crystal  is very sensitive to 
the presence of slight impuri t ies  in the star t ing mate-  
rials. 

In a typical  electrooptic exper iment  the incident 
collimated light propagates down the a or b axis 
polarized at 45 ~ to the c axis, and the switching field 
is applied along the c axis. The field distance product 
for half wave retardat ion has been reported as 1570 
and 1720v for light propagating along a and b, respec- 
t ively (2). This compares favorably to the 2800-3000v 
obtained with LiNbO3 and LiTaO~. The authors have 
obtained a lowest value of about 1250v for light prop- 
agating down the a axis for the best crystals examined. 

To be useful  for electrooptic applications, 
Ba2NaNb5015 crystals must  show a high extinction 
ratio over a reasonable aperture. An indication of 
the useful aperture can be obtained by an examina-  
tion of the passive interference pat terns observed 
when an optically finished crystal is i l luminated by 
parallel  coherent light between polarizing prisms. 
Figure 5 shows three  such interference pat terns ob-  
tained for a typical a-axis crystal. The b axis, which 

Fig. 3. Distortion of He-Ne laser beam by transmission through 
c-axis crystaTs (upper) and a-axis crystals (lower) of Ba2HaNb5015. 
The uppermost spot in all photographs is that produced by the 
laser alone; the lower image is the beam after passing through 
the crystal. The c axis is horizontal. The incident light is polarized 
parallel to c (right), at 45 ~ to c (center), and normal to c (left). 

Fig. 5. Interference patterns produced by a crystal of 
Ba2NaNb~O~5 illuminated by paratlel coherent Tight between pol- 
arizing prisms. The direction of the E field and the c axis are 
indicated. The outer images show etalen fringes due to varia- 
tions in nz and nx, respectively. The central image shows fringes 
due to variations in the birefringence, nz-n• 
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for this crystal is the growth direction, is the direc- 
tion of light propagation for the three cases shown. 
On the left the prisms are set parallel  to c, and the 
interference pat tern results from a spatial variat ion 
in nz. On the right the prisms are set parallel  to a, 
and here the interference pat tern  is the result  of a 
spatial variat ion in nx. The variat ions in n ,  and nz 
combine to produce a net spatial variat ion in bire-  
fr ingence By across the face of the crystal, which is 
observed directly when the prisms are set at 45 ~ to c, 
as shown in the center photograph. 

The birefr ingence interference pat tern  shows high 
contrast, but  the interference pat terns due to var ia-  
tions of nx and nz are faint. This is because the bire-  
fr ingence pat tern  is formed by waves which make a 
single t ransi t  through the crystal, whereas the in ter -  
ference patterns observed for polarizations along a 
and c are formed by waves which are incompletely 
reflected from the crystal faces an odd number  of 
times. The wave ampli tude decreases with each reflec- 
tion, hence complete cancellation does not occur. The 
crystal is a Fabry-Pero t  resonator or "etalon." The 
interference pat terns shown in Fig. 5 are ra ther  typi-  
cal of good a-axis crystals viewed down the growth 
axis. Note that, while the spatial variat ion in nz and 
nx is different, the birefr ingence exhibits a near ly  
radial  variation. The birefr ingence pat terns observed 
for c-axis crystals, viewed normal  to the growth axis, 
show fringes which are broken up by the growth 
striations. 

The electric field dependence of nx and ny can be 
measured directly. The intensi ty an etalon fringe will  
go from maximum to min imum as the optical length 
of the crystal changes by one-quar te r  wavelength.  The 
applied field necessary to change the optical length of 
the crystal  by ~./4 can be easily calculated from the 
crystal dimensions and the electrooptic coefficients. 
When the light propagates down b polarized parallel  
to c, one has 

2~onz3Z33 ~ : l o / ( E 3  �9 12) [ 1 ]  

Likewise, when the light propagates down b polarized 
parallel  to a, one has 

2eonx'~Za3 ~ = },o/(E.~ " 12) [2] 

Here zi/' is defined as Opi/OEj, where ~i is a pr incipal  
optical impermeabi l i ty  coefficient, ~,o is the free space 
wavelength of the light, and 12 is the length of the 
crystal in the b direction. The quant i ty  (E3 �9 12) is the 
field-distance product that induces a change in optical 
length of )J4. A change in relative retardat ion of one 
halfwave is required to change the intensi ty  of the 
fringes in the birefr ingence interference pat tern  from 
max imum to min imum and vice versa. For light prop- 
agating down b polarized at 45 ~ to c, the halfwave 
field-distance product obeys the equation 

eo (nz3Z33  ~ - -  n x a z l 3  ~  : ) - o / ( E 3  �9 12) [ 3 ]  

By measuring these three different values of (E3 �9 12) 
one can independent ly  determine z13 o and zsa ~ from 
Eq. [1] and [2] and determine their relative signs from 
Eq. [3]. 

The three values of (E3 �9 1.2), for a par t icular  crystal  
of Ba2NaNb5015, have been measured to be 535, 1400, 
and 1600v, respectively. The corresponding electrooptic 
coefficients are 

eonxaz13 ~ = 2.3 X 10 -1~ m volt -1 
~onz3z33 ~ = 5.9 X 10 -~~ m volt -1 [4] 
~o (nz3z33 ~ --nx3z31 ~ = 3.9 • 10 -10 m volt -1 

The lat ter  value has been determined from Eq. [3] 
but can be computed using the results of applying Eq. 
[1] and [2]. This procedure leads to a value of 3.7 x 
10 -~~ m vo l t - l ,  which agrees well with the directly 
measured value and shows that zx3 o and z33 ~ have the 
same relat ive sign. The values given in Eq. [4] agree 
within the limits of exper imental  uncer ta in ty  with 

those reported by Geusic et al. (2) on crystals of 
Ba2NaNbsOa5 synthesized by them. 

The extinction ratio for electrooptic switching has 
been measured for a number  of crystals. The values 
obtained depend strongly on the aper ture  used for 
the measurement .  The highest values are obtained 
when the beam passes through the centra l  region of 
the passive birefringence pat tern  shown in Fig. 5. 
With an effective aper ture  of 1 mmZ, extinction ratios 
of 13-17 db have been measured in this central  region. 
When larger apertures are used, or the aperture is 
moved to a different region of the crystal, the ext inc-  
tion ratio degrades rapidly due to the nonuni formi ty  
of the passive birefringence. By observing the entire 
crystal wi th  the d-c halfwave voltage applied, or by 
applying an a-c signal with a peak- to-peak voltage 
corresponding to a full wave of retardation,  it may be 
shown that the electrically induced bixefringence is 
essentially homogeneous throughout  the crystal. The 
extinction ratio is determined by the inhomogenei ty  
of the passive birefr ingence and thus could be im-  
proved greatly if these variations could be compen- 
sated by special wave plates or other means. 

Summary 
The quali ty of Ba2NaNbsO15 crystals produced by 

Czochralski pul l ing along the crystallographic a- and 
c-axis directions has been compared. Both types of 
crystal  exhibit  striations and slight variat ions in index 
of refraction, Curie temperature,  and phase-matching 
temperature.  The optical behavior of a-axis crystals 
is superior to c-axis crystals since the light is propa- 
gated normal  to the striations and thus suffers less 
beam divergence. The Curie and phase-matching tem-  
peratures and the electrooptic coefficients have been 
measured and found to agree with previously reported 
values. With a 1 mm 2 aper ture  extinction ratios of 13 
to 17 db have been measured in the central  region of 
the interference pattern.  The extinction is l imited by 
the inhomogenei ty  of the passive birefringence. 

Manuscript  submit ted Nov. 18, 1968; revised m a n u -  
script received ca. Feb. 10, 1969. This was Paper  107 
presented at the Boston Meeting, May 5-9, 1968. 

Any discussion of this paper  will appear in a Discus- 
sion Section to be published in the December 1969 
JOURNAL. 

APPENDIX 

The chemical analyses for the reagents used are as 
follows: 

Nb205 Kawecki Chemical  Company 
ppm 

Ta205 250 
Fe < 3 
Ta, Cr, Co, Ni, Cu, Mn, V < 1 each 
Loss on ignit ion 200 

NaNO3 Spectroscopic grade, United Mineral  and 
Chemical Company 

ppm 
Ba 3 
Ca 5 
Fe 2 
Mg, K 1 each 

Ba(NO3)2 Spectroscopic grade, United Mineral  and 
Chemical Company 

ppm 
Fe 3 
Ca 1 
A1 < 1 
Mg < 1 

NaNO3 Reagent grade, Baker Chemical Company 
% 

C1 0.001 
IO3 < 0.0005 
NO2 < 0.001 
PO4 0.0001 
SO4 0.001 
Ca, Mg, and R203 precipitate 0.0003 
Heavy metals (as Pb) 0.0003 
Fe 0.0001 



Vol. 116, No. 6 O P T I C A L  S W I T C H I N G  O F  BaeNaNbsO15 843 

B a (NO3) 2 Reagent grade, Baker Chemical Company 
% 

C1 0.0002 
Ca 0.025 
Heavy metals (as Pb) 0.0001 
Fe 0.0001 
Sr 0.050 
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The Epitaxy of ZnSe on 

Ge, GaAs, and ZnSe by an HCI 
Close-Spaced Transport Process 

H. J. Hovel* and A. G. Milnes* 

Carnegie-Mellon University, Pittsburgh, Pennsylvania 

ABSTRACT 

The epitaxial  growth of ZnSe is described on (111) oriented substrates of 
Ge, GaAs, and ZnSe, using a close-spaced HC1 transport  process. Single-  
crystal layers of 1-350~ in thickness were obtained at growth rates of 0.5-160 
~/hr and substrate temperatures  of 550~176 Both the surface appearance 
and the growth rate  were found to depend strongly on the substrate material .  
For ZnSe layers grown on Ge, cracking caused by tempera ture  coefficient 
differences may occur, but can general ly be suppressed by using a slow cool- 
ing process. Resistivities of 103 ohm-cm were obtained using Ga as the n - type  
dopant accompanied by a zinc-rich ambient.  

Description of the Growth System 
Several  vapor  phase processes have been used for 

the epitaxy of ZnSe, including open tube t ranspor t  
in pure He (1) and iodine disproportionation (2). An 
open tube HC1 process has also been described (3); 
however, re lat ively large HC1 concentrations (10-15%) 
were required to produce the desired growth rates, 
while secondary consti tuents such as iodine were used 
to prevent  substrate etching. 

A close-spaced epitaxy technique (4) using HC1 
was chosen for this work because of its inherent  high 
efficiency and flexibility. A diagram of the growth 
system is shown in Fig. 1. The "close-spaced" term 
refers to the area encircled at the lower center, where 
the source and substrate are held r igidly between oxi- 
dized Si blocks and separated by a quartz spacer of 
10-12 mils. The upper  and lower blocks are heated 
independent ly  by infrared lamps and the temperatures  
regulated by thermocouples, enveloped inside quartz 
fingers, which are inserted into the blocks and lead 
out to SCR (Thyristor) controllers. During growth, 
620~176 is established at the source and 550~176 
at the substrate, with a max imum obtainable tempera-  
ture difference of approximately 120~ 

High-pur i ty  HC1 (Precision Gas Company) and 
palladium-diffused He are mixed at flow rates of about 
20 and 1000 cc/min,  respectively. A large fraction 
(98-99%) of this mix ture  is "dumped" (exhausted out 
of the system) and the remainder  admitted into the 
growth tube, bypassing the zinc to prevent  reaction 
with the HC1. (The zinc is used in the doping pro-  
cedure after the layer  has been grown.) A second He 
input  introduces H2 at 100-200 cc/min,  di lut ing the 
final mix ture  in the tube to HC1 concentrations of 

* Electrochemical Society A c t i v e  M e m b e r .  

0.01%; even lower concentrat ions are possible at the 
cost of higher flow rates. Low HC1 concentrat ions were 
necessary to prevent  etching of Ge substrates. The 
system was run  at just  slightly greater than  atmos- 
pheric pressure, as determined by the height of H2SO4 
and H20 in the exhaust line. 

In  order to el iminate possible sources of contamina-  
tion resul t ing from reaction with HC1, all parts  of the 
system coming into contact with it were constructed 
of Pyrex,  quartz, and inert  plastics, such as Teflon and 
Kel-f.  Many of the glass connections were made into 
solid pieces by glass working techniques, and the re-  
maining  intersections were made with Teflon fittings 
(Beckman Company) .  The use of H20, H2SO4, and a 
cold trap in the output  sections prevented the diffusion 
of contaminants  into the system from the atmosphere 
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Fig. 1. ZnSe growth system 
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and el iminated the corrosive gases from the exhaust  
line. Just  prior to growth, all connections were 
checked for leaks using hel ium leak detection tech-  
niques. H2 was then passed through the system at high 
flow rates, while heat ing the quartz reaction tube and 
zinc to 350~ to el iminate water  vapor and oxygen. 
These precautions minimized the possibility of un -  
wanted impuri t ies  in the growths. 

Source Preparation 
The ZnSe used as the source mater ia l  was purchased 

in the form of high resist ivity (10s-109 ohm-cm) in-  
gots of large crystal grain size (Eagle-Picher Com- 
pany) .  Doping of the sources was performed by cut-  
t ing the  ingot to 0.050-in. thick slices and sealing 
these under  vacuum (10 -6 mm Hg) in an ampoule 
containing zinc and an n - type  dopant such as high-  
pur i ty  a luminum,  gallium, or indium. (Contact with 
molten zinc during doping suppresses zinc vacancies 
and may also getter metallic impuri t ies  from the 
ZnSe.) The ampoule was then held at a tempera ture  
in the range 900~176 for a period of 4-7 days. 
After cooling to 700~ the sealed ampoule is t ipped 
upside down to pour off the zinc and allowed to cool. 
Any traces of zinc remaining  on the  ZnSe may be 
etched off with HC1. 

For a luminum as the dopant  the ZnSe showed elec- 
t ron concentrat ions in the low 10 TM cm -3 and mobil i -  
ties (300~ in the range 100-200 cm2/volt-sec. For  
gal l ium the concentrations were typical ly from 2 x 10 TM 

to 1017 cm-~, depending on the doping temperature,  
and the mobilit ies were 300-500 cm2/volt-sec; the 
lower mobilit ies were associated with the higher 
doping densities. For  ind ium the concentrat ions were 
usual ly about 2 x 10 TM cm -3 and the mobili t ies about  
400 cmZ/volt-sec. Zinc with no A1, Ga, or In present  
produced electron concentrat ions of just  under  10 TM 

cm -3 with mobilit ies of 350-550 cm2/volt-sec. 
For use as a source the ZnSe slice was mechanical ly 

lapped, followed by cleaning in acetone and methanol.  
Just  prior to loading the slice was etched for several 
minutes  in b romine-methanol  solution and quenched 
in methanol.  

Substrate Preparation 
Germanium substrates were cut and  mechanical ly 

lapped to a 1~ finish, then mounted  on quartz disks 
and polished to scratch-free, mirror  smoothness using 
an NaOC1 process (5). The samples were then cleansed 
in boiling trichloroethylene, acetone, and methanol  
and finally etched in modified Superoxol (1HF: 
1H202: 4H20): (20 H2SO4) in a rapidly rotat ing 
beaker  in order to remove several microns from the 
Ge surface, removing any  shallow surface damage 
and providing an ini t ial ly clean surface. 

Substrates of GaAs were polished satisfactorily by 
mechanical  lapping to 0.05~, then heat ing in 10 H20: 
1NaOC1 for 1 hr  at 60~176 removing about 0.5 mils 
of mater ial  and producing mir ror  smooth surfaces. 
ZnSe substrates were prepared by the same me-  
chanical lapping followed by a 10-15 rain etch in a 
rapidly rotat ing beaker of b romine-methanol  solution. 
The amount  of mater ial  removed by this etch is deter-  
mined by the bromine concentration, and can be 
varied over a wide range. 

ZnSe Epitaxial Layers 
Single-crystal  layers of ZnSe have been grown on 

(111) oriented substrates of ZnSe, GaAs (B face), 
and Ge using both pure H2 and H2-HC1 atmospheres. 
Strong dependence of the growth rate on the substrate 
mater ial  was observed; the rates were typically 10-40 
times higher on Ge than on either of the other two 
materials. This can probably be a t t r ibuted to a chemi- 
cal reaction occurring between the Ge and the reaction 
products from the ZnSe etching. 

Figure 2A shows the surface of a 15~ ZnSe layer 
grown under  "fast" conditions, i.e., high growth rates 
and high HC1 concentrations. A large density of ir-  
regular  stacking faults is apparent.  The reason for this 

Fig, 2A. ZnSe surface under fast growth conditions: source 
temperature 640~ substrate temperature 570~ 15 ~/hr; 0.2% 
HCI; Magnification 300X. 

Fig. 2B. Ge surface after removal of ZnSe layer in Fig. 2A, 
showing deteriorated surface. Magnification 300X. 

is revealed in Fig. 2B, which shows the Ge surface 
after removal  of the ZnSe layer  by bromine-methanol  
solution, which does not affect the Ge. The Ge has 
been severely etched (1/2 mil, roughly, in depth) by 
the s imultaneous action of HC1 and H2Se (one of the 
ZnSe-HC1 reaction products) dur ing the ini t ial  stages 
of the ZnSe growth. 

The si tuation is greatly improved by lowering the 
concentrations of these etching gases. Figure 3A shows 
the surface of a ZnSe layer grown under  "slow" con- 
ditions, an order of magni tude  reduct ion in both the 
growth rate and HC1 concentration. The layer is well 
oriented, s ingle-crystal  material,  al though a rela-  
t ively high density of t r iangular  stacking faults is 
observed. The Ge surface after removal  of the ZnSe 
is shown in Fig. 3B; the surface has been unaffected 
by the epitaxial  growth, and retains the mir ror  smooth 
polish with which it started. 

Figure 4 shows the surface of a ZnSe layer on GaAs 
(B face), in which a Ge substrate was also present 
(adjacent  to the GaAs) dur ing the growth in order to 
obtain reasonable growth rates. The surface has a 
cobblestone appearance, 4A, made by a high density 
of t r iangular  pyramids. In 4B the same surface is 
shown at a different position, demonstrat ing larger 
pyramids extending about 2~ out of the surface. The 
GaAs surface beneath the ZnSe layer general ly  re-  
tained the high polish (comparable to Fig. 3B) with 
which it started. Occasionally however, slight pre-  
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Fig. 3A. ZnSe surface under slow growth conditions: source 
temperature 700~ substrate temperature 580~ 2 ~/hr; 0.02% 
HCI; Magnification 300X. 

Fig. 3B. Ge surface after removal of ZnSe layer in Fig. 3A, 
showing that the original mirror polish is retained. Magnification 
300X. 

Fig. 4A. ZnSe grown on GaAs under slow conditions, with Ge 
substrate also present: ZnSe surface; source temperature 700~ 
substrate temperature 580~ 1 ~/hr; 0.02% HCI; Magnification 
300X. 

growth etching was noted; this etching occurred 
whenever  leakage was introduced into the system 
either in tent ional ly  or unintent ional ly ,  and is pre-  
sumably due to reaction with oxygen or water  vapor. 
This slight etching did not occur whenever  such leaks 
were reduced to their  practical min imum,  roughly 
10 - s  cc/sec per  fitting. 

Fig. 4B. Same surface as in Fig 4A, different position, showing 
growth irregularities. 

ZnSe layers grown on ZnSe substrates had mirror  
smooth surfaces over most of the grown region. The 
presence of twin  bands usual ly  found in ZnSe single 
crystals allowed an orientat ion dependence to be ob- 
served; the growth rate on one twinned  region was 3 
or 4 t imes that  on the other twin,  giving a l ternate ly  
high and low plateaus, each with mir ror  finishes. 

The quant i ta t ive  results for the growth of ZnSe on 
ZnSe, Ge, and GaAs under  various operat ing condi- 
tions are presented in Table I. For a given substrate 
temperature  and HC1 concentration, the growth rate 
increased with increasing source temperature;  how- 
ever, there was no appreciable change in the na ture  
of the epitaxial  layers. (The efficiency, defined as the 
amount  of ZnSe grown divided by the amount  etched 
from the source, was 45-60% and was independent  of 
the substrate and growth rate.) Rows 1 and 2 de- 
scribe the results for relat ively high HC1 concentra-  
tions; the growth rate on Ge seeds is seen to be many  
times higher than on ZnSe substrates for essentially 
equal conditions. Rows 3 and 4 demonstrate similar 
enhancement  with Ge for growth in pure H2 atmos- 
phere. A comparison of 1 and 2 with 3 and 4 demon-  
strates the much higher growth rates using HC1 as the 
t ransport  agent instead of pure H2. Rows 5 through 
7 describe the si tuation using low HC1 concentrations; 
the rates on GaAs substrates were approximately the 
same as on ZnSe ones. When ZnSe-GaAs devices 
grown at low substrate temperatures  (560~176 
were desired, adjacent  Ge and GaAs substrates were 
used simultaneously;  the presence of Ge increased the 
ZnSe growth rate on GaAs to a practical value. 

The enhanced rates of growth on Ge substrates are 
probably  caused by a chemical reaction between the 
Ge and the ZnSe reaction products 

2HCI -p ZnSe ~ ZnC12 -p H2Se [1] 

Table I. Growth of ZnSe on ZnSe, Ge, and GaAs 

Al l  subs t r a t e s  we re  (111) o r i en ted ,  w i t h  t o t a l  f low ra te  
of 200 c c / m i n  ( reac t ion  t u b e  43 m m  d i a m e t e r ) .  

Source  to  s u b s t r a t e  s p a c i n g  is 12 mi ls .  

S o u r c e  S u b s t r a t e  G r o w t h  
G r o w t h  c o n d i t i o n s  t emp ,  ~ t emp ,  ~ ra te ,  ~ / h r  

1. Z n S e  u p o n  Z n S e  760 660 8 
0.2% HC1 620 580 0 

2. Z n S e  u p o n  G e  760 620 160 
0.2% HC1 620 570 8 

3. Z n S e  u p o n  ZnSe  760 660 0.05 
p u r e  H2 

4. Z n S e  u p o n  Ge  760 660 0.3 
p u r e  H2 

5. ZnSe  u p o n  G e  680 570 
0.02% HC1 

6. Z n S e  u p o n  G a A s  (B) 750 640 
0.02% HC1 700 590 

7. Z n S e  u n o n  G a A s  (B) 700 580 
(0.02% HCI w i t h  G e  
seed also present )  

1 

0.5 
0 
1.0 on G a A s  
3.0 on Ge  
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Ge ~ xH2Se ~ GeSex ~- xH2 [2] 

The Ge vapor species then produces a feedback 
effect by greatly increasing the etch rate at the ZnSe 
source. It  is not known, however, whether  the Ge acts 
as a catalyst for reaction [1] or produces a second re-  
action at the ZnSe source. Since the upper Ge surface 
is gradual ly  covered by the growing ZnSe layer, less 
Ge surface is available for reaction [2]. The sides and 
bottom of the wafer, however, do not become covered 
and remain  available for the reaction. 

A second possibility, reaction between the Ge and 
HC1 

Y 
y HC1 -k Ge ~ GeCI~ -t- ~- H2 [3] 

to produce the chloride as the feedback species, can be 
largely ruled out. When layers of GaAs were grown 
on Ge in an identical system at the same HC1 concen- 
tration, temperature,  and growth rate, no etching of 
the Ge substrate comparable to Fig. 2B was ever 
observed (6). The surface in Fig. 2B is therefore at-  
t r ibuted  to reaction of the Ge with H2Se ra ther  than 
HC1. 

A Laue back-reflection pa t te rn  of a 20~ ZnSe layer 
grown on Ge at 5~/hr is seen in Fig. 5. Since the ZnSe 
layer is relat ively thin, a certain portion of the pat tern  
may be due to the Ge beneath. The fraction F of the 
scattered beam intensi ty  contr ibuted by a layer  of 
thickness x is given by (7) 

F ~- 1 - -  e -c~x[l+l/sin(20-90~ [4] 

where ~ is the x - ray  absorption coefficient at a par -  
t icular wavelength,  and 2o is the angle between the 
incident and back-reflected beams. Since tungsten  ta r -  
gets yield a var ie ty  of wavelengths,  an exact analysis 
of the scattering would take into account an integrat ion 
over all the wavelengths present. Values of ~ range 
from 300 to 1500 cm -1 for ZnSe; taking 800 cm -1 as 
an example, and using x ~ 20~ and 0 ---- 75 ~ the frac- 
t ion [4] of the scattering due to the ZnSe is 0.97 at 
this wavelength.  The pat tern  of Fig. 5 therefore dem- 
onstrates the single crystal l ini ty  and (111) or ienta-  
t ion of the ZnSe layer  and is typical  of all the pat-  
terns taken. 

Fig. 5. Laue x-ray back reflection pattern of a 20~ ZnSe layer 
on Ge (tungsten target). 

Fig. 6A. Cracks in ZnSe layers grown on Ge: layer 30~ thick, 
cooled from growth temperature at 10~ showing crack for- 
mation. Magnification 300X. 

Fig. 6B. Layer 3~ thick, cooled from growth temperature at 
0.8~ showing absence of cracks. Magnification 100X. 

Crack Forma t ion  

After heterojunct ion layers have been grown, prob- 
lems may arise from the thermal  expansion mismatch 
of the two materials.  Figure 6A shows a 30~ layer  on 
Ge which was cooled from the growth tempera ture  
of 600~ at the rate of 10~ Severe cracking has 
resulted, extending completely through the ZnSe and 
par t ly  into the Ge. Such cracking has been observed 
in other heterojunct ion structures, notably  Ge-Si  
where the lattice mismatch at room tempera ture  is 
about 4%. The thermal  expansion coefficient of ZnSe 
has been measured (8) up to 520~ the lattice mis-  
match between ZnSe and Ge at the growth temper-  
ature is approximately 0.6% compared to 0.15% at 
room temperature.  Although this is considerably less 
than the 4% of Ge-Si, it is apparent ly  sufficient to 
cause cracking. 

By restriction of the ZnSe growth to th inner  layers 
however, and cooling from the growth tempera ture  
at very slow rates, a process of anneal ing is introduced. 
Figure 6B shows a 3~ ZnSe layer  cooled at 0.8~ 
under  these conditions cracking apparent ly  does not 
occur. For  ZnSe-GaAs the lattice and expansion mis- 
matches are higher, and here also no cracking is ob- 
served for thin layers and slow coo]ing. 

Doping of  ZnSe La yer s  

Difficulties are encountered in doping I I -VI  com- 
pounds such as ZnSe because of the self-compensation 
which occurs. For each in tent ional ly  added n- type  
impur i ty  a corresponding zinc vacancy may be formed, 
which being acceptor-like, compensates the donor. 
Such compensation may be almost exact (9), so that 
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the number  (Nd - -  Ny (Zn))  is orders of magni tude 
less than Nd. It is therefore necessary to provide Zn 
atoms to the crystal ambient  in order to control the 
Zn vacancy density and allow the donors to become 
electrically active. 

The best method avai lable is to surround the ZnSe 
with l iquid Zn at temperatures  of 80O~176 for 
times dependent  on the size of the sample (10). In 
addition to reducing Zn vacancies, this has the addi-  
t ional advantage of gettering other p- type impurit ies 
from the ZnSe. It  cannot  be used for ZnSe on Ge 
directly, however, since the Ge dissolves completely 
in Zn at these temperatures.  This problem does not 
arise with ZnSe on GaAs, since the GaAs does not 
dissolve, but  Zn is a fast diffuser in GaAs and dras-  
t ically changes its resistivity, therefore leading to 
poor control. 

The method adopted here is the diffusion of Zn from 
the vapor phase. A zinc-filled quartz boat is placed 
near  the input  end of the tube (see Fig. 1) and kept 
at room tempera ture  dur ing the growth period. The 
zinc is therefore inactive dur ing the growth, but  is 
heated to temperatures  of 700~176 after the growth 
has finished, establishing a Zn part ial  pressure of 
10-150 mm Hg in the vicini ty of the grown layer. 
Zinc may then diffuse into the layer from the vapor 
while the Ge or GaAs is protected by its contact with 
the SiO2-covered Si block. 

The donor impur i ty  itself can be added in a variety 
of ways. The most successful method has been to use 
source ZnSe mater ia l  heavily doped with Ga or A1, 
prepared by heat - t rea t ing in liquid Zn-Ga  or Zn-A1 
alloy (10). The dopant  contained in the source is pre-  
sumably t ransported to the growing ZnSe layer. In 
this way 103-104 ohm-cm layers were obtained from 
5 x 10'6 Ga doped sources and 105-106 ohm-cm from 
10 TM A1 doped sources, in conjunct ion with the Zn 
diffusion step ment ioned above. These low substrate-  
to-source doping ratios are probably due to dopant  
t ransport  factors, ra ther  than inefficiencies in the Zn 
step, since consistent differences are observed in the 
use of Ga doped versus A1 doped source material.  

Doping was also at tempted by adding elemental  Ga 
or A1 into the bypass tube (see Fig. 1) and heating it 
to 300~176 so that  all the HC1 is converted to Ga 
or A1 chloride. The etching reaction at the  ZnSe 
source then proceeds via this chloride, releasing large 
amounts  of Ga or A1 in the growth region. Although 
there was some evidence that  more highly doped 
layers were obtained by this method (about 500 ohm- 
cm), the ZnSe layers tended to be of poor quali ty and 
the conditions (growth rate, surface appearance, etc.) 
could not be well  controlled. It  is thought, however, 
that this method of doping holds promise of success 
with the use of Ga if bet ter  steps are developed to in-  
troduce the GaCI~. The use of A1 is less promising be-  
cause of reactions between the A1Clx and quartz. 

The Hall  mobil i ty was measured for a n u m b e r  of 
Ga doped ZnSe layers (103-104 ohm-cm) grown on 
Ge, and general ly ranged between 50 and 100. Since 
the electron mobil i ty of bulk  mater ial  is 300-400 
cm2v- ls  - : ,  this does not represent  a serious difference 
between the bulk and epitaxial materials. Lower mo- 
bilities are expected for such epitaxial  layers because 
of the stacking faults, twin  bands, and other defects 
which can occur. It is also possible that  a significant 
amount  of Ge could be incorporated in the growing 
layer due to the presence of the Ge vapor species. The 
resul t ing Ge scattering centers would then have the 
effect of lowering the mobil i ty of the epitaxial  ma-  
terial. 

The V-I  characteristic of an nZnSe (10 ~ o h m - c m ) -  
p+Ge heterojunct ion is shown in Fig. 7 (ohmic con- 
tact is made to both materials by the alloying of pure 
In) .  In the forward direction the conduction is mod- 
erate with most of the voltage dropped across the bulk  
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ZnSe. The reverse currents  are quite low, and rectifi- 
cation ratios of several thousand are common. The di- 
ode action involves inject ion of electrons from the 
ZnSe into the Ge, and transistors with ZnSe emitters 
and Ge base-collector junct ions with common emitter  
current  gains of 50, or more, have been fabricated 
(11). 

Conclusions 
An HC1 close-spaced t ranspor t  process has been 

described suitable for the growth of single crystal  
epitaxial  layers of ZnSe on several types of semicon- 
ductor substrates. The growth rates were found to be 
considerably higher on Ge than  on GaAs or ZnSe, 
and rates of several mils per hour  were easily 
achieved; however, in order to prevent  unwanted  etch- 
ing of the Ge and main ta in  fiat metal lurgical  in ter-  
faces for useful device fabrication, low HC1 concen- 
trat ions and subsequent  low growth rates (1-10 ~/hr)  
were necessary. The cracking due to lattice mismatch 
was el iminated by growing thin layers and cooling 
very slowly. Resistivities of 10 a ohm-cm were rou-  
t inely achieved using Ga and a zinc over-pressure 
after the growth to el iminate compensating zinc va-  
cancies. 
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Diffusion of Nickel and Chlorine into Lead Telluride 
II. Diffusion at the Phase Limits 

T. D. George 1 and J. B. Wagner, Jr.* 
Department o] Materials Science, Northwestern University, Evanston, Illinois 

ABSTRACT 

The diffusion of nickel and chlorine has been studied at the l imit  of solid 
solubil i ty of both lead and te l lur ium in PbTe at 700~ When nickel  and 
chlorine are diffused s imultaneously in a lead atmosphere  there  is an in ter -  
action be tween chlorine and the latt ice such that  the concentrat ion profile of 
nickel exhibits  a minimum. The same type of min imum in the nickel dis- 
t r ibut ion is produced when lead is diffused under  a lead concentrat ion gradi-  
ent into or out of a n ickel-doped crystal. No min imum in the concentrat ion 
of nickel was observed when a te l lur ium atmosphere  is mainta ined above the 
crystal. The diffusion of chlorine indicates tha t  there  are an t i -F renke l  defects 
on the anion sublattice. 

Recent ly  we repor ted  (1) on the diffusion of nickel 
and chlorine into p - type  lead te l lur ide  at 700~ In 
that  paper all of the diffusion anneals were  carr ied  
out on mater ia l  ini t ial ly containing approximate ly  
2 x 1018 holes /cm 3. A mechanism was suggested by 
which nickel  redis t r ibuted in p - type  PbTe dur ing the 
in-diffusion of chlorine. The nickel  was said to re-  
dis t r ibute  behind the advancing front  of chlorine be- 
cause the chlorine dis turbed the local electronic equi-  
l ibr ium necessitating an increase in the lead vacancy 
concentration. 

It is the purpose of the present  paper to report  fur -  
ther  studies on the diffusion of nickel  and chlorine 
into lead te l lur ide pre-equi l ib ra ted  at both of the 
limits of solid solubil i ty of PbTe. At the lead te l -  
lu r ide / lead  phase l imit  PbTe contains excess lead and 
is n - type  with  an electron concentrat ion of 9.7 x 1017 
e lec t rons /cm 3. With excess te l lu r ium PbTe  is p - type  
and contains 6.4 x 1018 holes /cm 3 at the phase limit. 

Experimental 
Single crystals of lead te l lur ide  were  grown by the 

Br idgman technique f rom the melt.  Wafers 2-3 mm 
thick were  sawed f rom the ingot wi th  a jewelers  saw 
and lapped on 500 A silicon carbide paper  and pol-  
ished using 0.1~, a lumina on felt. 

Wafers  were  equi l ibra ted ei ther  at the lead te l -  
lur ide- lead  phase boundary or at the lead t e l lu r ide /  
t e l lu r ium phase boundary.  Severa l  wafers  were  en-  
capsulated together  wi th  powdered  lead te l lur ide and 
an excess of ei ther  lead or t e l lu r ium and annealed 
for at least 100 hr  at 700~ They were  quenched by 
al lowing the capsule to drop direct ly  out of the v e r -  
t ical furnace into a bath  of ice and water.  Hall  mea -  
surements  indicated carr ier  concentrat ions of 9.7 x 101T 
e lec t rons /cm z at the  lead phase boundary  and 6.4 x 
1018 holes /cm 3 at the te l lur ium phase boundary.  The 
respect ive absolute Seebeck coefficients were  --285 
and ~-150 ~v/~ The carr ier  concentrat ion of the lead 
phase boundary  is in agreement  wi th  that  of Brebr ick  
and Gubner  (2). The carr ier  concentrat ion at the tel-  
lu r ium phase boundary  is lower  (6.4 x 1OtS/cc com- 
pared to 8 x 101S/cc) than that  repor ted  by Brebr ick  
and Gubner. F rom etch pit counts we est imate the 
dislocation density of these crystals to be 2 x 105/cm 2. 

Before applying the radiotracer,  each wafe r  was 
again polished with  a lumina on felt  to r emove  sur-  
face roughness produced during equilibration. Both 
the nickel-63 and chlorine-36 were  obtained as acid 
solutions (pH ~ 1) of NiC12 and contained 2.8 x 10 -2 
mg Ni /ml .  The t racer  was applied to one face of the 
wafer  as before (1) wi th  one exception. It  was found 
exper imenta l ly  that  if nickel-63 was deposited on the 
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t e r i z a t i o n  L abora to ry ,  Texas  I n s t r u m e n t s ,  I nco rpo ra t ed .  Dal las ,  
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wafer  by al lowing an acid solution of 63NIC12 (pH 
1) to evaporate  to dryness on the surface of a wafer,  
instead of using a neutra l ized solutions (pH ~ 7), the 
diffusion results were  identical  wi th  those in which 
nickel-63 was electroplated onto one surface. That is, 
the chlorine atoms f rom the NiCI~ did not appear to 
diffuse into the crystal. As a fur ther  test, Ni36C12 was 
deposited from an acid solution. Vir tual ly  all of the 
chlorine evaporated.  Whereas  the init ial  surface ac- 
t iv i ty  of chlorine-36 was approximate ly  60,000 counts /  
min  when evapora ted  f rom a neutra l ized solution, 
the init ial  surface activity dropped to about 80 counts /  
min when an acid solution of Ni36C12 was used. Crys-  
tals left  in HC1 for 24 hr  showed no surface attack. 
When the behavior  of nickel  in the absence of chlo-  
r ine f rom the NiC12 was to be studied, a drop of 63NIC12 
acid solution was placed on one face of a wafer  and 
al lowed to evapora te  to dryness. When  the w a f e r  was 
dry, the surface remained  br ight  and there  was no 
evidence of attack. It is suggested that  nickel  may  
be chemisorbed f rom the  acid solution in a manner  
similar  to that  observed for a number  of other  metals  
wi th  gal l ium arsenide (3). 

When the effect of chlorine on the diffusion and dis- 
t r ibut ion of nickel was to be studied, 63NIC12 was de- 
posited from a neutral ized solution onto one face of 
a PbTe wafer.  This provided a source of both nickel  
and chlorine atoms which diffused into the crystal  
simultaneously.  Chlorine-36 was always deposited on- 
to one face of a wafe r  f rom a neutra l ized solution of 
Ni36C12. 

Diffusion anneals were  carr ied out at 700~ in 
sealed quartz ampoules of about 2 cm 3 total  volume. 
When it was desired to establish the composition cor-  
responding to one of the phase limits, the appropriate  
two-phase  mix ture  of lead t e l lu r ide / t e l lu r ium or 
lead te l lu r ide / lead  was added to the ampoule wi th  
the diffusion specimen. For  some exper iments  the 
wafer  was sealed wi thout  the two-phase  mixture .  

The counting and grinding procedures  were  ident i -  
cal wi th  those previously described (1) A semiquan-  
t i ta t ive  determinat ion  of the nickel  concentrat ion was 
made by comparing the count ra te  of our samples wi th  
cal ibrated standards of nickel-63. Three  nickel-63 
standard sources were  obtained f rom New England 
Nuclear  Corporation. The act ivi ty  of the sources cov- 
ered the range of count rates encountered here, and 
the standard sources were  approximate ly  the same 
size as the diffusion wafers.  Each s tandard source was 
mounted  in a stainless steel r ing identical  to those 
used for mount ing the diffusion samples (1). F rom the 
relationships given by Libby (4, 5), the l inear absorp- 
tion coefficient for the E-radiation of nickel-63 (Emax 
= 0.067 mev)  in PbTe has been calculated as 18,700 
cm -1. This value  of the l inear  absorption coefficient 
gives a half - th ickness  of 0.38~. That  is, hal f  of the 
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radiat ion is absorbed in passing through 0.38~ of PbTe. 
It has been assumed that  the radia t ion reaching the 
detector comes from a depth of twice the hal f - th ick-  
ness or 0.76~. Taking this value and the diameter  of 
the wafers (5.34 ram),  the volume giving rise to the 
detected radiat ion was computed. Calibrat ion curves 
were constructed for the nickel-63 solution used, and 
these were used to convert  count- ra te  to nickel con- 
centrations. No determinat ions  have been made for 
the chlorine concentrations. 

R e s u l t s  
Difyusion in crystals initially equilibrated at the 

PbTe/Pb phase limit.--The following series of ex- 
per iments  employed PbTe wafers pre-equi l ibra ted  at 
the lead te l lur ide/ lead phase limit. The crystals were 
ini t ia l ly n - type  having an electron concentrat ion of 
9.7 x 10 z7 e lect rons/cm 3. 

If nickel alone is allowed to diffuse into these crys- 
tals, nickel penetrates the crystals completely in a 
very short time. Based on the shortest diffusion t ime 
used, 1 hr, we estimate that  the diffusion coefficient 
of nickel must  be at least 16-6 cm2/sec at 700~ When 
the diffusion of nickel was carried out in the presence 
of excess lead, the crystal  remained n - type  at the end 
of the diffusion anneal.  If the diffusion anneal  was car-  
ried out in an evacuated ampoule without  a lead res-  
ervoir, the crystal converted to p- type  in from 3 to 
5 hr. In  both cases the concentrat ion of nickel was 
higher near  both the source surface and also the sur-  
face of the opposite side of the crystal  analogous to 
the behavior reported previously (1). In  the present  
studies the nickel concentrat ion in the bu lk  was 2 x 
10~?/cc. Crystals pre-equi] ibra ted at the lead tel-  
lur ide/ lead phase boundary  and annealed in an evacu- 
ated ampoule at 700~ with no tracer  aIso showed a 
conversion from n - type  to p- type  conductivity.  De- 
pending on the crystal size, conversion to p- type  con- 
duct ivi ty was again noted in from 3 to 5 hr. 

When nickel and chlorine were diffused into the crys- 
tal simultaneously,  the nickel concentrat ion profile 
again contained a min imum.  The results of two sets of 
experiments  are shown in Fig. 1 and 2. The profiles for 
chlorine-36 are also shown in these figures. If the dif- 
fusion anneal  was carried out in the presence of a 
lead atmosphere, the results shown in Fig. 1 were ob- 
tained. The m i n i m u m  in the nickel  concentrat ion cor- 
responds to about 1 x 101~ nickel at./cm~, while  the 
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Fig. 2.. Simultaneous diffusion of nickel and chlorine into a 
crystal pre-annealed at PbTe/Pb and diffusion annealed in evacu- 
ated ampoule for 6 hr. - G -  Chlorine-36 (determined in a separate 
e x p e r i m e n t ) ; - � 9  nickel-63. 

constant  region beyond the m i n i m u m  corresponds to 
about 3 x 1017 nickel at./cm~. 

If the same exper iment  was repeated without the 
lead reservoir, typical  results as shown in Fig. 2 were 
obtained. The m i n i m u m  in the nickel concentrat ion 
profile is much deeper in this case, and there appears 
to be an appreciable region containing no nickel at 
all. An n- type  layer  was found near  the surface of 
these crystals, bu t  the bu lk  of the crystal  was p-type.  
As already noted, crystals pre-equi l ibra ted  at the lead 
phase boundary  and annealed in an evacuated ampoule 
tu rn  p- type  in a few hours. The n - type  layer  at the 
surface must  be produced by the in-diffusing chlorine. 
The p -n  junct ion migrates l inear ly  with the square 
root of time. However, plots of Xp-n vs. ~/t do not 
extrapolate back to the origin (see Fig. 3). In  these 
experiments  a similar  nickel dis t r ibut ion profile w a s  
found near  the opposite face of the wafer, and the 
nickel concentrat ions were the same as near  the plated 
surface. 

In  order to investigate the effect of lead on the di s -  
t r ibut ion  of nickel, the following exper iment  was con- 
ducted. A crystal was pre-equi l ibra ted  at the lead tel-  
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Fig. 3. Migration of the p-n junction for initially n-type crystals 
diffused in an evacuated ampoule. �9 From 63Ni curves; x from 
3~CI curves; corresponding to Fig. 2. 
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Fig. 4. Redistribution experiment. The effect of diffusing Dead 
into an initially p-type nickel-doped crystal. - - -  Nickel concen- 
tration before re-anneal in Pb atmosphere; - O -  nicked distribu- 
tion after 5 hr in Pb atmosphere. 

lu r ide / l ead  phase boundary.  Next,  nickel  t racer  (wi th-  
out chlorine) was applied to the wafer,  and it was 
annealed in an evacuated quar tz  ampoule for 5 hr  
during which t ime the crystal  conver ted  f rom n-  to 
p-type.  The crystal  was counted and lapped on both 
faces unti l  the concentrat ion of nickel  was the same 
(2 x 10 z7 Ni/cm3).  It was then placed in an evacuated 
ampoule containing excess lead but no additional 
nickel  t racer  and again annealed for 5 hr. The resul ts  
are shown in Fig. 4. The nickel  concentrat ion increased 
at the surface, and there  is a deep min imum located 
15~ below the surface. In addition, the  crystal  tu rned  
n- type  again indicating that  lead had diffused into 
the lattice. 

The reverse  of this exper iment  was also carr ied 
out. Nickel  was diffused into n - type  PbTe in the pres-  
ence of a lead reservoir.  Nickel  completely  penetra ted 
the crystal, and the crystal  remained n-type.  This 
crystal  was lapped on both faces unt i l  the concentra-  
tions were  the same on each face. The crystal  was re -  
annealed for 5 hr  in a closed vacuum. The crystal  was 
converted to p- type,  and the nickel  redistr ibuted in a 
manner  similar  to that  of Fig. 4 al though the  min imum 
in the nickel  profile was not as deep. 

Dif]usion in crystals  ini t ial ly  equi l ibrated at the 
P bTe /Te  phase l i m i t - - T h e  results of diffusion exper i -  
ments  on crystals p re -equi l ib ra ted  at the lead tel-  
l u r ide / t e l lu r ium phase l imit  can be divided into two 
categories. The first series of exper iments  were  car-  
ried out in the presence of excess te l lur ium to main-  
ta in the par t ia l  pressure over  the crystal. When nickel 
alone was al lowed to diffuse into PbTe, the resul t ing 
profile could be fit to the plane source solution of the 
diffusion equat ion 

C ( x ) = Co exp ( - -  x2 / 4Dt ) [1] 

where  Co is the nickel concentrat ion at the surface 
fol lowing the diffusion anneal, C ( x )  is the concentra-  
t ion at distance x below the surface, D is the diffusion 
coefficient, and t is the t ime of the  diffusion anneal. 
These results are shown in Fig. 5. The value of Co 
shown in Fig. 5 is the one obtained by extrapolat ing 
the in C vs. x ~ plot to the surface. The actual  Co mea-  
sured at the surface at the end of the diffusion an-  
neal  was usual ly 5 or 6 t imes this extrapola ted value. 
The diffusion coefficient for nickel  is 4.5 x 10 -10 cm~/ 
sec. 

When this exper iment  was repeated using 6aNiC12 
as the source of nickel, so that  nickel  and chlorine 
s imultaneously diffused into the crystal,  similar re -  
sults were  obtained, but  the apparent  diffusion co- 
efficient for nickel  was 2 x 10 - l z  cm~/sec. These re -  
sults are also shown in Fig. 5. The  diffusion t ime of 
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Fig. 5. Diffusion of nickel into crystals pre-onnealed at PbTe/Te 
and diffusion annealed under the same conditions. - e -  Nickel-63, 
2 hr; - G -  nickel-63 simultaneously diffused with chlorine, 23 hr 
(plotted on a reduced scale). 

this exper iment  was 23 hr. In plott ing the data, the 
curve  has been normalized to correspond to a 2-hr  
anneal. This was accomplished by taking each data 
point and applying the relat ion 

x x[23] x[2] 

t 1/2 (8.28 x 104) 1/2 (7.2 x l0 s) z/~ 

where  x is the penetra t ion distance, t the  time, and 
the numbers  in brackets  denote the different anneal ing 
t imes in hours. The normal izat ion was done so that  
the differences in the  diffusion coefficients would be 
more obvious. 

If  nickel  and chlorine are s imultaneously diffused 
into a crystal  in the absence of a t e l lu r ium reservoir ,  
the nickel  profile again exhibits a minimum, and 
nickel completely  penetrates  the crystal  in a mat te r  
of 6 hr, the shortest diffusion t ime used. The nickel  
profile and corresponding chlorine profile are shown 
in Fig. 6. The min imum in the nickel  profile is nearer  
the surface for equivalent  diffusion t imes in crystals 
p re -equi l ib ra ted  at the t e l lu r ium phase l imit  (6.4 x 
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Fig. 6. Simultaneous diffusion of nickel and chlorine into a crystal 
pre-annealed at PbTe/Te and diffusion annealed in an evacuated 
ampoule for 6 hr. - Q -  Chlorine-36 (determined in a separate 
experiment); - 0 -  nickel-63. 
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Fig. 7. Effect of tellurium on an initially p-type nickel-doped 
crystal for 5 hr. - - -  Uniform concentration before re-anneal; 
- O -  nickel distribution after re-anneal in Te. 

10 TM holes /cm 3) than for crystals t rea ted  at the min-  
imum total  pressure (2 x 10 TM holes/cm3).  

There was no conversion to n - type  conduct ivi ty  in 
any of the crystals p re-equi l ib ra ted  at the te l lur ium 
phase limit. Al l  of the crystals were  p - type  at the end 
of the diffusion anneal  whe the r  or not a t e l lu r ium 
reservoir  was used dur ing the diffusion anneal. Severa l  
crystals were  annealed without  radiotracer  in evacu-  
ated sealed ampoules for t imes up to 26 hr. No change 
was noted in ei ther  the carr ier  concentrat ion as de-  
te rmined from Hall  measurements  or in the  Seebeck 
coefficient. 

The effect of te l lur ium on the distr ibution of nickel  
was established in the fol lowing way. A crystal  pre-  
equi l ibrated at the te l lur ium phase l imit  was s imul-  
taneously diffused with  nickel and chlorine for 6 hr  
in an evacuated ampoule wi thout  a t e l lu r ium reservoir .  
Both surfaces were  ground down and counted unti l  
the nickel  act ivi ty was the same on both surfaces. This 
was beyond the depth where  any chlorine act ivi ty  
could be detected. The crystal  was then sealed in an 
evacuated ampoule  containing excess te l lur ium but 
no addit ional  radiotracer  and annealed at 700~ for 
5 hr. The resul t ing nickel  distr ibution is shown in 
Fig. 7. The dashed line represents  the nickel  concen- 
t rat ion before the crystal  was subjected to the tel-  
lu r ium treatment .  There  is a general  increase in nickel  
concentrat ion near  the surface with  a ve ry  sharp in-  
crease at the surface. 

D i f f u s i o n  o f  c h l o r i n e . - - I n  those exper iments  where  
chlorine f rom the NiC12 entered the crystal, the  pene-  
t rat ion profiles of chlorine were  also determined.  
These have already been presented wi th  the  appro-  
pr iate  nickel  profiles. The diffusion coefficients for 
chlorine have been measured,  and the results are tab-  
ulated in Table I along with  the crystal  character -  
istics. These diffusion coefficients represent  those ob- 
tained under  thermodynamica l ly  stable conditions. 
That is, the  part ial  pressure of one of the components 
was fixed dur ing the experiment .  It  should be noted, 
however,  that  nickel  was always present  in these crys-  
tals. A graph of Dcl vs .  log PTe2 is shown in Fig. 8. 
The diffusion coefficient for chlorine appears h igher  

~9  

"~ ,o-,o 

o"' 

~ PiP 

LocJ PTe 2 , aim 
Fig. 8. Diffusion coefficient of chlorine as a function of telluri- 

um pressure. The lines are drown with slopes = • ~ .  

at both phase l imits than under  conditions of min imum 
total  pressure. The t e l lu r ium part ia l  pressure cor-  
responding to the min imum total  pressure was obtained 
f rom the relation given by Fuj imoto  and Sata (6) 

Pwe2 (min) : 2-2/3K-2/3 [2] 

where  K is the equi l ibr ium constant for the format ion 
of PbTe from monatomic Pb and diatomic Te2 vapor. 
At  700~ 1/K --- 1.6 x 10 -9 (atm) 3/2. 

Discussion of  Results 
The diffusion of nickel  and chlorine, their  in terac-  

tion with each other  and wi th  the latt ice have  now 
been examined at the ext remes of solid solubil i ty of 
both lead and te l lur ium in lead telluride. The results 
are summarized in Table II. This study, combined 
with a similar  invest igat ion at an in termedia te  com- 
position defined by the min imum total  pressure  over  
lead tel lur ide (1), provides a more complete picture 
of the interact ion of nickel  and chlorine wi th  PbTe. 

Two l imit ing cases are to be considered, one in 
which only nickel  is diffusing and the other  in which 
both nickel and chlorine are diffusing simultaneously.  
In the previous paper  (1), it was shown that  when 
nickel  alone was diffused into a p - type  crystal  of 
fixed composition [pre-annea led  under  an iner t  a t -  
mosphere  corresponding to p (min )  and then diffusion- 
annealed under  the same conditions], there  was no 
m in im um  in the  resul t ing penetra t ion profile for the 
concentrat ion of nickel. On the other  hand, the r e - a r -  
rangement  studies of both the previous study [Fig. 7 
of ref. (1)] and of the present  work  (Fig. 4) show 
that  when  nickel  is distr ibuted homogeneously  in a 
crystal  and this crystal  is then annealed under  condi-  
tions to change the stoichiometry,  a min imum in the 
nickel concentrat ion is formed near  the surface of the 
wafer.  These data lead to the first conclusion that  the 
production of a min imum is associated wi th  crystals 
whose composition or concentrat ion of lattice defects 
is changing during the migrat ion of nickel .  

When chlorine diffuses s imultaneously wi th  nickel, 
more pronounced minima are found in the penetrat ion 
profiles. These findings confirm the first conclusion 
because chlorine diffuses into the lead telluride, acts 
as a donor, and creates cation vacancies. These newly  
created cation vacancies disturb the local defect equi-  

Table I. Diffusion coefficients for chlorine in PbTe at 700~ 

DCl, 
cr~2/sec Posit ion 

C a r r i e r  Seebeck  
PT%, eoneen t r a -  coefficient,  
a rm  log P,re 2 log  Dcl  t ion,  cm -~ ~ v / ~  

6.3 X 10 -~~ P b T e / P b  2.4 • 10 -s --7.620 --9.200 1 x 10~Sn --285 
2.3 • 10-1o P ( m i n )  8.7 • 10-~ --6.060 --9.638 2 x 101Sp +230 
3.8 • 10 -lo P b T e / T e  3.9 • 10- ~ --1.410 --9.420 6 • 10 TM p + 159 
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Table II. Summary of diffusion studies 

Diffusion elements Prediffusion conditions Difusion conditions Summary of results 

1. L a t t i c e  defec ts  in  PbTe.  
No  t racer .  

2. Nickel (alone). 
T h i n  source  on surface .  

3. N i c k e l  (alone) .  
T h i n  source  on surface .  

4. N i c k e l  a n d  ch lor ine .  
T h i n  source  on surface .  

5. N i c k e l  and  ch lor ine .  
T h i n  source  on  surface .  

6. N icke l  (alone) h o m o g e -  
n e o u s l y  d i s t r i b u t e d  in  
erystaI .  

7. N i c k e l  (alone) h o m o g e -  
n e o u s l y  d i s t r i b u t e d  in  
crys ta l .  

8. N i c k e l  (a lone) .  
T h i n  source  on sur face .  

9. N i c k e l  a n d  ch lo r ine .  
T h i n  source  on  surface .  

10. N icke l  and  ch lor ine .  
T h i n  source  on surface .  

11. N i c k e l  (alone) h o m o g e -  
n e o u s l y  d i s t r i b u t e d  i n  
crysta l .  

E q u i l i b r a t e d  a t  P b T e / P b .  n 
= 9.7 x 101r/ee 

Same  as 1, 

S a m e  as 1. 

Same  as 1. 

S a m e  as 1. 

p - t y p e  c ry s t a l  l a p p e d  u n t i l  
u n i f o r m  n i c k e l  concen t r a -  
t i on  = 2 x 10l~/cc 
n - t y p e  c rys t a l  l a p p e d  u n t i l  
u n i f o r m  n i c k e l  c o n c e n t r a -  
t ion  = 2 X 1017/ce 

E q u i l i b r a t e d  a t  P b T e / T e .  p 
= 6.4 x 101S/cc 

Same  as g. 

Same  as  8. 

p - t y p e  c rys t a l  l a p p e d  u n t i l  
uniform nickel concentra- 
tion = 2 • 101V/cc 

A n n e a l e d  i n  e v a c u a t e d  a m p o u l e  
w i t h o u t  l ead  r e s e r v o i r  [corre-  
s p o n d i n g  to p ( m i n ) ] .  

Same as prediffusion anneal. 

Annealed in an evacuated am- 
poule without a lead reservoir. 

S a m e  as p r e d i f f u s i o n  annea l .  

A n n e a l e d  in  an  e v a c u a t e d  am -  
pou le  w i t h o u t  a l e ad  r e s e r v o i r .  

A n n e a l e d  in  e v a c u a t e d  a m p o u l e  
containing excess  lead.  Redis- 
tribution experiment. 
Annealed in evacuated ampoule 
without excess lead. 

S a m e  as p r e d i f f u s i o n  annea l .  

S a m e  as p r e d i f u s i o n  annea l .  

A n n e a l e d  i n  an  e v a c u a t e d  am -  
pou le  w i t h o u t  excess  t e l l u r i u m .  
A n n e a l e d  in  e v a c u a t e d  a m p o u l e  
c o n t a i n i n g  excess  Te. R e d i s t r i -  
b u t i o n  e x p e r i m e n t .  

Crys ta l s ,  2-g m m  th ick ,  c o n v e r t  f r o m  n-  to  
p - t y p e  [p = 2 • 10iS/cc] in  3 to 5~,hr. 
C h e m i c a l  or i n t e r d i f f u s i o n  coef f ic ien t , -D 
10 -6 to  10 -~ cm2/see e s t i m a t e d  f r o m  t i m e  to  
equ i l i b r a t e .  
C o m p l e t e  p e n e t r a t i o n  of c rys ta l  b y  n i cke l ,  
D~t ~-~ 10 -6 cm2/sec,  C r y s t a l  r e m a i n s  n - t ype .  
Comple t e  p e n e t r a t i o n  of c rys t a l  b y  n i cke l .  
Crys t a l  c o n v e r t s  to  p - type .  
M i n i m u m  in  n i c k e l  profi le .  C r y s t a l  r e m a i n e d  
n - t y p e  (Fig.  1). 
M i n i m u m  in  n i c k e l  profi le .  C rys t a l  e x h i b i t s  
n - p  b o u n d a r y  (Fig.  2).  B u l k  of c rys ta l  r e -  
m a i n s  n - type ,  
N icke l  c o n c e n t r a t i o n  inc reases  a t  sur face  
and  m i n i m u m  in  prof i le  f o u n d  n e a r  sur face .  
C rys t a l  c o n v e r t s  to  n - t y p e  (Fig .  4), 
N i c k e l  c o n c e n t r a t i o n  inc reases  a t  sur face  
and  m i n i m u m  in  prof i le  f o u n d  n e a r  sur -  
face.  C rys t a l  c o n v e r t s  f r o m  n to  p type.  [p 
= 2 x 10iS/cc]. 
" C o n v e n t i o n a l "  p e n e t r a t i o n  prof i le  
Dxi  = 4.5 x 10 -i~ cm~/sec 
c rys ta l  r e m a i n s  p - t y p e  (Fig.  5), 
" C o n v e n t i o n a l "  p e n e t r a t i o n  prof i le  
DNi : 2 X I0  -I:1 cmS/sec 
c rys t a l  r e m a i n s  p - t y p e  (Fig.  5). 
M i n i m u m  in  n i c k e l  profi le .  C r y s t a l  r e m a i n s  
p - t y p e  (Fig.  6). 
N icke l  c o n c e n t r a t i o n  inc reases  a t  su r face  
w i t h  no  m i n i m u m  in  prof i le  n e a r  surface .  
C rys t a l  r e m a i n s  p - type .  

l ibrium, and the lead atoms f rom the sites where  the 
cation vacancies were  created must  migrate  out. In 
the previous paper (1) it was suggested that  the cause 
of these minima in the penetra t ion profiles was due to 
the "pile up" of the lead atoms t ry ing to migra te  out-  
ward  to the surface while  the chlorine front  moved 
inward. Because the diffusion coefficient of chlorine 
(in the presence of nickel)  is of the order  of 10 -10 
cm2/sec (see Table I) while  the diffusion of cation 
vacancies is est imated to be of the order  of 10 -6 to 10 -7 
cm2/sec f rom the t ime necessary to equi l ibrate  the 
specimens in an iner t  a tmosphere  (see Table II) ,  this 
explanat ion is not correct. Nevertheless ,  the migrat ion 
of atoms must  occur as stated, i.e., the  chlorine ions 
move in creat ing cation vacancies while  the lead 
atoms move  in the opposite direction. 

It is assumed that  the nickel migrates  inters t i t ia l ly  
(except under  high te l lur ium pressures as wil l  be 
discussed below) and that  it meets  and occupies lead 
vacancies in accord wi th  the mechanism first suggested 
by Bloem and KrSger  (8) for nickel  diffusing into 
lead sulfide. The minima in the penetra t ion profiles 
of nickel  observed in the  present  study must  the re -  
fore be a direct  consequence of a low concentrat ion of 
avai lable cation vacancies and correspondingly a high 
concentrat ion of interst i t ia l  lead atoms (KF ~ [V'pb] 
[Pbi ~ ) so that  the sites avai lable for nickel  atoms are 
decreased f rom the concentrat ion of sites in the bulk 
crystal. 

Next  consider the production of the p to n boundary  
within  the crystal. Because min ima in the nickel  pen-  
e t ra t ion profiles occur both wi th  and wi thout  a cor-  
responding apparent  change in carrier,  the second 
conclusion is that  a change f rom p to n type, or con- 
versely,  is not necessary for the migrat ion of nickel  
nor for the format ion of the minima. However ,  there  
is an interact ion be tween  the electrons and the mi -  
grat ion of the min ima because the defect equi l ibr ium 
must  be preserved.  

The position of the min imum in the nickel concen-  
t ra t ion profile is displaced fur ther  f rom the surface 
of the crystal  as the hole concentrat ion decreases or 
as the electron concentrat ion increases for equal  dif-  
fusion times. The region of the  min imum in the nickel  
concentrat ion profile is wider,  or extends fur ther  into 
the crystal, in PbTe containing excess lead than in 
mater ia l  containing excess te l lur ium. The region of 
the min imum in the nickel  concentrat ion is expected 
to be wider  the slower the out-diffusion of lead or the 

faster  the in-diffusion of chlorine. In o ther  words the 
grea ter  the difference in the diffusion coefficients of 
lead and chlorine, the wider  wil l  be the region where  
a nonequi l ibr ium defect concentrat ion exists. The 
chlorine diffusion coefficient is h igher  at both phase 
limits than at an in termedia te  composition (see Fig. 8). 
If all  other  parameters  were  fixed, then  it is to be 
expected that  the min imum in the nickel profile would 
be the widest  and be found far thest  into the crystal  
in highly n - type  material .  Fur thermore ,  the min imum 
should be the nar rowest  and lie closest to the surface 
at the in termedia te  composition studied, because the 
chlorine diffusion coefficient is lowest here. As already 
noted, however ,  this t rend is not the one observed. The 
t rend f rom broad minima wel l  away from the surface 
of the crystal  on the lead r ich side to na r row min ima  
located nearer  the surface on the te l lur ium rich side 
suggests that  the diffusion coefficient of lead changes 
continuously and in the same direction across the 
phase field. 

While no quant i ta t ive  arguments  can be made  be-  
cause of the changing chlorine diffusion coefficient 
across the phase field, it appears that  the  diffusion co- 
efficient of lead increases in going f rom the lead te l -  
lu r ide / l ead  phase boundary  to the lead t e l lu r ide /  
te l lur ium phase boundary.  The faster  the out-diffu-  
sion of lead when chlorine is diffusing into the lattice, 
the more na r row will  be the region where  there  is a 
t ransient  excess of lead re la t ive  to the equi l ibr ium 
value. A simple cation defect  s t ruc ture  which has the 
proper ty  of increasing the cation diffusion coefficient 
wi th  increasing hole concentrat ion is vacancies on the 
cation sub-latt ice.  The cation vacancy concentrat ion 
would  be expected to increase in going f rom the lead 
rich side of the phase field to the te l lu r ium rich side. 

When crystals p re -equ i l ib ra ted  at the t e l lu r ium 
phase l imit  were  diffused with  nickel  in the presence 
of a te l lur ium atmosphere,  the nickel  penetra t ion pro-  
files were  unl ike  those obtained under  any other  ex-  
per imenta l  conditions (see Fig. 5). In the absence of 
chlorine the penetra t ion profile of nickel  could be fit 
to Eq. [1] wi th  D = 4.5 x 10 -10 cm2/sec, wi th  the ex-  
ception that  Co obtained f rom a plot  of In C vs. x 2 
was only about one-fif th of the observed value  of the 
nickel concentrat ion at the surface after  the  diffusion 
anneal. When nickel  and chlorine were  s imultaneously 
diffused under  the same conditions, s imilar  results 
were  obtained except  that  the apparent  diffusion co- 
efficient of nickel  was 2 x 10 - l l  cm2/sec. Again the 
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value of Co obtained f rom a plot of In C vs. x 2 was 
considerably less than the observed value. 

The fact that  the observed Co was always higher  
than the extrapola ted value implies that  nickel  is 
being t rapped on the surface. Such behavior  is in-  
dicative of some sort of surface reaction. Since nickel  
appears to diffuse very  rapidly in the absence of a 
te l lur ium atmosphere,  the data suggest that  nickel  re-  
acts at the surface to form nickel  telluride. This re -  
active behavior  of te l lur ium was confirmed by expos- 
ing a n ickel-doped crystal  of PbTe to a t e l lu r ium at-  
mosphere.  Nickel  is w i thd rawn  from the crystal  wi th  
the nickel  concentrat ion increasing near  the surface 
and decreasing in the bulk of the crystal  (see Fig. 7). 
There is almost a discontinuity in the nickel concen- 
trat ion profile very  near  the surface. Such a concentra-  
t ion profile can be explained if the chemical  potent ia l  
of nickel  at the surface of the crystal  is less than that  
in the bulk as was first suggested by Bloem and KrS-  
ger (8) for the behavior  of nickel  in lead sulfide. This 
would be the case if nickel reacted with te l lu r ium 
vapor  at the surface of the crystal  to form a second 
phase of nickel  tel luride.  Nickel  is known to form 
several  compounds with  tel lurium. (7). 

It is possible to speculate why  the nickel  concentra-  
tion profiles obtained in te l lur ium atmospheres show 
completely  different characterist ics than otherwise 
found. If reaction at the surface were  simply t rapping 
part  of the nickel, then one would expect  that  only 
a small  amount  of nickel  would  enter  the crystal, but  
nickel would diffuse rapidly as observed under  other  
exper imenta l  conditions. Instead, the diffusion of 
nickel i tself  appears to be much slower. It may be 
that  the concentrat ion profiles of nickel  obtained under  
te l lur ium atmospheres are not representa t ive  of 
nickel diffusing into the latt ice but may  be instead 
a measure  of some in terpenet ra t ion  of nickel  te l lur ide  
and lead telluride. 

This same sort of behavior  is observed with  nickel  
in lead sulfide. Bloem and KrSger (8) found nickel  
diffusion coefficients in PbS on the order  of 7 x 10 -6 
cm2/sec at 500~ under  inert  atmospheres,  whereas  
Sel tzer  and Wagner  (9) found nickel diffusion co- 
efficients on the order  of 3 x 10 -13 cm2/sec at 700~ in 
sulfur  atmospheres.  Fur ther ,  it was found (9) that  the 
diffusion coefficient at 700~ was not par t icular ly  
affected by varying the par t ia l  pressure of sulfur be-  
tween 0.1 and 3 x 10 -8 atm, and that  in the region 
200~176 nickel  diffused out of PbS when nickel-  
doped PbS was exposed to an H2S atmosphere  (8). 
Both of these results suggest that  nickel reacts with 
sulfur at the surface of PbS to form nickel  sulfide. 

In the present  s tudy an additional effect has been 
observed, however .  When nickel and chlorine are si- 
mul taneously  diffused into PbTe at 700~ under  a 
te l lur ium atmosphere,  the apparent  diffusion coeffi- 
cient of nickel is much smaller  than when  nickel  alone 
is diffused under  the same exper imenta l  conditions. If 
nickel is forced to diffuse via a vacancy mechanism 
when a te l lur ium atmosphere  is present, the results 
can be explained in terms of the avai labi l i ty  of cation 
vacancies. Under  a t e l lu r ium atmosphere  nickel  ap- 
pears to have a diffusion coefficient of 4.5 x 10 -10 
cm2/sec in the absence of any chlorine. This value is 
about the same as found for chlorine under  the same 
conditions, 4.2 x 10 -10 cm2/sec, Since it is bel ieved 
that  chlorine creates lead vacancies, the out-diffusing 
excess lead should affect the diffusion of nickel  in the 
manner  observed, i.e., decrease the apparent  diffusion 
coefficient. While the data suggest a definite in terac-  
tion be tween nickel, chlorine and the crystal  under  
te l lur ium atmospheres,  it has not been possible to as- 
certain the exact mechanism. It is suggested that  the 
diffusing nickel species is different in an oxidizing 
atmosphere  ( te l lur ium) than in an inert  or reduc-  
ing atmosphere (vacuum or lead) ,  and is thereby 
forced to diffuse via a vacancy mechanism ra ther  than 
interst i t ial ly.  

I N  L E A D  T E L L U R I D E  853 

While  the behavior  of nickel  under  various exper i -  
mental  conditions has been the main focus of this in-  
vestigation, some information has been collected on 
the diffusion of chlorine. Even though the diffusion of 
chlorine has always been carr ied out in the presence of 
nickel, cer ta in  t rends seem apparent.  The diffusion 
coefficient of chlorine varies across the phase field of 
lead te l lur ide  in a manner  which suggests a Frenkel  
defect s t ructure  on the anion sublattice. The diffusion 
coefficient of chlorine is h igher  at both phase limits 
than at the in te rmedia te  composition studied (see Fig. 
8). Anion vacancy migrat ion should predominate  on 
the lead rich side of the phase field, whi le  interst i t ial  
migrat ion wil l  predominate  near  the te l lur ium rich 
phase limit. 

The change in the diffusion coefficient wi th  a change 
in te l lur ium part ia l  pressure on the lead rich side of 
the phase field can be given by 

Dc1 a PTe2 -0"245 ~- PTe2 -1/4 [3] 

This value is calculated on the basis of only two ex-  
per imenta l  points and, therefore,  is only an approxi-  
mation. Nevertheless,  a - -1 /4  dependence on the  t e l -  
lur ium part ia l  pressure is the dependence one would 
expect  if anion migra t ion  occurred via a singly 
charged anion vacancy, V'Te. The line through the 
point located at the lead t e l lu r ide / t e l lu r ium phase 
boundary has been drawn with  a -{-Y4 slope. While 
there  is no exper imenta l  verification of this depen-  
dence, this is the expected dependence for diffusion 
via singly charged interstitials.  

The suggestion made here  that  a F renke l  disorder 
is present on the anion sublattice of lead te l lur ide is 
in agreement  wi th  most of the anion diffusion work  
on the lead chalcogenides and on the I I -VI  compounds 
(10-12). The first indication that  anion diffusion in 
compound semiconductors was of sufficient magni tude  
to be of importance was made by Sel tzer  and Wagner  
(10) in their  study of sulfur-35 diffusion into PbS. 
Their  results indicated that  not only was anion migra -  
tion an appreciable component  of diffusion in PbS, but 
also that  the predominant  disorder on the anion sub-  
lattice was a Frenkel  defect, anion vacancies in lead 
rich PbS and anion interst i t ials  in sulfur r ich PbS. 
The anion Frenke l  disorder has also been inferred for 
PbSe  by diffusion of Se-75 into PbSe (11). Woodbury 
(12) has established that  an anion Frenkel  disorder 
also exists in I I -VI  compounds, a l though anion mi-  
grat ion in chalcogenide rich mater ia ls  seems to occur 
via a neutra l  intersti t ial .  

Summary and Conclusions 
The diffusion of nickel and chlorine has been studied 

at the l imit  of solid solubil i ty of both lead and te l -  
lur ium in lead te l lur ide at 700~ and the results com- 
pared with  those previously repor ted  (1) on PbTe 
equi l ibrated at the min imum total  pressure composi-  
tion. With the exception of diffusion anneals in a te l -  
lur ium atmosphere,  the diffusion of nickel at 700~ is 
very  rapid. We est imate DNi to be greater  than 10 -6 
cm2/sec. 

The min imum which is produced when chlorine is 
diffused into n ickel -doped lead te l lur ide  or is s imul-  
taneously diffused with nickel  is also produced when 
lead is diffused into or out of nickel-doped PbTe. Any  
condition which causes the migrat ion of lead through 
the lattice of a n ickel-doped crystal  produces a mini-  
m u m  in the nickel  distribution. This supports our 
ear l ier  conclusion concerning the minima in the nickel 
concentrat ion profile (1). Cont rary  to the in te rpre-  
tation by Pear t  et al. (13) and by Larrabee  and Os- 
borne (14) in their  studies of impur i ty  interact ion in 
GaAs, it is not bel ieved that  amphoter ic  behavior  of 
nickel in PbTe is the reason for the minimum. For 
such to be the case, it seems l ikely that  there  would  
be only one combinat ion of crystal  s toichiometry and 
electronic state which would yield a solubili ty mini -  
mum. Instead we observe the phenomena in both n-  
and p- type  PbTe. 
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The results of diffusion exper iments  carried out in 
a te l lur ium atmosphere suggest that nickel reacts with 
te l lur ium vapor forming a second phase at the sur-  
face. The effects on the dis tr ibut ion of nickel in PbTe 
on exposure to a te l lur ium atmosphere confirm this 
result  as do diffusion studies in the absence of a 
te l lur ium atmosphere. These results also suggest an 
explanat ion for differences observed in the diffusion 
of nickel into PbS at low' temperatures  (8) in an inert  
atmosphere and those obtained in the 700~ region 
under  sulfur  atmosphere (9). It is also suggested that  
the diffusing nickel species is different in a te l lur ium 
atmosphere than under  inert  or reducing conditions. 

The implications of these results on general  doping 
experiments  and practice in the lead salts are also of 
interest. If other impurit ies in the lead salts behave 
to change in the crystal  stoichiometry as does nickel, 
methods of doping the lead salts must  be reinvest i -  
gated. Changes in the crystal  composition brought  
about by changes in the atmosphere above the crystal 
could induce changes in an impur i ty  dis t r ibut ion 
which will not re turn  to equi l ibr ium in the t ime nor-  
mal ly  assumed reasonable to properly equil ibrate  
crystals. The result  will  be a nonuni form doping con- 
centrat ion which wil l  obviously affect other measure-  
ments. 

The analysis of the chlorine diffusion data suggest 
that migration on the anion sublattice occurs via a 
Frenkel defect, anion vacancies being responsible for 
motion in lead rich PbTe and anion interstitials in 
tellurium rich material. 
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Doped Oxides as Diffusion Sources 
I. Boron into Silicon 

M. L. Barry* and P. Olofsen* 
Fairchild Semiconductor Research and Development Laboratory, Palo Alto, CaliSornia 

ABSTRACT 

A model is presented describing the diffusion of dopants from a deposited 
oxide into a semiconductor substrate, and simple methods are developed for 
measur ing directly the physical constants required to describe the diffusion. 
Exper imenta l ly  determined values of these constants for the case of boron 
diffusing into silicon are given for wide ranges of t empera ture  and concen- 
tration. 

Diffusion of dopants into semiconductors, par t icu-  
lar ly silicon, from a doped oxide which has been de- 
posited at low temperatures  appears to hold several  
advantages over s tandard h igh- tempera ture  predep-  
osition and, diffusion processes; these advantages in-  
clude better  over-al l  process control and increased 
flexibility in choosing diffusion schedules, doping 
levels, and device configurations. Diffusion from de- 
posited doped oxides has been reported (1-7), but 
these reports deal pr imar i ly  with device applications 
and the stress effects from low-level  doping. Owen and 
Schmidt (8) described diffusion of phosphorus from 
thin doped anodic oxides, but  their  analysis is compli- 
cated by uncontrol led exper imental  conditions in their 
early work with these oxides. In this paper, we first 
develop a simple model for diffusion from a doped 
oxide into a semiconductor, use this model to in terpret  
exper imental  data for the case of boron diffusing into 
silicon, and then discuss improvements  to the model in 
light of these data. Subsequent  reports will  t reat  the 
cases of other dopants diffusing into silicon. 

* Electrochemical Society Active Member. 

Theory 
The most general  one-dimensional  case for diffu- 

sion of a dopant from a uni formly  doped oxide into a 
semiconductor substrate is shown in Fig. 1. Here 
region I is the deposited doped oxide, with ini t ial  
concentrat ion Co and thickness X o -  XB, region II is 
the semiconductor substrate, and region III  is an un -  
doped barr ie r  oxide of thickness XB. Subscripts 1, 2, 
and 3 denote these regions, respectively. For normal  
device application of this type of diffusion, XB is re-  
duced to a minimum,  of course, but  the inclusion of 
a barr ier  oxide in the model i l lustrates several useful 
points and allows us to measure some diffusion param-  
eters of the dopant  in the oxide. The diffusion equa- 
tions in each region are 

OCz (x,t) 02C1 (x,t) 
D1- . . , - - X o < X < - - x B ,  t > 0  [1] 

Ot OX 2 

0C2 ( x,t ) O~C2 (x,t) 
= D2 .,x > O, t > 0 [2] 

Ot Ox ~ 
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Doped 
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-x  B o 

x - - - ~ -  
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Fig. 1. Diffusion from u deposited doped oxide through a barrier 
oxide into a semiconductor substrate. 

0C3 ( x,t ) 02C3 ( x,t ) 02C3 ( x,t ) 
= D3 = D1 , Ot (gx 2 Ox 2 

--XB<X<0, t>0 [3] 

assuming the diffusion coefficients are not functions of 
concentration, and ignoring any field-aided diffusion 
terms operating on ionized dopants. The conditions 
under which these assumptions appear valid and the 
corrections to be made when they are not will be dis- 
cussed in a later section. These equations also im- 
plicitly assume that the diffusion is a fixed-boundary 
problem; that is, silicon oxide is not formed at the 
oxide-silicon interface by oxidizing species from the 
ambient diffusing through the deposited oxide or by 
the transfer of the doping species from the oxide to 
the silicon (for example, boron oxide being reduced 
by silicon to form elemental boron and silicon oxide). 
The first condition can be assured either by perform- 
ing the diffusion in an inert  atmosphere or by using a 
thick deposited oxide, and it will  be shown that the 
thickness of the oxide arising from the second factor 
is small  compared to the diffusion length of the dopant 
in the oxide. 

In  most cases, the thickness of the substrate is very 
large compared to the diffusion depth in the substrate, 
so region II may be considered semi-infini te  with li t t le 
loss of generality. Other boundary  conditions are 

C1=Co, C2=Ca=0att=0 [4] 

C1 = 0 at x = --Xo, t > 0 [5] 

C2~  0 a s x - >  oo, t > 0 [6] 

C3 = C1 at x = - - x m t  > 0 [7] 

D, 0C1 = D, 0C3 at 
. . . .  x = --xB, t > 0 [8] 
ax Ox 

C2 = mC3 at x = 0, t > 0 [9] 

D, 8Cs OC2 
= D2 a t  x = 0, t > 0 [ 1 0 ]  

8x 8x 
Boundary condition [5] implies that  mass t ransfer  of 
the dopant  in the gas phase at the outer surface is 
very fast compared to diffusion in the oxide to the 
surface, and therefore, the concentrat ion of dopant  at 
the outside interface is vanishingly  small. This as- 
sumption may  not be ent i re ly  correct, but  it appears 
physically more realizable than  that  of an imperme-  
able boundary,  and it is no more arb i t ra ry  than is 
est imating a suitable mass t ransfer  coefficient; also, 
as will be shown later, under  most conditions of opera- 
t ion this outside boundary  condition is largely i rrele-  
vant. Boundary  conditions [7] and [8] imply equi-  
l ibr ium exists at the boundary  between the doped and 
undoped oxide, that  the activity coefficients of dopant  
in the oxides are independent  of concentration, and 
that  all the dopant  is free to diffuse, that  is, there is 
cont inui ty  of flux a t  the interface. Conditions [9] and 
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[10] again imply equi l ibr ium and cont inui ty  of flux at 
the oxide-semiconductor interface, but  here the segre- 
gation coefficient, m, defines the ratio of the activity 
coefficients of the dopant  in the silicon and in the 
oxide; here again it is assumed that the activity co- 
efficients in both phases are independent  of concen- 
tration. 

Equations [1] through [3] may be solved using 
boundary  conditions [4] through [10], giving 

[ ( Cl(x,t) = C o  I - -  erfc , 
o - - ~  2~/Dlt 

+ ~erfc , 2h/Dlt  + 2erfc 2~/Dlt 

[ ( 2 n + l ) x o - - x  ] 
- -  2~erfc 2k/Dlt  

[ ( 2 n + 2 ) x o + x - - x B  ] 
- -  erfc , 2A/Dlt 

[ (2n+2)X~  ] ) ]  [11 ] 
- -  ~erfc 2~/Dlt 

CO[ o ( C3(x,t) = T ~n erfc 2~/Dlt 

--  aerfc --  2erfc - 
2~/Dlt 2~/Dlt 

[ ( 2 n + l ) x o - - x  ] 
/-  2~erfc 2~/Dlt 

C2(x,t) = 

where 

and 

(2n+2)X~--XBWX ] 
+ erfc 2~/Dlt 

- -ae r fc  [ (2n -{ -2 )Xo- -XB- -X 

oo 

oZ [ (1 + k) 2~/D~t 
[ ( 2 n + l ) x o + m k x  ] 

- -  2erfc 2~/bl~ 

[ ( 2 n + 2 ) x o - - x s + m k x  ])  
+ erfc 2~ /DJ  [13] 

1 
k = -- ~/D1/D2 [14] 

m 

1 - - k  
= - -  [15] 

l + k  

These equations can be considerably simplified if 
we take the case where the doped oxide thickness is 
large compared to the diffusion length of the dopant in 
the oxide, that is, when 

Xo -- XB ~-- 4~/Dlt [16] 

as will  be i l lustrated by exper imental  data, this condi- 
tion is easily achieved for the case of boron. If in-  
equali ty [16] holds, then terms containing Xo dominate 
the arguments  of the functions in Eq. [11]-[13] and 
we can restrict  the solutions to those terms for which 
n = 0. Then, the concentrat ion of dopant in the silicon 
becomes 

C2(x,t) Co~/D1/D2 [ XB -}-mkx ] 
= erfc [17] 

(1 + k) L. 2 x / D ~  
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For the case of no undoped barr ier  oxide (xs = 0), 
this reduces to the simple case of diffusion from a 
semi-infini te source into a semi-infinite sink, or a 
complementa ry-e r ror - func t ion  diffusion with an 
equivalent  surface concentration, Cs 

Co~/DI/D2 
Cs = [18] 

( 1 +  k) 

Thus, the surface concentrat ion for this simple case is 
independent  of t ime and depends on both the square 
root of the ratio of the diffusion coefficients and 
the segregation coefficient. 

If we integrate expression [17] from x ---- 0 to x = xj 
(the junct ion  depth in the semiconductor) ,  we can 
determine Q, the total  quant i ty  of dopant  per uni t  area 
which has diffused into the semiconductor and which 
is proport ional  to the sheet conductivity,  or the inverse 
of the V/I  commonly measured with a four-point  
probe: 

- - i e r f c [  XB-}-mkx, ] ] )  
�9 [19] 

2N/Dlt 

where -h- is the effective mean mobi l i ty  of carriers, q 
is the electronic charge, and 4.53 is ~/ln2, the spread- 
ing-cur ren t  factor for the 4-point probe. If the sub-  
strate resistivity is high enough (greater than 2 
ohm-cm for most cases), the second term in Eq. [19] 
can be ignored. Then, for the simple case of no u n -  
doped barr ier  oxide 

I /V  --- 8.15 • lO-23-~Cs~v/D2t [20] 
o r  

_ _  1.23 X 1022 d(I /V)  
x/D2 = [21] 

-~Cs d (X/}) 

where ~ is in uni ts  of cm2/sec-u Cs in atoms/cm~, t /V  
in mhos, t in hours, and D2 in ~2/hr. In addition, it can 
easily be shown that  for this simple case the junct ion  
depth can be wr i t ten  

xj = 2~/b--~t argerfc L - - ~ s ]  [22] 
Cb 

o r  

d(xj) 

d(V5 
k/D2 ----- [23] 

where Cb is the bu lk  coneentrat ion of the semicon- 
ductor substrate. Thus, if we plot the sheet conduc- 
t ivity and the junet ion depth as functions of the square 
root of the diffusion time, we should obtain straight 
lines whose slopes are functions of the surface concen- 
t ra t ion 1 and are directly proport ional  to the square 
root of the diffusivity of the dopant in the semicon- 
ductor. If the surfaee concentrat ion is high enough, it 
is possible to measure Cs independently,  either by 
anodie oxidation profiling of the sheet conductivi ty 
(9) or by determining the plasma frequency (10, 11) ; 
when either or both of these techniques are used, it 

1 A c t u a l l y  the  s lope o f  the  shee t  c o n d u c t i v i t y  c u r v e  is a func -  
t i on  of the  p r o d u c t  of  the  sur face  c o n c e n t r a t i o n  a nd  t he  m e a n  
m o b i l i t y  of t he  car r ie rs ,  def ined  as 

'~J]~ (C) C (z,t) d~c ;-= 

f :JC (x,t) dz 
I t  can  be s h o w n  t h a t  i f  Ce(x,t) has  the  f o r m  of a c o m p l e m e n t a r y  
e r r o r  f u n c t i o n ,  /~ is i n d e p e n d e n t  of d i f fus ion  t i m e  a n d  d e p e n d s  on 
the  sur face  c o n c e n t r a t i o n  only.  U s i n g  th i s  a s s u m p t i o n ,  we  h a v e  cal-  
cu l a t ed  g as a f u n c t i o n  of  Cs b y  n u m e r i c a l  i n t e g r a t i o n  of  I r v i n ' s  
c o n d u c t i v i t y  m o b i l i t y  da t a  (12), a s s u m i n g  c o m p l e t e  ion iza t ion .  

is possible to determine two independent  values of 
D2 from sheet conduct ivi ty  and junct ion depth data. 
When the surface concentrat ion is too low to be mea-  
sured accurately, it is still possible to combine Eq. 
[21] and [23] and determine self-consistent values of 
D2 and Cs from the above data. 

Once the diffusion coefficient of the dopant  in the 
semiconductor has been measured, it is possible to de- 
te rmine  the diffusion coefficient, D1, of the dopant in 
the oxide by comparing wafers with and without a 
thin undoped barr ier  oxide which have been coated 
and diffused simultaneously.  If the subscript "B" refers 
to the wafer with a thin, undoped oxide of thickness 
xB, and the subscript "N" refers to the wafer with no 
such barr ier  oxide, then manipula t ion  of Eq. [17], 
[19], and [21] results in 

x/D- ~ = XB [24] 

2-~/Targierfc [ VN(I/V) B ] 
~B ( I /V)  N~/n 

XB 
~/D1 = [25] 

2 ~ / { a r g e r f c [  (Cs)B ] 
XB~/D2 

~/D1 ---- [26] 
(xj)~-- (xj)B 

That is, if we measure the sheet conductivities, the 
surface concentration, and the junct ion depths for 
diffused wafers with and without  a barr ier  oxide, we 
can obtain three independent  measurements  of the 
diffusivity of the dopant  in the oxide. 

The segregation coefficient, m, can be determined 
once the diffusion coefficients are known, from ~he 
following relationships derived from Eq. [17] for a 
wafer with no barr ier  oxide 

1 
m [27] 

8.15 >< IO-Z3~(V/I) Co~/D2t -- ~/D2/D1 

1 
m =  [28] 

Co _ ~/D21D'I 
Cs 

1 
m [29] 

erfc -- ~/D2/D1 
Cb 2~/D~t 

Thus, we can determine the constants of the diffu- 
sion by determining surface concentrations, sheet 
conductivities, and junct ion  depths, and then, in turn,  
calculate concentrat ion profiles from this model for 
any given diffusion time, diffusion temperature,  and 
ini t ial  dopant  concentrat ion in the oxide. 

Experimental 
The substrates used in this work were all (111) 

silicon wafers, sliced from Czochralski-grown crystals, 
lapped on both sides, and mechanical ly and chemically 
polished on one side. The boron doped oxides were 
deposited by oxidation of silane and diborane at a 
substrate tempera ture  of 400~ and the diffusions 
were performed in dry ni t rogen ambients.  The thick- 
ness of the doped oxide was normal ly  0.5~, although 
several experiments  were done with thicker films. 
The boron concentrat ion of the films was determined 
by flame photometric analysis of films deposited si- 
mul taneously  with those used for diffusion (13). The 
sheet conductivi ty was measured with a four-point  
probe in an 18-position array on each wafer; earlier 
studies have shown that the distr ibution of these 
values across the wafer is normal;  a typical  s tandard 
deviation was less than 5% of the mean. Junct ion  
depths were measured using the Nomarsky in ter fer -  
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ence technique after del ineation by grooving and 
staining with a nitr ic-hydrofluoric acid solution (70% 
HNO~:49% HF:HeO = 0.1:50:50, by volume).  The 
surface concentration, as ment ioned above, was deter-  
mined either from a profile (normal  to the surface) 
of the sheet conductivi ty or from the min imum in the 
infrared reflection spectrum (plasma-frequency tech-  
n ique) .  Ellipsometric methods were used to measure 
the thickness of the barr ier  oxides used for measure-  
ments  of the diffusivity of boron in the oxide. 

Results 
That these diffusions actually do follow the behavior 

predicted above is evidenced by Fig. 2 and 3 where 
the results of diffusions of boron into silicon at l l00~ 
from three different ini t ia l  doping concentrat ions are 
shown. In  addition, as predicted by Eq. [18], the sur-  
face concentrat ions remain  constant in time, with the 

0.02 ( 

toms/Cm ~ 

~ O.OI 

o 

12 

I 2 3 

J r . . , � 8 9  

Fig. 2. Sheet conductivities resulting from diffusion of boron 
into silicon at 1100~ from deposited oxides with different initial 
boron concentrations. 

C S = 2.3 x I0 It a toms /cm 3 

/ / ~ 9 . 7  x tO I~ 
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} 
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Fig. 3. Junction depths resulting from diffusion of boron into 
silicon at llO0~ from deposited oxides with different initial 
boron concentrations. 
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Fig. 4. Concentration profile of boron diffusing into silicon from 
o deposited oxide. 

possible exception noted below. The concentrat ion 
profile for a typical  diffusion is shown in Fig. 4; the 
solid dots are the values measured by a sheet-con- 
ductivi ty profiling technique (9), and the bars are 
estimates of the uncer ta in ty  of the measurement ,  re-  
flecting pr imar i ly  a •  accuracy in measur ing the 
sheet conductivity. The data follow a complementary-  
er ror- funct ion curve satisfactorily, al though at this 
level of accuracy it is probably  impossible to dis t in-  
guish between this profile and a Gaussian profile. 

At temperatures  below ll00~ we find exper imen-  
tally that  the sheet conductivi ty and junct ion  depth 
curves are shifted slightly along the positive t ime axis 
from the origin; we explain this as the effect of a thin, 
i r removable oxide which always exists at the silicon 
surface and which acts as a diffusion barrier .  Calcu- 
lations based on our diffusion model yield an esti- 
mated thickness of this oxide of about 50A, and this is 
corroborated by ellipsometric measurements .  At high 
temperatures  this thickness is normal ly  small  com- 
pared to the diffusion lengths of dopant in the oxide, 
and the effect disappears. 

At high surface concentrations (about 1 x 102~ at . /  
cm3), a more serious deviation from our simple model 
occurs: the I / V  --  ",,/~ curve becomes dist inctly con- 
cave downward at diffusion times of about 2-3 hr, as 
shown in Fig. 5. There also may be a slight decrease 
in the surface concentrat ion at this point, although 
the decrease is about the same size as the estimated 
accuracies of the measur ing  techniques used. At 
higher temperatures  this behavior begins at lower 

| , , 

CS = 2 x I020  a t o m l o m  3 / 
"r = ilOOOC 

6 ~ ,2 

, !  

z "  ' 7 

2 3.4 

,/T;. ,r  '/2 

Fig. 5. Effect of high dopant concentrations on the diffusion of 
boron into silicon from a deposited oxide, 
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Fig, 6. Diffusion coefficients of boron in silicon at various 
temperatures and surface concentrations. 

surface concentrations, and conversely at lower tem- 
peratures. The junct ion depth remains  a l inear  func-  
tion of ~ /Tfor  all  conditions as is also shown in Fig. 5. 
This effect at high surface concentrat ions is quite re-  
producible, and effective diffusion coefficients calcu- 
lated from the junct ion depth measurements  are in 
agreement  with predicted values. 

The square roots of the diffusion coefficients of boron 
in silicon measured using all the above techniques at 
surface concentrat ions from 2 x 1017 to 1 x 1020 at . /cm 3 
and for temperatures  from 1000 ~ to 1280~ are shown 
in Fig. 6. Results of measurements  of the diffusivity 
of boron in the oxide and the segregation coefficient 
at various temperatures  are shown in Table I; the 
three different methods cited for the diffusivity mea-  
surements  refer to Eq. [24], [25], and [26], respec- 
tively, while the values for the segregation coefficient 
were calculated from surface concentrat ion data using 
Eq. [28]. 

The surface concentrat ions resul t ing from various 
concentrat ions of boron in the deposited oxide are 
shown in Fig. 7. Surface concentrat ions greater than  
2.5 x 10 TM at . /cm 3 were measured using the techniques 
described earlier, while those less than  this figure 
were calculated. The overlapping of the points at 
different tempera tures  reflects the relat ive insensi t iv-  
i ty of the ratio of the diffusion coefficients to tempera-  
ture. 

Reliability o] the Data 
The data presented above fall into two general  

classifications: In  some cases it has been possible to 
measure the same parameter  with more than one tech- 
nique; for example, at re lat ively high surface concen- 
trations we can measure the diffusivity of boron in 
silicon by either the sheet-conduct ivi ty method (Eq. 
[21]) or by the junc t ion-depth  method (Eq. [23]). The 
validity of the model is then directly related to the 
agreement  between these independent  values, and 
these values can be legit imately compared to dif-  
fusivities and segregation coefficients measured by 
other techniques. Data which fall in the other class 
comprise those cases where independent  values of one 
parameter  are not readi ly measurable;  then the pa ~- 
rameters  calculated can only be self-consistent and 
cannot be used directly to test the val idi ty of the 
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Fig. 7. Surface concentrations of boron in silicon resulting from 
various concentrations of boron in the deposited oxide, 

model, but  can be used to make predictions of ex- 
per imenta l  behavior wi thin  the range of the model. 
In  discussing the rel iabi l i ty  of the data, then, it is im-  
por tant  to dist inguish between the accuracies involved 
in establishing the model as valid and the rel iabil i ty 
which can be claimed (based on self-consistent data) 
for predicting exper imenta l  behavior from this model. 

The rel iabi l i ty  of the values reported above has 
been estimated by a geometrical combinat ion of devi-  
ations for each of the factors enter ing in the calcu- 
lations. For example, the diffusivity of boron in sili- 
con as calculated by the sheet-conduct ivi ty  method 
(Eq. [21] ) is a funct ion of the slope of the I / V  ~ ~ / t  
curve, the effective mean  mobility, and the surface 
concentration. The sheet conduct ivi ty  data have been 
fitted to a least-squares straight l ine assuming no un-  
certainty in the diffusion time values; the relative 
s tandard deviations of the slopes of these lines are 
typically well  under  5%. The uncer ta in ty  in the mea-  
sured surface concentrat ion can be as high as 25% in 
some cases, while the uncer ta in ty  of the mean  mobil i ty 
is close to 10%; these combine to yield an expected 
relat ive s tandard  deviat ion in N/D2 of about  28%. In  
similar fashion, ~k/D2 calculated from junction depth 
measurements (Eq. [23] ) has a relative standard de- 
viation of only about 6%, primarily because argerfc 
(Cb/Cs) is insensitive at values of Cb and Cs nor- 
rnally encountered. Table II shows values of N/D2 for 
boron in silicon at various temperatures, as deter- 
mined by these two methods. In general, there is 
excellent agreement between these two methods, much 
better than predicted from the relative accuracies of 
the measurements, and this agreement indicates the 
model is applicable under these diffusion conditions. 

On the other hand, the uncertainties in the self- 
consistent data are much smaller than predicted above 
because a direct measurement of the surface concen- 
tration is not involved. For example, analyses similar 
to that above result in expected deviations of about 
15% for %/D2 and about 12% for calculated values of 

Table I. Diffusion parameters of boron in oxide 

~/D'I (~A/~r ) ,  b y  m e t h o d  of:  

Sur face  
Temp,  Shee t  con-  concen-  J u n c t i o n  

~ Co, a t . / c m  ~ duc t iv i ty  t r a t ion  d e p t h  

Table II. Diffusion coefficients of boron in silicon by 
junction-depth and sheet-conductivity methods 

~/Ds (/LA/hr), b y  m e t h o d  of: 

Shee t  con- Junction 
Temp, ~ C~ ductivity [21] depth [23] 

I000 1.4 X I0  ~ - -  - -  0 .0Oll  
1100  1.4 • 10 ~ 0 .01  0 .01  0 .006  0 . 2  
1200 1.4 X I0  ~ 0.02 0.03 0.015 0.06 
1 2 8 0  1 .4  • 10  ~ 0 . 0 4  0 . 0 6  0 .02  0 .06  

1000  8 • 101~ 0 .1  0 . 0 9 8  
1100  5 x 1019 0 ,2  0 .22  
1200  ,t • 10 lo 0 ,6  0 .60  
1280 4 x I 0  tU 1.3 1,41 
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Cs; in these cases, the major  uncer ta in ty  is in the 
mobil i ty data used. 

The uncertaint ies  in the measurements  of the dif- 
fusion coefficient of the dopant in the oxide and the 
segregation coefficient are general ly  larger than those 
mentioned above. Normally in these calculations we 
are using either small  differences between measured 
values or functions which are very sensitive to the 
ratios of exper imental ly  determined values; in either 
case, slight errors can be magnified into large relat ive 
deviations. As a result, values of ~/D1 are probably 
good only wi thin  •  while values of m (which 
reflect the total of all the uncertaint ies  listed above 
plus a 10% deviation in the determinat ion of Co, 
lumped into one calculation) are reliable only wi thin  
a factor of 3. 

Discussion of Results 
Any test of the validity of a simple model such as 

that  formulated above must  indicate how well  experi-  
menta l  data within the specified range of the model 
agree with its predictions and how severely the model 
must  be modified to cover cases falling outside this 
specified range. With this in mind, we will discuss, 
first, the over-al l  behavior  of the data and, then, in 
more detaiI, the deviations which appear at high sur-  
face concentrations. 

Inspection of the results shown in Fig. 6 shows that  
the diffusion coefficient of boron in silicon is not 
strictly independent  of the concentration, as is as- 
sumed in our simple model. Much of this concentra-  
t ion dependence can be explained by including effects 
of the self-induced field acting on the ionized dopants 
or, in other words, considering the electrochemical 
potential  as the driving force, ra ther  than just  the 
chemical potential. Then  an effective diffusion coeffi- 
cient can be wri t ten  as shown by Smits (14) and 
Kurtz  and Yee (15) : 

( C2 ) [30] 
Deff ~ D2 1 -~ ~ C22 "~ 4n~ 2 

where ni is the intr insic carrier concentrat ion in  the 
substrate at the diffusion temperature.  The effective 
diffusion coefficient then varies between D2 at low sur-  
face concentrat ions and twice this value at high sur-  
face concentrations. The t ransi t ion regions should 
extend roughly from 3 x 1018 to 9 x 1019 at . /cm 3 at 
1000~C, from 5 x 10 is to 2 x 10no at . /cm 3 at 1100~ 
and from 1 x 1019 to 3 x 1020 at . /cm 3 at 1200~ Within  
these concentrat ion limits the diffusivities we have 
reported are actually values averaged over the range 
of concentrat ion extending from the surface to the 
lower value of the l imits given above. Since the ma-  
jori ty of dopant atoms in these diffusions are at high 
concentrat ions near  the surface, it is a reasonable ap- 
proximation to report the diffusion coefficients as a 
function of surface concentration. 

A more serious problem, both in terms of val idat ing 
our diffusion model and in terms of making accurate 
predictions of diffusion behavior,  is the divergence of 
the sheet conductivi ty - -~ / t  curve from a straight l ine 
at high surface concentrations. The reason for this be-  
havior is not known at the present  time, bu t  several 
hypotheses which have been advanced are discussed 
in some detail below: 

1. formation of an oxide barr ier  at the doped oxide- 
silicon interface; 

2. nonuni form concentrat ion of the dopant in the 
oxide; 

3. excessive out-diffusion of dopant  from the ox- 
ide; 

4. dependence of the diffusivity of the dopant in 
the oxide on concentration; 

5. nonequi l ib r ium at the interface. 

If it is assumed that  boron is t ransferred across the 
oxide-silicon interface by a reaction such as 

2B203 W 3Si ~ 3SIO2 -P 4B 
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then it can be shown that the ratio of the thickness 
of SiO2 grown (Xo') to the diffusion length of boron 
in the oxide is 

Xo' 1.8 x 10 -23 Co 
---- [ 3 1 ]  

2~/Dzt 1 + 1/m~/D1/D2 

where Co is in units  of at . /cm 3. Even in heavily doped 
oxides, where Co may be 3 x 1021 at . /cm ~, the oxide 
formed is only a few per cent of the diffusion length 
of the dopant in the oxide and will  not interfere sig- 
nificantly with the course of the diffusion. 

The anomalous results shown above in Fig. 5 can 
also be explained by a nonuni formly  doped oxide with 
a high surface concentrat ion of dopant  close to the 
oxide-silicon interface (see Appendix A).  However, 
in our part icular  deposition system, a change in the 
deposition rate greatly magnifies any concentrat ion 
gradient  existing in the oxide, and we have seen no 
change in the anomalous behavior  described above 
over a twentyfold deposition rate increase. Therefore 
we conclude that  this behavior  is not a result  of a con- 
centrat ion gradient  in the oxide. In  addition, we have 
found that  depositing a 1.5~ doped oxide, rather  than 
the normal  0.5~ film, has no effect on the shape of 
the sheet conductivi ty curve at high surface concen- 
trations. This confirms our assumption, based on the 
data given in Table I, tha t  excessive out-diffusion of 
dopant from the oxide into the ambient  is not the 
cause of this anomaly.  

We have not been able to measure the diffusion co- 
efficient of the dopant  in the oxide accurately enough 
to test its independence of concentration. It  is not u n -  
likely, however, that  the diffusion coefficient of boron 
becomes dependent  on its concentrat ion in the oxide 
at the relat ively high levels where  our discrepancies 
appear (16), and variations in the diffusion coefficient 
as large as those noted in Table I would be sufficient 
to cause the behavior  shown in Fig. 5. 

It has also been proposed that  equi l ibr ium does not 
always exist at the silicon-oxide interface; that  in the 
init ial  stages of the diffusion, perhaps because of high 
stresses at the surface or because of specific boron-  
silicon compound formation (17), a large quant i ty  of 
dopant is t ransferred across the interface and then 
diffuses normal ly  into the substrate. At  the present  
time, we have not been able to devise exper imental  
means of discriminating between this behavior  and 
that listed directly above. 

It  should be emphasized here that  the deviations 
which have been discussed above occur only over a 
very limited range of surface concentrations, and that 
in the major i ty  of cases ot interest,  the model pre-  
sented above is quite adequate to describe the experi-  
menta l  behavior. A comparison is made in Fig. 8 of 
some of our data with that reported by other workers. 
Our values for the diffusivity of boron in silicon at 
surface concentrat ions near  3.5 x 1019 at./cm~ are 
slightly lower than those of Ful le r  and Ditzenberger 
(18) at high surface concentrations,  bu t  agree well  
with those of Kurtz  and Yee (15) and Maekawa and 
Oshida (19) at comparable concentrations. Our values 
for m agree with those estimated by Grove et al. (20). 

Conclusions 
The technique of diffusing from doped oxides de- 

posited at tow temperatures  is very  attractive, pr i -  
mar i ly  because of complete and independent  control 
of the surface concentration. The solution of the dif- 
fusion equations, with appropriate simplifications, pre-  
dicts that the diffusion profile in the semiconductor 
substrate will follow a simple complementary  error 
function if the thickness of the doped oxide is suffi- 
cient, and that the effective surface concentrat ion de- 
pends directly on the ini t ial  concentrat ion of dopant in 
the oxide, the ratio of diffusivities of the dopant  in  the 
oxide and in the semiconductor, and the segregation 
coefficient. The model also predicts simple techniques 
for measur ing these parameters.  We have shown ex- 
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per imen ta l ly  tha t  this  model  is fol lowed for  surface 
concentrat ions less than  1 x 1020 a t . / cm 3, and we 
have de te rmined  values  of the  diffusion coefficients of 
boron in silicon over  wide  ranges  of t empera tu re  and 
concentrat ion.  We have  not  been  ab le  to expla in  cer -  
ta in  deviat ions f rom this model  at  surface concent ra -  
tions grea te r  than  1 x 1020 a t . / cm 3, bu t  diffusions in 
this range  are  reproduc ib le  and thus  useful. 
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A P P E N D I X  A 
Diffusion f rom a cont inuously  va ry ing  concentra t ion 

of dopant  in the  ini t ia l  deposi ted oxide can be ap-  
p rox ima ted  by  the case of diffusion from a series of 
oxide increments  para l le l  to the  silicon interface,  the 
dopant  concentra t ion being constant  wi th in  any incre-  
ment  but  va ry ing  from increment  to increment .  The 
first o rder  solution 2 given here  is for one increment ,  
xi thick, wi th  a un i form concentra t ion Col ad jacent  to 
the  silicon, wi th  the  r ema inde r  of the oxide Xo - -  xi 
thick, having a un i form concentra t ion Co. The concen-  
t ra t ion in the  subs t ra te  is 

mk ~ [ n Co e r f c [ 2 n x ~  
C2 (x,t) 1 -t- k o 2~/Dlt  

- -  2erfc [ ( 2 n + l ) x o + m k x J  
2 ~ / D l t  

+ e r f e  [ (2n+2)Xo--Xi-~mkx ] )  

2~/Dlt  

+Coi(erfc [ 2nx~ ] 
2k/Dl t  

[ (2nnu2)Xo+_ mkx ] 
-1- erfc 2~/Dtt 

[ 2nXo-FXl~-mkx ] 
- -  erfc 

2~/Dlt 

- - e r f c [  (2n+2)Xo--x i+mkx ] ) ]  

2~/Dlt 
If  xo is large,  this  reduces  to 

i x ]  C2 (x,t)  = Coi erfc - -  
1 ~- k' 2k/D2t 

[A-1J 

--Coi~Co) erfc[ xi-Fmkx ]) [A-2] 
2~/Dlt 

The sheet  conduct iv i ty  then  has the  form 

I/V = 9.06 ~-q 1 + k 

Col 
- ~ - -  ( C o i - - C o ) i e r f e  [ xi 

For  sui table  values  of Coi and xi, this  funct ion has  the  
shape of the  conduct iv i ty  curve given in Fig. 5. 

~This  so lu t ion  a n d  Eq, [I1] ,  [12], and  [13] a re  b y  the m e t h o d  of 
LaPIace  t r a n s f o r m a t i o n  (21). 

t280 1200 llO0 IO00~C 

iO-II ~. ~ \  I, FULLER and DITZENBERGER(18) 
~ \ ~  2, KURTZ and YEE (15) 

%= �9 �9 THIS WORK, C s = 3.5 x IO is 
~ atoms/crn 5 

I0-12 x ~ ~  

~lO-P3 

10 ~ 

o.~5 0:70 095 o~o 
107TAB S , =K 

Fig. 8, Effect of temperature on the diffusion coefficient of 
boron in silicon. 
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Technical Notes @ 
Study of the Dissipation Factor of 

PbZroTTio O, in the Vicinity of the Curie Point 
Donald F. W e i r a u c h '  and V ic tor  J. Tennery  2 

Del3artment of Ceramic Engineering, University of Illinois, Urbana, Iffinois 

For most ferroelectr ic  and ant i ferroelectr ic  phases 
possessing the perovski te  s t ructure  the re la t ive  per-  
mi t t iv i ty  exhibits a max imum at the tempera ture  
where  the mater ia l  t ransforms to a paraelectr ic  phase. 
Within the phase t ransformat ion region the measured 
dissipation factor or loss tangent  usually exhibits an 
anomaly whose origin is in many cases unclear.  In 
the case of polycrystal l ine PbZr0.TTi0.30~, at audio f re-  
quencies the dielectric loss increases with increasing 
tempera ture  except  in the vicini ty of the phase t rans-  
formation from the rhombohedra l  ferroelectr ic  phase 
to the paraelectr ic  cubic phase at 340~ At this t em-  
pera ture  the measured loss decreases anomalously 
before increasing again at higher  temperatures .  This 
work  reports  data which indicated that  for this solid 
solution the decrease in dissipation factor in the vic in-  
ity of the t ransformat ion t empera tu re  is pr imar i ly  a 
consequence of the large change in the mater ia l ' s  
electrical  permi t t iv i ty  and not due to an anomaly in 
the electr ical  resistivity. 

Ceramic specimens of PbZr0.TTi0.303, 1.5 cm in diam- 
eter and 0.3 cm thick and possessing densities of 85% 
of theoretical,  were  prepared by standard techniques.  
Gold electrodes were  applied to the flat paral le l  faces 
of the specimens by a vacuum evaporat ion method. 

Capacitance and dissipation factor measurements  
were  made at a f requency of 10 kHz on specimens en-  
closed in a small  stainless steel holder whose tempera-  
ture  could be controlled to ___ 0.2~ (1). A General  
Radio 1620-A capacitance measur ing assembly was 
used for these measurements .  The direct current  re-  
sistivity of the same specimen was measured in the 
same holder  wi th  a Kei thly  610A electrometer .  Figure  
1 shows the re la t ive  permi t t iv i ty  and dissipation factor 
of a typical  specimen as a function of temperature .  

It was assumed that  the dielectric could be repre -  
sented by an equivalent  paral le l  circuit  consisting of a 
capacitor in paral lel  with a resistor. From the mea-  
sured capacitance and dissipation factor and the speci- 
men's geometry  the equivalent  paral le l  resist ivi ty of 
the specimen could be calculated f rom the relation 

1 1 
D - -  ---- ~ [1] 

2~tfRC o~RC 

which is valid for the simple paral le l  circuit. In this 
expression D ---- dissipation factor, f = frequency, C --- 
paral le l  equivalent  capacitance, R = paral le l  equiva-  
lent  resistance, and oJ ---- the angular  frequency.  If the 
paral le l  equivalent  resist ivi ty were  approximate ly  
equal  to the measured d-c resistivity, then the losses 
were  all  essentially conductive in nature.  Also, the 
equivalent  circuit  represented the dielectric through 
the phase t ransformat ion region if both resistivit ies 
had the same value and the same tempera tu re  depen-  
dence through this region. Figure 2 shows that  in-  
deed these two resist ivi ty values are very  near ly  equal  

x P r e s e n t  a d d r e s s :  T e x a s  I n s t r u m e n t s ,  Da l l a s ,  Texas .  
e P r e s e n t  a d d r e s s :  O a k  R i d g e  N a t i o n a l  L a b o r a t o r y ,  O a k  R idge ,  

T e n n e s s e e .  

to each other above 200~ and that  they have the 
same tempera ture  dependence above this temperature .  
Therefore,  above about 200~ and at this f requency 
the paral le l  equivalent  circuit  was a reasonable ap- 
proximat ion for this dielectric material .  The electr ical  
conduct ivi ty  of the specimen had thus become the 
major  source of dielectric losses in this mater ia l  at 
these high temperatures .  The observed changes in the 
a-c and d-c resistivit ies at the t ransformat ion t empera -  
ture were  small and, because of the demonstrated 
val idi ty  of Eq. [1], the decrease in the dissipation fac- 
tor at the t ransformat ion tempera ture  was due to the 
large observed increase in the permit t ivi ty .  The rise 
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Fig. 1. Relative permittivity and dissipation 
PbZro.TTio.303 as a function of temperature. 
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in dielectric loss jus t  prior to the permi t t iv i ty  peak 
was due to the increasing conduction losses. The sharp 
rise in loss at temperatures  just  above the t ransforma-  
t ion was due to the ever increasing conduction losses 
and the sharp decrease in permit t iv i ty  in the cubic 
phase region. 
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Solid Solution in the Silicon Nitride-Silicon Dioxide System 
N. C. Tombs, 1 F. A. Sewell, Jr., and J. J. Corner ~ 

Sperry Rand Research Center, Sudbury, Massachusetts 

Since the description of a new insulated-gate  field- 
effect t ransis tor  using silicon ni tr ide as the diffusion 
mask and gate dielectric (1), considerable effort has 
been directed toward the invest igat ion of silicon n i -  
tr ide for semiconductor device applications (2). This 
note describes investigations of the preparat ion and 
properties of the solid solution series which we were 
able to form between silicon ni tr ide and silicon diox- 
ide as end members.  

We have .observed that the pyrolytic reaction be- 
tween silane and ammonia  gases can, in the presence 
of certain oxygen-conta in ing gases, yield amorphous 
films having compositions in termediate  between those 
of silicon ni t r ide and silicon dioxide (3). This has 
formed the basis for the controlled preparat ion of a 
series of films covering the full  range of composition. 
It  is shown by infrared absorption, electron diffrac- 
tion, and optical studies that  these materials  are to be 
regarded as solid solutions ra ther  than mult iphase 
mixtures.  The formation of the full  range of solid solu- 
tions is presumably  facilitated by the s t ructural  flex- 
ibili ty inheren t  in  the amorphous state. Fi lm charac- 
teristics such as etch rate in  hydrofluoric acid, maxi -  
mum field strength, and dielectric constant, are in-  
fluenced by the solid solution composition in  a m a n n e r  
which enables a practical compromise to be achieved 
for device applications. 

Films were deposited on silicon substrates which 
had been mechanical ly  polished and chemically etched 
in the conventional  manner .  Deposition was carried out 
in  all-glass flow system, using an r f -heated graphite 
susceptor sealed in a quartz envelope. The reaction 
gases were silane, ammonia,  and nitrous oxide at a 
1% concentrat ion in argon carrier  gas. In  order to ob- 
tain consistent results, it was found to be essential to 
minimize contaminat ion of the reaction gases both 
prior to and dur ing  the reaction. Suitable deposition 
conditions for the entire range of films involved a sub-  
strate tempera ture  of 900~ (uncorrected optical py-  
rometer  reading) ,  and a total flow rate of 18-20 l i ters /  
min, with an ammonia-s i lane  volume ratio of 80: 1. 

F i lm thickness was determined by etching a step, 
evaporat ing a reflecting silver layer onto the surface, 
and measur ing  the fringes formed in a double-beam 
interferometer.  A reflection spectrum was obtained 
over the wavelength  range  0.5-1.5~, using a Beckman 
I)KZA spectrometer. The refractive index was ob- 
tained from the reflection minimum,  the film thick-  
ness, and the ins t rument  geometry. The film etch rate 
was determined at 22~ using buffered HF etch (100 
ml saturated ammonium fluoride to 15 ml  concentrated 
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solution, e lectron microscopy.  

Presen t  address :  Nat ional  Aeronaut ics  and Space Adminis t ra t ion ,  
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HF, 48%). The principal  absorption band in the 5-25~ 
region was determined using a Pe rk in -E lmer  Model 
337 Spectrophotometer. The dielectric constant was 
determined from m a x i m u m  capacitance vs. voltage 
measurements  using 10 mil diameter  a luminum elec- 
trodes evaporated onto the film. 

Figure 1 shows the results obtained, on correspond- 
ing samples, for etch rate, IR absorption maximum, 
refractive index, and dielectric constant, vs. mole-per  
cent ammonia  replaced by ni trous oxide in the reac- 
tion mixture.  It is seen that the results follow a reason- 
ably smooth curve, with the greatest effect of ni trous 
oxide increments  occurring at the lower concentra-  
tions, as might be expected. Insofar as a direct com- 
parison is justified, in view of the important  effect of 
the exper imenta l  conditions, these results are con- 
sistent with other published data (4). It is not certain 
that these zero per cent N20 samples do in fact repre-  
sent ent i rely oxygen free silicon nitride, and this fact 
might account for the dielectric constant  being close 
to 6, compared with values of 7 to 8 previously pub-  
lished. It should also be noted that  the use of lower 
ammonia  to silane ratios can yield silicon excess 
samples with increased dielectric constants. Concern-  
ing the refractive index, values somewhat less t han  

 Olil l 
~ ~ NH3 

Sill4 =80 
.c: o 

i0 ~ 

12 

I0 

9 

2.4 -- 

2.2 l 

m 2 0 ~  
LS 
L6 
1.4 �9 

6 

5 

4 
5 

Fig. 1. 
placed by 

m 

m 

I I I I t I I I I 
I0 20 30 40 50 60 70 80  90 I00 

Mole-percent NH 3 reploced by N20 

Measured film properties vs .  mole-per cent NH3 re- 
N20 in the reaction mixture. 



Vol. 116, No. 6 S O L I D  S O L U T I O N  S E R I E S  863 

our value of 2.2 for the end member  have been re- 
ported. The discrepancy is difficult to explain, es- 
pecially since our corresponding dielectric constant is 
about 6. 

Informat ion concerning the s tructure of the films was 
obtained using selected-area transmission electron dif- 
fraction techniques (JEM 6A electron microscope, 100 
kv beam).  It was necessary to make windows in the 
silicon substrate, using the je t -chemical  etching 
method of Booker and Stickler (5). Two specimens 
were usual ly  prepared from each film sample, one 
film being reduced to about one half of its ini t ia l  thick- 
ness (2000A) by cont inuing the etching process after 
the silicon window had been opened. Both film thick- 
nesses always gave similar diffraction results, so that  
no variat ions with depth through the film were ap- 
parent. However, the th inner  film gave better  diffrac- 
tion contrast. A calibration spot-pat tern  for silicon 
could be superimposed on the amorphous film pat tern  
by exposing a th inned edge of the silicon to the elec- 
tron beam. 

All  the nitr ide and oxynitr ide films gave diffuse r ing 
pat terns characteristic of amorphous structures. The 
positions of the diffraction rings were measured on 
the photographic plates using a steel rule. Despite the 
simplicity of the technique, it is felt that  the accuracy 
of the ring diameter  measurements  was _ 1%. The 
"d" spacings corresponding to the three most distinct 
diffraction rings are tabulated in Table I for films pre- 
pared using various mole-per  cent replacements of 
ammonia by nitrous oxide. Results for a silicon di- 
oxide film formed by thermal  oxidation of silicon are 
also included. Figure 2 shows a plot of the outermost 
"d" spacing vs. composition. Figure 3 shows diffrac- 
t ion pat terns for 0 and 90 m/o  replacement  of ammo- 
nia by nitrous oxide. 

The gradual  change in "d" values with composition 
indicates that  the silicon nitr ide and silicon dioxide 
end members  form a continuous series of solid solu- 
tions rather  than simple mixtures.  This evidence forms 
valuable support for that  provided by the correspond- 
ing gradual  change in the infrared absorption and 
other characteristics of the films. From the point  of 
view of practical device applications, it is normal ly  
desirable to achieve a single-phase film in order to 
avoid possible inhomogeneous properties associated 
with mixtures.  Previous reports concerning films in-  
termediate in composition between silicon ni tr ide and 
silicon dioxide (4) have not always clearly disting- 
uished the solid solution and mixture  possibilities, 
and electron diffraction appears not to have been ap- 
plied to this problem previously. It is, in fact, possible 
that some preparat ion techniques will yield mixtures  
instead of solid solutions. Drum and Rand (6) have 
applied e lect ron-beam microanalysis to a series of 
oxynitr ide films in connection with comparative stress 
measurements.  They find that  the atomic fraction of 
silicon in the various compositions is not consistent 
with the presence of a mixture  of silicon ni tr ide and 
silicon oxide. 

It is of interest  that Coleman and Thomas (7) have 
studied the structure of silicon ni tr ide and silicon di- 
oxide films formed by a glow discharge method. In  
the case of nitride, compositions ranged from silicon 

Table I. The "d" spacings corresponding to the three most 
distinct diffraction rings for films prepared using various 

mole-per cent replacements of NH~ by N20 

" d "  S p a c i n g s  (A) 
T h e r m a l l y  

0% 5% 10% 20% 25% 42% 75% 90c/c g r o w n  
NaO N 2 0  N~.O N 2 0  NzO N 2 0  N~O N~O SiO= 

3.60 3.57 3.57 3.66 3.71 3.69 4.02 3.95 4.12 
2.28 2.29 2.32 2.33 2.35 2,36 2.36 2.40 2.35 

2.04* 2.00* 
1.35 1.33 1.33 1.30 1.30 1.27 1.27 1.24 1.20 

* T h e s e  r i n g s  w e r e  d e t e c t a b l e  on ly  fo r  t h e  90r NeO s a m p l e  a n d  
the  t h e r m a l  SiO~ s a m p l e .  

~ I I I t I I L L I 
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Fig. 2. Outermost "d" spacing vs. film composition 

Fig. 3. Comparison of transmission electron diffraction patterns 
from films prepared with (a) (left) 0% N20 replacement and 
(b) (right) 90% N20 replacement. 

to silicon nitride. Using the variat ion of the scattered 
intensi ty of an electron beam with angle, they have 
deduced the position, number ,  and type of atoms sur-  
rounding a given origin atom. An analogous approach 
might usefully be applied to the silicon ni tr ide-si l icon 
dioxide films we have described. 
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Thermal Expansion of Sputtered Silicon Nitride Films 
P. J. Burkhardt* and R. F. Marvel  

IBM Components Division, East Fishkill Laboratory, Hopewell Junction, New York 

When silicon ni tr ide first came into vogue in the 
semiconductor industry as a thin film passivating ma-  
ter ial  for silicon planar  devices, one of its strong sell- 
ing points was that  its the rmal  match with silicon was 
better  than that  of silicon dioxide. At that  time, the 
best avai lable value for the thermal  expansion coeffi- 
cient was that  measured for the bulk crystal l ine mate-  
r ial  by Popper  and Ruddlesden (1). This was given as 
2.5 x 10 - s  ~ -1. Bean et al. (2) have approximated 
the expansion coefficient of pyrolyt ica l ly  deposited 
silicon ni t r ide as 4.2 x 10 -6 ~ -1 over  a t empera ture  
range of O~176 by measur ing the curva ture  of a 
siIicon-silicon ni tr ide wafer.  More recent ly  Tokuyama 
et al. (3) measured the expansion coefficient of pyro-  
lyt ical ly deposited silicon nitr ide by measur ing the 
curva ture  of a sil icon-silicon nitr ide strip by x - ray  
diffraction microscopy. Their  measurements  were  made 
on strips on which ni tr ide had been deposited at 800 ~ 
and 1000~ and cooled to room temperature .  Rather  
than using the expansion coefficient of silicon, they 
measured equivalent  strips with s team-grown SiO=, 
and used the value of 5.5 x 10 -T ~ -1 for SiOe as a 
reference.  The same authors also reported the observa-  
tion of cracks in the silicon nitr ide films. Because of 
t h e  apparent ly  good the rmal  match of silicon ni tr ide 
and silicon, they  concluded that  differences in Young's 
modulus be tween silicon and silicon ni tr ide caused 
the cracking. 

We have  developed a technique for measur ing the 
thermal  expansion coefficient of thin films such as 
silicon nitr ide direct ly  wi thout  the use of bending 
beams. In this method, a ca thetometer  is used to mea-  
sure the distance between two reference marks as a 
function of t empera tu re  on a f ree ly  suspended strip 
of film. Thus the need for a reference expansion coeffi- 
cient is eliminated. Fur thermore ,  the effect of any in- 
trinsic interfacial  stress of unknown tempera tu re  de- 
pendence, which may be present in a silicon ni t r ide-  
silicon beam, is eliminated. 

The silicon nitr ide films with  which this study is 
concerned were  produced by rf sput ter ing (4). This 
method of deposition on silicon substrates results in 
large intrinsic compressive stresses. These stresses are 
isothermal ly  produced and would complicate a beam-  
type expansion coefficient measurement  unless their  
thermal  behavior  is known. 

For completeness the thermal  expansion of a single 
crystal  silicon wafer  was also measured in the <110> 
direction wi th  the same apparatus. 

Experimental 
Specimen preparation.--The sample films were  pre-  

pared by sput ter ing them 1-2~ thick onto a strip of 
annealed molybdenum metal. The strip was 1/2 in. 
wide, 3 in. long, and 0.003 in. thick. Before cutting, 
the molybdenum sheet was rolled over  an edge to 
provide  a la teral  curva ture  (Fig. 1 insert) .  The pur-  
pose of the curva ture  was to keep the stripped silicon 
ni tr ide film from curl ing along its length. 

The sequence in prepar ing the films was as follows: 
Two fiducial marks  were  scribed onto the molybdenum 
strip wi th  a diamond scribe, at a distance no far ther  
apart  than the range of the cathetometer .  The molyb-  
denum strips were  etched briefly in aqua regia. Next  
the silicon ni tr ide film was deposited. Fol lowing de- 
position, the strips were  placed into a furnace at 800~ 
where  commercia l  chlorine gas was used to etch away 
the moIybdenum. This etching left  intact the straight 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

strips of silicon nitride film, with the scribed fiducial 
marks replicated on them. 

Many attempts were necessary to obtain films that 
would remain intact after chlorine etching. Successful 
results were obtained by sputtering at 4~ nitrogen 
pressure from a Cerac I hot pressed silicon nitride tar- 
get and by using an rf power density of 4.0 w/cm ~. 
The substrate temperature was 300~ 

Chemical analysis of comparable stripped silicon 
nitride films showed them to be about 98% Si~N~. 
Impurities detected by electron microprobe were Mo, 
CI, O, Ca, and Al. 

Measurement.--After stripping, the silicon nitride 
strips were suspended from a silica clip in a vertical 
silica tube furnace (Fig. I). The furnace was wound 
with Kanthal A-I wire and contained an optical silica 
window 4 in. long and i in. wide. 

A chromel-alumel thermocouple was located in a 
well directly behind the specimen. It could be raised 
and lowered for measuring the temperature along the 
entire length of the specimen. This profiling at several 
temperatures showed that the variation in temperature 
along the length of the specimen was always less than 
I ~ All measurements were made in an air ambient. 

The silicon strip was cut from a 2114 in. silicon wafer 
and was mounted in the furnace in the same way as 
the silicon nitride film. 

A Gaertner micrometer slide cathetometer was used 
to measure the distance between the two fiducial 
marks. The cathetometer itself was provided with alu- 
minum foil reflectors and other heat-shielding devices 
to prevent expansion of the micrometer from heat 
radiated by the furnace. The instrument was placed 
about 1 ft from the furnace. The micrometer slide used 

i Cerac Inc., Menomonee Falls, Wisconsin. 
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Fig. 1. Vertical tube furnace with optical silica window used for 
expansion measurements. Insert shows the configuration of the film 
sample. 
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Fig. 2. Variation, with temperature, of distance between fiducia[ 
marks for a silicon nitride specimen. Circles represent data points; 
the line represents the least-squares fit to Eq. [ I ] .  

1000 

i , l i , 

48.100 

48050 

~ o ~ 
o SILICON 

48 .000  

47.950 I 
200  400  600 800 1000 

TEMPERATURE (=C) 

Fig. 3. Variation, with temperature, of distance between fiducial 
marks for a silicon specimen. Circles represent data points; the 
line represents the least squares fit to Eq. [1].  

for these measurements  had a range of 50 mm and a 
sensit ivi ty of 0.001 mm. 

Results and  Discussion 
The var ia t ion in distance between fiducial marks  

with tempera ture  for the sputtered silicon ni tr ide 
strip is shown in Fig. 2. These data points represent  
m a n y  tempera ture  cycles on a single sample, to en-  
sure that any anneal ing effects, at least wi th in  the 
tempera ture  range of the measurements,  would be 
observed. The data were fitted by the method of least 
squares (by use of an IBM 7090 computer)  to the four-  
parameter  equation 

I = c1 -t- c2e - ~ t  § c4t i l l  

where l is in mil l imeters  and t is in degrees eentigrade. 
The computed constants c1, c2, c~, and e4 of Eq. [1] 
are given in Table I for silicon and silicon nitride. The 
data obtained for silicon, along with the least squares 
fit to Eq. [1], are shown in  Fig. 3. Note that  over most 
of the range the scatter is much less than  that  for the 

Table I. Computed constants for sificon and silicon nitride 

P a r a m e t e r  S i l i c o n  S i l i c o n  n i t r i d e  

c4 ( r a m )  4 7 . 5 7 4  4 5 . 2 7 1  
c~ ( r a m )  0 . 3 7 5 2  3 . 0 6 4  • 10  --~ 
c3 ( ~  6 . 8 3 4  • 10 -4 5 . 5 9 6  x 10 -3 
c4 ( m m  " C - D  3 . 7 4 5  • 10 -4 1 . 8 1 6  • 10 -4 
G,1 ( ~  - - 5 . 3 5  X 1 0  -r - - 3 . 7 8  • 1 0 - "  
a2 ( ~  6 . 8 3  • 1 0 - 4  5 . 6 0  • 1 0  -3  
O3 ( ~  7 .81  • 10  -G 4 .01  • 1O-~ 
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Fig. 4. Variation, with temperature, of the coefficient of thermal 
expansion of silicon and of a si|icon nitride film. 

silicon ni tr ide films. The scatter in the th in  film mea-  
surements  is a t t r ibuted pr imar i ly  to the relative lack 
of r igidi ty of the film in spite of its lateral  curvature.  
The th in  films are therefore much more subject to 
distortion by room vibrat ions and convection than  
the rigid silicon strips. Both were observed. 

The expansion coefficients can be expressed empir i -  
cally in terms of the constants in [1] by 

a = ale -a~t -}- a3 [2] 

The constants al, a~, and a3 are simple functions of 
the constants  in Eq. [1] and also are given in Table I. 

Figure  4 shows the var iat ion of the computed ex- 
pansion coefficients with temperature,  along wi th  some 
data on silicon published by other authors (5-7). The 
curve for silicon fits fair ly well  with the data ob- 
ta ined by other authors except at the low- and high- 
tempera ture  ends. It is felt that  if measurements  were 
made at lower temperatures,  say down to --100~ the 
fit to the data of Ertting (5), Gibbons (6), and Maissel 
(7) would be better. 

Over the entire tempera ture  range investigated, the 
thermal  expansion coefficient of silicon ni t r ide is lower 
than that of silicon. Above 200~ the difference be- 
tween the two is very  small. The thermal  stresses that  
result  from depositions at elevated temperatures  wil l  
be compressive. 

This result  is contrary to the conclusions reached by 
Bean et  al. (2). Their  value of 4.2 x 10 -6 in the range 
0~176 presumably  is deduced from wafer curva ture  
by assuming that  all of the curvature  is related to 
the thermal  mismatch. Doo et al. (8), as did Bean 
et al., also found wafer  curva ture  in silicon ni t r ide  
films deposited pyrolytical ly from sf lane-ammonia  
mixtures.  The curva ture  has been observed to develop 
dur ing deposition, i.e., isothermally (9). By the same 
token, reverse curva ture  has been observed to occur 
dur ing  the deposition of sputtered silicon ni tr ide films 
at 300~ 

Doo et at. (8) have suggested film densification as a 
possible source of tensile stress. Although this seems 
to be a plausible explanat ion for an intrinsic tensile 
stress, it is puzzling why such stresses could not be 
relieved by anneal ing of the silicon substrate  at the 
temperatures  of the pyrolytic depositions. In any 
event, an intr insic tensile stress dependent  on the 
deposition mechanism could conceivably account for 
the dependence of curva ture  on the s i lane-ammonia  
ratio observed by Bean et al. (2). Fur thermore,  the 
cracking phenomena reported by  Tokuyama et al. (3) 
is probably  caused by just  such an in t r ins ic  tensile 
stress. The inclusion of this tensile stress into the ther-  
mal  component would na tura l ly  lead to an expansion 
coefficient higher than  that  of silicon. 

The sputtered silicon ni tr ide films we examined have 
compressive stresses of the order of 1010 dynes /cm 2. 
These are developed isothermally dur ing  deposition. 
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These stresses too are intrinsic and must  depend on 
the deposition mechanism. Indeed they are dependent  
on the rf power density, but  not noticeably on the 
substrate temperature.  

Conclusions 
The measurement  of the thermal  expansion coeffi- 

cient of silicon ni t r ide over a large tempera ture  range 
shows it to be compatible with silicon. Efforts to relate 
residual  stress in deposited films to thermal  expansion 
coefficients must  take into account intrinsic stresses 
produced dur ing deposition. These stresses themselves 
may have tempera ture  dependence that  could make 
them difficult to separate from thermal  expansion 
stresses. 
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Evidence of Phosphorus N-skin 
on Silicon from Vapor Transport 

John R. Edwards 
Department of Electrical Engineering and Materials Research Laboratory, 

University oS IlLinois, Urbana, Illinois 

In  surface mobil i ty studies it was necessary to ob-  
tain diffused N + phosphorus doped islands for in-  
version layer N-channel  MOS transistors. When the 
bu lk  mater ia l  was 100 ohm-cm boron doped silicon, it 
was discovered that  a diffused N-type skin layer ex- 
isted in the channel  region of the bulk  material .  This 
note reports the results of experiments  which were 
designed to determine the cause of the N-skin  layer. 
It is shown that  in addition to furnace contaminations,  
N-skin  can be created by vapor t ranspor t  of phos- 
phorus from the phosphorus-r ich N + diffused island 
to the exposed silicon surface surrounding the N + 
island. The N-skin  can be avoided by leaving part  of 
the original masking oxide to protect the channel  dur -  
ing subsequent  high tempera ture  processes. 

As early as 1946, Serin (1) suggested that heat-  
t rea tment  could cause a reduction in the impur i ty  con- 
centrat ion near  the surface of a semiconductor which 
was the result  of a rapid evaporat ion of the impur i ty  
atoms from the surface. Later Lehovec et aI. (2) pre-  
sented experimental  differential capacitance-voltage 
measurements  for the impur i ty  distr ibution arising by 
evaporation of an t imony  from homogeneously doped 
germanium. 

Also using a differential capacitance-voltage method 
for de termining doping profiles in depth in epitaxial  
semiconductor films, Kahng,  Thomas, and Manz (3, 4) 
presented exper imental  results for a proposed model 
of t ransfer  of dopant  from the silicon backside (and 
the silicon pedestal used in  the epitaxiaI process) into 
the working gas phase. 

Several  exper iments  were performed to determine 
the source of the N-skin  caused dur ing the fabrication 
of the transistors. Test wafers used were 89-91 ohm-cm 
boron doped, Czochralski grown silicon wafers ori- 
ented in the <111> direction. All  wafers were cleaned 
with organic solvents, deionized water, and then etched 
with a mixture  of 6:1:1 mix ture  of HNOa:HF: -  
CH~COOH as a pre-etch. Following the pre-etch a 
chemical-mechanical  polish was performed on one side 
using a 13:1 HNO3:HF solution in a rota t ing beaker. 
After polishing, the wafers were quenched in acetic 
acid, followed by  al ternate rinses in hot deionized 

water  and a mix ture  of 1:1 HNO3:H2SO4 (reagent 
grade).  The deionized water  for the final r inse had a 
resistivity greater than l0 T ohm-cm. 

The results of the experiments are summarized in 
Table I. Two types of silicon test wafers were used 
and listed as types A and B. Type A wafers were used 
as cleaned and placed in the furnaces after drying 
with blower type drying heater. Type B wafers were 
fur ther  processed to obtain diffused N + phosphorus 
doped islands. 

The ini t ial  experiments  consisted of wafers of type 
A which were placed in the furnace to determine 
whether  the ambient  of the furnace had caused the N 
skin. The furnace tubes were made of h igh-pur i ty  
quartz and the gaseous ambients  were obtained from 
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l iquid sources. The gas was t ransported from the 
l iquid source through stainless steel tub ing  and gas 
purifiers into the furnace tubes wi th  all  valving made 
of quartz and Teflon. The ambient  O2 (wet) in  Table I 
refers to an oxygen ambient  bubbled through water  
whose tempera ture  was 95~ The results are listed 
in Table I as group I. These wafers were placed in 
the furnace under  the different time, tempera ture  
and ambient  conditions listed in the table. The hot-  
point probe measurement  gave no indication of a 
skin layer nor  was there any  consistent skin indica- 
t ion from the stain test. (All  stain tests were made 
using a 1:1 H20 to HF solution with an addition of 
0.1g of Cu(NO3)2:3H20 added per 100 ml of acid, 
water  solution.) 

Group II wafers had N + phosphorus diffused islands 
to allow direct electrical current  measurements  of 
the N-skin  layer formed on the surface of the p- type  
substrate between the N islands. These wafers were 
cleaned and etched as those of group I, then oxidized 
to an oxide thickness of 9200A in a wet  O2 ambient  
for 4 hr at a tempera ture  of 1000~ 

The N + junct ions were made using the usual  photo- 
lithographic techniques. Diffusion windows were cut 
in the oxide and drain source islands were deposited 
in a two zone, P205 deposition system (5, 6) for 12 
min  at a tempera ture  of 1200~ with a 500 cc /min  
argon carrier gas flow and a 210~ P205 source tem-  
perature.  

The group of N + P junct ion wafers were tested by 
observing the leakage current  between the drain  and 
source of an MOS-T structure. This was given as sheet 
resistance in IIA. Measurements were made with the 
mask oxide removed using a 1:1 H20 to HF  solution 
in order to e l iminate  surface channel  leakage due to 
oxide charge. The predeposited junct ion leakage re-  
sistance was greater than  106 ohms/square,  as mea-  
sured using a Tektronix  575 Transistor  Curve Tracer. 
The practical l imit  of measur ing  the leakage resistance 
using the curve tracer  is estimated to be about 5 x 105 
ohms/square  for the part icular  MOS-T geometry. 

The wafers of group IIB were phosphorus deposited 
wafers which had the masking oxide completely re-  
moved by  thoroughly r ins ing the wafers in 1:1 H20 
to HF, followed by  thorough r ins ing  in deionized water, 
a 7-min soaking in 1:1 HNO8 to H2SO4, and thorough 
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r ins ing in deionized water. These wafers were then 
placed in a diffusion dr ive- in  furnace. 

A 1-hr diffusion at 12O0~ in an argon ambient  
caused the min imum N-skin  leakage resistance of 20 
ohms/square  between the drain  and source islands 
(II-B-1 in  Table I) .  Under  the same t ime and tem-  
perature conditions with oxygen as the ambient,  the 
leakage resistance was increased by two orders of 
magni tude  to a value 2 x 103 ohms/square  ( I I -B-2) .  
With the ambient  oxygen bubbled  through 95~ water,  
02 (wet),  the leakage resistance was again increased 
by a factor of two to three to a value 5 x 103 ohms/  
square ( I I -B-3) .  These wafers showed a skin with 
the stain test as shown in Fig. 2. The skin 
was of the order of 1-2# deep for the dry  O2 ambient  
and ~/2 to 1~ for the wet 02 ambient.  Above the pho-  
tograph are the physical dimensions of the s t ructure  
tested. The regions of skin close to the N + islands 
appear to have a thicker  skin. The region separat ing 
structures appears to have a skin which tapers to a 
smaller  thickness as the distances from the N + region 
increases. 

Consistent with this magni tude of N-skin  depth 
were tests made which showed the leakage consider- 
ably reduced by etching part  of the silicon in a solu- 
tion of 6: 1: 1; HNO3:HF:CH3COOH followed by an 
acetic acid rinse. 

In  addit ion a measurement  of the leakage resist-  
ance which could be increased from 2 x 103 ohms/  
square for wafers II B-2 to a value of 2 x 10 ~0 ohms/  
square (measured by an electrometer) by applying a 
bias voltage to a gate electrode over the oxide be-  
tween the two N + junct ions also demonstrates that  
the skin depth is small. 

Another  set of N+P junct ion  wafers, II-C, had the 
phosphorus-rich glass removed by etching in  a buf-  
fered etch of NH4F and HF, but  with the layer of oxide 
undernea th  the phosphorus glass left on the silicon 
surface. The glass removal  base solution (buffered 
solution) was made by dissolving 1 lb of N I ~ F  in 
670 ml  of H20 and filtered through a 7~ mill ipore 
filter. One par t  HF (49%, electronic grade) was added 
to 20 parts buffered solution. The etching rate was 
determined to be about 345 A/min .  The glass thick-  
ness was determined by plott ing the thickness ob- 
served optically (7) vs. the t ime left in the etching 
solution. The intersection of the glass etching rate 
and the oxide etching indicates a glass thickness of 
about 2400A as shown on the etch rate  curve, Fig. 1. 
The oxide remain ing  on the wafers used in this experi-  
men t  was between 1500 and 3100A which was well  
below the 6O00A oxide thickness indicated by the 
corner of the etch rate curve, indicat ing complete 
removal  of the phosphorus rich glass. 

The electrical tests showed that no detectable skin 
existed for wafers with oxide thickness of 2700-3100A 
but  showed a slight N-skin  for the 1500A thickness 
used. A stain was inconclusive on one group of de- 
vices, sometimes showing a part ial  skin and not at 
other times. It  is believed that the stain test is the 
least conclusive and least sensitive of the tests used. 

The wafer for exper iment  I I -D had the oxide com- 
pletely removed and in addition had approximately 
1~ of the deposited phosphorus islands removed. This 
was done to explore the possibility that  surface dif-  
fusion occurred, instead or in addition to vapor t rans-  
port. A silicon etch composed of 6:1:1 HNO3:HF:-  
CH~COOH was used. The wafer was quenched in 
acetic acid, r insed in deionized water, followed by 
al ternate  rinses in deionized water  and 1:1 HNO3 to 
H2SO4 with a final r inse in deionized water. The wafer 
was diffused in a wet O2 ambient  for 90 min at 
1000~ The wafer showed a stain with the stain test 
and indicated a low leakage resistance, but  measure-  
ments were probe dependent.  Coupled with the ab-  

sence of skin on wafers of group II-C, it is concluded 
that  surface diffusion into the boron out-diffused re-  
gion is not an important  factor in the formation of 
the N-skin. 

During the tests using N+P junct ions (type B 
wafers) ,  a second group of wafers of type A were 
used. One group (II I -A) of wafers was placed physi-  
cally on top of the N + diffused junct ions to test for 
vapor t ranspor t  between wafers dur ing the diffusion 
drive-in.  Both groups were placed in  the diffusion 
dr ive- in  furnace at the same time. One wafer in group 
I I I -A showed an N-skin  with the hot-point  probe 
which is not completely decisive since there  is the 
possibility of the probe breaking through the N-skin.  

The final test was made in order to test the idea that  
removal  of a phosphorus-r ich glass in an acid solu- 
tion might possibly cause phosphorus to plate out of 
the acid solution onto the bare silicon surface and 
cause an N-skin.  The wafers of group I I I -B were 
placed in a solution of 1:1 H20 to HF at the same 
time the phosphorus-rich glass was being removed 
from the wafers of group II. These treated wafers were 
r insed thoroughly, soaked in a 1:1 solution of HNO3 
to H2SO4 for 7 min, then rinsed thoroughly in deion- 
ized water. The results listed in Table I show no N- 
skin and el iminate  plat ing action dur ing  the phos- 
phorous glass removal  as a major  cause of N-skin. 

The conclusion of these experiments  is that  the 
major  cause of the N-skin  on an exposed Si surface 
must  be associated with its proximity to the heavily 
doped N + regions. This can easily be interpreted by 
a model in which phosphorus is evaporated into the 
ambient  at the dr ive- in  diffusion tempera ture  and 
transported in the gas phase onto the regions near  
the N + islands. The N-skin  layer is formed dur ing 
the diffusion dr ive- in  cycle. This also means that  any 
total removal of oxide in order to regrow a fresh oxide 
will result  in an N-skin  layer before the oxide can 
be regrown. This is in agreement  wi th  previous ob- 
servations and models (1-4). A protective oxide re-  
maining  over the p-regions sur rounding  the N + island 
is sufficient to prevent  the phosphorus from penet ra t -  
ing to the p-region. Since the N-skin  measurements  
were made using channel  conductance of MOS-T with 
the gate oxide removed, surface states and oxide 
charges do not enter  into the interpretat ion.  The phos- 
phorus remaining  in the furnace from previous use 
can also be el iminated as the major  contr ibut ion since 
the sheet resistance of the skin was changed by orders 
of magni tude  dur ing tests in the same furnace. 
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Relations between Thermodynamics of Formation of Point Defects 
and Integral Thermodynamic Properties of Metal-Oxygen Systems 

Per Kofstad 

Central Institute for Industrial Research, Bl~ndern, Oslo, Norway 

Heats and entropies of formation of point  defects in 
oxides and other inorganic compounds are most com- 
monly determined from studies of the deviat ion from 
stoichiometry, electrical conductivity, and diffusion as 
a funct ion of tempera ture  and part ial  pressure of oxy- 
gen. When the thermodynamics  of point defect forma- 
t ion are not known or are difficult to determine ex- 
perimental ly,  it would be valuable to be able to cor- 
relate or to estimate such properties from other known 
properties of oxides. In this respect approximate em- 
pirical relations be tween heats of formation of ful ly 
ionized cation and oxygen vacancies and thermochemi-  
cal properties of oxides have been proposed (1). Much 
work is also being carried out to theoretical ly calculate 
heats of formation of point defects in inorganic com- 
pounds (2), but  at this stage calculations on oxides 
have not proved successful (3). 

The purpose of this note is to point out that  the 
thermodynamics of formation of point defects which 
predominate  at the limits of nonstoichiometry in oxides 
may be related to integral  thermodynamic  properties 
of meta l -oxygen systems and knowledge of the metal -  
oxygen phase diagrams. 

Such a relat ion will  be i l lustrated for an oxygen 
deficient oxide in which interst i t ial  metal  ions pre-  
dominate at the lower l imit  of nonstoichiometry.  The 
t rea tment  may be made quite general, but  for the 
sake of simplicity a simple hypothetical oxide system 
as i l lustrated in Fig. 1, will be considered. MO2 is oxy- 
gen deficient, and it is assumed that  interst i t ial  ions 
with effective charge q, M~, are the predominat ing 
point defects at the lower l imit  of nonstoichiometry. In 
the region at and next  to this lower l imit  the composi- 
t ion of the oxide may thus be wr i t ten  Ml+yO2 and 
the max imum value of y is te rmed Ym. It is fur ther  
assumed that  MO is essentially stoichiometric. 

When the interst i t ial  metal  ions predominate,  the 
defect equil ibrium, assuming ideal behavior  and that  
concentrations may be subst i tuted for activities, may 
be wri t ten  (4) 

[Mi] nq 1092 = KM~ = exp (SSoM~/R) exp (--  AHOM~/RT) 
[1] 

where n denotes the concentrat ion of electrons, KMi, 
is the equi l ibr ium constant, and -~H~ and AS~ are  
the s tandard enthalpy and entropy terms for the for- 
mation of the defect, respectively. The s tandard state 
for M~ and the electrons is the infinitely dilute solution. 

When intr insic  ionization and effects of impuri t ies  
can be neglected, the electroneutral i ty  condition re-  
quires that n = q [MJ, and when fur ther  expressing 
the concentrat ion of interst i t ial  cations in terms of y, 
i.e., [Mi] = y, Eq. [1] can be rewri t ten  to give 

1 ( AS~ AH~ - ) 
In y . . . .  lnp02 --  qlnq 

q-b  1 R RT  
[2] 

At max imum values of y, Ym, the MO2 phase decom- 
poses to MO, and the corresponding partial  pressures 
of decomposition are P*02. In terms of Ym and P*o2 Eq. 
[2] can be wr i t ten  

ln ym = l ( AS~ AHoMi ) 
q +-----~ R RT  lnP*o2 --  qlnq 

[3] 
For the decomposition of Mac 

MO2 = MO + �89 02 [4] 

the decomposition partial  pressure of oxygen, P'a2, 
can also be wr i t ten  

2 
lnp*o2 = ~ (AG~ AG~ 

_ 2 
2 (AH~ - -  AH~ __ "R" (5S~ - -  ASOMo) 

RT 
[5] 

where AG~ AH~ and ASoMo2 are the s tandard 
free energy, heat, and entropy of formation of MO2, 
and AG~ AHOMo, and AS~ are the corresponding 
properties for MO. The s tandard state is 1 atm O2. In 
Eq. [5] it is assumed as an approximation that  the 
max imum deviat ion from stoichiometry is sufficiently 
small  so that  ~GoMo2 ~ AG~ . 

In t roducing the value of P*o2 (Eq. [5]) in Eq. [3], 
Ym becomes 

1 
in Ym = {2AH~ --  2AH~ "~- AH~ Jc- 

R T ( q  + 1) 
1 q 

{2ASoMO2 -- 2AS'oMO --~ ASOM/] - -  In(] 
R( q +  1) q + 1 

[6] 

If the tempera ture  dependence of Ym at the tem- 
perature where Mi predominates 

~ H ~  
In y,~ = lnA [7] 

RT 

can be determined from the phase diagram, it is seen 
by comparing Eq. [6] and [7] that  AH~ and hS~ 
are given by 

AHOMi ~ - -  2 (AH~ AH~ -~ (q -b  1) AHy m [8] 

~SOM i = (q q- 1)R lnA -t- qR l n q -  2 (AS~ - •176 
[9] 

The same procedure may be followed and relations 
corresponding to Eq. [8] and [9] may be derived for 
other defect s t ructure  situations, e.g., if oxygen v a c a n -  

Limit of 2~ 
l ~tability~. 

Homogenei~/l 
I range of MO21 e - t  ] I - . -  

M MO MO 2 
Composition 

Fig, l. Hypothetical metal-oxygen phase diagram with NIO and 
M02 phases. It is assumed that the MO is essentially stoichiometric 
and that the M02 phase may be nonstoichiometric and that inter- 
stitial metal ions predominate at the lower limit of homogeneity. 
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cies predominate  in oxygen deficient oxides or if metal  
vacancies or interst i t ial  oxygen predominate at the 
l imit of nonstoichiometry in metal  deficient oxides. 

Examples  
Nb205.--Nb205 is oxygen deficient (5, 6), and it has 

been proposed that oxygen vacancies predominate  at 
small  deviations from stoichiometry and doubly 
charged interst i t ial  n iobium ions at and close to the 
lower l imit of nonstoichiometry in the tempera ture  
range 900~176 (6). When the interst i t ial  n iobium 
ions predominate,  the defect equi l ibr ium can be 
wri t ten 

[Nb'i'] n 2 Po25/4 -~ KNb'( [1O] 

By following the above procedure and considering, 
corresponding to Eq. [4], the reaction Nb205 = Nb204 
+ ~/~ 02 it may be shown that 

5 
A H O N b . / � 9  . . . .  ( 2 A H O N b 2 0 5  - -  2 A H ~  -~- 3~Hy m 

4 
[11] 

For the temperature  range 900~176 it may be esti- 
mated that ~Hum ~ 6-8 kcal /mole (5, 6). At 1200~ 
AH~ = --  449.2 kcal /mole  and AH~ ~ - -  377 
kcal /mole (7) and following Eq. [11] this yields a 
value of ~H~ "~ 200 kcal/mole.  The very same 

value of 200 kcal /mole was also estimated directly 
from the studies of nonstoichiometry as a function of 
temperature  and part ial  pressure of oxygen (6). It  
may be noted that the term --  5/4(2aHONbeO5 -- 
2aH~ is much larger than 3~Hy,~ (Eq. [11]), 
and as a general  t rend the heat of formation of defects 
will increase with increased stabil i ty of the oxides. 

Cu20.--Cu20 is a metal-deficient oxide and Cu-va-  
cancies are the predominat ing defects. Figure 2 shows 
the deviation from stoichiometry, x in Cu20~+x as a 
funct ion of part ial  pressure of oxygen as determined 
by Wagner  and Hammen (8). (The deviation from 
stoichiometry may al ternat ively be wri t ten Cu2-yO, 
and when x < <  1, then y = 2x.) The values of P*02 
represent  the decomposition pressures of CuO accord- 
ing to the reaction 2CuO = Cu20 + ~/~ 02. 

Wagner  and Hammen  interpre ted the oxygen pres- 
sure dependence of x as x oc Po21/5, but, as shown in 
Fig. 2, it is not unreasonable  to suggest the a l ternat ive  
dependence x ~ Po2 TM. This lat ter  relationship may be 
rationalized assuming that  neu t ra l  copper vacancies, 
VZcu, predominate.  The formation of these defects in 
Cu20 may be wri t ten  

1/4 02 -- VXcu -t- ~ O0 [12] 

and the corresponding defect equi l ibr ium is given by 

V x cu = Kv • cuPo21/4 [13] 

I I i ! I ' I I 

10a lo00% 

ojJ   - '-Po ondXm 

~162176 Cu2 0t~ x X 

10-4 ~ I I ~ I i i i 
05 2 5 10 20 50 100 

Oxygen pressure,~orr 

Fig. 2. Nonstoichiometry in Cu20 (x in Cu2Ol+x) as a function 
of partial pressure of oxygen at 900 ~ and 1000~ xm indicates 
maximum deviation from stoichiometry and pXo 2 the decomposition 
pressure in the reaction 2CuO = CueO -I- Vz 02. Experimental 
results after Wagner and Hammen (8). 

(y ~ 0  ~ 
D 

t.)  
f- 

X 

When following the above procedure, it may be shown 
that the heat of formation of neut ra l  vacancies, 
z~H~ • cu, is given by 

AHOVXcu = ~HOcuo _ 1/9_ AHocu2O q- ,iHxm [14] 

where AHx m is the heat t e rm associated with Xm (Xm = 
B exp (--aHxm/RT)) .  

It is, of course, not possible to obtain an accurate val-  
ue of AHxm for the results in Fig. 2, but  an estimate 
from the two values suggests AHx m ~,~ 27 kcal/mole. 
At llO0~ aHOcuo = --35.8 kcal /mole  and AH~ ~- 
--38.8 kcal /mole (7), and from these values and that  
of hHzm Eq. [14] yields a calculated value of zxH~215 

11 kcal/mole.  From the results in Fig. 2, e.g., at 10 
Torr  02, ~H~215 may be estimated to be approxi-  
mately 12 kcal/mole.  

General Remarks 
The above procedure relates the thermodynamics  of 

formation of defects predominat ing  at limits of non-  
stoichiometry with integral  thermodynamic  properties 
of meta l -oxygen system and the ma x i mum deviation 
from stoichiometry as a function of tempera ture  (e.g., 
Eq. [8], [9]). The relations will be par t icular ly  useful 
in est imating heats of formation of defects in oxides 
(or correspondingly in other inorganic compounds) 
for which such data are lacking or for which such data 
are difficult to obtain experimental ly.  The relations are 
also useful in testing the in ternal  consistency of in-  
terpretat ions of exper imental  values. Unfor tunate ly  
values of ma x i mum deviations from stoichiometry and 
the corresponding value of aHy m (Eq. [7]) are not as 
yet accurately known for many  oxides. However, it 
may also be noted that for the most stable oxygen 
deficient oxides ~Hy m probably  makes a relat ively 
small contr ibut ion to the heat of formation of the 
defects (cf. Nb2Oh). If the heat of formation of the 
defects and integral  thermodynamic  properties of the 
oxides are known,  the above procedure may conversely 
be used to construct more accurate details of phase 
diagrams. 

In  the procedure it has been assumed that the de- 
composition pressure of the oxide can be determined 
from the free energy values of the stoichiometric ox- 
ides. This introduces no serious error for small  defect 
concentrations ( <  about 2%). However, for large de- 
viations in stoichiometry the correct chemical equa-  
tion (which includes nonstoichiometry in the oxides) 
has to be wr i t ten  and the corresponding thermody-  
namic properties of the oxides at the limits of non-  
stoichiometry has to be estimated and used in evalu-  
at ing P*o2. Under  these conditions it is also probable 
that  ideal defect equations (e.g., Eq. [1]) must  be 
modified to take into account possible interactions or 
ordering of defects. 
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The Afterglow of Some Old and New Cd§ Phosphors 
A. H. Gomes de Mesquita and A. Bril 

Philips Research Laboratories, N.V. Philips" Gloeilampen~abrieken, Eindhoven-Netherlands 

Efficient and very fast, so-called P16 phosphors with 
decay times of 100 nsec or less are required for some 
applications such as the one-gun  beam-indexing  tele-  
vision tube (1) and the flying-spot cathode-ray tube. 
The decay time, T, is usual ly  defined as the time dur -  
ing which the intensi ty  of the fluorescent emission de- 
creases from its max imum value Io to Io/e; this means 
that the expression I = Io e-tiT is taken to represent  
the decay of the luminescence at least to a first ap-  
proximation. For the above applications Ce 3 + -activated 
akermani te  (2) and gehlenite (3) (Ca2MgSi207 and 
Ca2A12SiOT, respectively) are normal ly  used. We found 
that the decay t ime of both phosphors is about 50 nsec, 
using the techniques described in ref. (3) and (4). 
Ropp (5) recent ly proposed Y0.sLa0.1Gd0.1PO4:Ce (T---- 
40 nsec) as an a l ternat ive  phosphor. 

While applying Ce 3+-activated gehlenite it was no-  
ticed that  the fast init ial  decay is followed by an after-  
glow phenomenon of relat ively long duration. This was 
studied on the oscilloscope screen by exciting the 
phosphor at a 10 kc repeti t ion rate with 10 key cath- 
ode-ray  pulses of 20 ~sec duration.  The intensi ty  of 
the cathodoluminescence at 80 gsec after  the end of an 
excitation pulse (i.e., just  before the next  pulse is 
init iated) was found by us to be of the order of 5-10% 
of the max imum intensity,  Io. We shall call this quan-  
t i ty  5. If the entire decay were to follow the above 
exponent ial  law, 5 would be 10-700% instead of 5-10%. 

The value of 5 varies from one gehlenite sample to 
another. When the samples are cooled from room tern- 

Table I. Phosphor properties a 

P h o s p h o r  ~, % 7, n see  8, % h,u.~, n m  

Ca~MgSi2OT:Ce 4 45 3 3 7 0 , 3 9 5  b 
Ca2AlzSiO~:Ce 4.5 50 5-10 405 b 
Y P O 4 : C e  2.5 25 b 1.5 330 b 
Yl.t~Ceo.o~Si05 6 30 0.1 415 
YI. 9sCeo. o~Si207 S 40 O. 1 385 

a A l l  v a l u e s  w e r e  m e a s u r e d  by  t h e  p r e s e n t  a u t h o r s  u n l e s s  o t h e r -  
w i s e  s t a t ed .  T h e  m e a n i n g  of  v a n d  ~ is e x p l a i n e d  in the  t ex t .  
s t a n d s  for  t h e  r a d i a n t  eff ic iency,  kma~c for  the  w a v e l e n g t h  a t  m a x i -  
m u m  e m i s s i o n ;  b o t h  w e r e  m e a s u r e d  w i t h  20 k e y  c a t h o d e - r a y  
exc i ta t ion .  

b Ref .  (4) .  

perature  down to the temperature  of l iquid nitrogen, 
the 5-values of some of them increase, those of others 
decrease. We have not  been able to explain this com- 
plex behavior, or to correlate it to any known property 
of this phosphor material.  

The afterglow adds considerably to the unwanted  
radiat ion background in the aforementioned tubes. We 
found that  akermani te  and y t t r ium phosphate with 
5-values of 3 and 1.5%, respectively, are somewhat 
more suitable phosphors in this respect than gehlenite, 
but  still far from satisfactory. 

A search for phosphors with bet ter  properties has 
led to the discovery of the Ce~+-activated y t t r ium 
silicates, Y2SiO5 and Y2Si20~, which were prepared by 
firing in t imate  mixtures  of y t t r ium oxide, cerous ox- 
ide, and silicic acid in a sl ightly reducing atmosphere. 
The 5-values of these phosphors are an order of mag-  
ni tude smaller than those of the above-ment ioned 
phosphors, whereas their  decay times are about equally 
short. Their  high radiant  efficiencies constitute a great 
addit ional advantage. In Table I the phosphor proper-  
ties of the old and these new phosphors are listed 
together. 

In the system Y203-SIO2 several compounds occur; 
moreover, Y2Si207 is known to exist in a number  of 
crystal l ine modifications. A more detailed discussion 
of this complicated system and of the preparat ion of 
the desired phases will be given elsewhere. 
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Luminescence of Gallates 
W. L. Wanmaker and J. W. ter Vrugt 

N.V. Philips' Gloeilampenfabrieken, Eindhoven-Netherlands 

A number  of luminescent  ga l l ium-conta in ing  com- 
pounds of the self-activated type has been described 
in the l i terature,  e.g., YGa3B4012, TbGa3B4012 (1), 
Sr3 (PO4)2, and Ca3 (PO4)s containing Ga (2). Gallates 
in the M20-Ga203 and MO-Ga203 systems and acti- 
vated with Mn 2+ were prepared by Hoffman and 
Brown (3). The same types of gallates were synthe-  

sized by us but  without the addition of an activator. 
Luminescence was found in several of these gallates. 
Some properties of the most efficient of these phos- 
phors are described in this communication.  

The phosphor samples were made by s tandard 
ceramic methods, with a double firing process in air 
at temperatures  ranging from 900 ~ to 1400~ Optical 
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Table I. Some data on gallium containing phosphors 

C o m p o s i t i o n  

Efficiency,  % 
~max(nm) 
Emiss ion ,  quv ~o~ 

r o o m  t e m p  Refl., % (254 rim) (20 kv )  T~o, ~  

(LiGa)o.sGa.zO4=LiGa~Os 400 4 4  40 8.5 340 
( L i G a  ) o. 4-J'VIgo. iGa204 415 27 55 7 350 ~ 
(LiGa)  o,arA-VIg~.2sGa20~ 420 21 60 0 360 = 
MgGa~O4 415 27 35 5 360 x 
(LiGa)  o.~Zne.4sGa~O, 460 7 70 4 380 ~ 
ZnGa204 465 12 45 4.5 560 �9 
(MgZn)  o, ~Ga~O4 460 6 45 4 500 ~ 

Ref l . - -d i f fuse  re f lec t ion  a t  254 nm.  
q c v - - q u a n t u m  eff iciency (250-270 n m  e x c i t a t i o n ) .  
~CR----energy eff iciency (20 k v  c a t h o d e - r a y  excitation}. 
T~o---temperature in  ~ a t  w h i c h  the  l i g h t  o u t p u t  of the  p h o s p h o r  

has  decreased  to 50% of the  v a l u e  m e a s u r e d  a t  r oom t e m p e r a t u r e .  
These  p h o s p h o r s  h a v e  t h e i r  m a x i m u m  l i g h t  o u t p u t  (254 n m  ex-  

c i t a t ion)  be low room t e m p e r a t u r e .  

measurements  were  pe r fo rmed  as prev ious ly  descr ibed 
(4). 

L ike  tha t  of many  phosphors  of the  zinc-sulfide type  
the  efficiency of most  of  the  gal la tes  depends  on the 
in tens i ty  of the exci t ing radiat ion.  The exci ta t ion 
spectra,  when  measured  in the  usual  way  wi th  a low 
exci ta t ion energy,  the re fore  do not  correspond to the  
wave leng th -dependence  of the  exci tat ion at  high in-  
tensities.  When  the  exci ta t ion spectra  a re  measured  
with  a low constant  ene rgy  of the  exci t ing radiat ion,  
most of the  gal la tes  show an exci ta t ion m a x i m u m  be-  
tween  220 and 250 rim. 

With  ca thode - r ay  exci ta t ion the  most efficient 
phosphors  proved  to be LiGa~Os, MgGa204, and 
ZnGa204, all  wi th  the  spinel  c rys ta l  s t ruc ture  (Table  
I ) .  The energy efficiency of LiGa5Os (8.5%) is high 
for an oxidic  phosphor.  Wi th  ca thode - r ay  exci ta t ion 
the  emission peak  of LiGa5Os is found at  a shor ter  
wavelength  (about  380 nm) than  with  u l t rav io le t  ex-  
c i ta t ion (about  400 nm)  (see Fig. 1). LiGa5Os m a y  
find pract ica l  appl icat ion in ca thode - r ay  tubes,  e.g., in 
cascade screens (5). With  uv exci ta t ion the  emission 
spec t rum varies  wi th  t e m p e r a t u r e  as we found for 
MgGa204 and ZnGa204 and also for the  MgLi and 
ZnLi  gallates.  

We ex tended  the work  of Hoffman and Brown (3) 
by  p repa r ing  var ious  mixed gallates.  I t  was found 
that  LiZn, LiMg, and MgZn gal la tes  (al l  wi th  the  
spinel c rys ta l  s t ruc ture)  show both a h igher  absorp-  
t ion and a h igher  quan tum efficiency (60-70%) with  
250-270 nm exci ta t ion than  the  unsubs t i tu ted  gal la tes  
(Table  I ) .  I t  w i l l  be seen f rom Fig. 1 that  the  most 
efficient gal la te  phosphors  have a peak  height  of about 
80% wi th  respect  to tha t  of a calc ium halophosphate .  

With  ca thode - r ay  exci tat ion LiGasO8 shows a non- 
exponent ia l  decay, the decay t ime depending on the 
pulse length  of the  excitat ion.  Wi th  uv exci ta t ion a 
very  slow rise of the  fluorescence and some af terglow 
were  observed both in LiGa5Os and in the  mixed  
gal la tes  ment ioned  above. These phenomena  might  be 
ascr ibed to the  presence of t raps  in the  host  lattice,  
e.g., th rough  a smal l  loss of oxygen.  We also found 
luminescence in Ga203 when it had  been hea ted  in 

'~176 I , ~ ' { 

/-,.00 590 600 700 
D ~. (nm) 

Fig. 1. Emission spectra of Ga203 and of some gallates in com- 
parison with that of calcium halophosphate-Sb 3+, with mainly 254 
nm excitation: curve 1, calcium halophosphate-Sb~+; curve 2, 
Ga203 twice heated for 2 hr at 1500~ in air; curve 3, 
(LiGn)o.45Mgo.lGa204; curye 4-, LiGa5Os ----- (kiGa)o.sGa204; 
curve 5, (LiGa)o.45Zno.lGa204; curve 6, ZnGa204. 

air  above l l00~ the most intense luminescence be-  
ing observed wi th  samples  fired at  1500~ (Fig. 1). 

The k ind  of luminescent  center  occurr ing in the  
se l f -ac t iva ted  gal la tes  is st i l l  obscure, and more work  
is requ i red  in o rder  to e lucidate  the  mechanism of the  
luminescence found in the  ga l l ium compounds de-  
scr ibed above. Expla in ing  the centers  in the  gal la tes  
and in Ga203, one should also consider  the  work  of 
Tippins (6), who observed photoconduct iv i ty  in single 
crysta ls  of Ga208 grown b y  the  Verneui l  technique.  

Manuscr ip t  received March  7, 1969. This was Pape r  
88 presented  at the  New York Meeting,  May  4-9, i969. 

A n y  discussion of this  paper  wil l  appea r  in a Dis-  
cussion Section to be publ ished in the  December  1969 
~ O U R N A L .  
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Low-Temperature Epitaxial Growth of Single Crystalline 
Silicon from Silane 

David R i c h m a n  and Robert  H.  A r l e t t  

RCA Laboratories, Princeton, New Jersey 

Normal  techniques for the  growth  of ep i tax ia l  silicon 
films by  the hydrogen  reduct ion of chlorosi lane re-  
quire  t empera tu re s  of the order  of 1200~ Using 
si lane pyrolys is  in hydrogen  al lows a lower ing of 

the t empera tu re  to the  1000~ region. Below this 
t empera tu re  the  growth  ra te  falls  m a r k e d l y  if ep i t axy  
is to be mainta ined.  A typ ica l  repor ted  ep i tax ia l  
growth  ra te  at 950~ in hydrogen  is 0.06 ~m/min  (1) 
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Fig. 3. Dependence of epitaxial growth rate on flow rate as a 
function of temperature and silane concentration. 

Fig. 2. Laue pattern of an 11/~ silicon epitaxial layer grown 
at 800~ 

Low growth temperatures  are of interest  in order to 
minimize impur i ty  diffusion effects which are ap- 
preciable at temperatures  above 1000~ However, in 
this regard, the very slow growth rates at temperatures  
below 1000~ negate the advantage of a low- tempera-  
ture process. 

This paper reports the results of an investigation 
of the pyrolysis of silane in a hel ium ambient.  The 
reason for the choice of a gas other than  hydrogen 
follows from the suggestion of Joyce and Bradley (2) 
that the desorption of hydrogen from the silicon sur-  
face is the ra te - l imi t ing  process in the epitaxial  
growth of silicon from silane. It  was felt tha t  any 
steps taken to reduce the hydrogen pressure would 
increase the desorption rate and hence the epitaxial  
growth rate, especially at lower temperatures.  

A water-cooled reaction chamber  was used to pre-  
vent  premature  decomposition of the silane. This 
chamber provided a s t reamlined horizontal flow of the 
enter ing gas over the RF heated susceptor surface 
(see Fig. 1). This was intended to prevent  the ra in ing  
of amorphous silicon onto the substrates by min imiz-  
ing heat ing of the gas s t ream away from the sus- 
ceptor-gas interface thereby minimizing the homo- 
geneous gas phase reaction. 

A typical  epitaxial  growth exper iment  consisted of 
ini t ia l ly removing 5-6 ~m from the (111) oriented 
silicon substrate wafers by etching with 1% by volume 
HC1 gas in hydrogen at 1180~ The tempera ture  was 
then decreased to the required growth temperature,  
910 ~ or 800~ and the hydrogen replaced by hel ium 

which had been passed through two molecular  sieves at 
77~ and subsequent ly  filtered through a 0.8~ filter. The 
silane sources were commercial  mixtures  of 3% silane 
in  hydrogen or 3% silane in h igh-pur i ty  helium. These 
were mixed with the he l ium carr ier  gas to give the 
requisite silane concentrat ion immedia te ly  before en-  
ter ing the reaction chamber. Total gas flow rates of 
5, 10, and 20 l i t e r s /min  were used. These correspond to 
l inear  velocities of 15, 30, and 60 cm/sec, respectively. 
Silane concentrat ions of 0.1 and 0.2% by volume were 
used. Growth times varied from 30 to 60 min  and film 
thicknesses were of the order of 5-15 ~m. 

Using the silane in hydrogen source, epitaxial  
growth was obtained at 910~ for both silane con- 
centrat ions and all flow rates. However at 800~ 
only polycrystal l ine deposits were obtained. Using the 
silane in hel ium source single crystal epitaxial  growth 
was obtained at 800~ Figure  2 shows a typical  Laue 
pat tern  for a film grown at 800~ The high qual i ty 
of this pat tern  indicates tha t  growth rates as high as 
0.5 ~m/min  can be achieved at 800~ with no loss of 
crystall inity.  Figure  3 shows the dependence of growth 
rate on the various exper imenta l  parameters.  Elec- 
trical evaluat ion of these layers is present ly in 
progress. 

In conclusion, these results show that  the presence 
of excess hydrogen inhibi ts  the abil i ty to ob- 
ta in  epitaxial  growth of silicon from silane at low 
temperatures  and high growth rates. Replacement of 
the hydrogen by hel ium has yielded epitaxy at 800~ 
at growth rates of 0.5 ~ n / m i n .  It  is noteworthy that at 
this high growth rate and at such a low temperature,  
impur i ty  diffusion is v i r tua l ly  negligible. 
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This Discussion Section includes discussion of papers  appear ing  
in the Journal of The Electrochemical Society, Vol. 115, No. 4, 7, 
and 12 (April, Ju ly ,  and December ,  1968). 

Effect oF Low Pressure on Surface Charge of Electrets 
R. A. Draughn and A. Catlin 

(pp. 391-394, Vol. 115, No. 4) 
Bernhard Grossh The authors present  an interpreta-  
tion of their surface charge measurements  based on 
a formula for the field in  the interface between the 
electret surface and the movable induct ion electrode 
and a comparison of the interface field wi th  Paschen's  
law for the breakdown voltage. In  this connection, 
reference is made to Gubkin  and Skanavi.  2 

I should like to point  out that  I already have es- 
tablished an equation for the interface field of a three-  
layer electret in my paper "Experiencias corn 
Eletretos, II," Fig. 1 and Eq. [4], [5], and [7]. 3 The 
expression for the field between the dielectric surface 
and the lifted electrode was discussed and used ex- 
tensively by me in another  paper.~ In this paper, 
Paschen's curve has already been used to calculate 
the conditions for surface breakdown exactly in the 
same way as now has been done by Draughn and 
Catlin. I was able to obtain quant i ta t ive  agreement,  
at atmospheric pressure, between theory and experi- 
ment,  which was corroborated by independent  evi- 
dence from measurements  of a-c effects in voids in 
dielectrics. 

The Synthesis and Epitaxial Growth of GaP by 
Fused Salt Electrolysis 

J. $. Cuomo and R. J. Gambino 
(pp. 755-759, Vol. ! 15, No. 7) 

R. Monnier:  5 In  the discussion section of your article, 
Yocom's mechanism is suggested to explain the forma-  
t ion of P on the cathode of a cell of fused salts con- 
ta in ing sodium metaphosphate:  

4 PO3- + 5 e = P + 3  PO4 ~- 

Thus, this reaction is justified by the formation of 
sodium orthophosphate in the cathodic compartment.  

It seems to me that  this phenomenon is bet ter  ex- 
plained by a very  weak dissociation of the anion PO3- 
as in: 

P O 3 -  ~ p s +  .~ 3 0 2 -  

followed by a direct discharge of the ion ps+. Ga 
should then deposit according to the direct way  you 
mention,  i.e. Ga 3+ ions' discharge resul t ing from Ga203 
dissociation. 

A synthesis of these two elements should follow in 
order to form GaP. It should be noted, however, ~ that 
the order of discharge you observe dur ing  electrolysis, 
first P, then Ga, agrees with thermodynamics.  

In  order to support this interpretat ion,  we could add 
that the formation of sodium orthophosphate can be 
easily explained. In  any case, the rough equation is 
practically the same in both cases: 

NaPO3 ---- Na3 (PO4)2 + P + ~ 02 

With a C anode, oxygen would then  give a mixture  of 
CO -~- C O 2 .  

Dire tor  do Depa r t amen to  de Pesquisa  Cientifica e Tecnol6gica,  
Comiss~o Nacional  de Energia  Nuclear ,  Rua  Genera l  Sever iano  90, 
Rio de Janei ro ,  GB, Brazil.  

A. N. Gubk in  and  G. I. Skanav i ,  Soy. Phys.  Solid State, S, 216 
(1961), 

B. Gross, Ann.  Aead. Brasil. Ci., 17, 219 (1945). 
B. Gross, Brit, J .  Appl .  Phys .  1, 1259 (1950). 
Labora to i re  de Chimie  e t  d'ElectrQchimie Techniques ,  Case 

Postale 226, 1211 Geneve  4, Switzer land.  

D. Shanefield6: The first III-V semiconductor mate- 
r ial  produced by electrodeposition was gal l ium arsen-  
ide. 7 Germanium crystals have also been grown by 
fused salt electrolysis, s The work of Cuomo and Gam- 
bino is cer ta inly a great advance over earlier work 
because they produced doped single crystals. Their  
method seems broadly useful, par t ly  because it has 
been demonstrated that  the crystal perfection can im- 
prove as the crystal  grows dur ing  electrodeposition. 9 
Possibly the improvement  dur ing  this process is due 
to the sidewise growth of dislocations observed with 
silicon. 10 Also, ul trapurif icat ion wi th  respect to certain 
growth-affecting materials can readi ly be achieved by 
various sacrificial electrodeposition means. 11 

Electropolymer Studies, II. Electrical Conductivity 
of a Polystyrene Sulfonic Acid Membrane 

c. s. Fad!ey and R. A. Wallace 
(pp. 1264-1270, Vol. 115, No. 12) 

J. A. Kitchenerl~: The authors have remarked that  
their  results and theoretical calculations "disagree 
with a recent  hypothesis that membrane  inhomogenei ty  
ma y  seriously disrupt  Grotthus conduction chains" 
(referr ing to the paper of Block and Kitchener.  13) 

Unfortunately,  their  present  a rgument  rests on a 
theory of doubtful  reliabili ty.  The mass of earlier work 
on conductivi ty of ion-exchange resins has demon-  
strated the i nadequacy  of a ny  simple models. In  ad-  
dition to electro-osmotic flow, the universal  molecular 
heterogeneity wi th  even the supposedly "homoge- 
neous" resins cannot  be ignored. It  must  also be re-  
called that  our suggestion of in te r rupt ion  of Grotthus 
chains in heterogeneous membranes  applied to condi-  
tion of strong electrical polarization. 

It is a pity that  the authors did not include in their 
paper some measurements  which might well  have 
provided direct evidence for or against the hypothesis 
- -name ly ,  comparat ive conductivities of H-  and Na-  
form membranes  at comparable water  contents. It 
would be extremely interest ing to know whether  their  
ratio would be found equal to that  of, say, the cor- 
responding homogeneous resins, or, better, the H- and 
Na-forms of polystyrene sulfonic acid. 

M. Block14: The authors assume the effect of the 
polyethylene matrix,  const i tut ing 75% by weight of 
the membrane,  to have only an indirect effect on the 
conductivity.  This assumption may be examined more 
closely in the light of published informat ion on the 
manufac ture  and  properties of this membrane.  

Manufacture.--~C.I.T.-T.N.O., The Centra l  Technical 
Inst i tute  of the Organisation for Applied Scientific 
Research in the Netherlands,  developed and marketed 
the TNO C-60 membrane.  Despite the secrecy that  
obscures details of membrane  manufacture,15, le the 
following methods appear r e l e v a n t  17, is Commercial ly 
available, low-densi ty  polyethylene films are swollen 

6 Western  Electric Company,  Eng ineer ing  Research Center,  
Princeton,  New Jersey .  

�9 "F ina l  Report,  Contract  A F  19(804)-8490," p. 20, Sept. 1963, 
AD 427-306. (See A S T I A  TAB 1 Apri l  64, Div.  25A, p. 204.) 

s j .  O'M. Bockris ,  J .  Diaz, and M. Green,  Eleetrochim. Aeta,  4, 
362 (1961). 

P. E. Lighty ,  D. Shanefield, S. Weissmann,  and A. Shrier ,  J.  
Appl. Phys. ,  34, 2233 (1963). 

�9 0 W. C. Dash,  Canadian Pat.  713,524 (1996). 
n D. Shanefield and  P. E. Lighty ,  This Journal, 110, 973 (1963), 
12 Imper ia l  College, London, S.W. 7, England.  

M. Block and  J .  A. Ki tehener ,  This Journal,  113, 947 (1966). 
~4 Uni Ieve r  Research  Labora tory ,  Is leworth ,  Middlesex,  England.  
1aM. Block, Chem. Ind. (London),  1962, 1882. 
~ M. Block, Ph.D. thesis,  Un ive r s i t y  of London (1964). 
1~ j .  F. A. I t azenberg  and  B. Knol,  Dutch  Pat.  95,477 (1960). 
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874 



Vol.  116, No.  6 D I S C U S S I O N  S E C T I O N  

at 40~176 in s tyrene containing 2% divinyl  benzene 
(DVB) and 1% benzoyl peroxide, taking up 20-30%. 
Immersion in saturated sodium sulfate solution at 70~ 
for 6 hr insures polymerization of the styrene. SuN 
fonate groups are subsequent ly  introduced with sul-  
furic or chlorsulfonic acid. Crabtree and Glueckauf 
believe the chemical init iator to be stannic chloride. 19 
The American Machine and Foundry  Company devel- 
oped similar membranes  using irradiat ion to effect 
grafting in complete or part ial  replacement  of the 
chemical method, s0 The similarities were so great that  
patent  l i t igation ensued and A.M.F. purchased the pat-  
ent rights and manufactured  AMF C-60 in Holland, as 
well  as in the U.S.A. 

Substrate.--Michaels et al. 21 considered polyethylene 
film a network structure, wherein the crystal l ine phase 
serves to cross-l ink and immobilize chains in the amor-  
phous phase. They point out that  crystallites can be 
destroyed and created by changing the temperature,  
higher temperatures  and gradual cooling favoring the 
growth of large crystals. Kresser 22 discussed the influ- 
ence of production variables on film irregulari t ies in 
greater detail. Hoffman et al. 23 found polyethylene 
films to expand in s tyrene more in the direction t rans -  
verse than  parallel  to the original  direction of ext ru-  
sion. They pointed out that  extrusion from the melt  
would orient polymer chains more in th inner  than  in  
thicker films, the mater ia l  closest to the surface being 
most oriented. In the central  regions of lower stress, 
larger crystalli tes could form. Styrene would diffuse 
first into the amorphous regions and then slowly dis- 
solve crystallites. Antioxidants,  ant iblocking agents, 
and catalyst f ragments  might also be present, compli-  
cating the polymer structure. 

Cross-linking.--The DVB commercial ly available 
contains 45-60% ethyl benzene, which cannot  cross- 
link, as well  as isomers of differing reactivities, 24 fur-  
ther complicating the s tructure of the final polymer. 
Hazenberg 18 noted that  dur ing polymerizat ion 1-2% 
polyethylene may be extracted and that  graft ing to 
polyethylene occurs to a certain extent. Chen and 
Fr iedlaender  25 found that under  comparable conditions 
0.2% benzoyl peroxide induced 32% covalent graft ing 
and v-radiat ion 53-83%. The higher rate of graft ing in 
thicker films was at t r ibuted to a greater number  of 
swollen, amorphous polyethylene "micelles" but  this 
was not proved. Some polyethylene was cross-l inked 
fur ther  by irradiation. Whereas irradiat ion polymer-  
ized styrene to a molecular  weight of 47,900, the same 
mater ial  in a polyethylene film at tained a molecular  
weight of 178,000. Selegny 26 pointed out that  these 
membranes  largely consist of coiled chains of styrene 
homopolymer t rapped wi th in  the interstices of the 
polyethylene film, corresponding to the snake-cage 
type. 27 

Membrane heterogeneity.--Chen et al.28 found the 
electrical resistance 3-5 times greater across the mem-  
brane than along the direction of extrusion and be- 
lieved this to be due to nonhomogeneous distr ibution 
of styrene throughout  the membrane  thickness. For-  
gacs and Scharf 29 measured the swelling of AMF C-60 
in water  at 30~176 and explained the irregularit ies 

19j.  M. C r a b t r e e  a n d  E.  G l u e c k a u f ,  Trans. Faraday Soc., 59, 2639 
( 1963 ) .  

~ W .  K .  W .  C h e n ,  M. S. l~ in tz ,  a n d  D.  G.  C o n n i n g ,  Dechema 
Monograph., 47, 619 (1962). 

2t A.  S. Michae l s ,  B.  F. B a d d o u r ,  I-I. J .  B i x l e r ,  a n d  C. Y. Choo,  
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Fig. ]. AMF C - ~  stained with methylene blue. 45X 

found as transit ions of the polyethylene substrate from 
amorphous to crystal l ine modifications. Arnold and 
Koch 3~ noted an increase in electrical resistance dur ing 
and just  after immersion of the membrane  in water  in 
the hydrogen form. This certainly indicates nonun i -  
formity. Arnold 31 recent ly used acid absorption data 
to confirm considerable heterogeneity. 

The evidence for heterogeneity, as well  as large 
variat ions in reproducibil i ty,  is supported by experi-  
ments  such as that  i l lustrated in Fig. 1. 33 It shows the 
uneven  uptake of a cationic dye of small  dimensions 
by AMF C-60, easily visible to the naked eye. The 
regions of high ionic concentrat ion are separated by 
large regions of different, lower ion-exchange capaci- 
ties. 

Jump  distance.--Gregor et al. 33 found a volume in-  
crease of 175% to occur on t ransfer  of this membrane  
from 0.1N KC1 to 0.1N H2SO4. As this was main ly  due 
to the PSA fraction, its volume increase must  have 
been sevenfold. The small  resistance to diffusion shown 
by the rapid uptake of dyes across large membrane  
areas 32 is a fur ther  indication of the extended na ture  
of this material.  Similarly, the doubling in volume on 
hydrat ion found by Fadley and Wallace indicates an 
eightfold increase in volume of the PSA polymer. The 
square of the effective jump distance used in the paper 
will  therefore vary  by a factor of up to 16, ra ther  
than  4. 

In  the ~ight of the above evidence, this membrane  
cannot usefully be compared with the rigid P S A  resins 
discussed by Grubhofer.  34 

Hydration.--Oda and Yawataya 35 considered the 
water  in a membrane  to consist of three parts, namely  
hydrat ion water  of the fixed ion, hydrat ion water  of 

8oR. A r n o l d  a n d  D.  F .  A.  K o c h ,  Austral.  J .  C h e m . ,  19, 1299 
(1966). 

3x R. A r n o l d ,  Austral. J. Chem., 21, 521 (196S). 
32 M. B lock ,  Chem. Ind. ( L o n d o n ) ,  1967, 2099. 

H.  P .  G r e g o r ,  1t. K r a m e r ,  A.  L a l i k ,  V. H o l m s t r o m ,  a n d  T.  S a b e r ,  
M e m b r a n e  E v a l u a t i o n  P r o g r a m ,  N e w  Y o r k ,  B r o o k l y n  P o l y t e c h n i c  
(1961). 
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the counter- ion,  and solvent water filling the pores. 
In a PSA membrane  at concentrat ions of 0-4N HC1, 
they found the electro-osmotic t ransport  of H + to be 1 
and the water  of hydrat ion of the sulfonate groups to 
be 1.5-3.5. z6 This is confirmed indirect ly  by measure-  
ments  of dielectric constant and conductance by Dickel 
and Bunz137 on a PSA resin of 8-10% DVB content. 
They found that  the hydrogen ion begins to dissociate 
from the sulfonate group on uptake of 2.5 moles of 
water per mole of valency. The lower cross-l inkage of 
AMF C-60 would permit  greater t ransport  of water, ss42 
as indeed found by the authors. However, the fact that  
such a great var iabi l i ty  exists, according to the type 
of membrane  considered, ~ detracts from the authors '  
thesis that  a hydrat ion shell of about seven water  
molecules requires to be filled around the hydrogen 
ion in order to reach a max imum conductance. 

C o n d u c t i v i t y . - - T h e  factor of seven difference in con- 
ductivi ty between the sodium and hydrogen forms of 
this membrane  indeed suggests that  conduction by the 
Grotthus mechanism occurs to a considerable extent. 
The finding is supported by Zapior et al. 44 On the other 
hand, Cooke 45, 46 and Block and Kitchener  47 found a 
negligible t ransport  of hydrogen ions dur ing  electro- 
dialysis at cur rent  densities m a n y  times above the 
critical value. Similarly, although a factor of 7.8 dif- 
ference in conduct ivi ty between the hydrogen and 
sodium forms of Amberplex  C-1 was noted, 4s Grubb  49 
did not and Block and Kitchener  47 failed to detect ab-  
normal  hydrogen transport .  

The las t -named workers found that commercial 
membranes  containing one resin with reinforcements  
of different, inert  materials  gave rise to different elec- 
trochemical behavior. Moreover, changes were ob- 
served between batches of the same membrane.  TM 

Gregor et al. 33 noted large variat ions in physical prop- 
erties of samples of commercial  membranes,  including 
differences in conductivi ty of 300%. In  view of these 
facts and the many  variants  that could occur in ma nu -  
facture and that can affect conductivity, it is consid- 
ered l ikely that Fadley and Wallace were examining  
membranes  different from those tested by Block and 
Kitchener  under  the same generic name, and that the 
Amberplex membranes  of the lat ter  differed from 
those discussed by Spiegler et  al. one year earlier. 

It  could be objected that  the conditions used by 
Block and Kitchener  and the six cations tested by 
Cooke did not include H +, so that  the envi ronment  
wi thin  the membrane  was not comparable. However, 
the fact that anomalous conduction has been observed 
m a n y  times with anion-exchange membranes  TM and 
at least once with a cat ion-exchange membrane  50 
shows that  the appropriate  alkal ine or acidic loading 
is not essential to obtain Grot thus conduction. 

In  cases where anomalous conduction does not occur 
to an appreciable extent,  it is still postulated that  the 
Grotthus chains are interrupted,  more or less fre- 
quently,  by  hydrophobic barriers,  through which the 
ions have to migrate by a jump mechanism. 

The existence and extent  of the Grotthus mecha-  
nism of conduction across an ion-exchange membrane  
could be tested with the simultaneous use of deuter ium 
or t r i t ium and O TM in the diluate compar tment  of a 
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two-chambered cell. TM While the hydrogen isotope 
could migrate  across a cat ion-exchange membrane  as 
an ion or as water  or both, the oxygen isotope could 
move only as water. Both could move as ion or solvent 
across anionic membranes.  The s imultaneous deter-  
minat ion of ionic and electro-osmotic t ranspor t  would 
show whether  there were a complete physical t ransport  
of H + or O H -  ions across the membrane  or if some 
of the charge were t ransferred by a chain process. In 
the lat ter  case, there  would be little electro-osmotic 
water  transfer.  

C. S. Fadley and R. A. Wallace: Our conclusion that 
abnormal  conduction takes place in the hydrogen form 
of this membrane  (AMF C-60) is based on our mea-  
surement  that  ~H + / 0 " N a  + ~ 7 for ionic membranes  with 
approximately 15 moles of water /equiv.  We refer to 
these exper imental  data in our paper. The rel iabi l i ty  
of our equations for predicting conduct ivi ty  as a func-  
tion of water content is thus not  important  to this con- 
clusion, but ra ther  the theory is qual i tat ively sup- 
ported by  the conclusion. To fur ther  clarify this point, 
Fig. 1 shows the detailed variat ion of ionic mobil i ty  
with water  absorption for both sodium and hydrogen 
forms of the membrane.  The data for sodium form are 
from recent work by Dr. Wallace. ~1 

In effect, Fig. 1 answers Dr. Kitchener 's  request  tha t  
we provide fur ther  exper imental  proof of the com- 
parat ive conductivities or ion mobili t ies of the H-  and 
Na-form of the polystyrenesulfonate  membrane  as a 
function of water  content. Our data speak for them- 
selves. In  addition, Dr. Wallace and J. Ampaya  have 

~1 R.  A.  Wal l ace ,  " E l e c t r i c a l  P r o p e r t i e s  of  E l e c t r o d i a l y s i s  M e m -  
b r a n e s , "  R e p o r t  No.  68-3, S e a  W a t e r  C o n v e r s i o n  L a b o r a t o r y ,  U n i -  
v e r s i t y  of  Ca l i fo rn i a ,  B e r k e l e y ,  Ca l i fo rn i a .  
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Fig. 1. Ionic mobilities of hydrogen and sodium ions in AMF 
polystyrenesulfonate membrane as a function of water content. The 
data for H + are from our paper under discussion, and the data 
for Ha + are from footnote 51. The curves have been calculated as 
described in the text. 
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recent ly  submit ted to This Journal a detailed exper i -  
menta l  analysis and theoret ical  s tudy  of anomalous or 
abnormal  ion conduction occurring in both cation- and 
anion-exchange  membranes  used in electrodialysis. 

The two curves for H + correspond to the theoret ical  
curves given in Fig. 9 of our paper. The  curve  for Na + 
was calculated using the empir ical  constants t iARA ~ 

9800 cal /mole,  no ---- 2.75. We have already commented 
that  the solid H + curve might  approximate ly  represent  
"normal"  (non-Grot thus)  conduction. The Na + curve 
agrees quite  well  with the exper imenta l  data from 0 
to 20 moles/equiv. ,  and has a high water  absorption 
l imit  very  close to the solid curve  for H +. For approxi-  
mate ly  1 mole of water /equiv . ,  the exper imenta l  mo-  
bilities are equal, indicat ing no appreciable difference 
in the effects of absorbing one molecule  of water  for 
the two ionic forms. 

One might  also ask why  the normal  curve  for H + 
does not agree more closely with the curve  for Na + 
if t ransport  is substant ial ly the same for the two ions 
exclusive of Grotthus conduction. The answer is prob-  
ably twofold. First, the sodium ion interacts less 
s trongly with  wate r  molecules dur ing hydration.  A 
reflection of this is the free energy of absorption, 
which is greater  by a factor of .~1.5 for H + in PSA 
of 10% DVB content. 52 From our equation connecting 
conduct ivi ty  and free energy  of absorption (Eq. [9] of 
our  paper) ,  such a difference in free energy of absorp-  
tion translates  qual i ta t ive ly  into the difference be- 
tween the normal  H + curve  and the  Na + curve  be-  
tween 1 and 5 moles of  wa te r /equ iv .  Second, abnormal  
conduction probably contr ibutes  to the exper imenta l  
conduct ivi ty  in this region and thus our  solid curve  
overest imates  normal  conduction. 

To be sure, the membrane  we have studied has a 
heterogeneous molecular  s t ructure and is subject to 
variat ions in proper ty  f rom batch to batch. Our mea-  
surements  (including those of Fig. 1 on sodium form) 
were  made on samples from the same batch, so the 
lat ter  difficulty was minimized. As to the former,  
several  comments  are  in order. Heterogenei ty  and 
variat ions in molecular  s t ructure  f rom surface to bulk 
are almost cer ta inly present, but regardless of this the 
w a t e r - P S A  interaction is the dominant  one as far  as 
variat ions in conduct ivi ty  wi th  wate r  absorption are 
concerned. As Block has pointed out, PSA in the 
membrane  probably exists as coiled chains in poly-  
e thylene interstices. 

On the other  hand, polyethylene crystall i tes wil l  
probably contain very  lit t le P S A  and we are thus 
dealing with  a quasi two-phase  system. However ,  the 
PSA phases must  be interconnected in order for spa- 
t ial ly continuous conduct ivi ty  to occur. With regard 
to the occurrence of abnormal  conduction in some in- 
stances wi th  a given commercial  membrane  and not 
in others, it is possible that  the interconnections be- 
tween groups of P S A  molecules for some membranes  
are made through very  dense areas of polyethylene.  
This spatial ly restricted,  hydrophobic a tmosphere  
would l imit  Grotthuss conduction. If conduction along 
the interconnect ing PSA molecules is the t ranspor t -  
l imit ing process be tween "high-conduct iv i ty"  regions 
dense in P S A  and water,  then the measured conduct iv-  
ity will  reflect normal  conduction. 

For  the membrane  we have  studied, no such hin-  
drance of abnormal  conduction was observed. Also, 
the conductivit ies at saturat ion are  v e r y  near  to those 
of pure phenolsulfonic acid resins of a similar  exchange 
capacity. 5s Thus, it seems that  links between any more 
or less condensed regions of PSA are very  complete  or 
that  the membrane  is more homogeneous than might  
be imagined f rom the above model. 

As to phase changes of the polyethylene matr ix,  all 
our measurements  wi th  vary ing  water  absorption were  
made at room temperature ,  so it is doubtful  that  such 

a'~ H. P. Grego r ,  B. R. S u n d h e i m ,  K. M. Held,  a nd  M. I-I. W a x m a n ,  
J.  Co l lo id  Sci., 7, 511 (1952). 

~ A .  O. ,Takubovich,  G. J .  Hil ls ,  and  J.  A. K i t c h e n e r ,  Trans. 
Faraday Soe., 55, 1570 (1950). 
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changes affected our results. In view of the above, it 
seems reasonable to assume that  for a given membrane  
batch at fixed t empera tu re  the polyethylene mat r ix  
has only a small effect on the var ia t ion of conduct ivi ty  
with water  absorption. 

A more precise theoret ical  formulat ion should clar ify 
our assumption that  the effective free energy of ab- 
sorption (~F+) will  be appreciably changed by water  
absorption, but  not the effective jump distance (~). 
In an exact t rea tment  of conduct ivi ty  based on abso- 
lute react ion rate  theory, we must start  wi th  the total  
number  of different sites for ionic carriers in the poly-  
mer  matr ix,  each denoted by an index j. For  each site, 
there  will  be various possible jump distances (~ji) and 
each ~ji wil l  have associated with it a free energy of 
activation (hFji+). The concentrat ion of sites of type j 
wi l l  be denoted by ca, such that  

c ---- ~cj = total concentrat ion of counterions [1] 
J 

The conduct ivi ty  of each site wil l  be given by 

~j -- cjq----~2 ~ ~ji 2 exp (--  hFji+/RT) [2] 
- -  h i 

and total conduct ivi ty  by 

q2 
a = ~ ~ = ~--~ c a kji 2 exp (-- AFji+/RT) [3] 

The effective jump distance can be related to these 
quantities by equating total conductivities. This yields 

k 2 exp (-- AF:#/RT) = X ]j kji 2 exp (-- AFji*/RT) [4] 
j,i 

where ~j = the fraction of sites which are of type j. 
Since each kji represents a single-step process, it is 

extremely unlikely that kji will be greater than a few 
anion-anion distances or a few water molecule diame- 
ters. This will be reflected as a very high AFj~ for large 
lji values and a correspondingly small contribution of 
such terms to the sums of Eq. [3]. Experimental evi- 
dence for this is indirectly given by the observation 
of Lapanze and Rice 54 that even PSA in aqueous solu- 
tion consists of hydrated ions bound to the anionic 
polymer in a tight sheath. This sheath is responsible 
for the low effective degree of ionization observed in 
PSA solutions. 55 Jumps to distances much larger than 
the sheath diameter will thus be very unlikely upon 
the application of fields as low as those used in our 
conductivity experiments. 

Therefore, the effective jump distance as we have 
defined it will have at most a roughly fivefold varia- 
tion and the comments of Block on changes in jump 
distance based on macroscopic volume changes of the 
PSA fraction do not directly relate to this jump dis- 
tance. Our mention of the work of Grubhofer 56 on PSA 
molecular structure was merely to indicate that intra- 
chain kji will remain very much the same for both 
wet and dry membrane. Interchain kji will no doubt 
change in magnitude and relative importance, but a 
factor of 16 increase is very doubtful. 

Equat ion [3] can be simplified if we assume an aver -  
age site type (counterions near  the P S A  chain) and 
if the dominant  terms on the r ight  side are taken to 
be jumps  by roughly  one anion-anion distance (~aa) 
along the P S A  chain and also jumps by ka due to 
Grotthus conduction. The conduct ivi ty  wil l  then be 
given by 

c q  2 
r ---- {~aa 2 exp (-- ~Faa4=/RT) 

h 
~- ]G ~G 2 exp(-- AFG4:/RT) } [5] 

where ]G = the fraction of sites capable of abnormal 
conduction. This equation adds the effects of normal 

S. Lapanze  a n d  S. A. Rice,  J .  Am.  Chem.  Soc., BS, 496 (1961). 
a~ R. A. Mock  and  C. A. Marsha l l ,  J. Polymer  Sci., 13, 263 (1954). 
as N. G r u b h o f e r ,  Makvomol.  Chem., 30, 96 (1959). 
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and abnormal  conduction. The quanti t ies affected pr i -  
mari ly  by water  absorption will  be AFaa~: and fa, 
whereas XG and AFG:~ will be essentially constant  and 
have been determined previous lyY From Eq. [4] and 
[5], we see that for fG small, ~ ~ X~a, ~F* ~ ~Fo~-, 
and it is in this approximate form that we have ap- 
plied Eq. [5] to normal  conduction. We should also 
note here that  the additive na ture  of terms in Eq. [3] 
and [5] is valid only when different conduction modes 
(i.e., different ?,ji) exist in parallel. For the case just  
mentioned, this parallel  na ture  is probably a reason- 
able assumption. However, the si tuation we have dis- 
cussed of interconnect ing PSA chains passing through 
strongly hydrophobic surroundings  would represent  
modes in series and only the ra te - l imi t ing  te rm(s)  
need be treated in such situations. 

Our conclusions regarding water  of hydrat ion are 
based on a comparison of conductivi ty results and data 
on the net  volume change per mole of water  absorbed 
(Av). A negative value of Av indicates denser over-al l  
packing of molecules in wet membranes  than in the 
reference state of dry membrane- l iqu id  water. There-  
fore, the min imum in this quant i ty  near  10 moles of 

57H. E y r i n g ,  K.  3". L a i d l e r ,  a n d  S. G l a s s t o n e ,  " T h e o r y  of  R a t e  
P r o c e s s e s , "  p. 559, M c G r a w - H i l l  B o o k  Co., N e w  Y o r k  (1941). 

water /equiv,  indicates a dense s tructure somehow ac- 
commodating approximately 10 molecules/HSO3 group. 
The hydrat ion estimates of 7 molecules for the H + 
ion (Stokes and Robinson 5s) and 1.5-3.5 molecules for 
the sulfonate group (Oda and Yawatawa 59) would 
give just  such a structure. 

The fact that  measured conductivi ty reaches a maxi-  
mum at the same extent  of water  absorption probably  
indicates that conductivi ty is strongly affected by the 
hydrat ion water, but  only weakly affected by fur ther  
absorption of essentially free solvent water.  We fur-  
ther note that  the pr imary  hydrat ion number  for H + 
as calculated by Glueckauf  6~ is only 4. Oda and Yawa- 
tawa 59 assumed this n u m b e r  of water  molecules to be 
r igidly t ransported with the hydrogen ion as one con- 
t r ibut ion to electro-osmosis. It is not surprising, how- 
ever, that  some fur ther  ordering of water  molecules 
occurs up to approximately a hydrat ion number  of 7 
and that  this added water  interact ion acts to increase 
conductivity. 
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ABSTRACT 

Thin-f i lm solid-state batteries ranging in thickness from 5 to 12~ were 
prepared on quartz substrates by vacuum-deposi t ion techniques. Silver films 
~1000A thick were used in all cases as the reversible electrode, while plat i-  
num and in some cases gold films of a similar thickness were used as the 
counterelectrode. Electrolyte films consisted of evaporated AgI, evaporated 
AgBr, and a double electrolyte of AgI evaporated onto a film of AgC1 or 
AgBr. Cells consisting of the above types of electrolytes were rechargeable, 
and the ones containing pure AgI or AgI -t- AgBr or AgC1 electrolyte ex-  
hibited long shelf life. P re l iminary  conductivi ty measurements  using an a-c 
bridge method indicate, as expected, that  the electrode-electrolyte interfaces 
ra ther  than the electrolyte films are the principal  sources of the high in terna l  
resistance exhibited by these batteries. 

The use of solid-state electrolytes in electrochemical 
cells was first demonstrated by Reinhold (1) dur ing 
his studies of chemical equil ibria between solid salts. 
Ionic conductivi ty in the solid state has since been 
studied by a number  of workers and an extensive 
review of the subject has been presented by Lidiard 
(2). A more recent  review by Raleigh (3) deals with 
the general  aspects of solid-state electrochemical tech- 
niques and the use of solid-state galvanic cells for 
various thermodynamic  calculations. 

Silver iodide, when contained between two metallic 
electrodes of which one is a reversible silver anode, 
has long been known to act as a solid electrolyte in 
which the ionic current  is carried almost in its ent i rety 
by Ag + ions (4). In  recent years, several articles have 
appeared in the l i terature on the util ization of silver 
iodide as an electrolyte in solid-state bat tery applica- 
tions. A bead cell developed by Weininger  (5) consists 
of a silver anode and a p la t inum or t an ta lum cathode 
embedded into the solid AgI electrolyte. In  the pres- 
ence of iodine vapor, the cell acts as a p r imary  battery, 
the iodine being reduced at the inert  Pt  (or Ta) elec- 
trode. Mrgudich (6, 7) has recently reported on the 
performance of AgI pellet batteries in which the AgI 
electrolyte is compressed between silver and p la t inum 
electrodes, and he also suggested that  the possibility 
of making an all thin-f i lm version of the system be 
explored. The Mrgudich batteries are rechargeable 
concentrat ion cells in which the cell voltage is a func-  
t ion of the activity of Ag ~ on the iner t  p la t inum elec- 
trode and is given by the Nernst concentrat ion-cel l  
equation 

as 
E = (RT /nF)  I n - -  [1] 

ap 

Here n is the valence change of silver to silver ions 
(i.e., uni ty) ,  R is the gas constant, T is the absolute 
temperature,  F is the Faraday constant, as is the activ- 
i ty  of Ag ~ in the silver electrode which is constant  
and essentially unity,  and ap is the ac t iv i ty  of Ag ~ in 
the p la t inum electrode which is variable. 

Aside from isolated examples such as the MAg415 
electrolyte cells, where M = K, Rb or Cs (8, 9, 10, 11), 
a characteristic of solid-state batteries prepared to this 
date is their general ly high d-c in terna l  resistance, due 
either to the poor ionic conductivi ty of the electrolyte 
or to the high resistance of the electrochemical  double 
layer at the electrode-electrolyte interface. The elec- 
trolyte problem may be minimized by decreasing its 
thickness, while a reduction in double- layer  boundary  
effects may be achieved by increasing the interface 
surface area. For  example, the interface s tructure 
may be altered by mixing  of the electrode and elec- 

1 Presen t  address :  Baylor  Univers i ty ,  College of Medicine,  Inst i -  
tu te  for  Lipid Research,  Texas  Medical Center,  Houston, Texas  
77025. 

t rolyte materials  thus making the mix ture  both an 
electronic and an ionic conductor (6). 

A solid-state cell in which the electrolyte thickness 
is of the order of magni tude  of a micron, or as thin as 
possible, represents  a goal in minia tur iza t ion if high 
resistance boundary  conditions and electronic conduc- 
t ivi ty  of the th in  electrolyte film are not  a severe 
limitation. A demonstrat ion of the feasibility of an all 
thin-f i lm bat tery  produced by convent ional  vacuum-  
deposition techniques may eventual ly  encourage a 
variety of low power applications in microelectronics 
where evaporation techniques are used, such as in in-  
tegrated microcircuitry. 

Thin-f i lm solid state batteries have been reported in 
the past (12, 13). In those cases, they involved the use 
of the more complex solid electrolyte system P b /  
PbC12-AgC1/Ag. We report  here on a vacuum-de-  
posited thin-f i lm adaptat ion of the Mrgudich pellet 
format A g / A g X / P t  or Au concentrat ion cell system 
(where X = I -  or B r - ) .  

Experimental Procedure 
Filr~ deposition and ~neasurement techniques.--Films 

of silver bromide and silver iodide varying  in thick- 
ness from 5 to 12g were vapor deposited at a pressure 
of 5 x 10 - s  mm Hg. A tungs ten  boat was operated at 
632 ~ and 560~ for the AgBr and AgI evaporations, 
respectively. The thickness of the t ransparent  silver 
bromide film was determined by an interference mea-  
surement  (14), whereas a gravimetric method based 
on the bulk  density of opaque AgI was used to esti- 
mate  the thickness of the deposited silver iodide film. 
The estimate given in this paper for the thickness of 
the AgI films may be low since the density of evap- 
orated silver hal ide films is general ly lower than bulk 
density. For example, the density of evaporated AgBr 
films is 4.55 g/cc as compared with a bulk density 
of 6.5 g/cc. 

The silver metal  film electrodes were deposited by 
evaporation using a t an ta lum coil source, and a CVC 
AST-100 sputter ing uni t  was employed for the deposi- 
t ion of the p la t inum film electrodes. Metal film thick- 
ness varied between 700 and 1000A, and in general  the 
resistance of the 2.5- x 0.4-cm electrode films used 
(Fig. 1) was 100 ohms or less. Electrical contact with 
the th in  metal  films was established with the conduc- 
tive Eccobond solder No. 56C. 

To ensure against  loading samples of very high in-  
ternal  resistance, a high input  impedance Keithley 
610B electrometer was used for open-circui t  voltage 
measurement .  Although the original state of charge 
is disturbed by a small current  drain, s teady-state  in-  
te rna l  resistance of charged cells can be estimated by 
momenta r i ly  lowering the Keithley 's  input  impedance 
unt i l  the measured cell voltage is half  its open-circui t  
value ( impedance matching) .  The charge-discharge 
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Fig. 1. Typical Pt/AgX/Ag cell in overlapping format 

dynamic characteristics of the cells were also moni-  
tored by using various loads. For this work, the elec- 
t rometer  output  was recorded with a Bausch and Lomb 
VOM-5 recorder. All discharge curves were taken on 
cells that had been charged for 1 hr at 0.5v between 
discharges unless otherwise specified. An a-c bridge 
was used to avoid polarization effects and thereby 
approximate (upper bound) the conductance of the 
electrolyte. The applied a-c voltage was small and of 
a variable f requency up to 600 kHz. 

Cell format.--Two different cell formats were con- 
structed: "overlapping" and "nonoverlapping." The 
overlapping electrode format is one in which the elec- 
trolyte is "sandwiched" between the two electrodes. 
The procedure used for the fabrication of a typical 
overlapping cell is as follows. The p la t inum film is 
sputtered on a quartz substrate. This is followed by 
evaporation of silver halide on portions of the sub- 
strate covered by the p la t inum film. Finally,  the silver 
electrode is evaporated by masking off the p l a t inum-  
covered portions of the substrate. All charge-discharge 
data reported below were taken with cells in which 
the total electrode-electrolyte overlap area was ap- 
proximately  0.4 cm 2. An example of a typical overlap-  
ping cell is shown in Fig. 1. 

The second, or nonover lapping electrode format (see 
Fig. 2), is one in which the two electrode films are 
deposited side by side, separated by 150~ or more. The 
electrodes and gap between them are then coated with 
the evaporated silver halide. It is evident  that  this 
nonover lapping format produces a cell of much higher 
electrolyte resistance than  the corresponding overlap-  
ping cell because of its longer path and smaller cross- 
sectional area. It is not, however, subject  to shorting if 
pinholes are present  in the electrolyte film, thus al- 
lowing the s tudy of other th in  electrolyte films which 
may be prone to a pinhole structure. 

Exper imental  Results 
Silver iodide electrolyte thin-film cells.--Overlap- 

ping ]ormat.--The preparat ion of a P t / A g I / A g  th in-  
film cell in an overlapping format was ini t ial ly unsuc-  
cessful because of a direct short between the p la t inum 
and silver electrodes. Electron micrographs of the 
evaporated silver iodide film when deposited on a sub- 
strate whose tempera ture  was 41~ indicate that the 
silver iodide grains [Fig. 3 (a)]  do not form a cont inu-  

Ag Agl Pt QUARTZ 

TOP VIEW 

Ag Agl Pt QUARTZ 

t=lO~ 

t :IOOOA~-! ~-~ I-,-- ZOO M• I 

CROSS-SECTIONAL VIEW 

Fig. 2. Schematic of nonoverlapping cell format 

Fig. 3. Electron micrographs of evaporated Agl film deposited at 
a substrate temperature of 41 ~ (a, top) replicated sample and (b, 
bottom) unreplicated sample. The electron micrographs were taken 
on silver iodide samples that were evaporated onto thin carbon films 
which were supported by nickel grids. The evaporation conditions 
were identical to those used for the deposition on the quartz sub- 
strate. The silver iodide film was shadowed at a 3:1 angle ratio 
with the platinum-imbedded carbon pellet technique. It was then 
coated at normal incidence with carbon, and the original halide 
was dissolved with a methanolic KCN solution (0.5g KCN/50 ml 
CH3OH). The sample was washed gently for 5 min in three changes 
of distilled water. 

ous s tructure and that  large breaks exist between 
grains. Fur ther  support ing evidence [Fig. 3 (b)]  clearly 
shows that  these breaks are actual  voids which extend 
through the silver iodide layer. 

In view of this problem, an addit ional  step for prep-  
arat ion of the electrolyte was introduced, involving the 
chemical conversion of Ag to AgI. A strip of p la t inum 
2.5 c m x  0.63 cm x 0.1~ was deposited by sputter ing on 
a quartz substrate. This was followed by the deposi- 
tion of a film of silver (~1000A) directly over the 
center of the p la t inum strip. The system was then 
placed in an iodine chamber  for ~24 hr to ensure the 
conversion of most of the silver to AgI. A second layer 
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Fig. 4. Typical charging curves of various concentration cells 
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Fig. 5. Discharge curves for Pt/Agl/Ag thin-film overlapping 
cell using various loads. 

of silver iodide was deposited by evaporat ion over the 
original u l t ra th in  iodized silver film, which acted as 
the nucleus for the formation of a uniform and void- 
free deposit of AgI. This, in turn,  was followed by the 
deposition by evaporation of the silver electrode. 2 The 
open-circui t  cell voltage, which was monitored in vac- 
uum dur ing  the deposition of the silver electrode, at-  
ta ined the low value of 0.06-0.10v, presumably  due to 
the presence of some unconverted silver at the plati-  
num electrode surface which lowers ap in Eq. [1]. The 
cell was then charged at a voltage of 0.5v. A typical  
charging curve is shown in Fig. 4, along with those of 
other thin-f i lm or pellet cells of various formats or 
electrolytes. Figure 5 shows a series of discharge 
curves for several large resistance load values. These 
cells showed no detectable leakage after several 
months of storage. 

Nonoverlapping cell format.--At the outset of the AgI 
evaporation, the activity of Ag ~ at the p la t inum elec- 
trode starts from a min imum value, except for the 
activity that  occurs due to diffusion and reduction of 
Ag + ions from the deposited silver iodide, to establish 
the equi l ibr ium 

Ag + -t- e -  ~--- Ag ~ (ap) [2] 

By monitor ing the cell voltage in vacuum, it is there-  

2 In  a d d i t i o n  to  t he  c h e m i c a l  c o n v e r s i o n  of s i l v e r  i od ide  to  f o r m  
a n u c l e u s  for  the  v a c u u m - d e p o s i t e d  A g I  fi lm, the  p r o b l e m  of s t ruc-  
t u r a l  v o i d s  in  e v a p o r a t e d  A g I  f i lms  was  also ove rcome  by  depos i t -  
i n g  a t h i n  c o n t i n u o u s  s u b b i n g  l ayer  of AgC1 or A g B r  o v e r  the  
p l a t i n u m  e lec t rode  p r io r  to the  A g I  e v a p o r a t i o n .  Ceils  cons i s t i ng  of 
P t /AgC1  or  AgBr ,  A g I / A g  m a i n t a i n e d  the  v o l t a g e  to w h i c h  t hey  
h ad  been  c h a r g e d  for  s eve ra l  m o n t h s  w i t h  no de tec tab le  leakage ,  
b u t  su f fe red  f r o m  a h i g h  d-c i n t e r n a l  r e s i s t ance  (107 ohms) ,  p re -  
s u m a b l y  due  to t he  p resence  of h igh  con tac t  r es i s t ance  b e t w e e n  
the  ha l ide  f i lms a n d  t he  e lec t rode  in te r faces .  

 oo;Lj 
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Fig. 6. Nonoverlapping cell OCV as a function of Agl evaporation 
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Fig. 7. Discharge curves for Pt/Agl/Ag thin-film nonoverlapping 
cell using various loads. 

fore possible to follow the rate of AgI deposition and 
study the basic cell properties during the actual cell 
preparation. As is shown in the open-circuit  voltage 
vs. t ime plot of Fig. 6, there is no significant increase 
in voltage for about 2.5 rain after iodine evolution is 
first observed. This is followed by a rapid increase in 
cell voltage, which occurs when the AgI film is thick 
enough so that  its resistance matches that of the elec- 
t rometer  (10 TM ohms). The cell voltage finally reaches 
the high value of 0.725v where it remains constant 
unt i l  the evaporation is stopped (approximately 27 
min) .  The drop in boat tempera ture  is followed by a 
decrease in the cell voltage to a value of 0.550v. 

The high open-circui t  voltage of 0.725v can be ac- 
counted for by the operation of an I2,Pt /AgI/Ag cell, 
the I2 vapors being produced from part ial  decomposi- 
tion of the AgI. a The observed value of 0.725v is 
higher than the theoretical value of 0.688v correspond- 
ing to the thermodynamic  free energy of formation of 
AgI, this discrepancy occurring because of the heating 
of the substrate from the AgI boat. In that  respect, it 
is consistent with the results of Weininger  (5) who 
reported open-circuit  voltage values as high as 0.75v 
when an I2,Ta/AgI/Ag cell was operated at elevated 
temperatures.  The observed voltage drop to 0.550v, 
typical of a P t / A g I / A g  concentrat ion cell (6, 7), after 
the source is tu rned  off, is presumably due to the re- 
duction of the part ial  pressure of I2 and the removal  
of excess iodine. 

The performance of a nonoverlapping P t / AgI /Ag  
cell when placed under  load is shown in Fig. 7. The 
electrode separation in this case was 750~ and the 
thickness of the AgI layer was about 4~, with an over- 
lap area of ,-,1.8 cm 2 between the electrolyte and each 
electrode. The cell output  was general ly lower than 
that  of its overlapping counterpart  which in part  is due 
to the smaller  cross-sectional area of the electrolyte 
and the increased in terna l  resistance. The nonoverlap-  
ping P t / A g I / A g  cells exhibited the same excellent 
voltage stability as the overlapping cells. 

Silver bromide electrolyte thin-film cells.--Because 
of previous experience in the deposition of AgBr films 
for photographic applications (~4), this mater ial  was 
tested as an overlapping cell electrolyte. Although a 
thin AgBr film can be deposited more readily than 
AgI in a continuous void-free electrolyte layer, it is 

s The  iod ine  e v o l v e d  d u r i n g  the  A g I  e v a p o r a t i o n  is a lso a v a i l a b l e  
a t  the  A g  e lec t rode  b u t  i t  can be p o s t u l a t e d  t h a t  i t  r eac t s  to f o r m  
s i l v e r  iodide. 
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Fig. 8, Overlapping AgBr cell OCV as a function of evaporated 
Ag deposition. 
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Fig. 9. Discharge curves for Pt/AgBr/Ag thin-film overlapping 
cell using various loads. 

less desirable than AgI because of a noticeably higher 
electronic conductivi ty (causing an in terna l  short in 
a cell) and lower ionic conductivity. Because of the 
latter, the nonover lapping format was not considered 
for AgBr samples. 

Silver bromide electrolyte overlapping cells were 
prepared, as in the case of AgI cells, by the deposition 
of a strip of sputtered p la t inum onto a quartz substrate 
followed by a 5-10~ thick layer of the halide. The 
silver electrode was then deposited so as to cover the 
electrolyte. As soon as a continuous layer of silver 
was established, the open-circuit  cell voltage, which 
was monitored dur ing silver deposition, increased 
rapidly from zero, as shown in Fig. 8, 4 and decreased 
gradual ly  to a low of ~0.3v followed by an increase 
to about 0.4v. 

The reasons for this voltage variat ion are not en- 
t irely clear at this point, but  it may be due to heat or 
light radiated from the t an ta lum coil, the reaction of 
deposited silver with photolytically produced bromine, 
the part ial  diffusion of the ini t ia l ly deposited silver 
into the AgBr (15, 16), or other unde te rmined  factors. 
On occasions where the evaporation became erratic, 
such as when the t an ta lum filament was overheated, 
h igh-energy  silver particles or vaporized molecules 
penetrated through the electrolyte layer and the 
breakdown of the cell by an in terna l  short was in-  
dicated by the sudden drop of the cell voltage to zero. 

A typical  charging curve of a P t /AgBr /Ag  thin-f i lm 
cell (of thickness t ---- 10~) is shown in Fig. 4 and its 
discharge characteristics under  load are given in Fig. 
9. When an evaporated Au film was used as an elec- 
trode instead of sputtered plat inum, the cell output  
was general ly  comparable. As anticipated, the AgBr 
electrolyte thin-f i lm cells proved less stable than simi- 
lar AgI cells, losing more than 30-40% of their charge 
in less than  1 week. 

Discussion of Results 
The external  work done by a cell is the integral  

i I n  a d d i t i o n  t o  r e c o r d i n g  t h e  c e l l  v o l t a g e  i n  v a c u u m ,  b y  m o n i t o r -  
i n g  t h e  r e s i s t a n c e  o f  t h e  s i l v e r  e l e c t r o d e  f i l m  d u r i n g  i t s  d e p o s i t i o n ,  
t h e  A g  e v a p o r a t i o n  m a y  b e  s t o p p e d  a t  t h e  p o i n t  w h e r e  t h e  f i l m  
r e a c h e s  i t s  d e s i r e d  r e s i s t a n c e  v a l u e .  

1s 
W =  RL  ( E - - i t )  2 d t  [3] 

where V = E - -  i r  is the cel} voltage, r is its in te rna l  
resistance, RL is the external  load resistance, and i is 
the current.  In  a concentrat ion cell, power is not de- 
l ivered at a constant  voltage, since dur ing  discharge 
E is a decreasing funct ion of t ime (Eq. [1]). Therefore, 
capacity should be rated in terms of watt  hours (whr) 
ra ther  than in the more ambiguous ampere-hours.  For  
opt imum performance in such a cell, it is clear that  
the inert  electrode should "soak up" a generous 
amount  of mater ial  from the reversible electrode while 
main ta in ing  an effectively low Ag concentration.  In 
other words, the opt imum p la t inum electrode in an 
A g / A gI / P t  cell must  have a large Ag absorptivi ty as 
well  as a large effective surface. Cell output  is also 
l imited by the cell's in terna l  resistance since the cell 
voltage V is reduced by the in ternal  i r  drop when un -  
der load. 

The energy output  of the various thin-f i lm cells dis- 
cussed earlier was roughly estimated dur ing  a I hr  
discharge into an appropriate matched load using Eq. 
[3]. For AgBr and AgI electrolyte overlapping cells of 
the dimensions discussed above, the total output  is on 
the order of 2 x 10 - s  whr and about half  as much for 
a AgI electrolyte cell in the nonoverlapping format  
(Fig. 7). In this respect, thin-f i lm cells had about 
4-5 times less output  than s ta te-of - the-ar t  pellet cells 
with thin-f i lm electrodes (6); however, the use of the 
thin-f i lm format produced approximately a threefold 
improvement  in energy density (whr / lb )  over the 
pellets. 

An improved version of the Mrgudich pellet cell in -  
volves the replacement  of the thin-f i lm electrodes by 
pulverized p la t inum and silver compressed on either 
side of the silver iodide pellet, thus producing a larger 
overlap surface between electrode and electrolyte. This 
results in a hundredfold improvement  in the cell out-  
put, accompanied by a corresponding increase in the 
amount  of silver t ransferred to the p la t inum electrode 
(6). We believe that some improvement  in cell capac- 
i ty could be achieved in a similar  manne r  for thin-f i lm 
cells by depositing electrodes of larger surface area or 
by int roducing a graded layer  of electrode-electrolyte 
mix between the electrode and electrolyte to increase 
their  total overlap area. 

The steady-state  in terna l  resistance of the over- 
lapping AgI electrolyte thin-f i lm cells is on the order 
of 104 to 105 ohms, while it is close to l0 s ohms for the 
overlapping P t / A g B r / A g  cells and nonover lapping 
P t / A g I / A g  cells. This resistance consists basically of 
the sum of the resistance of the electrolyte and the re-  
sistances at the two electrode-electrolyte interfaces. 
The latter, however, due to an interface barr ier  or 
double layer, is capacitive in nature,  and is par t ia l ly  
shunted dur ing  cur ren t  t ransients  or dur ing  the appli-  
cation of a-c signals of sufficiently high frequency (16). 
The electrolyte resistance in various AgI and AgBr 
thin-f i lm cells was thus measured using an a-c bridge 
with an applied voltage of 60 mv and variable fre- 
quency. The electrolyte resistance was general ly found 
to be on the order of 10-30 ohms, depending on film 
thickness, and the double- layer  capacitance was found 
to be in the 100-1000 ~f range. 

Table I shows the variat ion of cell resistance with 
frequency of applied a-c voltage for a Ag /AgBr /Ag  
thin-f i lm overlapping system, with an electrode over- 
lap area of 0.4 cm 2 and a AgBr film thickness of 10~. 
Resistance values obtained with the same bridge for 
a 25-ohm resistor, r un  for calibration purposes, are 
also given. The interface capacitance appears as a sig- 
nificant reactance at frequencies below 1 kHz, and 
thus the higher f requency value of 17-18 ohms should 
be considered as representat ive of the electrolyte re- 
sistance plus any  unshunted  resistance. On this basis, 
we were able to calculate an upper  bound specific 
ionic conductance of 1.4 x 10 -4 ohm -1 cm -1 for evap- 
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Table I. A-C resistance values of a Ag/AgBr/Ag system 
as a function of frequency* 

Res i s t ance  (ohms} 

F r e q u e n c y  (kHz) 2 5 - o h m  Res i s to r  AgI] r  fi lm** 

O.01 60-70 
0.1O ~ 30 
1.O 26 20 

10 26 20 
10O 26 18 
200 26 18 
500 17 
600 2"2 - -  

* I f  a cei l  is charged,  it  m u s t  be p r e v e n t e d  f r o m  d i s c h a r g i n g  
w i t h  a su i t ab l e  d-c  b ias  vo l t age .  In  o rde r  to a v o i d  the  use of such 
a d-c bias,  the  m e a s u r e m e n t s  g i v e n  in  Tab le  I we re  m a d e  on a 
s y m m e t r i c a l  A g / A g B r / A g  sys tem.  

** The  v a l u e s  g iven  in t h i s  c o l u m n  h a v e  been  cor rec ted  for  any  
ohmic  res is tances  due  to  the  s i l v e r  e lec t rode  fi lms.  

orated AgBr films and 1.1 x 10 -3 ohm -1 cm -1 for 
evaporated AgI films. This compares with bulk con- 
ductivities at room tempera ture  of 2 x 10 -5 --2 x 10 -~ 
ohm -1 cm -1 for AgBr (18) and 1.65 x 10 -e  ohm -~ 
cm -1 for /~-AgI (19). Such a comparison, however, of 
bulk and thin-f i lm conductivity values may be un re -  
alistic at room tempera ture  where the dis tr ibut ion of 
Frenkel  defects is to a large degree a funct ion of 
sample preparat ion techniques- -un l ike  the randomized 
distr ibution of Frenkel  defects exhibited at elevated 
temperatures.  

The above data indicate that the main  source of 
total cell resistance in a thin-f i lm cell lies in the elec- 
trode-electrolyte interface and that  the electrolyte 
resistance, as expected, is very small  by comparison. 
Because of the large intern.al capacitance, discharge 
curves (see Fig. 5, 7, and 9) of th in-f i lm cells show a 
large t rans ient  effect in which an appreciable fraction 
of the N10 -s  whr  of energy stored in a charged cell 
is involved in cell polarization or in charging and dis- 
charging the interface capacitance. 

The AgI thin-f i lm cells discussed above exhibited no 
detectable current  leakage shown by the fact that they 
retained the voltage to which they had been charged for 
several months. The overlapping thin-f i lm P t / A g B r /  
Ag system, however, showed evidence of considerable 
electronic conductance after a few days of storage. 
Occasional failure in storage of silver iodide electro- 
lyte cells, even when stored in the dark, was found to 
be due to a deteriorat ion of the silver electrode. This 
may be due to reaction with atomic iodine species 
trapped in the AgI film dur ing its deposition. Dense 
iodine vapors were in fact visible throughout  the AgI 
heating and vaporization as stated earlier. Outgassing 
of the deposited silver halide film for a period of t ime 

prior to deposition of the silver film is expected to im-  
prove stability. 

Improvement  of the thin-f i lm concentrat ion cells at 
this early stage of their development  would be ex- 
pected in the area of increasing capacity and reducing 
in terna l  resistance. Conductivi ty measurements  have 
indicated that the principal  source of in ternal  resist- 
ance is in the electrode-electrolyte interface. Prepara-  
t ion of a cell in which there is a higher over-al l  sur-  
face of contact between electrode and electrolyte, and 
a greater Ag absorptivi ty of the blocking electrode is 
therefore indicated. 
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New Methods of Obtaining Fuel Cell Electrodes 
IV. Powder Electrode Fuel Cell with Lateral Feeding 

D. M. Drazi~, R. R. Adzi~, and A. R. Despi~ 
Institute of Chemistry, Technology and Metallurgy, Beograd, and 

Faculty of Technology, University of Beograd, Beograd, Yugoslavia 

ABSTRACT 

A previously developed powder electrode in combinat ion with lateral  feed- 
ing with gases has been fur ther  improved. A fuel cell without gas chambers 
and with loose carbon powder electrodes has been constructed and tested with 
acid and alkaline electrolytes. 0.065 w/cm 2 of power output  was achieved with 
a cell having an over-al l  thickness of 3 mm at H2 and 02 pressures of 0.01- 
0.02 atm gauge. If a bat tery of such cells were built,  one could expect a 
specific power ouput of about 250 w/ l i t e r  or 150 w/kg. 

In most low-tempera ture  fuel cells which have 
been developed in recent  years, porous electrodes 
separating gas and electrolyte chambers have been 
used. In this way, the necessary gas-electrolyte-  
catalyst contact is readily obtained. Besides the im- 
provements  of sintered metal  or porous carbon elec- 
trodes achieved up to now, efforts have been made 
during the last few years to develop electrodes based 
on some new ideas. Among the more interest ing 
are the rotat ing and the lateral ly fed electrodes of 
Bonnemay et al. (1, 2) and Gerischer's suspension 
electrode (3). The so called "powder electrode", de- 
veloped in our laboratory (4, 5) appeared to be very 
convenient  for fast determinat ions of the electro- 
chemical activity of powdered materials which are 
to be used for fuel cell electrode manufactur ing.  
In two recent papers (6, 7), this type of electrode 
was used in the investigation of the influence of 
different kinds of t rea tment  of active carbon on its 
electrochemical activity. It  was shown that  carbon 
powder properly treated and impregnated with very 
small  quanti t ies  of p la t inum can be a good electrode 
mater ia l  in powder form for oxygen reduction and 
hydrogen oxidation, in alkal ine as well as in acid 
electrolytes. 

In the present  work, the basic concept of the 
powder electrode was used to develop one employing 
lateral  feeding of the reacting gases. This was achieved 
by pouring the carbon powder, impregnated with the 
catalyst, into the approximately 0.5 mm deep hollow 
of the electron-conduct ing electrode holder and cover- 
ing with the porous matr ix  soaked with the elec- 
trolyte. The whole cell was obtained when two such 
electrodes were pressed together. In Fig. 1, a sche- 
matic diagram of the cross section of such a fuel  
cell is presented. 

A novelty of this cell is that the gases have access 
to carbon powder only through a few small gas feed- 
ing holes on the edge of the holder and that the usual ly  
existing gas chambers, screens, and similar gas dis- 
t r ibut ing devices are completely omitted. The gas is 
diffused lateral ly from the small edge holes through 
the active carbon layer to the sites of the reaction. 
In  normal  type cells with gas chambers, the ratio of 
the projected electrode surface exposed to the elec- 
trolyte and to the gas phase is 1:1. Bonnemay et al. 
(2) realized the lateral  diffusion electrode with a hy-  
drophobic carbon powder fixed to a metall ic current  
collector, where a greater par t  of the electrode was 
immersed in the electrolyte, while  the rest was 
in gas phase, the reacting gas diffusing through the 
carbon powder to the place of consumption. The 
ratio of the surfaces exposed to the electrolyte and 
to the gas in this case was 6:1 (8). In  our case, this 
ratio is about 1000:1, which results in considerable 
reduction of total volume of this fuel cell. 

A second substantial  feature of these electrodes--  
in which they differ from all other types-- is  the mode 

of current  collecting. Due to the existence of gas 
chambers in normal  cells, current  collecting is often 
lateral. This introduces problems of great ohmic vol- 
tage drops when large electrodes are used, par t icular ly  
with carbon electrodes, so that  metallic nets [e.g., 
screen electrodes (9)],  or sintered metal  plates (10) 
have to be incorporated into the electrodes, losing 
the substant ial  advantages of carbon as the electrode 
material :  lightness and resistivity to the attack of 
acid electrolytes. 

In our electrode, since the resistivity of carbon 
cannot be lowered, the mode of gas feeding and cur-  
rent  collecting has been inverted.  The gas is fed 
laterally, while the current  is collected normal ly  to 
the electrode surface (i.e., the shortest way) ,  giving 
rise only to the practically negligible voltage drops 
across the resistive carbon. This construction enables 
us to replace the metals as the electrode holder and 
electron-conducting mater ia l  with other acid-resistant  
materials  like electron-conduct ing plastics (e.g., a 
polyethylene-graphi te  mix ture  produced in our lab-  
oratory with p ~ 0.2 ohm-cm) so that the average 
specific weight of the complete fuel cell bat tery can 
be lowered as much as 1.5 g/cm ~. 

Experimental 
The vol tage-current  characteristics of a H2-O2 cell 

were exper imental ly  determined for two sets of elec- 
trodes. The cell with electrode area of about 20 cm 2 
(diameter  5 cm) had the gas inlet  and outlet at two 
opposite sides on the edge of the electrode. In order 
to decrease the distance between the inlets and outlets, 
and in this way the pressure drop in the battery,  
for the larger-area  cell (440 cm2), the electrodes 
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Fig. 1. Schematic cross section of a powder electrode fuel cell 
unit with lateral feeding. 
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Fig. 4. Voltage-current density curves for small H2-O~ fuel cell 
(20 cm 2) with 6N KOH at 25~ for 1.0-, 0.S-, and 0.25-mm thick 
electrodes. 

Fig. 2. Photograph of the larger experimental cell 

Fig. 3. Photograph of the disassembled cell. Right: electrode 
holder packed with active carbon. Left: electrode holder covered 
with porous matrix. 

are made in the form of a modified annular  electrode. 
Gases were  introduced through several  holes at the 
edge of the electrode, while  the excess of gases, if 
necessary, was collected through the holes in the 
middle, as can be seen in Fig. 2. A photograph of 
the disassembled larger  exper imenta l  cell is shown 
in Fig. 3. All  the details of this construction are given 
in the patent  l i tera ture  (11). 

The smal ler  cell was tested wi th  three  different 
electrode thicknesses: 0.25, 0.5, and 1 mm (i.e., the 
hollow on the electrode holder  was 0.25, 0.5, and 1 
mm deep).  Electrode mater ia l  was pre t rea ted  active 
carbon powder  (80-100~) [for details, see (6, 7)] 
impregnated  with  p la t inum (3% by weight ) .  Af te r  
impregnation,  the carbon powder  was mixed with  
Teflon emulsion (Du Pont  TFE 30B or FEP 120, 
10% by weight) .  

Porous plastic sheets (Porvic S. Porous Plastic 
Ltd., England)  were  used as the mat r ix  for the elec-  
trolyte.  In order  to el iminate the possibility of d ry -  
ing of the matr ix,  one central  and several  edge holes 
filled with  electrolyte,  and in contact wi th  the porous 
matr ix,  were  provided. No other  gasket mater ia l  was 
used. As the electrolytes, 5N H~.SO4 or 6N KOH was 
used. The measurements  were  done at 25 ~ and 60~ 
Gas pressures applied were  0.01-0.02 at. gauge. 

Gases used were  commercial  gases in cylinders. 
To remove  the accumulated impuri t ies  and product 
water,  an approximate ly  3% excess flow of gases 
was used and al lowed to vent  f rom the cell. No 
effects of water  unbalance were  observed. Severa l  
exper iments  were  done wi th  an ion-exchange  m e m -  
brane (Permut i t  C.) soaked wi th  KOH. 

Results and Discussion 
Pre l iminary  invest igat ion of this concept in the 

small  (20 cm 2) and large (440 cm 2) cell showed the 
direct paral lel ism between the performance of the 
cell and the performance  of the separate powder  
electrodes, when  the same carbon powder  was used. 
Since in the ordinary powder  electrode (4, 5) feeding 
with  gas is normal  to the  electrode, this indicated 

that  pract ical ly no l imitat ion was imposed on the 
cell per formance  by the lateral  diffusion of gases 
th rough the carbon layer, at least not when  the path 
is smaller  than 15 cm. This comes out also from the 
fact that  pract ical ly no pressure drop was achieved 
when  the gas was passed through the electrode be-  
tween the inlet  and out let  holes. 

In Fig. 4, vo l tage-cur ren t  characterist ics of the 
small  cell wi th  alkal ine electrolyte  at 25~ for 1-, 
0.5-, and 0.25-mm thick electrodes are presented. 
Since in all the exper iments  the same carbon powder  
was used, the quant i ty  of plat inum, recalculated as 
the quant i ty  per  square cent imeter  of the projected 
electrode area was 2, 1, and 0.5 mg Pt/cm~, respec-  
t ively.  F rom the diagrams one can conclude that  the 
thickness of the electrode of 0.5 mm gave the best 
per formance  of the cell and therefore  0.5 mm was 
adopted as the op t imum thickness in fur ther  exper i -  
ments. The th inner  electrodes obviously had much 
poorer  gas feeding, while  1-mm thick electrodes had 
slightly higher  overvoltages,  probably due to the 
higher  ohmic drop between the carbon particles. 

In Fig. 5, vo l tage-cur ren t  characterist ics of the 
small  cell wi th  0.5-mm thick electrodes are presented 
for acid (dotted lines) and alkal ine electrolyte  (solid 
lines) at 25 ~ and 60~ and power -cur ren t  density 
characterist ics at 60~ for both types. Power  den-  
sities of 0.065 and 0.057 w / c m  e at 100 m a / c m  2 for 
a lkal ine and acid types, respectively,  were  achieved. 
Since the electrode holder  was made of compact nickel, 
when the acid electrolyte  was used the edges at the  
holder  which were  in direct  contact wi th  the acid 
mat r ix  were  protected with  an acid-resis tant  lacquer, 
whi le  the bottoms of the hollows were  unprotected 
(to provide the electr ical  contact) .  No trace of cor-  
rosion was observed in the course of the measure-  
ments  (about 2 days),  probably due to the hydro-  
phobic propert ies  of the carbon-Teflon mixture.  

An  a t tempt  to replace the ra ther  coarse pore size 
porous mat r ix  wi th  an ion-exchange  membrane  gave 
much poorer  results. Even though in principle one 
can expect  be t te r  results  wi th  an ion-exchange  m e m -  
brane, this resul t  leads to the conclusion that  at 
present  a mat r ix  type of fixed electrolyte  is the best 
solution of this problem. 

The large cell (440 cm e) had 0.5-ram thick elec- 
trodes. In Fig. 6, a vo l tage-cur ren t  curve  and total  
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Fig. S. Voltage-current density curves at 25 ~ and 60~ and 
power-current density curves at N)~ for small H2-O2 cell with 5N 
H2SO4 (dotted lines) and 6N KOH (solid lines). 
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Fig. 6. Yoltoge-eurrent and power-current curves for larger cell 
(440 cm 2) with 6N KOH at 25~ 

power-current  curve for this cell are presented for 
25~ as the ambient  temperature.  

The real tempera ture  wi th in  the cell could not  
be measured but  we estimated that  it could not be 
more than  20 ~ above the ambient  temperature.  Since 
the electrochemical activity of carbon for these elec- 
trodes can be fur ther  increased, par t icular ly  for the 
oxygen electrode, it  is to be expected that  the cell 
characteristics can be better  than  presented here. 

If we take 3 mm as the total thickness of one cell, 
and use electron-conduct ing plastic for the electrode 
holders, it  is reasonable to expect achievement  of 
very high specific power densities of such fuel  cell 
batteries up to 250 w/ l i t e r  or 150 w/kg.  

It might be concluded, finally, that the powder 
electrode fuel cell with lateral  feeding seems to be 
very promising for obtaining a compact fuel cell 
battery. 
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Reactively Sputtered Thin Films in the 
Vanadium-Oxygen System Using Triode Sputtering 

D. H. Hensler, A. R. Ross, and E. H. Fuls 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The technique of reactive triode sput ter ing has been employed to deposit 
several of the vanad ium oxides in thin-f i lm form. The resistivity, Hall  co- 
efficient, and thermoelectric power of the resul t ing compositions have been 
measured at room tempera ture  and presented along with the part ial  pressure 
of oxygen in the sput ter ing gas. These data are compared with the l i terature 
when possible to categorize the observed films. It  is shown that  VOI.s7 and 
lesser oxides are metallic at room tempera ture  as determined by a small  
Hall coefficient and small thermoelectric power. 

The vanad ium-oxygen  system contains a very large 
n u m b e r  of oxide phases as determined by s t ructural  
studies (1-3). Even though the existence of some of 
these phases seems to be in question, the occurrence of 
many  apparent ly  stable oxides is of part icular  interest  
to th in  film investigators, since the technique of reac- 
tive sput ter ing of vanadium in a part ial  atmosphere of 
oxygen should readily permit  the formation of some 
of these oxide compounds. In  addition, it should be 
possible to form nonstoichiometric compositions of 
oxygen and vanad ium of which li t t le is known  at 
present. Measurement  of the electrical properties of 
the various oxide phases began with the work of Morin 
(4) who measured the conduct ivi ty of VO, V20~, and 
VO2 crystals. Later data on V203 was provided by 
Goodman (5) who measured  the conductivi ty of single 
crystals, and Acket and Volger (6) who measured the 
resistivity, thermoelectric power, and obtained esti- 
mates of the Hall  coefficient of sintered samples. The 
electrical conductivi ty and thermoelectric power of 
VO2 crystals were measured by Bongers (7), and the 

infrared reflectivity by Barker, Verleur, and Guggen-  
helm (8). 

More recently, some studies have been made in non-  
stoichiometric compositions of vanad ium and oxygen. 
Kawano, Kosuge, and Kachi (9) have measured the 
conduct ivi ty  as a function of tempera ture  for a series 
of compositions ranging from VO0.8 to VO1.25. These 
studies are especially interest ing in  that  they indicate 
that a mater ia l  of very low tempera ture  coefficient of 
resistance may exist in this oxygen range. 

Compounds in the vanad ium-oxygen  system have 
been produced in th in-f i lm form by several techniques. 
Films of VO2 have been prepared by reactive evapora-  
tion of vanad ium in a residual  atmosphere of oxygen 
gas followed by an anneal ing process (10). Several  
vanad ium-oxygen  compounds have been formed by 
sput ter ing vanad ium and vanad ium oxide films fol- 
lowed by suitable heat t r ea tment  (11). More recently,  
a reproducible single-step process for depositing good 
qual i ty  vanad ium dioxide films by  reactive sput ter ing 
was reported by Fuls, Hensler, and Ross (12), and 
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Table I. Tabulated oxygen partial pressure, Hall coefficient thermoelectric power, 
and x-ray information for each sample 

J u n e  1969 

Hal l  
O x y g e n  p a r t i a l  coeff• T h e r m o e l e c t r i c  X - r a y  

S a m p l e  No. p ressure ,  Tor r  cm~/eou lomb  power ,  ~ v / ~  ana lys i s  C o m m e n t s  

1 O 10.7 • 10-~ 5.0 V a n a d i u m  La t t i c e  e x p a n d e d  2-3% f r o m  b u l k  
2 I x 10-~ 22.5 x 10 -~ 5.8 V a n a d i u m  La t t i c e  e x p a n d e d  4% f r o m  b u l k  
3 1.8 x 10-~ 13.3 • 10-n 0,40 VOo.2 
4 2.5 • I0-~ 10.7 • 10 -5 --0,47 
5 4.0 • 10 -~ 9.2 x 10 -5 + 3.2 VO1.2 F a c e - c e n t e r e d  cubic  p a t t e r n  of VO type  
6 5.0 • i0-~ 12.6 x 10 -5 -- 18.0 VOi.2 and V203 
7 6 • 10 ~ 7.48 X I0 -5 --20.0 VOl.sv 
8 7 • 10-~ 0.041 --108.0 ~ As  d e t e r m i n e d  by  m e t a l - s e m i c o n d u c t o r  
9 8 • 10-~ 0.027 --91.0 ~VO.~ t r a n s i t i o n  

10 1.0 • 10 -~ 0.027 --59.0 
11 2.0 X 10 -s 0.035 --50.0 

subsequent t ransport  measurements  have been made 
on these films (13). In this paper, the technique of 
react ive  sput ter ing has been extended to other  com- 
positions of the vanad ium-oxygen  system. Hall  coeffi- 
cient, resist ivity,  and thermoelect r ic  power data are 
presented in an effort to provide basic information on 
t ransport  propert ies of these mater ia ls  in thin-f i lm 
form. 

Exper imenta l  
The sample films were  deposited on sapphire sub-  

strates by sput ter ing f rom a vanad ium cathode in an 
a tmosphere  of argon and oxygen. A 24-in. meta l  bell 
ja r  evacuated by a 6-in. oil diffusion system was used. 
The amount  of oxygen react ing with  the vanadium to 
form the film depends on the part ial  pressure of oxy-  
gen included in the sput ter ing atmosphere.  This was 
careful ly  control led by means of var iable  leak valves 
on the argon and oxygen input to the bell  jar. The 
sput ter ing gas was cont inual ly  flushed through the 
bell  ja r  at the  rate  of 45,000 ~li ters/min.  

The diode sput ter ing apparatus used ear l ier  to sput-  
ter  VO2 films (12) was changed to a tr iode system in 
order  to increase the deposition rate while at the same 
t ime using somewhat  lower  argon pressure. This was 
done s imply by adding a filament (14) and an anode to 
the d-c sput ter ing configuration as shown in Fig. 1. In 
this configuration, sput ter ing was done using an argon 
pressure of 18~. The fi lament current  was held at 250 

TO AC ~ | - ' v v v V v w v h | ~  --HEATER PACK 
SUPPLY ~ L'.'HHH/.'/,I ~ /WORK HOLDER 
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Fig. i. Schematic presentation of triode sputtering apparatus 
showing position of anode and filament used to support the sput- 
tering discharge. 

ma, with  the anode biased at 200v. The vanadium 
cathode had a negat ive  potent ial  of 4600v with  the 
substrate holder  held at ground potential. 

The  sample films were  sput tered on randomly  ori-  
ented sapphire substrates 0.904 cm by 2.16 cm by 0.81 
mm in size af ter  a 15-min presput ter  to stabilize the 
sput ter ing parameters.  The substrates were  held at 
400~ during the sput ter ing process and for a 30-min 
postdeposition anneal ing in vacuum, after  which they 
were  al lowed to cool slowly over  several  hours in 
vacuum. 

Standard  d-c techniques were  used to measure  the 
Hall  effect and the resistivity. Data were  taken on 
samples of lower resist ivity using a Kei th ley  nanovol t -  
meter  and on higher  resist ivi ty samples using a Cary 
v ibra t ing  reed electrometer .  Hal l  br idge pat terns were  
etched in the film and leads were  at tached using an 
ultrasonic soldering device and indium solder. The 
thermoelectr ic  power  was measured using a technique 
outl ined by Sidles and Danielson (15). 

X- r ay  studies of the films were  made using the 
Debye-Scher re r  technique, Since the films were  poly-  
crystall ine,  Debye-Scher re r  rings were  obtained on 
film from which "d" values were  measured. The crys-  
tal s t ructure  was determined by comparing the mea-  
sured "d" values with those published in the l i terature.  
The chemical  composit ion was also est imated f rom a 
comparison of the "d" values with the l i terature.  
Chemical  compositions determined in this way can be 
considered only as approximate.  The results are shown 
in Table I. In addition, previous studies (16) showed 
that  films deposited on sapphire substrates at oxygen 
part ial  pressures greater  than 7.0 x 10 -4 Torr  were  
highly oriented films of VO2. 

Results 
Tables I and II show the var ia t ion of the resistivity, 

Hall  coefficient, thermoelectr ic  power, and the t emper -  
a ture  coefficient of resis t ivi ty wi th  oxygen part ial  pres-  
sure. The resist ivi ty of vanadium sputtered wi thout  
oxygen is 75 ~ohm-cm. This value  is very  close to the 
resist ivi ty of evaporated vanadium films (17), but it 
is three t imes the bulk value of 25 ~ohm-cm (18) found 
in the l i terature.  The Hall  coefficient of 10.7 x 10 -5 
cm3/coulomb is high compared with  the value of 8.13 
x 10 -5 cm3/coulomb found by Foner  (19) for bulk 

Table II. Thickness, resistivity, and temperature coefficient of 
resistivity tabulated for the samples discussed in the text 

T e m p e r a t u r e  
coeff ic ient  of 

S a m p l e  Th ickness ,  Res i s t i v i t y ,  r e s i s t i v i t y ,  
No. A ohm-cm x IO-"/~ 

1 1970 75,5 • 10 -e 
2 1950 241 • 10 -e + 196 
3 5080 395 • 10 -s 0.01 
4 3140 400 • 10 -6 --32 
5 1135 765 • I0-~ --105 
6 837 1.76 x 10-~ --1.7 x I0 z 
7 685 1.40 • I0 -s --4,47 • I0 ~ 
8 850 1.43 
9 690 4.2 --3.6 • 104 

10 1000 2.3 
11 830 1.74 -- 1.06 • 105 
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vanadium, and the value of 7.0 x 10 -5 cm3/coulomb for 
evaporated vanad ium films found by Chander, Howard, 
and Ja in  (17) possibly due to the inclusion of residual 
oxygen in the film dur ing deposition. 

The x - r ay  analysis of samples 3 and 4 is based on 
the work of K lemm and Gr imm (20) and Seybolt and 
Sumsion (21) who identified the compositions VOo.1 
to VO0.4 containing 13.4 to 26.2 a/o (atomic per cent) 
of oxygen. 

Sample 5 is shown by x - r ay  analysis to be of the 
face-centered cubic type. On the basis of a comparison 
of the "d" values with the l i terature,  the composition 
is placed at VO1.2. Because the s t ructure  is face-cen- 
tered cubic with excess oxygen atoms at interst i t ial  
sites, it is felt that comparisons with the l i terature are 
justified provided that one keeps in mind  the doping 
effects of the excess oxygen atoms. The resistivity of 
this film is considerably lower than the value of 104 
~ohm-cm given by Morin (4) and somewhat lower 
than 2 x 10 ~ #ohm-cm given by Kawano, Kosuge, and 
Kachi for samples of pressed powder (9). Denker  (23) 
has reported values of the Hall coefficient for films of 
the VOz type: x = 0.88, Ru = --1.1 x 10 -2 cm3/ 
coulomb and for values of x ~ 1.1, R ,  = +2.8 x 10 -3 
cm3/coulomb. He also has observed evidence of con- 
duction by positive and negat ively charged carriers. 
The value of RH ~ +9.2 x 10-5 cm3/coulomb we have 
observed is consistent with this model for which 

RH = -- -~t -~ee + ~t  / pe 

where an/r is the ratio of electron conduct ivi ty  to the 
total  conductivity, ~, is the hole conductivity, 
and n and p are the electron and hole densities, 
respectively. In the data reported here, the smaller 
Hall  coefficient represents a more near ly  equal contri-  
but ion on the part  of the two terms. The tempera ture  
coefficient of resistance is approx imate ly - -100  x 10 -8 
(~  for this sample. These results are contrary to 
the findings of a positive tempera ture  coefficient of re- 
sistance by Morin (4) for single crystals of VO. How- 
ever, measurements  of the temperature  dependence of 
the resist ivity of pressed powder samples with com- 
positions in the range VO0.8 to VO1.25 (9) show a nega-  
tive tempera ture  coefficient of resistivity. 

The tempera ture  coefficient of resist ivity is progres- 
sively more negative for samples 6 and 7. Though a 
direct comparison with V203 is not reasonable, it is of 
interest  to note that  both Morin (4) and Goodman (5) 
report a positive tempera ture  coefficient of resistance 
for V203. The negative tempera ture  coefficient of re -  
sistance in samples 6 and 7 is probably a result  of 
s t ructural  damage inherent  in the deposition process. 
It is also interest ing to note that for sample 1 through 
sample 7 the Hall  measurements  are consistent with 
the estimate of RH ~ 2 X 10-S cm3/coulomb at 300~ 
by  Acket and Volger (6) for V203. The composition 
of sample 7 is identified as VOl.s~ after the work of 
Anderson (22). 

Conclusions 
It has been shown that  reactive sputter ing using a 

triode system can be used to deposit some of the com- 
positions in the vanad ium-oxygen  system. Basic room- 
tempera ture  t ransport  properties have been measured 
and compared with available l i terature.  Agreement  is 
fa i r ly  good considering the spread in the available 
data. Much of the data presented herein for thin films 
are the only data available for the compositions dis- 
cussed. At oxygen part ial  pressures below 6 x 10 -4 
Torr corresponding to VOl.s7 and lesser oxides, the 
films are metallic as indicated by the high carrier  
concentrat ion and small  thermoelectric power. Be- 

tween oxygen part ial  pressures of 1 x 10 -4 Torr and 
6 x 10 -4 Torr, the Hall coefficient is very small  indi-  
cating that both electrons and holes contr ibute  to con- 
duction. In our  samples, the dominant  carriers are 
holes. In the range 7 x 10 -4 Torr  to 2 x 10 -8 Torr  oxy-  
gen part ial  pressure, VO2 is formed and electrons pre-  
dominate. The scatter in the data for VO2 samples is 
due to impur i ty  band effects in which charge carriers 
of two bands contr ibute  to conduction (13). Similarly, 
for VOi.s7 and lesser oxides, the thermoelectric power 
is small being both positive and negative, whereas, in 
the region where VO2 is formed, the thermoelectric 
power is somewhat larger and negative. 

From Table II it can be seen that  a broad range of 
resistivities occurs in which the tempera ture  coefficient 
is small. This region may be impor tant  in making re- 
sistive components in thin-f i lm circuits. The high re- 
sistivity may make it possible to use these films as 
high value resistors supplement ing existing thin-f i lm 
technology. 
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ABSTRACT 

Phosphine (PHi)  was used as a diffusion source under  both reducing 
and oxidizing conditions. Errat ic  results were  obtained under  reducing con- 
ditions using up to 1% PH3. In an oxidizing ambient,  solid solubili ty l imi ted 
results were  reproducibly  obtained from 750 ~ to 1200~ PH3 concentrat ions 
from 0.1 to 2.0% were  used. The presence of water  result ing from the oxida-  
tion of PI-L~ does not appear to be of significance. No difficulty was exper i -  
enced in applying phosphine diffusion to device fabrication. 

Gaseous compounds are a t t ract ive as diffusion source 
materials  for equipment  simplicity, min imum main te -  
nance, and ease of control; the gas diborane has found 
widespread use in boron diffusion processes. In this 
work, the gas phosphine, which was shown to be a 
promising source mater ia l  by Donovan and Smith  (1), 
was evaluated. 

Phosphine is available commercia l ly  in hydrogen 
and in inert  carr ier  gases in concentrat ions from a 
few parts per mill ion to 15% or more. In this work, 
source cylinders ranging f rom 0.1 to 5% phosphine in 
argon were  used. 

Equipment 
The furnace and gas supply ar rangements  used are 

shown in Fig. 1 and 2. (The two input ar rangements  
shown are discussed later.) Good exhaust  vent ing was 
provided for the input  plumbing. Total gas flow rates 
through the furnace were  mainta ined at 2 l i ters /min.  
The quartz  furnace tubes were  of 54 mm diameter  and 
the quartz  boats were  of convent ional  flat slab type. 

Runs were  made with  the wafers  lying flat on the 
boat. The test wafers  were  of about  1 ohm-cm re -  
sistivity boron doped and were  mechanical ly  polished. 
The doping gas s t ream was turned on 5-20 min before 
runs were  started. If the furnace had not been used 
for several  hours, 15-20 min were  al lowed but, if only 
say 1 hr had elapsed since the last run, just  sufficient 
t ime to flush the  tube wi th  doping gas was allowed. 
The doping gas flowed into the furnace for the full  
durat ion of the  diffusion runs and was turned off only 
after the diffused wafers  were  removed.  Evaluat ion 
was by a convent ional  four-point  probe kit and angle 
lapping and staining techniques. 

Experimental Conditions 
Diffusion exper iments  were  carr ied out under  both 

reducing and oxidizing conditions. 
Under  reducing conditions, the rmal  decomposition 

of the phosphine occurs above about 400~ releasing 
e lementa l  phosphorus, and deposits of red phosphorus 
were  formed at the cool ends of the furnace tube. 

Exper iments  were  run  at 1000 ~ 1100 ~ and 1200~ 
using a source cyl inder  of 1% phosphine in argon with  
and without  additions of ni trogen and hydrogen, but  
errat ic and high sheet resistance values were  obtained 
for all conditions tried. 

It appears that  the vapor  pressure of phosphorus 
released even f rom the undi luted 1% source (which 
would be in the region of 3 Torr) ,  is too low for much 
dissolution in the silicon to occur. Solid solubili ty 
l imited diffusions using an e lementa l  phosphorus 
source have  been repor ted  but these w e r e  sealed- tube 
methods in which high phosphorus vapor  pressures 
would be expected [for example,  Ful le r  and Ditzen-  
berger  (2) ]. 

Coupland (3) has studied the use of e lementa l  phos- 
phorus as a diffusion source in a two-zone  sealed 

Key words: phosphorus, diffusion, phosphine. 
* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
t P r e s e n t  addres s :  S igne t i c s  Corpo ra t ion ,  S u n n y v a l e ,  Ca l i fo rn ia .  

P r e sen t  addres s :  U n i o n  Ca rb ide  Corpora t ion ,  E lec t ron ics  D i v i -  
sion, S an  Diego,  Ca l i fo rn ia .  

system. The phosphorus was contained in a l imb of the 
system which was outside the diffusion furnace and 
the vapor  pressure of the phosphorus was controlled 
by the t empera tu re  of this limb. An  extrapolat ion of 
Coupland's results indicates that  a phosphorus vapor  
pressure of 3 Torr  wil l  give a surface concentrat ion of 
about 102o a toms /cm 3 which is about an order of mag-  
ni tude below the solid solubili ty of phosphorus in sili- 
con in the diffusion t empera tu re  range. The high 
sheet resistance values obtained wi th  phosphine under  
reducing conditions are therefore  understandable.  

A long extrapolat ion of Coupland's  results  indicates 
that  a phosphorus vapor  pressure about 100 Tor t  is r e -  
quired for surface concentrat ions to reach solid solu- 
bil i ty levels. 

The prospect of carrying out diffusions wi th  30% or 
more of phosphine to check this est imate was unat -  
t rac t ive  and no fur ther  work  was done in this di- 
rection. 

Oxidizing Conditions 
Good diffusion characterist ics were  immedia te ly  ob- 

ta ined with oxygen additions to the phosphine m i x -  
tures. The phosphine oxidizes immedia te ly  in the fur -  
nace to P205 plus 3H20. 

It is interest ing to note that  good results are ob- 
tained in this system when, in P205 systems, great  care 
is taken to exclude moisture. Apparent ly ,  the com- 
position P205 plus 3H20 as formed in the hot  zone of 
the furnace distributes wel l  and forms a uni formly 
doping glass on the silicon surfaces wi thout  causing 
surface damage or "spiking" at the diffusion front. 

I!I 
N 2 0 2 PH3-Ar 

(or H Z) 

L 
I I 

FURNACE 

Fig. 1. Gas input and furnace arrangement 

PH 3 - Ar 

N 2 + O  2 

r 

Fig. 2. Alternative gas input arrangement 
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With  the s imple furnace  input  a r rangement  shown 
in Fig. 1, a p rob lem of p rema tu re  react ion be tween 
PH~ and 02 soon became apparent .  The input  end of 
the furnace tube and the glassware  near  to it  was hot 
enough for  some oxidat ion  of the  phosphine to occur, 
pa r t i cu la r ly  for diffusion t empera tu re s  above 1000~ 
This left  a messy deposit  of ( apparen t ly )  phosphorus 
oxides and acids and even some red  phosphorus.  In 
addi t ion to the obvious main tenance  problem,  this r e -  
action depletes  the  ingoing doping mixture .  

The a r r angemen t  shown in Fig. 2 provided  a way  of 
minimizing this effect, and most of the resul ts  p re -  
sented be low were  obtained using this a r rangement .  

Systematic Study of the Oxidizing System 
The most convenient  way  of achieving uni formi ty  

and reproduc ib i l i ty  of diffused doping is to opera te  
wi th  condit ions which wil l  keep the silicon surface 
sa tu ra ted  at the  solubi l i ty  l imi t  of the  impur i ty .  

If  this fundamenta l  control l ing factor  is used, sl ight 
var ia t ions  in furnace  condit ions wi l l  be unimpor tant .  
Only  the  main tenance  of excess doping is. required,  
and the oxidizing sys tem was sys temat ica l ly  inves t i -  
gated to find the range of opera t ing  condit ions which 
would  provide  excess doping. 

The effect of the  systematic  var ia t ion  of phosphine 
concentrat ion on sheet resistance values for 30-min 
diffusions at  var ious  t empera tu re s  is shown in Fig. 3. 
Oxygen concentrat ions  for these runs were  chosen to 
provide  a slight excess over  the  amount  requi red  to 
oxidize the  phosphine completely.  (The resul ts  shown 
in Fig. 4 and discussed below indicate  tha t  the  oxygen 
concentra t ion is not cri t ical .)  

I t  is observed tha t  the  sheet  res is tance values  fal l  to 
min imum levels at about  0.2, 0.4, 1, and 1.5% PH3 at 
850 ~ 1000 ~ 1100 ~ and 1200~ respect ively.  

I t  should be noted tha t  the  apparen t  concentrat ions 
requi red  to reach these min ima  depend on the con- 
s t ruct ion of the input  p lumbing  to the  furnace.  These 
resul ts  were  taken  wi th  the  input  a r r angemen t  shown 
in Fig. 2 as discussed above. Wi th  the  s imple a r r ange -  
ment  shown in Fig. 1, the  p r e m a t u r e  react ion in the  
glassware  resul ted  in a need for h igher  flow ra tes  of 
PHs to achieve the  min imum sheet  resistances.  

These min imum sheet  resis tance values  agree  wi th in  
about  10% wi th  the  min imum values we have ob- 
served in P205 and POCls diffusion systems for these 
t imes and t empera tu res  and are  assumed to be con- 
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Fig. 3. Influence of phosphine concentration on sheet resistance 
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Fig. 4. Influence of oxygen concentration on sheet resistance 

t ro l led  p r imar i l y  by  the solid solubi l i ty  of phosphorus 
in silicon. 

I t  is in teres t ing to compare  the concentra t ion of 
phosphorus compounds present  in P205 and POC18 
systems with  the  resul ts  obta ined wi th  phosphine.  

In  a typica l  P205 emi t t e r  diffusion (carr ied  out 
a round  1050~ wi th  P205 source t empera tu res  in the  
region of 220~176 the concentra t ion of P205 in the 
ca r r i e r  gas wi l l  be in the  region of 1.5% if the  gas is 
sa tura ted  wi th  the  oxide vapor.  In POC13 systems, a 
typica l  POCI3 concentra t ion in the input  gas is 1% 
which, on oxidat ion,  wi l l  y ie ld  a P205 concentrat ion 
of 0.5%. 

The present  phosphine resul ts  indicate  tha t  about  
1% PH3, equivalent  to 0.5% of P2Os, is r equ i red  for 
solid solubi l i ty  l imi ted  diffusions at 1050~ 

Not surpris ingly,  about  the  same phosphorus  com- 
pound concentrat ions are  requ i red  regardless  of the  
par t icu la r  source mater ia l .  

The effect of the  var ia t ion  of oxygen content  is 
shown in Fig. 4. 

The phosphine concentra t ions  used in these exper i -  
ments  were  those found in the  ear l ie r  exper iments  to 
give solid solubi l i ty  control led diffusions at r e l a t ive ly  
low oxygen concentrat ions.  

There  is no percep t ib le  var ia t ion  in sheet resis tance 
wi th  oxygen concentra t ion at  1000~ and above but, at  
800~ the sheet  res is tance values  increase  f rom the 
sa tura t ion  value  of about  150 ohms/sq  to 400 ohms/sq  
at 50% oxygen. 

The probab le  explana t ion  is tha t  at  low t e m p e r a -  
tures addi t ional  oxidat ion  due to ex t ra  oxygen causes 
a significant glass di lut ion and masking  effect but, at  
h igh tempera tures ,  phosphorus  can sti l l  diffuse th rough  
the  glass rap id ly  enough to keep  the silicon surface 
saturated.  

Having es tabl ished the condit ions necessary for 
achieving sa tura t ion  diffusions, sheet res is tance and 
junct ion depth  values  were  compi led  for various t imes 
and tempera tures .  F igu re  5 shows the sheet  resistance 
results.  These curves agreed  wi th in  about  10% wi th  
those we had genera ted  prev ious ly  for POC13 and P205 
diffusions (4).  F igure  6 shows the  junct ion depth  r e -  
sults which also agree wel l  wi th  those f rom the other  
phosphorus systems. 

The P2Os-H20 System 
The oxidat ion  of PH3 yie lds  the  composit ion P205: 

3H20. This composit ion wil l  form or thophosphoric  
acid at low tempera tures :  

P205 ~ 3H20 = 21-~PO4 
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Fig. 6. Variation of junction depth with temperature (solid 
solubility-limlted diffusions in ~ ] ohm-cm boron-doped test 
w a f e r s ) .  

As HsPO4 is heated,  it  loses H20, decomposing first to 
pyrophosphor ic  acid, H4P2OT, then at about  260~ to 
metaphosphor ic  acid, HPO3. At  diffusion tempera tures ,  
the molecu la r  composit ion of the  vapor  is uncer ta in .  

Appa ren t  molecular  weights  for the  P2Os-H20 system 
have been measured  by  the vapor  densi ty  method by  
Tarbu t ton  and Demming  (5) and,  for the  composi-  
t ion P2Os:3H20, the  resul ts  indica ted  a mix tu re  of 
only  P4010 and H20 molecules but  the  presence of 
low molecular  weight  u l t raphosphor ic  acids was also 
suspected. However ,  for the  purpose  of phosphorus  
diffusion in silicon, it  appears  to be of no significance 
whe ther  or  not compounds are  formed be tween  P205 
and H20. P205 and the phosphor ic  acids are  a l l  quite 
vola t i le  and are  expected to be equal ly  react ive  wi th  
a silicon surface. This is in contras t  to the  case of 
boron diffusion, where  we bel ieve  tha t  the  presence of 
wa te r  ( f rom doping sources such as diborane,  me thy l  
borate,  and boron hal ides wi th  H2 and O2) assists in 
the d is t r ibut ion  of doping th rough  the format ion  of 
boric  acids which are  much more  volat i le  than  B203 
(6). 

The use of wha t  are  effectively P2Os-H20 systems 
for diffusions is not  new wi th  the  use of phosphine.  
Lo throp  (7) r epor ted  the  use of the  P205-H20 azeo- 
t rope (92.4% P20~:7.6% H20) p repa red  by  heat ing 
metaphosphor ic  acid for severa l  hours at 800~ Loth-  
rop concluded tha t  reproducib le  diffusions could be 
obtained with  the azeotrope which provides  a source 
of invar ian t  composit ion and whose vapor  pressure  is 
r eproduc ib ly  control led  by  furnace  tempera ture .  

Also, Maekawa  (8) descr ibed the  successful  use of 
a source ma te r i a l  p repa red  by  hea t ing  or thophosphoric  
acid at  600~ 

The presence of wa te r  in the  phosphine sys tem wil l  
cer ta in ly  contr ibute  to oxidat ion  of the  silicon. How-  
ever,  wi th  the condit ions descr ibed here, the  wa te r  
content  of the  furnace  a tmosphere  wi l l  be only 0.3-3% 
and only s l ight ly  more  oxide  growth  is observed in a 
phosphine diffusion than  in a comparable  POC13 diffu- 
sion. 

Device Fabr ica t ion  
In the prac t ica l  appl ica t ion  of phosphine diffusion in 

t rans is tor  and in tegra ted  circuit  fabricat ion,  no proc-  
essing difficulties were  exper ienced  in subs t i tu t ing  the  
oxidizing phosphine  diffusions for P205 and POC13 
methods and no significant differences in device char -  
acterist ics  were  noticed. 

However ,  we do not favor  the  use of phosphine  for 
high concentra t ion diffusions at t empera tu res  above 
1000~ because of the  high concentrat ions  of the  r e l a -  
t ive ly  expensive  and h ighly  toxic gas which must  be 
used; 0.3-1.5% is r equ i red  in the  furnace  tube  in con- 
t ras t  to, say, the  d iborane  system where  only about 
0.01% is required.  Also, at these high phosphine  con- 
centrat ions,  there  is a main tenance  problem.  Some 
react ion occurs in the  input  glassware  of the furnace 
and at the  output  end of the  furnace  phosphoric  acid 
is deposi ted which  is even more  messy than  the in i -  
t ia l ly  d ry  P205 from POCI~ systems. 

Phosphine  diffusion is a t t r ac t ive  for low t e m p e r a -  
ture  app l ica t ions  where  ve ry  good control  and repro-  
ducibi l i ty  have been observed.  

Conclus ion  
Good diffusion character is t ics  have been observed 

for the  oxidizing phosphine sys tem over  a wide range  
of t empera tu res  but  because of toxici ty,  maintenance,  
and expense problems it appears  un l ike ly  tha t  phos-  
phine  wil l  displace exis t ing source mate r ia l s  except  
perhaps  in some low t e m p e r a t u r e - l o w  concentrat ion 
applications.  

Manuscr ip t  submi t ted  Aug. 5, 1968; revised manu-  
script  received Feb.  24, 1969. This p~per was presented  
at the  Dallas Meeting, May 7-12, 1967, as Paper  92. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1969 
JOURNAL. 
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ID-Diamond-Sawing Damage to Germanium and Silicon 
Ronald I.. Meek and M. C. Huffstutler, Jr. 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The surface damage associated with wafering of germanium and silicon 
using an ID-saw has been investigated. Well-defined damage layers, which 
consist pr incipal ly of microcracks and which have a depth of 25 ___5~ in ger-  
man ium and 50 •  in silicon, were observed for a range of sawing param-  
eters. In  no case was there evidence to suggest bulk  damage to the mate-  
rials. On the basis of v ibrat ion studies of the specimen and ID-blade,  out of 
plane blade vibrat ions and periodic abrasive contact (due to noncircular i ty  
of the center hole in the blade) appear to be the impor tant  damage mech- 
anisms. 

The sophistication of present -day  semiconductor de- 
vice and integrated circuit technology is such that  
small  lattice imperfections may  have large enough 
effects on the material 's  t ranspor t  properties and its 
uni formi ty  of response to subsequent  process steps 
to preclude satisfactory performance (1). It  has been 
found in this laboratory that residual effects of early 
process steps carry over to produce defective finished 
devices. The present investigation is part  of a contin-  
u ing effort to optimize processing technology and to 
control or el iminate the associated defects. 

While a nonmechanical  method of semiconductor 
wafer ing--e lect rolyt ic  shaping (2) or perhaps a laser 
kn i fe - -migh t  be more desirable, at present only saw- 
ing is practical. With respect to surface damage, wire 
sawing is clearly superior (3) since it is essentially a 
lapping operation and the damage depth has been 
shown (4-7) to be of the order of the abrasive size; 
typically, a few microns. Present ly  available proprie-  
t a ry  wire saws are impractical  for large volumes of 
work, however, and ins ide-diameter  (ID) diamond 
saws are usual ly used because of their  mater ia l -savings  
advantage. 

Lit t le work has been reported on the na tu re  and 
extent  of the damage to semiconductor materials  due 
to the wafering operation; that  which is available is 
somewhat contradictory in that  the depth of damage 
is reported as 12-13 or 40-70~ for what  appears, super-  
ficially at least, to be the same sawing operation (8). 
The great depth to which mechanical ly sawed metal  
crystals are s t rained (9) indicates the advisabil i ty of 
invest igat ing not only  the surface damage but  also the 
possible incidence of damage to the bulk  of the slice. 

Presumably,  the vibrat ions of a slice being cut set 
up stresses analogous to fatigue tests and some of the 
damage may be related to this mechanism. Unfor tu-  
nately, fatigue and fracture of homopolar crystals has 
not received the same at tent ion as has been accorded 
to metals (10). 

Several  observations have been made while slicing 
silicon and ge rmanium which deserve explanation:  

1. Sometimes it is not possible to produce a whole 
(nonshat tered) ,  thin (-~200~) slice at saw settings 
(blade speed and feed rate) for which quite satisfac- 
tory, somewhat thicker (~300~) slices are obtained. 
Rather, the feed rate must  be increased to obtain the 
thin slice even though the over-aU vibrat ion level, as 
measured at the crystal  mount ,  is considerably in -  
creased. 

2. Sometimes, th in  (~200~) slices can b e  obtained 
from a certain crystal cut on the ~111~  plane, but 
the same saw settings do not permit  a slice of the 
same thickness to be cut from seemingly equivalent  
mater ial  on the ~100~  plane. 

3. Even with saw performance well  wi th in  m a n u -  
facturer 's  specifications, and with a saw blade of maxi -  
m u m  concentrici ty (i.e., ~25# differential),  no success- 
ful at tempts have been made to produce slices of 
thickness less than  about 175-200~. 

4. It  appears to be possible to cut th inner  germanium 
slices (~175#) than  silicon slices (~200~). 

These observations (No. 1 in part icular)  seemed to 
indicate the possibility of a fatigue mechanism. Al-  
though silicon and germanium (and diamond) have 
essentially no plastic flow domain at room tempera ture  
(11-13), the fatigue cracking of diamond has been 
demonstrated in a pre l iminary  way (11). Furthermore,  
current  informat ion (14-16) indicates that dislocations 
may exist at the bottom of cracks in silicon and ger- 
manium. Repeated opening and closing of the crack 
might be expected to expand such networks into the 
bu lk  of the material .  It  seemed advisable, therefore, to 
ascertain not only the extent  of gross surface damage 
but  also the incidence, if any, of bulk  mater ial  damage 
for ID-sawed semiconductor wafers. 

The ID Saw 
The basic configuration of the specimen and blade 

in  an ID-saw is shown schematically in Fig. 1. (The 
coordinate system of Fig. 1 is used for or ientat ion ref-  
erence throughout  this paper.) In principle, the sup- 
port arm to which the wax-moun ted  ingot is fastened 
is an asymmetr ical ly  stiffened canti lever mounted  on 
the feed table;  y-  and z-direct ional  motions for cut t ing 
and indexing, respectively, are furnished by devices 
which operate at a fixed rate of speed (generally, the 
y-  and z-drive mechanisms are powerful  enough to 
be used on heavy-du ty  surface grinders, and are not 
equipped with a force-l imit ing clutch).  In  the process 
of cut t ing a slice, the z-mot ion  is "locked" and  the 
ingot moves in the y-direct ion at some set speed ( typi-  
cally, 2 cm/min) .  The t rue  cutt ing rate is not constant, 
however, since there are variations due to the shape 
of the ingot and, what  is more important ,  the blade 
edge does not move in an exact circle. When the blade 
edge is viewed from the frame of reference of the 
crystal, as a first approximation it appears that  the 
rotat ion of an ellipse (with semimajor  and semiminor 
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Fig. 1. ID saw schematic 

axes differing by 25-50~) is being viewed. The usual 
rotat ional  blade speed is about 50 rps when a blade 
of 10 cm ID is used. That is, the feed rate  is about 10~ 
per blade revolution.  The lateral  feed rate  of the 
ingot being cut was measured,  by means of a t rans-  
ducer which sensed table position as a function of time, 
and was found to be constant to within the uncer ta in ty  
of the measurement  which was est imated as less than 
5%. It is clear then that  large variat ions in cutting 
rate  occur and that, in fact, the blade edge is not even 
in contact wi th  the crystal  part of the time. 

In conjunction with the damage studies to be dis- 
cussed shortly, vibrat ion measurements  were  made in 
which a t ransducer  sensitive to y-direct ion acceleration 
was placed on the crystal  mount  on the side opposite 
the kerr  being cut. Frequencies  of n x (wheel  ro ta-  
t ional f requency)  were  observed with n -~ 1, 2, 3, . . . .  
The principal  component  appears to be at 2n, that is 
about 100 Hz, and the ampli tude of the vibrat ion is 
about 1~. Thus, since the crystal  does not flex away 
from the blade edge, the large variat ions in cutt ing 
rate  are quite  real. 

Typical practice in ID cutting calls for a small, low- 
pressure jet  of wa te r  directed on the blade edge im-  
mediate ly  before it enters the kerr. Because of the 
centr i fugal  force operat ing on the water  film, it forms 
a tapered layer  on the sides of the blade, being thinnest  
at the  cutt ing edge. It  has been found that  best results 
are obtained if the water  flow where  the blade enters 
the kerr  is sufficient only to wet the blade. The blade 
edge is then washed of excess cuttings wi th  a larger  
water  s t ream where  it leaves the kerr. Too thick a 
water  film where  the blade enters produces tapered 
wafers, presumably due to ever- increas ing hydrody-  
namic coupling between the blade and the crystal  
through the thickening water  film. 

Methodology for Damage Investigation 
A number  of methods are applicable to damage /  

defect study (4, 8, 17, 18), but the ease and speed of 
direct metal lographic examinat ion have been employed 
for the present  inquiry.  Some studies were  carr ied out 
by a l te rna te ly  etching and chemical ly and /or  mechan-  
ically polishing away the damaged material .  Since all 
s i l i con/germanium etches are polish-etches, this 
method has the decided disadvantage that  features  
observed after  any etching step are characterist ic not 

only of the final mater ia l  surface but also the initial 
mater ia l  surface and all the layers within the damaged 
layer. Mechanical  polishing and then etching partially,  
but not totally, avoids perpetuat ion of the outermost  
surface i rregular i t ies  in subsequent  etches. Much bet ter  
results were  obtained when the slice under  observa-  
tion was mechanical ly  polished on one side to a depth 
of about half  of the slice thickness. The wafer  was then 
mounted damaged-s ide-down on a glass slide with 
acidproof wax, af ter  which the polished face was re-  
peatedly etch/polished,  the amount  of mater ia l  re-  
moved being determined (by thickness measurement)  
after each step. This permit ted  dislocations (or other 
etchable features) to be observed in the bulk of the 
mater ia l  as wel l  as any var ia t ion in their  character  
across the  slice thickness. Since the damaged surface 
layers are approached f rom beneath, their  incidence 
is ve ry  clearly defined. The dislocation pat tern  in the 
bulk of the slice was compared to the uncut  crystal 's  
etched feature  characteristics. In order to fur ther  as- 
sure that  any and all flaws were  revealed, two etches 
were  used for each mater ia l  and one- to-one corres-  
pondence of etched features was observed. For  silicon, 
a modification of Dash's etch (17, 19), as wel l  as a 
copper ni trate  etch (20), was employed. In the case of 
germanium, CP-4 and the Westinghouse si lver etch 
were  utilized (20). Slices of various thickness cut on 
<111> and <100> planes were  examined for large 
variat ions in sawing parameters .  

Wafer Damage 

Crystals of germanium and silicon were  sawed with 
a stainless-steel  ID-blade.  The blade stock thickness 
was 100~ and the diamond grit (~50~) plus blade 
thickness was 200~. The kerr  produced was 225~, the 
average cuttings size being 2-3~. The blade concentr ic-  
i ty was 25-50#. 

Slices, 20-30 mm in diameter,  of silicon and ger-  
manium having thicknesses  of 190-360~ were  cut from 
<100> and <111~ material.  Blade speed settings of 
50-70 rps and feed rates of 1-4 c m / m i n  were  employed. 
All  silicon studied was init ial ly essentially dislocation 
free, but one germanium sample had a grown- in  dis- 
location density of 7(10) 4 l ines /cm 2. 

As-sawed silicon surfaces appear  in Fig. 2(a) and 
2(b) .  A profil imeter survey of the surface (Fig. 3) 
shows it to be chipped and f ractured to a depth of 
about a micron (the profi l imeter tip diameter  was 
about a micron) .  This measurement  probably under-  
est imates the surface i rregulari ty.  

A silicon wafer  which was l ight ly Syton polished 
(5~ removed)  and then etched appears in Fig. 4. Af ter  
the polish step, the surface still appeared rough and 
cracked. The etched features clearly tend to lie in lines 
along the cutt ing arc of the saw. A wafer  subjected to 
two pol ish/etch steps appears in Fig. 5. Af te r  the sec- 
ond polish (25~ total  mater ia l  removed)  no surface 
defects were  observed at 500 magnification. After  a 
second etch, however ,  the features of Fig. 5 were  re-  
vealed. The etched line has the same character  and 
orientat ion as those of Fig. 5, al though there  are many 
fewer  such lines. Both etches, and etching from be- 
neath the damaged layer, revealed the same character-  
istics for all silicon samples studied. The total  damage 
layer for silicon is 50 • and in no case did ei ther 
etch reveal  damage to the bulk of the slice beneath the 
damaged surface layers. 

A Syton-pol ished germanium surface which was 
etched with  the Westinghouse silver etch appears in 
Fig. 6 f rom which it is seen that  the defect character  
and orientat ion is much the same as in silicon. The 
sawing-damage  surface- layer  for germanium is 25 
• in distinction to the re la t ive  lapping-damage 
situation where  germanium is damaged to a greater  
depth than silicon (8). 

Examinat ion of germanium wafers  having a grown-  
in dislocation density of 7 (10) 4 l ines /cm 2 from beneath 
the damaged surface is more instructive. Figure  7(a) 
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shows a par t icular  slice at a depth of 25~ below the 
cut surface. The CP-4 etch clearly reveals  the grown-  
in dislocations. In no case did the character  or number  
of these dislocations indicate bulk damage to the slice 
center. The same slice appears in Fig. 7(b) af ter  5~ 

z I 
Fig. 3. Profilometer survey of as-sawed surface 

more  mater ia l  was etched away; i.e., 5~ closer to the  
surface. The same type of features  as seen in silicon 
are revealed. The character  of these etch pits is ve ry  
much different f rom the dislocation pits of the previous 
picture [Fig. 7 (a ) ] .  It is to be fur ther  noted that  in the 

Fig. 5. Etched silicon surface (30 ~m depth). Preparation of 
as-cut surface: 25 ~m removed by sequence Syton/Chem polish/- 
Syton, 5 ~m removed by final modified Dash etch. 

Fig. 4. Etched silicon surface (15 ~m depth). Preparation of 
as-cut surface: 5 ~m removed by Syton polishing, 10 Fm removed 
by modified Dash etch. 

Fig. 6. Etched germanium surface (15 Fm depth). Preparation of 
as-cut surface: 10 Fm removed by Sytan polishing, 5 #m removed 
by WAg etch. 
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Fig. 7. Etched germanium sur- 
face as viewed from below the 
as-cut surface. 

surface layers the damage is so extensive that  the dis- 
locations characteristic of the bulk  cannot be dis t in-  
guished at all. Figure 8 shows a germanium sample 
(well into the slice center)  which was first etched with 
CP-4, in order to reveal the dislocations, and then with 
the WAg etch. A pyramidal  pit was formed in the 
bottom of each CP-4 pit, as shown in the figure, which 
can be contrasted to the flat-bottomed WAg pit (Fig. 
6) characteristic of the damaged layers. Because of 
this decided difference in etched feature characteristics, 
we conclude that  the damaged layers consist largely 
of microcracks rather  than dislocations. In support of 
this position, it is again noted that  room-tempera ture  
plastic deformation of germanium or silicon is not gen-  
erally accepted (13). When the presence of the coolant 
and the total damage depth are taken into account, it 
is difficult to believe that  the cutt ing action produces 
local heating sufficient to permit  plastic deformation. 

Saw Wafer Interaction 
In  order to gain unders tanding  of the stresses to 

which the wafer is subjected dur ing  cutting, the in ter -  

action of the saw blade with the wafer is considered. 
At least two phenomena are apparent.  First, the blade 
vibrates within the kerf and applies a bending force to 
the wafer as i l lustrated in Fig. 9, for which b is the 
radial  diamond grit extent, h is the wafer thickness, S 
is the cut t ing rate, and t is t ime as measured from the 
start of the cut. Second, as the blade cuts into the 
crystal, some force F2 is applied at a small  angle t~ to 
the corner of the kerf as i l lustrated in Fig. 10. This 
tends to shear off the crystal wafer along the cleavage 
plane which lies at an angle ~. (This shear force is 
much greater than that associated with F1.) 

P 
~ : ~  CAPACITOR 

PLATE, .._L 

.~.~y 1 
Z 

Fig. 9. Idealization of bending stress in slice due to blade 
vibration. 

~-~Y 

Fig. 8. Etched germanium surface (100 ~m depth). Dislocations 
in ingot as shown by WAg etch pits (pyramidal features) formed 
in conical pits from previous CP-4 etch. 

F2 

/ rt 

Fig. 10. Idealization of shearing stress in slice due to cutting force 
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The forces involved were evaluated as follows: A 
th in  metal  foil, which functioned as one plate of a 
capacitor, was placed on the wafer as shown in Fig. 9. 
A similar plate placed 50~ away was fastened to a 
massive a luminum support  extended from the crystal  
mount.  This capacitor then functioned as a capacitance 
microphone to measure the slice deflection under  cut-  
t ing conditions. For  the si tuation described, e lementary 
beam-bend ing  theory (21) shows the deflection ~ is 
given by 

F ib  2 
8 = - -  [ 4 S t - -  2 c - -  b] 

2EwA~ 

where w is the slice width at the kerf  and E is the 
appropriate Young's modulus. Exper imenta l  measure-  
ments  of the slice deflection have shown that F1/w is 
near ly  constant  at about 4(10) 5 dynes /cm for silicon. 

It is difficult to represent  the deflections by any one 
frequency, but  ~t appears that major  deflections occur 
at about 500-1000 times/sec in agreement  with esti- 
mates of the fundamenta l  f requency of out -of-p lane  
blade vibrat ion at the re levant  tension. The ma x i mum 
tensile stress, at point  P of Fig. 9, can then be cal- 
culated as a funct ion of slice thickness, by use of 
e lementary beam-bend ing  formulas (21), from 

3b (FI  
~t, max = ~- ,  ~ j, 

Values are presented in Table I. Evaluat ion of F2 is 
somewhat more difficult. The angle p must  be very 
small, and so will be neglected, and the cleavage plane 
will be assumed to intersect the cut t ing plane along 
the l ine of cut. Then the shear stress on the cleavage 
plane is 

F2 
O's= wA cos a sin a 

The cleavage plane will always be a <111> plane 
(13), (also see later) .  The average cut t ing force per 
uni t  kerr length is easily measured and from such 
measurement  F2/w is estimated, with F2 the average 
cut t ing force, as I0 z dynes /cm when silicon is sawed. 
Calculated values of #s when the cut t ing plane is 
<111> or <100> are presented in Table If. 

The tensile stress in bending necessary to break sili- 
con and germanium wafers has been measured as i11us- 
t rated in Fig. 11. The force, F, necessary to break the 
slice is applied slowly (over a period of about a min -  
ute) and uni formly  by means of a screw feed operat ing 
against a direct-reading,  spring-loaded force t rans-  
ducer. It was observed that  the force could be main-  
tained at about 95% of the value needed for breakage 
for at least 15 min without  fracture of the slice. Slices 
were examined with the length I (the beam axis),  as 
shown in Fig. 11, oriented along the y and x axes. In  
all cases, breakage was on <111> cleavage planes (as 

Table ]. Maximum tensile stress in bending due to blade 
vibration for various silicon wafer thicknesses 

W a f e r  " thickness ,  M a x i m u m  t ens i l e  stress, 
A, microns a~, max, d y n e s / c m S  

I00 2 (I0)~ 
150 8 (10)s 
200 ~ (I0)8 
250 3 (I0) s 

Table II. Approximate shear stress on the cleavage plane 
due to cutting force for various wafer thicknesses 

S h e a r  s t r e s s  on  c l e a v a g e  
W a f e r  t h i c k n e s s ,  p l ane ,  as ,  d y n e s / c m  ~ 

A, m i c r o n s  < i i i >  c u t  <I00> cut  

I00 3 (10) s 5 (I0) s 
150 2 (10) s 4 (I0) s 
200 2 (I0) s 3 (i0) s 
250 1 (I0) s 2 (I0) s 
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determined by observation of the angle between the 
breakage plane and the known surface plane) and 
fracture was initiated at the point where the slice en- 
tered the wax. When an appropriate cleavage plane lay 
within about 20 ~ of the wall, the wafer broke along a 
single line, For greater angles, multiple fracture oc- 
curred, the ~25% of the slice closest to the block being 
shattered into several fragments. Data, in terms of the 
maximum tensile stress, are summarized in Table III. 
(The columns x and Y under err,max are for the beam 
axis along the x-, y-axes, respectively.) The ger- 
manium and all but B-silicon are from the same 
batches as used for depth of damage study. The B- 
silicon wafers were cut when saw performance was 
poor and scratch marks and gross surface damage were 
much more evident. 

Several observations can be made: 

I. It always takes a larger stress to cause fracture 
when the beam axis is parallel  to the damage cracks 
than  when it is perpendicular  to them. That  is, the 
damage effect weakens the slice anisotropically. 

2. The stress necessary to cause fracture is consider- 
ably increased when the damaged surfaces are removed 
and the breakage-stress anisotropy disappears. 

3. A somewhat greater stress is necessary to break 
<100> than <111> slices although the difference is 
small  for as-sawed wafers. 

Comparison of the measured fracture stress with the 
calculations of the stresses dur ing sawing (Tables I 
and II) allows plausible explanat ion of the observed 
thin slice breakage: 

1. Clearly, the existing interact ion stresses l imit  the 
possible slice thinness to somewhere in the range 100- 

Table III. Tensile stress in bending sufficient 
to induce wafer fracture 

Wafer 6#, max X 10 -9, 
Plane thickness, dynes/cm~ 

Material Cut Condition A, microns y x 

A - S i  < I I I >  A s - s a w e d  390 1.4 1.6 
A - S i  < 111 > A s - s a w e d  320 1.3 1.4 
A - S i  < 1 1 1 >  A s - s a w e d  330 1.4 1.6 
A-Si <111> As-sawed 340 1.4 1.7 
A - S i  < 1 1 1 >  P o l i s h e d  280 2.2 2.3 
A - S i  < I I I >  P o l i s h e d  290 2.3 2.4 
B - S i  < 1 1 1 >  A s - s a w e d  480 0.8 1.5 
B-Si <III> As-sawed 330 0.8 1.7 
C-Si  < I 0 0 >  A s - s a w e d  410 1.6 1.9 
C-Si <I00> As-sawed 410 1.8 2.0 
C - S i  < 1 0 0 >  A s - s a w e d  410 l .S  2.1 
C-S i  <100> P o l i s h e d  260 3.8 3.8 
C-Si <100> Polished 260 3.9 3.8 
G e  < 1 1 1 >  A s - s a w e d  180 1.0 1.4 
Ge <IIi> As-sawed 200 1.0 1.3 
G e  < 111 > As-sawed 250 1.0 1.5 
G e  < 1 1 1 >  A s - s a w e d  240 1.0 1.4 
Ge < I I I >  Polished 260 1.5 1.5 
G e  < 1 1 1 >  P o l i s h e d  260 1.6 1.5 

Fig. i l .  Experimental slice-breakage-measurement configuration 
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200#, for Si and Ge ingots of approximately 25 mm 
diameter.  

2. When the added effect of the shear stress due to 
the cut t ing action is taken into account, the m i n i m u m  
possible <100> slice thickness may be greater than 
for <111> slices, since the shear stress along the 
cleavage plane is greater for the <100> slice. 

3. When a certain thickness slice cannot be cut suc- 
cessfully, increasing the feed rate, and consequently 
the shear stress, may be desirable if sufficient damp-  
ing of blade vibration, and reduction of tensile stress, 
results. 

4. Since germanium is not as hard as silicon, the 
blade/crysta l  interact ion forces are expected to be 
smaller, and may be enough less to allow lower than  
critical stresses in th inner  slices than  is the case for 
silicon. 

At any rate, it is clear that  th inner  slices having 
less surface damage are not l ikely to be produced by 
diamond ID-saws unt i l  devices to damp blade v ibra-  
tions and smooth out variat ions in the cutt ing rate 
are implemented.  

Finally,  in support  of the microcrack hypothesis, it 
is interest ing to compare the tensile stress at a crack 
tip necessary to instigate fracture with that  calculated 
from the Griffith formula (10), 

X/E~ 
C 

for a crack of length c in a mater ial  with specific sur-  
face energy ,~. If it is supposed that  eracks extend from 
the surface to the bottom of the damaged layer, then 
the tensile stress at the crack tip needed to propagate 
the crack (fraeture the slice) is easily calculated from 
the data in Table III. For silicon this stress is found 
to be 0.9-1.0 (10) 9 dynes/era 2 and for germanium it is 
0.7-0.8 (10) 9 dynes /cm 2. The specific surface energy, 
for the cleavage plane, is estimated (10) as 900 e rg /  
cm 2 for silicon and 700 erg /cm e for germanium. Ex- 
aminat ion of the etch features for a number  of slices 
indicates that, near  the bottom of the damaged layer, 
the crack length is about 50~. The calculated Griffith 
stress based on this crack length is 0.6 (10)9 dynes /cm 2 
for silicon and 0.5 (10) 9 dynes /cm 2 for germanium.  
The agreement  is well  wi th in  the uncertaint ies  in the 
formula and the numerica l  values used. 

Conclusions 
Damage pat terns in ID-sawed, th in  (200-400~) sili- 

con wafers (2-3 cm in diameter)  have been analyzed 
by surface etch/polishing, by mater ia l  removal  from 
the side opposite the damaged layers, by measurement  
of the magni tude  and anisotropy of the fracture 
strength, and by use of specialized dislocation etches 
with the following conclusions: 

1. The depth of surface damage as judged by the 
sudden appearance of etchable s t ructural  features is 
about 50~. 

2. The pa t te rn  of the etched damaged mater ia l  can 
be described as dense strings of pits coincident with 
the abrasive path and appears to be mostly microcracks 
(as substant ia ted by a sharply decreased and aniso- 
tropic fracture s t rength) .  

3. The mechanism of damage appears to be largely 
out -of-p lane  flexural v ibrat ion of the membranel ike  
ID-blade which produces, in turn,  oscillating stresses 
in the wafer being cut. 

Comparison studies on germanium (for which the 
damage depth is about 25#) fur ther  verify that  the 
surface damage is p redominant ly  microcracks oriented 
paral lel  to the abrasive path. The length of these 
cracks is, of course, unchanged dur ing processing so 
long as the wafer is not subjected to stress (at a suffi- 
cient level and appropriately directed) which would 
extend them. Presumably,  an etch immediate ly  after 
sawing would el iminate  some of the most easily ex- 
tended microcracks which would otherwise spread and 
deepen the damage dur ing  subsequent  gr inding and 
polishing operations. 
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Liquid Phase Epitaxial Growth of Ga,-xAIxAs i 

J. M. Woodall* ,  H. Rupprecht, and W. Reuter 
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ABSTRACT 

The liquid phase epitaxy method of solution growth has been applied to 
the t e rnary  compound ~emiconductor, Gaz-xAlxAs, for near ly  the complete 
solid composition range. Epitaxial  deposition of this compound has been 
achieved on GaAs substrates. Factors which determine the metal lurgical  and 
chemical na ture  of the layers include: the geometry of the crystal  growth 
apparatus, the design of the furnace and its tempera ture  profile, the cooling 
schedule, the melt  composition, and the residual  oxygen concentrat ion in the 
purging  gas. 

Since its development  as a useful epitaxial  crystal 
growth method for GaAs (1), the liquid phase epitaxy 
technique has been applied to other b inary  compounds, 
such as GaP (2). Recently (3), it was found that  this 
method can be used for prepar ing efficient electro- 
luminescent  junct ions in Gal.xAlxAs. In  this paper, we 
describe the necessary conditions for the successful 
application of the l iquid phase epitaxial  method to this 
system and report  the resul t ing morphological and 
chemical characteristics of the Gal.xAlxAs epitaxial  
layers that are produced. 

Apparatus 
A vertical  dip apparatus,  shown in Fig. 1, was used 

for this study. Except for the graphite substrate holder 
and the A120~ crucible, the entire apparatus is made 
of fused quartz. The dimensions below the gas inlet  
and outlet ports are 12 in. by 1 in. OD. The A1203 
crucible has a volume of 10 cm 3. The graphite sub-  
strate holder is hollow to allow for the insert ion of 
dopants into the melt  dur ing growth. The substrate 
holder is suspended from a quartz tube which in t u r n  
is clamped to the main  body of the apparatus by 
Teflon fittings. The quartz tube is normal ly  covered by 
a gas-t ight fitting which contains the dopants which 
are inserted in the melt  dur ing  growth. 

Fused quartz was found to be an unsui table  ma-  
ter ial  for containing Ga-A1 melts. A l u m i n u m  vapor 
and A1 alloys react with quartz vessels causing silicon 
contaminat ion at temperatures  as low as 750~ (4). 
Both A-1203 and graphite can be used for Ga-A1 melts 
for temperatures  up to 1150~ without  noticeable Si 
contaminat ion  or other crucible and melt  reactions 
occurring. 

In  order to prevent  the preferent ial  oxidation of A1 
in Ga-A1 melts dur ing  growth, it is necessary to use 
an u l t rapure  inert  purging gas. The large residual  
water  vapor and oxygen concentrat ions in indust r ia l -  
grade forming gas (10% H2, 90% N2) were found to 
cause nonuni fo rm growth of uncontrol led composition. 
Also, dur ing  heat ing an oxide scum forms on Ga-A1 
melts, which, unl ike  the scum on pure Ga melts, can-  
not  be easily reduced even in an u l t rapure  hydrogen 
ambient.  This oxide layer  hinders wet t ing between 
the substrate and melt  in the horizontal  tip method 
(1). However, in the vert ical  system the substrate  is 
inserted through the scum into a clean l iquid where  
wet t ing will occur. 

Even when the purest  purging gases are used, an 
oxide layer  wil l  form on the surface of a Gai.xAlxAs 
layer before its insert ion into the melt  and after its 
removal  from the melt. This oxide, which is nei ther  
reduced nor dissolved when dipped into the melt, in -  
hibits fur ther  epitaxial  growth. 

The furnace used for this study provided a maxi -  
m u m  cooling rate of 30~ at 950~ The t em-  
pera ture  profile measured from the inside bottom of 
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the furnace is shown in Fig. 2. The melt  region of the 
apparatus is normal]y located between the 0- and 3- 
cm positions of the profile. Shift ing the apparatus 
along this profile was found to affect the morphologi-  
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LET 

i'RATE HOLDER 
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Fig. 1. Liquid phase epitaxy apparatus used for the GOl_~AIxAs 
system. 
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Fig. 2. Temperature profile of the furnace with apparatus in 

place. The melt is located between 0 and 3 cm. 
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cal characteristics of the epitaxial  layers. The tem-  
perature  is controlled to _ 0.2~ 

Exper imental  Procedure 
The exper imental  procedure is divided into two op- 

erations. First  is the preparat ion of the substrate and 
melt. The GaAs substrate is prepared by lapping 
away the sawing damage with 5~ A1203 powder and 
then removing the lapping damage by etching in 
1:3:4 HF: HNO3:H20 for about 45 sec. After  r insing the 
wafer with H20, the surface is blown dry with Freon 
gas. As is shown below, the manner  in which the sur-  
face is prepared can have an effect on the qual i ty of 
the resul t ing epitaxial  growth. Wafers with both (100) 
and (111) faces were used in this study. 

The melts are based on 20g of 99.9999% grade Ga. 
For all compositions studied, the melts contained at 
least 90 m/o  (mole per cent) Ga. To saturate them 
with As, an  excess of GaAs over that  required for 
saturat ion at a given growth tempera ture  and A1 con- 
centrat ion is added to the melt  at room tempera ture  
prior to growth. The amount  of GaAs required to sat-  
urate  various Ga-A1 melts was determined by mea-  
suring the weight loss of a solid piece of GaAs which is 
soaked in  a Ga-A1 melt  at constant  tempera ture  for 
90 min. In principle, this technique (5) should not 
provide equi l ibr ium values for t e rnary  l iquidus lines 
at constant  temperature,  since pure GaAs cannot 
equil ibrate  with a Ga-A1-As melt. However, the ob- 
served saturat ion of the Ga-A1 melts with As using 
this technique implies that the kinetics of saturat ion 
are such that  a protective layer of solid Gal.xAlxAs 
forms between the melt  and the pure GaAs causing 
an apparent  equi l ibr ium to be established. Figure  3 
shows the solubili ty of As in mole fraction as a func-  
t ion of 1/T~ for three melts with s tar t ing A1/Ga mole 
ratios of 0, 0.0097, and 0.0194. Due to the difficulty of 
measur ing the melt  temperatures  dur ing saturation, 
melt temperatures  were approximated by averaging 
the furnace tempera ture  profile at the melt  region. 
This approximation creates a melt  tempera ture  error 
of • 10~ It is seen that  the solubili ty of As in Ga- 
A1 is strongly dependent  on the A1 concentration. For 
a growth tempera ture  of 955~ the addition of only 
0.0194 mole ratio of A1 to Ga reduces the solubili ty of 
As by a factor of 1/3. The informat ion in Fig. 3 is help-  
ful  for de termining the tempera ture  ranges which 
should be used in order to grow epitaxial  layers of the 
same thicknesses for different A1 concentrations. 

In  addit ion to Ga, A1, and GaAs, the melt  can also 
be charged with dopants. The addition of 0.002-0.005g 
of Te dur ing init ial  preparat ion and of 0.050-0.100g of 
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Fig. 3. The liquid phase As solubility for three Ga-AI melts vs.  

reciprocal absolute temperature. 
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Fig. 4. Cooling and heating schedule for Gal.xAIxAs epitaxy 

Zn dur ing  the middle of the growth schedule results 
in the formation of efficient electroluminescent  p -n  
junct ions for A1 concentrat ions between 0 and 0.0088 
mole fraction in the melt  (3). 

After  the melt  is composed, the GaAs substrate is 
mounted  on the graphite holder. Next, the apparatus 
is assembled and purged with u l t rapure  forming gas 
at 3 l i t e r s /min  for 30 min. The flow rate is then  low- 
ered 200 cc/min. The apparatus is then placed into 
the preheated furnace such that  the melt  region is lo- 
cated in the 0-3 cm position of the furnace. A typical  
cooling and heat ing schedule for the liquid phase 
epitaxial  growth is shown in Fig. 4. The solid l ine is 
the t ime- tempera ture  schedule normal ly  used for pre-  
paring layers which contain a p -n  junction,  whereas 
the solid line to point  B and dashed line after point 
B are the usual  schedule for ei ther undoped or singly 
doped layers. The shifting of the schedule to higher 
temperatures  as the A1 concentrat ion in the melt  in -  
creases compensates for the decrease in As solubili ty 
with increasing A1 concentrations. Also, as the A1 con- 
centrat ion in the melt  increases, the t ime necessary to 
achieve As saturat ion at a given tempera ture  increases 
beyond the 20 min  necessary for pure Ga-GaAs melts. 
This longer saturat ion t ime can be effectively reduced 
by lowering the tempera ture  after the 20-min period. 
This is the reason for the init ial  20~ rapid cooling 
prior to dipping the substrate into the melt  as shown 
in  Fig. 4. 

Ten minutes  after the substrate is dipped into the 
melt, the tempera ture  is raised 10~ in order to re-  
move the growth which can occur dur ing the dipping 
of the cool substrate. This 10~ rise also causes a 
slight etching of the substrate which assures good 
wet t ing prior to growth. The 0.5~ cooling rate 
was chosen because it was a rate below which no 
effect on growth composition was observed. Higher 
cooling rates result  in lower A1 concentrat ions in the 
growth. Ten minutes  after point  B of Fig. 4, the t em-  
perature is raised 10~ in order to remove the growth 
result ing from the insert ion of the dopant into the 
melt. The growth schedule is usual ly  te rminated  by 
first wi thdrawing the substrate from the melt  and then 
removing the apparatus from the furnace. The appa- 
ratus can be wi thdrawn from the furnace before the 
substrate is removed from the melt. However, this 
causes the growth of a layer with a somewhat  lower 
A1 concentrat ion than  that of the layers grown dur ing 
the slow-cool schedule. 

Results and Discussion 
Figure  5 shows photomicrographs of an n- type  

epitaxial  layer of Gal.xAlxAs grown on the (100) face 
of a GaAs substrate  from a melt  with 0.011 mole frac- 
t ion of A1 and 0.050g Te. Figure  5 (top), taken at 
5X magnification, shows the surface characteristics 
of the epitaxial  growth. The surface is not as rough 
as the photomicrograph suggests. This becomes evi- 



Vol. 116, No. 6 L I Q U I D  P H A S E  E P I T A X I A L  G R O W T H  901 

Fig. 5, Top: surface characteristics of Gal-zAIzAs layer at 
5X magnification. Bottom: The same layer when cleaved along 
the growth direction at 43X magnification. 

dent  when viewed at higher magnification on a cleaved 
surface paral lel  to the growth axis, as in Fig. 5 (bot-  
tom) taken at 43X magnification. It should be noted 
that  there are several areas of Fig. 5 (top) which 
appear as blotches. This is growth which occurs when  
the droplets of the melt  stick to the substrate when  
it  is removed from the melt. The composition of this 
layer with respect to the normal  growth is discussed 
at the end of this section. The thickness of the epitaxial 
layer  in Fig. 5 (bottom) is 19Og. This layer was formed 
by cooling from 955 ~ to 850~ at 0.5~ The 
epitaxial  growth rate was found to be near ly  constant  
for this temperature  range and cooling rate. The epi- 
taxial  layer does not include all of the mater ial  which 
crystallizes from the melt  dur ing the cooling schedule. 
In  addition to epitaxial growth, there is dendrit ic 
growth occurring s imultaneously throughout  the melt. 

The morphology of the epitaxial  layers changes 
drastically when the melt  region of the apparatus is 
placed in the constant tempera ture  zone of the fur-  
nace. When this is done, the result ing layers are 
highly tapered with more growth occurring on that  
portion of the substrate nearest  the top of the melt. 
In  addition, the layer is extremely rough with unfilled 
gorges extending near ly  to the substrate interface. 
The inabil i ty  to determine accurately tempera ture  dis- 
t r ibut ions of a melt  with an inserted substrate holder 
prevents  an explanat ion of this behavior. However, 
it is most l ikely that when the melt  region is in the 
constant  tempera ture  zone of the furnace the melt  is 
probably cooler at the surface than at the bottom due 
to heat s inking by  the inserted substrate holder. This 
condition would be expected to produce tapered 
growth. 

Another  parameter  which affects the growth of 
epitaxial layers is the surface preparat ion of (100) 
GaAs substrates. Figure 6 shows the effect of different 
etchants on epitaxial growth. The substrate in Fig. 6a 
was chemically polished in 1:1:3 H~O:H202:H2SO4, 
whereas the substrate of Fig. 6b was prepared by 
etching l :3 :4HF:HNOa:H20  for 45 sec. The reagent  
concentrations were: HF-50%; HNO3-70%; H2SO4- 
95%; H202-30%. Both substrates were cut from the 
same wafer and  were used in the same growth sched- 
ule. The dark  areas in Fig. 6a are caused by a small 

Fig. 6. Effect of wafer preparation on growth characteristics: 
a--H20:H202:H2SO4 1:1:3 polish; b- -A lap with 5~ grit plus an 
etch with 1:3:4 HF:HNOa:H20, Magnification 5X. 

amount  of fibrous growth. The rest of the wafer was 
not wetted by the melt. However, as seen in Fig. 6b, 
the entire substrate exposed to the melt  is covered 
with good-quali ty epitaxial growth. 

An interest ing aspect of these liquid phase epitaxial  
layers of Gal.~AlxAs is the na ture  of the composition 
profiles along the growth axis. To obtain quant i ta t ive  
informat ion about the chemical composition profiles, 
an x - ray  fluorescent analysis was made using an elec- 
t ron beam probe. This proved to be a very useful  
technique. The resolution of the beam was such that  
it sampled a hemisphere of mater ia l  with a d iameter  
of about 3~. Since the A1 in the crystal mat r ix  does 
not appreciably absorb the Ga and As fluorescence 
leaving the matrix, and since As is the constant mole 
fraction species, it was possible to determine the 
weight per cent values of each component from the 
Ga and As counts at each position after small  correc- 
tions for the absorption due to AI in the lattice. From 
this, the mole fraction value x for Gal.xAlzAs was 
calculated as a funct ion of position along the growth 
axis. Figure 7 shows a plot of composition vs. position 
for three layers grown from melts of different com- 
positions. Positions are measured from the GaAs sub-  
strate interface. Curve A represents a layer containing 
a p - n  junct ion grown from a melt  with 0.0088 mole 
fraction A1 which was cooled between 955 ~ and 
875~ Curve B shows the profile of the layer de- 
scribed by Fig. 5. Curve C is an n - type  layer grown 
from a melt  with 0.017 mole fraction A1 which was 
cooled between 990 ~ and 910~ 

The fact that  the A1 concentrat ion decreases with 
distance away from the substrate and that  the compo- 
sition gradient  decreases with increasing A1 concen- 
trat ions can be understood in terms of the behavior 
of the segregation coefficient of A1, ]CAl. If kA1 is de- 
fined as the ratio of the mole fraction of A1 in the 
solid in equi l ibr ium with the melt  to the mote frac- 
t ion of A1 in the melt, it is found that  kA1 is ~ 1 and 
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that  it decreases with increasing A1 concentrat ion at 
high mole fractions of A1 in the solid. Figure 8 shows 
the var ia t ion in kA1 with the A1 concentrat ion in the 
melt  as determined by the A1 concentrat ion in first- 
to-freeze portions of the layers in Fig. 7 and the A1 
concentrat ion in the melt. It should be noted that  the 
points corresponding to AI mole fractions of 0.017 re-  
present  k values at 990~ whereas the other points 
refer to k values at 955~ The 955~ k value for 
an A1 mole fraction of 0.017 would be expected to be 
only about 10% larger. It is not  surpris ing that  kA1 
starts to decrease at higher A1 concentrations. Since 
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the mole fraction of A1 in the solid cannot exceed 0.5, 
kAl must  decrease as the A1 concentrat ion in the melt  
increases. The fact that  kAl > 1 explains qual i ta t ively 
why the profiles of Fig. 7 show a decrease in the A1 
concentrat ion with distance away from the substrate. 
The higher kA1, the more melt  is depleted of At for 
each incrementa l  volume element  frozen, and there-  
fore the steeper the profile. Thus, curve C (kA1 = 20) 
is not as steep as curve A (kAl = 28). 

The layer represented by curve A of Fig. 7 has a 
p - n  junct ion  39~ from the substrate  which, when for- 
ward biased, emits radiat ion at a peak energy of 1.83 
ev at room temperature.  The composition of this j unc -  
t ion is 0.40 • 0.02 mole fraction AlAs. This agrees 
well  with the data of Ku and Black (4). 

The electroluminescent  diodes prepared from the 
layer described by curve A exhibit  a large amount  of 
emission passing through the surface of the n - type  
side when the GaAs substrate has been removed. The 
reason for this is easily understood from an analysis 
of curve A. The n - type  layer extends up to 39~, 
where the p - n  junct ion is formed. The p- type  layer  
extends from this junct ion  to the surface. The energy 
of the radiat ion emitted at the p -n  junct ion  is greater 
than the band gap energy of the p- type side, since the 
A1 concentrat ion is cont inuously decreasing away from 
the p - n  junct ion  on the p- type  side. Therefore, light 
t ravel ing toward the surface of the p- type layer wil l  
be strongly absorbed. However, since the band  gap 
energy increases (A1 concentrat ion increases) away 
from the p -n  junct ion  on the n - type  surface, the ra -  
diation from the p -n  junct ion t ravel ing to the n - type  
surface will not be strongly absorbed. Thus, the pro- 
file of curve A permits  the fabrication of efficient large 
area surface emit t ing electroluminescent  diodes. To 
date, quan tum efficiencies as high as 6% have been ob- 
tained for epoxy-domed diodes emit t ing at a peak 
energy of 1.65 ev at room temperature.  The brightest  
visible epoxy coated diodes emit at 1.83 ev with an ex- 
te rna l  quan tum efficiency of 0.8%. 

Finally,  it should be noted that in curve B of Fig. 7 
the A1 concentrat ion tends to drop rapidly near  the 
surface. This area was formed as the result  of the fast 
cooling of a droplet of the melt  which stuck to the 
layer when it was withdrawn.  The fact that this sur-  
face layer has a lower A1 concentrat ion is fur ther  ex- 
per imental  proof that  segregation constants go to un i ty  
with increasing growth rate (6). This in  principle 
should allow the formation of heterojunctions by 
variations in the cooling rate, providing that increas- 
ing the cooling rate does not cause an instability in 
the solid-liquid-interface during growth. 

Summary and Conclusions 
The critical parameters  which affect the liquid phase 

epitaxial  growth of Gal.zAlxAs on ~GaAs substrates 
include: substrate preparation, pur i ty  of purging gases, 
choice of container  materials,  and the temperature  
profile across the melt. The compositional characteris-  
tics of the layers are determined by: melt  composition, 
growth rates, and the oxygen content  of the purging 
gas. The composition profiles were found to be de- 
sirable for the fabrication of efficient, surface emit-  
t ing electroluminescent  diodes. 
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Environmental Factors Affecting the Critical 
Pitting Potential of Aluminum 

H. B6hni and H. H. Uhlig* 
Department o~ Metallurgy and Materials Science, 

Massachusetts Institute of Technology, Cambridge, Massachusetts 

ABSTRACT 

The critical pi t t ing potential  determined potentiostat ically of pure A1 in 
0.1N NaC1 is --0.40V (SHE). This value is not greatly sensitive to tempera-  
ture  (0-40~ to small  alloying additions of Mn or Mg, nor  to thickness of 
oxide film produced by anodizing. The value is more active the higher the 
C1- concentratiOn, but  becomes more noble with additions to NaC1 of nitrates, 
chromates, acetates, benzoates, or sulfates. The lat ter  act as pi t t ing inhibitors 
which are effective in the order as listed. Dissolved Cu + + in trace amounts  
deposit on the A1 surface as Cu which then acts as an efficient cathode, shift-  
ing the corrosion potential  of a luminum to the critical pi t t ing potential. Trace 
amounts  of Fe + + + and Pd + + act similarly. Anodized surfaces effectively 
retard penetrat ion of the oxide by Cu + + thereby delaying onset of pitt ing, 
but  they are not s imilar ly effective when  A1 is coupled to Cu. The mechanism 
of pi t t ing is in terpreted in terms of competit ive adsorption of C1- with 
oxygen for sites on the metal  surface. Extraneous anions compete in t u rn  with 
C1- ions, making it necessary to shift the potential  in the positive direction 
in order for C1- to adsorb followed by pit initiation. Similarit ies in adsorption 
parameters  of various anions other than C1- on A1 and 18-8 stainless steel 
are pointed out. 

Precise determinat ion of the critical pi t t ing poten-  
tial of A1 was first carried out by Kaesche (1) using 
both potentiostatic and galvanostatic techniques. He 
found that  the potential  above which, but  not below, 
A1 undergoes pit t ing corrosion in 1M NaC1 is --0.48V 
[std. H2 scale (SHE)]  which value is independent  of 
pH between the in terval  pH 2-11. He also reported 
that the critical potential  becomes more active (more 
negative) the higher the NaC1 concentrat ion between 
0.1-4.0M NaC1. Bond et al. (2) measured the critical 
pi t t ing potential  for zone-refined A1 in 0.5M NaC1 in 
approximate agreement  with the corresponding value 
reported by Kaesche. 

Leckie and Uhlig (3) pointed out that  the cathodic 
protection of a luminum,  as usual ly  practiced in 
aerated saline media, consists of polarizing A1 only 
below the critical pi t t ing potential  and not below 
the open-circui t  anode potential  as is required for 
steel. In  principle, therefore, zinc is a possible sacri- 
ficial anode for this purpose, but  not iron. For stain-  
less steels, on the other hand, pi t t ing corrosion can be 
avoided in saline media such as sea water  by coupling 
either i ron or zinc, since either metal  succeeds in po- 
larizing the alloy below its critical pi t t ing potential  
(0.21V). 

In  view of the importance of the critical potential  
to the application of A1 to saline environments ,  data 
are reported herewith on the effect of temperature,  of 
various anions and cations, of some alloying elements 
and of inhibi t ing salt concentrat ions on observed val-  
ues. In  addition, the mechanism of accelerated pit t ing 
by traces of Cu + + is discussed. 

Experimental 
For most of the measurements ,  99.99% A1 electrodes 

were employed measur ing 1.5 cm long and 0.4 cm in 
diameter. One end of each electrode was drilled and 
tapped, allowing a threaded member  attached to a 
nickel wire to hold the electrode firmly against a 
glass tube separated by a water - t ight  Teflon gasket. 
Only the electrode surface, totally immersed, Teflon, 
and glass made contact with the electrolyte. Speci- 
mens  were polished to 3/0 emery paper  followed by 
pickling in 2N NaOH at 80~ for 5 min  and then 
washing in distilled water. A few measurements  were 
also carried out on 99.4% A1 and on alloys of 1.3% 

* Electrochemical  Society  Act ive  Member.  

Mn-A1 and 2.4% Mg-A1 all of which were supplied by 
courtesy of the A l u m i n u m  Company of America. 

The all-glass cell as previously described (3) was 
placed in an air thermostat  main ta ined  at 25 ~ _ 0.2~ 
Temperatures  could also be main ta ined  at some value 
above or below room temperature.  At 0~ the glass 
cell was placed addit ionally in a water- ice  bath. The 
electrolyte was deaerated before measurements  by 
bubbl ing  through it purified N2 previously passed over 
Cu turn ings  at 400 ~ C. 

The procedure was to polarize the electrode anodi-  
cally wi thin  the passive region for 5 min  at --0.80V 
vs. saturated calomel electrode (SCE) or --0.56V 
(SHE) using a Wenking potentiostat  in conjunct ion 
with a chart  recorder. This procedure achieved steady- 
state conditions before a s tep-by-s tep technique was 
applied by which the potential  was increased 50 mV 
every 5 min  and the corresponding current  noted. The 
current  remained relat ively constant  below the ap- 
proximate critical potential  V'c (<1 ~A/cm2), but  in-  
creased sharply above by two or more orders of mag-  
nitude. These measurements  in tu rn  were supple- 
mented  by longer t ime runs  main ta in ing  a given po- 
tential  near  the critical value for at least 12 hr. The 
least noble value at which pits could not be observed 
under  a low-power microscope was taken as the 
steady-state critical potent ial  Ve. Reproducibil i ty of 
steady-state values was better  than  • mV. All  po- 
tentials  are reported with reference to the SHE. 

As a check on some of the critical pi t t ing potentials 
obtained as described, immersion tests were also run  
using pickled specimens of 99.4% A1 measur ing 1�89 x 
�89 x 0.065 in. (3.8 x 1.3 x 0.17 cm). These were sus- 
pended by means of a ny lon  thread through a hole 
drilled in one end of the specimen and then placed 
in closed 250 ml  flasks for a period of 1-14 days. After  
the test period, the n u m b e r  of pits on the two main  
faces of the specimen, visible under  a low-power mi-  
croscope, was counted. 

Results 
E~ect of temperature.--Temperatures between 0 ~ 

and 40~ were found to have very  little effect on the 
critical potential  Ve as results of Fig. 1 show. These 
data are in contrast  to the critical potentials for 18-8 
stainless steel in 0.1M NaC1 which are 0.6V more noble 
at 0~ than at 25~ (3). In  other words, 18-8 stainless 
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Fig. 1. Critical pitting potentials of 99.99% AI in 0.1M NaCI 
as a function of temperature. 

steel is much more resistant to pi t t ing corrosion at 
low temperatures  compared to room temperature,  but  
susceptibili ty of a luminum is about the same. This 
tempera ture  effect refers only to ini t iat ion of pits and 
not to rate  of pit growth. Size of pits after a given 
t ime depends on the cathodic reaction rate, the lat ter  
in t u rn  usual ly proceeding more rapidly the higher 
the temperature.  

E]]ect of anion concentration and alloying.--It is 
known that  pi t t ing of A1 is pronounced in presence of 
chloride ions. In  sulfates, on the other hand, A1 elec- 
trodes can be polarized anodically without  exhibi t ing 
a critical pi t t ing potent ial  or showing any evidence of 
pi t t ing attack. In  perchlorate solutions, however, pi t-  
t ing occurs, as well  as in bromide and iodide solutions, 
al though the pit t ing tendency is less pronounced than 
in chloride solutions. 

The respective steady-state critical potentials in 
each env i ronment  are listed in Table I including the 
value in 0.5M NaC1 reported by Bond et al. (2) and 
the nonsteady-s ta te  values reported earlier by Kaes- 
che (1). The more active the critical potential,  the 
greater is the tendency for pi t t ing to occur. The effect 
of tempera ture  is small  in either 0.1M NaC1 or NaBr. 

Alloys of A1 containing a small  amount  of Mg or 
Mn tend to pit more than does pure A1, al though the 
shift of potential  is small. For  99.4% A1, the critical 
potential  is the same as for 99.99% A1 wi th in  experi-  
menta l  error of the measurements.  Porter  and Hadden 
(4) reported that  immersion tests in various supply 
waters showed that  superpure A1 tended to pit  some- 
what  less than did A1 alloys, although the final pit 
depth was almost the same. 

Added anions which do not of themselves cause pi t -  
t ing shift the critical potential  of A1 in halide solu- 
tions in the noble direction corresponding to improved 
corrosion resistance. This was shown previously to be 
t rue  for stainless steels (3, 5). If extraneous salts are 
added in  amount  sufficient to shift the critical poten-  
t ial  above the oxygen electrode potent ia l  in air ap-  

Table I. Steady-state critical pitting potentials, Ve, vs SHE 

Electrolyte 25~ O~ 

99,99% A1 0.11~ NaC1 --0,40 V --0.41 V 
0,1M NaBr --0.29 --0.32 
O,IM NaCIO4 0,0 
0,5M NaC1 [Bond el; aL (2)] --0.50 
1M NaC1 [Kaesche (1)] --0.48" 
1M KBr [Kaesehe (1) ] --0.35* 
IM KI [Kaesehe (1) ] --0.20* 

99.4% AI 0.11Y/ NaC1 --0.41 
1.3% Mn-A1 0.11Y/ NaC1 --0.45 
2.4% Mg-A1 0.1/Yl NaC1 --0.44 

Metal  analysis 

%Cu %Si %Fe %Mn %Mg %Cr 

99,99% .$D. 0.0039 0.0016 0.0007 - -  0.0005 - -  
99.4% AI 0.1 0.08 0.48 0.004 0.0004 0.002 
1.3% Mn-AI 0.006 0.002 0.002 1.3 0.001 - -  
2.4% Mg-A1 0.04 0.08 0.16 0.02 2.43 0.23 

* Values  approximate  but  are not  truly  s teady-state  values. 
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Fig. 2. Relation of minimum activities (or concentrations) of 
sodium nitrate or of sodium chromate required to inhibit pitting of 
99.99% AI in aerated sodium chloride solutions. 

proximat ing 0.8V, it  is obvious that  a l uminum will  no 
longer pit in an aerated solution of the electrolyte 
mixture  since the corrosion potential  cannot exceed 
the open-circui t  cathode potential.  Pi t t ing could then  
occur only under  conditions where passivity breaks 
down locally, such as in a crevice due to lack of oxy- 
gen and to high concentrations of chloride ion caused 
by electrochemical transport,  or to decrease of pH 
caused by accumulat ion of AIC13. Pi t t ing otherwise 
would not be expected below the critical potential  in 
any period of t ime for a crevice-free passive surface 
avoiding env i ronmenta l  gradients of the kind men-  
tioned 

It was shown earlier for stainless steels that the 
logari thm of the activity of an extraneous anion nec- 
essary to shift the potential  to an arb i t ra ry  noble 
value accompanied by inhibi t ion of pi t t ing in aerated 
solutions, is l inear  with the logari thm of the corre- 
sponding chloride ion activity. This relat ion is also 
found to hold for A1, as is shown by data for sodium 
ni t ra te  and sodium chromate additions (Fig. 2) and 
for sodium sulfate, sodium benzoate and sodium ace- 
tate additions (Fig. 3), where  the critical potential  is 
shifted to 0.8V (SHE) in each case. In  ca lcula t ing  
ionic activities, the corresponding activity coefficients 
were taken from Lat imer  (6) for pure sodium salts 
omit t ing corrections for total ionic s trength of the 
solutions. Since activity coefficients for sodium ace- 
tate and sodium benzoate were not listed, they were 
approximated by corresponding values for rub id ium 
acetate at and above 0.1M and by NaC1 below. Values 
for Na2CrO4 solutions were taken from Robinson and 
Stokes (7) above 0.1M and approximated by values for 
Na2SO4 for the one lower concentration.  

002 t 

~ OOl ~ 

"5 

= 0.005 _~ 

I n u I I I l u  i f u I 

O.~,M~<!e 0.02 
/ # "  "-Acetate 

0%L .J 
0 0 2 9 ~  _ . . ~ . ~  0 21M 
/ e - -  e/O~TM-"~-~-~e nzoete 

~ a / ( ~ . 0 7  i _ 
/ ( ) O 4 M  -- 

-- e /  ~.-OM_ 
\so}- 

0.002 1 , e / O . l : 5 M  Q 002 
/ 

oo4 M_ 

I i i i E l l l l  I ~ I I 
QOI 0.06 QI 0.5 

Activity of Acetate, Benzoate 
or Sulfate 
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The mixtures  of electrolytes were  not adjusted to 
constant pH in v iew of the fact that  both our measure-  
ments and those previously reported by Kaesche 
showed no appreciable effect of pH on the crit ical  po-  
tential. Molybdates and tungstates were  also tr ied as 
inhibit ing anions, but  these substances were  probably 
reduced to insoluble oxides at the a luminum surface 
and hence led to i r reproducible  results. Equations 
represent ing inhibit ing activities of the various suc- 
cessful anions are  as follows: 

log (C1-)  ----0.65 log ( N O 3 ) - - - 0 . 7 8  [ i ]  

log (C1-)  = 0.56 log ( C r O 4 - - )  - -  1.11 [2J 

log (C1-)  = 0.41 log ( ace t a t e - )  - -  1.50 [3] 

log (C1-)  = 0.30 log (benzoa te - )  - -  1.80 [4] 

log (C1-)  = 0.31 log ( S O 4 - - )  - -  2.19 [5] 

Accordingly,  the efficiency of inhibit ion within  the 
present chloride concentrat ion range decreases in the 
order: NO3- > C r O 4 - -  > acetate > benzoate > 
S04--. 

Ellect of heavy metal ions. l i t  is wel l  known that  
traces of Cu + + great ly  accelerate the pit t ing of A1 
exposed to potable or industr ial  waters.  Water  passing 
through copper or brass piping, for example,  picks up 
sufficient Cu + + to damage A1 surfaces downstream. 
The mechanism of accelerated pi t t ing is apparently,  
first, the deposition of metal l ic  Cu on the A1 surface 
by a replacement  reaction, the sites of which act as 
pit  nuclei. Second, the Cu sites become cathodes for 
the efficient reduct ion of dissolved 02 or of any other 
suitably reducible  species in solution, thereby polariz-  
ing A1 to the crit ical  potent ial  at which anodic corro-  
sion or pit t ing takes place. The potent ial  reached is 
sl ightly more noble than, but does not appreciably 
exceed the crit ical  value, however  vigorous the pit  
growth, because of the small  anodic polar izabi l i ty  of 
nonpassive A1 within  the pits (cathodic control) .  The 
t ime requi red  for the shift f rom corrosion potential  to 
crit ical  potential  is about 30 sec for 5 ppm Cu + + addi- 
tions to 0.1M NaC1 as shown by data of Fig. 4. For  5 
ppm Pd + + addition, which behaves similarly, the t ime 
required is less, and for 5 ppm Fe + + + addition the 
t ime is longer, but  the same crit ical  pi t t ing potent ial  is 
reached in each case. 

The above facts suggest that  a suitable approach to 
measur ing critical potentials in a given saline solution 
is to de termine  the corrosion potent ial  in presence of 
a small concentrat ion of Cu + +. The re levance of this 
technique to measur ing crit ical  potentials as a func-  
tion of NaC1 concentrat ion is summarized in Fig. 5. As 
was shown previously for 18-8 stainless steel (3), the 
crit ical  potentials for A1 are l inear wi th  logar i thm of 
C1- activity. Comparat ive  data obtained by Kaesche 
using a different technique are included, showing good 
accord with  present  measurements .  Ei ther  set of data 
follows the equat ion 

V'c (volts, SHE) = --0.124 log (C1-)  --0.504 [6] 
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Fig. 4. Change of corrosion potential with time on immersion of 
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Fig. 5. Corrosion potentials of 99.99% I I  in various activities of 
NaCI containing 5 ppm Cu + + in comparison with critical pitting 
potentials determined by Kaesche. 

Since the crit ical  potentials calculated by this equa-  
tion, for reasons stated earlier, are sl ightly more  noble 
than the steady state values, they more near ly  accord 
with  the continuous polarizat ion values V'c (continu-  
ous shift of potent ial  to more noble values) .  For  ex-  
ample, the crit ical  potential  for 0.1M NaC1 (~ = 0.78) 
calculated by the equat ion is --0.37V compared to the 
s teady-s ta te  value --0.40V given in Table I. 

The success of the above-descr ibed method for mea-  
suring crit ical  potentials suggested that  the effect of 
inhibit ing anions could also be invest igated in like 
manner.  In carrying out such measurements ,  a h igher  
concentrat ion of Cu ++ (2.5 x 10-3M or 159 ppm 
Cu + + ) was found to be advisable in order to st imulate 
growth of pits that  are nucleated at the critical po- 
tential,  there fore  making it easier to count their  num-  
ber. Figure  6, for example,  shows that  Na2SO4 addi- 
tions to 0.005M NaC1 shift the resul tant  critical po- 
tentials  for A1, as de termined potentiostatically,  in the 
noble direction. The equi l ibr ium potential  for Cu 
Cu + + + 2e, on the other  hand, corresponding to 2.5 x 
10-~M CuSO4 is equal  to 0.337 -t- (0.059/2) log (2.5 x 
10 -3 x 0.7) = 0.256V where  0.7 is the approximate  
act ivi ty  coefficient of the CuSO4 solution (6). The cal-  
culated potential  is re la t ive ly  insensit ive to the actual 
value chosen for the act ivi ty  coefficient. Hence if the 
electrolyte  is deaerated with  nitrogen, Cu + + reduc-  
tion is the only re levan t  cathodic react ion and pi t t ing 
is therefore  expected only below a S O 4 - -  act ivi ty 
of 0.02 corresponding to 0.035M Na2SO4. To check this 
prediction, specimens of 99.4% A1 (same approx. 
critical potent ial  as pure A1) were  immersed  in 0.005M 
NaC1 containing various additions of Na2SO4 plus 2.5 
x 10-~M CuSO4, the results of which are shown in 
Fig. 7. Many of the pits, when observed after  an im- 
mersion period of 24 hr, were  localized on the speci- 
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men edges, but  for convenience only those were 
counted on the two main  faces. When pi t t ing was not 
observed on either face or edges, the test was usual ly 
continued beyond 24 hr to the order of two weeks 
so as to confirm that  no pi t t ing had taken place. 

As the results show, the intersection of the l ine 
connecting points for the Na2SO4 concentrations which 
induce pitting, with the line for zero pit t ing occurs at 
an activity of S O 4 - -  equal to 0.02. This value agrees 
with the inhibi t ing activity predicted by data of Fig. 
6. Similar  good agreement  was found between pre-  
dicted and observed inhibi t ing concentrat ions of 
NaNO8 added to 0.1M NaCI (Fig. 6 and 7). 

The amount  of extraneous salt needed to inhibi t  
pi t t ing depends on the applied potential  as data of 
Fig. 6 show. Hence the amount  of sulfate which is re-  
quired to inhibi t  pi t t ing in presence of Cu + + at a 
cathode potential  of 0.26V is less than that required in 
presence of dissolved air at 0.8V. The lat ter  si tuation 
is described by Fig. 3. 

Effect of cations.--Since anions have a large effect 
on the critical potential,  it is of interest  to know 
whether  the type and valence of cations also have an 
influence. The effect of calcium ion was investigated 
by measur ing through continuous potentiostatic po- 
larization curves the critical potentials of 99.99% A1 
in 5 concentrat ions of CaC12 from 0.05 to 1.0M. The 
dependence of the critical potent ial  V'c on logarithm 
of chloride ion activity followed the same l inear  equa-  
tion wi thin  expected exper imental  variations as that  
derived for NaC1 (Eq. [6]). Hence it is concluded that  
a divalent  cation like Ca + + has no special effect on 
the critical potential  compared to a monovalent  ion 
like Na +. Subsequent  measurements  were carried out 
in O.IN KCl, RbCl, CsC1, SrC12, BaC12, and LaC13. 
Observed steady-state  critical potentials corrected to 
the same approximate C1- activity, using the equa-  
tion cited above, were all the same within  less than  
20 mV, hence only the C1- activity appears to be 
important .  However, continuous polarization runs  (50 
mV/5 min)  gave nonsteady-s ta te  critical potentials 
for BaC12 and CsC1 which were about 70 mV more 
noble than  for the other chlorides listed above. Al-  
though this peculiar  effect of Ba + + and Cs + was not 
investigated further,  it is perhaps caused by the double 
layer reaching its equi l ibr ium structure much slower 
when  large cations like Ba + + and Cs + are involved 
compared to the si tuat ion for smaller  cations. 

Discussion 
The critical potent ia l  has been explained in terms 

of C1- penetra t ing an oxide film which covers the 
metal  surface (8, 9) or in terms of competit ive adsorp- 
t ion of C1- and oxygen for sites on the metal  surface 

(3, 5). A l u m i n u m  provides an excellent opportuni ty  
to evaluate the influence of an oxide film because of 
the well-established procedure for increasing oxide 
film thickness by anodizing. The thicker the oxide film, 
presumably the smaller is the electric field impell ing 
C1- to penetrate  it and the longer is the diffusion path 
of C1- from electrolyte to metal  surface. These 
factors, if relevant,  should combine to produce a 
more noble critical pi t t ing potential. On the other 
hand, if competitive adsorption at the metal  surface is 
the mechanism, the thickness of any  overlying oxide 
film would have no bearing on the steady-state po- 
tent ial  at which C1- displaces adsorbed oxygen. 

A luminum specimens of 99.99% puri ty  were ano- 
dized in 15% H2SO4 at 25 m A / c m  2 for specific times, 
then washed and sealed in distilled water  at 9O~ 
for V2 hr, Thickness of oxide produced by anodizing 
was estimated from values reported by Hoar and Wood 
(10). Steady-state  critical potentials were determined 
by potentiostatic polarization in 0.1M NaC1. Although 
continuous polarization runs  showed a slightly more 
noble value (--0.33V) for anodized electrodes, the 
same steady-state value --0.39V was obtained both for 
an oxide film 0.3 and 1.4~ thick, compared to --0.40V 
for a luminum not anodized. The lat ter  values are the 
same within  the usual  exper imental  variat ions of such 
measurements.  They support the view, therefore, that  
the mechanism of competitive adsorption is in bet ter  
accord with the facts, and they also provide evidence 
that any improved resistance of anodized a luminum to 
pit t ing corrosion does not result  from a shift of the 
critical potential. 

Davies (11) reported improved resistance to pi t t ing 
corrosion of anodized a luminum immersed in a solu- 
tion containing 30 ppm CI- ,  40 ppm Ca ++, and 0.2 
ppm Cu + +. No pits appeared in two weeks time, con- 
t ra ry  to unanodized specimens which pitted in a much 
shorter period. These results suggest that  the anodized 
oxide film is a good diffusion barr ier  to Cu ++ ions 
even though it is not successful in prevent ing  diffusion 
of C1- ions. This mat ter  was checked by anodizing 
99.99% A1 specimens to a film thickness of 1.4~ and 
sealing in H20 at 90~ for 1 hr. They were then im-  
mersed in O.IM NaC1 containing 2.5 x 10-SM Cu ++ 
at 25~ Two specimens were coupled to an equal 
area of copper; these showed evidence of pi t t ing after 
2 hr, with many  deep pits visible after 24 hr. Two 
specimens not coupled were free of pits after 24 hr, 
in l ine with Davies' longer t ime observations. 

The above results show therefore that Cu + + must  
penetrate  the oxide film in order to deposit suitable 
cathodic sites of metallic Cu before pi t t ing is observed 
in short- t ime tests. To this end, anodized A1 is better  
than unanodized A1. They also show that  anodized 
films have no part icular  meri t  in prevent ing  pi t t ing 
corrosion whenever  a luminum is coupled to a more 
cathodic metal  like Cu. 

The h igh- tempera ture  coefficient of the critical po- 
tent ia l  for austenitic stainless steels reported previ-  
ously (3, 12) was a t t r ibuted to sensit ivity of the double 
layer s tructure to temperature,  caused perhaps by 
variable  hydrat ion of the passive film and of ions lo- 
cated wi thin  the double layer. A negligible tempera-  
ture  effect for A1 suggests that  it is not the temper-  
a ture-sensi t ive hydrat ion of ions that  is important  so 
much as the temperature-sens i t ive  hydrat ion and 
structure of the passive film in the case of 18-8, and 
the absence of such an effect for the passive film on A1. 

The role played by various cations is not important ,  
probably because characteristically they do not adsorb 
at prevail ing potentials, and hence their  effect on the 
double layer  and on passive film structure  is minimal.  
The behavior of extraneous anions to inhibi t  pi t t ing 
is similar to the behavior  noted previously  for 18-8 
stainless steel for which inhibi t ing efficiency, as for 
A1, decreases in the order NO3- > A c -  > S O 4 - - .  The 
data for inhibi t ion of 18-8 by  NO8- and S O 4 - -  were 
previously reported by Leckie and Uhlig (3) ; for ace- 
tates the data were present ly  obtained using the same 
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Table II. Ratios of n appearing in Freundlich adsorption isotherm 

Observed ratios Calc. ratios 
I~c 1 - / n N o  3 - ~tc 1 -/1~so 4 - - RC 1 - / n A t -  RSO 4 - - / R N 0 8 -  RAe-/I~N03- nSO 4 - - /RA-c  

1 8 - 8  1 .88  0 . 8 5  1 .12  2 .21  1 .68 1 .32  
A1 0 .65  0 .31  0 . 4 1  2 . 1 0  1 . 5 9  1 .32  

potentiostatic technique and the same stainless steel 
as was used formerly. The equation represent ing ac- 
t ivi ty of acetate necessary to inhibi t  pit t ing of 18-8 
in a given activity of C1- ranging from 0.05 to 0.2M 
NaC1 is 

log(C1-)  = 1.13 log ( A c - )  ~ 0.06 [7] 

The above log-log relationship was derived by Mat-  
suda and Uhlig (13) on the basis of the Freundl ich  
adsorption isotherm; al = kl (Anion)~znl where (An-  
ion) is the anion activity in solution, al is the quan-  
t i ty of anion adsorbed per uni t  area, and kl and nl  are 
constants. It was shown that the coefficient of the log 
(Ac - )  term in the above Eq. [7] is then equal to 
ncl-/nAc-.  The values of this ratio are in general  
larger for 18-8 than  for A1, corresponding to a greater 
tendency for C1- to adsorb on A1 than  on 18-8. In te r -  
estingly, the ratio of n 's  for any pair  of ions not in-  
volving C1- are similar for both A1 and 18-8. This 
is shown by the derived values listed in Table II. 
For  example, nso4--/nNo3- obtained by dividing 
ncl-/nNo 3- by nc l - / n so4 - -  is 2.21 for 18-8 and 2.10 
for A1. The similari ty of these ratios for anions other 
than C1- point to the un ique  adsorption behavior of 
C1- which is also the anion among those present ly  
considered which is responsible for observed pit t ing 
corrosion. 
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Electrochemical Ellipsometric Study of Gold 
R. S. Sirohi and M. A. Genshaw 

Electrochemistry Laboratory, University of Pennsylvania, Philadelphia, Pennsylvania 

ABSTRACT 

The application of el l ipsometry and electrochemical techniques to the 
oxidation of gold reveals that a chemisorbed species is formed in the poten-  
tial region 0.2- l . iV vs. SCE in acidic solution with gold oxide formed at 
more anodic potentials. In alkal ine solution the chemisorbed species formed 
in the potential  region --0.8 to -}-0.2V vs. SCE with oxide formation at more 
anodic potentials. Evidence support ing a change in the optical properties 
of the oxide film with pH and, for alkal ine solution, with the presence of 
chloride ions, is presented. 

The electrochemical oxidation of gold has been a 
topic of interest  for many  years (1-11). This oxidation 
leads to the formation of chemisorbed oxygen (1, 5, 7) 
or gold oxide (1-6, 8-10) with the ini t ial  formation of 
this film occurring about 1.27-1.37V (1, 3, 4, 7-10) vs. 
a reversible hydrogen electrode (RHE). Reduction of 
the film commences at potentials between 1.2 and 
1.37V (4, 6-8, 9, 10) vs. RHE. The potential  of oxidation 
and reduct ion varies by --2.3 RT/F (3-5, 8, 9) per un i t  
pH. The thickness of the film is of the order of a 
monolayer,  but  at potentials more anodic than 1.8 (7, 
10) --1.95V (8), a thick oxide film forms. 

Inflections in charging curves, which could not be 
reproduced by later  workers (5-10), were at t r ibuted 
to successive formation of Au20, AuO, and AutO3 (4). 
Two arrests in film reduct ion have been at t r ibuted to 
Au203 and AuOH or AuO (2, 12). 

In  acidic chloride solutions passivation is observed, 
with the passivation time dependent  on the concen- 
t ra t ion of chloride (13-17), indicat ing that  passivation 
occurs when the surface concentrat ion of chloride ap- 
proaches zero. 

An  ellipsometric study of gold oxidation in sulfuric 
acid solutions, some with added oxalate, has been re-  
ported (18). 

To gain fur ther  insight into the na ture  of the film 
formed at gold on electrochemical oxidation, this study, 
which combines optical and electrochemical measure-  
ments, was initiated. 

Ell ipsometry is the measurement  of changes in t ro-  
duced in the polarization state of l ight by reflection 
from metal  or metal  oxide surface. The reflected light 
is analyzed for its polarization state, giving the rela-  
tive phase re tardat ion h and relat ive ampli tude di- 
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minut ion  4. A and ~ are related to the complex refrac- 
tive index n*F and thickness LF of film by the film 
optics equation (19, 20). The methods of analysis are 
adequately described by other authors (21-24) and 
need not be repeated here. 

Experimental 
Apparatus.--Ellipsometer.--For the steady-state 

measurements  a Gaer tner  Ll19 Ellipsometer with hori-  
zontal plane of incidence was used along with a He-Ne 
laser as the source of monochromatic light. The output  
of the laser was converted to circularly polarized light 
by a waveplate  prior to the polarizer. A quarter  wave-  
plate was used in the fixed 45 ~ orientat ion and was 
positioned between the polarizer and the cell. A photo- 
mult ipl ier  was used as the light detector. 

For  the t ransient  measurements  the source was 
changed to a 2w tungs ten  arc lamp (Sylvania  Type 
C2T) filtered at 5500A (50A bandwidth)  and a photo- 
t ransistor  (Motorola MRD 300) was used as a detector 
to maximize the signal- to-noise ratio by e l iminat ing 
photomult ipl ier  noise and minimizing the source noise. 
The angle of incidence at the electrode surface was 
72.53 ~ . 
CeiL--The airt ight  cylindrical  cell was made of Teflon. 
The light passed obliquely through synthetic quartz 
windows (n ---- 1.457, ~ ---- 6328A) which were fitted in 
the cell. All  the connections to the cell were made 
through Beckman joints. Prepurified ni t rogen which 
was fur ther  purified to get rid of organic impurities, 
etc,, was bubbled through the electrolyte. 
Electrolyte.--Acidic solutions were made from purified 
H2SO4. The H2SO4 was purified by adding a few drops 
of 30% H202 in 50 cc of H 2 S O 4  and heat ing it for 10 
min  around 6O~ (25). The alkal ine solutions were 
made from NaOH, and NaC1 solution was added for 
chloride solutions. All  solutions were made from con- 
duct ivi ty water. The acidic solutions were pre-electro-  
lyzed by two platinized p la t inum electrodes with an 
applied potential  difference of 1.35V for at least 24 hr. 
No pre-electrolysis was used with alkal ine and chlo- 
ride solutions. All  experiments  were carried out at 
room temperature.  
Electrode.--The working electrode used was in the 
form of a block, which was polished bright  and flat 
with different grades of emery. The counterelectrode 
was a smooth p la t inum electrode. A saturated calomel 
electrode was used as the reference electrode. All 
potentials are reported with respect to SCE. 

Potential staircase measurements.--In these measure-  
ments  the potential  was varied in  steps of 0.1V with 
measurements  of A and ~ begun after 15 rain. 

Potential step measurements.--In these measurements  
the potential  was varied in a single step between two 
values with s imultaneous measurement  of the intensi ty  
t ime and current  t ime t ransient  or the in tensi ty  t ime 
and charge t ime transients.  

Potential sweep measurements.--A potential  sweep 
generator  (26) was used to vary  the potential  between 
two set potentials while the in tens i ty- t ime and cur-  
r en t - t ime  relations were recorded on a Clevite Mark 
220 dual  channel  recorder. 

Results and Discussion 
Acidic solution.--General behavior in acidic solu- 

tion.--In acidic solution, the plot of A against potential  
as the potential  is made more anodic in  a potential  
staircase measurement  exhibits two regions (Fig. 1): 
a region of slow change between 0.0 and 1.10V, and a 
region of rapid change anodic to 1.10V as also observed 
by Reid and Kruger  (18). A similar t rend is observed 
in the apparent  capacity 1 of the electrode (Fig. 2). 

1 T h e  a p p a r e n t  c a p a c i t y  w a s  e s t i m a t e d  f r o m  t h e  c h a r g i n g  c u r r e n t  
i n  the  p o t e n t i a l  s w e e p  m e a s u r e m e n t s .  I t  w a s  c o r r e c t e d  f o r  a s t eady-  
s ta te  b a c k g r o u n d  c u r r e n t  of 2 / tA/cm2 due  to r e s i d u a l  oxygen ,  b u t  
w i l l  i n c l u d e  c o n t r i b u t i o n s  due  to  a n y  o t h e r  f a r a d a i c  proces ses .  I t  
s h o u l d  not  b e  c o m p a r e d  to  the  d i f ferent ia l  c a p a c i t y  m e a s u r e m e n t s  
of  o the r  w o r k e r s  (12, 27, 28) w h o s e  m e a s u r e m e n t s  e x c l u d e  a n y  
effect  of  f a r a d a i c  proces ses .  
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Fig. 1. A and ~ vs. potential for gold in 1N H~O4 at 6328•, 
potential staircase measurements.  
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Fig. 2. Apparent capacity for gold in 1N H2S04 

Accordingly, the discussion will  consider each region 
in turn.  

The region between 0.0 and 1.1V.--At the most cath-  
odic potentials the changes in A and ~ with potential  
are the least (cf. also Fig. 5), and the measured ap- 
parent  capacity of ,-,20 ~F/cm 2 is characteristic of the 
double layer capacity of a bare surface. Thus, we con- 
clude that  the bare gold surface is stable in this poten-  
t ial  range. The optical constants calculated for gold at 
6328A are (0.236 - -  3.504i), which compare satisfac- 
tori ly with ( 0 . 1 8 -  3.48i) (29, 30). 

As the potential  is made more anodic, appreciable 
changes in  A (>0.3 ~ occur. These changes are much 
greater than  the experimental  sensit ivi ty (~,0.02 ~ 
and so must  reveal a real phenomenon.  The apparent  
capacity (Fig. 2) shows an appreciable increase over 
the value observed at more cathodic potentials, indi-  
cating that charge is consumed as the potential  is 
changed in this region. 

Quali tat ively similar ~esults have been obtained in 
coulometry by other workers (2, 4, 8, 12) as well  as 
changes in  differential capacity (12, 27, 28). These 
have been a t t r ibuted to the formation of AuOH or 
AuO (called "chemisorbed oxygen") (12, 27, 31). Thus 
it seems l ikely that  a chemisorbed oxygen species is 
formed at gold in this potential  region which is "seen" 
by ellipsometry. 

Impur i ty  explanations seem untenable  because 
similar (except for kinetic effects, cf. below) results 
are obtained in  t rans ient  and steady-state results with 
no evidence of diffusion control characteristic of im-  
purit ies present  at low concentrations. 

The adsorption of anions which has been determined 
at other metals (32) is unl ike ly  as a cause for the 
changes in A because the changes in A are larger than  
those characteristic of anion adsorption as observed 
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Fig. 3. Kinetics of formation of adsorbed oxygen (5500~,). Po- 
tential sweep and potential step measurements. 

for Pt  and Hg (32). Also, similar changes (except for 
a shift due to the pH differences) are observed at gold 
in 0.5N NaF which does not give detectable changes 
in ~ due to anion adsorption at p la t inum and mercury  
(32) (Fig. 3). 

If one presumes the changes in h and ~ observed are 
due to "adsorbed oxygen," one can calculate the opti- 
cal constants of the film by using coulometry. Using 
the relat ion between charge and potential  of Fig. 5 
and h and potential  of Fig. 1, one obtains a charge of 
250 ~coul/cm a to produce a change of 1 ~ in ~. Assuming 
a roughness factor of 1.7, the t rue  amount  of charge 
required to produce a 1 ~ change in A is 150 ;~coul/cm 2. 
If one takes 190 ~coul/cm 2 (7) as equivalent  to a 
monolayer  (univalent  species), a change of 1.26 ~ in 
is equivalent  to a monolayer.  Assuming a monolayer  is 
3A thick, using the exact ellipsometric equations, the 
only fit found is for film optical constants of about 
0.3 - -  01L This value of optical constant seems im-  
probable for any adsorbed species and would be more 
consistent wi th  a metallic layer. Gold has been re-  
ported to show changes in optical constants upon 
application of an electric field (33) and would also 
be expected to be sensitive to adsorbed layers. 

To a t t r ibute  the observed changes in  ~ and % solely 
to field induced changes in the metal  optical constants 
is inconsistent with the observed kinetics in the 
change. Changes occurring inside the metal  should 
occur in the t ime required for double layer relaxation, 
~lO - s  sec. The relat ively slow changes observed are 
consistent with a slow chemisorption of a species 
which induces changes in the metallic optical constants 
producing the observed ~ and % changes (34). 

Phase oxide growth.--At  potentials anodic to 1.10V in 
acid and 0:200V in alkal ine solution, A and % decrease 
l inear ly  with potential  (Fig. 4). The number  of 
coulombs consumed in oxidation of the surface also 
increases l inear ly  with potential  (7-9) (Fig. 5). A 
hysteresis loop is observed in the graphs for film for- 
marion and reduction by both ellipsometric and coulo- 
metric methods. 

This film is apparent ly  a phase oxide. Evidence 
support ing this view is that  more than a "monolayer" 
of film can be formed, that  the film reduct ion occurs 
in a potential  plateau characteristic of a definite phase, 
and that the potential  for ini t ial  formation and reduc-  
t ion lies near  that  observed for the oxide Au203 (35). 
Also, at potentials anodic to 2.OV, a thick film forms 
which has been shown by chemical analysis to be 
Au203 or hydrated Au203 (28). 

The oxide film at gold is l ight-absorbing,  as it is not 
possible to fit the exper imental  positive slope of 
dr (Fig. 6) for any t ransparen t  film. The absorp- 
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t ion may arise from one of several factors. The film 
is probably semiconducting (11) and thus would ab-  
sorb light by exciting electrons from the valence band  
to the conduction band. It  is also possible that  the 
absorption is due to the presence of charges in the 
film induced by "double layer" effects (36). It is also 
possible to have absorption due to the excitation of 
charges from the conduction band  of the metal  to the 
conduction band of the oxide. 

For very th in  films as observed in this work, if 
one assumes the film optical constants are independent  
of thickness, the film thickness is a l inear  function 
of • wi th in  the precision of the measurements .  Then, 
from the measured values of h as a function of time, 
plots of h vs. log t (direct logarithmic law) (Fig. 7) 
and 1/h vs. log t ( inverse logarithmic law) (Fig. 8) 
may be made. Linear i ty  is observed for the direct 
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logarithmic plot. Unfortunately,  the data deviate from 
each growth law so that  a dist inction between them 
cannot be made (the slopes of the direct log plot de- 
crease systematically from 0.164 deg/decade at 1.6V 
to 0.132 at 1.2V to 0.063 at 1.1V). Also, a plot of the 
value at h at t ime t (At) after the potential  step is ap- 
plied vs. V (Fig. 9) is not l inear,  as would be ex- 
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Fig. 9. Plot of ~, at constant time from potential step measure- 
ments. 
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Fig. 10. Plot of the reciprocal of the slope of the inverse log- 
arithmic plots as a function of potential. 

pected for mechanisms predict ing the direct logari th-  
mic law (as well  as the inverse logarithmic law).  

Moreover, the fit for the inverse logarithmic law is 
not good at 1.2V, wi th  considerable curvature  observed. 
However, the reciprocal of the slopes (Fig. 10) does 
vary  l inear ly  with potential,  as predicted from growth 
mechanisms producing the inverse logarithmic law; 
and the intercepts of Fig. 9 are scattered only 0.1 log 
units  for 1.6-1.3V (a constant  is expected for the 
intercept) .  

These measurements  do not apply to the thick ox- 
ide film which forms at more anodic potentials and 
grows l inear ly  with t ime (10). 

It  seems probable that  for these films of only a few 
layers thickness, the kinetic laws suggested either do 
not apply or the changes in kinetics from a bare sur-  
face to a bu lk  oxide surface are sufficient to mask the 
t rue kinetic law. 

Results in alkaline solution.--In alkal ine solution the 
general  shape of the plots of h and ~ against poten-  
t ial  (Fig. 11) are similar to those in acidic solution 
except that  the potential  of oxide formation is shifted 
by 0.9V due to the pH change. It  may be noted that  
this is somewhat more than  expected from the usual ly  
observed change of (2.3 RT/F) /pH ( =  O.68V) for 
pH-dependent  reactions. 

The noteworthy differences are that  d~/dh for the 
oxide region is 0.19 _ 0.02 in NaOH solution as com- 
pared to 0.12 • 0.02 in H2SO4 and that  d~/dV = 2.1 
deg/vol t  in NaOH and 2.60 deg/vol t  in H2SO4. Also 
the value of dq/d~ is not the same with 275 ~coul/ 
deg observed in acidic solution and 170 ~coul/deg 
observed in alkaline. The changes in d~/dV may be 
at t r ibuted to the formation of a thicker  film in a lka-  
l ine solution than in acidic solution for the same 
change in potential.  The changes in d~/d• and dq/dA 
are not explainable as a difference in film thickness 
alone. For a th in  film with constant  optical constants, 

83o'  

A 8 2.O 

N c r  e l . 6  

4i.~ 

41.d - N CI- 

I J I I I I J I T ~ 1 ~  
-0.8 -0.6 - 0 4  -0.2 O0 0 2  0.4 0.6 0.8 

V vs SCE. 

Fig. !1. Plots of ~ and ~ vs. potential at 6328A in chloride con- 
raining alkaline solutions. The ,,Iota in the chloride solutions is dis- 
placed vertically for greater clarity. 
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dr is essent ia l ly  independent  of thickness,  as 
shown by computer  calculat ions using the exact  e l l ip-  
sometric  equations.  Hence, a change in d~/dA indicates  
a change has occurred in the  film optical  proper t ies .  
This is suppor ted  by  the observed changes in dq/dA 
as a film wi th  constant  optical  p roper t ies  should have 
a constant  re la t ion be tween  the amount  of film de-  
t e rmined  coulometr ica l ly  and the opt ical  thickness,  
which is not  observed for the  films in acidic and a lka -  
l ine solution. The changes in solut ion re f rac t ive  index 
a re  insufficient to account for the  observed  changes in 
d~/dA and dq/dA. P r o b a b l y  in acid solution the  film is 
Au203 wi th  a change toward  Au(OH)3  occurr ing in 
a lkal ine  solution, resu l t ing  in a less dense film wi th  
a lower  re f rac t ive  index  causing a lower  dq/dA in a l -  
ka l ine  solution. A change in the kinet ics  of film for-  
mat ion  wi th  pH is also observed as the  potent ia l  of 
format ion  is not  tha t  expected f rom a 59 m V / p H  de-  
pendence and the re la t ion  be tween  ~ and potent ia l  is 
different.  

E~ect of chloride.--In acid solution chlor ide causes 
gold dissolution wi th  pass ivat ion occurr ing when the 
concentrat ion of chlor ide at the surface approaches  
zero (13-17). El l ipsometr ic  exper iments  proved un-  
successful, due to the  a t t ack  on the  surface des t roying 
the  reflectivity.  

In a lka l ine  solution gold is passive. The el l ipsometr ic  
measurements  show l i t t le  effect on the  t rends  of the 
plots of A and ~ against  potent ia l  (Fig. 11). The only 
apprec iab le  difference is tha t  d~/dA for the  oxide is 
lower  (0.12) than  tha t  obta ined wi thout  chlor ide 
(0.19), poss ibly  showing a change in the  opt ical  p rop -  
ert ies of the film due to incorpora t ion  of chlor ide ions. 
There  is l i t t le  or no effect in dA/dV or in the po ten-  
t ia l  of oxidat ion.  
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Study of the Lithium Oxide-Nickel Oxide System 
I. Thermodynamics of Dilute Solid Solutions 

S. Pizzini*, R. Morlotti ,  and V. Wagner  

Reactor Materials Laboratory, Thermochemistry  Group, EURATOM CCR, Petten, Netherlands 

ABSTRACT 

Emf measurements  on suitable solid galvanic cells have been carried out to 
investigate the thermodynamics  of solid solutions of Li20 in NiO. It was 
shown that  in the range of the dilute solutions [0.15-7 a /o  (atomic per cent) 
Li] a -  Li2SO4 is useful  as an intermediate  electrolyte. The following cell 
was operated 

Pt/NiO,Li20 (x2) / /a  - -  Li2SO4//NiO,Li20 (x~) /Pt  

at temperatures  between 570 ~ and 800~ Results show that the mixture  is 
ideal to 1.5 a/o Li. Deviations from ideality at higher concentrat ions can be 
described with purely  configurational energy terms. 

In  spite of many  investigations (1-16), the thermo-  
dynamic properties of solid solutions obtained by mix-  
ing l i th ium oxide and nickel oxide under  a convenient  
oxidizing gaseous envi ronment  are practically un -  
known. As an extension of our previous work (17) on 
pure NiO it was indeed felt interest ing to investigate 
these solid solutions over the entire field of their  sta- 
bility. 

The solid solutions of Li20 in NiO are known to be 
of the subst i tut ional  type and have been treated as a 
b inary  system, where l i th ium enters cationic positions 
and electroneutral i ty  is mainta ined via an equivalent  
amount  of electron holes. 

0.5Li20 + 0.25 02--> Li 'si  + Oo + h'  [1] 

As oxygen gas is needed to ma in ta in  the one- to-one  
ratio between the number  of anions and cations, the 
system is bet ter  described by means of the te rnary  
phase diagram of Fig. 1, where  NiO, Ni203, and Li20 
are used as components. It is apparent  that the region 
of the solid solutions with which we deal corresponds 
to the single-phase field around the line connecting 
pure NiO with LiNiO2 that expresses a one- to-one  
correspondence with LiNi and Ni'Ni, 1 i.e., it satisfies the 
condition for the stoichiometry of the solution. It is 
also apparent  from Fig. 1 and is implied by Eq. [1] 
that  we consider NiO and LiNiO2 as the components 
of the solid solution. 2 The structure of LiNiO2 derives 
from that of the solid solution by the subst i tut ion of 
one half of the nickel ions with l i thium. 

On the l ine that expresses the stoichiometry wi thin  
the homogeneity field, dissociation pressures are in-  
dicated as pal, poa, and p~ and it is apparent  that  by 
moving the system on a dissociation path (dotted line 
B'-B) in the B'-B direction, Li20 is in equi l ibr ium 
with the solid solution when the system becomes two 
phase. By moving the composition of the system in the 
opposite direction along the same dissociation path we 
enter  a cation deficient region that  only at tempera-  
tures lower than  about 400~ eventual ly  segregates 
Ni20~, which is unstable  at higher temperatures.  At 
higher temperatures  we will  therefore consider the 
existence of nickel sesquioxide only fictitious. 

In  Fig. 1 only a guess is made on the extension of 
the homogeneity region, as it is only recognized that  
at room temperature  the single phase field extends at 
least to 20 a/o (atomic per cent) l i th ium (15) whereas 
Bade et al. (18a) and Toussaint and Vos (18b) demon-  
strated that the single-phase region extends to at 
least 33 a/o li thium. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 A  Ni'Nt s i te  corresponds to an  e l ec t ron  hole trapped at  a Ni  

site. 
The  choice  of LiNiO2 as a c o m p o n e n t  of the solid so lu t ion  re-  

su l t s  f r o m  s t r u c t u r a l  cons ide ra t ions .  I t  is we l l  k n o w n  t h a t  the  
s t r u c t u r e  of LiNiO~ is a s l i g h t l y  d i s o r d e r e d  r h o m b o h e d r a l  s t ruc-  
ture ,  d e r i v e d  f r o m  a s u p e r s t r u c t u r e  of  the  NaC1 la t t i ce  in  w h i c h  
the  o c t a h e d r a l  c o o r d i n a t i o n  is c o n s e r v e d  (33). 

In speculating on the form and the extension of the 
homogeneity region,~ we could at first imagine that  
on the right of the line corresponding to the stoichio- 
metric compositions (cation deficient region) the de- 
fects should be cation vacancies and electron holes 
t rapped at cationic positions, according to the equation 

1/2 02 ~ NiO (ss) + ~r"Ni ~- 2h" [2] 

In the region near  the NiO corner we can assume that  
the value of the equi l ibr ium constant for reaction [2] 
does not differ greatly from that  which holds for pure 
NiO. A quant i ta t ive  estimate of the extension of the 
homogeneity range is therefore possible by using 
Mitoff's (19) equation 

nv = 0.11Po21/6 exp (--17800/RT) [3] 

which gives the cation vacancy concentrat ion (nv) for 
pure NiO in terms of vacancies per ion pair. Results 
are given in Fig. 2, where the isobars at 760 Torr of 
02 for the vacancy concentrat ion as well  as for the 
equi l ibr ium constant  of reaction [2] are reported vs. 
the temperature.  

From Fig. [2] it appears that  positive deviations 
from stoichiometry are negligibly small  and, therefore, 
the homogeneity range should be very narrow. This 
condition is different from that  in systems containing 
iron, where large deviations from stoichiometry are 
characterisic (20). Moreover, as anion deficient NiO 
has not  been proved to exist, guesses on the unde r -  
stoichiometric region of the homogeneity range are 

s The phase  d iagram of Fig .  1 con t a in s  some s y m m e t r y  e l e m e n t s  
(as the  f o r m  of the  h o m o g e n e i t y  reg ion)  w h i c h  are on ly  i n t r o d u c e d  
fo r  the  sake  of s imp l i c i t y .  Ac tua l l y ,  a t  t he  NiO corner ,  i t  is  ap -  
p a r e n t  that deviat ions  from s t o i c h i o m e t r y  are m u c h  sma l l e r  t h a n  
those  indicated in  F ig .  1, a n d  l a r g e  L i20  excesses  i n  t he  h o m o g e -  
ne i ty  field are u n e x p e c t e d  ove r  the  en t i r e  c o m p o s i t i o n  range .  

NiO' NiO~.,, 
DOCU 460 a 

Fig. 1. Phase diagram of the system NiO, Ni20~, and Li20 
(tentative). Solid lines indicate boundaries of single-phase regions. 
B-B" type paths indicate dissociation paths. 
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where  it is assumed that  the LiNiO2 in each compar t -  
ment  is in equi l ibr ium with  its proper par t ia l  pressure 
of oxygen p~ and p~ and therefore  the over -a l l  cell  
react ion could be wr i t ten  

LiNiO2(x2) -{- ~ O2(p~ --> LiNiO2(Xl) + 1/2 O2(P~ 
[4b] 

With a separate experiment ,  5 which wil l  be described 
in a subsequent  paper, we demonstra ted that  a par t ia l  
pressure of oxygen as high as 1 a tm affects nei ther  the 
concentrat ion nor the act ivi ty  of LiNiO2 in solid solu- 
tion. Therefore,  we are a l lowed to use the emf  of the 
cell  [4a] when measured under  the same part ial  pres-  
sure of oxygen 

P o 2  ~ P ~  P~  

at both electrodes, as a measure  of the work  done by 
Fig. 2. Plots [from ref. (19)] of the equilibrium constant of re- 

action [2] and vacancy concentration nv vs. temperature, nv is 
given in terms of vacancies per ion pair and is calculated for 
Po2 = 1 arm. 

difficult. We suggest, however ,  that, in the oxygen de- 
ficient region, l i th ium could enter  interst i t ia l  posi- 
tions, the clustering of such intersti t ials should pro-  
mote  the segregation of Li20 as the second phase, 
which is in fact observed when the solid solutions 
are invest igated in reducing atmospheres.  As this 
paper refers  only to exper iments  carr ied out in the 
range  of di lute solid solutions, we assume that  an ex-  
cess oxygen part ial  pressure does not  great ly  affect 
the composition over  the stoichiometric one. 

the system when  1 mole of LiNiO2 is t ransferred re-  
versibly f rom the le f t -hand to the r igh t -hand elec- 
trode. Thus: 

F E ----- - -  [AMG'LiNiO 2 w AMG'*LiNiO2 ] [ 6 ]  

where  AMGLiNiO 2 is the re la t ive  par t ia l  molar  free en-  
ergy of mixing of LiNiO2 in a solution of a certain 
composition x and F and E have their  convent ional  
meanings. 

Since 
A M G i  -~ G i  ~ G ~  [ 7 ]  

where  G~ is the part ial  molar  free energy of mixing 
of a component  i and Goi is the corresponding molar  
free energy, the emf  of cell [4a] becomes 

On the Measurements  of Thermodynamic  Activi ty  o5 
Dissolved Li thium Oxide 

Details of the technique and generali t ies on the 
determinat ion  of thermodynamic  functions via solid- 
state electrochemical  measurements  have been given 
recent ly  and exhaust ive ly  by Schmalzr ied (21) and 
Steele (22), and therefore  fur ther  remarks  can be 
avoided here. 

The determinat ion  of the act ivi ty ratios of Li20 
dissolved in NiO (i.e., LiNiO2 dissolved in NiO) was 
carr ied out by measur ing the emf of a cell of the type 

Pt /LiNiO2 (x2) in NiO/ in te rm.  e lec t ro ly te /  
LiNiO2 (Xl) in N iO/P t  [4] 

where  the atomic fractions (xl)  and (x2) of LiNiO2 
correspond to those of the LiO2 dissolved in the oxidic 
matr ix,  namely  

nLiNi02 n / 2 L i 2 0  
x = = [5] 

nLiNi02 -~- nNiO n / 2 L i 2 o  -~- n~  

where  nNio equals the total  number  of moles of NiO, 
and nNiO = n ~  ~ n / 2 L i 2 0 .  The difficulty to be solved 
in the operat ion of these cells is the selection of a 
suitable in termedia te  electrolyte,  and the problem be- 
comes crit ical  in the range of concentrated solutions 
(23). 

P re l iminary  exper iments  demonstra ted that  the 
voltage of a cell fitted with  (l ime) zirconia or ( lan-  
thana) thoria drops wi th  t ime to values near  zero. 
Measurements  of Li concentrat ion in the solid solution 
after  running the cell for  some days at tempera tures  
not higher  than 1000~ show that  the drop in emf is 
due to the i r revers ib le  migrat ion of l i thium from the 

F E = - -  [GLiNiO2(x2) - -  GLiNiO2(x l ) ]  
a *  1 (LiNiO2) 

- RT  ln-  [8] 
a*2(LiNiO2) 

where  the stars on the  act ivi ty  terms of Eq. [8] in-  
dicate that  these activities are measured under  a par -  
t ial  pressure of oxygen higher  than the equi l ibr ium 
one. Therefore  we use Eq. [8] wi th  the condition that  
we do not expect, according to Fig. 2, large deviations 
from stoichiometry when operat ing both electrodes of 
cells l ike [4a] at part ial  pressures of oxygen Po2 ~ P~ 
po2. This last condition will  be assumed to hold wi th in  
the range of the di lute solid solutions. The values of 
the part ial  molar  free energies of mix ing  exper i -  
menta l ly  obtained and their  differences can indeed be 
compared wi th  the corresponding values calculated a 
priori with the aid of a per t inent  model  of the solution. 

Exper imental  
Preparations of solid solutions.--Lithium doped 

nickel  oxide was prepared according to the method of 
ref. (25) which consists of the uti l ization of l i th ium 
peroxide instead of l i thium carbonate as the l i thium 
dopant. In t imate  mixtures  of nickel  oxide 6 and l i thium 
peroxide 7 were  prepared by bal l -mi l l ing  the weighed 
components in an agate mil l  wi th  nickel balls. The use 
of nickel  balls was demonstra ted to be useful in avoid-  
ing contaminat ion wi th  oxidic mater ia ls  as has been 
observed when harder  ceramic balls were  used. Pel lets  
of 1/2 in. d iameter  were  prepared with  standard ce- 
ramic methods and sintered at 1000~ in closed Pt  cru-  
cibles under  1 a tm of oxygen. X - r a y  analysis proved 
that  solid solutions are formed after  some hours. It  is 

le f t -hand compar tment  to the r igh t -hand  one, when 
X 2 >  Xl .  

Stable and reproducible  emf values were,  however,  
obtained when  using a-Li2SO4 as the in termedia te  
electrolyte,  which, according to the t ransport  number  
determinat ions  of Lunden  (24) is a purely  cationic 
electrolyte.  4 Cell [4] could be wr i t ten  as follows 

Pt /LiNiO2 (x2) NiO/ /a-Li2SO4/ /LiNiO2 (Xl) N i O / P t  
[4a] 

4 T r a n s p o r t  p r o p e r t i e s  o f  ~-Li~SO4 have  been  s tud ied  in tens ive ly  
b y  Kvis t .  A s u m m a r y  o f  his w o r k  on th is  sub jec t  is con ta ined  in  
ref .  (24his.). 

worth  noting here that  l i th ium losses due to the va-  
porization of l i th ium oxide [quoted by some authors 
(16) as the main source of l i th ium losses during the 
h igh- t empera tu re  process] must  be excluded for our 
conditions, as the part ial  pressure of l i th ium oxide is 
negl igibly small  (26). A source of l i thium losses could 

5 Which  consis ted of operating a cell  l ike [4a] w i th  sepa ra t e  com-  
p a r t m e n t s  a t  d i f ferent  pa r t i a l  p res su res  (0.001 < Po~ < 1 arm) of  
o x y g e n  in each  c o m p a r t m e n t  a n d  bo th  e lec t rodes  a t  the  same 
LiNiO~ concen t ra t ion .  

P r e p a r e d  by  t h e r m a l  decompos i t ion  of twice-c rys ta l l i zed  Ni_~SO4 
(Merck) a n d  b y  a n n e a l i n g  the  decompos i t ion  p r o d u c t  a t  l l 0 0 ~  in 
oxygen .  

Ob ta ined  f rom Alfa  Inorganics ,  Inc.  
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Fig. 3. Plot of the experimental values of atomic ratios of Li + 
(from photometric analysis) and of Ni 3+ (from electrochemical 
analysis, see text). 

be the hydrothermal  decomposition of l i th ium oxide 
to l i th ium hydroxide which has a relat ively larger 
vapor pressure (27). 

The l i thium content  in the solid solution was mea-  
sured by flame emission photometry as well  as by 
measur ing the lattice spacings (18b) at the Analyt ical  
Chemistry Division of the CCR EURATOM--ISPRA.  
The Ni 3 + content  was measured in the chloridic solu- 
t ion of the oxide (28) by the iodometric method and 
the end point determined with the dead-stop method 
in a cell fitted with Pt  microelectrodes (29). Results 
are given in Fig. 3. In  apparent  contrast  with the re-  
sults of Iida and Hayashy (15), at 25 a/o l i thium only 
a slight inflection is obtained from the l ine which in-  
dicates the expected one- to-one correspondence be-  
tween the dissolved l i th ium and t r iva lent  nickel  (i.e., 
Ni'Ni. 

E m f  measurements . - - -Emf  measurements  on solid 
galvanic cells of type [4a] have been carried out on 
cells of conventional  design, as i l lustrated in our pre-  
vious study (17), but  with a-Li2SO4 used as the in te r -  
mediate electrolyte. Directions for the use of Li2SO4 in 
a solid galvanic cell were given in a previous paper 
(30). As soon as it was demonstra ted that, wi th in  the 
range 0.155-0.522 a/o li thium, the exper imental  emf 
values fit a Nernst  plot, any  composition wi th in  this 
range was used as reference composition. The t rans-  
ference number  determinat ions in a-Li2SO4 quoted by 
Lunden  (24) indicate that  the t ransport  number  of 
Li + is one, wi thin  the accuracy of the measurements.  
After  a closer inspection of his data, we could quote 
a figure for the accuracy of about  5% over the entire 
range of tempera ture  where  the cubic modification is 
stable. 

The fact that the electrolyte works as a purely  ionic 
electrolyte was independent ly  and indirect ly demon-  
strated by fitting the emf values with an ideal Nernst  
plot (see below). Emf values were measured and re-  
corded by a digital vol tmeter  and digital recorder 
(Hewlett  Packard, Dymec System).  Exper iments  have 
been carried throughout  under  one atmosphere of pure 
oxygen. Within the entire set of experiments  described 
in this paper, the reproducibi l i ty  of the emf data is 
bet ter  than  +__5 to 10 inV. 

Results and Discussion 
The parameters  of the equations which express the 

l inear  tempera ture  dependence of the emf at different 
concentrations of l i th ium are given in Table I. The 
n u m b e r  of (E, T) points utilized for computing the a 
and b values is between 20 and 100. 

Table I. Experimental results of the emf measurements 

X z  
- -  T e m p e r a t u r e  

Xo r a n g e ,  ~ E = a + b T  ( V . 1 0  -3) 

0.233 
570-850 E = - -9 .8  -- 0 .0358T . 

0.155 
0.365 

570-850 E = - -2 .0  -- 0.0736T 
0.155 
0.522 

570-850  E = - -45 .2  -- 0 .076T  
0.155 
1.965 

570-850  E = - -55 .8  -- 0 . 2 6 0 T  
0.155 
2.874 

570-850  E = +3.3 -- 0 .367T  
0.155 
4.508 

570-850 E = --85.8 -- 0.364T 

0.155 
5.088 

570-850  E = - -28 .1  -- 0 . 403 T  
0,155 
5.265 

5'/0-850 E = - - 89 .6  -- 0 . 373T  
0.155 

The equations of Table I have been used for plott ing 
the E vs. x isotherms of Fig. 4, 5, and 6. The straight-  
line represents the Nernst  plot calculated by using the 
equation 

R T  xz 
E = In [8a] 

F x2 

where xl and x2 are the atomic ratios of l i th ium in the 
electrode compartments  calculated according to Eq. 
[5]. 

It  is apparent  that, in the tempera ture  range 600 ~ 
800~ the exper imental  points follow the (ideal) 
Nernst  plot up to about 1.5 a/o li thium. Deviations 
from the Nernst  isotherms, detectable at atomic ratios 
of l i th ium higher than  1.5%, over the entire range of 
temperatures,  can be discussed ent i rely in terms of 
the entropy of mixing, as the Arrhenius  plots of the 
log 7 va lue#  indicate negligibly small  values of the 
heat of mixing. 

Moreover, it is apparent  from Fig. 7 that the plot 
of the isothermal tempera ture  coefficient e of the emf 
(from Table I) fits, in the range of the dilute solu- 
tions, the theoretical plot calculated from the purely  

s T h e  d e v i a t i o n s  f r o m  i d e a l i t y  h a v e  b e e n  c o m p u t e d  a n d  a r e  r e -  
p o r t e d  i n  T a b l e  I I  a s  l o g  7 v a l u e s ,  w h e r e  

I n , y  = (E - -  E o )  F / R T  [91 

E i s  t h e  e x p e r i m e n t a l  v a l u e  a n d  Eo is  t h e  N e r n s t  v a l u e ,  

500 - -  

400 

300 

'~ 200  

100 

o 
10 - t  1 10 

L i  ( a t%)  

Fig. 4. Plot at 600~ of the experimental and calculated emf values 
as a function of the atomic ratios of Li +. G Experimental points, 
A from Guggenheim's formula (Eq. [11]),  [ ]  from Eq. [13]. 
Straight lines correspond to the Nernst plots. 
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Table II. Experimental values of activity coefficient and activity I! L 

/j 
/ 

> 
i 

X 

)0 

i0 

500 

400 

300 > 

m 200 

100 

0 
10 - '  

Li (at%) 

Fig. 5. Same as Fig. 4 at 700~ 

) 
X 

10 

/ 

/ I 
Li (at%) 

Fig. 6. Same as Fig. 4 at 800~ 

configurational entropy function 

--~F = R[ ln  x2 - -  ln(1 - -  x2) --  In Xl + ln(1 -- Xl) ] 
[10] 

where  Xl and x2 are  the molar  ratios of LiNiO2 in the  
cell compartments .  

To discuss convenient ly  the exper imenta l  fitting of 
the emf  data wi th  Eq. [Sa] and [10] in the  range of 
the di lute solid solutions as wel l  as the deviations from 
this " ideal"  behavior  observed at higher  concentra-  
tion, let us imagine that  9 be tween  a substi tut ional  
l i th ium site and a posit ive hole t rapped at a nickel 
position an at t ract ion of coulombic nature  exists that  
gives rise to a nonnegligible  concentrat ion of ion pairs 
L i ' N i -  Ni'Ni. In order to look at the influence of ion 
pairing on the thermodynamics  of the system, we con- 
sider first the  mix ture  as an a thermal  solution, accord- 
ing to the t rea tment  of Fowler  and Rushbrooke (31) 
for a thermal  nonideal  mixtures.  We will,  however ,  use 
Guggenheim's  (32) method to calculate the configu- 
rat ional  f ree  energy of mixing and thereaf te r  the log 
7 values, by assuming that  the solution is a mix tu re  of 
two kinds of molecules (str ict ly speaking, ions),  one 
( = N i  2+) which occupies one single latt ice position, 
and a second one (i.e., L i + - N i  3+) which occupies two 
nearest  neighbor positions. 

So f a r  w e  c o u l d  a s s u m e  t h a t  t h e  l i t h i u m  c o n c e n t r a t i o n  i s  so low 
t h a t  w e  c o u l d  e x c l u d e  t h e  p r e s e n c e  of a l i t h i u m  as  n e a r e s t  n e i g h -  
b o r  or  n e x t - n e a r e s t  n e i g h b o r  of a n i c k e l  ion  of a N i ' N l - L i ' ~ i  p a i r  
c h o s e n  as t h e  c e n t e r  o f  t h e  sy s t em.  O n l y  t h e  c a t i o n i c  s u b l a t t i c e  is 
considered here. 

T = 8 7 3 ~  

L i  a / o  log "y ~/ 'yx "tr.* 

1 0.014 1.03 0.010 
2 0.088 1.22 0 .024 0.021 
3 0.147 1.40 0.042 0.043 
5 0.279 1.90 0.005 0.099 
7 (0.376) (2.37) (0.166) 0.157 

T = 9 7 3 ~  

L i  a/o log 2' ~' "yx '~tr.* 

1 m 
2 0.077 1.19 0.023 0.021 
3 O. 155 1.43 0.042 0.043 
5 0.285 1.93 0.096 0.099 
7 (0.389) (2.45) (0.171) 0.157 

T = 1073~  

Li a /o  log ~' ~ ~ x  ntr.* 

1 
2 0.082 1,20 0.024 0.021 
3 0.117 1.31 0.039 0.043 
5 0.258 1.81 0.090 0.099 
7 (0.353) (2,25) (0.158) 0.157 

* T h e  t r i p l e t  c o n c e n t r a t i o n  , , t r .  w a s  c a l c u l a t e d  a c c o r d i n g  Eq.  [13] .  

The absolute activities ratios which resul t  are 

~' N'2(N"2 + N"l/2) 
i, 2~ 2+N'1/2) 

[ (N'2+N'I/2) N"2+1~"z/2]'/2"q [11] 

(N"2 + N"1/2) N'2 + N'I/2 

where  N1 is the re la t ive  number  of Ni 2+ ions, N2 is 
the re la t ive  number  of (Ni ~+ --  Li  +) couples, n is the 
coordination number  (which for a face-centered  cube 
is 12) and q could be calculated by the following 
equation 

1/2 n (2 - -q )  = 1 

which  str ict ly holds for a mix tu re  of monomers  and 
dimers. The t r iangles  in Fig. 4, 5, and 6 show the cal- 
culated emf values. 

It appears that  at the lowest and in termedia te  con- 
centrat ions the Nernst  plot (Eq. [8a]) and the 
a thermal  mix tu re  plot (Eq. [ I l l ) p r a c t i c a l l y  coincide, 
whereas  at the higher  concentration, where  the de- 

3 

0J ! l 
10 "1 1 10 

atY. Li 

Fig. 7. Plot of the isothermM temperature coefficient vs. the 
lithium concenhatian. A Calculated according Eq. [10], �9 ex- 
perimental points. 



Vol .  116, No.  7 L I T H I U M  O X I D E - N I C K E L  O X I D E  S Y S T E M  919 

Table III. Ratios of Ni ions 

F r a c t i o n  of  n i c k e l  a toms  h a v i n g  
L i  a / o  r L i  a t o m s  as n e a r e s t  n e i g h b o r s  

r = 0  r = l  r = 2  

0.15 0.98 0.019 0.0002 
2.0 0.784 0.194 0.021 
3 0.693 0.260 0.043 
5 0.540 0.344 0.099 
7 0.418 0.381 0.157 

10 0.282 0.378 0.231 

viations from the "ideal" behavior  appear far from 
negligible, the proposed model accounts only for a part  
of the deviation. The activity of the solution is there-  
fore not s imply determined by the configurational 
energy terms of Eq. [11]. 

A closer approach could, however,  be obtained by 
considering that, when the solution becomes more 
concentrated, it is no longer possible to exclude the 
presence of other l i th ium ions as nearest  neighbors of 
a nickel ion in  a Ni'Ni-Li'Ni pair. To take this fact into 
account, we have reported in Table III  the ratios of 
Ni ions in  solution having zero, one, or two l i thium 
ions as nearest  neighbors. The calculations have been 
accomplished by considering that, for n = 12, the 
coordination number  for a fcc structure, the fraction 
XA of the nickel ions having 12 nickel ions as nearest  
neighbors is 

XA : (1 M x ) 1 2  [12] 

and the fraction XA r of the nickel ions having r l i th ium 
ions as nearest  neighbors is 

nB! (N - -  riB) ! 

r! ( n s - - r ) !  ( n . - - r ) !  ( N - - r i B - - n - l - r ) !  
XA r [13] 

N~ 

n! ( N - -  n) 

where nB is the n u m b e r  of l i th ium ions in a system of 
dimension N, (here N ---- 1000), n ---- 12 is the d imen-  
sion of the sample removed from the system (i.e., the 
dimension of the first coordination shell),  N is ob- 
viously the sum of the elements of type A and type B, 
and r, as before, is the number  of elements of type B 
which are assumed to be contained in a sample of n 
elements. In  Fig. 4, 5, and 6 we have plotted the emf 
values calculated as 

R T  X'l 
E . . . . .  [8b] 

F x% 

where x'  is the atomic ratio of the nickel ions having 
at least two l i thium ions as nearest  neighbors and x o 
is the molar  ratio of l i th ium in the reference compart-  
ment. It appears that the theoretical points fit the ex- 
per imenta l  curve quite well  in  the range  of the devia-  
tions from the ideal behavior. 

Moreover, in  Table II, the exper imental  v values 
are used to calculate the fraction of the electroactive 
species vx. 

This fraction is compared with the figures for 
tr iplet  concentrat ion reported in Table III. It  is 
apparent  that  there is a reasonable agreement  at 
atomic ratios of l i th ium higher than  3%. We should 
therefore conclude that, even at higher concentra-  
tions, purely  configurational energy terms describe 
the thermodynamics  of the solution. It  is out of the 
scope of this paper to discuss the solution in terms of 
nonthermodynamic  properties and to define the na-  
ture  of the electroactive species. It  appears, however, 
from our results and others that  the presence of Li -Ni-  
Li triplets affects the thermodynamics  of the solution 
as well  as the electrical conductivi ty and the activa- 
t ion energy for the electrical conductivity. Both func-  
tions, in fact, are known (4, 5, 8) to show a sharp 
discont inui ty  in the same concentrat ion range where 
the emf plot deviates from the Nernst  plot. 
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APPENDIX 
The use of a tr iplet  concentrat ion function as a 

measure of the LiNiO~ activity does not mean  that  
we identify a part icular  array of ions in the lattice 
with a chemical species, such as LiNiO2. We may, 
however, show that  the ident i ty  of the funct ional  
t rends (the exper imental  emf vs. the concentrat ion 
and that  derived from introducing in the Nernst  
equation the concentrat ion of the triplets) has a 
physical basis. 

Without enter ing the problem of charge t ransport  
in NiO and related oxides (pure and doped), ac- 
cording to Heikes (34, 34bis) and Van Houten and 
Bosman (35) nickel sites with more than  one 
l i th ium as nearest  neighbor should act as t rapping 
centers for electron holes. At high l i thium concen- 
t ra t ion we quote the relative probabil i ty  of the oc- 
currence of this configuration with the activity of 
the solute, whereas at low l i th ium concentrat ion 
where only isolated Li'Ni-Ni'Ni pairs exist, we are 
allowed to quote the atomic ratio of l i th ium as the 
activity of the solute. 
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Diffusion of Radiotracer Ions in a 
Cation-Exchange Membrane 

W. J. McHardy, 1 P. Meares, and J. F. Thain 2 

Chemistry Department, The University, Old Aberdeen, Scotland 

ABSTRACT 

The tracer diffusion coefficients of Na +, Cs +, Sr ~+, and B r -  in a homo- 
geneous cat ion-exchange membrane  have been measured in the homoionic 
counter ion states over the external  solution concentrat ion range 0.00541.0 
equiv/ l i te r  and in the Na + + Cs + and Na + -{- Sr 2+ heteroionic counter ion 
states over the whole equivalent  fraction range at 0.02 and 0.10 equiv / l i te r  
total external  concentration. Steady-  and t rans ient -s ta te  permeat ion and dif- 
fusion techniques have been used. The results show that  the resin mater ia l  is 
essentially uni form apart  from a small  volume of mater ia l  of low crosslinking 
which forms a labyr in th ine  ne twork  in terpenet ra t ing  the main  structure.  
This labyr in th ine  network is impor tant  main ly  in the diffusion of B r -  at low 
external  concentrations. In concentrat ions above about 0.02 equiv/ l i te r  the 
diffusion coefficient DBr of B r -  does not vary  greatly either with concentrat ion 
or with counterion type. DBr is greatest in the Cs + state and least in the Na + 
state. These observations and the way in which DBr varies with the equivalent  
fraction of the counterions in the heteroionic states can be explained by con- 
sidering the expected frictional interactions between B r -  colons and the 
counterions and by the influence of the local variat ions in electric potent ia l  
on the movements  of the ions. 

The diffusion coefficients of all the counterions increase as the external  
concentrat ion is increased. When these diffusion coefficients are compared with 
the diffusion coefficients in aqueous solutions Na + is seen to be the least re-  
tarded in the membrane  and Sr 2+ the most retarded. The observed behavior  
can be understood qual i ta t ively in terms of the relat ive roles of "chain" and 
"volume" diffusion as suggested by Jakubovic et al. (20). A quant i ta t ive  
theory of these mechanisms has not been developed, but  the relevance of 
theoretical t rea tments  of the effects of electric potentials on counter ion mo-  
bilities in polyelectrolyte and micellar  solutions is pointed out. When the 
membrane  is in a heteroionic state the diffusion coefficients of both counter-  
ions decrease when  the equivalent  fraction of Na +, the thermodynamica l ly  
nonpreferred ion in each mixture,  is increased. This behavior  is consistent 
with the mechanism of diffusion discussed above and with the expected dis- 
t r ibut ion of the counterions in a heteroionic state of an exchanger which 
has the s t ructure  deduced from the behavior  of the B r -  ions. 

Although several  studies of the diffusion of radio-  
tracer ions in ion-exchange membranes  have been 
made dur ing  the past fifteen years (1) several aspects 
of diffusion, re levant  to electrodialysis, are still in -  
completely understood. These include the effects of ion 
valency, solution concentration, and temperature.  F u r -  
thermore, very few measurements  have been made on 
membranes  containing a mix ture  of counterions al-  
though this is the condition most often met  in practice. 

In  the present  study, in order to throw some light 
on these problems, the diffusion of the coions and of a 
series of three counterions, singly and in pairs, in a 
so-called "homogeneous" phenol-sulfonic ca t ion-ex-  

Present  address:  Macaulay Inst i tute  for Soil Research, Craigie- 
buckler,  Aberdeen,  Scotland. 

~Present  address: School of Bio logica l  Sc iences ,  Univers i ty  of 
East Anglia, Norwich, England. 

Key  words:  diffusion, permeat ion,  t racer,  radioact ive,  ion, ion- 
exchanger ,  cation, cat ion-exchanger ,  charged,  membrane ,  

change membrane,  Zeo-Karb 315, have been ex-  
amined under  strictly comparable conditions. 

Another  reason for under tak ing  the work was that  
when Spiegler (2) published his fr ict ional t rea tment  
of t ranspor t  in ion-exchange membranes  he also sug- 
gested a simple, though approximate,  method of esti- 
mat ing  all the frictional coefficients from a l imited 
amount  of exper imenta l  data which included tracer 
diffusion coefficients. Spiegler 's scheme has never  been 
given a well-defined test al though his approximations 
have been criticized several t imes (3, 4). The data 
given in this paper have been obtained in the course of 
collecting sufficient data to use Spiegler 's method. 
Subsequent  papers will  deal with the measurement  
and in terpre ta t ion of the other t ransport  properties 
required and with the evaluat ion of the frictional 
coefficients. 
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Experimental Methods 
Permeation method.--Most of the data given here 

were  obtained by studying the rates of t ransfer  of 
radiotracer  ions from one solution phase through the 
membrane  into a second solution phase of the same 
chemical  composition as the first and ini t ial ly at zero 
specific radioactivity.  This permeat ion method is well 
known, and an ear ly  version of the authors '  apparatus 
has been described a l ready (5). Later  developments  
in the apparatus and technique have also been pub-  
lished (1). 

The ent i re  apparatus was enclosed in an air ther -  
mostat  and, in addition, water  at a constant t empera -  
ture was circulated continuously through coils im- 
mersed in the solution reservoirs.  In this way the 
exper imenta l  t empera tu re  was controlled to _+0.1~ 

A f low-type Geiger-Mfi l ler  tube was used as the 
radiat ion detector  to moni tor  continuously the act ivi ty 
of the outgoing solution when ~-emit ters  were  being 
used. When ~/-emitters were  used the solution was 
circulated around an encapsulated scintil lation crystal  
at tached to a photomult ipl ier .  

The usual circulat ion ra te  of the solutions through 
the diffusion cell was 1.5 l i ter /rain.  This produced a 
rapid flow across the membrane  faces. Increasing and 
decreasing the flow rate  be tween 2.0 and 1.0 l i ter / ra in  
had almost no effect on the  ion fluxes. On this test the 
ion t ransport  was apparent ly  membrane-cont ro l led ,  
but  exper iments  using several  membranes  which dif-  
fered only in thickness showed that  corrections w e r e  
needed for boundary processes in order to obtain the 
t rue coefficients of homogeneous diffusion in the m e m -  
brane. These corrections were  made by the wel l -es tab-  
lished method of t reat ing the  boundary processes as 
though they were  due to stagnant  solution films at 
the interfaces (6, 7). The effective thickness of the 
stagnant  layers was found to be 16 • lu in one dif-  
fusion cell and 20 ___ 1~, in another.  It appeared to be 
insensit ive to the nature  of the  counterions and to 
small  var iat ions in the circulat ion rate  of solution. 

The thickness of the membrane  was an appreciable 
fraction of its exposed diameter  and an edge correc-  
tion was needed to calculate the effective area avai l -  
able for ion transport.  This correction was applied by 
the method  of Barrer ,  Barrie,  and Rogers (8). In our 
system it amounted to about 2% of the total  area. 

Three  methods were  used to evaluate  diffusion co- 
efficients f rom the permeat ion rates. Whenever  pos- 
sible a pseudosteady state of permeat ion was estab- 
lished. The rate  of permeat ion  was then obtained from 
the slope of the pen- recorder  t race of the radioac- 
t iv i ty  of the outgoing solution vs. time, the volume 
of that  solution and the ratio of the specific activities 
of the ingoing and outgoing solutions at a known time. 
This method was especially appropriate  when using 
modera te ly  concentrated solutions. 

When a pseudosteady state could be obtained dif-  
fusion coefficients could also be obtained f rom the 
t ime- lag  method. An equation for calculat ing D from 
the t ime lag in the presence of boundary layers is 
available (9). The t ime lag, as measured on the pen-  
recorder  t race of the r a t e -me te r  output, was obtained 
direct ly in our experiments .  This had to be corrected 
by subtract ing f rom it the integrat ing t ime of the ra te  
meter .  The method was most accurate for re la t ive ly  
slowly diffusing ions since the t ime lag was then large 
compared with  the integrat ing t ime of the rate  meter  
and also wi th  the operat ional  uncer ta in ty  about the 
zero of t ime in an experiment .  

When using dilute ex terna l  solutions the amount  of 
diffusate in the solution reservoirs  was often smaller  
than the amount  in the membrane  on account of its 
re la t ive ly  high exchange capacity. A steady state of 
permeat ion could not then be approached and an 
S-shaped permeat ion curve was obtained. The dif-  
fusion coefficient was evaluated from this curve by 
using an appropriate  solution of the diffusion equa-  
tion (10) which has been discussed in ref. (1). When 

using this nonsteady method the correct ion for bound-  
ary processes is less wel l  understood. Here  the method 
used was the same as wi th  the steady permeat ion ex-  
periments.  

In order to evaluate  the diffusion coefficient in the 
membrane  f rom the permeat ion rates thermodynamic  
equi l ibr ium was assumed to exist  be tween the solu- 
tions and membrane  resin at the faces of contact. Ex -  
tensive measurements  had to be made of the sorption 
of colons and, in e lectrolyte  mixtures,  of the distr i-  
butions of the counterions to de termine  these equi -  
l ibr ium conditions. The results of these exper iments  
have been published e lsewhere  (11). 

Nonstationary method.--The permeat ion method was 
not suitable for s tudying the diffusion of mul t iva len t  
counterions when  in very  dilute solution and in the 
presence of a larger  amount  of univalent  counterions 
because the mul t iva len t  ions are so strongly absorbed 
by the membrane.  In these circumstances measure-  
ments were  made by using an adaptat ion of the 
method (12) in which the movement  of the t racer  
along a strip of membrane  is followed. It  had p re -  
viously been established by electrical  conductance 
measurements  that  the membranes  were  isotropic so 
that  measurements  could be made in any convenient  
direction. 

A strip of membrane  (4 x 1 x 0.1 cm) was equi l i -  
brated with the requi red  solution and mounted on a 
Perspex sheet so that  half  of the strip was covered 
and sealed by plasticine and plastic tape. The edge 
of the Perspex sheet lay at r ight  angles to and half  
way along the length of the strip of membrane.  The 
assembly was clamped ver t ica l ly  wi th  the uncovered 
part  of the strip immersed in a beaker  of the requi red  
solution unti l  equi l ibr ium was assured. The appro-  
priate radiotracer  was then added to the solution 
which was st irred for 2 hr. This was long enough to 
obtain a uni form distr ibution of t racer  in the un-  
covered part  of the strip wi thout  seriously b lurr ing 
the boundary be tween the  labelled and unlabel led 
halves of the strip. 

The membrane  strip was then removed  from the 
Perspex sheet, r insed quickly with  unlabel led solution, 
blotted, and mounted  in a groove in a Perspex block 
into which it  fitted tightly. Smal l  wel ls  in the block 
at the ends of the membrane  groove were  filled with  
the inact ive solution so that  the ionic concentrat ions 
and water  act ivi ty  in the strip remained constant. The 
Perspex block was then covered by a thin imperme-  
able polystyrene sheet (Polyglaze)  to prevent  evap-  
oration and set in a closed plastic re f r igera tor  box con- 
taining a l i t t le of the equi l ibrat ing solution so as to 
provide the correct a tmosphere  to prevent  drying out. 
This box was then left in the air thermosta t  for the 
diffusion profile to develop. 

At  intervals  the Perspex block was removed from 
the box and the distr ibution of the t racer  de termined  
by placing the block on a ca~friage dr iven by a mi-  
c rometer  screw under  a wel l - sc reened  end-window 
Geiger-Mil l ler  tube. Radiation f rom the strip entered 
the Geiger-Mfi l ler  tube through a coll imating slit 
7 x 0.5 mm in a lead shield 6 mm thick (89 Sr, a pure  
fl-emitter,  was used in these exper iments ) .  Counting 
was carr ied out inside the air thermosta t  and the ac- 
t iv i ty  was de termined  at a series of wel l -def ined 
points along the strip. 

These nonstat ionary exper iments  lasted from four 
to seven days and a series of radioact ivi ty  de te rmi-  
nations required about 30 rain. The mean t ime t of the 
series of determinat ions was recorded. The spread of 
the act ivi ty  observat ion t imes about this mean t ime 
was insignificant after the run  had been in progress 
for about two days. 

If an init ial ly sharp boundary had existed between 
unlabel led (radiocount ra te - - - -0)  and labelled (radio- 
count rate  ~ mo) parts of the strip then at a subse- 
quent  t ime t, too short for interdiffusion to have pro-  
ceeded as far as the ends of the strip, the count ra te  
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m is given as a function of distance x from the init ial  
boundary  by 

- = - -  1 - - e r r  [1] 
mo 2 

where  D is the diffusion coefficient (13). 
In practice the absolute values of t and x were  not 

known wi th  precision. F rom a series of readings of 
m/mo vs. the micrometer  reading r, where  

r : x -{- a [2] 

and a is a constant of the apparatus,  a series of values 
of (x2/4Dt)1/2 were  obtained by using error  function 
tables. These values were  plotted against r and a 
straight  l ine was obtained of slope (4Dt) - ] /~  f rom 
which the apparent  D at t ime t was obtained. As t 
increases the effect of the uncer ta in ty  in the zero 
t ime becomes less. Hence a graph was plotted of each 
apparent  value of D against  1/t and extrapola ted to 
the D-axis  (1/t = 0). The intercept  on this axis gave 
the t rue  value  of D. 

Experimental accuracy.--Since t ransport  and equi-  
l ibr ium data had to be combined and several  correc-  
tions to be applied, it is not easy to make  an est imate 
of the over -a l l  accuracy of the diffusion coefficients. 
For  various reasons radiocounting under  ordinary  
conditions is not a highly accurate procedure. This 
factor probably l imited the at tainable accuracy of 
our measurements  to •  The desirabil i ty of keeping 
the in tegra t ing t ime of the rate  me te r  to a m in im um  
caused wide  statistical fluctuations on the pen re -  
corder trace. To el iminate  the effect of these a set 
of mean points was obtained by integrat ing under  
sections of the act ivi ty  vs. t ime trace wi th  a p lani -  
meter.  S teady-s ta te  slopes were  de termined  by d raw-  
ing a line through this set of mean points. The slope 
of this l ine was taken as giving the steady pe rmea-  
t ion ra te  re la t ive  to the act ivi ty  of the  ingoing solution 
half  way through the experiment .  No depar ture  f rom 
a l inear recorder  t race was noticed provided the out-  
going act ivi ty  at the end of a run  did not exceed 2% 
of the ingoing activity.  

When the final outgoing act ivi ty  was greater  than 
2% of the ingoing act ivi ty  Crank's  method (10) was 
used to t rea t  the data. In the border - l ine  region both 
methods of calculation were  t r ied  and they gave 
results which agreed to wi th in  ___2%. 

The t ime- lag  method was most useful in the study 
of Sr  2+ and gave results which agreed satisfactori ly 
wi th  those f rom permeat ion measurements .  

Measurements  on Sr 2+ in dilute mix tures  of NaBr 
q- SrBr2 were  mostly made by the strip method. A 
direct comparison between this and direct permeat ion 
measurements  in pure  SrBrs at 0.02 equ iv / l i t e r  gave 
diffusion coefficients which differed by only 2%. This 
observat ion const i tuted evidence also for the val id i ty  
of the correction for boundary  processes in pe rme-  
ation exper iments  since such processes do not affect 
the strip method. 

This correction for boundary  processes was very  
impor tant  when studying counterions in dilute solu- 
tions. In the  worst  cases it amounted to 25% of D and 
a small  er ror  in the thickness of the hypothet ical  stag- 
nant  layer  would have  had a serious effect on the cor-  
rected value  of D. Al though the physical picture of 
s tagnant  l iquid films at the membrane  faces is in-  
accurate, the method of correction is val id provided 
the boundary  regions behave  as layers  across which 
t ransport  obeys Fick's  first law of diffusion and into 
which sorption f rom the st i rred solutions obeys 
Henry ' s  law. 

Errors  in D would also arise f rom errors in the 
equi l ibr ium data re la t ing  the composition of the m e m -  
brane to that  of the solution. These errors were  p rob-  
ably most serious in measurements  on colons in ve ry  
dilute solutions, where  spuriously high sorbed con- 
centrat ions (the expected direct ion of any exper i -  

menta l  error)  would give low values of the diffusion 
coefficient. Measurements  on counterions in mixed 
electrolytes were  most liable to er ror  when the m e m -  
brane contained re la t ive ly  l i t t le of one kind of 
counterion because the ion-exchange  equil ibria  were  
then difficult to s tudy accurately.  

In comparison wi th  the  errors discussed above the 
uncertaint ies  in the physical  dimensions of the ap- 
paratus and membrane  and in the concentrat ions of 
the solutions were  unimportant .  It is est imated that  
diffusion coefficients interpolated from smooth curves 
d rawn through the data on any given membrane  + 
solution system were  wi th in  3% of the t rue  values. 

Materials and Results 
Membranes.--Zeo-Karb 315 (Permut i t  Company 

Ltd.) is a phenol ~ formaldehyde condensate m e m -  
brane with  fixed ions --CH2SO3- on a proport ion 
(about 1/5) of the aromatic rings. The exchange ca- 
pacity, water  content, and swollen dimensions of the 
membranes  were  de termined  in each solution studied. 
Only a small  number  of membranes  were  used and 
these analyt ical  propert ies  agreed between different 
membranes  to wi thin  bet ter  than 1%. 

Data on the ionic equi l ibr ia  be tween the membranes  
and solutions have been published (11) ; a few data are 
given in Table I. 

Electrolytes.--Solutions were  prepared f rom dried, 
pure NaBr, CsBr and SrBr2. They were  made up on 
the  molar  scale at 25~ using deionized water  and 
regular ly  checked by t i t ra t ion against s tandard 
AgNO3. The radio- t racers  22Na +, 134Cs +, 89Sr 2+, and 
82Br-  were  obtained f rom the Radiochemical  Centre, 
Amersham.  They were  conver ted when desirable to 
the appropr ia te  salt by passing through ion-exchange 
columns. 

Diffusion coefficients.--In calculat ing the diffusion 
coefficients f rom the exper imenta l  data appropriate  
al lowances were  made  for dimensional  and concentra-  
t ion changes in the membrane  which resul ted from 
changes in swelling, coion sorption, and ion-exchange 
equi l ibr ia  wi th  the different ex te rna l  solutions. The 
t racer  diffusion coefficients are expressed in cm~ sec-1 
re la t ive  to the membrane  as fixed reference.  Correc-  
tions due to differences in mass be tween  the inactive 
and t racer  ions were  neglected. 

The diffusion of the cation and B r -  were  studied 
with  the membrane  in equi l ibr ium wi th  NaBr be tween  
0.005 and 1.00M, wi th  CsBr be tween  0.005 and 0.10M, 
and with  S r B r 2 b e t w e e n  0.0025 and 0.50M. 

All  three  mobile ions were  studied over  the whole 
equivalent  fract ion range of mix tures  of NaBr  -~ 
CsBr and of NaBr  -{- SrBr2 at 0.02 and 0.10 e q u i v /  
l i ter  total  concentration. 

Most measurements  were  made at 25~ and a few 
exper iments  were  carr ied out at 15 ~ and 35~ to de-  
te rmine  apparent  act ivat ion energies for diffusion. 
Strictly, these were  act ivat ion energies for pe rmea-  
tion because they  included also the heat  of ion sorp- 
tion but, wi th in  our exper imenta l  accuracy, sorption 
was not affected by t empera tu re  in this range (14). 

Discussion 
Coions.--The coions are electrostat ical ly repel led by 

the fixed charges. They must  be expected to make  
re la t ive ly  few direct contacts wi th  the polymeric  
ma t r ix  of the membrane  and to diffuse in an envi ron-  

Table I. Properties of Zeo-Karb 315 membranes per gram of 
No + form fully swollen in water 

E x c h a n g e  capac i ty ,  W e i g h t  of 
m e q u i v  Volun'Je, c m  ~ wate r ,  g 

0.486 0.887 0.665 

Details of variations with solution concentration and type of 
counterion are given in ref. (11). 
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ment  main ly  of water  molecules. However,  because 
of the bu lk  and electric potential  of the matrix,  they 
may be forced to follow more tortuous paths than 
those taken by ions diffusing in an aqueous solution of 
a simple electrolyte. 

The colons must  also interact  with the counterions 
by which they are electrostatically attracted. The 
extent  of these interactions depends on the na ture  of 
the counterions through their  size, charge, and degree 
of hydration,  and also on the local concentrat ions of 
the eounterions and colons. These local concentrat ions 
are controlled in par t  by the extent  to which the 
counterions approach, or are bound by, the polymer 
chains and fixed charges and in par t  by the un i formi ty  
of the polymer network. The Donnan  exclusion effect 
causes the coions to be most concentrated in those 
regions of the membrane  where the fixed charge den-  
sity and hence the counter ion concentration, are lower 
than  average. 

With these considerations in mind  it is possible to 
unders tand  the diffusion characteristics of the colons 
as shown in Fig. 1-5. In  Fig. 1 the diffusion coefficient 
DBr in the membrane  is plotted against the concentra-  
tion of the external  solution. It can be seen that  at 
concentrat ions above 0.05 equiv/ l i te r  the var iat ion of 
DBr with increasing concentrat ion is slight in  each 
electrolyte and scarcely greater than  the exper imental  
uncer ta inty.  Below 0.02 equiv/ l i te r  DBr decreases in 
the Na + and Cs + forms of the membrane  though not, 
apparently,  in  the Sr ~+ form. 

If the resin were t ru ly  homogeneous, the tortuosity 
of the diffusion pathways followed by the coions 
should be scarcely al tered by the changes in the swell-  
ing of the resin which were very  small  over the 
concentrat ion ranges studied. A simple relat ion be-  
tween the degree of swelling and the diffusion coeffi- 
cient in a homogeneous gel has been deduced earlier 
(15). I t  is 

D = Do 2 ~ vw [3] 

where vw is the volume fraction of water  in the swol- 
len gel and Do the diffusion coefficient of the ion in  
free aqueous solution. This equation takes into account 
only the effect of the bu lk  of the polymer mat r ix  on 
the tortuosity of the diffusion paths. It  predicts .~7.5 
x 10 -6 cm 2 sec -1 for DBr in the membrane  examined 
here. 

Figure 1 shows that  above 0.05 equiv / l i te r  D~r lies 
between 7.5 and 9.3 x 10 -s. This suggests that  the 
membrane  does not depart  greatly from the homo- 
geneous gel structure. The largest value of DBr could 
be accounted for by setting vw equal to 0.80 instead of 
of to its over-a l l  average value of 0.75. This deviation 
may not  be significant in view of the inexact  the-  
oretical basis of Eq. [3]. It is in the expected direction 
because the coions tend to be concentrated into those 
regions of the resin where  the fixed charges are least 
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Fig. 1. Diffusion coefficient of Br - ,  Dp.r, in Zeo-Karb 315 at 
25~ as a function of external solution concentration, c 
equiv/liter. I~ ,  membrane in Cs + form; O,  membrane in Sr ~+ 
form; C), membrane in Na + form. 
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Fig. 2. Diffusion coefficient of Br - ,  DBr, in Zeo-Karb 315 at 
25~ as a function of logarithmic bromide concentration in the 
membrane, ~ equiv/liter. ~ ,  membrane in Cs + form; O,  mem- 
brane in Sr 2§ form; Q ,  membrane in Na + form. 

concentrated and these are the regions least obstructed 
by polymer chains. 

The in terna l  concentrat ion of the coions must  be 
the main  variable which controls the changes in DBr 
with the concentrat ion of the external  solution. In  
Fig. 2 DBr is plotted against the logari thm of the con- 
centrat ion of coions in  the resin. It may be seen that 
Dsr scarcely alters over the range in which the con- 
centrat ion of B r -  in the resin is decreased from 5 x 
10 -1 to 5 x 10 -2 equiv/ l i ter .  The most extended con- 
centrat ion range was covered with the membrane  in 
the Na + form. Here, lowering the coion concentrat ion 
by a fur ther  factor of a hundred  from 5 x 10 -~ to 
5 x 10 -5 equiv / l i te r  lowers DBr by about 30%. 

In  their  cation exchanger Glueckauf and Watts (16) 
observed a steady decrease in DBr by about fivefold 
over the concentrat ion range  of coions which we have 
studied. In a detailed analysis of the s t ructure  of their  
resin Glueckauf  (17) showed that  the distr ibution of 
fixed charge density, and hence of the coions, was very 
nonuniform.  By comparing our data qual i ta t ively with 
theirs the conclusion may be d rawn that  in our res in  
the distr ibution of the coions is not far from uniform 
and the polymer ne twork  s t ructure  basically homo- 
geneous. However, there appears to be a small  vol- 
ume of mater ia l  with a fixed charge densi ty consid- 
erably lower than  the average. The labyr in th ine  in-  
terconnection of these regions of low fixed charge 
density throughout  the membrane  creates a ne twork  
of channels  which in terpenet ra te  the ma in  structure. 
At low external  concentrat ions the bromide coions are 
situated main ly  in these regions and hence they diffuse 
along routes of greater than  average tortuosity. This 
view of the resin s tructure is consistent also with an 
analysis of the bromide ion uptake  data (18). At higher 
external  concentrat ions the contr ibut ion of this low 
fixed charge densi ty ne twork  to the colon t ransport  is 
small, and its influence on the counterion transport  is 
probably  always negligible. 

Figure 2 also shows that at any given coion concen- 
t ra t ion the value of DBr depends on the na ture  of 
the cations. It  increases in the order Na + < Sr 2+ < 
Cs +. The Na + form of the membrane  has the largest 
volume and water  content  and the Cs + form the smal l -  
est. If swelling changes were causing differences 
between DBr with the different counterions then DBr 
would be expected to vary  in the reverse direction 
from that  observed. However this factor is probably  
un impor tan t  because the variat ions in the water  con- 
tent  and volume of the swollen resin with its cationic 
form do not exceed 2%. 

It is doubtful  also whether  differences between the 
demands of the different cations on the available water  
for their  hydrat ion shells were important .  In  every 
case when in di lute solution there were more than 
seventy water  molecules per  counter ion in the resin 
whereas DBr scarcely changed in any given cationic 
form when, with the en t ry  of the sorbed electrolyte at 
higher concentrations, the number  of water  molecules 
per cation was decreased from 70 to 30. 
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Table II. Energies of activation E for ion permeation and diffusion 
in Zeo-Karb 315 

J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  

C o n c e n t r a t i o n  E 
I o n  c ( e q u i v / l i t e r )  k c a l / m o l e  

B r -  0.05 (Na+ f o r m )  4.2 
B r -  1.0 (Na+ f o r m )  4,7 
B r -  0.005 (Sr  2+ f o r m )  4.1 
B r -  0.5 (St2+ fo rm}  4.0 
Na+ 0.1 5.6 
Cs+ 0.05 4.8 
Sr2+ 0.02 4.6 
Sr=+ 0.1 4.9 
S r  s+ 1.0 4.0 

The order of the cations in which D B r  increases is 
also the order  of increasing thermodynamic  affinity of 
the resin for the counterions (11). It seems l ikely 
therefore  that  the fr ict ional  interact ion between the 
colons and water  does not  depend on the nature  of 
the counterions, but  the interactions be tween the co- 
ions and counterions do so depend. These interactions 
produce the differences be tween DBr in the different 
cationic forms of the resin. 

This dependence could arise in two closely in ter -  
connected ways. The thermodynamica l ly  more  pre-  
ferred counterions should on the average be found 
closer to the polymer  mat r ix  on account of their  
s t ronger  interact ion wi th  it. Thus they would offer 
less physical  obstruction to the diffusing coions which 
tend to avoid the fixed charges. If the univalent  
counterions were  paired wi th  the fixed charges, the 
local electric potent ial  in the regions most f reely  ac- 
cessible to the coions would  be more  near ly  uni form 
than if the counterions and fixed charges were  largely 
independent  in location. Such ion-pair ing,  even on a 
loose t ime-ave rage  basis, would  therefore  minimize 
the electrostatic energy barr iers  met  by the diffusing 
coions. 

Informat ion on energy barr iers  is f requent ly  sought 
f rom energies of activation. Table II lists the ap- 
parent  energies of act ivation for diffusion calculated 
from the data in Fig. 3. The accuracy of these energies 
of act ivat ion is not bet ter  than _+ 0.2 kcal /mole .  The 
activation energy for B r -  diffusion in the Na + form of 
the membrane  appears to be significantly greater  than 
that  in the Sr  2+ form. This observation correlates 
satisfactorily wi th  the suggested greater  interact ion 
between colons and counterions in the Na + form, 
especially at higher  concentrations, when  the counter-  
ions are interact ing only weakly  with  the matr ix.  In 
both forms of the membrane  the energy of act iva-  
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Fig. 3. Effect of absolute temperature T on diffusion coefficient 

D of various ions in Zeo-Karb 315. Line 1, DBr in Sr 2+ form at 
c ~ 0.005 equiv/liter, 2,. DBr in Sr 2+ form at c ~ 0.5 equiv/liter, 
3, Dsr in No + form at c ~ 1.0 equiv/liter, 4, DBr in Na + form 
at c z 0.05 equiv/liter, 5, Des at c z 0.05 equiv/liter, 6, DNa 
at c ~ 0.1 equiv/liter, 7, Dsr at c z 1.0 equiv/liter, 8, Dsr at 
c z 0.1 equiv/liter, 9, Dsr at c ~ 0.02 equiv/liter. 
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Fig. 4. Diffusion coefficient of Br - ,  DBr, in Zeo-Karb 315 at 
25~ containing Na + and Cs + ions plotted against equivalent 

fraction of Na + ions in the membrane, XNa. C), 0.02 equiv/liter 
Br -  in external solution; F1, 0.10 equiv/liter Br -  in external solu- 
tion. 
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Fig. 5. Diffusion coefficient of Br - ,  DBr, in Zeo-Karb 315 at 

25~ containing Na + and Sr 2+ ions plotted against equivalent 

fraction of Na + ions in the membrane, ~ a .  � 9  0.02 equiv/liter 
Br -  in external solution; FI,  0.10 equiv/liter Br -  in external 
solution. 

tion for B r -  diffusion is close to that  in ordinary  aque-  
ous solutions, 4.07 kca l /mole  (19). This agreement  
emphasizes that  the diffusion mechanism of B r -  ions 
in the membrane  is essentially the same as in aqueous 
solutions. 

The behavior  of D B r  a s  Cs + or Sr 2+ counterions are 
progressively replaced by Na + at two different total  
ex terna l  solution concentrat ions and at 25~ is shown 
in Fig. 4 and 5. In each case DBr fell  rapidly  in the 
more dilute solutions (0.02 equ iv / l i t e r )  as the Na + 
ions were  introduced. DBr had reached almost its value 
in the pure Na + form by the t ime 50% of the counter-  
ions were  Na+. Evident ly  once 50% of the counterions 
in the resin were  Na + the  counterions which the co- 
ions met  were  almost exclusively Na +. In such dilute 
solutions the regions of lowest fixed charge density 
contr ibuted significantly to the t ransport  of B r - .  
Probably  the first nonprefer red  counterions, Na +, to 
enter  the resin were  also located mainly  in these 
more dilute regions where  they  balanced the few 
fixed charges. 

At 0.10 equ iv / l i t e r  the decrease in DBr occurred 
more smoothly and gent ly  as Cs + ions were  replaced 
by Na +. This behavior  is consistent wi th  the almost 
uniform distr ibution of the bromide ions which is 
bel ieved to exist at h igher  ex terna l  concentrations. A 
flat m ax im um  was observed in the curve of DBr in 
the N a + / S r  2+ mixtures.  Its height  was scarcely greater  
than the exper imenta l  uncertainty.  A real  effect of 
this kind might  however  arise if a more  near ly  uni-  
form electr ical  potential  distr ibution in the resin were  
achieved once some univalent  counterions were  in t ro-  
duced in exchange for bivalent  ones. This could occur 
because the detai led balancing and screening of the 
fixed charges would be more  complete in the presence 
of some univalent  counterions. 

Counterions.--The diffusion coefficients of the three 
counterions, Na+, Cs + and Sr  2+, are plotted in Fig. 6 
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Fig. 6. Diffusion coefficients of Na + and Cs + in Zeo-Karb 
315 at 25~ as functions of external solution concentration, c 
equiv/liter. [] Cs +, �9 Na +. 

2.0 

1.5 
E 

1.0 

0 

D 

I I I I I I I I I I 
0.0 0.2 0.4 0.6 0.8 1.0 

c (equiv/litr-e) 

Fig. 7. Diffusion coefficients of Sr 2+ in Zeo-Karb 315 at 25~ 
as a function of external solution concentration, c equiv/liter. 
0 ,  steady permeation method; F-I, time-lag method. 

and 7 against  the concentrat ion of the external  solu- 
tions. In  every case it can be seen that  the diffusion 
coefficient increased with increasing concentrat ion 
over the whole range. This is in contrast  with Dsr 
which was almost constant  above 0.1 equiv/ l i ter .  The 
increase in D over the range 0-1 equiv/ l i te r  was about 
twofold for Na + and Sr 2 +. 

Although this pa t te rn  of behavior  has been observed 
by many  workers (1) it has not yet  been explained 
quanti tat ively.  The counterions are attracted by the 
fixed charges and as a result  experience considerable 
frictional interact ion with the polymer matrix.  As well  
they are exposed to the electric field of the fixed 
charges which fluctuates from point to point in the 
gel. Jakubovic et al. (20) have suggested that  the 
electrical influence may be so great that  in a highly 
swollen resin and in the absence of colons the counter-  
ions migrate  ma in ly  from fixed ion to fixed ion along 
the polymer chains. Thus they follow paths of greater  
tortuosity than required by purely  geometrical c o n -  
siderations. To jump from the ionic atmosphere around 
one chain into that of another  involves surmount ing  
the in te rvening  potential  barrier.  This process, called 
"volume diffusion" by Jakubovic et al., can take place 
more readi ly with counterions of low charge and high 
hydrated radius because they interact  least with the 
fixed charges. Volume diffusion should be facilitated 
by increasing the tempera ture  a/~d by increasing the 
concentrat ion of coions which can act as "electrical 
bridges" by smoothing the potential  peaks between the 
neighboring fixed charges. 

This mechanism is in qual i tat ive agreement  with the 
observed facts. The activation energies for diffusion 
of Na + and Cs + ions in the membrane  (Table II) are 

0.5 
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~~ 4 b 
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Fig. 8. Ratio of diffusion coefficients in Zeo-Karb 315 to those 
in dilute solution, D/Do, as a function of logarithmic bromide con- 
r in the membrane,-6 equiv/liter. Curve 1, B r -  in Cs + 
form; curve 2, Br -  in $r 2+ form; curve 3, Br -  in Na + form; 
curve 4, No + in Na + form; curve 5, Cs + in Cs + form; curve 6~ 
Sr 2+ in Sr 2+ form. a, indicates external concentration c = 0.02 
equiv/liter; b, indicates external concentration c = 0.10 
equiv/liter. 

each about 1 kcal /mole larger than  in aqueous solu- 
t ion where the values are 4.4 and 3.9, respectively 
(19). The same is probably  t rue of Sr  ~+, but  no value 
is available for the activation energy in free solution 
for comparison. The activation energy appeared to 
decrease at high concentrat ions in the Sr 2+ state, and 
this would accord with the view that  at high concen- 
trat ions there is a more plent i ful  supply of c0ions to 
lower the electric potent ial  barr iers  between the 
chains. 

A clearer comparison between the three counter-  
ions is seen in Fig. 8 where, for each ion, the 
ratio of its diffusion coefficient in the resin to that  in 
free solution, D/Do, is plotted against the logari thm 
of the coion concentration. Also shown in Fig. 8 are 
the curves of D/Do for B r -  ions in each ionic form of 
the membrane.  It can be seen that D for each counter -  
ion increases in much the same way on increasing the 
coion concentration. 

Cs + and Sr ~+ are re la t ively more retarded in the 
resin than is Na +. This is consistent with their  
stronger interactions with the matr ix  as indicated by 
the thermodynamic  preferences (11). At the highest 
concentrat ion D/Do for Na + was close to that  for B r - .  
It  may be concluded that  at high coion concentrat ions 
the migrat ion of highly hydrated  nonpreferred coun- 
terions such as Na + occurs freely by volume diffusion 
and that  the potential  barr iers  favoring chain diffusion 
are unimportant .  With the less hydrated Cs + and 
more highly charged Sr 2+ counterions the si tuation 
in which there were insignificant electrical barr iers  
to volume diffusion was not reached at the concentra-  
tions studied (21). 

It can be seen that D/Do for Sr ~+ was less than  for 
Cs + al though the thermodynamic  equi l ibr ium con- 
stants showed a preference for Cs + over Sr 2+ Evi-  
dent ly  the electrical potential  barr iers  were greater  
and volume diffusion less easy for the bivalent  ions 
because a pair  consisting of a fixed charge and a 
bivalent  counterion carries a residual  positive charge. 

Lifson and Jackson (22) and Jackson and Coriell 
(23) have examined theoretically a similar electric 
potential  bar r ie r  phenomenon which controls the dif- 
fusion coefficient of the counterions in a sal t-free poly-  
electrolyte solution as a function of concentration. 
Clifford and Pethica (24) have applied this theory to 
the diffusion of counterions in micellar  solutions and 
have at tempted to take into account the effect of added 
salt. They predicted and observed an increase in D 
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as the added salt concentrat ion was increased. Al-  
though the results  predicted by these t rea tments  of 
idealized models of polyelectrolytes  and micelles are 
comparable  wi th  the effects observed in the  ion-  
exchange membrane,  it seems improbable  that  in the 
nonuniform and re la t ive ly  randomly  entangled and 
cross-l inked ne twork  of the resin ma t r ix  the processes 
of chain and volume diffusion could be distinguished 
sufficiently c lear ly  to enable a quant i ta t ive  theory  to 
be developed on this basis .  

Data on the diffusion coefficients of the counterions 
in the heteroionic states of the membrane  are shown 
in Fig. 9-12 where  the diffusion coefficients are plot ted 
against the  equivalent  fract ion XNa of Na + in the 
membrane.  In every  case the diffusion coefficients of 
both ions decreased a s  ~rNa was increased (the max i -  
mum in DN a in the N a + / S r  2+ state at 0.1 equ iv / l i t e r  
seen in Fig. 12 is r e fe r red  to la ter) .  The re la t ive  
changes were  different for the three  ions; Dcs was 
affected by composition more  than DNa and Dsr was 
affected most. 

In each mix ture  the concentrat ion of colons de-  
creased as XNa increased and, in the l ight of the ob- 
servations wi th  single salts, this would  shift  both 
counter ion diffusion coefficients in the observed direc-  
tion. It can easily be seen f rom Fig. 8 that  the effect 
of these changes in colon concentrat ion would  alone 
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Fig. 9. Diffusion coefficients g in Zeo-Karb 315 at 25~ con- 

taining Na + and Cs + ions plotted against equivalent fraction of 
Na + ions in the membrane, XNa. Total solution concentration 0.02 
equiv/liter. O DNa, [ ]  Dcs. 
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Fig. 10. Diffusion coefficients D in Zeo-Karb 315 at 25~ con- 

taining Na + and Cs + ions plotted against equivalent fraction of 
Na + ions in the membrane, X---Na. Total solution concentration 
0.10 equiv/liter. O DNa, [ ]  Dcs. 
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Fig. 11. Diffusion coefficient Dsr of Sr 2+ ions in Zeo-Karb 315 

at 25~ containing Na + and Sr 2+ ions plotted against equivalent 
fraction of Na + ions in the membrane, XNa. Curve I ,  total solu- 
tion concentration 0.10 equiv/liter; curve 2, total solution concen- 
tration 0.02 equiv/liter. 
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Fig. 12. Diffusion coefficient DNa of Na + ions in Zeo-Karl) 315 
at 25~ containing Na + and Sr 2+ ions plotted against equivalent 
fraction of Na + ions in the membrane, XNa. Curve 1, total solu- 
tion concentration 0.10 equiv/liter; curve 2, total solution con- 
centration 0.02 equiv/liter. 

be much too small  to account for the observed de-  
creases in the diffusion coefficients. 

It must  be concluded that  the observed behavior  was 
connected wi th  the fact tha t  Na + was the  nonpre -  
fer red  ion in both mixtures.  When the membrane  is 
loaded ent i re ly  wi th  prefer red  ions (i.e., the  le f t -hand  
sides of Fig. 9-12) these ions take up an equi l ibr ium 
distr ibution wi th  respect  to the fixed charges and 
colons. Some wil l  be in any densely cross- l inked re -  
gions of unusual ly  high fixed charge density, others 
in the unusual ly  di lute and swollen regions. At  any 
instant  some counterions wi l l  be close to and inter-  
acting strongly with  the electric fields of the fixed 
charges, others wil l  be far  away from these charges 
in regions where  the electric field strengths are quite  
low. The observed diffusion coefficient is an average of 
the instantaneous mobili t ies of all these counterions. 

When a few Na + ions are int roduced it may  be in-  
ferred from the we l l -known  var ia t ion of ion-exchange 
select ivi ty wi th  cross- l inking that  these nonprefer red  
ions most ly wi l l  take up positions in the least dense 
regions of the resin. In these regions the colon con- 
centrat ion is h igher  than average,  and the  nonpre-  
fer red  counterions spend a lower  proport ion of their  
t ime close to the fixed charges than  they would  in the 
denser  regions. These factors contr ibute  to the high 
mobil i ty  of the first Na + ions which enter  the Cs + or 
Sr  2+ forms of the membrane.  

At  0.02 equ iv / l i t e r  the l imit  of DNa as XNa tended 
to zero was about 4.5 x 10 -6 cm 2 sec -1 in N a + / C s  + 
and in N a + / S r  2+ mixtures.  At  0.10 equ iv / l i t e r  in m i x -  
tures of N a + / C s  + DNa reached a ]imit of about  6 x 
10 -6 cm 2 sec -1. This was sl ightly greater  than the 
value in the pure Na + state at high ex te rna l  solution 
concentrations. 

In the N a + / S r  2+ mix tu re  at 0.1 equ iv / l i t e r  the be-  
havior  of DNa as Xsa was decreased f rom 1.0 to 0.3 
suggested that  it would rise to about 6 x 10 -6 cm 2 
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sec -1 as XNa tended to zero. Once XNa was taken be-  
low 0.2 however Dsa appeared to decrease. The maxi -  
mum in DNa did not appear to be due to errors or 
difficulties in the permeat ion experiments,  and u n e x -  
pectedly large errors in the equi l ibr ium measurements  
would be necessary to explain the max imum in DNa 
in this way. The decrease in DNa when XNa ( 0.2 
may be due to less complete screening of the fixed 
charges when  the resin is loaded with only mul t iva len t  
counterions than  is possible when  some univa len t  
counterions also are present.  

Just  as the first Na + ions to enter  the membrane  
are concentrated into the regions where mobil i ty  is 
greatest so the Cs + and Sr 2+ ions are displaced from 
these regions and their  average mobilities, i.e., Dcs 
and Dsr, are decreased. As more and more Na + ions 
enter  they penetrate  into the denser regions of the 
ne twork  where  they spend a greater  proport ion of 
their  t ime close to the fixed charges. Also the fixed 
charges are less well  shielded by Na + than by the 
preferred ions. Consequently the average mobil i ty  of 
the Na + ions falls cont inuously as XNa increases. Dcs 
and Dsr also fall cont inuously and the last Cs + and 
Sr 2+ ions remain ing  in the resin are situated main ly  
in  those regions where  movement  is most difficult. 

Dcs and Dsr both decrease by a factor of about 2 at 
0.02 equiv / l i te r  and 2.5 at 0.10 equiv / l i te r  when ~rNa 
is changed from 0 to 1, whereas the change in DNa is 
only about 1.5 at both concentrations. Thus that  par t  
of the membrane  t ransport  selectivity which arises 
from differences between the mobilit ies of the ions 
leads to a greater discr iminat ing power when  the 
membrane  is richest in the nonpreferred ions. 

The most directly comparable results of other work-  
ers are those of Ishibashi (25) who measured diffu- 
sion coefficients and electrical mobilit ies in a phenol  
sulfonic membrane  containing Na + and Ca 2+ ions. In 
agreement  with our results on the Na + -b S r2+ system, 
he observed that  the mobili t ies of both counterions de- 
creased as XN~ increased. 

Soldano and Boyd (26) examined Na + and Cs + 
diffusion in Dowex 50 resin cross-l inked with 8% and 
16% divinyl  benzene and observed that  DNa and Dcs 
decreased as ZNa increased in agreement  with our 
findings. However in the Na + +Zn ~+ mix ture  on the 
16% divinyl  benzene resin they found that  DNa and 
Dzn increased with XNa. 

Morig and Rao (27) studied rates of exchange be-  
tween Na + and Sr 2+ on Dowex 50, 8% divinyl  ben-  
zene, and concluded that  the discrepancy between 
their observations and the theoretical rates of ex- 
change (28) would be explained if Dsa and Dsr both 
increased as Xsa increased. 

The apparent  disagreement between these results 
on Dowex 50 and ours for the Na + W Sr 2+ mixture  
is probably  a consequence of the relat ively large de- 
swelling of the Dowex 50 resins when  Na + is replaced 
by Zn 2 + or Sr ~ +. 

Conclusion 
It is evident  from this discussion that the changes 

in ionic diffusion coefficients in a cation exchange resin 
membrane  with external  solution concentrat ion and 
with the equivalent  fractions of the different counter-  
ions in a heteroionic state of the membrane,  as well  
as the differences between the diffusion coefficients 
of different kinds of ions, can all be understood in  
terms of the influence of the electric fields surrounding 
the polymer chains and fixed charges on mobil i ty  and 
of the existence of a few local inhomogeneities in the 
fixed-charge and cross-l ink densities. There is no 
need to invoke fixation of counterions by specific ion-  
pair ing with the fixed charges nor  is there any  evi-  
dence of this in  the system studied here. 

The relat ive importance of the electric fields and 
s t ructural  dispersities in de termining  the observed 
behavior  is harder  to assess. If the resin ne twork  

were completely homogeneous the distances between 
neighboring chains would average about 25-30A. This 
cannot be very different from the mean  distance be-  
tween the fixed charges along the chains. Consequently 
diffusion along chains should not be greatly favored 
relative to diffusion across the gaps between chains. 
This view is consistent with the observations that  at 
high external  concentrat ions the diffusion of Na + ap-  
pears to be little affected by electrostatic fields and 
the introduct ion of relat ively few coions has a large 
effect in  facili tating the diffusion of Cs + and Sr 2+. 
The evidence from the sorption and diffusion of the 
coions is that  the resin consists main ly  of relat ively 
uni form mater ia l  permeated by an interconnect ing 
ne twork  of less dense regions which makes up a small  
part  only of the total  volume. This has an impor tant  
funct ion in the diffusion of coions at low external  con- 
centrat ions but  has almost no influence on the be-  
havior of the counterions. 

Manuscript  submit ted Dec. 26, 1968; revised m a n u -  
script received March 24, 1969. This was Paper  226 
presented at the Boston Meeting, May 5-9, 1968. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 

SYMBOLS 

a, an apparatus constant, cm. 
c, solution concentration, equiv/liter. 
~, coion concentration in membrane, mole/liter. 
D, diffusion coefficient in membrane, em 2 sec -I. 
Do, diffusion coefficient in solution, cm 2 sec-1. 
E, energy of activation for permeation,  kcal/mole.  
m, radio count rate at t and x, count /min .  
mo, radio count rate at t ---- 0, count /min .  
r, micrometer  reading, cm. 
t, time, sec. 
vw, volume fraction of water  in membrane.  
x, distance from boundary,  cm. 
Xsa, equivalent  fraction of Na + in membrane.  

REFERENCES 
1. For a recent  review see P. Meares, "Diffusion in 

Polymers," Chap. 10, J. Crank and G. S. Park, 
Editors, Academic Press, London, In press. 

2. K. S. Spiegler, Trans. Faraday Soc., 54, 1408 (1958). 
3. R. Caramazza, W. Dorst, A. J. C. Hoeve, and A. J. 

Staverman,  Trans. Faraday Soc., 59, 2415 (1963); 
W. Dorst, A. J. Staverman,  and R. Caramazza, 
Rec. Trav. Chim. (Pays-Bas), 83, 1329 (1964). 

4. G. B. Wills, Trans. Faraday Soc., 63, 579 (1967). 
5. P. Meares, J. Chim. phys., 55, 273 (1958). 
6. F. Helfferich, Discussions Faraday Soc., 21, 83 

(1956). 
7. D. Mackay and P. Meares, Kolloid-Z., 167, 31 

(1959). 
8. R. M. Barrer,  J. A. Barrie, and M. G. Rogers, 

Trans. Faraday Soc., 58, 2473 (1962). 
9. J. A. Barrie, J. D. Levine, A. S. Michaels, and P. 

Wong, ibid., 59, 869 (1963). 
10. J. Crank, Pr ivate  communication.  
11. P. Meares and J. F. Thain, J. Phys. Chem., 2, 2789 

(1968). 
12. K. S. Spiegler and C. D. Coryell, J. Phys. Chem., 

57,687 (1953). 
13. J. Crank, "The Mathematics of Diffusion," Oxford 

Univers i ty  Press, Oxford (1956). 
14. J. S. Mackie and P. Meares, Proc. Roy. Soc., A232, 

485 (1955). 
15. P. Meares, J. Polymer Sci., 20, 507 (1956). 
16. E. Glueckauf  and D. C. Watts, ibid., A268, 339 

(1962). 
17. E. Glueckauf, ibid., A268, 350 (1962). 
18. W. J. McHardy, P. Meares and K. R. Page, To be 

published. 
19. R. Parsons, "Handbook of Electrochemical Con- 

stants," Butterworth,  London (1959). 
20. A. O. Jakubovic, G. J. Hills, and J. A. Kitchener,  

J. Chim. phys., 55, 263 (1958). 
21. J. Feitelson, J. Phys. Chem., 66, 1295 (1962). 
22. S. Lifson and J. L. Jackson, J. chem. Phys., 36, 

2410 (1962). 
23. J. L. Jackson and S. R. Coriell, ibid., 38, 959 (1963). 
24. J. Clifford and B. A. Pethica, Trans. Faraday Soc., 

60, 216 (1964). 



928 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  July  1969 

25. N. Ishibashi, Mem. Fac. Engng. Kyuchu Univ., 21, 
159 (1962). 

26. B. A. Soldano and G. E. Boyd, J. Am. Chem. Sac., 
75, 6107 (1953). 

27. C. R. Morig and M. G. Rao, Chem. Engng. Sci., 
2~ 889 (1965). 

28. F. Helfferich and M. S. Plesset, J. chem. Phys., 
~8,418 (1958). 

Electrochemical Processes of the Chlorine-Chloride System 
on Platinum-Iridium-Coated Titanium Electrodes 

G. Faita, G. Fiori, and J. W. Augustynski 1 
Laboratory of Electrochemistry and Metallurgy, University of Milan, Milan, Italy 

ABSTRACT 

Anodic and cathodic processes of the Cl2/C1- system on T i / P t - l r  (30% 
Ir) in comparison with T i /P t  electrodes were examined. The anodic C12 
evolution follows the same scheme on both the electrodes 

CI -  ~ Clads + e 
2Clads -> Cl2 

but  T i /P t  electrodes undergo a marked passivation for ~an ~ 0.2V, whereas 
the passivation on T i / P t - I r  electrodes is impor tant  only at overvoltages 
higher than  0.5V. Such a difference in passivation is noted also in t h e  
cathodic process: on T i / P t - I r  electrodes in fact, at low overvoltages, the 
process follows the scheme 

C12 -,..-> 2Clads 
Clads ~- e "-> CI- 

due to the higher catalytic activity of the surface. 

The electrochemical behavior of the CI~/C1- system 
on Pt electrodes has been studied for 70 years (1, 2) 
main ly  owing to interest  in the electrochemical pro- 
duction of chlorine. 

From the point of view of theoretical electrochemi- 
cal kinetics the first impor tant  approach was that of 
Chang and Wick (3) who showed that the shapes of 
the polarization curves for the anodic C12-evolution 
conform to the theory of slow discharge. 

For anodic C12-evolution Tedoradse (4, 5) found 
that the max imum kinetic current  is (C1- ) -  and pH- 
dependent  according to 

/max = K (C1-) (pH)1/3 

He suggested that  the ra te -de te rmin ing-s tep  is 

C1- - -  e --> 'Clads 

and that  the pH-dependence would be due to passiva- 
t ion of the electrode surface. 

Difficulties caused by surface oxide layers and by 
possible O2-evolution were pointed out by Toshima 
and Okaniwa (6), whose results agree with Tedo- 
radse's. 

Other authors considered the influence of electrode 
passivation (7) and its dependence on pH (8), cur rent  
density (9), anode potential  (10, 11), and C1- con- 
centrat ion (12). 

Fewer papers are available on the cathodic CI.~ re-  
duction (7, 13). F rumk in  and Tedoradse studied the 
dependence of the rate of C12 ionization on a smooth 
Pt  electrode in strongly acid solution, on the electrode 
rotation speed, and on C1- concentration. These 
authors interpreted the kinetic mechanism according 
to the scheme 

C12 + e ~ Clads -~ C l -  

Clads "~ e-~ C1- 

both these electrochemical steps being equally rate-  
determining.  It  is noteworthy that  in the above studies 
strong acid solutions usual ly  were used to reduce elec- 
trode passivation effects. Pt  electrodes under  these 

1Present address: Ecole SuDSrieure d'Electroehimie et Electro- 
m4tallurgie, Grenoble, France. 

conditions undergo corrosive phenomena with possible 
changes in surface activity. 

The aim of the present work was to investigate both 
the anodic C12-evolution and the cathodic C12-reduc- 
t ion on a new kind of electrode, which was obtained 
by thermal  deposition of P t - I r  (30% Ir) alloy on a 
t i t an ium substrate. Electrodes of this type recently 
have aroused considerable interest  from the industr ia l  
point of view as an al ternat ive to graphite anodes in 
chlorine cells. Such electrodes show no corrosion phe- 
nomena even in s t rongly acid solutions containing 
C1- plus C12 (14) and the surface passivation they 
may undergo is considerably less than that  observed 
on Pt  surfaces. 

In  the present study electrochemically p la t inum-  
coated t i t an ium electrodes also were used to get 
better  comparison with the previous work. Thus pH 
3 was chosen because corrosion of platinized t i tan ium 
takes place below this pH value. All measurements  
were made using a rotat ing disk electrode which has 
been described in detail elsewhere (15). 

Experimental Techniques and Results 
Deposition of P t - I r  (30% Ir) alloy on t i t an ium was 

performed by the thermal  method (16). The t i t an ium 
matrix,  previously machined, was heated at 500~ in 
air, cooled, ground, and degreased. The electrode sur-  
face was painted with a mix ture  of metal  chlorides 
(PtC14.5H20 and IrCl4), methanol,  and lavender  oil 
and was then dried. The sequence, paint ing and dry-  
ing, was repeated five times, un t i l  the amount  of 
P t + I r  as chloride, reached 1 mg/cm 2. The P t - I r  alloy 
was obtained by thermal  decomposition at 500~ in 
air (1 hr) ,  followed by cooling in water. The layer 
formed (about 1~ thick) was bright  and adhered well  
to the support. 

Three electrodes were prepared in this way which 
showed very reproducible behavior. The tempera ture  
used during the thermal  decomposition strongly af-  
fected the catalytic properties of the alloy, the cata- 
lytic activity decreasing with increasing tempera ture  
above 500~ An electrode, obtained by decomposition 
at 650~ for example, showed a poorer behavior in 
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the cathodic reduction of chlorine than  galvanic plat i-  
num. 

P la t inum was electrochemically deposited on t i ta-  
n ium according to the following procedure. The cyl in-  
drical t i tan ium stem, after being turned,  was carefully 
ground, then sandblasted and put  into a solution of 
the following composition (17) : 14g Pt  (NH3)2(NO2)2, 
10g (NH4)2 SO4, 50g NH3 per liter; pH = 10. Elec- 
trolysis was carried out at 70 m A / c m  2, using a Pt  sheet 
as counterelectrode at 1-cm distance with vigorous 
stirring, at 80~176 Electrolysis was continued unt i l  
a 30# Pt  layer was obtained. 

Both kinds of electrodes were then cold-pressed 
into polytetrafluoroethylene tub ing  (Algoflon-Mon- 
tedison). The Pt  surfaces were exposed by polishing 
with alumina.  The diameter  of the working electrode 
was 10 mm, the total  diameter  (metal  + plastic) being 
20 mm. Figure 1 shows the measur ing circuit and the 
measur ing technique. Required potentials were set up 
using a 557 AMEL potentiostat and read on a 610B 
Keithley electrometer. Before each set of measure-  
ments  the electrodes were activated by  10 polarization 
cycles in  the same test solution. In  each cycle the 
electrode was potentiostated anodically at -F1.TV 
(NHE) for 10 sec then cathodically at --0.4V (NHE) 
for 10 sec. 

The measurements  were made potentiostat ing the 
electrodes cathodically at --0.4V (NHE) for 3 sec, 
then at the required potentials;  the polarizing cur ren t  
was read after 15 sec. The tip of the reference elec- 
trode was placed 10 mm under  the working electrode. 
The ohmic drop, calculated by oscillographic methods, 
was always <5% of the total  overvoltage (~]) except 
for the anodic polarization on T i / P t - I r  electrodes, 
where the ohmic drop was about 10% of the total  

ENHE 
(v) 
1.7 qO"~- lO"-~ 

time 

A B 

O_ 

- 0.4 

L 

o 

Fig. 1. Block diagram of the experimental equipment and sche- 
matic representation of the activation and measurement sequence. 
A--potentiostat, B--activation circuit, C--valve electrometer, D E  
amperometer, and E--cell. 
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overvoltage. The question of the dis tr ibut ion of the 
current  on the electrode surface was considered on 
the basis of Newman's  theory (18). In our conditions, 
when  ~] is ~50 mV, the local current  density shows a 
ma x i mum deviation of __ 10% with  respect to the 
average current  density. When ~l is > > 5 0  mV, such 
a deviation is very small. 

Test solutions were made up with reagent grade 
chemicals (NaC104 from BDH, NaC1 from C. Erba and 
t r ip ly  distilled water) .  Solutions were saturated by 
C12-N2 mixtures  (1 _+ 0.01% to 10 ___ 0.1% in C12). 
Tempera ture  of experiments  was regulated to 30 ~ __ 
0.2~ by means of a specially designed air- thermostat .  

Figure  2 shows typical  cathodic polarization curves 
obtained, at constant rotat ion speed, for both types of 
electrodes, whose cathodic behavior was tested as a 
function of NaC1 concentrat ion and rotat ion speed. 
Figure 3 shows anodic polarization curves, obtained 
under  various exper imental  conditions. 

Discussion 
Chlorine reduct ion. - -On the basis of the rotat ing 

disk electrode theory the funct ional  dependence of 
current  density on rotat ion speed may be wr i t ten  as 

l l i l /p  = lliLl/~ Jr. [i(~-1)/~ X B ] I A / ~  X Cs 

where p is the react ion order of the surface reaction 
with respect to the reactant,  i the current  density at 
rotat ion speed ~, is the current  density at infinite 
rotat ion speed, Cs the bulk  concentrat ion of the re-  

[0 .  

-// ; io i(mA/o~) 

Fig. 2. Cathodic polarization curves. 1M NaCIO4; 0.02M NaCI; 
1.00% CI2; 4100 rpm; 30~ O Ti/Pt. �9 Ti/Pt-lr (30% It). 

t~an 
| 
0.7_ 

06_ 

Q5_ 

O4_ 

O3. 

O2_ 

Ol .  

I 

Fig. 3. Anodic 
30~ 

�9 0.02M NaCI 
O 0.02M NaCI 
A 0.07M NaCI 
�9 0.07M NaCI 
V 0.14M NaCI 
�9 0.14M NaCI 
�9 0.07M NaCI 
[ ]  0.02M NaCI 

Y 

f'o I~o ((~/om 2) 

polarization curves. 1M NaCIO4; 1.00% CI2; 

m ~ 850 rpm electrode: Ti/Pt 
m = 2800 rpm electrode: Ti/Pt 
m ~ 850 rpm electrode: Ti/Pt 
m ~ 2800 rpm electrode: Ti/Pt 
m = 850 rpm electrode: Ti/Pt 
m ~ 2800 rpm electrode: Ti/Pt 
m = 1500 rpm electrode: Ti/Pt-lr 
m = 1500 rpm electrode: Ti/Pt-lr 
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actant, and B a factor including all constant  terms 
derived from the analyt ical  t reatment .  

Plots of 1/i lip against i ( , - l )]pA/ ' -~should be straight 
lines only if the t rue value for p is used. The cathodic 
data were tested against various postulated values for 
p: a l inear  plot was obtained in the case p = 1, with 
the exception of the data concerning P t - I r  electrodes 
at overvoltages less than 0.2V (Fig. 4 and 5). The 
intercepts on the 1/il/p axis allow the current  densities 
at infinite rotat ion speed (ic) to be computed. Data at 
high rotat ion speed (8,000 ~-- 10,000 rpm)  would be 
useful to avoid long extrapolations; unfor tunate ly ,  in 

,li 
(mA/c~)-' 

Q20 

0,15 

QIO. 

�9 0.]25 V 

/ / ~ j e  0.150 V 

!~ .~~: 0.200 v 

0.300 V 

~(fff/-: e..~..,.~, 0.400 v 

0.500 V 

o oov 
"" ~ - J -  0.700 V 

Q05 

i i " 
0.01 0.(~2 0,03 rpm "1/2 

Fig. 4. Dependence of 1/i  on | / ~ / m  at specified values of ~lc 
IM NaCI04; O.07M NaCI; 1.00% CI2; 30~ Ti/Pt-lr(30% Ir). 

iL -I 

(~A-') 
2.0. 

1.5. 

1.0. 

~ . . ~ . . . . ~ -  0.05 V 

f - ' "  0 ~ 0 . I -  0.06 V 
_ - -  e /  o /  0.07 V 

s ;  o oov 
. - - ' "  i .  j ~  ~ 0.09 V 

. . . .  . . . . . . .  . o ~ . ~ "  O.lO V O.II V 

0.5. 

Q~)I 0C)2 Q03 rpm -I/2 

Fig. 5. Dependence of 1/i on 1/~/m at specified values of ~1c 
1M NaClO4; 0.05M NaCI; 1.00% CI2; 30~ Ti/Pt. 
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these extreme conditions the currents  showed such in-  
stabil i ty that the accuracy of measurements  was 
strongly affected. It seems likely that  at the highest 
speeds, the surface roughness, al though slight, might 
have produced tu rbu len t  conditions close to the elec- 
trode. 

In order to improve the rel iabil i ty of the extrapo- 
lated data, the experiments  at various rotat ion speeds 
were repeated at least three times: the data used in 
the plots of 1/i 1/~ against i ( , -1)/~/~/~ for different 
overvoltages were the average values from the var i -  
ous measurements.  

As regards the cathodic data of the P t - I r  electrodes 
for overvoltages less than  0.2V, almost l inear  plots 
were obtained if a value of 0.5 for p was used. This 
remarkable  result  was exper imenta l ly  checked by 
carrying out measurements  at overvoltages less than 
0.2V in  the presence of chlorine at concentrat ion of 
1 and 10%; the ratio of the current  densities, at the 
same electrode potentials, confirmed the reaction order 
to be 0.5. Electrode potentials were plotted against the 
log of the extrapolated iL at variotis C1- concentra-  
tions. Since the iL values, at the same electrode poten-  
tials, were independent  of the C1- concentration, the 
reaction order with respect to C1- ion should be 0 
(13) (Fig. 6 and 7). Exper imenta l  kinetic parameters  
(Tafel b-coefficient, exchange current ,  charge t ransfer  
resistance, stoichiometric number ,  reaction order) are 

ENHE (v) 
1.5. 

tO. 

QS. 

/ /  

N 

N 

N 

x 

x e 

x ~ , 

,'o JGo i~ <~A/o~ ~ ) 
Fig. 6. Dependence of electrode potential on log ic for two NaCI 

concentrations. IM NaCIO4; 1.00% CI2; 30~ Ti/Pt-lr (30% Ir). 
Z~ 0.02M NaCI. �9 0.07M NaCI. 

ENHE 
(v) 
t35. 

1.3D. 

125 .  

1.20. 

% 
"R 

�9  
"A= 

e ~  

-'~'/ i - -  I'0 i (reAl cm2)" 

Fig. 7. Dependence of electrode potential on log iL at various 
NaCI concentrations. IM NaCI04; 1.00% C12; 30~ Ti/Pt. �9 
0.02M NaCI. �9 0.05M NaCI. �9 0.08M NaCI. 
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Table I. Kinetic parameters of the cathodic C[2-discharge 

E L E C T R O C H E M I C A L  P R O C E S S E S  

T i / P t - I r  
E lec t rode  ( 30% Ir)  T i / P t  

( '?/eat ~ 0.2V 0.18 0.2 
Tafe l  coeff ic ient  ~ 0 . 2 5  --~ ~est --~ 0.4 --~ ~ 0.4 + 0.5 

" b "  t .~cs t  > 0.5V -- 0.4 § 0.5 
io ( m A / c m  2) 2.0 0.46 
S t o i c h i o m e t r i c  n u m b e r  2.0 2.3 

,0  

Reac t ion  o r d e r  w i t h  r e spec t  to  C12 0.5 (~ < 0.2V) 1 

R e a c t i o n  o r d e r  w i t h  respec t  to  C1- 1 / (~? ~ 0.2V) 0 

Table II. Kinetic parameters of the anodic CI2-evolution 

T i / P t - I r  
E l ec t rode  (30% Ir)  T i / P t  

Ta fe l  coefficient ~ a n  ~ 0.2V 0.15 § 0.2 0.12 
" b "  I. ~an > 0.4V 0.6 0.6 

io (mA/cm2)  2.5 0.6 
S t o i c h i o m e t r i c  n u m b e r  2.0 1.9 

t-~0 
Reac t i on  o r d e r  w i t h  r e s p e c t  to C12 0 0 

summar ized  in Table I. Taking  into account the  ohmic 
drop, cur ren t  dis tr ibut ions,  and o ther  exper imen ta l  
uncertaint ies ,  the  accuracy of Tafel  b-coefficients and 
of the  exchange currents  was about  _5%,  that  of the  
charge t ransfe r  res is tance being ___10%. 

A combined knowledge  of the  react ion orders,  s toi-  
chiometr ic  numbers ,  and Tafel  coefficients enable  the  
mechanism of the  e lec t rode  process to be elucidated.  
In Table I I I  possible mechanisms of the  cathodic C12 
reduct ion  and re la ted  kinet ic  pa ramete r s  are  sum-  
marized.  By compar ing  theore t ica l  wi th  expe r imen ta l  
parameters ,  it  is clear  tha t  the  cathodic chlor ine  re -  
duct ion on T i / P t - I r  e lectrodes follows two different  
schemes depending on the  overvol tage  range:  
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~l ~ 0.2V.--The process follows pa th  C, wi th  C2 ra te  
de te rmin ing  s tep (RDS).  

0.25V ~ ~ ~ 0.5V.--The process st i l l  follows pa th  C, 
but  now C1 is the  RDS, since the  veloci ty  of step C2 
increases wi th  increasing overvoltage.  A s imi lar  be -  
havior  was observed  in the  case of the  kinet ics  of 
hydrogen  evolut ion (19). 

> 0.5V.--Experimental resul ts  agree  wi th  the  p a -  
r amete r s  theore t ica l ly  r equ i red  by  both  pa th  A [at 
high overvol tages  A1 is in any  case RDS (20)] and B 
(RDS B1). Pa ths  A and B have the same first e lec t ro-  
chemical  step; the  second step is again e lect rochemical  
in pa th  A, but  chemical  in pa th  B. 

The appl icat ion of the  same analysis  to the  da ta  
of galvanic  p l a t inum showed tha t  the cathodic process 
a lways  follows e i ther  pa th  A (steps A1 and A2 com- 
pa r a b ly  ra te -con t ro l l ing)  or  pa th  B (B1 RDS) .  

The main  difference be tween the  t he rma l  P t - I r  
e lectrodes and galvanic  p la t inum is descr ibed by  the 
behavior  at  cathodic overvol tages  less than  0.5V (Fig. 
2):  as a ma t t e r  of fact the  P t - I r  a l loy shows more  
favorable  cu r ren t -vo l t age  character is t ics  owing to the  
h igher  ca ta ly t ic  ac t iv i ty  of the  surface. The effect of 
decomposit ion t empe ra tu r e  on the ca ta ly t ic  ac t iv i ty  
has been pointed out  in the  section on Expe r imen ta l  
techniques and results .  

CI2 evolution.--By compar ing  the pa rame te r s  theo-  
re t ica l ly  r equ i red  (Table IV) wi th  the  expe r imen ta l  
resul ts  (Table  I I )  on T i / P t - I r  electrodes,  i t  tu rns  out  
that  the  anodic chlor ine  evolut ion m a y  follow both 
pa th  A '  (steps A'I  and A'2 comparab ly  r a t e - con t ro l -  
l ing) and C' (C'1 RDS) ,  whereas  pa th  B'  mus t  be r e -  
jec ted  because anodic currents  a re  unaffected by  Pal2. 
In o rde r  to e lucidate  whe the r  pa th  A '  or C' is val id  a 
cr i t ica l  discussion on ( ~ l ~ i ) ~ o  and io values  is 

needed. Anodic and cathodic io values,  obta ined  f rom 
the  Tafel  slopes, a re  p rac t ica l ly  identical .  F u r t h e r -  
more,  the  anodic  and cathodic values  of (A~/~i) i-.o 

a re  also ident ical :  therefore  the  anodic process seems 

Table III. Kinetic parameters theoretically required by different 
cathodic mechanisms 

S t o i c h i o m e t r i c  Reac t i on  o r d e r  w i t h  Reac t i on  o rde r  w i t h  " b "  Ta fe l  
M e c h a n i s m  RDS n u m b e r  r e spec t  to  Cl~ r e spec t  to  C1- coeff ic ient  

A I)  CI~ + e -~  Clads + CI- AI  i 1 0 R T / a F  
2) Clads -}- e -~  Cl -  A2 I 1 - - I  R T / ( 1  + a ) F  

A1 --  A2 2* 1 0 
B I)  C12 + e --> Clads -}- CI-  B1 2** 1 0 R T / a F  

2) 2Clads --> Cla B~ 1"* 2 --2 R T / 2 F  ~ b ~- r162 
C I) CI~ --> 2Clads CI - -  I 0 ~ 

2) Clads + e --> CI-  C~ 2 0.5 0 RT/veF 

E i t h e r  s t ep  A1 a n d  B1 cou ld  be  i n t e r p r e t e d  as t w o - s t a g e  s teps  
C19 -[" e --> C12ads- 
Cl2ads- --> Clads + CI- ( fas t  c h e m i c a l  e q u i l i b r i u m )  

* The  s t o i ch iome t r i c  n u m b e r  in  th i s  case was  o b t a i n e d  f o l l o w i n g  K r i s h t a l i k ' s  t r e a t m e n t  (22), w h i c h  r e q u i r e s  k n o w l e d g e  of t he  r a t i o  
"y = ioA~/ioA~. Thi s  is  a c h i e v e d  r e c a l l i n g  t h a t  e x t r a p o l a t i o n  of t he  anod ic  T a f e l  l i ne  to  # = 0  g i v e s  2ioA 2 as in t e rcep t ,  w h i l e  e x t r a p o l a t i o n  
of the  ca thod ic  g i v e s  2ioA~. 

** S t o i c h i o m e t r i c  n u m b e r s  in  t he  case of  m e c h a n i s m  B w e r e  o b t a i n e d  f o l l o w i n g  M a k r i d e s  t r e a t m e n t  (23). 

Table IV. Kinetic parameters theoretically required by possible 
anodic mechanisms 

S t o i c h i o m e t r i c  R e a c t i o n  o rde r  w i t h  Reac t i on  o rde r  w i t h  " b "  Ta fe l  
M e c h a n i s m  R I ~  n u m b e r  r e spec t  to  CI~ r e spec t  to  C1- coeff ic ient  

A '  1) CI-  -- e--~ Clads A ' I  
2) Clads + C1- -- e--> CIs A ' s  

A ' I  ~ A'2 
B '  1) C12 -- 2Clads B'~ 

2) Clads + Cl -  -- e--> C]~ B'~ 
C'  1) C1- - -  e -,.> Clads C'1 

2) 2Clad~ --~ CI~ C'~ 

1 0 1 R T / ( 1  -- a )  F 
1 0 2 R T / [ ( 1  -- a)  + 1 i F  
2 0 1 R T / ( 1  -- a ) F  

- -  1 0 - > o r  
2 0.5 1 RT/(1. -- a ) F  
2 0 1 R T / ( 1  -- a ) F  
1 0 2 R T / 2 F  0 --~ 0 

-->oo 0 ~ 1  

E i t h e r  s tep  A% a n d  B'2 cou ld  be  i n t e r p r e t e d  as t w o - s t a g e  s t eps  
Clads + CI-  -> Cl2ads- ( fas t  c h e m i c a l  e q u i l i b r i u m )  
C12ad.- -- e .-> C12 
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to be exact ly  symmet r i ca l  to the  cathodic process at 
~| ~ 0.2V and p robab ly  follows pa th  C'. 

For  the P t  electrode,  at  ,l ~ 0.2V, both  paths  A '  and  
C' are  possible. Recal l ing the  cathodic resul ts  on the  
same electrode,  the  more  reasonable  conclusions are:  
(i) ca thodic  and anodic processes a re  symmet r i ca l  (A 
and A')  and (ii) the  cathodic mechanism is B and the  
anodic one is C'. 

If  the  anodic and cathodic processes were  sym-  
metr ical ,  the  exchange currents  would  fulfill  the  re-  
la t ion (20) 

1 ) 
2F io,an io.cat 

i-~o 

which is not  the  case (Table  I and I I ) .  Therefore  on 
p l a t inum electrodes the  cathodic process p robab ly  fol-  
lows pa th  B and the anodic one pa th  C'. This a sym-  
metr ic  behavior  is c l ea r ly  de te rmined  by  the step 
2Clads --> C12, which  is fas te r  than  both steps A2 and 
h'2. 

The shape of the  anodic polar izat ion curves on 
p l a t inum electrodes shows a surface pass ivat ion at 
,I > 0.2V [C1- diffusion cur ren t  should be about 10 
t imes  h igher  (21)].  At  high C1- concentra t ion the  
pass ivat ion is incomplete  (8), the  currents ,  r ead  af ter  
15 sec, a re  not  s ta t ionary  and decrease  as ro ta t ion 
speed increases. Such a behavior  m a y  be de te rmined  
by  a more  efficient mass t r anspor t  of  the  pass ivat ing  
species, e.g., C 1 0 -  ions. At  ,I > 0.5V the passivat ion is, 
however,  complete  and the  anodic cur ren t  is unaffected 
by  C1- concentra t ion  and rota t ion speed. On P t - I r  the  
oxide layer  format ion  takes  place only at ,1 > 0.4V. 
This proper ty ,  r a the r  than  the outs tanding cata lyt ic  
act ivi ty,  a l lows the ve ry  advantageous  anodic vol tage  
cur ren t  character is t ic  of t he rma l  P t - I r  electrode,  
which seems especial ly  sui table  for b r ine  electrolysis.  
At  ,1 ~ 0.4V the b -Ta fe l  coefficients a re  ident ica l  for 
both  electrodes:  the  surfaces a re  su re ly  covered with  
o x i d e  species and the  anodic mechanism should then 
impl ica te  the  in te rmedia te  format ion  of oxychlor ides  
(24). Clearly,  at  such overvol tages ,  the  possibi l i ty  of 
chlora te  format ion  and oxygen  discharge should be 
considered.  

Conclusions 
Anodic and cathodic processes of the  C l g C 1 -  sys tem 

were  examined.  
1. On T i / P t - I r  e lectrodes the  cathodic C12 reduct ion 

follows the scheme 
r C12 --> 2Clads 

'l ~ 0 5V~ 
�9 [Clads + e--> C1- 

r C12 + e ~ Clads + C1- 

,I > O.5V~ Cl~ds-ke-->2Clads__> c12C1-]  concurrent  steps 

2. On T i / P t  e lectrodes the  cathodic process fol lows 
the scheme 

C12 -t- e ~ Clads - t -C1-  

2Clads -> C]2 

3. An  T i / P t - I r  e lectrodes the  anodic C12 evolut ion 
fol lows the scheme ( symmetr ic  to the  cathodic scheme 
at  low overvol tages)  

C1- --> Clads -~- e 

2Clads "-> C12 

Pass ivat ion  on this e lectrode is impor tan t  only at over -  
vol tages h igher  than  0.5V. 

4. On the contrary ,  T i / P t  e lectrodes undergo a 
m a r k e d  pass ivat ion  for ~an >0.2V. Such pass ivat ion is 
diffusion control led  at  in te rmedia te  and high C1- con- 
centrat ions.  The anodic C12 evolution,  at  ']an ~ 0.2V on 
this electrode,  is s imi lar  to that  on T i / P t - I r  electrode;  
at h igher  overvoltages,  pass ivat ion phenomena  and 
format ion  of oxychlor ides  may  compl ica te  the  elec-  
t rode  processes. 
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Significance of Electrolyte Films for 
Performance of Porous Hydrogen Electrodes 

I. Film Model 
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ABSTRACT 

A refined analysis of the electrolyte  film model  is presented and eva lu-  
ated on exper imenta l  polarization curves of porous hydrogen diffusion elec-  
trodes. S imul taneous  diffusion and kinetic control  and the  existence of hy -  
drogen surface coverage are taken into account. The effects of e lectrolyte  
film thickness and height  on the shape of the polarizat ion curves are ana-  
lyzed. Polar izat ion curves obtained on various types of par t ly  wet -p roofed  
porous hydrogen electrodes are in ve ry  good agreement  wi th  the computed 
curves. A concept of the morphology and the wet t ing  behavior  of par t ly  
wet -proofed  electrodes is developed based on electron micrographs and a 
comparison between predicted and observed polarizat ion curves. It is con- 
cluded that, under  often prevai l ing  conditions of diffusion control, the re -  
action proceeds predominant ly  on the wet ted  walls of macro pores, whi le  
the much smaller  micro pores are most ly flooded and contr ibute  l i t t le to the 
current.  

Exper iments  on foil electrodes par t ly  immersed  in 
aqueous electrolytes have  general ly  established the 
existence of stable e lectrolyte  films 1 above the intrinsic 
meniscus (1-5). On electrodes wi th  polished surfaces, 
films are  sometimes unstable  and menisci  wi th  con- 
tact  angles la rger  than zero form (1, 6-9). Under  con- 
ditions of ex t reme  cleanliness, however ,  stable films 
have  been shown to exist  even on highly polished sur-  
faces (10, 11). 

Mathemat ica l  analyses of the film model  have been 
presented (12-18) and evaluated  by describing polar -  
ization curves observed on model  electrodes (1, 10, 12, 
13, 18). More refined geometr ic  and kinetic models are  
requi red  to describe polarizat ion curves  of actual  
porous gas electrodes, and ve ry  few at tempts  have 
been made in this d i rec t ion  (17, 19, 20). In these few 
cases, discrepancies up to a factor of 4 between pre -  
dicted and measured  curves existed (19) or unl ike ly  
kinetic equations or parameters  had to be assumed to 
produce a curve  fit. 2 

In this paper  we present  a refined analysis of the 
film model  for the hydrogen oxidat ion reaction. We 
use the wel l  established Heyrowsky-Volmer  mechan-  
ism to describe the hydrogen oxidation, also taking 
into account the effects of hydrogen surface coverage 
and slow hydrogen diffusion on the  react ion rate. Ex -  
per imenta l  polarizat ion curves  of actual  porous hy-  
drogen electrodes, obtained by other  authors (21), are 
then evaluated  in terms of the film model  using mea-  
sured s t ructure  parameters  of these electrodes. 

Model and Analysis 
Firs t  the polarizat ion behavior  of a single pore of 

uniform d iameter  is analyzed and then a porous gas 
electrode as a system consisting of a large number  of 
such pores is described. 

Single  p o r e . - - T h e  model  t rea ted is as follows: (i) 
The film meets  the bulk  electrolyte  at r ight  angles at 
the pore mouth  (x ---- 0). This means  that  effects due 

* E l e c t r o c h e m i c a l  S o c i e t y  L i f e  M e m b e r .  
K e y  w o r d s :  e l e c t r o c h e m i s t r y ,  f u e l  ce l l s ,  p o r o u s  e l e c t r o d e s ,  hy- 

drogen o x i d a t i o n ,  f i lm m o d e l .  
1 A film t h i c k n e s s  of  1 .5~  a n d  a m i n i m u m  f i lm length of 1 cm was 

e s t a b l i s h e d  for  t h e  s y s t e m  H2/Pt-black/8NHeSO~ (1, 13) using an 
e l e c t r o c h e m i c a l  technique. Applying the same technique, a film of  
0.18 to 0.25g was found for KOH on Ni (3) in  c lo se  agreement with 
values between 0.1 and 0.5~ obtained with optical techniques (11). 

T h u s ,  t h e  k i n e t i c  m o d e l  a s s u m e d  f o r  O ~ - r e d u c t i o n  in (17) p r e -  
d i c t s  t h a t  t h e  l oca l  c u r r e n t  d e n s i t y  g o e s  t h r o u g h  z e r o  a n d  c h a n g e s  
sign in c o n t r a s t  to  t h e  a c t u a l  f i n d i n g s  (4, 5). The model p r o p o s e d  
in  (20) h a s  to  a s s u m e  s u r f a c e  d i f f u s i o n  c o e f f i c i e n t s  4 to  5 o r d e r s  
of  m a g n i t u d e  h i g h e r  t h a n  k n o w n  b u l k  e l e c t r o l y t e  values. 

to the meniscus and the electrolyte-f i l led par t  of the 
pore are neglected. (ii) The film thickness 80 is small  
compared to the pore radius r and the film height  H. 
This allows a t r ea tment  in Cartesian coordinates, (iii) 
The electric field in the film perpendicular  to the sur-  
face (outside the Helmhol tz  layer) ,  dE/dy ,  is small  
compared to d E / d x .  ( iv)  The electrolyte  concentrat ion 
in the  film stays approx imate ly  constant. It  has been 
suggested (18) that  wa te r  condensation and t rans-  
port  through the film m a y  accomplish this. In fact, it 
has been shown (12) that  in thick films (~1  mm)  con- 
centrat ion gradients are ve ry  small  due to wate r  vapor  
t ransport  and capi l lary motion. 

We may  wr i te  the pore cur ren t  per  uni t  pe r imete r  
W ~ 2nr as 

I / W  = - -  (8o/p) d E / d x  [1] 

where  p is the resis t ivi ty of the electrolyte  and E the  
local e lectrode polarization. The local current  density 
i is given by 

i = - - d I / W d x  [2] 

By differentiat ing Eq. [1] and substi tut ing for d I / d x  in 
Eq. [2] we obtain 

8~ d2E/dx  a : pi [3] 

subject  to the boundary  conditions 

E ( x )  = E a  fo rx - - - -0  [3a] 

d E / d x ~ - O  f o r x - - - - H  [3b] 

where  Ea is the total  measured electrode polarization. 
In order  to express i as a function of E, the react ion 
mechanism has to be known. The oxidation of hydro-  
gen is best described by e i ther  the Heyrowsky-Volmer  
mechanism or the Tafe l -Volmer  mechanism. The 
former  is more suitable in cases where  the coverage 
of the meta l  surface with  atomic hydrogen is large, 
the  la t ter  is p re fe r red  if the coverage is small. In the 
fol lowing analysis we  discuss only the Heyrowsky-  
Volmer  mechanism because hydrogen diffusion elec-  
trodes are usual ly  made of metals  which exhibi t  large 
equi l ibr ium coverages wi th  hydrogen and are often 
operated in a potent ia l  region where  the coverage re -  
mains re la t ive ly  large. For  ve ry  smaD thicknesses and 
small  polarizations, the  electron t ransfer  process 
(Heyrowsky-Volmer )  should become r a t e -de t e rmin -  
ing. In other  cases, however ,  hydrogen diffusion 
through the film is expected to de te rmine  the  rate. 
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For  a full  description we need to consider both proc-  
esses simultaneously.  

The  current  density due to the diffusion of molecu-  
lar hydrogen through the film is given by 

i = it(1 - -  C/Co) [4] 

it : 2FD Co/6o [4a] 

where  F is the Fa raday  constant, D the diffusivity, c 
the local concentration, co the concentrat ion of mo-  
lecular  hydrogen for s tandard pressure  Po = 1 atm, 
and it the l imit ing diffusion current  of H2. It  is as- 
sumed that  the t ransport  of hydrogen  in the gas phase 
and the dissolution of hydrogen in the electrolyte  
proceed sufficiently fast such that  c ---- co at the gas- 
electrolyte  interface. 

The Heyrowsky  mechanism 

H2---> H + H + + e -  (acid) [5a] 

H2 + O H -  -+ H + H20 + e -  (alkali) [5b] 

is described by 

c I - - 0  

i : 2ioH "~o I - - 0 o  
0 

- -  exp (alicE) - -  
0o 

exp (-- (i-- aH)r ] [6] 

where  ~ = F / R T  and ~oH and ~H are the exchange cur-  
rent  density and the t ransfer  coefficient for the Hey-  
rowsky reaction, respectively.  0 and Oo are  the hydro-  
gen coverage of the surface for any voltage E and 
E = 0 (p = Po), respectively.  The coverage of the 
surface is defined as that  fract ion of the surface which 
is covered with  hydrogen atoms. 

The Volmer  mechanism 

H-*  H + + e -  (acid) [Ta] 

H + O H -  -~ H20 + e -  (alkali) [7b] 

is described by 

1_0 ] 
i = 2iov exp (evr - -  exp ( - - (1  - -  ~v)@E) 

1 ~ Oo 
[8] 

where  iov and av are the exchange  current  density 
and the t ransfer  coefficient for the Volmer  reaction, 
respectively.  By el iminat ing C/Co and O/Oo f rom Eq. 
[4], [6], and [8], we obtain the current  density as a 
function of the voltage in the form 

i = (B - - ~ B  2 - -  4 A C ) / 2 A  [9] 
wi th  

A = Oo exp  [ ( i  - -  av) ~E]/2ivvit [9a] 

B = 0o exp (--aH@E)/2ion + ( 1 -  0o) 

exp [(1.--  aH)@E]/2ioH + Oo exp [(1 - -  c~v)@E]/2iov 

+ (1--0o)  exp (.--a-cr + exp (@E)/it [9b] 

C = exp (@E) - -  exp (--r [9c] 

When Eq. [9] ( together  wi th  Eq. [4a], [ga], [9b], 
and [9c]) is substi tuted into Eq. [3], a second order  
nonl inear  differential  equat ion in the variables  E and 
x results. This equation cannot be solved analytically,  
and, therefore,  was p rogrammed in BASIC for nu-  
merical  solution on a General  Electric 265 computer.  
The output  of the computer  are E and I as a function 
of x and, hence, also the total  pore current  It as a 
function of the total  polarizat ion Ea. 

Porous gas electrode.--We approximate  the complex 
s t ructure  of a gas electrode of known porosity p wi th  
an ar ray  of nonintersect ing macro pores of uni form 
diameter  equal  to the measured mean diameter  2r. 

Porous gas electrodes prepared f rom ul t ra-f ine cata- 
lyst powders (22), exhibi t  a micro pore s t ructure  
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Fig. 1. Electron micrograph of electrode cross section at IO0,O00X 
(courtesy Dr. L. W. Niedrach). 

within  the system of macro pores. Figure  1 shows an 
electron micrograph 8 of an electrode cross section 
taken at a magnification of 100,000X. The average 
d iameter  of the catalyst  part icles is 50A. Large  num-  
bers of these part icles form clusters wi th  an average  
size of 500-2000A. The individual  particles in a cluster 
form micro pores wi th  diameters  be tween 10 and 50A. 
Most of the clusters are l inked together  and have i r -  
regula r ly  shaped voids (macro pores) be tween them. 
The macro pores have diameters  in the 500-5000A 
range and exhibi t  considerable surface roughness. The 
Teflon particles (not visible in the micrograph)  range 
f rom 2000 to 5000A (22). Since the pore volume in-  
creases wi th  the second power  of the radius while  the 
internal  surface area increases only with  the first 
power,  most of the in ternal  pore volume, i.e., the po- 
rosity, is due to the large pores, while  most of the 
internal  surface area is due to the small  pores. 

We may, therefore,  calculate the number  of macro 
pores per unit  of projected surface area f rom the mea-  
sured values of the macro pore radius and the porosity, 
i.e. 

n = p/~r 2 [10] 

The apparent  current  density ia of the electrode (re-  
ferred to the projected area) is then given by the 
current  contr ibuted by a single pore t imes the num-  
ber of macro pores. In terms of the pore current  per  
unit  of circular perimeter ,  I t /W,  we can wri te  

ia-~- ( 2 p / r ) I , / W  [11] 

I t /W contains the parameters  H and 5o which, for a 
porous electrode, have the significance of a mean film 
height  and a mean film thickness. No rel iable  mea-  
surements  of these two quanti t ies are available.  

We must  also consider that  the model  assumes 
smooth pore walls exposing only catalyt ical ly  act ive 
material ,  whi le  in fact the pore walls are rough, con- 
tain micro pores, and expose active and inact ive ma-  
terial. The current  density re fer red  to the projected 
area of the macro pore walls is, therefore,  changed in 
proport ion to the wall  roughness and the catalyst  f rac-  
tion. Both are functions of the current  density if the 
reaction is discharge limited, as the electric field pene-  
trates more into the micro pores when the current  
density decreases. However ,  if the reaction is diffusion 
limited, the wal l  roughness and the catalyst  f rac-  
tion are constant as long as the film thickness is large 
compared to the micro pore radii. A t rea tment  in two 
independent  variables  would be required to take these 
effects into account. This is beyond the scope of this 
paper. We wil l  consider the wal l  roughness and cata-  
lyst fraction as constant and account for them by in- 
t roducing an adjustable  parameter  f, changing the 
local current  density i in Eq. [2] and [3] to #. 

Two special cases are amenable  to analytical  solu- 
tions and serve to i l lustrate  the effect of f on the ap- 
parent  current  density of the porous electrode. For  the 
case of diffusion control  and electric field penetra t ion 
< <  film height  we obtain 

ia : (4p/r) ~/FDcoy/p ~/Ea -- (1 - -  exp (.--2~Ea) ) /2r  
[12] 

a The loan of the relevant micrograph by Dr. L. W. Niedrach is 
gratefully acknowledged. 
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For the case of diffusion control  and electric field 
penetra t ion > >  film height  we  obtain the l imit ing 
current  

ial = (4p/r)  FDco fH/8o [13] 

which should commence at the polarizat ion 

EL = FDcopf(H/8o) 2 + EH [14] 

EH is the polarization at the  upper  film end (x = H),  
and is approximate ly  50 inv. 

Single Pore Polarization 
We wil l  now present  computed polarizat ion curves 

of individual  pores for various film geometries.  
Al though we have considered only the par t icular  
case of sulfuric acid electrolyte  wi th  concentrat ions 
8-normal  and 1-normal, the analysis can also be ap- 
plied to other  concentrat ions and other  electrolytes.  

Electrochemical  parame ter s . - -We  have made use of 
the fol lowing values for the resis t ivi ty  (23) of the 
electrolyte  and the diffusivity (24) and solubil i ty 
(24-26) of hydrogen in the  electrolyte:  p = 1.21 (SN) 
and 4.65 (1N) ohm cm, D = 2.8.10 -5 (8N) and 3.7. 
10-5(1N) cm2/sec, co = 4.2-10-7(8N) and 7.0.10-7(1N) 
moles /cm a. All  values are for 25~ The values for 
the diffusivity were  extrapola ted f rom measurements  
at 30~ and may  be in er ror  by 20%. The error  of the 
solubil i ty data should be less than 5%, that  of the re-  
sist ivity values less than 1%. 

For  the kinetic and thermodynamic  parameters  in 
Eq. [6] and [8] we have  used the fol lowing values: 
av = a H  = 0.5, ioV = ioH = 0.1 A / c m  2 (27, 28),~o = 0.98 
(27, 29). a,r and aH may  assume values be tween 0.4 and 
0.6, eo values be tween  0.9 and 1.0 on Pt, smaller  on Ni. 
Depending on the "ac t iv i ty"  of the  catalyst, iov and 
ioH on Pt  may  assume values an order of magni tude  
higher. Smal le r  values than 0.1 A / c m  2 are l ikely on 
Ni and on Pt  in systems of l imited purity. The effect 
of these parameters  on the polarization curves wil l  be 
discussed elsewhere. 

E~ect  of H and 8o.~Figure  2 shows a plot of the 
pore current  It per unit per imeter  W = 2~r as a function 
of the applied voltage or polarization Ea, both measured  
at x = 0. The plot applies to 1N H 2 8 0 4  and shows the 
effect of various film heights and thicknesses on the 
shape of the polarization curve. We note that  (i) a l im-  
iting current  of 0.5 m A / c m  is obtained for all film 
heights and thicknesses whose ratios H/8o = 100 (curves 
4, 5, and 6), (ii) the curves exhibit  an inflection point 

0.9- INE FILM AND H=IO -I, Bo=lO -4 

0.9- ,,ft.,..- 
H=,o -~, ~ o , , O : 5 / " ~  

0 ,  

T 
O.6- H=IO -2, 80=10 -4 / 

'-g' o.5 ..  4 - . :..~:: ~ . / J - -  - ~ .:- ~'~'- 

--0.4. . , , / ' / ~  ~ / . / "  

o. 

o.,  zr / 
I I I 

I00 200 300 
E o [mv]- - -  

Fig. 2. Effect of film geometry on polarization curves for individ- 
ual pore in I N  H2S04, I t / W  = pore current per unit of pore per- 
imeter, Ea ~ electrode polarization or applied potential,  H = 
film height,  8o ~ film thickness. 
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Fig. 3. Effect of film geometry on polarization curves for in- 

dividual pore in 8N H2SO4. 

and become increasingly concave as the film thickness 
decreases whi le  for the larger  thicknesses the curves  
are convex throughout,  (iii) the film height  has no 
pronounced effect on the curves for voltages Ea ~ 100 
my. In fact, in the case of 50 = 10 -4 cm any increase 
of H beyond 10 -1 cm has no effect on curve 1 (" in-  
finite film") throughout  the voltage range. 

The polarization curves for 8N H2SO4 are shown in 
Fig. 3. The character  of the curves is ve ry  similar  to 
that  obtained for 1N H2SO4. However ,  the magni tude  
of the currents  is different. Thus, the l imit ing cur-  
rent  for H/8o = 100 is 0.22 m A / c m  instead of 0.5 
m A / c m  and starts at potentials  considerably less 
anodic. The currents  for H/5o = 1000, on the other  
hand, are some 25% larger  than for 1N H2SO4. 

For  small  film thicknesses and small polarizations, 
the reaction rate is controlled by the charge t ransfer  
step, i.e., the Heyrowsky and the Volmer  mechanism 
(Eq. [5] and [7]), and the curves exhibi t  the charac-  
teristic concave shape (curves 3 and 6). As Ea and, 
hence, E ( x )  increase, the ra te  of the t ransfer  reac-  
tions Eq. [6] and [8] increases exponential ly.  There-  
fore, the  regions of the film close to the bulk  solution 
come under  diffusion control. Since diffusion control 
is associated with  a convex curve  shape, the curves 
run  through an inflection point. For  yet larger  values 
of Ea, even the regions of the film close to the upper  
end come under  diffusion control, and we approach 
the l imit ing current.  Curves 6 in Fig. 2 and 3 are ex-  
amples for this behavior.  

In accordance with  Eq. [13] the l imit ing currents  
are  proport ional  to H/5o and are larger  in 1N than in 
8N H2SO4. As H/8o increases, the onset of the l imit ing 
current  is delayed according to Eq. [14]. For  8o > 10 -5 
cm, diffusion control  prevai ls  and H hardly  affects 
the current  as long as It < <  I~. For  values of ioH and 
iov larger  than 0.1 A / c m  2, curves 2, 3, 5, and 6 would 
be less affected by slow discharge and, hence, ap- 
proach curves 1 and 4 more closely. 

Comparison with Experiments 
Source of exper imenta l  da ta . - -We have  chosen the 

detailed exper imenta l  study of Aust in  and Almaula  
(21) wi th  typical  data for wet -proofed  electrodes as 
the basis for comparison with  our analysis. These au-  
thors obtained accurate polarization data on four 
porous hydrogen diffusion electrodes prepared with  
different known amounts of plat inum, graphite,  and 
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Fig. 4. The values on the abscissa ba~e been catcu|ated from 
~/Ea - -  (1--e-2~E")/2r Experimental data (triangles) for Teflon- 
bonded electrode SM1 [ref. (21)] and polarization curve com- 
puted from film model; r = F/RT,  ia ~- current density referred 
to apparent surface area, Ea ~- electrode polarization. 

Teflon in IN H2SO4. They also de te rmined  the porosity 
P, and the mean  macro pore radius r. With the excep-  
tibn of one of the four electrodes, the macro pore radii  
lie be tween 0.6 and 3.2~. This is more  than two orders 
of magni tude  larger  than the micro pore radii. Hence, 
most of the in ternal  pore vo lume is due to the macro 
pores, and we may  calculate the  apparent  current  
densi ty ia f rom Eq. [11], substi tut ing for p the mea-  
sured total porosi ty and for r the macro pore radius. 

For  the e lectrochemical  parameters  the same values 
were  used as for the single pore polarization except  
for io~ and iov for which 1 A / c m  2 was employed. This 
value is reasonable for p la t inum electrodes in a high 
state of act ivi ty  (27, 28). 

Polarization curves o~ wet-proofed electrodes.-- 
Figure  4 shows exper imenta l  points ( tr iangles)  
for ia in the case of Aust in and Almaula ' s  Teflon 
bonded p la t inum electrode SM1 as a function of 
~ /Ea- -  ( 1 -  exp (--2~Ea))/2r Up to 100 mv  the 
points lie on a s t ra ight  line through the origin. A 
l imit ing current  of 2.9 A / c m  2 is obtained at polar iza-  
tions larger  than 400 my. This behavior  is charac ter -  
istic (1, 12, 13) for the existence of e lect rolyte  films. 
The curve  in Fig. 4 was computed by using the mea-  
sured values for the porosity (p = 0.72) and the mean 
pore radius (r = 3.2~). The values H = 11#, 5o = 
1030A, and f = 1.2 were  chosen to match the exper i -  
menta l  values for curve  slope and l imit ing current.  

Good agreement  is obtained be tween  the computed 
curve and the  exper imenta l  points except  for the po-  
tent ial  region 100-300 mv  where  the predicted cur-  
rents are up to 10% too high. Curves identical  to curve  
1 are obtained for any set of values H > 11~, 5o 
1030A, as long as H/8o -~ 107, and for any values ioH 
or iov > 0 . 5  A/cmL For  smaller  values of H and 5o, 
however ,  the computed curves  would  exhibi t  an in-  
creasingly concave shape (looking f rom above) at 
potentials smaller  than 100 mv. This behavior  is not 
observed and, thence, H = 11~ and 5o = 1030A con- 
sti tute lower  limits for the film height  and film thick-  
ness for the electrode SM1. 

Figure  5 shows a plot of ia against  ~/Ea . . . .  "for a 
plat inized and wet -proofed  carbon electrode, labeled 
FC100 by Aust in  and Almaula  (21). The measured  
values p ----- 0.2 and r = 0.25~ (Pure  Carbon Company 
catalogue values) along with  the assumed parameters  
H = 196~, 50 = 250A, and $ = 4.9.10 -4 were  used for 
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Fig. 5. The values on the abscissa have been calculated from 
~ / E a -  (1--e--2~Ea)/2~. Experimental data (triangles) for Teflon- 
bonded electrode FCIO0 [ref. (21)] and curve computed from film 
model. 

the computations.  An excel lent  fit be tween the data 
points ( tr iangles)  and the computed curves is ob- 
ta ined with  these values. The sl ightly concave curve 
shape for Ea < 150 mv  is an indication of some charge 
t ransfer  hindrance due to the small  film thickness 5o. 
Apar t  f rom this small  deviation, however ,  the  curves 
in Fig. 4 and 5 fol low the behavior  predicted by Eq. 
[12], [13], and [14] for slow H2 diffusion through a 
film. 

Figure  6 summarizes  exper imenta l  data (character-  
ized by various symbols) obtained by Austin and 
Almaula  on four different electrodes, SM1, CAA1, 
SM2, and FC100, in a l inear  plot of ia against Ea. 
The curves were  all computed on the basis of the film 
model. The s t ructure  parameters  used for electrode 
CAA1 are p = 0.73, r ~ 2.8~, H = 84~, 8o -~ 2800A, 
and S = 0.135, those for electrode SM2 are p = 0.60, 
r = 0.65~, H -~ 117~, 5o ---- 650.& and ] = 4.4.10 -4 . 
While the curve  fit is ve ry  good for electrodes FC100 
and SM2, the predicted currents  for CAA1 and 
SM1 are some 10-20% larger  than observed in the 
potential  range 100 mV < Ea ~ 300 mY. If much 
smaller  values for H and 5o had been chosen, the 
predicted curves would have  adopted a concave shape 
at low potentials.  The observed convex shape of all 
four curves shows that  the ra te  of hydrogen  oxidation 
on these four porous electrodes is overwhe lming ly  de- 
te rmined by slow H2 diffusion. 

Conc lus ions  
From a comparison between polarization curves 

predicted by the film model  and curves observed on 
wet -proofed  porous hydrogen electrodes coupled with  
an evaluat ion of electron micrographs of such elec- 
trodes we draw the fol lowing conclusions. 

1. For  large film thicknesses and large charge t rans-  
fer  rates (5o ~ 0.5# for io ~ 0.1 A / c m  2 or 50 ~ 500A 
for io > 1 A / c m  2) the polarizat ion curves are de-  
te rmined  by slow diffusion through the film. 

2. For  ratios film height  to film thickness of several  
hundred  or less, l imit ing currents  are obtained. For  
ratios of the order  of 1000 or more, the curves fol low 
the i -  ~/Ea re la t ion predicted by the infinite film 
model. 

3. As 5o and /o r  io decrease, charge t ransfer  l imi ta-  
tion is introduced, and the curves are concavely shaped 
at low potentials  ( <  50 to 150 mV) .  

4. Polar izat ion curves obtained on various types of 
par t ly  wet -proofed  porous hydrogen electrodes are in 
ve ry  good agreement  wi th  the curves predicted f rom 
the film model  when  only the macro pores of known 
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Fig. 6. Experimental data (various symbols) for four different Tef- 
lon-bonded electrodes [ref. (21)] and curves computed from film 
model. 

diameter are considered and the micro pores are dis- 
regarded. Diffusion control prevails. 

5. This indicates that  the micro pores are flooded and 
the walls of the macro pores are covered with an elec- 
trolyte film of a thickness large compared to the 
micro pore diameters (10-50A). 

6. The film thicknesses range from 250 to 3000A, the 
film heights from several hundred  to several thousand 
film thicknesses. 

7. The presence of hydrophobic particles of 2000- 
5000A diameter  prevents  complete flooding of the 
macro pores and limits the film height. 
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List of Symbols 
c Concentrat ion of molecular  hydrogen 
co Standard  concentrat ion of hydrogen at 

s tandard pressure 
D Diffusivity of molecular  hydrogen 
E Local electrode polarization (function of x) 
Ea Electrode polarization, measured at bu lk  end 

of film 
En Polarization at upper  film end 
E~ Electrode polarization for which the l im- 

it ing current  is obtained 
f Adjustable  parameter  for porous electrode 

s tructure 
F Faraday constant  
H Fi lm height 
i Local current  density in film (function of x) 
it Limit ing diffusion current  density 
ion Exchange cur ren t  density for Heyrowsky 

mechanism 
iov Exchange current  density for Vohner mech-  

anism 
ia Apparent  current  density of porous electrode 
ia~ Apparent  l imit ing cur ren t  density of porous 

electrode 
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Adsorption and Oxidation of Ethane, n-Butane, 
and n-Octane on Platinum Electrodes 

G. Aronowitz .1 and R. J. Flannery* 
Research and Deve lopment  Depar tment ,  Amer ican  Oil Company,  Whit ing,  Indiana 

ABSTRACT 

Ethane, n -butane ,  and n-octane  are adsorbed from aqueous sulfuric acid 
solutions onto p la t inum electrodes at 0.25-0.55V vs. NHE. At potentials 
higher than 0.30V how fast the surface coverage builds up depends on both 
the rate of adsorption and the rate of anodic oxidation. At 0.25-0.30V adsorp- 
t ion can be studied independently.  Rate data show that  adsorption is poten-  
t ial  independent  and first order in apparent  uncovered surface area. Studies 
of the kinetics of anodic oxidation and studies of hydrogen codeposition in-  
dicate that the adsorbed species are similar  for e thane and n-octane  but  
differ for n - b u t a n e  adsorption. 

Electrooxidation of hydrocarbons is cur ren t ly  of in -  
terest in fuel cell technology. However, the oxidation 
of a complex hydrocarbon molecule occurs in many  
successive steps, of which one or more would be ex- 
pected to involve adsorption. Consequent ly  the devel-  
opment  of adequate kinetic models for the process re-  
quires a detailed knowledge of the role played by the 
adsorption of reactants,  intermediates,  and products. 

The bu i ld -up  of intermediates  has been detected 
dur ing the electrooxidation of methanol  and formic 
acid (1, 2), olefins (3), and, more recently, dur ing the 
electrooxidation of saturated hydrocarbons (4, 5) on 
p la t inum electrodes. But  the identit ies of the adsorbed 
species and the na ture  of the adsorption processes re- 
main  in doubt. 

In  this s tudy the bu i ld-up  of adsorbed intermediates  
a t tending electrooxidation of ethane, n-butane ,  and 
n-octane  on p la t inum electrodes in aqueous sulfuric 
acid solution was observed in the potential  region of 
interest  in fuel cell technology by constant  current  
and controlled potential  methods. Studies of the ki-  
netics of electrooxidation by a potential  step method 
have provided a basis for analyzing the bu i ld -up  pro- 
cess. Hydrogen codeposition studies have provided 
useful clues to the na ture  of the adsorbed species. 

Experimental 
A Pyrex  electrolytic cell of convent ional  design was 

employed. The polarizing electrode was a 1.5-in. d iam-  
eter p la t inum gauze basket. It  was connected to a 
Hg/Hg2SO4/Hg2SO4(sat'd) ~ 1.0M H2SO4 reference 
electrode through a salt bridge and Luggin capillary 
filled with test solution. All  electrode potent ial  values 
cited here are given with reference to a normal  hydro-  
gen electrode. 

The he l ium used was Bureau of Mines analyt ical  re-  
agent grade. The hydrocarbons were Phillips research 
grade. 

The electrical apparatus was conventional.  A Br ink-  
man  Model 61-R fast-rise potentiostat  main ta ined  the 
electrode potential.  A galvanostat  was constructed 
using banks of resistors and a 90V "B" battery. Mer-  
cury relays provided rapid switching between galvano-  
star and potentiostat  and between reference potential  
sources. The lat ter  were constructed from t en - tu rn  
potentiometers and batteries. The switching ar range-  
ment  was sufficiently versati le for the potential  step 
sequences employed in these studies. A Tektronix  
Model 531A oscilloscope with a type D preamplifer,  
equipped with an oscilloscope camera using Polaroid 
film, was used to record electrode potent ial  vs. t ime 
curves. 

* Electrochemical Society Active 'Member. 
1 P r e s e n t  a d d r e s s :  P a n  American Petroleum Corporation, Box 591, 

Tulsa, Oklahoma 74102. 

Test electrodes were sputtered p la t inum film elec- 
trodes supported on bright  p la t inum foils and were 
prepared following a technique developed in this lab-  
oratory (6). Electrical connection was made with a 
p la t inum wire spot welded to the foil and sealed in  a 
soft glass tube. Electrodes were degreased in hot ace- 
tone and r insed in conductivi ty water  before being 
used. True surface areas of these electrodes were cal- 
culated from apparent  areas and the charge required 
to strip cathodically the p la t inum surface oxide which 
was normalized to uni t  roughness by comparison with 
values reported for bright  p la t inum (7). Roughness 
factors for the sputtered films varied from about  50 to 
70. All  results are presented on the basis of 1 cm 2 of 
apparent  area but  are normalized to an electrode hav-  
ing a roughness factor of 57. Thus Q and i values given 
per square cent imeter  can be divided by 57 to obtain 
Q and i for 1 cm 2 of real area. Twelve electrodes were 
used with no var iat ion in behavior  between electrodes. 
Electrodes were subjected to a s tandard activating 
t rea tment  before being used on any given day. This 
consisted of cycling the electrode potent ial  between 
1.15 and 0.35V 6-8 times. Following this, the electrode 
was main ta ined  at 1.15V for 2 min. Variat ion of elec- 
trode potential  between 1.15 and 1.75V (mild oxygen 
evolution) made no differences in subsequent  experi-  
menta l  results but  t rea tment  at potentials less positive 
(noble) than  1.15V resulted in a loss in activity for 
hydrocarbon electrooxidation and a general  lack of 
reproducibil i ty.  

The test solution was 1.0M HaSO~ prepared from 
water  obtained from a Barnstead Model E-1 conduc- 
t ivi ty water  still. The conductivi ty of the water  did 
not exceed 6.0 x 10 -z  ohm -1 cm -1. Test solutions were 
pre-electrolyzed in a separate vessel for at least 72 hr  
at 2.0 m A / c m  2 on bright  p la t inum electrodes before 
admit tance to the cell. All  experiments  were conducted 
at 65 ~ _ I~ Hel ium was bubbled through the cell 
solution to provide an iner t  atmosphere and provision 
was made to switch to hydrocarbon gas flow without  
admit t ing air  or impurit ies to the cell. Gases were 
washed in conductivi ty water  before admit tance to 
the cell and were permit ted to contact only Pyrex  
glass or Teflon tubing  to avoid contamination.  In the 
n-octane  studies, a large excess of n-octane  was added 
to the cell solution and stirred vigorously unt i l  satu-  
rat ion was apparent ly  achieved. 

Rates of Build-up of Adsorbed Species 
Surface species were detected by anodic charging 

curves. After  an activation t reatment ,  the electrode 
potential  was stepped to a value in the range of 0.20- 
0.55V and main ta ined  there to permit  adsorption. 
After  a given time a constant anodic current  was ap- 
plied, and the potential  was followed as a function of 

938 
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Fig. 1. Potential vs. time curves for the anodic stripping of 
ethane after a given time of adsorption on Pt at 65~ and 0.35V. 
Curve A, adsorption time ~ 0; curve B, adsorption time ~ 300 
sec. 

time. If the anodic cur ren t  is high enough, the charge 
involved in the arrest is independent  of the str ipping 
current  and thus reflects only the charge used in the 
anodic str ipping of surface species. This surface charge 
is denoted as Q. 

Oscillograms obtained after adsorption of e thane at 
0.35V at various adsorption times are shown in Fig. 1. 
Trace A is identical to traces obtained with the solu- 
t ion free of hydrocarbons.  In  trace B a potent ia l  ar-  
rest appears in the range 0.60-0.75V. The length of the 
arrest, T, increases with increasing adsorption time. 
Solutions saturated with n - b u t a n e  and n-octane  show 
similar arrests. 

Figures 2, 3, and 4 show curves of Qethane, Qn-butane, 
and Qn.octane vs .  adsorption time, over a range of po- 
tentials. The curves show a bu i ld-up  of adsorbed spe- 
cies with t ime unt i l  s teady-state  conditions are 
achieved. The charge at steady state is denoted as Qs. 
The net rate of bui ld-up,  dQ/dt, decreases with in -  
creasing Q. Both dQ/dt  at a given adsorption t ime and 
Qs decrease with increasing potential.  At potentials 
of 0.25-0.30V the curves tend to converge, and Qs ap-  
proaches a l imit ing value, Qs.max. Below 0.20V, Q de- 
clines sharply with potential,  and adsorbed hydrogen 
can be detected. The 0.45 and 0.50V curves for n-oc tane  
are unusual .  Q decreased with t ime after apparent ly  
a t ta ining Qs. No evidence for this apparent  desorption 
appears at lower potentials even after several  hours 
of adsorption time. 

The above-described behavior  s trongly suggests that  
adsorbed species undergo electrooxidation (8). Then 
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dQ/dt must  depend on the rate of this electrooxida- 
tion as well  as on the rate of adsorption. If adsorption 
occurs via a dissociation mechanism to produce par -  
t ial ly dehydrogenated fragments  and hydrogen, then  
recombinat ive desorption can be discounted because 
of the rapid anodic oxidation of adsorbed hydrogen in  
the potential  range involved. 

The a t ta inment  of a ma x i mum value for Qs at low 
potentials implies that  saturat ion adsorption occurs. 
Consequently,  Qs.max represents  the l imit ing fraction 
of surface sites available for adsorption, and the free 
fraction of available surface is (Q . . . .  x - Q)/Qs.max. 
Assuming that  the rate of adsorption is first order 
with respect to this quanti ty,  the net  rate of bu i ld -up  
of adsorbed species can be expressed as follows 

kad (Qs ,max-  c~nFE/RT dQ : Q) koxQ e [1] 
dt Qs,m,x 

w h e r e  kad and kox are constants at constant  t emper-  
a ture  and hydrocarbon concentration.  

At  sufficiently low values of E, where the rate of 
adsorption is proport ional  to dQ/dt, the second te rm 
on the r igh t -hand  side of Eq. [1] can be dropped. 
In tegrat ing the resul tant  equation and taking loga- 
r i thms then gives 

kad 
log (Qs,max-- Q) = log Qs,max t [2] 

2.303Qs,max 
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Fig. 5. log (Qs, max - -  Q) vs. adsorption time 

Figure 5 shows semilog plots of (Qs,max--Q) vs.  t 
for ethane, n -butane ,  and n-octane  adsorption in the 
range 0.25 - -  0.30V. From the slopes of these curves 
and the values of Qs,max, the following values of k~d 
were computed: 

kad 
Fuel  mill icoulombs/cmesec 

ethane 0.0657 
n - b u t a n e  0.1285 
n-octane  0.0432 

Kinetics of Electrooxidation of Adsorbed Species 
Values for ko~ and ~ n F / R T ,  needed to test the val id-  

ity of Eq. [1], were obtained by the following poten-  
tial step method: 

a. After  activation, the electrode was main ta ined  at 
an adsorption potential  of 0.35V long enough to in-  
sure a t ta inment  of s teady-state  conditions. 

b. The potential  was raised to a value, E, in the range 
0.425-0.650V, and the resul t ing anodic currents  were 
measured s imultaneously  as a funct ion of time. 

c. An anodic galvanostatic pulse was applied after 
a fixed time at E, and Q was determined by the anodic 
charging curve method. 

Anodic currents  observed for short times dur ing 
step b are due almost ent i rely to electrooxidation of 
adsorbed species and can be related to the ins tan ta-  
neous value of Q as follows 

dQ 
i ~- - -  = koxQ eanFE/RT [3] 

d t  

The boundary  condition was established in step a 

Q : Q~,o.85 when t = 0 

where t now refers to the dura t ion of step b. In te-  
grat ing Eq. [3], subst i tut ing for Q, taking logarithms, 
and rear ranging terms then gives 

anFE 
log i = log koxQs,o.85 -F 

2.303RT 

log Q ---- log Qs,0.~ 
2.303 

kox 
- -  eanFE/RT t 
2.303 

[4] 
' ~ O X  

- -  eanFE/RT t [5] 

Figure 6 shows semilog plots of i vs. t for e thane at 
several values of E. Similar  results were obtained for 
n-octane. The curves tend to become nonl inear  with 
t ime probably because of readsorption of dissolved 
hydrocarbon and subsequent  oxidation on freshly pro- 
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Fig 6. Log i vs. time passed during oxidation of adsorbed ethane 
at constant potential, E. 

duced sites. Figure 7 shows semilog plots of the slopes 
--(kox/2.303) exp a n F E / R T ,  and intercepts, log 
koxQs,0.35 + anFE/2 .303  R T ,  of the curves of Fig. 6 and 
the corresponding n-octane  curves plotted as a function 
of E. Figure 8 is a semilog plot of i for n - b u t a n e  at 
t ~ 0.5 sec vs. E. These data represent  approximate 
values of the intercepts of Eq. [4]; they could be 
slightly low. 

Figure 9 shows semilog plots of Q vs. t obtained for 
n-octane  in step c. Similar  curves were obtained for 
ethane and n-bu tane .  Figure  10 shows semilog plots of 
the slopes of the log Q vs. t curves, --(kox/2.303)exp 
a n F E / R T ,  vs.  E for ethane, n -butane ,  and n-octane.  

The rate constant, kox, and the Tafel slope, 2 .303RT/  
anF, computed from the data in Fig. 6-10, are shown 
in Table I. 

In Figure 8 the data points of the log i at t = 0.5 
sec vs. E curve for n - b u t a n e  break off the Tafel plot 
at 0.65V. Since mass t ransfer  l imitat ions cannot  be a 
factor, this behavior  suggests a change in kinetics. To 
explore this further,  an analysis was made of the 
anodic charging curves obtained dur ing galvanostatic 
stripping. By subst i tut ing Qt=o[ ( ~ -  t)/T] for Q in Eq. 
[3], integrating,  taking logarithms, and using the es- 

tablished relat ionship i t  ~ Qt=o ~ Q~,o.35, we obtain 

O ETHANE 
�9 n-OCTANE / /  
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ELECTRODE POTENTIAL, VOLTS vs NHE 

Fig. 7. Log of intercept and slope of Eq. [4] vs. E for ethane 
and n-octane. 
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a n F E  
--log (T- -  t) = - ~ log kox [6] 

2.303RT 

where  T = length of potential  arrest  in seconds, and 
t ---- t ime passed dur ing the galvanostatic charging 
step (step c above).  

Figure 11 shows semilog plots of T - -  t vs .  E for 
e thane and n-butane .  Tafel slopes and kox values com- 
puted from the slopes and intercepts of the curves in 
Fig. 11 are 

Adsorbate kox, sec -1, cm -2 2 . 3 0 3 R T / a n F  

Ethane 4.00 • 10 -4 0.198 
n -Bu tane  3.50 • 10 -3 0.337 

potential  arrest. The electrode potent ial  was then 
stepped to 0.35V for a time, t, to permit  readsorption, 
and adsorption was measured by the anodic charging 
method. The Q vs.  t curves so obtained were com- 
pared with the curves of Fig. 2-4. The two methods of 
oxidizing the surface species led to identical results. 
No difference was observed for ethane, but  the 
n - b u t a n e  and n-octane  curves were shifted to lower 
Q values by some 10-15%. However, a t rea tment  at 
1.15V for 10 sec re-establ ished the original Q vs.  t 
behavior. 

Although a par t ia l ly  oxidized intermediate,  such as 
CO, would be expected to remain  on the surface and 
block subsequent  readsorption, the results suggest that  

Table I. Tafel slope and kox from Eq. [4] and [5] 
Comparing these values with those in  Table I indicates 
that  the mechanism of anodic s t r ipping changes at po- 
tentials higher than 0.60V. 

Because knowledge of how anodic str ipping affects 
subsequent  adsorption should indicate the na ture  of 
the products of stripping, the following study was ethane 

n - b u t a n e  carried out. After  adsorption at 0.25 or 0.30V for a n - o c t a n e  

t ime sufficient to a t ta in  Qs.max, anodic str ipping was 
performed by  two methods: (a) t rea tment  at 0.575V 
for 2 to 3 min;  (b) application of an anodic galvano-  ethane 

n - b u t a n e  static pulse of sufficient durat ion just  to complete the n-octane 

F u e l  S l o p e  o f  E q .  [4 ]  I n t e r c e p t  o f  E q .  [4]  S l o p e  o f  E q .  [5]  

T a f e l  s l o p e ,  2 . 3 0 3 R T / a  ~ F  

0 . 0 8 6  0 . 0 8 6  0 . 0 7 3  
0 . ~ 6  0 . 1 4 4  0 . 1 5 2  

0.086 0.086 

R a t e  c o n s t a n t ,  kox,  s e c  - I  c m  -~ 

3 . 8 2  • 10 -s  3 . 8 2  • 10  -s  2 . 5 1  • 10 -9 
9 . 5 5  x 10 -o 6 . 6 8  • 10  -6 

3 . 7 2 •  10-~ 3 . 0 2  • 10  -8 2 . 6 9  • 10 -8 
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complete  conversion to CO2 occurs dur ing  anodic 
s t r ipping of adsorbed e thane  (9). The s t r ipping at  po-  
tent ia ls  be low L15V evident ly  fails  to convert  100% 
of the adsorbed n -bu t ane  or  n -oc tane  to CO2, and so 
leaves a res idue  which poisons a smal l  por t ion of the  
surface ava i lab le  for readsorpt ion.  

Analysis of the Net Rate of Build-up of Adsorbed 
Species 

Another  l imi t ing case arises when s teady-s ta te  con- 
dit ions exist.  In  this case the  condit ions Q --  Qs and 
dQ/d t  = 0 can be combined wi th  Eq. [1]. In teg ra t ing  
the resul t ing equation, t ak ing  logari thms,  and re-  
a r rang ing  te rms  

Qs ~nFE Qskox 
- - log  ---- + l o g ~  [7] 

Qs,max - -  Qs 2.303RT kad 

F igure  12 is a semilog p lo t  of Qs/Qs,ma~ - -  Qs) vs. E for 
ethane.  Using the slope and in tercept  of this  curve 
along wi th  the  prev ious ly  obta ined va lue  of kad, 
values of 0.084V for the  Tafel  slope, and 3.56 x 10 - s  
see -~ for  kox were  computed.  These agree  f avorab ly  
wi th  values  in Table I. 

In tegra t ing  Eq. [1], t ak ing  logari thms,  and  r e a r -  
ranging  te rms gives 

2.303 
t = - -  log (1 - -  flQ) [8] 

kad~ 
where  

1 ko~ 
f l  ~ ~ .~- e a n F E / R T  

Qs,max 'kad 
Semilog plots  of ( 1 -  ~Q) vs. t were  constructed 

with  values  of kox and the Tafel  slope averaged  f rom 
all  but  th ree  values  f rom Table I. These are  p r e -  
sented in Fig. 13 and 14 for e thane and n-octane.  
Curves for n -bu t ane  showed behavior  s imi lar  to the  
n -oc tane  curves.  Values  of the  slope, ~2.303/ka~ were  
de te rmined  f rom the l inear  por t ions  of the  curves. 
These da ta  a re  given in Table II, which  also gives, 
for  comparison,  the  corresponding slope values  com- 
puted  d i rec t ly  f rom prev ious ly  ca lcula ted  kad values 
and f rom the  da ta  p resen ted  in Table I. 

The greates t  devia t ion  f rom l inea r i ty  occurred at  
the  high potent ia ls  and  low ord ina te  values or high 
Q values.  At  0.25 or 0.30V the slopes are  nea r ly  equal  
to the  corresponding slope of Eq. [2] ; --2.3O3Q~.max/k~d. 
This behavior  is expected since when E ~ anF/RT,  
~l/Qs.max. The e thane da ta  fits Eq. [8] best. The re -  
adsorpt ion  studies indicate  tha t  no res idue was formed 
dur ing  anodic s t r ipping  of adsorbed ethane.  The ap -  
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Fig. 13. Fit of adsorption data for ethane to Eq. [8] 
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Fig. 14. Fit of adsorption data far n-octane to Eq. [8] 

paren t  s lowing of the  bu i ld -up  of adsorbed  n -bu t ane  
and n-oc tane  above 0.35V at sufficiently long adsorp-  
t ion t imes could thus be caused by  bu i ld -up  of a res i -  
due which is difficult to remove  by  anodic t r ea tmen t  
at potent ia ls  be low surface oxide  formation.  Anodic  
oxidat ion could be in ter fer ing  wi th  adsorpt ion  at the 
more  posi t ive  potent ials .  

Coverage of Hydrogen Adsorption Sites by 
Hydrocarbons 

The number  of hydrogen  adsorpt ion  sites consumed 
in the  adsorpt ion  of the  hydrocarbons  was es t imated  
by  measur ing  the  decrease  in cathodic charge requ i red  
to form an adsorbed hydrogen  layer  af ter  adsorpt ion  
of hydrocarbon.  The potent ia l  step p rogram was used 

Table II. Comparison of calculated and observed values of the 
slope of Eq. [8] 

E ,  V v s .  N H E  

F u e l  0 . 2 5  0 . 3 0  0 . 3 5  0 . 4 0  0 . 4 5  0 . 5 0  

o .  I I 

ADSORPTION POTENTIAL ,  VOLTS  vs  NHE ethane 

n - b u t a n e  
Fig. 12. Log [ Q s / ( Q s ,  m a x  - -  Qs)] vs. adsorption potential of 

ethane, n-octane 

o b s e r v e d  - -  3 1 4  ~ 3 1 4  2 2 6  5 6  
c a l c u l a t e d  - -  3 2 8  ~ 2 5 8  1 5 3  6 3  
o b s e r v e d  1 8 6  - -  1 7 3  
c a l c u l a t e d  1 9 3  - -  1 7 2  - -  1 2 0  
o b s e r v e d  ~ 3 2 7  3 2 7  - -  2 0 8  
calculated - -  3 2 7  3 1 4  - -  1 9 8  
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with one modification, after  adsorption for a fixed t ime 
at 0.35V, a constant  cathodic current  was applied and 
the electrode potential  measured as a function of time. 
The cathodic charge, QH, was computed from the 
length of the potential  arrest occurring in the range 
0.05-0.25V. The displaced cathodic charge, QH.t=o -- QH,t 
(t = hydrocarbon adsorption t ime) ,  was compared to 
the charge required to strip adsorbed hydrocarbons 
anodically. The ratios of anodic to displaced cathodic 
charge were: ethane, 1.5; n -butane ,  6.5; n-octane,  1.2, 
with an average deviation less than 6% over a broad 
range of adsorption times. From these ratios, Qs.max, 
and Qu.t=o, the max imum surface coverages of plat i-  
n u m  sites, 6s,max, w e r e  computed: ethane, 0.44; n - b u -  
tane, 0.12; n-octane,  0.37. 

To determine whether  codeposition of hydrogen 
would affect the state of the adsorbed hydrocarbon or 
vice versa, the following experiments  were performed. 
After  adsorption at 0.35V for a t ime sufficient to at-  
tain Qs, the electrode potential  was stepped to 0.1V 
and main ta ined  for a t ime t0.1, to a t ta in  hydrogen 
coverage free on sites. A constant  anodic current  was 
applied and an anodic charging curve obtained. For 
ethane and n-octane  Qs was unchanged even after a 
30-min t rea tment  at 0.1V. The ratios of Qs.0.35 to dis- 
placed anodic charge for adsorbed hydrogen oxidation, 
were near ly  identical  to values cited above for the 
corresponding ratio of Qs.o.35 to displaced cathodic 
charge. The behavior of n - b u t a n e  differed from that  
of e thane and n-octane.  The Qn-butane value obtained 
after t rea tment  at 0.1V for t0.1 = 1 min  to t0.1 ~ 30 
min  dropped to �89 Qs,~.~5, and the potential  arrest  for 
anodic str ipping of adsorbed n - b u t a n e  shifted to less 
noble values by some 100 my. 

If the potential  is stepped from 0.1 to 0.35V and an 
anodic pulse applied after a t ime t0.35, both Qs.o.35 and 
the form of the arrest for adsorbed butane  oxidation 
revert  to their  original state (as for no t rea tment  at 
0.1V) after t0.~ ---- 5 min, indicat ing a complete re-  
versal of the adsorbed hydrogen-adsorbed n - b u t a n e  
interact ion and readsorption of mater ia l  desorbed in 
the hydrogen adsorption region. 

One possibility for error in the estimated number  of 
sites covered by adsorbed hydrocarbon could be the 
occurrence of reversible hydrogenat ion and dehydro- 
genation dur ing  cathodic hydrogen deposition and sub- 
sequent oxidation steps. This would make the max-  
imum e values observed appear too low. 

Two potent ial  arrests of approximately equal length, 
corresponding to s trongly and weakly bound hydrogen, 
appear in both the anodic and cathodic charging 
curves. All  three hydrocarbons adsorb preferent ia l ly  
on sites otherwise occupied by the strongly bound hy-  
drogen. 

Discussion 
The fact that only a low number  of electrons per site 

appear to be required for oxidation of adsorbed ethane 
and n-octane  suggests the formation of a C1 or C2 
part ia l ly  oxygenated species. The close similari ty of 
the rate constants for electrooxidation indicates the 
adsorbed species are the same for both ethane and 
n-octane.  

Support  for these views is found in the observations 
of Niedrach (4) dur ing  anodic galvanostatic t rea tment  
of p la t inum electrodes in 5N H2SO4 containing ethane. 
The adsorbed species failed to undergo cathodic hy-  
drogenation. Niedrach concluded from this and other 
observations that  the adsorbed mater ia l  was an oxy- 
genated C1 species. 

The behavior  of adsorbed n - b u t a n e  with respect to 
its oxidation kinetics, its charge requi rements  of 6.5 
electrons/site for anodic oxidation, and its response to 
cathodic coadsorption of hydrogen contrast  markedly  
with that  of adsorbed ethane and n-octane.  The lower 

Qn-butane value observed after t rea tment  with cathodi- 
cally generated hydrogen and the readsorption at 
0.35V suggest that at least part  of the adsorbed butane  
is dehydrogenated at 0.1V and desorbed. These findings 
agree with a recent study of n -bu t ane  adsorption at 
p la t inum electrodes using radiolabell ing techniques 
(6); it showed that  butane  preadsorbed at 0.3V was 
par t ia l ly  desorbed during t rea tment  at 0.1V. Ap-  
parent ly  a part ial ly dehydrogenated species is formed 
dur ing n -bu t ane  adsorption. 

The a t ta inment  of ma x i mum coverage at values 
substant ia l ly  less than un i ty  dur ing adsorption of 
hydrocarbons on p la t inum electrodes was reported by 
Gileadi et at. (10) who measured ma x i mum 0 values 
of 0.35 to 0.45 for ethylene adsorption on p la t inum 
electrodes. This could be connected with our obser- 
vat ion that  adsorption occurs only on strongly bound 
hydrogen sites. Based on the observed apport ionment  
of the two types of adsorbed hydrogen of roughly 50% 
of each, the observed ma x i mum coverages of ethane 
and n-octane of 44% and 36%, respectively, indicate 
near ly  complete coverage of strongly bound hydrogen 
sites. 

The failure to detect adsorption on weakly bound 
sites indicates that the species adsorbed on these sites 
cannot be observed in the anodic charging curve. Such 
species may fail to undergo C-C bond breaking or a 
surface rea r rangement  to the precursors of detectable 
species. The hydrogen coadsorption studies however 
imply that  such species, if they exist, are rapidly de- 
sorbed in the hydrogen deposition region with small  
cathodic charge requirements.  The adsorpt ion-rate  
studies show first-order rate dependence on free 
available sites over a broad range of coverage for all 
the hydrocarbons studied and a potential  independent  
rate constant. Apparent ly  a ra te -de te rmin ing  surface 
process occurs between the ini t ial  adsorption step and 
the subsequent  oxidation to detectable species. 
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Overvoltage of Two Stepwise-Proceeding 
Electrode Reactions under Transient Conditions 

{. H. Plonski 
In s t i t u t e  5or A t o m i c  Phys ics ,  Buchares t ,  R o m a n i a  

ABSTRACT 

General  equations are derived for the overvoltage of two stepwise-pro- 
ceeding electrode reactions for the t ransient  regime under  galvanostatic con- 
ditions. Two shapes of ~-t  curves have been found depending on the mechan-  
ism and i values: for ioi > io2 and i > /critical, the ~-t curves are peak shaped; 
for iol > io2 and i --~ /critical, the ~-t curves gave the usual  form of monotone 
increasing ~ toward the steady-state  value. At the same time, the intermediate  
ion concentrat ion increases, following an S-shape curve: for iol = io2 and 
iol ~ io2, the ~-t curves have the same form as for the iol > io2 and i ~ /critical 
case, but the intermediate  ion concentrat ion remains  constant  and equal to 
the equi l ibr ium concentrat ion for ioi = io2 and decreases below the equi-  
l ibr ium concentrat ion for iol ~ io2. The relationships concerned are of some 
help in assigning a mechanism and under  specific conditions in calculating the 
exchange currents  of both steps by using them in conjunct ion with experi-  
menta l  results. 

The mult ie lectron transfer  processes present  the 
possibility of a stepwise proceeding implying a t rans i -  
tory existence of intermediate  ion of lower valency 
oxidation states. 

The rates of electrochemical formation and disap- 
pearance of in termediate  ion are equal  under  s teady- 
state conditions. The general  equations for the kinetics 
of mult ie lectron stepwise-proceeding electrode proc- 
esses under  steady-state conditions have been derived 
by Parsons (1), Vetter (2), and Losev et al. (3). 

In  the present  paper, a general  two stepwise-pro- 
ceeding electrode reaction is considered and equations 
are derived for the t rans ient  regime under  galvano- 
static conditions. 

In  Par t  I, the overvoltage and intermediate  ion 
concentrat ion equations are discussed, under  l imited 
t ime conditions, that  is at the very moment  of switch- 
ing on the current  and at the steady-state.  In Par t  II, 
the overvol tage-t ime and in termediate  ion concentra-  
t ion- t ime relationships are derived assuming no si- 
mul taneous  charging of the double layer or a negligible 
capacitive current .  In  Par t  III, the same relationships 
are derived taking into consideration the s imul tane-  
ous charging of the double layer. 

The following simplifying assumptions have been 
made: 

(A) The electrochemical reaction is two stepwise- 
proceeding. 

(B) During the pulse current,  the final ion concen- 
t ra t ion and, of course, the metal  concentrat ion are 
constant;  only the in termediate  ion concentrat ion is 
changing, but  its mass t ransfer  is neglected. 

(C) The electrode potential  and the ion concentra-  
tions are unaffected by the electric double layer po- 
tential.  

(D) No competitive chemical or disproport ionation 
reactions accompany the t ransfer  process. 

Equilibrium State, the Moment of Switching on the 
Current, and the Steady-State (Part I) 

The over-a l l  electrode reaction 

'ka 
M ~ M  "+ ~ n e -  

ko 

may occur through two consecutive steps 

kal 
M ~ M z~+ ~ z i e -  

kcl 
[I] 

ka2 
M z~+ ~ M (zl+z~)+ % z2e- [II] 

kc2 

where M is metal;  M z~+ is the in termediate  ion; 
M (z~+z2)+ -- M n+ is the final ion; zi and z2 are the 
n u m b e r  of electrons involved in the first and second 
step, respectively; n ---- Zl % z2 is the number  of elec- 
trons involved in the over-al l  reaction; ka, kc, kal, kcl, 
ka2, and kc2 a re  the rate constants in the anodic and 
the cathodic directions for the over-al l  process, the 
first and the second step, respectively. 

The actual  rates of the two steps, expressed in cur-  
rent  density terms are given by electrochemical ki-  
netics as 

and 

[M~I+] ) 
ii : ioi e ~ . ~ , - -  e -~c~, [1] 

[M~+]o 

( [Mz~+] e~,~,--e-~,. '~,) [2] 
i2 = io2 [Mz~+ ]--------/ 

where il and i2 are the current  densities corresponding 
to the first and second steps, respectively; ~ is the 
overvoltage; [M zl+] and [Mzl+]o are the in termediate  
ion concentrat ions at the t ime t and at equi l ibr ium 
( i = 0 )  ; ~a~, ~d, ~ a 2 ,  and ~c2 are the t ransfer  coefficients 
in  anodic and cathodic directions of the two steps. The 
t ransfer  coefficient expressions are 

aal = [~izlF/RT; acl = (1 --  ~ I ) Z i F / R T ;  

O~a2 = ~2z2F/RT; ~c2 : (1 --  f12)z2F/RT 

where ~l and ~2 are named symmet ry  factors, may 
have values ranging from zero to 1, and depend on 
the symmetry  of the potential  energy barrier,  being 
0.5 for a symmetr ical  barr ier  (1); F is the Faraday 
number ;  R is the gas constant;  and T is the absolute 
temperature.  The exchange currents  of the first step, 
iol, and of the second step, io2, are expressed by 

iol : ZlFkal [M] e a . . . . .  ziFkcl [Mzi+]o e -~cle~ 
and 

io2 : z2Fka2 [M zl + ] o e ~"~~ : z2Fkc2 [M (z~ + z2) + ] e -  ~o~o 

where [M] and [M (zl+z~)+] are the metal  and the final 
ion concentrations, respectively, and eo the equi l ibr ium 
potential.  

Under  galvanostatic conditions, that  is i : constant, 
at any  moment,  the corresponding cur ren t  densities 
of the first step, il, and of the second step, i2, satisfy 
the relat ion 

i : il -}- i2 [3] 
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By  i n t r o d u c i n g  [1] and  [2] in to  [3], t he  exp re s s ion  
of the  ra t io  [Mz~+]/[M~I+] o is ob ta ined  as 

[M z~+ ] i + io2e-~ '~ - -  ioie~,e~ 
[4] 

[Mz~+ ] o io2e a ~  - -  iole-ao~" 

as w e l l  as t he  exp re s s ion  of  t he  c u r r e n t  densi ty ,  i 

[M, .+]  ) 
i = iol e a~n - -  e -a~n 

[ M ~ + ] o  

+ io2 [M~+ ]---------~ e~=~- e-~.~ [5] 

U n d e r  s t e a d y - s t a t e  condi t ions ,  t he  r a t e  of t he  a p p e a r -  
ance  of t he  i n t e r m e d i a t e  ion  in  t he  first  step, 
d[NI ~+]* /d t ,  is equa l  to t he  r a t e  of  its d i s appea rance  
in t he  second step, d[M~t+]n /d t ,  t h a t  is, t h e  r a t e  of 
the  a p p e a r a n c e  of t h e  f inal  ion, d[M(z~+z,)+]/dt.  This  
m a y  be wr i t t en ,  by  t a k i n g  into  accoun t  t he  F a r a d a y  
law,  as 

d[M~1+]i 

dt  

i i  d[Mz~+Jn /2 

z~F dt  zaF 
d [ M  (z~+z'~)+ ] i 

dt  (Zl -4- z2) F 
tha t  is 

io l  ( e ~  

z i F  

[6] 

[ Mz~ + ] | h 
e- (xcl~7~ ) 

[M~l+]o 

_ _  i 0 2 -  - ( [Mz i+] |  e a , . ~ , ~ _ e _ ~ , ~ )  [7] 

[M..+]-------T 
w h e r e  [M~+]| and  n| deno t ed  t h e  i n t e r m e d i a t e  ion  
c o n c e n t r a t i o n  and  t h e  t r a n s f e r  o v e r v o l t a g e  u n d e r  
s t e a d y - s t a t e  condi t ions .  

B y  i n t r o d u c i n g  [4] in [7] and  r e a r r a n g i n g  the  t e r m s  
w e  ob ta in  

Zl  --~ Z2 e ( a a i + t ~ a ~ ) # ~ -  e -(~162 
i = - -  iolio2 [8] 

ZlZ2 io i  io2 

Zl Z2 

w h i c h  is t he  e q u a t i o n  deduced  by  V e t t e r  (2).  The  e x -  
pl ic i t  so lu t ion  of  ~1~ f r o m  Eq. [8] is a r a t h e r  difficult  
p rob lem.  I t  m a y  be so lved  by  e m p l o y i n g  the  s i m p l i f y -  
i ng  a s s u m p t i o n  of  t h e  ex i s t ence  of  on ly  s y m m e t r i c a l  
e n e r g y  bar r ie r s ,  t ha t  is ~l ---- ;~2 = 0.5, w h i c h  leads  to 
t he  equa l i t i es :  a a l  = tXel = t~l and  aa2  ~ tXc2 = t~ 2. F o r  
zl = z2, then,  al ---- ce = a, and by  subs t i tu t ing  ea~| by  
y we  ob ta in  a f o u r t h - o r d e r  a lgebra ic  equa t ion .  O n e  of  
the  r ea l  roots  of th is  e q u a t i o n  wi l l  g ive  t h e  express ion  
y c o r r e s p o n d i n g  to e~, | The  p r o b l e m  is so lved  in a 
s imi la r  w a y  for  zl = 1, z2 = 2; zi ---- 2, z.z = 1; and  
Zl = z2 ---- 2. The  express ions  of  ~l~ as a func t ion  of  i 
d e d u c e d  in th is  w a y  a re  v e r y  in t r ica te .  W h e n  ~i 
~ # 0.5, w e  m u s t  i n t r o d u c e  into  [8] t h e  co r r e spond ing  
n u m e r i c a l  v a l u e s  of a 's and  ca lcu la te  ~1~ by  m e a n s  of  a 
compute r .  I t  is m o r e  c o n v e n i e n t  to ca lcu la te  i n v e r s e l y  
t he  i va lues  co r r e spond ing  to ce r t a in  ~l~ values .  

In  d iscuss ing  t h e  f o l l o w i n g  equat ions ,  w e  wi l l  choose 
the  case  zl = z2 ---- 1; t~al ~--- a e l  = ~a2 ~ t~c2 ~ ~. In  
th is  case, Eq. [8] becomes  

i = 2iol [8'] 
/ol 

1 -5 . e -2an| 
$02 

T w o  p a r t i c u l a r  s i tua t ions  a re  of i n t e re s t  for  t he  fo l -  
l owing  discussions.  

W h e n  i is suff ic ient ly  l a rge  so tha t  t he  e x p o n e n t i a l  
t e r m s  conce rn ing  n e g a t i v e  a r g u m e n t s  in Eq.  [8] m a y  
be  neg lec ted ,  this  becomes  (2) 

Z1 -J- Z2 
i = - -  �9 iol " e ('.~'~ [9] 

Zl  
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T h e r e f o r e  
1 i 

~l~ = In  [10] 
a a l  Z i  --~ Z2 . 

~ol 
Z l  

tha t  is for  the  p a r t i c u l a r  case m e n t i o n e d  above  

1 i 
t1| = - -  In  [10'] 

a 2ioi 

F o r  an  e v e n  m o r e  specific case, /ol = io2, t h e  subs t i -  
t u t ion  of  e a'| by  y in to  Eq.  [8'] l eads  to a s econd-  
o r d e r  a lgeb ra i c  equa t ion ,  t h e  roots  of  w h i c h  a r e  

i _ x / i  2 + 16ioi 2 
Yl,2 = 

4iol 

We  choose for  ~1| t he  express ion  g i v e n  by  the  pos i -  
t ive  roo t  

1 i -J- k / i  2 "4- 16/ol 2 
~1| ---- - -  I n  [ 1 1 ]  

a 4iol 

(The  root  con ta in ing  a m i n u s  s ign  be fo re  t he  squa re  
root  has  no phys i ca l  sense  because  ioi > 0, w h i c h  leads  
to a n e g a t i v e  v a l u e  of  t h e  l o g a r i t h m  a r g u m e n t . )  

A t  t he  v e r y  m o m e n t  of  sw i t ch ing  on the  cu r ren t ,  
t ha t  is at  t - -  owe,  w h e r e  e depends  on the  edge  of  t h e  
pu l se  t r a n s i e n t  cu r ren t ,  t he  i n t e r m e d i a t e  ion  concen -  
t r a t i on  is a p p r o x i m a t e l y  e q u a l  to the  e q u i l i b r i u m  con-  
cen t ra t ion ,  [Mzi+]o+,  ---- [Mzl+]o, and  Eq. [1] and  
[2] b e c o m e  

il  = iol (e aal~<~ - -  e -ael~(~ [12] 
and 

/2 = io2 (e aa2n(~247176 - -  e-ar176247176 [13] 

w h e r e  ~1(o+O is t h e  o v e r p o t e n t i a l  v a l u e  es tab l i shed  a t  
t he  v e r y  m o m e n t  w h e n  t h e  c u r r e n t  densi ty ,  i, m a y  be  
cons ide red  constant .  

Subs t i t u t i on  of  [3] in to  [12] and  [13] leads  to 

i = il W i2 = i o i ( e  ~I"(~ - -  e -'~~176 

+ io2 (e  a~2"(~247 - -  e - '~'(~ [14] 

F o r  t he  case zl = z2 ---- 1 and  aal = ~a2 = ~c t  = ac2  ----- ce, 
w e  can  d e r i v e  f r o m  [14] t he  express ion  of  ~l(o+,) as 

1 i -J- A/i  2 -4- 4(iol  + / o 2 )  2 
~l(o+O = - - I n  [15]  

2 (iol -4- ~o2) 

The  ra t io  of  [12] and  [13], fo r  t h e  a b o v e - m e n t i o n e d  
case, l eads  to 

i 1 ( o + O  ~ol 
[16] 

/2(0+0 /o2 

f r o m  which ,  t a k i n g  into  accoun t  Eq.  [3], we  ob ta in  

iol 
ii(o+O i [17] 

iol + io2 
and 

io2 
i2(o+O = i [18] 

iol -4- ice 

Tha t  is, at  t he  v e r y  m o m e n t  of  sw i t ch ing  on the  cu r -  
rent ,  t he  l a t t e r  is d iv ided  b e t w e e n  t h e  t w o  steps p r o -  
p o r t i o n a l l y  w i t h  t he  r e l a t i v e  va lues  of  t he  c o r r e s p o n d -  
ing  e x c h a n g e  c u r r e n t  densi t ies .  

C o m p a r i n g  [15] w i t h  [11] shows tha t  fo r  iol ---- io2 
the  express ions  b e c o m e  ident ical ,  tha t  is, at  t he  v e r y  
m o m e n t  of s w i t c h i n g  on the  cu r ren t ,  t he  t r a n s f e r  
o v e r v o l t a g e  spr ings  up to its s t e a d y - s t a t e  va lue .  

In  this  case, t he  v a l u e  of  i for  w h i c h  ,l~ becomes  
0.01288V gives  t he  v a l u e  Of iol, because,  by  r e p l a c i n g  i 
w i t h  io~ in Eq.  [15] it  becomes  

1 1 + ~,/17 
~l| = ~l(o+,) ---- - - l n  = 0.01288V 

a 4 
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Table I. Comparison of ~ l ( o + ~ )  and ~1~ for various i values 

Ju ly  1969 

iox (A) io.~ (A) i (A) "0,~ (V) y(o+e) (V) 

[M+]| 

~ -- ~(o+~) (mY) [M+]o 

1 • 10.4 1 x I0 -~ 2.072 x 10.4 5 • 10-2 4.367 x 1O-~ 
3.1262 x 10.4 5.98 x 10-2 5.98 x I0-~ 
5.3882 x 10.4 7.5 x 1O -'2 8.47 x I0 --~ 
8.54 x 10 .4 9 x 10 ~ 1.0174 x 10.4 
1.1223 x 10 ~ 1 x 10 -~ 1.2128 x i0 -~ 
3.453 x 10 -~ 1.5 x 10.4 1.793 x 10 -I 
9.2591 x i0 ~ 2 X I0  -~ 2.306 X i0-~ 
6.34 X 10 -~ 3 x 10.4 3.307 X 10~ �9 
Very large 

1 • 1O ~ 1 x 10 -a 6.96 x 10-~ 5 X i0  -~ 1.56 x 10.4 
5.095 x 10-~ 5 x 10 -~ 1.28 x 10~ 
1.363 x 10.4 1 x 10.4 3.47 x 10-a 
9.3 x 10.4 2 x 10 -~ 2.31 x 10 -2 
2.95 x 10.4 5 x i0 -1 2.85 X 10.4 

+ 0.633 4.119 
O* 5.036 

- -  9 . 7  6 . 4 4  
-- 11.74 7.625 
--21.28 8.248 
--29.3 9.698 
--30.6 9.954 
--30.7 9.999 
-- 31.0971" 

+ 4.844 8.29 • 10-t 
+ 48.72 1.56 x 10 -I 
+96.53 3.148 X 1O -~ 

+ 176.9 1.048 X 10-~ 
+215  1 x 10 -~ 

" C a l c u l a t e d  b y  Eq. [34]).  
C a l c u l a t e d  b y  Eq.  [20]. 

A comparison of ~(o+~), Eq. [15], with n~, Eq. [8'], for 
iol > io2 and iol < io2 at various values of iol, io2 and i, 
is given in  Table I. 

It can be seen from Table I that, in the case of 
iol > /02, the ,1(o+~) is lower than ~| when the current  
density, i, is below a certain critical value, /cr i t ical ,  de- 
noted by icr, which is fur ther  explained; ,l(o+~) is 
equal to ,I~ for i = icr, and n(o+~) is higher than  ,}~ 
for i > icr. With increasing i, the difference ~ - -  n(o+o 
tends to the value corresponding to Eq. [20]. When 
/Ol < /O2, then ,l(o+,) is always lower than  n~. 

When i > >  2(iol + /02) ,  Eq. [15] leads to 

1 i 
~(o+ ~) : ~ In - -  [ 19 ]  

iol +/O2 

Subtract ing [19] from [10] we obtain 

• In/O1 n| - -  ~I(o+,) = [20] 
a 2 / O l  

From Eq. [20] it should be noted that: (a) when 
/OI > /o2 and i > >  2(iol -l-/o2), then ~I(o+~) ~ ~I~; when  
/OI < /o2, then ~(o+~) < ~ .  (b) The max imum differ- 
ence, ~ - -  ~(o+0, should be apparent  when ioi is quite 
different from ~o2; when  ioi ~ /02, then the max i mum 
difference is equal  to i / a  In I/2;  when ioi < /o2, this 
difference may reach values as high as the io2 value 
will  allow. 

Now, by subst i tut ing [8] into [4] and by rear ranging 
the terms, we can obtain the expression of the ratio of 
the in termedia te  ion concentrat ion under  steady-state 
conditions, [Mzl+]| and at the moment  t = o + e, 
[Mz~+](o+,). The [Mzl+](o+~) may be considered as 
equal to the in termediate  ion concentrat ion at equi-  
l ibrium, [Mzl + ]o. Thus, we have 

12 iol 

[M~+]~ Zl /02 
- -  ---- [ 2 1 ]  
[Mzl+ ]o z2 iol 

_ _  e-O~clw| ~ e (~a~| 

Z l  ~o2 

When i is sufficiently large for neglecting the terms 
containing negative argument  exponentials,  Eq. [21] 
leads to 

(a) When z~ ~ z2 = 1 and Oeal = ~r = ~c l  ~ o~c2 ~ c~ 

[M+]| iol 
--> ~ [ 2 2 ]  

[M+]o io2 

so that the intermediate ion concentration under 
steady-state conditions cannot be increased by in- 
creasing i. It results from Eq. [21] and [22] that, in 
the special case of 11 = 12 = 1 when iol > io2, the 
steady-state intermediate ion concentration is larger 
than the equilibrium intermediate ion concentration. 
The ratio between the two limiting concentrations, 

[ M+ ] J [ M+ ] o ,  increases with increasing i and tends 
to the limit value given by Eq. [22]. When iol < io2, 
the intermediate  ion concentrat ion under  s teady-state  
conditions is smaller  than at equi l ibr ium and their  
ratio tends, with increasing i, to the value given by 
Eq. [22]. 

(b) When Zl = 1, z2 = 2 and aal = a c l  = ~ V~a2 

1/2 at2, under  the same conditions 

[M+]| = 2 / o l  e-'/2~.~,~ [23] 
[M + ] o io2 

that is, the steady-state intermediate  ion concentra ~ 
tion decreases with increasing i. 

(c) When Zl = 2, z2 = 1 and  ~al = ~1 = 2~a2 = 
2 ar 

[M2+]| 1 iol 
. . . .  e~,~,~ [24] 
[M 2 + ] o 2 io2 

so that  the s teady-state  in termediate  ion concentrat ion 
increases with increasing i. (The special case of n = 3 
will  be treated in another  paper.) 

The Transient Regime for C - -  0 (Part I I )  
It has already been ment ioned that the relations be- 

tween the current  densities corresponding to the two 
consecutive charge t ransfer  steps, il and i2, and the 
rates of appearance, d[Mzl+]i/dt (by the first step), 
and of disappearance, d[Mzl+]ii/dt (by the second 
step) of in termediate  ion, Mz~ +, are given in ac- 
cordance with the Faraday  law as 

il d[Mzl+]i 
[25] 

Z l F  d t  
and 

i2 d[Mzl+ ]ii d[M (11+12) + ] 
[26] 

z2F dt dt 

where [Mzl+]i is the quant i ty  of M transformed 
into M 11+ (in concentrat ion terms) at t ime t, and 
[M~I+]II is the quant i ty  of M or of M ~1+ t ransformed 
into M~l+z~ + (in concentrat ion terms also) at t ime t. 
The quant i ty  of intermediate  ion, [Mz~+], existing in 
the system at t ime t, will  be equal to the difference 
between the quant i ty  of intermediate  ion formed up 
to that  t ime in  the first step, [Mz~+]i, and the quant i ty  
of intermediate  ion that  disappeared up to that  t ime in  
the second step, [Mzl+]ii. The lat ter  is equal to the 
quant i ty  of final ion, [M ~11+12) + ], appeared as a result  
of the over-al l  reaction (not the quant i ty  of M( z~+~+ 
existing in the system, depending on the ini t ial  condi- 
t ions).  

The rate of accumulat ion of intermediate  ion, 
d[Mzl+]/dt, in the system will  be equal to the differ- 
ence in its rate of formation, d[Mz~+]i/dt, and its rate 
of disappearance d[M z~+]II/dt. Therefore, taking into 
account Eq. [25], [26], [1], and [2], we obtain 
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d[Mz~ + ] d([Mz~+]~-- [Mz~+]iI) 

dt dt 

/01 /02 [M z' + ] 

Z l F  z 2 F  [ M  z~ + ] o 

( /01 e - ~ +  i~ e ~ : . , )  [27 ] 
z1F Z2F 

The subst i tut ion of [4] into [27] leads to 

d [ M  z~ + ] /01 /02 
_ _  --  eaa~n ~ e-a~,n 

dt  z tF  zsF 
i + i~ e - a ~  - -  iol e~ln ( /01 e-a~.~n + i~ .~) 

io'-~ e a.~-"-'---~-/01 e ~-ar ' ZlF zsF ea" 
[28] 

Also by differentiation of [4] with respect to time, we 
obtain 

d [M~ + ] 
_ _  = [ M ~ + ] o  

dt 

(ac2/02 e - a r  -}- a a l i o l  e a"~") (/01 e -a~ --/02 ea"'-"0 

(/02 e a"~" --/0~ e-a~ 2 

(i -~- /02 e-"r --/0~ e ~.~") (aa2io2 e ~.~ + acl/01 e - - ~ , )  

(/0~ e~,~, _/0~ e-~ol,) 2 
dn 

[29] 
' d t  

~ a l  + O/a2 
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Hence, at the value of ~l given by Eq. (32), either the 
overvoltage reaches directly its s teady-state  value or 
attains a m i n i m u m  or a ma x i mum value. As the ~-t  
curve given by Eq. [30] does not present maxima and 
minima, in the ment ioned case, the curve reaches its 
s teady-state from the beginning.  This corresponds to 
the condition 

i /01 
~l(o+O = "  In : [33] 

(O:a2 "~ a c l )  ?'02 

By substituting [33] into [14], it results that, at a 
critical value of i, denoted icr, given by the equation 

- -  In . . . . . . . . . . . .  I n  

O~a2 + O~cl io2 ~ a 2  + Gtcl 

icr = /0~ e - -  e 

- -  I n  - -  - -  I n  

0~a2 + ~ e l  io~ (Xa2 + Ore1 ~09 

+/02 e --  e 
[34] 

or, for the special case of z2 = Zl -~- 1, ~z = ~2 = �89 

1 iol 1 iol ) 
- -  I n  - -  - -  - -  I n  - -  

2 ~o~ 2 io.~ [34 ' ]  
icr = (io~ + io2) e --  e 

the overvoltage springs up to its s teady-state value, 
the very moment  of switching on the current .  

It is obvious that  the two values, i given by Eq. 
[34] and ,I given by Eq. [33], must  satisfy the steady- 
state equation, [8] ; that  is, 

Zl ~- Z2 . . 
$ c r  = ~ '/'o17,o2 

ZlZ2 

i , , l  GeL + ~c~ io l  
- -  I n  - -  - -  I n  

I 

{2el ~ol ~a~  i o l  
- -  In - -  In - -  

/01 a . 2  -]- (:~,'I io2 iO ~ a a 2  + O~el io2 

- - e  + . . . .  e 

Zl Z2 

By equat ing [28] to [29] we obtain 

d~l (/02 e ~'-'~ --/01 e -~r [ (zl  + z2)iolio2(e (a.~+a.'-')n - -  e - (~+~"- ' ) ' )  - -  i(zsiol e -~`'~ + Zlio2 e a.'~) ] 

[34"] 

[30] 
dt N 

where 

N = ZlZ2F[Mz~+]o { (ar + aal)iol 2 e (a.~-a~)~ 

+ (~r + ~.D/022 e (=--~o-~)" 

+/0,/02[ (~2 - -  ~r e-(~o~+~o~), + (~.2 - -  ~1) er 

- -  i (aa2/02 e a"-~n n t- acl /01 e - a ~ l n )  } 

The solution of Eq. [30] gives the explicit  form of 
as a funct ion of t, i.e., , l ( t) .  By fur ther  introduction 
of ,l(t) into Eq. [29] and after integrat ion of the 
lat ter  we obtain the change of [M z~+ ] with time�9 

By integrat ing [30], we obtain only the explicit 
form of t as a funct ion of n, and this one only for the 
special case of ~1 = t~2 ---- �89 when we may substi tute 
e a, by y. In  other words, the explicit form of n, n (t),  
and of [Mz~+], M~+( t ) ,  which signify the t ransient  
regime, cannot  be obtained. The solutions of this kind 
of equation are numerica l  only. 

One can see, from Eq. [30] that  d~ /d t  ---- 0 in  two 
cases, namely:  

1. When the first round bracket  is equal to zero; 
hence, 

/02 e ~2~ =/01 e -a~" [31] 

that  is, when  the t ransfer  overvoltage reaches the 
value given by the relat ion 

1 /01 
= In . [32] 

( , ~  + ,~1) ~o2 

From Eq. [33] one can see that  for /ol  > /02, the value 
of i at which the overvoltage reaches its s teady-state 
value is a positive value (for anodic net  current ,  of 
course);  for /01 < /02, under  the same conditions, i 
should have a negative value; that  means that  by 
applying an external  anodic current  the condition of 
,l(o+O = ~l~ cannot be satisfied for this mechanism. 

2. When the second bracket  is zero, that  is when  

i = Zl  -{- ZS /01/02 e ( a ~ l + a ~ ) n _  e - ( ~ c l + a r  

zlz~ /01 i o 2  
e--ac~ .~- eaas~ 

Z1 Z2 

The lat ter  jequation is identical  with Eq. [8] and sig- 
nifies the steady state. In  the case of /01 = /02, it has 
already been shown (Eq. [11] and [ 1 5 ] ) t h a t  ,l(o+o = 
u~ for all values of current  densities, so that  the second 
bracket  is zero�9 

The Transient Regime for C :/= 0 (Part III) 
Therefore, if in t ransient  regime Eq. [1], [2], and 

[3] were valid, Eq. [30] would mean  the change of 
the t ransfer  overvoltage with t ime under  galvano- 
static conditions. But, just  dur ing the t rans ient  regime 
the charging of the double layer, of the capacity, C, 
occurs. In other words, Eq. [3] becomes 

d ,  
i- C = ?,1 ~- ~2 [35] 

dt 
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where C d~ .... is the capacitive cur ren t  density. 
dt 

The subst i tut ion of [1] and [2] into [35] leads to 

i - -  C d~ -l- io~ e-~o~ - -  io~ e ~  
[Mz~ + ] dt 

[36] 
[M ~+ ]o io2 e ~-" - -  io~ e-~o~, 

(instead of [4]). Hence, 

dn 1 
F i -~ iose - ~ n  - -  iol e ~ "  

dt C L 

[M'~ + ] l 
[Mz~+]---- ~ (io2 e a.~" - -  io1 e - ~ , )  J [37] 

Equation [37] in conjunct ion with [27] 

d [M~+ ] iol io2 
- -  ~ e ~ a 1 ~  ~ e - a c ' z ~  

dt z~F z~F 

[Mz~+] ( io~ e_a~n_b ios ) 
- , ,  e~.~n [37'] 

[M ~ + ] o z~F z~F 

forms a system of two first-order differential equations 
which may be solved numerical ly.  

The special case of lot = io2 presents the par t icu-  
lar i ty  of [Mz~+]/[Mz~+]o = 1, so that Eq. [37] may be 
solved for the sake of s implifying assumptions of a~ 
= ~ a 2  ~--- ~ c l  = a c 2  ~ c~. The subst i tut ion of e ~, by y 
leads to a differential equation whose solution allows 

to be put  into an explicit  form. The result  is 

and i as before are shown in accordance with Eq. 
[27] and [37]. 

From these curves, two observations should be noted 
as valid for all  of the cases: 

1. With the increase in time, all the curves tend to 
their s teady-state  values. 

2. The t ime necessary to reach the steady state de- 
creases with the increase in  the i value. 

The other observations wil l  be discussed, separately, 
for the three par t icular  cases. 

The case o~ io~ ~ io~--(a) C = O, Fig. 1A .~  
When i ~ icr, the ~l-t curve is decreasing; when  i 
icr, the ~ is constant  from the beginning  and equals ~ ;  
when i ~ ic~, the ~-t  curve is increasing. From this 
figure, it can be seen that  for the very large values of 
i, the difference ~| - -  ~(o+,) becomes constant  in ac- 
cordance with Eq. [20]. 
(b) C ~ O, Fig. lB. 

Case I. i > icr. 1. All  the curves are peak shaped. 
2. The peak overvoltage increases with increasing 

cur ren t  density. The change of the peak overvoltage 
with the logari thm of the current  density follows a 
Tafel law; in  this case, 

dtll~eak___ 52.181~V ( R ~ )  

d In i decade ~" 

which compared with 

dn| 50 mV 

d In i decade 

I 

' - V  
~ -  4-~o~ + + ~o~' l~--:~Z~ + e 

C 

[3a] 

Limiting Conditions: ~l(o+~) and ~| Expressions 
The equivalent  electrical scheme of a condenser of 

capacity, C (representing the electric double layer) ,  
connected in parallel  with a resistance (the equivalent  
of the t ransfer  reaction) is cur ren t ly  accepted for an 
electrode process. This equivalent  electrical scheme 
allows us to write Eq. [35] and means that  at t = 
o q- e, for e '.~ o all the current ,  i, is a capacitive cur-  
rent;  tha t  is, 

C ~ = d ~  i [39] 
dt 

Therefore, according to Eq. [35] 

ix + h = 0 [40] 
from which 

~I(o+o = 0 [41] 

The relat ion [Mz~+](o+O = [MZl+]o is valid in  this 
case too. 

Also, at steady state C d~ = 0; thus the equations 
dt 

are similar  to those derived in Par t  II. 

Discussion 
On the grounds of expression [30], theoretical curves 

of ~-t were computed for the special case of C = 0, 
zl = z2 ~- 1, ~1 = B2 = 0.5, [M+]o ~- 1 • 10 -11 M/l, and 
arbi t rary  values of iol, io2, and i, by the computer  
CET-501, from I.C.P.U.E.C., Bucharest, Romania. The 
results are graphically presented in Fig. 1A, 2A, and 
3A, the values of iol, io2, and i being pointed out on the 
figures. On figures 1B, 2B, and 3B, the theoretical  curves 
of the case of C = 30 ~F and the same values of/o~, is2, 

leads to the conclusion that, at very large current  
densities, the Tafel slope given by the peak-over-  
voltage values is almost equal  to the Tafel slope given 
by the steady-state overvoltage values. At smaller  
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Fig. 1A. The overvoltage, ~1, as a function of t ime, t; the case of 
iol ~ I x 10 - 4  (A)  ~ io2 = 1 x 10 - 5  (A)  for C = 0 and di f -  
ferent values of i (in A) .  
Curve I ,  i = -  2 .072 x 10 4 Curve 5, i =-  1.1223 x 10 - ~  
Curve 2, i = 3 .1262 x 10 - 4  Curve 6, i = 3.453 x 10 - ~  
Curve 3, i = -  5 .2882 x 10 - 4  Curve 7,  i = 9.2591 x 10 - ~  
Curve 4, i = 8.54 x 10 - 4  Curve 8, i = 6.34 x 10 - 2  
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Fig. lB. The overvoltage, ~1, as a function of time, t, for C = 
3 x 1 0 - 5 F  and the same values of i, iol, and io2 as in Fig. 1A. 
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33.9 mV 
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current  densities 

and 

Therefore, the Tafel slope given by the overvoltage 
peak values is larger than  the Tafel slope given by 
the overvoltage steady-state values. 

3. The difference ~ - -  71pea k first increases, then 
tends to a constant  value. It is obvious that,  as C tends 
to zero, ~ - -  7 1 p e a  k tends to ~ - -  ~<o+~). 

4. With increasing of the current,  the t ime corre- 
sponding to the maxima on the curves, z peak, tends 
to zero. In  the studied case 

d log ~peak 0.82 

d log i decade 

Case II, i = iCr. The curve ~-t increases with in -  
creasing time, tending asymptotical ly to the steady- 
state value. Hence, the critical current  density may be 
identified as being the max imum value of i for which 
the peak does not appear. The exper imenta l  deter-  
minat ion of icr and corresponding ~1~ allows the calcu- 
lat ion of iol and i02 by means of Eq. [33] and [34], be-  
cause in this case ~I(o+~) ~ ~ .  

Case III, i < ir The curves ~-t are of the same 
shape as in  case II. 

The case of  ioz = ioz (Fig. 2, curves I - 5 ) . ~ ( a )  C = O, 
Fig. 2.- -For  all  values of i, the ~1 springs up to the 
steady-state  value. 

(b) C ~ 0.--The ~-t  curves are of the same shape 
as in the case of iol ~/02 when i ~ ic~. 

The case of  iol ~ ioz (Fig. 3 ) . - - (a )  C = O, Fig. 3A. 
1. All  the curves ~-t  are increasing and S shaped. 
2. The time at which the inflection appears tends to 

zero with increasing current  density. 
(b) C ~ O, Fig. 3B.--The ~l-t curves are monotone 

increasing, tending asymptotical ly to their  s teady-state 
values. 

The changes of in termediate  ion concentrat ion with 
t ime for the three cases, namely  iol ~ io2, iol ---- ion, 
and iol ~ io2, and C ~ 0 are given in Fig. 4. 

From this figure it can be seen that  for the case of 
iol > io2 (curves 1-7) all the curves are increasing and 
S shaped. The t ime necessary to reach the steady state 
as well  as the t ime at which the inflection point ap- 
pears decreases with increasing current  density. 
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Fig. 2. The overvoltage, ~1, as a function of time, t, for different 

values of current density. The case of iol = io2 = 1 x 10 - 5  (A), 
curves 1-5, two step-wise proceeding transfer. The case of io = 
1 x 10 - 5  (A), curves 6-10, one step-wise proceeding transfer. 
Curves 1 and 6, i = 6.96 x 10 - 6  (A) 
Curves 2 and 7, i = 1 x 10 - 5  (A) 
Curves 3 and 8, i = 1.363 x 10 - 4  (A) 
Curves 4 and 9, i = 9.3051 x 10 - 4  (A) 
Curves 5 and 10, i = 6.34697 x 10 - 3  (A) 

In  the case of iol -- io2 (curve 8), the intermediate  
ion concentrat ion is constant  and equal to the equi- 
l ibr ium concentrat ion all the time. 

In  the case of iol < /o2 (curves 9-12), the in ter -  
mediate ion concentrat ions decrease with increasing 
time, tending asymptotical ly to the steady-state values. 
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Fig. 3A. The overvoltage, ~1, as a functian of time, t, for the 
case of iol = 1 x 10 - 5  (A),  io2 = 1 x 10 - 3  (A) for C = 0 and 
different values of current density. 
Curve 1, i = 6.96 x 10 -o (A) 
Curve 2, i = 5.195 x 10 - 5  (A) 
Curve 3, i = 1.363 x 10 - 4  (A) 
Curve 4, i = 9.3 x 10 - 4  (A) 
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Fig. 3B. The overvoltage, vi, as a function of time, t, for C = 
3 x 1 0 - 5 F ,  and the same values of i, iol,  and io2 as in Fig. 3A. 

I t  is obv ious  and  i m p o r t a n t  t ha t  the  e x p e r i m e n t a l  
d e t e r m i n a t i o n  of t he  change  of  i n t e r m e d i a t e  ion con-  
c en t r a t i on  w i t h  t ime,  or  at leas t  of t h e  ra t io  b e -  
t w e e n  t h e  s t e a d y - s t a t e  c o n c e n t r a t i o n  and  the  equ i -  
l i b r i u m  concen t ra t ion ,  w o u l d  g ive  v a l u a b l e  i n f o r m a -  
t ion on the  t r a n s f e r  mechan i sm .  

We  find it  i n t e r e s t i n g  to present ,  in t he  fo l lowing ,  
the  case of  t he  t r a n s f e r  of n e lec t rons  in on ly  one  step, 
t ha t  is 

ka 
M ~ M n + -I-  n e -  

k c  

for  c o m p a r i s o n  w i t h  t he  cases s h o w n  before .  
The  express ion  of  t he  c u r r e n t  densi ty ,  i, at s t eady  

s ta te  is 
i = io (e ~ |  e - ~ o ~ )  [42] 

w h e r e  ~a = ~nF/RT and  ac = (1-~)nF/RT.  
The  subs t i tu t ion  of CCa and  ac by  ~' and  of e ~',~ by  y 

in Eq.  [42] leads  to a second o r d e r - a l g e b r a i c  e q u a t i o n  
w h o s e  pos i t ive  roo t  a l lows  ~ to be  p u t  in an  exp l i c i t  
f o r m  

lln(i 
~=~' \~+~4-~o ~+2io [43] 

In  th is  case, i f  C = 0, t h e n  n~ = nr tha t  is, t he  
o v e r v o l t a g e  spr ings  up r e a d i l y  to its s t e a d y - s t a t e  
va lue .  

W h e n  C r 0, t ha t  is at t r ans i en t  r eg ime ,  Eq.  [43] 
becomes  

dn 
i - -  C = {o (e ~"  - -  e - a ' ' )  [44] 

d t  

By  subs t i tu t ing  e a ' ,  by  y in Eq. [44] and so lv ing  the  
s e c o n d - o r d e r  equa t i on  in y, w e  ob ta in  for  n t h e  e x -  
p ress ion  

E g 

t ~ 9 ML-/.Io- 

qs 
N 

N 

~Z 

O,t  . 

Fig. 4. The intermediate ion concentration, [ M + ] ,  as a func- 
tion of time, t,  for the three special cases: case 1, iol ~ 1 x 10 - 4  
(A);  io2 ~ 1 x 10 - 5  (A) (curves 1-7) for different values of cur- 
rent density. 
Curve 1, i ~ 2.172 x 10 - 4  (A) Curve 5, i = 1.1223 x 10 - 3  
Curve 2, i ~ 3.1262 x 10 - ~  (A) Curve 6, i = 3 .453  x 10 - 3  
Curve 3, i ~ 5.3882 x 10 - 4  (A) Curve 7, i = 9.2591 x 10 -'~ 
Curve 4, i = 8.54 x 10 - 4  Curve 8, i = 6.34 x 10 - 2  

Case 2, io~ = io2 = 1 x 10 - ~  (A) (curve 9). Case 3, iol 
I x 10 - ~  (A);  io2 = 1 x 10 - 3  (A) (curves 10-13). 

Curve 10, i = 6.96 x 10 - ~  (A) 
Curve 11, i = 5.095 x 10 -'~ (A) 
Curve 12, i = 1.363 x 10 - 4  (A) 
Curve 13, i = 9.3 x 10 - 4  (A) 

In  Fig. 2, t he  ~- t  cu rves  a r e  g iven  for  t h e  spec ia l  
case of  n = 2, /3a = ~c = 0.5 and  for  the  a r b i t r a r y  
va lues  of io and  i shown  on the  figure. I t  can  be  seen  
f r o m  curves  6-10 tha t  al l  of t h e m  are  s tead i ly  in -  
creas ing,  t e n d i n g  to t he  s t eady  state.  As  t h e  t r a n s f e r  
in on ly  one  s tep and the  t r a n s f e r  in two  steps w i t h  
iol = io~ a re  s imi la r  w h e n  C = 0, because  ~1 spr ings  up 
to its s t e a d y - s t a t e  va lue ,  bo th  cases h a v e  b e e n  r e p r e -  
sen ted  on the  same  figure. A compar i son  b e t w e e n  t h e m  
leads  to t h e  o b s e r v a t i o n  tha t  for  sma l l  va lues  of i 
and t h e  s a m e  v a l u e  of  e x c h a n g e  c u r r e n t  t he  c u r v e s  
for  bo th  m e c h a n i s m s  a lmos t  coincide;  w i t h  i nc rea s ing  
of i, the  ~ increases  for  t he  m e c h a n i s m  in steps m o r e  
t h a n  for  the  m e c h a n i s m  in on ly  one  step, bu t  t he  
slopes of the  ~- t  cu rves  a re  t h e  same  for  bo th  cases. 

F o r  t he  sake  of compar i son ,  t he  t i m e  h /2  necessa ry  
to r each  ha l f  of  the  s t e a d y - s t a t e  va lues  of 0, deno ted  
by  m/2, for  the  t r e a t ed  cases a r e  g iven  in Tab le  II. 

Experimental  Determination of the Double 
Layer Capacity 

In  accordance  w i t h  Eq. [39] 

i 
C =  

dt t=o+~ 

1 
~1 = ~ l n  

i 

2/o 2/0 

- -  - -  ~ / i  '~ + 4 ~  . t 

C 

- -  - - x / i s  + 4 i 0  ~ �9 t 

I-- 2~o "1" +I-- i-- -- -{-1 e 2io [45] 

(It  m a y  be  no ted  tha t  Eq.  [45] is d i f fe ren t  f r o m  Eq. 
[38] on ly  in t he  subs t i tu t ion  of  io by  2iol and  n by  
zl = z2 in d s  express ion . )  

the  doub le  l aye r  capac i ty  m a y  be ob ta ined  f r o m  the  
slope of n=t cu rves  at t i m e  t equa l s  o+~.  This  r e l a -  
t ion is va l id  r ega rd le s s  of t r a n s f e r  mechan i sm .  
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Table II. Time (tl/2) necessary to reach half of the steady-state values of n (~lz/2) 

i (A) io (A) ioz (A) io~ (A) ~?~ (V) tzl~ (sec) 

6.96 X 10.3 2 • 10 -5 4.503 X 10 -5 13-14 • 10 -5 
1 X 10 -5 8.882 X 10- B 27 X 10.3 

1 X 10 -5 1 X 10 -~ 9.006 X I0 -a 27 X 10 .3 
1 x I0 -~ 1 • 10- 5 5 x 10.3 33 x 10 .3 

1 • 10 -5 2 X 10 -5 6,441 X i0 -~ 13-14 x 10 -5 
i X 10 -5 1.2517 X i0-'-' 24 X 10 -5 

1 X 10 -~ 1 • 10 -7 1.19791 x 10-1 1070 x 10.3 
I X 10 -5 1 X 10 -5 1.2882 X 10-~ 27 X 10.3 

1.363 X 10 -4 2 X 10-~ 5.046 X 10-~ 6.7 X 10.3 
1 x 10-a 6.8084 X 10- '~ 8,5 X 10.3 

1 X 10 -5 1 X i0 -~ 1,0093 X 10-~ 13-14 X 10- z 
1 X I0 -~ 1 X I0 -~ I X I0 -z 21 X 10.3 

9.3051 X 10 -i 2 X 10-5 1 X 10-1 1.01 X 10.3 
1 X 10 -5 1.18 X 10 -I 1.05 X 10.3 

1 X I0-~ 1 x 10- 5 2 X 10- ~ 3.4-3.5 x I0-~ 
1 X I0-~ 1 x 10.3 2 X 10- z 4.5 x 10- ~ 

6.34697 x 10.3 2 X 10 -5 1.5 X I0 -I 0.36-0.37 X 10 -~ 
1 X I0-~ 1.67861 x 10 -I 0.40 X i0 -~ 

1 X 10 -5 1 x i0  -7 3 x I0 -z 
1 X 10-5 1 x 10 .5 3 x 10- I 0.79- X I0 -~ 
1 X I0 -~ 1 x 10.3 3 x I0 -z 

F a r  f rom the ini t ia l  moment ,  it  would  be possible to 
obta in  the  double l aye r  capaci ty  va lue  by  in t roducing 
cer ta in  t and  ~l values  (p re fe rab ly  tl/2 and  ~ /2  as being 
more  accura te ly  de te rmined  f rom the curves)  into the  
theore t ica l  express ion of the double  l ayer  capacity,  
which wi l l  be a function of i, io (or/01,/02), and  t. Un-  
for tunate ly ,  this  is possible only for  the  special  cases 
where  i t  was possible  to de te rmine  ,l as a funct ion of 
t ime, tha t  is for/01 = io2 and for the  t ransfe r  react ion 
in only  one step. F r o m  Eq. [38] we can obta in  the  ex-  
pression of C for/01 ----/o2, tha t  is 

t rode  processes, and an explana t ion  of the  discordance 
be tween  the double  l ayer  capac i ty  values de te rmined  
from the  slope of the  n- t  curves  at  the  ini t ia l  moment  
and at a d is tant  one, when a s tepwise-proceeding  
t ransfer  react ion and the ove r -a l l  react ion may  be 
confused. 

Acknowledgments 

The author  is indebted  to Dr. V. V. Losev and Dr. A. 
Pce ln ikov  from the Ins t i tu te  of Chemical  Physics,  L. I. 

C =  
~%/i 2 + 16/ol 2 �9 t 

In 

~2 { i2 

4/01 4/01 

- i2 I) 
4ioz t" V ~ - F  1 )  ( 1  4io, 

[46] 

Simi lar ly ,  f rom Eq. [45] the  express ion of C for 
t rans fe r  in  one step is 

Karpov,  Moscow, for helpful  cr i t ic ism of this  paper .  
The work  of p rogramming  the computer  CET 501 per -  

C =  
a'~/i9" -t- 4/02 " $ 

In 

/e oC~  _ ~ _ 

, )( ) 
2io 4-~-o~ + I 1 -  2/0 + 4To ~+z  

, )( ) 
2/0 }" 4-702-02-l-1 1 2/0 " ~ o  2 ~ - 1  

[47] 

Of course, in t roducing expe r imen ta l  values  of tz/2 
and ,h/2 for a s tepwise-proceed ing  mechanism into 
Eq. [47] resul ts  in false capaci t ive  values.  

Conclusions 

The main  conclusion of this  pape r  consists in the  
fact t ha t  one can obta in  useful  informat ion  on the 
t rans fe r  mechanism by  s tudying  the t rans ient  regime. 
The t r ans ien t  reg ime offers the  poss ibi l i ty  of iden t i -  
fying the exis tence Of the  s t ep-mechan ism and even 
of specifying the na tu re  of the rat io  be tween  the ex-  
change cur ren ts  of the  two steps. The s tep-mechan ism 
deal t  wi th  above gives a new explana t ion  of the  p e a k -  
shaped n-t  curves,  f requent ly  encountered  in the  elec-  

formed by Dr. E. Ciupitu,  as wel l  as f ru i t fu l  discus-  
sions wi th  severa l  of the  author ' s  f r iends f rom the In -  
s t i tu te  of Atomic  Physics,  Bucharest ,  a re  g ra te fu l ly  
recorded.  
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A n y  discussion of this  paper  wi l l  appear  in a Dis-  

cussion Section to be publ ished in the  June  1970 
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The Activity Coefficient of Lithium Chloride 
in Anhydrous Dimethyl Sulfoxide Solutions 
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ABSTRACT 

Activity coefficient measurements  of LiCI in dimethyl  sulfoxide have been 
made by the emf method and the cryoscopic method. The emf measurements  
are in good agreement  with similar emf measurements  in the l i terature,  but  
not with cryoscopic measurements  in the li terature. By applying an empirical 
correction for tempera ture  gradients resul t ing from heat t ransfer  in the steady 
state, agreement  is obtained between our cryoscopic measurements  and the 
emf measurements .  The systematic errors from heat t ransfer  phenomena in 
DMSO solutions appear to have been too large thus far for accurate cryo- 
scopie measurements .  

The measurement  of activity coefficients in non-  
aqueous solutions is of fundamenta l  importance to a 
wide variety of investigations. These include the es- 
tabl ishment  of s tandard potentials, equi l ibr ium con- 
stants, and other thermodynamic  data; kinetic studies; 
and an unders tanding  of ionic solvation and associa- 
tion phenomena.  Solutions of l i th ium chloride in the 
dipolar aprotic solvent dimethyl  sulfoxide (DMSO) 
have received more at tent ion than  any other similar 
nonaqueous system. 

To evaluate the results of our studies (1) of the ki-  
netics of the l i th ium amalgam- l i th ium ion electrode 
in DMSO we required values of the activity coefficient 
of LiC1 over a wide range of concentrations. The values 
available in the l i terature  at the t ime (2, 3) were not 
consistent with each other and did not  cover a wide 
enough range of concentration. After  we began our 
own measurements,  two other studies were published 
(4, 5). Discrepancies between the results of three dif- 
ferent studies by the cryoscopic method (2, 3, 5) and 
by the emf method (4) are much larger than their  
precision and no critical comparison of all these va-  
rious data has been made. The LiC1-DMSO system is 
the only electrolyte solution in an aprotic organic sol- 
vent  for which sufficient data have been obtained to 
allow such a critical examination.  

This paper  reports our measurements  of the mean  
activity coefficient of LiC1 in DMSO by both the emf 
and cryoscopic methods and examines critically the 
results of other workers. 

Experimental 
Materials.--Solutions were prepared from anhydrous  

l i th ium chloride (Anderson Physics Laboratories, 
99.999%) and dimethyl  sulfoxide (Matheson, Coleman 
and Bell, "Spectroquali ty") .  The solvent was dried 
using molecular  sieves (Linde 5-A, washed with t r iple-  
distilled water, and dried for 24 hr at 375~ in a 
stream of dry argon) and filtered through a 10-20~ 
pore-size glass flit. Analysis  was performed by gas 
chromatography using a column of Porapak Q (Waters 
Associates) and thermal  conductivi ty detection (6). 
Water content  of the solutions was less than 25 ppm 
(1.5 mM) and organic impuri t ies  were less than  10 
ppm. 

Amalgams were prepared by weight from tr iple-dis-  
tilled mercury  (Doe and Ingalls) ,  l i th ium metal  (Foote 
Mineral  Company, 99.96 % ), and thal l ium metal  (Amer-  
ican Smelt ing and Refining Company, 99.999%). All  
experiments  were performed in a glove-box (Vacuum 
Atmospheres Corporation) using an atmosphere of 
argon which was recirculated through a purification 
t ra in  designed to remove water, oxygen, nitrogen, and 
organic vapors. The oxygen and water  content of the 
atmosphere was estimated to be less than 1 ppm. 

* Electrochemical Society Active Member. 

Most solutions were prepared by weight, but  some 
solutions were prepared by volume, and conversion to 
the molal scale was made using values interpolated 
from measured densities of LiC1-DMSO solutions, to- 
gether with l i terature  values for the density of pure 
DMSO (7). The expression 

d ~ 1.0946 -p 0.015 C 

where C is the concentrat ion of the solution in moles/  
liter, was used for calculations at 25~ 

EMF measurements.--The potential  of the cell 

Li (Hg) /Li+ ,  C1- DMSO/T1C1 (s)/T1 (Hg) 

was measured. A two-compar tment  cell with the com- 
par tments  separated by a coarse glass flit, with plat i-  
num leads sealed through the glass to contact the amal-  
gams, was used. A total of 16 cells of various LiC1 
concentrat ions were prepared. For all  cells the amal-  
gams contained 0.818 m/o (mo le  per cent) Li and 6.50 
m/o  T1. The cells were filled by first adding approx- 
imately 5 ml of each of the amalgams to the compart-  
ments  of the dry cell, spr inkl ing approximately 100 mg 
solid T1C1 on top of the tha l l ium amalgam, and then 
adding the LiC1-DMSO solution to the compar tment  
containing the l i th ium amalgam. In this way contam- 
inat ion of the l i th ium amalgam compartment  by dis- 
solved tha l l ium ion was reduced. 

The potential  of each cell was measured as a func-  
t ion of time, using a high impedance differential volt-  
meter  (John Fluke) ,  which was calibrated against a 
Weston Standard Cell (Eppley Laboratories) and 
found to be accurate to _ 0.05 mV. Potentials  were 
steady to the nearest  0.1 mV after 1 hr  and remained 
constant  (wi thin  the uncer ta in ty  caused by tempera-  
ture  fluctuations in the drybox) for 24 hr afterward. 
Because of difficulties in thermostat ing the drybox, 
the temperature  was not controlled; but  it was re-  
corded to • 0.03~ and ranged from 22 ~ to 26~ 

Cryoscopic measurements.--Two similar 300 ml, par-  
t ial ly silvered Dewar flasks were covered with a single 
1/2-in. thick, 4 x 10-in., a l uminum plate, insulated with 
styrofoam, which served as a controlled heat sink. Fig-  
ure 1 is a diagram of the apparatus. The plate tem- 
pera ture  could be measured by copper-constantan 
thermocouples inserted into holes bored at four dif- 
ferent  positions. A thermoelectric cooling module (E.G. 
and G. Model G9-65) was mounted central ly on the 
a luminum plate  and its low- tempera ture  side was 
cooled by circulating water  through a copper coil. To 
avoid any possible leaks of water  into the drybox, the 
copper tube was installed in  a single piece and all 
joints were made outside the drybox. The tempera-  
ture  sensor was a thermistor  bead mounted  on the 
underside of the a luminum plate, opposite the cooling 
module, and this was connected to an operat ional  am- 
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Fig. 1. Apparatus fQr freezing point depression measurements 

plifier (Tyco) which controlled the current  through the 
thermoelect r ic  module  so as to mainta in  the tempera-  
ture  constant (___ 0.01~ at a preset  value. An a t tempt  
to use a radia t ive  heat  sink (to avoid water  lines in the 
drybox) was not successful because of the large 
amount  of heat  generated by the resistance of the 
thermoelectr ic  module. With the low- tempera tu re  side 
of the module  cooled by tap wate r  (7~176 the 
t empera tu re  of the plate could be brought  to below 
zero or controlled at tempera tures  as high as 30~ 
At opt imum conditions, approximate ly  7w of heat  
were  pumped by the module. 

The solutions in the Dewars were  st irred with  
matched var iab le-speed  st irr ing motors (Fisher Dyna-  
Mix) with polyethylene stirrers. These were  normal ly  
run  at approximate ly  100 rpm. 

The t empera tu re  difference be tween the two vessels 
was measured with a 25-junction copper /constantan  
thermopi le  (Science Products  Corporation) which had 
an output  of 1.008 m v / ~  (as cal ibrated by the manu-  
fac turer ) ,  and a resistance of 900 ohms. The the rmo-  
couple junct ions were  enclosed in stainless steel tubes. 
One arm contained a separate reference thermocouple  
to determine  the absolute temperature .  The potent ial  
of the thermopi le  was measured using a microvol t -  
meter  (Kei thley Model 150A), and all leads were  
shielded to avoid spurious currents.  The output  of the 
microvol tmete r  was read on a potent iometr ic  chart  
recorder  as a function of time. All  connections were  
ma.de be tween pure  copper leads using low thermal  
emf solder (Science Products  Corporat ion) .  The noise 
level  was approximate ly  0.001~ but t empera tu re  
differences be tween the thermopi le  elements could 
be est imated with  a precision of • 0.0002~ if the 
tempera ture  difference was steady. 

An a t tempt  to record a simple cooling curve resulted 
in supercooling by as much as 3~ which made 
such a freezing point determinat ion impractical.  There-  
fore, it was necessary to seed the solution wi th  solid 
DMSO and to a t tempt  to measure  a s teady-sta te  t em-  
pera ture  under  conditions as close to equi l ibr ium as 
possible. Because the mix tu re  of l iquid and solid must  
be stirred to achieve thermal  and chemical  equil ibrium, 
a certain amount  of heat  is produced within the solu- 
tion by the mechanical  action of the stirrer.  This heat  
must  be removed by ex te rna l  cooling or else the seed 
crystals wil l  eventua l ly  melt. Such a "mel t ing curve"  
approach was taken by Garnsey and Prue  (5) in their  
cryoscopic studies on DMSO and sulfolane. Our tech-  
nique was closer to that  of Dunnet t  and Gasser (3) in  
that  we used as a heat  sink a cover plate common to 
both vessels which was mainta ined at a t empera ture  
below the freezing point of the solution, and a t tempted  

to achieve a steady state in which a small  amount  of 
solid DMSO was present;  all the heat  generated by 
the s t i r rer  was being absorbed by the heat  sink, and 
the t empera tu re  did not change with  time. 

With the  Dewar  vessels each containing 100 ml pure  
DMSO, the effect of heat  t ransfer  on the apparent  
freezing point was investigated. Both vessels were  
cooled unti l  solid DMSO appeared, and then the t em-  
pera ture  of the plate was raised to approximate ly  one 
degree below the freezing point of the solvent. The 
st irrers were  operated at the lowest  speed which gave 
a smooth t ime-dependence  of the t empera tu re  differ- 
ence be tween the vessels. This t empera ture  difference 
was zero, but an imbalance in the heat  t ransfer  be-  
tween the two vessels (e.g., by changing the shape 
of the insulat ion on the a luminum plate) could affect 
the difference by • 0.005~ 

We then del ibera te ly  made the heat  t ransfer  asym-  
metr ic  by at taching a Teflon-covered copper rod to 
prot rude f rom the plate into one vessel (this increased 
the cold surface in this vessel by about 1/3). With the 
plate t empera tu re  at 17.5~ this vessel indicated a 
freezing point for pure  DMSO which was 0.014 ~ • 
0.002~ (constant for at least 10 min) lower  than the 
vessel without  the copper rod. With similar  Teflon- 
covered copper rods prot ruding into both vessels, the  
t empera tu re  difference was again zero. F rom these 
tests it was clear that  the rate  of cooling (even though 
it was small) had a substantial  effect on the observed 
s teady-sta te  t empera tu re  of the solid-l iquid mixture.  

The a r rangement  with unsymmetr ica l  heat  t ransfer  
(copper rod prot ruding into one vessel but not the 
other)  was used to evaluate  the heat  t ransfer  coeffici- 
ent of the system, and this coefficient was used in cor-  
rect ing measurements  made  both with the unsymmet -  
rical a r rangement  and with the symmetr ica l  a r range-  
ment,  as described in the next  section. 

A typical  measurement  was made as follows: A sam- 
ple of pure  DMSO was placed in each vessel and the 
plate t empera tu re  lowered to approximate ly  6 ~ or 
7~ As soon as a small  amount  of solid DMSO ap- 
peared, the t empera tu re  of the plate was raised unti l  
it was less than 1~ below the t empera tu re  of the  
vessel. The tempera ture  difference be tween the vessels 
was recorded as a function of t ime and, a l though it was 
not zero, it was usual ly constant to wi thin  _+ 0.001~ 
for 20 min or more. 

Then measured amounts  of a concentrated, pre-  
cooled LiC1 solution were  added through an opening 
in the cover plate to the vessel into which the copper 
rod protruded and the t empera tu re  difference recorded 
again unti l  equi l ibr ium was reached. Normal ly  there  
was only a small amount  (less than 1%) of solid pres-  
ent so that  this tempera ture  corresponded closely to 
the freezing point  of the dilute LiC1 solution. If the 
concentrated LiC1 solution warmed  the DMSO too 
much, the seed crystals melted. The t empera tu re  of 
the solution could be lowered to seed it again, but this 
resulted in less stable t empera tu re  measurements  than  
the method just  described. 

An ear l ier  set of measurements  was made by placing 
a Sample of pure DMSO in one vessel and a solution of 
LiC1 in DMSO in the other  vessel and cooling strongly 
unti l  both solvent and solution produced crystals. The 
t empera tu re  of the plate was then raised to approxi-  
mate ly  I~ below the expected freezing point of the 
solution and the steady tempera tu re  was observed. In 
these exper iments  the heat  t ransfer  a r rangement  was 
symmetr ica l  and, thus, this procedure  corresponds ex-  
actly to that  used by Dunnet t  and Gasser (3). In the 
di lute solutions this procedure  produced less precise 
results than the addition of LiC1 solution to previously 
seeded pure  DMSO. 

Results 
EMF measurements.--The exper imenta l  values of 

the cell potential  E are given in Table I for various 
concenti 'ati0ns of LiC1. The quant i ty  
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Table I. Activity coefficients of LiCI in DMSO at 25 ~ from emf 
measurements 

J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  July 1969 

rn, log  7+, 
m o l e s / k g  T, ~ E, V E 0', V m o l a l  scale 

2.029 22.24 1.4130 1.4381 -- 0.4485 
0,9870 22.32 1.4461 1.4113 -- 0.4154 
0.4870 21.70 1.4749 1.3983 - -  0.3519 
0.4870 25.77 1,4748 1.4003 --0.3511 
0,4870 24.37 1.4750 1.3907 -- 0.3528 
0.19323 22.30 1.5146 1.3949 --0.2861 
0.09636 23.30 1.5445 1.3954 -- 0.2367 
0.09636 25.80 1.5426 1.3948 -- 0.2206 
0.09636 26.42 1.5429 1.3954 -- 0.2232 
0.09636 24.36 1.5438 1.3952 -- 0.2306 
0.05776 22.31 1.5669 1.3954 -- 0.2037 
0.01923 23.26 1.6136 1.3945 --0.1226 
0.01923 25.70 1.6131 1.3950 -- 0.1167 
0.00481 24.31 1.6793 1.3963 -- 0.0740 
0.00481 25.70 1.6789 1.3966 - -  0.0707 

i'ii5 V E ) 
E ~  1ogre - ~ - 0 . 2 8 2 m  

I + ~ / / m  
+ 0.511 ( T - -  25) 

where m is the molal  concentrat ion of LiC1 and T is 
the centigrade temperature,  is given for each measure-  
ment.  This expression contains the Guggenheim-type  
concentrat ion dependence found by Smyr l  and Tobias 
(4) as well  as a tempera ture  coefficient calculated from 
known tempera ture  coefficients of cells (4, 9). 

From Table I it can be seen that  E ~ is constant  
wi thin  •  mV for concentrat ions below 0.5M. The 
average of these twelve points gives the s tandard po- 
tent ial  of our cell at 25": E" =1.3963 • 0.001V. 

From each point, then, a value of the activity co- 
efficient 7-+ was calculated using the expression: 

E ~ - - E  
log 7----- = - -  log m 

0.1183 

and these values are also listed in Table I. 

Cryoscopic  m e a s u r e m e n t s . - - T h e  results of the cryo- 
scopic experiments  are summarized in  Table II. 
O~)bs ---- To(obs) --  Ts(obs) is the observed tempera ture  
difference between the solvent and solution at steady 
state. These include a set of experiments  where the 
heat t ransfer  a r rangement  was symmetr ical  (copper 
rods prot ruding into both vessels), and a set of ex-  
periments  where the heat t ransfer  a r rangement  was 
unsymmetr ica l  (copper rod prot ruding only into the 
solution vessel). For this lat ter  set of experiments  the 
plate tempera ture  was measured and is recorded as 
Tp in Table II. 

Table II. Cryoscopic measurements on LiCI-DMSO solutions 

Tf6, 
moles /kg  Tp(~), ~ 6oh,,, *C ~corr r ~ r 

p u r e  DMSO 6.0 0,180 0.0178 1.0000 
p u r e  D M S O  17.5 0.013 -- 0.0007 1.0000 
0.0037 17,5 0.0397 0.0275 0.9132 
0.0037 17,6 0.0405 0.0297 0.9862 
0.0037 18.1 0.0327 0.0283 0.9397 
0.0074 17.3 0.0704 0.0571 0.9461 
0.0074 17.7 0.0664 0.0584 0.9697 
0.0074 18.1 0.0616 0.0587 0.9747 
0.0247 17.3 0.192 0.185 0.9207 
0.0280 - -  0.199 0.210 0.9220 
0.0400 17.3 0.297 0.296 0.9100 
0.0474 - -  0.337 0.355 0.9212 
0.0550 17.2 0.387 0.390 0.8723 
0,126 16.6 0.873 0.694 0.6743 
0;126 16.9 0.877 0.902 0.8822 
0,137 - -  0,928 0.979 0.8808 
0,191 16.3 1.266 1.305 0.8431 
0.217 - -  1.429 1.507 0,8576 
0.351 - -  2,307 2.433 0.8567 
0.446 14.7 2.976 3.086 0.8591 
0.592 - -  3.869 4.081 0.6589 

(a) Da ta  fo r  w h i c h  Tp is g i v e n  were  o b t a i n e d  w i t h  t he  u n s y m -  
m e t r i c a l  hea t  t r a n s f e r  a r r a n g e m e n t .  I f  Tp is no t  g i v e n ,  the  h e a t  
t r a n s f e r  a r r a n g e m e n t  wa s  s y m m e t r i c a l .  

(b) Cor r ec t ed  fo r  h e a t  t r a n s f e r  effect  u s i n g  Eq. [3] i f  Tp is listed, 
a n d  Eq.  [5] i f  T~ is  n o t  l i s ted .  

From the experiments  with unsymmetr ica l  heat  
t ransfer  it is possible to estimate the heat t ransfer  
coefficient and to correct all the measurements  for the 
shift in tempera ture  caused by the displacement from 
equil ibrium. Four  of the exper iments  listed in Table 
II were performed at two or more plate temperatures  
and in all cases it was observed that  dOobs/dT, 
--0.013 __. 0.002 in agreement  with our pre l iminary  ob- 
servations on pure DMSO. This relat ion between ob- 
served freezing point  depression and plate tempera-  
ture holds over a wide range of plate temperatures  and 
concentrations. Even when the plate tempera ture  is 
6~ which is 12.5~ below the freezing point  of 
DMSO, 0obs is 0.180 and dOobs/dTp = --0.0144. 

This r emarkab ly  consistent behavior led us to a 
simple empirical  correction for the heat t ransfer  effect. 
Assuming that  the difference between the observed 
tempera ture  and the t rue  equi l ibr ium tempera ture  in 
each vessel is proport ional  to the exposed cold sur-  
face area of the plate and rod and to the difference 
between the tempera ture  of this cold surface (Tp) 
and that  of the liquid, we have for the solution 

T s ( t r u e )  - -  Ts (obs )  = 4Q ( T s ( t r u e )  ~ T p )  [ 1 ]  

and for the solvent 

T o ( t r u e )  - -  To(obs)  : 3Q ( T o ( t r u e )  ~ T p )  [2] 

The factors 4 and 3 are approximately  proport ional  to 
the cold area in the solution vessel (with the rod) and 
the solvent vessel (without  the rod). These equations 
can be combined to give an expression for the cor- 
rected freezing point  depression: 

Oobs - -  Q (To(true) - -  Tp) 
To(true) - -  Ts(true) -~-- 0eorr = [3] 

1 --  4Q 

The freezing point of pure DMSO (3, 5) (To(true)) 
is 18.55~ We have observed that the value of the 
derivative CDobs/dTp is constant over a wide range of 
conditions. From Eq. [3] we obtain by differentiation 

dOobs/ dTp = - Q  [4] 

and thus Q = 0.013 • 0.002. 
For the symmetr ical  heat t ransfer  a r rangement  

where a rod is projected into both vessels, the factor 
3 in Eq. [2] is replaced by a factor of 4, and when 
combined with Eq. [1] this yields 

Oobs 
8eorr = - -  [5] 

1 - -  4Q 

with the same value of Q as derived above. 
The data in  Table II for which Tp is listed were 

obtained with the unsymmetr ica l  heat t ransfer  ar -  
rangement  and were corrected using Eq. [3]; and 
those for which Tp is not listed were obtained with the 
symmetr ical  heat t ransfer  a r rangement  and were cor- 
rected using Eq. [5]. An  al ternate  set of equations, de- 
r ived using Ts(obs) and To~obs) on the r igh t -hand  sides 
of Eq. [1] and [2], yield the same values of 0corr to 
wi thin  the round-off  errors of the table. 

Osmotic coefficients were calculated from the values 
of 0corr using the equation (5, 8) 

Too 
2~m (To - -  o) 

with To = 18.55~ and with a cryoscopic constant  (5) 
= 4.07~ These osmotic coefficients are also listed 

in Table II. 
Act ivi ty  coefficients were not calculated from these 

cryoscopic measurements  because of the large errors 
inherent  in the smoothing and integrat ion required. 
Instead the cryoscopic and electrochemical measure-  
ments  were compared in terms of the integrat ion func-  
t ion j, as described in  the next  section. 
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Discussion 
The activity coefficients reported in  Table I are in 

excellent  agreement  with those obtained by Smyr l  and 
Tobias (4) using the cell 

Li ( s ) /L i  +, CI- ,  DMSO/T1C1 (s)/T1 (Hg) 

where  the tha l l ium amalgam contained 0.967 m/o  
thall ium. The comparison is made in Fig. 2 where it 
can be seen that  the deviation corresponds to approxi-  
mately  1 mV in the cell potential,  or 0.01 in log 7+_. 
Within  this same l imit  of error an equation of the 
Guggenheim form, obtained by Smyr l  and Tobias, 

1.115 N/m 
log 7• = + 0.282m 

1 + N / m -  

is obeyed for m less than 0.15 mole/kg. At higher 
concentrat ions the activity coeffieients predicted by 
the equation are higher than the exper imental  values, 
but  substant ial  ion pair ing is not indicated. 

The results can also be represented by the extended 
Debye-Hliekel  equation. With the parameter  B = 0.449 
[see ref. (5)] we ealeulate from our activity coeffi- 
cients the ion size parameter  a = 3.8 • 0.2A. As with 
the Guggenheim form of the equation, deviations are 
observed for m > 0.1 mole/kg.  

By contrast, the agreement  between these measure-  
ments  and those obtained by the cryoscopie method is 
very poor. In  Fig. 2 are also plotted the activity co- 
effic.ient values given by Dunne t t  and Gasser (3) and 
Skerlak et al. (2). These are in marked disagreement 
with each other and with the emf measurements.  The 
results of Garnsey and Prue  (5) were given as 
osmotic coefficients instead of activity coefficients, 
but  they are quite close to those of Dunne t t  and 
Gasser. A more direct comparison can be made in 
terms of the funct ion (8) 

0 
j = l  

2~m 

which is related to the activity coefficient approxi-  
mately by the equation 

1 5ol n~ j . . . .  md (ln ~) 
m 

In  Fig. 3 our results are compared with those of 
Dunne t t  and Gasser (3) and Garnsey and Prue  (5). By 
numerica l  integrat ion we also obtained j as a function 
of m, corresponding to the best fit to the emf data 
(Fig. 2 corrected to 18.5~ and to the extended 
Debye-Huckel  equation used by Garnsey and Prue. 
All  calculations were made using the cryoscopic con- 
stant  (k = 4.07) determined by Garnsey and Prue. 
(In their paper Dunnet t  and Gasser used k = 4.36.) 

The most obvious feature of Fig. 3 is that  the shape 
of the curve of j vs. log m is quite similar for both 
Dunne t t  and Gasser's data and Garnsey and Prue 's  
data, bu t  tbere  is an almost constant  difference be-  
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Fig. 3. Cryoscopic  integrot ion  funct ion  j ( see  text)  for LICI-DMSO 
solutions.  

tween the two sets. This shape, however, is quite dif- 
ferent  from the shape of the curve obtained by inte-  
grat ing either the emf measurements  or an extended 
Debye-Huckel  equation. This discrepancy has been 
explained (3, 5) in terms of ion-pai r ing between l i th-  
ium and chloride ions and both papers give association 
constants: Dunnet t  and Gasser (3), 5 kg/mole,  Garnsey 
and Prue  (5), 3 kg/mole.  

Al though ion pair ing seems plausible at first glance, 
this explanat ion predicts that  the cryoscopic data 
should approach the Debye-Huckel  l ine at low con- 
centration. It  is quite clear from Fig. 3 that  this is not 
the case. The cryoscopic data of Dunnet t  and Gasser 
actual ly give negat ive values for j at concentrat ions 
which are still re lat ively large (0.007m). The data of 
Garnsey and Prue, although sparse at low concentra-  
tion, tend in the same direction. These negative values 
at low concentrat ions can be removed by adjust ing the 
cryoscopic constant, but  such adjus tment  only moves 
the data up and down on the plot of Fig. 3 and does 
not change its slope. No amount  of ad jus tment  can 
give a slope to the data which approximates that  of 
the Debye-Huckel  theory at low concentrations. 

A more appropriate explanat ion of the difference 
between the previous cryoscopic measurements  and 
the emf measurements  can be found in the heat t rans-  
fer phenomena inherent  in the cryoscopic method. As 
we have pointed out in detail  in this paper, even 
though a steady tempera ture  may be measured, there 
is still heat t ransfer  to the cooling plate from solution 
and crystals, and this is balanced by the heat generated 
from st irr ing the mix ture  of solution and crystals. Our 
experiments  indicated that  a steady tempera ture  can 
be obtained for periods of up to a half  hour even 
though the heat t ransfer  rate is quite different and, 
furthermore,  that  the s teady-state  tempera ture  of the 
solution depends quite strongly on the heat t ransfer  
rate. We have at tempted to correct our data for this 
effect and, even though our results are not so precise 
as those of Dunnet t  and Gasser (3) or Garnsey and 
Prue  (5), they appear to be in general  agreement  with 
the emf measurements  at high concentrations (slightly 
bet ter  agreement  is obtained with )~ = 4.12). 

In  our  experiments,  a small  quant i ty  ( <  1%) of solid 
DMSO was present  in the freezing mixture,  and thus 
the actual  concentrat ion was about 1% greater than 
the value calculated from the known amount  of LiC1 
and DMSO used to make up the solution. This error 
probably accounts for much of the scatter in our data 
and also tends to make our measured values of j too 
low by less than 0.01 units. Although quant i ta t ive  
measurements  of the amount  of solid DMSO present  
were not made, a correction for this error would place 
our results (without any correction for heat t ransfer)  
almost exactly in agreement  with those of Dunne t t  and 
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Gasser. It should also be pointed out here that this 1% 
e r r o r  is quite small  compared to the errors resul t ing 
from the uncer ta in ty  in ~. 

Our observations lead us to propose that the cryo- 
scopic measurements  on DMSO systems may suffer 
from an inherent  systematic error. If both the solution 
and solvent vessels are cooled by the same heat  sink, 
the heat t ransfer  correction (Eq. [5]) decreases the 
value of j, which would br ing Dunnet t  and Gasser's 
data into general  agreement  with the emf data. Garn-  
sey and Prue  used an absolute temperature  measure-  
ment,  but  a similar a rgument  could be applied to their  
data if a larger rate of heating was used in the deter-  
minat ion of the freezing point of the pure solvent and 
dilute solutions than in the determinat ion of the freez- 
ing point of concentrated solutions. However, such an 
argument  must  also apply to the measurements  on 
benzoic acid solutions, which were made in the same 
apparatus and from which ~ was determined, and thus 
the errors should cancel out to some extent. The 
str iking paral lel ism of these two sets of measurements  
is not simple to explain in view of the quite different 
exper imental  setups. 

We cannot make a detailed comparison of the data 
of Skerlak et al. (2), since these authors did not give 
any numerica l  results for freezing point values but  
only their graph of 7_+ vs. m. Furthermore,  they did 
not appear to have taken any precautions to exclude 
moisture and the description of their exper imental  
method is quite brief: "Beckmann apparatus with the 
following modifications was used for the cryoscopy. 
The size of the vessel containing the thermometer  was 
about 50% narrower,  wider  at the (flat) bottom, and 
provided with a magnetic stirrer. The cooling was 
regulated to wi th in  0.2 to 0.3~ with the aid of a pair 
of a luminum plates half immersed in the solution, sus- 
pended by constantan wires through a side arm. On 
cooling through 0.1~ the plates were rubbed with a 
thermometer  against the wall  of the vessel unt i l  rapid 
crystallization took place. Thermostated water  was 
used in  place of the cooling mixture."  No ment ion is 
made of the rate of cooling or the extent  to which 
heat t ransfer  in the vessel was regulated. Because of 
the deviation of their results from those of other inves-  
tigations it seems likely that the data of Skerlak et. al. 
are not of sufficient accuracy to be discussed further.  

The systematic errors (resul t ing from heat transfer)  
in the cryoscopic method seem thus far to have been 
too great for accurate measurements  of activity co- 
efficients in DMSO solutions. To improve the accuracy, 
one would have to improve the heat distr ibution wi th in  
the vessel and to el iminate v i r tual ly  all heat t ransfer  
to the outside. This could probably be best achieved by 
modification of the apparatus described by Scatchard 
et al. (10). One would have to use a separate cover 
on each vessel and control its tempera ture  carefully to 
correspond to that of the solution in the vessel. A metal  
inner  container would help to obtain a more uniform 
temperature,  but  it should not be in thermal  contact 
with the cover plate. 

In performing the experiment,  it would be best to 
have a large amount  of finely distr ibuted solid DMSO 
yielding a large solid-l iquid interface, which would 
absorb the heat generated by the st irr ing process. This 
heat t ransfer  must  be minimized, but  will of necessity 
remain at a finite value if equi l ibr ium is to be at-  
ta ined even approximately.  After  at taining the closest 
approach possible to thermal  and chemical equil ibrium, 
a sample of the liquid phase should be wi thdrawn for 
analysis, since the concentrat ion of the solution will 
have changed due to mel t ing or freezing of the solid 
DMSO. The accuracy of the final result  wil l  depend on 
success in reducing heat t ransfer  to the outside, im-  
proving heat dis t r ibut ion wi th in  the vessel, and min i -  
mizing the heat generated by stirring. 

In conclusion, we believe that  the most accurate 
measurements  made thus far of the activity coeffi- 
cients of LiC1 in DMSO are those made by the EMF 
method. The systematic errors inherent  in those mea-  
surements  have been shown (4) to be negligible, and 
the agreement  between two independent  measurements  
is excellent. 
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Correction 

In the paper "On the Passivity of I ron-Chromium 
Alloys, II. The Activation Potential"  by Robert P. 
F ranken tha l  which was published in the May 1969 

issue of the JOURNAL, VO1. 116, pp. 580-585, the current  
density for film reduction given in the first paragraph 
on page 581 should be 10 ~A/cm 2 instead of 1 ~ A / c m t  
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ABSTRACT 

Inf rared  mul t ip le  reflectance spectra were  used to record the growth of 
oxide films on copper and iron mirrors.  Cuprous oxide and cupric oxide films 
were  readi ly  dist inguished since they  exhibi t  intense single bands at 640 cm -1 
and ~560 cm -1, respectively.  Iron oxide films of a single composition also 
exhibi t  highly characterist ic bands in the 230 to 1100 cm - i  region of the re -  
flectance spectra. Spectra  of mixed  iron oxide films were  composed of many  
highly overlapping bands making quant i ta t ive  interpretat ions difficult. The 
intensities of the infrared bands from the copper oxide and iron oxide films 
were  direct ly proport ional  to the oxide film thicknesses. Using a seven re -  
flection-73 ~ incidence optical accessory, sensi t ivi ty to detect oxide films as 
thin as about 5A was achieved. 

Infrared reflection spectra have been used to analyze 
the s t ructure  and thickness of corrosion protect ive 
films formed on meta l  mir rors  by organic inhibitors 
(1). These spectra often contained bands that  were  
a t t r ibuted to meta l  oxide layers. The  purpose of the 
present s tudy was to determine  whe ther  such infrared 
spectra could indicate the thickness and composition 
of meta l  oxide films. 

Pr ior  use of infrared spectroscopy to characterize 
oxide films on metals  has been scant. Hannah (2) re-  
ported that  he was able to detect 10A thick a luminum 
oxide films on a luminum mirrors  using a four-ref lec-  
tion accessory. Reflection studies of Babushkin (3) 
indicated that  copper oxide films on copper mirrors  
produced bands at 1055 and 610 cm-1.  He at t r ibuted 
these bands to electronic excitations ra ther  than to 
latt ice vibrat ional  modes. 

In terpreta t ions  of reflection spectra of surface films 
are usually based on comparison with  transmission 
spectra of analogous pure  compounds. Al though ref -  
erence spectra of several  copper and iron oxide com- 
pounds are reported in the l i te ra ture  (4-6), most of 
these are nonquant i ta t ive .  Therefore,  reference  t rans-  
mission spectra of copper and iron oxides are included 
in this paper. These spectra often differed significantly 
from the oxide fi lm-reflection spectra because the 
la t ter  depend on re f rac t ive  index as wel l  as absorp-  
t iv i ty  (7, 8). These differences and the complications 
that  they sometimes introduced in in terpre t ing  the 
reflection spectra are discussed. 

Copper and iron mirrors  were  oxidized in air  or 
in oxygen at t empera tures  up to 700~ Sequences of 
infrared mult iple  reflection spectra recorded the 
growth of oxide films on these mirrors.  Oxide film 
thicknesses were  measured  by an optical in ter -  
fe rometer  and by using in terference colors. Infrared 
oxide band intensities were  found to be direct ly pro-  
port ional  to film thickness over  the range of about 
0 to 5000A. 

The reflection spectra readi ly  dist inguished between 
cuprous and cupric oxide films on copper. Iron oxide 
films of a single composition also exhibi ted charac-  
teristic spectra. Spectra of the more common mixed  
iron oxide films were  composed of many  strongly 
over lapping bands that  were  difficult to in terpre t  
quanti tat ively.  The reflectance spectra provided a con- 
venient  measure  of the kinetics of oxidat ion of copper 
and iron. 

Experimental 
Recording infrared spectra.---Spectra of oxide films 

formed on copper and iron mir rors  were  recorded 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
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f rom 230-4000 cm - i  on a Beckman IR-12 spectro- 
photometer  using mul t ip le  reflectance accessory op- 
tics. This accessory has been described in detail  in a 
previous paper (1). To enhance sensit ivi ty a wi re -g r id  
polarizer,  oriented to t ransmit  the paral le l  component,  
was installed in the monochromator  section of the 
spectrophotometer  (1). The accessory optics provided 
seven reflections at 73 ~ incidence f rom two planar  
sample mirrors  (76 x 38 x 3 mm and 51 x 38 x 3 mm) .  
Similar  optics were  provided in the re fe rence  beam 
of the double beam spectrophotometer .  Spectra of films 
on the sample mirrors  were  thereby  recorded differ- 
ent ial ly  against a s imilar  set of reference  mirrors.  Since 
most spectra were  recorded wi th  the mir rors  exposed 
to d ry  air, the reference  mir rors  were  covered by a 
film of a i r - fo rmed  oxide. 

The intensities of absorption bands in the reflectance 
spectra were  measured in terms of AR, the fract ional  
change in refiectivity at a band max imum;  i.e., hR 

(Ro-R)/Ro where  R0 ---- reflect ivi ty in absence of a 
film and R ~ reflect ivi ty at band maximum.  Spectra  
were  recorded in a l inear  absorbance (A) mode or in 
an expanded per cent t ransmission (%T) mode. hR 
values as low as ca. 0.0005 could be measured repro-  
ducibly. 

Film thicknesses.--Theory predicted that  the th ick-  
ness (d) of an isotropic film was direct ly propor t ional  
to the measured AR values. To a good approximat ion 
the two were  re la ted by the fol lowing equat ion (7) 
(for 73 ~ incidence angle of the paral le l  component)  

( 6"38xlOSN13 ) . ~ R  [1] 
dA - -  ~ �9 KI 

where  N1 ---- ref rac t ive  index of the oxide, Ki ---- ab-  
sorption constant of the oxide ---- ~ / 4 ~  where  a = ab-  
sorption coefficient in cm -1 and ~. = wave leng th  in 
era, and ~ = posit ion of band m a x i m u m  in cm - i .  
Values of Ki for the several  oxides were  de termined  
f rom our reference  transmission spectra (see Table I ) .  
Refract ive  indices were  based on l i tera ture  values 
(9, 10). 

Calculations of film thicknesses using Eq. [1] were  
compared with independent  thickness determinations.  
Progressions of in terference colors provided approx-  
imate  measures  of oxide film thicknesses in the eighty 
to several  thousand angstrom range (11-14). Checks on 
final oxide film thickness were  made using a Bausch 
and Lomb interference microscope and by extract ing 
the oxide films with  concentrated minera l  acids for 
quant i ta t ive  analyses. 

Materials and procedures.--Sample mirrors  were  
prepared ei ther  by polishing OFHC copper and Armco 
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iron plates or by vacuum deposition techniques. Most 
of the p la te-mirrors  were prepared by electropolishing 
the copper in 1:1 HaPO4:H20 electrolyte (15, 16) and 
the iron in 20:1 glacial acetic acid: 70% HC104 (17). 
Following the electropolishing of the copper mirrors  
they were washed in distilled water, 10% H3PO4, 
boiling distilled water  and methanol  to ensure that 
no phosphate remained on the surfaces (16, 18). Some 
tests were also made on Armco i ron plates that  were 
mechanical ly  polished using aFe203 grit. 

Thin film copper and iron mirrors  were vacuum de- 
posited on top of gold films on glass fiats. This en-  
abled these metal  films to be oxidized completely and 
the gold substrate served as mir ror  surfaces for re-  
cording the final spectra. The thicknesses of the Cu 
and Fe films were measured before and after oxida- 
t ion t rea tments  using an interference microscope. A 
strip along one side of each mir ror  was masked dur ing  
film deposition. This resul ted in  a "step" equal to the 
copper or iron film thickness. Interference fringe 
shifts and hence film thicknesses were measured at 
several locations along each step. 

Background reflectance spectra from the freshly 
prepared mir ror  surfaces were recorded first. The 
sample mirrors  were then subjected to oxidation 
t rea tments  and reflectance spectra were again recorded 
to detect absorption bands due to an oxide film. Oxide 
growth was monitored by recording sequences of spec- 
tra. Inf rared band intensit ies were correlated with 
independent  oxide film thickness determinations.  

Most oxidation t rea tments  were conducted in air  
in  a laboratory oven. The metal  mirrors  were laid on 
a massive, preheated copper block. After  the desired 
oxidation time the mirrors  were cooled rapidly  to 
room tempera ture  in  order to record their  spectra. 

Some tests were conducted with the two sample 
mirrors installed in a heatable (to ,~450~ infrared 
vacuum cell (with CsI windows) mounted  on the 
mult iple  reflectance accessory. This enabled reflection 
spectra to be recorded cont inuously as a high tem- 
perature  oxidation or reduction progressed. The IR-12 
spectrophotometer was modified slightly so that the 
ins t rument  could discriminate against  the infrared ra -  
diation emit ted by the  hot sample mirrors.  Otherwise, 
the emission bands from the oxide films tended to can-  
cel out their  absorption of the radiat ion from the in -  
s t rument ' s  source. The modification involved clutching 
the beam re-combining  mir ror  of the IR-12 so that it 
was half  way in each of the sample and reference 
beams. The source radia t ion reaching the sample 
mirrors  was then chopped while the radiat ion being 
emitted from the hot sample mirrors  was unchopped. 
This enabled spectra of the hot sample mirrors  to be 
recorded while still operating in a double beam mode. 
Although the energy reaching the detector was halved, 
this did not appreciably impair  the qual i ty of the 
spectra. 

Results and Discussion 

Reference transmission spectra.--Copper ox ides . -  
Figure 1 shows infrared spectra of (A) cuprous oxide 
and (B) cupric oxide in  KI  pellets. The 620 cm -1 Cu20 
band  and 510 cm-1 CuO band were the only significant 
bands detected for these oxides in the 230 to 4000 
cm -1 region. Publ ished results indicated that the 620 
cm-~ Cu20 band was due to optically active lattice vi-  
brations in this oxide (9, 19, 20). Absorption constants 
(K1) for the copper oxide bands shown in Fig. 1 are 
presented in Table I. The anomalous dispersion effects, 
seen on the high frequency side of the copper oxide 
bands in  Fig. 1, would be expected to make the ob- 
served band intensities sl ightly less than  they should 
be. Identical  absorption constants have however been 
determined from spectra of Cu20 and CuO where such 
dispersion effects were all but  absent. Thus the ab-  
sorption constants given in Table I are thought to be 
accurate for the reagent  grade chemicals used. Both 
copper oxide bands are strong inf rared  absorbers. 
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Fig. 1. Transmission spectra of Cu20 and CuO (in KI pellets) 
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Fig. 2. Transmission spectra of iron oxides 

Iron oxides.wTransmission spectra of several i ron 
oxide compounds (in KI  pellets) are  shown in Fig. 2. 
The aFe203, 7Fe203, and Fe304 were all reagent  grade 
chemicals whose compositions were checked by x - ray  
analysis. Wiistite (FeO) was prepared by a 700~ air 
oxidation of Armco iron plates. The oxidized plates 
were quenched in water  to re ta in  the FeO structure.  

Table I. Absorption constants for copper and iron oxide infrared 
bands 

B a n d  pos i -  k(a) , 
C o m p o t m d  t ion ,  e m  -1 e m 2 / m o l e c u l e  a(b), cm-1 Kl(c) 

Cu~O 620 0.13 • 1 0 - ~  7,600 0.93 
C u O  510 0.038 x 10-18 4,300 0.67 
ceFe2Os 555 1.00 x 10 "-is 45,000 6.3 
'yFe2Oa 640 0.22 x 10-~8 10,000 1.2 
FeaO4 580 0.066 x 10 -'m 2,100 0.27 
F e O  425 0.025 X 10-18 2,800 0.53 
~ F e O O H  475 0.045 x 10-~s 2,800 0.46 

(a) k ---- e x t i n c t i o n  coef f i c i en t  = a b s o r b a n c e / C ,  w h e r e  C = s a m p l e  
t h i c k n e s s  in  m o l e c u l e s / c m S .  

(b) ~ = a b s o r p t i o n  coef f i c i en t  = 2,303 a b s o r b a n c e / p a t h  l e n g t h  in  
er~. 

cr K1 = a b s o r p t i o n  c o n s t a n t  = ak/47r. 
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X-ray  analysis showed that a small  amount  of FesO4 
was present  in the FeO sample used to record spec- 
t rum (D) of Fig. 2. Atmospheric weather ing of Armco 
iron plates produced the common rust  (vFeOOH) 
whose spectrum is shown as Fig. 2 (E). X- ray  analysis 
of this sample detected a small  amount  of aFeOOH as 
well. 

Each spectrum shown in Fig. 2 was sufficiently 
unique  to identify the pure iron oxide compounds. 
The dissimilarities in the spectra of 7Fe203 (B) and 
Fe804 (C) were noteworthy since these compounds 
are not readily dist inguished by x - r ay  or electron dif- 
fraction techniques. At the oxide thicknesses (mg/  
cm 2) specified in Fig. 2, no significant bands were de- 
tected in the higher wavenumber  region (4000-1100 
cm -1) that  was also scanned. Lepidocrocite (vFeOOH) 
and geothite (aFeOOH) were the exceptions, since 
these compounds exhibited O-H stretching bands at 
about 3400 cm -1. The spectra in Fig. 2 indicate that 
quant i ta t ive  infrared analysis of mixed iron oxides 
would be difficult, since the bands of each oxide 
overlap strongly. 

Absorption constants (Kz) for the most prominent  
band  in  the spectrum of each iron oxide are given in 
Table I. The wide differences in these K1 values fur-  
ther  complicated quant i ta t ive  analysis since this means 
that  the sensit ivity to detect each oxide differs mark-  
edly. The KI of 6.3 for the 555 cm -z  ~Fe203 band ranks  
it among the strongest of infrared absorbers. 

Oxide films on copper.--Cuprous oxide, (a) Spectra. 
- - F i g u r e  3 shows a sequence of reflection spectra re-  
corded at stages in the 140~ air oxidation of copper 
film mirrors.  These spectra were traced from spectra 
recorded using a 0 to 1 absorbance range (i.e., no scale 
expansion was required) .  The sample mirrors con- 
sisted of 580A thick copper films on top of gold films 
on glass. Exposure times are shown on Fig. 3. Growth 
of the 640 cm -1 band terminated after about 60 min  
of oxidation. Spectrum (D) was typical  of several 
spectra that  were recorded after oxidation of the 
Copper films was complete. 

Comparison of the reflectance spectra in Fig. 3 with 
the reference spectra of Fig. 1 indicated that  the ox- 
ide films were composed of relat ively pure Cu20. 
This was the only oxide that  was expected to form un -  
der the conditions of this oxidation (21). The observed 
-t-20 cm-~ shift of the absorption band  from the t rans-  
mission spectrum (Fig. 1A) to the reflection spectra 
(Fig. 3) agreed with a calculated shift. Publ ished 
optical constants for Cuba over the 400-800 cm -1 re-  
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Fig. 3. RefleCtance spectra from copper oxidized in air at 140~ 
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Fig. 4. Relation between Cu20 film thickness and infrared re- 
flectance spectra. 

gion were subst i tuted into Eq. [1] to produce a cal-  
culated reflectance spectrum. This also exhibited a 
+20 cm -1 shift in the band ma x i mum position. 

The reflectance spectra shown in Fig. 3 were typical  
of many  others exhibited by both electropolished 
copper-plate mirrors  and vacuum deposited copper 
films that  were oxidized in air or in oxygen at 25 ~ 
200~ 

(b) Film Thickness.--Figure 4 shows that the in ten-  
sity (hR) of the 640 cm -1 Cu20 band (from Fig. 3) 
increased l inear ly  with the oxide film thickness. In -  
terference colors indicated oxide film thicknesses as 
oxidation progressed. The point  at ma x i mum hR ----- 
0.09 and 900A thickness represented complete conver-  
sion of the Cu film to Cu20 (see Fig. 5). The plot ex-  
trapolated to a 70A intercept on the abscissa. This 
was a reasonable value for the ini t ial  Cu20 film 
thickness on the sample mirrors  since they had been 
stored in clean air for about a month  (22). The ref-  
erence mirrors  had been freshly prepared and were 
expected to have oxide films only 10-20A thick (15). 
Since this oxide thickness was effectively cancelled out 
by recording spectra differentially, the ini t ial  films 
on the sample mirrors  were probably ca. 80A instead 
of 70A. 

The 900A l imit ing oxide film thickness indicated in 
Fig. 4 was confirmed by measurements  made with the 
interference microscope. The init ial  copper -t- a i r -  
formed oxide films were 580A thick. These consisted 
of ca. 500A of Cu and ,--80A of Cu20. Conversion of 
the 500A of Cu to Cu20 was expected to produce a 
Cu20 film 500 x 1.64 + 80 = 900A thick [1.64 is the 
volume ratio of Cu20/2Cu (21)]. The accuracy of 
this 900A figure was also checked by extracting the 
Cu20 from the under ly ing  gold mirrors and analyzing 
quant i ta t ively  for copper. 

The slope of the l ine in Fig. 4 was d /AR640  c m - 1  ~" 
A 

9000. A similar ratio was obtained from the oxidation 
of another set of vacuum deposited copper mirrors. 
Studies of rougher,  electropolished copper mirrors  
gave d A / A R 6 4 0 c m - 1  values ranging  from 9500 to 

ll,O00. Calculation of d A/~R64 o by subst i tu t ing Kt  = 

0.93 (Table I) a ndN 1  = 2.0 [at 640 cm -1 (9)] i n E q .  
[1] gave a ratio of 8600. This calculation assumed a 
perfectly p lanar  surface. These results therefore sug- 
gested that  the d A / ~ R  ratio increased wi th  the 

roughness of the sample mirrors. 

(c) Oxidation kinetics.--The kinetics of Cu20 film 
growth on the copper mirrors were followed by mea-  
suring the growth in in tensi ty  of the 640 cm -1 in -  
frared reflection band. Figure 5 shows results obtained 
from the oxidation test that resul ted in the data shown 
in  Fig. 3 and 4. Inverse logarithmic kinetics appeared 
to describe the oxidation better  than direct loga- 
ri thmic kinetics. This figure also shows that oxidation 
was complete after 70 rain. Similar  oxidation kinetics 
for copper have been reported in the l i terature (18, 
23). In  some of our infrared studies of the oxidation of 
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electropolished copper, l inear  logar i thmic kinetics have  
provided a bet ter  fit to the data. Slight differences in 
the init ial  surface prepara t ion are known to cause such 
discrepancies in the oxidation kinetics. 

Cupric oxide, (a) Spectra.--When the air oxidation 
t empera tu re  exceeded about 200~ CuO was found to 
grow on top of the Cu20 films. Evidence for this was 
growth of a new band at 520-560 cm -z  in addition 
to the 640 cm -1 Cu20 band in the reflectance spectra 
(see Fig. 1). 

Rela t ively  pure  CuO films were  produced by the 
complete oxidat ion of thin film copper mirrors  at t em-  
peratures  above 250~ (24). F igure  6 shows the re-  
flectance spectrum that  resul ted f rom such an oxida-  
tion. The sample mirrors,  consisting of 700A Cu films 
on gold on glass, were  first oxidized in 100 mm 02 at 
300~ for 17 hr  before recording the spectrum shown 
in Fig. 6. An additional 22 h r  oxidation in 100 mm 
02 at 400~ produced no detectable change in the 
spectrum. Oxidat ion of the copper was therefore  com- 
plete when Fig. 6 was recorded. 

Comparison of Fig. 6 wi th  the reference  spectra in 
Fig. 1 indicated that  the oxide films were  composed 
of CuO. Absence of even a shoulder at 640 cm -1 
showed that  no appreciable Cu20 was present.  The 
band shift of +50 cm -1 f rom the transmission (Fig. 
1B) to the reflectance spectrum (Fig. 6) was in the 
direction expected. This resul ted f rom the inverse 
dependence of AR on re f rac t ive  index (N1) which 
reached a min imum on the high f requency  side of the 
transmission band. The magni tudes  of the observed 
and calculated shifts could not be compared since 
insufficient ref ract ive  index data for CuO were avai l -  
able. 

Comparison of the reflectance spectra shown in Fig. 
3 and 6 i l lustrates that  Cu20 and CuO films could be 
readi ly  differentiated. 

(b) Film thickness.--The CuO films which exhibi ted 
the spectrum shown in Fig. 6 had an average  thickness 
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Fig. 6. Reflectance spectrum from gold mirrors covered by 
1200s of CuO. 
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Fig. 7. Reflectance spectra from iron covered by Fe304 films 
formed during exposure to boiling water for (A) 21 hr (Ar purged) 
and (B) -{-6�89 hr (air exposed). 

of l l90A based on measurements  wi th  the in terference 
microscope. This checked wel l  wi th  the thickness ex-  
pected f rom complete conversion of 700A Cu films to 
CuO, i.e., 700A x 1.72 = 1200A where  1.72 is the vol -  
ume ratio of CuO:Cu (21). Based on this test 
d --" 7700 AR56o cm-l" 

A C u O  

Oxide films on iron.--Magnetite.--Figure 7 shows 
reflection spectra f rom Armco iron mir rors  covered by 
Fe304 films produced by exposing the iron to boiling 
water  (25). Spect rum A was recorded af ter  exposing 
freshly electropolished iron mirrors  for 21 hr  to boil-  
ing, argon purged distil led water .  Spec t rum B was r e -  
corded after  an addit ional  61~ hr  exposure to boiling 
H20 at pH 9.0 that  was open to the air. Comparison 
with  the reference spectra in Fig. 2 shows that  these 
reflection spectra most closely resemble  the  t ransmis-  
sion spectrum of Fe304 (Fig. 2C). The +35  cm -1 
shift of the 580 cm -1 band in the transmission spec- 
t rum to 615 cm -1 in the reflectioh spectrum (Fig. 7) 
was in the direction expected. X - r a y  analysis showed 
Fe304 to be the only iron oxide detected in these films. 
No correlat ion of Fe304 film thickness wi th  the band 
intensi ty data was made in this test. The spectra in 
Fig. 7 indicated that  reflection spectra could ident i fy 
oxide films of a single composition on iron. 

Mixed iron oxides, (a) Spectra.--A sequence of re -  
flection spectra that  resul ted f rom the 250~ air oxida-  
tion of Armco iron mirrors  is shown in Fig. 8. Oxida-  
tion t imes are shown wi th  each spectrum. These mi r -  
rors were  prepared by mechanica l ly  polishing the 
iron wi th  -Fe203. Similar  spectra also resul ted f rom 
the 250~ air oxidation of electropolished mirrors  and 
f rom oxidat ion of vacuum deposited i ron-f i lm mirrors.  
No bands other  than those shown in Fig. 8 were  ob- 
served over  the 4000 to 230 cm -1 spectral  range. 

The bands exhibi ted by the oxide films in the ear l ier  
stages of oxidation (i.e., spectra A and B) are a t -  
t r ibuted to Fe304 and ~Fe203 (see Fig. 2). Marked 
enhancement  of the 650 cm -1 bands in these spectra 
cannot be explained by simple addi t ivi ty  of the r e f -  
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Fig. 8. Reflectance spectra from iron oxidized in air at 250~ 
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erence transmission spectra (B and C of Fig. 2). 
Instead, the addit ional  dependence of hR on refractive 
indices (N1) probably  contr ibuted to the in tensi ty  of 
this band in the reflection spectra of these "duplex" 
films. This is based on the fact that  Nz dips to a m i n -  
imum on the high frequency side of a strong absorp- 
t ion band and hR cc 1/Nz~ (see Eq. [1]) (7, 8). 

After several hundred  hours of oxidation at 250~ 
bands a t t r ibuted to aFe203 emerged from the reflection 
band envelope. These new bands are shown at ~,560, 
440, and 310 to 340 cm -1 in spectra C and D of Fig. 8. 
Comparison with spectrum A of Fig. 2 shows that  
these bands are in reasonable agreement  with the ref-  
erence spectrum of aFe203. Thus, the oxide appeared 
to be composed of Fe304, 7Fe20~, and aFe20~ films at 
this stage. Although the aFe203 bands became rela-  
t ively intense in  spectrum (D), this oxide probably  
composed only a small  part  of the films. Reference to 
Table I shows that  ~Fe203 absorption was 4 to 20 
times greater than "yFe203 or Fe~O4 and Eq. [1] shows 
that  film thickness was inversely proport ional  to these 
absorption constants. The infrared evidence for the 
Fe304 + ~,Fe203 -I- ~Fe203 composition of such oxide 
films is in quali tat ive agreement  with results in the 
l i terature (21, 26). 

(b) Film thickness.--Oxide films formed by air oxi- 
dation of iron at 25~176 usual ly  exhibited a l inear  
relat ion between the intensi ty  (• of the 650 cm -~ 
band  and the film thickness. Figure 9 shows that  the 
relat ion was reasonably l inear  from 0-1100A for the 
oxide films that  exhibited the spectra shown in  Fig. 8. 
The oxide film thicknesses were determined by in ter -  
ference colors (12). The slope of the l ine in Fig. 8 is 
d /AR650 cm-1 - ~ -  6100. In  several other tests this ratio 

A 
has varied from 5000 to 8000. Differences in surface 
roughness of the mirrors  appeared main ly  responsible 
for this var iat ion as was described previously for 
copper mirrors.  

Oxidation studies on vacuum deposited iron-fi lm 
mirrors  were used to check the thickness cal ibrat ion 
of the infrared AR650 era-1 data. An  interferometer  was 
used to determine film thicknesses as previously de- 
scribed for the oxidation of copper. These measure-  
ments  indicated that  over the range of 0-1200A, the 
interference colors provided a reasonably accurate 
measure of the oxide film thickness. 

(c) Oxidation kinetics.--Figure 10 shows direct log- 
ar i thmic (A) and parabolic (B) plots of the in -  
frared i ron-oxide band  growth from two separate 
tests. The solid lines show results from the 250~ air 
oxidation of mechanical ly  polished iron that  was 
also described in Fig. 8 and 9. The dashed lines 
show results of a similar  oxidation using electropol- 
ished Armco iron mirrors.  These graphs indicate that 
the oxidation of both sets of specimens obeyed direct 
logarithmic kinetics in the early stages of film growth 
and parabolic kinetics in the later stages. The t rans i -  
t ion occurred when  the oxide films were 300-400A 
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Fig. 9. Relation between iron oxide film thickness and infrared 
reflectance spectra. 
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Fig. 10. Kinetics of the air oxidation of iron at 250~ (i) Me- 
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average thickness. Similar  t ransi t ions in the oxida- 
tion kinetics of i ron have been at t r ibuted to forma- 
t ion of compact oxide barr ier  layers (21). Such layers 
made diffusional processes rate controll ing and thus 
resulted in parabolic oxidation kinetics. 

The kinetics of the oxidation of i ron and subsequent  
hydrogen reduct ion of the oxide film were studied 
with the sample mirrors  installed in a heatable vac- 
uum cell. By recording rapid sequences of spectra 
over the 230 to 1100 cm -z  range, growth or reduct ion 
of oxide films could be followed closely while the 
sample mirrors  were at temperature.  In  one experi-  
ment  two 710A iron-fi lm mirrors  were oxidized in  
100 mm 02 at 300~ for 16 hr and then at 400~ for 
an addit ional  3 hr. The appearance of the spectral 
sequences recorded at 300 ~ and 400~ were similar  
to those shown in Fig. 8A and B. No aFe203 bands 
were observed. The 19 hr oxidation resul ted in com- 
plete conversion of the iron films (on gold mirrors)  
to Fe304 + 7Fe203 films about 1500A thick. These 
iron oxide films were then exposed to flowing Pd-  
diffused H2 (40 cc/min)  at 250~ 

Rapid sequences of reflection spectra showed that  
the 650 cm -1 iron oxide bands were reduced from a 
ma x i mum AR of 0.30 to zero intensi ty  in  a 2 hr  period. 
Such complete reduct ion of the oxide at the relat ively 
low tempera ture  of 250~ was surprising. 

Conclusions 
Infrared reflectance spectra of oxide-covered cop- 

per and iron mirrors exhibited intense metal  oxide 
absorption bands in the 1100 to 230 cm -1 region. 
Cuprous oxide films exhibited a single strong peak at 
640 cm -1. They were readi ly  distinguished from cupric 
oxide films which produced a slightly weaker  band at 
560 cm -~. Reflection spectra of oxide films on iron 
mirrors  were usual ly  more complex and more difficult 
to interpret .  The added complexity of these spectra 
was probably caused by the existence of both te t ra-  
hedral  and octahedral  coordinations of the iron ions in 
the i ron oxide lattices. Thus changes in oxide compo- 
sition did not produce dramatic changes in the spectra 
since this involved only redis t r ibut ion of the iron ions 
between these two types of sites. In  spite of their  com- 
plexity, the reflection spectra did appear to dist inguish 
between the cubic oxides (Fe304 and ~Fe208) and 
aFe20~ which has a corundum structure.  

The intensities of metal  oxide absorption bands, in 
the reflection spectra, increased in  direct proport ion 
to the oxide film thickness. The following approximate 
relationships were observed 
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d -- 1O,0OO ARe40 cm-I 
A Cu20 

dA cuo --" 7,700 AR560 cm-1 

d -- 7,000 AReso cm-1 
A FezO~(cubic) 

These linear relationships indicated that effects of 
any anisotropism on the spectra of the films were 
small. Use of polycrystalline metal mirrors probably 
contributed to this by randomizing the molecular ori- 
entations in the oxide films. Results using mirrors 
made from single crystals of metals might be quite 
different. 

The seven reflection accessory used in these studies 
enabled measurement  of AR values as low as 0.0005. 
This meant  that  copper and iron oxide films as th in  as 
3-5A average thickness could be detected. By using 
only one reflection oxide films up to about 50O0A 
thickness could be studied. 

Most metal  oxides exhibit  strong lattice bands in the 
200 to 1OOO cm -1 region (4-6). Therefore, infrared 
reflectance spectroscopy could provide a useful tool 
for s tudying either the growth or reduct ion of oxide 
films on most metals. 
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Electrical Breakdown in Thin Dielectric Films 

N. Klein 1 

Bell Telephone Laboratories, Allentown, Pennsylvania 

ABSTRACT 

Thermal  and electric breakdown processes in th in  film insulators are dis- 
cussed. In terpre ta t ion  of the processes is greatly facilitated by using speci- 
mens with self-healing breakdowns, cleared of weak spots. Thousands of 
breakdown tests can be carried out on such specimens. Thermal  breakdown 
is init iated by an increase in the electrical conductance by joule heat; break-  
down occurs at a definite voltage, which can be calculated with good ac- 
curacy. Electric breakdown can be init iated by the increase of the electrical 
conductance in a channel  by a pulse, such as an electronic avalanche. De- 
struct ion arises by discharge of the electrostatic energy stored in the speci- 
men through the channel.  The incidence of breakdown is of a statistical na-  
ture. In  contrast to concepts, which assume a definite breakdown field, elec- 
tric breakdown can occur in certain oxides over a wide range of fields. 
Breakdowns occur at a rate which increases quas i -exponent ia l ly  with field 
and also with temperature,  e.g., in hafnium dioxide. Exper imenta l  results are 
examined in the light of existing breakdown theories. It appears that  fur ther  
theoretical and exper imental  work is needed for the in terpre ta t ion of the 
oxide results. 

Investigations on breakdown are great ly  facilitated 
in th in  films because test voltages are low. Earl ier  
work on th in  films was concerned with the influence of 
insulator  thickness on breakdown field, and dielectrics 
such as mica (1), NaF and KBr (2), and a luminum 
oxide were investigated (3). In  the investigations 
problems were encountered wi th  th in  films which 

1 On Sabbatical Leave  f rom TECHNION-- I s rae l  Inst i tute  of Tech- 
nology, Haifa.  

were known to arise also in thicker insulators. The 
specimens shorted and the breakdown voltage mea-  
sured was not that  of the bu lk  but  that  of the weakest 
spot. There was often a large spread in the break-  
down properties of a batch of specimens. Breakdown 
caused destruction in  the insulator  and in the elec- 
trodes main ly  by  mel t ing and by evaporation. The 
destruction was not only due to the breakdown event, 
but  also due to the fol low-up current .  These experi-  
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menta l  circumstances made it difficult to in terpre t  
breakdown. 

Conditions are different when specimens with self- 
healing breakdown are tested. In  such specimens one 
electrode at least is th inner  than  1000 to 2000A. On 
breakdown the th in  electrode does not melt, but  
evaporates at the breakdown site. Short ing does not 
occur, and damage arising from the fol low-up current  
is avoided. Such breakdowns were first observed 
near ly  sixty years ago (4), and use was made of the 
self-heal ing property in the making  of certain paper 
capacitors (5, 6). 

Breakdown investigations with th in  film specimens 
exhibi t ing self-heal ing properties were reported on 
myla r  by Inuishi  and Powers (7) and on silicon oxide 
by Siddall  (8). Kennedy  (9) observed self-heal ing 
breakdowns in  a luminum oxide and Young (10) in 
t an ta lum pentoxide. It  was found that  hundreds  and 
often thousands of breakdown tests could be carried 
out on an individual  specimen. Klein  and co-workers 
(11-17) investigated silicon oxide specimens with 
self-healing breakdowns and found that (a) distinc- 
t ion can be made between the properties of weak 
spots and those of the bulk, (b) the processes involved 
in  the destruction can be identified and distinguished, 
(c) the thermal  breakdown field can be measured 
without  destruction and can be accurately calculated, 
(d) the electric breakdown can be observed with 
min imal  destruction, and (e) the breakdown prop- 
erties can be ascertained from measurements  on one 
specimen. It appeared from these results  that the use 
of thin film specimens with self-healing breakdowns 
offers considerable advantages over the use of shorting 
specimens in investigations on breakdown. This article 
will  therefore be based main ly  on exper imental  results 
obtained with self-heal ing breakdowns. 

Breakdown can be produced by a number  of proc- 
esses. Several  of them, such as electrochemical de- 
terioration, dendri te  formation, and gas discharges 
can considerably decrease the breakdown strength. 
These processes can be avoided with suitable care and 
will not  be discussed here. The processes which deter-  
mine  the highest breakdown fields are of interest. One 
of them is electromechanical  breakdown (18), which 
is due to the mechanical  collapse of the insulator  by 
the at t ract ive forces of the electrodes. This breakdown 
is restricted main ly  to a few soft polymers, such as 
polyethylene. Other breakdown processes are the ther-  
mal  and the electric breakdowns. These are general ly 
observed in insulators and the properties of these two 
kinds of breakdowns will  be described for thin film in-  
sulators. For both kinds of breakdowns the destruction 
occurs main ly  by mel t ing and by evaporation. Apart  
from this aspect, the processes of the two kinds of 
breakdowns are different. The following discussion 
will  relate to specimens from which the weak spots 
were el iminated by self-healing breakdowns.  

Thermal  breakdown has been understood since the 
investigations of Wagner  and Hayden and Steinmetz 
and informat ion on earlier work can be found in  ref. 
(19-22). Thermal  breakdown is ini t iated by an in-  
crease in the electrical conductance by joule heat 
and /or  dielectric heat. In  thin films without weak 
spots the breakdown involves the whole insulator  and 
occurs at a definite voltage. Destruction occurs si- 
mul taneously  over near ly  the whole insulator. It is 
possible, however, to determine the breakdown voltage 
without destroying the specimen. 

The term electric breakdown relates to events 
which are known in  the l i terature  under  various 
names, such as intrinsic,  avalanche, and field emission 
breakdown. These processes are discussed in detail in 
ref. (19-22). Electric breakdown in thin films can be 
init iated by the increase in the electrical conductance 
by a pulse, such as an electronic avalanche. The 
breakdown involves a small  spot only. The incidence of 
breakdown is often of a statistical nature.  Experi-  
menta l  results will  be presented for oxides, showing 

that  electric breakdown does not occur at a sharp]y 
defined field, but  over a wide range  of fields in each of 
the substances. The breakdown destroys a very  small 
part  of the insulator,  and this destruction cannot  be 
avoided on testing. 

Both thermal  and electric breakdown may occur in 
an insulator, and breakdown is produced by the proc- 
ess which arises at the lower field. 

T h e r m a l  Breakdown 
Investigations for bulk  breakdown properties begin 

with the e l iminat ion of weak spots and with the iden-  
tification of the breakdown process. The identification 
of the process, whether  it is thermal  or electric, is 
relat ively simply achieved by measur ing the d-c leak-  
age current  I vs. voltage V characteristic of the in -  
sulator. For this purpose the thin film specimen is 
connected to the power source with a series resistor 
larger than 10 kohms. Such a resistor is usual ly  small  
relat ive to the specimen resistance in the vicinity of 
breakdown, but  it is sufficiently large to prevent  
propagating breakdowns (11) which destroy relat ively 
large areas at weak spots and in specimens exhibi t ing 
electric breakdown. 

The following is observed on specimens exhibi t ing 
thermal  breakdown in the bulk:  When increasing 
voltage is applied, breakdowns are observed to occur 
at a rate which increases with voltage. When a certain 
voltage in main ta ined  for a period of 5-30 min, the 
breakdowns stop. These breakdowns are ascribed to 
weak spots (11) and the destruction caused is of the 
single hole type i l lustrated by Fig. 1. After  the elimi- 
nat ion of the weak spots a V-I  characteristic can be 
measured as shown schematically in Fig. 2 (13). This 
characteristic exhibits a ma x i mum voltage Vdm and a 
negative resistance range. At point  D current  and 
thermal  runaway  occur and practically the whole 
specimen is destroyed simultaneously.  This mode of 
destruction is in sharp contrast to the small  single 
hole destruction which occurs at weak spots and as will  
be described later, occurs also on electric breakdown. 

When currents  are restricted to values smaller than 
at D, destruction is avoided. The V-I characteristic 
can be repeatedly measured and Vdm has a fixed value 
for a given set of conditions. Vdm is the max imum 
thermal  breakdown voltage (13) and destruction arises 
at this voltage when  the series resistance is negli-  

Fig. 1. Microgram of single hole breakdown in a tantalum pentox- 
ide specimen anodized to 130V on sputtered tantalum. The tap 
electrode is gold. The center black area is a hole through oxide 
and through electrodes, the gray area is oxide bared of gold. 
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Fig. 3. Current vs. time oscillograms of a 5000./~ thick, 4 x 10 -3  
cm2 vapor grown silicon oxide specimen obtained on the applica- 
tion of voltage steps. The parameter is the applied voltage (16). 

gibly small. With increasing series resistance the 
point of destruct ion D moves upward  on the V-I  
characteristic. The na ture  of thermal  runaway  is well  
i l lustrated by  current  vs.  t ime oscillograms, obtained 
when step shaped voltage pulses larger than  Vdm are 
applied to the specimen. This is shown for a silicon 
oxide insulator  in  Fig. 3, with pulse voltage as a 
parameter  (16). Thermal  r u n a w a y  is possible in  in -  
sulators because above some tempera ture  the elec- 
trical conductivi ty increases exponent ia l ly  with tem-  
perature.  An  increase in  tempera ture  by  joule heat 
increases the conductivity,  which in t u rn  increases 
the joule heat leading to mutua l  escalation. Runaway  
arises due to  instabili ty,  when the joule heat input  
cannot be balanced by the heat loss of the heat t r ans -  
fer processes. 

At the voltage Vdm the joule heat in the insulator  
is significant, a few watt  per square centimeter,  and 
the specimen tempera ture  is a few tens of centigrades 
above ambient.  The thermal  na ture  of breakdown is 
indicated by this joule heat at the onset of the nega-  
tive resistance range. It  can be indicated also by 
showing that  increased cooling increases Vdm (13). 
Negative resistance ranges with insignificant joule 
heat are observed sometimes in semiconductors (23). 
In  this case, the breakdown is not thermal  and may be 
caused by double injection. The verification of the 
na tu re  of the process requires the calculation of Vdm 
on the assumption of thermal  breakdown and the com- 
parison of the calculated and the observed values of 
Vdm. 

The calculation of the thermal  breakdown voltage 
requires the solution of the equation of conduction of 
heat for the specimen and for the adjacent  solids (19- 

22). For  the calculations current  cont inui ty  is assumed 
in the insulator  and the thermal  and electrical con- 
ductivity, K and ~ are given as functions of tempera-  
ture  T, field F, and occasionally of t ime t. The equation 
of conduction of heat is with c the specific heat per 
uni t  volume 

OT 
c = div (K grad T) -{- aF2 [1] 

Ot 

the equat ion for cur ren t  cont inui ty  is 

div (a~) = 0 [2] 

and the relations for K and a are 

K = K ( T )  and a ----- a ( T , F , t )  [3] 

where a may  also be an explicit  function of time. 
Solutions of Eq. [1]-[3] are available in thick in -  
sulators only for simple cases. Solutions are, however, 
re lat ively easily obtained for th in  insulators, because 
use can be made of the following simplifications: the 
insulator  tempera ture  is assumed to be uniform and 
the insulator  is considered as a p lanar  source of heat. 
The solution of the equations yields the thermal  
breakdown field Fm as that  field for which the tem-  
perature  in the insulator  rises to a destructive value 
To. Tc ~ oo can often be used in the calculation of 
Fm without  any significant error. 

The possibility of obtaining simple expressions for 
Fm depends on the funct ional  form of the relat ion 

= ~ ( T , F , t ) .  Various relations of exponent ial  form 
were found to fit exper imental  observations. Sze (24) 
used for silicon ni tr ide the relat ion 

r = aoe--q(~--aF~m/kT [4] 

~o, ~, and d being constants of the substance, q the  
electronic charge and k Bol tzmann's  constant. O'Dwyer 
used for r an equation proposed by  Har tman  et al. 
(25) 

Clh 
(r = �9 e - - ( E - - a ~ m ) / k T + a ~  ]~ [5] 

F 

with h the insulator  thickness and el, •, al, and a2 
constants of the substance. These equations are based 
on an assumed physical mechanism of the electrical 
conduction in  an insulator.  The use of Eq. [4], [5] 
leads to relat ively involved relat ions for the break-  
down field. 

It  appeared that  for the calculation of Fm the re la-  
t ion for ~ need not be fundamenta l ,  bu t  may  be em-  
pirical, as long as it fits observations accurately. Such 
a relat ion is often 

q ~ r  [ b F + a ( T - T ~  [6] 

where r b, and a are determined from the V - I  char-  
acteristics of the specimen, and To is the ambient  t em-  
perature.  Calculations with Eq. [6] lead to relat ively 
simple relations for the thermal  breakdown field Fin 
in  th in  insulators. Such relat ions for the breakdown 
fields on d-c Fdm,  o n  a - c  Faro, and on pulses Fpm a r e  
listed in Table I (13, 15, 16). 

Although these relations were derived for infini- 
tesimally th in  insulations,  their  use can be extended 
to thicker insulations. Whitehead and Nethercot (26) 
found that  for d.c. and a.c. at lower fields the error in 
Fm using thin film relations is 1.5%, when  the thermal  
resistance across the insulator  is one tenth  of the 
thermal  resistance from the specimen to ambient.  

The use of the relations of Table I in the verifica- 
t ion of thermal  breakdown will  now be illustrated. 
Figure 4 shows the d.c. V - I  characteristics of a 4100A 
thick, 0.06 cm 2 evaporated silicon oxide specimen with 
500A thick a luminum electrodes in the tempera ture  
range 4.2 to 515~ (14). The curves permit  calculation 
of ~ using Eq. [6] and determinat ion of Fdm as func-  
tion of the temperature.  The observed values of Fdm 
are compared in Fig. 5 with those calculated with Eq. 
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Table I. Relations for the thermal breakdown field 
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The  d.c. b r e a k d o w n  field Fdm" 

1 r 
Fdm = - -  log  [7] 

b eaAh~oF~dm 

b, a, and  ~o are d e t e r m i n e d  f r o m  the  V-I charac te r i s t i c ,  A is t he  
s p e c i m e n  area ,  h is  the  d ie l ec t r i c  t h i ckness ,  r is the  t h e r m a l  con-  
d u c t a n c e  of  the  spec imen ,  a n d  e the  basis  of  n a t u r a l  l o g a r i t h m s .  

The  a.c. b r e a k d o w n  field Faro: 
r 

B (bFam) [B] 
eahA~oF'~am 

w h e r e  
B (bFam) = I0 (bFam) + I~(bFam) [9] 

an d  Io a n d  I~ a re  mod i f i ed  Besse l  func t ions .  
T h e  pu l se  b r e a k d o w n  field Fpm: 

1 K 
Fpm = - -  log  [10] 

b eah~o HF%m ~y (~)) 
w i t h  

"~ = KI"/cH~ [11 ]  

8 Do e - K ( * n + l )  '~ 7r2 r / 4ec  I t 2  
~(~)  = 1 - - - -  ~ [12]  

r~ .-~ ( 2 n +  1)~ 

w h e r e  K is t h e  t h e r m a l  c o n d u c t i v i t y ,  c the  specific h e a t  pe r  u n i t  
v o l u m e ,  a n d  H the  t h i c k n e s s  of  the  subs t r a t e ,  r e spec t i ve ly ,  and  
~" the  pu l se  d u r a t i o n .  

F o r  3.Sh2/K ~ v <: 0.5H~/K Eq. [10] s impl i f i e s  to 

(TKc~I /2  

1 " ~ e v  ~ 
i%m = - - l o g  [lOa] 

b ah~oF%m 

F o r  r <~ 3.5hO~/K h e a t  c o n d u c t i o n  is n e g l i g i b l e  a n d  

1 Ce 
Fpm = - -  log  - -  [10b] 

b aT~oF2pm 

w h e r e  Ce : [Clh + Cmhm)/h, Cl a n d  Cm b e i n g  the  specif ic  h e a t  
of  i n s u l a t o r  and  e l ec t rode  me ta l ,  r e spec t i ve ly ,  and  h a n d  hm the  
t h i c k n e s s  of  i n s u l a t o r  a n d  of t he  two  e lec t rodes ,  r e spec t i ve ly .  

E q u a t i o n s  [10]-[12] are  based  on  t he  a s s u m p t i o n  t h a t  h e a t  is 
t r a n s p o r t e d  f r o m  the  s p e c i m e n  by  c o n d u c t i o n  t h r o u g h  t he  s u b s t r a t e  
only .  U n d e r  e x p e r i m e n t a l  c o n d i t i o n s  hea t  is  t r a n s p o r t e d  also by  
t h e  e lec t rodes  a n d  by  convec t ion .  The  effect  of  the  a d d i t i o n a l  h e a t  
f low p a t h s  is an  inc rease  in  the  v a l u e  of  K. Th i s  a p p a r e n t  v a l u e  
of  K is ca l cu l a t ed  w i t h  Eq.  [10] f r o m  one  v a l u e  of  Vvm o b s e r v e d  
fo r  one  pu l se  d u r a t i o n  ~-. 

[7]. Figure 5 also presents a curve for t an ta lum pent -  
oxide obtained by anodizing t an ta lum sheet (22) (the 
t an ta lum was negative)  and observations on silicon 
ni tr ide by Sze (24). The breakdowns in silicon ni tr ide 
were thermal  in the tempera ture  range, where  Fdm 
decreases, but  were assumed to be electric at 128~ 

Exper imenta l  results in silicon oxide on a.c. 
are presented in Fig. 6 (15). The ratio of the a-c 
peak and d-c breakdown voltage Fam/Fdm is by Eq. 
[7] and [8] a funct ion of the parameter  bFdm only. 
The calculated ratio is given in Fig. 6 by the curve 
and the exper imental  results for a number  of speci- 
mens at room tempera ture  by dots. The Faro value of 
this specimen was not  influenced by frequency below 
1000 Hz. Above this value Faro decreased slowly with 
frequency due to the added heat ing associated with 
dielectric loss. 

Breakdown test results obtained on the application 
of pulses to a 5000A thick silicon oxide specimen are 
presented in Fig. 7, where Vpm, the thermal  pulse 
breakdown voltage, is plotted vs. pulse durat ion T (16). 
The small  circles are measured results, and the curve 
was calculated. Breakdowns in this kind of specimen 
were observed to be thermal  up to about 210-215V. 
However, above 195V electric breakdowns were  ob- 
served as well. These occurred after a mean  time lag 
Tm which decreased rapidly with increasing voltage 
(discussed in the following section). There was a 
large scatter in  the t ime lag around TB. Breakdowns 
were electric when the t ime lag was less than v, the 
pulse durat ion for thermal  breakdown;  in the range of 
210-215V effectively all breakdowns were electric. The 
two kinds of breakdown can be distinguished, e.g., by 
oscillograms, which are shown in Fig. 3 and 15 (16). 

The results of Fig. 5-7 verify the thermal  na ture  of 
the breakdowns in  silicon oxide on d.c., a.c., and pulses 
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of longer duration. The agreement  of measured and 
calculated values of the breakdown field is of the order 
of 1%. Thermal  breakdown was observed in silicon 
oxide in the thickness range of 2900A to 15 ~m (13). 
Thermal  breakdown fields up to about 107 V/cm were 
observed in silicon ni tr ide (24), in evaporated silicon 
dioxide kind of specimens (13), and in glass (25) 
5-100 ~m thick. The influence of ambient  gas pressure 
was investigated from 2.10 -5 Torr  to atmospheric pres-  
sure (17). A small decrease in  the ma x i mum thermal  
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Fig. 7. Thermal pulse breakdown voltage Vdm a s  function of 
pulse duration T in a 5000A thick, 4 x 10 - 3  cm 2, vapor grown 
silicon oxide specimen (16). Circles observed, line calculated�9 

breakdown field was observed with a decrease in 
pressure. This was found to be caused by the decrease 
in the thermal  conductance due to diminishing heat 
t ransport  by convection. 

The thermal  breakdown results can be summarized 
in breakdown characteristics by plot t ing Fm vs. t em-  
perature  with pulse durat ion as a parameter.  This is 
i l lustrated in Fig. 8 for a 5000A thick silicon oxide 
specimen (16).2 Such results may be obtained on an 
individual  specimen, because the tests are nondest ruc-  
tive. 

Electr ic  Breakdown 
Experimental observations.--Recent studies on amor-  

phous th in  film oxides with self-healing breakdowns 
produced new results, which enlarge the information 
on electric breakdown available from shorting speci- 
mens. The results do not support accepted concepts and 
seem to be of interest  for the in terpre ta t ion of 
breakdown. The subject of this section is developed, 
therefore, main ly  around the observations on the ox- 
ides, which were anodically grown on tanta lum,  haf-  
nium, and a luminum and thermal ly  grown on silicon. 

Single hole breakdowns were observed in the oxides 
above a m i n i m u m  voltage, the magni tude  of which 
varied from specimen to specimen�9 On the application 
of a constant  voltage larger than  the min imum repet i-  
tion of breakdown events was observed. The rate of 
the breakdown events decreased with t ime to a steady 
value, and this value was found to increase rapidly  

In  t h i s  case  t h e  c h a r a c t e r i s t i c s  w e r e  o b t a i n e d  b y  a c o m b i n a t i o n  
of m e a s u r e m e n t s  a n d  of c a l c u l a t i o n s � 9  T h e  u p p e r  e n d  of t h e  c u r v e s  
is p r e s e n t e d  b y  b r o k e n  l ines ,  b e c a u s e  in  t h a t  r a n g e  t h e  b r e a k d o w n s  
w e r e  e l e c t r i c .  

with voltage. The rate became so large in the vicinity 
of a voltage VB (see Fig. 2) that the specimen was 
completely destroyed by separate single hole break-  
downs within  a small  fraction of a second. 

The oxides differed from the specimens with ther-  
mal  breakdown with respect to the d-c V-I charac- 
teristic. A ma x i mum voltage Vdm and a negative re- 
sistance range were not observed (Fig. 2). The char-  
acteristic could be measured only to some voltage be- 
low VB, for which the breakdown rate was not yet  
large�9 The average joule heat in the specimen was 
usual ly  insignificant at the voltage Vm When the max-  
imum thermal  breakdown voltage Vd,n was calculated, 
it was found that  VB < Vdm. Thermal  breakdown of 
the bu lk  therefore could not occur. 

The oxides differed from specimens exhibi t ing ther-  
mal  breakdown also with respect to the effect of a 
constant voltage. Single hole breakdowns did not settle 
down to a steady rate in specimens exhibi t ing ther-  
mal  breakdown of the bulk, but  stopped after some 
time. These single hole breakdowns were ascribed to 
weak spots (11). The question arose, therefore, 
whether  the single hole breakdowns in the oxides 
were not due to numerous  weak spots. To investigate 
this question the specimen was subjected to a series of 
breakdowns in sequential  tests. In  such tests the volt-  
age rises typically wi th in  seconds to breakdown, coI- 
lapses, rises again to breakdown, etc. Results of such 
tests are i l lustrated for a 2000A thick thermal ly  oxi- 
dized silicon dioxide specimen in Fig. 9 where  the 
breakdown voltages vs. the serial number  of the 
test are plotted (22). The first breakdown voltage at 
the weakest spot occurred at 38V and the breakdown 
voltage in the subsequent  150 breakdowns increased 
to a steady average value of 140V with a scatter of a 
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Fig. 9. Breakdown voltages of subsequent breakdown tests on a 
thermally grown 0.1 cm 2, 2000.~ thick silicon dioxide specimen 
(22). 
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few per cent. The results were interpreted that  the 
first 150 breakdowns are due to weak spots, while 
subsequent  breakdowns are characteristic of a bulk 
property (22). Similar  results were obtained with a 
number  of insulators and it is believed that break-  
downs at weak spots and in the bu lk  can be dis- 
t inguished in these oxides by sequential  breakdown 
testing. Impact ionization and field emission may be 
ins t rumenta l  in these breakdowns and it is assumed 
that electric breakdowns were observed in the oxides. 

Breakdowns in  the bulk did not occur only at the 
voltages found by sequential  tests, and this is i l lus- 
trated here by the example of an 0.1 cm 2 t an ta lum 
pentoxide specimen with a gold electrode, anodized 
to 130V. The bulk  breakdown voltage on sequential  
testing averaged 125V when the t an ta lum was nega-  
tive. When instead of sequential  testing with rising 
voltages, constant  voltage was applied at various mag- 
nitudes, breakdowns could be observed from 80 to 
about 160V. The breakdowns occurred at random sites 
and at random time intervals.  The voltage influenced 
the rate at which breakdowns repeated and while sev- 
eral hours might  have elapsed between breakdowns 
at 80V, thousands of breakdowns occurred per second 
at 160V. This kind of behavior  was observed also in 
anodic oxides of hafn ium and a luminum,  and in ther-  
mal ly  grown silicon dioxide and is i l lustrated for 
a luminum trioxide in Fig. 10. The dielectric of this 
specimen was produced by anodization, the oxide 
thickness was 1700A, the area 0.1 cm ~ and the counter-  
electrode was gold. In Fig. 10 the breakdown rate RB 
is plotted vs. the voltage for room temperature,  when 
either the a luminum,  or the gold are negative and for 
l iquid ni t rogen temperature,  when  the a luminum is 
negative. The breakdown rate appears to rise quasi- 
exponent ia l ly  with voltage. There is a very  marked 
polari ty effect, which may be related to the elec- 
trode material.  The breakdown rate decreases sharply 
with temperature  both in the oxides of a luminum and 
of t an ta lum and in hafn ium dioxide the decrease was 
found to be quasi -exponent ia l  with temperature.  It 
is significant that  the breakdown rate  usual ly remains 
constant  with increasing number  of breakdowns. This 
is i l lustrated for a hafn ium dioxide specimen in Fig. 
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11, where the n u m b e r  of breakdowns is plotted vs. 
the dura t ion of voltage application. The area of the 
specimen decreased in the course of this experiment.  
As the breakdown rate RB is related to the undam-  
aged specimen area of 0.1 cm 2 in Fig. 10 and 11, the 
full  l ine was corrected for area decrease in Fig. 11 to 
the broken line. The gradient  of the broken line shows 
that  RB is mostly constant. An  increase in  RB is indi-  
cated only after 1000 breakdowns.  This slight increase 
may be due to new breakdowns occurring at the weak-  
ened periphery of the earlier breakdowns.  

The measurements  of RB extended over 6-7 decades. 
Extension of the measurements,  however, is of in-  
terest both to lower and to higher breakdown rates. 
There is an indication of what  happens at low break-  
down rates. When fields are low at low RB values there 
is a tendency for the RB curve to bend parallel  to 
the ordinates. This was observed with hafn ium di- 
oxide specimens. The extension of the measurement  
of RB to higher values is l imited by the method of 
de termining RB. The breakdown rate is determined by 
dividing the t ime for which full  voltage was ma in -  
tained by the n u m b e r  of breakdowns. When RB be-  
comes so large that  the voltage rise t ime on the speci- 
men becomes comparable to the average in terval  be-  
tween breakdowns, constant  voltage periods become 
rare, breakdowns occur while the voltage is r ising and 
RB cannot  be determined.  The limit for RB can be in-  
creased by decreasing the voltage rise t ime on the 
specimen. 

The question arises, whether  there is an upper  vol t-  
age l imit  for electric breakdowns. Evidence on this 
question is available only for evaporated silicon oxide 
specimens with self-healing breakdowns (16). A high-  
est average electric breakdown voltage, VB, was ob- 
served with breakdowns occurring while the voltage 
was rising and a breakdown rate could not be de- 
termined. Pulse rise t imes varied from 5 x 10-s to 
5 x 10-6s and the peak voltage prior to breakdown 
was main ta ined  for 10-gs, or less. As shown in Fig. 
12 for the silicon oxide specimen VB slightly in -  
creased with decrease in the tempera ture  but  was not  
influenced by pulse rise time. The bars in Fig. 12 de- 
note the s tandard deviations in  the measurements  on 
the specimen. The thermal  pulse breakdown data of 
this specimen were presented earlier in Fig. 7. 

The exper imental  results in the oxides are in con- 
flict with assumptions of a sharply  defined breakdown 
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Fig. 12. Highest electric breakdown voltages in an evaporated 
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voltage rise time as parameter (16). Area of specimen 4 x 10 -~  
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field and shed new light on the significance of earlier 
investigations on statistical time lags. Statistical t ime 
lags between the application of voltage and the con- 
sequent breakdown have been observed in shorting 
specimens for a number  of substances. The statistical 
t ime lag, ts, is related to the mean  in terval  tB between 
self-healing breakdowns in the bulk. ts is the mean in-  
terval  to the first breakdown at the weakest spot. 
Kawamura,  Ohkura, and Kikuchi  (28) found for about 
3 ~m thick biotite mica that  ts was a strong function 
of the applied field, ts increased from 6 x 10 - s  to 
8 x 10-~s quasi-exponent ial ly ,  while the field de- 
creased from 8 x 106 to 5 x 106 V/cm. While these 
results were obtained on relat ively few specimens and 
while they related to weakest spots in the insulations, 
they showed the same field dependence as was de- 
scribed here for the bulk  of oxides. A rapid decrease 
in ts with increasing field was found also in 0.01-0.07 
cm thick sodium chloride in a series of detailed ob- 
servations by Cooper and Smith (29). 

The electric breakdown results can be summarized 
by plott ing the electric breakdown voltage vs. tem-  
perature with 1/RB = tB, the average in terval  be- 
tween breakdowns as parameter .  This is i l lustrated in 
Fig. 13 by the electric breakdown characteristics for 
a hafnium dioxide specimen. 

When both thermal  and electric breakdowns occur 
in the range of observations the thermal  and electric 
breakdown characteristics may be superposed in one 
figure. This was shown earlier for glass by Vermeer 
(27). The glass breakdown results were obtained with 
shorting specimens and electric breakdowns were 
represented by one curve only. It remains  to be as- 
certained for glass with self-healing specimens 
whether  breakdowns occur over a range of voltages, 
as found in the oxides. 

In  addition to observations on breakdown voltages 
and rates, impor tant  informat ion on the breakdown 
process are obtained from observation of the damage 
caused and of the voltage changes dur ing  the break-  
down event. The electric breakdowns,  as ment ioned 
earlier, produce single hole type of destruction in thin 
films (Fig. 1) when the series resistors are larger than 
about 10 kohms. The magni tude  of the destruction 
expressed by an equivalent  diameter of the mater ia l  
removed by the breakdown increases with voltage 
(11, 12). This is i l lustrated for the destruction in the 

top electrode of a thermal ly  grown silicon dioxide 
specimen in Fig. 14 (12). The voltage changes with 
t ime dur ing  the breakdown event are determined 
oscillographically, as shown in Fig. 15, for a silicon 
dioxide specimen (12). The traces indicate the applied 
voltage, the voltage collapse on breakdown and the 
ini t ial  phase of the recharge of the specimen from the 
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Fig. 13. Electric breakdown characteristics of on anodically 
grown, 0.1 cm 2 hafnium dioxide specimen. The oxide thickness was 
3250~,. The parameters are the average interval between break- 
downs, t~. 
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Fig. 14. Diameter of breakdown hole in counterelectrode metal 
vs. voltage in an Si-SiO2-AI specimen (12). P-type, 1000 ohm-cm 
substrate, -I- Si. Crosses and full lines represent measurements; 
circles and broken lines are calculations. 

Fig. 15. Specimen voltage vs. time oscillogram on single hole 
breakdown events in a thermally grown silicon dioxide specimen 
(12). P-type, 0.3 ohm-cm substrate, d- Si. 

external  supply. The voltage collapse was found to 
occur in thin film specimens of 10-10-10-TF within  
10 - s  to 10-Ss, while  the recharge t ime was deter-  
mined by the product  of the series resistor and of the 
specimen capacitance. 
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Discussion of the observations.--The discussion of 
the electric breakdown process is simplified if the 
processes of destruction are considered first. 

The voltage collapse in  the oscillogram of Fig. 15 
can be interpreted as discharge of the electrostatic 
energy stored in the specimen into the breakdown 
spot in  a t ime determined by the resistance of the 
discharge path and by the capacitance of the specimen. 
Str~b (6) suggested earlier that  the destruction on 
single hole breakdown is due to this process of dis- 
charge. The assumption as to the cause of destruction 
was investigated in detail in evaporated silicon oxide 
(11, 16) and in thermal ly  grown silicon dioxide speci- 
mens (12). To ver ify the val idi ty of the assumption, 
the current  in the breakdown spot as function of t ime 
and the spreading resistance of the discharge path was 
calculated from the oscillogram (12). These data per-  
mit ted the calculation of the magni tude  of destruc- 
t ion caused by the joule heat of the discharge process. 
Results of such calculations were compared with ob- 
servations, as i l lustrated by Fig. 14. Calculated and 
observed single hole breakdown diameters have been 
found to agree wi thin  10-15% in a number  of insula-  
tors. Another  exper imental  approach to support  the 
suggested mechanism of destruction was the deter-  
minat ion of the tempera ture  of the spark occurring on 
breakdown. This was determined independent ly  from 
the rate of vaporization found from the breakdown 
oscillograms and from the line intensit ies of spectra 
of the breakdown events (12). In  thermal ly  grown 
silicon dioxide specimens breakdown temperatures  of 
about 4000~ were ascertained by both methods. It is 
interest ing to remark  that  dur ing the discharge into 
the breakdown spot current  densities up to 1010 A/cm 2 
and power inputs up to 109 W/cm 2 were found to 
occur (12). 

These results indicated that  single hole breakdown 
consists of two main, consecutive stages: (i) a con- 
ducting channel  is formed by the breakdown process 
in the insulator,  and (ii) the electrostatic energy 
stored in the specimen discharges through the conduct-  
ing channel,  evaporates mater ia l  and produces a hole 
much larger than the conducting channel.  

Since it appears that  the processes dur ing the second 
stage of the breakdown process can be explained, the 
main  question of electric breakdown is the identifica- 
t ion and in terpre ta t ion of the processes producing the 
conducting channel. 

Since the work of von Hippel, Zener, and FrShlich 
electronic avalanche and tunne l ing  processes were 
believed to cause the conducting breakdown channels. 
Recently though Budenste in  and Hayes (30) suggested 
for silicon oxide that the conducting channel  is formed 
by decomposition of the insulator  caused by the high 
field. Theoretical considerations based on the ava-  
lanche and tunne l ing  processes resulted mostly in 
relations for a sharply defined breakdown field for 
insulators. The avalanche theories for single crystal 
insulators predicted a slow increase in breakdown 
field with tempera ture  owing to increase with temper-  
ature of energy losses of the ionizing electrons by 
lattice vibrations. Detailed reviews of the theoretical 
work are given in ref. (19-21), with references to the 
original papers. 

Most of the theories seem to be inapplicable to the 
in terpre ta t ion of the oxide results owing to disagree- 
ment  on the tempera ture  and possible electrode de- 
pendence of the breakdown field and owing to the 
occurrence of breakdowns over a wide range  of break-  
down fields. Three theories however, FrShlich's theory 
for amorphous insulators, von Hippel and Algers'  
assumption on space charges, and the single electron 
avalanche theory, predict some of the th in  film oxide 
breakdown properties correctly, and these will  be dis- 
cussed now. 

Fr6hlich (31) assumed that  an  amorphous insulator  
has t rapped a large densi ty of electrons, n2, in excited 
impur i ty  levels separated by the energy hW from the 

bottom of the conduction band. The densi ty  of the free 
electrons is n~ and nl/n2~e -Aw/kT. It is assumed that  
the free and the t rapped electrons are strongly coupled 
by interelectronic collisions and that  energy is lost to 
the lattice vibrat ions both by the free and by the 
t rapped electrons. Energy is gained however, only by 
the free electrons. Breakdown arises at the field, for 
which the energy gain of the free electrons cannot  
be balanced by the losses. As the density of the free 
electrons increases exponent ia l ly  with temperature,  
calculations result  in 

A 
FB = AWI~ 2 e aW/2kT [13] 

with A being a constant. The exponent ial  tempera ture  
dependence of FB agrees with observations in the ox- 
ides. This theory however, results in a sharply de- 
fined breakdown field, which is an intrinsic property 
of the insulator  and independent  of the electrode ma-  
terial, or polarity. These aspects of the theory do not 
agree with the observations. 

It was assumed by von Hippel and Alger (32) that  
positive ion migrat ion occurs in the insulator  enhanc-  
ing the field at the cathode. The magni tude  of the 
effect increases with tempera ture  and t ime of appli-  
cation of voltage. The average field for breakdown 
should, therefore, decrease with increasing temper-  
ature, as was observed in the oxides. On the other 
hand, t ime of application of the voltage should in-  
crease the breakdown rate, but  this was not  observed 
in the oxides. 

The single electron avalanche breakdown theory de- 
veloped by FrShlich (33) and Seitz (34) has been 
f requent ly  used for the in terpre ta t ion of exper imental  
results. The theory connects the formation of an ava-  
lanche with destruction. It  is assumed that  a single 
electron at the cathode starts an avalanche by im-  
pact ionization. When the avalanche reaches the anode, 
the number  of electrons has grown to 2 tw/ti where tw 
is the electron transi t  t ime through the insulator  and 
t~ is the mean time between ionizing collisions. The 
avalanche grows to a cross section 4zdph/3 at the anode 
by sideways diffusion. Here lp is the mean  free path 
for e lect ron-phonon collisions and h is the insulator  
thickness. The phonon collisions cause a tempera ture  
increase in the insulator, and the heat produced is 
largest at the anode. The breakdown field is calculated 
with the condition that the joule heat is sufficient to 
start destruction of the mater ia l  at the anode. Ac- 
cording to the calculations of Seitz, the destruction in 
a 5000A thick specimen would be init iated by an 
avalanche of about 5 x l0 T electrons. 

The development  of a destructive single electron 
avalanche is a chance event. It depends on the rate of 
supply P1 of a free electron in the insulator  at the 
cathode and on the probabi l i ty  P2 of an avalanche 
growing in excess of the size required for destruction. 
The breakdown is supposed to occur after a mean  sta- 
tistical t ime lag, ts, which is a funct ion of the  field 
and which is 

ts : (P1P2)-1 [14] 

When many  breakdowns are observed on a specimen 
cleared of weak spots, ts can be identified with tn 
the mean t ime interval  between breakdowns and tB 

1/RB, the inverse of the breakdown rate. 
The breakdowns observed in the oxide films are 

clearly chance events, both spacially and timewise, as 
also indicated by the constancy of RB in Fig. 11 and 
agree with this aspect of the single electron avalanche 
theory. It  is feasible to assume that  many  avalanche-  
like pulses occur constant ly in the oxides. The ava-  
lanches which reach a critical size cause breakdown. 

The original form of the single electron avalanche 
theory has been subjected to a number  of criticisms. 
The theory assumes that  the energy for destruction 
of the breakdown channel  derives from the avalanche. 
This assumption is in some disagreement with the 
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two stage model for breakdown, discussed earlier be- 
cause it was shown, that  energy for the destruction is 
available from the energy stored in the specimen. It is 
believed, therefore, that  the magni tude  of the ava-  
lanche which causes destruction was overestimated 
and it was proposed that  the breakdown process de- 
velops in the following way (16): 

The avalanche only triggers the breakdown. It in-  
creases the tempera ture  in  the breakdown channel  
from the ambient  tempera ture  T1 by a few hundred  
centigrades to T2. The increase in electrical conduc- 
t ivi ty caused by the temperature  rise is such as to 
make the channel  thermal ly  unstable  at the tem-  
perature T2. Thermal  runaway  arises then as shown 
in the oscillograms of Fig. 3, but  in a t ime many  or- 
ders of magni tude  shorter. The energy for thermal  
runaway  is supplied from the energy stored in the 
specimen. The avalanche and the thermal  runaway  
produce the conducting channel  and the processes of 
the first stage of the breakdown event. The second 
stage, as ment ioned above, is destructive, with energy 
supplied by discharge of the specimen. 

The n u m b e r  of electrons in an avalanche, Ni, t r ig-  
gering breakdown by increasing the channel  temper-  
ature to T2 was found (16) 

ceAc 
Ni = ~ log [r ] [15] 

qaFB 

where Ac is the breakdown channel  cross section and 
q is the electronic charge; Ce, a, and ~o are defined in 
Table I. It was found also that the magni tude  of the 
tr iggering charge is smallest when conduction of heat 
is negligible dur ing most of the thermal  r una w a y  
process. 

The electric breakdown properties of a 5,000A evap- 
orated silicon oxide film were given in Fig. 12. The 
peak voltage was main ta ined  on this specimen roughly 
for 10-gs prior to voltage collapse on breakdown. 
Ident i fying the 10-9s with the first stage of the break-  
down process in this film, a m in imum temperature  
rise in the channel  of about 340~ and a m i n i m u m  
avalanche size of 4.5 x 105 electrons was calculated. 
This avalanche size is by more than two orders of 
magni tude  smaller than that calculated on the earlier 
assumption that  the avalanche has to provide the en-  
ergy for destruction (34). 

Serious difficulties were found recent ly with the 
original form of the single electron avalanche theory. 
Electroluminescence accompanies an avalanche, and 
the light emission is expected to be largest where the 
number  of free electrons is largest. According to the 
single electron avalanche theory this should be the 
case at the anode. Cooper and Elliott (35) observed 
thick NaC1 and KC1 crystals between the electrodes 
prior to the destructive stage of the breakdown and 
found the largest light emission not at the anode, but  
at the cathode. 

The original form of the single electron avalanche 
theory considers electrons only and the positive 
charges are thought  to be immobile. O'Dwyer  (36) 
calculated the field produced by the positive charges 
left behind in the insulator  by the electron ava-  
lanche. He found that  this field opposing the ap-  
plied field would be 101I V/cm for a destructive ava-  
lanche of the size calculated by Seitz.3 Even the ava- 
lanche sizes postulated in ref. (16), which are smaller 
by two orders of magni tude  imply impossible large 
opposing fields. Under  these circumstances a single 
electron avalanche in its form suggested originally 
(33, 34) cannot develop. 

Cooper and Elliott (35) and also O'Dwyer (36) sug- 
gest that  the development of an avalanche is not de- 
termined by impact ionization in the insulator  only 
but  also by field emission at the cathode. When the de- 
veloping avalanche leaves a positive space charge at 

s Ear l ier  K a w a m u r a  et al. (28) m a d e  a s imi lar  observat ion about  
the single electron avalanche  theory.  

the cathode, this space charge greatly enhances field 
emission of electrons from the cathode into the insu-  
lator, ensur ing current  cont inui ty  and making  pos- 
sible the development  of an avalanche large enough 
for breakdown. O'Dwyer (25) recently fur ther  elab-  
orated these ideas by assuming that  the holes have a 
finite, al though very  small  mobi l i ty  and a very small  
ionization coefficient. These calculations result  in a 
well-defined breakdown field. 

It appears from these results that  the present forms 
of the single electron avalanche breakdown theory do 
not explain yet the oxide observations. Several  as- 
pects of this theory may however be useful in in-  
terpretations. When the breakdown depends on the 
avai labi l i ty of a free electron at the cathode and 
the cathode insulator  barr ier  is less than  1.5 eV, 
Schottky emission may explain observations. When 
the breakdown depends on the probabi l i ty  of the 
growth of an avalanche to a critical size, the break-  
down may be explained as a chance event, which is 
determined by par t icular  t ransport  and t rapping prop- 
erties of the holes and by field emission at the cathode. 

As the na ture  of the avalanche producing break-  
down is not yet  known, the development  of a satisfac- 
tory theory requires fur ther  exper imenta l  work, 
main ly  aimed at the identification of the processes 
forming a conducting channel.  The first problem is, 
whether  the occurrence of the ini t ia t ing free electron, 
or the development  of a critical size avalanche de- 
te rmine  the breakdown event. This may  be inves-  
tigated by the in terna l  photoemission of free charge 
carriers into the insulator  from the electrodes and by 
observing the influence of these carriers on the break-  
down rate. P re l iminary  experiments  in thermal ly  
grown silicon dioxide showed that  this method is 
feasible. As no large influence of photoemission on the 
breakdown rate was observed, the development  of 
the avalanche was assumed to be the process deter-  
min ing  the breakdown. When this is the case in an 
insulator,  a second problem is whether  the holes have 
a finite mobil i ty  at the breakdown fields. This may 
also be investigated with in te rna l  photoemission as 
shown by Goodman (37) who estimated that  in sili- 
con dioxide ~ ~ 10-14 m2/V, ~ being the hole mo~ 
bil i ty and �9 the t ime before trapping. 
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Influence of Bond Energies of Oxides on the Kinetics 
of Anodic Oxide Growth on Valve Metals 

Ashok K. Vijh* 

Research & Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

Average  bond energy values  have been ca lcula ted  for the  oxides of Bi, V, 
U, Y, Nb, Zr, Ti, W, Ta, AI, Hf, and Si f rom the app rop r i a t e  thermochemica l  
data.  An  a t t empt  has been made  to explore  the  influence of these bond en-  
ergies on the magni tude  of kinet ic  pa rame te r s  for the  anodic oxide growth  
on the corresponding metals .  I t  has been concluded that ,  in general ,  wi th  in-  
creasing bond energy,  the  field requ i red  for sustaining a given ionic cur ren t  
densi ty  tends to increase, as also does the  "Tafel  slope." Fur ther ,  the  magni -  
tude  of the  "act ivat ion dipole" in Dignam's  theory,  both  for the  s t eady-s ta te  
and  the t rans ien t  kinetics,  tends to decrease wi th  increase  in bond energy.  
In te r re la t ionsh ip  of these correla t ions  has been briefly poin ted  out. 

For  convent ional  e lect rode processeS, e.g., hydro -  
gen evolut ion react ion (HER) and oxygen  evolut ion 
react ion (OER),  M-H and M-OH bond energies,  r e -  
spectively,  have been re la ted  quan t i t a t ive ly  to the  
e lect rode kinet ic  pa rame te r s  (1, 2) of the  cor respond-  
ing meta ls  ( represen ted  by  M).  An  a t t empt  has been 
made here  to ex tend  s imi lar  approaches  to the  kinet ics  
of oxide  growth  on va lve  metals .  

The bond energies  (Table  I)  for  the  var ious  va lve  
meta l  oxides ha~ie been ca lcula ted  by  the p rocedure  
of Howald  (3). The procedure  essent ia l ly  involves ob-  
ta in ing heats  of a tomizat ion per  equiva lent  for va r i -  
ous oxides by  tak ing  into account spin corre la t ion  s ta -  
bi l izat ion energies.  The quan t i ty  thus obta ined is an 
average  bond energy  value.  In  our  computat ions,  
presence of any  coordinate  bonds has been ignored 
since unambiguous  es t imates  of  the i r  contr ibut ion  are  
not  a lways  r ead i ly  access ible ,  as discussed by  How-  
ald  (3).  

In  the  kinet ics  of HER (1), i t  has been suggested 
tha t  the  bond energies  should be obta ined by  the 
p rocedure  of Paul ing  (4). However ,  Pau l ing ' s  method  
assumes an isolated, e.g., M-H (meta l  hydr ide )  bond 
and hence gives the  bond dissociation energy  (1). In 
the  HER or OER where  only a mono laye r  hydr ide  or 
a s l ight ly  th icker  surface oxide is involved,  Paul ing ' s  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

procedure  is qui te  valid.  In  the  kinet ics  of oxide 
growth,  however ,  much th icker  oxides indica t ing  
phase growth  react ions  are  involved;  hence, the  val id  
values  of bond energies  are  those which  give an 
average M-O (meta l  oxide)  bond energy  for the  
M-O bond as it  exists in the  envi ronment  of the  bu lk  
oxide, i.e., not  an isolated M-O bond. Such values  are  
given by  Howald ' s  me thod  and are  shown in Table  I 
and have been used in construct ing the var ious  figures 
in this paper .  

Table I. Bond energies 

F i e l d  (V cm -1 a t  a n  ion ic  
c u r r e n t  d e n s i t y  of  ca.  2 • M O  b o n d  e n e r g y  

A n o d i c  o x i d e  10-:~ A . c m  -~ ( room t emp . )  i n  eV 

Bi2Os 1 • 106 (13)* 2.91 
V205 3.2 • 106 (15) 4.56 
UO3 3.6 • 106 (16) 4.68 
Y~Oa 4.4 X 106 (17) 5.59 
Nb205 4.65 • 106 (13, 14) 6.29 
ZrO6 4.76-5.3  • l 0  s (13, 14) 6.16 
TiO-~ 5 • 106 (14) 5.42 
WO3 5.5 X 106 (13, 14) 4.76 
TaeO~ 6.2 • 106 (13, 14) 5.34 
A16Os 7.9 • 106 (13, 14) 5.73 
HfO~ - -  6.42 
S i 0 6  2.6 • 107 (11) 5.16 

* N o t e :  T h e  n u m b e r s  in  t h e  p a r e n t h e s e s  r e f e r  to t h e  sou rce  r e f -  
e r e n c e  f r o m  w h i c h  a g i v e n  v a l u e  of t h e  f ie ld  h a s  b e e n  o b t a i n e d .  
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Corre lat ion of Bond Energies to Kinet ic  Parameters 
In  Fig. 1 bond energies for various valve metal  

oxides have been plotted against the logari thm of 
field required to sustain a moderate value of ionic 
current  density. In general, the higher the bond en-  
ergy, the higher is the field required for a given 
steady-state  ionic current ,  i.e., the activation energy 
for oxide growth increases with the increase in the 
bond energy of the corresponding oxide. 

It may be noted that  zirconium departs noticeably 
from the general  t rend in Fig. 1. This is probably re-  
lated to the fact that  zirconium shows some anomalous 
characteristics of fundamenta l  na ture  in its kinetic be- 
havior. For example, it appears that  zirconium is 
unique  among valve metals in tha t  its kinetic be-  
havior depends on the thickness of the film (7), for 
films thicker than about 100A. No reliable data, it 
seems, exist for field s t rength for the oxide growth 
on hafnium at moderate current  densities, i.e., in the 
range of mA/cm 2. It may be noted that Si does not 
follow the t rend shown in Fig. 1 (Si as in SIO2, solid 
point) .  The fields required for oxide growth on Si are 
unusua l ly  high (ca. 2.6 x 107 V cm -1) and current  
efficiencies are extremely low from the very com- 
mencement  of oxide growth, thus suggesting quite 
complex parallel  reactions (e.g., OER, dissolution) 
occurring concomitant ly (8). It may be mentioned,  
however, that  Si would follow the t rend shown in Fig. 
1, if Si-O bond energy (8 eV) as in SiO is used instead 
of average Si-O bond energy as in SiO2. For a mater ia l  
like SiO2 which shows ra ther  pronounced glassy char-  
acter and three-dimensional  bonding network,  with 
the consequent spectrum of mel t ing points (hence 
"softening" of glass), it is not possible to decide 
whether  the bonding behavior  is determined by SiO 
bonds as they exist in SiO or SIO2. Indeed, a whole 
spectrum of bonds would be expected (9), which 
would not be detected from the stoichiometric evi- 
dence on the composition of anodic oxide on Si. 

F ina l ly  we note that  W and Y in Fig. 1 follow the 
general  t rend only very  approximately.  

The in termediate  value for ionic current  density 
(ca. 2 mA cm -2) has been purposely chosen to obtain 
fields used in Fig. 1. It  is believed that  this moderate 
vhlue is more representat ive  of the anodic behavior  
than the low ones (i.e., ~A cm -2) or the high ones 
(ca. A cm-2) .  In  the microampere region, electronic 
currents  associated with the impur i ty  reactions from 
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the inadver tent  redox couples in the solution may 
vitiate the results. In  the high current  density region, 
OER, film dissolution, heating effects, sparking, and 
other complications may interfere with the significance 
of the data. Since the relat ion in Fig. 1 is in tended to 
emphasize the approximate,  quali tat ive trends only, 
insert ing the values of field obtained at any other rea-  
sonable (e.g., 1 x 10 -5 to 1 x 10-2 A cm -2) value of 
ionic current  density, in Fig. 1 would not change, sub- 
stantially, the general  significance of the conclusions 
drawn here. 

In  Fig. 2, the values of steady-state Tafel slopes 
(10-12), OE/O log i, have been related to the corre- 
sponding bond energy values. Depar ture  of Zr from 
the general  t rend  may again be noted and, of course, 
is not ent i rely unexpected for the reasons outl ined in 
the foregoing discussion. No reliable values for Tafel 
slopes, it seems, are available for valve metals not 
shown in Fig. 2. The higher the Tafel slope, the higher 
is the activation energy for ionic conduction since 
higher Tafel slopes indicate higher values of incre-  
ments  in overfield for given increments  of ionic cur-  
rent  density. Hence Fig. 2 corroborates the conclusions 
drawn from Fig. 1. 

In  Fig. 3, bond energies have been plotted against 
the corresponding values of the activation dipole (i.e., 
~*), as defined in Dignam's theory, both for the 
s teady-state  and t rans ient  kinetics. Reliable values of 
~,* for valve metals other than  those shown in Fig. 3 
are not available. 

In Dignam's theory (7) 

~ constant  
K 

where K is the dielectric constant. Since #* decreases 
with increasing bond energy (Fig. 3), K must  decrease 
with increasing bond energy, a result  which is easily 
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Fig. 3. Plot of bond energy vs. "activation dipole" /~*, for (~ 
steady-state kinetics; @ transient kinetics. 
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verified as regards the rough trend, and has already 
been shown, directly, to be valid for a number  of 
valve metal  oxides, viz.,  HfO2, ZrO2, Ta2Os, and Nb205 
(6). Hence Fig. 3 and the related discussion constitutes 
some confirmation of one of the aspects of Dignam's 
theory, i.e., ~ * / K  ~_ constant. 

Discussion 
It follows from the preceding correlations (Fig. 1-3; 

Table I) that fields (for a given ionic current  density) 
and hence activation energies for anodic growth (Fig. 
1), Tafel slopes (Fig. 2), and activation dipoles (Fig. 
3) may be related, at least quali tatively,  to the cor- 
responding bond energies for a number  of valve metal  
oxides. These three quanti t ies are among the funda-  
menta l  parameters  that  describe the kinetics of anodic 
oxide growth and are, in  turn,  related to one another  
as shown below. 

In  the anodic growth of oxide films on valve metals, 
ionic current  density i is related to the field E by 
the equation (19) 

i ~ -  ael~E [1] 

where a and fl are constants for a given metal. 
Equation [1] may also be wr i t ten  in  the form 

log i = log a ~- 2.3~E [2] 

Figure 1 i l lustrates that, for a given value of i, E 
required to sustain that  i increases with increasing 
bond energy. 

Differentiation of [2] gives 

O log i 
- -  = ~' [3 ]  

OE 
where 

q ~  
#' --  2.3 f i =  

k t  
o r  

July  1969 

OE 1 
.-~ ~ = Tafel slope [4] 

0 log i fi' 

Figure 2 i l lustrates the relation of bond energy to 
the Tafel slope, which is the inverse of the field-co- 
efficient in Eq. [2]. No at tempt has been made here to 
relate a of Eq. [2] with the bond energy since the 
values of a reported in the l i terature by various work-  
ers under  apparent ly  comparable conditions differ by 
several orders of magnitude.  It  may be added that 
here has the same significance as exchange current  
density io in the conventional  electrode processes, e.g., 
HER and is equivalent  to, in terms of absolute reac- 
tion rate theory, the rate constant  (1). The wide 
spread in the values of a reported by various workers 
tends to emphasize that  the difficulties involved in ob- 
ta in ing reliable a values (or io values) are not re-  
stricted only to reactions like HER. 

Dignam (7) defines activation dipole as 

~ * =  (qa)E~ o [5] 

Ignoring for a moment  the field dependence of qa, 
it may be observed that  

~E k t  k t  

0 log i qa ~* [6] 

It follows from Eq. [6] that the Tafel slope would 
change with bond energy (Fig. 2) in a manne r  op- 
posite to that  in which ~* changes with bond energy 
(Fig. 3), a result  clearly supported by Fig. 2 and 3. 

It may, therefore, be stated that like the case of 
other electrode processes, e.g., HER and OER, the mag- 
ni tude of various kinetic parameters  for the anodic 
growth on valve metals is also influenced by the bond 
energies of the corresponding oxides. 

An at tempt would now be made to explore the 
possible origin of the main  conclusion of this paper, 

namely,  the activation energy for anodic growth in-  
creases with increase in bond energy. For predomi-  
nan t ly  ionic compounds, e.g., alkali  halides, the acti- 
vat ion energies for the formation and diffusion of point  
defects depend on the lattice energy (19). For pre-  
dominant ly  covalent compounds, however, the activa- 
t ion energies for the formation and diffusion of point  
defects would be determined (5), instead, by heat of 
atomization, i.e., bond energy. For example, if the 
point defect is assumed to be a hole, the foregoing 
a rgument  may roughly be developed mathematical ly  
on the basis of the following considerations. 

The work necessary to form a hole in an ionic crys- 
tal (e.g., NaC1), WH, is given by (19) 

1 
WH ----- WL - -  _--- er [7]  

2 

where WL is the lattice energy per ion pair; (1/z er 
factor takes into account the fact that the polarization 
of the sur rounding  medium on removal  of an ion will  
set up at the vacant  lattice point  an electrostatic po- 
tent ia l  r For the case of these oxides, the lattice en-  
ergies per ion pair are extremely high (6) and are 
the predominant  term in the r ight  hand side of Eq. [7]. 
Hence, Eq. [7] may be approximated as 

WH _~ WL [8] 

The calculation of WL may be carried out by a 
Madelung-type procedure based on Born's  electro- 
static model; al ternatively,  WL may be computed by an 
appropriate Born-Haber  cycle as follows. 

1 
WL = ~ H ~  + AHsub -t- ~ AHdiss. -~- Im -~- Ax [9 ]  

Z 

where, ~H~ is the heat of formation of the oxide; 

AHsuD is the heat of subl imation of the corre- 
sponding metal;  

AHdiss is the heat of dissociation of 02 into O 
atoms; 

Im is the sum of successive ionization potentials 
of the metal  needed to produce the requisite 
ions; 

Ax is the electron affinity of 0 -2 ion, i.e., en-  
ergy needed to form O-2 from an O atom. 

All  quanti t ies in Eq. [9] must  be taken as per ion 
pair. 

For a predominant ly  covalent crystal  (e.g. Ge), the 
lattice energy has no significance, i.e., Im and Ax in 
Eq. [9] disappear giving 

1 
WL --~ AH~ ~ AHsub ~- ~-  AHdiss. 

o r  

o r  

WL ---- heat of atomization 

[10] 

[11] 

[12] W L ~--- bond energy 

By comparing Eq. [8] with [12], we write 

WL ~_ bond energy [13] 

i.e., the work for hole formation for a covalent  crystal  
is roughly equal  to the bond energy. On the basis of 
similar arguments,  one could show that for a co- 
valent  crystal, work for the formation or diffusion of 
any  point defect would be determined by the bond 
energy. 

Now we note, as has been shown elsewhere (6), that  
the various fundamenta l  properties, e.g., mp, bp, of 
several valve metal  oxides increase systematically 
with increasing bond energy and decreasing lattice en-  
ergy. These oxides, therefore (5), must  be concluded 
to be predominant ly  covalent. If these oxides are as- 
sumed to be predominant ly  covalent, the activation 
energies for the formation and diffusion of point de- 
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fects would be expected to increase with increasing 
bond energy; hence, higher activation energies for 
anodic growth are found to be associated with oxides 
possessing higher bond energies (Fig. 1-3). This pos- 
sible relat ion between bond energies and activation 
energies for anodic growth was first ment ioned by 
Young (9). He did not pursue the subject in any de- 
tail, however.  

It  may  be added that, unfor tunate ly ,  the considera-  
tions developed here do not provide a basis for dis- 
t inguishing the various possible mechanisms that  may 
be involved in the anodic growth of oxides; e.g., no 
conclusions can be drawn on the basic val idi ty of 
Dignam's mosaic model (7) or on the ident i ty  of 
point  defects main ly  responsible for carrying the cur-  
rent  dur ing anodic growth of these oxides (9). 

Manuscript  submit ted Dec. 26, 1968; revised m a n u -  
script received March 20, 1969. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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Electrical Conductivity of Potassium Ferrite 
with the Beta-Alumina Structure 

W. I.. Roth and R. J. Romanczuk 
General Electric Company, Research & Development Center, Schenectady, New York  

ABSTRACT 

The d-c conductivity of the be ta -a lumina  form of potassium ferri te has 
been measured in crystals grown from KF flux and in crystals and polycrys- 
tal l ine specimens grown using solid state reactions. Both electronic and ionic 
conduction was observed. The former depends on the ferrous ion concentra-  
tion, which can be varied by equil ibrat ion with varying par t ia l  pressures of 
oxygen at temperatures  above 300~ Typical conductivit ies ranging from 
r = 1.4 exp(--3570/RT) to 12.3 exp(--2420/RT) ohm -1 cm -~ were observed 
in specimens containing 0.22 and 1.6% Fe +2, respectively. The electronic and 
ionic conductivities are comparable at 300~ and Fe 2+ ~0.2%; the former 
becomes dominant  at higher ferrous ion concentrat ion and /or  low tempera-  
ture. Transient  polar izat ion- type phenomena were observed and tenta t ively  
explained by a model based on the coexistence of ionic conduction and elec- 
tronic conduction due to the presence of Fe 2+ and Fe ~+ ions. Some observa-  
tions are reported on the crystallography, existence range, and chemical com- 
position of hexagonal  potassium ferrite. 

An isomorphous series of hexagonal  compounds 
A20.nM203, where  A ---- Na, K, Rb and M ---- A1, Ga, 
Fe 3+, with n having reported values ranging from 
5 to 11, crystallizes in  the be ta -a lumina  structure. 
The rates of exchange and self diffusion of sodium in 
be ta -a lumina  (A ---- Na and M = A1) are very large 
(1) and comparable large alkali  ion mobilit ies have 
been ooserved in hexagonal  ferrites where A ~ Na, 
K and M = Fe a+ (2). The self diffusion coefficients of 
Na + and K + is hexagonal  ferrites at 300~ are in the 
range 10 -5 to 10 -6 cm2/sec, s imilar  to ion mobilities in 
be ta -a lumina  at the same temperature.  The atomic 
a r rangement  of NaAlllOlv was described by Beevers 
and Ross (3) and Braun  reported that  KFe110~7 crys- 
tallized in the same structure  (4). Recent invest iga-  
tions have shown the s i tuat ion is more complex, with 

at least two crystallographically similar phases having 
been at t r ibuted to beta-a lumina.  X- ray  and magnetic 
studies (5, 6) showed that  the be ta -a lumina  form of 
potassium ferri te was stable above ll00~ but  that  
between 900 ~ and 1100 ~ there was a potassium-rich 
phase with approximate composition KFe7Oll. Scholder 
and Mannsmann  (7) concluded the composition was 
K2Fe12019 and that  KFe11017 did not exist. A subse- 
quent  single crystal  investigation by Rooymans et al. 
(8) suggested the formula was KFe5Os. It is possible 
that  there are statistically disordered solid solutions 
which may exist over a broad homogeneity range. 

The structure of be ta -a lumina  may be regarded, for 
the present  purposes, as a stack of identical "spinel- 
like blocks" with composition {Fe11016} +, held to- 
gether by {KO}- layers. Since the alkali  ions move 
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Table I. Lattice parameters of hexagonal potassium ferrites 

N Ao (A) Co (A) Co/N (A) Source  Ref .  

2 5.929 ~ 0.003 23.80 + 0.03 11.90 Oxides ;  1400~ Th i s  w o r k  
2 5.932* 23.73* 11.87 Ox ides  (9) 
2 5,930 • 0,002 23.80 ___ 0.02 11.90 K F  f lux  T h i s  w o r k  
2, 3 5,939 --~ 0,003 23.78 ~- 0.02 11.89 K F  f lux  c rys t a l  Th i s  w o r k  
2, 3*** 5,943 ~ 0,003 23.82 "4- 0.02 11.91 Ox ides  (7) 
3 5.927 ~ 0.004 35.88 "4- 0.04 11.96 Oxides ;  l l 0 0 ~  This  w o r k  
3 5.939 35.76** 11.92 Ox ides  (5) 
3 5.925 ----- 0.004 35.83 ___ 0.04 11.94 K F  f lux  Th i s  w o r k  
3 5.94 35.7 11.9 K F  f lux  c rys t a l  Th i s  w o r k  
3 5,933 35.86 11.95 K F  f lux c rys t a l  f 

* Corrected to A f r o m  k X  uni t s .  
** C a l c u l a t e d  fo r  3 b lock  cell.  
*** The  x - r a y  p a t t e r n  in  F ig .  4 of  Ref.  (7) c o n t a i n s  p e a k s  f r o m  bo th  N : 2  a n d  N = 3  s t r uc tu r e s .  
} M. M a n s m a n n  a n d  M. R o o y m a n .  

preferent ia l ly  between the spinel blocks, a variable 
composition in the alkali  containing layer  may be 
par t icular ly  significant with respect to ionic transport.  

Sample Preparation 
Dense polycrystal l ine bars for conductivi ty measure-  

ments  were made from cp K2CO3 and a-Fe2Oa to 
yield the composition K20-6Fe203. The dry powders 
were calcined in O2 at 900~ crushed and pressed 
into bars which measured Ys x 1/8 x 5/8 in. The bars 
were surrounded by excess powder from the pre-  
fire mix to minimize  potassium loss, fired at 1400~ 
for �89 hr  in O2, then washed in distilled water  to re-  
move water  soluble impurities.  The final bars were 
about 93% dense, based on a theoretical x - r ay  density 
of 4.28 g/cm 3 calculated for K20-11Fe203. 

Single crystals suitable for conductivi ty measure-  
ments  were produced by heat ing the conductivi ty bar  
specimens at 1400~ for 5 hr. The crystals were black 
and grew as th in  hexagonal  plates, 2-3 mm in diameter  
and up to 0.3 mm thick. X- ray  photographs showed 
they were the be ta -a lumina  form of potassium ferrite. 

Potassium ferrite crystals also were grown from 
a 16KF: 1Fe203 melt  held in  a Pt  crucible at 1000~ 
for 4 hr, cooled at 10~ to 746~ then  furnace 
quenched to room temperature.  After  dissolving the 
excess KF  in water, three types of crystal l ine product 
were found: (a) Black, hexagonal  crystals, a few as 
large as 1-2 mm in diameter  and 0.05 m m  thick. Al -  
though x - ray  photographs at first indicated they were 
single crystals identical  to those crystallized from the 
oxides, long exposures revealed weak spots due to a 
syntactic in tergrowth of a second phase, probably the 
rhombohedral  KFe508 described by Rooymans et al. 
(8) (Fig. 1); (b) Transparent ,  extremely thin (less 

than 0.02 mm) ,  red crystal plates. The x - ray  photo- 
graphs were of very  poor quality,  but  the crystals ap- 
peared to be similar to KFeaOs described above; (c) 
Small  black crystals of ~-Fe203. These crystals ex-  
hibited parasitic ferromagnet ism and could be mag-  
net ical ly separated from the potassium ferrites. 

Lattice Parameters and Existence Ranges 

The uni t  cell parameters  of the hexagonal  potassium 
ferrites prepared in this work are compared in Table 
I with values taken from the li terature.  There are two 
structures which, if they have identical  composition, 
may be regarded as polytypes. The uni t  cells are de- 
r ived by stacking N = 2  or N = 3  hexagonal  "spinel-  
like" blocks with dimensions A = 5.93A and C = 
ll .9A. The atomic arrangements ,  and consequently the 
free energies, of the two phases are very  similar and 
some "crystals" contain mixed coherent regions of the 
N = 2  and N~--3 block sequences in which the A and C 
directions are coincident (Fig. 1). The small  differ- 
ences in uni t  cell dimensions observed in ferrites pre-  
pared in various ways may reflect differences in com- 
position and hence the s t ructures  probably  are not  
t rue polytypes. 

The 2-block and 3-block structures were observed 
in crystals precipitated from KF, and in polycrystal l ine 
bars prepared from the oxides at temperatures  below 
ll00~ The 3-block phase is uns table  with respect to 
2-block when heated above ll00~ If the system is 
open so that  potassium may be lost, decomposition into 
a mix ture  of 2-block and ~-Fe203 takes place in 4-5 
days at temperatures  as low as 650~ 

The potassium content  of both 2- and 3-block phases 
is greater than  the commonly accepted ~-a lumina  
composition K20.11Fe203. Thes chemical analyses of 
flux and oxide synthesized potassium ferrites are sum-  
marized in Table II. The analyt ical  data cannot  be 
interpreted unambiguous ly  because the materials  were 
not necessarily single phase. The composition derived 
from the analysis of flux grown 2-block crystals prob-  
ably is the most reliable since a-Fe203 was separated 
magnet ical ly  and the x - r ay  pat terns gave no indica-  
t ion of 3-block mater ia l  ( ~ 5 % ) .  The potassium con- 
tent  of both 2- and 3-block crystals indicates an aver-  
age composition near  K20:Fe2Os = 1:7, confirming 
the stoichiometric ratio 1:7.2 required to complete 
the chemical reaction. 

Fig. 1. X-ray photograph showing syntactic intergrowth of the 
"three block" phase in a "two block" crystal. The designated 
spots are noncoincident reflections which for convenience have 
been indexed on a beta-alumina cell. CoKa rotation photograph. 

Table II. Chemical analyses of potassium ferrites 

K, % Fe,  % Fe  +~, % Source  Phases  

6.9 63.1 0.22 F l u x  2 Block  
5.8 63.8 ~0 .5  F l u x  2 + 3 Block  

62.3 F l u x  3 Block  
6.3 62.3 Oxide* 2 + 3 Block  
7.4 63.7 K~Fet~O19 ~ C a l c u l a t e d  
6.4 64.5 K~Fex4Ora J 

* W. L. R o t h  and  A. S. Cooper  (5). 
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Fig. 2. Crystal-electrode assembly for 4-point conductivity 
measurements. The crystal is about 1.5 mm long and 0.2 mm 
thick. Current leads enter horizontally and the voltage probes 
are doubly soldered. 
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Fig. 3. Conductivity of potassium ferrite polycrystalline bars 
prepared from the oxides at 1400~ 67-F, 67-M, and 67-L were 
fired �89 hr; 67-1 for 5 hr. (a) Held in air at 500~ far 24 hr; (b) 
held in 02 at 700~ for 42 hr; (c) held in 02 at 400~ for 64 hr. 

Conductivity Measurements 
The d-c conductivities of single crystals and poly-  

crystall ine bars were measured with the 4-probe tech- 
nique. Voltages were read with a Keithley model 
200B electrometer and currents  with an equivalent  
electrometer in conjunct ion with a Keithley decade 
shunt. The specimen-electrode assembly could be in -  
serted in a 1 in. diameter  cylindrical  furnace. 

A typical  crystal-electrode assembly is shown in 
Fig. 2. Electrodes were either 0.002 in. Pt  or Pt-Rh,  
attached to the crystal by In -Hg solder. The electrodes 
behaved satisfactorily up to 300~ but  reaction with 
the solder occurred at higher temperatures.  I t  was 
not necessary to support  the larger polycrystal l ine 
specimens with the silica glass base so they were 
simply held in the furnace by 0.010 in. Pt  wires 
wrapped around notches filed in the bars. 

Conductivity of Polycrystalline Bars 
Representat ive conductivi ty data for the polycrys- 

tal l ine bars are shown in Fig. 3 and summarized in 
Table III. At temperatures  below 500~ the conduc- 
tivities were reversible and described by # = ~ r o e - - E / a r .  

Above 500~ the level of conductivi ty could be al-  
tered fairly rapidly by changing the oxygen part ial  
pressure over the specimen. 

Specimens 67-F, 67-L, and 67-M are typical of bars 
prepared by firing in 02 for �89 hr  at 1400~ Specimen 
67-I was prepared by firing in O~ for 5 hr, instead of 
the customary % hr. The large decrease in ~ is at-  
t r ibuted to grain  growth. Single crystal  grains grew 
completely across the bar and these specimens were 
characteristically fragile and of lower density. 

The shifts in ~ at higher temperatures  were shown 
to be due to oxidat ion-reduct ion reactions by isother- 
mal  exper iments  in which the atmosphere was changed 
and the conductivi ty then followed as a funct ion of 
t ime (Fig. 4). Similar  experiments  in which the tem- 
perature was changed and the atmosphere was held 
constant  were consistent with oxidat ion-reduct ion re-  
actions taking place rapidly at temperatures  above 
450~ The steady state conductivi ty depends on both 
the tempera ture  and oxygen part ial  pressure, i.e., at 
higher temperatures,  a greater oxygen pressure is re-  
quired to main ta in  the oxidized (low ~) state. 

The changes in oxidation state were confirmed by 
chemical analysis. The Fe +2 concentrat ion of conduc- 

t ivi ty bars equi l ibrated in  1 a tm O2 at 1400~ was 
1.61%; after holding in 02 at 650~ for 41/2 days it de-  
creased to 0.18%. 

Single Crystal Conductivities 
The potassium ferri te crystals grew as thin plates 

perpendicular  to the C-axis and consequently four 
point conductivities were measured parallel  to the 
C-face only. Representat ive conductivities of oxide- 
grown crystals, KF-f lux  grown crystals, and of crys- 
tals aged in 02 are shown in Fig. 5. 

Crystals 67-D and 67-Q were grown from the ox- 
ides. Both the magni tude  and var iat ion with temper-  
ature of the conductivi ty is the same as observed 
in the f ine-grained polycrystal l ine specimens (Fig. 
4) showing that  the effects of grain boundaries and the 
solder used to attach the electrodes were negligible. 

Crystals 2 and 3 were grown from KF flux. The con- 
ductivities were an order of magni tude  smaller  than 
those of oxide crystals or bars. This is consistent with 
the lower oxidation state of the la t ter  which were 
grown at much higher temperature:  the Fe +2 con- 
centrat ion in f lux-grown crystals was 0.22%, compared 
to 1.41% in conductivi ty bars. The first exper iment  
with crystal 2 was characterized by a high resistance 
and activation energy, but  thereafter  the system be-  
haved reversibly. The same ini t ia l ly  high resistance 
was observed with crystal  3, and subsequent  runs  in -  
dicated a discontinui ty near  150~ which decreased 
after the first heating cycle, and the q-T characteristic 
appeared to be approaching that of crystal 2. In  addi-  
tion, the f lux-grown crystals exhibited polarization or 
t rans ient  effects which are described in the next  sec- 
tion. Several  at tempts to grow larger crystals from 

Table III. Potassium ferrite conductivities 

: ~r o e - - E / R T  

T y p e  s a m p l e  N o .  #o ( o h m - c m )  -1 E ( c a l  m o l e  -1) 

O x i d e  g r o w n  b a r s  a 3 6 ,4  + 2 .5  3 3 7 0  • 270 
O x i d e  g r o w n  c r y s t a l s  2 12 .3  -~ 8.2 2 4 2 0  ~-  500 
F l u x  g r o w n  c r y s t a l s b  2 1.4 • 1.2 3 5 7 0  ~ 600 

Fe ~ = 1.61%. 
Fe +~ = 0.22%. 
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Fig. 4. Conductivity of polycrystalline potassium ferrite at 700~ 
as a function of oxygen partial pressure. Specimen 67-M, prepared 
from oxides by firing Vz hr in air at 1400~ Arrows denote the 
times at which the gas. flowing over the specimen was changed to 
the designated composition. 
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Fig. 5. Conductivity of potassium ferrite single crystals. 67-D 
and 67-Q, oxide grown crystals (1400~ 5 hr); 2 and 3, fluoride 
flux-grown crystals; 67-0 and 67-P, oxide grown crystals heated 
in 02 at 650~ for 41~ days. 

the flux which would be suitable for fur ther  conduc- 
t ivi ty  measurements  were unsuccessful and the source 
of these anomalies remains  unresolved. 

Oxide-grown crystals 67-O and 67-P were heated in 
oxygen at 650~ for 4�89 days. The conductivi ty de- 
creased as expected due to the reduction of Fe +e, 
but  in addit ion there was an unant ic ipated  large in -  
crease in the activation energy. The x - r ay  pa t te rn  of 
a crushed crystal showed ~-Fe203 was present, indi-  
cating the crystal had par t ia l ly  decomposed into K~O 
and Fe~O3, or KFeO2. 

Trans ien t  Effects 
The conductivities in Fig. 3, 4, and 5 are the average 

of instantaneous values, measured in the forward and 
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reverse (current  direction reversed) directions through 
the crystal, which usual ly  agreed wi th in  a few per  
cent. The flux grown crystals, however, exhibited 
t ransient  effects which were characterized, at con- 
stant  current ,  by an increase to saturation, with time, 
in  the voltage measured across the inner  electrodes 
on the crystal. 

A typical exper iment  i l lustrat ing this effect is 
shown in Fig. 6. A potential  across the crystal  pro-  
duced an ini t ial  rapid rise (<10 -1 sec) of the probe 
voltage VI which then increased to a steady-state 
value VF after about 30 sec. The t rans ient  was repro-  
ducible and was observed in two crystals over a range 
of temperature  and current  density. Defining k as the 
reciprocal of the t ime t required for the voltage to 
rise by one-half  the difference of the ins tantaneous 
value VI and the steady state value V~ (or fall to 
VD/2) ,  then 

1 / t  = k = ko e -E~/~r sec -1 

with ko = 16.9 (___10) sec -1 and Ee = 4590 (• 
g-cal/mole.  The steady state conductivities calculated 
for KF flux crystal  2 were about 30% less than  the 
instantaneous values and had a sl ightly smaller  
activation energy. The magni tude  of the voltage rise 
a V  -~ VF --  VI  was approximately equal to VD, and 
did not depend on temperature.  

Discussion 
The pr imary  mechanisms to consider for electrical 

t ransport  in alkali  ferrites are ionic conduction through 
the alkali  layer, or electronic semiconduction, either 
by hopping of electrons from Fe +2 to Fe +3 ions or 3d 
band  conduction. 

The ionic conductivi ty resul t ing from diffusion of 
potassium ions can be estimated with the Nerns t -  
Einstein equation. According to Hever (2), the self 
diffusion coefficient of K 42 in M20"7Fe~O3, where M = 
0.866K + + 0.134Na +, is given by D = 1.05 x 10 -8 
e -721o/RT cm2/sec. Assuming the same diffusion coeffi- 
cient for pure potassium ferrite, two mobile K + per 
un i t  cell, and an  average tempera ture  573~ 

C Z2F 2 
r = D = 9.4 e -7210/RT ohm -1 cm -1 

R T  

The ionic conductivi ty predicted by this equation at 
a tempera ture  of 200~ is 4.5 x 10 -3 ohm -1 cm -1, 
somewhat smaller  but  of the same magni tude  observed 
in  flux grown crystals and in the polycrystal l ine bars 
after low tempera ture  oxidation. 

> 

/ 

? 

- v  I 

I o 

- V  F 

e - -  \ v0 

\ 
I 

100 150 
TIME (SEC.) 

Fig. 6. Typical curve showing voltage build up and decay in 
fluoride flux-grown potassium ferrite. Crystal 2 at 212~ V is 
voltage measured across the inner probes. Solid curve is calculated 
from Eq. [A ] ,  [B] in Appendix far R1 = 1.11 x 104 ohms, R2 = 
6.85 x 103 ohms, C = 553 microfarads (see Fig. 8), and Rs = 
107 ohms, Vo ---- 7.7V. 
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Electronic conduction predominates  at larger Fe +2 
concentrations and the different levels of conductivi ty 
summarized in Table III  can be explained if the n u m -  
ber of carriers is proport ional  to the Fe +~ concentra-  
tion. 

Electrical charge neut ra l i ty  requires that  a reduc- 
tion in the valence of iron be compensated by either 
a cation interst i t ial  or an anion vacancy, so the con- 
centrat ion of defects responsible for ionic diffusion 
also may increase with the concentrat ion of ferrous 
ion. The co-existence of ionic and electronic conduc- 
t ion suggests a possible explanat ion for the t ransients  
related to the proposal by Hever (2) that  potassium 
ferri te be regarded as a parallel  plate condenser in 
which one set of plates are the K + ionically conduct-  
ing layers and the other set are the semiconducting 
spinel blocks containing Fe + + donors. The t rans ient  
characteristics are described by the circuit shown in 
Fig. 7. The system is represented by the ionic resist- 
ance R1 which is in series with capacitance C, both 
shunted by the parallel  electronic resistance R2. An 
analysis of the electrical responses for the ne twork  is 
given in  the appendix. 

The parameters  derived from the t ransients  mea-  
sured in f lux-grown crystals are shown in Fig. 8. The 
activation energy E1 ---- 6100 __ 1000 cal /mole deter-  
mined for the ionic component  is in  reasonable agree- 
ment  with the activation energy 7210 cal /mole mea-  
sured for K + ion diffusion. The activation energy 
E2 ----- 2175 cal /mole a t t r ibuted to the electronic com- 
ponent  may be compared with the value 2300 cal /mole 
obtained from the tempera ture  dependence of the re- 
sistivity of the s t ructural ly  similar hexagonal  ferrite, 
BaFe22+ Fe16 +3 027 (Fe2 IIW) [Fig. 45.5 of ref. (10)]. 

The apparent  absence of a t rans ient  in the oxide- 
grown crystals is explained by R electronic < <  R 
ionic. Assuming the same values for the capacitance 
and the ionic resistivity, and subst i tut ing the ob- 
served values for R electronic, t ime constants of the 
order of 5 sec and voltage increments  of 2 x 10-4V 
would be expected. Transients  of this magni tude  would 
not have been observed in the present  experiments.  

The calculated equivalent  capacitance of the flux 
grown crystal  was 550 x 10 -6 farads. Since the crystal  
volume was 1.4 x 10 -4 cm 3, this corresponds to 3.9 
farads/cm ~, in agreement  with the capacitances of 
solid state batteries which ranged from 1.7 to 5.0 
farads/cm 3 at 300 ~ and 500~ (2). 

The in terna l  consistency of the t rans ient  analysis, 
and the agreement  of the parameters  derived from it 
with those obtained from diffusion and electrochemical 
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Fig. 7. Equivalent circuit for transient effects observed in flux 
crystals. Vab corresponds to voltage measured across inner probes 
on crystal, and VcJRs corresponds to current (i2) flowing through 
the crystal. 
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cell measurements,  support the theory developed in 
this paper. However, there are other possible explana-  
tions for the origin of the capacitance effects, par t icu-  
larly those based on concentrat ion cells in the vicini ty 
of the electrodes. The possibility that  oxide ions were 
part ial ly replaced by fluoride ions cannot be excluded, 
al though mass spectrographic analysis indicated the 
fluoride content  of the flux grown crystals was negli-  
gible. In addition, the flux used to attach the electrodes 
is a potential  source of electron donors, for example, 
by reactions of the type Hg ~ Hg + -5 e - .  Pulse and 
a-c methods might  be used to dist inguish some of these 
alternatives, but  such investigations would be severely 
l imited by the size of the crystals present ly available. 

Conclusions 
The electrical conductivi ty in potassium ferrite 

crystals with the be ta -a lumina  structure is due to a 
combinat ion of electronic and ionic conductivity. The 
electronic portion depends on the Fe 2+ concentration, 
which in t u rn  can be controlled by equi l ibrat ion ~vith 
varying  part ial  pressures of oxygen. The ionic con- 
ductivi ty is due to diffusion of K + ions through the 
alkali  containing layers and its magni tude  and tem- 
pera ture  dependence agree wi th  the predictions of 
the Nerns t -Eins te in  equation. At 300~ electronic 
semiconduction predominates when  the Fe 2+ concen- 
trat ion is greater  than  1%, but  for Fe ~+ concentra-  
tions of about 0.2%, the electronic and ionic conduc- 
tivities are comparable. 
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APPENDIX 
Elementary  circuit  analysis for the ne twork  of Fig. 

7 gives the following (at t = 0, switch S closed) 
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il -t- ie--  is : O 
V o  - -  ia R = - -  i ~ R s  : o 

q 
isRg. -- ~ - -  ilR1 = O 

C 

Combining these equations and r emember ing  that  

dq 

"(It = il 
Then 

where  
R1R~ q- RIRs -[- RsRs 

RA--  
R2 

R2 + Rs 
A . . ~ _ _  

R2 
also 

VoC 
q ---- [1 - -  exp ( - -  th/RAC) ] 

A 

and since Vab ---- q "t- il R1 
C 

[ ][ Vo Vo 1 R1 exp 
- i - - -  RA 

[A] 

After  the  switch has been closed for a long t ime 
RAC % 

) i t  is opened. A s imi lar  a rgumen t  y ie lds  t > > ~ _ ,  

)] 
[B] 

Vab (charging)  = 

( 
: exp  V~b (decaying)  (R1 + R2)~ (R1 + R2)C 

Vx - Vab (charging t = O) 

= Vo RIR~ + R1Rs q- R2Rs 
[1] 

VF- -Vab  h a r g i n g t > >  ~ R 2 + R s  

VD -- Va~ (decaying t = O) 
{ R22 } [3] 

= V o  (R1 -~- R2) (R2 -I- Rs) 

Defininu t ime constants  

tcl/2 ~ t Vab - -  2 

__ -- ( R1R2 + R1Rs nU R2RS ) c ln 2 [4] 

R2 + Rs 

tal/2 - t Vab ---- -~-  = (RI + R2) C ln 2 [5] 
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Polymeric Electron Beam Resists 
H. Y. Ku 1 and L. C. Scala 

Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 

ABSTRACT 

Crossl inking po lymers  may  be used as negat ive  act ing resists. The product  
of the  min imum charge  dose Q requ i red  and the weight  average  molecular  
weight  Mw is a constant  and is a character is t ic  of the  polymer .  At  an elec-  
t ron  beam vol tage  of 10 kV, this  Q-M product  is found expe r imen ta l ly  to be 
�9 .3 coul -g /cm2-mole  for polys tyrene ,  1 cou l -g /cm2-mole  for p o l y ( v i n y l  
ch lor ide) ,  and 14 coul -g /cmS-mole  for  po lyacry lamide .  Degrading  po lymers  
may  be used as posit ive act ing resists. Their  average  molecu la r  weights  
have only a very  minor  effect on the i r  efficiency as posi t ive resists. Their  
glass t rans i t ion  t empera tu res  T a are  an impor tan t  factor.  I t  is r ecommended  
tha t  these resists  be p rebaked  at  T > Tg, s tored and developed at  T < Tg, 
and pos tbaked  at  T > Tg. 

The technology of microelectronics  moved f rom dis-  
crete components  to in tegra ted  circuits  and is moving 
toward  monoli thic  subsystems.  The increase in packing 
dens i ty  requi res  reduct ion  in circuit  size and, hence, 
in the  component  size. The decrease in component  size 
has been l imi ted  by  the  resolut ion of convent ional  
photoresis t  opera t ion  to about  2-3~. Electron beam 
fabr ica t ion  (1) offers much improved  resolution.  

Electron beam fabr ica t ion  requi res  etch resists  

1 P r e s e n t  addres s :  IBM, T h o m a s  J .  W a t s o n  Resea rch  Center ,  York -  
t o w n  Heigh t s ,  New York .  

which are  sensi t ive to an e lect ron beam. Convent ional  
photoresists ,  i.e., the  fami ly  of negat ive  act ing resis ts  
(KPR, KMER, KTFR)  f rom Kodak  and the posi t ive 
act ing resis t  AZ1350 from Shipley,  were  found to be 
exposable  by  e lect ron beams (1-5).  Al though  Kodak  
gives no informat ion  about  the  chemical  composit ion 
of the i r  resists, some of them (KPR)  are  bel ieved to 
be v iny l  po lymers  (6) or  the i r  der iva t ives  wi th  some 
sensitizer.  Under  uv  light, the  v iny l  functions of ne igh-  
boring chains cross l ink forming an insoluble  th ree -  
d imensional  ne twork .  Others  (KTFR)  are  be l ieved to 
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be polymerized isoprene dimers. The composition of 
Shipley 's  AZ1350 is not revealed,  and its action is not 
known definitely. 

Because of the high sensit ivity of these resists to uv 
and even visible light, some crosslinking or insolubi-  
lizing chemical  react ion occurs on standing. They are 
not stable, and shelf  life is short. These resists are 
quite  satisfactory in fabricat ing devices of conven-  
t ional size, but, since thei r  resolut ion deteriorates  wi th  
age and varies f rom batch to batch, they  are not satis- 
factory in the fabrication of devices of ve ry  small  
dimensions. 

Electron beam exposure of resists can be done in two 
ways. One way is to expose the resist  wi th  a single 
beam of electrons in an electron microscope or a simi- 
lar ins t rument  (1). A more  recent  development  is to 
expose the complete  wafe r  using a complete pat tern  of 
electrons employing a uv sensit ive photocathode as an 
electron source (7). In this case the resist  is exposed 
to the electrons wi th  a background of strong uv light. 
Photoresists cannot be used and electron beam resists 
insensit ive to uv l ight are needed. 

Etch resists are  general ly  high molecular  weight  
polymers.  Hal ler  et al. (8) have shown that  poly-  
(methyl  methacry la te)  is a posit ive acting electron re -  
sist of superior  resolution. It is not sensitive to uv 
light and is ve ry  stable. This paper describes the gen-  
eral  propert ies  of polymeric  electron resists, both posi- 
t ive and negative, and reports  some results of our in-  
vest igat ion of electron resists that  are also not sensi- 
t ive to uv  or visible light. 

General Characteristics of Electron Resists 
High polymers  undergo physical and chemical  

change under  ionizing radiation. Physical  propert ies  
such as color, impact  strength, elastic constants, and 
tensile s t rength are al tered as the radiat ion dose in- 
creases. Gases are l iberated indicating a change in the 
chemical  na ture  of the polymer.  The most impor tant  
fact per ta ining to their  use as resists is that  both 
crosslinking and scission of po lymer  chains occur. In 
many  cases one dominates the other, and a polymer  
ei ther crosslinks or degrades depending on its nature.  
When a polymer  crosslinks, the chains l ink to each 
other  forming a complex structure,  and its average 
molecular  weight  increases. A polymer  is degraded 
if the chains undergo random scission resul t ing in 
chains of decreasing molecular  weights  as the dose 
increases. Eventual ly,  the degraded polymer  may dis- 
solve in a solvent in which the original  polymer  is not 
soluble. Polyethylene,  polyacrylates,  polyacrylamide,  
polystyrene,  poly (vinyl  chloride) ,  and polysi loxanes 
are crosslinking polymers;  polyisobutylene,  poly-  
methacrylates ,  po ly (~-methy l s ty rene) ,  and cellulose 
are degrading polymers.  For  v inyl  polymers it is 
known that  when  each carbon atom of the polymer  
chain carries at least one hydrogen atom, the polymer  
crosslinks, and that  if a te t rasubst i tuted carbon atom 
is present  in the monomer  unit, the polymer  degrades. 

Most of these polymers,  wi thout  added l ight sensi- 
tizers, are insensit ive to uv  and visible light. They 
have much longer  shelf  life and are much more stable 
than convent ional  photoresists. 

When a crosslinking polymer  film coated on a sur-  
face is exposed select ively to an electron beam, the i r ra-  
diated port ion crosslinks. With sufficient dose the cross- 
l inked polymer  forms a three-d imens ional  ne twork  and 
becomes insoluble in the usual  solvent  for the poly-  
mer. The film can be "developed"  by immers ing it in 
the solvent for the po lymer  to dissolve away the unex-  
posed polymer  film, leaving the three-d imens ional  
ne twork  of the po lymer  in the exposed area. A cross- 
l inking polymer  is a negat ive-ac t ing  electron resist if 
the crosslinked polymer  is unaffected by" the etching 
solution. 

When a degrading polymer  film is exposed to an 
electron beam, random scission occurs and the average 
molecular  weight  decreases. The film may  be devel -  

oped by the method  of fract ional  solution, i.e., soaking 
in a poor solvent  which dissolves away the  molecules 
of low molecular  weight  but not the ones of high 
molecular  weight.  During development  the exposed 
film is washed away leaving the unexposed film on the 
wafer.  If  the original  polymer  is unaffected by the 
etching solution, the polymer  is a posi t ive-act ing re-  
sist. 

The effect of the radiat ion on polymer  chains is usu- 
al ly measured in terms of the radiat ion chemical  yield 
G. It is defined as the number  of chemical  events oc- 
curred per  100 eV of energy absorbed. The par t icular  
event  occurred is usual ly  specified within  parentheses 
fol lowing the symbol G. Thus, the expression G(c.1.) 

2 means that  two crosslinking events occur for 
every  100 eV of energy absorbed in the polymer.  An 
electron losing E eV of energy in passing through a 
crosstinking polymer  film wil l  create E.G(c.1.)/lO0 
crosslinks involving twice as many  crosslinked mon-  
omers. Similarly,  a scission yield is designated by G (s) 
and the number  of scission events is E.G(s)/IO0. The 
energy loss E is smaller  for a more energetic beam. 
Hence the efficiency of a 20 kV electron beam is lower  
than that  of a 10 kV electron beam. The yield, G(c.l.) 
or G(s) ,  is na tura l ly  dependent  on the nature  of the 
polymer  i r radiated and on the nature  of the bombard-  
ing radiation. For  electron energy of 10 kV or more 
and polymer  films of 1~ or less, the  energy loss may  be 
considered uni formly  dis tr ibuted and the crosslinking 
or scission events are completely  random. 

While the average molecular  weight  M of a degrad-  
ing polymer  used as a posit ive resist has only a minor  
effect on the efficiency of the system, the efficiency of 
a crosstinking polymer  used as a negat ive  resist  is 

great ly  affected by M. 
When a po lymer  is used as a negat ive-ac t ing  resist, 

the polymer  must be sufficiently crosslinked to form a 
three-d imens ional  ne twork  insoluble in the solvent for 
the original  l inear chain polymer.  Assuming no in t ra-  
molecular  crosslinking and only single crosslinking 
between two molecules, S tockmayer  (9) showed that  
for an arb i t ra ry  molecular  weight  distr ibution a th ree-  
dimensional  ne twork  occurs when  there  is on the 
average one crosslinked monomer  per molecule  of 
weight  average molecular  weight,  or one crosslink for 
two molecules of weight  average  molecular  weight.  
For  a given weight  of mater ia l  the number  of cross- 
links required is inversely  proport ional  to the  weight  
average  molecular  weight.  The number  of crosslinks 
created by each passing electron is E-G(c.1.)/IO0. The 
total  number  of crosslinks per  square cent imeter  of 
film created by a charge dose densi ty Q cou lomb/cm 2 
is Q.E.G(c.I.)/IOOq, where  q is the electronic charge. 
The number  of weight  average  molecules per square 
cent imeter  is dA/Mw, where  d is the sheet density 
of the film in grams per square centimeter,  A is Avo-  
gadro's number,  and Mw is the weight  average mo-  
lecular  weight  of the polymer.  Therefore,  the mini-  
mum charge dose requi red  for achieving a th ree -d i -  
mensional  ne twork  is 

Q -- 50 q dA/EG(c.1.)Mw [1] 

which is inversely  proport ional  to the crosslinking 
yield G(c.1.), the molecular  weight  Mw, and the en- 
ergy E absorbed per  uni t  area of the film. 

The significant fact is that  the min imum dose re-  
quired for a negat ive electron resist is inversely  pro-  
port ional  to the weight  average molecular  weight  Mw 
of the polymer.  In other  words, the Q-M product,  the 
product  of the min imum charge dose Q and of the mo-  
lecular  weight  Mw, is a constant and is a characterist ic 
of the polymer.  For  bet ter  efficiency, a po lymer  wi th  
smaller  Q-M product is prefer red  over  one with  a large 
Q-M product, and a polymer  of high Mw is prefer red  

over  the same polymer  of low Mw. 
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The case for a degrading polymer used as positive 
resist is ent i rely different. We assume that  the scission 
is completely random occurring at the bonds between 
the monomers  of molecular  weight Mo. Let Mn be the 
number  average molecular  weight of the polymer. The 
number  of molecules of molecular  weight M~ in a film 
of sheet density d g /cm 2 is dA/Mn, where A is as 
before Avogadro's number .  Each molecule has 
( M J M o  -- 1) bonds and the total  number  of bonds is 

dA(1/Mo -- 1/Mn) -~ dA/Mo. For an electron dose of 
Q coul/cm 2, the n u m b e r  of scission events is Q E G ( s ) /  
100 q. Hence the probabi l i ty  of scission at a bond is 

Ps = Q E G(s)  Mo/lO0 q �9 dA [2] 

The number  of bonds in each molecule of molecular  
weight of Mn is M--n/Mo, and the number  of scission 
fragments  is psMn/Mo + 1. The n u m b e r  average mo- 
lecular weight of these fragments  is 

M'n = Mn/[psMn/Mo + 1] 
o r  

1/M'n = ps/Mo + 1/Mn [3] 

If PsMJMo ~ 1, then 

M'n ---- Mo/Ps [4] 

Combining [2] and [4], we get 

M'n = 1 0 0 q d A / Q E G ( s )  

If M'n is small  enough so that  only the scission frag- 
ments, but not the original polymer, dissolve in a poor 
solvent, then the resist is developed. The value M'~ 
depends on the developer selected and determines the 
min imum electron dose Q required for exposing the 
resist given by the equation 

Q = 100 q d A / E  G (s) M'n [5] 

The min imum dose Q is independent  of the molecu- 
lar weight Mn of the original polymer. Hence, the 
efficiency of a positive electron resist does not depend 
on the average molecular  weight Mn of the polymer 
used if Mn is sufficiently large. Furthermore,  the ini t ial  
molecular  weight distr ibution is also not important .  
After  a few scissions per molecule of Mn, any dis t r ibu-  
tion will approach closely the "most probable distri-  
bution" given by 

N (x) = NPs exp (--psx) 

= Nps exp (--M/M'n)  [6] 

where x is the degree of polymerizat ion of the scission 
product (x = M/Mo) and N is the total  number  of 
molecules after scission (10). For  this exponential  dis- 
tr ibution,  the weight average molecular  weight Mw is 
twice the n u m b e r  average Mn. Equat ion [4] assumes 
the relat ion PsM/Mo ~ 1. This inequal i ty  simply 
means that the number  of scissions per molecule is 
large. This is t rue and will  be i l lustrated later in the 
case of the positive resist po ly (methy l  methacrylate) .  
Equations [1] and [5] appear similar, but  their mean-  
ings are quite different. 

An impor tant  characteristic of a polymer is its glass 
t ransi t ion temperature  Tg. Above this tempera ture  the 
polymer chains can slide over each other and the 
polymer is soft, pliable, and rubberl ike.  Below this 
temperature  the atoms can only vibrate  about their  
equi l ibr ium positions at fixed distances from each 
other, but  the chains cannot slide over each other. The 
polymer is hard, brittle, and glasslike. The glass t r an -  
sition tempera ture  is a second order t ransi t ion tem-  
perature and is usual ly  determined by measur ing the 
temperature  at which the volume coefficient of ex- 
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pansion ~ changes. For  polystyrene,  a is 2 x 10 -4 below 
Tg (100~ and is 6 x 10 -6 above Tg. 

At temperatures  above its glass t ransi t ion tempera-  
ture Tg, a polymer deforms easily under  stress. An 
exposed and developed film will  change its shape if 
it has some residual  stress. The developed film will  
not main ta in  its definition, and the film is not suitable 
for high resolution application. Such loss of resolution 
due to creep in a polyisobutylene film (Tg = --70~ 
was noticed by Haller  et al. (8). The creep may be 
minimized by prebaking the  coated film at a tempera-  
ture  above Tg to relax the stress created in the film 
dur ing coating and by storing the film at a tempera-  
ture  below Tg. 

The development  of a resist, either positive or nega-  
tive, is based on the principle of fractional solution. 
Flory (11) has shown that v l ( x )  is the volume frac- 
t ion of polymer of degree of polymerizat ion x in the 
solid phase and v2(x) is the corresponding volume 
fraction in the solution phase; then 

v 2 ( x ) / v l  (x)  = exp (--~x) [7] 

where 6 is a funct ion of the concentrat ions of the 
polymer in the solution, of the number  average molec- 
ular  weight, and of the interact ion energy between the 
polymer molecules and the solvent molecules. The 
quant i ty  6 is not calculable; however, it is impor tant  
to note that  the ratio v 2 ( x ) / v ~ ( x )  is a continuous 
function of x. The extracted polymer fraction con- 
tains a wide range of molecular  weights, with a higher 
concentrat ion of molecules of low molecular  weight 
than the solid polymer had originally. In  developing 
an exposed positive resist, not only the polymer frag- 
ments  in the exposed area will  be removed but  also 
some smaller molecules in the unexposed area, thus 
increasing the probabil i ty  of pin-hole  formation. This 
unwanted  solution of smaller  molecules from the u n -  
exposed area occurs if the development  is performed 
at a tempera ture  above Tg. However, below Tg the 
polymer chains cannot slide along each other and 
small  molecules are not easily extracted, being held 
rigidly by other molecules. Similarly, if an exposed 
negative resist is developed at temperatures  above Tg, 
some smaller three-dimensional  ne twork  may be ex- 
tracted away. This extraction will  be much less l ikely 
if the film is developed at a t empera ture  below T~. 
After  development,  holes or discontinuities may be 
formed in the film and along the edge of the developed 
film vacated by the extracted molecules. These holes 
may be closed if the film is baked at temperatures  
above Tg. Therefore, a resist film should be prebaked 
at T ~ T m exposed, developed, and stored at T ~ Tg, 
and postbaked at T ~ Tg. As the resist is usual ly  
processed and stored at room temperature,  the glass 
t ransi t ion tempera ture  of the polymer must  be above 
the room temperature,  preferably above 350~ 

The number  of known polymers is large: about one 
thousand are listed in the "Polymer Handbook" (12). 
Only a small  number  has been examined for the effect 
of ionizing radiation. Among those polymers that  are 
known to be crosslinked or degraded by scission, only 
a few have reasonably high glass t ransi t ion temper-  
atures. Crosslinking polymers of low T~ such as poly-  
butadiene (T~ = 180~ and polydimethylsi loxane 
(Tg = 150~ are not good negative resists. Degrading 
polymers of low Tg such as polyisobutylene (Tg = 
200~ and po ly(v iny l idene  chloride) (T~ = 254~ 
are not good positive resists. The number  of polymers 
that  can be used as high resolution electron resists is 
therefore rather  limited. 

Negative Electron Resists 
Crosslinking polymers have been investigated ex- 

tensively. There are several known crosslinking poly- 
mers that have T~'s above room temperature.  Table I 
lists some crosslinking polymers together with their  
glass t ransi t ion temperatures  Tg and the crosslinking 
yield G (c.1.). 
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Table I. Negative electron beam resists 

Density, 
Po lymers  Ty, ~ G (c,1.) g/cm~ 

Polystyrene 370 0.04 1,05 
Polyacrylamide  ~350 0.02 1,06 
Poly (vinyl chloride) 354 0.3 1.41 

Polystyrene.--Polystyrene is resistant  to all  alkalis 
and weak acids, but  is attacked slowly by strong ox- 
idizing acids. It  dissolves easily in chlorinated hydro-  
carbons or aromatic hydrocarbons.  The density of poly- 
s tyrene is 1.05 and the crosslinking yield G(c.1.) 
is about 0.04 (13). For  a typical  film of 5000A the sheet 
density is 5.25 x 10 -5 g /cm 2. The energy loss E by 
an electron beam passing through a th in  film of 
polystyrene is difficult to estimate. One reason is that  
the energy loss mechanism is a complicated one; in 
addition, the dissipation is not uni form through the 
film. Another  known factor is the back scattering of 
electrons from the oxidized silicon into the resist film. 
Ehrenberg  and King (14) measured the energy loss of 
10 kV electrons in bu lk  polystyrene as a function of 
penetra t ion depth. Assuming the energy loss in a poly-  
styrene film is the same as that in bulk  polystyrene 
of the same depth and neglecting the difference in 
back scattering at the resis t -substrate  interface, we 
have E = 800 eV for a film of 5000A. As shown by 
Eq. [1], the m i n i m u m  exposure dose required is in -  
versely proport ional  to the weight average molecular  
weight Mw. Three lots of polystyrene ~ of Mw of 20,000, 
35,000, and 230,000 were tested. Toluene was used as a 
solvent. The concentrat ion was 5% for the highest 
polymer and 10% for the two lower polymers. The 
films were exposed by 10 kV electron beams and were 
developed by soaking in xylene for 30 sec and then 
by spraying with xylene twice for 2 sec each. The 
min imum exposure was found to be inversely propor-  
t ional to the molecular  weight Mw. The exper imental  
values were 3 x 10 -4, 2 x 10 -4, and 2.5 x 10 -5 coul/cm 2, 
respectively, for the three lots of polystyrene of in -  
creasing molecular  weight. The observed Q-M prod- 
ucts are 6, 7, and 5.8 coul-g/cm2-mole,  respectively, 
giving an average value of 6.3 under  10 kV electron 
beam. The Q-M product calculated by Eq. [1] is 7.9 
coul-g/cm2-mole.  Considering the uncertaint ies  in the 
values of E and G(c.1.) and the difficulties in observ- 
ing the value Q, the agreement  between the observed 
and calculated values of the Q-M product  is r emark-  
able. 

The exposed film is a three-dimensional  network in-  
soluble in xylene. It can be stripped by heating to 
about 100~ in the commercial  stripper J100. 

As stated above, polystyrene of high molecular  
weight is preferred over polystyrene of low molecular  
weight. However, the resolution of the polystyrene of 
Mw of 230,000 is not as good as that  of Mw of 20,000. 
The edges of the developed polymer film pat tern  have 
a sloping bank  less than  1~ wide for the polystyrene 
of M~ of 20,000, but  they have a sloping bank  of 2~ 
for the one with Mw of 230,000. This is due to the 
wider  molecular  weight dis t r ibut ion of the higher 
polymer with respect to that of the lower polymer. 

When an electron beam penetrates into a polymer 
film coated on a surface, scattering increases the beam 
cross-sectional area in the film. Although the beam 
density decreases very rapidly along the normal  to 
the edge of the i rradiated area, molecules of very high 
molecular weight become crosslinked and remain  on 
the surface after development,  thus creating a wide 
sloping bank  along the edges of the developed film 
pattern.  The resolution can be improved by fract ion- 
ating the polymer to at ta in  a sharp cut-off in the high 
molecular weight region of the molecular  weight dis- 

2Acqui red  f rom Monomer -Po lymer  Laboratories,  Borden Chem- 
ical Company,  Philadelphia,  Pa. 

t r ibut ion curve. This has been substant ia ted as fol- 
lows. A dilute solution of polystyrene of Mw of 230,000 
in benzene (5% solids) was prepared and ethanol was 
added. A 56 % fraction of the dissolved solid consisting 
of most of the high molecular  weight mater ia l  was 
thus removed from the solution. More ethanol  was 
added to the remain ing  superna tant  solution, and a 
second fraction of 33.8% of the original  polymer was 
separated. The viscosity of this fraction in benzene at 
25~ was measured with a Cannon-Fenske  viscometer 
and the intrinsic viscosity was found to be 0.326. Using 
the equation given by Orofino and Wenger (15) 

[~] ---- 9.18 x 10 -5 M 0.743 

we found that  Mw ~ 60,000. The required mi n imum 
charge dose was found to be about 1 x 10 -4 coul /cm 2. 
The width of the sloping bank  along the edge of the 
developed pa t te rn  is less than  1~. 

Molecules of molecular  weight much less than Mw 
are also not desirable. They are less l ikely to get cross- 
l inked and are dissolved away during development,  
thus increasing the probabil i ty  of pinhole formation. 
Hence, polystyrene of high molecular  weight but  very 
nar row molecular  weight range is recommended. 

Poly(vinyl chloride).--Poly (vinyl  chloride),  PVC, is 
resistant  to most acids, alkali, and common inexpen-  
sive organic solvents. I r radiat ion in air causes degra-  
dation, but  i r radiat ion in vacuum induces crosslink- 
ing. The crosslinking yield is estimated to be about 0.3 
(16). As bought, PVC powders 2 dissolve easily in 
cyclohexanone. The resist solution used, 10% by 
weight, has excellent f i lm-forming properties. Uniform 
films exhibi t ing br i l l iant  colors can be easily obtained 
by the usual  spin-coat ing method. The films were ex-  
posed to 10 kV electrons and developed in cyclohexa- 
none. The m i n i m u m  dose Q was found to be about 3 x 
10-5 coul /cm 2. 

Measuring the Mw by the light scattering method, 
Moore and Hutchison (17) found that  the intrinsic 
viscosity of PVC in cyclohexanone at 25~ is 

[0] = 174 �9 10 -5 M 0.55 

The intr insic viscosity of the PVC we used was de- 
te rmined  with Cannon-Fenske  viscometer and was 
found to be 0.522. Hence, the average molecular  weight 
of our PVC is Mw -~ 32,000, and the Q-M product is 
about 1 coul/cm 2. 

The densi ty of PVC is 1.41 g/cm 3. A 5000A film has 
a sheet density of 7 x I0 -~ g /cm 2. The energy ]oss of 
a 10 kV electron beam in passing through such a film 
is expected to be larger than that  through a poly-  
s tyrene film but  lower than  that  through a Cu or Au 
film of the same sheet density. A value of E ~ 1200 eV 
is taken as the energy loss of 10 kV electron in pass- 
ing a PVC film of 5000A. Using [1], we found that  the 
calculated Q-M product is 0.94 coul-g/cm2-mole, in 
excellent agreement  with the observed Q-M product. 

Polyacrylamide.--Polyacrylamide is a water  solu- 
ble polymer. Its solubili ty in water  is low, about 2%. 
Because of the low concentrat ion and the low vapor 
pressure of the solvent water, the coating process is 
t ime consuming. Nevertheless, uniform films can be 
obtained. The mi n i mum dose required was about 3 x 
10 -6 coul /cm 2. The exposed film was developed in de- 
ionized water  and then rinsed in methanol,  a nonsoI-  
vent. The crosslinked polyacrylamide is not soluble 
in water, but  is swelled by aqueous solutions such 
as buffered HF, dilute acids, and alkalis. Hence, poly- 
acrylamide is not an etch resist for aqueous acids or 
alkalis. The crosslinked polymer is resistant  to con- 
centrated phosphorous acid and is therefore a useful 
a luminum etch resist. It may also be used as a mask 
for sputter ing etch. 

The polyacrylamide 2 we used was not fractionated. 
The dis tr ibut ion of molecular  weight is wide, and 
the resolution is poor. The edge of the developed re-  
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sist pa t te rn  has a sloping bank of 2~. Again, the reso- 
lution can be improved by removing  the high molecu-  
lar weight  fraction of the po lymer  at the expense of 
sl ightly increased dose requirement .  

The viscosity of the polyacrylamide used was mea-  
sured in wate r  at 30~ and the intrinsic viscosity was 
found to be [~] ---- 13.6. Scholtan (18) gave the  fol-  
lowing viscosi ty-molecular  weight  relat ion for poly-  
acrylamide in water  at 30~ 

In] ~- 6.31 x 10 -5 M 0.s0 

Hence, the molecular  weight  M~ of our polyacrylamide  
is 4.7 x 106 and the Q-M product  is 14 coul-g/cm2-mole .  

Polyacry lamide  has about the same density as poly-  
styrene. The sheet densi ty for a 5000A film is 5.3 x 10 -5 
g / c m  2. Assuming the energy dissipation of 10 kV elec- 
trons in polyacrylamide  is the same as that  in poly-  
styrene, we have E ---- 900 eV. The crosslinking yield 
G(c.l.) was not known. However ,  using the exper i -  
menta l  values of Q and Mw and the est imated values 
of E, we found that  the crosslinking yield of poly-  
acrylamide under  10 kV electron is G(c.1.) ---- 0.02. 

Positive Electron Resists 
As discussed above, positive electron resists are long 

chain polymers  which degrade by chain scission under  
electron bombardment .  Degrading polymers have not 
been invest igated intensively,  for only a few are 
known to have a reasonably high glass t ransi t ion t em-  
perature.  Table II shows a few of the polymers  that  
are useful as posit ive electron resists. 

Severa l  other  s tyrene der ivat ives  having te t rasub-  
sti tuted carbon atoms also have high Tg. However ,  it 
is wel l  known that  a benzene r ing wil l  lower  scission 
yield. Therefore,  any s tyrene derivat ive,  even if it is 
a positive resist, wi l l  have a low efficiency. 

Poly(methyI methacrylate).--Poly(methyl methac-  
ry la te ) ,  PMMA, is ve ry  stable (unaffected by uv)  and 
is resistant to most acids. Using 95% ethanol  (5% 
water )  as a developer,  we found that  the min imum 
exposure requi red  for a 10 kV electron beam is 5 x 
10 -5 cou lomb/cm 2 (19). The density of PMMA is 1.2 
g / c m  3 and the molecular  weight  Mo of the monomer  
is 100.11. For  a typical  film of 5000A the sheet density 
d is 6 x 10-5 g / c m  ~. Assuming the energy loss of elec- 
tron in a PMMA film is the same as that  in a poly-  
s tyrene film, we have E ---- 1000 eV. Assuming G(s)  

1.65 (20), we get f r o m E q .  [2] 

Ps ---- 0.014 

For PMMA of molecular  weight  100,000, PsMJMo : 
14. Each number  average molecule  has 14 scissions re -  
sulting in 15 f ragments  and the average weight  of the 
scission f ragments  is, by [3] 

M '  n ---- 6700 

If  the init ial  molecular  weight  Mn is infinite, then the 
last t e rm in [3] is zero and we have M ' 7100. This 
can be reduced to 6700 by a 6% increase in the elec- 
t ron dose Q from 5 x 10 -5 to 5.3 x 10 -5 cou l / cm 2, 
which is a ve ry  small  increase. Hence, the init ial  mo-  
lecular  weight  Mn of PMMA has ve ry  l i t t le effect on 
the final molecular  weight  Mn' af ter  scission. 

The number  of scissions per number  average  mol -  
ecule is large, and the molecular  weight  distr ibution 
follows Eq. [6]. F igure  1 shows the weight  distr ibution 

M. N(M) 

Table II. Positive electron beam resists 

D e n s i t y ,  
P o l y m e r  Tg, ~  G (s) Me g/ci~n ~ 

P o l y  ( m e t h y l  m e t h a c r y l a t e )  378 1.65 100.11 1.20 
P o l y  ( a - m e t h y l  s t y r e n e )  373 0.25 130.18 0.906 
P o l y m e t h a c r y l o n i t r i l e  400 1.0 67.09 1.10 
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Fig. i. Molecular weight distribution of polymethyl methacrylate 
(initial M.W. 100,000) after electron dose of 5 x 10 -5  coul/cm 2 
at 10 kV. 

of PMMA as a function of the molecular  weight  af ter  
an electron dose of 5 x 10 -5 cou l /cm 2 at 10 kV. It  can 
be seen that  the tail  of the distr ibut ion curve  extends 
appreciably over  6 M ' or 40,000. Since the developer  
is apparent ly  able to dissolve molecules of such size, 
it is impera t ive  that  the molecular  weight  Mn of 
PMMA be re la t ive ly  high, 100,000 or over, and that  
the fraction of molecules of M ~ 50,000 be very  low 
to avoid pin-hole  format ion dur ing developing. More 
generally,  the distr ibution curve of the scission f rag-  
ments must  be wel l  separated f rom that  of the orig-  
inal polymer.  

Using a 30/70 mix tu re  of methy l  e thyl  ketone and 
isopropanol as a developer,  Hal ler  et al. (8) also found 
that  the min imum exposure  at 10 kV is 5 x 10 -5 cou l /  
cm 2 which corresponds to our results  wi th  ethanol  as 
a developer.  This coincidence is r a ther  fortui tous as 
it is difficult to de te rmine  the min imum dose exactly.  
Nevertheless,  it does indicate that  the two different 
developers  have  about the same solvent  power. 

Poly(a-methyl styrene).--Poly(a-methyl styrene) 
has a scission yield G(s)  : 0.25 (21), a monomer  
molecular  weight  of 130.18, and a densi ty of 0.906. The  
sheet density of a 5000A film is d = 4.53 x 10 -5 g/cm2. 
Assuming the energy loss in this mater ia l  is the same 
as that  in polystyrene of the same sheet density, then 
we have E = 750 eV. Using a 10/60 mix ture  of ben-  
zene /e thano l  as a developer,  Hal ler  et al. (8) found 
that  the min imum exposure at 10 kV is 1 x 10 -4 cou l /  
cm 2, hence we have f rom [2] 

Ps ---- 7 x 10 - 3  

The average molecular  weight  of the scission product  
is 

M '  n ~ 140 Mo 

---- 18,000 

For  a po lymer  of molecular  weight  of 200,000, the 
number  of scissions per molecule  is about 10. 

The average molecular  weight  ~/n' is r e la t ive ly  large. 
F igure  1 and Eq. [6] imply that  general ly  an appre-  
ciable number  of the scission f ragments  has molecular  
weights  over  6 M~' or 100,000. The molecular  weight  
Mn of the original  polymer  must  be high, 200,000 or 
over, otherwise the resolution wil l  be poor and the 
p in-hole  count high. 

Conclusion 
Although the number  of polymers  wi th  suitable 

glass t ransi t ion t empera tu re  is not ve ry  large, there  
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are still several polymers worth investigation, even 
neglecting the fact that  the physical and chemical 
properties of a polymer may  be modified by co- 
polymerizat ion with other polymers. The general  
characteristics described are those of electron resists. 
With some modifications, they are also common to 
photoresists. The efficiency of a negat ive resist, either 
photoresist or electron resist, is proport ional  to the 
average molecular  weight Mw. Although monodis-  
persity is not required (nor is it obtainable) ,  a nar row 
range dis tr ibut ion in molecular  weight is recom- 
mended. In the case of a positive resist, nei ther  the 
average molecular  weight nor  its dis t r ibut ion is im-  
portant  as long as the molecular  weight distr ibution 
curve is well  separated from that of the scission frag-  
ments.  

Manuscript  submit ted Jan. 22, 1969; revised m a n u -  
script received Apri l  2, 1969. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
J O U R N A L .  
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Cathodoluminescent (SiO )x:Tb Phosphors 
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ABSTRACT 

The synthesis of te rb ium-act iva ted  compounds in Ln203-SiO2 system is 
described and their cathodoluminescence is compared to Zn2SiO4:Mn, 
(ZnCd)S:Ag,  and other efficient Tb+S-activated phosphors. The ut i l i ty  of the 
Tb +3 phosphors in tricolor CR tubes is also considered. 

The l i terature affords numerous  references (1) to lu-  
minescent  systems in which the crystal l ine matricies 
are silicate compounds of the Group II  metals. Typical 
activators for these systems include Pb  and /or  Mn, 
Ce +3, and, more recently, Tb +~ (2). In  phosphors con- 
ta ining divalent  cations and t r iva lent  rare earth ac- 
tivators, it is usual ly  necessary to employ valence 
compensation by the introduct ion of a monovalent  ca- 
tion of the appropriate size. This general ly  improves 
the crystal l ine perfection and may also enhance and 
simplify the emission spectra. The minerals  yt tr ial i te  
(Y, Th)2Si20~ and thortveit i te  (Y, Sc)2Si207 have been 
reported to contain substant ial  quanti t ies  of the rare 
earths metals as impurit ies (3) and therefore suggest 
silicate systems in which charge compensation would 
not be necessary to achieve m a x i m u m  emission. Recent 
research on the phase diagrams of the Ln203-SiOu sys- 
tems (4, 5) (where Ln  = La, Y, Sc, or a rare earth) 
has suggested a variety of silicates of this type. 

Silicates, like the sulfides, seem to be un ique ly  re-  
sponsive to excitation by cathode rays, and therefore 
it was decided to investigate cathodoluminescence in 
several of these compounds. Of par t icular  interest  are 
the silicates of Y, Gd, and La since these ions possess 
no incomplete 4f shell, or in the case of Gd, the shell 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  

is half  filled, and therefore the three are optically in-  
ert in the visible and near -u l t rav io le t  regions of the 
spectrum. Tr ivalent  t e rb ium was chosen as the ac- 
t ivator because it has been shown to be effective in 
silicate matricies, and a few efficient cathode ray 
phosphors based on this activator have been reported. 

Experimental Procedure 
The various silicate compounds are given in Table I, 

together with references to the reporting investigators.  
It  may be seen that  these compounds extend from 
SiO2/Ln203 = 0.5 to 2.0 (where Ln  = Y, Gd, La).  
In  an effort to encompass all of the previously re-  
ported compounds, a series of silicate phosphors were 
synthesized over the compositional range of SiO2/Ln203 

Table I. Various silicate compounds 

SiO~/7~ nzOa C o m p o u n d  D e s i g n a t i o n *  Ref .  

0.5 Ln4SiOs - -  (6) 
1.0 Ln,2SiO5 O x y o r t h o s i l i c a t e  (4, 5) 
1.5 Ln4 (SiO,) 3 Or thos i l i ca t e  (4) 
2.0 Ln~-Si~O~ P y r o  or  d i o r t h o s i l i c a t e  (4, 5) 

* D e s i g n a t i o n s  are  t hose  used  by  T o r o p o v  ct  aI. 
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from 0.5 to 2.4. In  the synthesis procedure, which is 
somewhat similar to that  reported earlier for lan-  
thanum silicate (6), a portion of the cationic oxide or 
n i t ra te  was replaced by the fluoride which served as 
a mineralizer.  Alternat ively,  the mineral iz ing action 
could also be accomplished by the addit ion of another  
fluoride salt such as ammonium fluoride. Pending  the 
elucidation of the most efficient host compounds, the 
fluoride concentrat ion was held constant  at LnF3/  
Ln203 ~ 0.22. Similarly,  the te rb ium concentrat ion 
was constant  at 10 a/o (atomic per cent) of the host 
cation. These parameters  were subsequent ly  optimized 
for the best phosphors. The h igh-pur i ty  SiO~ utilized 
in all syntheses was supplied by Cabot Corporation 
(Cabosil).  The ext remely  small  particle size of this 
mater ia l  contr ibuted to the ease of synthesis and un i -  
formity of the product. Usual ly a slight excess of 
silica over that dictated by stoichiometry was neces- 
sary for the synthesis of the most efficient phosphors. 
All of the lanthanide  components except Gd were of 
99.9% pur i ty  or higher with respect to other rare  earth 
elements. The principal  impur i ty  in the Gd203 was 
Eu20~. 

In a typical synthesis, the reagents were dry blended 
and reacted at 1300~ for 4 hr or longer in uncovered 
quartz crucibles. X-ray diffractometry was employed 
for the identification of the resulting compounds. 

X - R a y  D i ~ r a c t o m e t r y  

Crystallographically, the oxyortho and pyrosilicates 
each exhibit  three s t ructural  subgroups, the par t icular  
s t ructure  being related to the ionic size of the lan-  
thanide ion (5, 7). The pyrosilicates, in addition, ex- 
hibit  high-  and low-tempera ture  polymorphic modifi- 
cations (5) with inversion temperatures  between 1200 ~ 
and 1300~ 

The l i terature describing the orthosilicates is con- 
fusing, par t icular ly  with respect to the stabil i ty of 
this s t ructure type. A tempera ture  stabil i ty m i n i m u m  
has been ascribed to at least the orthosilicates of the 
larger lanthanides  (4a, b)  bu t  more recent  work indi -  
cates that  this may not be the case (8). Investigators 
agree, however, that  the orthosilicates are part  of the 
hexagonal  crystal system S. G. P63/m (8, 9). Yt t r ium 
orthosilicate is apparent ly  unique  since it has been 
crystallized in both the hexagonal  and a cubic (gar-  
net)  modification (10). 

Identification of these numerous  phases by x - r a y  
diffraction was fur ther  complicated by the prolific 
and often conflicting lattice spacings reported by 
these earlier workers. In the major i ty  of cases, ident i -  
fication was possible by correlat ing the reported data 
and el iminat ing those which were in conflict. The com- 
pounds identified in the various phosphor compositions 
are presented in Table II. The data presented in Table 
II  war ran t  some fur ther  interpretat ion.  

O x y o r t h o s i l i c a t e s  

A l l  three oxyorthosilicates were obtained as pure 
phases. Contrary to what  has been previously re-  
ported, only two structure types were observed. 
La2SiO5 and Gd2SiO5 were hexagonal,  while Y2SiO5 
wag monoclinic. The compound LnaSiOs was not  de- 
tected. 

Table II. Compounds identified in various phosphor compositions 

Lanthanum Gadolinium Yttrium 
SiOz/LnsO3 silicates silicates s i l i cates  

O rthos i l i c a t e s  

The orthosilicates of La and Gd were not observed. 
At SiO2/Ln203 values of 1.4-1.8, corresponding to the 
range in which the orthosilicate might  be expected to 
crystallize, only the oxyortho and fi-pyrosilicates were 
detected. This seems to indicate a tempera ture  sta- 
bi l i ty m i n i m u m  for these compounds as discussed ear-  
lier. Yt t r ium orthosilicate was observed, but  never  as 
a pure phase. Several  at tempts to crystallize this com- 
pound in the pure form were unsuccessful. 

P y r o s i l i c a t e s  

Only the fi-polymorphs of La2Si207 and Gd2Si207 
were obtained as pure phases; the low-tempera ture  
a-pyrosil icate was absent, p resumably  because of the 
high synthesis temperature.  The ~-Gd2Si2OT, however, 
was not obtained under  the usual  synthesis conditions; 
the oxyorthosilicate phase persisted over the entire 
range of SiOe/Gd20~ values. The reason for this was 
not apparent  since the Gd2SiO5 crystal  type persisted 
at higher flux ratios and proved to be independent  of 
the source or chemical na ture  of the gadol inium em- 
ployed. However, it was possible to crystallize the 
pyrosilicate by retiring the SiO2/Gd20~ = 2.0 compo- 
sition at 1600~ Yt t r ium pyrosilicate, on the other 
hand, was never  obtained as a pure phase even when 
subjected to higher flux ratios or reaction tempera-  
tures as high as 1600~ 

Evaluation of CR Response 
The cathode ray response of the phosphors was 

ascertained by  sett l ing them at opt imum screen den-  
sity on 1-in. 2 sheets of conducting glass and exciting 
them at 15 kV in a demountable  CR tube. A Photovolt  
Photometer  equipped with a 1P21 phototube and a 
Wra t ten  106 filter was employed for luminosi ty  mea-  
surements.  Cathode ray performance data are reported 
relat ive to that  of (Zn, Cd)S:  Ag. 

Typical data are presented in Table III  for phosphors 
synthesized at a constant  LnFJLn~O3 ratio of 0.22 and 
a Tb +~ concentrat ion of 10 a/o. 

The CR response of La2SiO5:Tb was ext remely  
weak, and luminosi ty measurements  were not possible. 
During the syntheses of this compound and of 
Gd2SiO5:Tb, the te rb ium was oxidized to the te t ra-  
valent  state, resul t ing in phosphors exhibi t ing brown- 
ish body color and dull  green emission. In  order to 
bet ter  evaluate these monosilicate hosts, several syn-  
theses were conducted in  reducing ambients  and /o r  
at reduced Tb +3 concentrat ion levels. Under  these con- 
ditions, the CR response of Gd2SiO~: Tb improved but  
that  of La2SiO5 remained weak. 

The oxyorthosilicates of y t t r ium and the ~-pyro- 
silicates of l an thanum and gadolinium formed the most 
efficient phosphors. No a t tempt  was made to optimize 
the synthesis parameters  for ~-Gd2Si2OT:Tb since the 
temperatures  at which the component  oxides reacted 
were substant ia l ly  higher than  those achievable in 
convent ional  phosphor synthesis equipment.  The lan-  
t h a n u m  and y t t r ium phosphors, however, were op- 

Table III. CR response of Ln +3 silicates (relative luminosity) 

Si(~/Ln~Os La Gd Y Compound 

1.0 --  19" 64 Ln~SiO~ 
1.6 Comp. not formed 58 Ln4 (SiOD 3 
2.0 28 40* 52 Ln~Si~Ov 

* Retired at 1600~ in H~ atm. 

Table IV. Synthesis parameters for optimum emission 

Matrix Reaction 
crystal x/y  M~-/MSiOs a/o Tb time & temp 

YzSiO5 I-1.2 0.6 7.0 1300~ hr  
LasSi207 2.0-2,2  0.5 i0.0 1300~ hr  

0.5 La203 + A ~ + A Y203 + A 
1.0 A A .4. 
1'.2 A ~ A 
1.4 A ~ A + B  
1.6 A + C A + C* A + B + C 
1.8 A + C  B §  
2,0 C C-'* B + C  
2.4 SiO~ + C - -  B + C 

A = Ln2SiOs, B ---- Ln~ (SiOD s, C ----- ~-Ln~Si=Ov 
* Yielded C structure when fired at 1600~ 
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Fig. 1. Relative CR luminosity and 
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Fig. 2. Relative CR luminosity and flux concentration in Ln sili- 
cate phosphors. 

timized for CR performance. These data are presented 
in  Fig. 1 and 2, and the opt imum parameters  are sum-  
marized in Table IV. 

CathodoZuminescence Spectra 
The cathode-ray-exci ted emission spectra of the 

optimized phosphors were recorded with a 3A-m 
Czerny-Turner  spectrometer which employed an in-  
ternal  correction funct ion to render  the output  directly 
in terms of relat ive energy. These spectra are pre-  
sented in Fig. 3 and are noted to be typical  of Tb +3 
emissions in a var ie ty  of other  host crystals (13). The 
emission spectra in all  cases are dominated by a group 
of lines which extend from 532 to 564 n m  and which 
are a t t r ibuted to electronic transit ions between 5D4- 

Laz Siz07: Tb 

500 550 600 

Y z S i O s  :Tb Gd z Si;B Ov :Tb 

500 550 SO0 500 550 600 

WAVELENGTH (nanometer s} 

Fig. 3. Cathodoluminescence spectra of Ln silicate phosphors 
activated with Tb +3. 

7F5 levels. A smaller  contr ibut ion to the luminosi ty  
arises from emissions at 480-508, 576-610, and 614-634 
nm. These l ine groups arise from 5D4-7F6.4.3 transitions.  
In  general,  any  var iat ion in the observed emission 
color of the Tb activator is usual ly  due to differences 
in the relat ive intensit ies of these l ine groups ra ther  
than  to subtle differences wi th in  the l ine groups. The 
former can result  in  an appreciable shift in the chro- 
matici ty  coordinates on the CIE diagram as is demon-  
strated and discussed in the following section. 

Cathode Ray Performance 
The cathode ray  performance data for the silicate 

phosphors are summarized in  Table V. Data for other 
efficient Tb +3 phosphors, YPO4:Tb and InBO3:Tb, 
have been included for comparison (11, 12). The lu-  
minosi ty and conversion efficiencies for all of the phos- 
phors have been determined relat ive to (Zn, Cd)S:  Ag. 

In  terms of relat ive luminosity,  YeSiOs: Tb compares 
favorably with the phosphate and borate phosphors, 
and all three exhibit  a slight improvement  over 
Zn2SiO4:Mn. The silicates of La and Gd, al though 
somewhat less efficient than  the other Tb systems, 

Table V. Cathodoluminescence data for green-emitting phosphors 

R e l a t i v e  
l u m i n o s i t y  

Lumen 
equivalent 

Decay  to CIE  coo rd ina t e s  l u m e n /  
lo/10 msee X y U v r a d i a n  w a t t  

R e l a t i v e  
c o n v e r s i o n  
eff ic iency AA % L~ 

Zno.~2Cdo.aS:Ag* 1OO 
Zn~SiO~:Mn 60 
I n B O s : T b  65 
La~Si~OT: Tb 45 
Gd2Si2OT: Tb  40 
Y2SiOs:Tb 65 
YPO~:Th 65 

0.05 0.27 0.62 0.11 0.38 500 
15 0.22 0.71 0.08 0.38 540 
15 0.31 0.66 0.12 0,38 610 

7 0.32 0.61 0.13 0.38 530 
7 0.33 0.59 0.14 0.38 519 
5 0.33 0.59 0.14 0.38 516 
5 0.35 0.57 0.15 0.38 504 

1.00 
0.56 
0.54 
0.42 
0.38 
0.62 
0.67 

0 

- 0 . 4  

--3.3 
- - 11 .9  

100 

~7  
111 

AA = C h a n g e  i n  color  a rea  b y  r e p l a c e m e n t  of  g r e e n  p r i m a r y .  
% LR = R e q u i r e d  b r i g h t n e s s  fo r  r e p r o d u c t i o n  of  9300~ w h i t e .  
* S u b s c r i p t s  d e n o t e  weigh,  t f r ac t ions .  
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still exhibit  appreciable CR performance. In their decay 
characteristics, the te rb ium-act iva ted  systems are in -  
termediate to the Zn2SiO4:Mn and (Zn,Cd)S:Ag.  
Among the Tb +8 phosphors, Y2SiO5 and YPO4 have the 
highest luminous conversion efficiency; they are ex- 
ceeded only by the sulfide phosphor. 

The CIE coordinates and lumen  equivalents  indi-  
cate a steady decrease in  the saturat ion of the green 
emission color as one moves from InBO3: Tb to YPO4: 
Tb. This shift is accounted for by an increase in the 
5D4JF6 electronic transi t ions re la t ive  to those of the 
~D4JF5 as the symmetry  of the Tb +3 lattice site de- 
creases. For  InBO3 in which the Tb +~ lies in a centro-  
symmetric site, the 5D4-TF5 magnetic  dipole transit ions 
are allowed, and these are responsible for 75% of the 
luminous emission. In  YPO4, where Tb +3 occupies a 
noncentrosymmetr ic  site, electric dipole transit ions 
are also allowed, and the contr ibut ion to the total  lu -  
minosi ty  of the 5D4-TF5 l ine group falls to 50%. On this 
basis, it would appear that  Tb +3 occupies a site of 
slightly higher symmet ry  in the silicates than in the 
phosphate. 

S T A T E  S C I E N C E  

Utility of Tb +3 Phosphors in Tricolor CR Tubes 
In  assessing the ut i l i ty  of te rb ium-act iva ted  phos- 

phors in conventional  tricolor cathode ray tube appli-  
cations, it is necessary to consider the effect of the 
change in chromatici ty coordinates on both color re-  
production and the luminosi ty  requirements  for color 
mixing. 

The effect on color reproduction is best assessed by 
subst i tut ing the chromatici ty coordinates of the Tb +3 
phosphors for those of the green pr imary  (Zn, Cd)S: Ag 
and evaluat ing the change in the area of the t r iangle 
formed by connecting the u.v. coordinate points of 
the three  primaries on the CIE 1960 McAdam dia- 
gram. The luminosi ty  requi rements  for color mixing, 
such as in the reproduction of the 9300~ white point  
on the CIE diagram, can be obtained from a knowl-  
edge of the ratio of the lumen fractions and relat ive 
luminosit ies of the green pr imary  and the phosphor 
under  consideration. These calculations have been 
made for the three most efficient te rb ium phosphors, 
and the results are included in Table V. The red and 
blu~ primaries are YVO4: Eu and ZnS: Ag, respectively. 
The errors encountered in the determinat ion of the 
chromaticity coordinates are of necessity t ransmit ted  
to the calculated areas of the resul t ing triangles and 
to the green lumen  fractions. However, the presented 
data are sufficiently accurate to permit  a qual i tat ive 
appraisal  of the ut i l i ty  of these phosphor compounds 
in CR tube applications. 

From the standpoint  of color reproduction, InBO3: 
Tb is an acceptable replacement  for the sulfide pr i -  
mary. Use of the silicate or phosphate, however, would 
result  in a decrease in the gamut  of obtainable colors. 
The silicate phosphor, as indicated, is in termediate  to 
the borate and phosphate in this respect. 

At the outset it is observed that  all three of the 
te rb ium phosphors are deficient in terms of the lu-  
minosi ty required to reproduce the 9300~ white. The 
InBO~: Tb phosphor appears the most promising but  is 
still some 35% short of meeting this requirement ,  and 
the silicate and phosphate are even more deficient in 
this respect. Unt i l  improvements  in the luminosi ty  
of these phosphor systems are obtained, their  applica- 
t ion in convent ional  tricolor shadow mask tubes does 
not appear likely. 

The rare  earth phosphors exhibit  a distinct ad- 
vantage over the green sulfide pr imary  in their l inear  
response at high cur ren t  densities and may therefore 
find application in novel tube designs. This is demon-  
strated in Fig. 4 where the cathodoluminescent  re-  
sponse of Y2SiOj: Tb and (Zn,Cd) S :Ag are presented 
as a funct ion of current  density. The te rb ium-act iva ted  
silicate exhibits no saturat ion effect as the current  
density is increased while the sulfide begins to saturate  
and deviates from l inear i ty  almost immediately.  Thus, 
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Fig. 4. Current density and CR response of Zno.72Cd.o.28S:Ag 
and Y1.86Tbo.14S 05 phosphors. 

at a current  density of 0.65 A /cm 2 the two phosphors 
exhibit  equal luminosities. The most effective applica- 
tion of these rare  earth phosphors, therefore, would 
lie in cathode ray  tubes of the PDF (post deflection 
focusing) type where  the phosphors are subjected to 
high current  densities. 

Conclusions 
In  summary,  this invest igat ion has shown that  these 

te rb ium-act iva ted  silicates represent  a new family of 
efficient green-emi t t ing  cathode ray  phosphors. The 
most efficient of these, Y2SiOj:Tb, is equal  to InBO3: 
Tb and YPO4:Tb in termS of relat ive luminosi ty  and 
intermediate  to the two in  color and conversion effi- 
ciency. 

The application of te rb ium-act iva ted  phosphors in 
tricolor shadow mask tubes has been considered and 
their ut i l i ty  was found to be l imited by the brightness 
requirements  even if some sacrifice in color could be 
tolerated. 

The te rb ium phosphors were superior to (Zn,Cd)S: 
Ag in their performance at high current  densities, in -  
dicating that  the most effective application of these 
materials  would lie in cathode ray tubes of the PDF 
type. 
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CdS-PbS Heterojunctions 
Saburo Watanabe and Yah Mita 

Central Research Laboratories, Nippon Electric Company, Ltd., Shimonumabe, Kawasaki, Japan 

ABSTRACT 

Heterojunct ions between n- type  CdS and p- type  PbS were prepared by 
chemical deposition of PbS films on CdS single crystals. The PbS films were 
found to grow epitaxially on CdS crystals. The cubic (111) plane of PbS was 
parallel  to the hexagonal  (002) plane of CdS and the cubic (220) plane to 
the hexagonal  (110) plane. The heterojunct ions showed a marked photo- 
voltaic effect and distinct rectifying characteristics. The ma x i mum open cir-  
cuit voltage obtained was 0.4V under  i rradiat ion with a tungsten  lamp at 0.3 
w/cm 2. The spectral sensit ivity of the photovoltaic effect showed a sharp 
max imum at the absorption edge of CdS and a flat plateau extending toward 
long wavelengths as far as 1~. The junct ion capacitance at zero bias and dif- 
fusion voltage were measured to be 10 ~ 30 n F / c m  2 and 0.4V, respectively. 
From these results the energy band diagram was constructed for the hetero- 
junction.  

The preparat ion of the p -n  junct ion  of CdS is ex- 
t remely difficult. Heterojunctions with p- type Cu2S are 
used for various applications (1, 2). However, as the 
electrical and crystallographic properties of Cu2S are 
complicated, the investigation of the na ture  of CdS- 
Cu2S heterojunct ion is difficult to carry out. 

In  this paper the heterojunct ion of n - type  CdS and 
p- type  PbS, which has a simple structure, is reported. 
It was found that the heterojunct ion can be prepared 
by chemical deposition of PbS on CdS crystals. The 
preparat ion of the heterojunct ions is described and 
the results of the examinat ion of crystallographic and 
electrical properties are given with special a t tent ion 
to the crystallographic structures, photovoltaic effect, 
and energy band diagram of the heterojunctions.  

Fabrication of CdS-PbS Heterojunctions 
In  order to prepare CdS-PbS heterojunctions,  PbS 

films were deposited chemically on oriented surfaces 
of CdS single crystals. Procedures for obtaining PbS 
films were similar to those reported elsewhere for PbS 
photoconductive films (3, 4). The solution used to 
grow PbS films contained 0.12 mol-NaOH, 1.2 x 10 -2 
mol-Pb(NO3)2, 4.4 x 10-2 mol-CS(NH2)2, and 3.4% 
ethyl alcohol. CdS crystals were cut paral lel  to their  
hexagonal  (002) and (110) planes and were optically 
polished. They were immersed in the solution for 20 
min  at room temperature.  After  PbS films were 
formed by deposition, the crystals were taken out and 
washed with water  and ethyl alcohol. Ohmic contacts 
to CdS were made prior to the growth of PbS by 
evaporat ing and alloying indium. Ohmic contacts to 
PbS were made by simply evaporat ing gold. 

The thickness of the PbS films was determined by 
means of chemical analysis and was found to be 0.3#. 
The electrical conductivi ty of PbS films was p- type  
with specific resist ivity of 16 ohm-cm. The resistivity 
of the films decreased to 1 ohm-cm under  i rradiat ion 
with a tungs ten  lamp at an in tensi ty  of 0.3 w/cm 2. In  
our experiments  photoconductive and semiconductive 
CdS crystals were used. The resist ivity of the photo- 
conductive crystals was approximately 10 kohm-cm in 
the dark and 500 ohm-cm under  the light, and the re-  
sistivity of most semiconductive crystals was 3.0 
ohm-cm. 

Crystallographic Properties 
Electron diffraction studies were made for several 

PbS films deposited on various CdS surfaces. Figure 1 

(a), (b),  and (c) show diffraction pat terns of PbS de- 
posited on Cd- and S-surfaces of (002) planes and on 
(110) planes of CdS crystals, respectively. 

From the analysis of the diffraction patterns,  the 
films were found to be cubic and epitaxial  with CdS 
lattices. When PbS films were deposited on the (002) 

Fig. la (top). Electron diffraction patterns of PbS film, deposited 
on Cd-surface of (002) plane of CdS, Fig. lb (bottom). deposited 
on S-surface of (002) plane of CdS. 
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Fig. lc. Deposited on (110) plane of CdS 

planes of CdS, the films grew paral lel  to their  (111) 
planes. Better  crystals were obtained when grown on 
the S-surfaces of (002) planes than  on the Cd-surfaces 
of the same plane. When PbS films were prepared on 
the (110) planes of CdS, the films grew parallel  to 
their  (220) planes. In  this case the spots of the dif- 
fraction pat terns are so distinct that  the films are con- 
sidered to be in  near ly  perfect or ientat ion [Fig. 1 (c)].  

The electron microscope photographs of these, three 
kinds of PbS films are shown in Fig. 2 (a),  (b),  and 
(c). It  is clear that  the surfaces of the films reflect the 
etching pat terns  of the CdS crystals. 

Electrical and Photoelectrical Properties 
The heterojunct ions showed clear rectifying char-  

acteristics and marked photovoltaic effects. We have 
measured these properties at room temperature.  Rep- 
resentat ive examples of V-I  characteristics are shown 
in Fig. 3 (a) and (b).  Figure 3 (a) shows the charac- 
teristics for (002) planes of semiconducting CdS crys- 
tal as the substrates, and Fig. 3(b)  shows that  of 
photoconductive CdS crystals. 

The max imum values of the open circuit voltage and 
short circuit cur rent  are shown in Table I for various 
planes of CdS. The rectifying characteristics of the 
cells cannot be related in  general  to the photovoltaic 
effect of the cells. The spectral sensit ivity of the 
photovoltaic effect is shown in Fig. 4, in which the 
output  voltage was normalized with respect to the 
incident  energy. The spectral sensit ivi ty has a con- 
spicuous peak at the absorption edge of CdS. In addi- 
t'ion to this peak, there is another  low and flat region 
extending toward longer wavelengths up to 1~. 

The photoconductive spectrum of a CdS crystal  is 
shown in Fig. 5. It has a sharp max imum near  the ab-  
sorption edge and a long tail  toward longer wave-  
length. 

Fig. 2a. Electron microscope photograph of PbS film, deposited 
an Cd-surface of (002) plane of CdS. 

Fig. 2b (top). Deposited on S-surface of (002) plane of CdS, (c, 
bottom) Deposited on (110) plane of CdS. 

The junct ion capacitance and bias dependence were 
measured for the heterojunct ions between semicon- 
ductive CdS and PbS. The measurements  were carried 
out at the frequency of 1 MHz, and the Q value was 
larger than 10. The zero-bias capacitance ranged be-  
tween 10 to 30 n F / c m  2. The relat ion between the j unc -  
t ion capacitance and bias voltage is given in Fig. 6. 
The two lines are the results of two different samples 
obtained on the same wafer. The inverse square of 
the capacitance was found to be in l inear  relat ion with 
applied voltage. From the lines in Fig. 6 the diffusion 
voltage of 0.4V was obtained. The diffusion voltage 
changed only slightly for different samples, but  the 
slopes of the line differed considerably. 

Discussion 
PbS films deposited on amorphous substrates do not 

show noticeable orientations. But  is has been known 
that  they have epitaxial  relations with such substrates 
as NaC1 or Ge, which have the same or similar crystal 
s t ructure as PbS (5-7). The present  exper iments  have 
clearly shown that  the PbS films are epitaxially ori- 
ented with respect to the hexagonal  CdS lattice. The 
cubic (111) planes of PbS are paral lel  to the hexag-  
onal (002) planes of CdS and the (220) planes of the 
former are parallel  to the (110) planes of CdS. 

In  Fig. 7 (a) and (b) the ar rangements  of cations 
(or anions) of CdS and PbS are shown with respect to 
the (002) planes of CdS and (111) planes of PbS. The 
two crystal lattices closely resemble each other. The 

Table h The relation between orientation of CdS, PbS film and 
maximum output of photavoltages 

C d S  orientat ion (002) Cd (002)S (110) 
P b S  orientat ion (111) (111) (220) 
Open ci rcui t  vol tage  (V) 0.2 0.4 0.2 
Short  circui t  cu r ren t  (mA/crn2) 0.02 0.04 0.2 
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misfit between two neighboring cations is 1.2%. Figure 
8 (a),  (b), and (c) show ionic a r rangements  of cations 
and anions on the (110) plane of CdS and (220) plane 
of PbS. Two kinds of planes are laid so that  the [001] 
axis of CdS agrees with the [111] axis of PbS. From 
Fig. 8(c) it can be shown that  the misfit between CdS 
and PbS lattices is very small  in  the direction per-  
pendicular  to the [111] direction of PbS and the misfit 
is considerably larger along the [111] direction of PbS. 
But, if we take a large un i t  cell as shown in the figure, 
the two lattices almost coincide. The misfit in  neigh-  
boring cations (or anions) is 1.2% for the smallest 
interionic distance and 1.6% for the largest one. The 
misfit in cat ion-anion distance amounts  to as much as 
18%. 

The orientations of the PbS films agree with those 
which are expected from crystallographic considera- 
tions. The similari ty in atomic a r rangement  and the 
smaller  misfit indicate that  the (111) planes of PbS 
and (002) planes of CdS are likely to have a bet ter  
epitaxia] relat ion than another  combination. Actually,  
however, the combinat ion of (220) planes of PbS and 
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(110) planes of CdS shows much better  epitaxial  
growth. 

The interface between PbS and CdS shows marked 
photovoltaic effect and rectifying characteristics. These 
phenomena can be interpreted as the result  of the 
formation of p - n  heterojunctions.  But the heterojunc-  
tions obtained so far are not ideal. The "n" value ob- 
tained from the forward characteristics is considerably 
larger than 1 to 2, which is expected in an ideal diode. 
Clear rectifying characteristics are not always ob- 
served, par t icular ly  when photoconductive CdS crys- 
tals are used as substrates. 

The heterojunct ions show a photovoltaic effect under  
i rradiat ion of visible and infrared light. The max imum 
output  voltage is about the same order of magni tude  
as is observed in CdS solar cell. But the conversion 
efficiency so far obtained is considerable lower than 
that  of the solar cell (1). This is p resumably  due to a 
lower conductivi ty of PbS compared with that  of Cu.,S 
and the lack of long wavelength sensit ivi ty of the 
CdS used in the experiments.  The spectral sensit ivi ty 
of the photovoltaic effects has a prominent  peak near  
the absorption edge of CdS. The photovoltaic effect is 
almost exclusively due to intr insic excitation of CdS 
and only par t ia l ly  due to PbS and extrinsic levels of 
CdS. 

From the voltage dependence of the junct ion capaci- 
tance the junct ion seemed to be an abrupt  junction.  
In  Fig. 9 a schematic energy band diagram of the 
heterojunct ion on the semiconductive CdS is shown 
which was obtained according to a simple model (8). 
The interface states and intermediate  levels were not 
taken into consideration. The position of the Fermi  
levels was calculated using suitable assumptions. The 
greater part  of the diffusion voltage seemed to be sup-  
ported on the CdS side because of difference in carrier 
concentrat ions and in band gaps (10 TM cm -3 for CdS 

v•---A ~ v~ Eo 

. . . .  

o,+ Vo== Va. 0,4 volts 1 ~4oV V ~, 

NA : IdTc~ 

Fig. 8b. (220') Plane of PbS Fig. 9. Schematic energy band diagram of the heterojunction 



Vol. 116, No. 7 CdS-PbS HETEROJUNCTIONS 993 

and 101~ cm-~ for PbS; in the la t ter  case mobil i ty  was 
assumed to be lower than 1O cm2/V-sec).  The mea-  
sured junct ion  capacitance was considerably smaller 
than that  expected from the carrier concentrat ion and 
the diffusion voltage. The thickness of the depletion 
layer obtained from zero-bias capacitance was 0.3-1~. 
The donor concentrat ion was calculated to be less than  
6.1015 cm -3, which was considerably lower than that  
obtained from specific resistivity. So far there is no 
satisfactory explanat ion for this difference nor  for 
the relat ively large change in slopes of the lines in 
Fig. 6. 

The energy band diagram showed the presence of 
large energy discontinuities at conduction and valence 
bands. For this reason the t ransfer  of free electrons 
from PbS to CdS seemed less probable as well  as the 
t ransfer  of free holes in the same direction. 

In conclusion the oriented growth of chemically de- 
posited PbS films on CdS crystals was confirmed 
and their  crystallographic relations were elucidated. 
The heterojunct ion between n-CdS and p -PbS  showed 
a marked photovoltaic effect. The schematic energy 
band diagram was obtained from the results of capaci- 
tance measurements.  
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Gallium Phosphide Double-Epitaxial Diodes 
I. Ladany 

RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

The external  quan tum efficiency of red EL emission in GaP diodes is 
studied as a funct ion of doping in the p layer. A standardized procedure is 
used, consisting of l iquid phase epitaxial  growth of an n layer, followed by 
similar growth of the p layer. It is found that  efficiencies up to 1.4% result  
from optimizing the Zn and O additions to the p melt, but  that  efficiencies as 
high as 3.4% can be obtained if the p melts are compensated by the addit ion 
of Te. Arguments  are presented showing that  a residual  donor, probably sul- 
fur, accounts for compensation effects in diodes made by an earlier process. 
Some other factors which may influence the efficiency are also discussed. 

The highest efficiency so far reported for GaP red-  
emit t ing diodes was obtained by liquid phase epitaxial  
(LPE) growth of a Te doped layer  onto a solution 
grown (SG) platelet doped with Zn and O. By follow- 
ing the growth with a heat t reatment ,  Logan et al. (1) 
obtained efficiencies on the order of 2% at room tem- 
perature.  In  fabricating diodes in this way, we en-  
countered considerable variat ions between platelets 
from the same growth run  and large differences in E1 
efficiencies of the final diodes. We have, therefore, 
investigated a method of fabrication consisting of suc- 
cessive growth of n and p layers by l iquid phase 
epitaxy. An  advantage of such a scheme is that  the 
diode properties are less dependent  on the substrate, 
so that  similar results might  be obtained for substrates 
obtained by various methods, such as vapor phase 
growth, Czochralski growth, or solution growth. All  
the work reported in this paper used epitaxial  growth 
on SG platelets, however, and it is for this type of sub-  
strate that our conclusion apply directly. 

Although our main  concern is the double-epi taxial  
diode, that  is a diode obtained by successive growth of 
two LPE layers, we shall be comparing the results to 
the high efficiency single-epitaxial  diode ment ioned 
above. The s ingle-epi taxial  diode we call a class I 
diode, and although we believe that  our class I diodes 
compare to those made at other laboratories, the 
reader should bear in mind  that  all the data to be pre-  
sented have been obtained on uni ts  made here. The 
double-epi taxial  diode will  be referred to as a class II 
diode. 

An  obvious difficulty in the formation of both p and 
n layers by LPE is the volat i l i ty of the dopants. One 
at tempt  to solve the doping problem involved the 
addition of zinc to the gas flow from a separately 
heated source, and the addit ion of gal l ium oxide to the 
melt, but  gave only moderate efficiency, about one 
fourth of that  ment ioned earlier (2). Recently a 
method was described in which the melt  is tipped onto 
the substrate inside a sealed quartz ampoule, which 
largely prevents  the escape of dopants (3). Never-  
theless, reported efficiencies were again below earlier 
values, thus hardly  just i fying the added complication. 

In  the present  paper we describe a simpler method 
of p layer growth and discuss some properties of the 
resu l tan t  diodes. We also report  on compensation 
effects in the p layer and their  influence on efficiency. 
We begin, however, with a brief review of our effi- 
ciency measurement .  

Determination of Efficiency 
A vexing question in all  work of this kind is the 

rel iabi l i ty  of efficiency measurements .  After  a certain 
amount  of experience gained using al ternate  methods, 
we have found the following to be most useful for 
room tempera ture  measurements .  

The GaP chip to be measured is clamped between 
small  pressure contacts and placed in  a box l ined with 
6 Hoffman N220CG-10L solar cells. The ratio of short 
circuit current  of the cells connected in paral lel  to the 
current  flowing in the diode is a lower l imit  to the effi- 
ciency. This value would be the t rue  efficiency if the 
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solar cells were 100% efficient, and if 100% of the 
emitted light were collected. One may improve on this 
estimate without  doing any calibration by noting that  
solar cell efficiencies general ly run  between 70% and 
80%, and one may evaluate the collection efficiency 
by determining the portion of the solid angle not 
intercepted by solar cells. The estimate so arrived at 
is not far from the actual mult ipl icat ion factor we use, 
equal to 1.3, which was obtained by measur ing a diode 
in this box and in a calibrated integrat ing sphere. 

The measured efficiency as described above is higher 
than the efficiency of the same chip after alloyed ohmic 
contacts have been applied. That  this is due to absorp- 
tion in the contact and not degradation can be seen 
from the recovery of the original efficiency if the con- 
tacts are removed by etching. This is, of course, con- 
sistent with l ight absorption in the contact as recently 
discussed by Bergh (4). If the alloy contact area 
is kept small, and the chip is coated with a t rans-  
parent  higher index material ,  the original efficiency 
is again recovered. Measurements  on chips using pres-  
sure contacts therefore provide a good indication 
of what  can be obtained from the same mater ial  in a 
careful ly made diode. Nevertheless, the values later 
given in Table II were obtained from mounted  diodes 
with alloyed ohmic contacts and a plastic or wax 
coating. 

Determination of Optimum Doping 

The Zn and O concentrat ion required to maximize 
the photoluminescence efficiency of SG platelets is 
known (5); because of s imilar i ty  of SG and LPE it 
might  equal ly  well apply to LPE growth. We do not 
expect this to be so, however,  since the impur i ty  segre- 
gation coefficients for epitaxial  growth are quite differ- 
ent from those applying to platelet  growth. Fur the r -  
more, platelet  growth is carried out in a sealed cru-  
cible, whereas, in the interest  of simplicity, we wish 
to use the s tandard open tube method (6). The loss of 
dopants under  these conditions is not  easily predicted, 
especially in the case of oxygen whose behavior in a 
melt  is largely unknown.  

To gain some idea of the loss of zinc and oxygen 
in LPE of class II diodes, we carried out p re l iminary  
tests using the following procedure: 

We grow a Te doped layer onto a SG platelet using 
the opt imum Te doping (7) and follow this without 
lapping, with the growth of the Zn and O doped p 
layer. Doping is accomplished by adding to the melt  
suitable quanti t ies  of one or another  of the dopants 
Zn, Te, ZnO, and Ga203. 

The furnace is identical  to the one first described 
by Nelson (6). Forming  gas flows over a carbon outer  
crucible, which is provided with a vitreous carbon 
liner. Tipping temperatures  are in the 1050~176 
range, and the cooling rate varies between 20~ 
at the start of growth, and 1O~ toward the end_ 
About  50 ~m of mater ia l  is grown dur ing  one LPE run. 

After  the second layer is grown, the SG substrate is 
lapped off, the wafer cleaved into chips, and the effi- 
ciency measured. 

If only zinc is added to a fresh melt  ( typically 
composed of Ga and GaP in the ratio of 10: 1) we ob- 
ta in  very weak red emission. In  the next  use of the 
same melt, addition of oxygen alone in the P melt  
gives quite good efficiencies; this shows that  enough 
zinc has remained in the melt  from the previous run.  
If on the next  r u n  we add only zinc, the efficiency 
again drops to very small  values, which indicates an 
almost complete loss of oxygen in the previous run.  
These observations are summarized in Table I. 

Numerous runs  with different additions were made 
in order to determine the joint  dopant  quant i ty  which 
will  ma in ta in  a high efficiency in repeated use of the 
same melt. The value obtained is 0.2 a/o (atomic per 
cent) for zinc, and 0.4 a/o for oxygen, which gives 
efficiencies ranging from 1 to 1.5%. 

Table I. Efficiency for either O or Zn addition 

R u n  NO. A d d i t i o n s ,  a / o  Efficiency,  ~,~ 

1 Z inc  0.6 0.1 
2 O x y g e n  0.19 0.6-0.8 
3 Z inc  0.15 ~0 .1  

Spontaneous Junctions 
A noticeable difference between the s t ructure  of the 

p- layers  grown by LPE and by SG is the occurrence 
of spontaneous junctions.  During the growth of the 
p- layer  by LPE, we usual ly  obtain another junction,  
sometimes so close to the surface as to be hardly  
noticeable, but  usual ly several microns below it. A 
typical  photomicrograph is shown in Fig. 1, which 
i l lustrates the various junct ions and layers involved. 

We remove this extra  junct ion  by lapping or etching, 
as it might  interfere  with the ohmic contact to the p 
layer. In agreement  with earlier reports (8), we never  
observe in terna l  junct ions in SG platelets doped with 
Zn and O. The implication of the occurrence of spon- 
taneous junct ions  is discussed in  a later section. 

Compensation of the P Melt 
Using the previously de termined opt imum doping, 

we have made a number  of runs  in which various 
amounts  of the donor te l lur ium were added to the P 
melts. Experience with n layer  growth has shown very 
li t t le Te loss dur ing  a r un  and we therefore assume 
that  a single addition specifies the Te concentrat ion for 
all subsequent  runs  using that  melt.  

Diodes made from such material ,  which we call class 
III  diodes, can show remarkab ly  high efficiencies (Fig. 
2). The scatter in efficiencies is however much greater  
than in uncompensated material.  The spontaneous 
]unction in the P layer is moved in deeper but  in a 
somewhat random way, as shown in Fig. 3 where we 
plot the distance between the spontaneous and the 
optically active ]unction vs. the te l lur ium concentra-  
tion in the melt. 

Heat Treatment 
Heat t rea tment  has been shown to produce improve-  

ments  in class I diodes (1). All  of the class III  diodes 
discussed have been given a heat t r ea tment  at 600~ 
(9), whereas class II diodes received none. Unfor tu -  
nately, we found the effect of heat t rea tment  to be 
uncertain.  Thus, some class I and II diodes could be 
improved thereby but  some could not, whereas some 
class III diodes did not change on heat t rea tment  and 
others did. 

Comparisons of the Three Diode Classes 
Although no careful studies of the electrical prop- 

erties of these diodes were made, l imited measure-  
ments  of the C-V, I-V, and L-I  characteristics showed 
no clear differences between the three classes. The 
dependence of the total light in tensi ty  on bias has the 
form exp (eV/nkT)  with n ~ 1, whereas the current  
dependence on bias is of the same form with n = 1.7. 
Thus radiat ive recombinat ion proceeds outside the 
space charge region (or at shallow centers within i t) ,  
whereas a good part  of the current  recombines in 

Fig. I. Delineation of junctions occurring in double epitaxial 
growth on p-type SG substrates. The total thickness of the wafer 
is 0.19 mm. 
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ous junction in u group of wafers grown from compensated melts. 

the space charge region. This is not much different 
from previous findings for GaP diodes (10). 

There is an indication, however, that the in terna l  ab-  
sorption in these diodes is related to the presence of 
the compensating donor on the p side of the junction.  
A convenient,  if crude way of showing this connection 
is to measure the efficiency of a chip before and after 
coating it with a bead of glycol phthalate  (n ~ 1.57), 
which reduces the optical mismatch to free space. In  
Fig. 4 we show results of such determinations,  each 
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Fig. 4. Effect of coating a GaP chip with a higher index trans- 
parent wax. Each point represents a chip from a different wafer. 
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point  represent ing a chip from a different wafer. It  
can be seen that  class II diodes general ly  show no 
improvement  on coating, which can be taken as in-  
dicating very little absorption (11). Class I and III  
diodes, on the other hand, show a modest increase in 
efficiency. 

As ment ioned before, epitaxial  layers usual ly have 
a spontaneous junct ion near  the end of growth, even 
if no donors are added to the melt. SG platelets 
grown from similar melts, however, do not yield in-  
t e rna l  junctions.  This can be understood by consider-  
ing the dis tr ibut ion coefficients for the two processes. 
In  general,  one expects impurit ies with large distri-  
but ion  coefficients such as sulfur, selenium, or tel-  
lu r ium (12), to be present  in heavier  concentrat ions 
when  the growth rate is slower. Impuri t ies  with dis- 
t r ibut ion coefficients less than  1, such as zinc, on the 
other hand require  a fast growth rate in order to be 
incorporated into the crystal in concentrat ions higher 
than  allowed by the equi l ibr ium distr ibut ion coeffi- 
cient. Since our LPE proceeds with a higher cooling 
rate initially, and a lower cooling rate near  the end 
of growth, we expect to incorporate high concentra-  
tions of zinc in the early par t  of growth and higher 
concentrat ions of donors in the later stages. We thus 
see that  pn junct ions could arise dur ing LPE, and we 
also expect a reduced donor concentration,  i.e., re-  
duced compensation, in the first par t  of the LPE layer. 

In  the case of SG on the other hand, very  fast 
growth from a supersaturated melt  implies more 
near ly  uniform doping to concentrat ions equal to those 
in the melt. (The lack of deep junct ions  often found by 
others may be due to the very  high pur i ty  of current ly  
available start ing material,  and the fast cooling rate 
used in our furnace) .  We therefore expect SG pla te-  
lets to be evenly compensated with residual  donors. 

In  Fig. 5 we have sketched a possible doping profile 
for class I and class II diodes. The left port ion of each 
figure is the substrate (class I) o r  the LPE n layer 
(class II) ,  and the LPE layer which defines the junc-  
tion is on the right. Zinc diffusion dur ing growth shifts 
the junct ion  into the n layer  but  does so to a some- 
what  shorter distance for class II diodes since both 
dopants reach their  maxima at the boundary.  

In  the case of class II diodes we have some evidence 
for locating the junct ion  very close to the meta l lurg i -  
cal boundary.  In  a careful search for traces revealed 
by etching we have seen a faint l ine somewhat under  
1 ~m away on the p side of the junction.  The junct ion  
displacement is thus less than  the expected location 
of the red emission, which may be as much as sev- 
eral  microns away in the p layer  (13). Radiative re-  
combinat ion in these diodes therefore occurs in the 
uncompensated p layer. In  class I diodes, recombina-  
tion will  occur par t ly  in the n layer  compensated by  
the zinc diffusion, and par t ly  in the p layer compen- 
sated by residual  donors (7). 

We review the three types of diodes in Table II. 
The main  a rgument  presented is that  compensation is 
required in order to achieve the highest external  effi- 

z ~ 

o 
z 

JUNCTION 

~ L A S S  I 

JUNCTION ~ LASS 11" 

DISTANCE ALONG JUNCTION NORMAL 

Fig. 5. Sketch of the impurity profile near the junction for two 
types of diodes discussed in the text. 
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Table II. Comparison of the three diode classes 

Class I I I  I I I  

Fabrication n-LPE on p-LPE on p-LPE on 
p-SG n-LPE n-LPE 

Compensation By residual Little if any Deliberate 
donors 

Internal absorption Yes No Yes 
M a x i m u m  efficiency 2% 1.4 c/~ 3.4% 

ciencies for Zn-O doped diodes. In  addit ion,  we find a 
difference in the  in te rna l  absorpt ion  coefficient con- 
nected wi th  the  compensat ion.  This is of considerable  
prac t ica l  impor tance  because class I I  diodes cannot  be 
improved  by  index matching.  If  be t te r  high index 
coatings become avai lable ,  class II1 diodes can be im-  
proved  a great  dea l  more.  In  o rder  to a r r ive  at  an 
es t imate  of the  u l t imate  l imit ,  we  have de te rmined  the  
in te rna l  efficiency by  observing the  change in ex te rna l  
efficiency when  the diode is sur rounded  by  l iquids of 
different  re f rac t ive  indices (11). Our  best  es t imate  for 
the ra t io  of in te rna l  to ex te rna l  efficiency is 3, and the 
m a x i m u m  in te rna l  efficiency for class I I I  diodes is 
therefore  about  10%. 

Discussion 
Mass spect rometr ic  analyses  car r ied  out at  this l ab-  

o ra to ry  1 have  shown the  presence of sulfur  and silicon 
in most of our GaP mater ia l .  I t  is also found tha t  they  
are  difficult to r emove  by  fu r the r  recrys ta l l iza t ion  of 
GaP from high pur i ty  gall ium. As regards  the  choice 
be tween the two, Hal l  measurements  and EL spect ra  
bo th  suggest  sulfur  as the most  ] ike ly  donor presen t  
in class I diodes. We have made  some runs  using sul-  
fur  ins tead of te l lur ium,  for compensat ion in class HI  
diodes, and  we have  also fabr ica ted  some diodes wi th  
sulfur  as the  n l ayer  dopant  as wel l  as the  compen-  
sat ing donor. In  both cases resul ts  were  s imilar  to 
those obta ined  wi th  te l lur ium,  wi th  s imi lar  high effi- 
ciencies. Sul fur  is, however ,  exceedingly  difficult to 
control  (its d is t r ibut ion  coefficient is ~44) .  Since the  
effects of sulfur  thus  a re  not  d is t inguishable  f rom those 
of te l lur ium,  we have a r eady  explana t ion  for the  poor  
corre la t ion be tween t e l lu r ium addi t ion and efficiency. 
I t  mus t  also be supposed tha t  fo rming  gas contains  not  
only  sulfur,  but  hydrocarbons  as well ,  which in t ro-  
duce carbon acceptor  levels in GaP (14). Uptake  of 
these  impur i t ies  f rom the  forming  gas can easi ly shift  
the spontaneous junct ion in a r andom way  from run  
to run. 

As mentioned earlier, class Ill diodes received a 
heat treatment, whereas class II diodes did not. In a 
number of cases, class III diodes gave high efficiencies 
without the heat treatment and did not improve very 
much afterward. Also, class II diodes generally did not 
improve by the same heat treatment. A few exceptions 
to this behavior were also noted, but in view of what 
has been said ear l ie r  about  sulfur,  i t  is difficult to ex-  
clude the  poss ibi l i ty  of acc identa l  sulfur  compensa-  
tion. In  most  cases, however ,  hea t  t r ea tmen t  for  30 rain 
at  600~ was  effective for  class I I I  diodes, but  not  for 
class I I  diodes. 

1We are  indebted to W. L. Ha r r ing ton  and E. Botnick  for the 
mass  spec t romete r  studies.  

We now raise the  quest ion whe the r  s t ruc tura l  d i f -  
ferences other  than  the difference in compensat ion  
could expla in  the  super ior i ty  of class I I I  diodes over  
class I diodes. One might  suppose that  fu r the r  r educ-  
t ion of dislocations by  the double  growth  step would  
produce  more perfect  junctions.  But  as Saul  (15) has 
recen t ly  shown, SG pla te le ts  are  l a rge ly  dislocation 
free, which makes  this supposi t ion unl ikely .  Var ia t ions  
be tween ind iv idua l  diodes f rom the  same wafer ,  on 
the  other  hand, could be due to isolated flaws p ropa -  
ga ted  from the  substrate.  

No doubt  there  a re  impur i t ies  besides those men-  
t ioned which may  influence the  Zn-O emission in GaP, 
some presen t  in the  s tar t ing ma te r i a l  and others  p icked 
up from the forming gas. Bet te r  control  over  im-  
pur i t ies  wi l l  ce r ta in ly  give improved  reproducibi l i ty ,  
and possibly  h igher  efficiency. 
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Characteristics of Fast Surface States Associated with 
SiO -Si and Si3N -SiO -Si Structures 
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ABSTRACT 

Characterist ics of fast surface states located at the SiO2-Si interface of 
thermal ly  oxidized silicon structures (MOS) and structures incorporat ing 
vapor-deposi ted  silicon ni tr ide films over  the rmal ly  oxidized silicon (MNOS) 
have been investigated. Effects of oxidation and anneal ing conditions on the 
formation or reduction of fast surface states, using MOS capaci tance-vol tage  
curves, are first discussed. The effects of silicon ni tr ide layers over  the rmal  
oxides on the electrical  propert ies of MNOS structures are next  presented, 
with emphasis being placed on the abili ty of the nitr ide to prevent  or mask 
the annihilat ion of fast states which normal ly  occurs during an anneal  in dry 
N2 at 500~176 for 2-5 min after  a luminum deposition. Such variables  as 
deposition ambient,  flow rate, high tempera ture  anneals, ni t r ide structure,  and 
reactant  type are shown to affect the masking abili ty of the nitride. These 
results, along with  special experiments,  help to confirm the postulate that  
some active species of hydrogen plays an impor tant  part  in the el iminat ion of 
fast surface states in MOS and MNOS structures. 

Silicon ni t r ide layers, when  deposited over  semi-  
conductor device structures, have  been shown to be an 
effective mask against the diffusion of impur i ty  ions 
such as sodium (1-5). Apparen t ly  the dense nature  
of the ni tr ide actual ly blocks the ion migration,  as op- 
posed to the phosphosilicate glass layers, also used 
for this purpose, which more l ikely get ter  or complex 
the sodium ions (6-7). The silicon ni tr ide layers used 
for device passivation are general ly  deposited by a 
vapor  deposition process in which NH3 is reacted with  
ei ther  Sill4 or SIC14 in the t empera tu re  range 700 ~ 
1000~ al though lower t empera tu re  processes involv-  
ing sputter ing or plasma excitat ion are also being de- 
veloped (8). 

Previous work  in this laboratory (9) and by other  
invest igators  (8) has demonstra ted that  the electr ical  
instabilit ies of the Si3N4-Si interface preclude the 
use of a silicon nitr ide layer  direct ly  on the silicon 
surface in most cases. On the other  hand, satisfactory 
results have been obtained by depositing a thin ni tr ide 
layer  over  the rmal ly  oxidized silicon (9-10). Thus, the 
advantage of the ni tr ide 's  abili ty to mask against so- 
dium migrat ion may be combined wi th  the excel lent  
Si-SiO2 interface characteristics.  

It  has been shown that  four main types of charges 
are associated with the the rmal ly  oxidized silicon 
s t ructure  (11). These are mobile impur i ty  ions, Qo; 
fixed surface charge, Qss; radiat ion induced charge, 
Not; and fast surface or interface states, N~t. Of these, 
the fast states have been most extens ively  invest igated 
but are still the least understood. However  they prob-  
ably affect many  device electr ical  characterist ics to 
the greatest  degree. Examples  of a t tempts  to bet ter  
unders tand the nature  of these states and their  effect 
on device properties,  especially meta l -ox ide  semicon- 
ductor (MOS) devices are given in ref. (12-17). 

One of the interest ing but puzzling characterist ics 
of fast surface states (located at the SiO2-Si interface)  
is that  their  density can be reduced to a re la t ive ly  low 
level  by anneal ing in an iner t  ambient  such as ni t ro-  
gen at low tempera tures  (500~176 if an active 
metal such as a luminum is present over the thermal 
oxide (18). It has also been found (9) that  this an-  
nealing or reduct ion of fast states is great ly  re ta rded  
by the presence of a silicon ni tr ide layer  between the 
meta l  field plate and the thermal  oxide. Exper iments  
involving the nature  of this phenomenon,  whereby  the 
fast state reduct ion is re ta rded  in Si~N4-SiO2-Si struc- 
tures, are summarized in this paper. Effects of the 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

nit r ide deposition process as well  as subsequent  ther -  
mal  t rea tments  are included. In order that  the results 
may be more easily interpreted,  characterist ics of fast 
state formation in the the rmal ly  oxidized silicon struc- 
ture  (without  the ni tr ide layer)  are first presented 
along with techniques for detecting and measur ing 
surface state densities in MOS structures. 

Experimental 
Czochralski silicon, sliced and lapped to 250# thick-  

ness, was obtained from the Wacker  Chemical  Com- 
pany, Los Angeles, California. Dislocation count was 
specified to be less than 100 cm -2, while  doping im- 
pur i ty  concentrat ion was about 1.5 x 10 TM cm -3. The 
silicon slices, e i ther  p-  or n - type  and (111) or (100) 
oriented, were  cleaned in organic and inorganic sol- 
vents  and chemical ly etched to 150# thickness in a 4 
HF: 10 HNO3 solution at 25~ 

The silicon slices were  the rmal ly  oxidized immedi -  
ately after  etching. The s tandard oxidation condition 
was 60 min in dry oxygen at 1200~ with  a ve ry  rapid 
cool af ter  pull ing into room ambient.  This procedure  
provided an oxide thickness of 0.20#, a Qss/q (fixed 
surface charge) value  of 2 x 1011 cm -2, and a medium 
low Nst (fast surface state densi ty) ,  i.e. ~5 x 1011 cm -2 
as oxidized. Certain samples received variat ions in the 
oxidation ambient  and cooling ra te  as wel l  as subse- 
quent  anneal ing treatments.  The oxidation and an- 
nealing apparatus was similar to that  used in previous 
work  (19-20). All  gases were  f rom high purity, l iquid 
sources. 

For those structures incorporat ing a silicon nitr ide 
layer, the oxidized silicon slices were  placed in the ap- 
propriate  ni tr ide deposition system. These systems, 
employing ei ther SiC14-NH3 or SiH4-NH3 react ing 
mixtures  and H2 or N2 carr ier  gases, were  in the form 
of horizontal,  rec tangular  cross sectional quartz  re-  
actors. Heat ing was accomplished using an R.F. gener-  
ator. The lat ter  induct ively  heated a SiC coated 
graphi te  susceptor on which the silicon substrates were  
placed. Deposition tempera tures  were  in the range 
700~176 Thicknesses of the silicon ni tr ide films 
were  general ly  in the range  500-2000A. Subsequent  
anneal ing of some of the n i t r ide-oxide  samples was 
carr ied out in ni t rogen or hydrogen at tempera tures  
in the 700~176 range. Thickness measurements  of 
both the thermal  oxide and silicon ni tr ide layers were  
carried out using mult iple  beam in te r fe romet ry  on 
mechanical ly  polished test  slices. 
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Most of the evaluations reported in this paper in-  
volved MOS (metal-oxide-semiconductor)  or MNOS 
(metal-ni t r ide-oxide-semiconductor)  capacitor struc- 
tures. For the metal  portion of these structures, high 
pur i ty  a luminum (99.9999%) dots were evaporated 
over the oxide or ni tr ide layer. A l u m i n u m  was also 
evaporated on the back side for bet ter  contact to the 
silicon. (Any dielectric layer remaining  on the back of 
the slice had previously been removed using hydro-  
fluoric acid and photoresist techniques.) After  a lumi-  
num evaporation a portion of each sample was an-  
nealed in dry ni t rogen at 550~ for 2-5 min. 

Capacitance-voltage measurements  were carried out 
using techniques and apparatus described earlier (9, 
21). The usual measurement  frequency was 100 kHz 
although other frequencies were also used. In addi- 
t ion to room tempera ture  measurements,  plots were 
made at lower temperatures,  i.e.,--196~ using encap- 
sulated devices. The na ture  of these measurements  is 
discussed later. In addition, values of surface recombi- 
nat ion velocity, so, were obtained using gate-controlled 
diode structures which have been described earlier 
(9, 22). 

M e a s u r e m e n t  of  Fast Surface States 
It will not be the purpose of this paper to determine 

or even speculate as to the source of fast surface 
states associated with thermal ly  oxidized silicon. 
Rather it should be sufficient to state that  these states 
are probably located at the SiO2-Si interface with a 
density distr ibution through the silicon band gap. This 
dis t r ibut ion may be either discrete or continuous with 
energy. However, the actual case is more likely to be 
some combinat ion of these two possibilities. Work at 
this laboratory and others (16, 23) indicates the den-  
sity of states is fairly continuous through the middle 
of the gap with peaks near  both band edges. Further ,  
since these states adversely affect many  semicon- 
ductor device properties, a m in imum density is desired, 
i.e., <10 TM cm-2. 

The presence of fast surface states may be de- 
tected in a variety of ways. The simplest way is by 
comparing an unannea led  MOS capacitance-voltage 
curve with one having a theoretical shape. If the struc- 
ture contains a relat ively large number  of fast states, 
the C-V curve will  exhibit  par t icular  distortions. These 
may be broad slope variations (indicating a cont inu-  
ous distr ibution of states) or specific breaks (indicat-  
ing single levels) or both. An example of these single 
levels is shown in Fig. 1. Here a typical C-V plot is 
shown for 2000A SiO2 (produced at 1200~ in dry 02 
and rapidly cooled) on 1.3 x 10 TM cm -s  (111) p- type 
silicon. The curve is shifted along the voltage axis to 
compensate for Q~s and CMS. Its shape, for both the 
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Fig. 1. Comparison of experimental and theoretical MOS C-V 
curves showing typical distortions in the experimental curve due 

to fast surface states (labeled @, @, @, and @ ) .  Unless 

otherwise indicated all C-V curves plotted from inversion to ac- 
cumulation voltage. [p-Type (111) silicon; CB ~- 10 TM cm-3; 
xo = 0.2~; Qs= = O, ~MS = O] 
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Fig. 2. Dependence of low frequency type C-Y curve on measure- 
ment frequency for on MOS gate-controlled diode exhibiting medium 
fast state density. [p-Type (111) silicon; CB ~ 10 TM c m - 3 ;  
Xo = 0.2,u.] 

high (H.F.) and low (L.F.) frequency cases, is com- 
pared with a curve represent ing no fast surface states, 

i.e., theory. The distortion labeled @ is a result  of 

the density of states near  the valence band, that  

@ is more related to states near  the midgap, labeled 

or the intrinsic level, and that labeled @ is due to 

states between the intr insic level and the conduction 
band. The width of the low frequency type C-V curve 

at its midpoint  is labeled @ .  The broadening of this 

curve is a result  of the states nearest  the conduction 
band. 

The distortions shown in the C-V plot in Fig. 1 might  
be confused with nonuni form charge densities often 
found with contaminated structures. However it has 
been found through thousands of dr if t - free MOS runs 
that the distortions due to fast states are real and re-  
producible for a given process condition. 

Some interest ing observations have been made con- 
cerning the fast states as indicated in the C-V plot of 
Fig. 1. First, the amount  of the voltage distort ion la- 

beled (~),  hereafter  called the (~ ) - s t a t e  voltage, is 

always proport ional  to the @ - s t a t e  voltage I at a 

given frequency. As the frequency is changed, the 

(~)-s ta te  characteristics change as indicated in Fig. 2. 

This effect can be a t t r ibuted to the t ime constant  
required to charge and discharge the states which 
prevents  these states from following the a-c signal as 

frequency increases. The @ - s t a t e  voltage does not 

appear to vary  as greatly with frequency. 
Second, the number  of fast states obtained in  a 

thermal ly  oxidized silicon structure can be varied over 
a wide range depending on the moisture content  of 
the ambient  used in the final high tempera ture  t rea t -  
ment,  i.e., >600~ As reported by other investigators 
(16, 17), if the oxidized silicon is cooled from a dry 
ambient,  i.e., N2 or 02, a high density of fast states 
will  result. If the cooling ambient  contains water  (or 
hydrogen) the fast state density wil l  be greatly re-  

duced as indicated by the @ -  or C~-s ta te  voltage. 

A third observation is that  certain device charac- 
teristics have been correlated with the states indicated 

in  Fig. 1. For instance, the @ F s t a t e  is related to noise 

in MOS transistors (24). Further ,  the amount  of 

1 The low f r e q u e n c y  t ype  C-V c u r v e  can bes t  be o b t a i n e d  by  us -  
i ng  the  g a t e - c o n t r o l l e d  d iode  s t r u c t u r e  shown  in  the  i n s e r t  of Fig.  
2. Here,  a d i f fused  reg ion ,  e x t e n d i n g  in to  the  edge  of the  MOS capac-  
i tor,  of i m p u r i t y  type  oppos i te  to  t h a t  of the  s i l i con  b u l k  supp l i e s  
e n o u g h  m i n o r i t y  ca r r i e r s  to p r o v i d e  the  low f r e q u e n c y  t ype  C-V 
curve .  If  the  sur face  of p - t y p e  s i l icon is i n v e r t e d  by  a l a rge  pos i -  
t i ve  sur face  charge ,  low f r e q u e n c y  type  C-V cu rves  m a y  also be 
o b t a i n e d  for  MOS capaci tors ,  due  to e lec t rons  a v a i l a b l e  f r o m  the  
a d j a c e n t  i n v e r s i o n  layer .  
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-state thus noise can be increased by distortion and 

large negative fields (24, 25). The ( ~ ) -  and (~)-states,  

which are undoubtedly  the same as those reported by 
Gray and Brown (16) to be near  the band  edges, affect 
t u rn -on  voltages, of MOS transistors. Surface recom- 
binat ion velocity, which is related to transistor  gain, 
wil l  be shown later in this paper to be correlated with 
several of the fast surface states. It should be noted 
that similar C-V curve distortions indicat ing fast sur-  
face states are found for n - type  silicon. 

Gray and Brown (16, 26) have reported that  fast 
surface state densities may be more readily observed 
using low tempera ture  (--196~ C-V plots. As the 
tempera ture  decreases, the Fermi  level moves toward 
the band edge. Thus, the distortion in the C-V plot due 
to fast states near  the valence band in p- type  silicon 
becomes more pronounced at the low temperaure,  re-  
sult ing in  a ledge or plateau in  the C-V plot. The n u m -  
ber of volts over which this ledge extends can be an 
indication, or relat ive measure, of fast state density. 
This effect is shown in Fig. 3. The larger the number  of 
fast states, the fur ther  displaced the flatband voltage 
and the greater the ledge voltage. A considerable 
amount  of hysteresis and other effects can occur dur -  
ing this low tempera ture  plotting, bu t  reproducible 
results of the type shown in Fig. 3 can be obtained if 
the structure is cooled under  positive bias and plotted 
from positive (inversion) to negative (accumulation) 
bias. For n- type  silicon the si tuation is just  the op- 
posite. It  can be noted in Fig. 3 that  the capacitance 
min imum of the low tempera ture  plot is higher at the 
right side of the ledge than the room tempera ture  
value. This occurs once the voltage sweep is started, 
although it does not occur in static measurements.  
The phenomenon,  which is not present  in gate-con- 
trolled diodes or where a sufficient supply of minor i ty  
carriers is present, is not  completely understood but  
does not affect the fast state measurement .  

The low tempera ture  effect for gate-controlled 
diodes, where low frequency type C-V curves are 
obtained, is similar to the capacitors described above. 
An example is shown in Fig. 4 for such a s tructure 
having a medium number  of fast states under  the gate 
region. Included in the figure are the effects obtained 
for different conditions of voltage sweep direction and 
i l luminat ion.  Note that  if the plot is made from the 
accumulat ion side (--  bias), nonequi l ib r ium depletion 
characteristics prevent  the measurement  of the fast 
state ledge. Thus, as is also the case for capacitors, low 
temperature  plots must  be made from inversion to ac- 
cumulation.  For this plot  direction the sweep rate has 
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Fig. 3. Example of room temperature (25~ and low tempera- 
ture ( - -196~ C-V curves for an /riDS capacitor exhibiting medi- 
um-low fast state density. Thermal oxide was prepared in dry 
02 at 1200~ with rapid cool. Also shown is theoretical C-V curve 
for same structure with no fast states. [Silicon type, orientation 
and doping as well as oxide thickness same as Fig. 2 for Fig. :]-8.] 
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Fig. 4. Effect of plotting conditions on - -196  ~ and 25~ C-V 
plots for an MOS gate-controlled diode with medium fast state 
density. 

not been found to affect the ledge or fast state mea-  
surement.  

Note from Fig. 4 that the effective inversion point  
has been shifted to the right or more positive voltage 
at --196~ Also the capacitance m i n i m u m  is that  pre-  
dicted by theory at this temperature,  i.e., slightly 
lower than  at 25~ It should be kept in mind  that  for 
low frequency type C-V plots as obtained with gate- 

controlled diodes the room tempera ture  Q - s t a t e  volt-  

age is as good a way to measure  fast state density. 
However, this s t ructure is more difficult to prepare  and 
under  many  conditions the low tempera ture  plots 
using MOS capacitors are preferred. 

The change of the C-V characteristic shape with 
temperature  is demonstrated in Fig. 5. Here a gate- 
controlled diode s t ructure  was cooled to--196~ The 
C-V plot was made and the device allowed to slowly 
warm to room temperature.  At various t ime intervals  
addit ional C-V plots were made, thus providing a 
series at different temperatures.  The change in ap- 

~ ) - s t a t e  voltage as well  as the shift in in-  parent  

version voltage can be noted. 

A n n e a l i n g  of  Fast  S u r f a c e  Sta tes  
In  earlier work in this laboratory (21) it  was found 

that fast surface state densities were reduced to a level 
below the MOS C-V method detection point (<5  x 1010 
cm -2) dur ing the heat t rea tment  used to insure back 
side ohmic contact of a luminum to the silicon. This 
heat t rea tment  is in the temperature  range 500~176 

i t i i i ' i , 

1.0- C f  0.9 - ~ ~  - 
C o c 

| INCREASING 
0 . 6 ~  TEMPERATURE 

L t t I -3o -ao -Io b ,'o 20 
V G , volts 

Fig. 5. Change of C-V curve shape with temperature for an MOS 
gate-controlled diode with medium fast state density. 
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Fig. 6. Effect of post-aluminum anneal on low frequency type 
C-V curve for an MOS capacitor exhibiting medium fast state 
density. Lower portion of figure indicates proposed model for the 
annihilation of fast states by a hydrogen species produced by an 
AI-H20 reaction. 

for 2-5 min  in dry nitrogen. Coincidentally, a l uminum 
field plates are also on the oxide dur ing  this alloying 
step. Balk reported this fast state anneal ing effect 
(18) and proposed that  dur ing the heat t rea tment  the 
a luminum reacts with minute  amounts  of water  on 
the oxide surface to release a hydrogen species. This 
hydrogen migrates rapidly to the Si-SiO2 interface 
and annihi la tes  the fast surface states. Balk's earlier 
work added support to this model through hydrogen 
anneal ing experiments  where a similar fast state an -  
neal ing effect was noted (27). 

This anneal ing effect when  a luminum is present  over 
the oxide is demonstrated in Fig. 6. In  the upper  par t  
of the figure MOS C-V curves of gate-control led diode 
structures are shown before and after a 550~ heat 
t rea tment  for 2 min  in dry N2. Init ial ly,  a 0.2# oxide 

s tructure resulted in a Q - s t a t e  voltage of near ly  

20V at 100 kHz. After  the anneal,  the theoretical 
curve shape is approached. If the a luminum were not 
present over the oxide, anneal ing  for hundreds  of 
hours in dry N2 would be required to obtain this low 
n u m b e r  of fast states. 

The lower part  of Fig. 6 represents Balk's proposed 
mechanism for the anneal ing  step. Here some hydrogen 
species is released to el iminate the fast states at the 
interface. 

The effectiveness of the anneal ing step discussed 
above for minimizing fast state densities in thermal ly  
oxidized silicon structures is indicated in Fig. 7. Here, 
room tempera ture  C-V plots are shown for both low 
and high Qss ~ oxides on p- and n - type  silicon at  100 
kHz. Corresponding C-V plots taken at --196~ and 
100 kHz as well  as data obtained at 25~ and 100 MHz 
are included. Either of these two measurement  con- 
ditions should be a sensitive indication of fast states. 
As observed, the fast state density is less than 5 x 1010 
cm -2. Also, there is no dependence on the value of 
fixed surface charge Qss. 

A more practical example of the fast state anneal ing 
effect is shown in Fig. 8. Current -vol tage  plots are 
given for an MOS n-channe l  t ransistor  before and 
after anneal ing at 550~ with the a luminum field 
plates present  on the oxide. The plots are included for 
three temperatures:  25~ and --196~ Before an- 
neal ing the device t u r n - o n  or threshold voltage is 

~The relationships between N=t (fast surface states) and O~s 
(fixed surface charge) are not discussed in this paper. While their 
dependence on oxidation temperature and silicon orientation are 
probably similar, the de~si~Ty 03 each can be illdependentty varied. 
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Fig. 7. Example of effectiveness of post-aluminum anneal on 
reducing fast state density in thermally oxidized silicon. C-V plots 
taken over wide frequency and temperature ranges on p-type and 
n-type silicon indicate less than 10 lo cm - 2  fast state density for 
low Qss (upper curves) and high Qss (lower curves) MOS capacitors. 
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Fig. 8. Effect ot temperature on turn-on voltage for an MOS 
transistor exhibiting a large fast state density before and after 
post-aluminum anneal. Note the lack of temperature dependence 
after the anneal. Also shown are the corresponding 25~ C-V 
plots. 

above 70V, even at room temperature.  As the tem-  
perature  decreases this threshold voltage increases as 
predicted by Fig. 5 and also reported by Brown and 
Gray (26). After  anneal ing there is no appreciable 
tempera ture  effect on threshold voltage. Corresponding 
C-V plots are included in Fig. 8. 

Ef fect  of  Si l icon N i t r i d e  Fi lms on the  
A n n e a l i n g  of Fast  States 

General ef]ect.--It was reported previously that  a 
silicon ni tr ide layer over thermal ly  oxidized silicon 
can prevent  or re tard  the reduction of the fast sur-  
face state density which normal ly  occurs when  a lumi-  
n u m  is present over the oxide dur ing a low tempera-  
ture  (550~ anneal ing t rea tment  (9). This masking 
effect was first noted when  the distortions of the 
MNOS C-V curves (at t r ibuted to fast states) were not 
e l iminated dur ing  the 550~ annea l  (see Fig. 6A). The 
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Table I. Value of VFB and (~)-state voltage for MNOS capacitors* 

(After low temperature, post-aluminum nitrogen anneal) 

-- 196~ 
~.A)-state voltage 

Silicon V~'B (V) "-I (V) 

p - T y p e  (111) - -4 .0  10.0 
p - T y p e  (100) --1.7 2.5 
n - T y p e  (111) --4.3 10.0 

Table II. Relative values of fast surface states for MNOS 
gate-controlled diode structures* as a function of nitride 

deposition carrier ambient 
(After low temperature, post-aluminum nitrogen anneal) 

D i e l e c t r i c  

Surface 
(~o196~ ~ , 5 ~  R e c o m -  

- s t a t e  - s t a t e  b i n a t i o n  
l t a g e  v o l t a g e  v e l o c i t y ,  

(V) (V) so ( c m / s e c )  

* D i e l e c t r i c  t h i c k n e s s :  0.1~ Si8N4/0.2~ SiO2. 
O x i d a t i o n  c o n d i t i o n s :  D r y  C~, 1200~ 
N i t r i d e  d e p o s i t i o n  c o n d i t i o n s :  SiC14-NI-~-H2, 800~ 
P o s t a l u m i n u m  a n n e a l  c o n d i t i o n s :  Ns, 550~ 2 m i n .  
S i l i con :  Ca  = 1 • 1016 c m  -3. 

T h e r m a l  o x i d e  
S i l i con  n i t r i d e  ( H 2 ) / t h e r m a l  o x i d e  
S i l i con  n i t r i d e  ( N 2 ) / t h e r m a l  o x i d e  
S i l i con  n i t r i d e  (5% I - I2 ) / the rmal  o x i d e  

0.2 3.1 (0.1) 1-5 
7 7 (4) 5-10 

200 120 (117) 250 
50 N o t  N o t  

m e a s u r e d  m e a s u r e d  

presence of the fast states (located at the SiO2-Si 
interface) in these double-dielectric structures was 
confirmed by low tempera ture  C-V plots. 

Typical values of the --196~ ( ~ - s t a t e  voltage for 

structures incorporat ing 0.1# SiC14-NH3-type silicon 
ni t r ide layers deposited at 800~ over 0.2# thermal  
oxides are listed in Table I. These values, as well  as 
fiatband voltages VFB were obtained after the con- 
vent ional  550~ 5-min heat t rea tment  with a luminum 
field plates present  over the dielectric. This anneal ing  
treatment ,  as ment ioned earlier, results in a --196~ 

(~) -s ta te  voltage for a thermal  oxide O f  less than 0.2V 

of equal thickness but  with no ni t r ide layer. The data 
of Table I indicate that  the fast state masking effect 
due to the ni t r ide layer  is the same for p - type  and 
n- type  silicon. Fur thermore,  the resul t ing fast state 
density for (100) silicon is less than  that  for (111) 
by a factor of one-third,  which agrees with data pre-  
viously reported by Gray and Brown (16). 

Addit ional  experiments  were carried out involving 
the effect on fast state anneal ing by silicon ni tr ide 
films of vary ing  thicknesses in MNOS gate-controlled 
diode structures. These thicknesses were 200, 400, 700, 
and 900A. The reduct ion of the fast states due to 10 
min  pos t -a luminum anneal  at 550~ was prevented 
in all cases except for the 200A ni t r ide film. It is not 
clear whether  this th in  film permit ted the reduction 
effect through the bu lk  of the ni t r ide or whether  p in-  
holes were responsible. 

Carrier ambient . - -Hydrogen was the carrier  gas 
used for the ni t r ide depositions whose results are sum- 
marized in Table I. If this ambient  is changed from 
hydrogen to nitrogen, then an effect on resul t ing fast 
state density is obtained which is similar to that pre-  
viously found for thermal  oxides. In  other words, a 
much higher fast state density results for the ni t rogen 
carrier ambient.  A typical  example of this large in-  
crease in fast state density is shown in Fig. 9, where a 
--196~ C-V plot is compared with that  obtained at 
room tempera ture  for a 0.1~ SIC14 silicon nitride/0.2~ 
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* S a m e  p r o c e s s  c o n d i t i o n s  as  f o r  T a b l e  I.  
S i l i con  t y p e :  p - t y p e ,  (111), CB = 1 • 1016 c m  -3. 

thermal  oxide MNOS capacitor. It was also found that 
if a small  percentage of hydrogen (i.e., 5%) is in-  
cluded in  the n i t rogen carrier ambient,  an in te rmedi -  
ate value for the fast state density will  be obtained. 

Data typifying the above findings using gate-con- 
trolled diode structures are summarized in  Table II, 

where  values of --196~ (~) - s ta te  voltages, (~)-s ta te  

voltages, and surface recombinat ion velocity are listed. 

In  the case of the (~) -s ta te  voltages, the theoretical 

width of the C-V curves is subtracted, leaving the ex- 
cess value due to fast states in parentheses. The table 
provides an indicat ion of the very  good correlation 

among ( ~  -state and Q - s t a t e  voltages and So. 

Subsequent  high temperature annealing t rea tment . - -  
Samples of the same depositions listed in Table I were 
subjected to an addit ional  anneal ing t rea tment  in n i -  
trogen at 1000~ for 15 min  prior to metallization. 

Values of flatband voltage and --196~ ( ~ - s t a t e  vol t-  

ages (obtained after the pos t -a luminum,  550~ n i t ro-  
gen anneal)  are given in  Table 11L These results in -  
dicate the large increase in fast state density due to 
this ni t rogen t rea tment  and demonstrate  the abil i ty of 
the ni t r ide layer to prevent  pos t -a luminum reduct ion 
of the fast states. It should be kept in mind  that  simi- 
lar processing of thermal  oxide structures alone will  

result  in (~) -s ta te  voltages of less than 0.2V after 

pos t -a luminum anneal,  even though very  high fast 
state densities result  after the 1000~ t rea tment  in 
nitrogen. 

Other experiments  involved t rea tment  of MNOS 
structures in  100% hydrogen at 700~176 for 30 
min, the structures having previously been deposited 
using a ni t rogen carrier  ambient.  The very  high den-  
sity of fast states resul t ing from the deposition process 
was apparent ly  reduced by the hydrogen to the same 
value obtained using hydrogen as the  carrier  ambient  

dur ing deposition, i.e., an ( ~ - s t a t e  voltage of 7-10V 

for (111) silicon. 

Table III. Values of VFB and (~-state voltage for MNOS 

capacitors* 
(After t000~ nitrogen anneal and subsequent low temperature 

post-aluminum nitrogen anneal) 

p - T y p e  (111) --5.5 200 
p - T y p e  (10O) --2.3 25 
n - T y p e  ( 1 i l )  --6.1 200 

. . . . . .  .r. -- 

* S a m e  s a m p l e s  a n d  p r o c e s s  c o n d i t i o n s  as  f o r  T a b l e  I e x c e p t  fo r  
15 ra in ,  s l o w - p u l l  a n n e a l  in  N2 a t  1000~ a f t e r  n i t r i d e  depos i t i on .  

- 1 5 0  t t i -,oo -~0 o 5o l~o ,~o 
VG, volts 

Fig. 9. Room temperatul'e and low temperature (--196~ C-V 
plats showing large fast state density induced by postnitride 
deposition, high tempe~-ature anneal in N2 for 0 . I /L  S i s N 4 / 0 . 2 p .  
Si0~ MNOS capacitor. Note that the post-aluminum anneal does 
not annihilate these fast states. 

_ 196oc 
- s t a t e  voltage 

Silicon VFB (V) (V) 
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Table IV. Similarity in effects on @-sta te  voltage of MNOS 

capacitors* due to deposition carrier ambient as compared to 
subsequent anneal in the same ambient at the same temperature 

- -196~  
N i t r i d e  ( S i C h - N H s )  A n n e a l  a m b i e n t  A ~ - s t a t e  v o l t a g e  

c a r r i e r  a m b i e n t  (700~176 (V) 

H2 - -  7-10 
N2 150-200 
N.~ ~ 7-10 
H2 Ne 150-200 

5% H~ ] 
95% N~ J" ~ 25-50 

* S a m e  p r o c e s s  c o n d i t i o n s  as  f o r  T a b l e  I. 
Sil icon t y p e :  p - t y p e ,  (111), CB = 1 x 10za cm-8. 

The similari ty between the results due to the carrier 
ambient  and subsequent  aneal ing t reatments  is sum- 
marized in  Table IV. Ranges in values are tabula ted 
for a n u m b e r  of depositions and samples. It is apparent  
that for the conditions of these exper iments  involving 
SiCI4-NH3 nitrides, hydrogen results in  medium- low 
values of fast state densities while ni t rogen gives high 
densities, either dur ing  the deposition or subsequent  
anneals. The ni t r ide layer does not permit  these states 
to be annealed or annihi la ted by the pos t -a luminum 
t rea tment  in any case. 

It was also shown that  when high densities of fast 
states were produced in  SisN4/SiO2/Si structures in -  
corporating SiH4-NH3 nitrides, these states also could 
not be annealed by the post a luminum 550~ t reat -  
ment. The na ture  of differences due to the SiI-I4 deposi- 
tion process will be discussed later. 

Structure  variations in silicon ni tr ide.--Changes in 
the s t ructure  of the silicon ni tr ide film might  be ex- 
pected to affect its abil i ty to mask against the fast 
state annealing.  It  has been reported that  several dep- 
osition variables such as temperature,  reactant  com- 
positions, and  flow rates can result  in ni t r ide films of 
varying structure or composition (8). These differ- 
ences can in tu rn  be reflected by variat ions in etch 
rates. 

Effects of film composition or s t ructure on fast state 
density are presented in Table V, where three different 
deposition temperatures  resulted in varying  etch rates 
(in concentrated HF) and varying  fast state densities 
after the pos t -a luminum anneal.  For the depositions 
used to prepare the structures reported in Table V, 
flow and reactant  composition conditions were ma in -  
tained constant. 

Another  way to change the silicon ni tr ide s tructure 
is to vary  total flow rate, i.e., the slower the flow rate, 
the faster the etch rate. Exper iments  were carried out 
in which fast state densities of n i t r ide / the rmal  oxide 
structures were determined as a function of etch rate, 
the la t ter  varied by flow rate  changes. Results of these 
experiments,  for SIC14 nitr ides deposited at 900~ are 
given in Fig. 10. The correlation between etch rate and 
fast state density is readily apparent,  and results cor- 
relate very  closely with the values listed in Table V. 
Thus, the relationship between fast state density and 
silicon ni t r ide  s tructure (indicated by etch rate) is 
clearly established. 

Table V. Dependence of (~)-state voltage of MNOS capacitors* 

on nitride etch rate and deposition temperature 

E t c h  r a t e  ~ --196oc 
D e p o s i t i o n  (conc.  I-IF) W - s t a t e  v o l t a g e  

t e m p e r a t u r e  (~ (A/ sec )  (V) 

760 20 3-4 
800-850 12 6-9 

900 4 10-14 

* S a m e  p r o c e s s  c o n d i t i o n s  as  f o r  T a b l e  I.  
S i l i con  t y p e :  p - t y p e ,  (111), C~ = 1 x 10 ~6 e m  -3. 
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Fig. 10. Relationship of fast state (low temperature (~-state 

voltage) density after post-aluminum anneal to Si3N4 etch rate for 
MNOS capacitors. 

Silicon nitride t ype  (SIC14 vs. SiH4).--Most of the 
results reported thus far have been concerned with 
silicon ni tr ide films deposited using the SiC14-NH3 
reaction. While these nitr ides prevent  the post -a lumi-  
num anneal ing  of fast states, they cause a m i n imum 
amount  of polarization in the MNOS structure  either 
as deposited or after 300~ stress tests. 

Differences have been noted, however, for sili- 
con ni t r ide  films deposited using the SiH4-NH3 reac-  
tion as compared with the SiC14-NH3 reaction. While 
similar etch rates in concentrated HF are observed 
(1 to 10 A/sec) ,  very  low fast state densities are ob- 
served for the silane ni t r ide structures even before 
the pos t -a luminum anneal.  These low values are ob- 
tained whether  the deposition carrier ambient  is n i t ro-  
gen or hydrogen and over a wide tempera ture  range. 
If  these structures are given a subsequent  high tem- 
perature  anneal  in nitrogen, large fast state densities 
are obtained as is the case for SIC14 nitrides. 

The silane nitrides also cause much more polariza- 
tion (9) in the MNOS structures both before and after 
300~ stress tests. Examples of differences in fast state 
densities and polarization for the two ni tr ide types are 
shown in Fig. 11. The C-V curves for the Sill4 ni tr ides 
are of the low frequency type due to inversion of the 
surrounding silicon for the examples shown. This in -  

Sill4 -TYPE NITRIDE 
J 

C 

-196~ ~ /  

l, 
V 

SiCI4 -TYPE NITRIDE 
C A 

' ~  25~ 

-196~ "~ " ~  

V" 

(A) DIFFERENCE IN FAST STATE DENSITY 

V 

(B) DIFFERENCE 

C ~ 

~ -25v4~  

== 
V 

IN POLARIZATION 

Fig. 11. Difference in electrical characteristics after post-alumi- 
num anneal of MNOS capacitors incorporating either SiCI4 or 
Sill4 type silicon nitride layers. 
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version is prevented in the SIC14 ni tr ide samples by 
the fast states. 

Fast State Annea l ing  Mechanism 
The results reported thus far concerning the abil i ty 

of certain silicon nitr ide films deposited over thermal  
oxides to prevent  reduction of fast state densities at 
the SiO2-Si interface generate some interest ing ques- 
tions. The first is: How does the silicon ni t r ide film 
prevent  the fast state anneal ing? In  fact, what  is the 
mechanism of pos t -a luminum anneal ing of fast states 
in thermal  oxides? 

If we accept Balk's proposed mechanism (18) that  
the fast state reduct ion in oxides occurs by the action 
of a hydrogen species produced by the reaction of the 
metal,  i.e., a luminum,  with water  on the oxide surface, 
then two possibilities exist for the ni t r ide  case: Either  
the ni t r ide surface prevents  the Al -wa te r  reaction, or 
the ni t r ide prevents  the migrat ion of the hydrogen 
species to the SiO2-Si interface where the fast states 
are located. The following exper iment  was conducted 
to establish the more l ikely possibility. MIS capacitors 
were fabricated which included four different combi- 
nat ions of dielectrics. As shown in Fig. 12, they were: 
I. SigN4 only, II. SigN4 over thermal  SIO2, III. vapor-  
deposited SiO2 over SigN4 over the rmal  SiO2, and  IV. 
vapor-deposited SiO2 over thermal  SIO2. All  ni tr ides 
were deposited using the SiC14-NH3-H2 reaction. The 
silicon in all  cases was p- type  (111) and a luminum 
field plates were deposited on each structure.  After  
the 550~ ni t rogen treatment ,  C-V plots were obtained 
at 25 ~ and --196~ and are indicated in Fig. 12. Note 
that  for the Si3N4-only structure,  the high surface 
charge associated with the ni t r ide-si l icon interface 
results in  a low frequency type C-V curve. 

If the ni t r ide merely  prevents  some surface reaction 
with the a luminum,  then  structure No. III  of Fig. 12 
with vapor deposited oxide should allow this reaction 
to occur and the fast states should be annihi la ted  as 
happens in s t ructure  No. IV (no ni t r ide) .  However, 
this did not occur. Thus we assume, as is indicated in 
the figure, that  the hydrogen species is produced by 
the react ion of a luminum and possibly water, and that  
the dense SigN4 (structures I, II, III)  blocks the hydro-  
gen migrat ion as it also blocks Na + ion migrat ion 
at temperatures  up to 550~ At higher temperatures  
(70O~176 some amount  of hydrogen can pene-  
t rate  the ni t r ide (28), thus resul t ing in a decrease of 
fast states (see Table IV).  

STRUCTURE C-V PLOT 

i AI ..~,~.~ =, 25oC 
Si3N4 7 volts \ ; ~  

I Si 196~ 

L Si3N4 S ~ "  
11" Si02 ,__. 

^ : g : = ~l 

A further  indication that  Balk's model of a metal -  
water  reaction is responsible for fast state anneal ing 
was obtained from the results of comparing the effect 
of a number  of metals used as field plates over thermal  
oxides. The over-al l  t rend for the same postmetall iza- 
tion t rea tment  (550~ 2 rain, N2) was that  the more 
active metals such as a luminum and magnesium re-  
sulted in very low fast state densities, while the less 
active metals  such as gold and p la t inum permit ted 
very little reduction of fast state densities. 

Another  question posed by these results concerns 
the difference between silicon nitrides produced by 
SIC14 or Sill4. While the Sill4 n i t r ide  structures over 
thermal  oxides exhibit  much lower fast state densities 
as deposited than SIC14 nitrides, very large densities of 
fast states can be induced by subsequent  high tem- 
perature  anneal ing of both ni t r ide types in nitrogen. 
These fast states cannot be annihi la ted by pos t -a lumi-  
num annealing.  Thus, the s t ructural  aspects of the 
two types of nitr ides are considered similar, with the 
probable cause of fast state variat ions as well  as 
differences in amount  of polarization being due to the 
reactants SIC]4 and Sill4. 

The main  difference between Sill4 and SiCl4 is the 
hydrogen. However, both processes can involve hy-  
drogen as a carrier gas. Thus, this indicates tha t  a 
special form of hydrogen, i.e., active or atomic, is 
produced in the Sill4 reaction and this is what  is re-  
quired for fast state reduction. An  exper iment  was 
designed to test out the active or atomic hydrogen 
theory. Special MNOS structures incorporat ing a 
SiCl4 ni t r ide were prepared using pal ladium field 
plates. These structures, along with nonmetal l ized 
controls, were treated in hydrogen at 8O0~ for 5 min. 
A l u m i n u m  was then  deposited over the pal ladium for 
bet ter  contact and -196~ C-V plots were obtained. 
Results indicating relat ive values of fast state densities 
as well  as amount  of polarization are tabula ted in 
Table VI. 

It is well  known that  molecular  hydrogen wil l  dis- 
associate into an atomic species on a pal ladium surface 
at elevated temperatures  (29). This atomic hydrogen 
will  then diffuse through the pal ladium if the hydro-  
gen pressure is reduced on the other side. This is the 
basis for one type of hydrogen purifier. The results 
given in Table VI are remarkable  in that  the higher 
fast state density and low polarization of the SiC14- 
type silicon n i t r ide / the rmal  oxide s tructure has been 
converted to the SiH4-type silicon n i t r ide / the rmal  
oxide s tructure exhibi t ing no fast states but  consider- 
ably more polarization. Apparen t ly  at 800~ the atomic 
species of hydrogen produced by a reaction with 
pal ladium diffused through the silicon ni t r ide layer 
and into the silicon oxide. Here this species is free to 
annihi la te  the fast states at the SiO2-Si interface, but  
at the same t ime can migrate  back and forth in  the 
oxide (30, 31). These results thus lead to the conclu- 
sion that  the electrical difference between the two 
types of nitrides might  be explained on the basis of 
atomic or active hydrogen produced by the SiH4-NHa 

]E 

AI 
V-D SiO 2 

u ! Si3N4 
Si02 

Table VI. Effect of palladium field plate and 800~ hydrogen 
anneal on electrlca] properties of MNOS capacitors* 

, ~  -- 196oc 
P a l l a d i u m  H y d r o g e n  A ~ - s t a t e  v o l t a g e  P o l a r i z a t i o n  
f ie ld  p l a t e  a n n e a l  (V) AV (V) 

V-D SiO 2 

1~ Si02 0 , 

Fig. 12. Results of experiment designed to determine mechanism 
for nitride masking of fast state annihilation during post-aluminum 
anneal. Conclusion is that the silicon nitride layer prevents migra- 
tion of a hydrogen species to the fast states. 

No No 5-6 <0 .2  
No Yes 5 <0 .2  
Yes No 4-5 <0 .2  
Yes Yes <0 .2  7.5 

* N i t r i d e  d e p o s i t i o n  cond i t i ons :  SiCh-NHs-H2,  800~ 
Die lec t r i c  t h i c k n e s s :  0.1/~ Si3N4/0.2/L SiOe. 
H y d r o g e n  a n n e a l  cond i t i ons :  800~ S rain.  
F i n a l  m e t a l l i z a t i o n :  a l u m i n u m  field p la tes  ove r  p a l l a d i u m  o r  

n i t r ide .  
P o s t m e t a l l i z a t i o n  a n n e a l  cond i t i ons :  N~, 550~ 3 ra in .  
Tes t  fo r  p o l a r i z a t i o n :  300~ •  2 ra in .  
S i l i c o n  t y p e :  P- type ,  (111), CB = 1 X 10 ~ cm-~. 



1004 J. EIectrochem. Soc.: S O L I D  S T A T E  S C I E N C E  J u l y  1969 

reaction.  This type  of hydrogen,  not  present  to any 
ex ten t  in the  SiC14-NH8 process, reduces  the  number  
of fast  states but  causes polar izat ion in the  n i t r i de /  
oxide s tructure.  I t  was in teres t ing  to note tha t  the  
m ed ium- low  dens i ty  of fast  s tates  in t he rma l  oxide 
controls  (no field pla tes)  was not  reduced  by  the hy -  
drogen annea l ing  at  800~ 

The above exper imen t  involving pa l l ad ium field 
plates  and hydrogen  was also car r ied  out at  550~ At  
this t empe ra tu r e  no changes in e lect r ica l  cha rac te r -  
istics of the  SiC14-type n i t r i de /ox ide  s t ruc ture  oc- 
curred.  This was undoub ted ly  due to the  inabi l i ty  of 
any  hydrogen  species to diffuse th rough  the n i t r ide  
layer  and is in agreement  wi th  the  main  finding of this  
paper ,  e.g., fast  s ta tes  a re  not  ann ih i la ted  dur ing  the  
550~ pos tmeta l l iza t ion  anneal  process in Si3N4/SiOe 
structures.  

Conclusions 
The character is t ics  of fast  surface states associated 

with  t he rma l ly  oxidized silicon s t ructures  have been 
s tudied using the MOS capac i tance-vo l tage  method of 
analysis  along wi th  other  device measurements .  P roc -  
ess condit ions for induct ion and annih i la t ion  of fast  
states have  been established.  Whi le  the  ini t ia l  fast  
state dens i ty  of the rmal  oxides may  be re la ted  to the  
fixed charge Qss, the  presence or absence of a hyd ro -  
gen-conta in ing  species dur ing  the cooling process or 
subsequent  t he rma l  t r ea tmen t s  m a y  de te rmine  the 
final fast s ta te  density.  I f  a hydrogen  species is p res -  
ent, a low fast  s ta te  dens i ty  results.  Fur the rmore ,  the  
common low t e m p e r a t u r e  (550~ pos t - a luminum an-  
nea l  has also been shown to be ve ry  effective in r e -  
ducing fast  s ta te  densi t ies  to low levels in t he rma l  
oxide s t ructures .  

Thin, silicon n i t r ide  layers  have been shown to p re -  
vent  or r e t a rd  the annihi la t ion  of fast  states in unde r -  
lying, t he rma l ly  oxidized sil icon dur ing  the post-  
a luminum anneal ing  t rea tment .  The fol lowing effects 
of process var ia t ions  on this phenomenon have been 
noted. 

1. The masking  or  r e t a rda t ion  of the  fast  s ta te  an-  
n ihi la t ion in SisN4/SiO2/Si s t ructures  due to the  silicon 
n i t r ide  layer  is not  dependent  on silicon impur i ty  type,  
concentrat ion,  or sil icon orientat ion.  Ni t r ide  layers  
th icker  than  200A are  effective in r e t a rd ing  fast s tate 
reduct ion.  

2. The final dens i ty  of fast states is a function of the  
car r ie r  and cooling ambien t  dur ing  silicon n i t r ide  
deposi t ion where  SIC14 is the  reactant .  A n i t rogen am-  
b ient  wi l l  resu l t  in a la rge  fast  s tate density,  h y d r o -  
gen in a med ium- low  density.  

3. Postdeposi t ion anneal ing  t r ea tmen t s  at  700 ~ 
1000~ in n i t rogen wil l  induce large  densit ies  of fast 
states in MNOS s t ructures  which wil l  not  be reduced  
by  the pos t - a luminum anneal  t rea tment .  A subsequent  
high t empera tu re  anneal  in hydrogen  at 700~176 of 
a SiaN4/SiO2/Si s t ruc ture  wi th  a high fast  s tate den-  
s i ty  wi l l  reduce this  va lue  back  to tha t  or ig ina l ly  ob-  
ta ined  in SiC14-NH~-type deposi t ion involving a hy -  
drogen  ca r r i e r  ambient .  

4. The s t ruc ture  of the  silicon n i t r ide  layer  as re -  
flected by  its etch ra te  v~ill influence its ab i l i ty  to 
mask  against  fast  s ta te  annihi lat ion.  The fas ter  the 
etch r a t e  in concent ra ted  HF, the  less effective the  
masking.  Deposi t ion var iables  (such as reac tan t  com- 
positions, flow rates,  and t empera tu re )  which  affect 
n i t r ide  s t ruc ture  also affect the  fast  s ta te  masking  
proper ty .  

5. The type  of ni tr ide,  SIC14 or Sill4, has a ve ry  
impor tan t  effect on the  fast  s tate densities.  Ni t r ides  
produced by  the SiC14-NH3-H2 react ion resul t  in me-  
d ium- low fast s ta te  densi t ies  (5-10 x 1011 cm-2 ) .  
Those ni t r ides  produced  by  the SiH4-NHz-H2 reaction, 
on the  other  hand, provide  ve ry  low fast s tate den-  
sities (<2  x 1010 cm -2) bu t  do cause significant po-  
lariZation. Nei ther  t ype  of n i t r ide  permi t s  fast  states 
induced by  pos t -depos i t ion  anneals  to be subsequent ly  
annih i la ted  by  pos t - a luminum t rea tments .  

F rom the above results,  it  is be l ieved tha t  for t he r -  
m a l l y  oxidized sil icon MOS s t ructures  some type  of 
hydrogen  species is p roduced  dur ing  postmeta l l iza t ion 
anneals  at 500~176 by  the react ion of the  field p la te  
metal ,  i.e., aluminum,  wi th  wa te r  adsorbed  on the 
oxide  surface. This hydrogen  then  migra tes  to the  
SiO2-Si in ter face  where  it somehow annihi la tes  the  
fast states. Sil icon n i t r ide  layers  deposi ted over  the  
the rmal  oxide  re ta rd  this  hydrogen  migrat ion,  how-  
ever, and any fast states r emain ing  af te r  the  n i t r ide  
deposi t ion or subsequent  high t empe ra tu r e  anneal ing 
t r ea tments  a re  not ann ih i la ted  by  the post  me ta l l i za -  
t ion anneal.  A s imi lar  hydrogen  species is produced 
dur ing  the deposi t ion of s i l ane - type  ni t r ides  which, at 
the  t empera tu re s  of deposit ion,  can mig ra t e  th rough  
the n i t r ide  layer .  This causes a reduct ion  in fast  s tate 
density,  but  also resul ts  in a po la r i za t ion- type  of in-  
s tabi l i ty.  
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Thermal Diffusion of Sodium in Silicon 
Nitride Shielded Silicon Oxide Films 

T. E. Burgess, J. C. Baum, 1 F. M. Fowkes, .2 R. Holmstrom, ~ and G. A. Shirn* 
Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

The abil i ty of silicon ni t r ide layers deposited on silicOn oxide-passivated 
silicon to act as contaminat ion barr iers  has been measured through the use of 
a radioisotope, sodium-22. Transport  studies at 500~ have shown that  the 
concentrat ion of sodium reaching the silicon oxide-silicon interface was re-  
duced one thousandfold when a 1000A shield of silicon ni t r ide was present. 
These ni t r ide films which may be deposited by any one of several techniques 
act not only as mechanical  barr iers  against sodium penetrat ion,  but  also as 
sodium getters. The amount  of sodium reta ined by the silicon ni t r ide film 
depends mainly  on the film deposition temperature.  For example, silicon ni -  
tride films deposited at 850~ trap more sodium than those deposited at 
ll00~ The presence of moisture in the ambient  atmosphere during any an-  
neal ing process of a silicon ni tr ide shielded silicon oxide film will  release 
some of the sOdium trapped in the ni t r ide layer  and allow it to move to the 
silicon oxide-silicon interface. 

With the change to plastic packages for silicon 
transistors and microcircuits, silicon dioxide passivated 
surfaces are more subject than  ever before to degra-  
dation of insulat ing properties by mobile charges aris-  
ing from the incursion of moisture and sodium or 
similar impurities. Junct ions are softer, gain decreases, 
and near ly  all MOS transistor  characteristics are de- 
graded (1-3). One potential  remedy for these ills is 
to shield the passivating oxide from moisture and so- 
dium by covering it with an impermeable  shielding 
layer of silicon nitride, which can be deposited by a 
variety of techniques (4-6). The effectiveness of sili- 
con ni tr ide shields has been assessed and compared by 
measur ing the amount  of thermal  diffusion of sodium- 
22 through silicon ni tr ide shielded silicon oxide films. 
As will  be shown, the amount  of sodium enter ing the 
passivating oxide from the ni t r ide shield is not pro- 
portional to the concentrat ion of sodium in the ni -  
tride, so simple diffusion studies in ni t r ide films (7) 
do not necessarily predict their relat ive effectiveness 
as contaminat ion shields. This method consists of the 
deposition of a measured amount  of sodium-22 chloride 
solution on the surface of the film followed by in-  
diffusion of the sodium for 2 hr at 500~ The sodium- 
22 concentrat ion profile in the film is used as a mea-  
sure of the shielding abil i ty of the film. 

Experimental 
Silicon wafers cut from (100) or (111) single crys- 

tal mater ial  were oxidized in dry oxygen at 1150~ to 
produce 2000A silicon oxide films. The 1000A silicon 
ni tr ide films were deposited on this silicon oxide layer  
by either a pyrolytic chemical vapor deposition 
(PCVD) (3, 4) or by a RF-react ive sputter ing tech- 
nique (6). The PCVD films were prepared in 1:10, 
1: 100, or 1:200 s i lane-ammonia  mixtures  with the sub-  
strafe tempera ture  at 850 ~ 1000 ~ or ll00~ The car-  

* Elect rochemical  Society Act ive  Member .  
1 Presen t  address :  Pr ince ton  Univers i ty ,  Pr ince ton ,  New Jersey .  
2 Presen t  address :  Chemis t ry  Depar tmen t ,  Leh igh  Univers i ty ,  

Beth lehem,  Penhsy lvah ia .  
~Presen t  address :  Intel  Corporation,  Mounta in  View, California.  

rier gas in all cases was hydrogen. The RF sputtered 
silicon nitr ide films were deposited by reactive sput-  
ter ing of a silicon target  in a ni t rogen atmosphere. 

A carr ier-free  sodium-22 chloride solution which 
contained about 0.03 mc / ml  of sodium-22 was used for 
the indiffusion. The specific activity of such a solu- 
t ion was around 5 x 1010 Na a toms /coun t /minu te  in 
the NaI wel l - type  scinti l lation detector used in this 
work. This solution was added drop-wise from a 
dropping pipet to the surface of the sample film and 
dried at 90~ for 15 min. It was not necessary to cover 
the entire surface of the film with an even dis tr ibut ion 
of the radiotracer in this type exper iment  since com- 
parisons were made between similarly indiffUsed sam- 
ples. However, it was impor tant  that  the same amount  
of sodium-22 was deposited on each surface. Five drops 
(approx. 0.25 mi d  of the sodium-22 chloride solution 
gave a significant activity in most films after diffusion, 
and this amount  of the solution was easily and re-  
producibly deposited on the surface of the films. Auto-  
radiographs of indiffused samples showed that  five 
drops covered about one tenth  of the total  surface 
area of the sample. If more sensit ivity is desired, then 
addit ional  sodium-22 could be deposited on the sur-  
face; however, this increase in sodium-22 must  be 
taken into account when  comparing these samples 
with those containing smaller amounts  of the radio-  
tracer. 

After  deposition of the sodium-22 chloride On the 
surface of the film the samples Were placed on a 
quartz boat and annealed at 500~ in a flowing dry 
ni t rogen atmosphere for 2 hr. The sodium-22 contami-  
nated surface was covered dur ing the anneal ing  proc- 
ess with a clean silicon wafer to reduce the loss of 
sodium-22 by evaporation. 

Successive layers of the films were dissolved in an 
appropriate solvent after indiffusion of the radiotracer  
was completed. Concentrated hydrofluoric acid (49%) 
was used as the etchant for the PCVD silicon ni tr ide 
while  a 10:1 solution of water-hydroflU0ric acid was 
used to etch the silicon oxide. Silicon oxide films dis- 
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solve in this solution at a ra te  of about 300 A/min .  The 
solubili ty of PCVD silicon ni t r ide in  concentrated hy-  
drofluoric acid depends on the method of prepara-  
tion. The etch rate  of this f i l l  varies be twen 40 to 200 
A/ ra in  depending on the density of the film. In  order 
to obtain a sharp boundary  in  the sodium concentrat ion 
profile between the silicon ni tr ide and silicon oxide 
layers the final 400A of the silicon ni t r ide were always 
dissolved in  hot phosphoric acid. This etchant will  not 
at tack silicon dioxide appreciably, but  will  dissolve 
PCVD silicon ni tr ide at a rate of about 50 A/rain.  The 
sodium-22 content  of each etch solution was deter-  
mined directly by the well  scinti l lat ion detector. 

Results and Discussion 
These sodium t ranspor t  studies show that a 1000A 

silicon ni t r ide f i l l  effectively shields an under ly ing  
silicon oxide f i l l  against  sodium indiffusion at t em-  
peratures up to 500~ Table I shows the average value 
of sodium-22 concentrat ion found at silicon ni t r ide-  
silicon oxide and silicon oxide-silicon interfaces for 
several samples indiffused with sodium-22 at 500~ 
for 2 hr  in a dry ni t rogen atmosphere. The PCVD 
silicon nitr ides were deposited at three  different sub-  
strate temperatures  850 ~ 1000 ~ and l l00~ using 
s i lane-ammonia  gas mixtures  of 1: 10, 1: 100, or 1:200. 
The density of the silicon ni tr ide film deposited by the 
pyrolytic process depends on the substrate tempera ture  
and is greater for f i l l s  deposited at higher tempera-  
tures. The density effects the solubil i ty of these films 
with the etch rate in concentrated hydrofluoric acid 
being the slowest for the f i l l s  prepared at ll00~ The 
shielding abilities of the silicon ni t r ide films are dem- 
onstrated by comparing the sodium concentrat ion mea-  
sured at the silicon oxide-silicon interfaces. 

Since device performance is influenced by ionic 
impuri t ies  in  the oxide f i l l  near  the silicon surface, 
sodium concentrat ions in the oxide wi th in  about 300A 
of the silicon surface are most important .  If in Table I 
a comparison is made between the unshielded silicon 
oxide samples and those protected by a silicon ni tr ide 
layer, it is seen that  the presence of a n i t r ide  f i l l  
reduced the amount  of sodium-22 reaching the silicon 
oxide-silicon interfaces by as much as one thousand-  
fold. The RF-sput tered  silicon ni tr ide films did not 
give the protection against  the sodium penetra t ion 
afforded by the PCVD silicon ni t r ide films probably 
because these films were less dense than  the PCVD 
layers. 

Typical sodium-22 concentrat ion distr ibutions in the 
silicon ni t r ide-si l icon oxide films are shown in Fig. 1. 
The most str iking feature of this figure is the shielding 
abil i ty of the silicon ni t r ide f i l l  when  compared with 
the unshielded silicon oxide sodium-22 concentrat ion 
curve. Fu r the r  consideration of this figure and the 
data in  Table  I br ings out another  interest ing feature 
of the silicon ni tr ide film. In  all of the samples except 
those prepared by RF sput ter ing the sodium-22 con- 
centrat ions in  the ni t r ide films after indiffusion are 
ten  to one hundred  times larger than  the sodium-22 
concentrations in the adjacent  oxide layers. This so- 
dium distr ibut ion indicates that  silicon ni t r ide may 
act not only as a mechanical  bar r ie r  against  sodium 
penetration,  but  also as a getter for sodium. In  this 

Table I. Average values of sodium-22 concentrations at silicon 
nitride-silicon oxide and silicon oxide-silicon interfaces. Indiffusion 

at 500~ 2 hr, N2 atmosphere, 1000A Si3N4 over 2000~ SiO2 

S o d i u m - 2 2  a t o m s / c m S  Etch  r a t e  
SiaN4-SiO~ SiOs-Si  SizN4 in  

Si~N~ t y p e  i n t e r f a c e  i n t e r f ace  H F  ( A / m i n )  

P C V D  ( I : 1 0 ,  8 5 0 ~  9 .4  • 1017 4 .5  X 10  TM 2 0 0  
P C V D  ( 1 : 1 0 0 ,  8 5 0 ~  1.1 • 10 zr 7 .0  X 1 0 ~  2 0 0  
P C V D  ( 1 : 2 0 0 ,  8 5 0 ~  2 .5  • 1016 2 .4  • 10 TM 2 0 0  
P C V D  ( 1 : 1 0 0 ,  1 0 0 0 ~  2 .2  x 10 TM 3.6  X 1 0  TM 40 
P C V D  ( 1 : 1 0 0 ,  1 1 0 0 ~  4 .8  • 10  ~ 1.2 X 10 TM 40 
R F  Sputtered 2.0 x i0 a~ 3.2 x I01~ >>I000 
3000A SiOs - -  4.8 x 10 ~s - -  

July 1969 
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Fig. 1. Concentration of sodium-22 in silicon nitride shielded 
silicon oxide films after 2-hr indiffusion at 500~ in dry nitrogen. 

case it  should be possible for sodium originally present  
in the under ly ing  silicon oxide film to out-diffuse into 
the silicon ni tr ide layer  under  the conditions used for 
deposition of this f i l l .  This reaction is demonstrated 
in Fig. 2. Here, an 850~ PCVD 1:100 silicon ni t r ide 
film was deposited over a silicon oxide film which con- 
tained indiffused sodium-22. After  the deposition of the 
ni t r ide f i l l  the sodium-22 originally present  in the 
silicon oxide film was found distr ibuted throughout  the  
silicon ni tr ide-si l icon oxide layers. Measurements  
also showed that  the sodium concentrat ion was at least 
tenfold larger in the silicon ni t r ide layer. 

The results indicate that  silicon ni t r ide films act as 
both getters for sodium and physical barr iers  against 
sodium penetrat ion.  These characteristics are s trongly 
influenced by the method of preparation.  Al though the 
physical characteristics of all the silicon ni t r ide films 
were almost identical, the f i l l s  produced at the higher 
temperatures  were more dense and prohibited sodium 
penetra t ion by  acting as simple mechanical  barriers.  
However, as Table I and Fig. 1 show; the sodium 

jO 18 

I0 Iz 

8 

i0 t6 

iO 15 

AIRI,I----- Si3N 4 

' I r - -  

r J 
1000A o 2 0 0 0 A  0 
�9 19 SiO e D~Si 

Fig. 2. Gettering of sodium-22 by pyrolytic CVD (100-1) silicon 
nitride deposited at 850~ on sodium-22 contaminated silicon 
oxide. 
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concentrat ion at the silicon ni tr ide-si l icon oxide in ter -  
face was lower in the higher tempera ture  PCVD 
films, and these films were not as active sodium get- 
ters. In  fact, the RF sputtered silicon ni t r ide film 
which had the lowest densi ty of all  films listed in 
Table I and was deposited at the lowest temperature  
seemed to be the best sodium getter. Although this film 
retained a large concentrat ion of sodium, considerable 
amounts  of this ion managed to penetrate  the low 
density silicon ni tr ide layer. The sodium-22 profiles 
observed in all the silicon ni tr ide films are probably 
related to the s t ructural  defects (vacancies) and their 
abil i ty to immobilize sodium ions by an electron t rap-  
ping mechanism. A similar sodium mechanism is re-  
ported for silicon oxide films (10). 

The diffusion of sodium in silicon oxide films is 
strongly influenced by the presence of water  (8). 
Water  neutral izes the E'I centers, associated with oxy-  
gen vacancies in SiO2 (9), that  tend to trap electrons 
and immobilize sodium (10). Figure  3 shows that  in 
the presence of water  the sodium has less of a t en-  
dency to be trapped in the bu lk  oxide and is more 
concentrated next  to the silicon. The presence of water  
vapor in the anneal ing  atmosphere was also found to 
have a considerable effect on the sodium concentra-  
t ion profile in silicon ni t r ide-shielded silicon oxide 
films. Sodium concentrat ions at the silicon oxide-sil i-  
con interfaces were increased a t  the expense of the 
sodium levels at the air-si l icon oxide or air-si l icon 
ni tr ide interfaces. Figures 4 and 5 compare the dis- 
t r ibut ion of sodium-22 in the films after anneal ing  
sodium-22 indiffused films in either dry or wet  n i t ro-  
gen. For these measurements  samples containing these 
films were indiffused with sodium-22 for 2 hr at 500~ 
in  a dry ni t rogen atmosphere. Each wafer  was cut in 
half  and one half was annealed for two hours at 500oc 
in dry ni t rogen while the second half was annealed 
under  the same conditions except in an atmosphere of 
ni t rogen saturated with water  (at 25~ The sodium- 
22 concentrat ion at the silicon oxide-silicon interface 
increased in all  cases when  the anneal ing was done in 
an atmosphere containing water  vapor. This shift oc- 
curred even at a tempera ture  of 200~ 

The immobil izing of sodium in  silicon ni tr ide films 
can be at t r ibuted to the presence of electron traps 
(probably ni t rogen vacancies) similar  to those found 
in silicon oxide layers. The fact that  the sodium get- 
ter ing abil i ty of these films varies inversely with the 
film deposition tempera ture  indicates that  silicon n i -  
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Fig. 3. Sodium-22 concentration profile in silicon oxide film an- 
nealed at 500~ (A) 4 hr, dry nitrogen; (B) 2 hr, dry nitrogen; (C) 
2 hr, dry nitrogen plus 2 hr wet nitrogen. 
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Fig. S. Sodium-22 concentration profile in silicon nitride shielded 
silicon oxide annealed 2 hr at 500~ in dry nitrogen plus: (A) 24 
hr, dry nitrogen; (B) 24 hr, wet nitrogen. (pyrolytic CVD (100-1) 
nitride deposited at 850~ 

t r ide layers deposited by the PCVD method at 850~ 
(or by RF sput ter ing at lower temperatures)  contain 
larger concentrat ions of these electron traps than  
those deposited at 1000 ~ or ll00~ Release of the 
t rapped sodium through the neutral izat ion of these 
electron t rapping centers by moisture would occur in 
the same manne r  as it does in the silicon oxide films, 
and would permit  the sodium to move into the under -  
lying silicon oxide film (Fig. 4 and 5). This mechanism 
suggests that  sodium penetra t ion of the silicon oxide 
layer would be more l ikely to occur under  conditions 
of high ambient  t empera ture  and humidi ty  when the 
protecting silicon ni t r ide film was a good sodium 
getter. 

Summary 
Silicon ni tr ide films deposited over silicon oxide 

layers may be used to shield the passivating oxide 
film against sodium penetrat ion.  These films, deposited 
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by a var ie ty  of techniques, act not only as sodium bar-  
riers but  also as sodium getters. The film deposition 
tempera ture  strongly influences the sodium gettering 
characteristic of the silicon ni t r ide layer. Films pyro-  
lytically deposited at the lower tempera ture  (~850~ 
are always better  sodium getters than those produced 
at 1000 ~ or ll00~ but  all the PCVD films give equal 
protection to the silicon oxide layer against sodium 
penetration.  This fact indicates that  the films produced 
at 1000 ~ or l l00~ are bet ter  mechanical  barriers than 
those prepared at 850~ 

The presence of moisture in an anneal ing atmos- 
phere causes sodium to move into the silicon oxide- 
silicon interface from the silicon nitr ide layer. This 
effect is more pronounced in systems that  contain the 
better  sodium gettering silicon ni tr ide films. Consider- 
ation must  be given for this effect for any test of 
sodium penetra t ion in either silicon oxide or silicon 
ni tr ide-si l icon oxide film systems. 

Manuscript  submit ted Jan. 16, 1969; revised m a n u -  
script received Apri l  7, 1969. This was Paper  87 
presented at the Boston Meeting, May 5-9, 1968. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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Preliminary Investigations of Reactively 
Evaporated Aluminum Oxide Films on Silicon 

E. Ferrieu and B. Pruniaux 1 

Laboratoire d'Electronique et de Technologie de l'Informatique, Centre d'Etudes Nucleaires de Grenoble, France 

ABSTRACT 

Amorphous films of a luminum oxide have been vacuum deposited on 
silicon substrates by reactive evaporation through a highly localized part ial  
pressure of water  vapor. The properties of these films, such as density, dis- 
solution rate, dielectric constant, and electrical breakdown, were deter-  
mined as a funct ion of deposition parameters.  Values of the refractive index 
and of the infrared absorption of the layers are also reported. A luminum-  
a luminum oxide-n- type  silicon structures were prepared in various deposition 
conditions and were characterized by either positive or negative values for 
flat band voltage. Pre l iminary  investigations of the stabil i ty of the structures 
under  thermal,  electrical, and radiat ion stresses are reported. Typical memory  
behavior of the MIS structure is also reported, which is assumed to be a 
consequence of a t ransfer  of charges from the semiconductor to t rapping 
levels in the insulator.  

For several years, thermal ly  grown silicon dioxide 
has been used to fabricate MOS (metal-oxide-si l icon) 
structures. However silica films are s t ructura l ly  por-  
ous and their  permeabi l i ty  toward impurit ies and ion 
migrat ion is det r imenta l  in device application (1, 2). 
Thus, it is desirable to find new amorphous dielectric 
films, and many  investigations on pyrolytic deposition 
of silicon dioxide and silicon ni tr ide on silicon and 
gall ium arsenide have been reported (3, 4); the sili- 
con dioxide-silicon ni tr ide mix ture  has also been 
studied (1). Conduction phenomena in these insulators 
are beginning to be understood theoretically (5, 6). 

The first results concerning preparat ion and prop-  
erties of a luminum oxide films were published by 
Aboaf (7), using thermal  decomposition of a luminum 
alk0xide at 420~ and by Waxman  (8) and Waxman  
and Zaininger  (9) using plasma anodized a luminum.  
Amorphous a lumina  was found to be more dense than 
silica and resulted in electrically stable structures 
under  radiat ion and thermal  stressing. The high di- 
electric constant of a lumina  (er ~ 8) allows lower 
operating voltages or thicker gate insulators than for 
SiO~ (~T --~ 4) or even SigN4 (~r --~ 6). 

1 Present  address:  Bell Telephone Laboratories,  Mur ray  Hill, New 
Jersey.  

Few results of vacuum deposition of a lumina  have 
been reported (10-12), and we have found no reference 
of its use in MIS (metal - insula tor-semiconductor)  
structures. Reactively evaporated "alumina" films, de- 
posited on glass substrates at low temperatures  
(--~ 300~ have been used as a dielectric for th in  
film capacitors (13): cr ranging from 7 to 8, dielec- 
tric strength 3 • 106 V/cm, loss tangent  3 �9 10 -8 mea-  
sured at 55 kHz. In the reactive evaporation process, 
the substrate may be main ta ined  at a low temper-  
ature. This makes the method attractive for the depo- 
sition of the insulat ing film of mul t i layered structures 
or of MIS structures on tempera ture  sensitive semi- 
conductors. This paper reports the results of p re l im-  
inary  experiments  which have been carried out in 
order to evaluate the suitabil i ty of reactively evap- 
orated a lumina  films for field effect devices. 

Experimental 
Experimental process.--(111) surfaces of n - type  

silicon, 0.5 ohm-cm resistivity, were used in the ex- 
periments.  The slices were circular, 25 mm diameter. 
Just  prior to deposition of the a lumina  films, the sili- 
con wafers were cleaned using successive baths of 
tr ichiorethylene,  methanol,  ni tr ic  acid, hydrofluoric 
acid, and deionized water, 
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Fig. 1. Schematic of the vacuum deposition system 

The silicon wafer  was then placed at the top of the 
vacuum jar  (Fig. I) and outgased under  vacuum at 
400~ for 2 hr, using a radia t ive  furnace placed above 
it. The substrate temperature ,  for deposition of the 
insulating film, has been var ied  be tween  room t em pe r -  
ature and 300~ and measured using a thermocouple  
fixed be tween the silicon slice and the heat ing fur-  
nace. The react ive evaporat ion of a luminum oxide 
was per formed as follows: 

1. Very pure  a luminum powder  (99.999%) was 
evaporated f rom a beryl l ia  crucible heated by a tan-  
ta lum strip. (The pressure during this p re l iminary  
step was bet ter  than 5 X 10 -8 Torr.) 

2. Then, water  vapor  was injected into the vacuum 
system through a needle valve.  2 The react ion be tween 
evaporated a luminum particles and wate r  vapor  was 
confined in a chimney in order to maintain  a high 
concentrat ion of water  vapor  molecules only in the 
evaporat ion field. Effectively a highly localized water  
vapor  par t ia l  pressure was obtained: the pressure 
measured in the chimney was 2.6 X 10 -1 Torr  (NRC 
Alphat ron  gauge),  while  pressure in the vacuum sys- 
tem remained at 4 • 10 -4 Torr  (Ul tek Kre isman 
gauge).  

3. Then a shutter  was open, and the oxidized alu-  
minum was al lowed to deposit on the silicon substrate. 
Deposition rates ( V d e p )  of a luminum oxide were  mea-  
sured using a quartz  crystal  moni tor  from 4 to 20 
A/sec.  Af te r  deposition, the layer  was annealed ~/2 hr  
at 300~ 

A number  of electr ical  evaluations involved  NIIS 
structures. These were  prepared by depositing on the 
nonheated substrate 5000A thick a luminum field plates 
over  the insulator. It was done in the same vacuum 
run, in order  to lower the contaminat ion at the 
A1-A1203 interface. MIS capacitors (the diameters  of 
the field electrode being 800, 400, and 200~) were  ob- 
ta ined by etching a luminum using convent ional  photo-  
resist techniques.  Seventy- f ive  samples of each area 
were  obtained and tested, on the same silicon wafer,  
in order to establish the precision of the repor ted  
results. 

The thickness of the films was measured  using a 
Talysurf  (Taylor-Hobson)  which gives a _+50A ac- 
curacy down to 200A thickness. The dielectric constant 
was measured at 10 kHz with  a general  radio ca- 
pacitance bridge. The infrared t ransmit tance curve 
was taken using a Model 317 Perk in  E lmer  infrared 
spectrophotometer .  The re f rac t ive  index of the in-  
sulating layer  was est imated using a Brewster  angle 

U s i n g  p u r e  o x y g e n  as t h e  o x i d a n t  i n s t e a d  of w a t e r  v a p o r ,  m a k e s  
t h e  d e p o s i t i o n  p r o c e s s  m u c h  m o r e  d i f f icu l t  to  con t ro l .  F u r t h e r m o r e  
t h e  a l u m i n u m  o x i d e  f i lms o b t a i n e d  w e r e  f o u n d  to be  less  h o m o g e n e -  
ous  a n d  s t ab l e ,  

technique. The C(V) curves were  recorded using an 
MOS meter  [ref. (25)] at a f requency of 10 kHz. 

Discuss ion . - -Defec t s  in the insulating layer  can be 
due ei ther  to the react ive process itself or to the mate -  
rials of the_ evaporat ion source. Without  claiming any 
assumptions concerning the react ive  process, we  can 
assume that  two kinds of defects can be encountered 
in the as-made films: ei ther  noncomplete  oxidation 
(nonstoichiometry)  or format ion of hydroxides.  Con- 
taminat ion by I-I20 molecules can also be a conse- 
quence of the 4 x 10 -4 Tor t  water  vapor environment ,  
close to the substrate (H20 molecules being adsorbed 
by the freshly deposited layer) .  

Contaminat ion can proceed f rom the source mate -  
rials, al though the source a r rangement  is such that  
the substrate can only "see" the mol ten a luminum part  
of the source. Reaction be tween Ta and BeO which 
forms gaseous TaO, and reaction be tween Be and H20 
forming volat i le  BeOH are not bel ieved to be an im- 
portant  source of contaminat ion of the deposits. Fu r -  
thermore  there  is no evidence of Be inclusions in the 
layers f rom the infrared measurements  (Fig. 2) (but 
only the absence of the 7.2~ absorption peak of BeO 
can be significant for the 11.8 and 13.7 peak of BeO fall  
wi thin  the broad absorption peak of a lumina) .  Thus, 
we  consider, in the following, that  the deposits can 
contain only two kinds of defects: (i) excess of alu- 
minum, or oxygen vacancies, or H + ions which are 
named "posit ive contamination,"  and (ii) excess of 
[ O H - ]  ions which are named "negat ive  contamina-  
tion." 

Results 
Phys ica l  p roper t i e s . - -Examina t i on  of the infrared 

spectrum (transmission) of the a luminum oxide films 
(Fig. 2) indicated a broad absorption peak from 11 to 
20~, which is in good agreement  wi th  repor ted  values 
for pure  alumina (14). 

The refract ive  index of the deposited a lumina was 
typical ly 1.71 _+ 0.03 (it is 1.765 for pure s -a lumina  
(15)).  It is of par t icular  interest  to evaluate  the 
homogenei ty  of the A1203 layers as a function of dep- 
osition parameters .  A compactness factor r can be de-  
fined as being the ratio 

4a 

where  d s = density of react ive ly  evaporated alumina 
and da -~ density of pure crystal l ine alumina (~_3.97). 

The density d i has been measured:  (i) by weighing 
the silicon slice before and after  deposition of the 
alumina layer, using a sensit ive microbalance (ac- 
curacy for di equal  to --+5%), and (ii) using the quartz  
crystal  monitor.  The relat ion which gives the f re-  
quency shift hF of the quartz  when hM mater ia l  is 
deposited on it, is 

~F = k ~ M  
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Fig. 2. Infrared absorption spectrum of three AI20~ films de- 
posited on silicon. 
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Table I. Deposit homogeneity as a function of deposition rate, 
substrate temperature 300~ 

D ens i t y  
Quar t z  m o n i t o r  3.49 3.56 3.89 3.81 3.91 3.0 
W e i g h t  3.43 3.56 3.72 3.85 3.89 3.55 

A v e r a g e  r v a l u e  0.87 0.89 0.925 0.967 0.982 0.82 
R e l a t i v e  d ie l ec t r i c  con-  7.5 7.9 7.95 8 8.05 N o t  m e a -  

s t an t  su rab le  
Depos i t i on  ra te ,  A / s e c  3 4 5 7 10 14 

so • = kd,le for pure a luminum deposit of thickness 
e and AF2 = kdse for a luminum oxide deposit of thick-  
ness e. Thus 

dt = dal X 
AFz 

This method for measur ing df gives an accuracy of 
•  The mechanical  homogeneity of the a luminum 
oxide films can also be evaluated from its dielectric 
constant  ~s (24). If r is the compactness factor defined 
above and ea the dielectric constant of pure alumina,  
then 

i 
eS= 

1 --  r -F r/~a 

The measured a luminum oxide film densities are 
reported in Table I. An  average value of the com- 
pactness factor is given for each deposition rate. The 
dielectric constant is given for comparison. It  can be 
seen from Fig. 3 that  the higher the deposition rate, 
the bet ter  the compactness factor. But, when  the 
deposition rate is increased fur ther  (higher than  15 
A/sec) ,  the density s trongly decreases indicat ing that  
the layer is no longer a pure dielectric film, but  con- 
tains nonoxidized a luminum particles. The dielectric 
constant of such a deposit is not measurable,  the layer  
being a cermet (A1~O8 -b A1) ra ther  than  an insulator  
(13). Similar  results are obtained from Fig. 4 where  
the etching rate of the layers is plotted against  the 
deposition rate. 

In order to evaluate  the uni formi ty  in depth of the 
films, a special a r rangement  was used to prepare nine 
steps of increasing a lumina  thickness on the same sili- 
con wafer  and in  the same vacuum run.  The etching 
rate of the steps was found to be constant (Fig. 5), 
indicating that  the A1203 films are homogeneous 
throughout  their  thickness. 

Adhesion of the a lumina  layers to the silicon sub- 
strates was excellent, up to 20,000A thick films, operat-  
ing at a substrate tempera ture  higher than  100~ 

Electrical propert ies .~A reproducible ohmic contact 
on the silicon wafer  was difficult to obtain. Best mea-  
surements  were made using silver paste at the back of 
the silicon slice; otherwise a contact diode exists 
which strongly distorts C-V and dielectric constant  
measurements .  

dissolution rate 
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Fig. 3. Density vs. deposition rate of alumina deposited on 
silicon (substrate temperature 300~ -~- quartz monitor measure- 
ments, O weight measurements. 
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Fig. 4. Dissolution rate of alumina layers vs. deposition rate: 
+ PO4H3 etch 55~ O PO4H3 etch 70~ 

etch time 
s e c  

500 / 

100 

thickness 
A 

o 10000 20000 

Fig. 5. Etch time vs. deposit thickness 
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Fig. 6. Breakdown voltage of MIS structures as a function of 
substrate temperature during deposition (150(O thick films): -'I- 
|5 ~/sec  deposition rate, 0 10 .~/sec deposition rate, ZX 7 .~/sec 
deposition rate. 

Figure 6 reports the var ia t ion with deposition pa-  
rameters  of breakdown voltage for 1500A thick a lu-  
mina  films. ~ Highest dielectric s t rength is obtained 
for low substrate tempera ture  and deposition rate. 

8 B r e a k d o w n  v o l t a g e  was  def ined  as b e i n g  the  v o l t a g e  a t  w h i c h  
the  c u r r e n t  t h r o u g h  the  i n s u l a t o r  w a s  10 ~A ( r e a d i n g s  w e r e  m a d e  
u s i n g  a T e k t r o n i x  I -V t r a c e r ) :  a c c u r a c y  +---5%. 
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Unfor tuna te ly  layers deposited under  100~ are poorly 
adherent.  

Figure 7 shows that, for small  probing areas (dot 
diameter  = 200~), the dielectric s trength is constant  
over all the thickness of the layer. For  larger probing 
areas, the pinhole density (due to surface roughness 
of the wafer or to particles in the insulat ing layer) is 
such that  a short occurs for a thickness of the order 
of 400A. A similar effect is observed when the di- 
electric constant  is plotted vs. the thickness of the in -  
sulator (Fig. 8): the decrease of ~ with thickness for 
large testing areas can be a consequence of mechanical  
defects in the insula t ing layer. 

C-V measurements  on the iVIIS structures indicate 
(Fig. 9 and 10) that  the best a lumina  layers (lower 
flat band  voltage) are obtained for low substrate tem-  
peratures and low deposition rates. It  is evident  also 
that, by changing these two deposition parameters,  the 
flat band  voltage can be varied from positive to nega-  
tive values. 

From all the results reported above, we have been 
able to assume that the insulator  is homogeneous 
throughout  its thickness, and to choose the following 
values for the deposition parameters:  substrate t em-  
perature  = 150~ and deposition rate ranging from 
7 to 12 A/sec (in order to s tudy the positive and nega-  
t ive flat band voltage MIS structures) .  

M I S  Structures 
C-V measurements.--Typical C-V curves are shown 

in  Fig. 11. For both curves, hysteresis is "abnormal"  
with respect to ion migration.  According to Snow and 
Deal (16) this is a result  not of the drif t  of fast ions, 
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Fig. 7. Breakdown voltage of MIS structures vs. thickness of the 
AI20~ layer: O ~ ~ 200~ probe electrode, -t- ~ = 400~ probe 
electrode. 
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Fig. 8. AI203 dielectric constant vs. thickness of the layer: + ~b 
400~ probe electrode, 0 ~ = 800/~ probe electrode. 
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Fig. 11. Typical C(V) curves of the AI-AI203-nSi structures 
(measuring frequency 10 kHz, substrate temperature 150~ 
Curve A, Vdep = 7 .~/sec; curve B, ~ Vdep ~ 12 .~/sec. 

but  indicates a dominancy of a " trapping polarization" 
process. The fiat band voltages VFB, representat ive 
of the total  amount  of electrical states at the AI203-Si 
interface, were calculated using the Goetzberger (18) 
and Whelan  (19) theoretical  curves. 

It  is interest ing to note (Fig. 12) that  for both posi- 
tive and negative flat band  voltage MIS structures, 
VFB decreases with a lumina  thickness. Extrapolat ing 
to a zero thickness, for both structures, leads to a l im- 
i t ing positive flat band  voltage, ranging between +1  
and + 5 v  (the uncer ta in ty  being due to the hysteresis 
effect of the C(V) curves).  As a consequence, the 
s t ructure  which shows a negative flat voltage for large 
oxide thicknesses, goes through a zero flat band volt-  
age for a thickness around 1000A. The flat band  volt-  
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Fig. 12. Flat band voltage vs. AI203 thickness: O Vdep = 7 •/sec, 
X Vdep ~ 12 ~/sec. Curve A, bias voltage is applied from positive 
to negative values; Curve B, bias voltage is applied from negative 
to positive values. 

age can be given by the relat ion 

QT 
VFB = -- ~bMS -- ~ QT = Qox -}- Qss 

where Qox stands for the oxide charges (assumed to 
be at the semiconductor oxide interface) and Qss for 
the silicon pure surface charges (assumed usually to 
be positive charges, due to Na + ions). 

CMS is the difference between the work function of 
the metal and the electron affinity of the silicon; in 
our case OMS = --0.25V (17). 

Co is the capacitance per square centimeters of the 
insulator. Thus 

VFB = 0.25-. QT fox 
~o~r 

where ~r is the relat ive dielectric constant  of the in -  
sulator of thickness tox. 

As shown on Fig. 12, the variat ion of VFB with to\ 
seems to be effectively linear. (The l imit ing value for 
to~ = 0 is greater  than 0.25V, because for very  low 
oxide thicknesses a uni form field in the insulator  can 
no longer be assumed, due to the fact that  the ratio 
between the oxide thickness and the extent  of the 
space charge in the oxide approaches one. Thus, the 
simple expression of VFB given above is no longer 
valid.) 

Both straight lines on Fig. 12 can be interpreted as- 
suming that  Qox are negative charges such that:  
Qox < <  Qss for Vdep = 7 •/sec and Qox > >  Qss for 
Vdep ---- 12 A/sec. The dominancy of Qss over Qox (or 
Qox over Qss) results in a negative (or positive) value 
for the dVFe/dtoz slopes of the lines. Thus, the purest  
films, as expected from density and etching rate mea-  
surements,  are those deposited at the lower deposition 
rate. "Negative contaminat ion" appears to be the most 
important  defect encountered, and an inversion 
(p- type)  layer  was found most of the t ime at the 
silicon surface [a similar observation is reported by 
Aboaf (7) ]. 

Drift of the MIS structures under electr{cal and 
radiation stressing.--Figures 13 and 14 show the drif t  
of the C-V curves under  various applied bias, before 
and after anneal ing (30 min  at 41O~ under  N2 gas 
flow). Annea l ing  of the structure results in a large 
improvement,  i.e., lower drifts and saturat ion times. 

The drifts under  positive and negative bias are due 
to very different phenomena:  regardless of the sign 
of the applied bias Vp, the resul t ing drift  ~V is posi- 
tive. Thus, for positive Vp, the product Vp.~V is 
positive, which [according to (16) and (21)] is now 
assumed to be the characteristic of carrier inject ion 
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Fig. 13, Drift of C(V) curves with time under various bias volt- 
ages, before annealing of the structure. 
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Fig. 14. Drift of C(V) curves with time under various bias volt- 
ages, after annealing of the structure 30 min at 410~ under N2 
gas flow. 

from the silicon surface toward t rapping levels in 
the insulator.  On the other hand, for negative applied 
bias, Vp.AV being negative, this may indicate a migra-  
tion of slow negative ions in the insulator  ("negative 
contaminat ion")  toward the s i l icon-insulator  interface. 

When cycling the structures between --40 and +40V, 
(after anneal ing)  one obtains the typical  hysteresis 
drift  curve of Fig. 15; s imilar  curves have also been 
reported for SigN4 layers (23) and vapor deposited 
SiO2-SiaN4 mixtures.  This effect is also assumed to be 
a consequence of t rapping effects at the Si- insula tor  
interface. 

Figure  16 reports the effect of radiat ion stressing on 
the MIS structures. Electrons of 1 mev were used, and 
the field electrode of the s tructure under  test was 
shorted. The C(V) curves were measured after each 
dose. The total  induced drift  is less than 5V, lower 
than  the drift  observed in SiO2 MOS structures (20) 

d r i f t  ~ V  

vol ts  

~10 

-40 -30 -20 -10 0 .10 .20  . 3 0  o4K~ 

Fig. 15. Drift of C(V) curve as a function of applied bias. Each 
reported point on the curve was measured after 15 min applied 
voltage. 
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Fig. 16. Drift of C(V) curve for a 16005, thick AI203 layer, under 
irradiation. The measuring frequency is 10 kHz. Each curve is drawn 
after each reported dose has been applied to the structure. 

but  s imi lar  to tha t  obta ined  when  SigN4 was used as 
the  insula t ing  l aye r  (22). 

Table  II  repor t s  typ ica l  observat ions  on the s tab i l i ty  
of A12Os MIS structures,  a f te r  var ious  t rea tments .  The 
dr i f t  is qui te  low (af ter  anneal ing)  as shown by the 
"af ter  6000 hr"  measurements .  But, i t  can be seen tha t  
the  s t ructures  a re  not  ye t  fu l ly  stabil ized.  

Conc lus ion  
More de ta i led  informat ion  of the  aging behavior  of 

the C=V curves as a funct ion of t empera tu re ,  t ime, and 
f requency are  needed to fu l ly  ident i fy  the  processes 
tak ing  place in the  s tructures.  Nevertheless ,  the  resul ts  
obta ined dur ing  this p r e l im ina ry  w o r k  can lead to the  
assumpt ion tha t  "negat ive  contaminat ion"  (i.e., [ O H ] -  
ions) is the main  defect  encountered  in reac t ive ly  
evapora ted  a lumina  films, and to the  conclusion tha t  
these insula t ing  layers  are  phys ica l ly  homogeneous 
and sui table  for mu l t i l aye red  s t ructures .  We th ink  
tha t  a " t rapp ing  polar iza t ion"  process has been  iden t i -  
fied, which can be in ful l  or in par t  h idden by  ion 
migrat ion.  

F u r t h e r  exper imen t s  a re  being car r ied  out, for a 
be t t e r  unders tand ing  of the  phenomena  involved,  and 
to decide whe the r  or not, reac t ive  evapora ted  a lumina  

Table Ih Stability of the structures 

F i r s t  m e a -  A f t e r  6 0 0 0  A f t e r  a p p l i e d  
F l a t  b a n d  s u r e m e n t s ,  h r  a t  r o o m  b i a s :  2 5 V  

v o l t a g e  V t e m p e r a t u r e  f o r  5 h r  D r i f t  

S a m p l e  N 1 6 O  --  1.7 - -  0 .7  --  3 . 5  A b n o r m a l  
S a m p l e  1500  I I  - - 2 . 3  - - 2 , 4  - - 1 . 8  N o r m a l  
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is more  sui table  for field effect devices than  the other  
wel l  known insulators.  
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cussion Section to be publ i shed  in the  June  1970 
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The Preparation and Properties of Silica Films 
Deposited from Silane and Carbon Dioxide 

R. C. G. Swann* and A. E. Pyne 
ITT Semiconductors, West Palm Beach, Florida 

ABSTRACT 

Silicon dioxide has been deposited from a react ion involving silane and 
carbon dioxide. Hydrogen and argon were used as carrier  gases. Growth 
rates were measured from 700 ~ to 1100~ The choice of carrier gas had a 
pronounced effect on the growth rate at low temperatures.  Etch rates, di-  
electric loss, and infrared spectra are reported. Interface charge properties 
are shown under  certain conditions to be stable and hysteresis free with 
typical NFB values of 1-3 x 1011 charge/cm 2. 

The introduct ion of large-scale integrated MOS cir- 
cuits has resulted in increased interest  in chemical 
vapor deposition systems. At this time, silicon dioxide 
remains  the most useful  dielectric for interfacing with 
silicon. The advantages of deposited silicon dioxide 
over thermal  or bu lk  grown oxides are well known. 
They include the abil i ty to deposit thick layers at 
high growth rates and low temperatures  to avoid 
movement  of diffusion fronts as well  as the abil i ty 
to form oxides on foreign substrates. Many silicon di- 
oxide deposition systems have been investigated, for 
example, the direct oxidation of silane (1), decomposi- 
t ion of e thyl - t r ie thoxy-s i lane  (2), the reaction of sili- 
con halides with carbon dioxide (3-5), as well  as 
sput ter ing (6,7) and glow discharge reactions (8). 
The li terature,  however, contains no reference to the 
investigation of the s i lane/carbon dioxide reaction. 

This system was investigated because silane and 
carbon dioxide do not react spontaneously at room 
tempera ture  as, for instance, silane and oxygen do. 
Furthermore,  by using predi luted silane, and argon as 
carrier gas, no hazardous gases are involved. The sys- 
tem is also highly compatible with the s i lane /ammonia  
reaction for the deposition of silicon ni tr ide (9). With 
the addition of an ammonia  source, the authors have 
deposited sequential  layers of silicon dioxide and sili- 
con ni tr ide without  removal  of the wafer from the 
reactor. 

The silicon oxide-silicon ni t r ide s tructure is par t icu-  
lar ly useful as a gate insulator  in MOST's because the 
nitride, in this context, is a poor interfacing mater ial  
but  an excellent sodium barrier.  In the field region, 
thick oxides are often employed to alleviate channel -  
ing or inversion under  metallizations. Ideally, for 
P -channe l  devices, such an insulator  needs a high fixed 
charge as contrasted with the low fixed charge re-  
quired for the gate regions. The field region therefore 
could be a layer of silicon ni t r ide over which silicon 
dioxide is deposited. Because of the slow etch rate of 
silicon ni t r ide and its higher dielectric constant, only 
a thin layer (<1000A) would be used. The film thick- 
ness is then buil t  up to typically 10,00OA with silicon 
dioxide which is also a convenient  mask to use for 
the phosphoric acid etching of the nitride. A suitable 
gate dielectric would consist of 500A of silicon dioxide 
over which is deposited 500A of silicon nitride. 

Experimental 
The apparatus used to perform these experiments  

was a single slice vertical  reactor using r.f. heating 
of a quartz coated graphite susceptor (Fig. 1). The gas 
manifold was constructed ent i rely of stainless steel, 
and the reaction tube was quartz. A rotary  shaft was 
provided for substrate rotation; and contained vacuum 
seals to enable leak checking with a vacuum pump and 
pressure gauge. The substrate temperature  was mea-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

sured by a Huggins Infrascope infrared pyrometer  
placed vert ical ly above the substrate. All  tempera-  
tures are quoted for a constant  emissivity correction 
of 0,65. 

The silicon wafers used in these experiments,  ex- 
cept for I.R. studies, were 2 ohm cm phosphorus doped 
<111> oriented and optically polished to ~250~ 
thickness. The I.R. wafers were 50 ohm cm <111> 
oriented phosphorus doped and both sides optically 
polished to N1000~. Slices were degreased and then 
cleaned in 50% HF and boiled in nitr ic acid with 
in termediate  and final washes in 18 Mohm deionized 
water. The slices were dried in a s tream of dry ni t ro-  
gen and pretreated in the reactor at 1200~ for 5 
min  in hydrogen to remove any residual oxide. After  
adjus tment  to the desired substrate tempera ture  the 
carbon dioxide and silane were admitted. The car- 
bon dioxide used was Coleman grade (99.99% min. 
pur i ty) ,  the hydrogen was Matheson ul t rapure  grade 
(99.999% min. pur i ty ) ,  and the argon was Matheson 
high pur i ty  (99.995% rain. pur i ty) .  

Oxide thickness was determined in two ways; for 
growth rate  studies the thickness was measured by 
comparison with a color chart, but  for etch rate deter-  
minat ions the thickness was measured with a Hilger 
and Watts interferometer.  
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Fig. 1. Single slice vertical reactor 
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Surface charge measurements  were  made by de-  
positing a luminum by electron beam evaporat ion and 
etching 400~ d iameter  dots. The electron beam damage 
was annealed out at 560~ for 5 min in nitrogen. Plots 
of capacitance vs. voltage were  then made on an auto-  
mated C-V plotter.  

Results 
It  is impor tant  to emphasize that  the results, in 

par t icular  those of growth  rates, wi l l  be reproducible  
only in a reactor  of s imilar  geomet ry  and heat ing 
method (Fig. 1). 

G r o w t h  r a t e s . - - G r o w t h  rates were  studied as a 
function of substrate temperature ,  percentage silane, 
percentage carbon dioxide, and total  flow rate. F igure  
2 shows the deposition ra te  as a function of percentage  
silane for a range of substrate tempera tures  f rom 700 ~ 
to ll00~ In this case, the carbon d ioxide:s i lane  ratio 
was 100:1 and the balance gas was hydrogen. Growth  
rates vary  f rom 15 to 4000 A / m i n  over  the range ex-  
plored. It can be seen that  the growth ra te  is less 
t empera tu re  sensitive be tween  900 ~ and l l00~ than 
be tween  700 ~ and 900~ Figure  3 is a similar graph 
of deposition rate  vs. percentage silane except  for us- 
ing argon as balance gas, instead of hydrogen. The 
salient difference is the significantly h igher  growth 
rate at 700~ At 0.18% silane, is 800 A / m i n  for the 
argon case and 100 A/ ra in  for the hydrogen.  

From the two families of growth rate curves, plots 
of deposition rate  vs. 1 / T  were  derived, but  no mean-  
ingful  act ivation energy could be calculated f rom the  
plots that  were  l inear only over  a small  t empera tu re  
range. The reason for this nonl inear i ty  was upst ream 
decomposition, which became more pronounced at high 
substrate temperatures .  The susceptor mass and geom- 
e t ry  were  found to affect the amount  of upst ream de-  
composition; and in this work  it should be noted that  
the susceptor was quar tz-enclosed graphite.  

The effect of carbon dioxide concentrat ion on growth 
rate  was studied at a fixed silane concentrat ion of 
0.037% and substrate t empera tu re  of 900~ Figure  4 
shows that  the growth rate  curve, a l though having a 
decreasing slope, does not saturate  even at a carbon 
dioxide: silane rat io of 250: 1. 
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Growth rates were  studied as a function of total  
flowrate (Fig. 5) at a fixed carbon dioxide: silane ratio 
(100: 1) and the balance gas was hydrogen. Al l  th ree  
gases were  proport ionately  increased for each deter -  
minat ion of growth rate at a constant substrate t em-  
pera ture  of 900~ The react ion is seen to be t ransport  
controlled up to approximate ly  1.4 1/min and the re -  
af ter  the growth ra te  is substant ial ly constant. 

I n f r a r e d . - - F i g u r e s  6 and 7 show the extremit ies  of 
the conditions in this study. There  was no obvious 
difference in the IR spectra for samples deposited us-  
ing the two different carr ier  gases. There was, how-  
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Fig. 7. IR spectra of Si02 deposited at low temperature and low 
CO2:SiH4 ratio, showing a shoulder at 8.8 ~. 

ever, a dependency on substrate  tempera ture  and car-  
bon dioxide/si lane ratio. The 9.3~ absorption was more 
intense at high substrate temperatures  and high car-  
bon dioxide/s i lane ratios. In  general  these films were 
comparable to thermal ly  grown oxides, whereas, at 
low substrate temperatures  and low carbon dioxide/  
silane ratios (Fig. 7) a low in tens i ty  9.5~ peak is ob- 

Ju l y  1969 

served which has a definite shoulder at 8.8~. These 
films are probably silicon rich as is discussed later. 

Etch rates.--Controlled etch rate studies were only 
performed on the oxides produced with hydrogen as 
carrier gas. Etch rates were not measured on layers 
deposited in argon as these left a thin brown film on 
etching. Rates were determined using a P etch so- 
lut ion (20~ in which dry thermal ly  grown oxides 
etch at 2 A/sec (10). The highest etch rate was ob- 
served on films grown at 900~ and this was 6.5 A/sec. 
The etch rate fell to 4,5 A/sec at l l00~ and 4.0 A/sec 
at 700~ 

Interface charge properties.--Silicon dioxide was de- 
posited at substrate temperatures  between 700 ~ and 
l l00~ at a carbon dioxide: silane ratio of 100:1 using 
both carrier gases. The oxides grown in hydrogen 
showed surface charges typical ly between 1 and 
3 x 1011 charges/cm 2. These oxides were very  stable 
under  bake bias. An increase of ~1  x 1012 in the sur-  
face charge for an applied field of 2 x 106 V/cm for 30 
min  at 250~ was a normal  result. These surface 
charge and stabil i ty measurements  were made over 
a period of several months and the stabili ty and 
charge were found to be repeatable. Low-tempera ture  
(77~ C-V plots did not show any  fast states around 

inversion. 
The oxides grown in argon behaved differently. The 

oxide qual i ty depended marked ly  on deposition tem-  
peratures.  The C-V curves of the 700~ oxide showed 
room tempera ture  hysteresis. The curves were very  
similar  to those of silicon nitride, i.e., the amount  of 
hysteresis depended on the applied voltage. At dep- 
osition temperatures  of 1000~ however, this room tem- 
perature  hysteresis disappeared and low charge oxides 
were formed. 

Discussion 
Steinmaier  and Bloem (4), Tung and Caffrey (11), 

and others, using the SIC14-CO2-H2 reaction have pro-  
posed that  their  reaction proceeded in two steps. 

H~ + CO2 ~ H20 + CO [i] 

SIC14 -5 2H20--> SiO2 -5 4HC1 [2] 

The silicon dioxide is therefore formed by the hydrol-  
ysis of the halide. These authors recognized that  in te r -  
mediate  steps must  exist. 

Similarly,  in the SiH4-CO2-H2 system it is pos- 
sible for two reactions to coexist, that  is the water  
gas reaction and the direct oxidation of Sill4 by CO2 
as shown below. 

Sill4 + 4CO2-~ SiO2 -5 4CO -5 2H20 

AF -5 --116 kcals/mole at 1200~ (12) 

The water formed by this reaction may hydro]ize fur- 
ther Sill4. 

That the reaction does not proceed solely by the 
water gas reaction was verified by the substitution of 
argon for hydrogen. In fact the growth rate in argon 
was considerably greater; for instance, at 800~ the 
growth rate in argon was approximately four times 
that in hydrogen. It is thought the different growth 
rates result from the different thermodynamic prop- 
erties of the gases, and thus there is less upstream 
decomposition in the case of argon. 

Film properties are certainly modified when using 
argon, in particular at low temperature the films were 
much softer and, as mentioned before, a residue not 
etchable in HF was found at the interface. The loss 
factor of SiO2 formed in argon at 700~ was 0.015, but 
for a film grown in argon at I000~ the loss factor 
was 0.005. 

These facts together with the infrared data indi -  
cate that  these low- tempera ture  films deposited in 
argon contain free silicon. The effect of free silicon on 
the dielectric loss in silicon ni tr ide has previously 
been reported. (13) 
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Conclusions 
The s i lane-carbon dioxide reaction has been char-  

acterized for a specific deposition system. The re-  
sul tant  film properties were found to be dependent  on 
the balance gas in that argon gave films that  were 
mechanical ly soft and nonadheren t  at low substrate 
temperatures.  On the other hand, the use of hydrogen 
as balance gas produced films of superior mechanical  
and electrical properties. 

The MOS capacitance-voltage measurements  showed 
that  the oxide would make an excellent  passivating 
film for a gate dielectric because of its stable and low 
interface charge. The charge densites (~1-3  x 1011/cm 
on < 1 - 1 - 1 >  silicon) were the same as those normal ly  
quoted for thermal ly  oxidized films, and it is ex-  
pected that  even lower values would result  from using 
< 1 - 0 - 0 >  oriented surfaces. 

Deposited silicon dioxide offers a distinct advantage 
over thermal ly  grown oxide in that  the t ime and tem-  
perature of growth can be minimized. For example, at 
900~ deposition rates ranging from 200 to >2000 
A / m i n  can be achieved; whereas a dry or wet thermal  
oxidation would require approximately 8 hr and 20 
min, respectively, to grow 1000A of silicon dioxide. 

The chemical compatibil i ty of this reaction with the 
s i lane-ammonia  reaction offers the capabil i ty of de- 
positing sequential  layers of silicon ni tr ide and oxide 
(or vice versa) for a variety of semiconductor appli-  
cations. 
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Technical 

Effect of Ce Pr and Tb +3 on the Brightness of 
YVO4:Eu under Cathode-Ray Excitation 

E. J. Mehalchick, F. F. Mikus,* and J. E. Mathers* 

Sylvania Electric Products Inc., Chemical and Metallurgical Division, Towanda, Pennsylvania 

The behavior of YVO4:Eu when excited by uv was 
studied extensively (1, 2) and its ut i l i ty  as a red 
emit t ing color TV phosphor is well  known (3). The 
effect of Tb +3 in alkal ine metal  rare  earth tungstates  
and in Y203 was reported by Van Uitert  (4) and by 
Ropp (5). Thompson has reported the effect of Ce +~, 
Pr  +3, and Tb +3 in his patent  (6). The effect of Ce +3 
is reported by Kano and Otomo (7). The present  work 
shows the effect of Tb +~, Pr  +s, and Ce +3 on the 
brightness of YVO4:Eu under  cathode-ray excitation. 
Small  additions of Tb +3 and Pr  +s cause significant in-  
creases in  luminescence while small  amounts  of Ce +3 
decrease it. 

Experimental 
Yttr ium oxide of extremely high puri ty  was used in 

all phosphor preparations. Results of quant i ta t ive  anal-  
ysis of the rare earth are shown in Table I. Stock 
solutions of Ce +3, Pr +~, and Tb +a containing 6.435 x 
10 -4 g Ln/cc  of solution were prepared by dissolving 
a known quant i ty  of the corresponding oxide in nitric 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

acid and di lut ing to volume. The required volume of 
solution containing the desired ion was added to a 
ni t ra te  solution of y t t r ium and europium from which 
the rare earths were coprecipitated as oxalates. Am-  

Table I. Solids mass analysis of Y203 

C o n c e n t r a t i o n  e x p r e s s e d  in  p p m  

I m p u r i t y  S a m p l e  A S a m p l e  B 

Ce < 1  53 
Pr  < 1 2 
N d  < 1  10 
S m  16 21 
La  1 2 
Eu  32 20 
G d  < 3  12 
Tb < 1  6 
Dy < 2  129 
Ho < 1  65 
Er  < 2 66 
T m  < 1  7 
Yb <2 75 
L u  1 25 
Th  < 1  13 
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monium metavanada te  was added to the dried oxalate  
and the mix ture  was fired at 950~ for 2 hr  to pro- 
duce the YVO4:Eu (Ln) phosphor. The concentration 
of Tb +3 and pr+~ were  var ied from 2.5 x 10 -4 g / g  
Y203 to 5 x 10 -5 g /g  Y2Oz at Eu concentrat ions of 1, 3, 
and 5 m / o  (mole per cent).  The resul tant  phosphors, 
set t led on glass slides, were  exci ted with  12 kV elec-  
trons at a beam current  of 6 ~A. The intensi ty of the 
emission was measured with a Weston foot l amber t  
meter.  

R e s u l t s  a n d  D i s c u s s i o n s  
Enhancement  of the l ight output  of YVO4:Eu in the 

red region of the spectra by Tb +3 and Pr  +s are shown 
in Fig. 1 and 2, respectively.  In Thompson's  patent  
(6) he claims that  200 ppm Tb +z give br i l l iant  lumi-  
nescence, a vague te rm since europium activated 
vanadates  are genera l ly  brill iant.  Our  data point out 
that  opt imum luminescent  efficiency is achieved when 
50-75 ppm of Tb +~ or Pr  +a are added to the y t t r ium 
vanadate  matr ix.  We have fur ther  evidence to show 
that the amounts  of rare ear th  dopants he claims pro-  
duce bri l l iant  luminescence would result  in a ve ry  
inefficient phosphor. This effect increases rapidly from 
0 to about 75 ~g of Tb +~ and Pr  +~ with  gradual  t aper -  
ing off as more of each is added. These lanthanides be- 
have uniquely  in YVO4:Eu in that  no emission char-  
acteristic of these ions was observed under  cathode-  
ray or uv excitation. A comparison of the exci tat ion 
spectra of YVO4: Eu with  that  of YVO4:Eu,Tb (Fig. 3) 
indicates that  an addit ional  quenching is obtained with 
small  amounts of these elements.  The spectral  energy 
distr ibution of YVO~:Eu (0.01), YVO~: Eu (0.01) Tb +'~, 
and Y2Oj:Eu (0.01) Pr  +~ are shown in Fig. 4. The 
emission of YVO4:Eu (0.01) in the 430-480 nm and in 
the 530 and 580 nm range is quenched with both Tb + '~ 
and Pr  +3 under  CR excitation. This is also manifes ted 
in the shift in the chromat ic i ty  coordinates to the more 
saturated red  region. The low value of the x coordinate 
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for the YVO4: Eu suggests a significant contr ibution to 
the color f rom the lower  wave leng th  emissions. 

Addi t ion of the 5 x 10-Sg Ce+~/g Y203 to 5 x 10-4g 
Ce+3/g of u decreases the brightness of YVO4:Eu 
significantly as shown in Fig. 5. Thompson, in his 
pa tent  (6), claims that  he obtains bri l l iant  lumines-  
cence with 100 ppm Ce +~. We disagree very  strongly 
as is shown in Fig. 5. At  1O0 ppm Ce +~ and 3 m / o  Eu 
the luminescent  efficiency of YVO4:Eu would be 20% 
less as compared to mater ia l  containing no Ce +3. This 
s ta tement  is borne out fur ther  by work  completed by 
Kano and Otomo. They show a significant drop in the 
cathodoluminescence efficiency when  small  amounts  
of Ce +3 are present  in the phosphor. It  was reported 
ear l ier  that  high pur i ty  Y203 is impor tant  in the prep-  
arat ion of efficient YVO4:Eu phosphors. This is again 
demonstra ted in Fig. 6 which shows the washing out 
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IMPURITY SAMPLE-5 

of the beneficial enhancement  effect from Tb +3 and 
pr+3. 

In  conclusion, it can be said that:  1, with very pure 
Y20~ as raw material,  the brightness of YVO4:Eu 
phosphor is increased by additions of Pr  +3 and Tb+3; 
2, Ce +3 decreases the brightness of YVO4:Eu; 3, emis- 
sions of Tb +~ and Pr  +3 in the YVO4: Eu system are not 

observed under  either CR or uv  excitation; and 4, 
addition of Pr  +3 and Tb +~ increase the saturat ion of 
a red emission of the YVO4:Eu at all europium levels 
tested. 
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Self-Activated Luminescence of 3-Ga20  

William C. Herbert,' Henry B. Minnier, and Jesse J. Brown, Jr?" * 
Sylvania Electric Products, Incorporated, Chemical and Metallurgical Division, Towanda, Pennsylvania 

Gall ium sesquioxide, Ga203, is known to exist in at 
least two stable crystall ine modifications. The stable, 
low- tempera ture  (a) form has the a -corundum crystal  
s t ructure in which the oxygen ions approximate a 
hexagonal  close-packed ar ray  and all of the Ga 3 + ions 
are in octahedral coordination. Foster and Stumpf (1) 
prepared a-Ga20~ by heating gal l ium monohydrate  in 
air at about 400~ Above approximately 600~ 
a-Ga203 transforms to t~-Ga2Os, the h igh- tempera ture  
polymorph. Since fl-Ga203 is extremely persistent  even 
below the a ~ ~ t ransi t ion temperature,  it is the 
polymorph normal ly  encountered in commercial  gallia. 
Sheka et al. (2) discuss three other crystal l ine modifi- 
cations of Ga203, i.e. ~, 5, e, with each appearing to 
have an A1203 analog. The crystal s t ructure  of fl-Ga203 
has been investigated by Geller (3) and is monoclinic 
with a~ = 12.23, bo = 3.04, Co = 5.80A, and t~o ~ 103.7 ~ 
Four  molecules are contained in each uni t  cell, and 
the most probable space group is C 2/m. The struc-  
ture  is similar to that  of 8-A1203 and is characterized 
by two nonequivalent  cation sites, one te t rahedral ly  
and one octahedrally coordinated by oxygen. 

High-pur i ty  (99.9 + % pure) ,  commercial  Ga203 nor-  
mal ly  contains the beta phase and is nonluminescent .  

Experimental Procedure 
Raw material purity.--99.999 + % pure gall ium oxide 

as received from two vendors was analyzed semiquan-  
t i tat ively by specbrographic methods for trace impur -  
ities. The results shown in  Table I indicate the rela-  
t ively high pur i ty  of s tar t ing materials.  The only im- 
purit ies present  in both lots that are normal ly  asso- 
ciated with impur i ty  activation are Cu and Mo. (Ca, 
Mg, and Pb  are possible acceptors and could also con- 
t r ibute  to luminescence.) Neither of these star t ing 

* Electrochemical  Society A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  D r e x e l  I n s t i t u t e  of  T e c h n o l o g y ,  P h i l a d e l p h i a ,  

P e n n s y l v a n i a .  
~" P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  M e t a l s  a n d  C e r a m i c  E n g i n e e r i n g ,  

V i r g i n i a  P o l y t e c h n i c  I n s t i t u t e ,  B l a c k s b u r g ,  V i r g i n i a  24061. 

materials showed significant luminescence as received. 
Elements sought but  not detected (detection limits 
vary depending on elements, but, in all cases, detec- 
t ion limits are less than 10 ppm):  As, B, Ba, Be, Bi, 
Cd, Co, Ce, Fe, Ge, Mn, Ni, P, Sb, Si, Sn, Sr, Ta, Th, 
Ti, W, Zn, and V. 

Sample preparation.--Compositions were heat t reated 
in a lumina  or fused silica crucibles in electric re-  
sistance furnaces. Some reaction with the fused silica 
crucibles was encountered and, therefore, the outer 
1/4 in. of exposed sample was rout inely  discarded be- 
fore any measurements  were made. Noble metal  con- 
tainers were unsatisfactory because of apparent  amal-  
gamation between the crucible metal  and gallium. 

Measurements.--Routine phase identification was 
achieved using a Norelco x - r ay  diffractometer which 
employed nickel-fi l tered CuKa radiat ion and operated 
at 40 kV and 15 ma. 

All photoluminescent  excitation and emission spec- 
tra and peak height measurements  were obtained at 
room temperatures  using a Pe rk in -E lmer  spectro- 
fiuorimeter as previously described (4). Reflectance 
spectra were also measured using this ins t rument .  
Cathodoluminescent  spectra were obtained using a 
demountable  cathode ray tube operating at 12 kV an-  
ode potential  and 6 ~A beam current  over a s tandard 
scan TV raster of 1-in. 2 area. Brightnesses under  these 
conditions were measured with an eye-corrected 
Weston foot- lambert  meter. 

Table I. Semlquantitative spectrograph analyses of 
two Ga203 raw material lots 

(in ppm) 

V e n d o r  A g  A1 Ca  Cu  M g  Mo P b  

A < I  1-10 1-10 < I  <1  1-10 1-10 
B - -  I-I0 1-10 1 1 i-I0 - -  
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Fig. 1. Fluorescence spectra of fl-Ga208, fl-Ga203 (Si, Zn), and 
MgW04. 

Exper imenta l  Results 
Commercial  grades of Ga203 are normal ly  non-  

luminescent,  al though in some cases an extremely 
weak emission can be detected. Upon heat t rea tment  
at high temperatures,  e.g. above 1250~ a bright  blue 
luminescence develops. This emission is characterized 
by the spectrum shown in Fig. 1 and the optical data 
listed in Table II. Under  253.7 nm excitation, unac-  
t ivated ~-Ga203 has a peak emission at 456.0 n m  and 
a 1/2 /max band width of 130 nm. This corresponds to 
a shorter wavelength of emission and a more nar row 
band width than that  of MgWO4 (NBS 1027) which 
emits at 501.0 n m  and has a band  width of 150 nm. 
Luminescent  ~-Ga203, properly prepared, has a more 
intense peak emission than  MgWO4, and, consequently, 
the integrated area of the emission spectrum of 
fl-Ga203 is slightly larger than that  of MgWO4. 

Under  cathode ray excitation, ~-Ga203 is about 19% 
as bright  as ZnS:Ag, the conventional  blue-emit t ing,  
color-television phosphor. 

The intensi ty  of the photoluminescence varies con- 
siderably depending on the tempera ture  and durat ion 
of heat t reatment .  In  addition, the luminescence ap-  
pears to be very sensitive to low level impurities, in -  
cluding those present  in the furnace atmosphere and 
the fused silica container.  It is not possible to describe 
a given procedure for the preparat ion of this phosphor, 
since each lot of Ga203 appears to behave somewhat 
differently. Phosphor preparations under  mildly  reduc- 
ing conditions, generated by adding a few per cent 
NH4C1 and firing in covered crucibles, markedly  en-  
hance the luminescence brightness. This modification 
does not change the other emission characteristics. 

Subst i tut ions of Si 4+ and Zn 2 + for Ga 3 + were found 
to increase the peak emission wavelengths to approxi-  
mately  510 nm. These substitutions, which can be repre-  
sented by the formula (Ga0.993 +,Si0.o054 +,zn0.0052 + ) 203 

Table II. Comparison of photoluminescence and 
cathodoluminescence of self-activated fl-Ga203 with standard 

phosphors 

P h o t o l u m i n e s c e n c e  (Xex = 253.7 n m )  

MgWO4 
~-Ga~O~ (NBS 1027) 

P e a k  w a v e l e n g t h  (nm)  456.0 501.0 
P e a k  i n t e n s i t y  (%} 144 100 
B a n d  w i d t h  a t  1/2 Im.x (nrn) 130 150 
R e l a t i v e  a r e a s  of e m i s s i o n  p e a k  (%) 106 100 
C h r o m a t i c i t y  c o o r d i n a t e s  

x 0.184 0.234 
Y 0.207 0.320 

Cathodoluminescence 

Brightness (ft-L) 
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Fig. 2. Excitation spectra of fl-Ga20~ 

indicate that  the luminescence is sensitive to some 
chemical additions even when they are present  in 
low concentrations. 

The photoluminescence excitation spectrum for lu-  
minescent  fi-Ga20~ obtained in the present  study (Fig. 
2) is in basic agreement  with the optical absorption 
data of Tippins (4). 

Discussion of Results 

In view of the high pur i ty  and especially the low 
concentrat ion of potential  activator ions present  in 
the Ga203 raw material ,  it is unl ike ly  that  the ob- 
served luminescence arises from absorption of energy 
by impur i ty  activator ions. The broad, apparent ly  
structureless, absorption and emission spectra of lu- 
minescent  fl-Ga203 substant iate  this viewpoint.  This 
does not el iminate the possibility of these ions acting 
as coactivators or sensitizers. 

The most l ikely explanat ion of the absorption mech-  
anism has been discussed by Tippins (4) in which 
he semiquant i ta t ively  relates the exper imental  optical 
absorption of ~-Ga203 to a Ga 3+ ~- O = --~ Ga 2+ -t- O -  
type process. The excitation spectrum for luminescent  
~-Ga203 shown in Fig. 2 is in close agreement  with 
the optical absorption spectra measured by Tippins. 

Although this appears to be a plausible explanat ion 
of the absorption (excitation) mechanism in  ~-Ga203, 
it does not explain why luminescence is observed only 
when the oxide has been subjected to h igh- temper-  
ature heat treatments.  Evidently,  energy absorbed by 
fl-Ga203 is t ransferred quite freely through the lat-  
tice unt i l  it is eventual ly  dissipated as heat. Lumines-  
cence does not develop unt i l  something, either va-  
cancies or impur i ty  ions, is introduced in sufficient con- 
centrat ion into the lattice to disrupt the cont inui ty  and 
serve as energy traps and, subsequently,  emission cen- 
ters. High- tempera ture  heat treatments,  therefore, are 
necessary to form vacancies, 

Only recently, Lorenz, Woods, and Gambino (5) 
have shown by Hall coefficient and resistivity mea-  
surements  that fl-Ga203 can be an insulator  or semi- 
conductor depending on the conditions of preparation.  
In oxidizing atmospheres, the mater ial  exhibits in-  
sulat ing properUes, but mild reduct ion introduces 
semiconducting characteristics. Semiconduction was 
at t r ibuted to the presence of anion vacancies. Optical 
absorption spectra obtained from the semiconducting 
fi-Ga203 is in good agreement  with the results of 
Tippins (4) and those of the present  study. 

S u m m a r y  

The preparat ion of luminescent  fl-Ga203 can be 
achieved by simply heat t reat ing the oxide at high 
temperatures  in a nonoxidizing atmosphere. The re-  
sul tant  broad band emission peaks at 456 nm. As is 
typical for this type of luminescence, the emission 
wavelength can be varied somewhat by introducing 
impur i ty  levels in the normal ly  forbidden band gap. 
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A Chemical Polish for SnxPbl_ Te 

J. Edward Coker 
Autonetics Division of North American Rockwell Corporation, Anaheim, California 

Single-crystal  wafers of Sn~Pbl-xTe for 0 - -  x ~ 1 
have been polished down to a thickness of 3-4 mils. 
The resul t ing surface is specular, providing enough 
mater ia l  has been removed to remove damage due to 
cutt ing or mechanical  polishing. 

To date, no one has reported a good polish for 
SnxPbl-xTe.  In  an at tempt to polish SnxPbl-xTe,  
several chemical polish-etches were tried; among those 
tried was a lead tel luride polish consisting of 40 cc 
saturated K2Cr207 solution and 9 cc concentrated 
HNO3 (1). A t in tel luride polish that  was used was 
prepared by dissolving 0.35g I2 in 40 ml ethanol to 
which was added 10 ml  distilled H20 and 4.0 ml  49% 
HF (2). Also tried was PbSel -xTez  polish which was 
made by dissolving 0.5g disodium ethylenediamine 
tetraacetate in 25 ml  distilled H20, then adding 50 ml 
30% H202 and 25 ml  glacial acetic acid (3). All of 
these display one or more undesi rable  properties. The 
polishes for PbTe and PbSel-xTex leave stains on the 
surface; the t in  tel luride polish produces orange peel 
surfaces if careful control is not maintained.  

The problem in polishing compounds of t in  and lead 
lies in the fact that very few compounds of t in  are 
soluble in aqueous solutions. To obtain the desired 
solubility, it is necessary to oxidize t in  to the Sn( IV)  
state and lead to the P b ( I I )  state. This can be ac- 
complished with the use of bromine in an acidic solu- 
tion. A polish-etch has been found which is par t icu-  
lar ly good for polishing surfaces and /o r  etching pat-  
terns in Sn~Pbl -zTe  substrates. The polish-etch con- 
tains 6 parts by volume bromine and  100 parts 48% 

hydrobromic acid which is used at room temperature.  
The crystals of SnxPb~-xTe, when immersed in the 
polish-etch, wil l  form a dark  stain which is easily 
removed by agitat ing the liquid. The polish lends itself 
readi ly  to tumbl ing  techniques or the use of a mag-  
netic stirrer. Quenching of the etch is accomplished 
by successive di lut ion with either methanol  or de- 
ionized water. For th inn ing  or etching patterns,  wafers 
can be mounted  on glass slides and, while  s t i rr ing the 
liquid, etched to the desired thickness with a smooth 
reflective surface. Invest igat ion indicates the polish- 
etch works well  with a range  of from 2 to 12 parts  
bromine.  

The range of etch rates was found to be from 20 to 
25 # /min  at 2%, to 80-85 ~ /min  at 12% concentrat ions 
of bromine. 

A single sample of Cd0.15Hg0.asTe, a related infrared 
material ,  was polished with a 2% concentrat ion of 
bromine in hydrobromic acid. The sample was a saw- 
cut wafer which had a very rough surface. After  re-  
moval  of the damage introduced by the saw (~15-20~), 
the surface was both smooth and reflective. 

Manuscript  submit ted March 20, 1969; revised m a n u -  
script received ca. April  7, 1969. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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Contribution of Spacer Paper to the Frequency and 
Temperature Characteristics of Electrolytic Capacitors 

Robert S. Alwitt* 
Research and Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 

ABSTRACT 

Electrolyte- impregnated capacitor paper has dielectric properties typical 
of a colloidal dispersion. The parallel  capacitance of the paper is substant ia l ly  
enhanced by contact with a luminum oxide. The capacitance loss exhibited by 
a luminum electrolytic capacitors at low temperatures  and /o r  high frequencies 
is accounted for by the combined effects of the etch s t ructure  of the foil elec- 
trodes and the dielectric properties of the impregnated paper. 

Foi l - type electrolytic capacitors exhibit  a capaci- 
tance decrease at low temperatures  and /or  high fre- 
quencies that  cannot be accounted for by a simple 
discrete capacitance for the oxide dielectric. Some per-  
formance curves for capacitors designed to i l lustrate 
this behavior are shown in Fig. 1. This effect has been 
ascribed to a capacitance of the electrolyte- impreg-  
nated spacer paper (1, 2) and to a decrease in the 
effective area of etched foil electrodes because of a 
" tuning out" of the inter ior  of the etch s tructure (2, 3). 
It  has recent ly been suggested that  pores in the anodic 
oxide may contr ibute to the capacitance loss (3). Each 
of these factors is now considered briefly. 

Assigning a fixed capacitance to the impregnated 
spacer paper helps reproduce the impedance vs. fre- 
quency characteristic of a capacitor (1, 3), but  it does 
not account for all of the capacitance decrease at 
higher frequencies (3). 

The t rea tment  of the electrical properties of a 
porous capacitor electrode as a distr ibuted network of 
capacitance and resistance was first presented in a 
quant i ta t ive fashion by Vergnolle (4). The capacitance 
due to the oxide dielectric was distr ibuted along the 
pore walls, while the electrolyte resistance was dis- 
t r ibuted along the pore interior. A detailed considera- 
t ion of the electrical properties of rough and porous 
electrodes has been presented by deLevie (5). The 
mathemat ical  analysis of the electrical properties of 
etched foil electrodes presented by Broadbent  (3) is 
essentially correct, but  his exper imental  results did not 
show that  characterist ically different results were ob- 
tained with etched foil compared with plain foil. This 
was probably  the result  of not separat ing out the 
effect of the impregnated spacer paper  that was mea-  
sured in series with the foils. 

Young (6) has shown that pores and microfissures in 
a dielectric film can be detected by the frequency de- 
pendence of the series resistance. If such discon- 
t inuities are present, there is a deviation from a l inear  
R vs. 1/f relationship due to high series resistance at 
low frequencies. Broadbent  (3) found a l inear  R vs. 
1/f relationship, so it is unl ike ly  that  the capacitance 
loss he ascribes to pores or cracks can be accounted for 
in that  fashion. Moreover, the effect of fissures would 
be least at those conditions which produce the largest 
capacitance loss, i.e. high f requency and low tempera-  
ture. 

Thus, the low-tempera ture  and high-f requency 
characteristics of foil- type electrolytic capacitors have 
not yet been satisfactorily explained. This is due pr i -  
mari ly  to incorrect interpretat ions of the dielectric 
properties of the electrolyte/spacer system. The main  
purpose of this paper is to describe some electrical 
properties of impregnated spacer paper. Consideration 
of these properties, in conjunct ion with the known 
characteristics of the oxide dielectric and etch struc- 
ture, permits  a complete operational  description of the 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

low- tempera ture  and high-f requency behavior  of 
a luminum electrolytic capacitors. 

Properties of Impregnated Spacer Paper 
GeneraL--More than 30 years ago, Fricke and Curtis 

(7) observed that  an aqueous suspension of cellulose 
exhibited a very broad low-frequency dielectric dis- 
persion. The apparent  dielectric constant  of the sus- 
pension was as much as several orders of magni tude  
greater than that  of water  and had a strong frequency 
dependence. Other colloidal systems showed the same 
effect. This property arises from the motion of ions, 
under  the influence of an external  electric field, along 
the surface of the solid particles. Schwarz (8) showed 
that  the net  ionic current  tangent ia l  to the solid sur-  
face would be out of phase with the impressed field 
so as to give rise to a surface capacitance. He showed 
that  the apparent  dielectric constant  arising from this 
effect could account very  wel l  for the exper imental  
results. 

It might be expected that  the cellulose fibers in 
paper sheet would still re ta in  m a n y  colloidal prop-  
erties. Indeed, we have reported recent ly  that  paper  
sheet exhibits the same kind of dielectric dispersion 
as cellulose suspensions (9). I t  was found that the 
dielectric constant  of e lect rolyte- impregnated spacer 
paper varied over the range 102 to 107 and depended 
on frequency, temperature,  and solute concentrat ion 
(9). 
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The tempera ture  and solute concentrat ion determine 
electrolyte resistivity with a part icular  solvent. The 
resistance Rp of any one paper type is proport ional  to 
electrolyte resist ivity (10). The paper  capacitance Cp 
is proport ional  to the dielectric constant, where Cp is 
in  paral le l  with Rp. It  has now been found that, when  
the data presented in  Ref. (9) are plotted as Cp vs. 
fR,, all the results with the same paper type fall 
wi thin  a nar row band, independent  of the part icular  
tempera ture  or concentration. It should be noted that  
this is an empirical correlation. No theoretical grounds 
for the correlat ion would be expected since Cp is an 
interfacial  property, while  Rp is presumably  deter-  
mined by ionic conduction in electrolyte outside the 
range of surface effects. 

The correlations obtained for a 1-mil thick Benares 
paper and a 2.4-mii Manila paper  in  electrolytes of 
sodium salicylate in ethylene glycol are shown by the 
line marked (a) in Fig. 2. The data were obtained at 
solute concentrat ions from 0.015 to 0.5M, temperatures  
from --24 ~ to +80~ and frequencies from 60 to 104 
Hz. Both papers had about the same capacitance over 
much of the range of fRp. Paper  properties, experi-  
menta l  procedures, and fur ther  discussion of these 
data have been presented elsewhere (9, 10). 

Behavior in a capacitor.--The effect of the dielectric 
properties of the impregnated spacer on the capaci- 
tance of an electrolytic capacitor is i l lustrated in 
Fig. 3. The fractional  capacitance of a 4V smooth alu-  
m i n u m  anode is shown as a funct ion of frequency and 
electrolyte resistivity. Measurements  were made at 
25~ at frequencies up to 10,000 Hz and in glycol elec- 
trolytes with resistivities up to 10,000 ohm-cm. The 
reference capacitance Co was about 1 mfd /cm ~, ob- 
tained at 60 Hz in a 12 ohm-cm aqueous electrolyte 
with no spacer present. Measurements  with paper 
were made using a sandwich consisting of a central  
a l uminum foil anode separated from two platinized 
electrodes by electrolyte- impregnated spacers (single 
sheets). The paper had been soaked overnight  in elec- Io1[ ' , 
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Fig. 2. Correlation of dielectric properties of paper. Cp and Rp 
for sample 1 cm x 1 cm; (a) platinized electrodes, (b) 4V smooth 
AI electrode, (c) etched AI electrodes. Vertical lines show range 
of data. See text for other details. 
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Fig. 3. Dependence of capacitance on frequency and electrolyte 

resistivity. Smooth, 4V AI at 25~ ( A )  = no paper, (e) = Man- 
ila paper, ( Q )  ~ Benares paper. 

t rolyte at 25~ Care was taken  to exclude air from 
the sandwich. Measurements without  paper  were made 
using the apparatus described by Bernard  (11), with 
the a luminum electrode main ta ined  at a separation of 
about 2 mils from a platinized electrode. The decrease 
in C/Co in  the absence of a spacer was probably  due 
to residual  surface roughness and possibly slight mis-  
a l ignment  of the electrodes. 

The capacitance and resistance of the paper in these 
sandwiches were calculated from the total series C and 
RC measured on a convent ional  bridge and the inde-  
pendent ly  measured C and RC of the anodized a lu-  
m i n u m  foil. The procedure was the same as that  used 
for measurements  made between platinized electrodes 
(9) but  with the oxide dielectric substi tuted for the 
external  capacitor. This calculation treats the total  ca- 
pacitance and resistance as consisting of the oxide 
Cox and Rox in series with the paral lel  combinat ion of 
paper Cp and Rp. Values of Cp a n d  Rp were determined 
from the data in  Fig. 3, and from data obtained over 
the same ranges of frequency and resist ivity but  at 
temperatures  down to --24~ 

At  any  par t icular  condition, the value of Rp was 
the same as found previously when  using platinized 
electrodes. However, Cp was about an order of magni -  
tude greater  with the a luminum electrode. The cor- 
relat ion for these data obtained wi th  a smooth, 4V A1 
anode is shown in Fig. 2 as l ine (b).1 

Measurements of C and RC of some low-voltage 
min ia ture  a luminum electrolytics were analyzed in a 
similar fashion and the correlation l ine for the paper  
properties is shown in Fig. 2 as l ine (c). These ca- 
pacitors were made with etched foils and both Benares 
and Manila papers. Several  electrolytes were used, 
including glycol/sodium salicylate and glycol/borate 
electrolytes. The correlat ion l ine is in termediate  to 
those obtained with platinized electrodes and with a 
smooth A1 electrode. 

The fact that  these lines are paral lel  indicates that  
the subst i tut ion of an oxidized A1 electrode for a pla t -  
inized electrode produced an increase in the magni tude  
of the dielectric constant  of impregnated paper, ra ther  
than  the introduct ion of a new dielectric phenomenon.  
This was made more evident  by an examinat ion of 
the dependency of paper dielectric constant on tem-  
perature,  solute concentration, and frequency. In  each 
case, the funct ional  dependence was the same for both 
electrode materials.  

Heavy metal  cations are known to have a large effect 
on the surface properties of fibrous materials,  includ-  
ing paper pulp (12). It  was thought that  even slight 
dissolution of a luminum or a luminum oxide might  

1 To e s t i m a t e  C ,  fo r  any  p a r t i c u l a r  c o n d i t i o n  in  Fig .  3, one  can  
ca lcu la t e  ~Rv f r o m  ~p by  u s i n g  Eq.  [4] in  Ref.  (10), t r e a t i n g  Rp as 
f r e q u e n c y - i n d e p e n d e n t .  F o r  t he  c o n d i t i o n s  of t h i s  s tudy ,  t h i s  g ives  
Rp = 0.040p for  Bena re s  p a p e r  and  Rp = 0,025p for  M a n i l a  pape r  
f o r  a n  a r e a  o f  1 cm 2. 
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have imparted unsuspected properties to the paper, 
result ing in an increased capacitance. However, the 
addition of as much as 10 -2 Al(NO3)~ to a glycol/so- 
d ium salicylate electrolyte did not shift the correlation 
line for Benares paper measured between platinized 
electrodes. Thus, dissolved a luminum seemed an un -  
likely source for the enhanced capacitance. 

Contact with a luminum electrodes produced no 
permanent  change in paper as evidenced from the fact 
that impregnated paper  that  had been in  contact with 
a luminum for an extended time had the same ca- 
pacitance, measured between plat inized electrodes, as 
freshly prepared paper. 

The following exper iment  established that  it was the 
paper/A1203 interface, and not the presence of the 
a luminum electrode, that  produced the enhanced di- 
electric constant  for the impregnated paper. The ca- 
pacitance of a smooth A1 foil anodized to 3V was mea- 
sured vs. platinized electrodes in a 104 ohm-cm glycol 
electrolyte at 25~ unde r  the following conditions: 

(a) Electrode separation about 25 mils; no paper  
present. 

(b) Same electrode separation; one layer of Benares 
paper pressed against platinized electrodes but  not 
touching A1. 

(c) Electrode separation reduced so that  paper is 
in in t imate  contact with both platinized and A1 elec- 
trodes. 

The decrease in over-al l  series capacitance with 
increasing frequency is shown in  Fig. 4 for these three 
cases. The large decrease in equivalent  series capaci- 
tance for case (c) shows that  Cp, the effective parallel  
capacitance of the paper, was much greater than  in 
case (b) .  The necessity for paper-oxide contact to pro-  
duce very  high Cp is supported by the results with 
etched foil (Fig. 2). With roughened foil, the actual 
contact area between foil and paper was reduced, re-  
sult ing in a smaller Cp than  with smooth A1 foil. 

Evidence that  the high capacitance is localized near  
the oxide/paper  interface is that, upon subst i tut ing 
three sheets of Benares paper for a single sheet in  a 
sandwich made with a smooth 4V A1 foil, no change in 
the measured capacitance occurred. A decrease of al-  
most 25% would have been predicted at the par t icu-  
lar conditions used if the dielectric properties had been 
uni formly  distributed. 

It has been shown elsewhere (9) that  the dielectric 
constant  of impregnated paper sheet is dependent  on 
temperature,  frequency, fiber dimensions, bu lk  elec- 
trolyte properties, and surface charge density. It  
would seem that  only surface charge density (~o) 
could be affected by proximity  to an electrode sur-  
face. To a first approximation, h e ' ~ o  ~ (9), so a re la-  
t ively small  change in ao could produce a large change 
in dielectric constant. 
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Fig. 4. Effect of paper/oxide interface on capacitance decrease. 

Dashed line represents results with no paper, ( 0 )  ~ Benares 
paper nut in contact with oxide, (o) ~ Benares paper in contact 
with oxide. 

Although paper  in contact with anodized A1 acts as 
if it had acquired an increased surface charge density, 
it is not apparent  how this process could take place. 
Furthermore,  it has been shown (9) that  contact with 
platinized electrodes imparts  no special properties, as 
evidenced by the fact that ~e' was found to be the 
same for three sheets as for one sheet of paper. Thus, 
any explanat ion of the effect of an A1 electrode must  
account for the difference between a meta l  and an 
oxide contact. 

Etch S t ruc ture  
The theory of porous electrodes (5) predicts that  

the effective capacitance of an  oxide-covered elec- 
trode depends on the parameter  SpCo. At a critical 
value of fpCo, the impedance of the furthest  regions 
of the pores becomes sufficiently high, relat ive to the 
impedance of the surface regions, that  the current  
and potential  lines in the surrounding electrolyte no 
longer penetrate  the full  length of the pore. As ]pCo 
increases above this value, the effective surface area, 
and hence C/Co, becomes proport ional  to (fpCo)-112. 
The critical value depends on the ratio of pore diam- 
eter to length and increases as this ratio becomes 
larger. 

Dur ing  the course of our  investigation of paper 
properties, it was found that  paper  impregnated with 
electrolytes using a mixed solvent of 1:1 water:  glycol 
had no effect on the capacitance of foil sandwiches 
over a wide range of frequencies and electrolyte re-  
sistivities. This provided a convenient  tool for s tudy-  
ing the effect of etch s tructure on capacitance. Recent 
results in this area presented by Broadbent  (3) did 
not exclude the capacitive contr ibut ion of the spacer 
paper. 

Sandwiches were made as described under  "Be- 
havior in a capacitor," but  using an anodized, etched 
a luminum foil as the central  electrode and electrolytes 
made with the mixed solvent. Measurements  were 
made over a frequency range of 60-1000 Hz at tem- 
peratures from --40 ~ to 25~ and with electrolytes 
with resistivities at room tempera ture  of 2 x 103 and 
104 ohm-cm. 

Four  different etched a luminum foils were ex-  
amined; two foils with a fine etch s t ructure  used for 
low-voltage applications, a foil with a coarser struc- 
ture  used for high voltages, and a cathode foil. These 
were anodized to several voltages up to 30V. 

As expected, for each foil the value of C/Co was 
dependent  on oxide thickness, temperature,  etc., only 
insofar as it affected the value of ]pCo. Surprisingly,  
there was not much difference among the several types 
of foils. All  of the results could be described reason-  
ably well  by the single l ine shown in Fig. 5. The ver-  
tical bars describe the total  range for the four foils. 
The points represent  results obtained with one of the 
low-voltage foils. The slope of the line at high values 
of fpCo is --0.46, close to the theoretical value of --0.50. 
The gradual  approach to this slope, ra ther  than  a 
sharp transition, is due to the presence of a dis t r ibu-  
t ion of pore sizes each with their  own cut-off point. 

The ordinate in Fig. 5 represents  the effective sur-  
face area of the electrode. The oxide series resistance 
is inversely  proport ional  to area and so will  be in- 
versely proport ional  to C/Co. 

Discussion 
Equivalent circuit.--Based on the considerations in  

the preceding sections, one can arr ive at the equivalent  
circuit shown in Fig. 6. The anode capacitance and re -  
sistance and cathode capacitance are shown as being 
distr ibuted with the electrolyte resistance in the pores. 
The electrolyte/spacer system should also be repre-  
sented by distr ibuted parameters  but  this cannot be 
done in a simple fashion. Instead, Cp is depicted as a 
lumped parameter  dependent  on f requency and elec- 
trolyte resistivity. 

If the capacitor section is sufficiently large, the re-  
sistance and inductance of the foil electrodes may be-  
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come important.  Peekema and Beesley (13) have re-  
cently presented an analysis of this situation. In  such 
a case, the circuit  in Fig. 6 would represent  a un i t  
e lement  of the capacitor to be dis t r ibuted over the 
foil resistance and inductance. 

An impor tant  point  of this work, and one em- 
phasized by Peekema and Beesley (13), is that an ac- 
curate representat ion of an electrolytic capacitor re-  
quires that all major  parameters  be treated as dis- 
t r ibuted  ra ther  than  lumped. Under  certain conditions, 
some of the parameters  can be approximated by dis- 
crete capacitance or resistance, but  probably  only lead 
and contact resistances can t ru ly  be considered as 
lumped parameters.  

Predicting capacitor performance.--In principle, it 
should be possible to predict the capacitance and re- 
sistance of an electrolytic capacitor as a function of 
f requency and tempera ture  from measurements  of 
the foil, paper, and electrolyte properties by use of 
the circuit in  Fig. 6. The effective capacitance and re-  
sistance of the foil-electrolyte system can be found 
in a s traightforward manner .  The paper/e lectrolyte  
properties in a capacitor are more difficult to assess. 
The resistance of impregnated paper  will  depend on 
the degree of constraint  wi th in  the capacitor section 

ANODE SPACER CATHODE 

§ Rp 

Fig. 6. Equivalent circuit for electrolytic capacitor 
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and the t ime- tempera ture  history after impregnat ion 
(10). Since the value of Cp used for the calculation 
wil l  be determined by the value of Rp chosen for use 
in Fig. 2, any  error in selecting Rp is compounded. Our 
experience has been that  with a low-resistance paper, 
such as Manila, the etched foil properties are domi- 
nan t  and a reasonable estimate of Rp is sufficient to 
provide good agreement  be tween observed and pre-  
dicted values of capacitance over a wide range  of 
frequencies and temperatures.  With a more resistive 
paper, such as Benares, the paper properties determine 
the capacitance loss at the lowest temperatures  and/or  
highest frequencies and, unless an accurate value of 
Rp is used, there could be a substant ia l  difference be- 
tween observed and calculated values. Of course, even 
without  an accurate value of Rp, this approach could 
be used to predict the relative effects of design changes 
or use of new materials.  

An interest ing aspect of the localization of the high 
Cp near  the oxide/paper  interface is that, when  cal- 
culat ing the effect of paper  for a capacitor using mul t i -  
layers of paper, C, is that  corresponding to Rp for a 
single layer, even though the effective Rp in  the ca- 
pacitor wil l  be tha t  for all  the layers. 

The correlation between Cp and R, shown in  Fig. 2 
can be used with systems other than  those discussed 
here. Results with paper equil ibrated with electrolyte 
at 85~ as well  as at 25~ fell on l ine (b).  An  ex-  
tensive study with smooth a luminum anodes showed 
that  data obtained with uncalendered Kraf t  paper fell 
on line (b), as did results obtained with other elec- 
t rolyte  systems, e.g. using dimethylformamide as sol- 
vent. Presumably,  l ine (c) would have this same gen- 
eral i ty though this was not studied in detail. 

Conclus ions 
1. Electrolyte- impregnated capacitor paper exhibits 

dielectric properties typical of a colloidal dispersion. 
It  can be inferred that  the effective capacitance of the 
paper is increased by contact with a luminum oxide. 

2. A correlation between Cp and :fRp exists for sev- 
eral paper /e lectrolyte  systems. 

3. The effective capacitance of etched A1 foil is 
essentially that  predicted by the theory of porous 
electrodes. 

4. The effect of low tempera ture  and high frequency 
on the capacitance of electrolytic capacitors can be 
accounted for by the combined properties of the etched 
foil and impregnated spacer paper. 

A c k n o w l e d g m e n t  
The author is grateful  to Mrs. E. Vigna for obtaining 

the laboratory results reported here. 

Manuscript  submit ted Sept. 13, 1968; revised manu-  
script received ca. Apri l  8, 1969. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 

REFERENCES 
1. I. F. M. Walker, Radio Electronic Components, 

4, 25 (1963). 
2. S. Boone and R. D. Bfigel, Bull. Assoc. Suisse Elec., 

54, 313 (1963). 
3. R. H. Broadbent,  Electrochem. Technol., 6, 163 

(1968). 
4. J. Vergnolle, This Journal, 111, 7 (1964). 
5. R. deLevie, Electrochim. Acta, 9, 1231 (1964); ibid., 

8, 751 (1963). 
6. L. Young, Trans. Faraday Soc., 55, 842 (1959). 
7. H. Fricke and H. J. Curtis, J. I~hys. Chem., 41, 729 

(1937). 
8. G. Schwarz, ibid., 66, 2636 (1962). 
9. R. S. Alwitt,  ibid., 73, 1056 (1969). 

10. R. S. Alwitt ,  Electrochem. Technol., 6, 172 (1968). 
11. W. J. Bernard,  This Journal, 1{}8, 446 (1961). 
12. C. E. Mossman and S. G. Mason, Can. J. Chem., 37, 

1153 (1959); D. A. I. Goring and S. G. Mason, 
Can. J. Research, 28B, 323 (1950). 

13. R. M. Peekema and J. P. Beesley, Electrochem. 
Technol., 6, 166 (1968). 



Electrodeposition of Molybdenum Coatings 
Frank X. McCawley,* Charlie Wyche, and David Schlain* 

College Park Metallurgy Research Center, Bureau of Mines, 
United States Department of the Interior, College Park, Maryland 

ABSTRACT 

The eleetrodeposition of coatings of molybdenum from a sodium and 
l i thium metabora te -molybda te -molybdenum oxide fused salt system was 
investigated. Coatings up to 16 mils thick were deposited on Inconel, Car-  
penter  20 stainless steel, nickel, copper, and graphite at current  densities of 
3.1-6.2A d in -2  (0.2-0.4A in. -2) and 900~ under  an argon atmosphere. The 
composition of the electrolyte is critical; deposits are obtained only when  the 
electrolyte contains between 1.0 and 3.3% molybdenum.  

Interest  in molybdenum has increased rapidly with 
the advent  of the missile and space industries (1). 
However, the production methods, such as compact 
powder sintering and arc casting, are expensive and 
useful  farms of m~lybdenum meta l  are difficult to 
fabricate. The Bureau of Mines undertook this invest i-  
gation to develop methods for applying coherent coat- 
ings of molybdenum on several substrates in order to 
take advantage of the properties of the molybdenum 
and to bypass expensive fabrication techniques. 

Earl ier  investigators claimed deposits of molyb-  
denum alloys from aqueous solutions (2, 3) and de- 
posits of molybdenum metal  from fused salt systems 
(4-7). Senderoff and Brenner  (8) at tempted to repeat 
some of these experiments  and concluded that  molyb-  
denum had not been electrodeposited from aqueous, 
organic, or mol ten  salt systems by the methods de- 
scribed. In  1954, Senderoff and co-workers developed 
a method for making coherent, dense molybdenum 
deposits up to 0.02 in. thick from a LiC1-KC1-K~MoCls 
fused salt electrolyte (8-11). Later, McCawley (12) 
and Cummings et al. (13) prepared coarse dendrit ic 
crystals of high-puri ty  molybdenum by electrodeposi- 
t ion from fused salt mixtures  made up with one or 
more alkali  metal  or alkaline earth chlorides and 
molybdenum pentachloride or potassium hexachloro- 
molybdate,  respectively. At about the same time, 
Heinen and Zadra (14, 15) described the electrowinning 
of h igh-pur i ty  molybdenum from sodium phosphate-  
borate-hal ide fused salt baths containing MoO~. In 
1964, Mellors and Senderoff (16-18) described a 
method for electroforming dense, coherent deposits of 
molybdenum from molten fluoride baths. 

Star t ing with a 37.5% NAC1-37.5% KC1-25% K3MoC16 
fused salt electrolyte, the Bureau of Mines was able 
to obtain thick coatings. For  example, adherent,  
dense coatings of molybdenum of up to 16 mils in 
thickness were made from this electrolyte at 900~ 
on graphite and stainless steel substrates. Cathode cur-  
rent  efficiencies were from 80 to 99% for coatings 
made at cur rent  densities (C.D.) up to 9.3A dm -2. 
However, corrosive vapors diffused through the pro- 
tective graphite liner, attacked the s t ructural  parts 
of the cell, and contaminated the electrolyte. 

The chemical s imilar i ty  of molybdenum and tung-  
sten and the success in prepar ing coatings of tungs ten  
from the metaborate  electrolyte by Davis and Gent ry  
(19) and the improvement  by McCawley et al. (20) 
suggested the use of a similar plat ing electrolyte for 
molybdenum.  Therefore, this investigation deals 
main ly  w i t h t h e  NaLiB204-NaLiMoO4-MoO3 fused salt 
system. 

Experimental Equipment and Procedures 
A special furnace which allowed visual  observation 

of the cell dur ing the h igh- tempera ture  electrodepo- 
sition process was used in this investigation. The fur-  
nace is described in  detail in a paper  on electroplat- 

* Electrochemical Society Active Member. 

ing thick tungsten  coatings (20). However, a short 
description of the apparatus is given below and an 
isometric diagram of the apparatus is shown in Fig. 1. 

Equipment.--The container  used for p la t ing con- 
sisted of a 4- in . -diam by 5- in . -high p la t inum cru-  
cible. The cell had one molybdenum anode and a 
cathode of nickel, Inconel, Carpenter  20 stainless steel, 
graphite, or copper. The two electrodes usual ly  had 
the same dimensions, about 1 in. wide, 3-6 in. long, 
and 0.031-0.125 in. thick. They were spaced 1% in. 
apart  and were general ly  immersed in the electrolyte 
to a depth of 1-3 in., giving submerged areas of about  
2-6 in. 2. The electrodes were attached to InconeP ex- 
tension rods. The cathode was connected to a d-c 
power supply by means of a constant  low-voltage drop 
rotat ing assembly (21) which utilized mercury  metal  
as the electrical contact. A thermocouple encased in 
1/4-in. OD Inconel  tube covered with a 5-rail coating 
of p la t inum or molybdenum was used to measure the 
tempera ture  and activate the tempera ture-contro l l ing  
mechanism. 

The cell was enclosed in a Pyrex  furnace tube, the 
ends of which were sealed with wax into grooves on 
the brass end plate. These end plates were water -  
cooled by means of copper coils si lver-soldered to the 
outside edges. The top end plate had an opening which 
was sealed with an "O" r ing and an a luminum lid. 
The anode extension rod and the cell thermocouple 
passed through gastight seals in this lid. A 7-in.-high 
by 2- in . -diam a luminum interchange chamber was 
attached to the furnace lid. The cathode extension rod 
passed up through the interchange chamber  lid. A gate 
valve separated the interchange chamber  from the 
main  furnace chamber  and deposits were removed and 
fresh cathodes were introduced without  allowing the 
cell or its contents to come in contact with the out-  
side atmosphere. The bottom end plate was solid ex- 
cept for two gastight fittings. One was the argon gas 
inlet  and the other supported a second thermocouple. 
The cell was heated by means of a high-voltage, 10-kw, 
450-kHz rf induct ion generator. Cell tempera ture  was 
main ta ined  wi th in  +_ 5~ C. 

A resistance furnace was used to fuse and dry  the 
electrolyte salts in a controlled atmosphere. A vac- 
uum oven was used for predry ing  the salts. A s tain-  
less steel dry box was used for crushing, weighing, 
and mixing the salts under  an Ar or N2 atmosphere. 

Bend tests were made using an adjustable bend fix- 
ture  (Fig. 2) which allowed the specimen to bend 
as a beam in  a three-point  loading. This test  method 
is similar to the method used for testing refractory 
metal  sheet (22). The fixture rolls were adjustable  
to 1.0, 1.25, and 1.75 in. and the radi i  of the wedge 
tips were 0.05 in., 0.10 in., and a sharp knife edge. The 
wedge and rolls were attached to a compression tester 
and were closed at a controlled rate. 

1 Reference to specific brands is made to facilitate understanding 
and does not imply endorsement of such items by the Bureau of 
Mines. 

1028 



Vol. 116, No. 7 MOLYBDENUM COATINGS 1029 

Fig. 2. Adjustable bend vise and wedge assembly, showing three- 
point loading of a bend specimen. 

Fig. 1. Isometric cutaway diagram of Pyrex tube furnace with 
cell and interchange chamber: 1--stirring motor, 2--centering 
bearing support rods, 3--cathode extension rod, 4--gas outlet, 5 -  
gas tight tube fitting, 6~chamber support clamp, 7--centering 
bearing and ring, 8--interchange chamber shutoff valve, 9--main 
lid, lO--top flange cooling coils, 11--top flange, 12--boron nit- 
ride bearings, 13--quartz shielding tube, 14---crucible, 15--anode, 
16---induction coils, 17-~electrolyte, 18--boron nitride table, 1 9 -  
alumina support tube, 20--bottom cover cooling coils, 21--bottom 
cover, 22--thermocouple, 23--gas inlet, 24---cathode, 25--thermo- 
couple, 26--baffle plate and heat shield, 27--Pyrex glass tube, 
28--baffle plate support rods, 29--gas and vacuum outlet, 30--  
anode extension rod, 31~gas inlet, 32--interchange chamber 
body, 33--interchange chamber flange, 34---interchange chamber 
lid. 

Hardness was de termined  on a Tukon microhardness  
tester. 

Preparation o5 electro~yte.--The electrolyte  was 
made up of sodium and l i th ium metaborates  (NaBO2 
and LiBO2), sodium and l i th ium molybdates  (Na2MoO4 
and Li2MoO4), and molybdenum oxide (MOO3). The 
salts were  obtained from commercia l  sources and 
were  of the highest qual i ty  available. The NaBO2, 
which was received with  4 molecules of H20, and 
the LiBO2, which contained only a small  amount  of 
H~O, were  predr ied  at 200~ in a vacuum oven at a 

pressure of < 0.2 m m  Hg and then  fused at 980 ~ and 
900~ respectively.  The Na2MoO4 and Li2MoO4 were  
fused and the MoO3 was dried at 600~ The salts were  
always fused under  an argon atmosphere  and in p la t -  
inum dishes. Spectrographic analyses of the dried 
salts are shown in Table I. 

The fused salts were  crushed in the dry box under  
a dry a tmosphere  of N2 or Ar. P roper  proport ions of 
the salts were  t ransfer red  to a bottle; the bottle was 
t ight ly  sealed, r emoved  from the dry box and tumbled  
for several  hours. The mix tu re  was then  t ransfer red  
to the cell. 

Preparation of electrodes.--Anodes were  made of 
cold-rol led molybdenum sheet and had a pur i ty  of 
99+ %. Pr ior  to weighing,  they were  washed in warm, 
soapy water,  hand rubbed with  pumice, r insed with  
distilled water,  washed with  alcohol, and air-dried.  
The nickel, stainless steel, and Inconel  cathodes were  
wet  ground on 80 and 120 gri t  belts prior to the wash-  
ing t rea tment  above. Copper and graphi te  cathode 
surfaces were  hand ground wi th  3/0 emery  paper prior  
to the washing t reatment .  Graphi te  electrodes were  
oven-dr ied  to remove  any wate r  f rom the internal  
pores. 

Electrolysis.--The dry weight  of electrolyte  used in 
the exper iments  was about 500-1400g. Electrolysis 
must  be per formed under  an iner t  a tmosphere  and 
the electrolyte  must  be free of H20. Therefore,  the 
replacing of air wi th  argon in the furnace chamber  
was started immedia te ly  after placing the crucible and 
mixed proportions of e lectrolyte  in the chamber  and 
securing the chamber  lid. Argon continuously flowed 
through the furnace chamber  throughout  the heating, 
the electrolysis, and the cooling periods at a ra te  of 
150 cc rain -1 and at a pressure of about 11/2 in. of 
H2SO4. The electrodes were  immersed in the mol ten  
electrolyte  wi th  a small  applied potent ia l  to el iminate 
any corrosion of the cathode and contaminat ion of the 
bath. 

The cathode was rotated at 250 rpm during electrol-  
ysis to agitate the bath and el iminate  stratification of 
the electrolyte.  Cell current  and vol tage were  con- 
t inuously measured and recorded throughout  the e x -  
per iment .  Cell voltages were  measured  outside the 
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Table I. Spectrochemicol analyses of initial electrolyte materials,* per cent 

A1 B C a  C r  C u  F e  K L i  M g  M n  M o  N a  N i  8 i  W 

N a B O ~  0 .01  ~ 1 0  0 .05  f 0 .005  0 .01  - -  0 .03  0 . 0 0 0 5  0 . 0 0 5  0 .01  ~ 1 0  0 .05  0 .01  0 .05  
L i B O 2  0 .05  > 1 0  0 .05  0 .05  0 .005  0 .05  - -  > 1 0  0 .001  0 .01 0 .05  0 .1  0 . 0 5  0 .01  0 .05  
N a ~ M o O ~  - -  - -  0 .001  - -  - -  0 .01  0 .05  - -  - -  > 1 0  > 1 0  - -  - -  
Li~MoO4 - -  - -  0 . 0 0 5  - -  - -  0 . 0 0 5  0 .05  1 0  0 .001  - -  > 1 0  0 .05  - -  - -  
M o O ~  . . . .  0 ,001  - -  - -  - -  0 . 0 0 0 5  - -  :>10  . . . .  

* A f t e r  s a l t s  w e r e  d r i e d  a n d  f u s e d .  
T h e  f o l l o w i n g  e l e m e n t s  w e r e  n o t  d e t e c t e d :  A g ,  A s ,  B a ,  B e ,  B i ,  C d ,  Co ,  Cs ,  G e ,  H g ,  N b ,  P ,  P b ,  R b ,  Sb ,  S n ,  S r ,  T a ,  T i ,  T1, V,  Z n ,  Z r .  

cell chamber and included the voltage drops through 
the connections, the extension rods, and the mercury  
rotat ing assembly. The resistance of these was mea-  
sured at approximately  0.049 ohms and was considered 
negligible. The quant i ty  of electricity was determined 
by a copper coulometer. 

"Conditioning" of the electrolyte was required for 
new batches and for electrolytes which had become 
contaminated with air or water  vapor. A "condition- 
ing" run  consisted of an electrolysis at a high current  
density with molybdenum electrodes. 

After  electrolyses, the electrodes and deposits were 
washed in warm distilled water  for several  hours. 
Loose mater ia l  was removed at this time. Then the 
electrodes and deposits were washed in distilled water, 
r insed in alcohol, and air-dried. The loose mater ia l  
was collected and treated in the same m a n n e r  as the 
adherent  deposit. Loose mater ia l  was usual ly weighed 
separately. 

Evaluation of the deposits.--Anode and cathode cur-  
rent  efficiencies were based on changes in the weights 
of the electrodes and the weight of copper deposited 
in the copper coulometer. The thickness of the deposit 
was calculated from the weight of the adherent  deposit 
and the area of the plate, using the value of 10.2g c c - t  
for the density of molybdenum.  

Samples for metal lurgical  and microhardness exam- 
inations were cut from the "as-plated" deposits and 
from deposits which had been subjected to the con- 
trolled bend tests. The samples were cut from edges 
of the deposits and from the central  areas of the de- 
posit surfaces. The samples were mounted in Lucite 
in a manne r  suitable for studies of the substrate and 
coating cross sections. They were polished to a mirror  
finish and some were etched with a 3% K3Fe(CN)6- 
0.5% NaOH solution. Hardness measurements  were 
made on the mounted  samples at points adjacent  to 
the substrate, adjacent  to the surface of the coating, 
and hal fway between these two points. In  the sam- 
ples which were bent, the hardness measurements  
were made on both the tensile-stressed and the com- 
pressive-stressed coatings. The hardness indentat ions  
were made parallel  to the substrate and perpendicular  
to the columnar  s t ructure  of the coatings. The average 
of several indentat ions  was calculated for each mi-  
crohardness number .  

Electron probe analyses were made on samples cut 
from the corners of the Mo coatings by the X - r a y  
Section of the College Park  Metal lurgy Research 
Center. The concentrat ion profiles were made along a 
path perpendicular  to the sample surface. The probe 
spot was at least 2~ in  diameter. Semiquant i ta t ive  
spectrochemical analyses were made on crystals of 
nonadherent  metal  scraped from the surfaces of the 
deposits. 

Experimental Results and Discussion 
Deposits made under optimum conditions.--During 

this investigation, the opt imum cell conditions for 
electroplating molybdenum coatings were determined. 
The opt imum init ial  electrolyte contained, on a dry 
weight basis, 55.5% NaBO2, 41.9% LiBO2, 1.0% 
Na2MoO4, 0.9% LifMoO4, and 0.7% MOO3. Hereafter  
in this paper, this composition of electrolyte is called 
the s tandard electrolyte. The opt imum cathode C.D. 
was 3.1-6.2A dm-~  (0.2-0.4A in. -~) and the cathode 

was rotated. The opt imum bath operating tempera ture  
was 900~ and the cell was operated under  a dry in -  
ert atmosphere. 

Coherent, adherent  coatings of molybdenum were 
deposited on nickel, Inconel  (Fig. 3), Carpenter  20 
stainless steel, copper, graphite, and molybdenum 
sheet. A smooth, uni form coating of molybdenum was 
deposited on a stainless steel pipe, tees, elbows, and 
plugs (Fig. 4). Cathode deposit cur rent  efficiencies 
were above 95%. The apparent  anode current  effi- 

Fig. 3. Molybdenum deposit, approximately 5.6 mils thick, on 
Inconel sheet. Cathode C.D. 6.2A dm ~ 2 (0.4A in.-2);  temp, 900~ 
deposition time, 241 min; cathode rotation, 250 rpm (original mag., 
2.5X). 

Fig. 4. Molybdenum deposit, polished with wire brush, approxi- 
mately 3 mils thick, on stainless steel pipe fittings. Cathode C.D., 
4.6A dm - 2  (0.3A in.-2);  temp, 900~ deposition time, 182 min, 
cathode rotation, 250 rpm (original mag., 1.7X). 
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Table II. Electrodeposition of molybdenum under optimum conditions ~ 

Deposition Current density (A din-e) Current efficiency (%) Cell voltage Thickness 
Substrate metal time (min) Cathode Anode Cathode Anode (V) (calc) (mils) 

Mo 300 6.0 6.8 99.0 103.7 0.18 6.8 
Inconel 120 6.7 6.2 98.7 101.1 0.25 3.0 
Ineonel rod 600 6.1 6.1 98.6 101.0 0.42 13.7 
Inconel 481 3.1 3.1 98.2 102.7 0.12 5.6 
Ni 120 6.2 6.3 95.6 103.3 0.27 2.9 
Carpenter 20 SS 120 6.4 6.2 97.1 103.3 0.27 2.9 
Carpenter 20 SS 40 6.8 6.7 98.6 103.4 0.26 1.0 
Carpenter 20 SS** 60 6.3 6.2 96.1 102.4 0.25 1.4 
Cu 120 6.2 5.6 98.4 104.7 0.22 2.8 
Graphite 60 6.2 6.3 99.3 105.5 0.30 1.4 
SS-pipe 182 4.6 5.5 99.7 101.9 0.26 3.2 
Graphite 180 4.7 4.6 99.9 102.3 0.17 3.2 

* Standard electrolyte; C.D., 3.1-6.2A dm -~ (0,2-0.4A in. -2) ; temp, 
** Cathode consisted of a Mo coating on stainless steel from the 

c i enc i e s  b a s e d  o n  t o t a l  a n o d e  w e i g h t  losses  w e r e  a l -  
m o s t  a l w a y s  a b o v e  100%. Depos i t s  w e r e  u p  to 13 mi l s  
in  t h i c k n e s s .  A s u m m a r y  of r e s u l t s  of t y p i c a l  depos i t s  
is g i v e n  in  T a b l e  II. 

Mic roscop ic  e x a m i n a t i o n  s h o w e d  t h a t  t h e  c o a t i n g s  
w e r e  c o m p o s e d  of c lose ly  p a c k e d  c rys ta l s .  X - r a y  d i f -  
f r a c t i o n  p a t t e r n s  iden t i f i ed  t h e  c r y s t a l s  as cub ic  w i t h  
p r e d o m i n a n t l y  cub ic  (100) a n d  d o d e c a h e d r o n  (110) 
faces  on  t h e  s u r f a c e  of t h e  s ample .  M e t a l l o g r a p h i c  
s t ud i e s  s h o w e d  t h e  c r y s t a l s  h a v e  a n  e l o n g a t e d  c o l u m -  
n a r  s t r u c t u r e  (Fig.  5) .  

Electrolyte composition.--The b o r a t e  ( B O 2 - )  a n d  
m o l y b d e n u m  (Mo)  c o n t e n t s  of t h e  e l e c t r o l y t e  m u s t  
be  m a i n t a i n e d  w i t h i n  de f in i t e  c o n c e n t r a t i o n  r a n g e s  to 
o b t a i n  s a t i s f a c t o r y  e l e c t r o d e p o s i t i o n  of m o l y b d e n u m  
(23) .  T h e  c o n c e n t r a t i o n  r a n g e s  can  b e  de f ined  in  t e r m s  
of a B O 2 - : M o  w e i g h t  r a t i o  a n d  a m o l y b d e n u m  w e i g h t  
p e r c e n t a g e .  To o b t a i n  s m o o t h ,  a d h e r e n t ,  c o h e r e n t  
m e t a l l i c  m o l y b d e n u m  coa t ings ,  t h e  e l e c t r o l y t e  m u s t  
c o n t a i n  f r o m  1.0 to 3.3% Mo a n d  h a v e  a B O ~ - : M o  
r a t i o  of 75:1 to 21: 1. T h e  i n i t i a l  m i x t u r e  of t h e  s t a n d -  
a r d  or  o p t i m u m  e l e c t r o l y t e  c o n t a i n e d  1.4% Mo a n d  
h a d  a B O 2 - : M o  r a t i o  of 52: 1. T h e  B O 2 - : M o  r a t i o  a n d  
t h e  m o l y b d e n u m  c o n t e n t  of a n  e l e c t r o l y t e  c h a n g e d  
s l i g h t l y  w i t h  e a c h  e l e c t r o d e p o s i t i o n  t e s t  o w i n g  to t h e  
d i f f e r e n c e  b e t w e e n  t h e  a n o d e  a n d  c a t h o d e  c u r r e n t  
efficiencies.  O n e  s t a n d a r d  e l e c t r o l y t e  w a s  s t i l l  o p e r a b l e  
a f t e r  220 h r  of e l e c t r o d e p o s i t i o n  t i m e  c o v e r i n g  15 
m o n t h s .  I f  n e c e s s a r y ,  e l e c t r o l y t e  c o m p o s i t i o n  c an  be  
a d j u s t e d  b y  s m a l l  a d d i t i o n s  of t h e  p r o p e r  c o m p o n e n t s .  

Depos i t s  m a d e  f r o m  e l e c t r o l y t e s  w h i c h  c o n t a i n e d  
less t h a n  1% Mo a n d  h a d  B O 2 - : M o  r a t i o s  of a p p r o x -  
i m a t e l y  80:1 w e r e  p a r t i a l l y  in  t h e  f o r m  of n o n a d -  

900oc; cathode is rotated; cell operated under an inert atmosphere. 
previous experiments. 

h e r e n t  p o w d e r s .  W h e n  e l e c t r o l y t e s  c o n t a i n e d  less  t h a n  
0.7% Mo a n d  h a d  B O 2 - : M o  r a t i o s  of  a p p r o x i m a t e l y  
100: 1, o n l y  n o n a d h e r e n t  p o w d e r s  w e r e  o b t a i n e d ;  h o w -  
eve r ,  t h e  c a t h o d e  c u r r e n t  eff ic iencies  w e r e  a b o v e  90%. 
W h e n  t h e  i n i t i a l  e l e c t r o l y t e  c o n t a i n e d  o n l y  t h e  b o r a t e  
salts ,  e n o u g h  m o l y b d e n u m  a c c u m u l a t e d  in  t h e  e l ec -  
t r o l y t e  a f t e r  s e v e r a l  h o u r s  as a r e s u l t  of a n o d e  so lu -  
t i o n  to e n a b l e  d e p o s i t i o n  of a n o n a d h e r e n t  p o w d e r  a t  
a low c u r r e n t  efficiency.  

Depos i t s  m a d e  f r o m  a n  e l e c t r o l y t e  w h i c h  c o n t a i n e d  
s o m e w h a t  m o r e  t h a n  3.3% Mo w e r e  ch ief ly  in  t h e  
f o r m  of s mo o t h ,  a d h e r e n t ,  a n d  c o h e r e n t  coa t ings .  
T h e s e  w e r e  p a r t i a l l y  c o v e r e d  w i t h  da rk ,  flat, h e x a g o n -  
s h a p e d  n o n m e t a l l i c  c rys ta l s .  C a t h o d e  c u r r e n t  effi- 
c ienc ies  w e r e  low.  W h e n  e l e c t r o l y t e s  c o n t a i n e d  6% 
Mo a n d  h a d  a B O 2 -  : Mo r a t i o  of 9: 1, t h e  depos i t s  w e r e  
e n t i r e l y  n o n m e t a l l i c  c rys ta l s .  F u r t h e r m o r e ,  e v e n  w i t h -  
ou t  a f low of c u r r e n t ,  t h e s e  c r y s t a l s  f o r m e d  in  a f u s e d  
sa l t  m i x t u r e  w h i c h  c o n t a i n e d  23% M o  a n d  h a d  a 
B O ~ - : M o  r a t i o  of  18:1. L a t e r ,  u p o n  t h e  a p p l i c a t i o n  
of  d - c  c u r r e n t ,  t h e s e  c r y s t a l s  w e r e  d e p o s i t e d  on  t he  
ca thodes .  C h e m i c a l  a n a l y s e s  of s e v e r a l  s a m p l e s  of 
t h e s e  c r y s t a l s  s h o w e d  t h a t  t h e y  c o n t a i n e d  67-69% Mo, 
2.5-3.7% Li, a n d  0.7-0.3% Na;  t h e  b a l a n c e  is a s s u m e d  
to be  oxygen .  X - r a y  d i f f r ac t i o n  p a t t e r n s  of t h e  c r y s -  
t a l s  d id  n o t  c o r r e s p o n d  to a n y  k n o w n  c o m p o u n d s .  

Cell operation.--Two-hour depos i t s  of m o l y b d e n u m  
w e r e  m a d e  at  900~ on  I n c o n e l  c a t h o d e s  a t  c u r r e n t  
d e n s i t i e s  of  3.1 to  12.5A d m  -2  (0.2-0.8A i n . - 2 ) .  T h e  
d a t a  a r e  s u m m a r i z e d  in  T a b l e  III .  A t  C.D. u p  to 7.7A 
d m  -2, t h e  depos i t s  w e r e  s m o o t h ;  h o w e v e r ,  t h e  de-  
pos i t s  m a d e  a t  C.D. of 9.3A d m  -2  w e r e  r o u g h  a n d  h a d  
h e a v y  edges  (Fig.  6) .  

Fig. S. Molybdenum deposit on Carpenter 20 stainless steel show- 
ing columnar structure of molybdenum crystals. Sample etched 
with 5 g/liter NaOH, 30 g/liter K.~Fe(CN)6 solution (original mag., 
500X). 

Fig. 6. Molybdenum deposits at several cathode current densities. 
Cathodes, Inconel; temp, 900~ cathode rotation, 250 rpm; time, 
120 min; cathode C.D.: A~4 .7A  dm -2  (0.3A in.-2),  B ~ . 2 A  
dm - 2  (0.4A in.-2),  C--7.8A dm -2  (0.SA in.-2), D~9.3A dm - 2  
(0.6A in.-2),  E--12.5A dm-2(0.8A in.-2). 



1032 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  

Table IIh Effects of current density on the electrodepositlon of molybdenum* 

July 1969 

Curren t  dens i ty  Cur ren t  efficiency 
(A dm -~) (%) Cell vol tage Thickness  

Cathode Anode T ime  (min) Cathode Anode (V) (calc) (mils) Descr ip t ion of deposits  

3.2 3.0 120 98.5 103.4 0.13 1.5 
4.7 4.4 120 88.5 101.5 0.20 1.9 
6.2 5.9 120 98.9 101.2 0.23 2.8 
7.8 7.3 120 95.2 101.5 0.29 3.4 
8.9 8.4 120 99.0 1Ol.1 0.33 4.0 
9.3 8.8 120 98.6 100.9 0.33 4.2 

12.5 11.9 120 99.2 100.7 0.45 5.7 
6.2 6.0 240 98.7 101.6 0.24 5.6 
3.1 3,1 480 98.2 102.7 0.12 5.6 

Very  smooth, br ight ,  adheren t  plate 
Smooth,  br ight ,  adhe ren t  plate 
Smooth,  br ight ,  adheren t  plate 
Smooth,  br ight ,  adheren t  plate 
Bright ,  adhe ren t  plate 
Rough,  adhe ren t  plate; edges h e a v y  
Rough, adhe ren t  plate;  edges h e a v y  
Bright ,  adhe ren t  plate;  edges h e a v y  
Very  smooth, br ight ,  adheren t  plate 

* Temp,  900~ Inconel  cathodes ro ta ted  250 rpm.  

Table IV. Effects of electrolyte temperature on the electrodeposition of molybdenum* 

T e m p e r a t u r e  Cur ren t  efficiency (%) Cell vol tage Thickness  
(~ Cathode Anode (V) (calc) {mils) Descr ipt ion of deposi t  

750 0 100.8 0.43 0 
825 5.71 101.5 0.32 0.2 
850 9Q.3 101.1 0.30 2.6 

875 99.0 99.0 0.26 2.9 
900 101.8 105.0 0.22 2.8 
925 98.6 102.8 0.22 2.9 

Dark, hexagonal, nonmetallic flakes 
Dark, hexagonal, nonmetallic flakes over thin plates 
Some dark, hexagonal, nonmetallic flakes over 

smooth plate 
Smooth, bright, consolidated, adherent plate 
Smooth, bright, consolidated, adherent plate 
Smooth. bright, consolidated, adherent plate 

* Current density, 6.2A in.-~; Inconel cathodes rotated at 250 rpm. 

Three deposits were  made to a thickness of 5.6 mils 
at C.D. of 12.5, 6.2, and 3.1A dm -2 for 2, 4, and 8 hr, 
respect ively (Table I I I ) .  These exper iments  indicated 
low-C.D., long- t ime deposits are smoother  and more 
coherent  than high-C.D., shor t - t ime deposits of equal  
thickness. 

Two-hour  deposits were  made on Inconel cathodes 
at a C.D. of 6.2A dm -2 and at e lect rolyte  t empera tu re  
of 750~176 The results are summarized in Table 
IV. Cell vol tage decreased as the tempera ture  in-  
creased. Coatings made at 875~176 were  bright, ad- 
herent,  and consolidated. Deposits made at 850~C were  
part ial ly in the form of dark, hexagonal ,  flat, non- 
metal l ic  crystals which covered a smooth consolidated 
plate. At  750 ~ and 800~ the major  port ion of the de- 
posits was dark flakes. The composition of these crys-  
tals was the same as those described in a previous 
section. At tempts  to make  deposits at 950~ were  
abandoned because of excess volat i l izat ion of the bath. 

P la t inum crucibles used in the molybdenum invest i -  
gation showed no corrosion or deter iorat ion as a result  
of contact wi th  the bath. Graphi te  crucibles were  
found to be unsuitable. The repeated cooling and heat-  
ing of the electrolyte  caused small  part icles of graph-  
ite to break off and float on the surface of the electro-  
lyte. Agitat ion of the electrolyte  wi th  these particles 
in suspension produced rough, dark  deposits. An  In-  
conel crucible, wi th  a weld seam corroded at the weld, 
caused contaminat ion of the electrolytes and was un-  
sat isfactory for molybdenum deposition. 

Examination of deposits on several substrate mate-  
rials.--One- and 2-hr  deposits of molybdenum were  
made at 900~ on graphite,  Inconel, Carpente r  20 
stainless steel, and nickel  cathodes at current  densi-  
ties of 3.1, 6.2, and 9.3A dm -2. All  deposits had cathode 
current  efficiencies of over  95%. The deposits on meta l  
substrates were  bright, smooth, consolidated coatings, 
but those on a graphi te  substrate were  pi t ted and 
easily chipped. 

Coatings 0.7-4.2 mils in thickness deposited on the 
Inconel, Carpenter  20 stainless steel, and nickel  sub- 
strates were  bent  to angles of approximate ly  90 ~ on 
the adjustable  bend apparatus. The fixture rolls were  
spaced 1.0, 1.25, and 1.75 in. for the stainless steel, 
nickel, and Inconel substrates, respectively.  The bend 
tests did not cause the coatings to separate  f rom the 
meta l  substrates; however ,  examinat ion of the outside 
surface area of a bent specimen showed small  para l le l  
cracks running f rom edge to edge. Microscopic and 

meta l lographic  examinat ions  of samples cut f rom these 
areas showed the coatings were  cracked along the 
crystal  boundaries  perpendicular  to the substrate on 
the tensile side (outside) of the bend (Fig. 7), while  
no such cracking occurred on the compressive side 
(inside) of the bend. Regardless of the substrate ma-  
terial, the thickness of the deposits, or the specifica- 
tions of the test, all  specimens showed the same types 
and degrees of failure. 

Electron probe analyses were  made on cross sec- 
tions cut f rom molybdenum coatings deposited on In- 
conel, Carpenter  20 stainless steel, and nickel  sub- 
strates. L~ radiat ion was used for the analysis of 
molybdenum and Ks radiat ion was used for the anal -  
yses of Fe, Ni, and Cr. F igure  8 is a reproduct ion of 
the electron probe chart  obtained f rom the analysis 
of a molybdenum coating on a nickel  substrate. The 
dip in the nickel  line begins as the circular  probe 
beam spot, which is a min imum of 2~, approaches the 
molybdenum coating and the line reaches zero when  
th~ spot falls completely  on the coating. The molyb-  
denum line goes from zero to m a x i m u m  intensi ty at 
the same time. This change in the re la t ive  intensities 

Fig. 7. Molybdenum deposit on nickel substrate, showing crack in 
molybdenum. Cathode and deposit bent 92 ~ with knife edge be- 
tween a horizontal distance of 1.25 in.; rate of wedge travel, 1 in. 
rain -1.  Sample etched with 5 g/liter HaOH, 30 g/liter K3Fe(CN)e 
(original mag., 500X). 
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Fig. 8. Electron probe chart of the cross section of a molybdenum 
coating on nickel substrate. Lc~ radiation for Mo and Kc~ radiation 
for Ni. 

in an area of 5-8~ is not evidence of interdiffusion be-  
tween the molybdenum coating and the nickel sub-  
strate. The electron probe analyses of coatings on In-  
conel and stainless steel substrates gave similar results. 

Average microhardnesses for the molybdenum coat- 
ings deposited on nickel, Inconel, and Carpenter  20 
stainless steel substrates were 250-270 KHN100. The 
hardness of the molybdenum anode mater ia l  was 280 
KHN100. Spectrochemical analysis did not indicate any 
noticeable refinement of the molybdenum metal. 

Conclusions 

Smooth, adherent,  consolidated coatings of molyb-  
denum can be electrodeposited from a NaLiB204- 
NaLiMoO4-MoO3 fused salt bath. The composition 
range of the electrolyte was determined and was 
found to be critical. The opt imum conditions of cath- 
ode current  density and electrolyte temperatures  were 
determined. The process is a t rue electrodeposition 
process and not a diffusion process. 

Manuscript  submit ted Jan. 31, 1969; revised m a n u -  
script received April  10, 1969. 
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Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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Electron Resists for Microcircuit and Mask Production 
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ABSTRACT 

The properties of po ly - (me thy l  methacrylate) ,  a new electron resist de- 
veloped at IBM Research, are presented in comparison to commercial  photo- 
resists under  electron beam exposure. It is shown that methacrylate  resist, 
with suitable processing, presents a means for submicron device fabrication 
with reasonable speed. Transistors with one- and hal f -micron emitter  stripe 
widths have been fabricated using this resist as a medium for diffusion 
masking with SIO2. Also, a method for producing high-resolution,  defect-free 
masks through methacrylate  resist is presented. 

The advantages of using electron beam systems 
ra ther  than light optical systems for the exposure of 
photoresist layers for microcircuit  fabrication are the 
resolution, power density, and deflection capabilities 
of electron beams. It is possible to bui ld a practical 
electron beam system that  produces a 10-SA, 2000A 
diameter electron beam that can be deflected over a 
50- x 50-mil field. This would require a beam deflec- 
tion over 6250 spot diameters in two dimensions, and 
a beam convergence angle of approximately 8 x 10 -3 
radians, with the assumption that  the aberrat ion con- 
t r ibut ion is less than 10% of the final spot diameter  
over the field. The above figures represent  only an 

estimate and are obtained through the uni form field 
aberrat ion expression, assuming a 1-cm long deflecting 
field (1). The beam current  of 10-SA can be realized 
by using a LaB6 electron gun with a brightness of 
2 x 105 A/cm2-steradian which is wi thin  the range of 
the long-l ife cathode reported by Broers (2). Such a 
system, together with a suitable electron resist, is 
capable of fabricat ing submicron geometry devices 
with extremely high packing densities. Also, it has 
been shown theoretically and exper imenta l ly  (3) that 
a decrease in the size of the t ransistor  active area, and 
part icular ly the emit ter  width, results in an increase 
in transistor  switching speed. Since practical optical 
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Fig. 2. Exposure characteristics of methacrylate electron resist 

Fig. 1. Cross section of a 2-~ wide line exposed by the electron 
beam on 5000,& thick KTFR. 

systems are u l t imate ly  l imited in resolution by the 
wavelength  of light, electron beams present  the only 
known means for fabricat ing submicron structures. 

Elecffon Resist Evaluation 
Initially, the resolution of several  commercia l ly  

available photoresists was evaluated under  electron 
beam exposure. The resists tested included KTFR, 1 
KOR, 1 KPR, 1 and KMER, 1 all of which have been in-  
vest igated already for electron beam exposure sensi- 
t iv i ty  by Thornley and Sun (4) who repor ted  that  a 
charge density of approximate ly  10-5 coulombs/cm 2 
at 10-20 kV was requi red  in each case for correct  ex-  
posure. In order to evaluate  edge resolution, lines 2~ 
wide were  exposed wi th  the beam on resis t -coated 
silicon wafers.  Af te r  exposure, the resists were  de- 
veloped and the substrates broken in a direction per -  
pendicular  to the direct ion of the lines. The cross 
sections were  then observed in a scanning electron 
microscope with  200A resolution. These investigations 
revealed sloping profiles on ei ther side of the lines ex-  
tending as far  as 2~ beyond the edges of the lines. 
Figure  1 shows a scanning electron micrograph of the 
cross section of a 2-~ wide line (as indicated by the 
arrows) wi th  the sloping edge clearly visible. In this 
typical  test, a 5000A layer  of K T F R  was exposed with  
a 1000A, 12-kV beam which was wobbled to 2~ with  a 
fast scan, while  a slow scan swept the beam in the 
direction of the line. KOR, KPR, and KMER exhibi ted 
similar edge effects. The sloping edge profiles (most 
probably caused by a combinat ion of beam scattering 
in the resists and substrates as wel l  as the exposure 
characterist ics of the negat ive photoresists) make  
these resists unsuitable for h igh-resolut ion work  (line 
width  1~ or less). 

Shipley resist AZ-1350, 2 was tested next  and was 
found to develop correct ly  only in a nar row range 
of exposure around 5 X 10 -2 coulombs/cm 2 • 50% at 
14 kV. For  this reason, and also because Shipley resist  
cannot be used in basic etch baths, it was considered 
unsuitable for the reliable microcircui t  fabrication 
system. 

P o l y - ( m e t h y l  methacryla te)  resist, developed at the 
IBM Watson Research Center  through controlled 
polymerizat ion of the monomer  (5) was tested and 
found to exhibit  most of the propert ies  desirable for 
high-resolution,  electron beam exposure. P o l y - ( m e t h y l  
methacryla te) ,  hencefor th  abbrevia ted  to me thac ry -  
late, is a posit ive electron resist, insensit ive to light, 
and only slightly less electron sensit ive than commer-  
cial photoresists. The exposure characterist ics of a 

K o d a k  t r a d e  name .  
-~ S h i p l e y  C o m p a n y ,  Inc. ,  Wel les ley ,  Massachuse t t s .  

3000A thick resist  layer  are shown in Fig. 2 at 7.5, 10, 
and 14 kV. It can be seen that  the exposure la t i tude of 
this resist extends over  an order  of magni tude  in 
charge density f rom 5 x 10 -5 to 5 x 10 -4 coulombs/cm 2. 
Beyond this charge density, cross- l inking dominates 
so that overexposed resist cannot be removed  easily. 

Resist exposure wi thin  the charge density shown 
above results in random scission of the molecule  
chains which effectively reduces the average molecular  
weight  of the polymer.  Development  is based on the 
change in solubili ty in the exposed areas due to the 
molecular  weight  reduction, and it is accomplished by 
soaking in a mix ture  of two liquids, one of which is 
a solvent and one of which is a nonsolvent  of the 
original  polymer.  During electron beam exposure of 
the resist film, a small  fraction of the po lymer  is de- 
composed into volat i le  products due to the random 
scission of the macromolecules,  but  this was found to 
reduce the original  resist thickness by less than 10% 
after exposure at 5 x 10 -4 coulombs/cm 2. 

The methacry la te  resist used in all the exper iments  
described below was prepared by dissolving the  poly-  
mer  in methy l  ethyl  ketone in various concentrations. 
When spin coated at 5000 rpm on oxidized silicon 
wafers, 7% polymer  concentrat ion produced a dried 
resist thickness of 3000A. For  a 5000A resist  thickness, 
a 10% polymer  concentrat ion was required.  

Al l  resis t-coated samples were  baked at 170~ for 
at least 15 min before exposure and were  subsequent ly 
exposed in a vacuum of approximate ly  5 x 10 -6 Torr. 
All  samples were  developed immedia te ly  after  ex-  
posure by soaking in a 3:1 solution of isopropyl alco- 
hol and methyl  isobutyl ketone for 1 min followed by 
a 30-sec spray with  the same solution. 

In order to study resolution, lines were  exposed wi th  
an electron beam on silicon wafers  coated with this 
resist. F igure  3 shows a resist pat tern  wi th  lines l~ 
wide separated by 0.5/~. This pa t te rn  was genera ted  by 
a 1000A diameter  electron beam under  the control of 
an optical scanner (6). The scanner (see Fig. 4) con- 
sists of a 5-in., h igh-resolut ion C.R.T., which gen-  
erates a I000 line ras ter  that is projected through 
a lens onto a 8.5- x l l - i n ,  mask. Light  t ransmit ted  
through the clear areas of the mask falls on a photo-  
mult ipl ier ,  and the resul t ing electr ical  signal is used 
to modulate  the beam. Exposure  t ime for the optical 
scanner system was set at I0 sec as a compromise be-  
tween electron beam per formance  and exposure speed. 

Chemical  etching .experiments indicated that  2000A 
resist layers can withstand basic or acidic etch baths 
for as long as I0 rain. To study etch characterist ics 
in buffered HF baths, silicon wafers  oxidized wi th  
3000A of SiO2 were  coated with  methacry la te  resist, 
baked for 30 min at 170~ to improve resist adhesion 
and to complete  solvent evaporation,  exposed to a 
line pat tern  by the beam, and developed. Subsequent ly ,  
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Fig. 3. Electron beam exposed and developed pattern on meth- 
acrylate resist. 

TIME BASES A N D ~ ~  
=- SCAN CONTROL 

ELECTRON 
GUN ~ 5" CRT 
LENS 
BLANKING 17" LONG 
UNIT PERS}STs RT 
LENS D~F~ECT'O"~--LWAPER ~ ~  BX"MASK ~~0 
X-Y STAGE ~ ' [ ~  DETECTOR COMPOSITE 

L 
DRIVE 
MOTORS PHOTO - 

MULTIPLIER 

! 
ELECTRON DATA INPUT DISPLAY 

BEAM 

Fig. 4. Schematic of the electron beam machining system 

Fig. 5. Cross section of resist lines on SiO2" A--before baking; 
B--after baking at 135~ 5 min; C--after baking at 135~ 10 
min. 

the wafers were etched in buffered HF without  agita-  
t ion unt i l  all of the SiO2 was removed in the lines. It  
was found with this technique that  considerable 
widening of the lines was taking place dur ing  etching. 
It  was also found that the widening effect could be 
reduced or el iminated if the wafers were baked after 
resist development  and before chemical etching. To 
study this effect in more detail, a wafer with resist 
lines was broken in a direction perpendicular  to the 
direction of the lines and three sections of the same 
l ine s tructure were observed in the scanning micro- 
scope after processing (see Fig. 5). Sample "A" shows 
the cross section of two 0.5-# wide lines and one 0.2-~ 
(2000A) wide line, exposed and developed in 0.5-~ 
thick resist layer without  postbaking. Of part icular  in -  
terest is the slight undercut  in the edges of the two 
0.5-~ wide lines. Samples "B" and "C" indicate the 
effects of postbaking on the edge structure of the 
lines. If samples "B" or "C" are used in etching the 
under ly ing  SiO2, it is clear that the resul tant  lines 
would be even narrower  than  the original lines in 
sample "A." This phenomenon presents the possibility 
of adjust ing the l ine width in the etched pa t te rn  
even after resist development.  The resolution of the 
resist seems to be limited only by the undercut  effect 
which, in a 0.5-~ resist layer  exposed at 12 kV, is 
2-5 ~ This means that  the bottom of a 0.5-~ deep line 
in resist is recessed by at most 500A from the top edge 
of the line. For  th inner  resist layers, the effect is con- 
siderably reduced. An example of the resolution ob- 
ta ined in SiO2 etched in HF is presented in Fig. 6. (The 
fine s t ructure  on the edges of the cut is an artifact 
due to mechanical  vibrat ion of the specimen in the 
scanning microscope.) It is believed that  an optimized 

Fig. 6. Profile of a 3000s wide and 1500~, deep cut in SiO2 
etched in HF through methacrylate resist. 

combinat ion of reduct ion in resist thickness and post- 
baking can produce even higher resolutions. 

M e t a l l i z a t i o n  
As can be seen from the above results, methacrylate  

resist is an excellent medium for submicron diffusion 
masking with SiO2. However, metal l izat ion presents 
an addit ional  problem in microcircuit  and device fab- 
rication, par t icular ly  in the contact area of the base 
and emitter  of submicron transistors. It is well  known 
that a luminum (the most commonly used contact 
metal)  structures produced by chemical etching exhibit  
edge irregularit ies of the order of 1~ due main ly  to 
nonuni formi ty  in the evaporated a luminum which 
causes nonuni form etching rates. These irregulari t ies 
impose a l imitat ion on the m i n i m u m  a luminum line 
width that can be reliably etched that is well over 
i~. 

A new method of metallization has been developed 
through the use of the undercut effect in the meth- 
acrylate resist described above. Figure 7 illustrates 
this method in which the metal is evaporated onto the 
wafer after the application and exposure of the resist. 
Note that the undercut in the resist structure results in 
a discontinuity between metal in the slot and metal 
on top of the resist, as long as the metal thickness is 
kept below the resist thickness. This discontinuity 
allows solvent to penetrate to the unexposed resist 
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REMOVED METAL 

BSTRATE J 
Fig. 7. Metollization through a methacrylate resist mask 
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masking through HF-e tched  SiO2 and a luminum con- 
tact  metall ization, using the process described above 
(section on Metal l izat ion).  Figure  9 is a scanning 
electron micrograph of a typical  t ransistor  at a v i ew-  
ing angle of 45 ~ . The base area for this device is 
10 x 15~, the emit ter  stripe width is 0.8~, and the 
metal l izat ion stripe width  is 1#. The transistor  is one 
of 32 transistors made on a silicon epi taxial  wafer.  
All  of these transistors show very  similar character -  
istics, a beta of 25, and a cutoff f requency (fr)  of 
2.2 GHz. This is much lower  than the expected 
value  of 10 GHz and is a t t r ibuted to the lack of an 
appropriate  diffusion process for these dimensions. 

F igure  10 is a similar  micrograph of a 0.5-# (meta l -  
l ization stripe width)  dummy transistor  which con- 
tains all the steps required except  diffusions. 

Mask Fabrication 
The metal l izat ion process described above can be 

applied in a sl ightly modified manner  to instances of 
mask fabrication where  more durable  masks are re-  

Fig. 8. Cross section of aluminum lines evaporated through a 
methacrylate resist mask. 

layer  and remove  the resist together  wi th  the metal  
over it. This str ipping is accomplished in hot tr i-  
chloroethylene wi th  moderate  agitation. F igure  8 is 
a scanning electron micrograph of a cross-section of 
a luminum lines fabricated in this manner.  The center  
line is 0.5~ high and 3000A wide at the top. The 
excessive taper ing of the sides was caused by the  re-  
sist being overdeveloped before the a luminum evap-  
oration, and by too short a distance be tween the evapo-  
rat ing source and the sample due to the l imited size 
of the evaporator.  

Transistor Fabrication 
Planar  silicon transistors have been fabricated, wi th  

methacryla te  resist for  base and emit ter  diffusion 

Fig. 10. Scanning electron micrograph of the half-micron trans- 
istor. Viewing angle: 30 ~ . 

E.B. DEVELOP 
EXPOSE RESIST 

W,._ GLASS u/ 

ETCH 
(CHEM) 

EVAPORATE 
METAL 

Fig. 9. Scanning electron micrograph of the 1-/~ transistor. 
Viewing angle: 45 ~ . 

FINISHED 
MASK 

Fig. 11. Mask fabrication steps 
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Fig. 12. Reflected light photo of a 10- x lO-mil mask made by 
evaporation of AI through a methacrylate resist. 

Fig. 13. Transmitted light photo of part of the mask shown in 
Fig. 12. Minimum line width: 1~. 

quired,  free of defects, and wi th  high edge resolution.  
One solution to the  mask  p rob lem is the  ch romium-on -  
glass mask.  Unfor tunate ly ,  chromium mask  fabr ica -  
t ion is hampered  by  two conflicting requi rements :  the 
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meta l  l aye r  must  be kep t  ve ry  thin in order  to obta in  
good edge resolution,  and kept  th ick  in order  to avoid 
pinhole  formation.  The process presented  here  e l imi-  
nates  the  conflict and makes  i t  possible to p roduce  
masks  wi th  meta l  thicknesses as high as 0.5~ (5000A) 
whi le  main ta in ing  exeel lent  edge definition. The meta l  
can be on the surface  of the  glass subs t ra te  or it  can 
be completely,  or par t ia l ly ,  bur ied  in the glass. The 
fabr ica t ion  steps are  out l ined in Fig. i I .  One o ther  
advan tage  of this me thod  is tha t  the  mask  can be made  
f rom any opaque ma te r i a l  tha t  can be  evapora ted  or  
plated,  so long as the subs t ra te  t empera tu re  does not  
exceed 100~ dur ing  deposition. 

F igure  12 is a refleeted l ight  photograph  of a 4000A 
thick a luminum mask  pa r t i a l l y  bur ied  in a fused 
quar tz  substrate .  Min imum wid th  of the  me ta l  l ines is 
1~. F igure  13 is a t r ansmi t t ed  l ight  photograph  of a 
section of this mask  where,  again, the  min imum  line 
wid th  is 1#. This mask  was also made  f rom a 8.5- x 
l l - i n ,  t r anspa rency  using the opt ical  scanner  shown 
in Fig. 4. 

Conclusions 
A process has been presented  which  al lows the fab-  

r icat ion of microcircui ts  and devices wi th  a resolut ion 
exceeding tha t  of any  previous  prac t ica l  process. De-  
vices have  been fabr ica ted  wi th  almost  100% yie ld  on 
severa l  silicon wafers.  In  addition, a method  for fab-  
r ica t ing high-resolut ion,  defec t - f ree  masks  has been 
outl ined.  The process presents  possibi l i t ies  for high 
packing densi ty  and high speed in tegra ted  circui t  f ab-  
r icat ion if  used wi th  a h igh -pe r fo rmance  electron 
beam system and pa t t e rn  generator .  

Manuscr ip t  submi t ted  Jan.  28, 1969; revised manu-  
scr ipt  received ca. March 20, 1969. This was Pape r  164 
presented  at the  Boston Meeting, May 5-9, 1968. 

Any  discussion of this  paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1970 
JOURNAL. 
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A Contribution to the Theory of 
Electrolytic Chlorate Formation 
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ABSTRACT 

Analysis of l i terature data indicates that  anodic discharge of hypochlorite 
in relat ively concentrated salt solutions approximately fits the Ibl-Venczel  
correlation for mass t ransport  at gas evolving electrodes. In  this correlation, 
the mass t ransfer  coefficient varies as the one-hal f  power of the gas evolution 
rate. Equations are derived for a model system employing a separate elec- 
trolyzer and reactor with circulat ing flow between them, considering the 
Foerster  mechanism for homogeneous formation of chlorate in solution and 
the mass t ransport  l imited anodic discharge. Efficiency of chlorate formation 
is related to appropriate dimensionless groups containing the impor tant  
system parameters.  It is proposed that the model provides a basis for eco- 
nomic optimization of an electrolyzer-reactor flow system. 

The production of sodium chlorate by electrolysis of 
relat ively concentrated neut ra l  sodium chloride solu- 
tions is an old and we l l -known commercial  process 
(1). Although Foerster and co-workers (2) formulated 
the cell reactions that  to date have not been super-  
seded, the process is still not completely quant i ta t ively  
understood. Foerster  showed that  chlorine produced 
at the anode by discharge of chloride is hydrolyzed to 
hypochlorite which in t u rn  is converted to chlorate 
in the bulk  solution by auto-oxidation.  He also showed 
that  hypochlorite is anodically discharged to form 
chlorate and oxygen. The lat ter  process leads to a 
current  efficiency of 66.7% for chlorate formation 
compared to 100% for the solution reaction. The rate 
constant for the solution reaction was determined by 
Foerster (2) and by Knibbs  and Pal f reeman (3). Al-  
though Foerster apparent ly  recognized that  hypo- 
chlorite discharge is mass t ransport  controlled, he did 
not t reat  it quanti tat ively.  

The first a t tempt  at quant i ta t ive  t rea tment  of the 
mass t ransport  of hypochlorite to the anode was made 
by de Valera (4). He made an analysis of cell data 
in which he assumed a constant  diffusion layer thick- 
ness of 0.05 cm at the anode, which gave an approxi-  
mate fit to the data. Hammar  and Wranglen  (5) con- 
ducted experiments  which showed that hypochlorite 
discharge at both the anode and cathode (without 
chromate addition) is mass t ransport  limited. They 
recognized that  gas evolution at the cathode affected 
the diffusion layer thickness and, at the suggestion of 
Ibl  (6), applied the correlation of Ibl  and Venczel 
(7, 8) which is described later. 

Ibl and Landolt  (9) have done experiments  and 
analysis for a flowing electrolyte system with well-  
defined hydrodynamic conditions using dilute sodium 
chloride solution. They found that in dilute sodium 
chloride solution, chlorine hydrolysis occurred wi thin  
the diffusion layer and that  a model involving coupling 
of mass t ransfer  with a first-order chemical reaction 
for the hydrolysis proceeding in the diffusion layer 
adequately described their  data. 

The present  paper deals with a t rea tment  of mass 
t ransport  of hypochlorite to the anode for the concen- 
trations and conditions of commercial electrolysis and 
with an analysis of a system consisting of a separate 
cell and reactor. This work was first presented in 1961 
(10) and is now modified in accordance with new data 
available in the in te rvening  period. The whole anal-  
ysis presented here is based on data available in the 
l i terature.  Although the analysis is l imited to the 
chlorate system, it is believed that  the concepts in-  
volved could be applied to other electrochemical sys- 
tems in which there are s imultaneous reactions in 
solution and mass t ranspor t  l imited electrode reactions. 

The reason for considering the system with separate 
electrolyzer and reactor is that  process economics 
dictates a high current  efficiency for chlorate formation 
and a low cell voltage. The two requirements  are con- 
tradictory unless the electrolyzer and reactor are sep- 
arated. A relat ively large reactor volume is required 
to promote the formation of chlorate by the higher-  
efficiency solution reaction, whereas a m i n i m u m  
anode-cathode spacing is required in the cell to min i -  
mize cell voltage. In  practice, these requirements  are 
now met by suspending a bat tery  of bipolar graphite 
electrodes in a large tank  and using convection de- 
veloped by the cell gases to circulate the electrolyte or 
to use a separate cell and reactor with circulating 
pump. 

A review of cell reactions, kinetics of the solution 
reaction, and mass t ransport  at the anode is presented 
as background for the model for separate electrolyzer 
and reactor. 

Reactions 
The chlorate cell reactions and stoichiometry pro-  

posed by Foerster  (2) are used as a basis for the 
model: 

Anode reactions 

1. 6C1- --> 3C12(aq) -~- 6e 

2. 6C10- + 3H20 ~ 2C10~- + 4C1- 
-t-6H + ~ 3/2 O2 ~ 6e 

Solution reactions 

3. 3C12(aq) -P 3H20 ~ 3HC10 + 3C1- + 3H + 

4. HC10 ~ C10-  + H + 

5. C10-  + 2HC10--> C1Oa- + 2C1- -~ 2H + 

Cathode reaction 

6. 6H + ~- 6e ~ 3H2 

The first anode reaction is discharge of chloride ion 
to form dissolved chlorine near  the reversible potential  
for this reaction. The dissolved chlorine hydrolyzes in 
solution to form hypochlorous acid. Ionization of hy-  
pochlorous acid gives hypochlorite ion in equi l ibr ium 
with the acid. Reaction of hypochlorite ion and hypo- 
chlorous acid gives chlorate ion in solution. This se- 
quence would give 1O0 % current  efficiency for chlorate 
formation. 

Discharge of hypochlorite anodically gives chlorate 
and oxygen. The potential  for hypochlorite discharge 
is well  below the anode potential  (2). In  slightly a lka-  
l ine solutions, reactions 1 and 2 predominate  and the 
current  efficiency for chlorate formation approaches 
66.7%. In  neut ra l  or slightly acid solutions with a large 
cell volume, reactions 1, 3, 4, and 5 predominate  and 

1038 
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the current  efficiency approaches 100%. There is a 
l imit to the beneficial effect of increasing acidity, how- 
ever, because gaseous chlorine is liberated. 

With chromate inhibitor,  cathodic reduct ion of hy-  
pochlorite and chlorate can be minimized and hydro-  
gen is essentially the only cathode product. 

Chemical Reaction Rate 
Foerster  (2) and Knibbs  and Pal f reeman (3) present  

reaction rate data for the purely  chemical conversion 
of hypochlorite to chlorate. The rate of change of 
concentrat ion of hypochlorite ion is first order in 
respect to C10-  and is second order in respect to hypo- 
chlorous acid concentration, so the reaction rate can 
be expressed by: 

d ( C c l o - )  
= - - k ( C c l o - )  (CHclo) ~ [1] 

dt  

The temperature  dependence of the apparent  rate con- 
stant, k, from 30 ~ to 80~ was determined by Knibbs  
and Pal f reeman (3). 

The exact mechanism may be different than that  
implied by these expressions, as shown by Lister (11), 
but  the expressions provide a suitable description for 
the present  analysis. 

Mass Transport  o~ Hypochlori te  
The correlation of mass t ransfer  coefficient for hy-  

pochlorite discharge vs. the anodic gas evolution rate 
calculated from Foerster 's data (2) was first presented 
in 1961 (10). The correlation was compared to data 
of Ibl  and Venczel (7) developed at about the same 
t ime for reduct ion of Fe +3 at a hydrogen evolving 
p la t inum electrode. Calculations based on the recent  
data of Hammar  and Wranglen  (5) are now added to 
the correlation. Exper imenta l  conditions used by the 
three sets of investigators are summarized in Table I 
and the correlation is plotted in  Fig. 1. 

Ibl  and Venczel (7, 8) showed that  the mass t ransfer  
coefficient is relat ively large at a gas evolving elec- 
trode compared to usual  values for free convection and 
that  it varies as approximately the one-hal f  power of 
the gas evolution rate. The relat ively large value com- 
pared to values for na tura l  convection (without gas 
evolution) is because bu lk  solution displaces the gas 
bubbles at the electrode surface as they are released. 
This in effect short-circuits the diffusion layer. Ibl  and 
Venczel derived an equation for this simple displace- 
men t  model which gave an exponent  of one half and a 
coefficient in 

EL ~ B y  1/2 [ 2 ]  

that  was close to their exper imental  value. 
Mass t ransfer  coefficients for hypochlorite discharge 

and gas evolution rate at the anode were calculated 

Table I. Experimental conditions for data plotted in Fig. 1 

Hammar and 
I n v e s t i g a t o r  I b l  (7) F o e r s t e r  (2) W r a n g l e n  (5) 

E l e c t r o l y t e  1M H2SO4 4 .35M NaC1 2 .56M NaCI 
+ 0.2% K2CrO4 (no c h r o m a t e )  

S p e c i e s  o x i -  
d i z e d  ~ CIO- CIO- 
S p e c i e s  r e -  
d u c e d  F e  +~ ~ C l O -  
T e m p e r a -  
t u r e ,  ~ 25 ~ 0 ~ 12 ~ 25 ~ 
C a t h o d e  Cu, C, N i ,  C y l i n d e r  of  F e  a n d  C cy l -  

F e ,  P t ,  1- x s m a l l  m e s h  P t  i n d e r s  0.1 to 3.2 
1 - c m  s h e e t s  w i r e  g a u z e  i n -  c m  d i a m  x 6.0 

s ide  and  con-  c m  l e n g t h  
c e n t r i c  to 
a n o d e  

A n o d e  (P t  shee t ,  C y l i n d e r  of  C c y l i n d e r  
4 cme) s m a l l  m e s h  P t  5.0 c m  I .D.  

w i r e  g a u z e  4.5 6.0 c ra  l e n g t h  
cm d i a m  5.3 e m  
l e n g t h  

C e l l  H. Cel l ,  f r i t  G l a s s  b e a k e r  3000 c m  ~ 
d i a p h r a g m  250 cm 8 of  flask 
b e t w e e n  c o m -  e l e c t r o l y t e  
p a r t m e n t s  

10"1 

"~ 10. 3 
�9 / . ~ ' ~ "  . 

~ . ~ \  Showing Scotterband 

. I ooot.  c ,o  ox, otoo 
�9 12~ with Stirring ! 

�9 CIO- Oxidot ion ) 
C~O-reduct~on on Fe ~ Hammar and W~anglen 

o CIO-reduct ion on C ) 

lO-S , , , , I  , , , , I  , , , , I  , , * , 1  , , , 
10-s 10 "4 10-3 10-2 10-1 10 o 

v (cm/sec)  

Fig. 1. Correlation of mass transfer coefficient with gas evolution 
rate. 

from the Foerster (2) and the Hammar  and Wranglen  
(5) data using the equations I 

i ae2  
K L  - ~  ~ [ 3 ]  

CnaF 

iaRT s2 
Va = [4] 

P na'F 

where se is the cur ren t  efficiency for reaction 2 (oxi- 
dation loss of Hammar  and Wranglen) ,  na -- 1 for re-  
action 2 (one electron per  hypochlorite) and ha' ~- 4 
for oxygen. The Foerster data and calculated values of 
KL and v are given in Table II. The following equa-  
tions were used for the cathodic reduction data of 
Hammar  and Wranglen:  

~KeK 
KL = - -  [5] 

CnKF 

1 A p p l i e s  w h e n  t r a n s f e r e n c e  is  n e g l i g i b l e  as f o r  t h e  h y p o c h l o r i t e  
i on  c o n s i d e r e d  in  th i s  p a p e r  b e c a u s e  of t h e  excess  of  s u p p o r t i n g  
e l e c t r o l y t e ,  N a C l .  

Table II. Calculation of K L  and v from Foerster data for 4.35M 
NaCI at a current density of 0.013 amp/cm 2 

T e m p e r a t u r e  = 12~ 
G r a m s  h y p o -  

c h l o r i t e  v 
o x y g e n /  K 5  (cm~/cm "~ 
100 cm ~ e~, ( c m / s e c )  sec)  

W i t h o u t  s t i r r i n g  

W i t h  s t i r r i n g  a t  
1750 r p m  

W i t h o u t  s t i r r i n g  

0.034 0.026 1.65 • 10 -4 0.205 • 10-~ 
0.049 0.046 2.03 0.362 
0.064 0.060 2.03 0.473 
0.082 0.133 3 .50 1.005 
0.099 0.171 3.74 1.35 
0.106 0.244 5.00 1.92 
0.116 0.282 5.25 2.22 
0.120 0.290 5.22 2.28 
0.126 0.313 5.35 2.47 
0.130 0.327 5.44 2.58 
0.130 0.328 5.45 2.58 

0.032 0.158 10.6 • 10 -4 1.25 • 10 -~ 
0.056 0.347 13.4 2.74 
0.056 0.277 10.7 2.18 
0.056 0.300 11.6 2 .36 
0.056 0.329 12.7 2.59 

T e m p e r a t u r e  = 0~ 

G r a m s  h y p o -  
c h l o r i t e  v 
o x y g e n /  K~ ( cm~/cm~ 
100 c m  ~ Co2 ( c m / s e c )  s e c )  

0.046 0.028 1.32 • 10-4 0.212 • 10-4 
0.070 0.023 0.712 0.173 
0.091 0.043 1.02 0.324 
0.112 0".067 1.29 0.505 
0.146 0.154 2.28 1.18 
0.160 0.216 2.92 1.63 
0.176 0.255 3.13 1.91 
0.197 0.311 3.42 2.34 
0.204 0.341 3.62 2.57 
0.202 0.336 3 .60 2 .53 
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ia(1 --  eK)RT 
v K  = [ 6 ]  

PnK'F 

where SK is their reduct ion loss, nK ---- 2 for C10-  + 
H20 ~- 2e -~ C1- + 2OH-  and rig' ----- 2 for hydrogen 
evolution. 

Observations and tentat ive conclusions drawn from 
Fig. 1 are as follows: 

1. The mass t ransfer  coefficients caIculated from the 
Foerster anodic oxidation data and the Hammar  and 
Wranglen  reduct ion data appear to fit the one-half  
power law (Eq. [2]). 

2. The Foerster  value of KL when extrapolated to 
25~ and the Hammar  and Wranglen  values of KL for 
oxidation of hypochlorite fell above the Ibl and Venc- 
zel data, whereas the Hammar  and Wranglen  values 
of KL for reduct ion fell below the Ibl  and Venczel 
data. The differences are considerably larger than 
what  might be expected for differences in diffusivities 
of the ions in the respective solutions based on the 
ratios of mobilities of Fe +3 and halide containing ions 
at infinite dilution2 and the correction for viscosity of 
the H2SO4 and NaC1 solutions. 3 Some other factors are 
apparent ly  involved. It is possible that  the high values 
of KL for oxidation of hypochlorite are due to forma- 
tion of hypochlorite wi thin  the diffusion layer by re- 
action 3 as found by Ibl  and Landolt  (9) for dilute 
NaC1 solutions. 

3. St i r r ing increases the value of KL as indicated by 
the Foerster  data at 12~ where KL was increased by 
more than a factor of two with a bent  glass st irrer  ro-  
tated at 1750 rpm inside the concentric gauze elec- 
trodes. It  is suggested that  the mass t ransfer  coeffi- 
cients resul t ing from gas bubble  disengagement and 
from the convective diffusion layer are additive as 
these processes are essentially in paral lel  (14) : 

KL = KG -~- Kc [7] 

The flow conditions in the electrolyzer could therefore 
play an impor tant  but  secondary role in de termining 
the value of KL. 

Model of Electrolyzer-Reactor Sys tem 
A schematic of the electrolyzer-reactor system is 

given in Fig. 2. The basic assumptions used in the 
model are listed in  Table III. Equations describing the 
Foerster  system of reactions are combined with mate-  
rial  balances for the s teady-state  electrolyses system 
shown in Fig. 2. 
Electrolyzer: 

el I 
Hypochlorite formed by reactions 1 and 3 = . - -  

2F 
Hypochlorite discharged by reaction 2 -~ KLAC~ 4 
Hypochlorite reacted by reaction 5 assuming Foerster 

kinetics = k (Cclo-)  ~ (Cnclo) e 2 Ve = kfeVeCe 3 5 

~ F r o m  " t t a n d b u e h  d e r  P h y s i k "  (12),  t h e  r a t i o  of  e q u i v a l e n t  
c o n d u c t i v i t i e s  a t  in f in i t e  d i l u t i o n  of  C1- to F e  +~ = 1.12 a n d  o f  
C10~- to F e  +~ = 0.995. T h e  ra t io  of  m o b i l i t i e s  of  C10-  a n d  H C 1 0  
to F e  +a m i g h t  also be  e x p e c t e d  to be  n e a r  u n i t y .  

~ F r o m  " I n t e r n a t i o n a l  C r i t i c a l  T a b l e s "  (13)~ t h e  r a t i o  of  v i s -  
cos i t i e s  o f  2.5M NaC1 to 1M 1-12SO4 a t  25~ is  1.07. T h e  r a t i o  of  
d i f f u s i v i t i e s  w o u l d  be  a p p r o x i m a t e l y  t h e  r ec ip roca l ,  a g a i n  n e a r  
u n i t y ,  

4 I t  is a s s u m e d  t h a t  b o t h  C10-  a n d  H C 1 0  d i f fuse  to a n o d e  be -  
cause ,  e v e n  i f  on ly  C10-  w e r e  d i s c h a r g e d ,  r e a c t i o n  4 shou ld  
be  f a s t  e n o u g h  to c o n v e r t  H C 1 0  to C10-  a t  t h e  e l e c t r o d e  s u r f a c e .  
I - i a m m a r  a n d  Wranglen (5~ s h o w  t h a t  efficiency f o r  discharge o f  
h y p o c h l o r i t e  is i n d e p e n d e n t  o f  pI-I f r o m  p H  6 to 10, i n  s u p p o r t  o f  
t h i s  a s s u m p t i o n .  

(Corn-)  (C~+) 
5 C o m b i n i n g  C = C c l o - +  CHCIO w i t h  - = K l  

(Cnclo)  

1 . 

g i v e s  C a e l o  K~ a n d  ColD- = C K~ 
+ - -  1 + - -  

CH + 

". ( ec ru - )  (CHclo) 2~ C3f, w h e r e f  = 

1 + K~ K~ 
1 + - -  

k C~+ .J CH+ 

C e ( m o l e / c m  3) 

q ( c m 3 / s e : )  [ 

Eleetrolyzer Reactor 
V e (era 3) V r (era 3) 

l , I 
Cr (mole/era 3) 

Fig. 2. Schematic of chlorate cell system with separate reactor 

Hypochlorite in enter ing stream = qCr 

Hypochlorite in leaving stream ----- qCe 

Material  balance gives: 

eli 
qCr "]-' = KLACe -[- kf~VeCe 3 q- qCe [8] 

2F 

Similar ly  for reactor, mater ia l  balance gives: 

qCe -~- k f r V r e r  3 -~- qCr [ 9 ]  

Equation [3] rewri t ten:  

I~2 = KLACeF 

A Faradaic balance gives: 

el H- e2 = 1 [ i 0 ]  

Eliminat ing Ce, Cr, and el gives: 

Nr [ 3/2E2 Ne 1 ] a 
Nq e~ 2Nq Nq b e2 + 

where: 

and 

+ 3 / 2 e 2 + N e s 2 3 - 1 / 2 - - - 0  [11] 

kfeVeZ2 
Ne = 

KL s AsF2 

(dimensionless electrolyzer number )  [12] 

~fWrZ~ 
N r , ~  

K L  3 A3F2 

(dimensionless reactor number )  [13] 

q 
N q  ~ 

KLA 

(dimensionless circulation rate number )  [14] 

The electrolyzer and reactor numbers  are essentially 
the ratios of the rate of the solution react ion in the 
electrolyzer and reactor, respectively, to the anodic 
discharge rate. The circulation rate number  expresses 
the ratio of the rate that hypochlorite is carried out 
of the electrolyzer to the rate that  it is anodically 
discharged. 

Equat ion [11] is plotted in Fig. 3 in the form of el vs. 
(Ne + NO with Nq as a parameter.  The family of 

Table Ill. Assumptions used in model 

1. T h e  s y s t e m  cons i s t s  of  a s e p a r a t e  e l e e t r o l y z e r  a n d  r e a c t o r  w i t h  
c i r c u l a t i n g  loop of e l e c t r o l y t e  as  s h o w n  in  F ig .  2. 

2. T h e  F o e r s t e r  r e a c t i o n s  1 to 6 d e s c r i b e  t h e  s t o i c h i o m e t r y .  N o  
c a t h o d i c  r e d u c t i o n  of  h y p o c h l o r i t e  o c c u r s  w i t h  s u i t a b l e  a d d i -  
t i on  of  c h r o m a t e .  No O H -  o r  w a t e r  is  d i s c h a r g e d  a t  t h e  a n o d e  
to f o r m  o x y g e n .  

3. T h e  p i t  is h i g h  e n o u g h  to a v o i d  a p p r e c i a b l e  loss of  c h l o r i n e  o r  
I-IC10. 

4. R e a c t i o n  5 is k i n e t i c a l l y  l i m i t e d  in  t h e  b u l k  so lu t i on  a n d  c a n  
be  d e s c r i b e d  b y  t h e  F o e r s t e r  k i n e t i c s .  

5, R e a c t i o n  2 is m a s s  t r a n s p o r t  l i m i t e d  a t  a n o d e  i n  r e s p e c t  to  
diffusion of b o t h  C 1 0 -  a n d  HC10 .  E l e c t r o l y t i c  m i g r a t i o n  i s  n o t  
i m p o r t a n t  a t  t h e  h i g h  sa l t  c o n c e n t r a t i o n .  

6. P e r f e c t  m i x i n g  o c c u r s  w i t h i n  t h e  e l e c t r o I y z e r  a n d  t h e  r e a c t o r .  
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Fig. 3. Plot of current efficiency vs. (Ne + Nr) with Nq as 
parameter (for Ne ~ 25). 

curves for a par t icular  value of Ne = 25 is one of 
many  similar families for various values of Ne. It can 
be seen that a large reactor volume is effective only 
for a relat ively large value of Nq. When Nq = 0, the 
efficiency is l imited by the electrolyzer only. When 
Nq - .  oo (perfect mixing  between electrolyzer and 
reactor),  Eq. [11] reduces to a form similar  to that  of 
de Valera (4). However, the form is slightly different 
because he assumed that only C10-  ions discharge 
whereas HC10 is also assumed to discharge by reac- 
t ion 2 in the present  model. The diffusion layer thick-  
ness of 0.05 cm used by de Valera, combined with a 
diffusivity of approximately 10 -~ cm2/sec for hypo- 
chlorite, gives a value of KL ---~ 2 x 10 -4 cm/sec which 
is on the low side of the data exhibited in Fig. 1. The 
data of Hammar  and Wranglen  for anodic discharge of 
hypochlorite give values of KL near ly  an order of 
magni tude  larger, thus emphasizing the need to deter-  
mine  the value of the mass t ransfer  coefficient under  
the conditions of electrolysis. 

Figure  3 clearly indicates the need for economic 
optimization of a chlorate cell system. For example, 
high Faradaic efficiency is obtained by providing a 
larger reactor and a high circulation rate. Within  the 
limits of the assumptions, the model equations provide 
a means for making economic balances. In making the 
balance between efficiency and circulation rate, it may 
also be necessary to consider the second-order effect 
of flow on KL at high flow rates as well as the capital 
and operating costs of pumps. 

A l imitat ion of the present  analysis is that it was 
based solely on laboratory cell data. Even a simple 
laboratory cell, though, may be subject to the l imita-  
tions due to flow if the electrodes do not bound the 
whole cell volume and there is less than  complete 
mixing. The derivat ion was also based on complete 
mixing wi th in  the electrolyzer and reactor and, under  
certain conditions, plug flow could occur in actual 
equipment  giving somewhat different numerical  values. 
A test of the model with pi lot-plant  data for a circu- 
lat ing system with separate electrolyzer and reactor 
will be presented in another  paper (15). 

Conclusions 
1. Examinat ion  of l i terature  data on electrolytic 

formation of chlorate in relat ively concentrated salt 
solutions indicates that  anodic discharge of hypo- 
chlorite is mass t ransport  l imited and that  the mass 
t ransfer  coefficient is determined largely by the gas 
evolution rate, i.e. 

Kc = Bv 1/2 

2. Equations have been derived relat ing current  ef- 
ficiency to dimensionless numbers  containing the im-  
por tant  system parameters  for an electrolyzer reactor 
system for chlorate production. 
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NOMENCLATURE 
A -~ Anode area, cm 2 
B ----- Constant  in Eq. [2], (cm/sec)l /2 
C = Concentrat ion of total hypochlorite in bulk  

electrolyte, moles /cm z (subscripts for C10% 
HC10, and H + concentrat ions) 

f ----Concentration factor, dimensionless (see foot- 
note in text) 

F = Faraday, 96,500 coulombs/equiv.  
i ----- Current  density, A /cm 2 
I -- Current,  amperes 
k ---- Foerster  rate constant, (mole/cm 3) -2 sec-1 
K~ = IOnization constant  for Reaction 4, mole /cm ~ 
KL ~ Mass t ransfer  coefficient, cm/sec 
n ---- Electrons per mole 
N = Dimensionless number  (defined in text) 
P ---- Pressure, a tm 
q -~ Circulation rate, cm3/sec 
R = Gas constant, cm 3 a tm/deg mole 
t = Time, sec 
T = Temperature,  ~ 
v = Gas evolution rate cm3/cm2sec 
V = Volume, cm 8 

= Current  efficiency, dimensionless 

Subscripts 
1 = Reaction 1 
2 ---- Reaction 2 
a ---- Anodic 
C ---- Convection 
e ---- Electrolyzer 
G ---- Gas 
K ---- Cathodic 
q ---- Circulation rate 
r ---- Reactor 
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Multicell Assemblies for Studying Ion-Selective Electrodes 
at High Pressures 

M. Whitfield 
CSIRO, Division oi Fisheries and Oceanography, Cronulla, N.S.W., AustraLia 

ABSTRACT 

Two compact assemblies are described that  enable simultaneous measure-  
ments to be made on two or three galvanic cells at pressures up to 3 kilobars. 
One unit, with pressure t ransmit ted by a Teflon piston, is designed for use 
wi th  Mouqu in -Garman  (flat membrane)  glass electrodes. The second, which 
uses a mercury  t rap for pressure equilibration, can be adapted to take a range 
of ion-select ive electrodes. The cells are gastight so that  systems sensitive to 
oxidation or to the part ial  pressure of dissolved gases can be studied. Mercury 
or s i lver-based reference electrodes are used. Examples  are given which 
i l lustrate  the versat i l i ty  of the system and its application to studies of junc-  
t ion-f ree  cells wi th  a var ie ty  of ion-select ive electrodes. 

Since Dist6che first used pH-sens i t ive  glass m e m -  
branes at high pressure (1), the technique has been 
applied to a var ie ty  of problems (2-7) but l i t t le ef-  
fort has been made to refine the method or apply it 
to a wider  range  of ion-select ive electrodes. The pr in-  
ciple of Dist~che's method (1) was to use a light, 
nonconducting fluid (e.g., silicone oil) to equil ibrate  
the pressure on e i ther  side of the glass membrane  and 
to act as an insulat ing layer  be tween the in ternal  and 
externa l  reference electrodes. The sample solution was 
held in an open beaker. It  is difficult to prevent  con- 
taminat ion of the  solution in this kind of cell. Even 
trace quanti t ies of grease or dust can cause errat ic 
behavior,  especially in the s i lver / s i lver  chloride ref-  
erence electrodes (1, 8). Fur the r  problems arise when 
the cell  react ion is sensitive to oxidation or to the 
presence of carbon dioxide (1). 

These problems can be minimized by enclosing the 
electrode system in a syringe vessel within the pressure  
vessel itself. This approach has been adopted by Cul- 
berson et al. (4, 5) who used rubber  bungs to t ransmit  
the pressure to the solution. Their  technique is re -  
stricted to robust bu lb- type  electrodes. Recent  invest i -  
gations (9) indicate that  this form of electrode is in-  
ferior  to the more delicate f la t -membrane  types in its 
performance at high pressure. In addition, it is diffi- 
cult  to expel  all the air f rom the kind of cell they 
describe. 

These ear l ier  investigations (1-5) were  directed 
toward problems of oceanographic importance. For  
these studies, accurate data are needed over  a mod-  
erate t empera tu re  and pressure range (--5 ~ to +30~ 
1 to 1000 bars) .  When mounted  in a th ick-wal led  pres-  
sure vessel, the cell may  take up to 1 hr to re -equi l -  
ibra te  after  a pressure or t empera tu re  change. At  low 
temperatures ,  the si tuation is aggravated  by the slow 
response of the membrane  electrode (10, 11). When 
the solutions are complex, a large body of exper i -  
menta l  data must be gathered before a significant 
thermodynamic  analysis can be made. In consequence, 
there  is considerable advantage in designing high-  
pressure electrode systems so that  several  solutions 
can be invest igated simultaneously.  

Apparatus 
The h igh-pressure  electrode system is suspended 

from the lead plug of the pressure vessel so that  ~he 
whole assembly can be removed as a unit. The elec- 
tr ical  leads are made from magnesia- insula ted  t r iaxial  
cable and sealed into the lead plug by a modified 
Br idgman seal so that  they can be readi ly  removed 
and replaced (12). The present  assembly can accom- 
modate  four  such leads. 

Key  words:  electrodes,  pressure.  

A tempera tu re -compara to r  bridge gives a t ime-  
shared trace on a potent iometr ic  recorder  that  com- 
pares the t empera tu re  sensed by thermistors  placed 
inside and outside the pressure vessel. This can be 
used to reduce by 20-30% the t ime requi red  for equi l i -  
brat ion after  a t empera tu re  or pressure  step (13). 
The cell potentials are measured by using a precision 
potent iometer  (Leeds and Nor thrup  Type K-4)  to 
back off the input  signal to an e lec t rometer  (Kei thley 
Model 610BR) which acts as an amplifier and a null  
detector. All  connections are made with  noise-free co- 
axial  cable. The output  signal f rom the e lec t rometer  is 
fed to the potent iometr ic  recorder.  The pressure is 
also recorded by a microtorque  potent iometer  mounted 
on one of the Bourdon tube pressure gauges. The si- 
multaneous recording of tempera ture ,  pressure, and 
cell potential  on a single char t  provides a sensit ive in-  
dication of the a t ta inment  of a steady state wi th in  
the pressure vessel (see Fig. 5). The input signals to 
the recorder  could also be used in conjunction with a 
process p rogrammer  to automate  the measur ing pro-  
cedure. 

Low pH Cells 
The Mouquin-Garman  (M-G) glass electrode (G, 

Fig. 1) acts as a combined beaker  and sensor and has 
several  advantages that  make  it par t icular ly  suitable 
for h igh-pressure  work  (9, 14). Only Corning 015 
glass is at present  available in sufficient quant i ty  to 
make  these electrodes. Their  use is, in consequence, 
restr icted to low pH work  or to studies of anion or 
cation act ivi ty  using colloidon or protamine coated 
membranes  (15). The low pH cell has been designed 
to accommodate these electrodes. 

The pressure is t ransmit ted  to the tube contain-  
ing the electrodes by a gastight stopper (A, Fig. 1). 
A bleed hole that  can be closed by a screw (E) allows 
gas bubbles to be expel led when  the cell  is filled. The 
lead tube (B) is made of precis ion-bore  Py rex  tube 
(25 mm ID) with  four  p la t inum wires sealed into its 
walls at 90 ~ intervals  via careful ly  annealed House- 
keeper  seals (16). Araldi te  adhesive placed at the 
p la t inum/glass  junct ion on the outside of the test tube 
prevents  the seals f rom cracking even at high pres-  
sures and low tempera tures  (3 kilobars, - -5~ The 
externa l  leads are insulated wi th  PVC sleeving and 
soldered to Teflon insulated sockets (12) set in an an-  
nular  collar (D). 

The lead tube is connected to the electrode holder  
(C) by a ground-glass  joint. Two M-G glass elec- 
trodes are held side by side in the holder  by a 
Teflon former  (F) .  The plat inum leads are welded 
to the silver wires which are used as the meta l  base 
for the s i lver / s i lver  chloride reference  electrodes (H).  
These were  prepared in situ by series electrolysis. 
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Fig. 1. Low pH cell: A ~ a s t i g h t  piston (Teflon), B--lead tube 
(Pyrex), C--electrode holder (Pyrex), D~fiberglas collar, E--bleed 
screw (Teflon), F--Teflon former, G--glass electrode (Mouquin- 
Garman), H--silver/silver chloride electrode. The second glass 
electrode is stacked alongside the one shown. After the electrodes 
have been placed in position, the whole cell is filled with n-heptane. 

n-Heptane  is chosen as the pressure- t ransmi t t ing  
fluid because it maintains a low viscosity at high pres-  
sures and low temperatures .  It has a smaller  compres-  
sibility than the light silicone oils previously  used (1) 
and this reduces the tempera ture  changes accompany-  
ing adiabatic compression, n -Hep tane  is a good elec-  
tr ical  insulator  and is avai lable commercia l ly  in a 
pure form. In addition, it is volat i le  and is readily 
cleaned off the cell components at the end of the 
experiment .  

General Purpose Cell 
This cell consists of an open-ended glass tube sealed 

at the top by a Teflon cap and at the base by a m e r -  
cury t rap which acts as a pressure-equal iz ing piston 
(Fig. 2). The electrode assembly is suspended from 
the cap which also carries the electr ical  leads. 

The cell body (B, Fig. 2) is formed by a length of 
precis ion-bore Py rex  tubing (15 mm ID).  The lower 
end of the tube is restr icted sl ightly to insure a good 
mercury  seal in the space available. Ex t ra  insulated 
leads can be fed through the mercury  pool wi thout  dis- 
turbing the effectiveness of the seal. The mercury  can 
also be used as the metal  base for an externa l  reference 
electrode. In this case, the inside of the tube is given 
a hydrophobic coating of Teflon (17) or a silicone com- 
pound (18). If the mercury  seal does not per form any 
auxi l iary  function, the base of the tube can be con- 
stricted to leave only a pinhole (0.25 mm diam) for 
pressure equilibration. The cells can then be in te r -  
changed wi thout  disturbing the contents. 

The p la t inum lead pins (C) are machined to give a 
force fit in the holes in the Teflon piston. Silicone rub-  
ber O-r ings were  introduced to insure a good seal un-  
der all conditions. Pistons made  in this way  had a 
leakage ra te  of only 10 ~l /hr  under  full  vacuum. 

I c m  
i i 

SECTION 1. 

Fig. 2. General-purpose cell: A--Teflon plug, B--cell body (Py~ 
rex), C--platinum contact, D~Teflon rod, E--platinum stirrup, F--  
silYer/siiver chloride electrode, G~glass electrode, H--bolder, I - -  
mercury trap, S--slots in piston. Redistilled silicone oil (MS 200/5 
cs) may be used instead of n-heptane in the insulating layer. 

The" s i lver / s i lver  chloride reference  electrodes were  
prepared by an electrolytic method on a 1-mm diam- 
eter  p la t inum or si lver base. They were  prepared  and 
stored according to the recommendat ions  of Brown 
and MacInnes (19). 

A plat inum foil holder  (E) for the  glass electrode is 
secured to a Teflon rod (D) which protrudes from the 
lower surface of the cap. The electrode stem is 3 cm 
long and the upper  cent imeter  is insulated by a t ight -  
fitting collar of heat  shr inkable Teflon. Slots (S) are 
machined in the base of the piston to allow air bubbles 
to be expel led f rom the cell  in the final stages of 
filling. 

The mercury  reservoir  (E, Fig. 3) is machined f rom 
a single block of Perspex or Teflon in the form of a 
beaker  divided into three equal  segments. The three 
mercury  pools are electr ical ly isolated and are  not  
connected to earth. A locating collar holds the glass 
tubes ver t ica l ly  in the reservoir  dur ing assembly. The 
cells are clamped l ight ly  against the  base of the res-  
ervoir  by a securing plate (D). This plate is slotted 
to match a key (F, Fig. 3) which is screwed into the 
plug carrying the electr ical  leads into the pressure 
vessel. The key fits into a recessed slot machined on 
the underside of the securing plate. This quick release 
mechanism enables the cell  assembly to be exchanged 
for a new unit in on ly  a few minutes.  

So far, three types of cell  have been invest igated 
using this assembly. In the first (Fig. 2), s i lver / s i lver  
chloride electrodes are used for reference  and a flat- 
membrane  glass electrode is employed. A wide range 
of glasses can be used to form a membrane  of this 
type  on a soda-glass stem. For  example  NAS 27-4 
and LAS 25-10 glasses (20) as wel l  as membranes  
blown from commercia l  high pH glass bulbs can be 
used. In all cases, stable and rel iable  glass electrodes 
result. The fineness of the membrane  enables good 
seals to be made be tween  apparent ly  incompatible  
glasses (21). 
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Fig. 3. Cell assembly: A--glass electrode cell (Fig. 2), B--calo- 
mel/liquid ion-exchange cell (Fig. 4), C--Thermistor leads, D- -  
securing plate, E--mercury reservoir, F--key. 

The second assembly (Fig. 4--1) was used to in-  
vestigate the properties of mercury-based  reference 
electrodes at high pressures. Here the pressure is 
equalized by a piston (A) sealed to the cell walls by 
an O-ring. The piston is machined in the form of a 
cup from FEP fluorocarbon polymer (22). This mate-  
r ial  is as iner t  as Teflon but  it has the added advantage 
that  it can be heat t reated and so irregulari t ies in-  
troduced by the machin ing  process can be smoothed 
out. It  is t rans lucent  to t ransparent ,  depending on its 
thermal  history, and it provides a hydrophobic sur-  
face that  is essential for the proper  funct ioning of 
mercury-based  electrodes (18). A p la t inum pin  (P, 
Fig. 4) in the base of the cup connects the electrode 
base to the mercury  reservoir which acts as the ex- 
ternal  lead. 

A calomel electrode is prepared by filling the cup 
to a depth of 6 mm with purified mercury  and by add- 
ing a relat ively thick skin of calomel (F, Fig. 4) ac- 
cording to the instructions of Covington et al. (23). 
A layer of the appropriate halide solution is then 
added. Other  meta l / insoluble  salt electrodes with 
mercury  or amalgam bases can be prepared in this 
way. The second electrode in the cell (B, Fig. 4 - 1  
is prepared in a similar way in an FEP holder that  is 
suspended from the p la t inum st i rrup in the cell cap. 
The completed assembly is shown on the r ight  hand 
side of Fig. 3. 

A ~hird cell (Fig. 4--2) employs a l iquid ion-ex-  
change electrode for pressure equilibration.  Several  
distinct problems arise in the preparat ion of these 
electrodes (24, 25). A layer of light ion-exchange oil 
must  be held between a reference and an unk now n  
solution. The interfaces between this oil and both 
solutions must  be stable and reproducible. In  addi- 
tion, an equal pressure must  be applied to both solu- 
tions to main ta in  the hydrostatic stabili ty of the sys- 
tem. This problem is made more difficult by the high 
solubil i ty of the ion-exchange oil in organic hydraul ic  

D I 

2. LIQUID ION-EXCHANGE 
ELECTRODE 

r P, 

I. MERCURY-BASED REFERENCE ELECTRODES 

Fig. 4. Calomel/liquid ion-exchange cell (details of cap omitted). 
1. Mercury-based: A--combined electrode/piston (FEP polymer), 
B--cup electrode (FEP polymer), C~contact wire, E--platinum 
stirrup (see Fig. 2), F--calomel layer, P--platinum, H--contact to 
mercury reservoir. 2. Liquid ion-exchange: D---sheet of dialysis 
membrane, I--ion-exchange oil (other components as in 4--1). 

fluids. In  the assembly i l lustrated (Fig. 4--2) ,  a calo- 
mel  electrode acts as an in te rna l  reference. Electrical 
contact is main ta ined  by a p la t inum pin (P).  The elec- 
trode is then filled to a depth of 5 mm with the in terna l  
reference solution and a 2-ram layer of ion-exchange 
oil (I) is floated on top of this. The upper  surface of 
the oil is then trapped by a permeable or semi- 
permeable barr ier  to complete the electrode. This bar-  
rier can consist of a No. 3 grade porous glass plug 
treated with silicone water - repe l len t  or, more simply, 
a sheet of cellulose dialysis tub ing  (D) which is fixed 
in place by the O-r ing  that  seals the electrode to the 
wall  of the celt. When a porous glass plug is used, a 
0.25-ram hole is dril led in the base of the FEP body 
to improve pressure equi l ibrat ion across the ion-ex-  
change surface. 

Results 
The versat i l i ty of the system is best i l lustrated by 

showing examples of problems that  can be investigated 
using the various cell configurations. In  the first ex- 
ample (Fig. 5), the tr iple cell assembly was used to 
compare the behavior  of s i lver /s i lver  chloride and 
calomel reference electrodes. Two symmetr ical  calomel 
cells (I and II, Fig. 5) and a symmetrical  s i lver/s i lver  
chloride cell (III, Fig. 5) were prepared. The elec- 
trodes were immersed in a 0.1M solution of hydro-  
chloric acid. A minia ture  thermistor  was introduced 
into cell III. Figure 5 i l lustrates the response of this 
a r rangement  to a pressure step of 290 bars at 20~ 
The emf of cell I as well  as the tempera ture  and 
pressure profiles were recorded directly on the strip 
chart. The emf's of cells II and III were measured at 
regular  intervals  and are plotted on the same t ime and 
potential  scales as cell I. This figure i l lustrates well  
the amount  of data that can be recorded from a single 
exper iment  with the mult icel l  system. 

Both sets of calomel electrodes show relat ively high 
bias potentials that  decay exponent ia l ly  after the 
pressure step. Exper iments  involving calomel refer-  
ence electrodes therefore require  much slower rates of 
pressure application and release than those employing 
s i lver /s i lver  chloride electrodes. 
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Fig. 5. Response of symmetrical cells to a sudden pressure step. 
Cells I and II, calomel electrodes (Fig. 4 - -1 ) ;  Cell II I  silver/silver 
chloride electrode (Fig. 2). 

Both assemblies  (Fig. 1 and 2) have  been used to 
compare  the  proper t ies  of a range  of glass e lect rodes  
wi th  different  m e m b r a n e  geometr ies  (9).  The cells 
were  symmet r i ca l  wi th  0.1M hydrochlor ic  acid on 
e i ther  side of the  membrane .  In  Fig. 6, the  a s y m m e t r y  

�9 :SIMPLE BULB 
T:BULB WITHIN BULB 
O:FLAT MEMBRANE 
A :MOUQUIN-GARMAN MEMBRANE 

T = 2 0 " 0 0  ~ C. 

40 

0 I 2 
PCKb) 

Fig. 6. Asymmetry potential of glass electrodes as a function of 
pressure. A bar on a symbol indicates a reading taken during the 
decompression cycle. 
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potent ia ls  of th ree  different  types  of e lect rodes  mea -  
sured in a single expe r imen t  a re  p lo t ted  as a function 
of pressure.  The s imple bulb  type  shows cons iderable  
hysteres is  tha t  is not  exh ib i ted  by  the o ther  two elec-  
trodes.  Data  for a M o u q u i n - G a r m a n  elect rode f rom a 
separa te  expe r imen t  using the  low pH cell  a re  in-  
c luded to i l lus t ra te  the  s table  pe r fo rmance  of these 
electrodes.  

The r ep roduc ib i l i t y  of th ree  ident ica l  cells mounted  
toge ther  is shown in Fig. 7: In  this  instance, f l a t -mem-  
brane  electrodes,  p repa red  by  r ework ing  commercia l  
high pH bulbs,  were  moun ted  in a gene ra l -pu rpose  
cell  (Fig. 2). The in te rna l  solut ion was a potass ium 
ch lo r ide /hydroch lo r i c  acid buffer and the ex te rna l  
solut ion a c a rbona t e /b i c a rbona t e  buffer. The genera l  
agreement  be tween  the  th ree  cells was good (wi th in  
• 0.05 mV) .  The  hysteres is  exh ib i ted  by  cell  I I I  was 
t raced  to the  poor pe r fo rmance  of the  s i lve r / s i lve r  
chlor ide  electrodes employed.  This under l ines  the  need 
for caut ion in p r epa r ing  and handl ing  these e lect rodes  
which form the least  re l iab le  l ink  in the  e lec t rochem- 
ical chain. The re la t ionship  be tween  cell  response and 
appl ied  p ressure  devia tes  f rom a s t ra ight  l ine at  p res -  
sures above  about  1 ki lobar .  This is in concordance 
wi th  the  data  of Dist~che (1-3) who worked  be low 
1 ki lobar.  

The final example  (Fig. 8) is t aken  f rom work  on 
electrodes sensi t ive to cat ions other  than  hydrogen  
ions. The electrodes were  p repa red  wi th  a 0.1M filling 
solution of the  appropr i a t e  hal ide.  F l a t - m e m b r a n e  
glass e lect rodes  made  f rom NAS 27-4 glass (20) were  
used in the  sodium chlor ide  cells and l iquid i0n -ex-  
change e lect rodes  in the  ca lc ium chlor ide  cells. A 
commerc ia l  l iquid ion-exchange  resin (26) was em-  
ployed.  Three  electrodes of a given type  were  mounted  
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Fig. 7. Reproducibility of measurements on a carbonate/bicar- 
bonate buffer. 
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Fig. 8. Response of cation-selective electrodes as a function of 
pressure at 25~ Solid lines indicate theoretical slope. 

toge ther  in the  pressure  vessel  w i th  a different  e x -  
t e rna l  solut ion in each. A t  least  one cell  in the  as-  
sembly  had  a O.001M ex te rna l  solution. In  p lo t t ing  the  
data, the  poten t ia l  of this  cell  was set a rb i t r a r i l y  at  
zero. The potent ia ls  of the  o ther  cells were  then  
p lo t ted  re la t ive  to this  point.  I f  a different  cell  is used 
each t ime as the  a r b i t r a r y  re ference  point, then  the 
composite  curve obta ined  represen ts  a fa i r  p ic ture  of 
the  pe r fo rmance  of tha t  pa r t i cu la r  e lect rode type.  
Er rors  caused by  a s y m m e t r y  potent ials ,  i r regular i t i es  
in the  ind iv idua l  electrodes,  and  effects caused by  
pressure  cycl ing are  effect ively ave raged  out. The 
curves  shown in Fig. 8 a re  composites of th ree  ex -  
pe r imen ta l  runs  on th ree  separa te  cells. 

Pressures  up to 1 k i lobar  have only a smal l  effect 
on the  ac t iv i ty  coefficients of s imple e lec t ro ly te  so- 
lut ions (1, 27). In  consequence, a plot  of log a_* ~ (mean 
ion ac t iv i ty  coefficient of e lec t ro ly te  at 25~ and 1 
bar )  vs. the  cell  po ten t ia l  re la t ive  to the  va lue  in the 
reference  solut ion (hE) should give a s t ra ight  l ine 
wi th  the  appropr i a t e  Nerns t  slope if the  e lectrodes are  
behaving  ideal ly.  The slope would  be 120 mV for each 
tenfold  change in ac t iv i ty  for a 1:1 e lec t ro ly te  and 
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90 mV for a 2:1 e lec t ro ly te  if the  cell  is composed of 
e lect rodes  select ive to both  the  anion and the cat ion 
of the  e lectrolyte .  

The sodium chlor ide  cell  (Fig. 8) behaves  wel l  up 
to 1 k i lobar  in agreement  wi th  previous  work  on pH-  
select ive glass electrodes.  The l iquid  ion-exchange  
cells, a l though pe r fo rming  wel l  at  a tmospher ic  p res -  
sure, show poor  response at  h igh pressure .  A number  
of in ter face  types  have been tr ied,  a l l  wi th  s imi lar  
results.  F u r t h e r  work  is being ca r r i ed  out  on this 
problem;  in par t icu lar ,  a solid ion-exchange  e lec t rode  
wi th  a high se lec t iv i ty  to d iva len t  ions (28) is be ing  
studied. 

Manuscr ip t  rece ived  Feb.  24, 1969. 
A n y  discussion of this  paper  wi l l  appear  in a Dis-  

cussion Section to be publ i shed  in the  June  1970 
JOURNAL.  

REFERENCES 
1. A. Dist@che, Rev. Sci. Instr., 30, 474 (1959). 
2. A. Dist~che and S. Dist@che, This Journal, 112, 

350 (1965). 
3. A. Dist~che and S. Dist~che, ibid., 114, 330 (1967). 
4. C. Culberson,  D. R. Kester ,  and R. M. Pytkowicz,  

Science, 157, 59 (1967). 
5. C. Culberson and R. M. Pytkowicz,  Limnol. 

Oceanog., 13, 403 (1968). 
6. S. D. Hamann,  Aust. J. Chem., 18, 1 (1965). 
7. S. D. Hamann,  J. Phys. Chem., 67, 2233 (1963). 
8. D. J. G. Ives and G. J. Janz,  "Reference electrodes,"  

pp. 63, 213-222, Academic  Press, New York  
(1961). 

9. M. Whitfield,  ELectrochim. Acta,  In  press. 
1O. R. G. Bates, in Ref. (8), p. 253. 
11. A. K. Covington, J. Chem. Soc., 1960, 4441. 
12. M. Whitfield, Rev. Sci. Instr., 39, 1053 (1968). 
13. M. Whitf ield and D. R. Lockwood, In prepara t ion .  
14. H. Mouquin and R. L. Garman,  Ind. Eng. Chem., 

Ana l  Ed., 9, 287 (1937). 
15. G. N. Ling, Chap. 10 in "Glass Electrodes for H y -  

drogen and other  Cations," G. Eisenman, Editor,  
Marcel  Dekker ,  New York  (1967). 

16. W. G. Housekeeper ,  Elec. Eng., 42, 954 (1923). 
17. H. C. Berg and D. Kleppner ,  Rev. Sci. Instr., 33, 

248 (1962). 
18. G. J. Hills  and D. J. G. Ives, in Ref. (8), pp. 127-178. 
19. A. S. Brown and D: A. MacInnes,  J. Am. Chem. 

Soc., 57, 1356 (1935). 
20. G. Eisenman,  Adv. Anal. Chem. Inst., 2, 35 (1965). 
21. H. D. Por tnoy,  Chap. 8 in "Glass Elect rodes  for 

Hydrogen  and other  Cations," G. Eisenman, Edi -  
tor, Marce l  Dekker ,  New York  (1967). 

22. M. E. Runner  and G. Balog, Anal. Chem., 28, 1180 
(1956). 

23. A. K. Covington, J. V. Dobson, and Lord W y n n e -  
Jones, Electrochim. Acta, 12, 513 (1967). 

24. J. W. Ross, Science, 156, 1378 (1967). 
25. A. K. Mukher j i ,  Anal. Chim. Acta, 40, 354 (1968). 
26. Cat. No. 92-20-02, Orion Research Inc., 11 Black-  

stone Street ,  Cambridge,  Mass. 02139. 
27. H. S. Harned  and B. B. Owen, p. 504, "Phys ica l  

Chemis t ry  of Elec t ro ly te  Solutions," Reinhold,  
New York  (1958). 

A. Shatkay ,  Anal. Chem., 39, 1056 (1967). 28. 



Technicall Notes 

Properties of Some Selected Europium-Activated Red Phosphors 
S. S. Trond,* J. S. Martin,  J. P. Stanavage, and A. L. Smith* 

Radio Corporation of America, Electronic Components, Lancaster, Pennsylvania 

Since the advent  of rare  earth phosphors, numerous  
red-emit t ing,  europium-act ivated  materials  have been 
synthesized. For various reasons, the extensive use 
of these materials  has been l imited to the y t t r ium 
based phosphors listed in Table I. 

The materials  used in the study described in this 
paper were the oxide, vanadate,  and oxysulfide phos- 
phors of yt t r ium, gadolinium, and lan thanum.  The 
investigation was made to determine the comparative 
stabil i ty of various europium-act ivated,  red-emit t ing  
phosphors under  conditions which would show the 
relat ive meri t  of these materials  as the red component  
of color-television picture tubes. The stabil i ty of these 
phosphors dur ing heat t reatment ,  acid washing, and 
mil l ing was studied. It is per t inent  that any com- 
mercial  phosphor have high stabili ty dur ing heat t reat -  
ment  in the presence of organics to achieve a kinescope 
product of high qual i ty with respect to light output. 
Stabil i ty dur ing acid washing may be required to 
facilitate reclamation which is necessary for economi- 
cal utilization. Reclamation, as referred to in this 
paper, is the recovery of usable phosphor and not the 
recovery of rare earth raw materials  which must  be 
reworked into new virgin phosphor. 

Phosphors Evaluated 
All  of the phosphors in Table II were prepared from 

luminescence-grade rare earth oxides by conventional  
phosphor preparatory techniques. The y t t r ium van-  
e,date and y t t r ium oxysulfide phosphor samples were 
s tandard RCA phosphor products; the remaining 
samples were experimental .  All efficiency readings are 
given relative to the RCA y t t r ium vanadate  standard. 
Al though the exper imental  phosphors may not be 
opt imum with respect to efficiency and color, any dis- 
crepancy is slight. 

The cathodoluminescent  efficiencies of the phosphor 
powders were measured with a RCA-bui l t  spectro- 
radiometer  as described by Hardy (1). The spectro- 
radiometer  was equipped with an eye-corrected 
Weston Photronic Cell No. 856RR, whose output  was 
measured with a sensitive, low-impedance galvanom- 
eter. The color coordinates were calculated from pre-  
cise spectral emission data recorded by a General  
Electric spectroradiometer.  All  of the phosphors had 
good efficiencies and reasonable emission colors, ex- 
cept the l an thanum oxide and l an thanum vanadate 
phosphors. Although these two l an thanum phosphors 
were quite inefficient and had a desaturated red emis- 
sion color, they were included in the study. The com- 
parat ive data of YVO4: Eu and YVO4: Eu,Bi agree with 
Datta 's  (2) findings that  the incorporat ion of b ismuth 
enhances the brightness and is coupled with an emis- 
s'.ion color shift. Datta suggested that  under  cathode-ray 
excitation, the increased brightness is due to a Bi +3 
emission (also leading to the color shift) and that  
there is little effect on the Eu +3 emission intensity.  
The relat ive brightness, with respect to emission color, 
of the y t t r ium oxysulfide and gadol inum oxysulfide 
phosphors agree with the data reported by Haynes and 
Brown (3); however, the l an thanum oxysulfide re-  
ported in Table II is superior to the respective phos- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  

phor discussed by the above authors. Bril (4) and his 
associates also found that  the l an thanum oxide phos- 
phor was significantly less efficient than the oxide 
phosphors of y t t r ium or gadolinium. 

The median particle size by weight is also listed in 
Table II. These measurements  were made with a 
Coulter Counter;  again, no effort was made to optimize 
the size of the exper imental  samples. 

All  of the phosphors produced sharp, crystalline, 
and characteristic x - r ay  patterns.  It was carefully 
noted that  all vanadate  and oxysulfide samples were 
free of their  respective oxides. 

Milling Stability 
The stabil i ty of the phosphors dur ing mil l ing was 

determined by use of small  samples milled in water  in 
a ha l f -p in t  mill. Table III  shows the per cent efficiency 
lost by each phosphor as a resul t  of mil l ing in water  
for 1 and 2 hr. 

Within  each phosphor type, the l an thanum samples 
suffered the greatest degradation dur ing milling. The 
modified y t t r ium vanadate  (YVO4:Eu,Bi), the gado- 
l in ium vanadate, and the y t t r ium oxide phosphors 
showed remarkable  stabil i ty under  the test conditions. 
All of the milled samples retained sharp characteristic 
x - r ay  patterns. The milled vanadate  and oxysulfide 
samples remained free of their  respective oxides. 

Table I. Rare earth red phosphors in commercial use 

1. YVO4:Eu 
2. YVO4:Eu,Bi  
3. Y~OeS :Eu 
4. Y203:Eu 

Table II. Rare earth red-emitting phosphors 

R e l a t i v e  C.I.E. coo rd ina t e s  M e d i a n  pa r t i c l e  
P h o s p h o r  b r i g h t n e s s  x y size (~) 

YVO4:Eu 10O 0.667 0.333 7.2 
YVO4:Eu,Bi  111 0.651 0.344 8.1 
GdVO4:Eu  91 0.665 0.335 14.5 
LaVO4:Eu  12 0.630 0.360 12.0 
YeOeS:Eu 148 0.658 0.340 10.0 
Gd20~S:Eu  126 0.660 0.340 11.7 
La,~O2S :Eu  130 0.656 0.342 16.4 
Y20~:Eu 172 0.642 0.353 8.0 
GdeO3:Eu 185 0.640 0.355 6.6 
La203:Eu  36 0.615 0.363 15.6 

Table III. % Efficiency loss due to milling in H20 

M i l l i n g  t i m e  M i l l i n g  t i m e  
P h o s p h o r  1 h r  2 h r  P h o s p h o r  1 h r  2 h r  

YVO~:Eu 5.2 7.2 Y~Os:Eu 1.3 3.7 
YVO4:Eu,Bi  2.0 2.9 Gd2Oz:Eu 11.4 24.0 
GdVO~:Eu  2.0 2.1 La.~C~:Eu 93.0 93.0 
LaVO~:Eu - -  :~O.O 

M i l l i n g  t i m e  
P h o s p h o r  1 h r  2 h r  

YeO.2S :Eu 7.6 13.8 
GdeO2S :Eu  16.1 22.2 
La20~S:Eu 22.4 22.4 
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The significance of the mil l ing test is to i l lustrate 
the effect of at tempts to reduce particle size manual ly ,  
if such reduction were necessary. Obviously, only a 
few of the materials  could wi ths tand such t reatment .  
In  most cases, however, the phosphor can be syn-  
thesized to the desired particle size and mil l ing is not 
necessary. It  should be noted that  mil l ing in the 
presence of PVA dur ing  s lurry  preparat ion is an en-  
t i re ly different situation, as is discussed later. 

Acid Stability 
From an economic standpoint,  it is mandatory  that 

any commercial  rare earth phosphor must  be salvaged 
either as a usable phosphor or for its rare  earth raw 
materials  values. As was pointed out earlier, this paper 
deals with the reclaim of salvage as usable phosphor 
because this is felt to be the most economical approach. 
The use of this salvaged phosphor must  yield a finished 
color picture tube of qual i ty comparable to that of the 
product fabricated from its virgin phosphor. The sal- 
vage recovery procedure requires acid t rea tment  to 
assure the required quality. Acid t rea tment  is neces- 
sary either to control the chromium level in the sal-  
vaged phosphor or to remove blue and /or  green sul- 
fide phosphor contaminat ion from the salvaged phos- 
phor. 

This invest igat ion has shown that, with respect to 
acid stability, the ten  phosphors in question fall into 
two distinct classes: 

I. Phosphors which are quite soluble in mild acid 
solutions at room temperature.  These phosphors suffer 
in  luminous  efficiency as a result  of acid digestion. 

II. Phosphors which have very  l imited solubilities in 
mild acid solutions at elevated temperatures  and /or  
very l imited solubilities in strong acid solutions at 
room temperature.  These phosphors do not suffer in 
luminous  efficiency as a result  of acid digestion. 

Table IV lists the effects of digestion on the phos- 
phors of Class I with 5 and 10% nitr ic acid solutions 
and with a 10% hydrochloric acid solution. Each 
sample of v i rgin  phosphor was digested for 30 min  at 
room temperature.  The table lists the per cent weight 
loss of each digestion, as well  as the efficiency of the 
recovered sample relat ive to its unt rea ted  virgin 
sample. 

All  three l an thanum-based  phosphors are in Class I, 
as well  as the oxide phosphors of y t t r ium and gado- 
l inium. The lat ter  two phosphors suffered gross losses 
in luminous  energy when exposed to the acid solutions. 
The table shows the high weight losses of the three 
most efficient phosphors of this class (Y203, Gd20~, and 
La202S). It  should be emphasized that  the acid con- 
ditions specified do not dissolve blue or green sulfide 
contaminants ;  therefore, these phosphors cannot  be 
separated from such contaminat ion by this technique. 

The convent ional  technique for removal  of blue and /  
or green sulfide contaminants  from the y t t r ium van-  
adate phosphor is to digest the salvaged phosphor in 
5-10% nitr ic  acid solution at temperatures  of 50 ~ 
70~ The most severe condition (10% HNO3/70~ 
was chosen to evaluate  the acid stabil i ty of the Class 
II phosphors. Under  this condition, sulfide contamina-  
t ion is dissolved rapidly and completely. Because this 
condit ion may not represent  opt imum acid concentra-  
tion and temperature,  the relat ive weight losses should 
be examined ra ther  than  the absolute values. 

Table IV. Dilute acid digestions of Class I phosphors at 25~ 

Phosphor  

Condit ions  of Digest ion 

5% HNOa/0.5 hr  10% HNO3/0.5 hr  5% HC1/0.5 hr  

% W t l o s s  % E f t  % W t l o s s  % E f t  % W t l o s s  % E f t  

Y~O3:Eu 18.0 61.5 16.4 38.0 18.1 30.3 
Gd~O3:Eu 98.4 51.6 100 100 

LaVO4:Eu 7.8 83.4 12.2 83.0 
La20~S :Eu 76.8 88.5 88.8 57.1 ~ . 8  57.0 
La2Oa:Eu 100 100 - -  

July  1969 

Table V. 10% Nitric acid digestions of Class II phosphors at 70~ 

0,5-Hr digest ion 1-Hr digest ion 
Phosphor  % Wt loss % Efficiency % Wt loss % Efficiency 

YVO~:Eu 4.6 101 7.6 101 
YVO~:Eu,Bi 3.8 105 5.4 104 
GdVO~:Eu 18.6 105 38.4 108 

Y:O.zS:Eu 8.1 1Ol 15.6 103 
Gd202S:Eu 13.6 106 25,8 105 

Table V lists the per cent weight losses and ef- 
ficiencies of the recovered samples. The efficiency read-  
ings are given relat ive to the efficiency of each un -  
treated virgin sample. This acid t rea tment  had no 
de t r imenta l  effect on any of the samples with respect 
to luminous efficiency. The gadolinium vanadate  and 
gadolinium oxysulfide phosphors proved to be much 
more soluble than the y t t r ium vanadate  and y t t r ium 
oxysulfide phosphors. The y t t r ium oxysulfide phos- 
phor, on the other hand, was significantly more s . lub le  
than  either of the y t t r ium vanadate  phosphors. The 
modified y t t r ium vanadate  phosphor was slightly more 
stable than the b i smuth- f ree  y t t r ium vanadate.  

Fur ther  investigations revealed that  blue and /or  
green sulfide phosphor contaminants  can be removed 
as efficiently and as rapidly at room tempera ture  by 
increasing the nitr ic acid concentrat ion to values 
greater  than 20%. For this study, the Class II phosphors 
were digested in 25% nitr ic acid solutions at room tem-  
perature.  

Table VI lists the results of this test. Again, the 
acid digestion was nonde t r imenta l  to the luminous 
efficiency in all  cases. Under  this condition, there was 
much less deviation in stabil i ty wi th in  the Class II 
phosphors. The y t t r ium oxysulfide phosphor displayed 
remarkable  stabil i ty at high nitr ic acid concentrat ions 
at room temperature.  Even the gadolinium vanadate  
and gadol inium oxysulfide phosphors could be treated 
under  this condition if the digestion t ime was care- 
fully monitored. 

Under  the same concentrat ion and tempera ture  con- 
ditions, hydrochloric acid is as effective as nitr ic acid 
in the complete and rapid dissolution of blue and /o r  
green sulfide phosphor contaminants .  Yt t r ium vanadate  
(nonmodified) and y t t r ium oxysulfide phosphors were 
evaluated at room temperature  and 70~ with hy-  
drochloric acid. Table VII lists the results. Again, the 
luminous  efficiencies of the Class II phosphors were 
not affected by acid digestion. At room tempera ture  
with 25% solutions, the results were essentially the 
same as in the nitr ic acid study. However, at 70~ 
the y t t r ium oxysulfide was much more stable in 10% 
hydrochloric acid than  it was in 10 % nitr ic  acid. 

For  all ten of the rare earth phosphors tested in 
this study, there was essentially no change in emission 
color or x - r ay  pa t te rn  as a result  of acid t reatment .  

Table VI. 25% Nitric acid digestions of Class II phosphors at 
25~ 

1-Hr digest ion 2-Hr digest ion 
Phosphor  ~ Wt loss % Efficiency % Wt loss % Efficiency 

YVO4 :Eu 4.0 1O0 4.2 99 
YVO~:Eu,Bi 2.6 101 4.2 103 
GdVO4:Eu 4,8 104 7.6 106 

Y20~S:Eu 2.0 101 1.8 103 
Gd202S:Eu 4.2 105 4.0 107 

Table VII. HCI digestions of YVO4:Eu and Y2C~S:Eu 

10%/70~ 25%/25~ 
0.5 Hr  1 Hr  1 Hr  

Phosphor  % Wt loss % Eft % Wt loss % Eft % Wt loss % Eft 

YVO~:Eu 2.8 101 3.9 100 1.5 102 

Y~O.:S :Eu 3.2 103 6.8 103 1.6 102 
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This acid stabil i ty study has determined that the 
phosphors of Class I cannot be recovered by a sal- 
vage procedure which requires the removal  of sulfide 
phosphor contaminants  by acid t rea tment ;  the phos- 
phors of Class II can be recovered readi ly  and ef- 
ficiently by such a procedure. If the salvaged phos- 
phors have not been contaminated with sulfide phos- 
phors, the residual  chromium content  can be controlled 
by t rea tment  with a 3% nitr ic acid solution. Again, the 
Class I phosphors are not stable to such a recovery 
technique. 

Heat Treatment Stability 
During the fabricat ion of picture tubes, the phos- 

phor is heat t reated in the presence of polyvinyl  
alcohol (PVA).  Some salvage recovery procedures also 
require baking at temperatures  that  wil l  remove all 
traces of PVA. Both situations require temperatures  of 
approximately 450 ~ C. 

To study the effect of baking in the presence of PVA 
on the efficiency of each of these phosphors, pilot s lur-  
ries were prepared with each phosphor. The slurries 
were of s tandard RCA red phosphor formulation,  bu t  
were unsensitized. The s lurry  preparat ion included a 
mil l ing step in the presence of PVA. The slurries were 
held with agitat ion for 25 hr, and then the phosphor 
from each was salvaged by thoroughly washing in a 
centrifuge. After  drying,, the salvaged phosphors were 
baked at 450~ for 2 hr in air. 

Table VIII lists the powder efficiencies of the re-  
claimed phosphors. The y t t r i um-  and gadol in ium- 
based phosphors proved to be quite stable under  these 
test conditions, while the l an thanum-based  phosphors 
showed severe luminous efficiency losses. 

The recovery of these phosphors from sensitized 
slurries was also investigated. Slurries were again 
prepared; however, after the mil l ing step, the appro- 
priate amount  of ammonium dichromate was added 
(as in the s tandard RCA formulat ion) .  As with the un -  
sensitized slurries, these sensitized slurries were held 
with agitation for 24 hr, and then the phosphor from 
each was salvaged by thorough washing in a centr i -  
fuge. The salvaged phosphors were then dried and 
were measured under  simulated tube conditions. Be- 
cause the spectroradiometer used to measure all pre-  
vious samples was not capable of the voltages needed 
for this test (~25 kV), 2- x 2-in. glass slides were 
water  settled with each phosphor to be tested. A con- 
trol  slide of each virgin sample was also prepared as 
a reference. The slides were then baked at 450~ for 
2 hr in air. The slides were measured on a demount -  
able test set. Each salvaged phosphor was measured 
relat ive to its control; Table IX shows the results. 

The values obtained can actually be regarded as hy-  
pothetical conversion factors for each phosphor with 
regard to the luminous energy retained through tube 
processing. Of course, the test was modfied with re-  
gard to the tube-processing procedures and run  un -  
der fairly opt imum conditions. Still, the results can 
be reviewed relative to each other with regard to 
salvageabil i ty and luminous  energy re tent ion dur ing  
tube processing. 

The vanadate  and oxysulfide phosphors of y t t r ium 
and gadolinium have remarkab le  luminous  conversion 
factors. In  practice at RCA, tubes prepared with vi rgin  

Table VIII. Phosphors recovered from unsensitized slurries 

Phosphor  Powder  efficiency* 

YVO~:Eu 96.5 
YVO4 :Eu ,Bi 97.2 
Y20~S:Eu 98.6 
Y203:Eu 96.5 
GdVO~:Eu 99.0 
Gd202S :Eu 95.0 
Gd~O~:Eu 94.0 
LaVO~:Eu 77.0 
La~O2S:Eu S4.4 
La~O3:Eu 39.3 

* Efficiency re la t iv~  to respec t ive  v i rg in  sample.  

Table IX. Phosphors recovered from sensitized slurries 

Phosphor  Pla te  efficiency* 

YVO4:Eu 98.0 
YVO~:Eu,Bi 97.0 
YeO2S :Eu 97.0 
Y~Os:Eu 93.0 
GdVO~:Eu 9B.5 
Gd.202S :Eu 95.0 
Gd.203 :Eu 85.0 
LaVO4:Eu 79.0 
LaeO2S :Eu 70.0 
La,.,O~:Eu 17.0 

* Efficiency re la t ive  to respec t ive  v i rg in  sample.  

rare earth red phosphor (either y t t r ium vanadate  or 
y t t r ium oxysulfide) are indis t inguishable  from tubes 
prepared with the respective reclaimed salvage. Both 
of these phosphors exhibited high conversion factors 
in this test. 

The oxide phosphors of both y t t r ium and gado- 
l in ium have lower luminous conversion factors. The 
l a n t ha num phosphors all have low luminous con- 
version factors. The dichromate was readi ly adsorbed 
by the three oxide phosphors and caused a discolora- 
t ion of these phosphors even after centr ifuge washing. 
This resul t  did not occur with any of the other phos- 
phors. 

This conversion factor is ext remely  impor tant  be-  
cause it allows the rapid rat ing of materials  relat ive to 
one another  with respect to luminous  energy available 
in a fabricated picture tube. For example, the La2OeS 
phosphor used in this study was 130% of the YVO4 
phosphor; however, when  the luminous  conversion 
factor is applied, the red field of the YVO4 picture tube  
is actually about 108% of the red field of the La202S 
kinescope. 

It is believed that  the reclaimed salvage of any 
phosphor which has a low luminous conversion factor 
will  not provide picture tubes comparable to those 
prepared with its virgin phosphor. 

Summary 
When some form of acid t rea tment  is required for 

the recovery of rare earth salvage as a usable phos- 
phor, the phosphors of Class I are immediate ly  
el iminated as desirable red components. The remain -  
ing phosphors, the vanadates  and oxysulfides of 
y t t r ium and gadolinium (Class II) ,  have comparable 
stabili ty to acid t rea tment  under  selected process 
conditions. Froni  an economic standpoint,  the gado- 
l in ium-based  phosphors become impractical  because 
of Gd20~ raw mater ia l  cost. Al though this cost may be 
alleviated in the future, these phosphors offer no ad- 
vantages over their  y t t r ium counterparts.  As a result, 
the y t t r ium-based  phosphors of Class II are the most 
practical red components for color-television picture 
tubes at the present  time. 

It  is possible that  a technique for the recovery of 
Class I phosphors as usable phosphors, which does not 
require acid t reatment ,  could be devised. The lower 
conversion factors exhibited by these Class I phos- 
phors make cont inual  reclaim and reuse questionable. 

The reclaim of salvage of any rare earth phosphor 
is mandatory  to just ify its use. If a given rare earth 
phosphor, which cannot be reclaimed as a usable 
material ,  is found to possess certain desirable charac- 
teristics, its use should not be discouraged on this 
factor alone. Any rare  earth phosphor salvage can be 
reclaimed by recovering the rare earth raw materials  
by s tandard chemical means and synthesizing into new 
virgin  phosphor. From an economic standpoint,  such 
a reclaim procedure is more expensive than the direct 
recovery of salvage as usable material .  A phosphor 
which cannot be directly reclaimed must  have unusua l  
meri t  in order to just i fy the added cost of complete 
reprocessing. 
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Technique for a Scanning Electron Microscope 
Study of Etched Aluminum 

C. G. Dunn* and R. B. Bolon 
Research and Development Center, General Electric Company, Schenectady, New York  

The l ight  microscope has long been used to reveal  
the surface morphology  of a luminum foil e tched for 
elec t ro ly t ic  capaci tors  (1), but  its effectiveness has 
been pa r t l y  l imi ted  by  insufficient depth  of focus at 
high magnifications.  The  e lect ron microscope wi th  its 
g rea te r  depth  of focus and higher  resolut ion has been 
used to revea l  considerable  de ta i l  in configurations l ike 
those produced  by  tunnel  corrosion in a 2S a luminum 
al loy (2) and  tunne l  e lec t roetching in a luminum foil 
of 99.8% pur i ty  (3),  but  the  anodic oxide repl ica  
samples  for this technique  have  to be r e l a t ive ly  t r ans -  
pa ren t  to electrons.  

The scanning e lec t ron microscope (SEM),  on the 
o ther  hand,  has ne i the r  of these l imitat ions.  I t  has a 
dep th  of focus genera l ly  50-100 t imes that  of the opt i -  
cal microscope and samples  m a y  be th ick and opaque 
to electrons.  Nonconduct ing samples,  however ,  requi re  
the  addi t ion  of a thin conduct ing l aye r  such as vapor -  
deposi ted carbon or  gold. In  fact, go ld-coa ted  anodic 
oxide repl icas  a re  found to be excel len t  SEM samples  
for s tudying  the  morpho logy  of etched a luminum.  
I l lus t ra t ions  have been repor ted  for l igh t ly  etched 
foil  (4, 5). The presen t  communica t ion  gives a br ief  
descr ipt ion of the  p repa ra t ion  of SEM samples  for 
s tudying  both l ight ly  and heav i ly  e tched foil. 

L igh t ly  etched foil  and final oxide repl icas  were  
obta ined in the fol lowing way. A specimen of an-  
nealed 99.99% A1 foil  was given an ox ide - remov ing  
t r ea tmen t  in a NaOH bath,  a 5-sec e lectroetch at  10 
A/ in .  2 in a hot NaC1 electrolyte ,  and a thorough wash 
in dis t i l led water .  An  anodic film of about  600A 
thickness  was then  formed in an aqueous solut ion of 
ammonium pentabora te .  Smal l  sheared pieces were  
p laced in a b r o m i n e - m e t h a n o l  solut ion to dissolve the  
a luminum mat r ix  and thus  free the oxide replicas.  
Each repl ica  was mounted  wi th  the ox ide -me ta l  in-  
ter face  up. Vapor  deposi t ion of about  500A of gold in 
the  normal  di rect ion completed  the  p repa ra t ion  of the  
SEM samples.  

F igure  1 shows a region wi th in  a single gra in  of the  
annea led  a luminum where  the oxide  repl ica  takes  a 
" jung le -gym"  configuration. This morphology  arises 
f rom tunne l  etching along ~100>  direct ions (6). 

F igu re  2 shows a region involving th ree  grains  of 
a luminum in a specimen etched 10 sec at  1 A/ in .  2. The 
j u n g l e - g y m  structures ,  of course, join toge ther  at  gra in  
boundar ies ;  the  detai ls  of this  and o ther  fea tures  a re  
best  seen using s tereo SEM micrographs.  

When  tunne l  etching extends  beyond the midsect ion 
of the  foil thickness,  the  final oxide  repl icas  f rom both 
surfaces tend  to be jo ined  together.  They genera l ly  can 

* Electrochemical Society A c t i v e  M e m b e r .  

Fig. 1. Tunnel etching in a single aluminum grain seen as a 
"jungle-gym" structure in the oxide replica. SEM micrograph. 
X1000. 

Fig. 2. Tunnel etching in region of three aluminum grains. 
X1000 
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be separated, however, and the interior view obtained. 
Alternatively,  one may fracture the joined pair to ob- 
tain a cross-section view. A simpler procedure for 
obtaining a three-dimensional,  cross-section (or any 
other section) view is to prepare the ordinary metal-  
lographic section and to finish with an electropolish 
that removes the aluminum to the desired depth, leav- 
ing the oxide replica in relief. Application of a gold 
coating completes the preparat ion of the sample. 

Manuscript received March 25, 1969. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1970 
JOURNAL. 
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Electromotive Force Investigation of the Bismuth-Tellurium System 
Chung-Chiun Liu I and John C. Angus 

Chemical Engineering Science Division, Case Western Reserve University, Cleveland, Ohio 

ABSTRACT 

The b i smuth- te l lu r ium alloy system was investigated by electromotive 
force measurements,  coulometric titrations, x - ray  diffraction, and differential 
thermal  analyses. The thermodynamic  properties of the system have been 
obtained from the electromotive force measurements.  The part ial  molar  free 
energy, enthalpy, and entropy have been measured as a function of alloy com- 
position at 655 ~ 700 ~ and 766~ The integral  thermodynamic  properties were 
computed from the exper imental  data. The heat of formation of the com- 
pound Bi2Te3 is estimated at --46 _ I 0  kcal /g  mole at 766~ The phase 
equi l ibr ium diagram was established from exper imental  data. The results 
confirm that a very nar row single v-phase region exists near  the compound 
BieTes. 

Significant research and development effort has been 
devoted to thermoelectric materials in recent years. 
A b i smuth- te l lu r ium alloy in the form of Bi2Te3, when 
properly doped, has been found to be one of the most 
promising thermoelectric materials,  especially in the 
thermoelectric refr igerat ion applications. However, the 
thermodynamic  properties of the b i smuth- te l lu r ium 
system are only part ial ly known and of questionable 
accuracy. Also, the exact form of the phase equi l ibr ium 
diagram of the b i smuth- te l lu r ium system is still ob- 
scure, and notable discrepancies exist among reported 
phase diagrams. This paper is a report  on the invest i-  
gation of the b i smuth- te l lu r ium system by electromo- 
tive force measurements,  coulometric titrations, x - r ay  
diffraction, and differential thermal  analyses. The first 
part  of this paper covers the thermodynamic  properties 
of the b i smuth- te l lu r ium compounds obtained from the 
emf measurements;  the second part  discusses the con- 
struction of the phase diagram of the system from the 
results of emf measurements  and coulometric t i t ra-  
tions. 

The reversible galvanic cell used was 

Bi (1) I BiCl~ in LiC1 + KC1 I Bi-Te 

The bismuth ions in the melt  are t r ivalent  Bi ~ 
throughout our exper imental  region. This can be shown 
from the data on the bismuth-gold system by Kleppa 
(1). Furthermore,  the results of our  coulometric ti- 
trations independent ly  confirm the valence of the bis- 
muth  ions in the melt. 

When the emf measurements  are carried out over 
a significantly large composition and tempera ture  
range, this method gives us, in principle, the data re- 
quired for an evaluat ion of the: activity, part ial  molar  
free energy, entropy and enthalpy of the constituents. 
Also integral  thermodynamic  properties can be cal- 
culated from these part ial  molar  quantities. 

The basic relationships used to relate the cell po- 
tent ial  to the thermodynamic  properties are 

7~Bi - -  # m  ~ = R T  in aBi [I] 

~Bi  - -  ]~Bi ~ = - -  ZFE [2] 

In Eq. [1], aBi refers to the activity of the bismuth in 
the Bi-Te alloy; the activity of pure bismuth is taken 
as unity.  

Thermodynamic Properties 
Experimental Procedure 

Pre l iminary  studies indicated that  b ismuth chloride 
is highly volatile. Therefore, a closed, isothermal cell 
was used. Within  the cell, the equi l ibr ium between 

1 P r e s e n t  a d d r e s s :  C h e m i c a l  a n d  P e t r o l e u m  E n g i n e e r i n g  Depa r t -  
men t ,  U n i v e r s i t y  of P i t t s b u r g h ,  P i t t s b u r g h ,  P e n n s y l v a n i a  15200. 

Key  w o r d s :  b i s m u t h - t e l l u r i u m  sys tem,  t h e r m o d y n a m i c  p rope r t i e s ,  
phase  d i a g r a m .  

the bismuth existing in different phases could be 
reached at any desired tempera ture  under  isothermal 
conditions provided a sufficient quant i ty  of the bis- 
muth  chloride was present  in the molten electrolyte. 

The exper imental  cell used was made of Pyrex glass 
and is shown in Fig. 1. The cell had an over-al l  length 
of 22 cm and an outside diameter  of 2.54 cm. Each 
electrode compar tment  was approximately 2 cm in 
length and 0.8 cm in diameter. The leads for the elec- 
trodes were made of 0.025 cm diameter  p la t inum wire 
(99.99+% pure) .  After  fabrication of the cell, the 
electrodes were prepared, one of pure bismuth, and the 
second, an alloy of b ismuth- te l lur ium.  About  1.5-2.1g 
of metals for each electrode were used. High-pur i ty  
(99.999+ %) bismuth and tel lur ium, each in powder 
form of particle size 20-325 mesh, were used. The cor- 
rect amount  of metal  was carefully weighed and 
packed into the electrode compartments.  

The electrodes were then reduced in order to remove 
any trace of b ismuth and te l lu r ium oxide and to have 
ideal conditions for the mel t ing and forming of the 
electrodes. A mixture  of 90% ni trogen and 10% hy- 
drogen was employed as the reducing gas. The tem- 
perature  dur ing reduct ion was gradual ly  increased 
and was kept at the melt ing point  of the alloy for 3 
to 4 hr after the mel t ing tempera ture  was reached in 
order to obtain complete reduction. The cell was then 
cooled under  the stream of the reducing gas and the 
electrodes solidified. The diameter  of the upper  sec- 
t ion of the cell was narrowed from 2.54 to 0.6 cm (see 
the dotted l ine in Fig. 1). This procedure later aided 
in making a vacuum seal. 

. . . . . . . . .  . . . . . . . . . . .  
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Fig. 1. Experimental cell 
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During the preparat ion of the electrode, a small  
amount  of the te l lu r ium could vaporize. A careful  col- 
lection of the vaporized te l lur ium in the upper  part  of 
the exper imenta l  cell  indicated that  the loss of the te l -  
lur ium under  the most unfavorable  condition, i.e., pro-  
longed anneal ing at high tempera ture ,  was approxi-  
mate ly  0.2 m / o  (mole per cent) of the te l lur ium used. 
Therefore  a max imum correction of --0.2 m / o  tellu- 
r ium must  be made in the "weighed- in"  alloy composi- 
tion. 

A mix ture  of BiC13 and LiC1 -t- KC1 eutectic was 
used as electrolyte.  The LiC1 -t- KC1 eutectic was 
purified according to the method of Laitinen, Ferguson, 
and Osteryoung (2). The bismuth chloride used was 
reagent  grade and was dehydra ted  under  vacuum be- 
fore use. 

Approx imate ly  8g of LiC1 -~ KC1 eutectic and 1.5g 
of BiC13 were  used as the electrolyte  in each cell. All  
the mater ia l  t ransference was per formed inside a high-  
pur i ty  ni trogen-fi l led dry box in which oxygen was 
less than 2 ppm and moisture 0.5 ppm. The cell was 
then sealed under  vacuum. 

The exper imenta l  cell  was placed ver t ical ly  in a 
7.62 cm ID split furnace. Glass wool was used as pack-  
ing mater ia l  around the cell to assure a firm ver t ical  
position. The leads of the cell were  connected to a 
potentiometer .  The t empera tu re  of the cell was mea-  
sured with  a ch romel -a lumel  thermocouple  which was 
at tached to the bottom of the cell. 

The tempera ture  of the furnace was gradual ly  
brought  up to 766~ the highest  desired t empera tu re  
in this study, in a period of 2 hr. The emf became 
constant once thermal  equi l ibr ium was attained. The 
emf  measurements  were  recorded every  10-30 min 
for a period of 12-24 hr. The exper imenta l  data show 
that  the fluctuation of these measurements  during this 
period was less than 1 mV. The operat ing tempera ture  
was lowered to 700 ~ and th~en 655~ At each t em-  
pera ture  the system was held for a period of 12-24 
hr, and the emf  measurements  ment ioned above were  
repeated. Subsequently,  the operat ing t empera tu re  
was raised again to 766~ in order  to observe any 
hysteresis effect. 

Resu l ts  a n d  D iscuss ion  
A summary  of the exper imenta l  data is presented in 

Table I. The emf was taken as posit ive if the bis- 
mu th - t e l l u r ium alloy electrode was positive. At each 
temperature ,  the emf increased as the te l lur ium com- 
position in the alloy increased. The emf  increased as 
the operat ing t empera tu re  decreased for each alloy 
having a te l lur ium composition of 34.9 m / o  or more. 
For  alloys which had a te l lur ium composition less than 
34.9 m/o,  the emf  decreased sl ightly as the operat ing 
t empera tu re  decreased. 

As ment ioned before, the emf for each alloy compo- 
sition at each t empera tu re  was recorded every  10-30 
min for a period of 12-24 hr, and the emf's reported 
in Table I are average  values of those recorded during 

Table h Summary of experimental emf measurements 

R u n  C o m p o s i t i o n  Bi,  A v e r a g e  emf,  V 
No. m o l e  f r a c t i o n  766~ 700~ 655~ 

37 0.8217 + 0.00512 + 0.00440 § 0.00246 
8 0.7095 § 0.00693 § 0.00495 + 0.00255 
9 0.6509 + 0.01186 

34 0.5992 + 0.01203 + 0.01663 + 0.01788 
10 0.5448 + 0.01210 
15 0.4990 + 0.01957 + 0.02210 § 0.02563 
12 0.4507 + 0.02700 + 0.03000 +0.03200 
20 0.4170 + 0.04420 + 0.05445 
28 0.4140 + 0.11090 + 0.12803 + 0.13602 
20 0.4140 + 0.11071 + 0.13628 
25 0.4110 + 0.11093 + 0.12870 + 0.13646 
18 0.3981 + 0.11030 + 0.12925 + 0.13548 
23 0.3942 + 0.11031 + 0.12933 + 0.13766 
24 0.3881 + 0.11250 + 0.12993 + 0.13790 
30 0.3496 + 0.11450 + 0.13255 + 0.13705 
33 0.3008 + 0.11420 + 0.13340 + 0.13696 
14 0.2501 + 0.1120 + 0.13205 + 0.13667 
32 0.2014 + 0.11400 + 0.13345 + 0.13722 

7 0.1088 + 0.11400 + 0.13703 
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that  12-24 hr period. In each cell, at a fixed t em-  
perature,  the init ial  emf  and that  at the end of the 
12-24 hr  period were  very  close. The difference was 
general ly  2% or less of the reading. In each run, the 
tempera ture  was cycled be tween 766 ~ and 655~ at 
least once. In some runs, the t empera tu re  was cycled 
three times. The emf's were  always within  2% of those 
previously recorded, indicating no appreciable hys-  
teresis effect for any alloy composition at any t em-  
perature.  The revers ibi l i ty  and stabil i ty of this gal-  
vanic cell wi th  fused salt e lectrolyte  were  excep-  
t ionally good, as was the reproducibi l i ty  of the emf  
measurements .  But at lower temperatures ,  the im-  
pedance of the cell increased, which made  the emf 
measurement  more difficult and affected the precision 
of these measurements .  

The act ivi ty  of the bismuth in the alloy ~ a s  calcu- 
lated f rom the emf  measurements .  The relat ion be- 
tween the act ivi ty  of the bismuth in the alloy and the 
composition of the alloy at 766~ is shown in Fig. 2. 
As expected, the act ivi ty  of the bismuth in the alloy 
inclines more  toward the ideal solution value as the 
bismuth atom fract ion approaches unity. The act ivi ty 
of the bismuth deviates from Raoult 's  law considerably 
when the bismuth content  is less than 49.9 m/o.  

The act ivi ty  of the te l lur ium in the alloy at 766~ 
was obtained by graphical  integrat ion of the Gibbs- 
Duhem relat ion 

- - fXBi  XBi (OlnaBi)dXBi [ 3 ]  

I n  aTe  - -  - -  ~, 0 1 - -  XBi  C3XBi 

The equation above can be in tegrated by parts, thus 

f xBi dXBi in aBi [ 4 ]  
In a B i  XBi  

In aTe ---- ~ 0 (1 -- Xsi)2 1 --  XB------~' 

The act ivi ty  of the te l lur ium in the alloy at 766~ 
is also plotted as a function of the al loy composition 
in Fig. 2. There are two comments  which should be 
made concerning the accuracy of the computed values 
of ate. 

1. Considerable uncer ta in ty  was introduced during 
the integrat ion of the Gibbs-Duhem relat ion in Eq. 
[4], since the measurements  of the emf's  were  not 
avai lable  for alloys having a ve ry  high or low bismuth 
composition. Therefore,  at best only fair  accuracy in 
evaluat ing the act ivi ty  of the te l lur ium should be 
expected. 

2. At high te l lur ium composition, the computed ac- 
t iv i ty  of the te l lur ium has a posit ive deviat ion from 
Raoult 's  law whereas  at low te l lur ium composition a 
negat ive deviation. Similar  behavior  has been observed 
in the act ivi ty  of the a luminum in the s i lve r -a luminum 
system at 1273~ (3, 4). A physical meaning of this 
positive and negat ive deviat ion f rom Raoult 's  law for 
a component  is not readi ly  apparent.  

The part ial  molar  free energy, i.e., the  chemical  po- 
tential, of the bismuth in the alloy at 766~ can be 
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Fig. 2. Activity of Bi and Te vs. composition at 766~ 
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Table II. Relative partial molar free energy of Bi and Te Table Ill. Temperature coefficient of emf and the relative part ia l  
in the alloy of 766~ molar entropy of the bismuth and the tellurium in the alloy 

Composition Bt, ~Bi - ILBi ~ ~Te -- ~tTe o, Composition Bi, dE/dT in hSal =Sin - SBi ~ ASTe = ~Te -- STe ~ 
R u n  N o .  m o l e  f r a c t i o n  c a l / g - a t ,  c a l / g - a t ,  m o l e  f r a c t i o n  m V / ~  i n  e a l / g - a t .  ~  i n  c a l / g - a t .  ~  

37  0 . 8 2 1 7  - - 3 5 4 . 3  - - 6 5 6 5  0 . 8 2 1 7  + 0 . 0 1  + ~ 7 0  - - 1 2 . 1 9  
8 0 . 7 0 9 5  - - 4 7 9 . 5  - - 6 0 8 2  0 . 7 0 9 5  + 0 .03  + 2 . 0 7  - - 2 0 . 6 5  
9 0 . 6 5 0 9  -- 820 .6  -- 5 3 5 9  0 . 6 5 0 9  

34  0 . 5 9 9 2  -- 8 3 2 , 4  - - 5 3 3 8  0 . 5 9 9 2  - - 0 ~ 7  - - 4 . 8 0  - - 9 , 2 2  
10 0 . 5 4 4 8  -- 837 .2  - - 5 2 9 8  0 . 5 4 4 1  
15 0 . 4 9 9 0  -- 1 3 5 4  - - 4 7 5 5  0 . 4 9 9 0  - - 0 . 0 4  - - 2 . 7 7  -- 10 .82  
12 0 . 4 5 0 7  -- 1868  - - 4 3 0 8  0 . 4 5 0 7  - - 0 . 0 4 5  -- 3 .11  -- 1 0 . 3 0  
20  0 . 4 1 7 0  - - 3 0 5 8  - - 2 2 5 0  0 . 4 1 7 0  - - 0 . 1 5 5  -- 10 .72  - - 2 . 5 4  
28  0 . 4 1 4 0  -- 7673  -- 155 .3  0 . 4 1 4 0  -- 0 .260  -- 18 .0  - - 0 . 4 2  
29  0 .4140  -- 7 6 6 0  -- 155 ,3  0 . 4 1 4 0  - - 0 . 2 6 0  -- 18 ,0  - - 0 . 4 2  
25  0 . 4 1 1 0  - - 7 6 7 5  -- 144 .7  0 . 4 1 1 0  - - 0 . 2 7 0  -- 18 .7  + ~ 0 3  
18 0 . 3981  -- 7632  -- 174 ,5  0 .3981  -- 0 . 2 8 6  -- 19 .92  + 0 .07  
23  0 . 3 9 4 2  -- 7 6 3 3  -- 173 .8  0 . 3 9 4 2  - - 0 . 2 8 8  -- 19 .92  + 0 . 0 6  
24  0 , 3 8 8 1  -- 7 7 8 4  - - 7 6 . 2  0 . 3 8 8 1  -- 0 , 2 6 4  -- 18 .27  + 0 . 0 6  
30  0 , 3 4 9 6  -- 7 9 2 3  -- 5 .50  0 . 3 4 9 6  -- 0 .273  -- 1 8 . 8 9  + 0 . 6 4  
33  0 , 3 0 0 8  -- 7902  - - 2 . 2 8  0 . 3 0 0 8  -- 0 .291  - - 2 0 . 1 3  + 0 . 6 5  
14 0 , 2 5 0 1  -- 7750  -- 58 �9  0 . 2 5 0 1  - - 0 . 3 0 0  - - 2 0 . 7 5  ~A) 
32  0 . 2 0 1 4  -- 7 8 8 8  -- 16 .37  0 . 2 0 1 4  - - 0 . 2 9 4  - - 2 0 . 3 4  ~-0 

7 0 , 1 0 8 8  -- 7 8 8 8  -- iO. lO 0 . 1 0 8 8  -- 0 . 2 9 4  - - 2 0 . 3 4  ,~0  

calculated directly from the exper imental  measure-  
ments. The part ial  molar  free energy of the te l lu r ium 
was calculated from the activity of the te l lur ium ob- 
tained above. Both the part ial  molar  free energy of 
the bismuth and the te l lu r ium in the alloy at 766~ 
using pure bismuth and pure  tel lurium, respectively, 
as the reference states, are presented in Table II. For  
a b inary  system, the relat ive integral  molar  free en-  
ergy is defined as 

Gm = XBi(~Bi__ ~B~o) + XTe (~T~-- ~To ~ [5] 

The relat ive integral  molar  free energy of the bis- 
mu th - t e l l u r ium alloy at 766~ was computed and is 
plotted as a function of the alloy composition in Fig. 3. 

The relat ive part ial  molar  entropy of the bismuth 
in the alloy can be calculated using the equation 

- ( O E )  
S B i - - S B i  ~ = Z F  ~ P [ 6 ]  

The temperature  coefficient of the emf in our case was 
estimated only by measurements  between 700 ~ and 
766~ The relat ive part ial  molar  entropy of the tel- 
lu r ium in the alloy may be obtained by a graphical 
integrat ion of the Gibbs-Duhem relat ion in the form of 

fXBi ( XBt ~ 
~E~o = ~ i = 0 ~  x--~-~ / da la i  [7] 

The limit of the integrat ion is so chosen that  the 
relat ive part ial  molar  entropy of the pure  te l lu r ium 
is zero. This choice of l imit simplifies the calculation 
and has been adopted by Lewis and Randall  (5), 
Kleppa (6), and Wagner  (7). Both the relative par-  
tial molar  entropy of the bismuth and the te l lur ium 
in the alloy are presented in Table III. The relat ive 
integral  molar entropy of the b i smuth- te l lu r ium alloy 
at 766~ is plotted as a function of the alloy compo- 
sition in Fig. 4. The uncer ta in ty  in the integrat ion 
mentioned earlier is, of course, reflected in both S--we 

and S .~. In addition, the slope dE/dT, is somewhat 
uncer ta in  because of the l imited number  of points 
at different temperatures.  The estimated value of S m 
at the compound, Bi2Te3, is --7.8 ___ 2.3 cal/g at. ~ 
The relative integral  molar entropy of the b i smuth-  
te l lur ium alloy, therefore, is negative. There are b inary  
metallic systems which also possess a negative molar  
entropy such as gold-cadmium, sodium-lead, and iron-  
silicon, etc. (8). Radcliffe (9) and his co-workers have 
found that the relat ive integral  molar  entropy of i ron-  
a luminum alloy has a negative value. Radcliffe qual i -  
tat ively associated this negat ive value with changes in 
the configurational, magnetic, vibration, and conduc- 
t ion-electron energies of the alloy. In  the bismuth-  
te l lu r ium system, we consider that  similar effects may 
account for the negative value. However, a quant i ta -  
tive discussion of each contr ibut ion to the relat ive in-  
tegral  molar entropy is not possible. 

The relative part ial  molar enthalpy of the b ismuth  
was computed from 

~ ' ~ B i ~ H B i ~  = ( ~ - - B i - - ~ B i  ~  2~- T ( S B i - - S B i  ~  [ 8 ]  

The relat ive part ial  molar  enthalpy of the te l lu r ium 
was obtained by a graphical integrat ion of the Gibbs-  
Duhem relat ion in a calculation analogous to t h a t  of 
the relat ive part ial  molar  entropy. Both the relat ive 
partial  molar enthalpy of the bismuth and the tel-  
lu r ium at 766~ are presented in  Table IV. The re la-  
tive integral  molar  enthalpy at 7660K is plotted as a 
function of the alloy composition in Fig. 5. The rela-  
tive integral  molar  enthalpy of an alloy corresponding 
to Bi2Tez i s - - 4 6  -+- 10 kcal /g  mole Bi2Tea at 766~ 
Using the heat of formation and heat capacity data of 
Bi2Te3 compiled by Kubaschewski  and his co-workers 
(8), we computed the relat ive integral  molar  enthalpy 
of Bi~Te~ and obtained a value of--30.06 kcal /g  mole 
at 766~ This value is significantly smaller  than  our 
exper imental  result. The deviat ion may be caused by 
uncertaint ies  in the Gibbs-Duhem integrations and the 
determinat ion of dE/dT. 
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Table IV. Relative partial molar enthalpies of the bismuth 
and the tellurium in the alloy at 766~ 

EMF INVESTIGATION OF Bi-Te SYSTEM 1057 

C o m p o s i t i o n  Bi,  hH'Bi = H B i  - - H B i  ~ AHTe = H T e  - -HTe  ~ 
mo le  f r a c t i o n  ca l /g -a t .*  ca l /g -a t .  

0.8217 + 182 -- 15900 
0.7095 + 1130 --21900 
0.0509 
0.5992 --4510 -- 12400 
0.5448 
0.4990 --3480 -- 13100 
0.4507 --4250 -- 12200 
0.4170 -- 11300 -- 7200 
0.4140 --21500 --480 
0.4140 --21500 --480 
0.4110 --22000 -- 120 
0.3981 --22900 -- 120 
0.3942 --22900 -- 125 

0.3881 --21800 -- 115 
0.3496 --22400 -- 540 
0.3008 --23300 --325 
0.2501 --23600 -- 95 
0.2014 --23500 -- 55 
0.1088 --23500 -- 55 

* Value  o b t a i n e d  f r o m  AGai  = AHB~ -- TAS-Bi a nd  r o u n d e d  to 
th ree  s ign i f i can t  f igures.  

The thermodynamic  data obtained above permit  a 
qual i tat ive unders tanding  of the characteristics of the 
alloy. For instance, the relat ive integral  molar enthalpy 
of the alloy gives an estimate of the bonding energies. 
The relat ion between the relat ive integral  molar  en-  
thalpy and the bonding energies formulated by Herz- 
feld and Heitler (10), Guggenheim (11), Bethe (12), 
and Wagner  (7) is adopted here 

HBi-We m ~-  J B i - W e [ U B i - T e -  1/2 ( U B i - B i  + Vwe-We)] [ 9 ]  

where J designates the number  of Bi-Te atom pairs 
and U the corresponding energy for the individual  
combinat ion of atom pairs referred to the gaseous state. 

In  this study, the values of HBi.Te m obtained from the 
exper imental  results are negative throughout  the com- 
position range of XBi ~- 0 -  1.0. These negative values 
of HBi.Te m indicate that  the bonding energy of the pair  
atoms Bi-Te, Urn-we, is greater than the average bond-  
ing energy of pair  atoms Bi-Bi and Te-Te. This con- 
clusion agrees with the bismuth tel lur ide s t ructure  
proposed by Drabble  and Goodman (13). They suggest 
that the bonding length between Te atoms (3.57A) 
in adjacent  layers is greater  t han  that  between the 
bismuth and the te l lur ium atoms (3.12-3.22A) in the 
layer. The large spacing between the Te layers sug- 
gests that  the layers are held together by weak van  
der Waals forces between the Te atoms, whereas the 
bonding between the Bi -Te  atoms is predominate ly  
covalent. 

Also re levant  to the consti tut ion of alloys are (i) 
the different electronic states, and (i i)  the electronic 
contr ibutions to the thermodynamic  propert ies.  From 
the relat ion of the electronegativities and the changes 
in the e lec t ron/a tom ratio that  take place in the alloy- 
ing process. Wagner  (6) has shown, in the s i lver- te l -  
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lu r ium system, how the difference in the electronic 
states contributes to the thermal  properties of the 
alloys. We have adopted his basic approach and as- 
sumed (A) that  in the b i smuth- te l lu r ium system, as 
in the s i lver- te l lur ium system, elemental  bismuth re-  
leases electrons to form cations and te l lur ium species 
take up electrons to form anions, and (B) that  the 
valence of the bismuth ions equals +3  throughout  the 
composition range. 

The alloys may be characterized at any  of the fol- 
lowing three states: 

1. The mole ratio between Bi and Te is greater than  
2:3 (nBi/nwe ~ 2/3). Thus, there is an excess of bis-  
muth,  and the predominant  consti tuents are Bi 3+ and 
composite anions with more than two negative charges 
per atom of tel lurium. 

2. The mole ratio between Bi and Te is equal  to 2:3 
(nBi/nwe ~-- 2/3). This is the case of an ideal stoichi- 
ometric composition, and the only consti tuents are 
Bi 8 + and Te 2-.  

3. The mole ratio between Bi and Te is less than 2:3 
(nBi/nwe ~ 2/3). There is an excess of tel lurium, and 
the predominant  consti tuents are Bi ~+ and composite 
anions with less than two negative charges per atom 
of tel lurium. 

Therefore, two cases may be distinguished in the 
relat ive part ial  molar enthalpy of bismuth. 

1. When the bismuth is t ransferred from its pure  
state (Bi 3+, e - )  to an alloy rich in bismuth, a re-  
a r rangement  of the quasi-free electrons wil l  not occur 
because there are only Te 2- ions saturated with elec- 
trons. The corresponding relat ive par t ia l  molar  en-  
thalpy of the bismuth will  be re la t ively small. 

2. When the bismuth is t ransferred from its pure 
state to an alloy rich in te l lur ium, the electrons in -  
troduced will be taken up by the tel lurium, since there 
are te l lur ium anions with less than two negative 
charges per atom of te l lur ium, these will  tend to be-  
come saturated Te 2- ions. The relat ive part ial  molar  
enthalpy will therefore be strongly negative, corre- 
sponding to the electron affinity of the unsatura ted  
te l lur ium anions. 

The exper imental  results of the relat ive part ial  
molar enthalpy of the bismuth in our s tudy show a 
behavior exactly as predicted above, a/~m has a slightly 
positive value of +182 cal /g-mole  with a te l lur ium 
content  of 17.83 m/o,  but  becomes negative and at-  
tains a value of --23500 ca l /g-mole  with a te l lur ium 
content  of 89.10 m/o  in the alloy. The relat ion between 
AHBi and composition of the alloy is shown in Fig. 6. 
This suggests that the states of the b i smuth- te l lu r ium 
alloys discussed above are reasonable. 

Phase Diagram 
The phase equi l ibr ium diagram of the bismuth- te l -  

lu r ium system has been studied by different invest i-  
gators. However, the exact form of the phase equi-  
l ibr ium diagram of this system is still obscure. Hart- 
sen (14) summarized earlier work by others and pre-  
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sented a phase diagram, but  the solidus curves were 
not given. Phase diagrams of the b i smuth- te l lu r ium 
system have been proposed independent ly  by Brown 
and Lewis (15), Abrikasov and Bankina  (16), and 
Glatz (17). There is remarkable  disagreement among 
these reported phase diagrams, par t icular ly  in the 
region around the compound Bi2Te3 (60 m/o  Te). 
Both Brown and Lewis and Hansen report  the "com- 
pound" Bi2Te3 can exist as a single phase over a 
wide composition range while Abrikasov and Bankina  
and Glatz report  a very nar row range of stabili ty for 
Bi2Tes. These apparent  discrepancies indicate that  a 
more detailed investigation of the b i smuth- te l lu r ium 
system is required in order to clarify the phase dia- 
gram. 

Electromotive force measurements,  coulometric t i -  
trations, x - ray  diffraction, and differential thermal  
analyses were employed in this study. The experi-  
menta l  procedure and results of each method are dis- 
cussed below. 

Electromotive Force Measurements 
The application of emf measurements  in de termin-  

ing phase diagrams has been discussed by Chipman 
(4) and Wagner  (7), and the detailed exper imental  
procedure for emf measurements  on the b ismuth- te l -  
lu r ium system has been d e s c r i b e d  i n  the previous 
section. An  impor tant  advantage of s tudying phase 
transi t ions by this technique is that  it permits  a hori-  
zontal examinat ion  of the phase diagram rather  than a 
vertical one. In  other words, the emf measurements  
detect the phase boundaries  on a horizontal, constant  
temperature  segment of the phase diagram. Thus, at 
each specific temperature,  a plot of the cell potential  as 
a function of the alloy composition will  indicate the 
phase boundaries. A plot of the potential  at 766~ (Fig. 
7) shows three regions on the curve with a slope of 
zero, indicat ing these three regions are two-phase re-  
gions. One region appears between the te l lur ium com- 
position of 34.8 __ 0.1 and 45.9 • 0.1 m/o;  another, 
between 58.5 • 0.1 and 60.5 • 0.1 m/o;  and the third 
between 61.9 • 0.1 and 88.9 • 0.1 m/o. One can com- 
pare the discrepancies between previous published 
phase diagrams and the results of our study. Hansen 
proposed that there are two two-phase regions existing 
at 766~ one, between 35 and 52 m/o  te l lur ium; an-  
other, between 61.5 and 83 m/o  tel lurium. Brown and 
Lewis suggested that these two-phase regions at 766~ 
exist between 34 and 56.5 m/o  and 61.5 and 83 m/o  
tel lurium. Glatz proposed that, at 766~ there are 
three two-phase regions; the first one from an un-  
defined lower boundary  up to 46.5 m/o  tel lur ium, the 
second one between 57.5 and 59.7 m/o, and the third 
one from approximately 60 m/o  te l lur ium up to an 
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undefined upper  boundary.  Abrikasov and Bankina  
gave the boundaries  of these two-phase regions at 
766~ as 34.0 to 49.0 m/o,  54.7 to 60.2 m/o, and 61.0 to 
84 m/o  tel lurium, respectively. 

Qualitatively,  our results agree with those of Glatz 
and of Abrikasov and Bankina  ext remely  well. This is 
par t icular ly noticeable in the region near  60 m/o  tel- 
lurium, namely,  near  the compound Ed2Tes, where 
our results and those of Glatz and of Abrikasov and 
Bankina  show a nar row single phase region ra ther  
than the wide range represented by Hansen and Brown 
and Lewis. Quanti tat ively,  we find the single t~-phase 
region to exist between the boundaries  of 45.9 - -  58.5 
• 0.1 m/o  te l lur ium at 766~ Glatz defines the 
boundaries  as 46.5 - -  57.5 m/o  at the temperature ,  and 
Abrikasov and Bankina,  as 49.0 - -  54.7 m/o  tel lurium. 
Our exper imental  result  confirms quant i ta t ively  the 
boundaries  of the /~-phase at 766~ postulated by 
Glatz. 

The emf's of each exper imental  ce]l were measured 
at 700 ~ and 655~ as well  as 766~ The relat ion be- 
tween the emf and the composition at the two lower 
temperatures  can also be shown analogously to that  
shown in Fig. 7 for 766~ However, the impedance 
of the galvanic cell increased considerably at the 
lower temperatures  and affected the precision of 
the measurements.  Therefore, one cannot re ly ab-  
solutely on the precision of data obtained at the 
lower temperatures,  par t icular ly  at 655~ Conse- 
quently,  low- tempera ture  measurements  must  be 
complemented with supplementary  techniques. 

In addition to the insensi t ivi ty of the emf measure-  
ment  at low temperature,  the mult ipl ic i ty  of phases in 
the b i smuth- te l lu r ium alloys makes any study on the 
phase equi l ibr ium of the system very difficult. Estab- 
l ishment  of the phase diagram is also complicated by 
the necessity of excessively long anneal ing times to 
obtain thermodynamic  equil ibrium. At ta inment  of 
equi l ibr ium may require anneal ing for periods in ex- 
cess of 6 months (17). This problem appears to be 
more serious for alloys having a te l lur ium content  
of 5-50 m/o. Reported phase diagrams may reflect 
the differences in the alloy preparations, par t icular ly  
in the range of 5-50 m/o  tel lur ium. 

X-Ray Diffraction Study 
The Debye-Scherrer  powder method of x - r ay  dif- 

fraction was employed. The x - r a y  radiat ion of wave-  
length k = 2.29092A was obtained from a chrome 
target, and a vanad ium filter was used to el iminate 
the K~ radiat ion in the camera. The alloy was con- 
verted by filing and gr inding into powder which 
would pass through a 325 mesh screen. The film was 
exposed from 7 to 10 hr. 

Our results of the x - r ay  powder diffraction study 
show that  the alloy electrodes used in our galvanic 
cells have a rhombohedral  structure. Francombe (18) 
gives detailed diffraction data on Bi2Te3, and his re-  
sult is in excellent agreement  with our investigation. 

But our observations indicate no obvious difference in 
the pat terns obtained from alloys in the ~-phase region, 
the ~ + 7 region, and the v-phase region. The d imen-  
sions of the uni t  cell of alloys in different phase regions 
are essentially identical. The average values of the lat-  
tice dimensions given by Brown and Lewis are A o  = 
4.38A, and Co = 30.49A, which are in excellent  agree- 
ment  with our values of Ao = 4.38A and Co = 30.487A. 
Brown and Lewis give the difference in dimensions of 
the uni t  cells between 33 and 60 m/o  te l lur ium as 0.09A 
in A lattice and 0.8A in C lattice. The x - r ay  study per-  
formed by Glatz on the b i smuth- te l lu r ium compounds 
with a te l lur ium content  of 56-62 m/o  gives the lattice 
parameters  of the compound Bi2Te3 as Ao = 4.384A 
and Co = 30.495A which also agree well  with those re-  
ported by Brown and Lewis and by us. But  the differ- 
ences in the lattice parameters  between the compounds 
in the/~ + 7 two-phase region and the 7 single phase 
region, namely,  between the compounds having a tel- 
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lur ium content  of 58.7 and 59.7 m/o  reported by Glatz, 
are extremely small: Ao --~ 4.386A, Co -= 30.48A for 
compound with 58.7 m/o  tel lur ium, Ao -~ 4.384A, 
Co = 30.48A for compound with 59.7 m/o  tel lur ium. 
Thus, the change in lattice dimensions between alloys 
of vary ing  composition is difficult to detect, especially 
around the compound Bi2Te~, where the change in 
composition between the ~ and the -y phases is only 2 
m/o. 

Dif]erential Thermal Analysis 
Differential thermal  analysis was used to investigate 

the phase transi t ions in the lower tempera ture  range 
in which the emf measurements  became less valid. In  
our study, a duPont  Model 900 analyzer  was employed. 
Alumina  was used as the reference material.  The sam- 
ple cell was heated from room tempera ture  up to 
873~ at a heating rate of 20~ and was then 
cooled natural ly .  Differential thermal  analyses were 
performed on various b i smuth- te l lu r ium alloys which 
were all prepared the same as the electrodes in  the 
emf measurements .  The te l lu r ium-r ich  samples lost 
Te rapidly, and we were unable  to obtain any 
useful  informat ion from the samples. For all alloys 
having a te l lu r ium content  up to 65 m/o, a strong 
endothermic effect was observed at 533~ correspond- 
ing to the b i smuth- r ich  eutectic temperature.  Glatz 
also reported that an endothermic effect was observed 
at 539~ in his differential thermal  analyses, and he 
argued that  this phase t ransi t ion can be el iminated by 
long time anneal ing of the alloy. However, the char-  
acteristics of the b i smuth- te l lu r ium alloy at lower 
temperature,  i.e., below 573~ in our opinion still 
have not been ful ly clarified. 

Coulometric Titrations 
One of the ma in  interests is to clarify the dis- 

crepancy in the phase diagram near  the compound 
Bi2Tez; this necessitates an accurate determinat ion of 
the phase boundaries  for the single v-phase region. To 
this end, coulometric t i t rat ions were performed. 

Coulometric t i t rat ions were first introduced by 
Grower (19), and the theory and technique are re-  
viewed elsewhere (20, 21). In  our application of the 
technique, the bismuth ions were t ransferred from the 
pure bismuth electrode to the b i smuth- te l lu r ium elec- 
trode. This method is applicable to a t ransference of as 
little as a hundred th  of a microgram or even less. This 
small  change in composition allows a close definition 
of the boundaries of the phase boundaries.  

However, the equi l ibr ium potential,  i.e., the emf 
after the t i t rat ion had been performed, was estab- 
lished very slowly. This low rate of a t ta ining equi-  
l ibr ium was presumably  due to the slow rate of diffu- 
sion of the bismuth wi thin  the alloy. It was unfor tu-  
nate ly  impractical  to increase the rate of a t ta ining 
equi l ibr ium by increasing the temperature  because of 
the high vapor pressure of BiC13. Cubicciotti (22) 
estimated that  the vapor pressure of BiC13 at 850~ 
might be as high as 70 atm. In this study, coulometric 
t i t rat ions were performed at 766~ and t rue equi l ib-  
r ium was successfully established. 

The preparat ion of the exper imental  cell and the 
procedure of recording data were similar to those in 
the conventional  emf measurements.  The current  used 
in the t i t ra t ion  ranged from 0.6 to 70 mA. The emf's 
of the cell were recorded after the t i t rat ion had been 
performed; usual ly it required 36 hr or more for the 
system to reach equil ibrium. After  equi l ibr ium was 
reached the procedure was repeated. A sequence of 
t i t rat ions performed in the same cell allowed us to 
scan the concentrat ion easily. The reproducibi l i ty  of 
the emf measurements  and their agreement  with the 
earlier conventional  emf runs  is exceptionally good 
and is shown in Fig. 8. As discussed earlier, a possible 
loss of up to 0.2 m/o  te l lu r ium may occur in the proc- 
ess of preparing the alloy. This loss also may occur in 
the coulometric t i tration. From the results obtained, 
taking into account the loss of the tel lurium, the 
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Fig. 9. Proposed phase diagram for the Bi-Te system 

boundaries of the single -y-phase region are 60.5 ___ 0.1 
to 61.9 • 0.1 m / o  tel lurium. The close correspondence 
between the phase boundaries  indicated by the coulo- 
metric t i t rat ions and the conventional  emf runs is 
fur ther  confirmation that  the bismuth valence is ~-3. 
See especially r un  43 in which a rather  large amount  
of Bi was transferred.  

Proposed Phase Diagrams 
Basically, the data obtained from emf measure-  

ments, coulometric titrations, and the differential 
thermal  analyses provide sufficient informat ion for 
the construction of the phase diagram of the b ismuth-  
te l lur ium system. However, the characteristics of the 
b i smuth- te l lu r ium alloys at lower temperature,  i.e., 
below 573~ still have not been fully clarified. As 
ment ioned before, an endothermic effect was observed 
at 533~ corresponding to the b ismuth-r ich  eutectic 
temperature,  in the differential thermal  analyses for 
all alloys having a te l lur ium content  up to 65 m/o;  this 
phenomenon results in many  difficulties in in te rpre t -  
ing the data at low temperatures.  

In  view of the uncer ta in ty  in defining the character-  
istics of the b i smuth- te l lu r ium alloys at lower tem- 
perature,  we restrict our interest  to temperatures  
higher than 673~ and in the composition range of 
35-75 m/o  tel lur ium. A phase diagram so constructed 
is presented in Fig. 9. This phase diagram is based on 
our emf measurements ,  coulometric titrations, and 
differential thermal  analyses. Both qual i ta t ively and 
quanti tat ively,  this phase diagram agrees very well  
with those proposed by Glatz and by Abrikasov and 
Bankina.  These phase diagrams show a nar row single 
phase region, the v-phase region, existing near  the 
compound Bi2Te3. At  766~ the boundaries  of this 
-y-phase region are defined by us as 60.5 • 0.1 to 61.9 
-+- 0.1 m/o  tel lurium, while Glatz defines them as 59.7 
to 60.1 m/o  and Abrikasov and Bankina  give a value 
of 60.2 to 61.0 m/o  tel lurium. The differences between 
the definition of the boundaries  is approximately 1 
m/o  in composition. The agreement  between us and 
Abrikasov and Bankina  regarding the location of the 
boundaries  is excellent. 
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Conclusions 
1. The the rmodynamic  proper t ies  of the b i smuth-  

t e l lu r ium al loy have been obta ined b y  emf measure -  
ments. The act ivi ty,  re la t ive  pa r t i a l  molar  free energy,  
re la t ive  pa r t i a l  mola r  entropy,  re la t ive  pa r t i a l  mola r  
en tha lpy  of the  b i smuth  and the  t e l lu r ium in the  alloy, 
and the re la t ive  in tegra l  p roper t ies  of the al loy were  
obtained.  I t  appears  tha t  the  electronic state has a 
significant effect on the  the rmodynamic  proper t ies  of 
the  al loy;  this  effect is s imi lar  to tha t  in the  s i lver -  
t e l lu r ium system. 

2. The hea t  of format ion  of Bi2Te3 is --46 _ 1O 
kca l /g  mole at  766~ 

3. The phase d iag ram of the b i smu th - t e l l u r ium alloys 
has been inves t iga ted  by  emf measurements ,  cou- 
lometr ic  t i t rat ions,  x - r a y  diffraction, and different ia l  
t he rmal  analyses.  F rom these exper imen ta l  results,  
the  discrepancies  be tween  repor ted  phase d iagrams of 
the  b i smu th - t e l l u r ium system have been clarified. We 
conclude that  a ve ry  na r row single 7-phase region 
exists near  the  compound Bi2Te3, in agreement  wi th  
the  work  of Glatz  and Abr ikasov  and Bankina.  The 
boundar ies  of this  single phase region  have  been de-  
fined by  us as 60.5 _ 0.1 and 61.9 _ 0.1 m / o  t e l lu r ium 
at 766~ 
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NOMENCLATURE 
E Elect romot ive  force, V 
F The F a r a d a y  
G Gibbs f ree  energy of system, c a l / g - a tom 
G m Rela t ive  in tegra l  mola r  f ree  energy,  ca l /g -a tom 
H Enthalpy,  c a l / g - a t o m  
Hi Pa r t i a l  molar  en tha lpy  of component  i, c a l / g -  

a tom 
Hi o Molar  en tha lpy  of pure  component  i at  chosen 

reference  state, c a l / g - a t o m  
A/~ Rela t ive  pa r t i a l  molar  en tha lpy  of component  i, 

c a l / g - a tom 
H rn Relat ive  in tegra l  molar  enthalpy,  c a l / g - a t o m  
J Number  of a tom pairs  

R Gas constant  per  mole  
S Entropy,  c a l / g - a t o m  

Pa r t i a l  molar  en t ropy  of component  i, c a l / g -  
at. ~ 

Si o Molar  en t ropy  of pure  component  i at  chosen 
reference  state, ca l /g -a t .  ~ 

ASI Rela t ive  pa r t i a l  molar  en t ropy  of component  i, 
ca l /g -a t .  ~ K 

T Tempera ture ,  ~ 
U Bonding energy  for the ind iv idua l  combinat ions 

re fe r red  to the  gaseous state 
Z Valency 
ai Activi ty  of component  i 
~ Chemical  potent ia l  of component  i, ca l /g -a t .  
;~i o Chemical  potent ia l  of pure  component  i at  chosen 

reference  state, ca l /g -a t .  
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ABSTRACT 

The potentials of cells AulCO,CO2JCO~=[COs,O2JPt and Au]COJCOs={COs, 
O21Pt have been determined in the t e rnary  euteetic Li2CO3-Na2CO3-K2COs 
between 510 ~ and 800~ At 800~ the potential  resul t ing from the AulCO, 
CO2[COs=JCO2,O2]Pt cell indicated that  the reaction occurring at the Au 
electrode was COs = + CO .-- 2e : ~  2CO2. At 700~ and lower, the cell poten-  
tial confirmed that  the reaction COs = + C - -  2e ~ CO2 + CO dominates the 
high CO part ia l  pressure range. At lower temperatures  the reaction 
CO + 2 O H -  ~ COs = + H2 was observed to proceed to the right, consuming 
part  of the incoming CO stream so that  the cell potential  appeared to deviate 
from the Nernst  slope (corresponding to the reaction CO3 = + CO - -  2e ~:~ 
2CO2). The Nernst  slopes and cell potentials follow the thermodynamic  pre-  
diction for the electrochemical reactions occurring at the Au electrode. 

The potentials resul t ing from the AuICO]CO3=ICOs,O21Pt cell were in 
agreement  with the thermodynamica l ly  calculated potent ial  for the reaction 
CO3 = + 2C - -  2e ~ 3CO occurring on the Au electrode between 510 ~ and 
670~ At low CO flow rates over the entire tempera ture  range and at all 
flow rates at higher temperatures  the cell potent ial  differed considerably from 
the predictions for the above reaction. The reaction COs = + 2H2 - -  2e ~ CO 
+ 2H20 is seen as a possible explanat ion for this behavior. 

Reactions occurring in fused alkali  carbonates are 
of interest  for their  potential  applications in (i) a 
practical reference electrode, (ii) oxygen regenerat ive 
systems, and (iii) the carbonate fuel cell. 

The Au[CO, CO2 electrode has been advanced as a 
reference electrode for the (Li, Na, K)sCO~ system be-  
tween 700 ~ and 800~ (1, 2). The behavior  of this elec- 
trode below 700~ and at high part ial  pressures of CO 
is unexplained.  Reduction of COs can be util ized to re-  
generate Os from electrolysis in carbonate  systems (3, 
4). Since the absence of CO is a requi rement  for most 
02 regenerat ive systems, it is of interest  to establish 
the tempera ture  regions in which CO is not produced. 
Relative to the carbonate fuel cell, electrochemical in -  
vestigations are of interest  in order to explore the 
question of thermodynamic  control and to observe pos- 
sible in terfer ing reactions (5, 6). 

The present  invest igat ion was under taken  to deter-  
mine the reactions occurr ing on a Au electrode im- 
mersed in the mol ten (Li,Na,K) 2CO~ eutectic while the 
electrode was subjected to CO and mixed CO,COs 
atmospheres. 

Experimental Technique and Apparatus 
Chemicals.--Lithium, sodium, and potassium carbon-  

ates (reagent  grade) were vacuum dried at 250~ 
under  a COs atmosphere. The dried carbonates were 
stored in a desiccator over Mg(C104)2 unt i l  required 
for use. In  order  to avoid contaminat ion by HsO, the 
eutectic mix ture  (LisCOs-Na2COs-K2CO3, 43.5-31.5-25.0 
m/o  [mole per cent] mp 397~ (7) was weighed out 
in a dry-box.  The mix ture  was then placed in the 
furnace and melted under  a constant  atmosphere of 
predried CO2. The COs atmosphere above the melt  
served to minimize the carbonate dissociation and  to 
remove O H -  from the melt  by vir tue of the reaction 
(8) 

C02 + OH- ~- CO3 = + HsO [i] 

Appavatus.--The gastight electrochemical cell as- 
sembly is illustrated in Fig. I. The cell potential was 
monitored with a high input impedance electrometer 
which was connected between the test and reference 

* Electrochemical  Society  Act ive  Member.  

electrodes. The electrometer output  was connected 
through a series of decade resistors to a potent ia l - t ime 
recorder. The recorder funct ioned to indicate when  the 
system had reached equi l ibr ium;  the potential  regis- 
tered on the electrometer was then noted. 

A Pt  wire  bathed in a flow of CO2,O2 (mol ratio, 2/1) 
served as the reference electrode. The behavior  of this 
electrode has been thoroughly investigated (9-12). 
Carbon dioxide and oxygen were passed through dry-  
ing t ra ins  containing Mg(C104)2, monitored on flow- 
meters, and mixed before enter ing the reference elec- 

test ga 
inlet 

To Gas 
ChromotogropP 

Fig. 1. Electrochemical cell assembly: A, molten carbonate elec- 
trolyte; B, reference electrode: Pt wire, 0.5 mm diameter in a 
Pythagoras porcelain sheath and enclosed in a 10 mm OD Pytha- 
goras porcelain sheath which is pierced by a small hole (0.5 mm 
diameter) about I~ in. above the lower end; C, working electrode: 
Au wire, 0.5 mm diameter housed in two Pythagoras porcelain 
sheaths as shown; D, thermocouple; E, micrometer depth gauge: 
(Lufkin, Model 212); F, Insulators; G, baffle; H, crucible: (80% 
Au, 20% Pd; 50 cc); I, crucible holder; J, auxiliary electrode; K, 
rubber seal. 
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trode compartment .  Flow rates of 40 and 20 cm3/min 
were used for CO2 and 02, respectively. 

The test electrode consisted of a Au wire (0.8 mm 
diameter)  dipping into the melt. The Au wire was 
housed inside two concentric pythagoras sheaths; the 
inner  served to supply the desired atmosphere over 
the electrode, the outer contained this atmosphere and 
exhausted it to the connecting gas chromatograph for 
analysis. 

Periodic analysis of the spent gases, "on-stream," 
was accomplished with a gas chromatograph. Two col- 
umns consisting of silica gel and molecular sieve were 
connected in series across the detector elements. The 
purpose of the gas chromatographic determinat ion was 
to identify the spent gases and to yield the relat ive 
ratios so as to compare with input  flow measurements.  

The furnace temperature  was controlled to ~-0.6~ 
over the 2-in. working zone by means of appropriate 
ad jus tment  of variable resistors connected to each of 
the five separately wound furnace windings. Two sets 
of baffle systems, one above and the other  support ing 
the crucible (Fig. 1), functioned to minimize tem-  
pera ture  gradients by hal t ing convective currents.  The 
lower baffle system, mounted  on a thermocouple rod, 
could slide freely in the a lundum core. The thermo-  
couple rod was seated on a variable  platform jack; 
the melt, thus, could be raised or lowered to any  de- 
sired position in the furnace. A P t -P t  10% Rh thermo-  
couple, insulated with an a lumina  sheath, was fitted 
into a Au casing and rested on the bottom of the 80-20 
Au-Pd  alloy crucible. 

Measurements.--The potential  resul t ing from the 
cell 

Au [ CO,CO2 I CO3 = ] CO2,O2 I Pt  [2] 

was monitored over the part ial  pressure ranges of CO 
(0.05-0.95 arm) and CO2 (0.05-0.95 a tm) .  At a constant  

temperature,  the cell potential  for a high part ial  pres- 
sure CO2 stream was recorded. Stepwise, the CO par-  
tial pressure was increased at the expense of the CO2 
part ial  pressure and the potential  recorded unt i l  the 
influence of the entire range of part ial  pressures was 
investigated. The measurements  were then cont inued 
to complete the cycle from the high CO to the high 
CO2 par t ia l  pressure region. At each gas composition, 
the potential  was recorded unt i l  the value was invar i -  
ant  with time, and the lat ter  value was noted as the 
equi l ibrated value. The results are in Table IA. 

In  s tudying the cell 

A U [  CO I C O 3  = ] C O ' 2 , 0 2  ] Pt [3] 

predried and metered flows of CO were passed through 
the test electrode compartment.  The resul tant  poten- 
tials were monitored as a funct ion of the CO flow rates, 
s tar t ing with flows of 230 cm3/min and decreasing to 
10 cm3/min in 30 cmS/min decrements. At each flow 
rate the potential  was observed unt i l  the equil ibrated 
( t ime- invar ian t )  value was gained. The measurements  
were continued with increasing flow rates and the 
same increments  unt i l  the ini t ial  flow rate (230 cm3/ 
min)  was attained. The results of this series of mea-  
surements  established that  the cell potentials were in-  
dependent  of the CO flow rates in the region of higher 
CO flows. Accordingly the tempera ture  dependence of 
the cell potential  was investigated in the region of high 
CO flows, with a fixed flow rate of about 200 cm3/min. 
The equil ibrated values thus established are in Table 
IB, and are shown in Fig. 5 with the limits of uncer-  
t a in ty  for each potential  given by the double headed 
arrows. 

Results 

The electrochemical cell 

Au I CO,CO2 I CO3 = ] CO2,O~ I Pt  [2] 

was investigated over the tempera ture  range 510 ~ 
800~ 

The reactions occurring on the Au electrode, pre-  
dicted from thermodynamic  calculations, are 

Augus t  1969 

Table IA. Emf of the Au[CO, CO~ electrode in molten carbonates 
as a function of partial pressures and temperature, measured 

against the PtICO2,O2 (mol ratio 2/1) reference electrode system 

PCO 2, a t m  PCO, a t m  E M F ,  V PCO 2, a t m  Pco ,  a t m  E M F ,  V 

(a) 510~ (c) 7O0"C 

0.049 0.951 0.830 0.044 0.956 1.06 
0.055 0.945 0.838 0.060 0.940 1.04 
0.072 0.928 0.818 0.106 0.894 1.02 
0.096 0.904 0.805 0.170 0.830 1.00 
0.141 0.859 0.803 0.266 0.734 0.980 
0.141 0.859 0.813 0.358 0.642 0.950 
0.225 0,775 0.780 0.530 0.470 0.905 
0.235 0,765 0.775 0.628 0,372 0.870 
6.326 0.674 0.760 0.791 0.209 0.826 
0.489 0.511 0.726 0.871 0.129 0.780 
0.586 0.414 0.695 0.908 0.092 0.765 
0.735 0,265 0.660 0.960 0.040 0.73 
0.813 0.187 0.585 
0.884 0.116 0.535 
0.948 0.052 0.485 

(b) 625~ (d) 800~ 

0.046 0.954 1.08 ~ 0 4 4  0.956 1.17 
0.062 0,938 1.08 0.072 0.928 1.13 
0.144 0.856 1.05 0.105 0.895 1.1O 
0.206 0.794 1.04 0.149 0.851 1.08 
0.310 0.690 1.02 0.164 0.836 1.05 
0.552 0.448 0.965 0.183 0.817 1.06 
0.560 0.440 0.965 0.195 0.805 1.02 
0.565 0.435 0.970 0.215 0.785 1.04 
0.787 0.213 0.915 0,311 0.689 0.99 
0.887 0.113 0.875 0.377 0.623 0.985 
0.936 0.064 0.820 0.432 0.568 0.960 
0.967 0.033 0.75 0.705 0.295 0.890 

0.785 0,215 0.865 
0.852 0.148 0.815 

Table lB. Emf of the AulCO electrode in molten carbonates, as a 
function of temperature measured against the PtICO~,O2 (mol 

ratio 2/1) reference electrode system 

T e m p ,  ~ E M F ,  V T e m p ,  ~  E M F ,  V T e m p ,  ~ E M F ,  V 

510 0.74 620 0.88 670 0.96 
540 0.77 630 1.02 710 1.38 
580 0.83 650 1.05 770 1.35 

660 0.98 830 1.27 

CO3= + CO -- 2e ~ 2CO2 [4] 
and 

CO3 = + C -- 2e ~--- CO2 + CO [5] 

The Nernst  equation for reaction [4], assuming uni t  
carbonate  activity, reduces to 

RT Pco 
E = E o + 2.303 log [6] 

2F Pco22 

For reaction [5], the Nernst  equation, at uni t  C and 
carbonate activity, reduces to 

RT 
E = E o - -  2.303 - -  log Pco2Pco [7] 

2F 

The contributions of reactions [4] and [5] to the cell 
potential  can be evaluated by constructing graphs of 
the cell potential  vs. log Pco/Pco22 and log Pco2Pco. 
The experimental  results were treated in this manne r  
and are i l lustrated in Fig. 2 and 3. Figure 4 shows the 
oxidation potentials for reactions [4] and [5], calcu- 
lated from thermodynamic  data (13), as a funct ion of 
temperature.  The exper imental  and calculated Nernst  
slopes for reactions [4] and [5] are summarized in 
Table  II. 

The electrochemical oxidation of carbonate and  C to 
CO was investigated with cell [3] 

AulCO I CO3 = I CO2,O~ I Pt 

over the temperature range 510~176 The result of 
this investigation is illustrated in Fig. 5 where the cell 
potential is shown as a function of temperature along 
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the Nernst equation: E = E ~ -5 2,303 RT/2F log (Pco/Pco22); 
the circles are the observed values. 

with the thermodynamical ly  calculated oxidation po- 
t en t ia l - tempera ture  curve for the reaction 

CO3 = -5 2C- -  2e ~ 3CO [8] 

Discussion 
In  using a mix ture  of CO and CO~ to supply the Au 

electrode in the cell 

Au J CO,CO2 I CO3 = I CO2,O~ I Pt  

due note must  be taken of a possible change in the 
composition of the metered input  mix ture  due to the 
Deville equi l ibr ium 

2CO ~ C + CO2 [9] 

The max imum rate of CO decomposition to C and CO2 
is known to occur between 500 ~ and 60O~ (14, 15). 
Walker, Rakszawski, and Imperial  (16, 17) studied 
this process [9] extensively, and observed that  H2 
plays an impor tant  role as a catalytic agent. Neville 
and Taylor (18) found the forward reaction to be ac- 
celerated in the presence of alkali  carbonates. This ac- 
celeration is undoubtedly  due to a series of s imul tane-  
ous processes possible in molten carbonates, such as: 
(i) CO2 react ing with the oxide from the dissociated 
carbonate;  (ii) CO2 dissolving in the melt; (iii) CO 
reacting with H20 vapor yielding CO2 and H2; ( iv)  
CO reacting with hydroxide in the melt  producing H2 
and carbonate;  and (v) the H2, thus produced, catalyz- 
ing the conversion of CO to CO2. The contributions of 
(i i i) ,  (iv),  and (v) would be the domina t ing  factors 
after equi l ibr ium has been achieved between the melt  
and CO2. The preceding considerations, while some- 
what  speculative, leave little doubt that  the composi- 
t ion of the spent gas stream from the Au electrode 
should be monitored in order  to determine the contr i-  
but ion from reaction [9]. This was investigated ac- 
cordingly. Gas chromatographic analyses of the spent 
gas streams for pure CO input  streams established that  

Table II. Theoretical and observed Nernst slopes 

A* B* 
Theoretical o b s e r v e d  o b s e r v e d  

T, ~ N e r n s t  slope slope slope 

783 0.078 0.080 --0.086 
898 0.089 0.086 --0.086 
973 0.097 0.102 --0.098 

1073 0.106 0.104 -- 

* A :  f o r  COs = + CO -- 2e  ~-2CO2.  
* B :  f o r  COs = + C -- 2e ~- CO2 + C 0 .  

a max imum of 1% CO2 was formed via reaction [9] at 
CO flow rates of 10 cc/min.  At the more rapid flow 
rates used for the cell potential  studies (150 cc /min) ,  
the CO conversion rate was found to be less than  0.5%. 
The conversion of CO to C and CO2 due to the Deville 
equi l ibr ium [9] is thus a slow process under  the  ex- 
per imental  conditions of the present  studies, and, un -  
less otherwise indicated, one may justifiably assume 
that  the compositions of mixtures  of CO and CO2 about 
the Au electrode were essentially the same as estab- 
lished via the input  flowmeters. 

Inspection of Fig. 2 clearly i l lustrates that  reaction 
[4] controls the cell potential  over the entire range of 
gas compositions at 800~ As seen in Fig. 3, at t e m -  
peratures of 700~ and lower, the cell potential  devi- 
ates from that expected for reaction [4] in the high 
and low CO part ial  pressure ranges. The deviation at 
high CO part ial  pressures may be due to reaction [5] 
becoming thermodynamica l ly  more favored than  reac- 
t ion [4]. This receives support  from the thermodynamic  
considerations summarized in Fig. 4, where the theo- 
retical oxidation potentials for reaction [4] and [5] 
are plotted as a funct ion of tempera ture  along wi th  
the calculated shift of the cell potentials obtained from 
the Nernst  equations at various CO part ial  pressures. 
It is evident, from inspection of the results, that  the 
observed cell potentials follow the thermodynamic  pre-  
dictions. The expected inversion of reaction [4] to re-  
action [5] at high CO part ial  pressures is wi thin  the 
exper imental  accuracy of the measurements  at temper-  
atures of 625~ and above. The low cell potential  at 
510~ and the consequent greater  range of CO part ial  
pressure where reaction [4] was observed can be un-  
derstood as due to possible traces of moisture in the 
reference gas stream. The deviation of the cell poten- 
tial from reaction [4] at low CO part ial  pressures may 
be due to a loss of CO from the gas stream. The fol- 
lowing series of reactions are seen possible 

2CO+~-- C + C02 [9] 

CO -5 2 O H -  ~ CO~ = -5 H2 [10] 

CO -5 H20 ~ CO2 -5 H2 [11] 

CO -5 H2+~--C -5 H20 [12] 

C O  -{- 3 H 2  ~ C H 4  - 5  H 2 0  [ 1 8 ]  

The equil ibria for these reactions thermodynamical ly  
favor the formation of the products (displacement to 
the right) at temperatures  less than  800~ Exploratory 
studies in this laboratory have shown that reaction 
[10] is the major  source of CO consumption.  The Au 
electrode, thus, undoubtedly  experienced a CO partial  
pressure lower than  the metered inputs  (used for the 
abscissae in Fig. 2 and 3, respectively).  This receives 
additional support  from the results of the gas chro- 
matographic analyses of the spent gas streams. An in-  
crease of H2 at the lower CO part ial  pressures and the 
lower temperatures  was observed. 

Borucka (1, 2) investigated reaction [4] on Au elec- 
trodes using a concentrat ion cell of the type 

Au] CO,CO2 I C03 = l CO,CO2 i Au [14] 

At 780 ~ and 800~ the cell potentials were in agree- 
ment with Nernst predictions, and use of the Au 1 
CO,CO2 electrode as a practical reference electrode in 
the carbonate eutectic in this temperature range was 
recommended. It  was suggested (1, 2) from thermo-  
dynamic considerations, that  the Deville reaction [9] 
sets a l imit on the application of the proposed reference 
electrode. The results of the present  study show that  
addit ional  considerations must  be taken into account 
in evaluat ing the limits of applicabil i ty of this refer-  
ence electrode. Thus it follows from the present  study 
that:  (i) reaction [9] is kinet ical ly so slow that  the 
potential  created by a change in the composition of the 
dynamic inlet  stream is negligible; (ii) the dominant  
CO consuming process appears to be reaction [10] and 
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not the Devi l le  reaction (unless  the melt  is complete ly  
void of moisture, and this is very  difficult to attain in 
practice); and (ii i)  reaction [5] becomes thermody-  
namical ly  favored at lower temperatures and may 
overshadow any effect of a shift in the inlet  stream 
composition due to the Devi l le  equilibrium. 

The emf from cell  [3] 

Aul  CO I COs = I CO2,O2 I Pt 
indicated that reaction [5] 

CO3 = + 2C - -  2e ~-- 3CO 

proceeded at the Au  electrode between 510 ~ and 670~ 
The correspondence between the thermodynamic val -  
ues and the cell  potentials, shown in Fig. 5, is support 
for this viewpoint.  The deviation from the theoretical 
slope in the higher temperature range (700~ ~ ) has 
not been explained, but appears due to other electro- 
chemical  processes. Thus it readily fol lows from ther-  
modynamic  considerations the theoretical  reduction 
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predicted value for the process: C03 = + 2C - -  2e ~ -  3C0. The 
limits of uncertainty of the equilibrated potentials are indicated 
by the double-beaded arrows. 

potential  of reaction [5] can be shown to intersect a 
number  of electrochemical reactions ( involving CO2, 
CO, OH- ,  and H2) at 670~ Under  appropriate condi-  
tions these can become thermodynamical ly  more fa- 
vorable than  reaction [5]. For example, one may use 
the Nernst  equation to calculate the part ial  pressures of 
CO, CO2, and H2; from this approach it appears that 
a very plausible explanat ion for the higher potentials 
above 700~ is the reaction 

CO3 = ~ 2H2 - -  2e ~ CO -~ 2H20 [15] 

for which the Nernst  equation is 

RT [ C O 3  = '1  PH22 
E = E ~ W 2.303 ~ l o g  [16]  

2F Pco P2H20 

The calculated PH2/PH20 ratios are 74.0 and 32.5 at 
8000 and l l00~ respectively, so that  this process, as 
well  as 

CO + 2 O H -  ~ CO3 = + H2 [10] 

would contr ibute  directly to deviations (higher values) 
than would be predicted from a consideration of re-  
action [5] as the only potent ia l -control l ing process 
in this electrochemical cell. 
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Concentration Changes in Operating Fuel Cells 
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ABSTRACT 

The high current  densities at which fuel cells operate give rise to large 
concentrat ion changes across the porous matr ix  employed in most of these 
cells. These changes were measured in cells especially constructed for these 
determinat ions  using aqueous potassium hydroxide and phosphoric acid as 
electrolytes. Par t  of the resul t ing voltage losses of the fuel cells, due to p l l  
changes and l iquid junct ion  potentials, were measured. A theoretical t rea t -  
ment  is presented which accurately describes the exper imental  data. 

The electrolyte in H2/O~ fuel cells is f requent ly  a 
highly concentrated solution of a strong acid or base. 
In these solutions only one kind of ion participates in 
the electrode reaction, i.e., either H + or O H -  ions. The 
cells often contain a porous mat r ix  between the elec- 
trodes which greatly reduces convection in the elec- 
trolyte. A necessary consequence of these conditions 
is that, in  the steady state, an ionic concentrat ion gra-  
dient  exists which counteracts by diffusion the elec- 
trical migrat ion of the inert  ions, while it enhances the 
t ransport  of the reactive ions. This concentrat ion gra-  
dient  affects the cell operation through changes in the 
vapor pressure and in gas solubilities. A direct result  
of the electrolyte variat ion is the existence of an ionic 
concentrat ion overvoltage ~d, a l iquid junct ion po- 
tent ial  ~D, and a change in the ohmic polarization ~ h m .  
The lat ter  two are sometimes combined as resistance 
polarization (1), but  for the purpose of this study this 
definition is impractical  since, al though it is possible to 
measure the sum ~d ~- ~D and also A~ohm , it is impos- 
sible, even in principle, to accurately determine nd 
o r  e D separately, 

The concentrat ion overvoltage was first considered 
by Williams and Gregory (2) who measured the total  
electrode polarization but  not the concentrat ion 
changes. Because of the  complex na ture  of the po- 
larization of porous fuel cell electrodes, one cannot 
accurately separate the portions due to ionic changes 
from such data. 

In  a recent paper Beltzer (3) discussed ionic con- 
centrat ion overvoltages at fuel cell electrodes empha-  
sizing buffer electrolytes. In  contrast to our findings 
the author  did not observe any  effects of concentra-  
t ion changes in 30% H2SO4 or 3M KOH at current  
densities up to 200 mA/cm 2. Due to the lack of ex- 
per imenta l  details we cannot speculate as to the rea-  
sons for this discrepancy. 

While the present  paper  was being prepared, a paper 
by Miller and Fornasar  (4) appeared, in which actual 
concentrat ion gradients were measured in KOH fuel 
cells. The results obtained by these authors were 
strongly influenced by the flow pat tern  of the gases 
in their  cells and, therefore, do not lead easily to an 
unders tanding  of the fundamenta l  process involved. 

In  view of the incomplete and contradictory na ture  
of these results it was felt that  a theoretical and ex- 
per imenta l  t rea tment  of concentrat ion gradients in fuel 
cells would be of value. This paper presents the re- 
sults of studies whereby ionic concentrat ion changes 
were measured in special fuel cells and the resul tant  
voltage losses were de termined with hydrogen con- 
centrat ion cells with liquid junction.  

Experimental 
The electrochemical cell consisted of four cylindrical  

Plexiglas sections. The porous membrane  and the two 
fuel cell electrodes were inserted between these sec- 
tions as shown in Fig. 1. The whole assembly was held 
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together with bolts (not shown) inserted into holes in 
the Plexiglas walls. Electrolyte leakage through the 
porous bodies was prevented by means of rubber  gas- 
kets and by applying a rubber  cement along the out-  
side per imeter  of these porous parts. Anolyte  and 
catholyte were stirred separately by means of external  
pumps. 

It  was necessary to overcome the large iR drop in 
the cell with an external  power source, for which 
purpose a potentiostat  (Anotrol,  Model 4100) was 
used in galvanostatic circuit. 

The electrodes were porous Tef lon/pla t inum black 
fuel cell electrodes of Pra t t  & Whi tney Aircraft  m a n u -  
facture. The mat r ix  was made of porous hydrophilic 
Teflon sheet (American Cyanamid, Type TA-1) .  For  
the experiments  with KOH 10 mil  asbestos sheet was 
used (Johns-Manvil le ,  Fuel  Cell Asbestos). Both elec- 
trodes as well  as the membrane  had the same effective 
diameter  of 4.15 cm. 

Anolyte  and catholyte both had the same volume of 
95 cm 3. The cell was positioned in a Plexiglas tank 
with the membrane  in horizontal position (any other 
position leads to liquid circulation through the mem-  
brane  due to density differences). The tempera ture  in 
the cell was main ta ined  at 60~ Reagent grade chem- 
icals were used wi thout  fur ther  purification. 

The hydrogen in the anode was not vented. The ox- 
ygen, after being preheated and humidified, was passed 
through the space behind the cathode and vented to 
remove the reaction water. The degree of humidifica- 
t ion and the flow rate were adjusted to main ta in  a 
constant  total electrolyte volume in  the cell. For  this 
purpose pre l iminary  experiments  were done, so that  
dur ing  the main  exper iment  only minor  adjustments  
had to be made. At  certain t imes equal and small  elec- 
trolyte samples were withdrawn,  weighed, and ti- 
trated potentiometrically.  The exper iment  was con- 
t inued in a few cases un t i l  no fur ther  concentrat ion 
change was observed. In  the major i ty  of the cases 

PLEXIGLASS CELL 

/ It, 
- - - I - - t  A~ODs I I 

GAS I ] l':= I 
0 2 �9 ~ 0 ~  '1 I~ 

HEATIt~ COIL 

Fig. I. Apparatus used to simulate a fuel cell under load. 
(Electrolyte KOH, with acid electrolyte positions of anode and 
cathode reversed so that more dense electrolyte is always on the 
bottom.) 

1 0 6 6  
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the experiment  was terminated  after the data allowed 
a sufficiently accurate extrapolat ion to steady state. 
This extrapolat ion was made by plott ing log (1 - -  
•174 vs. t ime according to Eq. [5], where  AC, was 
chosen to obtain a straight line. This procedure was 
checked with the data from those runs  where steady 
state was obtained and found to be actual ly more ac- 
curate (because of the averaging) than the direct 
determinat ion of AC| 

The efficiency of the s t i r r ing was studied by observ- 
ing the boundary  layer at the membrane  when the 
electrolyte, colored with a dye, was slowly pushed 
through the matr ix  into the other half  of the cell. 
This boundary  layer was not exactly uniform but  it 
was less than  0.03 cm over more than  90% of the 
membrane  area. 

The equi l ibr ium voltage of concentrat ion cells of 
type Eq. [8] was measured using platinized p la t inum 
wires as electrodes around which H2 was bubbled. 
Freshly made solutions of electrolyte were used. The 
two solutions were separated from each other by a 
porous plug of glass wool or of asbestos. Voltages 
were measured with a vacuum tube voltmeter  with a 
precision of approximately 1%. 

Theoretical 
A rigorous theoretical t r ea tment  of the experiments  

would be a mat ter  of considerable complexity. How- 
ever, by introducing a number  of reasonable assump- 
tions an approximate theory can be derived which 
describes the experiments  ra ther  well. The equations 
are derived for phosphoric acid as electrolyte. Ana l -  
ogous equations for bases are given without  derivation. 

Let V be the volume of l iquid in either of the two 
chambers of the cell and let CA and Cc denote the 
concentrations of anolyte and catholyte, respectively. 
Before reaching the stat ionary values these concen- 
trat ions are cont inual ly  changed by the migrat ion 
and back diffusion of electrolyte through the matrix.  
In the actual experiments  l iquid flow through the 
matr ix  was prevented and the electrolyte in both 
chambers was stirred, thus confining the concentrat ion 
gradient  to the mat r ix  and the associated liquid 
boundary  layers. 

We assume that, because the rate of change in CA 
and Cc is very small  (see Fig. 2) and because the 
porous matr ix  is thin, the concentrat ion dis tr ibut ion 
in the matr ix  is at any t ime very similar  to the sta- 
t ionary dis tr ibut ion which would prevai l  if the mo- 
menta ry  values for CA and Cc were  kept constant. We 
assume fur ther  a constant  concentrat ion gradient  
through the mat r ix  and neglect the effect of the liquid 
boundary  layers at the matrix. Under  certain condi-  
tions this last assumption can introduce serious in-  
accuracies. The exper imental  evidence shows, however, 
that  this was not the case (see, e.g., Fig. 6). Assuming 
finally that the t ransference numbers  n and the diffu- 
sion coefficient D of the electrolyte do not depend on 
the concentration, we have as t ranspor t  equations for 
a matr ix  of area q and thickness l 

VdCA/dt ~- i n - ~ F - -  DqAC/I [1] 

VdCc/dt  = - - i n - / F  -k DqAC/I, AC : CA-- Cc [2] 

The indices A and C refer to anolyte and catholyte, 
respectively, i is the cur ren t  through the matr ix,  and 
n -  is the effective anion t ransference number .  From 
the sum of Eq. [1] and [2] we obtain 

d(CA -}- Cc) /d t  : 0 or CA -}- Cc : 2Co [3] 

The concentrat ions are divided symmetr ical ly  around 
the ini t ial  concentrat ion Co. The difference of [1] and 
[2] yields 

VdAC/dt  : 2 i n - / F  - -  2DqAC/l [4] 

the solution of which is 

AC = [ 1 - - e x p ( - - 2 D q t / V l )  ] i n - l / F D q  [5] 
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The ini t ia l  slope is given by  

( dAC / dt ) t=o = 2 in-  / V F  [6] 

and depends on the current  but  is independent  of the 
part icular  matr ix  used. The steady state concentrat ion 
difference is given by 

AC| _~ i n - I / D q F  [7] 

and depends on the geometry of the matr ix  as well as 
on the current  but  is independent  of the amount  of 
electrolyte V surrounding the electrodes. 

The polarization ~c = ~d -~ eD ~- A~ohm due to con- 
centrat ion changes would be very  difficult to measure 
directly on a fuel cell under  load, because of the com- 
plicated interact ion between it and other kinds of 
polarizations. A part ial  measurement  of ~ d  ~- eD at 
i = 0 also would be unsatisfactory because of the 
difficulties encountered in making  reversible O~-elec- 
trodes. We, therefore, determined the sum ~d ~- eD in-  
directly from the emf AE~ of the cell with junct ion 

(Pt) H2/CA/Cc/H2 (Pt) [8] 

which is given by 

( a E t )  H2/H2 : n - R T / F  In aA/ac [9] 

where a is the activity of phosphoric acid in anolyte 
and catholyte, respectively. Wri t ing (hEo)O2/H2 for the 
thermodynamic  voltage of the fuel cell at CA : Cc : 
Co and ( A E t ) O 2 / H 2  for CA =~ Cc we have, for the differ- 
ence 

~]d "~- eD : (5Eo)o2/H2-- (AEt)o2/H2 = 

RT/2F In (H20) c / (H20)  0 �9 n - R T / F  in  aA/ac [10] 

Here (H20) is the water  activity in the catholyte and 
in the original electrolyte. By combining Eq. [9] with 
[10] we obtain 

~d ~- eD = ( A E t ) H 2 / H 2  -~- R T / 2 F l n  ( H 2 0 ) c / ( H 2 0 ) o  [11] 

From data for the emf of cell [8], which can be 
easily and accurately measured, and vapor pressure 
data we can de termine  the direct voltage loss due to 
ionic concentrat ion changes across the matrix.  The 
total  loss of the cell is greater because of the neglected 
A~ohm , because of similar effects wi thin  the porous 
electrode structures and because of other effects ne-  
glected here. 1 

For KOH as electrolyte an analogous derivat ion 
yields 

AC : [1 - -  exp ( - -2Dqt /VD] in+l/DqF [5a] 

(dhC/dt)  t=o : 2 in+/VF [6a] 

(AC) | -~ in+ I /DqF [Ta] 

~Qd JC eD = R T / F  In (H20)c ~/2 (H20)ol /2/(H20)A 

q- 2n+ R T / F l n  (a+_)A/(a+_)c [10a] 

~d ~- eD = (AEt) H2/H2 ~ RT/2F In (H20) o / (H20)  c [ l l a ]  

Calculating the voltage losses from pH differences 
alone (i.e., only ~d), as was done by others [Ref. (2) 
and (3)],  leads to part ial  results because eD is being 
neglected. The data presented below indicate that  e D 

is ra ther  large but  has the opposite sign of ~d. 

Results and Discussion 
The exper imenta l  results are reproduced in  Tables 

I, II, and  IIIa (column 3). In  Fig. 2 the concentrat ions 
of anolyte and catholyte are plotted against  t ime for 
three typical experiments.  We see that, in agreement  
with Eq. [6], the ini t ial  slope is independent  of the 
geometry of the matr ix  al though the steady state 
values C| are quite different (curves 1 and 2). This 
ini t ial  slope also is approximately  proport ional  to the 

1 E.g., changes  in  gas  concen t r a t i on  overvo l tages  due  to changes  
in the  w a t e r  v a p o r  p ressu re ,  
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Table I. Steady state concentrations in O2/H~-cell 
filled with 49% H3PO4 

P o r o u s  T e f l o n  m a t r i x  ( 1 3 .8  c m  ~, t h i c k n e s s  ~ 0 , 0 5 6  c m ) ,  
8 0 ~  V c a t h o l y t e  ~ V a n o l y t e  ~ 9 5  c m  3 

( A E t )  H2/H 2 
I [ m A / c m  2] ( C A ) ~  [ m o l e / l ]  ( C o ) |  [ m o l e / l ]  [ m V ] ~  

O 6 . 5 5  6 . 5 5  0 
72  7 . 3 5  5 . 7 0  - - 4 . 8  
72  b 8 . 1 6  5 .0 2  - -  

1 4 4  8 . 4 4  4 . 7 9  --  10 .2  
216  9 .1 3  4 . 2 2  --  14 .1  

a E q u i l i b r i u m  v o l t a g e  a t  6 0 ~  o f  c e l l s  H2/HaPO~(CA)/I~PO~(Cc)/H.~. 
b M a t r i x  o f  t h i c k n e s s  ~ 0 , 1 1 0  c m .  

Table Ih Steady state concentrations in O2/H2 cell filled with KOH 

F u e l  c e l l  a s b e s t o s  ( 1 3 .8  c m  ~, t h i c k n e s s  ~ 0 . 0 2 5  c m ) ,  
6 0 ~  V = 9 5  c m 3  

I [ m A / c m  2] (CA )~  [ m o l e / l ]  ( C c ) ~  [ m o l e / l ]  

0 6 . 8 0  6 . 8 0  
72  6 . 1 4  7 . 3 8  

1 4 4  5 . 5 0  8 . 0 2  

0 4 . 2 7  4 . 2 7  
72  3 . 6 6  5 . 0 2  

Fig. 2. Variation of CA and Cc with time 49 w/o H3PO4, 60~ 
/k TA-1 matrix, I ~ 0.056 cm, 72 mA/cm2; [ ]  TA-1 matrix, 
I ~ 0.112 cm, 72 mA/cm2; O TA-1 matrix, I = 0.056 cm, 
216 mA/cm 2. 

Table Ilia. Voltage loss ~ld -f- eD of O2/KOH/H2 fuel cell caused 
by concentration drop across 10 mil asbestos matrix at 60~ 

[ D a t a  i n  c o l u m n  4 a c c o r d i n g  t o  E q .  [ l l a ]  u s i n g  e m f  d a t a  f o r  
c e l l s  o f  t y p e  E q .  [ 8 ]  a n d  m e a s u r e d  i n  t h i s  - w o r k ;  i n  c o l u m n  
5 a c c o r d i n g  t o  E q .  [ 1 0 a ]  u s i n g  a c t i v i t y  d a t a  f r o m  r e f .  ( 9 ) ]  

R T  ( H 2 0 ) o  
- - l n  , Vd + eD ~d + ED 

Ca/Co 2 F  ( H 2 0 ) c  ( ~ E t ) H 2 / H  2, ( E q . [ l l a ] ) ,  ( E q .  [ 1 O a ] ) ,  
( w / o )  m V  m V  m V  m V  

2 0 . 7 / 2 9 . 7  1 .9  - -  2 2 . 5  - -  2 0 . 6  --  2 0 . 5  
2 0 . 7 / 4 1 . 3  6 .7  --  6 7 .2  --  5 0 . 5  - -  5 1 . 6  
29.9/41.3 1.9 -- 36.2 -- 34.3 -- 31.7 

2 5 . 0 / 3 5 . 0  2 . 6  - -  2 9 . 2  - -  2 6 . 6  - -  2 4 . 2  
2 7 . 1 / 3 1 . 9  I . I  -- 1 2 .5  -- 1 1 , 4  -- 11 .2  

Table IIIb. Voltage loss I]d -~ e D of O2/H3PO4/H2 fuel cell caused 
by concentration drop across 22 mil porous Teflon matrix at 60~ 

(CA/Cc)~ (AEt )H2/H2 ,  ~d + eD 
I [ m A / c m  ~] ( m o l e / l )  m V  ( E q .  [ 1 1 3 ) ,  m V  

72  7 , 3 8 / 5 , 7 0  - -  4 . 8  - -  5 .8  
144  8 . 4 4 / 4 . 7 9  - -  I 0 , 2  - -  11 ,8  
2 1 6  9 . 1 3 / 4 . 2 2  --  14 .1  - -  16 .3  

current  i as required by Eq. [6]. The anolyte and 
catholyte concentrations in Tables I and II approxi-  
mately  average to the ini t ial  concentration, as per 
Eq. [3]. The small  remaining difference reflects the 
accuracy with which we were able to match the water  
removal  rate to the rate of production. (This is ra ther  
difficult especially dur ing una t tended  night runs.) 

In Fig. 3 we have plotted log ( 1 -  A C / A C ~ )  against 
t ime for three experiments.  According to Eq. [5] we 
have 

log (1 - -  ~ C / ~ C ~ )  = ~ 2 D q t / 2 . 3 V l  [12] 

We see that  the slopes in Fig. 3 indeed do not depend 
on i. The steady state concentrat ions C~ are plotted 
against the current  density I through the matr ix  (Fig. 
4). ~XC~ is proportional to I as required by Eq. [7]. 

One could calculate the t ransference number  n+  
from the ini t ial  slopes of the curves in Fig. 2 using 
Eq. [6]. A more accurate way of obtaining n+_ is in-  
dicated by combining Eq. [7] and [12]. We thus ob- 
ta in  for the anion in H3PO4 

n _  = ~ ( 2 . 3 0 3 V F A C |  d log (I  - -  A C / A C |  [13] 

From the slopes of the lines in  Fig. 3 and 4 we cal- 

o - 

I 

~C 
Fig. 3. Variation of log (1 - -  - 7 )  with time. /k 216 mA/cm 2 

and [ ]  72 mA/cm 2, 49 w/o H3PO4, 60~ TA-1 matrix, I ~ 0,056 
cm; O 144 mA/cm 2, 30 w/o KOH, 60~ asbestos matrix, 
I ~ 0.025 cm. 

9 

8 

5 

Fig. 4. Variation of C~ with current density. [ ]  49 w/o H3PO4, 
60~ TA-1 matrix, I = 0.056 cm; O 30 w/a KOH, 60~ asbes- 
tos matrix, I = 0.025 cm. 

culated the values for n•  at 60~ given in Table IV. 
A direct comparison with the published data listed in 
Table IV is not possible main ly  because of the dif- 
ference in temperature.  We feel, however, that, in 
spite of these differences, these figures afford a check 
into the validity of our results. 

We calculated the voltage loss ~d + ~D from our 
data using Eq. [11] and [ l l a ] .  The values of the water  
activities were calculated using the well  known ther-  

E l e c t r o l y t e  

I~P04/I-I20 

K O H / H a O  

Table IV. Calculated values for n• at 60~ 

C o n e .  
( m o l e / l )  n ,  6 0 ~  n ( l i t , )  

~ 6 . 5  n _  = 0 . 1 7  n+ = 0 .71  ( 6 m ,  2 5 ~  (5)  
n+  = 0 . 7 0  ( 7 m ,  2 5 ~  (5)  

~ 6 . 8  n+ = 0 . 1 7  n -  = 0 . 7 8  ( 7 m ,  2O~ (6)  
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ioo 20o 
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Fig. 5. Variation of electrolyte concentration overvoltage and 
liquid junction potential with current density. @ 30 w/o KOH, 
60~ [ ]  49 w/o H3PO4, 60~ 

Fig. 6. Variation of AC~ with matrix thickness, 49 w/o H3PO4, 
60~ TA-1 matrix, 72 mA/cm 2. 

modynamic  relat ionship,  f rom vapor  pressure  data  
from ref. (7) and (8). The resul ts  a re  given in Table 
I I Ia  and I I Ib  and also in Fig. 5. In Table I I Ia  resul ts  
are  included which were  obta ined f rom ac t iv i ty  da ta  
for 25~ f rom ref. (9) using Eq. [10a]. The t emper -  
a tu re  dependency  of the  ac t iv i ty  ra t io  in Eq. [1Oa] is 
small.  F o r  this  reason we ca lcula ted  the  losses ~d + eD 
for KOH which  are  p lot ted  in Fig. 5 f rom the same 
data  (9). 

The magni tude  of the  l iquid junct ion  potent ia l  e D 
could be de te rmined  if i t  were  possible to measure  
the rmodynamic  pH values  of the respect ive  solutions. 
Al though  this is not  possible, we can es t imate  some 
values  f rom the difference be tween  the  sums Tid -~- e D 
in Table  I I Ib  and the values  for ~ld which were  ca lcu-  

Table V. Values calculated from Eq. [14] 

RT ( H 2 0 ) o  
~ l n  , (~d)25oC (~d  + e D ) ~ ~  

CA~Co 2 F  ( H e O ) c  ( E q .  [ 1 4 ] ) ,  ( T a b l e  I I I b ) ,  
( m o l e / l )  m V  A p H ~ 5 ~  m V  m V  

7 . 3 6 / 5 . 7 0  - -  1 . 0  - 0 . 3  - -  2 0 . 8  - 5 . 8  
8 . 4 4 / 4 . 7 9  - -  1 . 6  - -  0 . 6 7  - -  4 5 . 8  - -  1 1 . 8  
9 . 1 3 / 4 . 2 2  - -  2 . 2  - -  0 . 9 2  - -  6 2 . 9  - -  1 6 . 3  

la ted from publ i shed  da ta  according to Eq. [14] for 
HsPO4 

~]4 = RT/2F In (H~O) o/(H20) c 

q- [ ( p H ) A - -  (pH)c]  2.3 RT/F [14] 

Values ca lcula ted  in this fashion using da ta  of ref. (8) 
and pH data  of ref. (10), together  wi th  those of Table 
IIIb,  are  given in Table V. 

The increase of AC~ wi th  the ma t r i x  thickness is 
shown in Fig. 6. The ex t rapo la ted  line goes almost  
th rough  the origin, demons t ra t ing  that  the  influence 
of the  l iquid bounda ry  layers  a t  the  ma t r i x  is small .  
These bounda ry  layers  a re  the essential  difference 
be tween our cell  and actual  compact  fuel  cell. Our 
resul ts  thus can be d i rec t ly  appl ied  to fuel cells. 

Manuscr ip t  submi t ted  Nov. 1, 1968; revised manu-  
script  received March  7, 1969. This was Pape r  335 p re -  
sented at  the Montrea l  Meeting, Oct. 6-11, 1968. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  19.70 
J O U R N A L .  
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The Decomposition of AgO in Alkaline Solutions 
Aladar Tvarusko .1 
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ABSTRACT 

The gassing rate, r, of powder AgO samples, made by the chemical oxida- 
tion of AgNO3, was measured in gassing pipettes. The mean  r of 52 AgO 
samples at 200 hr (AgO content  --~9~%, r2o0 ~-- 35 g l /day /g)  was 23.0 gl /day/g .  
Gassing rates at different times and in different solutions, respectively, are 
correlated, r increased with increasing NaOH concentration, temperature,  and 
pelletizing pressure, and with ball  milling, r of AgO samples made in the 
presence of t ransi t ion elements (added as compounds) were, m general, larger 
than  r of samples with nontrans i t ion  elements. The effect of Co and Ni is 
especially catastrophic. Pb suppressed r of highly gassing AgO samples re- 
gardless of the method of addition. 

Silver (I) -si lver (III)  oxide, commonly designated as 
AgO, is thermodynamical ly  unstable  in alkaline elec- 
trolytes (KOH, NaOH) but  has a reasonable degree of 
metastabi l i ty  (1). Oxygen evolution is the end result  
of the decomposition react ion 

2AGO--> Ag20 -t- 1/2 O2 [1] 

Denison (2), however, claimed that  AgO is stable in 
20-40% KOH solutions. 

Oxygen overvoltage of the local cell action and 
formation of a protective Ag~O film on the AgO is 
thought to be the reason for its metastabi l i ty  (1, 3). 
The decomposition of AgO (a) is light sensitive (4, 1), 
(b) increases with increasing tempera ture  (1, 3, 5-8), 
and (c) increases with increasing KOH concentrat ion 
(1, 7, 8). The decomposition of "Ag20~" (a reaction 
product  of AgNO3 and K2S2Os) in  KOH ( <  1N) was 
found by Stehlik (6) to be a first order reaction with 
an activation energy of 22 kcal/mole.  

The stabil i ty of AgO seems to depend on its mode of 
preparat ion (9) and the various AgO samples were 
found to decompose at different rates (1, 5, 7). Unoxi-  
dized silver metal  increased the rate of decomposition 
of AgO (3, 7) whereas Ag20 did not affect the stabili ty 
of AgO (3). Boer and Ormondt  (10) found that the 
incorporation of Mn, Cu, and Co into AgO dur ing its 
preparat ion decreased its stability, whereas Cd in-  
creased the stabili ty of (Ag304)a " AgSO4 (where a 
varies from 2 to 2.5). The presence of carbon in AgO 
bat tery  plates is claimed to have no adverse effects 
(11), whereas CO~ decomposes AgO (10). 

The addition of A12Oz to alkal ine electrolytes is 
said (12) to inhibi t  the oxygen evolution. The addition 
of ZnO to KOH electrolytes decreases the decomposi- 
tion rate of AgO to Ag20 (1, 5) and prevents  the 
reduction of Ag20 to Ag (5). According to Amlie and 
Rfietschi (1), the addition of zincate ions has little 
influence because the addition of ZnO to KOH electro- 
lyte reduces its O H -  activity and this causes the de- 
crease of the decomposition rate. Cahan (13) showed 
that  the addition of PbO to 40% KOH (and other 
electrolytes) markedly  reduced the gassing rate of 
AgO; 1% PbO was found to be the optimum. 

Yoshizawa and Takehara  (14) have shown that the 
formation of AgO was retarded by Te and Sb which 
lowered the oxygen overvoltage or made the decom- 
position of AgO easier. 

The effect of in tent ional ly  added inorganic additives 
on the electric resist ivity of AgO was described in a 
previous paper (15). It was found that  the AgO con- 
tent  of samples was very  low in the presence of small 
amounts  of Co and Ni indicating either an inhibited 
formation or an accelerated decomposition of AgO 
dur ing  its preparat ion in alkal ine medium. Since AgO 
is mainly  used in sealed cells, it is very important  to 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  E n g i n e e r i n g  R e s e a r c h  Cen t e r ,  W e s t e r n  E lec t r i c  

C o m p a n y ,  Inc . ,  P r i n c e t o n ,  N e w  J e r s e y .  

know its gassing rate  in the absence or presence of 
beneficial or de t r imenta l  additives. 

The gassing, i.e., decomposition rate of AgO samples 
(prepared by chemical oxidation of AgNO3) was de- 
termined in alkaline electrolytes as a funct ion of time, 
NaOH concentration, temperature,  porosity, surface 
area ,  pelletizing pressure, and in tent ional ly  added 
inorganic additives. 

Experimental 
The AgO samples were prepared by the chemical 

oxidation of AgNO~ with alkal ine K2S208 (16). The 
inorganic additives were incorporated into AgO dur ing  
its preparat ion (15), ini t ial ly at one concentrat ion 
level: 1000 parts (element)  per mil l ion parts of Ag, 
i.e., 1000 ppm (Ag). Subsequently,  some of the bene-  
ficial and det r imenta l  impuri t ies  were studied as a 
funct ion of concentration.  

The amount  of oxygen evolved in contact with 
alkal ine solutions was determined in a modified 
Amlie-Rfietschi microvolumetric apparatus (1), "gas- 
sing pipette." The ground glass jo int  of their  ap- 
paratus was replaced by an 18/7 O-r ing joint  (Pyrex, 
Buna N rubber  r ing)  to e l iminate  "freezing" of the 
joint. Furthermore,  filling of the gassing pipette (0.2, 
0.5, or 1.0 ml  capacity) with the electrolyte and join-  
ing of the two parts is easier with an O-r ing than 
with a ground glass joint. Loose AgO powder (0.5000 
_+ 0.0002g) was used for the determinat ions  unless 
otherwise mentioned. 

The assembled gassing pipettes were placed in a 
constant tempera ture  oil bath and allowed to equili-  
brate  for 1 hr. The position of the meniscus of the 
electrolyte column after this t ime is considered as the 
zero hour reading; at least two paral lel  measurements  
were made on each sample at 37.78 _+ 0.02~ (100~ 
unless otherwise mentioned.  The measurements  were 
made in the presence of light. 

The gassing rate is calculated at various t ime inter-  
vals from the volume of the evolved gas. This gassing 
rate is a cumulat ive average gassing rate and is not 
corrected for water  vapor pressure. 

The decomposition of AgO was measured in two 
alkal ine electrolytes, unless otherwise mentioned.  One 
of them contained 8.6N NaOH and 2.2N Na2ZnO2, 
whereas the other had 9.7N KOH and 2.8N K2ZnO2. 

The data were subjected to statistical analysis. The 
"mean" parameter  refers to the average of the sam- 
ples the dis tr ibut ion of which tends to normali ty.  The 
least square method was used for regression and 
curve fittings. If the coefficient of correlation, R of 
l inear  regression was low, the data were subjected to 
polynomial  regression analysis. 

Results and Discussion 
Gas evolution as a function o~ t ime.--Figure 1 shows 

the gas evolution and the gassing rate of an AgO 
sample (98.1% AgO content)  as a function of t ime in 
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Fig. 1. Gas evolution and gassing rate of AgO as a function of time 

8.6N NaOH and 2.2N Na~ZnO2 electrolyte. It can be 
seen that gas evolved almost l inearly with time. The 
init ial  nonl inear i ty  shows up clearly in the rapid de- 
crease of the gassing rate. After approximately 200 
hr the decrease of the gassing rate is small. On the 
basis of these results and  other considerations, the 
min imum durat ion of the gassing test was chosen to 
be about 200 hr and this is the gassing rate, r200, given, 
unless otherwise mentioned. 

This test is t ime consuming (200 hr) and the long 
delay in obtaining the gassing rate is not well  suited 
for rout ine testing. It was observed that the gassing 
ra te- t ime curves were more or less parallel  to each 
other. Figure 2 shows an approximately l inear  rela-  
tion (R = 0.896) between the gassing rates of 114 
AgO samples at 20 and 200 hr (samples with re0 > 150 
~ l / d a y / g  are not shown in Fig. 2 but were taken into 
the consideration in the regression analysis) .  The 
analysis of variance for a quadratic regression reveals 
that the l inear  term is dominat ing (degree of freedom, 
df = 1, mean square, MS = 13,791), the increase due 
to the quadratic term is negligible (dr = 1, MS 
24.58), and the deviation about regression is small  (dr 
= 111, MS = 30.18). Because of low R, the gassing 
rate at 20 hr (approximately overnight)  and the l inear  
regression equation in Fig. 2 can be used only for 
semiquant i ta t ive  prediction of the gassing rates of 
AgO samples. This test, however, may be useful in the 
production of AgO and in testing a new batch of 
chemicals for sealed-cell  electrolytes. 

The mean gassing rates, r200, of AgO samples (AgO 
content ~ 95.0%) were calculated for arbi t rar i ly  chosen 
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Fig. 2. Gassing rates of AgO samples at 20 and 200 hr. 

Table I. The mean gassing rate of AgO samples in 
8.6N NaOH, 2.2N Na~ZnO2 solution 

M e a n  S t a n d a r d  d e v i a t i o n  

r ~ o ,  N u m b e r  o f  r2oo, A g O  c o n -  r2o0, A g O  c o n -  
~ l / d a y / g  s a m p l e s  / ~ l / d a y / g  t e n t ,  % / A / d a y / g  t e n t ,  % 

~ 3 5 . 0  5 2  2 3 . 0  9 6 . 1  4 . 6 2  0 , 8 2  
~ : 2 5 . 0  3 7  2 0 . 6  9 8 . 2  2 . 3 2  0 , 7 5  
~ 2 0 . 0  1 5  1 8 . 3  9 8 . 1  1 . 2 3  0 . 6 4  
~ 1 8 . 0  5 1 6 . 8  9 7 . 8  0 . 8 2  1 . 0 0  

levels and are shown in Table I. The major i ty  of the 
considered AgO samples had r200 --~ 25.0 M / d a y / g  
which clearly shows up in mean  gassing rates. The 
s tandard deviat ion of ~00 becomes smaller  main ly  due 
to the nar rower  gassing rate levels. These results 
support the observation of several workers (1, 5, 7, 9) 
that  various AgO samples decompose at different rates. 

It can be seen in Table I that  the mean AgO content 
of the AgO samples did not change appreciably with 
the gassing rate. No correlat ion was found between 
the gassing rate and AgO content  down to 60%. 

According to Eq. [1], V2 mole oxygen gas is obtained 
from 2 moles of AgO at its complete conversion to 
Ag20. Thus, 50,483 ~1 05, a, would evolve per gram 
AgO (98.1% AgO content) at 37.78~ and 760 mm Hg. 
If the decomposition is a first order reaction 

a k 
log --  - -  t [2] 

a - -  x 2.303 

should be linear. In  this equation x is the volume of 
the evolved gas/g AgO at t ime t and k is the rate con- 
stant. Figure 3 shows this to be fhe case wi th  R = 
0.9988. The rate constant  is calculated from the slope 
to be 3.09 x 10-~/hr,  i.e., 0.271/year in 8.6N NaOH and 
2.2N Na2ZnO2 solution at 37.78~ It should be men-  
t ioned that others consider the decomposition to be 
zero (7, 8), pseudo zero (7), or first order (6) reaction. 

Influence oJ concentration and temperature.--Figure 
4 shows the gassing rate of AgO at 42 hr (98,4% AgO 
content)  to increase with increasing NaOH concentra-  
tion at all temperatures  (these solutions do not con- 
ta in  ZnO).  This is in agreement  with the results in 
KOH (1, 7, 8). In  view of the large gassing rates at 
60~ r42 was chosen instead of r200 even though some 
uncer ta in ty  may exist (see Fig. 1), mainly  at lower 
temperatures.  Linear  regression analysis of the data in 
Fig. 4 (R --~ 0.983) yielded physically incorrect nega-  

0.020 I i i i i ~ i p , i I i i i , 

37.78~ 8.6N NoOH, 2.2N NozZnO 2 

log ~ -  = 0.28x 10"3+ 1.344x I0 "s t /  
/ "  " 

0.01 

I x 0.011 o ;  

o ~ 

0.005 

i 
0 500 I000 1500 

TIME,  HOURS 

Fig. 3. First-order reaction plot of the decomposition of AgO in 
alkaline solution. 
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Fig. 4. Gassing rates of AgO as a functiQn of NoaH concentra- 
tion at various temperatures. 

t ive intercepts, i.e., no gassing would take place below 
a certain NaOH concentration. This would be contrary 
to the results obtained by others in KOH (6-8). Poly-  
nomial  regression analysis revealed that  the curves in 
the investigated concentrat ion range are predomi-  
nan t ly  l inear  and the increase :due to the quadratic 
and cubic terms is slight. The slope of the log r42 -- 
log c curve was found to be 2.2, 2.7, and 2.0 at 37.78 ~ 
45 ~ and 60~ respectively (R --  0.973). 

Figure 4 reveals also the known temperature  de- 
pendence of the gassing rate in alkal ine solutions (1, 
3, 5-8);  the gassing rate  increased with increasing 
temperature.  The rate constants, k in various NaOH 
solutions were calculated by the half- l i fe  method from 
r42 and rx, the gassing rate at the longest available 
t ime (x ~-- 42 hr) .  The activation energies, E were cal- 
culated from the slopes of log k vs. 1/T curves. The 
activation energy of the complex decomposition reac- 
tion of AgO (1, 3, 5, 7, 8, 17) was calculated from all 
data to be 26 kcal/mole.  E calculated from r42 was 
found to be 24 kcal /mole  whereas E from rx is 28 
kcal/mole.  These results are close to the following 
values obtained by other workers:  (a) 28.4 kcal /mole 
in 10-50% KOH solutions (8), it was calculated from 
gassing rates at approximately 35 hr; (b) 22 kcal /mole 
for "Ag203" in solutions up to 1N KOH (6); and (c) 
30 kcal /mole for the decomposition of AgO in air (18). 

Calculating E from Otto's gassing rates in l l .6M 
(44%) KOH solution [(7),  Table I] through the half-  
life method, one obtains 18.9 kcal/moie.  This is con- 
siderably lower than the aforementioned E values for 
AgO. If the gassing rate at 100~ i.e., r at approxi-  
mately  20 hr is neglected, 17.2 kcal /mole  is obtained 
from gassing rates at approximately 200 hr  and more. 
The difference in activation energies of the two groups 
is probably due to the decrease of gassing rate with 
time, main ly  in the beginning of the test. 

Figure 5 shows log k vs. 1/T in two zincate-contain-  
ing electrolytes. The E values calculated from their  
slopes are: 21.0 and 23.8 kcal /mole  in 9.7N KOH, 2.8N 
K2ZnO2 and 8.6N NaOH, 2.2N Na2ZnO2 solutions, re- 
spectively. The k values were obtained from gassing 
rates at 100 hr and more. These lower E values seem 
to support the aforementioned explanat ion for the dif- 
ference of E. 

- 3  i = l l l l l l l l l l l l l  

i - 4  

.1r 

- 5  

log k =10.22 -459:3 I /T  

R = 0.9995 K2ZnO2 

R = 0.99999 
8.6N NoOH,2.2N NozZnO= 

I i I I I I I I I I J L I I I 
3 . 0  3 . l  3 .2  

I / T ,  K " l  x l O  " 3  

Fig. 5. Rate constants as o function of temperature 

3.3 

Correlation oS r in various solutions.--The composi- 
t ion of the electrolyte in AgO cells is varied and the 
gassing rates are usual ly  de termined in each of them. 
This is, however, t ime consuming. Figure 6 shows the 
correlat ion of the gassing rates (r200) in two fre- 
quent ly  used ba t te ry  electrolytes. It  can be seen that  
the gassing rate in 9.7N KOH, 2.8N K2ZnO~ solution is 
approximately three times larger than  in 8.6N NaOH, 
2.2N Na2ZnO2 solution. Even though the data are scat- 
tered (R ---- 0.887), the l inear  relat ion allows a semi- 
quant i ta t ive  prediction of the gassing rate in one of 
the solutions if r is known in the other one. 

Amlie and Riietschi (1) found that the decomposi- 
t ion rate is larger in  10N KOH (40%) solution than 
even in 13.8N (40%) NaOH. This could be explained 
by the different activities of KOH and NaOH. The 
activity, a is given by a = -ym where ~ is the mean 
molal activity coefficient and m is the molal i ty  of the 
solutions. Since mKOH = 8.96, mNaOH ---~ 12.71, "YKOH ---~ 

4.82, and 7NaOH = 6.12 [obtained by linear interpola- 
tion of the published values (19)], activities are: aKOH 
--~ 43.2, aNaOH ---- 77.8. It can be seen that the activities 
are opposite to the gassing rate values and thus, the 
activities of KOH and NaOH cannot account for the 
difference in gassing rates. Unfortunately, the indi- 
vidual ionic activities are not available for correlation. 

E~ect ol pressure.--The gassing rate of loose AgO 
powder samples is measured in this work. AgO, how- 
ever, is usual ly  compressed in actual cells and there-  
fore it was of interest  to investigate the gassing rate 
of AgO as a funct ion of pelletizing pressure. Figure 7 
shows the increase of the gassing rate with increasing 
pelletizing pressure in both cases. It is evident that  

20C 

o z IOO 

30C f I I I I I I I I ~ 

3 7 . 7 8  ~  

"~'~'" "i~o . : - 1 2 o .  s,iT , , o o .  

R = 0 . 8 8 7  

O I [ I I I . . . . . . .  I [ I 
O to  20  30 40  50 60  70  8 0  9 0  IOO 

r N ~  /~1 / d o y / g  

Fig. 6. Gassing rotes of AgO samples in 9.7N KOH, 2.8N K2ZnO2 
(rKOH) and 8.6N NoaH, 2.2N Na2ZnO~ (rNaOH) solutions. 
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Table II. Effect of nontransition element impurities (added as 
compounds) on the AgO content and gassing rate of AgO samples 

in 8.6N NaOH, 2.2N Na2ZnO2 

Per iod i c  Tab le  E l e m e n t ,  AgO con- G a s s i n g  rate ,  
g r o u p  1000 p p m  (Ag) ten t ,  % ~ l / g  A g O / d a y  

- -  - -  98 .1  r2oo = 23* 

II  A Mg 97.2 32 
Ca 98.5 23 
S r  97.8 21 
Ba  97.4 33 

I I B  Z n  98.5 20 
Cd 97.7 16 
H g  97.5 22 

I I I  A1 98.6 17 
In  97.1 27 
T1 96.0 22 

IV Ge  98.3 22 
Sn  97.2 32 
P b  98.5 17 

V As  98.3 25 
S b  96.8 46 
B i  98.4 23 

bal l -mi l l ing of the AgO sample is detrimental .  The 
gassing rate of pellets made from bal l -mil led AgO was 
markedly  higher than that  of unmil led  AgO sample at 
pressures up to approximately 4 kbar;  at the highest 
pressure the difference became small. In  view of these 
results and the pressure dependence of resistivity (15), 
the pressure of the pelletizing of AgO should be kept 
to an optimized minimum.  

Influence of s~rface area.--The BET surface area 
of AgO samples did not correlate with gassing rate of 
AgO samples contrary to the observat ion of Arnlie and 
Rfietschi (1) who found a slight correlation. The mean  
surface area of 13 AgO samples is 1.12 m~/g (s tandard 
deviation, s = 0.39) and the r~o0 is 22.8 ~ l /day/g  (s -- 
3.2). The surface area increased with decreasing AgO 
content  of the samples (0.86 to 1.79 m2/g between 98.8 
and 71.8%, respectively) and with increasing rate of 
AgNO3 addition dur ing  the preparat ion of AgO (0.63 
to 0.99 m2/g between 4.25 and 34g AgNO3/min).  The 
surface area increased by ca. 50% in the presence of 
1000 ppm (Ag) Pb (1.62 m2/g) but  Sn and Hg did not 
influence it. 

The pore volume of AgO samples (determined by 
mercury  intrusion in an Aminco-Winslow porosimeter) 
showed no correlation with the gassing rate. The mean 
pore volume of 43 AgO samples (re00 ~- 35.0 ~l /day/g)  
was found to be 0.57 ml /g  (s = 0.05) at a mean  gassing 
rate of 23.7 ~ l /day/g  (s = 4.5). The pore volume (0.525 
ml /g)  of Otto's AgO sample (7) is close to the mean 
pore volume. The gassing rates of this section were 
measured in the 8.6N NaOH, 2.2N Na2ZnO2 solution. 

E~ect of inorganic additives.--The influence of 
various inorganic additives on the resistivity of AgO 
samples was described separately (15). Here, their  
effect on the gassing rate of AgO samples is described. 
Tables II and III  show the results for the investigated 
elements (added as compounds) at a concentrat ion of 
1000 parts by weight per mil l ion parts of silver used 
for the preparat ion of AgO, i.e., 1000 ppm (Ag). The 
AgO content  should not decrease due to this small 
amount  of additive unless it is detr imental .  The AgO 
contents of samples made in the presence of nont rans i -  
tion elements varied slightly but  all were > 96.0%. 
Samples with t ransi t ion elements had, in general, lower 
AgO contents and Co and Ni caused the largest drop. 

AgO samples made in the presence of nontransi t ion 
elements had, in general, low gassing rates (Table II) .  
Sb leads the list with a gassing rate of 46 ~I /day/g and 
only samples with Mg, Ba, and Sn show gassing rates 
above 30 ~l/day/g.  On the other hand, AgO samples 
with Pb, A1, Cd, and Zn have gassing rates L 20 
~l/day/g.  

The incorporation of Cd was found (10) to increase 
the stabil i ty of (Ag304)~'AgSO4 (where a varies from 
2 to 2.5) and the addit ion of A1208 (12) and PbO (13) 

* See Tab le  I. 

Table III. Effect of transition element impurities (added as 
compounds) on the AgO content and gassing rate of AgO samples 

in 8.6N NaOH, 2.2N Na2ZnO2 solution 

T r a n s i t i o n  E lemen t s ,  A g O  con-  G a s s i n g  rate ,  
e l e m e n t  1000 p p m  (Ag) ten t ,  % ~ l / g  A g O / d a y  

- -  - -  9 8 . 1  ~'.~oo = 2 3 *  

F i r s t  ser ies  V 96.0 18 
Cr  97.7 18 
M n  95.3 60 
Fe 96.4 55 
C a  37.7 88001 
Ni 38.0 9000~ 
Cu';" 97.3 65 

Second  ser ies  Y 96.6 44 
Zr  88.0 5800~ 
Mo 98.5 28 
P d  97.3 174 

T h i r d  ser ies  Ta 92.2 43 
W 98.5 171 

L a n t h a n i d e s  Ce 95.7 6484 
Pr  96.9 24 
E u  97.6 39 

A c t i n i d e s  Th 96.7 72 

* See Tab le  I. 
? Cons ide red  as t r a n s i t i o n  
1 A t  5.5 hr .  
-" A t  5.0 hr.  
a A t  4.0 hr .  

A t  69.0 hr .  

e l emen t ,  see ref.  (15). 

to alkaline electrolyte, to inhibi t  and markedly  re-  
duce, respectively, the oxygen evolution from AgO. 
The corresponding low gassing rates of Table II sup- 
port these findings. The decrease of gassing rate  of 
AgO in the presence of large amounts  of ZnO (1, 5) 
is said (1) to be due to the decrease of O H -  activity 
of the a lkal ine  solution and the zincate ions have l i t-  
tle influence (1). The 20 ~l /day/g  gassing rate in the 
presence of 1000 ppm (Ag) Zn is only slightly below 
the mean  gassing rate  and the addition of Zn seems 
to have li t t le influence. Yoshizawa and Takehara  (14) 
found that the AgO formation is retarded on a silver 
alloy anode containing 2% Te or Sb because the oxy- 
gen overvoltage is decreased or the decomposition of 
AgO is easier in their  presence. Table II shows that 
the sample with Sb has the highest gassing rate. Ac- 
cording to Amlie and Riietschi (1), the decomposition 
rate of AgO must  depend on the oxygen overvoltage. 
Yoshizawa and Takehara (14) measured the anode 
potential  of silver and its alloys (2% alloying element)  
dur ing oxygen evolution and found the oxygen over- 
voltage to decrease by ca. 100 mV according to follow- 
ing series (20): pure  Ag > Cd > Au > Pb > In  > Cu 

Te > Sb. The corresponding gassing rates are: 16.8, 2 

2 The  lowes t  r2oo u sed  (Table  I) .  
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16, - - ,  17, 27, 65, u ,  46 ~ l /day/g  in 8.6N NaOH, 2.2N 
Na2ZnO2 at 37.78~ It can be seen that  the gassing rate 
increases with decreasing oxygen overvoltage of silver 
alloys main ly  in the second half of the aforementioned 
series. 

Table III  shows the gassing rates of AgO samples 
made in  the presence of t ransi t ion elements (I5) to 
be, in general,  larger than the gassing rates of samples 
with nontrans i t ion  elements. The presence of 1000 ppm 
(Ag) Co, Ni, and Zr is catastrophic from the view- 
point of gassing rates. Samples wi th  Ce, Pd, and W 
have intolerably large gassing rates. On the other 
hand, AgO samples made in the presence of the com- 
mon V, Cr, and Mo have low gassing rates because 
they were oxidized and washed out from the precipi- 
tate as meta-vanadate ,  chromate, and molybdate,  re- 
spectively. When Mn was incorporated, part  of it was 
oxidized to permanganate  ( red-wine  colored mother  
Iiquor) and par t  of it precipitated with AgO. This 
supports the similar observation of Boer and Ormondt  
(10). The large gassing rates support their  observation 
(10) that  the incorporation of Mn, Cu, and especially 
Co into AgO dur ing its preparat ion decreased its sta- 
bility, i.e., increased the amount  of oxygen evolved at 
20~ and 77% relat ive humidity.  

Gassing rate as a function of additive concentration. 
- - I n  view of the aforedescribed, main ly  detr imental ,  
effects of the additives, it was of interest  to determine 
the effect of additive concentration. Their  influence on 
the resistivity of AgO and other per t inent  information 
were described elsewhere (15). It should be empha-  
sized that  reagent-grade  chemicals and additives were 
used for the preparat ion of AgO samples without  re-  
crystall ization or other pur i fying treatments.  

Figure 8 shows the gassing rate  of AgO samples as 
a function of additive concentration. This concentrat ion 
represents the metal  content  of the additive used in 
the preparat ion of AgO and does not necessarily cor- 
respond to its content  in the sample (15). It can be 
seen that the gassing rate of AgO samples increased 
with increasing additive concentration. The gassing 
rate in the presence of Cd (not shown) increased only 
slightly to 34 ~I /day/g at 105 ppm (Ag) Cd. 

The resistivity of AgO samples decreased in the 
presence of Pb, Sn, Hg, and Bi (15). The gassing rate 
increased slowly with increasing Sn concentrat ion and 
it went  through a small  m in imum in the presence of 
Pb. The lat ter  supports Cahan's s imilar  observation 
(13). In  the presence of small  amounts  of Hg, the 
gassing rate was small  bu t  started to rise rapidly above 
104 ppm (Ag) Hg. The gassing rate of AgO samples 
with Bi was high already at moderate  Bi concentra-  
tions. Sb and As yielded samples of high gassing rates 
without beneficially affecting their  resistivity. 

Ni and Co, ,~hich are common trace impurit ies in 
most chemicals, drastically increased the gassing rate 

Zoc~  i ' J I l l ' ' ' l  ' J ' J ' ' ' ' l  ' ' ' l . . . .  I , , i . . . .  f ,P 'A  

Iooo A - GASSING RATE AT t < 200 hrs ~A / "  Hg 

/ /  Y ~  

/"Bi , - "  

Sb ./" / /  
"" / ~ Pb 

I oo ~ S n  

"t'zoo WITHOUT ADDITIVES 

io 2 io 3 io 4 io 5 io �9 

AMOUNT OF ADDITWE {AS ELEMENT)~ ppm(Ag) 

Fig. 8. Gassing rate of AgO samples with additives which were 
intentionally added in various amounts during their preparation. 
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Table IV. Gassing rate and AgO content of AgO samples made in 
the presence of Ni, r5 in 8.6N NaOH, 2.2N Na2ZnO2 solution 

Ni, p p m  (Ag) AgO conten t ,  % r~, ~ l / d a y / g  

1000 38,0 8900 
I00 83.1 8300 

1O 96.2 1150 
1 98.2 176 

of AgO samples at 1000 ppm (Ag) concentrat ion 
(Table III) .  Therefore, it was of interest  to determine 
the gassing rate at lower Ni concentrations. Table IV 
shows the gassing rates at 5 hr to be still intolerably 
high even at 1 ppm (Ag) Ni addition. The volume of 
the evolved gas increased l inear ly  with t ime up to 5 
hr except at 1 ppm (Ag) Ni where a break occurred 
after 2 hr. 

The explanat ion of the effect of these inorganic addi-  
tives cannot  be ascertained on the basis of the per-  
formed experiments.  A correlation of the gassing rates 
with some meaningful  parameters  may shed some light 
on the influence of these additives. This, however, will 
not be at tempted here. The possibilities are numerous.  
According to Amlie and Riietschi (1), the gassing rate 
depends on the oxygen overvoltage and the physical 
characteristics (s tructure and porosity) of the surface 
Ag20 film. The BET surface area of AgO sample with 
1000 ppm (Ag) Pb was ca. 50% higher than the mean 
surface area of AgO samples without  additives. In view 
of the smaller gassing rates in the presence of small 
amounts  of Pb and higher surface areas, the porosity 
does not seem to be a controll ing factor. Cahan (13) 
ascribed the decrease of gassing rate to the presence of 
a silver plumbate  surface film. The l imited number  of 
oxygen overvoltage data on silver alloys (14, 20) seem 
to correlate with the gassing rates but  not without  ex-  
ception. 

The effect of t ransi t ion metal  additives, main ly  Ni, 
Co, Zr, and Ce, on the gassing rate seems to point to 
catalytic action. The thermodynamic,  but  more likely 
the kinetic metastabi l i ty  of AgO in a lkal ine  solution 
can be also affected by their  presence. The charge 
t ransfer  may take place in the bulk  or at the surface 
of AgO by several possible mechanisms (injection, 
tunnel ing,  t ransi t ion state).  

Suppression of gassing.--In order to determine the 
effect of beneficial additives (from the viewpoint  of 
resistivity and gassing rate) as gassing suppressors, 
AgO samples were made in  the presence of 5 ppm (Ag) 
Ni with and without  104 ppm (Ag) Hg, Sn, and Pb. The 
results are shown in Table V. Hg increased the gassing 
rate by the same amount  whether  the Hg(NO3)2 was 
added to the AgNO3 or to the alkal ine persulfate solu- 
tion. Sn decreased the gassing rate moderately,  
whereas Pb decreased it markedly  neutral iz ing the 
affect of Ni to some degree. Replacing par t  of Pb by 
Hg, the gassing rate  increased indicat ing the aforemen- 
t ioned det r imenta l  effect of Hg. The resistivity of 

Table V. Effect of additives included during the preparation of 
AgO in the presence of 5 ppm (Ag) Hi 

r2oo, # l / d a y / g ,  
A d d i t i v e  37.78~ 

AgO con-  p, o h m - c m  in  8.6N NaOH, 
E l e m e n t  p p m  (Ag) ten t ,  % a t  2.1 k b a r  2.2N Na~ZnO2 

95.7 64.0 280 

H g  10~ 96.7 2.84 405t  
H g  l 0  b 94.7 3.71 4O0T 
S n  10~ 93.4 4.05 222 
P b  10 ~ 95.5 2.63 84* 
Hg 5 • 103 95.8 1.77 122" 
Pb 5 X 103 

A t  117 hr .  
Hg(NO~)2 was  added to the  a l k a l i n e  p e r s u l f a t e  so lu t ion .  

* A t  165 hr. 
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Table VI. Effect of additives, incorporated into the 8.6N NaOH, 
2.2N Na2ZnO2 solution, on the gassing rate of AgO 

A d d i t i v e ,  G a s s i n g  r a t e ,  ~ l / d a y / g  
10'  p p m  (Ag)  37.78"C, 8.6N N a O H ,  D u r a t i o n  of r 

e l e m e n t  2.2N Na.~ZnO._, d e t e r m i n a t i o n ,  h r  

HgO 249 185 
292 161 

Na2SnO~ 246 20g 
GeO2 147 209 
P b O  105 209 

AgO samples  conta ining Pb, Sn, and  Hg are  lower  as 
found ear l ie r  (15). The AgO content  of the samples  are  
genera l ly  lower  due to the  presence of Ni. The addi -  
t ion of Pb  to AgO dur ing  its p repa ra t ion  is beneficial  
not only f rom the v iewpoin t  of electr ic  res is t iv i ty  but  
also of gassing rate.  Thus, it  is advantageous  to have 
Pb as One of the components  in any  combinat ion of 
beneficial addit ives.  

In view of the a forement ioned  beneficial  affect of Pb, 
etc. on the  gassing ra te  and Cahan's  resul ts  wi th  PbO 
(13), it  was of in teres t  to de te rmine  the i r  influence on 
the gassing ra te  when they  are  incorpora ted  in the  
a lka l ine  solution. An  AgO sample  wi th  high gassing 
ra te  was chosen (98.2% AgO content ) .  The resul ts  of 
Table VI show that  Hg increased,  Sn did not influence, 
and Ge and Pb decreased the gassing ra te  of the AgO 
sample. Since the t r end  of the gassing ra tes  in Table V 
and VI is nea r ly  the  same, the  effectiveness of the  
addi t ives  is due to the i r  presence and is independent  
of the method  of incorporat ion.  

Summary 
The volume of the  oxygen  evolved from AgO sam-  

ples in contact  wi th  a lka l ine  solutions was measured  
in a modified microvolumetr ic  appar tus  of Aml ie  and 
Riietschi (1) and the gassing ra tes  (cumula t ive  ave r -  
age) were  calculated.  The AgO samples  were  p repared  
by  the chemical  oxida t ion  of AgNO3 wi th  a lkal ine  
K2S208 (16) in the  absence or presence of in tent ional ly  
added  meta l  addi t ives  (as compounds) .  The gas 
evolved almost  l inear ly  wi th  t ime and the decrease  of 
gassing rate,  r af ter  200 hr  was small .  In  view of the  
app rox ima te ly  l inear  re la t ion be tween  the gassing 
rates  at  20 and 200 hr, r20 can be used for the  rap id  
semiquant i t a t ive  predic t ion  of gassing rates.  The 
gassing ra tes  var ied  somewhat  and  the  mean  r200 of 
52 AgO samples  (AgO content  ~95%,  r200 --~ 35 
~ l / d a y / g )  was 23.0 ~ l /day /g .  Assuming  the decomposi-  
t ion of AgO to be a first order  reaction,  0.271/year was 
obtained for  the  r a t e  constant  in 8.6N NaOH, 2.2N 
Na2ZnO2 solut ion at  37.78~ 

The gassing r a t e  increased wi th  increasing NaOH 
concentrat ion and tempera ture .  Wi th  NaOH concent ra-  
tion, r2o0 increased app rox ima te ly  l inear ly .  The act i -  
vat ion energy  for the  complex O2 evolut ion react ion 
was ca lcula ted  f rom all  da ta  to be 26 kcal /mole .  The 
corre la t ion of the gassing ra tes  in two solutions of 
different  composit ion was found to be app rox ima te ly  
l inear.  The gassing ra te  of AgO powders  increased wi th  
bal l  mi l l ing and increasing pel le t iz ing pressure.  No 
corre la t ion was found be tween  the gassing ra te  and 
surface area  or  porosity.  

The gassing ra tes  of AgO samples  made  in the  pres -  
ence of t rans i t ion  e lements  were,  in general ,  l a rger  
than  the gassing ra tes  of samples  wi th  nontrans i t ion  
elements.  The presence of 1000 ppm (Ag) Co, Ni, and 
Zr  is catas t rophic  from the v iewpoint  of decomposit ion 
and samples wi th  Ce, Pd, and W have in to le rab ly  large  
gassing rates.  The gassing ra te  of AgO samples  in-  
creased with  increasing addi t ive  concentra t ion wi th  the  
except ion of Pb at  smal l  concentrat ion.  The addi t ion 
of Pb  is advantageous  also f rom the  v iewpoint  of 
e lectr ic  res is t iv i ty  (15). 

Sn, Ge, and  especia l ly  Pb  suppressed  the  large  
gassing ra tes  of AgO samples  regard less  whe the r  they  
were  incorpora ted  wi th  5 p p m  (Ag) Ni dur ing  the i r  
p repara t ion  or only  added  to the  a lka l ine  solutions. 
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Electrical Properties of Electrodeposited PbO  Films 
W. Mindt 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

Resistivity, Hall effect, and optical absorption of electrodeposited ~- and 
~-PbO2 films have been investigated. Fi lms of both crystal l ine modifications 
show low resistivities (~ -PbO2:10  -3 ohm-cm, f l -PbO2:10  -4 ohm-cm) and 
electron densities of about 1021 cm -3. Free electrons are due to nonstoichiom- 
etry or to incorporation of hydrogen. As a result  of the high carrier  densities, 
the absorption edge is shifted to higher photon energies. The band gaps of 
intrinsic a- and ~-PbO~ are about 1.4 eV. 

Lead dioxide has a high electrical conductivity, 
comparable with that of some metals. This property is 
important  for its use as positive active mater ial  in 
the lead acid bat tery  as well  as for other applications, 
e.g., as an inert  anode mater ia l  in several electrolytic 
processes. 

In  the past  two decades, very  little exper imenta l  
work on the electrical properties of PbO2 has been 
published. Most of the information we have today 
originates from papers of Pa lmaer  (1), Kit tel  (2), 
and Thomas (3). The lat ter  two authors carried out 
Hall  effect measurements  on electrodeposited samples. 
They found n- type  conduction with electron densities 
between 1020 and 1021 cm -3 and mobilit ies of the order 
of 100 cm~/Vsec. It was assumed that  the free elec- 
trons are due to an effective deficiency of oxygen, 
which is general ly found in PbO2 regardless of the 
method of preparat ion (4-6). According to Thomas, 
the tempera ture  coefficient of the resistivity is posi- 
tive in the temperature  range  between --200~ and 
~100~ and the sign of the thermoelectric power 
negative. 

At the t ime these studies were made, only the te- 
tragonal (~) modification of PbO2 was known. Con- 
ductivi ty measurements  on both orthorhombic (~) and 
tetragonal  PbO2 were carried out by White and Roy 
(7) and Aguf et al. (8). Unfortunately,  pressed pow- 
der samples were used, which have the disadvantage 
of being extremely sensitive to exper imental  pa ram-  
eters such as grain size and applied pressure, par t icu-  
lar ly since the thermal  instabi l i ty  of PbO2 does not 
allow heat t rea tment  of the powder samples. The re-  
sistivity values obtained by the two groups of authors 
differ by more  than three orders of magnitude.  There 
are, as far as we could determine,  no Hall  effect mea-  
surements  reported on the pure a-PbO2 phase. 

PbO2 films prepared by reactive sput ter ing of lead 
in an oxygen atmosphere were investigated by Lappe 
(9). The films were several hundred  angstroms thick 
and consisted of a mix ture  of a-  and ~-PbO2. An elec- 
t ron density of 1021 cm -3 and a re la t ively low mobil i ty  
of 0.6 cm2/Vsec were found. The lat ter  value was 
probably influenced by the low film thickness. From 
the optical absorption spectra of these films the band 
gap of PbO2 was estimated to be 1.5 eV. At lower 
photon energies free electron absorption occurs. 

In  the present  work resistivity, Hall  effect, and op- 
tical absorption of electrodeposited PbO2 films were 
investigated. Since a- and ~-PbO2 can be obtained 
in pure forms by electrodeposition (1-6, 10-16), a 
separate s tudy of the two modifications was possible. 
A better  knowledge of the difference of their  elec- 
trical properties is desirable in problems concerning 
the lead acid battery, in which both crystal l ine forms 
occur. 

Experimental 
Deposition of PbO2 films.--Electrolytic deposition of 

PbO2 is possible on electrochemically inert  substrate 
electrodes. In  the present  investigations, Pt  and SnO2 
coated glass were used as anodes. 

To obtain a uni form and continuous deposit of PbO2, 
it was necessary to nucleate some PbO2 on the sub- 
strate electrode prior to the deposition. This was done 
by briefly applying a high anodic current  density in an 
acid solution of 10-4M/1 lead perchlorate. Electron 
photomicrographs of a Pt  surface treated in this way 
showed a uniform dis t r ibut ion of PbO~ clusters with 
an average diameter  of about  100A. No crystal l ine 
s tructure could be detected in these clusters by elec- 
t ron diffraction. Lead dioxide films subsequent ly  de- 
posited grew uni formly  and without  leaving uncovered 
spots or pores visible by electron microscopy. The 
crystal l ine modification of the PbO2 films was not 
affected by the pretreatment ,  as could be seen by 
comparison with PbO2 deposited on clean, un - nuc l e -  
ated Pt  electrodes. 

The solutions were prepared by dissolving PbO 
(yellow, Fisher Certified) in HC104. It is general ly 
believed that  under  acid conditions ~-PbO2 is obtained. 
We found, however, a considerable amount  of the 
a-modification in deposits obtained even from strong 
acid solutions (pH ~ 0). The intensit ies of the x - r ay  
lines of a-PbO2 were in some cases stronger than  
those of the t~-lines. A similar  observation has re-  
cently been reported by Duisman and Giauque (6). 
In  general, high Pb + +-concentrat ions and low current  
densities seem to promote the formation of ~-PbO2 in 
this pH region. The conditions under  which a good 
crystal l ine and pure ~-PbO2 deposit was obtained in-  
volved the use of a solution of 20 mM/1 PbO in 0.165 
M/1 HC104 (pH 1) and a current  density of 0.1 m A /  
cm 2. a-PbO2 was deposited from a saturated solution 
of PbO in 0.2M HC104 (pH 5.5) at the same current  
density. Under  alkal ine conditions, Pb~O4 is l ikely to 
be formed as a second phase. For  this reason, only 
studies on a-PbO2 obtained from neut ra l  solutions 
are reported here. The solutions were slightly stirred. 
The tempera ture  was always 25~ 

After deposition the samples were r insed with dis- 
tilled water  and dried at room temperature.  The thick-  
ness of the films was calculated from the amount  of 
charge passed, using x - r ay  densities and current  effi- 
ciencies determined by weight gain measurements  on 
20 cm 2 Pt  electrodes under  equivalent  conditions of 
deposition. In  most cases the current  efficiencies were 
close to 100%. 

Electrical measurements.--The substrate electrode 
used for the resist ivi ty and Hall  effect measurement  is 
shown in Fig. 1. A 500A Pt  film was evaporated on a 
glass slide with a 200A Ti under layer  for bet ter  ad-  
herence. A geometrical form was chosen which is 
commonly used for Hall  effect measurements :  Two 
contacts on the same side are used to measure the 
ohmic voltage drop, V R, and two contacts on opposite 
sides to measure the Hall  voltage V H. The contacts 
to the Pt  were made with silver flake and covered with 
epoxy to isolate them from the electrolyte dur ing 
deposition. 

The principle of the method was to determine V R 
and V n before and after  deposition of the PbO2 films 
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EV~OTI~NA~ ~ 'D 500 A-~ " ' ' ~ I  \ \GLASS SUBSTRATE . ~ 

,C' ''1o  IH I |  
Fig. 1. Electrode arrangement for Hall effect and resistivity 

measurements. 

ELECTRICAL PROPERTIES OF PbO2 FILMS 

and to calculate resist ivi ty and Hall  coefficient of 
PbO2 from these data. To be able to do this, the 
contact resistance be tween Pt  and PbO2 must  be low 
and not rectifying. We made, for this reason, some 
studies of the contact resistance be tween PbO2 and Pt  
as well  as some other metals. The cur ren t -vo l tage  
characterist ic of the contacts was nonl inear  in most 
cases where  an insulat ing oxide can be formed be- 
tween PbO2 and the metal,  e.g., in the case of Ag, Cu, 
Al, or Ga. On precious metals  like Au or Pt  the con- 
tact resistance was sufficiently low and ohmic. 

The Hall  vol tage of a sandwich type sample as 
used here, consisting of two conductors wi th  differ- 
ent resistivit ies p l  and p2 and thicknesses dl and d2, 
can be der ived s t ra ight forwardly  f rom e lementary  
considerations of the Hall  effect (31) and is given by 

( 
VHI + 2 = [1] 

eo (01 p2~' N+N/d,d., 
where  i is the current,  B the magnet ic  field strength,  
e~ the electronic charge, and nl and n2 the carr ier  
densities. The indices 1 and 2 refer  to Pt  and PbO~, 
respectively.  Since the Hall vo l tage  of one of the  
layers, 1, can be measured separately,  a simplification 
is possible. If  the same current  and magnet ic  field 
strength are applied to measure  the tIal l  vol tage of 
layer 1, VHI, and of both layers together,  VH~+2, the 
Hall coefficient of layer  2, ~I~2, is given by the relat ion 

--d2 
~112 = { (1-1-7) 2VH1 + 2 - -  7'~VH1} [2] 

B ' i  

"y is the ratio of the resistances, R2/RI, which was in 
most cases smal ler  than 1. The carr ier  concentration,  
n2, and the mobili ty,  ~2, can be calculated from the 
Hall  coefficient in the usual way  

I l:~H2l 
n2 = - -  ; p 2  = - -  [3] 

e01'~H2! 

Optical measurements . - -As  the substrate electrode, 
commercial  tin dioxide coated glass was used (re-  
sistance 15 ohms/ in3) .  Deposition of PbO2 was carr ied 
out in the same way as on Pt, fol lowing the nucleat ion 
pre t rea tment  described above. The thickness of the 
PbO2 films was 3000A. 

Transmission spectra of the systems a-PbO2-SnO2- 
glass, ~-PbO2-SnO2-glass, and SnO2-glass were  deter -  
mined in the wave leng th  interval  f rom 4600 to 15,000A 
with a Cary 16 spectrophotometer .  The transmission 
of PbO2 was calculated from the  ratio 

transmission of PbOa-SnO2-glass 

transmission of SnO2-glass 

The error  involved by not taking into account reflec- 
tions at the various interfaces is low in the spectral  
region in which the transmission of PbO2 is low. 

Results 
Electrical measurements . - - In  Fig. 2, the resist ivi ty 

of a #-PbO2 film is plotted against the film thickness. 

6io 
5 
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FILM THICKNESS (~.) 

Fig. 2. Resistivity of ~-PbO-2 vs. film thickness. The positions of 
the first three red interference colors are indicated. 

The form of the curve is characterist ic of metal  or 
semiconductor  films. At  low values of the film thick-  
ness, surface scat ter ing or inhomogeneit ies  in the film 
are mainly  responsible for a higher  resistivity. With 
increasing thickness the resis t ivi ty approaches a nearly 
constant value. In the present  case, deposition was 
continued up to a thickness of 50~. The resist ivi ty 
increased slightly but  was no more  than a factor of 
1.2 higher  than at 1~,. This shows that the propert ies  of 
PbO2 films in the thickness range studied here  are  
ve ry  similar  to bulk propert ies  of electrodeposited 
PbO2. Resist ivi ty values of electrodeposited /~-PbO~ 
bulk samples reported in the l i t e ra ture  (1-3) are 
most ly close to the value of 10 -4 ohm-cm obtained 
here. The films show bright  in ter ference  colors which 
can be seen up to the fifth order. The approximate  
positions of the first three red in ter ference  colors are 
marked  in Fig. 2. 

A comparison of data obtained on a- and ~-PbO2 is 
given in Fig. 3. The resis t ivi ty of a-PbO2 films is 
almost  one order  of magni tude  higher. This is mainly  
the result  of a lower electron mobi l i ty  in a-PbO2, 
which overcompensates  the effect of a higher  electron 
concentrat ion in this phase. It may  be noted, in the 
right of Fig. 3, that  the electron concentrat ion in 
a-PbO2 is only about a factor of 20 smal ler  than the 
concentrat ion of lead ions in the lattice. 

In general,  these curves are fair ly reproducible  un-  
der different plat ing conditions. In the case of a-PbO2, 
a variat ion of the pH between 4 and 6 and a var ia t ion 

I0 -z 100 

~ '> 
o v 

: :k 

10 -3 ~ I0 

I 
I O - 4 L ~  I I I 

I 2 3 
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I 0  21 
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I I 11020 I I I 
I 2 3 I 2 3 

THICKNESS (~) 

Fig. 3. Resistivity, mobility, and carrier density of ~- and ~-Pb02 
vs. film thickness. 
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Fig. 4. Changes of resistivity, mobility, and carrier density of a 
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Fig. 5. Loss of oxygen from PbO2 vs. time at room temperature. 
1:~-PbO2 in air saturated with water. 2" fl-PbO2 in dry air. 
3:~-Pb02 in air saturated with water. 

of the lead perchlorate concentrat ion between 20 mM/1 
and 2 M/1 had only a small  influence on the positions 
of these curves, no more than  20%. The influence of 
the anion in this pH range is of the same magnitude.  
Besides perchlorate, ni t rate  and acetate were also 
used. In acid solutions, the conditions under  which 
a pure ~-PbO2 deposit is obtained are critical, as was 
described above. An increase in the lead ion concentra-  
tion or a lowering of the pH caused the formation of 
some ~-PbO2 in the deposit. The resist ivity of the 
mixed films was slightly higher than of the pure 
~-PbO2 films. 

The electrical measurements  described to this point 
were carried out wi th in  an hour  after deposition of 
the films. With longer storing at room temperature  in 
air the properties, main ly  of the ~-PbO2 films, change, 
as is shown in Fig. 4. The carrier concentrat ion in a 
1~ thick film increases from 5 • I0 ~0 to 8.7 • 1020 cm -3 
after 12 days. The mobil i ty  decreases by a factor of 
3 in the same time. X- ray  diffraction studies of the 
samples after this t ime showed no changes in the 
crystal l ine structure. 

The increase in the carrier densi ty suggests that  a 
change in stoichiometry in the direction of a lower 
oxygen content  or by the incorporation of hydrogen 
occurs under  these conditions as will be discussed be- 
low. The amount  of oxygen which corresponds to the 
observed increase in carrier density is large enough 
to be detected by simple manometr ic  techniques if 
larger quanti t ies of PbO2 are taken. For this purpose, 
several grams o f  . -  and ~-PbO2 were deposited under  
the conditions described above, powdered, and placed 
into a Summerson differential manometer .  To study 
the effect of humidity,  the experiments  were carried 
out in dry air and in air saturated with H20. In the 
lat ter  case the wells in the two reaction flasks of the 
manometer  were filled with water. The results are 
shown in  Fig. 5. Both modifications lose oxygen; how- 
ever, a-PbO2 far less than fl-PbO2. Humidi ty  causes a 
considerable increase in the amount  of l iberated oxy- 
gen. Under  humid conditions, 5 mm 3 02 per gram 
~-lead dioxide are obtained in 30 days. This amount  is 
equivalent  to a change in carrier concentrat ion of 1.7 
• 101Scm -3, if it is assumed that  each l iberated oxygen 
atom provides two free electrons. This increase in 
electron concentrat ion is far less than that observed by 
Hall effect measurements  on a ~-PbO2 film (Fig. 4). 
The reason for this difference is probably the larger 
size of the crystalli tes used for the manometr ic  mea-  
surements,  which results in a lower decomposition rate 
because of the smaller surface to volume ratio. 

Optical measurements . - - In  Fig. 6, absorption coeffi- 
cients of ~- and p-PbO2 films are plotted as a funct ion 
of the photon energy. The absorption edges of ~- and 
~-PbO2 (curves a and b) differ by 0.2-0.3 eV. Ex- 

~2 
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i0 

0 

~o 
_w 

,,u_ e 

0 2 .  

0 

\ \ ~  o a -PbO 2 

L t ' .  

A ~ , ;  ' 
PHOTON ENERGY (ev) 

Fig. 6. Absorption coefficient of a- and fl-PbO2 vs. photon energy 

t rapolation to zero absorption indicates values of the 
"optical" band  gap, hEo, of 2.0 and 1.7 eV for a- and 
fl-PbO2, respectively. At photon energies below 1 eV 
free electron absorption begins. This type of absorp- 
tion is stronger in the a-modification which has the 
higher carrier density. Since free electron absorption 
also occurred in the SnO2 substrate, the measurements  
could not be extended to lower photon energies. The 
waves in the curves in the region of low absorption 
are due to interference effects. 

The values of ~E0 obtained here are not identical 
with the band gap, ~Eg, of intrinsic PbO2. As a result  
of the high electron concentration, the energy states 
in the bottom of the conduction band are occupied 
and electrons have to be excited to higher energy 
levels for absorption to occur. The shift in photon 
energy due to this effect is, for a degenerate semi- 
conductor (17) 

me* 
\ mh* / 

where me* , mh* are the effective masses of electrons 
and holes and Ef the Fermi  energy: The Fermi  en-  
ergy of an ideal degenerate Fermi  gas is 

( 3 )  2/3 h2 
Ef . . . .  n 2/3 [5] 

8me* 

In ~-PbO2, a shift of the absorption edge could be ob- 
served when the sample was exposed to air for several 
days (curve c in Fig. 6). The experiment  described 
previously showed that under  these conditions an in -  
crease in carrier  concentration occurs. With the two 
pairs of values of n and 5E0, a rough estimation of the 
effective electron mass, me*, in ~-PbO2 is possible from 
Eq. [4] and [5]. Using values obtained shortly after 
deposition and 30 days later  
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nl  = 5 X 102o cm-3;  ~E0.1 = 1.7 eV 

n2 = 9 • 1020 cm-~;  ~E0.2 = 1.84 eV 

and assuming that  me* < <  ~nh,* an effective electron 
mass of 0.8 mo is obtained. This leads, according to Eq. 
[4], to a band gap for intr insic fi-PbO2 of bEg = 1.4 eV. 

No change of the absorption curve with t ime could 
be detected on a-PbO2. However, if the same effective 
mass is used as in fi-PbO2, a value of beg = 1.45 eV 
is obtained. 

These results are similar  to the values of the band 
gap determined by Lappe (9) (1.5 eV) and Shapiro 
(18) (1.85 eV). A different value of 4.45 eV was ob- 
tained by Arai  (19). The author described the method 
by which he prepared PbO2 films as similar to the 
spraying technique commonly used for preparing con- 
ductive SnO2 films. Since the substrate temperatures  
usual ly applied in this technique are between 500 ~ and 
800~ (20), these films may have contained lower lead 
oxides, because PbO2 decomposes at temperatures  
above 270~ (21). This assumption is supported by the 
fact that  the films were insulating. 

Discussion 
Lead dioxide belongs to a group of n - type  metal  

oxides which show high electron mobilities. Other 
oxides of this type are ZnO, In203, and SnO2. The 
electronic configurations of these compounds indicate 
that the conduction bands are formed from s-orbitals  
of the metallic species ra ther  than  from unfilled inner  
shells as, for example, in t ransi t ion metal  oxides. The 
mobilit ies in oxides of the lat ter  type are, in general,  
several orders of magni tude  smaller. The conduction 
band in PbO2 arises, to a first approximation,  from the 
6s levels of Pb 4+ and the valence band from the 2p 
levels of O 2-. 

The presence of free electrons in PbO2 can be due to 
the following effects: deviation from stoichiometry, 
incorporation of hydrogen, and presence of other im-  
purities. 

It is well  established that  lead dioxide exists in a 
wide range of nonstoichiometry, which was determined 
by Katz (22) as PbOl.sT-2.o0. Other authors give differ- 
ent values for the lower l imit of the composition which 
vary between PbO1.95 (23, 24) and PBO1.66 (25). It  is 
not certain whether  the nonstoichiometric composi- 
t ion is due to interst i t ial  lead ions or to oxygen va- 
cancies. The observations that  the density of electro- 
deposited PbO2 is lower than the x - r ay  value (1) and 
that oxygen appears to have a high mobil i ty in PbO2 
(26) promote the assumption that  oxygen vacancies 
are predominant .  

Riietschi and Cahan (4) suggested that  free elec- 
t rons in PbO2 may be due in part  to OH groups sub- 
st i tut ing for oxygen in the lattice. This is supported by 
the observation that  an appreciable amount  of bound 
hydrogen is found in  electrodeposited PbO2 (4, 5, 6, 15). 
A similar role of hydrogen is known in other oxide 
semiconductors, e.g., in ZnO (27). The presence of hy-  
drogen is, however, not  necessary to explain high elec- 
t ron  concentrations. This was shown by experiments  
with sputtered PbO2 films by Lappe (9), which did not 
contain hydrogen and also had a carrier  density of 1021 
cm-3. 

The influence of impuri t ies  other than hydrogen is 
presumably small, since high concentrat ions are neces- 
sary to cause significant relat ive changes in the car-  
rier concentration. For the same reason, doping of 
PbO2 with 3- or 5-valent  ions will  not have a similar 
influence on the conductivity as, for example, in SnO2. 

It is in the frame of the present  investigations not 
possible to decide whether  electrons in electrodeposited 
PbO2 are due main ly  to nonstoichiometry or to in-  
corporation of hydrogen. The carrier concentrat ion of 
1.4 • 1021 cm -3 found in the a-PbO2 films corresponds 
to a composition of PbO1.971 if electrons are due only 
to ionized oxygen vacancies, and to PbO1.942(OH)0.05s 
if they are due only to OH-groups subst i tut ing for 

oxygen. Chemical analyt ical  methods are probably 
not sufficiently exact to dist inguish between the two 
cases. In  particular,  the determinat ion of hydrogen in- 
volves a large error (5), and it is difficult to dis- 
t inguish between hydrogen bound in OH-groups in the 
lattice and hydrogen which is par t  of adsorbed water. 

The decomposition of electrodeposited PbO2 at room 
temperature  can be interpreted in terms of the genera-  
t ion of oxygen vacancies or the incorporation of hy-  
drogen due to oxidation of water. In  both cases, oxygen 
is evolved and the electron concentrat ion increased. 
The over-al l  reactions may be wr i t ten  as 

(2 O2-)latt "-> (2 [] 0 + 4e--)latt ~- (O2)g [a] 

(402- ) la t t  Jr - 2H20--> ( 4 O H - +  4e-)latt-t- (O2)g [b] 

The result  that  moisture in the air increases the de- 
composition rate makes reaction [b] more probable. 
However, a similar effect may result  if adsorbed water  
increases the rate of one step of reaction [a]. 

The different electron mobilit ies in ~-  and ~-PbO2 
are the result  of several factors. The lower mobil i ty 
in the a-PbO2 films may be due in part  to the smaller 
size of the crystallites in this modification. The average 
size of the ~-PbO2 crystalli tes was about 2000A, com- 
pared to 5000A for the /~-modification. There is cer- 
ta inly  also an influence of the higher carr ier  density 
in ,-PbO2, since this corresponds to a larger number  of 
lattice defects at which electrons are scattered. Since 
the a-PbO2 films have a high degree of orientat ion 
[the (100) axis is perpendicular  to the substrate],  an 
anisotropy of the mobil i ty  in a-PbO2 could also in-  
fluence the results. 

There is, finally, the influence of the different crys- 
tal l ine structures of a- and /~-PbO2. a-PbO2 has the 
s t ructure  of columbite, which is orthorhombic and has 
the space group Pbcn (Vh14). ~-PbO2 has the te t ra-  
gonal rut i le  structure, which belongs to the space 
group P 4 / m n m  (D4h14). It  was shown first by Paul ing  
and Sturd ivant  (28) that  a close relat ionship exists 
between the two lattices. In both cases, each metal  
ion is in the center  of a distorted octahedron. The es- 
sential difference is in the way in which the octahedra 
are packed, as is i l lustrated in Fig. 7. In  ~-PbO2, neigh-  
boring octahedra share opposite edges, which results 
in the formation of l inear  chains of octahedra. Each 
chain is connected with the next  one by sharing cor- 
ners. In  a-PbO2, neighboring octahedra share non-  
opposing edges in such a way that  zig-zag chains are 
obtained. Each chain is connected with the next  one 
also by sharing corners. The oxygen positions have ac- 
tual ly  been determined only in the case of ~-PbO2 
(29), however, the Pb-O distances are thought to be 
the same in both modifications (30). Since the differ- 
ence in the crystal s tructures results main ly  from the 

a - P b O  2 ~ - PbO 2 

( ORTHORHOMB[C  ) ( R U T I L E  ) 

6 x P b - O =  2 . 1 6 A  4 x P b - O = 2 . 1 5 A  
2 x  0 - 0  = 2 . 5 9 A  2 x P b - O = 2 . 1 6 A  

IO x 0 - 0  = 2 . 9 2 -  3 . 3 5 A  2 x 0 - 0 = 2 . 6 7 A  
8 x  0 - 0  = 3 . 0 5 A  
2 x 0 - 0  = 3 . 3 8 A  

Fig. 7. Packing of oxygen octahedra in ~- and /~-Pb02. Lead- 
oxygen and oxygen-oxygen distances as determined by (29) and (30). 
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different packing of octahedra of similar dimensions, 
large differences in the band structure and mobil i ty 
are not expected. 
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Active and Passive Corrosion States 
in the High-Temperature Aqueous Corrosion of Mild 

John B. Moore, Jr., 1 and Robert I.. Jones* 
Naval Research Laboratory, Washington, D. C. 

Steel 

ABSTRACT 

In static h igh- tempera ture  (300~ corrosion tests of mild steel in dilute 
NaOH solutions, both the corrosion rate and morphology of the generated 
oxide film were observed to vary  in a reproducible and presumably  cor- 
relatable fashion as the NaOH concentrat ion increased. A t ransi tory corro- 
sion rate m i n i m u m  was found circa 2 g/1 NaOH; there  was at this same point 
a change in the s tructure of the oxide film, with a compact, randomly  ori- 
ented, apparent ly  continuous film giving way to a crystallographic surface 
oxide as the critical concentrat ion was exceeded. The activation energy 
for corrosion differed depending on which oxide type prevailed, being 5-8 kcal /  
mol for the noncrystal lographic oxide and 16 kcal /mol  for the crystallographic. 
The t ransformat ion is thought  to be basically a t ransi t ion between passive 
and active corrosion states. 

Although alkalization of the feed water  is general ly 
found to be beneficial in  the operation of steam gen-  
erat ing boilers (1), actual ly very little is known of the 
specific effects of this t rea tment  on the corrosion pro- 
cesses occurring wi th in  the boiler. One discernible 
result  of raising the feed water  pH is the growth of 
larger crystalli tes in the oxide film on the boiler 's in-  
terior, and it has been thought  that  these larger crys- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 S t u d e n t  s u m m e r  emp loyee .  P r e s e n t  addres s :  D e p a r t m e n t  of 

P h y s i o l o g i c a l  C h e m i s t r y ,  J o h n s  H o p k i n s  Schoo l  of Medic ine ,  B a l t i -  
more ,  Maryland. 

tallites may provide increased corrosion protection 
because they are more resistant  to erosion by the flow- 
ing streams present  in a dynamic boiler system. Berl 
and Van Taack's research (2) suggests that  alkaliza- 
t ion has effects beyond just  this, however, for they 
found that  the corrosion suffered by mild steel in 
310~ NaOH solution was relat ively independent  of 
alkali  concentrat ion up to about 0.7 g/l, at which 
point  a ra ther  sharp, localized reduct ion in corrosion 
was observed. The corrosion rate subsequent ly  rose 
again, increasing smoothly with concentrat ion for 
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solutions up to 200 g/1 NaOH. This region of m in i mum 
corrosion was later reinvestigated by Bloom and co- 
workers (3) who confirmed its existence. Their  longer 
term studies revealed, however, that the min imum,  
while real, appeared to be only transitory,  and that  
after 25 days the corrosion rate increased monotoni-  
cally with pH from zero concentration NaOH onward. 

Recent work at this laboratory (4) indicated that 
the corrosion rate of steel in h igh- tempera ture  aque-  
ous media may be related to the morphology of the 
oxide film concurrent ly  produced, and that  the rate 
data are at least part ial ly unders tandable  in terms of 
certain transit ions which occur in the oxide film with 
time. To test this notion further, and perhaps to eluci- 
date the pH dependency of the corrosion of mild steel 
in h igh- tempera ture  alkal ine waters, experiments  were 
under taken  to determine both corrosion rates and 
oxide film morphologies for specimens at 300~ in 
NaOH solutions with concentrat ions spanning both 
sides of the corrosion minimum.  

Exper imenta l  
The rates of oxide film formation were measured 

using a hydrogen effusion technique devised by Bloom 
and Krulfeld (5). With this method, the test specimen 
is a sealed capsule which is filled completely with the 
solution under  study. The corrosion reaction takes 
place on the capsule interior, and its progress is moni -  
tored by measuring the hydrogen which diffuses 
through the hot capsule wall, that hydrogen having 
originated in a reaction which can be wri t ten  over all 
as 

3Fe + 4H20-* Fe:~O4 + 4H2 

Our capsules were fabricated and filled as described 
previously (5). Simple vacuum vessels as shown in 
Fig. 1 were used to measure the rate of hydrogen 
evolution. The working volume of an individual vessel 
runs about 32 cm :~ and the interior area of a capsule 
about 12.5 cm 2 so that the growth of 100A of oxide 
film corresponds to a pressure increase within the 
vessel of 0.85 Tort. The use of a cathetometer allows 
film growth of as little as 20A to be readily detected. 
A constant voltage transformer was used as the power 
source for the block oven, and the oven temperature 
remained constant to _+I-2~ over a two-week run. 

As the corrosion rate data were being accumulated, 
specimen capsules were wi thdrawn at appropriate 

1 SPECIMEN 
CAPSULE 

< 
~ - ~ V A C U U M  STOPCOCK 

I 

MERCURY 
MANOMETER 

f 

ALUMINUM BLOCK 
AT 300 ~ 

Fig, l. Vacuum vessel for high-temperature corrosion 
measurements by the hydrogon effusion method. 

rate 
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times and the oxide films on their  interiors detached 
and examined by electron microscopy, either directly 
by observation of the film itself or indirect ly by ob- 
servation of replicas of the upper  oxide surface. The 
microscopy specimens were prepared as previously 
described (4). 

The seamless mild steel tubing used here was 0.25 in. 
OD with 0.022 in. wall  thickness and contained 0.15% 
C, 0.09% Si, 0.66% Mn, 0.22% Cr, 0.09% Ni, 0.026% S, 
0.011% P, and 0.013% N. Pre t rea tment  consisted of 
degreasing in t r ichloroethylene and then duPont  
Freon TF solvent, followed by vacuum anneal ing at 
875~ and 10 -5 Tort  for 1 hr. The annealed specimens 
were stored in a closed container  over anhydrous  
CaSO4. 

The NaOH solutions were prepared fresh in Pyrex 
glassware from A.R. NaOH and distilled water, with 
the less concentrated solutions being made up by di lu-  
tion. The solution pH was measured before and after 
each run  to determine any change in basicity. 

Results 
In Fig. 2, we have plotted curves showing total  

corrosion as a function of NaOH concentrat ion from 
0.006 to 10.24 g/1 NaOH (approximately 9.5-13.3 pH 
at 25~ for progressively increasing times at 300~ 
A min imum corrosion region is found once again, a l-  
though the mi n i mum here appears to be slightly dis- 
placed, fall ing at 2-4 g/1 rather  than at 0.7 g/1 as 
found by Berl and Van Taack. The points in Fig. 2 
represent the ari thmetic means of data from groups 
of 4-5 capsules, where individual  capsules could vary  
by ___10% from the mean for a 312-hr run. Some u n -  
certainty in the positioning of the corrosion mi n imum 
therefore exists; however in each of three separate 
runs, the min imum fell sufficiently closer to 2-4 than 
0.7 g/1 as to suggest that something more than experi-  
mental  error may be involved. 

With time, the corrosion rates for the individual  
NaOH solutions change and they become monotonic 
functions of concentration, e.g., at 204 hr, the ins tan-  
taneous rates are 0.58, 1.1, 1.2, 1.7, 1.9, 2.3, 2.8, and 
3.3 ~g Fe304 cm -2 hr -1 for the concentrations 0.006 
through 10.24 g/l, respectively. This concentrat ion-  
dependent  progression of ins tantaneous corrosion rates 
is observed from about 200 hr onward, and it is evi- 
dent ly  a persistent effect since Bloom has found the 
same t rend in capsules heated 25 days. The inflections 
shown in Fig. 2 would therefore ul t imately  disappear 
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Fig. 2. Aqueous corrosion of mild steel as a function of NaOH 
concentration with increasing time at ~ ~  
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ent irely and measurements  taken at longer t ime in-  
tervals would fail to show the corrosion min i mum 
either in terms of total  corrosion or instantaneous 
corrosion rate. 

Electron microscopy of oxide films grown dur ing  
these runs  shows that  there is a dist inct  difference in 
the oxide morphology from one side of the min i mum 
to the other. With 10.24 and 3.79 g/1 NaOH solutions, 
the oxide film in  its earlier stages of formation is 
strongly oriented and apparent ly  in epitaxial  re la t ion-  
ship with the various substrate grains, i.e., it is crys- 
tallographic (Fig. 3a). This tendency to orientat ion 
appears to persist, moreover, through the development  
of the film. Although crystals of considerable size 
come into being with t ime (Fig. 3b), the oxide film 
over the rest of the metal  surface remains  compara-  
t ively th in  and can be seen to consist of small rect i-  
l inear  crystallites. These crystallites cont inue to be 
well  oriented with the orientat ion differing from point 
to point on the surface, an indication that  the growth 
of the innermost  oxide is still influenced by epitaxial  
forces from the substrate. 

Fig. 3c. 0.76 g/I NaOH, 4 hr at 300~ 

Fig. 3a. 3.79 g/I NaOH, 4 hr at 300~ 

On the other hand, while the oxide corrosion film 
also grows at first with epitaxial  orientations in 0.76 
g/1 and lower solutions, it soon undergoes a degenera-  
tion, as described previously (4), to an apparent ly  
duplex film structure consisting of a thin, continuous 
innermost  layer of very  small, randomly  oriented 
crystalli tes part ial ly covered in tu rn  by much larger, 
faceted crystals. The innermost  film is noncrystal lo-  
graphic; it is not oriented to the  substrate and its ap-  
pearance is the same at every point at which it is 
visible on the metal  surface. In Fig. 3c, three different 
orientations of the oxide film (as identified by the 
morphology of the residual  oriented crystals) are 
shown at an in termediate  state of degeneration. The 
orientat ion at the bottom of Fig. 3c is almost com- 
pletely transformed, the orientat ion at the upper  left 
par t ia l ly  transformed, while the oxide at the right 
remains  v i r tual ly  unchanged.  This lat ter  oxide is in 
the (001) orientat ion (4) which evident ly  represents 
one of the most stable epitaxial  relationships under  
these conditions since it resists t ransformat ion long- 
est. Eventua l ly  all  of the oriented oxide is t r ans -  
formed, however, and the resul tant  oxide film has 
the s tructure shown in Fig. 3d. Note that  the base 
oxide film has a distinctive pebblel ike tex ture  which 
is easily identified and quite different to tha t  seen in 

Fig. 3b. 3.79 g/I  NaOH, 310 hr at 300~ Fig. 3d. 0.76 g/I NaOH, 310 hr at 300~ 
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Fig. 3b. The NaOH concentrat ion represent ing the 
point of t ransi t ion between these two modes of film 
development lies evident ly  near  2.05 g/1 NaOH, where 
degenerat ion of the epitaxial  oxide occurs slowly. 
Oxide films at this concentrat ion are still s trongly 
oriented after 4 hr at 300~ al though they do even-  
tual ly  develop the duplex film structure, being com- 
pletely t ransformed by 96 hr. 

In  very  dilute NaOH, e.g., 0.030 g/1 NaOH, which 
gives approximately pH 11 at 25~ degenerat ion to 
the duplex oxide s tructure does not proceed to any 
great extent, at least over our periods of investigation. 
[This is contrary to our  earlier findings with pH 11 
LiOH (4), where the t ransformat ion went  freely.] 
Areas of randomly  oriented base film are found, but  
much the greater part  of the oxide remains  oriented 
for both short (Fig. 3e) and long (Fig. 3f) heat ing 
intervals.  The crystallographic na ture  of the oxide 
here is not as apparent  from its morphology as it is 
with oxides produced in more concentrated solutions, 
but  selected area diffraction, the final criterion, read-  
ily confirms that  in both instances the oxide in ques- 
t ion is strongly oriented. Oxide films grown in cap- 
sules containing just  water  are also crystallographic 
and v i r tua l ly  identical  in appearance to Fig. 3e and 
3f, except that  evidences of the f ine-grained base film 
are even more sparse. 

Fig. 3e. 0.03 g/I NaOH, 4 hr at 300~ 

Fig. 3f. 0.03 g/I NaOH, 310 hr at 300~ 

+ 3 6  

+52 

+28 

§  

~ D D ~ §  . 
~ + 1 2  

0 L .~{ / a 19.78gm/~NaOH I 
~A / ~ z.ol gm/~NaOH ! 

-4 1 / \ / �9 J.97gm/ZNaOH | 

i i I I I i L t I I I -12 I 2tO I 410 C:~ I 8/0 IO0 120 140 180 160 
TIME (hrs) 

Fig. 4. Time dependence of activation energies (Ea) for corrosion 
in NaOH solutions above and below the corrosion rate minimum 
concentration. 

On the assumption that  the different oxide mor-  
phologies reflect a change in  the oxide growth mech- 
anism at the corrosion m i n i m u m  point, we measured 
activation energies (E~) of corrosion in  NaOH solu- 
tions on both sides of the corrosion m i n i m u m  to see if 
a s imultaneous change in activation energy could be 
detected. The results are shown, plotted as a function 
of time, in  Fig. 4. These are apparent  activation ener-  
gies only; they were calculated from a plot of the 
logari thm of the reaction ra te  at a given t ime vs. 
1/T for three different temperatures  (nominal ly  250 ~ 
275 ~ and 300~ in the main) .  The l inear i ty  of the 
points in the individual  plottings was not par t icular ly  
good, and the energy values obtained should probably 
be considered semiquant i ta t ive  and suited mostly for 
purposes of comparison. Nonetheless, al though there 
are early t ime fluctuations, a t rend becomes discern- 
ible after about 72 hr in the activation energies in 
Fig. 4. As the NaOH concentrat ion increases succes- 
sively from 0.20 to 0.68 to 1.97 g/l,  that is, as we cross 
the concentrat ion range yielding the noncrystal lo-  
graphic duplex oxide film, the activation energies re-  
main  re la t ively constant  at 5-8 kcal/mol.  The next  fac- 
tor of 3 increase, however, brings us past the corrosion 
m i n i m u m  point into the region where  the crystallo- 
graphic oxide predominates,  and the activation energy 
jumps  to 16 kcal/mol.  A final concentrat ion increase 
to 19.78 g/1 yields an almost identical 16 kca l /mol  
value. Presumably  then, the apparent  activation 
energy for corrosion in NaOH solutions through this 
concentrat ion range is not a first order funct ion of 
the hydroxide concentration, but  depends pr imar i ly  
on whether  or not the point of t ransi t ion for the oxide 
growth mechanism has been exceeded. 

The activation energy with 120 g/1 NaOH was meas-  
ured so that  comparison could be made with an energy 
value reported earl ier  by Potter  and Mann  (6) for 
13% NaOH at 250~176 their  figure was derived 
from an Arrhenius  plot of parabolic rate constants 
and was original ly given as 15 _ 2 kcal, but  subse- 
quent ly  corrected to 30 _ 2 kcal (7). If our rate data 
for 120 g/1 NaOH after say 80 hr at tempera ture  are 
recalculated, assuming parabolic kinetics, then an E,  
of about 28 kcal is obtained (with the usual  reserva-  
t ion that  the l inear i ty  of the points is not  good). 
However, the significance of this agreement  is ob-  
scured by the fact that  the corrosion behavior  of our 
specimens was appreciably different here than  with 
the less concentrated solutions (see Table I) .  The 
capsules containing 120 g/1 NaOI-I corroded very rap-  
idly and with near ly  equal rates for all three tem-  
peratures up to about 24 hr, at which t ime the cor- 
rosion in  the 275 ~ and 300~ capsules dropped off 
sharply, and then  settled down to rates showing an ap-  
proximately appropriate tempera ture  dependency. The 
250~ capsules cont inued to corrode at a disproport ion- 
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Table I. Corrosion rate data at 72 hr for activation energy calculation 

C o n c .  C o r r ,  C o r r  r a t e ,  C o r r ,  C o r r  r a t e ,  C o r r ,  C o r r  r a t e ,  C o r r ,  C o r r  r a t e ,  
N a O H ,  T e m p ,  ~ g - F e ~ O 4 /  # g - F e l O n /  T e m p ,  / x g - F e 3 0 4 /  / L g - F e ~ O 4 /  T e m p ,  /~g-Fe:~O4/  ~ g - F e ~ O 4 /  T e m p ,  ~ g - F e ~ O ~ /  ~ g - F e 3 0 ~ /  

g / 1  ~  c m ~  c m ' - ' - h r  ~  cm'-' c m ' - ' - h r  ~  cm'- '  c m ' ~ - h r  ~  c m ~  c m 2 - h r  

0 . 2 0  2 4 8  3 4 9  2 . 1 5  2 7 6  5 07  2 .81  3 0 0  5 5 5  2 .81  - -  - -  - -  
0 . 6 8  2 5 7  3 1 9  2 . 4 0  - -  - -  - -  2 9 8  529  3 .62  3 2 9  1090  6 . 1 5  
1 . 9 7 "  2 4 8  2 2 6  2 . 0 1  2 7 6  3 5 3  3 . 1 3  300  4 7 4  4 .01  
7 . 0 1  2 5 7  2 8 1  1 .40  - -  - -  - -  2 9 7  4 6 6  3 . 1 6  328  1100  8 . 6 6  

1 9 .78  2 4 8  4 2 9  1.03 2 7 6  4 3 4  2 . 5 8  3 0 0  5 9 4  4 . 1 3  - -  - -  - -  
1 2 0 . 3 4 "  2 4 8  2 3 6 0  0 . 3 9  2 7 6  2 0 6 0  2 . 0 9  3 0 0  2 3 2 0  3 . 9 9  - -  - -  - -  

* A t  80  h r ,  

ately high rate for perhaps another  24 hr before 
dropping to what  appears, in context  of Table I, an 
abnormal ly  low rate. The resul t  of this is that  at 80 
hr, when the "steady state" has been reached, the 
total  corrosion is actual ly greater  at 250 ~ than 300~ 

Discussion 
We concluded ear l ier  (4) that  the thin, pebble-  

tex tured  base film of the duplex oxide s t ructure  is a 
h igh- t empera tu re  passive oxide film which exists in 
an equi l ibr ium state of formation and dissolution, and 
that  the large, faceted crystals occurring on its upper 
surface are formed by precipi tat ion of iron species 
put  into solution by that process. Our present  exper i -  
ments support  this theory by showing that the s tabi l-  
ity range of this par t icular  oxide morphology (from 
0.006 to 2 g/1 NaOH, or about 9.5 to 12.5 pH at 25~ 
agrees with that  predicted by Pourbaix  (8) for passive 
iron oxides in aqueous media. That this is so even 
though our exper iments  were  at 300~ whereas  Pour-  
baix's calculations are based on 25~ thermodynamic  
data may  indicate that  the re la t ive  stabilities of the 
per t inent  species are not extensively  affected in going 
from 25 ~ to 800~ Beyond these concentrat ion limits, 
i.e., when the specimen is in the active corrosion state, 
the morphology of the oxide film is changed, its dis- 
t inguishing feature  now being that  it is crystal lo-  
graphic. 

West (9) and Hoar (10) have offered mechanist ic 
reasons as to why  the physical s t ructure  of the sur-  
face oxide should differ depending on whe the r  the 
corroding metal  is in the act ive or passive state. Ac-  
cording to Hoar, a meta l  may corrode, as de termined 
by prevai l ing electrochemical  conditions wi thin  the 
system, ei ther  by direct reaction of water  molecules 
adsorbed at the metal  surface to form the oxide es- 
sential ly in situ or by dissolution with the formation 
of meta l  ionic species which subsequent ly deposit as 
the least soluble salt or hydroxide.  (At the tempera-  
tures involved in our experiments,  any iron hydroxide  
would be converted to magnet i te  by the Schikor reac-  
tion.) The first process yields the so-called passive 
oxide film and it is noncrystal lographic since the gen-  
erat ing reaction is as l ikely to occur at one point on 
the meta l  surface as another. The fundamenta l  step 
in the a l ternat ive  process, however,  is the removal  of 
an ion from the meta l  lattice, a feat most easily ac- 
complished at certain specific crystal  sites, and so the 
corrosive at tack here will  tend to be crystal lographic 
in nature  (and presumably  the deposited oxide films 
also). West postulates, on the other  hand, that  a non- 
crystal lographic oxide is produced on a meta l  under -  
going passivation when the ra te -de te rmin ing  factor 
comes to be diffusion through the passivating oxide 
film itself. 

Morphological  changes consistent wi th  a passive-  
active corrosion state t ransi t ion have  not been re -  
ported previously for oxide films on mild steel, al-  
though there  have been findings in studies of stainless 
steel corrosion in h igh- t empera tu re  water  which ap- 
pear  in accord with  this hypothesis. Maekawa et al. 
(11) observed that AISI  304 stainless steel corroded in 
h igh- tempera tu re  deaerated water  (less than 0.1 ppm 
02) wi th  the formation of a "crystal l ine" oxide corro-  

sion film, but in undeaera ted  water  (approximate ly  
5 ppm 02) wi th  the formation of a noncrystal l ine film. 
Moreover,  they  found, just  as we have, that  the cor- 
rosion rates were  effected differently by t empera tu re  
in the two circumstances. In deaerated water,  the 
corrosion rate  increased strongly f rom 200 ~ to 300~ 
but then decreased as the t empera tu re  was raised 
fur ther  to 350~ With undeaera ted  water,  the t em-  
pera ture  effect was considerably less, and there  was 
no corrosion maximum,  the rate  increasing smoothly 
f rom 200 ~ to 350~ They identified the films by infra-  
red adsorption measurements  as consisting of mag-  
neti te  and chromite  in deaerated water  (with the 
chromite  content  increasing at higher  temperatures)  
and 7-Fe203 in undeaera ted  water.  

A t ransformat ion of the surface oxide, perhaps simi- 
lar to the one observed here, has been found by Naka-  
yama and Oshida (12) during the early stages of oxi-  
dation of an 18-8 stainless steel in 300~ water  con- 
taining 8 ppm O2. They showed by electron diffraction 
that  a corundum type oxide film was generated on 
the stainless steel in the initial heat ing but that  this 
converted with fur ther  heat ing (within 24 hr) to a 
spinel -s t ructured surface film. The film was not iden- 
tified as -/-Fe203 however,  as in the works cited above 
and below, Nakayama and Oshida concluding ra ther  
that  the film was probably NiO.(Cr ,  Fe)203 and /or  
NiFe204 because electron probe microanalysis showed 
it to contain nickel and chromium as well  as iron. 
(Since these authors were  not able to show quant i ta -  
t ive stoichiometries, it seems possible that  the film 
could still in fact be ~/-Fe203 with  the foreign elements 
being present in occlusions or by ion substitution.) 

A noncrysta l lographic-crysta l lographic  transi t ion in 
the mode of oxide growth can be induced not only by 
the presence of oxygen but also by increased pH. 
Francis and Whit low (13) found differing oxide mor-  
phologies on AISI  304 stainless steel in 300~ aqueous 
corrosion tests depending whe ther  the oxide is grown 
in neutra l  or alkaline (pH 12) waters,  the pH 12 oxide 
being, f rom their  description, essentially crystal lo-  
graphic and the oxide grown at pH 7 noncrystal lo-  
graphic. Their  diffraction measurements  (14) indi-  
cated the noncrystal lographic pH 7 film to be v-Fe203 
and the crystal lographic pH 12 film to be a Fe304-type 
spinel. 

In terms of passivation phenomena,  our in terpre ta-  
tion of these observations would be that  (i) 304 stain- 
less steel is brought  f rom an active to passive corro-  
sion state (al though it corrodes appreciably at these 
tempera tures  even while  "passive") by 5 ppm O~ in 
neut ra l  water  (Maekawa et al.); (ii) stainless steel 
may corrode in water  by the "act ive state" mechanism 
for some t ime (perhaps depending on how the speci- 
men was prepared)  before convert ing to the passive 
growth mode even when  02 is present  (Nakayama and 
Oshida);  and (iii) a pass ive-act ive  t ransi t ion can also 
be produced by raising the solution p i t  beyond a cer-  
tain upper  limit, as the Pourbaix  diagram for the i ron-  
water  system would predict  (Francis and Whi t low) .  
There is an apparent  contradict ion here though, since 
Francis and Whit low find a passive oxide morphology 
under  nominal ly  the same exper imenta l  conditions 
(300~ O2-free water )  in which Maekawa et al. re-  



Vol .  116, No.  8 A C T I V E  A N D  P A S S I V E  

port an act ive-type surface oxide. These conditions 
represent a point very near the boundary  between 
active corrosion and passivation (in Pourbaix diagram 
reference) however, and only very slight increases of 
pH or minute  traces of oxidizing impurit ies would be 
required to br ing the passivation found in Francis and 
Whitlow's studies. The part icular  composition of the 
steels used may also be a factor here since Leckie (15) 
has shown that  the pH at which a stainless steel spon- 
taneously passivates is a function of its composition. 
In  general, with consideration of all that is involved 
in h igh- tempera ture  aqueous corrosion experiments,  
it would not be expected that the point of t ransi t ion 
between active and passive corrosion would be pre-  
cisely reproducible in every instance. And it is prob-  
ably not noteworthy therefore that  the min imum in 
the corrosion vs. NaOH concentrat ion curve seems to 
fall in our experiments  circa 2 g/l, whereas Berl and 
Van Taack, and later Bloom et al., placed it at 0.7 g/1 
NaOH. 

Iron oxide passive films in aqueous media are gen- 
erally considered to consist of a nonstoichiometric 
oxide which is essentially Fe304 at the film's me ta l /  
oxide interface and -~-Fe20~ at its oxide/solut ion in te r -  
face (16). If this is so, then 7-FeeO3 should be present  
in the h igh- tempera ture  corrosion films which we 
have termed "passive" in this discussion. Of the three 
papers cited, one reports the detection of 7-Fe203 in 
such films by electron diffraction (14), the second 
finds 7-Fe~O3 identifiable by infrared adsorption, but  
not by electron diffraction (11), while the third de- 
scribes the film's diffraction pat tern as only spinellike 
and does not t ry to differentiate between the v-Fe203 
and Fe304 structures (12). Warzee et al. (17) have 
also tried to distinguish ~/-Fe203 and Fe304 and failed 
because sufficiently good diffraction pat terns could 
not be obtained. Selected area diffraction pat terns 
from our "passive" films fail to show any rings be- 
yond the Fe304 pat tern  to indicate the presence of 
-F-Fe203. However, Fe304 and ~-Fe203 have very simi- 
lar diffraction pat terns (18) and, if the proportion of 
"~-Fe203 is small, its pa t te rn  might well remain  un -  
detected. We believe therefore that  more sensitive 
tests are required before concluding that 7-Fe203 is 
absent. 

Only a l imited analysis of the corrosion rate data 
can be made, but  the corrosion min imum at 2-4 g/1 
NaOH would seem to have the following significance. 
If the only cathodic reaction is the reduction of hydro-  
gen, then the rate of hydrogen effusion must  be equiv-  
alent to the rate of anodic reaction and therefore 
proportional to the anodic current.  Moreover, con- 
sidering that  passivation occurs here, and that  the 
corrosion values given in Fig. 2 represent  in a sense 
then passivating anodic currents, we can compare 
Fig. 2 with Pourbaix ' s  (8) plot of min imum current  
densities for i ron passivation as a function of solution 
pH. And  we find that  the m i n i m u m  in the critical 
current  density for passivation occurs at almost exactly 
the pH (12.5-13) at which the corrosion min imu m oc- 
curs. This happens most l ikely not from coincidence, 
but  because the point of emergence from the region 
of passive oxide stabil i ty has been reached in both 
instances; in our case, we can actually see the change 
from a passive to an active oxide morphology. 

On the other hand, while Pourbaix 's  passivation 
current  densities decrease l inearly from pH 2 through 
pH 12.5-13 (although it appears that he made no cur-  
rent  measurements  in the 8-12 pH region),  the corro- 
sion values in Fig. 2 increase over pH 9 to 12 before 
dropping to their m i n i m u m  circa pH 12.5. This is con- 
t ra ry  to the corrosion behavior of iron in 25~ water  
where increasing pH beyond 9.5 brings decreasing 
corrosion rates up to pH 12 where the rate begins to 
rise once again (19), the pH-dependency here being 
essentially the same as shown by the passivation cur-  
rent  densities. The ear ly- t ime max imum near  pH 12 
in our 300~ corrosion data is evident ly  not spurious, 
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however, for a similar max imum has been observed 
by Bloom et al. (3), and it is probably associated with 
the active to passive-type oxide t ransformat ion which 
occurs during the init ial  hours of capsule heating. 
Little can be said at present of the actual  mechanism 
of transformation,  but apparent ly  competing effects 
are involved, for, as the pH is raised, the active state 
oxide which develops first grows thicker and persists 
longer unt i l  finally as the corrosion mi n i mum concen- 
t rat ion is exceeded, it becomes the stable surface 
oxide species and degenerat ion to the passive oxide 
morphology no longer takes place. The passivation ex- 
periments  of Cartledge (20) with iron in molybdate 
solutions are interest ing in this conjunct ion because 
they show that  a prepassivation (active state) corro- 
sion film is displaced by a second surface film as 
passivation occurs, and, moreover, that near  this point 
of t ransi t ion the surface film becomes highly oriented 
and gives single crystal diffraction pat terns very simi- 
lar to those found in our previous experiments  (4). 

Ultimately, however, our  corrosion rates come to 
show a monotonic increase with alkali concentrat ion 
from 0.006 to 10.24 g/1 NaOH. This agrees with earlier 
findings by Bloom who also used the capsule system 
(3), but  not those of Warzee et al. (17) who found 
that boilerplate steel corroded at 300~ under  dy-  
namic flow conditions, at decidedly lower rates in pH 
10 LiOH solutions than in pH 7 water. These authors 
also demonstrated that  the outer  layer of magneti te  
crystals in iron corrosion films grows by precipitat ion 
from solution by exposing strips of AISI  304 and 410 
steels s imultaneously in water  in an autoclave at 
250~ and showing that  the 304 specimen which would 
ordinar i ly  have only a very thin oxide coating at these 
temperatures  now became covered with magneti te  
crystals similar to those on the 410 steel. And their  
conclusion was that  raising the pH to 10 gave a more 
protective film because it induced the deposition of a 
thicker, more adherent  outer crystal layer by de- 
creasing the solubili ty of ferrous hydroxide. It may 
be therefore that, while  the early corrosion rates in 
the capsules depend on the structure, i.e., active or 
passive, of the innermost  oxide film, the long- term 
rates are finally determined by how the precipitated 
secondary crystals germinate  and grow, our having 
observed that the lower concentrat ion solutions give 
more complete surface coverage than the high concen- 
trat ions which yield larger crystals, but  leave more 
areas of "base" film exposed. 

In the t ime-plot  of activation energies in Fig. 4, the 
solutions which give passive state corrosion show early 
activation energies up to 16 keal before dropping to 
apparent ly  stable 5-8 kcal values. These initial  high 
energies most l ikely reflect the active state corrosion 
which the specimens experience before they become 
passive. Conversely, the solutions giving t rue active 
state corrosion exhibit  negative activation energies 
dur ing the first hours of heating. These "negative" 
energies really only indicate a ma x i mum in the tem-  
perature-corrosion rate relationship, however, and 
may be related to similar maxima found with 304 and 
410 stainless steels when these steels were also presum-  
ably corroding in the active state. Maekawa et al. 
(11) believe that  the temperature-corrosion ma x imum 

occurs with 304 stainless because the corrosion film is 
t ransformed from magneti te  to chromite with increas- 
ing temperature.  On the other hand, according to 
Warzee and co-workers (17), 410 stainless steel dis- 
solves giving ferrous hydroxide which subsequent ly  
decomposes to produce a magnet i te  surface film. The 
two reactions have different tempera ture  dependencies, 
however, with the lat ter  reaction being accelerated 
more rapidly at the higher temperatures,  and there is 
therefore a temperature  (about 250~ at which maxi -  
m u m  solubili ty and corrosion occurs. Unfortunately,  
al though our x - r ay  diffraction measurements  seem to 
indicate that there is no change in s t ructure  of the 
Fe304 outer layer here, it has not been possible yet to 
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show the  cause of the Ea t ime dependence  shown for 
act ive s ta te  corrosion in Fig. 4. 

The  change in act ivat ion energy from 16 to 8 k c a l /  
mol m a y  be character is t ic  of the  ac t ive-pass ive  t r ans i -  
t ion for i ron and perhaps  cer ta in  other  metals  as wel l  
in neu t ra l  to a lka l ine  pH regions. Leach and Nehru  
(21) have  found, for instance, a sharp 7-16 kca l /mo l  
rise in Ea dur ing  the cathodic polar izat ion of u ran ium 
in pH 9.7 buffer solutions under  c i rcumstances  where  a 
pass ive-ac t ive  t rans i t ion  might  be possible, u r an ium 
being known to be pass iva tab le  (22) and to show a 
different  oxide morphology  in the  passive and active 
states (23). I t  may  u l t ima te ly  be feasible to use this 
character is t ic  Ea change as a subst i tute  cr i ter ion for 
pass ivat ion  in cases where  e lect rochemical  measu re -  
ments  cannot  be made.  

Summary 
Our exper iments  reconfirm the existence of a min i -  

mum in the  corrosion r a t e / a l k a l i  concentra t ion r e l a -  
t ionship for the  h i g h - t e m p e r a t u r e  corrosion of i ron 
(mild  steel)  in NaOH media.  

The morphology  of  the  oxide film produced in the  
corrosion react ion is a function of the  NaOH concen- 
t ra t ion  of the  genera t ing  solution; concentrat ions  be -  
low the  corrosion min imum point  (about  2 g / l )  give 
a noncrystaUographic  oxide, those above, a c rys ta l lo-  
graphic  oxide. 

That  these  morphologica l  differences reflect two 
dist inct  g rowth  mechanisms is shown by the fact tha t  
different  act ivat ion energies are  ob ta ined  wi th  each, 
5-8 kca l /mo l  for the  noncrys ta l lographic  oxide and 
16 k c a l / m o l  for the  crysta l lographic .  

Drawing f rom these observat ions and the l i tera ture ,  
we  have concluded that  the  under ly ing  phenomenon is 
a t rans i t ion  be tween  passive and active corrosion 
states as descr ibed by  Hoar  (19), a lbei t  at  300~ 
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Electrochemical Reduction of 6-Substituted Purines 
Correlation with Structural and Energetic Characteristics 

Borivoj Janik and Philip J. Elving 
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ABSTRACT 

The e lect rochemical  reduct ion of 6-subst i tu ted pur ines  has been examined  
over  the avai lable  pH range  by  d i rec t -  and a l t e rna t ing -cu r r en t  polarography,  
and  the effects of subst i tut ion eva lua ted  in respect  to significant e lec t rochemi-  
cal characteris t ics .  Where  the  1,6 and 3,2 N = C  bonds are  avai lab le  in the 
py r imid ine  moiety,  a four -e lec t ron  polarographic  wave  due to hydrogena t ion  
of these bonds is observed;  pur ine  i tself  and 6 -me thy lpur ine  give two two-  
electron waves. The energy-cont ro l l ing  step involves reduct ion  of the  pro to-  
na ted  1,6 N ~ C  bond. The cur ren t  is essent ia l ly  diffusion control led  at low 
pH where  the  wave  is re la t ive ly  constant  in height  and k ine t iea l ly  control led  
at  h igher  pH where  it begins to disappear .  Corre la t ion of the  ease of r educ-  
tion, as measured  by  EI/2, with  to ta l  polar  subs t i tuent  constant  (~p) and polar  
subs t i tuent  constant  (a*) indicates  e i ther  an absence of mesomerie  and steric 
effects due to the  subst i tuents  or the i r  t r ansmi t t a l  by  an induct ive  mechanism 
and, fur ther ,  tha t  none of the  subst i tuents  exer ts  any  specific effect different  
f rom those exer ted  by  the other  subst i tuents .  Subs t i tu t ion  in the  6-posi t ion 
influences most ly  the  N ( 1 ) - C ( 6 )  bond order  and the electronic charge dis-  
t r ibut ions  on N(1)  and N(3) ,  which, in turn,  l a rge ly  de te rmine  the  reduc i -  
bi l i ty;  E,/2 correlates  l inear ly  wi th  the  quan tum mechanica l ly  ca lcula ted  mag-  
n i tudes  of these quanti t ies ,  but  not wi th  o ther  bond orders  and  charges.  E1/~ 
also corre la tes  l inea r ly  wi th  e lec t ron-accep tor  proper t ies  as r ep resen ted  by  
the calcula ted energy of the  lowest  empty  molecular  orb i ta l  (ki coefficients) 
and wi th  pica for pro ton  acquisi t ion ( the protonat ion,  which  occurs pr ior  to 
e lect ron t ransfer ,  seems to have no significant role  in the  po t en t i a l -de t e rmin -  
ing step except  in the region where  the  wave  has nea r ly  d i sappeared) .  Iso- 
guanine  genera l ly  deviates  f rom the var ious  correlat ions.  Adsorp t ion  involv-  
ing an uncharged  site in the molecule  is m a r k e d l y  grea te r  wi th  der iva t ives  
having bu lky  substi tuents .  

The polarographic  behavior  of pu r ine  and some of 
i ts der ivat ives  at  the  dropping  mercu ry  electrode,  
D.M.E., has been inves t iga ted  (1-14). However ,  no 
sys temat ic  s tudy  of the  e lec t rochemical  reduct ion  of 
6 -subs t i tu ted  pur ines  has been made  in spite of the i r  
importance;  the  na tu ra l ly  occurr ing pur ines  are, wi th  
few exceptions,  subst i tu ted in tha t  position, including 
majo r  and minor  pur ine  const i tuents  of nucleic acids. 

Among the reasons for inves t igat ing the e lec t ro-  
chemical  behavior  of biological ly  impor tan t  com- 
pounds are  the  deve lopment  of possible correla t ions  
based on the  impl ic i t  or expl ic i t  postula t ion that  the  
mechanis t ic  paths  involved and the character is t ic  po-  
tent ia ls  associated wi th  them, e.g. ha l f -wave  potent ia ls  
(El/2), a re  a function of e lect ron densi ty  and other  
factors, which  are  also re la t ive ly  s imply  re la ted  to 
some biological,  clinical, physical ,  or chemical  p rop-  
e r ty  and act iv i ty  (15, 16). The resul t ing  f requen t ly  
l inear  re la t ionship  be tween  Elz2 for a series of more  or  
less closely re la ted  compounds and a su i tab ly  selected 
ma themat i ca l  function of the  values  of the  given 
p rope r ty  for tha t  series of compounds permi ts  (a) 
predic t ion  of the  magni tude  of the p rope r ty  of a com- 
pound f rom its r ead i ly  measured  El~2 and (b) the 
rap id  compara t ive  eva lua t ion  of a p rope r ty  based on 
comparison of El/2 values.  ~ 'ur thermore,  corre la t ion 
of El~2 with  s t ructural ,  react iv i ty ,  and other  cha r -  
acterist ics may  provide  a be t te r  unders tand ing  of the  
effect of s t ruc ture  on the redox behavior  of pur ines  
and re la ted  heterocycl ic  compounds (17). 

The presen t  s tudy  covers  pu r ine  and nine 6-substi-  
tu t ed  pur ines  (cf. Fig. I for  s t ruc ture  and number ing ) ,  
l a rge ly  involving amino functions, s ince only those 
6-subs t i tu ted  pur ines  were  inves t iga ted  whose sub-  
s t i tuent  is un l ike ly  to remove  by  tau tomer ic  shift  the  
1,6 N = C  bond, which is the  more  r ead i ly  reduced  of 
the  two possible e lect rochemical  reduct ion  sites (1,6 
N•C  and 3,2 N ~ C )  in pur ines  (18). The object ives  of 
the  s tudy were  to ga ther  sufficient informat ion  to de -  
fine the  essential  fea tures  of the  e lect rochemical  be-  

havior  of the series and the effect of s t ruc ture  on such 
behavior,  and to examine  the  va l id i ty  of using poten-  
t ia l  da ta  obta ined under  comparable  condit ions for 
correla t ion purposes  in v iew of the somewhat  complex  
set of factors involved in the  e lec t rochemis t ry  of 
pur ines  at mercu ry  electrodes.  

Experimental 
Chemicals.--Purines f rom the sources indica ted  were  

used: adenine,  6 -me thy lpu r ine  and 6 -me thy lamino -  
pur ine  (A g rade ) ,  and 6 -n -hexy laminopur ine  and 
6 -me thoxypur ine  (C grade)  f rom Calbiochem; 6-ben-  
zy laminopur ine ,  6 -phenylaminopur ine ,  6 -d ime thy l -  
aminopurine,  and isoguanine sulfate  monohydra te  ( the 
la t te r  two in M.A. grade)  from Mann Research Lab-  
oratories;  the  repor ted  ana ly t ica l  da ta  indica ted  suffi- 
cient pur i ty  for po larographic  study.  Stock solutions 
(0.5-5 mM in dis t i l led  wa te r )  were  s tored in a re f r ig -  
erator;  where  u l t rav io le t  absorpt iv i t ies  were  available,  
the concentra t ion was checked spect rophotometr ica l ly .  

The fol lowing buffer systems, p repa red  f rom ana-  
ly t ica l  grade  chemicals  (J. T. Baker ) ,  were  used at an 
ionic s t rength  of 0.5 (pH regions in pa ren theses ) :  
KC1 -~ HC1 (1-2);  Na2HPO4 W citr ic acid ~- KC1, i.e. 
constant  ionic s t rength  McI lva ine  buffers (19), (2.5- 
7.8); NaOAc W HOAc (3.9-5.9); NH4C1 -~ NH3 (8.5- 
9.1); K2CO3 d- KOH (9.2-10). 

Ni t rogen used for deoxygena t ing  was purif ied and 
equi l ibra ted  by  bubbl ing  i t  successively th rough  
vanadous chlor ide solution in di lute  HC1 containing 
heavi ly  ama lgama ted  mossy zinc (20), NaOH solution, 
and water .  

Apparatus.--Polarograms were  recorded on a Sa r -  
gent Model XV Polarograph,  using cap i l l a ry  A and a 
w a t e r - j a c k e t e d  H-cel l ,  ma in ta ined  at 25.4 ~ ___ 0.1~ 
and containing in one leg a sa tu ra ted  calomel  reference  
e lect rode (S.C.E.), which w.as separa ted  f rom the test  
solution by  a glass f r i t  and agar  plug. The height  of 
m e r c u r y  reservoir ,  h, was 64 cm, unless otherwise  

1087 



1088 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A u g u s t  1969 

H H 

+ 2  H * + 2 E  

N I 

"r H / "1" 2H+ 
+2  l 

+ 2 H  "1" + 2  L + 2 H  "1" -I-2 s t- H z SO 4 

H NH 2 

H H 
Fig. 1. Interpretation of the electrochemical and chemical behavior observed on polarographic reduction of purine (I) and adenine 

(11). Protonation, dissociation, and other acid-base and keto-enol equilibria, which may be involved, are not shown. Numbering is that of 
Chemical Abstracts. 

stated. Capillaries (marine barometer  tubing)  had m 
values in  distilled water  (open circuit, 25~ at 64 cm 
Hg of (A) 2.69 and (B) 2.22 mg/sec. Drop-times, mea-  
sured at potentials of interest, were general ly between 
3 and 4 sec. 

Cur ren t - t ime  curves on a single drop, obtained with 
capil lary B (h = 64 cm), were observed with a Tek- 
tronix Type 502 oscilloscope, whose traces were photo- 
graphed on a Tektronix  C-12 camera using 3000 speed 
Type 47 Polaroid film. 

An operational amplif ier-based polarograph (21) 
was used for a l ternat ing current  polarography in con- 
junct ion with capil lary B and an a l ternat ing voltage 
of 50 Hz and 4 mv rms amplitude. 

pH was measured with a Beckman Model G pH 
meter. 

Procedures.--Conventional procedures were used to 
obtain the exper imental  data; potentials are vs. S.C.E. 
The d-c polarographic measurements  were made on 
0.125 mM depolarizer solution except for isoguanine 
(0.25 raM) or as otherwise noted. Test solution pH was 
measured after di lut ing stock solutions to the desired 
depolarizer and buffer concentrations, and after po- 
larographic measurement .  

Polarographic data for pur ine  were taken from Ref. 
(8) and (22). 

A-C polarographic measurements  were made on 0.25 
mM pur ine  solutions in  pH 2.5 McIlvaine buffer. Cur-  
rent  magnitudes given in Fig. 7 correspond to those 
measured at the end of the drop-life or before an 
abrupt  current  increase just  previous to the fall of the 
drop. Curren t  a t tenuat ion was i0%. 

Observed Behavior 

D-C poIarography.--All 6-subst i tuted purines ex- 
amined show polarographic behavior comparable to 
those of the parenta l  compounds, pur ine  and adenine. 
Pur ines  having subst i tuted amino or methoxy groups 
at the 6-position exhibit  a fair ly well  defined reduct ion 
wave similar to adenine (Table I ) ;  the diffusion cur-  
rent  constants recorded under  similar conditions are 
equal within ___8% and correspond to those of a four-  
electron (4e) faradaic process. 6-Methylpurine,  simi- 
lar to purine,  shows two near ly  equal waves, the sum 
of whose diffusion current  constants equals that  of 
the other 6-subst i tuted purines. The diffusion cur-  
rent  constant  of isoguanine, whose behavior general ly 

differs from that of the other 6-substi tuted purines, is 
about one-hal f  of that  of the latter. 

Effect of pH and buffer components.--E1/2 becomes 
more negative with increasing pH (Table I) ,  while the 
wave height (sum if two waves appear) is relat ively 
constant  to about pH 5-6, when  it sharply decreases, to 
vanish by pH 7-8 (Fig. 2-4), except for isoguanine, 
whose wave height remains  practically constant  up to 

Table I. Diffusion current constants and variation with pH of El~2 
for polarographic reduction of 6-substituted purines 

P o t e n t i a l  v a r i a t i o n  a 
S u b s t i t u e n t  

(pIr p H  El~e, V I ~ 

6 - H y d r o g e n  I 
( p u r i n e ;  2.30) I I  

6 - M e t h y l  I 
(2.50) 

I I  

I I I  

6 - M e t h o x y  
(2.17} 

6 - A m i n o  
( a d e n i n e ;  4.12) 

6 - M e t h y l a m i n o  
(4.15) 

6 - n - H e x y l a m i n o  

6 - B e n z y l a m i n o  

6 - P h e n y l a m i n o  

6 - D i m e t h y l a m i n o  
(3.82) 

2 - H y d r o x y - 6 - a m i n o  
( i s o g u a n i n e ;  4.47) 

2-6 -- 0,697-0.083 p H  1O.l': 
2-6 - 0.902-0.060 P H  

1.0-3.9 - 0.820-0.079 p H  8.5 ~ 
3.9-6.0 -- 0.745-0.091 p H  
2.5-6.0 -- 0.915-0.082 p H  
3.9-5.9 - -0.765-0.162 p H  b 
6.0-7.4 -- 0.785-0,095 p H  
7,4-7.8 + 0.080-0.209 p H  
2.5-4.2 -- 0 .825-0.105 p H  8.5 
4.2-5.5 -- 0 .535-0.174 p i l e  
1.0-6.5 -- 0 .975-0 .084  p H  9.8 

1.0-6.5 -- 0 .995-0.081 p H  9.8 

1.0-2.5 -- 0.995-0.076 p H  8.3 
2.5-3 .7  -- 1.105-0.047 pH~ 
3.7-6,5 -- 0.995-0.076 p H  
2,0-4.8 -- 0.995-0.067 p H  9,8 
4,8-6.4 -- 0.805-0.106 p H  
2.5-4.7 -- 0.915-0.072 p H e  8,3 
4.7-7.9 --0.640-6.131 p H  
2.0-4.5 -- 1.025-0.068 p H f  8.9 
4.5-6 ,4  -- 0.930-0 .089  p H  
1.0-4.6 -- 0 .990-0 .072 p H  4.6 
4.6-7.2 -- 0 .820-0.109 p H  
7.2-9.6 -- 1.210-0.055 pI-I 
8.5-9.1 -- 0 .705-0.104 p r ig  

a R o m a n  n u m b e r s  i n d i c a t e  s u c c e s s i v e  p o l a r o g r a p h i c  w a v e s :  po-  
t e n t i a l s  a r e  vs .  S.C.E.  D a t a  f o r  p u r i n e  t a k e n  f r o m  Ref .  (6) a n d  
(9) .  

b A c e t a t e  bu f fe r .  
c V e r y  i l l - d e f i n e d  w a v e ,  w h i c h  m e r g e s  w i t h  b a c k g r o u n d  a b o v e  

p H  4.5. 
S i n c e  t h e  n o r m a l  a n d  a b n o r m a l  w a v e s  a l m o s t  m e r g e ,  o n l y  E~/, 

c o r r e s p o n d i n g  to t h e i r  t o t a l  h e i g h t  c a n  be  e s t i m a t e d .  
e M a x i m u m  on t h e  r i s i n g  p o r t i o n  of  t h e  w a v e .  gl/~ is no t  c h a n g e d  

a f t e r  t h e  m a x i m u m  is s u p p r e s s e d  by  T r i t o n  X - 1 6 6  a d d i t i o n .  
f M a x i m u m  on t h e  c r e s t  of  t h e  w a v e  in  p H  r a n g e  i n d i c a t e d .  Ell.-, 

is n o t  c h a n g e d  a f t e r  t h e  m a x i m u m  is s u p p r e s s e d  by  T r i t o n  X - 1 0 0  
addi t ion.  

g A m m o n i a  bu f f e r .  
D i f f u s i o n  c u r r e n t  c o n s t a n t ,  I = i l /Cm2/SP/~, w a s  c a l c u l a t e d  f r o m  

a v e r a g e  c u r r e n t  d a t a  in  t h a t  p H  r e g i o n ,  u s u a l l y  b e t w e e n  p H  2.5 
a n d  4.5 in  M c n v a i n e  bu f fe r ,  w h e r e  i l  v a r i e d  l e a s t  w i t h  pH.  

t C a l c u l a t e d  f r o m  t h e  t o t a l  c u r r e n t  of  t h e  t w o  r e d u c t i o n  w a v e s .  
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Fig. 2. Variation with pH of Ell2 and limiting current of polaro- 
grnphic waves of 6-methylpurine (0.]25 raM). (I) First reduction 
wave: circles, Mcllvaine buffer; solid circles, chloride end acetate 
buffers. (11) Second reduction wove: crosses, Mcllvaine buffer; 
pluses, acetote buffer. (111) Sum of I and II or third wave, which 
appears as a result of I end II merging: squores, Mcllvaine buffer; 
solid squares, acetote buffer; solid triongles, II with o maximum 
on II; reversed triangles, III offer suppression of maximum on II 
by Triton X- ]00  addition. Currents end potentials ore plotted with 
o ronge of 4- 5 %  lind -+- 5 mY, respectively, i.e. estimoted average 
experimental errors. 

pH 9, at which pH it suddenly drops (a small  de- 
pression occurs in the i-pH plot at ca. pH 3.5) (Fig. 5). 
Plots of E,/2 vs. pH for the normal  reduction wave 
(two waves in  case of 6-methylpur ine)  general ly con- 
sist of two or three l inear  segments; 6 -methylamino-  
pur ine  gives a single line. The heights of the two 
6-methylpur ine  waves are pH-dependent ;  wave I in-  
creases and wave II decreases with increasing pH; the 
waves merge at pH 6 to form wave III  and their  total 
height, which has been essentially constant, now de- 
creases with increasing pH. 

Buffer composition either has no influence on wave 
height, e.g. 6-methoxypur ine  and 6-methylpur ine  wave 
I, or shifts the descending part  of the i-pH plot to 
lower pH in acetate than  in Mcllvaine buffer, e.g. 
6-methylamino- ,  6 -n-hexylamino- ,  6-phenylamino- ,  
and 6-dimethylaminopurines .  

E1/2 values recorded in  chloride and acetate buffers 
general ly fall on the E1/~-pH plot for McIlvaine buffer. 
In  the alkal ine region, E1/~ values for isoguanine in  
McIlvaine and carbonate buffers fit the same line, 
while  those in ammonia  buffer are more positive. 

Effects of concentration and drop-time.--The wave 
heights of 6-benzylamino-,  6-phenylamino- ,  and 6-n-  
hexylaminopur ines  are directly proport ional  to con- 
centrat ion (0.01-0.15 mM) in  pH 4.9 acetate buffer, 
in which their  El~2 values are independent  of con- 
centrat ion while the diffusion cur ren t  constants de- 
crease by 10-20%; the ratio of il/h 1/~, where h is the 
mercury  column height, increases slightly with in-  
creasing h. The il/h*/2 ratio for 0.25 mM 6-methyl-  

aminopur ine  at pH 2.5 is roughly independent  of h, 
and for isoguanine is independent  of h at pH 2.5-3.7 
and decreases slightly with increasing h at pH 1.1. 

More extensive mercury  height dependency studies 
were not made in view of the uncertaint ies  in the case 
of waves close to background discharge, par t icular ly  
in the presence of another  more negative wave. 
Maximum and its suppression.--All compounds ex-  
amined, except 6-methylpur ine ,  produce between pH 
1 and 2 a ma x i mum on the rising part  of the wave, 
which more or tess affects the wave plateau; the maxi-  
m u m  decreases and finally disappears with increasing 
pH. 6-Dimethylamino-  and 6-phenylaminopur ines  also 
produce maxima in McIlvaine but  not in  acetate buffer, 
below p i t  4.3 and 4.7, respectively. 

Tri ton X-100, even in concentrat ion below 0.001%, 
completely suppresses the maxima and is more efficient 
at higher pH. E1/2 of a wave with a just  suppressed 
max imum is up to 10 mV more negative with the ex- 
ception of 6-methoxypurine,  whose El~= shifts up to 
20 mV more positive. The 6-phenylaminopur ine  wave 
height, which can be measured even in presence of the 
ma x i mum above pH 2, is not altered on addition of 
just  sufficient Tr i ton to suppress the maximum;  higher 
Tri ton concentrations, however, depress the wave 
height. In  the absence of a maximum,  Tr i ton addition 
shifts E1/2 20-30 mV more negative and depresses the 
wave height by 0-20% per 0.001% Triton; these effects 
are less at higher pH. 

Additional wave.--In addit ion to the normal  reduction 
wave described, 6-methylamino- ,  6-hexylamino- ,  and 
6-benzylaminopur ines  exhibit, similar to adenine (22), 
a more negative wave in a l imited pH region (the 
former two compounds below pH 3.7; the lat ter  in pH 
2.0 chloride buffer only) ,  which is usual ly  hard to de-  
fine due to its merging either with background dis- 
charge, e.g. at pH 1.0, or with the normal  wave at 
higher pH. Isoguanine forms a second more negative 
wave below pH 5, which is readi ly defined and de- 
creases sharply with increasing pH. 

The height of the normal  reduction wave of 
6-methylaminopurine ,  6-n-hexylaminopur ine ,  and iso- 
guanine  is depressed in the pH region where the sec- 
ond wave exists. 

0.0006% Tri ton X-100 completely removes the second 
6-benzylaminopur ine  wave without  al ter ing the nor-  
mal  wave, but  decreases both 6 -n-hexy laminopur ine  
waves by 25 and 60% at pH 1.0, and 0 and 20% at pH 
2.5. Tri ton is more effective at higher pH, e.g. 0.0012% 
completely eliminates the second 6-methylaminopur ine  
wave in pH 3.7 buffer; in pH 2.5 and 3.0 buffer, it de- 
creases the second wave by 20 and 50 %, and the normal  
wave by 35 and 8%, respectively. Ez/2 of the first and 
second waves of 6 -n -hexy lamino-  and 6-methylamino-  
purines are shifted ca. 10 mV and .0-5 mV more nega-  
tive, respectively, per 0.0006% Triton, consequently, 
the waves first merge with each other and then with 
background discharge as the Tri ton concentrat ion in-  
creases. 

This additional wave is apparent ly  due to streaming 
of the solution past the D.M.E. and reduction of a de- 
polarizer, which is produced by the normal  wave re-  
duction product in a chemical step (23). This wave is, 
consequently, not specifically discussed except insofar 
as it affects the prior normal  pur ine  reduction wave. 
The second isoguanine wave, as indicated by its large 
cur rent -concent ra t ion  ratio and marked increase with 
decreasing pH (Fig. 5), is probably  due to a catalytic 
hydrogen discharge. 

Calculation of ~n~ and p . - -u  of ~na (product of 
t ransfer  coefficient and n u m b e r  of electrons involved 
per molecule of reactant  in the ra te -de te rmin ing  step 
of the electrode process) and of p (number  of hydro-  
gen ions involved per molecule of reactant  in the ra te-  
de termining step) were calculated on the basis of 
Eq. [1] and [2] [cf. Chapter 4 of Ref. (20) for justifi- 
cation] and are summarized in Table II: 
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E1/4 - -  E~/4 = 0.0517/ana [1] 

d (Eu2) /d  (pH) = --0.05915 P/ana [2] 

Values of ana, calculated for adenine and 6-methyl-  
aminopurine from the following equation, proposed by 
Oldham and Pa r ry  (24), 

2 x ( 3 - - x )  ] 0.0592 log E l / 2  - -  E [ 3 ]  _ _  = 

~r 5 ( l - - x )  

where  x is the ratio of the current  at potential E to 
the limiting current, are identical within experimental  
error with those obtained from Eq. [1]. 
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Values of aria and p cannot be meaningful ly  calcu- 
lated for 6-benzylaminopur ine  below pH 2.5 and for 
6-phenylaminopur ine ;  in the former case Oma sharply 
decreases with increasing pH up to ca. pH 2.5, prob-  
ably due to the concomitant  presence of an addit ional  
wave current  in the normal  reduct ion wave; in the 
lat ter  case, maxima are present  (up to pH 4.5), which 
cannot be suppressed by Tri ton X-100 addition without  
a change in wave slope. The high ~n~ values for 
6-methylpur ine  wave I may be due to the proximity 

of wave II (El/2 values are only 85 mV apart) .  Simi-  
larly, the normal  and abnormal  waves of 6 -n -hexy l -  
aminopur ine  almost merge at pH 2.5-3.7. 

The data need to be interpreted with caution in view 
of the normal  variat ion in measur ing wave slopes; the 
s tandard deviations in Table II for ana, which also 
affect p, are of the order of 5-12%, due - -a t  least in 
pa r t - - to  the exper imental  error in est imating potential  
(cf. captions to Fig. 2-5). However,  certain regular i -  
ties are apparent,  e.g. aria decreases with increasing 
pH, which may indicate decreasing reversibi l i ty  and /or  
a decreasing number  of electrons involved in the ra te-  
determining step; however, since na is probably 1 or 2, 
the lat ter  is unlikely.  The apparent  increase for wave 
II of 6 -methylpur ine  is wi th in  exper imenta l  error; 
isoguanine, as usual, differs. 

All  6-subst i tuted purines  examined, with the ex- 
ception of isoguanine, seem to have two protons in -  
volved in the ra te -de te rmin ing  step below ca. pH 4 
with general ly  a lesser number  at higher pH. 

C u r r e n t - t i m e  c u r v e s . - - T h e  variat ion of current  with 
t ime dur ing  the life of a single drop ( i - t  curves) was 
recorded for sequential  drops from a vertical  capillary. 
Due to the depletion of the solution surrounding the 
drop (25), i - t  curves obtained under  such conditions 
produce log i vs. log t plots, which are convex to the 
t ime axis so that  the choice of the slope is ambiguous. 
Such i - t  curves cannot be used to estimate the extent  
of diffusion control; however, the instantaneous cur-  
rent  would be expected to show a depression for an 
adsorption process (25, 26). Curves recorded at the 
l imit ing port ion of the normal  wave for 0.25 mM solu- 
tions of pur ine  derivatives at pH 2.5 do not show any 
such depression. 

Curves of i - t  taken at the top of the ma x imum 
formed on the rising port ion of the 6-phenylamino-  
pur ine  reduct ion wave are very distorted (Fig. 6) and 
cannot be analyzed. Undistorted i - t  curves are ob- 
tained on the l imit ing port ion of the normal  wave at 
potentials more negative than  the foot of the maxi-  
mum. The distorted shape of the i - t  curve at a poten-  
tial on the 6-phenylaminopur ine  ma x i mum is usual  
for maxima of the second kind (25), while the posi- 
t ion of the m a x i m u m  on the rising port ion of the po- 
larographic wave corresponds to a ma x i mum of the 
first kind (20); at present, this anomaly cannot be ex- 
plained. 

Distorted i-t curves, which are also obtained on the 
l imit ing portion of the second adenine and 6-methyl -  
aminopur ine  waves at drop times varying  from 2 to 4.5 

Table II. Effect of pH on the rate-determining step in the 
polarographic reduction of 6-substituted purines 

Substi tuent  p H  ~ n a a  p a  

0-Methyl  I 1 . 9 -6 .0  1 .64  ± 0 . 0 8  2 . 3 3  ± 0 .00  
I I  2 . 0 - 6 . 0  0 . 9 9  ± 0 .12  1 .46 ----- 0 .10  

3 . 9 - 4 . 9  b 1.11 ± 0 .06  2 .01  ± 0 . 0 9  
I I I  6 . 0 - 7 . 6  0 . 8 0  ± 0 .02  1 .20  ± 0 .03  

6 - M e t h o x y  1 . 0 - 3 . 9  1 .18  ± 0 .10  2 .10  ± 0 .30  
3 . 9 - 4 . 5  0 .77  ± 0 .01  1 .35 ± 0 .01  

6 - A m i n o  2 . 0 - 2 . 5  1 . 3 6  ± 0.09 1.91 - -  0 .14  
2 . 5 - 6 . 5  1 .09  "4- 0 .07  1 .54  ± 0 . 0 8  
3 . 9 - 4 . 9  b 0 .86  ----- 0 . 0 8  1 .22  ± O.10 

6 - M e t h y l a m i n o  2 . 0 - 3 . 8  1 .52 --+- 0 .08  2 . 0 7  ± 0 .12  
3 . 8 - 6 . 5  1 .00  ± 0 .09  1 .36 --+ 0 .12  

6 - n - H e x y l a m i n o  1 .0 -2 .5  1 .63  ± 0 .00  2 . 1 0  +-- 0 .08  
3 . 7 - 6 . 5  1 .10  ± 0 . 0 9  1 .42 ± 0 .12  

6 - B e n z y l a m i n o  2 . 5 - 4 . 5  1 .54 ± 0 .12  1 .75  ± 0 .14  
4 . 5 - 0 . 4  1 .07  ± 0 . 1 3  1 .66 ± 0 . 2 6  

6 - D i m e t h y l a m i n o  1 . 0 - 0 . 4  1 .25  ± 0 .10  1 .60  ----- 0 .16  
2 - H y d r o x y - 6 - a m i n o  1 . 0 - 4 . 2  1 .05 --+ 0 . 0 4  1 .35 ± 0 . 0 0  

4 . 2 - 7 . 2  1 .11 ± 0 .10  1 .90  ± 0 .17  
7 . 2 - 9 . 6  1 .22 ± 0 . 1 3  1.13 ± 0 .13  

Fig. 6. Current-time curves for 0.25 mM 6-phenylaminopurine in 
pH 2.5 Mcllvaine buffer. Upper curves taken at --1.25V (on 
limiting current portion of the normal reduction wave) with capil- 
lary B: x axis, 1 sec/(large) division; y axis, 2 ~a/div. Lower 
curves taken at --1.17V (on maximum appearing on the normal 
reduction wave): x axis, I sec/div; y axis, 5 ~a/div. 

a D a t a  c o n s i s t  o f  m e a n  a n d  s t a n d a r d  d e v i a t i o n .  S e e  t e x t  f o r  
m e t h o d  o f  c a l c u l a t i o n  and discussion o f  e x p e r i m e n t a l  e r r o r .  

b A c e t a t e  b u f f e r  o n l y .  
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sec (h = 36-81 cm) ,  indicate  tha t  these waves  are  not  
diffusion controlled.  

Alternat ing-current  polarography.--A-C pola ro-  
grams of al l  der iva t ives  examined  (Fig. 7) show a 
common pat tern .  A reduct ion  peak  (I) is seen in the  
potent ia l  region corresponding to tha t  of the  normal  

polarographic  wave  (Table I I I ) .  In the  case of 6- 
methylaminopur ine ,  a new peak  (II)  appears  a t  more  
negat ive  potent ia l  than  peak  I wi th  a height  about  0.5 
of tha t  of peak  I; 6 -n -hexy laminopur ine  and 6 -me thy l -  
pur ine  exhibi t  a shoulder  on the negat ive  side of peak  
I. The base cur ren t  is depressed below tha t  of the  
suppor t ing  e lec t ro ly te  at potent ia ls  more  posit ive than  
tha t  of peak  I and usual ly  forms two min ima  (IV and 
V) at  about  --0.6 and --1.1V, which are  separa ted  by  
a broad  peak  (III)  at  about  --0.9V. 

Depression of the  base cur ren t  below tha t  of the  
background  at potent ia ls  more  negat ive  than  E~ of 
peak  I was observed only wi th  6 -phenylaminopur ine  
and, more  pronouncedly,  wi th  6 -methylpur ine .  

Peak  II I  over laps  the background  base cur ren t  only 
in the  cases of 6 -me thoxypur ine  and isoguanine. In 
the  potent ia l  region where  peak  I appears  and at  more  
negat ive  potentials ,  abnormal  cur ren t  increases are  
observed,  when the  mercu ry  drop  is about  to fall, 
which could be due to hydrogen  ion discharge ca ta-  
lyzed by  the reduced form of the  pur ine  and /o r  
s t reaming  of the solution past  the D.M.E. surface. 

Reduct ion  M e c h a n i s m  and S t ruc tura l  Factors 
The two p H - d e p e n d e n t  po larographic  waves  of 

pur ine  i tself  are  due (8) to 2e reduct ion of the 1,6 
N = C  double  bond to 1,6-dihydropurine,  fol lowed by a 
fur ther  2e reduction,  p robab ly  to 1,2,3,6-tetrahydro- 
purine,  which hydrolyzes  to a 4-aminoimidazole  (equa-  
tions in Fig. 1). Under  the condit ions of macroscale  
electrolysis,  the  e lectrolyt ic  reduct ion of adenine 
para l le ls  tha t  of pur ine  for  an ove r -a l l  6e reduct ion:  
2e hydrogena t ion  of the 1,6 N = C  bond at  a potent ia l  
more negat ive  than  that  of both pur ine  waves  is im-  
media te ly  fol lowed by  2e reduct ion of the 2,3 C = N  
bond, slow deaminat ion  at  the  6-position, fu r ther  2e 
reduct ion of the regenera ted  1,6 N = C  bond, and 
hydro ly t ic  c leavage at  the hydrogena ted  2,3 posit ion 
to give the  same product  as the  over -a l l  4e pur ine  re-  
duction; however,  at the D.M.E., the extent  of de-  
aminat ion  of the reduced adenine is negligible,  r e -  
sul t ing in a single pH -de pe nde n t  4e wave  (8) (equa-  
tions in Fig. 1). 

The present  resul ts  confirm the preceding;  po la ro-  
graphic  reduct ion of pur ines  genera l ly  involves 4e 
hydrogena t ion  of the 1,6 and 3,2 N = C  bonds in the 
pyr imid ine  moiety,  when such double  bonds are  not 
removed from the r ing due to tau tomer ic  shifts, which 
favor  oxygen in a keto form and amino ni t rogen in 
the  amino form (27, 28). 6 -Methy lpur ine  resembles  the  
pa ren ta l  pur ine  in being reduced  in two separa te  2e 
waves,  while  6 -a lky lamino- ,  6 -d ia lky lamino- ,  6 -phen-  
ylamino- ,  and 6 -methoxypur ines  behave  s imi lar ly  to 
adenine  (6 -aminopur ine) .  

Current control.--Diffusion as the  pr incipal  factor 
control l ing the  reduct ion wave  cur ren t  is suppor ted  by 
the i l /h  1/2 vs. h plots, which are  genera l ly  inde-  
pendent  of h, and by  t e m p e r a t u r e  coefficients, which 
range from 1.5 to 2.5%, e.g. for adenine and 6 -me thy l -  
aminopur ine  in pH 3.0 McIlvaine  buffer. However ,  d i f -  

Table III. Comparison of a-c and d-c polarographic data for 6-substituted purines a 

N o r m a l  w a v e  

S u b s t i t u e n t  $,, #a  --Es,  V E1/s  - -  E , ,  m V  

6 - M e t h y l  I 0.30 1.05 50 
I I  v ~1.17 85 

6 - M e t h o x y  0.09 1.15 60 
6 - A m i n o  0.46 1.26 75 
6 - M e t h y l a m i n o  0.42 1.28 63 
6 - n - H e x y l a m i n o  0.48 1.27 85 
6 - B e n z y l a m i n o  0.65 1.25 90 
6 - P h e n y l a m i n o  1.85 1.15 60 
6 - D i m e t h y l a m i n o  1.13 1.25 58 
2 - H y d r o x y - 6 - a m i n o  0.10 1.25 76 

M e a s u r e d  on  0.25 m M  depo l a r i z e r  s o l u t i o n  i n  p H  2.5 
Shou lde r ,  

M c n v a i n e  buffer .  

A b n o r m a l  w a v e  M i n i m u m  4 

- - E ~ ,  V E1/2 - -  E s ,  m V  

1.37 72 
~1 .35  ~ ~ 9 8  

~1.30~ 30 

0.67 0.12 

0.65 0.1O 
0.62 0.11 
0.64 0.11 
0.61 0.37 
0.63 0.3! 
0.61 0.30 
I . I0  0.18 
6.60 0.!6 

- - E m i n ,  V i m i n ,  / L a  

A m i n i m u m ,  w h o s e  c u r r e n t  is about O.1 #a h i g h e r  t h a n  t h e  ba ' ckg round  base  cu r ren t .  
M i n i m u m  i n  the  a-e  c u r v e  i n d i c a t e d  as IV i n  F ig .  7; c u r r e n t  g i v e n  is t h a t  b e l o w  b a c k g r o u n d  e l ec t ro ly t e  cu r ren t .  
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fusion is not  the  only factor  involved;  a minor  amount  
of kinet ic  control  is present ,  e.g. the  normal  r educ-  
t ion wave  is a lmost  fu l ly  k ine t ica l ly  control led in the 
pH region where  the  l imi t ing cur ren t  decreases and 
reaches about  one ten th  of the  or iginal  value.  

E~ect of substituent nature.--E1/2 of the  6-subst i -  
tu ted  pur ines  becomes more  negat ive  in the  fol lowing 
order  (subst i tuent  in 6-posi t ion indicated;  since E1/2 
is pH-dependen t ,  da ta  at  pH 2.5 and 4.0 were  chosen 
for reasons subsequent ly  discussed) :  H, CH3, CH~O, 
CeH5NH, CeHsCH~NH, ( isoguanine) ,  n-CsH13NH, 
(CI-I3)2N, NH2, and CH3NH at pH 2.5, and H, CH3, 
C6HsNH, CH30, CoHsCH2NH, ( isoguanine) ,  (CH3)2N, 
n-C6H13NH, CH3NH, and NH2 at pH 4.0. 

Subs t i tu t ion  in the  6-posi t ion wi th  e l ec t ron - repe l -  
l ing groups decreases the  ease of reduc ib i l i ty  of the 
pa ren t  pur ine  wi th  the  magni tude  of the  effect increas-  
ing wi th  increasing e lect ron repe l l ency  (basici ty)  of 
the subst i tuent ;  the  effect of the  amino group can be 
counterba lanced  by  e l ec t ron -wi thd rawing  subst i tuents  
on tha t  group. This is genera l ly  consistent  wi th  the  
order  of e l ec t ron- repe l l en t  groups, e.g. methy l  < 
me thoxy  < a ry lamino  < amino > a lky lamino  (29), 
which increases the  e lec t ron densi ty  at ne ighbor  atoms 
due to the  induct ive  effect (29), and  wi th  the  order  
of increasing basici ty  of amines, e.g. C6HsNH2 (pKa 
for dissociation of the  pro tona ted  amine = 4.6), NH3 
(9.24), CsHsCH2NH2 (10.33), C6H13NH2 ( 10.56 ), 
CH~NH2 (10.66), and (CI4-~)2NH (10.73) (30). 

The presence of an amino or subs t i tu ted  amino group 
in the 6-posi t ion seems to be a necessary but  not 
sufficient factor  for  the  appearance  of the  abnormal  
polarographic  wave  mentioned,  which m a y  involve  the  
adsorbed reduced  form of the pur ine,  e.g. Ref. (8) 
and (9);  o ther  factors involved are  now under  s tudy 
(23). 

Nature of reducible species.--The need for p ro tona-  
t ion pr ior  to reduction,  i.e. the presence of the  con- 
juga te  acid of the pur ine  as the  po la rograph ica l ly  
reducib le  species, and  the p robab i l i t y  of the  pro ton  
being in t ima te ly  connected wi th  N(1)  of the  p y r i m -  
idine moiety,  are  suppor ted  by  the fol lowing:  

(A) The reducibi l i ty ,  r epresen ted  by  E1/2, is in-  
verse ly  propor t iona l  to pKa for the  addi t ion of a p ro -  
ton to the  pu r ine  (cL be low) .  

(B) Plots  of l imi t ing cur ren t  vs. pH (Fig. 2-4) ex-  
hibi t  a s igmoidal  decrease  in cur ren t  center ing at a 
pH genera l ly  2-3 uni ts  g rea te r  t han  the pKa value of 
the  pur ine.  The cu r ren t  also shows kinet ic  control  in 
this pH region. Such behavior  is character is t ic  of 
the  polarographic  reduct ion  of the  acid form of a 
conjugate  ac id-base  equi l ib r ium as a resul t  of the  
recombinat ion  of the  nonpro tona ted  form wi th  p ro -  
tons. A depression,  observed  be low pH 4 on the i-pH 
plot  for 6 -me thy lamino-  and 6 -n-hexy laminopur ines ,  
is due to the  presence of the  second (abnormal )  wave,  
whose r is ing por t ion  masks  the  l imit ing port ion of 
the  normal  wave, so tha t  its measured  height  is lower  
than  the actual  one. 

(C) In a series of r e la ted  compounds,  reduct ion  m a y  
be expected to be more  difficult as the  e lect ron dens i ty  
at the  reduct ion  site increases.  The fact tha t  El~2 does 
become more  negat ive  as the  net  negat ive  charge  on 
N(1)  and the PKa va lue  increase (cf. below) supports  
the  association of the  energy-con t ro l l ing  step of pur ine  
reduct ion  wi th  the  1,6 N = C  bond (8) and wi th  the  
site of pro tonat ion  which is N(1 ) ;  the  la t te r  is the  
most basic n i t rogen in adenine (15, 16, 27) a n d ' p r e  - 
sumably  in o ther  closely re la ted  6-subs t i tu ted  purines.  
Correla t ions  of reduc ib i l i ty  wi th  negat ive  charge on 
N(1)  and PKa are al~o val id  for the  pro tona ted  spe-  
cies, since the  ne t  posi t ive charge  on N (1) is inverse ly  
propor t iona l  to the  net  negat ive  charge of the  nonpro-  
tona ted  form. 

Adsorption of reactant and product.--All 6-subs t i -  
t u t ed  pur ines  examined  exhib i t  an a -c  reduct ion  wave  

at pH 2.5, whose summit  potent ia l ,  Es, is 50-90 mV 
more  negat ive  than  the  corresponding E1/2 (Table III ;  
Fig. 7), which indicates  tha t  the  oxidized and reduced 
forms of the  depolar izer  are  not equa l ly  s t rongly  ad-  
sorbed in the  El~2 potent ia l  region (31). The s imi la r i ty  
in d-c  polarographic  behavior  of pur ine  and 6 -me thy l -  
pur ine,  e.g. both give 2e waves,  is also observed  under  
a -c  conditions; pur ine  gives two a-c  peaks  (21, 32) 
wi th  the  smal ler  more  negat ive  peak  corresponding 
in potent ia l  to a shoulder  on the  negat ive  side of the  
main  6 -me thy lpur ine  peak.  

In general ,  the base cur ren t  is deeply  depressed at  
potent ia ls  posi t ive to the a-c  peak,  indica t ing  s t rong 
adsorpt ion  of the  oxidized form, whereas  at  more  
negat ive  potent ial ,  i.e. on the l imit ing cur ren t  por t ion  
of the  d-c  wave,  the  depress ion of the  a-c cur ren t  is 
ve ry  smal l  or zero; however ,  the  lack  of such depres -  
sion need not mean  tha t  the  reduced  form is not ap-  
p rec iab ly  adsorbed.  Since the ma in  a-c  peak  is located 
at modera te ly  negat ive  potential ,  the  background  dis-  
charge could begin  before  the  ma in  peak  cur ren t  drops 
below the background  base current .  The shift  of back-  
ground discharge to more  posi t ive potent ia l  in the  
presence of some 6-subs t i tu ted  pur ines  (Fig. 7) and 
the second (abnormal )  wave  process of 6-amino- ,  
6 -methylamino- ,  and 6 -n -hexy laminopur ines  and iso- 
guanine  may  cont r ibu te  to the  masking  of the  de -  
pression on the negat ive  side of the  main  peak.  Only 
6-methylpur ine ,  whose Es is 0.1-0.2V more  posit ive 
than  those of the  other  purines,  shows such depres -  
sion on both sides of the  main  peak, which  indicates  
that  the  oxidized and reduced forms are  adsorbed  to a 
comparab le  extent .  

The base cur ren t  for 6-subs t i tu ted  pur ine  solutions 
in the potent ia l  range  more  posi t ive than  the  a-c  r e -  
duction peak  forms two min ima  (Fig. 7), the  more  
posi t ive of which is near  the potent ia l  of zero charge 
of the  D.M.E., indica t ing  tha t  an uncharged species is 
p redominan t ly  adsorbed.  Since pKa for the  6-sub-  
s t i tu ted pur ines  fal l  in the  range  of 2.2-4.5, the  p ro -  
tonated,  i.e. posi t ive ly  charged,  species is p redominan t  
at pH 2.5 and, consequent ly ,  an uncharged  por t ion  of 
the  pur ine  molecule  is involved in the  s trong adsorp-  
t ion at --0.6V. The broad  desorpt ion peak  and the 
consequent  adsorpt ion  minimum,  which  indicate  first 
decreas ing effect due to adsorpt ion  and then  increasing 
effect wi th  increasing negat ive  potential ,  a re  p robab ly  
caused by  the adsorbed  molecule  g radua l ly  r e a r -  
ranging  its posi t ion on the surface so that  the  posi-  
t ive ly  charged si te  of the  molecule  is now a t tached  
to the  D.M.E. surface, r a the r  than  being due to an 
uncharged  form of the molecule  being desorbed and 
rep laced  by  a p ro tona ted  form. 

Only in the  cases of me thoxypur ine  and isoguanine,  
whose desorpt ion  peaks  exceed the  base cur ren t  of the  
suppor t ing  e lec t ro ly te  itself, is the  r e a r r a nge me n t  ap-  
pa ren t ly  accompanied by  complete  desorpt ion of an 
adsorbed species. Absence of the  desorpt ion peak  and 
presence of the  deep m i n i m u m  at  --1.1V in 6 -d i -  
me thy laminopur ine  are  l ike ly  due to the  pro tona ted  
form being re l a t ive ly  s t ronger  adsorbed than  the un -  
charged form. 

The order  of uncharged  s i te -cont ro l led  adsorbabi l i ty  
of 6-subs t i tu ted  pur ines  [cf. depths  of the  more  posi-  
t ive  min ima (Table  I I I ) ]  indicates  tha t  pur ines  wi th  
more  bu lky  subst i tuents  a re  more  ex tens ive ly  adsorbed 
a n d / o r  cause g rea te r  changes in the  double  l aye r  ca-  
pacity,  p robab ly  due  to decreased aqueous solubil i ty;  
the  th ree  der ivat ives ,  which  exhibi t  by  far  the  g rea t -  
est adsorbabi l i ty ,  are  ex t r eme ly  insoluble  in water ,  
i.e. the i r  sa tu ra ted  solutions are  ca. 0.5 mM. 

The abnormal  d-c  wave  of 6 -me thy lamino -  and 
6 -n -hexy laminopur ines  has its a -c  coun te rpa r t  in a 
peak  and in a shoulder ,  respect ively ,  at  potent ia ls  
more  negat ive  than  Es of the  main  peak  (Table  I I I )  
a t  the  same pH. The second, p r e suma b ly  catalyt ic ,  d -c  
wave  of i soguanine has no a-c  counterpar t ;  however ,  
the  base  cur ren t  of isoguanine solutions at  potent ia ls  



1094 J. ~lectrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A u g u s t  1969 

more negative than the main  a-c peak is considerably 
elevated above the background base current  and the 
lat ter  is shifted to considerably more positive poten-  
tial (Fig. 7), while the base current  for solutions of 
other derivatives drops at least to the background base 
current ;  this may indicate a second faradaic process 
taking place at more negative potent ial  than Es of the 
main  peak. 

The derivatives, which exhibited a max imu m on 
the d-c normal  wave at pH 2.5 (6-dimethylamino-  
and 6-phenylaminopur ines)  also give an unusua l ly  
high peak cur ren t  (Table I I I ) .  

Corre la t ion  of E1/2 with S t ructura l  
and  Electronic  Indexes 

Hall-wave potential data.--Since E1/2 for 6-substi-  
tuted purines is pH-dependent ,  data at pH 2.5 and 
4.0 were compared for the following reasons: (a) Both 
pH values are available in the same buffer type (Mc- 
I lva ine) ;  (b) the purines  are largely protonated at 
pH 2.5 and to a much lesser extent  at pH 4, (even 
though the polarographic current  is practically con- 
stant  in the pH in terval  of 2.5-4); (c) values of 
d(E1/2)/d(pH) are general ly wi th in  the relat ively 
nar row span of 0.067-0.084 V/pH in the pH range of 
2-4; and (d) maxima  do not appear above pH 2 
except for 6-d imethylamino-  and 6-phenylamino-  
purines,  whose maxima at pH 2.5 are easily suppressed 
at only about 0.0007% Tri ton X-100. 

In  the case of pur ine  and 6-methylpurine,  which 
give two 2e waves, El~2 for the first wave was used 
on the basis that  the ini t ial  energy-de te rmin ing  process 
both in the first 2e waves and in the 4e waves involves 
the identical reaction: attack on the 1,6 N = C  double 
bond of the pyr imidine  r ing [cf. subsequent  discussion 
and the init ial  le  reduction observed for pyr imidine 
by d-c and a-c polarography (18, 33)]. 

The rel iabil i ty of correlations of E1/2 with experi-  
menta l  and calculated parameters,  par t icular ly the 
latter, depends on the calculations and measurements  
having been made on identical molecular  species and 
for the proper reaction site. Theoretical calculations 
are general ly  based on an idealized gas-phase molecule 
and a reversible e lectron- t ransfer  process. The as- 
sumption is made that, while salvation, irreversibili ty,  
and adsorption are complicated factors, they may be 
expected to operate un i formly  in  a closely related 
series; the usefulness of such correlations has been em- 
phasized, e.g. Refs. (34) and (35). Thus, E1/2 values 
for over-al l  i r reversible  polarographic reductions 
have f requent ly  been correlated with MO and free 
energy indexes, e.g. Ref. (36) and (37). 

In  general, correlations of calculated MO and struc- 
ture- react iv i ty  indexes with exper imental  electron 
affinity values, e.g. Ell2, and other properties, e.g. ul-  
traviolet  absorption maxima, mus t - - fo r  the t ime being 
- - b e  considered as semiempirical, since there are no 
exact methods for calculation of MO and other pa ram-  
eters which involve all possible in t ra-  and in termo-  
lecular effects. In  any  event, comparison of calculated 
values with Ell2 for a series of related compounds may 
provide information on whether  effects of the types 
ment ioned operate with all individual  derivatives to 
comparat ively the same extent  and on whether  differ- 
ences in E1/2 due to s t ructural  changes have a count-  
erpart  in differences in 1via and other indexes, and 
vice ve?'sa. 

Linear free energy relations.--The physical basis 
for using Ell2 values in l inear  free energy relations, 
e.g. the Hammet t -Taf t  equations, is the fact that  E1/2 
is a simple funct ion of the logari thm of the hetero- 
geneous rate constant for i rreversible electrode proc- 
esses or of the equi l ibr ium constant  for reversible elec- 
trode processes (17). Since the application of free en-  
ergy relationships to the polarographic behavior of 
6-substi tuted s ix-membered heterocyclic compounds 
analogous to the pyr imidine  r ing in which pur ine  

ifi "~ - I .4 - -  H2 HR OR R 

I I 

-k3 0 ~ ~  R=C~ 

-I.2 
N 

-I.O - 

-O.9 - O 

I I I I I 
-0.6 -04 -0.2 0.0 0.2 

=p 
Fig. 8. Variation of E1/2 of 6-substituted purines with the total 

polar substituent constant, =p (substituent indicated). Ez/2 de- 
termined in Mr buffer (circles, pH 2.5; solid circles, pH 
4.0); purine data from reference (8); 6-acetylamino- and 6-benzoyl- 
aminopurine data (squares, pH 2.5; solid squares, pH 4.0) from 
Ref. (14) (background not indicated). Slope, p, is 0.46V at pH 
both 2.5 and 4.0. 

reductions occur has not been previously reported, a 
trial  and error approach was used. Polar subst i tuent  
constants were selected from the l i terature (38, 42); 
unfor tunately ,  as was also t rue  for the other param-  
eters investigated, complete data are not available for 
all of the purines studied. 

A fairly l inear  correlation is obtained in a plot (Fig. 
8) of Ell2 against total polar subst i tuent  constant, ~p, 
which is dependent  on the kind and position of the 
substi tuent,  as well  as to some extent  on the na ture  
of the aromatic ring, but  is presumably  independent  
of reaction and reaction conditions (17). Plots of E1/2 
against other constants, which are f requent ly  used in 
modifications of the Hammet t  equation (17, 34, 42), 
do not result  in reasonably l inear  correlations. 

In  the 6-subst i tuted alkylaminopurines ,  the 1,6 N = C  
bond ini t ial ly reduced polarographically is separated 
by an - - N H - -  group from an alkyl or aryl  group in a 
series of 6-a lkylamino-  or 6-arylaminopurines .  As a 
rough approximation,  the - - N H - -  group may be con- 
sidered analogous to the - - C H 2 - -  group in the sense 
of an addit ional atom being between the subst i tuent  
and the reaction site, and E1/2 may be plotted against 
polar subst i tuent  constant, ~* (17, 39, 42); a l inear  
relation is obtained (Fig. 9). 

The positive p values (Fig. 8 and 9) indicate that  
the mechanism of the potent ia l -de termining  step is a 

-I.4 

> -I.3 

w- -I.2 

-I .I 

_oc, .3 cHic,H5 

I I I I I I 
-0 2 0.0 0.2 0.4 0.6 0,8 

O" 
Fig. 9. Variation of El~2 of N'-substituted 6-aminopurines with 

the polar substituent constant, cr* (substituent indicated). E1/2 de- 
termined in Mcllvaine buffer (circles, pH 2.5; solid circles, pH 
4.0). Slope, p, is 0.14V for pH 4.0 and 0.15V for pH 2.5. 
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nucleophilic one (39), with an electron being the most 
probable nucleophilic agent. Thus, any  pr imary  elec- 
trophilic attack, e.g. protonat ion prior to electron- 
transfer, has no significant role in  the potent ia l -de-  
termining step (43). Since the protonated form is the 
species believed to undergo electroreduction, the pro- 
tonation must  be very rapid and, hence, not potential  
determining.  The value  of p depends on the charged 
state of the depolarizer and on the t ransfer  coefficient 
(43). The similar values of p at pH 2.5 and 4.0 indi- 
cate that  the same species is reduced at both pH values 
by the same mechanism. 

In  agreement  with the polarographic behavior, the 
correlation of E1/~ with ap (Fig. 8) places 6-methyl-  
pur ine  closer to pur ine  than to the 6-amino deriva-  
tives. The small  change in the polarographic reduci-  
bil i ty of pur ine  produced by int roducing the 6-methyl  
group also corresponds to small  differences in LEMO 
energies and other electronic indices (Fig. 10-12). 

Support  for the fact that  the mechanisms for the 
polarographic reduction of the 6-subst i tuted purines 
studied are essentially the same as those of the pa- 
renta l  compounds, pur ine  and adenine, is apparent  
from the data in Fig. 8 and 9; i.e., the l inear  correla-  
tions of E1/2 with the polar subst i tuent  constants for 
the series of 6-a lkylamino purines and with the total 
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Fig. 10. Variation of E1/2 of 6-substituted purines (substituent 
indicated) with LEMO energies (ki). IG = isoguanine. E1/2 de- 
termined in Mcllvaine buffer (circles, pH 2.5; solid circles, pH' 4.0). 
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indicated) with calculated H(1)-C(6) bond order. IG = isoguanine. 
E1/2 determined in Mcllvaine buffer (circles, pH 2.5; solid circles, 
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Fig. 12. Variation of E1/2 of B-substituted purines (substituent 
indicated) with net negative charges on N(1) and N(3). IG = iso- 
guanine. El~2 determined in Mcllvaine buffer (circles, pH 2.5; 
solid circles, pH 4.0). 

polar subst i tuent  constants for 6-subst i tuted purines 
indicate either that  no mesomeric and steric effects 
due to the subst i tuents  are involved or that  they are 
t ransmit ted  by an inductive mechanism (17, 39, 42); 
the correlation also indicates that  none of the sub-  
st i tuents exerts any  specific effect different from those 
exerted by the other subst i tuents  (42). 

Quantum mechanically calculated electronic indexes. 
- -Corre la t ions  of MO calculations with El/2 data gen- 
eral ly involve the energies for adding an electron 
to the lowest empty  MO (LEMO) or removing one 
from the highest occupied MO (HOMO), based on cal- 
culation of the energies of the molecular  orbitals of 
the mobile or n electrons, which are of the form 

E~ = a + k ~  [4] 

where a is the coulomb integral  and ~ the resonance 
integral  (15). For a homologous series, the smaller the 
absolute value of LEMO k~, the greater the electro- 
negat ivi ty  and, consequently,  the greater the electron 
acceptor properties of the molecule and, in turn,  the 
easier should be the polarographic reduction. 

In  addit ion to correlation of E1/~ with LEMO values, 
correlations were investigated between E1/2 and bond 
orders for selected pairs of atoms, and between E1/~ 
and net  charges on certain atoms in  order to see 
whether  such correlations could be used to identify 
the electroactive sites in the molecules [cf. Refs. (15) 
and (44) for discussion of concepts of bond order and 
net charge]. Methods of calculation of the MO param-  
eters used for the purines  are described by Pu l lman  
and Pu l lman  (15), from whose book the data were 
taken. 

Fair ly  l inear  relationships (Fig.  10) are obtained 
between E1/2 and the LEMO energy (ki coefficient) for 
purine,  6-methylpurine,  adenine, and 6-methoxypur ine  
(data calculated for the hypoxanth ine  lactim form 
were used for the lat ter) .  The deviant  behavior of 
isoguanine is subsequent ly  discussed. 

Correlat ion of Ell2 data with LEMO and HOMO 
energies is of special interest. Since the la t ter  have 
been correlated with chemical and biochemical activity 
for a variety of molecule s, e.g. Ref. (15), a successful 
correlation with Ell2 will facilitate correlation of such 
activity with polarographic data. It  is clear, however, 
as previously mentioned, that  the effects of adsorp- 
tion, e lect ron- t ransfer  reversibil i ty,  and salvation 
must  be considered, since these may alter the poten-  
tials associated with the redox processes and per-  
haps even the mechanistic route. 

Subst i tut ion in the 6-position influences mostly the 
N ( 1 ) - C ( 6 )  bond order and the electronic charge dis- 
t r ibut ions on N(1)  and less on N(3) ,  which, in  turn,  
largely determine the reducibil i ty;  Ell2 correlates with 
these (Fig. 11 and 12), but  not with the C(2 ) -N(3)  
bond order and the charges on C(6) and C(2) .  These 
results are in accord with the association of the init ial  
pur ine  and adenine reduct ion steps with the 1,6 N = C  
bond, which bond, moreover, seems to be more acces- 
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sible for reduct ion than  the 2,3 C = N  bond; e.g., iso- 
guanine  (2 -hyd roxy -6 -aminopur ine )  produces  a we l l -  
defined wave,  whi le  hypoxan th ine  (6 -hydroxypur ine )  
gives only an i l l -def ined inflection on the background  
discharge (8) and guanine  ( 2 - a m i n o - 6 - h y d r o x y -  
pur ine)  is po la rograph ica l ly  reducib le  only at  po ten-  
t ials more  negat ive  than  background  discharge by  a 
mechanism different  than  tha t  for o ther  pur ine  de-  
r iva t ives  (8, 11, 12, 45). 

A leas t -square  calculat ion for the  E1/2-bond order  
da ta  at  pH 2.5, omi t t ing  the  isoguanine point,  gives 
El~2 = --3.474 -t- 3.727 (B.O.) wi th  the  s tandard  er ror  
of es t imate  for El/2 being 0.018V. 

Acid dissociation constants.---Since only the  p ro -  
tona ted  6-subs t i tu ted  pur ine  is appa ren t ly  po la ro-  
g raph ica l ly  reducible,  corre la t ion  of El/2 wi th  acidic 
dissociation constant  (PKa) for the  pro tona ted  form 
might  be expected on the  basis tha t  (a) the  ini t ia l  po-  
t en t i a l -de t e rmin ing  reduct ion  step is associated wi th  
N(1 ) ;  (b) adenine---and p re sumab ly  other  6-subst i -  
tu ted  p u r i n e s - - i s  p ro tona ted  first at  N ( 1 ) ,  i.e. at  the  
most  basic n i t rogen (15, 16, 27); and  (c) the  e lec t ron 
dens i ty  at  N(1)  would  affect both  E1/2 and PKa; E1/2 
does become more  negat ive  as the  net  negat ive  charge  
on N (1) increases.  Al though  the  electronic densi ty  on 
the  r ing  ni t rogen cannot  be t aken  alone as a measure  
of i ts bas ic i ty  (15), as a first approximat ion ,  the  r e -  
ducib i l i ty  should be inverse ly  propor t iona l  to the  
basic i ty  represen ted  by  pKa. Actual ly ,  six of the  seven 
purines,  for which pKa da ta  are  avai lable ,  do give a 
reasonably  l inear  Ez/2-pKa plot  (Fig. 13). A leas t -  
square calculat ion for  the  da ta  at  p H  2.5, omi t t ing  the  
point  for  me thoxypur ine ,  gives EI/2 = --0.653 --0.126 
PKa wi th  the  s tandard  e r ror  of es t imate  for E1/2 being 
0.042V and E1/~ = 0.562 --0.916 pKa -t-0.118 (PKa) 2 
wi th  a s t andard  e r ror  of 0.020V. Equi l ib r ium constants  
(PKa values)  for the  ac id-base  sys tem involving the 
uncharged  pur ine  (P)  and  its conjugated  acid, 

H p +  ~ H + -t- P [5] 

were  selected f rom the  most  re l i ab le  compilat ions 
ava i lab le  (30, 46). 

E1/2 for 6 -methoxypur ine ,  which  is be tween  those 
of 6 -methy l -  and  6-aminopur ines  as p red ic ted  by  the  
order  of e lec t ron- repe l l ing  groups,  fal ls  on the  l inear  
plot  of E1/2 vs. the  net  electronic charge  at  the  r educ -  
tion site; its devia t ion  from the E1/2-pKa plot  may  be 
due to the  PKa value  in the  l i t e ra tu re  (30) being too 
low. 

Anomalous behavior of isoguanine.mAs prev ious ly  
ment ioned,  E1/2 for  the  isoguanine reduct ion  deviates  
m a r k e d l y  f rom the l inear  corre la t ions  of E~/2 for o ther  
6-subs t i tu ted  pur ines  wi th  ne t  nega t ive  charge  on 
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Fig. 13. Variation of E1/2 of 6-substituted purines (substituent 
indica~)  with acid dissociation constant (pKa). IG = isoguonine. 
El~2 determined in Mcllvaine buffer (circles, pH 2.5; solid circles, 
pH 4.0). 

N (1) and N (3), but  only s l ight ly  f rom the  l inear  plots  
of E1/2 vs. LEMO energy  and N ( 1 ) - C ( 6 )  bond o rde r  
(Fig. 10-13). This behavior  m a y  be c o r r e l a t e d - - a t  
least  to some e x t e n t m w i t h  the  reduct ion  si te and the 
effect of pro tonat ion  on the lat ter .  

The  diffusion cur ren t  constant  of isoguanine (Table  
I) is consistent  wi th  a 2e process based on only the  
1,6 N~-C bond being reducib le  since the  2,3 C=-N 
bond is unava i lab le  due to the  s tab i l i ty  of the  keto 
form. Even though E1/2 seems to fit the  E1/2-pKa plot  
(Fig. 13), p ro tona t ion  of i soguanine  at  the  reduct ion  
site does not  seem to p lay  a decisive role  in its po la ro-  
graphic  reduct ion;  i.e., the  inflection point  in the  i-pH 
curve (Fig. 5) is at  least  5 pH units h igher  than  its 
pKa compared  to 2-3 units  for o ther  6-subs t i tu ted  
purines,  and the most p robab le  pro tonat ion  site, based 
on comparison of N-charges  (15), is N(7 ) .  The agree -  
ment  of E1/2 with  LEMO energy  and N (1) -C (6) bond 
order  m a y  then  be ascr ibed to the  connection of the  
la t te r  wi th  the  reduct ion  site. 
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Electrochemical Oxidation of 6-Thiopurine at 
the Pyrolytic Graphite Electrode 

Glenn Dryhurst 
Department of Chemistry, University of Oklahoma, Norman, Oklahoma 

ABSTRACT 

The e lect rochemical  oxidat ion  of 6- th iopur ine  (6-TP) ,  which gives th ree  
wel l  defined vo l tammet r ic  waves  at  the  pyro ly t ic  g raphi te  e lect rode (PGE) ,  has 
been inves t iga ted  by l inear  sweep and cyclic vo l tammet ry ,  macroscale  con- 
t ro l led  e lect rode potent ia l  e lectrolysis  at the PGE in aqueous 1M acetic acid 
(pH 2.3), ammonia  buffer pH 9 and carbonate  buffer pH 9, and by  de t e rmina -  
t ion of react ion products  and possible in termedia tes .  The e lect rochemical  
oxidat ion of 6-TP appears  to follow a pa thw a y  qui te  different  f rom the ma jo r  
enzymat ic  oxida t ive  route. The first pH dependent  wave  is an adsorpt ion  
wave  due to oxidat ion  of 6-TP to give an adsorbed layer  of product  bis (6 -pur i -  
nyl)  disulfide (PDS) .  The second p H - d e p e n d e n t  wave  is a l e  process to give 
PDS both at  pH 2.3 and pH 9; however  at pH 2.3 fur ther  slow chemical  oxi-  
dat ion to a disulfone or d isul foxide  occurs, whi le  in ammonia  pH 9 the PDS 
decomposes r ap id ly  to 6-TP, pur ine-6-sulf in ic  acid (P -6 -S i )  and pur ine -6 -  
sul fonamide ( P - 6 - S m ) ,  wi th  possibly some pur ine-6-su l fonic  acid (P-6-So) ,  
wi th  the  ove r - a l l  resu l t  tha t  somewhat  in excess of 4e a re  t ransfer red .  The 
th i rd  pH dependen t  wave  in carbonate  pH 9 gives P -6 -So  as the  final product ;  
in ammonia  pH 9 wave  II I  gives r ise to a mix tu re  of P-6-Si ,  P - 6 - S m  and 
possibly  some P-6-So;  PDS appears  to be  an unstable  in te rmedia te  in these 
oxidat ions at high pH capable  of being chemical ly  oxidized by  dissolved at -  
mospher ic  oxygen.  

6-Thiopur ine  (6-TP) is wide ly  employed  for the 
t r ea tmen t  of acute leukemia.  The action of 6-TP as an 
ant icarcinogen is not  understood,  a l though it is known 
that  i t  inhibi ts  de novo synthesis  of nucleic acids, 
p robab ly  by  blocking the conversion of inosinic acid 
into other  pur ine  r ibonucleot ides  (1). Studies  have  
also indica ted  tha t  6-TP r ibonucleot ide  inhibi ts  the  
normal  enzyme conversions of inosinic acid (2-4).  

The mechanism of metabol ic  b reakdown  of 6-TP in 
man  and o ther  systems is also incomple te ly  unde r -  
stood. However ,  var ious  studies in man  have revea led  
tha t  6-TP is at  least  pa r t i a l ly  biological ly  oxidized to 
6- thiouric  acid, a l though inorganic  sulfate and other  
unidentif ied products  are  produced  (5, 6). Xanth ine  
oxidase catalyzes format ion  of 6- thiouric  acid as a 
ma jo r  u r ina ry  metabol i te  f rom 6-TP in bacteria,  mice, 
and men (7). 

Bergman  and Ungar  (8) have shown that  6-TP is 
a t tacked by  xanth ine  oxidase first at  C-8 and then  at 
C-2. However ,  in the  pur ine  oxidizing sys tem of 
pseudomonas aeruginosa 6-TP is appa ren t ly  a t tacked  

first a t  C-2 and then  at  C-8 and subsequent  fur ther  
oxidat ion  occurs (9). The biochemical  effects of 6-TP 
have been summar ized  by  S i lberman  and Wyngaa rden  
(7) and Elion and Hitchings (10). 

Re la t ive ly  l i t t le  work  has been repor ted  on the 
chemical  oxidat ion  of 6-TP. In sodium carbonate  (11) 
solut ion or phosphate  buffer pH 7.6 (12), it is oxidized 
by  aqueous iodine- iodide  to bis (6-pur inyl )  disulfide 
(PDS) .  T rea tmen t  of this disulfide wi th  oxygen in 
a lka l ine  solut ion or  oxidat ion of 6-TP wi th  excess 
iodine in  a lka l ine  solut ion yields  pur ine-6-sulf in ic  acid 
(P -6 -S i ) .  Oxidat ion  of 6 -TP wi th  a lkal ine  p e r m a n g a -  
nate  gives pur ine-6-su l fon ic  acid (P-6-So)  (12). Oxi-  
dat ion of 6-TP wi th  chlor ine in the presence of me th -  
anol, potass ium fluoride, and hydrofluoric  acid gives 
pur ine -6 - su l fony l  fluoride which on fu r the r  t r ea tmen t  
wi th  methanol  and ammonia  at  0~ yields pu r ine -6 -  
su l fonamide ( P - 6 - S m )  (13). 

Because of the impor tance  of e lect ron t rans fe r  p ro -  
cesses in biological  systems, and the close s imi la r i ty  
be tween  the condit ions of enzymatic  and biological  
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t ransformations and electrochemical reactions, it is 
l ikely that  informat ion obtained from the study of 
electrochemical processes regarding the potentials of 
the electron t ransfer  step and associated electrode and 
subsequent  chemical reaction mechanisms will prove 
helpful  in unders tanding complete biological t ransfor-  
mations. In  view of the incomplete knowledge of the 
metabolism of 6-TP, the electrochemical oxidation of 
this compound was studied. 

There are only two detailed studies of the electro- 
chemical oxidation of the purines. Struck and Elving 
(14) found that  uric acid (2,6,8-trioxypurine) is oxi- 

dized at controlled potential  at a graphite electrode in 
1M acetic acid in a process which was essentially 
identical to that observed for the enzymatic oxidation 
of uric acid. Dryhurs t  and Elving (15) showed that  
adenine (6-aminopur ine)  is electrochemically oxidized 
at a graphite  electrode in 12r acetic acid by a path-  
way that  was ini t ia l ly  very similar to that observed 
for oxidation with xanth ine  oxidase, but fur ther  oxi- 
dation and f ragmenta t ion occurred and a complex 
over-al l  mechanism was obtained. 

The work reported here of the electrochemical oxi- 
dation of 6-TP at controlled electrode potential  over 
a wide pH range at the pyrolytic graphite electrode 
(PGE) indicates a mechanism whereby 6-TP is oxi- 
dized in three distinct steps; the first step is an adsorp- 
t ion process due to oxidation of 6-TP to give an ad-  
sorbed layer  of product, PDS. The second step is a l e  
process to give PDS both at pH 2.3 and pH 9; at pH 
2.3 fur ther  slow chemical oxidation to a disulfone or 
disulfoxide occurs, while in ammonia  background pH 
9 the PDS decomposes rapidly to 6-TP, P-6-Si,  P-6-  
Sin, and possibly some P-6-So,  the over-al l  resul t  be-  
ing that  slightly more than 4e are transferred.  

The third process in carbonate buffer pH 9 is due 
to oxidation to P-6-So; in ammonia  pH 9 the oxidation 
product  is a mixture  of ,P-6-Si, P-6-Sm, and possibly 
some P-6-So;  PDS appears to be an unstable  in te r -  
mediate  in these oxidations at high pH capable of 
being chemically oxidized by dissolved atmospheric 
oxygen. 

Experimental 
Chemicals.--6-Thiopurine was obtained from Cal- 

biochem. Bis (6-pur inyl)  disulfide, purine-6-sulf inic 
acid (sodium salt),  and pur ine-6-sulfonic  acid (potas- 
sium salt) were prepared according to Doerr et al. 
(12), the lat ter  compound being most convenient ly  
prepared from 6-chloropurine (Calbiochem). Pur ine -  
6-sulfonamide was supplied as a gift from Dr. Roland 
K. Robins (Universi ty of Utah) .  

Buffer solutions were prepared from analytical  re- 
agent grade chemicals. 

Argon (Linde) used for deoxygenating purposes 
was equil ibrated with water;  no other purification was 
necessary. 

Apparatus.--Polarograms and vol tammograms were 
recorded on a Sargent  Model XV Polarograph, using a 
water- jacketed three-compar tment  cell mainta ined at 
25" _+ O.I~ and containing a saturated calomel refer-  
ence electrode (SCE), and a p la t inum counterelectrode 
in saturated potassium chloride solution. All potentials 
are referred to the SCE at 25~ 

The dropping mercury  electrode had normal  m and t 
values. 

The preparat ion of the large PGE and the coulo- 
metric  cell have been described earl ier  (15). 

Cyclic vol tammetry  was performed with the ap- 
paratus  described by Dryhurst ,  Elving, and Rosen (26) ; 
vol tammograms were recorded on either a Moseley 
Model 7001A X-Y recorder or a Tektronix Model 
502A Dual Beam Oscilloscope in  the X-Y mode equip-  
ped with a C-27 polaroid camera. 

Controlled Potential electrolyses were carried out 
using a Wenking Model 66TA1 Potentiostat.  Potentials 
of interest  were measured with either a Sargent  Lab-  
oratory Potent iometer  or a Heathkit  Model EUW-24 

vacuum tube voltmeter.  The pH was measured with a 
Beckman Zeromatic pH meter. 

Current  integrat ion during coulometry utilized a 
t i t rat ion coulometer as described by Lingane and 
Small  (27) and Lingane (28). 

Ultraviolet  absorption spectra were obtained with a 
Beckman Model DB recording spectrophotometer using 
1.00 cm stoppered quartz cells, 

Lyophilization was accomplished using a Kinney  
Model KC-2 vacuum pump; cooling traps contained 
2-propanol-dry  ice; the lyophilization vessel was a 
round bottomed distil lation flask of an appropriate 
size on whose walls the solutions were shell frozen. 

Voltammetric procedure.--Test solutions were pre-  
pared by diluting appropriate quanti t ies of stock solu- 
tions (0.8 mM in 6-TP in water  was the max imum 
concentrat ion at tainable)  with suitable background 
solution. The pH of the solution was measured. Solu- 
tions were deaerated for at least 10 rain with water -  
saturated Argon. Once in position the PGE was al- 
lowed to stand for about 30 sec without applied poten- 
tial; the start ing potential  was then applied for 5 sec 
(usually 0.00V) and the vol tammetr ic  scan commenced. 
The PGE was resurfaced before every run  by polishing 
on a 600-grade silicon carbide paper disk mounted on 
a motor dr iven rotat ing disk. The electrode was then 
washed thoroughly with water  and the surface wiped 
free of any loose or adhering graphite particles with a 
clean paper tissue. 

Coulometry.--A measured volume of background 
solution was electrolyzed at the appropriate potential  
in the working electrode compar tment  unt i l  the cou- 
lometer gave a small  constant  t i t ra t ion rate. Then suf- 
ficient sample was introduced to give up to a 1 mM 
solution and the electrolysis continued unt i l  the cur-  
rent  decayed to the background level or to a constant 
small  value. In many  studies 0.5 ml aliquots of the 
electrolysis solution were removed at appropriate t ime 
intervals  and, after suitable dilution, the u.v. spectrum 
was immediately recorded. Completion of the elec- 
trolysis was always confirmed by the disappearance of 
the characteristic 6-TP absorption peak. The solutions 
were not normal ly  deaerated during these electrolyses; 
in the cases where  deoxygenation was performed ap- 
propriate reference is made in the text. 

Determination of purine-6-sulfinic acid.--P-6-Si was 
determined at the completion of the electrolysis by 
t ransferr ing about 20 ml of the electrolysis solution to 
the polarographic cell, deaerating, runn ing  a polaro- 
gram between 0.0 and --2.0V, and comparing the height 
of the wave at --1.20V with a calibration curve pre-  
pared from authentic  P-6-Si.  

Determination of purine-6-sulfonamide.--P-6-Sm 
was determined in the same way as for P-6-Si  except 
that  since only a very small quant i ty  of P -6 -Sm was 
available a known volume of a s tandard solution of 
P -6 -Sm was added to a known volume of the elec- 
trolysis solution and by measur ing the increase in 
height of the polarographic wave at --1.03V the con- 
centrat ion of P -6 -Sm could be computed uti l izing the 
method of s tandard additions. A detailed account of 
the analyt ical  procedures will  appear elsewhere (25). 

Results and Discussion 

VoItammetry.--6-Thiopurine exhibits up to three 
distinct anodic waves at the s tat ionary pyrolytic 
graphite electrode (PGE) (Fig. 1). The two more 
negative waves appear over the range pH 1-8, above 
which the first wave disappears; the most negative 
wave (wave I) only appears in termit tent ly ,  and is 
never  observed at some pH values. The most positive 
of the three waves (wave I II) is often masked by 
background discharge and is only observed in 1M 
HOAc pH 2.3, acetate pH 5.4, ammonia  pH 9.1, and 
hydroxide pH 1O buffer solutions. In 1M HOAc and 
occasionally at pH 3.7 a small  postwave appears after 
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Fig. 1. Voltammagrams of 0.4 mM 6-thiapurine at the PGE. 
A. 2M H-,~SO4 background; B and C. 1M acetic acid pH 2.3; D. pH 
3.5 acetate buffer; E. pH 4.4 acetate buffer; F. pH 5.4 acetate 
buffer; G. pH 6.0 Mcllvaine buffer; H. pH 6.9 Mcllvaine buffer; 
I. pH 8.1 Mcllvaine buffer; J. pH 9.1 ammonia buffer; and K. pH 
9.9 chloride buffer. 

wave  II. This appears only at the highest concentrat ion 
levels studied. 

The peak potentials for all three  waves become 
l inearly more negat ive with increasing pH (Fig. 2): 
E p  = 0.51-0.047 pH for wave  I, Ep = 0.805-0.052 pH 
for wave  II, and Ep = 1.88-0.136 pH for wave  III. 

Waves I and II appear  together  most c lear ly  in 1M 
HOAc, and waves  II and III in ammonia  or carbonate-  
bicarbonate background pH 9.0-9.2. Accordingly,  the 
respect ive reactions were  studied in detai l  at these 
pH values. Vol tammetr ic  studies were  supplemented 
by coulometry and exhaust ive electrolysis at large 
electrodes. 

Examinat ion of the changes in the composition of a 
6-TP solution after  the electrochemical  oxidation at 
appropr ia te ly  controlled anode potentials al lowed 
qual i ta t ive identification and, at times, quant i ta t ive  
determinat ion  of the ul t imate  products as wel l  as 
characterizat ion of in termediate  species. 

Examinat ion  of the peak current  for the three  anodic 
waves of 6-TP at the 0.434 mM concentrat ion level  
(Table I) indicates that  for wave  I the current  density 
is 0.127 ~A mM -1 mm -2, for wave  II 0.24 ~A mM -1 
mm -2, and for wave  III 0.65 ~A mM -1 mm -2. By com- 
parison with previous data (15, 16) this indicates that  
wave  I involves considerably less than le  per 6-TP 
molecule. Wave II probably involves le,  and wave  III  
involves somewhat  greater  than 2e. In order to gain 
more insight into these ratios a concentrat ion study 
was carr ied out in ammonia  buffer pH 9.15 and 1M 
HOAc (Table II) .  At  pH 2.3 wave  I shows, an average, 
an almost constant current  be tween 0.08 and 0.25 mM 
(Table II) al though considerable var ia t ion was ob- 
served between repl icate  runs. At the 0.42 mM con- 
centrat ion level  in this series of exper iments  wave  I 
appeared as a ve ry  poorly defined inflection on the 
rising port ion of wave  II. Wave II showed a constant 
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Fig. 2. Variation with pH of Ep of 6-thlopurine wave I, wave II, 
and wove III. 

Table I. Oxidation of 6-thiopurine at a stationary 
pyrolytic graphite electrode a 

W a v e  I W a v e  I I  W a v e  I I I  

ip, ip /AC,  ip, ip /AC,  ip, ip /AC,  
pH ~A Ep, V X~A/mM ~A Ep, V ~a/mM ~A Ep, V ~A/mM 

0.00 1.I0 0.79 0.202 
2.3 0.57 0.35 0.104 1,23 0.70 0.225 1.57 b 
3.6 0.88 0.39 0.161 1.34 0.62 0.245 
4.4 1.05 0.62 0.192 
5.4 0.68c 0.28 0.125 1.32 0.52 0.241 1.10 b 
6.1 0.56 0.25 0.102 1.21 0.48 0.221 
6.9 0.88 e 0.150 0.161 1.26 0.42 0.230 
8.1 0.58 0.13 0.106 1.25 0.34 0.229 
9.2 1.35 0.30 0.237 3.32 0.62 
9.9 1.82 0.29 0.333 3.80 0.93 

12.0 1.30 0.20 0.237 

0.607 
0.694 

a C o n c e n t r a t i o n  of 0 -TP 0.43 m M;  e l ec t rode  area  12.6 ram='. 
b Th i s  p e a k  a p p e a r e d  as a sha rp  p o i n t  on the  v o l t a m m o g r a m .  A 

c u r r e n t  cou ld  no t  be  m e a s u r e d  because  g e n e r a l l y  the  b a c k g r o u n d  
t race  s h o w e d  g r ea t e r  c u r r e n t  t h a n  t h a t  in  the  p resence  of 6-TP. 

r Of t en  t h i s  p e a k  d id  n o t  appear .  

Table II. Oxidation of 6-thiopurine at a stationary 
pyrolytic graphite electrode. Effect of concentration 

C u r r e n t  fo r  W a v e  a 

6 -TP  I I I  

Concen,  Range ,  Mean,  ip/C, Range ,  Mean,  ~p/C, 
mM ~A /~A ~A/mM ikA ~A ~A/mM 

B a c k g r o u n d  1M ace t ic  acid 

0.08 0.14-0.38 0.24 3.0 0.26-0.28 0.27 3.4 
0.17 0.21-0.37 0.31 1.82 0.54-0.59 0,57 3,4 
0.25 0.15-0.27 0.21 0.84 0.78-0.95 0.86 3.4 
0.42 b 1.33-1.48 1.39 3,3 

B a c k g r o u n d  NHs/NH~C1 p H  9.15 

I I  I I I  

0.08 r 0.80-1.01 0.90 11.2 
0.17 c 1.82-2.01 1.95 11.5 
0,25 0.96-1.04 1.00 4.0 2.81-3.01 2.84 11.4 
0.42 1.57-1.68 1.61 3.8 4.41-4.83 4.61 11.0 

A t  leas t  th ree  r ep l i ca t e  r u n s  we re  ca r r i ed  ou t  a t  each  concen-  
t r a t i o n  l eve l .  

b In  th i s  series of r u n s  a we l l - de f i ned  p e a k  was  n o t  o b t a i n e d  b u t  
a r a t h e r  i n d i s t i n c t  in f lec t ion  on the  r i s i n g  p o r t i o n  of w a v e  II,  

v A t  these  c o n c e n t r a t i o n  l eve l s  w a v e  I I  was  too i n d i s t i n c t  a n d  
d r a w n  ou t  to a l low accura t e  m e a s u r e m e n t  of the  peak  cur ren t .  

ip/C ratio over the range of concentrat ion examined 
of 3.4 ~A/mM. 

Wave I does not appear  at pH 9.1 al though waves II 
and III do. At the concentrat ion ranges where  waves 
II and III are sufficiently wel l -def ined to allow ac- 
curate measurements ,  both have constant ip/C ratios; 
for wave  II ip/C is 3.9 and for wave  III  ip/C is 11.3 
~A/mM. This data suggests that  about three  times as 
many electrons are involved in wave  III  as are in-  
volved in wave  II. 

The concentrat ion independence of wave  I is char-  
acteristic of an adsorption wave. Because the adsorp- 
tion wave  appears prior to the diffusion controlled 
wave  it is probable  that  the  product of the wave  II 
process is adsorbed since its act ivi ty  would be lower 
in the adsorbed state than in solution, hence facil i-  
tat ing the oxidation of 6-TP (17). As a result  of the 
very  low current  for wave  I it was not possible to 
study its behavior  at concentrat ions where  6-TP 
would  be oxidized in a diffusion control led process to 
the adsorbed product  and where  surface coverage was 
not complete. 

Wave II must therefore  be due to oxidation of 6-TP 
to the dissolved form of the oxidation product. The 
ip/C ratio for the sum of wave  I and wave  II currents  
in 1M HOAc is the same as for the single wave  II 
ratio at pH 9.1 where  wave  I does not appear  which 
again indicates that  wave  I is a small  adsorption wave.  

Cyclic voItammetry.--Cyclic vo l t ammet ry  supports 
the v iew that  the wave  I and wave  II processes give 
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identical  products since at a scan rate of 20 mV.sec  -1 
revers ing the anodic vol tage scan after scanning wave  
I or wave  I and wave  II gave essentially identical  
cathodic vo l tammograms (Fig. 3 and 4). Usual ly  the 
cathodic wave  produced from the anodic adsorption 
wave  alone appears at sl ightly less negat ive potent ial  
than that  obtained when both anodic processes were  
scanned (Table I I I ) .  This was par t icular ly  so at po- 
larographic scan rates (2 mV.sec -1) when the cath-  
odic peak observed after  scanning only anodic wave  I 
was about 0.2V more  posit ive than when both wave  I 
and wave  II were  scanned (Table I I I ) .  

The peak potent ia l  of this cathodic wave  shifted 
l inear ly  more negat ive wi th  increasing pH. 

At a scan rate of 20 mV.sec -1 

Ep z--0.085-0.0386 pH 

Recent ly Wopschall  and Shain (18) have presented 
an elegant  theoret ical  t rea tment  of adsorption effects 
in s ta t ionary electrode polarography. Attempts  were  
made in the present  study to apply the various diag- 
nostic cr i ter ia  outl ined by these authors, al though their  
calculations were  based on model  systems where  the 
electrochemical  react ion was perfect ly  reversible.  
Oxidation of 6-TP at the PGE is not e lectrochemical ly  
revers ible  as evidenced by the separat ion of the anodic 
and cathodic peaks obtained by cyclic vol tammetry .  
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Fig. 3. Cyclic voltammogram at the PGE of 0.4 mM 6-thiopurine 
in 1M acetic acid background. Scan rate 20 mV.sec. - 1  
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Table III. Cyclic voltammetry of 6-thioparlne at a stationary 
pyrolytic graphite electrode in 1M acetic acid 

P e a k  p o t e n t i a l  f o r  w a v e ,  V 

A n o d i c  C a t h o d i c  
S c a n  r a t e ,  
m V . s e c  -1 I M e a n  I I  M e a n  I M e a n  

2 0 . 3 4  ~ 0 . 1 8  0 ,21  
0 .32  0 .32  0 . 2 2  
0 , 3 1  0 . 2 2  
0 ,31  b 0 . 3 2  0 , 6 3  0 . 6 3  - - 0 . 0 1 5  - - 0 , 0 1 2  
0 .32  0 .62  - 0 . 01  

20  0 . 5 1  a - - 0 . i i  
0 . 5 1  0 . 5 1  - - 0 . 1 2  - - 0 . I i  
0 . 5 0  - - 0 . 1 1  
0 . 5 0  b 0 . 6 9  - - 0 . 1 3  
0 .51  0 . 4 8  0 . 8 8  0 .68  - - 0 . 1 3  - - 0 . 1 3  
0 . 3 8  0 68  - - 0 . 1 3  

2 0 0  0 . 6 1  o 0 .61  - - 0 . 2 4  - - 0 . 2 4  
0 . 6 0  --  0 . 2 4  

a O n l y  w a v e  I w a s  s c a n n e d ,  
b B o t h  w a v e  I a n d  w a v e  I I  w e r e  s c a n n e d .  
c O n l y  a s i n g l e  w a v e  a p p e a r e d ;  f o r  d i s c u s s i o n  s e e  t e x t .  

At pH 2.3 wave  I shifts more anodic as the scan 
rate  increases. At a scan rate of 2 mV-sec -1 wave  I 
is almost always less than one half  the height  of wave  
II (Table I I ) ;  at 20 mV.sec -1 scan ra te  wave  I is of 
about the same height  or sl ightly larger  than wave  II, 
whereas  at 200 mV.sec  -1 only wave  I appears. Such 
effects are characteris t ic  of an adsorption wave  where  
the product  of the electrochemical  reaction is s trongly 
adsorbed (18). It was ra ther  difficult to obtain ac- 
curate data on the actual ratio of the peak current  for 
waves  I and II because of the  somewhat  var iable  
height  of wave  I even on repl icate  scans. The cause of 
this i r reproducibi l i ty  was t raced to variat ions in the 
electrode surface area under  the conditions that  were  
normal ly  employed to prepare  the PGE. Normally,  
the electrode was resurfaced before each vo l tammo-  
gram was run (see Exper imenta l  section) and, after 
washing the electrode with water ,  any loose graphite 
particles on the surface were  removed by wiping the 
surface with  a soft paper tissue. Exper iment  showed 
that  if the surface were  mere ly  washed with  water,  but 
not wiped free of loose adhering graphi te  particles, 
the current  for wave  I was about three  t imes larger  
than if the electrode were  prepared in the usual fashion. 
Clearly the height  of an adsorption wave  such as wave 
I would be expected to increase as the surface rough-  
ness, hence surface area, increased. It is unl ikely that  
e i ther  of these electrode preparat ion procedures would 
result  in highly reproducible  data for an adsorption 
process, a l though not apparent ly  affecting a normal  
diffusion controlled process, hence the ra ther  errat ic 
behavior  of wave  I is not unusual. 

At 200 mV.sec -1  scan rate  in 1M HOAc the cathodic 
wave  (Ep = --0.24V) has a greater  slope on the rising 
portion of the wave  than for the corresponding anodic 
wave, and the cathodic current  is somewhat  larger  
than the anodic current.  Such behavior  is character-  
istic of a process where  the product of the initial 
electrochemical  react ion is adsorbed (18-20). 

The shift of the cathodic peak potential  to more 
negat ive  values wi th  increasing scan rate  is in accord 
with the expected shift for  a process involving re -  
duction of an adsorbed reactant  (18). The fact that  
no post-peak is obtained may  be associated with the 
ra ther  i r revers ib le  na ture  of the over -a l l  process. 

Coupled with  the very  low current  magni tude  for 
wave  1 at polarographic scan rates (,~2 mV.sec -1 ) ,  
then wave  I must  be an adsorption wave  due to ad- 
sorption of the product of the first e lectrochemical  re-  
action. 

Macroscale ElectroZysis 

Since wave  I was shown to be due to an adsorption 
process, coulometry,  and macroscale electrolysis were  
only carr ied out at potentials corresponding to waves 
II and III. 
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Cou lome t ry  at w a v e  II  in 1M acetic ac id . - -Elec tro lys is  
of 6 - T P  in 1M H O A c  at a potent ial  on the crest of 
anodic wave  II gave an average coulometric  n value of 
0.98 (average of 0.94, 1.04, and 1.00). Af te r  the elec- 
trolysis had proceeded for some t ime a very  pale ye l -  
low precipitate formed. 

The ul t raviole t  absorption spectrum of the dissolved 
product differed considerably f rom that  of 6-TP (1M 
HOAc Zm~x = 324 m~) having ~,max = 287-288 m~. 

The involvement  of a single electron in the wave  II 
process suggested that  6-TP was forming a dimer 
species s imilar  to the disulfide species which are com- 
monly encountered on mild oxidation of many alkyl  
and aryl  thiols. Comparison of the ul t raviolet  absorp- 
tion spectrum of the electrolysis product  wi th  that  of 
authentic b is(6-pur inyl)disul f ide  (,PDS) showed them 
to be identical  (12). The product  of the electrolysis in 
1M HOAc was isolated by lyophylizing the solution. 
The product was pale yel low and only very  sparingly 
soluble in water.  It gradual ly  decomposed after  turn ing  
orange at about 300~ [ l i terature  value  245(d) (12)]. 
Subsequent  work  indicated that  this product  was an 
impure sample of PDS and KC1 (from the reference 
electrode and salt bridges) along with  some disulfone 
and disulfoxide (v ide  in]ra).  A suspension of this 
mater ia l  in 1M acetic acid gave three distinct polaro-  
graphic waves, El/2 ~ - - 0 . 0 3 V , - - 0 . 2 6 V ,  and- -1 .06V.  
Authent ic  PDS gave only two waves at E~/2 
--0.05V and- -1 .05V.  However ,  standing I=*DS in 1M 
HOAc for several  hours (or warming  the solution for 
a few minutes)  resulted in the appearance of a new 
wave rat El~2 = - -0 .30V with a decrease in the height 
of the most anodic wave. The wave  at Ell2 ~ --0.26V 
for the electrolysis product was only small  when  the 
electrolysis solution was polarographed immedia te ly  at 
the end of the electrolysis; it grew steadily in height 
over  the course of several  days or upon lyophyliza-  
tion of the solution. Hence the product  giving rise to 
the wave  at Ez/2 ~ --0.26V is due to chemical  decom- 
position of PDS and is not due to a pr imary  product  
of the electrochemical  reaction. 

Cyclic vo l t ammet ry  of the electrolysis product solu- 
tion at a scan rate  of 20 mV.sec -1 showed that  both 
anodic wave  I and wave  II had been el iminated and 
that a large cathodic wave, Ep = --0.15V had appeared 
along with  a smaller  wave  at Ell2 ~ --0.80V; the lat ter  
wave  grew steadily over  the period of several  days. 
After  scanning these cathodic peaks the original anodic 
waves I and II were  observed on the subsequent  anodic 
s c a n .  

Once the nature  and identi ty of the electrochemical  
oxidation reaction product had been ascertained (i.e., 
PDS) ,  a ra te  study of the oxidation was carr ied out by 
monitor ing the rate of disappearance of 6-TP, the rate  
of appearance of PDS, and the rate  of charge passage. 
The current  and 6-TP concentrat ion decreased ex-  
ponential ly with t ime and the PDS concentrat ion in- 
creased exponent ia l ly  at the same rate as predicted 
theoret ical ly  for a process which is diffusion controlled 
and free of long l ived chemical  or electrochemical  
in termediates  (22). 

Cou lome t ry  at w a v e  II  in a m m o n i a  background  pH 
9.1.--Electrolysis of 6-TP at a potent ia l  on the crest of 
anodic wave  II gave an average coulometric n value 
of 4.08 (average of 4.00, 4.08, and 4.12). 

As the electrolysis proceeded the ul t raviole t  absorp- 
tion spectrum showed that  the 6-TP peak (km~ = 312 
mt~) decreased in height  and a new peak appeared at 
?~m~x = 277-281 rag. At  completion of the electrolysis 
a peak ~-max = 277 mt~ was observed. 

The current  did not decrease exponent ia l ly  through-  
out the course of the electrolysis, but decreased fair ly 
rapidly over  the first hour or so and then decreased 
in a l inear  fashion unti l  the completion of the elec- 
trolysis. Such behavior  indicated the format ion of an 
unstable intermediate,  the breakdown of which to an 
electroact ive species becomes the ra te  l imit ing step, 
al though other  kinetic explanations are  possible. 
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On complet ion of the electrolysis, which was about 
three to four  times as long as that  in 1M HOAc, po- 
larography of the solution showed five and, occasion- 
ally, six cathodic waves, Ell2 ~ --0.41V, --1.02 to 
--1.05V, --1.18 to --1.20V, --1.39 to --1.43V, --1.50 to 
--1.55V and occasionally an even more negat ive wave  
of i l l-defined potent ial  at Ell2 about --1.70V (Fig. 5). 
The wave  at E1/2 ~-- --0.41V was always very  small  
and on occasion was not even  detected. The 6-TP 
wave  II oxidat ion product solution showed a single 
well  formed anodic wave at the PGE E,  : 0.87V and 
cathodic wave  Ep = - -  1.22V. 

Since the height  of vol tammetr ic  wave  II at the 
PGE was approximate ly  the same in both 1M HOAc 
and ammonia  pH 9 (i.e., same number  of electrons in-  
volved)  it seemed l ikely that  PDS, the known product 
in 1M HOAc, was decomposing in alkal ine solution to 
yield some fur ther  e lect ro-oxidizable  material .  Ac-  
cordingly, the stabil i ty of authentic PDS in ammonia  
pH 9.1 was examined. It  was found, by ul t raviole t  
spectrophotometr ic  studies that  1 mole of PDS rapidly 
decomposed to give approximate ly  1.5 mole of 6-TP; no 
other  easily observable spectrophotometr ic  absorption 
peaks were  observed. Polarograms of PDS in ammonia 
solution pH 9 after  6 hr  at room tempera tu re  were  
qual i ta t ively  identical  to those observed after  com- 
plete electrolysis of 6-TP at wave  II in the same back-  
ground, except that  the anodic wave  of 6-TP was also 
observed, Ez/2 ~ --0.40V (23). Ear l ier  workers  have 
shown that  PDS decomposes in alkaline solution to 
give 75% of 6-TP and 25% of the appropriate  salt of 
purine-6-sulf inic acid (P-6-Si)  (12). Authent ic  P -6 -S i  
in ammonia  p i t  9.1 gave two polarographic waves 
El~2 ~ --1.20V and --1.70V (Fig. 6). Spect rophotom- 
e t ry  of P -6 -S i  at pH 9.1 showed ~-max = 277 m# and 
~max = 8.8 x 103 in agreement  wi th  earl ier  data (12). 
Vol tammetry  of P-6-S i  at the PGE at pH 9.1 showed 
a we l l - fo rmed  anodic wave, Ep = 0.86V and a cath-  
odic wave  Ep ~- --1.21V. 

Purine-6-sulf inic acid was found to be stable in 
ammonia  pH 9.1 open to the a tmosphere  or with oxy-  
gen bubbling through the solution for at least 24 hr  as 
evidenced by the almost constant height  of its polaro-  
graphic waves  and absorption spectrum. 

Doerr  et  al. (12) have  reported that P -6 -S i  is con- 
ver ted  to hypoxanthine  in 95-100% yield in 0.1M 
hydrochloric acid. Trea tment  of the wave  II e lectrol-  
ysis product solution (~max = 277 m~) with hydro-  
chloric acid resul ted in the formation of two absorp- 
tion peaks kmax = 325 and 249 m~, the lat ter  being 
about three t imes as large as the former;  in s trongly 
acid solution ~max 6-TP ~ 324 mm ~max hypoxan-  
thine = 248 m~, (24). This data therefore  strongly 
supports the presence of P-6-S i  in addition to other  
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Fig. 5. Polarogrom of 6-thiopurine wave II oxidation product in 
ommonia buffer pH 9.1. Solution originolly 0.63 mM in 6-thiopurine. 
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Fig. 6. Polarogram of approximately 1 mM purine-6-sulfinic acid 
(Na salt) in ammonia background pH 9.1. 

products capable of regenerat ing 6-TP upon acidifica- 
tion. 

It  was thus fairly obvious at this stage that  the 
pr imary  electrochemical oxidation of 6-TP at poten-  
tials corresponding to wave II at pH 9.1 was a le pro- 
cess to give PDS, but  that  subsequent  decomposition 
of this product leads to formation of 6-TP and P-6-Si  
along with other products. The na ture  of these other 
products became more obvious when the mechanism 
of the anodic wave III at pH 9.1 was studied. Fur ther  
discussion will therefore be continued under  Mech- 
anism. 

Coulometry at wave  III in ammonia background pH 
9.1.--Electrolys,is of 6-TP at a potential  on the peak 
of anodic wave III gave an average coulometric n 
value of 4.3 (average of 4.2, 4.4, 4.7, and 4.0). 

The ul traviolet  absorption spectrum of the electrol- 
ysis product differed quite considerably from that of 
6-TP (~max = 313 m~) having ~max = 280 m~. At no 
point in the electrolysis did the 313 and 280 m~ peaks 
appear together; ra ther  there was merely  a pronounced 
broadening of the peak in the i n t e rmed ia t e  stages of 
the electrolysis. The electrolysis was completed in 
less than  one fourth the t ime required for complete 
electrolysis of 6 -~P at wave II at pH 9.1. 

Vol tammetry  of the product solution at the PGE 
showed a small  rather  poorly defined wave at Ep = 
0.85V. 

Polarography of the product solution showed five or 
possibly six waves cathodic Ell2 = --0.49 to --0.50V, 
--1.03V,--1.20V,--1.43V,--1.55V, and possibly an ill- 
defined wave at --1.7 to --1.75V. The wave at E1/2 : 
--0.49V was always extremely small  and on occasion 
was not observed at all. The waves at --1.20 and 
--1.70V were also considerably smaller than observed 
in  the electrolysis solution from wave II electrolysis 
in  ammonia.  The spectral data, vol tammetry,  and 
polarography indicated that P-6-Si  was present  in 
the electrolysis solution. However, the fact that  the 
P-6-Si  vol tammetr ic  anodic wave and polarographic 
cathodic waves (El/2 --1.20V and --1.70V) were lower 
than observed in the wave II electrolysis solution sug- 
gested that  P-6-Si  might  itself be oxidized at wave III 
potentials (0.64V). A vol tammogram of P-6-Si  at pH 
9.1 indicated that at 0.64V some oxidation would in-  
deed occur. When a 1 mM solution of P-6-Si  was 
electrolyzed at the PGE at 0.64V for 4 hr at pH 9.1, 
it was found that  the original polarographic waves at 
E1/2--1.20V and --1.70V decreased in height and three 
new waves appeared at El/2 = --1.03V, --1.43V, and 
--1.54V and the polarogram had, qualitatively, the same 
form as that  of the wave II and wave III electrolysis 
product solutions at pH 9.1. By al ter ing the applied 
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potential  to 0.80V the polarographic waves at E1/2 
1.20V and --1.70V could be completely el iminated 
leaving only four waves at El/2 ~ 1.03V, --1.28V, 
--1.43V, and- -1 .56V;  the wave a t - - 1 . 2 8 V  was very 
small. Coulometry of P-6-Si  at 0.SV in ammonia  
buffer pH 9.1 gave an average coulometric n value of 
1.9. This at first suggested that the oxidation product 
was purine-6-sulfonic  acid (P-6-So) .  However, po- 
larography of authentic  P-6-So at pH 9.1 gave waves 
at Ella =--1 .31V, - -1 .46V,  and --1.56V indicating that 
the main  product of the oxidation was not  P-6-So. 
The only al ternat ive therefore was that  P-6-Si  was 
being oxidized in a 2e process to pur ine-6-sul fonamide 
(P-6-Sm) (Eq. [1]). 

SO2NH 2 
SO2H H ~ ~  

N 

+ NH 3 ~ + 2H + + 2e 

The spectra of P-6-Si,  P-6-So, and P-6-Sm are so 
similar  ~max ~ 277 m~, 279 m~, 281 n~ ,  and ~max : 
1.09 x 104, 8.8 x 103, and 8.9 x 10 a, respectively, at pH 
9, that  it is impossible to determine or distinguish 
then in the presence of each other. However, polar-  
ography of P -6 -Sm at pH 9.1 at about the same con- 
centrat ion as the product  showed three distinct waves 
at E1/2 = --1.03V, --1.43V, and --1.55V. P -6 -Sm was 
stable in aerated ammonia pH 9 for several hours. 
Polarograms of P-6-Sm, P-6-So, and the solution of 
oxidized P-6-Si  in ammonia  buffer pH 9.1 are pre-  
sented in Fig. 7. The mechanisms of the polarographic 
reduction of all these compounds have been elucidated 
(25). Clearly P-6-Si  is oxidized in ammonia  pH 9 pre-  
dominately  to P-6-Sm. 

By preparat ion of suitable calibration curves for 
P-6-Si,  and P -6 -Sm it proved possible to determine 
quant i ta t ively  each of these electrolytic oxidation 
products of 6-TP wave III  at pH 9. A 0.94 mM solution 
of 6-TP gave 0.35 mM P-6-S i  and 0.50 mM P-6 -Sm 
with possibly a very small  quant i ty  of P-6-So, i.e., 
less than  0.1 raM. This represents better  than 90% of 
the original 6-TP accounted for. It did not prove pos- 
sible to identify the product which gave rise to the 
first small  polarographic wave at Ell2 ~ --0.40 to 
--0.50V. 

Coulometry o] 6-TP at wave  III in carbonate buffer 
pH 9 . - - In  carbonate-bicarbonate  background pH 9, 
6-TP shows two well-formed anodic waves at PGE at 
Ep ~ 0.3V and 0.82V. The average coulometric n value 
at an applied potential  of 0.8V was 5.0 (average of 4.73 
and 5.28). At completion of the electrolysis the u l t ra -  
violet absorption spectrum was quite different from 
that of 6-TP, having Kmax ~ 277-278 m~. Polarography 
of the product solution showed that  two waves were 
produced E1/2 = - - 1 . 4 2 V  and--1 .58V (6-TP showed no 
polarographic waves in this background) .  The involve-  
ment  of 5e suggested that P-6-So might be an ex- 
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bi 9. 7. Po larograms of  (A)  1 m M  pur ine-6-sul f in ic  acid (sodium 

salt) after exhaustive electrolysis at 0.8V at PGE, (B) 1 mM 
purine-6-sulfonamide, and (C) I mM purine-6-sulfonic acid (potas- 
sium salt) in ammonia buffer pH 9.1. 
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pected oxidation product, and indeed it was found 
that  P-6-So gave an identical polarogram. Because of 
the involvement  of only 5 electrons and the known 
instabi l i ty  of PDS in alkal ine solution it was thought 
that  the oxygen present in  the electrolysis solution 
might chemically oxidize a small  amount  of some 
in termediate ly  produced PDS. Coulometric elec- 
trolysis of 6-TP with argon bubbl ing  through the 
solution gave an n value of 6.2. Analysis  of a product 
solution after electrolysis of 1.02 mM 6-TP gave 1.10 
mM P-6-So, which bearing in mind slight evapora- 
t ion losses, accounts satisfactorily for the total 6-TP 
ini t ial ly present. 

Mechanism of Oxidation of 6-Thiopurine 

The characteristic ul traviolet  absorption spectrum of 
6-TP is due mainly  to the - -C(4)  ---= C(5) - -  C(6) = 
N(1) - -  chromophoric group, the fact that the u.v. 
absorption peak remains after oxidation, although ).max 
is shifted slightly, indicates that the C(4) = C(5) - -  
bond remains intact. Thus the electrochemical oxida- 
t ion of 6-TP at the PGE must  obviously involve at-  
tack at the exocyclic sulfur atom rather  than  attack 
on the pur ine  nucleus unl ike other pur ine  electro- 
chemical oxidations (14, 15). This at first sight is 
ra ther  surprizing in view of these lat ter  studies and 
the known partial  biological oxidation of 6-TP to 
6-thiouric acid. 

Wave I of 6-TP is undoubtedly  an adsorption wave 
due to adsorption of b is (6-pur inyl )disul f ide  on the 
electrode as evidenced by the very  low current  ob- 
served for this wave, its dependence on surface rough-  
ness, and its behavior  on both cyclic and l inear sweep 
voltammetry.  

Wave II of 6-TP is a t rue  faradaic oxidation process 
involving le per mole of 6-TP to give bis (6 -pur iny l ) -  
disulfide according to reaction 

SH S S 

N ) N N N 

+ 2H + + 2e 

In ammonia buffer pH 9 PDS, the pr imary  electro- 
oxidation product, decomposes in a complex series of 
reactions to yield 6-TP, purine-6-sulf inic  acid, pur ine -  
6-sulfonamide and possibly a small  amount  of pur ine-  
6-sulfonic acid according to a reaction of the type 
shown in Eq. [4]. 

S 

N 

S 

N N + NH3 + 3H20 + 1/202 

SH SO2H 

N N 
6 + 

SO2NH 2 

The involvement  of this reaction in the over-al l  
process is evidenced by the very  slow nondiffusion 
controlled electrolysis and the fact that  authentic  PDS 
itself decomposes to the same products. 

Wave III  of 6-TP in ammonia  background pH 9 is 
due to the oxidation of 6-TP to a mix ture  of P-6-Si  
and P -6 -Sm and possibly a small  amount  of P-6-So 
according to reaction [5]. 

SH SO2H H SO3H H 

N N N N 
N N + NH3 + H20 ) ~ + 

1 mole 0.5 mole 2.1 mole 0.4 mole 0.1 mole 

SO2NH2 ~'5~ 

N N H + 
+ + + e 

0.5 mole 5.2 mole 5.2 mole 

In  1M HOAc, PDS slowly decomposes to a product  
which is not 6-TP, P-6-Si ,  or P-6-So. The na tu re  of 
this decomposition product is not definitely known but  
since its polarographic reducibi l i ty  is somewhere 
intermediate  between PDS and P-6-S i  it is suggested 
that the decomposition product is either a disulfone 
[3a] or disulfoxide [3b]. 

o o ...~, o 
t -.- 
S ~ S  S S 

N N 

(a) (b) 

There is considerable evidence for the formation of 
these types of oxidized disulfides. For  example oxida- 
tion of organic disulfides with cold ni tr ic  acid (31) or 
sulfuric acid (32) gives a disulfoxide as has oxidation 
with hydrogen peroxide (33-35). Disulfones have been 
formed by oxidation of the corresponding disulfide 
with perbenzoic acid (33, 34, 36). Many other refer-  
ences and data on these oxidized disulfide species are 
presented by Reid (37). 

The fact that considerably less than 5:2e per mole 
of 6-TP are t ransferred may be interpreted as being 
due to in termediate  formation of PDS which may 
either undergo fur ther  electrochemical oxidation, or 
may undergo chemical oxidation in the presence of 
dissolved oxygen to the same products via a route 
similar to reaction [4]. 

In  the absence of ammonia  and air in carbonate 
background pH 9 the wave III process involves 6e and 
6-TP is quant i ta t ively  electrochemically oxidized to 
P-6-So according to Eq. [6]. 

SH SO3H H 

H + 3H20 �9 + 6H + + 6e 

Since in the presence of atmospheric oxygen less 
than 6e are involved in the oxidation, it again seems 
reasonable to postulate that  an intermediate  species 
such as PDS may be par t ia l ly  chemically oxidized to 
P-6-Si  or P-6-So. 
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Conclusions 
Unlike the electrochemical oxidation of uric acid 

and adenine, which closely paral lel  enzymatic oxida- 
tions, 6-thiopurine is oxidized in a manner similar to 
chemical oxidation. These electrochemical mechanisms 
might however, aid in understanding the complete 
enzymatic mechanism, and not only suggest meta- 
bolites not previously suspected but provide the basis 
for selective analytical determinations of these com- 
pounds in complex mixtures. 

The ease with which bis (6-purinyl)disulfide, purine- 
6-sulfinic, and sulfonic acids and part icularly purine-6- 
sulfonamide are electrochemically prepared recom- 
mends further study of the util i ty of these findings in 
electrosynthetic chemistry, part icularly in view of the 
difficulty with which P-6-Sm, for example, is prepared 
chemically (13). 
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ABSTRACT 

The genera l  p rob lem of the incorpora t ion  of IR compensat ion in a po ten-  
t iostat ic  circui t  is considered. The manner  in which the number  of t ime con- 
s tants  needed to descr ibe  the  system affect the  amount  of s table  posi t ive feed-  
back at  short  t imes or high frequencies  is discussed and a theore t ica l  model  
developed for  present  s tate of the  ar t  potent ios ta ts  and opera t ional  amplifiers.  
I t  is shown tha t  the  use of a model  in which al l  series nonfaradaic  res is tance 
has been removed  to establish a re ference  for complete  IR compensat ion  in-  
dicates that  s table overcompensat ion  cannot t ake  place  in any prac t ica l  sys-  
tem. The  use of pos i t i ve  feedback  in pulse and a-c  techniques is compared  
and it is concluded tha t  great  caut ion must  be exerc ised  in the  l a t t e r  wi th  
regard  to the p roper  detect ion of op t imum compensation.  In te rp re ta t ion  of 
resul ts  using IR compensat ion  is considered and i t  is shown that  the  use of 
f requency domain conversion to obtain the  impedance  of the sys tem under,  
e.g., pulse condit ions al lows potent iosta t  pa rame te r s  to be e l iminated  such tha t  
meaningful  resul ts  may  be obta ined at  t imes of the  order  of 10 nsec. 

The s tudy of rap id  or complex  e lect rochemical  r e -  
actions by  means  of the potent ios ta t ic  method is wel l  
known (1-5).  One of the  ma jo r  l imi ta t ions  in the  use 
of this t echn ique  is the  presence of a nonfarada ic  r e -  
s/stance across the  potent ia l  control  points  in the  po-  
tent ios ta t  circuit.  This may  be caused by  the pres -  
ence of a r e la t ive ly  low conduct iv i ty  e lec t ro ly te  be -  
tween the reference  and work ing  electrodes or to the  
res is t iv i ty  of the pa r t i cu la r  work ing  electrode con- 
figuration. The effect of the nonfaradaic  resis tance m a y  
be convenien t ly  analyzed  by  considering the electro-  
chemical  system as l inear.  In this case the  concept of 
impedance  m a y  be employed  which  al lows the elec-  
t rochemical  sys tem to be rep resen ted  by  an aper iodic  
equiva lent  electr ic  circui t  (6, 7). For  most  sys tems a 
circuit  m a y  be const ructed such tha t  the  double l ayer  
capacitor,  Ca, is shunted by  a fa radaic  impedance,  ZF, 
the complex i ty  of which depends on the ac tual  react ion 
mechanism.  The nonfaradaic  resistance,  Re, is placed in 
series wi th  the  above  elements.  The to ta l  c ircui t  is 
shown in Fig. 1. In  order  to provide  a mathemat ica l  
descr ip t ion  of this circuit ,  Laplace  t rans format ion  (8) 
wil l  be used, as wel l  as in the  r ema inde r  of this  s tudy,  
since this al lows s imple  a lgebra ic  expressions to be 
obta ined which are  sufficient to descr ibe the  f requency  
response of the system. Thus, the  impedance,  Z ( s ) ,  of 
this  circui t  is given b y  

1 
Z(s )  = Re + [1] 

1/ZF(s)  + Cas 

where  s is the  Lap lace  t rans form variable .  Note tha t  s 
is a complex number  given by  s = a q- j~, where  ~ is 
the  rea l  par t ,  and ~ the  angular  f requency  and 
j ~ ~ - - 1  define the imag ina ry  part .  The dimension of  
s is rec iprocal  t ime. Inspect ion of this  equat ion indi -  
cates tha t  eva lua t ion  of the faradaic  por t ion  of the  im-  
pedance (i.e., electrode kinet ic  constants)  necessi tates 
a knowledge  of Re and Ca, as wel l  as ZF. Of pr ime  
importance,  then, is the  es tabl i shment  of expe r imen ta l  
condit ions such tha t  Re is not so la rge  as to obscure 
the  r ema in ing  electrode impedance  dur ing  electrolysis  
t imes significant wi th  respect  to the faradaic  t ime con- 
s tant  (s) .  In  addit ion,  the  classical t r ea tmen t  of the  po-  
tent ia l  s tep method  (1) requi res  tha t  constant  potent ia l  
condit ions be achieved across Ca essent ia l ly  at the  be -  
ginning of electrolysis.  Clear ly  a large Re will  not a l low 
this. An  e legant  discussion of the  effect of Re on the 
t ime domain  response of r e l a t ive ly  s imple systems to a 
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var ie ty  of potent ia l  input  signals has recen t ly  been 
presented  (9). This s tudy  c lear ly  shows tha t  e l imina-  
t ion of the effect of Re would  be h ighly  desirable.  

The potent iosta t ic  technique lends i tself  r ead i ly  to 
the use of the  genera l ly  appl icab le  posi t ive feedback 
method for the reduct ion of the  effect of Re. Thus if a 
cu r ren t -p ropor t iona l  vol tage  signal  of the  same sign as 
tha t  of the  input  signal  is app rop r i a t e ly  fed back  into 
the  potent ios ta t  input  it  is c lear  tha t  the poten t ia l  func-  
t ion desired across the  in te rphase  region of the  w o r k -  
ing e lect rode wil l  be more  closely approximated .  The  
posi t ive feedback technique has long been employed  by  
electr ical  engineers  in amplif ier  design (10, I1),  but  
has only recent ly  been used in e lec t rochemical  studies. 
Severa l  workers  have given circuits  devised to achieve 
compensat ion (i.e., reduce the  effect of Re) in some 
cases (12-23), but  f requency  l imi ta t ions  and phase 
instabi l i t ies  have been the m a j o r  causes of the  lack  of 
genera l i ty  of these techniques.  Fur ther ,  the re  appears  
to be a r a the r  ma jo r  misconception about  wha t  the  
oscil lat ions (whe the r  damped  or undamped)  caused by  
too much posi t ive feedback  mean  in te rms of the  de- 
gree  of compensation.  For  example ,  recent  analyses  
(23-25) of the  f requency behav ior  of some poten t io-  
stats wi th  IR compensat ion  appear  to show tha t  s ta-  
b i l i ty  condit ions can be such tha t  wha t  has been 

Cd 

)L 

R e  

l I 
Fig. 1. General equivalent electric circuit for an active electrode. 

Re is the nonfaradaic resistance, Cd the double layer capacitance, 
and ZF the general faradaic impedance. 
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called overcompensation can occur in some cases be- 
fore the system becomes unstable.  It will  be shown 
below that  if the reference point for complete compen- 
sation is correctly chosen then overcompensation can- 
not occur in any practical system. 

The most versatile potentiostat-IR compensation 
system is that which can achieve the lowest effective 
Rr t ime constant  without  the onset of severe r inging 
or oscillations which would render  potential  control 
impossible. The basic criteria for the realization of 
such a system are considered in detail and it is shown 
that a potentiostat  and positive feedback amplifier are 
present ly available which allow these criteria to be 
closely met. 

Theoretical 
In order to discuss the requirements  for the proper 

design of a potentiostat which is able to operate effec- 
tively, and therefore with sufficient stabili ty at short 
times (or high frequencies) with the incorporation of 
positive feedback IR compensation, it is appropriate to 
review the stabili ty criteria for the t ransfer  function 
of a feedback amplifier. The circuit description of a 
feedback amplifier is well  known (26) and can be 
represented as shown in Fig. 2. The t ransfer  function 
is defined as the ratio of the t ransform of the output  
voltage O(s)  to that of the input  voltage V ( s ) .  This 
ratio can be readily shown (26) to be given by 

O(s)  G(s)  
[2] 

V(s )  1 + G(s )  H( s )  

where G(s)  is the open loop gain function of the po- 
tentiostat  and H(s )  is the function (often complex) 
represent ing the output  voltage which is fed back to 
the input  of the potentiostat. 

Consideration of Eq. [2] will indicate in a s traight-  
forward fashion whether  or not a given system can 
exhibit  instabilities. For this the denominator  of the 
r.h.s, of [2] need only be considered. It is clear that  
if 

1 + G(s )  H(s )  = s + a [3] 

where a is the inverse of the t ime constant, then the 
system, which can now be described as first order, 
will be inherent ly  stable. This is so since its t ime do- 
main  behavior can only be a decreasing exponential  
function for real and positive a. Thus the voltage out-  
put  of the potentiostat  will  be given in general  by 

O (t) = A exp -- at [4] 

where A will  depend on the explicit forms of V ( s ) ,  
G (s), and H (s). However, if 

1 + G ( s )  H( s )  = s  2 + a s + b  [5] 

then the system is now second order and may exhibit  
severe instabilities. This may be seen by considering 
the roots of the r.h.s, of [5]. If these roots are real, 
i.e., a s -  4b is real and positive, the t ime domain re- 
sponse will  be of the form 

exp ( - -a t /2)  s inh ( N/b - -  a2/ 4 ) t 
O (t) ~ [6] 

~/b  - -  a2/4 

V ( s )  +( )  O(s) 

Fig. 2. General block-diagram representation of a feedback 
amplifier. 

which is clearly a stable response function. However, 
for the case in which the roots are complex, i.e., 
4b -- a 2 real and positive, the system will  exhibit  
damped oscillations (or r inging)  since the response 
will be of the form 

exp (--at~2) sin (~/b - -  a2/4) t 
0 (t) ~ [7] 

~/b - -  a2/4 

It is obvious from the above considerations that  it is 
sufficient to consider the t ransfer  funct ion (which is 
therefore in the complex frequency domain) to ob- 
tain adequate informat ion concerning the stabili ty 
of the system. This is a simple mat ter  in the second 
order case, but  more complex for higher order sys- 
tems. For these, the various stabili ty criteria (e.g., 
Routh-Hurwitz)  have been adequately discussed else- 
where (27). It is to be noted, however, that the higher 
the system order the more difficult it will  be in gen-  
eral to achieve smooth and stable response over a 
wide frequency range and to have sufficient gain at 
high frequencies for high speed applications. It is 
therefore of importance to have the mi n i mum possible 
system order. That  this is so can clearly be seen from 
the fact that a first order system will  never  oscillate, 
whereas second and higher order systems can and do in-  
deed oscillate necessitating stabilizing networks which 
can increase the order of the system. It is to be noted 
that increasing the order of the system [e.g., by the 
addition of zeros (28) to G(s)  H(s )  in  Eq. [2]] can 
increase the amount  of positive feedback which can be 
tolerated before the onset of ringing. However, this is 
general ly accomplished with a decrease in the power 
bandwidth  of the system and therefore a decrease in 
ma x i mum frequency at which a given degree of IR 
compensation can be obtained. Thus it may be ad- 
vantageous when using a-c methods to increase the 
order of the system since this can allow a greater 
degree of compensation in the low frequency range 
of operation (23). In  the case of pulse techniques, how- 
ever, a max imum power bandwidth  is desired since, 
e.g., in the classical potential  step method the object is 
to charge Cd in as short a time as possible (i.e., mini -  
mum Re Ca t ime constant) under  stable conditions. 

The first step toward achieving m i n i m u m  system 
order is therefore to employ a potentiostat  which has 
the simplest possible gain funct ion [G(s) ] .  The ideal 
potentiostat  would be that  for which G(s)  = K, i.e., 
a flat response in the frequency range of interest. 
Unfor tunate ly  this range is such that even the best 
practical potentiostats can rarely fulfill this condition 
simply because it has a finite rise time. A potentiostat  
f requent ly  used for electroanalytical  applications is 
constructed with three operational amplifiers (15), all  
of which are in the control loop and, at least two of 
which  must  be described by a m i n i mum of a first order 
function for the respective G (s),  i.e. 

K 
G (s) = [8] 

s T +  1 

where K is the open loop d-c gain and �9 the open loop 
time constant of the potentiostat. A completely flat re-  
sponse [ G ( s ) =  K] is not  a t ta inable  to the highest 
frequencies of interest  in electrochemical applications. 
However, operational  amplifiers which are adequately 
characterized by Eq. [8] are at ta inable and those hav-  
ing higher order gain functions should be avoided, if 
possible, for high speed applications. 

An addit ional  note should be made concerning the 
aspect of stabilizing a potentiostat  both with and 
without  IR compensation. If an operational amplifier 
is employed which has the desirable first order gain 
funct ion (Eq. [8]) then every at tempt should be made 
to assure that  the process of stabilization does not  
increase the basic order of the system. Thus the in -  
corporation of stabilizing networks in the control 
loop (23) normal ly  increases the system order at high 
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frequencies. It is possible, however, to obtain sta- 
bilization through the use of operational amplifiers 
which have provision for external  phase compensation. 
This is effectively an in ternal  ad jus tment  which does 
not change the essential gain function, merely  its mag- 
nitude. Thus T may be varied while Eq. [8] is still 
obeyed. This is a more desirable method of obtaining 
stabilization and it is recommended that all amplifiers 
employed in the potentiostat  control loop be provided 
with external  phase compensation when high speed 
applications are desired. It can now be seen that  the 
use of two operational  amplifiers in a s tandard poten-  
tiostatic circuit leads at least to an undesirable second 
order system even before the electrolytic cell charac- 
teristics are considered and also leads, as will be 
seen below, to a system of even higher order when IR 
compensation is employed. It is thus more advantage-  
ous to use a single operational amplifier for the po- 
tentiostat. This can be done through the use of a high 
impedance input  differential amplifier. The basic cir- 
cuit describing this approach is shown in Fig. 3 where 
Ro represents the output  impedance of the amplifier 
to which eventua l ly  can be added a current  sampling 
resistor. The necessary measurements  of potential  and 
current  can easily be carried out by amplifiers which 
are not wi thin  the control loop and which therefore 
will not affect the stabili ty of the control system. A 
possible a r rangement  is shown in Fig. 4 where Rc is 
the resistor across which a voltage proport ional  to the 
total cur rent  may be sampled, A1 is the potentiostat, 
A2 is a wideband differential amplifier, and A3 is a 
high input  impedance wideband voltage follower nec- 
essary only if reference electrode loading is unavoid-  
able. 

The incorporation of IR compensation in the single 
amplifier potentiostat  described here can be achieved 
by voltage feedback of par t  of the signal appearing 
across a current  sampling resistor to the noninver t ing  
input  ( §  of the potentiostat. This signal must  be 
supplied by an addit ional amplifier which is now in a 
control loop and therefore must  be considered when 
evaluat ing over-al l  system stability. 

In order to evaluate the performance of the single 
amplifier potentiostat  with IR compensation the circuit 
shown in Fig. 5 will be considered. Here A1 and A.~ 

w 1 
Fig. 3. Potentiostat circuit employing single differential input 

operational amplifier. 

V(t} 

R W 

2 
Fig. 4. Single amplifier potentiostat circuit with incorporation of 

potential and current measurement. 

v(s) 

/7; d(s)  R M 
H ( s ) ~ ~  O(s) Ro 

R I 

Fig. 5. Positive feedback potentiostat circuit with compensation 
outside the negative feedback loop. 

are the potentiostat and IR feedback amplifiers re-  
spectively; Re and Cd represent  the electrochemical 
cell (a relat ively accurate analog for high frequencies 
and low ampli tude input  signals) ; R1 a resistor placed 
external  to the cell for sampling the cur ren t -propor-  
tional IR voltage feedback signal, J ( s ) ;  O (s) and V(s) 
are defined in Eq. [2]; R~ and R2 fix the closed loop 
gain of the feedback amplifier; and RM represents the 
mixing resistors for the addition of V (s) and J (s). 

The over-al l  t ransfer  function of this system may be 
wri t ten  by considering Eq. [1] and taking into account 
J (s). Thus 

O (s) G1 (8) 
~ [9] 

V(s) 1 q- (H(s) - - J ( s ) )  GI(S) 

It will be considered here, that a potentiostat is avail-  
able for which the gain function Gl(s) is given by 
Eq. [8]. As indicated earlier it will  be difficult to ob- 
tain a potentiostat  which will have a zero order gain 
function for the variety of electrochemical cell condi-  
tions normal ly  encountered. Since H(s) is defined as 
the fraction of the output  voltage which is fed back 
to the noninver t ing  input  of the potentiostat, it is 
given by 

(Re + R~) Cas + 1 
H(s) = [10] 

(Re + R~ + Ro) CdS + 1 

J(s) is the voltage feedback ratio at the output  of the 
IR feedback amplifier and is given by 

R~ Cas G2(s) 
J(s) = [11] 

(Re q- Ri "k Ro) Cas "k 1 

where G2(s) is the gain funct ion of the IR feedback 
amplifier. Since the total order of the system is to be 
kept as low as possible, it is desirable that  G2(s) be 
effectively given by K2 which is simply the closed loop 
gain magni tude of the positive feedback amplifier. This 
can be accomplished if an operational amplifier, which 
is used merely as a voltage and not a current  amplifier, 
can be obtained with a un i ty  gain crossover point at 
least one order of magni tude above that which is pos- 
sible with the potentiostat. If, in addition, the ampli-  
fier is employed at a relat ively low (~--10) closed loop 
gain, its closed loop t ime constant  becomes small 
enough such that  G2(s) = K2. 

In order to use the above considerations to develop 
an expression which may be used to evaluate the sta- 
b i l i ty  of the system, it is convenient  to define the quan-  
t i ty E(s ) /V ( s )  where E(s) is the voltage function ac- 
tual ly  appearing across the potentiostat  control points 
and V(s) is the voltage function of the per turbat ion 
applied at the potentiostat  input  as defined earlier. 
E ( s ) / V ( s )  can be regarded as an ideality ratio mea-  



1108 J. Electrochem. Soc.: ELECTROCHEMICAL S C I E N C E  

suring the degree to which the potentiostat  can apply 
the input  driving funct ion across its control points. 
E(s )  is related to O(s)  by 

E(s)  = O(s)  - -  i ( s )  Ro [12] 

where i (s )  is the total output  current.  Using [9], [10], 
[11], and [12] the following expression for E ( s ) / V ( s )  
may be obtained 

A u g u s t  1969 

tentiostat, the current  i (s )  required to charge Cd is 
given by 

i ( s )  = V(s) Cas [19] 

where V(s )  is the input  voltage function to the po- 
tentiostat. From a practical point of view this relat ion 
can of course never  be satisfied for a voltage step or 
relat ively high a-c frequencies, since it would require 

V(s)  K + I  ( R e + R i + R o )  C d r s  2 ( R e + R i +  

K + I  K +  

(Re + Ri) C~s + 1 

Ro) Ca --4 K(Re + Ri--R'~K2) Cd 

1 K + I  
[13] 

The system as chosen is thus second order and con- 
sideration of the expression between brackets in the 
denominator  of the r.h.s, of [13] is, as indicated 
earlier, sufficient to evaluate the stabili ty conditions 
for this part icular  electrochemical cell analog. 

In  order to analyze these conditions in terms of a 
real electrochemical system, it is convenient  to de- 
fine the following quanti t ies 

�9 c = (Re + Ri + Ro) Cd [14] 

�9 u = (Re + R~--R'~K2) Cd [15] 

r 
�9 e = - [16] 

K + I  

where ,~ is an exper imental ly  obtainable quanti ty.  
Thus for any given potentiostat  for which the open 
loop gain, K, is known (the manufac turers  value may 
usual ly be relied upon) ,  evaluat ion of the closed loop 
time constant, "e, under  uni ty  gain conditions on a 
purely  resistive load allows relat ion [16] to be obeyed. 
This evaluat ion should be carried out at the power 
level of the part icular  exper iment  with IR com- 
pensation employed. The manufac turer ' s  value of r 
should not be used since this is usual ly  obtained under  
essentially no-load conditions. 

Using Eq. [14] to [16] the critically damped behavior 
allowable in terms of [13] is then 

r c  
Zu + - -  + re = ~ / 4  ~c re [ 1 7 ]  

K + I  

Equation [17] then allows the exper imental ly  useful  
min imum time constant ~mi. of the system at max imum 
stable positive feedback to be established 

Train : X~TcTe [ 1 8 ]  

Consideration of [18] indicates that  the larger the cell 
t ime constant  or the longer the closed loop potentio-  
stat rise time, the larger the min imum time constant 
of the system. This means that, e.g., for a given Ca, the 
larger Re is, the larger Train will  be at critical damping. 
The same reasoning holds true for every component  
of To. Note that, in general  the larger Ro is, (i.e., the 
more resistance between counter and reference elec- 
trodes or the use of a large current  sampling resistor),  
the larger 3; e will  be since more power is thereby de- 
manded of the potentiostat  and Tmin is thus increased. 
It is therefore quite obvious that exper imental  condi- 
tions should be chosen to achieve min imum *e. This is 
of great importance in the choice of the manne r  in 
which IR compensation is carried out. Thus for max- 
imum speed of compensation R~ should be placed in 
the working electrode circuit, i.e., outside the negative 
feedback loop as opposed to being placed in this 
loop thereby effectively increasing Ro. 

It is now appropriate to discuss what  the min imum 
time constant, ~min, signifies in terms of the degree of 
compensation of a given system. To do this it is neces- 
sary to establish what  is actually meant  by complete 
IR compensation. In the ideal case, for a perfect po- 

that the potentiostat be an infinite source of current.  
The charge of Cd will then always occur in some finite 
time and, for the model used in this study, the t ime 
for critically damped charging will  be given by ,,u,L. 
In terms of Eq. [19], therefore, overcompensation can 
never  take place due to the existence of the quant i ty  
+,. i , , .  In  fact, complete compensation can never  take 
place even with a potentiostat  which is several orders 
of magni tude better  than the present  state of the art  
models. 

What then is meant  by overcompensation? To un -  
derstand the significance of this, it is sufficient to ex-  
amine how *min is defined in terms of both the cell 
and potentiostat parameters.  Using [17] and [18] rmin 
may be defined as 

Tu Tc Te 
~min---~-'X/Tcre='-2 -''4- 2(K-4-11 q- ' -2-  [203 

Equation [20] shows that  Train is a funct ion of the 
amount  of positive feedback Tu as well as of both 
the cell and potentiostat  t ime constants. Complete 
compensation in terms of previous definitions (23, 25) 
occurs when Tu = 0. It  is quite clear that  under  these 
conditions ~min still contains terms involving both the 
electrochemical system and the potentiostat. For  the 
condition ~u = 0, Eq. [20] may be satisfied in a phys-  
ically meaningful  fashion only for the condition 

Tc--4Te (K + 1) 2 [21] 

which means that  the time constant  of the cell has to 
be considerably larger than that of the closed loop 
potentiostat in which case the m i n i m u m  time constant  
contains only electrochemical parameters.  

Fur the r  examinat ion of [20] indicates that, provided 
[21] is satisfied, it is possible for ru to become nega-  
tive. This, however, does not mean  that  overcompen- 
sation has taken place since the system still has a fin- 
ite t ime constant, but  merely  means that Eq. [20] is 
satisfied at the critical damping point  of the system. 
The difficulty then essentially lies in  the in te rpre ta -  
t ion of the exper imental  results. If, as in the poten-  
tial step method, it is desired merely  to charge Ca as 
rapidly as possible in order to unmask  faradaic cur-  
rent  at the shortest possible times, then it is imma- 
terial what  constants "~min is composed of. The only re-  
qui rement  is that the exper imental  conditions be a r -  
ranged to achieve the smallest possible value for train. 
However, it is often desirable to evaluate Cd using IR 
compensation. When this is so Eq. [20] clearly shows 
the conditions under  which rmin is appropriately de- 
termined by the electrochemical cell parameters,  which 
then allow an unambiguous  evaluat ion of Ca. Obvi-  
ously there are cases in which this will  not be pos- 
sible. 

In  order to avoid the difficulty of determining Ca 
when employing compensation, it is possible to obtain 
results such that  the quant i ty  Z(s )  as defined by Eq. 
[1] may be evaluated. Equat ion [1] shows that  Z(s )  
is determined only by electrochemical cell parameters.  
For the model used in this study Z (s) is given by 
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1 
Z(s)  : Re q-. [22] 

Cas 

Obtaining Z(s) from exper imenta l  measurements  
necessitates a knowledge of the total  current  i(s) 
flowing through the system. This quant i ty  is related 
to O (s) by the expression 

O(s) -~ i(s) [Ro -k Ri -b Re ~ 1/Cds] [23] 

which states that the total  output voltage of the poten-  
tiostat is the product  of the current  and the total  im- 
pedance. Using [9], [10], [11], and [23] the following 
expression for i (s) can be obtained 

K V(s) Cas 
i(s) 

K + 1 TcT~S 2 + (~u -k [ ~ / K  + 1] + T~)S q- 1 
[24] 

where ~c, Tu, and re are again defined in [14], [15], 
and [16], respectively. 

The voltage appearing across the potentiostat  con- 
trol  points (i.e., between the reference and working 
electrodes) has been previously defined as E (s) which 
is given in Eq. [13] for the case in which IR com- 
pensat ion is carried out in the working electrode cir- 
cuit. The desired quant i ty  Z (s) is now obtained simply 
by dividing Eq. [13] by Eq. [24]. The result  is 

E(s) 1 
Z ( s )  -~- ~ --~ R e  -~- R i  -[- ~ [25] 

i(s) Cas 

This expression differs from Eq. [22] in the presence 
of the addit ional  term R~. This is to be expected since 
for this type of compensation Re now appears between 
the potentiostat  control points (see Fig. 5) and mus t  
be added to the electrochemical cell impedance. In-  
spection of [25] shows that the potentiostat  character-  
istics, K and ~e, as well as the t ime constant  resul t ing 
from any degree of positive feedback, have been elimi- 
nated allowing only the desired electrochemical pa- 
rameters  to be obtained. Thus Z(s)  is a characteristic 
only of the quanti t ies existing between the potentiostat  
control points and may be obtained no mat ter  what  the 
qual i ty of the potentiostat  is, or the type of per tu rba-  
tion, V(s) ,  applied to the system. Z(s)  is also ob- 
ta ined at any  degree of compensation, however, the 
exper imenta l ly  accessible information content  at short 
times of both E(s) and i(s) becomes progressively 
better  as the degree of positive feedback approaches 
critical damping, and for *rain as small  as possible. 
Thus, if Re is large enough to effectively mask Ca at 
the short times of interest  in this study (s ~ 1), 
and if the system is such that the difference between 
Train and Zc is only 10%, the evaluat ion of Z(s) would 
still essentially allow only Re to be evaluated at short 
times. This point is especially impor tant  when it is 
desired to determine Cd in the presence of a relat ively 
fast faradaic reaction. 

The impedance funct ion Z(s) may be obtained from 
either pulse or a-c measurements.  For the former it is 
necessary to perform ei ther  real axis (s ---- ~) or imagi-  
nary  axis (s ---- j~) Laplace t ransformat ion on both the 
total t ime domain (i.e., exper imenta l ly  measured)  
current,  i ( t ) ,  and voltage E(t)  appearing across the 
potentiostat  control points. This effectively converts 
the t ime domain results into the frequency domain as 
defined by the Laplace variable, s. The manne r  in 
which this may be performed has been discussed else- 
where (7, 29). 

In  the case of a-c measurements  the results are ob- 
tained directly in the frequency domain since in this 
case, when  steady-state  is achieved, s ---- jw. The evalu-  
ation of the quant i ty  Z (s : j~) can then be carried out 
in a manne r  exactly analogous to that for pulse mea-  
surements.  The exper imental  measurements ,  when a 
potentiostat  is employed, are usually carried out either 
by direct measurement  of the impedance magni tude  
and phase angle or by direct measurement  of the real  
and imaginary  parts of the impedance using phase 

sensitive detectors. Thus, in order to obtain Z (s ~- j~) 
the a-c voltage across the potentiostat  control points 
and the total  a-c current  must  be employed. As in the 
pulse case, the informat ion content  at higher fre- 
quencies is increased when more positive feedback is 
employed and when Train is as small  as possible. When 
measurements  are performed in this way the phase 
angle will  be the same at a given frequency indepen-  
dent  of the amount  of positive feedback employed 
(except of course when the stabili ty conditions are 
exceeded).  This is so since proper positive feedback 
merely changes the signal ampli tude and not its phase 
relat ion provided that  the voltage reference for phase 
is taken across the potentiostat  control points as it 
must  be in order to obtain Z (s ----- j~). 

The question of detection of opt imum compensation 
conditions may now be examined.  When a pulse or 
t r iangular  voltage waveform is employed the onset of 
r inging is usual ly  the most convenient  manner  to 
evaluate Train. In the a-c case phase angle measure-  
ments  or phase sensitive detection cannot normal ly  be 
used (this point wil l  be discussed fur ther  below).  How- 
ever, the onset of nonl inear i ty  caused, e.g., by excita- 
tion of the r inging frequency may cer tainly be em- 
ployed. This would probably necessitate the use of a 
distortion analyzer. As in the pulse or t r iangular  wave-  
form case complete IR compensation may not be 
achieved in a practical system, It is thus exper imenta l -  
ly impossible to achieve either a phase angle of --90 ~ or 
a zero in-phase component over the complete fre- 
quency range desired (e.g., 1 Hz to 1 MHz) when the 
reference a-c voltage employed is that  in the absence 
of compensation (i.e., the total  a-c voltage appearing 
across the potentiostat  control points minus  the com- 
pensation signal).  The most convenient  way to mea-  
sure phase in this way would appear to be to use the 
voltage applied at the input  of the potentiostat, V(jo,). 

In  order to determine what  parameters  have to be 
taken into account when the phase reference is taken 
as V(j~) ,  Eq. [24] may be employed. For the condi-  
tion s ~ j,o, and at critical damping, the following 
equation may be wr i t ten  

where 

ZA(j~) ~- ~ ~ e -jr/2 e j0 [26] 
i ( j~)  ~Cd 

2X/T~e ] [27] 
0 ---- tan  -1 1 - -  w 2 ~e ~c 

and ZA(jW) is the apparent  complex electrochemical 
cell impedance. 

Equat ion [26] may be compared to the expression 
for the ideal impedance Zi(joJ) which would be ob- 
ta ined if the system behaved as though all series re-  
sistance (Re + Ri) had been removed. This is given 
by 

1 
Z1 (j~) =, e -~ /2  [28] 

Ca 

Comparison of [26] and [28] shows that  in certain 
frequency ranges both the measured impedance mag- 
ni tude and phase angle may differ substant ia l ly  from 
that  which would be obtained if all Re and R~ were 
effectively removed. Thus, m i n i m u m  magni tude  error 
is obtained only for the condition ,~ ~ 1/X/~c ~e, which 
means that  only at frequencies much lower than  the 
corresponding m i n i m u m  time constant  Train will  the 
error be tolerable (two orders of magni tude  lower for 
1% error) .  Higher frequencies may of course be 
achieved as Train becomes lower and lower (i.e., as the 
potentiostat  employed for a given system becomes 
faster the higher is the m i n i m u m  ampli tude error  
f requency) .  

Evaluat ion of the mi n i mum phase angle error may 
be carried out if the following equation, valid for 
small  phase errors ( ~  1 ~ is employed 
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0 = [29] 
1 --  ~2 Te Tc 

Using [29] the f requency ~o at which the phase error  
is 1 degree is found to be 

1.4 • 10 -3 
~ o  - -  H z  [ 3 0 ]  

~//Tc "~e 

This again indicates that  the min imum phase e r ror  
f requency is substant ial ly lower than l:mi n and is one 
order of magni tude  lower than the min imum ampli -  
tude error  frequency.  Conclusions identical  to those for 
min imum ampli tude error  concerning the effect of a 
faster potentiostat  prevai l  for min imum phase error. 

The above considerations indicate that  the evalu-  
ation of electrochemical  parameters  from a-c measure-  
ments must be carr ied out wi th  ex t reme  caution when 
IR compensation is employed par t icular ly  when phase 
angle measurements  or phase sensitive detection are 
employed using V(j~)  ra ther  than E(jo,) as phase 
reference.  

Experimental and Results 
In order to i l lustrate and test the model  developed 

above for high speed ohmic drop compensation in the 
case of the potential  step method,  the basic circuit  
shown in Fig. 5 was employed. The potentiostat,  A1, 
is the ul t rafast  rise Tacussel Model PIT-20-2A provided 
with externa l  phase compensation, the gain function 
for which is given by Eq. [8]. The IR feedback ampli -  
fier, A2, is an Optical Electronics Inc. Model 9186 
chosen for its uni ty  gain cross-over  point of 1 GHz 
and its provision for ex te rna l  phase compensation. This 
amplifier is the fastest known of the operat ional  type 
having sufficient vol tage and current  range for the 
present application. Its low input  impedance and 
l imited current  output  (5 mA) prohibit  its use as a po- 
tentiostat  of the single amplifier type. For the present 
application the resistors in the loop of the OEI 9186 
are chosen for appropriate  closed loop gains to obtain 
sufficient posit ive feedback. For  this R1 ~ 1 k -ohm and 
R2 is var iab le  f rom 5 to 30 k-ohms in 5 k -ohm steps. 
Note that  in general  low value meta l  film resistors 
should be used for high speed operat ional  amplifier 
applications (e.g., R1 and R2 should not be tenfold 
larger, nor should they be wi rewound) .  The step vol t -  
age source V(s) is the Monsanto 300A pulse generator  
correct ly  mated to the potentiostat.  The mixing re-  
sistors, RM, are chosen in this case to be 1 k-ohm. Note 
that  the best possible signal mixing should be carr ied 
out using a 50 ohm system. Unfortunately,  however,  an 
operat ional  amplifier, having the characterist ics of the 
OEI model, able to supply at least 5V into 50 ohms is 
not avai lable at the present  time. Thus in order to be 
able to obtain the requi red  5V from the OEI model, 
it is necessary that  RM ~ 1 k-ohm, which enables the 
t ime constant of the mixing ne twork  to be kept ac- 
ceptably small. 

Special  at tention must be given to the manner  in 
which the amount  of positive feedback voltage is ad- 
justed. In the ear ly  applications of this technique R~ 
was simply a GR decade resistor box which enabled 
the feedback voltage to be increased to critical damping 
value by a stepwise augmenta t ion  of R~. This approach 
has two inherent  disadvantages if  max imum compen- 
sation speed is desired. Thus as the critical damping 
point is approached Tc becomes progressively larger  
because Ri is increased render ing Tmin larger  than it 
need be. In addition, the residual  inductance of these 
resistors is high enough (~1 ~H) to cause considerable 
error  at the frequencies  at tainable in this work. The 
use of, e.g., a carbon potent iometer  ei ther in place 
of the decade resistor or at the output  of A2 is also 
not acceptable for high speed work  since these are 
even more  induct ive  and have high capacitance asso- 
ciated with  them. The opt imum manne r  found to a t -  
tenuate the positive feedback signal with adequate 
resolution was to employ a fixed resistance for R~ and 

place a s tep-wise high f requency a t tenuator  in series 
wi th  the input to A2. The a t tenuator  chosen for this 
work  is the Texscan Model RA-535 which allows 11 db 
of vol tage at tenuat ion in 0.1 db steps and is l inear  to 
500 MHz. Use of this a t tenuator  requires  that  it be 
terminated  with 50 ohms which then restricts  Re to this 
value. In order  to obtain sufficient posit ive feedback 
for values of Rc general ly  encountered in high speed 
kinetics studies (10-1000 ohms) the gain of A2 was 
rendered  adjustable  in fixed steps f rom 6 to 30. The 
oscilloscope employed in this study was the Tektronix 
556 equipped with two 1A5 preamplifiers.  All  vol tage 
measurements  were  made using Tektronix  P6045 
probes at the input of the preamplifiers. These probes 
allow measurements  to be made at nanosecond times 
with li t t le or no per turbat ion  on the system. In addi- 
tion they can be matched to bet ter  than 0.5%. 

In order to i l lustrate the affect of compensation on 
the observed current  response to a potential  step ini-  
tial measurements  were  per formed on an equivalent  
circuit  with Re -~ R~ = 266 ohms, Ro ~ O, and Cd ~= 
0.15 ~F. Note that  measurements  per formed on electr i-  
cal analogs at the frequencies  at tainable in this work  
requi re  that  the components be suitable for high f re-  
quency work. Thus only meta l  film resistors and glass 
capacitors are used in this study. The photographs 
shown in Fig. 6 are oscilloscopic traces of the cur-  
r en t - t ime  curves exper imenta l ly  obtained using the 
above components. The ampli tude of the input voltage 
signal, V(s) ,  was chosen in each case so as to obtain 
0.4 mA per major  division on the ver t ical  axis. 

The val idi ty  of the model  employed to evaluate  the 
performance of the system employed in this study may 
readily be determined by evaluat ion of Train. This 
quant i ty  is exper imenta l ly  obtainable by determinat ion 
of the t ime requi red  for Cd to achieve 99% charge at 
cri t ical  damping. The results in Fig. 6b show that  the 
exper imenta l  Tmin is 2.76 ~sec. The closed loop poten-  
tiostat t ime constant 1" e for this circuit  is 0.06 ~sec 
and Tc ~ 120 ~sec. Using these quanti t ies Tmin is cal- 
culated from Eq. [18] to be 2.68 ~sec. This is satisfac- 
tory agreement.  In order  to more  ful ly test the 
theory  a var ie ty  of equivalent  circuits having  Tc f rom 
15 to 350 ~sec were examined.  The results are shown 
in Table I. It may be seen that  the average error  be- 
tween calculated and observed Train is approximate ly  
5% which is sufficiently low to consider that  the model  
considered in this study for IR compensation satis- 
factori ly describes the actual  exper imenta l  system. 

An at tempt  was made to evaluate  Cd from the t ime 
domain current  response at critical damping for each 
of the circuits used above. The results in almost every  
case were  ambiguous since a straight line plot of log 
i vs. t which would normal ly  be valid for the series 
RC circuit  used here was not obtainable over  a suffi- 
ciently large t ime range. It is considered that  a plot of 
this type over  at least two orders of magni tude  of t 
should be obtained for unambiguous results. In addi-  
tion, this condition must  be achieved at sufficiently 
short t imes if Cd is to be evaluated in the presence of 
a re la t ively  fast faradaic reaction. 

As was indicated earl ier  in the theoret ical  analysis, 
evaluat ion of the quant i ty  Z(s)  from a knowledge of 
both E (t) and i (t) should al leviate  the above difficulty. 
It wil l  be r emembered  that  Z(s)  is a characterist ic 
only of the parameters  existing between the poten-  
tiostat control points (in this case Re, Ri, and Cd). Thus 
the actual shape of the current  and voltage t ime curves 
is immater ia l  (i.e., it does not mat te r  whether  or not 
the potential  step has actual ly achieved its plateau 
value for meaningful  results to be obtained).  For this 
reason data points for both E(t)  and i ( t )  as close to 
t = 0 as is exper imenta l ly  possible may be utilized. 
In these exper iments  the first data point was normal ly  
obtained at 10 nsec to enable accurate real  axis t rans-  
formation to be accomplished for large ~ values (29). 

The evaluat ion of Z (s) was carr ied out on a cell ana-  
log in which Re + R~ = 1050 ohms and Cd ~ 0.15 ~F. 
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Fig. 7. Transient impedance obtained using frequency domain 
conversion for a potential step input. 

Fig. 6. Oscilloscope traces of current-time response curves to 
voltage step input. In each case the vertical axis (current) is 0.4 
mA per major division and the horizontal axis is time as indicated 
below: (a) uncompensated system, 50 ~sec per major division: (b) 
compensation at critical damping, 2 ~sec per major division: 
(c) compensation exceeding critical damping, 10 ~sec per major 
division. 

Real axis (s ---- a) Laplace t ransformat ion was per -  
formed with  the aid of a digital computer  (Burroughs 
5500) on both E( t )  and i ( t ) .  Results were  obtained 
in the absence of compensation and at cri t ical  damping. 
In both cases Z ( s  z ~) should be given by 

Z ( s  -~ ¢) = Re + R~ - F - -  
1 

[31] 
Cdcr 

Thus a plot of Z ( s  = ~) vs. 1/~ should result  in a 
straight line, the slope of which contains Cg while  the 

Table I. Comparison of theoretical and experimental ~mln values* 

-r(, "re r,. in (calc . )  ~'mEn (obs.) 

0.06 15 0,95 1.00 
0.06 23 1.16 1.20 
0.06 40 1.55 1.50 
0.06 83 2.25 2.40 
0.06 102 2,48 2,50 
0.06 109 2.56 2.40 
0.06 120 2.68 2.76 
0.06 150 3.00 3.30 
0.06 195 3.42 3,60 
0.06 327 4.43 4.60 

* Al l  t i m e s  a r e  in  m i c r o s e c o n d s .  

intercept  gives Re -t- Ri. This plot is shown in Fig. 7 
which shows the var ia t ion in Z ( s  ---- ~) over  two orders 
of magni tude  in ~. This figure indicates that  signifi- 
cant results are  obtained in this t ime (frequency)  
range only when significant compensat ion is employed. 
Thus in the uncompensated case Re -~- Ri  are over -  
whe lming ly  responsible for the current  response and 
the exper imenta l  results reflect this condition enabling 
only the series resistance to be detected in the range 

= 106 --  l0 T and causing gross inaccuracies in the re-  
sults down to ~ = 105. It can then  be seen that  the use 
of compensat ion results  in great ly increased exper i -  
menta l ly  accessible informat ion content  in the short 
t ime data enabling detection of, e.g., double layer  
charging in the presence of a faradaic process. Par t icu-  
lar at tention should be paid to the fact that  mean ing-  
ful results have been obtained for ¢ values as large 
as 5 x 10~ (see Fig. 7) which corresponds to a f re -  
quency of 50 x 106 rad/sec.  This is a re la t ive ly  high 
f requency necessitating certain exper imenta l  precau-  
tions. At  these frequencies  the major  error  is caused 
by the presence of inductance, e.g., in the externa l  
electrical  leads. For  these exper iments  lead length 
could be kept to substant ial ly less than 3 cm. How-  
ever, in an actual electrolytic cell longer lead length 
is a necessity. In this laboratory  cells requir ing con- 
nect ing leads of only 2-10 cm have  been constructed 
which allow satisfactory results to be obtained at f re-  
quencies of up to 107 rad/sec.  The description of this 
cell and results obtained with  it wil l  be repor ted  else- 
where.  

Conclus ion 
The analysis presented in this study of the requi re -  

ments for high speed IR compensation in potentiostatic 
techniques has enabled some basic cri ter ia  for the 
application of this technique to be established. The 
results indicate that  the choice of a fast system should 
be predicated on achieving the lowest possible order 
for its t ransfer  function which may  be accomplished 
through the use of present  state of the art  potentio-  
stats and operat ional  amplifiers. However ,  the best 
that  can present ly  be achieved is a second order  sys- 
tem which by definition may exhibi t  instabilit ies if ex- 
cessive positive feedback is employed. Examinat ion  of 
the stabili ty cri ter ia  for this system allows the mini-  
mum t ime constant, Train, achievable at cri t ical  damp-  
ing to be determined.  The fact that  Train is always a 
finite quant i ty  implies that  overcompensat ion in the 
absolute sense (i.e., achieving the proper  response to 
charge Cd in the absence of any series resistance) is a 
physical impossibility. Considerat ion of Tmin indicates 
that  it is general ly  the sum of t ime constants involving 
both the electrochemical  cell and the potentiostat,  and 
it becomes difficult in some cases to evaluate  unam-  
biguously both the uncompensated resistance and the 
double layer capacitance. This problem may be over -  
come if the total  cell impedance Z ( s )  is determined 
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which effectively e l iminates  the  potent ios ta t  cha rac te r -  
istics and Tmin. When  compensat ion  is employed,  the 
expe r imen ta l l y  accessible in format ion  content  of the  
exper imen ta l  da ta  at cr i t ical  damping  is increased 
roughly  by  the percentage  tha t  "~min differs f rom Te 
a l lowing more  accurate  resul ts  to be obta ined at 
shor te r  t imes or h igher  f requencies  thus a l lowing Z (s) 
to be eva lua ted  more  precisely.  This is of grea t  im-  
por tance  when  Re is ve ry  large and it is des i red  to 
evalua te  Cd in the presence of a r e la t ive ly  fast  fa ra -  
daic reaction.  The detect ion of op t imum compensat ion 
is s t r a igh t fo rward  for the  case of the potent ia l  step 
technique,  however ,  it  becomes much less s t ra igh t fo r -  
wa rd  when  a-c  techniques are  employed.  Fo r  the  
lat ter ,  it  is shown tha t  the use of phase sensi t ive de-  
tect ion employing  the  potent ios ta t  d r iv ing  voltage, 
V( j~) ,  as phase reference  can lead to severe  er rors  in 
the in te rpre ta t ion  of exper imen ta l  data.  

Manuscr ip t  submi t ted  March 20, 1969; revised m a n u -  
script  rece ived  Apr i l  17, 1969. 

Any  discussion of this  paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the June  1970 
J O U R N A L .  
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Double Layer Capacitance on Platinum in 1M H S04 
from the Reversible Hydrogen Potential 

to the Oxygen Formation Region 
Murray Rosen, 1,* David R. Flinn, I,* and Sigmund Schuldiner* 

Electrochemistry Branch, Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

Improved  design and electronics which gave m a x i m u m  oscilloscopic screen 
sensi t ivi t ies  of 5 mV and 5 nsec /d iv  pe rmi t t ed  measurements  wi th  single, 
r e l a t ive ly  high in tens i ty  galvanosta t ic  pulses of shor t  dura t ion  so tha t  the  net  
pe r tu rba t ion  of the  system from equi l ibr ium or s teady state was small.  This 
a r r angemen t  gave accurate  separa t ion  of double  layer ,  faradaic,  and adsorp t ion /  
desorpt ion processes at  t imes less than  200 nsec. The double  l aye r  capaci tance 
at  a clean, b r igh t  P t  e lect rode in 1M H2SO4 was measured  from the  revers ib le  
H2/H + equi l ib r ium potent ia l  to 1.2V vs. N.H.E. The double  l ayer  capaci tance 
of the no rma l  equ i l ib r ium hydrogen  e lect rode on P t  was found to be 17 +_ 1 
~F /cm 2 (al l  measurements  were  on a t rue  area  basis) .  The double  layer  ca-  
paci tance increases to 30 ~F/cm 2 at 0.15V and un i fo rmly  decreases to 17 ~F /cm 2 
at 0.7V. Above  0.9V, the  format ion  of h ighly  polar ized oxygen atoms on the 
P t  causes the  capaci tance to increase. The exchange cur ren t  dens i ty  for  the 
H ~ H + -6 e reac t ion  was found to be 0.44 A/cm2. No " ideal ly"  polar ized  po-  
ten t ia l  region was found. 

The measuremen t  of  the  double  l aye r  capaci tance on 
Pt  has been complicated by  impuri t ies ,  fast  fa radaic  
reactions,  and adsorp t ion /desorp t ion  processes (1-3).  
At  the  revers ib le  H2/H + potent ia l ,  double  l ayer  ca-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 N a t i o n a l  A c a d e m y  of Sc iences- -Nat iona l  Resea rch  Counc i l  Pos t -  

doc to ra l  Research Associate  at  NRL.  

paci tance  measurements  have  p rev ious ly  been masked  
by the pseudocapaci tance  which resul ted f rom the fast 
hydrogen  ox ida t ion / reduc t ion  process occurr ing in pa r -  
a l le l  wi th  the  double  l aye r  charging.  In  the  present  
work,  the  pseudocapaci tance,  adsorp t ion/desorp t ion ,  
and impur i t y  effects have been v i r t ua l ly  e l iminated,  
and the double  l ayer  capaci tance vs. potent ia l  r e la t ion-  
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ship has been determined f rom the equi l ibr ium H2/H + 
potent ial  (N.H.E.) to 1.2V positive. The technique used 
examined the potential  response of a Pt  e lec t rode /  
solution interface to a constant cur ren t  pulse at ve ry  
short t imes just af ter  the per turbat ion  t ime (4, 5). The 
lat ter  phenomenon was shown to occur in 1M sulfuric 
acid solution in the first 38 nsec immedia te ly  after  the 
application of a pulse. 

Improvements  in the cell design and electronic 
equipment  used at this Labora tory  to ident i fy and to 
invest igate the per turbat ion t ime have permit ted a 
more  precise separat ion of the faradaic, nonfaradaic,  
and double layer  processes at t imes less than 200 nsec. 
A sensit ivi ty of 5 m V / d i v  on the oscilloscope potential  
axis and 5 nsec /d iv  on the t ime axis of a single gal-  
vanostatic pulse has been achieved. As previously 
pointed out (6), high precision is required for double 
layer measurements  on the non- ideal ly  polarized Pt  
electrode. 

Experimental  
The electrochemical  cell is shown in Fig. 1 and pri-  

mar i ly  varies from those used in past short pulse tech- 
niques (4, 5) by having a solution compar tment  above 
the coaxial  a r rangement  of electrodes. The new cell 
permit ted any a r rangement  of gas, a pre-electrolysis  
electrode, an ~-Pd-H reference electrode, and a glass 
reference  electrode to be introduced or r emoved  at will. 

In the circui t ry  shown in Fig. 2, the combination of 
resistor RT and diode 1N914B are requi red  to isolate 
the small  d-c current  which is always present  at the 
output  of the EH132A pulse generator.  The value of 
resistor R1 was such that  the total  pulse generator  load 
exact ly  matched its output  impedance, which was 50 
ohms. The use of the Tektronix  P6046 differential  
probe enabled potent ial  measurement  between the 
reference electrode and the grounded working elec- 
trode with IR compensation accomplished at the mea-  
surement  point. This differential  probe has a rise t ime 
of 3.5 nsec for all gain positions, wi th  a max imum 
sensit ivi ty of 1 mV/div .  The Tektronix  454 oscilloscope 
also has a rise t ime of 3.5 nsec and has a max im um  
sweep rate  of 5 nsec/div.  A single sweep pulse was 

f 
GAS IN 

Pt 
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Pt 

Pt 

G.  

IPUT 
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Fig. 1. Electrochemical cell: G. E--glass electrode; PtE--elec- 
trolytic purification electrode; T. C.--trirnming circuit; Rl--load 
resistor; Ptw, PtR, Ptc--working, reference, and counter electrodes, 
respectively. 
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Fig. 2. Block diagram of short-pulse electrical circuit 

recorded with  a Tekt ron ix  C-31 Camera  (f/1.2 lens) 
using Polaroid 10,000 ASA film. In order to maintain  
a useful re la t ive  perspective,  most double layer  capac- 
itance measurements  were  made using a ver t ica l  sensi- 
t iv i ty  of 10 m V / d i v  and a horizontal  sweep ra te  of 20 
nsec/div.  The capacitance values at these sensitivities 
were  the same as those determined at the max imum 
sensitivities of 5 m V / d i v  and 5 nsec/div.  

The working Pt  electrode has a t rue area of 0.329 
cm 2 as de termined f rom measurements  to be discussed 
later. All current  density and area measurements  re-  
ported in this paper are on the t rue  area basis (2). 
The Pt  reference  electrode had slightly less area and 
was mounted paral le l  to the working electrode. These 
electrodes were  surrounded by a large cyl indrical  Pt  
gauze counter electrode, approximate ly  0.5 cm in d iam- 
eter and 2 cm in length. The circuit  shown in Fig. 2 
has been checked by substi tution of the cell wi th  sev- 
eral  different equivalent  circuits containing careful ly  
cal ibrated components. Two differential  probes were  
shown to have the same response and agree within 
exper imenta l  er ror  when used with the equivalent  cir-  
cuits and the real  cell. 

The method of gas purification and distribution 
through a gastight, glass pipe system has been prev i -  
ously described (2). In addition to these pure gas 
sources, an electrolytic hydrogen-oxygen  generator  
was placed direct ly in the He gas line. By the use of 
this generator,  the part ial  pressure of hydrogen or oxy-  
gen passing through the cell could be var ied from 0 
to about 0.2 atm. 

The method of cell cleaning has been previously 
described (5). In addition to this cleaning, the cell 
was la ter  inver ted  while  s team produced from tr iply 
distil led water  was passed through the  cell for at least  
24 hr. The cell was then placed upright  and al lowed 
to fill with condensed water .  The  proper  amount  of 
u l t rapure  H2SO~ (E. Merck A. G., Darmstadt,  contain-  
ing impuri t ies  at general ly  less than the 10-7% level) 
was then added to the  cell. 

Careful ly  cleaned shrinkable Teflon was used to 
couple short pieces of regular  Teflon tubing to the cell. 
Concentric pieces of Teflon tubing were  used for gas 
inlet and exit, giving the cell some flexibility when it 
was coupled into the regular  glass pipe system. Gas 
enter ing the cell passed through the center  Teflon tub-  
ing, while  exit  gases moved in the outer  tube. This 
method effectively prevented  appreciable oxygen leak- 
age into the cell through the Teflon walls, as was 
shown by the fact that  upon removing  hydrogen f rom 
the ceil and substi tut ing hel ium the potential  never  
rose above about 0.2V. Also, the seals made with  the 
shrinkable Teflon tubing were  gastight when checked 
with a leak detector sensitive to less than 0.1 ft3/yr. 

Af ter  the cell  was cleaned and filled with  solution, 
a pre-electrolysis  t rea tment  was performed. In this 
procedure, all of the Pt  electrodes in the cell  were  
made the anode with  respect to a removable  Pt  cath-  
ode. A current  of about 1 mA was passed through the 
cell for a 24-hr period in He-sa tura ted  solution. The 
removable  cathode was then replaced by a clean glass 
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electrode, again coupled to the cell using several  lay-  
ers of clean, shrinkable Teflon tubing. Hydrogen was 
then introduced into the cell and the electrodes were  
left  at open circuit  for several  hours to remove  the last 
traces of oxygen. 

A Pd wire  was then introduced into the solution 
through the gas exi t  tube and was charged with hydro-  
gen at 2 mA for 1/2 hr giving a stable reference elec- 
trode (7). This electrode was used for potentiostatic 
control of all fur ther  cell electrolytic purification and 
made it possible to control  the electrolysis potential  
in the presence or absence of hydrogen.  Electrolyt ic  
purification was repeatedly  carr ied out between mea-  
surements  using the working,  reference,  and counter  
electrodes as the anode and a small  Pt  wire  mounted 
in the upper  part  of the cell as the cathode. It was 
necessary to remove  the Pd wire  from solution contact 
dur ing capacitance measurements ,  since it was in ef-  
fect an antenna which introduced sufficient noise in 
the reference electrode circuit  making measurements  
impossible. The potent ial  of the working electrode dur-  
ing electrolysis and dur ing capacitance measurements  
was moni tored by the use of the glass electrode, using 
a Ke i th ley  model  630 potent iometr ic  electrometer.  
Cleanliness tests, which are discussed below, indicated 
that  oxidation of organic impuri t ies  was more success- 
ful when done in the presence of a small  amount  of 
hydrogen mixed with hel ium than when done in pure 
helium. The hydrogen par t ia l  pressure dur ing electro-  
lytic purification was normal ly  about 0.1 atm. The t em-  
pera ture  was mainta ined at 25 ~ _+ I~ 

Two tests were  used for cleanliness. First  is the 
shape of the anodic charging curve  in H2-saturated 
solution (2). In a clean system, the small  breaks seen 
along the charging curve  in the H atom ionization re-  
gion are  ve ry  distinct, as is the sharp transi t ion from 
the H atom ionization to atomic oxygen format ion 
region. Also, the O atom adsorption region is very  
l inear in a clean system. The fact that  an electrode 
remained at open circuit  for many  hours in a solution 
and still exhibi ted the same anodic charging curve  was 
taken as good evidence of a clean system. The amount  
of charge required to move through the various re-  
gions had to remain  invar iant ;  that  is, the charge re-  
quired for hydrogen ionization and oxygen atom for-  
mation had to remain  fixed. 

The second check for cleanliness was less direct but 
was shown to paral lel  the first method. The capacitance 
at the N.H.E. potential  was not s t rongly dependent  on 
impurities.  However ,  at potentials posit ive to 0.1V, the 
capacitance depended qui te  s t rongly on impuri ty  ad- 
sorption at the electrode. This effect could be observed 
by first employing an anodic pulse to clean the elec- 
trode, fol lowed by capacitance measurements  made 
every  few minutes for an hour or more. In an unclean 
solution the capacitance would slowly fall, while in a 
clean system the capacitance remained  constant for 
t imes as long as 3 or 4 hr. 

Results 
The current  density, i, is de termined by measur ing 

the time, t, required to generate  one monolayer  of O 
atoms, assuming that  456 ~C/cm 2 is the charge required 
(2, 8). A pulse which represents  a clean system and is 
used to de termine  current  density is shown in Fig. 3a. 
The current  density thus obtained is used to deter-  
mine the double layer  capacitance, C, f rom the poten-  
tial response of the working electrode over  a known 
period of t ime;  hence, 

At 
C = { ~  [I] 

hE 

The At/AE ratio at very short time and low polariza- 
tion is considered to approach dr~dE, so that the true 
differential capacitance is virtually determined. For 
each measurement, a single, short, high current density 
galvanostatic pulse was applied to the working elec- 
trode which was at a steady-state potential prior to 

application of the pulse. The measured capacitance 
was independent  of the galvanostat ic  pulse current  
density f rom 1 to 6 A / c m  2. Most of the data were  
taken using a 2.60 A / c m  2 pulse current.  

A typical  response of the working electrode to a 
single, constant current  pulse is shown in Fig. 3b. This 
picture includes an approximate ly  0.4V solution I R  
drop and shows about 35 nsec of t ime from the init ia-  
tion of the pulse to the point af ter  which meaningful  
capacitance measurements  may be taken. Because of 
exper imenta l  requirements ,  the cell used was not as 
compact  as those previously used to determine  per-  
turbat ion time. The additional inductance and capaci-  
tance of the cell leads and components  caused electr ical  
disturbances which masked the per turbat ion region (4, 
5). 

The pulse current  flow between counter  and working 
electrode measured by use of a Tektronix  P6020 probe 
placed around the working electrode lead wire is 
shown in Fig. 3c. The current  is seen to be constant 
af ter  about 30 nsec, and remained constant  to 500 ~sec. 

In Fig. 3d, the response of the working electrode 
to a galvanostat ic  charging pulse of 2.60 A / c m  2 is 
shown on a more sensitive range of the differential 
probe with  the solution I R  drop ful ly compensated. 
The initial inde te rminant  electrode response has been 
shifted 40 nsec to the left  on the oscilloscope screen. 
By measur ing the initial l inear potential  response of 
60 nsec, the capacitance may be calculated. The 40 nsec 
before capacitance measurements  can be made does 
not appear to be as serious an exper imenta l  problem 
as might  be thought,  as was shown by the following 
experiment .  By del ibera te ly  adding length to the con- 
nection be tween the cell and pulse generator,  it was 
possible to produce an even longer  indeterminate  re -  
sponse, first up to 60 nsec and finally up to as long as 
80 nsec, yet the init ial  capacitance determined after 
these longer t imes was the same, as was the over-a l l  
appearance of the curve. These results show that  small 
electrical disturbances and induct ive and capacit ive 
t ime constant changes, which may  delay the charging 
of the double layer up to 80 nsec, have no significant 
effect on double layer  capacitance measurements .  

The curva ture  present in the electrode response 
shown in Fig. 3d after  the first 60 nsec does not ap- 
pear  to be due to a faradaic reaction. In the double 
layer  capacitance vs. potential  curve  in Fig. 4, the 
capacitance is shown to increase with potential  in the 
region from 0 to 0.15V, and it is possible to account for 
about 90% of the curva ture  observed in Fig. 3d by the 
changing capacitance. At more posit ive potentials, the 
response tends to become more  l inear as the capaci- 
tance becomes less potent ial  dependent,  but  never  be- 
comes absolutely straight. This behavior  seems to indi-  
cate rapid faradaic or adsorpt ion/desorpt ion processes 
at more  posit ive potentials. 

The potential  of the working electrode as measured 
vs. the glass electrode was adjusted by four different 
procedures. In the first method, the amount  of hydro-  
gen in a hel ium gas s tream was set to yield a given 
steady potential, after which the capacitance measure-  
ment  was made. This procedure worked well  in the 
region of 0 to 0.15V vs. N.H.E.  In the second method, 
low concentrat ions of oxygen were  introduced into the 
hel ium flow v ia  the electrolytic generator.  Potentials 
f rom equi l ibr ium to about 1V vs. N.H.E. were  set by 
this method. The rate  of change of potent ial  during 
oxygen addition could easily be controlled to less than 
1 mV/min .  In the third method, the working  electrode 
was polarized by the use of repet i t ive  short pulses, and 
the electrode was al lowed to come to a steady potential  
for several  minutes  with continuous polarization. By 
this procedure, it was possible to collect capacitance 
data at any point over  the entire potential  range stud- 
ied. Finally, in a few cases over  the potent ial  region 
between 0.3 and 1V, single, long pulses were  employed 
to change the potential  over  a significant range, and 
the capacitance was determined as the electrode slowly 
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Fig. 3 (a) Typical anodic charging curve (i = 2.60 A/cm2); (b) working electrode response at low sensitivity for 2.60 A/cm ~ constant 
current pulse without IR compensation; (c)pulse current flow between counter and working electrode measured with current probe; 
(d) working electrode response at high sensitivity for 2.60 A/cm ~ constant current pulse with IR compensation. 

decayed through the desired potential. Within the 
___5% exper imenta l  reproducibil i ty,  all of the above 
methods yielded the same resul t  for the same measured 
potential  f rom 0 to 0.95V v s .  N.H.E. For the cases in 
which the electrode was made more positive than 1V 
for short times, and then allowed to decay to some less 
positive value, the measured capacitance would be too 
high for several  minutes, indicating the presence of 
oxygen which is slowly removed from the electrode. 

The double layer  capacitance of Pt  in 1M H2SO4 as 
a function of potential  is shown in Fig. 4. The capaci- 
tance of 17 • 1 t~F/cm 2 measured at equi l ibr ium ap- 
pears to be the first accurately exper imenta l ly  deter-  
mined value of the double layer capacitance of an 
equi l ibr ium hydrogen electrode. The capacitance is 
seen to pass through a max imum at about 0.15V v s .  
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Fig. 4. Double layer capacitance vs. open-circuit potential 
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N.H.E. The scatter in the data was numer ica l ly  largest 
in the region of the maximum, and this region was 
seen to be the most strongly influenced by organic im- 
purities. In a clean system, the scatter of any point 
from the curve shown was about • 5%. However ,  in 
the case of the presence of adsorbed impurities,  an im-  
pur i ty  level  which reduced the capacitance at 0V by 
less than 1 tLF/cm 2 reduced the capacitance by about 
8 ~F/cmU at 0.15V. 

Discussion 
The increase in capacitance noted above 0.9V has 

been cited and discussed (2, 9, 10) and is a t t r ibuted to 
the presence in this region of a highly polarized chemi-  
sorbed oxygen-a tom layer. The hysteresis noted here 
in capacitance measurements  when the potent ial  was 
reduced f rom above 1V down to some less posit ive 
potent ia l  has been observed by Lai t inen and Enke  in 
0.01 and 1M HC10~ solution (9). Near  equil ibrium, the 
potential  response of the working electrode to the con- 
stant current  pulse can be explained on the basis of the 
change in double layer capacitance with  potential.  This 
change means that  the faradaic current  component  
wi thin  the first 200 nsec is no more than about 5%, 
the average exper imenta l  error  observed in these mea-  
surements.  Consider the total  applied anodic charging 
current  density, i, to be divided between capacit ive 
charging and a faradaic process, iy(H = H + + e), 
then (11, 12) 

i = C ~ + if [2] 

io 1% 
i s = ~ [3] 

R T  
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where  ~ is the overvoltage,  io is the equi l ibr ium ex-  
change current  density, and R, T, and F are the gas 
constant, Ke lv in  tempera ture ,  and Faraday,  respec-  
tively. Equat ion [3] assumes a l inear cur ren t  vs. over-  
vol tage relat ionship over  the low overvol tage  region 
considered. Equations [2] and [3] may be integrated to 
yield 

= io F • 1 - -  exp CRT [4] 

Equat ion [4] can be solved graphical ly  to yield an 
io for the faradaic process, but  care must be taken to 
assure that  the exper imenta l  er ror  does not overr ide 
the faradaic contribution. For example,  using a high 
current  density pulse, we found t ~-- 100 nsec, ~ = 15.3 
mV, and C = 17 ~F/cm 2. However ,  since the l inear 
response found over  the first 60-100 nsec shows that  
the contr ibut ion of the faradaic process to the mea-  
sured capacitance is not detectable within the exper i -  
mental  l imits of measurements ,  the above exper imenta l  
results wil l  not yield a solution for io. A necessary 
approach is to lower the ampli tude of the applied cur-  
rent  density pulse so that  longer t imes are requi red  to 
achieve comparable  polarization, i.e. allow a significant 
faradaic component.  To determine  io, the ampli tude 
of the galvanostat ic  pulse was reduced to 0.419 A / c m  2 
causing a polarization of 13.6 mV in 800 nsec. Applying 
these values, along with C ~ 17 ~F/cm 2, to the graphi-  
cal analysis of Eq. [4] gave io ---- 0.44 A / c m  2. 

An est imate of the exper imenta l  er ror  involved in 
double layer  capacitance determinat ions due to a 
faradaic component  can now be made. If one assumes 
that  the overvol tage  in the typical high current  density 
measurement  given above (t ~ 100 nsec, ~ : 15.3 mV, 
and C = 17 ~F/cm 2) is in er ror  by 5% at the end of 
100 nsec, ~ may be as small as 14.6 mV. Subst i tut ing 
into Eq. [4] gives io : 0.1 A / c m  2. If the error  were  
6%, io would be 0.4 A / c m  2. Therefore,  even if io is of 
the order  of 0.5 A / c m  2, the faradaic contr ibution to 
the calculated capacitance at t imes less than 100 nsec 
will  be an insignificant port ion ( ~ 5 % )  of the total  
capacitance. For  longer times or higher  polarizations, 
the faradaic component becomes a large portion of the 
total  charging current.  

In a paper by Schuldiner  and Roe (2), the capaci- 
tance at Pt  in 1M H2SO4 was determined using single 
0.022 A / c m  2 current  density pulses of 5 ~sec duration. 
By this method, the measured capacitance near  equi-  
l ibr ium was very  errat ic and var ied  from 100 to 300 
~F/cm 2. These high capacitance values may now be 
explained on the basis of Eq. [4] and io : 0.44 A / c m  2. 
Schuldiner  and Roe's measurement  included pseudo- 
capacitance, and they  used Eq. [1] to calculate the 
net capacitance. For  example,  for a de termined capaci- 
tance of 100 ~F/cm 2, they observed an ~ of 1.1 mV. 
Using the correct capacitance value  of 17 ~F/cm2, the 
0.022 A / c m  2 current  density and the 0.44 A / c m  2, io, Eq. 
[4] gives an ~ of 1.3 mV for a 5 ~sec pulse. Thus, an 
io ~ 0.44 A / c m  2 satisfactori ly predicts the observed 
overvol tage  at the end of such a 5 ~sec pulse. This 
observation means that  an average of 80% of the ap- 
plied current  went  into the faradaic reaction over  this 
time. The possibility of the reaction of H2 gas con- 
t r ibut ing to the total charge consumption at the low 
current  density used should not be neglected. At higher  
current  densities, contribution of H atoms from H2 in 
solution is insignificant (8). 

Schuldiner  and Roe's (2) determinat ion of double 
layer capacitance at potentials 0.1V posit ive to N.H.E. 
using 5-~sec pulses gives values about twice as high 

as those found in the present paper. These high capaci- 
tance values also have been found by others using 
similar techniques. The interest ing feature  of these 
measurements  is that  even  those in the so-called dou- 
ble layer  region (0.55-0.88V) requi re  submicrosecond, 
high current  density pulses to separate adequately  
double layer  charging f rom faradaic and adsorpt ion/  
desorption processes. In short, there  is no " ideal ly"  
polarized potent ial  region on Pt. 

Measurement  of the equi l ibr ium capacitance also 
was made using the charge-s tep  method. The current  
density was var ied  from 1 to 2.6 A / c m  2 and the t ime 
of charge input was var ied from 60 to 140 nsec, so 
that  q varied f rom 1 to 4 x 10 -7 C. The decay re -  
sponses, measured at 200 nsec/div,  yield a l inear log 
against t ime curve. The init ial  overvol tage  measured 
f rom these curves gave the same value as that  mea-  
sured direct ly  f rom the oscilloscope pictures at pulse 
cut-off. The capacitance was found to be 17 • 1 ~F/cm 2 
for all q values, so that  decay and charging measure-  
ments result  in the same capacitance value  for the 
equi l ibr ium case. Also, the slope of the log ~ vs. t 
curve  yields a value of io : 0.40 A / c m  2 for the faradaic 
process, which is in good agreement  wi th  the low cur-  
rent -dens i ty  pulse result. 

The identical galvanostat ic  and charge-s tep results 
obtained at 0V indicates that  adsorpt ion-desorpt ion 
processes are ei ther of v i r tua l ly  infinite rate  or that  
they are slow compared to the t ime periods of mea-  
surement  used here. That the lat ter  seems to be the 
case is supported by the high capacitance values found 
by Schuldiner  and Roe (2) in the double layer  region 
discussed earlier.  

The agreement  of the capacitance values determined 
by the use of both charging and decay techniques is, 
of course, impor tant  in itself. Moreover, the use of the 
charge-s tep  technique is of interest  for fu ture  work in 
dilute solutions in order to determine the potential  of 
zero charge on a clean p la t inum electrode. Burshtein, 
Pshenichnikov,  and Skevchenko (3) reported the pres-  
ence of this capacitance min imum in 0.01N H2SO~t at 
0.230V vs. N.H.E. and found its position to be pH in- 
dependent.  

Manuscript  submit ted March 24, 1969; revised manu-  
script received May 5, 1969. This was Paper  213 pre-  
sented at the New York Meeting, May 4-9, 1969. 

Any  discussion of this p a p e r  will  appear in a Dis- 
cusslon Section to be published in the June  1970 
JOURNAL. 
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The Rotating Split Ring-Disk Electrode 
and Applications to Alloy Corrosion 

B. M i l l e r *  

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The rotat ing r ing-disk electrode technique has been extended to a split- 
r ing design in which the half  rings may be main ta ined  at independent  poten- 
tials. Avai labi l i ty  of two detecting surfaces has facilitated studies in anodic 
dissolution of alloy or pure metal  disks where two components or oxidation 
states can be s imultaneously monitored. The construction of the split r ing disk 
and operational amplifier circuitry for control of the three active electrodes 
(with disk potentiostatic or galvanostatic) are outlined. Applications to the 
anodic behavior of copper-zinc alloys in ammoniacal  solution are discussed. 

The uti l i ty of the rotat ing r ing-disk  system for ob- 
serving both stable and unstable  products of disk re- 
actions has been well established since the original 
work of Levich, Frumkin ,  and Nekrasov (1-3). No 
studies of the dissolution under  applied potential  of 
metal  disks appear to have been made to the t ime of 
Riddiford's review (4) but  some such investigations 
(5-11) have been performed recently with ring-disks.  
Spontaneous reaction with disks (chemical corrosion 
or etching) has been studied [see (4) ] where the solu- 
tion is analyzed to determine the extent  of reaction. 
The potential  value of rotat ing disk studies for unde r -  
s tanding metal  and alloy corrosion processes is con- 
siderable, par t icular ly  with the addition of the r ing 
to observe the products. To the measured corrosion be- 
havior of the metal  or alloy disk is added simultaneous 
information from the r ing on the na ture  and amount  
of the species dissolving and, as the detectabil i ty of 
such ions varies with disk conditions, the results may 
be fur ther  interpretable  in terms of film formation, 
change of mechanism, or chemical reaction in transit.  

In many  situations, e.g., changing oxidation states in 
the anodic polarization of pure metals or mult iple  
products in alloy dissolutions, the number  of variables 
may make the combinat ion of r ing current  and geo- 
metric collection efficiency (ratio of r ing current  to 
disk current  for equal number  of electrons t ransferred 
in the respective electrode reactions) insufficient to 
define the mass distr ibution adequately in a single ex- 
periment.  In theory repeti t ion of the exper iment  
enough times or main tenance  of a constant  disk anodic 
reaction so that  the r ing can be adjusted to all neces- 
sary potentiostated conditions would give the total ex- 
tractable informat ion for that r ing electrode. This re- 
quires that the exper iment  either be exactly duplicable 
or held in a constant state, conditions that may not 
be available when the surface of the disk or the com- 
position of the solution is altered by  the experiment.  
Par t icular ly  in the case of alloys where possible pref-  
erential  dissolution of components may itself be the 
point  of interest,  repeated anodization experiments 
may well vary  since the newly generated surface must  
necessarily be different from the original state when 
the effect is observed. In  addition, holding all other 
experimental  conditions constant  may be difficult. 

To extract more data from a single run  and to mea-  
sure rel iably two oxidation states or components si- 
multaneously,  a split r ing design has been constructed 
and investigated. This modification of the r ing-disk  
system involves the use of a r ing which is mechanical ly 
and electrically divided in half  by two thin insulat ing 
regions 1800 apart. Such a configuration extends the 
r ing-disk  method not simply through the more rapid 
accumulat ion of data numer ica l ly  inherent  in two 
simultaneous hal f - r ing  measurements ,  but  more im-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

por tant ly  for disk anodization, introduces the possi- 
bili ty of differentiating events in t ime (e.g., selectivity 
in alloy dissolution and passivation) or dist inguishing 
the details of s imultaneous processes (e.g., combined 
oxidation state changes and formation of solid phases 
for pure metals) .  

The construction of electrodes and the associated 
electronics based on operational amplifiers necessary to 
exploit the technique will  be outlined. The degree of 
independence of the half rings and their a l ternate  use 
when shorted as equivalent  of a conventional  ring are 
discussed. Applications to electrochemical problems 
and the various operating modes of the system will be 
i l lustrated in this paper by selected results from an 
investigation of the corrosion of copper-zinc alloys in 
ammoniacal  media and its relat ion to stress cracking. 
The solutions employed were the NHs-(NH4)2SO.I 
mixtures  one molar in total ni t rogen of the type found 
by Mattson (12) to give very rapid cracking in the 
neut ra l  pH range with 0.05M CuSO4 present  as oxidant. 
In  our work init ial  Cu(I I )  concentrat ion is replaced 
by anodic current.  Potentiostatic and corrosion poten- 
tial measurements  in Mattson-type solutions on ten-  
sile-stressed 70/30 brass have been reported by Hoar 
and Booker (13). Ring-disk experiments  addressed to 
the question of preferent ial  dissolution of zinc in 
brass have been made in other media by Pickering and 
Wagner  (5) and Feller  (6) who found absence of 
selectivity beyond exper imental  error in the 70/30 
alloy. 

Exper imenta l  
Electrodes.--The fabrication of the spl i t - r ing design 

follows from a conventional  r ing-disk construction 
uti l izing epoxy adhesive bonding and insulat ion of a 
concentric rod (disk) and tube (ring) similar to that  
of Albery  and Bruckenstein  (14). The working end 
of the completed split r ing disk electrode is shown in  
Fig. 1 and the necessary steps in the procedure are 
schematically given in Fig. 2. For both rod and tube 

Fig. 1. Diagram of split-ring disk electrode surface showing in- 
sulating division of conventional ring. Flow pattern of electrolyte 
on rotation indicated over epoxy gap. 
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Fig. 2, Construction for split ring disk electrode (see tcxt) 

approximately 1/4 in. length of the desired mater ial  is 
brazed or adhesively bonded with conductive silver- 
epoxy cement to one end. If the disk is not to be con- 
sumed in use, 50 rail thickness (e.g., for p la t inum)  
suffices; for corrosion-oriented work ]/4 in. provides a 
long period of use for disk electrodes that require 
polishing (to a final 0.3~ Linde A stage) in te rmi t ten t ly  
to retain coplanari ty of the surfaces in Fig. 1. Machin-  
ing the attached materials to the rod diameter  and 
inner  and outer tube diameters (see Fig. 2) provides 
a standard method leading to nomina l  duplication of 
the geometry of all completed electrodes. Epoxy resin 
is applied and cured on two separate bands on the 
rod and then carefully machined to the ID of the tubes 
(epoxy spacers, Fig. 2). 

Since the assembled electrode will rotate about the 
r ing axis when the tube is eventual ly  sp indle-mounted  
for driving, errors in center ing the disk affect both the 
r ing geometry and the disk eccentricity. Bonding (and 
insulat ion)  of the concentr ical ly-al igned tube and rod 
is completed with fresh epoxy; part icular  care is 
taken with use of vacuum to fill the void at the work- 
ing end of the electrode to avoid bubbles  that  would 
later  appear as holes in the epoxy ring. The epoxy 
system (Union Carbide ERL 3794 resin and ERL 2807 
curing agent, 5:1 by weight) has shown adequate 
chemical stability in both strongly acidic and basic 
aqueous envi ronments  and is essential to mainta in  the 
s t ructural  integri ty of the electrode dur ing subsequent  
division of the ring. 

For a conventional  r ing-disk,  the construction de- 
scribed to this point requires only an application of 
epoxy to the outside of the lower end of the electrode 
and machining to give an epoxy insulat ing region over 
the immersed portion with thickness about 50 mil. 
Normally hea t -shr inkable  polyethylene tubing is 
placed on the outer tube from about ]/4 in. from the 
end to the point at which the electrode fits into its 
lower nylon collet on the driving spindle. 

To obtain the split r ing configuration, the adhesively 
bonded tube is appropriately sawed through both ra-  
dially and axial ly along its length in the areas shown 
in Fig. 2 to expose the epoxy. These slots are then 
filled with epoxy for permanent  insulation. A circular 
saw blade of 4 rail width is used for the 1/4 in. r ing 
mater ial  end to provide a min imal  insulat ing gap divi- 
sion; for the further  cut t ing areas 10 rail or wider 
blades may be employed for their  greater rigidity and 
easier use. An approximately 15 x 15 mil  slot is cut in 
the tube for the recessed insulated wire joining half 
r ing B to its brush contact area. The slot and mounted  
wire are also back-filled with epoxy to the original 
diameter  for fur ther  insulat ing protection (not shown 
in Fig. 2). 

At the completion of these steps the half  r ing in -  
dicated as B is thus electrically isolated from the tube  
(haIf r ing A) and the three active electrodes as speci- 
fied in Fig. 1 have their  appropriate brush contact 
areas at the top of the electrode. The body of the elec- 

trode sits in nylon collets in a side dr iven spindle and 
the projecting top of the electrode along with three 
pairs of s i lver-graphite  electrode-radiused brushes in 
an acrylic mount  are insulated from the mechanical  
rotating assembly. The final product corresponding to 
Fig. 1 has the nomina l  diameters of disk and inner  
and outer rings of 0.1875, 0.206, and 0.253 in., respec- 
tively, with the insulat ing epoxy gaps in the r ing each 
less than 1% of the inner  r ing perimeter.  Modification 
to provide different dimensions is readily performed. 
For example, to provide the th inner  gap- th inner  r ing 
electrode of ut i l i ty  in various kinetic studies (15) the 
disk tip of the rod may be machined to diameters 
closer to the inner  r ing 0.206 in. diameter and then, 
when concentric bonding is complete, the r ing tipped 
portion of the tube may be machined to the desired 
thinness. 

The part icular  electrode employed for the experi-  
ments  in this paper has a 70:30 Cu-Zn atom ratio 
a-brass disk and gold half rings. For runs  with one 
mercury half ring, one of the gold surfaces was amal-  
gamated with a drop of mercury  with the excess care- 
fully removed by either wiping off with twill  cloth or 
by high speed rotation with the other gold surface- 
coated temporar i ly  by an acetone soluble lacquer. 

Circuitry.--The requirements  for the operat ing cir- 
cuitry of the split r ing-disk system were chosen as 
the following: 

1. Disk to be operable either under  controlled po- 
tent ial  or current  with l inear  sweep of either variable 
if desired. 

2. Half rings to be operable at controlled potentials 
independent  of each other and the disk control scheme; 
with external  short they provide the equivalent  of a 
conventional  ring using one of the two independent  
ring circuits. Linear  potential  sweeps of the rings for 
steady-state disk conditions are to be available. 

3. One reference electrode and one countere]ectrode 
should serve all three working electrodes. 

Figure 3 is a schematic of the operational amplifier 
circuitry which, with addit ion of rout ine switching, 
satisfies the above; disk, reference, and auxi l iary  
(counter) electrode configurations are shown for both 
potentiostatic and galvanostatic configurations. Only 
one half r ing is shown connected; the other would have 
identical circuitry. 

The operating configurations of the disk are conven-  
tional; inputs Es from an integrator sweep generator 
provide the scanning modes. In both potential  and cur-  
rent  control schemes the disk is main ta ined  at vi r tual  
ground by the control amplifier and thus the reference 
electrode follower output  has the same relat ion to 
ground in both, whether  it is controlled (potentiostat) 

E$ 

AUX 

~ ' - ~ -  REF 
x~ EREF-E S 
l 

,' I - I I 

L . . . .  

IDENTIC RING 

ES CIRCUITRY, EITHER MODE 

3~ POTENTIOSTATIC DISK 

Fig. 3, Schematic of operational amplifier circuitry for split ring 
disk. (a) Disk gaJvanostatic control; (b) disk potentlostatic control 
(see text), 
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or measured (galvanostat) .  When a signal E~', from a 
constant or l inearly scanning source, is applied to the 
negative input  of a uni ty  gain difference amplifier 
whose positive input  signal is the reference electrode 
po ten t i a l ,  EREF, the amplifier's output  is EREF --  E~'. 
The second amplifier serves to hold the half r ing at 
this potential  while convert ing the half  r ing current,  
i,., into a corresponding voltage drop. The potential  ap- 
plied to the half-ring, Er, is thus- -E~ '  vs. the reference. 
The circuits are completed in each case by the disk 
control amplifier through the single counterelectrode. 
Switching from disk potentiostatic to galvanostatic 
modes is accomplished through a multipole wafer 

noted the two gaps produced by the construction tech- 
nique outl ined amount  to 1-2% of the outside circum- 
ference. Interact ion between the half rings is possible 
to the extent  that  a reaction at half r ing A with a 
current  iA produces a change his in the current  at half  
r ing B if B is set at a l imit ing current  region poten-  
tial to detect the product of A. From the geometry of 
flow the max imum fraction of the area of A from 
which products could reach B is about  0.02 and this 
will be reduced by loss to the solution bulk. Experi-  
menta l  measurement  of the quant i ty  AiB/iA defining 
the interact ion collection efficiency NINT w a s  made 
with the following pairs of reactions: 

A B Solution 

F e  ( C N )  6 - 4  ~ F e ( C N )  6 - 3  
OX 

Fe(CN)6 -3 ) Fe(CN)6 -4 0.1M K4 Fe(CN)6, 
red 1M NaOH 

C u ( I I )  ) C u ( I )  
red 

Cu(I )  ) Cu (II) Cu( I I ) ,  pH 9 NH3 
ox buffer 

switch not involving the half  r ing control configura- 
tion. Capacitive damping is employed across the disk 
control and current  follower amplifiers as required 
for stability; normal ly  this involves capacitors of 
I0-3-10 -2 ~f or less. The r ing current  followers need 
parallel  capacitance across the load resistor to give RC 
time constants in the millisecond region. 

All. six variables of interest, Ed, id, ErA, irA, ErB, and 
irB, the potentials and currents  at disk, half r ing A, 
and half r ing B, respectively, are available for re-  
cording from low impedance amplifier outputs as in-  
dicated in the schematic. Both Er and iT, the hal f - r ing  
parameters,  are measured differentially (all other out-  
puts and signals are with respect to ground).  In recent 
practice these differential outputs have been fed into 
a un i ty  gain difference amplifier identical to that 
shown for subtract ing Es' from EREF to produce a 
ground referenced output  for convenience with con- 
ventional  recorders which do not normal ly  have true 
differential inputs. When any of the six quanti t ies are 
held constant  their values are obtained from calibrated 
controls. Booster amplifiers (Bur r -Brown 1634A or 
3069) provide a counterelectrode capability of 0.5A 
at ___10V. The electrode potentials are all in some de- 
gree of error due to the uncompensated resistance be- 
tween the electrode plane and the reference capillary 
tip. Most applications of a r ing involve holding a con- 
stant  potential  at the l imiting current  of a disk prod- 
uct's reaction at the r ing which normal ly  allows for 
minor  potential  errors with min imal  effects on the 
measured current  of interest. 

The first use of a cur ren t -measur ing  and voltage- 
controll ing fourth electrode amplifier configuration was 
made by Anderson and Reilley (16) for thin layer 
studies. A r ing-disk operational amplifier circuit in-  
volving the use of two balanced potentiostatic con- 
figurations of the type employed here for the disk 
circuit was recently described by Johnson, Napp, and 
Bruckenstein  (17) and a circuit schematic offering 
disk current  control was outlined by Tindal l  and 
Bruckenste in  (18). 

Data display for the spl i t - r ing system normal ly  in-  
volves an X Y1 Y2 presentat ion which is obtained on 
a Honeywell  580 recorder or a Tektronix 564 Storage 
Oscilloscope equipped with a 3A3 dual differential 
vertical amplifier and either a 3B4 time base-amplifier 
or a 2A63 amplifier for horizontal axis. Choice of dis- 
played variables depends on the exper iment  and will 
be i l lustrated in the results section. 

Results 
Interaction of half r ings . - -The  typical flow pat tern  

in the r ing region of disk produced material,  as de- 
rived, e.g., from photographs of r ing  plated copper 
originating from a copper disk, is indicated in Fig. 
1 for the insulat ing region between the half  rings. As 

In both cases a value of NINT ~ 0.004 _ 0.001, in -  
dependent  of rotation speed, was obtained. Measure- 
ment  of NINT where the A reaction is of a disk gen- 
erated, ra ther  than bulk solution transported, product 
is more difficult than the above but  it does correspond 
to the true exper imental  si tuation of interest. For se- 
quence 2 this corresponds to an ini t ial ly copper-free 
NH3 buffer and a copper disk polarized to Cu(I I )  
generation. From such measurements  and from results 
for Cu(I )  generated at the disk with comparison of 
the equali ty of the 1 electron r ing reactions I --> I I (ox)  
and I ~ O (red),  where II can be cross-detected by the 
r ing set for I -~ O, it is also seen that  0.004 is a rea-  
sonable measure of the interaction. 

For the continuous r ing form of our electrode the 
theoretical value of the defined collection efficiency, 
N ~ irnd/idnr where nd and nr are the number  of elec- 
trons t ransferred in disk and ring reactions, respec- 
tively, is 0.34 from the table of Albery and Brucken-  
stein (14). Typical values found for the quanti t ies iA/ 
ig and iB/id a r e  0.165 for these electrodes in satisfac- 
tory agreement  with the theory and the 1-2% loss due 
to the insulat ing gaps. With a half  r ing N of 0.165, the 
effect of interact ion is to increase iB to 0.165 (1.004 r)id 
where 1.004 is the contr ibut ion of NINT and r is the 
ratio of electrons in the reaction producing Aib to that  
p r o d u c i n g  ib in the part icular  case. The factor 0.004 
implied by the computed interact ion is negligible for 
practical purposes and means that  each half r ing may 
be treated independent ly  of whether  the other half  
r ing is operating or off and further,  that short ing the 
half rings at the cell gives convent ional  r ing-disk  op- 
eration with NA -}- NB = Nshorted, Nshorted being the 
value 1-2% less than the continuous r ing collection 
efficiency and which we shall henceforth abbreviate 
as N with that  unders tanding.  

Because of construction a l ignment  and symmetry  
limitations, the values of NA and NB may not be ex-  
actly equal. The ratio of NA and NB is measured readi ly 
by looking at the same reaction s imultaneously at both 
half-r ings  and measur ing the ratio of iA to is which 
becomes a permanent  calibration factor. Al ternat ively  
the inequal i ty  may be cancelled in an exper imental  
use of the ratio NA/NB by repeating a given spl i t - r ing 
exper iment  with half rings interchanged and averag-  
ing the two ratios (8). Assuming unchanged chemistry 
no requi rement  is placed on reproducing disk current  
exactly since the individual  half-r ing collection effi- 
ciencies should be independent  of that value. For the 
brass disk-gold spl i t - r ing electrode the hal f - r ing  
equali ty is shown exper imenta l ly  in the oscilloscope 
picture of Fig. 4 in which both half rings are held at 
+0.5V vs. S.C.E. for the l imit ing current  oxidation of 
Cu(I )  generated at a l inear  current  scan at the brass 
disk in pH 7.47 ammon ia - ammon ium sulfate. The 
slopes (collection efficiencies) of both are wi thin  os- 
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Fig. 4. Oscilloscope trace of split-ring currents vs. disk current 
with both half rings at +0.50V in pH 7.47 ammonia-ammonium 
sulfate. Current sensitivity; half rings 20 ~A/major division, disk 
100 ~A/major division. Rotation speed 1580 rpm. Brass disk, gold 
half rings. 

cilloscope accuracy of each other (0.089 • 0.001). The 
l inear i ty  of the plots indicates no change in disk re-  
action in this region of current  density. 

Brass disk behavior . - -The exper imental  data on 
brass will be presented in terms of the operating mode 
being used, for the purpose of demonstrat ing the in-  
formation obtainable through the spl i t - r ing technique. 
Sufficient examples are included to cover most prac-  
tical configurations. Inferences for brass anodization 
chemistry in neut ra l  ammoniacal  media will  be col- 
lected in the discussion section. 

Disk galvanostatic: ring potential  sweep . - - In  this 
configuration a potential  scan is applied to the r ing(s)  
at constant disk current,  suitable where Ed has ac- 
quired a steady value indicative of an unchanging  
composition of the flux reaching the rings. A special 
feature of the spl i t - r ing system in this mode is the 
abili ty to operate with two different electrode mate- 
rials. Thus, with one gold and the other mercury,  the 
anodic potential  range of the former and the cathodic 
of the latter can be at tained in single or successive scans. 
Figure 5 is a composite of a pair  of scans with such 
an electrode; brass disk, gold and mercury  half rings. 
The dissolving brass shows at gold the anodic wave 
due to Cu(I )  --> Cu(I I )  and the corresponding cathodic 
wave for Cu(I )  ~ Cu(O) .  The absence of a Cu(I I )  -> 
Cu(I )  wave indicates essentially no Cu(I I )  is present. 
The anodic range is to ~ I V  vs. S.C.E. (scan to +0.6V 
shown).  For mercury  positive potentials vs. S.C.E. 

yield electrode dissolution; for the negative potential  
scan from about --0.1V are seen Cu(I )  --> Cu(O) and 
Zn( I I )  ~ Zn(O)  waves with effective range to --1.6V 
vs. S.C.E. 

By offsetting one ha l f - r ing  potential  by  0.8V with 
respect to the other (i.e., to the reference),  the full  
2.6V range can be scanned in a single run  with s imul-  
taneous display from both electrodes. Corrosion studies, 
as commonly involved with solutions of H +, O H - ,  C1- 
and many  complexing agents, are par t icular ly  amen-  
able to observation over a wide potential  range  of the 
distr ibution of the anodized disk products, since in te r -  
fering redox reactions from the electrolyte at the rings 
are minimized. Sweeps of the type shown in Fig. 5 
indicate the feasibility of, and the proper r ing poten-  
tials for, the potentiostatic monitor ing of l imit ing cur-  
rents due to individual  components and states or the 
sum of two (or more) as a function of changing disk 
conditions. Where a steady-state condition obtains at 
the disk, a single r ing scan can display the product 
distribution: a second surface might then be useful in 
extending the potential  region available. 

Disk potential  sweep: ring (s) controlled p o t e n t i a l . -  
This configuration serves the monitor ing function dis- 
cussed above for one or two potentials at the r ings at 
l imit ing currents  for selected reactions with an X 
Y1 Y2 display where X will  be Ed or i~ as best suited 
to the experiment.  Comparison of conventional  and 
spl i t - r ing data for the distr ibution of the oxidation 
states of dissolved copper from the a-brass is shown 
in Fig. 6, 7, and 8. Ring oxidation current  at +0.4V vs. 

Fig. 6. Upper trace is id and lower trace is it, both vs. linear Ed 
scan of 20 mV/sec at 1000 rpm. Current sensitivities and anodic 
ring potential as indicated. Brass disk, gold half rings (shorted) in 
pH 7.45 ammonia-ammonium sulfate. 

Fig. 5. Mercury half ring (upper trace) and gold half ring (lower 
trace) scanned at 20 mV/sec and plotted on common ring potential 
axis. Zero current indicated for each trace, sensitivities 50 ~A/major 
division (Hg), 20 ~A/major division (Au). Disk current 1 mA(Hg), 
200 ~A(Au) with brass disk at 2000 rpm. (Horizontal traces are 
disk potential monitored during ring scan.) 

Fig. 7. Conditions of Fig. 6 except shorted half rings set for 
cathodic reaction at --0.7V and 200 ~A/major division (ring trace 
beginning upper left). 
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Fig. 8. Split-ring currents for solution-rotation conditions of 
Fig. 6 with cathodic (--0.7V., 200 ~A/major division) and anodic 
(~0.4V. ,  100 ~A/majer division) half rings recorded against disk 
potential. 

S.C.E. measures Cu(I )  ~ Cu(I I )  while reduction at 
--0.7V is negative enough to measure l imit ing currents  
for both Cu(I I )  and Cu(I )  reduced to Cu(O) .  Figures 
6 and 7 show shorted rings operated at these poten- 
tials, respectively, and the corresponding disk current  
with its region of polarization and changing reaction. 
Figure 8 shows the split r ing s imultaneous measure-  
ment  of both oxidation (it+) and reduction ( i t - )  re-  
actions from which it is then possible to calculate the 
ratio of copper product in (I) and (II) states at any 
time (or disk potential)  from ( I ) / ( I I )  ~ iv+/ 

i t - ) .  Such a determinat ion is independent  
2 / 

of the assumption required in two conventional  runs  
or a r ing sweep of one that  the value of ix or Ea chosen 
for the measurement  of the r ing currents  represents 
an exactly duplicable or steady-state exper imental  
situation. The spl i t - r ing ratio thus determined is ex-  
per imenta l ly  independent  of both geometric collection 
efficiency and the fraction of disk current  going to 
copper dissolution. This polarization of the anodic re-  
actions of copper can then be referred to the disk po- 
tential;  further,  with the geometric collection efficiency 
and the corresponding value of the disk current,  the 
selectivity of dissolution (ratio of zinc to copper dis- 
solving compared to their  atomic ratio in the alloy) 
can also be established. The zinc current  is obtained 
by difference, i a w  i ~ - / N - ,  where i~- is the cathodic 
current  at one half r ing for the copper species reduced 
to metal  and N -  the geometric collection efficiency of 
that half  ring. The ut i l i ty  of s imultaneous monitor ing 
of the two oxidation states or elements as described in 
this and the preceding section is even more clearly i l-  
lustrated under  circumstances where passivation (film- 
ing reactions) also occurs. Here the sequence of steps 
and t rans ient  selective dissolution (19) are of in ter -  
est. Such processes, where transi t ions undergone by 
two components ra ther  than steady states are under  
investigation, cannot be satisfactorily reconstructed 
by superposition of separate convent ional  s ingle-r ing 
s c a n s .  

The generat ion of Cu(I )  at low currents  and the 
polarization plateau region in  the i a -  Ea plots is 
evident  for brass anodization under  neut ra l  Mattson 
buffer conditions in Fig. 6 and 7. No indication of film- 
ing reactions (no id peak, agreement  of r ing-de te r -  
mined copper with free nonselective disk dissolution) 
is seen, only a shift of soluble copper species from 
I to II as the surface concentrat ion of the former be- 
comes near ly  comparable to the free ammonia  avail- 
able at pH 7.45. In  the region of transit ion,  the relat ive 
amounts  of the products can be taken by current  mea-  
surements  as indicated; an exper imenta l ly  more con- 
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venient  technique with respect to data reduct ion is to 
use the split r ings with controlled cur ren t  sweep, as 
below. 

Disk linear current sweep: ring(s) controlled po- 
tent /a l . - -This  mode is that  employed in Fig. 4 in test-  
ing the equali ty of the half  rings. With the same solu- 
t ion conditions and half r ings set for oxidation to 
Cu(I I )  [Er+ § 0.5V vs. S.C.E.] and reduct ion to 
Cu(O) [ g r -  - -  0.7V vs. S.C.E.], the results are as in  
Fig. 9. The disk current  is swept to 0.9 mA which is at the 
region of the peak of Cu(I )  production (Fig. 6). The 
straight lines of the r ing currents  vs. disk current  in -  
dicate a constant disk anodic chemistry up to about 
0.5 mA (2.8 mA/cm2).  The numerica l  values of the 
straight slopes are 0.089 for --0.TV reduct ion and 0.088 
for ~-0.5V oxidation, equal wi th in  1% of their  average. 
This fact, independent  of N and the concomitant  zinc 
dissolution, wi th in  the single scan defines the oxidation 
state of the copper product  as Cu (I),  which gives equal 
current  magni tudes  for one electron oxidation to 
Cu(I I )  and one electron reduct ion to metal. The tech- 
nique has been elsewhere applied to unstable  in ter -  
mediate states (8) and anodization complicated by film 
formation (10). 

If the disk current  scan is extended from the 100 
~A/div of Fig. 9 to 1 m A / d i v  (Fig. 10) the polarization 
of the Cu(I )  reaction is seen as it+ changing from 
l inear increase to decline as a function of disk current.  
The init ial  100% cur ren t  efficiency of Cu (I) generat ion 
indicated by the Nid relat ion decreases to 2% at 9 mA 
(50 mA/cm2).  The spl i t - r ing scale sensitivities are dif-  
ferent  by a factor of 10 for reduction and oxidation in 
Fig. 10 (200 and 20 ~A/div) .  The independence of the 

Fig. 9. Split-ring currents recorded vs. linearly scanned disk 
current; both half ring sensitivities 20 ~A/mojor division. Cathodic 
trace (Er-  --0.7V) begins at upper left, anodic trace (Er+ ~0.5V)  
at lower left. Solution-rotation conditions of Fig. 4. 

Fig. 10. Split-ring currents recorded vs. linearly scanned disk 
currents with half ring potentials and solution condition of Fig. 9 
but with cathodic half ring current sensitivity changed to 200 
~A/major division and disk current sensitivity changed to 1000 
~A/major division. Rotation speed 2000 rpm. 
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half r ings with the high absolute sensit ivity and wide 
product ratios that are normal ly  accessible make 
feasible the detection of low fractions of one state in 
the presence of large fluxes of a second state or ident i -  
fication of species in low concentrat ions at passivated 
surfaces. 

Anodic dissolution of copper from the brass disk, as 
seen in Fig. 10, shows in the r ing reduction trace two 
l inear regions corresponding to the near ly  quant i ta t ive  
appearance first of Cu( I ) ,  then of Cu( I I ) ,  with an in- 
termediate curved region of change. The first line at 
lower currents  is amplified in Fig. 9 or with opposite 
sign in the l inear  oxidation region of ei ther Fig. 9 
or 10. The two l inear regions offer either a means of 
analyzing the composition of b inary  alloys, or, know- 
ing the composition, determining whether  preferen-  
tial dissolution is occurring independent  of zinc mea-  
surements  or of geometric collection efficiency. This 
feature, unique  to r ing-d isk  measurements,  follows 
from considering collection efficiency for copper as 
a function of brass composition. 

Copper may dissolve quant i ta t ive ly  under  our neu-  
tral  ammonia  conditions with either 1 or 2 electrons, 
ignoring the mixed dissolution region. Thus we have, 
considering only a cathodic r ing reaction at --0.7V 
vs. S.C.E. 

Disk 

Ring 

Cu --> Cu + n + ne 

Zn--> Zn +2 -]- 2e 

n = l o r 2  

Cu +n + ne --> Cu 

If no preferential dissolution occurs, as by the possible 
dezincification due to the more active metal, redeposi- 
tion or filming reactions involving selective formation 
of an oxide, then the fraction of anodic disk current due 
to copper is proportional to na, where a is the atomic 
fraction of copper, and the fraction for zinc is propor- 
tional to 2 (I- a). Assuming further no complications 
in transit, the apparent (measured) collection effi- 
ciency for copper at the ring, Nn, will be related to the 
geometric collection efficiency by 

a a 

N,= N= N whenn=l 
2 ( l - - a )  +a 2 - - a  

and 
2a 

N2 = = aN when n = 2 
2 ( l - - a )  + 2a 

buffered chloride solution and N2 was determined in 
copper-free acidified sodium sulfate ( technique com- 
parable to that  used to measure N).  

Fur ther  work in  this area is cont inuing to establish 
the rel iabi l i ty  of the ratio method when applied to 
exper imental  situations like copper-ammonia  where 
the reaction can be polarized. However, it is notable 
that the property of the r ing-disk  system of a fixed 
geometric collection efficiency that  allows such ratio 
analysis to be made, either with or without  knowledge 
of the N value, is not equivalent ly  available for an 
anode alone, rotat ing disk or otherwise. 

Disk  open or zero ex t e rna l  current:  r ing (s) con-  
trol led p o t e n t i a L - - T h e s e  configurations provide for 
the study of chemical corrosion by means of the r ing 
current  measurement  of either the flux of corrosion 
product or the decrease in flux of corrodent. Operation 
of the disk at open circuit with r ing potential  con- 
trolled is simply done by using the regular  disk po- 
tentiostat  connection on the r ing and leaving the disk 
open. More convenient  and electrically equivalent  is to 
use the ordinary galvanostatic configuration at zero 
applied current  where the rings will  operate as pre-  
viously described. 

Data in this type of study were obtained for copper 
etching in Mattson-type solutions, first as a funct ion 
of added Cu(I I )  at pH 4-5, and then as a function of 
pH at constant  Cu( I I ) .  Results are shown in  Fig. 11, 
where r ing potential  of --0.6V vs. S. C. E. corresponds 
to the reduction of Cu +" to metal, and +0.4V is 
l imit ing for oxidation of the etching product, Cu( I ) ,  
to Cu( I I ) .  The etching reaction is Cu(I I )  + Cu(O) ---> 
2Cu(I)  with equi l ibr ium shifted with pH main ly  be-  
cause of the concomitant  al terat ion of the free NH3 
concentration. For example, the equi l ibr ium constant 
of the reaction shifts approximately from 10 -6 to 108 
from free ions to uni t  free NHs concentration. The con- 
stant  in 0.2M H2SO4 was found to be 5.6 x 10 -~ from a 
r ing-disk  electrode determinat ion by Tindal l  and 
Bruckenste in  (11). These authors also give a general  
t rea tment  of heterogeneous equil ibria involving oxida- 
t ion of a metal  by a soluble oxidant  under  mass t rans-  
fer rate control. 

For the present  solutions, at the lower pH end, in -  
crements of Cu(I I )  are reflected in l inear  increase 
of r ing reduction current  at --0.6V but  a negligible 
etching rate is found (very low +0.4V ring current ,  
left side of Fig. 11). A sharp increase in the neut ra l  
region then occurs and the rate of etching becomes 
t ranspor t - l imi ted  above pH 8. Exper iments  with Matt-  

Then the ratio N2/N1 is simply 2 -  a, the l imit ing 
cases being pure Cu, a = 1 and N2/NI  = 1 (no change 
in slope) and a -> 0 when N2/N1 ~ 2. Chemical ana l -  
ysis of the disk mater ia l  gave a / 1 - -  a = 2.34 or 2 - -  a 

= 1.30. The r ing-d isk  de terminat ion  of N1 and N2 
individual ly  requires knowledge of N. An experi-  
menta l  value of 0.320 for /V (0.160 per half  r ing)  
was obtained by overplating the brass with pure 
copper from an acid sulfate bath, then, with l inear  
anodic disk current  scan and copper plat ing at the 
r ing in fresh copper-free acidified sodium sulfate, 
de termining the ir - -  id slope. From Fig. 9 anodic and 
cathodic measures of N1 in pH 7.45 ammonia  averaged 
0.0885; predicted from ( a / 2 -  a )  N is (0.70/1.30) (0.160) 
= 0.0862, less than 3% difference. This agreement  is 
not reflected in  the slope for N2 from higher current  
measurements  of the type shown in Fig. 10; the cal- 
culated aN is 0.112, whereas exper imental  values run  
10-20% higher with reproducibi l i ty  reduced par t ia l ly  
by the fact that  the ir trace increases from l inear to 
upward  curvature.  The source of the discrepancy may 
be involved in this lat ter  effect. However, separately 
obtained values of N1 and N~ with the same electrode 
in media such that  the 1 or 2 electron reactions were 
quant i ta t ive  from "zero" current  are wi th in  4% of the 
theoretical nonselective dissolution ratio. The neut ra l  
ammonia value of N1 was duplicated in a pH 5 acetate- 

0.5M (NH4)2SO 4 + NH 3 

, ,  // 
Au RING 
Cu DISK OPEN / 

600 rprn 

12 

8 

4 

+O,4v 

'~ ,~ (~  ~o 
Cu (1T) mM 

+O,4v / 

/ 
i 5 g 4 

pH 

3 

mo 

Fig. 11. Left side: initial solution of O.SM (NH4)2S04, pH 5.4 
with Cu(ll) as sulfate added incrementally. Final pH 4.3 at 20 mM 
Cu(ll). Ring currents fo r - -0 .6  and +0 .4V  plotted vs. [Cu(l l ) ] .  
Right side: pH of 20 mM Cu(ll) final solution at left raised in- 
crementally with NH3 with +0 .4V  ring current plotted vs. pH. 
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son's 0.05M Cu(I I )  solutions have indicated the 50% 
of max imum rate point to be about pH 7.6. These data 
complement well  the above observations on brass dis- 
solution under  anodic current  where the pH 7.45 reac- 
tion ini t ia l ly produces Cu(I )  which shifts in favor of 
Cu(I I )  at higher currents  (higher surface concentra-  
tions of dissolved copper and therefore equivalent ly  
reduced concentrat ions of free ammonia) .  

The other variation, when redox potentials and 
rates are suitable, of measur ing the decrease of ring 
current  resul t ing from a decrease in  corrodent ~flux 
ra ther  than  a product  reaction would be exemplified in 
the copper case by a discrete Cu( I I )  --> Cu(I )  wave 
at higher pH values in  ammonia  solution. Direct mea-  
surement  of a product, as is available in the anodic 
determinat ion of Cu( I ) ,  is preferable to the second, 
or difference, method. 

Summary 
The ut i l i ty  of the applications demonstrated for the 

split r ing as an adjunct  to convent ional  r ing-disk  ob- 
servation in the study of anodic and corrosion reac- 
tions may be generalized in the following areas. In the 
dissolution of pure metals the split r ing  may be used 
to identify oxidation states ( including relat ively un-  
stable intermediates) ,  t ransi t ion regions (reaction 
changes),  and the determinat ion of total mater ia l  dis- 
t r ibut ion even when such reactions are complicated by 
passive ~- active processes. In  all these cases the r ing 
and spl i t - r ing offer the distinct advantage of observ- 
ing the solution products corresponding to what  may 
be a thoroughly mixed system as viewed by disk 
current -potent ia l  curves alone. With a sufficiently 
versatile apparatus to take advantage of the opt imum 
method of viewing a par t icular  effect, the spl i t - r ing 
system in its power to identify oxidation states adds 
direct chemical informat ion to supplement  what  can 
usual ly only be guessed at from the corresponding sur-  
face's current -potent ia l  behavior. For alloys direct si- 
mul taneous observation of more than  one component  
is feasible as well as dual  measurements  made ac- 
cording to the techniques outl ined on reactions of a 
single metal  const i tuent  whose dissolved state is in 
question. These techniques will  also hold for film 
forming conditions where it may be possible, for ex- 
ample, to define the time dependency of the reactions 
of the components that  contr ibute to passivity of the 
system or preferent ial  dissolution. 

Chemical corrosion of disks may  be investigated as 
to rates and selectivity of const i tuent  removal. Mixed 
anodic and cathodic reactions at the disk (e.g., con- 
current  H + reduction) may in m a n y  cases be un-  
scrambled if disk products are detectable. True cor- 
rosion rates may then be interpreted through r ing 
currents  which would be proport ional  to actual weight 
losses. 

In the brass system the above techniques have shown 
the neut ra l  ammonia -ammonium salt solutions to cor- 

respond to the pH region in which C u ( I I ) - a m m o n i a  
complexes begin to etch copper (and zinc) with Cu (1)- 
ammonia  complexes as product. The anodization of 
the brass produces the Cu(1) species at low current  
densities and Cu(I I )  at higher currents,  the polariza- 
tion being a funct ion of free ammonia  concentrat ion 
and therefore of pH. Although precipitat ion of a Cu20 
film is not observed in these experiments  it is not un -  
l ikely that  accumulat ion of product would lead to such 
filming under  anodic conditions with less vigorous mass 
t ranspor t  (13). Spl i t - r ing  exper iments  (10) with pure 
Cu in basic solution show Cu20 films form in that  
medium without  detectable supersaturation.  More ex-  
periments  in the ammonia  system are in order to ob- 
serve whether  cracking reactions and media sensitivity 
correlate with film formation dependent  mechanisms. 

Manuscript  submit ted March 21, 1969; revised manu-  
script received May 5, 1969. This was Paper  53 pre-  
sented at the Chicago Meeting, Oct. 15-19, 1967. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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The Mechanism of Operation of the Teflon-Bonded 
Gas Diffusion Electrode: A Mathematical Model 
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ABSTRACT 

A mathematical  analysis of the working mechanism of the Teflon-bonded 
gas diffusion electrode, based on the concept of "flooded agglomerates," is 
discussed. This model is used to predict the performance of the electrode as a 
function of such measurable  physical characteristics as intr insic activity of 
catalyst, agglomerate size, in ternal  porosity, real surface area, etc. The alka-  
l ine oxygen electrode is taken as an example for the discussion. 

The theory of porous electrodes has been the object 
of many  publications. A general  discussion of the be-  
havior of fully flooded and gas diffusion porous elec- 
trodes, both for steady state and t ransient  responses, 
can be found in a recent  monograph by De Levie (1). 
The present  paper is concerned only with the steady 
state behavior of gas diffusion electrodes which, al- 
though studied less than  flooded electrodes, has also 
been the subject of a t tent ion in the last few years. 

Four  main  models have been current ly  used to ex- 
plain the behavior of the gas diffusion electrode: the 
simple pore model, the thin film model, the surface 
migrat ion model, and the dual scale of porosity model. 

Two comments should be made at this point. First, 
the applicabil i ty of a certain model will  depend on 
electrode structure;  thus it can be expected that  a 
model which applies to a Teflon-bonded electrode will  
not apply to a Bacon sintered electrode and vice versa. 
Second, many  of the models are microscopic models 
concerned with one element  of the electrode producing 
the current  (such as a thin film or a finite contact 
meniscus, etc.). While the relationship between theory 
and the results obtained with an exper imental  model 
system (such as half  immersed wires, slit cells, etc.) is 
straightforward, the way in which the electrode is 
composed by the simple elements is usual ly not clear 
at all. Thus a comparison between theory and results 
obtained with an actual electrode is v i r tua l ly  impos- 
sible. A few models, on the other hand, are macroscopic 
and treated as cont inuum systems. The application of 
these models is l imited by their  abstract nature.  From 
this point of view, the model to be discussed in this 
paper is a hybrid, with a microscopic division of the 
electrode in  elements (flooded cylinders) and a macro- 
scopic t rea tment  of these elements. 

The simple pore modeL--This model as developed by 
Aust in  et al. (2), is a modification of the old theory 
(3) of the three-phase boundary  and has been studied 
in some detail by Srinivasan,  Hurwitz,  and Bockris 
(4). It  has also been proposed as the working mode 
of the Teflon-bonded electrode by Aust in  and Almaula  
(5), who state that only 2-5% of the electrode area is 
wetted. This is in contrast to our experiments  (6) 
which show almost 100% wett ing of the electrode 
surface a r e a .  

The thin film model .~The th in  film model was in-  
troduced by Will  who treated it mathematical ly  (7) 
for the case of diffusion and ohmic control and has ex- 
per imenta l ly  (8) confirmed his conclusions using a pre-  
wetted, half  immersed P t -wi re  in  H2SO4 under  H2 
atmosphere. 

In a more recent publicat ion (9) Will  has made con- 
firming measurements  using horizontal electrodes with 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

rather  thick (1 mm) electrolyte films. He concludes 
that  considerable s t i rr ing ought to exist to explain the 
lower than predicted concentrat ion gradients along 
the film. It is questionable, however, whether  the con- 
clusions reached with these ra ther  thick films can be 
scaled down to thin films. In  addition, concentrat ion 
gradients can be explained by a "distil lation mechan-  
ism" [see ref. (15) and assumption No. 4 of this paper], 
which would cause, in its turn,  only li t t le convection. 

The thin film model has been generalized by other 
authors (10-12) who have considered activation po- 
larization in addition to concentrat ion and ohmic po- 
larization. 

Lindstrom (13) and Lindholm et al. (14), have 
applied the thin film model to porous electrodes of t h e  
Bacon type. An impor tant  contr ibut ion of this work 
is the consideration of t ransport  l imitations in gas 
phase. 

Bennion and Tobias (15) have studied the O2-elec- 
trode according to the th in  film model taking into con- 
sideration axial diffusion of electrolyte. These authors 
also considered the possibility that  water  t ransfer  from 
one end of the film to the other may occur through 
the gas phase. 

Variants to thin film model.--Models considering the 
shape of a meniscus can be considered as ha l f -way 
between the th in  film model and the simple pore 
model. An example is to be found in  the work of Cahan 
(16) and Borucka and Agar  (17). 

The surface migration mechanism.--Migration of hy-  
drogen on the surface of electrodes has been suggested 
by several authors (18-20). 

Double scale of porosities model.--Burshtein and co- 
workers (21) have treated the Bacon type electrode, 
assuming that there is a spectrum of porosities, so that  
small pores are flooded, a model ini t iated by Markin  
(22, 23). Flooding of small  pores increases the ionic 
conductivity across the electrode and results in a deeper 
uti l ization than with the thin film model. It should 
be noted that  the exper imenta l  results of Brown and 
Rockett (20) with so-called "flooded electrodes" and 
the effect of pressure on activity observed by Lind-  
strom (13, 14) could be used to confirm the "double 
scale of porosity model," al though these authors give a 
different interpretat ion.  

A quant i ta t ive t rea tment  for a somewhat related 
model has been given by Grens II (24). Grens con- 
siders gas filled macropores and electrolyte filled mi-  
cropores. The electrode is represented by two one- 
dimensional  con t inuum systems (a macro-  and micro- 
pore system) which are joined by a series of " l inking 
pores," the length of which is short compared with the 
length of the micropores. Some l imitat ions of this 
t rea tment  are as follows: (a) Diffusion is assumed to 
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Fig. !.  Schematic representation of a hydrophobic, porous elec- 
trode made of Teflon-bonded platinum black. A, Catalyst particle; 
B, agglomerate; C, Teflon particle. 

be linear. (b) It is implici t ly  assumed that  concentra-  
tion equalization in the micropore phase is not pos- 
sible by evaporat ion and condensation; i.e. Q - t e r m  of 
ref. (15) is unity. (c) The diffusion of reactant  gas 
and the ionic conduct ivi ty  process in the micropore 
phase (i.e., excluding l inking pores) are considered 
along the same coordinate. (d) The thickness of 
flooded areas does not appear  in the t reatment .  (e) 
Linking pores are assumed, the dimensions of which 
are arbi t rar i ly  selected. 

The Flooded Agglomerate Model of the Teflon-Bonded 
Electrode 

Qualitative Description 
The Teflon-bonded electrode seems to us an ideal 

case of s t ructure  with a double scale of porosity. Ac-  
cording to a qual i ta t ive  description by Giner (25, 26) 
the working mechanism of this s t ructure  can be ex-  
plained by assuming, as shown in Fig. 1, that  the 
catalyst particles form porous (and electronical ly con- 
ductive) agglomerates which, under  working condi- 
tions, are flooded with electrolyte.  The catalyst ag- 
glomerates are kept together  by the Teflon binder  
which creates hydrophobic gas channels. As current  
is drawn from the electrode, reactant  gas diffuses 
through the channels, dissolves in the electrolyte con- 
tained in agglomerates  and, af ter  diffusing a certain 
distance, reacts on avai lable sites of catalyst  particles. 

This qual i ta t ive explanat ion of the working mech-  
anism based on the flooded agglomerate  is confirmed 
by our own measurements  which show (i) that  the  
catalyst  area in contact with electrolyte  is the same 
when the Teflon-bonded electrode is working as a gas 
diffusion cell electrode as it is when it is complete ly  
flooded with electrolyte,  1 and (ii) that  the micro-  
porosity of the agglomerates can be as large as 90%, 
i.e., 10% catalyst  and 90% electrolyte.  [Microporosities 
of about 80% have also been measured by Horowitz  
(27), who also assumes the same qual i ta t ive model.] 

Mathematical  Treatment  
One way of quant i ta t ive ly  t reat ing this working 

mechanism is to substi tute a column of flooded ag- 
glomerates  perpendicular  to the electrode surface by 
a porous cylinder of radius ro and length h (as shown 
in Fig. 2), in which catalyst  particles and electrolyte  
are homogeneously dispersed as a continuum. (Micro- 
porosity, 0, is defined as the volume of electrolyte  per 
total volume of cylinder.)  During operation, gas a r -  
rives at the lateral  surface of the cyl inder  and diffuses 
radial ly  to its center, with s imultaneous react ion on 
catalyst particles in the diffusion path. Ionic current  is 
conducted in the axial  direction of the cylinder. 

Assumptions . - -For  the mathemat ica l  t rea tment  we 
assume that:  

t Th i s  is conf l ic t  w i t h  the  v a l u e  of 2-5% r e p o r t e d  by  A u s t i n  and  
A l m a u l a  (5). 

Gas Side 

l 
r 

,..:2..,I.) 

j Ix) 

9 

"to I (oi 

Electrolyte Side 

diff, Oz 

~Z 

? 
I 

Fig. 2. Schematic representation of flooded cylinder 

1. The electrode is made up of a number  of porous 
cylinders of catalyst  flooded with  electrolyte.  These 
cylinders are perpendicular  to the external  surface of 
the electrode. 

2. Electrolyte  and catalyst  are homogeneously mixed 
as a continuum. 

3. The intrinsic act ivi ty  of the catalyst  is constant 
throughout  the cylinder.  

4. Equi l ibrat ion of e lectrolyte  concentrat ion in cyl in-  
ders occurs efficiently via an evaporat ion-condensat ion 
process. 

5. The local current  density is direct ly proport ional  
to the local concentrat ion of reactant;  i.e., an expres-  
sion such as Eq. [1] is pertinent.  

6. The voltage in the cyl inder  changes only in the 
axial  direction and diffusion of dissolved gas occurs 
only in the radial  direction. 

7. There are no t ransport  l imitat ions in the gas 
phase. 

8. There are no kinetic l imitations in the process of 
gas dissolution. 

9. There is no electronic JR-drop in the  cylinders. 
10. Convection inside of the cylinders is low and 

has negligible effect on current.  
In order  to extend the theory of a single cyl inder  to 

the complete electrode we wil l  fur ther  assume at this 
point that:  

11. The radius of all porous cylinders has the same 
value. [Under these conditions the number  of cyl in-  
ders per square cent imeter  of electrode (N) is re la ted 
to a measurable  macroscopic factor, which we wil l  call 
macroporosi ty (r by the expression ~ ---- 1 - -  Nnro2]. 

General t rea tment . - -The  local current  density 
i(r, x) ,  i.e., current  per unit  of "real  area," at a point 
(r, 5c) in the cyl inder  is assumed to be expressed by 
equation 

F C (x, r )  
i = io / 

L Co 
exp [~ z 11 ( x ) / ~ ]  

-- exp [-- (l -- s) z~(x)/~] ] [i] 

The diffusion of the gas in the cylinder (with a si- 
multaneous bulk consumption given by i7/nF, 7 = 

surface to volume ratio) follows the second Fick's law 
for cylindric diffusion that for steady state can he 
wri t ten  

O"-C (x, r) 1 OC (x, r) i7 
D- +/~ . . . .  0 [2] 

0r 2 r Or nF 



1126 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  SCIENCE 

and therefore  

-- F 02C 1 0C 
D ) _ _  + ? 

'y~ {C(x,r) ,~zn(x) (---l)z~(x)) 
= ' - ~  C - - - - - ~ e x p - -  exp 

Boundary  conditions 

OC 
Or = 0 a t r = 0 ,  C ---- Co at r ---- ro 

The solution of this equat ion for the r -var ia t ion  of C 
under  the boundary conditions is 

C=Coexp(--~)+Co[l--exp(--~)] 
Io q 

[4] 
Io(q) 

where  lo is the modified Bessel function of zero order  
and 

[ az~l ] 1/" 7i~176 exp [5] 2 

q = nFDCo @ 

Thus Eq. [4] gives the var ia t ion of C with  the radius 
of the cyl inder  (agglomerate)  at a given value of x. 
A similar  equat ion re la t ing i and r can be obtained 
f rom [1] and [4]. 

As assumed above, E (or ,I) is only a function of x 
(coordinate in the axis direction) according to Ohm's 

law 
dn j (x) 

[6] 
dx ~ro2~ 

At the same t ime 

[7] 
ro 

d j (x )  = 2 ~ 7 y ~  irdr 

while  f rom Eq. [3], [6], and [7] 

= [8] 
dx 2 7r r ro 

or using solution [4] : The equation for ,I is 

d2~l ' 2nFDCoh2 [ ( zno ~l, ) ] qlz ( q) 
1 - -  exp . . . .  [9] 

dx "2 ~loKro 2 ~ Io (q) 

Boundary  conditions ,}' ---- 11 at x' = 0, dn'/dx' = 0 at 
x' = 1. (Iz is the modified Bessel function of order 1, 
n' = n/no, x' = x /h  where  no is the measurable  over -  
vol tage at the electrolyte  side of the electrode.) 

It  can be seen that  Eq. [9] expresses n' only as a 
function of x" and a series of measurable  constants. 
This equation can be solved wi th  a re la t ive ly  simple 
computer  program which wil l  tell  us the effect of pa-  
rameters  on the following: (a) The radial  distr ibution 
of the local current  at constant x. This is a measure  
of the depth util ization of the cyl inder  (or agglom- 
era te) ,  which is control led mainly  by diffusion. (b) 
The current  production at different values of x'. This 
is a measure  of the depth of uti l ization of the electrode, 
which is controlled mainly  by ohmic drop. (c) The 
current  density per uni t  area of electrode, i.e., the 
measurable  current  density. 

T h e  p h y s i c a l  m e a n i n g  of  q c a n  b e  u n d e r s t o o d  b y  d e f i n i n g  
<xz~t nFDCo ( /act  ) l / s  

Iact  = ~yioTo e x p - - 0  and/d i l l  = ~'o SO t h a t  q = x/d-~-~-t~ 

fact  is  t h e  c u r r e n t  t h a t  w o u l d  he  o b t a i n e d  u n d e r  e x c l u s i v e  a c t i v a -  
t i o n  c o n t r o l  f r o m  a b l o c k  with.  a 1 cra2 s u r f a c e  a n d  ro t h i c k n e s s ,  
m a d e  of  t h e  c a t a l y s t  o f  b u l k  a r e a  7, a n d  Idler  is t h e  d i f fu s ion  
l i m i t i n g  c u r r e n t  d e n s i t y  i f  t h e  r e a c t a n t  w e r e  to be  c o n s u m e d  a t  
one  of  t h e  s u r f a c e s  of  t h e  s a m e  p o r o u s  b lock  a f t e r  d i f f u s i n g  
t h r o u g h  it. O b v i o u s l y  q w i l l  be  l a r g e  w h e n  d i f fu s ion  con t r o l  is 
m o r e  i m p o r t a n t  t h a n  a c t i v a t i o n  cont ro l .  

A u g u s t  1969 

q,O.O 
l.O , , , , I = ' ' 

- -  - = " q - 0 . 5 - "  " 

i 

pz~6i 

0.( 

C~ 0.5 I.O 
r / to  

Fig. 3. Radial distribution of current in cylindric agglomerate as 
function of second distribution parameter of Eq. [5]  and [10] .  

Depth utilization of cylinder.--The local current  can 
be obtained f rom Eq. [1] since we know C(x , r )  and 
n(r)  f rom Eq. [4] and [9], respectively.  Thus the 
equation re la t ing i and r can be wr i t ten  as 

i = plo q [10] 

where  p and q, which we wil l  call distr ibution pa-  
rameters,  are suitably defined. From q the uti l ization 
of the catalyst  as a function of r for a given x can be 
obtained, as shown in Fig. 3. 

Depth utilization of electrode.--Other information of 
a per t inent  nature  is the current  production for dif-  
ferent  cross sections of the cylinder.  This current  is, 
of course, d j ( x ) / d x .  The total  current  per cylinder 
across the surface x = constant, is 

j(x) = [II] 
h dx' 

Electrode current density.--The current  density per 
unit  area of electrode surface I(o) can be obtained 
from the total  current  of a cylinder j (o) by 

I (o)  = j (o )  ~ [13] 
~ro 2 

o r  

h \ - ~ x ' l  x'=~ [14] 

Application o] the model to oxygen electrode.--In 
the first application of the model  we have used the 
computer  program to calculate (a) radial  distr ibution 
of current  at constant x, (b) current  generated at d i f -  
ferent  planes perpendicular  to cylinder axis, and (c) 
measurable  electrode current  density. 

We have fixed the fol lowing data which we feel is 
realistic for a Teflon-bonded pla t inum electrode op- 
erat ing as oxygen electrode at 80~ in 30% KOH: 

no = 0.3V 
a - -  0.5 
n = 4 equiv/mol .  
D = 2 x 10 -5 cm2/sec[extrapolated from ref. (28) ] 

---- 1.3 o h m - l c m  -1 (29) 
S = 20 m2/g (6) 
w = 20 x 10 -3 g / cm 2 (6) 
h = 0.02 cm (6) 
Co = 5.5 x 10 - s  m o l / c m  3 (30) 
z = 1 
r = 0.032 
p = 20 g / c m  3 

The current  der ivat ive  
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[12] 
d x  h 2 d x  '2 

Indirect  s t ructural  parameters  are 

= S p ( 1 - -  O) = 2 x 105cm2/gx  20 g/cm 2 ( 1 - - 0 )  
= 4 x l O e  ( l - - e )  cm-1 

W 
# = 1 , macroporosity, and 

ph(1 - -  e) 

D = eD and ~ -~ oK. (The tortuosity factor is taken as 
un i ty  for the purpose of the 
present  example.) 

As variables we have taken microporosity 0, cyl inder 
radius to, and exchange current  io. 

For  a set of values of e, io, and ro computer  t abu la -  
tions have been obtained by varying  x'  from 0 to 1 
at increments  of 0.05. These tables were obtained for 
o = 0.5, 0.7, and 0.9, ro ---- 10-~, 10-4, and 10-5 cm, and 
io ---- 10 -6, 10 -7 , and 10 - s  A/cm2.3 The columns of 
these tables showed (a) position = x / h ;  (b)  relat ive 
potential  = ~/no; (c) current  in amps flowing through 
a plane x of single cylinder;  (d) current  derivative, 
i.e., current  produced at the plane x of single cylinder;  
and (e) dis t r ibut ion parameter  p, (see Eq. [ I0]) ,  and 
distr ibution parameter  q (see Eq. [5] and [10] and 
Fig. 3). At the end of each tabulat ion the measurable  
current  densi ty for the electrode (in A/cm2) was 
printed. Figure 4 shows a summary  of effect of o, r, 
and io on electrode current  density. In  all cases, de- 
creasing the radius from 10 -3 to 10 -4 cm has a large 
effect on current ,  but  a fur ther  decrease below 1~ has 
little effect on performance. This finding, of course, 
applies only under  the diffusion conditions of this 
example. 

According to Fig. 4 current  densities higher than 
150 m A / c m  2 are obtained for io -----10 -6 A /cm 2 and ro 

10 -4 cm. For ro ~ 10 -4 and io < 10 -7 the current  
density is proport ional  to io. These conditions corre- 
spond to high radial  Pt  uti l ization (small values of q). 

When the Pt  is well  utilized, the current  is also in -  
dependent  of microporosity (o). This is due to the fact 
that  in this range the current  from the cyl inder is 

O u r  o w n  w o r k  w i t h  s m o o t h  p l a t i n u m  i n  K O H  s h o w s  io = 
5 • 10 ~T A / e r a 2  a t  8O~ (31,  3 2 ) .  

50  
I 
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Fig. 4. Effect of to, io, and O on measurable current density at 
300 mV polarization. 
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of ro, io, and 0 on internal drop (q) at 300 mV 

directly proportional to (1 -- 0), and the number  of 
cylinders is inversely proport ional  to (1 - -  0). 

A summary  of the in te rna l  voltage drop as a func-  
t ion of 8, io, and ro is given in Fig. 5 which shows that  
in all cases the in te rna l  voltage drop is small. For  

0.9 ro = 10-5 and io = 10 -6 A / c m  2, a voltage drop 
of only 7 mv between front and back electrode is ob- 
served, even if the current  density is 400 mA/cm2; 
Correspondingly, the current  produced at the plane 
x '  ---- 1 is only 10% lower than the current  at x '  ~ O. 
For 0 ---- 0.5, on the other hand, the in terna l  voltage 
drop is 40 mV and the current  produced at the plane 
x '  ~ 1, 46% lower than  at the plane x '  ~ O. This 
re la t ively poor t ransversa l  ut i l izat ion of the electrode 
with 0 = 0.5 explains in par t  why, for instance, at 
io = 10 -e  and ro ---- 10 -4 the current  for this value of 
0 is only half  of the current  when e = 0.9. The obvious 
solution of using electrodes of a high degree of mi-  
croporosity has to be re -examined  after considering 
l imitations of gas phase diffusion. Increase of micro- 
porosity (0) at constant electrode loading (w) and 
thickness (h) results in a decrease of macroporosity 
(~) and therefore in a decrease of the residual volume. 
This volume includes volume of gas channels,  of Teflon 
particles, and of wire screen, as shown in Table I. 
The fraction of gas volume in the residual  volume is 
immater ia l  in the present  t rea tment  because we have 
assumed that diffusion in the gas phase is fast. But  
this assumption applies only under  certain conditions 
of electrode structure, reactant  gas concentration, and 
current  drain. 

Table II  shows the value of the second distr ibution 
parameter  (q) which is a measure  of the radial  uti l iza- 
tion of the agglomerates. As shown in Fig. 3, the radial  
dis t r ibut ion is reasonably good for q < 1. Comparing 
the values of q in Table II with the curves of Fig. 3 

Table I. Volume distribution in Teflon-bonded electrode 
(w = 20 mg/cm 2, h ~- 0.02 cm, 0 ~ 0.9, and 30% Teflon) 

V o l u m e  • 10 3 
C o m p o n e n t  e m 3 / c m 2  

T o t a l  e l e c t r o d e  20  
P l a t i n u m  1 
W e t t e d  a g g l o m e r a t e  10 
R e s i d u a l  v o l u m e  ( g a s ,  T e f l o n ,  s c r e e n }  10 
T e f l o n  ( d e n s i t y  ~ 2 .3 )  3 
S c r e e n  2 
G a s  5 
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Table II. Effect of ~, ro, and io on radial distribution parameter 
q of Eq. [5] and [10]  for x = 0.5 at 300 mV 

polarizatian 

Cylinder radius, r o  (cm) 

Lo (A/cm'-') 10 ~ 10 -t 10 -5 

6~ : 0.5 10 -6 3.12 x 10 +1 2.72 2.52 x 10 - I  
I0-~ 1.00 9.79 • iO - i  9.75 • I0  -:~ 
10 -8 3.19 3.19 • 10 -~ 3.19 • 10-'-' 

U : 0.7 10 -6 2.06 • 10 § 1.90 1.84 • 10 -I 
10 -7 6.59 6.52 • 10 -I  6.51 • 10 -:~ 
10 -8 2.09 2.09 X 10 - I  2.09 • !0  -~ 

U : 0.9 10 -6 1.06 • i0 . I  1.03 1.02 • 10 -:~ 
10 -7 3.36 3.36 • 10 -z 3.36 x i0 -~ 
I0  -s 1.07 1.07 • 10-I I 07 • I0-:~ 

we see that  for ro --~ 10 -4 and io --~ 10 -6 radial  uti l iza- 
t ion of catalyst in agglomerate is reasonably good. 

Discussion based on approx imat ions .~When  apply-  
ing the model to the oxygen electrode, the potential  
changes very little along the cyl inder in most cases 
(Table II) .  The current  derivative is almost constant, 
a related result  since this is a funct ion of n'. 

This result  could have been anticipated from the 
fact that  the r ight  hand side of Eq. [9] is small  for the 
range of values of io and ro of interest  to us. 

Under  these conditions the total cur rent  per uni t  
area is 

/ ( O )  = 2 n F D e ~  - -  ' )  [ q~z ( q )  ] [15]  

ro 2 Io (q) 

(the exponent ial  te rm is neglected) 
where now 

( 1015(1--O)ioro~ ) V2 
q N 0 [16] 

Fur ther  analysis can be made in the two following 
extreme situations. 

1. For q small, which is a good approximation 
when ro ----- 10 -5 , io  = 10 -7 though not for ro : 10 -8 , 
io = 10 -6, we qan use the approximation 

Hence 

qlz (q) q2 

Zo(q) -  2 

aZ~lo 
I (o)  ~ S w i o e x p  \ r / [17] 

The electrode cur ren t  density is independent  of ro 
though it depends on Co through io. 

Total current  increases l inear ly  with io, S, and w, 
and is independent  of 0. 

The Tafel parameter  b for the porous electrode is 
the same as for the smooth electrode. 

The basic situation is one in which C is roughly 
uniform across the electrode, and the Io Bessel func-  
tion is roughly  = 1 everywhere.  

2. For q large, as is the case when ro = 10 -8 , io = 
10 -6 for instance, the Bessel function's  arguments  
vary  widely across the cylinder. C is then  much 
larger near  the outer surface than in the center, and 
the catalyst is not being so well  utilized. Now we have 

and hence 

I(o)  = 

qI1 (q) 
~ N q  

Io(q) 

2w 

p ( 1 -  e)ro 

_ ( aZ~lo 
(,~ionFDCo) '/2 exp - - ~ r  ) [18] 

I(o) does depend on ro, increasing when ro decreases. 
It  increases like Co 1/~ and io 1/2, (over-al l  then current  
is proportional to Co). 

The Tafel parameter  b for the porous electrode is 
twice that for the smooth electrode. 

August 1969 

Also 
ov2 

I(o) 
(1 - -  o) 

i.e., increasing e increases current .  

Analysis  of Assumpt ions  
The consideration of a Teflon-bonded electrode with 

flooded agglomerates as a bunch of paral lel  flooded 
cylinders consisting of a cont inuum mixture  of cata- 
lyst and electrolyte is a very simplified t rea tment  of a 
very complex structure.  Therefore, the applicabili ty of 
the assumptions used is restricted to re la t ively nar row 
limits. It is necessary to know these limits in order to 
use the model safely in the per t inent  cases and /o r  to 
modify the assumptions when  we want  to extend the 
model to other cases. An exact discussion of the as- 
sumptions and an extension of the application of the 
model by using less restrictive assumptions should be 
the object of future  work. A pre l iminary  discussion 
however will  be given in the following: 

Cylindric configuration.--The difference between a 
cylindric surface and any other surface as gas/agglom- 
erate interface is reflected mostly on the accessibility 
of the interior  of the agglomerate to diffusion. For 
comparison let us consider a porous p lanar  agglom- 
erate of a thickness 2 ro perpendicular  to the external  
surface of the electrode. 
Now instead of Eq. [3] 

{ ~zn ( ,~- -1)~  } 02C = ~io __C(x'r) exp - -  exp [19] 
Or 2 nFD Co r r 

Boundary  conditions 

0C 
~ = 0  at r = 0 ,  C = C o  at r = r o  

Or 

With Eq. [6] converted to 

dn j(x) 
[20] 

dx 2roV 

and Eq. [7] converted to 

dj (x) P T O 

= 2 7 |  idr [21] 

Under  these conditions one obtains 

__d2~ ' _-- n F D C o h ~ [ l _ e x p (  z ~ o n ' ) ]  q s i n h q  [22] 

dx  '2 ~ r o 2  r cosh q 

The only difference be tween this and the case of 
cylindric geometry is the absence of the factor 2 on 
the right hand side of the ratio of hyperbolic functions 
instead of Bessel functions. 

The approximations are similar as before: (i) q 
small, the expression for the I (o)  vs. ~o relat ionship is 
identical  with the previous result  for the cylindrical  
geometry, which is a consequence of the full  ut i l iza- 
tion of the electrode material.  (ii) q large. 

I (o)  ~ ro (~ionFDCo) 1/~ expk _ ~ _ )  [23] 

There is a factor 2 difference between this result  and 
the previous one for cylindric diffusion due to the 
geometry. 

Cont inuum distribution of catalyst and e l ec t ro l y t e . -  
Such an assumption is acceptable if (a) the dimensions 
of the particles and pores making  up the agglomerate 
are small  compared with the radius of the agglomerate 
and (b) the dimension of the region where most of 
the current  is produced is large compared with the di-  
mensions of the catalyst particles and of the micro- 
pores. This second condition is, of course, more restr ic-  
tive than the first and should suffice. For large values 
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of q (i.e., for large values of io) the current  is pro- 
duced almost exclusively in the per iphery of the cyl in-  
der; therefore, the cont inuum assumption cannot be 
used in the case of the hydrogen electrode. 

As a consequence of the cont inuum distribution, a 
diffusion l imit ing current  for an electrode of very high 
io, such as the hydrogen electrode, cannot  be obtained 
mathematical ly  with our model. This is easy to under -  
stand because assuming a cont inuum distr ibution of 
electrolyte and catalyst even on the external  surface 
of the cyl inder  there are active catalyst sites which 
can be reached by the reactant  gas without the h in-  
drances of any diffusion path in the electrolyte. 

Formal ly  this problem can be solved by introducing 
a thin film of pure electrolyte around the cylinder. 
The model converts then for very high io to a thin film 
model with the reaction localized on the surface of the 
cylinder. Diffusion is through the thin film as in the 
thin film model, but with ionic current  flowing mostly 
through the porous cyl inder 

If the thickness of the th in  film is 5 and we now call 
Co' the concentrat ion of the reactant  on the interface 
cylinder thin film to differentiate from Co solubili ty of 
gas, all the previous equations apply if Co is substi tuted 
by Co'. In  addition we will  have the following rela-  
tion between Co and Co'. 

dj (x) nFD (Co -- Co') 2~ro 
- -  --~ [ 2 4 ]  

dx 5 

A computer program with an addit ional equation 
could, of course, be easily writ ten.  The meri t  of this 
approach is doubtful,  however, since 5 is not known. 
This correction will be necessary when Co' -- Co is 
large. Co' -- Co is large when  5~to and/or  d j ( x ) / d x  
are large. 

For the oxygen electrode example treated with Co 
- - - -  5.5 x 1 0  - s  

Co' = l 4x105 ( ~ )  
Co ~ " dx [25] 

Equat ion [25] can be used with d j ( x ) / d x  as pr inted 
out by computer  to estimate for what  values of 5/ro 
there is a significant difference between Co and Co'. 

Constant intrinsic activity of the catalyst throughout 
the cylinder.--This assumption seems reasonable, al-  
though it is possible that under  certain conditions a 
larger amount  of bulk  area is located in the core of 
the agglomerate. This could be handled mathematical ly  
by an expression relat ing ~ to to. 

When large values of q exist (i.e., high values of 
io, to, and ~] and /or  low values of D and Co), it may be 
advisable to form agglomerates with porous non-  
catalytic cores. This will  result  in significant savings 
of the catalyst. 

Equilibration of electrolyte concentration in cylinder 
via gas phase.--Due to the small  diameter  of the cyl in-  
der compared with its length, this assumption seems 
more reasonable than the assumption [implicit in ref. 
(24) ] that  concentrat ion equalization occurs only via 
ionic migrat ion ill the axial direction of the flooded 
micropore system. 4 As a consequence of evaporation 
and condensation, electrolyte t ransport  to the gas side 
of the oxygen electrode should be expected. A compen- 
sating counterflow of electrolyte from the gas side to 
the electrolyte side can be expected also. Indeed, the 
often observed "weeping" of oxygen electrodes could 
be explained at least part ial ly by this mechanism. 

Absence of convection.--Convection caused by local 
heating has been found to occur at the meniscus of 
part ial ly immersed electrodes (16). It seems unl ikely  
that  this type of convection occurs to an appreciable 
degree inside a highly porous and thermal ly  conduc- 
tive agglomerate. However, the evaporat ion-condensa-  

t Th i s  is i n d e p e n d e n t  of the  fac t  t h a t  our  a s s u m p t i o n s  g r ea t l y  
s i m p l i f y  the  m a t h e m a t i c a l  t r e a t m e n t .  

tion process postulated in assumption 4 will  cause con- 
vection. This convection should be negligible if the 
electrolyte, which tends to accumulate in the back side 
(gas side) of the electrode, re turns  to the front side 
(electrolyte side) through the very large pores al- 
ways present as imperfections in a Teflon-bonded elec- 
trode. 

All cylinders have the same radius.--This assump- 
t ion is to some extent  justified by the high degree of 
lateral  interlocking of the agglomerates. T h e  effect 
of having a spectrum of agglomerate radii  on the 
calculation of total electrode current  densities should 
be investigated in subsequent  work. 

With regard to the other assumptions, it seems that  
assumption 6 will  apply in most cases since h is very 
large compared with to. Assumptions 5, 7, 8, and 9 can 
cease to apply under  more severe conditions of opera- 
t ion of the porous electrode. When this happens or is 
expected to happen, the mathematical  t rea tment  can 
be sui tably modified, without  essential changes of the 
proposed model. 

Conclusions 
A working mechanism of the Teflon-bonded elec- 

trode is proposed in which the catalyst agglomerates 
are completely flooded and are surrounded by hy-  
drophobic channels. The reacting gas diffuses through 
the hydrophobic channels, dissolves in the electrolyte 
in the agglomerate, and diffuses to the center of the 
agglomerate with s imultaneous reaction along this dif- 
fusion path. For the mathematical  t rea tment  the model 
is fur ther  simplified by assuming cylindric flooded ag- 
glomerates with a continuous distr ibution of catalyst 
and electrolyte. The following conclusions have been 
obtained with this model: 

1. The model allows one to predict not only the ut i -  
lization of the catalyst across the thickness of the 
electrode ( t ransversal  ut i l izat ion),  but  also the ut i -  
lization of the catalyst along the radius of the flooded 
agglomerate. As a consequence, in addition to often 
studied variables such as porosity (macro- and micro-)  
bulk  area, etc., the importance of agglomerate size is 
shown. A parameter  (q) which determines the radial  
current  distr ibution in agglomerate is introduced and 
quant i ta t ively  defined as a funct ion of diffusion co- 
efficient, microporosity, solubili ty of reactant  gas, ex- 
change current,  bulk  surface area, local potential,  and 
agglomerate radius. 

2. For the specific example of the oxygen reduction 
on Teflon-bonded Pt electrodes in  30% KOH at 80~ 
a good radial  distr ibution is obtained for agglomerate 
sizes below 1~ and polarizations up to 300 mV. Under  
similar conditions the t ransversal  uti l ization of the 
electrode is very good (very low in terna l  iR drops). 

3. For the same example, both the radial  uti l ization 
of agglomerates and the t ransversal  uti l ization of the 
electrode become poor at higher current  drains (i 
300 mA/cm2),  and with poor structures (low micro- 
porosity and large agglomerate size). 

4. For good t ransversal  uti l ization of the electrode 
and good radial  uti l ization of the agglomerate, the 
Tafel plot is obviously the same as that  obtained with 
a smooth electrode. If, on the other hand, the t rans-  
versal uti l ization of the electrode is good but  the radial  
uti l ization of the agglomerate is very poor, a l inear  
relationship is predicted with a Tafel slope twice that  
of the smooth electrode. 

5. The present model and, more specifically, the pa-  
rameter  of radial  dis t r ibut ion (q) introduced here 
can be used to design more efficient hydrophobic gas 
diffusion electrodes by predicting the max imum ag- 
glomerate size tolerable. When due to a high ratio of 
diffusion to activation control for a certain electrode 
reaction, high values of q are obtained for all  reason- 
able agglomerate sizes, the model suggests the use of 
porous, conductive, but  catalytically inactive agglom- 
erates which have been activated with catalyst only 
on their  periphery. 



1130 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A u g u s t  1969 

6. The proposed  model  cannot  be used wi thout  fu r -  
ther  modification to predic t  quan t i t a t ive ly  the  pe r -  
formance of electrodes wi th  high exchange cu r ren t  
as the  hydrogen  e lec t rode  in acid e lectrolyte ,  because 
the  p a r a m e t e r  q becomes too large  and the assumpt ion 
of a cont inuum dis t r ibut ion  of ca ta lys t  and e lec t ro ly te  
does not apply.  
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LIST O F  SYMBOLS 
C,C(r,x) Concentra t ion  of reac tan t  gas at  a point  (r, x)  

(mol x c m - D  
Co Solubi l i ty  of r eac tan t  gas (mol x cm -1) 
D Diffusion coefficient of reac tan t  gas in l iquid 

(cm 2 x cm-1)  
D Effective diffusion coefficient of reac tan t  gas 

in l iquid;  affected by  microporos i ty  and tor-  
tuos i ty  

F F a r a d a y  constant  
h Thickness of electrode,  cm 
i,i(r, x)  Local  rea l  cur ren t  dens i ty  (A x cm -2) 
io "Real"  exchange  cur ren t  dens i ty  (A x cm -2) 
Io Bessel function of o rde r  zero 
I1 Bessel funct ion of order  one 
I (o )  Elec t rode  cu r ren t  dens i ty  (A x cm -2) 
j , j ( x )  Curren t  flowing th rough  p lane  x of cy l inder  

(A) 
j (o) Total  cur ren t  p roduced  by  cy l inder  (A) 
N Number  of cy l inders  in 1 cm 2 of e lect rode 

Number  of e lectrons involved  in e lec t rode  re -  
action 

p F i r s t  d is t r ibut ion  p a r a m e t e r  (see Eq. [15] and 
Fig. 3) 

q Second d is t r ibut ion  p a r a m e t e r  (see Eq. [15] 
and Fig. 3) 

R Gas constant  
r Radia l  coordinate  in cy l inder  (cm) 
ro Radius of cy l inder  (cm) 
S Surface  area  of~catalyst (m 2 x g - l )  
T Absolu te  t e m p e r a t u r e  (~ 
w Cata lys t  load in e lect rode (g x cm -2) 
x Axia l  coordinate  in cy l inder  (also in elec-  

t rode)  (cm) 
x' Scaled axia l  coordinate  
z Stoichiometr ic  number  

Transfer  coefficient 
Macroporos i ty  
Surface to volume ratio,  (cm -1) 

8 Elect rolyte  outer  layer ,  (cm) 
~ ,q (x )  Overvol tage  at  p lane  (x ) ,  (V) 
no Measured overvoltage,  at p lane  x = 0 (V) 
~' Scaled overvol tage  (n' = ~/~1o) 
0 Microporos i ty  
K Ionic conduct ivi ty,  ( o h m - l c m  -1) 

Effective ionic conduct ivi ty ,  affected by  m i -  
croporos i ty  and tor tuosi ty ,  (ohm -1 cm -1) 
Cata lys t  dens i ty  (g x cm -3) 
RT/F(V)  
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An Electrochemical and Electron Microscopic Study of 
Activation and Roughening of Platinum Electrodes 
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ABSTRACT 

The factors which govern the behavior of p la t inum electrodes during 
anodic-cathodic cycling in 1M H2804 are examined. Cyclic vol tammetry  with 
l inear potential  sweep is found to be a sensitive cri terion of the state of the 
electrode surface. With a new electrode, the shapes of these vol tammograms 
change dur ing  the first few hundred  cycles of any  potential  program in which 
a layer  of adsorbed oxygen is periodically formed and reduced. These changes 
are considered to represent  activation of the electrode and electron micro- 
scopy suggests that  they are accompanied by surface s t ructural  changes in the 
form of shallow pitting. Fur ther  roughening occurs if the electrode is t reated 
with a potential  program fulfilling the conditions that (a) the amount  of 
adsorbed oxygen after the anodic cycle exceeds the equivalent  of one oxygen 
atom per p la t inum atom and (b) the reduction cycle is fast. The rate of 
roughening is proport ional  to the amount  of adsorbed oxygen. Smoothing oc- 
curs when a program which does not fulfill conditions (a) and (b) is applied 
to an already roughened electrode. After  extensive roughening, p la t inum 
can be detected in solution. The nature  of the roughening process and also of 
the effects produced by flaming the electrode is examined by electron micros- 
copy. It  is suggested that  activation and roughening occur through weakening 
of p la t inum interactions due to formation of the strong p la t inum-oxygen  
chemisorption bond. This allows rear rangement  of p la t inum surface atoms 
and dissolution of a p la t inum-oxygen  species. High energy p la t inum sites are 
probably lost in the init ial  activation process while a roughening program 
provides sufficient energy to dislodge atoms in more stable sites. 

Electrochemical roughening of p la t inum surfaces 
subjected to anodic-cathodic t reatments  is now a well 
established phenomenon (1-6), although there is no 
general  agreement  as to the mechanism or the signifi- 
cant  controll ing factors. The main  controversy con- 
cerns the roles played by successive formation and dis- 
solution of adsorbed hydrogen-  and oxygen-conta in ing 
films at or in the electrode surface. Hoare (3, 7) based 
his mechanism on the concept of dermasorbed hydro-  
gen, claiming that  absorption and then removal  of such 
hydrogen caused al ternate  lattice expansions and con- 
tractions and hence breaking up of the p la t inum sur-  
face. Gi lman (4) disputed this explanat ion since he 
observed roughening under  conditions where the pres- 
ence of hydrogen would not be expected at any stage 
of the potential  programs used. He considered (4) that 
the formation and reduct ion of surface oxide are the 
critical processes. On the basis of experiments  in which 
sequences of sawtooth and rectangular  potential  pulses 
were applied to a p la t inum electrode in 85% phos- 
phoric acid at 120 ~ , Gi lman also concluded (4) that 
fast reduction of surface oxide caused roughening, 
while slow reduct ion caused a decrease in the surface 
roughness. This seems to be the first report  of such 
smoothing effects, al though losses of area have been 
observed for platinized electrodes (8, 9) and are to be 
expected from the s inter ing behavior of high area un -  
supported catalysts. 

There is a close connection between the questions of 
roughening and the well known activation of p la t inum 
electrodes by anodic-cathodic treatments.  This connec- 
tion arises, first, because one of the contending theories 
to explain electrochemical activation (10) invokes the 
idea that  a kind of platinized layer is produced at the 
electrode surface and  is responsible for the activity, 
and, second, because there are no adequate criteria for 
dist inguishing between surface cleaning and t rue 
roughening as measured by the usual  electrochemical 
methods of area determinat ion (hydrogen adsorption, 
oxygen adsorption, double layer capacity).  A convinc-  
ing demonstrat ion that  activation produces surface 
changes which differ only in degree from the blacken-  
ing found by Anson and King (2) and Hoare (3) is 

still lacking. As the following work will show, it is 
possible by means of cyclic vol tammetry  to make cer- 
ta in  clear distinctions between activation and roughen-  
ing but  in several ways the processes are similar. 

A second group of theories for the activation process 
(11-13) contains the notion of a s t ructural ly  distinct 
active surface layer without necessarily implying that  
the electrode area increases at the same time. A third 
theory, that act ivation is essentially a cleaning process, 
has been gaining wide acceptance (14-16) and is based 
main ly  on observations of deactivation as a function 
of factors such as solution pur i ty  and st i rr ing rate. 
In terpre ta t ion of these experiments  in terms of surface 
contaminat ion seems indisputable,  but  it is doubtful  
whether  their design could permit  detection of any  
activation effects due to surface s t ructural  changes in 
view of the inadequate  at tent ion paid to electrode pre-  
history. The work presented here will  show that both 
effects must  be considered when explaining the activa- 
t ion of a p la t inum electrode by anodic-cathodic t reat -  
ments. 

Experimental 
Glass cells (2 or 3 compartments)  of conventional  

design were used. One compar tment  contained the 
reference electrode, mercury /mercurous  sulfate in 1M 
H2804. Its potential  was 0.68V with respect to a re-  
versible hydrogen electrode in 1M H2804, to which all 
potentials are referred. In some experiments  the plati-  
num counter  electrode was in the main  compartment  
and in others it was placed in a third compartment  
separated from the working electrode by a fine sinter. 
No effects could be a t t r ibuted to the placement  of the 
counter  electrode. 

P la t inum electrodes of 34 or 38 gauge wire were 
sea~ed into soft glass. Foil  electrodes (~0.04 m m  
thick) of geometric areas around 1 cm 2 were spot 
welded to short lengths of 28 gauge p la t inum wire 
sealed into soft glass. Electrodes cut from one sheet of 
foil were found to contain a significant impuri ty,  prob- 
ably gold, and subsequent  work was carried out with 
another  sample of 99.99% purity.  Apart  from certain 
differences found dur ing the init ial  activation process, 
which will be described below, the behavior of elec- 
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t rades from different sources was similar. None of the 
pla t inum used in this work had previously been em-  
ployed in electrochemical  experiments.  

Two kinds of pre t rea tments  were  used before elec- 
t rochemical  runs were  commenced.  Those electrodes 
designated as "hea t - t rea ted"  were  subjected to the fol- 
lowing sequence: (i) washed in cold chromic acid; 
(ii) rinsed in disti l led water;  (iii) held for several  
seconds at yel low heat in the oxidizing part  of a coal 
gas /a i r  flame; (iv) washed in cold chromic acid; (v) 
rinsed in distilled water;  (vi) inserted in cell contain-  
ing degassed electrolyte and held at open circuit during 
final degassing (5-10 min) ;  (vii) connected into po- 
tentiostatic circuit  during a cathodic sweep at the mo- 
ment  when the control potent ial  reached the open 
circuit potential.  The other  p re t rea tment  wi thout  heat -  
ing the electrode started at step ( iv) .  

All exper iments  were  carr ied out using 1M H2SO4 
as electrolyte.  This solution was prepared from water  
redist i l led from alkaline permangana te  and reagent  
grade sulfuric acid purified by distil lation under  re-  
duced pressure. Nitrogen for degassing the solution 
was first passed over  heated copper turnings and then 
through a cold trap ( l iquid oxygen) .  Except  where  
otherwise stated, exper iments  were  carr ied out at 25~ 

Ins t rumenta t ion  was similar  to that  described ear l ier  
(I7) except  that  in most exper iments  a TacusseI 
GSTP2 function generator  was used to program the 
electrode potential.  The main kinds of programs used 
are shown in Fig. 1. 

Electrode area measurements  were  carried out by 
integrat ing the current  due to deposition of adsorbed 
hydrogen atoms during the cathodic portion of a t r i -  
angular  cyclic vol tammogram.  Integrat ion using the 
corrections for double layer charging and hydrogen 
evolution current  shown in Fig. 2 was assumed to give 
the hydrogen monolayer  charge, QH s, and the real  
electrode area was calculated using QH s ---- 210 ~coul/  
real  cm 2. Area measurements  were  always carried out 
in careful ly  deoxygenated solutions. 

A two stage replica technique was used in the elec- 
tron microscope studies. The pr imary  plastic replica 
(Bexfilm) was shadowed with p la t inum/carbon  at an 
angle of 20 ~ and the plastic dissolved in acetone. The 
p la t inum/carbon  replica was examined in a Philips 
EM200 electron microscope at 100 kV. Results 

Activation oJ electrodes.--The init ial  changes in be- 
havior  of electrodes on anodic-cathodic cycling wil l  be 
referred to as activation for reasons which will  become 
apparent  below. Figure  2 shows the shapes of t r iangu-  
lar sweeps at various stages of the act ivat ion of an 
electrode by t r iangular  cycling between 0.05 and 1.54V. 
Between the stages shown, cycling was speeded up by 
a factor of 10 faster than the sweeps in Fig. 2 so that 
the large number  of cycles needed for activation could 
be completed in a reasonable time. 

The  most notable changes wi th  act ivat ion are (i) 
development  of the peaks in the hydrogen region, (ii) 
steepening of the current  rise corresponding to the 
start  of the "oxide region" at about 0.82V in the anodic 
sweep, (iii) development  of two distinct peaks at 0.95 
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C D 

Fig. 1. Anodic-cathodic programs used in this work 
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Fig. 2. Cyclic voltammograms during activation of Pt wire elec- 
trade by triangular cycling between 0.05 and 1.54V. 1, 2nd cycle; 
2, 5th cycle; 3, 200th cycle. No significant changes between 
200th and 500th cycle. Sweep rate 40 mV/sec. Boundaries for in- 
tegrating QH s are shown for curve 3. 

and 1.07V, (iv) lowering of the current  plateau in the 
region 1.1-1.5V, and (v) an increase in height  and 
decrease in width of the oxide reduction peak in the 
cathodic sweep. Brei ter  (15) found similar changes in 
cyclic vo l tammograms during activation. 

Detailed behavior  depended somewhat  on the source 
of the pla t inum and on the pret reatment .  A series of 
electrodes made f rom one sample of foil consistently 
gave a steep anodic current  rise between 1.3 and 1.5V 
and also a small peak at 1.16V on the cathodic sweep. 
These features gradual ly  disappeared over  about 300 
cycles but re turned  after heat  t reatment .  Comparison 
with curves given by Bre i te r  (18) for p la t inum-gold  
alloy electrodes suggests a gold impur i ty  in this sample 
of p la t inum foil and indicates fur ther  that  this im-  
pur i ty  accumulates preferent ia l ly  at the pla t inum sur-  
face. Anodic-cathodic cycling removes the gold f rom 
the surface and after  such activation the behavior  is 
indist inguishable f rom that  of purer  electrodes. 

The main effect of heat p re t rea tment  is to produce 
an electrode which is ini t ial ly more active than un-  
heated plat inum by the above criteria. Thus, hydrogen 
peaks are well  developed in the early cycles, and the 
portions of the curves corresponding to "oxide" forma-  
tion and reduction show smaller  changes during the 
act ivation period than found with  unheated electrodes. 

Act ivat ion by t r iangular  cycling takes some 200 to 
500 cycles after which the rate  of change in the shapes 
of vo l tammograms becomes negligible. It is this behav-  
ior which distinguishes act ivation f rom the electrode 
roughening to be described below. Act ivat ion is in- 
duced by any periodic program extending well  into 
the "oxide" region, while, for example,  t r iangular  cy- 
cling between 0.08 and 0.88V (just at the start  of the 
"oxide" region) does not produce the changes charac-  
teristic of activation. This is to be expected f rom the 
idea that  a l ternate  formation and reduct ion of the 
"oxide" film are responsible for activation. 

The roughness factor reached on activation depends 
on the source of pla t inum and the pret reatment .  Heat -  
t reated electrodes f rom all sources had roughness fac- 
tors in the range 1.10 to 1.20. Unheated foils var ied 
between 1.22 and 1.45. An unheated  wire had a rough-  
ness factor of 2.8 which fell to 1.13 after  heating. 

Deactivation by contaminat ion. - -Severe  poisoning of 
the electrode occurs if it is left  in the electrolyte  for  
long periods (hours) at open circuit  or  held at poten-  
tials below about 0.9V. On the first cycle after  such 
t reatment ,  the peaks in the hydrogen region are low- 
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ered or disappear completely and large anodic currents  
are seen in the "oxide" region. The curves re turn  to 
normal  wi thin  about five t r iangular  cycles, in agree- 
ment  with the results of Breiter (15). Thus, the loss 
of activity through adsorption of impurit ies from 1M 
H._,SO~ is easily reversed and seems to be quite differ- 
ent from the low activity of a new p la t inum electrode. 

Activated electrodes held at potentials between 
about 1.1 and 1.6V retain their  activity indefinitely, 
the first cycle showing full development  of hydrogen 
peaks. An active electrode can be removed from the 
cell, washed in chromic acid, rinsed, and re turned to 
the cell without change in activity or area. However, 
if the electrode is wiped with a paper tissue, some loss 
of activity occurs, and a considerable amount  of cycling 
is needed to restore the hydrogen peaks to their  former 
shape. 

Roughening and smoothing of electrodes.--Once an 
electrode has been activated, its response to anodic- 
cathodic cycling depends on the kind of potential  pro- 
gram used. Thus, as noted above, no fur ther  changes 
occur when a t r iangular  sweep is employed. In  agree- 
ment  with the conclusions of Gi lman (4), it is found 
that roughening occurs only with programs which 
cause fast reduction of surface "oxide." Rectangular  
pulse (B) and sawtooth (C) programs fall into this 
category, although such programs are roughening only 
under  certain conditions which will be outl ined below. 
The inherent ly  nonroughening  programs A and D leave 
an activated surface unal tered  but  will smooth a sur-  
face which has previously been roughened. These gen- 
eralizations emerge from large numbers  of experiments  
with 25 different electrodes, and their  validity is inde-  
pendent  of the prehistory of the electrode and of the 
order in which several programs are applied. 

Prolonged application of a smoothing program brings 
the roughness factor down to about the value charac- 
teristic of an unroughened,  activated electrode. The 
following example gives the history of an electrode 
which illustrates this effect. This electrode was rough-  
ened with program B from an ini t ial  roughness factor 
of 1.36 to a value of 4.90 and was then smoothed using 
program D, with Cox = 1.48V, cred ~ 0 . 4 8 V ,  and t D 
3.8 sec. After  2000 cycles the roughness factor had 
decreased to 1.97. ~ox was then changed to 1.68V and 
fur ther  decreases in roughness factor to 1.63 (1000 
cycles) and 1.44 (2500 cycles) occurred, after which 
there were no changes within 17,000 cycles. The final 
roughness factor was thus only 6% above the init ial  
value. Similar  smoothing effects are also found with 
programs A or D when Cred is in the hydrogen region. 

As observed previously (6), area changes are ac- 
companied by changes in the shapes of the t r iangular  
cyclic vol tammograms used to monitor  the p la t inum 
surface properties. In the hydrogen region the more 
cathodic peak (0.12V) general ly increases faster with 
roughening than  the peak at 0.26V; at the same time 
the third peak, found only in anodic sweeps between 
the two main  peaks (6, 19) increases in height and 
with extensively roughened surfaces (roughness fac- 
tor >4)  it becomes comparable to the peak at 0.26V. 
Roughening is also found to produce ra ther  more 
subtle changes in the small peaks at the start  of the 
"oxide" region (Fig. 2), the relat ive heights of which 
change in a manner  roughly comparable with the two 
main  hydrogen peaks. Thus, on roughening, the peak 
at 1.07V increases with respect to the peak at 0.95V. 
All these changes are reversed on smoothing. 

Visible darkening of the surface is found to occur 
when the roughness factor exceeds about 7. Similar  
electrode blackening was also found by Anson and 
King (2) and Hoare (3), but  roughness factors for 
their  surfaces are not available. Gi lman (4) observed 
only slight dul l ing of the electrode surface under  con- 
ditions where the roughness factor did not exceed 4. 

Roughening as a function o] oxide coverage.--In the 
early stages of this work it was found that  roughening 
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with sawtooth program C occurred only when Cox was 
sufficiently anodic and then increased with increasing 
Cox. For example, with ~bred ~ 0.48V and tc = 2.3 sec, 
the roughening rates (RR) for various Cox were: Cox = 
1.54V, RR ~ 0; Cox -~ 1.67V, RR ~ 0.006% per cycle; 
Cox = 1.78V, R R  = 0.012% per cycle. This observation 
led to the idea that  the amount  of "oxide" present  on 
the surface just  before rapid reduction occurred was 
important  in determining the roughening rate. 

The "oxide" coverage (the term will  be used here 
to denote the total charge due to adsorbed oxygen- 
containing species) can be varied by changing the 
t ime and /or  the potential  of anodization. The de- 
pendence of roughening rate (measured over several 
hundred  cycles) on both factors is shown in Fig. 3, 
all  values being obtained with one electrode. Program 
B was used, Cox and tox were varied and r and t r ed  
kept constant  at 0.48V and 3.7 sec, respectively. It can 
be seen that the roughening rate  increased approxi-  
mately l inear ly  with Cox for each value of tox used. 

In order to establish a quant i ta t ive  relationship be- 
tween roughening rate and "oxide" coverage, the 
charge needed to reduce the surface after a period 
of anodization was determined by the appropriate 
program of Fig. 4. For Cox -~ 1.28V program E was 
used. For higher Cox it was thought desirable to intro-  
duce the step down to 1.28V to ensure that no extra 
surface oxidation occurred dur ing the first part  of 
the cathodic sweep. In  fact this precaution was later 
shown to be unnecessary, programs E and F giving 
identical results when Cox is in the range 1.28-1.7V. 
Program G, in which the solution was vigorously 
purged with ni t rogen for about 10 sec while the elec- 
trode was held at 1.28V, was used whenever  Cox was 
high enough to cause oxygen evolution. The l imit ing 
current  due to dissolved oxygen was then undetectable 
in the double layer region. Slow cathodic stripping 
rates, around 40 mV/sec, were used with these pro- 
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Fig. 5. Potential dependence of "oxide" coverage, expressed in 
terms of OH s, for a constant oxidation time of 5 sec. Results 
for two different electrodes ore shown. 

grams. From the result ing curves, which resembled 
the cathodic sweep of Fig. 2, the amount  of adsorbed 
oxygen, Qox cath, was de termined  by integrat ing the 
cathodic "oxide" reduction peak. An arbi t rary  choice 
of base line is involved in this integrat ion (here, the 
current  at 0.48V was used as the double layer  charg-  
ing correction) but the error  cannot amount  to more 
than about 10%. The dependence of Qox cath o n  potential  
for tox ---- 5 sec is shown in Fig. 5. The values are in 
reasonable agreement  wi th  the results of Becker  and 
Brei ter  (20) and Gilman (21); discrepancies with 
other work  on "oxide" coverage are discussed else- 
where  (22). 

Combination of results such as those shown in Fig. 
3 and 5 gives Fig. 6 in which the roughening rate  is 
plotted as a function of "oxide" coverage. P rogram B 
was used for roughening,  tox and tred kept constant at 
5 see, Cred mainta ined at 0.48V and Cox varied. Results 
for two electrodes are  given and the roughening rates 
for a va r ie ty  of electrodes used in other  aspects of this 
work are found to fit reasonably wel l  onto this plot. 
The ra ther  wide scatter  reflects the general ly  poor 
reproducibi l i ty  found in this study, not only for dif- 
ferent  electrodes but also for successive runs on a 
single electrode. However ,  Fig. 6 clearly shows that  a 
min imum amount  of "oxide" is required for roughen-  
ing with a square wave  potent ial  program. This mini-  
mum value corresponds to one adsorbed oxygen atom 
per surface pla t inum atom and at h igher  coverages the 
roughening rate  tends to increase l inearly with oxygen 
coverage, a l though anomalies seem to be present at 
the highest potential  examined (Cox = 2.08V). 

O-OG 

005 
? 

~ 0"~ 

.~ 002 

o-oi 
o2 

0 

+/ 

Q 0 

-o o4-/o 
I ,'.o z.o s'o 4'.o 

Call) $ 
Oxide Coverage qox ~/~. 

Fig. 6. Dependence of roughening rate on "oxide" coverage. 
Program B used for roughening, with tox = tred ~ 5 sec, r 
0.48V. Results for two electrodes shown. 
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Fig. 7. Effect of temperature on measured roughening rate 

Effect of temperature.--Roughening rate  was mea-  
sured over a range of tempera tures  using a constant 
roughening program (program B, tox ---- tred ~ 5 sec, 
Cox = 1.68V, Cred ~ 0 .48V) .  Results are shown in Fig. 7. 
Cont rary  to Gilman's  v iew (4) that  roughening is ap- 
preciable only at the e levated tempera tures  used in 
hydrocarbon oxidation work, the roughening rate is 
seen to depend only slightly on t empera tu re  and shows 
a tendency to decrease at higher  temperatures .  

E~ect of reduction potential.--The foregoing results 
with program B were  all obtained using a reduction 
potential (~bred) of 0.48V, i.e., in the so-called double 
layer region. When Cred was changed to 0.08V, all other 
factors being held constant, the roughening rate fell  
to about 20% of its former  value. Thus, wi th  the 
potentiostatic square wave  program used here, the 
presence of hydrogen on the surface after reduction 
of the "oxide" layer inhibits the roughening process 
ra ther  than ini t iat ing it as proposed by Hoare (3, 7). 

Other factors.--Heat pre t rea tment  produced no sig- 
nificant changes in the roughening rate  al though the 
scatter of results would not have al lowed detection 
of an effect less than about 25%. 

St i r r ing the solution with  ni t rogen appeared to pro-  
duce a significant decrease in roughening ra te  com- 
pared with that  in a quiescent solution. In a vigorously 
st irred solution the roughening rate  was 50-75% of its 
value in unst i r red solution, poor reproducibi l i ty  once 
again making a more accurate assessment impossible. 
All  of the previous results were  obtained in quiescent 
solutions or wi th  slow nitrogen bubbling, under  which 
conditions the roughening rates are not significantly 
different. 

In view of an earl ier  observation (6) that  addition 
of methanol  increased the roughening rate, a similar  
comparison was made under  the somewhat  different 
conditions of p re t rea tment  and potential  program used 
in the present study. Roughening with program B (Cox 

1.58 or 1.68V, Cred = 0.48V, tox ~ tred ~ 3 or 5 sec) 
was found to be 1.5-2 t imes faster  in 1M H2SO4 con- 
taining 0.5M methanol  than in 1M H2SO4 alone. At -  
tempts  to locate the source of the increased roughen-  
ing by using programs C and D and by vary ing  the 
ratio of tox to tred in program B were  inconclusive. 

At several  stages during this work, notably after 
extensive roughening or smoothing, cyclic vo l tammo-  
grams showed a small, s t i rr ing dependent  cathodic 
current  in the "double layer"  region. The presence of 
dissolved pla t inum was suspected and confirmed using 
the stannous chloride test [e.g., (23)]. The  highest  
concentrat ion found was about 1 ppm (5 x 10-SM) 
which is close to the detection limit for this test. In 
the  major i ty  of runs, the  absence of significant current  
indicates plat inum concentrat ions less than about 2 x 
10-eM. 

Electron microscopic obseruations.--Replicas of a 
number  of foil electrodes at various stages of ac t iva-  
tion and roughness were  examined in the electron 
microscope. Considerable var ia t ion f rom sample to 
sample, not direct ly a t t r ibutable  to the electrode t rea t -  
ment,  was evident,  especially in those electrodes sub- 
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Fig. 8. Electron micrographs of shadowed replicas of platinum 
foil surfaces. (a) Heat pretreated electrode (no electrochemical 
treatment) showing grooved grain boundary and pitting. (b) Un- 
heated electrode roughened with program B to roughness factor 
1.62. (c) Heat pretreated electrode roughened with program B to 
roughness factor 2.55. Several grain boundaries and variable 
faceting are shown. (d) Detail near a grain boundary on same elec- 
trode as (c). (e) Unheated electrode roughened with program B to 
roughness factor 8.2. (f) Same electrode as (e) showing platinum 
particles stripped off with replica. 

jected to heat pretreatment .  The main  observations are 
as follows and are i l lustrated by some representat ive 
micrographs in Fig. 8. 

1. Electrodes which are subjected to no pretreat-  
ment  except washing in cold chromic acid appear fairly 
smooth at high magnification. 

2. The heat pre t rea tment  used here produces three 
kinds of visible effects; grooving along grain bound-  
aries (Fig. 8a and c), faceting (Fig. 8c and d), and 
development  of pits uni formly  distr ibuted over the 
surface (Fig. 8a). Faceting, which gives a terraced ap- 
pearance to the surface, is rather  variable from sample 
to sample, a result  probably due to the lack of close 
control of flaming conditions. On a given sample the 
extent  of faceting depends strongly on grain or ienta-  
tion and at grain boundaries the change in direction 
and densi ty of facets is clearly visible. The pits are of 
the order of 200A in diameter. 

3. Electrodes which have been subjected to an elec- 
trochemical t rea tment  leading to an increase in the 
monolayer  hydrogen coverage are also rough when 
examined by electron microscopy. In the roughening 
process the pits increase in diameter  and depth; at 
high roughness the pit diameters reach about 800A. 
Preferent ia l  enlargement  of pits occurs at the edges of 
the facets. There are some indications that  the pits 
assume an angular  shape as the electrode roughens. 

4. On surfaces which have darkened through rough- 
ening, some of the p la t inum is stripped from the sur- 
face with the plastic replica and its s t ructure can be 
examined by electron diffraction. Distinct diffraction 
spots indicate that the particles originate from a single 
crystal. A number  of such particles scattered over the 
surface of a grain all have the same orientation. 

Considerable at tent ion was paid to the question of 
whether  or not activation by t r iangular  anodic-cathodic 
cycling produced any surface s t ructural  changes. U n -  

A C T I V A T I O N  O F  P T  E L E C T R O D E S  1135 

fortunately,  any such changes were difficult to detect 
with certainty because of the l imitations in resolution 
of the replica technique, the var iabi l i ty  from sample 
to sample, and the problems in choosing t ru ly  repre-  
sentative fields under  the microscope for purposes of 
comparison. There were however some indications 
that, on an unheated electrode, activation is accom- 
panied by slight surface roughening and that on the 
pitted surface of a heat pretreated electrode some en-  
largement  of the pits occurs on activation. 

Discussion 
Electrode activation.--The activation criteria adopted 

here are, to an extent, a rb i t ra ry  in that a direct con- 
nection between the development of specific features 
on the cyclic vol tammograms and the activity of the 
electrode to electrocatalytic processes in general  has 
not yet been established. For the extreme cases, such 
as electrodes which have had no activation at all or 
are clearly contaminated in some way, there is gen- 
eral agreement  that  the corresponding voltammograms 
should be regarded as typifying lack of activity; in 
particular,  the small  activity toward hydrogen and 
oxygen electrosorption can be cited. However, with 
the more subtle changes which occur later dur ing cy- 
cling, such as slight increases in the hydrogen peaks 
or steepening of the current  rise at the start  of the 
"oxide" region, the term activation will be used here 
as defining such changes rather  than implying a rela-  
tion to electrode activity in the practical sense. 

Electron microscopy suggests that  activation by 
anodic-cathodic cycling involves s t ructural  al terat ion 
of the surface. This is a slow process requir ing several 
hundred  cycles whereas cleaning of a contaminated 
surface occurs in fewer than ten cycles. The observa- 
tion of a t ime-, s t i r r ing-  and pur i ty -dependent  decay 
of electrode activity after anodic t rea tment  is certainly 
good evidence for the role of contaminant  adsorption 
in deactivation (14, 16) but does not exclude the pos- 
sibility of s t ructural  changes being important  in the 
ini t ial  activation. Several  authors (10-13) have pro- 
posed that the t ime-dependence of electrode activity 
indicates the decay of an unstable  layer  of surface 
p la t inum atoms in a hypothetical active state. In  fact, 
the activated s t ructure  is shown in the present  work 
to possess long term stabil i ty and the deactivation 
found by these authors must  be at t r ibuted to the in-  
evitable contaminat ion of the surface by dissolved im-  
purities. The active s tructure can, however, be dis- 
rupted by mild mechanical  means such as gentle wip-  
ing with a paper tissue as described above. Of course, 
more vigorous methods such as chemical attack or an-  
nealing will also disturb the active structure pro- 
duced by anodic-cathodic cycling. 

The mechanism of electrode activation (as distinct 
from cleaning) seems to involve some kind of redistr i-  
but ion of surface p la t inum atoms dur ing anodic- 
cathodic cycling. The freedom of movement  needed to 
bring about such a redis t r ibut ion presumably arises 
from the periodic formation and breakage of p la t inum-  
oxygen bonds, since this work has shown that  nei ther  
adsorbed nor absorbed hydrogen plays a part  in the 
activation process. These observations suggest the fol- 
lowing mechanism for electrode activation. After roll-  
ing or drawing during manufacture,  a p la t inum surface 
probably contains a large proportion of high index 
crystal  faces and many  defects. There is a correspond- 
ingly large number  of high energy surface p la t inum 
atoms with low co-ordinat ion to the under ly ing  lattice. 
Such a surface is essentially unstable  to the formation 
of an electrochemically generated layer of adsorbed 
oxygen and when the strong Pt -O chemisorption bond 
forms [see (22) for discussion of the na ture  of the ad- 
sorbed oxygen layer],  the fur ther  weakening of the 
co-ordination of the high energy p la t inum atoms al-  
lows rear rangement  of the atoms or complete separa- 
tion of the Pt -O enti ty from the surface. Repeti-  
tion of this process using one of the nonroughen-  
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ing programs eventual ly  removes most or all of the 
high energy p la t inum atoms and leaves a stable 
surface exposing predominant ly  low index, high 
co-ordination faces. It is presumably within the pits 
that such planes are exposed, an idea supported by 
the angular  appearance which the pits assume on fur-  
ther roughening. From the electrochemical point of 
view, the featureless hydrogen adsorption curve which 
results from a large spread of energetically different 
kinds of sites gives way to well-defined peaks which, 
if the association of hydrogen peaks with crystal faces 
(19) is accepted, correspond to the smaller number  of 
types of low index faces produced by cycling. Heat 
t rea tment  in an oxidizing flame affects surface struc-  
ture  and activity in  a manne r  similar to cycling be- 
cause of the greater volati l i ty of p la t inum oxide 
formed at high energy sites. 

A clear analogy exists between this process and the 
recently proposed explanat ion (24, 25) for changes in 
surface properties of silver powder exposed to cyclic 
oxygen adsorption and reduction (i.e., at gas/solid 
interface).  Czanderna (24, 25) suggests that surface 
silver atoms rearrange by a small amount  each time a 
layer of oxygen atoms is chemisorbed unt i l  finally a 
stable surface of m in imum free energy, i.e., low index 
planes, is generated; the driving force for the move- 
ment  of the silver atoms is supplied by the bond 
energy between silver and oxygen. A similar mech- 
anism was proposed earlier for the roughening of 
p la t inum electrodes (6). Note however that the pos- 
sibili ty of complete removal  of p la t inum atoms from 
the surface is now introduced. 

Two arguments  provide indirect support for a theory 
involving actual loss of surface p la t inum during activa- 
tion. First, the tendency for p la t inum to dissolve under  
mild anodic conditions is becoming increasingly recog- 
nized (16, 26-29). Second, the assumption of such a 
dissolution process can provide a ready explanation 
for the difficulty in obtaining charge balance in the 
oxidation and reduction of a p la t inum surface [see ref. 
(30) for discussion of this problem]. Although impur -  
i ty adsorption is undoubtedly  an important  factor, the 
loss of a species such as Pt=O to the solution at some 
stage dur ing the cyclic process can help to explain 
some of these observations. For example, Breiter (15) 
measured the charges involved in oxidizing (Qox an) 
and reducing (Qox oath) a p la t inum surface dur ing the 
first 110 cycles of an activation process ( t r iangular  
cycling between 0.2 and 1.5V) similar to that used 
here. He found that the ratio of these charges de- 
creased as the number  of cycles increased and was 
still about 1.4 at the l l 0 th  cycle. The total difference 
between the two charges during the course of cycling 
was about 40 mcoulomb/cm 2 which is much greater 
than can reasonably be a t t r ibuted to impur i ty  adsorp- 
t ion but  can be explained by assuming that, as cycling 
proceeds, a decreasing fraction of p la t inum atoms can 
leave the surface bound to an oxygen atom. 

If the s tructural  concept of p la t inum electrode acti- 
vation is correct, then the various common pretreat-  
ments might differ in the way they alter either the 
p la t inum surface structure and/or  its abili ty to respond 
to cathodic-anodic t reatment .  It is suggested that to 
obtain comparable electrode surface states it is neces- 
sary not only to use identical activation procedures but  
also to precede activation with an anneal ing step which 
will tend to produce similar types of surfaces on sam- 
ples of different origin. However, the init ial  bulk  plat i-  
num structure will also depend on the amount  and 
na ture  of the cold working received dur ing fabrication. 
Anneal ing is not expected to el iminate preferred grain 
orientations arising from different kinds of cold work 
so that  unless a uniform and sufficiently vigorous cold 
work pre t reatment  is given to the p la t inum this factor 
will remain  a variable of as yet unknown  importance 
to activity. It should be mentioned that  wire and foil 
electrodes used in this work gave slightly different 
ratios of the two main hydrogen peaks, support ing the 

idea (19) that grain orientation is important  in deter-  
mining the shape of the hydrogen adsorption curve. 

Electrode roughening.--Roughening occurs when 
p la t inum atoms which are stable to t r iangular  cycling 
(presumably those in low index planes) acquire suffi- 
cient energy to diffuse over or break away from the 
surface. The two conditions for roughening are: 

(a) Surface o x y g e n : s u r f a c e  p la t inum atom ratio 
1. This suggests that  sufficient weakening of P t -P t  

interactions occurs only when chemisorption bonds 
form between a Pt  atom and more than one O atom. 
An explanat ion in terms of dissolution of a part icular  
p la t inum oxide phase, e.g., PtO2, is less l ikely in view 
of the chemisorptive na ture  of the oxygen layer on Pt  
electrodes (22). 

(b) Fast reduction of surface oxygen. This condition 
indicates that a concerted effect is needed to allow 
these l~ atoms to move to new positions or to leave 
the surface. The simultaneous reduction of a large 
amount  of adsorbed oxygen provides the necessary 
activation energy for mobil i ty of some of the surface 
Pt atoms. It is not clear in what form these atoms 
leave the surface but, as with activation, some kind of 
p la t inum-oxygen species is favored. 

Adsorbed or dermasorbed hydrogen (3, 7) is not a 
causative factor in the roughening process which is 
actually inhibited in a program where the electrode is 
reduced at a potential  in the hydrogen region. One can 
speculate that this is due to the rapid replacement  of 
adsorbed oxygen with adsorbed hydrogen so that  at no 
stage does the p la t inum surface energy rise to the same 
level as in the absence of chemisorbed species (in the 
double layer region).  

The single crystal p la t inum particles present  where 
an electrode is visibly darkened probably arise through 
undercut t ing of the metal surface due to lateral  ex- 
pansion of the pits. The al ternat ive possibility that an 
epitaxed layer forms on redeposition of p la t inum 
which has entered solution is considered less likely in 
view of the fact that no pla t inum particles are stripped 
off with the replica unt i l  high roughness factors are 
reached. 

As an electrode roughens, changes in shape of the 
cyclic vol tammograms indicate changes in the state 
of the electrode surface. Thus, if the two main hydro-  
gen peaks represent  two major  kinds of p la t inum sur-  
face sites, changes in relative peak heights indicate a 
greater stabili ty of one type of site to the roughening 
program. The facts that parallel  changes occur in the 
heights of the two small peaks near the start  of the 
"oxide" region and that the separation of these peaks 
and the hydrogen peaks is similar suggest that the 
peaks in the "oxide" region correspond to adsorption 
of the OH radical and that  adsorption of the species 
H and OH occurs with similar relat ive energies on the 
two main kinds of p la t inum sites. If this conclusion is 
correct, then one of the main  effects of activation is 
to lower the potential  at which adsorption of the more 
strongly bound OH radical commences, as indicated 
by the increase in steepness of the current  rise at the 
start of the "oxide" region. In view of the role which 
adsorbed OH is supposed to play in the electro-oxida- 
tion of organic compounds [e.g., (32, 33)], a correla- 
tion between the a rb i t ra ry  activation criteria used 
here and the actual electrocatalytic activity can be 
expected. 
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Techn ca]l Note 

The Oxygen Electrode in Molten Alkali Metal Nitrates 
II. Standard Potentials as a Function of N a + / K  § Ratio 

R. N. Kust* 
Department of Chemistry, University of Utah, Salt Lake City, Utah 

In the last several years an increased interest  in the 
study of molten salt systems has occurred, not only in 
terms of the numerous  applied industr ia l  processes 
which utilize such solvents but  also because of the in-  
creased need for fundamenta l  knowledge of systems 
containing no protons. 

Numerous workers have postulated the existence of 
the oxide ion in several such melts (1). Some of the 
investigations have involved the assay of small concen- 
trations of oxide ion potentiometrical ly with an oxygen 
gas-oxide ion electrode in a sodium ni t ra te-potass ium 
ni t ra te  equimolar  melt. The s tandard potentials of the 
oxygen electrode have been defined in this melt  with a 
1.0M silver ni t rate  reference electrode (2). 

Several  workers (3) have indicated that equi l ibr ium 
constants and rate constants for some acid-base reac- 
tions in molten alkali  metal  ni trates are influenced to 
some degree by the ratio of cations present in the melt. 
Recent studies (4) suggest that solvation of anions by 
the alkali  metal  cation constitutes an impor tant  part  
of this influence. In order to investigate potent iometr i -  
cally the changes in various acid-base equil ibria when 
the cation ratio of the solvent is changed, the variat ion 
in the s tandard potential  of the oxygen electrode with 
cation ratio must  first be determined. This paper is a 
report  of the evaluat ion of the s tandard potential  of 
the oxygen-si lver  n i t ra te  electrode system in sodium 
ni t ra te-potass ium ni trate  melts as a function of tem- 
perature  and cation ratio. 

Experimental Section 
All chemicals used were of reagent  grade. The 

sodium ni t ra te  and potassium ni t ra te  were dried for 
24 hr at 140~ before being used to prepare the various 

* Electrochemical Society A c t i v e  M e m b e r .  

solvents. Bulk quanti t ies of solvent containing 22.9 m/o  
(mole per cent) sodium nitrate-77.1 m/o  potassium 
ni trate  and 82.6 m/o sodium nitrate-17.4 m/o potassium 
ni t ra te  were made by fusing together the proper quan-  
tities of the salts, mixing well, filtering through a me-  
dium porosity frit ted glass disk, molded into slugs of 
about 100g and stored over magnesium perchlorate. 
Melts of intermediate  cation ratios were made by mix-  
ing suitable quanti t ies of these two bulk solvents. 

The reaction vessel and electrodes were similar to 
those previously described (2). An oxygen-p la t inum 
electrode was used as the indicator electrode and 
a si lver-si lver  ni t rate  (1.0m AgNO~ in equimolar 
NaNO3-KNOs) electrode enclosed in Pyrex glass 
was used as the reference electrode. Potent ia l  mea- 
surements  were made with a high impedance potenti-  
ometric network as has been previously described (2). 

The s tandard oxide ion solutions used were made by 
dissolving small  quanti t ies (ca. 10-4m) of anhydrous 
sodium carbonate in equimolar  sodium ni t ra te-potas-  
sium ni t ra te  solvent. These solutions were held under  
a vacuum of less than  10~ for over 48 hr. The oxide 
in these solutions was then assayed by t i t rat ion with 
hydrochloric acid. Ti trat ion of the oxide solutions with 
permanganate  indicated that  there were no oxidizable 
impurit ies and consequently that nitrites, peroxides, 
and superoxides were not present in significant quan-  
tities. 

Results 

The electrochemical cell used in this s tudy can be 
described 

XNaNO3 b i equimolar  1 a-- / 
Pt, O2(g) 1-XKNO3 'f i NaNO3- 3, KNO . . .m  AgNO.~ . Ag 

Pyrex  
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where  x is the mole fraction of sodium ni t ra te  in the 
indicator electrode compartment ,  and where  the ver t i -  
cal dotted lines indicate the Pyrex  glass membrane,  
about 0.1 mm thick, which encloses the reference elec- 
trode compartment .  The cell reaction can be wri t ten  

2Ag + + 0 2 -  ~ 2 A g  ~ ~ 02 [1] 

for which the Nernst  equat ion is 

2.3RT Po2 '/2 
E = E ~ log [2] 

2F [O 2- ] lAg + ] 

The standard potential  for this cell was determined 
in four different sodium ni t ra te-potass ium nitrate  sol- 
vents which had the fol lowing compositions expressed 
in mole per cent: 23% NaNO3, 77% KNO.~; 44% NaNO:h 
56% KNO3; 64% NaNO3, 36% KNO3; 83% NaNO:~, 17% 
KNO3. The concentrat ion of oxide ion in these solvents 
was var ied from about 5 x 10-Tm to about 5 x 10-sin. 
The tempera ture  was varied from 290 ~ to above 360~ 
The revers ible  nature  of the electrode system was 
checked in each of the different solvents at each t em-  
perature.  The cri teria used to de termine  whether  or 
not the electrochemical  cell was reversible  were  (i) 
adherence to the Nernst  equation when the O 2- ion 
concentration and the oxygen pressure were  indepen-  
dent ly  varied, and (if) lack of hysteresis in micro-  
polarization plots of current  vs. voltage when the vol t -  
age was scanned through ___ 100 mV of the equi l ibr ium 
potential. In all cases, the tests indicated the ceil was 
revers ible  within exper imenta l  limits. 

S tandard  potentials were  calculated from the ob- 
served potentials wi th  the aid of the Nernst equation 
[2]. Exper imenta l  data obtained in the various solvents 
at a t empera tu re  of 320 ~ are indicated in Table I. 

The  var ia t ion of s tandard potential  wi th  tempera ture  
and composit ion is graphical ly represented in Fig. 1 
and 2. The previously determined tempera tu re  depen- 
dence of the standard potential  for the oxygen elec- 
t rode in a mel t  of equimolar  NaNO3-KNO:~ is also 
shown in Fig. 2 for reference purposes. 

Discussion 
According to the data in Fig. 1 and 2, there  is evi-  

dent ly a small but definite dependence of the standard 
potential  of the oxygen gas-si lver  ion electrode system 
on the ratio of sodium ni t ra te  to potassium nitrate  in 
the solvent. The E ~ in volts, can be calculated for any 
tempera tu re  between 290 ~ and 360~ and for a sodium 
ni t ra te-potass ium ni t ra te  melt  of any cation ratio from 
the equation 

E ~ ( t ,  XSa)  ~- [0.6730 - -  0.000130 ( t -  290 ~ ] 
--  [0.0830 -b 0.090275(t--290 ~ ]xNa [3] 

Table I. Observed potentials and calculated standard potentials 
in millivolts for the oxygen electrode at 320~ in sodium 
nitrate-potassium nitrate melts of different cation ratios 

Solven t ,  
mole  f r a c t i o n  

NaNO3 O~- • 10~m Po 2, a i m  E, mV E,,, mV 

0.23 5.12 0.851 281.9 649,1 
8.97 0,847 294,6 647,5 

16.7 0.847 310.9 647.9 
50,1 ~481 346.2 648.0 
79.1 0.480 357.3 647.5 

A v e r a g e  648.0-+0,7 
0.44 9.13 0.862 276.4 629.1 

24.1 0.862 301.9 629.8 
24.1 0.501 308.1 629.1 
53.6 0.461 328.7 626.3 
91.9 0.461 324.8 628.7 

A v e r a g e  629.0--+0,6 
0.64 8.30 0.851 255.5 610.4 

30.9 0.851 289.9 611.3 
69.2 0,850 310.4 611,2 
96.2 0.493 324.5 610.0 

187 0.493 341.6 610.1 
A v e r a g e  610.6-+0.6  

0.83 17.9 0.490 265.3 593.6 
38.7 0.490 284.9 593.5 
90.7 0.847 300.2 594.1 

231 0.847 324.1 594.1 
A v e r a g e  593.8-+0.3 

.66 

.62 

' 2'o ' Ao ' 6'o sb ,~o 
MOLE % NaNO 3 

Fig. 1. Variation of standard potential of the oxygen electrode 
with mole per cent NaNO~ in sodium nitrate-potassium nitrate 
melts at different temperatures. 

.66 

,S2 

E~cv) 

.58 

X :  mole frdlctlo~ N.sHO 3 

T,~162 
Fig. 2. Variation of standard potential of the oxygen electrode 

with temperature in sodium nitrate-potassium nitrate melts at dif- 
ferent Na+ /K  + cation ratios. 

where  t is the t empera tu re  in ~ and xNa is the mole 
fraction of sodium nitrate. The standard deviat ion is 
est imated to be ___ 0.0009V. 

The lower t empera tu re  l imit  of 290~ was dictated 
by the observation that melts containing 23 m / o  NaNO:~ 
froze a few degrees below 290~ However ,  for other  
salt mixtures  mel t ing at lower temperatures ,  a l inear 
extrapolat ion of Eq. [3] would be reasonable, at least 
to tempera tures  down to 250~ since the above equa-  
tion can be used to calculate s tandard potentials in 
equimolar  sodium ni t ra te-potass ium ni t ra te  solvents 
which are within the error  of exper imenta l ly  deter -  
mined values in melts  of this composition (2). 

The decrease in standard potential  wi th  increase in 
sodium ni t ra te  concentrat ion suggests that  the act ivi ty  
of the oxide ion decreases as the sodium ion act ivi ty 
increases. An even more pronounced decrease in 
standard potential  would be expected if l i thium ion 
were  substi tuted for the sodium ion. However ,  it can- 
not be claimed that  this solvation process is the sole 
explanat ion for the variat ion in standard potential  
with cation ratio. The t empera tu re  dependence of the 
standard potential  is negat ive in all of the melts s tud- 
ied, and, fur thermore ,  becomes more negat ive as the 
sodium ni t ra te /potass ium ni t ra te  ratio increases. The 
negat ive tempera ture  dependence indicates a negat ive 
entropy of reaction for the cell reaction. Since the 
oxide ion is a reactant  in the cell reaction, more effec- 
t ive  solvation of the oxide ion should cause the entropy 
change and hence the t empera tu re  coefficient of the 
standard potential  to become less negat ive as the ratio 
of sodium ni t ra te  to potassium nitrate  is increased. 

There are several  features of this par t icular  elec-  
trode system which are not well  understood and which 
may  contain the explanat ion for the t empera tu re  de- 
pendence of the standard potential. One such feature  
is the Pyrex  glass membrane  which is used to separate 
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the  anode and cathode compar tments  of the  cell. I t  has 
been shown (5) tha t  in h ighly  ionic n i t ra te  melts,  the  
behavior  of the  P y r e x  glass m e m b r a n e  is most ade-  
quate ly  descr ibed by  an ion exchange model. Mem-  
brane  potent ia ls  for P y r e x  in sodium n i t r a t e - s i lve r  
n i t ra te  systems have been app rox ima te ly  eva lua ted  
(5b) and genera l ly  are  small ,  on the  order  of 8 to 10 

mV. Simi lar ly ,  m e m b r a n e  potent ia ls  in l i th ium n i t r a t e -  
s i lver  ni t rate ,  sodium n i t r a t e - s i lve r  ni t ra te ,  and potas-  
s ium n i t r a t e - s i lve r  n i t r a te  systems have been eva lu-  
a ted (5c) and  again are  small.  However ,  in both of 
these studies, potent ia ls  were  measured  when a 
finite ac t iv i ty  of Ag + was present  on both sides of the  
P y r e x  membrane .  In  the  e lect rode sys tem presented  
in this  art icle,  the  s i lver  ion ac t iv i ty  in the  anode com- 
pa r tmen t  is essent ia l ly  zero. Hence the ac tual  mem-  
brane  potent ia l  of this  sys tem cannot  be infer red  f rom 
these o ther  studies. 

Ano the r  fea ture  which  is not  comple te ly  unders tood 
and which may  have bear ing  on the  s i tuat ion is the  
ac tual  chemical  process occurr ing at  the p la t inum 
electrode.  I t  has been shown (6) tha t  in mol ten  car -  
bonate  melts,  p l a t inum electrodes can function as 
electrodes revers ib le  to the  oxide ion, but  tha t  in so 
doing, p l a t inum oxides are  formed.  Al though these  
studies in n i t ra te  mel ts  have been car r ied  out  at much 
lower  tempera tures ,  format ion  of p la t inum oxides 
might  st i l l  be possible and might  lead to a complex 
re la t ionship  wi th  the  cations in solution. 

More informat ion  r ega rd ing  these  systems is needed. 
An  invest igat ion of the  cation and t empera tu re  de-  
pendence of the  oxygen  elect rode when a reference  
e lec t rode  which subst i tutes  an asbestos wick or  glass 
f r i t  for the  glass m e m b r a n e  should contr ibute  more  
informat ion on what  role  the  glass membrane  plays.  
Also extension of the  inves t igat ion to the  l i th ium ion 
should prove  interest ing.  
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Solid Solubility and Diffusion Coefficients of 
Boron in Silicon 
G. L. Vick and K. M. Whittle 

Instrument~Controls Division, Conrac Corporation, Duarte, California 

ABSTRACT 

The solid solubili ty and diffusion coefficients of boron in silicon have been 
determined as a function of tempera ture  over the range of 700~176 by 
anodically sectioning diffused layers. The solid solubil i ty was found to vary  
from 1.6 x 1019 atoms/cm 3 at 700~ to 2.4 x 1020 a toms/cm ~ at 1151~ The 
diffusion coefficients for impur i ty  levels below l0 TM atoms/cm 3 may be repre-  
sented by D = 6.0 x 10 -T exp (--38600/RT).  The diffusion coefficients above 
10 TM atoms/cm 3 were found to be dependent  on the impur i ty  level. 

In  view of the importance of boron as a dopant in 
the technology of silicon electronic devices, there is 
a remarkable  paucity of informat ion regarding the 
solid solubil i ty of boron in silicon. In  Trumbore 's  re- 
view of solid solubilities of elements in germanium 
and silicon (1), boron is represented by only two 
points, a eutectic point and a single point based on 
diffusion data. 

This paper describes a series of experiments  in 
which boron is diffused into silicon at a number  of 
different temperatures  between 700 ~ and 1151~ from 
an effectively infinite source. The resul t ing diffusion 
profiles are anodically sectioned to determine the solid 
solubil i ty of boron in silicon as a function of tempera-  
ture. The diffusion coefficients of boron in silicon are 
also calculated as a function of tempera ture  and boron 
concentration. 

Experimental Procedure 
A boron rich glass (B203) is pyrolyt ical ly  deposited 

on the surface of 3.0 to 6.5 ohm-cm n- type  wafers at 
relat ively low tempera ture  (688~ The wafers are 
then diffused at higher temperatures  in an nonoxidiz-  
ing atmosphere (Nf). Under  these conditions the boron 
glass is reduced by the silicon, making elemental  boron 
available for diffusion into the silicon. The deposition 
and diffusion systems have previously been described 
by Whit t le  and Vick (2). The reduct ion of the B20~ 
makes boron atoms available at a rate greater than 
the rate at which they are diffused away into the 
silicon. This results in a th in  layer of a boron-r ich 
phase such as that discussed by Busen et al. (3). This 
boron rich phase will act as an effectively infinite 
source of boron for diffusion into the silicon. Similar  
phases may be observed in phosphorus diffusion and 
have been used by Kooi (4) in determining solubil i ty 
of phosphorus in silicon. 

Experiments  have been performed which show that 
the surface concentrat ions are independent  of all 
deposition parameters  over a wide range [ref. (2)] 
and are independent  of diffusion time for all the differ- 
ent values of diffusion t ime reported in this paper 
and are dependent  only on diffusion temperature.  The 
work of Owen and Schmidt (5) could be interpreted 
as predicting a surface concentrat ion independent  of 
t ime under  certain conditions. This work is not directly 
applicable here, however, because the rate of chemi- 
cal decomposition of the B20~ controls the rate at 
which boron is made available for diffusion. This is 
demonstrated by the fact that  the doping will  be in-  
hibited by the presence of oxygen in the atmosphere. 
The presence of the boron-r ich phase ensures an ade- 
quate supply of boron so that  surface concentrat ion 
will be determined by the solid solubility. 

In view of the departures from complementary 
error function form of the profiles obtained at the 
higher tempera ture  diffusions, experiments  were per-  

K e y  w o r d s :  Solid so lubi l i ty ,  d i f fus ion  aoefflcient,  bo ron ,  si l icon. 

formed to determine whether  there was precipitat ion 
of the boron such as that  found for phosphorus by 
T a n n e n b a u m  (6). Diffused wafers were cooled from 
1150~ to room tempera ture  in t imes ranging from 1 
rain to 1 hr without  preceptible change in  profile, 
leading to the conclusion that  precipitation was not 
occurring to any  measurable  amount.  

Sectioning of the diffused impur i ty  profiles was ac- 
complished by anodically growing and then removing 
layers of silicon dioxide. Anodic oxide growth was 
carried out in a solution consisting of 3 parts e thylene 
glycol and 1 par t  phosphoric acid at 100V. The oxide 
was removed with HF and the anodization repeated. 
After  every fifth anodizat ion-HF cycle a measurement  
was made of sheet resist ivity and depth of silicon re-  
moval. Sheet resistivity was measured by a s tandard 
4-point  probe method. Silicon removal  was measured 
by masking off a region of the wafer dur ing anodiza- 
t ion -HF cycles and measur ing the height of the resul t -  
ing plateau by means of interference fringes. I rwin 's  
(7) plot of resistivity vs. impur i ty  concentrat ion was 
used to determine the impur i ty  concentrat ion of suc- 
cessively removed layers of boron concentration. 

Accuracy 
The diffusion temperatures  were controlled to _2~ 

and diffusion times were controlled to --+0.05 rain. 
The 4-point probe measurements  on a given sample 

were consistent from reading to reading within  1%. 
The depth of silicon removal  was determined by 

cal ibrat ing the silicon removal  per anodization cycle 
against depth measurements  made by means of in ter -  
ference fringes. The cal ibrat ion was made to a depth 
of 4~ with an accuracy of _--_ ~/4 fringe, giving a possible 
consistent error of about 7%. In  addition, the random 
errors, represented as deviations of data points from 
the calibration curve amounted to about --+5% rms. 

The plots of impur i ty  concentrat ion vs. depth shown 
in Fig. 1 and 2 involve the first derivat ive of the curve 
of conduct ivi ty  vs. depth which was exper imenta l ly  
determined. The deviation of data points from comple- 
men ta ry  error functions in Fig. 1 and from the best 
smooth curves in Fig. 2 are -+ 13 % rms. 

A significant source of inaccuracy in the values of 
diffusion coefficient at temperatures  above 1000~ lay 
in graphical integrat ion and differentiation of the im-  
pur i ty  profiles. These procedures are somewhat  sub-  
jective in na tu re  and it was found that  variations in 
diffusion coefficient as large as -+100% could be 
achieved by differing estimations of the slopes. The 
values reported in Fig. 4 represent  the best judgment  
of the authors as to the in terpre ta t ion of existing data. 
At temperatures  less than 1000~ the diffusions are 
too shallow to just ify accuracy greater than  -+100%. 

Solid Solubility 
In  Fig. 1 and 2 are plotted the curves of impur i ty  

vs. depth. The curves for diffusions below 1018~ are 
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found to fit well  the complementary  error function. 
For diffusion at 1018~ and higher the curves are sim- 
ply the smooth curve which best fits the data. Solid 
solubilities are obtained by extrapolat ing the diffusion 
profiles to zero depth and are plotted vs. t empera ture  
in Fig. 3. 
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The solid solubil i ty data indicate a lower solubil i ty 
of boron in silicon than had previously been reported. 
There is, however, little actual data to support a higher 
value of solubility. Diffusion profiles having larger sur-  
face concentrat ions have been reported. These, how- 
ever, have been calculated on the assumption of a 
complementary  error function distr ibution which is 
shown to be false for temperatures  above 1000~ 

Diffusion Coef f ic ients  
For those diffusion profiles which may  be repre-  

sented by the famil iar  complementary error  function, 
Cx = Cserfc ( x / 2 (D t ) ' / 2 ) ,  calculation of diffusion co- 
efficients is s t ra ightforward since C~ is the concentra-  
tion of the diffusant at distance x after t ime t and C~ 
is the extrapolated surface concentration.  All the nec- 
essary data can be obtained from the diffusion profiles 
in  Fig. 1. 

The profiles which do not fit a complementary  error 
function must  be dealt with differently. The possi- 
bilities of source depletion or of impur i ty  precipitat ion 
as explanations for the shape of these curves have 
been ruled out as described earlier. It  may be assumed, 
then, that  the profiles result  from a concentrat ion 
dependent  diffusion coefficient similar to that  found 
by T a n n e n b a u m  (6) for phosphorus. The diffusion 
coefficients may be calculated as a function of impur i ty  
concentrat ion by  a method presented by Crank  (8) 
using the equation 

1 dx  ~oCl 
Dc=cl = ~ ~ x d C  

2t dc 

where D is the diffusion coefficient at a concentrat ion 
C, and x and t are depth and time, respectively. 

Applying this equat ion to the curves in Fig. 2 results 
in the dependence of diffusion coefficient on impur i ty  
concentrat ion shown in Fig. 4. The slope d x / d c  and the 
a r e a  f : l  XdC were determined graphically so that  the 

curves in Fig. 4 should be considered to show a qual -  
itative t rend only. An accurate determinat ion of dif- 
fusion coefficient as a function of impur i ty  concentra-  
t ion could be made by subject ing the impur i ty  profile 
data to computat ion by a computer. These curves in 
Fig. 4 are seen to approach a m i n i m u m  value of the 
diffusion coefficient at each tempera ture  at which the 
diffusion coefficient is independent  of impur i ty  con- 
centration. 

A plot of the logari thm of the diffusion coefficient vs. 
inverse tempera ture  should yield a straight l ine since 
the temperature  dependence of the diffusion coefficient 
follows the form 

D = Do exp ( E J R T )  

where Ea is the activation energy for diffusion, R is 
the gas constant, and T is the absolute temperature.  
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Fig. 4. Diffusion coefficient vs. boron concentration 
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The diffusion coefficients are plotted against the in-  
verse of tempera ture  in Fig. 5 and can be shown to 
follow the equation D = 6.0 x 10 -7 exp(--38600/RT). 

Those diffusion coefficients (above 1000~ for which 
the coefficients are dependent  on impur i ty  concentra-  

A u g u s t  1969 

t ion are represented on Fig. 5 by a data point indicat-  
ing the value of the concentrat ion independent  coeffi- 
cient, together with a vertical  l ine indicat ing the range 
of values which hold at higher concentrations. 

Summary 
Values for the solid solubil i ty of boron as a function 

of tempera ture  in  silicon are presented in this paper 
for the first time. 

Values of diffusion coefficients for boron in silicon 
are given over a range of t empera ture  almost 300~ 
greater than  was previously available (700~176 
(9-11). Concentrat ion dependent  diffusion coefficients 
of boron in silicon are reported. 

Manuscript  submit ted Oct. 7, 1968; revised manu-  
script received April  11, 1969. 

A ny  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
J O U R N A L .  
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The Estimation of Bending Stresses from 
Flexure Measurements 

R. E. Pawel* 
Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

The flexure technique,  based on the physical defor- 
mat ion observed when a sui tably prepared specimen 
is reacted on one side, has recent ly been employed in 
several investigations in which the characterization 
and measurement  of stresses induced by surface or 
near-surface  reactions were of interest.  Original ly the 
tool of the electroplater, this technique is now being 
used in other disciplines to collect special types of 
informat ion which are otherwise difficult to obtain. 
Since the principal  exper imental  measurements  in  
flexure studies are ones of strain, the problem of t rans-  
forming or assigning appropriate stress values must  be 
faced. The general  methods for doing this have existed 
in the l i tera ture  for some time, but  some uncer ta in ty  
has arisen recently concerning the extent  and impor-  
tance of the Poisson ( transverse) contr ibut ions dur ing  

* E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  M e m b e r .  

flexure experiments  on various kinds of specimens. 
(This part icular  problem is, of course, ent i rely separate 
from the usual ly  more tedious one of inferr ing the 
complete stress distr ibution from the bending stress 
values.) While it might  be argued that  this uncer ta in ty  
is not a serious drawback because of the many  other 
sources of error involved with the technique, such a 
possibility nevertheless warran ts  consideration, and it 
is the in tent  of the present  note to express some 
thoughts and the results of an exper iment  which ap-  
pear per t inent  to the manne r  in  which bending stresses 
are determined from bending strains. 

Since the stress system imposed on the specimen may 
be considered to be uniform, it is helpful  for purposes 
of this problem to th ink  only in terms of bending 
stresses and to visualize the surface reaction that  cre-  
ates them, whatever  it ma y  be, as resul t ing in simple 
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sets of bending moments  ra ther  than in the complex 
stress distr ibution which may actual ly  exist. It  is r e a -  
sonable to do this, for uniform surface stresses, because 
the problem actually involves only the mutual  t rans-  
verse  effects of the bending stresses. 

The stress-strain relat ionship for a state of plane, 
biaxial  elastic stress in a plate (which is an applicable 
approximat ion for most flexure exper iments)  is given 
by the fol lowing general  equation 

E 
~x = - -  (~x + v~) [1] 

1 - - ~  

where  ~ and e are the stress and strains in the indi-  
cated orthogonal  directions, x is considered the "long" 
direction for strips, v is Poisson's ratio, and E is 
Young's modulus. A similar  expression can be wr i t ten  
for the transverse,  y, direction. 

If a specimen is uni formly  bent  about a major  axis, 
the max imum bending strain, located in the concave 
and convex surface layers of the plate, is given by the 
"flexure formula"  

t 
ex = - 4 - -  [2] 

2px 

x 

y e ~ x  

Ca) 

(b) f 
Fig. 1. Schematic drawing of the flexure behavior of a thin, 

disk-shaped specimen after oxidation of its upper side. The de- 
gree of bending shown here is exaggerated compared to that ob- 
served in most of our experiments concerning tantalum oxidation. 
(a) As-oxidized specimen; flexure has occurred predominantly in 
a single direction. (b) Section cdef, cut as indicated from original 
specimen after oxidation. The stresses, which also existed in (a), 
have now caused flexure in the x direction. 

where  t is the plate thickness and px is the radius of 
curva ture  in the x direction. 

In the analysis of the data obtained in a given flexure 
experiment ,  there  are several  possible configurations 
which need to be considered when rela t ing the bending 
stresses to the measured flexure or strain by means 
of Eq. [1] and [2]. The re la t ive  applicabil i ty of each 
of these cases is dependent  on the specimen geometry.  

1. If equivalent  surface forces result  in the bending 
of a thin, rec tangular  specimen equal ly  in the two 
directions, then ey ~ ~x, and Eq. [1] yields ~x 
( l / l - - v )  Eex. This is a "h igh-energy"  situation for 
thin plates requir ing  that  the specimen assume the 
shape of a par t -surface  of a sphere. Only compara-  
t ive ly  " thick" specimens might  be expected to exhibit  
this behavior  for measurable  curvatures.  

2. Simple  beam theory  considers no stress to act in 
the y direction. Thus, if this condition exists, cy ~ 0, 
e~ ~ --~x,  which leads to ,rx ~ Eex, the  relat ionship 
for uniaxial  stress and strain. The  specific assumption 
here is in tu i t ively  not an a t t ract ive one for bending in 
rec tangular  plates where  bending is caused by a uni-  
form surface react ion of some sort. 

3. If, during bending, sufficient distortion occurs so 
that  the bending strain is l imited essentially to a single 
direction, then ~y ~ 0 and the per t inent  equation be- 
comes ~x = (1/1 - -  ~2) Eex. Timoshenko (1) considered 
this to be the most l ikely condition for the bending of 
thin strips, a l though a correction for the specific geom- 
e t ry  of the specimen was also included in his analysis. 
As indicated below, the corrections for specimen geom- 
etry typical ly employed in flexure exper iments  were  
in a direction and of such magni tude  so as to make 
the "simple beam solution," condition 2, accurate 
wi th in  a few per cent. 

While  direct examinat ion of thin strips which have  
undergone flexure as a result  of ei ther  external  forces 
or surface reactions seems to indicate that  the geo- 
metr ic  requi rements  for condition 3, above, are rea-  
sonably wel l  met, a set of interest ing exper iments  
which more graphical ly  supports the val idi ty  of Timo-  
shenko's conclusion for bending due to surface reac-  
tions is as follows. Several  4- and 6-cm disk shaped 
specimens were  cut f rom 0.015- and 0.010-in. t an ta lum 
sheet; they  were  annealed in vacuum at 1600~ and 
chemical ly  polished. A thin layer  of a luminum was 
vapor-deposi ted  onto one side and the specimens then 
oxidized for various t imes at 500 ~ and 550~ to yield 
a range in the  observed degree of flexure. 

The na ture  of the deformation exhibi ted by these 
specimens as a result  of this reaction was informative.  
Al though the disks were  prepared careful ly  so that  
there  would be no obvious mechanical  axes, the de-  

format ion which occurred during oxidation at these 
tempera tures  was in all cases approximate ly  uniaxial,  
cyl indrical  bending, resul t ing in the configuration 
shown in Fig. la. Please note that  Fig. 1 is d rawn wi th  
an exaggera ted  degree of bending to preserve  clarity. 
While there  are no long and short dimensions in disk- 
shaped specimens which would prede termine  the axis 
of bending, the presence of any kind of flaw would be 
sufficient to influence the init ial  f lexure of an otherwise 
perfect  disk. Once started in a given direction, it is en-  
erget ical ly favorable  for elastic bending to continue in 
uniaxial  fashion, and this shape will  persist, even for 
a considerable degree of plastic deformation. Therefore,  
even  for the case of biaxial  stresses acting on one sur-  
face of a thin disk, flexure can resul t  in bending about 
a single axis. 

It should not be forgotten, however,  that  even though 
no bending takes place in the x direct ion in Fig. la, 
there  should still be stresses present. The total  stress 
exist ing in this direction would be composed of the 
same surface forces which caused bending in the y 
direction,~plus the Poisson contribution from these as- 
sociated bending stresses. For  an elastic stress system, 
the stresses in the x direction might  be al lowed to 
exer t  themelves  if a suitable change in specimen 
geometry  were  made after  the init ial  bending was te r -  
minated. The results of such a change were  determined 
for the deformed disks. Severa l  of the  bent  oxidized 
specimens were  cut paral le l  to the x direction to re-  
move a rectangular  strip of heretofore  almost un-  
strained (in that  direction) material .  In all cases, the 
excised port ion of the specimen then exhibi ted curva-  
ture in the x direction as i l lustrated in Fig. lb. The 
geometry  was then favorable  for flexure in this d i rec-  
t ion and the  stresses could manifest  themselves  ac- 
cordingly. 

While a strict quant i ta t ive  analysis of these exper i -  
ments was not at tempted,  it was observed that  for 
exper iments  in which the total  f lexure was kept small  
(i.e., the  bending stresses were  complete ly  elastic),  the 
subsequent  bending of the cut strip was essentially 
the  same as tha t  observed original ly  for the disk in 
the t ransverse  direction. On the other  hand, several  
exper iments  obviously involved significant amounts of 
plastic strain and, in these cases, the flexure of the cut 
str ip was only a fraction of that  exhibi ted by the disk. 
Clearly, only the elastic components could contr ibute 
to the postoxidation distort ion along the x direction. 
It  was not practical  to a t tempt  to obtain the exact  
Poisson contribution or correct ion f rom these "exci-  
sion" experiments.  However ,  the behavior  exhibi ted  by 
these specimens establishes the deformation character-  
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istics and helps to ascertain the re levant  s tress-strain 
relationships dur ing flexure. 

A th in  rec tangular  flexure specimen will general ly 
bend along its long dimension and be constrained from 
similar bending along its short one. (One should be 
aware, however, that  unless the specimen is carefully 
prepared, bending is l ikely to take place about a me-  
chanical, ra ther  than a geometric axis. For example, 
if a slight degree of curva ture  existed across the short 
dimension of a rectangular  specimen prior to reaction, 
it very probably would continue to bend in this direc- 
t ion with v i r tua l ly  no curva ture  observed in the long 
dimension.) Although some distortion exists, the state 
of l imited strain in the t ransverse direction does ap-  
pear exper imenta l ly  to be described best by the con- 
dition ~u ~ O. 

The above reasoning supports the use of the equation 

[ 1 ] t E  
o'x = ----- ~ [3] 

1 -  ~2 2px 

to relate the max imum bending stress to the measured 
radius of curvature.  However, Timoshenko, for only a 
slightly different set of conditions and a more sophisti- 
cated analysis, used a modified factor ( 1 - -  ~ k ) / ( 1 - -  
~ ) ,  where k is a function of the strip dimensions and 
its radius  of curvature.  Typical dimensions for flexure 
specimens yield k-values  only slightly less than  unity.  
In  other words, the simplest expression 

tE 
ax = - - ~  [4] 

2pz 

may also be the most appropriate. The best choice of 
the part icular  equation to represent  the s tress-strain 
relationships in a real system thus depends on the 
physical system itself, par t icular ly  the geometrical 
aspects. Recently, there have been several instances 
brought  to our at tent ion where an apparent ly  arbi-  
trary, or at least not ful ly justified, choice of the 
1 / ( 1 - - v )  (case 1), correction was made. While there 
will be instances where this will be correct, it should 
be pointed out, as we have tried to do in this note, 
that this is not necessarily a s traightforward choice, 
and a comparat ively large absolute error in stress val-  
ues may result  if it is the incorrect one. 
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Reduction of Radiation Sensitivity in MOS Structures by 
Aluminum Doping of Silicon Dioxide 

A. G. Revesz, I K. H. Zaininger, and R. J. Evans 
RCA Laboratories, Princeton, New Jersey 

The resistance of meta l - insula tor -semiconductor  
(MIS) devices against  high energy electron bombard-  
ment  or similar i r radiat ion is impor tant  in several 
applications. Unfortunately,  the metal-s i l icon-dioxide-  
silicon structures commonly used in m a n y  circuits are 
adversely affected by ionizing radiat ion and exhibit  a 
shift of their  device characteristics toward more nega-  
t ive voltage values. The extent  of the shift and possible 
deformation of the surface capacitance vs. voltage 
(C-V) curve (compared with the ideal one) depend 
on the oxidation conditions and postoxidation t rea t -  
ments  (1, 2). In  the case of dry oxygen oxidation fol- 
lowed by high tempera ture  he l ium-anneal ing ,  for 
example, it was found that  i r radiat ion by 1 MeV elec- 
trons under  + 10V bias (fluence ---- 1014 e /cm ~) results 
in a shift of the C-V curve by 40-60V (for 1000A thick 
oxide);  this corresponds to the introduct ion into the 
oxide of positive surface electronic charges of the 
order of 1018/cm 2. MIS structures using A1203 on Si, 
prepared either by plasma anodization of a luminum 
(3) or thermal  decomposition of Al-a lkoxide  (4) show 
better  radiat ion resistance than SiO2 grown in dry O2, 
especially under  conditions of positive bias. However,  
because of the widespread use of SiO2 and the emerg-  
ence of A120~ as a possible insulator  in MIS devices, 
it seemed that  exploration of Al-doped SiO2 was war-  
ranted. 

We have found that  by doping the SiO2 film with 
a l u m i n u m  the radiat ion resistance of MIS capacitors 
can be modified such that as the A1 content  in the oxide 

Present  address:  Comsat  Laboratories,  Washington, D. C. 

increases the radia t ion- in t roduced oxide charge under  
positive bias decreases. 

Experimental 
P- type  Si wafers of (100) or ientat ion were cleaned 

in  Ha at 1200~ then  oxidized in dry 02 at 900 ~ or 
1250~ and subsequent ly  annealed in He at l l00~ in 
an r.f. heated, gas-cooled silica tube (5). These three 
processing steps were performed in situ. The only de- 
viat ion from this fabricat ion method was that  during 
oxidation A1 was introduced into the oxidizing ambient  
by bubbl ing  He through Al-acetylacetonate  dissolved 
in acetylacetone. At both oxidation temperatures  high 
(1.0 1/min) and low (0.1 1/min) flow rates of He were 
investigated. The oxygen flow was kept constant  at 
0.15 1/min. Several  specimens were prepared in each 
group. Specimens oxidized at 900~ with the lower 
flow rate of He were very conducting and were not 
investigated further.  The thickness and refractive in-  
dex of the SiO2 film at 5460A wavelength were deter-  
mined by ellipsometry. The A1 content  of the SiO2 
films was determined by mass-spectrometry using an 
ul t ra  pure gold counterelectrode for sparking. The A1 
content  of the Si substrate has also been determined 
before oxidation and after dissolution of the oxide film. 
Some specimens were also analyzed for other impur i -  
ties. The s t ructure  of the oxide films was investigated 
with reflection electron diffraction. 

The electric charge dis t r ibut ion at the Si-SiO~ in ter -  
face was determined by the MOS capacitance method 
at a f requency of 1 MHz (6). For  these tests the speci- 
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Table I. Interface properties of Al-doped Si02 films* 

B e f o r e  i r r a d i a t i o n  A f t e r  i r r a d i a t i o n  
O x i d a t i o n  u n d e r  + 10V b i a s  

t e m p e r -  H e  f low,  A 1 / S i  Q ~ ,  Q,~,  
ature, ~ 1 min  -I ratio V~'m V QF~, e cm-Z e cm-~ (eV)-1 V~'m V QI"B, e c m ~  e era-: (eV) l[ AVFB, V AQI,'B, e cm-'-' 

1250 0.1 0.001 - -5 .7  1.5 x 10 ~ < 2  x 1 0 1 0  - -52 .5  1.4 x 10 t3 1.5 x 10 TM - -46 .8  1.3 • 10 ~ 
1250 1.0 0.01 - -3 .3  7.4 • 1011 < 2  x 10]" - -36 .2  8.0 x 101~ 1.7 X 10 ~ - -32 .9  7.3 x 10 ~: 
900 1.0 0.I --2.2 5.1 X I011 <2  • i0 TM --23.0 5.4 X i01= 3.3 x I0 m --20.8 4.9 x I0 m 

Al:O~ ~ +1.9 --5.7 x 1011 <2  • 10 m --13.6 4.0 • I0 r-' 6.6 • 1011 --15.2 4.6 X 10 '= 
(+ 1.4) (--9.8) (--11.2) 

* T h e  f i lm t h i c k n e s s  i s  a b o u t  1000A e x c e p t  for  t h e  A1._,O:~ f i lm w h i c h  is  1400A. In  t h a t  case  the  v a l u e s  of V F e  c o r r e s p o n d i n g  to 1000A ox-  
ide a r e  g i v e n  in  p a r e n t h e s i s .  

L e g e n d :  Vt, B = v o l t a g e  on t h e  A1 e l e c t r o d e  a t  f l a t - b a n d  c o n d i t i o n ;  QFB = c h a r g e  in  t h e  o x i d e  a n d / o r  a t  t h e  i n t e r f a c e  a t  f l a t - b a n d  con-  
d i t i on  ( i n c l u d e s  c h a r g e s  o r i g i n a t i n g  f r o m  t h e  w o r k - f u n c t i o n  d i f f e r e n c e  b e t w e e n  Si  a n d  A1); Q ~  = c h a r g e  in  i n t e r f a c e  s t a t e s  w i t h i n  t h e  
Si  f o r b i d d e n  b a n d ;  e = a b s o l u t e  v a l u e  of e l e c t r o n i c  c h a r g e .  

mens were provided with 2000A thick A1 electrodes on 
the oxide and an A1 back contact. This measurement ,  
in combinat ion with the thickness determination,  also 
provided the dielectric constant  of the oxide film. The 
specimens were irradiated with 1 MeV electrons while 
0 , - - 2 , - - 5 , - - 1 0 ,  -{-2, +5,  -{-8, and +10V bias was ap- 
plied successively to the A1 electrode. After each 
bombardment  the MOS capacitance was determined. 
The fluence at each step was 1014 e /cm 2, amount ing  
to a final fluence level of 1.4 x 1015 e/cm 2. Since the 
effect of i r radiat ion under  +2V bias is reasonably in-  
dependent  of an increase of fluence above 1014 e /cm 2, 
this sequence of i r radiat ion and measurement  is in-  
dicative mostly of the effect of applied bias ra ther  
than a combinat ion of bias and fluence (1). 

Results and Discussion 
The mass-spectrometric analysis showed that a lu-  

m inum was incorporated into the oxide film and  that 
the concentrat ion depended on the oxidizing conditions. 
In performing this analysis the oxide film and a por- 
t ion of the silicon is removed. The major  consti tuent 
in the vapor phase is silicon, but  most of this comes 
from the substrate ra ther  than the oxide film. The 
amount  of A1 is first determined in relat ion to the 
total amount  of Si present  in the vapor and expressed 
as an A1/Si ratio. This ratio varies from 40 to 2000 ppm 
(atomic).  These values correspond to roughly 1019 to 
1021 A1 a toms/cm 3 in the oxide which are equivalent  
to 0.001 to 0.1 A1/Si ratio in the oxide. 2 The A1/Si 
ratio in the Si substrate, as determined before oxida- 
tion and after dissolution of the oxide, was 5 ppm. This 
clearly demonstrates that  the measured A1 is essen- 
t ial ly in the oxide film. The impur i ty  analysis (from B 
to Bi) before and after oxidation, as well as after dis- 
solving the oxide, indicates that  the oxide does not 
contain any  impur i ty  which is not present  in the Si 
substrate, with the possible exception of chlorine. 

Electron diffraction showed that  the oxide films are 
noncrystal l ine.  The thickness varies from 740 to 1000A, 
the major i ty  being about 1000A. The refractive index 
(at 5460A) varies from 1.49 to 1.53, with a modal value 
of 1.51. For thermal ly  grown SiO2 films the value is 
1.48 (7), and  for chemically deposited A1203 films 
about 1.60 (8). The relat ive dielectric constant  at 1 
MHz of the Al-doped SiO2 films is 3.52. These ob- 
servations demonstrate  that despite their  re la t ively 
high A1 content  the oxide films are essentially SiO2. 

The results of the MOS capacitance measurements  
are summarized in Fig. 1 and Table 1. Figure 1 shows 
that, as in the case of undoped SiO~ (1), the effect of 
bias under  i rradiat ion is asymmetric  and it saturates 
for both positive and negative voltages. The behavior  
of the specimen with the lowest A1 content  is essen- 
t ial ly identical with that  of an undoped SiO2 film 
grown in dry oxygen. The shift of the f lat-band voltage 

In  t h e  c o n v e r s i o n  of  t h e  m e a s u r e d  A1 /S i  r a t i o s  to t h e  A1 c o n -  
t e n t  of  t h e  o x i d e  t h e  a m o u n t  of S i  r e m o v e d  f r o m  t h e  s u b s t r a t e  h a d  
to  be t a k e n  i n t o  a c c o u n t .  B e c a u s e  of u n c e r t a i n t i e s  i n  t h e  d e t e r -  
m i n a t i o n  of t h i s  q u a n t i t y ,  t h e  A l - c o n t e n t  of  t h e  o x i d e  is g i v e n  
on ly  as an  o r d e r  of  m a g n i t u d e .  As  a c h e c k  t h e  A l - c o n t e n t  of  a 
c h e m i c a l l y  d e p o s i t e d  A12Oa f i lm w a s  a lso  d e t e r m i n e d .  T h e  v a l u e  
o b t a i n e d  w a s  6 x 10 ~ A1 a t o m s / e r a 3  o x i d e  w h i c h  is v e r y  c lose  to  
t h e  c a l c u l a t e d  one,  4.3 x 10"~, t a k i n g  t h e  d e n s i t y  as 3.7 gcm-a.  

(determined from C-V measurements) ,  :~VFB, as a 
result  of i r radiat ion under  +10V bias, decreases with 
increasing A1 content  of the oxide film. Also, there is 
a tendency for saturat ion at lower voltage values under  
positive bias with increasing A1 content. 

The shift of the C-V curves alone is not the only 
indication of the i rradiat ion effect, since these curves 
may deviate from the ideal C-V curve in their  shape, 
indicating the presence of interface states. Fu r the r -  
more, although the voltage shift is an impor tant  pa-  
rameter  from a device point of view, it is the charge at 
the interface and /or  in the oxide which is re levant  
from the physical viewpoint. 

The per t inent  surface properties before and  after 
i r radiat ion under  + 10V are given in Table I. We see 
that  the amount  of positive charge introduced by ir-  
radiation under  + 10V bias (measured at f lat-band con- 
dit ion),  ~QFB, decreases with increasing A1 content  of 
the oxide. On the other hand, the density of interface 
states in the Si forbidden band, Qss, resul t ing from 
irradiation,  increases with the A1 content. This in-  
crease may be especially large in the accumulation 
regime. Thus, for the specimen with the highest dop- 
ing level the average value of Qss, 3.3 x 1012 e /cm ~ 
(eV) -2, can be divided into two components:  10 TM 

e/cm e (eV) for ~ < 0.05V and 1.9 x 1012 e /cm ~ (eV) 
for ~ > 0.05V, :l ~ being the'. surface potential  and e 
the absolute value of the electronic charge. 

A comparison of these results with undoped SiO2 
films and Si-A12Oa structures reveals the following 
facts. The pre- i r radia t ion  values of the f la t -band 
voltage, VFB, for the Al-doped specimens are more 
negative than for dry O2-grown and He-annealed  SiO2 
(--  1 t o -  2V) and deposited A1203 ( +  2 to + 4V) 
films of about 1000A thickness. The effect of i r radia-  
t ion of VFB for doped SiO2 is much less than  on dry 

S T h e s e  v a l u e s  w e r e  t a k e n  f r o m  a c o m p u t e r  e v a l u a t i o n  of  C - V  
c u r v e s  w h i c h  s u p p l i e d  Q~s as a f u n c t i o n  of ~k. 
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Fig. 1. Change in flat-band voltage, AVFB, as a function of elec- 
trode bias during electron irradiation. For curves 1, 2, and 3 the 
values of the AI/Si ratio are N0.001, ~0.01, and ,.~0.1, respec- 
tively. Curve 4 shows the behavior of a Si-AI208 structure. 
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O2-grown SiO2 (~VFB ~ 5OV) but  is greater than  
on A1203 (AVFB ---- 11.2V for one of the best speci- 
mens) .  (In the case of A1203 films even for the same 
value of AQFB and oxide thickness ~VFB is smaller 
because the dielectric constant  of A1203 is about twice 
as large as that of SIO2.) From the point  of view of 
interface states introduced by  irradiation,  Al-doped 
SiO2 is worse than either dry Oa-grown and annealed 
SiO2 (• --~ 0) or properly prepared A1203 (• ~-- 
7 x 1011 e cm -2 ( e V ) - l ) .  

These observations can be tenta t ive ly  explained by 
assuming that  the defect s t ructure  of the a luminum 
oxide is significantly different from that  of silicon di-  
oxide. Recent investigations of Si-A1203 structures by 
MOS capacitance method showed indeed that, in con- 
trast  to SiO2, substant ia l  electron t rapping occurs in  
A12Oa (3, 4). This means that  electrons and holes may 
be s imultaneously trapped dur ing  electron bombard-  
ment, resul t ing in a bui ld-up of two compensating 
space-charge layers. Another  possibility is that  the 
generated electrons and holes recombine before sig- 
nificant t rapping took place. Thus, the insulator  has 
essentially zero net charge after i r radiat ion and no 
shifts in flat band voltage are observed. Apparent ly,  in-  
troduction of A1 into SiO2 results in  a similar be-  
havior. Thermoluminescence glow curve studies also 
revealed a difference in the defect s tructures of A1203 
and SiO2 (9). 

On the other hand, the presence of A1 in SiO2 ap- 
parent ly  increases the radiat ion sensit ivity of the in-  
terface. Thus, with increasing A1 content  the radiat ion 
induced disorder at the interface increases. In  addi-  
tion to interface states (as revealed by C-V measure-  
ments) ,  a disordered interface general ly  shows slow 
t rapping effects, i.e., under  negative gate bias electrons 
are injected into the silicon, s h i f t i n g t h e  fiat-band 

voltage to more negative values (6). This is why VFB 
shifts to more negative values under  i r radiat ion with 
negative bias. 
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Correction 

In the Brief Communicat ion "Luminescence of 
Gallates" by W. L. Wanmaker  and J. W. ter Vrugt, 
June  1969, Vol. 116, pp. 871-872, the following correc- 
tions should be made in  Table I: 

ZnGa204 ~,max 
ZnGa204 Ts0 
(Mg.Zn) o.5 Ga20~ Ts0 

460-470 instead of 465 
460 instead of 560 
400 instead of 500 



Behavior of Hydrophilic Porous Oxygen Electrodes 
with Silver Electrocatalyst 
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ABSTRACT 

An exper imenta l  study of the behavior  of porous hydrophil ic  oxygen elec- 
trodes shows the important  influence of the electrochemical  reaction on the 
shape of the i-E curves at low current  densities. A correlat ion between mass 
t ransport  propert ies of the electrolyte,  x/SD• and the slope of the polarization 
curve  is found at medium current  densities. Convection appears to be im- 
portant  at high current  densities. The depth of the effective react ion zone has 
been calculated under  varying conditions. 

The importance of mass t ransport  of gas molecules 
through a l iquid film on the behavior  of par t ia l ly  sub- 
merged electrodes was first demonstra ted by Weber  
et al. (1) and Will (2) in model  exper iments  wi th  
plane electrodes. Will  l imited himself  in his theoret ical  
t rea tment  (3) to the consideration of the hydrogen 
t ransport  in the film, which process was found to be 
rate determining.  Grens et al. (4), as wel l  as Bennion 
and Tobias (5), refined the model  and took into ac- 
count the act ivat ion polarization and the t ransport  pa- 
rameters.  At tempts  to analyze the results f rom exper i -  
ments wi th  par t ia l ly  immersed solid electrodes with 
the aid of the l iquid film theory  have thus been rela-  
t ively  successful. 

The film theory was extended to porous gas-diffusion 
electrodes by LindstrSm (6, 7). 

Pract ical  porous gas electrodes possess two essential 
differences: larger electrocatalyst  surface area and 
larger  surface for mass t ransport  of gas molecules 
through a l iquid film. These differences make  an anal-  
ysis more  difficult. Katan et al. (8), however ,  have car-  
ried out an exper imenta l  study on a more realistic 
model  of the gas-diffusion electrode. They studied 
an oxygen cathode comprising a bed of spherical  si lver 
grains wi th  a d iameter  of about 55 • 10 -4 cm. The 
data agreed with  a theoret ical  t rea tment  based on 
the film hypothesis, if the film thickness was 
assumed to be 5 • 10 -~ cm. A study of por-  
ous hydrogen electrodes was carried out by Lind-  
holm (9, 10). He applied Austin 's  mathemat ica l  
t rea tment  of the thin-film model  (11) and found qual i -  
ta t ive agreement.  He observed that  Austin 's  mathe-  
matical  t rea tment  should be modified so as to take into 
account the varying effective zone depth, the film 
th inning-out  effect at higher  differential  pressures, and 
a decreasing electrolyte content  in the film for in-  
creasing current  density. Many mathemat ica l  t rea t -  
ments  of the kinetics in porous electrodes have been 
made (11-20). A feature  common to many  of these 
t reatments  is a l imited exper imenta l  background. In 
order to obtain more  information on the reaction 
mechanism and kinetics, we have made an exper i -  
menta l  study of the behavior  of porous oxygen elec- 
trodes. The mass t ransport  propert ies  of the electro-  
lyte were  var ied by changing KOH content  and tem-  
perature.  The effect of the depth of the reaction zone 
on electrode behavior  was invest igated with the use of 
th ree - l aye r  electrodes. 

Experimental 
The exper imenta l  a r rangement  is shown in Fig. 1. 

All  components  in contact wi th  electrolyte  in the test 
cell were  made of nickel, Teflon, or Penton. 

I -p  and i-v curves were  measured stepwise wi th  an 
in terval  of 3 rain. The potential  was set manual ly  for 
each step and then controlled wi th  an ASEA potent io-  
stat. Steady state was at tained in less than 2 min. The 
differential  pressure be tween the 02 and the electro-  

1 P r e s e n t  a d d r e s s :  S w e d i s h  D e l e g a t i o n ,  O E C D ,  19, r u e  d e  F r a n q u e -  
vi l le ,  P a r i s  8e, F r a n c e .  

lyte was measured with a pressure sensor from 
Atel iers  de Construction de Bagneux. The current  den-  
sity was measured in a half  cell wi th  a 35-mm diam- 
eter porous disk as oxygen electrode in a Penton 
holder. Each solution was t i t ra ted to • mole/ l i ter .  
The half  cell was heated in a water  bath. Potentials  
were  measured with  a Radiometer  PHM 22 by means 
of a Luggin capil lary wi th  the tip placed at the center  
of the electrode, 1 mm from the surface. The reference 
electrode was a porous hydrogen electrode with nickel 
boride electrocatalyst  in 7M KOH at 50~ with  an 
absolute pressure of 2.6 atm. This pressure gives about 
equal  volumes of hydrogen and electrolyte  in the pore 
structure.  The potent ial  is stable wi thin  • mu The 
absolute pressure on the electrolyte  was 1 atm. 

The high current  densities obtained result  in a 
considerable measur ing problem. Current  and potential  
were  measured with  two separate si lver wires, welded 
to the gas side of the electrode. The outlets 
at these wires  f rom the holder  were  placed 
above the electrolyte  surface. These outlets were  t ight-  
ened with epoxy resin. One of the measur ing problems 
is an unavoidable voltage drop between the tip of 
the reference capil lary and the electrode surface. This 
IR drop was measured through rapid interrupt ion of 
the current  wi th  a mercury  relay at the same t ime as 
the voltage process was recorded on a storage oscillo- 
scope. This purely  ohmic vol tage drop decays in less 
than l~sec and can be easily dist inguished from the 
other polarization components. All  measured values 
have been corrected for the IR drop in this way. 

Al though the electrode potentials were  always mea-  
sured against the hydrogen reference at 50~ these 
pr imary  data are of l i t t le value  in comparing pe r fo rm-  
ances. The revers ible  oxygen potent ia l  in the same 
solution is a more suitable reference  potential.  Our 
porous electrodes are not revers ible  oxygen electrodes, 
and the revers ible  oxygen potent ial  must  be known 
from other information. This problem was solved by 

Silver wires 
Heater ~/~r _ _  Thermometer ~ 1  Heater 

T~::trode / TP:~ : rS~::trode e,ectrodeH2 reference 
Water Penton-dad Water 
bath nickel bath bath 

Fig. 1. Arrangement for electrode testing 
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first calculating the e lect romotive force for He - -  O,~ in 
each combination of KOH concentrat ion and temper -  
ature. This thermodynamic  calculation includes the 
influence of tempera ture  and KOH concentrat ion using 
equations published by Salvi  and de Bethune (21), 
Lee (22), and a correction for the gas pressures for 
equi l ibr ium water  pressure using data from Walker  
(23). 

A nickel boride hydrogen electrode was then sub- 
stituted for the 02 test electrode in the ar rangement  
of Fig. I, and its potential  against the hydrogen ref -  
erence electrode of the same type in 7M KOH at 50~ 
was determined for each combination of t empera ture  
and KOH concentrat ion used in the study. The re-  
versible oxygen electrode potential  was then calcu- 
lated for the different electrolyte  concentrat ions and 
temperatures .  

An investigation of the potential  distribution in 
three dimensions in the electrolyte,  outside the elec- 
trode, showed a slightly uneven current  distribution, 
with about 10% higher  current  density at the middle 
compared with the edge of the electrode disk. This test 
also showed that  the distance of the capil lary tip from 
the electrode is not important,  since this is corrected 
for by measurement  of the IR drop with the storage 
oscilloscope. 

Hydrophil ic  oxygen electrodes were  made with a 
diameter  of 35 mm and a thickness of 1.8 mm. The 
electrodes for testing were  provided with a fine porous 
layer  on the electrolyte  side. This layer did not con- 
tain any electrocatalyst.  Three - l aye r  electrodes were  
also manufactured.  They consisted of an inactive 
coarse layer  of nickel, an active layer of nickel with 
silver electrocatalyst,  and a fine porous layer. The 
thicknesses of the layers were  determined with an 
optical microscope. The si lver content  in the act ive 
layer was 5% by weight.  The coarse, inactive layer had 
almost exact ly  the same pore s t ructure  as the coarse 
active layer. Figure  2 shows a model  of a th ree - layer  
electrode with  electrolyte  films and gas phase. 

The BET surface area of the act ive layer  containing 
nickel and si lver was 0.16 m2/g and the surface area of 
the inactive coarse layer of nickel was 0.13 m2/g. 

The porosity of the active layer  was 43.6% and that 
of the inactive layer 44.4%. 

Results and Discussion 
El~ect of differential pressure.--The effect of the dif- 

ferent ia l  pressure between the oxygen and the elec- 
t rolyte  on the performance of electrodes with different 
active layer thicknesses is i l lustrated in Fig. 3, where  
current  density at --350 mV from the revers ible  oxy-  
gen potent ial  is plotted as a function of differential  
pressure. These curves were  obtained in 7M KOH at 
50~ Curves wi th  a similar  shape are obtained in 
1-10M KOH at 25~176 between --300 and --500 mV 
from the revers ible  oxygen potential. A change in 

Thin film of 
Nickel O2-gas electrolyte Silver catalyst 

" ' .  . 

Coarse inactive i Active IFine I Electro- 
layer i layer l layer i lyte 

Fig. 2. Principle of a three-layer electrode 
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Fig. 3. Current density as a function of differential pressure at 
varying thickness of active layer. 

these parameters  will, of course, change m ax i mum 
current  density and the opt imum differential  pressure, 
but not the shape. In an electrode with  a thick active 
layer, the current  density increases with the differ- 
ential pressure up to a m ax im um  and then decreases. 
When the differential  pressure is reduced, the max i -  
mum appears at a lower pressure. This hysteresis ef-  
fect is consistent with a slow movement  of the gas- 
electrolyte interface in smaller  pores. It is possible to 
reduce the hysteresis effect somewhat  by measuring 
with an interval  of 60 min for each point. 

There are three differences between a thick and 
a thin active layer:  

(A) The m ax im um  current  density is higher  for an 
electrode with a thick active layer. 

(B) The opt imum differential  pressure is lower for 
an electrode with a thick active layer. 

(C) Electrodes with a thick active layer  show a 
considerable decrease in current  density at a differ- 
ential  pressure above the op t imum value, while  elec-  
trodes with a thin active layer show an almost con- 
stant current  at differential  pressures above the opti-  
mum value. 

The increase in the oxygen pressure leads to an in- 
creased solubili ty of O2 in the electrolyte,  which should 
increase the current  density, if other  conditions are 
equal. This occurs at first. The most probable physical 
explanat ion of the subsequent drop in the current  
density wi th  increasing differential  pressure for an 
electrode with thick active layer  is that  a thinning 
out of the electrolyte  films in the pore system occurs 
(10), and this has two different effects. First, the speed 
of mass t ransport  of gas through the liquid film is 
increased; second, the speed of mass t ransport  of O H -  
ions and water  decreases. This decrease in mass t rans-  
port  of O H -  ions causes a lower current  in electrodes 
wi th  a thick active layer, i.e. long l iquid films. 

The current  is generated in the active layer  close 
to the fine layer. The results wi th  th ree - l aye r  elec- 
trodes show that  the current  is not proport ional  to the 
thickness of the act ive layer.  An  electrode with  a 
thin active layer  generates more current  per micron 
thickness than an electrode with  a thick active layer. 
It is thus possible to define a "reaction zone" in the 
act ive layer near  the fine layer  wi th  a depth that gives 
90% of the current  compared to an electrode with  a 
thick active layer  operat ing under  the same conditions. 
It is difficult to calculate the exact  thickness of such 
a "reaction zone," but it is cer ta inly possible to de ter -  
mine changes in "reaction zone" depth with  changes 
in operat ing conditions. 

Figure  3 indicates a decrease in the depth of the 
reaction zone with increasing differential  pressure. 

EfJect of KOH concentration.--The dependence of 
electrolyte  concentrat ion has been studied at 50~ 
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with potassium hydroxide  varying f rom i to 10 moles /  
liter. Figure  4 shows polarization curves for an active 
layer depth of 1600~. For  a given low current  density, 
the electrode shows the lowest polarization in 10M 
KOH. The ra te- l imi t ing  step at low polarization is not 
associated with mass transport,  but  probably with  the 
electrochemical  reaction. At  higher current  densities, 
there  is an increase in polarization for increasing KOH 
concentrat ion and the highest polarization in 10M 
KOH. This behavior  is in accord wi th  ra te- l imi t ing  
mass t ransport  at medium current  density, as oxygen 
solubil i ty and diffusivity are low in 10M KOH; com- 
pare Fig. 9. 

Reaction zone depth at varyLng polarization.--In or-  
der to study the reaction zone depth, we have plotted 
in Fig. 5 the proport ion of current  density of an elec- 
trode with a thin act ive layer  to the current  density 
of an electrode with  1600~ active layer as a function of 
the electrode polarization in 2M KOH. The conclusion 
that  can be drawn from Fig. 5 is that  there  is a rela-  
t ive increase in current  density for thin active layer  
electrodes wi th  increasing polarization, which implies 
that  the depth of the react ion zone decreases with in-  
creasing polarization. 

E~ect of temperature.--Figure 6 shows polarization 
curves in 7M KOH for 25 ~ , 50 ~ , 70 ~ , and 85~ at the 
opt imum differential  pressure for an electrode with an 
act ive layer  of 1600~. Electrodes wi th  different act ive 
layer  thickness give an approximate ly  l inear re la t ion-  
ship between log current  density at a given polariza- 
tion and l/T, f rom which an act ivat ion energy can 
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be calculated which comprises the whole reaction 
cycle. Figure 7 shows activation energies for electrodes 
with varying active layer thickness at 250 and 400 mV 
polarization f rom revers ible  oxygen potential.  The 
higher  act ivation energy at --250 mV supports the 
conclusion that the electrochemical  react ion is a ra te -  
l imit ing factor at low current  densities and that  mass 
t ransport  wi th  a lower act ivat ion energy is the ra te-  
l imit ing factor at medium current  densities. 

The activation energy is h igher  for electrodes wi th  a 
thin act ive layer. This implies that  the relat ion of cur-  
rent  from a thin active layer to current  from a thick 
active layer is increased with increased temperature ,  
and indicates that  the "reaction zone depth" decreases 
with increasing temperature .  

Mass transport properties of the electrolyte.--The 
exper imenta l  results at medium polarization can be 
compared with data for mass t ransport  of oxygen and 
hydroxyl  ions in the l iquid phase. F igure  8 shows 
oxygen solubili ty S, oxygen diffusivity D, and conduc- 
t iv i ty  x in 7M KOH as functions of temperature ,  and 
Fig. 9 the same variables as functions of KOH concen- 
trat ion at 50~ These curves are calculated from 
l i terature  data (24-26). D-values  above 60~ are ex-  
trapolated. 

Comparison with the thin-i~lm theory.--The th in-  
film theory by Aust in et al. (11) takes into account 
the diffusion of oxygen through a l iquid film and the 
film resistivity. This theory predicts polarization curves 
of the form i = k �9 ~l 1/2, i f  the act ivation polarization is 
small. Our exper imenta l ly  measured curves do not 
obey this relationship, indicating an influence f rom the 
electrochemical  react ion as well.  

According to Austin 's  theory, the cu r ren t - to -po-  
larization ratio should be proport ional  to ~/SD• when 
the film area and thickness are constant. This ratio 
should be valid at medium polarization, and we have 
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tested it at --450 mV vs. revers ib le  oxygen. F igure  10 
shows exper imenta l ly  measured di/d~-values at 450 

mV polarization plotted as a function of x/SD• for 4M 
KOH-10M KOH at 50~ and in 7M KOH at 25~176 
for an electrode with  1600~ active layer. There is a 
l inear relat ionship be tween di/dv (--450 mV) and the 

mass t ransport  parameter  ~/SDx. This relat ionship is 
not valid for lower  concentrat ions than  4M KOH, be-  
cause the half -cel l  react ion produces O H -  and gives 
a re la t ively  large increase of O H -  in the films com- 
pared with bulk solution for low KOH concentration. 
The point wi th  the highest  t empera tu re  is below the 
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line, which may  be due to a th inner  "react ion zone 
depth." 

Austin 's  evaluat ion considers mass t ransport  po-  
larization through a liquid film and O H -  ion t ransport  
along the film, but  not the polarization caused by the 
electrochemical  reaction. A more  detailed t rea tment  
has recent ly  been carried out by Srinivasan and Hur -  
witz (27). Their  t rea tment  is also based on the thin-  
film model  using cyl indrical  pores, but  it considers 
mass transport  of gas molecules through the l iquid 
film, mass t ransport  of ions along the film, and ac- 
t ivat ion polarization on the inner electrode surface 
using io as reaction ra te  constant. 

Figure  11 compares the numerical  calculations ac- 
cording to Sr inivasan and Hurwi tz  (27), wi th  the rate  
constant for the electrochemical  reaction io ---- 10 -9 
A / c m  2 (28) and our exper imenta l  values for si lver 
electrocatalyst  in 4M KOH at 50~ 

This calculation requires  a knowledge of the film 
geometry.  This was obtained with  an exper imenta l  
technique using a gas porosimeter,  which has recent ly  
been described in detail  in a paper by LindstrSm (29). 
The re la t ive  amounts of gas and liquid in the pores 
are determined at varying differential  pressure and the 
gas-electrolyte  interface is calculated with  a computer  
(GE 625). 

The principal  disadvantage of this method is that  
this physical measurement  is carr ied out separately 
while there is no current  flow. The mean thickness of 
the electrolyte  film is 0.9~ and the gas-electrolyte  in-  
terphase 360 cm2/cm 2 at opt imum conditions. 

The shape of the exper imenta l  curve is similar to 
the calculated curve. This indicates once more  the 
strong influence of the electrochemical  react ion on the 
polarization at low current  densities. The agreement  is 
good, considering the differences be tween the model  
and a real  porous electrode, i.e. uneven liquid films 
introducing a tortuosi ty factor, and that  the kinetics 
for the electrochemical  react ion is probably more 
complex than indicated by one/o-value .  

Experiments up to high current densities.--Figure 12 
shows a comparison of polarizat ion curves up to high 
current  densities for an electrode with  an active layer  
thickness of only 100~ in 4M KOH, 7M KOH, and 10M 
KOH electrolyte.  The opt imum differential  pressure 
oxygen-e lec t ro ly te  was 1.4 atm at all KOH concen- 
trations. 

The local t empera tu re  at the electrode was mea-  
sured during operat ion and is given in the figure at 
varying current  densities. The increase of local t em-  
pera ture  is about 20~ at 1500 m A / c m  2. 

The polarization curves can be divided into three  
regions. In region I, low polarizat ion (up to about 
--350 mV) vs. a revers ible  oxygen electrode, there  is 
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only a small  difference among the curves. The po- 
larization is slightly higher with 4M KOH. In  region 
II, medium polarization from --350 to about --600 mV, 
there are approximately l inear  polarization curves. 
The slope is steepest with 10M KOH giving the highest 
polarization in the strongest KOH electrolyte. In  re-  
gion III, high polarization, more than --600 mV, there 
is a difference in  the shape of the curves. The curves 
for 7M KOH and 10M KOH become less steep and the 
slopes of the three curves are almost the same at high 
current  densities. There is a tendency for almost the 
same polarization to be obtained in 4M KOH and 7M 
KOH, in spite of the large difference in oxygen solu- 
bil i ty and diffusivity, which are considerably lower 
in 7M KOH. The O H -  concentrat ion in the liquid films 
is increased dur ing the reaction owing to the formation 
of O H -  ions. A slow O H -  t ranspor t  along the films 
would cause a fur ther  decrease in  oxygen solubili ty 
and diffusivity at high current  densities, and a steeper 
polarization curve at high current  densities, while the  
exper imental  curves are almost horizontal  at high 
current .  This suggests that  a new mechanism for mass 
t ransfer  is operating. The positions of the regions 
depend on the active layer thickness, an electrode 
with 1600~ active layer, i.e., larger electrocatalyst sur-  
face area, shows a shift from electrochemical reaction 
rate control to mass t ransport  control at a lower po- 
larization than  350 mV. 

The l imit ing cur ren t  densities for gas diffusion 
through a liquid film can be calculated from the 
formula:  

n . F . S  . D  . A  
ii  = 

W 

S = oxygen solubili ty in l iquid 
D = oxygen diffusivity in l iquid 
A = film surface area 
W = film thickness. 

The film thickness W was determined by the method 
previously described (29) to be 0.37~ and the film 
surface A was determined to be 35 cm2/cm 2 geometric 
by gas porosimeter experiments  for an electrode with 
100~ active layer  at opt imum differential pressure 1.4 
atm. This electrode has a th in  active layer. This means 
a high opt imum differential pressure and a th inner  
film than the film in  Fig. 11. The calculated value for 
l imit ing gas diffusion through an electrolyte film at a 
local tempera ture  of 70~ is 410 m A / c m  2 in 10M KOH. 
The highest measured current  density in 10M KOH is 
1200 m A / c m  2, which is about three times higher than 
the calculated value and the l imit ing current  is still 
higher. 

The absence of l imit ing currents  may reflect a new 
mass t ransport  mechanism at high current  densities. 

The difference in mechanism at very high current  
densities is probably  that  convection occurs in the 
liquid film causing rapid t ranspor t  of 02 molecules 
through the film and O H -  and H20 along the film. 
This can either be caused by the large amount  of heat 
evolved in the solid-l iquid interface or by a gradient  
in l iquid tension, the Marangoni  effect, as suggested 
by Will  (30) and Ksenshek (31) for model  electrodes. 

Conclusions 
A kinetic t rea tment  of porous hydrophil ic  oxygen 

electrodes with three- layer  electrodes indicates that  
the reaction zone decreases at higher differential pres-  
sure owing to a " th inn ing-out"  effect of the liquid 
films. The reaction zone depth also decreases with in-  
creasing polarization. 

The polarization curve can be divided into three re-  
gions. The reaction rate in region I (low polarization) 
is probably determined by the surface reaction with a 
low/o-value.  

In  region II with medium polarization, the reaction 
rate is determined by a combinat ion of mass t ransport  
of 02 molecules by diffusion through a l iquid film and 
mass t ransport  of O H -  along the film. Region III  with 
high polarization appears to have a convective mass 
t ransport  of 02 through the liquid film and the reac- 
t ion rate is probably l imited by t ranspor t  of O H -  
along the film. 
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Cathodic Oxygen Reduction in the Sealed Lead-Acid Cell 
S. Hills 1"* and D. L. K. Chu ~ 

Exide Power Systems Division, ESB, Incorporated, Philadelphia, Pennsylvania 

ABSTRACT 

The steady-state  current  observed dur ing the cathodic reduction of O2 at 
a part ial ly exposed, electrochemically active electrode does not always repre-  
sent its t rue recombinat ion capability. This is usual ly  the case when ohmic 
dissipation of the applied potential, result ing from inclusion of a highly re-  
sistive, th in  electrolyte film in the current  path, l imits the passage of an 
ex terna l ly  supplied current  to only a small  distance above the free elec- 
t rolyte  level. Chemical reduction of 02 can then occur over the area of sub- 
strate in contact with the thin film which is above the level of current  pene-  
tration. O2 reduct ion was studied at such electrodes in order to delineate the 
conditions under  which both current  penetra t ion and O2 access could be 
maximized, al lowing a closer approximation of the t rue recombinat ion capa- 
bilities of main tenance- f ree  storage batteries. The magni tude  of the difference 
between the rate of 02 reduct ion and the steady-state  current  was deter-  
mined by monitor ing the current  obtained after re immers ing the exposed 
electrode. The effect on this difference of variables, such as electrolyte con- 
centration, O2 part ial  pressure, applied potential,  separator position, and de- 
gree of electrode exposure, are presented for the Pb-acid  system. 

Sealed and /or  main tenance- f ree  cells, which do not 
employ auxi l iary  electrodes, are at present  designed to 
operate on an O2 cycle dur ing  overcharge. Overcharge 
capabil i ty is obtained from the presence of a discharge 
reserve on the negative electrode so that  H2 evolution 
does not accompany the l iberat ion of O2 after charging 
of the active mater ial  on the positive is completed. The 
02 migrates via the gas space and is reduced at the 
negative electrode, main ta in ing  the discharge reserve 
of the latter. A similar process occurs in fuel cells 
uti l izing 02 as one of the  fuels, and therefore cathodic 
reduct ion of O2 has been extensively studied in various 
systems. Most of the fundamenta l  investigations em- 
ployed smooth iner t  electrode substrates in order to 
c i rcumvent  the exper imental  and theoretical problems 
peculiar to the use of active porous electrodes. Both 
these and developmental  studies of this phenomenon at 
porous bat tery  electrodes general ly involved deter-  
minat ion of the relations between cathodic current  at 
constant  potential  and either 02 part ial  pressure (at 
constant  degree of electrode exposure) or degree of 
electrode exposure (at constant  O2 pressure),  and use 
of these relations as a measure of the effects of various 
cell parameters  upon establ ishment  of the steady 
state. 

The major i ty  of such studies concentrated on the 
area of the electrode in contact with the electrolyte 
meniscus, as the reaction rate beyond the limits of the 
meniscus was believed to be negligible. On one side, 
it was l imited by extremely slow diffusion through 
the bu lk  electrolyte. Beyond the opposite limit, reac- 
tion between the dry  electrode and the gas phase, at 
low temperatures,  was insignificant if not nonexistent .  
O2 reduct ion thus became meaningfu l  only in the 

K e y  w o r d s :  o x y g e n  r e d u c t i o n ,  s e a l e d  cell ,  P b - a c i d  s y s t e m .  
�9 P r e s e n t  a d d r e s s :  P o w e r  T r a n s m i s s i o n  D i v i s i o n ,  G e n e r a l  E l ec t r i c  

C o m p a n y ,  P h i l a d e l p h i a ,  P e n n s y l v a n i a .  
" - 'Present  a d d r e s s :  D r e x e l  I n s t i t u t e  of  T e c h n o l o g y ,  P h i l a d e l p h i a ,  

P e n n s y l v a n i a .  
* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

vicini ty of the meniscus where, al though the rate  was 
still diffusion controlled, the electrolyte layer  became 
sufficiently th in  to allow appreciable t ranspor t  of the 
electroactive species. The observed steady-state cath- 
odic cur ren t  was believed to be equivalent  to the 
maximum rate of 02 reduct ion under  the given con- 
ditions. 

Recent studies (1-10) have shown that  a film of 
electrolyte exists beyond the intr insic  meniscus. Al -  
though O2 t ranspor t  should be even more rapid 
through such a th in  barrier,  the area of substrate in 
contact with the film usual ly  did not contr ibute  appre-  
ciably to the total O2 reduction capabil i ty of the par -  
t ial ly exposed electrode. Ohmic dissipation of the ap- 
plied potential, resul t ing from inclusion of this highly 
resistive th in  electrolyte film in the current  path, can 
limit passage of an external ly  supplied current  to only 
a small  distance above the free electrolyte level. With 
an iner t  substrate, this merely  limits the reaction 
zone. However, the supply of electrons on an electro- 
chemically active substrate is not subject to this re-  
striction, and chemical reduct ion of 02 can occur on 
the portion of such an electrode in contact with the 
th in  film. This has been found to be the case in  both 
acid and alkal ine systems, resulting, in all  cases, in 
the formation of a layer of solid oxidation product. 

The steady-state  current  observed, under  potentio-  
static conditions on a par t ia l ly  exposed active elec- 
trode, thus represents reduct ion of O2 only over the 
area which can be reached by the external ly  supplied 
current.  It  is not equivalent  to the total recombina-  
tion capabil i ty of such an electrode. Fur the r  study of 
O2 reduction on electrochemically active substrates 
was therefore ini t iated in  order to delineate the con- 
ditions under  which both current  penetra t ion and 02 
access could be maximized, and thereby obtain a closer 
approximation of the t rue recombinat ion capabilities 
of main tenance- f ree  storage batteries. The work re-  
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ported at this t ime details the invest igation of O., re-  
duction in the lead-acid system. 

Exper imental  
Test electrodes (7.62 cm high x 3.81 cm wide x 0.25 

cm thick) were  prepared by halving dry-charged  
Pb/PbSO4 electrodes selected f rom production stock. 

Separators,  where  used, were  cut to appropriate  size 
f rom 1.3-mm thick, flat sheets of a commercia l ly  avai l-  
able grade of microporous rubber. 

Various concentrat ions of e lectrolyte  were  prepared 
from reagent -grade  H2SO4 to within +__0.001 g / cm 3 of 
that  desired. 

A Plexiglas  test cell, fabricated with replaceable in- 
serts which divided the cell into three compartments ,  
accommodated the test electrodes both in the presence 
and absence of separators. The configuration of the 
various components,  for the three possible modes of 
electrode exposure, can be seen in Fig. 1. Both inserts 
were  perforated to provide free electrolyte  passage 
between the compartments.  A screw-dr iven  piston and 
appropria te  shimming were  employed to adjust  the 
contact pressure be tween cell components whenever  
separators were  present. 

A controlled atmosphere was obtained by means of 
a Plexiglas pressure chamber  capable of withstanding 
50 psig. Provisions for evacuat ing the chamber  and 
filling it with 02, measuring the ambient  pressure, 
thermosta t ing the test cell, electr ical  connections, and 
var ia t ion of the degree of electrode exposure were  
made through the chamber  walls. Electrolyte  height  
was determined by visual sighting against a series of 
accurately ruled lines scribed on the optically clear 
test cell wall,  and could be reproduced to wi thin  
--+0.4 mm. 

Variat ion of electrolyte  composition during a run was 
minimized by daily replacement  of the re la t ive ly  large 
volume held in the test cell and level ing bulb (~300 
ml) and l imit ing electrochemical  reactions to water  
decomposition by the use of charged test electrodes 
and sheet Pb counterelectrodes.  Similarly,  the large 
volume of the pressure chamber  (1 ft3) minimized 
variat ions in composition and total pressure of the am-  
bient a tmosphere result ing from the small  amounts of 
gas evolved dur ing the exposure  studies. Except  when 
it was the var iable  being investigated, 02 pressure 
was maintained at 1 psig in order to prevent  any 
leakage through faulty seals. 

Electrode potential, cathodic current,  and electrode 
tempera ture  were  continuously monitored with  an 
L&N mult ipoint  r ecorder -Kei th ley  e lect rometer  com- 
bination, capable after  calibration of -+5 mV accuracy 
over the 0-1V range. Signal currents  were  v i r tua l ly  
el iminated by the 10 TM ohm input impedance of the 
electrometer.  A glass probe thermistor,  encapsulated 
in epoxy to protect  it f rom H2SO4, was fastened to the 
test electrode with  its tip direct ly contacting the top 
grid member.  Tempera tu re  could be determined to 
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Fig. 1. Accommodation of test electrode in replaceable Plexiglas 
inserts: A--absence of separators, B--presence of separators on 
one side, C--presence of separators on both sides. 1--Reference 
electrode well (connected to test electrode chamber by salt bridge 
at bottom), 2--Pb/PbSO4 test electrode, 3--sheet Pb counter- 
electrode, 4~gas space for test electrode, S--Plexiglas spacer, 
6--separators, 7-~adjustable piston. 

better  than _0.5~ and was mainta ined at 25 ~ __ 3~ 
without  recourse to thermostat ic  control. 

Potentiostat ic conditions were  obtained by means 
of an ins t rument  designed and constructed by E.S.B. 
Incorporated. Before exposing an electrode to an O., 
atmosphere,  it was charged overnight  to assure that  
no util izeable PbSO4 remained. 

02 reduct ion was first invest igated in the absence of 
separators. The effect of each variable  was studied on 
two electrodes to establish reproducibi l i ty  of trends. 
Holding the cathodic overvol tage  (~) constant at --50 
mV, O2 pressure at 1 psig, and H2804 s. g. at 1.300, the 
degree of exposure was varied from 1/16 to 7/8 of the 
full electrode height  and Iss determined for each ex-  
posure. Af te r  steady state was obtained, the elec- 
trode was re immersed  and the cathodic current  moni-  
tored unti l  it decreased to the value obtained prior  to 
exposure. Graphical  integrat ion of the re immers ion 
cur ren t - t ime  profile, taking the pre -exposure  current  
into account, yielded the re immers ion capacity (Qim). 
This represented the extent  to which PbSO4 was 
formed by chemical  reduct ion of 02. Division of Qim 
by the t ime of exposure yielded an average current  
(Ilag), which represented the difference be tween I~ 
and the current  equivalent  to the total  rate of 02 re- 
duction. This was equivalent  to the rate  of formation 
of PbSO4. 

The effects of exposure t ime (10-60 min)  and ap- 
plied potential  (--50 t o - -200  mV) were  also invest i-  
gated using the same technique. Cathodic n's larger 
than --200 mV were  not invest igated since in this re-  
gion it was no longer possible to restr ict  the cathodic 
reaction to the reduct ion of 02. Anodic overvoltage,  
equal  to the difference in open-ci rcui t  vol tage be- 
tween the exposed and ful ly immersed electrode, was 
determined over  the same exposure range mentioned 
previously. 

Similar  diagnostic exper iments  were  run with va ry -  
ing thicknesses of microporous rubber  separators on 
both sides of the test electrode. Under  this condition, 
current  penetra ted the entire length of exposed elec- 
trode, removing this as a complicating variable,  and 
enabling the effects of O2 part ial  pressure and elec- 
t rolyte  concentrat ion on diffusion control to be studied. 
A significant variation in open-circuit potential was 
observed over the range of concentrations investigated, 
i.I s.g. (1.68M) to 1.5 s.g. (9.15M). This was in agree- 
ment with data reported in the literature (Ii-13). The 
effect of the presence of other gases was spot-checked 
by determining Iss in an air atmosphere. 

Finally, 02 reduction was studied with separator 
barriers of varying thicknesses sandwiched between 
the test electrode and the counterelectrode (inside 
face). Thus, when the free electrolyte level was 
dropped, the side of the test electrode facing away 
from the counterelectrode (back side) was exposed 
to the gas space by means of a spacer. This is a com- 
bination of the two cases discussed previously, and 
was studied more extensively since it proved to be the 
optimum combination of electrode and separator with 
regard to recombination. 

Results and Discussion 
In the absence of separators, establ ishment  of the 

steady state always required t imes in excess of 10 min. 
Transient  currents  obtained prior to this always passed 
through a maximum.  I~s increased rapidly both with  
degree of exposure  (Fig. 2) and ~l (Fig. 3), yielding 
reproducible  l imit ing currents  with regard to the 
former  parameter .  Reimmers ion of the electrode af ter  
each exposure resulted in a rapid increase in cathodic 
current,  sometimes as much as an order of magni -  
tude over  that  obtained at steady state, followed by 
a slow decrease which often took hours to reach the 
value observed prior  to -exposure .  /lag and Qim in-  
creased both with  degree of exposure at a fixed t ime 
of exposure (Fig. 2) and with  t ime at a fixed degree 
of exposure (Fig. 4). Ilag increased at a faster  ra te  
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Fig. 2. Dependence of steady-state and log currents on separator 
position and degree of test electrode exposure: | psig 02, 1.3 sp gr 
H2S04, .--50 mV ~1. e ,  Steady-state and ([~, lag current in ab- 
sence of separators; C), steady-state and ( ) ,  lag current with 
separators on one side of test electrode; ~ ,  steady-state current 
with separators on both sides of test electrode. 
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Fig. "~. Steady-state current vs. square root of electrode polari- 
zation: 1 psig 02, 1.3 sp gr H 2 S 0 4 .  ( ~ ,  No separators, 12.5% 
exposure; l ,  3 separators on one side of test electrode, 25% 
exposure; I~ ,  3 separators on both sides of test electrode, 75% 
exposure. 

than did the exposed area as can be seen in Fig. 2, 
indicating that  the problem grew more  severe  wi th  
increased exposure.  The  existence of Qim el iminated 
any possibility of the  Iss obtained at a g iven exposure  
being equiva len t  to the  total  recombinat ion capaci ty 
of the electrode. 

Similar  behavior  was repor ted  in studies of va r i -  
ous acidic and alkal ine systems (1, 2, 4, 8, 9) in which  
it was concluded that, at a given applied potential ,  
gas diffusion through the electrolyte  was limiting. Most 
of the current  was der ived at a na r row zone in the 
vicini ty  of the upper  boundary  of the  intrinsic menis-  
cus, where  the e lect rolyte  layer  was ex t r eme ly  thin 
and gas diffusion therefore  ex t r eme ly  rapid. It  was 
agreed that  an even th inner  film of e lectrolyte  existed 
above the meniscus [except  by Weber,  Meissner, and 
Sama (1), who did not take this possibili ty into ac- 

o 8~ 
x 

=E 6 

~4 
I,.4 

0 
Z 

I-4 

o 
o 

. . . . . .  

I0 2 0  3 0  4 0  5 0  
E X P O S U R E  T I M E  D M I N  

0 

x 

z 

~E 
t 

~E 

E 
b-  

" 0  
6 0  

Fig. 4. Effect of exposure time an steady-state current, lag cur- 
rent, and reimmersion capacity in the absence of separators and 
with separators on one side of test electrode: 1.3 sp gr !"12504, 
1 psig 02, 50% exposure, - - 50  mV ~1. e ,  Steady-state current; 
(D, lag current; Q ,  reimmersion capacity in the absence of sepa- 
rators; (~,  steady-state current; ~ ,  lag current; ~ ,  reimmersion 
capacity with separators on one side of test electrode. 

count] which could not contr ibute  significantly to the 
electrochemical  process, despite the fact that  gas dif- 
fusion in this region should have been even more  
rapid, because of the inabi l i ty  of the  current  to pene-  
t ra te  the film. In agreement  wi th  the present  study, 
Will  (2) obtained t rans ient  currents  on re immers ion  
of the electrode. However ,  in his case steady state was 
achieved wi th in  a few seconds after  raising the elec-  
t rode to a new position wi th  Iss always approached 
f rom below. 

These variat ions can be ascribed to a difference in 
the nature  of the electrode substrates. Pt  is essentially 
inert  and H2 oxidat ion can occur only by an electro-  
chemical  mechanism (no oxidized meta l  in termediates)  
at those sites at which electrons can be removed  by an 
ex te rna l  source. The react ion product,  HaO +, is soluble, 
e l iminat ing the possibility of format ion of a solid sur- 
face film. On the other  hand, Pb was not inert  under  
the exper imenta l  conditions employed. (This would  
also be the case for other  metal l ic  ba t te ry  act ive ma-  
terials.) Increased resistance in the  electrolyte  film, 
resul t ing f rom drainage, l imited penetra t ion of the 
ex te rna l ly  supplied cathodic current  to only a small  
distance above the intrinsic meniscus, and a film of 
PbSO4 was formed (14). This provided  an addit ional  
bar r ie r  to O2 diffusion and possibly increased re -  
sist ivity of the  electrolyte  film even fur ther  by re -  
mova l  of free acid. The net  resul t  was that  the 
cathodic current  passed through a m a x i m u m  and Iss 
was approached f rom above. Iss was dependent  on ~1/2 
(Fig. 3) as predicted by Will  (3) for a one-dimensional  
diffusional process which is fur ther  complicated by 
ohmic dissipation of the applied potential .  

Upon reimmersion,  the dissipation of the applied 
potent ial  was e l iminated and the PbSO4 film became 
immedia te ly  avai lable  for reduction. Qim was depen-  
dent on the amount  of PbSO4 formed, which  in turn  
was a function of both the degree and t ime of elec-  
t rode exposure, and thus the large re immers ion  cur-  
rents  observed were  not necessari ly short lived. As the 
PbSO4 film thickened,  the  access of O2 was impeded 
fur ther  and the difference be tween  the rate  of O2 re-  
duction and Iss decreased. However ,  this was a slow 
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process. I l a g  for 50% exposure was still quadruple  Iss 
after 60 min  exposure (Fig. 4), accounting for the 
relat ively long time required for establ ishment  of the 
steady state. 

A penetra t ion height of approximately 1.0 cm was 
observed with the O.25-cm thick test electrodes which 
was similar to that  obtained by Maget and Roethlein 
(10) for 100~ thick layers of sponge P t  and Teflon. 

Anodic polarization of electrodes exposed to 1 psig 
O2 in  the absence of separators was slight because of 
the high exchange cur ren t  for the conversion of Pb 
to PbSO4 (15). It did not exceed 1 mV unt i l  the elec- 
trode was 50% exposed and reached a max imum of 
only 3 mV at 87.5% exposure. Smaller  polarizations 
could be expected when  one or both sides of the ex- 
posed electrode were shielded from the O2 atmosphere 
by separator barr iers  wetted by H2SO4. Thus, it was 
l ikely that  the external ly  supplied current  was not 
significantly increased by the addit ional  dr iving po- 
tent ia l  obtained from this source. 

When both sides of the test electrode were masked 
from the gas space, Qim was negligible for all expo- 
sures and applied potentials  investigated and therefore 
Iss was equivalent  to the total  rate of O2 reduction. A 
true l imit ing current  was obtained at each exposure as 
could be ascertained from the effect of applied po- 
tent ia l  upon Its at 75% exposure (Fig. 3). The slight 
decrease observed with increasing ~ was not unex-  
pected, as eventual ly  adsorbed, evolved H2 occupied 
active sites and made them unavai lab le  for O2 reduc- 
tion. The above resul ted from a combinat ion of h in-  
dered O2 diffusion through and v i r tua l  e l iminat ion of 
ohmic dissipation of the applied potent ial  in the highly 
conductive, thick electrolyte film retained in the sep- 
arator barrier.  Weber, Meissner, and Sama (1) found 
that even much th inner  films would significantly re-  
duce O2 transport.  In  agreement  with this, the mag-  
ni tude and rate of increase of Iss with degree of elec- 
trode exposure were greatly reduced below that  ob- 
tained in the absence of separators (Fig. 2). Micro- 
porous rubber  retains sufficient electrolyte that the IR 
drop through the separators for an 87.5% exposed 
electrode (as determined oscilloscopically by inter-  
rupt ion of a known current )  is the same as for a fully 
immersed electrode. This condition persisted for over 
an hour  and there was no reason to suspect that  it 
would change as long as the bottom of the separator 
was immersed in free electrolyte. 

A l inear  relat ion was obtained between Iss and O2 
pressure over the entire range  investigated (Fig. 5), 
ver i fying that  the l imit ing step under  these condi- 
tions was the first-order diffusion of O2 through the 
electrolyte retained in the separator barriers.  Good 
agreement  between the Iss'S obtained at 0.2 atm of 
pure 02 and those in an air atmosphere indicated that  
the rate of O2 reduction, at a Pb electrode, was de- 
pendent  on the part ial  pressure of O2 regardless of 
the presence of other gases. However, other gases are 
to be avoided, if possible, since their  presence will  
increase the total pressure in a sealed system. 

Poor reproducibi l i ty  could be ascribed to varying 
electrolyte re tent ion in the test electrode separator 
combination (TESC) which depend on: (a) porosity 
of the test electrode, (b) porosity of the separator, 
(c) cell pack pressure, and (d) avai labi l i ty  of free 
electrolyte. It  was not believed feasible to control the 
first two factors in actual  cell fabrication and so no 
at tempt  to do so had been made in this investigation. 
Cell pack pressure was adjusted by means of a mov-  
able piston and did not  appear to be critical as long as 
reasonable contact with the test and counterelectrodes 
was maintained.  The last factor is discussed later. 

Maximum Iss for a well-exposed electrode, at --50 
mV ~ and 1 psig 02 was obtained in  the specific gravi ty  
range of 1.2-1.3. At the low ~ applied in the present  
study, electrolyte resistance was the most impor tant  
factor controll ing /st, outweighing both the solubili ty 
and diffusivity of O2 in H2SO4. Iss peaked strongly in 
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Fig. 5. Steady-state current with three separators on both sides 
of test electrodes as a function of 02 pressure: --50 mV ~1, 1.3 
sp gr H2SO4, 50% exposure. Data presented are for two similar 
electrodes. 

the range of ma x i mum electrolyte conductivi ty (16) 
at exposures of 50% and above. Below 1.2 sp gr, Ist 
became controlled by ohmic dissipation of the applied 
potential, despite the presence of separators on both 
sides of the test electrode. This was manifested by the 
appearance of a significant Qim at 1.I sp gr. A n  in -  
crease in Its above 1.4 sp gr can probably be a t t r ibuted 
to increased corrosion of Pb by H2SO4. 

With only the back side of the test electrode exposed 
to the gas phase, the ini t ial  increase in Iss with degree 
of exposure was not as rapid as in the absence of 
separators (Fig. 2). However, instead of becoming 
l imited above 12.5% exposure, Its cont inued to in -  
crease. Above 50% exposure, the ra te  accelerated to 
the point where Its was increasing faster than  was the 
area exposed. Despite a significant variat ion in Ist's 
between the TESC's the lowest values were much 
larger than the ma x i mum current  obtained in the ab-  
sence of separators. 

Use of separators on only the inside face of the 
test electrode decreased the severe 02 diffusion l imi-  
tat ion presented by separators on both sides, and in-  
creased the length of exposed electrode available for 
penetra t ion of external ly  supplied cathodic cur ren t  
over that provided in the absence of separators. This 
physical setup allowed O2 t ranspor t  to take place rela-  
t ively unhindered  on the exposed back side of the 
Pb/PbSO4 electrode, and at the same t ime provided a 
low resistance path for the external ly  supplied cath- 
odic current  through the wel l -wet ted  separators on the 
inside face of the test electrode. 

The wide divergence of Iss values observed with 
separators on only the inside face of the test electrode 
resulted from a change in the severity of diffusion 
l imitat ion and extent  of current  penetra t ion between 
electrodes. The lowest Iss's were found to be inde-  
pendent  of potential  and, in these instances, Qim was 
negligible for all exposures and ~'s investigated. Ap-  
parently,  sufficient electrolyte could be retained unde r  
certain conditions, as yet  not completely understood, 
to provide a thick enough film of electrolyte on the 
exposed back side of the test electrode to greatly 
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inhibi t  02 diffusion. Under  this condition, Iss, for a 
given exposure, decreased with increasing thickness of 
separator barrier.  This can be ascribed to the in -  
creased quant i ty  of electrolyte re ta ined and, conse- 
quently,  the greater abil i ty to "flood" the test elec- 
trode. 

The highest cathodic currents  were observed in  those 
TESC's in which cur ren t  penetra t ion was incomplete 
even at very  low exposures. Qim and Ilag were signifi- 
cant ly  lower than  in the absence of separators (Fig. 
2 and 4) indicat ing that  the improvement  resulted 
from increasing penetra t ion above the free electrolyte 
level. Apparent ly ,  ohmic dissipation of the applied po- 
tent ial  was greatly decreased below that  experienced 
in the absence of separators by the substant ia l  amount  
of electrolyte retained in the separator barr ier  on the 
inside face of the test electrode. However, in these in -  
stances, the amount  of electrolyte retained in the TESC 
was apparent ly  reduced sufficiently to permit  a sig- 
nificantly higher O2 diffusion rate on the back side of 
the test electrode. A change from the "flooded" elec- 
trode condition to less-hindered 02 access with in- 
creasing electrode exposure resul ted in in termediate  
I~s values. This accounted for the significant accelera- 
tions in the rate at which Iss increased with degree 
of exposure usual ly  observed above 50% exposure. 

The relat ion between I~ and O2 pressure, when only 
the inside face of the test electrode was masked from 
the gas space, also varied depending on the extent  of 
current  penetration.  A l inear  relat ion was obtained if 
ohmic dissipation of the applied potential  was imposed 
over diffusion control over the whole range of pres-  
sures investigated. On the other hand, a relat ion which 
appeared to be parabolic bu t  which in real i ty  was 
probably two intersecting straight lines (Fig. 6) was 
obtained when inabi l i ty  to provide current  equivalent  
to the total rate of O2 reduction developed only at 
higher pressures. In  the present  case, this change 
occurred above 595 mm Hg. Good agreement  between 
the I~ obtained in air atmosphere and that  at 0.2 atm 
of pure 02 was again observed. 
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about 600 mm Hg. 
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Similar  parabolic data were reported by Dehmelt  
and von Dohren (17) for the alkal ine Cd electrode, and 
Maget and Roethlein (8) for the P t  electrode in  H2SO4. 
The former believed that  the relat ion between Iss and 
02 pressure could best be described as parabolic below 
1 kg/cm 2 (0.97 atm) but  that  it was l inear  from 1 to 
6 kg /cm 2. The lat ter  did not investigate O2 pressures 
above 1 atm and concluded that  a parabolic relat ion 
existed. It is l ikely that  a gradual  increase in the dif-  
ference between Iss and total  recombinat ion rate was 
responsible for the pseudoparabolic relat ion observed 
below 1 atm pressure in both cases. Iss, in both studies, 
was dependent  on applied potential,  indicat ing the 
possibility of ohmic dissipation of the dr iving force 
as an addit ional  complicating factor. 

Maximum Iss with separators on only one side of 
the test electrode was obtained at 1.3 sp gr (Fig. 7). 
The data are qual i ta t ively similar  to that  obtained 
with separators on both sides of the test electrode. 
Qim and/ lag data indicated that  below 1.2 sp gr current  
penetra t ion became severely l imited by decreased elec- 
trolyte conductivity, while above 1.3 sp gr Iss was es- 
sential ly equivalent  to the total  rate of O2 reduction. 
Several  other studies (2, 4, 6-10) also indicated that 
the abil i ty of cathodic current  to penetra te  the ex- 
posed section of the electrode was heavi ly  dependent  
on the conductivi ty of the electrolyte film. 

Conclusions 
Opt imum design for establ ishment  of an O2 cycle 

in a practical, main tenance- f ree  Pb-ac id  cell has been 
demonstrated to require  provisions for ma x i mum ac- 
cess of 02 gas to the negative electrode and a suffi- 
ciently conductive electrolyte path between the work-  
ing electrodes. These requi rements  are necessary to 
prevent  the imposition of severe l imitat ions on Iss by 
either diffusion control or ohmic dissipation of the 
applied potential. In  general, both criteria can be 
satisfied by the use of negative electrodes with backs 
open to the gas space and wel l -wet ted  separators 
between the working electrodes. 

It  was also shown that, not only did l imit ing condi-  
tions vary  between different TESC's, even when the 
type of separator was not changed, but  that  they could 
change on the same TESC because of vary ing  elec- 
t rolyte  retent ion with increased electrode exposure. 

"T 
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:3 

I I I i I 
I.I 1.2 1.3 1.4 1.5 

S . G .  H 2 S O  4 

Fig. 7. Steady-state current with three separators on one side 
of the test electrode vs. specific gravity of H2S04:1  psig 02, 
- -50  mV ~1. Electrode exposure: e ,  25%;  Q ,  50%;  ~ ,  75%.  
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Apparent ly ,  electrolyte re tent ion in  the TESC was 
the most critical var iable  for reproducibi l i ty  obta in-  
ing O2 reduction at a rate sufficient to establish an O2 
cycle in a practical Pb-acid  cell, wi thout  resorting to an 
auxi l iary electrode. It is a complex function of the 
four variables ment ioned previously. Since it was not 
feasible to optimize electrolyte re tent ion through con- 
trol of electrode and /o r  separator porosity or cell pack 
pressure, only e l iminat ion of the free electrolyte reser-  
voir remained  as a possible technique to achieve such 
control. This method was evaluated by raising the cell 
pack 0.5 in. above the bottom of the test cell. The 
electrolyte level could then be dropped below the 
bottom of the cell pack, e l iminat ing all contact between 
them. Ionic contact to the reference electrode was 
main ta ined  through a thin piece of separator on the 
back side of the test electrode which dipped into the 
electrolyte reservoir. Five such ful ly exposed elec- 
trodes, with three layers of microporous rubber  on 
their  inside faces, yielded Iss's of --110, --78, --114, 
--118, a n d - - 9 3  mA at --50 mV ~1 and 1 psig O2 in 1.3 
sp gr H2SO4. These Iss'S lie in a significantly nar rower  
range toward the upper  end of the  values obtained 
previously. 

Since b~)th O2 diffusion and the abil i ty to send cur-  
ren t  through the system are heavily dependent  on the 
amount  of electrolyte re ta ined in the TESC, over 
which there was no effective control, this data should 
not be considered to represent  exactly the O2 reduc-  
tion capabil i ty of the Pb/PbSO4 electrode. Satisfactory 
operation of main tenance- f ree  Pb-acid  cells will  re- 
quire close control of electrolyte metering.  The op- 
t imum amount  of electrolyte will  have to be deter-  
mined through a s tudy of the ini t ial  dis t r ibut ion of 
electrolyte between electrodes and separators and its 
var iat ion with cycling. 

Manuscript  submit ted Jan. 16, 1969; revised m a n u -  
script received Apri l  14, 1969. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 

REFERENCES 
i. H. C. Weber, H. P. Meissner, and D. A. Sama, 

This Journal, 109, 884 (1962). 
2. F. G. Will, ibid., I10, 145 (1963). 
3. F. G. Will, ibid., 110, 152 (1963). 
4. D. N. Bennion and C. W. Tobias, ibid., 113, 589 

(1966) ; 113, 593 (1966). 
5. F. G. Will, ibid., 114, 138 (1967). 
6. A. G. Pshenichnikov,  G. I. Shnaider,  and R.Kh. 

Burshtein,  Elektrokhimiya, 1, 418 (1965). 
7. Yu.V. Alekseev and Yu.A. Popov, ibid., I, 422 

( 1965). 
8. H. J. R. Maget and R. J. Roethlein, This Journal, 

112, I034 (1965). 
9. R. J. Roethlein and H. J. R. Maget, ibid., 113, 581 

(1966) ; 114, i043 (1967). 
10. H. J. R. Maget and R. J. Roethlein, Electrochem. 

Technol., 6, 150 (1968). 
II.  J . J .  Lander,  This Journal, 98, 213 (1951). 
12. P. Delahay, M. Pourbaix,  and P. Van Rysselberghe, 

ibid., 98, 57 (1951). 
13. S. C. Barnes and R. T. Mathieson, Fourth Inter- 

national Battery Symposium, Brighton, England, 
41 (1964). 

14. D. T. Sawyer  and L. V. Interrante ,  J. Electroanal. 
Chem., 2, 310 (1961). 

15. P. Ruetschi and B. D. Cahan, This Journal, 106, 
543 (1959). 

16. G. W. Vinal, "Storage Batteries," 4th Ed., p. 110, 
John  Wiley & Sons, Inc., New York (1955). 

17. K. Dehmelt  and  H. von Dohren, Proc. Ann. Power 
Sources CoNf., 13, 85 (1959). 

Gas Depolarized Graphite Anodes 
for Aluminum Electrowinning 

M. L. Kronenberg 
Union Carbide Corporation, Consumer Products Division, Research Laboratory, Cleveland, Ohio 

ABSTRACT 

Anode potential  sweep studies on electronic conducting refractories and 
several  metals in a c ryol i te -a lumina  melt  have shown copper, nickel, and 
graphite to be the most stable anode materials.  However, even these mate-  
rials were attacked in this electrolyte at anodic potentials normal ly  at tained 
in a luminum electrowinning.  Uncatalyzed graphite electrodes could be de- 
polarized by methane,  but  carbon monoxide would depolarize only cata-  
lyzed electrodes. There are significant fluoride losses from the electrolyte when 
hydrogen-conta in ing  fuel gases are used to depolarize the anode. 

Carbon is an especially good anode choice for a lu-  
m i n u m  production for several  reasons: 

1. The products of anodic oxidation (CO ~ CO2) 
are expelled from the electrolyte and do not contam-  
inate the cathode product. 

2. It is a good electronic conductor. 
3. It is v i r tua l ly  insoluble in a luminum.  
4. It  is able to wi ths tand the high operating tem-  

perature  of Hal l -Heroul t  cell (980~ 
5. It  is a re la t ively inexpensive material .  

Nevertheless, the use of 0.57 Ib of ca rbon/ lb  of a lu-  
m i n u m  produced contributes about 8% to the cost of 
producing a luminum (1). This is not much less than  
the cost of the bauxi te  raw material .  

Some work was ini t ia ted at Union Carbide to de- 
terrnine whether a gas depolarized anode using an 

inert,  porous-refractory mater ia l  might  provide a re-  
duction in anode costs if an inexpensive gas such as 
methane  were used. This principle has been discussed 
elsewhere at various times, but  to the author 's  knowl-  
edge no exper imenta l  data have been presented in  
support  of it (2-5). 

The plan of invest igat ion was as follows: 

I. Determine which anode materials  exhibit  the 
greatest resistance to attack by means of polarization 
and potential  sweep studies of carbon, graphite, and 
other conductive materials  (borides, carbides, and 
metals) .  

2. Conduct anode corrosion studies in  the presence 
of depolarizing gases using the most stable materials  
as " inert"  electrodes. 

3. Improve anodic activity toward depolarizing gases 
by application of catalysts. 
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Fig. I. Cell assembly used for AI eleetrowinning experiments 

Experimental 
A sketch of the cell evolved for polarization and 

sweep studies is shown in Fig. I. The electrolyte com- 
monly  used was a melt  containing 15 w/o (weight 
per  cent) alumina,  78% cryolite, and 7% CaF2 con- 
tained in the ATJ graphite  crucible shown. The graph- 
ite crucible is contained in an Inconel  crucible which 
in tu rn  is contained in an Inconel  sagger. A BN or 
a lumina  heat shield (not shown) was normal ly  held 
just  above the Inconel  crucible. One final Inconel can 
(not shown) is used as an extra protection for the 
furnace walls and furnace thermocouple. 

The cell cover had a ground glass flange which was 
held to the ground flange of the metal  sagger by  spring 
clips. A positive pressure flow of argon (Linde, 
99.996%) was passed above the electrolyte except 
where noted. 

A Lindberg  model 59622 crucible furnace and 59344 
controller  were used to heat and control the cell tem-  
perature. An  auxi l iary  thermocouple was not  normal ly  
used, but  the furnace controller  was periodically re-  
checked against a shielded thermocouple in the melt. 

A Pt-A1 alloy reference electrode was chosen since 
it is solid at  both operat ing temperatures,  and the P t  
component  is inert. This alloy was prepared by cath- 
odically diffusing a luminum from a saturated alumina,  
cryolite melt  at 1000~ and 100 m A / c m  2 for 33 min. 
The reaction zone was 0.010 in. thick. Hardness tests 
gave a resul t  of 100 kg /cm 2 for the P t  zone; 200 kg /  
cm 2 for the interface; and 320 kg/cm 2 for the reaction 
zone, suggesting that  a Pt-A1 alloy was formed. This 
reference electrode was checked against another  Pt-A1 
electrode prepared in the same way. After  an ini t ial  
"settling down" period of about 30 min, the electrode 
potentials did not differ more than 20 mV over a period 
of several hours. A typical  polarization or potent ia l  
sweep run  took about 20 min. While the reversible po- 
tential  of this reference electrode is not known, it 
served our need for a simple, relat ively stable elec- 
trode that  would not contaminate  our melt. The ref- 
erence electrode was kept in an a lumina  sheath to 
prevent  shorting to the anode or cathode. 

The electrode construction used for testing nonpor-  
ous anode materials  is shown in  Fig. 2. Only the test 
mater ia l  was in ten t ional ly  immersed in  the electrolyte. 
The graphite crucible containing the electrolyte (Fig. 
1) served as the cathode. 

The potential  correction for the position of the ref-  
erence electrode was applied according to the follow- 
ing equation derived by Casper (6) for concentric 
cyl inder electrodes: 

Fq 

-? 
4~ 0 
3 

I / 4 - 2 0  
.~ THREADS 

. 655  cm. d. 
Fig. 2. Test electrode 

2.3 r2 
/1 = ~ l o g  ~ I-1] 

2~K r l  

where  R is the total resistance per  uni t  length, r1 is 
the radius of the working electrode; r2 the reference 
electrode distance from the center, and K the conduc- 
t ivi ty of the melt. The conductivi ty of the melt  was 
taken as 2.09 ohm -1 em -1, averaging the values re-  
ported by Mashovets (7) and by Matrasovsky (8). 
The value rl was 0.634 cm and r~ was 2.5 era. The 
voltage correction as a funct ion of current  is V = 
0.107 I. 

Polarization data were obtained with a Kordeseh- 
Marko in ter rupter  (9) which el iminated IR drop and 
activation polarization from the measurement .  Calcu- 
lations based on Eq. [1], direct resistance readings 
with an a-e bridge, and in te r rup te r  readings were 
used to help dist inguish among solution resistance, in -  
terracial resistance, and activation polarization. 

An Anatrol  4100 potential  controller, which was 
modified to provide slow l inear  sweeps, was used for 
potential  sweep studies. 

Experimental Results 
Cell polarization data on nonporous materials.--Cell 

polarization data were obtained at 1000~ using the 
Kordesch-Marko interrupter .  The electrolyte used for 
obtaining polarization data contained 87 w/o  cryolite, 
8% CaF2 + 5% alumina.  The cell resistance at 1000 
cycles was 0.2-0.3 ohm for the cells discussed in this 
section of the report. The resistance-free polarization 
curves for AGKSP,  pyrolytic  graphite; Ll13 SP car- 
bon; 50% TiB2-50% BN; copper; and nickel are sum- 
marized in Fig. 3. 

The data in Fig. 3 suggest that Cu and Ni have 
greater stabil i ty (less anodic current  at corresponding 
potentials) than carbon and graphites. 

Three copper-nickel  alloy compositions ranging 
from 25 to 75% Cu were also tested. These had sta- 
bilities which were in between Cu (greatest stabili ty) 
and nickel. Cu and Ni form solid solutions which range 
in mel t ing temperatures  from 1083 ~ (pure Cu) to 
1456~ (pure nickel) .  Carbon and graphite on the 
other hand were much more stable than  pure TiB2 or 
TiB2-BN composites. 
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Fig. 3. Anodic polarization data for solid electrode materials 

Tables I and II i l lustrate  how polarizat ion data were  
tabulated and results are given for A G K S P  graphi te  
and 50% TiB2-50% BN, respectively.  As seen in the 
tables, the difference b e t w e e n / R - f r e e  a n d / R - i n c l u d e d  
cell  vol tage readings is used to de te rmine  the apparent  
cell resistance. This resistance always decreased with  
increasing currents  unti l  a s teady value  of about  0.2 
ohm was obtained when  carbon and graphi te  anodes 
were  used. 

The decrease in cell resistance with  increasing cell 
vol tage was not noted wi th  mater ia ls  other  than car-  
bon. This suggests that  a resist ive film is formed wi th  
carbon which tends to break up at high currents  
where  significant gas evolut ion occurs. With mater ia ls  
other  than carbon, e i ther  this film does not form or gas 
evolut ion occurs sooner ( lower overvol tage) .  

Table I. Cell polarization data in V4-in. AGKSP rod obtained with 
60-cycle interrupter. Electrolyte temperature 1000~ 

Electrode area 9.5 cm 2 

C u r r e n t  p o t e n t i a l  (vol ts )  AV A p p a r e n t  
C u r r e n t  I R  i n c l . - f R  f r e e  r e s i s t a n c e  

m A  I R  f r e e  I R  incl .  m V  ( o h m s )  

100 0.708 0.828 120 1.20 
200 0.782 0.896 114 0.57 
400 0.808 1.008 200 0.50 
500 0.812 1.028 216 0.43 

1000 0.834 1.161 327 0.33 
~000 0.876 1.354 478 0 24 
4000 0.928 1.820 992 025 
6000 1.028 2.340 1 2 1 2  0.20 

I0000 1.121 3.230 2109 0.21 

Table II. Cell polarization data on V4-in. rod of 50% TiB2-50% BN. 
Electrode area = 9.5 cm 2 

C u r r e n t  p o t e n t i a l  (vo l t s )  AV A p p a r e n t  
C u r r e n t  I R  incl . -ZR f r e e  r e s i s t a n c e  

m A  I R  f r e e  I R  incl .  m V  ( o h m s )  

100 0.045 0.066 21 0.21 
200 0.073 0.112 39 0.20 
300 0.096 0.156 60 0.20 
500 0.152 0.251 99 0.20 
750 0.188 0,350 162 0.22 

1000 0.232 0.451 219 0.22 
1500 0.278 0.566 288 0.19 
2000 0.356 0.724 368 0.18 
3000 0.460 1.040 580 0.19 
5000 0.600 1.595 995 0.19 
7000 0.760 2.20 1440 0.20 

1004)0 0.890 2.98 2090 0.21 

Cell resistance measured wi th  an a-c bridge at 1000 
cycles was 0.2 ohm which was about  the same as the 
cell resistance calculated using the interrupter .  

S w e e p  s t u d i e s  on  n o n p o r o u s  m a t e r i a l s . - - A l l  sweep 
exper iments  were  run  at potentials  posit ive to the 
Pt-A1 reference electrode a l ready described. The po-  
tent ial  of this reference  was approximate ly  50 mV 
positive to the rest potent ial  of the A T J  graphi te  
cathode in an electrolyte  containing 78 w / o  cryolite, 
7% CaFs, and 15% alumina (saturated) (8). Reproduc-  
tions of the sweep traces for Cu, Ni, A G K S P  and pyro -  
lytic graphite,  L l l 3 - S P  carbon, 50% TiB2-50% BN, 
and silicon are summarized in Fig. 4. Except  for a 
short  range at low currents,  the cur ren t -po ten t ia l  re -  
lationship was linear. It  is this l inear  port ion that is 
shown here extended to zero current.  Only forward  
scans are shown, but  in every  case reverse  scans were  
also run. These were  v i r tua l ly  mi r ro r  images of the 
forward  scans. The potentials  were  not  corrected for 
resistance in Fig. 4, but the same geometr ic  a r range-  
ment  a l ready described was used for each test. The 
scan rate was always 20 min  for both the 0-1.0 and 
0-2.0v scans. To ver i fy  that  the system and ref rac tory  
electrode were  operat ing properly,  a sweep on a new 
mate r ia l  was fol lowed by a sweep on A G K S P  graph-  
ite. The anode area immersed  in electrolyte  was close 
to 8 cm 2 for all the sweeps summarized in Fig. 4. 

The potent ia l  sweep data show Cu as the most stable 
material ,  which is in agreement  wi th  the polarizat ion 
studies. In te rmedia te  in stabil i ty are Ni and graphite.  
Ti tanium dibor ide-BN and silicon were  the least stable 
of the mater ia ls  tested. 

Data f rom potent ia l  sweep traces of six re f rac tory  
borides and carbides are shown in Fig. 5. A potent ial  
sweep on A G K S P  graphi te  was included for compar i -  
son. The anode area immersed  in the electrolyte  was 
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Fig. 4, Potential sweep data on various anode materials 

i i  I i I I I 1 I I i TaC 

NbB2 

~ZrC 
~- TiC z 

AGKSP F=,- / 

,I .Z .3 .4 ,5 .6 .7 .8 .9 
POTENTIAL WITH RESPECTTO Pt-AI REFERENCE ELECTRODE 

Fig. 5. Potential sweep data on refractory borldes, carbides, and 
AGKSP graphite. 
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12-15 cm 2 for all six refractory materials  tested. The 
refractory bar)des and carbides all had about the same 
resistance to anodic oxidation and this was far less 
than  that  of carbon and graphite. 

Thus, the materials  invest igat ion to find something 
more stable than carbon as an anode mater ial  was 
only par t ia l ly  successful. While nickel  and especially 
copper appear somewhat  more  stable, they are not  im-  
mune  from attack at the high cur ren t  densities re-  
quired. Porous electrodes for gas depolarization were, 
therefore, l imited to carbon in this investigation to 
avoid possible contaminat ion of a luminum product. 

Results using porous, gas depolarized electrodes.~ 
Two types of "flow-through" porous carbon electrodes 
were tried as gas depolarized electrodes. These were 
porous cylindrical  electrodes and porous plug elec- 
trodes. No significant evidence of gas depolarization 
was observed for the four anodes run.  The only porous 
electrodes that  showed significant evidence of gas de- 
polarization were the nonflow-through, horizontal 
ones. 

These lat ter  electrodes were operated as gas de- 
polarized anodes in cryol i te-CaF2-alumina melts  at 
1000~ The porous anode base materials  used were 
PG-60 and PG-25 graphites which were impregnated 
with various salt solutions or r un  uncatalyzed. A 
sketch of the main  cell components is shown in  Fig. 6. 

Table III summarizes the polarization data obtained 
when the gas atmosphere above the cell was changed 
as indicated. The electrode used was a PG-60 elec- 
trode catalyzed with 0.1% by weight of salts of plat-  
inum group metals. The reference electrode used was 
Pt-A1 alloy, previously described. 

Gases were a l ternated as shown in Table III  and  
results were obtained on successive gasses wi thin  
about 10 min. The higher currents  at comparable po- 
larizations in the presence of hydrogen and na tu ra l  
gas as compared with argon strongly suggest that  the 
former gases depolarize the electrode. Similar  de- 
polarization exper iments  were conducted several t imes 
and verified both the gas depolarization of hydrogen 
and na tu ra l  gas and the relat ive inact ivi ty  of the argon. 
Under  the argon atmosphere, v i r tua l ly  all  the anodic 
current  is assumed to come from carbon utilization. 
A 254 A - h r  exper iment  carried out under  argon 
yielded an anode efficiency for carbon uti l ization of 
98.4%. 

To determine whether  gas depolarization was pos- 
sible without  catalyst and to avoid possible catalysis 
by metal  present  as impurities,  an anode was made of 
powders from AGKSP spectrographic graphite. The 
total metal  content  of the spectrographic rod was ap- 

Table III. Polarization data under various gas atmospheres 
using a catalyzed anode 

Gas a tmosphere  Anode- re fe rence  Cur ren t  
above cell potent ia l  (volts) (mA) 

Hydrogen  0.15 4000 
Argon  0.17 500 
H y d r o g e n  0.163 4000 
Natura l  gas  

(92.7% methane)  0.19 2000 
Hydrogen  0.15 2000 
Argon  0.185 500 

Table IV. Gas depolarization on an uncatalyzed 
electrode made of AGKSP graphite 

Gas  Cell potent ia l  T ime 
a tmosphere  (volts, IR  free)  (minutes)  

Argon  0.94 0 
Na tura l  gas  0.82 14 
Natura l  gas  0.62 22 
Argon  0.92 46 
Argon  0.92 61 
Natura l  gas  0.90 73 
Na tu ra l  gas  0.90 83 
Argon  0.92 93 

Table V. Gas depolarization on heavily catalyzed anode 

Gas Cell potential  T ime 
a tmosphere  (volts, IR  free) (minutes)  

Argon  0.80 0 
Carbon monox ide  0.74 10 
Argon  0.80 20 
Carbon monoxide 0.75 30 
Argon 0.60 40 

proximately  1 ppm. The /R-free  cell voltage vs. t ime 
at a constant  cur ren t  of 2A while  a l ternat ing the gas 
atmosphere between argon and na tu ra l  gas is given 
in Table IV. The results suggest that  gas depolariza- 
t ion has occurred, al though the differences in  cell 
voltage between argon and na tu ra l  gas atmospheres 
settled down to only 20 inV. 

On heavily catalyzed electrodes with a highly de- 
veloped gas-electrolyte interface, it is possible to ob- 
serve gas depolarization by carbon monoxide. Table V 
summarizes the results obtained by a l te rnat ing  the gas 
atmosphere and comparing the cell potent ial  at a con- 
stant current  of 4A. The level of catalysis was 1% of 
salts from the p la t inum group metals. Carbon mon-  
oxide ini t ia l ly  shows a very  marked gas depolariza- 
tion. However, the catalyst  was not  stable and was 
lost from the anode, even though the cell was left on 
open circuit in between measurements  to slow down 
catalyst losses. After  this happened carbon monoxide 
and argon gave the same polarization data. 

Analyt ical  results were obtained in two experi-  
ments  which were r un  under  a na tu ra l  gas atmos- 
phere using uncatalyzed graphite anodes for 167 and 
533 A-hr ,  respectively. In  these, and all other experi-  
ments  under  na tu ra l  gas, a considerable quant i ty  of 
a voluminous,  white substance was condensed on the 
cell cover and cooler parts  of the cell. The electrolyte 
analysis before and after a r un  and the condensate 
analysis for the 167 and 533 A - h r  runs  are given in 
Tables VI and VII. 

It seems that  the condensate has a high percentage 
of fluoride and contains a re la t ively low percentage of 
the principal  metall ic cations. It  is probably a com- 
plex mix ture  of carbon-f luorine compounds, al though 
this has not been verified by analyt ical  results. The 
a luminum content  of the electrolyte at the end of the 

Table Vl. Analytical results--167 A-hr run 

Weight  per  cent  

Na  A1 Ca F O 

Ini t ia l  composi t ion of electrolyte 26.9 14.7 6.49 50.0 3.68 
Composi t ion of condensed vapor  1.8 0.2 0.97 51.6 7.53 
F ina l  composi t ion of electrolyte 16.7 20.85 5.50 37.6 9.41 

Table VII. Analytical results533 A-hr run 

Weight per cent 

Na A1 Ca F O 

Ini t ia l  composi t ion of electrolyte 25.3 15.2 4.3 50.0 3.02 
Composi t ion of condensed  vapors  4.0 5.8 0.4 59.6 1.12 
Final  composi t ion of e lectrolyte  18.4 23.9 2.4 39.2 12.80 
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exper iment  is high because of A1203 additions and 
dispersions of A1 product in the electrolyte. 

Conclusion 
The materials invest igat ion did not result  in a ma-  

terial that  was significantly more resistant  to attack 
than graphite at anodic potentials normal ly  at tained 
in a luminum electrowinning.  Two metals, copper and 
nickel, however, exhibited stabil i ty comparable to 
graphite. 

Through the use of porous graphite electrodes, this 
investigation has demonstrated that  gas depolarization 
for a luminum electrowinning is possible with hydrogen 
or na tu ra l  gas (,-93% methane) .  Natura l  gas may be 
electrochemically equivalent  to hydrogen since con- 
siderable thermal  decomposition occurs at these tem-  
peratures. Carbon monoxide was far less reactive than 
hydrogen. While depolarization by hydrogen and 
methane  occurred without  added catalyst, carbon mon-  
oxide depolarization was accomplished only in the 
presence of active catalysts. Unfortunately,  these cata- 
lysts were stripped from the anode even at moderate 
cur ren t  densities. 

There are serious fluoride losses from the electrolyte 
when hydrogen-conta in ing  fuels are used, due to re-  

actions of the water  product  with the fluoride electro- 
lyte. A quant i ta t ive  determinat ion of the rate of this 
deleterious reaction has not been made. 

Manuscript  submit ted Dec. 23, 1968; revised manu-  
script received May 14, 1969. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 19.70 
J O U R N A L .  
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Technical Notes 

Effects of Gamma Radiation on the Behavior of 
Nickel and Cadmium Electrodes' 

G. R. Argue 2,* and H. L. Recht* 

Atomics International, A Division of North American Aviation, Incorporated, Canoga Park, California 

and G. M. Arcand 3 

Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California 

A number  of workers have reported studies in 
which alkal ine batteries were exposed to gamma ra-  
diation (1-3) and have stated that  doses as high as 
l0 s rads produced no discernable effects. However, 
Ho's data (3) showed that  n icke l -cadmium batteries 
lost about 10% of their capacity when  irradiated in a 
nuclear  reactor. This loss fell wi th in  the requi rements  
for his part icular  work. In  no instance previous to the 
present  work have alkal ine bat tery  electrodes been 
studied as entities in exper imental  cells. Many of the 
materials (separators, cases, etc.) in a complete bat -  
tery are known to be degraded by nuclear  radiation. 
The present  work was under t aken  to study the effects 
of radiat ion on the electrodes in alkal ine solutions 
without the possible interferences of these other ma-  
terials. 

Experimental 
Materials.--All electrodes were obtained from Gul-  

ton Industries,  Incorporated, n ickel -cadmium type VO- 
0.8 cells. Each cell contained three cadmium electrodes 

1 T h i s  p a p e r  p r e s e n t s  t h e  r e s u l t s  of  one  p h a s e  of  r e s e a r c h  c a r r i e d  
ou t  a t  t h e  J e t  P r o p u l s i o n  L a b o r a t o r y ,  C a l i f o r n i a  I n s t i t u t e  of  T e c h -  
no logy ,  u n d e r  C o n t r a c t  No.  NAS7-100 ,  s p o n s o r e d  b y  t h e  N a t i o n a l  
A e r o n a u t i c s  a n d  S p a c e  A d m i n i s t r a t i o n .  

P r e s e n t  a d d r e s s :  G e n e r a l  T e l e p h o n e  & E l e c t r o n i c s  L a b o r a t o r i e s ,  
I n c o r p o r a t e d ,  B a y s i d e ,  N e w  Y o r k .  

P r e s e n t  addres s :  I d a h o  S t a t e  U n i v e r s i t y ,  Poca te l lo ,  I d a h o .  
* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

and two nickel electrodes. The electrodes were 4.2 x 
3.8 cm with capacities of 0.4 amp-hr  for nickel and 
0.5 amp-hr  for cadmium. Each electrode weighed about 
5g. Before disassembly, the cells were ful ly charged 
according to the manufac turer ' s  specifications. 

Thir ty  weight per cent KOH solutions, used in all 
experiments  reported here, were freshly prepared 
from reagent-grade pellets as required. 

Equipment.--High-rate i r radiat ion (1.4 x 106 r a d /  
hr) 4 was provided by an Atomic Energy of Canada 
Gammacell  Model GC 200 Co 6~ source, low rate i r ra-  
diation (8 x 104 rad /hr )  by a 3300-curie un i t  buil t  by 
Atomic In terna t ional  (4). Harrison Lab Model 855 
power supplies provided constant  currents.  Data were 
recorded on Minneapol is-Honeywell  Universal  5 mV 
instruments.  Timers were Kelelet  Model K213 and 
Industr ia l  Time Kit  MCK. Self Organizing Systems 
Model SV100 solions indicated state of charge. Pres-  
sures were measured with CEC Model 316 transducers 
having ranges of --+12.5 psig or 0-15 psig. All  other con- 
trol and measur ing equipment  was constructed by 
Atomics Internat ional .  

Cell design.--The cell consisted of a quartz cup 
mounted in a sealable, stainless-steel container. The 

R a d i a t i o n  d o s a g e  is  b a s e d  on  t h e  a b s o r p t i o n  of  g a m m a  r a d i a t i o n  
b y  w a t e r .  
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cup was divided into two compartments  by a par t i t ion 
containing a s intered-quar tz  disk to main ta in  elec- 
trolytic contact between electrodes. Tabs fused to the 
cup walls held the electrodes firmly against the disk. 
The cell was filled with 50 ml of electrolyte solution. 
Each pair of exper imental  cells was made with elec- 
trodes taken from a single commercial cell. A Hg/HgO 
reference electrode was installed inside the stainless- 
steel container.  

Procedure.--A current  of 0.2A permit ted operation 
of exper imental  cells through m a n y  cycles within a 
reasonable t ime without damaging the electrodes. 
After  assembly with formed electrodes, each cell was 
discharged unt i l  the voltage began an abrupt  and rapid 
decrease. This point  will  be called the "knee" of the 
vol tage-t ime curve. The cell was then charged to the 
equivalent  of 25% overcharge, discharged to some ar-  
b i t rary  state of charge (e.g., 75% of full  charge),  
and cycled for 24 hr. Each cycle consisted of 6 min  
of discharge, 4 min of open circuit, 6 min  of charge 
and  4 min of open circuit. Current  was controlled at 
0.2A. All  cells were so treated before being placed 
in the radiat ion source or control led- temperature  bath. 

Operation of a pair  of matched cells consti tuted one 
experiment.  The equi l ibr ium tempera ture  wi thin  the 
high-ra te  Co 0o source was measured to be 45~ there-  
fore, the water -ba th  tempera ture  was set at that  value. 
In  every experiment,  the behavior of the i rradiated 
cell was compared with that of the matching cell in 
the water bath. I r radiat ion was cont inued unt i l  the 
desired dose was obtained. Doses ranged from l0 s to 
2 x 108 rads at rates depending on the Co 60 source used. 

Changes in cadmium electrode capacity were deter-  
mined in cells that were cadmium limited; i.e., the 
capacity of the cadmium electrode was less than  that 
of the nickel electrode. About  one third of the com- 
mercial  cadmium plate was cut off for this purpose. 
Each cell was ful ly charged and discharged to the 
knee of the voltage-t ime curve several times at room 
tempera ture  before the experiment;  the average dis- 
charge times were used to determine t h e  ini t ial  capac- 
ity. This was repeated after the experiment.  The dif- 
ference was taken as the change in capacity. 

Results and Discussion 
Electrode material loss.--Electrodes lost weighable 

amounts  of mater ia l  (>0.2 mg) whenever  the total ra- 
diation dose was 5.8 x 108 rads or more. Visual indica- 
t ion of disintegration, appearing as a turbidi ty  in the 
electrolyte solution, began at 1.4 x l0 s rads. Losses in 
comparison cells in the water  bath were negligible. 

Figure 1 shows the relationship between mater ia l  
loss and total i r radiat ion dose when  the cells were 
cycled around 75% of full  charge. The weights shown 
are total amounts  lost from both electrodes. Although 
the data are scattered, the increased loss with in-  
creased dose is evident. Data for both low- and high- 
dose rates are included; there was no indication of a 
rate effect. The results in Table I show that most of 
the loss occurs at the cadmium electrode. Both elec- 
trodes, par t icular ly  the nickel, lose considerably more 
mater ial  when cycled at 100% of full charge than  at 
any other state. 

It is not surprising that mater ia l  is physically re -  
moved from the electrodes, although one might expect 
both the nickel and the cadmium electrodes to be-  
have similarly. Gas is evolved dur ing irradiation, much 
of which may be catalytically formed at the solid- 
solution interfaces of the electrodes. Bubbles may be 
produced wi th in  the pores of the electrodes loosening 
or dislodging material.  The shedding process would 
be accelerated when the cell is cycled because the 
Cd(OH)2 formed would adhere to the plate less 
strongly than the metal.  The effect of the presence of 
the electrodes on the rate of gas formation is shown in  
Table II. 

The losses would be aggravated when the cell is 
cycled around 100% of full  charge because electro- 
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chemical formation of gas would occur dur ing  the 
short periods of overcharge. At lower states of charge, 
the major  electrochemical reaction probably occurs 
wi th in  the body of the plate so that  much of the dis- 
lodged mater ia l  is retained. 

Capacity change.--Cadmium electrodes lost capacity 
when  cycled dur ing  irradiat ions of 8 x l0 T fads or 
more. Figure 2 represents the effects observed when 
the cells were cycled in  the vicini ty of preselected, 
ini t ial  state of charge. The solid l ine shows the dif-  
ference in capacity between the irradiated and com- 
parison cells and is considered the significant curve. 
The difference is quite constant  except at 75% of full  
charge where the loss is greater. While data scatter is 
considerable, results of repeated experiments  show the 
effects to be real. 

Table I. Material loss from individual cycled electrodes 
during irradiation 

Cd e l e c t r o d e  N i  e l e c t r o d e  
No.  o f  e x -  S t a t e  of  W e i g h t  S t a n d a r d  W e i g h t  S t a n d a r d  
p e r i m e n t s  c h a r g e  (%)  loss  ( rag)  d e v i a t i o n  loss  ( rag)  d e v i a t i o n  

3 100 28.9 9.0 8.0 6.2 
2 75 21.5 13.6 2.2 0.3 
3 50 11.1 1.3 1.5 1.7 
2 25 10.7 2.0 2.2 1 . l  

T o t a l  dose  = 8 • 107 r a d s .  

Table II. Gas formation in KOH solutions 
in presence of electrodes 

E l e c t r o d e  G ( ~ )  G(o~) 

N i  0,009 0.052 
Cd 0.025 0 

G = n u m b e r  of m o l e c u l e s  of gas  p r o d u c e d  p e r  100 eV of g a m m a  
e n e r g y  d e p o s i t e d  in  t h e  s a m p l e .  

Dose  = 6.6 • 10 v r ads .  
C o v e r  gas  is He.  
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Capacity losses were observed only when  the cells 
were cycled; a few open-circui t  experiments  were 
performed at 75% of full  charge with no loss ob- 
served. It is assumed that  no open-circui t  loss would 
be observed at other states of charge at the radiat ion 
doses used. 

August 1969 

The effects of gas evolution may par t ly  explain the 
permanent  loss of cadmium electrode capacity. If the 
combinat ion of gas formation and cycling causes a 
decrease in adhesion of active material ,  it may also 
result  in poor electronic contact with the metallic 
collector so that  some of the mater ia l  is no longer 
available for electrochemical use. Certainly, the ma-  
terial  loss cannot account for the capacity change. 
Whatever  the mechanisms involved, they seem to oc- 
cur whether  or not the system is exposed to radiat ion;  
the radiat ion merely  accentuates the effect. 
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Correction Factors for a Two-Point Probe 
Resistivity Measurement of Cylindrical Crystals 

Helen H. Gegenwarth 
International Business Machines Corporation, Components Division, 

East Fishkill Facility, Hopewell Junction, New York 

Consider a conducting cylinder of radius C and 
length 2a with electrodes placed at each end, through 
which a current,  I, flows (see Fig. 1). Two probes may 
be placed on the cylindrical  surface and the potential  
difference between them measured. 

Measurement 
The potent ial  at any  point in the cyl inder (r ~ 0) 

is (1) 
0o 

sin 
r~a 1 2 

/ n ,C ~ i ( n~r ~ n~C n~r 

sin 2 i~(n~C~ 
where 

I = current  through cylinder 
p = resistivity of cyl inder  

2a = length of cyl inder 
C = radius of cyl inder  
In = modified Bessel funct ion of the first kind 

/4:. = modified Bessel funct ion of the second kind 

The potent ial  difference between the probes is then 

~V = V (C,D) -- V (C,E) 

Using the relation 
1 

Kn+1(x)In + K . ( x ) I . + , ( x )  = - -  
X 

AV then simplifies to 

A V =  IP ~1 sin ~ ( -  n ~ D _ s i n  ~ ) ~a ~ -  sin 2a 2a 

II(-~---a j 
o r  

", [ , sin--Teas 

n~(D-- E) 
sin 

4a 

Calling the expression in brackets F, 

i I 
n h  
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o r  

4IpF 

~2C 

~C AV 

4F I 

Limiting Case 
If the probes are placed symmetr ical ly  about the 

plane Z = 0, 
~2C aV 

4F I 

should yield the same result as the case where the 
electrodes supplying the current I are disk contacts of 
the same diameter as the cylinder. In that case, 

~C 2 ~V 
p--= 

( D - - E )  1 
That is, 

~(D--E) 
l imit  = F 

4C 
(D + E) --> 0 

Computer  calculations of F verify that  this is exactly 
true. 
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Fig. 3. Correction factor calculated for C ~ 1.125 and 1.25 in. 

The correction factor, ~2C/4F, has been calculated 
for several cases of part icular  interest. The results are 
given in Fig. 2 and 3. In  each case, the quant i ty  
(D - -  E), which is the probe spacing, is taken as 0.1878 
in., and the correction factor is plotted against  x, the 
average distance of the probes from the end of the 
cyl inder  (see Fig. 1). 

Conclusions 
The procedure for de termining the resistivity along 

the length of a cyl inder would  be to place cur ren t  
probes at each end of the cyl inder  and measure ~V 
between two t ravel l ing probes spaced a distance 
( D - -  E) from each other. The resist ivity at any given 
position is then calculated from 

~C AV 

P ---- 4F I 

where the appropriate F is determined by X, the aver-  
age distance of the probes from the end of the cylinder.  
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ABSTRACT 

The corrosion performance of various types of stainless steels is discussed 
for the variety of envi ronments  associated with dis t i l la t ion-type sea-water  
desalination plants. Several  factors related to the design and operation of 
desalination equipment  can have important  bearing on the corrosion perform- 
ance of the stainless steels. The most impor tant  of these are flow rate, pres-  
ence of crevices, deposit formation, temperature,  and oxygen content. The 
performance of present -day steels has been evaluated by full-scale plant  
tests and also by specimen-exposure tests. For  the future,  electrochemical 
procedures will  help to explain the corrosion behavior of stainless steels in  
h igh- tempera ture  water  and offer a means for evaluat ing new steel composi- 
tions with improved corrosion resistance. 

It is the purpose of this paper to present a review 
of the performance of stainless steels in  desalination 
plants, with par t icular  emphasis on dis t i l la t ion-type 
equipment.  Over the years, a large amount  of data 
has been collected on the corrosion performance of the 
stainless steels in salt water  and brackish water  (1). 
These data show that  stainless steels have good re-  
sistance to corrosion in these waters at temperatures  
near  ambient,  provided that crevices and deposits 
which might  lead to oxygen concentrat ion ceils can 
be avoided. Experience has shown that  good perform- 
ance can be obtained in sea water  by main ta in ing  
flow rates above about 5 fps (this minimizes bu i ld-up  
of mar ine  organisms and other deposits) and by el imi-  
nat ing crevices in equipment  design. Thus, on the 
basis of past experiences, the stainless steels should 
be considered as promising candidate materials  for 
desalination equipment  that operates at temperatures  
near  ambient  and in which moderate  flow rates are 
maintained.  

At elevated temperatures,  however, such as those 
characteristic of dis t i l la t ion-type desalination plants, 
the avai labi l i ty  of specific service data is much more 
l imited and was pract ical ly nonexis tent  prior to the 
construction of the demonstrat ion plants by the Office 
of Saline Water  at Freeport,  Texas, and San Diego, 
California. The env i ronmenta l  conditions in such 
plants, consisting of hot water with relat ively high 
concentrations of chloride, would general ly be con- 
sidered det r imenta l  to the stainless steels, par t icular ly  
with reference to localized forms of attack such as 
pi t t ing and stress-corrosion cracking. Contrary to 
these expectations, however, corrosion tests in the 
plants  themselves have shown that  certain stainless 
steels are capable of resisting attack if the oxygen con- 
tent  in the water  is sufficiently low. This paper reviews 
the types of stainless steels that might be considered 
for desalination plants and the service data that  have 
been obtained with some of the steels in the demon-  
stration disti l lation plants. The electrochemical p r in -  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r  R e p r e s e n t a t i v e  oh a 
S u s t a i n i n g  M e m b e r  C o m p a n y .  

ciples involved in hot sea-water  corrosion are also 
discussed. 

Types of Stainless Steel 
There are many  specific types of stainless steel cur-  

rent ly  produced in this country.  The American Iron 
and Steel Inst i tute  (AISI) lists 39 s tandard types, 
some of which are listed in Table I. In addition to 
these, there are many  "nonstandard"  grades. How- 
ever, the s tandard grades and most of the nons tan-  
dard grades can be grouped into the following three 
main  categories, on the basis of alloy content  and 
crystallographic differences: 

1. Martensitic, typified by AISI Type 410 (12% Cr).  
These steels are hardenable  by heat t reatment ,  and 
in the heat- t reated condit ion have a body-centered 
tetragonal  crystal s tructure (martensi te) .  

2. Ferritic, typified by AISI Type 430 (17% Cr). 
These steels are not hardenable  by heat t reatment .  
The crystal s tructure is body-centered cubic (ferrite).  

3. Austenitic,  typified by AISI Type 304 (18% Cr, 
8% Ni). These steels are also not hardenable  by heat 

Table I. Compositions of several standard grades of stain{ess steel 

N o m i n a l  c o m p o s i t i o n ,  p e r  c e n t  
A I S I  M n ,  Si,  
T y p e  C m a x  m a x  Cr  N i  O t h e r  

M a r t e n s i t i c  s t ee l s  

502 0.1O m a x  1.0O 1.00 4.0-6,0 - -  0 .40-0.65 Mo 
403 0,15 m a x  1.00 0,50 11 .5-13 .0  - -  
410 0.15 m a x  1.00 1,00 11,5-13.5 - -  

F e r r i t i c  s t ee l s  
405 0.08 m a x  1.00 1.00 11.5-14.5 - -  0 .10-0.30 A1 
430 0,12 m a x  1.00 1.00 14 .0-18 .0  - -  
446 0.20 m a x  1.50 1.0O 23.0-27.0  - -  0.25 N m a x  

A u s t e n i t i c  s t ee l s  

304 0.08 m a x  2.00 1.00 18.0-20.0 8 ,0-12.0  
304L  0.03 m a x  2 .00 1.00 18.0-20.0  8 .0-12.0  
310 0.25 m a x  2.00 1.50 24.0-26.0  19.0-22.0 
316 0.08 m a x  2.00 1.00 16.0-18.0 I0 .0-14 .0  2 .0-3 .0  Mo 
316L 0.03 m a x  2,00 1.00 16.0-18.0 10.0-1,~.0 2 .0-3 .0  Mo 
317 0.08 m a x  2.00 1.00 18.0-20.0 11,0-15.0 3 .0-4 .0  Mo 
321 0.08 m a x  2,00 1.00 17 ,0-19 .0  9 .0-12.0 5xC r a i n  T i  
347 0.08 m a x  2.00 1.00 17.0-19.0 9.0,-13.0 10~C r a i n  C b - T a  

213C 
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t reatment .  The crystal  s t ructure  is face-centered  cu- 
bic (austeni te) .  

As a general  rule, the inherent  corrosion resistance 
of the stainless steels increases with increasing chro- 

A v e r a g e  
mium content. Thus the steels with higher  chromium temper- 
content (18% and above) are general ly  of more in- ature. ~ 
terest  for use in desalination equipment  than steels 
with lower chromium content. The addition of 8% or 119 
more nickel to stainless results in the austenitic steels, 172(b) 198 
which have very  desirable fabricat ing characteristics. 235 
The addition of molybdenum in the Type 316 steels 242 

250 
brings about a substantial  improvement  in resistance to 
pit t ing corrosion. The addition of t i tanium and colum- 
bium in the stabilized grades, Types 321 and 347, re-  
spectively, is intended to prevent  grain boundary car-  
bide precipi tat ion and in te rgranular  at tack in envi-  
ronments  causing this form of corrosion. Resistance to 
in tergranular  corrosion may also be obtained by re-  
str ict ing the carbon content  of the  steel to 0.03% m a x -  
imum, as in Types 304L and 316L. 

Field Corrosion Tests 
Most of the field tests at the Freeport ,  Texas, and 

San Diego, California, demonstrat ion plants have  con- 
sisted of the instal lat ion of racks containing corrosion 
coupons in various process equipment  of the two 
plants (2-4). Types 304 and 316 stainless steel tubes 65 
have also been tested in the first evaporator  effect of 65 
the Freepor t  plant (4) to obtain corrosion data under  
actual service conditions. Al though it is recognized that  90 107 
all of these tests were  conducted under  the inherent ly  133 
changeable process conditions associated with a pro-  166 

196 
duction plant, the results obtained have aided in 205 
identifying the most impor tant  envi ronmenta l  factors 
governing the corrosion resistance of stainless steels 90 
in hot sea water .  These are (a) dissolved oxygen con- 103 
centration, (b) temperature ,  and (c) veloci ty  of the 118 

144 
sea water.  The la t ter  two factors are largely respon- 174 
sible for the extent  to which solids are deposited from 200(~ 
the sea water  and, consequently,  these factors govern 
the extent  to which crevices are formed on the sur-  
face of stainless steels. 

Dissolved oxygen concentration.--Data compiled 
from coupon tests conducted at the Freepor t  and 
San Diego desalination plants are presented in Tables 
II, III, and IV. These data indicate that  localized pene-  
trat ion in stainless steels is substantial ly inhibited 
when the dissolved oxygen content is kept  at a very  
low level. At Freeport ,  mechanical  deaeration, which 
reduced the dissolved oxygen to 40-600 ppb (parts per  
bil l ion),  was not sufficiently complete  to prevent  pit-  
t ing and /o r  crevice corrosion in the stainless steels 
tested (Table II) .  However ,  with essentially complete  

Table II. Summary of corrosion coupon tests in raw and deaerated 
sea water--Freeport desalination plant 

A v e r a g e  E x p o s u r e  M a x i m u m  pe ne t r a t i on ,  m i l s  
t e m p e r -  pe r iod ,  Sur face  Crevice((') 

a ture ,  "F days  Type  304 Type 316 Type  304 Type  316 

R a w  sea water(b) 
85(~) 90 7 6 14 9 
85 156 8 None  19 4 
98 156 Trace None  14 Trace  

114 156 Trace None  10 1 
117 (c} 90 5 8 13 12 
126 156 None  None  10 2 

D e a e r a t e d  sea w a t e r  (~ 
134 156 8 None 20 5 
165 156 21 14 30 13 
170 (c) 90 i0 16 5 15 
186 156 18 30 >39*  27 
212 156 21 27 >39*  23 
230 (c) 90 18 6 21 >39*  

o) A t t a c k  in  c rev ice  f o r m e d  by  Teflon w a s h e r  on spec imens .  
(b) E n v i r o n m e n t - - d i s s o l v e d  oxygen ,  s a t u r a t e d ;  c o n c e n t r a t i o n  

factor ,  a b o u t  1.0; t u r b u l e n c e  m o d e r a t e  to h i g h ;  pH, 7.5-7.8. 
(c) Da t a  f r o m  U.S.  S tee l  coupon  tes ts  [l~ef. (4)] ;  o the r  da t a  f r o m  

Ref. (2). 
(~) E n v i r o n m e n t - - - d i s s o l v e d  oxygen ,  40-600 ppb ;  c o n c e n t r a t i o n  fac-  

tor ,  abou t  1.0; t u rbu l e nc e ,  m o d e r a t e ;  pH,  6.2-7.8. 
* Coupon  p e r f o r a t e d - - i n i t i a l  t h i c k n e s s  wa s  0.039 in. 

Table Ill. Summary of corrosion coupon tests in completely 
deaerated sea water brine(a)--Freeport desalination plant 

M a x i m u m  p e n e t r a t i o n ,  m i l s  
Su r face  Crev ice  (v) 

Type  304 Type  316 Type  304 Type  316 
1 

None None 3 3 
8 5 14 5 
4 5 4 5 

None None None  None  
4 None  11 8 

13 6 12 10 

(a) E x c e p t  w h e r e  noted,  the  e n v i r o n m e n t a l  c o n d i t i o n s  w e r e :  dis-  
so lved  oxygen ,  n i l ;  t u r b u l e n c e ,  h i g h ;  e x p o s u r e  per iod ,  156 days ;  
pH, 7.0. Da ta  f r o m  Ref.  (2). 

(b) Da ta  f r o m  U.S.  S tee l  coupon  tes t s  [Ref. (4)]. E n v i r o n m e n t a l  
c o n d i t i o n s - - d i s s o l v e d  oxygen ,  n i l ;  t u r b u l e n c e ,  low;  e x p o s u r e  pe r iod ,  
90 days.  

(c) A t t a c k  in  c rev ice  f o r m e d  b y  Tef lon w a s h e r  on spec imens .  

Table IV. Corrosion tests with Type 316 stainless steel coupons-- 
San Diego desalination plant~Exposure period, 90 Days (a) 

T e m p e r -  B r i n e  concen-  M a x i m u m  p e n e t r a t i o n ,  m i l s  
a ture ,  *F t r a t i o n  fac to r  Su r face  Crevice  

R a w  sea water(b) 
1.0 None  1 
1.0 Trace 2 

Deae ra t ed  b r i n e  (c) 
1.5-2.0 None 3 
1.5-2.0 None 4 
1.5-2.0 None  4 
1.5-2.0 None  2 
1.5-2.0 None 6 
1.5-2.0 None  8 

F l a s h i n g  brine(~) 
1.7-2.2 None  Trace  
1.7-2.2 None 4 
1.7-2.2 None  1 
1.7-2.1 None  4 
1.6-2.1 None 2 
1.5-2.0 None 8 

(a) Da ta  f r o m  Ref.  (2). 
( b )Env i ronmen ta l  cond i t i ons - - -d i s so lved  oxygen ,  8 p p m  (sa tu-  

ra ted};  t u rbu l ence ,  h i g h ;  pH, 7.5-7.8. 
(c) E n v i r o n m e n t a l  c o n d i t i o n s - - d i s s o l v e d  oxygen ,  5 ppb ;  t u r b u -  

lence,  m o d e r a t e ;  p i t ,  7.0-7.5. 
r E n v i r o n m e n t a l  c o n d i t i o n s - - d i s s o l v e d  oxygen ,  n i l ;  t u r b u l e n c e ,  

m o d e r a t e ;  pH, 7.0-7.5. 
(e) S a m e  e n v i r o n m e n t a l  cond i t i ons  as (d) excep t  t h a t  d i s s o l v e d  

o x y g e n  was  p r o b a b l y  5 ppb.  

remova l  of the dissolved oxygen by evaporat ion (Table 
III) ,  the depth of pi t t ing and crevice corrosion was 
definitely less than that observed in the mechanical ly  
deaera ted  water  (bottom port ion of Table II) .  In this 
respect, it also is no tewor thy  that  the amount  of p i t -  
t ing and crevice corrosion was very  low (or nonex-  
istent) in deaerated brine at San Diego (Table IV),  
where  efficient mechanical  deaerat ion reduced the 
oxygen content to a low level  of 5 ppb. The inhibi t ing 
effect of complete deaerat ion on pit t ing of stainless 
steels has also been obtained in pilot plant  tests, Table 
V (3). It is apparent  that localized corrosion of stain-  
less steels was substantial ly p revented  by complete  
remova l  of the dissolved oxygen in the sea water.  

Temperature.--Increasing the t empera tu re  of sea 
water  appears to increase somewhat  the sever i ty  of 
pit t ing in stainless steels, as is shown f rom data in 

Table Y. Sea water corrosion data from a pilot-plant 
operation--Ref. (3) 

E n v i r o n m e n t a l  c o n d i t i o n s  (a) I n d i c a t e d  co r ros ion  r a t e - -  
T e m p e r -  D i s so lved  o x y g e n  mi l s  p e n e t r a t i o n  pe r  yea r  
a ture ,  ~  con ten t ,  p p m  pH Type  304 Type  316 

180 Trace  6.7 9 0.7 
290(b) 15.0 6.2 12" 13" 
320 (c) 0.0 7.0 ~0 .1  ~0 .1  

((o Sea  w a t e r  v e l o c i t y - - 5  fps.  
(b) Tes t  p ressure ,  70 psi.  
(c) Tes t  p ressure ,  100 psi.  
* S e v e r e  c rev ice  a t t a c k  b e n e a t h  i n s u l a t i o n  washers .  
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Tables II, III, and IV. The effect of temperature,  how- 
ever, appears to be diminished if the sea water  is raw 
or completely deaerated. This effect may, in the case 
of the p lant  coupon tests, be influenced by the amount  
of dissolved solids deposited from the sea water  onto 
the coupon surfaces. An apparent  interrelat ionship be- 
tween dissolved oxygen, sea-water  temperature,  and 
dissolved solids deposited from the sea water  is fur-  
ther indicated by the tests conducted with Type 304 
stainless steel evaporator  tubes at  the Freeport  p lant  
(4). Data shown graphically in Fig. 1 represent  the 
max imum pit depths measured on representat ive sec- 
tions of the stainless-steel  tubes after the tubes had 
been in service for various periods of time. The first ef- 
fect of the long- tube-ver t ica l  evaporator system at 
Freeport  receives hot sea water  that  has been deaerated 
to less than  100 ppb of dissolved oxygen. The sea water  
flows in a th in  film down the tubes and heat passed 
through the tubes evaporates water  from the film. As 
indicated in  Fig. 1, dur ing the first 12-15 months  of 
service, the tubes were exposed to sea water  at an 
average of 230~176 However, the tempera ture  
was subsequent ly  elevated to as high as 270~ dur ing 
periods through the 25th month  of service. As the 
graph shows, the depth of pit t ing in the top and middle 
tube sections increased when the evaporat ing tem-  
pera ture  increased. However, the depth of pi t t ing 
near  the tube bottom appeared to be near ly  inde-  
pendent  of the tempera ture  increase. It was noted 
dur ing inspection that the inside surface of the top 
and middle sections of the tubes was consistently 
covered with scale deposit from the sea water, whereas 
the sections near the bottom of the tube remained 
near ly  deposit-free. Fur thermore,  dissolved oxygen 
remaining  in the deaerated sea water  enter ing the 
first effect was being stripped from the sea water  
dur ing  ini t ia t ion of boiling (evaporation) near  the 
top of the tubes. Consequently,  the sea water  near  
the bottom of the tube  was free of dissolved oxygen. 
It was postulated that  the low rate of pi t t ing and the 
independence of pi t t ing rate with .temperature change 
observed near  the tube  bottom were due to the de- 
posit-free surface and low dissolved oxygen in the 
brine. The same type of pit inhibi t ion has been ob- 
served by Russian investigators (5) in their studies 
uti l izing exper imenta l -  and industr ial-s ize long- tube-  
vertical  evaporators. 

Sea water velocity.--As mentioned previously, it is 
known that  stainless steels are suitable for process 
equipment  handl ing sea water  at temperatures  near  
ambient  if the velocity is main ta ined  above about 5 
fps (6). At higher velocities, the deposition of solids 
onto stainless-steel  surfaces is minimized, thereby 
reducing the n u m b e r  of crevice sites. The l i terature  
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Fig. 1. Summary of maximum pit-penetration data--Type 304 
stainless steel evaporator tubes. 

Table VI. Data showing the effect of sea water velocity 
on pitting of stainless steels--Ref. (2) 

M a x i m u m  p e n e t r a t i o n ,  m i l s  
A v e r a g e  Sur face  Crev ice  
t e m p e r -  D e g r e e  of Type  Type  Type  Type  

a ture ,  ~ t u r b u l e n c e  304 316 304 316 

85 L o w  - -  - -  39* 27 
85 Mode ra t e  to  h i g h  8 None 19 Trace  

126 M o d e r a t e  to h i g h  None  None  1O 2 
134 L o w  Trace None  22 10 

* C o u p o n  pe r fo ra t ed ,  o r i g i n a l  t h i c k n e s s - - 0 . 0 3 9  in.  
ca) E n v i r o n m e n t a l  condit ions----raw sea w a t e r  s a t u r a t e d  w i t h  oxy-  

gen;  b r i n e  c o n c e n t r a t i o n  fac tor ,  0.8-1.1; pH, 7.5-7.8. 

indicates that  stainless steels, par t icular ly  Type 316, 
are being successfully used for pump components 
(7,8) and for heat t ransfer  tubes of steam condensers 
(9) in  which sea water  is the coolant. The results of 
tests on the effect of velocity in a desal inat ion p lant  
are shown in Table VI. Pi t t ing and crevice attack 
were considerably less severe on stainless-steel cou- 
pons exposed at locations where turbulence  was mod- 
erate to high (sea water  impinged on the test cou- 
pons) than the attack on coupons exposed to low- 
velocity conditions. 

Other environmental factors.--Other envi ronmenta l  
factors of concern when stainless steel is used in hot 
sea water  are sea water  concentrat ion (salinity or 
concentrat ion factor) and hydrogen ion concentrat ion 
(pH).  With respect to salinity, the na ture  of the de- 
salting processes at plants  in which field tests have 
been conducted thus far has made it difficult to de- 
termine the single effect of sal inity on the corrosion of 
stainless steels. Generally,  other env i ronmenta l  fac- 
tors, such as dissolved oxygen and /or  temperature,  
have overshadowed the relat ively small  effects tha t  
might  be expected with a change in salinity. 

In regard to the effect of sea water  pH, there are 
essentially no data available from the field tests in the 
demonstrat ion desalination plants because the sea 
water  in these plants  is main ta ined  near ly  neu t ra l  
except dur ing  the acidification operation which is 
utilized to remove carbonate- forming constituents. 
P lan t  operating experience has shown, however, that  
Type 316 stainless performs satisfactorily in deaerat ion 
equipment  handl ing  acidulated sea water  at pH values 
as low as four. 

E~ect of steel composition on pit resistance in sea 
water.--Data from coupon tests at the Freeport  P lan t  
have shown that, regardless of the envi ronmenta l  
conditions, the chromium stainless steels (Type 410 
and 430) exhibit  substant ia l ly  less resistance to corro- 
sion than  the austenitic stainless steels (4). Corrosion 
of the chromium stainless steels was pr imar i ly  the 
result  of severe crevice corrosion ini t iated by solids 
that  deposited from the sea water. The sensit ivity of 
chromium stainless steels to crevice corrosion would 
probably el iminate  them from consideration unless 
strict control of solids deposition could be assured. 

A comparison of the effect of molybdenum on the 
pit resistance of austenitic stainless steels, Tables II 
through VI, shows that  Type 316 is in general  more 
pi t - res is tant  than  Type 304 in desalination envi ron-  
ments.  Type 316 stainless steel tubes exposed in  the 
first evaporator effect at the Freeport  p lant  have ex-  
perienced, thus far, only slight pi t t ing attack after 
about 20 months of service. 

E~ect of stress.--Erichsen-cup type, stress-corrosion 
specimens of Types 304 and 316 stainless steels were 
included in the field tests conducted at the Freeport  
plant.  Examinat ion  of these specimens after exposure 
periods of several months '  durat ion has not revealed 
any evidence of stress-corrosion cracking. Fu r the r -  
more, stress-corrosion cracking has not been found 
to be a problem in the Type 304 and Type 316 stainless- 
steel test tubes exposed in the first evaporator effect 
at Freeport.  
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Electrochemical Principles Involved in 
Hot  Sea Wate r  Corrosion 

Pit t ing of stainless steels is pr imar i ly  associated with 
chloride environments ,  although a similar form of at-  
tack is also found in bromide solutions. This localized 
attack results from the breakdown of the passive film 
such that  the local area of film breakdown becomes ac- 
tive, while the surrounding passive film serves to 
support the local cathodic reaction. Consequently, we 
find a condition of a very small anode supported by a 
large cathode, resul t ing in a very localized and rapid 
attack. The mechanism of breakdown of the passive 
film remains  the subject of some controversy, but  has 
been variously associated with the adsorption (10, 11) 
of chlorides or the inclusion (12) of chlorides at local 
sites in the passive film. After the ini t ial  breakdown, 
the process is autocatalytic in that  the solution wi th in  
the pit becomes increasingly acidic and corrosive be-  
cause of the hydrolysis of ferrous ions result ing in an 
increased concentrat ion of hydrogen ions. Pit  geom- 
etry part ial ly precludes the outward diffusion of these 
hydrogen ions into the bu lk  solution. 

The pit t ing susceptibili ty of a passive steel is de- 
pendent  on its alloy content  and for a given steel also 
depends on such envi ronmenta l  variables as tempera-  
ture, chloride concentration, pH, oxygen concentra-  
tion, and the presence of inhibitors. The effect of many  
of these metal lurgical  and envi ronmenta l  variat ions 
has been described in the l i terature  (10, 11, 13, 14). 

The pit t ing susceptibili ty of a stainless steel in a 
given envi ronment  is characterized by a critical poten-  
t ial  below which (more active) pi t t ing does not  oc- 
cur. At potentials more noble than this value, pi t t ing 
will occur at a rate pr imari ly  dependent  on alloy 
composition. 

The most noble corrosion potential  that could be 
reached by a steel under  na tura l  corrosion conditions 
is governed by the equi l ibr ium potential  for the ca- 
thodic reduction reaction; under  most conditions, this 
would correspond to the equi l ibr ium oxygen reduc- 
tion potential, which for the reaction: 

02 ~ 4H + -t- 4~-~ 2H20 (E ~ = 1.23v) 

is given by the Nernst  expression: 

0.059 
E = 1.23 ~- log [H+] 4 pO2 

4 

(at 1 atm) E ---- 1.23 -- 0.059 pH (vs. hydrogen elec- 
trode).  

Therefore, if no critical potential  is observed dur ing  
anodic polarization to the equi l ibr ium potential  for 
oxygen reduction, the alloy is immune  to pi t t ing be-  
cause the na tura l  corrosion potential  could never  be 
more noble than the critical pi t t ing potential. This 
reasoning explains the immuni ty  to pi t t ing of t i tanium, 
which has an extremely noble critical potential  in 
neut ra l  chlorides (12-14v). 

Most available data on electrochemical measure-  
ments  of pi t t ing susceptibili ty have been obtained in  
electrolytes at temperatures  close to room tempera-  
ture. The increased temperature  used in desalination 
plants  results in two opposing effects regarding local- 
ized corrosion of stainless steels. These are: 

1. Increased propensi ty for pi t t ing with an increase 
in temperature.  

2. Reduction in oxygen concentrat ion results in a 
more active corrosion potential.  For  a given set of en-  
v i ronmenta l  conditions, this decreases the tendency 
toward pitting. 

Above approximately 100~ there is only a very 
slight shifting of the critical pi t t ing potential  in the 
active direction with a fur ther  increase in tempera-  
ture. Thus, for AISI Type 304 (see Fig. 2) in  0.1N 
sodium chloride solution, the critical potential  shifts 
in the active direction by only approximately 0.1v as 
the tempera ture  increases from 100 ~ to 200~ In-  
creasing the tempera ture  over this range only slightly 
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Fig. 2. Effect of temperature on critical potential for pitting 
of Type 304 stainless steel in 0.1N NaCI solution. 

increases the aggressiveness of the env i ronment  for 
localized corrosion. 

The removal  of oxygen results in an increase in 
cathodic control in the system, with a corresponding 
shift of the corrosion potential  in the active direction. 
This effect is demonstrated by Fig. 3, which shows 
potent ia l -vs- t ime curves for AISI Type 304 stainless 
steel in a i r -sa tura ted  and deaerated 1M sodium chlo- 
ride solution. In each case, the specimens were ac- 
t ivated by holding at 1.2v for 5 rain. The air saturated 
solution induced the formation of passivity in a rela-  
t ively short time, as indicated by the noble potent ial  
at tained after only 10 rain. In  deaerated solutions, how- 
ever, the specimen potential  remained approximately 
0.5v more active than  the a i r -sa turated solutions. The 
decrease in oxygen content  that occurs when water  is 
heated and the resul tant  shift in corrosion potential  
in the active direction are more than sufficient to off- 
set the slight active shift in critical potential, and re-  
sult  in  the reduction in corrosion rate for stainless 
steels in chloride solutions that  has been observed in 
open systems as the tempera ture  approaches that  for 
boiling (15). As mentioned, this pronounced effect of 
oxygen was observed in the plant  tests at the Freeport  
plant.  

Localized attack of stainless steels may be el iminated 
by the use of inhibitors. It  has been shown that  the 
mechanism of inhibi t ion of pi t t ing is one of competi- 
tive adsorption on the metal  surface between the ag- 
gressive ions (chloride) and inhibi tor  (10). The con- 
centrat ion of inhibi tor  required depends pr imar i ly  on 
the na ture  of the inhibi tor  and the concentrat ion of 
chloride and follows an equation of the form: 

log [C1] - - - -  A ~- B log [inhibitor] 

where chloride and inhibi tor  are expressed as activi-  
ties. 
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Fig. ~l. Potential-time curves for AISI Type 304 stainless steel 
in aerated end deaerated | M sodium chloride solution. 
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Electrochemical measurements  have shown hy-  
droxyl ions to be a very efficient inhibi tor  in prevent -  
ing attack of stainless steels by chlorides. The amount  
of hydroxyl  ion that  may be added to sea water, how- 
ever, is l imited by scale formation which deposits 
under  alkal ine conditions and would hinder  efficient 
heat  transfer.  Other anions (such as ni trates)  are 
known to inhibi t  the pit t ing of stainless steels by 
chlorides and thus future  studies might  well  include 
an evaluat ion of the effect of ni t ra te  additions on 
stainless performance. 

In  addit ion to the reduct ion in  efficiency of heat 
t ransfer  produced by scale deposition, it may also be 
conducive to the occurrence of crevice corrosion. Crev- 
ice corrosion is normal ly  init iated by a differential 
aeration cell having an anode located at a small area 
shielded from easy access of oxygen, and surrounded 
by a large cathode area where reduction of oxygen 
occurs. Once corrosion starts at anodic sites within 
the crevice, the outward diffusion of the corrosion 
product (predominant ly  hydrolyzed ferrous ions) is 
part ial ly prevented by crevice geometry, result ing in 
a bu i ld -up  in  hydrogen ion concentration. The process 
is autocatalytic because the acid envi ronment  causes 
more rapid attack wi thin  the crevice. In this respect, 
pi t t ing and crevice corrosion are very  similar. 

For the future, it is believed that  electrochemical 
measurements  should serve as the basis for the devel-  
opment  of new stainless steels that  are resistant  to 
pit t ing attack and crevice corrosion in desalination 
environments .  Elements should be added to the steel 
that  will  shift the critical potential  as far as possible 
in the noble direction. It is believed to be par t icular ly  
impor tant  tha t  the critical potential  measurements  be 
made at temperatures  encountered in desalination 
plants. 

Summary 
The field-test results reported herein indicate that  

under  certain conditions the stainless steels exhibit  
excellent corrosion resistance in envi ronments  en-  
countered in dis t i l la t ion-type desalination plants. The 
most impor tant  env i ronmenta l  factors are that  the 
water  or br ine  be substant ia l ly  free of oxygen and 
that the operating conditions be adjusted so that de- 
posits are not formed. Type 316 stainless offers the 
best resistance to attack; however, the test results in-  
dicate that  Type 304 stainless may also have sufficient 
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resistance to be a useful  mater ia l  of construction. Elec- 
trochemical measurements  help to explain the effect 
of increased temperature  on the corrosion of stainless 
steels and also offer a method for evaluat ing the per-  
formance of new steels. 

Manuscript  submitted Nov. 19, 1968; revised manu-  
script received Feb. 3, 1969. This paper was presented 
at the Montreal  Meeting, Oct. 6-11, 1968, as Paper  399. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the December 1969 
JOURNAL. 
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Electronic Conduction in Dielectric Films 
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ABSTRACT 

This review starts with a brief  discussion of the s t ructure  of technically 
impor tant  dielectric films and proceeds to outl ine the re levant  theoretical 
and exper imental  aspects of amorphous semiconductors and dielectrics. This 
is followed by a discussion of d-c conductivi ty in dielectric films at low and 
high fields, including dependence on temperature.  Al t e rna t ing-cur ren t  tech- 
niques represent  one of the most important  tools in the study of dielectrics, 
and an account is given of the exper imental  results over a wide range  of 
frequencies. This is followed by a description of the application of the method 
of thermal ly  s t imulated currents  to the s tudy of dielectric f i lms--a  relat ively 
li t t le used technique capable of supplement ing the more convent ional  d-c and 
a-c measurements.  The review concludes with brief  accounts of impur i ty -  
induced conduction, photoelectric phenomena,  and the so-called switching in 
dielectric films. 

Among the many  studies of the properties of di- 
electric films, the subject  of electronic conduction has 
attracted perhaps ra ther  less interest  than  it may de- 
serve. One reason for this may be found in the fact 
that  most people wish their  dielectric films to be in-  
sulat ing and accordingly consider conduction phenom-  

ena simply as an accidental nuisance to be eliminated. 
Another  reason may be that  conduction in  these films 
has been f requent ly  associated with the movement  of 
ions and only relat ively recent ly was at tent ion seri- 
ously diverted to the study of specifically electronic 
processes. Nevertheless, it is possible to state that our  
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knowledge of film properties would be very incom- 
plete without  a good unders tanding  of the electronic 
phenomena and that  valuable  insight into general  
film properties is obtained from this study. The pres-  
ent paper is in tended as a review of some of the rele-  
van t  exper imental  and theoretical topics and attempts 
to provide a unified picture of the present  stage of the 
subject. 

The approach adopted is based to a large extent  on 
the famil iar  concepts of conduction mechanisms in 
electronic semiconductors, with the necessary allow- 
ance for the pr imar i ly  amorphous and glassy na ture  
of many  of the dielectric films in use at present. In 
this respect, we are in the for tunate  position that  the 
science of heavily disordered and amorphous semi- 
conductors has made great progress in recent  years 
and it is possible at least to speculate on the probable 
extension of these concepts to dielectric films. For this 
reason, the present  review goes beyond the strict 
limits of dielectric materials  in one or two instances 
which are considered to be i l lustrat ive of the general  
principles involved. 

A word of caution is indicated: the science of di- 
electric films is not an exact discipline, as m a n y  of its 
practi t ioners no doubt realize. Reproducibil i ty leaves a 
great deal to be desired, main ly  on account of the im-  
perfect unders tanding  of the technological factors in -  
volved in the preparat ion of films. All  numer ica l  data 
should therefore be t reated with caution, especially 
where s t ructure-sensi t ive  parameters  are concerned. 

Electronic tunne l ing  phenomena in very th in  films 
are specifically excluded from the present  t rea tment  
since they are adequately covered elsewhere (1,2). 
Ionic t ransport  processes are also ment ioned only in-  
cidental ly as they represent  a specialist subject in 
their  own r ight  (3). 

The following account is in tended to some extent  as 
a review of progress in the last two years and should 
be read as a fol low-up to an earlier paper  by the au-  
thor (4) in which m a n y  of the basic concepts are 
discussed in detail and to which references are made 
in the text  in order to avoid unnecessary repetition. 

Influence of Structure on Film Conduction 
The s t ructure  of thin films represents a large topic 

in its own right and is dealt with here only insofar 
as it is known to affect their  electrical properties (5). 
Single-crysta l  films may be obtained by thermal  oxi- 
dat ion of s ingle-crystal  substrates at elevated tem- 
peratures (6) or by the we l l -known  processes of epi- 
taxial  growth from the vapor phase which are widely 
applied in the technology of semiconductor devices 
involving both e lemental  and compound semiconduc- 
tors. A major i ty  of dielectric films of technical  sig- 
nificance, however, are deposited from the vapor phase 
on relat ively cool substrates or are anodized in aque-  
ous solutions and their  s t ructure is substant ia l ly  amor-  
phous in the sense that  there is an absence of any 
long-range order in the atomic or ionic configuration. 
Between the extremes of amorphous and s ingle-crys-  
tal l ine structures there is a whole range of micro- 
and polycrystal l ine mater ia ls  which may  be obtained 
from the former by the process of thermal  annealing,  
sometimes under  the influence of electron beam bom- 
bardment  (7). The lat ter  feature makes it ra ther  diffi- 
cult to carry out s t ructural  determinat ions  using elec- 
t ron diffraction and electron microscopy, since the 
measur ing technique itself may influence the proper-  
ties being investigated. 

The electrical behavior  of crystal l ine dielectric films 
may  be understood in terms of convent ional  semicon- 
ductor concepts (8, 9): they represent  materials  with 
relat ively large forbidden energy gaps and relat ively 
high carr ier  mobilities, say between 10 and 10 8 cm2/ 
vsec, but  with very  low thermal  carrier  densities. 
They normal ly  contain high densities of localized t rap-  
ping levels, usual ly  distr ibuted over a considerable 
part  of the forbidden gap energy. The most p rominent  
feature of their  behavior  is bulk  space charge l imited 

flow in the presence of inject ing contacts (10) or 
Schottky thermionic emission over a field-lowered po- 
tent ia l  barr ier  in the case of blocking contacts (6, 4). 

The electrical properties of amorphous and glassy 
materials  are much less clearly understood, al though 
considerable progress has been achieved in recent 
years (4, 11-13). Here the concepts of conduction, 
valence and forbidden bands, free electrons and holes, 
mobil i ty  of carriers, donor and acceptor levels, etc., 
require  considerable modifications. 

With regard to the energy band structure, there is 
general  agreement  that this depends main ly  on near -  
est-neighbor dispositions and, to the extent  to which 
these are similar in amorphous and crystal l ine struc- 
tures of the same chemical composition, it may be ex- 
pected that the main  features of the band structure 
remain  similar. However, the sharp band edges of 
crystal l ine lattices become diffuse in amorphous mate-  
rials and give rise to a gradual  t ransi t ion from con- 
ducting states in which carriers are free to move to 
deep t rapping levels in which carriers are strictly 
localized, as shown in Fig. 1. Electronic conduction in 
such structures does not normal ly  occur by free elec- 
trons or holes but  ra ther  by more or less localized 
carriers "hopping" between sites by tunne l ing  with or 
without  slight thermal  activation. In  the presence of 
thermal  activation, which is the normal  process at all  
but  the lowest temperatures,  there is f requent ly  no 
clearly defined activation energy but, instead, the 
graph of resistance vs. reciprocal tempera ture  shows 
a continuous curvature  (14, 15). This is due to the fact 
that  the hopping sites are randomly  distr ibuted both in 
space and in energy and the activation energy in-  
creases with increasing tempera ture  as more and more 
carriers become excited into the conduction process. 
Figure  2 gives an example of this behavior  in the case 
of amorphous films of silicon and germanium. Another  
significant feature is that  the resistivity is apparent ly  
insensit ive to the na tu re  of the material,  in this in-  
stance silicon or germanium,  and is determined main ly  
by the type Of disorder present. This is an example of 
s t ructure sensit ivity which may be representat ive of 
the behavior  of other dielectric films. 

The optical properties of amorphous films general ly 
show reasonable correspondence wi th  the crystal l ine 
forms since they also depend pr imar i ly  on nearest -  
neighbor interactions which are similar  in both. The 
detailed picture of the s tructure of amorphous layers 
such as silicon dioxide, the so-called "silicon mon-  
oxide," and silicon ni t r ide is not at all clear and there 
is very little concrete evidence on it. Silicon dioxide 
is more covalent in na ture  than  silicon oxide which 
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Fig. 2. Logarithm of resistance vs. reciprocal temperature for 
evaporated films of amorphous germanium and silicon [from Ref. 
(15)]. 

contains an appreciable ionic character in the bonding. 
It may be said in general  that the amorphous forms 

are less dense than the crystal l ine modification and 
they have a lower dielectric constant, at least in the 
absence of "doping" impurit ies (16-20). 

Direct  Cur ren t  Conduct ion  
In  principle, any  dielectric film should show an 

ohmic region of current -vol tage  characteristic at suffi- 
ciently low electric fields. In  practice, most films other 
than  those which are heavi ly  "doped" or contaminated 
(see below) do not show this region because of very 
slow polarization phenomena  at the contacts or in the 
bulk  (29). Moreover, with the exception ment ioned 
above, the ohmic region is normal ly  characterized by 
high activation energies of the order of 1 ev (21) as- 
sociated with ionic conduction and it is not discussed 
fur ther  in the present  review. 

At higher fields, the behavior depends to a large 
extent  on temperature,  and an example referr ing to 
evaporated ~ilicon oxide is shown in Fig. 3, quoted 
from Servini  and Jonscher (21). The dotted lines in 
the graph describe four regions. Region I is the ohmic 
region already mentioned.  Region II gives l inear  
graphs of log I vs. V 1/2, Fig. 3(b)  corresponding to 
either Schottky or Poole-Frenkel  emission (4) in which 
the current  is given by  

I : Io exp ([3E 1/2 - -  Vo) 

where E is the electric field, Vc is the ionization en-  
ergy of the localized center (in P - F  conduction) or the 
contact barr ier  height (in Schottky emission).  The co- 
efficient # is given by 

- -  (e/a~o~) 1/2 

where eo~ is the h igh-f requency value of the dielectric 
permit t iv i ty  and the coefficient a = 1 for Poole- 
Frenke l  and a ---- 4 for Schottky mechanism. 

Characteristics of this form have been obtained for 
a wide range of amorphous materials,  f requent ly  giv- 
ing values of a between 1 and 4, and an extensive dis- 
cussion of these mechanisms was given in Ref. (4). 
Some more recent results were reported for BN (22) 
and Si3N4 (19). It  may  be stated that, in  the major i ty  
of known cases of amorphous materials,  as distinct 
from thin  crystal l ine films, the dominant  mechanism 
in this range is some modification of bu lk  Poole- 
Frenkel  electronic transport.  It should be remembered  
that, in order to invoke the Schottky barr ier  emission 
mechanism, it is necessary to postulate that the bulk  
of the mater ia l  offers negligible resistance so that  the 
characteristic is barr ier  dominated up to the highest 
currents.  This is seldom a plausible assumption in 
noncrysta l l ine  films of appreciable thickness, say in 
excess of 1000A. The implication is, further,  that  the 
entire characteristic is electrode determined,  down 
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Fig. 3. Current-voltage characteristics of high-conductivity 
evaporated silicon "monoxide" at various temperatures, showing 
four regions of behavior. Film thickness 3800 ~/sec, pressure 
1.5 x 10 -5  Torr. Film area 0.4 mm 2. (a) log I - -  log V character- 
istics (b) log I - -  V 1/2 characteristics. [From Ref. (21).] 

to the lowest currents.  In  this case, a useful check may 
be to t ry  different metal  electrodes with significantly 
different work functions. 

The question of contacts to specimens showing bulk-  
l imited Poole-Frenkel  emission has been discussed in 
Ref. (4) and the point is merely  repeated here that  
the available evidence suggests that  no serious barr ier  
l imitat ion arises because electrons tunne l  directly 
from the Fermi level of the metal  into the localized 
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Fig. 4. Schematic diagram of a nonblocking contact between a 
metal and dielectric possessing a distribution of deep electronic 
levels [from Ref. (4)]. (Reprinted from Thin Solid Films; with the 
permission of Elsevier-Sequoia S.A., Lausanne, Switzerland.) 

levels in the forbidden gap of the insulator  and no 
activation over the contact barr ier  is involved, as 
shown in Fig. 4. 

Region III  of the characteristics shown in Fig. 3 (a) 
is in termediate  between regions I and II and is char-  
acterized by nonl inear  V-I  dependence, usual ly  a 
power law I oc V", with the exponent  n in the range 
1 < n < 2. This region is strongly tempera ture  de- 
pendent  and may be due to some form of space charge 
limited flow. It  should be pointed out, however, that 
it may be incorrect to apply directly to amorphous 
materials  the concepts developed by Lampert  (10) and 
others for crystal l ine insulators with traps. 

An  impor tant  aspect of d-c conduction which is not 
at present  well  understood is the mechanism domi-  
nat ing at low temperatures  Which has negligible tem- 
pera ture  dependence and which is characterized by 
power- law dependence I cc Vn, with large exponents  
n in excess of 5 and sometimes as high as 15. This 
power law corresponds to region IV in Fig. 3 and has 
already been discussed in  Ref. (4). There are many  
examples of such characteristics in diverse amorphous 
films, for example SiOx (21), Ge (23), TiO2 (24). It 
may be stated that  no other simple relation, exponen-  
tial or otherwise, seems to fit the results quite so well  
as a high exponent  power law. Figure 5 shows curves 
of current  at constant  voltage as a function of tem- 
perature for evaporated silicon oxide. It  is seen that  
the current  is independent  of tempera ture  up to ap- 
proximately 20~ at lower voltages and up to 50~ at 
higher voltages. This mechanism, which is capable of 
passing currents  as high as the Poole-Frenkel  mech- 
anism at much higher temperatures,  is clearly related 
to some form of tunne l ing  mechanism, and yet it dif- 
fers from the famil iar  hopping mechanisms (4, 12, 25) 
which are thermal ly  activated tunnel ing.  It is sug- 
gested that  the explanat ion may lie in tunne l ing  be- 
tween very closely spaced sites, for example nearest  
or nex t -neares t  neighbor sites in the amorphous 
matrix. With their  small  separation, the energy differ- 
ence due to either ex terna l  or in te rna l  coulomb fields 
is sufficiently small  to be accommodated by the in-  
evitable "fuzziness" of the energy levels themselves so 
~hat no phonon collaboration need be involved, resul t -  
ing in t empera tu re - independen t  characteristics. 

Mention may be made here of other power- law re-  
lations which are not necessarily temperature  inde-  
pendent  and may predominate  at higher temperatures.  
Examples may be quoted of SiC (26), BN (22), and 
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Fig. 5. The low-temperature part of the characteristics of Fig. 
3, plotted as a function of temperature with voltage as a param- 
eter and showing the constancy of current at low temperature 
[from Ref. (21)]. 

others, but  it is not clear at this stage whether  similar 
mechanisms apply there. 

An interest ing study of conduction in Nb-Nb2Os-Au 
structures produced by anodization of evaporated nio-  
b ium was reported by Hickmott  (27) who observed 
strong rectification and electroluminescence in the 
"forward" direction of current  flow. His in terpre ta-  
tion of the results is in terms of double injection into 
the insulator with space charge limited flow, with 
some conduction in impur i ty  states. This is an example 
where concepts normal ly  applicable to crystal l ine 
materials  seem to fit the behavior of an amorphous 
film, al though fur ther  results may be necessary be-  
fore a firm judgment  can be made of their validity. 

The question may be asked to what  extent  is polaron 
transport  responsible for conduction phenomena in di-  
electric films. Some speculation concerning the pos- 
sibil i ty of applying small  polaron theory to conduc- 
tion in glasses containing t ransi t ion metal  oxides was 
recently published by Schmid (28). Schmid points 
out the inadequacy of the present  theory which deals 
main ly  with ordered one-dimensional  chains, while 
real glasses represent  extremely disordered three-d i -  
mensional  arrays. It  is not proposed here to enter into 
detailed theoretical arguments,  but  it may be ob- 
served that the broad similari ty of exper imental  re-  
sults between amorphous polar and nonpolar  (Ge,Si) 
materials  suggests that  polaron effects cannot dominate 
their behavior. The evidence in question relates in 
par t icular  to vol tage-current  and conduct iv i ty-f re-  
quency dependence throughout  the range of temper-  
atures covered in the present paper. 

In  discussing the d-c conduction in dielectric films, 
it must  be stressed that the essential criteria for the 
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predominance of electronic over ionic conduction 
must  be the absence of long- term polarization and 
of mass t ransport  effects. 

Alternating-Current Conduction 
Al te rna t ing-cur ren t  measurements  represent  an im-  

portant  tool for probing the dynamic properties of a 
complex dielectric system with its relaxat ion times 
characteristic of the various processes of charge move-  
ment  and dipole orientations. Avai lable  techniques 
cover a very wide f requency range, extending from 
below 10 -3 Hz with the use of voltage s tep-funct ion 
response methods, through a var ie ty  of a-c bridges, 
slotted l ine and microwave measurements  up to 1011 
Hz, with far infrared measurements  becoming pos- 
sible beyond that. The low frequency end of the spec- 
t rum gives informat ion about slow, main ly  ionic 
phenomena of both the bu lk  and interracial  type;  they 
may also correspond to molecular  rotations. Examples 
of such measurements  on evaporated silicon oxide and 
anodized a luminum oxide were published recent ly by 
Argall  and Jonscher (29) and they are discussed fur-  
ther here since they do not correspond to electronic 
phenomena. Characteristic features of this f requency 
region are the presence of pronounced peaks of loss 
tangent,  a large dispersion of capacitance, and activa- 
t ion energies of the order of 1 ev typical  of ionic 
phenomena.  

A different behavior  is found in evaporated silicon 
oxide and anodized a luminum oxide in the frequency 
range 102-106 Hz. Figure 6 shows the dependence of 
conductivi ty on frequency for a range of temperatures,  
while Fig. 7 shows the a-c conductivi ty plotted against 
reciprocal tempera ture  for constant frequencies. The 
low-tempera ture  activation energy is approximately 
0.(}1 ev and is certainly of electronic origin. The high-  
frequency end shows a tendency to quadratic depend-  
ence of conductivi ty on frequency, a characteristic 
phenomenon observed in many  other systems com- 
prising highly disordered, amorphous, or glassy struc-  
tures. Figure 8 gives the example of bulk  polymeric 
CS2 which is an "amorphous" substance lacking any 
long-range order (30). Resistivity and permi t t iv i ty  
are plotted in the frequency range 102-5 x 1010 Hz. 
Conductivi ty shows three distinct regions: at fre-  
quencies below 106 Hz, conductivi ty increases rather  
less rapidly than proport ionally to frequency and 
there is an activation energy of 0.15 ev. Beyond this 
frequency, there is a region of exact square- law de- 
pendence which appears to have a very small  activa- 
tion energy. The conductivi ty finally shows saturat ion 
at 109 Hz, which may be associated with a na tura l  
hopping frequency of the charge carriers. Somewhat 
similar f requency dependence has been found in some 
glasses (31) and also in t ransi t ion metal  oxides (32). 

A common feature of all these mechanisms, show- 
ing a monotonic increase of conductivi ty with fre- 
quency with possible saturat ion at high frequencies, 
is their  re la t ively weak tempera ture  dependence. They 
have been interpreted (4, 29) in terms of electronic 
hopping motion, which corresponds to thermal ly  as- 
sisted tunne l ing  between discrete sites, as distinct 
from transport  of effectively free carriers in the 
valence and conduction bands of conventional  crys- 
tal l ine conductors, which shows a conductivi ty de- 
creasing with frequency at sufficiently high f requen-  
cies. 

It may be noted in this connection that the strong 
dependence of conductivi ty on frequency would nor-  
mal ly  be associated with electronic rather  than  ionic 
processes. This is so because the lat ter  correspond to 
much lower na tura l  hopping frequencies--of  the order 
of 1 Hz or much less- -  and would therefore be 
saturated at radio and even audio-frequencies.  

Thermally Stimulated Currents 
The famil iar  vol tage-current  dependence at con- 

stant  temperature,  the (I,V)T characteristic, repre-  
sents one means of characterizing the properties of a 

iO-e 

'E 10"7 
0 

I0 -s 

I0-~0 

i0 -=t 
Z 
0 
o 10-12 

(a) 

I 

# 

~" 7 7 J  
/ 

10 2 10 3 10 4 10 5 

FREQUENCY, f (H z ) 

i06 

10-6 

, 10-7  
E 
0 

~c::] IO-e 
v 

b 
>_- 10-9  

(b) 

r(~ 
450j 

I -  
Y, 
V--Io 

I0 - I I  
o 
o I0_= 2 ,," 

10 2 I0 ~ I0 4 10 5 

FREQUENCY~ f (Hz)  
(b) 

Y 

IO s 

Fig. 6. Variation of a-c conductivity with frequency for (a) 
evaporated silicon oxide and (b) anodized aluminum oxide [from 
Ref. (29)]. (Reprinted from Thin Solid Films; with the permission 
of Elsevier-Sequoia S.A., Lausanne, Switzerland.) 

conductor. A complementary  characteristic which is 
par t icular ly  useful for dielectric and poorly conducting 
systems is the cur ren t - t empera tu re  characteristic at 
constant  voltage, denoted as the (I,T)v characteristic. 
In nonconduct ing materials  which have previously 
been excited from their  thermaI equi l ibr ium condi-  
tion by some external  agency, this characteristic de- 
termines the thermal  release of stored charge or po- 
larization and is known as the method of thermal ly  
st imulated currents,  in the case of photoconductors, 
and thermal  glow curves in the case of phosphors (33- 
35). Prior  excitation is an essential condit ion for ob- 
ta ining thermal ly  s t imulated peaks, since without  it 
one obtains the ordinary  cur ren t - t empera tu re  charac- 
teristics at constant  voltage, as for example in Fig. 5. 

The application of this method to the thermal ly  
s t imulated discharge of a capacitor previously charged 
by the application of a biasing voltage is not so well 
known, one account having come to our notice relat-  
ing to thin layers of cadmium sulfide (36). One of the 
first experiments  with silicon oxide and a luminum 
oxide films has been performed by Servini  and Jons-  
cher (21) and is described briefly here. 

The method consists in applying a bias voltage V~ 
at some biasing tempera ture  Tb and subsequent ly  low- 
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ering the temperature,  with the bias applied, to some 
suitable low tempera ture  at which the current  be- 
comes negligibly small. A collecting voltage Vc, dif- 
ferent from Vb, is then applied and the tempera ture  is 
raised at a un i form rate d T / d t  = R and the current  
is recorded as a funct ion of temperature.  The response 
shows one or more peaks which correspond to the 
release of trapped charge or polarization. The re levant  
activation energies are related to the temperatures  of 
the peak maxima and to the peak half-width._An ex- 
ample of the response with several peaks is shown in 
Fig. 9. Where two peaks are closely spaced on the 
temperature  scale, the method of thermal  quenching 
may be employed, as shown in Fig. 10, for peaks la- 
beled H1 and H2. One of the characteristic features 
of thermal ly  s t imulated currents  is the constant  ratio 
of peak area A to heating rate R. The peaks reported 
here show a very  good constancy of this ratio, con- 
firming the correctness of the in terpre ta t ion of their  
origin. 

Altogether, five peaks have been identified in evap- 
orated silicon oxide films. The one most easily o b -  

PEAK H1 

PEAK H2 1 

.= 

,so ,85 2,8 2~5 2"9 2;~ 31~ g,  ~8 
TEMPERATURE =K 

Fig. 10. Thermal quenching of two closely spaced peaks H1 and 
H2. Curve 1 gives a normal heating run. Curve 2 shows heating 
only up to the trough between the peaks, followed by cooling to 
low temperature (curve 3), and immediately reheating (curve 4) 
which produces peak H| unencumbered by the toil of peak H2 
[from Ref. (21)]. 

servable is labeIed H1 and is obtained when films are 
cooled from room tempera ture  or slightly lower with 
a moderate bias. Its area increases l inear ly  with bias 
voltage and the charge involved is always much higher 
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lower energy peak H2 and eventual saturation of both peaks at 
high bias voltages [from Ref. (21)]. 

than that  corresponding to the geometrical capacitance 
of the film. At  sufficiently high bias voltages, corre- 
sponding to the onset of the Poole-Frenkel  regime 
(region II) ,  peak H1 saturates and a smaller  peak H2 
appears. This peak has a lower activation energy than  
peak H1. The dependence of the areas of the two peaks 
on the biasing voltage is shown in Fig. 11. 

At low biasing temperatures,  of the order of 130~ 
and high biasing voltages, a low-temperature ,  low- 
energy peak is observed, labeled S1. At  high biasing 
temperatures,  in excess of 330~ two more peaks 
have been observed, labeled I1 and I2. 

The in terpre ta t ion of these results given by Servini  
and Jonscher is briefly as follows. Peak H1, the en-  
ergy of which is 0.35 ev, corresponds to charge t rans-  
fer between relat ively widely spaced pairs of centers, 
i.e. a form of thermal ly  assisted hopping. It  is sug- 
gested that these are the same centers which are re-  
sponsible for the d-c Poole-Frenkel  process which 
shows an activation energy of 0.45-0.6 ev, when ex- 
t rapolated to zero field. The lower value of the energy 
of peak H1 may be understood if one assumes that 
the peak arises from transi t ions between relat ively 
closely spaced pairs of centers in  which the barr ier  is 
lowered by Coulomb interaction, while the Poole- 
Frenkel  emission occurs into relat ively more distant  
centers against the full  height of the barrier.  Peak 
H2 is found to correspond to a spread of energies from 
0.2 ev downward and is considered to be due to much 
more closely spaced centers than  peak H1. It  may be 
identified with the mechanism responsible for a-c 
conductivi ty reported by Argall  and Jonscher (29). 

Peak SI is shown to be due to some form of in -  
jected space charge, its activation energy being dis- 
t r ibuted from probably 0.1 ev downward.  All  these 
peaks appear, thus, to be of electronic origin. 

Peaks I1 and I2 have activation energies of 0.6 and 
0.8 ev, respectively, and are clearly identified with 
bulk  and interracial  ionic polarization mechanisms 
reported by Argal l  and Jonscher (29). 

It is clear that  fur ther  work on thermal ly  s t imu-  
lated peaks in a wider  variety of dielectric films may 
lead to bet ter  elucidation of the mechanisms involved 
in the conduction processes. 

I m p u r i t y - I n d u c e d  Conduc t iv i t y  
In the case of crystal l ine semiconductors and in-  

sulators, impur i ty  atoms and lattice defects of den-  
sity N may act as relat ively shallow donor and ac- 
ceptor levels which at sufficiently low temperatures  
produce free electrons or holes in numbers  n propor-  
t ional to the square root of N 

n oc N'/2 exp (--eJ2kT) 

where ,a is the activation energy of the centers. At 
higher temperatures,  such that  eg < kT, saturat ion 

may be reached with 
n ~ N  

A crystal  lattice, however, has an  upper l imit  to the 
solubili ty of defects, which is of the order of 1020 cm -3, 
or 0.1 atomic per cent. Beyond this limit, the centers 
cease to be electrically active by forming a separate 
phase precipitat ing in the lattice. 

The si tuation is ra ther  different in an amorphous 
solid for two main  reasons. First, the general ly  more 
loose s tructure of an amorphous mater ia l  implies 
greater abil i ty to accommodate impurit ies to the ex- 
tent  of several atomic per cent without  necessarily 
losing the basic features of the host solid, for example 
the optical absorption spectrum. Second, however, the 
electrical effectiveness of defects is much reduced 
since, even if they did tend to produce free carriers, 
these are l ikely to be trapped in the deep levels pres-  
ent in the forbidden gap due to the disorder, Fig. 1. 
This point was made by Gubanov (11), among others, 
and is borne out by exper imental  evidence. 

Given a sufficiently high densi ty of impurities,  how- 
ever, the conductivi ty is found to increase, although 
as yet there is little quant i ta t ive  informat ion about 
this effect. Hu and Gregor (20) report  an increase of 
the conductivi ty of amorphous silicon ni tr ide films 
reactively sputtered in argon-ni t rogen mixtures,  with 
decreasing percentage of ni t rogen in the gas. They 
at t r ibute  this to a dispersed silicon phase in the films. 
Walley (15) reported results with silicon and germa- 
n ium films which may be interpreted in somewhat 
similar terms. Figure 12 shows his graph of the re-  
sistivity of silicon and germanium films vs. evaporation 
rate. At relat ively fast deposition rates, the resistivity 
is independent  of rate and hence, presumably,  of the 
amount  of oxygen included in the film. At sufficiently 
low rates, however,  the resist ivity increases rapidly 
unt i l  it reaches a value typical of silicon oxide. This 
end of the graph may be interpreted,  therefore, as a 
contaminat ion or "doping" of silicon oxide by silicon, 
with the resul t ing increase of conductivity. Germa-  
n ium is less sensitive because of its lower oxygen 
affinity but  the effect is qual i ta t ively similar. 

I0" 

io "~ 
E 

> 

O 
I 
O 

j ~  

O 

b) 

5O tOO 

DEPOSITION RATE (A/SeC) 

Fig. 12. The resistivity of evaporated amorphous films of sili- 
con (a) and germanium (b) as o function of the deposition rate 
[from Ref. (15)]. 
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The extreme case of highly impure  dielectrics ob- 
tained by coevaporation of a metal  such as chromium 
or gold and a dielectric such as silicon oxide are the 
so-called cermets which usual ly  consist mostly of 
metal  with up to, say, 40% of the dielectric. Relat ively 
little quant i ta t ive  informat ion is available about the 
physical properties and mechanisms determining the 
conductivi ty in cermets (37), which is perhaps under -  
s tandable in view of the very complex na ture  of these 
materials  and also in view of the highly empirical  and 
objective approach to their  production (38-40). 

Detailed work on the properties of silicon oxide co- 
evaporated with Copper and containing between 0 and 
60% Cu shows not only an increase of conductivity by 
several orders of magnitude,  but  also the onset of 
ohmic electronic conduction at room tempera ture  and 
a distinct lowering of the activation energy for Poole- 
Frenke l  conduction (41). 

Photoelectric Phenomena 
In the case of crystal l ine conductors, especially 

those possessing relat ively high resistivity, photoelec- 
tric phenomena offer valuable insight into the physical 
properties of the material ,  such as the mechanism of 
interact ion with radiat ion and the kinetics of recom- 
binat ion processes. In  addition, photoelectric effects 
at interfaces provide useful  informat ion about the 
barr ier  heights at contacts. Similar  considerations ap- 
ply to amorphous dielectric materials  in the form of 
thin films, provided that  due allowance is made for 
their  structure.  In  particular,  it is very unl ike ly  that  
free electron-hole pairs should survive for anyth ing  
like a sufficient length  of t ime to give rise to ambi-  
polar effects. Fur thermore,  t rans ient  measurements  of 
rise and decay of photocurrent  with rec tangular  light 
pulse excitation, which represent  a most useful means 
of measur ing the characteristic lifetimes in  crystal l ine 
materials,  may  have l imited application in view of 
the often long dielectric re laxat ion times. 

The response of a dielectric film to i l luminat ion  
through a semit ransparent  top electrode may be due 
to one of three principal  causes: photoinjection of 
carriers from one or both electrodes, photoconductivi ty 
due to excitation of carriers wi th in  the film itself, and 
spurious thermal  effects due to heat ing by radiation. 
The last one represents a nont r iv ia l  problem and 
special exper imental  precautions are necessary to in-  
sure that  it is negligible or properly allowed for. 

Photoinject ion from the electrodes was studied 
main ly  in very th in  films, of the order of 100A, by 
Nelson and Anderson (42), Shepard (43), Schuer-  
meyer  (44), and Mead, Snow, and Deal (45), and in 
thicker SiO films by Har tman,  Blair, and Bauer (46). 
These measurements  give information about the height 
and shape of the potent ial  bar r ie r  between the metal  
electrodes and the film. Photoconduction measure-  
ments  by Ul lman (47) on sputtered t an ta lum oxide 
films in the thickness range 700-7600A were in ter -  
preted in terms of a single trap level of depth 0.25 
ev. The presence in an amorphous film of such a 
clearly defined t rapping level may be surprising, bu t  
it is confirmed in the case of silicon oxide by the re-  
sults of Servini  and Jonscher (21) already described 
above. 

Switching in Dielectric Films 
Many examples of so-called "switching" phenomena 

have been reported in the l i terature and many  more 
are known by private contacts between individuals  
engaged in the study of this ra ther  complex subject. 
Switching in this context is defined as a more or less 
controlled and reversible t ransi t ion between two or 
more conducting states differing appreciably in re-  
sistance, with the proviso that one or both states may 
exhibit  nonl inear  vol tage-current  characteristics. 

The whole subject has hardly  yet reached a stage 
where detailed models may  be put  forward with any 
confidence and reproducibi l i ty  leaves a good deal to 
be desired. The present  discussion is therefore neces- 
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sarily restricted to generali t ies and in the first place 
an at tempt  will  be made to classify the ra ther  diverse 
phenomena that  are being referred to as switching. 

It is felt that  it may be helpful  to dist inguish be- 
tween switching in definitely crystal l ine materials, on 
the one hand, and in amorphous and glassy materials, 
on the other. A var ie ty  of mechanisms have been pro- 
posed for the explanat ion of switching in the former 
(48), in part icular  double inject ion from end elec- 
trodes (10), avalanche inject ion (49), avalanche mul -  
t iplication leading to a change in the scattering mech- 
anism (50), more recent ly  acousto-electric interact ion 
in piezoelectric materials  (51), and avalanche mul t i -  
plication involving t ransi t  t ime effects (52). Some 
of these mechanisms are likewise being invoked in 
the case of glassy and amorphous materials,  but  the 
si tuation there is considerably more complex. 

In  general, in switching l i terature one distinguishes 
between current-control led  and voltage-controlled 
negative resistance, Fig. 13. This dist inction is cer ta inly 
helpful  in those cases where the negative resistance i t-  
self is accessible and where no "memory" effects are 
involved. If memory  is present, Fig. 14, then the dis- 
t inct ion loses its significance since either branch may 
be traversed from the origin and it is not obvious 
which mechanism applies. 

The presence of memory implies that  some perma-  
nent  changes take place in the mater ial  so that the 
last state of the device is preserved after the removal  
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Fig. 13. Current-controlled negative resistance (a) and voltage- 
controlled negative resistance (b). A possible form of hysteresis is 
shown. 
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Fig. 14. Bistable switch with "memory"--the switch remains in 
either state when the current is reduced to zero and is subse- 
quently increased again with the same or opposite polarity. 
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of bias. This normal ly  means s t ructural  changes, al-  
though long- term t rapping phenomena are sometimes 
ment ioned as possible. St ructural  changes may mean, 
for example, localized crystall ization in a noncrysta l -  
line matrix,  t ransformat ion from one crystal l ine phase 
to another, or solid-state diffusion of atoms or ions. 
In the extreme case, it could mean  localized mel t ing 
of the material.  The meta l - insula tor  t ransi t ion pro- 
posed by Mott (12) could fall in this category. 

Switching was reported in semiconduct ing glasses 
by Pearson et aL (53) and Dewald et aL (54). In 
addition to fast reversible switching, these authors 
also describe the memory function which these de- 
vices could perform and which requires no holding 
voltage in either the "off" or "on" states. It was 
proposed that  the effects could be explained in terms 
of a t ransformat ion of the glass to filaments of crys-  
tal l ine phases having high conductivity. This view was 
also expressed by Eaton (55). More recently, switch- 
ing was also observed by Ovshinsky and led to the 
development  of two devices, the Ovonic Threshold 
Switch and the Ovonic Memory Switch (56). The 
former is explained in terms of an increase of mobil-  
ity, the lat ter  by a t ransi t ion to crystal l ine state in 
localized filaments. 

Detailed studies of reversible memory  switching in 
CuO:P205 glasses by Drake, Scanlan, and Engel (57) 
led to a model involving two valence states of the Cu 
ions which occupy differently coordinated sites in 
the glass. The high-resistance state is due to hopping 
between these sites, while the low-resistance state is 
the resul t  of a s t ructural  t ransformat ion along a con- 
t inuous path in the glass. 

Argall  (61) reported fast bistable switching in films 
of SiOx and A1203. Chopra (62) postulated avalanche 
mult ipl icat ion with space charge injection to explain 
current-control led  negative resistance which he found 
in films of anodized oxides of Nb, Ta, and Ti. A de- 
tailed account of switching in anodized TiO, showing 
three reproducible characteristics, is given by Argal l  
(63), Fig. 15. 

There is some discussion, main ly  unpubl ished as 
yet, as to whether  these and other switching phenom-  
ena observed in th in  films are of a f i lamentary ra ther  
than distr ibuted na ture  (64). It  is suggested that  
crystall ine filaments may grow in the glassy matr ix  
under  the influence of the intense electric field, par-  
t icular ly in  the presence of some "nucleating" im-  
purities. When once the filaments have bridged the 
film between the electrodes, enhanced current  may 
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Fig. 15. Current-voltage characteristics of anodized titanium 
oxide with aluminum top electrode: (a) states 1 and 2 at 77~ 
(b) states 1, 2, and 3 of a different sample at 300~ [from Ref. 
(61)]. (Reprinted from Solid-State Electronics; with the permission 
of Elsevier-Sequoia S.A., Lausanne, Switzerland.) 

flow, and memory  persists, un t i l  a sufficiently high 
current  causes thermal  destruction of the filaments. 
It is ra ther  early yet to pronounce definitely on the 
merits  of this type of mechanism, although it is l ikely 
to account at least par t ia l ly  for some of the observed 
phenomena.  

The principal  shortcoming of all dielectric switches 
is their two- te rmina l  na ture  which means the absence 
of a control or gate electrode. It may be that  some 
mechanisms may be found possessing sufficient light 
sensitivity to be capable of being tu rned  "on" by means 
of light. Pure ly  two- te rmina l  switches, especially 
those possessing memory, would be very useful if 
they could be made rel iably in large numbers  per 
uni t  area. 

Conclus ions 

The exper imental  evidence and the theoretical con- 
siderations presented above lead to the conclusion 
that electronic conduction in dielectric films is re-  
sponsible for a wide range of phenomena,  even in 
materials which are t radi t ional ly  considered to be 
ionic in nature.  In particular,  electronic conduction is 
l ikely to dominate the behavior  at high electric fields, 
whether  through Schottky or Poole-Frenkel  mech- 
anisms, at very low temperatures  where the ionic mo-  
tion is v i r tual ly  "frozen out," and at frequencies in 
excess of the audio range, where  the ions cannot move 
sufficiently rapidly. By contrast, low-frequency,  low- 
field, and h igh- tempera ture  transport  is l ikely to be 
dominated by ionic motion with its higher activation 
energies and lower characteristic frequencies. Ex- 
ceptions to this might be found in sufficiently heavily 
"doped" materials,  so that  electronic motion predom- 
inates even under  these conditions. Combinations of 
ionic motion and electronic t ranspor t  are possible, 
especially in phenomena such as switching, where the 
movement  of ions may serve the purpose of modifying 
the electronic transport.  

Our present -day  knowledge of the detailed mech- 
anisms of electronic conduction in dielectric films is 
ra ther  scant. Exper imenta l  study of specific mech- 
anisms, such as Poole-Frenkel  transport,  a-c con- 
ductivity, and thermal ly  st imulated currents,  may 
give information about the activation energies bu t  not 
necessarily about the detailed na ture  of the centers 
which are responsible for conduction. More systematic 
study will  be required of well-chosen specimens of 
dielectric films by a variety of complementary  meth-  
ods before a complete picture can be bui l t  up. 

It  is possible to state that  d-c conduction is strongly 
s t ructure  sensitive and it may differ as much between 
samples of nomina l ly  the same mater ia l  prepared by 
different methods, as between samples of different 
materials.  Relat ively large additions of foreign im-  
purities or large departures from nominal  composition 
are required to change significantly the level of d-c 
conduction. A-C conductivi ty may become high at 
sufficiently high frequencies. The dominant  mechanism 
of a-c conduction is usual ly  different from that re- 
sponsible for d-c transport,  as may be seen from dif- 
ferent  activation energies. Although both may well  
be interpreted as due to some form of hopping, l i t t le 
can be said at this stage about the na ture  of the 
hopping centers, and, in particular,  about their  cor- 
relat ion with structure. 

Photoelectric studies appear to offer a rewarding 
field for fur ther  work and so does the effect of im- 
purities. Switching is l ikely to remain  a "happy hun t -  
ing ground" for people with a strong device motiva-  
tion and with confidence in their  abil i ty to conquer 
the forces of molecular  chaos. 
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The Role of the Scientific Community in the Scientific Age 1 

Ivor E. Campbell* 

The present  age has wi th in  recent  years been called 
in succession, the Scientific Age, the Atomic Age, and 
the Space Age. It might  well  be called the Age of Un-  
rest. 

Within  the past twelve months we have seen in-  
creasing demands in the ranks of our sister societies for 
society involvement  in  matters  of social concern. A 
concerted effort has taken  place and is cont inuing in 
one major  scientific society to develop a division that  
would, in effect, become a political action division. 

A major  engineer ing school was the focal point  for 
a "Research Strike" called in support  of protest against 
involvement  of universi t ies in certain government  pro- 
grams. 

A major  chemical company- -one  of the patron mem-  
bers of this Society--was the victim of vandal ism by a 
group protest ing the company's  involvement  in prep-  
arat ion of materials  for the Depar tment  of Defense. 

Unfor tunate ly  these are but  a few of m a n y  examples 
that  could be cited as signs of the times. 

Dissent and unres t  are widespread. Inst i tut ions and 
what  is commonly referred to as '" the Establ ishment"  
are being challenged on all fronts. It may be an  over-  
simplification but  I submit  that this is in large measure 
due to man 's  fai lure to learn to live with himself. 

Mutual  respect and unders tanding  have always been 
moral  and spir i tual  goals. Today, they become a neces- 
sity for cont inuat ion of society itself. The unres t  of 
today is grounded largely in  the realization that  m a n  
may not be able to cope with his own knowledge. 

In  a recent  article, Dean Marlow of Catholic 
Univers i ty  cautioned that  technology is a two-edged 
sword and said "our society cannot  exist without  it", 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 T h e  E l e c t r o c h e m i c a l  S o c i e t y  P r e s i d e n t i a l  A d d r e s s ,  d e l i v e r e d  a t  

the  N e w  York M e e t i n g  of  the Soc ie ty ,  M a y  6, 1969. 

point ing out that  the North American  continent,  
"which now supports a sophisticated life for a quar ter  
of a bi l l ion inhabitants ,  scarcely supported a mil l ion 
people at a subsistence level before the advent  of 
Western technology." He went  on to say, "Yet we do 
not yet know whether  or not we can cont inue to exist 
with it." 

Is it not paradoxical  that  science and technology 
which have made the "Good Life" possible must  now 
face the challenge of those who would blame science 
and technology both for man ' s  fai lure to distr ibute 
more broadly the fruits of science and technology and 
for man 's  tendency to exploit more fully the destruc-  
t ive potent ial  in scientific discoveries than the con- 
structive? 

Science, like "The Establishment",  is now being 
challenged from diverse directions with increasing 
vigor. Some would even equate knowledge and evil. 

However, as Glenn Seaborg has pointed out, "Knowl-  
edge is born without  moral  properties. It is ma n  who 
applies it according to his acquired pat terns of be- 
havior. Man, not knowledge, is the cause of violence." 

Fur ther ,  as Professor Wil l iam Kiefer stated, "Another  
myth  that  needs exploding is that  some kinds of 
knowledge are bad, and others are good. Even worse is 
the idea that  the search for knowledge can be good or 
bad depending on the use to which knowledge is put." 

James Bryant  Conant  provided a thought-provoking 
and positive approach to challenges of the ul t imate 
value of the quest for knowledge when he said, "There 
never  has been a discovery of physical science that  has 
not s t rengthened the hand  of the Good Samari tan."  

Those of us concerned with science and technology 
might  be incl ined to regard the challenge as pre-  
posterous. But  the fact that  such eminent  scientists and 
educators as Conant  and Seaborg have felt constrained 
to address themselves to it is evidence of its serious- 
ness. 

It is well  to recognize that  a major  share of our 
total scientific effort today is based on government  
support. James Shannon  puts the mat ter  in focus when 
he asserts, "The ul t imate  patron of science is the 
public" . . . and . . . "they have not  been given an 
unders tanding  of science that can serve as a base for 
its continued support and evolution." 

He calls upon the scientific communi ty  to devise 
means of fostering a broader unders tanding  of the 
revolut ionary  technological forces that  can be u n -  
leashed by a vigorous science for the be t te rment  of 
society. 

Science has, in the past, been to a large degree 
isolated, or at least insulated from the real  world. 
Publ ic  att i tudes reflected an unquest ioning faith in the 
u l t imate  good of science. This has now changed--"The  
Establ ishment"  of science is being challenged by its 
pa t rons- -The  Public. 

In  analyzing this matter,  Dr. Kenne th  Pitzer focused 
a t tent ion on certain facts of life for those interested in 
factors sur rounding  support  of research. The follow- 
ing excerpts are germane to our consideration here. 
"The period of increasing, and largely unquest ioning,  
support  has ended." "In leveling off appropriations for 
research, business leaders and congressmen are now 
evaluat ing science more critically than  previously by 
the same criteria they use in making decisions about 
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other matters." "Now we are faced with the collapse 
of the assumption that  more science is unques t ionably  
desirable." 

He concluded "We must  be more explicit about the 
contr ibut ions of scientific research to part icular  na-  
t ional goals. We must  discuss recent research which 
has been valuable as well  as the degree of relevance of 
various basic fields to practical problems." 

He went  on to caution that esoteric subjects should 
not be avoided but  asserted that the desire of more and 
more people to work in  a given field is no longer an 
adequate reason for indefinite expansion of Federal  
support  and concluded that more convincing criteria 
must  be developed to just i fy the magni tude  of effort in 
each discipline. 

Aside from the number  of respected scientists and 
engineers who have expressed their  concern as to the 
role of the scientific communi ty  in the scientific age- -  
more concrete evidence that the hour  is here for con- 
cern has developed. A bill  was recent ly introduced in 
the United States Senate by Senator Muskie---to es- 
tablish a Senate Select Committee on Technology and 
The Human  Environment .  

Those test ifying at the pre l iminary  hearings were 
uni formly  in favor of the bill. And it is undoubtedly  a 
step in the r ight  direction. However, a comment  by the 
Senator is interesting,  to say the least. He said, "We 
don't  know what  our policies of controll ing science 
and technology should be." 

The Senator may not  have meant  quite what  a l i teral  
in terpre ta t ion would i m p l y - - b u t  there are increasing 
numbers  who would. This may well  be a forecast of 
things to come, with science and technology being sub-  
ject to more criticism and control from without. 

This is not to deny that  criticism and control are not 
only justifiable but  even essential in certain areas. 

Referr ing again to Dr. Pitzer 's review, it was pointed 
out that  most major  new technologies are already in-  
fluenced or regulated by the government  in some way. 
Notable examples are drugs, pesticides, nuclear  energy, 
television, air  t ransportat ion,  pollut ion control, and oil 
drilling. Quoting Dr. Pitzer, "Thus it would not neces- 
sarily extend the range of government  control to ask 
that  this influence on, or regulat ion of new technologies 
be more sensitive to humanist ic  factors." 

However, the pendu lum never  stops at the happy 
medium in human  affairs, and the probabi l i ty  of con- 
trols and directions that  are other than  opt imum is 
very real. 

It is the responsibil i ty of the scientific communi ty  to 
see that  control is from an enl ightened base and to be- 
come involved as individuals  in  the political and social 
implications of science and technology. 

Harvard 's  Harvey Brooks stated at the Senate hear-  
ings, "Our problem is to discipline our mastery of na -  
ture  and society so that man  can live in  harmony both 
with na tu re  and his own human  nature."  He went  on 
to say, "This means not less, but  more and more 
sophisticated, science and technology." 

However, the mat ter  of support  for science and 
technology is not unilateral .  Since even the federal  
government  does not have unl imi ted  resources, it be-  
comes a mat ter  of choice. 

The  demands of society clearly exceed its present ly 
available resources. In  the establishment of priorities 
it  is to be hoped that  the selection wil l  be based on en-  
l ightened self interest  of the public. Former  President  
Kennedy  pointed out, "Scientists alone can establish 
the objectives of their  research, but  society, in ex- 
tending support  to science, must  take account of its 
own needs." 

The basic question is as Frederick Lindval l  put it, 
"How should resources be allocated between science 
and other activities and needs of society? And wi th in  
science, pure  and applied, how should resources be 
allocated?" 

I do not propose to speak to this subject, let alone to 
offer answers. My purpose here is to point out some 
of the searching questions that  are being asked by the 
public, by  public officials, and by their  advisers and to 
discuss the importance of establishing better  com- 
municat ion  between the scientific communi ty  of which 
we are a par t  and other elements of our society for our 

mutua l  benefit and, what  is more to the point, for the 
benefit of society as a whole. 

Technology today has "Bad Press" in certain areas. 
Former  President  Johnson cautioned, "An aggrieved 
public does not draw the fine line between good science 
and bad technology. In a democratic society, the public 
at t i tude toward science must  always be a real concern 
of the scientific community.  If that  at t i tude is to be 
favorable, science must  be prepared to play its part  in 
correcting the flaw in our environment ."  

A famous scientist once said, "Just as middle ages 
ma n  could not ignore the church, nor renaissance man  
the arts, nor eighteenth century  man  political thought, 
so modern  ma n  cannot ignore science." Today, modern 
man is not ignoring science, and now science cannot 
ignore modern  man. 

The major i ty  of our college students  today are n o n -  
science majors, and they as voters, business men, ad- 
ministrators,  and legislators will  have much to say as 
to the direction of science and technology. If they are 
to have an unders tanding  and appreciation of the role 
science has in  the modern culture, the scientific com- 
muni ty  must  abandon its stand-off posture. 

The scientific community,  being best prepared to 
sense the impact of its advances, should become more 
deeply involved as individuals  in community,  nat ional  
and in terna t ional  affairs, which are so dramatical ly  
affected by scientific advance. 

Please note, I said as individuals.  There are those 
who disagree, but  I am personally convinced that  there 
are valid and sufficient reasons for the scientific 
societies to address themselves to their  stated ob- 
jectives and to stay out political affairs. 

As individuals,  the contrary is true, and  there are 
compelling reasons for involvement .  

Having presented the case before the argument ,  let 
us go back and consider a few of those areas of 
scientific advance which have a profound and serious 
impact on our society. 

The weapons area is well  publicized and perhaps 
more widely understood, or at least of more general  
concern than  other areas, and will be noted only in 
pass ing- -nuc lear  weapons, guided missiles, and homing 
devices, par t icular ly  in combination, present  awesome 
capabilities of self-destruct ion and have had a pro- 
found impact on our th ink ing  and action in  in te rna-  
t ional  areas. 

The weapons arsenal  makes massive research efforts 
geared to defense manda to ry - - the reby  affecting in 
theory, at least, our efforts in other areas. I say in 
theory, because I am not personally convinced that  we 
would be wil l ing to divert  equivalent  efforts to do- 
mestic problems. We have not so far addressed our-  
selves to such problems as medical research, hospitals, 
schools, s lum clearance, pollut ion control, highways, 
etc. with the same intensi ty  and  with the same high 
level of funding that  we have granted, however re-  
luctantly,  to defense needs. 

Let us pass on, nevertheless,  to other areas perhaps 
less commonly recognized by the man  on the street. 

Medical science has not in  real i ty  succeeded, as yet, 
in affecting the life expectancy significantly of those 
who escape accident or major  illnesses, i.e., the Biblical 
three score and ten is still  not  too far off. It  has, 
however, sharply curtai led the death rate  at b i r th  and 
in infancy, par t icular ly  in underdeveloped lands, and 
thereby played a major  role in the populat ion ex- 
plosion with its a t tendant  problems. One expert  in the 
area of populat ion growth pointed out in 1957 that in 
20 years the populat ion of India alone could equal that  
of the entire world at that  t ime if the death rate were 
reduced to that  in the United States and the bir th rate 
remained at its cur rent  level. Conceding that  the bir th  
rate has in the past declined as countries have become 
more prosperous, most recent  projections of the world-  
wide populat ion t rend indicate that  inheren t  compen-  
sation factors will  not solve the problems resul t ing 
from the mushrooming population. 

The populat ion explosion presents major  areas for 
scientific and engineer ing development  improved 
sources of food, both na tu ra l  and synthetic, wil l  be re-  
quired, areas not cur rent ly  suitable for habi ta t ion must  
be reclaimed, water  supplies must  be improved, im-  
proved means of waste disposal must  be developed, 
and pollut ion problems must  be attacked more 
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vigorously. It seems incredible to consider the necessity 
of going to great lengths to reclaim waste land, while 
cont inuing to render  available areas less and less 
habitable.  

In the past, man  has abandoned areas which he has 
rendered desolate and moved on to more fertile fields. 
In  the future, the point  will  be reached where this is 
no longer possible. Society wilI have to live with the 
env i ronment  it creates, it  will  no longer be able to 
abandon it. 

Our water  resources will be a major  problem. In fact, 
in  certain areas it is a lready the n u m b e r  one problem. 
Usable water  is confined to a relat ively small  are of 
the globe, and human  and industr ia l  wastes area con- 
tamina t ing  this l imited supply at a steadily increasing 
rate. Further ,  industr ia l  development  in remote areas 
is f requent ly  cont ingent  upon development  of eco- 
nomic sources of water. 

Climate control, or at least climate modification, may 
well  be on the horizon. This may present  major  in-  
ternat ional  problems. We are all aware of the legal 
concepts of the right to receive and discharge surface 
waters. Consider how infinitely more complex are the 
legal ramifications inheren t  in climate control. We see 
a forerunner  of these in controversies over cloud seed- 
ing experiments.  

To develop resources for servicing the expanding 
population, it is not sufficient to provide a water  
supply. All  of the requirements  of a concentrated 
populat ion must  be met. These include avai labi l i ty of 
other mater ia l  resources, avai labi l i ty  of energy t rans-  
portation, etc. 

As raw materials become less abundant ,  or of lower 
quality, new materials,  new sources, and new process 
technology must  be developed. 

Jet  air t ravel  affects not only the speed with which 
we arr ive at our destination, but  our mobil i ty  as well. 
Isolationism, which was never  justifiable in many  of 
our minds, becomes impossible. 

Further ,  with world wide television, underpr ivi leged 
nations will  become increasingly aware of their lower 
standards of l iving and will  no longer be satisfied with 
a disproportionate share of the "Good Life." 

Our own consumption of in te rna l ly  available raw 
materials and increasing awareness of other nations of 
the leverage they possess in raw materials  supplies 
will  present  domestic as well as in ternat ional  prob- 
lems. We may find economic balances arbi t rar i ly  
changed by political decree in more pedestr ian areas 
than gold and diamonds. 

We have all heard impressive statistics relat ive to 
today's scientific effort-- i t  being said that 90% of the 
scientists and engineers who have ever lived are alive 
today. What is germane to our consideration is that  
the rate of technological change has accelerated, so 
that  job obsolescence and its related problems are of 
major  concern at both professional and non-profes-  
sional levels. This creates needs for bet ter  programs of 
cont inuing education and of re-education.  Changes in 
our th ink ing  as a nat ion with respect to responsibil i ty 
for such programs is in a state of t ransi t ion and may 
well  be reflected to an increasing degree in legislation 
as well as in contract negotiations. One a t tendant  
problem that  has attracted the at tent ion of some 
professional societies is that  of securing indus t ry -wide  
benefit programs, with pension plans the major  con- 
~ e r n .  

Increased leisure t ime and increased percentages of 
people of re t i rement  age will  present both problems 
and opportunit ies to science and technology. 

Quite aside from the impact of wor ld-wide  televi-  
sion, other advances may well  convert  the world to a 
giant  goldfish bowl, with all of us l iving in glass 
houses. Pr ivacy will  become more and more difficult to 
attain, as min ia ture  wireless electronic devices become 
more commercial. 

Computerized banking,  health records, etc. will have 
their  impact  and present  peripheral  problems to us as 
individuals  and to legislative bodies at all levels. 

Computerization, in general, presents challenges in 
such diverse fields as education, medicine, labor law, 
and banking.  

Space explorat ion creates questions of air rights, 
satellite use, and espionage as well  as medical and 
insurance problems. 

Refuse generat ion problems are not confined to air 
and stream pollution but  involve the less sensational 
but  none the less critical problem of disposal space 
for solid refuse. 

Jet  aircraft  are creating an air pollut ion problem in 
heavy traffic areas. This is to say nothing of the sound 
pollut ion problem. 

We have all read of the controversies sur rounding  
the use of pesticides. It is regret table that  here as in 
many  other instances public at tent ion has been focused 
almost ent i re ly  on the price we pay for the benef i t - -  
with little or nothing being said about the benefits 
derived from their  use. 

Without discussing at all the meri ts  of this or any of 
the other areas of controversy spawned by scientific 
progress, can we not all  at least agree that  the public 
could be better  alerted to and informed of the impact 
of technological advances, both with respect to their 
advantages and their  disadvantages? 

Now each of you could develop your own list of 
scientific and technological advances that  will present 
both challenges a n d  opportunit ies to society. I make no 
brief for those presented here, they are only i l lustra-  
tive, and I have drawn, where possible, on examples 
that have involved advances in areas of part icular  in-  
terest to one or more of our Divisions. 

The mat ter  that  should concern us is that increasing 
awareness is required of the impact of present  and 
potential  advances on our society. While it may be 
t rue that  scientists and engineers are not a priori  best 
qualified to assess the total social impact of their own 
f indings-- they should, on balance, contr ibute signifi- 
cant ly  to any analysis of such impact. 

Dr. Pi tzer  summarized our responsibi l i ty well  when 
he said, "It will not be easy to foresee all of the pos- 
sibly damaging effects of a new product  or machine, 
but we should t ry  to do so. Since scientists are pecu- 
l iar ly able to visualize possible applications of new 
scientific knowledge and their  efforts, scientists must  
play a major  role in this judgment  process. But other 
citizens who are sensit ive to individual  and communi ty  
att i tudes should also participate and help apply the 
humanis t ic  value tests. 

Our federal government  is apparent ly  becoming in-  
creasingly aware of the complexity of these matters  
and scientific advisors are being used more extensively 
and utilized in more responsible positions. 

This is all to the good. However, we should consider 
carefully a warn ing  issued by Dr. Cairns in  his recent 
Perk in  Medal Award Address when he warned  that in -  
dustr ia l  scientists were not bearing their  proportionate 
share of this responsibil i ty but leaving it for the most 
part  to their academic counterparts.  

Of perhaps greater importance, however, is the lack 
of concern of the individuals  who comprise the 
scientific community.  We should, as individuals,  take 
increasing interest  in both domestic and in terna t ional  
affairs. We should become involved in the de termina-  
tions of our political system at all levels--local,  state 
and national.  

Very recently, dur ing a television interview, a legis- 
lator was expounding on the merits  of a technological 
advance. He was clearly, to those aware of the tech- 
nology, at least, out of his field. Yet his views were 
taken by his audience as authori ta t ive because of the 
committee responsibil i ty he held. 

In  areas of complex technology, with even more 
complex social ramifications, the need for significant 
representat ion by t ra ined technical  people in  all  bodies 
of government ,  the legislative as well  as the ad- 
ministrative,  is apparent.  

The fault  lies not wi th  "The Establ ishment"  but  with 
us as individuals.  Many of us have erred in not want ing  
to get involved, claiming that politics was, at best, a 
messy business. We should encourage those with 
scientific and engineer ing t ra in ing  and abil i ty to con- 
cern themselves in increasing numbers  and in greater 
depth with domestic and in terna t ional  politics which 
most assuredly are being, and wil l  continue to be, in 
increasing degree affected by scientific progress. 

Even as more and more businesses are looking for 
executive ta lent  in the scientific and engineering ranks, 
even so government  by vi r tue  of the increasing im-  
pact of science and technology wil l  benefit from greater 
uti l ization of technical ly t ra ined talent.  Please note, 
I do not make a case for a scientific or an engineering 
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degree as a requi rement  for political office. I am only 
making a case for the benefits to be derived from 
increasing first-hand involvement  and suggest that  
part icipation in the political system in all branches 
and at all levels in increasing numbers  will  have a 
synergistic effect on both the scientific communi ty  and 
our political bodies. 

This should be coupled with a concerted effort by 
scientists and engineers from all vantage points, 
academic and industrial ,  to see that  the public is well  
informed on all matters  of scientific concern. A high 
order of statesmanship is required to insure that  the 
effort is not self-serving and promotional, but  that it is 
instructive. It  will  then be constructive---not destruc-  
tive. 

In summary  then, a major  challenge to the scientific 
communi ty  lies in the direction of (1) fostering a 
broader, more realistic unders tanding  of the role of 
science and technology and (2) personal involvement  

in the political and social consequences of technological 
progress. For this to be effective we must  (1) develop 
greater concern for the broader  ramifications of tech- 
nological progress; (2) become better  informed in this 
area; and (3) open better  lines of communicat ion with 
those responsible for legislation affecting subsidization, 
implementat ion,  and control of our technological effort. 

The scientific societies per se should, however, as 
corporate bodies main ta in  their  dedication to their  
present ly  stated objectives. To do otherwise would 
seriously hamper their  progress toward their  stated 
objectives. 

The need for a forum combining scientific, tech- 
nological, and humanist ic  interests cannot and should 
not be denied. In  all  such deliberations pr imary  em- 
phasis must be placed on the public interest  and the 
human  dimension. I submit, however, that  this will be 
more effective if established outside the f ramework of 
the scientific and technical  societies. 

Abstracts of "Recent News" Papers 
Presented at the Electronics--Electrothermics and Metallurgy, 

Electronics-Luminescence, and Electronics-Semiconductors 
Sessions, New York, May 4-9, 1969 

328RNP 

The Luminescence Efficiency of YV04 
and Y(V, P)04 

Henry F. Ivey and T. J. Isaacs, Westing- 
house Research Laboratories, Pitts- 
burgh, Pa. 
It has been reported in the literature that 

the quantum efficiency for the blue emission 
of unactivated YV04 at room temperature is 
very low (5%) and can be greatly improved 
by forming solid solutions with YP04. We 
find that with sufficient care to eliminate 
accidental impurities, the efficiency at room 
temperature can be at least as high as 42% 
and that at liquid nitrogen temperature the 
same as for CaWO;. With reduced impurity 
level, and reduced room-temperature quench- 
ing, the improvement upon introduction of 
YPO~ is smalt. 

329RNP 

Luminescence of Pr § in 
(Y, Gd, or La)202S 

Lyuji Ozawa, Zenith Radio Corp., Chi- 
cago, III. 
It has been found that the emission lines, 

in eV of Pr +~ in (Y, Gd or La)~O=S linearly 
sh fted to higher energy (shorter wave- 
lengths) when the ionic radius of the rare 
earth cation increases. The hexagonal lat- 
tice constants a and c also increase with 
an increase in cation radius. The change 
of the emission lines can be correlated 
with the distortion of the Pr *a center. It has 
also been found that there is energy trans- 
fer from host to Pr § and from gadolinium 
to Pr +~, 

330RNP 

The Degradation of Aperture Lamps 
George T. Bauer, Research Laboratories, 

Xerox Corp., Rochester, N. Y. 
A relatively fast degradation of zinc sili- 

cate coated aperture lamps has been ob- 
served when compared with conventional 
fluorescent lamps. Measurements and cal- 
culations indicate that the main cause of 
the degradation is the effect of ultraviolet 
irradiation on the luminous efficiency and 
the reflectance of the lamps' coating. The 
time dependence of the formation of ab- 
sorbing centers of x-rayed zinc silicate phos- 
phor has been studied and related to the 
degradation process in the lamps. 

331RNP 

Scanning Electron Microscopy of 
Sulfide Phosphors 

P. Lubin, R. Simon, and J. Varon, The 
Bayside Laboratory, Research Center 
of General Telephone and Electronics 
Laboratories, Inc., Bayside, N. Y. 
The scanning electron microscope is an 

ideal instrument for the study of phosphor 
materials on a point by point basis. Besides 
topographical displays, information relating 
to cathodoluminescence can also be ob- 
tained. A cathodoluminescent attachment 
has been constructed for the JSM-1 scan- 
ning microscope. Scanning micrographs have 
been obtained in both the secondary elec- 
tron mode and the cathodoluminescent 
mode. Resolution in the cathodoluminescent 
mode is a function of beam size, penetra- 
tion distance, nonradiative surface layers, 
and the absorption distance. Illustrations of 
the effect of voltage are shown. 

332RNP 

X.Ray Excited Fluorescence in Rare 
Earth Fluorides for Trace Analysis 

R. J. Jaworowski, J. R. Cosgrove, and 
D. J. Bracco, The Bayside Laboratory, 
Research Center of General Telephone 
and Electronics Laboratories, Inc., 
Bayside, N. Y. 
The use of x-ray excited fluorescence to de- 

tect trace rare earth impurities in oxide 
matrices has been described1, s,8. This paper 
describes the extension of the method to 
metal fluoride matrices, particularly YF3 
and GdF~. Relative to oxide matrices, these 
compounds exhibit lower intensity and more 
nonradiative resonance transfer among rare- 
earth ions to the extent that detection limits 
are two orders of magnitude higher than in 
Y~O~ and identification of individual species 
in mixtures is difficult. 

1 j .  Makovsky, W. Low, and S. Yatsiv, Phys. 
Letters, 2, 186 (1962). 

R. C. Linares, J. B. Schroeder, and L. A. 
Hurlbut, Spectrochimica Acta, 21, 1915 (1965). 

3 R. J. Jaworowski, J. F. Cosgrove, D. J. 
Bracco, and R. M. Waiters, Spectrochimica 
Acta, 23B, 751 (1968). 

333RNP 

Measurement of Oxygen and Carbon 
Content of Semiconductor 

Grade Silicon 
C. Cross,* G. Gaetano,* T. N. Tucker,~ 

and J. A. Baker, f *Langley Research 
Center, Hampton, Va.; fDow Coming 
Corp., Hemlock, Mich. 
The oxygen and carbon content of several 

silicon single crystals have been measured 
using 3He (15.4 MeV) activation techniques 
and are compared with values determined 
from infrared absorption measurements. The 
oxygen and carbon content of these crystals 
as determined from the activation analysis 
ranged from <0.05 to ~30 ppm and <0.05 
to ~7 ppm, respectively. The infrared ab- 
sorption measurements gave results that 
agreed favorably with these values. 

334RNP 

High-Field Effects and Ohm's Law 
in N-Type Silicon 

R. Jaggi, IBM Zurich Research Labora- 
tory, 8803 RL~schlikon, Switzerland 
The nonohmic behavior of elemental semi- 

conductors is well described by an effective 
conductivity 

~ =  ( 7 o ,  1 - 

where J = current density and E = electric 
field. r is the ohmic conductivity in the 
l imit J ~ O, E ~ O where Ohm's law is 
valid. Jr is the saturation value of the cur- 
rent density in the l imit E -~ ~. It is of 
special importance for materials analysis 
that J,. depend not only on the carrier con- 
centration, but also on the geometry of the 
specimen. This is shown by evaluation of 
literature data and by recent experiments. 

335RNP 

The Growth of Submicron Epitaxial 
Silicon Layers by Silane Pyrolysis 

A. C. Adams and J. Simpson, BeN Tele- 
phone Laboratories, Murray Hill, N. J. 
Epitaxial silicon layers, 0.3-1.0/~ thick, have 

been grown on silicon substrates by the 
pyrolysis of silane between 950~ with 



Cathode Materials and Performance in 
High-Temperature Zirconia Electrolyte Fuel Cells 

C. S. Tedmon, Jr.,* H. S. Spacil,* and S. P. Mitoff  

General Electric Research and Deve lopment  Center, Schenectady,  N e w  York  

ABSTRACT 

The high- tempera ture  zirconia electrolyte fuel cell is mater ia ls- l imited 
in both its performance and its range of potential  application. The most sig- 
nificant materials l imitations and problems occur with the cathode. Cathode 
materials  must  satisfy four general  criteria: (i) chemical, (ii) electrochemi- 
cal, (~ii) mechanical,  and ( iv)  economical. In  this paper, the interact ion be- 
tween cathode materials and cell performance is considered quant i ta t ively  
for three general  classes of cathodes, viz., metals, oxides with embedded current  
collectors, and electronically conducting oxides. 

Successful and economical operation of h igh- tem-  
perature,  zirconia electrolyte fuel cells requires that  
the electric current  generated by the electrochemical 
combustion of the fuel be convenient ly  and inex-  
pensively extracted from the cell. The design and se- 
lection of materials for this purpose, i.e., electrodes 
and electrode leads, is a challenging problem in  view 
of the operational  requirements  and working envi -  
ronment  of the cell. In terms of both its range of appli-  
cation as well  as its performance capability, the high- 
tempera ture  zirconia electrolyte fuel cell is a mate-  
r ials- l imited device. The most significant materials  
l imitations at this t ime are imposed by the cathode and 
the cathode leads. In  this paper, operational criteria 
are identified and applied to the problem of selecting 
materials for the cathodes; in addition, the interactions 
between cathode materials  and cell performance are 
considered quanti tat ively.  

Criteria for Cathode Materials 
A perspective of the materials problems associated 

with the cathode of a h igh- tempera ture  zirconia fuel 
cell may be obtained from a brief  consideration of the 
over-al l  device, including test leads and auxi l iary 
electrodes, in a typical operating environment ,  such 
a s  shown schematically in Fig. 1. The envi ronmenta l  
characteristic to be noted in part icular  is the ex- 
posure of the cathode to a highly oxidizing atmosphere 
(usually air) at very high temperatures,  ca. 800 ~ 
1200~ It is this combinat ion of high temperature  and 
oxidizing atmosphere that leads to severe materials  
l imitations for the cathode. 

There are four general  types of criteria to be satis- 
fied: chemical, electrochemical, mechanical,  and eco- 
nomical. The first three define the degree of technical 
performance of the device, and the last establishes its 
range of application. These various requirements  are 
considered separately. 

Chemical requirements . - -These  requirements  arise 
as a consequence of the physical envi ronment  in 
which the cathode operates, and may be summarized 
a s  follows: 

1. Chemical stabil i ty in air (stable with respect to 
oxidation or nitrification reactions).  

2. Phase stabili ty over the tempera ture  range of 
operation, i.e., no all �9 transformations. 

3. Low vapor pressure (minimize volatilization 
losses). 

4. Iner t  with respect to chemical reactivity with 
the electrolyte and lead wires. It will  be seen subse- 
quent ly  that  most potential  cathode materials  fail to 
satisfy one or more of these criteria. 

The reasons for these criteria are general ly obvious. 
A practical fuel cell wil l  almost cer ta inly use air as 

* Electrochemical Society A c t i v e  M e m b e r .  

the oxidant, hence nitrification as well  as oxidation 
reactions must  be considered. Furthermore,  in the 
temperature  range of cell operation, chemical iner t -  
ness per se does not exist but  ra ther  must  be consid- 
ered in a kinetic context. For  long term (several 
years) operation of fuel cells, the kinetics of the re-  
action "ZrO2(Stab.) + cathode materials  -> reaction 
products" must  be considered. Examples of this prob-  
lem wil l  be described. 

Electrochemical requ i rements . - -The  most funda-  
menta l  electrochemical requi rement  for the cathode is 
that it be a satisfactory oxygen electrode. Since a 
definitive model of a h igh- tempera ture  solid-state ox- 
ygen electrode is lacking, this criterion is not espe- 
cially informative from a materials viewpoint. The 
over-al l  cathode reaction is 

02 (gas) + 4e -  -- 2 O_ = 

where O = denotes an oxide ion, i.e., an oxygen ion 
incorporated in the zirconia anion sublattice. Details 
of the various stepwise reactions comprising the net  
reaction, such as adsorption, dissociation, surface mi-  
gration, and ionization, are not known. However, since 
fuel cells with good cathodes can be operated re-  
versibly (I) ,  these steps must  be fast, which is not 
unexpected in view of the high temperatures involved. 

In  addition, there are mass t ransport  effects which 
can arise leading to electrode polarization. Assum- 
ing the cathode reaction takes place at or near  the 
cathode/electrolyte interface, it will  be necessary to 
br ing the species part icipat ing in the reaction, oxygen 
molecules, oxide ions, and electrons, to that  site. Of 
part icular  interest  is the t ransport  of molecular oxy- 
gen to the reaction site. If the cathode is porous, then 

T : 800 ~ -1200~ 
1 

CATHODE REACTION I 
02 + 4e- ~ 2  0 = 
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FUEL + nO = ~  PRODUCTS'+ 2he- 

Fig. 1. Schematic cross section of zirconia electrolyte fuel cell 
with auxiliary electrodes and typical testing circuit. 
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gas t ranspor t  is involved,  and a limitl, lg current  den-  
sity may  be defined based on the diffusion rate  of 
oxygen gas f rom the air through the pores to the re-  
action site. As a consequence of ni t rogen concentrat ion 
(from oxygen depleted air) in the pores of the cathode, 
the amount  of oxygen at the reaction sites is decreased. 
This phenomenon has been invest igated using the 
exper imenta l  apparatus shown schematical ly in Fig. 
1. The vol tage ET is the te rmina l  vol tage during 
cell operat ion and reflects changes in the oxygen 
part ial  pressure at each electrode as well  as vol tage 
drops across the electrolyte  and at the electrodes. The 
voltage ~ measures the difference be tween an average 
open-circui t  vol tage (obtained from two auxi l iary  
electrodes which carry  no current  on the cathode side 
of the cell) and the te rminal  voltage. It then is a 
direct measurement  of the total  cell  overvol tage in- 
cluding both ohmic and nonohmic voltage drops across 
the cell. Thus changes With different fuel  and oxidant  
compositions in ~ reflect changes in electrode charac-  
teristics. Results f rom a fuel  cell  tested using this 
apparatus are presented in Fig. 2. The cell employed in 
these exper iments  had a .porous Ni anode, an yt t r ia  
(10 m/o) - s t ab i l i zed  zirconia electrolyte,  and a porous 
PrCoO3 cathode about 0.13 m m  thick. This par t icular  
cathode mater ia l  is discussed in greater  detail  in a 
later  section. The fuel  was hydrogen containing ini-  
t ial ly 3% water  vapor, and the oxidant  was oxygen 
diluted with  n i t rogen to produce the compositions in- 
dicated. The effect of decreasing the init ial  oxygen 
content  of the cathode gas from 50 to 5% is dramatic,  
leading to a large nonohmic overvol tage  and a l imit ing 
current  density of about 0.9 A / c m  2 for this cell. Al-  
though a practical  fuel  ceil would  not use an oxidant  
ini t ial ly containing only 5% oxygen, it should be 
recognized that, if  air is the oxidant, in cells operat ing 
with  reasonably large fuel  and oxidant  conversion 
efficiencies, the oxidant  composition at the downst ream 
end of the cathode could very  easily be reduced to 
5% or less, resul t ing in significant gas phase polariza-  
tions. Since mass t ransport  effects wil l  be small at low 
current  density, the fact that  the slopes of the  ~ vs. 
current  density curves are ini t ial ly about the same 
indicates that  any activation polarizations depending 
on oxygen pressure at the cathode are  small compared 
to the resist ive voltage drop. 

A porous cathode operat ing on pure  O2 could show 
a mass t ransport  polarization if pore sizes were  suffi- 
ciently small, due to the viscous drag of the oxidant 
flowing through these pores. H igh- t empera tu re  fuel 
cell cathodes have  pores exceeding the submicron size 
that  would give rise to this effect, and the mass t rans-  
port  polarizat ion of porous cathodes then results en-  
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Fig. 2. Voltage-current characteristics for fuel cells operated 
with 50% 02 and 5% 02 initially in the oxidant, showing effect 
of oxidant composition on the terminal voltage (ET) and the total 

cathode overvoltage (5. 
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t i re ly  f rom the interdiffusion of 02 and N2 in the pores. 
Under  these conditions, since there  is no net  flow of 
N2, the mass t ransport  l imit ing current  density can be 
obtained as 

3L 4FcDo/NP In 1 : ~ [1] 
st 1 - -  Xo2 

where  F is the Faraday  constant, c is the molar  den-  
sity of the oxidant, DO/N is the interdiffusion coefficient 
for O2 and N2 mixtures,  p, s, and t are the fract ional  
porosity, tortuosity,  and thickness, respectively,  for 
the cathode, and Xo2 is the mole fract ional  O2 content 
of the oxidant  in the gas phase adjacent  to the cathode. 
Taking DO/N at 900~ as 2.5 cm2/sec, and assuming 
p and s have values of 0.25 and 1.5 for a cathode with  
a thickness of 0.15 mm (150~), the value of JL for air 
wi th  21% 02 is 26.5 A /cmL This is not l ikely to be a 
problem as such, but Eq. [1] confirms that  the value  
of JL does depend on O2 content, leading to the pos- 
sibility of significant polarization at the cathode under  
some operat ing conditions as noted previously. Thus 
for 5% 02, the same cathode parameters  yield a value 
for 3L Of 5.9 A / c m  2. The preceding analysis applies 
equal ly  wel l  to metal l ic  or nonmetal l ic  cathodes. 

In addition to these features of a porous electrode, 
there  is another  factor that  can introduce electrical  
losses, which arises from the fact that  the cathode is 
general ly  not in continuous contact wi th  the elec- 
trolyte, but  ra ther  is in contact in discrete areas 
separate f rom one another. Tannenberger  and Siegert  
(2) have discussed this problem with  zirconia cells 
having solid si lver cathodes, and Gorin and Recht (3) 
have observed this effect in mol ten salt fuel  cells. The 
result  of this discrete contact is that  ions and electrons 
wil l  be restr ic ted in their  flow to points of ca thode/  
e lec t ro ly te /  oxidant contact, giving rise to regions of 
locally high current  density. This introduces a resist ive 
loss which is te rmed a "constrict ion" resistance and 
is added to the cell resistance that  would be expected 
on the basis of bulk resistivit ies and geometry.  Thus 
with  porous cathodes, cathode voltage drop can arise 
f rom at least two sources: gas-phase polarization, and 
constriction resistances. The former  can also show a 
mass t ransport  l imit ing current  density. 

Nonporous cathodes have been tested. Because of its 
re la t ive ly  high solubili ty for oxygen and its stabili ty 
in an oxidizing environment ,  silver, both solid and 
molten, has been used in cells (4), but cell l ifet imes 
are ve ry  short because of volat i l izat ion losses. Mixed 
conducting oxides, i.e., oxides which conduct both 
oxygen ions and electrons, have also been tested. With  
a dense, nonporous cathode, constriction resistance is 
eliminated, but a l imit ing current  density can again 
arise because of mass t ransport  l imitations in the 
electrode. For  the case of a material ,  such as silver, 
which can dissolve oxygen and t ransport  it to the elec- 
t rolyte  while s imultaneously acting as an electronic 
conductor, the mass t ransport  l imit ing current  density 
is 

2FcoDo 
j= _ - -  [2] 

$ 

where  Co is the m a x i m u m  solubili ty of oxygen in the 
mater ia l  (expressed as a molar  concentrat ion) in 
equi l ibr ium with  the oxidant  adjacent  to the cathode, 
Do is the diffusion coefficient for oxygen through the 
material ,  and t is the cathode thickness. For  si lver at 
900~ Do is 3.5 x 10 -5 whi le  co is 1.8 x 10 -5 when  
equi l ibrated with  air. For  a cathode with  a thickness 
of 0.01 mm (10~), the value  of 3L is 0.125 A / c m  2. This 
is not high enough to allow satisfactory power  den-  
sities. In addition, the va lue  of JL depends on Co, which 
wil l  decrease as the O2 content  of the oxidant de- 
creases. Thus nonporous solid silver cathodes would  
have to be less than 10~ thick to al low sufficient oxy-  
gen t ransfer  in operation. 

Ei ther  the ionic or electronic conduct ivi ty  in a mixed  
conduction oxide wil l  be limiting, depending on which 
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is smaller. In  either case, the mass t ransport  l imit ing 
current  density in  such a cathode is given approxi-  
mately by the expression 

a l e  AEr 
JL = ~ [3] t 

where ai ,e is the conductivi ty of either ions or elec- 
trons, whichever is smaller, AEc is the max imum 
voltage drop across the cathode, and t is the cathode 
thickness. Equation [3] is employed by setting ~Er 
equal to 1V, the approximate value of the open-circui t  
voltage of most h igh- tempera ture  cells. The relat ion-  
ship between Eq. [3] and the two preceding equations, 
both of which involved the product of a concentrat ion 
and a diffusion coefficient, can be seen by subst i tut ing 
into Eq. [3] the value of aj.e given by the Nerns t -Ein-  
stein relation, namely  

z2rfc i ,eDi ,e  
#i,e = [4] 

RT 

where z is the number  of electronic charges per charge 
carrier particle, Ci.e is the molar  concentrat ion of ions 
or electrons, Di.e is the  diffusion coefficient for ions 
or electrons through the oxide, R is the gas constant, 
and T is the absolute temperature.  This relationship 
is actually used to determine the product  Ci,eDi,e since 
nei ther  of these quanti t ies is normal ly  exper imental ly  
accessible in conducting solids. 

At 900~ the value of ai,e for either ions or electrons 
can be taken as 0.05 ohm-cm-1  for zirconia-based 
oxides that  might be employed for cathodes. Then 
Eq. [3] gives the value of JL of 3.3 A / c m  2 for a cathode 
0.15 mm thick. From a mass t ransport  s tandpoint  only, 
this type of cathode should offer no problem. 

In addition to these electrochemical criteria, there 
is an electrical resistance requirement ,  namely,  that 
the cathode specific resistance, rc (ohms-cmf),  cannot  
exceed a certain a rb i t ra ry  upper  limit, the magni tude  
of which will  be dependent  on the system configura- 
tion. For fuel cells which are electrolyte limited, that 
is, cells in which the electrolyte resistance dominates 
the total resistance of the cell, the specific resistance 
of the cell as viewed from the terminals  is given by 
the relat ion 

rT = re -~ f(ra + re) [5] 

where re, ra, and re are the specific resistances of the 
electrolyte ( including constriction resistances, if any) ,  
anode, and cathode, respectively, and f is a constant 
which takes into account the fact that  the current  
distr ibution varies along the length of the electrodes 
(f = 0.08 - -  0.3). This specific resistance, TT, with di- 
mensions of ohm-cm 2, is the resistance of a hypo- 
thetical cell 1 cm 2 in area which has the electrical 
properties of the actual cell under  consideration. 
Equation [5] can be derived by a straightforward, al-  
though tedious, analysis of a one-dimensional  distr ib-  
uted current  network (5). The value of rT must  be 1 
or less to achieve power densities above 0.25 w /cm 2, 
a realistic lower l imit for feasible systems. 

If ra is small  compared to re and re, as will  gen- 
erally be the case  if metal  anodes such as porous Ni 
are used, the following approximation results 

rv = re + f"  re [6] 

If L is the fractional voltage loss to be permit ted at 
the cathode, then it follows directly that  

r e  
r~ = - - ~  [ L I ( 1  - -  L ) ]  [7] 

The application of this equation to specific systems 
wil l  be demonstrated in a subsequent  section. 

The specific resistance of a cathode in the form of a 
th in  layer is given by an expression of the form 

r e =  ~ l  2 ~  1 _ _ 1  12 [8] 
t 1 - -  p a t  

J. Electrochem. Sac.: ELECTROCHEMICAL SCIENCE September 1969 

Table 1. Summary of limiting current density and 
resistivity-thickness ratio data for thin cathodes 

t o- jL p / t  
Cathode m m  ohm=cm -1 A / e r a  ~ o h m / s q u a r e  jL/(p/t) 

Porous  ox ide  0.15 5 • 10~ 26.5 0.178 149.0 
Dense  A g  0.01 1.34 • 10 ~ 0.125 0.0075 16.7 
M i x e d  a ox ide  0.15 5 • 10-~ 3.3 1340 0.0025 

where p is the resistivity of the cathode material,  a 
the bulk  conductivity, p the fractional porosity (if 
any) ,  t the thickness, and I is the active length of the 
cell. Since a cathode should have a high value of JL 
and a low value of p/t, a figure of meri t  for use with-  
out an embedded current  collector grid is the ratio of 
these two quantities. This ratio, jL / (p / t ) ,  will  be in-  
dependent  of thickness as can be seen by reference to 
Eq. [1]-[4] and [8], and is thus a measure of the 
abil i ty of a cathode mater ia l  to s imultaneously deliver 
oxygen and electrons to the cathode/electrolyte in ter-  
face. Table I summarizes the values of JL, p/t, and their 
ratio for the three examples that have been considered 
so far. The conclusion is that  porous oxides (with 
sufficiently high conductivi ty)  and Ag (which is the 
most eligible mater ia l  for a nonporous metallic cath- 
ode) have high figures of merit,  but  that a silver cath- 
ode would have to be very thin to be useful. Mixed 
conductivi ty oxides could not be used without em- 
bedded current  collectors without  a drastic increase 
in conductivity over that  obtainable in zirconia=base 
oxides. 

Mechanical requ i rements . - -The  mechanical  criteria 
for the cathode are simply that  the electrode must  
main ta in  any porosity required for 02 t ransport  and 
main ta in  physical and electrical contact with the elec- 
trolyte and lead wires throughout  all phases of cell 
operation. This lat ter  requi rement  applies especially to 
a thermal  conditions where differential thermal  ex- 
pansion can cause large interracial  stresses. If the 
cathode is largely metallic, stress-relief by plastic 
flow can occur without  deleterious effects to the cell. 
However, if oxide electrodes are used, plastic de- 
formation is un l ike ly  and stress=relief may occur by 
means of cracking, spalling, or other mechanisms 
leading to loss of adherence at the interface. The 
mechanical  integri ty of an oxide cathode will  depend 
on part icular  materials  used. The strength of its bond 
to the electrolyte (which will  probably depend in tu rn  
on the method of application) wil l  also be a function 
of the thickness of the electrode, and the max imum 
temperature  range traversed in a thermal  cycle. 

Economic requirements . - -Technical  and commercial 
success in high=temperature fuel cell technology es- 
sential ly overlap in meaning since a fuel cell, as a 
power producing device, must  compete economically 
with existent power producing systems. The use of 
noble metals in electrodes or leads, for example, may 
be acceptable from the viewpoint  of their  technical 
performance, but  will  general ly place a significant, 
if not prohibitive, economic penal ty  on the system. 

Electrode Materials 
A wide variety of materials  have been proposed for 

cathodes in high-temperature ,  zirconia electrolyte fuel 
cells. These materials  may be categorized into three 
classes: (a) metals, (b) oxides with current  collector 
grids, and (c) electronically conducting oxides without 
current  collector grids. Each of these classes will  be 
considered in turn.  

Metals . - -Because of the highly oxidizing envi ron-  
ment  at the cathode, only the noble metals, Pt, Pd, Au, 
and Ag, meri t  serious consideration. Since the oxygen 
solubil i ty in the first three is relat ively small, cathodes 
made from these metals will  have to be porous in order 
to avoid a very  low l imit ing current  density aris- 
ing from oxygen t ransport  in the metal. The use of Au 
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as a cathode meta l  is l imited by its mel t ing point 
which would fix the max imum cell operating t empera -  
ture. Fur thermore ,  since typical  cell operat ing t em-  
peratures  are general ly  at least 90% of the absolute 
mel t ing point of Au, excessive sintering of the porous 
electrode would occur. The same problem exists to an 
even greater  degree with porous Ag cathodes. Be- 
cause of their  higher  mel t ing points, sintering of 
porous Pt  or Pd electrodes is much less of a problem. 
Porous Pt  electrodes are effective air electrodes and 
have been used by several  invest igators in zirconia 
fuel  cells (6). Zirconia and P t  have  very  similar  ther-  
mal expansion coefficients, and Pt  electrodes can easily 
be applied from a resinate or paste, or by sputtering. 
Being a metal, Pt  satisfies the electrical conductivi ty 
criterion. Porous Pd cathodes have also been tested 
and show satisfactory shor t - te rm performance.  There 
are two disadvantages to using ei ther Pt  or Pd elec- 
trodes, however.  The first is cost; their  use imposes 
an economic penal ty  that  is essentially intolerable for 
any practical  application. The second disadvantage 
arises f rom the necessity of having a porous electrode, 
which means having a large surface to volume ratio 
in the metal.  While this is desirable from the elec- 
t rochemical  viewpoint  as previously discussed, it is 
deleterious with respect to surface reactions such as 
volatilization. Metal  recession data are shown in 
Table II; these data were  calculated from equil ib-  
r ium vapor  pressure data (7) assuming a vaporizat ion 
coefficient of unity. Pd is obviously unacceptable be- 
cause of volatilization. 

Si lver  is an interest ing mater ia l  for fuel cell cath-  
odes because of its high solubili ty and diffusivity of 
oxygen, par t icular ly  when it is molten, and because it 
is re la t ive ly  oxidation resistant. It  has been demon-  
strated (4) that  molten si lver is a satisfactory oxygen 
cathode in short t e rm applications, and of course it 
has a high electronic conductivity. Unfor tunate ly  
any long te rm use as a cathode is severely l imited 
above its mel t ing point (Table II) .  Below the melt ing 
point of Ag, its solubili ty for oxygen is great ly  re-  
duced, hence very  thin electrodes must be employed 
to avoid significant l imiting current  densities (Table 
I).  Even at tempera tures  as low as 800~ volati l ization 
rates are large, and the l ifet imes of Ag electrodes 
at this t empera tu re  would be too short for practical  
consideration. It should be pointed out that  the data 
shown in Table II were  calculated assuming free evap-  
oration into a vacuum with an evaporat ion coefficient 
of unit. In a fuel cell, the presence of the oxidant  gas 
will  substantial ly slow down volatilization. However ,  
even if the evaporat ion coefficient for Ag, for example,  
were  as small  as 10-n, substantial  meta l  losses would 
still occur. 

In summary,  e lectrochemical ly  effective oxygen 
cathodes can be made from Pt, Pd, or Ag, but their  
application in a practical  fuel  cell system i s  essentially 
nil  because of economics in the cases of Pt  and Pd, 
and volati l ization in the cases of Pd and Ag. 

Oxide-current collector cathodes.--Another type of 
oxygen electrode that  has received at tention is a com- 
posite system consisting of a mat r ix  of an oxide which 
provides for oxygen t ransport  e i ther  by being porous, 
or by being an anionic conductor, or both, and in 
which is embedded a grid of current  collector wires 
which provide electronic conductivity.  Porous sta- 
bilized zirconia, applied f rom a slip over  a Pt  grid, is 
an example  of this type of electrode. Porous zirconia 
is a good cathode material ,  and obviously is compatible 

Table II. Metal recession due to volatilization in 10 4 hr 

800oc 1000~ 120ooc 
m m  m m  m m  

�9 ~.g 2 5  2 . 3  X 103 - -  
P d  - -  0 . 0 6 7  0 , 2 5  
P t  - -  0 . 0 0 1  0 . 0 0 5  

with  the electrolyte.  Its only shortcoming is its lack 
of electronic conductivity.  This can be increased by 
doping with mul t iva]ent  cations, but  a current  col- 
lector  grid is still  requi red  as indicated by Table I. 
The use of nonnoble metals  as current  collectors is 
l imited by their  oxidation resistance and also by the 
fact that  many  of the oxidation resistant  alloys com- 
mercia l ly  available form protect ive scales which are 
not electronic conductors and would thus insulate the 
current  collector grid f rom the rest of the electrode. 
An approximate  expression for the over -a l l  specific 
resistance of this type of electrode is given by the 
relation 

P 
rc ~ - -  [9] 

1 2 N t  

where  p is the resist ivi ty of the oxide mat r ix  (for elec- 
tronic conduction),  N is the number  of square grids 
per unit area of cathode, and t is the cathode thickness. 
This expression is der ived simply by considering the 
average distance that  an electron must  t ravel  in a 
square grid to reach a current  collector wire. 

Fuel  cells wi th  this type of electrode have been 
buil t  and tested, and satisfactory performance  was 
obtained. However ,  cathodes of this type, using ei ther  
Pt or Pd current  collector grids, fail to satisfy eco- 
nomic criteria, as can be seen from the fol lowing dis- 
cussion. In order to evaluate  Eq. [9] for a typical  case, 
consider an electrode with  a porous zirc0nia mat r ix  
and Pt  current  collectors in a square grid. Assume the 
electrode is 0.25 mm thick, which is a typical  value. 
Greater  thicknesses wil l  reduce the electrode resist- 
ance but increase the amount  of gas-phase polariza-  
tion. Fur the r  assume the oxide mat r ix  of the cathode 
is y t t r ia -doped zirconia, 50% dense, and heavi ly  
doped with  iron to increase the electronic conduct iv-  
ity. At 1000~ the resist ivi ty for ionic conduction of 
zirconia, corrected for porosity, is about 20 ohm-cm 
(8). The electronic resistivity, due to the iron doping, 
is of the order of ten t imes the ionic resistivity, i.e., 
about 200 ohm-cm. Let  the m ax im um  voltage loss to 
be tolerated be 10%, i.e., L ---- 0.1. The specific resist-  
ance of the electrolyte, re, is the resis t ivi ty- thickness  
product, and for a fuel  cell wi th  an electrolyte  of 
y t t r ia-s tabi l ized zirconia 0.50 m m  thick, at 1000~ wil l  
be about 0.5 ohm-cm 2. Therefore,  f rom Eq. [7] through 
[9], it is seen that  N = 950, which means that  the 
spacing of the wires is about 0.3 ram. Even using wire  
as small  as 0.1 mm in diameter,  the cost would be 
prohibi t ive for most applications. Subst i tut ion of Pd 
for-Pt  would not reduce  the cost to an acceptable level  
for most applications. Consequent ly it  is concluded 
that this type of cathode is not practical. 

Electronically conducting oxide cathodes.--The thi rd 
and most interest ing class of cathodes is that  in which 
the electrode is made  f rom a porous oxide that  has 
sufficiently high electronic conduct ivi ty  that  current  
collector grids are not required.  The electrode must  
be porous because those oxides which possess high 
electronic conduct ivi ty  do not exhibi t  high anionic 
conductivity.  Therefore  porosity is requi red  to min-  
imize gas-phase polarization. 

Oxides of interest  include Li-doped NiO, Sr -doped 
LaCoO3, Sn-doped In203, doped ZnO, doped SnO2, and 
PrCoO3. Figure  3 presents electronic conductivi ty data 
as a function of t empera ture  for these materials.  The 
mechanisms by which these oxides obtain their  high 
values of conduct ivi ty  are not completely  understood. 
Li-doped NiO has been most thoroughly invest igated 
(9-11), and it is bel ieved that  when NiO, a p- type  
semiconductor  is doped with  Li20 (up to 10 m/o ) ,  the 
Li +1 ions enter  the Ni +2 cation sublattice, decreasing 
the cation vacancy concentrat ion and increasing the 
number  of electron holes, the lat ter  being a conse- 
quence of the t ransi t ion of Ni +~ to Ni +3 (10). Simi-  
lar ly  in the case of the perovski te  Srl-xLaxCoO3 
(x ~ 0.9), the replacement  of the La +3 ions by Sr +2 
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Fig. 3. Electrical conductivity as a function of temperature for 

various oxides proposed for use in cathodes. All data obtained at 
GE except for doped ZnO, which was taken from ref. (13). 

ions forces the t ransi t ion of an equivalent  n u m b e r  of 
Co +2 ions to Co +~ ions (12). It  is presumed that the 
interact ion of Sn +4 ions with In  +~ ions produces an 
analogous effect in the case of SnO2-doped In20~. The 
conduction mechanism for ZnO doped with small  
amounts  of Zr or A1 ions is believed to be due to sub- 
sti tution of the doping ion into the Zn +2 sublattice 
with the generat ion of electrons in the conduction 
band (13). The conduction mechanism for PrCoO3 and 
undoped LaCoO3 is not understood, although several 
models have been described for the lat ter  (14, 15). 

From the data shown in Fig. 3, it is apparent  that  
several compositions possess adequate electronic con- 
ductivi ty to satisfy the resistivity criterion previously 
discussed. None of these materials  is without its l imi- 
tations, however. Li-doped NiO, which has only a 
margina l  value of conductivity, is unsatisfactory be- 
cause of rapid loss of Li due to the high vapor pressure 
of LiOH in moist air at typical cell operating tem-  
peratures. The effect of Li volatil ization on the con- 
ductivi ty of Li-doped NiO as a funct ion of time is 
shown in  Fig. 4. These data were obtained from a 
cathode sample which consisted of two Pt  current  
collector loops tied around a 1 cm diameter  zirconia 
tube, over which a porous cathode of Li0.1Ni0.90 was 
applied to a thickness of about 1 mm. Four-poin t  re-  
sistance data were obtained as indicated. In this type 
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Fig. 4. Resistance vs. time for a lithiated nickel oxide cathode 
sample showing effect of Li loss on cathode resistance. 

of test, the contact resistance between the current  
collectors and cathode is included in the total mea-  
surement.  Also, the electrolyte substrate is in parallel  
electrically with the cathode; however, the resistance 
of the electrolyte is much larger than  that  of the 
cat~hode, at least initially. Many such tests of this type 
were conducted, and the results presented in Fig. 4 
are typical. There is an ini t ial  decrease in resistance, 
probably  due to s inter ing of the cathode. After  several 
hours, the resistance begins to increase, and after 
several hundred  hours, depending on the test tempera-  
ture, will  start  to level out. Over a substant ia l  in terval  
the rate of increase is essentially l inear  with time, 
suggesting that  Li volatil ization is not diffusion limited. 
The slope dR/dr, for example, after 75 hr, is about 
10 -2 ohms/hr.  The Li content  for the sample shown in 
Fig. 4 after 150 hr was less than 10% of the original 
level, i.e., the composition was less than Li0.01Ni0.990. 

But ton and Archer (12) have examined in detail the 
performance of Sr-doped LaCoO3 air electrodes and 
found a number  of problems with them. Obtaining 
satisfactory adherence of the perovskite to the elec- 
trolyte was difficult. When the perovskite was applied 
to the electrolyte as a powder (in a s lurry) ,  and heated 
to a tempera ture  high enough to produce a liquid 
phase, adherent  coatings were produced, but  subse- 
quent  electrical and s t ructural  studies indicated chemi- 
cal interact ion between the electrode and electrolyte. 
Vapor deposition from chlorides appeared to yield 
best results, but  it is a ra ther  complicated technique 
requir ing close control. 

During cell testing, other problems were reported, 
such as cracking of the cathodes due to thermal  expan-  
sion mismatch with the electrolyte, and phase separa- 
t ion in the perovskite which had been melted. Also, 
overvoltages were f requent ly  large, although this de- 
pended considerably on the fabrication technique for 
the cathode. 

Fuel  cells with LaCoO3 air electrodes, with and 
without Sr-doping, were buil t  and tested in this 
Laboratory. Like most of the cells tested, these cells 
were bui l t  with porous Ni anodes to which about 20 
w/o  zirconia had been added (to prevent  grain growth 
and sinter ing) ,  and yt tr ia-stabi l ized zirconia electro- 
lyte. The thicknesses of the anode and electrolyte were 
about 0.12 and 0.5 mm, respectively. The LaCoO3 was 
applied from a slurry, forming a porous electrode 
about 0.3-0.4 mm thick. Initially, cell performance was 
quite good, with power densities in excess of 500 row/ 
cm 2 at l l00~ being obtained. However, this perform- 
ance declined rapidly with time, and after 500 hr  of 
operation, the power density was about one-half  its 
init ial  value. Examinat ion  of the cells after operation 
disclosed that  the LaCoO3 electrode was chemically 
react ing with the electrolyte result ing in reaction 
products which were not electronically conducting. 
The reaction was complex and the reaction products 
were not completely identified. It was evident, how- 
ever, that  the electrolyte near  the electrode was lo- 
cally destabilized. 

The adherence problem with LaCoO3 electrodes 
arises from its large coefficient of thermal  expansion. 
At 1000~ the thermal  expansion coefficient of LaCoO3 
is about 28 x 10 -6 ~ -1, compared to a value for sta- 
bilized zirconia of about 10 x 10 -6 ~ -1. Consequently,  
differential thermal  expansion during a thermal  condi- 
tion, par t icular ly cooling cycles, leads to cracking and 
spalling of the electrodes. 

Takahashi  et al. (13) have reported on the use of 
ZnO cathodes doped with small  amounts  of Zr or A1. 
Conductivi ty data for these materials are presented 
in Fig. 3. They found that  optimal conductivi ty was 
obtained with about 3% doping. Satisfactory results 
were obtained from fuel cells operated in the range of 
800~176 Similar  cells were tested in this Labora-  
tory, and it was found that  at temperatures  above 
about 1000~ the ZnO attacked the zirconia electrolyte, 
leading to rapid failure of the cell. Below 1000~ sat-  
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isfactory performance was obtained for tests of short 
duration. 

Sverdrup et al. (16) have investigated the use of 
doped In203 and doped SnO2 oxide films as air elec- 
trodes. Of these, Sn-doped In20~ appeared the most 
promising as an air electrode for cells operating up to 
1000~ The electrodes were applied to the zirconia 
electrolyte by a vapor deposition process. Films 
of SnO2 were applied in thicknesses between 10 -3 and 
10 -2 ram; films of greater thickness than 3 x 10 -2 mm 
led to cracking of the electrolyte dur ing cooling of 
the cells. They concluded that satisfactory air elec- 
trodes could be bui l t  from doped SnO2. In  their tests 
with doped In203, they reported cracking of the elec- 
trode when its thickness exceeded 9 x 10 -2 mm. Over- 
voltage measurements  indicated that  there was negli-  
gible electrode-electrolyte contact resistance. As-de-  
posited electrodes exhibited high levels of gas-phase 
polarization, apparent ly  due to the electrode being im-  
pervious to oxygen transport.  However, a "reverse- 
current"  t rea tment  of the electrode, consisting of 
applying a voltage across the electrode/electrolyte 
interface with the electrode made positive compared 
to the electrolyte, resulted in  a marked decrease in 
polarization. They postulated that  this was due to oxy- 
gen paths opening up in the electrode during the re- 
verse current  cycle. This t rea tment  did increase the 
contact resistance, however. 

Another  mater ia l  of interest  is the perovskite 
PrCoO~. It  is a good electronic conductor without  
doping; addition of Sr does not significantly change 
the over-al l  level of conductivity, but  does result in 
a shift of the conductivity max imum from about 700 ~ 
to 500~ (17). Like LaCoO3, PrCoO3 also reacts with 
zirconia in a complex manner .  The result  of this re-  
action in a fuel cell is an increase in resistance near  
the cathode/electrolyte interface, where  the reaction 
is proceeding. However, the reaction kinetics of the 
PrCoO3 are much slower than  LaCoO3 (18), and ex-  
trapolation from endurance tests on fuel cells with 
PrCoO3 electrodes indicates that  satisfactory perform- 
ance should be possible for several years at cell op- 
erat ing temperatures  of 1000~176 

Many tests have been carried out on cells with 
porous PrCoO3 cathodes. The electrodes are applied 
by hand from a slurry, and are sintered in situ when 
the cell is heated to operating temperatures.  Curren t -  
voltage characteristics have been obtained similar to 
those shown in  Fig. 2. When air is used as the oxidant, 
the te rminal  voltage, and overvoltage curves fall be-  
tween those shown for the 5 and 50% mixtures,  as 
expected. Cathodes of this type typically have re-  
sist ivi ty/thickness ratios of about 0.15 ohms/square.  
Using Eq. [7] this means that electrodes of 1-2 cm in 
length can be used without  introducing significant 
losses. With hydrogen as the fuel and air as the oxi- 
dant, fuel cells of this construction have generated 
power densities of about 300 m w / c m  2 at 1000~ and 
600 m w / c m  2 at ll00~ for periods in excess of 5000 

Table Ill. Summary of performance data on fuel cell cathodes 
made from electronically conducting oxides 

Oxide Inves t iga to r  Results  

Lio.lNio,~O GE 

Doped ZnO Takahash i  
et at. (13) 

ZnO GE 
Doped In208 Svcrdrup 

et aL (16) 
Doped SnO2 Sverd rup  

et aL ~16) 
Sro.~La0.gCoO3 But ton  and 

Archer  (12) 
LaCoOs GE 

PrCoO~- GE 

Li volatil izes leading to loss of con- 
duct ivi ty .  
Repor ted  sat isfactory at re la t ive ly  low 
cell opera t ing  t empera tu re s  (800~ 
m a r g i n a l  value  of conductivi ty.  
Reacted wi th  zirconia. 
Sat isfactory i f  applied in th in  layers;  
some difficulty wi th  cracking .  
Sa t i s fac tory  if applied in  thin coat- 
ings. 
Reacts  wi th  electrolyte; spall ing and 
c rack ing  dur ing  cooling cycles. 
Chemical  react ion wi th  zirconia pro- 
hibi ts  l ong- t e rm stable per formance ;  
t he rma l  expans ion  mismatch .  
Sat is fac tory  per formance ;  capable of 
long- te rm per fo rmance ;  t he rma l  ex-  
pansion mismatch .  

hr. Such cells, however, do not survive thermal  cy- 
cling; the thermal  expansion coefficient of PrCoO~ ~s 
about 2.5-3 times larger than that  of zirconia, which 
leads to interfacial  stresses and spalling of the cathode 
dur ing cooling. This problem does not arise on heating 
up a new cell, since the electrode is sintered in situ. 

Summary 
Of the three types of fuel cell cathodes considered, 

porous metals, oxides with current  collectors, and elec- 
tronically conducting oxides, the first two fail to sat- 
isfy economic criteria since they require the use of 
noble metals. Various types of electronically conduct-  
ing oxides have been tested in fuel cells in this Lab-  
oratory and elsewhere. A summary  of the results ob- 
tained with this type of electrode is presented in Table 
III. 

It  is apparent  that  a fully satisfactory air electrode 
for high temperature  zirconia electrolyte fuel cells is 
still lacking. 
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The Intrinsic Charging Rate Capability of the 
Cadmium Anode 

P. Bro* and N. Marincic* 
P. R. Mallory & Company, Inc., Laboratory 5or Physical Science, Burlington, Massachusetts 

ABSTRACT 

The intrinsic charging rate  l imitations of the cadmium anode used in a 
new series of Cd/AgC1 cells were  determined by depositing cadmium from 
cadmium chloride solutions on plane electrodes in half-cel ls  under  constant 
current  conditions at current  densities be tween  30 m A / c m  2 and 3.48 A / c m  2. 
The charging was terminated  at the onset of hydrogen evolution. Very  fast 
charging rates were  obtained, but at the expense of the specific capacity of 
the electrodes. The max imum specific capacities were  0.54 m A h r / c m  2 at the 
1000C rate, 1.6 m A h r / c m  2 at the 100C rate, and 5.4 m A h r / c m  ~ at the 10C rate. 

The search for ba t te ry  electrodes capable of ac- 
cepting ve ry  high charging rates wi th  impuni ty  led us 
to an examinat ion of a var ie ty  of conventional  and 
novel electrode systems. The cadmium electrode was 
of par t icular  interest  because of its favorable  charac-  
teristics in regard to hydrogen evolution. It is used 
extensively  in alkal ine cells, but  the alkaline electro-  
lytes do not provide the conditions most favorable  for 
the high ra te  charging of cadmium anodes, and con- 
vent ional  cells are capable of only low or moderate  
charging rates. 

We have  examined the rate  capabil i ty of the cad- 
mium electrode in solutions more  l ikely to accept high 
charging rates than alkaline solutions, and we have 
developed a new series of rechargeable  Cd/AgC1 cells 
capable of ve ry  fast charging operations. Since the 
rate of charging of an anode would be l imited by any 
concomitant  evolution of hydrogen, we adopted the 
cri terion that  the max imum charging ra te  be defined 
by the onset of hydrogen evolution. Normally,  hydro-  
gen evolut ion occurs when  the electrolyte  or the dis- 
charged mater ia l  adjacent  to the electrode becomes 
depleted in reducible  ions, cadmium ions in this case. 

Two types of processes may be distinguished in the 
charging of electrodes, viz., solid-solid and solid-solu- 
tion reactions. Al though an electrode may  function in 
ei ther  mode, depending on the current  density and the 
chemical  propert ies of the system, one of these mech-  
anisms general ly  dominates. We have  found that  the 
solid-solution type of operat ion has the higher  in-  
trinsic rate capabil i ty of the two, and we selected it 
for a more detailed analysis. Because of the hydrolysis 
of cadmium salts in neutra l  and alkal ine solutions we 
chose to work  with acid electrolytes in which appre-  
ciable concentrations of dissolved cadmium salts can 
be obtained. The ra te  capabil i ty of the cadmium anode 
would be given, therefore,  by the ra te  of supply of 
cadmium ions to the electrode via a solution diffusion 
process. 

If no other  l imit ing factors in te rvene  the useful  
charging of a bat tery  wil l  be te rminated  by the short-  
ing of the cells due to the formation of dendrites. Al-  
though dendrites may appear before the depletion point 
is reached, they are most l ikely to appear when the 
depletion point is reached. Therefore,  the deplet ion 
of cadmium ions at the electrode represents  a reason- 
able definition for the end of efficient charging. 

The deplet ion point can be de termined  by chrono-  
potent iometr ic  measurements  (1). The electrode is 
charged at a constant rate, and the t ime is noted when 
the electrode potent ial  shifts f rom that  of the deposi- 
t ion of the active mater ia l  to that  of hydrogen evolu-  
tion. This t ransi t ion t ime signals the end of efficient 
charging, and it is a function of the current  density, 
the compositon of the solution, and the geometry  of 
the electrode. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

Experimental Techniques 
The charging exper iments  were  conducted at 25 ~ 

_ I~ in the cell shown in Fig. 1. The cell was de- 
signed to give a uniform current  density at the elec- 
trode, and the cadmium was deposited on a p la t inum 
substrate wi th  a 0.81 cm diameter.  The diameter  of 
the p la t inum disk was made equal to the inner diam- 
eter of the solution cavi ty to e l iminate  edge effects. 

Conventional  circui try was used for the chronopo- 
tent iometr ic  measurements  wi th  current  pulses de- 
r ived f rom a 240V stack of lead-acid batteries. An 
Ebert  Electronics, Model HD-4, mercury  switch gave 
fast and clean switching at all the currents  used. The 
m a x i m u m  change in the current  during any one pulse 
was 2.3%, at t r ibutable  to the changing resistance of 
the cell dur ing the pulse. The currents  were  mea-  
sured with an accuracy of ___0.5% with  a Greibach 
Model 700 ammeter .  A bat tery  der ived bias voltage 
was used with  the cadmium reference electrode to 
position the pulse suitably on the Tekt ronix  Model 550 
CRO screen, and the traces were  recorded photo-  
graphically.  The t ime scale of the CRO was cal ibrated 
with  a Servomex wavefo rm generator,  Model LF141, 
and the transi t ion times were  taken at the point of 
inflection of the vo l tage- t ime  curves. 

The cadmium chloride solutions were  prepared from 
analytical  grade reagents and the cadmium concen- 
t rat ion of the stock solutions was determined polaro-  
graphically. The precipitates formed as a result  of the 
hydrolysis of cadmium chloride were  dissolved by the 
addition of just sufficient perchloric acid to clear the 
solutions. The resul t ing pH values are given in Table I. 

The solutions were  deaerated with  nitrogen, and a 
ni trogen blanket  was maintained over  the solutions. 
The pla t inum electrode was restored after  every  pulse 
by the anodic dissolution of the cadmium to the point 
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Table I. Transition time behavior of CdCI2, 25 ~ ~ 1 ~ 

CHARGING RATE CAPABILITY OF Cd ANODE 

CdCl~, NaC10 , ,  C u r r e n t  r a n g e  (itl/~/C) * 

m / t  r n / l  P H  m A / c m ~  Asec~/2 c m / m o l e  

O,1 0 6.4 50-340 1030 +-- 23 
0,1 0.1 6.6 30-200 693 +_ 26 
0.1 0.3 6.6 30-200 650 ~ 28 
0.1 1.0 6.6 30-200 710 ~ 22 
0.1 1.5 6.3 30-200 660 ~ 30 
0.1 2.0 6.0 30-200 670 ~ 33 
0.3 0 6.4 190-970 940 ---+- 47 
0.3 0.1 6.2 115-810 770 ~ 23 
0.3 0.3 6.4 115-700 720 +-- 12 
0.3 1.0 6.3 115-700 705 • 21 
0.3 1.5 6.1 115-580 730 _+ 9 
0.3 2.0 5.8 115-580 723 _ 49 
1.0 0.1 5.3 390-1930 610 -~_ 38 
1.0 0.3 5.5 390-2320 610 +-- 14 
1.0 1.0 5.3 390-1930 560 ~ 16 
1.0 1.5 5.0 390-1930 555 • 24 
1.0 2.0 5.0 390-1750 552 • 18 
1.5 0.1 4.9 580-2910  585 ~ 12 
1.5 0.3 5.0 580-2910 575 • 13 
1.5 1.0 4.8 580-2910  540 ~__ 13 
1.5 1.5 4.6 580-2910 440 ----_ 44 
1,5 2.0 4.5 580-2320 515 ~ 24 
2.0 0.3 4.7 780-3480 545 ----- 18 
2.0 1.0 4.5 580-3480 525 __- 31 
2.0 1.5 4.2 580-3480  515 ~--- 7 
2,0 2 .0  4.2 580-3480 480 ~ 10 

* E x t r a p o l a t e d  to a v a n i s h i n g  c u r r e n t  d e n s i t y .  
T h e  precision is specified by t h e  s t a n d a r d  d e v i a t i o n  a b o u t  t h e  

l i n e a r  p lo t  of  t h e  c h r o n o p o t e n t i o m e t r i c  c o n s t a n t  vs. t he  c u r r e n t  
d e n s i t y .  

of incipient oxygen or chlorine evolut ion when the 
solution was again degassed with nitrogen. 

Experimental Results 
The chronopotent iometr ic  t ransi t ion t ime for a s im- 

ple reduction process is given by (2) 

(itl/2/C) = �89 nF(;rD) 1/2 = a constant for a ful ly 
supported electrolyte  
solution. 

It was found that (itl/2/C) increased with the current  
density, Fig. 2, but its ra te  of change with  the cur ren t  
density, O/Oi(itl/2/C), decreased as the concentrat ion 
of the support ing electrolyte  increased. The current  
dependency of (itl/2/C) was expected for nei ther  a 
ful ly supported nor a par t ia l ly  supported solution, as 
may be seen f rom the equations of Morris and Lin-  
gane (3). The most probable cause was the increas-  
ingly significant resist ive component  of the overvol tage 
associated with a decreasing concentrat ion of the  sup- 
port ing electrolyte. The greater  the resistive compo- 
nent, the more the initial port ion of the t ransi t ion 
region would be occluded, and the t ransi t ion t ime 
would appear to increase with the current  density. The 
displacement of the transi t ion t ime would be ex-  
pected to decrease as the concentrat ion of the sup- 
port ing electrolyte  increased, as observed, and it would 
be expected to vanish as the current  density ap- 
proached zero, as was found to be the case. All  the 
data for each of the solution compositions were  there-  
fore extrapolated to a zero current  density to obtain 
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Fig. 2. Influence of the current density on t~e chronopotentlo- 
metric behavior. 
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the (itl/2/C) values given in Table I. The anodic 
oxidation of the cadmium deposits showed that  the  
deposition process occurred without  any side reactions. 

The transi t ion t ime group, (itl/2/C), had an average 
value of 516 A �9 sec 1/2 �9 cm/mole  in the 2M CdC12 
solution, and it ext rapola ted  to 730 Asec 1/2 c m / m o l e  for 
a vanishing CdC12 concentration. At  any one CdC12 
concentrat ion the value of the transi t ion t ime group 
increased sl ightly as the concentrat ion of the support-  
ing electrolyte decreased, the change being appreciable 
only for supporting electrolyte  concentrations below 
0.1M NaC104. 

The pH of the solutions did not affect (itl/2/C) above 
pH 3.0. In the unsupported solutions the acid acted as a 
support ing electrolyte  below pH 3.0 and (itl /~/C) 
changed in the expected manner.  

The charging rate  capabilit ies of the cadmium an- 
ode calculated from the transi t ion t ime data are pre-  
sented in parametr ic  form in Fig. 3. The data show 
that  the ra te  capabili ty and the at tainable specific 
capacity increased marked ly  with  the cadmium con- 
centrat ion of the solutions, the re la t ive  increase be-  
ing more marked  at the lower cadmium concentra-  
tions. A charging rate  of e.g. 200C would appear to 
be feasible, but it would give a low specific capacity 
of about 1 m A h r / c m  2. High specific capacities could 
not be obtained at the high charging rates, a capacity 
of 5 m A h r / c m  2 being the m ax im um  obtainable at 
the 10C rate. 

Discussion of the Results 
The most significant result  of the invest igation was 

the observation that  the cadmium electrode could be 
charged at very  high rates in the cadmium chloride 
solutions, but that  low specific capacities resulted for 
the fast charging regime. The chronopotent iometr ic  
equations provided a convenient  formal ism for corre-  
lating the charging rate  and the electrode capacity, 
and their  applicabil i ty suggested that the charging 
process was diffusion controlled. In principle, the be- 
havior  of the electrode can therefore  be described 
by the diffusion coefficient of Cd +2 or of CdC12 de- 
pending on whe ther  or not a support ing electrolyte  
is used. However ,  no data are avai lable in the l i te ra-  
ture  for cadmium salt solutions more concentrated 
than 0.0127M Cd +2 (4), and extrapolat ions to the 
concentrations used in our studies cannot be made 
with  a high degree of confidence. The results for the 
2.0M NaCtO4 solutions could be correlated with a 
diffusion coefficient of the Cd +2 ion of 11.8 x 10 -6 
cm2/sec which may be compared with  the most recent  
l i tera ture  value of 7.2 x 10 -6 cm 2 sec (5) for dilute 
solutions containing Cd(NO3)2 and KNO3. The diffu- 
sion coefficient of the salt cannot be obtained from our 
data. It appears that  whe ther  the use of the diffusion 
equations can be justified on theoret ical  grounds or 
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Fig. 3. |ntrlnsic performance curves for the charging of f la t  
cadmium electrodes in acid solutions. 
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not they give a good estimate of the ra te -capaci ty  re-  
lationship of the electrode. 

The changes of (itl/2/C) caused by the variat ions 
in the composition of the electrolyte are associated 
with the solution equil ibria  and the t ransference 
propert ies of the ions in a manner  analogous to that  
discussed for zinc chloride solutions (6). However ,  
they wil l  not be discussed here since we are interested 
pr imar i ly  in the charging rate  of the electrode. 

The exper imenta l  results indicated that  highly con- 
centrated cadmium chloride solutions were  needed 
to achieve the u l t ra- fas t  charging rates. There was a 
practical  upper  l imit  to the at tainable cadmium ion 
concentrat ion because of the hydrolysis  of the cad- 
mium salts which led to the precipitat ion of Cd (OH)2. 
The higher  the concentrat ion of the cadmium salt the 
lower must  be the pH, and the more readi ly  was hy-  
drogen evolved during charging. A pH of about 6.6 
could be maintained in the 0.1M CdC12 solutions wi th-  
out causing any Cd(OH)2 precipitation, whereas  the 
pH had to be maintained at about 4.2 in the 2.0M 
CdC12 solutions. The (itl/2/C) parameter  decreased 
noticeably below about pH 3, i.e., the specific capacity 
decreased. 

Whereas the use of a completely unsupported cad- 
mium salt solution would give a sl ightly higher rate  
capabili ty than a supported solution, its use in a 
porous electrode would not be tolerable because of 
depletion polarization. In pure  CdC12 solutions the 
deposition of Cd would deplete the reaction layer of 
charge carriers wi th  a consequent  resistive choking 
of the electrode. In porous electrodes, current  pene-  
trat ion into the inter ior  would be completely blocked 
in the absence of a support ing electrolyte. Fu r the r -  
more, we observed that  highly dendrit ic cadmium de- 
posits were  formed in the absence of a support ing 
electrolyte.  

There was an upper l imit  to the amount  of support-  
ing electrolyte that could be used. The approximate  
rule  appeared to hold that  if the total  salt concentra-  
tion exceeded about 5 mols/ l i ter ,  a solid phase would 
precipitate.  Some of the solution conductivit ies are 
given in Table II. A high cadmium ion concentrat ion 
was needed to achieve a high charging rate, yet  a 
high support ing electrolyte concentrat ion was also 
needed to achieve the same result. A 2M CdC12 con- 
centrat ion represented  a reasonable compromise be- 
tween the two conflicting requirements .  

The exper imenta l  data are direct ly applicable to non- 
porous, flat cadmium electrodes, and the permissible 
operating regimes of such electrodes may be read di- 
rect ly from Fig. 3. More information would be needed 
for the application of the exper imenta l  data to porous 
electrodes, e.g., the current  distr ibution and the elec- 
t ro ly te  thickness distr ibution in the electrode. Al -  
though the necessary calculations are possible in pr in-  
ciple, adequate  models remain to be developed to 
render  the calculation pract ical ly meaningful .  The 
more serious problem is the electrolyte  thickness dis- 
t r ibut ion in the electrode. In a porous electrode the 
local electrolyte  layers are th inner  and more com- 
plex in shape than the plane diffusion layer  obtained 
in the chronopotent iometr ic  experiments ,  and a lower 
rate  capabil i ty would prevai l  in the interior  of a 
porous electrode than at its front  surface. It follows 
that  for systems operat ing via a solution-solid charg-  
ing process there  is an opt imum electrode thickness 

Table II. Solution conductivities 

CdClz con-  S o l u t i o n  c o n d u c t i v i t y ,  o h m  -1 c m  -1 10 ~ 
c e n t r a t i o n ,  NaC104 c o n c e n t r a t i o n ,  mols /1  

mo l s /1  0 0.5 1.0 1.5 2.0 

1.0 26 52 70 84 101 
1.5 26 48 64 75 91 
2.0 25 44 57 68 80 
2.5 22 38 50 63 72 
3.0 19 34 43 55 61 

for u l t ra-fas t  charging which is ve ry  small. The less 
soluble the salt f rom which the active mater ia l  is ob- 
tained, the grea ter  should be the effective part icipa-  
tion of the interior  of a porous electrode unti l  the ex-  
t reme case is reached of solid-solid t ransformat ion 
systems where  very  large inter ior  surface areas are a 
pre- requis i te  for efficient charging. However ,  the in-  
trinsic rate  capabil i ty of solid-solid t ransformat ion 
systems is considerably less than that  of solution-solid 
t ransformat ion systems. 

Data on porous cadmium electrodes in alkaline elec- 
t rolytes (7) indicate that  they may  possibly be 
charged at current  densities of 200 m A / c m  2, based on 
the superficial electrode areas, to give a specific ca- 
pacity of 5.1 m A h r / c m  2. This means that  the porous 
cadmium electrode in an alkal ine cell would have a 
higher  capacity than a flat nonporous cadmium elec- 
t rode in an acid cell at rates below about 150C. If 
the comparison is made on the basis of the actual sur-  
face areas ra ther  than the superficial areas, the alka-  
l ine cadmium electrode can be operated at rates up 
to 0.005 m A / c m  2 to give a specific capacity of 1.3.10 -4 
m A h r / c m  2, and the cadmium electrode operat ing in a 
cadmium chloride electrolyte would have  the higher  
specific capacity at all rates of interest. The preced-  
ing remarks  notwithstanding,  it is bel ieved that  a 
realistic comparison must  await  data on comparable  
structures. 

It is implicit  in our studies that  the conclusions are 
l imited to constant current  charging operations. No 
consideration was given to the optimization of the 
t ime profile of the charging current  and the question 
remains open whe ther  suitably shaped current  pro-  
files or pulse sequences may  give greater  net charg-  
ing rates than those reported here. 

The application of the cadmium charging rate  data 
to rechargeable  Cd/AgC1 cells will  be considered in 
a subsequent publication. 

Manuscript  submit ted Nov. 6, 1968; revised manu-  
script received Apri l  29, 1969. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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The Dissolution of MgO and Mg(OH)2 in 
Aqueous Solutions 

David  A .  V e r m i l y e a *  

Research and Development Center, General Electric Company, Schenectady, New York 

ABSTRACT 

This paper reports studies of the rates of dissolution of na tu ra l  Brucite, 
optical grade MgO, and commercial Mg(OH)2 in aqueous solutions. Natura l  
Brucite dissolves by means of a surface reaction requir ing protons, and while 
some protonated ions accelerate the dissolution no inhibitors were found. Dis- 
solution of less perfect Mg(OH)2 is normal ly  diffusion limited; several sub-  
stances which reduced the rate of dissolution of such Mg(OH)2 were found. 
MgO first reacts with water  to form an Mg(OH)2 layer and the rate is con- 
trolled by dissolution of the Mg (OH)2. 

This paper  is part  of an effort aimed at re la t ing the 
corrosion of metals with the dissolution rates of cor- 
rosion products formed on the metal  surfaces. A recent  
s tudy of a luminum corosion (1, 2) and inhibi t ion has 
demonstrated that  new unders tanding  of corrosion 
phenomena as well  as new ways of combating corro- 
sion can be discovered by this approach. 

In this report  the dissolution behavior of MgO and 
Mg(OH)2 in  a variety of aqueous solutions is dis- 
cussed. Perhaps the most interest ing features of the 
dissolution are the following. Crystals of Mg(OH)2 
(natura l  Brucite) dissolve at rates l imited either by a 
surface reaction or by proton arrival;  the direct re-  
moval  of Mg +2 and O H -  from the lattice into the 
solution seems to be slow. This behavior has the con- 
sequence that  most proton donors such as carboxylic 
acids or inorganic oxyanions accelerate rather  than 
inhibi t  the dissolution. Finely  crystal l ine Mg(OH)2 
seems always to dissolve at a rate l imited either by 
diffusion of protons to the surface or of dissolved 
species away. MgO behaves like Brucite at low pH 
and like finely crystall ine Mg(OH)2 at higher pH. It 
is probably always covered with a th in  Mg(OH)2 
layer, and its rate of dissolution is controlled by dis- 
solution of the Mg(OH)2. The implications of these 
findings for corrosion of magnesium are discussed. 

E x p e r i m e n t a l  
The dissolution rates were determined by suspending 

10-30~ diameter  powders in the slowly stirred solution 
and computing the rate from the rate of change of pH. 
The pH was measured with a Corning model 12 pH 
meter  and recorded on a Varian Model 14A-1 strip 
chart recorder. The ini t ia l  pH of the 10-1M KC1 solu- 
t ion used in  all experiments  was about 3 and rose as 
the powder dissolved, so tha t  a single exper iment  pro- 
vided data for a wide pH range. Identical  results were 
obtained using KC104 solutions. Most experiments  
were conducted at 25~ Compared to methods based 
on ti tration, this method offers the advantages of 
speed and generat ion of data over a wide pH range 
from a single experiment.  

Two major  problems were encountered with this 
technique. The first was that  the response of the glass 
electrode is very  sluggish in  unbuffered solutions be-  
tween pH 6 and 8, so that  only very low dissolution 
rates could be determined in that  pH range. At pH 7 
the t ime required to reach a stable reading following 
the addition of a small  amount  of acid or base to a 1M 
KC1 solution was about 100 sec. A p la t inum-hydrogen  
electrode was somewhat faster bu t  could not be used 
in all solutions and was subject to poisoning. 

The second major  problem was that  the measured 
pH change following addition of acid or base to a solu- 

* Electrochemical  Society Active Member .  

t ion containing no MgO or Mg(OH)2 and having a pH 
in the range 5-9 was substant ia l ly  less than that cal- 
culated from the known amounts  added; Fig. 1 shows 
a typical  result. It  is believed that  this effect results 
from traces of proton donors and acceptors in the 
solution, for in very  carefully purified solutions made 
with water  having a resistivity of 2 x 107 ohm-cm and 
dissolved spectroscopic KC1 crystals for solute the 
effect was near ly  absent. The use of such highly pur i -  
fied solutions did not change the results of dissolution 
rate studies, however, and as a practical expedient  
ordinary  laboratory distilled water  and reagent  grade 
chemicals were used, and the calculated rates were 
corrected using data like that  in Fig. 1. The same 
procedure was used for experiments  in which a proton 
acceptor or donor was del iberately added, in which 
case the curve corresponding to Fig. 1 had a much 
more pronounced min imum.  

The dissolution was conducted in a 1-1 Pyrex  vessel 
containing a Teflon covered magnetic stirrer, ther -  
mometer,  and ports for iner t  gas inlet  and outlet and 
for powder addition. Most of the results were obtained 
using an atmosphere of ni t rogen purified by passing it 
over Ascarite to remove CO2. Air  or hydrogen gave 
indis t inguishable results. 

Powders of 10-30~ diameter  were obtained by siev- 
ing and sedimentat ion in alcohol, followed by drying 
Mg(OH)2 at 150~ and MgO at 400~ and storage in 
a desiccator containing ascarite and anhydrous  CaSO4. 
Natura l  Brucite crystals were obtained from Ward 's  
and ground in a lumina  mortars  and ball  mills. The 
na tu ra l  Brucite contained 0.3% Ca, 0.05% Fe, 0.05% 
Mn, 0.02% Si, 0.02% Ba, 0.01% A1, and 0.001% Cu. The 
dissolution of 10 -4 m/1 (moles per liter) (a typical 
amount)  of this mater ia l  would introduce a ma x imum 
concentrat ion of impuri t ies  of 5-10 -7 m/l ,  which is 
negligible. The MgO was ground from fused optical 
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Fig. 1. Results of measurements of pH changes following addi- 
tions of known amounts of HCI to a 1 0 - 1 M  KCI solution. 
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grade crystals obtained from Norton and from General  ~0-s 
Electric. Other Mg(OH)2 powders were obtained by 
sedimentat ion fractionation of reagent chemicals and 
the "particles" were actually clumps of finely crystal-  
l ine material .  Examinat ion  of the various powders 10-7 
with a microscope confirmed that  the particles were of 
reasonably un i fo rm size and that  the size was about  
that expected from a calculation based on Stoke's law. ,-~ i0-e 

The following method was used to calculate the dis- ,~ 
solution rate from the pH change. Hydroxyl  ions added 
from the dissolving crystals are uti l ized in two ways: ~ 10_9 
to combine with protons and to increase the O H -  con- o 
centrat ion of the solution. A mathemat ical  description 
of this s i tuat ion is 

I0 -IO 
dNoH- = dCoH- - -  riCH+ [1] 

in which NOH- is the number  of hydroxyl  ions (ex- 
pressed as a concentrat ion) dissolved from the crystal, o 1o-" 
Now using the following relationships 

CH+ = exp (.--2.3 pH) [2] 
10-12 

dCH+ -~ --2.3 exp (--2.3 pH) d(pH)  

= - - 2 . 3  CH+ d(pH)  [3] 

Kw 
Co~- = [4] 

CH+ 

K~ dCoH . . . . .  dell+ [5] 
CH+ ~ 

Kw 
--  2.3 d(pH)  [6] 

CH+ 

in  which K~ is the dissociation constant of water, Eq. 
[1] reduces to 

dNoH- = 2.3 d(pH)  (Coil-  + CH+ ) [7] 

Using Eq. [7] the rate of addition of hydroxyl  ions by 
dissolution is computed from the rate of change of pH 
and corrected by dividing by the ratio obtained at the 
appropriate pH from a curve like Fig. 1 for the solu- 
tion used. The rates of dissolution were expressed as 
moles cm -~ sec -~, the area being calculated from the 
particle size assuming the particle surfaces were 
smooth. The surface area was corrected for the 
amount  of mater ial  dissolved. 1o_S 

Curves of rate vs. pH obtained for a part icular  
sample of powder were reproducible to about 50%, and 
hence it is considered that  the form of the curves is 
accurate, but  because of uncertaint ies  in  the absolute t0 -T 
area of the powders and because of effects of powder 
history the magnitudes of the rates should only be 
considered correct as to order of magnitude.  ,-~ 

Results and Discussion 
MCB Mg(OH)2. - -Figure  2 shows data for the dis- 

solution of Mg(OH)2 obtained from Matheson. Cole- 
man, and Bell, and designated "MCB." The particles o 
of this mater ia l  are clumps of finer particles, and it is 

t ~  

very reactive, probably  because of a very high t rue ~ l0 -10 
surface area. When less than about  25% of the added 
powder has been consumed, the rate is quite simply 
diffusion l imited as shown by the agreement  between 
the calculated curve of Fig. 2 and the experimental  o_ 10-" 
points. The calculated curve was based on the assump- 
t ion of spherical particles 2 x 10-3 cm in diameter. 
When about  50% of the powder has been dissolved 
away and then the solution acidified wi th  tIC1 to make 
another run, the rate is considerably slower at pH 
4. At p H < 6 the rate is then controlled by arr ival  of 
protons at the surface, and from pH 6 to 9 the rate  is 
approximately constant. Evident ly  there  are two modes 
of dissolution for MCB material,  one for highly active 
surfaces and one for surfaces p]~oduced by a consider- 
able amount  of dissolution. Probably  the mater ial  
which gave the lower curve of Fig. 2 still had some 
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Fig. 2. Dissolution of MCB Mg(OH)~ in I O - I M  KCI at 25~ The 

dashed curve is calculated assuming control by diffusion of protons 
to the surface and of dissolved Mg +~ and OH-  away. 

"active" surfaces and these were responsible for the 
approximately constant  rate at pH 6-9. 

Natural Brucite.--Natural Brucite behaves ini t ia l ly 
like MCB at pH > 5, except that  the rates are lower 
than  for MCB material.  The first run  (Fig. 3) already 
shows a rate which is nowhere diffusion limited, and 
after about 25% of the mater ia l  has been dissolved, 
the rate finally reaches values which fall close to the 
theoretical l ine for control by proton arrival.  Subse- 
quent  runs on the same sample give results indis t in-  
guishable from those for the thi rd  run.  Such a low- 
rate sample will  be referred to as "aged." It  seems 
plausible that  the initial, unaged surfaces contain 
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FIRST RUN 2% 
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\' SE D RUN 
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Fig. 3. Successive experiments on one sample of natural Brucite 
dissolving in 10-1M KCI at 25~ The open circles are from the 
third run only. Closed circles are from separate experiments, and 
indicate the greater uncertainty of the measurements at low pH. 
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"active" regions like those on the MCB material ,  and 
that these account for the higher rates of the first run.  

The possibility that some impur i ty  was dissolving 
into the solution from the na tura l  Brucite and inhibi t -  
ing the dissolution was investigated in two ways. First, 
some na tu ra l  Brucite was dissolved completely to give 
a concentrat ion more than ten times that  normal ly  
reached, and then a fresh sample was introduced. No 
effect of the dissolved mater ial  could be detected. 
Second, a sample of na tura l  Brucite was placed in the 
vessel at pH 10.55 with 2.10-4 m/1 MgC12 in the solu- 
t ion and left 50 hr. The ini t ial  run  on that  sample 
was~ very close to the second run  in Fig. 3, al though 
only 0.4% was consumed. Thus simply equi l ibrat ing the 
powder with the solution suffices to remove the highly 
active regions and the behavior is then like that  of an 
aged sample. 

At pH < 5 the curve deviates markedly  from the 
proton diffusion line, and the dependence on proton 
concentrat ion can be represented by the equation 

Rate = Const. CH+ ~ [8 ]  

Evident ly  the dissolution is controlled by a surface 
reaction in this pH range. A simple theory (3) of dis- 
solution of oxides and hydroxides based on removal  
of hydroxy~ ions by  reaction with protons predicted 
that the dissolution rate of the hydroxide of a divalent  
metal  would vary as CH+ 2/3. According to the theory 
a dependence as in Fig. 3 could arise because of a low 
value of the t ransfer  coefficient for cations. If, for ex- 
ample, the cation t ransfer  coefficient was 0.35 and the 
anion transfer  coefficient 0.7 the predicted exponent  
would be //2. 

The fact that the curve for the third run  at pH > 5 
does not exactly follow the proton diffusion curve is 
probably the result  of surface s t ructure  changes ac- 
companying dissolution. Figure 4 shows some effects 
of such sample history. The sample was first dissolved 
between pH 4 and 8, then HC1 was added to br ing t he  
pH to 5.2. There was a t rans ient  during which the 
rate increased with pH for a short time, followed by 
the usual  decrease. Because of such history effects the 
absolute values of rates in this pH range are subject 
to a considerable uncertainty.  The effect of adding 
NazPO4 will  be discussed in the section on accelerators 
and inhibitors.  

Mechanism of Mg (OH)2 dissolution.--The results for 
Mg(OH)2 indicate the following. For single crystal 
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Fig. 4. History effects, natural Brucite in 10 -1M KCI at 25~ 
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particles (na tura l  Brucite) the dissolution mechanism 
involves a surface reaction between hydroxyl  ions and 
protons. At pH ~ 5 this surface reaction is rate deter-  
mining  and the rate increases roughly as the square 
root of the proton concentration. Above pH 5 proton 
arr ival  is the slow step, and there are some minor  
variat ions due to changes in surface activity. These 
surface activity changes may involve poisoning of 
portions of the surface or possibly changes in the n u m -  
ber of surface steps and kinks. 

A possible al ternat ive mechanism, namely,  direct 
removal  of Mg +$ and O H -  ions at active sites and 
control by diffusion of such ions away from the crystal 
predicts a constant rate between pH 5 and 9 in  conflict 
with experiment;  the reasoning is as follows. The rate 
of removal of Mg +~ and O H -  together from such 
regions would be proport ional  to the product of the 
diffusion coefficient and concentration, DMg(OH)2 
CMg(OH)2. The rate of arr ival  of protons at such sites 
would be proport ional  to DH+ CH+. In  order for pro-  
tons to influence the rate significantly it is necessary 
that 

DH+ CH+ ~ DMg(OH)2 CMg(HO)2 [9] 

Using DH+ ---- 10 - 4 ,  DMg(OH)2 ~ 10 -5 ,  CMg(HO)2 ~--- 10 - 4  
we obtain CH+ ~ 10-~. Thus above pH 5 the proton 
concentrat ion should not influence the rate, but  at 
pH > 9 (Coil-  > 10-~) the rate would fall because of 
the common ion effect. 

Mg(OH)2 crystals normal ly  have some (na tura l  
Brucite) or many  (MCB) highly active regions from 
which direct removal  of Mg +~ and O H -  is possible, 
and for such regions the rate is l imited by arr ival  of 
protons or by diffusion away of dissolved Mg(OH)2. 
These active regions give rise to a roughly constant 
rate from pH 5-9. 

MgO.--The MgO powder comprised single crystal 
particles, and x - ray  diffraction did not detect the pres- 
ence of any Mg(OH)2, al though infrared absorption 
showed a small Mg(OH)2 peak. Figure 5 shows that  
below pH 6 the dissolution behavior is similar to that  
for na tura l  Brucite, while at pH 6-8 there is a near ly  
constant rate followed by a decreasing rate at pH 
8-10. 

It  is proposed that  the MgO first reacts to form 
Mg(OH)2 and that  dissolution of the lat ter  is rate 
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Fig. 7. Effect of phosphate on dissolution of natural Brucite at 
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determining.  The solubili ty of MgO is calculated to be 
about sixty times that  of Mg(OH)2, so it is reasonable 
that  it should dissolve rapidly on init ial  exposure and 
become covered with a layer of Mg(OH)2. The 
Mg(OH)2 layer would probably in part  be of the 
active type, hence the high rate (compared to Brucite) 
at pH > 6. Electron microscopic examinat ion did not 
detect the proposed Mg(OH)~ coating, which is prob-  
ably very  thin.  

Egect of temperature.--Figure 6 shows results at 
75~ for MgO and na tura l  Brucite. At pH < 3 the 
rate appears to be l imited by the surface reaction, 
which proceeds about ten times as fast as at 25~ 
Such a change is consistent with an activation energy 
of about 10 kcal/mole.  The dissolution of na tu ra l  
Brucite at pH > 3 is again controlled by proton ar-  
r ival  and the rate is only slightly higher than  at 
25~ MgO dissolution is controlled by proton arr ival  
at pH 3-5, while at higher pH direct dissolution of 
Mg +2 and O H -  plays a dominant  role. At pH 5-7 the 
rate for MgO is near ly  that  expected if the surface 
were ent i re ly  covered with Mg(OH)2 and if diffusion 
away of the  lat ter  controlled the rate. 

Egects of solution composition.--Natural Brucite.-- 
Many substances added to the solution were wi thout  
effect on dissolution of na tu ra l  Brucite. These in -  
cluded I - ,  C104-, Na +, Pb +2, Ni +2, A1 +a, Ca+2, 
Fe(CN)6 -4, and (C4Hg)4N +. Several  substances ac- 
celerated the dissolution in a l imited pH range; the 
effect of phosphate is shown in Fig. 7. The accelera- 
tors, which include acetate, chromate, periodate, ger-  
manate,  and tel lurate  are all substances which form 
protonated ions. However, not all protonated ions are 
accelerators. For instance, borate has no effect on the 
dissolution rate, and phosphate is not effective at 
higher pH. In  fact, it seems that pKa should be in the 
range of about 5 to 8 for a proton containing ion pres- 
ent at 10-a m/1 to accelerate dissolution of na tura l  
Brucite. 

It seems likely that accelerators exert  their  influ- 
ence by reacting directly with surface hydroxyl  ions 
just  as do protons. If pKa is too small, then few pro- 
tonated ions will  be present  except at low pH, where  
the more reactive protons are present  in greater n u m -  
bers. If PKa is too large the proton is bound so t ightly 

that  it does not react readily with hydroxyl  ions in the 
crystal. 

One other possible effect of accelerators is tha t  they 
might change the surface to one containing more 
highly active material.  The third r u n  of Fig. 4 shows 
that  the addit ion of phosphate to an aged surface im-  
mediately increases the rate about an order of mag-  
nitude, and it therefore seems probable that  a differ- 
ent  type of surface is not the only factor involved in 
the acceleration. 

No substances were found to inhibi t  the dissolution 
of na tura l  Brucite. 

MgO and MCB Mg(OH)2. - -A few moderately  effec- 
tive inhibitors of dissolution of these compounds were 
found, along with a large number  of ineffective sub-  
stances. Figure 8 shows the effects of periodate, one 
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Fig. 8. Effects of periodate and sodium dodecyl sulfate on dis- 
solution of MCB Mg(OH)~ and MgO at 25~ 
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of the  s t rongest  inhibitors ,  and sodium dodecyl  sul-  
fate. The greates t  effect for pe r ioda te  is found at  pH 
> 8, whi le  sodium dodecyl  sulfate  is only  effective 
at pH < 6. The dodecyl  sulfate  ion is p robab ly  a t -  
tached to the  surface by  the  high posi t ive charge of 
the par t ic les  a t  low pH, as wel l  as by  the repuls ion 
be tween wa te r  and the al iphat ic  hydrocarbon  por t ion 
of the  ion. 

Per iodate ,  germanate ,  te l lurate ,  vanadate ,  and te l -  
lur i te  a re  about  equa l ly  s t rong inhibi tors;  arsenite,  
arsenate,  and pe rmangana t e  are  ve ry  weak ly  effective. 
I t  is be l ieved that  these ions a re  effective because  they  
are  able  to fit the  s t ructure  of the  Mg(OH)2 and to 
make  strong bonds wi th  its surface. As wi th  A120~ 
(2), the  effective ions a l l  fal l  in a small  region of a 
plot  of rad ius  rat io  against  proton level  (Fig. 9); the  
corresponding quant i t ies  for Mg (OH)2 are  also in the  
same region at  pH 10. The rad ius  ra t io  is bel ieved to 
de te rmine  the s t ruc tura l  fit of the  ion and the sur -  
face, whi le  the  p roper  proton level  is p robab ly  neces-  
sa ry  in o rder  that  s t rong hydrogen  bonds can be 
formed. 

Some ineffective substances not  shown in Fig. 9 
are  NH4 +, d imethy l  formamide,  pa lmi t ic  acid, and 
Fe (CN)6  -4. The absence of an effect for Fe (CN )6  -4, 
which should be s t rongly  a t t rac ted  to the posi t ively  
charged part icles,  shows that  e lectrostat ic  effects alone 
wil l  not suffice to produce  inhibit ion.  

Implications for corrosion oi magnesium.--The cor-  
rosion product  formed on magnes ium in aqueous solu-  
tions is usual ly  Mg(OH)2,  and some protec t ion  is p ro -  
vided by  this product .  To the ex ten t  that  the corro-  
sion product  resembles  aged na tu ra l  Bruci te  these 
resul ts  do not offer much hope tha t  good inhibi tors  can 
be found. If  the product  resembles  MCB Mg(OH)2,  
however,  then there  a re  some possibi l i t ies  for  inhib i -  
tion. I t  seems un l ike ly  tha t  the  corrosion product  
would  comprise  Mg(OH)2  crysta ls  as perfect  as those 
of na tu ra l  Brucite,  and more  probable  tha t  some 
highly  active surfaces would  be present .  I t  therefore  
seems l ike ly  tha t  some of the  inhibi tors  of MCB 
Mg(OH)~ m a y  also be effective for  the  metal .  Studies  
to test  this predic t ion  are  in progress.  

Comparison with previous studies.--A r ev iewer  has 
pointed out  that  Brunner  (5) s tudied dissolution of 
Mg(OH)2 in various organic acids and in HC1. Those 
studies were  conducted for the  purpose  of ver i fy ing  
the Nernst  diffusion l aye r  theory  of heterogeneous  re -  
actions. Ra ther  concentra ted  solutions (compared  to 
the present  studies)  were  used (acid concentrat ions 
0.02 to 0.05 equ iva len t s / l i t e r ) ,  and the  ra te  of disso- 
lut ion was shown to be a lways  diffusion l imited.  There  
are  no da ta  showing surface react ion l imi ted  rates  of 
dissolution wi th  which the present  exper iments  can be 
compared.  

Conclusions 
1. The mechanism of dissolution of na tu ra l  Bruci te  

involves a surface react ion be tween  protons and h y -  
d roxy l  ions. The act ivat ion energy for this  process is 
about  10 kca l /mole .  
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Fig. 9. Inhibitors of MCB Mg(OH)2 dissolution. R + and R -  are 
the radii of the cation and oxygen ions in the oxyanion. The proton 
level is the free energy difference between the proton on the ion 
and a proton on a water molecule (H~O +) (4). The closed circles 
designate moderately effective substances, while ineffective sub- 
stances are indicated by open circles. 

2. Less wel l  aged Mg(OH)2 contains h igh ly  act ive 
surface regions f rom which  dissolution is control led  
e i ther  by  proton a r r iva l  or  b y  diffusion away  of dis-  
solved Mg +2 and O H - .  

3. MgO first reacts  wi th  wa te r  to form a Mg(OH)2 
l aye r  on the surface and the  r a t e  is control led  by  dis-  
solution of the  Mg (OH) 2. 

4. No inhibi tors  were  found for dissolution of na t -  
ura l  Brucite.  P ro tona ted  species wi th  PKa be tween  3 
and 8 accelera te  Bruci te  dissolution. 

5. Inhibi tors  for dissolution of MCB Mg(OH)2  and 
MgO are  periodate,  te l lurate ,  te l lur i te ,  germanate ,  
and vanadate .  
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Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1970 
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A Study of the Anodic Oxidation of Bismuth 
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ABSTRACT 

The galvanostatic oxidation of bismuth in sodium borate-boric acid and 
sodium carbonate solutions has been studied over a potential  range of 90V by 
analysis of open-circui t  transients.  An anodic layer which shows bright  in ter -  
ference colors is found to grow on the metal  surface. Exper imenta l  results 
indicate that the dependence of the oxidation current  density, i, on the over-  
potential, V, is expressable in the form i = io exp (V/Vo), where io and Vo 
are parameters  determined from the data analysis. The parameter  Vo is 
found to vary  l inearly with the overpotential  dur ing galvanostatic oxidation, 
while the parameter  io depends on the applied current  density. These results 
are related to a high field conduction model. 

The anodic oxidation of the so-called "valve" metals 
has been the subject of many  investigations (1). Never-  
theless bismuth, al though classified as a typical  "valve" 
metal, has received little attention. Since the s tudy of 
the anodic oxidation of b ismuth by Guntherschulze and 
Betz in 1931 (2), there has been no published work on 
the anodic oxidation of b ismuth in neut ra l  or slightly 
alkal ine solution, and little work in other electrolytes. 
This deficiency arises par t ly  because bismuth does not 
find the application to capacitor manufac ture  that  t an -  
ta lum and some of the other "valve" metals do; and 
also because bismuth appears to have a somewhat more 
complex electrical behavior  than,  for example, t an -  
ta lum does. 

The open-circui t  t rans ient  analysis technique has 
been used in the study of the anodic oxidation of sev- 
eral  metals (3-8). Although b ismuth  and t an ta lum 
have been reported to show similar behavior, an exam- 
inat ion of the l i terature shows that  there are differences 
in  the reported values of the electrical parameters  of 
the oxide films formed on the two metals. The aims 
of this invest igat ion were to determine whether  the 
analysis of open-circui t  t ransients  would yield results 
when applied to the anodic oxidation of bismuth, and 
whether  this technique would show the reported dif- 
ferences in  the electrical behavior  of the oxide films 
formed on bismuth and tanta lum.  In  addition, a s tudy 
of the anodic oxidation of bismuth and a comparison of 
these results with similar results found for other met-  
als wil l  aid in de termining which properties of anodic 
oxidation are dependent  on the part icular  system being 
investigated and which are more general  properties of 
the process itself. 

A study of the l i terature  also reveals that there are 
differences in the reported values of certain electrical 
parameters  of the anodic oxide film on bismuth, as de- 
termined by different methods. The present  work thus 
helps to determine whether  the differences were real  
or merely the result  of some aspect of the exper imental  
techniques used. 

Experimental 
The anodes used in this investigation were prepared 

from single crystals of b ismuth (better  than  99.99% 
pure) obtained from various sources. Hollow cyl indr i -  
cal samples 0.2 in. in diameter  and 0.3 in. in  length 
were machined from this material.  The samples were 
then electropolished in a 2% hydrochloric acid, 98% 
saturated potassium iodide solution (9). After r insing 
in  distilled water  and drying, the samples were 
mounted between Teflon washers in an electrode holder 
similar to that  described by Feller  and Osterwald (10). 
Each sample was then anodically oxidized to a poten-  
t ial  of 100V using a constant  current ,  and the oxide 
film thus formed was removed from the sample by 
dissolution in 0.1M sulfuric acid. This last procedure 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

was repeated several  t imes (usual ly 8 to 10) unt i l  the 
electrical behavior of the electrode became reproduci-  
ble, thus ensur ing that  all exper imenta l  results re- 
ported here were obtained from identical surfaces. 

The cell used was a jacketed four-necked flask fitted 
with s tandard taper joints through which the electrode 
assembly, a p la t inum wire cathode, a mercu ry -mer -  
curous sulfate reference electrode, and a gas disper- 
sion tube  were fitted. All experiments  reported here 
were carried out at room temperature.  

Two electrolyte solutions were used in this study: a 
solution 0.0375M in sodium borate and 0.025M in boric 
acid (referred to as the borate buffer solution),  and a 
0.075M solution of sodium carbonate. Solutions were 
bubbled with argon for at least 12 hr prior to an ex- 
periment,  the bubbl ing  being continued throughout  
the course of the experiment.  

A schematic diagram of the electrical circuitry used 
is shown in Fig. 1. High input  impedance differential 
operational  amplifiers (Phi lbr ick SP102) were used for 
the galvanostat  and follower. These amplifiers operate 
over a range of • 100V. Potentials  and open-circui t  
t ransients  were recorded on a fast strip chart  recorder 
(Sanborn  7700). All potentials were recorded relat ive 
to the mercury-mercurous  sulfate reference electrode, 
and overpotentials were calculated from observed po- 
tentials by subtract ing the value of the open-circuit  
potential.  Current  densities were calculated by divid- 
ing the applied current  by the macroscopic surface area 
of the anode. 

We have observed that  the anodic layer on bismuth 
exhibits a fairly large optical effect when i l luminated 
with visible light, therefore all results reported here 
were obtained in a darkened room unless otherwise 
noted. This el iminated the possibility that light fall ing 
on the electrode influenced the exper imental  results. 

Results 
If an oxide film on the surface of an electrode is 

considered to be equivalent  to a capacitor with a di- 
electric medium between the capacitor plates which 

Fig. 1. Circuit schematic: A1, A2, operational amplifiers; R, vari- 
able resistor; V, battery; A, ammeter; SCR, strip chart recorder; 
a, anode; r, reference electrode; c, cathode. 
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carries current  in some manner ,  then the differential 
equation which relates the current  density through 
the film, i, the overpotential~ V, and the external ly  
applied current  density, ie, is given by 

C d V / d t  • i = ie [1] 

During an open-circui t  t ransient  ie -~ O, and the dif- 
ferential  equation of the circuit becomes 

i = --  C d V / d t  [2] 

so that  if the rate of change of the potential  is known, 
the current  density through the layer  may be deter-  
mined (assuming that  the behavior of the capacitance 
is known) .  If, for example, the voltage decay dur ing 
such a t rans ient  were found to be an exponential  
function of time, then it could be deduced that  the 
dielectric layer  behaved as an ohmic resistance. 

The exper imental  open-circuit  t ransients  found for 
b ismuth fit an expression of the form 

V = k - -  Vo log( t  + 0) [3] 

extremely well. Here Vo, 0, and k are parameters  which 
are determined by the par t icular  t ransient  and its ini-  
tial conditions. Such t ransients  may, for example, be 
analyzed by plott ing the overpotential  dur ing the open- 
circuit decay against (t -t- 0) on semilogarithmic graph 
paper. For each t ransient  e is varied unt i l  a straight 
l ine is obtained for V against log(t  -t- 0) for the t rans i -  
ent or some init ial  portion of the transient.  

Differentiation of Eq. [3] with respect to t ime gives 

d V / d t  = , - -  V o / ( t  -F o) [4] 

which may be wri t ten  in the form 

dV/d t - - - - - -  Vo exp ( - - k / V o )  exp ( V / V o )  [5] 

Comparison of Eq. [2] and [5] gives the current  density 
in the layer as 

i = CVo exp ( - - k / V o )  exp ( V / V o )  

which may be wr i t ten  as 

i = io exp ( V / V o )  [6] 

where io and Vo are parameters  which have the same 
dimensions as i and V, respectively, and whose values 
may be determined experimental ly.  

Certain assumptions have been made in the above 
derivation. First, it was assumed that the layer capaci- 
tance, C, does not change appreciably dur ing the ana-  
lyzed portion of the open-circui t  t ransient .  Because 
very little charge t ransfer  occurs dur ing an open- 
circuit t ransient  no appreciable thickness changes take 
place, thus par t ia l ly  just i fying this assumption. Second, 
open-circui t  t ransients  did not fit a relat ion of the form 
of Eq. [3] dur ing the entire transient ,  but  only  over 
an ini t ial  portion of the transient .  In terms of the 
results presented here, Eq. [6] may be considered to 
represent a high field conduction process. Since the 
electric field in the layer  decays to zero as the over-  
potential  decays to zero, this equation would not be 
expected to describe the relat ion between the over-  
potential  and the current  density after the circuit  has 
been open a long time. Nevertheless, each t rans ient  
analyzed was found to fit an expression of the form 
of Eq. [3] for at least 11/2 decades of time, or a change 
in d V / d t  of at least a factor of 30. An analysis of this 
type of t rans ient  was described by Grahame (11), and 
such t ransients  have been employed in  studies of the 
anodic films formed on passive iron (3-6) and of the 
anodic oxidation of t an ta lum (8). 

A series of open-circui t  t ransients  were recorded 
during galvanostatic oxidation. In order to avoid con- 
fusion in the following discussion, we will  use the term 
formation current  density to designate the applied cur-  
rent  density dur ing  galvanostatic oxidation and the 
term formation potential  to designate the overpotential  
at which the circuit was opened. Figures 2 and 3 show 
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the values of Vo, as de termined from the open-circui t  
t ransient ,  as a function of the formation potential  for 
b ismuth  in borate buffer (Fig. 2) and sodium carbonate 
(Fig. 3) at various formation current  densities. For 
both electrolytes the plots of Vo against formation po- 
tential  are l inear  for any part icular  formation current  
density, and all lines pass through the zero of over- 
potential. There is a noticeable difference in the slopes 
of the lines for different formation current  densities. 

A value for the parameter  io can be determined from 
each open-circui t  t ransient ;  but  because the values of 
Vo are proport ional  to the formation potential  (for any  
part icular  formation current  densi ty) ,  io will  have the 
same value for every open-circui t  t ransient  from the 
same formation current  density. Thus io can be deter-  
mined by using Eq. [6] and the slope of the graph of 
Vo vs. formation potent ial  for each value of the forma- 
t ion current  density. Figure 4 shows a plot of the loga- 
r i thm of io (determined as above) against the logarithm 
of the formation current  density, if, for formation cur-  
ren t  densities ranging  from 5 to 175 ~A/cm 2. From this 
figure, at least for formation current  densities ranging 
from 5 to 50 ~A/cm 2, the relat ion between i~ and io 
may be wr i t ten  in the form 

io = K(il) ~ [7] 

for both the borate buffer and the sodium carbonate 
solutions. 

Assuming that  all the charge passed dur ing galvano- 
static oxidation goes into the formation of a uni form 
layer, the change in overpotential  with respect to 
charge passed ( d V / d Q )  can be used as a measure of 
the electric field in the layer. With this assumption it 
is possible to determine the dependence of the electric 
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Fig. 2. Dependence of Vo on formation potential for bismuth in 
borate buffer. The formation current density was w /~A/crn 2 for the 
data represented by the squares, 50 /~A/crn 2 for the data repre- 
sented by the circles, and ] ]7 /~A/cm 2 for the dote represented by 
the triangles. 
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Fig. 3. Dependence of Vo on forrnotion potential for bismuth in 
sodium corbonote. The formation current density was ] 0  /~A/crn ~ 
for the doto represented by the squares, 50 /~A/crn 2 for the data 
represented by the circles, end |00 /~A/crn 2 for the doto repre- 
sented by the triangles. 
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Fig, 4. Dependence of io on the formation current density. The 
data represented by the squares are for the sodium carbonate 
electrolyte and the data represented by the circles ore for the 
borate buffer electrolyte. 

field in the layer on the formation cur ren t  density by 
measur ing dV/dQ as a function of the formation cur-  
rent  density. Figure  5 shows dV/dQ as a funct ion of 
the logari thm of the formation current  density for bis- 
muth  in  sodium carbonate solution. 

Figure 6 shows a t rans ient  in which the formation 
current  density was switched from 200 to 40 ~A/cm 2 
and then back to 200 #A/cm 2. In  producing this figure 
the speed of the strip chart  recorder was changed by 
a factor of five when the current  density was switched 
from 200 to 40 uA/cm 2, and back to its original speed 
when the current  density was re turned  to 200 ~A/cm 2, 
producing a plot of potential  against charge. This fig- 
ure wil l  be discussed fur ther  in the next  section. 

The effect of visible light on the overpotential  of the 
electrode while undergoing galvanostatic oxidation is 
vividly shown in Fig. 7 for a b ismuth anode in the 
borate buffer solution. The light was shone on the elec- 
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Fig. 5. Dependence of d V / d Q  on the formation current density 

65 

---~60 - -  o 

.___w,-- 
--<~55 - -  
g 
I -  

~ 50 

< 4 5 - -  

4O 
0 6 I?- IS 24 30 

CHARGE {mc/crn ! ) 

Fig. 6. Overpotential vs. charge for an oxidation transient in 
which the current density was switched from 200 to 40/~A/cm ~ and 
then back to 200/~A/cm 2. The electrolyte was borate buffer. 
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Fig. 7. Overpotential vs. time for a bismuth electrode in borate 
buffer under golvanostatic conditions with an applied current dens- 
ity of 10 /~A/cm 2. At point A the electrode was illuminated with 
visible light and at point B the light was removed. 

trode when the formation potential  reached a value of 
43V, a formation current  density of 10 ~A/cm~ being 
maintained.  The light caused the overpotential  to de- 
crease suddenly, the electrode r e tu rn ing  to its original 
overpotential  when the light was removed. 

Pre l iminary  experiments  indicate that  the magni tude  
of the photo effect (i.e., the change in overpotential  
when light is allowed to reach the surface of the elec- 
trode) increases with increasing overpotential  under  
galvanostatic conditions. The photo effect is thus re-  
lated to the thickness of the oxide layer and perhaps 
to the electric field in the layer. The photo effect was 
found to decrease with increasing applied current  den-  
sity and could not be detected at all for applied cur-  
rent  densities much above 100 ~A/cm~. It has also been 
determined that  if only red light is used the effect 
diminishes considerably. 

The above must  be considered as only a quali tat ive 
discussion of the photo effect on bismuth;  a more com- 
plete s tudy is at present underway  in this laboratory. 
Some of the pre l iminary  results of this study are 
wor thy  of note here. One is that  the oxide layer formed 
while under  constant exposure to light proves far more 
difficult to remove than the layer formed in the dark. 
Another  is that the film formed under  strong i l lumina-  
t ion does not show uniform interference colors (certain 
crystal  orientations showing dist inctly different colors) 
which were always found on films grown in darkened 
conditions. These observations are true even when the 
formation current  density is large enough to make the 
photo effect otherwise undetectable.  These results sug- 
gest differences in the properties of the ox ide  formed 
in the two cases which may account for certain of the 
discrepancies in previously published results. 

Discussion 
An exponential  dependence of the current  density 

through the layer on the overpotential  may be in ter -  
preted in  terms of an activation energy controlled 
process (1) using a simple Mott-Cabrera  model (12). 
The theoretical relat ion for such a process, in  the high 
field case, is given in its simplest form by 

i = 2avn exp ( - -U/kT)  exp (~eaE/kT) [8] 

where a is the ha l f - jump distance of the activation 
barrier,  v the frequency of oscillation of ions, n the 
densi ty of charge carriers, U the activation energy for 
the process, ~ the valence of the charge carriers, and 
E the electric field at the activation barrier.  The other 
symbols have their  usual  meanings.  

If the local electric field at the activation barr ier  may  
be presumed equal to the average electric field in the 
layer (i.e., the overpotential  across the layer divided 
by its thickness) then a comparison of Eq. [6] and [8] 
yields the relat ion 

Vo = (kT/kea)  D [9] 
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Thus Vo is proportional to the thickness of the oxide 
layer, D. 

The exper imental  data presented here strongly sup- 
port a model of this type. Figures 2 and 3 show that  
the values of Vo are l inear ly  proport ional  to the forma- 
t ion potential  for a fixed formation current  density 
over a wide range of values. This result  indicates that  
a high field conduction process limits the current  
through the layer. Data taken for different formation 
current  densities fall on lines of different slopes, in-  
dicating that  the field in the layer  depends on the 
formation current  density, and also that  io depends on 
the formation current  density. 

The dependence of io on the formation current  den-  
sity cannot be interpreted in terms of the model used, 
since the model assumes that  all of the factors in Eq. 
[8] other than  the exponential  factor containing the 
electric field are constants. The variat ion of 4o could 
be made consistent with Eq. [8] by allowing at least 
one of the "field independent"  factors in Eq. [8] to 
vary. We feel that  we cannot deduce a meaningful  
model to account for the var iat ion of io based solely 
on the present  exper imental  data. It should be noted 
that  io was plotted as a function of the formation cur-  
rent  density in Fig. 4, but  it could equally well  be 
considered to be a function of the formation field. 

The change in overpotential  when  the current  den-  
sity is suddenly switched from one constant value to 
another  is shown in Fig. 6. This figure also shows the 
potent ial  overshoot that  occurs when  the current  den-  
sity is changed in this manner .  Such behavior has been 
reported for several other metals (1,5). We have 
found that  io depends on the formation current  density; 
therefore, when the formation current  density is 
changed 4o will  change, at a ra te  less than  the rate of 
change of the formation cur ren t  density (or the rate 
of change of the electric field), unt i l  its value is cor- 
rect for the new formation current  density. Ord (5), 
in a study of the anodic oxidation of passive iron, sug- 
gested that  it may be possible to account for the po- 
tential  overshoot by consideration of the manne r  in 
which io changes. Similar  arguments  may be advanced 
here, since our exper imental  results clearly indicate 
that  io is a funct ion of the formation current  density 
and changes when  the formation current  density is 
changed. 

The results obtained for d,,/dQ (which may be con- 
sidered to be directly proport ional  to the electric field 
in the layer) as a funct ion of the formation current  
density (Fig. 5) suggest that  the usual  relat ion be-  
tween the current  density through the layer and the 
electric field, i -~ A exp(BE) ,  is not valid for this sys- 
tem, at least over the range of applied current  densities 
studied here. Even the modified form of this expression 
given by Young (13), 4 ---- A exp(BE -b CE2), cannot 
fit the exper imental  results of Fig. 5. The curvature  
of this plot at low applied cur ren t  densities may be 
due to leakage; nevertheless,  it proved :possible to ob- 
ta in  a l inear  increase in overpotentiaY with t ime for 
applied current  densities as low as 0.1 /~A/cm 2. Thus 
any leakage cur ren t  present must  be non-ohmic;  that  
is, it must  be a function of the applied current  density 
but  not an explicit funct ion of the overpotential.  

A comparison of the present  work with earlier studies 
of the anodic oxidation of bismuth is difficult because 
dV/dQ was not found to be a l inear  function of the 
logari thm of the applied current  density. In  contrast, 
the relat ion 4 ~- io e x p ( V / V o )  has been shown to be 
applicable to this system. A high field conduction mech-  
anism can be deduced from this relat ion wi thout  re-  
quir ing dV/dQ to vary  l inearly with log 4. 

Guntherschulze and Betz (2) reported that  the elec- 
tric field s t rength in t an t a lum oxide was a factor of 
five greater than that  in bismuth oxide. Young (1) 
found that  at an applied current  density of 100 ~A/cm 2 
and 25~ the electric field s trength in t an ta lum oxide 
is about  7 �9 106 V/cm, while Masing and Young (14) 
have determined that  the electric field s trength in  bis-  

muth  oxide (formed in sodium hydroxide solution) was 
8.5 �9 10 5 V/em. These la t ter  results indicate that  the 
electric field s trength in t an ta lum oxide is about eight 
times that  in bismuth oxide. To compare these deter-  
minat ions of the field s trength with our results, Eq. 
[9] must  be used to obtain the relat ion between Vo and 
thickness, viz. 

Vo = D~ ( ~aA ) [10] 

where A is given by ( e / kT ) .  Dividing both sides of 
this equation into the formation potential, V, gives 

V/Vo ---- ~aAE [11] 

where E, the average electric field s trength wi th in  the 
layer, is given by  V/D. At an applied current  density 
of 100 ~A/cm 2 the value of V/Vo for t an ta lum oxide 
is approximately 12.0 (8), while for b ismuth  oxide it 
is approximately 6.0 (see Fig. 3). Thus, if the field 
s t rength in t an ta lum oxide is eight times that  in bis- 
muth  oxide, the va lence - jump distance product for 
b ismuth oxide should be four t imes that  for t an ta lum 
oxide. Masing and Young determined that  the jump 
distance in b ismuth oxide is four times as great as it 
is in t an ta lum oxide. The values of the electric field 
strength determined by Guntherschulze and Betz and 
by Masing and Young for bismuth oxide may be 
slightly low since they were apparent ly  not aware of 
the photo effect of visible light. This effect, which we 
have found to cause large changes in the overpotent ial  
at low current  densities, may  produce a reduced field 
s trength at higher current  densities. 

A comparison of the results presented here for bis- 
muth  with those found for iron (5) and t an ta lum (8), 
using the same exper imenta l  techniques and methods 
of data analysis, yields several s tr iking similarities. 
The decay of the overpotential  dur ing an open-circui t  
t rans ient  has the same form for all three materials.  The 
systems all show a l inear  dependence of Vo on the 
formation potential  at fixed formation cur ren t  density. 
The values of the slopes of these plots are comparable 
(0.09 for tantalum, 0.2 for iron, and 0.16 for b ismuth) .  
The slope of Vo against formation potential  is depend-  
ent on the formation current  density for all three sys- 
tems, in all cases increasing with decreasing formation 
current  density. The parameter  io will  therefore de- 
pend on the formation current  density in much the 
same manne r  for each of these systems. (An equation 
of the form of Eq. [7] has been found for this depend- 
ence in tantalum, the exact form of the relat ion for 
i ron is not present ly  known.)  The values of 4o for these 
three systems at comparable formation current  den-  
sities are 7 �9 10 -5 ~A/cm 2 for tanta lum,  5 �9 10 -8 ~A/cm 2 
for iron, and 3 �9 10 -1 ~A/cm 2 for bismuth. Finally,  all 
three systems show a potential  overshoot whenever  
the applied current  density is changed abrupt ly  from 
one value to another. 

It is for these reasons that  we feel that some of the 
features which these systems exhibit, as exemplified 
by this work, are general  features of the anodic oxida- 
t ion process which will  be independent  of the part icu-  
lar system under  investigation. Fur ther ,  it is our 
opinion that the analysis of open-circuit  t ransients  is 
a useful  technique which yields valuable informat ion 
as to the behavior of metals undergoing anodic oxi- 
dation. 
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ABSTRACT 

The effects of s t ra ight-chain carboxylic acids on cathode overpotential  
dur ing  electrodeposition of copper were studied by galvanostatic methods 
at cur rent  densities up to 0.020 A-cm -2. No modification of the charge- 
t ransfer  mechanism of copper deposition occurred. Overpotential  increments  
caused by lengthening of the carbon chain can be correlated with the reduced 
concentrat ions of the carboxylic acids in accordance with Traube's  rule. This 
can be rationalized in terms of the general  relat ion between adsorbabil i ty and 
solubili ty of the additive. The general  behavior  is consistent with the block- 
ing theory of additive function according to which overpotential  increments  
are directly dependent  on additive adsorbability. The fractional surface cov- 
erage calculated from overpotential  increments  appears to fit a Langmui r -  
type isotherm from which the free energies of adsorption of the carboxylic 
acids can be determined. The magnitudes of these free energies are consistent 
with physical adsorption forces. A relat ion was derived between the free en-  
ergy of adsorption and the free energy contributions from the carboxyl group 
and the carbon chain. This shows that  the longer the chain, the higher the 
adsorbability. 

Overpotential and adsorbed additives.--The ra te-  
determining step in electrodeposition varies with the 
overpotential  region (1). The charge- t ransfer  proc- 
ess is believed to be ra te -de te rmin ing  at high over- 
potentials (2) and the accepted mechanism in  the case 
of copper deposition is the two step charge t ransfer  

Cu 2+ + e ~  Cu + slow 

Cu + -b e "-> Cu fast 

The charge- t ransfer  overpotential  ~1 is related to the 
current  densi ty i by the Tafel equation (3) 

~1 = a q- b l n i  [1]  

Under  high overpotential  conditions, the measured 
overpotential  will  represent  the magni tude  of ~ if 
other sources of overpotential  can be el iminated or 
sufficiently minimized. 

The presence in the solution of surface-active addi-  
tives results in  a considerable increase in cathode 
overpotential  in  many  instances (4-7), due pr imari ly  
to adsorption of the additive on the cathode surface 
(4-6, 8, 9). Since this adsorption undoubtedly  modifies 
the surface conditions for electr0deposition, it is es- 
sential  to t ry  to correlate the result ing overpotential  
increment  and the additive adsorbability. 

In  metal  deposition, overpotential  increments  
caused by additives are general ly  believed to arise 

* Electrochemical Society Act ive Member. 
1 P r e s e n t  addres s :  ESB Inc., Research Center, Yardley, Pennsyl-  

vania.  

from an increased t rue current  density because of par-  
t ial  blocking of the electrode by adsorbed additive. If 
a fraction e of the cathode surface is covered by addi-  
tive molecules, and if electrodeposition occurs only on 
the uncovered fraction 1 --  0, then  the t rue current  
density will  be increased from i in the absence of 
adit ive to i', in the presence of additive, such that  

i 
i '  = - -  [2] 

1 - - 0  

If the charge- t ransfer  process remains  r a t e -de te rmin-  
ing, the increased charge- t ransfer  overpotential  n' in 
the presence of additive will  be given by 

n' = a -b b In i' 

= a + b l n ( - ~  0 ) [3] 

An  expression relat ing the overpotential  increment  
and the fractional surface coverage can then be ob- 
tained by subtract ing Eq. [1] and [3] to give 

0 = 1 -  exp (--An/b) [4] 

Equation [4], based on the simple blocking theory, 
has been used in the study of hydrogen overvoltage 
at solid electrodes (8, 10) and values of 0 calculated 
in this way from overvoltage data have been found to 
agree satisfactorily with values obtained from double-  
layer capacity measurements  (10). If it can be as- 
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sumed that this equation applies equal ly well  to metal  
deposition, then the fractional surface coverage for 
additives which adsorb randomly on the electrolyti-  
cally active sites is readi ly calculable from experi-  
menta l  measurements  of h~. 

It should be pointed out that overpotential  is not 
always increased by the presence of additive. Certain 
alkaloids have been found to lower the hydrogen over- 
voltage of mercury  and lead, bu t  presumably  be-  
cause the specifically adsorbed alkaloid acts as a low- 
stabili ty source of electroactive hydrogen (11). 

Electrosorpt ion  of  add i t i v e s . - -Var ious  aspects of 
electrosorption have been reviewed by F r u m k i n  (12). 
Mercury electrodes have been used for much of this 
work because they allow the extent  of adsorption to 
be determined from electrocapillary data. In the case 
of solid electrodes, radiotracer methods have been 
used with some success (13, 14), but  useful  infor-  
mation can also be derived from studies of ordinary 
adsorption (15, 16), par t icular ly  concerning the ad- 
sorbabili ty of additive and the type of bonding with 
the electrode surface. It is known that adsorbabil i ty in 
ordinary  adsorption depends on the solubili ty of the 
adsorbate (15). In general, the lower the solubility, the 
higher the adsorbability. 

In  electrosorption, as in ordinary  adsorption, sol- 
vent  adsorption occurs at the electrode, and adsorption 
of addit ive involves a displacement of solvent mole- 
cules (17-19). Competit ion between solvent and addi- 
tives for the electrode surface therefore occurs. Gen-  
erally, if the adsorbed molecules are polar, their ori- 
entat ion might  be expected to depend on the sign of 
the electrode charge, and the competit ion for adsorp- 
tion sites between water  and an organic additive 
might be expected to be potential  dependent  (20, 21). 
Accordingly, water  molecules should be least strongly 
attached to the electrode at the point of zero charge, 
with m a x i m u m  adsorption of the organic additive the 
expected result, but  this is not always the case (17, 20, 
22). In  chemisorption particularly,  the orientat ion of 
an adsorbed molecule will  depend on the funct ional  
group that determines the point of a t tachment  (15), 
and so the potential  dependence of such adsorption 
would be relat ively unimportant .  

The equi l ibr ium between adsorbed additive on an 
electrode surface and additive in the solution phase 
can be described in the customary way by an adsorp- 
tion isotherm. In  general, since the major  difference 
between gas-phase and l iquid-phase adsorption is 
merely  that the substrate surface is bare  in the former 
and solvated in the latter, it follows that  isotherms 
originally derived for gas-phase adsorption also find 
application in electrosorption studies. In  these studies, 
the Langmui r  isotherm has been found useful. 

L a n g m u i r  adsorpt ion i s o t h e r m . - - T h e  Langmui r  iso- 
therm, derivable from either a kinetic or statistical 
t rea tment  (23, 24), can be wr i t ten  in the form 

( ~ G ~  
0 = C K  = C �9 exp . [5] 

1 - -  e R T  

where o and C are the fractional surface coverage and 
concentrat ion of additive, respectively, K is the equi-  
l ibr ium constant (the adsorbabil i ty) ,  and AG~ is the 
s tandard free energy of adsorption. From the model 
and assumptions made in the derivation, this isotherm 
can be expected to apply to localized monolayer  ad-  
sorption with no lateral  interference (i.e., free energy 
of adsorption is not coverage dependent)  and to the 
condition where each adsorbed molecule occupies a 
single site on the surface. At low coverage, Eq. [5] de- 
scribes many  electrosorption systems to a good ap- 
proximation (13, 25, 26). 

L a n g m u i r  adsorpt ion from so lu t i on . - -Adsorp t i o n  of 
an additive A on a solvated electrode surface can be 
wr i t ten  as a displacement reaction 

A(soln.) -~- nH20(ads.) ~ A(ads.) -~- nH20(soln.) 
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where n is the n u m b e r  of water  molecules displaced 
by a molecule of additive. A Langmui r - type  isotherm 
for this kind of displacement adsorption has been 
formulated as (17) 

0 {e + n ( 1 - -  e)} n-1 

(1 - -  0 )  n n n 

When n is unity, Eq. 
Langmuir  isotherm 

= C K  

55.5'exp \ ~  [6] 

[6] reduces to the ordinary  

0 c 

1 - -  0 55.5 exp RT [7] 

This is essentially the same form as Eq. [5] except 
that  it contains the factor 1/55.5 which arises from 
taking uni t  mole fraction of adsorbed species as s tand-  
ard state. 

Experimental 
Some of the overpotential  measurements  in this 

work were made with a Har ing cell (5), while others 
were made with a Luggin probe in contact with the 
bottom end of a copper-wire cathode (about 2.0 mm 
diameter)  in a specially constructed H-cell  similar 
to one described by Turner  and Johnson (7). The 
Haring cell was designed to contain 150 ml  of solu- 
tion with 10 cm 2 of electrode area immersed. The cath- 
ode compartment  of the H-cell  contained about 65 ml  
of solution with 1 cm 2 of cathode surface immersed. 
Cathode overpotentials were measured with a Sargent  
SR recorder in some cases and with a Leeds and 
Northrup Type K potentiometer  in others. Overpo- 
tent ial  increments  were determined for several 
s t ra ight-chain carboxylic acids added to the s tandard 
reference solution of copper sulfate and sulfuric acid 
(4, 5). Effects of additive concentrat ion and current  
density were determined. 

Electrolyte containing 0.5M CuSO4 and 1.0M H2SO4, 
both reagent  grade, was used as the s tandard solution. 
The water  was tr iply distilled in all-glass apparatus. 
Precautions were taken to remove possible organic 
contaminants  from the copper sulfate pentahydrate  
solid before prepar ing the solutions. This was done by 
heat ing at 750~ for several days to cause complete 
decomposition to copper oxide, which was then dis- 
solved in the required amount  of sulfuric acid. All 
copper electrodes were heated to redness before use to 
remove any organic substances. Solutions containing 
the additives were always freshly prepared and only 
h igh-pur i ty  compounds were used. 

Results 
All overpotentials reported in this paper are steady- 

state total values reproducible to wi th in  •  Minor 
variat ions in electrode surfaces appeared to be the 
main  factor affecting the reproducibil i ty.  In  the elec- 
trolysis of the s tandard solution at 25 ~ •176 and 20 
mA-cm -2, the total cathode overpotential  was 100 
•  mV (4, 5). Some overpotential  decay measure-  
ments  indicate that  under  these conditions with na t -  
ura l  free convection, the concentrat ion overpotential,  
which is less than  5 mV, is not significantly affected 
by the additives employed in this work (27). It  may 
therefore be assumed that the ma in  effect of the addi-  
tives is to increase the charge- t ransfer  overpotential  
only. The overpotential  increment  in each case was ob- 
tained by subtract ing 100 mV from the measured total  
value. 

S t e a d y - s t a t e  o v e r p o t e n t i a l . - - T h e  total  s teady-state 
cathode overpotential  is shown in Fig. 1 as a function 
of additive concentrat ion for several s t ra ight-chain 
carboxylic acids, methanoic, propanoic, pentanoic, 
heptanoic, and hexanedioic acids. These compounds 
were chosen to show the effect of carbon chain length 
on overpotentia], the only var iat ion in funct ional  
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Fig. 1. Steady-state cathode overpotential and additive concentra- 
tion. Temperature, 25 ~ _ 0.1~ current density, 20 mA-cm-% 
O ,  Heptanoic acid; e ,  hexanedioic acid; I-1, pentanoic acid; 
A ,  propanoic acid; A ,  methanoic acid. 

group being in  the dicarboxylic hexanedoic acid. Addi-  
tives differing by two methylene  groups were chosen 
to cover a wide range of chain length with a min i -  
m u m  of exper imental  data. The curves in Fig. 1 show 
that  cathode overpotential  general ly increases with in-  
creasing concentrat ion and with increasing chain 
length of these additives. No effect on overpotential  was 
found with methanoic acid up to about 0.1M, apart  
from a tendency to decrease the overpotential  slightly 
though not significantly. 

In  the measurement  of cathode overpotential  at con- 
stant  current  densi ty and with different concentrat ions 
of additive, it was found that, apart  from the over-  
potential  increase, the carboxylic acids had no effect 
on the t ime variat ion of overpotential.  Good steady 
states were obtained in  most cases in about 1 hr, 
after which prolonged electrolysis for several hours 
produced no fur ther  change. An  exception was ob- 
served with heptanoic acid at a concentrat ion close 
to saturat ion (0.015M). In  this case the t ime required 
for steady state was about 8 hr. 

Overpotential-current density e]]ects.--Overpoten- 
tial measurements  at different apparent  current  den-  
sities were made by reducing the current  density in 
2-mA steps from 20 mA-cm -2 down to 2 mA-cm -2 
with no current  in ter rupt ion  dur ing the step. The 
time required for steady state at each new current  
density varied from about 5 to 10 min. Typical over- 
po ten t ia l -cur ren t  density data are shown as Tafel 
plots in Fig. 2. These show a l inear  behavior extend-  
ing from about 8 mA-cm -2 to about 20 mA- c m -2, 
with the additives having no marked  effect on the 
Tafel slope. In accordance with Eq. [3] and the na t -  
ural  logari thm of current  density, this slope was found 
to be 50 • 1 mV, in agreement  with the theoretical 
value calculated from the relat ion 

b = RT/azF 

with the t ransfer  coefficient a taken as 0.5 and z taken 
as un i ty  (2). Therefore, under  conditions where charge 
t ransfer  is ra te-determining,  carboxylic acids have no 
significant effect on the kinetics of copper deposition. 
Their p r imary  effect is merely  to increase the charge- 
t ransfer  overpotential  by increasing the t rue current  
density. 

Discussion 
Adsorption isotherm and surface coverage.--The 

fractional surface coverage o due to additive adsorbed 
on the cathode was calculated from the overpotential  
increment  An by applying Eq. [4] to the data for pro- 
panoic, pentanoic, heptanoic, and hexanedioic acids. 
For  these calculations, the Tafel slope b was taken as 
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Fig. 2. Overpotential-current density relations. Temperature, 
25 ~ • 0.1~ A ,  Standard solution, I-I, 1.0 X 10 - 3  M methanoic, 
acid; O ,  1.0 X 10 - 2  M methanoic acid; O, 3.0 X 10 - 2  M 
propanoic acid. 

the exper imental  50 mV, with results as shown in 
Table I. A test was made for Langmui r  adsorption by 
plott ing the left hand side of Eq. [6] against additive 
concentration, and it was found that if n, the number  
of water  molecules replaced by a molecule of adsorbed 
additive, is taken as 2, a straight l ine passing through 
the origin is obtained for each of the four additives. 
Typical results are shown in Fig .3. 

Free energy of adsorption.---Since the behavior of 
carboxylic acids shown in Table I and Fig. 3 appears 
to be consistent with Langmui r  adsorption, Eq. [6] 
may be used to evaluate the s tandard free energy of 
adsorption of these additives. The values of the ad- 
sorbabil i ty K and s tandard free energy AG~ cal- 
culated from the slopes of the lines as i l lustrated in 
Fig. 3, are listed in Table II. The results show that, 
with other things being equal, the free energy of ad- 
sorption and the adsorbabil i ty increase with the length 
of the carbon chain. From the magni tude  of the net  
s tandard free energy, it would appear that  physical 
forces are pr imar i ly  involved in the adsorption process. 

Table I. Adsorption data 

A d d i t i v e  

T e m p e r a t u r e  = 25" - -  0 .1~  
C u r r e n t  d e n s i t y  = 20 m A - c m  -2 

0 1 0 + 2 ( 1 - - 0 ) ]  
1 ( o )  - -  , 

( 1  - -  O) ~ 4 

(See Eq .  [6])  

C (moles  1-1) A~ (mY)  f (0) 

P r o p a n o i c  a c i d  

P e n t a n o i c  acid 

H e p t a n o i c  a c i d  

H e x a n e d i o i c  a c i d  

2.5 x 10 -2 18.0 0.302 0.263 
5.0 x l 0  -s  29.4 0.445 0.562 
7.5 x 10 -~ 37.2 0.525 O.B51 
1.0 x 10 -1 43.0 0.577 1.145 
2.5 x 10 -8 31.9  0.472 0.645 
5.0 • 10 -s 44.0 0.585 1.20 
6.9 x 10 -8 50.4 0.635 1.63 
1.0 x 10 -2 59.2 0.693 2.41 
2.5 x l 0  s 94 0.848 10.6 
5.0 x 10  -a 112 0.894 22.1 
7.5 • 10 -3 122 0.913 32.6 
1.0 • 10 -~ 130 0.926 45.0 
2.5 • 10 -s 52.0 0.647 1.75 
5.0 X 10 -~ 69.5 0.751 3.78 
7.5 X 10 -a 79.0 0.794 5.65 
1.0 x 10 -~ 86.0 0.821 7.56 
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Fig. 3. Langmuir isotherm plots. O, Hexanedioic acid; El, pen- 
tanoic acid. 

Since the net free energy of adsorption shown in 
Table II is in every case significantly greater than 
the molal thermal  energy RT, it may be argued that 
adsorption of carboxylic acids on a copper cathode is 
localized to a degree such that  the effective blocking 
is the pr imary  factor responsible for the overpoten- 
tial increment.  Delocalized (i.e., mobile) adsorption of 
additive would presumably  not contr ibute greatly to 
this increment.  

With carboxylic acids as additives, the affinity of 
the carboxyl group for the copper surface is presum- 
ably sufficient to assure localized adsorption provided 
that  the carbon chain is of sufficient size to have the 
necessary effect on the free energy of the process. 
Considerable surface coverages can be expected, as 
shown by the exper imental  results (Table I).  The 
small  or near ly  zero overpotential  effect of methanoic 
acid presumably  arises from the hydrophilic na ture  
of this compound, result ing in relat ively ineffective 
competition with the solvent in the adsorption process, 
with a consequent low adsorbability. This view is sup- 
ported by some studies of hydrogen evolution on a 
copper cathode with ethanoic acid as additive (10) 
which indicate that  little or no adsorption occurs up to 
a concentrat ion of 2.5M. 

Components of adsorption free energy.--In the ad- 
sorption of carboxylic acids at the electrode surface, 
the polar funct ional  group probably  determines the 
energy required for appropriate bonding or physical 
at traction with the surface, while the hydrophobic 
carbon chain contributes part  of the free energy to 
assist the adsorption process. The adsorption energy 
of the functional  group presumably  depends in part  on 
the na ture  of the adsorbent (the electrode surface), 
while the adsorption energy of the carbon chain de- 
pends pr imari ly  on the solution. For the additives 
studied, the increase in adsorption free energy is 
found to be the same for each increase in chain length 

Table II. Net free energy of adsorption 

Te mpe ra tu r e  = 25 ~ + O.I~ 

Addit ive K (1 mole-D AG*a (cal mole -1) 

Propanoic acid 11.2 --3812 
Pentanoic acid 243 --5597 
Heptanom acid 4400 --7351 
Hexanedioic  acid 758 -- 6309 
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by two methylene  groups, wi thin  exper imental  error. 
If the free energy of adsorption of the functional  
group, ~G~ remains unchanged as the carbon chain 
is varied, the free energy due to each added methylene  
group, A G ~  may be calculated from the data for 
the monocarboxylic acids in Table II by applying the 
equation 

A G ~  a : A G ~  ~- nCH 2 �9 AG~ [8 ]  

where ncs2 is the number  of methylene  groups in the 
molecule ( including the terminal  methyl) .  The mean 
values of AG~ and aG~ were found to be 2047 and 
885 cal-mole -1, respectively. However, if these values 
are used for hexanedioic acid, taking into account the 
two carboxyl groups, the calculated AG~ is found to 
be 7634 cal-mole -1, significantly higher than the ex- 
per imental  6309 cal-mole -1. Steric effects and pos- 
sible cyclization are probable factors in prevent ing  
adsorption of this compound to the extent  predicted 
from the monocarboxylic behavior. 

Calculation of ~G~ adsorption of additi tve 
from solution is a water - rep lacement  process as stated 
previously, the net  s tandard free energy of adsorption 
will  be the difference between the free energies of 
adsorption of additive and water  from solution 

~G~ = AG ~ A(soln) - -  nAG ~ w(soln) [9] 

But  adsorption of additive at an electrode-solution 
interface can be regarded as the sum of two processes: 
(i) the t ransfer  of additive from the solution bulk  
to the pre-electrode layer, and (ii) the a t tachment  of 
additive, physically or chemically, to the electrode sur-  
face from the pre-electrode layer. 

The first of these processes appears to be analogous 
to the adsorption of additive at a l iquid-water  in ter -  
face (28, 29). In  the adsorption of carboxylic acids on 
an electrode surface, the carboxyl group probably has 
a higher affinity for the metal  than it does for the 
solvent, while the hydrophobic carbon chain is effec- 
t ively rejected by the solvent. Due to this solvent re-  
jection, the additive will  t ransfer  spontaneously to 
the pre-electrode layer and thus make fur ther  in ter -  
action with the electrode surface possible. The first 
term on the right in Eq. [9] is then given by 

~G~162 = X + ~G~ [10] 

where k is the free energy due to solvent rejection and 
AG~ is the free energy due to addi t ive-metal  in ter -  
action. The quant i ty  k may in t u rn  be regarded as the 
sum of the energies required to br ing both the polar 
and nonpolar  portions of the addit ive molecule from 
the bu lk  to the pre-electrode layer  

X : ~p ~- riCH2 ~,CH2 [11] 

This equation, which has been general ly accepted as 
valid for adsorption at the a i r -water  and l iquid-water  
interfaces (29, 30), can be used with adsorption data 
from such studies to provide useful  informat ion in the 
interpreta t ion of additive adsorption on electrodes. 

Combinat ion of Eq. [9], [10], and [11] gives 

AGOa _~ AGOA,M -}- )~pm nAG~ -}- ncn2 kCH2 [12] 

Accordingly, for a given funct ional  group, the net  
s tandard free energy of adsorption AG~ increases as 
the number  of methylene  groups increases, provided 
of course that  the signs of AG~ and ~CH~ are the same. 
The magni tude  of AG~ may be considered to depend 
pr imar i ly  on the na ture  of the funct ional  group as 
suggested earlier. Generally,  the magni tude  of ~p is 
small  relative to that  of riCH2 ~,CH2. For an organic polar 
molecule with a long carbon chain, it may be expected 
that  the greatest contr ibut ion to the free energy of 
adsorption from solution to the pre-electrode layer 
comes from the carbon chain. Thus, with other factors 
equal, the longer the carbon chain, the greater the 
adsorbability. 
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To compare the quanti t ies in Eq. [12] with the val-  
ues calculated for AG~ and hG~ (885 and 2047 
ca l -mole-1) ,  we may write, in view of Eq. [8] 

~G~ = AG~ -}- ~p--  n~G~ [13] 
and 

AG~ = ~.CH2 [14] 

The exper imental  value of •176 for the carboxylic 
acids studied, 885 cal-mole -1, may be compared with 
the value 820 cal-mole -1 for the oi l -water  interface 
(29) and 625 cal-mole -1 for the a i r -water  interface 
(30). Hence, the value of AG~ for an electrode-solu- 

t ion interface may be approximately predicted from 
data for the l iquid-water  interface, which are readily 
available and known for many  systems (15). 

As a special case of Eq. [13], if the magni tude of 
~G~ is comparable to that  of n~G~ aG~ is 
approximately equal to kp. For the carboxyl group, 
the values of ke for the oi l -water  interface, 1630 cal- 
mole -1 (29), and for the a i r -water  interface, 437 
cal-mole -1 (30), are relat ively small  compared to 
the value of aG~ 4800 cal-mole -1 (26, 31) 
calculated from data for adsorption of water  vapor on 
mercury.  Obviously, the magni tude of aG~ depends 
largely on the number  of water  molecules replaced, 
i.e., n. If other factors are equal, additives will tend to 
adsorb on an electrode surface in such a way that the 
least number  of water  molecules will be replaced. 

For the carboxylic acids employed in this study, the 
number  of water  molecules replaced is taken as 2 (see 
Fig. 3). If the value of kp for the oi l -water  interface, 
1630 cal-mole -1 (29), is applicable to the electrode- 
solution interface, and if the value of ~G~ 
quoted above, 4800 cal-mo1-1 (26, 31), is also applic- 
able, the value of AG~ may be found from Eq. [13], 
using the exper imental  value, 2047 cal-mole -1, for 
~G~ The value obtained is 10,020 cal-mole -1. 

Since AG~ and 2nG~ differ by only 420 
cal-mole -1, an approximate prediction may be made 
of the net  s tandard free energy of adsorption of an 
additive on an electrode surface, using adsorption data 
from l iquid-water  interracial  studies. This is seen by 
wri t ing Eq. [12] in the approximate form 

AC"~  "~ ~-P JI- riCH2 ~CH2 [15] 

Accordingly, with additives having a long carbon 
chain, the greatest contr ibut ion to the net  free energy 
of adsorption comes from this chain. 

Correlation between overpotential increment and 
additive solubili ty.--Since the adsorbabil i ty of a car-  
boxylic acid depends to a considerable extent  on the 
carbon chain length, for a given funct ional  group, and 
since it is known that  the solubili ty of a hydrocarbon 
compound is also carbon chain dependent,  then it may 
be expected that  a direct correlation can be derived 
between overpotential  increment  and additive solu- 
bility. If the simple blocking action arising from ad- 
sorption of additive is the pr imary  cause of overpo- 
tent ia l  increase, then such a correlation should be 
possible between overpotential  increment,  a function 
of additive concentration, and the reduced concentra-  
t ion of additive, which accounts for the effect of solu- 
bility. The reduced concentrat ion has been defined as 
(32, 33) 

C 
Cr = ~ [16] 

C8 

where C and C~ are the concentrat ions of bulk  and 
saturated solution, respectively. 

If overpotential  increments  are plotted against re-  
duced concentrat ion calculated from known solubili-  
ties (34, 35) of the additives used in this study, a gen- 
eralized behavior  results as shown in Fig. 4. It  is 
seen that  the overpotential  increment  for a given re-  
duced concentrat ion is approximately the same for 
all the carboxylic acids employed. These results may 
be compared with those obtained for the adsorption of 

14o / /  
100 

6O 

2O 

0 �9 -2'.0 ' -1'.0 ' dO 
L O G  Cr 

Fig. 4. Overpotential increment as a function of reduced concen- 
tration. Temperature, 25 ~ -4- O.I~ (2), HeptanDic acid; e ,  hex- 
anedioic acid; D ,  pentanoic acid; A ,  proponoic acid. 

carboxylic acids on graphite (33). The relat ion be-  
tween overpotential  increment  and the chain length 
of the carboxylic acids can therefore be generalized 
if the solubilities are taken into account. 

Since the effect of the carbon chain on the over-  
potential  increment  can be related to additive solu- 
bility, then Traube's  rule which relates the effect of 
carbon chain on surface tension (36) might  be applic- 
able to overpotential  data. This was verified for the 
monocarboxylic acids used in this study, and it was 
found that by adding one methylene  group to the car- 
bon chain, the additive concentrat ion required to 
cause the same overpotential  increment  reduces to 
approximately 1/4.3. The value 4.3 can therefore be 
regarded as the approximate Traube coefficient in 
this instance. The relat ion can be generalized as 

A~(nCH2,C ) ~ A~(nci~2--s,(~9)sc) [17] 

where a,l(,CH2,C) is the overpotential  increment  due 

to additive containing nc~2 methylene  groups at concen- 
t rat ion C, a n d  A~(nCH 2 --s,(w)sc) is the overpotential  in -  

crement  due to additive containing riCH2 --s  methylene  
groups at concentrat ion (~)sC, o~ being the Traube co- 
efficient 4.3. As an example, the overpotential  incre-  
ment  caused by pentanoic acid can be predicted from 
data for propanoic acid by wri t ing 

A~lc(pentanoic) ~ A~(4.3)2C(propanoic) 

since s = 2. This predict ion can be generalized fur-  
ther  in the form 

C1 = (4.3)sC2 [18] 

for s t ra ight-chain monocarboxylic acids 1 and 2 such 
that  the chain length of 2 is longer than that  of 1 bY s 
methylene  groups, and where C1 and C2 are concentra-  
tions that  give the same overpotential  increment.  It 
is immediately apparent  that Eq. [18] is consistent 
with the obvious paral lel ism of the overpotential  vs. 
log C curves in Fig. 1. Since the difference between 
log C-values remains  constant  for any two of the 
monocarboxylic additives, then the ratio of the con- 
centrat ions will  also be constant. 

Overpotential  increments  predicted in accordance 
with Eq. [17] and [18] are compared with experi-  
menta l ly  measured values in Fig. 5. Satisfactory 
agreement  is found. In  a similar manner ,  a theo- 
retical prediction can be made concerning the concen- 
t ra t ion of methanoic acid that  would be required to 
cause a given overpotential  increment.  As an exam- 
ple, for an increment  of 50 mV (total overpotential  
150 mV),  the methanoic acid concentrat ion would 
have to be about 2.5M, high enough to have a sig- 
nificant effect on the solvent activity. 
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Fig. 5. Overpotential increment and additive concentration. �9  

Heptanoic acid. Curve 1, calculated for heptanoic acid from pen- 
tanoic data. I--1, Pentanoic acid. Curve 2, calculated for pentanoic 
acid from propanoic data. 

Anothe r  observat ion  concerns the  overpoten t ia l  ef-  
fects of hexanedioic  acid shown in Fig. 1. According  
to Eq. [17] and [18], the  ~ vs. log C curve for hex-  
anoic acid should lie ha l fway  be tween  the curves for 
heptanoic and pentanoic  acids, meaning  tha t  the  over -  
potent ia l  effect of hexanedioic  acid is less than  that  
expected for hexanoic  acid. This difference might  be 
ra t ional ized on t h e  basis of pa r t i a l  cyclizat ion of the 
hexanedioic  acid in the  aqueous solution. Studies  a re  
in progress  to compare  overpo ten t ia l  effects of a 
series of s t ra igh t -cha in  d icarboxyl ic  acids wi th  the i r  
monocarboxyl ic  counterpar ts .  
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ABSTRACT 

On nickel, copper, iron, and steel substrates, chromium has been deposited 
epitaxially from a fluoride catalyzed chromic acid electrolyte at temperatures  
above 80~ Prominen t  p lanar  facets on the deposit surfaces are paral lel  to 
chromium {110} crystallographic planes and have s t ructural  details indica-  
t ive of growth by "bunching." Reflections from these facets differ in intensity,  
according to orientations of substrate grains, and suggest applications in 
metal lography for study of preferred orientations and contrast improvement  
of "flat etching" metals. 

In the course of work reported previously (1), it was 
observed that appearance and porosity of 0.5 ~m (mi-  
crometer) thick chromium deposits depended on the 
crystallographic orientat ion of electropolished nickel 
substrates. It  was inferred that  the topography and 
deposit s t ructure of the chromium were significantly 
affected by interfacial  epitaxy. Epitaxy of chromium 
has previously been observed only in thin (<0.1 ~m) 
deposits on nickel (2-4) and on copper (5). Antici-  
pat ing discernible effects on deposit structure, 15-30 
~m deposits from sulfate and sulfate plus silicofluoride 
catalyzed baths were examined microscopically and by 
x - r ay  diffraction. Only the structures and preferred 
orientations described by Kaiser and Wiegand (6) 
were found (7). Together with information previously 
available (8, 9), these results indicate that the charac- 
teristic s t ructural  elements of chromium deposits are 
submicroscopic crystallites (10-7 to 10 -4 cm), and fur-  
ther investigation of the influence of epitaxy would 
require that  electron microscopy and diffraction be 
used. No fur ther  work was done as it was obvious that  
epitaxial  effects on deposit s t ructure were l imited to 
a very th in  zone at the interface. 

The work was resumed when it was noted that sur-  
faces of chromium deposited from a fluoride catalyzed 
bath at 85~ consisted of well-formed, apparent ly  crys- 
talline, facets. Strongly epitaxed deposits, it was found, 
can be plated on a number  of different metals. This 
report  describes the procedures employed in an ex- 
ploration of the characteristics of such epitaxial chrom- 
ium deposits, using metal lographic and x - ray  diffrac- 
t ion methods. The results obtained are discussed with 
reference to the deposition process. 

Experimental 
The chromium plat ing bath, prepared from reagent  

grade materials and distilled water, contained 250 g/1 
(2.5M) chromium trioxide and 5 g/1 (0.25M) fluoride 
ion (from hydrofluoric acid or sodium fluoride). The 
bath, in a Teflon beaker, was main ta ined  at tempera-  
tures of 75~176 by immersion in a controlled t em-  
perature  water  bath. Anodes were cut from sheet lead 
and had areas of 120 cm 2. A polyethylene propeller-  
type st irrer was used to provide mild agitation to min i -  
mize tempera ture  and concentrat ion gradients. Cath- 
odic current  density was varied from 300 to 1500 
mA/cm~, but  was usual ly  500-700 m A / c m  2. Power was 
obtained from a laboratory rectifier (filtered, single- 
phase full  wave) or an electronically regulated con- 
stant vol tage/current  power supply. 

The cathodes used were nickel (single crystal disks 
and annealed polycrystal l ine sheet),  copper (blocks 
cut from large-grained castings),  high pur i ty  iron, 
stainless steel (Type 434), and low carbon sheet steels. 
Gra in  sizes ranged from 0.01 mm (steels) to 15 mm 
(nickel single crystals).  Cathodes (1.2-1.5 cm wide by 
2.5-3.0 cm long) cut from sheet materials were plated 
in half-boxes (10) to assure uniform current  density. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

Cathodes cut from bar  stock or castings were mounted 
in cold setting epoxy resin and prepared by metal lo-  
graphic polishing. To ensure that  surfaces were free of 
distortion, all specimens were subjected to suitable 
chemical or electrolytic polishing treatment.  

Nickel was electropolished in the phosphoric-sul-  
furic-chromic acid mix ture  used before (1), or chem- 
ically polished in a mixture  of 70 parts (by volume) 
glacial acetic acid, 30 parts concentrated nitric acid, 
and 0.5 parts concentrated hydrochloric acid (11). Al-  
though the steels could be electrolytically polished to 
a smooth, dull  surface in the same electrolyte used for 
nickel, a ful ly  bright  polish was obtained in a modifi- 
cation of a solution used by  Takeiuchi  (12) containing 
5 parts concentrated hydrofluoric acid, 40 parts 30% 
hydrogen peroxide, and 55 parts water. Copper was 
electropolished in conventional  orthophosphoric acid 
solution (11). After  chemical or electrolytic polishing, 
the specimens were rinsed thoroughly with r unn ing  
water  to remove viscous polishing solution. To permit  
the cathode to come to bath tempera ture  before be- 
g inning  deposition, electrical connections were made 
after immersion in the chromium bath. 

It was shown, by dissolving representat ive samples 
of substrates in 25-50% (by volume) nitr ic acid and 
examining the substrate side of the chromium deposit, 
that  there was no appreciable etching of the polished 
surface. Cross-sections and surfaces of deposits were 
examined metallographically. Cross-section structure 
of chromium was revealed by etching at room temper-  
ature with Fry 's  alkal ine ferricyanide reagent (13). 
It was found necessary to etch the substrate prior to 
the chromium deposit. For nickel, electrolytic etching 
in acidulated potassium bromide (1) was employed. 
Copper was etched to high contrast  in ammonia -per -  
oxide reagent (14) and the steels in 2-4% nital. All  
etching times were determined by inspection and were, 
typically, 30 min for chromium, 1 to 2 min for nickel, 
and approximately 5 sec for copper or steel. 

The angles of facets, with respect to the substrate 
surface, were determined with a microgoniometer. 
Back-reflection Lau6 photographs of large (at least 
2 mm) substrate grains and of deposits on these grains 
were made in a 3-cm camera using unfil tered copper 
x- rays  Intensi ty  of "white" radiation from copper is 
low and intensities of diffraction spots, except for those 
from sets of lattice planes so oriented as to satisfy 
diffraction conditions for the higher in tensi ty  Ks emis- 
sions, were also low. Contrast  between diffraction spots 
and background darkening  therefore tended to be poor. 
Attempts to improve contrast, so that  diffraction pat-  
terns could be completely indexed and to provide il- 
lustrat ive examples, were unsuccessful. However,  sym- 
metry  of pat terns from favorably oriented grains (those 
with surfaces near  low index planes) was qual i tat ively 
obvious, and identification of orientat ion could be made. 

Results and Discussion 
At bath temperatures  below 80~ structures are not 

substant ia l ly  different from the usual  deposits, while 
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Fig. 1. Typical faceted surfaces 
of chromium deposited from fluor- 
ide catalyzed bath at high tem- 
peratures on polycrystalline sub- 
strates. Current density: 500 mA! 
cm 2. (a) On electropolished cop- 
per, 10 ~m thick, (dark field, 
300X); (b) on electropolished 
nickel, 10 ~m thick, (dark field, 
300X); (c) on chemically polished 
low-carbon steel, 2/~m thick, (dark 
field, 300X); and (d) detail of 
deposit "c", (bright field, 1000X). 

faceted deposits are obtained, at all cur rent  densities, 
at temperatures  above 80~ Typical examples are i l-  
lustrated in Fig. 1. On these polycrystal l ine substrates, 
it was found that size and distinctness of facets de- 
pend complexly on the substrate material ,  grain size, 
and grain surface orientation. The facets tend to be-  
come smaller, more uniform, and less differentiated 
as deposit thickness is increased. The effect of substrate 
s t ructure  on deposit s t ructure is indicated by the cross- 
section shown in Fig. 2. Most clearly shown here is the 
cont inuat ion of substrate grain boundaries through the 
deposit. Differences in the fine s t ructure  of deposit 
above substrate grains can be observed visually, but  
are not so readily apparent  in the photograph. 

Relationships between substrate and deposit or ienta-  
tions were demonstrated using large-grained sub-  
strates, an example of which is i l lustrated in Fig. 3. 
This sample of h igh-pur i ty  iron was etched before 
plating, and the crystallographic orientat ion of three 
large grains was determined by x - r ay  diffraction. In  
these grains (indicated by the mark ings) ,  the iron 
{110} planes were tilted 2 ~ 8 ~ and 15 ~ (+_ 1/2~ with 

respect to the surface. After  plat ing wi th  20 #m of 
chromium, orientations of the deposits on these grains 
was again determined and found to be identical to that  
of the iron substrates. Clearly, the chromium deposit 
continued, or copied, the s tructure of the iron sub-  
strate as expected, since the lattice parameters  of these 
isomorphic (body-centered cubic) metals differ by 
less than 1%. On face-centered cubic (nickel, copper) 
substrates, the orientations of the deposit were as 
found by Reddy and Wilman (5) in very th in  deposits 
on copper. 

The angles of facets to the surface were found to 
be those of deposit {110} planes. Where these planes 
were near  to being parallel  to the surface (angle <20~ 
only one distinct reflection, the direction of which 
could be determined to within • 1 ~ could be detected 
with the microgoniometer. Where the facet angles were 
greater, the reflecting direction could be determined 
with less precision ( •  2~176 but  several reflections at 
approximately 90 ~ angles were observed. Interference 
microscopy of low-angle  facets showed them to be non-  
planar  surfaces with curvatures  similar to those on 
the surfaces of facets on copper deposits noted by  
Howes (15) who, in his detailed discussion, a t t r ibuted 
the apparent  curva ture  to submicroscopic morphologY 
engendered by lateral  advance of layers as the deposit 

Fig. 2. Cross-section of thick chromium deposit from fluoride 
catalyzed bath on electropolished nickel (400X). 

Fig. 3. Macrograph of chromium deposit on large-grained iron 
cathode used in determination of orientations. Plated area: 1.5 • 
2 cm (coupon size 1.5 • 3 cm); chromium thickness, 25 ~m. 
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grew. By a "bunching" process, these layers cease to 
grow, and the microscopic (and even macroscopic) 
morphology is developed. 

Fur ther  evidence that the topography of these epi- 
taxed chromium deposits is a manifestat ion of the crys- 
ta l l ini ty  of the deposits is provided by the effect of 
using polarized light. When deposit surfaces are ex- 
amined, each grain appears to reflect in a shade of gray 
as shown in Fig. 4a. When the plated sample is ro- 
tated through 360 ~ , the gray shade from each grain wil l  
change, passing through four diffuse maxima and four 
distinct min ima of reflected light intensity. If the 
"sensitive t int" technique is employed, each grain has 
a distinctive color which varies systematically, as the 
sample is rotated, from magenta through blue to green 
to gold. The effects are str iking in color and photo- 
graph in b lack-and-whi te  as finely graded shades of 
gray as shown in Fig. 4b. Such responsiveness to il- 
luminat ion  by polarized light depends, as shown by 
Jones (16) and confirmed by electron microscopy (17), 
on the surface being composed of parallel,  r ight -angle  
grooves. In the present instance, these grooves are 
formed by {110} plane facets on the chromium deposit 
surface. 

A somewhat similar, but  less distinct, effect is ob- 
served if dark-field i l luminat ion is used, as shown in 
Fig. 5. Here, the shading variat ions depend solely on 
the angular  inclinations of facets of the deposit on 
each substrate grain. This was the first nons tandard  

Fig. 5. Epitaxial chromium deposit surface. Substrate: low carbon 
steel (fully annealed) (dark field, IOOX). 

i l luminat ion technique employed, and it was found 
that  bands of s imilarly reflecting grains were readi ly 
detected visually in deposits on Type 434 stainless steel 
which displayed "roping" when  drawn. An example 
is i l lustrated in Fig. 6, which shows one such band. 
Steel with satisfactory drawing properties contained 
no such bands. It was concluded that the banding was 
evidence of preferred orientat ion or roll ing texture  
made visible by near ly  uni form intensi ty  of light re-  
flected from {110} facets on bands of s imilarly oriented 
grain surfaces resul t ing from roll ing and anneal ing 
t reatments  of the steel. With dark-field i l lumination,  
such texture  can easily be detected visual ly and could 
perhaps be used as an inspection method. Such a 
method would, unfor tunate ly ,  be only quali tat ive in 
nature.  The polarized light effects probably  can be 
used quant i ta t ive ly  since such use has been reported 
(18) for etched metals. 

It seems clearly established that  chromium can be 
deposited epitaxially on a variety of isomorphous (iron, 
steel, ferritic Type 434 stainless steel) and noniso- 
morphous (copper, nickel) substrate metals. From the 
similarities of morphologies of the deposits, it appears 
that chromium is deposited from this fluoride catalyzed 
bath at high temperatures  (above 80~ under  condi- 
tions whereby growth occurs by a "bunching" mecha- 
nism. Keen and Far r  suggest that this may be a widely 
applicable concept, and evidence is available which 
so indicates (15, 19, 20) for copper, zinc, and other 
metals. Such growth was demonstrable  in nickel and 

Fig. 4. Orientation-sensitive effects of chromium deposit revealed 
by using polarized light: (a) crossed polarizers only and (b) "sensi- 
tive tint" plate added. Chromium thickness, 5 #m (IOOX). 

Fig. 6. Possible zone of differential orientation in Type 434 stain- 
less steel from lot which displays "roping" when drawn. Chromium 
thickness, 1.2 ~m (dark field, IOOX). 
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cobalt deposits (20) on ly  at high electrolyte tempera-  
tures, confirming Keen and Far t ' s  caution that the ap- 
plicabil i ty of the bunching hypothesis is probably 
l imited to specific conditions of deposition (19). In 
the present  instance, it is obviously the combination 
of high bath tempera ture  and the fluoride catalyst 
which permits deposition of clearly crystalline, epi- 
taxed chromium with morphology indicating that the 
deposit grew by "bunching." 

It may be postulated that  the deposition of chromium 
under  the conditions employed in this work is not 
actual ly different from those more usual ly  employed. 
With conventional  conditions (sulfate catalyst and 
lower bath temperatures) ,  the deposits tend to develop 
preferred orientations and consist of extremely small 
crystallites (8). This may be due to the disruptive in-  
fluence of chromium depleted complexes at the cath- 
ode surface (21). When the chromium cation is re- 
moved from such a complex and added to the deposit, 
the res iduum may, by adsorption on the cathode or 
merely  by being slow to diffuse away, effectively in-  
sulate the cathode and inhibi t  fur ther  deposition so 
that  crystallites reach only a l imited size as the avail-  
able supply of chromium ion is exhausted. When a new 
supply of ions becomes available, growth evident ly  
resumes on the previously deposited crystallite, but  
under  such conditions that  appreciable enlargement  of 
the crystall i te does not occur. Such a process could 
account for the periodic activity observed at chromium 
cathodes (22, 23) and the small, rodlike bodies dis- 
cernible in cross-sections at high magnifications (24). 
When the temperature  of a sulfate catalyzed bath is 
raised, the deposit s t ructure gradual ly  changes from 
apparent ly  laminar  to markedly  columnar  (6, 7), pos- 
sibly due to enhanced mobil i ty or more rapid desorp- 
tion of the depleted complex. In  the case of the fluor- 
ide catalyst, the change in deposit s t ructure is more 
radical in that epitaxy occurs and the deposit grain 
size duplicates that  of the substrate. This indicates 
either that  growth is continuous or, if interrupted,  the 
"new" growth adopts the "old" orientation.  If as theor- 
ized, deposition of chromium does involve complexes, 
the complex formed in the fluoride bath has properties 
vast ly different from the complexes formed in a sulfate 
or sulfate-silicofluoride bath. The parallel ism of effect 
of tempera ture  on chromium deposit s t ructure and the 
s tructure of nickel plated from a bath containing or- 
ganic additives (25) suggests that  the adsorption hy-  
pothesis is the more tenable. 

Conclusions 
1. It has been found that  substant ial  thicknesses of 

chromium can be deposited epitaxially on a number  of 
metals. 

2. St ructural  details of surface facets on these de- 
posits indicate that  growth takes place by a "bunching" 
mechanism similar to that governing the growth of 
other metals deposited from simpler electrolytes. 

3. The specific effects of catalysts and bath tempera-  
ture  on deposit s t ructure indicate that adsorption of 
some species, possibly a chromium depleted complex, is 

the cause of the small  crystalli te size of the ordinary 
chromium deposit. 

4. The differences of reflected light intensi ty  from 
{110} facets of these epitaxial  deposits, due to varying 
orientation of each substrate grain, may prove useful in 
metal lography of "flat etching" meals by improving 
contrast. 
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Film Formation at Anodes in Nominally 
Acetic Acid Solutions 

Anhydrous 

H. W .  Salzberg,* Allan Barnett, and Stephen Kandler 
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ABSTRACT 

Steady-s ta te  measurements  over  prolonged t ime periods were  made on 
plat inum, gold, and pal ladium anodes in unstirred,  nominal ly  anhydrous po-  
tassium acetate-acet ic  acid solutions, at current  densities as low as 10 -5 
A / c m  2. Between 10 -8 and 10-4-10 -5 A / c m  2, the results were  reproducible  and 
the Tafel  lines had a slope of 0.06-0.07. Within exper imenta l  error, the 
points for p la t inum and gold both fell on the same straight  line. The results 
are in terpre ted  to mean that  below about 10 -4 A / c m  ~, acetate ions were  oxi-  
dized in a revers ible  1-electron reaction. At  about 10-4-10 -5 A / c m  2, a film of 
adsorbed acetic acid molecules was formed and molecular  acetic acid became 
the source of anodic electrons. 

In previous work  (1) s teady-sta te  cur ren t -potent ia l  
measurements  were  made at p la t inum anodes in "nom-  
inally anhydrous"  (2) potassium acetate-acet ic  acid 
systems. The curves were  roughly  sigmoid with  a large 
hysteresis loop, as shown in Fig. 1. We suggested that  
the lower plateau corresponded to the oxidation of 
acetate  ion 

CI-I3COO- -- e ~- CH~COO [i] 

and that the upper plateau corresponded to the oxida- 
tion of molecular acetic acid. The rise from the poten- 
tials of the lower plateau to those of the upper plateau 
we felt, at the time, was due to the depletion of acetate 
ion from the surface when the current exceeded the 
limiting diffusion current of acetate ions in the un- 
stirred solution. The oxidation of the molecular acetic 
acid could take place by either of the following reac- 
tion mechanisms. The first is an electron transfer fol- 
lowed by a proton transfer,  Eq. [2], and the second is 
a simultaneous electron and proton transfer,  Eq. [3]. 

(a) CH3COOH - -  e ~- CI-~COOH + 

(b) CH3COOH + + CH3COO- 

-* CH~COOH + CH3COO" [2] 

CH3COO- 
CH3COOH -- e > CI~COOH + CH3COO. 

[3] 

In the present work we have extended the investiga- 
tion of this system to gold and palladium anodes and 
to current densities as low as i0 -s A/cm 2. 

Experimental 
The solutions were  not r igorously anhydrous. The 

solvent was glacial acetic acid. For  some runs the 
solvent was purified by freezing and discarding any 
unfrozen liquid. For most runs, a sample of solvent  
was boiled down to about half  of its volume. The 
solution was saturated with  potassium acetate, con- 
centrat ion being 7 moles /kg  of solvent. The potassium 
acetate was dried by melt ing and heat ing at t empera -  
tures in excess of 300~ The cell was kept in a dessica- 
tor  during runs and the only contact be tween solution 
and laboratory air was during the short periods when 
the heated reagents were  t ransferred to the dessicator 
and when the cell was filled. Undoubtedly,  some mois- 
ture  entered the system during those t ime periods but 
we est imate the quant i ty  to be ra ther  small, based on 
a rough calculation of the moisture present  in the air 
in the empty cell. 

The cell was a Teflon cyl inder  wi th  a fitted Teflon 
top and Teflon tubes extending through the top into 
the cell. The electrode wires were  passed through 
these tubes into the cell. The cell vo lume was about 24 
ml. Some runs were  made with  one anode in the solu- 
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Fig. 1. Voltage-current density measurement on platinum anodes 
in anhydrous acetic acid. Ordinate is potential vs .  a silver-silver 
chloride reference. 

tion, others were  made with two or three anodes, so 
that  comparisons could be made using several  different 
electrodes in the same batch of solution. There  was no 
detectable difference in results due to the number  of 
electrodes present. 

Measurement  techniques were  varied. In runs at 
high current  densities, the in te r rup te r  method was 
used. Both working potential  and ohmic drop were  
measured at each point in the curve. In other  runs 
we obtained a complete curve  of working potential  
vs. current  density, by direct  measurement ,  and then 
used the in te r rupter  method to determine  the ohmic 
drop. The electrode potent ia l  was then obtained by 
difference. The results of this procedure  showed that  
at current  densities below 10 - s  A / c m  2, the ohmic drop 
was within  the exper imenta l  error  of the potent ial  
measurement .  In fur ther  work, therefore,  no correction 
was made for ohmic drop below 10 -5 A / c m  2 and 
potentials were  obtained by direct  measurements .  

Constant potential  runs were  made with  a Heath  
operat ional  amplifier system, equipped wi th  a polarog- 
raphy module  and wi th  a Beckman Electroscan 30. 
Constant current  runs were  made  with  the Electroscan. 
The results did not depend, perceptibly,  on the choice 
of apparatus. When the steady state was reached, re-  
sults were  the same for both constant current  and 
constant vol tage runs. Differences be tween  constant 
current  and constant voltage runs occurred only dur-  
ing the approach to the steady state. 

The cathode was a s i lver -s i lver  chloride electrode 
about 4 cm 2 on a face. The reference electrode was a 
s i lver-s i lver  chloride wire. The pla t inum and pal-  
ladium anodes and one of the gold anodes were  of the 
flag type, about 1 cm 2 on a face. Both faces of the flag 
electrodes were  exposed and no a t tempt  was made to 
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determine  the potentials of each face separately. The 2.0- 
gold flag was 24 karat,  the other  gold electrode was an 
18 karat  wire  whose tip was mel ted  to a hemisphere  
of 0.2 cm 2 surface area. The gold wire  was inser ted in 
a Teflon tube so that  only the hemispherical  surface 
was exposed to the  solution. The pla t inum and pal-  
ladium electrodes were  repeatedly flamed and dipped 1.s- 
into ni tr ic  acid and then soaked in acetic acid. The 
gold electrodes were  soaked in nitric acid for pro-  
longed periods and then in acetic acid. The solution h 
was saturated wi th  KC1 to supply the Ag/AgC1 elec-  o> 
trodes. The solution contained about 3 x 10 -2 moles of 
KC1/kg of solvent. The t empera tu re  range of the ex-  ~ 
per iment  was 25 ~ _ 2~ i.e., room temperature .  

Some runs were  galvanostatic,  others potentiostatic. 
At  the  start  of a run  it took many  hours for the first 
few points. Somet imes  overnight  runs were  made. 
However,  af ter  the first few points had been obtained, 
s teady-s ta te  values could be determined within  an 
hour or so, for each point. Our arbi t rary  cri terion of 
steady state was a vol tage change of less than 5 mv  
(about 1%) in a half  hour. 

Other  authors (2, 3) have  made measurements  at 
fixed t ime intervals,  for example,  60-sec intervals,  
1-hr intervals,  etc., to avoid " long- t ime  variat ions in 
the potent ial  which commonly occur in anodic pro-  
cesses" (4). Almost  certainly,  most data obtained in 
t ime intervals  of less than one hour per point are not 
s teady-sta te  data. To check our exper imenta l  method, 
we took trial  points at fixed t ime intervals  and found 
the data re la t ively  irreproducible,  while  our s teady-  
state measurements ,  as defined above, were  quite  re-  
producible, as shown below. 

Results and Discussion 
Figure  2 shows a typical  cur ren t -vol tage  curve  at 

a gold anode. Note that  the hysteresis loop is much 
wider  than in the case of p la t inum and extends down 
to current  densities at least as low as 5 x 10 -5 A / c m  2. 
At points 1 and 2 both current  and potential  are stable 
for 18 hr  or more. If the difference in potential  be- 
tween  the upper  and lower  plateaus resul ted f rom 
depletion of ions from the surface at 10 -4 A / c m  2 (the 
rising~portion of the curve)  then, af ter  18 hr  at point 
1, enough acetate ions should have diffused in to lower  
the potential  to that  of the lower  plateau. No such 
change takes place. If, however,  the current  is in ter-  
rupted for a few seconds, the potent ia l  drops im-  
media te ly  down to that  corresponding to the lower  
plateau. Obviously, the potent ial  at point 1 is not 
mainta ined by slowness of ion t ransport  to the surface. 
If diffusion to the surface were  slow enough so that  
at 10 -5 A / c m  2 the surface should be depleted of ace- 
tate ions, then after 18 hr  the potential  should rise 
f rom that  at point 2 to the values of the upper  plateau. 
This rise also does not occur. The wide hysteresis loop 
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Fig. 2. Voltage-current density measurements on a gold anode 

in KAc-HAc. 
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Fig. 3. Potentiostatic voltage-current density measurements on 
a gold anode in KAc-HAc. 

at 10 -5 A / c m  2 and below is therefore  not due simply 
to a mass- t ranspor t  phenomenon.  

Some potent ia l -s tep measurements  were  made on 
platinum. At currents  below 10-4-10 - s  A / c m  2, when 
the potential  was stepped up, there  was the expected 
iriitial sharp increase in current  followed by a slow 
decrease. At current  densities above 10 -4 , there  was 
no decay in the current  after the initial sharp rise. We 
interpret  this as indicating that  at these higher  cur-  
rent  densities, the solvent (molecular  acetic acid) is 
oxidized, and that  at lower  currents  acetate ions are 
being oxidized. 

Figure  3 shows potentiostatic vol tamograms on gold 
anodes. Qual i ta t ively  similar  results were  observed 
on platinum. The circular  points were  obtained wi th  
a l inear sweep, the t r iangular  points were  the result  
of s teady-s ta te  measurements .  Both curves show a 
decrease in current  at constant potential  at currents  
corresponding to the rise in potential  f rom the low 
plateau to the high values. Curves such as these are 
characterist ic of film formation and are often associ- 
ated with  passivation (5). 

F igure  4 shows the results of measurements  of the 
lower plateaus over  prolonged periods (up to two 
weeks per  solution) wi th  several  different anodes in 
several  different batches of solution. The currents  were  
kept (for the most part)  below values at which the 
potent ial  rise commenced. In some cases, the potentials 
rose to the upper  plateau. However ,  opening the cir-  
cuit for a few seconds was sufficient for the potent ial  
values to drop back down to those shown on the graph. 
Some runs were  del iberate ly  continued to the upper  
plateau, where  the observed values were  in agreement  
wi th  previous ly  published data (1, 6). The results at 
the low currents  were  sufficiently reproducible  for 
one straight line to be drawn through several  sets of 
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Fig. 4. Steady-state measurements at low current densities in 
KAc-HAc. 
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measurements  with each of two gold and two plat i-  
num electrodes in several batches of solution. This is 
in marked contrast to the previously published data, 
at high current  densities, on the upper  port ion of the 
curve, where at the same electrode in the same solu- 
t ion results differed by as much as 60 mV from day 
to day (6). 

Figures 2 and 3 taken together indicate that  the 
hysteresis loop shown in  Fig. 1 is the result  of forma-  
tion of a film. Figure 4 shows that at cur rent  densities 
below that  necessary for film formation, i.e., below 
10-4 A / c m  e, the slope of the voltage-log current  den-  
sity curve is 0.06, which is consistent with a reversible 
1-electron transfer, such as that in Eq. [1]. The volt-  
age-log current  curves in the region of the upper  
plateau, i.e., at 10 -3 A / c m  2 and above, have slopes of 
0.10-0.15 (1) which correspond to irreversible 1-elec- 
t ron oxidations, such as in Eq. [2] and [3]. 

The Tafel slopes and the close agreement  between 
results on plat inum, gold, and pal ladium electrodes 
indicate that the process taking place is probably 
thermodynamical ly  controlled and reversible, ra ther  
than  irreversible and kinetically controlled. The small  
difference (0.1V) between the values on Pd and those 
on the other two electrodes could be explained either 
on the basis of a roughness factor or on the basis of 
a small  heat of adsorption. If the radical formed in 
Eq. [1] were adsorbed on the electrode surface, a dif- 
ference in heats of adsorption of only 2-3 kca l /equiva-  
lent would be enough to account for the potential  
difference. 

At this point  it is necessary to discuss the effects of 
the undoubted presence of trace amounts  of water  in 
our solutions. This water  could: (a) be the substance 
oxidized at low currents  and potentials (i.e., at cur-  
rent  densities below 10 -4 A/cm2);  (b) be the sub-  
stance which is oxidized to produce a film. 

Any  water  present would be in the form of either 
hydron ium ions, which would not diffuse to the anode, 
or water molecules. (Since the ionization constant of 
acetic acid is 109 that  of water, the O H -  resul t ing 
from the self-ionization of water  in acetic acid solu- 
tion should be negligible.) The water  molecules oxi- 
dizing at the anode would form either molecular oxy- 
gen with a Tafel slope of 0.12 (7, 8) or a metallic 
oxide. 

In the low-potent ia l  low-current  densi ty region, the 
Tafel slopes are 0.06 and there is no evidence of either 
film formation or of any change in either mechanism 
or ident i ty  of reacting substance unt i l  the current  
density has reached the 10 -4 A /cm ~ region. In addi-  
tion, since the potential  current  density curves on gold 
and p la t inum are identical, any oxides forming would 
have to form at the same potential, which would be 
wi thin  0.1V of the potential  at which the pal ladium 
oxide would form. This would be unlikely.  Finally,  for 
the lower slope to be due to the oxidation of water  up 
to 10 -4 A /cm 2, the water  concentrat ion would have to 
be about 10 -3 moles/l i ter .  While our solutions were 
not r igorously anhydrous, this figure is probably sev- 
eral orders of magni tude  above our water  concentra-  
tion. By the same argument,  for water  to be the source 
of the current  at 10-4 A /cm 2 and above, the water  
concentrat ion would have to be hundred th  or even 
tenth molar, which is out of the question. To arr ive at 
the figure of 10 -3 moles/ l i ter  as being necessary to 
support a current  density of 10-4 A /cm 2, we assume 
only that  the diffusion constant  for water  molecules in 
acetic acid is 10 -5 , which is the same order of magni -  
tude as that  of most salts in aqueous or methanolic 
solution. To support a current  of 10 -4 A /cm 2 -~ 10 -9 
moles/sec-cm 2, if the diffusion constant  is 10 -5 cm2/ 
sec, the concentrat ion gradient, dC/dx  = 10 -4 mole /  
cm 4. In  a stirred solution, the diffusion zone is 
10-~-10 -3 cm (9), so taking the larger  figure for our 
work in unst i r red solutions, the difference in con- 
centrat ion across the Nernst  diffusion layer is 10 -6 

moles/cm 3 or 10 -3 moles/l i ter .  Even if the surface 
concentrat ion were zero, the bu lk  water  concentra-  
t ion to support  a 10 -4 A /cm 2 current  density would 
have to be millimolar.  

We therefore conclude that under  our steady-state 
conditions, the effect of water  is not significant. Un-  
der conditions where rapid potential  measurements  
were made, the presence of water  would most prob- 
ably have significant effects. 

Conclusions 
We consider that these results can best be explained 

in terms of the reversible 1-electron oxidation of ace- 
tate ions at cur rent  densities up to about 10 -4 A / c m  2, 
in unst i r red solution, and the irreversible oxidation of 
molecular  acetic acid at current  densities above 10 -4 
A/cm2. At about 10 -4 A /cm 2, the diffusion layer is 
depleted of acetate ions and the potent ial  rises, by 
about 0.SV, to the level at which acetic acid molecules 
are oxidized. At these high potentials, the field across 
the adsorbed double layer is strong enough to both 
polarize and adsorb the un- ionized acetic acid mole- 
cules, forming a film. Once the film has formed, the 
potential  across the double layer mainta ins  it, even 
when the current  is lowered. The persistence of the 
film would explain the hysteresis loop, and the sta- 
bil i ty of point 1 on Fig. 2. At current  densities below 
10 -4 A /cm 2 when the circuit is interrupted,  the field 
relaxes and the film desorbs. The potential  then drops 
immediate ly  down to the level at which acetate ions 
are oxidized. 

The film most probably consists of a monolayer  of 
acetic acid molecules oriented with the carboxy groups 
at the surface of the metal  and the hydrocarbon tails 
in the diffuse double layer. [This is essentially the 
type of barr ier  film proposed by Conway et al. (10- 
12).] Since most preparat ive runs uti l izing the Kolbe 
reaction take place at cur rent  densities in the 0.1-1 
A/cm2 region, probably most of the reactions reported 
in the organic chemistry l i terature have taken place 
at a surface of adsorbed acid molecules. 
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ABSTRACT 

The polarographic reduction of some simple alkyl  halides at a s tat ionary 
lead electrode was investigated. Both the iodides and bromides undergo an 
i r revers ib le  one electron reduct ion with sacrifice of the electrode meta l  in 
acetonitrile.  The bromide results are compatible wi th  a "backside at tack" by 
the electrode, whi le  the iodides, in keeping with  the reverse  polarization of 
the C-I  bond, have a substantial ly different orientation. In both series the re -  
ductions were  strongly dependent  on the nature  of the support ing electrolyte 
cation. The process of meta l  a lkylat ion and remova l  are  discussed in l ight 
of supplementary  data from large scale electrosyntheses of organoleads. 

The electroreduct ion of organic halides has drawn 
much at tention in recent  years (1), but pr incipal ly in 
the context  of the dropping mercury  electrode (dme),  
and general ly  under  conditions which give hydrocar-  
bon as the major  product  (Eq. [1]) 

RX Jr H + -~ 2e -  -> RH n u X -  [1] 

In solvents of low proton act ivi ty  such as anhydrous 
DMF and acetonitrile,  however,  many  soft meta l  elec- 
trodes (2, 3) are consumed on reduct ion of the organic 
halide. The sacrificial cathode react ion can conform to 
Eq. [2] (M ---- cathode metal)  

nRX + M + h e -  -~ RnM ~ n X -  [2] 

In view of the economic importance of lead alkyls, 
a study was under taken  of the polarographic behavior  
of some simple alkyl  halides at a s tat ionary lead elec- 
trode. 

Experimental 
Materials . - -The t e t r a lky lammonium halides were  

Eastman whi te  label grade. These wil l  be re fe r red  to 
by their  acronyms (e.g., TEAB for t e t r ae thy lam-  
monium bromide) .  Commercial  acetonitr i le  was dried 
by the usual P205 method (4), al though improved pro-  
cedures have appeared since this work  (5). Except ing 
the t -bu ty l  halides which were  distilled and stored 
under  argon prior  to use, the alkyl  halides (also white  
label or equivalent  grade) were  used without  addi- 
t ional purification. Lead meta l  obtained as shot ana-  
lyzed as 99.97%. 

Equipmen t . - -The  three electrode system used has 
been described previously  (6). The reference electrode 
was aqueous saturated calomel (SCE).  Transfer  of 
water  across the br idge during the course of a run 
was found to be negligible by Kar l -F i scher  ti tration. 

The stat ionary working electrode was the 4 mm disk 
end of a mel t -cas t  lead rod with  a heat  shrunk outer  
sheath of polyethylene.  The assembly was the rmo-  
stated at 25.0 ~ _ 0.5~ 

Method . - -The  use of re la t ive ly  high alkyl halide 
(RX) concentrat ions (1-20 mM) was dictated by two 
considerations: (i) the in terference by background 
electrolyte  act ivi ty which was appreciably greater  
than observed with  a quiet  mercury  electrode, and 
(ii) the sloughing of metal l ic  lead which occurs, de-  
pending on the supporting electrolyte,  when the RX 
concentrat ion is too low. Convection, pronounced at 
the sacrificial electrode due to the high densities of the 
organometal l ic  products, was fur ther  aggravated by 
the passage of high currents.  A 3-10% increase in the 
it  1/2 values over  a 30 sec in terval  was common. 

K e y  w o r d s :  a l k y l  ha l ides ,  l e a d  ca thode ,  p o l a r o g r a p h y ,  r e d u c t i o n ,  
sac r i f i c i a l  e l ec t rode ,  t e t r a a l k y l l e a d .  

To avoid volat i l izat ion of RX (7), these and the 
solvent were  thoroughly  deoxygenated  by sparging 
with  argon prior  to volumetr ic  prepara t ion of the test 
solutions. 

Typically, the electrode was l ight ly polished on fil- 
ter  paper and the blank electrolyte  was scanned f rom 
--1.0V one or more t imes to provide  a suitable re f -  
erence and to insure the reduction of all surface 
halide. The calculated amount  of a 1.0M RX solution 
was added and the mix ture  scanned cathodically sev-  
eral  times. Ha l f -wave  potentials  and not peak poten-  
tials are repor ted  in v iew of the greater  uncer ta in ty  
associated with  the latter. Values given are the aver -  
ages of four or more runs. Unless otherwise specified 
the scan rate  was 0.22 V/min.  

Results and Discussion 
Limit ing potent ia ls . - -The potent ial  ranges accessible 

to the lead electrode with  t e t r aa lky lammonium bro-  
mide are i l lustrated by the l imit ing cathodic values 
given in Table I. In anhydrous acetonitrile,  the organic 
cation is reduced to the t r ia lkyl  amine, which was 
identified for R ---- Et, n-Pr ,  and n-Bu;  some soluble 
lead product is also formed. In aqueous media reduc-  
t ion of hydrogen ion may  be the l imit ing reaction, al-  
though this does not seem to be the case on mercury  
(8) which has the greater  hydrogen overvoltage.  For  
aqueous acetonitr i le  mixtures  the l imit ing potentials 
var ied  l inearly be tween  these ext remes wi th  log 
[H20]. 

Reaction products for bromide s y s t e m . - - T h e  reduc-  
tion of MeBr at a lead electrode in TEAB/MeCN/HeO 
mixtures  gives TML in yields approaching 100% 
based on meta l  consumption and current  use (9, 10). 
The observed stoichiometry is ( R X = M e B r )  

Pb -I- 4RX -I- 4 e -  -> PbR4 -P 4 X -  [3] 

Table I. Limiting potentials on lead for aqueous and 
acetonitrile solutions of the tetraalkylammonium 

bromides at 25~ a 

R 0.2 F NR4 + B r - / H 2 0  0.2 F NR4 + B r - / C I ~ C N  

I-I - -  1 . 8 0  b 

M e  - -  1 . 8 4  

E t  - -  1 . 8 5  - -  2 . 7 5  

n - P r  - -  1 . 8 7  - -  2 . 8 5  

n - B u  - -  1 . 9 0  - -  2 . 9 0  

n - P e  - -  - -  2 . 9 2  

a v s .  SCE.  C u r r e n t  d e n s i t y  w a s  3 m A / c m  ~. 
b Inso lub le .  
e S o l u b i l i t y  of  t e t r a m e t h y l a m m o n i u m  b r o m i d e  is  o n l y  ~ 7 . 8  m M  

at  25~ 

1201 
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Table II. Polarographic parameters of alkyl bromides at a Pb electrode a 

R B r  EP/2  TM 

T E A B  T P A B  

E3/4 --  E l /4  (ip~?x/2~el b) Ep/2Pb E3/4 --  Ex/4 (ip~l/2Rel b) Ep/2Pb 

T B A B  

E3/4 --  E l /4  ( ip~l/2Relb) E1/2Hg l o g  (K1) c 

M e B r r  -- 1.56  __+ 0 . 0 4  --  0 .09  • 0 .04  
E t B r g  - - 1 . 9 2  ~ 0 . 0 5  - - 0 . 1 9  ~ 0 .04  
i - P r B r  - - 2 . 0 0  • 0 .11  - - 0 . 2 1  ~ 0 .04  
t - B u B r f  - - 1 . 8 0  -4- 0 . 0 4  - 0 . 2 0  • 0 . 0 4  

1 .00  - -1 .59 -+*-0 .03  - - 0 . 0 9 •  
0 . 9 5  - - 1 . 9 6 - - + 0 . 0 4  - -0 .21- - - - -0 .06  
0 . 9 1  - - 2 . 0 5  -4- 0 .11  - - 0 . 2 0  -4- 0 . 0 4  
0 . 8 9  --  1 .80  -+ 0 . 0 4  - - 0 . 2 0  • 0 .02  

0 . 9 5  --  1 .68  -+ 0 . 0 3  --  0 . 0 8  -+ 0 .03  
0 . 8 5  - - 2 . 0 4  -+ 0 . 0 3  - - 0 . 2 0  ~ 0 . 0 4  
0 . 7 8  - - 2 . 3 0  -+ 0 . 1 0  - - 0 . 2 1  ~ 0 . 0 4  
0 . 7 5  --  1 .84  -+ 0 . 0 5  --  0 . 2 0  ~ 0 . 0 4  

0 . 7 9  --  1 .63  ~ - -  1 .67  
0 . 6 9  - - 2 . 1 3  ~ - - 2 . 7 7  
0 . 6 4  - - 2 . 2 6  e - - 4 . 3 1  
0 . 6 4  - - 2 . 1 9 6  - - 2 . 0 0  

a M e d i u m  w a s  0 .2  F e l e c t r o l y t e / M e C N  a t  2 5 ~  a l l  p o t e n t i a l s  v s .  S C E .  
b C o r r e c t e d  c u r r e n t s  r e l a t i v e  t o  M e B r / 0 . 2  T E A B  s y s t e m ,  i . / C  = 14.7 .  
c D a t a  t a k e n  f r o m  r e f  ( 1 2 ) .  S o l v o l y s i s  m e d i u m  w a s  E t O H : H _ - O  8 0 : 2 0  ( V / V ) .  
a R e f .  ( 2 7 ) .  

R e f .  ( 1 3 ) .  
? S m a l l  p r e w a v e  n e a r  - - 1 . 3 V .  
g S m a l l  s e c o n d a r y  w a v e  0 . 1 - 0 . 3 V  c a t h o d i c  to  p r i m a r y .  

The reduction of EtBr produces both TEL and hex-  
aethylbilead. Schuler  (9) has estimated that  only 
about 40% of the current  is consumed by way of 
Eq. [3], while the remainder  is used according to 
Eq. [4] (RX = EtBr) .  

2Pb -{- 6RX -}- 6e-  --> Pb2R6 -b 6X-  [4] 

With i -P rBr  less than 30% of the current  is utilized 
in the formation of organolead products, and only 
traces of organoleads are found among the reduction 
products of t-BuBr.  Respectively, isopropylene and 
isobutylene are also produced. The formation of metal  
fines is greatest for the reduction of i -PrBr.  

Peak currents (bromide s y s t e m ) . m T h e  polarograms 
of the alkyl  bromides are strongly influenced by the 
na ture  and concentrat ion of the support ing electro- 
lyte, as well  as the concentrat ion of RBr itself. MeBr 
and EtBr produced principal  peaks whose heights were 
proport ional  to concentrat ion up to 5-6 mM, after 
which low but  increasing values were observed to 
15 mM. A second, more cathodic peak, u to �89 the 
height of the pr imary  was evident  for RBr concen- 
trat ions > 3-4 mM. The total cur rent  was proport ional  
to concentrat ion in all cases. In  TEAB especially, a 
decrease in the residual  current  occurred on addition 
of RBr, and a small  capacity wave near  --1.5V pre-  
ceded their  reductions. 

The relative, viscosity corrected currents  (Table II) 
decrease with the increasing size (lower mobil i ty)  
of RBr and with increasing support ing cation size. 
The lat ter  may reflect cation adsorption leading to a 
decrease in the active electrode area (11). 

Hal f -wave  potentials (bromide s y s t em) . - -The  ease 
of reduction as evidenced by the ha l f -wave  potentials 
of the principal  peaks (Table II) decreases in the 
order M e > t - B u > E t > i - P r .  Also listed are the pseudo 
first-order rate constants for the decomposition of the 
alkyl bromides in aqueous ethanol (12). The near ly  
l inear  relationship between Ep/2 and log (K1) sug- 
gests a possible mechanistic s imilari ty between the 
two reactions; i.e., the factors which dominate in con- 
troll ing the rate of RBr reduction at the lead electrode 
and the rate of RBr solvolysis may be the same. This 
result  is accommodated by Elving's postulate (1) of a 
general  nucleophilic subst i tut ion process in which the 
electrode, funct ioning as the nucleophile, performs a 
backside displacement on the halogen bearing carbon. 
The t ransfer  step may be wri t ten  as follows: 

e e 

I-I-  - - - c -  

I 

[5] 

/~ + Br ~} 
\ 

This is to suggest the analogy with an S~2 reaction is 
a good one: breaking of the C-Br bond is concurrent 

with and to some extent  compensated by the forma-  
tion of the new C-M bond. An  al ternat ive would be 
bond rup ture  without  new bond formation [6] : 

e 

C. + Br [6] 

/ I 
Such a scheme would be expected when C-M bond 
formation is opposed by the na ture  of the metal, high 
R. stability, steric hindrance,  or possibly precluded 
by the interposit ion of sorbed species. In  such cases, 
a separate chemical step is required to produce the 
C-M bond, one perhaps analogous to Paneth ' s  classic 
metal  scavenging reaction (14). 

Although several examples of cathodic dimeriza- 
tion are known (15) which establish the in termediacy 
of radicals (Eq. [6]), the efficiency of the electrosyn- 
thesis of Me4Pb and Et4Pb argues for direct formation 
of the Pb-C bond. Only at high current  densities does 
dimerization become significant. We believe the pr in-  
cipal polarographic wave for MeBr and EtBr is due to 
the reduction mode of Eq. [5], while the more en-  
ergetic process of Eq. [6] could account for the 
smaller, more cathodic secondary wave (bond break-  
ing only).  

An increase from 5 to I0 mM in the MeBr or EtBr 
concentrat ion results in  an anodic Ep shift of 20-30 inV. 
This behavior is consistent with (i) deposition of the 
reduction product (29), e.g., Eq. [5], or (ii) a rate 
determining step greater than  1st-order in depolarizer 
concentrat ion (25) such as the metal  removal  step 
(vide inSra). 

The similari ty of the reduction potentials of the 
alkyl  bromides on lead and mercury  invites fur ther  
consideration in view of the ca. 0.35V difference in 
the zero-charge potentials (40) of these metals (16). 
For  comparison, the reductions of the alkyl bromides 
at a s tat ionary cast t in  electrode were examined 
briefly. Only methyl  bromide gives a distinct wave in 
0.2 F TBAB. The product is Me4Sn. The reduction data 
for MeBr on these three metals and estimates of the 
corresponding rat ional  ha l f -wave  potentials (E , /2 - -~)  
are included in Table III. The importance of rat ional  
potentials for comparing reductions on different metals 
has been stressed (17). 

Both measures of the reaction potential  point  to 
metal  part icipation in determining the over-al l  reac-  
t ion rate. Some per t inent  characteristics of these met -  
als are also collected in Table III. The only obvious 
correlations are with the atomic numbers  and the 
related average electron densities. As in  a famil iar  
chemical Sn2 reaction, the rate should be enhanced 
as the nucleophil ici ty of the electrode is improved, i.e., 
as the avai labi l i ty of electrons is improved by  in-  
creased density and /or  polarizability. Accordingly we 
might  expect the larger directed 6p orbitals on lead 1 
to be much more available to part icipate in  the t rans i -  
t ion state of Eq. [5] than would the 5p orbitals on 
t in  and slightly more so than  the smaller symmetric 
6s orbitals on mercury.  

S t r i c t l y  s p e a k i n g  o n e  m u s t  c o n s i d e r  t h e  o r b i t a l s  o f  t h e  m e t a l  
c r y s t a l  a n d  n o t  a t o m i c  o r b i t a l s .  
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Table III. Comparison of metal electrode characteristics 

E l e c t r o n  
d e n s i t y  

M e t a l  EI/~ (MeBr )  ~ F~/2 -- ~o b At .  No.  ( E / A  s) Dram v r +4 EF ~ ~ f  

P b  (s) -- 1.68 - -0 .75  82 5.6 23 7.38 100 3.94 
H g  ( l iq . )  -- 1.77 -- 1.23 80 5.5 3.2 10.39 9 4.50 
Sn  (s) - -2 .45  - -1 .93  50 3.5 46 7.30 31 4.09 

0.2 F T B A B / M e C N  a t  25~ 
b ~o m e a s u r e d  in  t h e  a b s e n c e  of speci f ic  a d s o r p t i o n .  

M e t a l - m e t a l  b o n d  d i s s o c i a t i o n  e n e r g y  in  k c a l / m o l e .  
F i r s t  a t o m i c  i o n i z a t i o n  p o t e n t i a l  i n  eV.  

e F e r m i  e n e r g y  in  e r g s  • 101~. 
f W o r k  f u n c t i o n  f r o m  c o n t a c t  p o t e n t i a l  m e t h o d  in  eV.  R e c e n t  w o r k  h a s  s h o w n  t h a t  t h i s  f u n c t i o n  c a n n o t  a f fec t  t h e  e l e c t r o d e  k i n e t i c s  (29) .  

The negative shift in Ep/2 with increasing cation 
size is consistent with cation adsorption (18). Al ter -  
natively,  extensive ion pair ing in acetonitri le (19) 
could facilitate the t ransfer  step as indicated below 

O 

The rate enhancement  would be greatest for the 
smallest member  of the cation series and be revealed 
as the largest positive shift. A very similar rat ionaliza-  
t ion has been proposed to account for some observed 
salt effects in the reduction of quinones in DMF (20) 
and nitroaromatics in DMF and MeCN (19b). 

Reduction products (iodide system).--Both MeI and 
EtI are reduced to the corresponding lead alkyls. Al-  
though the iodide reaction has not been explored in as 
great detail as in the case of the bromides, it is clear 
that  very high current  efficiencies are obtainable. It 
appears that  more hexaethyl  dilead is produced from 
ethyl iodide than  from the bromide, and that  the 
amount  of this product depends on the support ing 
electrolyte. 

Peak currents (iodide system).--The polarograms 
of RI in  t e t raa lky lammonium iodide media were more 
sharply spiked than those of the analogous bromide 
system. MeI and EtI displayed the smaller  more cath- 
odic peak in the concentrat ion range 8-10 mM. The 
polarograms of i -P r I  and t -BuI  were more compli- 
cated displaying a small  prewave which was most 
prominent  with the lat ter  halide. These might be as- 
sociated with alkyl iodide desorption (7) or the reduc- 
t ion of HI derived through el iminat ion (21). In  all 
cases the sums of the wave heights were proport ional  
to concentration. Erratic results were obtained with 
TPAI. 

The r e l a t iveove r -a l l  currents  are shown in Table IV. 
The order with respect to alkyl group is the same as 
for the bromides. In  the presence of the corresponding 
t e t r abu ty lammonium halide (0.2 F) the ratios of the 
viscosity corrected currents,  i.e., (ip~q 1/2) RBr/(ipB 1/2) RI, 
were 1.28 (Me), 1.31 (Et), 1.10 ( i -Pr) ,  and 1.02 
( t -Bu) .  The bromides would be expected to have 
larger diffusion coefficients, differences being least for 
the largest alkyl  group. 

Reduction potentials (iodide system).--The pat tern  
of RI reduct ion potentials contrasts significantly with 
that of the bromides. In  TPAI and TBAI the hal f -wave 
potential  of the principal  wave becomes more negative 
as the alkyl size increases. In TEAI, the reductions are 
near ly  reversible and vir tual ly  independent  of R. Since 
the slopes differ widely wi thin  a series, a potential  
near  the foot of the wave, e.g, El/4, bet ter  reflects the 
relat ive ease of reduction. The indicated order is 

Et > Me ~ i - - P r  > t - -  Bu 
e~J 

The range of potentials is only 20-200 mV depending 
on the support ing electrolyte vs. ca. 550 mV for RBr. 

The general  positive shift and nar rower  spread in 
the RI potentials is consonant with C-I bond rupture  
during the potential  determining step. The observed 
order, however, cannot be understood in terms of an 
S,2 process analogous to that  of Eq. [5]. A consider- 
ation of the polarization properties of C-I and C-Br 
bonds suggests a plausible basis for a difference in 
reduction mechanism. Although some discrepancies 
exist in the l i terature,  it is l ikely that the  C-I bond 
differs from the other carbon-halogen bonds in the 
direction of polarization. The recent Altred-Rochow 
(22) electronegativities which most s trongly bear out 
this conclusion are considered the most rel iable since 
the values are strictly empirical  (23). Accordingly, 
under  the influence of the electrode field, the RI orien- 
tat ion would favor a proximal  location of the iodine 
atom; two reasonable orientations are shown in [8a] 
and [gal. 

I ~_ . . . .  ,__ _ _ ,  ~o + 1:8] U 
I ' \  I 

| 

l i -  
',1 / 1 \  

a 

. . . . .  I 7 

b e 

[9] 

If iodine is presented directly to the surface, a dis- 
placement  process, e.g., Eq. [8], should be relat ively 
insensit ive to the bulk  attached to carbon and the 
potential  should be controlled essentially by the R-I  
bond strength. If C-M bond formation is concurrent  
with electron transfer,  a compromised orientat ion 
such as [9a] may be required; a greater potential  de- 
pendence on the alkyl  ident i ty  follows. The t ransi t ion 
state could resemble that  for Sni type displacements as 
has been suggested for the reduct ion of certain bridge-  
head bromides (24) or the 4-centered configuration, 
[9b]. 2 The greater chemisorption of iodide at rela-  
t ively negative potentials could also favor its proximal  
orientation. Molecular models show [ga] to be plausi-  
ble for MeI and EtI. Addit ional  ~-alkyl  substitution, 
however, forces the orientat ion in the direction of [Sa]. 

The potentials for MeI and EtI in the various elec- 
trolytes parallel  the expected shifts in the E.C.M. Just  

N o t e  t h a t  t h e  t r a n s f e r  [9a]  -> [9b]  is  v e r y  s i m i l a r  to  t h e  m o d e l  
p r o p o s e d  b y  L a m b e r t  ( l f ) .  T h e  p r i n c i p a l  d i s t i n c t i o n  is  t h a t  t h e  
p r o d u c t  [9b]  is c h e m i s o r b e d ,  i .e . ,  s o m e  c a r b o n - m e t a l  b o n d  f o r m a -  
t i o n  occur s .  I n  o t h e r  w o r d s ,  t h e  r a d i c a l  a n i o n  P,-X. ex i s t s  n o t  as  a 
d i f f u s i b l e  spec ie s  b u t  on ly  as  a c o m p o n e n t  i n  t h e  r e s o n a t i n g  t r a n s i -  
t i on  s t a t e  s t r u c t u r e ,  so l o n g  as  a l k y l a t i o n  is  s t r o n g l y  f a v o r e d ,  
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Table IV. Palarographic properties of alkyl iodides at a Pb electrode a 

S e p t e m b e r  1969 

C A  0 .1 5  F T E A I b  

R I  EP/2 Pb E3/4 - -  E l /4  (ip)Rel 

0.I F T P A I  

Ep /2  Pb E~/4 - -  E1/~ ( i p ) a e l  

0 .2  F T B A I  

E p / 2  Pb E3/ t  - -  E l /4  ( i p ) a e l  E l l s  Hg 

M e  I - - 1 . 3 7  • 0 . 0 3  - - 0 . 0 2  • 0 .01  1 .00  
Et  I - -  1 .36  ___ 0 .03  - 0 . 0 3  • 0 . 0 1  0 .9 3  
i - P r  I - -  1 . 3 8  '~ ~ 0 . 0 3  - - 0 . 0 3  "4- 0 . 0 1  0 . 9 0  
t - B u  I - - 1 . 3 6  e - -  0 . 0 4  - - 0 . 0 4  - -  0 . 0 1  0 . 7 9  

- - 1 . 3 4  ~ 0 .03  - - 0 . 0 3  ~ 0 .01  1 .00  
--  1 .33  ~ 0 . 0 3  ~ 0 . 0 9  ~ 0 .01  0 . 9 4  
- - 1 . 4 0  ~ 0 .06~  - - 0 . 2 0  ~ 0 .02  0 . 8 5  
- -  1 .50  ~ 0 . 0 6  e ~ 0 . 2 1  • 0 . 0 2  0 . 7 6  

--  1 .17  -4- 0 . 0 4  - - 0 . 1 3  -4- 0 . 0 2  1 .00  1 . 6 3 t  
--  1 .22  -4- 0 . 0 4  - - 0 . 3 1  4- 0 . 0 2  0 . 9 9  1 . 6 7 f  
--  1 .25  ~ 0 . 0 4  a - - 0 . 1 9  "4- 0 . 0 2  0 . 8 8  
--  1 .35 _ 0 . 0 6  e - - 0 . 2 7  + 0 .02  0 . 7 4  

a 2 5 o c ;  [ R I ]  = 5 m M .  
b S a t u r a t e d  s o l u t i o n .  

S m a l l  p r e w a v e  n e a r  - -  1 . 2 V ,  p o s s i b l y  d u e  t o  H I .  
S m a l l  p r e w a v e  n e a r  - - 0 . 9 5 V ,  p o s s i b l y  d u e  t o  H I .  

e P r e w a v e  n e a r  - - 0 . 9 V ,  p o s s i b l y  d u e  t o  H I .  
t D a t a  f r o m  r e f .  ( 2 7 ) .  

the  opposi te  was observed for the  bromide  system; 
appa ren t ly  another  reflection of a change to a mech-  
anism in which steric factors a re  less impor tant .  Com- 
pared  to bromide,  d isplacement  of the  la rger  iodide 
ion should not  be much faci l i ta ted by  ion-pair ing,  nor  
is there  any evidence tha t  it  is. 

Metal removal.--The very  high cur ren t  efficiencies 
wi th  respect  to organometa l l ics  format ion  noted for 
the  me thy l  and e thyl  hal ides  suggests tha t  the  a lky l  
group resul t ing from the reduct ion is e i ther  unable  to 
diffuse into solution and reac t  in the manner  of a s im- 
ple  f ree  radical ,  or tha t  a lky la t ion  is fas ter  than  dif-  
fusion. The first s tep in the  meta l  r emova l  sequence 
wil l  be a lkyla t ion  of the  surface; for convenience the 
unit  species m a y  be wr i t t en  as (Pb)~PbR. There  is 
no evidence that  the  monomer  P b - R  is formed. Such a 
species is known at  the  present  t ime only among the 
mass spectra l  products  of organoleads.  The d ia lky l  
metal ,  PbR~ may  be free to quit  the  e lect rode surface 
depending on the na tu re  of R. Thus some organolead 
ha l ide  is formed when R = i - p r o p y l  or phenyl  and 
the solutions are  da rk ly  colored. These observat ions 
corre la te  d i rec t ly  wi th  known proper t ies  of isolable 
PbR2 compounds (26). 

Wi th  MeBr and EtBr  a lky la t ion  p robab ly  proceeds 
at  the in terface  at  least  unt i l  a t r i a lky l l ead  species is 
formed. The t r i a lky l l ead  radica l  is bel ieved to have an 
apprec iab le  l i fe t ime in solut ion and has been impl i -  
cated as an in te rmedia te  in numerous  conversions of 
organolead compounds (26). Hexae thy lb i l ead  could 
resul t  e i ther  f rom the t r i a lky la t ion  of ad jacent  lead 
atoms or the  combinat ion of two diffusing t r i a lky l l ead  
radicals .  Abou t  40% of the  t r i e thy l  lead, however ,  is 
fu r the r  e thy la ted  before the  above "hexa" react ion can 
occur. Wi th  MeBr t e t r a lky la t ion  is sufficiently favored 
to preclude "hexa" format ion  al together .  

To summar ize  the  processes leading to meta l  re -  
moval,  we wr i te  the  fol lowing equations 

(Pb)=Pb + RX + e -  ~ (Pb)xPbR + X -  [10i] 

(Pb )zPbR + RX + e -  ~ (Pb)=PbR2 + X -  [10ii] 

(Pb)xPbR2 + RX + e -  ~ (Pb)xPbR3 + X -  [10iii] 

(Pb)zPbR3 + RX + e---> (Pb)x  + PbR4 -{- X -  [10iv] 

2(Pb)zPbR3 ~ 2(Pb)=  -{- 2 �9 PbR3 [10v] 

2 (Pb)  xPbR3 ~ 2 (Pb)z  -b P}>21~ [10vii 

When R = Me a lky la t ion  proceeds r ap id ly  th rough  
[10iv]. For  R ---- Et, however ,  react ion [10iv] is s lowed 
apprec iab ly  by  the  increased ster ic  requ i rements  of 
this l a rger  alkyl .  At  the  same time, increased crowding 
at  the t r i a lky la t ed  surface would  faci l i ta te  expuls ion 
of e i ther  R3Pb. [10v] or Pb2R6 [10vi]. For  l a rge r  R 
groups the  degree  of a lky la t ion  which  the  surface  can 
sustain diminishes accordingly.  
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Preparation of Thick Crystalline Films of Tin Oxide and 
Porous Glass Partially Filled with Tin Oxide 

R. F. Bartholomew and H. M. Garfinkel 
Research and Development Laboratories, Coming Glass Works, Coming, New York  

ABSTRACT 

A method is described for producing films of SnO2 on a 96% silica glass 
substrate by oxidation of s tannous chloride. Surface x - ray  pat terns of such 
films showed the preferred orientat ion of the films depended on tempera ture  
and time of growth. The pores of porous glass were par t ia l ly  filled with SnO2 
by the same technique used for the growth of the films. The measured re-  
sistivities of the porous glass-t in oxide mater ia l  are discussed in terms of a 
model of cylindrical  noninterconnect ing pores going from one side of the 
sample to the other. 

In  recent years considerable effort has been made in 
the area of producing metal  oxide films. Tin oxide, 
in particular,  has been studied in detail. Methods of 
preparing t in oxide films include hydrolyzing a volatile 
t in  compound on a hot surface (1, 2) and reactive 
sput ter ing (3-5). Films of this oxide exhibit  a small  
temperature  coefficient of resistance and are chemi- 
cally stable, making them ideal resistor materials.  
New methods for the growth of such oxides, in films 
and other forms, are of interest, therefore, for possible 
applications in the electronics field. 

This paper will describe a new method for growing 
films of SnO2 and for par t ia l ly  filling porous glass 
with SnO2. The characterization of the products was 
carried out by x - r ay  diffraction methods. Some of the 
electrical properties of the materials  obtained are re-  
ported. 

Experimental 
Materials.--Anhydrous SnC12 (Technical Grade) was 

supplied by Fisher Scientific. No at tempt was made 
to purify this material.  

Corning Code 7900 96% silica glass was used as 
a substrate for growth of the films. The porous glass 
was Corning Code 7930 with a nominal  pore diameter  
of 60A. 

Procedure ior preparing films of SnO2.--The anhy-  
drous SnC12 (mp 246~ was fused in a 100-ml 
VYCOR| brand glass crucible contained in a 500-ml 
VYCOR| brand  glass beaker placed in a furnace. 
The ini t ial  experiments were carried out open to the 
atmosphere, except for flushing cont inuously with 
predried argon. The t in chloride is oxidized to SnO2 
by reaction with oxygen in  the air. This is discussed 
fur ther  in  the Results and Discussion section. To 
verify the required conditions for growth, a completely 
closed system was used in later  experiments in which 
a Corning Code 7900 96% silica glass tube was used 

instead of the beaker. The tube was sealed at one 
end and had a silicone oil t rap at the other end. Dry 
argon was flushed continuously through the system. 
Plates of the 96% silica glass (approximately 5 x 1.8 
x 0.65 cm) were placed in the melt, such that  part  of 
the glass was in the melt  and part  in the vapor above 
the melt. Trea tment  temperatures  varied from 400 ~ 
to 525~ with times ranging from 1 to 72 hr. 

Impregnation of the porous glass.--Samples of por- 
ous glass of dimensions 5 x 1.8 x 0.5 cm (approxi-  
mately)  were cut from sheets of the material.  These 
plates were pretreated by evacuating at tempera ture  
(>40O~ in order to remove moisture;  in some 
cases the plates were reacted fur ther  with O2, then 
reevacuated in order to remove organic materials 
absorbed in the glass. The pores were filled either by 
direct immersion in a melt, or by suspension in the 
vapor above the melt. A closed system was used 
throughout  the filling of the glass by the halide. The 
resul t ing mater ial  was then t ransferred to a closed 
container  in a furnace and treated by heating in 
an oxygen atmosphere to convert  the halide to the 
oxide. For t rea tment  times and temperatures  see 
Table IV. 

After  convert ing the t in  chloride to the oxide, the 
samples were ground and polished. The ini t ial  polish- 
ing was done with diamond paste; the final polishing 
was performed by using 0.05~ A1203 paste, unt i l  
no scratch marks  could be detected with a low 
power magnifying glass. The sample was then washed 
in  water  several times to remove the polishing paste. 
Some of the samples cracked dur ing the oxidation 
reactions. However, if the pre t rea tment  was carried 
out at about 500~ this did not occur. 

Electrical measurements.--The d-c electrical resist- 
ance of the t in  oxide films was measured at room 
tempera ture  with a Model 260 Simpson meter. Point  
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Table I. Summary of experimental data on the growth of Sn02 film from stannous chloride 

Time  o f  
Sample  Substra te  Temp,  ~ C Atmosphe re  t rea tment ,  h r  Comments  

1 Code 7900 Pla te  525 Argon,  sys tem open to a i r  1 
2 Code 7900 Plate  525 Argon,  s y s t e m  open to a i r  4 

3 Code 7900 Plate  400 Argon,  sys t em open to a i r  16 
4 Code 7900 beaker  Used in prev ious  Argon,  sys tem open to at-  48 

three  I u n s  mosphere  
5 Code 7900 crucible Used in p rev ious  48 

three  r u n s  
6 Code 7900 Plate  525 Completely sealed system,  72 

Argon b lanke t  
7 A l u mi n a  plate 525 Completely sealed system,  72 

Argon  b lanke t  

Black coating,  SnO.~ 
Black  coating,  of SnO2. Th ick  at  mel t -  

a tmosphere  in te r face  becoming  th in-  
ner  as  dis tance f r o m  in ter face  de- 
creases 

Th in  black coating,  SnOs 
Thick  black coating,  SnOs 

Black coat ing above level  of mel t  

No SnO= 

No SnO~ 

contact probes were used to connect the sample to the 
meter. The resistivity of the films quoted in  this 
paper are only meant  to be estimates. 

Silver electrodes with a guard r ing were applied to 
ground and polished plates of the porous glass-t in 
oxide mater ial  as du Pont  Silver Preparat ion 4817- 
Electrical Grade and air dried. A Model 311 Simpson 
VTVM was used to measure resistance. Contact to the 
meter  was made through heavy stainless steel gold 
plated electrodes placed on the silver electrodes. Die- 
lectric properties of the porous glass-t in oxide mater ia l  
were investigated with a General  Radio capacitance 
bridge. 

X-ray measurements.--A General  Electric XRD-5 
diffractometer was used. The radiat ion was nickel-  
filtered Cu Ks. 

Results and  Discussion 
Films of tin oxide.--Table I~ summarizes the effect 

of tempera ture  and t ime on the growth of SnO2 films 
on the 96% silica glass substrate. After  a 1-hr t reat-  
ment  at 525~ a black coating of SnO2 was observed 
on the glass. The black color of the films indicates an 
oxygen deficient material.  Longer t rea tment  times led 
to a thicker coating; the thickness of this coating be-  
came less the fur ther  the distance from the mel t -a i r  
interface. After this series of runs, the crucible con- 
ta ining the melt  and the VYCOR| b rand  glass beaker  
holding the crucible were covered with a black coat- 
ing. The thickness of these coatings was never  deter-  
mined precisely, but was of the order of 1 m m  at the 
most. 

A spectrographic technique was used to examine the 
coating on the beaker for impurities. These data are 
given in Table II. Silica, the major  impuri ty,  in all 
probabil i ty  results from a reaction between the oxide 
and glass at their  mutua l  interface. Bond formation of 
the type -S i -O-Sn-  has been postulated by Kuznetsov 
to occur at SnO2-silica surfaces (1). The spectrographic 
analysis of the melt  is given in Table II for comparison. 

The experiment  in which a closed system was used 
showed that after 72 hr 96% silica glass plates as well 
as a lumina  plates gave no evidence of film formation. 
This result  rules out the possibility of a reaction tak-  
ing place at the halide-glass interface. 

Surface x - r ay  diffraction pat terns were determined 
on some of the samples listed in  Table I. The pat tern  
given by sample 4 is shown in Fig. 1. As indicated in 
Table III, the side of the film that  was in contact with 
the vapor phase has a slightly different x - ray  diffrac- 
t ion pa t te rn  from that  side in contact with the glass. 

Table II. Spectrographic analysis of Sn02 film and 
quenched sample of SnCI2 melt 

Mel t  F i lm % Range 

SnO~ SnOs > 10 
SiO~ 0.05-0.5 
Ai~Os 0.01-0.1 

Fe~2Os, CaO CdO 0.005-0.05 
SiO~, NiO B~Os, MgO, FelOn, P b O  0.001-0.01 
PbO, Al~:)s TiO~ 0.0005-0.005 
MgO, MnO2, CuO CuO 0.0001-0.001 

Table III. Preferred orientation of Sn02 film on 96% silica 
glass substrate as determined by surface x-ray 

(nickel-filtered Cu K= radiation) 

Sample  No. 
(Table I) Temp,  ~ Time,  hr  P r e f e r r e d  or ienta t ion 

2 525 4 Random (211) 
3 400 18 002 (101) 
4 525 48 F i lm-vapor  in te r face :  301" 

Glass-f i lm in te r face :  301 (211} 

Values  in paren thes i s  indicate mino r  orientat ion.  
* See Fig.  1. 

Presumably,  the film was grown ini t ial ly by nucleat ion 
on the glass surface followed by growth on the oxide 
film. However, it appears that  tempera ture  as well  as 
t ime has an effect on the orientat ion of the SnO2 film. 
By going to a lower temperature,  the film is no longer 
oriented in the 301 plane, but  ra ther  in the 002 plane 
with some growth along the 101 plane. With Corning 
Code 7740 borosilicate glass substrates, the deposited 
film was determined by x - r ay  techniques to be poly- 
crystalline. There was no x - r ay  evidence to indicate 
the presence of metallic t in  wi thin  the limits of detec- 
t ion of this technique. Previous work in these labora-  
tories has shown that  it is not possible to predict 
beforehand the orientat ion of a film of SnO2 (6). 

The room-tempera ture  value for the surface resistiv- 
ity of the film was of the order of 1 ohm/square.  Sev- 
eral identical heat  t rea tments  on the same samples 
gave similar results. In  some instances the measure-  
ments  were made on films bonded to the glass sub-  
strate. With some samples, the film remained strongly 
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Fig. I. Comparative x-ray scattering of oriented and nonoriented 
tin oxide (nickel-filtered Cu I ~  radiation). (a) Surface x-ray of 
film; (b) powder x-ray of polycrystalline material. 
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Table IV. Summary of experimental data on the methods used for filling porous glass with Sn02 

1207 

S a m p l e  M e t h o d  of  fill- T r e a t m e n t  in  02 
No.  P r e t r e a t m e n t  i n g  w i t h  SnCls  T e m p ,  ~  T i m e ,  h r  C o m m e n t s  

8 F i l l e d  w i t h  w a t e r  V a p o r  540 
9 E v a c u a t e d  a t  500~ t h e n  cooled  in  02 V a p o r  540 

10 E v a c u a t e d  a t  200~ f o r  3 d a y s  V a p o r  540 

11 E v a c u a t e d  a t  200~ f o r  3 d a y s  V a p o r  540 

12 E v a c u a t e d  a t  500~ f o r  3 days ,  t h e n  e x -  V a p o r  525 
p o s e d  to Os a t  500~ a n d  e v a c u a t e d  

13 E v a c u a t e d  a t  500~ f o r  2 days ,  o x y g e n  D i p p e d  in m e l t  500 
a t  500~ f o r  1 d a y .  E v a c u a t e d  

14 E v a c u a t e d  125~ f o r  2 d a y s  M e l t  ( + 4 w t  % 390 
SbCl~) 

15 Same as 14 390 Same as 13 

bonded to the glass surface, while spalling resulted 
after two or more cycles with other samples. 

Tin oxide in porous glass.--The results of different 
schedules for the growth of SnO2 in porous glass are 
given in Table IV. It appears from these data that  the 
opt imum t rea tment  requires evacuation of the porous 
glass sample at 200~176 for several days, followed 
by t rea tment  in  an oxygen atmosphere to remove any 
absorbed organic compounds. The sample is t reated in 
the melt  at 500~ for near ly  a day. The resul t ing 
sample is oxidized then in an oxygen atmosphere at 
500~176 for a day. Sample 3 had the shortest t reat -  
ment  schedule that  resulted in a sample of uni form 
black color. Powder x - r ay  diffraction pat terns indi-  
cated the presence of SnO2 in all samples. No at tempt 
was made to determine accurately the percentage of 
free volume in  the pores occupied by the SnO2 as a 
funct ion of experimental  conditions. However, one 
weight change measurement  showed that the SnO2 
occupied approximately 20% of the pore volume. 

The fact that  SnO2 was produced in porous glass by 
reaction between SnC12 and oxygen to the exclusion of 
everything else, means that  the over-al l  reaction can 
be wr i t ten  as 

SnCh + Os "-> SnO2 + C12 [I] 

This reaction would also explain the formation of the 
films on the 96 % silica glass substrate. 

I -  
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Fig. 2. Resistivity of porous glass partially filled with tin oxide. 
x, Volume resistivity (ohm-cm); A, surface resistivity (ohm/square). 
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48 
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4 

24 

16 
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16 

B l a c k  c o a t i n g  on  ou t s ide ,  g r a y  in s ide  
B l a c k  c o a t i n g  ou t s ide ,  w h i t e  c e n t e r  
2 h r  i n  O2 a t  550~ S a m p l e  b l a c k  

c l ea r  t h r o u g h  
550~ in  Os f o r  3 days .  S a m p l e  b r o w n  

t h r o u g h o u t  
16 h r  a t  500~ in  o x y g e n .  B l a c k  o u t -  

s ide ,  w h i t e  i n s i d e  
24 h r  i n  o x y g e n .  B l a c k  c lea r  t h r o u g h  

24 hr at S00~ in oxygen. Only sur- 
face was black 

24 hr at 500~ in oxygen. Gray out- 
side and black inside 

Thermodynamic  calculations were carried out to de- 
te rmine  the feasibility of reaction [1] occurring at 
700~ The value of AG7~o for SnC12 was obtained from 
emf data (7), while data for the other compounds in-  
volved in the reactions were obtained from thermo-  
dynamic tabulat ions (8). The f ree-energy change for 
reaction [1] was calculated to be --88 kcal mole -1. 
This calculation predicts that the reaction lies far to 
the r igh t -hand  side, as the case was found to be 
experimental ly.  

The electrical resistivity is given in Fig. 2 for sample 
13 (Table IV) as a function of temperature.  X- ray  
diffraction pat terns of this sample showed only SnO2 
present. There was no evidence for unreacted SnC12. 
The surface and volume resistivities were obtained by 
measuring the surface and volume resistances from 
25 ~ to 200~ then  cooling to 25~ and measur ing 
the resistances again to 200~ The surface and vol-  
ume resistances shifted to slightly higher values with 
reheat ing;  the results shown in Fig. 2 were obtained 
after one heat ing cycle. Unfortunately,  these data are 
not reproducible from sample to sample, but  the same 
dependence on temperature  was evident  with different 
samples. Moreover, several things should be noted. 
First, "volume" represented the total volume of the 
sample, not just  the pores filled with oxide. Second, 
the surface and volume resistivities roughly parallel  
each other, with the value for the former being ap- 
proximately an order of magni tude  higher than the 
latter. Finally,  the temperature  coefficients of the sur-  
face and volume resistivities of the sample are approx-  
imately zero from around room tempera ture  to 100~ 
then increase with increasing temperature  above 
125~ A value of approximately 1 eV was obtained 
for the temperature  coefficient as the plots in Fig. 2 
approached l inear i ty  at temperatures  above 150~ for 
the d-c-resis t ivi ty  data. Attempts  were made to in-  
crease the electrical conductivi ty by doping the melt  
with SbCI~ (Table IV, samples 14, 15). The volume 
resist ivity of sample 15, ground and polished to remove 
the gray coating, was about 1.5 x 107 ohm-cm at 
25~ This is about the same as that  given in Fig. 2 
for sample 13 with no ant imony (III) chloride. No 
at tempt was made to determine whether  any an t imony 
had actually been incorporated in the t in  oxide. 

The values of the specific resistivity obtained for 
the SnO2-porous glass sample are surpris ingly high. 
Calculations based on a model of cyl indrical  non in te r -  
connecting pores going from one side of the sample 
to the other suggest that  the specific resist ivity should 
be approximately 10 -3 ohm-cm. This value was de- 
termined using a radius of 30A for each pore, and 
1012 pores per  un i t  cross sectional area. Several  ex-  
planat ions for this high resistivity can be given. First, 
the pores are incompletely filled and not interconnect-  
ing from one side to the other. Second, using the bulk  
resistivity of SnO2 may be incorrect when  considering 
bundles  of SnOs of radius 30A. Electrical conductivi ty 
measurements  on SnO2 films as a funct ion of thickness 
showed that  above several hundred  angstroms thick- 
ness the specific resistivity was independent  of thick-  
ness. However, below this thickness the specific re-  
sistivity increased as the film thickness decreased (1). 
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Unfortunately,  it is not possible to use the data to 
extrapolate back to the thickness of "films" present  in 
porous glass. Another  factor which might  influence 
the reproducibil i ty of data is the problem of contact 
resistance between the porous glass and the measur ing 
device. 

The dielectric constant of sample 13 was found to be 
15.1 at room tempera ture  and 21.7 at 75~ Above this 
temperature  the dielectric constant  increased rapidly 
to a value of 132 at 176~ A plot of log of the loss 
tangent  against room tempera ture  was l inear between 
room tempera ture  and 176~ The room-tempera ture  
value of the loss tangent  was 0.38, rising to 1.5 at 
176~ 
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Adsorption of Cadmium(ll)and Zinc(ll) on Mercury 
Induced by Azide Anions 

Zygmunt Kowalski 1 and Fred C. Anson* 
Gates and CreIlin Laboratories of Chemistry, CaliSornia Institute of Technology, Pasadena, California 

ABSTRACT 

The adsortion of cadmium(I I )  and zinc(II)  on mercury  electrodes from 
solutions containing azide ion has been measured. The effects of electrode 
potential, electrode charge, and azide concentrat ion were determined. The 
data support  the conclusion that  the neut ra l  complexes, Cd (N~)2 and Zn (N3)2, 
are the species that  are preferent ial ly  adsorbed. 

The abil i ty of anions which are specifically adsorbed 
on mercury  electrodes to induce the adsorption of white 
metal  cations which can form complexes with the anion 
has been studied recent ly in some detail (1-3). The 
data for the induced adsorption of cadmium(I I )  in  
iodide, bromide, and thiosulfate solutions have led to 
the conclusion that  the pr imary  adsorbing species is 
the neu t ra l  complex, i.e., CdI2 or CDS203, which be-  
comes attached to the electrode by means of the spe- 
cifically adsorbed anions (2, 3). It has been suggested 
that  this adsorption scheme is general  and will  account 
for the anion induced adsorption of many  of the white 
metallic cations such as lead (II) ,  zinc (II) ,  cadmium 
(II),  and indium (III) .  In  this paper we report studies 
in which the azide anion is examined as an adsorption 
i,lducer. Azide, like thiocyanate but  in contrast with 
the halides, forms strong complexes with z inc(II )  as 
well  as cadmium(I I )  so that  a comparison could be 
made of the relat ive effectiveness of azide to induce 
the adsorption of both metals. 

Experimental 
The experimental  technique employed was double 

potential-s tep chronocoulometry. The procedure and 
apparatus were identical to that used in previous s tud-  
ies (2, 3) and made use of the computer-based data 
acquisition and analysis system which has been de- 
scribed in detail (4). 

Sodium azide solutions were prepared freshly each 
day from twice recrystallized salt. The zinc, cadmium, 
and sodium nitrate  employed were reagent grade salts. 
Solutions were prepared from tr iply distilled water  

* Electrochemical  Society Act ive  Member ,  
1 Presen t  address :  D e p a r t m e n t  of Silicate Chemis t ry ,  Ac a de my  of 

Mining  and Metal lurgy,  Cracow, Poland.  

and were deoxygenated with prepurified nitrogen. The 
ionic s trength of all solutions was main ta ined  at 1.0 
with sodium nitrate.  The temperature  was 25 ~ __ 2~ 
All potentials are referred to the saturated calomel 
electrode. 

Results 
Adsorption of cadmium ( II) . - -The dependence of cad- 

m i u m ( I I )  adsorption on potential, azide concentration, 
and Cd(II)  concentrat ion was measured. The repro- 
ducibil i ty of the individual  values of 2 Frcd was about 
_+ 0.5 ~C/cm 2. Figures 1, 2, and 3 summarize the data. 
Because the charge on the electrode or, better, the 
amount  of adsorbed anion appear to be more charac- 
teristic independent  parameters  for anion induced ad- 
sorption (2) the values of 2 Frcd were also plotted 
against qm and FN3-, Fig. 4 and 5. In the chronocoulo- 
metric experiments  the electrode potential  was stepped 
from the ini t ial  potential, Ei, to --1.0V in every case. 
The charge on the electrode at --1.0V was assumed 
equal to the value given by Russell (5) for 1M NaF 
because the data of Parsons (6) shows that  N~- adsorp- 
tion at --1.0V is negligibly small. The values of qm at 
the ini t ial  potentials, E~, needed to prepare Fig. 4, were 
obtained in the presence of adsorbed cadmium by sub- 
traction of the charge a t - - 1 . 0 V  (--10 ~C/cm 2) from 
~Qd.1. (the difference in qm between Ei and --1.0V), a 
parameter  that  results from the analysis of the double 
potential  step charge t ime data (1, 7). 

The values of FN3-- needed for Fig. 5 were taken di-  
rectly from the data of Parsons (6) or by l inear  extrap-  
olation of plots of rj~-- VS. qm to values of qm outside 
the range covered by Parsons'  data. 

Adsorption of zinc.--Data for zinc adsorption were 
obtained by the same procedure that was employed 
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Fig. 1. Potential-dependence of Cd(ll) adsorption in azide solu- 
tions. All solutions were 0.5 mM in Cd(NO3)2. A, 0.2M NaN3-0.8M 
NaNO3; B, O.3M NaN~-0.7M NaNO3; C, 0.1M NaN~-0.9M NaNO3; 
D, 0.5M NaN3-0.5M NoNO3; E, t.0M NAN3. 
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Fig. 2. Dependence of Cd(ll) adsorption on the concentration of 
azide. All solutions were 0.5 mM in Cd(NO3)2. A, Ei = - -100 rnV; 
B, Ei = --50 mV; C, Ei = - -150 mV; D, Ei ~ - -200 mV; E, E~ 
= --250 mV; F, E~ = --350 mV. 

with cadmium except that  the potential  was stepped 
to- -1 .4V to at ta in  diffusion l imited zinc reduction. The 
value of qm at --1.4V was taken to be --17.8/~C/cm 2 (5). 
The data are summarized in Fig. 6-9. In contrast  with 
solutions of cadmium (II),  the pH of the zinc azide solu- 
tions appeared to be a critical parameter.  Unless the 
pH was carefully controlled to lie between ca. pH 7-8 
anomalous results were often obtained in the form of 
larger and irreproducible slopes in the chronocoulomet- 
ric charge---(time)'/2 plots and erratic values of 2 F t .  
This difficulty is apparent ly  associated with hydrazoic 
acid catalyzed hydrogen evolution a t - -1 .4  V if the ini-  
tial pH is too low or incipient formation of zinc hy-  
droxide if the pH is too high. 

Discussion 
The general  features of the azide induced adsorption 

of both cadmium(I I )  and zinc(II)  are similar to those 
for halide induced adsorption of cadmium(I I )  (2). It  
seems reasonable therefore to in terpre t  the adsorption 

1209 
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[Cd(]])], mM 

Fig. 3. Dependence of Cd(ll) adsorption on the concentration of 
Cd(ll). Electrolyte was 0.2M NaN3-O.8M blaNO3. A, E~ = ~ 1 0 0  
mV; B, Ei = --150 mV; C, Ei = - -200 mV; D, Ei ~ - -250 mV; 
E, E~ ~ - -300 mV; F, E~ ~ ~ 3 5 0  mV; G, Ei ~ --400 inV. 
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Fig. 4. Adsorption of Cd(ll) plotted vs. the charge on the elec- 
trode. All solutions were 0.5 mM in Cd(NO3)2. A, 0.2M NaNs- 
0.SM NaNO3; B, 0.1M NaN3-0.9M NoNO3; C, 0.5M NaN3-0.5M 
NaNO3; D, 1.0M NAN3. 

patterns with the same kind of rat ionale as was pre-  
violasly employed (2): (i) The adsorbed species is the 
neutral ,  bisazido complex. Evidence in support of this 
is ~he correspondence of the max imum cadmium(I I )  
adsorption with the solution composition correspond- 
ing to the max imum concentrat ion of Cd(N~)2 when 
2 FFCd is evaluated at constant  values of I'N3-- , Fig. 1O. 
The reason for preferr ing to construct figures such as 
Fig. 10 at constant  values of specifically adsorbed anions 
has been given. It represents an at tempt to hold con- 
stant  one factor involved in the adsorption while sys- 
tematical ly varying  the other. Comparison of Fig. 10 
with Fig. 2 shows that if 2 FFCd is not evaluated at a 
constant value of rN~-- the max imum in the adsorption 
occurs at a somewhat higher concentrat ion of azide 
than corresponds to the ma x i mum concentrat ion of 
Cd(N3) 2. (Insufficient complex formation constants are 
available for the zinc-azide system to permit  a similar 
comparison.) (ii) The charge on the electrode changes 
very little when Cd(II)  or Zn( I I )  are adsorbed, Table I. 

Points  (i) and (ii) taken together imply that  only 
very small  changes in the potential  at the outer Helm-  
holtz plane, r should result  from the adsorption of 
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Fig. 5. Adsorption of Cd(ll) plotted vs. the amount of adsorbed 
azide anions. All solutions were 0.5 mM in Cd(NO3)2. A, 0:2M 
NaN~-O.8M NAN03; B, 0.1M NaN3-O.9M NAN03; C, 0.5M NaN3- 
0.5M NaNO3; D, 1.0M NAN3. 
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Fig. 8. Adsorption of Zn(ll) plotted vs. the charge on the elec- 
trode. All solutions were 0.5 mM in Zn(NO3)2. A, 0.3M NaN3-(}.TM 
NaNO3; B, 0.4M NaN3-0.6M NaNO~; C, 0.2M NaN3-0.8M NaNO~; 
D, 0.5M NaN3-0.SM NaNO3; E, 0.6M NaN3-0.4M NoNO3; F, 1.0M 
NAN3. 
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Fig. 6. Potential dependence of Zn(ll) adsorption in azide solu- 
tions. All solutions were 0.5 mM in Zn(NO3)2. A, 0.3M NaN3-0.TM 
NaNO3; B, 0.4M NaN3-0.6M NaNO3; C, 0.5M NaN3-0.5M NaNO3; 
D, 0.2M NaN3-0.8M NaNO3; E, 0.6M NaN3-0.4M NaNO3; F, 0.1M 
NaN~-0.gM NaNO3. 
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Fig. 7. Dependence of Zn(ll) adsorption on the concentratian of 
azide. All solutions were 0.5 mM in Zn(NO3)2. A, Ei = --150 mV; 
B, Ei ~ --200 mV; C, Ei = --100 mV; D, E~ ~ --S0 mV; E, Ei 
= --300 mV; F, Ei = --400 mV. 

5 
% 

- 3  

[..4 
i, 

I I l I I I I 

A 

I I i I I I [ 1 
0 5 I0 15 20 25 30 35 40 

- F['N3- , / zC/cm 2 

Fig. 9. Adsorption of Zn(ll) plotted vs. the amount of adsorbed 
azide anions. All solutions were 0.5 mM in Zn(NO3)2. A, 0.3M 
NaN3-0.7M NaNO3; B, 0.4M NaN3-0.6M NaNO3; C, 0.2M NaN3- 
0.8M NaNO3; D, 0.5M NaN3-0.5M NaNO3; E, 0.6M NaN3-0.4M 
NaNO3. 
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Fig. 10. Relation between Cd(ll) adsorption and the concentra- 
tions of CdN3 +, Cd(N3)2, and Cd(N:03-. A, 2 FYcd evaluated at 
F C N 3 -  ~ --40 /~C/cm 2, which corresponds to near the maximum 
adsorption of Cd(ll) at all azide concentrations; B, as ---- [CdN3+] /  
[Cd(ll)]; C, a2 ~ [Cd(N3)2]/[Cd(II)]; D, a3 ~ [Cd(N3)3-] /  
[Cd(ll)]. The a-values were calculated from the complex forma- 
tion constants given in ref. (8). 
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Table 1. Changes in q,~ resulting from adsorption of Cd(ll) and 
Zn(ll) in 0.2M NaN3-O.8M NaNO3. Cd(ll) or Zn(ll) = 0.5 mM 

- - E t ,  m V  50 100 200 300 400 

2 FI'Cd 
~C/crn'~ 15.9 13.5 6.7 2.1 0.0 

.~q,,, (Cd) 
p , C / c m  ~ 2 I 0.5 0.5 --0.3 

2 FFzn 
/~C/cm'-' 4.9 4.9 4.5 3.6 2.5 

~ q , ,  (Zn)  
~C/cm~ 0 0 0.2 0 0.2 

Cd (II) or Zn (II) ,  because the adsorbing species is neu-  
t ra l  and the electronic charge on the electrode is l i t t le 
affected by its adsorption. Hence, the rate of a suitable 
i r revers ible  electrode react ion should remain  re la t ive ly  
unchanged when Cd(I I )  or Zn( I I )  is added to an azide 
support ing electrolyte.  [This line of reasoning has been 
expounded in detail  in a previous study (2).] The re-  
duction of Co(NH3)6 +3 in 0.2M NaN3 at pH 6 proved 
to be a suitable i r revers ible  reaction. At --0.05V, the 
ra te  of this react ion was increased by factors of 1.5 and 
2.3 on addition of 1.2 mM/1 of Zn(I I )  and Cd( I I ) ,  r e -  
spectively. Under  these conditions, 2 FFzn is 7.9 ~C/cm 2 
and 2 F r c d  is 24 ~C/cm 2 and both of these adsorptions 
change qm by less than 1 #C/cm 2. If the adsorbing 
species bore a posit ive charge the reduction of 
Co(NH3)6 +3 should have decreased sharply. If a 
singly charged anion were  the adsorbing species, the 
rate of reduct ion of Co(NH3)6 +3 can be calculated 2 
to increase by a factor of 3.2 in the case of Zn(I I )  
and 74 in the case of Cd (II) adsorption. The observed 
rate  enhancements  are smaller  than the calculated 
values which supports the contention that  the ad- 
sorbing species is uncharged. The small rate  en-  
hancements  that  are observed could arise in a number  
of ways [partial  anionic complex adsorption, changes 
in the electric field in the compact layer  result ing from 
the adsorption, specific chemical interactions be tween 
Co(NH3)6 +~ and the adsorbing complexes which lead 
to catalysis of the reduction, etc.] which were  not fur-  
ther  examined. 

( i i i )  The adsorbed meta l -az ide  complex is bound to 
the electrode by means of one or two additional, spe- 
cifically adsorbed azide anions. Evidence for this asser- 
t ion is the shape of the plots of the amount  of adsorbed 
meta l  vs .  potential, electrode charge, and specifically 
adsorbed azide (Fig. 1, 4, 5, 6, 8, and 9). At every  azide 
concentration, the meta l  adsorption increases in paral le l  
wi th  increasing azide anion adsorption as the electrode 
is made more positive. This reflects strong part icipation 
of adsorbed azide in the metal  adsorption. The decrease 
in adsorption at the highest  azide coverages may reflect 
a steric l imitat ion that  arises when the adsorbed azide 
anions are packed too closely to accommodate their  
bonding to the adsorbing meta l  azide complex. Thus, 
when the coverage of the electrode with  adsorbed azide 
ions is very  large, the distance be tween adjacent  azide 
ions can become smaller  than their  equi l ibr ium distance 
of separat ion in the meta l -az ide  complex. Similar  be-  
havior  is observed wi th  the cadmium (II) -hal ide sys- 
tems (2). In the case of Cd(I I )  in azide, the decrease 
in adsorption at the most posit ive charges comes quite 
close to the anodic l imit  of accessible potentials and 
may  arise, in part, f rom the incipient oxidation of the 
electrode to form a precipi tate  of mercurous  azide on 
the electrode surface. 

The fact that  the Cd (II) adsorption increases rapidly 
only after  the adsorbed azide exceeds ca. 10 ~,C/cm 2 

T h e  r e l a t i v e  r a t e  ( w i t h  a n d  w i t h o u t  a d d e d  m e t a l  ion)  is  e q u a l  

- -  (cen -- Z)  , w h e r e  Ar is  t h e  c h a n g e  i n  t h e  p o t e n -  to  e x p  R T  

t i a l  a t  t h e  o u t e r  H e l m h o l t z  p l a n e  p r o d u c e d  b y  the  a d d i t i o n  of 
Z n ( I I )  or  C d ( I I ) ,  a n  = 0.5, a n d  Z is t h e  a v e r a g e  c h a r g e  of t h e  r e -  
a c t a n t  in  t h e  b u l k  of t he  so lu t i on .  I o n - p a i r i n g  occu r s  b e t w e e n  N3- 
a n d  C o ( N H a ) .  § (0} to t h e  e x t e n t  t h a t  Z = 2.2 in  0.2M NaNa.  T h e  
e x p r e s s i o n  f o r  t h e  r e l a t i v e  r a t e  t h e r e f o r e  r e d u c e s  to:  10-1.v(aCe/~.6), 
w h e r e  Ar is  i n  m i l l i v o l t s .  

suggests that  more than one adsorbed azide ion part ic i-  
pates in the a t tachment  of each Cd(N3)2 complex to 
the electrode. On the other  hand, the slope of the rising 
port ion of the rCd VS. rN3-- plots varies f rom 0.35 mole 
C d ( I I ) / m o l e  N3- wi th  0.2 mM Cd(I I )  up to 0.82 mole 
C d ( I I ) / m o l e  N3-  wi th  1.2 mM Cd(I I ) ,  so that  at high 
Cd( I I )  concentrations a single addit ional  adsorbed 
azide anion may  be sufficient to induce the adsorption 
of a Cd(N3)2 molecule. 

The importance of specifically adsorbed azide in in-  
ducing the adsorption of Zn( I I )  can be demonstra ted 
in another  way:  z inc( I I ) ,  unl ike cadmium( I I ) ,  forms 
only very  weak complexes wi th  iodide ion and is not 
adsorbed to a measurable  extent  in sodium iodide sup- 
port ing electrolytes. Iodide anion is adsorbed more 
strongly on mercury  than azide so that  addition of 
iodide to an azide solution would be expected to lead 
to a gradual  replacement  of the specifically adsorbed 
az ide  ions by iodide ions as the iodide concentrat ion 
is increased. Figure  11 shows how the adsorption of 
Zn(I I )  is diminished as the iodide concentrat ion is 
increased in a 0.5M NaN3 --  0.5M NaNO3 solution. The 
added iodide should have no effect on the zinc-azide 
complex species present  in the bulk of the solution 
because there  is so l i t t le tendency for Zn( I I )  to form 
iodide complexes (10). The lowering of rzn by iodide 
addition must  therefore  result  f rom the .compet i t ive  
desorption of the N3-  anions f rom which it follows that  
adsorbed anions which also form complexes with 
Zn (II) are essential for the induced adsorption to occur. 

The adsorption of z inc(I I )  is not as great  as that  of 
cadmium (II) and it increases much less rapidly as more 
azide anions are adsorbed on the electrode (Fig. 9). 
Both of these features reflect the fact that  z inc(I I )  
forms weaker  complexes wi th  azide than does cad- 
mium (II) .  The lower dependence of Fzn on the amount  
of adsorbed azide results, under  some conditions, in a 
crossing of the rcd and rzn vs .  rN3-- curves at low va l -  
ues of FN3-- SO that  the adsorption of Zn( I I )  exceeds 
the Cd(I I )  adsorption. Thus, wi th  0.5 mM Cd(I I )  or 
Zn (II) in 0.3M azide at --450 mv, 2 F r c d =  0.6 ~C/cm 2 
while  2 Frzn ---- 2.9 ~,C/cm 2. 

A puzzling feature  of the data is the fact that  the 
max ima  in the plots of FCd V S .  FN3-- occur at h igher  
values of rN3-- for Cd(I I )  than for Zn( I I )  (Fig. 5, 9). 
On the basis of crystal  radii, Cd(N3)2 is expected to be 
sl ightly more voluminous than Zn(N3)2 so that  one 
might  have expected the max ima  for Zn( I I )  to come 
at even higher  values of rs3-- than that  for Cd( I I ) .  
A possible explanat ion for the observed behavior  is 
the fact that  z inc-hal ide complexes tend to retain co- 
ordinated water  more s t rongly than the corresponding 
cadmium complexes (11). If  the adsorbing zinc species 
carr ied one or two water  molecules wi th  it, the  steric 
interactions of the adsorbed zinc-azide complexes wi th  
each other  and with  adsorbed azide anions could be- 
come large enough to result  in a decrease in rzn at 
smal ler  values of rN3- for Zn( I I )  than for Cd( I I ) .  
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Fig. 11. Desorption of adsorbed Zn(ll) in 0.5M NaN3-0.5M 
NaNO3 electrolyte by addition of sodium iodide. A, El = - -200 
mV; B, Ei = - -300 mY; C, Ei = - -350 mY. 



1212 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  S e p t e m b e r  1969 

Conclusions 
This study permits azide ion to be added to the list 

of specifically adsorbed anions that induce the adsorp- 
tion on mercury  of white metal  cations with which they 
form complexes. The consistency in behavior from sys- 
tem to system suggests that  the same chemical factors 
are involved in all the systems studied. Recent faradaic 
impedance measurements  with Pb (II) in chloride solu- 
tions by T immer  et al. (12) lead them to conclude that  
chloride-induced adsorption of Pb ( I I )  occurs. The pre-  
cision of the adsorption data available from these ex- 
per iments  is not as high as that  obtained from chrono- 
coulometric measurements  but  T immer  et al. found that  
their data could be interpreted best if the uncharged 
complex, PbCI2, were the adsorbed species. Unpubl ished 
data obtained in this laboratory (13) support the same 
conclusion in the case of thiocyanate induced adsorp- 
t ion of P b ( I I ) .  It was suggested earlier (2) that  an ex- 
planat ion for the preferent ial  adsorption of the un-  
charged complexes in every case is the importance of 
solvation energy and entropy in determining the re-  
sistance toward adsorption of individual  species. This 
explanat ion continues to be attractive. For example, 
the entropy of reaction in aqueous solution for the re- 
action MC12 -~- C1- --> MC13- is over 30 eu greater for 
M = Zn( I I )  than for M = Cd(II)  (10). This presum- 
ably reflects a considerably stronger hydrat ion of ZnC12 
than of CdC12 and the same t rend would be expected 
with the azide complexes. A recent report  that the un -  
charged complex, PbBr2, appears to be preferent ial ly  
adsorbed from molten ni t ra te  electrolytes (14) sug- 
gests that  similar factors may also be important  in 
molten salt solvents. 
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Oxygen Dissolution and Evolution 
on Platinum in 85% Orthophosphoric 

Acid at Elevated Temperatures 
A. J. Appleby* and Alina Borucka* 

Institute of Gas Technology, Chicago, Illinois 

ABSTRACT 

Kinetics and mechanisms of oxygen electrode reactions on bright plati-  
num have been studied in 85% orthophosphoric acid at elevated temperatures.  
Oxidized, oxide-free, and active p la t inum surfaces are kinetically different. 
Results obtained on oxidized and oxide-free p la t inum show that two differ- 
ent reaction mechanisms are followed. We consider that  these mechanisms are 
common to all stable acid electrolytes in which p la t inum and its oxides re- 
main  unattacked,  irrespective of concentrat ion and temperature.  For the oxi- 
dized surface we suggest that  the mechanism may be more complex than 
has hitherto been supposed, al though the predominant  ra te -de te rmin ing  step 
is water  discharge. For oxide-free and active p la t inum the ra te -de termining  
step is the pr imary  charge t ransfer  involving activated oxygen adsorption, 
which takes place under  Temkin  and Langmui r  conditions, respectively. The 
na ture  of the three p la t inum surfaces is discussed and explanations for 
their  kinetic, adsorption, and mechanistic differences are offered. Fuel  cell 
implications are also briefly discussed. 

The kinetics and mechanism of the oxygen electrode 
reaction on p la t inum have been extensively studied in 
dilute acid electrolytes at room tempera ture  (1-5) 
and have been recent ly reviewed by Hoare (6). 

However, in concentrated orthophosphoric acid the 
studies published so far deal only with diffusion-con- 

* Electrochemical Society Active Member. 

trolled phenomena (7, 8) and rest potentials (9). This 
acid is of special importance as a fuel cell electrolyte. 
It has a par t icular ly  wide range of thermal  stabili ty 
and is nei ther  reduced nor oxidized at the potentials 
of fuel cell electrodes. On the other hand, it is suffi- 
ciently different in physical and chemical character 
from the dilute strong acids previously studied (2-4) 
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to discourage any a priori conclusions concerning 
its effect on the oxygen electrode mechanism or ki-  
netics. 

The present paper  is intended as a general  summary  
of the kinetic and mechanistic features of the oxygen 
electrode in 85% orthophosphoric acid, with some 
emphasis on aspects which are of interest  in fuel cell 
development. The conclusions presented concerning 
oxygen reaction mechanisms and kinetics are based 
on results covering the tempera ture  range 25~176 
but  the typical  kinetic data presented here are pre-  
dominant ly  those obtained at 95.9~ 

Exper imenta l  

The apparatus for this work was constructed so that 
only fused silica was in direct contact with the elec- 
trolyte. To el iminate oxidizable impurities,  the 85% 
orthophosphoric acid was refluxed with 20% of its 
volume of 30% hydrogen peroxide for 40 min before 
use. The remain ing  water  was then distilled out unt i l  
the acid re turned to its original concentrat ion with no 
detectable hydrogen peroxide content. Specially pur i -  
fied oxygen and ni t rogen were mixed accurately using 
capillary flowmeters and a mixing  chamber. 

P la t inum foil or disk electrodes of 99.999% pur i ty  
were washed with HC1, conductivi ty water, and the 
electrolyte itself before use. The rotat ing disk-r ing 
electrode used in this work will  be described else- 
where. Steady-state  measurements  were obtained gal- 
vanostatically, although for the disk-r ing electrode a 
potentiostat was used. Potent ia l -scan techniques were 
used in the study of p la t inum oxidation kinetics. All 
potentials were measured directly against the hydro-  
gen reference electrode (HRE) in the same solution 
at the working temperature.  Cathodic currents  are 
treated as negative. 

Oxidized, oxide-free, and "active" platinum surfaces. 
It is now well established that  the kinetics and 

mechanism of the oxygen electrode on p la t inum differ 
according to the na ture  of the metal  surface, which 
depends on electrode pre t rea tment  (3). For this rea-  
son, the present  study was conducted on three types 
of carefully prepared electrode surfaces: 

1. A ful ly oxidized surface, covered by a separate 
oxide phase produced by anodizing at high potential  

2. An oxide-free surface, considered to have oxygen 
atoms or - - O H  radicals adsorbed is less than mono-  
layer quant i ty  (3, 10). This surface is produced by 
reduction of an oxidized surface at about +300 mV 
HRE for 10-12 hr or, al ternatively,  it is a surface 
which has had no history of oxidation. 

3. A surface in an "active" state, consisting of a 
part ial ly reduced oxide film, considered by Schuldiner  
and Warner  (11) to contain oxygen atoms absorbed 
in the first few layers of the lattice and by Feldberg 
et al. (12) as an oxide layer half- reduced to PtOH. 

As i l lustrated by the results of Fig. 1, the three sur-  
faces studied display very  different kinetics; for this 
reason, they are discussed separately. 

9 0 o  

o~lzEo ~ I ~AcvlvE 
soo t 

-7 -6  -5 -4 
Iog~i, A/sqcm 

Fig. 1. Comparison of Tafel plots for reduction of oxygen on 
platinum in 85% orthophosphoric acid at 95.9~ 

Oxid ized  Electrodes 

Above about 1000 mV/HRE p la t inum is covered by 
a phase oxide (13). For  accurate kinetic study the 
t.hickness of the oxide film must  be made reproducible 
by anodizing the p la t inum surface, as was first noted 
by Hoar (1). 

In  the work reported here, anodic t rea tment  of pla t -  
inum electrodes at 2000 mV/HRE for 15 rain led to 
very reproducible anodic galvanostatic Tafel plots 
which could be traced backwards and forwards with 
very little hysteresis. For these experiments  the elec- 
trolyte was saturated with oxygen at atmospheric 
pressure. At current  densities below about 10 -7 A /cm 2, 
a depolarizing effect was noted where the potential  
of the electrode fell rapidly with decreasing current  
density. In all probabili ty,  this current  density repre-  
sents the diffusion current  for the oxidation of traces 
of impurit ies present  in the solution (10), probably 
main ly  hydrogen peroxide produced at the counter-  
electrode during anodizing. 

Cathodic Tafel lines on the oxidized surface were 
obtained by reversing an anodic current  unt i l  the po- 
tential  of the electrode fell to 1100-1050 mV/HRE on 
a preanodized electrode, and then the current  was 
adjusted to the appropriate value. An init ial  plateau 
was observed for each applied current  density, after 
which a decay occurred due to gradual  reduction of 
the oxide. To overcome this difficulty, a reproducible 
oxidized surface was obtained by anodizing the elec- 
trode at 2000 mV for 2 min  before each reading was 
taken. 

Typical examples of anodic and cathodic Tafel slopes 
obtained on oxidized p la t inum are shown in Fig. 2. 
The intersection of these slopes occurs at about 1200 
mV/HRE. 

For the over-al l  reaction 

O 2 + 4 H +  + 4 e -  = 2 H 2 0  

at 95~9~ E ~ (calculated from data for the free en-  
ergy of formation of liquid water)  (14) is 1169 inV. 
However, corrected for the presence of water  vapor 
above 85% orthophosphoric acid at 95.9~ (15), the 
theoretical emf of the cell 

Pt/H2, 85% orthophosphoric acid, O2/Pt 

is 1199 mV/HRE, which agrees very closely with the 
intersection point  in Fig. 2. 

A typical  exchange current  is about 5 x 10 -9 A /cm 2, 
but  this value was observed to depend to a small  ex- 

2000 I r I 

18o0 - / /  -- 
h ,  
e r  

�9 1- 1600 -- f ANODIC _ 

$ 4  "S 

IOOO -- ~ 4 ~  A T - -  
HODIC 

soo I I I -= .  J I 
-9  -8  -7 - 6  -5 - 4  -3  

Iog~i, A/sq cm 

Fig. 2. Oxygen electrode on oxidized platinum in 85% ortho- 
phosphoric acid at 95.9~ 
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Table I. Reaction paths on oxidized platinum electrodes 

( 0 1 o g i  ~ 

S + H~O ~ S O H  + H+ + e -  4 0.25 
2 S O H  ---> SO + SHakO 
2SO--> O~ + 2S 

A.  O x i d e  p a t h  
1. R a t e - d e t e r m i n i n g  
2. 
3. 

B, H y d r o g e n  p e r o x i d e  p a t h  
4. R a t e - d e t e r m i n i n g  
5. 
6. 
7. 

C. M e t a l  p e r o x i d e  p a t h  
8. R a t e - d e t e r m i n i n g  
9. 

10. 
11. 

D.  E l e c t r o c h e m i c a l  o x i d e  p a t h  
12. 
13. 
14. 

S + H ~ O ~  S O H  + H+ + e -  
2 S O H - ~  SH202 + S 
SH202 + S O H  ~ SOH~ + SO2H 
SO-zH + SOH--~  SHoO + S + O~ 

S + H~O~ SOH + H+ + e- 
2SOH--> SO + SHzO 
SO + SOH-~ S + SHO~ 
SHO~ + SOH-~ Oz + S + SHoO 

4 0.25 

4 0.25 

S + H~O-> SOH + H+ + e- 2 0.5 
SOH--> SO + H+ + e- 2 0.5 
2SO-~ 2S + O~ 

N o t e :  " S "  r e p r e s e n t s  a n  u n d e f i n e d  s u r f a c e  s i te  on  p l a t i n u m  o x i d e ,  w h i c h  m u s t  r e m a i n  u n a f f e c t e d  d u r i n g  t h e  r e a c t i o n  s e q u e n c e .  

tent  on the t ime allowed for the anodic t rea tment  of 
the electrode surface. Anodic Tafel  slopes were  159 
mV/decade  (or 2.17 x 2.3 RT/F) ,  and cathodic slopes 
were  --131 mV/decade  (or --1.78 x 2.3 RT/F) .  

The order  of react ion for oxygen was measured at 
25.1~ because at this t empera tu re  oxide films were  
observed to be more stable and results  were  therefore  
more  reproducible.  

The oxygen concentrat ion in di lute oxygen-n i t rogen  
mixtures  was determined by the magni tude  of the 
diffusion-l imiting current,  compared with  that  for 1 
a tm oxygen. The difficulty of obtaining reproducible  
Tafel  slopes made the determinat ion  of the reaction 
order  somewhat  unreliable,  but  a value of 0.29 was 
obtained at constant potential.  For  ~ same t emper -  
a ture  but  at constant overpotent ia l  in N HC104, Dam-  
janovic  et al. (4) obtained the value  of 0.30, which is 
equivalent  to 0.34 at constant potential,  as (OE/Ologi)Po2 
---- 2 x 2.3 RT/F  and (OE/Ologeo2)i = 2.3 RT/4F. Con- 
sidering the general  difficulty of obtaining good cath-  
odic Tafel  slopes, this agreement  is reasonably good. 

To clarify the mechanism further ,  H + reaction order 
data would  be desirable. Unfor tunate ly ,  it is not pos- 
sible to va ry  H + at constant ionic s t rength in concen- 
t ra ted acids. 

Since the anodic Tafel  line extends over  a ve ry  wide 
range of potentials, we may  assume that  we are dealing 
with Langmuir ,  r a the r  than Temkin,  adsorption of re-  
action intermediates.  Fur thermore ,  the intersection of 
the anodic and cathodic Tafel  slopes at the revers ible  
potent ial  (1200 m V / H R E )  suggests that  the ra te -  
de termining steps for the cathodic and for the  anodic 
reactions are the same and that their  rates at the re-  
versible potential  must  be approximate ly  equal. 

If  these assumptions are val id and if we express the 
exper imenta l  Tafel  slope as b = 2.3 RT/~F, then we 
may  use the equation of Parsons (16) for the deter -  
minat ion of the stoichiometric number  v 

n 
- - =  (~a--~c) [i] 

where  n is the number  of electrons involved in the 
over -a l l  process, v is the stoichiometric number  of the 
ra te -de te rmin ing  step, and ~a, ac re fer  to the anodic 
and cathodic processes, respectively.  

Using the observed values of 1/~a ---- 2.17 1/ac ---- 
--1.78, we have ~ = 3.9 (effectively 4) for n ----- 4. At  
room tempera tu re  Hoar  (17) obtained the value  of 
3.1 in N/IO H2SO4 on bright  plat inum, Bockris and 
Huq  (2) obtained 3.5 in N H2SO4, and Damjanovic,  
Dey, and Bockris (4) also obtained the value  of 3.5 
in N HCI04. 

Assuming the simplest  case of a sequence of simple 
consecutive steps and Langmui r  adsorption, we may 
apply the equations I 

and 

n a  
aa = ~nk "{- ~ [2] 

n c  
ac = (1--~)nk ~- - -  [3] 

p 

where fl is the anodic symmetry factor, •k is the num- 
ber of electrons involved in the (unique) rate-deter- 
mining step, and na, nc are the total number of elec- 
trons transferred before the rate-determining step in 
the anodic and cathodic directions, respectively. 

According to Eq. [2] and [3] we see that: for v = 4, 
assuming fl ,~ ~/z, and ~a " ~ -  ac ~ 1/2 

n k §  � 8 9 1 6 2 2 4 7  

The only consistent solutions for this equat ion are 
e i ther  nk ----- 1, wi th  nc = na = 0; or nk = 0, wi th  
nc = na ~--- 2. Assuming, therefore,  that  the ra te -  
de termining step is a charge transfer,  nk = 1 and nc 
= na = 0 for~ = 4. 

This requires that no electrons are transferred be- 
fore the rate-determining step in either the anodic or 
cathodic directions. The rate-determining step itself 
occurs four times in the over-all sequence and results 
in the total transfer of four electrons. 

The only reactions schemes proposed so far (20) 
which satisfy these conditions are A, B, and C in 
Table I. Another interesting proposition for the mech- 
anism of this reaction was offered by Riddiford (18). 
He supposes that  steps 12 and 13 in path D (Table I) 
have  similar exchange currents  and suggests that  step 
12 wil l  control  anodically and step 13 cathodically;  in 
each case the react ion with  the higher  slope controls 
the over -a l l  process. The simple stoichiometric num-  
ber  equat ion (Eq. [1]) is, of course, not applicable to 
such reactions. 

It is interest ing to note tha t  in another  connection, 
BSId and Bre i te r  (21) have  postulated that  the reac-  
tions 

Pt  q- H20 ~ P tOH -b H + -b e -  
and 

P tOH ~ PtO -k H + -k e -  

which resemble  steps 12 and 13, have  about the same 
rate  constants. 

The oxygen react ion order  data in the current  work  
(about 0.3) suggest that  Riddiford 's  proposit ion cannot 

X T h e s e  e q u a t i o n s  h a v e  b e e n  q u o t e d  w i t h o u t  d e r i v a t i o n  in  r e f .  
(17) a n d  d e r i v e d  in  r e f .  (18) a n d  (4) f r o m  t h e  e q u a t i o n s  of  M a u s e r  
(19). 
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fully explain either our exper imental  results or those 
obtained by Damjanovic et al. (4). It  is possible, how- 
ever, that, apart  from the dual  ra te -de te rmin ing  steps 
that Riddiford (18) suggests, more than one reaction 
path may occur s imultaneously on the electrode. In  
particular,  2 of the paths quoted in Table I, D and A 
may occur in parallel  on different parts of the elec- 
trode surface. Both of these paths involve init ial  dis- 
sociative adsorption of oxygen. The occurrence of steps 
2 or 13 followed by the controll ing steps 1 or 12 could 
depend on local variat ions in oxide structure. This 
would explain the inexact  values of the stoichiometric 
numbers  and oxygen reaction orders observed here 
and by other workers (2, 3). 

The anodic Tafel slopes in the present work are 
higher than those observed at room temperature  in 
dilute acids (1, 2, 4). However, increase of these slopes 
with acid strength as observed by Kaganovich et al. 
(22) may be due to changes in the symmetry  factor 
caused by al terat ion of the double- layer  s tructure in 
highly concentrated acid electrolytes. 

In  conclusion, our results suggest that  oxygen re- 
duction and evolution mechanisms on anodized plat-  
inum in 14.6M (85%) orthophosphoric acid at a rela-  
t ively high tempera ture  are essentially similar to 
those in dilute acids such as sulfuric (1, 2) and per-  
chloric (4) at room temperature  and involve the same 
ra te -de te rmin ing  step, namely,  the water-discharge 
mechanism proposed by Bockris and Huq (2) for di- 
lute sulfuric acid at room temperature.  However, this 
step may not necessarily be ra te-control l ing cath- 
odically, and more than  one mechanism may operate 
simultaneously.  The data obtained suggest that  the 
water-discharge ra te -de te rmin ing  step for oxygen 
evolution may general ly apply in all acid electrolytes 
in which p la t inum oxides are stable, irrespective of 
the anion, concentration, and temperature.  The na-  
ture  of the anion appears to influence only the rate 
constant of the reaction and, to some extent, the sym- 
metry  factor. 

Oxide-Free  Electrodes 
The surface of these electrodes was prepared as al- 

ready described. Par t icular  exper imental  precautions 
are necessary for these surfaces to ensure reproduc- 
ibil i ty because of their  sensit ivity to capil lary-act ive 
impurit ies which always persist in the electrolyte. 

After  being subjected to a procedure for desorbing 
capi l lary-act ive impuri t ies  (23) (consisting of an an -  
odic pulse to 1.2 V/HRE for 1 sec followed by a 
n u m b e r  of cathodic pulses to +0.50 V/HRE, for a few 
seconds each), they reached steady rest potentials of 
985-999 mV in a few minutes.  The ini t ial  rest poten-  
tial usual ly rose to over 1000 mv after a few hours, 
reaching potentials of about 1010 mV. A slow de- 
cay followed; a final potential  of about 990-1000 
mV was general ly noted after 24 hr, which then re-  
mained steady for some days. A typical  galvanostatic 
Tafel plot for this surface is shown in Fig. 1. To 
ensure a reproducible surface, a cathodic pulse was 
used between each point, as it was noted that a slow 
decay of potential  at constant  current  took place after 
ini t ial  stability. This is caused by the deactivation of 
the electrode by nonoxidizable impurit ies and is more 
apparent  at lower potentials, leading to steeper Tafel 
slopes than those ini t ia l ly observed. The adsorption of 
capil lary-act ive impurit ies is evident ly  potent ia l -de-  
pendent,  as has been noted by other workers (24, 25). 
Such nonoxidizable impurities, which may be of or-  
ganic origin (or, in this case, possibly polyphosphates),  
are el iminated from the electrolytic solution only by 
extreme purification procedures (25). 

With the precautions described above, very repro- 
ducible Tafel plots with slopes close to 2.3 R T / F  were 

.s T h e  r o t a t i n g  r i n g - d i s k  e l e c t r o d e  d e t e c t e d  less t h a n  2.10-~ A/cm~ 
a t  t h e  r i n g  a t  76.1~ a n d  3140 r p m  w h e n  t h e  d i s k  w a s  a n o d i z e d  a n d  
h e l d  a t  a p o t e n t i a l  of 850 m V / H R E  in  o x y g e n - s a t u r a t e d  s o l u t i o n .  
We  m a y  t h e r e f o r e  c o n c l u d e  t h a t  h y d r o g e n  p e r o x i d e  is n o t  a p p r e c i -  
a b l y  i n v o l v e d  in  t h e  m e c h a n i s m .  

obtained. The i ~ value (corrected to 1 atm oxygen) 
was 4 x 10 - l ~  A /cm 2 (Fig. 1). 

The reaction order for oxygen was measured at 
52.1~ Galvanostatic results for four different oxygen 
part ial  pressures are shown in Fig. 3. In contrast  to 
the oxidized p la t inum results in this case oxygen re-  
duction at constant  potential  is approximately first 
order. 

Ring-disk electrode studies.--Studies with a rotat-  
ing r ing-d isk  electrode, were carried out at 76.1~ 
to examine the possibility of hydrogen peroxide for- 
mation. Figure 4 shows a plot of the r ing (main-  
tained at 1.3V) and disk currents  at 3140 rpm. The 
apparent  double-wave effect is due to impur i ty  ad-  
sorption. In the region of the plot between +700 to 
+400 mV/HRE, the disk was reactivated (pulsed to 
+50 mV/HRE) before each point. Points shown in 
Fig. 4 are the highest stable values of current  that  
could be attained. The l imit ing current  for oxygen 
(not reached in Fig. 4) can be calculated from 
Levich's equation (26) using published data for the 
oxygen solubili ty (27), its diffusion coefficient (27), 
and the kinematic viscosity of the acid (15). The ex-  
pected value lies between 50 and 100 mV/HRE. As 
observed by other workers (24, 25), currents  shown 
in Fig. 4 in the potential  range of 600-400 mV/HRE 
slowly decayed to lower values with time. 

No hydrogen peroxide was detected in the Tafel 
region, but, in the region where impuri t ies  are ad-  
sorbed, small  amounts  of hydrogen peroxide were 
present  (25), as may be seen in Fig. 4. The ma x imum 
detected at the r ing amounted to 16% of the total 
oxygen consumed at the disk, as the r ing collects 
about 35% of the hydrogen peroxide produced. If 
impur i ty  adsorption causes a reduction in bond en-  
ergy of adsorbed peroxy-radical  reaction in terme-  

IOOO I I 
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Fig. 3. Effect of oxygen portial pressure reduction of oxygen on 
oxide-free platinum in 85% orthophosphoric acid at 52.] ~ 
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| 

Fig. 5. Cyclic voltammetric scan on platinum at 260 mV/sec at 
95.9~ (horizontal scale = mV/HRE). 

diates, 3 the la t ter  may tend to desorb ra ther  than un-  
dergo O-O bond dissociation on the p la t inum surface. 

Nature of the oxide-free surface.--Before consider-  
ing the react ion mechanism for this surface, it is 
necessary to decide which adsorption isotherm is 
l ikely to apply on this surface. BSld and Brei ter  (21) 
have shown that  a p la t inum electrode which i s -oxi -  
dized and reduced by a continuously cycling poten- 
tial in N HC104 and other  dilute acid solutions has 
a coverage of adsorbed oxygen radicals which reaches 
one monolayer  at a potential  of about 1.5 V/HRE.  In 
the range of 900-1500 mV, an approximate ly  l inear 
var ia t ion of coverage with  potential  exists, which they 
in terpre ted  in terms of the Temkin adsorption iso- 
therm. 

An integrated curve, showing the variat ion of cov- 
erage with  potential, based on this work, is quoted by 
Damjanovic  and Brusic (3). It must  be emphasized 
that  results obtained by this rapid-scanning technique 
do not allow equi l ibr ium to be attained, especially at 
lower potentials. The s teady-s ta te  coverage-potent ia l  
plot given by Damjanovic  and Brusic (3) shows that, 
in fact, the l inear var ia t ion of coverage extends to 
potentials about 130 mV lower than those shown in 
cyclic vol tammetr ic  plots taken at a scan rate  of 1 
V/sec. 

A cyclic scan plot on 85% orthophosphoric acid at 
260 mV/sec  at 95.9~ is shown in Fig. 5. Compared 
with  results in 0.1N perchloric acid at room t empera -  
ture  (21), Fig. 5 shows a considerable anodic displace- 
ment  of the oxygen region. This may be at t r ibuted to 
adsorption of phosphate ion in the double layer, which 
would tend to reduce the bond s trength of adsorbed 
oxygen radicals on the p la t inum surface, leading to 
less favorable  kinetics. It seems reasonable that  Tem-  
kin conditions will  also apply for 85% orthophosphoric 
acid, but  wi l l  exist in a somewhat  higher  range of po-  
tent ia l  than that  noted by Damjanovic  and Brusic (3) 
in N perchloric acid at room temperature .  

Mechanism.--Damjanovic and Brusic (3) showed 
that  their  results were  accounted for by the r a t e -de t e r -  
mining step 

S + O 2 + H  § + e - - > S - O 2 H  

where  the adsorption of the O2H radical  (the reaction 
product  of the ra te -de te rmin ing  step) is presumed to 
fol low the same Temkin isotherm as that  exper i -  
menta l ly  obtained for the O radical  adsorbed on the 
electrode above 700 mV (21). The equation then ac- 
counts for the observed f i rs t -order  dependence of cur-  
ren t  on oxygen par t ia l  pressure, Damjanovic  and 
Brusic's exper imenta l  order  of reaction for [H +] (3), 
and has a Tafel  slope of 2.3 RT/F in the case where  
the heat  of adsorption of O2H is potent ial  dependent.  
Under  Langmuir  conditions without  previous charge 
t ransfer  the same react ion would be expected to have 
a Tafel  slope of 1/fl x 2.3 RT/F, where  fl is the sym- 
met ry  factor (2 x 2.3 RT/F if fl = 1~). 

It  is concluded that  the same ra t e -de te rmin ing  step 
is applicable in 85% orthophosphoric acid. It is also 
interest ing to note that  the i ~ in the present  electrolyte  
at 95.9~ (4 x 10 -10 A / c m  2) is of the same order of mag-  
ni tude as that  noted by Damjanovic  and Brusic (3) in 

~ T h i s  m a y  be  e q u i v a l e n t  to s a y i n g  t h a t  i m p u r i t y  a d s o r p t i o n  
b l o c k s  the  h i g h  e n e r g y  s i t e s  w h e r e  O - O  b o n d  d i s soc i a t i on  c a n  t a k e  
p lace .  

N perchloric acid at 25~ It seems therefore  that, as 
in the case of the oxidized surface, the r a t e -de te rmin -  
ing step on the oxide- f ree  p la t inum is common to all 
acid electrolytes, independent ly  of the nature  of the 
anion, the tempera ture ,  and the concentration. Nor-  
mal ly  it takes place under  Temkin conditions of ad- 
sorption; however,  in the presence of a s trongly ad- 
sorbing anion (e.g., C1-) ,  it apears that  low rate con- 
stants (weakening of the S-O2H bond) and higher  
slopes do occur. This effect is probably indicative of 
Langmuir  adsorption (high coverages of s trongly ad- 
sorbed material ,  in this case C1-)  and of the pro-  
gressive deact ivat ion of the electrode with increasing 
overpotential .  This is apparent  from results obtained 
by Bianchi and Mussini in di lute  halo-acids at room 
tempera ture  where  Tafel  slopes greater  than 2 x 2.3 
R T / F  were  observed (5). Apar t  f rom this case, Tafel 
slopes of 2.3 RT/F appear  to be typical  if capi l lary-  
active mater ia l  is absent. 

Act ive  P la t inum 
Active plat inum electrodes were  prepared by ano- 

dizing at 2000 m V / H R E  for a period of about 5 min. 
They were  then reduced galvanostatically,  but were  
not al lowed to reach potentials below +500 mV/HRE.  
On switching off the galvanostat ic  cathodic current,  
these electrodes immedia te ly  took up an open-ci rcui t  
potent ial  of about 1000 mV/HRE.  

Very reproducible  galvanostat ic  Tafel plots, which 
could be re t raced forwards and backwards several  
times, were  obtained. They had a slope of about 
1.69 x 2.3 RT/F (124 mV/decade ) ,  wi th  an i ~ of about 
4 x 10 - s  A / c m  2. A typical  Tafel  plot for this surface 
is shown in Fig. 1 for 95.9~ 

The active surface is clearly a bet ter  electrocatalyst  
than oxidized or oxide- f ree  surfaces. The react ion 
order for oxygen on active p la t inum was determined 
at 52.1~ The Tafel  plots shown in Fig. 6 were  ob- 
tained after  prepar ing a fresh surface for each par t ia l  
pressure. Because of oxygen evolution during anodiz- 
ing, a short t ime elapsed before steady readings were  
obtained in each case. Again, an approximate ly  first- 
order dependence of current  on oxygen par t ia l  pres- 
sure is observed. 

Hydrogen peroxide formation was studied using the 
rotat ing r ing-disk electrode. Potent ia l  current  plots of 
r ing and disk currents  at 76.1~ are shown in Fig. 4. 
It can be seen that  the active surface suffers less than 
the ox ide- f ree  surface f rom the effect of impurit ies in 
the range of potent ial  below 700 mV; in proportion, 
much smaller  amounts  of hydrogen peroxide were  
detected. 

Nature of the active surface and discussion of reac- 
tion.--Feldberg et al. (12) have explained the wel l -  
known observation, [ reviewed by Vet ter  (28) and 
Hoare  (6 ) ] tha t  about twice as many coulombs are re -  
quired to produce a p la t inum-phase  oxide than to re-  
duce it by supposing that  the  reactions 

Pt  + H20-> PtOH + H + + e -  

P tOH --> PtO -P H + + e -  

are, respectively,  slow and very  fast. These authors 
have noted that  a p la t inum electrode which has been 
strongly oxidized and then reduced is in an "act ive"  
form which remains stable for some hours. They con- 
sider this electrode to be covered by a layer  of PtOH. 
This would imply that  the surface of a pla t inum elec-  
t rode undergoing cyclic potent ial  scanning as described 
by BSld and Brei ter  (21) is covered by a layer  of 
P tOH during the reduced part  of the cycle. 

On the other hand, Schuldiner  and Warner  (11) 
have suggested that, af ter  anodizing and reduction, a 
disordered lattice of meta l  atoms is formed which con- 
tains dissolved atoms. This they te rmed "dermasorbed"  
oxygen. 

In the discussion of the ox ide- f ree  electrode above, 
we have  assumed that  the coverage data, obtained by 
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Fig. 6. Effect of oxygen partial pressure on reduction of oxygen 
on active platinum in 85% orthophosphoric acid at 52.1 ~ 

Damjanovic and Brusic (3), included all s trongly 
bound oxygen-conta in ing species, including --OH. 
Breiter (29) and Lukyanycheva  et al. (30) have 
shown that the first cycle of a cyclic voltammetric  
scan behaves differently from subsequent  cycles. 
There is evidence that  the  first anodic cycle is of a 
considerably larger area than subsequent  cycles, so 
that the number  of coulombs involved is greater than  
in the reduction part  of the cycle, as in charging 
curves. This could be explained equally well  either 
in terms of the proposition of Feldberg et al. (12) 
or in terms of oxygen radicals being "dermasorbed" 
during the first cycle (11). 

However, from the present  results and from those 
of Damjanovic and Brusic (3), it appears that  an elec- 
trode which has been taken momentar i ly  to 1.2-1.5V 
followed by reduction is not "active," but  behaves as 
a normal  oxide-free surface. According to Feldberg 
et al. (12), such an electrode should have an adsorbed 
monolayer  of PtOH. If such were the case, adsorption 
of OH and other oxy- intermediates  would not obey 
the Temkin  isotherm, which only applies in the region 
0.1 < 0 < 0.9. Hence, we consider that  the coulombs 
unaccounted for in the reduct ion of p la t inum oxide 
correspond to "dermasorbed" oxygen rather  than to a 
layer of PtOH. 

Undoubtedly,  the surface produced by momentar i ly  
oxidizing at 1.5V, followed by reduction, must  in-  
volve some "dermasorbed" oxygen. It is, however, 
impor tant  to note that  the true active surfaces are 
only produced by prolonged anodizing or t rea tment  
with powerful oxidizing agents (31). It seems reason- 
able to suppose that  the reduced oxide lattice contains 
a good deal of trapped oxygen (oxide ions or oxygen 
radicals),  and perhaps also OH radicals, as proton 
diffusion through the lattice is l ikely to be easy. The 
outermost  layers of the p la t inum surface must  there-  
fore be disordered and contain numerous  vacancies. 
The surface is not par t icular ly  stable, but is more 
stable than would be expected if it were only lightly 
platinized as was suggested by Anson (32). 

The high lattice energy created by the presence 
of oxygen radicals prevents  easy diffusion and restora- 
tion of a regular  crystal l ine array. With increased 
metal  lattice energy, it is reasonable to suppose that  
the bond strength of adsorbed reaction intermediates  
in the oxygen reduction reaction wil l  increase sub- 
stantially, hence accounting for the higher reaction 
rates observed on this surface. 

Because of the pe rmanen t  presence of relat ively 
large amounts  of dissolved oxygen radicals in the few 
monolayers of the lattice, we may expect that  oxygen 
radicals addit ionally adsorbed on the outer surface as 
potential  increases will  have a much smaller effect on 
the heat of adsorption of reaction intermediates  than 
is the case on oxide-free plat inum. In  this situation 
adsorption should more near ly  approach Langmui r  
ra ther  than  Temkin  conditions. 

We therefore suggest that  the same ra te -de te rmin ing  
step applies as on bare plat inum, that  is 

S + O 2 + H  + + e - - > S O 2 H  

but  under  more near ly  Langmui r  conditions. This 
explanat ion agrees with our Tafel slopes and the re-  
sults of oxygen par t ia l -pressure  dependence. 

Another  interest ing implication of the above con- 
cept concerns the reaction 

S - -  OH -{- H + + e -  --> S + H20 

which is ra te -de te rmin ing  on oxidized p la t inum but  
apparent ly  much faster on the oxide and active sur-  
faces. In all cases it is l ikely to be the last step in the 
over-al l  cathodic process (3). The slow rate  of this 
reaction on oxidized p la t inum can be explained by don- 
sidering that oxidized surfaces are highly negative 
in character, as shown by their abil i ty to absorb 
cations, even at high anodic potentials (33). We may  
conclude therefore, that, on such a substrate, adsorp- 
tion o f - - O H  would be weak, making the free energy 
of activation for this step correspondingly high. 

Fuel Cel l  Impl icat ions 
Neither oxidized nor active surfaces are stable with 

t ime at about 800 mV/HRE on massive p la t inum sub- 
strates; both u l t imate ly  degrade to bare plat inum. 

At fuel cell operating temperatures  oxide-free plat i-  
n u m  has a relat ively poor i ~ value compared with the 
oxidized surface, but  its more favorable Tafel slope 
makes it a more effective reducing surface in the rele-  
vant  range of potential.  Active surfaces, in  spite of 
their  high Tafel slopes, are still more effective. 

It is possible that, owing to the highly f ragmented 
na ture  of p la t inum black, kinetics on such electrodes 
may resemble those on active massive plat inum, al- 
though the two differ drastically in their  stabili ty 
characteristics. 
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Specific Conductance of Molten Potassium Nitrate 
G. D. Robbins* and J. Braunstein 

Reactor Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

ABSTRACT 

A careful  de te rmina t ion  of specific conductance of mol ten  potass ium 
ni t ra te  over  the t empe ra tu r e  range  345~176 has demons t ra ted  its su i tab i l i ty  
as a mol ten  sal t  s t andard  in e lect r ica l  conductance work.  The da ta  a re  wel l  
represen ted  (~ = 0.0008) by  the computer- f i t ted ,  least  squares equat ion 

K-------0.7098 + 4.6203 X 10 -3 t (~  - -  2.0221 X 10 -6 t 2 

The es t imated accuracy is be t te r  than •  Of the previous  invest igat ions  
on this system, the  l imi ted  t empe ra tu r e  equat ion of Smi th  and Van Ar t sda l en  
agrees best  wi th  the  results  repor ted  here. 

Inves t igat ions  of e lectr ical  conduct iv i ty  in mol ten  
salts  a re  essential  to the  unders tand ing  of t r anspor t  
processes in these mater ials .  In par t icular ,  the  test ing 
of theories,  such as the  zero mobi l i ty  concept of 
Angel l  (1, 2) requires  accurate  and precise de t e rmina -  
t ion of the  t empera tu re  var ia t ion  of specific conduc-  
tance. In  addit ion,  the  advent  of mol ten  salt  nuclear  
reactors  employing  fused salts as fuel  sal t  solvent  and 
coolant  salts  (3) necessi tates accurate  measurement  
and be t t e r  unders tand ing  of e lectr ical  t ranspor t .  

As is wel l  known, specific conductances,  K, a re  ob-  
ta ined  f rom measured  resistances,  R, by  employing  the 
re la t ion 

1 
= = (Z/a) [1] 

R 

where  (l/a) is the  cell constant.  The value  of ( l / a )  
usua l ly  is obta ined  by  measur ing  the  resis tance of a 
ma te r i a l  of known specific conduetanee, p r e f e r ab ly  
one having  s imi lar  proper t ies  to the  sys tem to be 
invest igated.  There  are, at present ,  no accepted mol ten  
salt  secondary  s tandards  for the de te rmina t ion  of cell 
constants  for conduct ivi ty  measurements .  Based on 
ease of handl ing,  avai labi l i ty ,  s tab i l i ty  to a tmospher ic  
conditions, and compat ib i l i ty  wi th  conta iner  mater ia l s  
(especia l ly  si l ica) ,  mol ten  potass ium n i t ra te  would  
seem the most  reasonable  choice among mol ten  salts 
for such a re ference  mater ia l .  However ,  as Fig. 1 de-  
monstrates ,  the  resul ts  of severa l  repor ted  inves t iga-  
tions in this  system at t empera tu res  up to 100~ above 
the  mel t ing  point  differ by amounts  considerably  la rger  
than  the c la imed exper imen ta l  uncer ta in ty .  In  the  
work  of Bloom and co-workers  (4) and Smi th  and Van 
Ar t sda len  (5) specific conductance da ta  are not  given, 
only an equation. Al though in the ea r ly  work  of 
Jaege r  and K a p m a  (6) considerable  a t tent ion  was de-  
voted to exper imen ta l  detail ,  the  scat ter  in the  da ta  is 
large.  The recent  resul ts  of De Nooi jer  (7) appear  un -  
commonly  low in the  low t empera tu r e  region, where  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

one would expect  ni t r i te  format ion  to be least  and 
resul ts  to agree  best. 

In a recent  rev iew of e lectr ical  conductance mea -  
surements  in mol ten  fluorides (8) er rors  arising f rom 
the ind iscr imina te  use of a Wheats tone  type  (or Jones)  
conductance br idge  were  discussed. Some possible 
origins of f requency  var ia t ion  of the  measured  res is t -  
ance were  also presented.  Two subsequent  discussions 
(9, 10) of the  re la t ion  of measured  resis tance to mea-  
sur ing f requency  have also appeared.  Krbger  and 
Weisgerber  (11) have addressed  themselves  to these 
questions, and as Fig. 1 demonstrates ,  the i r  data  show 
some divergence  f rom those of the others, a l though 
they  do not resul t  in a smooth curve. In  addit ion,  r e -  
sistance measurements  were  pe r fo rmed  only over  the  
f requency  range  1-4 kHz, and  the resu l tan t  e x t r a p -  
olation to infinite f requency was 2-3%. 

o.e6 I I I J I J J 
--Q-- JAEGER AND KAPMA (~920) 

0.92 - -  - -  - BLOOk~, KNAGGS, IV~)LLOY, WELCH ($95~) 
(EQUATION ONLY), -+0.5% ~ ~ f /  
KI~GER AND WEISGERBER (t955), +-035% 

- - - - -  SMITH AND VAN ARTSDALEN (1956) (EQUATION ONLY) 
0.88 - -  ~ DeNOOIJER (~965), *=0.~7 '='& [ / ~  - -  

- -  THIS WORK y "  
0.84 I 

f0.80 / ' ) f~  .JY 
0.72 "~ I ' 

0.64 ~ 
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Fig. 1. Specific conductance vs. temperature for molten KN03. 
Comparison of this and previous work. 
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No at tempt has been made in Fig. 1 to include all 
references to work on mol ten potassium ni t ra te  due to 
the l imited number  of curves which can be distinctly 
represented. Investigations in this system date back to 
1874 (12), and no work previous to 1920 is cited. 
Several  investigations not referenced in Fig. 1 should 
be mentioned:  Direct current  measurements  at four 
temperatures  have been reported by King and Duke 
(13). Over the larger part  of their  temperature  range 
the data lie above those of KrSger and Weisgerber. 
Angell  (14) has measured specific conductances em- 
ploying an a-c technique over a 75 ~ temperature  in-  
terval. Agreement  of • with the data of King and 
Duke is claimed, al though one of the seven data re-  
ported differs by 2.8% probably the result  of a typo- 
graphical error. For addit ional references, the recent 
compilation by Janz et al. (15) is useful. 

In  this paper we present  new measurements  on the 
conductance of KNO3 over an extended range of t em-  
perature with a bridge designed for use with molten 
salts. We consider the possible effects of impurit ies and 
demonstrate the sui tabi l i ty  of KNO3 as a secondary 
standard for molten salt conductance measurements.  

Because of the frequent  use of potassium ni trate  as 
a reference point in studies of t ransport  properties of 
molten salts (1, 2, 7, 16), accurate values of its specific 
conductance and temperature  dependence are im-  
portant  quanti t ies in their own right  to the physical 
chemistry of molten salts. 

Experimental and Results 
Since the importance of this work lies in the 

credibil i ty of the data, careful a t tent ion will  be given 
to the exper imental  details of the measurements.  

Figure 2 shows the type of silica conductance cell 
employed in these determinations.  The interior  dip 
cell consists of two silica tubes, the lower portions of 
which are 3 mm ID tubing, attached to a silica rod. 
Plat inized p la t inum electrodes (20 gauge) are held 
immobile relat ive to the dip cell assembly by silica 
hooks and glass tape. The 12-cm conducting path re-  
sulted in measured resistances of 120-225 ohms, and 
the L-shaped electrode design rendered measured re-  
sistance independent  of depth of immersion (3-7 mm 
below salt surface). The electrolyte is contained in a 
3.3-cm ID silica cell which stands on a silica foot. A 
Teflon cap (not shown) holds the dip cell in  place 
and admits the electrodes and a thermocouple through 

Fig. 2. Silica conductance cell 

close fitting holes. The entire cell assembly is im- 
mersed in a stirred, temperature  controlled, molten 
potassium ni t ra te  bath contained in a silica and lavite 
furnace (17) which permits  visual  observation of the 
melt  (9). A calibrated chromel-a lumel  thermocouple 
contained in the silica thermocouple well  and a type 
K-4 potentiometer  measured temperature  with an 
estimated uncer ta in ty  of •176 

As discussed previously (8, 9), errors can arise in 
determining molten salt conductivities from the use 
of measuring bridges with a balancing arm having a 
parallel  resistance and capacitance. Accordingly, a 
specially constructed bridge (9) with series com- 
ponents  in the balancing arm was employed in measur-  
ing resistances in the mol ten nitrate. A test of the 
bridge employing a dummy cell consisting of a s tan-  
dardized resistance and capacitance connected in 
series revealed that  the accuracy was better  than 
___0.2% for resistance of the order of 100 ohms (with 
a capacitance of 21 ~f) in the frequency range 1-50 
kHz. Measurements with the dummy cell included 
leads employed with the real cell, thus insur ing no er-  
ror from lead resistance. The accuracy in determining 
capacitance was much less and depended on the mag- 
ni tude of the resistance and on the frequency (for 
100 ohms •  at 2.5 kHz and • at 7.5 kHz).  How- 
ever, even though the value of capacitance required 
for bridge balance was not  an accurate measure of the 
dummy capacitance at higher frequencies, at balance 
the accuracy of the resistance measurement  was main-  
tained. 

Similar  tests on a Jones bridge available in our 
laboratory (Leeds and Northrup)  (18), which has a 
paral le l -component  balancing arm, revealed that  while 
this bridge is extremely accurate for measur ing high 
resistance, the accuracy at 100 ohms was only ___1% in 
the frequency range 1-50 kHz. Consequently, the Jones 
bridge was employed in determining cell constants 
in dilute aqueous solution where the resistances were 
large and the bridge accuracy high, while the much 
lower resistances of the molten salt were determined 
with our specially constructed bridge, its accuracy 
being high in this resistance range. 

For the determinat ion of the cell constant a 0.1 demat 
aqueous potassium chloride solution (prepared from 
single crystal KC1) was used for which the specific 
conductance is well  established (19, 20). The resistance 
of the aqueous electrolyte was determined in a con- 
trolled tempera ture  bath at 25~ employing the Jones 
bridge because of the large resistances involved. A 
test of the bridge with dummy components of mag-  
ni tude comparable to this solution showed an accuracy 
of ___0.05% in the frequency range 0.5-5 kHz. The cell 
constant (145.9 cm-1) ,  determined on two consecutive 
days and at three depths of immersion, was inde-  
pendent  of f requency in this range and of the depth of 
immersion (3-7 mm) to --+0.3 cm -1. 

"Baker Analyzed," reagent grade, potassium ni t ra te  
was dried at 100~ for several days, and a molten 
portion showed no clouding on addition of silver 
ni t ra te  crystals. The ma x i mum peak- to-peak voltage 
applied to the series-component  bridge was 30-110 
mV, and the measured resistance did not vary  with 
frequency (-+0.2 ohm < 0.2%, random) from 1-20 kHz. 
Table I shows specific conductance vs. t empera ture  
data for molten potassium ni t ra te  as determined with 
the series-component bridge. 

To check for errors in conductance due to ni t r i te  
formation, the following procedure was adopted. Be- 
tween each resistance determinat ion at successively 
higher temperatures,  the resistance was remeasured 
near  the melt ing point (see Fig. 3). It was p lanned to 
discard the last datum at the elevated tempera ture  
when  a value failed to duplicate the previously de- 
termined values. However, no discrepancy appeared 
up to 541~ the tempera ture  l imit  of the furnace. 
From this one might conclude either that  sufficiently 
little ni t r i te  had formed to be detected, or that  the 
specific conductances of KNO3 and KNO2 were identical 



1220 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  

Table I. Specific conductance of KN03 vs. temperature 

T(~ ~ (ohm-~ cm -1) 

345.4 0.6459 
349.9 0.6599 
351.6 0.6647 
353.5 0.6703 
353.5 0.6696 
354.9 0.6758 
355.4 0.6764 
357.5 0.6833 
358.5 0.6867 
360.6 0.692~ 
360.8 0.693~ 
363.7 0.704~ 
376.6 0.7444 
380.0 0.753~ 
386.6 0.7740 
392.0 0.790s 
419.9 0.8731 
445.2 0.946e 
464.4 1.O0L 
485.2 1.056~ 
485.7 1.0557 
499.5 1.093~ 
520.5 1.147o 
541.3 1,198s 

within  the limits of measurement,  in which case the 
results remained valid. However, the possibility exists 
for identical conductivities near  350~ with divergent  
values appearing at increased temperatures.  Accord- 
ingly, an addition of 5 m/o  (mole per cent) KNO2 
resulted in  the t r iangular  da tum (see Fig. 3) at 359~ 
a change of 1.8%, well outside the data scatter. This 
is consistent wi th  the data of Bartholomew (21), who 
studied the equi l ibr ium KNO3 m KNO2 -t- 1/202 from 
550 ~ to 750~ and found an equi l ibr ium nitr i te  con- 
centrat ion of only 0.009 mole fraction at 550~ The 
effect of 1 m/o  nitr i te  on the specific conductance of 
KNO3 may be estimated from specific conductance data 
for NaNO3 and NaNO2 (22). Assuming addit ivity of 
conductances, the increase in specific conductance due 
to 1 m/o  ni tr i te  would be 0.3% at 550~ 

The curve shown in Fig. 3 represents the computer-  
fitted, least squares equation (~ = 0.0008) 

K = - - 0 . 7 0 9 8  + 4 . 6 2 0 3  X 1 0 - 3  t ( ~  - -  2 . 0 2 2 1  X 10 -6 t2 
[2] 

based on the 24 data of Table I. 
To recheck the KNOa specific conductance results, a 

completely new dip cell was constructed and its cell 
constant  (141.4 cm -1) determined in 0.1 demal KC1 as 
before. A newly calibrated Pt  vs. Pt -Rh  (10%) thermo-  
couple measured temperature.  The open circle data 
points at 370 ~ and 422~ show these results, which 
agreed with the previous results wi thin  0.2% A com- 
parison of these data with previous investigations is 
shown in  Fig. 1, where  it is evident  that  only the 
l imited tempera ture  range equation of Smith and Van 
Artsdalen (5) agrees well  with the results reported 
here (max imum deviation = 0.4%). If all errors are 

T (~ 

/~'KN05 versus /'~ 

Fig. 3. Specific conductance of molten KN03 vs. temperature 
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assumed to be random and independent  wi th  un-  
certainties assigned to K of 0.2% from cell constant de- 
terminat ion,  0.1% from resistance measurement ,  0.2% 
from possible ni t r i te  impuri ty,  and 0.2% from tem- 
perature measurement,  the probable error is 0.3%. 
We consider these results to have an accuracy of 
bet ter  than ___0.5%. 

Discussion 
The dens i ty- tempera ture  equation of Smith and 

Petersen (23) was employed in calculating equivalent  
conductances, A, the na tu ra l  logarithms of which were 
examined for curvature  when plotted vs. 1/T(~  
These density data were employed because of the wide 
tempera ture  range which they encompass. Still, the 
two conductance points of highest tempera ture  are 
beyond their  range of measurement ,  and densities at 
these two temperatures  were estimated from the same 
equation. Similar  calculations with the density data of 
Smith and Van Artsdaten (5) in the l imited tempera-  
ture range 344~176 resulted in slightly lower values 
of In A, which paral leled the previous plot. 

The slight curvature  observed in the graph of spe- 
cific conductance vs. t empera ture  (Fig. 3) persisted 
in the In A vs. 1/T(~  plot. Thus, the three param-  
eter, Voge l -Tammann-Fulcher  (VTF) equation suc- 
cessfully employed by Angel l  (1, 2, 24,25) for glass- 
forming melts in the KNO~-Ca(NO~)2 system has 
been fitted to the data with the aid of a computer. The 
least squares representat ion of the data (~ = 0.0012) is 

In h ----- 9.590 (--+0.029) --1/2 in  T 
1308.9 (• 

- -  [ 3 ]  
T - -  153.93 (-+6.43) 

where T is in degrees Kelvin  and the values in 
parentheses are s tandard errors of the parameters.  It  
is not surpris ing that  Angell 's  values for k and To 
(the zero mobil i ty temperature)  in  the VTF equat ion 

k 
in  A = A --  1/2 In T [4] 

T - - T o  

of 690~ (___5%) and 237~ (extrapolated from a plot 
of To vs. composition from the glass-forming region) 
do not agree with the constants in Eq. [3]. Equation 
[4] was strictly applicable only for temperatures  
-----1.7 To, while the data presented here are in the 
range 2.6 To ~ T ~ 3.4 To based on Angell 's  suggested 
value of To = 237~ In  addition, Angell 's  data for 
pure KNO3 do not  lie exactly on his l inear  plot 
[see ref. (24), Fig. 2], but  on a line corresponding to a 
k of 580~ Constraining a two-parameter  least squares 
fit of our data to the equations 

690 
l nA  = A - -  % In T [5] 

T --  To 
o r  

k 
l n A  = A - -  % l n T  [6] 

T - -  237 

resulted in  fitted values of To = 300~ (-+1) (~---- 
0.0078) or k = 935~ (•  (~ = 0.0039). [The cor- 
responding values of A were 8.932 (-+0.006) and 
9.220 (• respectively.] Thus, we must  conclude 
that  the tempera ture  range of our data is sufficiently 
outside the "low temperature"  region (~--2 To) as not 
to war ran t  a precise evaluat ion of To based on data in 
this range. 

From the derivative of the analytic representat ion 
of our data (Eq. [3]) the Arrhenius  coefficient for 
equivalent  conductance, EA can be evaluated 

EA = . _ R .  O ln A _l/2 RT  _l_1308.9R T )2 
0 ( l / T )  T - -  153.93 

[7] 

The var iat ion of EA with tempera ture  is shown in  Fig. 
4, together with that  obtained from data by other in-  
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Fig. 4. Arrhenius coefficient for equivalent conductance vs.  

temperature for molten KN03. 

vestigators.  Whi le  agreement  among our  work,  tha t  of 
Smi th  and Van Ar t sda len  (5), and tha t  of J aege r  and 
K a p m a  (6) (at  lower  t empera tu res )  is good, the  sign 
of the  var ia t ion  of EA wi th  t f rom the da ta  of Bloom 
and co-workers  (4) is opposite to tha t  of al l  others. 

Conclusion 
While  no set of specific conductance da ta  should be 

considered as an unequivocal  s t andard  unt i l  such 
measurements  are d i rec t ly  compared  wi th  an absolute  
s tandard ,  the  authors  feel the resul ts  repor ted  here in  
demons t ra te  the  su i tab i l i ty  of mol ten  potass ium ni -  
t ra te  for use as a reference  s t andard  in mol ten  salt  
conduct iv i ty  work.  Of the  previous  invest igat ions of 
e lect r ica l  conduct iv i ty  in this system the l imi ted  t em-  
pe ra tu re  range  equat ion of S m i t h  and Van Ar t sda len  
(5) agrees best  wi th  these data.  

The t empe ra tu r e  dependence  of the  energy  of ac-  
t ivat ion for equiva lent  conductance,  whi le  significant 
over  the t empera tu re  r ange  invest igated,  does not r e -  
sult  in a va lue  of the  zero mobi l i ty  t empe ra tu r e  in 
agreement  wi th  tha t  predic ted  b y  ex t rapo la t ion  from 
the g lass - forming  region of a b ina ry  system. 
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Polarization of Partly Wetted Porous Electrodes 
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ABSTRACT 

The polarization behavior of partly wetted electrodes, on which the elec- 
trode reaction proceeds beneath thin electrolyte films in the large, non flooded 
pores, is described for the two cases where either diffusion through the liquid 
films, or the charge transfer process at the solid-liquid interface beneath the 
film, are rate limiting, and whereby consideration is given to the ohmic drop 
in the electrolyte films and the flooding of the small pores. The treatment is 
verified experimentally with waterproofed porous graphite electrodes. 

During the past decade, porous electrodes which are 
only par t ly  wetted by electrolyte have been the subject 
of many  studies. Such electrodes are general ly used 
when the reactant  is a gas with relat ively small  solu- 
bil i ty in the electrolyte, as for instance in cont inuous-  
feed galvanic cells (1), air-depolarized cells (2), and 
hermetical ly sealed cells (3). As realized some t ime ago 
for the case of electrodes in which pores are completely 
filled or flooded, electrolyte resistance effects in the 
pores and wet t ing films are of major  importance in 
determining polarization characteristics (4-17). Prog- 
ress in the unders tanding  of par t ly  wetted electrodes 
has been achieved in studies on par t ly  immersed, non-  
porous electrodes. Oxygen reduction was investigated 
in this manne r  by Hersch (18), Weber, Meissner, and 
Sama (19), and more recently by Maget and Roethlein 
(20), Fedotov et al. (21), and Bennion and Tobias (22). 
Hersch was the first to point out that  gases could diffuse 
rapidly through th in  electrolyte films existing above 
the wet t ing meniscus, thus allowing fast t ransport  rates. 

Exper iments  relat ing to the electrochemical oxidation 
of hydrogen on par t ly  immersed solid electrodes were 
first carried out by Will (23), who also has given the 
first thepretical t rea tment  for the polarization behavior  
of such electrodes. His t rea tment  was restricted to the 
par t icular  case when  diffusion of the gas through the 
electrolyte meniscus or film was current- l imi t ing.  How- 
ever, under  certain conditions the wett ing films may 
be extremely thin, and diffusion therefore very fast, 
such that  the ionization rate could become limiting. 

Theoretical and e x p e r i m e n t a l  studies with par t ly  
wetted porous electrodes were carried out by WinseI 
(24), Iczkowski (25), Grens et al. (26), Aust in  et al. 
(27), Rockett and Brown (28), Lightfoot (29), and 
Grens (30), as well as by others. 

Recent work in the USSR (31-36) stresses the im- 
portance of electrocapillary equi l ibr ium and relat ive 
dis tr ibut ion of gas and electrolyte in the pores. Small  
pores are completely flooded with electrolyte, while 
large pores remain  gas-filled. Assuming certain pore- 
size distributions, the relat ive gas to electrolyte volume 
ratio in porous electrodes may be calculated. The small  
electrolyte-filled pores are thought to intersect ran-  
domly with large gas-filled pores, and with this model 
certain characteristic features, in part icular  relat ing to 
the effect of applied pressure differential across the 
electrode, may be derived. However, one is not  allowed 
to neglect the consequences originating from the ex- 
t remely small wett ing angles of strong electrolytes 
with most solid surfaces. Thus, even the walls of the 
large, nonflooded pores are therefore covered with 
very  th in  electrolyte films, resul t ing from electrolyte 
"creep" along the metallic surface. 

The model used here is that  of the Russian workers, 
with special emphasis on the influence of wet t ing films 
in the nonflooded pores. As i l lustrated in Fig. 1, the 
electrolyte is depicted to wet the solid in terna l  surface 
of the nonflooded pores, forming long and thin films. 

* Electrochemical Society Active Member. 
1 Present address: Leclanch~ S.A., Yverdon/Switzerland. 
2Present address: Gould National Batteries Inc., Research and 

Development Laboratories, Minneapolis, Minnesota. 

Hydrophobic particles, e.g., of Teflon, prevent  flooding 
of the large pores, but  do not restrict the spreading of 
th in  films. In  the flooded portion, at x < 0, gas diffusion 
is slow, and the current  generated there thus is negli-  
gible. 

A high concentrat ion of H + or O H -  ions is provided 
to minimize concentrat ion effects. Although such effects 
may in certain cases be important ,  they are neglected in 
the present  t reatment .  The conductivi ty of the solid 
electrode is presumed high, such that no noticeable 
ohmic voltage drops occur wi thin  the solid parts of the 
electrode. Diffusion l imitations in the gas phase, that  is 
in the gas-filled portions of the porous electrode, are 
not considered here. 

The present  analysis lies largely with the mathemat i -  
cal f ramework of the listed references but  relates spe- 
cially to a comparison of the behavior for l imit ing dif- 
fusion of the reacting gas through the electrolyte films 
on one hand, and l imit ing ionization beneath  the films 
on the other hand, whereby  proper consideration is 
given in both cases to the ohmic drop in  the electrolyte 
films. 

According to the model of Fig. 1, the electrode is 
characterized by the presence of a specific volume of 
electrolyte per cubic cent imeter  contained in the films 
of the nonflooded pores, yr. The electrode is fur ther  
characterized by the total specific electrolyte volume 
Ve/Cm 3. The surface area of the pores whose walls are 
covered with th in  electrolyte films (that is the electro- 
chemically active surface) is designated s~ (cm2/cm~). 
The average effective film thickness of the nonflooded 
pores is thus vf/s  s. 

Theoretical Framework 
A thin sectional layer, positioned across the elec- 

trode at depth x, and normal  to the x axis, contributes 

GAS 

x:O 

ELECT ROLYTE 

Fig. 1. Model of partly wetted electrode. Dark hatched area, 
electrolyte; light hatched area, solid particles with catalyzed sur- 
face; white area, gas filled pores; block dots, Teflon waterproofing 
particles. 
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to the total  electrode current  density in the direction 
of x, the infinitesimal fract ion 

d I ( x )  = - - s f  i ( x )  dx  [1] 

where  i ( x )  is the t rue average local current  density 
across the sol id-l iquid interface at depth x. 

The decrease in local polarization n(x)  due to the 
ohmic drop caused by the current  flowing in the elec- 
t ro lyte  in the direction of x is given by 3 

d~l(x) = I ( x )  d Re [2] 

where  d Re is the electrolyte  resistance of a thin cross- 
sectional layer, paral le l  to the geometric electrode sur-  
face, and normal  to the direction x, placed at a given 
depth x 

d Re : (p/Ve) dx [3] 

Diffusion is rate l imi t ing . - - I f  the  local current  den-  
sity i is de termined by the diffusion rate at which dis- 
solved gas can be t ransported across the electrolyte 
film, one obtains f rom Ficks law for the one-d imen-  
sional case (valid for v/ ve ry  much smaller  than the 
porosity, that  is, for ve ry  thin films) and the Nernst  
equation 

i ( x )  = (s t /v f )  Conm FD {1--  exp [ ~  n(x)  nF/RT]}  
[4] 

where  Co is the solubili ty of the gas in the  electrolyte  
(moles /cm 3) at the par t ia l  pressure and tempera tu re  
in question, n~ the number  of electrons requi red  to 
ionize one gas molecule  (nm ---- 2 for H2, and n m =  4 
for 02), n the number  of electrons in the potent ial  
de termining Nernst  equation, F the  Faraday  number,  
D the diffusion coefficient (cm2/sec),  and n(x)  ---- 
E ( x )  - -  Er the local polarization. Er is the revers ible  
open circuit  potential  of the electrode approached at 
Xr; ~ is posit ive for hydrogen oxidation, negat ive for 
oxygen reduction. 

The current  I ( x )  flowing through the cross section 
at any part icular  depth x must  be a continuous, single 
valued function of the independent  var iable  x. The 
same must be t rue  for  n (x) .  One can therefore  e l im-  
inate the differential  dx between Eq. [1], [2], and [3], 
and substi tut ing [4] for i (x) one derives a differential  
equat ion which is readi ly  integrated to give with  the 
boundary conditions 

x = 0; ~1 = ~a; I = Ia 

X = X r ;  N I ( X r ) < < N a [ ;  I ( x r ) < < I ~  

the fol lowing result  

Ia 2 = 2nmFDCo sf 2 Ve/Vip { •  ~ la-  ( R T / n F )  

+ ( R T / n F )  exp [ ~  nFna/RT]} [5] 

where  Ia is the projected current  density re la t ing to 
the geometric electrode surface in contact wi th  the 
electrolyte,  and where  Tla = E a - -  E r ,  with Ea being the 
ex te rna l  potential  applied to the porous electrode. Ac-  
cording to [5] the current  depends at constant na on 
the square root of the pressure of the react ing gas, 
since, in accordince with  Henri 's  law 

Co = kh p [6] 

w h e r e  k h  is the solubil i ty constant. It must  be pointed 
out that  pressure here  means the absolute part ial  pres-  
sure of the react ing gas in the gas-filled pores of the 
system, but not some sort of pressure differential  across 
the porous electrode. 

If the potential  Ea of the porous electrode is expressed 
vs. the  potent ial  Ero of a reference gas electrode in the 
same electrolyte  held at Po = 760 ram, then 

~a = Ea--  Er0 • ( R T / n F )  In (P/Po) [7] 

H e r e ,  a n d  in  t h e  f o l l o w i n g ,  t h e  u p p e r  s i g n  f o r  W is  v a l i d  for  H~ 
o x ida t i on ,  t h e  l o w e r  s i g n  f o r  Os r e d u c t i o n .  
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With [5], [6], and [7] one derives the pressure-depen-  
dence of the current  under  conditions where  the poten-  
tial is held constant with respect to a reference elec-  
t rode which is independent  of the part ial  pressure of 
the react ing gas. For  absolute values of na larger  than 
about 0.05V one obtains f rom [5] the relat ion 

log Ia = const -4- (1/2) log p 

+ (1/2) log (__ ha- -  R T / n F )  [8] 

The result  [5] is equivalent  to an equat ion already 
der ived by Will  (31) in a less general  and more com- 
plicated manner  for the case of l imit ing hydrogen 
diffusion to a par t ly  wet ted pla t inum electrode. The 
present  der ivat ion brings out the  importance of the 
ratio ve/vf ,  a fact neglected in previous t reatments ,  and 
is extended to show for the first t ime the proper  pres-  
sure-dependence  of current  at fixed potentials. 

Ionization is ra te - l imi t ing . - - I f  the electrode process 
is ra te - l imi t ing  then the local t rue  current  density i (x) 
across the sol id-l iquid interface may, in the absence 
of H + and O H -  concentrat ion effects, be described by 
the equation 

i ( x )  = / 0  {exp [ •  an iF~(x ) /RT]  

--  exp [ ~  ( I - -  a) n i F ~ ( x ) / R T ] }  [9] 

wi th  /0 being the exchange current,  a the t ransfer  co- 
efficient and n/ the valence change in the ionization 
step. 

Again el iminat ing dx between Eq. [1], [2], and [3], 
and insert ing [9] for i ( x ) ,  one derives a differential  
equation be tween I (x) and ~ (x) ,  which is easily solved 
in closed form for the case where  v s and Ve are constant 
throughout  the limits involved. 

With the boundary conditions stated earlier,  4 one 
obtains the fol lowing resul t  

Ia 2 ---~ (2/o R T  sf Ve/paniF) {exp [__ aniF~a/RT] - -  1} 

- -  (2i0 R T  s I Ve /p (1 - -a )  niF) 

{ 1 - -  exp [ ~  ( 1 -  a) niFna/RT]} [10] 

which reduces for absolute values of ,la larger  than 
0.1V to 

Ia = (2/0 R T  sf Ve/paniF) '/2 exp [ •  al~iF~la/2 RT] 
[11] 

If one writes for the hydrogen oxidation process 

H2(g) -~ 2 H + (aq) -{- 2e -  

one derives f rom [11] wi th  a = �89 and ni = 2 a theo-  
ret ical  Tafel  slope of b ---- 0.118V. 

For  oxygen reduction,  wr i t t en  in the form 

2 e -  + 2 H + (aq) -{- 02-* H202 (aq) 

one would calculate wi th  a = �89 and n/ = 2 the same 
value, namely,  b = 0.118V. 

However ,  these calculated Tafel  slopes are not to be 
used as "diagnostic cr i ter ia"  because of the uncer ta in ty  
re la t ing to values of a and ni for these ionization proc- 
esses involving uncharged react ing molecules. Never -  
theless, the logari thmic dependence of potent ial  on 
current  remains a val id cri terion for indicating l imit ing 
ionization rate. 

Al though equations similar to [10] and [11] have 
been der ived previously (6, 7, 24) the  influence of gas 
pressure on the current  Ia for l imit ing ionization has 
not yet  been discussed. The exchange currents  for hy-  
drogen oxidation and oxygen reduction, as wr i t ten  
above, depend on concentrat ion of the react ing species 
as follows 

i0 ( H 2 )  = k /  �9 2F �9 P H 2  ( l - a )  �9 a l l +  2a 
[12] 

/0 (02) = k / �9  2F �9 P02 ( l -a )  �9 all+ 2(l-a) �9 aH202 a 

(x) approaches zero in fact only for infinite values of xr, that is. 
for infinite film length. 
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where the kl's are the formal ra te  constants at E ---- Er. 
With [7], [11], and [12] one deduces for values of 
[,la] larger than O.IV the following dependence  of cur-  
rent  on pressure at constant  applied potential  Ea 

log Ia = const ~- (1/2) log p [13] 

A comparison of [8] and [13] shows that  under  the 
stated conditions and for constant  Ea the response of 
current  on pressure is near ly  identical for ra te- l imi t ing  
diffusion and ra te- l imi t ing  ionization. 

Electrochemical  Reduction of 02 
The cell used for the exper imental  tests is shown in 

Fig. 2. The electric a r rangement  schematically is indi-  
cated in Fig. 2a. The par t ly  wetted electrode F con- 
sisted of a porous graphite rod (National  Carbon, grade 
60), 25 mm long and 12 mm in diameter. This electrode 
was mounted  vert ical ly into the cell, such that  it was 
hal f -way immersed in  the electrolyte. In  order to im- 
pose a fixed potential  to this porous graphite electrode 
it was short-circuited to a large Pb/PbSO4 electrode, 
immersed below the porous graphite rod. The P b /  
PbSO4 electrode consisted of a section of a lead-acid 
storage bat tery  plate, measuring 17 x 30 x 1.5 mm and 
containing an ant imony-f ree  grid alloy (99.95% Pb -b 
0.05% Ca). 

The porous graphite was pretreated in the following 
manne r  (37). It was first repeatedly heated to a bright  
red heat with an oxygen-gas torch. After cooling, the 
graphite cyl inder was dipped for 30 sec into a solution 
of 2g of AgNO3 in 100 cm ~ H20 to which was added 
0.1 cm ~ of the non-ionic  wet t ing agent Tri ton X-100. 
The AgNO3 absorbed in the graphite was then decom- 
posed to metallic silver by heating over a Bunsen flame 
unt i l  a faint  red glow appeared. The porous graphite 
cyl inder was then rendered water  repel lent  by sa tura t -  
ing it with a dilute aqueous emulsion of Teflon par t i -  
cles, and subsequent ly  baking it in an oven at 360~ 
for 30 rain. At this temperature,  the individual  Teflon 
particles are. sintered firmly to the s i lver- impregnated 
porous graphite matrix. The dilute Teflon emulsion was 
prepared by st i rr ing 5 cm~ of 60 % commercial du Pont  
Teflon emulsion into 100 cm 3 of distilled water. The 
Teflon particles do not prevent  the spreading of elec- 
trolyte films, but  do avoid complete flooding of the 
pores (Fig. 1). Reference (37) appears to be the first 
disclosure concerning the use of Teflon for water -  
proofing electrodes. 

With this t reatment ,  the porous graphite electrode 
was able to reduce oxygen at a rate of up to 70 m A / c m  2 
of submerged geometric electrode surface at 760 mm 
pressure and at 25~ Molten lead was poured into a 
central  hole of the graphite electrode to establish a 
soldered joint  to the lead-acid storage bat tery  plate 
below. 

The positive electrode was a pure lead wire. Oxygen 
gas or oxygen-conta in ing gas mixtures  could be intro-  

duced at the stopcock C. Gases leaving the exit t rap 
were passed through a mercury  manostat  and collected 
in a gas burette.  The cell pressure could be varied be-  
tween 25 and 1150 mm Hg by means of the manostat .  
The electrolyte, 1.225 sp. gr. sulfuric acid, was prepared 
from cp H2SO4 and triple distilled water. All  experi-  
ments  described here were performed at 25~ 

A first series of experiments  was carried out by 
evacuating the cell to 25 mm Hg and filling it with 
pure O2 at a given pressure. Then stopcock C was 
rapidly closed and a constant  cur ren t  applied between 
the two cell terminals.  The cur ren t  was adjusted to a 
value that no 02 was leaving the exit trap, the pressure 
remaining  constant. In  this manner ,  oxygen gas was 
anodically generated at the positive electrode and cath- 
odically reduced at the graphite electrode at equal  
rates, thus s imulat ing the steady state condition dur ing 
overcharge of a sealed lead-acid cell (3). The steady- 
state current  was investigated as a function of part ial  
oxygen pressure. Also studied was the influence of inert  
foreign gases, N2 and He, on the steady state current .  

In  the current  range between 1 and 500 mA, the 
potential  of the combined graphi te- lead electrode re-  
mained at the reversible Pb/PbSO4 potential, that  is at 
- -  0.368V vs.  H2, corresponding to a polarization of the 
O 2 / H 2 0 2  couple in the order of one volt. At steady 
state currents  below 300 mA, the logari thm of the cur-  
rent  was found to depend l inear ly  on the logari thm of 
O2 pressure (Fig. 3), the slope being close to that  pre-  
dicted by [13]. At higher currents,  there is a pro- 
nounced deviat ion from the predicted behavior, due 
probably at least in part  to lagging gas flow in the pores 
of the electrode. Local heating might create relat ively 
high water  vapor pressures in the interior  of the elec- 
trode, h inder ing the diffusion of 02. Local heating 
might also be the reason for the somewhat higher than  
theoretical slope. 

In the presence of foreign gases, the s teady-state  cur-  
rents were strongly decreased. For instance at a con- 
stant  part ial  O2 pressure of 1O0 mm Hg, the cur ren t  
decreased from 170 mA in pure O~ to 105 mA in 80% 
He/20% O2 and even to 45 mA in 80% N2/20% 02. 

This drastic reduction of the steady state current  in 
the presence of foreign gas is due to the accumulat ion 
of inert  gas in the pores and a concurrent  depletion 
of oxygen therein.  As oxygen is being electrochemically 
removed, the inert  gases are left behind, effectively de- 
creasing the part ial  oxygen pressure in the pores. This 
depletion effect has been treated theoretical ly by 
Winsel  (38). 

In  order to s tudy the influence of electrode potential  
on the rate of 02 reduction, the lead electrode was 
disconnected from the porous graphite electrode, and 
various constant currents  applied between the positive 
lead wire and the porous graphite electrode. The po- 
tent ia l  of the lat ter  now became a function of the ap- 
plied current,  and was followed wi th  a Hg/Hg2SO4 

--~ To MQnostat 

Acid IPbSC)4 

wire 

Fig. 2. Experimental cell for the study of electrochemical reduc- 
tion of oxygen on partly immersed electrodes. 
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Fig. 3. Effect of partial oxygen pressure on the rote of oxygen 
reduction on a silver-activated, porous waterproofed graphite 
electrode in sulfuric acid at --0.368V vs. H2. 
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~ - 0,1 

- 0 1  

[ I I 
- - I  0 I t) 3 

LOG CURRENT-rna 
Fig. 4. Rate of oxygen reduction as a function of electrode 

potential at 760 mm Hg oxygen pressure. Curve A, oxygen reduc- 
tion; curve B, hydrogen evolution. 

reference electrode, not shown in Fig. 2. The results of 
these experiments  are shown in Fig. 4. Curve A rep-  
resents measurements  in pure oxygen at 760 mm Hg, 
main ta ined  by steady external  gas flow through the 
manostat.  The semilogari thmic plot is l inear  up to 
currents  of 200 mA, with a Tafel slope of 0.130. At 
higher currents,  the curve shows a deviation toward 
negative potentials, indicat ing a less rapid increase 
of the O2 ionization in the potential  range between --0.2 
and- -0 .4V.  It is possible that  increased water  vapor 
pressure due to local heating, as indicated earlier, as 
well  as concentrat ion effects in the film might  enter  
into the picture. At the most negative potentials He 
evolution sets in, while s imultaneously 02 reduction 
proceeds at a high rate. 

The l inear relat ion between potential  and logari thm 
of current  over three decades, between 0.2 and 200 mA, 
suggests, in accordance with Eq. [11], that the process 
is l imited by the ionization rate. 

Curve B of Fig. 4 was obtained with the graphite 
electrode completely submerged in the electrolyte. Un-  
der these conditions, hydrogen begins to evolve at the 
graphite electrode even at small currents,  since hardly 
any oxygen reaches the electrode. The Tafel slope for 
hydrogen evolution was found to be 0.13 which is a 
conventional  value. Of interest  is the relat ively high 
absolute value for the hydrogen overvoltage on the sil- 
ver-Teflon-treated porous graphite electrodes used 
here. At the potential  of the Pb/PbSO4 electrode, indi -  
cated in Fig. 4 by a dotted line, extrapolat ion of the 
Tafel l ine yields a current  of 10-4A. 

The deviation of the curve B toward more positive 
potentials at low currents  is probably due to the effect 
of dissolved oxygen, diffusing toward the submerged 
graphite electrode, and causing a depolarizing effect on 
hydrogen overvoltage. 

In sulfuric acid, the si lver-act ivated porous graphite 
electrodes cannot be held at potentials higher than  
about + 0.4V vs. He, otherwise Ag starts to dissolve 
anodically. The Ag/Ag2SO4 electrode has a potential  of 
about + 0.6V, and Ag2SO4 is appreciably soluble in 
HeSO4. For practical O2-consuming electrodes in sealed 
lead-acid cells, where a long life is required, the poten- 
tial should be kept below about 0.1V since the par t ly  
wetted structure encounters locally much higher po- 
tentials than those applied externally.  Oxygen consum- 
ing electrodes catalyzed with p la t inum may be held at 
potentials much more positive, e.g., up to +0.9V vs. H2. 

Exper iments  on E lec t rochemica l  O x i d a t i o n  of H2 
The exper imental  set-up used for hydrogen oxidation 

is schematically shown in Fig. 5. The cell again con- 
tained three electrodes: (i) A positive electrode con- 
sisting of a section of a lead-acid ba t te ry  positive plate, 
7 x 2 x 0.6 cm, with calcium alloy grid; (ii) a negative 
electrode of a pure lead wire (99.99% Pb) ,  and (iii) a 
part ly  wetted porous graphite electrode. This simulates 
conditions for sealed lead-acid cell operation on the He 

Ammeter 

T o  + ~ - -  Manostat ]~-t-- ~ 
and Exit Trap//] I ~ 

I ~ I ~  E'ectr~ 
, e v e  , 

T M  

I ~  I I  1-T Gos 
~-- ~) 'T'Ac,d nlet 

Z S  ,n,et 
To Hg/HgzSO , 

R e f e r e n c e  

Fig. 5. Experimental cell for the study of hydrogen oxidation on 
partly immersed electrodes. 

cycle (3). The graphite electrode was a cylinder ma-  
chined from National  Carbon grade 60 porous graphite, 
25 mm long and 12 mm in diameter. After repeated 
heat ing of the graphite cylinder to a bright red glow 
at about 800~ with an oxygen-gas torch, it was cooled 
and impregnated with a solution of 2g, of PdC12 in 100 
cc of 10% HC1. After  dry ing  under  infrared light, the 
graphite cyl inder was heated over a Bunsen flame to 
dull red heat or about 550~ to decompose the pal la-  
dium salt. The graphite was then waterproofed by im-  
mersion in a dilute Teflon emulsion, prepared by mixing 
10 cm 3 of du Pont  Teflon 30 emulsion with 100 cm ~ of 
water, containing 0.1 cm ~ of a non-ionic  wett ing agent 
(Tri ton X-100). After  drying by infrared light at 
100~ the graphite cyl inder  was then baked at 400~ 
for 30 min, a procedure which destroyed the wet t ing 
agent and firmly sintered the Teflon particles to the 
pa l lad ium-impregnated  graphite matr ix  (39). The 
graphite cyl inder was tapped centr ical ly  to a depth of 
12 mm at the upper  end to receive a threaded non-  
porous graphite rod to which electrical contact was 
made by a p la t inum wire. 

To start the experiment,  the cell was filled with He, 
and the PbOe electrode connected to the graphite elec- 
trode through a low-resistance ampere-meter  and volt-  
age regulat ing means, e.g., diodes or a variable  voltage 
supply. The purpose of these means was to keep the 
potential  of the graphite electrode at a less positive 
potential  than that  of the PbO2 electrode (39). As con- 
stant  currents  were applied between the terminals,  
hydrogen generated at the negative lead electrode was 
electrochemically oxidized at the positive graphite 
electrode. 

Steady state currents  were determined for various 
H2 pressures in the cell. At 760 m m  Hg hydrogen pres-  
sure, electrodes activated in the described manne r  were 
able to oxidize hydrogen at rates up to 100 m A / c m  e of 
geometric submerged electrode area. For a submerged 
area of 4.6 cm 2, currents  up to 460 mA were therefore 
obtained. At the highest currents,  the voltage drop 
across the two silicon diodes in series shown in Fig. 5 
was about 1.32V. Since the open circuit potential  of the 
PbO2 electrode in sulfuric acid of 1.225 sp. gr. is 1.72V, 
the graphite electrode was forced to a potential  of 
about 0.40V vs. H2 at this current ,  and slightly more 
positive at smaller currents.  

The influence of H2 part ial  pressure on the steady 
state current  at constant polarization of about 0.4V is 
i l lustrated in Fig. 6. It  is clearly apparent  that  the cur-  
rent  is approximately proportional to the square root 
of pressure, in agreement  with Eq. [8]. The somewhat 
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Fig. 6. Dependence of hydrogen oxidation current on hydrogen 
pressure at 0.4V polarization. 
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higher  than  theore t ica l  slope is p robab ly  due to hea t ing  
effects in the  wet t ing  films. 

The presence of fore ign gases decreased the current .  
At  650 m m  Hg of pa r t i a l  n i t rogen pressure,  e.g., a pa r -  
t ia l  hydrogen  pressure  of 130 m m  Hg was requ i red  to 
produce 1OO mA. In the  presence of 430 m m  Hg of ca r -  
bon dioxide,  the  pa r t i a l  hydrogen  pressure  had  to be 
150 m m  Hg to achieve the  same s teady state cur ren t  
of 100 mA. In  the  absence of foreign gases, the  same 
cur ren t  was obta ined a l r eady  at 65 m m  Hg hydrogen  
pressure.  Hydrogen  diffuses cons iderably  fas ter  than  
oxygen.  The accumulat ion of foreign gas in the  pores 
produced therefore  a smal le r  effect in the  case of H2 
oxidat ion than  of 02 reduction.  

S teady  s tate  cur rents  were  also inves t iga ted  as a 
funct ion of e lect rode potent ia l  a t  constant  H2 pressure  
of 760 mm Hg. A typ ica l  resul t  is shown in Fig. 7. The 
e lect rode potent ia l  is here  given wi th  respect  to a re -  
vers ib le  H2 electrode in the  same solution. Wi th  the  
pa r t i cu la r  e lect rode immers ion  depth  used in this ex-  
per iment ,  the cu r ren t  reached a m a x i m u m  of 190 m A  
when the hydrogen  e lect rode potent ia l  was +1.5 to 
+ 1.7V, then  passed th rough  a min imum at + 1.9V, and 
increased r ap id ly  at more  posi t ive potentials .  At  the  
point  of min imum current ,  vis ible  oxygen evolut ion be-  
gan on the graphi te  electrode. Above  1.9V, the  re la t ion 
be tween potent ia l  and logar i thm of cur ren t  became 
l inear,  represent ing  a Tafel  l ine for oxygen evolution.  
The resul t  of Fig. 7 is ve ry  s imi lar  to a curve obta ined 
by  Wil l  (23) for the  oxidat ion  of hydrogen  on a pa r t l y  
immersed  P t  rod. In  Fig. 8, the  logar i thm of cur ren t  
has been plot ted  against  

log [ RT 

The s t ra ight  l ine up to potent ia ls  whe re  adsorpt ion in-  
h ibi t ion sets in [3], tha t  is at  1.5V, indicates,  in accord-  

2 s o  /I 
 2oo- 
I- -  
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50 

I I i [ I 
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POTENTIAL vs. H z- v 

Fig. 7. Hydrogen oxidation rate as a function of electrode 
potential. 

ance wi th  Eq. [8], that  H2 diffusion th rough  the wet t ing  
film is ra te  l imiting.  Solubi l i ty  and diffusion coefficient 
of H2 in sulfuric acid (40, 41) a re  smal le r  than  the  
corresponding values  for O2. Again, the  h igher  than 
theore t ica l  slope is p robab ly  caused by  local heat ing in 
the  e lec t ro ly te  films. 

Conclusions 
F r o m  the resul t  of the  present  study, it  m a y  be con- 

c luded that  for oxygen reduct ion on s i lver -ac t iva ted ,  
wa te rproofed  porous graphi te  electrodes in sulfuric 
acid, the  ra te  of ionizat ion is the  cur ren t  l imi t ing fac-  
tor,  except  at the  ve ry  highest  cur rents  invest igated,  
where  concentra t ion effects s ta r ted  to interfere.  For  
hydrogen  oxidat ion on pa l l ad ium-ac t iva ted ,  w a t e r -  
proofed porous graphi te  electrodes in sulfuric  acid, the  
ra te  of H2 diffusion th rough  the wet t ing  films was l imi t -  
ing, except  at  the  highest  anodic potentials ,  whe re  the  
ra te  of ionizat ion became inhibi ted by  adsorbed oxygen.  

The technica l ly  impor tan t  resul t  is, tha t  both  hydro -  
gen and oxygen m a y  be consumed at  high rates  in 
sealed l ead-ac id  cells on pa r t ly  immersed  porous, 
wa te rproofed  electrodes,  he ld  at sui table  potent ia ls  for 
the  corresponding reactions. 
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Electrodeposition of Titanium Diboride Coatings 
David Schlain,* Frank X. McCawley,* and Charlie Wyche 

College Park Metallurgy Research Center Bureau of Mines, 
U. S. Department of the Interior, College Park, Maryland 

Adherent ,  smooth coatings of t i t an ium diboride,  
metal l ic  in appearance  and 3 to 6 mils  in thickness,  
were  e lect rodeposi ted  on Inconel  1 from a mol ten  salt  
e lect rolyte  at  900~ (Fig. 1). The e lec t ro ly te  consisted 
chiefly of NaBO2 and LiBO2 with  smal ler  amounts  of 
Na2TiO3, Li2TiO3, and TiO2. The electrolyt ic  cell was 
opera ted  under  an argon a tmosphere  at cathode and 
anode cur ren t  densit ies of app rox ima te ly  0.4 A/in.2 
(6.2 A/dm2) .  The coat ing was formed at the  ra te  of 
about  1 mi l /h r .  The soluble t i t an ium anode was s ta -  
t ionary  and the cathode was ro ta ted  at 250 rpm. The 
cell  vol tage was approx ima te ly  0.3V. 

The deposits  were  identif ied as TiB2 by  x - r a y  dif -  
fraction. T i tan ium and boron were  the  only e lements  
detected in the  deposi ts  by  opt ical  spect rographic  
analyses.  However,  it  should be noted that  both of the  
sampl ing techniques used, the  laser  microprobe  and 
electrode transfer ,  may  reduce the sensi t iv i ty  of de -  
tection to the point  whe re  m a n y  t race e lements  would  
not be detected.  Hardness  measurements  were  made  on 
surfaces and cross sections of the  t i t an ium dibor ide  
deposits  using a Tukon Microhardness  Tester  wi th  a 
Knoop indentor ,  a X50 objective,  and a 100g load. 
Variat ions in hardness  on the cross sections were  r an -  
dom wi th  respect  to distance f rom the substrate ;  there  
was no indicat ion of diffusion. The da ta  in Table  I 
show tha t  the cross-sect ion hardness  of the  e lect ro-  
deposits  is app rox ima te ly  the same as the  hardness  
va lue  Lynch  and his co -workers  obtained for an-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 R e f e r e n c e  to  t r a d e  n a m e s  o r  c o m p a n y  n a m e s  is m a d e  f o r  i d e n t i -  

f i c a t i on  only  and does  not  i m p l y  e n d o r s e m e n t  b y  the  Bureau  of  
Mines .  

healed single crysta ls  of TiB2 (1), but  that  it  is h igher  
than  those for unannea led  single crysta ls  of TiB2 (1) 
or for ho t -p ressed  ma te r i a l  (2). However ,  the surface 
hardness  of the  electrodeposi ts  was h igher  than  any 
known value  for TiB2. F igure  2 is a cross section of a 
2.3 rail  th ick deposit  showing columnar  s t ructure  and 
good bonding to the  substrate.  

Fig. 1. Titanium diboride coating on Inconel 
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Table I. Average Knoop hardness numbers 

A v e r a g e  
KHNloo d e v i a t i o n  

S u r f a c e s  of  TiB~ e l e c t r o d e p o s i t s  5000 300 
Cross  s e c t i o n s  of  TiB2 e l e c t r o d e p o s i t s  3200 200 
Cross  sec t ion  Incone l  s u b s t r a t e  232 5 
T u n g s t e n  c a r b i d e  a 1760 90 
H o t - p r e s s e d  TiB2 b 2710 
S i n g l e  c rys ta l s  TiB~,c as g r o w n  2800 "4- 250 
S i n g l e  c r y s t a l s  TiB2, c a n n e a l e d  3370 • 375 

a H a r d n e s s  m e a s u r e d  in  o rder  to e v a l u a t e  t echn ique .  L i t e r a t u r e  
v a l u e  fo r  t u n g s t e n  ca rb ide  is 1880 (3). 

b Va lue  g i v e n  by  Powel l ,  p. 367 (2). 
Va lues  g i v e n  b y  L y n c h  a n d  c o - w o r k e r s  (1). 

Initially, the electrolyte contained 39.08% NaBO2 
(33.08 m/o) ,  58.62% LiBO~ (65.79 m/o) ,  0.99% Na2TiO3 
(0.39 m/o) ,  0.76% Li2TiO3 (0.39 m/o) ,  and 0.55% TiO2 
(0.38 m/o) .  Residual moisture was carefully removed 
from each component before preparing the mixture.  
Prior  to the preparat ion of the coatings the electrolyte 
was conditioned by 12 hr of electrolysis with a t i ta-  
n ium anode and a cathode of molybdenum or Inconel. 
During the conditioning step, the t i tanium content of 
the bath increased from 1 to 2.3%. Deposits made dur -  
ing this period consisted of dark, fine, nonadherent  
powder over a bright, consolidated, adherent  coating. 
The quant i ty  of mater ia l  which was in the form of 
powder became progressively less with successive de- 
posits. The powder was identified by x - ray  diffraction 
as chiefly TiB2 with a minor  amount  of TiO. At the 
end of the series of experiments the p la t inum crucible 
was found to have been attacked; the corrosion prod- 
uct contained pla t inum and t i tanium. 

Andr ieux  (4) and Powell (2) have described the 
electrodeposition of TiB2 from molten baths such as 
MgO, MgF2, 2B203 and %~ TiO~ or 2CaO, CaF2, 2B203, 
and V4 TiO2, but  the material  was deposited only in 
the form of fine crystals or powders. The use of powder 
meta l lurgy techniques is required to form such pow- 
ders into massive articles. Mellors and Senderoff de- 
scribed the electroforming and the electrodeposition 
of coherent coatings of ZrB2 from a molten bath of 
LiF-KF-K2ZrF6 containing 12 w/o KBF4 at 800~ (5, 
6). 

Fig. 2. Cross section of titanium diboride coating on molybdenum. 
Deposit is 2.3 mils thick and has columnar structure. Magnification 
approx. 430X. 

Satisfactory coatings of TiB~ will find many  applica- 
tions. The mater ial  is extremely hard and has high 
electrical conductivity, low volatility, and a high 
mel t ing point (ca. 2600~ It is stable up to the mel t -  
ing point. T i tan ium diboride is resistant to oxidation 
up to 1400 ~ to 1500~ superior in this respect to most 
other borides. 

Manuscript  received May 5, 1969. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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Electrochemical Reduction of the Benzene Ring 
by Electrogenerative Hydrogenation 

Stanley H. I.anger and Sergei Yurchak 

Chemical Engineering Department, University of Wisconsin, Madison, Wisconsin 

Benzene is notoriously difficult to hydrogenate by 
conventional  cathodic electrochemical means, often 
requir ing complex solvent mixtures  and high poten- 
tials while reaction does not proceed stoichiometrically 
(1-5). This prompted us to at tempt the electrochemical 
reduction of benzene with the electrogenerative hy-  
drogenat ion technique (6) whereby the favorable 
thermodynamic dr iving force of the reduct ion is 
brought to bear on the reaction; a positive potential  
is generated and no external  power source is neces- 
sary. Hydrogen (at the anode) and benzene (at the 
cathode) were reacted at catalytic porous electrodes 
separated by strong acidic electrolyte for hydrogen 
ion transport  with generated current  being conducted 
through an external  circuit. Benzene reacted to give 
cyclohexane at a porous p la t inum black electrode 
(7, 8) in a conventional  filter paper matr ix  cell (6-8) 
as well  as in a horizontal l iquid cell in which a pla t i -  

nized p la t inum screen electrode was placed at the 
liquid aromatic- l iquid electrolyte interface. 

Over-al l  reaction may be represented as 

Anode: 3H~-~ 6H + + 6e [1] 

H + transported through electrolyte [2] 

Cathode: 6H + + 6e + C6H6 --> Cell12 [3] 

Some data from our ensuing study of electrogenera- 
t ive hydrogenat ion of benzene, toluene, and fluoro- 
benzene vapors on several American Cyanamid porous 
noble metal-Teflon electrodes (7, 8) are reported in 
Table I. 

Nitrogen saturated with th~ aromatic compound at 
room tempera ture  was passed through the cathode 
compartment  at an excess rate so as not to affect 
current.  The p la t inum black hydrogen anodes exhibit  
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Table I. Electrogenerative hydrogenation 
Room temperature; 3N perchloric acid electrolyte 

E L E C T R O G E N E R A T I V E  H Y D R O G E N A T I O N  

Open-  Ca lcu l a t ed  C u r r e n t  d e n s i t y  
circuit  o p e n - c i r c u i t  V v s .  H~ ref. 

C o m p o u n d  Ca thode  a vo l t age  vo l t age  b 0.10 0.07 

Benzene* P t  0.14r 0.17 1.4 m A / c m ~  6.0 
Benzene  R u  >0.2~ 0.17 0.2 0.5 
To luene  1 P t  0.13c 0.16 0.35 2.5 
To luene  P d  >0.17  ~ 0.16 0.2 0.9 
F luorobenzene '?  P t  >0 .20  0.16 ~ 2 7.0 
F l u o r o b e n z e n e  P d  0.46 0.16 e 0.3 0.8 
Cyc lohexene  * P t  0,16 0.39 19 37 

Ca t a ly s t  l o a d i n g  is 9 m g / c m ~  on t a n t a l u m  screen.  
b E s t i m a t e d  f r o m  s t a n d a r d  f ree  ene rg ie s  of f o r m a t i o n  a s s u m i n g  

comple t e  h y d r o g e n a t i o n .  Va lues  o b t a i n e d  fo r  r eac t an t s  a n d  p r o d u c t s  
as fo l lows :  

* L a t e s t  v a l u e s  R. C. Wi lho i t ,  p r i v a t e  c o m m u n i c a t i o n .  
t F.  D. Rossini ,  e t  a~., A m e r i c a n  P e t r o l e u m  I n s t i t u t e  P r o j e c t  44. 

E s t i m a t e d  f r o m  g r o u p  con t r i bu t i ons ,  O. A. Hougen ,  K. M. 
Watson ,  R. A. Ragatz ,  " C h e m i c a l  P rocess  P r i n c i p l e s , "  Vol. 2, 2nd  
ed., J .  W i l e y  & Sons,  New York,  1959, Chap.  25. 
o Ca thode  gas  f low i n t e r r u p t e d .  

Uns t ab l e .  
e Eo = 0.45V for  C~-IsF(g) § He(g) --> CsHs(g) § HF(g). 

negligible polarization at the current  densities of this 
study (7, 8). The electrolyte matr ix  consisted of 4 
sheets of filter paper saturated with 3N perchloric 
acid. All experiments were performed at room tem-  
perature. The system was designed so that  coulo- 
metric data could be obtained (6). The current  gener-  
ated by the hydrogenat ion cell was equivalent  to hy-  
drogen consumed as measured by gas volume changes. 
The effluent cathodic product gas mixture  was col- 
lected in gas bulbs and analyzed by gas-l iquid chro- 
matography. 

Under  favorable reaction conditions, the open-cir-  
cuit potentials of Table I were surpris ingly close to 
the calculated ones as had been observed for olefins 
(6). Hexafluorobenzene also gives an open-circuit  
potential  ( ~  0.19V); this and consideration of our 
earlier results for olefin-hydrogen cells (6) would in -  
dicate that  the characteristic open-circuit  potentials 
of these cells does not result  from dissociative car- 
bon-hydrogen adsorption (9, 10) although this process 
probably takes place under  some conditions on the 
electrode surface. However, with cyclohexene on plati-  
num, the open-circui t  potential  could be a consequence 
of disproportionation and bezene (11, 12) formation 
at the cathode. Indeed benzene was found in the 
effluent stream at all cur rent  densities studied. 

On plat inum, while benzene was hydrogenated 
quant i ta t ively  to cyclohexane (cyclohexene was less 
than 0.1% if present at all),  electrochemical hydro-  
genation of toluene to methylcyclohexane accounted 
for only about 80% of the observed current;  the re-  
mainder  was due to simple electrochemical hydrogen 
transport  (13, 14) to the reducing electrode gas stream 
from whence it was analyzed in the exit stream. The 
electrochemical reduction of fluorobenzene gave an 
approximately equal mix ture  of cyclohexane and ben-  
zene, probably a result  of relat ively strongly adsorbed 
fluorobenzene displacing benzene. The hydrogenolysis 
of the carbon-fluorine bond to give benzene is of in -  
terest since a similar hydrogen t rea tment  in a chem- 
ical system gave only cyclohexane (15). With the 
other metals and substrates of Table I, electrochem- 
ical hydrogen t ransfer  accounted for at least 75% of 
the generated current.  It would appear that  electro- 
chemical discharge of hydrogen ions to form atoms 
and a subsequent  addition to the substrate (16), where 
kinetical ly favored, is the ini t iat ing sequence of events 
in aromatic electrogenerative hydrogenation. 

The currents  of Table I at given voltages are an ap-  
proximate measure of over-al l  reaction rates especially 
when product analyses are taken into account. On 
this basis, the order for electrochemical hydrogena-  
t ion of aromatics is Pt  > >  Pd ,~ Ru- -approx imate ly  
the same as that observed for chemical hydrogenat ion 
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(17). However, the low electrochemical activity of 
pal ladium relat ive to p la t inum is in contrast to the 
earlier results of Langer  and Landi  (6) for electro- 
generative ethylene hydrogenat ion where the metal  
activities were quite comparable. A similar d iminu-  
tion in activity has been observed for chemical hy-  
drogenation of benzene (18,19). In a n i t rogen-hydro-  
gen concentrat ion cell (13, 14) the activity sequence 
was Pt  ~ Pd > Ru with p la t inum being more active 
than ru then ium by less than a factor of two. Thus 
differences in reduct ion rate would seem to be an in-  
dication of catalytic effectiveness for reaction of aro- 
matic substrate with hydrogen atoms (under  these 
conditions) ra ther  than a measure of rate of hydrogen 
ion discharge. Improving catalytic activity through 
alloying of p la t inum as reported for ru then ium-p la t i -  
num (20) catalysts would seem to be a strong possi- 
bility. Because of its advantages and the s imilar i ty  be- 
tween electrogenerative catalytic activity and conven-  
tional catalytic hydrogenation, we hope to continue 
our investigation of electrogenerative aromatic sys- 
tems. 
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Mechanical Properties of Metal Oxide Films 
J. C. Grosskreutz 

Center for Applied Research on Materials, Midwest Research Institute, Kansas City, Missouri 

ABSTRACT 

A brief rev iew is given of mechanical  proper ty  measurements  on oxide 
films. This rev iew is followed by a detailed discussion of the mechanical  and 
fracture  propert ies of anodic a luminum oxide films as observed in the author 's  
laboratory.  Extensive measurement  of Young's modulus, Ec, and fracture 
strain, ~f, for separated films 3000A thick is reported as a function of envi ron-  
mental  water  vapor  pressure. The fracture  of these unsupported films is shown 
to occur by a br i t t le  mechanism. Mechanical  propert ies of adhering a luminum 
oxide films are given as a function of thei r  thickness. These oxides were  ob- 
served to f rac ture  ei ther  at slip steps, or at r ight  angles to the tensile axis in 
a regular ly  spaced fashion. A theory of adher ing oxide f racture  is discussed 
which accounts well  for the observations. An equation which describes the 
spacing d of regular  oxide f rac ture  cracks as a function of substrate strain 
is given in the form ln(~/eo) = kvt'-(1/d--1~do), where  (co,do) are the initial 
conditions for regular  fracture,  t is the oxide thickness, and k is a constant. 

The effect of oxide coatings on the mechanical  prop- 
erties of the metal  substrate was first observed nearly 
35 years ago (1). In general  the  effect of the coating 
is to increase the critical resolved shear stress for 
plastic yielding in the substrate. The thickness of the 
oxide and the thickness of the substrate both have an 
important  bearing on the magni tude of the effect. Not 
only oxide layers, but other  surface films as wel l  can 
significantly affect the macroscopic stress-strain be-  
havior  (2). More important ly,  surface oxide layers 
can often have a direct effect on the fracture of the 
substrate, par t icular ly  in the cases of fat igue and 
stress corrosion cracking. 

The above macroscopic effects are the resul t  of cer-  
tain microscopic, surface events which depend sensi- 
t ively on both the presence and the propert ies of the 
oxide film. For  example, dislocations can ei ther be at-  
t racted or repelled by the surface, depending on 
whether  the elastic modulus of the oxide, Ec, is less 
than, or greater  than, the modulus of the substrate 
Es (3). For  a certain range of the ratio Ec/Es, disloca- 
tions become trapped at the ox ide-meta l  interface (4). 
The way slip steps develop at a surface wil l  be quite 
different depending on whether  or not the oxide frac-  
tures. For  example,  the formation of slip band in t ru-  
sions and extrusions, which act as fatigue crack nuclei, 
can occur only after rupture  of the original oxide film. 
Finally, microfractures  in the protect ive oxide coating 
on metals like stainless steel and t i tanium may pro-  
vide the init iat ion site for stress corrosion cracking. 

Any quant i ta t ive  t rea tment  of these microscopic 
events requires  a knowledge of the mechanical  and 
fracture propert ies of the oxide film as well  as the 
substrate metal. For  this reason, there  has recent ly  
developed an intense interest  in the measurement  of 
these oxide properties. It is not enough to assume that  
the properties of bulk alumina, for example,  can be 
used to describe a natural  a luminum oxide layer  which 
is amorphous and only 59A thick. Rather,  it is neces- 
sary that  measurements  be performed on very  thin 
oxide films which have been separated from their  sub- 
strate, or that  measurements  on the ox ide-meta l  sys- 
tem be made in such a way that  the mechanical  and 
fracture propert ies of the oxide can be inferred. 

Except  for some early measurements  of the tensile 
s t rength of completely oxdized wire  ( ~  0.010 in. - -  
0.030 in. diameter)  (5), the first comprehensive study 
of thin oxide films was made by Bradhurs t  and Leach 
on adhering and separated A1203 films (6). The frac-  
ture  strain of adhering films was measured by a var i -  
e ty  of techniques, and stress-strain curves of sepa- 
ra ted films 1500A thick were  obtained f rom which 
Young's modulus and the f racture  stress and strain 

could be obtained. The thin films were  about five t imes 
stronger than bulk alumina and could be strained 
about ten times more prior  to fracture.  In the five 
years since these results were  published, several  other  
workers  have at tacked the problem with various 
modifications in technique (4, 7-9). 

Reliable measurement  of the mechanical  properties 
of thin oxide films, whether  adhering or separated, is 
difficult. Near ly  always the natural  oxide must  be en-  
hanced in thickness by anodization or thermal  t rea t -  
ment  in order to make  any measurement  at all. Thus, 
the question remains open as to whether  the results 
are indeed representat ive  of the natural  oxide layer. 
There is also a large scatter in the measured values 
of moduli  and fracture stresses which is most l ikely 
due to variations in the films or to problems in exper i -  
menta l  technique. These difficulties notwithstanding,  
the results thus far reported have been. quite useful. 

In the paper which follows, the mechanical  and 
fracture propert ies of both separated and adhering 
a luminum oxide films are reported. Part  of the paper 
is an extension of earl ier  work  which demonstrated 
the effects of water  vapor  on the properties of sepa- 
rated films (4). In addition, some new measurements  
are given for the f racture  strain of adhering films as 
a function of their  thickness. Finally, an extensive 
analysis of the f racture  of adhering coatings is given, 
and the results are compared with  both existing and 
new data. An important  feature  of this work  is the 
abil i ty to deal quant i ta t ively  wi th  the f racture  of ad- 
hering films. 

Mechanical Properties of Separated AI20~ Films 
The oxide films used in these measurements  were  

grown to 3000A thick on 99.99% A1 in tar tar ic  acid 
electrolyte.  1 These anodic films are coherent  and 
amorphous and resemble closely the natura l  oxide 
film (10). Thin film specimens 2 x 6 m m  were  pre-  
pared by (a) coating the anodized sheets of a luminum 
with  Kodak KMER photoetch resist; (b) placing a 
mask over  the sheet so as to expose a large number  
of rec tangular  areas 2 x 6 mm to ul t raviole t  light; (c) 
removing the unexposed photoresist  and dissolving 
the unprotected anodic film in 2% hydrofluoric acid 
solution; and (d) removal  of the exposed photoresist  
which still covered the "islands" of a luminum oxide. 
The sheet of anodized a luminum was then cut into 
individual  rectangles, each containing an AI~O2 sam- 
ple. The thin films were  removed from these sub- 
strates by amalgamat ion in mercuric  chloride. 

1 T h i c k n e s s  was  m e a s u r e d  b y  (i) u s i n g  the  g r o w t h  r e l a t i on  of 
13.5 A / V  in  th i s  e lec t ro ly te ,  and  (i~) b y  d i r ec t  m e a s u r e m e n t  in  the  
e l ec t ron  microscope .  The  f igure  3000A is accura te  to  -~-5%. 
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Stress-strain curves for these separated anodic films 
were  obtained by means of a specially constructed 
microtensi le tester. The ends of the separated film 
were  careful ly  glued with  Eastman 910 cement  to a 
fixed and to a movable  grip. The dr iving force for the 
movable  grip was supplied by thermal  expansion of 
a silicone oil which is contained in the space between 
concentric fixed and movable  cylinders. Expansion of 
the oil drives the movable  cylinder to which the mov-  
able grip is attached. Displacement of the movable  
grip was measured by a photopotentiometer ,  and the 
load applied to the specimen was measured by semi-  
conductor strain gauges mounted  on a proof ring. The 
electrical output  of the photo pot and the strain gauge 
bridge was fed to an XY recorder  so that  load-dis-  
placement  curves were  plotted directly. The displace- 
ment  sensit ivity of the apparatus is 0.2 g /cm of chart  
and the load sensit ivity is 0.7 g / cm of chart. The ap- 
paratus is mounted in an enclosed chamber  which al-  
lows control of the surrounding atmosphere. 

These films behave elastically to the point of frac-  
ture. Values of Young's modulus, Ec, the f racture  stress 
~f, and the fracture strain, el, were  obtained from each 
stress-strain curve. Results are shown in Fig. 1, where  
Ev is plotted as a function of the absolute humidity.  
The remarkable  increase of Ec with  decreasing water  
vapor  content, which was previously reported (4), is 
seen to occur monotonical ly wi th  decreasing water  
vapor  content. The decade be tween 10-4-10 -5 g / m  .~ 
of water  vapor  was not explored. It represents the gap 
between the driest air we could obtain and a vacuum 
of 1 x 10 -5 Torr. As the oxide films were  exposed to 
lower vacua, the modulus increased toward the value  
for bulk, crystal l ine ~/-A1203 (marked on the ordinate 
of Fig. 1). Values for e i (and hence ~f) were  subject 
to considerable scatter, due principal ly to defects in 
the films and occasional f racture  at the grips. Never -  
theless, a t rend was clearly observable as water  vapor  
concentrat ion decreased. In the range 10-2-20 g / m  3, q 
was fair ly constant and ~- 3 x 10 -3. At lower values 
of the humidity,  e I decreased, reaching a value ~ 1.5 x 
10 -3 in the range 10-5-10 -6 g / m  3. 

While it is intr iguing to speculate on the mechan-  
ism by which the removal  of water  vapor  increases 
the modulus of these films, it is more useful at this 
point to analyze the data in terms of f racture  mech-  
anisms. Examinat ion of the fracture of adhering oxide 
films (see section on Frac ture  of Elastic Oxide Coat- 
ing on Aluminum)  has shown that  all fractures begin 
at defects in the oxide. This observation, coupled with  
the pure ly  elastic behavior  of these films, suggests 
that f rac ture  may be occurring by a bri t t le  (Griffith) 

40x I o I O ~ . ~ B U L  K ALUMINA 

32 

28 

~ a4 ~ 
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ABSOLUTE HUMIDITY (GRAMS/METER 3) 

Fig. I. Plot of Young's modulus, Ec, of aluminum oxide films vs. 
water vapor concentration. Each point represents one test. Error 
of ,-~ 20% is shown for selected points. 

mechanism. If such be the case, the nominal  f racture  
stress wil l  be given by 

o-f : (.yEc/2C) 1/2 

where  ~ is the average surface energy, and c is the 
size of the flaw at which the crack begins. 

The ratio of the fracture stress in vacuum to that  
at nominal  air pressures is then given by (assuming 
crack growth is too rapid for ~ to be affected by en-  
v i ronment)  

,r,(vacuum) ( Ec(V) )1/2: q(A) 
~f(air) Ec(A) el(V) 

This equali ty can be checked by substi tuting our ex-  
per imenta l  values for es and Ec measured in vacuum 
and in moist air. For the ratio of f racture  strains, we 
find the value 1.96; for the square root of the ratios 
of Young's moduli, we find 2.0. This ra ther  good agree-  
men is consistent wi th  the hypothesis that  the frac-  
ture proceeds by a bri t t le  mechanism. 

If one assumes that  the average surface energy for 
A1203 is approximately  103 e rgs /cm 2, then the average 
length c of the microcracks which cause fai lure is 
c ~ 300A. 

The advantage of measuring the mechanical  prop-  
erties of separated oxide films is that  it is direct  and 
unambiguous. On the other  hand, exper imenta l  tech-  
niques are ex t remely  tedious and t ime-consuming,  
and only about one-fifth of the test at tempts are suc- 
cessful. Thus, the greater  amount  of effort and t ime 
required to obtain statistically significant measure-  
ments is only justified if there  are not other  means 
for obtaining the same, or re la ted data. Al though q 
can be obtained by simpler  methods (see next  sec- 
tion),  E~ has not yet  been measured by methods other 
than the one described in this section. 

M e c h a n i c a l  Propert ies of  A d h e r i n g  A l 2 0 3  Fi lms 
Although Young's modulus for an adher ing oxide 

film has not yet  been measured, the envi ronmenta l  
effect which was reported in the previous section does 
indeed hold for adhering, natura l  oxide films on alu-  
minum. This conclusion was reached in an ear l ier  
paper (4) in which the behavior  of dislocations near  
the surface was observed by means of transmission 
electron microscopy. The fact that  dislocations were  
t rapped near the oxide metal  interface under  vacuum, 
but did not accumulate  there  under  normal  atmos-  
pheric conditions could only be in terpre ted  in terms 
of a change in the elastic modulus of the oxide under  
these two different conditions. 

Direct measurement  of f racture  strains for adhering 
oxides are, however,  easily obtained. The technique 
we have used involves pulling an anodized a luminum 
sample in an Instron testing machine unti l  the oxide 
fractures. A wa te r - t igh t  cell of molded silicon rubber  
was built  to surround a portion of the gauge length. 
The cell was filled with the anodizing solution and a 
5V potential  applied between the sample and a plat i -  
num electrode. Any microcrack which occurs in the 
oxide film wil l  then produce a current  flow in the cell. 
The fracture  strain ~f is then taken as the macroscopic 
strain at which measurable  current  begins to flow. 

Values of e s for various thicknesses of anodic films 
on 1100-0 a luminum are given in Table I. A few re -  
sults are also included for films on some of the more 
common alloys of aluminum. 

The lower f rac ture  strains recorded for the th inner  
oxide films on h igh-pur i ty  and commercial ly  pure  
a luminum can be accounted for in terms of the ob-  
served fracture modes. The th inner  films are observed 
to crack along slip bands whereas  the thicker  films 
fracture  at r ight  angles to the applied tensile load 
wi thout  regard for crystal lographic orientation. (A 
detailed analysis of these two fracture modes is given 
in the next  section.) Inasmuch as the measured frac-  
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Table I. Fracture strain, el, of anodic layers on various 
aluminum substrates 

F i l m  t h i c k -  
S u b s t r a t e  nes s  (A) er  

99.99% 500 (6.7 -4- 1.6) x 1O-~ 
1500 (2.3 - -  1.3) • 10-~ 

( s e p a r a t e d  f i lm;  m o i s t  a i r )  3000 (3.0 ~ 1.C) X 1O-~ 
1100-0 10O (1.3 - -  0.2) • 10 -3 

200 (1.3 _ 0.1) x 10 -a 
500 (4.5 ~- 0.5) • IO -a 

IOOO (4.0 ----_ 1.8) X I0 -~ 
1500 (5,5 --+. 0,7) • 10 -~ 

2024 -T4  1500 (3.1 -4- 0.4) x 10-~ 
7075-T6  500 (1.7 - -  0.4) • 19 -~ 

IO00 (2.5 "4- 0.3) • IO -~ 
1500 (2.0 - -  0.2) X I0 -~ 

ture  strain, ~, is actual ly the macroscopic strain in the 
substra te-oxide system at which oxide fai lure begins, 
we conclude that (i) the values quoted for the thicker  
coatings are characterist ic of the strains in the oxide 
at fracture, and (ii) that  strain concentrations of the 
order of 3 occur at the slip steps where  f racture  occurs 
for the thinner  coatings. 

The correlat ion of these fracture strains wi th  those 
observed for separated anodic films must be made 
with caution. Values quoted in Table I are strictly 
applicable only for films fractured in a tar tar ic  acid 
electrolyte. These differences in envi ronment  not-  
withstanding, the agreement  be tween the fracture 
strain of adhering films on h igh-pur i ty  a luminum 
and separated films f ractured in a h igh-humidi ty  
atmosphere is quite good. 

Fracture of Elastic Oxide Coatings on Aluminum 
Mechanisms of fracture.--In the previous section, 

the observation was introduced that  the mode of oxide 
fracture depended on the thickness of the coating. In 
general, films 500A thick or less on h igh-pur i ty  alu-  
minum wil l  f racture  at slip steps when the substrate 
is strained. The f requency and spacing of these cracks 
appears to be determined ent i re ly  by the plastic 
deformation of the substrate. On commercial ly  pure  
a luminum (1100-0) somewhat  th inner  films are nec- 
essary for the slip step cracking mode to occur (Table 
I).  For thicker  films on these substrates and for all 
of the films we have observed on high-s t rength  alu- 
minum alloys, regular ly  spaced cracks occur at r ight  
angles to the tensile axis, e.g., Fig. 2. 

The development  of these regular ly  spaced cracks 
is interesting. Cracks ini t ial ly appear at the defects 
in the oxide (Fig. 2) and are randomly  spaced at 
ra ther  wide intervals.  Al though the f racture  strains 
recorded by the potent iometr ic  method (Table I) are 

Fig. 3. Regular fracture cracks in 1500~, anodic film grown on 
7075-T6 AI showing initiation at defects (electron micrograph). 

of the order of 3 x 10 -3 , cracks are not observed at 
optical magnification (1000X) unti l  strains of about 
0.01 are reached. As the substrate is fur ther  strained, 
additional random cracks appear and existing cracks 
continue to grow in length. A point is reached where  
interact ion between adjacent  cracks apparent ly  re -  
duces the probabil i ty  of fur ther  crack formation be- 
tween them. Eventua l ly  this "min imum random 
crack spacing" exists be tween all cracks and the 
sample is ra ther  uni formly filled with  cracks. Addi-  
t ional straining now begins to produce cracks at the 
midpoints between existing cracks, and this mech-  
anism continues (with the crack spacing being ap- 
proximate ly  halved with  the formation of each new 
generat ion of cracks) unti l  the crack density reaches 
some saturat ion value. Fur ther  straining of the sub- 
strate then produces only a widening of the existing 
cracks. Similar  observations were  reported by Ede-  
leanu and Law (11). 

Regular  f racture  cracks init iate almost ent i rely at 
defects in the oxide film. (And for this reason the 
crack spacings are statistically scattered about mean 
values.) Unusual ly  good micrographs have been ob- 
tained by transmission electron microscopy of anodic 
films strained to fracture on a 7075-T6 substrate. Por -  
tions of the substrate were  electropolished away leav-  
ing the oxide film intact across the perforation. Figure 
3 i l lustrates some of these cracks. 

Two exper iments  were  performed to determine 
whether  plastic deformation in the substrate had any 
significant effect on the mechanism of regular  f racture  
of the oxide coating. In the first exper iment  three 
a luminum alloys wi th  different yield stresses were  
anodized to 1500A thickness and pulled wel l  into the 
plastic region (e ---- 0.045). The average spacing of the 
cracks in the oxide was then measured. Results are 
shown in Table II. The obvious conclusion is that  
the density of cracks is not influenced by differences 
in the plasticity of the substrate. 

The second exper iment  was designed to look di- 
rect ly for evidences of plastic deformation in the 
regions just  below cracks in the oxide layer. Speci- 
mens of 7075-T6 which had been anodized to 1500A 
and pulled to a strain of 0.045 were  thinned to elec- 
t ron transmission thickness by electropolishing from 

Table II. Regu(ar fracture spacings on substrates having 
different yield stresses 

(Spacings measured at e = 0.045) 
Yield stress Average fracture 

Substrate (psi) spacing (microns) 

7075-T6 61,950 3.3 
7075-W 36,500 3.3 
2024-T4 47,000 3.1 

Fig. 2. Regular fracture of 1500,~ anodic film on 1100-0 AI. 
Tensile axis at right angles to cracks (optical micrograph). 
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the side opposite the oxide coating. Dislocation struc- 
tures which were  characterist ic of the alloy were  
observed, and there were  no variat ions in dislocation 
density in the vicini ty of oxide cracks. F rom this and 
the preceding experiment,  it was concluded that  the 
mechanism of regular  f racture  depends only on the 
total strain in the substrate. 

T h e o r y  of  o x i d e  f r a c t u r e . - - I n  a recent  paper  (12) 
Grosskreutz and McNeil considered the theory of oxide 
f rac ture  on a strained substrate. For  those substrates 
which deform by slip we showed that  f racture  at a 
slip step occurs only if the oxide coatings are unable to 
sustain the tensile stresses necessary to separate and 
peel the oxide from the substrate in the vicinity of the 
slip step, Fig. 4(a) .  Frac ture  is more l ikely to occur for 
th inner  films and lower f racture  strains. Because the 
adhesion stresses be tween  oxide and substrate are not 
known with  any degree of certainty,  it was impossible 
to predict  accurately the conditions under  which frac-  
ture at slip steps occurs. However,  assuming the shear 
adhesion stress to be the max imum shear s t rength ex-  
hibited by whiskers,  and insert ing the f racture  strain 
of adhering oxides into the formulas, we found that  an 
oxide thickness of approximate ly  500A forms the di- 
viding line between the f rac ture  and nonfracture  at a 
slip step, in agreement  with the results of the section 
on Mechanical  Propert ies  of Adher ing  A120~ Films. 

In the case of thick ( >  500A) anodic coatings, or if 
substrate slip does not occur before the oxide f racture  
strain is reached, regular  f racture wi l l  occur in the 
manner  described in the preceding section. Quant i ta-  
t ive t rea tment  of the development  of these fractures  is 
possible in the fol lowing way. Suppose that  a crack has 
occurred at a randomly located defect in the oxide. In 
the immediate  vicini ty of this crack the stress in the 
oxide layer  will  be re laxed and will  not build back 
up to the f rac ture  stress unti l  some distance removed 
from the initial crack. This situation is shown sche- 
matical ly in Fig. 5(a) .  We represent  the stress in the 
coating, ~c, as 

~c(x) =o'S,---Ao'; x > w / 2  

where  ~ is the stress relaxation.  In ref. (12) we took 
~r to be equal  to g r  where  z is the nominal  stress 
level in the coating and g is a parameter  with d imen-  
sions of length. Under  these conditions the stress in 
the coating builds asymptotical ly back toward z~ as x 
approaches infinity. Theoretically,  the next  crack will  
occur at x = oo where  Zc = zf. Actually,  because the 
f racture  stresses in the oxide wil l  be distr ibuted around 
a mean value, the next  f racture will  occur wherever  Zc 
exceeds the local f racture  stress at some given defect. 

Random cracking wil l  continue unti l  two cracks ap- 
pear closely enough together  that their  stress fields in-  
teract  to give a significant reduction in the coating 
stress at all points be tween  the two cracks. This situa- 
tion is i l lustrated in Fig. 5(b) .  The stress in the coat- 
ing be tween the two cracks can now be represented as 

1 1 

w12 < x < ( d o - -  w12)  [1] 
At the midpoint, x = do/2 

~c(do/2)  = cf [ 1 -  4g/do] [2] 

As a boundary condition on Eq. [1] we have that  at x 
= w / 2  and do - -  w / 2 ,  ~c = 0. For  this condition to hold 

g = w / 2  - -  w2/4do 

In general, w < <  4do and we can wr i te  g = w / 2 .  
In this t rea tment  w is the crack width, i l lustrated 

in Fig. 5. Actually,  the crack will  look more near ly  
like the schematic drawing shown in Fig. 6 because of 
the re laxat ion of the shear stress in the film as the 
free sur[ace is approached .  If the appropr ia te  value of 
w is taken to be the crack width  at the top surface of 
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Fig. 4. Schematic drawing of oxide behavior at a slip step. 
Fracture occurs in (a) and separation without fracture in (b). 
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Fig. S. Stress distribution in oxide coating near cracks" (a) 
single, random crack, and (b) interacting cracks. 

the oxide film, then w can be expressed in terms of 
the thickness, t. The free surface of the cracked film 
can be approximated ei ther as l inear (dashed line, Fig. 
6) or as parabolic. In these two approximations,  g 
would be given as 

g = w / 2  = k't  - - -  ( l inear approximat ion)  [3a] 
o r  

g = w / 2  = k ~ / - i - - -  (parabolic approximation)  [3b] 

Once the configuration shown in Fig. 5(b) obtains 
over the ent ire  surface of the strained oxide, regular  
cracking can proceed if the stress in the oxide film is 
raised unti l  the stress at x = do/2 reaches r Addit ional  
cracks will  occur at x = do/4, do/8, etc., as the stress 
is increased continuously. 

Given this model  for the mult ipl icat ion of cracks, it 
can be shown that  (12) 

In ~/~o = ( 4 g / d )  [ 1 - - d / d o ]  [4] 

where  eo and do are the substrate strain and oxide frac-  
ture  spacing for which the coating begins the process 
of regular  fracture.  Given the initial conditions (co, do), 

COAT,.~ \ / 
,J-w,2., , ,  l 

SUBSTRATE I 
Fig. 6. Schematic drawing of possible crack-face configuration. 

Solid line is approximately parabolic; dashed line is linear. 
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Fig. 8. Plot of g (Eq. [4])  vs. film thickness, t. Solid line has 
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Eq. [4] allows us to predict the spacing, d, at any sub-  
sequent strain, ,. The constant, g, depends on the thick- 
ness of the film (Eq. [3]) with a constant  of propor-  
tionality, k, to be determined by experiment.  

An interest ing consequence of our model of regular  
fracture is that when d is of the order of 2g = w, 
fur ther  cracking should not occur. Thus, the saturat ion 
crack spacing, d~, should be larger, the thicker the 
oxide film. 

E x p e r i m e n t s  on regular  f rac ture . - -Equa t ion  [4] has 
already been checked (12) against published crack 
density vs. strain data for both A1203 and "stresscoat," 
a bri t t le surface coating used to determine surface 
stress distributions. In both cases, the fit of the data 
with the theoretical equation was excellent. Fur ther  
verification is shown in Fig. 7 where recent measure-  
ments  of crack density in an adhering, anodic coating 
are fitted to Eq. [4]. Data on regular  fracture of anodic 
layers strained under  distilled water  and in dry air 
have also been compared with Eq. [4] with equally 
good agreement. The fracture spacings in a thin poly- 
styrene film on a cellulose acetate substrate have cor- 
related well. There is a wealth of experimental  data on 
"stresscoat" of various thicknesses and fracture strains 
with which Eq. [4] can be compared (13). All of these 
different data have been analyzed to yield values of 
the parameter,  g. Table III lists the important  results. 

The first i tem of interest  is the dependence of g on 
the thickness of the oxide coating. A log g vs. log t plot 
is shown in Fig. 8, and it is evident  that the parabolic 
dependence assumed in Eq. [3b] most near ly  fits the 
experimental  results. The parameter  k in the expres- 
sion g = k ~ / t  has the dimensions of (length)~/~ and 

Table Ill. Analysis of fracture spacing data in terms 
of the parameters in Eq. [4] 

T h i c k n e s s ,  
Coating t ( e ra . )  co do (cm.) g ( c m . )  dsat/2g 

Al~Oa ~ 1.5 x I0 -s 0.02 3.4 X 10-8 4.0 • 10 -4 1.24 
AI,zO3 b 1.5 • 104 0.02 3.6 • 10-a 5.2 x 10 -4 1.16 
Al~O~s 1.5 X 10 4 0 . 0 2 5  3 .8  X 10 ~ 5 . 9  X 10 -4 1 .34  
P o l y s t y r e n e  7 X 10-4 0 . 0 1 5  4 .7  x 10-8 4 .1  x 10  ~ 0 . 4 3 2  
S t r e s s c o a t  ~ 1 .78 x 10 -2 0 . 0 0 0 7  11.3 x 1 0  -~ 2 .61  x 1 0 -  2 1 .00  
S t r e s s e o a t  ~ 1 .78  x 10-2 0 . 0 0 0 6  8 .9  X 10-2 2 .03  X l 0  -s 0 .87  
Stresseoat ~ 1.78 x 10 -s 0.0008 9.6 x 10s 2,93 x 10 -2 1.02 
S t r e s s e o a t  ~ 1 .78 • 10-2 0 . 0 0 1 2  8 .2  X 10-~ 2 . 9 3  x 1 0 -  s 1 .07  
S t r e s s e o a t  ~ 0 .91  x 10-s  0 . 0 0 0 8  6 .0  X 10 -2 1 .35  X 10-  2 1 .20  
S t r e s s e o a t  �9 1.27 X 10 -~ 0 . 0 0 0 7  7.5 X 10-2 2 .71  X 10 -2 0 .95  
S t r e s s c O a t  ~ 2 .11  x 10 -2 0 . 0 0 0 6  11.5  x 10 4 3 . 8 4  x 10 -2 0 . 8 9  
S t r e s s c o a t  a 2 .95  x 10~2 0 . 0 0 0 9  9 .3  x 10 -2 5 . 3 4  x 10-- s 0 . 7 3  

a P u l l e d  i n  l a b o r a t o r y  a i r  w i t h  4 0 %  r e l a t i v e  h u m i d i t y .  
b P u l l e d  u n d e r  d i s t i l l e d  w a t e r .  
c P u l l e d  i n  d r y  a i r ,  d e w  p o i n t  - - 6 0 ~  

A l l  d a t a  o n  s t r e s s c o a t  t a k e n  f r o m  R e f .  13. 

varies between 0.1 and 0.25 for the data recorded in 
Table III. 

A second item of interest  in Table III is that  the 
parameter ,  g, is independent  of eo for a given thick- 
ness of coating. Finally,  we note that  the saturat ion 
crack spacing, ds, is very  near ly  equal to 2g, as pre-  
dicted, for the major i ty  of cases cited. 

The predictive value of Eq. [4] remains l imited be-  
cause the initial  conditions (co, do) cannot be expressed 
in terms of measurable,  mechanical  properties of the 
oxide film. co is certainly related to ~s, the fracture 
strain, bu t  is, in fact, somewhat larger by an indeter-  
minan t  amount  depending on the distr ibution of frac- 
ture strengths about the mean. The parameter  do is 
surely a function of the physical properties of the film, 
but  as yet no quant i ta t ive relationship has been derived 
without  introducing yet another  parameter,  equally 
difficult to estimate. 

Effects of Environment on Fracture  
of  Adher ing Films 

Because water  vapor was observed to have such a 
marked effect on the mechanical  behavior of separated 
oxide films of a luminum (Fig. 1), an experiment  was 
performed to determine whether  similar effects could 
be observed for adhering films. Two sets of anodized, 
l l00-a luminum samples were pulled in tension, the one 
immersed in distilled water  and the other contained 
in an atmosphere of dry air whose dew point was 
--60~ Results are plotted in terms of d vs. ~ in Fig. 9. 
That  an effect exists is clear from the data. It was not 
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Fig. 9. Crack spacing d vs. substrate strain e for anodic films on 
1100-0 AI pulled under distilled water and in a dry air (dew point 
--60~ environment. 
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possible to measure  the onset of f racture  of these films 
in a manner  consistent wi th  that  reported in the sec- 
tion on Mechanical  Propert ies  of Separated A1203 Films. 
However,  optical examinat ion of the films showed that  
detectable cracks occurred at a lower  strain for the 
sample immersed in distilled water  than for the dry 
oxide. This observation is contrary to the results ob- 
tained on separated films where  the f racture  strain was 
higher  for films in an atmosphere of saturated water  
vapor. 

Analysis of the curves in Fig. 9 in terms of Eq. [4] 
reveals  that  both sets of data give the same value of g. 
Hence, we can conclude that  g is independent  of E~. 
On the other  hand, we must account somehow for the 
fact that  smaller  crack spacings occur in the wet  film 
for a given total strain. The best explanat ion for this 
behavior  is in terms of the re la t ive  magni tude of ~o for 
the two cases. The fact that  the wet  film started to 
crack earl ier  al lowed uniform coverage with cracks at 
a lower strain than for the dry sample. Hence, the 
progress of regular  f rac ture  is more advanced at a 
given strain in the case of the wet  film. 

The difference in the influence of moisture on the 
strain at which cracks grow in adhering and separated 
films must be a t t r ibuted to the effect of the substrate. 
The details of this interact ion are not yet  clear and wil l  
requi re  fur ther  experimentat ion.  

Conclusions 
From this survey of the mechanical  properties and 

fracture  behavior  of separated and adhering a luminum 
oxide films several  important  conclusions can be drawn. 

1. Separated a luminum oxide films fail by a bri t t le  
mechanism. Increasing water  vapor  concentrat ion de- 
creases both Ec and a t and raises el, consistent wi th  such 
a mechanism. 

2. The f rac ture  strains measured  on separated and 
adhering A1203 films are of the same order of magni-  
tude, i.e., 1-3 x 10-3; however ,  the effect of envi ron-  
ment  on the strain at which cracks grow appears to be 
different for separated and adhering films. 

3. Frac ture  of adhering oxide films may  occur at slip 
steps or regular ly  spaced at r ight angles to the tensile 
axis. The choice of mode depends on the oxide thick-  
ness, on q, and on the adhesion stresses between the 
oxide and substrate. 

4. Ini t iat ion of regular  f rac ture  is dominated by de- 
fects in the oxide. 

5. The mechanism of regular  f racture is mainly  elas- 
tic; plasticity in the substrate does not play a major  
role. 

6. The dependence of regular  f racture spacing on 
is well  accounted for by the expression In e/Co -~ [kt 1/2] 
(1/d -- 1~do). The saturat ion (minimum) spacing ds 
2ktl/2. 
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An Imaging Technique for Studying Localized Electronic 
Conduction in Valve Metal-Oxide Systems 

N. Ramasubramanian 
Chalk River Nuclear Laboratories, Atomic Energy of Canada Limited, Chalk River, Ontario, Canada 

ABSTRACT 

The light sensitive and semiconducting propert ies of cuprous iodide are 
used in a new technique for s tudying the electronic conduction behavior  of 
oxide films on valve  metals. Informat ion about the distr ibution and nature  
of the conduction sites can be obtained. The chief advantage of this method 
over  existing methods is that  specimens biased to positive or negat ive po- 
tentials can be tested. The resolution (size of the copper deposits in the image) 
is bet ter  than or equal  to that  of the other  methods. Specimens can also be 
studied direct ly by optical and /o r  electron optical means at different stages 
during the testing, because the process is a solid-state one. Oxide films on 
zirconium and its alloys were  studied. 

The color change associated with redox indicators in 
going from one state to another  has been used to detect  
easy paths of electronic conduction in va lve  meta l -oxide  
systems (1, 2). 

In our research program on the corrosion behavior  
of zirconium and its alloys, electron t ransport  through 
zirconia films is one of the important  factors (3). The 
presence of localized conduction sites was indicated by 
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preferential  reduction of Ag +, Cu ++, Au +++, or 
MnO4- from suitable electrolytic baths at these areas 
and by the iodide pr int ing technique (1). We were in-  
terested in developing a technique that  was nondest ruc-  
tive and could be used to study these conduction sites 
dur ing both anodic and cathodic polarization of the 
metal  or alloy. In the imaging technique described here, 
use is made of the photosensitive properties of cuprous 
iodide. The iodide is reduced to the metal  at sites of 
electronic current  flow and the deposits may be exam- 
ined by optical and/or  electron optical means. Current -  
voltage measurements,  which were complementary to 
the observations by the imaging process, were obtained 
using aqueous electrolyte or evaporated metal counter-  
electrodes. 

Experimental 
Materiats.--Oxide films on zirconium and Zircaloy-2 

grown by anodic and thermal  means were tested. Pad-  
dle shaped samples (the blade portion measuring 2x2x 
0.1 cm) were cut from material  supplied by Wah Chang 
Corporation and Foote Mineral Company. The surface 
preparat ion employed was the s tandard procedure of 
abrasion followed by pickling in a hydrofluoric-nitric 
acid bath. Anodic films were grown in a variety of elec- 
trolytes and thermal  films in flowing oxygen at 300~ 

Imaging technique.--The method consisted of two 
parts, viz., evaporation onto the oxide surface of a thin 
film of cuprous iodide followed by either the image 
recording step or current-vol tage measurements  with 
a suitable counterelectrode. 

The system was pumped to 10 -6 Torr and cuprous 
iodide was evaporated onto the oxide surface from a 
p la t inum boat at a rate of ~25 A/sec. The specimen to 
source distance could be varied and was mainta ined 
at ~5  cm. Cuprous iodide showed a sequence of color 
changes with increasing temperature  and the heater 
current  was adjusted to main ta in  the orange-red color 
during evaporation. 

A control strip of pickled zirconium foil of known 
area was attached to the specimen during the iodide 
evaporation and covered part  of the specimen surface. 
The iodide from the control strip was dissolved and 
the copper determined by the dithiozone complexing 
method (4). The thicknesses of the evaporated films 
were calculated assuming a density of 5.62 for the 
cuprous iodide. 

The images were produced by polarizing a small 
area of the specimen with its evaporated cuprous 
iodide film to a cathodic or anodic potential  in a 1M 
NH4NO8 solution 0.0005M in Na2S203 under  irradiation 
from a u.v. lamp (100w, Type H-4 mercury  vapor with 
peak emission at ~3660A) for about a minute.  A sili- 
cone rubber  gasket carrying a p la t inum wire elec- 
trode was pressed down firmly onto the surface and 
contact made by a few drops of the solution. The 
area of contact was only 0.16 cm 2 and therefore dif- 
ferent areas of the specimen could be tested with a 
positive or negative potential  applied. The applied po- 
tentials ranged from 1% of the formation voltage to 
0.4 V/1000A for the anodic and thermal  films, re-  
spectively. 

The iodide film with the copper deposits was then 
washed, dried, and stripped off the oxide surface. The 
init ial  method was to dip the specimen in a collodion 
solution and allow to drain and dry, when a slight 
pressure along the edges would release the iodide film 
with the collodion backing. A procedure similar to the 
replica technique used in electron microscopy was 
found to be better, however. A th in  coating of Form-  
var  overlaid by one of polyvinyl  acetate was applied 
to the specimen and this combinat ion with iodide film 
was peeled off using an adhesive tape. Then the 
rout ine of coating with p la t inum-carbon  and dissolv- 
ing the PVA and Formvar  was followed. The plati-  
num-ca rbon  film was collected on copper grids. The 
stripped films were examined on the optical and elec- 
t ron microscopes. The specimen was subsequently 

rinsed with dilute ammonia,  washed and dried, when 
it was ready for another  experiment.  

Current-vol tage measurements  were made using 
gold or 1M NH4NOs solution contacts. 

Results 
The evaporated film showed bright interference 

colors and the control strip was used to monitor  the 
thickness during evaporation. The thickness of the 
evaporated iodide film was usual ly in the range 900- 
ll00A. Electron optical examinat ion showed that  the 
iodide film was for the most part  a continuous sheet 
of crystals, oriented randomly and varying in size and 
thickness. 

Imaging.--Anodic oxide films to ~4000A and ther-  
mal films up to 1 ~m thick were studied. To i l lustrate 
the usefulness of the technique a few typical sets of 
data on anodic films are presented here. 

The current  flow during imaging was usual ly  in the 
~A/cm 2 range. An increase in the voltage or the t ime 
of recording led to a slight increase in the size of the 
copper deposits; the use of dilute thiosulphate solu- 
tion for dissolving the unreacted iodide had no effect. 
In the absence of either the u.v. i rradiat ion or the 
bias during the imaging the area tested showed only a 
few large deposits, similar to the untested parts of the 
surface. 

The use of the collodion for str ipping the iodide 
film with the image had the advantage of re taining 
the replicated grain s tructure of the specimen. In  
Fig. la  are shown transmission micrographs of a 
collodion film carying the recorded image of copper 
deposits. It was stripped from a 50OA anodic film on 
zirconium following the imaging step and was washed 
in dilute thiosulfate solution. The light beam was in-  
cident obliquely and the copper particles scattering 
the light appear bright  on a dark background. The 
collodion film had a wavy topography which led to 
difficulty in focusing the whole field of view. Never-  
theless, this stripping procedure was helpful  in iden-  
t ifying the locations of the copper deposits. 

Using the two stage replica method of stripping the 
iodide film, a larger portion of the area under  study 
could be brought into focus on the optical microscope. 
An added advantage was that  the iodide film could 
be examined in the electron microscope also. A set 
of transmission micrographs of the same area of an 
iodide film stripped off a 1800A anodic film on zir- 
conium with varying incident  light is shown in Fig. 
lb. I t  is seen that  a number  of deposits remain  un -  

Fig. 1. Transmission optical micrographs of (a) collodion film 
carrying copper deposits and (b) cuprous iodide film supported on 
platinum-carbon with the incident light normal and oblique to the 
film. 
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focused and appear as circular  in terference fringes in 
this technique of support ing the iodide film also. How-  
ever, a comparison with  Fig. la  shows a definite im-  
provement  in focusing conditions and therefore  a 
higher  visible density of deposits. 

There was good reproducibi l i ty  of the position of 
the deposits but not their  size when a cathodic or 
anodic test was repeated on the same area. The i t -  
reproducibi l i ty  of the deposit size may  be due to 
variations of crystal  size and thickness in the evapor-  
ated films. In successive anodic or cathodic testings on 
the same area near ly  half  the number  of deposits 
matched precisely as to their  location. It is bel ieved 
that  the  difficulty in focusing is par t ly  responsible for 
the lack of a complete one to one correlation. 

In Fig. 2 transmission electron micrographs and dif-  
fraction pat terns of the film refer red  to in Fig. lb  are 
shown. The copper deposits (a) are several  t imes the 
size of the cuprous iodide crystall i tes (b), and range 
in size f rom ~0.5 to 2 ~m. Electron diffraction pat-  
terns of the deposits show additional reflections aris- 
ing f rom copper and cuprous oxide. 

Current-voltage relationships.--The curves obtained 
in testing a specimen carrying gold contacts of different 
areas (varying from 0.1 to 0.6 cm 2) were  identical  in 
shape and the current  density was constant to within 
___5%. The results of these measurements  and of other  
exper iments  in which an evaporated guard r ing of 
gold was used and the area of  the iodide film was 
varied confirmed the fact that  no surface conduction 
was involved. 

The current  density was found to decrease wi th  in- 
creasing iodide film thickness. Therefore,  variat ions 
in the conductivi ty of the oxide with thickness were  

inferred from results on individual  specimens carrying 
anodic films of several  thicknesses. By such a pro-  
cedure the only variat ions in iodide film thickness 
were  those inherent ly  present  and were  the same on 
the different anodized areas of the specimen. Any  
effects due to variat ions in the propert ies  of the 
cuprous iodide and in the conduct ivi ty  of different 
specimens from the same batch were  also avoided. In 
the case of thermal  films comparison was made among 
specimens oxidized to different extents wi th  the iodide 
evaporated onto them simultaneously.  

In Fig. 3a and b curves obtained with anodic oxide 
films of two different thicknesses grown on the same 
specimen are  compared. It  should be noted that  the 
current  density at a given voltage decreases with but  
not proport ionately  to the increase in oxide thickness. 
The curves shown in Fig. 3c and d were  obtained with  
1M NH4NO~ contacts. Cuprous iodide was evaporated 
onto part  of the oxide surface. The anodic blocking 
behavior  of such oxide films is readily seen from curve  
d obtained with direct contact to the oxide. With  
cuprous iodide present, curve  c, an anodic current  flow 
was observed. This current  was t ime dependent  and 
the current  density at a fixed anodic voltage decreased 
only slightly wi th  increase in oxide thickness and 
was not proport ional  to the oxide thickness. The an- 
odic current  at zero volt  is due to the emf developed 
by the metal  when the iodide is contacted by the 
electrolyte.  

Observations using the SEM.--Because the  imaging 
technique involves a solid-state process, an added ad- 
vantage is that  specimens can be examined by optical 
and /o r  electron optical means immedia te ly  following 
one or other of the various steps, viz., evaporat ion of 
the iodide, the gold counterelectrode,  and polarization. 
For  such studies the scanning electron microscope 
(SEM) offers a wide range of possibilities. Specimens 
were  examined in the JSM-2 before and after evapora-  
tion of cuprous iodide, wi th  and without  gold counter-  
electrodes and in the biased and unbiased conditions. 
In Fig. 4 the images of the specimen surface obtained 
in the secondary electron mode of operation of the 
SEM are shown. The presence of the iodide layer did 
not produce detectable changes in the  image charac-  
teristics but  gold did. At a few selected spots (Fig. 4a 
and b) deposits, varying in size from 1 to i0 ~m, were  
thicker. When polarized, circular  regions several  mi-  

Fig. 2. Transmission electron micrographs and diffraction pat- 
terns of the film referred to in Fig. lb; (a) regions of imaging (b) 
undeveloped cuprous iodide. 
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Fig. 4. SEM micrographs of anodic-oxide films on zirconium and 
Zircaloy-2 following cuprous iodide evaporation and one of the 
various steps; (a) 1000.~ anodic oxide film on zirconium; the gold 
contact on cuprous iodide is biased to +0.2V wrt specimen; (b) 
500.~ anodic oxide film on Zircaloy-2 after evaporation of gold 
contacts; (c and d) breakdown areas; 1500 and 1000.~ anodic 
oxide films an zirconium and Zircaloy-2 with gold and 1M 
NH4NO3 contacts, respectively, taken to breakdown voltages. 

crons in diameter around these deposits showed dif- 
ferent image characteristics from the rest of the sur-  
face (dark areas in Fig. 4a). A negative bias on the 
specimen was associated with large sporadic current  
increases (0.5 to 10 ~A/cm 2 at ,~0.2V) as the electron 
beam scanned the surface and the subsequent observa- 
tion of breakdown regions similar to that  in Fig. 4c. 
Specimens were examined after polarization studies 
using 1M NH4NO3 solution contacts. A few sites of 
the type shown in Fig. 4d were observed. 

Discussion 
A number  of semiconducting halides, sulfides, etc. 

have been shown to possess image forming character-  
istics (5, 6). Cuprous iodide was chosen because of its 
low solubility in water, a high vapor pressure at mod- 
erate temperatures,  and its usefulness as a solid ohmic 
contact (7). 

The conducting sites in the meta l - insu la t ing  oxide 
system might  form an ohmic or blocking contact with 
the evaporated cuprous iodide film. In  the present  
study imaging was carried out on dielectric substrates 
at room temperature  with low applied fields and there-  
fore the mechanism proposed by Tubbs et al. is to be 
preferred (5). The various processes that  lead ul t i -  
mately  to the formation of copper deposits during the 
imaging step are the production of excitons on u.v. 
absorption (8), reaction between a pair  of excitons at 
a suitable site, and formation of copper nuclei. The 
centers for the ini t iat ion of reaction between a pair  of 
excitons are likely to be Cu + + sites and are provided 
by the forward hole current.  Growth of the nuclei  
would then follow by pairs of excitons reacting at a 
site adjacent to a copper nucleus. 

Both n and p- type (homogeneous) conductivity 
have been reported for zirconia films on zirconium 
and Zircaloy-2 (9, 10). The alloy has intermetal l ic  
precipitates (major constituents are Zr, Fe, Cr, and Ni) 
distr ibuted fairly uni formly  through the material,  and 
the metal  a number  of impur i ty  centers. When imaging 
the metal  or alloy-oxide structures the copper deposits 
are located at these sites of intermetal l ic  and impur i ty  
precipitates. The pur i ty  of the materials used in the 
present  study compares favorably with those used by 

the other workers and the reported homogeneous con- 
ductivi ty might very well  be that  of similar localized 
conduction sites. 

The complex na ture  of these sites is revealed by the 
results obtained in the imaging step and the current -  
voltage characteristics. From the data reported here 
it is seen that  cuprous iodide forms an ohmic contact 
with some of these sites. More than  half the number  
of sites were imaged by both anodic and cathodic po- 
larization. The inference would then be that  a doped 
oxide film is formed on these conduction sites dur ing 
the oxidation. A small fraction behaves as either an n 
or p- type  semiconductor and is imaged dur ing cath- 
odic or anodic bias on the specimen; whereas the 
major i ty  is of the compensated intrinsic type and u n -  
der the testing conditions allows current  to flow in 
either direction. The results obtained in experiments  
using the SEM and imaging in the absence of u.v. i r -  
radiat ion or bias indicate a wide range of conductivi ty 
among these sites; a large percentage of current  flow- 
ing at a few excessively active sites. 

Conclusions 
The imaging technique reported here has several 

advantages for s tudying the sites of easy electronic 
conduction in valve metal-oxide systems. The photo- 
sensitivity and carrier  injection capacity of cuprous 
iodide permit  the use of low testing voltages, a favor-  
able requi rement  in studying low dielectric s trength 
materials. The technique is nondestruct ive and pro- 
vides information about the distr ibution and electrical 
properties of the conducting sites. The resolution is 
good and sites active dur ing both anodic and cathodic 
polarization can be studied. Because the process is a 
solid state one samples can also be studied directly by 
electron optical means. 

In  zirconia films on zirconium and its alloys, local- 
ized conduction sites are present  and assigning a 
homogeneous conductivi ty for oxide films up to ~1 ~m 
thick is questionable. The electrical characteristics of 
these sites are of a complex nature.  
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Exposure of Photoresists: 
Electron Beam Exposure of Negative Photoresists 

Barret Broyde 
Engineering Research Center, Western Electric Company, Inc., Princeton, New Jersey 

ABSTRACT 

A threshold flux is required to form an image in negat ive photoresists 
when they are exposed to kilovolt  electron beams. This threshold is related 
to the gel point of the photoresist. Using the known number  of crosslinks 
per molecule at the gel point, the G values for the crosslinking of KPR and 
KTFR, were  calculated from the absorbed energy of 2.5 _+ 0.2 x 1020 e v / c m  ~ 
at the threshold, to be 0.65 and 1.20, respectively.  An energy t ransfer  model  
based on Bethe's  penetrat ion range for an electron and on the distribution of 
energy with depth of penetrat ion found by Charlesby describes the change in 
threshold flux wi th  changes in accelerating potential.  Electron fluxes above 
the threshold value ful ly insolubilize the resist. The efficiency of absorbed 
energy for total insolubilization is a function of the energy of the incident 
electrons. 5 keV electrons are 3.3 times more efficient than uv light, but 15 
keV electrons are only as efficient as photons. 

During the manufac ture  of semiconductor devices, 
parts of the semiconductor substrate have to be pro-  
tected against etchants. This is accomplished by ex-  
posing photosensit ive e tch-res is tant  polymers called 
photoresists to light th rough a mask. The desired pa t -  
tern of etch resistant polymeric  mater ia l  is obtained 
after  a development  process, which removes the un-  
exposed portions of negat ive resists and removes the 
exposed portions of positive resists (1). The use of 
light in pat terning the photoresist  through a mask, 
limits the narrowest  line and the edge resolution that  
can be rout inely made in the photoresist  to be wider  
than 2 ~m and 0.3 ~m, respectively. 

On the other  hand, lines only 0.25 ~m wide (2) with 
edge resolutions of 0.05 ~m (3) have been prepared by 
using an electron beam to expose photoresist. Thornley 
and Sun (4) showed that  both 14 and 20 keV electron 
beams could expose negat ive resists so that  the resists 
were  able to protect  SiO2 against etchants. They found 
that  a threshold existed in the exposing electron flux, 
below which no protection was provided. Above the 
threshold the amount of protection increased with  in- 
creasing flux unti l  full protection resulted. Kanaya, 
Yamazaki, and Tanaka (3) also found a threshold 
when they studied the thickness of a developed nega-  
t ive resist as a function of electron flux, for electrons 
accelerated between 20 and 100 keV. Matta (5) showed 
that  the flux required for opt imum exposure depends 
on the energy of the electrons. He feels that  back-  
scattered electrons play a part  in the exposure pro- 
cess, but  Kanya  et al. (3) indicate that  backscattering 
should be negligibly small for energies below 20 keV. 

The electron beam exposure of two negat ive photo- 
resists has been invest igated here. The first resist, 
Kodak Photosensi t ive Resist (KPR),  contains a poly-  
vinyl  c innamate polymer,  while the second Kodak 
Thin Fi lm Resist (KTFR) ,  contains a polymerized 
isoprene dimer. 

'This work  assumes that  the threshold flux found in 
the exposure of these resists is related to the gel point 
of the resist. If  this is the case, then the threshold 
flux should change when the accelerat ing potential  of 
the electron beam is varied, but the amount  of energy 
absorbed at the threshold should be constant. It  is 
shown here, using Bethe's  model for penetrat ion range 
and Charleby 's  data on energy transfer, that  the cal- 
culated threshold energies are constant, al though the 
exper imenta l ly  determined values of the threshold 
flux are a function of the energy of the electron beam. 
The shape of the exposure curve and the efficiency of 
energy usage in total ly exposing the photoresist  is 
also discussed. 

Experimental 
The exposure characterist ics of photoresists were  

determined by irradiat ing thin films of the resists 
with varying electron fluxes. Typically, resist solution 
was spun onto a flat glass plate covered by 700A of 
chromium to the required thickness. The resis t -cov-  
ered-pla te  was then baked at 150~ for 10 min to re-  
move solvents, put into a specially designed vacuum 
system and pumped down to 2 x 10 -5 Torr. At this 
point, the electron gun was turned on, al lowed to 
stabilize at the desired accelerat ing potential, focused 
to give a spot about 2.5 cm 2, and the beam current  
measured using a Faraday cup. The resist-coated 
plate was then moved into the beam and left there  
unti l  the desired electron flux was reached. After  ex-  
posure, the plate was moved out of the beam, and the 
beam current  was measured again to make  sure that  
it did not change during the irradiat ion of the resist. 
Typical  exposure times were  100 sec. Fluxes measured 
in this way were  accurate to _+ 5%. The resis t -coated-  
plate was spray developed and baked at 150~ before 
its thickness was measured wi th  ei ther a Model 3 
Taylor-Hobson Talysurf  Profi l imeter  or wi th  an inter-  
ferometer.  The thickness measurements  on the Taly-  
surf were  reproducible to _+ 300A. 

Identical  results were  obtained when ei ther a glass 
plate or an oxidized silicon wafer  was used instead of 
a chromium coated plate. Applying the resist by spray 
methods and dip developing after exposure also 
yielded the same data, as long as the application and 
development  were  careful ly  done. 

Results 
The thickness of exposed and developed resist layers 

was de termined  as a function of electron flux for dif-  
ferent  accelerat ing potentials and for different initial 
thicknesses of resist. Results for the exposure of K T F R  
are shown in Fig. 1 and 2, while Fig. 3 contains the 
data on KPR. 

Both KPR and K T F R  always show a threshold in 
exposure; that  is, below a specific flux no insolubilized 
resist is formed. Above  the threshold, an increase in 
flux gives an increase in resist thickness unti l  the 
m ax im um  resist thickness is reached. Both Thornley 
and Sun (4) and Kanaya et al. (3) have shown that  
resists must be exposed to their  full  thickness in order  
to afford full  protection to SiO2 layers. For  this reason 
the lowest flux requi red  to achieve m a x i m u m  thick-  
ness wil l  be designated as the lowest usable flux. 

The lowest usable flux is a function of both the 
incident electron energy and the initial thickness of 
the resist, but the threshold flux principal ly depends 

1241 
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Fig. 3. Exposure of KPR films (initial thickness 6000,~) to kilo- 
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on the incident  energy of the beam and is only some- 
what  dependent  on the init ial  resist thickness (Fig. 
1-3). The data that have been obtained are summar-  
ized in Table I. Also included in this table is the value 
of the contrast function of the resist, r, which is de- 
fined here as 

threshold flux 
r ~  

lowest usable flux 

r is a funct ion of both the beam energy and resist 
thickness. I t  increases with the ini t ial  thickness of 
the resist, but  decreases as the potential  energy of the 
beam is increased, in the regions examined here. 

It  wil l  be shown in the next  section that  one of the 
factors that  determine the threshold flux is the range 
that  the electron can penetrate  into the photoresist. 
This range has been taken to be the max imum thick- 
ness of resist that  can be exposed by a given incident 
electron energy. The range for 5 keV electrons has 
been determined to be 6500 _ 200A, while 10 Kev 
electrons can penetrate  between 2.0 and 2.5 ~m. If 

Table I. Exposure and contrast values for KTFR and KPR 

I n c i d e n t  In i t i a l  M i n i m u m  
e l e c t r o n  t h i cknes s  T h r e s h o l d  u se fu l  Con t ra s t  
e n e r g y ,  of resis t ,  flux, flux, func t ion ,  

k e V  Resis t  A /~coul/cm 2 ~ c o u l / e m  ~ F 

5 K T F R  6000 0.S 1.6 0.33 
10 K T F R  6000 0.7 3.5 0.20 
15 K T F R  3600 1.1 12.0 0.09 

6000 0.9 8.0 0.11 
12000 6.9 4.0 0.22 

20 K T F R  6000 1.6 16.0, O.1O 
5 K P R  6000 0.5 1.8 0.28 

15 K P R  6000 0.9 10.0 0.09 

layers thicker than  these are exposed and developed, 
the exposed spot floats off the substrate. The max imum 
thickness of resist that  can be exposed by 15 and 20 
keV electrons was too great ( ~  3 #m) to be deter-  
mined accurately by the Talysurf. 

Discussion 
Solubility oS crosslinking systems.--Polymer mole- 

cules may react together forming intermolecular  
bonds, which eventual ly  result  in an "infinite" three-  
dimensional  ne twork  of molecules. If the molecules 
are ini t ial ly in solution, then a gelled or insoluble 
product is obtained when this occurs, and the reaction 
is said to have reached the gel point (6). This termi-  
nology has been carried over to describe the point at 
which solid crosslinking polymers, such as negative 
photoresists, become insoluble. 

The solubili ty of irradiated crosslinking systems 
after radiat ion has been described by Charlesby (7, 8). 
He showed that  polymers in which an init iated reac- 
t ion does not  propagate and therefore can lead to no 
more than one set of crosslinked units, will  become 
insoluble, when the number  of crosslinked units  per 
weight average molecular  weight molecule, designated 
5, equals one. At this point, the weight average mo-  
lecular weight of the polymer approaches infinity (7). 
This model should predict the behavior shown by 
KPR, since it becomes insoluble after being exposed 
to light, as the result  of the formation of 4-membered 
rings having a substi tuted truxil l ic  acid structure (9). 
The formation of 4-membered rings (10), indicates 
that  in the insolubil ization of KPR, the ini t iated re-  
action does not propagate. The lack of dependence of 
the photosensitivity of KPR on the presence of oxygen 
indicates that free radical  reactions are improbable 
(10, 11). 

On the other hand the exposure of KTFR is oxygen 
dependent,  and its polymerized isoprene dimers (12) 
probably crosslink via a chain propagating free radical 
reaction. Its solubili ty characteristics would therefore 
be different from those of KPR. Charlesby has deter-  
mined that, when  a single crosslink can propagate and 
if the ini t iat ion sites are far enough apart  so that  chain 
te rminat ion  arises from an inherent  property of the 
polymer such as resonance stabilization, then the 
weight average molecular weight of the polymer ap-  
proaches infinity when  5 = [ V / ( V - - 1 ) ] [ i / 2 ( 1 - - i ) ]  
(8). V is number  of sites on the entire polymer mole- 
cule that  are available for crosslinking and (1 - -  i ) / i  
is the number  of l inks in the crosslinking chain. Chain 
terminat ion  by disproportionation or by the combina-  
t ion of two chains is excluded in this discussion. 
[ V / ( V - - 1 )  ] is un i ty  for photoresists since KTFR has 
a number  average molecular weight of 6.5 x 104 and 
a weight average molecular weight of about  100,000 
(13) and each isoprene dimer (molecular weight = 
130) in the molecule has a site available for crosslink- 
ing, so that  V ~ 700. 

Gel point requires a threshold flux.--As long as the 
weight average molecular  weight does not approach 
infinity, i.e., 5 ~ 1 for KPR and 5 ~ i / 2 ( 1 - - i )  for 
KTFR, then the photoresists can be dissolved. The 
value of 5 which is ini t ia l ly zero is determined by  the 
amount  of energy absorbed per  molecule and the n u m -  
ber of crosslinks formed by a molecule per uni t  of 
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absorbed energy. When crosslinking systems such as 
negative photoresists are exposed to an electron beam, 
then the average number  of crosslinks per molecule is 
related to the dose by  

5 = 1.04 x 10 -6 r G W  [1] 

where r is the absorbed dose in megarads (10 s ergs 
absorbed/g) ,  G is the number  of crosslinks formed per 
100 eV absorbed, and W is the weight average molecu- 
lar weight of the polymer being irradiated. 

A value for W of about 3.2 x 105 has been reported 
for KPR (13) so that  unless r ~-- 3/G megarads for 
this resist or r ~ 4.8 i / (1  - -  i )G megarads when KTFR 
is irradiated, none of the resist will  be insolubilized. 
The value of r required to reach the gel point  is 
called the gel dose and is designated as rg~l. The ex-  
posure threshold is the flux of electrons needed to 
t ransfer  the amount  of energy equivalent  to rgel from 
the beam to the resist. The thresholds that  are re-  
ported with light exposures (10, 11, 14) are also 
brought  about by the existence of a gel point and gel 
dose in crosslinking systems. 

A method for calculating rg~l is presented in the next  
sections. 

Energy transfer to photoresists.--It  is expected that 
the amount  of ionization and excitat ion produced by 
electrons changes as the electrons penetrate  the ab- 
sorber, since the probabi l i ty  of inelastic collisions in -  
creases as the energy of the electron decreases, but  
the amount  of energy t ransferred at each collision de- 
creases. Studies of energy loss as a function of pene-  
t rat ion in polymers (15), water  (16), and luminescent  
materials  (17) show that  the amount  of energy t rans-  
fer varies in essentially the same way in all media. 

Charlesby determined (15) the density of ionization 
in polymers as a funct ion of 

penetrat ion into the polymer 

penetra t ion range in the polymer 

The densi ty of ionization is related to the fraction of 
energy transferred,  and his data are replotted in Fig. 4. 
Hatzakis (18) has reported that  electron radiat ion 
of a positive resist yielded a pear shaped hole. His 
observation is consistent with Charlesby's measure-  
ments. 

If it is assumed that  the fraction of energy t rans-  
ferred from the beam to the photoresist layer  also fol- 
lows Charlesby's function and is related to 

thickness of the photoresist layer 

penetra t ion range in the photoresist 

then the amount  of energy t ransferred from the beam 
to the resist can be calculated if the penetra t ion range 
of electrons into photoresist is known. This calculation 
assumes negligible backscatter from the substrate and 
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Fig. 4. Charlesby's relation of energy transfer as a function of 
(penetration/penetration range). 
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is valid since changing the substrate from chromium 
to oxided silicon did not affect the results. 

Since the penetrat ion range of electrons into re-  
sists could not be precisely measured over the full  
range of exposure energies used here, a theoretical 
model for penetra t ion range  was chosen. 

Penetration range of electrons.--Bethe has advanced 
a model for the t ransfer  of energy from nonrelat ivist ic  
electrons by inelastic collisions, in  which the electrons 
follow a straight path into the absorbing medium up 
to a point, after which they randomly  diffuse (19). The 
energy loss per cm is 

dE 2~e4NZ 2E 
- -  - -  l n - -  [2] 

dx E J 

which, when integrated using the limits proposed by 
Worthington and Tomlin (20), gives the range 

j2 2E 

8~e4NZ 

In  these equations R is the range of the electron, and 
E, e, and x are its energy, charge and its distance into 
the absorber, respectively. N Z  is the number  of elec- 
t rons/cc in the absorber and is equal to 3 x 1023 for 

8 
both KPR and KTFR. J : - -  I is the energy needed 

to form an ion pair in the absorber (ionization poten-  
tial) and e is the base of na tura l  logarithms. I has 
been measured to be 26.4 eV when gaseous ethylene is 
i rradiated with electrons (21). Since photoresists con- 
tain ethylenic groups, and since it is usual ly  presumed 
that  I is the same in  solids and liquids (22), I has 
been taken to be 26.4 eV for photoresists. Any  error 
arising from the use of this value should be small  
since other hydrocarbon vapors have values between 
24.8 and 27.1 eV (21). [El 2 ln (2E/J ) ]  is the exponen-  
tial integral  (23) which can be evaluated as 

2 In (2E/J) 2 In (2E/J) [2 In (2E/J] 2 

to give the ranges shown in Table II. 
The range of 5 and 10 keV electrons predicted by 

this model is in good agreement  with the max imum 
thickness of photoresist that  can be exposed at these 
accelerating potentials. On the other hand, the Thom- 
son-Whiddington law (24) predicts ranges that  are 
5 times lower than  the thickness of photoresist that  
can be exposed. 

The ranges from Eq. [3] can now be used to calcu- 
late the total  amount  of energy t ransferred to the 
photoresists by the threshold fluxes at various incident 
electron energies. The gel doses obtained for the en-  
ergies used here (Table III)  show that  layers of KPR 
and KTFR require the threshold flux to t ransfer  2.5 
• 0.2 x 1020 eV/cm ~ just  to make an image visible in 
the photoresist. The uncer ta in ty  is wi thin  exper imental  
error. Charlesby's  exper imental ly  obtained funct ion 
was used for these calculations since Eq. [2] does not 
predict correctly energy t ransfer  as a function of 
penetrat ion in materials  (15-17). The constant  value 
of the threshold dose supports the assumption of a 
gel point. 

G value . - -The  G value for K P R  can be calculated 
from Eq. [1] since the threshold flux is 0.5 gcoul/cm 2 

Table II. Penetration range in KPR and KTFR 

I n c i d e n t  e l ec t ron  Range ,  /tin 
ene rgy ,  keV  E x p e r i m e n t a l  Calc.  

5 0,65 0.66 
10 2-2.5 2.3 
15 ~ 4.8 
20 ~ 8.3 



1244 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  

Table III. Energy transfer in KTFR and KPR 

September  1969 

I n c i d e n t  
e l ec t ron  Res i s t  
energy ,  t h i c k -  

keY ness ,  A 

F r a c t i o n  of E n e r g y  
Res i s t  t h i c k n e s s  e n e r g y  t r a n s -  t r a n s f e r r e d  T h r e s h o l d  

fe r red ,  f r o m  (keV) pe r  flux, 
P e n e t r a t i o n  r a n g e  C h a r l e s b y  e l ec t ron  ~teoul/cm 2 

G e l  dose 
(eV/cmS (eV/cm 3 
• 10 -1~ x 10 -~~ 

5 6000 
1O 6000 
15 3600 

6000 
12000 

20 6000 

0.90 1.O 5.0 0.5 1.6 2.7 
0.26 0.36 3.6 0.7 1.6 2.7 
0.075 0.082 1.2 1.1 0.83 2.3 
0.125 0.16 2.4 0.9 1.4 2.3 
0.245 0.34 5.1 0.9 2.9 2.4 
0.072 0.078 1.6 1.6 1.6 2.7 

at 5 keV, and it was established in the last section that  
the energy of the beam is total ly t ransferred to the 
resist layer  so that  rgel is 4.65 megarads and G = 0.65. 
The G value  of K T F R  cannot be as readi ly  calculated 
since the number  of links in the free radical  chain is 
not known. 

If it is presumed, however ,  that  the number  of in-  
te rmolecular  reactions ini t iated per hundred  eV ab- 
sorbed is the same for KPR and KTFR, i can be esti-  
mated. With this assumption, the G value for in ter -  
molecular  reactions ini t iated in K T F R  is equal  to 
GKPR since there  are 2 bonds be tween each pair of 
KPR molecules  and 

G K T F R  = G i n i t i a t e d  ( 

G K P R  

i 

At the gel point G K T F R  = 

i__i) 
1 +  i 

2 ( 1 - - i )  (0.48) 

so that  i = 0.54 and G K T F R  = 1.20 

This value  of i implies that  there  is about 1 l ink in 
a crosslinking KTFR chain. A G value of 1.05 has 
been repor ted  for smoked-or iented  isoprene rubber  
(25) indicating that  the result  obtained here  is rea-  
sonable. 

These calculations presume that  chain scission does 
not occur to an appreciable extent  at low fluxes. 
Thornley  and Sun (4) showed that  scission is a minor  
process in the radiat ion of negat ive resists, since they  
were  able to i r radiate  resists wi th  up to 6 x 10 -4 cou l /  
cm 2 wi thout  increasing the solubil i ty of the resists. 
Fluxes  greater  than 10 -3 coul /cm 2 caused changes in 
solubili ty which may  arise f rom scission. 

Characteristic curves. The curves in Fig. 1-3 can 
be considered to be the characterist ic curves of the 
photoresists. They are analogous to the curves reported 
for s i lver  halide emulsions except  that  thickness ra ther  
than optical density is measured as a function of ex-  
posure. Contract  functions can be used to describe the 
propert ies of a photoresist  and to predict  the re la t ive  
edge accuities expected in photoresist  systems. Con- 
sider the contrast  function, r, defined in the Results 
Section. r has been related to the end points of the 
thickness vs. exposure curve, ra ther  than the slope of 
the curve, since each of the end points has special sig- 
nificance. As defined, 0 < r ~ 1. 

r appears to depend on the propert ies  of the resist, 
its thickness, and the  incident energy of the beam, but  
in a manner  different f rom the threshold flux. The 
different funct ional  dependence probably  arises be-  
cause the lowest usable flux is not reached when a cer-  
tain number  of crosslinks is achieved (as is the thresh-  
old flux) but ra ther  is reached when  all the photo-  
resist molecules have reacted. Thus, the distr ibution 
of energy to uncrossl inked molecules becomes im-  
portant  and determines  the efficiency of energy usage 
for total  insolubilization. 

The efficiency of energy usage for total  insolubiliza- 
tion can be measured  by comparing the min imum 
number  of crosslinking reactions theoret ical ly  re-  
quired for total  insolubil ization to the number  of 
crosslinking reactions that  actual ly  occur during i r ra -  
diation. The min imum number  of crosslinks requi red  
is equal  to the number  of molecules, for if each mole-  
cule reacts wi th  its neighbor then all the molecules 
could be l inked together.  The number  of crosslinks 
that  actual ly occur is equal  to the number  of electrons 
mult ipl ied by the number  of reactions that  each elec- 
tron can cause. This la t ter  quant i ty  is the product  of 
the G value and the energy each electron t ransfers  
to the photoresist  divided by 100. The number  of mole-  
cules in a photoresist  layer  can be calculated from the 
molecular  weight  and the density of 0.9. Table IV 
contains the informat ion requi red  to calculate effi- 
ciency. It can be seen by comparing Tables I and IV 
that  KTFR has an efficiency of about 1.7r, while  for 
KPR it is 1.1r, but this quant i ta t ive  relat ion has not 
yet  been explained. 

While no quant i ta t ive  relat ion has been established 
between r and the most probable amount  of energy 
t ransferred during an inelastic collision, they  both 
vary  in the same way  when  the energy of the beam 
is decreased or when the thickness of the resist is in-  
creased. The most probable amount  of energy t rans-  
ferred in a collision is (26) 

2ne4NZT ( 2ne4NZT ) 
_~Ep In /~2 _ 0.34 [4] 

2E I2(1 __ ~2) 

where  the symbols are the same as in Eq. [2] whi le  T 
is the thickness of the resist layer  and ~ is the veloci ty  
of the incident electron divided by the veloci ty  of 
light. Values of AEp are given in the last column of 
Table IV. 

Exposure energy: light vs. electrons.--Htoo has re-  
ported that  6000A layers of KTFR can be ful ly ex-  
posed by 2.75 x 105 e rg / cm 2 of 3650A light (11). It 

Table IV. Efficiency and probable energy transfer 

I n c i d e n t  
e l ec t ron  
energy ,  

keV Res is t  

N u m b e r  of  To ta l  
N u m b e r  of e l ec t rons  re -  N u m b e r  of  n u m b e r  of 

I n i t i a l  mo lecu l e s  q u i r e d  fo r  m o l e c u l e s  r eac t i ons  
t h i c k -  i n  res i s t  t o t a l  expo-  an e l ec t ron  t h a t  a c t u a l l y  

ness  of l a y e r / e m  2, sures /cme,  can reac t  occur /cm~ 
resist ,  A x 10 -14 x 1O -~  w i t h  ( x 10 -14) 

Effi- 
c iency  

Mos t  p rob -  
ab le  a m o u n t  

of e n e r g y  
t r a n s f e r r e d  

AE~ (eV) 

5 K T F R  6000 3.24 9.38 60 5.62 0.58 1780 
10 K T F R  6000 3.24 21.9 43.2 9.46 0.34 887 
15 K T F R  3600 1.94 75.0 14.4 10.8 0.18 344 

6000 3.24 50.0 28.8 14.4 0.23 582 
12000 6.48 25.0 61.2 15.3 0.42 1330 

20 K T F R  6000 3.24 100 19.2 19.2 0.17 467 
5 K P R  6000 1.08 11.3 32.6 3.68 0.30 1780 

15 K P R  6000 1.08 62.5 15.6 9.75 0.11 582 
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was found here that  when  5 keY eIectrons are used to 
expose this thickness of KTFR, 1.5 tzcoul/cm 2 are 
required for full  exposure. Since complete energy 
t ransfer  occurs under  these conditions, this flux is 
equivalent  to 7.4 x 104 erg/cm 2 and 5 keV electron 
energy is 3.3 times more efficient than light energy 
in exposing KTFR. As the energy of the incident  beam 
is increased, its efficiency in exposing the resist is 
decreased (lower r )  and 15 keV electrons are only 
about as efficient in exposing KTFR as 3650X light. 

Conclusions 
It has been shown here that:  
1. The range of electrons in photoresist can be pre-  

dicted from Bethe's integrated energy loss equation. 
2. The amount  of energy t ransferred at the thresh-  

old can be calculated from Charlesby's energy t ransfer  
relat ion and the range. 

3. The amount of energy transferred/era3 at the 
threshold is constant  for a given photoresist and is 
equal to 2.5 __ 0.2 x 102o eV/cm 3 for KPR and KTFR. 
This is strong evidence that  supports the assumption 
that  the threshold is due to the gel point of the photo- 
resist. 

4. G values for KPR and KTFR were calculated to 
be 0.65 and 1.20, respectively. On the average, an 
excited KTFR molecule reacts only with one nearest  
neighbor. 

5. The efficiency of insolubil ization changes with 
both the thickness of the photoresist layer and the 
energy of the incident  electrons. The efficiency may 
be related to the contrast  funct ion of the resist and 
to the most probable amount  of energy t ransferred by 
an electron dur ing  an inelastic collision. 
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Electronic Structure of the Vanadate 
and Tungstate Complexes 

Wolfgang Walter and Keith H. Butler* 
Sylvania Electric Products Incorporated, Danvers, Massachusetts 

ABSTRACT 

The excitation and emission spectra of unact ivated y t t r ium vanadate and 
calcium tungstate  have been measured. Relative absorption spectra were de- 
rived from the excitation spectra. In order to aid in the in terpre ta t ion of the 
absorption and emission, a series of semiempirical LCAO-MO calculations 
were carried out on the vanadate  and tungstate  complexes. These calculations 
indicate that  the transi t ions pr imari ly  responsible for absorption are the 
charge t ransfer  t ransi t ions tl -~ 2e and tl --> 4t2. The vanadate  emission peak is 
accounted for by an increase of 0.15A in the vanad ium-oxygen  distance for 
the excited state. Electrostatic splitt ing and the effects of lowering of sym- 
met ry  from Td to D 2 d  a r e  discussed. 

Calcium and magnesium tungstates (1) are impor-  
t an t  phosphors, f requent ly  used for color correction in 
fluorescent lamps. Yt t r ium vanadate  is an important  
host mater ial  in the red emit t ing phosphor obtained 
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by activating it with t r ivalent  europium. Various un -  
activated vanadates (2) are also known to fluoresce 
with moderate efficiency when excited by a low pres- 
sure mercury  discharge. It has also been shown that 
the anions W 0 4  - 2  and VO4 - 3  c a n  serve as activators 
in sulfates and silicates (3). 
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In general, the excitation and emission spectra of 
phosphors activated by cations, such as Sb +3, Sn +2, 
Pb  +2, can be explained as being due to the promotion 
of an electron of the activator to an excited state, fol- 
lowed by lattice relaxat ion to a new equi l ibr ium posi- 
tion and then by a t ransi t ion to the ground state with 
emission of radiation. The energy levels of the ion are 
modified by the influence of the sur rounding  ions so 
that  the energy required to excite the ion in the crystal ~ 6o 
is approximately half  that  needed to excite the free ion. 

If the ion responsible for fluorescence is considered 
to be W +0 or V +~, it is found that  the energy needed ~ 4c 
for excitation would fall deep in the vacuum ul t ra -  
violet, if the crystal field effect were the same as that  
on a cation activator. Hence it was recognized very  zo 
early (4) that  the luminescence must  be ascribed to the 
whole complex ra ther  than to the central  ion and that  
the energy levels of the complex must  be quite different 
from those of the central  iota 

In spite of this recognition of the unique  na ture  of the 
activation, no at tempt has been made to apply modern 
molecular orbital calculations to the problem of in ter -  
pret ing the excitation and emission spectra of crystals 
containing these complex ions. 

For these reasons we have made a s tudy of the elec- 
tronic s t ructure  of the VO4 -3 and WO4 -2 complexes in 
YVO4 and CaWO4, respectively. These two complexes 
can be studied together because of their  identical sym- 
metry  and coordination and because they are isoelec- 
tronic in their  valence electrons. 

Phosphors were made with h igh-pur i ty  components 
using methods described in the section on Preparat ion 
of Materials. The excitation and  emission spectra of 
YVO4 and CaWO4 were measured and the excitation 
spectra were converted into relative absorption spectra, 
as described in the section on Excitation and Derived 
Absorption Spectra. Semiempirical  LCAO-MO (l inear 
combinat ion of atomic orbi tals-molecular  orbital) cal- 
culations were carried out on the complexes assuming 
them to have te t rahedral  symmetry.  The methods of 
calculation are described and the results are given. The 
effects of electrostatic spli t t ing and the reduction to 
D2d symmetry  are discussed and an interpretat ion of 
the derived absorption spectra is given. 

Preparat ion of  Ma te r i a ls  
The y t t r ium vanadate  sample was prepared from a 

mixture  of American Potash and Chemical Company 
Y203 of 99.9999% pur i ty  and Baker V205, 99.8% pure. 
The mix ture  was fired for 1 hr at 1300~ 

The calcium tungstate  sample was prepared by mix-  
ing hot solutions of highly purified Na2WO4 and CaC12, 
followed by washing unt i l  free of sodium chloride and 
firing for 16 hr at 104O~ 

Excitation and Derived Absorption Spectra 
The excitation spectra of unact ivated YVO4 and ,0o 

CaWO4 were measured with a vacuum spectroradiom- 
eter that  automatical ly corrects for the spectral var ia-  
tion of the lamp output. These are shown in Fig. 1 and 8D 
2. In order to get a more appropriate exper imental  
basis for our theoretical studies, we converted the ex- ~_ 
citation curves into relat ive absorption spectra. This ~ eo 
was done by applying some results of the theory of 
the optical properties of powder layers (5). For powder 
layers thick enough for no transmission of exciting ~ 4~ 
radiation, the absorption coefficient ~, is related to the 
reflectance R by 

,~/~ = ( 1 - - R ) 2 / 2 R  [1] 2o, 

where ~ is the scattering coefficient. If the reflectance 
spectrum is known, Eq. [1] can be used to derive a 
relat ive absorption curve since fl remains  near ly  con- 
stant  with wavelength.  Reflectance spectra of YVO4 
and CaWO4 were measured with a Beckman DK spec- 
trophotometer.  However, the resolution was not great 
enough to show any appreciable structure. In  the exci- 
tation spectrum the emitted light in tensi ty  I of the 
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Fig. 1. Excitation and derived relative absorption curve of YV04 
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Fig. 2. Excitation and derived relative absorption curve of CAW04 
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phosphor layer is proportional to the absorbance A 
or, for a thick layer, proportional to 1 - -  R 

I : K A  = K(1. - -  R) [2] 

The constant K was determined by est imating the value 
of R at the wavelength of the highest excitation peak. 
The relative absorption spectrum was calculated from 
the excitation data by application of Eq. [1] and [2]. 
The derived relat ive absorption spectra, which are 
shown in Fig. 1 and 2, were resolved into Gaussian 
functions by a computerized tr ial  and error method. 
The resolutions are shown in Fig. 3 and 4, and Table I 

3o 55 50 45 40 35 
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Fig. 3. Derived absorption spectrum of (V04 resolved into Gaus- 
sian functions. The solid curve shown is the sum of the Gaussians. 
Compare this to the actual absorption curve in Fig. 1. States are 
assigned to the peaks; see text for details. 
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Table I. Gaussian function parameters used in fitting absorption 
curves and transition assignments. The functions have the form: 

A exp- (v - -  vo)2/~% The transitions are all from the 
ground state, 1A~. 

~o ( k K )  A o- ( k K )  A s s i g n m e n t  

Y V O t  
32.6 100 1.05 1Tt (tl--> 2e) 
35.1 14 0.80 aT2 (t l  ~ 2e) 

~1 36.6 5 0,60 1T1 (3t2-~ 2e) 
40.4 52 1.80 ZT2 ( t l -~  2e) 
45.0 14 2.00 ZT1 ( t l -~  4t=) 
49.5 12 2.00 ~T~ (t~ ~ 4t2) 

CaWO~ 
40.0 47 1.00 3T1 ( t l -~  2e) 
42.4 94 1.40 ~T1 ( t l -~  2e) 

c 44.8 54 l.O0 ~T.2 (tl  --> 2e) 
d 46.5 24 0.80 ITI (3t.~ ~ 2e) 

48,4 53 1.70 1Ts ( h - ~  2e) 
52.3 49 1,75 1Tz (tl--> 4t,2) 

g 55.8 77 1.24 1T2 (t ,  ~ 4ts) 
h 58.0 37 0.70 ZTz (3t~--> 4t.~) 

lists the Gaussian parameters.  We have used the min i -  
mum n u m b e r  of Gaussians that  result  in a good fit to 
the absorption curves. The emission spectra of YVO4 
and CaWO4 are shown in Fig. 5. Each curve consists 
of a single almost perfect Gaussian with max ima  at 
22.5 kK and 24.0 kK, respectively (kK ---- kilokayser, 
1 k K  = 103 c m - 1 ) .  

Semiempir ical  Mo lecu la r  Orb i ta l  Ca lcu la t ions  
In order to facilitate the interpreta t ion of the absorp- 

t ion spectra, semiempirical  molecular orbital  calcula- 
tions were carried out on the VO4 -3 and WO4 -2 com- 
plexes. The method is described below. 

LCAO-MO theory.--As usual  in molecular  orbital 
theory (6), the molecular  orbitals r are assumed to 
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Fig. 4. Derived obsorptlon spectrum of CaWO4 resolved into 
Goussian functions. The solid curve shown is the sum of the 
Goussions. Compare this to the actual absorption curve in Fig. 2. 
States ore assigned to the peaks; see text for details. 
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Fig. 5. Emission spectra of YVO4 and CAW04 
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be l inear  combinations of the atomic orbitals uj 

~b| = ~ j C i j U j  [ 3 ]  

The atomic orbitals considered in the calculations were 
the 3d, 4s, and 4p orbitals of the vanad ium or the 5d, 
6s, and 6p of tungsten,  together with 2s and 2p orbitals 
of the four oxygen ligands. The inner  orbitals were 
regarded as part  of the core. By application of the 
variat ional  principle, the assumption of Eq. [3] leads 
to a set of l inear  homogeneous equations for the coeffi- 
cients Cu 

~kCki (Hjk--- EiSjk) = 0 [4] 

Hjk is the matrix element of the one-electron Hamil- 
tonian between orbitals uj and Uk, Sjk is the overlap 
integral between the two orbitals, and Ei is the energy. 
The set of Eq. [4] can only have nontrivial solutions for 
the Cki if the determinant of their coefficients is zero. 
This leads to the secular equation 

[ H j k -  E S j k [  ~-- 0 [ 5 ]  

Equations [3] to [5] can be solved for the molecular 
energies and orbitals. 

Considerable simplification in the calculation results 
from the application of group theory. Instead of using 
the l igand orbitals directly in the expansion of Eq. [3], 
one first finds l inear  combinations of them that  are basis 
functions for the irreducible representat ions of the 
te t rahedral  group Td, and then combines these with the 
central  atom orbitals (7). The orbi tal  combinations 
used are the same as those given by Viste and Gray  
(8). The simplification comes about because the matr ix  
elements between orbitals belonging to different i r -  
reducible representat ions and to different rows of the 
same representat ion are zero. This reduces the deter-  
minan t  of Eq. [3] to a product of smaller determinants.  
In our case, there are twenty-f ive atomic orbitals, so 
that  Eq. [5] contains a 25 x 25 determinant .  This de- 
t e rminan t  reduces to a 3 x 3 de te rminant  of A1 sym- 
metry,  two identical 2 x 2 de terminants  of E symmetry,  
three identical 5 x 5 T2 determinants,  and three ident i-  
cal 1 x 1 T1 determinants.  

Matrix elements.--The overlap integrals were cal- 
culated by means of a computer  program from pub-  
lished analytic atomic orbitals of neu t ra l  vanadium (9) 
and oxygen (10) atoms. The tungsten  orbitals were 
computed by the Herman-Sk i l lman  (11) program and 
then  converted to analytic form. 

The meta l -oxygen in ternuclear  distances were taken 
to be 1.706A for vanadate  (12) and 1.79A for tungsta te  
(13). Ligand- l igand overlaps were neglected. 

The diagonal elements of the Hamil tonian  matr ix  
were approximated in different ways in two separate 
calculations. In the first method, we followed the pro-  
cedure of Basch, Viste, and Gray (14). Namely, the 
diagonal elements were set equal to their respective 
VOIP's (valence orbital  ionization potentials) .  That 
is, Hii was set equal to the energy the i ' th electron 
would have if its ion were free. This, of course, is a 
funct ion of the charge on the ion. Following Basch 
et al., we varied the vanad ium VOIP's as a function of 
effective charge and fixed the oxygen VOIP's to the val -  
ues given in their paper. We did not, however, consider 
the var iat ion of VOIP with configuration, but  only used 
the VOIP's for the lowest configuration. We felt that  
the change of VOIP with configuration was relat ively 
small  and the roughness of the approximation involved 
in this type of calculation did not war ran t  the additional 
refinement. 

The second method of approximation of the diagonal 
Hamil tonian  elements consists essentially, of adding a 
t e rm to each VOIP. The VOIP only takes into account 
the effect on the electron of its own ion and neglects 
the effects of the other ions. To compensate for this, we 
have added the Madelung potential;  tha t  is the electro- 
static energy due to the other ions in the complex and 
in the rest of the solid, assuming them to be point 
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charges (15). With this method, we did not fix the 
oxygen VOIP's but  allowed them to vary  with charge 
as with the vanad ium VOIP's. Basch et al. (14) fixed 
the oxygen VOIP's to correspond to the exper imental  
values found in oxygen containing molecules. This 
par t ia l ly  compensated for the neglect of the effect of 
the other ions. In our method, there is no need to fix 
the VOIP's. The addition of a point charge energy was 
also suggested by Fenske et  al. (16), and more re-  
cently by Brown et  al. (17). 

The off-diagonal matr ix  elements of the Hamil tonian  
were approximated by using the Wolfsberg-Helmholtz 
approximation (18) 

1 
Hij ---- ~ -  F(Hii  + Hjj) Gij [6] 

where Gij is the group overlap integral  and F is an 
adjustable  parameter.  This relationship was used for 
both methods of approximating the diagonal elements. 
In  order to minimize the number  of parameters,  the 
same value of F was used for both ~ and ~ overlaps. 

The calculations were performed on an I.B.M. 1130 
computer. The input  effective charge was varied to 
make it self-consistent with the charge calculated from 
the resul t ing wave functions by a Mull iken populations 
analysis (19). 

Results of Calculations 
Figure 6 shows the energy level diagrams for the 

vanadate  and tungstate  complexes obtained from these 
calculations using the first method of approximation. 
A value of F, the Wolfsberg-Helmholtz parameter,  of 
1.87 was used for both complexes. The self-consistent 
effective charge on the vanadium was 0.98 and therefore 
--0.995 on each of the oxygens. The tungsten  effective 
charge was 0.63 with --0.66 on its ligands. Vanadate and 
tungstate  are isoelectronic in their  valence electrons. In  
their  ground states the tl  level is the highest occupied 
level and is completely filled. We believe that  the 
transi t ions pr imar i ly  involved in absorption are t rans i -  
tions from the filled tl level to the first two unoccupied 
levels: 2e and 4t2 (see next  section). The orbital of the 
tl  level is based solely on the ligands. On the other 
hand, the 2e and 4t2 levels have orbitals that are shared 
between the metal  and its ligands. The calculated mo- 
lecular orbitals in vanadate  indicate that an electron 
on the 2e level spends 65% of its t ime in a vanad ium 
orbital  and the rest in l igand orbitals, while if it is on 
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Fig. 6. Calculated energy levels For V04 - 3  and W 0 4  - 2  

the 4t2 level the percentage increases to 75%. The cor- 
responding figures for tungstate  are 52% and  53%. This 
shows that  the tungsten  bonds are more covalent than  
those of vanadate.  

The order of the levels resul t ing from the second 
method of calculation, in which the Madelung potential  
is added to Hii, is substant ia l ly  the same. However, 
there are notable differences in some of the results. 
Smaller  values of F are required to give reasonable 
results. The dependence of the position of the 2e and 
4t2 levels on F for both methods are shown in Fig. 7. F 
values of 1.65 for vanadate  and 1.54 for tungstate  leave 
the positions of the two levels at about the same posi- 
tions as in the previous calculations. The self-consistent 
effective charges were quite different than previously. 
In  vanadate,  they were 3.0 a n d - - 1 . 5  for vanad ium and 
oxygen, respectively, and in tungstate  3.9 and --1.5. 
These values are closer to the ones expected in a purely  
ionic model, indicat ing the approximation has been im-  
proved. 

The emission peak can be accounted for by a 2e --> tl  
t ransi t ion after the excited state has come to equil ib-  
r ium with a larger meta l - l igand distance. A series of 
calculations on vanadate  were made to study the effect 
of the meta l - l igand distance R on the energy levels. 
The results are summarized in Fig. 8 for the 2e and 4t2 
levels. It can be seen that  in order to get the observed 
emission at 22.5 kK, the value of R for the excited state 
must  be 1.85A. This requires an increase in R of 0.15A, 
which is quite reasonable. 

Additional Splitting of Energy Levels 
The calculations described in the previous section 

neglected to take into account the complete effects of 
the electrostatic repulsion of electrons. These interac-  
tions will  fur ther  split the energy levels. The ground 
state configuration of both complexes is (tz) 6, which 
results in a singlet term, 1A1. The configuration of the 
first excited state is (tz)5 (2e). This configuration splits 
up into the mult iplets  1T1, 1T2, 3T1, and ~T~. Bal lhausen 
(20) gives the order of the levels as 1T1 ~ 1T2 ~ ST2 ~- 

3T1. The other excited state of interest  has the con- 
figuration (tl) 5 (4t2) and splits into singlets and t r ip-  
lets of T2, T1, E, and A1 in  that  order of decreasing 
energy, according to Wolfsberg and Helmholtz (18). 

The order of the levels taken from the above two 
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Fig. 8. Variation of 2e and 4t2 energy levels with internuclear 
distance R in vonadate. The bose line represents the tl level. 

references were based on simplified calculations that 
neglected overlap integrals. Since some of the overlaps 
are large, the order given need not necessarily be the 
actual order. From symmetry  considerations, the only 
allowed electric dipole transit ions from the 1A1 ground 
state are to T2 states. Each of the two excited configura- 
tions has one triplet aT2 and one singlet 1T2. Since the 
ground state is a singlet, t ransi t ions to tr iplet  states are 
allowed only to the extent  that there is spin-orbi t  cou- 
pling. The magni tude  of spin-orbi t  coupling is greater  
in tungsten  than in vanadium so that the t ransi t ion 
intensities to the tr iplet  states should be relat ively 
larger. 

The analysis thus far does not account for all the 
peaks in the absorption spectrum. The magni tude  of the 
spin-orbi t  splitt ing is too small to be observed in such 
a curve. This indicates that  "forbidden" transi t ions are 
present. These can become alIowed because of vibronic 
interactions or a reduct ion of symmetry.  The vanadate  
and tungstate  complexes in YVO4 and CaWO4 are 
actually slightly distorted te t rahedra  having D2d syn2- 
metry. The vanadate  is elongated along the z axis, while 
the tungstate  is contracted. The lowering in symmetry  
splits each of the te t rahedral  levels, except the Az 
levels, into two separate levels. Because of the small-  
ness of this perturbat ion,  it is not  expected that  this 
splitt ing is observed in our derived absorption curves. 
However, the new selection rules now allow a greater 
number  of transitions. The T1 states split into E and 
A2 states in D2d symmetry.  With te t rahedral  symmetry  
transitions to T1 states were forbidden. However, in D2d 
symmetry  transit ions to E states are allowed. 

Assignment  of the various Gaussian components of 
the calculated absorption spectra to specific t ransi t ions 
is necessarily highly speculative. Using Ballhausen's  or- 
dering, it is probable that  the two major  absorptions in 
the vanadate  at 32.6 kK and 40.4 kK are the 1T1 and 
1T2 levels of the t ransi t ion tl -> 2e. The two absorp- 
tions at 45.0 kK and 49.5 kK are then assigned to ZT1 
and 1T 2 of tz ~ 4t2. 

The weaker  absorption at 35.0 kK may  be ~T2 of 
tl ~ 2e with the 3T1 being buried in the major  absorp- 
tion peak. The weak peak at 36.4 kK may be a 1T1 
level for the t ransi t ion 3t2 to 2e. The assignments give 
an exper imental  gap of 11 kK between 2e and 4t2 and 
4.0 kK between 3t2 and h. The triplet  level is 5.5 kK 
below the singlet. 

In the more complex tungsta te  spectrum, the 42.4 kK 
and 48.4 kK peaks are assigned to 1T1 and 1T2 of tl ~ 2e 
with the triplets 3T1 and 3T2 giving 40.0 kK and 44.8 kK 
peaks. The greater intensities of the triplets is in agree- 

ment  with the great ly increased spin-orbi t  coupling in 
tungs ten  which will  mix singlet and triplet  states. 

The singlets 1T1 and 1T2 for the tl  --> 4tu transi t ions 
are placed at 52.2 kK and 55.8 kK. The remain ing  ab-  
sorptions at 46.0 kK and 58.0 kK can be tenta t ively  
ascribed to 1T1 for 3t2 --> 2e and 3t2 --> 4t~. 

These assignments give an exper imental  gap of 9.0 
kK between 2e and 4t2 with an average value of 4.6 
kK between 3t2 and h. The tr iplet  levels are about 3.0 
kK below the singlets. These assignments are summar-  
ized in Table I. 

Conclusions 
This paper is a first a t tempt  to apply semiempirical  

molecular orbital theory to problems of oxygen-domi-  
nated phosphors. The excitation spectra, assumed to be 
due to absorption by a complex ion with appreciable 
covalent bonding, allows derivation of an absorption 
spectrum with much more detail than  can be obtained 
by a reflectance measurement .  Analysis into Gaussian 
components reveals that  a ra ther  complex array of sep- 
arate energy levels must  be present  in the ions. 

The approximations made in the molecular orbital  
calculations were introduced in order to simplify the 
rather  formidable mathematical  problem involved in 
computing the electronic s t ructure  of such complex sys- 
tems. These approximations l imit us to determining the 
average energies of configurations only. 

Recently, molecular  orbital  calculations were per-  
for/ned by Dahl and Johansen (21) on a series of te t ra-  
hedral  complexes, including VO4 s -  but  not WO42-. 
Their  calculations involved the actual  computat ion of 
diatomic coulomb and exchange integrals and thus con- 
tained less severe approximations than  in  our work. 
However, their  extensive computations on the per-  
manganate  complex have shown that the results are 
quite sensitive to the choice of atomic orbitals. It  there-  
fore might be questionable as to whether  more exact 
calculations are warranted  unt i l  more is known on how 
the atomic functions change when the ion is brought  
into the complex. The order of the levels obtained by 
Dahl and Johansen for vanadate  is different from ours. 
Their  results show the 4t2 level to be lower in energy 
than 2e. From a simple crystal  field theory point of 
view, it is more plausible for the 2e state to be lower 
in te t rahedral  symmetry  (22). Furthermore,  this would 
make the results consistent with the level ordering in 
permanganate .  

Even with these limitations, the present calculation 
gives useful results. Selection of a value of the parame-  
ter F to fit the lowest major  peak by a tl  to 2e t ransi t ion 
places the tz to 4t2 t ransi t ion at energy very  close to 
the second major  peak of the absorption spectrum. 

The existence of other energy levels is predicted by 
group theory for the distorted te t rahedral  shape of 
the complex ion in its crystal site. For the vanadate  
ion, tentat ive assignments can be made and the ob- 
served split t ing of the average energy of the configura- 
t ion into singlet A, E. TI, and T2 terms is of the antici-  
pated order of magnitude.  

The more complex spectrum of the tungsta te  can be 
ascribed to transi t ions to tr iplet  terms. The probabi l i ty  
of such transi t ions would be low for vanadate  and con- 
siderably higher for tungstate.  

Assuming a relaxat ion of the lattice after excitation 
is responsible for the Stokes shift giving visible blue 
emission from the ul traviolet  absorption, the change in 
interionic spacing was found to be 0.15A, which ap-  
pears reasonable. 

Fur ther  refinement of the calculation to fix more 
definitely the order and position of the separate terms 
of the various configurations would add to its value. 
Work on such a refinement is in progress. 
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Luminescence Properties of Rare Earth Tellurates 
S. Natansohn 

The Bayside Research Center of General Telephone & Electronics Laboratories Incorporated, Bayside, New York 

ABSTRACT 

The fluorescent proper t ies  of a new class of inorganic  phosphor  mater ia l s  
based on r a r e - e a r t h  te l lura tes  R2TeO6 as host mater ia l s  are discussed. 
Yttr ium, lanthanum,  gadolinium, and lu te t ium tel lurates ,  ac t iva ted  by  t r i -  
va lent  r a r e - e a r t h  or by  u rany l  ions, show significant luminescence under  
u l t rav io le t  or cathode ray  excitat ion.  The cathodoluminescent  response of the  
u rany l - ac t i va t ed  r a r e - e a r t h  te l lura tes  is comparab le  to tha t  of the most effi- 
cient u rany l  phosphors known. The effect of s t ruc tura l  var ia t ions  on the spec-  
t ra l  energy  dis t r ibut ion of the  UO22 + and Eu z+ emission is considered. 

The chemical  l i t e ra tu re  contains few references  to 
the  r a r e - e a r t h  te l lurates .  Mellor (1) repor ts  the  syn-  
thesis of y t t r i um te l lu ra te  by  Berzelius but  gives no 
formula  for the compound. Kent  and Eick (2) ment ion  
paren the t ica l ly  the fo rmat ion  of compounds of the  form 
R2TeO6 under  cer ta in  condit ions in the i r  synthesis  of 
r a r e - e a r t h  (III)  monoxote l lur ides  wi thout  providing 
ident i fy ing informat ion about  these mater ials .  F u r t h e r -  
more, avai lable  l i t e ra tu re  sources contain no reference  
to fluorescent mater ia l s  based on meta l  t e l lu ra tes  as 
the  host matr ix .  This paper  describes the  luminescence 
phenomena  observed on act ivat ion of the opt ical ly  iner t  
Y, La, Gd, and Lu tel lurates .  The g reen-emi t t ing  
u rany l  ion, UO2 2§ and the r ed -emi t t i ng  t r iva len t  Eu 
ion were  the  pr incipal  act ivators  used in this study, a l -  
though other  act ivators  were  also examined.  

Experimental 
The compounds were  p repared  by  mix ing  equimolar  

amounts  of the  appropr ia te  r eagen t -g rade  r a r e - e a r t h  
sesquioxides and or thote l lur ic  acid, Te(OH)8,  and then 
heat ing the mix tu re  in silica crucibles in a series of 
steps up to a t empe ra tu r e  of 1200~ For  best  lumines-  
cent  results,  the  heat  t r ea tmen t  was done in an oxygen  
atmosphere ,  a l though the compounds can be r ead i ly  
formed in air. Typical ly,  the samples  were  fired at  800 ~ 
1000% and l l00~ for 4 h r  each, and the charge  was 
mor ta red  be tween the hea t ing  steps. The r a r e - e a r t h  ac-  

t iva tors  were  added subs t i tu t iona l ly  in the  form of 
oxides, whi le  the u rany l  ac t iva tor  was convenient ly  
added  as the  n i t ra te  or acetate.  The ac t iva tor  concen- 
t ra t ion  was genera l ly  be tween 0.005 and 0.10 mole /  
mole  of R~TeO~. 

The procedure  for es tabl ishing the  composit ion of the  
ra re  ear th  te l lura tes  was given e lsewhere  (3) and the 
presence of the  desired phases was checked af ter  each 
firing step by  x - r a y  diffractometry.  Unless otherwise  
indicated,  the  exci tat ion and emission spect ra  are  given 
in t e rms  of re la t ive  energy vs. wavelength  and were  
obta ined by  the procedure  descr ibed by  Amste r  and 
Wiggins (4). Diffuse reflectance spect ra  were  obta ined 
on the Cary 14 spectrophotometer .  

Results and Discussion 
The Y, La, Gd, and Lu te l lu ra tes  a re  whi te  c rys ta l -  

l ine substances whose x - r a y  powder  diffraction pa t te rns  
were  indexed on the basis of a hexagonal  uni t  cell  (3) 
(Table  I ) .  They are  s t ruc tu ra l ly  different f rom the 
r a r e - e a r t h  tungs ta tes  and molybda tes  wi th  analogous 
formulas  which have been the subject  of extensive in-  
vest igat ions as phosphor  mate r ia l s  (5-7). The na tu re  of 
the  dif f ractograms and analysis  of the  observed sys te-  
matic  ext inct ions  indicate  tha t  Y, La, and Gd te l lura tes  
are  isomorphous,  but  Lu2TeO6, a l though hexagonal ,  is 
of a different  c rys ta l l ine  system. The x - r a y  powder  
diffraction da ta  a re  insufficient to de te rmine  the space 
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Table I. Crystallographic data of rare earth tellurates 

Formula Y~TeOo Le~TeOo Gd~TeO~ Lu~TeO~ 
Structure Hexag. Hexag. Hexag. Hexag. 

ao [ A ]  10.46 10.95 10.60 8.94 
co [A.] 9.95 10.35 10.05 5.08 
Z 8 8 8 3 
dtheor. [g/cm~] 5.67 6.22 7.27 8.12 
dmeas. [ g / cm ~] 5.60 6.10 7.17 8.19 

group of these compounds; however in the case of Y, 
La, and Gd tellurates it is possible to nar row down the 
choice to three space groups P6~, P6~/m, and P6322. 

Spectroscopic Properties of Eu 3 +-Activated R2TeO6 
Activation of the ra re-ear th  tel lurates by lanthanide  

luminogens results in phosphors with emission charac- 
teristics typical  of the part icular  activator. The photo- 
lun~inescent spectra of Eu-S+-activated lu te t ium and 
y t t r ium tellurates are depicted in Fig. 1. The dominant  
emissions in the fluorescence spectra of the ra re-ear th  
tel lurates are observed in the 600-620 nm spectral re-  
gion corresponding to the 5D0-TF2 transition. Significant 
emission is also observed around 700 nm, correspond- 
ing to the 5D0-7F4 transitions. The in tensi ty  of these 
electric dipole transit ions implies that  the Eu 3+ site is 
not a center of symmetry.  Emissions corresponding to 
transit ions from the 5Do to the other levels of the 7F 
multiplet,  namely  7Fo, 7F~, and 7F3, are also present. 
Blasse and Bril (8) postulate the occurrence of the 
5Do-TFo transi t ion only for point symmetries of Cs, Cn, 
and C,v. These site symmetries  are found in each of 
the three possible space groups formulated for the Y, 
La, and Gd tellurates on the basis of x - ray  powder dif- 
fraction data. 

The luminescence spectrum of Eu3+-activated yt -  
t r ium tel lurate  is quite complex, and the mult ipl ic i ty  
of emission lines suggests s trongly that  the Eu is lo- 
cated in more than one site. This is supported by the 
fact that  there are two distinct emission lines present 
in the spectral region of 575 to 578 nm, where the 5Do- 
7Fo t ransi t ion is general ly  found. Since this J = 0 --> J 
= 0 t ransi t ion is not split by the crystal field, the oc- 
currence of two components of this assignment would 
indicate that  the Eu in Y2TeO6 occupies sites of differ- 
ent symmetry.  This is not  the case for the s t ruc tura l ly  
different lu te t ium tellurate, where only one emission 
line is observed for the 5Do-VFo t ransi t ion at 576 nm 
and where the total number  of spectral lines is signifi- 
cant ly  lower. These facts imply a single Eu site in this 
compound. The emission spectra of Eu-act ivated lan-  
t hanum and gadolinium tel lurates (Fig. 2) are similar 
in their  gross features to the spectrum of'Y~TeOe with 
which they are isostructural  but are different in detail. 
The two components of the 5Do-TF0 transi t ion can be 
distinguished in both phosphors. The relat ive intensi ty  
of the various emission lines of the 5D0-VF ~ transit ion,  
however, varies in the isostructural  ra re-ear th  tel lurate  
phosphors. It is possible to distinguish two groupings 
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Fig. 2. Luminescent spectra of Lal.9Euo.lTe06 and Gdz.9Euo.zTeO6 

in the emission lines of the 5DoJF2 transition. The rela-  
t ive fluorescence in tensi ty  of the group at longer wave-  
length increases with increasing ionic radius of the host 
cation, i.e., from Y --> Gd ~ La. A detailed analysis of 
the luminescence spectrum of Eu a+ in ra re -ear th  te l lu-  
rates is in progress. 

The excitation spectra for the Eu 3 + emission in these 
four phosphors are given in Fig. 3. They all have broad 
excitation bands in the short ul t raviolet  range which 
have been ascribed by Blasse and Bril (9) to a euro- 
p ium-oxygen charge- t ransfer  band. The positions of 
the band maxima are 240 nm for Lu2TeO6, 255 nm for 
Y2TeO6, 260 nm for Gd2TeOs, and 272 nm for La2TeO6. 
The excitation spectra also contain nar row bands of 
varying  intensi ty  in the near  ultraviolet  corresponding 
to the f-f  absorptions of the Eu a+ ion. The diffuse re-  
flectance spectra (Fig. 4) show an absorption band at 
300 nm which does not appear in the excitation spec- 
t rum of the phosphors. This absorption is most clearly 
defined in the Lu2TeO6 phosphor but  is present in all 
the investigated compounds, and apparent ly  results in 
a nonradia t ive  dissipation of the absorbed energy. 

The Eu-act ivated rare-ear th  tel lurates are moder-  
ately efficient phosphors. They respond to ultraviolet  
or cathode ray  excitation with a luminous efficiency up 
to 40% that of the YVO4:Eu 3+ (10). The energy t rans-  
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Fig. 3. Excitation spectra of R1.gEUo.lTe06 (R = Lu, Y, Gd, La) 
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Fig. 4a. Diffuse reflectance spectra of Lu~.gEuo.zTe06 
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Fig. 4b. Diffuse reflectance spectra of Y1.gEuo.tTe06 

fer from the tel lurate  lattice to the ra re -ear th  acti- 
vators appears to be inefficient. This is indicated by 
the uncorrected fluorescence spectra of the Dy, Ho, and 
Er-act ivated l an thanum tel lurates (Fig. 5) which show 
the dominant  excitations occurring directly into the 4f 
levels of the par t icular  t r iva lent  lanthanide  ion and no 
apparent  excitation of the host matrix. 

Spectroscopic Properties of U 6 +-Activated R2TeO6 
The fluorescence spectra of the u ran ium-ac t iva ted  Y, 

La, and Gd tellurates are v i r tual ly  identical. A typical  
example is given in Fig. 6 which depicts the cath- 
odoluminescence spectrum of La2TeO6:0.01U ~+. The 
peak emission is at 515 n m  and the halfwidth is 35 rim. 
The emission curve is asymmetrical  and skewed toward 
the longer wavelength. The position of the emission 
band is at a shorter wavelength than  that  observed 
in other u ran ium-ac t iva ted  phosphors such as 
MgsLi6Sb2013:U 6+ (10) and Li4WOs:U 6+ (12). The 
cathodoluminescence spectrum of uran ium-ac t iva ted  
lute t ium tel lurate  is shown in Fig. 7. The different crys- 
tal l ine s t ructure  of this compound results in a signifi- 
cant change in the spectral energy distribution. The 
emission is characterized by two distinct peaks, a 
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Fig. 7, Cathodoluminescent spectrum of Lu2TeO6:O.O1U 6+ 

principal  one at 495 n m  and a secondary band  with a 
max imum at 510 nm. These results demonstrate  that  
the spectrum of the hexavalent  u r a n i um center is 
strongly affected by the na ture  of the crystal l ine host 
matrix.  

The exact na ture  of the emission center  in u r a n i u m -  
activated phosphors is not known. The emission is gen- 
eral ly ascribed to the molecular  u rany l  ion, UO22+, 
which when solvated or in loosely coordinated com- 
pounds such as u rany l  salts or glass, exhibits a series of 
equispaced narrow fluorescence bands in the blue and 
green regions of the visible spectrum. In  Fig. 8, which 
depicts the spectrum of u rany l  nitrate,  it is possible to 

UO= (NO3) 2"6 HzO 
ROOM TEMPERATURE 

420 4 4 0  460 480 500 520 540 560 580 600  
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Fig. 8. Emission spectrum of UO2(NO~)2"6H20 
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distinguish six of these bands which are ascribed (13) 
to electronic transit ions from the lowest excited level 
to the vibrat ional  levels of the ground state. Recently, 
Bell and Biggers (14), in a study of aqueous u rany l  ion 
in perchlorate medium, reported the existence of two 
radia t ion-emi t t ing  levels. They found that  five emission 
bands separated by the ground state vibrat ional  fre-  
quency came from the lowest absorption level of the 
u rany l  ion, while the emission band at the shortest 
wavelength (whose separation is smaller than that  of 
the others) came from the next  higher absorption level; 
the higher level is not noticeably affected by the ground 
state vibrat ions and accounts for only  a small  fraction 
(some 4-5%) of the emitted energy. 

In  the case of solids such as uranyl -ac t iva ted  phos- 
phor materials,  it is assumed that  the molecular UO2 ~ + 
species is preserved in the oxygen-dominated crystal-  
line matr ix  by having the u r an ium coordinated by two 
oxygen ions at a distance which is of the order of that  
found in the uranyl  linkages (the length of the U-O 
bond in solids varies considerably and is given as 1.6- 
2.3A), while the addit ional oxygen ligands required by 
the crystal  symmet ry  are located at distinctly greater 
distances (15). In such systems the interact ion of the 
host lattice with the u rany l  ion is sufficiently strong to 
alter significantly the na tu re  of the radiat ive t ransi t ion 
so that  the u rany l  emission in such compounds is char-  
acterized by a relat ively broad fluorescence band which 
may  have some addit ional  structure. The fact that  the 
ident i ty  of the u rany l  ion is preserved to some extent  
in the ra re-ear th  tel lurates is demonstrated by Fig. 9 
which depicts the photoluminescent  spectrum of 
uranyl -ac t iva ted  Gd2TeO6 taken at room and l iquid N2 
temperatures.  In  the low-tempera ture  spectra it is pos- 
sible to discern the presence of at least three emission 
peaks which were undis t inguishable  at room tempera-  
ture. There seems to be no radiat ion at l iquid N2 tem-  
peratures in the b lue-green  region where Bell and Big- 
gers (14) observed the t ransi t ion from the second, 
higher absorption level, al though it is present  at room 
temperature.  Similar  resolution at l iquid ni t rogen tem-  
pera ture  of the SED curve into more distinct bands is 
observed in Y, La, and  Lu tellurates. 

The positions of the clearly discernible u rany l  emis- 
sion peaks in the ra re-ear th  tel lurates at l iquid N2 
temperatures  and the separation between them is given 
in Table II. Data for u rany l  ni t ra te  at room tempera-  
ture  measured here are included for comparison; these 
agree quite well  with the values cited in the l i terature  
(16). The vibrat ional  spacings obtained in the rare-  
earth tel lurates are significantly smaller  than  those 
of the u rany l  nitrate. This fact implies the crowding 
of the vibrat ional  levels which is indicative of the 
weakening of the in terna l  bonding of the u rany l  ion. 
There is a significant difference between the spacing 
observed in l an thanum te]lurate and the other three 
compounds. It  may be due to an increase in length of 
the u rany l  axial bond in the larger La-compound which 
could lead to a decrease in vibrat ional  frequency (17). 

GdtTe Os: U 6§ 

: t  t.~___~LIQUID N z TEMR 

~t 

M "flEM R 

, \ ' ~ ' 7 ~ ~  
600 460 480 500 520 540 560 580 

WAVELENGTH (rim) 

Fig. 9. Emission spectrum of Gd2Te06:0.O] U 6 + 

1253 

Table II. Vibrational spacing of uranyl emission peaks 

E m i s s i o n  peaks 
C o m p o u n d s  k (nm) p (cm-D A~ (cm-l)  

UO2 (NOs) 2"6H~X:) 489 20,450 880 
512 19,5"/0 840 
534 18,730 870 
560 17,860 

La~TeO6:O.01U 6+ 508 19,680 600 
524 19,080 630 
542 18,450 

Gd2TeO6:0.01U ~+ 513 19,490 690 
532 18,800 680 
552 18,120 

Y2TeOo:0.01U 6+ 513 19,490 690 
532 18,800 680 
552 18,120 

Lu.~TeO~:0.01U 6+ 491 20,370 690 
508 19,660 700 
527 18,980 

The band spacing and the relat ive in tensi ty  of the dis- 
cernible bands is the same in the Y, Gd, and Lu te l lu-  
rates regardless of the position of the principal  emission 
peak (in l iquid NE, 491 n m  for LueTeO6 or 513 nm for 
YETeO6 and GdeTeOe). This implies that the transi t ions 
involved are the same in all compounds but  that the 
energy gap between the ground state and first excited 
level is different. 

Bell and Biggers (14) dist inguish seven major  ab-  
sorption bands in the spectrum of solvated u rany l  ion. 
The oscillator s trength of these bands increases with 
increasing band energy. A somewhat analogous si tua-  
t ion exists in the uran ium-ac t iva ted  ra re -ear th  te l lu-  
rates. In  the excitation spectra of these materials,  
shown in Fig. 10, several bands can be distinguished 
whose intensi ty  increases with increasing band energy. 
The location of the bands corresponds approximately to 
the positions resolved by Bell and Biggers (14). This 
analogy leads to the assumption that  the excitation 
occurs directly into the u ran ium center which in this 
case, where the u ran ium most l ikely occupies a te l lu-  
r ium site in the lattice, is coordinated by  oxygen in 
such a manner  so as to preserve the ident i ty  of the 
u rany l  species. This hypothesis is supported by the fact 
that the diffuse reflectance spectra of these compounds 
(Fig. 4) do not show corresponding host absorption 
bands which would indicate an absorption of the energy 
into the lattice and subsequent  t ransfer  to the activator. 

As indicated by their  excitation spectra, the u r a n i u m -  
activated rare-ear th  tel lurates respond to both short-  
and long-wave u.v. radiation. They are comparable in 
luminous efficiency to Zn2SiO4:Mn 2+ under  excitation 
by a low-pressure mercury  vapor lamp (dominant  
Z:2537A) and to ZnS:Cu  under  medium-pressure  Hg 
lamp (dominant  Z:3650A). The luminosi ty under  
cathode-ray excitation compares favorably with that  
of the best cathodoluminescent  u ran ium-ac t iva ted  
phosphors known, but  it is only 20-25% that  of Zn2SiO4: 
Mn. 

Gd~TeOs Lo ~TeOe 

zzo ' EgO ' sbo ' 3~0 ' 3~0 ' 410220 ' ago ' 3bo ' s40 ~0 ' 4~0 
WAVELENGTH (rim) 

Fig. 10. Excitation spectra of R2TeO6:U 6+ (R = Lu, Y, Gd, Lo) 
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The r a r e - e a r t h  te l lu ra tes  a re  a new class of inorganic  
phosphors wi th  in teres t ing  luminescent  propert ies .  
When ac t iva ted  by  t r iva len t  europium, they  exhibi t  
character is t ics  which are  consistent wi th  the  observa-  
tions made  b y  numerous  researchers  in the  field. The 
exact  ass ignment  of t ransi t ions  is not possible pending  
t h e  clarif ication and resolut ion of the  crys ta l  s t ructure.  
The significant conclusion of the  research  with  u ran ium 
ac t iva ted  te l lura tes  is the  indicat ion tha t  the  iden t i ty  of 
t h e  molecular  ion u rany l  species is p reserved  in a solid 
crys ta l l ine  ma t r i x  as demons t ra ted  by  its fluorescent 
propert ies .  Fu r the r  analysis  is requ i red  to define more  
closely the luminescence mechanisms in u ran ium act i -  
va ted  compounds.  
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Glow Curves with General Order Kinetics 
Reuven Chen 

Physics Department~ Polytechnic Institute of Brooklyn, Brooklyn, New York  

ABSTRACT 

Thermoluminescence  and the rma l ly  s t imula ted  cur ren t  curves obeying 
genera l  order  kinet ics  laws are  being invest igated.  Fo r  these cases, whose 
order  is not necessar i ly  first or second bu t  r a the r  may  have  some noninteger  
value, an effective method  of calculat ing the  act ivat ion energy is given. This 
method is based on measur ing  the t empe ra tu r e  at the m a x i m u m  of the  glow 
peak  and the half  in tens i ty  tempera tures .  Numer ica l  calculat ions for orders  
be tween  0.7 and 2.5, act ivat ion energies be tween  0.1 and 1.6 eV and f requency 
factors be tween  105 and 1013 sec-1 have been done using an I.B.M. 360 com- 
puter .  The resul ts  revea l  the  genera l  character is t ics  of these peaks  and the i r  
dependence  on the parameters .  The new method  for calculat ing the  act ivat ion 
energy is also checked numerica l ly .  

The measur ing  of glow curves was found to be one 
of the most convenient  ways  to de te rmine  the act ivat ion 
energies of t r app ing  levels in crystals .  This includes 
the phenomena of thermoluminescence  (TL) (1), t he r -  
ma l ly  s t imula ted  cur ren t  (TSC) (2), t h e r m a l l y  s t imu-  
la ted e lect ron emission (TSEE) (3), and t he rma l ly  
s t imula ted  capaci tor  discharge (TSCD) (4). The glow 
curves were  analyzed usual ly  by assuming first or sec- 
ond order  kinetics.  The first order  case was inves t iga ted  
first by  Randal l  and Wilkins  (5) who assumed tha t  the 
glow in tens i ty  I may  be given by  

I = -  dn/dt  = sn exp ( - -  E/kT)  [1] 
where  n is the concentra t ion of t r apped  car r ie rs  
( cm-3) ,  t the t ime, s the  f requency  factor  ( s e c - l ) ,  
sometimes re fe r red  to as "the p reexponen t i a l  factor," 
E is the  act ivat ion energy  (ev) ,  k is Bol tzmann 's  con- 
stant,  and T the  absolute  t empera ture .  By solving this 
different ia l  equat ion and assuming a l inear  hea t ing  ra te  
of ~ ~ one has for the  in tensi ty  

I = sno exp ( - -  E/kT)  

e x p [ - - ( s / ~ ) f r : e x p ( - - E / k T ' ) d T "  ] [2] 

Key words:  glow curves,  thermoluminescenee ,  the rmal ly  s t imu- 
lated current ,  activation energy,  kinetics  order, f requency  factor.  

where  no is the  ini t ia l  concentra t ion of car r ie rs  and To 
the  ini t ia l  t empera ture .  The condit ion for the  m a x i m u m  
of the  peak  is found by  different ia t ing Eq. [2] and 
equat ing the der iva t ive  to zero. Thus 

~E/ (kTm 2) = s exp 6-- E/kTm) [3] 

where  Tm is the  t empera tu re  at  the  maximum.  Gar l i ck  
and Gibson (6) in t roduced the  poss ibi l i ty  of second 
order  glow peaks, obeying the equat ion 

I = -- dn /d t  = s'n2 exp ( - -  E / k T )  [4] 

where  s' is a "preexponent ia l  constant"  (cm 3 sec-1) .  
The s61ution of the  equat ion gives 

I = s'no 2 exp ( - - E / k T )  

[ 1 + (s'no/fl) o exp 6-- E/kT ' )  tiT' [5] 

and the  condit ion for the  m a x i m u m  is 

1 + (s'no/~) exp ( - - E / k T ) d T  
o 

2kTm 2 s'no 
- -  exp ( - -  E/kTr~) [6] 

BE 
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Many methods for calculat ing the act ivation energies 
of glow curves have been given (2). Only one of these, 
the "init ial  rise" method (6) is expected to be useful 
for all the possible orders of the process. However ,  in 
many cases, the use of this method is l imited because 
of exper imenta l  (7) and theoret ical  (8, 9) reasons. 

A useful  method of calculat ing the act ivation energy 
by using the t empera tu re  max imum Tm and the falloff 
half  of the peak b ---- T2 --  Tm where  T2 is the higher  of 
the two half  intensity temperatures ,  was given by 
Lushchik (10) for first and second order  kinetics. An-  
other  method using the low tempera ture  half  width  
T = T m  - -  T1 was developed by Halper in  and Braner  
(11). These two methods were  sl ightly modified by 
Chen (12) and are now more accurate and more easily 
usable. Chen also gave another  method in which the 
total  width w ---- T2 - -  T1 is used, and showed that in 
cer ta in  cases this method is preferable.  The three me th -  
ods were  summed up (12) as 

g~ ~- c,~ (kTm2/a)  - -  ba (2kTm) [7] 

where  = is 5, T, or w. The values of ca and b~ for the 
three  methods and for first and second order processes 
are given in Table I. The equations [7] are sl ightly 
changed in cases where  the preexponent ia l  factor de- 
pends on tempera ture  as a power  function s = s" T a 
where  usually --2 --~ a --~ 2 (11-13) (see below).  

Halper in  and Braner  (11) showed that  an easy way 
to determine  the order  of a peak is by checking the 
values of ~g ---- ~.m/no where  nm is the concentrat ion of 
carr iers  at the maximum.  Values of ~g of about 
(1 ~ - 5 ) / e  where  ~ = 2kTm/E ,  should indicate first 
order kinetics, whereas  values around (1 -~ ~ ) /2  in-  
dicate second order. As an aproximat ion to ~g the value  
of ~a' = 5 / w  was taken. Chen (12) found that  a 
characterist ic value of ~g' for first order peaks is 0.42 
and for second order  0.52. 

Al though the convent ional  way  for analyzing glow 
curves is assuming ei ther  first or second order kinetics, 
this by no means covers the general  case even if only 
a single act ivation energy is involved.  Halper in  and 
Braner  (11) wrote  three  simultaneous differential  
equations re la t ing the variables n ---- the concentrat ion 
of t rapped electrons, m = the concentrat ion of holes in 
centers, and nc ---- the concentrat ion of free electrons. 
However ,  Halper in  and Braner  solved the problem 
only for those conditions leading to reduct ion of the 
three  equations to the first or second order cases. 

A bet ter  approximat ion for the general  case may be 
given by the equation given by May and Par t r idge  
(14) 

I = - - d n / d t  = s'n~ exp ( - - E / k T )  [8] 

where  t is not  necessari ly 1 or 2. The general  case of 
l ~ 1 is essentially l imited to samples in which the 
concentrat ion of t rapped carr iers  involved in the glow 
peak is equal  to that  of the empty  centers. May and 
Par t r idge  (14) proved that  for s imultaneous act iva-  
tion of two electrons, the value of l should be 1.5. This 
same value was found by them exper imenta l ly  for TL 
peaks in KCL samples. Par t r idge  and May (15) re-  
port  the same order of 1.5 for NaC1 samples after  a 
certain heat  t reatment ,  whereas  other  peaks in NaC1 
yield values of 0.7 _ 0.1. 

In the present  paper, this problem of general  order 
kinetics is fur ther  investigated. Some of the prop-  
erties of the peaks are found by numerica l  calcula- 
tions of the peaks'  parameters  by the use of an I.B.M. 
360 computer.  Severa l  interpolat ion methods for cal- 

Table I. Coefficients appearing in Eq. [7] for the various methods 
of calculating activation energies 

F i r s t  o r d e r  S e c o n d  o r d e r  
r t} w ~" ~ w 

c= 1 .51  0 . 9 7 6  2 . 5 2  1 .8 1  1 .71  3 . 5 4  
b~  1 .58  0 1 2 0 1 
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culating the act ivat ion energies based on the methods 
of Lushchik, Halper in  and Braner,  and Chen for first 
and second order  are introduced and checked. The 
method based on the measurement  of T is found to be 
the most accurate. 

Theoretical Approach and Numerical  Calculation 
The solution of Eq. [8] gives for l ~ 1 

i = s , n o ~ e x p ( _ E / k T )  [ ( l - - 1 ) s ' n ~  f ~  ~ 
o 

- - I / ( I - - l )  

exp ( - - E / k T ' )  dT' + 1 [9] 

A special ease of this equation for 1 = 2 is Eq. [5]. 
s'no ~-1 has the units of sec -~ and in this sense it is 
s imilar  to s in the first order ease. If  one wri tes  s 
instead of s'no ~-~, one has 

I =  S n o e x p ( - - E / k T )  [ ( l - - 1 ) s  f $  
o 

- - l / ( I - - 1 )  

exp ( - - E / k T ' )  dT'  + 1 [10] 

Al though Eq. [10] is not valid for the case I = 1, it 
can easily be shown that  it reduces to Eq. [2] in the 
l imit  when l -* 1. It  is in this sense that  Eq. [10] is a 
general  formula  applicable for all possible values of l. 

The condition for m a x i m u m  is found by equat ing the 
der ivat ive  of [10] to zero 

[ ( l - -  1) s / r  e x p ( - - E / k T ) d T  + 1 
o 

s l k T ~  2 
--  - -  e x p ( - - E / k T ~ )  [11] 

BE 

Again, a special case for l = 2 would be Eq. [6]. It  
should also be noted that  Eq. [11] reduces to Eq. [3] 
for l = 1 which might  be expected f rom the fact that  
Eq. [9] and [10] are valid for the first order  ease in 
the sense of the l imit  for l ~ 1. 

In a way similar  to what  has been done previously 
(12) for first and second order  peaks, Eq. [11] can be 
solved numer ica l ly  for given values of l, s, E, and r 
(and assuming that  Tm is sufficiently larger  than To) 
to give the value of T~. This is done by approximat ing 
the integral  of the left  hand side of Eq. [11] by a cer-  
tain number  of terms of the asymptotic series (7) 

f~"  e x p ( - - E / k T ' ) d T '  ~ T e x p ( . - - E / k T )  
o 

~=1 T ( - 1 ) - - l n !  [12] 

and solving the equation by the i tera t ive  Newton-  
Raphson method (12). 

This has been done for values of I be tween 0.7 and 
2.5, values of s be tween 105 sec -z  and 1013 sec -1 and 
values of E between 0.1 and 1.6 eV. These ranges 
seem to cover pract ical ly all the parameters '  values 
found experimental ly ,  fl was taken to be 0.5~ and 
this parameter  has not been var ied since we can con- 
sider s/fl  as one parameter  in Eq. [11] and s was 
var ied  by several  orders of magnitude.  As a first ap- 
proximat ion for the i terat ive process, it was found 
useful to take T m =  500 • E. These calculated values of 
Tm are seen in column 4 of Table I for given values of 
E, s, and I shown in columns 1, 2, and 3, respectively.  
Only the cases wi th  1 < l < 2 are given in some detail, 
whereas  only examples  for l ---- 2.5 and l ---- 0.7 are 
shown. The calculations were  done, however,  for the 
whole ment ioned range and the conclusions are based 
on all  of these results. It is to be noted that  the com- 
puted values of T~ for fixed values of E and s depend 



1256 J. ~lectrochem.  Soc.: S O L I D  S T A T E  S C I E N C E  

very slightly on the value of I. This can be under -  
stood by examining Eq. [11]. By taking only the first 
two terms in the series [12] which is a good approxi-  
mat ion for most of the cases (11), Eq. [11] yields 

~ E / ( k T m  2) -~ s e x p ( - - E / k T m )  [1 ~- ( l - -  1)~] [13] 

where ~ = 2kTm/E. This again, reduces to the simple 
equation [3] for the first order case (l = 1). Since 
is usual ly of the order of magni tude  of 0.1, the term 
in brackets changes by 20% at most for extreme l 
values, which may cause changes of only around 1% in 
Tm because of the appearance of Tm in the exponential .  
Thus we may expect Tm to depend only very slightly 
on l for the same values of E and s, which is clearly 
seen in column 4. 

Once the value of Tm is found, the intensi ty  at the 
max imum Im can be found by insert ing Tm into Eq. 
[9] and using again the asymptotic series as a good 
approximation for the integral.  

Now the values of T1 and T2, the low and high tem- 
peratures of half  intensity, can be calculated by solv- 
ing numerical ly  the equation I (T )  = Ira/2, when I ( T )  
is given by Eq. [9]. Again, the series approximating 
the integral  is used throughout  the i teration process. 
As a convenient  first approximation we take 0.95 T~ for 
T1 and 1.05 Tm for T2. A similar process with somewhat 
more details was given previously by Chert (12) for 
the case of l = 1 and l = 2. By using the T1, Tin, and 
T2 values, the parameters  5 = T2 - -  Tm (the high tem- 
perature half  width) ,  T = T m  --  T1 (the low tempera-  
ture half  width and w ~ T2 --  T1 (the total half  
width) are easily found, and shown in columns 5, 6, 
and 7 of Table I, respectively. The geometrical factor 
~g' = 8 /w is found and shown in column 8. Figure 1 
gives calculated values of ~g' as a function of the given 
l values. The upper and lower curves give the limits of 
variations of ~a' values when  E and s are varied, 
whereas the center curve shows the average values. 
This curve may be used for est imating the value of l 
by the measured ~ 's .  The possible error is seen not to 
exceed ___7%. The curve gives more information than  
column 8 in Table II since the given average values 
and possible deviations (for various E and s values) 
are based on many  sets of calculations not included 
in the table. Another  factor characterizing the geo- 
metr ical  shape of a peak, namely,  7 = 5/~ (13) can 
be directly found, this is shown in column 12. 

M e t h o d s  for C a l c u l a t i n g  E and s 
In  order to find the activation energies by one of 

the half  width methods, it is suggested to interpolate 
(and to some extent  extrapolate) the constants ap-  
pearing in  the first and second order equations [7]. 
The interpolat ion could be done according to the 
values of I. However, this magni tude  is not  found 
directly by the exper imental  results. A much more 
convenient  interpolat ion parameter  seems to be ~g' 
which is found directly and easily from the geo- 
metr ical  shape of the peak. ~g' depends almost only on 
l, with only  minor  dependence on E and s (Fig. 1). 
Thus, interpolat ion with respect to the a rgument  ~g' 
is in a way interpolat ion with respect to I. We tried 
first, natural ly ,  the simplest way of interpolation, 
namely,  the l inear  interpolation. We have to write the 
general  equations so that they would give the first 
order case for ~g' = 0.42 and the second order one for 
~g' = 0.52 (12). With the coefficients given in Table I, 
the factors in Eq. [7] for the interpolated-extrapolated 

method would be 

cr = 1.51 -~ 3.0 (~o' - -  0.42) ; br = 1.58 -t- 4.2 (~g' --  0.42) 
[14] 

For the equation using the ~ value one has 

c~ = 0.976 ~ 7.3 (#g ' - -  0.42) ; b~ = 0 [15] 

and for the w method we find 

cw = 2.52 ~- 10.2 (#g'--  0.42) ; bw = 1 [16] 
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Table II. Calculated parameters for given energies, 
frequency factors, and orders of kinetics 

1 2 3 4 5 6 7 8 9 10 11 12 
E s I T , ,  6 r W ~ea' E~ E r  E,v 

1.6 I0 TM 2.5 554.1 33.9 28.1 62.0 0.548 1.486 1.583 1.535 1.210 
0.I 105 2.5 82.1 11.4 8.8 20.2 0.566 0.104 0.098 0.101 1.302 
1.6 I0 I~ 1.9 554.6 27.4 26.4 53.8 0.509 1.575 1.599 1.595 1.038 
0.4 lO w 1.9 144.3 7.4 7.1 14.5 0.510 0.395 0.400 0.399 1,041 
0.1 10 z~ 1.9 37.6 2.0 1.9 3.9 0.511 0.099 0.100 0.100 1.043 
1.6 IOQ 1.9 746.3 49,2 46.5 95.7 0 .514 1.623 1.597 1,618 1.060 
0.4 109 1.9 196.7 13.7 12.8 26.5 0.516 0.408 0 .399 0.408 1.064 
0.1 10 ~ 1.9 52.0 3.8 3.6 7.4 0.517 0.103 0.100 0.102 1.069 
1.6 10 ~ 1.9 1124.3 110.3 100.2 210.5 0 .524 1.713 1.589 1.659 1.100 
0.4 10 ~ 1,9 303.6 32.1 28,9 61,0 0.526 0.434 0.397 0.417 1.110 
0,1 105 1.9 82.5 9.4 8.4 17.8 0 .529 0.110 0 .099 0.105 1,121 
1.6 10 ~ 1,5 554.9 22.7 25.0 47.7 0 ,476 1.616 1.606 1.623 0.907 
0.4 1013 1.5 144.4 6.1 6.7 12.9 0.476 0 .406 0.402 0.466 0.910 
0,1 10 ~ 1,5 37.6 1.7 1.8 3.5 0.477 0.102 6.100 0.102 0.912 
1.6 109 1.5 747.1 40.9 44.2 85,1 0.481 1.668 1.605 1.645 0.926 
0.4 I(P 1.5 196.9 11.4 12,2 23,6 0.482 0.420 0.401 0.412 0.930 
0.1 109 1.5 52.0 3.2 3.4 6.6 0.483 0.106 0 .100 0.103 0.934 
1.6 105 1.5 1126.6 92.3 95.9 188.2 0.490 1.765 1.598 1.687 0.962 
0.4 105 1.5 304.3 26.9 27.7 54.6 0.492 0.447 0 .399  0.424 0.970 
0.1 105 1.5 82.7 7.9 8.1 16.0 0.495 0.113 0.100 0,107 0,980 
1.6 101~ 1.1 555.2 16.7 23.3 40.9 0.431 1,591 1.605 1.613 0.757 
0.4 10 ~ 1.1 144.5 4.8 6.3 11,1 0.431 0.399 0.401 0.404 0.759 
0.1 101~ 1.1 37,6 1.3 1.7 3.0 0.432 0,100 0 .100 0.101 0.761 
1,6 10" 1.1 747.8 31.9 41.3 73.2 0.436 1.647 1.604 1.635 0.772 
0.4 10 ~ 1.1 197.1 8.7 11,4 20.3  0.437 0.414 0.400 0.409 0.775 
0.1 109 1.1 52.1 2.5 3.2 5.7 0.438 0.104 0.100 0.103 0.778 
1.6 1(~ 1.1 1129.1 72.4 90.4 162,7 0.445 1.755 1.598 1.676 0.801 
0.4 105 1.1 305.1 21.1 26.1 47.3 0.447 0.445 0.399 0.421 0.80,8 
0.1 105 1.1 82.9 6.2 7.6 13.9 0 .449 0.113 0.100 0.106 0,816 
1.6 105 0.7 1131.6 49.7 82.6 132.2 0,376 1.449 1,568 1.530 0.602 
0.1 108 0.7 57.6 2.1 3.5 5.6 0.372 0.086 0.098 0.094 0.591 

The results found by [14], [15], and [16] calculated 
by the computed #g' values are given in columns 9, 10, 
and 11 of Table II, respectively. These results may be 
compared to the known energies in order to evaluate 
the accuracy of each method separately. It is seen very 
clearly that  the methods using the values of 8 or w 
give poor evaluations for the activation energy, 
whereas Eq. [14] gives results which are always wi thin  
2% or bet ter  of the correct E value. This is t rue not 
only for the examples given in Table II but  also for 
all the checked possibilities (see the ranges of the 
parameters  above). Thus we cover most of the ex- 
per imenta l ly  possible cases. 

Once the activation energy is known, an estimate on 
the frequency factors can be found by the use of Eq. 
[13]. A reasonable value of s is found even when the 
factor (l --  1)A is neglected. A bet ter  evaluat ion can 
be calculated by est imating the value of l according 
to the measured ~g' and using Fig. 1. It  is self evident 
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0.54 / /" 
/ / 
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"~  0.5C / ~///I 
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0.40 II/~/I 

0.58 '~/// 
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o3~!~ o', /, & /5 ,!7 ~!, L ~'5 ~,5 
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Fig 1. Calculated geometrical factor (~g') as a function of the 
given kinetics order ( I) .  Central line gives the average values, upper 
and lower lines give the largest possible variations (for various 
E's and s's) for the given I's. 
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that the bet ter  the approximation in finding E, the 
bet ter  the corresponding calculated factor s. In order 
to find the constant s'(s = s'no~-l), we have to have 
some addit ional information about no. 

Discussion 
Glow curves obeying a general  kinetic law of the 

form given by Eq. [8] have been investigated. A 
method for calculating activation energies by the use 
of the max imum temperature  and the low tempera ture  
half  width was found by l inear interpolat ion between 
the known formulas of first and second order kinetics. 
Similar  methods using the high temperature  half  
width and the total half  width have failed. It is pos- 
sible that  by the use of nonl inear  interpolation, bet ter  
formulas could be found for the energy. However, this 
would make the equations more complicated. The 
results found by Eq. [14] are accurate to about 2%, 
which is comparable to the precision of the original 
first and second order formulas. This seems to be satis- 
factory for practically all the cases, especially since the 
possible exper imental  errors may contr ibute  higher 
inaccuracies. Moreover, it has been shown (11, 12) that  
methods using the low temperatures  half  width are 
bet ter  in the sense that this port ion of the peak can 
be "cleaned" by thermal  bleaching in order to get rid 
of possible satellites, which would result  in bet ter  
calculated energy values. 

It  should be ment ioned that  the success of in terpo-  
lat ing the equations using the low temperatures  half  
width seems to be due to the fact that  the value of 
T does not depend strongly on l. The error done by 
using the first order T equation for a second order 
peak, for example, would not exceed usual ly 20%. The 
reduction of the possible error to less than  2% by 
interpolat ion seems, however, to be essential. 

Interpolat ion with respect to the other geometrical 
factor ~ (7) in the same way yielded results about as 
good as the mentioned ones when the T method was 
used, and about as bad for the 8 and w methods. A n-  
other method employing the value of T for finding 
the activation energy was given by Grosswiener (16) 
as follows 

EG = a~ kTITm/T [17] 

where ar = 1.41 for first order and a~ = 1.68 for 
second order (12). By interpolat ion between these two 
coefficients according to the ~g' values, results good to 
about 2% were found again. 

The present  method for est imating the value of l by 
the use of Fig. 1 seems to be quite rel iable and appre-  
ciably simpler than  the method ment ioned by May 
and Partr idge (14). A n  important  point to be em- 
phasized is that the present  investigation gives a bet ter  
insight to the relat ion between the various order 
kinetics. Equations [8], [9], [10], [11], and [13] are ap- 
plicable for all values of I including 1 and 2 (Eq. [9] 
and [10] in the sense of the l imit for l --> 1). Although 
the present t rea tment  does not cover the problem of 
general  glow peak associated with one activation en-  
ergy, this approach seems to give much more reliable 
results for the calculated parameters  than just  using 
first or second order assumptions, which is the con- 
vent ional  approach. 

Finally,  it has to be noted that  we dealt here only 
with the case of frequency factors independent  of tem- 
perature.  It has been ment ioned above that  in some 
cases s depends on tempera ture  as some power func-  
tion, s -~ s" T a where s" is a constant and --2 --~ a ~ 2. 
For  this case, it has been shown (12) for first and 
second order kinetics that  a bet ter  approximation 
can be found by subtract ing akTm from the value cal- 

culated by any of the usable methods. It  can be shown 
that  this correction is applicable for the present ly  dis- 
cussed more general  case, and thus, when "a" is known 
by some other measurements,  it may be used. This 
correction seems to be significant, since in some cases 
it may  change the calculated energy value by  up to 
10%. 

Symbols 
E activation energy, eV 
s frequency factor, sec -1 
s' preexponential  factor, sec -1 cm 3(~-1) 
1 kinetics order 
T, T' temperatures,  ~ 
To init ial  temperatures,  ~ K 
Tm tempera ture  at the maximum, ~ 
T1, T2 half intensi ty temperatures,  ~ 

heating rate, ~ 
t time, sec 
k Boltzmann constant, eV/~ 
I glow intensi ty  
Im maximal  glow intensi ty  
n concentrat ion of t rapped electrons, cm -3 
no ini t ial  concentrat ion of trapped electrons, 

era-3 
nm concentrat ion of trapped electrons at the 

maximum, em -3 
m concentrat ion of holes in centers, cm -3 
nc concentrat ion of free electrons, cm -3 
T low tempera ture  half  width, ~ K 
5 high temperature  half width, ~ K 
w total half  width, ~ 
E~,E~,E~,E~ activation energies calculated by various 

methods, eV 
c~,b~,c~,br, c~,b~,cw, bw,aT 

constants appearing in various equations 
for finding activation energies 
correction factor (=2k%n/E) 

~g characteristic factor (----n~/no) 
~g' geometrical factor (---- 5/w) 
~ geometrical factor (----5/T) 
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ABSTRACT 

Procedures for the growth and doping of calcite crystals in gel systems 
are described. Crystals surrounded by gel tend to incorporate the silica ne t -  
work with its s tructure intact. Hybrid methods avoid this contamination.  
Crystals then grow in small volumes of solution, the solution being re-  
plenished by diffusion through gel filtering media. The solution cavities can 
be seeded with calcite crystals which then serve as substrates for epitaxial  
growth. Weight increases by factors up to 10 are easily achieved. 

Calcite crystals have wel l -known applications in 
optical ins t rumenta t ion  and laser technology (1), and 
since the sources of na tura l  specimens appear to be 
diminishing, a special interest  attaches to all methods 
of growing the mater ial  artificially. Control over the 
na ture  and concentrat ion of dopants should be 
achieved at the same time. Previous growth attempts 
of calcium carbonate by a hydrothermal  method have 
been described by Ikornikova and co-workers (2), 
experiments on growth in solution by Gruzensky (3) 
and by Kaspar (4), and in electrochemical systems by 
Barta and Zemlicka (5). Morse and Donnay (6) and 
McCauley (7) have dealt with growth in gels, the last 
with emphasis on reaction mechanism and phase as- 
pects. In  the present paper some new procedures for 
gel growth are described and the factors which con- 
trol  crystal perfection are discussed, with special ref- 
erence to the inclusion of silica. Experiments  with 
rare earth and transi t ion metal  dopants are also re- 
ported. 

Growth Methods 
The formation of calcite is accomplished by the 

reaction between carbonates and calcium salts in 
sodium metasilicate gels. Two methods have been de- 
veloped for this purpose. In  the first the gel itself 
contains the carbonate. An aqueous mixture  of sodium 
metasilicate and a carbonate is prepared and the pH 
adjusted to between 7 and 8, usual ly by means of 
acetic acid. After the gel has set, calcium salt solution 
is put on top and allowed to diffuse. Test tubes (25 x 
200 mm) are used in the ordinary way (Fig. 1), but  
bottles up to z/2 gallon volume were employed for 
some of the large scale experiments.  Attempts to mix 
the calcium salt with the gel in the same way fail 
because calcium silicate precipitates at and above a 
pH of 7. At lower pH values this precipitat ion is 
avoided, but  any subsequent  diffusion of carbonate 
leads to CO2 production which destroys the gel. 

In  the second method the neut ra l  gel is ini t ial ly free 
of calcium and carbonate ions. The reagents diffuse 
into it from two sides and form calcite where they 
meet. This is convenient ly  done in U-tubes  (25 x 200 
mm) or in tubes (45 x 130 mm) with fritted inserts 
(Fig. 2). 

There appears to be no significant difference be-  
tween the merits of the two methods; both produce 
well-shaped calcite rhombohedra of up to 6 mm size, 
within 6 to 10 weeks. A few spherulites of aragonite 
and vaterite also appear. The three modifications have 
been verified by comparison of the d-values derived 
from x- ray  diffraction measurements  with those 
compiled by Swanson and Fuyat  (8, 9) and by Mc- 
Connel  (10). Room tempera ture  (25~ proved to be 
opt imum for growth. High temperatures,  e.g., 70~ or 
so, favor the formation of aragonite (11-13) and 
cause bubbles to appear which disrupt the medium. 

In  all cases the gels were made from analytic grade 

1 Also  D e p a r t m e n t  of  Physics. 

Na2SiOs.9H20, with final densities between 1.02 and 
1.03, corresponding to between 0.17 and 0.23M Na2SiO3 
in the gelling solutions. As a source of carbonate ions, 
solutions of Na2CO~ (pH 11.6), (NH4)2CO3 (pH 9), 
NaHCO8 (pH 8.6), and NH4HCO~ (pH 8.4) were used, 
and the calcium was derived from CaC12 or CaAc2. 
The combination which yielded the best results was 
found to be (NH4)2CO~ + CaC12 in equal concentra-  
tions (0.16M). Na2CO3 is less suitable on account of 
its high pH which, on neutralization,  leads to high 
sodium acetate concentrations. These have been found 
to affect the qual i ty  of the resul t ing crystals adversely 
whereas ammonium acetate appears to have no such 
effect. 

Growth Products 
Crystals grown in the normal  way as described, 

although well-formed rhombohedra (Fig. 3), are al- 
most invar iably  turbid,  obviously due to inclusions. 
As far as metals are concerned, the crystals contain 

# ~ ~ a o r oor 

oOO~ 

C o C I 2  
SOLUTION 

CALCITE 
~CRYSTALS 

GEL 
~CONTAINING (NH4)zCO 3 

Fig. 1. Test-tube method for growing calcite crystals in gel 
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Fig. 2. Growth of calcite in U-tubes and tubes with flitted inserts 
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Fig. 3. Rhombohedra of gel-grown calcite. Edge lengths: 2.5 mm 

about 80 ppm of Sr and smaller amounts  of Ba, Mg, 
and Cu, as determined by emission spectroscopy. How- 
ever, they also contain relat ively large amounts  of 
Na and Si (as SiO2), both nonuni formly  distributed, 
but  not in coinciding patterns, as shown by electron 
microprobe tests. Quant i ta t ive analysis showed that  
the amount  of SiO2 varies between 0.47 and 1.7% 
when prepared in gels of varying density between 1.02 
and 1.03 g/cc. Despite this gross contaminat ion , - the  
specimens have well-developed and smooth crystal 
faces. Dissolution of a turbid  crystal in acid leaves a 
residue which mainta ins  the shape of the original 
specimen. Figure 4 shows this after part ial  solution; 
the dense inner  core is part  of the original calcite 
crystal. The surrounding residue turns  out to be silica 
gel which can be examined by the freeze-drying tech- 
nique already described (14) and shown to have 
the same structure as the original growth medium 
(Fig. 5). It is clear from the results that the silica 
network which constitutes the gel is incorporated 
into the growing crystals more or less intact. In this 
way, calcite differs great ly from other gel -grown crys- 
tals, e.g., calcium tartrate, which are surpris ingly 
free from silica contamination. In  these cases, the gel 
is bodily displaced by the advancing growth surface, 
whereas calcite permeates the silica network while 
main ta in ing  a high level of shor t - range order. In this 
respect, the gel-grown specimens resemble certain 
na tura l  calcite structures, e.g., the spikes of sea ur -  
chins. 

A few of the crystals are found to grow in fissures, 
and thus at the boundaries between gel and solution. 
These are turbid  to the extent  to which they overlap 
the gel and clear to the extent  to which they grow 
in solution. The two regions can be clearly seen in 
Fig. 6. The same observations were made on crystals 

Fig. 4. Gel-grown calcite crystal after partial dissolution in acid. 
Original edge length: 2.5 mm. 

Fig. 5. Gel structures revealed by an electron scanning micro- 
scope after vacuum freeze drying: (Q) gel residue after crystal 
dissolution. 

Fig. 5 (b). Normal growth medium, x3000 

of aragonite and vateri te grown by the same pro- 
cedures. 

Doping 
The methods described above can also be used for 

the preparat ion of doped crystals. Dopants in the form 
of chlorides or nitrates can be incorporated in the 
sodium metasilicate solution before gelling or else in 
the supernatant  solution. Small  amounts  did not affect 
the growth habit  of the calcite crystals, but  high 
dopant  concentrat ions were found to prevent  the 
growth of regular  rhombohedra.  The max imum per-  
missible concentrations for regular  growth differed for 
the various metal  ions examined. For Co +2, Ni +2, 
Cu +~, Mn +2, Mg +2, and Zn +2, they were of the order 
of 10-3M in the gel and 5 to 20 times higher in the 
supernatant  solution. For Cr +a the max imum is about 
0.1M (in the gel). All  these metals form hydroxides 
which are insoluble in pure water  but  somewhat 
soluble in the presence of NH4OH and ammonium 
salts. For Nd +3, Ho +3, Er +3 and Fe +3, the max imum 
permissible concentrations in the gel were of the order 
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Fig. 6. Boundaries between calcite regions grown in gel and 
those grown in solution. Edge lengths: 2.5 mm. 

of 10-*M or,  as in the last case, too small  to be readily 
determined. These metals form hydroxides and car- 
bonates which are even more insoluble than those 
listed above under  the growth conditions employed. 
It is therefore reasonable to assume that they pre-  
cipitate earlier in microcrystall ine form. Subsequent  
calcium carbonate growth would then occur by epi- 
taxy, as suggested by Johnston and co-workers (12, 
15), and discussed by McCauley (7) who list many  
other references. Epitaxy would lead to growth with-  
out any part icular  relation to the rhombohedra  found 
at lower concentrations. For the metals which form 
more soluble hydroxides and carbonates, the same 
effect would occur at higher concentrations. This in ter-  
pretation is in harmony with the fact that  dopant  
concentrations which are high enough to destroy 
regular  growth also lead to greatly increased nuclea-  
tion. Valency consideration must, of course, enter  into 
this picture, but  the high permissible concentrations 
of Cr +a discount their  dominat ing importance. For 
reasons which are not yet clear, there is an enr ichment  
of dopants in the crystals by a factor of about 100, as 
compared with the average dopant concentrations in 
the gel. 

It was shown by means of the electron-microprobe 
that the dopants are uni formly distributed wi thin  the 
crystals, whether  clouded by silica networks or not. 
Of the crystals doped with the above elements, only 
those containing Mn were found to be (slightly) 
photoluminescent  in the orange region of the spec- 
trum, and also cathodoluminescent in the red. 

Hybrid Procedures 
The success of the gel method is believed to de- 

pend, in the ordinary way, on two principal  features: 
(a) crystals are grown by diffusion, which means that  
the solute concentrat ion at the growth boundary  is 
self-regulat ing in accordance with the needs of the 
growth process itself, and (b) nucleat ion is suppressed 
by the gel, part ly because it acts as an efficient filtering 
medium and serves also to isolate a good deal of solute 
in cavities which are too small  to permit  homogeneous 
nucleat ion to be effective. As shown above, the method 
has, at any rate for calcite, the disadvantage of lead- 
ing to substant ia l  inclusions of silicate gel network 
into the growing crystals. This suggested that hybrid 
methods should be more successful. In these, crystals 
are grown in solution without, in principle, losing the 
general  benefits of the gel method. To achieve this, 
the volume of the solution should always be com- 
parable with that of the growing crystals, a condition 
not easily achieved, and especially not during the 
init ial  stages of growth. In practice, a compromise 
must  therefore be made, the solution volume being 
kept as small as is technically feasible. The solute 
must  be replenished by diffusion in order to approach 
the self-regulat ing boundary  concentrat ion mentioned 
above, and the diffusion medium must  be a gel. These 
requirements  distinguish the opt imum ar rangement  

coal2 
�9 ~ ~SOLUTION 

IN IT IAL  
NH4Cl ~ �9 _ _  

(a) 
TEST TUBE 

T-7 
. ~ y  (NH4) 2 CO 3 SOLUT ION 

I 

~/~ WATER OR NH4Cl 
SOLUTION FILTERED 
THROUGH GEL 

~ S E E D  CRYSTAL 

(b) 
U-TUBE 

Fig. 7. Systems for calcite growth by hybrid gel method 

from the systems, otherwise similar, proposed by Tor- 
gesen and Peiser (16). Figure 7 gives two examples. 
In the tes t - tube system on the left, sodium metasilicate 
solution is floated on a concentrated solution of 
NH4C1 and allowed to gel before adding the super- 
na tan t  CaC12 solution. Crystals then grow pr imari ly  in 
the solution belt. Unwanted  nucleat ion on the wall  of 
the tube can be diminished by giving it an ini t ial  gel 
coating. The system on the right involves diffusion of 
the reagents through separate gel columns, and the 
entire growth medium is filtered in this way. The 
solution can be seeded with a small calcite crystalli te 
derived from a pure gel system or from other sources. 
Epitaxial  growth occurs, and the new layers are clear, 
no matter  whether  the seed contains a silica network 
or not. When clear seeds are used, no boundary  be- 
tween substrate and new growth can be optically de- 
tected. Weight increases by factors up to 10 are easily 
achieved. 
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ABSTRACT 

The reaction of single crystal ge rmanium with water vapor and hydrogen 
sulfide at low part ial  pressures in hydrogen was studied in a gas flow system 
in the tempera ture  range 650~176 At l inear  gas velocities of 30 cm/sec or 
higher and water  part ial  pressures of 26 Torr or lower, the reaction of ger- 
man ium with water  vapor is surface l imited with an activation energy of 
46 • 2 kcal/mole. Clean and structureless surfaces were produced, inde-  
pendent  of the dislocation density in germanium, at 900~ and a water  par-  
tial pressure of 26 Torr. At low partial  pressures of hydrogen sulfide in hydro-  
gen, the etching of germanium is diffusion limited at temperatures  above 
800~ and is surface l imited at lower temperatures  with an activation energy 
of 20 _ 1 kcal/mole. The hydrogen-hydrogen sulfide mix ture  is a less effec- 
tive nonpreferent ia l  etchant than the hydrogen-water  vapor mixture.  

Chemical etching is the most common technique for 
the surface preparat ion of semiconductor crystals. 
Room temperature  aqueous etchants, such as CP4 (1) 
and iodine etch A (2), and h igh- tempera ture  gaseous 
etchants, such as hydrogen chloride (3) and hydrogen 
iodide (4), are used for germanium. The behavior of 
germanium toward these etchants depends strongly on 
the mechanical  preparat ion of its surface prior to etch- 
ing. Smooth and damage-free surfaces are readily ob- 
tained from a mechanically polished specimen. The 
etching of mechanical ly lapped surfaces always in-  
duces preferential  attack along dislocations in the bulk 
leading to the formation of pits. This is highly undes i r -  
able. For example, an epitaxial  layer grown on a pitted 
substrate retains its surface appearance, and any junc-  
tions formed in the epitaxial  layer would not be planar.  

The etching of silicon by gaseous reagents has been 
studied more extensively. Water vapor and hydrogen 
sulfide at low partial  pressures in a hydrogen atmo- 
sphere are superior to hydrogen halides in several re- 
spects (5, 6). The reaction between silicon and water  
vapor is chemically irreversible, thus facili tating the 
control of electrical resistivity of epitaxial layers. The 
use of hydrogen sulfide as an etchant provides clean 
and structureless surfaces at temperatures  considerably 
below those required by hydrogen halides. However, 
water  vapor and hydrogen sulfide have not been used 
as etchants for germanium. 

Germanium reacts with water  vapor or oxygen at 
high temperatures  to produce volatile germanium mon-  
oxide (7, 8). The chemical reactions may be wr i t ten  as 

Ge(s)  -k H20(g)  ----- GeO(g) -b H2(g) 

2Ge(s) + O2(g) -~ 2 GeO(g) 

The vapor pressure of germanium monoxide over ger- 
man ium and germanium dioxide corresponding to the 
reaction 

Ge(s)  + GeO2(s) --~ 2GeO(g) 

is at least 10 -3 Torr  at temperatures  above 550~ (9). 
The equi l ibr ium constant of the reaction between ger- 
man ium and water vapor has been approximated as 
log K ---- 6.45 - -  10,270/T (10). Since the equi l ibr ium is 
shifted to the formation of germanium as the tempera-  
ture  is decreased, germanium monoxide produced in 
the h igh- tempera ture  region will  be reduced by hy-  
drogen in the lower temperature  region. This reversi-  
bil i ty has been utilized in the chemical t ransport  of 
germanium. 

The reaction of germanium with hydrogen-hydrogen 
sulfide mixtures  at 850~176 yields volatile ger- 
man ium monosulfide (11). Germanium monosulfide is 
the most stable divalent  germanium compound and may 
be melted and vaporized without decomposition. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

In the present  work, the reaction of a germanium 
single crystal with hydrogen-water  vapor and hydro-  
gen-hydrogen sulfide mixtures was studied in the tem-  
perature range 650~176 Clean and structureless sur-  
faces have been obtained by using hydrogen-water  
vapor mixtures  over a l imited range of concentrat ion 
and temperature  conditions. 

Experimental 
The etching of germanium crystals with hydrogen-  

water vapor and hydrogen-hydrogen sulfide mixtures  
was carried out in a gas-flow system. Hydrogen was 
purified by diffusion through a pal ladium-si lver  alloy. 
Hydrogen-water  vapor mixtures  containing up to 26 
Torr of water were obtained by saturat ing all or part  
of the hydrogen with distilled water  at 26.5~ To in-  
sure saturation, hydrogen was first bubbled through 
water  at 45~ and excess water was condensed in a 
second reservoir mainta ined at 26.5~ A hydrogen-  
hydrogen sulfide mixture  containing 2.8% hydrogen sul- 
fide, purchased from the Matheson Company, East 
Rutherford, New Jersey, was fur ther  diluted with 
hydrogen to the desired concentration. 

Germanium crystals were in the form of wafers, 1.7 
x 1.7 x 0.05 cm in size, with main  faces of {111}, {110}, 
and {100} orientations. The { l l l } -o r i en ted  wafers, 3 
ohm-cm p- type with an average dislocation density of 
4 x 103 cm -2 and 0.03 ohm-cm p- type with an average 
dislocation density of 2 x 104 cm -2, were used in most 
experiments.  The {110} and {100}-oriented wafers were 
1 ohm-cm p- type and 0.02 ohm-cm n-type,  respectively. 
These wafers were mechanical ly lapped with 15~ alu-  
mina  or polished with 0.3~ a lumina  followed by chemi- 
cal etching with iodine etch A (2) for 1 to 2 min. The 
lapped and etched specimens always exhibited pitted 
surfaces with the degree of pi t t ing related to the dis- 
location density. 

Both resistance heating and rf heating of germanium 
wafers were used. In  the former, the wafers were sup- 
ported on a fused silica plate in a silica tube of 2.5 cm 
ID, heated by a tube furnace. In rf heating, the wafers 
were supported on a silicon carbide coated-graphite 
susceptor in a fused-silica tube of 5.5 cm ID, and the 
susceptor was heated external ly  by an rf generator. 
Results obtained by both heating techniques were 
quali tat ively the same. Resistance heating was used 
in obtaining the data reported here because of the ease 
of tempera ture  control. The specimen tempera ture  usu-  
ally fluctuated no more than • I~ dur ing the etching 
experiments.  

The etch rate of germanium was determined by the 
weight change of the sample, its surface area, and the 
reaction time. The reaction time, 30-120 min, was ad- 
justed so that  weight differences were more than 20 
mg. The weights were measured to • 0.1 mg. The etch 
rates were usual ly  reproducible wi thin  5% or better. 
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The surface conditions of germanium wafers were also 
examined before and after etching with an optical 
microscope. 

Results and  Discussion 
The reaction of germanium with hydrogen-water  

vapor mixtures  in a gas flow system involves five con- 
secutive steps: (a) t ransport  of water  molecules to the 
germanium surface, (b) chemisorption of water mole- 
cules, (c) chemical reaction at the surface to yield 
hydrogen and germanium monoxide, (d) desorption 
of germanium monoxide, and (e) the t ranspor t  of 
germanium monoxide away from surface. The ra te-  
controlling step in this type of gas-solid reaction can 
be distinguished by measur ing the etch rate as a func-  
t ion of etchant  composition, etchant  flux, and tempera-  
ture. In  t ransport-control led processes, the etch rate 
depends strongly on etchant flux and is essentially in-  
dependent  of temperature.  On the other hand, the sur-  
face processes have high activation energies, and, if 
these processes were rate controlling, the etch rate 
would depend appreciably on temperature.  

The effect of etchant  flux on the etch rate of ger- 
man ium by hydrogen-water  vapor mixtures  was first 
determined under  conditions of fixed tempera ture  and 
etchant composition. The etchant flux over the ger-  
manium surface was varied by a large factor using 
hydrogen flow rates in the range of 1-12 l /min.  The 
etching temperature  and the part ial  pressure of water  
vapor in the etchant were 900~ and 26 Torr, respec- 
tively, the upper  limits of experimental  conditions used 
in this work. If the etching process is surface controlled 
under  these conditions, it will  remain  surface controlled 
at lower temperatures  and pressures. The etch rates 
of p- type germanium of {111} orientat ion and 3 ohm- 
cm resistivity are shown in Fig. 1. N-type germanium 
of 20 ohm-cm resistivity showed the same etch rates. 
At hydrogen flow rates lower than approximately 2 
l/rain, corresponding to a l inear  gas velocity of 30 
cm/sec, the etch rate decreases rapidly with decreasing 
etchant flow rate. The etching process is thus limited 
by the t ranspor t  processes. At higher flow rates, the 
etch rate is essentially independent  of the etchant flow 
rate, and the etching process becomes surface limited. 
Under  this condition, the observed rate represents the 
difference between the etching and its reverse reaction 
and is approximately 0.5 ~/min.  The presence of large 
excess of hydrogen greatly impedes the etching proc- 
ess. The use of argon as a di luent  under  similar con- 
ditions increases the etch rate by more than a factor 
of five. 

The etch rate of germanium in the surface-controlled 
region was determined as a function of temperature  
and etchant composition. The hydrogen flow rate was 
4 1/min, the partial  pressures of water  vapor in the 
etchant were 26, 13, and 6.5 Torr, and the etching tem- 
perature was in the range of 800~176 The etch rates 
become too low at lower temperatures.  Results obtained 
from p-type germanium of {111} orientat ion and 0.03 
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Fig. 1. Etch rate of { l l l} -orlented germanium with hydrogen- 
water vapor mixture as a function of hydrogen flow rate. Tempera- 
ture, 900~ partial pressure of water vapor, 26 Torr. 
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Fig. 2. Etch rate of germanium with hydrogen-water vapor mix- 
ture as a function of temperature. Hydrogen flow rate: 4 I/mln. 
A, {111} orientation, partial pressure of water, 6.5 Torr; B, {111} 
orientation, partial pressure of water, 13 Torr; C, {111} orientation, 
partial pressure of water, 26 Torr; D, { I00}  orientation, partial 
pressure of water, 26 Torr; E, {110} orientation, partial pressure 
of water, 26 Torr. 

ohm-cm resistivity are shown in Fig. 2. The 3 ohm-cm 
p- type germanium exhibited the same etch rates. In  the 
concentrat ion range under  study, the etch rate at a 
given temperature  is essentially a l inear  function of 
concentration. Furthermore,  the logarithm of etch rate 
is l inear  with respect to reciprocal temperature,  and the 
lines obtained at various etchant concentrat ions are 
parallel.  The activation energy of the over-al l  reaction 
calculated from the slope of the lines is 46 • 2 kcal /  
mole. At a water  partial  pressure of 26 Torr, the etch 
rates of {110} and {100}-oriented germanium were also 
determined in the same tempera ture  range (Fig. 2). The 
etch rate was found to va ry  with the crystallographic 
orientat ion of germanium, increasing in the order {111}, 
{100} and {110}. However, the slope of the Arrhenius  
plots remains the same, indicating that the ra te-con-  
troll ing step is independent  of the crystallographic ori- 
entation. The variat ion of etch rate with orientat ion 
may be at t r ibuted to the difference in atomic ar range-  
ments on the {111}, {110}, and {100} faces. On a {110} 
face, each surface atom is bonded to two neighboring 
surface atoms and one atom in the layer below, while 
each surface atom on the {111} and {100} faces is 
bonded to three and two atoms in the next  layer, re- 
spectively. It is thus reasonable that  reactivi ty of atoms 
increases with orientat ion in the order {111}, {100}, 
and {110}. 

The appearance of germanium surfaces after etching 
with hydrogen-water  vapor mixtures  varies with tem- 
perature  and etchant composition. Clean and s t ructure-  
less surfaces were obtained at high temperatures  and 
high water  part ial  pressures. For example, the t reat-  
ment  of lapped and etched germanium surfaces at 
900~ with a hydrogen-water  vapor mixture  contain-  
ing 26 Torr water  vapor at a flow rate of 4 1/min 
for 30 rain is sufficient to yield pitless surfaces. The 
appearance of the germanium surface is essentially in -  
dependent  of the l inear  gas velocity in the surface- 
controlled region. However, as the etching tempera ture  
and water  part ial  pressure gradual ly  decreased, the 
pitted germanium surface from lapping and polishing 
showed correspondingly less improvement .  

The reaction of germanium with hydrogen-hydrogen 
sulfide mixtures  was also studied at a hydrogen flow 
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Fig. 3. Etch rate of {lll}-oriented germanium with hydrogen- 
hydrogen sulfide mixture as a function of temperature. Hydrogen 
flow rate: 4 I/min. A, Partial pressure of hydrogen sulfide, 0.19 
Torr; B, Partial pressure of hydrogen sulfide, 0.38 Torr. 

rate of 4 1/min. Appreciable etch rates were obtained 
at relat ively low partial  pressures of hydrogen sulfide. 
Figure 3 shows the etch rates of { l l l} -o r ien ted  0.03 
ohm-cm p- type germanium using hydrogen sulfide 
part ial  pressures of 0.38 and 0.19 Torr in the tem- 
perature range 650~176 In the higher tempera ture  
region, the etch rate is essentially independent  of tem- 
perature, indicating that the etching process is l imited 
by the t ransport  processes. At temperatures  below 
800~ the logarithm of etch rate becomes l inear with 
respect to reciprocal temperature  with an activation 
energy of 20 -+- 1 kcal/mole.  In this region, the etching 
of germanium is l imited by the surface processes. A 
comparison of Fig. 2 and 3 indicates that, to achieve 
the same etch rate at a given temperature,  the concen- 
trat ion of hydrogen sulfide required in the etchant is 
considerably lower than that  of water vapor. This dif- 
ference may be related to the difference in bond en-  
ergies. The H-S bond energy is approximately 81 kcal /  
mole as compared with 110 kcal /mole for the H-O bond 
(12) ; the lower bond energy in hydrogen sulfide would 
facilitate its reaction with germanium. However, the 
etching of germanium by hydrogen-hydrogen sulfide 
mixtures is more selective than that by hydrogen-  
water vapor mixtures,  par t icular ly  at high tempera-  
tures. At 800~176 the germanium surface is usual ly 
quite pitted after etching. Marked improvements  are 
observed at lower temperatures;  lapped germanium 
surfaces etched with hydrogen-hydrogen sulfide mix-  

1263 

tures at 650~ are less pitted than those etched with 
iodine etch A. 

Summary and Conclusions 
Germanium surfaces are readi ly etched with hydro-  

gen-water  vapor mixtures  in the tempera ture  range 
800~176 Using a water  partial  pressure of 26 Torr, 
a clear demarcation between surface-l imited and t rans-  
por t - l imited regions exists. The etching process is 
t ranspor t - l imi ted  at l inear  gas velocities lower than 
about 30 cm/sec and becomes surface !imited at higher 
gas velocities. In  the surface-l imited region, the rate is 
approximately proportional to the partial  pressure of 
water vapor, and the activation energy is 46 _ 2 kcal /  
mole. Clean and structureless germanium surfaces can 
be produced at 900~ by using hydrogen-water  vapor 
mixture  as an etchant. 

Germanium surfaces can also be etched by using 
hydrogen-hydrogen sulfide mixtures  in the tempera ture  
range 650~176 Using a l inear  gas velocity of 60 cm/  
sec and hydrogen sulfide part ial  pressures of 0.38 and 
0.19 Torr, the etching process is t ransport  l imited at 
800~ and above, and is surface limited at lower tem-  
peratures with an activation energy of 20 _ 1 kcal /  
mole. Hydrogen-hydrogen sulfide mixtures  are less 
effective polishing etchants than hydrogen-water  vapor 
mixtures. 

Manuscript  submit ted April  21, 1969; revised manu-  
script received May 16, 1969. This work was supported 
by SMU Foundat ion for Science and Engineer ing 
and NASA Grant  NGR 44-007-006 administered 
through SMU Space Research Awards Committee. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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Calculation of the Minimum Pressure, p-T Diagrams, 
and Solidus of ZnTe 

A. S. Jordan and R. R. Zupp' 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The par t ia l  pressures of the components,  Pzn and Pie2, for the Zn-Te  sys- 
tem were  evaluated along the l iquidus curve on the basis of previously de- 
r ived activities for a regular  associated solution. Results are in good agree-  
ment  wi th  available exper imenta l  data. The min imum pressure of ZnTe was 
calculated from AH~ (298~ and the free energy function, ( G ~  H~ 
T, of ZnTe and the component  gases. The thermodynamic  data for ZnTe 
needed for these calculations have also been cri t ical ly reassessed or evaluated.  
By a combinat ion of the measurements  of Thomas and Sadowski with the 
values of Pzn along the liquidus, a re t rograde  solidus for ZnTe was calcu- 
lated. The calculated max imum  solid solubili ty of Te in ZnTe is approxi-  
mate ly  4.6 x 10 -3 a /o  (atom per cent) at 1200~ 

ZnTe is a group I I -VI  semiconducting compound 
which has been invest igated extens ively  in the last 
decade for its potent ial ly promising electr ical  and 
optical properties.  The physical propert ies of ZnTe are 
governed to a great  extent  by its defect chemistry 
which in turn depends on the thermodynamic  proper-  
ties of the Zn-Te system at the high tempera tures  p re -  
vail ing during the growth or anneal ing of the crys-  
tal l ine compound. The equi l ibr ium thermodynamic  
propert ies of the Zn-Te  system can be best described 
in terms of its p ressure- tempera ture-composi t ion  
(p-T-x) diagram. The p r imary  object of this commu-  
nication is to calculate some sections of this diagram. 

First, the thermodynamic  propert ies  of solid ZnTe 
requi red  for fur ther  calculations are reassessed or 
evaluated. Then, by the third law method the heat  of 
vaporizat ion of ZnTe and the min imum pressure of 
congruent ly  subliming ZnTe are calculated. In addi- 
tion, the par t ia l  pressures of the components in the 
Zn-Te system are evaluated as a function of t emper -  
ature along the l iquidus curve  (p-T diagrams) by the 
use of a theory  of regular  associated solutions (1). 
Finally, by a combination of the results of Thomas and 
Sadowski (2) for the concentrat ion of Zn vacancies 
as a function of Pzn with  the values of Pzn along the 
liquidus, the solidus for ZnTe is calculated. 

Thermodynamic Properties of ZnTe 
Speci]~c heat.~Kelemen et al. (3) have measured 

the specific heat, Cp, of ZnTe between 273 ~ and 773~ 
From thei r  graphical ly  presented data one can der ive  
the following equation for Cp 

Cp ~ 11.03 -p 3.84 • 10-3T [1] 

where  T is the tempera ture  in ~ and the unit of 
Cp is ca l /g  mole deg. At 298~ the exper imenta l  value 
of Cp is 12.17 ca l /g  mole deg, in excel lent  agreement  
wi th  the value of 12.22 ca l /g  mole deg, calculated 
f rom standard tabulated values and the  Neumann-  
Kopp rule. 

Debye temperature.--One can calculate the Debye 
temperature ,  eD, of ZnTe from the room tempera ture  
elastic constants measured by Berl incourt  et al. (4). ~D 
is evaluated at 0~ by the semianalyt ic  method of 
deLaunay (5). Unfor tuna te ly  no measurements  of the 
elastic constants have been made near  absolute zero. 
However ,  Ber l incourt  et al. (4) have measured the 
elastic constants of ZnS at 298 ~ and also at 77~ 
Assuming that  the tempera ture  coefficients of the 
elastic constants of ZnS and ZnTe are not too different, 
one can adjust  the  elastic constants of ZnTe to 0~ 
and obtain Cn  = 7.35 X 1011 dynes /cm 2, C1~ ~ 4.17 

1 Present address: Univers i ty  of  Washington, Seattle, Washington. 

FEF 

where  

X 1011 dynes /cm 2, and C44 ---- 3.16 X 1011 dynes /cm 2. 
Subst i tut ing these values into deLaunay 's  expression 
yields eD = 223~ for ZnTe. 

Standard entropy at 298~ methods have 
been used to evaluate  the standard entropy of ZnTe 
at 298~ S~ Assuming that  ZnTe behaves like a 
Debye solid, one can compute So29soK using standard 
tables (6) of Debye entropy functions. Using the cal- 
culated value of 0D ~ 223~ one obtains S~ ~ 9.80 
e u / g  atom ---- 19.6 e u / g  mole. 

F rom the electrochemical  cell data of McAteer  and 
Seltz (7), one can derive aS~ = 2.85 eu for the 
react ion 

ZnTe(s)  : Zn(s)  ~ Te(s ) ,  aS~ [2] 

Then, S~ (ZnTe) is given by 

SO29SOK (ZnTe) : SO29SOK (Zn) -~ S~ (Te) --  aS~ 
[3] 

where  
~ 660~ ~Cp dT 

~S~176 = AS~176 ~ ~'298~ T 

Values of S~ for the pure  solid e lements  were  
obtained from Stull  and Sinke (8). The heat  capaci- 
ties of the pure solid elements in Eq. [5] were  taken 
from the tables of Kel ley  (9) and that  of ZnTe from 
Eq. [1]. Final ly  one gets S~ : 19.5 eu, in excel lent  
agreement  wi th  the entropy derived from the Debye 
temperature .  The est imated error  in S~176 is -+-0.3 eu. 

Free energy function.--The function ( G~176 /T 
is defined as the f ree -energy  function (FEF) (6). For  
solids the FEF is calculated f rom a combinat ion of 
re la ted thermodynamic  data, if the third law of ther -  
modynamics  is applicable (S~ ---- 0). The following 
ident i ty  is used to calculate the FEF  of ZnTe 

G O T  - -  Ho298 H ~  ~ Ho298 
= -- S~ [4] 

T T 

and 

H~ H~ : (~2rgs CpdT ) / T 

[ ] --S~ = -  S~176 + 9s T 

Subst i tut ing Cp from Eq. [1] and S~ ~ 19.5 eu 
into Eq. [4], the FEF  of ZnTe was evaluated. Numer i -  
cal values are presented in 50~ intervals  in Table I. 
The probable er ror  in these values is approximate ly  
___2%. 
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Heat of Vaporization and Minimum Pressure of ZnTe(s) 
S u b l i m a t i o n  o f  Z n T e  ( s ) . - - I n  a n  e x h a u s t i v e  s t u d y  of  

n i n e  I I - V I  c o m p o u n d s ,  G o l d f i n g e r  a n d  J e u n e h o m m e  
(10) h a v e  d e m o n s t r a t e d  b y  t h e  use  of  m a s s  s p e c t r o m -  
e t r y  t h a t  Z n T e  d e c o m p o s e s  a t  h i g h  t e m p e r a t u r e  i n to  
t h e  c o m p o n e n t  gases  a c c o r d i n g  to 

Z n T e ( s )  = Z n ( g )  + � 8 9  K = PZn~/PTe2 [5] 

w h e r e  Pzn a n d  Pie2 a r e  t h e  p a r t i a l  p r e s s u r e s  of Z n  a n d  
Te2 a n d  K is t h e  e q u i l i b r i u m  c o n s t a n t .  

I t  c a n  b e  s h o w n  t h a t ,  i f  a n  e v a p o r a t i n g  so l id  c o m -  
p o u n d  is in  e q u i l i b r i u m  w i t h  i t s  v a p o r  p h a s e  a n d  b o t h  
h a v e  t h e  s a m e  compos i t i on ,  a t  a c o n s t a n t  t e m p e r a t u r e ,  
t h e n  t he  t o t a l  p r e s s u r e  is a t  a m i n i m u m  (or  m a x i -  
m u m )  (11) a n d  one  s p e a k s  of  c o n g r u e n t  s u b l i m a t i o n  
(12) .  T h e  v a p o r  is s t o i c h i o m e t r i c  if  PTe2 ~ ~/2Pz, .  I t  
c a n  b e  r e a d i l y  d e m o n s t r a t e d  t ha t ,  i f  t h e  c o m p o s i t i o n  
of  t h e  sol id  d e v i a t e s  o n l y  s l i g h t l y  f r o m  s t o i c h i o m e t r y ,  
t h e n  t h e  c o m p o s i t i o n  of t h e  c o n g r u e n t l y  s u b l i m i n g  
v a p o r  e q u a l s  t h a t  of  t h e  s t o i c h i o m e t r i c  v a p o r  a n d  t h e  
t o t a l  p r e s s u r e  is a t  a m i n i m u m .  M o r e o v e r ,  if  t h e  t o t a l  
p r e s s u r e  is a t  a m i n i m u m ,  m a s s  t r a n s f e r  f r o m  sol id  to  
v a p o r  of  t h e  s a m e  c o m p o s i t i o n  occu r s  w i t h o u t  d i f -  
f u s i o n a l  l i m i t a t i o n  a t  a m a x i m u m  ra te ,  as i f  m o l e -  
cu les  of  Z n T e  w e r e  t r a n s p o r t e d .  

T h e  c o n c e p t  of  m i n i m u m  p r e s s u r e  is a n a l o g o u s  to 
t h a t  of t h e  azeo t rop i c  p r e s s u r e  i n  b i n a r y  l i q u i d - v a p o r  
sys tems .  T h e  c o m p o s i t i o n  of  t h e  c o n g r u e n t  v a p o r  co r -  
r e s p o n d s  to t h e  azeo t rop i c  p o i n t  (13) .  

I n  o r d e r  to c a l c u l a t e  t he  m i n i m u m  p r e s s u r e  of Z n T e  
at  h i g h  t e m p e r a t u r e s  t h e  ~G o for  r e a c t i o n  [5] is r e -  
qu i r ed .  U n f o r t u n a t e l y  m e a s u r e m e n t s  of  •  ~ h a v e  b e e n  
r e s t r i c t e d  to t e m p e r a t u r e s  b e l o w  l l 0 0 ~  w h i c h  is a p -  
p r o x i m a t e l y  470~ b e l o w  t h e  m e l t i n g  p o i n t  of  t h e  
c o m p o u n d .  H o w e v e r ,  a t h e r m o d y n a m i c a l l y  c o n s i s t e n t  
e x t r a p o l a t i o n  of  t h e  l o w - t e m p e r a t u r e  d a t a  c a n  b e  p e r -  
f o r m e d  b y  t h e  t h i r d  l a w  m e t h o d .  

H e a t  o f  v a p o r i z a t i o n  o f  Z n T e ( s ) . - - G o l d f i n g e r  a n d  
J e u n e h o m m e  (10) h a v e  m e a s u r e d  t h e  p r e s s u r e s  o v e r  
Z n T e ( s )  b e t w e e n  862 ~ a n d  l l 0 0 ~  b y  K n u d s e n ' s  
m e t h o d .  T h e y  c a l c u l a t e d  K fo r  Eq.  [5] a n d  d e r i v e d  
~ H  o a n d  ~S  o, t h e  s t a n d a r d  h e a t  a n d  e n t r o p y  of  r e a c -  
t ion ,  b y  t h e  use  of  t h e  G i b b s - H e l m h o l t z  e q u a t i o n ,  as -  
s u m i n g  ~ H o / T -  ~ S  o = ~ G o / T  = - -  R In K is a l i n e a r  
f u n c t i o n  of t e m p e r a t u r e  ( t h e  s e c o n d  l a w  m e t h o d ) .  

L ikewi se ,  R e y n o l d s  et  al .  (14) h a v e  u s e d  a K n u d s e n  
cel l  to m e a s u r e  p r e s s u r e s  o v e r  s u b l i m i n g  Z n T e ( s )  b e -  
t w e e n  923 ~ a n d  1003~ T h e y  h a v e  g i v e n  K for  Eq. 
[5] a n d  a l so  c a l c u l a t e d  ~ H  o a n d  AS ~ b y  t h e  s e c o n d  
l a w  m e t h o d .  

K o r n e e v a  e t  a l .  (15) h a v e  u t i l i zed  a mod i f i ed  L a n g -  
m u i r  t e c h n i q u e  b e t w e e n  793 ~ a n d  993~ a n d  a K n u d -  
sen  ce l l  b e t w e e n  938 ~ a n d  983~ T h e y  p r e s e n t e d  t h e  
o b s e r v e d  t o t a l  p r e s s u r e ,  PoDs, as a f u n c t i o n  of t e m p e r a -  
t u r e ,  a s s u m i n g ,  w r o n g l y ,  t h a t  Z n T e ( g )  w a s  t h e  m a j o r  
vo l a t i l e  species .  H o w e v e r ,  i t  is  pos s ib l e  to  r e i n t e r p r e t  
t h e i r  t a b u l a r  d a t a  of  PoDs for  t h e  c o r r e c t  m o d e  of  
v a p o r i z a t i o n  in  t e r m s  of  Pzn a n d  PWe2 a n d  to c a l c u l a t e  
K for  Eq.  [5] b a s e d  on  a n  a n a l y s i s  g i v e n  b y  G o l d -  
f i nge r  a n d  J e u n e h o m m e  (10) .  A c c o r d i n g l y ,  one  h a s  

( MZnTe ~'/" V~'PTe2 ) ( ./~/ZnTe "~ 1/2 [6] 
Pobs--~ PZn k MZn / = ( P t e ' ~  \ /Y/Te / 

w h e r e  PTe is t h e  p r e s s u r e  of  m o n a t o m i c  Te l  r e l a t e d  to 

Pie2 b y  t h e  e q u i l i b r i u m  c o n s t a n t  k : PIe /X/PIe2 fo r  
t h e  r e a c t i o n  � 8 9  = T e ( g ) ,  a n d  :~//i is t h e  m o l e c -  
u l a r  w e i g h t  of  t h e  d e s i g n a t e d  species .  S o l v i n g  Eq.  [6] 
fo r  t h e  p a r t i a l  p r e s s u r e s  a t  s e l ec t ed  t e m p e r a t u r e s ,  o b -  
t a i n i n g  k f r o m  the  t a b l e s  of  S t u l l  a n d  S i n k e  (8) ,  one  
f inds  t h a t  in  t h e  t e m p e r a t u r e  r a n g e  of  i n t e r e s t  P i e  is 
neg l ig ib l e .  H e n c e  Eq.  [6] a n d  t h e  c o n d i t i o n  of  c o n -  
g r u e n t  v a p o r i z a t i o n  y ie ld  t h e  f o l l o w i n g  s i m p l e  p r o -  
p o r t i o n a l i t y  b e t w e e n  t h e  m i n i m u m  t o t a l  p r e s su re ,  Ptot 
( m i n ) ,  a n d  PoDs 

1.09 PoDs = Ptot ( m i n )  = 1.5 X 21/3 K 2/3 [7] 

U s i n g  t h e  t a b u l a r  d a t a  of  K o r n e e v a  e t  a l .  (15) for  PoDs, 

v a l u e s  of  K for  Eq. [5] w e r e  r e a d i l y  e v a l u a t e d  b y  
so lv ing  Eq. [7].  

I n  o r d e r  to  f a c i l i t a t e  t h e  c o m p a r i s o n  of  a l l  t h e s e  
e x p e r i m e n t a l  d a t a  o b t a i n e d  b y  d i f f e r e n t  t e c h n i q u e s  
a t  v a r i o u s  t e m p e r a t u r e s  in  a t h e r m o d y n a m i c a l l y  c o n -  
s i s t en t  m a n n e r ,  t h e  t h i r d  l a w  m e t h o d  w a s  u t i l i z ed  
(16) ,  (17) .  T h e  h e a t  of v a p o r i z a t i o n  a t  298~ hHOv 
(298~ was  ca l cu l a t ed ,  fo r  e v e r y  e x p e r i m e n t a l  d e -  

t e r m i n a t i o n  r e p o r t e d  above ,  a c c o r d i n g  to  t h e  i d e n t i t y  

~HOv(298~ = - -  T ~ ( F E F )  - - R T l n K  [8] 

w h e r e  for  Eq. [5] 

~ ( F E F )  = F E F [ Z n ( g ) ]  + ~ /2FEF[Te2(g) ]  

- -  F E F  [ Z n T e  (s) ] 

T h e  F E F  of Z n T e ( s )  is g i v e n  in  T a b l e  I. T h e  F E F ' s  
of Z n ( g )  a n d  Te2(g )  w e r e  t a k e n  f r o m  t h e  t a b l e s  of  
S t u l l  a n d  S i n k e  (8) a n d  v a l u e s  of K w e r e  o b t a i n e d  
f r o m  t h e  p r e v i o u s l y  d i s c u s s e d  e x p e r i m e n t a l  sources .  
T h e  r e s u l t s  of  t h e s e  c a l c u l a t i o n s  a r e  s u m m a r i z e d  in  
T a b l e  II. 

T w o  v a l u e s  of ~HOv(298~ d e r i v e d  f r o m  l o w - t e m -  
p e r a t u r e  m e a s u r e m e n t s  for  t h e  r e a c t i o n  r e p r e s e n t e d  b y  
Eq. [2] a r e  a lso l i s t ed  in  T a b l e  II. Poo l  h a s  u s e d  (18) 
a l i q u i d  t i n  s o l u t i o n  c a l o r i m e t e r  to  m e a s u r e  t h e  e n -  
t h a l p y  change ,  AHOl, a s soc i a t ed  w i t h  Eq.  [2] a t  273~ 
S i n c e  t h e  d i f f e r ence  b e t w e e n  ~H~ a t  273 ~ a n d  298~ 
is v e r y  smal l ,  one  can  r e a d i l y  c a l c u l a t e  AH~ (298~ 
b y  a d d i n g  t h e  e n t h a l p y  c h a n g e s  fo r  t h e  r e a c t i o n s  
Z n ( s )  ---- Z n ( g ) ,  I H ~ 1 7 6  a n d  T e ( s )  = 1/2Te2(g), 
~Ho3(298~ as g i v e n  b y  S t u l l  a n d  S i n k e  (8) ,  to  
~HOl w h i c h  y i e ld s  

AHov(298~ = ~H~ + ~H% + ~H% [9] 

M c A t e e r  a n d  Se l t z  (7) h a v e  u t i l i zed  a r e v e r s i b l e  
g a l v a n i c  ce l l  to  m e a s u r e  t h e  e l e c t r o m o t i v e  force,  E, 
b e t w e e n  628 ~ a n d  691~ fo r  t h e  r e a c t i o n  r e p r e s e n t e d  
b y  Eq. [2].  U s i n g  t h e  t h i r d  l a w  m e t h o d  fo r  t h a t  r e a c -  
t ion ,  one  o b t a i n s  AH~176  a c c o r d i n g  to 

~HOl (298~ = - -  T l  ( F E F )  - -  R T  In K1 [10] 

Table I. Free energy function and minimum pressure of ZnTe 

-FEF = -- (G ~ -- H~ / T  ptot (min) 
T, ~ (cal/g mole deg) (atm) 

298 19.50 
300 19.50 
350 19.63 
400 19.96 
450 20.40 
500 20.89 
550 21.40 
600 21.94 
650 22.47 
700 23.00 
750 23.53 
800 24.05 
850 24.56 
900 25.06 
950 25.56 

1000 26.03 
1050 26.50 
1100 26.96 
1150 27.41 
1200 27.85 
1250 28.28 
1300 28.70 
1350 29.11 
1400 29.52 
1450 29.92 
1506 30.31 
1550 30.69 

8.45 X 10 -s 
2.85 x 10-~ 
8.56 • 10-~ 
2.33 X 10-:~ 
5.81 x 10 -s 
1.35 X 10 --~ 
2.91 X 10 -2 
5.91 x 10 -~ 
1.14 x 10-1 
2.09 x 10 -1 
3.67 X 10 -1 
6.19 x 10 -1 

Table II. Heat of vaporization of ZnTe 

~H~ (298~ 
in kcal Author Exptl. technique 

78.4 • 0.6 Korneeva et al. (15) K n u d s e n  
Modif. Langmuir 

79.5 • 0.5 Pool (18) Calorimetry 
79.0 • 0.5 McAteer and Seltz (7) Electrolytic cell 
79.5 • 0.6 Goldfinger and Jeune- K n u d s e n  

homme (10) 
82.8 -4- 0.7 Reynolds et al. (14) K n u d s e n  
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where  - -RT In KI = - -  nFE and A(FEF) = FEF 
[Zn(s)]  + F E F [ T e ( s ) ]  --  F E F [ Z n T e ( s ) ] .  Finally,  
~Hov(298~ can be immedia te ly  calculated from Eq. 
[9]. 

The errors listed in Table II were  obtained by a 
combination of the standard deviat ion in the mea-  
surements of any one of the authors wi th  the estimated 
error  in the free energy functions. It  is apparent  that  
the value of •176 der ived from the results of Reynolds 
et al. (14) is outside the error  limits of all the other 
measurements .  The reason for this disagreement  is not 
at all obvious. It  is possible that  the results are too 
low due to calibration error.  However ,  the est imated 
calibration error  (25%) (19) could not account for the 
observed difference among the listed values of ~HOv. 

Since four of t h e  calculated ~Hov values are in good 
agreement  wi thin  their  respect ive errors, we rec-  
ommend their  average of 79.1 _+ 1,0 kca l /mol  as the 
best value for the heat  of vaporizat ion of ZnTe(s)  into 
Zn(g)  and �89 at 298~ 

Minimum pressure over ZnTe(s) . - -Pto t (min)  was 
extrapolated to higher tempera tures  by the third law 
method. Using Eq. [7], one can obtain In Ptot (min) in 
terms of In K in the form 

In Ptot(min) = 2/3 In K + 0.637 [11] 

In K was readi ly  evaluated by rewri t ing  Eq. [8] to 
yield 

AH~ (298~ A (FEF) 
inK = -- [12] 

RT R 

Calculated values of Ptot(min) above 1000~ are given 
in Table I in 50~ intervals. 

A plot of Ptot(min) as a function of i/T above 
1300~ is presented in Fig. I. pzn(min) = 2/3ptot(min) 
and PTe2(min) = 1/3ptot(min) are also given. In Fig. 
2 and 3, pzn(min) and PTe2(min) are extended to 
temperatures below 1300~ The minimum pressure- 
temperature curves are terminated at their intersec- 
tion with the partial pressure-temperature curves of 
the three phase solid-liquid-gas equilibria, constructed 
in the following section. 
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Fig. 1. Calculated dependence of minimum pressure on reciprocal 
temperature over congruently subliming ZnTe(s). 
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system. 

Calculation of the p-T Diagrams 
Theory.--I t  has a l ready been pointed out that  at the 

tempera tures  of interest  ZnTe dissociates into the 
component  gases according to Eq. [5]. In order to cal-  
culate the var ia t ion of the par t ia l  pressures of these 
gases with t empera tu re  in a binary system wi th  three 
coexisting phases, i.e., ZnTe in simultaneous equi-  
l ibr ium with  a l iquid and a gas phase, it is necessary 
to know the activities along the l iquidus curve. By 
definition in the Zn-Te  system 

Pzn ---- P~ [13] 
and 

Pie2 = P~ [14] 

where  ai and p~ are the act ivi ty and pressure of pure  
l iquid component  i (Zn or Te),  respectively,  at the 
tempera ture  of the solution. 

The part ial  pressures of the group V components 
along the l iquidus in some I I I -V compounds have been 
calculated assuming regular  solution behavior  in the 
l iquid by Vieland (20). Kroger  (21) and Reynolds 
et al. (14) have evaluated some segments of the p-T  
diagrams in the Zn-Te  system assuming that  the l iquid 
was ideal. However ,  it has been demonstrated by 
one of us (1) that  the Zn-Te  and also the Cd-Te 
liquidus curves could not be described by assuming 
regular  or ideal behavior  in the liquid. In fact, the 
liquidus curves for the Cd-Te and Zn-Te systems, in 
which the observed shapes of the l iquidus s t rongly 
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suggest association in the liquid, have been calculated 
in good agreement  with experimental  results by the 
use of activities derived from a regular  associated 
solution model. Assuming the presence of ZnTe com- 
plexes as well as Zn and Te atoms in chemical equi- 
l ibr ium in the liquid and identifying the activity co- 
efficients of these species with those of a regular  ter-  
nary  solution, the approximate gross activities for the 
components in a regular  associated solution have been 
derived in the following form 

Pzn Xzn - -  XTe  4 -  P 
---- azn ~- 7ZnXZn e~X~'r~'/'~' [15] 

p~ 1 -k P 

V P're2 XTe -- XZn -'}- P 
a T e  ~ 5 'TeXTe 

P ~  2 1 4- P 
e(~Xzzn/A'T 

[16] 
where 

P = k / 1 -  4XznXTe (1 - -  f~2) 

and xi and 7i are the atom fraction and activity co- 
efficient for component i (Zn or Te). a and fi are con- 
stants incorporating the equi l ibr ium constant for as- 
sociation and the interact ion coefficients among the 
species. 

Using Eq. [15] and [16] the equation of the liquidus 
boundary  for the Zn-Te and Cd-Te was derived and 
given by (1) 

~ ( X T e  - -  0 . 5 )  2 -4- A H f  
T = [17] 

R/2 In S(XTe) 4- 5HffTf 
where 

[1 --~ ~ / 4 ( X W e - -  0 . 5 )  2 4-  f i 2 [ 1 - - 4 ( X W e - - 0 . 5 ) 2 ] ]  2 
S ( X T e )  = 

(1 4- ~ ) 2 [ l ' - - 4 ( X T e - - 0 . 5 )  2] 

AHj and T 5 are the heat  of fus ion/gram atom and 
melt ing point of the compound, respectively. Ap- 
proximate values of • and T s for both systems can 
be obtained from the work of Kulwieki  (22). Values 
of ~ and f~ were evaluated (1) for the Zn-ZnTe,  
Te-ZnTe, Cd-CdTe, and Te-CdTe subsystems by the 
application of an approximate form of Eq. [17], valid 
for small  values of ~ and if 2(XTe--0.5) > ~, to the 
l iquidus data of Kulwieki  (22) which, as discussed 
in ref. (1), appears to be the most reliable source of 
data. 

The p-T diagrams in the Zn-Te system ean be 
readily calculated by the use of Eq. [13] through 
[17]. 

Computational procedure.--The calculation of pzn 
and PTe2 as a function of tempera ture  along the l iq-  
uidus curve was performed on a computer. First, Xzn 
was decreased from 1.0 to 0.0 in intervals  of 0.02, and 
the l iquidus temperature  corresponding to each of 
these compositions was computed by the use of Eq. 
[17]. Then, pairs of values of xzn and T were substi-  
tuted into Eq. [15] and [16] to obtain the pressures. 
Equation [15] was used to calculate Pzn in the 
Zn-ZnTe subsystem and Eq. [16] to calculate PWe2 in 
the Te-ZnTe subsystem. Having obtained Pzn, Pie2 in 
the Zn-ZnTe subsystem was evaluated from the equi- 
l ibr ium constant for Eq. [5] by Pie2 = K2/p2zn. 

Similarly,  Pzn in the Te-ZnTe subsystem was cal- 
culated from Eq. [5] as Pzn ---- K/k/Pwe2. 

K was evaluated by the third law method accord- 
ing to Eq. [12]. The pressures of the pure  superheated 
liquids, poz n and P~ w e r e  obtained from the re-  
cent high-pressure measurements  of Baker (23, 24). 
P~ 2 was computed from the total pressure data of 
Baker by subtract ing from it a small pressure ( ~1% )  
due to monatomic Te. The dissociation constant  to per-  
form this calculation was taken from Stull  and Sinke 
(8). 

Comparison with experiment.--Figures 2 and 3 il lus- 
t ra te  the calculated dependence of log Pzn and log Pie2 
on l /T,  respectively, and the measurements  of Shio- 

zawa et al. (25) along the liquidus curve of the 
Zn-Te system. These p-T diagrams also show the l im- 
iting straight lines at xzn = 1 and 0. For example, in 
Fig. 2 the l imiting lines log pOz~ and log Pzn = log 
K/~/P~ VS. 1/T were drawn. In addition, as men-  
tioned earlier, values of log Pzn and log PWe2 VS.  1/T 
at Ptot(min) were also plotted. 

The p-T diagrams in the Zn-Te system have been 
recently studied by Shiozawa et aI. (25). An evacuated 
ampoule containing a ZnTe crystal and Zn or Te at op- 
posite ends was placed in a two-zone furnace. At a 
constant temperature  ZnTe was exposed to increasing 
Zn or Te2 pressures by raising the reservoir tempera-  
ture, in steps, unt i l  part ial  or complete mel t ing of the 
crystal was achieved. At each step the ampoule was 
removed from the furnace for observation. Figures 2 
and 3 i l lustrate the exper imental  max imum values Pzn 
and Pie2, taken from the report  of Shiozawa et al. 
(25), at which no mel t ing took place and the min i -  
m u m  values of Pzn and Pie2, at which part ial  or com- 
plete mel t ing was observed. Noting that  the actual 
exper imental  points must  lie between the upper and 
lower pressure limits, the agreement  with the theo- 
retical p-T diagrams is excellent. 

Solidus Curve of ZnTe 
De Nobel (26) has calculated the deviation from 

stoichiometry of solid CdTe in equi l ibr ium with the 
liquid from a knowledge of Pcd and the defect struc- 
ture. Similarly, Kroger (21) and Reynolds (27), ut i -  
lizing the defect study of Thomas and Sadowski and 
assuming ideal solution behavior in the liquid, have 
estimated the solidus of ZnTe. In  this section the soli- 
dus curve of ZnTe will be determined on the basis of 
the previously calculated Pzn, plotted in Fig. 2. 

Thomas and Sadowski (2) have measured the p- type 
conductivity of ZnTe crystals between 973 ~ and 1223~ 
and for Pzn between 10 and 400 Torr. By assuming the 
presence of doubly ionized Zn vacancies on the Zn 
sublattice, V"zn, in excess of any other acceptor, they 
could explain their exper imental  results. They showed 
that  the concentrat ion of the vacant  Zn sites, [V"zn], 
can be related to the hole concentration, [h.], and to 
Pzn by the equi l ibr ium constant  for the reaction 

Znzn = V"zn q- 2h" + Zn(g)  

Consequently, observing that [V"zn] = [h '] /2,  they 
fitted their data by the following equation 

( l ' 31ev  ) [18 ] 
[h'] = 3.73 X 1023 Pzn -1/3 exp --  kT 

where Pzn is given in  Torts, the uni t  of [h'] is holes/  
cc, and k is Boltzmann's  constant. By simple conver-  
sion of units, one can readily rewri te  Eq. [18] in 
terms of the site fraction of Zn vacancies on the Zn 
sublattice, v, as 

[V"zn] 1.17 / 30.2 kcal ) 

v-~ [Znzn] + [V"zn] ----Pzn 1/3 e x p - - \ -  ~-~7 [19] 

where Pzn is in atmospheres. 
If one assumes that  the major  defect in the crystal 

is V"zn, then uti l izing the relations [TeTe]/[Znzn] + 
[V"zn] 4- [Tewe] ---~ 0.5, [Znzn] 4- [V"zn]/[Znzn] 4- 
[V"zn] 4- [TeTe] ~ 0.5 and Eq. [19], one can express 
the atom fractions of Zn and Te in the solid, XSzn and 
XSTe, in the form 

[Znzn] 1 -  v 
XSZn ~ --- _ _  

[Znzn] 4- [Tewe] 2 -  V 
and 

[TeTe] 1 
XSwe = [Znz,] 4- [TeTe] :---- 2~--~"~ [20] 

where [Znzn] and [TeTe] denote the concentrations of 
Zn atoms on the Zn sublattice and Te atom on the Te 
sublattice, respectively. 
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Fig. 4. Colculoted solidus curve of ZnTe(s) 

At any temperature  along the p-T curve (Fig. 2) 
Pzn over the liquid equals Pzn over the coexisting 
solid. Therefore, if these values of Pzn are substi tuted 
into Eq. [19], v as a function of temperature  is ob- 
tained. Furthermore,  a knowledge of v makes it pos- 
sible by the use of Eq. [20] to evalaute XSwe and X~zn 
as a function of temperature,  thus giving the solidus 
curve. 

The values of XSTe and xSzn along the solidus curve 
were computed, and they are plotted in Fig. 4. If in 
the calculation Pzn along the three phase equil ibria 
is replaced by Pzn --~ 2/3ptot(min) on the min i mum 
pressure line, the composition of solid ZnTe corre- 
sponding to congruent ly  subl iming ZnTe is obtained. 
The curve labeled Pmin in Fig. 4 shows the dependence 
of this specific solid composition on temperature.  The 
monotectic temperature  at 1213~ is a consequence of 
the theory of regular  associated solutions and it is 
consistent with the flat exper imental  l iquidus curve in 
the Zn-ZnTe  subsystem (1). 

Qualitatively, the shape of the calculated solidus 
agrees with the previously reported curves of Kroger 
(21) and Reynolds (27). This is a consequence of 
uti l izing in all of these calculations the study of 
Thomas and Sadowsky (2) for the defect s tructure of 
ZnTe. At low temperatures  the boundary  in Fig. 4 es- 
sential ly coincides with the previously estimated 
curves, but  at high temperatures  the curves differ. 
This is not surprising since at low temperatures  ZnTe 
is in equi l ibr ium with almost pure Zn (or Te) l iquid 
and the Pzn calculated from the theory of regular  
associated solutions reduces to that of an ideal solu- 
tion. However, at high temperatures  ZnTe is in equi-  
l ibr ium with concentrated solutions of Zn and Te in 
which departures from ideality become significant. 

The solidus curve of ZnTe delineates a region with 
an excess of Te. This is consistent with the p- type be- 
havior of ZnTe. It can also be seen in Fig. 4 that  the 
solidus of ZnTe is retrograde with a max imum at 
1200~ At this temperature  the solid solubili ty of Te 
in ZnTe is approximately 4.6 x 10-3 a/o or 8.1 x 1017 
at./cc. The retrograde na ture  of the ZnTe solidus has 
already been suggested by Reynolds et al. (14). More- 
over, according to de Nobel (26), the ~r of CdTe 
is also retrograde. It is interest ing to n,)te that below 
600~ the ZnTe crystal becomes near ly  stoichiometric. 

Acknowledgments 
The authors are grateful to Dr. C. D. Thurmond and 

Dr. F. A. Trumbore  for helpful discussions, to Pro-  
fessor Goldfinger for providing some unpubl ished data, 

and to Mr. J. Jost, of Clevite Corporation, for br inging 
the work of Shiozawa et al. to our attention. 

Manuscript  submit ted Jan. 10, 1969; revised manu-  
script received June  11, 1969. This was Paper  527 
presented at the Montreal  Meeting, Oct. 6-11, 1968. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 

REFERENCES 
1. A. S. Jordan, Paper  presented at the TMS-AIME 

Annua l  Meeting, February  17-20, 1969, Wash- 
ington, D.C. 

2. D. G. Thomas and E. A. Sadowski, J. Phys. Chem. 
Solids, 25, 395 (1964). 

3. F. Kelemen, E. Cruceanu, and D. Niculescu, Phys. 
Stat. Sol., U,  865 (1965). 

4. D. Berlincourt,  H. Jaffee, and L. R. Shiozawa, 
Phys. Rev., 129, 1009 (1963). 

5. J. deLaunay, "The Theory of Specific Heats and 
Lattice Vibrations" in "Solid State Physics," 
Vol. 2, F. Seitz and D. Turnbul l ,  Editors, Aca- 
demic Press Inc., New York (1956). 

6. G. N. Lewis and M. Randall, "Thermodynamics," 
Revised by K. S. Pitzer and L. Brewer, 2nd 
ed., McGraw-Hil l  Book Co., Inc., New York 
(1961). 

7. J. H. McAteer and H. Seltz, J. Am. Chem. Soc., 58, 
2081 (1936). 

8. D. R. Stull  and G. C. Sinke, "Thermodynamic 
Properties of the Elements," Advances in Chem- 
istry Series, No. 18, A.C.S. 

9. K. K. Kelley, U.S. Bureau of Mines Bull. 584, 
U.S. Government  Pr in t ing  Office, Washington, 
D.C. (1960). 

10. P. Goldfinger and M. Jeunehomme,  Trans. Fara- 
day Soc., 59, 2851 (1963). 

11. E. A. Guggenheim, "Thermodynamics," North-  
Holland Publishing Co., Amsterdam (1959). 

12. R. F. Brebrick, "Nonstoichiometry in Binary Semi- 
conductor Compounds M ( 1/2 --5) N ( 1/2 + 5) (c) ," in 
"Progress in Solid State Chemistry," Vol. 3, 
Pergamon Press, Oxford and New York (1966). 

13. I. Prigogine and R. Delay, "Chemical Thermo-  
dynamics," Longmans Green and Co., London 
(1954). 

14. R. A. Reynolds, D. G. Stroud, and D. A. Steven-  
son, This Journal, 114, 1281 (1967). 

15. I. V. Korneeva, A. V. Belyaev, and A. V. Novo- 
selova, Russ. J. Inorgan. Chem., 5, 1 (1960). 

16. J. L. Margrave, "Thermodynamic Calculations on 
High Temperature  Systems," in "Physiochemi- 
cal Measurements at High Temperatures," 
J. O'M. Bockris, J. L. White, and J. D. Mac- 
kenzie, Editors Butterworths Scientific Publ ica-  
tions, London (1959). 

17. R. Hultgren. R. L. Orr, P. D. Anderson, and K. K. 
Kelley, "Selected Values of Thermodynamic  
Properties of Metals and Alloys," John Wiley 
& Sons, Inc., New York (1963). 

18. M. J. Pool, Trans. Met. Soc. AIME, 233, 1771 
(1965). 

19. D. A. Stevenson, Pr ivate  communication.  
20. L. J. Vieland, ActaMet. ,  11, 137 (1963). 
21. F. A. Kroger, J. Phys. Chem., 69, 3367 (1965). 
22. B. M. Kulwicki,  Ph.D. Thesis, Univers i ty  of Mich- 

igan, School of Engineering,  Ju ly  1963. 
23. E. H. Baker, J. Chem. Soc., (A), 1967, 1558. 
24. E. H. Baker, J. Appl. Chem., 16, 321 (1966). 
25. L. R. Shiozawa, J. M. Jost, and G. A. Sullivan, 

1965-1968, "Research on Improved II -VI Com- 
pounds," Final  Report, Contract AF 33(615)- 
2708 for the Aerospace Research Laboratories, 
U.S.A.F., Wright -Pat terson Air  Force Base, 
Ohio. 

26. D. de Nobel, Philips Res. Repts., 14, 361 (1959). 
27. R. A. Reynolds, Thesis Progress Rept. No. 3, 

June  1964, Dept. of Materials Science, Stanford 
University.  



Vapor Phase Growth of Stannic Oxide Single Crystals 
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ABSTRACT 

Single crystals of stannic oxide, SnO2, of higher pur i ty  and with higher 
Hall mobil i ty than any previously reported have been grown from the vapor 
using the reaction 

SnC14 + 2H2 + O2 ~--- SnO2 + 4HC1 

at 1250~ and 10 Torr. The stannic chloride is obtained from the reaction 

Sn + 2C12 ~ SnC14 -{- 

which is performed in an external  reactor and electrical doping is achieved 
by adding the desired dopant materials to t in  charges in parallel  doping 
reactors. The growth rate of the SnO2 is controlled by adding addit ional  CI2 
to the SnC14 flow before it is introduced into the furnace; with sufficient Clz 
the crystals can also be etched. Impor tant  to the furnace design is a gas in-  
jection nozzle which eliminates growth immediately where the gases enter  
the furnace. Undoped crystals of 6 x 105 ohm-cm resist ivity at 300~ and 
ant imony-doped n- type  crystals with resistivity, carrier concentration, and 
mobil i ty  of 0.1 ohm-cm, 4 x 1017 cm -3, and 160 cm2/V-sec at 300~ and of 
0.1 ohm-cm, 6 x 1016 cm -~, and 1200 cm2/V-sec at 77~ have been grown, as 
have n - i  junctions. 

As par t  of a program to evaluate stannic oxide, SnO2, 
as a mater ial  for semiconductor devices that  will  oper- 
ate in excess of 400~ single crystals of SnO2 have 
been grown from the vapor phase. Single crystals of 
stannic oxide have previously been obtained from the 
reaction of t in  vapor and oxygen at 1450~ (1), by 
growth from a Cu20 flux at 1250~ (2), and by the 
h igh- tempera ture  decomposition of SnO2 to produce 
SnO vapor which in t u rn  reoxidizes at lower tempera-  
tures to form SnO2 crystals (3-5). Of the published 
SnO2 growth methods ours is closest to that of Naga- 
sawa et al. (6), who grew these crystals using the vapor 
reaction of SnC14 with }-120 at 1100~176 The growth 
technique reported in this paper, however, is more com- 
parable to that  used by Schaffer (7) to grow A1203 in 
that  no carrier  gases are used and all reactions and 
growth occur at low pressure. The process to be de- 
scribed has produced SnO2 with higher Hall mobilities 
and of higher pur i ty  than previously reported and is 
compatible with introducing dopants dur ing the grow- 
ing process. High resistivity ( >  105 ohm-cm) crystals 
as well as lower resist ivity (0.1 ohm-cm) n- type  crys- 
tals produced by Sb doping have been grown and crys- 
tals containing n - -  i junct ions have also been grown. 

Preparation of Single Crystals 
The growing system is based on reacting oxygen, 

hydrogen, and stannic chloride in a quartz tube at 
1250~ at reduced pressure of 10 Torr  to produce stan- 
nic oxide 

A 
SnC14 + 2H2 + O 2 ~  SnO2 + 4HC1 [1] 

The SnC14 is produced by flowing chlorine through 30- 
mesh t in metal  at 100~ also at 10 Torr pressure 

Sn + 2C12 ~ SnCl4 + ~ [2] 

Figure 1 shows the furnace system. The starting 
materials for the growth of SnO2 crystals are the gases 
C12, 02, and H2 and metallic Sn; in the results reported 
here reagent grade Sn and CI2, and prepurified H2 
were used. The fows of the gases are controlled by a 
system of gas cylinder regulators, shut-off valves, and 
flowmeters (not shown in Fig. 1) before they enter the 
furnace system through needle valves as indicated in 
the lower left of the figure. The total gas flow is typi- 
cally i00 cm~/min as measured at 900 Torr and 300~ 

by the flowmeters which are on the upstream side of 
the needle valves; this total flow is made up of indi-  
vidual  C12, I-I2, and 02 flows in the proportions of 
2:10:5, respectively. On the downstream side of the 
needle valves and in the entire system shown in the 
figure the pressure is main ta ined  at 10 Torr  through 
the use of a vacuum pump with a throt t l ing valve. 

As shown in Fig. 1, the reaction of Sn and C12, Eq. 
[2], occurs in a Pyrex Buchner  type funne l  with a 
coarse fri t ted disk on which a 30 mesh t in charge rests. 
This "SnC14 reactor" is wrapped with heater tape and 
heated to 100~ which is sufficient at 10 Torr  to give a 
uniform and complete reaction. Electrically active 
dopants are introduced into the crystals by using, in 
parallel  with the "pure" SnC14 reactor, other SnC14 
reactors in which the t in  charges contain small  propor-  
tions of the desired dopants (Sb for example) .  

The furnace tube is a 5-cm diameter  mull i te  tube 
horizontally mounted in a Globar furnace and sealed 
with Inconel endcaps. As shown in Fig. 1, the O2 inlet, 
and the He and C12-SnCI4 injector tubes are on the 
input  endcap; the output  endcap provides a mount  for 
a diaphragm pressure gauge, a quartz viewing window, 
and a connection to the cold traps and vacuum pump. 
A quartz tube closely fitting inside the mull i te  tube is 
used as the growing substrate. It is made long enough 
to cover the entire h igh- tempera ture  region of the 
furnace to protect against contaminat ion from the mul -  

Cl2 CIz CIz HZ Oz To cold trap 
�9 Y �9 end 

From gas flow and vacuum pump 

meterlnq controls 

Fig. 1. Stannic oxide crystal growing system. The drawing is not 
to scale; the actual mullite tube is 90 cm long, 5 cm ID. 
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lite and to preserve the mul l i te  tube. A spiral of 20-rail 
Pt  wire wrapped  around the quartz l iner  keeps it f rom 
touching and possibly sticking to the mullite.  

In the SnO2 growth, chlorine gas flows into the SnC14 
reactor  and reacts wi th  the tin to form stannic chloride, 
SnC14, which at 10 Torr  is also a gas. When doped 
mater ia l  is desired, the chlorine flow to the doping 
reactor is tu rned  on, and the appropriate  dopant chlo-  
r ide is also formed and t ravels  with the SnC14 gas. The 
total  chlorine flow to all the  reactors is kept constant 
and the desired doping concentrat ion and /or  doping 
profile is obtained by adjust ing the fraction of this flow 
which goes to the doping reactor. As shown in Fig. 1, 
addit ional chlorine ( <  1 cm3/min) is added to the 
combined SnC14 gas from the reactors, and these gases 
are injected into the furnace tube through a 0.32-cm 
OD, 0.16-cm ID zirconia nozzle coaxial  with the fur-  
nace tube. Hydrogen gas is introduced into the furnace 
through a 0.9-cm ID quartz tube concentric wi th  the 
nozzle and acts as a sheath about the zirconia nozzle 
shielding it f rom the oxygen which enters the furnace 
near  the per iphery  of the input endcap and is flowing 
in the region about the inject ion nozzles. Using this H2 
shield prevents  the immedia te  occurrence of the reac-  
tion, Eq. [1], and eliminates the growth of SnO2 on 
the injector  tubes which has plagued several  groups 
(3, 5). The concentric tubes must, of course, be prop-  
er ly constructed to minimize turbulence at their  ends 
or the purpose of the H2 shield is defeated. As the 
gases flow fur ther  into the furnace tube they mix  and 
react producing tin oxide. The additional C12 which was 
added to the SnC14 flow slows the reaction, Eq. [1], and 
is used to control the growth rate  and can even be used 
to reverse  the reaction if it is desired to back-etch seeds 
or remove unwanted  nucleation. Nucleation occurs on 
the walls of the quartz  l iner  and the largest, best-  
formed crystals grow in the region downst ream from 
the center  of the furnace where  the tempera ture  is de- 
creasing at 10~ from 1250 ~ to 1175~ The "ex-  
haust" gases are passed through l iquid ni t rogen cold 
traps and are then pumped into the exhaust  of a chem- 
ical hood. Hel ium gas is used to purge the lines before 
and after  a growth run. 

The procedure  for a growth run is as follows. Ini -  
tially, He gas is flowing in all of the system wi th  the 
furnace hot and the pressure adjusted to approximate ly  
10 Torr. To start  the run the He flow is turned off and 
the other  gas flows are started, H2 and O2 first, 1 then 
C12. The progress of the growth is observed through 
the viewing window and the flow of additional C12 is 
var ied to give slow initial growth which has been found 
to be advantageous. This additional C12 flow, approxi-  
mate ly  1 cm3/min initially, is s lowly reduced to zero 
as the crystals grow larger  and expose more surface 
area. If and when it is desired doping can be started. 
After  growth has proceeded as far  as desired the gas 
flows are stopped, He gas is again turned on, the pres-  
sure is increased to 760 Torr, and the crystals are re-  
moved, usually as soon as possible. Such a growth run  
typical ly results in over  10 large crystals, such as shown 
in Fig. 2, and many  smaller  ones. 

Properties of Crystals Grown 
The stannic oxide crystals grow as rods with diamond 

cross section, anchored at their  base to the quartz l iner  
and sticking out into the gas stream. Figure  2 i l lustrates 
the most common habit (note the twinning) .  Typical  
dimensions are A = 2.5 mm, B ---- 5 mm, and C = 5 mm 
for crystals grown 40 hr. Undoped crystals are clear 
and colorless showing no optical distortion in un-  
twinned portions. Ant imony-doped  crystals are slightly 
bluish in color. No change in growth habit  is observed 
when small  concentrations of an t imony are introduced, 
and we have  successfully grown ant imony-doped layers 

1Because  of  t he  sma l l  gas  f lows ( ~ 1 0 0  c m 3 / m i n  at  STP) ,  the  
e x o t h e r m i c  r eac t ion  of He a n d  02 p roduces  a p p r o x i m a t e l y  10w of  
p o w e r  and  d o e s  no t  s ign i f i can t l y  affect  t he  f u r n a c e  t e m p e r a t u r e .  

�9 ( 111 ) Faces 

~ Twin plone (011) 

B 

a = 5 6  ~ 

, ~ :  2 9  ~ 

Fig. 2. Stannic oxide crystals: (top) artist's sketch of a crystal 
illustrating growth habit, and (bottom) photograph of two typical 
crystals. 

on undoped crystals by turning on the chlorine flow to 
the doping reactor  during the run  as described above. 

In order to character ize the crystals, x - r ay  and 
spectrochemical  analyses and electrical  measurements  
have been made. Laue x - r a y  photographs, taken mainly  
for purposes of or ient ing crystals, show a large number  
of sharp spots indicat ing good crystal  quality. Spectro-  
chemical  analysis of crystals indicates less than 10 ppm 
Si (except at the base where  the crystals anchor to the 
l iner  and where  over  0.1% Si is found in the crystals) 
and less than 1 ppm of Ca, Cu, and Fe. No other  ele-  
ments were  found except  for the dopants in doped 
crystals, but the analysis technique used cannot detect 
the presence of chlorine so its existence cannot be dis- 
counted. 

Hall  effect and resis t ivi ty measurements  of two an-  
t imony-doped crystals indicate n- type  Hall  mobilities, 
resistivities, and carr ier  concentrations of 160 cm2/V - 
sec, 0.1 ohm-cm, and 4 x 1017 cm -3, respectively,  at 
300~ and of 1200 cm2/V-sec, 0.1 ohm-cm, and 6 x 10 TM 

cm -3 at 77~ The resist ivi ty of an undoped crystal  has 
been measured as 6 x 105 ohm-cm at 300~ In deter-  
mining the carr ier  concentrat ions above, the Hall  and 
drift  mobili t ies have been assumed to be the same, 
which is not a priori obvious for this wide  band-gap 
semiconductor.  

Discussion 
The spectrochemical  analysis of the crystals grown 

indicates that  they contain fewer  impuri t ies  than those 
grown by other  techniques (1-6). The fact that  the 
Hal l  mobil i ty at 77~ is 1200 cm2/V-sec as compared 
to the highest previously reported value of 1000 cme/V-  
sec (8) is a fur ther  indication that  the crystals are ve ry  
pure. The high pur i ty  results f rom the method's  in-  
heren t  requi rement  that  the elements in the crystals 
ei ther  be inside the furnace ini t ial ly or be t ransported 
into the furnace in a gaseous form, most probably as a 
compound with chlorine. The dry chlorine used reacts 
slowly, if at all, wi th  many  elements below 100 ~ C, and 
few of the compounds formed when it does react  have  
sufficient vapor  pressure at room tempera tu re  to readi ly  
enter  the gas s t ream (9). This fact, of course, must 
also be taken into account when choosing dopants to 
insure that  they wil l  be t ransported into the furnace as 
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desired. Another  interest ing and very useful feature of 
the described method is the use of addit ional chlorine 
to control the reaction rate. Its main  ut i l i ty  comes at 
the start  of a run  where it can be used to obtain slow 
init ial  growth and can be used by increasing the flow 
enough to reverse the reaction to back-etch seeds or 
to remove unwanted  nucleation. Finally,  the method of 
growing SnO2 presented here, in addition to producing 
crystals having high mobility, is well  suited for grow- 
ing crystals for various electrical studies. Since dopants 
are introduced as the crystals grow and can be switched 
on and off without in te r rupt ing  growth, the production 
of doped, conducting layers on higher resistance bases 
is s traightforward as is the production of numerous  
other layered geometries. 
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Phosphorus and Arsenic Doping of 
Epitaxial Silicon Films in the 

1000 ~ to 1200~ Temperature Range 
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ABSTRACT 

The doping of silane grown epitaxial films has been studied in the 1000 ~ 
1200~ temperature  range. Dopant sources were PII3 and ASH3. It is found 
that a gas phase equi l ibr ium between the dimer (P2 or As2) and monomer  
(P or As) species occurs. The monomer is responsible for doping the silicon 
and does so in accordance with Henry 's  law. Reasonable agreement  between 
the calculated and experimental  doping concentrat ion has been obtained. 

Although a great deal of effort has been expended on 
studies concerning the doping of epitaxial  silicon films, 
very  li t t le is known about the physicochemical proc- 
esses involved. However, Shepherd (1) recently pro- 
posed a model to explain the doping of silicon epitaxial  
films grown in horizontal, gas flow reactors. Although 
Shepherd (1) tested his model for films deposited by 
the hydrogen reduction of SIC14 ( temperature  range 
1100~176 and doped with n - type  dopants in t ro-  
duced as the chloride species, many  of the ideas are 
thought  to be of general  applicability. In the present  
work, we have studied the doping of Sill4 grown epi- 
taxial  films using PHs and AsH3 as the dopant gases. 
Several ideas are extracted from the Shepherd (1) 
model and are found to apply quite well  to the tem- 
perature  range suitable for epitaxial growth with Sill4 
( ~  1000~176 

Theory 
Both PH-4 and AsH3 are thermodynamical ly  unstable  

molecules at high temperatures.  When introduced into 
a high tempera ture  gas stream these molecules undergo 
almost complete decomposition and various other 
atomic and molecular species are formed. In  the 1000 ~ 
1200 ~ temperature  range the two impor tant  gas phase 

* Electrochemical  Society  Act ive  M e m b e r .  
1 P r e s e n t  address: Applied Materials Technology,  S a n t a  C l a r a ,  

C a l i f o r n i a .  

species formed from the PH8 molecule are the phos- 
phorus monomer and the phosphorus dimer. This has 
been found from thermodynamic  calculations (2). A 
similar si tuation exists in the case of AsH3 in that  the 
arsenic monomer and dimer are the predominant  spe- 
cies between 1000 ~ and 1200~ (3). In  each case an 
equi l ibr ium exists between the monomeric and the 
dimeric species in the gas phase. Only minute  quant i -  
ties of PH3 or AsH3 remain  in the high temperature  
gas stream. 

A 
2PHs(g) --> P2(g) ~ 2P(g)  [1] 

A 
2ASH3 (g) --> As2(g) ~ 2As(g) [2] 

Following the approach of Shepherd (1), we propose 
that the monomer  in the gas phase is in equi l ibr ium 
with the monomer  in the solid phase. The solid phase 
in the present  case is predominant ly  single crystal sili- 
con formed by the thermal  decomposition of Sill4. The 
equi l ibr ium can be expressed as 

P (g )  ~,-~-P (ss) --> P+ (ss) + e -  [3] 

As(g)  ~ A s ( s s )  -> As + (ss) + e -  [4] 

In Eq. [3] and [4], P (ss) and As (ss) refer to phos- 
phorus and arsenic in solid solution at the silicon sur-  
face. 
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Both the phosphorus and arsenic monomers in the 
solid phase ionize to give an ionized donor (P+ or As + ) 
and an electron. This near ly  complete ionization of the 
donor species occurs at the actual doping temperature  
and persists at room temperature.  In no case in the 
present work is the doping level sufficiently high such 
that both the ionized and un-ionized species need be 
considered. 

We now assume that Henry 's  law may be applied to 
the above equil ibria al lowing us to write the following 
relationships. These relationships are correct as long 
as the intr insic  electron concentrations are large com- 
pared to the concentrations of ionized donors. 

pp : kp [Np+ /Nsi]s [ 5 ]  

P n s  : k n s  [NAs+/Nsl]s [ 6 ] )  

In  the above equations pp and PAs refer to the part ial  
pressures of the phosphorus monomer and the arsenic 
monomer,  respectively. The Henry 's  law constants are 
k p  and kAs for the two monomers while the bracketed 
terms refer to the ratio of the number  of ionized donors 
to the number  of silicon atoms in the solid phase, s. 
In  order to calculate the expected doping level under  
various exper imental  conditions we need to know the 
part ial  pressures of the monomer  species in the gas 
phase and the Henry 's  law constants. The partial  pres-  
sure of the monomer  can be obtained if one knows the 
partial  pressure of the hydride originally introduced 
into the gas stream along with the appropriate equil ib-  
r ium constant  for either Eq. [1] or [2]. 

Using phosphorus as an example, the equi l ibr ium 
constant  for Eq. [1] is given by 

g p - ~  [pp]2/[pp2] [ 7 ]  

and an analogous relationship exists for the arsenic 
equil ibrium, Eq. [2]. Solving for the part ial  pressure 
of the phosphorus monomer we see that 

p P - ~ -  [{Kp(8PPH3 "1 u K p ) }  1/2 - -  Kp]/4 [ 8 ]  

Again, a similar relationship holds for the arsenic case. 
Combining Eq. [5] and [8] allows calculation of the 
expected doping level as a function of the equi l ibr ium 
constant for the d imer-monomer  equil ibrium, the par-  
t ial  pressure of the dopant hydride introduced into the 
gas stream, the Henry 's  law constant  for the monomer, 
and the density of silicon. For phosphorus 

[ N p + ] s  = [ N s i ] s  [{Kp(8PeH3 n u K p ) }  1/2 - -  Kp]/4kp 
[9] 

It  should be noted that  Eq. [9] contains two strongly 
temperature  dependent  terms; namely,  the equi l ibr ium 
constant  and the Henry 's  law constant. Both depend 
in an exponential  manner  on the temperature.  The 
relat ive tempera ture  variat ion of these terms will de- 
termine the na ture  of the calculated temperature  de- 
pendence of the doping level. An expression analogous 
to Eq. [9] holds for arsenic doping. 

Exper imenta l  Deta i ls  
The experiments  in the present investigation were 

carried out in a horizontal, RF heated, gas flow reactor 
operating at atmospheric pressure. A reaction chamber  
containing a silicon carbide coated-graphite susceptor 
and having a length of 29 in. and a rectangular  cross 
section 2 in. x 4 in. was used. Highly doped substrates 
( ~  0.005 ohm-cm) of (111) orientat ion and approxi-  
mately  1 in. diameter  were placed along the length of 
the susceptor. 

A typical  run  consisted of three substrates of op- 
posite type to that of the grown epitaxial  films. Prior  
to introduction of the substrates into the reactor, the 
susceptor was coated with high resist ivity silicon ( ~  60 
ohm-cm).  After introduct ion of the substrates into the 
reactor but  prior to growth, the substrates were etched 
for about 5 min  with HBr at 1250~ This procedure 
removed surface damage from the substrates. The 

source of silicon in the present  work was 5% SiI-I4 in 
ul t rahigh pur i ty  hydrogen obtained from The Mathe- 
son Company, Inc. The s i lane-hydrogen mixture  was 
combined with additional hydrogen obtained from a 
liquid hydrogen source. In  all experiments the total 
gas flow was mainta ined at 68 l i ters /min.  The silane 
concentrat ion was approximately 0.15 m/o  (mole per 
cent) .  Doping sources for the present work were 10 
ppm PHz in hydrogen and 46 ppm AsH3 in hydrogen, 
both obtained from The Matheson Company, Inc. Gas 
flows were monitored through Fischer & Porter  Tri-  
Flat  Var iable-Area Flowmeters.  

Deposit thicknesses were normal ly  about  15~ and 
were determined by the IR interference technique. In  
all cases in the present work, a growth rate of 0.5 ~/min 
was maintained.  Four  point probe V/ I  measurements  
and IR thicknesses were used to obtain the film resis- 
tivity. Dopant concentrations were then obtained from 
the relationship between dopant concentrat ion and re-  
sistivity (4). All temperature  measurements  quoted in 
the present study are actual temperatures  which were 
obtained by correcting optical pyrometer  readings. 
Temperatures  are believed accurate to _5~ Concen- 
trations are estimated to have a ___10% uncertainty.  

Results and Discussion 
Phosphorus doping experiments  were carried out at 

four temperatures  between 1000 ~ and 1200~ 1010 ~ 
1050 ~ 1100 ~ and 1175~ Table I shows the equi l ibr ium 
constants for the phosphorus d imer -monomer  equil ib-  
r ium and the Henry 's  law constant  for the phosphorus 
monomer at the above four temperatures.  The equi l ib-  
r ium constants were calculated from free energy func-  
tions and heats of formation taken from the l i terature 
(2). Henry 's  law constants were taken from the work 
of Shepherd (1) and Coupland (5). Since these work-  
ers performed their experiments  at temperatures  gen- 
eral ly higher than those used in the present  work, a 
simple l inear  extrapolation of the k vs. 1/T curves 
was necessary to obtain some of the k-values in Table I. 

Arsenic doping experiments  were carried out at 
1000% 1050 ~ 1100 ~ and 1150~ Calculated equi l ibr ium 
constants (3) for the arsenic d imer-monomer  equil ib-  
r ium and Henry 's  law constants (1) for the arsenic 
monomer  are shown in Table II. 

Figure 1 shows the calculated per cent monomer  ob- 
tained at various temperatures  for both phosphorus 
and arsenic. The two curves refer to one part icular  ini-  
tial dopant hydride pressure, namely,  the lowest pres-  
sure used in each set of doping experiments.  At any 
chosen temperature  the per cent monomer  decreases 
as the ini t ial  hydride pressure increases. Note that  
the phosphorus composition ranges from ~ 0.25% 
monomer  at 1000~ to ~ 5% monomer at 1175~ 
whereas the arsenic composition ranges from ~ 20% 

Table I. Equilibrium constants for the phosphorus dimer-monemer 
equilibrium and Henry's law constants for the phosphorus monomer 

at various temperatures. 

P 2 ( g )  ~ 2 P ( g )  
T, ~ Kp ~P 

1010 ~ 9 . 1 X  10  - ~  6 .8  X 10 -6 
1 0 5 0 "  4 .0  X 10 - ~  2 .0  X 10  4 
1 1 0 0  ~ 1 .9  X 1 0 -  i s  6 .2  • 104.5 
1175  ~ 2 . 1 X  1 0  - ~  3 .6  X 10  -4 

Table II. Equilibrium constants for the arsenic dimer-monomer 
equilibrium and Henry's law constants for the arsenic monomer 

at various temperatures. 

A s 2 ( g )  ~.~ 2 A s ( g )  
T ,  ~  K ~  k A .  

1000  ~ 2 .9  x 10-1o 1.1 x 10  4 
1050  ~ 1.1 x 10  -9 2 . 9  x 1 0 -  4 
1100 ~ 3 .9  x 10  -9 7.3 x 10  4 
1 1 5 0  ~ 1 .2  • 10  -8 1 .7  X 10  ~ 
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Fig. 1. Calculated per cent monomer as a function of tempera- 
ture. Obtained from the equilibrium constants for the dimer- 
monomer equilibria of phosphorus and arsenic. 

monomer  to ,~ 80% monomer over the same range of 
temperature.  

Through the use of Eq. [9] and Table I, we are able 
to find the expected effect of increasing tempera ture  
on phosphorus doping level for a given phosphine par-  
tial pressure. As the tempera ture  increases the dimer-  
monomer equi l ibr ium constant  increases; i.e., the 
monomer part ial  pressure increases. In  addition the 
Henry 's  law constant increases with increasing tem- 
perature. Since in Eq. [9] one term (K,)  occurs in the 
numera tor  and the other (k,)  occurs in the denom- 
inator, the effect of a tempera ture  increase on the dop- 
ing level ([/u will  depend on which of the two 
terms is dominant.  Calculations show that  for phos- 
phorus the doping level is expected to decrease with 
increasing tempera ture  since the kp term dominates. 
In the case of arsenic a similar si tuation occurs in that  
the calculated doping level decreases as the tempera-  
ture  increases. 

Figure 2 shows a comparison between the calculated 
and observed doping level for phosphorus doping. The 
dotted lines represent  the calculated doping level, as a 
function of phosphine pressure, obtained using Eq. [9] 
along with the data of Table I. A value of [Nsi]~ ---- 
5.00 x 1022 atoms/cm 3 taken from the l i terature (4) 
was used in the calculations. The phosphine part ial  
pressure was that determined exper imental ly  from the 
gas flow rates. For the calculated doping level note that  
doping decreases as the temperature  increases for a 
given phosphine part ial  pressure. The agreement be-  
tween calculated and exper imental  values of the dopant  
concentration, as shown in Fig. 2, is reasonably good 
in view of the complexity of the situation. Better agree- 
ment  is obtained at the low end of the phosphine par-  
tial pressure range and although the dopant concentra-  
tion increases with phosphine part ial  pressure for a 
given tempera ture  the agreement  becomes less satis- 
factory as the partial  pressure increases. Probably  the 
most significant point regarding Fig. 2 is the experi-  
mental  observation that dopant concentrat ion at con- 
stant  pressure falls off as the temperature  increases. 
This is what  is predicted by  the theory. In  connection 
with Fig. 2 it should be pointed out that  the background 
doping level (i.e., the dopant concentrat ion obtained 
in  a nominal ly  intrinsic deposition) is approximately 
2 x 1014 atoms/cm 8. 
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values, 
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Fig. 3. Doping concentration vs. partial pressure of arsine at 
various temperatures. Comparison of calculated and experimental 
values. 

Figure 3 shows a comparison between exper imental  
and calculated doping concentrat ions for arsenic. The 
effects are qual i tat ively similar in all respects to those 
noted for phosphorus doping. We find, however, that  
the agreement  between calculated and exper imental ly  
determined concentrations is bet ter  in the case of 
arsenic than  it is in the case of phosphorus. We also 
note that  for arsenic the agreement  becomes less satis- 
factory at the higher end of the tempera ture  range. 

For the case of phosphorus doping and under  the 
experimental  conditions used in the present work, Eq. 
[9] can be simplified as follows. Rewrit ing this equation 
in a slightly different form gives 

[Np+] = [Nsi]sKp[(8PPH3/Kp Jr- 1) 1/2-- 1]/4kp [10] 

Since (8PPH3/I~p Jr 1)  ~-~ 8PpIt3/Kp for our experi-  
menta l  conditions and also since [ (SPPH3/Kp) y2 _ 1] 
(8PpHJKp)  V= we find that  

[Nsi] s (2Kp) I / 2  

[Np+]s = (PPH3) ~'2 [11] 
2kp 

Clearly the theory predicts a phosphorus doping level 
proport ional  to the square root of the phosphine part ial  
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pressure. Exper imenta l ly  we find that  the doping level  
increases somewhat  more rapidly  wi th  phosphine pres-  
sure than predicted by Eq. [11]. 

In the case of arsenic doping a simplification similar 
to Eq. [11] cannot be made since the relat ionship 
(8PAsHjKp -{- 1) ~ 8pAsH3/Kp is not always val id and 
indeed the te rm 8PAsHjKp can be as small  as approxi-  
mately  4.7. 

We can offer no explanat ion for the deviat ion of the 
exper imenta l  and calculated doping levels. It is possi- 
ble that  some refinement of the theory is needed. How- 
ever, it is felt  that  the theory is essentially correct in 
that  the trends in the exper imenta l  results closely ap- 
proximate  calculated values. 
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Partial Pressures of Zn and "l'e  over ZnTe up to 917~ 

R. F. Brebrick 
Lincoln Laboratory, Massachusetts Institute of Technology, Lexington, Massachusetts 

ABSTRACT 

The part ial  pressures of Zn, Pzn, and of Te2, P2, for ZnTe(c)  of different 
compositions have been determined up to 917~ by measur ing the optical 
density of the coexisting vapor  as a function of wave length  in the uv and 
visible. Over  the whole tempera ture  range the value of Pzn over  Zn-satu-  
rated ZnTe is the same as that  over pure Zn to within the exper imenta l  error  
of ___2%. The values of P2 for Te-sa tura ted  ZnTe indicate a solubil i ty of Zn 
in Te(c)  at 450~ of the order of 1 a /o  (atomic per cent) .  For  compositions 
wi thin  the homogenei ty  range both Pzn and P2 were  measured.  Evidence is 
presented for a slow react ion with  silica near  900 ~ by which Zn is lost f rom 
the ZnTe but which can be inhibited by a carbon coating on the silica tube. 
Between 688 ~ and 917~ 

log PznP21/2 (atm 3/2) = --(16,350 • 68) /T  + (9.680 ___ 0.062) 

with a standard deviat ion of 0.016 in the logarithm. The result  is compared 
with published values, which spread over  a factor of 10 in PznP21/2. 

In this paper  we report  the determinat ion of, (a) 
the part ial  pressures of Zn, Pzn, over  Zn-sa tura ted  
ZnTe(c) ,  (b) the part ial  pressure of Te2, P2, over  Te-  
saturated ZnTe(c) ,  and (c) both Pzn and P2 over  
ZnTe with  compositions wi thin  the homogenei ty  range. 
Such data are useful in investigations of the corre la-  
tion between the electrical  and optical propert ies of 
ZnTe and the concentrat ions of native, atomic, point-  
defects present  in the compound. The defect concen- 
trations are determined by deviations f rom the stoi- 
chiometric composition, which are most readi ly  con- 
trolled, when small, by fixing the tempera ture  and 
ei ther Pzn or P2. No previous detailed measurements  
have been reported for cases (a) and (b). Three in-  
vestigations (1-3) have determined the product, 
PznP21/2, by using Knudsen-cel l ,  weight- loss measure-  
ments. Lee and Munir  (4) determined this product by 
using the angular  displacement (but not weight- loss)  
of a torsion-effusion cell. Al though all four de termina-  
tions give near ly  the same tempera tu re  dependence 
of PznP2 V2, the magnitudes of the product at a given 
tempera ture  vary  by a factor of ten. The values re-  
ported here, which are about 40% below the highest  
values obtained by the dynamic methods, were  ob- 
tained by a static method in which the optical density 
of the vapor  coexisting with ZnTe(c)  in a closed 
system was measured as a function of wavelength.  

Experimental 
In a number  of synthesis steps it was necessary to 

heat  samples. This was always done in a fused silica 

tube which had been rinsed in HF, fol lowed by dis- 
t i l led water,  dried, and outgassed 16 hr  at 1060~ and 
pressures of 10 -7 Torr  or below. Af ter  the sample was 
loaded into the tube, it was outgassed again for 3-5 hr  
at 200 ~ and 10 -~ Torr  and finally sealed off. 

Samples containing Te-sa tura ted  or Zn-sa tura ted  
ZnTe(c)  were  synthesized by weighing the individual  
h igh-pur i ty  elements to the nearest  0.1 mg to make a 
total  of 15g. The over -a l l  compositions were  respec- 
t ively 55.0 and 40.0 a /o  (atomic per cent) Te. The 
elements were  loaded into a silica tube which was 
evacuated and sealed off. A vigorous, exothermic  re-  
action was init iated with  a hand torch, and heat ing 
was continued unt i l  it appeared that  all the  Zn had 
been attacked. The tube was then heated for 16 hr  at 
560 ~ for the 55.0% sample and for 168 hr at 596 ~ for 
the 40.0% sample. The mater ia l  was ground with  an 
agate mortar  and pestle to pass a 1 mm opening, stain- 
less steel, s tandard sieve. For  each composition about 
2g of mater ia l  was loaded into the s idearm of an op- 
tical cell which was then evacuated, outgassed, and 
sealed off. 

Exper iments  with samples inside the homogenei ty  
range used ZnTe crystals which were  ei ther  vapor-  
grown by using ZnTe at 1080~ as a vapor  source 
and He as a carr ier  gas (5) or were  grown from a 
70 a /o  Te mel t  by a t rave l ing-zone  technique (6). In 
the lat ter  case, the crystals to be used were  annealed 
in l iquid Zn for 24 hr  at 1050 ~ then 24 hr  at 700 ~ then 
furnace cooled. This served to significantly reduce, if 
not completely  el iminate the amount  of Te present  as 
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an in terna l  precipitate and visible as black occlusions 
under  magnification with t ransmit ted light. The crys- 
tals were ground to a max imum particle size of 1 mm 
and loaded into the sidearm of a silica optical-cell, 
which was then evacuated, outgassed, and sealed off. 
The weight of the samples used ranged from 0.5 to 
300 rag. There were no significant differences in the 
values of PznP21/2 obtained that could be a t t r ibuted to 
sample origin or size. In  one case the sidearm of the 
optical cell was coated with carbon by the pyrolytic 
decomposition of acetone vapor before the cell was 
outgassed at 1060" in the cleaning step. A small, car- 
bon-coated silica tube  outgassed with the optical cell 
was used to t ransfer  the 2.1 mg, 0.125 m m  ma x i mum 
particle size, sample into the sidearm of the optical 
cell. 

The 22 m m  OD, cylindrical,  silica, optical cells were 
general ly about 103 mm long. A 22 cm long sidearm 
bisected this length at r ight  angles. The sample was 
spread over the last 2 cm of the sidearm. The optical 
cell proper was held at a fixed tempera ture  of 1000~ 
by a 32 cm long, 3.8 cm ID, 3-zone split furnace. The 
opening through the wall  of this furnace, through 
which the sidearm of the optical cell passed, also con- 
tained a 5 cm long, 1.3 cm ID auxi l iary  furnace. The 
auxi l iary furnace extended about 1 cm into a 30 cm 
long, 3 cm ID sidearm furnace. The power through the 
auxi l iary furnace could be set so that  no m i n i m u m  in 
tempera ture  developed between the main  furnaces. 
A 10 cm long, 6 m m  wall  thickness, Pt-coated, Ag 
l iner  surrounded the end 5 cm of the sidearm and 
served to reduce the temperature  var iat ion over the 
sample to less than 2 ~ for all the measurements.  Only  
a slight surface reaction could be observed between 
the l iner  and the surface of a silica tube after about 
100 hr  at 900~ The sample tempera ture  was taken 
as that  measured by a calibrated Pt; Pt, 13% Rh 
thermocouple protected by a two hole a lundum tube 
and located in the Ag l iner  at a position corresponding 
to the middle of the sample. Calibrations taken  over a 
period of months showed no change in the thermo-  
couple. The sample tempera ture  was measured to the 
nearest  0.1~ and varied by less than 0.3 ~ dur ing  the 
5-10 rain required to make the optical density mea-  
surements.  

The procedure used to make optical density mea-  
surements  with a Cary 14H double-beam spectro- 
photometer  has been described in detail (7). To ob- 
tain the lowest values of Pzn and P2 the spectrum was 
scanned between 2200 and 1990A at 5/8 A/s  using the 
hydrogen light source of the Cary, a chart  speed giv-  
ing a display of 3.4 A/cm, and a recorder-pen period 
of is. For  the highest values of Pe the spectral mea-  
surements  were made in the visible portion of the 
spectrum as previously described (8). According to 
the manufacturer ' s  dispersion curves, the spectral 
band-pass  was 1.12A at 2138A and 1.84A at 1995A. 
Special care was taken to reproduce the slitwidths in 
each scan, especially in the uv. Optical densities, D 
log Io/I, were measured between about  0.01 and 2.0. 
The noise near  zero optical density was • 0.005. Using 
optical densi ty measurements,  we have determined the 
part ial  pressures for a n u m b e r  of tel lurides and sel- 
enides as well  as for Te and Se themselves. These ref-  
erences are given in ref. (7) and (8). 

Results 
Pure tel lurium.--For a pure Te sample the spectrum 

is that of Te2(g). The dependence of the optical 
density on the tempera ture  of the liquid Te sample has 
been described for a number  of wavelengths in the 
visible and for a 1000~ optical cell (8). The behavior  
of a n u m b e r  of band  maxima in the uv  has been de- 
scribed for an optical cell tempera ture  of 755~ (7). 
These uv band  maxima behave similar ly when  a 1000 ~ 
optical cell is used. The results for a 1000~ optical 
cell can be summarized by the equations 

P2 (atm) = 0.0433 DI995/L (mm) [1] 

D1995: D2025: D2056: D2138: D4357:D5000 

= 100: 43.5: 37.3: 4.70: 11.2:2.57 [2] 

where D~ is the optical density at a wavelength ~, and 
L is the optical path length. These equations are ac- 
curate to wi th in  • 2% for path lengths between 22 
and 100 mm and for values of D~ between about 0.01 
and 2 provided: ({) one corrects for ins t rumenta l  
s t ray- l ight  errors at values of D~ greater than about 
1, and ({i) one uses D~/L values greater than  0.007 
for ~ ---- 4357 or 5000A. Band maxima occur at the 
wavelengths cited above except at 2138 and 5000A, 
where the spectrum is apparent ly  continuous. 

Pure z{nc.--The strongest Zn(g)  absorption l ine is 
centered at 2138A. This l ine has a calculated Doppler 
hal f -width  of about 0.03A at 1000~ some 40 times 
smaller than the narrowest  spectral band-pass  which 
we used. As a result  D21ss is sensitive to sl i t-width.  
The slope of log D213s vs. 103/T for a 1000 ~ optical cell 
varies with tempera ture  and is somewhat smaller than  
the slope of log Pzn vs. 103/T. Calibrat ion runs  with a 
pure  Zn sample were made with 49.3 and 98.8 mm 
path- lengths  and with sl i t -widths of 0.08 and 0.158 m m  
(1.12 and 2.2A band-pass,  respectively) .  Measure-  
ments  were taken at about 5 ~ intervals  in the Zn-  
sample tempera ture  and covered optical densities be-  
tween 0.02 and 2.0. For  a given path length the values 
of D2~ss obtained with the two sl i t -widths fall on 
paral lel  lines, that  for the smaller s l i t -width being 
higher by a factor of 1.60, somewhat  less than the 
factor of 2 expected. At a given Zn-sample  temper-  
a ture  and sli t-width, the values of D213~ obtained with 
the 98.8 mm cell are 1.31 times as large as those ob- 
tained with a 49.3 mm cell. This is consistent with 
D2138 depending on the 0.39 power of the pa th- length  
ra ther  than the first power. These anomalies in path 
length and slit width dependence can be at t r ibuted 
to the fact that  the spectral band-pass  used is so much 
larger than the ha l f -width  of the 2138A adsorption 
line. 

With increasing Zn-sample  tempera ture  the 2138A 
line broadens extensively toward the visible (9), a 
subsidiary l ine develops at 2066A, and the we l l -known 
line at 3070 develous. Between 2150 and 28n0A, in the 
long wavelength tail  of the 2138 line, the slope of log 
Dx vs. 103/T is twice tbat  shown by log Pzn for Pzn 
between 0.01 and 1 atm. Thus the absorption grows as 
the square of the number  of atoms in the light path, 
consistent with the statistical theory of pressure broad-  
ening (10) and similar to the behavior  of the 2540 Hg 
(9, 11, 12) and 2287 Cd (9) absorption lines. For D213s 
as high as 1.6 the optical densi ty at 1995A is below 
0.01. Thus in those cases where we see absorption due 
to both Zn and Te2, the absorption at 1995 is essen- 
t ial ly all due to Te2. 

The vapor pressure of Zn was taken from the table 
in the critical compilation of Hul tgren et al. (13). To 
within  bet ter  than  1% in PZn the data can be repre-  
sented by the equations 

logl0Pzn (atm) ---- --6,714.7/T 

-F 5.9839 (600 < T~ <: 692.7) [3] 

1ogl0Pzn (atm) = --6,281.3/T 

~- 5.3586 (692 < T~ < 900) [4] 

Zn-saturated ZnTe (c) . - -F rom 500" to 910~ the 
ma x i mum temperature  measured, the value of Pzn 
over Zn-sa tura ted  ZnTe(c)  is the same as that  over 
pure Zn(1)  wi thin  the exper imental  error of •  
This is 1.17 atm at 1200~ and 0.114 atm at 1000~ 
(13). This is to be expected in view of the fact that  
the compositions along the Zn-r ich  l iquidus fall below 
0.1 a/o Te up to 9100C. The values of Pzn were ob- 
ta ined from D213s below 540 ~ and from D2150 and D2200 
at higher temperatures.  The value of P~ was below our 
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exper imenta l ly  detectable l imit  of about 10 -5 atm at 
all temperatures .  

Te-saturated ZnTe ( c ) . - - T h e  part ial  pressure of Te2, 
P2 over  Te-sa tura ted  ZnTe(c)  be tween 398 ~ and 913~ 
was determined using two different optical cells at 
1000~ For  sample tempera tures  above 520 ~ the values 
of D~ for the  uv max ima  were  greater  than 2.0 so that  
P2 was obtained f rom D~ at 4357 and 5000A. Between  
398 ~ and 438~ the measurements  were  repeated with  
a 755 ~ optical cell t empera ture  to check on the magni -  
tude of possible the rmal  effects arising because of the 
difference in t empera tu re  between the sample and the 
optical cell proper. No such effects were  seen. The 
values of Pzn were  below the detection limit of 8 x 10-6 
atm. The values of P2 f rom the two optical cells and 
the two optical cell t empera tures  all fall  wi thin  •  
of a smooth curve. For  this reason and because we 
have 63 exper imenta l  points, values interpolated from 
this curve  are listed in Table I. (The proport ional i ty  
constants be tween D~ and P2 for the 755 ~ optical cell 
were  taken from an earl ier  study (7).) Near  900~ 
the observed values of P2 are close to those calculated 
f rom the l iquidus (14) assuming the liquid is ideal. 
This is not t rue  at the lower temperatures ,  however ,  
the P2 curve running paral le l  to that  for pure  Te (1) 
and about 15% lower be tween about 540 ~ and 450~ 
The P2 curve  shows a break at 450 ~ similar  to that  
for pure Te, and continues to run paral le l  to the pure  
Te(c)  curve down to the lowest t empera ture  mea-  
sured, 398~ It  would seem that  this resul t  is most 
likely, though not necessarily, inconsistent wi th  the 
results of the rmal  analysis. The ZnTe-Te  eutectic t em-  
pera ture  has been reported (14) as 449 ~ • 2~ agree-  
ing wi th  the mel t ing point of pure  Te. The eutectic 
composition appears to be not less than 98 a /o  Te, in-  
dicating a solubili ty of Zn in Te(c)  at 450 ~ of less 
than 2 a/o. On the other  hand, according to our re -  
sults, the solubili ty of Zn in Te(c)  must  be large 
enough to depress the Te2-partial  pressure by 15%. 
One would th ink this requires  a solubili ty of the order  
of 1 a/o. 

ZnTe(c)  with in  the homogenei ty  range . - -The  spec- 
tra obtained with ZnTe(c)  samples wi thin  the homo-  
geneity range  were  a superposition of those obtained 
with  pure  Zn and pure Te. Thus Zn(g)  and Tee(g) 
were  the major  vapor  species, in agreement  wi th  mass 
spectrographic results (2). It  is characterist ic of the 
I I -VI  compounds that  the gaseous MX molecule is a 
minor  consti tuent of the vapor  phase (2, 12, 15, 16). 

The Te2 contribution to the absorption at 2138A, 
which is 0.047D1995 according to Eq. [2], was about 
10% of the observed value of D2138 and was subtracted 
f rom the lat ter  to get the Zn contribution. The value 
of IOS/T of a pure  Zn sample that  would give the same 
value of D2138 for the same path length was then read 
f rom the calibration graphs. (The cells used had path  
lengths matching one of the two used in the measure -  
ments on pure  Zn.) The corresponding value of Pzn 
was calculated using Eq. [3] or [4]. For  the various 
samples, Pzn and P2 could both be measured f rom 
about 688 ~ to 917~ At  the lowest  measurable  pres-  
sures, Pzn was as much as 5 t imes larger  than P2. The 
ratio Pzn/P2 = R decreased to values be tween 1 and 2 
as the ZnTe sample was heated, due to the p re fe ren-  
tial loss of Zn to the vapor  phase and the dependence 

Table I. Partial pressure of Te2(g), P2, over Te-saturated 
ZnTe(c) 

IO~/T 10 4 X P2 (a tm) IO~/T i0  ~ X P2 (atm) 

0.85 3460 1.25 16.3 
0.90 1880 1.30 8.15 
0.95 1000 1.35 4.07 
1.00 515 1.38 2.69 
1.05 265 1.39 2.23 
1.10 135 1.40 1.83 
1.15 65.5 1.45 0.667 
1.20 32.5 1.49 0,300 

of the part ial  pressures on solid composition. Al though 
the Dx values apparent ly  became steady s imul tane-  
ously wi th  the sample temperature ,  they changed 
slightly on standing 16 hr at t empera tu re  in the 850 ~ 
917~ range, in such a way as to yield a reduction in 
the ratio R. Values as low as 1.3 were  observed. How-  
ever,  the product PznP21/2 obtained af ter  such changes 
was wi th in  3% of that  obtained before. 

The measurements  obtained with  the carbon-coated 
cell gave values of PznP2 '/2 in good agreement  wi th  
those obtained with  the uncoated cells. However ,  there  
were  no significant changes in ei ther Pzn or P2 on 
standing 16 hr  at 855~ Presumably  the carbon 
barr ier  inhibited a react ion be tween ZnTe(c)  and 
silica which caused a re la t ive  loss of Zn f rom the 
ZnTe(c) .  The data from the carbon-coated cell  are 
listed in Table II. It  is seen that  wi th  increasing t em-  
pera ture  the ratio R decreases from 4.58 and between 
827 ~ and 919~ holds at an average value of 1.8 • 0.1. 
Now if the homogenei ty  range of ZnTe were  be tween 
49.5 and 50.5 a /o  Te, congruent  sublimation with Zn 
and Te2 as the only vapor  species would give a value 
of R between 2.05 and 1.95. The reason we obtain a 
value  that  appears to be significantly different is not 
clear. Perhaps  the exper imenta l  conditions of sample 
weight  and gas phase volume were  not r ight  to ob- 
tain congruent  sublimation al though comparable  con- 
ditions gave (15) congruent  sublimation with  CdTe(c) .  
Perhaps our values of Pzn and P2 suffer a systematic 
er ror  when both pressures are comparable.  Our esti-  
mated error  of 3% in each pressure leads to a 4.2% 
error  in R. However ,  an error  of 10% in ei ther  pres-  
sure for any cause, including errors in the published 
vapor  pressures, would account for an observed value 
of 1.8 for R when  the t rue  value  is 2.0. Or least likely, 
we believe, perhaps the homogenei ty  for ZnTe(c)  is 
more Te-r ich  than 50.5 a /o  Te. 

The behavior  seen in the last four sets of measure-  
ments shown in Table II is consistent wi th  the above 
hypothesis concerning the loss of Zn in an uncoated 
silica tube. The ZnTe(c)  t empera tu re  was dropped 
from 919 ~ to about 855~ and a measurement  made. 
Over  the next  40 hr" three addit ional  measurements  
were  made with  the tempera ture  be tween  851 ~ and 
885~ As can be seen, the ratio, R, decreases wi th  t ime 
and is significantly below 2.0. The initial cooling r e -  
sulted in the deposition of some ZnTe(c)  at the ex-  
t reme end of the sidearm, where  there  was no carbon 
coating. The subsequent  slow loss of Zn f rom the 
ZnTe (c) led to a continuing decrease in R. 

Table II. Partial pressure of Zn(g), Pzn, and of Te2(g), P2, for 
compositions within the ZnTe(c) homogeneity range (carbon-coated 

cell) 

105 x PZn 105 X P2 10: x Pz.P21/2 
103/T~ (arm) (atm) Pza/P2 =- R (atm3/2) 

1.017 4.88 1.065 4.58 1.59 
0.9967 8.07 2.17 3.72 3.76 
0.9770 11.8 4.60 2.56 8.00 
0.9593 17.1 7.30 2.34 14.6 
0.9504 21.6 9.14 2.36 20.6 
0.9411 29.0 12.3 2.36 32.1 
0.9331 33.3 15.2 2.19 41.0 
0.9251 38.9 19.2 2.02 53.9 
0.9170 47.5 24.2 1.96 73.9 
0.9093 55.7 29.9 1.86 96.3 
0.9017 68.4 36.5 1.87 130 
0.9939 80.1 44.4 1.80 168 
0.8870 95.1 53.0 1.79 219 
0.8864* 94.6 57.0 1.66 225 
0.8795 117 68.0 1.72 305 
0.8724 139 77.7 1.79 387 
0.8653 170 94.2 1.80 521 
0.8594 199 111 1.79 663 
0.8565 213 119.6 1.78 736 
0.8514 249 135 1.84 915 
0.8450 286 154 1.86 1,120 
0.8390 325 174 1.87 1,350 
0.8868 98.1 61.4 1.60 243 
0.8888 90.3 58.1 1.55 217 
0.8889 87.1 58.3 1.49 210 
0.8891 81.4 59.5 1.37 198 

* 16 h r  a t  t e m p e r a t u r e  before  m a k i n g  m e a s u r e m e n t s .  
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A least squares fit of all 26 points in Table II gives 

log PznP2 '/2 = --(16,350 _ 68 ) /T  -b (9.860 _ 0.062) 

(961~176 [5] 

where  the pressures are in atmospheres and the quoted 
errors are the standard deviations in the slope and 
intercept.  The standard deviat ion in the logar i thm of 
the pressure product is 0.016. Equat ion [5] fits 17 of 
the points to wi thin  3% in PznP2 '/2 and all 26 are fit to 
within 7.5%. 

A least squares fit to the 107 points from 4 uncoated 
optical cells gives 

log PznP2 V2 = --(16,328 _+ 74) /T  -b (9.835 _ 0.068) 

(961~176 [6] 

The s tandard deviat ion in the logar i thm of the pres-  
sure product is 0.038. Equat ion [6] fits 38 points to 
wi thin  3% in PznP2 J/~, 67 to within 6%, 94 to within 
20%, and all 107 to wi thin  30%. It is seen that  wi thin  
the statistical error, Eq. [5] and [6] are the same. We 
emphasize for future  reference, that  Eq. [5] and [6] 
hold for values of R between 5 and 1.3 and therefore  
for R ---- 2. 

Latt ice parame te r s . - -The  Te-sa tura ted  and Zn- 
saturated ZnTe samples used in this study were  fur-  
ther  characterized by de termining their  lattice param-  
eters at 25~ The x - r ay  pat terns were  taken with  40 
kV, 40 mA, CuKa radiation and a Phil ips diffractom- 
eter using a 1 ~ divergence slit and a LiF monochro-  
mator  in the diffracted beam. A scanning speed of 
~/4~ in 20 and a chart  speed of 30 in . /hr  al lowed 
the value of 20 to be read with a precision of ___0.005 ~ 
Si(ao ---- 5.4301A) and 99.99%W (ao = 3.1650A) 
powders were  used as ex terna l  standards. Zn-l ines 
were  seen in the pat tern  for the 40 a /o  Te samples and 
Te lines in the 55 a /o  Te sample patterns. Since the 
20-values for the various peaks of ZnTe between 25 ~ 
and 151 ~ were  measured with  about the same pre-  
cision, the cubic parameter  was obtained by using a 
computer  technique (17) to minimize the residual  

M 
function, ~(A20) ___ { ~ (20i,obs --  28i,calc)2/M} V2. The 

i = l  
results are shown in Table  III for four samples. It  is 
seen that  the parameters  are close to the l i tera ture  
value (18) and in three cases agree with it within the 
standard deviations shown. Assuming equi l ibr ium 
had been attained in anneal ing the powders and that  no 
large changes in the composition of the ZnTe phase 
occurred on quenching, the homogenei ty  range of 
ZnTe(c)  must lie wi thin  the 40-55 a /o  Te in terval  
near  1000~ In contrast, Godau and Ormont  (19) find 
the latt ice parameter  of ZnTe  decreases l inear ly  with 
decreasing Te content, a t ta ining a min imum value of 
6.092A at 40 a /o  Te. The inference of course is that  the 
ZnTe homogenei ty  range extends be tween 40 and 50 
a /o  Te at some high but i l l-defined temperature.  These 

Table II!. Lattice parameters for ZnTe(c) at 25~ using ~, 
1.5405,~ for CuKccl radiation 

S a m p l e  ~ (A2~), 028 ao ----- a (ao) A 

40 a /o  Te Zn-Te ,  20 h r  345~ a 0,012 
40 a /o  Te Zn-Te ,  2 h r  1000~ b 0,014 
55 a /o  Te Zn-Te .  20 h r  345~ c 0,014 
55 a /o  Te ZnTe,  120 h r  1050~ ~ 0.017 
Z n T e  �9 0,010 
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authors synthesized samples near  1200~ then low- 
ered the t empera tu re  to 1000~ over  2 hr, then fur -  
nace-cooled the samples. It seems unl ikely to the 
author  that  these results are correct. 

Discussion 
The use of absorption measurements  at a few wave -  

lengths to determine  par t ia l  pressures is subject to 
possible error  due to the distortion of the absorption 
spectra of one vapor  species by another.  In a number  
of previous investigations [listed in ref  (8)] we have  
found that  this type of er ror  is in fact negligible for 
molecular  species, and for Te2 in particular,  for  pres-  
sures as high as 10 -2 atm. However ,  when  as is done 
here for Pzn, the peak value  of a nar row absorption 
line is used to obtain a par t ia l  pressure, the possibility 
of error  is greater.  To an unknown extent  the error  is 
compensated by the use of a spectral  bandpass much 
wider  than the t rue ha l f -wid th  of the absorption line. 
The magni tude  of this error  was checked in one run 
on a ZnTe crystal. The values of Pzn were  determined 
between 800 ~ and 900~ (where  the values of P2 ob- 
served" for ZnTe crystals were  the highest and the 
magni tude  of the er ror  should be the largest)  f rom 
measurements  using a 0.158 mm slit width at 2138A as 
wel l  as the 0.086 mm slit width  used for the measure-  
ments given in the last section. (In both cases the same 
Te~2 contribution was subtracted from the total  optical 
density at 2138A.) It was found that  the values of 
Pzn obtained using the two slit widths agreed to wi th in  
5%. Since the spectral  bandpass was var ied by almost 
a factor of 2 in the al ternate  determination,  we con- 
clude our values of Pzn are in error  by 5% or less due 
to broadening of the Zn absorption line by Te2. 

For  the measurements  given in Table II, as wel l  as 
for those obtained with  the other  four ZnTe crystals 
investigated, the value of Pzn at any tempera tu re  is 
in termedia te  between that  observed for the 40 a /o  Te 
sample and that  for the 55 a /o  Te sample, which was 
below our exper imenta l  l imit  of 8 x 10 -6 atm. More-  
over, the value of P2 is s imilar ly  between the value 
observed for the 55 a /o  Te sample as given in Table I 
and that  for the 40 a /o  Te sample, which was below 
our exper imenta l  l imit  of 10 -5 atm. Therefore,  wha t  
we have called ZnTe crystals were  indeed within  the 
homogenei ty  range of the ZnTe(c)  phase over  the 
tempera ture  range of the measurements .  Second, the 
values of PznP2 '~ obtained from these crystals all fall  
wi th in  a few per  cent of the same straight line on a 
log-1 /T  plot for all values of R between about 5 and 
1.3. By the Gibbs phase rule, all intensive variables  
of the ZnTe ( c ) -vapor  system are fixed when  any two 
are given. In par t icular  they are fixed when  T and R 
are given. Thus for a given T and for R ~ 2, the com- 
position of ZnTe(c)  is unambiguously  defined in a 
thermodynamic  sense regardless  of the lack of any 
analyt ical  data specifying this composition in terms of 
atomic per cent and independent  of the width  or the 
position of the ZnTe(c)  homogenei ty  range. For  
brev i ty  we shall call this par t icular  composition, 
whose coexisting vapor  is stoichiometric, the  s -com- 
position. It  is recognized that  if the homogenei ty  range 
is narrow, say within  0.5 a /o  of 50.0 a/o, that  the 
part ial  pressures must  then depend very  strongly on 
composition and the s-composit ion at any t empera tu re  
will  be very  close to the congruent ly  subliming com- 

6.1026 -4- 0.0001 6.102s _+ 0.0002 position for which R must be be tween 2.05 and 1.95. 
6.1o24~0.0001 At any temperature ,  the standard Gibbs free en-  
6.1023 • 0.0002 6.1o26_ 0.00Ol ergy of formation of 2 g-a toms of the s-composit ion 

f rom pure Zn and Te is given in terms of the atomic 
fraction of Te for this composition, ~ -t- 8, by  

A G ~  ~-~ (1/2 -~- 5 ) R T  in ( P 2 / P ~  

+ 2 ( � 8 9  (Pzn/P~ [7] 

Here  P2 and Pzn are the par t ia l  pressures for the 
s-composit ion and Po2 and P~ are those for the pure 
elements.  Using Eq. [5], Pzn = 2P2, and published data 

a S y n t h e s i z e d  as desc r ibed  in  the  tex t ,  g r o u n d  to  pass  a 44/z 
s t a n d a r d  s ieve ,  h e a t e d  in  evacua ted ,  sea led-of f  s i l i ca  t u b e  20 h r  
345~ t h e n  q u e n c h e d  in  wa te r .  

h A s  in  (a) excep t  t h a t  a n n e a l  at  345~ r ep l aced  b y  a n n e a l  a t  
IO00~ 

S i m i l a r  to (a). 
A f t e r  s y n t h e s i s  as de sc r ibed  in  tex t ,  s ample  h e a t e d  120 h r  

1050~ q u e n c h e d  in  wa te r ,  s i n t e r cd  s a m p l e  t h e n  g r o u n d  to  pass  
44~ s t a n d a r d  s ieve.  

e Ref. (18). Da t a  ana lyzed  u s i n g  our  p r o g r a m .  P a r a m e t e r  agrees  
w i t h  t h a t  g i v e n  in  ref.  (18). 
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for the vapor pressures of Te and Zn, Eq. [7] becomes 

AG~ ------(34,360 __ 310) -t- (11.49 __+ 0.28)T -t- C; 

(ca1/2 g-atoms, 960~176 [8] 

where C is a correction term that goes to zero if 5 
does and is given by  

C ---- 3.974 8{T In (p%~/p%l/~) _t_ 12 ,501-  8.031T} 

(cal/2 g-atoms) [9] 

Thus a free energy of formation cannot  be obtained 
from our data unless ~ is known. However, even for 
~bSI < 0.02, corresponding to the composition fall ing 
etween 48 and 52 a /o  Te, the correction term given by 

Eq. [9] is only 300 cal/2 g-atoms or less between 900 ~ 
and 1200~ and the error in AG~ committed by  ne-  
glecting C in Eq. [8] is only 1.2%. 

For those measurements  in  which there  appeared to 
be no loss of Zn to the silica, e.g., all those in Table II 
except the last four, the change in composition of the 
sample due to preferent ia l  subl imat ion of one com- 
ponent  can be obtained in terms of the unknow n  
init ial  composition. For the 40 cm 3 gas phase volume 
and the ini t ia l  sample weight  of 2.5 mg, the calculated 
change is about the same for all assumed values of the 
ini t ial  composition between 45 and 55 a/o Te. For 
each of the first eight measurements  in Table II  
( through 103/T ~- 0.9251), the Te content  of the sam- 
ple is greater than ini t ia l ly by an amount  between 
0.01 and 0.05 a/o. The estimated error in the calculated 
change is comparable to the change itself. For  the 
measurements  with R < 2, the Te-content  of the sam- 
ple is less than initially. The decrease is largest at 
108/T = 0.8864, where it is 0.2 a/o. However, for this 
part icular  measurement ,  as well  as for the others with 
R < 2, an error of 3% in  either part ial  pressure in t ro-  
duces an error in the calculated composition change 
comparable to the change itself. Thus over the range 
of the measurements  the composition of the sample, 
known to be in the ZnTe homogeneity range from the 
values of the part ial  pressures, changes by no more 
than  0.2 • 0.2 a/o. The measurements  therefore are 
consistent with the assumption that  the homogeneity 
range of ZnTe is less than  1 a/o wide, although they 
do not prove this assumption. 

We have shown that  our results are meaningful  in -  
dependent  of any assumption concerning the homo- 
geneity range of ZnTe (c). In  the remaining  discussion, 
in which we compare our results with other studies, 
we shall assume, as indeed the previous workers have 
implici t ly or explicit ly assumed, that  the homogeneity 
range of ZnTe(c)  is nar row and close enough to 50 
a/o that PznP2'/= and ~G~ can be taken as independent  
of composition without incurr ing  any  significant errors 
in these quantities.  

Our values of PznP2 '/2 as given by Eq. [5] are 
plotted on a log scale against 103/T in Fig. 1. Results 
from other measurements  are summarized in Table 
IV and shown in Fig. 1 for comparison. Korneeva  et aL 
(1) made Knudsen-cel l ,  weight-loss measurements.  
Langmui r  measurements  gave identical results wi th in  

Table IV. Literature values for the constants A and B in the 
equation, IogzoPznP21/2 (arm 3'2) ~ - -A/T -I- B 

E x p e r i m e n t a l  
t e m p e r a t u r e  

A u t h o r s  range ,  ~  A B 

K o r n e e v a  et  al.= 628-691 15,940 9.632 
G o l d f i n g e r  and  , l eune-  826-1110 16,064 9.419 

h o m m e  b 
Reynolds et al.c 923-1103 17,270 9.840 
Lee  and  Muni rd  800-1150 15,975 8.819 
P r e s e n t  r e su l t s  981-1190 16.350 9,860 

a Ref. ( I ) .  
Ref.  (2). 
Ref.  (3). 

d Ref. (4). 

September 1969 
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Fig. 1. Partial pressure of Zn times the square root of the partial 

pressure of Te2, PznP21/2 (arm 3/2) ~ K, for-ZnTe(c) plotted on 
a log scale against 103/T. The solid line shows the present results 
as given by Eq. [5] .  The total width of the brackets at IO~/T 
1.00 and 0.90 is twice the standard deviation in log K. The num- 
bers on the other lines are the appropriate reference numbers. 

exper imental  error. Their  analysis erroneously as- 
sumed ZnTe(g)  was the only vapor species. Assuming 
a steady state effusion with Zn(g)  and Te2(g) as the 
vapor species, we have converted their  values for the 
apparent  ZnTe pressure, P*, to the corresponding 
part ial  pressures of Zn and Te2 using the equations: 
Pzn ~ 0.582 P*, P*2 ~- 0.675 P*, and calculated the pro- 
duct (i.e., we have assumed a steady state in which the 
composition of the mater ia l  emanat ing  from the effu- 
sion cell and that  in the cell are both 50.0 a/o Te). 
The values so obtained are shown as l ine 1 in Fig. 1, 
which is near ly  paral lel  to ours but  about 40% higher. 
Goldfinger and Jeunehomme (2) made Knudsen-cel l ,  
weight-loss measurements.  Their  results are repre-  
sented by line 2, which is near ly  paral lel  to ours but  is 
about  55% lower. By using radioactive Zn, Reynolds 
et  al. (3) confirmed that  the composition of the effu- 
sion produce from their  Knudsen-ce l l  was ZnTe. Their  
results (line 3 in Fig. 1) are the lowest obtained, 
about eight times smaller  than  ours, but  in fair agree- 
ment  with those of Lee and Muni r  (4) shown as line 
4. The lat ter  authors used a torsion-cell  but  made only 
angular  displacement measurements ,  assuming the 
same steady state we assumed above in the recalcula-  
tion of the data of Korneeva et al. 

The large discrepancies in Fig. 1 could be a t t r ibuted 
to a lack of solid-vapor equi l ibr ium in those studies 
yielding the lowest values of PznP2 '/2. However, the 
ratio of the cell orifice area to the sample area is 
apparent ly  about the same for all the dynamic de- 
terminations.  Moreover, as ment ioned above, Korneeva 
et at. (1) obtained the same results in both Knudsen -  
cell and Langmui r  measurements.  Thus a low stick- 
ing coefficient and consequent difficulty in a t ta ining 
solid-vapor equi l ibr ium does not  seem to be a plaus-  
ible explanation. It has been observed (20) that  be-  
tween 1000 ~ and 1200~ the vapor t ransport  of ZnTe 
is effectively stopped when ZnO is formed and pre-  
sumably  coats the ZnTe. Perhaps the low results are 
due to such an accidental oxide coating. 

McAteer and Seltz (21) measured the emf of a cell 
whose reaction was the formation of ZnTe(c)  from 
the solid elements. They obtained e = 0.5703V at 387~ 
and - - d ~ / d T  = 6.17 (10-~)V/~ between 355 ~ and 418~ 
From these results and tabulated (22) mel t ing points 
and heats of fusion for Zn and Te, the Gibbs'  energy 
of formation for the reaction 

Zn(1) + Te(1) -> ZnTe(c)  
is given by 

AG~ = -- 34,128 -~ II.4302T cal/mol,  T > 723~ [i0] 
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assuming hCp = 0. Using Eq. [10] and publ ished da ta  
(22) for  Zn and Te, the  product  PznP2'/2 was ca lcu-  
lated. The resul ts  a re  shown as l ine 21 in Fig. 1, which 
is s l ight ly  h igher  than  ours but  jus t  wi th in  the b r ack -  
ets set by  our s tandard  devia t ion  in log PznP2'/2. It is 
seen tha t  Eq. [10] agrees wi th  our resul t  given by  
Eq. [8] if the  correct ion te rm C in Eq. [8] is zero. 
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The Purification of Cesium and Rubidium Metals 
by Chloride Reduction under High Vacuum Conditions 

P. H. Schmidt 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

High -pu r i t y  Cs a n d  Rb meta l  has been obtained for the  first t ime for  elec-  
t ronic s t ructure  studies. H igh -pu r i t y  resul ts  were  obta ined by  the reduct ion 
of a purified chlor ide  using Ca metal .  Appa ra tu s  design, low opera t ing  t em-  
pe ra tu re  (<400~ h i g h - p u r i t y  salts, improved  collection practices,  and high 
vacuum opera t ion  were  essential  for successful results .  Electr ical  res is t iv i ty  
rat ios of purified Cs and Rb meta ls  are R3OOoK/R1.5oK 4400 and 3500, respec-  
t ively.  

The purif icat ion of cesium and rub id ium meta ls  by  
chlor ide  reduct ion  has been discussed by  Schmidt ,  
Studer ,  and Sot tys iak  (1), Hackspi l l  (2), Hampel  (3), 
Ephra im (4), Pe re l 'man  (5), and Mellor  (6). Elec-  
t ronic s t ruc ture  studies of cesium and rub id ium re -  
qui re  meta l  of ve ry  high pur i ty  tha t  has not been ob-  
ta ined  using the techniques descr ibed by the above. 
Invest igat ions  were  therefore  in i t ia ted  to sat isfy our 
requ i rements  and obta in  the highest  possible pur i ty  
cesium and rub id ium metals.  Sa l t  reduct ion (7) was 
selected as the  method for purification. Al though  p u r -  
i ty  improvements  could be made  by  dis t i l la t ion of 
these metals,  r emova l  of cesium or rub id ium impur -  
it ies f rom the des i red  a lka l i  was marg ina l  as a re -  
sult  of the i r  s imilar  vapor  pressures .  A lka l i  me ta l  
pu r i ty  was found to be affected by  appara tus  design, 
sal t  pur i ty ,  reduct ion  tempera tures ,  and collection 
practices.  Fo r  the  first t ime, ve ry  h i g h - p u r i t y  cesium 
and rub id ium metals  were  obta ined tha t  were  useful  
for electronic s t ruc ture  studies (8-10). Modification 
of previous  salt  reduct ion  techniques combined wi th  
dis t i l la t ion was de te rmined  to be most  successful. 

Highly  purified chlorides of both Cs and Rb 1 Table 
I, and f rac t iona l ly  redis t i l led  Ca~ meta l  granules  
were  used for the  reduct ion process. The reduct ion  
typ ica l ly  proceeds according to the  fol lowing react ion 

Heat  
2MCI -p Ca ~ CaCI2 ~- 2M [i] 

where M is the alkali Cs or Rb. High vapor pressure 
impurities in both the chloride and reducing metal 
change the above reaction to 

Heat  
2MC1 + excess Ca + meta l  impur i t ies  > CaC12 

~- 2M + (Ca -t- me ta l  impur i t ies )  [2] 

The p r ima ry  object ive  was therefore  separa t ion  of 
the  a lkal i  meta l  f rom its respect ive  contaminants  and 
prevent ion  of any  react ion of the  purif ied a lka l i  wi th  
its conta iner  mater ia l .  

1 RbC1 and CsC1 purchased  f r o m  Johnson  Mat they  & Company,  
Limited,  London (99.999+% pur i ty) .  

Ca meta l  purchased  f r o m  NELCO Metals, Inc., Canaan,  Connecti-  
cut (redisti l led g rade ) .  
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Table I. Emission spectrographic analysis in ppm A B C 

Ca RbC1 CsCl 

K 1-5 3 
Fe  1-3 1 
Ca <1 -3  2 
M g  500 < 1 1 
Na 3-5 < 1 - 5  1 
B a  10 
C u  5 

5 
Sr  8000 

A p p a r a t u s  
Three purification and reaction devices were con- 

structed for this purpose and they are shown in Fig. 
1 A, B, and C. 

Device A.--This  is an all metal  system previously 
described for the purification of Li (11) Na and K 
(12). The charge is contained in a 100 cc capacity 
molybdenum cup, 1", 3 which rests on the bottom of 
a closed end 321 stainless steel tube 16~ in. long and 
2�89 in. diameter,  4*. A molybdenum sheet l iner  pro-  
tects the inner  stainless surfaces and extends from 
the top to the bottom of the column. Ten molybdenum 
sieve-type baffle plates, 2", are placed directly above 
the cup. Each plate is separated with molybdenum 
tube spacers 0.292 in. long. The top of the column is 
water  cooled. A closed end stainless steel tube pro- 
jects downward from the top of the column and is 
terminated with a detachable inver ted molybdenum 
cup collector, 3*. The column is heated external ly  
with an electric resistance furnace 6*. A large tem-  
perature  gradient  is imposed across the baffle section. 
Purified metal  is collected in the molybdenum cup col- 
lector after b y - p a s s i n g  a gettering fraction to the 
top of the column by control l ing the temperature  of 
the collector. Removal of the alkali  metal  could be 
effected by either back-fi l l ing the column with de- 
gassed and prereacted minera l  oil or unloading in an 
argon filled dry  box. 

Device B . h T h i s  un i t  is similar to system A, having 
a molybdenum reducing chamber  or cup containing a 
mix ture  of the alkali  meta l  chloride and Ca metal  
granules, 1", and a set of three molybdenum sieve 
plates, 2*. The plates were completely enclosed with 
r ing spacers. An inverted molybdenum cup 7 in. long 
covered the reducing chamber  and plates for reverse 
take-off of the alkali  metal  vapor. This uni t  was en-  
closed wi th in  a fused silica tube, 8*, and attached to 
a vacuum system. The chloride was reduced by heat -  
ing the inner  molybdenum container  with an elec- 
tric heater, 6", placed around the outside of the fused 
silica tubing. Alkali  chloride was reduced, distilled, 
deflected downward  through the plates below the re-  
ducing chamber  and then collected in a fused silica 
ampoule. The ampoule could be torched off at any 
t ime for mater ia l  measurement  and storage. 

Device C.--Fused silica and molybdenum construc- 
t ion made this system very  much like B, Fig. 1. The 
molybdenum reducing chamber, 1", and baffle sec- 
tion, 2", however, were located separately from an 
all fused silica collecting area, 3*, and ampoule sec- 
tion, 8*. The two sections were connected with a 
silica tube, 5, 7*. The alkali  chloride was reduced 
and distilled in the first section. The alkali  metal  was 
redistil led in the connecting tubing  at a much lower 
temperature.  The purified metal  was then condensed as 
a solid on a water-cooled silica collector after by -  
passing a getter envelope on the walls surrounding 
the collector tube. The alkali  metal  on the collector 
was protected from reaction with residual  gasses in 
the system by this getter  envelope. Fractions could 
be collected for storage and measurement  in silica 
ampoules located directly below the collector tip. A m-  

The  n u m b e r s  w i t h  a s t e r i sks  used  in  the  f o l l o w i n g  p a r a g r a p h s  
r e f e r  to Fig .  I. 

6 

Fig. 1. Schematic drawing of three reduction and purification 
systems. System A is an all metal device. Systems B and C are 
constructed from fused silica and molybdenum. The reduction 
chamber 1; baffles 2; collector 3; getter shield 4; connecting tub- 
ing 5; heater 6; heater tapes 7; and ampoules 8 are indicated. 

poules were filled by heating the collector tip with 
an electric cartr idge heater  and mel t ing off the desired 
material  into an ampoule. The getter envelope was al-  
ways left in place to protect the condensed metal  on 
the collector. 

Each device was theoretically capable of producing 
40 cc of either Cs or Rb metal. Typical yields of 

h igh-pur i ty  metal, however, were ,-~ 35% of the the-  
oretical value as predicted from reaction [1]. High 
vacuum conditions, with pressures of ( 1 • 10 - s  Torr, 
were main ta ined  for all reduct ion operations using 
a 15 1/sec diode-type getter ion pumping system, 
stainless steel plumbing,  and copper o- r ing  seals. A 
molecular  sieve-type roughing pump was used to 
start the ion system and el iminated any possibility 
of oil contaminat ion.  

Each of the systems incorporated both reduction 
and disti l lation operations. Construction geometry 
however, drastically affected the pur i ty  of metal  pro- 
duced in both systems A and B. In  system A it was 
difficult to prevent  vapor channel ing of impuri t ies  
such as Ca, Mg, K, and Na through the baffle plates. 
It  was also difficult to main ta in  a large enough tem-  
perature gradient  be tween the reducing chamber  and 
baffles necessary for opt imum purification. Reduction 
of the chloride was carried out at the lowest possible 
tempera ture  to minimize the vapor pressure of the 
reducing metal. This led to incomplete fill of the baffle 
plates in system A resul t ing in vapor channel ing of 
impuri t ies  to the collector and incomplete distillation. 
Unloading the apparatus  was awkward  (oil backfill) 
and could be associated with possible contaminat ion 
from the reduced chloride and calcium metal. Alkali  
metal  that  condensed in the collector cup deteriorated 
due to moisture and gas pick-up from the oil in which 
the alkal i  was stored. The p r imary  disadvantage of 
system B was that  the alkali  metal  vapor was forced 
to pass downward back through the h igh- tempera ture  
reducing zone where it could then impinge on the 
fused silica wall. High-pur i ty  results were never  ob- 
tained from either of these systems. 

System C was designed to overcome the difficulties 
and disadvantages associated with the above systems. 
Reduction and collection areas were separated, thereby 
permi t t ing  more precision in controll ing the operating 
tempera ture  of each section. The reduct ion chamber,  
baffles, and collector could therefore be set at any  de- 
sirable tempera ture  independent ly  of each other. Al-  
kali metal  vapor was directed upward  through the 
baffle plates. The fused silica connecting tube  acted 
as another  disti l lation stage. It  was preset to a very 
low tempera ture  so that  only Cs or Rb could be t rans-  
ported to the collector. The getter envelope helped 
to reduce contaminat ion of the condensed alkali  metal  
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on the collector with any  residual gasses in the vacuum 
system. 

Experimental Procedure 
Assembly and operation of system C is outl ined be-  

low. Pr ior  to any run  all components of the system 
were thoroughly cleaned. Molybdenum cups and baf-  
fle plates were cleaned in an acid mixture  of 80p 
HNO3, 20p H2SO4, and lp HC1 followed by several 
rinses in water  and a final rinse in m e t h a n o l  Just  
prior to loading of the reactants, the molybdenum 
cup was induct ion heated to ~1100~ in dry hydro-  
gen. The fused silica tubing  was cleaned for 30 sec 
in lp  HF and lp H20 followed by several rinses in 
water and a final methanol  rinse. The inside of all 
stainless steel vacuum fittings were electropolished 
and given a final r inse in methanol.  The ion pump 
was also acid cleaned and given several rinses in 
methanol.  The fused silica components, stainless steel 
vacuum fittings and ion pump were subsequent ly  
heated to 200~ for 2 hr following acid cleaning. The 
apparatus was now completely assembled and the sys- 
tem baked for several days at 250~ The system was 
then cooled and back-filled with dry ni t rogen gas. 

The crucible was loaded with a mix ture  of the 
purified chloride and Ca metal  granules. Weighing and 
mixing of the reactants was carried out in a poly-  
ethylene bag in air. Four  to five times the theoretical 
weight of Ca metal  required was added to the charge. 
The system was resealed and then baked as above. 

The system was now slowly brought  to operating 
tempera ture  (~4  days).  The vacuum system, collector, 
and all fused silica components were main ta ined  at 
160~ and cont inuously monitored at several points 
with thermocouples. At the first sign of alkali metal,  
usual ly  a bluish film, the vacuum system and silica 
tubing  were cooled to room temperature.  The getter 
envelope was deposited on the walls of the silica tub-  
ing surrounding the collector. The collector was then 
cooled to ,-~10~ with cold water. A desired fraction 
was then deposited on the collector and later  melted 
into an ampoule. The collection rate was ~-,1 cc/day of 
either Cs or Rb. The getter envelope always remained 
in place. Ampoules were removed by  sealing the silica 
tub ing  with a hand torch. The alkali  metal  was main-  
tained as a solid dur ing the seal-off procedure. 

Critical details of operation for obtaining h igh-pur -  
ity metal  were as follows: 

1. Highest purities were obtained with reduct ion 
temperatures  of 395~176 for Rb and 382~176 
for Cs. Higher reduction temperatures  resulted in less 
pure alkali metal. 

2. The fused silica connecting tubing  should not be 
heated above 160~176 Contaminat ion was observed 
to occur at 200~ 

3. The getter envelope should always remain  in 
place to protect the alkali  on the collector. 

4. High vacuum operation ( ( 1 •  - s  Torr) and 
system cleanliness are essential for h igh-pur i ty  re-  
sults. 

5. The alkali  metal  was main ta ined  as a solid dur ing  
the removal  of an ampoule from the system. This pro-  
cedure prevented contaminat ion of the bu lk  alkali  
from any  contaminants  subl iming from the hot fused 
silica. 

Discussion 
Analysis for residual  metall ic impurit ies was at-  

tempted by both atomic absorption and emission spec- 
troscopy. Pr incipal  contaminants  of commercial  pur -  
ity Cs and Rb are other alkalies (with the exception 
of Li),  A1 and Ca. No detectable impurit ies were ob- 
served in ei ther  purified Cs or Rb samples. P r i ma r y  
pur i ty  evaluat ion was therefore based on electrical 
resistivity ratio measurements.  The eddy current  de- 
cay method (13) for measur ing resist ivity ratios was 
used since electrical connections to the samples were 
not required. Bulk  alkali  metal  was used for these 

measurements  and was typical ly  contained in fused 
silica collecting ampoules. A summary  of these mea-  
surements  is shown below. 

Cs Rb 

temperatures  on resistivity ratios of Rb is shown 
below. 

Reduction temp, ~ C R295oK/R 1.5~ 
500 710 
420 2.8 • l0 s 

395-400 3.5 X 108 

Similar  results were obtained for cesium. The lowest 
reduction temperatures  were always associated with 
the highest pur i ty  results. Reduction temperatures  of 
382~176 for Cs and 395~176 for Rb are the 

Special h igh-pur i ty  Cs and Rb samples f rom the Kaweck i  Chem- 
ical Company,  Royertown,  Pennsylvania ,  and MSA Research Corpo- 
ration, Callery, Pennsylvania .  

Highest pur i ty  (this study) 
R295oK/R4.2o K 680 1230 
R295oK/R1.5oK 4.4 • 103 3.5 • 103 
R295oK/R1.0o K 4.7 • 103 3.5-3.6 • l0 s 

Highest pur i ty  
of commercial-  R295oK/R4.2o K 460 400 
ly available al-  
kalies Cs and 
Rb 4 R295oK/R1.5o K 1375 600 
Highest pur i ty  
obtained by 
disti l lat ion R295oK/R4.2o K 475 550 

A detailed study of anneal ing effects has not been 
made; however, improvement  of resist ivity ratios 
were observed to occur after anneal ing Cs and Rb at 
77~ for 24 hr. Ratio improvement  may be due to 
stain relief, solid-state precipitation of impur i ty  ele- 
ments, or vacancy migration. Crystall i te size was not 
believed to affect ratio measurements  since ampoules 
typical ly contained from 2 to 4 large grains. 

Electron spin resonance line width measurements  
made on bulk  Cs and Rb samples taken at 12 GHz 
frequency at 1.5~ yielded line widths of 30 gauss and 
and 0.4 gauss, respectively. This is the narrowest  l ine 
width ever reported for bulk  Rb. Line width measure-  
ments  on Cs metal  were believed to be broadened by 
strain. 

Since resistivity ratio measurements  are not spe- 
cific for any one impur i ty  a residual gas part ial  pres- 
sure analyzer  was used to determine the predominant  
gas species in both systems A and C, as shown in Fig. 
2. Both traces were taken under  similar source tem- 
peratures and pressures dur ing  collection of Rb metal. 
Higher residual  gas levels of H2, OH, 02, N~, and HuO 
are seen to occur in system A. No chlorine was de- 
tectable in either system A or system C. Since Rb and 
Cs oxidize and nitr ide very easily, contaminat ion was 
therefore thought more l ikely to occur in system A. 
System C was therefore believed to be constructed of 
superior materials.  

Pure  Cs is golden in color and Rb a silver color. 
The first Cs or Rb deposited as the getter envelope 
however is a blue color. A blue colored film was also 
observed after mel t ing of ei ther alkali  off the collector. 
P ink  or purple colorations were always observed when 
using impure  star t ing salts. The blue color of the 
getter envelope was therefore always thought  to be 
associated with h igh-pur i ty  metal.  

Growth of single crystals was markedly  affected by 
purity.  Commercial  pur i ty  Cs or Rb always displayed 
a characteristic "bur lap- l ike"  surface appearance. It 
was very  difficult to grow single crystals of impure 
Cs or Rb. Pure  Cs or Rb however could be easily 
grown into large single crystals having near  "mirror-  
like" surfaces. 

High-pur i ty  results were never  obtained from those 
runs  using impure  salts, high reduction temperatures,  
or where  alkali  metal  was allowed to react with fused 
silica at temperatures  ~200~ The effect of reduction 
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opera t ing  t empe ra tu r e  (<400~ high vacuum opera -  
tion, and use of a h i g h - p u r i t y  salt  and reducing  metal .  
A get ter  envelope was used to pro tec t  the  collected 
a lka l i  f rom contaminat ion  by res idual  gases. Maxi -  
m u m  electr ical  res i s t iv i ty  ra t ios  obta ined be tween 295 ~ 
and 1.5~ for Cs and Rb are  4.4 • 103 and 3.5 • 103, 
respect ively .  The eddy  cur ren t  decay  method  of mea -  
sur ing res is t iv i ty  rat ios was found to be a s imple and 
rap id  means  for ma te r i a l  evaluat ion.  
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Fig. 2. Partial pressure analyzer traces from 0 to 50 atomic mass 
units taken of system A (top) and C (bottom) during collection 
of rubidium at 400~ The y sensitivity has been increased 10X, 
100X, and 1000X, respectively, in traces c-1 to c-3. Only a very 
slight trace of CI2 is observable with maximum sensitivity (c-3). 
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A Method for Reducing the Mobile Electric Charge 
in MNOS Structures 

C. T. N a b e r *  

The National Cash Register Company, Dayton, Ohio 

The adverse  effect of a lka l i  ions, pa r t i cu l a r ly  sodium, 
on the electr ical  charge s tab i l i ty  of m e t a l - o x i d e - s e m i -  
conductor  (MOS) s t ructures  is wel l  known (1-3).  
Sil icon dioxide,  which  is the  most  wide ly  used pas -  
s ivat ing l aye r  over  semiconductor  devices has a dis-  

* Elect rochemical  Society Act ive  Member .  

t inct  deficiency in tha t  i t  offers a low resistance to 
the  electr ic field migra t ion  of sodium ions (1). Yarash  
and Deal have recent ly  shown tha t  sodium ions can 
read i ly  be  incorpora ted  in device s t ructures  dur ing  
fabr icat ion (4). Sil icon n i t r ide  is impervious  to sodium 
ions (5, 6) ; however ,  the charge d is t r ibut ion  of me ta l -  
n i t r ide-s i l icon  (MNS) s t ruc tures  is uns tab le  under  
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large voltage bias at room temperature  (7, 8). The 
charge instabil i ty is suppressed if a layer of silicon 
dioxide is imposed between the silicon ni t r ide and 
silicon. In  order to realize the  advantages of silicon 
nitr ide in metal-si l icon ni tr ide-si l icon dioxide-silicon 
(MNOS) structures, it is essential that  sodium ions be 
absent from the silicon dioxide portion of the struc- 
ture. 

In  this work, the mobile ch, arge of MNOS structures 
is determined by analyzing the capacitance-voltage 
(C-V) characteristics before and after b ias - tempera-  
ture treatments.  A method for reducing the mobile 
charge in silicon dioxide prior to silicon ni tr ide de- 
position is described. 

Structure Fabrication 
N-type silicon wafers of (100) orientat ion with 

resistivities between 10 and 14 ohm-cm were used. 
Thermal  oxides were grown in a resistance-heated 
tube furnace by two standard techniques (9): (i) in 
dry oxygen at ll00~ and (ii) in steam at ll00~ 
No special precautions were taken to eliminate the 
sodium content in the furnace or in the laboratory 
glassware used in growing the silicon dioxide layers. 
The thermal  oxide coated wafers were then placed 
in a vertical  epitaxial reactor with a silicon-coated 
graphite susceptor and silicon ni t r ide was deposited 
by the ni t ra t ion of silane with ammonia  in an excess 
of hydrogen (10, 11). The silicon nitr ide films were 
deposited at 900~ with a hydrogen flow of 30 i /min ,  
a silane flow of 30 ml /min ,  and an ammonia  flow of 
380 ml /min .  The thicknesses of the silicon nitr ide films 
were between I000 and 1500A. A l u m i n u m  electrodes 
of 1 mm diameter  were deposited by vacuum evapora-  
tion from a tungsten filament and the thermal  oxides 
were etched off the reverse sides of the wafers. C-V 
measurements  were then made on the MNOS struc- 
tures at a frequency of 130 kHz. 

Sodium in Thermal Silicon Dioxide 
Figure 1 shows C-V plots, before and after bias- 

temperature  t reatments  of (a) 20 min  at 200~ and 
+18V and (b) 20 rain at 200~ and --18V, of a MNOS 
structure which has approximately 1000A of silicon 
nitr ide on top of approximately 1200A of silicon di- 
oxide grown in steam at ll00~ As can be seen, the 
f lat-band voltage shifts approximately 12V after the 
positive and negative b ias- tempera ture  treatments.  
Figure 2 shows C-V plots before and after b ias - tem-  
perature t reatments  of a MNOS structure which has 
approximately 1000A of silicon ni t r ide on top of ap- 
proximately 1200A of silicon dioxide grown in dry 
oxygen at ll00~ As can be seen, a flatband voltage 
drift of only 0.2V occurs due to the b ias- tempera ture  
t reatment .  This indicates, in agreement  with Yurash 
and Deal, that  silicon dioxide layers grown in dry 
oxygen have less sodium ions than  silicon dioxide 
layers grown in steam (4). 
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Fig. 2. C-V plots for MNOS structure with 1200.~ of oxide grown 
in dry oxygen at 1100~ 

Reduction of Mobile Charge in Silicon Dioxide 
Figure 3(a)  shows C-V plots, before and after a 

b ias- tempera ture  t rea tment  of 20 rain at 200~ and 
+18V, of a MNOS structure  which has approximately 
1200A of silicon ni tr ide on top of approximately 5500A 
of silicon dioxide grown in steam at ll00~ Figure 
3 (b) shows similar C-V plots for a similar structure, 
but  in this case the silicon dioxide-coated silicon wafer  
was heated in situ in the epitaxial  reactor at 1200~ 
for 2 min with hydrogen flowing at a rate of 30 l / r a in  
prior to the ni t r ide deposition at 900~ As can be seen, 
a flatband voltage drift of approximately 90V occurs 
in the MNOS structure that was not heated in hydro-  
gen, while a drift  of only 2V occurs in the s tructure 
that was heated in hydrogen prior to n i t r ide  deposi- 
tion. This indicates the h igh- tempera ture  hyrogen 
t rea tment  reduces the effects of mobile charge in the 
silicon dioxide layer. 

It has previously been shown that  the surface-state 
density of MOS structures can be reduced by either a 
low-tempera ture  (400~176 or a h igh- tempera ture  
(1000~176 hydrogen hea t - t rea tment  (12-14). In  
order to determine the effect of tempera ture  and time 
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Fig. 3. C-V plots for MNOS structures with 5500• of oxide grown 
in steam: (a) oxide not heated in hydrogen prior to nitrlde deposi- 
tion; (b) oxide heated in hydrogen at 1200~ for 2 rain prior to 
nitride deposition. 
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on the reduct ion of the  mobile  charge in silicon dioxide 
by the h i g h - t e m p e r a t u r e  hydrogen  t r ea tmen t  descr ibed 
here, a number  of samples  which had 5000A of oxide 
grown in s team were  heated in hydrogen  at t e m p e r a -  
tures  be tween  1000 ~ and 1200~ for dura t ions  be tween  
1 and 4 min pr ior  to n i t r ide  deposit ion.  The f la t -band 
vol tage shifts were  measured  af ter  b i a s - t empera tu re  
t r ea tments  of 20 min at 200~ and +18V. The resul ts  
of this inves t iga t ion  are  l is ted in Table  I. I t  should be 
pointed out  tha t  no a t t empt  was made  to reproduc ib ly  
control  the  amount  of sodium incorpora ted  in the  si l i -  
con d ioxide  dur ing  growth.  I t  can be seen f rom Table 
I that  a h igh - t empera tu r e  (1100~176 hydrogen  
t r ea tment  is requ i red  to reduce the mobi le -charge  con- 
tent  in silicon d ioxide  effectively. The mechanism by 
which the  quan t i ty  of mobile  charges is reduced by  the 
h i g h - t e m p e r a t u r e  hydrogen  t r ea tmen t  is not fu l ly  
understood.  

Manuscr ip t  submit ted  March 4, 1969; revised m a n u -  
script  received May 23, 1969. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1970 
J O U R N A L ,  
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Brief Co nmun cadons 

Solubility of Gold in p-Type Silicon 
R. C. Dorward ~ and J. S. Kirkaldy 

Department oy Metallurgy & Materials Science, McMaster University, Hamilton, Ontario, Canada 

In recent  years  considerable  a t tent ion has been 
given to the  proper t ies  of gold in silicon because  of 
its use in control l ing minor i ty  car r ie r  l ifetime. At  room 
t empera tu re  this  e lement  introduces a donor level  0.35 
eV above the valence band and an acceptor  level  0.54 
eV below the conduction band (1). Both of these levels 
a re  be l ieved to be due to subst i tu t ional  gold. Wilcox 
and LaChapel le  (2), for example ,  have  shown by dif -  
fusion measurements  tha t  the  rat io  of subst i tu t ional  
to in ters t i t ia l  gold is about  10 at  1000~ and increases 
wi th  decreasing tempera ture .  

Numerous  invest igat ions  have  deal t  wi th  the  en-  
hanced solubi l i ty  of gold in n - t y p e  sil icon (3-6).  This 
was  or ig ina l ly  a t t r ibu ted  to an  electronic  effect ar is ing 
from a change in the  F e r m i  energy.  Assuming  tha t  
the  acceptor  level  popula t ion  is p redominan t  at e le-  
va ted  tempera tures ,  an increase  in the  Fe rmi  energy  
should cause an increase in solubi l i ty  (7). The most  
recent  s tudy  (6), however ,  has shown tha t  ion pa i r ing  
also p lays  an impor tan t  (and perhaps  dominant )  role, 
a t  least  when phosphorus and arsenic are  used as the  
n - t y p e  dopants.  These ionic and electronic effects often 

1 P e r m a n e n t  m a i l i n g  a d d r e s s :  B o x  248, V i k i n g ,  A l b e r t a ,  C a n a d a .  

in te r fe re  in exper iments  of this  k ind  and make  da ta  
analysis  difficult and uncerta in .  

If  the  electronic in terac t ion  contr ibutes  to the  in-  
creased solubi l i ty  of gold in n - t y p e  silicon, there  
should also be a solubi l i ty  decrease in p - t y p e  ma te -  
rial,  p rov ided  of course that  the  acceptor  concentra t ion 
used is not  large  enough to increase  grea t ly  the  num-  
ber  of gold donor states. In this  case ion pa i r ing  should 
not  influence the  resul ts  since both dopants  have the  
same charge state, i.e., a repuls ive  interact ion.  

Recent  exp lo ra to ry  work  on the solubi l i ty  of gold 
in boron-doped  silicon helps  to c lar i fy  this  question. 
Wafers  of intr insic  (2000 ohm-cm)  and boron-doped  
( I  x 10 TM at./cm3) 2 silicon were  d i sp lacement  p la ted  
f rom a rad ioac t ive  gold chlor ide  solution containing 
a smal l  amount  of hydrofluoric  acid. They were  then  
diffused to sa tura t ion  at 1000~ and the  gold solu-  
bi l i t ies were  de te rmined  by  s tandard  radiochemical  
techniques.  The detai ls  of the equi l ibra t ion  and ana l -  
ysis procedures  are  given e lsewhere  (8). The solubi l i ty  
of gold in intr insic  silicon was found to be (11.1 • 0.6) 

2 P u r p o s e l y  c h o s e n  l o w  to  e l i m i n a t e  poss ib le  e f fec t s  d u e  to d e -  
g e n e r a c y  a n d  b a n d  g a p  s h r i n k a g e .  
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x 1015 at . /cm 8 (8) compared to (7.0 __ 0.4) x 10 I~ at . /  
cm s for the boron-doped material.  We note a reduction 
in solubil i ty of about 40%. As shown below, this is in 
good agreement  with what  may  be expected on the 
basis of the electronic interaction. 

According to the Shockley-Mol] theory (7), the 
solubility, N, of gold in p- type silicon is given by 

N = No exp (--AEf/kT) 

where No is the intrinsic solubili ty and ~Ef is the ab-  
solute difference between the Fermi  energy of in-  
trinsic and extrinsic material,  hE I may be determined 
from the relat ion 

p/ni = exp ( hEf/kT) 

where p, the hole concentration, is given by 
p = �89 [NB + (NB 2 + 4ni 2) '/2] 

is the intr insic carrier concentration, and NB is the 
boron concentration. Sett ing ni ---- 7 x 101S/cm3 at 
1000~ (9) gives N ~_ 0.5No. 

The gold solubilities found by Cagnina (6) in 
n- type  silicon must  therefore be due to j o i n t  contri-  
butions of an electronic effect as predicted by the 
Shockley-Moll theory and ion pairing. This result  is 
also addit ional proof that  the concentrat ion of gold 
in  the negat ively charged state is predominant  at ele- 
vated temperatures  as well  as at room temperature.  
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Calculation of the p-T Diagrams of CdTe 
A. S. Jordan and R. R. Zupp ~ 

Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

In  this communicat ion we present  the calculated 
p-T diagrams for the Cd-Te system and compare them 
with the available exper imental  data. The part ial  
pressures of components (Pcd and Pwe2) were evaluated 
along the l iquidus curve of the Cd-Te system based on 
approximate activity functions in two semi-empir ical  
parameters,  ~ and 8, derived for a regular  associated 
solution (RAS) (1). 

The theory of RAS has been discussed elsewhere 
(1). It is sufficient to note for the purposes of this 
comunication that  the theory was necessitated by the 
inabi l i ty  of regular  solution theory to describe the liq- 
uidus curves of the Zn-Te and Cd-Te systems. The 
appearance of the l iquidus curves in these systems 
suggests association in the liquid phase. Therefore, 
Jordan (1) assumed the presence of ZnTe (or CdTe) 
complexes in addition to Zn (or Cd) and Te atoms 
in the liquid, all three species forming a regular  te r -  
nary  solution. The analysis of a RAS resulted in ex-  
plicit expressions for the approximate activities 
of the components. These were substi tuted into the 
thermodynamic  equation of the l iquidus boundary  to 
yield a l iquidus equation in the constants ~ and t~. 
Having evaluated a and ~ from the l iquidus data of 
Kulwicki  (2), Jordan (1) calculated the full  l iquidus 
curves in the Zn-Te  and Cd-Te systems, in very good 
agreement  with the available exper imental  determi-  
nations. 

Recently, we reported (3) the calculated p-T dia- 
grams for the Zn-Te system. The calculated part ial  
pressures Pzn and Pie2 along the l iquidus curve of this 
system, evaluated from the approximate activity 
functions for a RAS and the previously derived values 
of a and ~ (1), are in excellent agreement  with the 
experimental  results of Shiozawa et al. (4). 

The calculation of Pcd and PWe2 along the t iquidus 
curve of the Cd-Te system followed the procedure 

1 P re sen t  address :  Un ive r s i ty  of Wash ing ton ,  Seatt le,  Wash ing ton .  

adopted in calculating the p-T diagrams in the Zn-Te  
system (3). Thermodynamic  data required to perform 
the calculations were obtained from several sources. 
The constants a and ~ were previously derived (1) for 
the Cd-Te system from the l iquidus data of Kulwicki  
(2). The equi l ibr ium constant, K, for the dissociation 
reaction 

CdTe(s)  = Cd(g)  -5 ~Te2(g)  [1] 

was evaluated from the free energy equation of Bre-  
brick and Strauss (5) for Eq. [1]. The pressures of 
pure superheated liquid Cd and Te, P~ and P~ , 
were taken from the recent high pressure measure-  
ments  of Baker (6, 7). It should be noted that P~ 
was computed from the total pressure data of Baker 
by subtract ing from it approximately 1%, due to the 
presence of monatomic Te (8). 

The calculated dependence of log Pcd and log PWe2 
on reciprocal tempera ture  for the Cd-Te system is 
shown in Fig. 1 and 2, respectively. In  addition, the 
exper imental  pressure data of Lorenz (9) and  de 
Nobel (10) are presented. The p-T diagrams also 
i l lustrate the l imit ing straight lines at xcd = 1 and 0, 
where XCd is the atom fraction of Cd in the liquid. 
For example, in Fig. 1, log P~ and log PCd = log 
K/p~Jp~we2 VS. 1/T were drawn. Finally,  values of log 
Pcd (min) and log Pre~ (min)  as a function of 1/T at  
the m i n i m u m  total pressure, Ptot (min) ,  were plotted. 
These pressures are interrela ted by PCd (min)  ---- 2/3 
Ptot (min)  and PTe2 (min)  ---- 1/3 Ptot (min) .  Ptot (min)  
was calculated from the equi l ibr ium constant  for Eq. 
[1] according to Ptot (min)  = 3(K/2)  2/z. 

The calculated p-T diagrams for the Cd-Te system 
are general ly in good agreement  with the experi-  
menta l  data of Lorenz (9) and de Nobel (10). Both of 
these authors have directly observed the freezing 
points of solid CdTe, corresponding to various fixed 
Cd or Te2 pressures. In  particular,  it can be seen in  
Fig. 1 that  there is indeed a very  good agreement  
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between Lorenz's (9) exper imental  values of POd and 
the theoretical curve. However, the calculated Pie2 
curve, shown in Fig. 2, lies between the somewhat dis- 
crepant exper imental  points of Lorenz and de Nobel. 

In Fig. 2, one can observe that, according to the data 
of Lorenz, near  the mel t ing point  of the compound 
the max imum PTe2 along the l iquidus is only slightly 
lower than P~ This pressure would correspond to 
aTe ~-~ 0.9 for Xwe extending almost to 0.5, which would 
seem unl ikely  unless the l iquidus were as flat as in 
the Zn-ZnTe subsystem (1, 2). However, the l iquidus 
curve in the Te-CdTe subsystem (2) changes gradu-  
ally without  any flat regions. It  is very  difficult to 
explain the seemingly high results of Lorenz. In  fact, 
in the Hg-Te system, a similar system where thorough 
measurements  have been made, Brebrick and Strauss 
(11) f o u n d  the max imum value of PWe2 to be much 
lower than p~ corresponding to ate ~ 0.4. Similarly, 
in the Zn-Te system it is estimated from the work 
of Shiozawa et al. (4) that  aTe ~ 0.5 at the max i mum 
pressure of Te2. 

Manuscript  submit ted Jan. 10, 1969; revised ma nu-  
script received June  11, 1969. This was part  of Paper  
527 presented at the Montreal  Meeting, Oct. 6-11, 1968. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
J O U R N A L .  
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Metal Transport in Voids at Metal-Oxide Interfaces 
V. R. Howes 1 

Materials Division, Central Electricity Research Laboratories, Leatherhead, Surrey, England 

It has been shown recent ly (1, 2) that, dur ing high- 
tempera ture  oxidation of an Fe-28% Cr alloy, the 
metal  surface became extremely corrugated due to the 
formation of voids at the metal-oxide interface. The 
detection of a fine l ine s tructure on the smooth metal  
surfaces in the voids was associated with chromium 
transport  wi thin  the voids. 

Fur ther  observations have shown that for alloys of 
lower chromium content  (16 and 19%) the fine struc- 
tu re  takes the form of regular  terracing or faceting as 
can be seen in the scanning electron micrograph in 
Fig. 1. The surface of the Fe-19% Cr alloy specimen 
has  been revealed by the spalling away of the oxide 
dur ing cooling after 6-hr oxidation at 950 ~ in pure 
oxygen. The high peaks are where the metal  and oxide 
were in contact, and the hollows are where voids had 
formed dur ing  oxidation. 

1 P r e s e n t  addres s :  Wol f son  I n s t i t u t e  of I n t e r r a c i a l  Techno logy ,  
U n i v e r s i t y  o f  N o t t i n g h a m ,  N o t t i n g h a m ,  N G Y  2 Rd.,  E n g l a n d .  

Benard et al. (3, 4) have shown that  specular sur-  
faces of Fe-Cr  alloys are obtained at extremely low 
oxygen pressures, but  that at higher pressures (still 
lower than  the dissociation pressure of chromium 
oxide) adsorbed oxygen produces surface energy 
anisotropies so that  energy minimizat ion leads to the 
formation of facets. Morris and Smeltzer (5) have 
measured the evaporat ion rates for Fe-Cr  alloys and 
have pointed out that  the low oxygen pressures neces- 
sary for the prevent ion  of faceting may be obtained in 
the vicini ty of the surface by the gettering action of 
evaporat ing metal. They obtained facets on Fe-5% 
Cr alloy surfaces, but  specular surfaces were found 
on an Fe-25% Cr alloy after evaporation at 950~ 
in a nominal  vacuum of 10 -6 Torr. This difference 
was explained by the observed increased evaporation 
rate  for the second alloy, which reduced the effective 
oxygen pressure at the surface so that adsorption be-  
came negligible. 
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Fig. 1. Metal surface, observed at a tilt of 30 ~ showing terrac- 
ing, beneath an oxide layer where this has spelled away from a 
specimen of an Fe-19% Cr alloy during cooling after oxidation at 
950~ for 6 hr in pure oxygen. 

These results suggest that  the terracing observed in 
the interfacial  voids in the present  16 and 19% Cr 
alloys was a consequence of adsorbed oxygen on the 
metal  and that  the rate of metal  evaporation into the 
voids was l ikely to have been less than 3.3 x 10 -3 
mg cm -2 hr -1 (the value for the Fe-25% Cr alloy at 
950~ found by Morris and Smeltzer) .  In the pres-  
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ence of evaporation and an adsorbed oxygen layer that  
has led to faceting by surface energy minimization,  
long distance surface diffusion of metal  around the 
voids seems unlikely.  The oxygen that  was adsorbed 
on the metal  most probably came from the voids, sup- 
plied either by dissociation of the Cr203 on the other 
side or by an anion component of diffusion through 
the oxide dur ing oxidation. The rate of Cr evaporation 
across the voids is certainly less than the metal  con- 
sumption rate after 6-hr oxidation at 950~ ( ~ 9  x 10 -2 
mg cm -2 h r - D  calculated from the measurements  of 
Mortimer and Sharp (6). The consequent reduction in 
the supply of chromium to the oxide is most probably 
a main  reason for the slight but  definite negative de- 
viation from the ini t ial  parabolic oxidation rate that  
has been observed previously (6) and discussed in re- 
lation to interracial  void formation (7). 
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ABSTRACT 

A P t  catalyst in a porous fuel cell anode is poisoned by adsorption of CO 
from a H2-CO fuel mixture.  Uniter constant  current  conditions, this forces 
the electrode to high potentials. The electrode may reach potentials suffi- 
ciently high to oxidize the adsorbed CO and ini t iate  a period of efficient 
electro-oxidation of the H2 in the fuel mixture.  Natural  oscillations of poten- 
tial are caused by repeated poisoning and reactivation of the electrode. More 
efficient activation of the electrode at high currents  can result  in a lower 
t ime-averaged anode potential  at high current  than at lower currents.  The 
frequency of na tura l  oscillations of the H2-CO system is relat ively inde-  
pendent  of the current  density, but  is dependent  on the part ial  pressure of 
CO. The oscillatory behavior  is explained on the basis of poisoning of an 
electrode system having a passivat ion-type polarization curve. The max imum 
rate of potential  increase is correlated with the charging of the double 
layer by the imposed constant  current.  The max imum rate of potential  re-  
covery is explained by the charging, or collapsing, of the double layer  by the 
electrode reaction current.  

Natural ly  occurring oscillations have been observed 
in many  fuel cell systems, and in fundamenta l  studies 
at smooth electrodes even for simple fuels such as 
H2 (1, 2). Analyses of the interrelat ionships between the 
operating characteristics of auto-oscil lating electro- 
chemical systems and their  surface chemical, electrical, 
and kinetic properties have been presented by Chiz- 
madzhev (3) and Hunger  (4). The first paper concludes 
that  the slow reaction of oxygen-containing species 
on the electrode compared to hydrogen is the cause 
of oscillations. The second paper at tr ibutes the oscil- 
lations of a formaldehyde anode to a diffusion-adsorp- 
t ion step coupled to surface reaction steps in the reac- 
tion sequence. A discussion of fuel cell bat tery operat-  
ing characteristics in cells containing na tura l ly  oscil- 
lat ing anodes has also been presented by Hunger  (5). 
This paper indicates the operating conditions under  
which na tura l  oscillations can be expected and the 
types of oscillations that can be obtained depending on 
cell operating constraints, i.e. constant cell current,  
potential, or load. 

The importance of this area to fuel cell technology 
is that  electrocatalysts are often susceptible to periodic 
activation processes which improve the performance of 
electrodes. The improvement  of fuel cell power pro- 
duction by the imposition of electrical pulses under  
operating conditions in which na tu ra l  oscillations do 
not occur has been extensively reported (6-9). Diller 
(10) describes a technique of decreasing the power 
requirements  in cells for the Hall process for electro- 
winn ing  a luminum by periodically imposing short, 
h igh-power electrical pulses to the cell, indicating the 
applicabil i ty of similar activation procedures to process 
electrochemistry. 

This study demonstrates the cyclic operating charac- 
teristics of an anode consuming a simple fuel, H2, in 
the presence of di lute CO. The dependency of the 
ampli tude and frequency of the oscillations on the 
anode current  and fuel composition were investigated 
in an at tempt to determine conditions of electrode 
design and operation in which CO might be efficiently 
electro-oxidized, or otherwise removed, by the aid of 
the na tura l  activation process at the anode. This type 
of fuel mixture  is important  in fuel cell technology, 
since it may result  from incompletely purified hydro-  
gen, produced from the reaction of steam with carbon 

Key  words:  fuel  cell, oscillations. 
* Electrochemical  Society Act ive  Member.  

Present  address: Amer ican  Hospital  Supply Corp., Everet t ,  
Massachusetts.  

or hydrocarbons. The system is also a model fuel-  
poison couple in which the poison concentrat ion can 
be varied at wil l  by changing the CO part ial  pressure. 

Experimental 
The electrochemical system utilized a platinized 

porous carbon anode with 1.3 cm 2 apparent  area, a 
p la t inum foil auxi l iary cathode, and a saturated cal- 
omel reference electrode. The electrolyte was 2M 
I-t2SO4 mainta ined  at 95~ Current  was supplied by a 
Harrison Laboratory Model 6200A power supply. In  ini-  
tial tests, t ime average potentials were measured with 
a damped voltmeter.  In  later tests, vol tage- t ime traces 
were measured with a Tektronix 545-A Oscilloscope 
with Polaroid camera attachment.  The fuel gas was 
continuously passed behind the electrode, the excess 
being vented. 

The electrode was prepared from Shawinigan acety- 
lene black, Teflon powder, and a p la t inum mesh 
screen support, by the method described by Deibert  
(11). The carbon loading was about 8 mg/cm 2. The 
electrode was platinized by the method of Brown and 
Brown (12). The final microporous electrode con- 
tained about 10 w/o  (weight per cent) plat inum, based 
on the carbon content. The Shawinigan acetylene 
black had a BET surface area of about 65 m2/g. 
This was probably not greatly affected by the addition 
of 10% plat inum. The total surface area of conductive 
solid was therefore about 5000 cm2/cm ~ of electrode. 
Since the Pt  rendered the entire s tructure hydrophilic, 
near ly  all this surface was wetted by the electrolyte. 

Results 
Three fuel streams were tested for their polarization 

behavior. These were pure H2, 1% CO in H2, and 5% 
CO in H2. The recorded, t ime-averaged potentials rela-  
tive to the open-circui t  potential  of the pure hydrogen 
electrode are shown in Fig. 1 as a function of apparent  
current  density. The polarization curve for pure H~ 
demonstrates that  hydrogen is readily oxidized on the 
p la t inum electrode, sustaining a current  density of 
200 mA / c m 2 with a polarization of less than  0.05V. The 
reversible character of the H2-Pt electrode makes this 
open-circui t  potent ial  a valid reference for this system. 
Addit ion of 5% CO to the H2 severely poisons the 
electrode, increasing the open-circui t  potential  by 
0.77V and polarizing the electrode to oxygen evolu- 
t ion potentials below a current  density of 200 mA/cm 2. 
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Fig. I. Time-averaged polarization of H2-CO system using cur- 
rent control. 

The electro-oxidation of 1% CO in H2 mixture  
poisons the electrode, but less than 5% CO in H2. Above 
a current  density of 100 mA/cm 2, the polarization of 
the electrode decreases with increasing currents  up to 
500 m A / c m  2. This is a demonstrat ion of an unusua l  
phenomenon of an increase in reaction rate being 
accompanied by a decreasing t ime-average thermo-  
dynamic dr iving force for the reaction. That  this is 
most probably the result  of a na tura l  periodic ac- 
t ivation of the p la t inum electrocatalyst is revealed 
by the t ime-dependent  potential  measurements.  

The oscillatory behavior of the potential  of the 1% 
CO in H2 fuel electrode is shown by potent ia l - t ime 
traces in Fig. 2 for six current  densities between 50 
and 500 mA/cm 2. The effect of CO content  of the fuel 
on potential  oscillation frequency is shown by re-  
placing the flow of 1% CO in H2 with pure H2 while 
main ta in ing  the current  at 100 m A / c m  2. A potent ia l -  
t ime trace taken a short t ime after this replacement  is 
shown by the broken line in Fig. 2 (c). 

Low-ampl i tude  (0.2V) potential  oscillations are ob- 
served at 75 mA/cm2 in Fig. 2. The ampli tude of these 
oscillations increases with increasing current  density, 
to about 1.3V at 500 mA/cm 2. The frequency decreases 
slightly with increasing current  between 75 and 200 
mA/cm 2, and then remains relat ively constant  at ap-  
proximately 1.7 Hz at higher current  densities up to 
500 mA/cm 2. At 100 mA/cm 2, the frequency of the 
potential  oscillations decreased gradual ly  to zero after 
introducing pure hydrogen. However, the oscillation 

ampli tude remained approximately constant  as the 
CO content decreased. 

Discussion 
One possible explanat ion for the observed voltage 

oscillations can be based on the assumption that  the 
electrode reaction has a passivat ion-type polarization 
curve. Figure 3 shows a schematic of such a curve. 
This curve could be obtained by voltage control of the 
electrode, as for example by use of a potential  sweep. 
In a passivat ion-type curve on an anode, there is a 
region in which an increasing potential  lowers the 
current .  This effect may be caused by anion adsorption 
or oxide formation, which would commence at the 
potential  near  D in Fig. 3. These effects can poison a 
p la t inum electrode for hydrogen oxidation. Passiva-  
t ion- type curves have been reported by Schuldiner  
for H2 oxidation which he at tr ibutes to anion adsorp- 
t ion on the Pt  catalyst (13). At very  high potentials, 
other anodic reactions will  occur, e.g. water  oxidation, 
which may not be passivated, section E, F, Fig. 3. A 
deactivation phenomenon  which is re la t ively inde-  
pendent  of potential  can also occur on the anode. This 
can result  from CO adsorption in the present  case. In  
other instances, deactivation can be a t t r ibuted  to ad-  
sorption of impurit ies from solution (14), or to 
catalyst recrystall ization as suggested by Sawyer  and 
Seo (2) for H2 anode deactivation. Thus, both deac- 
t ivat ion and passivation may be expected even for H2 
oxidation under  normal  fuel cell conditions. 

The importance of the passivation and deactivation 
effect is that together they can give rise to potential  
oscillations of the type observed in this investigation. 
If the current  is adjusted to the level indicated by the 
straight line ABC, the voltage will ini t ia l ly  be at 
point A. However, as deactivation occurs, the voltage 
shifts toward B. At this time, the voltage shifts quickly 
to C. It  is possible that  at C the poison is oxidized or 
electrodesorbed. It is known that  CO oxidation occurs 
on this PtO surface at high potentials (15). When this 
occurs, the electrode is react ivated and the potential  
shifts to A. At this point, deactivation again occurs 
and the oscillations repeat. 

These phenomena are demonstrated by the experi-  
menta l  data shown above. The high potential  at tained 
at 500 mA / c m 2 is believed to cause a more efficient 
cleaning of the electrode surface (i.e., more complete 
oxidation of CO), than the potential  achieved in the 
100 mA / c m 2 oscillation. This effect is believed to be 
the cause of decreasing t ime average overpotential  
with increasing current  at 1% CO (Fig. 1). That  is, 
the oscillating effect with high current  is more effective 
in oxidizing the CO poison, thus giving a longer period 
of efficient oxidation of H2. In  the data of Fig. 1, no 
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attempt was made to read the damped meter needle to 
observe oscillations. 

Figure 2 (c) shows the effect of decreasing the part ial  
pressure of CO. The curve shape is similar but  the 
period of oscillation increases as less CO is available 
to cause deactivation. Thus, the rate of deactivation is 
slower. With 5% CO, there is no oscillation and the 
electrode is pe rmanen t ly  poisoned. Thus, the oxidation 
of CO is not sufficiently rapid at the high potent ial  
to generate a clean surface for a period of H2 oxidation 
at low overpotential.  

An analysis of this oscillatory behavior  will be made 
based on an equivalent  circuit for the anode involving 
a resistor and capacitor in parallel.  The capacitor C 
denotes the double layer capacitance of the electrode, 
and R is the resistance to current  flow due to electrode 
polarization. The analysis assumes that  the current  
passing through the electrode is held at a constant  
value ic which goes either into the charge or discharge 
of the capacitor or into the electrode reaction process. 
Experimental ly,  the voltmeter  reads the anode poten-  
t ial  vs. a reference voltage (saturated calomel elec- 
trode).  This potential  is adjusted to the H2/H + poten-  
tial of the solution for fur ther  analysis. 

The reaction current  is denoted, for i l lustrat ive pur -  
poses, in terms of the exchange current,  io, and the 
overvoltage. Such a behavior might  be expected at 
low potentials even for the complex electrode system 
used in  this study. The capacitance current  is C dV/dt 
giving a total  current  of: 

dV 
ic ~ C -t- io exp aV [1] 

dt 

It was noted earlier that, when the electrode became 
deactivated to B of Fig. 3, due to decreased io values, 
the potential  shifted to C. The rate of this voltage 
change will  depend pr imari ly  on the double- layer  
capacitance. If the reaction current  is assumed to be 
small  compared to ic during deactivation, then a l imit-  
ing rate of voltage change is: 

dV ic 
[2] 

dt C 

Based on this model and assumption, the experi-  
menta l  data shown in Fig. 2 can be used to calculate 
an electrode capacitance. Taking the limiting, steepest 
slopes of the voltage increase lines as a measure of this 
l imit ing case, this method yields values of 0.08, 0.07, 
0.07, and 0.10 farads/cm 2 for currents  100, 200, 300, and 
500 mA/cm 2, respectively. This constancy of the cal- 
culated capacitances gives credence to the model and 
assumptions. The platinized carbon electrode used had 
an actual (BET) surface area of about 5000 (cm2/cm2). 
The capacitances calculated above indicate that  the 
specific capacitance of this surface was about 15 to 20 
~f/cm 2, which is the correct magni tude  for a double-  
layer capacitance of this system. 

The speed of potential  recovery, from C to A, can 
also be explained in terms of the above equivalent  
circuit. In  this case, the current  applied is assumed 
to be much smaller than  the "regenerated" reaction 
current.  The l imit ing rate of react ivat ion is therefore 
denoted by: 

dV io 
= exp aV [3] 

dt C 

Thus, the rate of potential  decrease will  be the rate 
of the reaction current  charging or discharging the 
double- layer  capacitance. This is shown as an ex- 
ponent ial  function of overvoltage, but  is directly de- 
pendent  on the reaction exchange current  and in-  

versely dependent  on the double- layer  capacitance. 
Although no calculations are present ly warranted,  
based on this model, it should be noted that  the voltage 
decrease is much faster than the voltage increase which 
was dependent  on the applied current  charging the 
double layer capacitance. 

Conclusion 
The oscillatory behavior of an electrode is explained 

on the basis of poisoning of an electrode having a 
passivat ion-type polarization curve. The ma x imum 
rate of potential  increase has been correlated with the 
charging of the electrode double layer by the applied 
current,  and the ma x i mum rate of potential  recovery 
is explained by the charging or discharging of the 
double layer by the reaction current,  after electrode 
reactivation. 

Many other observations of oscillatory behavior of 
anodes operating at constant  current  have revealed 
much more rapid potential  recovery than  potential  
decay (1, 2, 13). The observation by Schuldiner  (13) 
of oscillations in the electro-oxidation of formaldehyde 
on platinized p la t inum shows breaks in the slope of 
the potential  decay line. Using the average actual 
surface area of the electrode given in that  paper, the 
specific capacitances of his electrode are 40-60 /zf/cm 2 
in the low potential  region, and 10-22 ~f/cm 2 in the 
high potential  region. The lat ter  values are probably 
closer to the real  capacitance values, since more 
complete passivation, in this case by anion adsorption, 
would be expected at high potentials. In any case, both 
the present study and Schuldiner 's  data indicate that 
poisoning of an oscillating electrode is essentially 
complete at the ini t ia t ion of potential  decay, ra ther  
than  progressively effecting the entire decay process. 
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ABSTRACT 

Electrochemical measurement  of the corrosion currents  of commercially 
prepared decorative n ickel -chromium coatings indicates that the addition of a 
chromium topcoat to duplex nickel reduces the dissolution rate of nickel 
by only a factor of 2, while at the same time increasing the susceptibili ty of 
the coating system to pi t t ing corrosion. Indications are that  a "critical" po- 
tent ial  for macro pit t ing may exist for these coating systems that  could ex- 
pla in  the f requent  disagreement of results obtained on the pi t t ing behavior  
of decorative n ickel -chromium coatings at different tests sites. P re l iminary  
results obtained with a silver undercoat  indicate that  the corrosion current  
may be reduced by a factor of 10 compared to that for duplex nickel with a 
similar topcoat of microcracked chromium. Moreover, there is little or 
no corrosion penetra t ion of the silver layer. A possible explanat ion for these 
findings is advanced and a model developed to explain the corrosion be-  
havior  of decorative n ickel -chromium coatings. 

Introduct ion in the early 1950's of decorative du-  
plex n ickel -chromium coatings for protection against 
corrosion of car bumpers  and exterior automotive t r im 
was a major  step forward, since the par t ia l  replace- 
ment  of the semibright  nickel by an outer layer of 
bright  nickel served a dual  purpose. It e l iminated the 
need for buffing of the nickel prior to chromium plat-  
ing and, more important,  it caused the corrosion pits 
to spread sideways instead of directly downward to 
the basis metal.  These facts are general ly well  known  
and well  documented in static and mobile tests carried 
out by earlier investigators (1-5). 

Wesley and Knapp (1) were probably  the first to 
identify the mechanism of failure as due to pi t t ing 
corrosion in the nickel undercoat. Pi t t ing is init iated at 
flaws or cracks in the chromium topcoat serving as the 
cathode for the reduct ion of oxygen, while the dissolu- 
tion of the nickel undernea th  occurs at the anode of 
the galvanic cell. Furthermore,  F l in t  and Melbourne 
(3) showed that  the process is under  cathodic control 
and increasing the degree of cathodic polarization 
should lead to increased corrosion protection. This is 
undoubtedly  the explanat ion for the apparent,  im-  
proved corrosion resistance of coating systems with a 
topcoat of microcracked or microporous chromium 
instead of ordinary  chromium. In more recent  years, 
fur ther  improvements  have resulted from the use of 
mul t i layered nickel coatings of different electro- 
chemical properties (6, 7). 

The purpose of this research was threefold: (a) to 
measure electrochemically the corrosion currents  of 
n ickel -chromium type protective systems, (b) to de- 
te rmine  if pit t ing is init iated at a fairly well-defined 
potential  as is known for stainless steel and a luminum 
anodically polarized in 3% NaC1 (8); this point  was 
not investigated in any great detail; and (c) to de- 
te rmine  if another  undercoat  metal  might provide 
improved corrosion resistance by  vi r tue  of its elec- 
trode potential  being more near ly  equal to that  of 
chromium after atmospheric exposure or by its form- 
ing a protective reaction film in situ in the aqueous 
env i ronment  after anodic polarization. One metal  in-  
vestigated was silver, since a solid film of silver chlo- 
ride is formed at small  positive overpotentials (20-40 
mV) in 3% NaC1. 

* E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  B l o c k  E n g i n e e r i n g ,  I n c o r p o r a t e d ,  19 B l a e k s t o n e  

St.,  C a m b r i d g e ,  M a s s a c h u s e t t s  02139. 

Experimental 
The decorative n icke l -chromium coatings were fur-  

nished by the Harshaw Chemical Company on an an-  
nealed low-carbon steel substrate in the form of 
panels approximately 4 in. by 6 in. by 1/16 in. thick. 
They were cut with a jeweler 's  saw into specimens 
1/2 in. wide by 2 in. long. One end of each specimen 
was carefuly bent  to a ~ - i n .  radius and a hole dril led 
and tapped at the apex of the bend to accommodate an 
0-80 threaded rod for electrical connection. The 
method of a t tachment  and the electrolytic cell used 
were similar to that  described by Leckie and Uhlig 
(9). 

The decorative coatings were of duplex nickel 3~ mil  
thick, duplex nickel 1 mil  thick with a topcoat of 0.10 
rail of ordinary  chromium, and duplex nickel  1.25 
mils thick with a topcoat of 0.050 mil  of microcracked 
chromium. In  all these coatings, the outer bright  
nickel was about 1/3 the thickness of the semibright  
nickel. 

Two other coating systems were prepared: one con- 
sisted of 1.3 mils of silver electrodeposited directly 
onto a cold-rolled steel substrate, followed by a layer 
0.060 mil  thick of electroless nickel and an outer layer 
0.120 mil  thick of microcracked chromium; the other 
consisted of a layer  of 0.050 rail of silver inter leaved 
between duplex nickel and ordinary chromium. 

Anodic and cathodic polarization curves were de- 
veloped for each of the coating systems investigated. 
The electrolyte in all cases was 3% NaC1 (pH = 5.5) 
deaerated with bubbl ing  argon and stirred at 200 rpm. 
The exposed area to the electrolyte was 1 cm2--the 
remainder  of the surface was covered with a commer-  
cial stop-off lacquer. No special a t tempt was made to 
control the temperature  but, in general, the tempera-  
ture  did not deviate more than _1  ~ from a tempera-  
ture of 23~ All  potentials were measured relat ive to 
a SCE with a Luggin capil lary located wi th in  2-3 m m  
of the sample surface. The potentials were set with a 
potentiostat  constructed from commercial ly available 
parts. The potential  could be set to wi thin  1 mV of the 
desired potential  and the current  read in the range of 
0.05 ~A to 1.5A. 

The specimens were cathodically polarized first. 
Current  readings were taken at each preset value of 
the potential  after a period of 5 rain. The solution was 
then changed and the anodic polarization curve de- 
veloped in a similar manner .  
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Anodic polarization was not cont inued beyond a 
potential  of -t-500 mV (vs. H2), since in  some cases the 
corrosion had already penetrated to the basis metal.  

The corrosion currents  were determined from the 
polarization data as described earlier (10). Current  
densities given on the abscissa are to be read as ap-  
parent  current  densities. 

Results 
Any study of pi t t ing corrosion is usua l ly  concerned 

not only with the mechanism of pitting, but  also with 
the location of the pi t t ing sites. It is evident  in Fig. 1 
that pi t t ing occurs main ly  at the microcracked bound-  
aries. The metallographic evidence shown in  Fig. 2 
shows that the pits formed in the bright  nickel di-  
rectly below the cracks in the chromium topcoat are 
hemispherical  in shape. Since there is little or no ap- 
parent  at tack of the chromium, pi t t ing is the apparent  
result  of the anodic dissolution of the nickel below 
as postulated earlier (3, 5). It is also of interest  to 
note that, as the pits grow in size and merge together, 
there is undermin ing  of the chromium topcoat. 

The potentiostatic anodic and cathodic polarization 
curves of duplex nickel over an annealed low-carbon 
steel substrate are shown in Fig. 3. The apparent  cor- 
rosion rate  as determined by extrapolat ion of the l in-  
ear portions of the polarization curves to the open-ci r -  

Fig. 1. Duplex nickel plus microcracked chromium over low-car- 
bon steel corroded under static conditions for 6 days in 3% NaCI. 
Note that pitting is initiated mainly at the boundaries of the mi- 
crocracked regions. 

- /  
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,OO~ ] Final Breakdown of Block Film. 

r t ~  
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Fig. 3. Anodic and cathodic polarization curves of duplex nickel 
over low-carbon steel in 3% NaCI (pH = 5.5). Rotation @ 200 
rpm and bubbling argon. 

cult potential  is 0.18 ~A/cm 2. The anodic polarization 
curve which is of special interest  shows a l inear  Tafel 
slope (40 mV per decade) between a potential  of 
--0.10V and 0V on the hydrogen scale. In  this poten-  
tial range, the bright  nickel surface tu rned  black. At 
higher positive potentials, the ini t ia l ly formed black 
film began to disintegrate and, at a potential  of 
~-0.13V where a reversal  in current  occurs, it was 
completely free of the surface, reveal ing a mat te  
surface below. Beyond a potential  of -~0.14V there is 
a fur ther  increase in the current,  but  at a slower 
rate, indicative of the dissolution of the more noble 
semibright nickel. Semibright  nickel is known to be 
more noble than  br ight  nickel  (3, 11). 

The anodic and cathodic polarization curves of du-  
plex nickel and ordinary  chromium over steel under  
the same test conditions are shown in Fig. 4. The open- 
circuit potential  of this coating sytem is --0.30V on 
the hydrogen scale, and its apparent  corrosion rate is 
0.10 ~A/cm 2. This part icular  sample was not anodically 
polarized beyond a potential  of q-0.060V. However, an 
identical sample gave a similar anodic polarization 
curve and the onset of pi t t ing was observed at a po- 
tent ial  of about q-0.20V. This is indicated by the dotted 
portion of the curve. Anodic polarization to as high 
as ~-0.50V showed that  the corrosion pits had pene-  
trated to the steel basis metal  (Fig. 8). Similar  po- 
larization curves obtained for duplex nickel and 
microcracked chromium over steel are shown in Fig. 5. 
This sample was Jnit ial ly polarized only to a potential  
of --0.10V and showed no evidence of macropitting. At 
a later date, it was anodically polarized fur ther  to a 
potential  of -F0.30V and the current  flowing was 90 
mA. Visible pitting, however, occurred at a potential  of 
about -t-0.10V and at ~0.30V the surface was heavily 
pitted. Attempts  to polarize this coating system 
anodically to a potent ial  of -t-0.50V on other identical 
samples resulted in a complete separation of the chro- 
mium topcoat. 

The polarization curves shown in  Fig. 6 are of spe- 
cial interest. In  this coating system, a thick layer of 
electroplated silver (1.3 mils) was used in place of 

Fig. 2. Duplex nickel plus microcracked chromium over low-car- 
bon steel corroded under static conditions for 30 days in 3% 
NaCh A--chromium, B--bright nickel, C--semibright nickel, D - -  
steel. Etched in 50:50 glacial acetic-nitrlc acid. 
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Fig. 4. Anodic and cathodic polarization curves of duplex nickel 
and ordinary chromium over low-carbon steel in 3% NaCI (pH = 
5.5). Rotation @ 200 rpm and bubbling argon. 
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Fig. 5. Anodlc and cathodic polarization curves of duplex nickel 
and microcracked chromium over low-carbon steel in 3 %  NaCI 
(pH ~ 5.5). Rotation @ 200 rpm and bubbling argon. 
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Fig. 6. Anodic and cathodic polarization curves of electroplated 
silver and electroless nickel and microcracked chromium over low- 
carbon steel in 3% NaCI (pH ~ 5.5). Rotation @ 200 rpm and 
bubbling argon. 

duplex nickel. Although the open-circuit  potential  is 
comparable to that  for duplex nickel (Fig. 3), the 
apparent  corrosion rate is lower, namely  0.04 ~A/cm 2 
compared to 0.18 ~A/cm 2. This is a t t r ibuted to the 
greater degree of anodic and cathodic polarization. 
Above a potential  of about +0.20V, there is a sudden 
increase in the anodic dissolution rate. This is due to 
the anodic dissolution of silver as was shown by anodic 
polarization of pure solid silver in the same electro- 
lyte. The l imit ing current  densi ty occurring at about 
1 m A / c m  2 is the result  of the formation of silver chlo- 
ride as was demonstrated by x - r ay  diffraction studies. 
As will  be shown presently, this coating system ap- 
peared to be the most resistant  to pi t t ing corrosion. 

The results of the metallographic studies conducted 
on these coating systems after anodic polarization to a 
max imum potential  of +0.50V are shown in Fig. 7-10. 
Figure 7 shows the appearance of duplex nickel before 
and after anodic polarization. It  is evident  that  c o m -  

plete anodic dissolution of the bright nickel has oc- 
curred with little dissolution of the semibright nickel. 
This result  is in  good agreement  with that  expected 
from the appearance of the anodic polarization curve 
for this coating system shown in Fig. 3. Furthermore,  
and more important,  there is no evidence of pit t ing 
either in the semibright  nickel layer or the steel basis 
metal. Evidently, the dissolution of bright nickel under  
the test conditions used occurs quite uni formly over the 
entire exposed surface. 2 On the other hand, the coating 
systems shown in Fig. 8 and 9 are apparent ly  very 
susceptible to pi t t ing corrosion. In  the case of duplex 
nickel plus ord inary  chromium anodically polarized to 
+0.50V (Fig. 8), corrosion due to the anodic dissolu- 
tion of the duplex nickel has penetrated to the basis 
metal  with the formation of a large hemispherical-  
shaped pit in the steel (far right) and a well-defined 
taper  in the semibright  nickel  layer. Anodic polariza- 
tion of several addit ional samples of this coating sys- 
tem to the same potential  indicated that  only a few 
(3-4) large pits are formed. Also, in the system du- 
plex nickel plus microcracked chromium anodically 
polarized to the +0.30V pit t ing is quite evident  down 
to the semibright  nickel layer  as shown in Fig. 9. As 
ment ioned earlier, anodic polarization to +0.5V re-  
sulted in a complete separation of the chromium top-, 
coat and corrosion penetrated to the basis metal. The 
pits developed electrochemically are quite similar in 
appearance to those developed unde r  static conditons 
of corrosion (Fig. 2) and this is fur ther  confirmation 
of the fact that pi t t ing corrosion in these systems is 
electrochemical in nature.  Consequently,  it appears 
that  the addition of a chromium topcoat to duplex 
nickel increases the susceptibili ty of the coating sys- 
tem to pit t ing corrosion. 

The result  shown in Fig. 10 is quite striking. Cor- 
rosion appears to be restricted main ly  to attack of the 
electroless nickel and there is some blistering or l if t-  
ing of the chromium topcoat, bu t  there is no evidence 
of pitting. Electroless nickel is known to be less noble 
than  pure silver in 3% NaC1; in  other words, it serves 
as a sacrificial coating. The anodic polarization curve 
for this coating system (Fig. 6) indicated that  dissolu- 
t ion of silver also occurs, but  at a small  overpotential  
the dissolution rate is controlled by the dissolution rate 
of the protective film of silver chloride. Thus, the 
metallographic findings are in good general  agree- 
ment  with the electrochemical data. The results ob- 
ta ined with the th in  layer of silver inter leaved be-  
tween duplex nickel  and ordinary chromium were not  
encouraging. Nevertheless, the idea of obtaining corro- 
sion protection through the formation of a reaction 
film i n  s i t u  embodies a new principle and hitherto has 
received no at tent ion in these coating systems. Addi-  
t ional  work with an undercoat  of silver is planned.  

The measured corrosion currents  expressed as ap- 

-~ In  s t a t i c  c o r r o s i o n  tes ts ,  h o w e v e r ,  i n d i c a t i o n s  a r e  t h a t  d u p l e x  
n i c k e l  i s  s l i g h t l y  s u s c e p t i b l e  to p i t t i n g  co r ro s ion .  

Fig. 7. Duplex nickel over 
low-carbon steel, (a) before, 
and (b) after, anodic polariza- 
tion to + 0 . 5 0 V  (vs. H2) in 3 %  
NaCI (pH = 5.5). Etched in 
50:50 glacial acetic-nitric acid. 
Note the complete dissolution of 
the bright nickel layer and the 
absence of pitting. 
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Fig. 8. Duplex nickel and ordinary chromium over low-carbon steel anodically polarized to -~-0.50V (vs. H2) in 3% NaCI (pH ~ 5.5). 
Etched in 50:50 glacial acetic-nitric acid. Note the hemispherical-shaped pit at the right in the steel and the taper in the semibright 
nickel layer. 

Fig. 9. Duplex nickel and microcracked chromium over low-car- 
bon steel anodically polarized to %0.30V (vs. H2) in 3% NaCI 
(pH ~ 5.5). Etched in 50:50 glacial acetic-nitric acid. Note the 
undermining of the chromium topcoat by the coalescence of pits 
in the bright nickel and the absence of corrosion in the chromium 
layer. 

nishing of the nickel. Chromium is known to possess 
good tarnish resistance as well  as good resistance to 
"fogging" by H2S. As shown in this study and in an 
earlier study (12), the addition of a topcoat of ordi- 
nary  chromium reduces the dissolution rate  of nickel 
by only a factor of about 2. The data of Saur  (12) also 
show that, while the ini t ial  dissolution rate of nickel 
is l inear  with the area of exposed nickel, it becomes 
constant  above an exposed nickel area of about 10%. 
This indicates that  as the concentrat ion of chromium 
defects is increased, exposing more under ly ing  nickel, 
the t ime to basis metal  corrosion should increase. 
Since no one has advanced an explanat ion as to why 
increasing the number  of defects in  the chromium 
layer  leads to a saturat ion of the dissolution rate of 
nickel, we propose the following model to explain this 
behavior. 

The chromium layer is considered to have a uniform 
surface densi ty N of round  pits of radius r, one of 
which is shown in  Fig. 11. The dissolution of nickel 
occurs at the bottom of the circular hole as the result  
of a "local" current  developed between the chromium, 
the nickel, and the electrolyte centered about the re-  
en t ran t  corner o. The electrical resistive path length 
(l) for both the nickel and chromium is taken to be 
of the same order of magni tude  as the distance oo', 
although most of the potential  drop will  occur at the 
meta l -solut ion interface. As corrosion proceeds as the 
result  of nickel dissolution, the corrosion product 
formed (assumed to be nickelous hydroxide) is im-  
agined to fill each circular well  and even to spill over, 
covering a certain area a of the chromium top surface. 
Consequently, in order for the dissolution of nickel 
to cont inue at a steady rate, the reduced species (as- 
sumed to be oxygen) must  be now supplied to the 
chromium cathodic surface in the vicini ty of the bot-  
tom of the well  by diffusion from the bu lk  electrolyte 
(surface SAS') through the "mushroom-shaped" cap. 
Since only mild agitat ion of the electrolyte is assumed, 
the ra te-control l ing step for nickel dissolution must  
therefore be considered to be the diffusion of oxygen. 

Fig. 10. Electroplated silver and electroless nickel and micro- 
cracked chromium over low-carbon steel anodically polarized to 
-~0.50V (vs. H2) in 3% NaCI (pH ~ 5.5). A--chromium, BMelec- 
troless nickel, C---silver, D---steel. Etched in 1% Nital. Note the 
very shallow corrosion penetration of the silver layer and the 
sideways attack of the electroless nickel. 

parent  corrosion rates in ~A/cm 2 for the various coat- 
ing systems investigated are summarized in  Table I. 

Discussion 
For many  years, it has been assumed that  the only 

purpose of the chromium topcoat is to prevent  tar -  

Table I. Electrochemical corrosion currents of various protective 
coating systems over low-carbon steel in 3% NaCI (pH ---- 5.5). 

Rotation @ 200 rpm plus bubbling argon 

A p p a r e n t  
c o r r o s i o n  

M a t e r i a l  r a t e  (~A/cm2)  * 

L o w - c a r b o n  s t ee l  2.50 
D u p l e x  n i c k e l  o v e r  s t e e l  0.18 
D u p l e x  n i c k e l  p l u s  o r d i n a r y  c h r o m i u m  o v e r  s t e e l  0.11 
D u p l e x  n i c k e l  p l u s  m i c r o e r a c k e d  c h r o m i u m  o v e r  

s t e e l  0.40 
E l e c t r o p l a t e d  s i l v e r  p l u s  e l e e t r o l e s s  n i c k e l  p l u s  m i -  

c r o c r a c k e d  c h r o m i u m  o v e r  s t ee l  0.04 
D u p l e x  n i c k e l  p l u s  e l e c t r o p l a t e d  s i l v e r  p l u s  o r d i -  

n a r y  c h r o m i u m  o v e r  s t e e l  0.10 

* G e o m e t r i c a l  a r e a  = 1 cm e. 
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nickel undercoat as in- 

The diffusion path length for oxygen is of the same 
order of magni tude  as the distance 8 shown in Fig. 11. 

The mass rate of nickel dissolution per  uni t  area 
may be wr i t ten  as 

d m  
= kip �9 N [1] 

dt 

where k is a constant relat ing the electrical cur rent  to 
the mater ia l  current,  Ip the equivalent  electrical cur-  
rent  passing through the well, and N the surface den-  
sity of pits. If pa, Pc, and pe represent  the resistivities 
of the nickel, chromium, and electrolyte, and assum- 
ing that  Ohm's law is valid for small  currents,  the pit 
current ,  Ip, can be wr i t ten  as 

E 
Ip = [2] 

2nr l  (pa Jr Pc) -~- Pe 

where E is the potential  difference between the nickel 
and chromium, and all other geometrical symbols are 
as defined in Fig. 11. The resist ivity of the electro- 
lyte pe is considered here to be an equivalent  electrical 
resistivity in our electrical analog model; in reality, it 
represents the diffusional resistivity of the mushroom- 
cap to oxygen. 

When the surface area a of the mushroom-cap is 
less than the surface area A = 1 / N  allocated to a pit, 
there is no interference between pits and the dis- 
solution rate of nickel will  increase l inear ly  with in-  
creasing numbers  of pits according to Eq. [1]. When 
the pit density increases to such an extent  that  the 
area a is equal to A, then the pits will  begin to in ter -  
fere and the resistance per pit will  rise as a decreases 
with decreasing A. This is t an tamount  to saying that  
the current  flowing from each pit  (Ip) will decrease 
as the number  of pits is increased. We represent  this 
phenomenon by wri t ing the area a as 

a = a=r 2 [3] 

where ~ is a constant and equal to So in the nonin te r -  
ference region and decreases with the reciprocal of 
the fraction c(c = ~ r 2 / A )  of the nickel area exposed 
in the interference region as shown in Fig. 12. Subst i-  
tu t ion of Eq. [2] and [3] in [1] leads to the final form 
for the dissolution rate equation, namely  

d m  

d t  

C 
K - -  

Co 

I + R  

C 
K ~  

Co 

C 
I + R ~  

Co 

for C/Co ~ 1 [4a] 

for C/Co ~ 1 

[4b] 
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Fig. 12. Influence coefficient a as a function of fraction c of 
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Fig. 13. Dissolution rate of nickel plotted as a function of the 

ratio C/Co. Note that for C/Co values > 1, the rate approaches the 
saturation value of 0.10. 

where 
2kEco 

K= 
r(pa + pc) 

Pa Jr Pc so 
and 

5 

T 

It is assumed that  the ratio Pe/(Pa "~- pc) is of order 
larger than 10 2, while ~ and ~o are of order un i ty  and 
10, respectively, making R of order larger than 10. 

The dissolution rate  1 / K  �9 d m / d t  is shown plotted 
in Fig. 13 as a function of the ratio c/co 3 where R was 
taken equal to 10. It  is seen that  the rate is ini t ial ly 
l inear  and rises very  steeply in the range c/co ~-- 1; 
thereafter,  the rate increases much more slowly, t end-  
ing to approach a steady-state value. The result  ap-  
pears to be in excellent agreement  with the experi-  
menta l  data of Saur  (12). Saturat ion of the dissolution 
rate is, therefore, a result  of pit interference with 
increasing pit density N. For large N and d m / d t  = 
constant, the product kip  �9 N is also a constant  as 
dictated by Eq. [1]. In  other words, the pit cur rent  
I ,  decreases with increasing N so as to main ta in  es- 
sential ly a constant  value for their product. 

An examinat ion of Eq. [4a] and [4b] indicates the 
dissolution rate for a given value of the ratio C/Co may 
be reduced fur ther  by minimizing the value of K and 
maximizing the value of R. For large c/co, it is easily 
shown that  din~dr  = K / R .  Since K ,~ 1 / r  and R ,~ 1 /r ,  

3 T h i s  r a t i o  i s  t h e  r a t i o  o f  t h e  f r a c t i o n  o f  t h e  a r e a  o f  n i c k e l  e x -  
p o s e d  to the f r a c t i o n  a t  t h e  i n i t i a l  i n t e r f e r e n c e  o f  t h e  s u r f a c e  a r e a  
a o f  each m u s h r o o m - c a p  s h o w n  i n  F i g .  11. A t  t h i s  i n s t a n t ,  c = co, 
o r  c/co = 1. 
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the dissolution rate of nickel is independent  of r and 
should not be affected by changes in pit size. Also, 
increased agitation should increase Co because a is 
decreased with agitation, result ing in an increase in 
the value of K. This agrees with the general  obser- 
vation that  increased agitation results in an increase 
in the dissolution rate of a corroding surface. 

On the basis of the foregoing model, it now appears 
possible to explain the exper imental  observations. 
Where only a few corrosion sites are active, the "true" 
current  density per pit (corrosion rate) is obviously 
much higher than in a uni formly  corroding surface. 
Consequently,  the rate of corrosion penetrat ion of 
nickel should be most rapid in the former case, slowest 
in the lat ter  case, and intermediate  in cases where a 
greater number  of defects exist in the chromium layer 
(microcracked or microporous chromium).  These pre-  
dictions are in reasonably good agreement  with the 
results shown in Fig. 7 and 8, but the result  obtained 
with the topcoat of microcracked chromium over du-  
plex nickel (Fig. 9) was not very convincing. As 
ment ioned earlier, anodic polarization of this coating 
system to ~0.50V resulted in a complete separation 
of the chromium layer and corrosion did extend to the 
steel basis metal  (not shown).  

The addit ion of a topcoat of chromium to duplex 
nickel is also shown to increase the susceptibility of 
the coating system to pi t t ing corrosion. Furthermore,  
the results, although limited, suggest that  a "critical" 
potential  for macro pit t ing may exist for these coating 
systems. Since the critical potential  for pi t t ing of 
stainless steel is known to be affected by temperature,  
chloride ion concentration,  and the presence of other 
anions (9), it is no wonder  that  the results obtained 
at different test sites (Birmingham, Detroit, Kure  
Beach, etc.) are f requent ly  in disagreement.  Fu r the r -  
more, the results obtained on the pit t ing behavior  of 
these materials  can be influenced also by the test con- 
ditions. As a case in point, no pi t t ing was observed 
when duplex nickel was anodically polarized to 
-~0.50V. Earl ier  investigators (11, 13), however, did 
observe pit t ing in both br ight  and semibright  nickel. 
The former investigators carried out their  pi t t ing 
studies at a constant  current  density of only 2 ~A/cm 2 
and, as indicated in Fig. 3, the br ight  nickel is coated 
with a black film in this current  density range. How- 
ever, at higher current  densities, the film is com- 
pletely exfoliated and no pit t ing is observed in the 
semibright nickel layer (Fig. 7). 

Finally,  the result  shown in Fig. 10 is considered 
remarkable  in comparison to the results shown in 
Fig. 8 and 9 for the more conventional  decorative 
n ickel -chromium coatings. The corrosion as seen in 
Fig. 10 has been confined essentially to the electroless 
nickel layer and there has been little or no penetrat ion 
of the silver layer. The low value for the corrosion 
current  of this coating system (Table I) appears to re-  
sult from the increased anodic polarization as sug- 
gested in Fig. 6. The remarkable  resistance of the 
silver layer to penetra t ion by corrosion may in part  
be at t r ibuted to the sacrificial na ture  of the electroless 
nickel layer. It  is believed, however, that the main  
reason for the improved resistance to corrosion re-  
sults from the slower dissolution rate of the protec- 
tive film of silver chloride compared to that  of duplex 
nickel. A further  benefit to be accrued from the use of 
a silver undercoat  is that  the enhanced ducti l i ty of the 
silver would permit  larger strains to be imposed on 

the coating system. One of the beneficial effects of 
the semibright  nickel layer in duplex nickel is that 
cracks induced in  the more bri t t le  bright nickel  layer 
by bending are arrested at the semibr ight /br ight  
nickel interface (14). 

Conclusions 
1. The corrosion currents  determined electrochemi- 

cally for duplex nickel, duplex nickel plus ordinary 
chromium, and duplex nickel plus microcracked chro- 
mium do not differ by more than a factor of 2-4. 

2. A coating system with a silver undercoat  and a 
microcracked chromium topcoat possesses superior 
corrosion resistance to any of the commercial  decora- 
tive n icke l -chromium coatings tested under  the same 
conditions. 

3. The addition of a chromium topcoat to duplex 
nickel increases the susceptibility of the coating sys- 
tem to pit t ing corrosion. 

4. A high density of pores of uni form size and dis- 
t r ibut ion in the chromium layer should lead to in-  
creased corrosion protection of steel by nickel-chro-  
mium coatings due to a reduct ion in the current  den-  
sity per pit as the number  of pores is increased. 

Acknowledgments 
The author would like to acknowledge the s t imulat-  

ing discussions with Professor A. S. Argon of the Mate- 
rials Division in the Mechanical Engineer ing Depart-  
ment  at Massachusetts Ins t i tu te  of Technology and 
Dr. M. S. Osman of the Exploratory Development 
Laboratory, Uni ted-Carr ,  Incorporated, concerning the 
formulat ion of a model for the pit t ing process. The 
support and kind permission of W. R. J. Brown, Di- 
rector and Vice President  of the Exploratory Develop- 
ment  Laboratory, to publish this work, is greatly 
appreciated. The Harshaw Chemical Company kindly  
furnished the decorative n ickel -chromium coated 
panels used in the present  study. 

Manuscript  received Nov. 26, 1968. This was Paper 
429 presented at the Montreal  Meeting, Oct. 6-11, 1968. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 

REFERENCES 
I. W. A. Wesley and B. B. Knapp, Trans. Inst. Metal 

Finishing, 31, 267 (1954). 
2. G. N. Fl int  and H. Melbourne, ibid., 38, 35 (1961). 
3. G. N. Fl in t  and S. H. Melbourne, in "Electro- 

chemistry," Edited by J. A. Fr iend and F. Gut-  
man, p. 399 (1963). 

4. F. L. LaQue, Trans. Inst. Metal Finishing, 41, 127 
(1964). 

5. O. Jones, Metal Finishing J., U, 223 (1965). 
6. R. H. Eshelman, Metals Progr., 93, 85 (1968). 
7. H. Brown, Paper  428 presented at Electrochem. 

Soc. Meeting, Montreal, Oct. 6-11, 1968. 
8. Ja. M. Kolotyrkin, Corrosion, 19 (8), 261t (1963). 
9. H. P. Leckie and H. H. Uhlig, This Journal, 113, 

1262 (1966). 
10. S. R. Maloof, "Determinat ion of Corrosion Rates 

from Electrochemical Data," AFML Symposium 
on Corrosion, Denver, Colo., May 23, 1967. 

11. V. Haspadaruk and J. V. Petrocelli, Plating, 48, 
479 (1961). 

12. J. Saur, ibid.,48, 1310 (1961). 
13. S. H. Melbourne and G. N. Flint,  Trans. Inst. 

Metal Finishing, 39, 85 (1962). 
14. G. N. Flint,  ibid., 40, 98 (1963). 



Surface and Corrosion Characteristics of 
Tin-Free SteelmChromium Type for Beverage Containers 
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ABSTRACT 

The new t in- f ree  s tee l -chromium type (TFS-CT)  materials  are described 
which constitute a new generat ion of t in - f ree  mater ia ls  for can making. The 
steel is electroplated with a very  thin film of metal l ic  chromium approxi-  
mate ly  0.3 x 10 -6 in. thick which is covered by a thin layer  of chromium 
oxide. Processes for producing TFS-CT are rev iewed and the re la t ive  amounts 
of metal l ic  chromium and chromium oxide are indicated for the products 
now available commercially.  Per formance  requirements ,  bench tests for rapid 
evaluat ion of performance,  and analytical  techniques for measur ing the 
amounts of chromium in the metal l ic  and oxide layers are described. Results 
of electrochemical,  and corrosion tests are reported which indicate the re la-  
t ive importance of the metal l ic  chromium and chromium oxide layers as they 
affect corrosion resistance. 

TFS ( t in-free  steel) was first introduced in August  
1965 for use in cemented side seam cans for beer and 
carbonated beverages. This required good rust resist-  
ance both before and after enameling, exceptional  
enamel  adhesion, resistance to undercut t ing corrosion 
of enameled plate exposed to beverages, and a lustrous 
surface resistant to discoloration during enamel  bak-  
ing. These requirements ,  along wi th  corrosion resist-  
ance of the base steel needed for use in cans for 
carbonated beverages, dictated that  the TFS be a steel 
of the type normal ly  used for t in plate but wi th  a sur-  
face t rea tment  applied instead of tin plating. 

The  first TFS avai lable commercia l ly  in the United 
States was an electrolytic chromate-phosphate  t reated 
steel which showed promise ini t ial ly for use in beer 
cans but was recognized as being inadequate  for car-  
bonated beverages which are more corrosive. This led 
to a search for improved materials.  

Work in our own laboratories during 1957-1958 had 
shown that  steel plated with  a thin film of metall ic 
chromium performed bet ter  than chromate chemical ly  
t reated steel available at that  t ime; it was also ob- 
served that  chromium films 1 ~in. or less in thickness 
were  superior to heavier  chromium deposits. That 
experience, augmented by evaluat ion and analyses of 
two commercial  materials,  one a chromium-pla ted  
steel with a chromate  chemical  post t rea tment  (1) and 
another  purpor ted to be steel covered by an elec- 
t rolyt ical ly deposited chromium oxide film (2), sug- 
gested that  the desired performance  could be obtained 
f rom steel covered by a duplex film consisting of less 
than 1 ~in. of electroplated chromium with a thin 
layer  of chromium oxide over  the metall ic chromium. 
This information was obtained through use of analyt i -  
cal and performance test techniques developed in our 
earl ier  work  on chromium plating and in more recent  
studies of TFS materials.  

The present ly  produced TFS-CT ( t in-free  s tee l - -  
chromium type) is the result  of those observations and 
subsequent cooperat ive work with  steel producers 
which established that  adequate  performance can be 
obtained with  metal l ic  chromium in the range of 
0.3-0.5 ;tin. and chromium oxide films containing 0.5- 
4.0 m g / f t  2 of chromium. The TFS-CT designation is 
applied to a number  of ch romium-chromium oxide 
t reated steels, all of which meet  the performance  re -  
quirements  outl ined earlier. 

Review of TFS-CT Processes and Products 
Processes.--A number  of papers and patents have 

been published (1-11) pertaining to processes for pro-  
ducing the ch romium-chromium oxide films character -  
istic of TFS-CT.  No at tempt  is made here to describe 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

the various processes in detail;  instead, they are di- 
vided into two categories, one-step and two-step, and 
the general  differences between the two types are 
reviewed.  

In the one-step processes (2, 5, 11), the chromium is 
plated from a re la t ive ly  dilute solution containing less 
than 100g/liter of chromic acid. Plat ing takes place 
through a layer  of chromium oxide which forms be-  
fore chromium starts to plate (6). Reduction to meta l -  
lic chromium takes place at the ox ide-meta l  interface, 
forming a layer  of chromium metal  on the steel sur-  
face under  the oxide layer. Final  thickness of the 
oxide is controlled by regulat ion of solution concentra-  
tion, bath temperature ,  and current  density, particu-.  
lar ly  in the last tank of the t rea tment  section. Plat ing 
efficiencies of around 20%, very  close to those obtained 
with conventional  chromium plating baths, are claimed 
for the two one-step processes being used commer-  
cially in Japan  and by at least two companies in 
Europe. 

Two-s tep  processes are being operated by three  
companies in the United States (3, 4, 8). These proc- 
esses differ markedly  from the process originally pat-  
ented (1) and used commercia l ly  in Japan  as late as 
1966. The early mater ia l  was plated wi th  approxi-  
mately  2 ~in. of metal l ic  chromium from a conven-  
t ional plat ing bath containing approximate ly  250g/liter 
of chromic acid. The chromium plating was fol lowed 
by a dilute chromic acid rinse as a post t reatment .  The 
resul tant  chromium oxide layer over  the re la t ive ly  
thick chromium deposit did not provide the same high 
degree of corrosion resistance achieved by the oxides 
on present  TFS-CT materials  wi th  th inner  metal l ic  
chromium films. A cathodic post t r ea tment  which pro-  
duces a heavier,  more corrosion resistant oxide has 
since been developed (9) and has been found satis- 
factory for TFS-CT production. 

The two-step processes operated in the United States 
employ a chromium-pla t ing  step followed by one of 
several  c~thodic post t rea tments  which add a stable 
and resistant chromium oxide over  the chromium 
metal, in most cases considerably thicker  than the 
natura l  oxide formed during plat ing (0.35 mg / f t  2 of Cr 
in the oxide) .  The chromium layer  is only 0.3-0.5 ~in. 
thick, but in combinat ion wi th  the oxide layer  pro-  
vides exceptional  corrosion performance.  

A fourth company in the Uni ted States is also pro-  
ducing a TFS-CT product, consisting of a 0.3-0.5 ~in. 
layer  of metal l ic  chromium covered by a re la t ive ly  
thin layer of chromium oxide. The exact na ture  of the 
process, whe ther  one-step or two-step,  has not been 
disclosed. 

Products.--The various TFS-CT materials  being pro-  
duced commercia l ly  are all considered equivalent  on 
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Table I. TFS-CT materials. Typical chromium and oxide weights 

September  1969 

Meta l l i c  c h r o m i u m  C h r o m i u m  in  
m g / f t  2 #in.  ox ide ,  m g/ft'-' 

O n e - s t e p  
Product R (2) 13.4 0.8 3.5 
Product S (5) 13.4 0.8 2.0 

T w o - s t e p  
P r o d u c t  T (3) 5.0 0.3 0.3 
Product U (4) 5.0 0.3 1.8 
P r o d u c t  V (8) 5.0 0.3 1.5 

Unc l a s s i f i ed  
Product W 5.0 0.3 0.5 

the basis of performance for beer and carbonated 
beverage cans, even though they differ somewhat with 
regard to metallic chromium and chromium oxide 
~veights. Typical chromium and oxide weights for the 
various materials  are shown in Table I. 

Experience indicates that  metallic chromium in the 
range of 0.3-0.5 ~in. is desirable, with no areas less 
than 0.2 ~in. Below 0.2 ~in., the chromium layer is less 
continuous and results in  reduced corrosion resistance. 
The one-step materials  with 0.8 ~in. show acceptable 
performance but, for the applications under  considera- 
t ion in the United States, have shown no increase 
in performance to just i fy the addit ional  cost of the 
thicker chromium layer. 

The chromium oxide layer is an essential part  of the 
TFS-CT material,  being equally as impor tant  as the 
layer  of metall ic chromium for providing corrosion 
resistance. The amount  of oxide present  varies from 
one mater ial  to another, as seen in Table I, but  all 
seem to be equivalent  in performance. Appearance 
may differ somewhat, with the heavier oxides giving 
blue or brown interference colors; however, when the 
plate is enameled the colors disappear, giving a lus- 
trous gray appearance closely related to the surface 
finish of the steel base. 

Performance Characteristics 
The TFS-CT materials described in Table I were de- 

veloped to meet the specific needs for use in cemented 
side seam beer and carbonated beverage cans. This 
usage required that they possess certain performance 
characteristics. Bench tests were established for 
screening of developmental  materials,  and some of the 
tests are now used for checking qual i ty of commer-  
cial production. 

Enamel adhesion.--Extremely good lap shear and 
peel adhesion is obtained with organic coatings applied 
to the TFS-CT materials.  This is impor tant  in ce- 
mented side seam cans where the enamel- to-pla te  
bond is a par t  of the adhesive bonding system. A peel 
adhesion test was devised whereby two 3A in. wide 
strips of TFS-CT, enameled with epoxy-phenolic 
enamel  and bonded in a heated press by means of a 
polyamide cement, are pulled in peel around a special 
fixture of the type shown in Fig. 1. Maximum load is 
recorded as the peel strength. The TFS-CT materials  
average over 60 lb/3A in. width (after subtract ing a 
5 lb blank, i.e. the force required to pull  unbonded 
0.006 in. 2CR type L steel strips through the test 
fixture).  In  lap shear, a ~/4 in. overlap bond is s tronger 
than  the 0.006 in. steel which has a tensile s trength 
around 90,000 psi. 

In addition to having excellent  enamel  adhesion 
initially, the chromium-chromium oxide surface resists 
undercut t ing  attack at the enamel-pla te  interface when 
the edge of a bond is exposed to corrosive acid media. 
Untreated steels or steels treated with chromate, phos- 
phate, or combinations of chromate and phosphate are 
attacked by media such as carbonated beverages; cor- 
rosion at the enamel-pla te  interface can ul t imately 
result  in complete failure of the adhesively bonded 
joint.  The metall ic chromium prevents  this undercu t -  
t ing attack completely. 

Corrosion resistance.--Rust resistance unename~ed.-- 
Resistance to rust ing dur ing shipment and storage is 
necessary to provide a rus t - f ree  surface for enameling.  

Fig. 1. Peel adhesion test fixture 

A pack rust  test is used to check this characteristic. It 
consists of stacking approximately 25 unenameled  
panels 6 in. x 6 in. between two pieces of 1/2 in. ply-  
wood and strapping the stack t ight ly before placing in 
storage at 85~ and 85% relat ive humidity.  The pack 
of panels is shown in Fig. 2. One month  without  
rust ing is considered satisfactory; this is roughly equiv-  
alent  to 12 months '  storage in a warm, humid climate 
such as Houston or New Orleans. Most treated steels 
wil l  meet  this requirement .  TFS-CT materials  have 
passed the pack rust  tests and have also undergone 
more than  1 yr  of storage at Houston with good results. 

Under]ilm rusting.--Rusting after enameling is also a 
problem with un t inned  steel. Without  a surface t reat-  
ment  on the steel, rust ing may start  from edges, 
scratches, or imperfections in the enamel, or even at 
areas which show no defects. This type of rust  spreads 
under  the enamel, resul t ing in unsight ly  appearance. 
This property can be checked by put t ing scribed 
enameled samples of the type shown in Fig. 3 in a 
cabinet at 85~ and 85% R.H. for 2 months. There 
should be no underf i lm rust ing at the end of 2 months 
under  those conditions. The TFS-CT performs well in 
this respect, as indicated in Fig. 4. Chromate-phos-  
phate TFS, which has no metallic chromium in  the 
t rea tment  layer, is far superior to the cleaned and 
oiled steel but  is not as good as the TFS-CT. Both the 

Fig. 2. Pack rust test---strapped panels 
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Fig. 3. Underfilm rust test panels 

metallic chromium and chromium oxide of the TFS-CT 
are impor tant  to good performance. 

Abil i ty to resist underf i lm rust ing is important  for 
the outside of can parts where possible scratches or 
fractures in enamel  at end seams may be exposed to 
humid conditions dur ing storage or chilling. A number  
of tests are employed for measur ing rust  resistance of 
can end seams, all of which are quite severe and not 
very reproducible. However, from many  tests compar-  
ing TFS-CT, No. 25 electrolytic t in  plate, and other 
TFS materials,  the TFS-CT consistently ranks better  
than the other TFS materials and is equivalent  to the 
No. 25 t in  plate. 

Undercutting resistance.--Resistance to undercut t ing  
corrosion at edges or imperfections in enameled plate 
is one of the most difficult requirements  for a t in-free  
material.  To test this property, scribed enameled sam- 
ples are placed in a lemon- l ime beverage under  a 
CO2 atmosphere for 2 weeks at 80~ samples are then 
removed, rinsed, and dried, and then  "Scotch taped" 
prior to examining for evidence of undercut t ing  cor- 
rosion and enamel  lift ing adjacent to the scribe marks. 
Examples of materials  after the undercu t t ing  test are 
seen in Fig. 5. It is apparent  that  the TFS-CT is far 
superior to cleaned and oiled steel and electrolytic 
chromate-phosphate treated steel, and is even slightly 
bet ter  than No. 25 electrolytic t in  plate. Immersion for 
4 days in a 1.5% sodium chloride-l .5% citric acid 
solution provides the same evaluat ion in a shorter 
t ime (3). Only TFS materials with metall ic chromium 
on the steel surface show excellent resistance to this 
type of attack, a characteristic required for good per-  
formance in beer and carbonated beverage cans where 
undercut t ing  could result  in high iron pickup or, in 
some carbonated beverages, failure of cemented side 
seams as ment ioned earlier. The chromium appears 

TIN-FREE STEEL--CHROMIUM TYPE 1301 

to be more impor tant  than the chromium oxide in this 
part icular  type of corrosion. 

Sulfide stain resistance.--The TFS-CT materials offer 
exceptional resistance to staining by products contain-  
ing high levels of sulfides. This is not a direct require-  
ment  for use in beer and carbonated beverage cans but  
results from the same combinat ion of chromium and 
chromium oxide that  provides good resistance to rus t -  
ing before and after enameling.  This stain resistance 
would be more impor tant  if TFS-CT were to be used 
in containers for meat, fish, and sulfide-containing 
vegetables. Figure 6 shows a comparison of No. 25 t in 
pIate, electrolytic chromate-phosphate treated TFS, 
and TFS-CT, all of which were coated with the same 
enamel  and processed as ends on cans packed with a 
synthetic medium known to cause severe sulfide stain-  
ing. The TFS-CT is far superior to the chromate-  
phosphate mater ia l  and is even substant ia l ly  bet ter  
than  the electrolytic t in  plate. The one completely 
blackened end is TFS-CT with the chromium oxide 
removed prior to enameling.  Without the protective 
oxide film, a black chromium sulfide forms over the 
entire surface, emphasizing the need for a resistant 
chromium oxide layer. 

Appearance.--The appearance of 'TFS is impor tant  
to the external  appearance of the finished containers. 
In  many  cases, the outside l i thographed can labels 
utilize clear inks or varnishes to take advantage of the 
bright  appearance of the metal  underneath.  Although 
TFS-CT is not as bright  as t in  plate, it does present  a 
consistent lustrous gray appearance which has been 
used successfully with t ransparen t  labels. Other TFS 
materials present a less at tractive appearance ini t ial ly 
and some show variable  tendency to tu rn  brown dur -  
ing baking of enamels before can manufacture.  The in-  
consistent and relat ively unat t rac t ive  surface is a prob- 
lem, both under  labels and in can ends, because of the 
effect on appearance under  clear or t in ted varnishes 
and even under  solid colors unless extremely heavy 
coatings are applied. Some variat ions are seen in 
TFS-CT before enameling because of interference 
colors at certain oxide thicknesses; however, these 
disappear when  a coating or varnish is applied to the 
surface. 

Surface mobility.--Most TFS materials, and TFS-CT 
in particular, have a higher coefficient of friction than  
t in plate, thus requir ing slightly greater surface lubr i -  
cation for ease of handl ing before enameling. For 
TFS-CT,  a DOS (dioctyl sebacate) level of approxi-  
mately 0.27 g/BB 1 has been found adequate to allow 
shearing on coil lines and handl ing in enameling oper- 
ations, without  interfer ing with enamel  wet t ing or 
integrity. This is higher than the 0.17 g/BB of DOS 
normal ly  specified for t in  plate but  is in the range 
commonly found on a luminum stock for beer and 
carbonated beverage ends. 

Even with the higher level of lubrication, the co- 
efficient of friction of the TFS-CT surface is too high 

x BB s t ands  fo r  base  box,  e q u i v a l e n t  to  62,720 in. e of p la te  sur face  
( inc ludes  b o t h  top  and  b o t t o m  sur faces  of 31,360 in. ~ of p la te ) .  

Fig. 4. Examples of underfilm 
rusting: (a) cleaned and oiled 
steel, (b) chromate-phosphate 
TFS, (c) TFS-CT. 
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Fig. 7. Potential-time curves for coulometric determination of 
metallic chromium. 

Fig. 5. Examples of undercutting corrosion: (a) cleaned and 
oiled steel, (b) chromate-phosphate TFS, (c) TFS-CT, (d) No. 25 
tin plate. 

Fig. 6. Sulfide stain resistance: (a) No. 25 tin plate, (h) chrom- 
ate-phosphate TFS, (c) TFS-CT, (d) TFS-CT (oxide removed). 

to permit  efficient fabrication of container  parts from 
unenameled  stock. Work to date indicates that both 
sides of the TFS-CT must  be coated prior to fabrica- 
tion for practical operation. 

Chromium and Chromium Oxide Films 
Analysis of the duplex treatment.---Considerable ef- 

fort was expended in establishing suitable methods for 
determining chromium and oxide weights. The results 
are a coulometric method for determining metall ic 
chromium and a chemical colorimetric procedure for 
measur ing chromium in the oxide. 

The oxide determination consists of str ipping the 
entire oxide film from the plate surface by immersing 
for 3 min in 7.5N KOH at 195~ This removes essen- 
t ial ly all of the oxide without  removing a significant 
amount  of metallic chromium. The chromium in the 
str ipping solution is then measured colorimetrically by 
the diphenylcarbazide method. The procedure is de- 
scribed in detail in  Appendix A. Measurement  of chro- 
mium in the str ipping solution can also be achieved by 
atomic absorption techniques if desired. 

Metallic chromium is determined coulometrically by 
anodic stripping at constant  current  in 1N NaOH, using 
a p la t inum cathode and a stainless steel reference elec- 
trode. Current  densities ranging from 2.8 to 13.8 ma/ in .  2 
have been used with equivalent  results. The end point  
is determined by the potential  break measured on a 
recording potentiometer.  

For all practical purposes, the order in which chro- 
mium and oxide are measured is not important ,  since 
either can be measured first without affecting appre-  
ciably the subsequent  measurement  of the other. The 
shape of the t ime-potent ia l  curve in the metallic chro- 
mium determinat ion wil l  differ somewhat depending 
on whether  the oxide has been removed or is still 
present. Typical curves are shown in Fig. 7. With the 
oxide present, there is a peak in the curve at the start  
which drops off rapidly to the dissolution potential  of 
metallic chromium. If the oxide is removed first, there 
is no init ial  peak in  the potential  curve but  the total 
coulombs measured are the same as when  the oxide 
was not removed. Apparent ly  the anodic t rea tment  
oxidizes only the metallic chromium and has no effect 
on the oxide film. The oxide remains  on the steel 
surface and can then be removed by the hot KOH 
method; the amount  of chromium in the oxide so 
determined is the same as when the oxide is removed 
for analysis before anodic str ipping of the metallic 
chromium. 

Peroxide should not be used in hot alkaline solutions 
for str ipping the oxide film. The presence of peroxide 
causes attack of the metallic chromium layer which re- 
sults in erroneously high values for chromium in the 
oxide and low values in subsequent  coulometric mea-  
surement  of metal]ic chromium. 

The composition o] the oxide layer appears to be 
somewhat variable, even for a given process. The data 
in Table II show the total oxide weight, weight of 
chromium in the oxide, and the ratio of the two. For 
the two-step mater ial  the ratio varied from 1.2 to 3.9, 
and for the one-step mater ia l  from 2.9 to 6.8. Some of 
this variabi l i ty  is probably the result  of inaccuracies 
in measur ing the total weight of these very th in  films 
by weight loss technique. However, a substantial  part  
is believed to be real and may represent  differences 

Table II. Total oxide weight vs.  weight of Cr in oxide 

Tota l  ox ide  Cr in oxide,  Ra t io  
M a t e r i a l  wt,  m g / f t  2 rng/f te  To ta l  w t / C r  w t  

T w o - s t e p  L o t  A 2.2 1.9 1.2 
T w o - s t e p  Lo t  B 3.6 1.6 2.3 
T w o - s t e p  Lo t  C 5.4 1.7 3.2 
T w o - s t e p  L o t  D 4.1 1,4 3.0 
Two-s t ep  Lo t  E 9.0 2.3 3.9 
One- s t ep  Lo t  F 16.2 3.5 4.6 
One-s tep  Lo t  G 10.5 3.6 2.9 
One- s t ep  Lo t  H 14.4 2,9 5.0 
One- s t ep  Lo t  I 11.5 1.7 6.8 
One- s t ep  Lo t  • 12.6 3.4 3.7 
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Fig. 8. Transmission electron micrographs of chromium and chromium oxide films from TFS-CT: (a) chromium and oxide, (b) chrom- 
ium only, (c) oxide. 

in degree of hydrat ion of the oxide film. These var ia-  
tions over the range indicated have not been found 
to affect performance, either corrosion-wise or with 
regard to enamel  adhesion. 

The t rue  na tu re  of the chromium and chromium 
oxide films is not firmly established. Schneider et al. 
(8) have indicated that the layer of metallic chromium 
is relat ively continuous but  does require the oxide 
layer to provide essentially complete coverage. Carter 
and Lee (7) have shown optical photomicrographs of 
duplex chromium-chromium oxide films indicat ing 
relat ively large voids in the chromium layer which 
are filled in by the chromium oxide layer to give con- 
t inuous coverage. Our own experience with t rans-  
mission electron microscopy supports the concept of a 
surprisingly continuous film of metallic chromium 
covered by a continuous layer of amorphous chromium 
oxide. Typical electron micrographs ( transmission) are 
shown in Fig. 8. All  t ransmission samples were ob- 
tained by evaporat ing carbon onto the surface prior 
to scribing in ~/8 in. squares and separation from the 
base steel in an alcoholic bromine solution. Figure 8a 
is the duplex chromium-chromium oxide film which 
appears to be continuous but variable in thickness 
or density. There is evidence of what  appear to be 
grain boundaries suggesting epitaxial growth on the 
grains of the steel substrate. Figure 8b shows the 
metallic chromium layer with the oxide removed. 
Again, the layer appears continuous but  with what  
appear to be small  nodules of heavier  chromium 
scattered over the surface. The square area and square 
loops have been related to etch pits in the steel base 
(8); the chromium appears more dense but  this may 
only be an orientat ion effect. Evidence of grain bound-  
aries of the base steel is less pronounced. Figure 8c 
shows the oxide film after the metallic chromium was 
stripped anodically from under  the oxide in 1N NaOH. 
T h e r e  appear to be definite differences in  texture  
which follow the grain structure of the steel base, but  
the oxide appears quite continuous. 

Electrochemical and corrosion studies.--Elec- 
trochemical measurements  indicate that  the metall ic 
chromium layer is not completely continuous. Corro- 
sion studies in two carbonated beverages and a fruit  
juice also support the idea that  the chromium oxide 
layer plays an important  role by providing protection 
to both the chromium layer and the areas of steel not 
covered by the chromium. 

Potential measurements  with steel, pure chromium, 
and steel plated with various thicknesses of metallic 
chromium (no post t reatment)  indicate that  the chro- 
mium electroplate does not cover the steel base c o m -  

pletely, leaving some active sites exposed through 
voids in the chromium layer. The data shown in Fig. 9 
were obtained by immersing samples, masked with 
microcrystal l ine wax to expose the desired area, in cola 
and lemon- l ime beverages (CO~ atmosphere) and 
grapefruit  juice (Ne atmosphere) at 80~ and mea-  
suring potentials after 1 day against a saturated 
calomel electrode as a reference. The pure chromium 
samples included: (a) reagent  grade electrolytic chro- 
mium, (b) a 100 ~in. layer of electroplated chromium 
separated from the base steel by controlled anodic 
dissolution of the steel base in 1N H2SO4, and (c) a 
10,000 ~in. layer of chromium electroplated on a steel 
base. Although the chromium samples were activated 
in dilute HC1 prior to immersion in the test media, 
they appeared to passivate after 1 day in test to give 
corrosion potentials considerably less negative than 
plain steel, the difference ranging from 100 mv in cola 
to 175 mv in grapefruit  juice. Therefore, if the chro- 
mium layer on plated samples were continuous the 
potential  would be that  of pure chromium, and if not 
continuous the potential  of plated samples would be 
expected to fall  between the potentials measured for 
pure chromium and unpla ted  steel. Instead, plated 
samples with more than 0.1 ~in. of metallic chromium 
show potentials significantly more negative than either 
chromium or steel. The shape of the curves suggests 
that ma x i mum coverage of the steel is at tained with 
0.2 ~in. or more of chromium. 

A possible explanat ion for the negative potentials 
of plated steel is that, dur ing the chromium electro- 
plat ing process, the chromium plates preferent ia l ly  
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Fig. 9. Potentials of steel, chromium, and steel plated with va- 
rious thicknesses of chromium, measured against a saturated calo- 
mel electrode in three acid media. 
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on the less negative (cathodic) areas of the steel sur-  
face, leaving the most negative (anodic) areas exposed 
through voids in the chromium layer. The corrosion 
potential  of the plated steel then becomes the couple 
potential  of the plated chromium and the steel anodes 
exposed through it. Because the chromium is a less 
efficient cathode than the original steel cathodes and 
polarizes more easily, the corrosion potential  of the 
plated steel is more negative than  the original steel 
corrosion potential  as i l lustrated schematically in Fig. 
10. This should result  in either a reduction in steel 
corrosion rate (Fig. 10A) or essentially no change 
(Fig. 10B), depending on the polarization characteris-  
tics at the steel anode areas. 

Corrosion studies were also conducted in cola and 
lemon- l ime beverages to determine the effect of the 
chromium and oxide layers on rate of corrosion of 
the steel base. TFS-CT samples were tested as re-  
ceived, after removal of the chromium oxide layer in 
hot 7.5N KOH, and after removal  of both the oxide in 
hot 7.5N KOH and the metallic chromium by anodic 
str ipping in 1N NaOH. Samples masked with micro- 
crystall ine wax to cover all edges and expose an 8 
cm 2 area of surface were corroded in the beverages 
(CO2 atmosphere) for 96 hr at 80~ Two samples, not 
in electrical contact, were immersed in each flask 
containing 500 ml of beverage. At the end of the test, 
the samples were removed, rinsed, and dried with 
acetone. Metallic chromium remaining on the test 
surfaces was measured electrolytically in IN NaOH. 
Steel  corrosion rate was determined after removal  of 
the wax masking by comparing final weight to the 
weight of the samples before masking and testing. 
The extremely small  weight loss from stripping of the 
metallic chromium did not affect the steel weight loss 
significantly. Typical data are shown in Table III. 

The oxide layer contributes significantly to corrosion 
resistance in both cola and lemon- l ime beverages by 
providing protection to both the metallic chromium 
and steel base. With the oxide present, the chromium 
showed no corrosion dur ing the 96 hr test and the rate 
measured for the base steel was held to a low level. 

With the oxide removed, the metallic chromium 
provides little, if any, protection to steel in cola, ex- 
cept in the case of the heavy 1.77 ~in. plating. How- 
ever, not all heavy chromium coatings showed this 
beneficial effect. The chromium layer also shows cor- 
rosion by the cola. On the other hand, in lemon- l ime 
beverage the chromium is not attacked, even with the 
oxide removed, and the chromium alone provides ap- 
preciable protection to the base steel. 

The significance of the potential  and corrosion data 
from the unenameled  samples has not been fully de- 
termined. Results indicate that  the chromium is not 
completely continuous in the thickness applied to TFS-  
CT materials, but  the coverage is approximately the 
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Fig. 10. Schematic potential-current diagrams illustrating (A) 
potential shift with reduced steel corrosion, and (B) potential 
shift with little or no reduction in steel corrosion, as a result of 
chromium plating. 

Table III. Corrosion in carbonated beverages 

Mate r i a l  
Code C o n d i t i o n  

A f t e r  test  
As r e c e i v e d  In  cola In  l e m o n - l i m e  
Cr  in  Met. Met.  S tee l  Met.  Stee l  
oxide ,  Cr, Cr, eorr,  Cr,  corr.,  
mg/ft '- '  ~in. #in.  gA/cm~ gin .  izA/cm 2 

R As r ece ived  0.5 0.24 0.23 4.4 0.23 2.3 
Ox ide  r e m o v e d  0.11 15.0 0.23 3.8 
Cr & oxide  re-  

m o v e d  13.7 0 7.6 
S As  r ece ived  1.8 0.38 0.38 4.8 0.35 1.7 

Oxide  r e m o v e d  0.15 21.3 0.36 2.5 
Cr & ox ide  re-  

m o v e d  0 15.2 0 6.7 
T As r e c e i v e d  0.6 1.77 1.78 4.2 1.80 1.9 

Oxide  r e m o v e d  1.64 16.2 1.70 5.5 
Cr  & ox ide  re-  

m o v e d  0 45.6 0 10.1 
U As  r e c e i v e d  4.0 0.51 0.52 5.1 0.50 1.3 

Ox ide  r e m o v e d  0.40 20.1 0.50 3.2 
Cr & oxide  re-  

m o v e d  0 22.8 0 10.5 

same for thickness from 0.2 ~in. on up to levels far 
heavier  than are practical for these materials.  Less 
than 0.2 ~in. provides less coverage to the steel which 
should result  in lower corrosion resistance. The oxide 
definitely adds to the corrosion resistance by reducing 
corrosion of both the metallic chromium and the base 
steel. This undoubtedly  is important  to good rust re-  
sistance before enamel ing and probably after enamel-  
ing, also. It is clear tha t  the TFS-CT would not be 
suitable for use in acid products without  a protective 
coating of enamel, but  the exact significance to corro- 
sion of enameled TFS-CT in acid foods or beverages 
cannot be ascertained from the work reported. 

The superiority of TFS-CT over other t in - f ree  ma-  
terials for beer cans was discussed by Kidder  et al. 
(12). It has also been found satisfactory for use in 
carbonated beverage cans. Limited experience with 
test packs of other products indicates that, for mod- 
erate to highly corrosive acid foods, enameled TFS-CT 
ends combined with unenameled  t in plate bodies per-  
form very well; the t in  surface apparent ly  provides 
cathodic protection to any of the TFS-CT exposed. 
With the same products packed in fully enameled t in 
plate bodies, enameled TFS-CT ends are subject to 
rapid pit t ing corrosion at any enamel fractures. 

Summary 
TFS-CT materials are now produced by at least 

eight companies throughout  the world. All are charac- 
terized by a layer of metall ic chromium in the range 
of 0.2-0.8 ~in. in thickness, covered by a layer of chro- 
mium oxide containing from 0.5 to 3.5 mg of Cr/ f t  2. 
Some are produced by one-step processes and others 
by two-step processes, but corrosion resistance, enamel 
adhesion, and appearance of all  are essentially equiv-  
alent. 

Performance tests and analytical  procedures are 
described which were used in cooperative work with 
the steel companies in establishing opt imum levels 
of chromium and chromium oxide for performance 
in beer and carbonated beverage cans. The TFS-CT 
materials show performance superior to that  of other 
t in- f ree  materials in  those applications and also show 
promise of providing excellent performance in certain 
food can applications where other chemically or elec- 
trochemically treated steels have been only borderl ine 
or unacceptable.  

Electrochemical and corrosion studies are reported 
which indicate that  the metallic chromium layer is not 
continuous, but  suggest that  a 0.2-0.5 ~in. thickness 
is the most practical range for this material.  It is also 
shown that  the chromium oxide layer plays an impor-  
tant  part  in the over-al l  corrosion performance of 
TFS-CT materials.  

Manuscript  submit ted Dec. 23, 1968; revised manu-  
script received May 2, 1969. This was Paper  433 pre-  
sented at the Montreal  Meeting, Oct. 6-11, 1968. 
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Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
J O U R N A L .  
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APPENDIX A 
Determination of Chromium Oxides on TFS-CT 

Alkaline Stripping--Permanganate Oxidation 
Reagents 

A. 56g KOH dissolved in 90 ml H20 (approx. 7.5N). 
B. (1 -t- 5) H2SO4 (1 par t  conc H2SO4 -{- 5 parts H20).  
C. Saturated KMnO4. 
D. Diphenylcarbazide reagent:  add 0.2g diphenyl-  

carbazide to 10 ml acetone. Next, add 10 ml 95% 
ethanol and 20 ml  of dilute H3PO4 (85% H3PO4 
diluted with an equal part  of water) .  For the di- 
phenylcarbazide reagent, we are current ly  using 
Eas tman-Kodak  No. 618 1,5-Diphenylcarbohy- 
drazide. 

Procedure 
Place 20 ml of the KOH reagent  in a 250 ml  beaker. 

Immerse a 4 in.2 disk (dimpled) or, if only one side 
is to be determined, place the disk on a "vacuum-rub -  
ber stopper" and immerse in the solution. Heat near  
boiling for 3 rain. Remove the sample and rinse, col- 
lecting the r insings in the beaker. Dilute and add 50 
ml of the H2SO4 reagent (B). Heat to boiling and add 
2 drops of saturated KMnO4. Boil for 2-3 min  and 
add 5 drops conc HC1 to decompose the permanganate .  
Boil for several minutes  unt i l  the pink color has been 
replaced by a brown suspension. Cool, dilute, and 
transfer  to a 100 ml  volumetric flask. Add 3.0 ml  of 
diphenylcarbazide reagent. Dilute to the mark  and al-  
low to stand for 15 min. Read at 540~. The color is 
stable for 15 rain after color is read. 

Prepare  standards by placing a solution of 0, 10, 20 
~g, etc., Cr as K2CrsOT in beakers. Add the KOH, 
H2SO4, and KMnO4, etc., just  as above. It is not nec- 
essary to include a precleaned steel disk inasmuch as 
the plot of absorbance vs. concentrat ion wil l  be the 
same whether  or not the disk has been present, ac- 
cording to our findings. 

Intergranular Corrosion of Ferritic Stainless Steels 
A. P. Bond* and E. A. Lizlovs* 

Research Laboratory, Climax Molybdenum Company of Michigan, Ann Arbor, Michigan 

ABSTRACT 

The susceptibility of both commercial and exper imental  ferritic stainless 
steels to in te rgranula r  corrosion was investigated. It  was found that  heating 
to 1700~ or higher and cooling rapidly sensitized a wide variety of ferritic 
steels to in te rgranular  corrosion. The effects of Mo, Ni, Cb, and Ti additions to 
the steels were studied. It was found that  Cb and Ti were effective in pre-  
vent ing in te rgranular  corrosion in the Strauss test after h igh- tempera ture  
heat t reatment .  However, in highly oxidizing media such as boiling 65% 
nitric acid, t i t an ium-conta in ing  steels could be sensitized to in te rgranular  
corrosion, while the co]umbium steels resisted in te rgranular  at tack even in 
boiling 65% nitr ic  acid. Controlled potential  polarization experiments  gave 
results that agreed with the exposure results. 

It  is well known that some ferritic stainless steels 
are subject to in te rgranular  corrosion after welding 
or improper heat t rea tment  (1, 2). There is also evi- 
dence, al though it is somewhat contradictory, that 
additions of t i tan ium or columbium reduce or e l iminate  
this problem in a manner  analogous to that for aus-  
tenitic stainless steels (1, 3, 4). The influence of other 
alloy additions on the susceptibili ty of ferritic s tain-  
less steels to in te rgranula r  corrosion has not been 
extensively investigated. 

The influence of molybdenum on the in te rgranular  
corrosion of this class of steels is of par t icular  interest  
since it has been shown that molybdenum has a very 
strong favorable effect on the resistance to general  
and pit t ing corrosion (5, 6). Nickel additions were 
also studied since it has been suggested that  the pres- 

* Electrochemical Society Active M e m b e r .  

ence of austenite at high tempera ture  alleviates the 
sensit ivity of nomina l ly  ferritic steels to in te rgranular  
corrosion (7); however, nickel additions to ferritic 
stainless steels can cause susceptibil i ty to stress cor- 
rosion cracking in  chlorides (8). Thus, nickel  additions 
to steels of this type would probably be l imited to 
special applications. 

The present work was under taken  to investigate the 
effects on in te rgranula r  corrosion of additions of Mo, 
Ni, Ti, and Cb to ferritic stainless steels containing 
about 18% chromium. In addition, some informat ion 
was obtained on the interact ion of these al loying ele- 
ments. 

Experimental Procedures 

Materials 
This work was performed with commercially pro- 

duced steels and with exper imental  alloys. The experi-  
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Table !. 
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Chemical compositions of staiMess steels studied 

C h e m i c a l  c o m p o s i t i o n ,  % 
A l l o y  C r  M o  N i  C u  S i  M n  C b  T i  C N 

E x p e r i m e n t a l  a l l o y s  

l a  N A  '~ N A  0 .1 1  N A  - -  
l b  N A  N A  0 .6 2  N A  - -  
l c  16 .53  1 .95  1 .0 8  0 . 0 3 1  - -  
l d  N A  N A  2 . 0 5  N A  - -  
2 a  18 .45  1.97 0 .1 1  - -  0 . 1 3  0 .4 7  0 . 0 3 4  0 . 0 4 5  
2 b  N A  N A  N A  0 . 8 1  N A  N A  
2 c  NA NA NA 1 .2 7  NA NA 
2 d  N A  N A  N A  1 . 8 6  0 . 0 3 5  0 . 0 2 3  
3 a  1 8 . 7 9  1.97 0 . 5 7  0 .9 1  0 . 0 3 2  - -  
3 b  N A  N A  1 .10  0 . 8 0  N A  - -  
3 c  N A  N A  2 . 0 8  0 .6 6  N A  - -  
3 d  N A  N A  2 . 0 8  1 .75  N A  - -  
4 a  17 .75  2 . 0 7  0 . 2 2  0 . 4 1  0 . 0 2  - -  0 . 0 3 6  0 .031  
4 b  N A  N A  - -  - -  N A  N A  0 . 1 3  - -  N A  N A  
4 c  N A  N A  N A  N A  0 .3 2  - -  N A  N A  
4 d  N A  N A  - -  - -  N A  N A  0 .6 1  - -  N A  N A  
4 e  17 .59  1 .85  N A  N A  0 . 9 3  - -  0 . 0 3 0  0 . 0 3 3  

C o m m e r e i a U y  p r e p a r e d  a l l o y s  

5 16 .30  - -  0 . 3 3  0 . I 0  0 . 6 0  0 .7 0  0 . 0 4 6  - -  
6 1 6 , 5 2  0 . 9 9  0 .3 0  0 .11  0 . 5 4  0 .4 2  0 . 0 6 9  - -  
7 17 .45  1 .00  0 .2 1  - -  0 . 4 7  0 . 4 9  0 . 4 7  - -  0 . 0 9 2  0 . 0 6 4  

a N A  = N o t  a n a l y z e d ,  b u t  i n  t h e  r a n g e  o f  t h e  s e r i e s .  

menta l  alloys were produced by induct ion mel t ing in  
an argon atmosphere. Each series was prepared using 
the split heat technique. In this technique, the base 
composition is melted and part  of the melt  is poured 
off to produce an ingot. To the balance of the melt, 
the required t i t an ium or nickel additions are made 
and the next  ingot cast. This process is repeated unt i l  
the desired compositions are cast. By this procedure, 
the impur i ty  levels are held near ly  constant  wi th in  
each series. The compositions of the steels produced 
are shown in Table I. The steel of the base composition 
contained 0.11% nickel as a residual  element. This 
level of nickel is thought to be somewhat lower than 
would be encountered in similar steels produced com- 
mercially. 

The resul t ing ingots were hot forged and hot rolled 
to 0.76-cm-thick strips, and then cold rolled to a 0.38- 
cm thickness. All  strips were given a 1-hr anneal  at 
1500~ before te~t specimens were prepared. 

Heat treatment.--The sensitizing heat t reatments  at 
1700 ~ , 1900 ~ , and 2100~ were performed in air, 
followed by water  quenching. The simulated welds 
were made on specimens annealed at 1500~ except 
the specimens from the 1.27% t i tan ium steel and the 
2.08% nickel-l .75% t i tan ium steel which were annealed 
at 1700~ and those from the 1.86% t i tan ium steel 
which were annealed at 1900~ Welds in the corro- 
sion specimens were simulated by forming a molten 
puddle across one surface of each specimen using the 
TIG welding technique. 

Specimen preparation.---Specimens measur ing 1 by 
2 in. for the 65% nitric acid test and % by 3 in. for 
the modified Strauss test were wet-surface ground to 
remove surface irregularit ies and polished through 
3/0 dry metallographic paper. Specimen thickness was 
about 0.14 in. Immediate ly  prior to testing, the speci- 
mens were washed in acetone and then in a solution 
of detergent  in hot water, r insed in distilled water, 
dipped in methanol,  dried, and weighed. 

Nitric acid tests.--Tests in 65% nitric acid (HNO~) 
were performed according to ASTM Designation A262- 
64. The corrosion cells consisted of l - l i t e r  Er lenmeyer  
flasks fitted with cold-finger condensers. The test speci- 
mens were immersed in 700 ml  of boiling 65% HNO3 
solution for 48 hr. They were then removed, washed 
in distilled water, rinsed in methanol,  dried, and 
weighed. The specimens were then exposed in fresh 
solution for another 48-hr period. This procedure was 
repeated for a total  of five 48-hr periods. 

Modified Strauss tests.--Modified Strauss tests (9, 10) 
were performed in l - l i t e r  Er lenmeyer  flasks fitted with 
cold-finger condensers. The specimens were suspended 
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in vented glass cradles made from 30-ml beakers. A 
total of 50g of heavy copper turnings  was packed 
around the sample in the cradle. Care was taken to 
ensure good electrical contact between turn ings  and 
test piece. The baskets containing the copper and the 
specimen were immersed in 700 ml  of solution contain-  
ing 16% sulfuric acid and 6% copper sulfate by weight. 
The test was conducted in the boiling solution for 24 
hr. After  exposure, the specimens were bent  through 
180 deg or unt i l  failure. In  the case of welded speci- 
mens, the weld was at the apex of the bend. If no 
cracks could be detected at a magnification of 20 diam, 
the steel was considered to have passed the test. 

Some bend tests were supplemented by measuring 
the electrical resistance of the specimens before and 
after testing. This was done by passing a constant  cur-  
rent  of about 1A through the specimen and through 
a s tandard specimen of similar mater ial  and d imen-  
sions in series with it. A potentiometer  was used to 
measure the IR drop across the test specimen and 
across the standard specimen. Since measurements  on 
the standard and test specimens were completed in 
less than 1 min, the effects of variations in current  or 
temperature  were largely el iminated by normalizing 
the test specimen resistance against  the s tandard 
specimens. 

Polarization measurements.--The polarization mea-  
surements  were made with the aid of a potentiostat. 
Standard procedures were followed. The electrolyte 
was 1N sulfuric acid saturated with argon. The tem- 
perature  was 24 ~ • I~ 

Results 
E~ects of molybdenum.--The results of applying the 

modified Strauss test to the alloys containing molyb-  
denum alloying additions are shown in Table II. An -  
neal ing at 1500~ led to a satisfactory resistance. This 
was true regardless of the rate of cooling from the an-  
neal ing temperature.  Heat t rea tment  at 1700~ sensi- 
tized all the alloys to in te rgranula r  corrosion in the 
test environment .  

These same alloys and heat t reatments  were ex- 
amined using the boiling nitr ic acid test, as shown in 
Fig. 1. This test also shows that  heat t rea tment  at 
1700~ sensitized all the alloys to in te rgranular  corro- 
sion. However, these results do show that  the behavior 
of the steels containing 1 or 2% molybdenum is sensi- 
tive to the rate of cooling after annealing,  but  the 
steel containing no molybdenum was only slightly af- 
fected by changes in cooling rate. To ascertain whether  
or not the higher corrosion rates of the molybdenum 
steels after a slow cool represented in tergranular  at- 
tack, the corroded specimens were examined metal lo-  
graphically. Figure 2 shows a definite in te rgranula r  
attack by boiling nitric acid on the furnace-cooled 
specimen containing 1% molybdenum. There was less 
preferential  grain boundary  attack on the air-cooled 
specimens, but  there was enough to be clearly evident. 
Although the water -quenched specimen showed some 
nonuni formi ty  of attack, there was no evidence of 
in te rgranular  corrosion. 

Table II. Results obtained from the modified Strauss test on 
ferritic stainless steel containing 0-2% molybdenum 

F i n a l  h e a t  t r e a t m e n t  

S t r a u s s  t e s t  r e s u l t s  a 
o n  i n d i c a t e d  a l l o y  

A l l o y  5 A l l o y  6 A l l o y  l a  
( 0 % M o )  ( l % M o )  ( 2 % M o )  

1 h r  a t  1 5 5 0 ~  f u r n a c e  c o o l e d  a t  
5 0 ~  t o  l l 0 0 ~  a i r  c o o l e d  P P P 

1 h r  a t  1 5 0 0 ~  a i r  c o o l e d  P 
1 h r  a t  1 5 0 0 ~  w a t e r  q u e n c h e d  P P P 
1 h r  a t  1 7 0 0 ~  w a t e r  q u e n c h e d  F F F 

P = N o  c r a c k s  v i s i b l e  a t  a m a g n i f i c a t i o n  o f  2 0  d i a m  o n  b e n d i n g  
t h e  s p e c i m e n  t h r o u g h  180 d e g  a f t e r  2 4  h r  o f  S t r a u s s  t e s t i n g ;  F = 
C r a c k s  v i s i b l e  a t  a m a g n i f i c a t i o n  o f  20  d i a m  o n  b e n d i n g  t h e  s p e c i -  
m e n  t h r o u g h  1 8 0  d e g  a f t e r  2 4  h r  o f  S t r a u s s  t e s t i n g .  
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Fig. 1. Effect of heat treatment on the intergranular corrosion 
susceptibility in boiling 65% nitric acid 18% chromium steels 
containing 0-2% molybdenum: 1 = 1 hr at 1500~ water quench; 
2 = 1 hr at 151~~ air cool; 3 = 1 hr at 1550~ furnace cool 
at 50 F/hr to l l00~ air cool; 4 = I hr at 1700~ water quench. 

These results suggest that  the behavior of molyb-  
denum-conta in ing  ferritic steels is analogous to that  
of austenitic stainless steels containing molybdenum. 
Under  some conditions, the steels may be susceptible 
to in te rgranula r  corrosion only in highly oxidizing 
media such as boiling nitr ic acid, but  not in less oxi- 
dizing media. 

Effects of nickel.--The effect of nickel additions on 
the behavior of these steels in the Strauss test is shown 

in Table III. Nickel additions did raise the heat t reat -  
ment  tempera ture  that  could be tolerated without  pro- 
ducing susceptibility to in te rgranular  attack. How- 
ever, the 2% nickel addition was insufficient to avoid 
sensitization by welding. 

Metallographic examinat ion of these alloys revealed 
that the 2% nickel alloy contained a large amount  of 
martensi te  after quenching from 1900~ The 1% 
nickel alloy contained only a small amount  of mar -  
tensite. Thus, increased resistance to in te rgranula r  
corrosion was associated with the presence of aus- 
tenite in the alloy at the sensitizing temperature.  

Tests on a few of these combinations of alloys and 
heat t reatments  were also r u n  in boiling nitric acid 
(Table IV). These results are in complete agreement  
with the results of the Strauss tests. 

To learn how the effects of a prior sensitization 
could be removed, heat t rea tment  of sensitized speci- 
mens was studied. Welding was chosen as the sensi- 
tizing t rea tment  because it is believed to lead to the 
most severe susceptibili ty to in te rgranular  corrosion. 
The results of postweld heat t rea tment  of the nickel-  
containing steels are shown in Table V. In  the presence 
of 1 or 2% nickel, a 1-hr postweld t rea tment  at 1500~ 
is sufficient to alleviate the susceptibility to in te rgran-  
ular  corrosion. The lower nickel steels required 4 hr, 
indicating that  they were more severely sensitized 
by welding, but in all cases in te rgranular  corrosion 
could be prevented by appropriate postweld heat t reat -  
ment.  

Efyects of titanium.--The effect of t i t an ium additions 
on the behavior of the 18% Cr-2% Mo alloys in the 
Strauss test was examined (Table VI). Ti tanium addi-  
tions as small  as 0.47% completely prevented in ter -  
g ranular  corrosion in the Strauss test after all sensi- 
tizing treatments.  This amount  of t i t an ium is about 14 

Fig. 2. Cross sections of Alloy 6 (1% 
Me) specimens after 10 days of exposure 
to boiling 65% nitric acid: (a) 1550~ 
for 1 hr, furnace cooled to 1100~ air 
cooled; (b) 1550~ for 1 hr, air cooled; 
(c) 1500~ for 1 hr, water quenched. 
Original magnification 250)(. 
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Table III. Results obtained from the modified Strauss test on 
the 18% chromium-2% molybdenum ferritic stainless steels 

containing nickel 

Table VI. Results obtained from the modified Strauss test on 
the 18% chromium-2% molybdenum ferritic stainless steels 

containing titanium or titanium and nickel 

F i n a l  heat  
t r e a t m e n t  

Modi f i ed  S t r aus s  tes t  r e su l t s  a C o n d i t i o n  of s p e c i m e n  a 
on i n d i c a t e d  a l loy  a f t e r  i n d i c a t e d  t r e a t m e n t  

A l l o y  l a  A l l o y  l b  A l l o y  l c  A l l o y  l d  1 h r  a t  1 h r  a t  1 h r  a t  
(0.11% Ni) (0.62% Ni) (1.08% Ni) (2.05% Ni) T i t a n i u m  N i c k e l  15O0~ 1700~ 1900~ 

conten t ,  con ten t ,  w a t e r  w a t e r  w a t e r  
A l l o y  % % q u e n c h e d  q u e n c h e d  q u e n c h e d  A s - w e l d e d  

1 hr ,  1500~ w a t e r  
q u e n c h e d  P p P p 

1 hr ,  1700~ w a t e r  2a 0.47 0.11 P P P P 
q u e n c h e d  F F P P 2b 0.81 O. l l  P P P P 

1 hr ,  1900~ w a t e r  2c 1.27 0.11 C P P P 
q u e n c h e d  F F P 2d 1.86 0.11 C C P P 

w e l d e d  F 3a 0.91 0.57 P P P P 
3b 0.80 1.10 P P P P 
3c 0.66 2.08 P P P P 

a p = No c racks  v i s i b l e  a t  a m a g n i f i c a t i o n  of 20 d i a m  on b e n d i n g  3d 1.75 2.08 C P P P 
the  s p e c i m e n  t h r o u g h  180 deg  a f t e r  24 h r  of S t r auss  t e s t i ng ;  F = 
Cracks  v i s i b l e  a t  a m a g n i f i c a t i o n  of 20 d i a m  on b e n d i n g  the  speci-  
m e n  t h r o u g h  180 deg  a f t e r  24 h r  of S t r aus s  t e s t ing .  

Table IV. Results obtained from the boiling 65% nitric acid test 
on the 18% chromium-2% molybdenum ferritic stainless steels 

containing nickel 

N i c k e l  
A l l e y  con ten t ,  % 

Cor ros ion  ra te ,  mdd ,  of s p e c i m e n s  
i n  success ive  48-hr  pe r iods  a f t e r  

i n d i c a t e d  i n i t i a l  t r e a t m e n t  
1 h r  a t  1500~ 1 h r  a t  1700~ 1 h r  a t  1900~ 

w a t e r  w a t e r  w a t e r  
q u e n c h e d  q u e n c h e d  q u e n c h e d  

la 0.11 

lc  1.08 

ld  2.05 

98 126 
71 588 
74 774 
77 1080 
84 824 

130 
349 
547 
827 
759 

105 102 
148 128 
178 154 
209 189 
218 204 

a p = No c racks  v i s i b l e  at  a m a g n i f i c a t i o n  of 20 d i a m  on b e n d i n g  
the  s p e c i m e n  t h r o u g h  180 deg  a f t e r  24 h r  of  S t r aus s  t e s t i ng ;  C = 
The  spec imens  c racked  on b e n d i n g  p r i o r  to  cor ros ion  t e s t ing .  

Table VII. Results obtained from the boiling 65% nitric acid 
test on the 18% chromium-2% molybdenum ferritic stainless 

steels containing titanium or titanium and nickel 

T i t a n i u m  N i c k e l  
A l l o y  conten t ,  % con ten t ,  % 

Cor ros ion  rate ,  mdd ,  of  spec imens  i n  
success ive  48-hr  pe r iods  a f t e r  

i n d i c a t e d  i n i t i a l  t r e a t m e n t  
1 h r  a t  1500~ 1 h r  a t  1900~ 

w a t e r  w a t e r  As-  
q u e n c h e d  q u e n c h e d  w e l d e d  

2a 0.47 0.11 72 2070 
87 8500 

108 
139 
164 

2d 1.86 0.11 112 1350 2590 
189 4000 
245 
265 
320 

3a 0.91 0.57 320 
1020 

3d 1.75 2.08 1670 

Table V. Effect of postweld heat treatment on intergranular 
corrosion during the modified Strauss test of welded specimens 
of 18% chromium-2% molybdenum stainless steels containing 

nickel 

Post  w e l d  t r e a t m e n t  C o n d i t i o n  of spec imen  a 
T e m p e r -  
a ture ,  ~  T ime ,  h r  0.11% Ni  0.62% Ni  1.08% Ni  2.05% Ni  

0 F 
1500 1 F F P P 
1500 4 P P 

a p = NO cracks  v i s i b l e  a t  a m a g n i f i c a t i o n  of 20 d i a m  on b e n d i n g  
the  spec imen  t h r o u g h  180 deg  a f t e r  24 h r  of S t r auss  t e s t ing ;  F = 
Cracks  v m i h l e  a t  a m a g n i f i c a t i o n  of 20 d i a m  on b e n d i n g  the  speci -  
m e n  t h r o u g h  180 deg  a f t e r  24 h r  of S t r a u s s  t e s t ing .  

times the weight per cent carbon or about six t imes 
the combined carbon and ni t rogen content. The addi-  
tion of up to 2 % nickel along with the t i t an ium had no 
pronounced effect on the behavior of these alloys. 

It should be noted that  the three alloys containing 
more than  1.2% t i tan ium were brit t le after the 1500~ 
anneal ing treatment ,  probably because t i t an ium pro- 
moted the formation of sigma or some similar bri t t le  
second phase (11). This bri t t le  phase could be avoided 
by solution t reat ing at 1900~ and quenching in water. 

Some of these alloys were also subjected to the boil-  
ing nitric acid test and quite different results were 
obtained after the h igher - tempera ture  heat t reatments  
(Table VII) .  All the t i t an ium-conta in ing  alloys suf- 
fered severe in te rgranular  attack after heat t rea tment  
at 1900~ or welding. This was t rue whether  or not 
nickel was also present  in amounts  up to 2%. Thus, 
t i t an ium additions prevent  in te rgranula r  corrosion in 
media with oxidizing potentials typified by the Cu- 
CuSO4 couple (Strauss test) but  not under  the highly 
oxidizing conditions represented by boiling 65% nitric 

acid. This is in accord with the observations of others 
(1, 12). 

Effects of columbium.--Columbium, as well  as t i-  
tanium, is commonly used to stabilize austenitic s tain-  
less steels against in te rgranula r  corrosion. In  austenitic 
steels, columbium is general ly considered to be more 
effective than t i t an ium under  highly oxidizing condi- 
tions. The results obtained in the Strauss test on the 
series of alloys containing columbium additions are 
shown in Table VIII. Columbium additions of 0.61 and 
0.93% were sufficient to prevent  in te rgranular  corro- 
sion in the Strauss test even for the welded specimens. 
An addition of 0.32% columbium was sufficient to pre-  
vent  sensitization at 1700~ but was borderl ine at 
1900~ and ineffective at 2100~ The alloy with 
0.61% columbium has a Cb to C ratio of 17 or a Cb to 
( C + N )  ratio of 8. Electrical resistance measurements  
on these specimens were less responsive to in te rgran-  
u lar  corrosion than  was the bend test. This is similar 
to the observation of Streicher on austenitic steels 
(10). 

Representative combinations of alloys and heat 
t reatments  were also tested in boiling nitr ic acid 
(Table IX).  In marked contrast to the t i t an ium-s tab i -  
lized steels, the co lumbium-conta in ing  steels that 
passed the Strauss test also showed good resistance to 
in te rgranular  corrosion in the Huey test. Even the 
as-welded samples containing 0.61% or more colum- 
bium were highly resistant to corrosion in this test. 
However, the as-welded 0.93% columbium specimen 
showed some preferent ial  corrosion at the edges of 
the fusion zone. 

Controlled potential experiments.--In addition to the 
s tandard tests for in te rgranular  corrosion, controlled 
potential  measurements  were made on several alloys. 
Figure 3 shows typical results of potent iodynamic 
scans on a sensitized (1900~ anneal)  and a nonsen-  
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Table VIII.  Results obtained from the modified Strauss test on the 18% chromium-2% molybdenum 
alloys containing columbium 

Modif ied  S t r a u s s  t e s t  r e su l t s  a f t e r  i n d i c a t e d  t e m p e r a t u r e  o f  f inal  hea t  t r e a t m e n t  a 
C o l u m b i u m  1700~ 1900~ 2100 ~ A s - w e l d e d  

A l l o y  conten t ,  % B e n d  tes t  b Ra/Rb e B e n d  test  b Ba/Rb v B e n d  tes t  b B a / R b  v B e n d  tes t  b Ra/Rbr 

4a 0.02 P 1.012 F 2.08 F 
P 1.003 
F 1.156 

4b 0.13 F 1.018 F F 
P 0.994 
F 1.162 

4c 0.32 P 0.997 F 1.002 F 1.22 
P 0.995 P 0.985 F 1.04 

4d 0.61 P 0.998 P 0.997 P 0.976 
P 0.98 P 1.002 

4e 0.93 P 0.992 P 1.012 

Hea t  t r e a t e d  fo r  1 h r  a n d  w a t e r  q u e n c h e d .  
b p = No cracks  v i s i b l e  a t  a m a g n i f i c a t i o n  of  20 d i a m  on b e n d i n g  the  s p e c i m e n  t h r o u g h  180 deg a f t e r  24 h r  of S t r a u s  t e s t i ng ;  F ; c racks  

vis ib le  a t  a m a g n i f i c a t i o n  of  20 d i a m  on b e n d i n g  the  s p e c i m e n  through,  180 deg  a f t e r  24 h r  of S t r auss  t e s t ing .  
Ra t io  of r es i s t ance  a f t e r  t e s t  to  res i s t ance  be fore  test .  

Table IX. Results obtained from the boiling 65% nitric acid test 
on 18% chromium-2% molybdenum ferritic stainless steels 

containing columbium 

A l l o y  

C o l u m b i u m  
content, 

% 

Cor ros ion  ra te ,  todd,  of spec imens  in  success ive  
48-hr  pe r iods  a f t e r  i n d i c a t e d  init ial  t r e a t m e n t  
1 h r  a t  1 b r  at  1 h r  a t  1 h r  a t  
1500~ 1700~ 1900~ 2100~ 
w a t e r  w a t e r  w a t e r  w a t e r  As-  

q u e n c h e d  q u e n c h e d  q u e n c h e d  q u e n c h e d  w e l d e d  

4a 0.02 41 
68 
93 

100 
131 

4b 0.13 66 
2O3 
194 
673 
587 

4c 0.32 68 
75 

104 
118 
114 

4d 0.61 

4e 0.93 

125 81 
112 147 
130 260 
148 287 
261 670 

60 126 82 138 
83 116 140 130 

155 158 192 176 
155 163 236 167 
159 242 283 255 

105 129 139 
37 29 99 

142 150 151 
180 118 140 
306 166 192 

sitized alloy (1500~ anneal ) .  All  alloys that  had been 
sensitized to in te rgranula r  corrosion as indicated by 
the Strauss test results had higher currents  throughout  
the passive region than did the corresponding alloys 
annealed  at 1500~ This was most pronounced at 
potentials of --  0.1 to 0.0V v s .  SCE. In the active re- 
gion and in the transpassive region, no difference could 

: 

< o.i 
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%% 1900~ / 

ANNs AT 
1 

0.001 I I I 
-0.6 -01.4 -0'.2 0 0.2 0.4 01.6 01.8 1'.0 

POTENTIAL (VOLTS VERSUS SCE) 

Fig. 3. Potentiodynamic polarization curves obtained at a scan- 
ning rate of 600 mV/hr in 5% sulfuric acid at 24~ on the 18% 
chromium-2% molybdenum alloy water quenched after a 1500 ~ 
or 1900~ heat treatment. 

be detected in polarization behavior between sensitized 
and nonsensitized specimens. 

The alloys that  were stabilized by t i t an ium additions 
showed identical  polarization curves whether  heat-  
treated at 1500 ~ or 1900~ Thus, for all  alloys, 
the results of the Strauss test and of potent iodynamic 
polarization scans in 1N sulfuric acid were consistent. 
However, these polarization scans would not be used 
to predict the results of the boiling ni tr ic  acid test 
since all t i tanium-stabi l ized steels heat  treated at 
1900~ or higher were severely attacked by nitr ic 
acid, but  showed polarization behavior identical  to the 
unsensit ized similar steels. 

Some of these alloys, including Alloys la, 2a, 5, and 
6, were subjected to potentiostatic polarization at 1.1V 
for 2 hr in 1N sulfuric acid at 24~ These alloys were 
tested after anneal ing at 1500~ and after sensitizing 
at 1700 ~ or 1900~ In all tests, the current  density 
was near ly  the same with no correlation between heat 
t rea tment  and current  density. However, microscopic 
examinat ion  after these tests showed very  clear in te r -  
granular  at tack on all the specimens that  had been 
given a sensitizing heat t rea tment  and no in te rg ranu-  
lar attack on any of the steels annealed at 1500~ 
and water quenched (Fig. 4). Thus, the appearance of 
electrodes held at 1.1V for 2 hr  was in complete ac- 
cord with the results of the Huey tests. 

Discussion 
These results show that ferritic stainless steels such 

as Type 430 become sensitized to in te rgranular  corro- 
sion when  heated to 1700~ or higher. This behavior  
is in marked  contrast  to that  of austenit ic stainless 
steels, since they become sensitized only in a con- 
siderably lower tempera ture  range. Nevertheless, there 
is considerable evidence that chromium depletion ad-  
jacent  to chromium-r ich  precipitates is an important  
factor in causing in te rgranu la r  corrosion in both 
classes of stainless steel (2, 13). 

The differences in heat t reatments  leading to sensi- 
t ization are a result  of the differences in solubilities 
of carbides in ferrite and in austenite. Since the solu- 
bil i ty of carbon in ferrite at temperatures  as high as 
1500~ is very low, no normal  heat t rea tment  can 
avoid the precipitat ion of carbides in ordinary  ferr i-  
tic stainless steels. Thus, at 1700~ the solubil i ty of 
carbides in the matr ix  is high enough to put a con- 
siderable amount  of carbon into solution. On cooling 
from this temperature,  the decrease in solubili ty re-  
sults in precipitat ion of carbides containing a high 
proportion of chromium. If the cooling is moderately 
rapid, this causes the matr ix  adjacent to the carbides 
to be depleted of chromium and therefore susceptible 
to corrosion. 

Most of the effects of alloying elements observed in 
this work are consistent with the chromium depletion 
mechanism. Thus, molybdenum is not a very strong 
carbide former and is a ferri te stabilizer, so it  would 
not be expected to have much effect on the tendency 
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Fig. 4. Appearance of electrodes of 18% Cr-2% Mo-0.47% Ti 
alloy after heat treatment at 1500 ~ or 1900~ for 2 hr and po- 
tentiostatic polarization in sulfuric acid at 1.1V vs. SCE: top--  
heated at 1500~ bottom--heated at 1900~ Original magnifica- 
tion 250X. 

of a ful ly ferritic stainless steel to become sensitized to 
in te rgranular  corrosion when heated above 1700~ 

The sensit ivity to in te rgranular  corrosion produced 
in molybdenum-conta in ing  steels on cooling slowly 
from temperatures  of 1500~ or less is probably not 
caused by carbide precipitation. Rather, it is most 
probably a result  of the same phenomenon as that  
which produces the so-called 885~ embri t t lement .  
It has been shown that this embr i t t lement  is the re-  
sult of formation of a chromium-i ron  phase contain-  
ing about 80% chromium (14), which either leads to 
local chromium depletion that causes susceptibili ty 
to preferential  attack in nitric acid, or the chromium- 
rich phase itself is attacked by the highly oxidizing 
nitr ic acid. Evident ly  the function of molybdenum is 
to accelerate the precipitation reaction sufficiently so 
that  it occurs when the ferritic alloys are cooled slowly 
through temperatures  in the range of 900~ As can be 
seen from Fig. 1, this form of sensitization can be el im- 
inated by quenching from 1500~ 

The effects of nickel additions on in te rgranular  cor- 
rosion are evidently a consequence of the tendency of 
nickel to promote the formation of austenite  at the 
sensitizing temperature.  This austenite will  contain 
much of the carbon present, leaving the ferri te de- 
pleted. Consequently, a continuous chromium carbide 
precipitate is less l ikely to form at the grain bound-  
aries. As a result, a continuous chromium-depleted 
region is not present  for in te rgranula r  corrosion to 
follow. Since austenite does not form at the very high 
temperatures  encountered in welding, the par t i t ion-  
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ing of carbon does not occur to an extent  sufficient to 
prevent  formation of continuous chromium-depleted 
zones. Baerlecken et al. (7) also found that austeni te-  
forming alloy additions were ineffective in prevent ing 
in te rgranula r  corrosion after very h igh- tempera ture  
heat t reatment .  

On the other hand, t i t an ium additions do prevent  
sensitization to in te rgranular  corrosion even by weld-  
ing, at least with respect to conditions represented by 
the Strauss test. T i tan ium carbides and possibly ni -  
trides are formed in preference to chromium-r ich  
precipitates so that  no chromium-depleted zone is 
present. However, a grain boundary  network of t i ta-  
n ium carbides does form after heat t rea tment  at 
1900~ or welding. The ne twork  was severely a t -  
tacked in the boiling 65% nitric acid test. The results 
of B~iumel (15) showed that bulk  t i t an ium carbide 
is attacked at oxidizing potentials corresponding to the 
oxidation potential  of boiling nitr ic acid. 1 Evidently,  
the presence of up to 2% nickel or molybdenum has 
no effect on the tendency for formation of a grain 
boundary  precipitate of t i tan ium carbonitr ide that  
is attacked by boiling nitric acid. 

The performance of columbium as a stabilizing ad- 
dition was very similar to that  of t i t an ium with re-  
spect to the Strauss test results. Presumably,  the me-  
chanism leading to stabilization against in te rgranula r  
attack is the same for t i t an ium and columbium. How- 
ever, columbium is also effective in reducing in ter -  
g ranular  attack even in boiling nitr ic acid, which is 
also consistent with the work of B~iumel (15), who 
found that  bulk  columbium carbide was not attacked 
at oxidizing potentials up to and considerably beyond 
the oxidation potential  of concentrated nitr ic acid. 

Conclusion 
Ferri t ic  stainless steels containing molybdenum at-  

ta in  max imum resistance to in te rgranular  corrosion 
in highly oxidizing media when cooled from 1500~ 
as rapidly as possible. 

Ti tanium additions of about six times the combined 
carbon and ni t rogen content, all in weight per cent, 
prevent  in te rgranula r  corrosion as long as the corro- 
dent  medium is not strongly oxidizing. 

Columbium additions of about eight t imes the com- 
bined carbon and ni t rogen content  minimize in ter -  
g ranular  corrosion even under  highly oxidizing con- 
ditions. 

Nickel additions of up to 2% raised the tempera-  
ture  required to sensitize these steels, but  provided 
as-welded steel with no protection against in te rgran-  
ular  corrosion. 

Manuscript  submit ted Jan. 20, 1969; revised manu-  
script received May 1, 1969. This was Paper  422 pre-  
sented at the Montreal  Meeting, Oct. 6-11, 1968. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
J O U R N A L .  
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Minimizing Aluminum-to-Silicon Contact Resistance 
G. McNe i l  

Fairchild Semiconductor, Research and Development Laboratory, Palo Alto, California 

ABSTRACT 

The effects of various alloy temperatures  and times on a luminum-to-s i l icon  
contact resistance were determined using a special test vehicle that simulated 
integrated circuit processing. Contact resistance was measured to both p~ and 
n- type  doped silicon. The electrical data are summarized to show at what  
alloy conditions m i n i m u m  contact resistance occurs. 

Aluminum-to-s i l i con  contacts have been used in in -  
tegrated circuits for several years. Various alloy 1 
conditions have been tr ied in processing, but  unt i l  now 
no one has proved that  a part icular  alloy cycle gives 
the lowest contact resistance. 

In order to s tudy the effects of various alloy condi-  
tions on contact resistance, a special test vehicle was 
designed. The test vehicle minimized the a luminum 
and silicon sheet resistances while maximizing the 
a luminum-to-s i l icon  contact resistance. Figure 1 
shows a cross section of the test vehicle. The test ve- 
hicle used polished silicon wafers that were subjected 
to typical  integrated circuit diffusion and oxidation 
processes. An n+- type  layer s imulat ing an emit ter  
was diffused into p- type  wafers, and a p- type  diffusion 
represent ing a base was diffused into n - type  wafers. 
After  oxidation, the surface concentrations were 3 x 
1020 cm-a  and 7 x 10 is cm -3, respectively. Ten equal-  
sized contact holes were then etched in the oxide. The 
wafers received a 10-sec 10:1 HF dip before 1~ of 
a luminum was evaporated. The a luminum was etched 
so that  a l ternate  pairs of contact holes were connected 
by either 0.2-mil long metal  or 0.6-mil long silicon, 
resul t ing in ten a luminum-s i l icon  contacts in series. 
After  alloying in nitrogen, the vehicle was tested with 
a 4-point  probe (shown in Fig. 1) to avoid the prob- 
lem of variable  contact resistance between the probe 
and the wafer. A constant  current  of 10 mA was passed 
through the two outer probes and the voltage drop 
was measured between the two inner  probes, with 
a Kintel  h igh- impedance input  microvoltmeter,  model 
202B. The shallow diffusions (0.9~ n + and 1.5~ p) 
kept the current  near  the surface and since, the silicon 
sheet resistance was much greater  than that  of the 
metal, most of the current  would pass through the ten 
contacts. 

Results 
For each alloy condition at least 20 dice on each of 

three wafers were measured for each data point. The 
tests were repeated on a separate lot of wafers with 
similar results. Table I shows the effects of alloying at 
500 ~ 550 ~ and 565~ on contact resistance. The n u m -  
bers listed in the columns below the surface concentra-  
tions are measured resistances. The surface concentra-  
tions were measured with a 4-point  probe. The mea-  
sured resistance contains the silicon sheet resistance 
caused by the 0.6 mil  between contacts, the small  re-  
sistance from the a luminum,  and the contact resistance 
of ten  equal-size contacts. This is based on the as- 
sumption that  all the current  flows through the con- 

1 T h e  t e r m  " a l l o y "  is  u s e d  in  t h i s  p a p e r  as  i t  is  u s e d  in  t h e  s e m i -  
c o n d u c t o r  i n d u s t r y .  E v e n  t h o u g h  t h e  t e m p e r a t u r e  is b e l o w  t h e  
s i l i c o n - a l u m i n u m  e u t e c t i c ,  t h e  h e a t  t r e a t m e n t  s tep  to a c h i e v e  a l o w  
a l u m i n u m - s i l i c o n  c o n t a c t  r e s i s t a n c e  is  r e f e r r e d  to  as a n  a l loy .  
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Fig. 1. Contact resistance test vehicle 

tacts. If this is not the case, then the actual  contact 
resistance will  be greater  than indicated in  this paper, 
but  the condition of m i n i m u m  contact resistance will  
not change. Each test pa t te rn  had three sets of con- 
tact holes. The hole size in each set was 0.2 x 0.2 
mil, 0.2 x 0.8 mil, and 0.4 x 0.4 rail. Since the wafers 
were processed together, except for alloying, the only 
variable  involved in the measured resistance was the 
contact resistance due to alloying. Therefore, any 
change in measured resistance corresponds to an equal 
change in contact resistance. 

From Table I, it is obvious that two trends are pres-  
ent. For silicon with 7 x 10 TM cm -3 p- type  surface con- 
centration, there is very little change in contact re-  
sistance when alloyed in  the 500~176 range. How- 
ever, for n + silicon, there is a great change in contact 

Table I. Resistance after alloy 

M e a s u r e d  r e s i s t a n c e  
A l l o y  t e m p e r -  (ohms)  

a t u r e  a n d  t i m e  C o n t a c t  s ize 7 x 10 is c m  -3 3 X 10 m cm-~ 
(~ (min )  (mi ls )  p - t y p e  n - t y p e  

500 6 0.2 x 0.2 
0.2 x 0.8 
0.4 x 0.4 

500 i0 0.2 x 0.2 
0.2 x 0.8 
0.4 x 0.4 

550 5 0.2 x 0.2 
0.2 • 0 . 8  
0.4 • 0.4 

550 i 0  0.2 • 0.2 
0.2 • 0.8 
0.4 • 0.4 

565 5 0.2 x 0.2 
0.2 x 0,8 
0.4 • 0.4 

565 I0 0.2 • 0.2 
0.2 x 0.8 
0.4 x 0.4 

105 6.2 
80 4.4 
91 5.0 

102 7.3 
80 5.3 
90 5.9 

104 7.4 
82 5.2 
91 5.9 

101 7.8 
82 5.9 
93 6.7 

105 8.3 
81 6.1 
90 7.3 

106 10.6 
82 9.0 
93 9.9 
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The effects of various alloy temperatures  and times on a luminum-to-s i l icon  
contact resistance were determined using a special test vehicle that simulated 
integrated circuit processing. Contact resistance was measured to both p~ and 
n- type  doped silicon. The electrical data are summarized to show at what  
alloy conditions m i n i m u m  contact resistance occurs. 

Aluminum-to-s i l i con  contacts have been used in in -  
tegrated circuits for several years. Various alloy 1 
conditions have been tr ied in processing, but  unt i l  now 
no one has proved that  a part icular  alloy cycle gives 
the lowest contact resistance. 

In order to s tudy the effects of various alloy condi-  
tions on contact resistance, a special test vehicle was 
designed. The test vehicle minimized the a luminum 
and silicon sheet resistances while maximizing the 
a luminum-to-s i l icon  contact resistance. Figure 1 
shows a cross section of the test vehicle. The test ve- 
hicle used polished silicon wafers that were subjected 
to typical  integrated circuit diffusion and oxidation 
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was diffused into p- type  wafers, and a p- type  diffusion 
represent ing a base was diffused into n - type  wafers. 
After  oxidation, the surface concentrations were 3 x 
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sized contact holes were then etched in the oxide. The 
wafers received a 10-sec 10:1 HF dip before 1~ of 
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so that  a l ternate  pairs of contact holes were connected 
by either 0.2-mil long metal  or 0.6-mil long silicon, 
resul t ing in ten a luminum-s i l icon  contacts in series. 
After  alloying in nitrogen, the vehicle was tested with 
a 4-point  probe (shown in Fig. 1) to avoid the prob- 
lem of variable  contact resistance between the probe 
and the wafer. A constant  current  of 10 mA was passed 
through the two outer probes and the voltage drop 
was measured between the two inner  probes, with 
a Kintel  h igh- impedance input  microvoltmeter,  model 
202B. The shallow diffusions (0.9~ n + and 1.5~ p) 
kept the current  near  the surface and since, the silicon 
sheet resistance was much greater  than that  of the 
metal, most of the current  would pass through the ten 
contacts. 

Results 
For each alloy condition at least 20 dice on each of 

three wafers were measured for each data point. The 
tests were repeated on a separate lot of wafers with 
similar results. Table I shows the effects of alloying at 
500 ~ 550 ~ and 565~ on contact resistance. The n u m -  
bers listed in the columns below the surface concentra-  
tions are measured resistances. The surface concentra-  
tions were measured with a 4-point  probe. The mea-  
sured resistance contains the silicon sheet resistance 
caused by the 0.6 mil  between contacts, the small  re-  
sistance from the a luminum,  and the contact resistance 
of ten  equal-size contacts. This is based on the as- 
sumption that  all the current  flows through the con- 
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tacts. If this is not the case, then the actual  contact 
resistance will  be greater  than indicated in  this paper, 
but  the condition of m i n i m u m  contact resistance will  
not change. Each test pa t te rn  had three sets of con- 
tact holes. The hole size in each set was 0.2 x 0.2 
mil, 0.2 x 0.8 mil, and 0.4 x 0.4 rail. Since the wafers 
were processed together, except for alloying, the only 
variable  involved in the measured resistance was the 
contact resistance due to alloying. Therefore, any 
change in measured resistance corresponds to an equal 
change in contact resistance. 

From Table I, it is obvious that two trends are pres-  
ent. For silicon with 7 x 10 TM cm -3 p- type  surface con- 
centration, there is very little change in contact re-  
sistance when alloyed in  the 500~176 range. How- 
ever, for n + silicon, there is a great change in contact 

Table I. Resistance after alloy 

M e a s u r e d  r e s i s t a n c e  
A l l o y  t e m p e r -  (ohms)  

a t u r e  a n d  t i m e  C o n t a c t  s ize 7 x 10 is c m  -3 3 X 10 m cm-~ 
(~ (min )  (mi ls )  p - t y p e  n - t y p e  

500 6 0.2 x 0.2 
0.2 x 0.8 
0.4 x 0.4 

500 i0 0.2 x 0.2 
0.2 x 0.8 
0.4 x 0.4 

550 5 0.2 x 0.2 
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0.4 • 0.4 
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0.2 x 0,8 
0.4 • 0.4 
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0.4 x 0.4 
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80 4.4 
91 5.0 
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80 5.3 
90 5.9 
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Table II. Resistance after alloy 
1.8 

Measured resistance 
Alloy temper- (ohms) 

ature and time* Contact size 7 • 1018 em-a 3 • 10-~ era-3 'l.G 
(~ (min) (mils) p-type n-type RO 

1.4 
500 5 0.2 • 0.2 105 7.2 

0.2 • 0.8 80 5.1 
0.4 • 0.4 91 5.8 

480 10 0.2 • 0.2 107 6.8 1.~ 
0.2 • 0.8 84 5.0 
0,4 • 0.4 g5 5.8 

460 I0 0.2 • 0.2 110 6.5 1.C 
0.2 • 0.8 82 4.9 
0.4 • 0.4 95 5.6 

440 I0  0.2 • 0.S 115 6.6 
0.2 • 0.8 86 5.0 .8 
0.4 • 0.4 97 5.8 

Ro=. ~ [ "500~ I 

F u r n a c e  r e c o v e r y  t i m e  = 4 r a in  as  m e a s u r e d  w i t h  a t h e r m o -  4 0 4 6 0  4 8 0  5 0 0  5 0 5 4 0  5 6 0  $ 8 0  
couple in  the wa fe r  boat. TEMPERATURE (~ 

resistance when alloyed in this t empera ture  range. It 
is evident  that  the more severe the alloy, the greater  
the contact resistance. The measured resistance in- 
creases by 5 ohms going from the least severe to the 
most severe alloy listed in Table I. This 5-ohm in- 
crease for ten contacts corresponds to a 0.5-ohm in- 
crease in contact resistance per contact. 

This sharp increase in the measured resistance might  
be caused by the fact that  the n + diffusion was rela-  
t ively  shallow and highly conductive. At the higher  
alloy temperatures,  the s i l icon-a luminum interface 
moves rapidly down into the silicon. Since the n + 
diffused silicon increases quickly in sheet resistance 
as one goes deeper  into the wafer,  the increased 
measured resistance could be due to the increased 
silicon sheet resistance at the metal-s i l icon interface. 
Whatever  the cause, this increase in resistance means 
more resistance within the circuit. 

Since a 5-rain, 500~ alloy gave the best results in 
Table I, alloy tempera tures  below 500~ were  in-  
vest igated as shown in Table II. Different t rends were  
evident  below 500~ For  the 7 x 10 TM cm -3 p - type  
silicon, there  was an increase in contact resistance 
when  al loyed below 500~ But the n + silicon, which 
had such a great  change in contact res i s tance  with 
alloy t empera tu re  above 500~ showed very  l i t t le 
change in contact resistance when alloyed in the 440 ~ 

Fig. 2. Contact resistance vs. alloy temperature (iO-min alloys) 

500~ range. Wafers which had not been alloyed 
gave considerably higher  and more erratic resistances 
than alloyed wafers. The typical spread across three 
alloyed wafers for a data point was _-+_- 4%. 

Figure  2 is a plot of the data presented in Tables I 
and II. The basis of the normalized resistance, Ro, is 
the  measured resistance af ter  a 5-min, 500~ alloy, 
which was also the condition that  gave the lowest con- 
tact resistance. The normalized resistance, Ro, equals 
the measured resistance after  a given alloy divided 
by the measured resistance after  a 5-min, 500~ al-  
loy. 

Conclusions 
A 5-min, 500~ alloy gives the lowest contact re-  

sistance of a luminum to 7 x 10 is cm -~ p - type  and 3 x 
1050 cm-~  n- type  silicon. Al loy  conditions above 500~ 
great ly  increase the contact resistance to n + diffused 
silicon. After  punching through the film in the contact 
holes, overal loying wil l  be quite  damaging because it 
actual ly increases contact resistance. 

Manuscript  submitted Oct. 24, 1968; revised manu-  
script received Apr i l  3, 1969. 

Any discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 



Determination of Sodium in Furnace Atmospheres 
by Atomic Absorption Spectroscopy 
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ABSTRACT 

The extremely low sodium vapor pressures which are present  in hot quartz 
furnace tube atmospheres have been measured by atomic absorption spectros- 
copy. In  the system described, sodium vapor pressures are measured between 
10 -6 and l0 -9 Torr; however, this range can be extended by simple changes in 
optics and /or  absorption cell length. The data show that  the sodium vapor 
pressure in a new quartz tube changes slowly during heating unt i l  the rate of 
sodium in-diffusing from the hot ceramic l iner is balanced by the rate of 
sodium out-diffusing to the cooler portions of the system. If the design of the 
furnace tube system is such that the source of the sodium, the furnace liner, 
is separated by an air space from the inner  quartz tube, then the equi l ibr ium 
sodium vapor pressure inside this tube may be decreased at least tenfold. 
Foreign gas composition has little effect on the sodium vapor pressure, pro-  
viding no chemical reactions occur in the system. However, the reaction of 
hydrogen with the quartz surface results in a marked increase in the sodium 
vapor pressure. The system described may be easily adapted for deter-  
minat ion of other contaminant  vapors which could be present  in hot quartz 
furnace tube atmospheres~ 

The detection of trace amounts  of impurit ies in 
semiconductors which adversely affect their electrical 
characteristics continues to be a source of problems 
which tax the limits of most analytical  methods. Ana l -  
yses for these micro amounts  of contaminants  require 
more sophisticated approaches and specialized equip- 
ment  than  are usually used in routine problems. 

The effect of sodium contaminat ion on the electrical 
properties of silicon oxide and silicon ni t r ide films 
has been the subject of many  investigations (1-6). 
The distr ibution of this contaminant  in these films and 
on cleaned silicon surfaces has been studied by flame 
emission, radiotracer, and neut ron  activation analytical  
methods (7-11). The main  source of this impur i ty  has 
been suggested to be the furnace tube and l iner in 
which oxidation and diffusion reactions occur (4). 

Analysis of furnace atmospheres for contaminants  
such as sodium ideally should be carried out un -  
der conditions which at least approach those used 
dur ing actual operation when these contaminants  be-  
come a problem. This report concerns the develop- 
ment  of an atomic absorption method whereby the 
vapor pressure of sodium and that  of many  other trace 
elements can be measured at high temperatures  over 
materials such as firebrick, mullite, quartz, and other 
ceramics or contaminated surfaces employed in fur-  
nace tube construction or subjected to' high tempera-  
tures in production processes. 

Theory 
Atomic absorption spectroscopy is the study of ab-  

sorption of resonance lines by free atoms in the vapor 
phase. In the process, radiant  energy is absorbed by 
ground state atoms, and the outer valance electrons 
are excited. Measurement  of the absorption of radiant  
energy and its relat ion to the n u m b e r  of absorbing 
atoms is the basis for this analyt ical  procedure. 

The relationship of the concentrat ion of free atoms 
in the vapor phase to the absorption of radiant  energy 
can be represented by equations and has been thor-  
oughly discussed by several authors (12-17). These 
equations, which account for the various l ine -broad-  
ening phenomena occurring in the absorption process, 
are used to arr ive at the results reported here. 

If a parallel  light beam of intensity,  Io, and fre-  
quency, ~, is allowed to pass through an absorbing 
media, x centimeters long, then the t ransmit ted  light 
Iv, will  be given by: 

Iv = loe -K~x [1] 

where Kv is the absorption coefficient of the gas at 
frequency, ~. 

This basic equation is modified to correct for certain 
l ine-broadening phenomena which tend to decrease 
absorption and reduce sensitivity. The most impor tant  
of these are Doppler and Lorentz broadening. Doppler 
broadening is due to the random motion of the absorb-  
ing atoms and requires that  the absorption coefficient, 
K, be modified to include the part ial  pressure of the 
absorbing atoms. Lorentz broadening is due to the 
presence of the foreign gas and introduces terms de- 
pending on its composition and partial  pressure. 

Equation [2] is derived from Eq. [1] by incorpor-  
ating corrections for Doppler and Lorentz broaden-  
ing, the sodium spectrum hyperfine s t ructure  and so- 
dium oscillator strength. 

To -- % exp - -A  TZ/---- T -t- % exp - -B T3/----- ~ 

In Eq. [2], the exper imental ly  measured quanti ty,  
I/Io, is related to the part ial  pressure of the absorbing 
species. This equation in addition to P, the part ial  
pressure of the sodium atoms, includes two constants, 
A and B, whose values depend on temperature,  molec- 
ular  weight, and pressure of the foreign gas. The 
reader is directed to the work of Vidali (16) for the 
complete review of this derivation. 

Figure 1 shows a series of curves obtained by solv- 
ing Eq. [2] with the aid of an IBM 1130 computer  for 
selected values of I/Io and certain exper imental  pa ram-  
eters. This part icular  set of curves shows the re la-  
t ionship between sodium vapor pressure and t rans-  
mit tance at three different part ial  pressures of argon. 
Between t ransmi t tance  values of 0.1 and 0.9, this rela-  
t ionship is near ly  l inear  and has a reasonably small  
slope. Beyond these values, the sensit ivity of the 
method drops rapidly as the slopes approach infinity. 
By comparing the three curves, it can be seen that  
the effect of a foreign gas pressure of < 200 Torr on 
the relationship represented by the curves is small 
and, in fact, below 20 Torr the effect is insignificant. 
Foreign gas pressures used in these experiments  were 
easily controlled to wi th in  a few Torr. 

The influence of temperature  on the relationship is 
somewhat less than that  of foreign gas pressure. In  
the vicini ty of 1300~ where most of these measure-  
ments  were made, a 200 ~ change in tempera ture  has 
about the same effect as a 200-Torr change in pres- 
sure at the 100-Torr level. 

1313 
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Fig. 1. Effect of foreign gas pressure on transmittance. 

Since the transmittance,  I/Io, is a function of the 
product of the sodium vapor  pressure, P, and the ab- 
sorption path length, x, then any increase in this path 
length wil l  increase the sensit ivi ty of the method. For  
example,  a change of path length from 10 to 70 cm 
increases the sensit ivi ty 7 times. The curves shown in 
Fig. 1 were  calculated for an absorption path length 
of 70 cm. 

It is apparent  from Eq. [2] that  the substi tution of 
appropr ia te  values for the molecular  weight  of any 
foreign gas will  produce curves very  similar to those 
shown in Fig. 1. However ,  if the foreign gas has an 
influence on the ground state atom populat ion of the 
absorbing element,  then a corresponding influence wil l  
be observed in the transmittance.  For  example,  oxygen 
would be expected to react  with sodium at the t em-  
peratures  used in this exper iment  and would reduce 
the ground state atom populat ion by formation of the 
oxide. Al though the amount  of sodium in the atmos-  
phere could remain  unchanged, the sodium ground 
state atom populat ion would  be reduced and a cor-  
responding decrease in absorption would be observed. 
Similar  reactions could be expected such as reactions 
be tween foreign gases and quartz tube walls which 
would result  in an increase in sodium vapor pressure. 

If the conditions of temperature ,  foreign gas pres-  
sure, composition, and cell length described in Fig. 1 
are met, then these curves may be used to determine  
the actual sodium vapor  pressure existing in a tube 
furnace. These or similar  curves calculated for the 
specific conditions of the exper iment  were  used in 
this work. 

E q u i p m e n t  
Measurements  were  made with  an atomic absorption 

spectrophotometer  which consisted of a hol low cathode 
light source and power supply, tube furnace, quar tz  
furnace tube with  quartz  end windows, monochroma-  
tor, strip chart  recorder,  lenses, chopper, and optical 
bar. A diagram of the optical system is shown in Fig. 
2. Each element  in the system was firmly mounted on 
a t w o - m e t e r  optical bar and a heat shield was placed 
between the furnace and the monochromator  to re-  
duce the effect of t empera tu re  changes on the mono-  
chromator  optical system. 

The l ight source was a Ja r re l l -Ash  model  #45-585 
neon-fi l led hollow cathode sodium lamp which was op- 
erated f rom a J a r r e l l -Ash  hollow cathode power sup- 
ply. During operation, the lamp required about 30 min 
of wa rm-up  before a stable source was obtained. The 
output  from a Zeiss model  M4Q III  monochromator  

DETECTOR HOLLOW 
FURNACE CATHODE TUBE 

PRISM 
MONOCHROMATOR 

I I I I QUARTZ TUBE I 

AND 

 .OTOMOCT, L,ERpi r / C4 ER 5OZ - ER 
TUBE . . . . . . .  . . . .  

HEAT SHIELD QUARTZ WINDOWS 

Fig. 2. Optical path diagram 

and a model  PMQ II indicator unit  was moni tored with 
a Sargent  model  SR strip chart  recorder.  The regular  
chopper in the Zeiss monochromator  was disconnected 
for this application, and an externa l  chopper of the 
same design, phase-locked to the photomult ipl ier  a-c 
amplifier, was placed in the light beam between the 
lamp and the furnace. Only the modulated l ight from 
the hol low cathode lamp was amplified with  this ar-  
rangement ,  and in terference f rom stray radiat ion was 
avoided. 

A 23-cm-long tube furnace with Kanthal  windings 
on a 52-mm ID Norton Alundum-98 winding core was 
used as the means of producing the atomic vapor.  This 
furnace was capable of reaching 1378~ and had a 
fl.at zone of about 5 cm at 1323 ~ ~ 5~ The furnace 
tempera ture  was control led by a p la t inum-p la t inum 
10% rhodium thermocouple  connected to a Honeywel l  
Regulator  in the power  supply. The t empera tu re  was 
regulated to wi th in  a few degrees of the setting at the 
upper  end of the heat ing range. The furnace was 
mounted on a hinged plat form which al lowed it to be 
easily removed from the light path to permit  cal ibra-  
tion of the spectrophotometer  during the heat ing cycle. 

Two types of quartz  furnace tubes fabricated from 
G.E. #204 quartz  were  used in this study. The tube 
shown in Fig. 2 which extended wel l  beyond the hot 
zone had an outside d iameter  of 42 mm and an over -  
all length of 70 cm. It was fitted with standard taper 
joints, fused quartz windows at each end, and an in-  
let for control of the foreign gas a tmosphere  wi th in  
the furnace tube. The second tube which was designed 
to fit completely wi thin  the hot zone was only 5 cm 
long wi th  an outside d iameter  of 38 mm. This tube 
was used to observe absorption where  diffusion of the 
sodium vapor  to cooler portions of the tube could not 
occur. 

Resul ts  a n d  D iscuss ion  
The system described in the preceding section a]- 

lowed the sodium vapor level  to be moni tored in 
quartz  furnace tubes under  a var ie ty  of operat ing 
conditions. 

Figure  3 shows the decrease in sodium vapor  pres- 
sure in the furnace atmosphere which occurred upon 
extended heat ing of a new quartz  70 cm tube at 
1323~ using a foreign gas mix ture  of 80% N2 and 
20% H2 (forming gas) at 200 Torr. All  the measure-  
ments were  not made during one continuous heat ing 
period, but for various practical  reasons three or four 
cooling and heat ing cycles were  involved and actual 
measurements  were  made on three  different days. 
Only the actual t ime at the selected tempera ture  is 
plot ted here. 

The rapid decrease of the sodium vapor  pressure 
from 16.5 x 10 - s  to 7.0 x 10 - s  Torr  during the first 2 hr  
of heat ing is due to superficial cleaning of the quartz 
surface. The gradual  decline in sodium vapor  pressure 
after  2 hr  of heat ing is caused by the approach of an 
equi l ibr ium between the sodium in-diffusing f rom the 
furnace l iner through the quartz  tube at the hot zone 
and the sodium out-diffusing f rom the hottest  area to 
the cooler parts of the tube. These results indicate that  
the preheat ing of new furnace tubes for several  hours 
before their  use for oxidation or other production pro-  
cedures will  result  in a less contaminated operation. 

Existence of this equi l ibr ium is demonstrated by 
the fact that  changes in the system, especially those 
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Fig. 3. Approach of equilibrium sodium vapor pressure in new 
quartz furnace tube. 

which result  in a shift of the "hot zone," are imme-  
diately reflected in the sodium vapor  pressure level. 
For  example,  when the position of the quartz tube 
was shifted la teral ly  2.5 cm, the sodium vapor  pres-  
sure reached after 16 hr  of heating at 1323~ imme-  
diately increased f rom 3.5 x 10 - s  to 5.0 x 10 - s  Torr. 
Large instantaneous increases in the sodium vapor  
pressure occurred when rapid changes were  made in 
the foreign gas pressure. Sodium vapor pressures as 
high as 10 -6 Torr were  observed at these t imes with 
a few minutes required for the sodium level  to re turn  
to its equi l ibr ium value of 10 - s  Torr. These high so- 
dium vapor  pressures are caused by the disturbance 
of the equi l ibr ium flow of sodium in the furnace at- 
mosphere. Such temporar i ly  high sodium levels in the 
furnace a tmosphere  could easily result  in sodium con- 
taminat ion of products which are being t reated in an 
otherwise "clean" system. 

The influence of various furnace tube arrangements  
on the sodium vapor  pressure wi thin  the tube is shown 
in Table I. These measurements  were  all made at 
1323~K in a 200-Torr H2 atmosphere.  The equi l ibr ium 
sodium vapor  pressure in the 5-cm tube, fitting entirely 
wi thin  the hot zone with  its walls touching the ceramic 
liner, was 7.2 x 10 -7 Torr. The equi l ibr ium sodium 
vapor  pressure in this tube under  the same conditions 
except  wi th  the quartz tube walls separated from the 
ceramic l iner by an air space was below the detection 
l imit  of 5.2 x 10 - s  Torr. In this case, sodium coming 
from the ceramic diffused from the hot port ion of the 
furnace through the space between the ceramic and 
the quar tz  to the cooler parts of the system without  
penetrat ing the quartz  walls. 

The equi l ibr ium sodium vapor  pressure level  in the 
5-cm tube, 7.2 x 10 -v  Torr, is much higher  than that  
measured in the 70-cm tube, 6.4 x 10 - s  Torr. This is 
contrary to what  might  be expected since the 70-cm 
tube with  a larger  d iameter  and a greater  surface 
area in the hot zone should have favored the release 
of sodium into the furnace atmosphere.  The results 

observed can be explained by the ease wi th  which 
sodium inside the 70-cm tube can diffuse from the 
hot area to the cooler zones of the tube. In the case 
of the 5-cm tube, this can only occur by diffusion 
through the quartz end windows. 

The effectiveness of a simple mul t iwal led  tube sys- 
tem in lowering the sodium contaminat ion level  within 
the furnace was measured. The sodium vapor  pressure 
in a 70-cm quartz furnace tube, previously contami-  
nated with  a small amount  of sodium oxide, was low- 
ered from 9.4 x 10 -7 to 7.6 x 10 - s  Torr  by placing a 
second quartz  tube inside the original tube, leaving a 
1-mm space between the walls of the concentric tubes. 
This space al lowed the sodium vapor  to diffuse to the 
cooler portions of the system without  penet ra t ing  into 
the inner  furnace atmosphere.  

Theoretically,  for a given part ial  pressure of sodium, 
the I/Io observed will  differ wi th  the composition and 
pressure of the foreign gas. However ,  these effects are 
accounted for in Eq. [2]. If  the proper  values are used 
in its solution, the same part ial  pressure of sodium is 
obtained for each set of parameters .  

Some exper imenta l ly  measured equi l ibr ium sodium 
vapor  pressures obtained for the same 70-cm tube at 
1357~ wi th  different foreign gas compositions and 
pressures are shown in Table II. The same sodium va-  
por pressure within the precision of the measurement  
was observed for each of three  inert  gases at 2 and 
200 Torr; however,  in the presence of H2, the sodium 
vapor  pressures measured were  considerably higher. 
These results reflect the reaction of H2 at the quartz  
surface releasing sodium into the furnace atmosphere. 
The reaction of H2 with  a quartz  surface has been pre-  
viously proposed by Fewer  and Gill (4). 

S u m m a r y  
Atomic absorption spectroscopy has been used to 

measure low sodium vapor  concentrations present  in 
hot quartz  furnace tubes. Sodium vapor pressure mea-  
surements  show that  an equi l ibr ium level  is reached 
when the rate of sodium in-diffusing f rom the furnace 
liners through the quartz walls is equal  to the rate 
of sodium deposition on the cooler portions of the sys- 
tem. In the case of a new quartz furnace tube, several  
hours of heat ing may  be required before this equi l ib-  
r ium is established. Iner t  foreign gases present  in the 
quartz  tube have no effect, but chemical  reactions of 
other  gases wi th  components in the system are pos- 
sible which will  change the measured sodium vapor  
concentration. The sodium contaminat ion level  of the 
furnace atmosphere may be decreased as much as 
tenfold by a simple mul t iwal led  tube system. 

Manuscript  submit ted Jan. 2, 1969; revised manu-  
script received May 7, 1969. This was Paper  522 pre-  
sented at the Montreal  Meeting, Oct. 6-11, 1968. 

Any  discussion of this paper will  a p p e a r i n  a Dis- 
cussion Section to be published in the June  1970 
J O U R N A L .  
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Studies on Chlorate Cell Process 
V. Theory and Practice of a Modified Technology for 

Electrolytic Chlorate Production 
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Electroche~nistry Department, Institute of Chemistry, Technology and Metallurgy, Beograd, Yugoslavia 

ABSTRACT 

A modified technology for e lectrolyt ic  chlorate  product ion has been de-  
veloped. The cell  is considered as a hypochlor i te  genera tor  and  the holding 
volume as a reactor  for the conversion of ava i lab le  chlor ine to chlorate.  The 
holding volume is opera ted  at an e levated  tempera ture .  The process as a 
whole then leads to h igher  cur ren t  efficiencies. For  such a closed-loop system, 
theoret ica l  re la t ionships  were  es tabl ished be tween  the cur ren t  efficiency and 
other  de te rmin ing  factors. These re la t ionships  were  confirmed exper imenta l ly .  
Foers te r ' s  theory  of e lectrolyt ic  chlora te  format ion  has also been confirmed 
by  the present  results.  

Max imum cur ren t  efficiency in chlora te  production,  
according to Foers t e r  (1, 2) is obta ined when the con- 
version of hypochlorous acid and hypochlori te ,  i.e. 
the  to ta l  ava i lab le  c h l o r i n ~  

Cs---- [HCIO] + [C10- ]  [1] 

into chlora te  occurs only by the chemical  react ion 

2HC10 -{- C 1 0 -  -}- 2H20 --> C1Os- -}- 2C1- + 2H~O + [2] 

However,  a lmost  unavo idab ly  a s imultaneous anodic 
oxidat ion  of ava i lab le  chlor ine to chlorate  takes  place, 
accompanied by  oxygen evolution,  i.e. 

6e 
6CIO- -}- 9H20 ) 2CIO3- 

+ 6H~O + + 4C1- + 3/2 02 [3] 

and this represents  an unnecessary  loss of current .  
The cathodic reduct ion  of hypochlor i te  ions is also 

possible, but  is usual ly  e l iminated  by  adding  smal l  
amounts  of d ichromate  to the e lect rolyte  (3). 

Let  the  anodic evolut ion of chlor ine wi th  successive 
hydro lys i s  and conversion into chlora te  by  react ions 
[2] and [3] be considered as the  useful  process, r esu l t -  
ing in the  cur ren t  efficiency, tl. In  a c losed-loop 
system in which the  e lec t ro ly te  is c i rcula ted be tween 
the cell  and a holding volume (Fig. 1), the  quasi  
s teady  s tate  a t ta ined  in respect  to the  avai lab le  chlo-  
r ine  is charac te r ized  by the balance  in the  cell  (see 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
1 P r e sen t  address :  " J u g o v i n i l , "  K a s t e l  Sucurac ,  Spl i t ,  Yugos l av i a .  
'~ The t e r m  " a v a i l a b l e  c h l o r i n e "  compr i ses  the  s u m  of concen t ra -  

t ions  of the  h y p o c h l o r i t e  ions,  h y p o c h l o r o u s  acid, a nd  of the  mo-  
l e cu l a r  ch lo r ine  in  so lu t ion .  U n d e r  o p e r a t i n g  c o n d i t i o n s  of  ch lo ra t e  
cel ls  a n d  in  a l l  our  e x p e r i m e n t s ,  the  c o n c e n t r a t i o n  of the  m o l e c u l a r  
ch lo r ine  was  neg l ig ib l e .  

Append ix  I) : 

I dCsc i 
Vc [ \ ~ / }  = 2F 3fc 2. kr,c" Vc 

�9 [IICiO]c 2 �9 [C]O-]c--  q(Csc -- Csh) = 0 [4] 

where I represents the total current; fc is the activity 
coefficient of hypochlorous acid; kr,c is the rate con- 

CE PU 

~-- ~ 

GE SC~] 
pHS FM 

SR R 

Fig. 1. Apparatus (A) and electrical circuit (B) for performing 
the modified process. C--the cell; V--holding volume; P--pump; 
CE--cooling coil; pHS--pH.Stat; FM--flow meter; SR--silicon rec- 
tifier; R--rheostat; A---ammeter. 
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stant for reaction [2]; Vc is the volume of the elec- 
t rolyte  in the cell; and q is the flow rate. Subscripts 
h and c shall refer,  throughout,  to the quanti t ies re-  
lating to the holding volume and the cell, respectively.  

The first te rm of Eq. [4] takes care of the generat ion 
of available chlorine by the current,  the second term 
represents the chemical  conversion to chlorate in the 
cell, whi le  the third te rm represents  the difference in 
the amount  of avai lable chlorine leaving the cell and 
enter ing the cell f rom the holding volume. Equation 
[4] assumes that  the cell works as a back-mix  flow 
reactor. 

One should note that  losses due to evaporat ion of 
chlorine and hypochlorous acid in the s tream of the 
evolving hydrogen, as well  as that  due to cathodic re-  
duction of available chlorine and its catalytic decom- 
position, are neglected. 

Hence, for the usual conditions of chlorate  pro-  
duction, the current  efficiency can be obtained from 
Eq. [4] as 

2 2fc 2 �9 k r , c  " V c  " F 
tl = -~- + I [HC10]c 2 " [C10-]~. 

+ --ff F -i- �9 (C=~ --  C~)  [5] 

The eoncentrations of hypoehlorous acid and hypo-  
chlorite ions in Eq. [4] and [5] are difficult to assess 
analytically. However ,  they can be replaced by the 
concentrat ion of available chlorine. Thus, the the rmo-  
dynamic dissociation constant of hypoehlorous acid is 

aH30+ " fClO- �9 [C10- ]  
K a  = [6] 

5 " [HC10] �9 an2o 

or, rear ranging (cf. [7]) 

aH3o+ " [C lO- ]  ~ " aH.2o 
K *  = = K a  " - -  [7] 

[HC10] 5clo- 

Using Eq. [7] with [1], one can find the concentrations 
of hypochlorous acid and introduce them into Eq. 
[5]. One obtains 

2 2re 2" kr , c  " V e  " F K e *  " (aH3o+)c 2 �9 Csc  3 
t, = y +  

I [Kc* + (aH3o+)c] 3 

+-~F. T .(c=c-c=h) [8] 

Separately,  and if the holding volume is considered 
as a back-mix  flow reactor,  the mater ia l  balance in 
it renders  as follows 

q ( C c s - - C s h )  -~- 3 �9 f h  2 �9 k r , h  " V h  �9 [HClO]h 2 �9 [C lO- ]h  
[9] 

From Eq. [1], [7], and [9], it follows 

q ( C = c -  Csu] = 3fu 2 �9 kr, h " V~ 

K h *  " (aa30+)h 2 " C s h  ~ 
[ 10 ]  

[K~* + (aH30+)hP 

Replacing this into Eq. [8], one obtains 

2 2]c 2 �9 k r , c  " V c  " F K a *  (anao+)c 2 �9 Csc 3 
t~ = y +  

I [Kc* + ( a H 3 0 + ) c ]  3 

2fh 2 " k r , h  " V h  �9 F K h  * (aH30+)h ~ " C s h  3 
+ [ii] 

I [Kh* q- (aH30+)U] 3 

Equat ion [11] shows that  current  efficiency can be 
t reated as dependent  on the operat ion of two parts of 
the chlorate production system, i . e .  electrolytic cell and 
the hoIding volume. So far  the two parts  were  consid- 
ered isothermal, and the t empera tu re  in industr ial  
electrolysis was l imited by the graphi te  corrosion 
wear, which increases with the latter.  This has placed 
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l imits to the value of the rate  constant for the chemi-  
cal conversion of hypochlori te  to chlorate and hence 
to the increase of tl. Actual  tl values in usual pro-  
duction practice are known to be about 80% (16). 

In the present  t reatment ,  it is seen that  an in- 
crease in tl can be obtained if the holding volume, as a 
separate unit, is heated to higher  tempera tures  than 
the cell, for  the usual exponent ia l  dependence of the 
rate  constant may make the third t e rm in Eq. [11] 
significantly larger. 

Since this possibility of increasing the current  effi- 
ciency may be of considerable practical importance, 
the val idi ty  of Eq. [11] and its consequences are inves-  
t igated in the present work. 

Experimental 
The apparatus used for the exper iments  is shown in 

Fig. 1. The cell was made of hard PVC (Fig. 2). A 
continuous flow of the electrolyte  and a magnet ic  
s t i rrer  provided conditions of operation of a back-mix  
flow reactor. The overflow mant le  al lowed the sepa- 
rat ion of gas bubbles f rom the electrolyte  prior  to 
leaving the cell. Tempera ture  in the cell was main-  
tained constant by circulat ing the thermostat  l iquid 
through a cooling coil. The major i ty  of exper iments  
were  carried out at a cell t empera tu re  of 25~ The 
pH value of the outflow was controlled and main-  
tained constant to __0.1 pH unit by adding acid or base 
from an automatic  ti trator.  Cell volume was 600 cm:L 

The flow of electrolyte  was provided by means of a 
membrane  pump made of PVC, and was controlled by 
a differential  manometer  as a flow meter.  

The flow rate  could be var ied  from 1 to 4 l i ters /hr .  
Two different holding volumes were  used, 1.0 and 2.0 

liters. A st i rrer  was used to provide  the conditions of 
a back-mix  flow reactor. The holding volume was 
thermosta ted to tempera tures  of 15.0 ~ 25.0 ~ 40.0 ~ 
60.0 ~ and 80.0~ 

The electrolyte  was 300 gpl of NaC1 and 2.4 and 8 
gpl of sodium dichromate.  Electrolysis was carried 
out to 30 gpl of sodium chlorate, whereupon  the elec- 
t rolyte  was renewed.  

pH values in the cell were  varied be tween 6.0 and 
8.0 and currents  of 2.0, 4.5, 9.0, and 12.0A, or current  
densities of 2.96-17.8 A / d m  -2 were  used. 

2 
6 

~/ / / /~  ~ / / / / / / / / / / /  / /  / / / / /  / / / A  

Fig. 2. Details of the electrolytic cell: 1---cell body; 2--platinum 
gauze anode; 3--platinum wire cathode; 4--glass coaling coil; 5 -  
magnetic stirrer; 6--gas outflow. 
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Table I. Typical quasi steady-state data for electrolytic chlorate production in the 
closed-loop system of Fig. I 

(t~ = 25.0~ V c  = 0.6 l i t e r .  V~ = 2.2 l i ter ,  A = 67.5 cm~) 

C~: . 10 ~, C,~ �9 10 ~, q - 10', 
No. th, ~  p H c  pI-ia m o l e s / l i t e r  m o l e s / l i t e r  tL l i t e r s / s ec  I, a m p  

1 25 8.04 8.29 9.73 94.20 0.699 8.20 4.5 
2 25 8.16 8,21 9.80 96.10 0.690 8.20 4.5 
3 40 7.68 7,56 4.14 35.70 0.836 8.33 2.0 
4 40 8.37 8,51 13.55 124.9 0.766 8.33 6.0 
5 40 7.91 7.77 15.00 132.4 0.843 10.2 6.0 
6 40 8.34 8.30 17.58 156.9 0.738 5.34 10.0 
7 40 8.05 7.80 6.47 53.4 0.788 8.20 4.5 
8 50 6.34 5.83 2.66 14.35 0.936 6.22 2.0 
9 60 8.07 5.70 2.00 9.86 0.958 8.33 2.0 

10 60 6.10 5.78 1.76 9.48 0.949 10.2 2.0 
11 60 8.45 5,80 3.00 12.48 0,967 10.2 4.05 
12 60 7.45 7.1fi 2.23 14.30 0.908 8.33 2.0 
13 60 6.46 5.56 4.95 19.60 0.966 8.33 6.0 
14 60 8.16 7.80 10.68 81.60 0.823 8.33 8.0 
15 60 6.80 5.60 7.98 31.90 0.948 10.2 10.0 
16 60 5.74 5.15 4.56 19.90 0,939 4.30 2.0 
17 60 7.36 6.83 3.77 20.10 0.881 8.20 4.5 
18 B0 6.52 5.98 3.14 8.06 0.960 8.20 4.5 

Pla t inum gauze electrode used 
67.5 cm 2 of active surface area. 

as the anode was of 

Several quanti t ies were measured simultaneously:  
the pH, the total available chlorine of inflowing and 
outflowing electrolyte (Csc) and (Csh), respectively, 
and the chlorine and oxygen content in the evolving 
gas. The total amount  of the latter was measured with 
t ime using a soap bubble  flow meter  [17] and the 
amount  of hydrogen was obtained by subtract ing the 
amounts of oxygen and chlorine. The results of such 
a gas analysis were used to determine the current  
efficiency (see Appendix II).  

Results and Discussion 
A typical set of exper imental  data is given in Table 

I. 
Under  conditions where the chemical conversion 

inside the cell can be neglected (small ceil volume 
and low tempera ture  relative to those of the holding 
volume),  Eq. [8] reduces to 

tl ~ 2/3 -~ 2/3 .F. (q / I )  �9 (Csc --  Csh) [12] 

The lef t -hand side gives a measure of the chemical 
conversion in the holding volume. If this is plotted as 
a function of (q / I )  �9 (Csc - -Csh) ,  a straight line should 
be obtained with a slope of 2/3 �9 F. Figure 3 repre-  
sents the plot of the obtained exper imental  data. 

The points are seen to follow fairly well the ex- 
pected relat ion over the whole range of different q 
and I values, as well  as over the range of holding 
volume temperatures  whose effect is implici t ly con- 
ta ined in (Csc-- Cs~). 

This represents an experimental  confirmation of the 
validity of the derived Eq. [12], and essentially also an 
additional confirmation of the val idi ty of the Foerster 
equations (1,2). Deviations should be due mostly to 

03C 

0.25 

0.2C 

015 

o~C 

0.05 

0 

Fig. 3. The test of Eq. [12] for the effect 
version in the holding volume. The solid line 
retical slope. 

o 

(~)(cso-c~) 104 

0'~ ~ - ,'5 ~ {~ ~ ~s ~ ~ 

of the chemical con- 
represents the theo- 

the fact that in some circumstances of relat ively close 
temperatures  in the two parts of the system the chemi- 
cal conversion inside the cell was not negligible. The 
points near  to the origin correspond to high pH values 
and low temperatures  render ing relat ively low cur-  
rent  efficiencies (see Table I).  Conversely, upper 
points reflect higher temperatures  and lower pH values 
of the holding volume. 

The dependence of tl on holding volume tempera-  
ture is not a s traightforward one. One should have 
in mind that in addition to kr, h, the effect of Csh in 
Eq. [11] is also tempera ture  dependent  in a complex 
manner .  This can be understood as follows. Equation 
[5], to which all others are related, merely  reflects 
the Faradaic stoichiometry which determines that, the 
larger tl, the higher should be the accumulat ion of 
available chlorine in the cell (Csc - -Csh ) .  However, 
there is an intr insic reason, arising from the hydro-  
dynamics of the problem (8), that  the converse is 
true. An increasing C~c decreases tl, because of in-  
creased direct anodic oxidation of available chlorine. 
For this reason, al though one should at tempt to have 
( C s c -  Csh) as large as possible, one should at the 
same time t ry  to keep the C~c as low as possible. 

The Csc can be lowered and yet Csc - -  Cs~ in-  
creased if the removal  of avai lable chlorine from the 
cell is speeded up and at the same time the rate of 
conversion of available chlorine in the holding volume 
is increased by increasing the temperature.  However, 
this possibility is obviously l imited by two factors: 
(a) The increase in the rate  of conversion with tem- 
perature must  show an asymptotic tendency to some 
max imum value, in spite of the fact that the rate con- 
stant  is increasing, because the concentrat ion factor in 
the rate expression decreases with the third power; 
(b) the increase in the difference Csc --  Csh can be 
achieved only as long as Csu is significant compared to 
C$c. 

The effect of temperature  on tl at a constant  pH in 
the holding volume is show in Fig. 4. It is seen to 
exhibit  the expected asymptotic tendency toward a tl 
value determined by the hydrodynamic conditions in 
the cell at inflowing available chlorine concentration, 
Csl~, considerably smaller than  the one generated by 
the cell process, Csc. At large enough flow rates to 
make Csc relat ively as low as the one used in the given 
experiment,  this value of tl is seen to approach unity.  

When controll ing the pH in the holding volume, it 
was found that the rates of conversion increased when 
pH was changed from the region of 7.0-7.5 [believed 
in l i terature to be optimal (4, 5, 6)] to the region of 
6.0-6.5. This mat ter  was discussed in detail elsewhere 
(7). 

One should note also that  our measurements  show 
that, if a pH of 8.0 is mainta ined in the cell, the lowest 
efficiency of 66.7% is not obtained at temperatures  of 
the holding volume other than 25~ or lower. At any 
higher temperatures  the efficiencies are higher, since 
chemical conversion makes the expected contributions.  
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Fig. 4. The dependence of current efficiency on temperature of 
the holding volume at constant pHh = 6.0, i = 4.5A, q = 2.95 
liters/hr, Vh = 2.2 liters. 

The effect of increasing flow rate, q, was also con- 
firmed. This is not  to be taken, however, as evidence 
of the effect of the l inear  velocity of flow past the 
electrodes [cf. Despid, Jaksi6, and Nikolid (8)],  bu t  
ra ther  reflects a decreasing apparent  current  density 
per uni t  volume with increase in  flow rate, and con- 
sequent ly smaller  C8~ values. 

Another  way of testing Eq. [8] and its consequences 
was found in the following rea r rangement  

2 / e  2 " kr ,  c " V c  �9 F 

I 

Cs c  3 

Cs c  - -  Csh 
[13] 

[14] 

2 
t l m ~  

3 2 F - q  

Csc- c:h = Y " - - T  + 

K c *  " (aH30+ )c  2 

[ K c *  -[- ( a H 3 0 + ) c ]  3 

which is of the type 

y = m + p x  

It  is seen that  if y is plotted vs.  x for each constant  
pH value of the cell and constant q / I  ratio, a straight 
line should be obtained. A set of results to be in ter -  
preted in  this way  is given in Table II. The resul t ing 
dependence [13] is seen in  Fig. 5. 

The slopes are seen to be functions of pH. By a 
digital computer  analysis of pairs of slopes, the aver-  
age value of the two u n k n o w n  constants contained in 
them, kr.c and Kc*, could be found since other param-  
eters were known. The result  was 

kr.e ~- 0.0304 liters2/mole 2 �9 see 

Kc* = 1.6 �9 10 -7 

The rate constant, kr.c, is in agreement  with the 
value obtained by Foerster  (1,2).  The dissociation 
constant  is an order of magni tude  higher (cf. [12]) 
than the known thermodynamic  value in dilute solu- 
tions (cf. [9], [10]). This is in accordance with the 
fact discussed elsewhere (7), that  the activity coeffi- 

�9 T A 

I 

L 

1 
10 

�9 C3,~ ( C , ~ - - C ~ . )  -I. 10 2 

1319 

Fig. 5. y vs. x graph (Eq. [13] and [14]) for different pH of the 
cell electrolyte. 

cient of hydrogen ions in the concentrated electrolyte 
is about 10. 

The approach used seems to offer an interest ing 
possibility for kinetic analysis of other similar systems 
consisting of back-mix  flow reactors in  a loop. 

Figure 3 shows that, using appropriate conditions 
of electrolysis and chemical conversion in the de- 
scribed system, it is possible to obtain current  effi- 
ciencies as high as 96% which are not reached in the 
usual  practice of isothermal circulation in  the chlorate 
cell process with graphite anodes. 

Our measurements  with graphite anodes in the same 
apparatus (Fig. 1) show that, other conditions being 
equal, graphite electrodes yield about the same cur-  
rent  efficiency as pla t inum,  al though a systematic 
difference of about 2% seems to exist. Shl iapnikov and 
Fil ippov (13, 14), however, showed that  the ma x imum 
difference between the cur ren t  efficiency obtained by 
electrolyte analysis and that  calculated from gas ana l -  
ysis data is about 1%. Hence, the systematic difference 
in current  efficiency on graphite and p la t inum is prob-  
ably due to a direct chemical oxidation of graphite 
sludge during the process, by hypochlorous acid (15). 

To implement  the modification of the process based 
on the concept investigated above in chlorate pro-  
duction practice, two techniques are available: 

1. Modern mercury  cells in chlor-alkal i  electrolysis 
are operated at very high current  densities (up to 10 
k A / m  2) and there is a need to remove considerable 
quanti t ies  of heat (11). Since chlorate electrolyzers 
are usual ly  bui l t  in the immediate  vicini ty of chlorine 
plants, it is possible to cool the mercury  cell br ine  
to a desired tempera ture  in a heat exchanger by 
counterflowing the chlorate electrolyte. The lat ter  can 
thus be heated up to 60~176 The water  used so far 
to cool the br ine  can be used to cool the chlorate 
electrolyte instead, in an addit ional heat exchanger. 

2. I t  should also be possible to use the recuperat ion 
principle for the chlorate electrolyte itself, by flowing 

Table II. Typical quasi steady-state data for testing of Eq. [13] 

(q = 2.95 l i t e r s / h r ,  I = 4.5A, t~ = 25.0~ Vc = 0.6 l i t e r )  

t l  

Csc, 
m o l e s / l i t e r  

x 102 

C , ~ ,  t ,  - -  2/3  
m o l e s / l i t e r  pHc ~ eons t  

X 102 (•  pH) pH~ Csc --  Csh 

Cs c 8 

C8~ - -  C , ~ '  
x 10 ~ ta, ~ 

0.872 7.60 6.79 6.54 6.47 22.8 5.43 15.0 
0.881 7.35 6.22 6.43 6.24 18.9 3.52 25.0 
0.900 5.78 4.02 6.47 6.11 13.2 1.10 40.0 
0.925 4.15 1.76 6.47 6.00 10.8 0.299 60.0 
0.935 3,14 1.006 6.52 5.98 12.6 0.145 80.0 
0.797 8.30 7.60 7.02 7.04 18 .6  8.16 15.0 
0.838 7.35 6.22 6.95 6.88 15.1 3.52 25,0 
0,925 5.72 3.64 7.04 6.62 12.4 0.90 40.0 
0.905 3.83 1.82 6.99 6.45 11.8 0.280 60.0 
0.919 2.95 0.942 7.10 6.37 12.5 0.128 80.0 
0,791 8,41 7.66 7.47 7.53 16.5 7.93 15.0 
0.826 8.04 6.84 7.40 7.45 13.3 4.32 25.0 
0.835 5.52 4.27 7.58 7.41 13.4 1.34 40.0 
0.877 3.83 2.01 7.44 6.90 11.5 0.309 60.0 
0.897 3.14 1.26 7.60 6.94 12.2 0.165 80.0 



1320 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  S e p t e m b e r  1969 

U 
Fig. 6. Schematic representation of the industrial application of 

the modified process: 1--the cell; 2~holding volume; 3--heat ex- 
changer; 4--additional cooler; 5--additional heater. 

the  inflow and outflow of the  cell  th rough  a hea t  ex-  
changer.  Addi t iona l  hea t  should be suppl ied  in this  
case to compensate  the  losses (Fig. 6). 

The first technique seems to be more  favorable .  I t  
adds  to the  cost of the  ch lora te  p l an t  only  the  cost of a 
sui table  t i t a n i u m - p l a t e  type  heat  exchanger .  Yet it 
should be able  to increase the  cur ren t  efficiency by  
about  10%, reducing by  tha t  amount  the  cost of elec-  
t r ica l  energy.  For  a 10,000-tons/yr p lan t  unit  a to ta l  
increase in capi ta l  cost should not  be la rger  than  U.S. 
$30,000. The modified technology should save about  
6.0 x 106 kwhr  of e lect r ica l  energy  pe r  annum (about  
$42,000 at the  pr ice of 7 m i l l s / k w h r ) .  

Manuscr ip t  submi t ted  Nov. 14, 1968; revised manu-  
script  received Apr i l  25, 1969. This paper  was presented  
in pa r t  as Pape r  257 at  the  Boston Meeting, May 5-9, 
1968. 

Any  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1970 
JOURNAL. 
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NOMENCLATURE 
(Subscr ipts  c and h refer  to the  quant i t ies  re la t ing  
to the  cell and the holding volume, respect ively . )  
Cs the to ta l  ava i lab le  chlor ine  concen-  

t ra t ion  (moles / l i t e r )  (Csc, Csh) 
[HC10], [C10- ]  concentrat ions  (moles / l i t e r )  of hypo-  

chlorous acid and  hypochlor i te  ions, 
respec t ive ly  ( [HC10]c, [HC10]h, 
[C10-]c ,  [C10- ]  h) 

t l  the  fract ion of cur ren t  (dimensionless  
uni t )  used for genera t ion  of chlor ine  
by  anodic oxidat ion  of chlor ide  ions 
wi th  subsequent  hydro lys i s  of e le-  
men ta l  chlor ine  and chemical  con-  
vers ion or fur ther  anodic oxidat ion  of 
ava i lab le  chlor ine  to chlorate.  

I cell load (amp)  
A act ive surface area  of anode (cm 2) 
F Fa raday ' s  constant  (F  ---- 96.500 cou- 

lombs /mole )  
t ime (sec) 

kr ra te  constant  ( l i ters2/mole 2 �9 sec) for 
react ion [2] (kr.c; kr.h) 

V volume of e lec t ro ly te  ( l i ters)  in the  
cell  (Vc) and in the  holding volume 
(VD 

q e lec t ro ly te  flow ra te  ( l i te rs /sec)  
7, ~C10-- act iv i ty  coefficients of hypochlorous  

acid and hypochlor i te  ions, respec-  
t ive ly  (fc, fh) 

aH3o+,aH2o act ivi t ies  (moles / l i t e r )  of hydron ium 
ions and water ,  respect ive ly  [ (an30+) c, 
(aH30 + ) h] 

K~, K* the rmodynamic  dissociation constant  
and r ea r r anged  dissociation constant  
of hypochlorous  acid (Kc*, Kh*) 

tc, tu t empe ra tu r e  of the  cell  and the  hoId-  
ing volume respect ive ly  (~ 

The meaning  of o ther  symbols  used is descr ibed in 
A p p e n d i x  I and II. 

A P P E N D I X  I 
One can a r r ive  at  Eq. [5] both  in the given and an 

ex tended  form, which takes  into account a l l  kinds of 
losses in the  e lect rolyt ic  product ion  of ch lora te  for 
a c losed- loop system, by  considering the ma te r i a l  ba l -  
ance of ava i lab le  chlor ine  wi th  respect  to the  cell  at  
quasi  s t eady- s t a t e  condit ion,  which  is defined by  
(cf. [4]) 

( dCsc ) 
Vc" y = 0 [151 

The par t i a l  contr ibut ions  of ind iv idua l  components  
of production,  consumption,  and loss of ava i lab le  chlo-  
r ine  dur ing  the process would  be as follows: 

(a) Anodic  genera t ion  of ava i lab le  chlorine, which 
is conver ted  to chlora te  by  two possible pa ra l l e l  paths  
(Eq. [2] and [3]) 

( d C s c )  = h ' I  [16] 
Vc" ~ al  2F 

where  h is the  fract ion of cur ren t  used for genera-  
t ion of chlor ine by  anodic oxidat ion of chlor ide  

2 C1- ~ C12 + 2e [17] 

wi th  subsequent  hydro lys i s  
C12 + 2H20 ~ HC10 + H30 + + C1- [18] 

and conversion (Eq. [2]) ,  or  fu r ther  anodic oxidation 
(Eq. [3]) to chlorate.  

(b) Anodic  genera t ion  of ava i lab le  chlorine, which 
is subsequent ly  lost in the  e lect rolyt ic  product ion  
process by  cathodic reduct ion  

C10-  + H20 -~ 2e ~ C1- -{- 2 O H -  [19] 

is descr ibed as 
[ dC~ ~ t2 " I 

Vc" ~, - ~ - - T / a 2  = 2F 
[2O] 

where  t2 is the  fract ion of the  cu r ren t  used for gen-  
erat ion of that  pa r t  of ava i lab le  chlorine. 
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(c) Anodic  genera t ion  of ava i lab le  chlorine, which 
is subsequent ly  lost by  evapora t ion  in the  hydrogen  
s t ream 

( dCsc ~ t 3 . I  [21] 
Vc " T ] G3 ~ 2F 

where  t3 is the  f ract ion of the  cur ren t  used for un-  
hydro lyzed  chlorine.  

(d) F u r t h e r  anodic oxidat ion  of ava i lab le  chlor ine 
to chlora te  (Eq. [3]) .  

( dCsc ~ t 4 " I  [22] 
Vc" ~ - - r / o x =  2F 

where  t4 is the  f rac t ion of the cur ren t  for the  anodic 
chlora te  formation.  

(e) Ava i lab le  chlor ine  consumption by  cathodic r e -  
duct ion 

Vc" ~ RED= 2F [231 

which corresponds to Eq. [20] 
(y) Curren t  losses by  chlor ine  evapora t ion  in the  

hydrogen  s t ream 
( d C s c ~  t 3 . 1  [24] 

v o .  JE = -  2---F- 

(g) Conversion of ava i lab le  chlorine to chlora te  
(Eq. [2]) inside the  cell  (18, 19), which operates  as 
b a c k - m i x  flow reac tor  

Vc �9 ( ) cH = - -  3yc~ " k~,c " Vc 
dCsc 

�9 [HC10]c 2.  [C10- ]c  [25] 

(h) The difference in quanti t ies  of ava i lab le  chlor ine 
leaving the cell and enter ing  the cell  f rom the holding 
volume in the  considered t ime in te rva l  (which is 
equal  to the  conversion of ava i lab le  chlor ine to chlo- 
ra te  inside the  holding volume)  

( dC~c ) 
= - -  q (Csc - -  Csh) [26] 

VC" ~ H 

The ma te r i a l  ba lance  (Eq. [15]) thus  is given by  
the fol lowing re la t ion 

t l  �9 I t2 �9 I t3 �9 I t4 �9 I te �9 I t3 �9 I 

2---F -}- ~ -b 2---F F 2F 2F 

--3~c 2 " kr, c �9 Vc �9 [HC10]c ~" [C10- ]c  

- -  q ( Csc --  Csh) = 0 [27] 

Ind iv idua l  fract ions of the  anodic cur ren t  are, in 
that  case, connected by  the re la t ion  

t l  q- t2 ~L t3 -~- t4 ~--- 1 [28] 

By combining Eq. [27] and [28], one obtains the  
expl ici t  expression for the cur ren t  efficiency on chlo-  
ra te  

2 2]c 2 " kr,r " Vc �9 F 
t l  = -~- + I �9 [HClOc 2] �9 [ C l O -  ] c 

q - - - ~ F  "T " ( C s c - - C s u ) - - ~ - ( t f + t a )  [29] 

in which  fur ther  t ransformat ions  of the  second and 
th i rd  te rms are  possible,  as given in the  ma in  pa r t  
of the  paper .  By dividing al l  te rms of Eq. [27] by  
three,  one can re la te  the genera t ion  and consumption 
of ava i lab le  chlor ine  wi th  chlora te  production,  which 
means  tha t  t l  also defines the  cur ren t  efficiency in the  
process of e lect rolyt ic  chlora te  production.  

The cur ren t  losses due to the  cata lyt ic  decomposi-  
t ion of ava i lab le  chlor ine  and chlorate,  or the  anodic 
oxidat ion  to perchlorate ,  are  p rac t ica l ly  avoided under  
normal  condit ions of production,  and thus need not  
be t aken  into considerat ion in the  presented  analysis.  

The f ract ion of the  cu r ren t  loss due to cathodic r e -  
duction is given as a rat io  of the  difference be tween  
the  theore t ica l  amount  of hydrogen  (Vo) and tha t  ac-  
tua l ly  produced amount  (V1), to the  theore t ica l ly  
given amount  (Vo) for a cer ta in  dura t ion  of e lec t ro l -  
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ysis, namely  
Vo- VI 

t2 = [30] 
Vo 

The fract ion of the  cu r ren t  loss due to chlor ine  
evapora t ion  can also be de te rmined  by  gas analysis  
as the  rat io  of percentage  fract ions of chlor ine (Q) 
and hydrogen  (H) 

Q 
t3 = - -  [31] 

H 
under  the  condit ions of negl igible  cathodic reduct ion 
of ava i lab le  chlorine. If  it  is not  negligible,  this  r e -  
la t ion gives the  ra t io  of evapora ted  chlor ine to the  
theore t ica l  amount  of hydrogen  developed for the  
same t ime interval .  

In  the  presence of d ichromate  ions, wi th  sufficiently 
high cur ren t  densi t ies  and in a sui tably  defined pH re -  
gion, both kinds  of loss tend  to zero, and Eq. [29] re -  
duces to Eq. [5] 

APPENDIX II  
The equation for calculating the current eff• 

from the gas analysis, which takes into account all 
kinds of losses, listed in Appendix I, can be derived 
using Faradaic stoichiometry, i.e. coulometric balance. 

Consider the passage of N faradays through the cell 
during a definite time interval under quasi steady- 
state conditions of electrolytic chlorate production. 
This should be distributed as follows: 

(e) Let x be the fraction of the charge, N, at the 
anode which is used to oxidize those chloride ions 
(Eq. [17]), which on discharge give molecular chlo- 
rine subsequently lost by evaporation (unhydrolyzed 
chlorine). Then x-F produce x.F/2 moles of evap- 
orated chlorine at the anode, and x.F/2 moles of hy- 
drogen at the cathode�9 

(b) Let y be the fraction used to oxidize chloride 
ions which produce available chlorine to replace that 
which is consumed by chemical conversion to chlorate 
(Eq. [2]). Then y.F produce y.F/2 moles of available 
chlorine at the anode and y.F/2 moles of hydrogen at 
the cathode. 

(c) Let z be the fraction used to oxidize further the 
available chlorine into chlorate (Eq. [3]). Then z-F/4 
moles of oxygen are produced at the anode and z-F/2 
moles of hydrogen at the cathode�9 

(d) Let w be the fraction which produces hypo- 
chlorite ions to replace those reduced at the cathode 
(Eq. [19]). Then w �9 produce w.F/2 moles of avail- 
able chlorine at the anode and reduce the same amount 
at the cathode. 
All the fractions must sum up to give the total 

amount of charge as 
x + y + z + w = N  [32] 

The f ract ion of oxygen (S) in the  gas mix tu re  
should then be 

z . F  

O~ 4 
S =  

T+T+r+ v + .F 
[33] 

while  the  content  of unhydro lyzed  (evapora ted)  chlo-  
r ine  (Q) ,  obta ined  by  gas analysis,  is given by  the  
equat ion 

x . F  

C12 2 
Q =  (x 

. F  
y 

[34] 

The cur ren t  f ract ion lost by  cathodic hypochlor i te  
reduct ion  (P ----- tf) is expressed by  the  fol lowing re -  
la t ion 

w . F  

2 
p = [35] 

(x y_+z w) 
T - } -  2 -~- q- --~ . F  
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The cur ren t  efficiency of chlora te  format ion  ( t l ) ,  
which has to be equal  to the  theore t ica l  amount  of 
e lectr ic i ty  requ i red  for the  yie ld  d iv ided  by  the ac-  
tua l  amount  used, is then given, expressed as a f rac-  
t ion of unity,  by  

y . F  

2 
t z  = [36] 

T + y + ~ - + y  . r  

Equations [33-36] represen t  a system of four  homo-  
genous l inear  equations,  which can be solved for t l  
by  e l iminat ing  the unknown quanti t ies  x, y, z, and  u~ 

(1 - -  2Q  - -  3 S )  (1 - -  P )  
t l  = [37] 

1 - Q - s  
The par t i a l  f ract ions of oxygen (S) and chlorine 

(Q) are  de te rmined  by  the  gas analysis,  whi le  the  
de te rmina t ion  of the  cur ren t  f rac t ion losses by  hypo-  
chlori te  reduct ion at  the  cathode (P ---- t2) is d is-  
cussed in Append ix  I. Carbon dioxide is added  to 
the oxygen content  in the  presen t  calculations.  

Techn ca]l Notes @ 
A High-Voltage, Solid-State Battery System 

I. Design Cons idera t ions  

Charles C. Liang* and P. Bro* 

P. R. Mallory & Company, Incorporated, Laboratory for Physical Science, Burlington, Massachusetts 

The solid e lec t ro ly te  ba t t e ry  systems developed du r -  
ing the 1950's (1) had  low vol tages  and high imped-  
ances which  l imi ted  the i r  usefulness drast ical ly .  The 
recent  d iscovery  (2-6) of h igh-conduc t iv i ty  ionic con- 
ductors  of t he  RbAg415 type  has s t imula ted  the  de-  
ve lopment  of so l id-s ta te  ba t te r ies  wi th  a high cur ren t  
ca r ry ing  capabi l i ty  (7). A l though  these solid e lec t ro-  
ly tes  have  h igh  conductivi t ies ,  the i r  composit ion l imits  
the i r  use to low-vol tage  systems wi th  low energy  
densities.  

We have  inves t iga ted  solid e lect rolytes  compat ib le  
wi th  h igh-vo l tage  systems, and we repor t  resul ts  be -  
low to demons t ra te  tha t  thin-f i lm, so l id-s ta te  ba t te r ies  
can be made  wi th  energy  densit ies  approaching  those 
of the  best  aqueous systems avai lable .  

Experimental Results 
The L i / L i I / A g I  sys tem was chosen for invest igat ion 

because of its high vol tage  and the low equiva lent  
weight  of l i thium. The use of l i th ium res t r ic ted  the  
choice of e lec t ro ly te  to Li I  which  is a pure  cationic 
conductor.  Because of the  high res is t iv i ty  of LiI, 107 
ohm-cm at 25~ (8), i t  was necessary  to construct  
th in-f i lm cells. 

We found tha t  th in  films of the  act ive mate r ia l s  a n d  
t he  e lec t ro ly te  could be formed b y  carefu l ly  control led  
vacuum evaporat ions,  and cells were  const ructed by  
this means  using purif ied ana ly t ica l  grade reagents .  
The thicknesses  of the  components  of the  cells were,  
typ ica l ly :  s i lver  cur ren t  collector,  13~; AgI  cathode, 
30#; LiI  e lectrolyte ,  15~; and l i th ium anode, 5~. The 
detai ls  of the  expe r imen ta l  p rocedures  and the cell  
s t ruc tures  wi l l  be given in subsequent  publicat ions.  

The th in-f i lm cell  had  an open-c i rcu i t  vol tage  of 
2.1V, and i t  exh ib i ted  the  polar iza t ion  curve shown in 
Fig. 1. The cell  vol tage  decreased l i nea r ly  wi th  an in-  
crease in the  cur ren t  dens i ty  and reached  zero volts  
a t  about  120 ~A/cm 2. This behavior  demons t ra ted  the  
ohmic na tu re  of the  cell  impedance.  A res is t iv i ty  of 
1.17 x l0 T ohm-cm was ca lcula ted  for Li I  f rom the  
polar iza t ion  curve,  which  agreed  wel l  w i th  the  p u b -  
l ished value.  The res i s t iv i ty  of the  AgI,  104 ohm cm 

* Electrochemical Society A c t i v e  M e m b e r .  

(9), was neglected as being insignificant in comparison 
wi th  tha t  of LiI.  

Discussion 
The open-c i rcu i t  vol tage  of the  cells of 2.1V agreed 

wel l  wi th  the value  of 2.09V calcula ted  f rom the  
Gibbs free energy change (10) for  the  react ion:  

Li  + AgI  ---- Li I  -t- Ag 

and i t  confirmed this to be the  reac t ion  of the  cell. 
The format ion  of Li I  as a react ion produc t  impl ied  

that  the  impedance  of the  cell  would  increase  m a r k -  
edly  dur ing  discharge.  Fo r  example ,  the  res is tance of 
a single uni t  cell  wi th  a capaci ty  of 1O0 m a h / c m  2 
would  increase  l inea r ly  f rom 12 kohms at  the  s ta r t  of 
d ischarge  to 1230 kohms at  the  end of discharge.  Such 
a high impedance  would  r ende r  the  cell  useless for 
most prac t ica l  applicat ions,  and i t  is ev ident  that  
mul t i l ayer ,  pa ra l l e l  connected cel l  s t ruc tures  mus t  be 
developed if p rac t ica l ly  in teres t ing  cur ren t  ca r ry ing  
capabi l i t ies  are  to be achieved. 

The impedances  of hypothe t ica l  mu l t i l aye r  pa ra l l e l  
p la te  cells were  ca lcula ted  to give the  resul ts  shown in 

I I I I I ] 
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Fig. 1. Typical polarization curve of Li/Lil/Agl cell 
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Fig. 2. The internal resistance of multilayer cell structures 

Fig. 2. A capacity of 100 m a h / c m  2 and a 100% depth of 
discharge were  assumed. It may be seen that substan- 
tial improvements  may be expected by the use of 
mul t i l ayer  structures. The exper imenta l  uni t  cell had 
a stoichiometric anode l imited capacity of 1 m a h / c m  2 
which indicated the technical  feasibil i ty of construct-  
ing from it a 100 m a h / c m  2 consisting of 100 paral lel  
connected units. Such a cell would  have a shor t -c i r -  
cuit current  density of 10 m A / c m  2 at the end of dis- 
charge. Pract ical  cells have been made which del ivered 
approximate ly  0.5 m a h / c m  2 in a single unit  cell to a 
1V cutoff vol tage at 20 ~A/cm 2. 

The stoichiometric energy densities of the mul t i layer  
cells would be less than that  of single unit cells with 
the same capacity because of the added volume of 
the current  collectors and substrates. Calculations 
showed that  stoichiometric volumetr ic  energy d e n -  

sities be tween 2 and 9 whr / in .  3 may be realizable, de- 
pending on the number  of units per cell, when the 
volumes of all the components except the outer cans 
were  included in the calculations. The operating en-  
ergy density of the single-layer,  thin-f i lm cell under  a 
current  drain of 10 ~A/cm 2 was found to be 2.2 w h r /  
in. 3 (50% efficiency to a cutoff voltage of 1.0V at an 
average cell  vol tage of 1.7V). 

It is concluded that the development  of the high-  
voltage L i / L i I / A g I  system is feasible and that  mul t i -  
layer, thin-f i lm structures are requi red  for cells ca- 
pable of del iver ing currents  in the low mi l l iampere  
range. The volumetr ic  energy densities of the cells 
may be expected to vary  between 1 and 5 whr/in.:~ 
for the various designs. 

Manuscript  submitted Jan. 13, 1969; revised manu-  
script received May 23, 1969. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  19.70 
JOURNAL. 
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Some Electrochemical Studies on Ceramic Barium Titanate 
A s h o k  K.  V i j h * '  1 

Research & Development Laboratories, Sprague Electric Company, North Adams, Massachusetts 

In the present investigations, an at tempt  has been 
made to oxidize anodically semiconducting ceramic 
bar ium t i tanate (BT) disk electrodes. The object of 
this study was to obtain a thin insulating layer of 
oxidized BT, possibly with good dielectric properties, 
onto the body of the parent  disk of reduced, semi- 
conducting BT. 

E x p e r i m e n t a l  P r o c e d u r e s  
Thermal ly  reduced ceramic bar ium titanate, either 

pure or Nb-doped (ca. 0.1%) and of ca. 2-20 ohm-cm 
resistivity, was used in the form of pressed disks as 
the working electrode. The disks were  masked either 
by a resin or were  accommodated in a suitable glass- 
Teflon assembly. The nature  of the electrolytic solu- 
tions, where  relevant,  will  be mentioned in the section 
on Results and Discussion. 

Ohmic contact to the ceramic was made by means 
of a Ga- In  alloy. 

Counterelectrodes were  bright  p la t inum wires. 
Electronic circuits consisted of rout ine constant 

vol tage and galvanostatic configurations similar to 
those described previously (1). 

For  metal lographic  studies, the anodized disks were  
angle lapped at the desired angle and subsequently 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
i P r e s e n t  address :  I n s t i t u t e  of Research ,  Hydro -Quebec ,  75 Blvd .  

Dorches te r  West ,  Mont rea l ,  P. Q., Canada .  

polished to expose the enlarged (due to angle lapping, 
of course) anodized layer. This layer was then meta l -  
lographica]ly examined and photographic record was 
thus obtained of the thickness and appearance of the 
layer. 

The final cleaning of the working electrodes was 
carried out in boiling tr ichloroethylene.  

Resul ts  a n d  Discuss ion  

Anodization and cathodization.--Anodizations and 
reduction at tempts were  carr ied out in a var ie ty  of 
solutions in open beakers. The sole purpose of these 
studies was to obtain an insulating layer which might  
act as a good dielectric. Since kinet ic-mechanist ic  
aspects were  not of interest  in these par t icular  runs, 
anodizations and cathodizations under  crude exper i -  
menta l  conditions of open beakers were  regarded 
as quite satisfactory. 

It was observed, ra ther  empirically,  that  neutra l  
(buffered phosphate) or mi ld ly  alkaline (0.1N Na2CO3 
in water)  solutions tend to give anodized layers which 
show bet ter  gross coherence than the ones obtained in 
highly acidic (HC104 or H2SO4) or highly alkal ine 
(NaOH) or some other (NH4NO3) electrolyte  com- 
positions. Solutions only par t ia l ly  aqueous (e.g., gly-  
col-borate  electrolyte W 20% H20) or nonaqueous 
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(formate in formic acid) make it possible to anodize a 
BT disk to higher  voltages than aqueous solutions. 
However,  the anodized layers obtained in the par -  
t ial ly or total ly nonaqueous solutions are very uneven 
and show a spectrum of patches of anodically oxidized 
(white)  and reduced (i.e., the parent  bluish-black 
disk) BT. In all cases of anodization in aqueous media, 
gas (presumably oxygen) evolut ion could be observed 
as a process paral lel  to the anodic "growth,"  f rom the 
very  commencement  of anodization. At tempts  to re-  
duce the anodic layer  by cathodization were  unsuc-  
cessful (cf., cathodization of valve  meta l  oxides).  

Chemical composition of the layer . - -The  chemical 
characterizat ion of the layer  was carried out by elec- 
tron probe microanalysis and by x - r ay  diffraction. The 
e lec t ron-probe microanalysis  was carried out by em-  
ploying a defocused beam of approximate ly  50# diam- 
eter. It was observed that  none of the films showed 
Ba:Ti  ratio which would be expected for pure BT. 
For example,  films formed in neutra l  phosphate solu- 
tions were  rich in Ti, whereas  those in carbonate solu- 
tion were  very  low in Ti. The departures  f rom stoi- 
chiometry in every  case were  very  significant and 
varied randomly  over  a ve ry  wide range. Further ,  in 
the anodized layers formed in neut ra l  phosphate solu- 
tions, presence of some phosphorus was also detected. 

In the x - ray  diffraction studies, several  peaks not 
corresponding to pure BT were  detected; this would 
indicate presence of compounds other  than BT in the 
anodized layer. Only one of these extraneous com- 
pounds, however,  could be identified and it was BaCO.~. 
It may be mentioned that  the anodized layer that 
showed BaCO3 was obtained by electrochemical  oxi-  
dation of Nb-doped BT in 0.1N Na2CO3. Both electron 
probe microanalysis  and x - r ay  diffraction studies thus 
indicate ra ther  strongly that, during anodization, the 
components of the electrolyte  solution get incorporated 
in the anodized layer. This observation is quite con- 
sistent wi th  similar incorporation of the electrolyte 
components in the anodic films formed during oxida-  
tion of valve  metals (2). 

General appearance, porosity and mechanical 
s trength of the anodic layer . - -The  layer  was quite 
flaky and brittle. It was white and opaque as con- 
trasted to the t ranslucence of pure BT layer of perov-  
skite structure. It did not, however,  show any gross 
porosity as determined,  e.g. by dye test at 30 psi. 

Metallographic studies and the thickness of the layer. 
- -Ang le - l app ing  and subsequent  metal lographic ex-  
amination of the anodized disks showed that a ra ther  
sharp boundary exists between the anodized layer 
and the parent  reduced disk in the great  major i ty  of 
cases (Fig. 1). At ]east in one instance, it was observed 
that  this boundary can sometimes be quite diffuse. 
The behavior  represented in Fig. 1, however,  is more 
representa t ive  of the general  thickness and appearance 
of the anodized layer. 

By controll ing the voltage (in constant-vol tage ex-  
per iments)  or current  density (in galvanostatic exper i -  
ments)  and t ime of anodization, one can obtain ano- 
dized layers wi th  the thickness range of 1-5 x 10 -3 cm. 
The most suitable conditions for obtaining a layer  of 
this thickness were  a constant voltage (~50-70V) 
"pulse" lasting 5-10 sec in an aqueous (0.1N Na2CO3) 
solution. Longer  times of anodization combined with 
higher anodization voltage (or current  densities) gave 
much thicker  deposits. These thicker  deposits, how-  
ever, were  mechanical ly  damaged since pieces of the 
"chipped" anodized layer could be seen falling into the 
solution. Again, applying a h igh-vol tage  pulse (~100V) 
in aqueous solutions at the very  commencement  of 
the anodization would result  in the dielectric break-  
down of the disk; the breakdown in some cases would  
be severe enough to blow the electrode to smithereens 
and cause sparking near the electrode surface. When 
the anodization voltage was increased gradually,  i.e. 
in a manner  which follows the anodic growth, much 
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Fig. 1. A photographic record of the appearance of a typical 
angle-lapped anodized layer under metallographic examination. 
Boundary between the layer and the parent ceramic is reasonably 
sharp. The BT is Nb doped and was anodized in 0.1N Na2CO3 
aqueous solution by a constant voltage (~60V) "pulse" ( ~ 2  sec); 
X!750 approximately; thickness ca. 2.1 #m. 

higher  voltages (~300V) could be built  across the 
disk. 

Electrical resis t iv i ty  of the f i lm. - -The  d-c resist ivi ty 
of the layer  as "seen" by a low-signal,  d-c voltage 
was in the range of 1 x 108-1 x 109 ohm-cm. This was 
measured both by the electrolyte  contact to the ano- 
dized layer, as well  as by electrodeposit ing a metal l ic  
copper electrode on this layer. This resistivity,  it may 
be remarked,  is appreciably lower than that  of a 
the rmal ly  oxidized BT layer  (~1012 ohm-cm)  or a 
typical valve  metal  oxide, e.g. Ta205 (~1015 ohm-cm) .  

Dielectric proper t ies . - -A t tempts  were made to mea-  
sure the a-c capacitance (C) and RC of a few as- 
sorted anodized disks. Non-zero  values (in the range 
0.01-1 ~F cm -2, approximately)  of C were  obtained 
on some disks. However ,  the values of RC were  usual ly 
in the range of 8-12 x 103 ohm-~F/d i sk  (area ca. 0.5 
cm 2) thus showing high resistance in series. These 
values were  quite erratic, and were  strongly dependent  
on a-c frequency, d-c bias, t ime of subjection to d-c  
bias, and the area of the anodized disk on which the 
contact is made, thus showing that  the layer is a very  
poor dielectric. Several  types of "electrodes" were  
explored for dielectric measurements;  none of these 
contacts, however ,  gave satisfactory values for C and 
RC. 

Some theoretical considerations.--Here an a t tempt  is 
made to speculate on some theoret ical  aspects of these 
studies, e.g. the comparison and contrast between 
thermal  and anodic oxidation of semiconducting BT. 

The only requi rements  in thermal  oxidation are 
high melt ing point (so that  the ceramic does not fuse 
during thermal  oxidation) and high ionicity because 
otherwise the act ivation energy for the migrat ion of 
oxygen vacancies would be too high. These two re-  
quirements  are easily met  for the case of perovskite  
oxides since the Madelung constants and latt ice ener-  
gies for these structures are ve ry  high (3); hence, 
probably the satisfactory dielectric layers obtained on 
thermal  oxidation of semiconducting BT, e.g. in ca- 
pacitor industry. During electrochemical  oxidation, 
however,  not only high lattice energies are requi red  
but the bond energies also need to be fair ly high to 
sustain high fields (4). As pointed out e lsewhere (4), 
high ionicity alone would give oxides on anodization, 
which have ra ther  poor mechanical  and electrical  char-  
acteristics, e.g. oxides of alkaline earth metals. Since 
BaTiO3 1 contains both Ba-O and Ti-O bonds, weak 

�9 In  a c o m p l e x  s t r u c t u r e  (i.e., p e r o v s k i t e )  l i k e  t h a t  of B T ,  h o w -  
e v e r ,  s t r e n g t h  of B a - O  a n d  T i - O  b o n d s  w o u l d  be  e x p e c t e d  to be  
s o m e w h a t  d i f f e r e n t  t h a n  t h a t  in B a O  a n d  TiOc, r e s p e c t i v e l y .  
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BaO bond energy (5) would, on electrochemical oxi- 
dation, give rise to a ra ther  poor dielectric, as indeed 
is actually observed. Low bond energies and high 
ionicity would, further,  result  in a relat ively easy dis- 
solution, either "chemical" or anodic, of the grow- 
ing oxide. This dissolution may very well be uneven,  
depending on the electrochemical factors ( including 
surface heterogeneity, plane defects, etc.) that obtain 
in a given experiment;  hence, perhaps, the departures 
from stoichiometry. The argument  that  relat ively low 
Ba-O bond energy (5) would not result  in a good 
anodized layer on reduced BT is also consistent with 
some other empirical evidence. It has been empirically 
observed that  (2) for anodic oxides, high dielectric 
constant tends to be associated with low bond energies 
(4) and with lower abil i ty of the oxide to sustain high 
fields for ionic growth. Since BT, even when not fer- 
roelectric, has a fairly high dielectric constant, its 
abil i ty to sustain fields would be quite low. It is in-  
deed observed that  "dielectric strength" [i.e., abil i ty 
to sustain field, without  breakdown, during anodiza- 
tion, e.g. Ref. (2)] of the anodically grown BT in 
aqueous solutions is in the range ca. 1-3 x 10~V cm -1. 
This value is lower than that  for any valve metal  
oxide (6). 

Acknowledgments 
Contributions made by N. Eror and M. Kahn to the 

metallographic and other studies, and helpful discus- 
sions with R. S. Alwit t  and D. M. Smyth  are grate- 
fully acknowledged. 

Manuscript  submitted Dec. 17, 1968; revised manu-  
script received ca. May 22, 1969. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 

REFERENCES 
1. A. K. Vijh and B. E. Conway, Chem. Rev., 67, 623 

(1967). 
2. J. J. Randall, Jr., W. J. Bernard, and R. R. Wilkin-  

son, Electrochim. Acta, 10, 183 (1965). 
3. T. C. Waddington in "Advances in Inorganic and 

Radio Chemistry," Vol. 1, H. J. Emeleus and A. G. 
Sharpe, Editors, Academic Press, New York 
(1959). 

4. A. K. Vijh, Electrochim. Acta, Accepted for publica- 
tion; idem, This Journal, 116, 972 (1969); idem, 
ibid., 116, 353 (1969). 

5. R. T. Sanderson, "Chemical Periodicity," Reinhold 
Publishing Corp., New York (1960). 

6. L. Young, "Anodic Oxide Films," Academic Press, 
New York (1961). 

grSef 

Ethylene Diamine-CatechoI-Water Mixture 
Shows Preferential Etching of p-n Junction 

J. C. Greenwood 

Standard Telecommunication Laboratories, Harlow, Essex, England 

We have found that the ethylene diamine-catechol-  
water  etch described recently by F inne  and Klein (1) 
will  etch only n - type  silicon in samples containing p -n  
junctions.  The etching of the p- type part  of the sample 
appeared to be completely inhibited, not just  slowed 
down, unt i l  the n - type  part  of the sample had been 
removed. 

This effect is demonstrated clearly in one part icular  
experiment  described here in more detail. 

A slice of < I 0 0 >  n- type  silicon was polished and 
diffused to give a p- type layer about 5 ~m thick on 
the underside. The top side was chemically polished 
to give a thickness of about 200 ~m and coated with 
silicon dioxide. Square windows were etched in the 
silicon dioxide. A diagrammatic cross section of the 
slice at this stage is shown in Fig. 1 (a).  The slice was 
etched in a mixture,  described by F inne  and Klein, of 
ethylene diamine, 17 ml; water, 8 ml; catechol, 3g, for 
a total of 63/4 hr at l l0~ in a flask fitted with a reflux 
condenser. Nitrogen was bubbled through the mixture.  

Square pits with sloping sides and flat bottoms were 
formed in the windows as shown diagrammatical ly in 
Fig. l ( b ) .  At the bottoms of the pits, the etching 
stopped at the p -n  junction,  leaving a thin even layer 

(a) ~ - ' ~ - ~  

J 

Fig. 1. Cross section of the slice: (a) before etching, (b) after 
etching. 

of unat tacked p- type silicon. The evenness of this layer 
is shown in Fig. 2 in which the slice is i l luminated 
from underneath.  The uniform thickness is ma in-  
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Fig. 2. Looking down on the slice after etching. It is illuminated 
from underneath to show light being transmitted through the sili- 
con at the bottoms of the pits. The spacing of the squares is 0.050 
in. 

J. Electrochem. Soc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  Sep tember  1969 

ta ined right to the edge of the slice where the junct ion 
was revealed early in the period of etching. 

The sides of the pits corresponded to ~111> planes; 
this is a result  of the much slower rate of attack on 
~111~  planes as is described by F inne  and Klein. 

The bottoms of the pits had a fabriclike texture, in 
contrast with the sloping sides which were smooth. It 
is believed that  this is the actual shape of the junct ion 
and that  the departure  from flatness is due to i r regu-  
larities in the crystal structure. 

The inhibi t ion effect described here could be useful 
in preparing thin samples of silicon, examining defects 
in junctions, and in making devices such as strain 
gauges in which the shape is critical. 

Manuscript  submit ted Jan. 27, 1969; revised manu-  
script received May 29, 1969. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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A Theory for Porous Electrodes Undergoing 
Structural Change by Anodic Dissolution 

Richard C. Alkire, Edward A. Grens I1,* and Charles W. Tobias* 
Inorganic Materials Research Division, Lawrence Radiation Laboratory, 

and Department o] Chemical Engineering, University of California, Berkeley, CaliSornia 

ABSTRACT 

A theoretical model is proposed for the description of flooded porous 
metal  electrodes which undergo anodic dissolution by electrochemical reac- 
tion. Equations are developed to represent the pseudosteady state which pre-  
vails dur ing dissolution after the concentrat ion gradients have become fully 
established within the pores. The analysis leads to an unders tanding of how 
mass transfer,  kinetic and geometric parameters  of the system determine 
the electrode overpotential  and its change dur ing  dissolution. The most un i -  
form current  distr ibutions are predicted to occur not at vanishingly small  
currents  but at finite anodic currents  because of mass t ransfer  l imitations to 
the cathodic back reaction. Thus, for a range of anodic currents,  an increase 
of applied current  will  result  in a more uniform distr ibution of the electro- 
chemical reaction throughout  the porous electrode. Calculations i l lustrat ing 
the  behavior are presented for the acid-copper system. 

Electrodes which are porous have come into wide- 
spread use in  electrochemical energy conversion de- 
vices because, in these, the electrochemical reaction 
takes place with a higher rate per uni t  volume and is 
accompanied by a lower polarization than would be 
possible with nonporous electrodes. Accordingly al-  
most all batteries and fuel cells employ porous elec- 
trodes. In  batteries the electrode pores are flooded 
with liquid electrolytic solution, and reactants and/or  
products are incorporated in the solid electrode matrix.  
Thus, dur ing  operation, the composition and configura- 
t ion of the solid mater ial  changes, leading to depar-  
tures from behavior that  might be expected for elec- 
trodes with invar ian t  matrices. The na ture  of such 
changes, which are dependent  on the electrode system 
involved, can be very complicated indeed. In  this work 
an analysis has been conducted of a simple class of 
e l e c t r o d e s  experiencing s tructural  change during op- 
eration: porous metal  anodes undergoing electrochem- 
ical dissolution. The investigation of this type of 
electrode can i l luminate  some of the salient effects of 
s tructural  changes in bat tery electrodes and can serve 
as a basis for extension of model studies of systems 
encountered in batteries. 

The dissolving metal  anode, of course, involves a 
relat ively simple type of s t ructural  change. No changes 
in solid composition are involved. The behavior  of 
most bat tery  electrodes is far more complicated, but  
the state of description of such systems has not yet  
advanced sufficiently far to embrace these more com- 
plicated events. Theoretical analyses to date have 
proceeded by one of two routes. In  the first, an ideal- 
ized geometrical s tructure of the porous body is as- 
sumed and is taken into consideration when equations 
are derived for the current  and potential  distr ibutions 
(1-3). This "microscopic" approach has been found to 
lead to severe mathematical  difficulties and has been 
restricted to extremely simple geometries. The second 
method ignores the detailed structure of the porous 
electrode and, rather,  treats the porous electrode as a 
pseudohomogeneous region in which there is t ransfer  
of current  between electronic and ionic modes of con- 
duction according to basic laws of t ransport  phenom- 
ena and electrode kinetics. This "macroscopic" ap- 
proach has been applied to electrode behavior in the 
ini t ial  state without  concentrat ion gradients (4-10), 
dur ing the mass t ransfer  t ransients  (11), and in the 
steady state where concentrat ion gradients are fully 
established (11-13). As more sophisticated models 
w e r e  examined, the solution of the equations was 
found to be more convenient ly  carried out by humer i -  

* Elec trochemica l  Soc ie ty  Act ive  Member .  

cal methods implemented by high-speed digital com- 
puters (11). 

To date, no theoretical analysis has been reported 
which takes into consideration the variat ion of elec- 
trode s tructure with extent  of reaction. The macro- 
scopic theory presented here examines the behavior 
of porous metal  electrodes that are undergoing dis- 
solution of anodic reaction and predicts the external  
electrode polarization and the electrode porosity dis- 
t r ibut ion as a funct ion of the extent  of reaction. 

The operation of bat tery  systems involves other 
effects beyond those considered in the theoretical 
model used in this work. Typically, sparingly soluble 
salts take part  in the reactions dur ing cycling. These 
salts may be insulators or semiconductors and hence 
may greatly affect the potential  distr ibution wi th in  
the electrode. There may be composition gradients in 
the solid phase (for instance Ag/Ag20/AgO) and, 
furthermore,  electronic transport  in the solid phase 
may be important.  Also, reactions may be locally non-  
uniform, and geometrical effects of crystal growth may 
be involved. Nevertheless, the theoretical model pre-  
sented below represents an advance relat ive to exist- 
ing t reatments  in the l i terature and should be useful 
in leading to some insight into more complex systems. 

Model Formulation 
The mathemat ical  model for a dissolving porous 

anode is based on consideration of a porous metal  plate 
whose accessible void spaces are completely filled 
with an aqueous electrolyte. On one side of the porous 
plate the pores are blocked (or a center of symmetry  
exists), and the other side (the face) is in contact 
with the electrolytic solution, which also fills the 
pores. There is no forced flow of solution through the 
pores. A second (counter) electrode is also in the 
solution but  is of no concern in this model and serves 
only to complete the electrochemical circuit. With 
passage of anodic current  through the porous electrode, 
the metal  dissolves with formation of a soluble salt. 
The local rate of anodic dissolution varies from place 
to place within the porous electrode because the var i -  
ous positions are not equally accessible to the current  
and the reacting species transported in the electrolyte. 
The distr ibution of the reaction depends on the mass 
transfer,  kinetic and geometric characteristics of the 
part icular  system. 

When anodic current  is switched on, two major  
changes begin to take place. 1 Because the removal of 

1 D u r i n g  the  first  f ew  m i l l i s e c o n d s  the  e lec t r i ca l  doub le  l aye r  be-  
comes  es tab l i shed .  We sha l l  no t  be conce rned  w i t h  the e lectrode 
b e h a v i o r  d u r i n g  t h i s  b r i e f  p e r i o d  of doub le  l ayer  cha rg ing .  
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dissolved product species from the pore is t ransport  
controlled, as is also the passage of current  and move-  
ment  of nonreact ing ions in the electrolyte, the poten-  
tial and concentrations of species in the solution wi th in  
the pores change from the ini t ial ly uniform values and 
become more or less uneven ly  distr ibuted throughout  
the pores. Typical ly this mass t ransfer  t rans ient  proc- 
ess is completed wi thin  a period of 10 sec to 1 hr, de- 
pending on the system (11). Second, and s imul tane-  
ously, the geometry of the porous metal  matr ix  
changes owing to its dissolution by anodic reaction. 
As the na ture  of the electrode s tructure thus changes, 
the potential  and concentrat ion distr ibutions also 
change, and these changes continue to take place as 
long as current  is passed. 

When anodic current  thus passes through the porous 
metal  electrode, the current  in the metal  is carried by 
electrons and the current  in the solution is carried by 
the ions. The conversion from the electronically to the 
ionically conducting "phase" takes place throughout  
the porous electrode by vir tue of the electrochemical 
reaction. If the local concentrations and potentials are 
known in both phases, the local reaction rate may be 
calculated, in principle, by a relat ion which sui tably 
describes the kinetics of the electrode process. In  turn,  
the local concentrat ions and potentials may be ob- 
tained by solving the equations of t ransport  in each 
phase. Thus the: local reaction rate may be deter-  
mined throughout  the electrode. 

During the first moments  of operation, the reaction 
distr ibution changes principally because of the pro- 
duction of ionic reaction products whose removal  in 
the solution pha,~e from the porous electrode is t rans-  
port res t r ic ted. .Along with this mass t ransfer  t r an-  
sient process, the reaction distr ibution changes at 
some other rate owing main ly  to the changes in struc- 
ture caused by dissolution. The characteristic times of 
these two effects are usual ly different, the former 
being much faster. Consequently, after the mass 
t ransfer  t rans ient  has been essentially completed, the 
reaction distr ibution continues to change, and it be-  
comes a very good approximation to determine the 
rate of change solely from the effects of the s t ructural  
dissolution. This is the pseudosteady state approxima-  
tion that  will  be invoked in the present  theory. 

The equations describing electrode behavior arise 
from transport  relations and electrode kinetic expres- 
sions. In  definition of the model it is necessary to in -  
troduce a number  of simplifying assumptions to facili- 
tate the required calculations: 

1. The one-dimensional  macroscopic approach is ap- 
plicable; pore d~tmensions are assumed to be small  
with respect to distances over which significant 
changes take place wi thin  the electrode. 

2. The electrode operation under  consideration takes 
place in the pseudosteady state. Behavior dur ing the 
mass- t ransfer  t ransient  is ignored. 

3. The electrical double layer can be disregarded. 
The pore dimensions are large compared to those of 
the double layer, and the time variations are slow 
compared to the rate of establishment of the double 
layer. 

4. The motion of solute species in the electrolytic 
solution is adequately described by the equations of 
dilute solution theory. The t ransport  parameters  are 
constant, and hydrodynamic  flow in the pores is due 
only to the net  change of electrode and electrolyte 
volume with the extent  of reaction. The density of the 
electrolytic solution is essentially constant throughout  
the pores, and the metall ic electrode structure is iso- 
potential.  

5. The only electrochemical reaction is the anodic 
dissolution of the metal  electrode to form ions having 
a single charge number ,  and the kinetic behavior  of 
the reaction is adequately characterized by an ex- 
pression of the Volmer form (14). 

6. There are no insoluble substances wi thin  the 
pores. 

7. The pores are circular cylinders which all have 
the same size at the onset of dissolution. 

8. Mass t ransfer  resistances external  to the porous 
electrode can be disregarded. 

9. The system is isothermal. 
The analysis of electrochemical systems by the 

equations of t ransport  as delineated, for instance, by 
Levich (15) and by Newman (16), has been applied 
to the formulat ion of a macroscopic porous electrode 
model by Grens and Tobias (11). It  is here extended 
to account for the changes in matr ix  properties ac- 
companying anodic dissolution of the matrix.  Under  
the conditions described above, the conservation of 
solute species in the pseudosteady state is described 
by 2 

Oa 0 
c~ . . . .  (Nia) q- Si [1] 

Ot egy 

In  this equat ion the left hand side represents the 
amount  of species i associated with changes in pore 
volume while the terms on the right hand side are 
the divergence of the species flow (flux times local 
pore cross section) and the reaction source, respec- 
tively. For nonreact ing species, the only net  movement  
is that  which must  take place in order to fill the void 
volume created by the dissolving metall ic phase. The 
t ime rate of change of the pore cross-sectional area 
may be related to the convective velocity by use of 
the relat ion for conservation of mass in the pores 
which, in the pseudosteady state, is 

Oa 0 
ps - - -  (p,va) + S m  [2] 

Ot dY 

The spatial coordinate, y, is taken to be zero at the 
back of the porous electrode and has the value of -{-d 
at the mouth of the pores (face of the porous layer) .  
The flux of solute species in the one dimensional  elec- 
trolytic solution is given by the dilute solution ex- 
pression 

Oci F Oe~ 
Ni  = ~ Di -- ziDi ci - ~- vci [ 3 ]  

ay R T  ay 

Here r is the potential  in the solution referred to the 
isopotential electrode matrix.  For  the electrode reac- 
t ion which occurs in the pores, with the dissolved 
metal  ion being designated species 1 

voM -~ --  ~1M1 zl + h e -  [4] 

the pseudohomogeneous species source term is 

S, = - -  - -  j [5] 
n F  

where j is the local reaction ( transfer)  current  den-  
sity. Other source terms are absent. The t ransfer  cur-  
rent  density is in tu rn  related to local concentrations 
and potential  by the kinetic expression associated with 
the dissolution reaction, here the Volmer form 

I aanF ~cnF 1 _ _ ~ ( r  ~,) - - ( r  
R T  Cl RT 

j = io e -- - -  e [6] 
e l  ~ 

The pseudohomogeneous mass source term for the pore 
space is 

ml l  
S,~ = - -  j [7] 

n F  

Subst i tut ion of Eq. [2], [3], [5], [6], and [7] into Eq. 
[1] el iminates the t ime derivative term for pore area 
and incorporates the definitions of fluxes and sources 
in the species conservation equations. With neglect of 
the pseudohomogeneous mass source term, and with 
assumption of constant  solution density, these equa-  

2 T h e  m e a n i n g  of  s y m b o l s  u s e d  in  e q u a t i o n s  is given in  t h e  N o t a -  
t i on  sec t ion  a t  t h e  e n d  of  t h i s  a r t i c l e .  
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tions are 

d (a  dc' > ziDiF d (cia d '  ) d (c~va) 

- - -  ( r  - r  - -  (<b - ,~,,1 

RT C1 R T  

: v i l  ~o e -- ~ e 
n F  el oo  

d 
- - c ~  (va) v i = O  for i ~ 1  [8] 

dy 

A conservation equation is wr i t ten  for each of the 
solute species i. These equations, along with the elec- 
t roneutra l i ty  approximation 

~z~c~ = 0 [9] 
i 

are sufficient in number  for the calculation of the con- 
centrat ions and the potential, provided that the pore 
area, pore perimeter,  and convective velocity have 
been specified. For the system considered here, these 
are determined by the effect of local reaction on the 
solid matrix.  

With the assumption that  pores are circular cylin-  
ders, the radius will  change at a rate proport ional  to 
the local reaction rate according to 

d 2V 
- -  (r  2) ---- j r  [10] 

dt nF 

By integrat ion of Eq. [10], the area and perimeter  of 
the pores may be obtained at any one t ime dur ing dis- 
solution. The average local velocity past a point wi thin  
the electrode is derived from a mass balance and is 

v ( y )  nFpsa l 1 - -  j d y  [11] 
pm 

when the density of the electrolytic solution is con- 
stant. This equation indicates that  the induced velocity 
arises from the difference between the densities of the 
solution and the metal, and that the velocity at posi- 
tion y depends on reaction in the portion of the elec- 
trode between that  point and the back of the electrode. 

The model is completely described when the ap- 
propriate boundary  and ini t ial  conditions are specified. 
Prior  to dissolution the pores are assumed to be of 
identical size and shape 

a = a o  at t = 0  [12] 

At the rear  of the pores, the flux of each species is zero 

N ~ = 0  at y = 0  [13] 

At the entrance of the pores, the concentrat ion of each 
solute species is equal  to its value in the external  
electrolytic solution 

c i = c c  ~ at y = d ,  ~ 1  [14] 

The current  density in the electrolyte at the mouth of 
the pores is defined as the sum of the individual  ionic 
fluxes according to 

i = F~ziN~ [15] 
i 

If the metal  electrodes were not dissolving, then the 
current  enter ing the pores could be solely a t t r ibuted 
to the flux of the reacting ion. However, since the l iq- 
uid volume within  the pores is increasing by dis- 
solution, that  portion of the flux of the reacting ion 
passing into the electrode only to fill the void spaces 
is accompanied by equivalent  counter  ions and thus 
will  not contr ibute  to the current.  The appropriate 
boundary  condition in this case, derived by integrat ion 
of the conservation equation over the entire electrode, 
is 

d C l Z ' 2 F D l d "  - - ~ f s  
= - -  cl --V-- + va dcl i --zlFD1 dy RT  ay 

a ty - - - -d  [16] 

In  many  instances, the integral  te rm wil l  be negligibly 
small  with respect to the sum of the other two terms 
and thus may be deleted from consideration. This was 
the case in the system for which numer ica l  results 
were obtained for this paper. 

The t rea tment  of the equations is more convenient  
if the variables are made dimensionless. The following 
dimensionless variables are convenient ly  defined 

y c~ F 
Y = -- C~ =-- ~ = (~b-- #e), 

d '  e r e f  R T  

vnF a l 
V = __-, A = , L = --, 

i * V ao lo 

i ld Vi*af 
I = - - ,  J j, ~ = ~ t 

4" i*af nFd 

When these are introduced in Eq. [8] and [16], the 
following dimensionless groupings of the system pa-  
rameters arise 

i 'aid iod21o 

fl = nFcrefDrefao ' ~ -- ~%FCrefDrefao ' 

i*ajVd ci ~ Di 

= nFDrefao ' 7 i  - -  C r e f  ' n i  = ~ D r e f  

With use of the notat ion prime (') to denote differ- 
ent iat ion with respect to the spatial variable Y, the 
dimensionless equations which describe the pseudo- 
steady state model become 

(C(A) '  -t- z~(CiAr ~ (C(AV)  

v,~L[ C1 ] 
---- exp ( - - a a n ~ ) -  ~ e x p  (acn~) [17] 

ziCi = 0 [18] 
i 

A = 1 + J dT [19] 

( V = P--T-m -- 1 J dY [20] 
ps A " ~  

Since the pores are circular cylinders, L ---- ~/A. The 
boundary  conditions become 

C .t = = + ziC~' 0 at Y 0 [21] 
and 

C i = T i ( i ~  1) 
nt~ 

- -  = C 1 ' + z l C 1 ~ '  a t Y =  1 [22] 
ZlxIAs 

The calculations in this study were made with neglect 
of the integral term in Eq. [16], resulting in a 
boundary condition of the form of Eq. [22]. 

The mathematical model described above has ex- 
tended previous treatments by accounting for two 
phenomena which take place during electrolytic dis- 
solution: the change in specific surface area, and the 
convective motion arising from volumetric changes. 

Solution of Equations 
The solution of the set of equations and boundary  

conditions which describe the porous electrode model 
was carried out by a computer - implemented  numerica l  
technique. In  principle, the calculation was accom- 
plished in a stepwise manner ,  with use of finite dif- 
ference methods for solution of the differential equa-  
tions at each step. First, the conservation and elec- 
t roneut ra l i ty  equations, [17] and [18], were solved 
without the convection term and with constant  poros- 
ity. The first approximation to the local convective 
velocity was then calculated by Eq. [20]. Conserva- 
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Table I. Parameters for porous copper anode system 

pm = 8 . 9 4  g / c m  8 
os = 1 .00  g / c r a B  
m m  = 6 3 . 5 4  g / g m o l  
ao  = 1 . 9 6 4  • 10  ~ cm=  
1o = 2 . 2 2  • 10  - ~ c m  
d = 0 .5  c m  
Po = 0 .035 

/sl ~ - - 1  
z z =  + 2  
Vz = 0 . 1 4 5  
~rl = 0 . 7 1 8 8  

n = 2  
~ a  = 0 .5  
~c  = 0 .5  
Cref  , ~  :10 -~ g m o l / c m : ~  
n r e f  : 10 -~ c m 2 / s  

P'., = 0 v~ = 0 
Z2 = - - 1  Z~ = + 1  
V= = 2 . 3 3  V3 = 2 . 0 4  
~r2 = 1 .331  7rs = 9 . 3 1 2  

t ion and electroneutral i ty  equations were again solved 
with use of the velocity distr ibution now at hand; 
these results corresponded to the conditions prevai l ing 
wi thin  the electrode at the end of the mass t ransfer  
t ransient  but  before appreciable dissolution had taken 
place. Then the calculations were made for specified 
t ime intervals  dur ing the pseudosteady state dissolu- 
tion. With use of Eq. [19] and [20], the pore area 
(i.e., porosity) distr ibution and the convective velocity 
distr ibution were calculated. With use of these new 
distributions, the conservation and electroneutral i ty  
equations were again solved, and the sequence re- 
peated for as many  t ime intervals  as required. 

The central  problem of these calculations was the 
simultaneous solution of the species conservation ex- 
pressions along with the electroneutral i ty  condition. 
These coupled nonl inear  ordinary differential equa-  
tions were first l inearized about an approximate solu- 
t ion and then put  into finite difference form. The re-  
sult ing set of t r idiagonal  matrices was solved by use 
of a computer - implemented  technique described by 
Newman (17). The solution of the nonl inear  problem 
was obtained by i terat ion with successive correction 
of the approximate solution. 

Results and  Discussion 
The theoretical model developed above was used 

for generat ing predictions regarding the behavior  of 
one porous electrode system. Ul t imately  it is in tended 
that  these model predictions be compared with the 
results of dissolution experiments  that  have been un -  
der taken in a related project (18). Consequently the 
dissolution of porous copper anodes in acidified cop- 
per sulfate has been examined. For this system there 
are two al ternate  models for the electrolyte composi- 
tion (and thus for electrolyte t ranspor t ) :  the sulfate 
model (Cu +2, H +, SO4-2) and the bisulfate model 
(Cu +2, H +, HSO4-) .  For solutions having a larger 
concentrat ion of sulfuric acid than copper sulfate the 
bisulfate model gives a more accurate prediction of 
the solution conductivi ty than  does the sulfate model, 
and thus was chosen for these calculations. The sys- 
tem parameters  are given in Table I. 

For the moment,  consider the state which exists 
after the mass t ransfer  t rans ient  has decayed but  be-  
fore significant dissolution has taken place. Figure  1 
shows the corresponding dis tr ibut ion of reaction rate 
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Fig. 1. Steady state current distribution in porous copper anode 
for ~ ~ 25 at several electrode overpotentials (~f). 
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Fig. 2. Potential variation during dissolution of porous copper on- 
ode for ~ = 400 at several applied current densities (fl). 

throughout  the porous electrode for various anodic 
values of applied potential, ~s. From this figure it may 
be seen that  this ini t ial  steady state current  dis t r ibu-  
t ion varies with applied potential,  and that  as the 
anodic potential  is increased the reaction distr ibution 
general ly becomes more uniform. For the case at 
hand, increasing - - e l  above 3.0 renders the dis tr ibut ion 
still more uni form in the depth of the electrode while, 
nearer  the pore entrance, the dis tr ibut ion begins to 
become more nonuniform.  3 This interest ing si tuation 
may be understood by the following reasoning. Since 
the electrode consists of copper metal, the anodic re-  
actant (the copper atom) is available in unl imi ted  
quant i ty  whereas the cathodic reactant  (the copper 
ion in solution) is not. Therefore the cathodic (back) 
reaction suffers from mass t ransfer  l imitat ions which 
do not h inder  the anodic reaction. Consequently, at 
the same value of absolute potential,  the cathodic re- 
action will be less uni formly  distr ibuted through the 
electrode. This tendency for the cathodic reaction to 
be less uni formly  distr ibuted carries over into the re-  
gion of low anodic current  where the cathodic back- 
reaction still occurs to an appreciable extent. Thus 
the most uni form reaction distr ibution is shifted into 
the anodic range of potentials. If both cathodic and 
anodic reactants had been available in unl imi ted  
quanti ty,  the reaction dis tr ibut ion would have been 
most uni form at vanishingly  small  currents.  This be-  
havior is not  predicted by simpler models which as- 
sume either constant  concentrat ion (thus neglecting 
concentrat ion polarization of the back reaction) or a 
Tafel kinetic expression (neglecting the back reac- 
t ion altogether) .  

The variat ion of electrode overpotential  on dissolu- 
t ion is shown in Fig. 2. Results are shown for several 
values of the applied cur ren t  density, ft. The total  
overpotential  of the electrode (the potential  in the 
electrolytic solution at the pore entrance)  increases 
with applied current  density. 4 I t  can be seen that the 
polarization decreases below the "steady state" value 
(dashed lines in Fig. 2) and that  the decrease in po- 
tent ia l  sets in earlier for the higher currents.  

For  the system at hand the theoretical model pre-  
dicts that  the un i formi ty  of the reaction dis tr ibut ion 
near  the pore entrance passes through a ma x i mum at 

8 H e n c e  f o r  a p p l i e d  p o t e n t i a l s  m o r e  a n o d i c  t h a n  3 .0  i t  i s  n o t  e a s y  
to  d e s i g n a t e  w h i c h  r e a c t i o n  d i s t r i b u t i o n  i s  m o s t  u n i f o r m ,  a n d  a r -  
b i t r a r y  c r i t e r i a  m u s t  b e  u s e d .  

A l t h o u g h  t h e  f i g u r e  d o e s  n o t  i l l u s t r a t e  i t ,  o n e  m a y  r e a l i z e  t h a t  
f o r  t h e  s a m e  a p p l i e d  c u r r e n t  d e n s i t y ,  t h e  m o r e  r a p i d  r e a c t i o n s ,  
h a v i n g  h i g h e r  v a l u e s  o f  ~, s u f f e r  l e s s e r  p o l a r i z a t i o n .  F o r  t h e  s l o w  
r e a c t i o n s ,  c h a r g e  t r a n s f e r  o v e r p o t e n t i a l  n e a r  t h e  p o r e  e n t r a n c e  
f o r c e s  t h e  c u r r e n t  d e e p e r  i n t o  t h e  p o r e  s o  t h a t  t h e  r e a c t i o n  i s  m o r e  
u n i f o r m l y  d i s t r i b u t e d  a t  t h e  e x p e n s e  o f  h i g h e r  o v e r p o t e n t i a l .  
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anodic potentials because of the mass t ransfer  l im- 
i tat ion of the back reaction as discussed above. Since 
the porosity dis t r ibut ion is equivalent  to the t ime 
average current  distribution, the "most uniform" final 
porosity distr ibution wil l  correspond to a par t icular  
anodic current.  Currents  different from this part icular  
one should lead to porosity distr ibutions which are 
more nonuni form near  the pore entrance. F inal  poros- 
i ty distr ibutions are given in Fig. 3 for several ap- 
plied current  densities. The total amount  of charge 
passed is the same for all curves, and thus it may be 
seen that  the model predicts the most nonuni form 
reaction dis tr ibut ion at the lowest applied current  
density (~ ---- 18.5). As the applied current  densi ty is 
increased and the durat ion of electrolysis is decreased, 
the predicted final porosity dis t r ibut ion becomes more 
uniform. As the applied current  density is increased 
still further,  above ~ ---- 148, the porosity dis t r ibu-  
tion near  the entrance again begins to become non-  
uniform. 

As dissolution proceeds, the current  distr ibution be- 
comes more uniform since the increased porosity fa- 
cilitates penetrat ion of current  into the pores. There-  
fore the effect of porosity variat ion is to render  the 
t ime average current  dis t r ibut ion more uniform than  
the steady state dis t r ibut ion at uni form (init ial)  
porosity. Also, for the system under  study, the induced 
convection due to volumetric changes on dissolution 
tends to make the current  distr ibution more uni form 
although, for this system, the current  distr ibution is 
affected by less than 1% over the range of parameters  
presented here. It  is possible that  the pseudosteady 
state approximation would not be valid for cases 
where the induced convection was really significant. 
Although the current  dis t r ibut ion thus changes as dis- 
solution proceeds, if the change is only slight, the final 
porosity distr ibution may be estimated from the cur-  
rent  distr ibution prevai l ing at the ini t ial  steady state 
conditions. When the final porosity distr ibutions cal- 
culated by the pseudosteady state model (Fig. 3) were 
compared with similar results obtained with use of 
the ini t ial  steady state current  distribution, the two 
methods gave results which agreed within  2% for the 
lower current  densities. For ~ values of 148 and 296, the 
steady state model predicted porosities near  the pore 
entrance which were up to 10% higher than  the 
pseudosteady state model. 

Conclusions 

The performance of dissolving porous electrodes 
predicted in this work is, of course, subject  to the 
l imitations associated with the pseudosteady state 
macroscopic model used. The calculated results of 
the changing electrode s tructure are all ent i rely con- 
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Fig. 3. Porosity distribution for porous copper anode after dis- 
solution for 0.05 A-hr at several current densities (4 = 400). 

sistent in pat tern  with what  should be expected on 
the basis of quali tat ive reasoning. 

An interest ing aspect of the behavior of anodically 
dissolving porous systems, al though one not directly 
connected with mat r ix  changes, is also evident  in 
these results. That  is the occurrence of the most un i -  
form current  dis t r ibut ion wi thin  the flooded porous 
electrode at a particular,  nonvanish ing  applied cur-  
rent  density as the result  of mass t ransport  l imitations 
on the local cathodic (back) reaction. 

In  most practical flooded electrodes local variat ions 
in overpotential  behavior due to inhomogeneities in 
the solid state, changes in microscopic configuration 
in the course of electrode reaction, and effects from re-  
action at the external  electrode surface may cause sig- 
nificant deviations from the behavior  pat terns pre-  
dicted by this theory. Also, in m a n y  systems, products, 
as well as reactants, appear in the solid state. However, 
consideration of these more complex cases will  re-  
quire bet ter  knowledge of mechanisms of electrode 
reactions and of the composition and dis tr ibut ion of 
solid materials in such electrodes before any  meaning-  
ful quant i ta t ive  analysis can be under taken.  In  the 
meantime,  useful insight into several performance 
characteristics for flooded porous electrodes can be 
gained from the present  simplified theory. The pseudo- 
steady state approach can be extended to more real-  
istic cases as necessary informat ion becomes available. 
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NOTATION 
A a/ao, cross sectional area of electrolyte, d imen-  

sionless. 
a Cross-sectional area of electrolyte, cm 2. 
Ci Ci/Cref, concentrat ion of species i, dimensionless. 
ci Concentrat ion of species i, gmol /cm 3. 
Cref Reference concentration, gmol /cm 3. 
D~ Diffusion coefficient of species i, cm2/s. 
Dref Reference diffusion coefficient, cm2/s. 
d Thickness of electrode, cm. 
e Symbol for electronic charge. 
F Faraday 's  constant, 96,500 coul/g-equiv.  
I i/i*, current  density in the electrolyte, d imen-  

sionless. 
i Current  density in the electrolyte, A /cm 2. 
i* Current  density in the electrolyte at the pore 

mouth, A/cm 2. 
io Exchange cur ren t  density of the reaction rate 

expression, A /cm 2. 
J Idj/i*af, t ransfer  current  density, dimensionless. 
j Transfer  current  density, A / c m  2. 
L I/lo, perimeter  of pore, dimensionless. 
l Per imeter  of pore, cm. 
M~ Symbol for species i taking part  in electrode 

reaction. 
m~ Molecular weight of species i. 
N~ Flux of species i, gmol/cm2s. 
n Number  of electrons taking par t  in reaction ac- 

cording to Eq. [5]. 
P Porosity of electrode. 
R gas constant, joules /gmol  ~ 
r Equivalent  pore radius, cm. 
Si Source term for species i, gmol/cm3s. 
T Temperature,  ~ 
t Time, s. 
V Specific volume of electrode metal, cm3/gmol. 
v Mass average fluid velocity, cm/s. 
Y y / l  spatial var iable  in one-dimensional  model, di-  

mensionless. 
y Spatial  var iable  in one-dimensional  model, cm. 
zi Charge number  of ionic species i. 

Greek Letters  
~a Anodic t ransfer  coefficient in reaction rate ex- 

pression. 
ac Cathodic t ransfer  coefficient is reaction rate ex- 

pression. 
i*afd/nFcrefDrefao, dimensionless applied current  
density parameter.  

7i Ci/Cref, bulk  concentrat ion of species i, d imen-  
sionless. 
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p~ Densi ty  of metal ,  g / cm 3. 
p~ Densi ty  of electrolyt ic ,  solution, g / cm 3. 

i~a~Vmd/nFDrefao, dimensionless  veloci ty  p a r a m -  
eter.  

v~ Stoichiometr ic  coefficient of species i according 
to Eq. [5]. 
iod21o/nFcrefDrefao, dimensionless  kinet ic  p a r a m -  
eter.  

~ Di/Dref, diffusion coefficient of species i, d imen-  
sionless. 
F (~--r polarizat ion,  dimensionless.  
Electrode potent ial ,  V. 

Ce Equi l ib r ium elect rode potent ial ,  V. 
T Vi*aft/nFd, t ime, dimensionless.  

Subscr ip ts  
.f Value at ent rance  of pore,  y ---- d. 

Species i. 
o Ini t ia l  value  at onset of dissolution. 

Superscr ip t s  
' Der iva t ive  wi th  respect  to spat ia l  var iab le  y. 
oo Value of var iab le  in bulk  e lec t ro ly te  solution 

ex te rna l  to the  porous electrode.  

Manuscr ip t  submi t ted  Feb.  24, 1969; rev ised  m a n u -  
scr ipt  received June  17, 1969. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the June  1970 
JOURNAL. 
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Cyclic Voltammetry of Mixed Metal Electrodes 
Jaspal S. Mayell* and William A. Barber* 

Central Research Division, American Cyanamid Company, Stamford, Connecticut 

ABSTRACT 

Repet i t ive  potent iosta t ic  t r i angu la r  vol tage  sweeps cause a significant 
change in the  surface s t ruc ture  and ca ta ly t ic  ac t iv i ty  of mixed  meta l  fuel  
cell  electrodes.  Fo r  the  pa r t i cu la r  case of a p l a t i n u m - r h o d i u m  black electrode,  
each successive cycle causes a decrease in the  p la t inum oxidat ion  and reduc-  
tion peaks wi th  a p ropor t iona te  increase in the  rhod ium oxidat ion  and re -  
duct ion peaks.  The complete  e l iminat ion  of the  p l a t inum peaks  is r e la ted  to 
the res is tance of an e lect rode to CO poisoning. A possible  mechanism of the  
above behavior  along with  da ta  on other  mixed  meta l  e lectrodes is presented.  

The e lect rochemical  s tudy of the  surface charac-  
ter is t ics  of mixed  meta ls  can give new insight  into 
the i r  ca ta ly t ic  act ivi ty.  Cyclic v o l t a m m e t r y  of smooth 
p l a t i num-go ld  al loys (1), has shown tha t  the areas  
under  the  cu r r en t -po t en t i a l  curves  are  propor t iona l  
to the  concentra t ion of the  meta l  present  in the  alloy. 
Using smooth p l a t i num-ch romium alloys, Bre i te r  (2) 
a t t r ibu ted  the change in the  shape of the  cu r r en t -  
potent ia l  curves dur ing  the first 20 cycles to the  
g radua l  r emova l  of impur i t ies  from the surface of the  
alloys. However ,  in our s tudy  repe t i t ive  t r i angu la r  
vol tage sweeps caused a significant change in the  
surface s t ruc ture  and cata lyt ic  ac t iv i ty  of mixed  meta ls  
or a l loy type  electrodes.  This behavior  has not  been 
repor ted  previously.  

The u l t imate  objec t ive  of this invest igat ion is the  
deve lopment  of fuel  cell ca ta lys ts  and electrodes which 
give enhanced per formance  on a hydrogen  fuel  con- 
ta in ing up to 10% carbon monoxide.  The most p r o m -  
ising carbon monoxide  res is tant  fuel  cell  e lectrodes 
r epor ted  are  ca ta lyzed  by  p l a t i n u m - r h o d i u m  (3), 
p l a t i n u m - r u t h e n i u m  (4, 5), and p la t inum covered 
wi th  sulfur  (6-9).  Repet i t ive  cycl ing is shown in this  
s tudy  to improve  the res is tance of some mixed  meta l  
ca ta lys ts  to carbon monoxide  poisoning. 

* Electrochemical  Society Act ive  Member .  

Experimental 
The work ing  and the aux i l i a ry  electrodes were  ac-  

commodated  in a convent ional  H - t y p e  P y r e x  glass 
electrolysis  cell. Each compar tmen t  had a s intered 
glass disk th rough  which ni t rogen was cont inuously  
bubbled.  Both compar tments  were  covered by  po ly -  
te t ra f luoroe thylene  (PTFE)  s toppers  wi th  holes for 
the  e lect rode holders,  re ference  probe, and o ther  
equipment .  The cell  was main ta ined  at constant  t e m -  
pe ra tu re  by  means of an oil bath.  The aux i l i a ry  elec-  
t rode was an 80-mesh p la t inum gauze. The use of a 
s intered glass disk as wel l  as continuous bubbl ing  of 
n i t rogen p reven ted  the  gases evolved at  the  ca thode  
from reaching the anode. 

Al l  porous test  e lectrodes were  made  according to 
the  p rocedure  descr ibed prev ious ly  (10). They were  
acid washed before use. They were  made  l iquid im-  
pe rmeab le  b y  appl ica t ion  of a 15 mi l  th ick porous 
polyf luorocarbon backing mate r i a l  (Cyanamid  L-3 
backing) .  The backing was appl ied  at  150~ by  
press ing at  150 psi for 5 min. The electrodes were  
he ld  in the anode halfcel l  by  a PTFE  screw cap (11). 
Electr ical  connection to the  f luorocarbon-backed anode 
(test  e lect rode)  was made  by  a p la t inum wire  spot-  
welded  to the  t an ta lum screen. The advantages  of this  
e lec t rode  assembly  include ease of changing the elec-  
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trodes and of keeping any  desired gas atmosphere at 
the back of the electrode. 

The hydrogen reference electrode was constructed 
from PTFE-bonded  p la t inum black on p la t inum screen. 
Hydrogen was bubbled over the electrode in 85% 
phosphoric acid. The reference electrode assembly 
was separated, from the main  body of the solution by 
a porous Vycor bulb. Connection to the test cell was 
made through an electrolyte bridge and Luggin capil- 
lary. All potentials ment ioned in this study are with 
respect to the above hydrogen reference electrode, 
kept at room temperature.  However, since the work 
was performed at 100~ (where the phosphoric acid 
concentrat ion is more near ly  95-97%), a correction of 
30 mV 1 due to tempera ture  and concentrat ion gradients 
has been subtracted from the observed potentials. The 
electrolytes phosphoric acid and sulfuric acid were of 
reagent grade qual i ty and no special precautions were 
taken to pur i fy  the electrolytes. Some experiments  
were performed with hydrogen peroxide treated phos- 
phoric acid (excess H202 removed by heating) but  the 
results were similar to those of unt rea ted  phosphoric 
acid. 

P la t inum black used alone or in  physical mixtures  
was commercial  mater ia l  (Engelhard Industries)  with 
a BET surface area of 25-30 m2/g. Rhodium black used 
alone or in physical mixtures  was prepared by di- 
phenylsi lane reduction of rhodium chloride in ethanol 
at 70~ It had a BET surface area of 40 m2/g. Co- 
deposited mixed blacks were prepared by coreduction 
from mixed solutions of the corresponding noble metal  
halides using diphenylsi lane under  the conditions men-  
tioned above. All ratios and percentages reported are 
by weight. 

For cyclic vol tammetry,  a Hewlet t -Packard  Model 
202A low frequency generator  was used to drive the 
Wenking potentiostat,  Model 61TRS. The potentiostat  
was connected to the appropriate electrodes and the 
resul t ing cur ren t -poten t ia l  curves were followed on a 
Moseley Model 135 X-Y recorder. Cycling the elec- 
trodes at different scan rates, from 3 mV/sec to 100 
mV/sec, made no difference in the over-al l  behavior. 
In  this s tudy most of the cycling was performed at 
30 mV/sec. While cycling, a ni t rogen atmosphere was 
mainta ined at the back of the porous electrodes. 

Polarization curves were obtained by applying a 
constant  potential  between the working and the refer-  
ence electrodes for 2-3 min (which t ime was enough 
to reach a steady state) and recording the currents  at a 
set of predetermined potentials. 

Results and Discussion 
Cyclic voltammetry oS porous e~ectrodes.--Electrodes 

of physically mixed p la t inum black and rhodium black 
(at 15 mg noble metal/cm2 and later at 5 mg / c m 2) 
were cycled by repetit ive t r iangular  voltage sweeps 
between 0.05V and 1.50V. During the first cycle of 
mixed electrodes the size of the peaks corresponding to 
each metal  was roughly proportional to the concen- 
trat ion of p la t inum and rhodium, as would be ex- 
pected. Each successive cycle caused an increase in 
the rhodium oxidation and reduction peaks with a 
proportionate decrease in the p la t inum oxidation and 
reduction peaks (Fig. 1). With continued cycling, 
complete disappearance of the p la t inum peaks was 
observed (curve 2, Fig. 2). Fur ther  cycling beyond the 
disappearance of the p la t inum peaks caused a fur ther  
increase in rhodium oxidation and reduct ion peaks 
(to 700 cycles) as shown in curve 3 of Fig. 2. Final ly,  
with prolonged cycling, a gradual  decrease of the 
rhodium peaks occurred followed by reappearance of 
the p la t inum peaks, as shown by curve 4 of Fig. 2 
(2500 cycles). 

A similar over-al l  behavior  was observed in 6N 
H2SO4 at room temperature.  However, the p la t inum 
peaks reappeared much earlier in sulfuric acid, after 

z T h e  c o r r e c t i v e  v a l u e  o f  S0 m V  w a s  o b s e r v e d  w h e n  t h e  r e f e r e n c e  
h y d r o g e n  e l e c t r o d e  w a s  a t  r o o m  t e m p e r a t u r e  a n d  t h e  e l e c t r o l y s i s  
c e l l  ( w i t h  h y d r o g e n  a t m o s p h e r e  o v e r  t h e  w o r k i n g  e l e c t r o d e )  w a s  a t  
IOO~ 

80 3 I ~  

N 40 

i ~ 
4O 

i / ~ \  , ~ ~t~'~.~//~ I, ~st CYCLE 
\\\ ~\  ~ , ~  ~r ///~r 100~C, 95-97% H3PO, 

80 / ~ \ \  J ~ \ \ ~ / ]  2. 7th CYCLE 
2 ~  ~ 1 1  3. 25th CYCLE 

1 % . /  I I I I I I 
0,2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
POTENTIAL VOLTS vs, HYDROGEN ELECTRODE (30 rnV/sec.} 

Fig. I. Repetitive cycling of a porous mixed Pt-Rh electrode, 15 
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Fig. 2. Repetitive cycling of a porous mixed Pt-Rh electrode, 5 
mg/cm 2 (1:1). 

about 750 cycles, and they were approximately equal 
to the p la t inum peaks of the first cycle. The el iminat ion 
and the reappearance of the p la t inum peaks with 
cycling is very characteristic, and its importance will  
be explained as the discussion proceeds. It should, 
however, be ment ioned that  the reproducibi l i ty  of the 
peak heights (and consequently active electrochemical 
area) among different electrodes was not  very  good 
because of some apparent ly  inheren t  nonuni formi ty  
in making  the porous test electrodes. 

Cyclic voltammetry of smooth electrodes.--To com- 
pare with high area electrodes, some work with smooth 
electrodes was performed. Cyclic vol tammetr ic  curves 
of smooth plat inum, smooth rhodium and a smooth 
alloy of p l a t inum-rhod ium [50 w/o  (weight per cent) ,  
66 a/o (atom per cent) rhodium] are shown in Fig. 3. 
X - r a y  diffraction pa t te rn  of the p la t inum rhodium 
alloy (supplied by Engelhard Industr ies)  showed the 
presence of a single phase. The first sweep of the 
alloy (curve 3) showed no p la t inum peaks. From the 
similarities of the curves 2 and 3, Fig. 3, the electro- 
chemical surface characteristics of the alloy in the 
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beginning are similar  to those of pure rhodium. How- 
ever, a typical  continuous cycling of the smooth alloy, 
Fig. 4, showed a gradual  decrease in rhodium peaks 
and a proportionate increase in the p la t inum peaks 
with each successive cycle. Finally,  only p la t inum 
peaks were visible as seen by curves 2 to 4, Fig. 4. 
Thus, cycling changed the surface characteristics of 
the smooth p la t inum-rhod ium alloy from those of 
rhodium to those of p la t inum in about 150 cycles. 

On first glance, the results obtained with a smooth 
alloy seem to contradict those reported earlier with 
porous mixed metals. However, we can reasonably well 
explain the above behavior if we assume that  the 
rhodium oxides formed dur ing the anodic cycle are at 
least par t ly  soluble in the acid medium. In the case of 
smooth alloys, the rhodium oxides have a chance to 
diffuse away from the electrode surface and are not 
redeposited in the reduction half of the cycle, so that  
each succeeding cycle exposes more and more of the 
under ly ing  immobile  p la t inum sites and finally the 
surface behaves more like a pure p la t inum surface. 
In a porous electrode, however, the rhodium oxides 
are formed within the porous structure and do not 
have a chance to diffuse away completely but  are 
redeposited dur ing the cathodic half of the cycle cov- 
ering some of the p la t inum in the process. Such a 
repeti t ive process of selective dissolution and random 
deposition would convert  a physically mixed p la t inum-  
rhodium black surface to one with characteristics of 
rhodium alone. Not all of the rhodium oxides formed 
dur ing each cycle were redeposited, as after very long 
cycling (2000 times or more) the rhodium peaks de- 
creased and the p la t inum peaks reappeared. Qual i ta-  
tive analysis by atomic emission spectroscopy of the 
phosphoric acid electrolyte in which the porous plat i-  
num- rhod ium electrode had been cycled showed the 
presence of rhodium and absence of plat inum, indi-  
cating the validity of our assumption of the dissolution 
of rhodium oxides. 

During cycling at 30 mV/sec two "iso-electronic" 
points, one at about 1.04V on the anodic sweep and 
the other at about 0.65V on the cathodic sweep, were 
observed both with porous as well as smooth plat inum'-  
rhodium electrodes. By analogy with "iso-sebestic" 
points of spectroscopy, it is l ikely that, during cycling, 
formation .and reduct ion of oxides of rhodium and 
p la t inum occurred with the exclusion of other side 
reactions. 

Polarization.--It is quite evident  from the polariza- 
t ion curves of a series of electrodes (Fig. 5) made from 
physical mixtures  of p la t inum black and rhodium 
black with from 0 to 100% rhodium, that  the cycled 
electrodes (3 mV/sec) polarized less severely than  the 
original uncycled electrodes. The over-al l  level of per-  
formance of the anode improved as the proport ion of 
rhodium in the mixtures  was increased both in the 
cycled as well  as the original  electrodes. P l a t i num 
black alone at 100~ performed very  poorly while 
rhodium black showed the least polarization (Fig. 5). 
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Fig, 5. Polarization curves of porous mixed Pt-Rh electrodes (15 
mg/cm2). 
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Fig. 6. Polarization curves of a porous mixed Pt-Rh electrode, 15 
mg/cm 2 (1:1). 

However, the cycled electrode having 50% or more of 
rhodium was almost as good as pure rhodium. Cycling 
(30 mV/sec) beyond the disappearance of the p la t inum 
peaks (about 30 cycles) caused a fur ther  decrease in 
polarization as seen in Fig. 6. 

With the object of extending the performance im-  
provements  observed to lower catalyst levels, the con- 
centrat ion of the noble metals was decreased from 15 
to 5 mg/cm 2. It  was hoped that  the catalyst could be 
spread to more advantageous sites by cyclic vol tam- 
metry. The polarization of such a physically mixed 
electrode decreased with cycling, as seen in Fig. 7 
(during these cycles the rhodium peaks increased as at 
higher loadings but  more gradual ly) .  However, after 
ext remely  long cycling (2350 t imes),  the polarization 
increased considerably and was a little more than  that  
of the original uncycled electrode (dur ing these lat ter  
cycles, rhodium peaks decreased with reappearance 
of the p la t inum peaks).  Attempts to increase the per-  
formance of 5 mg/cm 2 of a physically mixed p la t inum-  
rhodium with the addit ion of 5 mg/cm2 of graphite as 
a conductive support  were not successful. A new very 
small  reduction peak at 0.85V was observed when the 
electrode containing graphite was oxidized to 1.50V. 
The ident i ty  of this peak was not established, bu t  it  
may be due to reduct ion of oxides of carbon. In al l  
cases of physically mixed p la t inum-rhod ium black, a 
severe loss in performance was observed in going from 
15 to 5 mg/cm 2. 

No significant improvement  in performance was ob- 
served when physically mixed p la t inum-rhod ium 
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Fig. 7. Polarization curves of a porous mixed Pt-Rh electrode, 5 
mg/cm 2 (1:1). 
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electrodes were cycled over the nar rower  region of 
0.2-0.9V. Also, controlled potential  oxidations at 0.9V 
(where rhodium oxide formation occurs) and at 1.5V 
(where both rhodium and p la t inum oxides are formed) 
caused no noticeable decrease in polarization. In one 
experiment  the t an ta lum screen was replaced by a 
p la t inum screen to ascertain whether  the disappear-  
ance of p la t inum peaks and the enhancement  of 
rhodium peaks while cycling was in any way related 
to the presence of t an ta lum in the electrode. Cyclic 
voltammetric  curves were similar with electrodes hav-  
ing either type of screen. However, the polarization 
obtained with a p la t inum screen electrode was less 
than  that for a similar electrode using t an ta lum screen. 
This may be due to the bet ter  conductivi ty of the 
p la t inum screen. 

Codeposit vs. physical mixture.--A codeposit of 
p la t inum and rhodium blacks was made by reduct ion 
of their  chlorides with sodium borohydride and this 
catalyst was made into an electrode at 15 mg noble 
meta l / cm 2. The results were then compared with a 
similar physically mixed electrode. On cycling, both 
electrodes showed improvement  in resistance to carbon 
monoxide poisoning. However, the physically mixed 
electrode performed better  at high cur ren t  densities 
than the codeposited electrode. On the first cycle of a 
codeposited electrode, only one reduction peak (at 
0.49V) was observed, and this shifted gradual ly  to 
0.45V after 150 cycles. This peak was be tween the 
p la t inum (0.77V) and rhodium (0.38V) reduction peaks 
of a physically mixed electrode. Prolonged cycling 
(1000 to 2000 times) of a codeposited electrode caused 
the appearance of a p la t inum reduction peak with a 
proport ionate decrease in the ini t ial  peak. Qual i ta-  
tively, this behavior was similar to a smooth alloy of 
p la t inum-rhodium,  although only about 100 cycles 
were required to remove all the rhodium from the 
surface of the smooth alloy. The gradual  appearance 
of the p la t inum peak with cycling on smooth alloy 
and codeposited p la t inum-rhod ium electrodes is 
another  indication of the dissolution of rhodium. 

X- r ay  diffraction pat terns using Cu-K radiat ion 
having a Ni filter (effective wavelength of 1.54050A) of 
the physically mixed p la t inum and rhodium electrodes 
show two distinct phases, one p la t inum peak at 40 o 
and the other rhodium peak at 41 ~ curve 1 of Fig. 8. 
After  about 150 cycles, the two phases become better  
defined (curve 2, Fig. 8). The peaks were identified by 
comparing with the known samples of p la t inum and 
rhodium and also by checking with the l i terature data. 
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3. CO-DEPOSIT 

ORIGINAL 
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150 CYCLES 

I I 
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( i\'il . r . / Xi )" 

/ /"  

I I I I I 43 42 41 40 39 38 
ANGLE 28 

Fig. 8. X-ray diffraction patterns of mixed and codeposited Pt- 
Rh electrode, 15 mg/cm 2 (1:1). 
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The codeposited p la t inum-rhod ium electrode on the 
other hand showed only a single (alloy) phase. After 
about 150 cycles, the peak shifted from about 40.5 ~ to 
40.8 ~ (curves 3 and 4, Fig. 8) suggesting rhodium 
enr ichment  of the alloy phase near  the electrode sur-  
face. This probably occurs by dissolution of the rho-  
dium oxide dur ing  the anodic cycle and redeposition of 
rhodium on the p la t inum sites when the cycling is 
reversed. Cycling seems to result  in crystall i te size 
growth of the particles. 

Electron microscopic data reveal  that  the metal  
phase in both codeposited and physically mixed plat i-  
num- r hod i um electrodes is very fine and wel l-dis-  
persed. Cycling caused an increase in the size of the 
particles and, in the case of the codeposited electrode, 
the formation of spheroidal metal  particles (0.1 to 
0.5~). 

It can be inferred from the results of cyclic vol tam- 
met ry  and x - ray  diffraction data that  a codeposited 
electrode is an "alloy," while the physically mixed 
electrode behaves as a simple mixture  of p la t inum and 
rhodium even after cycling. 

Palladium-rhodium electrode.--The results obtained 
with a physically mixed pal ladium black and rhodium 
black electrode were qual i ta t ively similar to those 
obtained with the mixed p la t inum-rhod ium electrode 
as discussed previously. As shown in Fig. 9, the init ial  
twin  peaks for pal ladium and rhodium were present, 
but  with cycling the pal ladium reduction peak (at 
0.63V) decreased leaving two small well-defined peaks 
(at 0.75 and 0.63V). The new peak at 0.75V may be due 
to p la t inum which is exposed at the surface because 
cycling caused dissolution of most of the palladium. 
Quali tat ive analysis by atomic emission spectroscopy 
of the electrode showed the presence of p la t inum 
(approximately 600 ppm) as an impurity.  The per-  
formance of the uncycled electrode on Hu having 10% 
CO at 100~ in phosphoric acid was good and im-  
proved with cycling (to 25 cycles). However, after 
longer cycling (to 214 t imes),  the polarization in-  
creased while the rhodium peaks decreased. Also, 
dur ing cycling a black precipitate, presumably due to 
the dissolution of pal ladium oxides, came out of the 
electrode. The black color became more intense dur ing 
the anodic cycle at potentials ~ 1.20V. No significant 
change in polarization was observed when the mixed 
pa l lad ium-rhodium electrode was cycled between 0.2- 
0.9V instead of the usual  0.05-1.50V. 

Platinum-ruthenium electrode.--Attempts to make 
electrodes of physically mixed p la t inum black and 
ru then ium black were not successful, since ru then ium 
dissolves in the acid wash given to all electrodes 
before use. A codeposit of p l a t i n u m - r u t h e n i u m  formed 
into an electrode was more stable and showed behavior 
qual i ta t ively similar  to a codeposited p la t inum-rho-  
d ium electrode. However, the ru then ium peaks dis- 
appeared almost completely in about 100 cycles, curve 
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Fig. 9. Repetitive cycling of a porous mixed Pd-Rh electrode, 15 
mg/cm 2 (1:1). 
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3 of Fig. 1O, and well-defined p la t inum peaks reap-  
peared. This coincided with a sharp increase in polari-  
zation after 100 cycles. The disappearance of the 
ru then ium peaks and the formation of a brown precip- 
itate dur ing cycling suggests the dissolution or dis- 
persion of ru then ium oxides into the acid electrolyte. 

Gold-rhodium electrode.--Gold black (8 m2/g surface 
area) and rhodium black (30-40 m2/g surface area) 
were mixed in equal weight proportion to give an 
electrode with a total loading of 15 mg/cm 2. Cyclic 
vol tammetry  showed the oxidation and reduction peaks 
of rhodium (at 0.8 and 0.38V, respectively) and of 
gold (at 1.36 and 1.27V). Repetitive cycling decreased 
the gold peaks gradually.  After about 20 cycles, no 
gold peaks were observed while a proport ionate in -  
crease in rhodium peaks occurred. The original as well 
as the cycled electrode performed poorly on 10% CO 
in hydrogen. 

RA (platinum-rhodium-WOx) electrodes.--The RA 
catalyst is a special type found by empirical  study to 
be unusua l ly  resistant  to carbon monoxide poisoning. 
It is made (12) by codeposition of p l a t inum-rhod ium 
black in the presence of tungs ten  oxide (WO~) with 
an oxidation state of the tungs ten  between 4 and 6. 
Cycling of this type of electrode showed only 
very large and well-defined rhodium peaks and no 
p la t inum peaks at all (curve 3, Fig. 11). Repetit ive 
cycling decreased the rhodium peaks, evolved a yellow 
precipitate (more intense at potentials > 1.3OV) pre-  
sumably  due to dissolution of higher oxides of t ung-  
sten, and caused an increase in polarization. Excep- 
t ional ly good performance of such an electrode was 
obtained (Fig. 12) even at a total loading of noble 
metals of 5 mg/cm 2. 

In another  exper iment  p la t inum black and rhodium 
black were made separately in the presence of tungsten  
oxide. Although the two catalysts were made in a 
similar manner ,  on analysis it was found that  the 
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Fig. 12. Polarization curves of a porous RA2 electrode 5 mg/cm 2 
Pt-Rh (1:1) 4 mg/cm 2 graphite -F WOx. 

concentrat ion of tungsten in the p la t inum black was 
about 3% while only about 0.3% in the rhodium black. 
Cyclic vol tammetry  of the rhodium-tungs ten  electrode 
shows a very large rhodium peak, curve 1 of Fig. 11, 
indicating that  in the presence of tungsten  oxide 
rhodium sites are readily exposed at the electrode 
surface. On the other hand, a p l a t inum- tungs ten  elec- 
trode shows a very  small  p la t inum peak, curve 2 
of Fig. 11, thereby indicating relat ively few p la t inum 
electroactive sites. 

Conclus ions 
Repetit ive t r iangular  voltage sweeps markedly  

changed the apparent  surface s tructure of both porous 
mixed p la t inum-rhod ium black electrodes and smooth 
alloy electrodes containing the same metals. In  the 
case of mixed black electrodes, cycling changed the 
dual surface characteristics of p la t inum and rhodium 
to those of rhodium alone. However,  very  prolonged 
cycling caused the reemergence of p la t inum surface 
characteristics and d iminut ion  of rhodium character-  
istics. For a smooth p l a t inum-rhod ium alloy electrode, 
cycling changed the ini t ial  surface characteristics from 
those of rhodium alone to those typical  of plat inum. 

The explanat ion of these observations appears to be 
the oxidation and selective part ial  dissolution of rho- 
dium from the electrode surface. For the smooth 
alloy electrode it appears that  rhodium oxide is se- 
lect ively dissolved and diffuses into bulk  solution 
before reduction can occur. For the mixed black elec- 
trode there appears to be selective solution and re-  
deposition of rhodium on p la t inum wi th in  the porous 
electrode structure.  Loss to bulk electrolyte is re la-  
t ively slow, al though when cycling is continued ex- 
haustively, t ransfer  to the bu lk  electrolyte becomes 
significant and p la t inum surface reappears with di- 
minut ion  of rhodium surface characteristics. 

Studies of electrode polarization on hydrogen con-  
ta in ing 10% CO indicate that  max imum electrochemi- 
cal performance (min imum polarization due to CO 
poisoning) occurs under  conditions of ma x i mum sur-  
face coverage of rhodium. Thus a cycled 1:1 p la t inum-  
rhodium black electrode which exhibited total  re-  
placement  of p la t inum surface with rhodium was 
equivalent  in performance to an electrode made of 
rhodium black alone. 

In  summary,  the observed variat ions in  electro- 
catalytic performance can be largely explained in 
terms of rhodium oxide dissolution and redis t r ibut ion 
on cycling and the concept that  ma x i mum rhodium 
surface is required for m i n i m u m  polarization due to 
CO poisoning. 

The pal ladium-rhodium,  p la t inum-ru then ium,  and 
gold-rhodium systems all showed quali tat ive similari-  
ties to p l a t inum-rhod ium with respect to migrat ion 
and redis t r ibut ion of rhodium or ru thenium.  The gold- 
rhodium system, however,  was poor from an elec- 
trocatalytic standpoint,  perhaps indicat ing that  sub- 
strate composition can have an impor tant  influence on 
the act ivi ty of the rhodium surface. The general  phe-  
nomena  observed are thought  to have broad applica- 
t ion in the s tudy of electrocatalysis. 
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The High Rate Oxidation of Silver Electrodes in 
Chloride Solutions 

P. Bro* and N. Marincic* 

P. R. Mallory & Company, Inc., Laboratory for Physical Science, Burlington, Massachusetts 

ABSTRACT 

The anodie oxidation of silver in zinc chloride solutions demonstrated the 
feasibility of operating rechargeable silver/silver chloride battery electrodes 
at charging rates up to 150C without  any gas evolution. Specific capacities 
of about 2 m A - h r / c m  2 were obtained at cur rent  densities between 60 and 300 
m A / c m  2. The greatest charge acceptance was obtained with th in  silver elec- 
trodes and with zinc chloride solutions containing sodium perchtorate. The 
charging process was general ly te rminated  by the boil ing of the electrolyte in 
the diffusion layer at the electrode. 

Convent ional  storage batteries have low in t r i n -  
sic charging rate capabilities, and attempts to 
charge them quickly invar iab ly  lead to unwanted  
parasitic reactions. We have searched for a system with 
a high intrinsic charging rate capability, and we have 
reached the conclusion that  the highest rates can be 
obtained, most probably, with electrodes formed by 
deposition from concentrated solutions of their  salts. 
The rate capabilities have already been discussed of 
anodes which are formed by deposition from chloride 
solutions of the anode metals (1, 2), and the results 
indicated that  very high charging rates could be em- 
ployed. It would be expected, likewise, that  cathodes 
might be charged rapidly when formed by the oxida- 
t ion of suitable metals in concentrated solutions of 
salts containing the cathode anion. 

We found that  silver electrodes could be oxidized 
electrochemically at very high rates in chloride solu- 
tions without  gassing, par t icular ly  in the case of thin 
silver electrodes, to give useful s i lver/s i lver  chloride 
bat tery  cathodes. The studies reported here were un -  
der taken to obtain an unders tanding  of the fast charg- 
ing process and to establish the rate l imiting factors. 
We also report the rate and charge acceptance capa- 
bilities of the s i lver /s i lver  chloride cathode in an elec- 
trolyte suitable for the operation of rechargeable 
zinc/si lver  chloride cells. 

Experimental Techniques 
Flat  silver electrodes were charged in zinc chloride 

solutions under  constant current  conditions in cells 
shown schematically in Fig. 1. Conventional  chronopo- 
tentiometric circuitry was used. The constant  current  
was derived from a 240V stack of lead acid storage 
batteries in series with a variable  resistor or from a 
Harrison power supply, Model 6443B. The electrode 
potentials were measured with respect to a Ag/AgC1 
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reference electrode in the same solution located about 
0.5 cm in front of the working electrode. The chrono- 
potentiograms were recorded with a Sargent recorder, 
Model DSRG. It is estimated that the currents re- 
mained constant within 2% during the charging 
process. The currents were measured with a Greibach 
ammeter, Model 560 or 700, with an accuracy of 
• 0.5%. 

The circular silver electrodes were made from 99.9% 
pure silver and had a diameter  of 1.85 cm, almost equal 
to that  of the inner  diameter of the cylindrical  cell, 
1.90 cm, to provide a uniform current  density on the 
electrode. Copper-constantan thermocouples made of 
1 rail wires were cemented to the rear  of the elec- 
trodes with silver amalgam, and the mounted thermo-  
couples were calibrated in a constant  t empera ture  bath. 
The potential  of the thermocouples was recorded di-  
rectly on the Sargent  DSRG duo-channel  recorder con- 
current ly  with the potent ial  of the working electrode. 
The response t ime of the electrode-thermocouple sys- 
tem was l imited by that  of the recorder, about  1 sec 
for full  scale deflection. The finite thickness of the 
electrodes introduced a short but  noticeable delay in 
the thermal  response of the thermocouple to a change 

~R\L~_.~_REFERENCE i PLEXIGLAS ELECTRODE ~----SILVER THERMOCOUPLE ELECTRODE 
Fig. 1. Schematic diagram of cell 
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in the tempera ture  of the front surface of the elec- 
trodes. 

The electrodes were reconditioned after each charge 
by the removal  of the silver chloride and the re-  
polishing of the electrode with a grade 500 emery 
cloth. The oxidation occurred uni formly  over the 
silver surface, with occasional pitting, which allowed 
the change in the thickness of the electrodes to be 
calculated from the total charge per pulse. Measure- 
ments of the electrode thickness after several runs  
confirmed the validity of these calculations. 

Zinc was used as a counterelectrode to avoid gas 
formation at the negative electrode during charging. 
All the solutions were prepared from reagent  grade 
chemicals, and the zinc salt concentrations of the 
stock solutions were determined polarographically. 

Experimental Results 
A typical thermal  response curve of a thin silver 

electrode is shown in  Fig. 2. After  an ini t ial  delay in 
the thermocouple response caused by the finite thick- 
ness of the electrode the tempera ture  of the silver 
electrode rose rapidly with a positive curvature.  Then, 
the rate of rise decreased, and strong thermal  fluc- 
tuations developed. The voltage across the electrode 
followed a similar pattern.  At the point where the 
thermal  and potential  fluctuations began, the silver 
chloride film began to deteriorate. Generally,  micro- 
volcanic eruptions occurred in the film accompanied 
by incipient  boiling noises and an intense agitation of 
the electrolyte in the crater regions. Strong convective 
currents  were general ly observed within 5-20 sec of 
the start of the charging pulse, depending on the elec- 
trolyte composition and the current  density. Occa- 
sionally, boiling occurred before film failure. The on- 
set of film failure or boiling signalled the end of 
efficient charging and was used to define the charge ac- 
ceptance of the electrode. 

The charge acceptance of the electrodes did not vary 
much with the current  density. The greatest change 
was observed in the 2.0M ZnC12, 0.5M NaC10~ solu- 
tion, Fig. 3, where it increased from about 1.5 m A - h r /  
cm 2 at current  densities above 200 ma /cm 2 to values 
greater than 2.0 m A - h r / c m  2 at current  densities below 
60 ma /cm 2. Smaller  changes were observed for the 
less concentrated support ing electrolytes. The smallest 
charge acceptance of about 0.8 m A - h r / c m  2 was found 
for electrodes charged in 2.0M ZnC12 containing no 
support ing electrolytes. At current  densities below 
the values reported here the silver chloride films were 
either poorly attached to the electrode or the silver 
chloride was present  as a loosely adhering powder. 
Although the low current  densities gave high specific 
capacities on charge the poor qual i ty of the silver 
chloride rendered the charge nonrecoverable.  
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The reported charge acceptance pertains to the 
charge ra ther  than the discharge of the s i lver/s i lver  
chloride electrode. Separate experiments established 
that  discharge efficiencies above 95% were obtained 
whenever  visual ly sound films of silver chloride were 
formed. The discharges were performed at 0.4-4.4 m A /  
cm 2. Repeated cycling of Zn/AgC1 cells under  various 
conditions confirmed the high coulombic efficiency 
of the sytsem. 

The zinc chloride concentrat ion of the electrolyte 
exerted a strong influence on the behavior of the Ag/  
AgC1 electrode. In  saturated zinc chloride solutions the 
silver chloride films dissolved rapidly, 70 ~A/cm 2, 
presumably due to the formation of soluble AgC12-. 
The self-discharge rate was reduced to less than  1 #A/  
cm 2 at room tempera ture  for zinc chloride concentra-  
tions below 2M. This was considered an acceptable 
self-discharge rate for the Zn/AgC1 cells. Since it was 
desirable to use high zinc ion and high chloride ion 
concentrat ions to enhance the mass t ransfer  rates at 
the electrodes, the 2.0M zinc chloride electrolyte rep-  
resented a satisfactory compromise, and most of the 
studies were l imited to this electrolyte. 

The exploratory experiments  had indicated that  the 
high rate charging process gave higher capacities on 
th in  electrodes than on thick ones. This led to the 
conjecture that  a successful high rate charging de- 
pended on the heating of the silver chloride film. At 
elevated temperatures  film defects would heal during 
the charging process and the film would also be more 
conductive. Because of its large heat capacity the tem- 
peratures of the silver chloride film on a thick silver 
electrode would remain  low, the film would not heal, 
and the charge acceptance would be low. A series of 
experiments  with a thick electrode containing 35g 
s i lver /cm 2 showed that  it had only about one third the 
charge acceptance of the th in  electrodes reported on 
here; the lat ter  contained less than  0.Tg s i lver /cm 2. 

An examinat ion of the charging curves indicated 
that the half-cell  voltages at the film fai lure points 
varied little with the current  density, which allowed 
the use of a mean failure voltage for each solution, Fig. 
4. In  the absence of a support ing electrolyte, the end 
Qf useful  charging occurred at about 27V. I t  rose to 
about 31V in the 2.0M ZnC12, 0.5M NaC104 solution, 
and it decreased to about 21V in the 2.0M ZnC12, 1.0M 
NaC104 solution. The thickness of the electrodes did 
not influence the failure point  voltages noticeably for 
the thin electrodes. 

The ini t ial  thermal  response of the electrodes would 
be expected to reflect the influence of the system var i -  
ables more clearly than would their  tempera ture  at 
the failure points because of the strong convective dis- 
turbances in the electrolyte toward the end of the 
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charging process. The rate of heat ing of the 
electrodes increased rapidly with the current  den-  
sity, Fig. 5. Rates were reached of 5~ at 
75 m A / c m  2 and 250~ at 300 m A / c m  2 after 6 
sec of charging in the 2.0M ZnC12, 0.2M NaC104 solution 
for a 0.067 cm thick electrode. The thickness of the th in  
silver substrates did not affect the rate of heat ing 
noticeably, Fig. 6. However, the composition of the 
electrolyte exerted a strong influence on the heat ing 
rate, Fig. 7. The lower the concentrat ion of the sup- 
porting electrolyte, the greater the heating rate under  
otherwise identical conditions. In  2.0M ZnC12, 1.0M 
NaC104 it  reached a value of 21~ after 12 sec 
at 150 mA/cme; the corresponding value in 2.0M ZnC12 
was 280 ~ C/min.  

The thermal  histories beyond the ini t ial  charging 
period increased in variabil i ty,  and the influence of the 
various parameters  could not be discerned unambigu-  
ously. 
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Discussion 
The expe r imen ta l  w o r k  demonst ra ted tha t  f lat  s i lver  

electrodes could be charged efficiently at very high 
current  densities, at rates as high as 150C in bat tery 
terminology, to give recoverable specific capacities of 
about 2 m A - h r / c m  2. The charging process was strongly 
dependent  on the qual i ty of the silver chloride film 
formed on oxidation. At current  densities below about 
40 m A / c m  2 inferior films were formed on the fiat 
electrodes and they gave low discharge efflciencies. 
Above about 60 mA / c m 2 good films were formed which 
gave high coulombic efficiencies on discharge. These 
observations are in general  agreement  with the re-  
sults reported in the l i terature.  Jaenicke et al. (3) 
found that  patchy films were obtained at low current  
densities which adhered poorly to the substrates. 
Above 30 mA / c m 2 silver chloride films were obtained 
which adhered well to their substrates. 

Once a uniform silver chloride layer is present  on a 
silver electrode no gas evolution would be expected at 
the AgC1/electrolyte interface since silver chloride is 
a purely  ionic conductor. Exceptions were noted at the 
lower current  densities where a transitory,  thin, dark 
film appeared on the electrodes at the onset of charg- 
ing. Very light gassing could then be seen which may 
be at t r ibuted to the electronic conductivi ty of the dark 
film which was, presumably,  silver chloride with a 
high defect concentration. At the higher current  den-  
sities the dark film persisted for a very short t ime 
only and no gas evolution could be seen. 

In  principle, it should be possible to oxidize a silver 
electrode at a very high rate since the process con- 
sists of the simple abstraction of electrons from the 
metal. Any  rate l imit ing factors, if present, would be 
associated with the t ranspor t  processes in the system. 
The evolution of chlorine at the s i lver /s i lver  chloride 
interface might be a l imit ing process, but  no observa-  
tions indicated its occurrence. Two processes may be 
considered. Once a uniform silver chloride film is pre-  
sent on the electrode the rate of t ransport  of silver ions 
through the film would be l imited only by the voltage 
across the film. High potentials were used to operate 
the electrodes at the high rates and constant  rates of 
t ranspor t  could be maintained,  but  only by the use 
of a rapidly increasing voltage across the electrode to 
match the increasing resistance of the electrodes. 
Adequate rates of t ranspor t  were main ta ined  unt i l  the 
films failed. The failures appeared as localized fusion 
of the silver chloride film, and local boiling ensued 
which te rminated  the efficient charging process. It  is 
probable that  the failures began in the micropores 
thought  to be present  in silver chloride films (3). The 
other rate l imit ing process to be considered may be 
a t t r ibuted  to the removal  of chloride ions by the pre-  
cipitation of silver chloride and the a t tendant  deple- 
t ion of charge carriers in the electrolyte. The efficient 
deposition of silver chloride on the electrode indicated 
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that  an adequate supply of chloride ions was available 
at the electrode. However, the heating and eventual  
boiling of the solution indicated that an appreciable 
carrier depletion had occurred which gave rise to an 
excessive resistive heating of the electrolyte adjacent 
to the electrode. The design of the cell and the ex- 
per imental  procedures did not allow a discrimination 
between the potential  differences across the silver 
chloride film and across the diffusion layer. The dis- 
cussion will  be based, therefore, on inferences drawn 
from the effects of the electrolyte composition on the 
electrode performance. 

The constant current  charging process was accom- 
panied by strong convective currents  at the electrode 
which invalidated a conventional  chronopotentiometric 
analysis of the charge acceptance. Nevertheless, it is 
instruct ive to consider this simple mass t ransfer  l imita-  
tion. Using the t ransi t ion t ime data for concentrated 
zinc chloride solutions (1) it was estimated that  spe- 
cific capacities of 3 m A - h r / c m  2 should be obtained at 
300 m A / c m  2 in the absence of a support ing electrolyte 
and about 1.5 mA-hr /cm2 in the presence of a support-  
ing electrolyte for 2.0M ZnC12 solutions. A contrary 
behavior was observed. The charge acceptance in-  
creased with an increase in the concentrat ion of the 
support ing electrolyte. However, the charge accept- 
ance increased with a decrease in the current  density 
in conformity with the expectations based on the 
chronopotentiometric equations. These observations 
suggested that the charging process was t ransport  
l imited in the support ing electrolyte. The observed 
and expected capacities were both 1.5 m A - h r / c m  2 at 
300 m A / c m  2, and at 100 mA/cm 2 they were about 2 
m A - h r / c m  2 and 4 m A - h r / c m  2, respectively. This is a 
reasonably good agreement,  but  not adequate for any 
quant i ta t ive  deductions. 

The smaller  capacity in the absence of a support ing 
electrolyte suggested that  a l imit ing process other 
than mass t ranspor t  intervened,  and, as noted earlier, 
the charging process was terminated  by the excessive 
heating of the electrolyte. The thermal  response of the 
electrodes showed that the heating rate of the system 
increased markedly  with a decrease in the concentra-  
tion of the support ing electrolyte. If the silver chloride 
film had been the principal  source of ohmic heat, the 
rate of heating would have been the same at the 
same current  density for the various solutions. Since 
they were markedly  different, the principal  voltage 
drop and heat generat ion must  have occurred in the 
electrolyte; the more so the lower the concentrat ion 
of the support ing electrolyte, and the electrode capa- 
cities would be less than  those expected for a mass 
t ransport  l imited system, as observed. 

The potential  difference across the Ag/AgCI half- 
cell at the failure points reached a max imum value 
of about 32V for a 0.5M NaC104, 2.0M ZnC12 solution, 

and it decreased for both lower and higher concen- 
trations of the support ing electrolyte. The smaller 
failure point voltages in the more concentrated sup-  
porting electrolytes may be at t r ibuted to the greater 
conductivi ty of the electrolytes. The smaller  failure 
point voltages in the less concentrated support ing 
electrolytes may be explained with reference to the 
thickness of the silver chloride films. The charge ac- 
ceptance data showed that  the film thickness decreased 
for concentrations of the support ing electrolyte below 
about 0.5M NaC104; it remained essentially constant  
for more concentrated solutions. Therefore, for the 
given rate of energy deposition in  the electrolyte 
needed to cause boiling, the total potential  drop across 
the half-cell  at the failure point would be less for 
the less concentrated solutions, as observed. 

Conclusions 
The search for a rechargeable bat tery cathode ca- 

pable of accepting a high charging rate with a high 
efficiency showed that flat s i lver /s i lver  chloride elec- 
trodes could be charged under  constant current  con- 
ditions at rates as high as 150C (300 m A / c m  2) to spe- 
cific capacities of about 2 m A - h r / c m  2 in zinc chloride 
solutions. The high rate of charge was accompanied by 
a considerable evolution of heat at the electrode, and 
the charging process was general ly te rminated  by the 
boiling of the electrolyte. The ohmic heating of the 
electrolyte in the diffusion layer was the principal  
cause of heat generation. Some heat was also generated 
by the ohmic heating of the silver chloride film. Low 
rates of charge in the same system, below 60 m A / c m  2, 
led to the formation of silver chloride films which 
could not  be discharged efficiently. 

The addition of sodium perchlorate as a support ing 
electrolyte in the zinc chloride solution decreased the 
rate of heat generat ion in the system and increased 
the charge acceptance by delaying the onset of boiling. 
When the te rminat ion  of efficient charging was thus 
delayed the charge acceptance reached values close 
to those predicted from the chronopotentiometric equa- 
tions for the depletion of chloride ions at the electrode. 

The application of these results to a rechargeable 
cell will  be considered in a subsequent  report. 

Manuscript  submit ted Feb. 24, 1969; revised m a n u -  
script received June  20, 1969. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1970 JOURNAL. 

REFERENCES 
1. P. Bro and N. Marincic, This Journal, 116, 448 

(1969). 
2. P. Bro and N. Marincic, ibid., To be published. 
3. W. Jaenicke, R. P. Tischer, and H. Gerischer, Z. 

Elektrochem., 59, 448 (1955). 

Erratum 

In the paper "Study of the Li th ium Oxide-Nickel 
Oxide System, I. Thermodynamics  of Dilute Solid So- 
lutions" by S. Pizzini, R. Morlotti, and V. Wagner  
which was published on pp. 915-920 of the Ju ly  1969 
issue of the JOURNAL, Vo1. 116, No. 7, there is a small  
error in Eq. [8] and [8a]. These should be wr i t ten  as 
follows: 

FE = -- [GLiNio2(xl) -- GLiNiO2(x2)] -- RT In 

RT x2 
E~-  i n - -  

F xl  

a*2(LiNiO 2) 

a *  1 (LiNiO 2 ) 
[8] 

[8a] 
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ABSTRACT 

The open circuit voltage (emf) and the voltage under  load of alkaline 
silver oxide-zinc and mercuric oxide-zinc minia ture  batteries have been mea-  
sured at pressures up to 20 kbars. The emf of these batteries varies with 
pressure in the manne r  expected based on the thermodynamics  of the cell 
reactions. Pressure affects the voltage of the discharging silver oxide bat-  
teries only through its effect on the emf. The voltage of the discharging mer-  
curic oxide bat tery is lowered with increasing pressure by approximately 
5 mV/kbar .  This decrease in voltage is due both to an increase in the over-  
voltage at the HgO electrode and also to the ohmic resistance. These pressure 
effects are discussed in terms of the postulated diffusion of hydroxyl  ions 
through water  channels in the reduced oxide and the influence of these chan-  
nels on the number  of oxide sites at which reduct ion may occur. 

From thermodynamics  it is possible to theoretically 
calculate the effect of pressure on the reversible  emf, 
E ~ of a voltaic cell or battery.  The emf is related to 
the s tandard Gibbs free energy for the bat tery reaction 
according to the we l l -known relat ionship 

~G = riFE ~ [1] 

The s tandard free energy of the reaction is related to 
the s tandard change in entropy and volume for the 
bat tery  reaction according to the expression 

hG : - - h S d T  -+- A V d P  [2] 

From Eq. [1] and [2] the pressure coefficient of the 
emf is given (at constant  temperature)  as follows 

dE ~ V  [3a] 

o r  

_ (in mV/kba r )  a ~ 1 . 0 3 6 - -  (in cma/mole) 
- - -~-]T n 

[3b] 

Here n is the number  of moles of electrons t ransferred 
dur ing the consumption of one mole of reactants. For 
a part icular  reaction hV can be calculated by sub-  
t ract ing the molar  volumes of the reactants from those 
of the products. At atmospheric pressure the molar  
volumes of the substances of concern to us here are 
readily found from density data (1). At high pressures 
one would need pressure vs. volume data in order to 
obtain AV and hence ( d E ~  

The circuit of a bat tery  under  load is shown sche- 
matical ly in Fig. 1. The voltage output, EAB, of such a 
cell is given by 

EAB = iR{ = Es - -  E2 - -  iRint 

: E ~  - -  E~  - -  ]~ll[ - -  [~12] - -  iR in t  

= E ~  - -  ] ~ , I -  I•=l - -  m~,, t  

] 
[4] 

Rint-~- R~ I = E a  - -  {hi{ ' - -  11121 - -  ( E l -  E2)  
R i n t  

H e r e  R in t  is the ohmic resistance of the electrolyte 
( including the matr ix  in which it is embedded, see Fig. 
3) in  the battery,  E1 and E2 are the potentials of the 

* Electrochemical  Society Active Member.  
1 Present  address:  Depar tment  of Chemistry,  Weber  State College, 

Ogden,  Utah.  
Present  address: Union  Carbide Corporation, Consumer  Products  

Division, Parma,  Ohio. 
s In this  work the pressure  is expressed  in ki lobars (kbar) w h e r e  

1 a tm = 1.01325 bar.  

electrodes 1 and 2 with respect to a fixed reference 
electrode, E~ and E~ are the open circuit potentials 
of electrodes 1 and 2 (such that E~ --  E~ = E ~ the 
emf of the bat tery) ,  and nl and n2 are the overvoltages 
of the electrodes at the given current  output  of the 
battery.  The overvoltage terms both act to diminish 
the potential  difference between the two electrodes 
and are due to free energy barr iers  to charge- t ransfer  
at the meta l -meta l  oxide and metal  oxide-electrolyte 
interphases as well  as to concentrat ion polarization 
of the reactants at these interphases due to the slow 
diffusion of ions or to slow crystallization. The effect 
of pressure on EAB (Eq. [4]) cannot be predicted 
from thermodynamics  alone, since only E ~ is a thermo-  
dynamic quant i ty  while nl, n2 and iR in t  depend on the 
chemical kinetics and the t ransport  properties of the 
system. 

In this study we have measured the emf of Ag20- 
zinc and HgO-zinc batteries as a function of pressure. 
We have also compared the pressure effects on the 
voltage of these batteries while  under  load to the pres- 
sure effects on E ~ re levant  to s tudying the relat ive 
changes with P of the various terms in Eq. [4]. 

Experimental Setup 
The batteries were squeezed in a pis ton-cyl inder  

press as shown in Fig. 2. The pistons, of diameters 
0.5 or 1.0 in., were dr iven by a hydraulic  ram which 
was operated with a manua l  pump. Each bat tery under  
study was placed in a talc pressure medium within  
the cylinder such that  the positive pole contacted the 
sintered tungsten  carbide piston (cf. Fig. 2). A lead 
from the piston to the potent iometer  thus contacted 
the lat ter  with the battery. A wire lead was connected 
to the negative pole of the bat tery  by means of a 
conduct ive-epoxy cement, and this lead was r un  out 
of the pressure cell between insulat ing sheets (as 
shown in Fig. 2) to the negative jack of the potent iom- 
eter. The flow properties of the talc under  pressure 
made for a quite uni form pressure around the bat tery 
(semihydrostatic),  and also prevented the bat tery 

A LOAD B 

h "J 
fi P R). 

ELECTRODE I ELECTROLYTE (R in l )  El FCT2RODE 

BATTERY 
Fig. 1. Schematic diagram of a battery under load 
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Fig. 2. Cross-sectional view of the essential components of the 
sample cell in the piston-cylinder press. A, battery; B, conductive 
epoxy connection between battery and wire lead; C, talc pressure 
medium; D, pyrophyllite disk; E, Teflon sheet; F, metal lead con- 
necting negative battery terminal and potentiometer; G, mica 
sheet; H, wire lead to positive pole of potentiometer. 

from deforming significantly dur ing a run. Before 
measurements  were made the pressure was increased 
to its max imum value in order to crush the talc around 
the battery, after which the pressure was decreased 
to 1 arm and then slowly increased to the desired pres- 
sure and the measurement  made. From the above ar-  
rangement  the pressure on the bat tery  was considered 
to be equal to the average pressure on the face of the 
piston, which in t u rn  was calculated from the oil 
pressure in  the hydraul ic  l ine and the ratio of the 
areas of the faces of the ram and piston. Calibrat ion 
studies (2) have shown the loss of pressure due to 
friction between the piston and cylinder wall  to be 
small  enough so as not to seriously alter these results. 
Emf measurements  as a funct ion of pressure were 
made by progressively and slowly increasing the pres- 
sure by small  increments  and then measur ing the emf 
as the bat tery  relaxed at the new pressure. When 
the voltage value did not change significantly with 
time, this value was recorded as the equi l ibr ium value 
at the existent pressure. In  practice 10 min was usu-  
ally a sufficient relaxat ion t ime to allow between emf 
readings. Emf measurements  were also made as the 
pressure was decreased, and typical  results for such 
measurements  are recorded in Fig. 4 and 9. Smal l  dif-  
ferences in voltage between various batteries were 
found to be as great as the voltage changes produced 
by the pressure. Therefore, the effect of pressure on 
the dynamic bat tery voltages (under  load or dur ing 
recovery) was studied by taking continuous voltage 
readings of a bat tery  as a funct ion of t ime while 
s imultaneously (slowly) varying  the pressure as step 
functions of time. Through such a procedure, an effec- 
tive voltage vs. t ime plot could be made at different 
pressures as is done in Fig. 5 and 7, and as could be 
done in Fig. 10 and 11. 

The potent ial  readings were made with a poten-  
t iometer  to a precision of • mV. 

Exper imental  minia ture  batteries of Zn-Ag20 and 
Zn-HgO varieties similar to types S-312 and E-312 (3) 
were studied. A schematic cutaway of these cells is 
shown in Fig. 3. The diameter  of these batteries is ap- 
proximately  0.31 in. and the thickness or height is 
approximately 0.14 in. The silver oxide bat tery consists 
of a depolarizing silver oxide cathode mixed with a 
small  amount  of graphite, a porous zinc anode of high 
surface area, and an electrolyte of potassium hy-  
droxide solution absorbed into an iner t  mater ia l  to 
produce a "solid" electrolyte. In  addition, a cellophane 
type separator was used in the silver cell to prevent  
silver diffusion to the anode. The mercury  bat tery  
has the depolarizing mercur ic  oxide cathode mixed 
with a small  amount  of graphite, a porous zinc anode, 
and an electrolyte of potassium hydroxide absorbed 
into an inert  material.  

6:~ ~o0s CAP 

Fig. 3. Schematic cutaway of the batteries studied [from ref. 
(3)]. 
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Fig. 4. Electromotive force vs. pressure for silver oxide batteries. 
Solid lines correspond to increasing pressure and dashed lines to 
decreasing pressure. T ~ 25~ 

Experimental  Results 
Silver oxide batteries.--The emf (open-circuit  po- 

tential)  as a funct ion of pressure is shown in Fig. 4 for 
five different silver oxide batteries along with the 
measured value of (dE~ at atmospheric pres-  
sure. It is seen that the emf increases regular ly  with 
an increase in pressure, the slope dE~ decreasing 
at higher pressures. The solid lines show E ~ vs. P for 
increasing pressure while the dashed lines connect the 
points obtained while decreasing the pressure. The 
resul t ing hysteresis loop is due to friction at various 
places in the cylinder as well  as wi thin  the sample as 
the materials  relax to the newly  applied pressures. 
Relaxation of the sample and pressure medium seemed 
to be more complete on the increasing branch (as 
evidenced by potential  drift  with t ime) and we ac- 
cordingly have used the dE~ values for increasing 
pressure in our  discussion. 

The effect of pressure on a bat tery  under  load can 
be seen from the voltage discharge curves at 1 a tm 
and 6.1 kbars which are shown in Fig. 5. The voltage 
difference at the two pressures is seen to be inde-  
pendent  of t ime and also is equal  to the differences 
of emf at the two pressures (cf. Fig. 4). The manne r  
in which this difference depends on the current  
through the bat tery  is shown in  Fig. 6. In  this figure 
the i vs. E relationship is only shown for such low 
currents  that  the voltage is essentially a steady-state 
value 1 min  after the current  is allowed to flow. 

The effect of pressure on the recovery of a silver 
oxide bat tery  after current  flow is stopped is shown in 
Fig. 7 and 8. In  Fig. 7 the decay curves were con- 
structed by measur ing different segments of the decay 
curve at different pressures and by then jo ining the 
segments of equal pressures. In  Fig. 8 the ini t ial  part  
of the decay curve was repet i t ively measured at differ- 
ent pressures in order to detect differences in the ini-  
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Fig. 5. Battery voltage vs. time at 1 atm and 6.1 kbars for silver 
oxide battery discharging through a load of 1065 ohms. The points 
at the two pressures were obtained with one battery by alternately 
increasing and decreasing the pressure. 
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Fig. 7. Discharge and recovery curves for silver oxide battery at 
various pressures, Curves drawn from points read consecutively as 
pressure was raised or lowered, 

tial  rate of decay with  changing pressure. Again only  
the difference in the emf at different pressures is noted 
in the charging and recovery curves. 

Mercuric oxide bat ter ies . - -Open circuit voltage mea-  
surements (the emf) vs. pressure are shown for two 
mercuric oxide batteries in Fig. 9. Also listed are the 
experimental  l imit ing slopes at atmospheric pressure. 

The pressure effect on the voltage of the HgO bat- 
tery under a load of 1065 ohms is shown in Fig. 10 and 
11 in which cases the pressure on a given battery was 
successively raised or lowered whi le  the current was 
passing. Two important differences are observed be-  
tween the results of Fig. 10 and 11 for HgO batteries 
and those of Fig. 5 and 7 for Ag20 batteries. (i) For 
working HgO batteries the differences between the 
voltages at different pressures are much greater (ap- 
proximately  10 t imes) than the differences between 
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Fig. 8. Discharge and recovery curves for silver oxide battery at 
various pressures. The pressure or load was successively changed 
as indicated. 
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2 5 ~  

the emf's at these pressures. In the case of A g e O  b a t -  
t e r i e s  these voltages differ by approximately the same 
amount whether or not current is passed. (ii) When 
the pressure is increased, the voltage of a working 
HgO battery does not immediate ly  shift to  a n ew value  
and "level out" but rather overshoots and then drifts 
back to the steady-state values.  This overshooting of 
potential when  the pressure is increased no doubt oc- 
curs at 20 kbars but is not observed in Fig. 11 due to 
the long waits between increasing the pressure and 
measuring the voltage. In Fig. 11 it is observed t h a t  
the voltage at 20 kbars tends to decrease after the 
battery has operated for several hours, as if the bat- 
tery were about to fail. Runs at 9.3 and 5.4 kbars wi th-  
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Fig. 11. Battery voltage vs.  time for mercury oxide battery dis- 
charging through a load of ]065 ohms. The pressure was alternated 
between 1 atm and 20 kbars. T = 25~ 

out in te rmi t ten t ly  decreasing the pressure on the bat -  
teries, however, failed to show any decrease in voltage 
up to 8 hr. 

After  discharging an HgO bat tery  through a load of 
1065 ohms for several minutes  at various pressures, 
the current  was cut off and the voltage decay of the 
bat tery  on open circuit was measured with an oscillo- 
scope. This was done in order to determine what  part  
of the polarization potential  (E - -  E ~ of the bat tery  
was due to ohmic resistance and how this resistance 
varied with pressure. Par t  of the polarization potential  
which is due to the ohmic resistance wi thin  the elec- 
trolyte and within  the oxide (i.e., those resistances 
which are in "series" with the potent ia l -de termining  
"capacitances") decays much more rapidly than the 
other overvoltage contributions, and may thus be 
readily separated out. From this determinat ion we 
found that  the fast potential  decay corresponds to only 
a small  fraction (~-10%) of the total  polarization [in 
agreement  with the finding of others (4, 5) ] and also 
that  the change in  this contr ibut ion with pressure was 
less than half the total change in polarization with 
pressure. Although part  of the slow decay may be 
due to ohmic resistance (those resistances shunted by 
capacitances) as well  as overvoltage, one may con- 
clude that  pressure must  still cause a substant ial  in-  
crease in ~1 + 112 in Eq. [4] as well  as some increase 
in iRint. 

Discussion of Results 
Silver-oxide batteries.--The probable reactions 

(6-8) which may occur at a s i lver-oxide-alkal ine-zinc  
bat tery are listed in Eq. [5a], [5b], and [5c] along 
with the standard emf (8) and AV at 1 atm for each 
reaction. AV was calculated from the molecular  
weights and densities found in ref. (1). 

Zn -/- Ag20 + H20-> Zn(OH)2 § 2Ag ~ [5a] 4 

E ~ = --1.587V (6) ; AV _-- --6.5 cm3/mole J 
Zn -t- 2AgO -t- H20 "-> Zn(OH)2 ~ Ag20 

E ~ = --1.849V (6) ; ,~V = -}-4.5 cm3/mole [5b] 

Zn -t- AgO + H20-> Zn(OH)2 ~ Ag 

E ~  AV = - - 0 . 9 9  cmS/mole [5c] 

Zn(OH)2 ra ther  than  HZnO2- ions is considered to be 
the product of the oxidation of zinc since the elec- 
trolyte is saturated with zincate ions. Zn (OH)2 should 
thus be the thermodynamic  product of the reaction 
even though some other species may kinet ical ly form 
first. 

From Eq. [3b] and the above AV values, the values 
for (dE~ atm calculated for reactions [5a] to [5c] 

4 I n  o r d e r  f o r  t h e  AV a n d  E ~ to  c o r r e s p o n d  to t h e  f o r w a r d  r e a c -  
t i ons  a s  w r i t t e n  in  Eq. [5],  t h e  v a l u e  of  E ~ m u s t  be  t a k e n  a s  
E z n  - -  E a g  w h i c h  i s  n e g a t i v e .  
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are (n = 2) 3.37, --2.33, and -I-0.51 mV/kbar ,  re-  
spectively. In  comparing the above values of E ~ and 
(dE~ with the E ~ values and the dE~ 
values of Fig. 4 it is apparent  that the predominant  
reaction in the silver oxide batteries is that of reac- 
tion [5a]. One par t icular  bat tery  is seen to give E ~ 
values several millivolts higher than those of the other 
batteries and also the value of dE~ is significantly 
lower. Both of these tendencies indicate that  reaction 
[Sb] or [5c], as well  as [5a], is important  in estab- 
l ishing the behavior of the bat tery  in question. Freshly 
prepared silver oxide electrodes yield potentials  in-  
dicative of the AgO/Ag~O couple (the corresponding 
bat tery  equi l ibr ium would be Eq. [5b]),  but  the spon- 
taneous occurrence of the reaction 

AgO + Ag ~ Ag20 [6] 

causes the decomposition of AgO (7,5) such that  
electrodes which are not  freshly prepared exhibit  the 
potential  of the Ag20/Ag couple (7). 

From Fig. 5 it is observed that  the bat tery  voltage 
is increased approximately 15 mV by the application of 
6.1 kbars of pressure. Since this voltage increase cor- 
responds closely to the increase in emf with the same 
pressure increase (cf. Fig. 4), one may conclude that  
the change in emf is the dominant  effect of pressure on 
the voltage at low overvoltages. Therefore the effect of 
pressure on the overvoltage (concentrat ion polariza- 
t ion would appear to be the dominant  overpotential  
contr ibut ion in this work based on the slow recovery 
shown in Fig. 7) is small  compared to that on E ~ 
Figure  6 shows that  the effect of P on E is similar at 
all  currents  less than and equal to the value shown in 
Fig. 4. The precision of the points is not good in Fig. 
6 because the voltage drifts somewhat at 1 min  after 
the circuit is closed (see the steepness of the V vs. 
t ime curve in Fig. 7 and 8 at voltages from 1.54 to 
1.60V). The insensi t ivi ty  of the ionic diffusion to the 
pressure (compared to sensit ivi ty of the emf to P) 
is also reflected in the recovery curves of the bat tery  
shown in Fig. 7 and 8, 

Mercuric oxide batteries.--The over-al l  bat tery  
process is given by  (6) 

Zn + HgO ~ H20-> Zn (OH)2 -~ Hg [7] 

for which E ~ = 1.345V (6) and AV(1 atm) = § 
cm3/mole. Therefore the theoretical value for (dE~ 
dP) l  atm is --0.39 mV / kba r  which compares favorably 
with those obtained exper imenta l ly  (see Fig. 9). 

The contrast ing effects of pressure on the discharge 
curves of the Ag20 and HgO batteries help to dis- 
t inguish the mechanism of reduct ion of these oxides, 
since the electrolyte and anode for both types of bat-  
teries are the same. We should first emphasize that  
the results of pressure in no way appear to be due to 
impai rment  or destruction of the batteries due to 
deformation, in termixing of phases, shorting, etc. I n -  
spection of batteries which were bisected after press- 
ing showed the same well-defined boundaries  to be 
present between phases as were present  before press- 
ing (cf. Fig. 3). Pressing compacted the layers and 
hence diminished the size of the batteries by a few 
per cent, but  the shape of a cell and the order wi th in  
a cell were retained since the pressure medium (talc) 
distr ibuted the pressure quite uni formly  around the 
cell. Electrical measurements  likewise indicated that  
the pressure did not  destroy the boundaries  between 
cell parts. Under  pressure the HgO batteries as well  as 
the silver oxide batteries readi ly recovered when the 
current  was shut off. The emf and subsequent  be-  
havior of a ba t te ry  after squeezing depended pr i -  
mar i ly  on the total amount  of discharge which a bat-  
tery had undergone,  in a way quite analogous to that  
of batteries discharged at atmospheric pressure. 

In  the case of the HgO electrode to which a small  
amount  of graphite has been added, the mercury  
formed dur ing reduct ion is found at the oxide-solution 
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interface (9). Thus the electrons are conducted 
through the graphite from the metallic te rminal  to 
the oxide-solution surface where the Hg +2 ions are 
reduced and the O = ions react with the water. As the 
oxide surface is completely reduced the water  must  
diffuse through pores and capillaries in the mercury  
and graphite matr ix  (the spent portion of the elec- 
trode) to the unreduced oxide in order for O = ions 
to be removed and thus for the cell process to con- 
tinue. It is easy to envision the deleterious effect of 
pressure on this process. Since water  is much more 
compressible than Hg (10), pressure would tend to 
diminish the size of these channels. In  addition to 
the above effect one would expect the mercury  formed 
to agglomerate into globules and shut off some of the 
channels. From these effects one would expect an in-  
crease in ohmic resistance as the migrat ion and diffu- 
sion of O H -  ions in the capillaries is made more dif- 
ficult. One would also expect an increase in over-  
voltage (i) due to concentrat ion polarization of O H -  
ions in the shrunken  capillaries and (ii) due to the 
increased current  density at the head (the HgO end) 
of the remaining  channels  as others are el iminated and 
thus as the effective HgO reaction area is diminished. 
Both an increase in ohmic resistance and in overvolt-  
age with increased pressure are observed as dis- 
cussed earlier. The above description is in accord with 
the studies of Mendzheritskii  and Bagotskii (9) at 
atmospheric pressure. These investigators found that  
the concentrat ion of KOH in the pores of the spent 
portion of the electrode is higher than that  in the 
bulk  of the solution, and also that a high porosity of 
the HgO leads to a more complete uti l ization of the 
HgO present  in the electrode. Although studies were 
not made in this work of the effect of pressure on the 
output  capacity of the HgO battery,  Fig. 11 suggests 
that  high pressures may  cut short the life of the 
battery. When the size of and changes in the over-  
voltage with increasing pressure are considered (cl. 
Fig. 10 and the results of the resistance changes) one 
concludes that  cause (ii) above for increasing over-  
voltage is more impor tant  than  the concentrat ion 
overvoltage [cause (i)]  since the KOH is already con- 
centrated enough that  large increases in concentrat ion 
(a 10 fold increase would be required for each 59 mV 
increase in 0) cannot  occur. The existence of and 
changes in the overvoltage due to the decrease in the 
number  of reaction sites is directly seen from the 
voltage overshooting and then decaying back to the 
steady-state value on the application of pressure. Thus 
as O H - - c a r r y i n g  channels  are el iminated by the sud- 
den increase in  pressure which results in the cur ren t  
stoppage at some HgO sites, the overvoltage must  in -  
crease unt i l  the discharge of Hg can occur at new 
sites in order to main ta in  constant  current.  After  dis- 
charge has occurred at new sites at a higher over-  
voltage, nucleat ion of Hg occurs and the overvoltage 
decreases (corresponding to the positive decay in 
voltage) since the discharge of Hg against the metal  
occurs more easily than discharge without  the presence 
of Hg. Micrographs of a part ial ly reduced HgO sur-  
face (9) ver i fy that  Hg accumulates as droplets. An  
overshoot in voltage also occurs with a sudden de- 
crease in pressure (cf. Fig. 10) due to first the ex-  
pansion of some channels allowing new sites to be re-  
active (the decrease in ,1) followed by the plugging of 
some of these sites with Hg droplets (the increase in 
n as the bat tery  voltage decays to its steady value) .  
The plateaus in the voltage vs. t ime plot (see Fig. 10) 
are indicative of the effective number  of HgO sites to 
which O H - - c a r r y i n g  H20 channels are available. Of 
course this number  decreases with the discharge time. 
Other factors may influence the shape or "flatness" of 
the discharge curve also, such as the local pH and 
the formation of other solid substances dur ing reduc-  
t ion [the effects of each of these factors have been 
determined for the Leclanch~ cell in  ref. (4) ], 

Mercury freezes at approximately 12 kbars  at 
21.9~ (10) and water  freezes at approximately 9 
kbars at the same temperature  (11). Thus freezing 
of the electrolyte and mercury  would be expected to 
influence the operating characteristics of these bat-  
teries at high enough pressures. The present  study did 
not deal with high enough pressures, for the most 
part, to directly see these freezing effects. However, 
one difference is noted between the discharge curve 
of the HgO bat tery at 20 kbars (see Fig. 11) and the 
discharge curves at pressures below the freezing point  
of the liquids. At 20 kbars the voltage of the discharg- 
ing bat tery drifts to smaller values much more rapidly 
than at lower pressure. Figure 11 shows such a rapid 
loss of voltage whereas similar curves at 5 and 9 
kbars showed no apparent  decrease in voltage in an 
8 hr run.  This result  indicates that  ion movement  is 
impeded progressively with t ime at 20 kbars as if the 
source of cur ren t -car ry ing  ions was ini t ia l ly available 
but  then depleted. Such a phenomena may arise from 
part ial  freezing of the liquid resul t ing in slush forma- 
tion. The ion movement  in the solid would be much 
slower than  that  in  the liquid; then  when  the ions in 
the liquid are depleted the voltage is severely lowered. 

Pressure does not influence the overvoltage or re-  
sistance of the Ag20 cell to the same extent  that  it 
influences the HgO cell as is seen from the data. It 
has also been noted that  the Ag formed dur ing the 
reduction of an Ag20 or AgO electrode forms at the 
cathode grid-oxide interface ra ther  than at the oxide- 
solution interface (7). This implies that  silver ions 
migrate from the oxide-solution interface to the metal  
grid or that  the large O = ions migrate  outward. If O = 
ions moved it would be difficult to explain the differ- 
ence in the behavior  of Ag20 and HgO batteries, so 
we believe that  Ag + ions are the species which mi-  
grate. The resist ivity of Ag20 (5) is so high that  the 
large current  densities observed in  bat tery operation 
would seem to require  that  the above ionic movement  
does not occur through the dry oxide bu t  ra ther  
electrolytically through water-fi l led capillaries or 
channels. Since the divalent  Hg +2 ion carries more 
pr imary  hydrat ion and hence has a larger effective 
size in diffusion or migrat ion than  Ag +, it is not pos- 
sible for Hg +~ ions to be t ransported to the metal  grid 
at the cathode and hence Hg must  be deposited from 
the solution side of the oxide (with addit ional  needed 
overvoltage compared to that  of the Ag20 reduction, 
based on the differences in overvoltage we observe for 
HgO and Ag20 batteries of equal size). That  the over-  
Voltage of the Ag20 bat tery is not increased by pres-  
sure indicates that  pressure is not  effective in  de- 
stroying the passageways through the i r regular  solid 
as it is with passageways in metall ic mercury.  

Conclusions 
Studies dealing with pressure effects on the reduc-  

t ion of other oxides would be enl ightening in terms 
of enlarging on the present  model. Also this work 
suggests the need for, and perhaps the means of 
studying, the porosity of various materials  and con- 
duction through these pores. 

On the practical side, this study shows that  silver 
oxide batteries may be efficiently used as a power 
source under  high pressures (such as at the bottom 
of the ocean or in other geophysical applications) 
whereas mercury  oxide batteries suffer from diffusion 
and overvoltage effects in  similar circumstances. Ad-  
ditionally, both types of batteries studied might  be 
utilized as pressure sensors since the emf's are regular  
and predictable at elevated pressures. The small  size 
of the minia ture  batteries studied would lend to the 
convenience of placing them in high pressure lab-  
oratory apparatus.  

Since studies of smelt ing (12) and of corrosion in-  
dicate that the formation and the disappearance of 
metals is by electrolytic processes and since mercury,  
silver, copper, ant imony,  and b ismuth  as well  as the 
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more noble metals occur in nat ive  form these studies 
of pressure effects on diffusion and reduction are rel-  
evant  to an unders tanding  of such ore bodies. Any 
conductor such as graphite or the metal  itself can act 
as a floating electrode to collect electrons from reduc- 
ing agents which in t u r n  reduce the metal  as in the 
developing of the la tent  image of photography. 
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A Study of the Formation and Dissolution of 
Porous Anodic Oxide Films on Aluminum: 

Behavior of the Porous Layer 
J. W. Diggle, .1 T. C. Downie, 2 and C. W. Goulding ~ 

Physical Chemistry Laboratories, Rutherford College of Technology, Newcastle-upon-Tyne, England 

ABSTRACT 

The formation and  dissolution of porous a lumina  films in sulfuric acid 
was studied by the incorporation of the radiotracer 3~SO4 = into the film dur ing 
preparation.  The results have shown that (a) the formation site of the porous 
oxide is the barr ier  layer-porous layer interface, (b) the dissolution t ime 
for porous films is independent  of thickness. Comparison with former work, 
on "duplex" barr ier  films, suggests a method of ident ifying barr ier  and 
porous type films. By the use of "duplex" films, dissolution studies have 
shown that  a simple pore widening mechanism of dissolution is incompatible 
with the results. A pore widening-concurren t  pore shortening dissolution 
mechanism based on a t runcated pore model is proposed, and has been found 
to be exper imenta l ly  valid. 

In  a previous paper (1), these authors reported the 
results of a study of the "open circuit" dissolution of 
the barr ier  layer under ly ing  the porous layer in 
anodically produced a lumina  films. Since this study 
involved the use of a low signal f requency capacitance 
technique, no information as to the behavior of the 
porous layer dur ing this dissolution was obtained. 

Although much work (2-4) has suggested that some 
dissolution process occurs dur ing porous film forma- 
tion at the outer porous surface/electrolyte interface, 
only recently has any mechanism for such dissolution 
been proposed (5). It is the purpose of this study to 
investigate the behavior  of the porous layer  dur ing  
"open circuit" dissolution in an at tempt to add to the 
information previously published (5, 6). 

It is well known (7-9) that anodic films produced in 
sulfuric acid contain some degree of incorporated 
electrolyte anions. Throughout  this paper the mcor- 
porated sulfur  will  be assumed to be in the form of 
the anion [following Lan Tran  et a~. (10)]. Although it  
is realized that  some doubt exists as to whether  this is 
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t rue (11, 12), the essential arguments  presented here 
would be unaffected. If the distr ibution of this elec- 
trolyte anion was uni form throughout  the porous layer, 
and if the anion was in a radioactive form of rea-  
sonable half-life, then the amount  of radiat ion emitted 
after some dissolution t ime t could be used as an in-  
dicator as to the amount  of porous layer remaining.  
Evidence that  the dis tr ibut ion of incorporated anions 
is uniform has been reported by Wood, Marron, and 
Lambert  (13) for an a luminum-magnes ium alloy 
anodized in 15% sulfuric acid, and, therefore, con- 
sidering that the na ture  of the porous film formed on 
an A1/Mg alloy is similar (13) to that  formed on 
pure A1, the assumption on which the work is based 
is considered established. 

Experimental 
Preparat ion of the super-pur i ty  wire a luminum elec- 

trodes and their  pre t rea tment  and other pre l iminary  
work was identical  to that  reported in  a previous 
paper (14). 

The anodizing electrolytes used throughout  this work 
were 15% w / w  sulfuric acid with and without  the 
addition of 35S. When radioactive electrolyte was re-  
quired, 2.5 mC ~SO4--- were added as neut ra l  sulfate 
solut ion-- this  addition had a negligible effect on the 
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electrolyte pH. Anodizing conditions were constant  
throughout  at 25 ~ __. 0.1~ 10V applied voltage with 
a current  density of 7.1 m A c m  -2. As in previous 
work, the a luminum wire electrodes of 1.5 cm 2 area 
were allowed to at tain the steady value of 10 #F cm -2 
before anodizing was commenced. 

Two types of experiments were done, (i) a s tudy of 
the bu i ld-up  of radioactivity dur ing formation and 
(ii) the loss of radioactivity dur ing dissolution. In  
both types of experiments,  so-called "duplex" films 
were prepared by anodizing first in radioactive HzSO4, 
and then in nonradioactive H2SO4 and vice-versa;  the 
thickness of each porous layer  formed was controlled 
by varying anodizing times. 

Following preparat ion in  the appropriate electrolyte, 
the electrode was washed in r unn ing  distilled water  
for 1 min  (this t ime being chosen from the impedance 
work of Hoar and Wood (15) where it was shown that 
all  adhering electrolyte was removed in  this t ime) ,  
rinsed with acetone and a i r -b lown dry, and a radioac- 
t ivity count taken. The number  of disintegrations was 
determined using a th in  window Geiger-Muller  tube 
with Dekatron Tube scaler. The electrode was rotated 
through four 90 ~ turns, and an average of the four 
readings was taken. 

In  the dissolution experiments,  the electrode was 
then immersed in the dissolution media 1.0N sulfuric 
acid at 25~ previously deaerated with hydrogen. 
Purified hydrogen was cont inual ly  passed over the 
solution to reduce oxygen diffusion inward. After a 
known dissolution t ime the electrode was withdrawn,  
the washing procedure outl ined earlier was performed, 
and then the average activity was redetermined. The 
decrease in activity was then related to the progress of 
porous layer dissolution. 

The average count rates were not corrected for na-  
tura l  decay since the half life of S ~5 is 87 days and the 
exper imental  times were such that  the error incurred 
was < 0.1%. No subtract ion of background level 
(15 c.p.m.) was performed, since the interest  lies not 
in the amount  of activity but  in the change of activity 
with t ime during either formation or dissolution. 

Results 

Porous film formation.--Figure 1 shows the average 
radioactivity content of a "duplex" film prepared for 
30 min in radioactive H2SO4 and then subjected to pro- 
longed anodization in nonradioactive H2SO4. The c.p.m. 
is seen to decrease to near -background level after 2 
hr anodizing in nonradioactive H2SO4. 

Figure 2, curve i shows that the c.p.m, increases 
l inearly for the reverse procedure, i.e., 30 min  film 
prepared in nonradioactive H2SO4 followed by anodi-  
zation in radioactive H2SO4. Immediate ly  following 
this experiment,  curve ii in Fig. 2 was determined, 
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anodizing for the second stage formation of a "duplex" film, R 
followed by NR; O ,  theoretical curve based on NR being the out- 
ermost layer, and the c.p.m, decrease being due to absorption of 
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stage formation of o " d u p l e x "  f i l m  N i l  f o l l o w e d  b y  R ( d e s i g n a t e d  
curve i); C), similar curve for radioactive anodizing only (desig- 
nated curve ii); x, c.p.m, for radioactive anodizing only corrected 
for a 20% thickness loss; A ,  theoretical curve resulting from ab- 
sorption of /~-radiation from a 30 rain radioactive film by an outer 
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which shows the increase in  the c.p.m, against  anodiz- 
ing t ime for a film prepared only in radioactive H~SO4. 
It  can be seen that, except dur ing  the ini t ial  stages, 
curve i, i.e., the "duplex" film, is below curve ii. 

Porous film dissolution.--Dissolution as a function of 
porous layer thickness.---Figure 3 shows how the radio-  
activity decreases as dissolution proceeds for three 
films, anodized for 30, 60, and 90 min, respectively. It  
is evident  that the t ime required for the dissolution of 
the 85S species is independent  of the anodizing time in 
the active electrolyte. Since the pore separation is the 
only constant  factor in these three films (16), this 
would suggest that  the dissolution proceeds via a pore 
wall attack increasing the pore diameter  to the oxide 
cell size (5, 6). 

Dissolution of "duplex" fi lms.--The results for a series 
of films prepared as previously outl ined are shown in 
Fig. 4 and 5. 

The dissolution time, which had been indicated to 
be independent  of the porous film thickness, is seen to 
be appreciably constant (Fig. 4) for the preparat ion 
nonradioact ive NR followed by radioactive R, while for 
the preparat ion R followed by NR, the dissolution 
t ime decreases as the ratio of the anodizing times NR 
to R increases (Fig. 5). 
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min, R 15 rain. 

Discussion 
Radioactive marker 35SO4 = mobility.--The essence 

of any investigation involving the use of radioactive 
markers  (17-19) is that an assumption has to be made 
concerning its immobili ty.  This assumption is often 
dubious, par t icular ly  when the marker  is charged (17) 
and high electric fields are present under  whose in-  
fluence marker  mobil i ty  can occur. 

In  the present  experiments,  the radioactive marker  
used exists in an area of the film where high field 
strengths are absent, i.e., the porous layer. If mobil i ty 
of 85SO4 = were to occur, the concentrat ion at the inner  
sections of the porous layer, i.e., nearest  the metal, 
would be expected to possess higher sulfate concen- 
trat ions than the outer sections of the film. The results 
in the l i terature (13) show that  this is not so, but  that  
sulfate dis t r ibut ion is uni form throughout  the porous 
layer depth. The present  authors propose that  the re-  
sults in this paper also suggest that  the sulfate in 
a lumina  porous layers is immobile (Fig. 6). 

For  the anodizing sequence NR followed by R, the 
structure represented by Fig. 6 (c) would be consistent 
with the results of Fig. 4. This s tructure can result  
from two causes, (i) that R forms below NR, (a) Fig. 
6, or (ii) R forms above NR and that  ~5SOr = migrates 
toward metal, (b) Fig. 6. For the reverse sequence, R 
followed by NR, Fig. 6 (f) would be the s tructure sug- 
gested by Fig. 5, and this would result  from either 
Fig. 6(d) or (e). 

(a) 
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(c) 

(b) 

tR migrates 
oward metal 

(d )  (e)  

\ 
Metol 

R migrates owoy 
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( f)  

Fig. 6. Schematic representation of the formation of porous alu- 
mina "duplex" films. (a), (b), and (c) correspond to NR followed 
by R preparation, and (d), (e), and (f) correspond to R followed 
by NR preparation. 

Since the migrat ion of 35SO4= away from an anode, 
Fig. 6(e),  to produce Fig. 6(f) is clearly untenable,  
Fig. 6(d) then represents the porous film "duplex 
structure" for the R followed by NR preparation. 
However, to accept Fig. 6(d) requires that  85SO4 = be 
immobile, and, therefore, to be consistent, Fig. 6 (b) is 
rejected as the model for the NR followed by R prep-  
aration. 

The conclusion is that  the 35SO~= marker,  in the 
present  experiments,  is immobile, and that the elec- 
trolyte used last characterizes the porous layer lying 
nearest  the metal. 

Porous film ]ormation.--Figure 1 shows that  the 
second stage anodizing in nonradioactive H2SO4 of a 
first formed radioactive film produces an essentially 
l inear  decrease in the count rate with increasing 
anodizing time. This may be accounted for in three 
possible ways: (a) exchange between 85SO4 = in the 
film and SO4 = in solution, (b) the growth of the 
second nonradioact ive porous layer on top of the first 
radioactive porous layer with subsequent  loss in radia-  
tion due to adsorption, and (c) by assuming the growth 
area of the porous layer to be at the barr ier  layer-  
porous layer interface, and postulat ing an outer sur-  
face dissolution process result ing in the loss of radio- 
activity to the solution. 

Possibility (b) can be rejected on the grounds of 
(i) ionic transport,  since for the growth area of the 
nonradioactive porous layer to be the oxide-solution 
interface, ionic t ransport  of A1 ~ + ions through several 
microns of oxide would be necessary, a process which 
is clearly untenable,  when one considers the electric 
field required for such a process, (ii) if a "duplex" film 
were produced in which the outermost section of the 
film were nonradioactive, then dissolution of such a 
film would not be expected to proceed according to 
Fig. 5, where the preparat ion mode was identical to 
that  in Fig. 1, and (iii) the upper  curve in Fig. 1, based 
on absorption of weak E-emission from the 85SO4= de- 
cay due to a nonradioact ive outer layer, is inconsistent 
with the exper imental  curve (lower curve, Fig. 1). 

Possibility (c) in which the growth area is taken as 
the barr ier  layer-porous layer interface is much more 
probable, the oxygen-bear ing species reaching the 
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reaction interface by mass t ranspor t  down the pre-  
viously formed pores in the radioactive film. The con- 
clusion is that the electrolyte used first characterizes 
the outermost layer of a "duplex" porous film, a con- 
clusion reached in some previously reported work (17). 
It is proposed here that  the outer radioactive layer of 
porous oxide is dissolved by the nonradioact ive H2SO4 
during concurrent  porous oxide formation near the 
metal-oxide interface. 

From Sacchi's formula (20), the thickness of the 
radioactive porous layer  prior to fur ther  anodizing is 
approximately 6 #m. After  a fur ther  2 hr anodizing, 
the total theoretical porous layer thickness should be 
30 ~m. If it is assumed that  the outer 6 ~m of radioac- 
tive layer has been completely dissolved, then the ex-  
per imental  thickness is 20% less than the theoretical 
thickness. Wood et al. (13) have shown that, for an 
A1/Mg alloy anodized in sulfuric acid, the films formed 
a r e  of the theoretical thickness at 15~ but  are 33% 
less than  theoretical at 30~ Thus, the estimate of 
20% less at 25~ is in good agreement  with these 
results of Wood (13). 

The possibility (a) of SO4 = ion exchange between 
the radioactive film and solution could perhaps give 
the result  shown in Fig. 1. Since the thickness of the 
films formed in this work were not measured, the 
possibility of exchange cannot be overlooked, al though 
the authors do consider the possibility of outer porous 
layer dissolution as more probable. 

The reverse procedure for "duplex" film formation, 
i.e., NR followed by R, is shown Fig. 2. If, as has been 
proposed, the formation of the innermost  layer  is 
characteristic of the second electrolyte, then the c.p.m. 
at any one dissolution t ime should be lower for NR 
followed by  R (curve i) than  for R alone (curve (ii) 
due to the absorption of the fl-emission in the former 
case. Exper imenta l ly  this is found to be the case. Cal- 
culations, represented in Fig. 2, demonstrate how, after 
correcting the radioactive film for a 20% thickness loss, 
the exper imental  curve (ii) produces a c.p.m.-anod- 
izing curve in reasonable agreement  with exper imental  
curve (i) when  it is assumed that  the NR outer  layer  
absorbs the weak fl-emissions from 85SO4 = decay. 
Some deviation is observed as the anodizing time in-  
creases, this being due possibly to some electrolyte-dis-  
solution penetra t ion into the radioactive section as 
the film thickness increases. 

Thus, the conclusion made earlier that  the outer-  
most section of a "duplex" porous film is characterized 
by the first electrolyte is confirmed. In  this sense it 
produces "duplex" structures similar to those of bar-  
r ier  "duplex" layers formed by anion motion only. 
Comparison with the work of Lewis and P lumb (17), 
who reported that the outermost layer of "duplex" 
barr ier  films is that  characteristic of the last electrolyte 
used, shows that, providing some cation motion is in-  
volved in bar r ie r  layer  formation, the correlation of 
the outermost layer of any "twin duplex" film to either 
the first or second electrolyte can identify the film as 
either of a bar r ie r  or porous type. 

Porous f i lm dissolut~on.--Figure 3 shows that the 
t ime required for dissolution of the ~5S species in the 
porous layer is independent  of the anodizing time in 
the active electrolyte, i.e., the porous layer  thickness, 
the dissolution t ime being seen as constant  at approx- 
imately 120-140 rain. It is of interest  to note that  this 
t ime is approximately equal to the t ime required for 
barr ier  layer dissolution of a film prepared at 10V (1). 

For  the "duplex" films NR followed by R, since the 
radioactive layer would be nearest  to the metal  the 
dissolution t ime would be expected to be constant, in -  
dependent  of the NR to R anodizing t ime ratio, and 
equal to the dissolution t ime of Fig. 3. From Fig. 4 this 
is seen to be the case. 

Figure 5 shows that, for "duplex" films formed R 
followed by NR, the dissolution t ime decreases as the 
R to NR anodizing time ratio decreases from 2:1 to 1: 6. 
This gives the first indication that  the dissolution 
mechanism is not purely pore widening (5), for if it 

Table I. Theoretical and experimental dissolution times required 
for the loss of porous alumina film activity for "duplex" films 

formed by radioactive followed by nonradioactive anodizing. 

Theo re t i c a l  
M i n u t e s  of M i n u t e s  of d i s so lu t ion  E x p e r i m e n t a l  
radioact ive n o n r a d i o a c t i v e  t i m e  r a d i o a c -  d i s so lu t i on  
a n o d i z i n g  a n o d i z i n g  t i r e  l aye r  (rain) t i m e  (rain) 

60 30 93 90 
30 30 70 60 
30 60 47 50 
15 90 23 20 

were, then the dissolution t ime should again be inde-  
pendent  of R to NR ratio and equal to that in Fig. 3 
and 4. A concurrent  pore widening-pore  shortening 
dissolution mechanism is proposed in which the pore 
diameter  increases and approaches the oxide cell size, 
as the pore height decreases and approaches zero. Thus, 
the effect of the ratio R to NR should only be of im- 
portance in defining the dissolution t ime when the 
radioactive section of the "duplex" film is outermost 
(Fig. 5). Table I shows the exper imental  ( taken as the 
t ime at which the c.p.m, became constant) and theo- 
retical values (based on a pore shortening or a con- 
current  pore shortening-pore widening mechanism) 
for the dissolution t ime of the films in Fig. 5 (as- 
suming that  the t ime for complete dissolution is 140 
min) .  Although some doubt exists as to where  to 
define the exper imental  time, the agreement  is seen 
to be reasonable. 

Referring again to Fig. 4, it is clear that  if a simple 
pore shortening mechanism for dissolution were opera- 
tive, the count rate would be expected to increase dur -  
ing ini t ial  dissolution due to reduced absorption thick- 
ness of overlying nonradioactive oxide. Furthermore,  
if a simple pore widening mechanism were operative, 
the count rate would be expected to decrease ini t ia l ly 
and continue to decrease l inearly (assuming dissolu- 
t ion to be uni form and constant) .  It  is proposed that  
there are two possible ways in which the curves in 
Fig. 4 can be satisfactorily accounted for, both being 
based on the concurrent  pore widening-pore  shorten-  
ing mechanism: (a) the t ime dur ing which the count 
rate is appreciably constant  can be considered to be 
due to a balance between the tendency for the count 
rate to increase due to pore shortening, and a tendency 
for the count rate to decrease due to pore w iden ing - -  
this model assumes uni form pore widening from pore 
mouth to pore base, (b) the t ime dur ing which the 
count rate is appreciably constant is due to the re- 
duced dissolution of the radioactive section in the 
lower reaches of the pore. 4 As dissolution proceeds, 
i.e., the pore height decreases, the dissolution of the 
radioactive section increases due to a more free ac- 
cess of electrolyte to these areas-- th is  second model 
is then based on nonuni form dissolution down the pore 
length, with the dissolution rate being greatest at the 
pore mouth. 

Irrespective as to whether  model (a) or (b) is cor- 
rect, it can be seen that  the rest period of the count 
rate should increase as the ratio of R to NR anodizing 
times decreases. 

A paradox can be seen to exist in this data since 
Fig. 3 shows the dissolution t ime to be independent  of 
radioactive porous film thickness, hence the pore 
widening concept, while Fig. 5 shows the dissolution 
t ime of the radioactive layer in a NR: R "duplex" film 
increasing with increasing radioactive layer thickness, 
hence the pore shortening concept. It  is considered 
that  this paradox can be resolved in terms of a pore 
shortening-pore widening mechanism based on the 
t runcated  pore model of Paolini, Masaero, Sacchi, and 
Paganel l i  (22). 

Some  d i s so lu t i on  of the  r a d i o a c t i v e  sec t ion  of the  pore  m u s t  
occur  because  in  the  c o m p l e t e  absence  of such  d i s so lu t i on  the  coun t  
ra te  m u s t  increase  due  to  r educed  a b s o r p t i o n  of  f l - r ad ia t ion  by  the  
NR layer .  Ca l cu l a t i ons  show t h a t  a f t e r  50 ra in  d i s s o l u t i o n  fo r  the  
60 ra in  NR f o l l o w e d  by  30 ra in  R (A symbol ,  Fig.  4) t he  a c t i v i t y  
s h o u l d  h a v e  r i s en  b y  170 c.p.m. 
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F igure  7 shows how such a model, t aken  in conjunc-  
t ion wi th  a grea ter  dissolution ra te  at  the pore  mouth 
(due to the  ease wi th  which react ion products  can dif -  
fuse away  from the react ion si te) ,  leads na tu ra l ly  to a 
pore widen ing-pore  shor tening dissolution mechanism. 
It  can be seen tha t  a pore  widening  dissolution process, 
i.e., dissolution of a lumina  from the pore walls,  can, 
if the  wal ls  themselves  are  slanted,  produce pore  shor t -  
ening. Thus, the  ma jo r  dissolution site in porous film 
dissolution is the  in te rna l  surface of the  pore;  this  is 
as expected since the  in te rna l  surface presents  the  
highest  surface area  for attack. Detai ls  of this  dissolu-  
t ion model  are  to be published.  
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Electron-Optical Examination of Sealed Anodic Alumina 
Films: Surface and Interior Effects 

G. C. Wood and J. P. O'Sullivan~ 
Corrosion Science Division, Department of Chemical Engineering, 

University o] Manchester Institute ol Science and Technology, Manchester, England 

ABSTRACT 

Seal ing of porous anodic films, formed on a luminum in an oxalic acid 
electrolyte ,  has been s tudied by  direct  rep l ica  electron microscopy and elec- 
t ron  diffraction. Pore  plugging and changes in po re -wa l l  ma te r i a l  occur 
throughout  the  film but  most  r ap id ly  at  its exter ior ,  whi le  crys ta l l ine  ma te -  
r ia l  forms on the outer  film surfaces. Seal ing appears  to occur in th ree  dist inct  
but  over lapping  steps, the  first being precip i ta t ion  of ma te r i a l  in the  pores, 
especial ly  near  the~ outer  film surface, the  second format ion  of c rys ta l l ine  
ma te r i a l  at  the  surface which is a minor  process, and f inal ly fu r the r  changes 
in the  film depths  involving aggregat ion of the  oxide microcrys ta l l i tes  and a 
red is t r ibu t ion  of porosity.  

Many  ea r ly  theories  for the seal ing of porous anodic 
oxide films on a luminum involved a react ion which 
only occurred close to the  outer  film surface, producing 
there  a pore  "plug" of c rys ta l l ine  hyd ra t ed  oxide f rom 

t Deceased.  

the  in i t ia l ly  denser  amorphous  oxide. More recently,  
Hoar  and Wood (1, 2), Wood and Marron  (3, 4), and 
Spooner  and Forsy th  (5) al l  pos tu la ted  tha t  long- te rm 
seal ing occurs th roughout  the  film depth  but  to a 
g rea te r  ex tent  at the  outer  surface. The theories  of 
Hoar  and Wood (1, 2) and Wood and Marron  (3, 4) 
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were both suggested after impedance studies of film 
sealing. The former theory involved an ini t ia l  outer 
boehmite plug with some inward movement  of the 
pore walls, while the lat ter  featured an ini t ia l  gel-l ike 
precipitate which increased in depth and solid content  
dur ing fur ther  sealing. Spooner and Forsyth (5) pos- 
tulated a sealing mechanism involving pore wall  dis- 
solution in the depth of the film and its reprecipitation 
closer to the outer film surface. In  contrast, Murphy 
proposed that  the sole function of the sealing t rea t -  
ment  is to plug the entrances to the intercrystal l i te  
surfaces, leaving only major  pores unal tered  (6). 

Much of the previous work has suffered from the 
lack of direct visual  evidence concerning the physical 
changes occurring dur ing the sealing reaction. The 
objects of the present work were to clarify by electron 
microscopy the na ture  of these changes, par t icular ly  
the extent  of pore closure and other morphological 
changes, occurring throughout  the depths of the anodic 
films, to correlate these changes with any  crystallo- 
graphic changes identifiable by electron diffraction and 
to consider the results together with detailed chemical 
and s t ructural  data obtained by infrared spectroscopy 
(7). The abi l i ty  to observe the barr ier  layer and porous 
s t ructure  of high-voltage films directly (8) made this 
possible. 

Experimental 
Spade electrodes, 2 x 1 x 0.1 cm, of 99.99% a lumin ium 

(Cu 0.002%, Fe 0.004%, Si 0.003%) were individual ly  
electropolished in a perchloric acid/ethanol  bath, 
washed, and dried. A porous anodic oxide film, about 40 
~m thick, was then formed by anodizing each individual  
specimen for 1 hr at 25 mA/cm 2 in stirred 2% w / v  
oxalic acid (Analar  grade) at 25~ After  the ini t ial  
voltage fluctuations, a value of 50V was at tained and 
this slowly rose to 100V by the end of the run.  Each 
specimen was immediately removed from the elec- 
trolyte and washed in runn ing  distilled water  to re-  
move residual  acid. 

Electrodes which were not to be sealed were washed 
in ethanol and dried in a cold air stream. Specimens to 
be sealed were t ransferred immediate ly  to the sealing 
solution without  any prior drying, the sealing solu- 
t ion boiling under  reflux. Sealing was carried out on 
individual  specimens for varying times up to 24 hr, 
followed by removal, washing in  r u n n i n g  distilled 
water  then ethanol, and finally drying in a cold air  
stream. The following sealants were used: ( a )doub ly-  
distilled water  (pH 5.7, conductivi ty 10-5 to 10 -6 
ohm -1 cm -1 before boi l ing) ;  (b) 6 g/1 nickel acetate 
(as quadrahydrate)  ~- 8 g/1 boric acid, (pH 5.7); (c) 
37 g/1 potassium dichromate (0.25M Cr, pH 2.0); and 
(d) 79 g/1 potassium chromate (0.25M Cr, pH 7.7). 

The unsealed and sealed films were examined by 
both electron microscopy and electron diffraction. For 
the former technique a freshly anodized specimen was 
bent  into a V-shape, thus producing cracks in the 
oxide paral lel  to the sides of the specimen which had 
not been bent. Excess debris was removed by  an u l t ra -  
sonic cleaner and by washing in distilled water. Direct 
carbon replicas of the film surfaces and sections were 
prepared by depositing a thin layer of carbon onto the 
film surfaces and exposed cleavage planes. These were 
then shadowed with a P t /C  mixture,  deposited at an 
angle of incidence of 60 ~ , but  in the same vert ical  
p lane as the direction of the cracks in order to give 
max imum contrast  to the replica of the porous struc-  
ture. The replicas were stripped from the specimen 
surface by immers ing the specimen in a 0.5% w / v  HF 
solution, (made up with a 50:50 mixture  of water  and 
ethanol) ,  which dissolved the oxide film, allowing the 
replicas to float free. The carbon was then t ransferred 
to a 10% w / v  HC1 solution to remove excess oxide 
before being given a final wash in distilled water. The 
replicas were removed, dried, and stored, prior to ex- 
aminat ion in an A.E.I. EM6 electron microscope (8, 9). 

Several  methods were at tempted to obtain successful 
electron diffraction pat terns from film surfaces and  
sections. These involved one-stage carbon and two- 

stage plast ic /carbon extract ion replicas, extraction rep-  
licas of the debris made by scratching metallographic 
sections of films with a microhardness tester (10) 
and diffraction through thin separated films. The only 
successful technique was that of reflection diffraction 
from film surfaces. In this technique, the specimen 
was grazed at a glancing angle in the diffraction stage 
of the electron microscope by the electron beam. Pure  
a luminum was used as a cal ibrat ing standard. The 
apparent  d values of the crystal l ine materials  produced 
on sealing were then compared with reference tables 
giving the known lattice parameters  of l ikely prod- 
ucts of the reaction between anodic a lumina  and 
boiling water  (11). 

Results 
Electron microscopy.--Unsealed film.--The over-al l  

morphology of unsealed anodic films formed in oxalic 
acid was similar to that  of films formed in sulfuric and 
phosphoric acids (8, 9) (Fig. 1), corresponding gen-  
erally to the model of Keller,  Hunter ,  and Robinson 
(12). Some "texture" is visible in the micrographs but  
it is uncer ta in  whether  this is characteristic of the 
oxide itself or of its fracture. Both surface and section 
could be seen in situations similar to Fig. lb  because 
the replica relaxed into a planar  configuration dur ing 
str ipping and washing. Since the cell voltage rose 
slowly dur ing  the anodization the oxide cell and pore 
sizes increased correspondingly, so that the las t -formed 
film (Fig. lc) contained larger cells and pores than 
that  near  to the outer film surface (Fig. lb ) .  Mean 
values of the cell diameter  measured directly from 
electron micrographs of film sections were 1240A close 
to the outer surface and 2300A near  the bar r ie r  layer. 
The pores showed a corresponding increase in diam- 
eter, the dependence being l inear  with voltage (9). The 
barr ier  layer thickness of 100V films was ca. 900A, giv- 
ing an A / V  ratio of 9.0. The barr ier  layer  s tructure 
was again relat ively uniform, whereas the pores visible 
on the outer surface (Fig. la)  showed a range  of diam- 
eters and were not always regular,  in accordance with 
recent theory (9). 

Water-sealed Jilms.--Micrographs of outer surfaces of 
water-sealed films (Fig. 2) were not general ly  of a 
good qual i ty due to a film of mater ia l  covering them. 
Pores were still visible after 1 min  sealing (Fig. 2a) 
and even after 10 min  (Fig. 2b). After  30 min t rea t -  
ment  (Fig. 2c), the porous s t ructure  was completely 
obliterated, to be replaced by a crystal - l ike  ar range-  
ment.  After  24 hr, a needle- l ike s t ructure  was ob- 
served above this (Fig. 2d). 

Micrographs were taken from all regions across sec- 
tions of films sealed for various times, but  especially 
from locations close to the oxide/air  and metal /oxide  
interfaces. After 1 min, little effect could be seen in 
any region of the film. After  5 min, some slight effect 
could be detected close to the outer interface (Fig. 3a), 
while close to the barr ier  layer, there was no sig- 
nificant change (Fig. 3b). Trea tment  for 10 min  gave 
a more pronounced result, the porous s t ructure  being 
difficult to detect in the outer region of the film (Fig. 
3c), al though the pores were still visible on the cor- 
responding outer surface (Fig. 2b). 

Close to the barr ier  layer, however, (Fig. 3d), 
although the porous morphology was still clearly 
visible, the pores were now part ly  filled with ap- 
parent ly  solid particles, ca. 100-400A in size. Com- 
parison of Fig. 3c and d indicates that  the sealing reac- 
tion had affected both the pores and the cell walls near  
to the outer interface, while close to the barr ier  layer 
the cell walls remained apparent ly  unaffected. Litt le 
fur ther  morphological change occurred in the film 
structure close to the outer interface on more pro- 
longed sealing, except that  the porous s tructure be-  
came vi r tual ly  undetectable  (Fig. 3e). 

Nevertheless, changes were still occurring close to 
the metal;  the regions corresponding to the pores in 
the unsealed film could still be detected there clearly 
for sealing times up to 30 min-1 hr (Fig. 3f), although 
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these were possibly more difficult to define after t rea t -  
men t  for 24 hr (Fig. 3g). These "filled pores" had a 
rougher, more open structure than  the apparent ly  un -  
reacted parts of the cell walls, which seemed to con- 
sist of a more compact oxide, even after t r ea tment  for 
24 hr. The longer the sealing time, at least up to 30 
min-1 hr, the more the fibrous regions extended la ter-  
ally into the more compact cell walls, producing an ef-  
fective increase in the "filled pore" diameter (Table I) .  
This was quite clear despite the l imitat ions of direct 
measurements  of pore diameters from film sections 
(9, 13). 

Any  corresponding decrease in the thickness of the 
unreacted part  of the barr ier  layer was not  readily 
detected due to the tendency for the film to break 
away from the metal  through the barr ier  layer ra ther  
than at the f i lm/metal  interface. However, such a reac- 
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Fig. 2. Electron micrographs of surfaces of films sealed for vari- 
ous times in boiling water, (a) 1 mln, (b) 10 min, (c) 30 min, (d) 
24 hr. 

Fig. I. Electron micrographs of films grown for 1 hr at 25 
mA/cm 2 in 2% w/v oxalic acid at 25~ (voltage rising from 50 
to 100V), (a, top) outer surface, (b, center) section near outer in- 
terface, (c, bottom) section near barrier layer. 

Fig. 3. Electron micrographs of sections of films sealed for va- 
rious times in boiling water, (a) and (b) 5 min, (c) and (d) 10 
min, (e) and (f) 30 min, (g) 24 hr. Micrographs on the left depict 
the outer interface and on the right the region near the barrier 
layer. 
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Table h Variation of "filled pore" diameter next to the barrier 
layer, measured directly from film section micrographs, 

with sealing time 

Sealing time "Filled pore" 
(min) diameter (A) 

0 76o 
10 900 
30 1500 
60 1600 

1440 1400 

t ion would p robab ly  occur, and there  is some evidence 
for  i t  wi th  the  24 h r  specimen (Fig. 3g).  

Examinat ion  of micrographs  f rom ent i re  sections 
showed the extent  of seal ing to decrease  g radua l ly  as 
the  meta l  was approached,  r a the r  than  there  being a 
dist inct  "plug" near  the  outer  in ter face  (Fig.  4). 
F igures  3c and d show the ex t reme  interfaces  of the  
film depicted in Fig. 4, but  at a h igher  magnification. 
To some extent,  the  g radua l  change in the  extent  of 
seal ing may  have been due to the progress ive ly  smal le r  
pore  d iamete r  toward  the ou te r  surface, this  being the  
resul t  of the  s teadi ly  r is ing vol tage  dur ing  anodizing. 
However ,  it  is un l ike ly  that  such large  var ia t ions  in 
film morphology  wi th  dep th  were  due s imply  to a 
var ia t ion  in pore  diameter .  

Salt-sealed f i lms . - -The  sal t  type  had  a profound effect 
on the  extent  of film sealing. Af te r  30 min in potass ium 
dichromate  at pH 2.0, the  film surface was v i r tua l ly  
una l te red  (Fig. 5a) a l though some sl ight  seal ing was 
evident  in section near  the ba r r i e r  l aye r  (Fig. 5b).  In  
nickel  ace ta te /bor ic  acid solution (pH 5.7) seal ing was 
more obvious, the  morphology  having  changed to a 
s imi lar  ex tent  as a f te r  t r ea tment  in boil ing wa te r  for  
the  same t ime (Fig. 3e and f) .  However ,  in potass ium 
chromate  (pH 7.7) the  porous s t ruc ture  was com- 
p le te ly  obl i te ra ted  on the  surface (Fig. 5c) and at the  
pore  bases the  extent  of filled pore  encroachment  on 
the cells and p robab ly  the  ba r r i e r  l ayer  was much 
greater  than  in the  previous solutions (Fig. 5d).  

Electron diyfraction.--Only reflection diffraction 
f rom the outer  film surfaces gave any evidence of 
crys ta l l in i ty .  The unsealed films revea led  no diffraction 
pa t te rns  but charged up in the  e lect ron beam, p rob -  
ab ly  due to the i r  low conductivi ty.  F i lms  sealed for  
5 min (Fig. 6a) and 24 hr  (Fig. 6b) showed definite 
diffraction pat terns ,  cer ta in  lines becoming more  in-  
tense af ter  the  longer  t ime. Comparison of the  cal -  
cula ted  d values wi th  those of the  known a luminas  and 
the i r  hydra tes  (11) gave no indicat ion of any  specific 
modification. The fa i lure  to ident i fy  the  crys ta l l ine  
ma te r i a l  may  have been due to insufficient accuracy 
in the l ine  measur ing  techniques and the unava i l ab i l i ty  
of any  da ta  giving the  intensi t ies  of ind iv idua l  l ines 
in the  e lect ron diffraction pat terns.  Fur the rmore ,  more 
than one crys ta l l ine  modification may  have  been 
formed dur ing  sealing, which would  complicate  any 
in terpre ta t ion.  

Thus, dur ing  seal ing in water ,  c rys ta l l ine  ma te r i a l  of 
an unknown composit ion was fo rmed  on the outer  
surfaces of the  anodic oxide films and this cor re-  
sponded wi th  the  crys ta l l i tes  seen in the  micrographs.  

Fig. 5. Electron micrographs of films sealed for 30 min at 100~ 
(a) surface, and (b) section near barrier layer, for potassium di- 
chromate (pH 2.0), (c) surface, and (d) section near barrier layer, 
for potassium chromate (pH 7.7). 

Fig. 4. Electron mlcrographs of section of film sealed for 10 
min, showing the variation of film morphology with thickness. The 
outer film surface is on the right. 

Fig. 6. Reflection electron diffraction patterns from film surfaces 
after sealing at 100~ for (a) 5 min, (b) 24 hr. 
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This mater ial  was not detected in the film depths and 
probably did not exist there. 

Discussion 
Preliminary considerations.--It is appropriate to 

ment ion briefly here other new data and theories on 
the mechanism of formation of unsealed and sealed 
films (7-9). Electron microscopy shows that the pore 
and cell geometry is broadly similar to Keller, Hunter ,  
and Robinson's model but  the detail and the mech- 
anism of formation are different. The steady-state 
barr ier  layer thickness, the cell diameter and the 
pore diameter  are all measured to be directly pro- 
portional to the anodizing voltage. Furthermore,  the 
barr ier  layer  thickness, decided largely by the equi-  
l ibr ium established between oxide formation in the 
barr ier  layer and field-assisted dissolution at the pore 
base, determines the cell and pore sizes by a simple 
geometrical mechanism. The dissolving power of the 
electrolyte in the presence of the field is far more 
impor tant  than the anion type in  de termining the 
pore structure. A natura l  consequence is that nonag-  
gressive electrolytes produce thicker barr ier  layers, 
larger cells, and larger pores next  to the barr ier  layer, 
although subsequent  pore widening toward the outside 
of the film by simple chemical dissolution is more 
severe in  aggressive electrolytes. 

This model explains why the voltage, and therefore 
the barr ier  layer, cell, and pore dimensions next  to the 
barr ier  layer, rise with t ime dur ing anodizing at con- 
stant  current  density in oxalic acid. Depletion of the 
relat ively weak solution in the depth of the pores, 
by anion incorporation into the film and pH changes, 
would lead to a reduction in the dissolving power of 
the electrolyte under  the field. Such effects are not 
found in relat ively concentrated solutions of the 
stronger sulfuric and phosphoric acids. 

In  contrast, the s t ructure  and composition of the 
interpore mater ial  profoundly influence the sealing 
reactions. Infrared spectroscopy (7), supported by elec- 
t ron diffraction data, suggests that  the cells of unsealed 
films formed in sulfuric acid, are a relat ively open 
array of amorphous, largely anhydrous crystallites, 
invisible to the electron microscope, permeated by 
molecular  water, the surfaces of the crystallites carry-  
ing hydroxyl  groups or ions, and the system being 
hydrogen bonded. Thus, the intercrystal l i te  surfaces 
(14, 15) which carry the water  and the acid anion are 
part ial ly accessible to the anodizing solution and 
sealant. In more aggressive electrolytes too, the outer 
intercrystal l ine regions are opened up by acid action. 
Boiling water  produces little change in the bulk  oxide 
composition to specific a lumina hydrates but  causes 
major  pore blockage, closure of the intercrystal l i te  
regions and possibly an increase in the hydroxyl  and 
entrapped water  content  of the film, as judged by the 
evacuation and deuter ium exchange properties (7). 
An agglomeration process causing rear rangement  of 
the mater ial  to a form of lower surface area and 
energy was briefly proposed as a major  contr ibutor  to 
the sealing process. 

The sealing of films formed in oxalic acid are mor-  
phologically and s t ructural ly  largely complete after 
10-30 min near  the surface, although more subtle 
changes occur near  the barr ier  layer and on the film 
surface for 24 hr. At least three different, but  to some 
extent  concomitant processes appear necessary to ex-  
plain the entire phenomenon:  (a) an initial  precipita- 
t ion occurring in the pores, largely close to the outer 
surface except in high pH sealants; (b) crystal l ine ma-  
terial  forms on the exterior film surface only, this 
being a minor  process; and (c) the oxide, and any 
hydroxide, redistr ibutes itself dur ing prolonged sealing 
by the agglomeration process. 

Precipitation reaction.--Pore closure is most efficient 
near  the outer film surface, its efficiency gradual ly fall-  
ing off as the metal  is approached. The bulk  solution 
pH of salt solutions also considerably affects the ex-  
tent  of sealing. Thus, the local conditions wi thin  the 
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pores, such as pH and residual  anion and A1 s+ content, 
must  influence the extent  of sealing greatly. On in-  
troducing the film into the sealant, a gradient  of these 
properties exists down the pore, with high pH sealing 
solution predominat ing at the top and residual acid 
concentrat ion and A13+ ion concentrat ion near  the 
bottom. A precipitation reaction, as proposed by Wood 
and Matron (3) and Spooner and Forsyth (5), occurs 
where the solubil i ty product of hydroxide or hydrated 
oxide is exceeded. The precipitation is more extensive 
in the more open outer film regions affected by elec- 
trolyte and where the pH is highest, gradual ly  de- 
cl ining toward the metal. Electron probe microanalysis 
(3) indicates that for most sealing solutions the pre-  
cipitate plug is completed very  quickly near  the outer 
surface, severely l imit ing fur ther  en t ry  of sealant into 
the pore and therefore fur ther  precipitation, al though 
with dichromate solution, where the precipitation is 
slow, it may enter  for long periods. 

Ini t ial  precipitation is more extensive in higher pH 
sealants, the rapidi ty and depth of precipitation de- 
creasing in the order potassium chromate (pH 7.7) 
nickel acetate (pH 5.7) ~ potassium dichromate (pH 
2.0), confirming the results of Wood and Marron (3) 
and Hoar and Wood (1, 2). Differences in pore closure 
rates for anodic films formed in various acids (the 
rates being sulphuric  ~ oxalic ~ phosphoric) are 
par t ly  due to pore size differences but  are undoubtedly  
related to anion adsorption affecting the ini t ia l  pre-  
cipitation reaction. 

The material  precipitated in the pores is insuf-  
ficiently well  crystallized to produce a sharp diffraction 
pattern.  Fur thermore,  the sealing weight gains of 
Spooner and Forsyth (5) indicate that  only a relat ively 
small  fraction of the pore volume can be blocked by 
precipitate, produced by uptake of l iquid from outside 
the film. The same argument  applies to the crystal l ine 
mater ia l  on the outer surface now to be described. 

Formation of the outer crystallites.--There is l i t t le 
or no evidence from the present  or previous (5, 16) 
diffraction studies to suggest that  this we l l -known 
outer crystal l ine material  extends any significant depth 
into films sealed in water. The reaction cannot there-  
fore be considered a major  sealing process, with the 
proviso that  it is this outer crust which contacts any  
corroding environment .  

I t  is quite l ikely that the discrete crystals of a lumina  
hydrate  are formed by a process allied to the ini t ial  
reaction wi thin  the pores, namely  a dissolution and 
reprecipitat ion reaction. However, conditions on the 
surface are quite different from those in the pores, 
boiling sealant being rapidly replenished and any acid 
anions which might inhibi t  crystall ization being 
rapidly dispersed or kept to a low level. Even on the 
surface, crystals visible in the electron microscope 
were only produced after 30 min  although they were 
detectable by electron diffraction after 5 rain. 

Agglomeration process.--The above considerations 
require that  the major, long-term, visible, pore-fil l ing 
process in the film depths involves an extensive re-  
a r rangement  of the oxide/hydroxide system, left after 
the first rapid  precipitat ion reaction. A simple mass 
t ransfer  reaction from the cell walls to the major  
pores must  occur without  physical collapse or defor- 
mat ion of the main  film structure.  Although possibly 
some increase of mater ial  volume occurs, the absence 
of extensive new phases such as crystal l ine hydrates 
(7, 9) suggests this is not  predominant  and that  a 
redis t r ibut ion of porosity is involved. The large ini t ial  
regular  pores are general ly filled, the ini t ial  crystallites 
agglomerate into larger ones, and the intercrystal l i te  
regions, although occupying a lesser area, are in places 
larger in size. The outer crystallites, the precipitate, 
and the blocked pores prevent  rapid ent ry  of cor- 
rodants or dyestuffs; however, if the barr ier  layer  is 
etched off, the underside of the film takes up some dye. 
This mechanism is supported by the fibrous appearance 
of the wide filled pore regions. 
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The cell  wal l  s t ruc ture  af ter  the  ini t ia l  prec ip i ta t ion  
is as descr ibed ear l ie r  except  where  the  in te rc rys ta l l i t e  
regions have been pa r t l y  blocked by  precipi ta te ,  es- 
pecia l ly  near  the  outer  surface. The incomple te ly  filled 
pores contain  some of the  molecular  wa te r  en t r apped  
in the film (7). The most obvious mechanism for a 
mass t ransfe r  react ion in such a s i tuat ion again in-  
volves slow dissolution of oxide f rom the  cell  micro-  
crys ta l l i tes  and its reprec ip i ta t ion  some dis tance  away  
in the  pores. Thomas and Whi tehead  (17) have charac-  
ter ized the var ious  steps in the  format ion  of a luminum 
oxide from aqueous solutions, thus 

~ A 1 / H 2 0  u /OH 

H20 H~O 

OH 
"- t 
--~AI J % 

H20 

+ H+ 

+ 

H~O OH 

OH I ~ q \OH / 
+ 2H20 

OH 1 / 0 ~ A 1  
" / \ A I ~ - >  -'AI ". 
I \OH/ " Is ~0 ~ 

+ 2H + 

Oxide product ion f rom a solvated a luminum ion 
bas ica l ly  requi res  rep lacement  of wa te r  molecules by  
0 2 -  ions. The first two steps occur dur ing  the fo rma-  
t ion of an in te rmedia te  hydrox ide  precipi ta te ,  whi le  
the  th i rd  step represents  the final conversion of this  
hyd rox ide  to oxide in a place other  than  where  the  
or iginal  oxide molecule  became hydra ted .  The pre -  
c ipi ta t ion p robab ly  occurs on the par t ic les  of oxide in 
the  pores or  on the cell  walls. The  ini t ia l  step in the  
above scheme is favored by  high pH, bu t  c lear ly  
subsequent  oxide format ion  resul ts  in a reduct ion  in 
pH, slowing the prec ip i ta t ion  reaction,  and provid ing  
e lsewhere  dissolution and the  consequent  solvated 
Ala + ions necessary  for  the  cont inuat ion of the  process. 
In places where  the  final conversion of hydrox ide  to 
oxide  is incomplete,  hydroxyl ic  ma te r i a l  is lef t  a t -  
tached to the  growing crystal l i tes ,  expla in ing  the  
minor  increase  in O H -  ion content  detected by  in-  
f r a red  analysis  (7). 

Ev iden t ly  such a react ion scheme, in which  both the  
reac tants  and products  are  the  same, i.e., oxide, must  
have  some dr iv ing  force other  than  the change in 
chemical  f ree  energy  between reac tants  and p rod -  
ucts. I t  is' p roposed  tha t  the  ove r -a l l  dr iv ing  force 
is the decrease  in the  large  surface area,  and hence 
surface energies,  of the  re la t ive ly  inaccessible micro-  
crystal l i tes ,  the  net  resul t  being an increase in the  
average  crys ta l l i te  size. If  the  aggregat ion  process oc- 
cur red  throughout  the  cell  wa l l  then  a reduct ion  in 
the  bu lk  film thickness  would  be expected  due to the 
compact ion occurr ing in the  film. Thickness measu re -  
ments,  however ,  gave no indicat ion of any  reduct ion  
in the  bu lk  film thickness,  which would  seem to in-  
dicate  tha t  unreac ted  "pi l lars"  of oxide remain  be-  
tween  the  pores, except  perhaps  at  the  ve ry  outer  
surface where  the  film was in i t ia l ly  more  open and 
aggrega ted  quicker.  These columns "support"  the  re -  
ma inde r  of the  unreac ted  film. Thus, there  is no net  
reduct ion  in film poros i ty  af ter  the  ini t ia l  prec ip i ta t ion  
reaction,  but  only a red is t r ibu t ion  of the  remain ing  
porosi ty.  Af te r  the  seal ing process there  are  less 
" in te rc rys ta l l i t e"  pores, but  these are  b igger  than  those 
in the  unsealed film. Hence the filled pores  spread  
l a t e r a l l y  and eventua l ly  much of the  film, o ther  than  
the  pil lars ,  appears  to consist of r e la t ive ly  la rger  but  
i r r egu la r  oxide  crystal l i tes .  

K inge ry  has suggested a mechanism for the  aggrega-  
t ion of solid par t ic les  hav ing  only a l imi ted  solubi l i ty  
in a sur rounding  l iquid phase (18, 19). This theo ry  
has been ma in ly  appl ied  to the  phenomenon of l iquid 
phase  sintering,  which  occurs a t  much h igher  tern-  

pera tu res  than  used for sealing. YAngery considers the  
point  of contact  be tween  two solid part icles ,  whe re  
there  is a sharp ly  negat ive  radius  of curvature .  In a 
gas / l iqu id  system, the  vapor  pressure  over  such a 
localized surface is much reduced.  In  a so l id / l iqu id  
system, such a pressure  difference appears  as a de-  
crease in solubil i ty.  Thus, in a res t r ic ted  region the 
oxide is less soluble than  elsewhere,  resu l t ing  in a 
deposi t ion of solid ma te r i a l  there  by  any  possible 
mechanism, such as the  proposed d i s so lu t ion / repre -  
c ipi ta t ion reaction.  

Other factors.--The cur ren t  resul ts  and theories 
agree  wi th  ear l ie r  studies of the  effects of seal ing solu- 
t ion and type,  and  of film thickness,  using impedance  
methods  and e lect ron probe microanalys is  (1-3),  
a l though some modification of the  theo ry  has proved  
necessary,  pa r t i cu la r ly  wi th  r ega rd  to the  ex ten t  of 
boehmite  format ion  and the  final seal ing stages. Aging 
effects could be due to long- t e rm aggregat ion  proc-  
esses. 

The var ia t ion  in extent  of seal ing wi th  different  
sealants  may  be due to the  differing adsorbabi l i t ies  of 
the  var ious  anions, as wel l  as the  pH effects. Thomas 
and Whi tehead  (17) found tha t  a luminum hydrox ide  
prec ip i ta tes  can be pept ized b y  s tabi l izat ion of the  
large  ionic micelles, due to repuls ion of the  charges of 
s t rongly  adsorbed  anions, and thus  prec ip i ta t ion  could 
be prevented.  Ginsberg  and Wefers  (20) have  sug- 
gested a s imi lar  theory  for the  s tabi l izat ion of in te rna l  
surfaces in unsealed films. Murphy  has proposed tha t  
such anions can g rea t ly  affect the  seal ing reaction, 
c la iming that  is consists l a rge ly  of the  r ep lacement  of 
such adsorbed anions, or even a proton space charge,  
by  O H -  ions, t he reby  prevent ing  the  en t ry  of fur ther  
ions onto the  cell  wal ls  (6).  This theory,  a l though it 
may  be one factor, cannot  expla in  the  m a j o r  deposi-  
t ion of ma te r i a l  in the  large  pores, observed d i rec t ly  in 
the  present  work. P re fe ren t ia l  adsorpt ion of PO43- ions 
must  in te r fe re  wi th  the  ini t ia l  prec ip i ta t ion  react ion 
as wel l  as wi th  any subsequent  aggregat ion process, 
p r e suma b ly  by  p reven t ing  ini t ia l  dissolution wi th in  
the  pores or  deposi t ion of precipi ta te .  The  induct ion 
per iod observed wi th  d ichromate  seal ing (1-3) must  
be re la ted  to the  pH rise even tua l ly  achieved in the  
pores  due to the  adsorpt ion of the  anion on the  film 
and its subsequent  en t ry  be tween the microcrys ta l -  
lites. 
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Electrochemical Reduction of 6-Thiopurine 
and Related Compounds: Polarography, 

Voltammetry and Macroscale 
Electrolysis 

Glenn Dryhurst 
Department of Chemistry, University of Oklahoma, Norman, Oklahoma 

ABSTRACT 

The e lect rochemical  reduct ion of 6- thiopurine ,  pur ine-6-su l f in ic  acid, and 
pur ine-6-su l fon ic  acid has been  inves t iga ted  polarographica l ly ,  coulomet r i -  
ca l ly  and by  macroscale  electrolysis.  The reduct ion products  have  been in-  
ves t iga ted  spec t rophotomet r ica l ly  and chemical ly  as wel l  as by  e lec t ro-  
chemical  methods.  Between pH 1 and 3,6- thiopurine is reduced  in two dis-  
t inct  steps; the  first a 4e process to 1 ,6-dihydropurine;  the  second a 2e process 
to 1,2,3,6-tetrahydropurine which  is subsequent ly  hydro lyzed  to a 4 -amino-  
imidazole.  A t  h igher  pH these two processes merge  so that  only  a single 6e 
polarographic  wave  is observed.  The pH dependence  and slopes of the  po la ro -  
graphic  waves  have  been ut i l ized to de te rmine  the ra te  control l ing steps in 
these reductions.  Pur ine-6-su l f in ic  acid is po la rograph ica l ly  reduced  in th ree  
separa te  processes;  the  first is the  two electron reduct ion of the  sulfinate 
monoanion to the  1,6-dihydro sulfinate which, be tween  pH 2 and 6, decom- 
poses to the  pur ine -6 - su l fena te  which is immedia t e ly  fur ther  reduced,  in a 
2e process, to 6- thiopurine .  Be tween  pH 7 and 9 the  1,6-dihydrosulf inate anion 
loses sulfoxyl ic  a c i d  to give purine.  The second wave  involves reduct ion of 
the  pur ine-6-su l f ina te  dianion to the corresponding 1,6-dihydro der ivat ive,  
which breaks  down to yie ld  pur ine  and the  su l foxyla te  anion. The th i rd  wave  
involves, over-a l l ,  4e and is due to fur ther  reduct ion  of the  1,6-dihydrosulfinate 
to the  corresponding 1,2,3,6-tetrahydro der iva t ive  which then loses sulfoxylic  
acid to give 2 ,3-dihydropur ine;  this  is immed ia t e ly  fu r the r  reduced  to 1,2,3,6- 
t e t r ahyd ropu r ine  which hydrolyzes  to a 4-aminoimidazole .  Pur ine-6-su l fon ic  
acid is also po la rograph ica l ly  reduced  in th ree  steps; the  first wave  involves 
a 2e reduct ion of the  monoanionic  species to the  1 ,6-dihydrosulfonate  which 
decomposes to pur ine  and, a t  low pH, pur ine-6-sulf in ic  acid; the  la t te r  is im-  
med ia t e ly  reduced to 6- thiopurine.  The second wave  is the  2e reduct ion  of 
the  dianionic  sulfonate  to the  1,6-dihydro der iva t ive  which  decomposes to 
purine.  The th i rd  process is, over-a l l ,  a 4e reduct ion of the  1 ,6-dihydro-  
sulfonate  to a 4-aminoimidazole .  

In  some recent  studies of the  e lectrochemical  ox ida -  
t ion of 6- th iopur ine  it became necessary to be able  to 
both de tec t  and quan t i t a t ive ly  de te rmine  both the  6- 
th iopur ine  and two of i ts oxidat ion products,  pu r ine -6 -  
sulfinic acid and pur ine-6-su l fon ic  acid (1). The 
ana ly t ica l  de te rmina t ions  of these and other  e lec t ro-  
oxidat ion  products  wil l  be descr ibed e lsewhere  (2). 
This paper  describes in detai l  the e lectrochemical  
reduct ion  mechanisms for these reactions.  6-Thiopu-  
r ine is used extens ive ly  as an an t i l eukemia  agent;  it  
is also possible tha t  both pur ine-6-sulf inic  and pu r ine -  
6-sulfonic acids or thei r  salts m a y  be minor,  a l though 
impor t an t  products  of metabol i sm of 6- th iopur ine  in 
man  and other  species. Recent  work  (1, 3, 4) has sug-  
gested a possible para l le l i sm be tween  modes of e lec t ro-  
chemical  oxidat ion  and biological  oxidat ive  t r ans fo r -  
mat ions  (e.g., enzymat ic  oxida t ion) .  I t  is also impor -  
tan t  however ,  to fu l ly  under s t and  the  reduct ion  be-  
hav ior  of biological ly  impor tan t  molecules especial ly  

regard ing  those factors tha t  influence the  electron 
t ransfe r  processes, such as, for example  pH. 

There  have been only a few repor ts  of the  e lec t ro-  
chemical  reduct ion of 6- thiopurine.  Humlova  has r e -  
por ted  the  osci l lographic po la rography  of 6- th iopur ine  
(5). Vacek (6) developed a method for the  de t e rmina -  
t ion of 6- th iopur ine  by  ut i l iz ing the height  of the  
polarographic  wave  in McIlvaine  buffer pH 7.1. There  
have been no repor ts  of the  polarographic  behavior  of 
pur ine-6-su l fonic  or sulfinic acids. Consequently,  i t  
was decided to s tudy sys temat ica l ly  the  po la rography  
and vo l t ammet ry  of 6- thiopurine,  pur ine-6-sulf inic  
acid, and pur ine-6-su l fonic  acid in o rder  to define the  
na tu re  and mechanisms of the  e lect rochemical  
reduct ion.  

Experimental 
Chemicals.---6-Thiopurine was obta ined f rom Calbio-  

chem. Pur ine-6-sul f in ic  acid (sodium sal t)  and pu r ine -  
6-sulfonic acid (potass ium sal t)  were  p repared  accord-  
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ing to Doerr et al. (7). Hypoxanthine and pur ine  were 
obtained from Nutr i t ional  Biochemicals. 

Buffer solutions were prepared from analytical  
reagent grade chemicals. 

Argon (Linde) used for deoxygenating purposes 
was equil ibrated with water;  no other purification was 
necessary. 

Apparatug.--Polarograms and vol tammograms were 
recorded on either a Sargent  Model XV or Model XVI 
polarograph equipped with Sargent IR correctors. 
Water jacketed three compartment  cells mainta ined 
at 25 ~ • 0.1~ and containing a saturated calomel elec- 
trode (SCE), and a p la t inum counterelectrode in sat-  
urated potassium chloride solution were employed. All  
potentials are referred to the SCE at 25~ 

The dropping mercury  electrodes had normal  m and 
t values. Triple distilled mercury  was used for all 
coulometric and polarographic studies. 

Cyclic vol tammetry  was performed with the ap-  
paratus described by Dryhurs t  et al. (8). 

Controlled potential  electrolyses were carried out 
using a Wenking Model 66TA1 potentiostat. Potentials 
of interest  were measured with a Sargent  laboratory 
potentiometer.  The pH was measured with a Beckman 
Zeromatic pH meter. 

Current  integrat ion dur ing coulometry utilized a 
t i t rat ion coulometer described by Lingane (9). 

Ultraviolet  absorption spectra were obtained with a 
Beckman Model DB recording spectrophotometer, 
using 1.00 cm glass stoppered quartz cells. 

The preparat ion of the PGE has been described 
earlier (4). A conventional  two compartment  macro- 
scale electrolysis cell was employed using a mercury  
pool cathode and a p la t inum gauze counterelectrode. 
A Beckman pH type calomel reference electrode 
dipped directly into the working electrode compart-  
ment.  The solution in  the working electrode compart-  
men t  was stirred with a magnetical ly rotated Teflon 
coated iron bar. A stream of argon gas was always 
bubbled through the test solution. 

Polarographic procedure . - -The test solution was pre-  
pared by di lut ing appropriate quanti t ies of stock solu- 
tions with suitable background electrolyte; (on occa- 
sion when the compound was unstable  at a part icular  
pH, mater ia l  was weighed directly into the deaerated 
buffer solution),  the solutions were then deaerated for 
10 rain and then the polarogram run. The residual 
current  was subtracted ar i thmetical ly from the total  
current ;  El~2 and il were determined graphically u t i l -  
izing the average of the recorder trace. 

Coulometric procedure.---One hundred  and fifty mil-  
liliters of buffer solution was introduced into the 
electrolysis cell and deoxygenated for at least 20 min;  
the mercury  was then introduced and the solution 
electrolyzed at the electrolysis potential  unt i l  the t i t ra-  
t ion coulometer showed a constant small  t i t rat ion 
rate. Then after tu rn ing  off the potentiostat  a weighed 
amount  of the electroactive species was added. After  
dissolution, the desired potential  was again applied; 
argon was bubbled continuously through these 
solutions. 

At appropriate intervals  0.5 or 1.0 ml samples of the 
electrolysis solution were wi thdrawn and after di lu-  
t ion with water  speetrophotometric measurements  
were taken. 

Often polarographic or vol tammetr ic  runs were made 
directly in the test solution. 

6- Thiopurine 
Polarography.---Below pH 2.3 6- thiopurine exhibits 

two very close polarographic waves (waves I and II, 
respectively).  The half -wave potential  for both waves 
shifts l inear ly  more negative with increasing pH; 
El~2 ~ --0.79-0.116 pH for wave I, and --1.00-0.0483 pH 
for wave II. The two waves merge at about pH 3, the 
composite wave, up to pH 5, having the same pH de- 
pendence as that  for wave I. Above pH 5 a fur ther  

wave appears (wave III) whose Ell.., also shifts l inear ly  
more negative with pH, E1/2 = --1.29-0.027 pH. Above 
pH 8 wave III disappears; one further  wave is observed 
in ammonia  buffer pH 9.1 (wave IV), which appears 
only at this pH, El~2 ~ --1.74V. 

At low pH the very large values of the diffusion cur-  
rent  constant  (I = il/Cm2/SO/6) for both waves I and 
II are indicative of the involvement  of catalytic hydro-  
gen discharge (Table I) .  In  1M HOAc the I value indi-  
cates a 4e process as does the value for wave II; the 
involvement  of catalytic hydrogen discharge however 
undoubtedly  enhances these values, par t icular ly  that  
of wave II. Between pH 3 and 5.5 the sum of the dif- 
fusion current  coefficients for wave I and wave II is 
indicative of six or more electrons. For wave III the 
diffusion coefficient decreases very rapidly with pH 
between pH 6 and 8; for wave IV the value is again 
indicative of at least a 6e process. 

At pH 3.5 (acetate) the dependence of the l imit ing 
current  on drop time supports the view that waves I 
and II are under  over-al l  effective diffusion control 
(i.e., l inear  dependence o n  h i / 2 ) .  However, at pH 8.1 
(McIlvaine) the l imit ing current  increased with h but 
less so than predicted by the square root relationship, 
hence i t  was concluded that  wave III  was par t ly  under  
kinetic control at this pH (10). A concentrat ion study 
at pH 3.5 showed a marked decrease in the i~/C ratio 
with increasing concentrat ion from 41.4 ~A mM -1 at 
0.028 mM to 30.9 ~A mM-1 at 0.42 mM. The systematic 
decrease of the i l /C ratio with increasing concentra-  
t ion is probably associated with the lowering of the 
hydrogen overpotential  by 6-thiopurine.  As the 6- 
thiopurine concentrat ion increases hydrogen becomes 
more readily reduced so that  there is a much poorer 
separation between the 6- thiopurine and hydrogen 
discharge waves. 

At pH 3.5 the half wave potential  becomes slightly 
more negative with increasing concentration. The 
tempera ture  dependence of the wave at pH 3.5 was 
1.0% per degree. 

Electrolysis at wave  I and wave  / / . - -At tempts  to 
determine a coulometric n value for wave I plus wave 
II between pH 3.5 and 5.5 gave extremely high values. 
Over the period of many  hours electrolysis in these pH 
regions it was not  possible to el iminate the 0-thio- 
pur ine  polarographic wave; the electrolysis current  
remained at a high value throughout  the course of the 
electrolysis and the solution pH increased. Such be-  
havior indicates that  a major  part  of the current  con- 
t rol l ing process under  such conditions is the catalytic 
reduct ion of hydrogen ion. At the beginning of such 
electrolyses hydrogen sulfide was liberated. As the 
electrolysis proceeded a red color developed in the 
solution which intensified in the presence of air, and 
after a few days exposure to the atmosphere a fine 
black precipitate developed. 

Electrolysis at wave  III . --Macroscale electrolysis of 
6- thiopurine on the crest of wave III (McIlvaine pH 7) 
also gave extremely high coulometric n values, H2S 
was evolved, the pH increased and a red color devel-  

Table I. Variation of 6-thiopurine diffusion current constant with 
pH 

D i f f u s i o n  c u r r e n t  c o n s t a n t  
p H  B a c k g r o u n d  ~ W a v e  I W a v e  I I  W a v e  I I I  W a v e  I V  

0.0 1M H2SO~ 24.4 
1.0 C h l o r i d e  24.5 
2.3 1M H O A c  0.3 
3.4 A c e t a t e  14.3 
4.4 A c e t a t e  14.8 
5.7 A c e t a t e  14,2 
6.0 M c I l v a i n e  
7.0 M c I l v a i n e  
8.0 M c I l v a i n e  
9.1 A m m o n i a  

30.7 
34.7 

9.1 

12.7 
5.4 
1.8 

14.8 

E x c e p t  in  t h e  c a s e  of  t h e  1M H2SO4 a n d  1M H O A c  b a c k g r o u n d s ,  
al l  b u f f e r s  w e r e  0.5M in  ion ic  s t r e n g t h .  
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oped in the solution which behaved in an identical 
manner  to the product obtained from waves I and II. 
However, after s tanding such a solution in air for only 
a few hours, a black precipitate formed. 

Purine-6-Sulfinic Acid 
Purine-6-sulf inic  acid (P-6-Si)  shows several polar-  

ographic waves over the normal  pH range. In order 
that  the origins of these waves could be completely 
understood it was necessary to ascertain the stability 
of P-6-Si  in each of the backgrounds and to identify 
the breakdown products. 

Stability studies.--Spectrophotometric and polaro- 
graphic studies showed that between pH 1 and 5, 
P-6-Si  decomposes to hypoxanthine  (major  product) 
along with sulfur  dioxide and 6-thiopurine.  The rate 
of decomposition decreased with increasing pH. At 
around pH 2 there were also indications, on occasion, 
that traces of pur ine  were produced. Between pH 5 
and 8.0, P-6-Si  decomposed very slowly over the 
course of several days to P-6-So and hypoxanthine.  
P-6-Si  was stable for several days in ammonia  buffer 
pH 9.1. 

Polarography.--Because of the number  of electro- 
active decomposition products from P-6-Si  the ob- 
served polarographic behavior of solutions of P-6-Si  
is extremely complex. 

P-6-Si  itself gives rise directly to three polaro- 
graphic waves: all  shift l inearly more negative with 
increasing pH; E1/2 ~ --0.37-0.094 pH for wave I, 
--0.79-0.075 pH for wave II and--0.99-0.080 pH for 
wave III. 

The effect of pH on the diffusion current  constant, I, 
reflects the instabil i ty of P-6-Si  at low pH (Table II) .  
Between about pH 3 and 7 the magni tude of I indi-  
cates that  two 2e waves are involved (waves I and 
III) .  At pH 8 wave III disappears, wave I becomes 
much smaller  and a new small wave (wave II) ap- 
pears. At pH 9.1 again two 2e waves (waves I and III) 
appear. At higher pH only the single wave II appears 
having an I value in termediate  between that  expected 
for a one or two electron process. 

At pH 9 (ammonia)  the i~/C ratios for waves I and 
III  are 5.9 _ 0.1 and 6.4 ~ 0.7 ~A mM -1, respective- 
ly; in  carbonate buffer at the same pH the il/C ratio 
for wave II decreased slightly with increasing concen- 
trat ion from 6.7 ~A mM-~ at 0.25 mM to 5.1 ~A mM 
at 1.26 raM. At pH 4.4 (acetate) and 9.1 (ammonia)  
both waves I and III were ent i rely under  diffusion 
control (il/h 1/2 constant) .  However, at pH 8 
(McIlvaine) the droptime dependence of the l imit ing 
cur ren t  for wave I was characteristic of a process 
par t ly  under  kinetic control al though this effect was 
small. 

Electrolysis of wave/ . - -Because of the instabi l i ty  of 
P-6-Si,  coulometry and macroscale electrolyses were 
not performed below pH 3. 

Table Ih Variation of diffusion current constant with pH for 
polarographic waves of purine-6-sulfinic acid a 

Dif fus ion  c u r r e n t  cons t an t  e 
B a c k g r o u n d  b PH W a v e  I W a v e  I I  W a v e  I I I  

1M HOAc  2.3 0.24 
Ace ta t e  3.6 4.57 
Ace ta t e  5.4 4.23 
M c I l v a i n e  7.0 2.91 
M c I I v a i n e  8.0 1.62 
A m m o n i a  9.1 3.41 
C a r b o n a t e  9.0 
H y d r o x i d e  11.6 
Hydroxide 12.3 

R E D U C T I O N  O F  6 - T H I O P U R I N E  

1.35 

4.32 
4.45 
3.77 

3.02 
d 3.28 

2.79 
2.32 

a C o n c e n t r a t i o n  0.914 mM.  
b W i t h  t he  e x c e p t i o n  of 1M HOAc  a l l  b a c k g r o u n d s  h a d  an  ionic  

s t r e n g t h  of  0.5M. 
I -~ i ~ l C m ~ / a  t11o. 
A w a v e  wa~ o b s e r v e d  b u t  was  so i n d i s t i n c t  t h a t  a m e a n i n g f u l  I 

v a l u e  cou ld  no t  be  c o m p u t e d .  
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At pH 3.6 and 5.4, P-6-Si  decomposes slowly pr i -  
mari ly  to hypoxanthine  which is not electrochemically 
reducible, the observed n values of 2.4 and 3.6, respec- 
tively, were therefore expected to be low; the major  
electrolysis product was 6- thiopurine (along with 
some pur ine) .  At pH 7 and above 2e were transferred;  
the major  product was purine;  at pH 9.1 (ammonia)  
however pur ine  is slowly fur ther  reduced in a 2e pro- 
cess to 1,6-dihydropurine. Product  identification in 
these studies was based chiefly on polarography and 
ultraviolet  spectra. 

Electrolysis at wave / / . - -At tempts  to obtain any 
meaningful  coulometric data at the first wave in car- 
bonate background pH 9 (wave II) were unsuccessful 
since a high current  was observed throughout  the 
electrolysis leading to extremely high n values. The 
solution tu rned  pink as the electrolysis proceeded, 
part icular ly when air was allowed to come in contact 
with the solution. 

Coulometry at wave II at pH 11.6 (~-max for P-6-Si  
---- 278 m~) indicated that about 2e were t ransferred 
fair ly rapidly with the formation of pur ine  (~-max ---- 271 
m~) followed by very slow transfer  of a fur ther  2e to 
form 1,6-dihydropurine (~max : 305 and 230 m~). 

Electrolysis at wave III.--After el iminat ion of P-6-Si  
wave I in acetate pH 3.6 the potential  was adjusted to 
coincide with the rising portion of the second wave 
(wave III) .  Immediately H2S was evolved and the 
current  increased to a large value; extremely high n 
values were obtained. After several hours electrolysis 
polarography showed no reducible products and the 
pH had increased by several  units. As soon as the solu- 
tion was exposed to the atmosphere it tu rned  bright 
red-pink.  Two u - v  absorption peaks were observed 
(~-max ---- 320 and 240 m~ corresponding to 6- thiopurine 
and the pur ine  wave II electrolysis product.) Treat-  
ment  of this solution with sodium ni t r i te  then a lka-  
l ine ~-naphthoI gave an orange pink dye (kmax ---- 500 
m~). The wave III process at this pH thus involved 
reduct ion of 6-thiopurine in part  to the wave II pro- 
duct of pur ine  which is known to be a diazotizable 
pr imary  amine (11). Because of the effect of 6-thio- 
pur ine  and the pur ine  wave II  electrolysis product on 
the overpotential  for hydrogen discharge the large n 
values were not unexpected. 

Attempted coulometry directly on wave III at pH 
6.9 (McIlvaine) gave very high n values, the pH in-  
creased, and the solution tu rned  pink on exposure to 
air. The u -v  spectrum showed a single broad absorp- 
tion peak at kmax --~ 306 m~, although the product solu- 
t ion did not give a good test with sodium nitr i te-E- 
naphthol.  

Purine-6-Sulfonic Acid 

Polarography.--Purine-6-sulfonic acid (P-6-So) 
shows four polarographic waves over the normal  pH 
range. At very low pH (pH 1.0 and below) P-6-So 
decomposes to hypoxanthine  and sulfur  dioxide al-  
though the decomposition is much slower than  for 
P-6-Si.  

Three of the waves shift l inear ly  more negative 
with increasing pH. Wave I appears between pH 1 and 
7, E1/2 ~ --0.45-0.0782 pH. Between pH 3,6 and 12.5 
wave II appears, E~/2 ---- --0.675-0.0789 pH. Wave III  
appears between pH 1 and 9, El~2 ~ --0.98-0.0635 pH. 
A fourth wave, wave IV, is observed at pH 9.1, E1/~ 
---- --1.450V. 

The temperature  and droptime dependence of the 
current  indicates that  the waves are under  diffusion 
control except at pH 6.9 (McIlvaine) when wave I was 
par t ly  under  kinetic control. The magni tude  of the 
diffusion current  constants (Table III) indicated that  
the polarographic n values for waves I and II reach a 
l imit ing value of 2; the magni tude  of the constant for 
waves III  and IV seems to indicate similar values, al-  
though at certain pH values (e.g., wave III  at pH 2 
and 6.9) the involvement  of more than  2e is suggested. 
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Table Ill. Variation of diffusion current constant with pH for 
polarogrophic waves of purine-6-sulfonic acid a 

Dif fus ion  c u r r e n t  cons tan to  
B a c k g r o u n d  b p H  W a v e  I W a v e  H W a v e  I I I  W a v e  IV 

Ch lo r ide  1.05 2.74 
Ch lo r ide  2.0 3.43 10.00 
1M HOAc  2.3 3.36 5.23 
Ace ta t e  3.6 4.52 1.60 3.04 
Ace ta t e  5.4 4.68 2.72 4.84 
M c I l v a i n e  6.9 1.36 4.39 7.86 
M c I l v a i n e  8.0 3.82 6.80 
C a r b o n a t e  8.9 5.3 3.82 
A m m o n i a  9.1 3.25 3.32 
H y d r o x i d e  11.6 2.86 
H y d r o x i d e  12.3 3.38 

3.58 

C o n c e n t r a t i o n  of  P-6-So,  0.81 raM. 
b W i t h  the  e x c e p t i o n  of 1M HOAc  a l l  b a c k g r o u n d s  ha d  an ionic  

s t r e n g t h  of 0.5M. 
c I = i ~ / C m ~ / 8  tl/6. 

A v e r y  l a rge  m a x i m a  appeared .  

In  ammonia  and carbonate backgrounds pH 9 waves 
I, II, and III  all give l inear  i l -C plots. 

Electrolysis at wave  / . - -The  instabi l i ty  of P-6-So 
below pH 2 precluded coulometry in these regions. 
The data indicates that below pH 3 between 3 and 4e 
are consumed and electrolysis produces a mixture  of 
6- thiopurine and purine;  above this pH purine is the 
sole product and 2e are consumed. 

Electrolysis at wave  I I . - -Coulometry  on the plateau 
of wave II in acetate pH 3.6 and 5.4 after first el imi-  
nat ing wave I by electrolysis showed that  2e were in -  
volved in  each case giving 1,6-dihydropurine as the 
product. The same product was obtained up to pH 8.0 
by direct reduction of P-6-So at wave II although 4e 
were transferred.  Above this pH the sole product was 
pur ine  again with the involvement  of 2e. 

Confirmation of the na ture  of the product of wave II 
was obtained by cyclic vol tammetry  at the pyrolytic 
graphite electrode (PGE).  If the init ial  sweep was 
toward negative potential  (starting at 0.0V) no cath-  
odic peaks were observed in the electrolysis solution; 
on sweeping toward positive potential  a wel l - formed 
anodic peak was always observed. If the scan was r un  
toward negative potential  after having scanned this 
anodic peak a wel l - formed cathodic peak was ob- 
served. Purine,  itself, on the ini t ial  scans showed only 
a cathodic peak, but  having once scanned this peak a 
wel l - formed anodic peak was produced on sweeping 
toward positive potential.  The potentials of these 
anodic and cathodic peaks observed for both pur ine  
and the P-6-So wave II product solutions always 
agreed exactly. Dryhurs t  and Elving (12) have dis- 
cussed the mechanism of these processes. 

Electrolysis at wave  I I I . - -A t tempts  to electrolyze at 
potentials corresponding to wave III and determine an 
n value were never  successful. Very large n values 
were obtained and the pH increased several units  after 
electrolysis; the solution turned red-p ink  especially 
when exposed to the atmosphere. The u -v  absorption 
spectra of an electrolyzed solution was different to the 
wave II product, although no well-defined peaks were 
observed, ra ther  plateaux at ~.max ~ 330, 300, and 270 
m~, with end absorption occurring somewhat earlier 
than  for background solution alone. 

Electrochemical Reduction Mechanisms 
6-Thiopurine . - -Between about pH 2.3 and 5 the 

magni tude  of the diffusion current  constant  for waves 
I and II suggests the involvement  of six or more elec- 
trons. However, the evidence from concentrat ion and 
coulometric studies and the more positive potentials 
for background discharge in the presence of 6-thio- 
pur ine  suggests that  catalytic hydrogen discharge en-  
hances the magni tude  of the constant. At low pH, 
wave I probably involves about 4e and wave II 2e, 
although catalytic hydrogen discharge obscures the 
values. The fact that  H2S is immediate ly  evolved upon 

commencement  of the electrolysis suggests that  the 
ini t ial  point of attack is at 1,6-double bond to give 
purine. At low pH pur ine  would be rapidly fur ther  
reduced in a 2e process to 1,6-dihydropurine (11). The 
formation and reduction of pur ine  in the over-al l  wave 
I process is evidenced by the magni tude  of I at pH 2.3 
indicating 4e and the fact that  between pH 0 and 3 a 
second wave appears. Calculation from earlier data 
(11) indicates that  the second pur ine  reduction wave 
should occur at E~/2 = --0.90V at pH 0, --0.98V at pH 
1.0, and --1.18V at pH 2.3; wave II for 6- thiopurine 
appears at --0.97V, --1.05V, and --1.12V, respectively, 
at the same pH. Because of the closeness of the two 
6- thiopurine waves and hence the error involved in 
measurement  of Ell2 for wave II, these values are in 
good agreement.  Beyond pH 3 the expected half-wave 
potentials for the second wave of purine occur at more 
positive potentials than those required for the init ial  
reduct ion of 6-thiopurine and accordingly only a single 
6e wave is observed. The red electrolysis product of 
6- thiopurine produced between pH 3 and 5 which 
deepened in color on exposure to air and finally gave 
a black precipitate, agrees exactly with the behavior 
reported for the product of electrolysis at the second 
wave of purine, the black mater ial  being of a poly- 
meric na ture  (11). 

More detail regarding the electrode mechanism and 
rate controll ing steps was obtained by computing ana 
values uti l izing the wave slope (E1/4 - -  E3/4) (13). 
Below pH 3, ana data was calculated for wave I, be-  
tween pH 3 and 5 for wave I plus wave II and above 
pH 5 for wave III (Table IV). There appeared to be 
three distinct regions of constant  exna values which 
correspond to these lat ter  three pH regions. The rate 
of change of E1/2 with pH along with ana data was 
used to calculate p, the number  of hydrogen ions in-  
volved in the rate determining step (13). 

For each of the pH regions examined there were 
only minor  changes in droptime at the half -wave po- 
tentials so that E1/2 was employed uncorrected (13). 
Values of p and ~na are reported in Table IV. On the 
basis of ~ being ca. 0.5 the data suggests that  wave I 
below pH 3 involves a two electron two proton rate 
controlling process; the diffusion current  constant  at 
PH 2.3 indicates a polarographic n value of 4. Accord- 
ingly, the mechanism can be represented as an init ial  
rate de termining attack at the 1,6-double bond to give 
the 1,6-dihydro derivative of 6-thiopurine (Fig. 1A, 
II) which rapidly loses H2S to give pur ine  which is 
fur ther  reduced in a two electron, two proton process 
to 1,6-dihydropurine (Fig. 1A, I--> IV).  

Wave II, which probably involves two electrons, is 
therefore identical to the second reduct ion wave of 
pur ine  (11) namely  reduction of IV, Fig. 1, to 1,2,3,6- 
te t rahydropur ine  (VI, Fig. 1) which is hydrolyzed by 
water  to a 4-aminoimidazole (Fig. 1C). 

Above pH 3 and below pH 5 the wave I and wave II 
processes occur simultaneously;  the rate controll ing 
step involves a one electron and one proton reduction 

Table IV. Effect of pH and background composition on the rate 
determining step in polarographic reduction of 6-thiopurine 

B a c k g r o u n d  e PH ( E l l 4  - -  E814) b a n a  e P 

Chlo r ide  1.0 0.048 1.18 2.3 
1M HOAc  2.3 0.055 1.02 2,0 
M c n v a i n e  3.0 0.085 0.66 1.3 
Ace ta t e  3.7 0.116 0.49 0.96 
Ace t a t e  4.7 0.121 0,47 0.92 
Ace ta t e  5.0 0.077 0.73 1.4 
Ace ta t e  5.4 0.047 1.20 0.54 
Ace ta t e  5.7 0.044 1.30 0.58 
M c I l v a i n e  7.0 0.051 1.10 0.50 
M c I l v a i n e  8.0 0.070 0.81 0.37 

a W i t h  t he  e x c e p t i o n  of 1M HOAc  a l l  b a c k g r o u n d s  
s t r eng th .  

b A v e r a g e  of t h r ee  r ep l i ca t e  d e t e r m i n a t i o n s .  
See ref.  (13) fo r  m e t h o d  of  ca l cu la t ion .  
A l a rge  maxkma  was  p r o d u c e d  a t  t h i s  pH.  

0.SM i n  ion ic  
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Fi 9. I. Interpretation of electrochemical and chemical behavior 
observed for polorographic reduction of 6-thiopurine. 

to give a free radical species (V, Fig. 1) which is 
rapidly fur ther  reduced to the 1,6-dihydro derivative 
of 6- thiopurine the fur ther  breakdown of which would 
be the same as for wave I and wave II so that  the 
ul t imate product is a 4-aminoimidazole, and a total of 
6e are t ransferred (Fig. 1B). 

Above pH 5.5 the rate controll ing process again 
appears to involve two electrons and probably a single 
proton. Since the value of the diffusion current  con- 
stant  decreases with increasing pH and the wave is 
par t ly  kinetical ly controlled, then the mechanism can 
be represented by an init ial  reduction to anionic 
species (IX, Fig. 1) which is rapidly protonated to 
give again the 1,6:dihydro derivative of 6- thiopurine 
which then undergoes the same reactions as outl ined 
for waves I and II (Fig. 1D) so that again six electrons 
are finally consumed. Intermediate  or mixed mechan-  
isms apparent ly  occur at pH 3 and 5. 

Pufine-6-sulfinic acid.--Due account being taken of 
the stabil i ty of P-6-Si  par t icular ly  at low pH, the 
value of the diffusion current  constant  for wave I up 
to about pH 7 is in accord with a two electron reduc- 
t ion process. At pH 8 wave I appears to split into two 
waves (waves I and II) since the sum of the diffusion 
current  coefficients are the same as for wave I alone 
at lower pH. At pH 9 and above, with the exception 
of ammonia  background pH 9.1, wave I disappears and 
wave II becomes of about the same size as that  for 
wave I at lower pH. Wave III has a diffusion current  
constant  indicative of a 2e reduction except that it 
does not appear at pH 8 and it disappears behind 
background discharge above pH 9. 

Between pH 3.6 and 5.7 coulometry indicates that  
more than two electrons are t ransferred at potentials 
corresponding to wave I and, bearing in mind the 
instabi l i ty  of P-6-Si  at these pH regions, n probably 
approaches 4. Since the ul t imate  product is 6-thio- 
pur ine  it is l ikely that  the ini t ial  electrochemical re-  
duction product decomposes, at low pH, to a species 
capable of fur ther  reduction with consumption of a 
fur ther  two electrons. That  the ul t imate product is 
6- thiopurine at low pH indicates that  electrochemical 
attack involves carbon atom 6; by analogy with earlier 
data for pur ine  (11), the ini t ial  product  is probably 
the 1,6-dihydroderivative of P-6-Si  (II, Fig. 2) which 
subsequent ly  loses water  to give pur ine-6-sulfenic  
acid (III, Fig. 2) which is immediately reduced to 
6- thiopurine (IV, Fig. 2). Pur ine-6-sul fenic  acid has 

R E D U C T I O N  O F  6 - T H I O P U R I N E  1361 

WAVE Z 

A pH 2-6 :- 
SO~ I~ M M SO~ M SO" H SH H 1 

z%-"v ~.-'--. '> ~ ~ ' ~  ') § "'~ / 
L ~ N  . ~Z--N " j 

B pH 7-S:* 

N N \N N N N 

I I I  

WAVE IZ 
C. pH 8-13:* 

N N- x N N- N H 
I z + z " §  I /, " - - ~  I + s o ~  z 

- w  N - O ~ . N  

WAVE ] ~  
{3. pH 3-9:-  

- 1 
H H S O z H  H HSOZH H HX H H  H H H "  H 
"N N ~N N N N 2H++2e N N HZ O %~1 N 

I : [  s X H 

Fig. 2. Interpretation oF electrochemical and chemical behavior 
for three polorographic waves observed for purine-6-sulfonic acid. 
Compounds and reactions enclosed in brackets ore those which oc- 
cur offer the initial polarogrophic reactions (e.g., under coulo- 
metric conditions). 

never  been isolated; however, being an intermediate  
oxidation state between bis (6-pur inyl)  disulfide and 
P-6-S i  it is probably reduced at some intermediate  
value between these two latter  compounds. Bis(6- 
pur inyl )  disulfide is polarographically reduced at po- 
tentials close to 0.00V (1). 

At pH 6.9 the pH dependence of wave I, and the 
diffusion current  constant indicate that the polaro- 
graphic reduction mechanism is unchanged (i.e., steps 
I ~ II Fig. 2A). Coulometry, however, gives an n value 
of 2 and the main  product is pur ine  along with 6-thio- 
pur ine  as the minor  product. Accordingly, it is l ikely 
that  the dehydrat ion step (II--> III, Fig. 2A) becomes 
less important  and the chief breakdown route of the 
1,6-dihydropurine-6-sulfinic acid involves l iberat ion of 
sulfoxylic acid, H2SO2, and pur ine  (V, Fig. 2B). Sulf-  
oxylic acid has been shown to be the major  product 
of reduction of sulfur dioxide at the DME (14). 

At pH 8 (McIlvaine) wave I decreases in height and 
wave II appears, the sum of both waves being the 
same as wave I at lower pH. Wave I becomes part ly 
kinetic controlled. Coulometry at wave I, however, 
involves two electrons and pur ine  is the final product;  
wave II disappears and the product shows only the 
waves and spectra of purine. Doerr et al. (17) have 
calculated the pKa for the imidazole dissociation of 
P-6-Si  as 9.3. The evidence here seems to indicate a 
slightly lower pKa such that  at pH 8 the P-6-Si  is 
predominant ly  in the dianionic form, the height of wave 
I, due to reduct ion of the monoanionic form, therefore 
being at least part ial ly kinetical ly dependent  on the 
rate of protonation of the former species. Wave II 
must, therefore, be due to reduction of the dianionic 
form of P-6-Si  to the same product as for wave I. 
That this is so is indicated by the fact that coulometry 
of P-6-Si  at wave II potentials at pH 11.6 gives an in -  
itial two electron reduction to purine, which at the 
potentials employed (--1.70V) is slowly fur ther  re- 
duced to 1,6-dihydropurine (i.e., this potential  corre- 
sponds to one slightly more positive than Ez/2 for the 
first wave of pur ine  at this pH) (12). Calculation 
shows that the potentials applied in carbonate buffer 
pH 9 (--1.60V) for electrolysis of P-6-Si  wave II are 
sufficiently negative to completely electrolyze the ex- 
pected product purine, hence giving rise to the large 
catalytic hydrogen discharge and hence very large n 
values. However, the evidence suggests that  the pro- 
duct is identical to that  obtained on complete electro- 
chemical reduction of pur ine  or 6-thiopurine.  

The behavior of P-6-Si  in ammonia  buffer pH 9 is 
not readily explained. Since polarography in carbonate 
buffer pH 9 is quite different it must  be assumed that  
ammonium ion (or ammonia)  influences the ionization 
of the acid, since coulometry and polarography of the 
product solutions indicate that  the over-a l l  products 
are the same in ammonia buffer as in other compar-  
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Fig. 3. interpretation of electrochemical and chemical behavior 
observed for polarographic reduction of purine-6-sulfonic acid. 
Compounds ond reactions enclosed in brockets (]re those which 
occur ofter the initial pol(]rographic reactions (e.g., under coulo- 
metric conditions). 

able backgrounds. The formation of amide or imide 
species may be important  in in terpret ing the behavior 
in  ammonia  background. 

Purine-6-sulfonic acid.--Between pH 1 and 5.5 the 
wave I diffusion current  constant indicates that  the 
polarographic reaction involves 2e. Coulometry at pH 
2.3, however, indicates that  more than 3e are involved 
and that  the ul t imate products are pur ine  and 6-thio- 
purine. This immediately suggests that  the ini t ial  
attack is at C-6 but  that  the init ial  product is ra ther  
unstable  at low pH. Accordingly, the probable ini t ial  
product is 1,6-dihydropurine-6-sulfonate.  The non-  
integral  number  of electrons t ransferred and the fact 
that  two products are produced suggests that  this 
compound slowly decomposes by two routes; one by 
loss of sulfurous acid to purine, the other by loss of 
water  to P-6-Si  which is then fur ther  reduced by the 
mechanism developed earlier (Fig. 2A) to 6-thio- 
pur ine  (Fig. 3A). Between pH 2.3 and 5.7 the only 
product is purine;  the I value and coulometry indicate 
a two electron reduction. 

At pH 3.6 wave II appears, and with increasing pH 
this wave grows unt i l  the diffusion current  constant 
indicates a two electron process. At pH 6.9 wave I is 
very  small  and is under  kinetic control. Doerr et al. 
(7), have calculated the pKa for the second dissocia- 
tion of P-6-So  (imidazole dissociation) as 8.56. This 
would indicate that above pH 7 some dianionic species 
should be in solution. The kinetic na ture  of wave I at 
pH 6.9 suggests that  this wave is due in part  to the 
rate of protonation of the dianionic species to the 
monoanionic species. The fact that wave II is observed 
at pH values as low as 3.6 suggests that  the l i terature 
pKa value (7) is high. Accordingly, wave I is due to 
a two electron reduction of the monoanionic P-6-So 
to the 1,6-dihydro compound which a low pH, under  
coulometric conditions, decomposes to pur ine  and 
purine-6-sulfinate,  the lat ter  undergoing fur ther  re-  
duction. Between pH 3 and 6.9 the 1,6-dihydro der iva-  
t ive decomposes solely to pur ine  (Fig. 3B). 

Wave II is due to reduct ion of the dianionic form of 
P-6-So. The value of the diffusion current  constant 
indicates that  the polarographic process involves two 
electrons. Above pH 9 coulometry also indicates that  
two electrons are t ransferred and that the ul t imate  

product is pur ine  (Fig. 3C). However, coulometry at 
pH 6.9 and pH 8 indicated the transfer  of 4e and that  
the product was identical to that  obtained upon elec- 
trolysis of pur ine  at its first wave. Calculations from 
earlier data (12) show that  the potentials employed 
at pH 6.9 and 8.0 for electrolysis of P-6-So (--1.30V 
and --1.40V, respectively) were sufficiently negative 
to allow electrolysis of purine which is a breakdown 
product of the init ial  electrochemical product 1,6-dihy- 
dropur ine-6-sulfonate  (dianionic species) (Fig. 3C). 
For  coulometry at pH 9.1 and 10.6 the applied potential  
(.--1.30 and --1.58V, respectively) was not sufficiently 
negative to allow appreciable reduct ion of the ul t imate 
product, purine. 

The exact na ture  of the wave III process is difficult 
to assign. The I value indicates that  at many  pH values 
more than  2e are involved. Coulometry suggests that  
the product of wave III  aids the catalytic reduction of 
hydrogen ion and the na ture  of the final product is 
very  similar to that obtained on electrolysis of pur ine  
at its second wave (11, 12). The pH dependence of the 
wave III process is also very similar to that  observed 
for the second wave of purine;  hence, it is l ikely that  
wave III  involves reduction of the wave I or wave II 
product (1,6-dihydro derivative) at the 2,3-position 
to give the 1,2,3,6-tetrahydro derivative. Presumably  
subsequent  breakdown of this product to yield sul- 
furous acid followed by fur ther  reduction would be 
analogous to the mechanism developed for adenine 
(11) (Fig. 3D) result ing in the formation of a 4- 
aminoimidazole. 

The exact na ture  of the electrode mechanisms in 
ammonia  buffer pH 9.1 cannot at this t ime be ex- 
plained, however, since the behavior in a carbonate 
buffer at the same pH agrees with the postulated 
mechanism suggests that  the change in mechanism is 
associated specifically with ammonia.  
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ABSTRACT 

Stirred H-cell  emf measurements  on solvent concentrat ion cells of the 
type 

W-Cd, AU(liq soln)/CdI2(n/Cd(D-W 

were made with high precision using compositions from 0.001 to 0.021 mole 
fraction gold at 673 ~ 742 ~ and 773~ Solubil i ty and anodic current  efficiency 
measurements  are reported. Plot t ing techniques are discussed. 

Olander  (1) has shown that, for solid gold-cadmium 
alloys, electrochemical cells of the type 

W-Cd(I)/CdC12 in K (Rb) C1- 

LiCl(liq sob,)/Cd, AU(solid soln) 

can be used for measurements  with a precision of 
about _ 0.1 mV. Other measurements  by Elliott and 
Chipman (2) have shown that  the precision can be 
pushed to about _ 0.02 mV using solvent concentrat ion 
cells of the type W-Cd,X(liqsoln)/CdCl2 in LiC1- 
KCl(nqsoln)/Cd(1)-W. It is advisable to avoid l i th ium 
halide solutions if possible, however, because these 
halides are not easy to purify (3, 4). 

The present  measurements  were obtained by an ex- 
tension of the st irred H-cell  technique (5-7) to the 
use of mol ten cadmium iodide as the electrolyte with 
cadmium and cadmium alloy electrodes. 

Experimental Technique 
The cells and furnace.--Stirred H-cells as in Fig. 1 

were modified from an earl ier  design (5-7) and used 
for runs  IV to VI. For runs  I to III the cross arm was a 
simple horizontal section, constricted by each H-cell  
leg. Uniform temperatures  were again established by 
regulat ing the tempera ture  outside nest ing copper 
cylinders (5, 6). Gold solute pieces could be added at 
will  by t i l t ing the cell and tapping the side arm. 

Chemical purity.--Molten cadmium (99.999% pure 
by manufac turer ' s  analysis) was freed of oxide and 
electrochemically impor tant  impuri t ies  by washing 
with boiling CdI2 under  vacuum.2 Reagent  CdI2 was 
vaporized under  vacuum ( run  I) or merely  fused 
twice under  vacuum (all other runs)  then melted into 
the H-cell  legs. Gold (99.98% pure by manufac turer ' s  
analysis) was cut up with clean cutters, washed with 
petroleum ether and acetone, and vacuum dried. Ar -  
gon was purified by distillation. Tungsten  was cleaned 
electrolytically using a-c current  in  concentrated 
NaOH with water  wash. 

EMF.--Temperatures were measured by the emf of 
P t /P t -10% Rh thermocouples read on a Leeds and 
Northrup K-2 potent iometer  with an electronic nu l l  
detector. This same potent iometer  was used to mea-  
sure the cell voltages and was checked against a cal- 
ibrated potentiometer  to assure that  it was indicating 
proper emf values. No shor t - te rm fluctuations in the 
cell could be detected at the galvanometer,  i.e., these 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
V i s i t i n g  Staf f  Member ,  Los  A l a m o s  Scient i f ic  Labora to ry .  

'J " U n d e r  v a c u u m "  re fe r s  to a p r e s su re  of 10 -~ or  10 -6 To r r  b e y o n d  
the  cold  t rap .  CdI2(g) a nd  Cd(g) wou ld ,  of course ,  be  p r e s e n t  in  t h i s  
c a s e .  

values were steady in the 0.0001 mV range. Except for 
one point  (36B) which appears to be in  error by 0.0057 
mV, the similarities in  the emf /T~  values indicate 
a long- te rm variat ion of < 0.001 mV in the emf for a 
part icular  alloy composition. 

Cell operation.--Compared with the t in  solutions 
(5-7), the cadmium solutions required considerably 
more st i rr ing before equi l ibr ium was reached. P re -  
sumably  this was because the solubil i ty of cadmium in 
its iodide (8-11) is greater than  that  of t in  in its chlo- 
ride (12, 13) near  the halide mel t ing points. (There 
is considerable contradiction in the l i terature regard-  
ing these values, but  there is agreement  that  the 
iodide dissolves less cadmium than  do the other cad- 
mium halides.) For the gold additions, after about 
1�89 hr the equi l ibr ium was achieved, and fur ther  
s t i rr ing or long s tanding did not alter the emf except 
as discussed above. 

Sotubitity measurements.--Cursory solubil i ty mea-  
surements  were under taken  to convince ourselves that  
the cadmium solubil i ty in CdI2 was not  greater  than  
the largest reported solubili ty (11) among the mea-  
surements  ment ioned above. First,  the cadmium which 
had dissolved into the electrolyte in r un  I was deter-  
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mined by breaking open the cell, washing away the 
electrolyte, and establishing the weight loss from the 
cadmium reference electrode. Second, weighed cad- 
mium and CdI2 sealed in an evacuated quartz capsule 
were heated at ~ 765~ for a day, then the temper-  
ature was dropped to 756~ and held for a week. A 
handle on the capsule allowed the capsule to be spun 
in the furnace to stir it; this was done occasionally. The 
capsule was finally taken from the furnace, laid on 
its side to cool, then broken open. The washed cad- 
mium but ton  was weighed and the weight loss was 
assumed to measure the cadmium solubility. 

Measurements of n in ~G ---- - -nFe . - -At  the end of 
r un  VI the voltage was followed for two days to be 
sure it was not drifting. Current  was then supplied 
from a lead-acid ba t te ry  (of the stable voltage type 
used to operate potentiometers)  to the cell and to a 

10.01 ohms calibrated resistance in series. Curren t  was 
monitored by occasionally measur ing the voltage drop 
across the resistance. After  passing current  for four 
days, the cell was allowed to r e tu rn  to equi l ibr ium by 
st i rr ing and s tanding for four days; the cell voltage 
did not change dur ing the last 21/2 days. The process 
was then repeated twice, but  using smaller  current  
passage. Cadmium transfer  was determined from the 
known emf-composit ion relationships as established 
from the solute addition experiments.  (Again these 
were considered to be cursory measurements  since 
the cell design was not right for highest accuracy for 
these part icular  measurements.)  

Results 
The voltages corresponding to different gold addi-  

tions are presented in Table I. The activities are calcu- 

Table I. Concentration cell emf data at --,674~ ,~,742~ or ~,773~ 
W-Cd, Au (sotn)/Cdl2cD/Cdcl)-W 

C a d m i u m  a d d e d  C a d m i u m  mole  f rac t ionb  D e v i a t i o n s  
P o i n t  ( -- so lub i l i t y )  ,a G o l d  S o l u b i l i t y  Temper~  E m f  read-  C a d m i u m  f r o m  Eq. 
No.  g added,  g A d d e d  cor rec ted  a ture ,  ~  ing ,  c m V  ac t i v i t y ,  ~ acd [3] and  [4] 

Run I 
1 40.6542 0.21579 0.996980 0.996958 675.7 0.0934 0.99679 + 0.00004 
2 ( - 0 . 3 0 3 1 )  0.14835 0.994915 0.994877 672.8 0.1591 0.99453 0.00000 
3 0.19614 0.992197 0.992139 673.6 0.2463 0.99154 -0 .00006  
4 0.15270 0.990091 0.990018 674.2 0.3153 0.98920 - -  

R u n  I I  
5 60.7681 0.46866 0.995618 0.995602 681.2 0.1376 0.99630 0.00000 
6 ( -  0.2204) 0.52505 0.990755 0.990721 681.8 0.2932 0.99007 - -  
7 0.18934 0.989012 0.988973 672.4 0.3465 0.98811 0.00000 
8 0.05200 0.988535 0.988494 672.2 0.3631 0.98754 --0.00006 
9 0.04244 0.988146 0.988103 672.6 0.3764 0.98709 --0.00007 

10 0.05798 0.987614 0.987570 673.0 0.3918 0.98658 0.00000 

11 0.04715 0.987183 0.987137 673.5 0.4056 0.98612 § 0.00002 
12 0.09466 0.986317 0.986268 673.6 0.4339 0.98515 O.00000 
13 0.43523 0.982357 0.982294 673.8 0.5630 0.98079 0.00000 

R u n  I I I  
14 49.0357 1.35795 0.984443 0.984248 743.9 0.5684 0.98241 + 0.00O01 
15 (--0.6154) 0.15902 0.982652 0.982436 744.9 0.6465 0.98006 --0.00028 

Run IV 
16 49.7733 0.21540 0.997536 0.997513 736.8 0.0864 0.99729 -- 0.00001 
17 (--0.4704) 0.15670 0.995752 0.995712 739.3 0.1500 0.99530 --0.00005 
18 0.14892 0.994062 0.994006 740.3 0.2063 0.99355 + 0.00004 
19 0.18430 0.992204 0.992130 740.7 0.2774 0.99135 --0.00004 
20 0.12254 0.990823 0.990736 740.5 0.3302 0.98971 --0.00009 

21 0.12371 0.989432 0.989333 740.3 0.3754 0.98830 + 0.00010 
22 0.08879 0.988437 0.988328 740.2 0.4152 0.98706 + 0.00001 
23 0.08791 0.987453 0.987335 740.2 0.4463 0.98611 + 0.00019 
24 0.08584 0.986495 0.986368 740.1 0.4818 0.98500 + 0.00018 
25 0.08281 0.985571 0.985436 740.0 0.5207 0.98380 + 0.00004 
26 0.11524 0.984290 0.984143 740.0 0.5774 0.98205 --0.00023 
27 0.19897 0.982005 0.981917 739.9 0.6554 0.97964 --0.00011 
27A e 737.8 0.6515 0.97963 

R u n  V 
28 40.2869 0.11569 0.998384 0.998342 771.8 0.0625 0.99812 --0.00007 
29 (--0.5347) 0.09632 0.997006 0.998966 771.9 0.1122 0.99663 --0,00006 
30 0.11912 0.995331 0,995269 772.3 0.1724 0.99483 0.00000 

31 0.13241 0.993477 0.993390 771.6 0.2424 0.99273 -- 0.00005 
32 0.13079 0.991652 0.991540 770.6 0.3115 0.99066 - -  
33 0.14853 0.989587 0.989449 770.8 0.3935 0.98822 + 0.00005 
34 0.16108 0.987358 0.987107 771.2 0.4843 0.98553 --0.00001 
35 0.17260 0.984980 0.984781 772.9 0.5813 0.98269 --0.00005 

36 0.19774 0.982270 0.982036 773.9 0.6875 0.97959 + 0.00003 
36A 774.1 0.6877 0.97959 
36Br 771.3 0.6795 0.97976 
37 0.23284 0.979098 0.978823 774.4 0.8138 0.97590 § 0.00008 
37A~ 773.6 0.8132 0.97589 

R u n  VI  
39 62.8520 0.14384 0.998696 0.998678 773.6 0.0502 0.99849 --0.00007 
39 (--0.8432) 0.15613 0.997284 0.997247 774.4 0.1006 0.99699 0.O0000 
40 0.17617 0.995896 0.995637 775.4 0.1597 0.99523 -- 0.00001 

41 0.45618 0.991606 0.991493 774.2 0.3057 0.99087 - -  
42 0.29196 0.989007 0.988859 772.0 0.4239 0.98733 --0.00015 
43 0.30601 0.986296 0.986113 773.5 0.5240 0.98440 + 0.00010 
44 0.34215 0.983284 0.983060 774.3 0.6384 0.98104 § 0.00028 
44A~ 775.2 0.6400 0.98102 - -  

A s s u m e d  s o l u b i l i t y  f r o m  Topo i  a nd  L a n d i s  (8): 773~ Ned = 0.067; 743~ NCd = 0.053; 673~ N c d =  0.028. These  v a l u e s  l ead  to  al- 
mos t  the  m a x i m u m  s o l u b i l i t y  cor rec t ion .  I f  these  s o l u b i l i t y  v a l u e s  are s u p e r s e d e d  by o the r  data,  a new  cor rec t ion  can be ca lcu la t ed  by 
m u l t i p l y i n g  t he  v a l u e  in  p a r e n t h e s e s  b y  the  ra t io  of the  n e w  v a l u e  o v e r  Topo l ' s  va lue .  The co r rec t ion  is s u b j e c t  to u n c e r t a i n t y  of ~ 5 %  
of the  v a l u e  l i s t ed  for  t he  cor rec t ion  e v e n  i f  Topol ' s  v a l u e  is exact .  Th i s  is because  the  e l ec t ro ly t e  w i l l  no t  s a tu r a t e  i t se l f  by  t a k i n g  ex-  
ac t ly  ha l f  of i t s  c a d m i u m  f r o m  each  cell  leg.  

b A l t h o u g h  the  abso lu t e  compos i t i ons  are  no t  k n o w n  th i s  wel l ,  the  e x t r a  f igures  are j u s t i f i ed  as r e l a t i v e  v a l u e s  and  to show the  m a g n i -  
t ude  of the  s o l u b i l i t y  co r rec t ion  fo r  Cd in to  CdI2. 

c Cor rec t ions  h a v e  been  a d d e d  to the  o b s e r v e d  e mf  to  g ive  the  l i s t ed  r ead ing .  These cor rec t ions  were  m e a s u r e d  w h e n  no so lu te  had  been  
added  to  e i t h e r  cel l  leg. Va lues :  r u n  I, +0.0060 mV;  r u n  II,  --0.0008 mV;  r u n  I IL  --0.0010 mV,  r u n  IV, +0.0020 mV;  r u n  v,  --0.0155 m V ;  
r u n  VI, --0.0286 inV. 

C a l c u l a t e d  as log  a = 10082.11 x e/T {10082.11 t i m e s  e m f  i n  vo l t s  d i v i d e d  b y  t e m p e r a t u r e  in  degrees  K e l v i n ) .  I t  is he re  a s s u m e d  t h a t  
n = 2 fo r  t he  e l ec t rons  i n v o l v e d  per  c a d m i u m  a t o m  t r ans fe r r ed .  

e A f t e r  26 h r  w a i t  to tes t  fo r  c a d m i u m  d i f fu s ion  t h r o u g h  c a d m i u m  iod ide  electrolyte.  
f A f t e r  18 h r  wa i t .  
g A f t e r  23 h r  wa i t .  

After  40 h r  wa i t .  
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lated using n = 2 in ~G ---- - -  riFe, corresponding to 
a reaction in which Cd II species carry the current .  
The cadmium mole fractions are based on either zero 
solubili ty of cadmium in CdI2 or on Topol and Landis '  
(8) large reported solubili ty to show the effect of 
this solubil i ty uncertainty.  The mole fractions plotted 
on Fig. 2 to 4 include the solubil i ty corrections. 

The value of n is given in Table II. It  should be em- 
phasized that the cell resistance dur ing  current  passage 
from an external  source (70.3 ohms) was not the same 
as the in te rna l  resistance (48.7 ohms) as evaluated by 
comparing the open circuit voltage with the voltage 
dur ing drain  through a 52 ohms shorting resistance. 
This difference suggests that  the same reaction is not  
involved in both cases. 

The solubil i ty measurement  results were: NCd in CdI 2 
---- 0.0148 at 673~ and 0.0269 at 756~ (Since two 
different methods of determinat ion were used, these 
data should not be used to calculate a tempera ture  co- 
efficient of solubility.) 

Discussion 
Problems in establishing absolute activities.--The 

purpose of the present  work was to determine the ac- 
t ivi ty of cadmium in cadmium-gold solutions from pre-  
cise emf and other corollary measurements .  The de- 
terminat ion of activity from emf is surpris ingly diffi- 
cult, both with the present  system and with other types 
of electrolytes. Harned and Owen (14) have empha-  
sized that  the electrochemical cell reactions must  al-  

l-- 

~o ~ q 
o g  

o o ~ 9 Q ~  32 
o ~  
(.9 hJ RAOULT'S 
9C ~ LAW ~ ~33 
@ ~ "42 
t a  ~ _ 773  ~ , 

W " 4 3  

>" ZO ~35 I--LO >:,,=, 
j "44  

o.9sc 
'r'~ 3S A RUN 

.:D " /  
" " RUN ~ ]  '5; / 

0 ~37 
0.97~ . . . .  

0.980 0.985 0.990 0.995 1,000 

CADMIUM LIQUID MOLE FRACTION (Ncd) 

Fig. 2. Gold-cadmium vs. cadmium emf data at 773~ 
I.OOO 

g 
p. 

C~ "19 

0.990 RAOULT'S "20 

0 Ir LAW "21 

= ,..-, 

,~ ~ 0,80 o ,9 
~r 27 

- -  ~ RUN 
O~ .RUN 

0.980 0.985 0 9 9 0  0.595 10.OO 

CADMIUM LIQUID MOLE FRACTION (Ncd) 

Fig. 3. Gold-cadmlum vs. cadmium emf data at 742~ 

I.OOO - ~  

b- 

a c l  

0.99( 

a: -j RAOUt.T'S ~ .  ~ 

/ ; / , o  ~ ~ , , ,  

>~b-hJ>'~)~ ~ 0.984 / "12 673eK 

! ~  0.98C 13 ~ RUN I 
~ W  .~ ~ �9 RUN n 

Q 

0.974.. , ~ , I , , , , I , = , , I , , , = 
Q~O 0.985 0.990 0.995 I.O00 

CADMIUM MOLE FRACTION 

Fig. 4. Gold-cadmium vs. cadmium emf data at 673~ 

ways be t reated as hypothetical  un t i l  the corollary 
thermodynamic  properties are checked by other tech- 
niques. In addition for active metals such as cadmium, 
the electrolyte solvent often is not sufficiently stable 
chemically (e.g., for most metals, water  is thermo-  
dynamical ly  unstable  and can only be safely used if 
it can be shown that  the kinetics of at tack are slow 
enough to let equi l ibr ium be approximated by the 
electrochemical mechanism) .  

With reference to molten salt electrolytes, one can 
often (a) fair ly readi ly establish equi l ibr ium concen- 
trations, (b) effectively el iminate cont inuing side 
reactions, and (c) apparent ly  achieve electrode re-  
versibility. However, mol ten salts often dissolve sig- 
nificant quanti t ies of metals, par t icular ly  their  parent  
metals. The effects of the dissolved metals on the 
electrolyte activity and on n in ~G ~ --  nFe are not 
easy to establish. If mixed mol ten electrolytes are 
used to reduce the metal  solubility, the metal  solu- 
bil i ty problem is not eliminated, and the very difficult 
problem is created of achieving identical electrolyte 
compositions in both legs of the  electrochemical cell. 

In  a corollary report  [LA-4031, ref. (15)] there is 
given a rather  extensive discussion of problems in 
evaluat ing the effects of these and other difficulties. 
Because the following discussion is less complete, we 
urge that  the interested reader obtain this report  either 
from us or from the Office of Technical Services, 
Washington, D. C. 20025. 

The value of n . - -Of  all the uncer ta int ies  discussed 
in LA-4031, the most important  for the present  work 
is the effect of the cadmium dissolved in the electro- 
lyte on the value of n in hG ---- --  nFe. Table II in -  

Table II. Electrons per atom from current-composition relationships 
following run VI 

Afte r  1st Af t e r  2nd  Af te r  3 rd  
Ini t ia l  c u r r e n t  c u r r e n t  c u r r e n t  

C a d m i u m  presen t :  
n C d  a 

Ned 
(mV) (108)/T~ b 

Cur r en t  passed:  
a i d s  
hour s  
cou lombs  
A p p a r e n t  n for  

to ta l  change :  

0.55168 0.60755 0.64229 0.68393 
0.98306 0.98459 0.98542 0.98629 
0.8259 0.7503 0.7109 0.6739 

•  -----0.0016 _0.0028 ~0.0025 

0.02635 0.02626 0.02649 
90.0 49.1 46.0 

8604 4643 4362 

1.6 • 0 .1 1.5 • 0 .1 1.4 ----- O.1 

a Topol  a n d  Land i s  (8) solubi l i ty  a s sumed  for  Cd in CdI~. Com-  
posi t ion eva lua t ed  b y  in te rpo la t ion  f r o m  the  da ta  of r u n  VI. 

b U n c e r t a i n t y  eva lua t ed  f rom the  sca t te r  in the  r ead ings  over  two  
or th ree  days .  Rat io co r re sponds  to cell  open c i rcu i t  vol tage  d iv ided  
b y  the  absolute  t e m p e r a t u r e  a f t e r  compos i t ion  changes .  
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dicates the results of an at tempt  to evaluate n directly 
from the cadmium transfer  in the cell when  current  is 
passed through it. 

The measured values for n range from about 1.6 to 
1.4, i.e., a third more ampere-seconds (coulombs) 
would have been required to move the mater ia l  if n 
had equalled 2 as expected for pure CdI2. Prior  to in -  
terpret ing these results, some aqueous results should 
be discussed. 

An apparent  efficiency of over 100% is not unusua l  
in aqueous anodic corrosion measurements  (16). Al-  
though in m a n y  cases the possibility of reaction with 
water  has existed, this would seem to be absent  in  
the copper(II)  solutions studied by Royer et al. (17). 
Their  value of n corresponds with over 100% effi- 
ciency, and this efficiency varied with temperature,  
cur rent  density, and concentration. Royer suggested 
that  the pr imary  reaction is the formation of copper (I) 
and that  this species often gives up a second electron 
to form copper(II ) ,  thus leading to nonwho le -number  
values for n. 

Regarding the present  electrolyte, the conduction 
results may be interpreted as confirming the existence 
of a lower valence cadmium species which can carry 
current.  The extra  cadmium movement  through the 
electrolyte far exceeds the proport ion of cadmium dis- 
solved in the electrolyte. The movement  might  result  
from kinetic processes under  electrolysis which do 
not form the thermodynamical ly  stable ratio of cad- 
mium species, or it  might  be because the lower va l -  
ence cadmium species simply have high mobil i ty and 
high conductivity. These al ternat ives cannot be re-  
solved from the present  measurements .  Certainly, 
however, the large apparent  n value and the difference 
in  the cell resistance under  electrolysis or under  drain  
both warn  that  the measured n is probably not ap- 
plicable to the equi l ibr ium situation. Therefore, in 
the absence of bet ter  information,  we have assumed 
n = 2 for the activity calculations. 

(It  should be pointed out that  approximate evalua-  
tions of n are made by checking emf results against  
other measurements  such as phase diagrams. However, 
precise evaluations of n are seldom reported for molten 
salt equi l ibr ium measurements . )  

To pursue the implications if Cd2 ++ forms when 
cadmium dissolves in CdI2, as an approximation the 
value of n may be expected to drop about  the same 
percentage as the percentage solubil i ty of cadmium 
in the electrolyte. However, as discussed by Conant  
(18), the thermodynamical ly  exact calculation is com- 
plex and requires an exact knowledge of the cad- 
mium solubility, the species formed, and the species 
mobilities. This informat ion is not available, and there 
are anomalies even when one tries to establish from 
published experiments  whether  the mobilities of Cd + + 
and the lower cadmium species are similar or are 
ra ther  different. 3 

Revers ibi l i ty  and noneIectrochemical  side reactions. 
- - W i t h  these present  emf measurements ,  after the 
solubil i ty reactions are satisfied, the emf values are 
almost certainly close to equi l ibr ium for the conditions 
reported. The long- te rm stabil i ty of emf is very good. 

If there  were a metall ic conductivi ty character to 
the electrical conductivi ty of the CdI2-Cd solutions, 
then this would lead to an in te rna l  drain  of the cells 
and their  emf would not be stable. Fur thermore ,  runs  
III  and IV used radically different shapes of H-cel l  
cross arms which would change the resistance to in ter -  
nal  drain  and the measured emf values. F ina l ly  Aten 's  
work (19) showed that  the conductivi ty of CdC12 de- 
creases smoothly as the amount  of dissolved cadmium 

3 C o n a n t  c i t e s  a n  a r g u m e n t  t h a t  t h e  m o b i l i t i e s  a r e  s i m i l a r .  On  t h e  
o t h e r  h a n d  A t e n ' s  w o r k  (19) w h i c h  is  d i s c u s s e d  in t h e  n e x t  s ec t ion  
i n d i c a t e s  a l o w e r  c o n d u c t i v i t y  w h e n  c a d m i u m  d i s s o l v e s  in  CdC12; 
t h i s  s u g g e s t s  a c o m p a r a t i v e l y  low m o b i l i t y  f o r  Cd~ ++, O n e  i n t e r -  
p r e t a t i o n  of  t h e  h i g h  t r a n s f e r  of  c a d m i u m  d i s c u s s e d  in  t h e  p r e v i o u s  
s e c t i o n  w o u l d  r e q u i r e  a h i g h  m o b i l i t y  f o r  t h e  l o w e r  v a l e n c e  c a d -  
m i u m  spec ies .  

is increased: this is hardly  in  l ine with significant 
metall ic conductivi ty in the salt. 

As to the cell reversibil i ty,  the high precision of the 
data whether  the equi l ibr ium emf is approached from 
too high or too low a potent iometer  emf, the smooth 
variat ions of emf with composition, and the stabili ty 
of the cell all argue for reversibil i ty.  Actual ly  an i r-  
reversible cell would tend to destroy par t  of the 
cell emf and would not cause deviations from Raoult 's  
law in the direction shown on the plots to follow. 

The zero voltage (bias) correction for unalloyed 
c adm ium . - -A f t e r  the present  measurements  were 
carried out, Conant  (16) studied the voltage bias when  
only cadmium was present  in the legs of a stirred 
H-cell  of this type. He established that the position of 
the cell in the furnace was the pr imary  factor affect- 
ing the bias. If both legs touched the inner  copper 
cyl inder  (see Exper imenta l  Technique) ,  the bias was 
essentially zero (i.e., ~0.0001 mV).  If the H-cel l  was 
centered in the copper cylinder the bias rose as high as 
0.05 inV. 

The bias seems clearly to be a thermocell  effect re- 
sult ing from a slight difference in  temperature  be-  
tween the two legs due to heat conduction up the 
H-cell  tube legs and outside the furnace. However, the 
H-cell  design essentially uncouples the two legs (or 
three legs, if that  design is being used) as far as large 
heat t ransfer  is concerned, and each leg achieves a 
very  uni form tempera ture  in the furnace. To avoid 
shifts in the bias due to slight movements  of the cell 
dur ing stirring, Conant  concluded that the center posi- 
t ion was to be preferred even if the start ing bias was 
larger. 

One may presume that  the higher precision achieved 
by Conant  as compared to the present  work was pr i -  
mar i ly  the resul t  of his bet ter  H-cel l  positioning. 

The tempera ture  variat ions associated with these 
emf values have been discussed elsewhere (6, 7, 15, 18). 
To summarize:  thermocell  values of 0.3 to 0.8 mV per 
degree are customary. A bias of 0.0286 mV (this was 
the largest observed in the present  group of measure-  
ments)  would correspond wi th  about 0.03 ~ to 0.1~ 
temperature  difference between the cell legs. How- 
ever, the effects of st irr ing wi th in  a cell leg (<0.002 
mV) indicate tha t  tempera ture  gradients wi thin  a leg 
and in the region of the metal -sa l t  interface (where 
the reaction takes place) were not  over 0.001~ 

Act i v i t y  coeI~cient relat ionships.--Because activity 
coefficients are now so widely used to describe activity 
measurements ,  and because we normal ly  prefer not 
to use them to present  our data, this mat ter  should be 
discussed. 

Empirical ly excellent  descriptions of the solvent ac- 
t ivi ty  derived from emf or vapor pressure measure-  
ments  (5, 18, 20-24) have been developed using equa-  
tions with the constant  temperature  forms 

al = cl - -  kiN2 [1] 
o r  

a = C l -  kiN2 + biN22 [2] 

where ct is a reference activity applicable over a re-  
gion of composition (Cl = 1 in the case of very  dilute 
solutions),  kt adequately (Eq. [1]) or par t ia l ly  (Eq. 
[2]) describes the changes of solvent activity per  
mole fraction uni t  of solute added and bl describes the 
changes in solvent activity associated (perhaps) with 
solute-solute interactions. Again in the present  case 
an empirical ly excellent description of the measure-  
ments  at all three temperatures  can be obtained by the 
use of two tempera ture  dependent  equations applying 
in different regions of composition: in the region 0.001 
to 0.008 mole fraction of gold 

acd = 1 --  1.068 N A u -  ( T - -  673) (0.00024)NAu [3] 

and in  the region 0.01 to 0.02 mole fraction of gold 

acd : 1.00020 + ( T - - 6 7 3 )  (0.00036) 
--1.096 NAu-- (T --  673) (0.00067)NAu [4] 
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The deviations are indicated in  Table I, col. 9, with 
dashes to indicate the t ransi t ion region points for 
which the relationships do not hold. 

A mathematical  analysis using a computer  and fit- 
t ing equations of the form 

acd = 1 - -  klNAu + blNAu 2 ~ dzNAu 3 [5] 

by least squares rejects the Raoult 's  law based form, 
kl ---- 1, in favor of kl ~ 1. The mathematical  analysis 
also favors the use of Eq. [3] and [4] at all tempera-  
tures instead of three independent  equations, one for 
each temperature,  of Eq. [5] form. This lat ter  conclu- 
sion is less clear, however. This mathemat ical  analysis 
is presented in  LA-4031 (15). 

A more customary presentat ion of the data would 
plot (log 7Cd)/NAu 2 VS. NAu or Ncd. This plot is closely 
related to Eq. [5] with kl ---- 1. Often in such a plot, 
one must  t ry  to extrapolate a curve to its supposedly 
finite interception with the axis at pure solvent. [For 
example, see the curva ture  in the mercury  solvent 
region for the solutions in Fig. 10-22 of Darken and 
Gur ry  (25).] When a l inear  extrapolat ion is used, it is 
tacit ly assumed that  (log ~1)/N2 s = ~ ~- ~N2 where 

and/~ are constants in that  region. If the assumption 
is valid, then it is a mathemat ical  corollary that  
(log ~1) /N2 = =N2 -t- ~N22, and (log ~1)/N2 approaches 
zero at pure solvent. 

A plot of this type is presented in Fig. 5 for the 
present  data. As wil l  be noted, there is little reason to 
be confident that  these activity data as evaluated do 
approach a zero-zero intercept. Whether  this deviation 
from apparent  approach to Raoult 's  law would be re- 
moved by a more accurate calculation of the activity 
(e.g., by using a more realistic value for n) is not 
clear. However, for the present, and consistent with 
our experience with the other precise vapor pres-  
sure and emf measurements  (5, 20-24) we find an em- 
pirically bet ter  fit by assuming a nonzero intercept. 
This is equivalent  to assuming that  regular  solution 
theory (as well  as bN22 deviations from Raoult 's  law) 
are not being followed by these activities, as calcu- 
lated, wi th in  the region of measurement .  

The plots in Fig. 5 magnify  the absolute errors at 
low concentrat ions and are probably  not as good as 
the mathematical  analysis discussed three paragraphs 
back in choosing between the two-equat ion (Eq. [3] 
and [4]) or the three-equat ion (Eq. [5] with three 
sets of constants) fit to the data. The min imum  devi-  
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Fig. 5. Activity coefficient plots for these data. (Note that the 

abscissa is not of the usual form. See text.) 

ation of the mean is achieved using the two-equat ion  
fit. 

Conclusions 
As evaluated by customary methods of calculation, 

the present  emf data do not lead to activities in 
agreement  with Raoult 's  law. We believe that  these 
data are accurate, in the senses that the techniques 
used were proper and that  anyone repeat ing these ex-  
per iments  would repeat  these results. 

Since we have not measured below 0.001 mole frac- 
t ion of gold in cadmium, we cannot  assert that  we 
know what happens to the composit ion-activity mea-  
surements  at lower concentrations. By making as- 
sumptions regarding the various species in solution and 
their  mobilities, we could surmise values for the 
"effective" n for AG -- - -nFe which would br ing the 
cadmium activities for compositions below 0.008 mole 
fraction gold into good agreement  with Raoult 's law at 
the different temperatures.  However, for both theo- 
retical and exper imental  reasons, many  of which have 
been discussed elsewhere (in order, 20, 26-28, 23, 29-31. 
7, 32-34), we are not wil l ing to accept the customary 
"thermodynamic" derivat ion of Raoult 's  law for dilute 
solutions. 

Epilogue 
One of our reviewers has proposed an equation to 

describe the 742~ data. The equation is equivalent  
(by our mathematical  manipulat ions)  to 

log acd ~ log NCd --  0.0001000 -- 2.9 (1 - -  Ncd) 2 [6] 

The equation is consistent with customary theory 
where our equation form is not general ly accepted. 
Equat ion [6] can be reached by assuming 7 ~,V error 
in all 742~ measurements  and then finding a curve to 
pass through the data and to the now different origin. 
Other postulated errors and other equation forms 
could also be proposed which would be appropriate 
for n --~ 2 and a Raoult 's  law-based equation. 

Several  questions are brought  up. "Is a 7 ~V error 
in all measurements  a viable postulate?" Perhaps. 
Certainly any exper imental  data are subject to ques- 
tion. However, there were direct measurements  of emf 
values between the cadmium samples in both legs 
of the cells before any gold was added. It was pre-  
sumed that this should correct for any problems of 
this type such as thermocell  effects. For  the runs  at 
742~ these corrections were respectively --1.0 ~V and 
-~2.0 ~,V. That  these direct measurements  gave answers 
which actual ly were each in 7 ~V error seems most 
unl ike ly  to us. 

"Can one properly assert tha t  n = 2?" If n is not 2, 
then there is no theoretical basis to expect that  ac- 
tivities calculated assuming n ---- 2 should approach 
Raoult 's  law. This n value question was not  settled by  
our measurements ,  and we know of no experiments  
which have settled it for Cd-CdI2 electrolytes or other 
electrolytes which dissolve their  parent  metal.  Re- 
garding this question there is another  paper  (35) 
which we found recent ly which gives an evaluat ion of 
n for mixed-valence  working-electrolytes.  There are 
impor tant  differences between that  approach and the 
one used by Conant  (18). The practical result  of both 
approaches, and also of our own earl ier  approximation 
(15), is to reduce n from 2 to a value lower by the 
per cent solubil i ty of cadmium in CdI2. All  the authors 
recognize that  theirs is not a complete calculation 
when  applied in this way, but  a bet ter  approximation 
is not obviously available in the absence of more data 
no mat ter  which method of calculation is used. 

"Even if n = 2, can one real ly  be sure that  Raoult 's  
law will  be approached in this range of measurement?"  
The references in  the Conclusions indicate why  we 
question this. 

Manuscript  submit ted Aug. 9, 1968; revised m a n u -  
script received May. 23, 1969. 

Any discussion of this paper will appear in  a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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A Brief Review of the State of the Art 
and Some Recent Results on Electromigration 
in Integrated Circuit Aluminum Metallization 
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National Aeronautics and Space Administration, Electronics Research Center, Cambridge, Massachusetts 

ABSTRACT 

This paper  presents  a r epor t  of the  s ta te  of the  ar t  wi th  respect  to the  elec-  
t romigra t ion  phenomenon in in tegra ted  circui t  ( IC) metal l izat ion.  Repor ted  
here  are  some of the  latest  research  efforts, including the  authors '  research,  
on the  effects of dielectr ic  overcoat ings on e lec t romigra t ion  in a luminum in-  
terconnections.  This research has shown tha t  dielectr ic  overcoat ing of the  
a luminum str ipes yields  interconnect ions wi th  grea te r  mean  t ime be tween 
fai lures  than  found in m a n y  convent ional  in tegra ted  circuits.  

A l u m i n u m  meta l l iza t ion  is used almost  exclus ively  
in today 's  microelect ronic  c i rcui t ry .  A l l  indus t r ia l  
t rends  indicate  that  no other  s ing le -component  me ta l -  
l izat ion wi l l  rep lace  a luminum,  whi le  the use of mu l t i -  
component  meta l l iza t ion  wil l  be res t r ic ted  to spe-  
cialized appl icat ions  for some t ime in the  fu ture  (1). 

In  spite  of the seemingly  s imple technology of a 
s ing le -component  meta l l iza t ion  method,  there  a re  st i l l  
many  unanswered  questions wi th  regard  to the  charac-  
te r iza t ion  and ut i l izat ion of a luminum in in t eg ra ted  
circuits  ( IC's) .  For  example ,  the in ter face  involved in 
the rma l -compress ion  bonding (2) of gold wires  to 
a luminum pads has produced in te rmeta l l i c  compounds 
leading to high res is t iv i ty  and s t ruc tu ra l  bri t t leness.  
The use of ul t rasonic  bonding (2) of a luminum to 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  

a luminum el iminates  in te rmeta l l i c  compounds,  bu t  
s t ruc tu ra l  weakness  resul ts  because lack of unde r -  
s tanding of this process makes  it difficult to es tabl ish 
controls  in this  system. Fu r the r  p roblems  arise wi th  
interact ions  at the  Si-SiO2-A1 interface.  When  a lu-  
minum t raverses  oxide steps or oxide windows to 
contact  the  silicon, a luminum thickness  varies,  
pene t ra t ing  cracks and voids appear  in the  in tercon-  
nection, and dissolution of silicon into a luminum oc- 
curs  dur ing  t he rma l  processing. 

These problems  become increas ingly  impor tan t  in 
the  l ight  of the  requ i rements  for  newer  microelect ronic  
devices. In  large  scale in tegra ted  circuits,  mul t i l eve l  
in tegra ted  circui t ry,  and high speed switching devices, 
a l l  dimensions must  be reduced to accommodate  the 
increased number  of components,  and to reduce  in te r -  
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electrode interact ion (capacitance, leakage, etc.). This 
reduction in dimensions causes increased current  den-  
sity at the original power level. For this reason, major  
emphasis has been concentrated on this new failure 
mode, the high current  density problem. 

The loss of a luminum from IC conductors at high 
current  densities, once thought to be a result  of evapo- 
ration due to in ternal  heating, or of chemical reaction 
with other integrated circuit materials, is now known 
to be caused pr imari ly  by electromigration (3). Elec- 
t romigrat ion in the migrat ion of atoms by momentum 
transferred from impinging electrons under  d-c bias. 1 
A result  of this phenomenon is void formation near  the 
electron source (cathode) and solute accumulat ion near 
the electron sink (anode).  If, after the application of 
a d-c bias for sufficient t ime and temperature  to pro- 
duce electromigration and voids, the d-c bias poten-  
tial is reversed, a luminum conductors will sometimes 
heal, and new voids will  be formed at the other elec- 
trode. Blech and Sello (4) have qual i tat ively shown 
the dynamics of electromigration in a t ime lapse film. 

It is important  to note that in certain cases the 
problem of electromigration can be el iminated by 
proper device design and processing. In  such instances, 
a luminum thickness is designed to main ta in  current  
densities below a predetermined threshold value. There 
are many  times, however, where the need for small  
dimensions will  not allow thicker conductors. For these 
cases research on the problem of electromigration in 
a luminum interconnections is needed and ways must  
be found to extend the operating limits of a luminum.  
The degrading effects of electromigration on integrated 
circuit interconnections are fur ther  aggravated by any 
metall izat ion defects and these become increasingly 
significant as film thickness decreases. 

Electromigration is a self-diffusion effect, and has an 
associated activation energy. Although the activation 
energy for bulk  self-diffusion in  a luminum is 1.48 eV, 
exper imental ly  measured energies for electromigra- 
tion in integrated circuit films range approximately 
from 0.5 to 1.2 eV. The lower observed energy may be 
or has been ascribed by investigators to s t ructural  
imperfections in and on the surface of the a luminum 
film. It is to this problem that the following invest iga-  
tions have been addressed. 

Review 
Exper imenta l  relations predicting mean t ime be- 

tween fai lure of a luminum interconnections with re-  
spect to electromigration have been determined. Black 
(5) has found 

MTBF ---- exp ( ~ /kT)  AJ  2 [1] 

where MTBF = mean  t ime to failure in hours, r = an 
effective activation energy of the film, k = Bol tzmann 
constant, T = absolute temperature,  A = constant  for 
a given film and inversely proport ional  to the cross 
sectional area, and J ---- current  density in  A /cm 2. 

Chhabra et al. (6) found MTBF proportional to 1/J 3 
for constant  temperature  (between 100~176 and 
for J 106 A/cm 2. 

The importance of obtaining films of higher quality, 
i.e., higher activation energy, can be seen by con- 
sidering [1]. At a fixed current  density, the ratio of 
the equations appropriate for two different films yields 

MTBF1 A2 
exp ( ~ - -  r  [2] 

MTBF2 A1 

At room tempera ture  kT = 0.025 eV, and if 41 - -  
= 0.1 eV, then the exponent ial  te rm gives a factor 
of 55. 

We can fur ther  see, that at an elevated temperature,  
say 125~ kT  ---- 0.033 eV, and for the same increase 
in ~b, the exponential  of [2] gives a factor of only 20. 
Thus, at higher temperatures,  increases in the activa- 

1 Eleetromigration is observed under a-e stress, but much more 
slowly, because the oscillating electron motion tends to cancel any 
migration effects. 
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tion energy r become less significant in increasing 
MTBF. 

There are three basic factors contr ibut ing to the 
activation energy for the electromigrat ion failure of 
the a luminum metall ization; surface, grain boundary,  
and bulk  diffusion components. It is clear that deposi- 
tion and post-deposition heat t rea tment  techniques can 
affect only the lat ter  two components. Inasmuch as the 
activation energies for bulk  diffusion, grain boundary  
diffusion, and surface diffusion decrease in that  order, 
it would be expected that the relative advantage of 
well ordered metall ization covered by a dielectric 
would be higher at low temperatures,  and that  at high 
temperatures  the advantage of the higher effective 
activation energy would be relat ively small in light 
of the exponential  dependence on the activation 
energy. 

Evaporat ion exper imentat ion (5) has shown that  
for films less than  5000A thick, deposition on a hot 
substrate is necessary to obtain large crystall i te size. 
In  this case, substrates heated to 200~ yield mea-  
sured energies around 0.50 eV. For films thicker than 
5000A or for those deposited at high rates, the sub-  
strate heating becomes unimportant .  Apparent ly  these 
thicker films lose "memory" of the lower layers and 
grow with high crystall ine order, a t ta ining measured 
energies of 1.20 eV. 

The two most common a luminum deposition tech- 
niques are filament evaporation and electron beam 
bombardment .  F i lament  evaporation is more often used 
because of simplicity, however the electron beam 
method gives a higher degree of a luminum purity.  
High quali ty (1.20 eV), low resist ivity a luminum films 
may be produced by evaporat ing from high pur i ty  
tungs ten  or t an ta lum filaments at pressures in  the 
10 - s  Torr  range. The improvement  obtained at high 
vacuum may be due to less oxide at grain boundaries, 
with less tendency for lattice vacancies to agglomerate, 
causing voids. 

The surface is a discont inui ty  or defect in crystal l ine 
order, and diffusion along the surface will  have a lower 
activation energy than in the bulk. The relat ive im- 
portance of the surface may be evaluated by finding 
the ratio of surface atoms to bulk  atoms. For long thin 
conductors, this ratio is inversely proport ional  to thick- 
ness, t. 

It should be noted here that  a luminum atoms at the 
A1-SiO2 interface are not equivalent  to atoms at the 
exposed A1 surfaces. Fur thermore,  the t rue  surface to 
bulk  ratio is one or more orders of magni tude greater 
than  this apparent  ratio due to surface irregulari t ies 
or film porosity. The in tent  of this discussion is only 
to point out the 1/t dependence of the surface to bulk  
ratio. For films wherein  bulk and grain boundary  
components of the activation energy have been maxi -  
mized through good deposition and heat t rea tment  
techniques, the thickness of the film will  determine the 
influence of the surface component. 

By coating the surface of the test circuit with a 
dielectric, broken electron bond at the a luminum sur-  
face may be presumed to be filled, electromigration at 
the surface will  be reduced (5, 7), and a higher ac- 
t ivat ion energy should be realized. In  light of the above 
discussion, such a surface t rea tment  would be ex- 
pected to have the greatest effects on th inner  films. 

Recent Results 
At the Seventh Annua l  Reliabil i ty Physics Sym-  

posium, Washington D.C., December 1968, a complete 
session was devoted to electromigration (selected 
papers published in "Transactions on Electron De- 
vices," April  1969). Summarized here are some of the 
results from I.B.M. (8, 9), Motorola (3), and NASA/  
ERC (10). It is important  to note that  many  of the 
reported findings have resulted from examinat ion  by 
scanning electron microscopy [the uses of which were 
also reported at this symposium (11) ]. 

Attardo et al. (8) have reported that the activation 
energy associated with electromigration corresponds 
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Fig. 1. Scanning electron 
micrograph of electromigra- 
tion of aluminum perpendic- 
ular to the interconnection. 
(2145X and 80 ~ from nor- 
mal). 

to the activation energy of grain boundary  diffusion. 
An  empirical relationship between MTBF and the criti- 
cal parameters  of electromigration in the same form 
as [1] has been found, but with a different in terpre ta-  
t ion of the effective activation energy. The activation 
energy is assumed independent  of grain size (as long 
as grain size is smaller than the stripe width) ,  whereas 
in Black's (3, 5) formulat ion the activation energy is 
a function of grain size. Thus the pre-exponent ia l  
factors of Eq. [1] necessarily take on different values 
in Attardo's  formulation. A fur ther  difference in mea-  
surements  by Black and Attardo can be seen in  the 
effects of stripe width. Where Black had determined 
MTBF to be directly proport ional  to cross section 
area, Attardo reports a greater than l inear dependence 
on conductor width. These results have been in ter -  
preted as the grain boundary  acting as a diffusion 
barr ier  in the narrow stripes and causing a divergence 
in the vacancy flux at that point. In  the wider stripes 
this effect does not occur because grain size is less 
than stripe width. 

Berenbaum and Rosenberg (9), and Black (3), have 
given some interest ing examples of a luminum whisker  
growth perpendicular  to the conductor stripe. The 
I.B.M. group reported on a luminum stripes deposited 
on thermal ly  oxidized silicon, while Black at Motorola 
also examined the case where the a luminum was 
was coated with SIO2. 

Figure 1 (from Berenbaum and Rosenberg) i l lus-  
trates a scanning electron micrograph of whisker 
growth at 2145X. In coated conductors, the whisker 
growth cracked the silicon dioxide in a "trap-door" 
type of effect. Both authors present  extensive scanning 
electron micrographs in their  papers, which give a 
good pictorial unders tanding  of electromigration 
phenomena.  

Research at N A S A / E R C  
Spitzer and Schwartz (10) of NASA/ERC, have 

made studies of electromigration in a luminum con- 
ductors passivated with dielectric overcoating. These 
studies suggest that improved M T B F  is observed in 
dielectric coated conductors; a brief summary  of this 
work follows. 

In  order to make comparisons between coated and 
uncoated conductors, test circuits were prepared using 
fi lament and electron beam a luminum evaporation. 
The a luminum thicknesses used were 1500 through 
6000A. The th inner  stripes were used in  accelerated 
tests to observe whether  any trends would develop, 
and to emphasize the effects of the a luminum surface 
in the high surface to volume atom ratio. The thicker 
stripes were used to s imulate more closely actual  in-  
tegrated circuit geometries. 

The dielectric overcoat materials utilized were those 
found to be compatible in both integrated circuit and 
mult i level  large scale in tegrat ion (LSI) fabrication. 
These dielectrics are an amorphous mix ture  of SiO2 

I t  is in teres t ing  to note tha t  glass pass ivat ion techniques  have 
been used to protect  the  ent i re  semiconductor  chip. The in ten t  in 
this  ear l ier  indus t r ia l  appl ica t ion  was  to hermet ica l ly  seal  the 
silicon surface. Glass passivat ion has  fu r ther  appl icat ion in mul t i -  
level  isolation and  meta l  protect ion.  

and A1203, and an amorphous mixture  of SiO2 and 
P205. 2 To apply these coatings we used a relat ively 
simple, chemically clean process wherein  the dielec- 
tric is condensed from gases reacting on a heated 
silicon wafer. For example, wafers to be coated with 
SIO2-P205 are heated on a hot plate to 375~ then a 
mixture  of oxygen, nitrogen, silane, and phosphine is 
introduced for approximately u rain. The entire cycle 
takes 10 rain. Control wafers, not to be coated, are 
placed on a hot plate and heated to the same tempera-  
ture, in a dry ni t rogen atmosphere, for the same time. 
By this means, the metall izations will be compatible 
for both coated and control wafers. 

Tests were run  to determine the mean time between 
failure of the a luminum interconnects as a function of 
current  and temperature.  We had special interest  in the 
temperature  range of 25~176 and current  density 
range of 105 to 2 x 106 A/cm 2, because this represents 
the area of max imum practical application. In order 
to learn the effect of dielectric overcoating (10), the 
MTBF was measured for coated and uncoated alu-  
m i n u m  strips, which had undergone exactly the same 
thermal  processing. The effective activation energy of 
the strips was found from [1], using the MTBF. In  
Fig. 2, we show the effect of dielectric overcoating 
(AleOs-SiO2). Significant improvements  in the activa- 
t ion energy were observed for a luminum films less 
than 5000A thick. Thus, the greatest contr ibut ion of 
surface passivation was made in cases where the sur-  
face to bulk  atom ratio is appreciable. 

Figure 3 shows the MTBF plotted against film thick-  
ness, with tempera ture  as an independent  parameter.  
Here we see tha t  the effect of dielectric overcoating 
(or any t rea tment  which helps to increase the effective 
activation energy) is minimized at elevated tempera-  
ture. 

In order to unders tand modes of failure and verify 
effects of electromigration, metal lurgical  analyses were 
made on most test devices. 

Figure 4 shows a t ime sequence of electromigration 
failure. Figure 4A shows the unstressed device, while 
Fig. 4B and 4C show the development  of voids. Figure 
4D shows the final open circuit failure. 
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Fig. 2. Self diffusion activation energy as a function of alumi- 
num thickness and surface passivation. 
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Fig. 3. Dependence of MTBF on temperature and surface passiva- 
tion. 

Fig. 4. Time sequence progression of electromigration. A. Un- 
stressed 5000,~, aluminum conductor. B. Same as A after 350 mA 
for 10 min and 500 mA for 5 min. Note development of spotted 
areas. C. Same device after 5 min more at 500 mA. The spots, 
electromigration areas, have grown. D. Same device which after 1 
min more at 500 mA has open circuited. 

It is impor tant  to point out that  in  many  analyses of 
failed circuits electromigration is not easily identifiable 
as the failure mode (Fig. 5). When a conducting strip 
opens up due to electromigration, arcing masked the 
failure mode. Figure 6 is an electron microprobe x -y  

Fig. 5. Electromigration failure, 5000• aluminum test strip 
(AI203-SIO2 overcoat). 

scan showing a luminum K-a lpha  counts of the device 
after electrical stress. We can clearly see the depletion 
of a luminum at the right (negative) side and the build 
up of a luminum just  to the left of the void. Figure 7 
~hows the microprobe line scan used for thickness de- 
terminat ion of the same device. 

Figure 8, using the scanning electron microscope, 
shows by detection of secondary electrons, details of an 
area th inned  by electromigration (2000X). The strip 
had not as yet failed, and is undamaged from elec- 
tr ical  arcing. 

Discussion 
The ul t imate goal of this electromigration study is 

to provide guidelines for reliable device design. The 
following areas of investigation are suggested for in-  
tensive activity. 

First, confidence in the predicted MTBF is vague. 
Researchers (5, 6) have determined empirical relations, 
but  variables such as crystalli te size and a luminum im- 
purities are not yet quant i ta t ive ly  included in these 
relations. 

Next, the notion that  electromigration can always be 
designed out of the circuit should be dispelled. Not 
only is this un t rue  in many  cases, par t icular ly  in LSI, 
mult i level  integrated circuitry, and high-speed switch- 
ing circuits, but  there is also the problem of processing 
errors which may increase current  densities an order 
of magnitude above the designed circuit value. 

Third, there is a need for better integrated circuit 
s imulat ion in electromigration test devices. Most work 
has been done with a luminum on top of silicon dioxide, 
except at windows. In  many  cases a luminum is alloyed 
in, and the effects of this "dilute" metall ization must  
be characterized. 

Finally,  electromigration life testing is general ly 
carried out at currents  exceeding normal  maxima. 
For this reason, many  circuits which fail due to elec- 
t romigrat ion under  these accelerated conditions, would 
not do so under  normal  use. Tests should be devised 
which would provide an awareness of other possible 
fai lure mechanisms. 
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ABSTRACT 

The use of bi-ionic potential  measurements  for the study of the selective 
behavior of synthetic sulfonic and phosphonic acid membranes  toward sodium 
and potassium ions is described, and the effects of membrane  thickness and 
solution flow rate on the results are discussed. A procedure for obtaining the 
thickness of the diffusion layer in the solution at the membrane  surface from 
experiments  on the interdiffusion of sodium and hydrogen ions is described. 
The bi-ionic potentials obtained with the N a + - K  + system and the sulfonic 
and phosphonic acid membranes  (over the pH range 2.0-13.0) are correlated 
with the relative mobilities of the ions in the membranes  and their selectivity 
coefficients and the significance of the results discussed. 

If an ion-exchange membrane  separates two electro- 
lyte solutions which differ in concentrat ion or com- 
position, then, in  general, an electrical potential  dif-  
ference will  exist between the two solutions. This 
potential  difference is termed the membrane  potential. 
If the two solutions contain the same electrolyte at 
different concentrations, the membrane  potential  is 
known as a concentrat ion potential. With an ideal ion-  
exchange membrane  which is impermeable to co-ions 
and through which water  t ransport  is zero, an equil ib-  
r ium wil l  be set up  in  which there is a continuous in -  
terdiffusion of counter  ions between the two solutions 
but  no change in their  concentrations. The membrane  
potential  will  be given by the Nernst  equation 

R T  a" 
Em = - - ~ l n - -  [1] 

zF a' 

where a' and a" are the activities of the counter  ion in 
the two solutions and z is its electrochemical valency 
(negative for anions) .  

When the membrane  separates a solution of the 
electrolyte, A Y ,  from one of the electrolyte, BY,  at 
the same equivalent  concentration, where A and B are 
membrane  counter  ions, then a rapid interdiffusion of 
counter  ions will take place between the two solu- 
tions and, at equil ibrium, the two solutions will  have 
the same composition. If, however, the solutions of A Y  
and B Y  flow continuously past the membrane  surface 
or if the solution volumes are sufficiently large, then a 
s tat ionary or quasi-s ta t ionary state can be set up in 
which the composition of the two solutions does not 
change appreciably with t ime and the effect of cross 
contaminat ion is negligible. Under  these conditions, 
with negligible co-ion t ransport  and with the electro- 
lytes A Y  and B Y  at the same equivalent  concentra-  
tion, the membrane  potential  is known as the bi-ionic 
potential  (BIP).  This term was introduced by Sollner 
(1, 2) who proposed the equation 

R T  tA +- 
EBI  P ~--- -4- l n - -  [2] 

F tB*- 

i n  which tA • and tB -+ represent  the t ransference n u m -  
bers of the counter  ions (either cations or anions) in 
the membrane.  

If, for the case of a pair  of un i -un iva l en t  electro- 
lytes, the ratio of the t ransference numbers  is replaced 
by  the ratio of the products of the mobilities and con- 
centrations, then the above equation may  be wr i t ten  
i n  the form 

X Presen t  address: Divis ion of  Inorganic  and Metallic Structure,  
National  Phys ica l  Laboratory,  Teddington,  Middlesex, England. 

2 P r e s e n t  address: Central  Salt and Marine Chemicals Research 
Inst i tute ,  Bhavnagar-2 ,  India. 

R T  -UA -CA 
EBIP = d-_ In - -  [3] 

F ~B UB 

where UA and uB are the mobilit ies of the ions in the 
membrane  and CA a n d C ~  are the corresponding molar  
concentrations. The molar  selectivity coefficient 

(K'AB) is given by 

CA C~ 
K ' A B  _~ - -  _ _  

CB Ca 

where CA and CB are the ion concentrat ions in solu- 
tion so that when  CA ---- CB 

R T  UA 
EBIp  = ~ ~ I n  K ' a B  [4 ]  

F UB 

In this derivat ion of an equation for the BIP, the 
existence of concentrat ion gradients in the membrane  
and Donnan  potentials at the interfaces is, in effect, 
disregarded and it is implicit ly assumed that  the ion 
with the higher affinity is present  to the greater extent  
in the membrane.  Wyllie (3), extending an earlier 
t rea tment  by Marshall  (4), derived equations for the 
membrane  potentials in bi-ionic and mult i - ionic  sys- 
tems by using the Henderson equation to obtain the 
diffusion potential  in the membrane,  adding the Don- 
nan  potentials at the interfaces and making allowance 
for the effect of the preferential  absorption which was 
assumed to take place in the membrane.  

In  his general  t reatment ,  using the Nerns t -P lanck  
flux equations, of t ransport  processes in membranes,  
Teorell (5) discussed the bi-ionic potential  as a special 
case. For simplicity, it was assumed that  the distri-  
but ion ratio was the same for all un iva len t  ions at the 
so lu t ion-membrane  interfaces. Teorell stated, however, 
that  there was nothing to prevent  the choice of other 
theoretical or empirical relations between the con- 
centrat ions at the interfaces. Using this approach, 
Helfferich and Ocker (6) obtained an expression for 
the membrane  potential  in bi- ionic systems which, if 
the mobil i ty ratio, the selectivity coefficient, and the 
total counter  ion concentrat ion in the membrane  are 
constant, can be integrated (7) to give the equation 

E m  ~ ~ ~ I n  
F B ~AZA 

ZA - -  ZB C 1 
-{ In - + in  

ZAZB C '  ZB 

1 
+ ln K'aAB 

ZAZB 

C '  f 'A  1/zA ] 

C" + In f,,B1/z-------~- [5] 
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where K'aAB is the molar selectivity coefficient cor- 
rected for activity coefficients in solution, f'n and ]"B 
are the molar  activity coefficients for the ions A and 
B in the two solutions, C' and C" are the total solution 
concentrations, and C is the total counter  ion concen- 
t ra t ion in the membrane.  For two univa len t  cations, 
this equation reduces to 

RT UA a'A fB 
E,, = in  ~ - -  - -  - -  [6] 

F us a"s fA 

RT UA a'A 
l n - - - -  

F "uB a"B 
K',,.% [7] 

It follows from Eq. [7] that  the membrane  potential  
in bi- ionic systems with univalent  ions is given ap- 
proximately by 

RT UA C'A 
E,, = In __ - -  K'.% [8] 

F UB C"B 

where C'A and C"B are the molar concentrat ions of 
the ions in the two solutions and K'AB is the molar 
selectivity coefficient (assumed to be constant) .  

It is impor tant  to note that, in this derivation of 
the membrane  potential  equation, a selectivity factor 
is introduced as a consequence of the inclusion of 
the Donnan potentials. The selectivity has no effect 
on the concentrat ion profiles; in fact, the slower ion 
tends to accumulate in the membrane  (8). A more 
detailed t rea tment  of systems with concentrated solu- 
tions, in which the effects of simultaneous co-ion and 
water  t ransport  are considered, has been given by 
Mackay and Meares (9). 

In  systems of the type under  consideration, the rate 
of ionic interdiffusion between the two solutions will  
depend not only on the rate of diffusion of ions wi thin  
the membrane  but  also on the rate of diffusion of ions 
up to and away from the membrane  surfaces. However 
vigorously the solutions are agitated, it is often im- 
possible, especially with dilute solutions, to main ta in  
the solution composition uniform right up to the 
membrane  surface, and concentrat ion gradients de- 
velop in a layer of solution adjacent to the membrane.  
The theoretical t rea tment  of the diffusion processes 
in the solutions can be greatly simplified by making 
use of the Nernst  concept of a hypothetical  "diffusion 
layer," the thickness of which depends on the degree 
of agitation in the solution. In  effect, the bu lk  solution 
is assumed to be of uniform composition and to be 
separated from the membrane  surface by a layer of 
completely unst i r red solution. This approximation has 
been used successfully both in the theoretical t reat-  
ment  of the kinetics of ion exchange with part iculate 
resins (10-12) and of t ransport  processes in membranes  
(13, 14). 

Two l imit ing conditions may be distinguished: (a) 
complete membrane  di~usion control, in which case 
the composition of the solution is the same at the mem-  
brane  surface as in the bulk  solution, and (b) com- 
plete f i lm diffusion control when there are no con- 
centrat ion gradients wi th in  the membrane .  

In  the interdiffusion of counter  ions, the system is 
often subject to part ial  or almost complete film dif-  
fusion control especially when  the solutions are dilute 
and the ionic mobilit ies and concentrat ions in the 
membrane  are high. The equations previously given 
for the membrane  potentials are applicable only to 
systems subject to membrane  control. In  other cases, 
corrections for the effect of unst i r red diffusion layers 
have to be applied. In  this paper, the term "bi-ionic 
potential" is taken to be the potential  obtained with 
complete membrane  control. 

The effect of unst i r red diffusion layers on the mea-  
surement  of bi- ionic potentials has been discussed by 
Helfferich (7, 8) who used the Nerns t -P lanck  equa- 
tions for the calculation of the concentrat ions at the 
membrane-so lu t ion  interfaces. Equations for the po- 
tentials  in bi- ionic cells with uns t i r red  diffusion layers 
have also been derived by Mackay and Meares (15). 
In  ~heir t reatment ,  the effect of bu lk  flow, and of var i -  
ations in the ionic mobilities and activity coefficients 
with membrane  composition, were also considered. 
Good agreement  was obtained in most cases between 
the exper imental  and calculated potential  differences. 
For many  purposes, however, where a high order of 
accuracy is not required, it would appear that  the 
relat ively simple relationships based on the Nernst-  
Planck t rea tment  with films (but  without  solvent  
t ransfer  and variat ions of mobilit ies and selectivity 
coefficient) are usual ly  adequate. In previous work 
by Helfferich and Ocker (6), reasonably good agree- 
ment  was obtained between exper imental  values for 
the membrane  potential  and theoretical values calcu- 
lated using Eq. [5] not only with N a + / K  + and 
N a + / H  + systems but  also with the Na+ /S r  + + system. 

Since, for a given membrane  and a given pair of 
counter  ions of equal valency, the BIP is practically 
independent  of concentrations and the na ture  of the 
co-ion (provided the activity ratio of the two counter  
ions is kept constant) ,  it can be regarded as a measure 
of the abil i ty of the membrane  to discriminate in its 
permeabi l i ty  behavior  between two counter  ions, A 
and B. It should be noted, however, that  if the counter  
ions are not of equal valency then it follows from 
Eq. [5] that  the BIP will vary  approximately l inearly 
with the logari thm of the solution concentrat ion (7). 
The relative mobilities of the two ions in the mem-  
brane can be calculated from the BIP if the ratio of 
the activity coefficients is known, or the lat ter  may 
be calculated knowing the relat ive mobilities (16). 

In the present  work, the conditions for membrane  
control have been established and bi-ionic potentials 
have been measured for the sodium-potassium ion 
system with both sulfonic and phosphonic acid mem-  
branes. These have then been correlated with the rela-  
t ive affinity coefficients and mobil i ty  ratios. With the 
phosphonic acid membrane,  the effect of pH on the 
BIP has been investigated and, with both membranes,  
the effect of film diffusion on the membrane  potentials 
has been examined. The BIP of the phosphonic acid 
membrane  is of special interest  since, like the phos- 
phonic acid ion-exchange resins (17-19), the mem-  
brane would be expected under  neut ra l  and alkal ine 
conditions to have a higher affinity for sodium than  
potassium. 

Previous work on the effect of membrane  structure 
on bi-ionic potentials has been discussed by Malherbe 
and Mandersloot (20). It  appears that  l i t t le work has 
been published on the effect of the na ture  of the func-  
t ional group on the BIP. Sollner and his co-workers 
(21) found significant differences in the behavior  of 
different anion-permselect ive membranes  toward, for 
example, chloride and acetate ions and in the be- 
havior of polystyrene sulfonic acid and polyacrylic 
acid collodion matr ix  membranes  toward potassium 
and l i thium ions. Gregor and co-workers (22, 23) also 
found higher absolute values for the BIP with the 
L i + / K  + system and a carboxylic acid membrane  than 
with a sulfonic acid membrane.  Bergsma and Stayer-  
man  (24) measured the BIP for four different pairs of 
ions and five different cat ion-exchange membranes,  
including a cel lophane-type membrane  with phos- 
phonic acid groups. Rather surprisingly,  they found 
that  all the membranes  behaved in more or less the 
same way toward Na + and K + ions and that  there 
was no significant difference between the phosphonic 
and sulfonic acid membranes.  They concluded that bi-  
ionic potentials had not been sufficiently investigated, 
either theoretically or experimental ly,  and that  var i -  
ous phenomena could not be satisfactorily explained. 
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It appears that  fur ther  work  on the effect of the na-  
ture  of the membrane  on the BIP is desirable. The 
consequences of ion-exchange select ivi ty on t ransport  
processes in membranes  are clearly of great  biological 
interest  and, in addition, may  be of considerable im-  
portance in the util ization of membranes  in separation 
processes. 

Exper imenta l  
Preparation of sulfonic acid membranes.--The 

method used was essentially the same as that  de-  
scribed by Hazenberg and Knoll  (25). A weighed 
sheet of polyethylene  film (10 cm X 10 cm) of thick-  
ness _~ 13 • 10 -8 cm was immersed for 5 min in a 
mix ture  of 90 parts of s tyrene and 10 parts of 50% 
divinylbenzene solution with  0.5 parts of benzoyl per -  
oxide as catalyst, at 65~ The impregnated  film was 
blot ted be tween  filter papers and then heated in a 
bath of saturated sodium chloride solution at 65~ for 
24 hr  to effect the polymerizat ion of the monomers.  
The film containing the  cross-l inked polystyrene was 
then washed wi th  deionized water ,  wiped with  filter 
paper, and dried in a vacuum desiccator over  phos-  
phorus pentoxide for 3 hr. F rom the weights of the 
film before and after  impregnation,  the percentage of 
the  copolymer in the film was calculated. For  the sul-  
fonation, a glass tube containing the impregnated  film 
and a mix ture  of 200 ml of 96% sulfuric acid wi th  
50 ml  of ni t robenzene was heated over  a steam bath for 
2 hr. The sulfonated film was washed with  carbon 
tetrachloride and then with distil led water.  Af te r  con- 
ditioning the membrane  to the appropriate  form, the 
characterist ics were  determined and are given in 
Table I. 

Preparation of phosphonic acid membranes.--A 
cross-l inked polystyrene mat r ix  was incorporated in 
a polyethylene  film (thickness: 25 X 10 -3 cm) by 
the procedure described above. Phosphonic acid groups 
were  introduced by a procedure similar to that  de- 
scribed by Kressman and Tye (26) for the prepara-  
tion of phosphonic acid resins. The film (10 cm • 10 
cm) was refluxed wi th  a mix ture  of e thylene dichlo- 
ride (150 ml) ,  phosphorous t r ichloride (65 ml) ,  and 
anhydrous a luminum chloride (32.5g) in a glass tube 
over  a s team bath for 6 hr. The film was removed,  
washed with  e thylene dichloride, and then heated with 
a 10% solution of sodium hydroxide  on a steam bath 
for 3 hr. The membrane  characterist ics are given in 
Table I. There was some var ia t ion in the total  ex-  
change capacity be tween different samples and the 
average value  (2.5 mg equiv . /g)  was slightly less than 
that  calculated from the phosphorus content  (2.8 mg 
equiv . /g) .  

Titration curve of phosphonic acid m e m b r a n e . -  
Membrane  strips were  converted into the hydrogen 
form and, af ter  washing with  distil led water,  the i r  
wet  weights  were  determined.  These strips were  al-  
lowed to attain equi l ibr ium wi th  suitable mix tures  
of 0.1N solutions of hydrochloric acid, sodium chlo-  z., 
ride, and sodium hydroxide  to c o v e r  t h e  pH range 

2-4 

Table I. Characteristics af sulfonic and phospbonic acid membranes 
2.0 

S u l f o n i c  P h o s p h o n i c  
acid acid 

m e m b r a n e  m e m b r a n e  ~ I. 6 

Thickness  (cm) 16 • 10-3 28 • 10- s & I.z 
Total  e x c h a n g e  

capaci ty  (mg e q u i v . / g  d ry  H+ 
f o r m  m e m b r a n e )  2.24 2.5 

S w e l l i n g  (g w a t e r / g  d ry  H+ .- 
form m e m b r a n e )  0.78 0.19 *~ 0.t  

Specif ic  r e s i s t ance  (ohm-cm)  
in 0.1/V NaOH - -  430 "~ 

0.1N K O H  - -  220 u 0.4 
in 0.1N NaCI  110 1800 
in 0.1N KC1 72.5 105S 
in 0.1N HC1 15 

S e l e c t i v i t y  coefficient,  K'Na K 0 
at pH 5 1.4 0.88 
a t  p H  13 1.3 0.63 

Select iv i ty  coefficient K'H Na 1.40 - -  

f rom 1 to 13. Af te r  equil ibrat ion (about 1 week) ,  the 
strips were  removed  from the solutions and r insed 
quickly with  distil led wate r  af ter  blott ing them be-  
tween filter paper. The strips were  then leached with  
5% hydrochloric acid and the sodium eluted was de- 
te rmined using a Unicam flame spect rophotom~er .  The 
equi l ibr ium pH of the solutions was measured and 
the quant i ty  of Na + ion exchanged, expressed as mg 
equiv . /g  dry membrane  (H + form) ,  was plotted 
against pH (Fig. 1). 

Determination of relative affinity coefficient (sul- 
fonic and phosphonic acid membranes) .--The re la-  
t ive affinity coefficients were  determined by equi l ibra t -  
ing the membranes  wi th  a solution consisting of a 
mix tu re  of equal  volumes of decinormal  sodium 
chloride and potassium chloride, sodium hydroxide  
and potassium hydroxide,  or sodium chloride and hy-  
drochloric acid solutions. For  the determinat ion of 

K K the sodium and potassium contents of the equil-  
Na t 

ibrated membrane  were  obtained by elution wi th  
hydrochloric acid and analysis wi th  the flame spectro- 
photometer.  The values obtained for the two m e m -  
branes are included in Table I. The re la t ive  affinity 
coefficient is given as the ratio of potassium to so- 
dium or sodium to hydrogen in the membrane  when 
the concentrations of the two ions in the external  so- 
lution are equal. 

Measurement of membrane resistance (sulfonic and 
phosphonic acid membranes).--The membrane  was 
conditioned with  a suitable electrolyte  solution and 
mounted in a "Perspex" conduct ivi ty  cell s imilar  to 
that  described by Lorimer,  Boterenbrood, and Her -  
mans (27). The solution flowed through the cell in 
such a way that  the two faces of the membrane,  each 
1 cm in diameter,  were  flushed with  a slow stream of 
the electrolyte  solution at 25~ The resistance was 
measured by means of a Wayne Ker r  Universal  
Bridge B221. A low-impedance  adaptor unit  was em-  
ployed when the resistance measured was below 10 
ohms. The resistance of the cell without  the m e m -  
brane was also measured in the same way  and, f rom 
the difference be tween the two values, the membrane  
resistance was obtained. 

Cell for measurement of fluxes and potentials.--The 
cell consisted of two symmetr ica l  halves provided 
with  suitable inlets and outlets (Fig. 2a). The m e m -  
brane was clamped between the two halves in such 
a way  that  the inflowing solutions, af ter  passing 
through distributors, impinged direct ly  on the m e m -  
brane surfaces. The outflowing solutions passed 
through electrode cells fitted wi th  thermometers  (Fig. 
3). The  outflow from the electrode cells passed into 
two receivers  f rom which the solutions were  pumped 
into two upper reservoirs.  F rom the upper  reservoirs,  

o o 0 

Z 4 $ $ W 12 14 
pH 

Fig. I. Titration curve for phosphonic acid membrane 
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Fig. 2a. Cell for measurement of membrane potentials 

Fig. 2b. Membrane clamp 

i 

i 

~'l C? 

T I E2 

g 
Fig. 3. Apparatus for measurement of membrane potentials: 

P,1, R~bottom re~.ervoirs; R~, R4--top reservoirs; P1, P2--pumps; 
M1, M.~mflow meters; El, E2Eelectrodes; T1, T~---thermometers; 
CmPerspex cell; C~, C2mcondensers. 

the solutions (2 liters) flowed down through two con- 
densers and through the flowmeters into the cell. By 
circulating water  at a controlled tempera ture  through 
the condenser jackets, the tempera ture  of the solu- 
tions was main ta ined  at 25~ For the investigation of 
the effect of membrane  thickness, nar row membrane  
strips were mounted in "Perspex" clamps so that only 
the outer edges of the strips were exposed to the so- 
lution. In  this way, the effective membrane  thickness 
was determined by the thickness of the membrane  
clamp. These clamps consisted of two paral lel-faced 
"Perspex" sheets which were held in position on 
either side of the membrane  strip by metal  clips 
(Fig. 2b). 

Flux  measuremen t s . - -F lux  measurements  were car-  
r ied out using the sulfonic acid membrane  wi th  the  
system, sodium chloride-hydrochloric acid. Equinormal  
solutions (2 liters of sodium chloride and 2 liters of 
hydrochloric acid solution) were circulated at 1500 
m l / m i n  past the membrane  surfaces at 25~ The hy-  
drogen ion which had diffused through the m e m b r a n e  
was determined by t i t ra t ing a small  aliquot of the 
sodium chloride solution at known intervals.  From 
the membrane  area and the quant i ty  of H+ ion which 
had diffused through the membrane  in  a given time, 

Table II. Effect of concentration of bulk solution on 
interdiffusion of Na + and H + ions, and 

solution concentrations at the membrane surface 

Concen-  
tration F l u x  
of b u l k  (g ion  c m  -r 

solut ion sec-~) C l '  C o $ ( c m )  

1.00N 3.10 x 10- ~ 0.98N 1.02N 1.8 • I0 ~ 
0.10N 2.15 x 10 -7 0.084N 0.116N 2.3 • 10- c 
0 .OlN 0,645 X 1 O - ~  0 .0063N 0.0137N 1.8 x 10 -3 

the flux values (g equiv, cm -2 sec -1) were calculated 
(Table II) .  

Potential  measurements . - -Poten t ia l  measurements  
were carried out using a Pye Cambridge Universal  
Precision potentiometer  with a high- impedance am- 
plifier uni t  between the cell and the potentiometer.  
Si lver-si lver  chloride electrodes were used except in 
the experiments  with alkaline solutions where  calomel 
electrodes with saturated potassium chloride bridges 
were employed. Concentrat ion potential  measurements  
with sulfonic and phosphonic acid membrane  strips 
were carried out using sodium chloride solutions. All  
potential  measurements  were made with the solutions 
at a tempera ture  of 25.0~ 

Effect  of flow rate on membrane  po ten t ia l s . - -Mem-  
brane  potentials were determined with the sulfonic 
acid membrane  ( ~  16 X 10 -3 cm and 132 • 10 -3 cm 
thickness) and decinormal solutions of sodium chlo- 
ride and potassium chloride (2 liters each) using flow 
rates ranging from 200 to 1500 ml /min .  

Measurement  of  BIP.- -Potent ia ls  were measured 
using flow rates of 1500 cc /min  with a fixed concen- 
t ra t ion of sodium chloride and varying  concentrat ions 
of potassium chloride and vice versa. A positive value 
for the potential  indicates that  the electrode in the 
sodium chloride solution was positive with respect to 
the other electrode. The potential  values were plotted 
as a function of concentrat ion of one solution when  
the concentrat ion of the other was fixed and vice versa. 
The point  of intersection of the two lines obtained was 
taken as the BIP value at that  par t icular  concentration. 

Measurement  of BIP of phosphonic acid membrane  
as a function of pH.- -The BIP measurements  were 
carried out using 0.1N solutions adjusted to different 
pH values. Calomel electrodes and KC1 bridges were 
employed for potential  measurements  with alkaline 
solutions. 

Results and Discussion 
Although the importance of e l iminat ing the effects 

of diffusion layers in measurements  of bi- ionic poten-  
tial has been recognized by several authors (2, 28-31), 
it would appear that  these effects have f requent ly  
been overlooked probably because, in many  of the 
systems investigated, the membrane  potential  observed 
with part ial  film diffusion control differs little from 
that  with complete membrane  control. With some 
systems, however, and especially with those containing 
two ions of different valency, the magni tude and even 
the sign of the potential  under  the two conditions may 
be completely different (32). Helfferich (8) has shown 
that, for the interdiffusion of two isotopes of the same 
counter  ion, deviations from ideal membrane  control 
are to be expected when  

DCd 
~ - - < 5 0  
DC8 

where D and D are the diffusion coefficients of the 
counter ion in solution and in the membrane, C is the 
solution concentration, C is the total counter ion con- 
centration in the membrane, d its thickness, and 8 the 
thickness of each of the diffusion layers. Complete film 
control will be attained when DCd/DC8 < 0.i. With 
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a typical ion-exchange membrane,  C ~ 1N, D/f) ~ 5 
and d ~ 0.1 cm so that, with 0.1N solutions, a film 
thickness of less than  10 -8 cm is necessary for the 
a t ta inment  of complete membrane  control. With 0.001N 
solutions, the film thickness has to be reduced to 
10 -5 era. 

In  the measurement  of bi- ionic potentials, it is 
therefore clearly necessary to make sure that  com- 
plete membrane  diffusion control has been established. 
In  previous work on the measurement  of membrane  
potentials, the absence of any  significant change in 
the potent ial  on increasing the rate  of s t i rr ing Qr the 
flow rate of the solutions has f requent ly  been taken to 
indicate the establishment of membrane  control. In  
the present  work, however, in addition to invest igat-  
ing the effect of flow rate on the membrane  potential, 
the thickness of the diffusion layers has been mea-  
sured and the effect of varying the membrane  thick-  
ness has been investigated. 

Estimation of di~usion-layer thickness.--For the 
estimation of film thickness, the results obtained in 
the study of the rate of interdiffusion of sodium and 
hydrogen ions across the sulfonic acid membrane  were 
used. Similar  procedures have previously been em- 
ployed by Mackay and Meares (13) and by Peterson 
and Gregor (33). Equations relat ing the cation flux 
in bi-ionic exchange systems to the thickness of the 
diffusion layers were derived by  Mackay and Meares. 
These equations are, however, restricted in their  ap- 
plication to systems in  which the difference between 
the compositions of the two solutions, expressed as 
the equivalent  fraction of either cation, is not too 
large. Peterson and Gregor, using the potass ium-am- 
monium system, were able to assume that  these two 
ions resembled one another  sufficiently closely to serve 
as "tracers" for each other, and they could therefore 
obtain values for the film thickness by making use of 
the relat ively simple relationships applicable to such 
systems. With the sodium-hydrogen system where the 
diffusion potential  in the unst i r red films is associated 
with an appreciable anion concentrat ion gradient, we 
no longer have simple relationships for the interracial 
boundary  conditions. The interfacial  concentrations 
and the film thickness can, however, be obtained by a 
graphical method. In  this method, it has been assumed 
that  the cat ion-exchange membrane  separates solu- 
tions of the un i -un iva len t  electrolytes A Y  and BY at 
the same equivalent  concentrat ion and that  a steady 
state has been achieved in which there is negligible 
cross contaminat ion of the two solutions. The bound-  
aries of the membrane  and the diffusion layers are 
represented by planes a, b, c, and d (see Fig. 4). I t  has 
also been assumed that the membrane  is impermeable  
to anions, that  water t ransport  can be neglected, that  
the mobil i ty  ratios are independent  of mole fraction, 
that  equi l ibr ium is a t ta ined at the membrane-so lu t ion  
interfaces, and that  this equi l ibr ium can be repre-  
sented by the relationship 
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-CA CA 
. = K'AB 
CB CB 

where CA and Cs are the concentrations of the ions in 

solution and CA and C--B are the concentrations in the 
membrane. 

For the diffusion of the cations and anions in the 
unstirred films, we have the following flux equations 

( d lnCA-} -F  de' ) 
JA = --UACA RT d ~  ~ [9] 

< dlnCB F de ) [1O] 
JB =--usCs RT d-------~ ~- dx 

( d lnCy  F de ) [ 1 1 ]  
Jy = --urCy RT d-----~ dx 

where JA, Js, and Jy are the fluxes of the cations A 
and B and the anion Y; UA, US, and Uy, and CA, Cm 
and Cy are the corresponding mobilit ies and concen- 
trations; and r is the potential  at the plane x in the 
diffusion layer. 

We also have the following relationships 

JA = --Js = J [12] 

Jy = 0 [13] 

Cy = CA "~- CB [14] 

If Cy a ---- Cy d = C, it can be shown that 

aA8 < Us--UA ) CYb = 1 + [15] 

and 

CyC ---- 1- - -  [16] 
C 2C US 

where 
J 

aA ---- 
uA RT 

and ~ is the thickness of the diffusion layer. If CA a = 
Cs ~ = C and 

CA b Cs b CA c Cs c 
K'AB 

~sb CAb -~s~ CAc 

where barred symbols denote concentrations in the 
membrane, then it can also he shown that 

CA b 1 
= - -  [17] 

C I+S 
and 

CA ~ 1 
_-- [18] 

I+T 

where 

UB 2 C \  C + 1  
S =  

K'% + u---B 2c ---6- + 1 

c ~  aA~ C,c 
---C--/ -t--~-- ( - ' ~ - ' - t - 1 )  

T =  o o(c o 
2c \ ' - 6 -  + I K' B 

and C is the total concentration of counter ions in the 
membrane. 

By applying the Nernst-Planck flux equations to the 
diffusion processes in the membrane, it can be shown 
(cf. Eq. [3. llb] in the paper by Helfferich (8)) that 
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where 

CA b uB 

~B -~ 
bd ---- In [19] 

R T C  UAU B 

UA and u s  are the mobili t ies of the counter  ions in the 
membrane  and d is the  membrane  thickness. 

If  the value  of aAS/C is known, then  bd can be cal-  
culated using Eq. [15]-[19]. The relat ionship be tween 
bd and aNaS/C for the sodium-hydrogen ion system 
and the membrane  used in these exper iments  is shown 
in Fig. 5. (In these calculations, the sodium ion was 
taken as ion B with a negat ive flux. Since J is then 
positive, Eq. [12], i t  follows t h a t - - a N a S / C  is also 
posit ive).  Values of bd were  calculated from assumed 
values of aNaS/C by also assuming that  UNa/UH = 1.43, 
K'H Na = 1.40, and UNa/UH = 0.125. Complete  membrane  
control is at tained when  aNaS/C ~-0 and bd ---- In 
UNa/UH; and, under  these conditions, the flux wil l  be 
independent  of the solution concentrations. Complete 
film control is at tained when  

aNa~ 2 
bd = 0 and - -  = [20] 

x _ _ - ~ H  § 

and the flux will  then be proport ional  to the solution 
concentration. [A more general  soIution for the ease 
of complete film diffusion control has been given by 
Itelfferich (15).] 

It was found that, over  a period of 4 hr, the ra te  
of interdiffusion was approximate ly  constant. With  the 
0.01/7 solutions, the amount  of H + ion diffusing 
through the m e m b r a n e  in this t ime was approxi-  
mate ly  2 mg equiv. Since the total  vo lume of each 
solution is 2 liters, an interdiffusion flux of this mag-  
ni tude could have led to appreciable cross contamina-  
tion if the solutions had not been renewed at f requent  
intervals  during the  subsequent potent ial  measure-  
ments.  

The thickness of the diffusion layer  was obtained 
f rom the results of the flux exper iments  by first cal-  
culat ing the value of bd corresponding to the in te r -  
diffusion flux at each of the three  solution concentra-  
tions and then calculat ing the film thickness f rom the 

~ ;~ �9 2 

2 . O  
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aNa8 "_IN 1 .4  

N~I .O  
0 . 8  
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O'OI 0 - 4  
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/ aNa6 ~ Film control J [ -3.0 Lasso \- -~- ] ~ s  ~ [ 

bd =0 I 

Fig. 5. Relationship between bd and 

( aNa8 ) forKHNa~l.40 Ioglo C 

corresponding values of aNaS/C obtained f rom the 
curve  shown in Fig. 5. 

Calculated values for the film thickness and the 
solution concentrations at the membrane  surface are 
given in Table II. It wil l  be noted that  wi th  the 1.0N 
solutions there  is l i t t le difference be tween the concen- 
trations of the bulk solutions and the concentrat ions 
at the membrane  surfaces. With  the 0.1N and 0.01N 
solutions, however ,  the difference in the mobili t ies of 
the two cations leads to the development  of marked  
concentrat ion gradients in the diffusion layers. It wil l  
also be seen f rom Fig. 5 that  complete membrane  
control is approached with the 1.0N solutions and that  
wi th  the 0.01N solutions complete  film control  is ap-  
proached but not achieved. With the 0.1N solutions, 
the system is in an in termedia te  condition. In these 
circumstances, the agreement  between the values cal-  
culated for the film thickness is surpris ingly good and 
may  be par t ly  due to the fortuitous cancellation of 
errors and approximations.  The value of 2 x 10 -3 cm 
for the film thickness is less than that  of 4.5 x 10 -3 cm 
obtained by Mackay and Meares (13) for a cell pro-  
vided with mechanical  stirring. Peterson and Gregor 
(33), who also used a cell fitted with  stirrers, obtained 
values for the film thickness which ranged from 0.1 x 
10 -3 to 3.0 x 10 -a cm, depending on the rate  of st ir-  
ring. Cooke and van der Walt  (34), using a cell in 
which NaC1 solution flowed through a nar row com- 
par tment  bounded on one face by the membrane,  ob- 
tained values for the Nernst  layer  thickness ranging 
f rom approximate ly  3 to 7 x 10 -8 cm, depending on 
the veloci ty of the solution. By using a spacer  to pro-  
mote  eddy formation, the thickness was reduced to 
approximate ly  1 x 10 -8 cm. 

The e~ects of  membrane  and di~usion-~ayer thick-  
ness on membrane  potent ia ls . - - I f  we consider the in-  
terdiffusion of two isotope counter- ions through the 
sulfonic acid membrane,  we can calculate the value 
of DCd/DC5 assuming the film thickness is 2 x 10 -3 
cm. For  this membrane,  we  may assume D / D  ~ 8, 
C ~-- 1.4 x 10-Sg ion cm -a, and we obtain the fol low- 
ing approximate  values for DCd/DC5 

DCd 

Solution DC8 
concentration d ~ 0.016 cm 0.132 cm 0.320 cm 

1.0N 45 400 900 
0 .1N 4.5 40 90 
0 .01N 0.45 4 9 

With a membrane  thickness of 16 x 10 -8 cm, m e m -  
brane control wil l  therefore  be closely approached 
with 1.0N solutions; complete  film control  wil l  be ap- 
proached but not at tained with  0.01N solutions. Satis-  
factory measurements  of bi-ionic potentials cannot 
therefore  be made with  0.1N or 0.01N solutions, a 
membrane  of this thickness, and a film thickness of 
2 x 10 -8 cm. 

The effect of solution flow rate  and membrane  
thickness on the potent ia l  wi th  0.1N solutions of KC1 
and NaC1 is shown in Fig. 6 which clear ly  i l lustrates 
the difficulties which can arise in the measurement  of 
bi-ionic potentials wi th  ion-exchange  resin m e m -  
branes. With a membrane  thickness of 16 x 10 -8 cm, 
and above a flow rate of 500 cmS/min, there  is ve ry  
l i t t le change in the potent ial  wi th  increase in flow rate. 
This clearly cannot be taken to indicate the absence 
of film control since, wi th  a membrane  thickness of 
132 x 10 -8 cm, the potent ial  is considerably greater  
and, as shown above, complete membrane  control 
would not be expected wi th  a membrane  thickness of 
16 x 10 -8 cm. The absence of a change in potent ia l  
wi th  change in flow rate  cannot, in this case, be taken 
to indicate the establ ishment  of membrane  control; 
instead, it probably indicates the a t ta inment  of a l imit -  
ing film thickness. 

In these experiments ,  Ag, AgC1 electrodes were  
used; and the emf  of the cell  therefore  involves the 
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Fig. 6, Effect of flow rate on membrane potentials with a 
sulfonic acid membrane, 0.1N NoCI and 0.1N KCI solutions and 
Ag, AgCI electrodes: (a) membrane thickness, 132 x 10 -3  cm; 
(b) membrane thickness, 16 x 10 -3  cm. 

difference between the two electrode potentials as 
well  as the membrane  potential  which is inaccessible 
to direct measurement .  The emf of the cell is given 
by the equation 

RT ar' RT ~AaA' 
E = In + in  K'aas 

F av" F -(esas" 

2RT a• 
= RTln ., UAK'aAB + In 

F u s  F a•  

where a• and a•  are the mean  activities of the 
electrolytes A Y  and BY in the two solutions. 

The potential  corresponding to the system in which 
the mean  activities a• and a•  are equal can be 
found by the procedure described by Wyllie and 
Kanaan  (16). If the mean  activity of electrolyte BY 
is kept constant  and the potent ial  is measured wi th  
solutions of A Y  of differing mean  activities, then, on 
plott ing the potential  against  In a• a straight l ine 
should be obtained with a gradient  equal to 2RT/F. 
If the mean activity of A Y  is kept constant  and the 
concentrat ion of BY is varied, then, on plott ing the 
results in a similar way, a straight l ine with slope 
--2RT/F is obtained. The intercept  wil l  correspond to 
the condition in which a• --~ a• Since at these 
concentrat ions the mean  activity coefficients for the 
two electrolytes differ by less than  1.1%, the emf ob- 
tained from the intercept will  be very close to that  
obtained with solutions of equal concentration. 

The effect of varying the concentrat ion of one solu- 
tion on the emf with a sulfonic acid membrane  (thick- 
ness: 132 • 10 -8 cm) is shown in  Fig. 7. In  all  cases, 
l inear  relationships between the emf and the logari thm 
of the solution concentrat ion were obtained. The gra-  
dients were slightly less than  the theoretical bu t  this 
was largely due to the use of concentrat ions instead of 
mean activities. 

The effect of solution concentrat ion and membrane  
thickness on the membrane  potential  when the solu- 
tions are equal in concentrat ion is shown by the results 
given in Table III. With a membrane  thickness of 16 
X 10 -8 cm, the membrane  potent ial  decreases slightly 

Table Ill. Effect of solution concentration on membrane 
potentials with sulfonic acid membranes 

S o l u t i o n  
c o n c e n t r a t i o n  M e m b r a n e  t h i c k n e s s  ( e r a )  

N 16 x 10 -s  132 x 1 0 ~  3 2 0  x 10 -~ 

0 .10  17 .42  21 .50  18 .64  
0 .05  16 .58  - -  2 0 . 2 2  
0.01 16 .44  2 0 . 2 2  2 0 . 7 2  
0 . 0 0 5  - -  19 .43  - -  

ISQ 

I O0 
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Fig. 7. Effect of solution concentration on potentials with a 
sulfonic acid membrane (thickness, 132 x 10 - 3  cm), NaCI and 
KCI solutions, and Ag, AgCI electrodes. 

with decrease in  solution concentrat ion reaching a 
value of 16.4 mV at a solution concentrat ion of 0.01N. 
With complete film control, there will  be no concen- 
t rat ion gradients in the membrane  and the membrane  
potential  should be the sum of the difference between 
the two Donnan  potentials at the interfaces and the 
two diffusion potentials in the films. The total  concen- 
trations in solution at the interfaces can be obtained 
from Eq. [15], [16], and [20]. From the ratio of these 
concentrations,  the difference between the two Donnan  
potentials is found to be RT/F In \/UA/UB. From the 
total  concentrat ions in solution at the membrane  sur-  
faces and Eq. [9], [10], [11], and [13], it can be shown 
that  the sum of the two diffusion potentials is also 
RT/F  In ~/UA/US SO that  the membrane  potential  is 
given by 

RT 
E = In UA [cf. Helfferich (8) ] 

F US 

With KC1 and NaCI solutions, the theoretical value 
for the membrane  potential  in 0.01N solutions is 10.2 
mV (if the mobil i ty ratio is estimated from transport  
number  and conductivi ty data).  This value is much 
lower than the exper imental  value quoted above and 
we may therefore conclude that complete film control 
has not been at tained with the 0.01N solutions. 

Comparison of results obtained with sul]onic and 
phosphonic acid membranes.--With the sulfonic acid 
membranes,  the potentials obtained with membrane  
thicknesses of 132 • 10 - s  cm and 320 • 10 -3 cm are 
significantly higher than those obtained with a mem-  
brane  thickness of 16 • 10 -8 cm and, from the values 
of DCd/DCG given above, complete membrane  con- 
trol would be expected to be closely approached with 
0.1N solutions. The value of 21.5 mV obtained for the 
membrane  potent ial  with a membrane  thickness of 
132 • 10 -8 cm can therefore be taken to be the bi-  
ionic potential. The results of measurements  of con- 
centrat ion potentials showed that the slightly lower 
value obtained with 0.1N solutions and a membrane  
thickness of 320 • 10 .8 cm was undoubted ly  due to 
a slight leakage of chloride ion presumably  between 
the membrane  and the membrane  clamp. 

In  the experiments  with the phosphonic acid mem-  
branes,  the membrane  potent ial  was measured over 
the pH range 2.0-13.0 using 0.1N solutions and mem-  
brane  thicknesses 27 • 10 -8 cm, 132 • 10 -8 cm, and 
320 X 10 -8 cm. Si lver-s i lver  chloride electrodes were 
used for the experiments  with solutions of pH < 9.6; 
calomel electrodes and KC1 bridges were used when 
the pH was greater  than  5. With the calomel elec- 
trodes, it was assumed that  the emf of the cell was 
equal to the membrane  potent ial  and that  the differ- 
ence between the diffusion potentials at the KC1 



1380 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  October  1969 

Table IV. Membrane potentials with phosphonic acid membranes 

p H  

M e m b r a n e  t h i c k n e s s  
27 • 10 - a c r e  132 • 10 - o c m  320 • 10 - ~ c m  

E (a) E ( a )  g (b) E ( a )  g ~ b )  
(mV)  (mY)  ( m Y )  (mY)  (mY)  

2.0 - -  4.28 - -  3.34 
~ 6  18.2 5.17 - -  5.01 5.23 

~ 1 0  - -  5.76 5.81 - -  6.30 
13.0 - -  - -  6.68 - -  6.04 

(a) S i l v e r / s i l v e r  c h l o r i d e  e l e c t r o d e s .  
(b) C a l o m e l  e l e c t r o d e s .  

bridges could be neglected. It will  be seen from Table 
IV that  good agreement  is obtained under  conditions 
where both Ag, AgC1, and calomel electrodes could be 
used. 

The results obtained with the two thicker mem-  
branes are in reasonably good agreement.  In  both 
cases, there is a" slight decrease in the BIP with de- 
crease in pH. Under  all conditions, the value for the 
BIP with the thicker membranes  is very much less 
than that  obtained with a membrane  thickness 
of 27 x 10 -8 cm and considerably less than the 
value of 21.5 mV obtained for the BIP with the 
sulfonic acid membrane.  This result  is in contrast 
to that of Bergsma and S taverman (24) who found 
little difference in the behavior of membranes  con- 
ta in ing sulfonic and phosphonic acid groups toward 
sodium and potassium ions. It would, however, ap- 
pear l ikely that, in these experiments,  because of the 
low flow rate, the bi-ionic systems were subject to 
part ial  film control (35). This view is supported by 
the approximate agreement  between the values ob- 
tained for the potentials with the thin sulfonic and 
phosphonic acid membranes.  

The values obtained for the relat ive affinity co- 
efficient Ksa K with the two membranes  are given in 
Table V. The value for the sulfonic acid membrane  is 
approximately equal to that which would be expected 
for a sulfonated polystyrene resin with a 5% div inyl -  
benzene content. With the phosphonic acid membrane ,  
the value of K N a  K in alkaline solution is less than  uni ty  
and Na + is absorbed more strongly than K +. At pH 5, 
there is a decrease in the affinity for sodium ion and 
the value of KNa K approaches unity.  The affinity order 
Na > K, which obtains in alkal ine solutions, is the 
same as that  previously observed by Bregman and 
Murata  (17, 18) with a phosphonic acid resin, and by 
Kennedy,  Marriot, and Wheeler with a methylene  
phosphonic acid resin (19). It is, however, the re-  
verse of that  usual ly observed with sulfonic acid 
resins of normal  capacity and cross l inking. Bregman 
(18) suggested an explanat ion for this reversal  of 
selectivity, which was based on the work of Teunis-  
sen and Bungenberg  de Jong (36, 37) on the concen- 
t rat ion of alkali  chlorides necessary to br ing about re-  
versal  of charge on organic colloids. This explanat ion 
assumed the following order of polarizabil i ty for the 
funct ional  groups and for water:  phosphonic acid 
group > water  > sulfonic acid group. The greatest 
interact ion through polarization would be expected 
with the Li + ion (with the highest field strength) 
and the phosphonic acid group, and with the phos- 
phonic acid resins the affinity sequency would be ex-  
pected to be Li + > Na + > K +. With the sulfonic acid 
resins, the interact ion between the cations and water  

Table V. Correlation of bi-ionic potentials with 
relative affinity coefficients and mobility ratios 

uK B I P  B I P  
_---- ca lc .  o b s e r v e d  

M e m b r a n e  p H  KKNa UNa (mY)  (mY)  

S u l f o n i c  a c i d  --'~5 1.4 1.55 19.9 21.5 
Phos!0honic  a c i d  ~---5 ~.88 1.62 9.1 5.0 

~ 1 3  0.63 1.82 3.5 6.5 

would be of greater importance: the Li + ion would be 
the most strongly hydrated and this would lead to the 
affinity sequence K + > Na + > Li +. 

In  Eisenman's  approach to the problem of ion se- 
lectivity (38), the emphasis is placed on the "field 
strength" of the anionic group. He showed that a 
var iat ion in  the field s t rength of the anionic group 
could lead to the development  of 11 different affinity 
sequences for alkali  metal  cations. If we assume that  
the pKa values for the phosphonic acid groups in the 
membrane  are 3 and 8, then from the relat ion between 
pKa, r - ,  and the affinity sequence given by Eisenman, 
we would expect the affinity order Na > K in alkal ine 
solutions, and a sequence with K > Na in acid solu- 
tions. 

Values for the relative mobilities of the Na and K 
ions in the membranes  were obtained from the re-  
sults of the conductance measurements  and are given 
in Table V. No correction was applied for convection 
conductivity and the ratios can therefore be regarded 
only as approximate. The table also includes the ob- 
served bi-ionic potentials, and the bi-ionic potentials 
calculated from Eq. [15]. It will  be seen that, taking 
into account the errors and approximations, fairly good 
agreement  is obtained between observed and calcu- 
lated values. The low value for the BIP obtained with 
a phosphonic acid membrane  is clearly due main ly  
to the preferential  absorption of sodium ion by this 
membrane,  and it is noteworthy that  at pH 5 there is 
relat ively little difference in the relative mobilities of 
the sodium and potassium ions in the two membranes.  
In  the experiments  of Woermann  described by Bon- 
hoeffer (39), it was found that  with a membrane  pre-  
pared from a potassium selective ion-exchange resin 
the self-diffusion coefficient of K + was smaller than 
that  of Na + and the activation energy for diffusion 
of K + was greater than that of Na +. Similarly,  with 
the phosphonic acid membrane,  it appears that the 
higher relative affinity for the Na + ion under  alkal ine 
conditions is associated with a somewhat lower re la-  
tive mobil i ty in the membrane  compared with that  ob- 
served with a sulfonic acid membrane.  

The above work was carried out as par t  of the 
research program of the former National  Chemical 
Laboratory. 

Manuscript  submitted Feb. 13, 1969; revised manu-  
script received ca. May 30, 1969. This was Paper  235 
presented at the Boston Meeting, May 5-9, 1968. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
J O U R N A L .  
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Effect of I.iF and Li AIFo on the Electrical 
Conductivity of Cryolite-Alumina Melts 

K. Matiasovsky, V. Danek, and M. Malinovsky 
Institute of Inorganic Chemistry, Slovak Academy of Sciences, Bratislava, Czechoslovakia 

ABSTRACT 

Elect r ica l  conduct ivi t ies  of mol ten  LiF,  Li3A1F6, of two-componen t  sys- 
tems NasA1Fs-LiF, Na~A1Fs-Li3A1F6 and of th ree -componen t  systems Na3A1F6- 
A1203-LiF and Na3A1F6-A1203-Li3A1F6 were  measured.  I t  has been found 
tha t  by  the  addi t ion of both L iF  and Li3A1F6, the  e lectr ical  conduct iv i ty  of 
c ryo l i t e -a lumina  mel ts  is increased,  the  effect of L iF  being much more  p ro-  
nounced.  The effect of Li~A1F6 is r e l a t ive ly  h igher  at  h igh concentrat ions of 
l i th ium cryoli te,  which, on the  other  hand, is less a t t r ac t ive  wi th  r ega rd  to 
the  technology of a luminum production.  

Measurement  of the e lectr ical  conduct iv i ty  of mol ten  
fluorides and of the i r  mix tures  is in teres t ing  both f rom 
the  theore t ica l  as wel l  as the  prac t ica l  point  of view. 
In the  field of fundamenta l  research  the invest igat ion 
of e lectr ical  conduct iv i ty  can, together  with the  in-  
vest igat ion of o ther  physicochemical  propert ies ,  give us 
va luable  informat ion  concerning the s t ructure  of 
fused salts. F rom the prac t ica l  point  of view the elec- 
t r i ca l  conduct iv i ty  is impor tan t  especial ly wi th  r ega rd  
to the  use of fluoride mix tures  as e lectrolytes  in elec-  
t rometa l lu rgy ;  namely,  in the  case of c ryo l i t e -a lumina  
mel ts  for  a luminum production.  

There  is a close re la t ionship  be tween the electr ical  
conduct iv i ty  and the energy efficiency of A1 e lec t ro ly-  
sis, which, at  present ,  is app rox ima te ly  30% (1-3). 
This r e la t ive ly  low energy efficiency is due main ly  to 
the fol lowing factors:  anodic overvol tage;  anode effect; 
ohmic vol tage  drop in the e lectrolyte ;  and secondary  
reactions, i.e., react ions which  are  not d i rec t ly  con- 
nected wi th  the  p r i m a r y  anodic or cathodic processes 
and hence do not  influence the  cell potent ia l  and 
which, nevertheless ,  lower  the  cur ren t  efficiency (4, 5). 
These are  especial ly the  solution of deposi ted metal l ic  
a luminum in the  e lec t ro ly te  and react ions between 
the products  of electrolysis.  

I t  can be shown that  the  e lectr ical  conduct iv i ty  of 
the  e lec t ro ly te  wi l l  influence not  only  the  ohmic vol-  
tage drop in the  cell but  also, indirect ly ,  the secondary  
react ions and thus the  cur ren t  efficiency of the elec-  
t rolysis  (6).  

Dur ing the last years  a series of papers  was pub-  
l ished deal ing wi th  the  influence of different  addi t ions 
on certain,  f rom the  technical  point  of v iew in te res t -  
ing, physicochemical  proper t ies  of a luminum electro-  

lytes;  the per t inen t  resul ts  were  r epor ted  (1-7).  As 
addit ives,  fluorides and chlorides of a lka l i  metals,  of 
a lkal ine  ear th  metals,  and A1F3 were  used. As i t  fol-  
lows from the above papers,  f rom among different 
addi t ives  only LiF,  Li~A1Fs, and NaC1 affect favorab ly  
most of the  impor tan t  physicochemical  proper t ies  of 
electrolytes,  including electr ical  conduct ivi ty.  Influ- 
ence of NaC1 on the specific conduct ivi ty  of c ryol i te -  
a lumina  melts  was p resen ted  by  Mat iasovsky et al. 
(8, 9). 

Measurement  of the e lectr ical  conduct ivi ty  of fused 
fluorides and of thei r  mix tures  is expe r imen ta l ly  
r a the r  difficult owing to the  react ive  proper t ies  of 
these melts  and wi th  r ega rd  to the  condit ions of the  
exper iment ,  especial ly  the r e l a t ive ly  high t empera tu re  
at which the measurements  must  be performed.  Ex-  
pe r imenta l  problems,  together  wi th  some methodologi-  
cal aspects of measurement  of the e lect r ica l  conduc-  
t iv i ty  of fused fluorides were  discussed by  A b ramov  
et al. (1), Winte rhage r  and Werne r  (10), and recent ly  
by  Danek et al. (11). 

With  regard  to the exper imenta l  difficulties of 
measurements  it  is not  surpr is ing  that  the  values of 
e lectr ical  conduct iv i ty  of ind iv idua l  fluorides and of 
thei r  mixtures ,  as repor ted  by  different  authors,  va ry  
considerably.  Thus, e.g., for specific conduct iv i ty  of 
L iF  at  950~ the values of 20.3 ohm - 1 .  cm -1 (12) 
and 8.8 ohm - I  �9 cm -1 (13) are  reported.  The repor ted  
values  of specific conduct iv i ty  of Li3A1F6 at  1000~ lie 
in the  range  of 3.93-4.7I ohm -1 �9 cm -1 (13-16). There  
are  s imi lar  differences in case of the melts  of the  two-  
component  systems Na3A1F6-A1203 (1, 9, 13, 17-20), 
Na3A1F6-LiF (2, 21) and NasA1F6-Li.~A1F6 (11, 15, 22). 
Concerning the  th ree -componen t  systems Na3A1F~- 
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A1203-LiF and Na3AIF6-A1203-Li~A1F6, the data re- 
ported by Belyaev (2) and by Mashovets and Petrov 
(15), respectively, are somewhat controversial  regard-  
ing the electrical conductivity of pure cryolite and of 
the b inary  NasA1F6-A12Oz mixtures. 

Experimental 
A detailed description of the equipment  used is 

reported by Danek et al. (11). A Pt  crucible contain-  
ing 15g of fused salt was used as conductivi ty cell. 
Disk electrodes of bright  plat inum, 5 mm in diameter, 
were used. Each electrode was provided with a cur-  
rent  and a voltage connection (Pt30Ir, d = 0.5 ram).  
The interpolar  distance was 12 mm. The electrodes 
were immersed 7 mm into the melt  with the aid of a 
micrometric screw with an accuracy of --+0.01 mm. A 
Thompson double bridge was used for measur ing the 
resistance of the melt  (23). 

Measurements were carried out with 10 mA current  
at a frequency of 18 kHz. At this frequency, only the 
ohmic resistance of the melt  was measured (6, 11). 
The cell constant was determined by calibration with 
fused Na~A1F6. For the conductivi ty of cryolite at 
1000~ the value of 2.80 ohm -1 �9 cm -1, determined by 
Edwards et al. (24) and later confirmed by Yim and 
Feinleib (13) and Bajcsy et al. (23) was accepted. 
(The above value is extrapolated, since the mel t ing 
point of pure cryolite is 1010 ~ ___ 2~ The reproduci-  
bi l i ty of the measurement  was be t te r  than  +--2%. 

For preparat ion of samples the following substances 
were taken: A120~, reagent grade; LiF, reagent grade; 
A1Fs prepared by  subl imation of technical fluoride by 
procedure reported by Matiasovsky et al. (25); and 
Greenland hand-picked cryolite with melt ing point  at 
1006 ~ ~ 2~ in which 54.7% of fluorine were deter-  
mined by the pyrohydrolytic  method (26), which cor- 
responds to the composition of pure Na3A1F6. 

Temperature  was measured with P t / P t l 0 R h  thermo-  
couples. The hot junct ion of the thermocouple was 
placed in the melt  between the electrodes. The a l ter-  
nat ing voltage induced from the furnace into the 
thermocouple was el iminated by the use of a fre-  
quency filter. 

Results and Discussion 
The influence of tempera ture  on the electrical con- 

ductivi ty of LiF and LisAIF6 was determined. Using 
the measured values the equations a = ] ( t )  were cal- 
culated by the least squares method and the poly- 
therms of electrical conductivi ty of LiF and Li3A1F6 
were constructed. The dependence of conductivi ty on 
tempera ture  can be expressed by quadratic equations 

O'LiF ~ - - - 2 . 4 8 7 1  + 17.2245 �9 10 - -3 t -  5.5475 �9 10-6t2 
[1] 

aLi3AIF6 ~ --0.7844 + 8.4400 �9 10-s t - -3 .4658 �9 10-6t 2 
[2] 

The values of conductivi ty of LiF calculated from 
Eq. [1] are in very good agreement  with data reported 
by Yim and Feinleib (]3).  The value of specific con- 
duct ivi ty of Li~A1F6 calculated from Eq. [2] is also 
in  very good agreement  with values reported in the 
aforementioned paper. 

In  Fig. 1 isotherms of conductivi ty of melts in the 
system NasA1F6-LiF are presented. The effect of LiF 
on the increase of conductivity of cryolite, as it was 
found in the present  work, is less pronounced than  
the effect at low concentrations of LiF reported by 
Belyaev (2) and Vakhobov and Belyaev (21). We 
may  assume that  this difference is caused by inaccu- 
rate cal ibrat ion of the  conductivi ty cell and by low 
frequency of the measur ing current  used by the above 
authors. 

Isotherms of conductivi ty of melts in the system 
Na3A1F~-Li~A1F6 are shown in Fig. 2. The measured 
values of conductivity are somewhat higher than  the 
values reported in papers (11, 14), but  the general  
character of the dependence r = ] (conc) is in  all  
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Fig. I. Isotherms of the conductivity of molten Na3AIF6-LiF 
mixtures. O ,  1050~ z~, 1000~ F/, 950~ O, 900~ A,  
850~ 
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Fig. 2. Isotherms of the conductivity of too{ten No3A|FB- 
Li3AIF6 mixtures. O ,  1050~ /% 1000~ [~, 950~ e ,  900~ 
A,, 850~ 

cases the same. The relat ively lower values reported 
in  the above works are evidently due to the low fre- 
quency of the measur ing current .  Basically different 
are the data reported by Mashovets and Petrov (15), 
both with as regard to the measured values and to the 
general  character of the isotherm of conductivi ty of 
melts in the system Na3AIF6-Li3A1F6, which are prob-  
ably due to deficiencies of their  exper imental  tech- 
nique. 

Data on conductivi ty of melts in the system Na3A1F6- 
A1~O8 were presented in our previous papers (8, 9). 

F igure  3 shows the isotherm of the conductivi ty of 
the melts in the system Na3A1F6-A120~-LiF and Fig. 4 
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Fig. 3. Isotherm of the conductivity of molten Na3AIF6-AI203- 
LiF mixtures at lO~~ 



Vol. I16, No. 10 C O N D U C T I V I T Y  O F  C R Y O L I T E - A L U M I N A  M E L T S  1383 

Ai2o3 

~ 20 

N 3At~ L,3~,~ 
wt XL,3AI ~ 

Fig. 4. Isotherm of the conductivity of molten No3AIFs-AI203o 
Li3AIFs mixtures ot |000~ 

the  i sotherm of conduct iv i ty  of the  t e r n a r y  Na3A1F6- 
A1203-Li3A1F6 mix tures  at  1000~ 

On comparison of the  influence of addi t ives  on the 
e lect r ica l  conduct ivi ty  of c ryo l i t e -a lumina  melts  i t  is 
ev ident  tha t  the grad ien t  of conduct iv i ty  increase 
caused b y  the addi t ion of LisA1F6 is r e la t ive ly  low, 
being but  about  15% of the grad ien t  for L iF  and is 
even lower  than  the corresponding values  for the  
addi t ion  of NaC1 (8, 9). F r o m  the  d iagrams  in Fig. 2 
and 4 i t  may  be seen tha t  the  grad ien t  of e lect r ica l  
conduct iv i ty  increase  shows an increase in the  area  
of h igher  concentra t ion of Li3A1F~, which, however ,  is 
not  sui table  for  technica l  applicat ion.  I t  is ve ry  p rob -  
able tha t  the  reason for this  behavior  lies somewhere  
in the  s t ruc ture  of the  mel t  s imi lar  to the negat ive  
devia t ion  f rom the addi t ive  l ine of the  mel ts  in the  
systems Na~A1F6-LiF and Na3A1F6-A1203-LiF (Fig. 1, 
3). In  case of L iF  we m a y  assume tha t  the negat ive  
devia t ion  f rom the addi t iv i ty  is caused by  the sup-  
pression of the dissociation of the  complex  ion A1F,3-,  
which, according to (27), dissociates pa r t ly  in the  
fused cryol i te  according to the scheme A1F83- z =~ 
A1F4- + 2 F - .  By the admix tu re  of LiF,  the  F -  ions 
are  in t roduced into the  mel t  and the dissociation 
equi l ib r ium is shif ted t oward  the  lef t  so tha t  we  m a y  
assume tha t  the re la t ive  increase of the  concentra t ion 
of free F -  ions, which, apa r t  f rom cations Li  + and 
Na + cont r ibu te  to the  cur ren t  t ranspor t ,  is smal le r  
than  the addit ive.  

In  spite  of the  fact  tha t  in the case of L iF  the con- 
duct iv i ty  increase is also somewhat  smal ler  than  i t  
should be according to the  add i t iv i ty  line, the add i -  
t ion of L iF  increases subs tan t ia l ly  the  conduct ivi ty  of 
the  fundamenta l  e lectrolyte .  Thus, e.g., at the  concen-  
t ra t ion  of 5% of L iF  the conduct ivi ty  of the  e lec t ro-  
ly te  increases  by  10%, which, as we pointed out in the  
in t roduct ion,  is of g rea t  impor tance  for  the technica l  
applicat ion.  F rom the abovesaid  i t  also follows that,  
wi th  r ega rd  to the  re la t ive ly  poor effect of LisA1F6 on 
the e lect r ica l  conduct iv i ty  of c ryo l i t e -a lumina  melts,  
i t  would  be advisable  to use the  addi t ion of L iF  only 
in e lectrolytes  tha t  do not  contain free A1F~. 

Manuscr ip t  submi t ted  March 24, 1969; revised m a n u -  
script  received May 26, 1969. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1970 
JOURNAL. 
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ABSTRACT 

The anodic dissolution of copper at current densities of 10-150 A/cm z has 
been studied in neutral KNO3 and K2SO4 solutions. An experimental flow sys- 
tem has been built which allows electrochemical measurements of the dis- 
solution process to be performed under defined hydrodynamic conditions 
typical  for the technical electrochemical machining operation. Design criteria 
for such a system have been analyzed. Copper dissolution proceeds in  an 
active or a transpassive mode which differ in overvoltage by 10-20V. The onset 
of passivation seems to be due to the l imit ing mass t ransfer  of dissolved 
metal  from the electrode surface. The still higher dissolution rates in the 
passive state appear to be made possible by the removal  of solid dissolution 
products. Etched, dull  surfaces have resulted from active dissolution; pitted, 
bright surfaces from passive dissolution. 

Electrochemical machining (ECM) has found wide- 
spread use in  recent years for the shaping of metals. 
In  this process, the workpiece is dissolved anodically at 
current  densities in the order of 100 A/cm 2, charac- 
teristically with electrolyte flow rates of 0.5-70 m/sec 
and electrode spacings of 0.1-0.5 mm. As an elec- 
trochemical process, ECM is of part icular  interest  be-  
cause the current  densities employed are about  three 
orders of magni tude  higher than those applied in con- 
vent ional  electrolysis. Most of the published l i terature 
on ECM deals with the correlation of practical process 
variables such as cathode feed rate, applied voltage, 
and electrolyte pressure, bu t  l i t t le is known  about the 
electrochemical factors involved. 

A more detailed unders tanding  of ECM may not only 
lead to fur ther  development and wider practical adop- 
t ion of this highly interest ing process, bu t  it may also 
yield informat ion re levant  to the operat ion of other 
electrochemical processes at much higher rates than  
employed in current  industr ia l  practice. With this 
purpose in mind, the anodic dissolution of a metal  with 
reasonably well  understood electrochemical and meta l -  
lurgical  properties was subjected to study under  condi- 
tions similar  to those employed in  ECM. The pr incipal  
goal of the study was to develop an  exper imenta l  
method for est imating the anode potential  values pre-  
vail ing at high current  density and for investigating 
the role of hydrodynamics  in  the anodic dissolution 
process. In  addition, optical observations of the in -  
terelectrode gap were to be carried out in  order to 
determine the influence of flow rate and current  den-  
sity on cathodic hydrogen evolution. The design of 
the exper imental  system and results obtained on the 
dissolution of copper in neu t ra l  KNO3 and K~SO4 solu- 
t ions in  the current  density range of 10-150 A/cmZ are 
reported here. 

Design Considerations 
Cell voltage.--In order to keep the cell voltage in 

manageable  limits electrodes have to be spaced closely. 
For  example, assuming a current  density of 100 A/cm2, 
a specific electrolyte resistance of p = 10 ohm-cm, 
and an inter-electrode gap of 0.5 mm, the ohmic drop 
is as large as 50V. Geometrical  ar rangements  like 
rotat ing disks or cylinders are not well  suited since 
the cell resistance is dependent  on the diameter  which 
determines the surface area. The characteristic length 
(diameter)  therefore can not be varied independent  2 
of the resistance. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  U n i v e r s i t y  of  Ca l i fo r rda ,  D e p a r t m e n t  of  E n g i -  

n e e r i n g ,  L o s  A n g e l e s ,  C a l i f o r n i a  90024. 
s Using the values above, one obtains for a rotating disk electrode 

of R = 2 mm radius [primary current distribution (I)] U --~ 7r/4 
ipR ~- 160V. ]For two concentric cylinder electrodes of 2 and 10 nun 
r a d i u s  U ~--- ipR1 ln (Ra /R1)  ~-- 32~V. 

Temperature ~ncrease in solution.--The t empera ture  
rise is pr imar i ly  due to ohmic heat ing which is deter-  
mined  by the power density. By neglecting heat losses, 
the rate of temperature  rise can be expressed by 

AT i2p 
(~ [1] 

At d cp 

As an example, setting i = 100 A/cm 2, p : 10 ohm-cm, 
d = 1 g /cm 3, Cp = 4.18 joule/~ one obtains 

AT 
~ 2.4 • 104 (~ 

At 

In  order to l imit the tempera ture  rise, extremely short 
exper imental  times would be required, or the residence 
t ime of the solution has to be kept short by high flow 
rates. 

In  the lat ter  case, the use of parallel  plate electrodes 
is more suitable than, e.g., rotat ing disk or cyl inder 
electrodes, but  high l inear  velocities of the electrolyte 
are to be employed, and the length of the electrode in 
flow direction is to be kept  short. A rough est imate 
of the temperature  increase in the flow direction is 
obtained from [1] by setting At = L /u  with L = elec- 
trode length and u ~ l inear  velocity. For example, 
using the current  density and electrolyte properties 
given above, one obtains for u = 1000 cm/sec, and 
L =  l c m ,  A T ~ 2 5  ~ 

Pressure drop.--The pressure drop in a flow system 
is proport ional  to the square of the flow velocity and 
proportional to the length of the system. In  a flow 
channel  cell, it is desirable to have a hydrodynamic 
ent rance  length of 70 to 100 hydraul ic  diameters 3 up-  
stream of the electrodes. The entrance length serves to 
establish a fully developed velocity profile (2, 3), which 
is necessary in order to have well  reproducible and 
analyt ical ly  amenable  mass t ransfer  conditions. The 
requi rement  of a hydrodynamic entrance length in-  
creases the value of the inlet  pressure necessary to 
main ta in  a given l inear  velocity at the electrode mani -  
fold. A decision therefore has to be made as to whether  
close control of mass t ransfer  conditions justifies a 
substant ia l  increase in pressure requirements .  Data of 
a channel  cell containing a hydrodynamic  entrance 
length are given in the next  section. 

Mass transfer conditions.--Numerical estimations in-  
dictate that  a rectangular  flow channel  cell under  tu r -  
bu len t  flow conditions is the most suitable experi-  
menta l  a r rangement  for realizing extremely high mass 
t ransfer  rates. This a r rangement  has the drawback 

4 cros s  s e c t i o n  
s T h e  h y d r a u l i c  d i a m e t e x  is  de f i ne d  as  D~ 

p e r i m e t e r  
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that the thickness of the diffusion layer increases in 
the flow direction (4). However, under  tu rbu len t  flow 
conditions, if the electrode is sufficiently long the 
variat ion of the diffusion layer thickness can be neg- 
lected (6), since a constant  value is reached at a short 
distance from the leading edge of the electrode. Mass 
t ransfer  rates for tu rbu len t  flow in pipes have been 
reported by Van Shaw, Reiss, and Hanra t ty  (6). If 
the pipe diameter  is replaced by the hydraul ic  d iam-  
eter Dh, their  results should be applicable to predict 
mass t ransfer  in rectangular  flow channels. In  the mass 
t ransfer  ent ry  region, i.e., at short distances from the 
leading edge of the electrode, exper imental  mass t r ans -  
fer rates under  conditions corresponding to ful ly de- 
veloped velocity profiles were described by Van Shaw, 
Reiss, and Hanra t ty  (6) by the relat ion 

N u  0.28Re0.SS Sc 1/3 (D--~-~) I/3 : [3] 

where Nu represents the average Nusselt number  de- 
i~Dh 

fined by N u  -- with it -~ l imit ing current  
zFcoD 

density, Dh = hydraulic  diameter, z ---- n u m b e r  of 
electrons t ransferred per  mole, F = Faraday constant, 
co = bulk  concentrat ion of reacting species, D = diffu- 
sion coefficient. The Reynolds number  Re is defined 

u Dh 
by Re = - -  with u ----' l inear  flow velocity, ~ ---- k ine-  

"v 

matic viscosity. Sc represents the Schmidt number  
defined by Sc -- v/D. L is the distance from the lead- 
ing edge of the electrode. Relation [3] applies if the 
condition 

0.2 L Re  7/8 
< 103 (4) 

Dh 

is satisfied. 4 Such was the case in the metal  dissolution 
experiments  described below. 

In the region of l aminar  flow (Re  ~ 2000) average 
mass t ransfer  rates at ful ly developed velocity profile 
are given by (5) 

( D h )  1/s 
N u - ~  1.85 R e S c  L [7] 

The hydrodynamic entrance length here is S ---- 0.035 
Dh Re  (3). 

Curren t  d i s t r i bu t ion . - -Un i fo rm  current  dis t r ibut ion 
can be realized with cylindrical  or spherical elec- 
trodes. Nonuniform current  distr ibution on the rota t -  
ing disk electrode has been treated by Newman (1, 8). 
Wagner  (9) gave an analytic solution of the Laplace 
equation for two paral lel  plate electrodes for l inear  
current-vol tage  relationships. Uniform current  distri-  

1 de 
but ton is approximated if the parameter  - -  - -  (con- 

p di 
ductivi ty of solution times slope of current  voltage 
curve) is large compared to a characteristic dimension, 
either the distance between two plane electrodes or the 
length of a small  electrode, positioned far from the 
counterelectrode. In  high-ra te  electrolysis studies, 
both a small  length of the electrode and a small  dis- 
tance from the counterelectrode (see above) are de- 
sirable. This is in conflict with the requi rement  of un i -  
form current  distribution. 5 

4 F o r  f u l l y  d e v e l o p e d  mass  t r a n s f e r  profi les ,  i.e., i f  

0.2 L ReT/s 
>> I0~ [5] 

D~ 

m a s s  t r a n s f e r  r a t e s  a re  d e s c r i b e d  by the Deis s l e r  r e l a t i o n  

Nu = 0.079 ~ /1"  Re $cl/4 [6] 

w h e r e  :f* r e p r e s e n t s  the  f r i c t i o n  coeff ic ient  w h i c h  is o f t en  g i v e n  b y  
t he  B la s iu s  r e l a t i o n  (7) 

0.079 

Rell4 
I n  t h i s  p a r a g r a p h  c u r r e n t  d i s t r i b u t i o n  due  to mass  t r a n s f e r  is 

n o t  oons idered .  Nea r  t he  l i m i t i n g  cu r ren t ,  c u r r e n t  d i s t r i b u t i o n  is 
no l o n g e r  d e s c r i b e d  b y  L a p l a e e ' s  e q u a t i o n  a lone ,  b u t  loca l  m a s s  
t r a n s f e r  v a l u e s  become  d e t e r m i n i n g  (5). 
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Poten t ia l  m e a s u r e m e n t . - - U n d e r  the assumptions of 
the present study, potential  gradients  in  the solution 
are in the order of 1000 V/cm. Consequently a separa-  
t ion of electrode surface and reference electrode junc-  
tion (capil lary tip) of only 0.1 mm leads to an error 
of 10V. If a backside capil lary a r rangement  is used, 
high potential  gradients parallel  to the electrode sur-  
face near  the electrode-insulator  boundary  still lead 
to errors. Fur thermore,  due to fast dissolution of the 
anode, the wall  of the capil lary may soon protrude 
from the surface. It has to be concluded that  direct 
steady state potential  measurements  under  high cur-  
rent  density conditions are not possible. Certain elec- 
trode geometries such as cylindrical  or spherical ar-  
rangements  allow reasonable estimates of ohmic con- 
tr ibutions,  but, in view of their  large value, such a 
procedure does not recommend itself at very high 
current  densities, par t icular ly since the conductance 
may vary  considerably near  the electrode. A similar 
comment  applies to a procedure where several refer-  
ence electrodes are placed at various distances from 
the working electrode and the ohmic par t  of the mea-  
sured potential  values is e l iminated by extrapolat ion 
to zero distance (11). When using a fast t ransient  
method, the geometrical position of the reference tip 
is less critical, but  due to the high rate of charging and 
discharging processes, subtract ion of ohmic contr ibu-  
tions from the measured potential  value becomes 
difficult. 

A n o d e  pos i t ion ing . - -Due  to rapid dissolution, the 
anode has to be readjusted cont inuously dur ing  a mea-  
surement  or the amount  of dissolved mater ia l  has to 
be kept small. Continuous electrode ad jus tment  is 
used in commercial  ECM machines. In  the present  
study only small  amounts  of mater ia l  were dissolved, 
thereby main ta in ing  the plane parallel  electrode con- 
figuration. The use of this method is possible because 
at high flow rates steady state mass t ransfer  condi-  
tions are reached in a short time, as shown theoretic-  
ally by Siver (12). Assuming a s tagnant  diffusion layer  
the thickness of which is determined by convection, 
the author finds that  for an applied constant  current  
density smaller  than the l imit ing current  a steady 
state is approached when 

Dt 
- - .  ~ 2 [8] 

82 

where  D = diffusion coefficient, ~ = diffusion layer  
thickness, t = time. Condition [8] corresponds well  to 
results reported by Hale (13) who numer ica l ly  solved 
the unsteady state mass t ransfer  equation, including 
convection terms for a rotat ing disk electrode. The 
average value of the thickness ~ of the diffusion layer 
is related to the average Nusselt number  N u  by 

Du 
N u  = [9] 

5 

The value of 5 to be used in Eq. [8] can therefore be 
estimated from known mass t ransfer  relations, such 
as Eq. [6] and [7]. 

If the applied current  densi ty is larger than the 
theoretical l imit ing current  density, 6 zero concentrat ion 
of the reacting species at the electrode surface is 
reached after a t ransi t ion t ime r which is always 
smaller  than  the t ime t satisfying condition [8]. In  
the extreme case where the applied current  density 
exceeds the l imit ing current  densi ty by at least a fac- 
tor of 10, the t ransi t ion t ime t may be predicted by 
the well  known Sand equation (12). 

The foregoing discussion demonstrates the impos- 
sibil i ty of designing an exper imenta l  system satis- 
fying all requirements.  A compromise has to be made 
in  each case, depending on the type of informat ion 
desired. The use of fast t rans ient  measurements  may 
be advisable in many  instances, but  not the same type 

o I n  a d i s so lu t i on  process  a l i m i t i n g  m a x i m u m  c o n c e n t r a t i o n  o f  
r e a c t i o n  p r o d u c t s  m i g h t  b e  r e a c h e d  a t  t h e  e lec t rode  surface .  Pas s i -  
v a t i o n  m i g h t  t h e n  set  in  a f t e r  a t r a n s i t i o n  t i m e  7. 
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Fig. 1. Flow apparatus for high current density metal dissolution 
studies. C, flow channel cell; T, regenerative turbine pump; R, stor- 
age tank; F, magnetic flow meter; M, pressure gauge; Q, bypass 
for flow regulation through cell; N, needle valve; B, ball valve; I, 
deiooized water for cleaning; Z, D, drain. 

of information is obtained as in steady state experi-  
ments. In the present  study, an exper imental  ar range-  
ment  was designed for steady state measurements  in 
experiments  of short duration. 

Experimental Flow System 
A n  apparatus has been buil t  which allows electro- 

chemical measurements  to be performed under  de- 
fined hydrodynamic conditions at l inear  flow rates 
along the electrodes of 1-25 m/sec. Figure 1 shows a 
diagram of the flow system. The electrolyte is pumped 
continuously through the electrochemical cell (C) by 
means of a regenerat ive tu rb ine  pump (T) made of 
"Hastelloy C. ''~ The max imum pressure at the cell in -  
let is approximately  150 psi, which results in  a volume 
flow of 1.65 gpm through the cell. The flow rate 
through the cell (C) is measured by means of a mag-  
netic flow meter  (F) s and regulated with two needle 
valves in connection with a bypass (Q). Stainless steel 
pipes are used throughout  the system. An electrolyte 
reservoir (R) made of polyethylene typically contains 
10-20 gal of solution. The electrochemical ce l l  is made 
of epoxy resin. It is shown in Fig. 2 and 3. The elec- 
trolyte flows in a rec tangular  channel  (d) of 0.5 x 8 mm 
cross section and 120 mm length. Two glass windows 
(e) serve as side wall  and allow optical observation 
of the interelectrode gap. They are held in place by 
two stainless steel plates (f). The cell is sealed by O- 
rings (c) embedded in the cell body. The flow channel  
contains a hydrodynamic entrance length of 77 hy-  
draulic diameters, which serves to establish a fully 
developed velocity profile at the electrodes (2). Cap- 
illaries (b) are drilled into the cell wall  near  the two 
electrodes. They provide for potent ial  measurements  
against a reference electrode. Calomel reference elec- 
trodes 9 used in the present  study were placed in a small 
glass container  and connected to the capillaries by 
means of a short Tygon tubing. The electrochemical 
cell is connected to the stainless steel piping system 
by means of an O-r ing sealed flange at the entrance 
and a short piece of tubing  at the exit. The electrodes 
are of rec tangular  shape, 0.53 by 3.17 mm (area = 
1.67 ram2). They are cast into a cylindrical  epoxy in-  
sert (a).  The a r rangement  allows suppression of edge 
effects which might  arise if there is a finite gap be-  
tween metal  and epoxy. The epoxy insert  contains a 
flat shoulder, which allows the electrode surface to be 
easily positioned flush with the channel  wall. The 
critical distance between shoulder and surface plane 
is obtained by mechanical  gr inding and polishing of 
the epoxy insert  in a stainless steel holder of the de- 
sired dimensions. The electrode inserts are attached to 
the cell by means of three set screws, and sealed by 

7 Model 9SC2129 H a ,  Roy E. Roth Company,  Rock Island,  Illinois. 
S Model 346 921516 wi th  s igna l  conver t e r  Model 460-1, B r o o k s  

I n s t r u m e n t  Division,  Hatfield, Pennsy lvan ia .  
8F ibe r  Junc t ion  Refe rence  Electrodes,  Beckman ,  Inc.,  Ful ler ton,  

California 92634. 

0 I '  I I '  ~ I '  

I I I 

Fig. 2. Experimental cell for metal dissolution studies at high 
current densities, a, copper electrodes cost into epoxy resin; b, 
backside capillary for potential measurements; c, O-ring seal; d, 
flow channel; e, glass side wall; f, stainless steel plate; b, flange 
for connection to stainless steel piping system; h, bolts; k, Teflon 
insert. 

n 

k e 

I 1" I [~ 

Fig. 3. Cross section of experimental cell. Legend same as Fig. 
2. 

means of an O-r ing (c). The described a r rangement  
allows easy and reproducible exchange of electrodes 
between experiments.  During the metal  dissolution 
experiments  described here, the short dimension of 
the electrodes was oriented parallel  to the flow direc- 
tion. This way, tempera ture  differences along the elec- 
trodes and the influence of cathodically generated gas 
bubbles on the anode were kept to a minimum.  

Mass t ransfer  conditions corresponding to the des- 
cribed a r rangement  were estimated from the relations 
given in the previous paragraph. Est imated values of 
the average diffusion layer  thickness (mass t ransfer  
en t ry  region) ranged from 4 x 10 -4 cm at a flow rate 
of 100 cm/sec to 8 x 10 -5 cm at a flow rate of 2500 
cm/sec. TM 

The electrical cur rent  was drawn from a constant  
current  power supply 1' having a ma x i mum output  of 
3A. At the start  of an exper iment  the constant  current  
was switched from a dummy circuit having negligible 
impedance to the cell circuit by means of a mercury  
wetted contact re lay switch.12 The re lay was actuated 
by means of a pulse generator. It was switched back 
automatical ly after a presct t ime period by means of a 
flip flop circuit. The relay could be actuated manua l ly  
if exper imental  times longer than  2 sec were desired. 
Experiments  usual ly  lasted between 160 msec and a few 
seconds, depending o~a current  density. A charge of 
25 coulomb/cm 2 was passed which corresponds to an 
average dissolution of copper in  the order of 10~. I t  
was assumed that  dissolution of such a small  amount  
would not change the hydrodynamic conditions signi- 

lo I t  w a s  a s s u m e d  here  tha t  D = 10 ~ cm~/sec, p = 10-2 cm~/sec. 
11Type C 618 Electronics  Measu remen t s  Company,  Inc.,  Eaton-  

town,  N e w  Jersey .  
Type  H G  10030 C. P.  Clare  and Company,  Chicago, Illinois. 



Vol. 116, No. 10 A N O D I C  D I S S O L U T I O N  O F  C O P P E R  1387 

ficantly. The exper imental  times were long enough, 
on the other hand, that  a steady state could be reached 
dur ing each run.  

Anode and cathode potentials were measured against 
saturated calomel electrodes. The measured values 
which included large ohmic contr ibutions were re-  
corded s imultaneously with over-al l  cell voltage and 
current  by means of a light beam oscillographJ 3 The 
oscillograph had a frequency response of 1000 Hz. The 
input  impedance of the preamplifiers was 100 k-ohms. 
This value is low for precise potential  measurements  
against reference electrodes. It was sufficient, however, 
for the present study where gross effects were mea-  
sured only. Each experimental  r u n  was started with 
a freshly prepared anode. Anode preparat ion consisted 
of gr inding the surface on 0000 emery paper and then 
polishing it mechanical ly on 1;~ d iamondpowder ,  using 
conventional  metallographic equipment.  Residuai 
scratches in the copper surface after the polishing op- 
erat ion were less than 0.3~ deep as determined from 
interference micrographs and from electromicrographs 
of carbon replicas. The electrodes were  cleaned with 
acetone and detergent. They were pre-electrolyzed 
cathodically at 100 m A / c m  ~ for approximately 3 rain 
in a solution of IN NaOH. After an exper imental  run, 
the anode was removed from the cell immediately.  It 
was rinsed with distilled water  and dried with acetone. 
The surface texture  was then examined microsopically. 

�9 o 12 

> 2ooe 

io o4 

(H 

(2) 

(3) 

5 I 0 0  1 5 0  2 0 2 5 0  

msec 

Fig. 4. Oscillograph trace typical for active dissolution region. 
1, current; 2, cell voltage; 3, anode potential; 4, cathode potential. 
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Fig. 5. Oscillograph trace typical for transpassive dissolution re- 

gion. 1, current; 2, cell voltage; 3, anode potential; 4, cathode po- 
tential. 

Results 

Current voltage relar voltage 
t ransients  observed in constant current  dissolution 
experiments  are shown in Fig. 4 and 5. Under  condi- 
tions corresponding to the exper iment  given in  Fig. 4, 
constant values of all measured voltages were reached 
within  the t ime resolution l imit  of the oscillograph 
(2-5 msec, depending on ampli tude) .  The t rans ient  
i l lustrated by Fig. 5 showed a step at the voltage value 
comparable to the steady state value of the experi-  
ment  of Fig. 4, which was performed at the same cur-  
rent  density of 50 A /cm e but at a higher flow rate. 
A second voltage rise occurred after a few mil l i -  
seconds. After  reaching a peak value both anode 
potential  and cell voltage decayed slowly to a constant  
value lying in between the ini t ial  step value and the 
peak value. I r regular  fluctuations were observed in 
this region. Exper iments  performed at different cur-  
rent  densities and flow rates showed the decay time 
of the overshoot of the peak value to decrease with 
increasing flow rate and with increasing current  dens- 
ity. Measured decay time in KNO3 solutions varied 
from approximately 180 msec at a current  densi ty of 
50 A /cm 2 and a flow rate of 100 cm/sec, to approxi-  
mately  13 msec at 150 A/cm~ and 2500 cm/sec. No sys- 
tematic study of the phenomenon has been under taken,  
however. After  switching off the current,  the measured 
voltage values decayed to zero wi th in  the t ime resolu- 
t ion of the oscillograph. 

In  all KNO3 solutions studied, anode potent ial  and 
cell voltage t ransients  of the types shown in Fig. 4 
and 5 were observed. Transients  observed in  sulfate 
solutions also showed the general  behavior of Fig. 3 
and 4, but  the second voltage rise was about twice as 
high. In  addition, they exhibited slow periodic fluc- 
tuations of many  volts under  certain conditions of 
current  density and flow rate. Periodic fluctuations as- 
sociated with passivation phenomena have been re-  
ported in  the l i terature  for experiments  performed 
in s tagnant  solutions (10). No at tempt has been made 
here to investigate the observed phenomena further.  

The cathode potential  trace in Fig. 5 shows a slight 
increase dur ing the first few milliseconds, bu t  a steady 
state is reached soon. Fast oscillations were observed 
at low flow rates and high currents.  The relat ion of 
these oscillations to characteristics of the cathodic gas 
evolution is cur rent ly  being studied by stop motion 
photography. 

S e r i e s  2300, B r u s h  I n s t r u m e n t  D i v i s i o n ,  C l e v e l a n d ,  Ohio .  

Measured values of anode and cathode potential  
under  different flow conditions dur ing copper dissolu- 
tion in  2M KNO3 are plotted vs. current  density in 
Fig. 6. The given values represent  steady state values 
in the case of t ransients  of the type shown in Fig. 4, 
or peak values in  the case of t ransients  of the type of 
Fig. 5. Because the measurements  contain large ohmic 
contributions, the absolute potential  values of Fig. 6 
have no significance. Figure 6 illustrates, however, the 
fact that  the occurrence of the steep rise in the anode 
potential  depends strongly on both current  density and 
electrolyte flow rate. Variations in  the cathode poten-  
t ial  are less pronounced. Most of the observed devia- 
t ion from l inear i ty  is probably due to part ial  coverage 
of the cathode with gas bubbles and to changes in 
over-al l  current  dis t r ibut ion coincident with the dras-  
tic rise of the anode potential.  It has been ment ioned 
above that  anode potential  and cell voltage t ransients  
behave analogously. In  Fig. 7 cell voltage measure-  
ments in different solutions are compared. All  three 
solutions studied, namely  2M KNOa, 0.4M KNOB, and 
0.2M K2SO4, exhibited a similar current-vol tage  be-  
havior. The voltage j ump  was larger in the sulfate 
solution and for given flow conditions it occurred at 
lower current  densities. 

Surface textures.--Surface textures resul t ing from 
anodic dissolution were strongly dependent  on the 
relative value of the applied current  density, with 
respect to the cur ren t  densi ty corresponding to the  

3 0  - -  I I I 

PO 

o ~'o ,~o ,;o ~oo 
A m p / c r n  a 

Fig. 6. Measured potential values during copper dissolution in 
2N KN03 at various flow rotes. , anode potential; . . . . .  , 
cathode potential; electrolyte flow rates: ~ ~ ,  100 ern/sec; [ ]  I I ,  
400 cm/sec; A A ,  1000 cm/sec; C) 0 ,  2500 cm/see. 
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Fig. 7. Current cell voltage relationships during copper dlssolu- 
tion in nitrate and sulfate solution. ~ - ,  least square fit of 
values for active dissolution and initial step values for transpassive 
dissolution for all flow rates; , 2M KNO~ passive; . . . . . .  , 
0.4M KNOs passive; - -  - - ,  0.2M K2SO~ passive; passivation: 
electrolyte flow rate: ~ ,  100/sec; I-I, 400 cm/sec, A ,  1000 cm/ 
sec; O ,  2500 cm/sec. 
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Fig. 8. Semiquantitative tests o~ theory predicting onset of passi- 
ration by salt precipitation. Curve, theoretical prediction of limit- 
ing mass transfer rate by Eq. [3] and [7].  Vertical ranges onset 
of passivity as determined from experiments illustrated in Fig. 7. 
Solid lines, KNOs solution; broken lines, K2SO; solution. 

voltage jump discussed above. Etching was observed 
in cpnnection with voltage t ransients  of the type of Fig. 
4, pi t t ing and br ightening in connection with t ransients  
of the type of Fig. 5. Photomicrographs of representa-  
t ive samples obtained in 2M KNO~ solution at a cur-  
rent  densi ty of 50 A /cm 2 at flow rates of 2500 and 400 
cm/sec are given in Fig. 9 and 10, respectively. At the 
high flow rate, the local dissolution rate seemed to de- 
pend on crystallographic parameters  and the grain 
s tructure of the anode was clearly visible after dissolu- 
tion. 14 The surface appeared dull, and steps and etch 
pits could be observed within each grain. Reduction of 
the electrolyte flow rate to 1000 cm/sec resulted in a 
similar surface s tructure with less microroughness. 
Figure 10 shows a surface obtained at 400 cm/sec (volt-  
age t rans ient  of the type shown in Fig. 5). This surface 
appeared bright  and contained round pits which were 
located preferentially,  al though not exclusively, along 
grain boundaries.  Fur ther  decrease of flow rate to 100 
cm/sec resulted in a strongly pitted surface of consid- 
erable microroughness between pits. Surfaces obtained 
under  identical conditions in 0.4M KNO~ solutions 
showed the same characteristics as those discussed. The 
appearance of the surfaces after dissolution in potassi- 
um sulfate solutions was less clear cut, al though the 
same general  pattern,  i.e., etching and pit t ing was ob- 
served. It  may be added that  in all cases the t ransi t ion 
from the dull  to the bright  surface finish could be ac- 
complished by changing current  density or flow rate. 
The study of surface textures under  different experi-  
menta l  conditions suggested that  the best surface ap- 
pearance was obtained in  the immediate  vicini ty of 
the voltage jump.  

Discussion of Results 
Current cell voltage relationships.--The behavior  

of measured anode potentials i l lustrated by Fig. 4 and 
T h e  l a r g e  g r a i n s  v i s i b l e  on  F i g .  9 a p p e a r  h i g h l y  d i s t o r t ed .  T h i s  

is  d u e  to t h e  f a c t  t h a t  t h e  e l e c t r o d e s  (99999 coppe r )  w e r e  m a d e  
f r o m  e x t r u d e d  w i r e .  C h e m i c a l  e t c h i n g  c o n f i r m e d  t h e  d i s t o r t e d  
s t r u c t u r e .  

Fig. 9. Etched surface texture after dissolution of 99999 copper 
in the active mode (2M KNO3, 50 A/cm 2, 2500 cm/sec). 

Fig. 10. Polished and pitted surface texture after dissolution of 
99999 copper in the transpassive mode (2M KNOs, 50 A/cm ~, 400 
cm/sec). 

5 suggests that  passivation phenomena occurred under  
certain conditions. Visual evidence obtained both in 
experiments  performed in s tagnant  solution and under  
forced convection conditions indicated that  passivation 
coincided with the formation on the anode of a thick 
layer consisting of loosely attached powdery ma-  
terial. During dissolution in ni t ra te  solution under  
forced convection, the anodic layer seemed to disap- 
pear in a few milliseconds after current  was shut off. 
This was evidenced by s tudying potential  t ransients  
by means of an oscilloscope, while two consecutive 
current  pulses at various t ime intervals  were applied 
to the  cell. The anodes, after being taken out of the 
solution at the end of dissolution exper iment  in n i -  
t rate  solution, appeared br ight  and no solids were 
adhering to the metal. 15 Electrodes examined after 
dissolution in sulfate solutions often were par t ly  cov- 
ered by anode films. No correlation between the pat tern  
of film coverage and flow direction was observed. 
The composition of anodic films and the apparent  
valence of the dissolution process are being studied 
by Kinoshita (14). Distinct changes which coincide 
with the transi t ion from active to transpassive dissolu- 
t ion have been observed. 

I t  was ment ioned above that exact values of the 
electrode potentials could not be measured with the 
present  arrangement .  There is evidence, however, 
born out by the results shown in Fig. 7, that  the pre-  
vai l ing values of anode and cathode potentials were 
relat ively low, compared to the voltage difference due 
to the ohmic resistance of the solution, as long as the 
experiment  was performed at a current  density smaller 
than the passivation current  density, i.e., for experi-  
ments  performed in the active dissolution region. 

Cell voltages corresponding to steady state values 
dur ing active dissolution yielded straight lines when 
plotted against current  density, up to current  density 

S o m e  so l id  m a t e r i a l  a d h e r i n g  to t h e  e p o x y  d o w n s t r e a m  f r o m  
the  a n o d e  w a s  f o u n d  occa s iona l l y .  
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values of 50 to 150 A/cm 2 depending on the composi- 
tion of the solution. Equivalent  specific resistances 
pi *~6 were calculated by dividing the least square fit 
slopes of the straight lines by the electrode separation. 
The ratios of the values obtained for different solu- 
tions were then compared to the ratios of the specific 
resistances of these solutions. A close correspondence 
between exper imental  and theoretical ratios has been 
observed: Exper imental  values obtained were p1* ---- 
4.37 ohm-cm, (2M KNO~), p2* ---- 17.7 ohm-cm (0.4M 
KNO3), p3* = 19.5 ohm-cm (0.2M K2SO4). Li terature  
values for the specific resistance at 25~ are pl ~- 6.31 
ohm-cm (2M KNO~) (27), p2 = 24.14 ohm-cm (0.4M 
KNO~) (28), p3 ---- 24.70 ohm-cm (0.2M K2SO4) (28). 
Corresponding ratios then become p2*/pl* ~- 4.05, 
p~/pl = 3.83, p3*/pl* = 4.46, p3/pl ---- 3.91. 

Linear current-vol tage relationships dominated en-  
t i rely by the ohmic resistance of the solution have 
been reported in the l i terature for conditions corres- 
ponding to ECM (21, 22). Cole and Hopenfield (26) 
explained observed deviations from l inear  current  
voltage behavior by a model which considered the 
influence of cathodically generated gas bubbles on 
the ohmic resistance of the solution. Attempts aimed 
at measur ing actual anode potentials dur ing anodic 
dissolution under  ECM conditions have been reported 
(21, 22), but  no reliable results were obtained. A study 
aimed at separating ohmic contributions from mea-  
sured potentials by using current  in ter ruptor  tech- 
niques is in progress at this laboratory.17 

The current-vol tage  curves given above demonstrate 
that passivation may lead to an increase in the anode 
potential  of many  volts. In this case, the ohmic resis- 
tance of the bulk  solution can no longer be considered 
the only impor tant  resistance of the system. Local cur-  
rent  distr ibution may, therefore, change significantly 
at the t ransi t ion point  between active and transpassive 
dissolution. 

Passivation has been ment ioned (25) as playing a 
role in improving dimensional  accuracy dur ing ECM, 
but  the s ta tement  was based main ly  on observations 
made at low current  densities. The present invest iga-  
tions confirms that  passivation phenomena play a de- 
cisive role in determining local metal  dissolution rates 
under  ECM conditions. 

The results given in Fig. 6 and 7 demonstrate  that  
the onset of passivation is determined by flow rate and 
current  density. The results strongly indicate that, in 
the systems investigated here, the onset of passivation 
is controlled by mass transfer. The fact that  in both 
ni t ra te  solutions studied (Fig. 7) passivation occurred 
in the same range of current  density suggests that  the 
t ransport  of anions was not a controll ing factor. An 
anion l imited dissolution mechanism is expected if a 
net  consumption of anions at the anode occurs, e.g., 
by complex formation of dissolved metal  ions. Such 
a mechanism has been reported for the dissolution of 
gold in chloride solutions (33) and a similar but more 
complex case is represented by the dissolution of copper 
in chloride solution, where under  some conditions for- 
mat ion of stable cuprous chloride complexes is pos- 
sible (30, 33). If noncompIexed metal  ions are produced 
during the dissolution process, accumulat ion of anions 
in the vicini ty of the anode is necessary in order to 
main ta in  electroneutrali ty.  

At a high dissolution rate, the product  of the metal  
ion concentrat ion and anion concentrat ion may ex-  
ceed the solubili ty product. This may lead to precipi-  
tat ion of salt crystals. Ini t ia t ion of passivity by  salt 
precipitat ion has been described by Muller (31). A 
critical review of more recent l i terature  dealing with 
the phenomena has been given by Hoar (32). The fact 
that, in  our experiments,  the onset of passivity was 
independent  of concentrat ion in ni t ra te  solutions, but  
occurred at lower current  densities in the sulfate solu- 

l ~ T h e  e f f e c t i v e  spec i f ic  r e s i s t a n c e  p~* is  a l w a y s  s m a l l e r  t h a n  p~ 
because  t h e  a c t u a l  c ross  s ec t ion  of  t h e  c u r r e n t  f lux in  t h e  solution 
is l a r g e r  t h a n  t h e  e l e c t r o d e  a rea ,  

17 S u c h  m e a s u r e m e n t s  are compl icated  b y  t h e  e x t r e m e l y  f a s t  d i s -  
c h a r g e  o f  t h e  d o u b l e  l a y e r  u n d e r  t h e  conditioms employed .  

tion, is qual i tat ively consistent with the above mechan-  
ism, since copper sulfate has a lower solubil i ty than 
copper nitrate.  

A semiquant i ta t ive  test of the theory is i l lustrated 
by the results of Fig. 8, in which Nusselt numbers  de- 
rived from the exper imental ly  observed passivation 
current  densities were compared with those predicted 
from the known mass t ransfer  relations [3] and [9]. 
A band of possible values of the passivation current  
density ip was estimated from Fig. 7. Nusselt numbers  
corresponding to these values were calculated by as- 
suming a concentrat ion driving force corresponding 
to the saturat ion concentrat ion cs of copper ni t ra te  
and copper sulfate, respectively. The exper imental  
Nusselt number  is then  given by 

ipDh 
Nu~ [10] 

2FcsD 

The value of D was assumed to be 10 -~ cm2/sec. It has 
to be regarded as an order of magni tude  estimate of an 
effective diffusion coefficient of copper ion including 
the inf luence of migrat ion and of possible changes in  
physical properties in the vicini ty of the anode. Values 
for the saturat ion concentrat ion cs were estimated 
from solubil i ty data given in (15) and (16) to be 7 
mole/ l i ter  for copper ni t ra te  and 1.5 mole/ l i ter  for 
copper sulfate (25~ The influence of the presence 
of potassium ions on the value of cs was neglected, 
since due to migration, their concentrat ion at the in-  
terface is much smaller than  that  of copper ions. A 
reasonable order of magni tude  agreement  between ex-  
per imental  and predicted passivation current  densi-  
ties was obtained (Fig. 8). The observed agreement  in -  
dicates that  in the systems studied here, the applica- 
tion of a model which considers max imum possible 
mass t ransfer  rates of dissolution products leads to 
valid predictions of the conditions, which correspond 
to the onset of passivation. 

Surface textures . - -The results reported in the pre-  
vious section indicated that  the surface texture  resul t-  
ing from anodic dissolution depended strongly on 
whether  dissolution occurred in the active or t rans-  
passive mode. As to which dissolution mode prevailed 
at a given current  density depended on mass t rans-  
fer conditions. The findings of the present invest iga-  
tion are thus comparable to results reported in recent 
studies about the conditions leading to electropolishing 
(17-20). While the detailed mechanism leading to 
polishing is disputed, it is well established now that  
passivation phenomena play a dominant  role. The 
current  density leading to passivation (sometimes re-  
ferred to as l imit ing current  density in the l i terature)  
is determined by mass transfer. Obtaining polished 
surfaces dur ing ECM has been reported by various 
authors (21-23). The fact that, under  appropriate op- 
erat ing conditions, a very  low surface roughness can 
be obtained allows the application of ECM to technical 
surface finishing operations (24). No current  potential  
curves indicat ing passivation have been reported so 
far for conditions corresponding to ECNI. In  view of 
the results obtained in the present study and of some 
findings reported in the l i terature  (25,29), it seems 
very  probable that  passivation phenomena play an 
impor tant  role in practical ECM, not only with respect 
to dimensional  accuracy (see above) bu t  also with 
respect to obtainable surface finish. The present  study 
confirms and extends a general  observation (20) valid 
for metal  dissolution at conventional  current  densi-  
ties, that  active dissolution leads to etched surfaces 
while transpassive dissolution often results in anodic 
brightening, pitting, or polishing. 

Many questions remain  unanswered  by the present  
s tudy such as, e.g., why pit t ing is observed at all un -  
der the present experimental  conditions which would 
seem highly unfavorable  for dissolution wi th in  pits, 
not only from a point of view of local current  distr i-  
bution, but  also from a point of view of mass transfer.  
The role of the metal lurgical  factors in determining 
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how etching and pit t ing proceed or the influence of 
the chemical composition of the electrolyte on the 
na ture  of anodic films formed are other areas which 
need more research. A study of the dissolution of 
copper single crystals under  conditions comparable to 
those of the present study has been init iated recently 
at this laboratory. 

Conclusions 
The present work demonstrates the feasibility of 

s tudying an electrochemical process proceeding at a 
current  density of many  amperes per square centi-  
meter  under  controlled hydrodynamic conditions. A 
rectangular  flow channel  cell operated under  fully 
developed tu rbu len t  flow conditions has been found 
to be well  suited for this investigation. Steady state 
mass t ransfer  rates corresponding to an equivalent  
diffusion layer thickness of the order of 10 -4 cm have 
been realized. 

A study of copper dissolution in KNO3 and K2SO4 
solutions has shown two distinct dissolution modes. 
Active dissolution resul t ing in etched surfaces oc- 
curred at relat ively low overpotentials. Observed dis- 
solution rates were well wi thin  the limits estimated 
from known mass t ransfer  relations for the t ranspor t  
of cupric ions away from the surface. Transpassive 
dissolution proceeded at higher anode potentials, lead- 
ing to pi t t ing and brightening.  Curren t  densities ap- 
plied dur ing transpassive dissolution were up to ten 
times higher than the min imum current  density lead- 
ing to passivation; the lat ter  is believed to correspond 
to the highest rate at which cupric ions may be re-  
moved from the anode by convective diffusion. It ap- 
pears, therefore, that  a large par t  of the oxidized cop- 
per was t ransported away from the anode in the form 
of solid dissolution products formed at or near  the 
anode. It is probable that  a similar t ransport  me-  
chanism is involved in many  practical ECM opera- 
tions. 
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Diffusion of Oxygen through a Platinum Diaphragm 
James P. Hoare* 

Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 

ABSTRACT 

A thin Pt  foil was mounted  in  a cell between two compartments  filled with 
2N sulfuric acid solution. On the polarization side, the foil was anodized, and 
oxygen was detected on the diffusion side by observing the increase in po- 
tent ial  vs. an a-Pd reference electrode in the N2-stirred acid solution. When 
the foil was made a cathode, the potential  on the diffusion side shifted toward 
less noble values. The diffusion coefficient was determined with Fick's Firs t  
Law from the cathodized foil data to be 1.8 x 10 -11 cm 2 sec -1 at 24~ and by 
the t ime lag method from the anodized foil data to be 4.4 x 10 -11 cm 2 sec -1 
at 24~ 

In a recent  report (1), it was demonstrated that  oxy-  
gen can penetra te  Pt  foil bielectrodes by migrat ing 
from the anodized side through the metal  to the ca- 
thodized side. The presence of oxygen was detected 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  

on the cathodic side of the bielectrode by its effect on 
the hydrogen overvoltage. It  was suggested (2) that  
addit ional  evidence in favor of the conclusions drawn 
from the bielectrode studies may be obtained by an -  
odizing the Pt  foil connected as a diaphragm (1) and 
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observing the potential  on the unpolarized or diffusion 
side of the Pt  diaphragm. The results of such an ex-  
per iment  are described in the fol lowing paragraphs. 

Prepara t ion  of the electrodes, solutions, and Teflon 
cell is the same as described for the bielectrode 
studies (1) except that  an a-Pd reference electrode 
(3) was placed in the cell compar tment  on the diffu- 
sion side of the Pt  diaphragm. After  preelectrolyzing 
all the  electrodes and both sides of the foil against 
removable  Pt  wire  cathodes for 24 hr, purified hydro-  
gen was bubbled through the 2N H2SO4 solution con- 
tained in both compar tments  of the cell unti l  the po- 
tent ia l  be tween any two Pt  electrodes was zero volts 
and unti l  the Pd bead electrode was converted to an 
a-Pd reference electrode. Then H2-stirring was re-  
placed with  N2-stirring at a flow rate  of about 250 cc /  
min. All  potentials are recorded against the normal  
hydrogen electrode (NHE).  

A P t  foil (0.00127 cm thick with an apparent  ex-  
posed area of 0.7 cm 2) was anodized (potential  ,-~ 2600 
mV) at 24.6 m A / c m  2 against a large Pt  gauze counter 
electrode in the polarization compar tment  of the cell, 
and the potent ia l  of the diffusion side of the foil was 
recorded against the a-Pd reference electrode in the 
N2-stirred acid solution as a function of the t ime of 
polarization. Potentials  were  recorded with  a Model 
1230A General  Radio Elec t rometer  wi th  an input im- 
pedance of 1014 ohms. The results are presented in 
Fig. 1 by the circles. 

Af ter  an induction period of about 1.75 hr  where  the 
potent ial  remained in the vicini ty  of the hydrogen 
potential, the potential  rose re la t ive ly  rapidly to a 
fair ly steady value (increase in potential  of 2 to 3 
mV in 30 min)  be tween 1050 and 1060 mV. Duplicate 
runs yielded similar results. 

A possible explanat ion is as follows: The dr iving 
force of anodic polarization enables oxygen to pene-  
t ra te  the Pt  lattice beyond the dermasorbed regions 
(4). This dissolved oxygen can migrate  through the Pt 
latt ice to the diffusion side of the Pt  where  it can re-  
act wi th  any dermasorbed or surface adsorbed hydro-  
gen to form water.  Once the hydrogen is removed,  
oxygen can saturate the dermasorbed layers and mi -  
grate to the surface of the diffusion side of the Pt  foil 
diaphragm. At this point, the potential  rises rapidly 
to more noble potentials. Finally, a point is reached 
where  a s teady-s ta te  concentrat ion of oxygen is main-  
ta ined on the Pt surface as indicated by the steady 
value  of 1060 mV. 

It is interest ing to note that  in one run  in which a 
t iny leak developed between the polarization and dif-  
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Fig. 1. Plot of potential on the diffusion side as a function of 
the time the Pt foil was anodized (circles) and cathodized (tri- 
angles) on the polarization side. The dotted lines indicate how 
the time lag was determined. 

fusion compar tments  of the cell, any polarization ap- 
plied to the polarization side of the d iaphragm ap- 
peared immedia te ly  on the diffusion side. 

When the potent ial  of the diffusion side of the Pt  
foil d iaphragm had reached the steady value  of 1060 
mV, the polarizat ion side of the foil was cathodized. 
Ni t rogen-s t i r r ing  was maintained.  A plot of the poten-  
tial of the diffusion side as a function of the length 
of t ime of cathodization at - -  24.6 m A / c m  2 on the po- 
larizat ion side is shown in Fig. 1 by the triangles. The 
potent ial  does fall wi th  t ime but at an ex t remely  slow 
rate. 

This result  is in agreement  wi th  the findings that  
hydrogen does not penetra te  Pt  foils wi th  clean sur-  
faces (5, 6). When H2 is evolved on the polarization 
side of the Pt foil, atomic hydrogen can penet ra te  the 
Pt  latt ice no fur ther  than  the dermasorbed region 
(first 2 or 3 atom layers) ,  but oxygen can diffuse from 
the inter ior  of the Pt  to react with hydrogen on the 
polarization side of the foil setting up an oxygen con- 
centrat ion gradient  across the Pt  diaphragm. As oxy-  
gen diffuses from the diffusion side to the polar iza-  
tion side of the d iaphragm to react  wi th  hydrogen,  
the surface concentrat ion of oxygen on the diffusion 
side of the Pt foil decreases wi th  time, producing a 
shift of the potent ial  to less noble values. It seems, 
then, that  the rate  of diffusion of oxygen through the 
Pt  d iaphragm under  the dr iving force of the oxygen 
concentrat ion gradient  set up under  open-circui t  con- 
ditions is much slower than the migra t ion  of dissolved 
oxygen through the foil under  the dr iving force of 
the concentrat ion gradient  set up by anodization. 

If one can assume for the case where  the foil is 
cathodic that  a s teady-s ta te  removal  of oxygen takes 
place during the second to the sixth hour of a run  ( t r i -  
angles in Fig. 1), and that  F~ck's First  Law applies, an 
estimate of the diffusion coefficient of oxygen through 
Pt  can be made. It  is l ikely that  Fick's law holds be- 
cause a thickness effect was observed in the bielec- 
trode studies (1). It must  also be assumed (a) that  
the dermasorbed layers on the polarization side of the 
foil are saturated wi th  dissolved hydrogen, (b) that  
the dermasorbed layers on the diffusion side are satu- 
rated with  dissolved oxygen, and (c) that  an oxygen 
atom reaching the polarization side wil l  be removed 
by the react ion wi th  dermasorbed hydrogen atoms to 
form water.  

The layers saturated wi th  oxygen are kept saturated 
as long as surface adsorbed oxygen is present  to dif-  
fuse into the dermasorbed layers. F rom cathodic str ip-  
ping curves, it has been shown (7) that  the potential  
of an oxygen electrode depends direct ly on the amount  
of oxygen adsorbed on the Pt  surface. The  rate  of 
change of potent ia l  wi th  surface coverage, e, is 2.28 
mV ~C -1 cm -2. In Fig. 1 ( t r iangles) ,  the decrease in 
potential  is direct ly re la ted to the decrease in coverage 
or the disappearance of oxygen. 

Fick's  First  Law may  be wr i t t en  as 

P = D dc/dx 

where  D is the diffusion constant (cm 2 sec-1) ,  dc/dx 
the concentrat ion gradient  (atoms c m - D ,  and P the 
permeat ion rate  (atoms cm sec-1) .  If  the dissolved 
oxygen atom resides in the octahedral  holes of the 
face centered cubic Pt  lattice, there  is associated 
ideal ly wi th  each surface Pt  site a dermasorbed oxy-  
gen (in the surface layer the four nearest  neighbor Pt  
atoms are shared with  four  other  unit  cells).  Since the 
quant i ty  of charge associated with  a monolayer  of ad- 
sorbed oxygen atoms is 420 ~C cm -2 (7, 8) and with an 
oxygen atom, 3.2 x 10 -19 C, the saturated dermasorbed 
layer  contains 1.31 x 1015 oxygen atoms cm -~. The 
thickness of the foil is 1.27 x 10 - s  cm and the concen- 
t ra t ion of oxygen atoms on the polarizat ion side is 
zero. Then, dc/dx is 1.03 x 10 is atoms cm -1. 

The slope of the curve  (tr iangles) in Fig. 1 is 38 
mV hr -1, and using 2.28 mV #C -1 cm -2 as the rate of 
change of potent ial  wi th  coverage along with  the foil 
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thickness, 1.27 x 10 -3 cm, a value of 1.85 x 107 atoms 
cm sec -1 is obtained for P. From these calculated val -  
ues of P and dc/dx, a value of 1.8 x 10 -11 cm 2 sec -1 is 
obtained for D at 24~ This value is about three orders 
of magni tude  smaller than  the D for hydrogen through 
iron (1.16 x 10 - s  at 85~ and about two orders 
smaller  for hydrogen through nickel (2.59 x 10-9 at 
20~ (9). Such values for D for oxygen through Pt 
seem reasonable in consideration of the larger size 
of the oxygen atom. 

The diffusion constant can also be determined from 
the t ime lag method (ref. 9, p. 217) by the equation 

D = d2/6tlag 

where d is the thickness of the diaphragm and tlag is 
the t ime required to set up the steady state of flow 
after s tar t ing the run. In  the case where the foil was 
anodized (circles in  Fig. 1), an induct ion period was 
observed. From this curve, tlag is 101 min, and D has 
a value of 4.4 x 10 -11 cm 2 sec -1, in good agreement  
with 1.8 x 10 -11 cm 2 sec -1 calculated from the tr iangles 
in Fig. 1. 
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Thermodynamics of /iBr in Anhydrous Dimethyl Sulfoxide 
Mark Salomon 

NASA, Electronics Research Center, Cambridge, Massachusetts 

ABSTRACT 

The activity coefficients of LiBr in anhydrous  dimethyl  sulfoxide have 
been determined at several temperatures  by the emf method. The results 
differ considerably from the analogous LiC1-DMSO system and it is con- 
cluded that  anion solvation effects are main ly  responsible for this behavior. 

The properties of dipolar aprotic solvents such as 
dimethyl  sulfoxide differ so widely from those of the 
protic solvents that  interest  in them has grown both 
in  kinetic (1-5) and thermodynamic  studies (5-9). In 
the present paper, the thermodynamics of LiBr in 
dimethyl  sulfoxide (DMSO) is reported. The activity 
coefficients were determined at several temperatures  
by  emf measurements  on the cell 

Li [ L i B r -  DMSO I T1Br, T1 (Hg) [1] 

The observed emf's of cell [1] can be converted to 
the emf's of cell [2] for solid tha l l ium by the relat ion 

82 = 81 - -  83 

where 82 and 83 are, respectively, the emf's of the 
following cells 

Li I LiBr w DMSO I T1Br, T1 [2] 

T1 I Wl+ IT1 (Hg) [3] 

The Nernst  relat ion for cell [2] is 

2RT 
82 = 8~ -- --~ {In m_+ + in 7+-} [4] 

where R is the gas constant, T the absolute tempera- 
ture, F the Faraday constant, and m+- and 7• are, 
respectively, the mean molality and activity coefficient. 
To evaluate the standard potential 8~ the Guggenheim 
approximation (i0) for 7_+ was used; i.e. 

AmW 
in  '~___ = - -  + 2~m [5] 

l + m'/2 

where A is the Debye-Huckel  constant and ~ is an 

empirical constant. The constant  ~ has been associated 
with ion-pair ing effects (6, 11, 12) but  can also be 
associated with specific hydrat ion effects (see below) 
as suggested by Stokes and Robinson (13). 

It is also of interest  to determine the solubili ty 
product for T1Br from the relat ion 

In Ksp (T1Br) = (8~ 807) F/RT [6] 

where 8~ is the s tandard emf of cell [7] below. 

Li l  Li+ I TI+ ] Wl [7] 

In DMSO, 8~ = 2.641V at 25~ (5). 

Experimental 
The cells, solutions, and tha l l ium amalgams were 

prepared in  a manne r  similar to that  described earlier 
(12, 14). The solutions were prepared by weight in a 
dry-box  from a stock LiBr-DMSO solution whose 
molal i ty  was determined by a potentiometric t i t ra t ion 
with s tandard (aqueous) 0.1M AgNO3. The solvent 
(Matheson, Coleman and Bell, "Spectroquality") was 
dried with Linde 4A molecular  sieves. Typical solvent 
pur i ty  as determined by gas chromatography is less 
than 25 ppm water  and less than 25 ppm organic 
impurit ies (15). 

The amalgam was prepared entirely in the dry box 
and one batch of 3.147% T1 (by weight) in mercury  
was used for all of the experiments.  

The cells, which were used in earlier studies (6, 12, 
14), were assembled in  the d ry-box  and then  removed 
and placed in a water  bath regulated to _+O.02~ 
Potentials  were read from a Fluke model 881A differ- 
ential  vol tmeter  to --+5 ~V. 
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Results 
Emf measurements  were  begun almost immedia te ly  

af ter  placing the cell in solution. The initial values at 
25~ became constant to within • mV after  some 
3 to 5 hr. The tempera ture  was then changed to 15~ 
and raised to 35 ~ and 45~ The exper iment  was usual-  
ly init iated in the morning and a complete set of emf's 
were  recorded by evening (i .e. ,  about 8-10 hr) .  The 
emf  at 25~ af ter  8-10 hr  was reproducible  to within 
_+0.1 mV in most cases and to within • mV in 
several  other  cases. Af te r  48 hr  at 25~ the emf of 
cell [1] usually decreased by almost 1 mV. Continual  
decrease in emf was observed over  longer t imes pre-  
sumably due to the solubili ty of T1Br (see Ksp below).  
Af te r  three days in the tempera ture  bath, the Li elec- 
trodes had become discolored due to the reaction (6) 

Li<s) + TIBr (soln) --> Tl~s~ + LiBr (soln) 

Similar  behavior  over  shorter  t ime periods were  ob- 
served in the  LiC1-DMSO system (6). 

The physiochemical  propert ies of DMSO used to 
evaluate  ~o 2 are listed in Table I. 83 values used to 
obtain 8~ were  taken f rom the work  of Richards and 
Daniels (16). F rom Eq. [4] and [5] it is seen that  a 
plot of 8 '  vs.  m should be l inear with a slope propor-  
tional to ;~ and an intercept  of 8o2. Here  ~ '  is defined as 

~ '  : 82 + In m .  - -  [8] 
- "1 + m'/= 

Figure  1 shows a typical  plot for 25~ A least squares 
was then fitted to the data and the results are shown 
in Table II. In this table  ~o2 values are given in terms 
of molar i ty  units (~o2,r molal i ty  units (~O2,m) , and 
mole fraction units (@o2,j). Also given in Table II are 
the standard enthalpies and entropies for cell [2] based 
on molal  units along with  the values for ~ (c.f., Eq. 
[5]). The thermodynamic  quantit ies were  calculated 
f rom a least squares fit to a second order  polynomial,  
i.e. 

~G~ = - -  60.657 + 0.02876 �9 T --  4.9719 �9 10 -6 T 2 

aG~ = - -  60.592 + 0.02970 �9 T - -  7.6290 �9 10-6 T 2 

AG~ = - -  61.286 + 0.04442 �9 T - -  1.5190 �9 10-5 T 2 

Here  AGo2 is in kca l /mole  and AH~ and ASo2 are easily 
obtained by differentiat ing with  respect to t empera -  
ture. 

The act ivi ty coefficients were  calculated from Eq. 
[4] and the results are shown in Table III. A plot of 
lnT~* vs.  m~/2 is shown in Fig. 2. In Fig. 2, the 1n7 r - -  m'~ 
relat ion for LiBr in H20 (13) is also shown. 

Table I. Properties of DMSO* 

"c ~ dot A 

15 47.4 1.1050 2.7680 
25 46.6 1.0960 2.6822 
35 45,9 1.0867 2.6056 
45 45.1 1.0770 2.5345 

* T he  D e b y e - H f i c k e l  c o n s t a n t  (A) va Iues  are  based  o n  In  (e) 
u n i t s  and  c o n v e r s i o n  to  log  (10) u n i t s  is  a c c o m p l i s h e d  b y  d i v i d i n g  
by  2.3026. 

t The  d e n s i t y  o f  p u r e  DNISO, do, is g i v e n  in  g/ec ,  

2.2! 

2.2~ 

2.26 

2.25 
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2.24 
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2.21 
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"6 

, ~ ~ . . . . . .  
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MOLALITY 

Fig,  1.  Plot  o f  E'  (see Eq. [ 8 ] )  vs. m o l a l i t y  

0M$0 

0 0 

0 0 

,I 2 .3 .4 .5 .6 .7 .8 ,9 

Fig. 2. Plot of InT• vs. the square root of the molality 

I.o 

Final ly  the solubil i ty product  for T1Br at 25~ can 
be calculated f rom Eq. [6]; with ~o7 -~ 2.641V (5), 1 a 
value of 10 - 6 ~  is obtained for Ksp (T1Br). 

Discussion 
Parker  (17) in a rev iew on dipolar aprotic solvents 

concluded, on the basis of solubilities, conductivities, 
and ha l f -wave  potentials, that  not only are anions 
poorly solvated in solvents such as DSMSO, but also 
that the extent  of solvation by solvent molecules in-  
creases in the order 

C1- < B r -  < I -  

Considering the emf  results for LiC1 in DMSO (6, 9) 
and LiBr  in DNISO (present results),  more proof of 
this conclusion is found. From Fig. 2, the plot of lnT_+ 
vs.  ~1/2 for LiBr in DMSO shows that  at about m ---- 0.4, 
the act ivi ty  coefficient begins to increase. A similar  
t rea tment  for LiC1 in DMSO [using the data in ref. 
(6) ] shows no indication of any curvature  up to con- 
centrat ions of 0.9M. In terms of the theory  of Stokes 

z ~ ~  ----- 2.641 ~ 0,003V and  t h i s  u n c e r t a i n t y  is ca r r i ed  ove r  to  the  

v a l u e  o f  K s p  (T1Br),  

Table III. Mean molal activity coefficients of LiBr in DMSO 

7•  
m 15~ 25~ 35~ 45~ 

Table II. Free energies, enthalpies, and entropies of cell [2]*  

15 2.28877 2.28391 2:15721 0.514 --  59.96 --25.30 
25 2.27767 2.27301 2.14201 0.485 -- 59.91 --25.15 
35 2.26655 2.26214 2.12675 0.460 --59.87 -- 25.00 
45 2.25526 2.25120 2.11141 0.439 --  59.82 --24.64 

* ~ o  v a l u e s  a re  in  vo l t s ;  AH ~ ~s in  k c a l / m o l e ;  AS" is in  e.u.; fl 

u n i t s  a re  k g / m o l e .  

0.02673 0.6815 0.6950 0.7024 0.7120 
0.02965 0.6810 0.6930 0.7050 0.7155 
0.05606 0.5922 0.6025 0.6121 0,6195 
0.07024 0.5797 0.5872 0.6959 0,6039 
0.13458 0.5698 0.5779 0.5867 0,5937 
0.16782 0,5373 0.5426 0.5479 0,6542 
0,22445 0.5318 0.5333 0,5344 0.5369 
0.35390 0.5219 0.5269 0.5323 0,5363 
0,44634 0.5315 0.5360 0,5411 0.5454 
0.47745 0.5621 0.5549 0.5583 0.5608 
0.54635 0.5125 0.5145 0.5173 0.5188 
0.59054 0.5805 0.5814 0,5833 0.5844 
0.63292 0.5694 0.5736 0.5674 0.6808 
0.74850 0.5422 0.5401 0.5416 0.5421 
0.79123 0.6035 0.6044 0.6071 0.6076 
0.86155 0.6608 0.6560 0.6536 0.6501 
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Table IV. Energetics of transfer of Li salts from H20 to 
DMSO at 25~ 

S a l t  A G  ~ ~ A H  ~ t AS ~ t ~ A H  ~ t R e f e r e n c e  

- - 3 . 1 2  - - 2 6 , 7 7  6 
L i C 1  4 . 8 6 5  

- - 2 . 0 5  3 .38  1 
L i B r  2 .515  - 5 .67  -- 27 .46  P r e s e n t  w o r k  

-- 5 .43  0 .0  1 
L i  I -- 9 .07  -- 3 .64  1 

U n i t s  r e f e r  t o  m o l a l  s c a l e :  ~ ' - /~ A G ~  a r e  i n  k c a l / m o l e ,  AS~ i n  
e . t l .  

and Robinson (13), the curvature  in plots such as Fig�9 
2 can be accounted for by the decreasing solvent activ- 
ity. In  this context then, one concludes that  the chlo- 
ride ion is practically unsolvated in DMSO whereas 
the bromide ion is solvated to a fairly large extent. 

This behavior' is also reflected in the energetics of 
solvation. Table IV lists, on the basis of molal units, 
the s tandard free energy, enthalpy, and entropy of 
t ransfer  of various l i th ium salts from water  to DMSO. 

The quant i ty  8AHot is a relat ive enthalpy of t ransfer  
defined as 

5AHot = allot ( X - )  -- AHot ( B r - )  

which shows that AHot ( X - ) ,  for halides, becomes 
larger (more negative) as the anion size increases. 
Similar  behavior was found for l i thium halides in 
propylene carbonate (18, 12, 14). The heats of solu- 
tion, hHsoln, become more negative as anion size in-  
creases whereas heats of solvation, hHsolv, become less 
negative (1). This is analogous to aqueous solutions 
of l i th ium halides [e.g., see ref. (19)]. This behavior 
has led Fuchs et al. (1) to conclude that while anions 
may be less solvated in the dipolar aprotic solvent, the 
order of increasing solvation is 

I -  ~ B r -  ~ C 1 -  

This conclusion is opposite to that  result ing from the 
present work based on the activity coefficients of LiCl 
and LiBr and from other work discussed above (2, 3, 
5, 12, 14, 17). The danger in comparing AHsolv values 
in this m a n n e r  ra ther  than 8AHot or activity coeffici- 
ents can be demonstrated as follows: Let us consider 
the Born equation 

aHso~v(X-) = 2( r  + 8) 1 . . . . . .  e ~2 dT [9] 

where e is the electronic charge, e is the dielectric 
constant, T the absolute temperature,  r the Paul ing  
anion radius, and 5 is an empirical constant  assumed 
to be independent  of tempera ture  (20)�9 Equation [9] 

predicts that  for t ransfer  from the gas to solution 
phase, AHsolv should decrease (become less negative) 
as r increases which is in fact the case. The 8 correc- 
tions are quite complex as it was found that  in order 
to "predict" the correct AH~ for CI- ,  B r - ,  I - ,  from 
the gas phase to propylene carbonate, 8 values had to 
be adjusted such that  5 (C1-) = 5 ( B r - )  ----- 0.67 and 
8 ( I - )  z 0.72 (14). In  aqueous solutions 5 takes on a 
constant  value of 0.10 for all anions (20). The 5 values 
then take on more (complex) significance ra ther  than  
simply being an empirical  parameter  associated with 
a solvent molecule radii (14). Addit ional  support of 
the present conclusion can be drawn from the simi- 
lar i ty in the solubili ty of T1Br (Ksp = 10 -6.23) as 
compared to Butler 's  (5) determinat ion of the solu- 
bil i ty of T1C1 (Ksp z 10-6-26). 

Manuscript  submit ted April  29, 1969; revised m a n u -  
script received June  17, 1969. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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The Thermal Temperature Coefficient of the 
Calomel Electrode Potential Between 0 ~ and 70~ 

II. Thermodynamic Results~The Moving and Transport Entropies 
and Heat Capacities of Aqueous Chloride Salines and Their Ions 
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Department o~ Chemistry, Bridgewater State College, Bridgewater, Massachusetts 

ABSTRACT 

The initial thermal temperature coefficient of the calomel electrode re- 
ported in Part I is combined with the results of thermal diffusion studies 
elsewhere to yield information about: the entropy of transport S* of the 
aqueous electrolytes KCI, NaCI, LiCI, HCI, and CaCI2; the experimentally 

determinable moving (transported)entropy S of the ion constituents CI-, 
K +, Na +, Li +, H +, and Ca + +. A four-constant equation analogous to the 
Fuoss-Onsager conductance equation is developed for the concentration de- 
pendence of the entropy of transport S* and is applied to the salts KCI and 

NaCI. The division of the moving entropy S into its nonmeasurable ionic com- 
ponent terms: the ionic transport entropy S* and the stationary entropy S, 
is attempted via two postulates: the Agar postulate and the KCl-bridge postu- 
late which give results mutually consistent within about 0.8 eu (35 ~VF/deg), 
e.g., S~ (H +) = --5.22 eu from our data under the Agar postulate, and --4.42 
eu under the KCl-bridge postulate. These values are in good agreement with 
previously reported values of --4.48, --5.5, and --5.7 based on a number of 
alternative postulates. Values are also obtained for the transport heat capacity 

C* of the electrolytes and for the measurable moving heat capacity C of the 
- - 4  

ion constituents at 30 ~ A division of C into its nonmeasurable ionic compo- 
nents: C* and C is also carried out on the basis of Fales and Mudge's hydro- 
gen thermal emf data via the KCl-bridge posUllate, and yields, e.g., C*o ---- 30 

eu (Cl-), 5 (H+); ~-o =--24 (CI-),--5 (H+); ~o = 6 (e l - ) ,  0 (H+). 

In  Pa r t  I (1) ,  the ini t ia l  thermal  emf of the calomel 
electrode in several aqueous chloride salines was rep-  
resented between 0 ~ and 70~ by the quadratic 

Vt-- V25 = A25(t-- 25) + B( t - -  25) 2 [I] 

where the A's range between -5294 and -51024 ~V/deg 
and the B's between --1.9 and --0.i ~V/deg 2. The A's 
measure the initial thermal temperature coefficient 
(thermoelectric power) eo = (dV/dT)th,initial of the 
corresponding calomel electrode at 25 ~ . At constant 
chloride ion concentration, the difference between Eo in 
two different salts (2) is given by 

F[eo(MC1) -- eo(KCl)] ~ tKS* (KCI) -- tMS* (MCI)/zM 
[2] 

where S* is the entropy of transport (Eastman's en- 
tropy of transfer) of the salt. S* is related to the Soret 
(thermal diffusion) coefficient ~ by 

= d In m/dT -~ --S*/[~RT(I -5 (d In 7/d In m)T)] 
[3] 

S* is the entropy transported reversibly from the hot 
to the cold heat reservoir by the reversible transfer 
of one tool of solute from the hot to the cold region 
of the solution, in the limit AT -> 0. 

Another quantity of interest is the final thermo- 
electric coefficient e~ = (dV/dT) re.final of a thermal cell 
after thermal diffusion has come to a steady state. 
Theory (2) shows that the final thermal emf is given 

* Electrochemical  Society Act ive  Member .  
Key  words:  calomel electrode, electrolytes, en t ropy of t ransport ,  

heat  capacity of t ransport ,  ionic entropy,  ionic hea t  capacity,  ions, 
t he rmodynamic  propert ies of salines, thermoelect r ic  power,  t rans-  
ported entropy,  t ranspor ted heat  capacity.  

by the init ial  thermal  emf plus the isothermal emf of 
the concentrat ion cell created by thermal  diffusion. 
In  general  

�9 ~ = , o ~ t g S * / v F  (if z r = •  [4] 

where Zr is the charge of the ion to which the elec- 
trodes are reversible, tg the t ransference number  of 
the gegenion, and v the valence of the salt. For calomel 
thermal  cells 

~| = co + t+S*/z+F [5] 

In the present work, S* values for KCI, and occa- 
sionally for other salts, as obtained from thermal dif- 
fusion studies elsewhere, have been used in the calcu- 
lation of ,| 

Temkin and Khoroshin (3) first proved that the 
final thermal emf is independent of the nature of the 
gegenion. For a calomel thermal cell 

F(dV/dT)th.flnal = Fe| = a~ = S~ I) 

- -  ~So(Hg2C12, c) -5 ~(CI-, aq) - -~ ( e - ,  Cu) [6] 

where ~ denotes the moving entropy [Agar's "trans- 
ported" entropy (4), Temkin and Khoroshin's "En- 
tropiya dvizhushchiksya Iona," entropy of the moving 
ion (3)] of a solute species, which is 

= s + s* [7] 

i.e., the sum of the s tat ionary part ial  molal  ent ropy 
[also known, for an ion constituent,  as the absolute 

ionic entropy (4) or the  entropy of electrochemical 
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t ransport  (6)] plus the t ransport  entropy S* [also 
known as the Eastman entropy of t ransfer  (5) or the 

entropy of migrat ion transport] .  For ionic species, St 
is the partial  molal  entropy of an ion including the 
~S of bui lding up of that  part  of the solvation sheath 
which travels with the ion (known as Eastman's  sec- 
ond region, the first region is the ion itself). On the 
other hand, S*i as original ly defined by Eastman (5), 
is the ~S of disintegrat ion of that  portion of the 
ionic solvation sheath which is left behind when the 
ion goes away. Therefore, --S*i is the hS of bui lding 
up of this outer solvation sheath (known as Eastman's  
third region).  The more positive S %  the more the ion 
is a s t ructure maker  in the third region. The sum 

S~ ~ ~ -~ ( - -S ' i )  is therefore the partial  molal entropy 
of the s tat ionary ion including the ~S of bui lding up 
of its complete solvation sheath. This sum is therefore 
the entropy transported across a thermal  cell when an 
ion is t ransferred from one half-cell  to the other by 
the agency of the two equal and opposite electrode 
reactions, a mechanism in which the ion sheds its 
complete hydrat ion sheath in one half-celI  (at one 
temperature)  and forms a complete hydrat ion sheath 
in the other half-cell  (at a different temperature) .  S~ 
can therefore appropriately be called the ionic entropy 
of electrochemical t ransport  (8, 8). 

In view of Eq. [6], the moving entropy S is experi-  
menta l ly  measurable  for a single ionic species from 
final thermal  emf's, or from init ial  thermal  emf's and 
thermal  diffusion data, as was original ly shown by 
Temkin and Khoroshin (3). On the other hand, nei ther  
the s tat ionary entropy S, nor  the t ransport  entropy S*, 
are separately measurable  for a single ionic species. 
Estimates of these quanti t ies can be made on the basis 
of certain postulates, which include (i) the KCl-br idge 
postulate, (ii) the Agar postulate, and (iii) the Gurney  
postulate. The KCl-br idge postulate was utilized by 
de Bethune, Licht, and Swendeman (6) to interpret  
Fales and Mudge's (9) thermal  emf data for the 0.I 
molal HC1 hydrogen electrode with a saturated KC1 
bridge. By assuming that  the bridge potential  was 
zero, they obtained for the s tandard stat ionary entropy 
of hydrogen ion 

So(H +) ---= --4.48 • 0.5 eu [8] 

at 25 ~ This result  can be compared with Gurney ' s  
--5.5 eu (10) from his assignment of equal viscosity 
B-coefficients to K + and CI- ,  also with Lin and 
Breck's --5.7 eu (11) based on their  postulate that 
trichelated redox ion pairs are approximately isen- 
tropic because the large organic structures tend to 
shield the solvent water  from the charge on the cen- 
tral  ion. The Agar postulate selects the arbi t rary  value 

S* (CI- ,  0.01 molal) = 0 [9] 

as a basis for deducing conventional  ionic ~ransport 
entropies so that S* (K +, 0.01 molal)  = S* (KC1, 0.01 
molal) ---- 1.65 eu at 25 ~ The thermal  diffusion poten- 
t ial  of 0.01 molal KC1, computed from [tc1S*ci-- 
tKS*K]F -1, is .--35.1 ~V/deg on the basis of the Agar  
postulate, as compared with the value zero assigned 
under  the KCl-br idge  postulate. The two postulates 
thus yield results mutua l ly  consistent wi thin  bet ter  
than 1 entropy uni t  (43.36 microvol t -faradays per  
degree).  

The moving entropy S~ has a twofold concentrat ion 
dependence, (i) that  of ~ given by the ordinary mass 
action expression 

S~ = S~ - -  R In m~i  - -  RT d in  7~/dT [10] 

and (ii) the fur ther  concentrat ion dependence of S*i 
which is akin  to that  of the activity coefficient or of 
the ionic conductance. In  dilute solutions, the concen- 
t ra t ion dependence of S*~ can be approximated by the 

Debye-Hfickel theory (4, 12), and in more concen- 
trated solutions, by equations of the Fuoss-Onsager  
form (12). These relationships show that, at infinite 
dilution, S*i tends to a finite l imit ing value S*o~ 
which can be calculated in principle from the Eastman 
electrostatic model (5) quant i ta ted by taking a tem- 
perature derivative of the Born free energy of hydra-  
tion expression to yield (2) 

S*o~ = (zi2e2/2Dori) d ( l / D ) / d T  [11] 

where ri is the ionic radius at the "boundary" between 
the Eastman second and third regions. In  water, 
d ( 1 / D ) / d T  ~- 5.83 x 10 -5 deg -1 at 25 ~ (2). Equation 
[11] takes the form S*oi ---- q-9.68 zi2/ri(A) eu, which 
shows that conventional  ionic t ransport  entropies, gen-  
eral ly between 0 and 3 eu, are reasonable for ri values 
of a few angstroms. 

The moving entropy S i ( m )  at molal i ty m is t rans-  
forme.d, by addit ion of the mass action terms 1~ In 
m~ ~- RT  d In ~/dT,  to the quant i ty  

So, (m)  = -~o~ -b S* ~(m) [12] 

which is a first approximation to the l imit ing s tandard 

value ~o = ~o _}_ S*o~. Here the measurable mean ion 
activity coefficient ~ of the salt is substi tuted for the 
unmeasurable  single ion activity coefficient 7i in 1,1 
salts ( in b inary  salts of mul t ip ly  charged ions, an ex- 
tension of the Debye-Hiickel  theory (2) suggests 
taking the single ion activity coefficient as 7~ : ~-z~/zj). 

Reference Values for Salt Transport Entropies 
Potassium and sodium chlorides at 25~ t rans-  

port entropies of potassium and sodium chlorides have 
been investigated exper imental ly  up to 0.05 molal by 
Agar and Turner  (15) and Snowdon and Turner  (16, 
17) by a conductimetric method based on unbalancing  
a Wheatstone bridge by applying a thermal  gradient  
to a conductance cell, and, between 0.5 and 4 molal by 
Longsworth (18) and Chanu and Lenoble (19) by 
optical methods based on the t i l t ing of interference 
fringes in a thermal  field. From their reported Soret 
coefficient data, S* values for aqueous KC1 and NaC1 
at 25 ~ were computed, de Bethune (12) showed that  
these S*'s can be well  fitted from 0 to 4 molal  by a 
four-constant  equation analogous to the FUoss-Onsager 
(20) conductance equation 

S* = A ~- Bm'/2 ~- Cm -k Dm log m [13] 

The least squares values for the constants are listed in 
Table I and fit the data almost everywhere  wi thin  
bet ter  than _0.1 eu. The four constant  equation can 
therefore be used to calculate S* at infinite dilution 
and at 0.1 molal  where no direct exper imental  data 
are available. The results of this calculation are given 
in Table II. 

Other  re ference va lues . - -Other  exper imental  values 
of the salt t ransport  entropy as based on measured 
Soret coefficients have been adopted as listed in Table 
III. 

Salt Transport Entropies and Final Thermoelectric 
Coefficients of Calomel Electrodes 

The results at 25 ~ are given in Table IV. The sec- 
ond column gives eo from Par t  I (1). The third column 

Table I. Least squares constants used to fit the four constant 
Eq. [13] to the transport entropies of potassium and sodium 

chlorides at 25~ 

S *  i n  c a l o r i e s  �9 d e g r e e  -1 �9 t o o l  -~ 
R a n g e :  0 t o  4 m o l a l  

C o n s t a n t  K C I  N a C I  

A 2 , 2 4 0 0  2 . 9 6 9 8  
B - -  7 . 0 3 9 3  - -  7 . 3 1 2 6  
C 5 . 1 7 2 4  5 , 0 2 0 1  
D - - 2 . 9 8 2 2  - -  3 . 3 3 7 9  
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Table II. Transport entropies of potassium and sodium 
chlorides in water at 25 ~ calculated from the four 

constant equation 

THERMAL TEMPERATURE COEFFICIENT 

ca lor ies  �9 degree-~ �9 mol-Z 

M o l a l i t y  S* (KCI) S* (NaC1) 

0 2.240 2.970 
0.Ol 1.647 2.362 
0.1 0.829 1.553 
1.0 0.373 1.277 

lists the cation t ransference numbers  utilized [Daley 
(25) ]. The fourth column gives the  salt t ransport  en- 
tropies S*/ZM in eu . eq  -1. Reference values f rom Ta-  
bles II and III  are given in parentheses.  Other  values 
are calculated f rom the thermoelectr ic  data as de-  
scribed below. The fifth column gives e~ calculated 
from eo and the reference  values of S* via Eq. [5]. The 
last column gives values of S* taken from the l i tera-  
ture and based on ei ther  thermal  diffusion or the rmo-  
electric studies. 

The salt t ransport  entropies listed in the fourth 
column were  calculated from the observed eo and the 
mean final <~=>av~ via Eq. [5]. The results of Table 
IV are extended to 35 ~ for KC1, the only salt for 
which reference  S*'s  were  avai lable  (Table III)  or 
could be estimated. 
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Table III. Salt transport entropies from measured Soret coefficients 
adopted for this study 

calories - d e g r e e  -z �9 mo1-1 

Sa l t  S* Source  

0 .01mLiC1  - - 0 . 0 1 0 a t 2 5  ~ A g a r  (4), based  on  S n o w d o n  and  
T u r n e r  (16) 

0.01m HC1 10.19 a t  25" A g a r  (4), based  o n  S n o w d o n  and  
T u r n e r  (16) 

0.01m KC1 --0.708 a t  9.3 ~ B u t l e r  and  T u r n e r  (21) 
0.01m KC1 3.151 a t  34.7 ~ A g a r  and  T u r n e r  (15) 
1.0m KC1 1.197 a t  35 ~ L o n g s w o r t h  (18) 
1.0m KC1 2.018 a t  45 ~ L o n g s w o r t h  (18) 
2.0m KCI  0.067 at  15 ~ L o n g s w o r t h  (18) 
2.0m KC1 1.632 a t  35 ~ L o n g s w o r t h  (18) 
2.0m K C l  2,311 a t  45 ~ L o n g s w o r t h  (18) 

Moving Entropy of Chloride Ion and Related 
Quant i t ies at  2 5  ~ 

The final thermoelectr ic  coefficient e| from Table IV 
can be used in Eq. [6] to compute the moving en-  

t ropy S of chloride ion in 0.01, 0.1, and 1.0 molal  solu- 
tions. Standard entropy data used are So(Hg,1) = 18.5 

eu, So(Hg2C12, c) ---- 46.8 eu, La t imer  (29), S ( e - ,  Cu) 
-~ --0.045 eu, Khoroshin and Temkin  (3), Agar  (4). 
The results of the computat ion are given in Table V, 
l ine 1. The mass action correct ion R In rnClTCl -~ RT 
d In "Ycl/dT, with ~ci set equal  to ~KCl, is introduced 

Table IV. Salt transport entropies and final thermoelectric 
coefficients of calomel electrodes at 25 ~ 

Eo a, 
Sa l t  ~ V / d e g  

Re fe rence  v a l u e s  of  S* are g i v e n  i n  p a r e n t h e s e s  
S* in  ca lor ies  - degree-~ �9 e q u i v a l e n t  -~ 

S*  ( s a l t ) / z ~ ,  
This  s t u d y  

tM g e u / e q ,  e~, ~ V / d e g  
S* (salt) /z~,  

Lit ,  va lues ,  eu /eq .  

O . O l m o l a I c h l o r i d e i o n  
KCI 921.23 0.4902 (1.fi47) b 
NaCl  915.98 0.3912 (2.362) b 

LiC1 1023.69 0.329 ( -  0.01) c 

HC1 678.24 0.825 (10.19) o 
~/2CaC12 998,9 r 0.4284 0.32 e 

KC1 (35 ~ 891.39 0.4886 ( 3 . 1 9 8 )  ~ 

0 . 1 m o l a l  ch lo r ide  ion  
KCI  776.44 0.4900 (0.829)~ 
NaCI 767.27 0.3853 (1.553) b 
LiC1 815.47 0.317 --  1.588 o 
HCI 484.81 0.832 9.12 ~ 
] / = C a C b  775.24 0.407 1.044 s 

KC1 (35 ~ 757.78 0.4888 (2.0) '  

1 . 0 m o l a l  ch lo r ide  ion  
KCI  581.44 0.488 (0.373) b 
NaCl  549.04 0.372 (1.277) b 
LiC1 639.22 0.287 -- 4.806 
HCI 294.23 0.841 7.82 e 
Y = C a C ~  546,1 0.386*  1.99 e 

KCI  (35 ~ 566.14 0.487* (1.197) 

Avg .  

A v g .  

A v g .  

956.25 
956.04 

1023.55 

1042.78 

9 9 4 . 7 •  
959.14 

794.06 
793.22 

793.6 __~ 0.4 
800A7 

589.33 
569.84 

579,5_.+9.8 
591.42 

1.66f, 1.68g, 1.72 ~ 
2.60~, 2.58g, 2.32 ~ 
2.56J, 1.98 ~ 

-- 0.067~, --0.242~ 
2.73 k 

10.5 ~, lO . l~  
2.5~ ~ 

3.15co a t  34.7 ~ 

I I .0  ,~ 

0.372p, 0.446q 
1.34% 2.54 ~ 

- -  1 . 9 6  ~ ,  - -  3.0J 
9.7 ~, 16.1m 
2.9J 

1,197cP a t  35 ~ 
1.05 t a t  310 

= F r o m  P a r t  I ( I ) .  
Re fe r ence  va lue ,  Tab le  II.  

c Re fe r ence  va lue ,  Tab le  I I I .  
r Da ley  (25),  * v a l u e s  i n t e r p o l a t e d  f r o m  o t h e r  concen t r a t ions .  

F r o m  a v e r a g e  e~ a n d  eo v i a  Eq.  [5]. 
t S n o w d o n  a n d  T u r n e r  (16). 
g A g a r  and  T u r n e r  (15). 

A g a r  (14). 
S n o w d o n  and  T u r n e r  (17). 

J de  B e t h u n e  (2),  R i c h a r d s  (33). 
B e r n h a r d t  and  Crock fo rd  (27). 

z T e m k i n  and  K h o r o s h i n  (3).  
m Breck ,  Cadenhead ,  and  H a m m e r l i  (26). 
'~ P a y t o n  and  T u r n e r  (28). 

L o n g s w o r t h  (18). 
q C h a n u  (19). 

Based  on  a l o g a r i t h m i c  e x t r a p o l a t i o n  f r o m  da t a  in  ref.  (1) fo r  
9.01 a n d  0.05 m o l a l  CaCI2, i n  w I d c h  the  s h i f t  in  t h e r m o e l e c t r i c  co- 
eff ic ient  w i t h  c o n c e n t r a t i o n  is t a k e n  p r o p o r t i o n a l  to log  m-3"-, and  
7 -  is t a k e n  e q u a l  to t he  s q u a r e  roo t  of  3, (see t e x t ) .  A c t i v i t y  co- 
eff ic ient  da t a  f r o m  L a t i m e r  (29). 

a B y  g r a p h i c a l  i n t e r p o l a t i o n  o f  d a t a  Lq Tab le  I I I .  
t T y r r e l I  (31). 

A d j u s t e d  to 35% 
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Table V. Moving entropy of chloride ion and related quantities 
at 25 ~ 

Al l  e n t r o p y  t e r m s  a r e  g i v e n  in  ca lor ie s  �9 degree -~  �9 equ iva l en t - ~  

H y p o t h e t i c a l  
s t a n d a r d  
s ta te  (o) 

o r  in f in i t e  
Q u a n t i t y  d i l u t i o n  (o) 0 .01m C1- O. lm C1- 1.Om C1- 

1. ~ (CI-)  - -  27.79 23.16 18.23 
2. ~f6 1.OOO 0,901 0.770 0,607 
3. pC1 a 0.000 2.042 1.111 0.203 
4. d In 7 / d T  ~ - -  - O.O001 O.OOOO 0.0008 

(deg-1) 

5. ~o, (CI-) 18.69 18.39 18.07 17.76 

6. ~o* (KC1) 29.94 39.36 38.53 38.07 

7. ~o, (K+) 21.25 20.96 20.46 20.31 

8. So, (NaCI)  30.57 29.96 29.15 28.88 

9. So' (Na+) 11.88 11.57 11,08 11.12 

10. ~o' (LiC1) 17.2 16.6 15.0 11.8 

II. So, (I.A+) -- 1.5 -- 1.8 -- 3.1 -- 6.0 

12. ~o, (HC1) 23.96 23.36 22.29 20.99 

13. So'  (H+) 5.27 4.97 4.22 3.23 

14. ~o, (V2 CaCI.~) 8.0 6.9 7.6 8.6 

15. So, ( ~/2 Ca++) 10.7 -- 11.5 -- 10.4 -- 9.2 

T h e  f o l l o w i n g  n u m b e r s  d e p e n d  on  t h e  A g a r  p o s t u l a t e  
S* (CI-,  0.01 mo la l )  = 0 

16. S* ( e l - )  0,30 (0.0O) --0.22 --0.63 
17. ~q* (K+) 1.94 1.65 1.15 1.00 
18. S* (Na+) 2.67 2.36 1.87 1.91 
19, S* (Li+) 0.29 --0.01 --1.27 --4.17 
20. S* (H+) 10.49 10.19 9.44 8.45 
21. S* (V2 Ca++) 1.1 0.3 1.4 2.6 

T h e  f o l l o w i n g  n u m b e r s  d e p e n d  o n  t h e  K C l - b r i d g e  pos tu l a t e ,  i.e., 
t d p  (KC1) = O a t  a l l  c o n c e n t r a t i o n s  

22. S* (C1-) 1.10 0.81 0.41 0.18 
23. S* (K+) 1.14 0.84 0.42 0.19 
24. S* (Na+) 1.87 1.55 1.14 1.10 
25. S* (Li+) --0.51 --0.82 --2.00 --4.98 
26. S* (H+) 9.89 9.38 8.71 7.64 
27, S*{~/2 Ca  ++) 0.3 --0.5 0.6 1.8 

T h e  f o l l o w i n g  tdp ' s ,  r e l a t i v e  to KC1 = O, a r e  g i v e n  in  m i c r o v o l t s  
degree-~ .  T h e  a l g e b r a i c  s i g n  c o i n c i d e s  w i t h  t h e  s i g n  of  t h e  d o u b l e -  

l a y e r  c h a r g e  a t  t h e  h o t  e n d  of  t h e  t h e r m a l  d i f f u s i o n  d ipo le  
28. t d p  (NaC1) --3.4 - -4 .96 --8.3 --12.8 
29. tdp  (LiC1) + 39.0 + 35.2 + 39.5 + 67.6 
30. tr ip (HC1) --336.5 --329.5 --311.4 --277.4 
31. t dp  (CaCI~) +20 .6  +29 .2  --0.8 - -25 .4  

a KC1 v a l u e s ,  d e  B e t h u n e ,  L i c h t ,  a n d  S w e n d e m a n  (6) .  

next  to convert  ~ (C1- )  to ~o ' (CI - ) ,  the pre l iminary  
s tandard value (line 5). By introduct ion of ~o from 
Lat imer  (29) or NBS Circular 500 (30): KC1 37.7, 
NaC1 27.6, LiC1 16.6, HC1 13.17, ~CaC12 6.6 eu-eq - I ,  

and S* from Tables II, III, and IV, T o' is calculated 

next  for these salts including the l imit ing v a l u e ~ o  at 
infinite di lut ion (lines 6, 8, 10, 12, 14). From these it is 

possible to compute ~o, for the cations (lines 7, 9, 11, 
13, 15). 

To obtain the s tandard values ~o for the individual  
ions, it is necessary to split the exper imental  differ- 
ence S*o - -  S*o.olm ~ 0.60 eu (Table II) for KC1 and 
NaC1 between their  respective ions. Electrostatic 
theory (4, 12) suggests that  this difference should be 
equally divided between the two ions of a 1,1 salt, i.e., 
S * o  - -  S * 0 . 0 1 m  ~ 0 . 3 0  e u  for a un iva len t  ion. The same 
differences are also applied to LiC1 and HCI and to 
their  ions (lines 10-13). 

For CaCI~, the above differences of S* values must  
be adjusted to the valence pa t te rn  of a 1,2 salt. Elec- 
trostatic theory suggests a l imit ing law of the form 
d S * J d ~  N - -  zi2. This yields S*o - -  S*o.01m Cl- ---- 2.20 
eu 'mo1-1 or 1.10 eu .eq  -1 for a divalent  chloride. Val-  

ues of '~o, including ~o are calculated in this m a n n e r  
for �89 (line 14) and for �89 + + (line 15). 

Lines 16-21 in Table V give the single-ion t ranspor t  
entropies S*i based on the data of Table II-IV, calcu- 

lated from Eq. [12] from the Agar postulate. These 
values are consistent wi th  a s tandard stat ionary en -  
tropy of hydrogen ion S-o(H+) = --5.22 eu, a value 
which compares well  with the set of a l ternat ive values 
of--4.48,  --5.5, and --5.7 discussed above. 

Lines 22-27 give single-ion t ranspor t  entropies S*i 
based on the KCl-br idge  postulate. These values lead 
to So(H +) = --4.42 eu, showing excellent agreement  
with de Bethune, Licht, and Swendeman 's  (6) --4.48 
eu and with the large volume of thermal  emf data 
satisfactorily correlated therewith  (6). The thermal  
diffusion potentials (tdp) of the various salts, relat ive 
to KC1 = 0, are given in lines 28-31. The tdp's ac- 
cording to the two postulates would differ by an 
amount  proport ional  to the shift of S*(C1- )  under  
the two postulates 

t d p " - - t d p ' - ~  [S* ( C I - ) "  - -  S* ( C 1 - ) ' ] F - 1  [14] 

The KCl-br idge  postulate gives values of S*(C1-)  
about 0.7 to 0.8 eu (30 to 35 ~VF/deg) higher than 
the Agar postulate, and its t dp ' s  would be consistently 
higher algebraically by the same amount.  For  single 
ionic values of S*i and ~oi, the following conversion 
rules hold among the several postulates 

to conver t  J rom to add  

S*~ and ~o• Agar postulate Gurney ~0.3 eu �9 eq -I 
postulate 

S*~ and S,,• Gurney postulate KCl-bridge --I.0/~-I.I 
postulate eu �9 eq-Z 

S %  a n d  So_+ A g a r  p o s t u l a t e  K C l - b r i d g e  ~---0.7/• 
p o s t u l a t e  e u  �9 eq-Z 

The mutua l  consistency of these three postulates, 
wi thin  about 1 eu, is interest ing but  does not p e r  se 
just ify adopting any one of them as an "absolute" 
basis for ionic entropies (34). The Gurney  (10) postu-  
late is based on his division of the viscosity B-coeffi- 
cient of KC1 at 25 ~ into equal ionic terms: B ( K  +) ---- 
B(C1- )  = --0.0070, both coefficients being small  as 
compared with other ionic terms (on this basis) r ang-  
ing from B(Li  +) ---- -f0.147 to B ( I - )  = --0.080. If 
the KCl-br idge  value So(H+ ) ---- --4.5 eu were adopted 
instead of the Gurney  value of --5.5, a satisfactory 
Gurney  plot could be prepared on the basis of ionic 
viscosity B-values shifted by only ~0.007 (for __ ions). 
The entries of Table V, usual ly  given to the nearest  
0.01 eu .eq  - I ,  are general ly  valid to wi th in  a few tenths 
of an  entropy unit .  

Salt Transport Heat  Capacities 
The t ransport  heat capacity of a salt has been de- 

fined by Agar (14) as C* ---- T ( d S * / d T ) p .  Temper-  
ature differentiation of Eq. [2], neglecting any  tem-  
pera ture  dependence of ti, yields 

FT [deo (MC1)/dT --  d~o (KC1)/dT] 

= 2FT[B (MC1) - -  B (KC1) ] 

= tKC* (KC1) - -  t~C* (MC1)/z~ [15] 

where the B's are the quadratic coefficients of Eq. [1]. 
The reference values of C*(KC1) in  Table VI are 
based, at 0.01 and 1.0 molal, on direct thermal  diffu- 
sion observations of S* at 25 ~ and 35 ~ as summarized 
in  Table II and III. For  0.1 molal, use was made of a 
graphically interpolated value of S* at 35 ~ which may 
be uncer ta in  by _ 0.1/0.2 eu, the corresponding un -  
cer ta inty in C* would amount  to ~ 3/6 eu. An uncer -  
ta in ty  in B of ~ 0.1 /~V/deg 2 would correspond to a 
l i t t le more than ~ 4 eu in C * / z ~  for LiC1 to a little 
less than • 2 eu for HC1. 

The data are summarized in Table VI. The first 
three columns give the salt, concentration, and 
quadrat ic  B-coefficients from Par t  I (1). The fourth 
column gives C*/ZM in eu .eq-1  as calculated from the 
KC1 reference values at 30 ~ via Eq. [15]. The uncer-  
t a in ty  of these values amounts  to several calories per 
degree.equivalent .  They can be compared with in -  
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Table VI. Salt transport heat capacities at 30 ~ and related quantities 
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Salt m (C1 - )  

A l l  h e a t  c a p a c i t y  t e r m s  a r e  g i v e n  in  ca lor ies  �9 d e g r e e - ~  �9 e q u i v a l e n t - X  
R e f e r e n c e  v a l u e s  o f  C*  a r e  g i v e n  i n  p a r e n t h e s e s  

Bg , ~tV �9 d e g  -~ C* / z ~ ,  T h i s  s t u d y  "C~/z~ ~ C / z x ,  T h i s  s t u d y  C * / z ~ , L i t .  v a l u e s  

K C 1  S t d .  s t .  
K C I  0 .01  
K C 1  0 .1  
K C I  1 .0  
N a C 1  S t d .  st.  
N a C I  0 .01  
N a C 1  0.1  
N a C 1  1.0  
L i C 1  S t d .  st. 
L i C 1  0 .01  
L i C 1  O. 1 
L i C 1  1 .0  
H C 1  S t d .  st. 
H C 1  0 .01  
H C I  0 .1  
H C 1  1 .O 
V2 CaC12  S t d .  s t .  
~/~ CaCla 0 .01  
V~ C a C l ~  0 .1  
1/2 CaC12 1.O 

- -  50 .  b - - 2 9 , 0  21 .2  b 
--  1 . 4 9 2  (47 .0 )  ~ - - 2 7 . 3 2  19 .7  
- - 0 . 9 3 3  ( 3 5 . 5 ) "  - - 2 3 . 6 9  11 .8  
--  0 . 7 6 5  (25 .0 )  a --  1 2 . 2 0  12 .8  

51.  b - - 2 3 . 8  27 .1  b 
- 1 . 2 1 1  4 8 . 4  ~ - - 2 1 , 6 4  2 6 . 8  
- - 0 . 8 3 7  4 1 . 4  ~ --  16 .97  2 4 . 4  
- - 0 . 4 9 0  2 2 . 3  ~ - - 2 . 2 0  20 .1  

- -  - -  - - 1 5 . 6 3  
--  1 . 9 1 0  8 6 . 8 t ?  --  14 .84  7 2 . 0 ?  
- - 0 . 5 8 2  39.3~ --  13 .14  2 6 . 2  
- - 0 . 2 6 4  18 .0  ~ --  7 . 75  10 .3  

35.6 b - - 2 9 . 2 0  6 .4  b 
-- 1.865 34.4 t -- 28.45 5.9 

--  1 . 4 9 8  30 .5  ~ -- 2 6 . 8 3  3 .7  
- - 0 . 8 8 5  16 .6  t - - 2 1 . 7 0  - - 5 . 1  

-- -- --34.3 -- 

--  2 . 3 5 3  r 80 .2  ~ ? --  3 2 . 5 5  4 7 . 6 ?  
- - 0 . 8 1 9  38 .5  ~ - - 2 9 . 5 5  9 .0  
--  0 . 1 0 4  7 .6  ~ - -  2 0 . 8  --  13.2 

46.6% 45 .8  d, 4 4 . 0 e  a t  17 ~ 
2 9 . 6 J  i n  0 . 0 5 m  
2 5 . 0 r  

4 4 . 9 %  3 8 . 1  d, 2S .0~  a t  17 ~ 
32 .3 J  i n  0 . 0 5 r n  

2 3 . 4 J  i n  0 . 0 5 m  

32 .4  e a t  17"  

2 3 . 8  ~ i n  0 . 0 2 m  C1-  a t  17 ~ 

�9 B a s e d  o n  S *  a t  35"  a n d  25  ~ ( T a b l e s  I I - I V ) .  

b F r o m  a ~ / m - e x t r a p o l a t i o n .  
A g a r  ( 1 4 ) ;  ~ A g a r  a n d  T u r n e r  (15)  ; eButler  and  T u r n e r  (21)  ; 

t L o n g s w o r t h  ( 1 8 ) .  
r F r o m  P a r t  I ( 1 ) ;  ~ H a r n e ~  a n d  O w e n  ~22, p .  3 5 4 ) ,  P i t z e r  a n d  

B r e w e r  (35,  p .  6 5 3 ) ,  v a l u e s  f o r  25  ~ 
F r o m  K e l - r e f e r e n c e  v a l u e  a n d  E q .  [ 1 5 ] .  

J A g a r  (4)  ; ~ v a l u e  f o r  1/2 B a C I ~ .  
r S e e  T a b l e  I V ,  n o t e  r .  

dependent  determinat ions from other observers, some- 
times at other concentrat ions and temperatures,  as 
listed in  the last column. The values for 0.01 motal 
LiC1 and YzCaC12 appear to be high. The fifth column 
lists the part ial  molal  heat capacity of the salt Cp at 
25 ~ as calculated from constants given by Harned  and 
Owen (22) from their  equation 

Cp(m) • Cp ~ -F- J ( m )  = Cp o -t- S m  I/2 [16] 

where the slope S is valid up to 3 molal. Values for 
calcium chloride were calculated from Pitzer and 
Brewer (35, p. 653). The sixth column gives the 
moving heat capacities of the salts defined by 

~ ( m )  = C--p(m) ~- C * ( m )  [17] 

The part ial  molal  heat capacity of these electrolytes 
is large and negative, becoming less negative at in -  
creasing concentrations, according to Eq. [16]. This 
expresses the influence of the addition of ions to 
water  in ordering the surrounding water  s tructure in 
the Eastman second and third regions both, and in 
thus depriving the water  s tructure of some of its 
abi l i ty  of absorbing energy as its tempera ture  is 
raised. C* on the other hand measures the increase in 
the heat capacity of the water  s t ructure in the thi rd  
region when the ions are removed. This quant i ty  is 
large and positive, becoming less positive as the con- 
centrat ion increases. Their sum, the moving ( t rans-  

ported) heat capacity C of the salt is then given by a 
much smaller quanti ty,  usual ly  positive, which de- 
creases slowly with increasing concentration. Agar 

(14) suggested that  C~ should equal the Dulong and 
Peti t  value of 6 eu for the vibrat ion of the center of 

mass of each monatomic ion. This would make ~ 
12 eu for 1,1 salts and 18 eu.mo1-1 or 9 eu .eq  -1 for 
1,2 salts, an expectation which is only roughly verified 

by the C values listed in the sixth column. 
The Eas tman-Born  electrostatic model, given in Eq. 

[11], permits an evaluat ion of the ionic t ransport  heat 
capacity as 

C*oi = T d S * o d d T  = (zi2e2/2Dori) d 2 ( l / D ) / d T  2 [18] 

if ri is not a function of temperature.  In  water, Gurney  
(10) has suggested the empirical formula D ( T )  ~- 
305.7 exp (--T/219) which leads to 

C*oi = ( T I 2 1 9 ) S * o i  = 1 3 . 4 z i 2 / r i ( A )  eu [19] 

at 303~ If ionic crystal  radi i  (10) are subst i tuted 
into Eq. [19], theoretical ionic t ranspor t  heat  ca- 
pacities are obtained as follows: C1- 7.4, K + 10.1, Na + 
13.7, Li + 17.2, ~ C a  ++ 25.3 eu. These theoretical 
t ransport  heat capacities are of the r ight  order, but  
yield salt values smaller than the exper imental  ones 
(Table VI, col. 4). As in the case of the t ranspor t  en-  
tropy S*o, the correlation between the electrostatic 
model and observations is only approximate and does 
not lead to any useful  results regarding the radius ri 
at the boundary  between the Eas tman second and 
third regions. 

Moving Heat Capacity of Chloride Ion and Related 
Quantities at 30  ~ 

The final thermoelectric coefficients e| at 25 ~ and 35 ~ 
permit  calculation of the second derivative of the final 
thermal  emf (Table VII, l ine 1) for which the thermo-  
dynamic equation is 

F T ( d 2 V / d T 2 ) t h , f i n a l  = F T ( d ~ J d T )  =- Td/~ / d T  -= AC 

= C p ~  I) - -  1/zCp~ (Hg2CI2, c) 

+ C(CI - ,  aq) - -  C ( e - ,  Cu) [20] 

Standard  heat capacity data are Cpo(Hg, 1) ~ 6.65 

eu, Cr o (Hg2C12, c) = 24.3 eu, NBS(30),  and C ( e - ,  
Cu) ---- --1.5 ~VF/deg = --0.034 eu, Temkin  and 
Khoroshin (3). 

The moving heat  capacity C(C1-)  at 0.01, 0.1, and 
1.0 molal is given in Table VII, line 2, and is close to 
the Dulong and Pet i t  value of 6 eu. From the data of 

Table VI, C~ is then calculated for the cations at the 
three concentrat ions (lines 3 to 7), the values for 
0.01 molal Li + and ~ C a  ++ appear to be high. The 
other values are probably rel iable wi th in  several 
eu-eq -1. Values at infinite dilution, where given, are 
obtained from ak/m-extrapolat ion.  

The at tempt to split C~ into its const i tuent  terms 
C*i and Ci was made, via the KCl-br idge  postulate, by 
assuming that  the saturated KCl-br idge  in Fales and 
Mudge's 0.1 molal  HC1-H2 thermal  cell (9) did not 
contr ibute  to the second derivative of their  observed 
thermal  emf's, for which deBethune, Licht, and Swen-  
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Table Vii. Moving heat capacity of chloride ion at 30 ~ and 
related quantities 

A l l  h e a t  capac i ty  t e rms  are  g i v e n  in  ca lor ies  �9 deg ree  -1 �9 equ iva l en t -1  

InfirLite 
Q u a n t i t y  d i l u t i o n  (o) 0.Olm C1- O.lm C1- 1.0m, C1- 

1, d e| 
(/~V/deg ~) - -  0.289 0.611 0.208 

2. ~ ( C I - )  6,4 b 7.5 9.7 6.9 

3. ~ ( K + )  14.8 b 12,2 2.1 5.9 

4. ~ ( N a + )  20.7 b 19,3 14.6 13.2 

5, ~ ( L i + )  - -  64.5? 16.4 3.3 

6. C(H+) 0.0 b - 1,6 -- 6.0 -- 12.1 

7. ~(1/2 Ca++) - -  40.1? --0.8 --20.2 

T he  f o l l o w i n g  n u m b e r s  d e p e n d  on the  s a t u r a t e d  K C l - b r i d g e  
p o s t u l a t e  (see tex t )  

8. C-(H +) -5.1 ~ -5.2 --5.4 --6.0 
9. C* (H+) + 5.1~ + 3.6 -- 0.6 -- 6.1 

10. V-(C1-) --24.1 b --23.2 --21.5 --15.7 
11, C* (C].-) 30.5 b 30.8 31.2 22.6 
12. V-(K+) --4.9 b --4.0 --2.2 + 3.5 
13. C* (K+) 19.7~ 16.2 4.3 2.4 
14. C (Na +) + 0,3 ~ 1.6 4.5 13.5 
15. C* (Na+) 20.4~ 17.7 10.2 --0.3 
16. C(Li+)  8.5 b 8.4 8.3 7.9 
17. C* (Li  +) -- 56.1? 8.1 --4.6 
18. C'(V2 Ca++) --10.1 b --9.3 --6.1 --5.1 
19. C* (y~ Ca++)  - -  49.4? 7.3 --15.1 

The  f o l l o w i n g  n u m b e r s  r e s u l t  f r o m  the  a d d i t i o n  of 

C~ (I-I20) to C and  C fo r  H + 

20. C"(I-L~O + ) 18.0 ~ 16.4 12.0 6.0 
21. C (H30 +) 12.9 b 12.8 12.6 12.0 
22. C* (I-I~O+) See l ine  9 a b o v e  

a Based  on  KC1 v a l u e s  a t  25 ~ a n d  35 ~ (Table  IV) .  
b F r o m  a ~ / m - e x t r a p o l a t i o n .  

deman (6) calculated -}-1.286 ~V/deg 2, after correc- 
t ion to un i t  activity of hydrogen gas. By setting 
FT(d2V/dT 2) = 384 ~VF/deg = 8.8 eu = ~'2CpO(H2, g) 

- -C (H  +, 0.1m) - - ~ ( e - ,  Cu),  with CpO(H2, g) ---- 6.892 
eu (30), one gets 

C (H +, 0.1 molal) = --5.4 eu [21] 

(line 8). This value can be used, in conjunct ion with 

C values above and Cp(HC1, 0.1 molal) (Table VI) to 
obtain C and C* for 0.1 molal  H + and C1- (lines 9-11). 
To extend these values to other concentrations, use 
was made of the postulate that 7 ( C 1 - )  = J - (K +) 
= �89  Values of C and C* for H +, CI- ,  K +, 
Na +, Li +, and �89 + + based on these postulates are 
given in lines 8-19. In  lines 20 and 21, the heat ca- 
pacity of water, 18 eu, is added to the H + values for 

C and C to convert  them to the H30 + basis. C* is the 
same for H + and H30 + since this represents the heat  
capacity loss of the solvent in the third region re-  
sult ing from the presence of the hydrated ion. 

The single ion values general ly present  the follow- 
ing picture: C for CI- ,  K +, and �89 ++ is negative 
at infinite dilution, and increases (algebraically) with 
increasing concentration, becoming positive for K + 
by  1.0 molal. C for Na + is close to zero at infinite 
dilution and increases with increasing concentration. 
C for H + is negative, for Li + positive, both approx-  
imately independent  of concentration. A negative 
value for C suggests that  the ion becomes a more pro-  
nounced structure maker  with increasing tempera ture  
in the combined second and third Eastman regions. 

The t ranspor t  heat capacity C* is large and positive 
for C1- and decreases with increasing concentration. 
C* is smaller  but  still positive for the cations, in  the 
order (at 0.1 molal) Na + ~ Li + > �89  > K + 
> H +, and comes close to zero or even negative at  
1.0 molal  in the order K + > Na + > Li + > H+ 

�89 + +. A positive value of C* is associated with an 

increase in s t ructure  making tendency with increasing 
temperature  in the Eastman third region. Thus all  
ions appear to become more pronounced structure 
makers in the third region with increasing temperature  
in dilute solutions, but  the tendency reverses for Na +, 
Li +, H +, and Ca + + in  concentrated solutions. 

The role played by the ion in the second region ap-  

pears to be twofold. A negative value of C (H +, Ca + + 
except for its high value) suggests a marked in -  
crease in structure making  tendency with increasing 
temperature  in  the Eastman second region. On the 

other hand, a value of C in excess of the Dulong and 
Peti t  value of 6 eu /g - ion  (Na +, Li +, K +) suggests 
an inverse effect in which the ion contributes an in -  
crease in the abili ty of its entourage of t ight ly bound 
waters to ,absorb energy. 

Conclusion 
An interpre ta t ion of the results presented above will  

be developed in  Par t  I II  to follow, and will  be based 
on modern theories of the water  structure, and on a 
simplified form of the par t i t ion function of water  
which will  be extended to hydron ium ion (36, 37) 

Manuscript  submit ted Dec. 2, 1968; revised manu-  
script received ca. June  19, 1969. This paper is based 
in part  on the Ph.D. dissertation of Henry  O. Daley, 
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The Thermal Temperature Coefficient of the 
Calomel Electrode Potential Between 0 ~ and 70~ 

III. Discussion'Moving, Transport and Stationary Entropies and 
Heat Capacities of Aqueous Chloride Salines and Their Ions. 

The Approximate Partition Function of Water and Hydronium Ion 

Andre J. de Bethune* 
Department of Chemistry, Boston College, Chestnut Hill, Massachusetts 

and Henry O. Daley, Jr.* 
Department of Chemistry, Bridgewater State College, Bridgewater, Massachusetts 

ABSTRACT 
The moving ( transported) ionic properties S and C are part ial  molal  

properties of the ion itself and include the effect of its electrical charge on 
that portion of the solvation layer which travels  with the ion (Eastman first 
and second regions).  The negatives of the ionic t ransport  properties --S* and 
--C* measure the influence of the ion (plus its t ightly bound waters if any) 
on the remainder  of the solvent (Eastman third region).  A positive value of 
S* identifies the ion as a s t ructure  maker  in the third region. The sums 

X ---- X -}- ( - -X*) ,  where X ---- S or C, measure the part ial  molal properties 
of the stat ionary ion, including the effect of the ionic charge on both Eastman 

second and thi rd  regions of the solvent. Observed values of C suggest a 
twofold effect of the ionic charge on its entourage of water  molecules: a 
loosening of the O-H covalent  bonds coupled with a stiffening of the O . . . H 
hydrogen bonds. The moving entropy and heat capacity of hydronium ion can 
be understood in terms of the hydrogen-bonded model of water  structure, in 
which every H20 or I-I30 + can be 4-, 3-, 2-, 1-bonded to its neighbors or un -  
bonded. By ascribing both bond and vibrat ional  energy levels on this model, 
an approximate part i t ion function is constructed for H20 and H30 +, which 
can be made to fit our  data for the un i ta ry  entropy and heat capacity of H.~O + 
at 25 ~ and standard data for the entropy and heat capacity of H20 between 0 ~ 
and 100 ~ This model predicts the following fraction of hydrogen bonds broken 
in liquid H20 at 0 ~ 25 ~ , and 100~ 0.183, 0.218, and 0.310; in H30 + at 25 ~ , 
0.094. The addition of H + to I-I~O thus introduces a distinct amount  of struc- 
ture  to the H30 + . . . .  (H20)4 complex since it reduces the number  of hydro-  
gen bonds broken at 25 ~ to a level, 9.4%, equal to half  the number  of hydro-  
gen bonds broken in the liquid H20 . . . .  (H20)4 complex at the mel t ing point. 
The need to break about 12% more hydrogen bonds when the proton moves 
away at 25 ~ is consistent with a calculated heat of t ransport  of 3530 cal/mol, 
which compares favorably with the observed heat of t ransport  of around 
3000 cal /mole  (on the Agar  postulate) .  The single-ion stat ionary heat  ca- 
pacities C for K +, Na +, Li +, and C1- obtained exper imenta l ly  in the present  
study via the KCl-br idge  postulate compare very favorably with theoretically 
calculated values of C, for these ions based on the statistical model of 
Scheraga-Griffith. 

A summary  of the results of Par t  II ( la )  is pro- 
vided in Table I where  the s tandard moving ( t rans-  

ported) ent ropy S ~ of chloride ion, and related quan-  
* Electrochemical Society Active Member.  
Key words: electrolytes, en t ropy  of transport ,  heat  capacity of 

transport, ionic entropy,  ionic heat  capacity, ions, part i t ion func- 
tion of water ,  part i t ion function of hydron ium ion, statistical me-  
chanics, t he rmodynamic  properties of salines, t ranspor ted  entropy,  
t ransported heat  capacity.  

tities, at 25 ~ are compared with data from previous 
observers (lines 1 to 5). For all the ions, our values 

of ~oi agree wi th in  0.5 eu with Agar 's  (1), ours being 
smaller  for chloride and larger for the cations. The 
values of Breck and Lin (2), and Haase, Hoch, and 
SchSnert (3) are also given, as are also the earlier 
values of Khoroshin and Temkin  (4) which are to-  
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Table I. Standard moving entropy of chloride ion and 
related quantities at 25~ from various sources 

ca lo r i e s  . degree -~  - equ iva l en t - ~  

C1- K+ Na+ Li+ H+ 1/2Ca++ 

1. ~o T h i s  s t u d y  18.69 21.25 11.88 --1.5 5.27 --10.7 

2. ~o B r e c k  a n d  L i n  (2) 19.4 20.5 11.1 - -  4.7 

3. ~o A g a r  (1) 19.16 20.7 11.4 --2.0 4.82 

4. S ~ H a a s e ,  Hoch ,  & S c h S n e r t  (3) 19.3 21.0 11.6 --0.6 5.6 --7.9 

5. ~o K h o r o s h i n  & T e m k i n  (4) 19.5 20.0 10.8 --1.4 5.2 --7.75 

Ion i c  e n t r o p i e s  b a s e d  on  t h e  A g a r  p o s t u l a t e :  S* (CI-,  0.01m) = 0 
6. 8 %  This study 0.30 1.94 2.67 0.29 10.49 1.1 
7. ~o T h i s  s t u d y  18.39 19.3 9.2 -- 1.8 --5.22 --11.8 

I o n i c  e n t r o p i e s  b a s e d  on  t h e  K C l - b r i d g e  p o s t u l a t e :  tdp (KC1) = 0 
8. S*o This study 1.10 1.14 1.87 --0.51 9.69 0.3 
9. ~*o K h o r o s h i n  & T e m k i n  (4) ,  de  B e t h u n e  (6) 1.8 0.0 3.1 - 0 . 3  9.7 3.35 

I0. ~o This study 17.59 20.1 1O.0 --I.0 --4.42 -- II.0 

11. ~o K h o r o s h i n  & T e r n k i n  (4) ,  de  B e t h u n e  (6) 17.7 20.0 7.7 - 1.1 - -4 .48 -- 11.1 

I o n i c  e n t r o p i e s  b a s e d  on  G u r n e y ' s  v i s c o s i t y  s t a n d a r d :  ,.~o (H+) = --5.5 e u  
12. S*o B r e c k  a n d  L i n  (2) 0.7 1.6 2.2 10.2 
13. S*o A g a r  (1) 0.49 1.7 2.5 -~.1 10.3 
14. ~o B r e c k  a n d  L i n  (2) 18.7 19.0 8.9 --2.1 --5.6 --12.1 
15. ~o A g a r  (1) 18.67 19.0 8.9 --2.1 --5.5 --12.1 

day largely of historical interest. The bottom three  
sections of Table I represent  three different divisions 

of S--~ into its const i tuent  terms Soi and S*o~ accord- 
ing to the Agar, KCl-bridge,  and Gurney  viscosity pos- 
tulates, which yield, for S ~ (H +), values of--5.2,  --4.4, 
and --5.5 eu, respectively. Mention must  also be made 
of Lin and Breck's --5.7 eu (5) based on the isen- 
tropicity of trichelated redox ion pairs. 

Interest  focuses on the values of S*o(C1-) as de- 
duced by the different methods. The present  study 
gives 0.30 eu under  the Agar postulate and 1.10 eu 
under  the KCl-br idge postulate. Agar (1) had pre-  
viously obtained 0.49 eu and Breck and Lin (2) 0.7 eu, 
both under  the Gurney  postulate. This concordance 
of values leads one to believe that the absolute value 
of this quanti ty,  which still remains  to be unambigu-  
ously determined (8), will probably not be signifi- 
cantly different from any of them. An  examinat ion of 
the S*o values of all the ions, under  all postulates, 
identifies them as s t ructure  makers  in the Eastman 
third region of the solvent in the order H + > Na + 
K + > Ca ++ (?) > C1- > Li +, l i th ium ion being 
either a very weak structure maker  (S*o = 0.29, Agar 
postulate) or a s t ructure breaker  (S*o ---- --0.51, KC1- 
bridge postulate).  At higher concentrations, Li + be-  
comes a structure breaker  in the third region (S* neg-  
ative, Par t  II, Table V, lines 19 and 25) under  both 
postulates. 

The s tandard moving entropy ~o, i.e., the par t ia l  
molal entropy of the central  ion plus its t ight ly bound 
waters, of the ions K +, CI- ,  and Na + ranges from 
21 to 11 eu. By subtraction of the cratic entropy (7) 
for a s tandard aqueous saline, R In 55.51 or 8.0 eu for 
each ion, the un i ta ry  part  of the moving entropy of 
these ions is found to range from 13 to 3 eu, values 
comparable to but  smaller  than the molal entropy of 
simple l iquid molecules such as H20, 16.7; D20, 18.2; 
HDO, 19.0; Hg 18.5 eu. This somewhat lower entropy is 
consistent with a degree of organization imposed by 
the presence of the electrostatic charge. The entropy 
of t ransports  S*o of K +, CI- ,  and Na + appears, on 
both Agar and KCl-br idge  postulates, to be small and 
positive, in the range 0-3 eu. The t ransport  entropy is 
the entropy loss of the solvent in the third region due 
to the ordering influence of the ion and its t ightly 
bound waters. A part ial  freezing of vibrat ion in the 
hydrogen bonds between the Eastman second and 
third regions would be sufficient to account for an en-  
tropy loss of this magnitude.  The fundamenta l  fre- 
quency of hydrogen-bond stretching vibrat ions is 175 
cm -1 (9), about 1/20th of the frequency of the co- 

valent  O-H bond [3600 cm -1, (10)]. A part ial  freeze- 
out of one such hydrogen-bond vibrat ion by a stiffen- 
ing of the bond would be sufficient to account for a 
loss of a significant portion of the Einstein vibrat ional  
entropy 

Svib - ~ "  R [ u ( e  u --1) - I  _ In (1 --  e -u)  ] [1] 

equal to 1.2 R or 2.4 eu at 300~ where u = hc "~/kT. 
This is an entropy loss of the r ight  magnitude.  The 
s tandard part ial  molal  entropy "S% of the stat ionary 
ion is thus positive for CI- ,  K+,  and Na + and slightly 

smaller  than the moving entropy S% 

For Li + and Ca + +, the moving entropy S% is nega-  
tive, which suggests a highly ordered structure in the 
Eastman first and second regions, i.e., in the ion i t-  
self and its t ightly bound waters. The entropy of 
t ranspor t  S*o~ is close to zero or slightly negative for 
Li +, and small and positive for Ca ++. The part ial  
molal entropy SOl of the stat ionary Li + and Ca + + ions 
thus emerges in both cases as negative, due principal ly 
to the ordering influence of these small  ions in the 
Eastman second region. The role of Li + is thus con- 
trasted: a s t ructure maker  in the second region, and 
a slight s t ructure breaker  in the third region. 

Hydrogen plays a unique role in this regard. Take 

the round  numbers :  S ~ ---- +5,  S*o = +10, S ~ ---- --5 eu 
for H +. The addition of one water  entropy, 16.7 eu, 

yields S ~ ---- 21.7 eu as the part ial  molal  moving en-  
tropy of HaO +. Subtract ion of the cratic entropy gives 
the un i ta ry  part  of the moving entropy of hydronium 

ion as Su(H30 +) ---- 13.7 eu. This is 3.0 eu smaller 
than the water  entropy. Thus the hydron ium ion struc- 
ture appears to be sufficiently stiffened by its electro- 
static charge to make its un i ta ry  entropy less than 
the entropy of water, despite the presence of one ex- 
t ra  atom with its three addit ional degrees of freedom. 
The entropy of t ransport  S* of hydrogen ion is large 
and positive, around +10 eu, the same value holds 
for H~O + as for H +, since this is an interact ion neg-  
entropy between the ion (plus its t ightly bound waters 
if any)  and the surrounding solvent in the third re -  
gion [negentropy (11) because it measures the amount  
of order created by the presence of the ion]. This 
large positive value indicates the part icular  influence 
of H + as a s tructure maker  in the solvent through 
enhanced hydrogen bonding. The energy of the hydro-  
gen bond has been estimated between 3.1 and 7 kca l /  
mol (9, 12). Thus an entropy of t ransport  as high as 
10 eu could be contr ibuted by the need to break hy-  
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drogen bonds when the proton moves away (2) and 
the s tructure shifts from the more highly hydrogen 
bonded H30 +. (H20)x s t ructure  to the less hydrogen 
bonded H20" (H20)x structure. 

If one looks at hydroxyl  ion, whose conventional  
s tandard entropy is So(OH - ,  cony.) -- --2.52 eu (13) 
and entropy of t ransport  S* (under  the Agar postu- 
late) 13.5 eu (1, 6), one obtains ~o ( O H - )  ---- +2.5 eu, 

and ~o (OH- )  ---- 16 eu. The un i ta ry  par t  of the lat ter  

is ~ u ( O H - )  ---- 8 eu, i.e., about half  of the water  en-  
tropy. The contr ibut ion of O H -  to the ordering of 
the solvent through enhanced hydrogen bonding is 
even more marked than  for H +, as measured by the 
comparative S*'s for the two ions. Consider the re-  
action 

H20 + H20 = H30 + + OH- [2] 

for which ~S o = --19.2 eu (13). This large negative 
entropy change can be visualized as the summation 

~so = [s=~ (H30 + ) + ~a ( O H - )  ] 

+ [--S*o(H*) - -  S t ( O H - ) ]  + 2R In 55.51 

--  2So(H20) = [13.7 + 8] + [(--10) + (--13.5)] 

+ 2(8.0) - -  2(16.7) = - -  19.2 [3] 

in which the un i ta ry  entropies of the ions themselves 
contr ibute 21.7 eu, a loss of 11.7 eu over the two parent  
waters, and the interact ion negentropy of the ions with 
the solvent contributes a fur ther  entropy loss of 
23.5 eu, while the cratic (dilution) term contributes an 
entropy gain of 16.0 eu. 

The data on heat capacities can be visualized in 

terms of the expression C~ ---- C~ + ( - -C*0.  The mov-  
ing heat capacities of ions such as CI- ,  K +, Na +, Li + 
(excluding its high value) which range from 2 to 20 
eu (Par t  II, Table VII, lines 2-5) are comparable to 
Cp values of simple monatomic, diatomic, or tr iatomic 
liquids such as Hg(1), 6.6; Zn(1),  7.5; Cu(1), 7.5; Xe(1), 
10.7; CO(l) ,  14.5; CI2(1), 16.0; H20(1), 18.0; SO2(1), 
20.7 [ref. (14), pp. 63-66]. The central  ion, together 
with its t ight ly bound  waters  if any, manifests a par -  

tial molal heat capacity C~ comparable to the Cp of 
small  neut ra l  molecules. The moving hydrogen ion has 

a slightly negative C, i.e., it t ransports  a reduct ion of 
heat capacity wherever  it goes, and this also appears to 
be t rue for Ca ++ (excluding its high value) (lines 
6, 7). 

As pointed out in Par t  II ( l a ) ,  the role of the ion 
on its immediate  entourage of t ightly bound waters 

appears to be twofold, according as C~ is greater or 
less than  the Dulong and Peti t  value of 6 eu for the vi-  

brations of a monatomic ion. C~ is the part ial  molal  
heat capacity of the ion in motion, i.e., it is the change 
in heat capacity of the solvent system that  moves with 
the ion on addit ion of the ion to this system. Any ex-  

cess of C~ above 6 eu suggests that  the ion is con- 
t r ibut ing  an increase in the heat capacity of its t ight ly  
bound waters, perhaps by loosening the covalent O-H 
bonds, and permit t ing a heat capacity contr ibut ion to 
develop from the three in terna l  vibrat ions of the 
t ight ly bound H20's whose frequencies are normal ly  
so high that  quan tum restrictions ordinar i ly  prevent  

them from contr ibut ing to Cp(H20). Where C is less 
than  6 eu, or even negative, the ion brings in a re-  
duction in heat capacity in its immediate  entourage. 
This suggests that  the ordering influence of the ion, 
which enhances the degree of hydrogen bonding of 
the surrounding water  structure, affects the water  
system that  moves with the ion (second region),  and 
causes it to lose heat capacity. 

The ionic t ransport  heat capacity C*i represents the 
gain in  heat capacity of the solvent in the third region 

when the ion moves away, it is positive for all ions 
(Part  II, Table VII, lines 9, 11, 13, 15, 17, 19) except 
Li +, Na +, H +, and V2Ca + + at 1.0 molal. Therefore C*i 
measures the heat capacity squeezed out of the solvent 
in the third region by the introduction of the ion plus 
its t ightly bound waters if any. This loss of heat  ca- 
pacity, which results from an electrostatic enhance-  
ment  of the degree of hydrogen bonding in the third 

region, is often larger than  the heat capacity C~ of 
the central  ion itself plus any possible effect it may 
have in loosening up the covalent s t ructure of its 
t ightly bound waters. The resul tant  is then a negative 
value for C--'i, the part ial  molal  heat capacity of the 
stat ionary ion, i.e., the heat capacity change of the 
entire solvent system (second and third regions both) 
on introduction of the ion. 

It is interest ing to note that, for CI- ,  C is very 
close to the Dulong and Peti t  value, and that  C* is 
large and positive (30 eu).  This suggests that  C1- 
either has no t ight ly bound waters and the ordering 
effect of its charge occurs ent irely in the thi rd  region 
or else that  the two effects of the charge: loosening 
of the covalent O-H bonds, and enhancement  of the 
O . . .  H hydrogen bond structure exactly offset each 
other in the second region, probably the former. 

With hydrogen ion, C* is small  (Part  II, Table VII, 
l ine 9). Since hydrogen ion is a pronounced structure 
maker  in the thi rd  region, its small  C* indicates that  
its s t ructure  making  tendency shows little variat ion 
with temperature.  An extrapolat ion according to a 
~/m---law gives C*o = 5.1 eu. Coupled with our KC1- 
bridge value of Co(H + ) ---- --5.1 eu (line 8), this 

gives C--~ + ) = 0.0 eu. The corresponding values for 
hydron ium ion are then Co(I-I~O +) = 12.9 eu and 

Co(H30 +) = 18.0 eu, i.e., the hydron ium ion has a 
moving heat capacity which is the same as Cp(H20). 

The molal heat capacity of l iquid water, 18.0 eu, is 
three Dulong and Peti t  values, while Cv for water  vapor 
is only a little over 6 eu (for three translat ions and 
three rotat ions),  and C v for ice is a little over 9 eu. 
Thus the l iquid water s t ructure  picks up, through 
intermolecular  interact ion (hydrogen bonding)  an in -  
crement  of heat capacity of close to 12 eu over that of 
the vapor. A crude model of the water  s t ructure could 
be visualized as consisting of its three atoms loosely 
bound in a hydrogen-bonded quasi-lattice, possessing 
n ine  fully excited vibrat ional  degrees of freedom. Such 
a model would have a heat capacity of 9 x (2/2)R ---- 
17.9 eu. This model is an oversimplification, however,  
because the in te rna l  modes of vibrat ion of H20 re ta in  
frequencies high enough in the liquid state [bond 
stretching vibrat ions ~1 = ~3 ---- 3440 cm -1, bond 
bending ,~ ---- 1645 cm -1 (9) as compared with 3652, 
3756, and 1595 cm -1 in the vapor (15)] to make as 
negligible a contr ibut ion to the heat capacity of the 
liquid as they do to that  of the vapor. Recently, 
Scheraga and Griffith (16) proposed a model of water  
s tructure in which the three in terna l  modes of v ibra-  
tion are disregarded, and are replaced by a series of 
five energy levels for 4-bonded (ground state) and 
for 3-, 2-, 1-, and unbonded water  molecules (excited 
states) wi thin  the hydrogen bonded quasi-lattice. The 
remaining six vibrat ions are assigned as t ransla t ional  
modes (3) and l ibrat ional  modes (3) of the H20 
molecule as a whole wi th in  the lattice. Grifflth (16) 
adjusted the energy levels and frequencies to give a 
best fit to the exper imental  thermodynamic data as 
follows 

T r a n s l a t i o n a l  L i b r a t i o n a l  
T y p e  of  I-I~O E n e r g y  l eve l  v i b r a t i o n s  v i b r a t i o n s  

m o l e c u l e  ( c a l / m o l )  ( c m - D  (cra -1) 

u n b o n d e d  6670 26 197 
1 -bonded  4970 86 374 
2 - b o n d e d  3870 61 500 
3 - b o n d e d  2030 57 750 
4 - b o n d e d  0 210 750 
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For liquid water  at 0 ~ 25 ~ and 100 ~ this model pre-  
dicts the following mol-fractions:  4-bonded H20: 
0.368, 0.278, and 0.129; 3-bonded: 0.600, 0.671, and 
0.740; 2-bonded: 0.030, 0.046, and 0.105; 1-bonded: 
0.0014, 0.0026, and 0.0091; unbonded:  0.0008, 0.0023, and 
0.0176. The fraction of hydrogen bonds broken at these 
temperatures  is 0.167, 0.192, and 0.266, respectively. The 
calculated energy of fusion is 1347 cal /mol  (compared 
with the exper imental  ~Hfus(H20) = 1436 cal /mol) .  

The Scheraga-Grifl i th part i t ion function for H20 
provides for different sets of vibrat ional  states for 
each energy level. It  is therefore not separable ac- 
cording to the two types of molecular  energy: bond 
and vibrat ional ,  and becomes quite cumbersome for 
analysis. It  will  here be replaced by a separable ap- 
proximation. This approximate part i t ion function for 
H20 and H30 + takes the form (21) 

(1 ~- ge-e /kT)  l 
Q = [4] 

(1 - -  e-hV~/kr)~(1 - -  e--hvL/kr) ~ 

in which the five energy levels are assigned an equal 
spacing e. These levels have the geometrical mul t i -  
plicities 1, 4, 6, 4, 1 corresponding to the number  of 
ways a given H20 or H30 + can be 4-, 3-, 2-, 1- or un -  
bonded in the quasi-lattice. In  addition to these geo- 
metr ical  multiplicit ies which na tura l ly  appear in the 
fourth power expansion of the binomial,  the mul t i -  
plicity factor g is introduced as a correction needed 
to compensate for the fact that  the higher energy lev- 
els, with their  lower vibrat ional  frequencies, have a 
higher density of vibrat ional  states in the Griffith par-  
t i t ion function than  they would have in  the approx-  
imate part i t ion function if the factor g were to be 
omitted. Values of g calculable from the Griffith fre- 
quency assignments range between 2 and 18. The value 
3 has been determined empirical ly for g as described 
below. Unique frequencies v w and v L are assigned to 
the three t ranslat ional  and three l ibrat ional  modes of 
vibrat ion in all  energy levels for both H20 and H30 +. 
The approximate part i t ion function thus has four ad- 
jus table  parameters  for H20, and one more for H30 +, 
as compared with 14 parameters  in the Griffith par-  
t i t ion function for H20. 

To determine the frequencies yw and v L, the ap- 
proximate part i t ion function Q was also applied to the 
ice s tructure at 273~ with the numera tor  set equal  to 
unity,  i.e., ice is assumed to be 4-bonded throughout.  
The exper imental  values for the entropy S ~ (ice, 
273~ ---- 9.88 eu, less the residual  entropy of ice: R 
In 3/2 = 0.81 eu (17), and for the heat capacity 
C~ ~ (ice, 273~ = 9.11 eu, neglecting the small  dif- 
ference between Cp and Cv, were equated to the vi-  
brat ional  contr ibutions from Q. A fit was found at 
v L = 498.1 and yw = 153.6 cm -1, values not incon-  
sistent with the set of Griffith frequencies and in a 
ratio not far from 4: 1, i.e., ( m o / m H )  ~, a result  which 
is not surpris ing since the t ransla t ional  vibrat ions in -  
volve largely motions of the oxygen atom, and the 
l ibrat ional  vibrat ions involve largely motions of the 
hydrogen atoms (22). 

To evaluate the hydrogen bond energies in the nu -  
merator  of Q, use was made of the exper imental  dif- 
ferences at 298~ 

S ~  - -  S u ( H 3 0  + )  --~ 3 .0  e u  [ 5 ]  

C p ~  - -  ~ ~  ~ 0 [ 6 ]  

as obta ined above. The res idua l  mov ing  en t ropy  of 
H30 + was evaluated by a method to be described be-  
low as R In 4/3 ---- 0.57 eu. Correction for the r e -  
s i d u a l  entropies of H20 and H30 +, together with the 
assumption of equal vibrat ional  contr ibutions for both, 
gives the difference in bond entropies and heat ca- 
pacities as 

Sbond ( H 2 0 )  - -  Sbond ( H 3 0  § ) = 2 .78  e u  [7] 

Cbond ( H 2 0 )  - -  Cbond ( H 3 0  + )  ~ 0 [ 8 ]  

Values of e(H20) and e(H30 +) were sought that  
would satisfy these differences. These were found to 
be e(H20) = 1409 and 1540; e(H30 +) ~- 1996 and 
2060 cal/mol, for g ---- 3 and 4, respectively. Then com- 
plete bond and vibrat ional  entropies and heat ca- 
pacities for H20 were computed from the full  par t i -  
tion function Q, yielding, after inclusion of the re-  
sidual entropy, at 298~ S ~ ---- 16.74 and 17.53 eu, 
and Cv ~ ---- 17.11 and 18.91 eu, for g ---- 3 and 4, respec- 
tively. Since the exper imental  values are S ~ ---- 16.716 
eu and Cv o : -  17.81 eu for H20, the choice g ~ 3 gives a 
closer fit and was adopted empirically together with 
the parameters:  v r = 153.6, /,L ~ 498.1 cm -1, e(H20) 
= 1408.7, ~(H30 +) ---- 1996.4 cal/mol.  Calculated en-  
tropies and heat capacities from Q are listed in Table 
II together with the exper imental  values for compari-  
son. The part i t ion function does correctly give the en-  
tropy of water  from 0 ~ to 100 ~ as well  as the entropy 
of fusion of ice. It does follow the decreasing t rend 
of Cv(H20) with increasing temperature,  bu t  not so 
abrupt ly  as the exper imental  values. This is also a 
characteristic of the full Griffith-Scheraga part i t ion 
function which predicts, however, a steeper drop than 
that observed (Table II) .  

The residual entropy of hydrogen ion can be calcu- 
lated by a method analogous to Paul ing 's  computat ion 
for ice (17). For a te t rahedral  lattice of N oxygen 
atoms with 2N hydrogen atoms distr ibuted among 
the 2N O . . .  O bonds and two sites available to each 
hydrogen atom (at 0.99 and at 1.77A away from 
any part icular  oxygen atom),  the number  of configura- 
tions is 22N. These configurations include the follow- 
ing arrangements  of H around O: 1 H40 ++, 4 H30 +, 
6 H20, 4 O H -  and 1 O =. Thus for each O atom, only 
6/16 of all possible configurations are H20's, and for 
the entire system, W = 22N(6/16) N. The residual  en-  
tropy is k In W = R ln22.6/16 = R In 3/2 (17). 

The residual  contr ibut ion to the un i ta ry  part ial  
molal entropy of hydrogen ion is the change in re-  
sidual entropy of a large mass of H20 per H + added to 
it. Take a central  H20 molecule and add H + to it. The 
number  of distr ibutions of 3H's among two sites each 
is 23 , and the fraction of possible configurations that  
correspond to H30 + is 4/16, making W = 23 (4/16) 
for the central  O atom. The three vicinal O's, bonded 
by the three H's of the central  H30 +, have each two 
fur ther  H's to be distr ibuted among two sites per 
bond in three bonds. The fraction of possible con- 
figurations allowed here is only 3/16, instead of 
6/16, since only three, instead of four, bonds are avail-  
able. This makes W ---- [22(3/16)]3 for these three O's. 
The fourth vicinal  O whose own H bonds it to the 
central  H30 +, has only one fur ther  H to be distr ibuted 
among two sites per bond in three bonds. Again, the 
fraction of allowed configurations is only 3/16, in-  
stead of 6/16, making  W ---- 2 (3/16) for this fourth O. 
For the remaining  O's fur ther  away from the central  

Table II. Comparison of calculated and experimental entropies and 
heat capacities of water and hydronium ion 

All va lues  in calories �9 degree-1 �9 mo1-1 
Calculated values  f r o m  the app rox ima te  par t i t ion  funct ion  Q, Eq. 

[4], except  w h e r e  noted 

Residual  ent ropies :  Sresl~ (H~O) = R In 3/2; 

S"resl~(I-~O+) = R In 4/3 
Cvo Cvo C~o Cvo 

H,20 So (calc) So (exp) (ealc) (exp) (exp) (calc) 

O ~ (Ice) (9.86) 9.88 (9.11) - -  9.11 
0* (Water) 15.24 15.14 17.11 18.15 18.16 19.67 

25" (Water)  16.74 16.716 17.11 17.81 18.00 18.01 
50 ~ (Water) 18.11 18.13 16.94 17.33 18.00 16.95 
75 ~ (Water) 19.37 19.51 16.67 16.72 18.05 16.55 

100 ~ (Water) 20.61 20.76 16.35 16.03 18.15 16.64 

too§ ~-  (eaSe) ~ (~xp) Co (ea~c) co (exp) 

25" 13.73 13.7 17.11 18.0 

a Calculated from the Grif f i th-Scheraga  (16) par t i t ion  funct ion.  
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H30 +, W appproaches the Paul ing value of 22(6/16) 
for pure water. The change in residual  entropy resul t -  
ing from the addition of one H + to an ice-like lattice 
of N H20's is then 

23(4/16) [22(3/16)] 3 2(3/16) [22(6/16)] N-5 
k In [9] 

22N(6/16) N 

and this is SUresid(H+) which b e c o m e s - - R  In 24 : 

--6.32 eu on a molar  basis. Now, SUresid = SUreski -~ 
(--S*resid). The moving entropy term is the increment  
in residual entropy of the central  H20 itself on its 
t ransformat ion to H30 +, this is k In [23(4/16)]/  

[22(6/16)] which gives SUresid(H30 +) = R In 4/3 : 
0.57 eu. The residual entropy of t ransport  of H + 
is then S*resid (H +) ---- R In 32 = 6.89 eu. Since 
exper imental ly  S*o(H +) is around 10 eu (Table I) ,  
this result  suggests that  the electrostatic part  of the 
entropy of t ransport  of H + amounts  to a little over 
3 eu, a value which would be consistent with the East- 
man-Born  equation at r~ ---- 2.8A, i.e., close to the 
O . . .  O distance in the ice lattice. 

The exper imental  values for H20 in Table II are 
based on the NBS value for the entropy at 25 ~ (18) 
and the NBS values for the specific heat as recorded in 
the "Handbook of Chemistry and Physics." Cv was 
computed from the observed Cv by the usual  formula 
involving the compressibility and thermal  expansion 
of water. Observed values for H30 + are based on re-  
search reported above in  the present  paper. 

The approximate part i t ion function predicts the fol- 
lowing mol fractions at 0 ~ 25 ~ and 100~ 4-bonded 
H20: 0.446, 0.375, and 0.227; 3-bonded: 0.399, 0.417, and 
0.408; 2-bonded: 0.134, 0.174, and 0.274; 1-bonded: 
0.020, 0.032, and 0.082; unbonded:  0.0011, 0.0022, and 
0.0095, so that  the fraction of hydrogen bonds broken 
becomes 0.183, 0.218, and 0.310 at these temperatures,  
i.e., about 10-16% larger than in the Griffith-Scheraga 
model. For  H30 + at 25 ~ Q predicts the mol fractions: 
4-bonded: 0.675; 3-bonded: 0.279; 2-bonded: 0.043; 
1-bonded: 0.0030; unbonded:  0.000077, for a fraction of 
hydrogen bonds broken of only 0.094. Thus the approx-  
imate par t i t ion funct ion Q confirms that  H30 + is a 
strong structure maker  in the solvent. The addition of 
H + to H20 introduces a distinct amount  of s tructure 
to the H30 + . . . (H20)4 complex since it reduces the 
number  of hydrogen bonds broken at 25~ 9.4%, to a 
level of half the number  of hydrogen bonds broken, 
18.3%, in the liquid H20 . . . (H20)4 complex at the 
mel t ing point. The need to break 12.4% more bonds, 
i.e., from 9.4 to 21.8%, when the proton moves away 
at 25 ~ is consistent with a heat of t ranspor t  of 0.124 x 
4[e(H30+) -~- e(H20 )] + 0.782 x 4 [e(H30+ ) ~ e(H20)] 
= 1689 + 1838 cal /mol  =3527 cal/mol,  a value which 
is higher than  but  of the right order as compared with 
the observed heat of t ransport  TS* of H + of around 
3000 cal /mol  (on the Agar postulate) .  Lin  (19, 20) 
has recent ly shown that S* for hydrogen ion is 
strongly lowered by the addition of ethanol to water, 
where the ethanol effectively tends to hinder  the pro- 
ton t ransfer  mechanism of H + mobility. Thus the heat 
of t ranspor t  for proton transfer,  calculated above to 
be 3527 cal/mo~ from our present  model of the H20 
and H30 + structures, should be larger than the ob- 
served heat of transport,  which contains a contr ibu-  
t ion from the much smaller heat of t ransport  of the 
H30 + migration. As the numbers  quoted above show, 
this expectation is indeed found to be the case. 

Fur ther  val idat ion of the model is provided from the 
surface energy of water  which is "z - -  T d T / d T  (7 is 
surface tension),  and is equal to 117.8 erg/cm2 at  25 ~ 
Taking the surface population of water  as (pNo/M)2/3 
: 1.038 x 1015 molecules/cm 2, the molar  surface en-  
ergy is 1634 cal, a value which compares favorably 
with our eCH20) of 1409 cal/mol, the energy increment  
when  one H20 molecule goes from a 4-bonded to a 

3-bonded state, as it must  when it moves into a posi- 
t ion in the surface. 

Despite its success (Table II) ,  the approximate par-  
t i t ion function Q has a number  of defects. It overes- 
t imates the heat capacity of ice in the interval  --50 ~ 
to --200 ~ by about 10-18%, but  yields a satisfactory 
1392 cal for the energy E-Eo of ice at 0 ~ as compared 
with the exper imental  value of around 1310 cal. It 
underest imates the energy of fusion as 1031 cal as 
compared with the exper imental  1436 cal. The calcu- 
lated free energies are rather  poor. The predicted 
_~A (fusion) is negative at all temperatures  so that the 
mel t ing point of ice should then be 0~ On the other 
hand, the calculated hA (fusion) remains small  (--439 
cal at 273~ up to several hundred  degrees, and then 
bends over sharply and drops l inear ly  with increasing 
T. When this high temperature  l imit  for hA(fusion)  
is extrapolated back to zero, it predicts a mel t ing point 
of 383~ i.e., about 110 ~ too high. 

With O H -  ion, there are three t ranslat ional  v ibra-  
tions and two l ibrat ional  vibrations. If the same fre- 
quencies and bond contributions are utilized as for 

H30 +, S u is calculated to be 13.2 eu, a value much 
higher than the observed 8 eu. The hydroxyl  ion should 
be more t ightly bound to the hydrogen bonded water  
lattice than H30 +, as evidenced by its higher entropy 
of transport.  This factor alone would tend to raise 
the frequencies and the bond energies for O H -  and 

would significantly lower ~u. If the observed uni ta ry  

part  of the moving entropy of hydroxyl  ion S u ( O H - )  
---- 8 eu is a rb i t rar i ly  divided into a vibrat ional  con- 
t r ibut ion of 7 eu plus a bond contr ibut ion of 1 eu, the 
observed value can be fitted with the assignments: 
~T _-- 196, v L ---- 784 cm -1, ~ ---- 3000 cal/mol, all of 
which are about 50% higher than the corresponding 
values for H30 +, i.e., the hydrogen bond O H -  . . .  H20 
would seem to have about 50% greater stiffness than  
H30 + . . . H20. The corresponding moving heat ca- 
pacity would then be, for the five vibrations:  6.9 eu, 
for the bonds: 3.8 eu, giving a calculated total 

C~ - )  of about 11 eu. 
Since the conventional  part ial  molal  heat capacity is 

C~o(OH - , c o n v . )  ---- --32 eu (18), it is possible from 
our KCl-br idge value Co(H +) ---- --5.1 eu to obtain 
Co(OH - )  ---- --27 eu, and, in view of the moving heat 
capacity calculated above, C * ( O H - )  ~ 38 eu is the 
heat capacity loss of the third region surrounding the 
O H -  ion, a value comparable to and even larger than 
C* for the chloride ion (Par t  II, Table VII, l ine 11). 

Griffith (16) extended his statistical theory of the 
water  s t ructure to infinitely dilute solutions of al-  
kali halide salts. Adjus t ing his statistical parameters  
to the exper imental  properties of the salts and to Breck 
and Lin's (2) choice of absolute part ial  molal  ionic 
entropies (Table I, l ine 14), his theory yields values 
of the single ion part ial  molal  heat capacities which 
can be compared with our  exper imental  results based 
on the KCl-br idge postulate (Part  II, Table VII) .  
The comparison is as follows with our values given 
in parentheses: Li +, 11.94 (8.5); Na +, 0.16 (0.3); K +, 
--4.37 (--4.9); CI - ,  --30.71 (--24.1). There is an in -  
teresting and close parallel  between Griffith's statis- 
tical values and our exper imental  results in this case. 
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LIST OF P R I N C I P A L  SYMBOLS 
Linear  coefficient in thermoelec t r ic  equation,  
~V/deg. 
Helmhol tz  free energy,  ca l /mol .  
Quadra t ic  coefficient in thermoelect r ic  equa-  
tion, ~V/deg 2. 
Gurney ' s  re la t ive  viscosi ty coefficient. 
Molal  heat  capaci ty  at constant  pressure,  or  
constant  volume, c a l / d e g . m o l  ( eu /mol ) ;  ca l /  
deg .eq  (eu /eq) .  

C, o Par t i a l  molal  heat  capaci ty  at infinite dilution. 
C* Transpor t  heat  capaci ty  of a salt  or an ion con- 

st i tuent.  
C*o Transpor t  heat  capaci ty  of a salt  or an ion con- 

s t i tuent  at infinite dilution.  
C Pa r t i a l  mola l  moving ( t ranspor ted)  hea t  ca -  

pac i ty  of a salt  or an ion constituent.  

~o Pa r t i a l  mola l  moving ( t ranspor ted)  hea t  ca -  
pac i ty  of a sal t  or an ion const i tuent  at in-  
finite di lut ion.  

C Pa r t i a l  molal  s ta t ionary  heat  capaci ty  of an ion 
constituent.  

C ~ Par t i a l  molal  s ta t ionary  hea t  capaci ty  of an 
ion const i tuent  at  infinite dilution. 

c Veloci ty  of light, 2.998 x 10 TM cm.s -1 
D Dielectr ic  constant ,  dimensionless.  
Do Coulomb's  law constant:  (10-9/9)  a . s . v - l . m  -1, 

or 1 s ta tampere ,  second-s ta tvol t  -1. cm -1, see 
ref. (13), Pa r t  II.  

E Molal  energy,  cal /mol .  
Eo Molal  entropy,  a t  0~ 
e Elementa l  charge, 1.602 x 10 -19 a.s. 
F The Fa raday ,  96487 a.s. 
g Empir ica l  mul t ip l i c i ty  factor in approx ima te  

par t i t ion  function Q. 
H Molal  enthalpy,  ca l /mol .  

P lanck ' s  constant ,  6.62 x 10 -27 erg.s. 
i, j Ionic indexes.  
f Rela t ive  par t ia l  molal  hea t  capacity.  
k Bol tzmann constant,  1.38 x 10 -16 erg/deg,  86.17 

microvol t -e lec t rons /deg .  
m Molal i ty :  tools of solute pe r  k i logram of sol-  

vent. 
m Mass, grams. 
M Molecular  weight,  molar  mass, grams/ tool .  
N Number  of molecules;  No: Avogadro ' s  number  
n Number  of mols. 
p Pressure ,  dyne-cm -2, atm. 
Q Par t i t ion  function for wa te r  and hydron ium 

ion (dimensionless) .  
r Ionic radius,  cm, A. 
R Gas constant ,  1.98717 eu/mol ,  86.17 mic rovo l t -  

f a r adays /deg -mol .  
S mola l  entropy,  c a l / deg -mo l  ( eu /mol ) ,  ca l /deg-  

eq ( eu /eq ) .  
Pa r t i a l  mola l  en t ropy  of a salt, pa r t i a l  molaI  
s ta t ionary  en t ropy  of an ion constituent.  

~o Pa r t i a l  molal  en t ropy  of a sal t  in the  hy -  
pothet ica l  s t andard  s tate  wi th  m = 1, but  all  
o ther  proper t ies  at  infinite dilution. 

S* Transpor t  en t ropy  of a salt  or an ion const i t -  
uent.  

S*o Transpor t  en t ropy  of a salt  or an ion const i t -  
uent  at  infinite dilution. 

~- Pa r t i a l  mola l  moving ( t ranspor ted)  en t ropy  of 
an ion constituent.  

yo Par t i a l  molal  moving ( t ranspor ted)  en t ropy  
of an ion const i tuent  in the  hypothe t ica l  s t and-  
a rd  state. 

So' S ~ ~. S* (m) ,  p r e l imina ry  s tandard  value  of the  
moving en t ropy  for  an ion consti tuent.  

~u Uni ta ry  par t  of ~o for an ion consti tuent.  
T Tempera ture ,  ~ t t empera tu re ,  ~ 
t+, t - ,  t~, tr, to Hi t tor f  t ransference  numbers  of W ions, 

- -  ions, ions of species i, ions of species r to 

V 

v 
z, z§ 

.y 

eo 

y ,  V 
p 

which e lec t rode  is reversible ,  ions of species 
g gegenions of r. 
Elect r ica l  potent ia l  of copper e lectrode t e r -  
minal ,  volts. 
Valence of a salt. 
z - ,  z~, zr, zo Ionic valence  (wi th  s ign) .  See t+ 
� 9  for explana t ion  of subscripts.  
Mean ion act ivi ty  coefficient of a salt;  7i: ionic 
ac t iv i ty  coefficient. 
Energy  level  in hyd rogen -bonded  s t ruc ture  of 
H20 and H30 +. 

(dV/dT)th.initial In i t ia l  thermoelect r ic  coeffi- 
cient, gV/deg.  
(dV/dT)th,final F ina l  thermoelec t r ic  coefficient, 
~V/deg. 
Ionic s trength;  v: number  of ions per  molecule  
of salt. 

Frequency,  wave  number ,  s - t ,  cm -1. 
Density,  g . cm -3. 
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Technical Notes @ 
Electron Microprobe Study of the Active Materials 

in the Lead-Acid Storage Battery 
Takewo Chiku and Koichi Nakajima 

Toyota Central Research & Development Laboratories, Inc., Nagoya, Japan 

The electrochemical processes of forming the active 
materials in a lead-acid storage bat tery have been 
thoroughly examined. However, the mechanism of 
formation is not clear as yet. Based on observations 
of the electrochemical polarization in a cylindrical  
mass of litharge, one of the present  authors (1) clearly 
showed that  the polarization was largely dependent  
on the potential  gradient  produced in the mass. Thus, 
it was shown that negative polarization began to 
develop from a region near  the positive end of the 
cylindrical  mass, while positive polarization began to 
develop from the interior  of the mass. Simon and 
Jones (2, 3) have studied the s t ructural  changes oc- 
curr ing dur ing the electrochemical formation of posi- 
tive active material,  and they showed that  the micro- 
s tructure depended on the condition under  which the 
active materials  were formed. 

Tudor et al. (4) proposed the autoradiographic 
technique to apply to bat tery research, and by using 
this technique they have shown (5) the electrochemi- 
cal behavior, especially of the Pb-Ca  grid bat tery  
with the addition of phosphoric acid. However, their  
technique is not suitable for microanalysis of the 
s t ructural  change of electrode plates during the pro- 
cess of charge and discharge. 

The present  study was under taken  to elucidate 
with the aid of an electron probe x - ray  micro- 
analyzer the concentrat ion changes of lead sulfate 
and its distr ibution on charge and discharge in the 
electrode plate. 

Experimental Procedure 
The samples examined were taken from automobile 

batteries, each cell consisting of 5 positive and 6 
negative plates. Specifications of this bat tery  are as 
follows: 12V, 40 Ahr  at the 20-hr rate, te rminal  voltage 
9.5-9.7V after discharge with 150A at --15~ for 5 
sec, and the specific gravity of the electrolyte solution 
1.260 at 20~ 

The batteries were discharged under  various condi- 
tions after having been charged at 3A for 13 hr. 
A negative and a positive plate were taken from 
each stage shown in Table I. These stages are des- 
ignated as A, B, C, D, E, and F. Three blocks of 
active mater ia l  surrounded by the un i t  grid section 
were then cut out carefully from the upper, middle 
and lower portions of each electrode plate as shown 

Table I. Time of discharge or charge and terminal voltage in 
each stage of the electrode plate 

Stage  

C h a r g e  Discharge 
at 0.0022 A/cm2 at  0.003 A / c m  2 a t  0.011 A / e m  2 

T ime  of  T e r m i n a l  T i m e  of T e r m i n a l  T i m e  of T e r m i n a l  
charge, voltage, discharge, voltage, discharge, voltage, 

hr volt hr volt rain volt  

A 0.1 2.07 0.5 2.05 0.S 1.70 
B 0.5 2.07 1 2.04 1 1.72 
C 2 2.11 2 2.03 2 1.71 
D 5 2.20 3 2.01 3.5 1.62 
E 8 2.37 6 2.00 5.7 1.50 
F 13 2.87 8 1.00 0.2 0.80 

in  Fig. 1, the size of the un i t  section being 17 x 4 x 1.4 
mm 3. These blocks were then completely cleansed 
with distilled water  un t i l  no sulfate ion was de- 
tected and finally dried at room tempera ture  under  
reduced pressure. 

The intensi ty  of P b - Ls  and S-Ks  radiat ion was 
measured on these block samples along the surface 
or in the direction of depth from the surface by using 
a Shimadzu ARL electron probe x - r ay  microanalyzer 
operated at 30 kV. The area of the i r radiated specimen 
surface was 2~ or 10~ in diameter  for making a line 
analysis and 360 x 360 ~2 for measuring the electron 
beam scanning pat tern  (EBS). The in tensi ty  of the 
characteristic radiat ion of each element  in the sample 
was determined as the average value of at least twenty  
different measurements.  

Experimental Results and Discussion 
Figure 2 shows the EBS pat tern  of S -Ks  radiation 

obtained from the defined portions on the surface of 
the discharged positive plate in which the effective 
depth of penetrat ion of the electron beam into the 
sample was estimated to be about 2~. Line analyses 
were also carried out on samples taken from each 
stage shown in Table I. A typical example of the 
analysis is shown in Fig. 3. This result  shows that  the 
electrochemical reaction which occurs on the electrode 
plates does not proceed homogeneously over the entire 
plate, but  that  the content  of PbSO4 produced dur ing 
discharging varies from area to area in the samples. 
It  is clearly seen from these figures .that for a given 
position the slopes of the intensi ty  curves of Pb-La  
and S -Ks  radiat ion are opposite to each other. Thus, 
an increase (or decrease) of the intensi ty  of Pb-La  
corresponds to a decrease (or increase) of that  of 
S-Ks.  This can be explained in terms of the nucleat ion 
and growth (or decomposition) of PbSO4 (6), if the 
sources of S -Ks  radiat ion emitted from the electrode 
plate are related completely to the presence of PbSO4 
in the region observed. The concentrat ion of PbSO4 
and its distr ibution in the samples can be estimated on 
this assumption. Figure 4 shows the per cent change of 

~P 

o!er  
Fig. 1. Upper, middle, and lower positions of electrode plate 

from which specimens were prepared. 
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Fig. 2. EBS pattern of S-Kc~ radiation obtained from discharged 
positive plate. 

Fig. 3. Example of line analysis of S-Ka and Pb-Lcz radiation 
across the surface of the negative plate (see Fig. 1) taken from 
stage D. 

J 

z.,c ~- 

2c 

n i~ i i . i i i i 
2 4 6 8 

Time (hr) 
Fig. 4. Dependence of the content of PbSO4 in the negative plate 

on the time of discharge (at 0.003 A/cm2). 

the content  of PbSO4 in the surface of a negat ive  pla te  
wi th  t ime of discharge:  the  content  of PbSO4 increases 
g radua l ly  wi th  the  t ime,  and af ter  8 hr  the  increase 
a t ta ins  to about  75%, which  agrees wi th  the resul t  (6) 
obta ined by  x - ray .  

I t  is ve ry  in teres t ing  to note tha t  the  surfaces of the  
e lect rode plates  are  not  covered en t i re ly  wi th  the  sub-  
stance containing sulfur  even in the  l a t t e r  s tage of 
discharge.  This resul t  enables  us to suggest  tha t  some 
Pb  crys ta l l i tes  mus t  r ema in  r a n d o m l y  to the  final 
s tage of discharge,  and they  wil l  make  nuclei  for 
changing PbSO4 into Pb dur ing  charging.  

The concentra t ion grad ien t  of PbSO4 sampled  f rom 
the  surface to the inner  par t  was measured  on samples  
which corresponded to the  stages in the  process of 
charge or discharge shown in Table  I. The content  of 
PbSO4 in the  posi t ive p la te  had a tendency  to de -  

201 ~ 

~ 0 h 
o 0 

~ 2~ f " 
~ 10 ~ 

I I 
0 0 ID 

Discharge (at 0.003 A/s 
x x . x 

. . . .  ~ o ~ O  o ~  

I 7 ~  ~176 ~ I 

I.O 0 1.0 0 1.0 C) 10 

Charge (at 0.0022 ~crn') 

x •  

o O o O o  o 

,_ ~ o ~  ~ 
I 

0 1.0 0 1.0 0 I.0 
depth of cross-sectional surface cd (rnm) 

Fig. 5. Relative intensity of S-Ka radiation vs. depth from the 
surface of negative plate. - - x - -  lower, - - A - -  middle, - - ( ~ - -  
upper. 

crease wi th  depth  f rom the  surface for any  stage of 
the  discharge and charge, confirming the previous  
resul ts  (1) and also tha t  of Tudor  et aL (5). 

F igure  5 is the  in tens i ty  change of S - K a  radia t ion  
wi th  dep th  of the  negat ive  plate,  showing somewhat  
different  behavior  f rom tha t  of the  posit ive plate,  tha t  
is, the  concentra t ion grad ien t  of PbSO~ is almost  
zero for any  s tage of charge  and discharge.  The resul t  
of e lectron microprobe  analysis  shown in Fig. 4 ind i -  
cates the  existence of S - K a  radia t ion  corresponding 
to a few per  cent of PbSO4 in the  charged state. I t  
wi l l  be unders tood by  this fact tha t  PbSO4 in the  
e lect rode p la te  is not en t i re ly  changed into lead even 
in the  ful ly  charged state, and its amount  increases 
wi th  t ime  of ba t t e ry  usage (6).  I t  should be noted 
here  tha t  the to ta l  amount  of PbSO4 es t imated from 
the x - r a y  analysis  corresponds to that  of crysta l l i tes  
a few hundred  angst roms or more  in size, 

One of the  authors  (Chiku)  has expected from his 
previous exper iments  (1) pe r fo rmed  in a large  quan-  
t i ty  of the  e lec t ro ly te  solution wi thout  using a sepa-  
r a to r  and glass mat  tha t  the  e lect rochemical  react ion 
occurr ing in the  negat ive  pla te  should develop from 
the  in te r ior  to the  surface for the s tage of discharge,  
and vice  versa  for the  stage of charge.  The presen t  
results,  however ,  do not  coincide absolu te ly  wi th  the  
above description,  suggesting tha t  the  concentrat ion 
change of PbSO4 and its d is t r ibut ion  depend  on the  
effective quan t i ty  of e lec t ro ly te  solut ion nex t  to the  
e lect rode plate.  

I t  wi l l  be noted tha t  the  in tensi ty  of S - K a  radia t ion  
in both negat ive  and posit ive plates  becomes a m a x i -  
mum in the  lower  par t  of p la te  for any stage of the  
discharge and charge, showing tha t  the  e lectrochemical  
react ion proceeds first in the  lower  par t  for the  s tage 
of discharge and in the  upper  for the stage of charge. 
This m a y  be expla ined  as being caused by the forma-  
tion of a concentra t ion grad ien t  of e lec t ro ly te  solution 
along the surface of the  pla te  (and also a t empera tu re  
gradient )  dur ing the  progress ive reaction. An exper i -  
menta l  confirmation of this wi l l  be given by  electron 
microscopic observat ions  of the  morphological  change 
of PbSO4 crysta l l i tes  in the  lower  and upper  par t s  of 
the  plate.  

S u m m a r y  
The dependence  of the concentra t ion of PbSO4 and 

its d is t r ibut ion  on charge and discharge in the  elec-  
t rode  pla te  were  examined  in commercia l  l ead-ac id  
s torage bat ter ies  by  using an e lect ron probe x - r a y  
microanalyzer .  

The concentra t ion change of PbSO4 in the  negat ive  
plate  dur ing  discharge was found to be s ta t ionary  wi th  
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the depth  f rom the surface. S imi la r  d is t r ibut ion curves 
of PbSO4 were  also obtained for the e lectrode plates  
dur ing charging. 
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The Dissociation Pressure of Hematite 
P. E. C. Bryant and W. W. Smeltzer* 

Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

Severa l  de te rmina t ions  of the dissociation pressure  
for hemat i te  to magne t i t e  have been made  dur ing the 
past  severa l  years.  Greig et al. (1) de te rmined  the 
t empera tu res  at  which  these oxides exist  in equi l ib-  
r ium wi th  a i r  and pure  oxygen. Darken  and G u r r y  
(2) confirmed and expanded  these resul ts  by  an ex-  
tensive invest igat ion on the equi l ibra t ion  of these 
oxides in a tmospheres  of known oxygen potent ia ls  
at  severa l  t empera tu res  in the  range ll00~176 
More recently,  Norton (3) and Salmon (4) measured  
the equi l ib r ium pressures  d i rec t ly  at  t empera tu res  
from as low as 780 ~ to 1362~ and, most recently,  
Blumentha l  and Whi tmore  (5) and Charet te  and F l e n -  
gas (6) have de te rmined  the dissociation pressure  and 
s tandard  free energy of format ion at t empera tu res  in 
the  range  690~176 using a solid state e lec t rochem- 
ical method.  

The difference is significant be tween the r e su l t s  ob-  
ta ined  from the two electrochemical  investigations.  
Charet te  and Flengas  (6) used a closed cell  wi th  a 
nickel  oxide reference  electrode, the  z i rconia-calc ia  
e lect rolyte  in the form of a closed tube separa t ing  the 
electrode compar tments .  On the  other  hand, B lumen-  
thal  and Whi tmore  (5) used the open cell  s tacked t ab -  
let  technique, the  cell operat ing with  a z i rconia-calc ia  
e lec t ro ly te  table t  and iron, wust i te  as the reference 
electrode. Hemat i te  exhibi ts  a re la t ive ly  high disso- 
ciation pressure  in comparison to wust i te ;  conse- 
quent ly  a low mixed  potent ia l  r a the r  than an equi l ib-  
r ium potent ia l  m a y  have been genera ted  by  this l a t -  
te r  cell  due to t ransfer  of oxygen from one electrode 
compar tmen t  to the  other  through the iner t  gas a t -  
mosphere  sur rounding the  s tacked tablets .  In  this 
work, a different  cell  has been used containing cop- 
pe r -cuprous  oxide as the  reference electrode. Since 
the  e lec t romot ive  force genera ted  by  this cell is small ,  
i t  should be possible to obta in  equi l ib r ium values  of 
the  potent ia ls  by  the  open cell  s tacked tab le t  t ech-  
nique. 

The  galvanic  cell  may  be represen ted  as 

Cu Pt  

Cu20, I Cu I Zr0.ssCa0.15Ol.s5 I FesO4, [ Fe20~ [1] 

where  Cu and P t  represen t  the  meta l  leads embedded  
be tween  the  solid table ts  in the  e lectrode compar t -  
ments.  The table ts  of the  z i rconia-calc ia  e lec t ro ly te  
containing 15 w/o  (weight  pe r  cent)  calcia and the  
me ta l -ox ide  components  were  p repared  f rom F i sher  
C. P. reagent  powders,  the  Cu20, Cu and Fe304, Fe203 
electrodes containing meta l  and oxygen in the  rat ios 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

2.10 and 8.75, respect ively.  Cell  construction,  p r e p a r a -  
t ion of the e lectrode and e lec t ro ly te  tablets ,  and the 
appara tus  for potent ia l  measurements  have been re -  
por ted  (7). 

The t empe ra tu r e  of a cell  was control led  wi th in  • 
I~ and potent ia ls  were  de te rmined  to a precision of 
10-~ mV. To insure  potent ia l  s tabi l i ty ,  the  iner t  gas 
a tmosphere  flowing around the  ceil  contained t race  
amounts  of oxygen resul t ing f rom dissociation of cu-  
prous oxide contained in a smal l  silica combustion 
boat  outside each electrode compar tmen t  and in a 
copper  t r ay  below the cell  suppor t ing tube. Oxygen  
was provided  by  this means  to the argon a tmosphere  
at  a pa r t i a l  pressure  below the hemat i t e -magne t i t e  
equi l ibr ium oxygen pressure  but  sufficient to p reven t  
appreciable  dissociation of hemati te .  

In  Fig. 1, the  e lec t romot ive  force values  produced 
are  shown for severa l  t empera tu res  in the  range 
1060~176 The resul ts  were  obta ined f rom cycles 
of ascending and descending t empera tu res  on th ree  
cells. Potent ia l  s tabi l i ty  was excel lent  being s teady at 
a specific test  t empe ra tu r e  for a per iod of 20 hr. In -  
ves t igat ion of each ceil  a t  complet ion of the  exper i -  
ment  showed that  the  react ion electrodes had plas t ic-  
a l ly  flowed about  the copper and p la t inum leads, v i r -  
tua l ly  encasing them in the  me ta l -ox ide  mixtures ,  and 
tha t  the  e lec t rode-e lec t ro ly te  tablets  were  s intered 
together.  
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I:i 9. 1. Cell potential for reaction: 6Fe203 -+- 4Cu --) 4Fe304 _~L 
2Cu20. 
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Table I. 
Cell  p o t e n t i a l :  E ( m V )  = A + B T  (~ 

Cel l  R e a c t i o n :  6Fe~:~ + 4Cu ~ 4Fe304 + 2Cu~ 

S t a n d a r d  
T e m p e r a t u r e  d e v i a t i o n  

Re fe rence  r a n g e  (~ A B (mV) 

Th i s  w o r k  1060-1323 - -  413.7 0.363 +1 .6  
(6) 967-1373 -- 416.12 0.36471 -4-1.14 

Kiukko la  and Wagner  (8) have expressed the 
the rmodynamic  pa rame te r  to be obta ined f rom this 
type  of galvanic  cell  involving only oxygen  migra t ion  
th rough  the  electrolyte .  In  the  case of cell [1], the  
potent ia l  is 

RT 
E = In PO2 (Fe203, FesO4)/PO2 (Cu20, Cu) [2] 

4F 

where  R is the  gas constant ,  F is the  Fa raday ,  and  the 
oxygen pressures  are the  dissociation pressures  for the  
des ignated oxides. In  turn,  these dissociation pressures 
may  be re la ted  to the  s tandard  free energies of for-  
mat ion  of the  oxide pe r  mole  of oxygen.  Fo r  example ,  
this  f ree  energy change for hemat i t e  format ion  f rom 
magnet i te  is 

AG~ = --RTln PO2 (Fe2Os, Fe304) [3] 

assuming tha t  the  act ivi t ies  of the  pure  solid oxides 
are  unity.  Consequent ly  the  values  of the dissociation 
pressure  for hemat i te  at  the  inves t iga ted  tempera tures ,  
which m a y  be ca lcula ted  from the potent ia l  de t e rmina -  
t ions and the values  repor ted  for the  s t andard  free 
energy of format ion  of cuprous oxide, m a y  then  be 
represen ted  by  the  Van ' t  Hoff isochore. 

Since the  cell  potent ia ls  were  l inear ly  re la ted  to 
t empera ture ,  the  constants  of the  l ine i l lus t ra ted  in 
Fig. 1 were  eva lua ted  by  the leas t - squares  method.  
These values,  as i l lus t ra ted  in Table  I, show close 
agreement  wi th  those ca lcula ted  f rom the e lec t rochem- 
ical  resul ts  previous ly  presented  for the  same t e m -  
pe ra tu re  range  by  Chare t te  and Flengas  (6). Ac-  
cordingly  both the closed tube  cell  and  the  s tacked 
tab le t  open cell  wi th  a sui table  reference  e lect rode 
have y ie lded  values  for the  equ i l ib r ium potent ia ls  of 
the hemat i t e -magne t i t e  sys tem wi th in  an accuracy 
be t te r  than  +--2 mV. 

The dissociation pressures  of hemat i te  ca lcula ted 
f rom the  resul ts  of this  invest igat ion may  be r ep -  
resented by  the equat ion 

log PO~ (Fe203, Fe304) 
--26,196 _ 69 

+ 15.124+__ 0.003 [4] 
T 

where  T is ~ and pressure  is an atm. In  this  cal -  
culation, the  expression used for the  s tandard  free 
energy  of format ion  of cuprous oxide per  mole  oxy -  
gen is tha t  given f rom two previous  invest igat ions 
(6, 9) 

AG~ = --79,780 + 34.120T __ 345 cal [5] 

The above resul ts  and those repor ted  in the  l i t e ra -  
tu re  for the  t empe ra tu r e  range  690~176 are  
p lo t ted  in Fig. 2. I t  is apparen t  that  Eq. [4] when  ex-  
t r apo la t ed  gives a good es t imate  to the h igher  t em-  
pe ra tu re  results.  The leas t - squares  l ine for a l l  r e -  
por ted  values  at  t empera tu re s  in the  range  690 ~ 
1470 ~ C is 

log PO2 (Fe203, Fe30~) 
--25,908 +- 215 

-= -i- 14.862 __.+ 0.007 [6] 
T 
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Fig. 2. Von't Haft isochore, log po 2 vs. 1 /T ,  for the dissociation 
pressure of hematite to magnetite. 

This l a t t e r  equat ion would  thus appear  to be the  best  
es t imate  p resen t ly  avai lab le  for de te rmin ing  the dis-  
sociation pressure  of hemat i te  at t empera tu res  where  
the  oxides exist  as solids. 
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Communication @ 
Dicarbonium Ions as Products of Electrochemical 

Oxidation of Biologically Important Purines at the 
Pyrolytic Graphite Electrode 

Glenn Dryhurst 
Department of Chemistry, University of Oklahoma, Norman Oklahoma 

Recent studies have indicated that  the pr imary  elec- 
trochemical oxidation product of uric acid (1) (2,6,8- 
t r ioxypurine)  and adenine (6-aminopurine)  (2) in 
aqueous solution at the pyrolytic graphite electrode is 
a dicarbonium ion; this results from removal  of two 
electrons from the 4,5-carbon-carbon double bond of 
the pur ine  ring. Uric acid is oxidized in a single rapid 
2e process (Eq. [1]), while adenine first undergoes two 
2e oxidations at the 2 and 8 positions to the oxy- and 
then dioxyadenine, the lat ter  compound then being 
fur ther  oxidized to a dicarbonium ion (Eq. [2]). 

o > o + 2 e  

ff H [1] 

H 

Nt.l~ 

t H:~O > 

[2] 

+2~ < o + 2 ~  +2H ~ 
O O 

ff H 

Subsequent  work (3) suggests that  many  other bio- 
logically important  purines may give a similar p r imary  
electrooxidation product. Such a dicarbonium ion could 
not have a long lifetime and indeed many  ul t imate  
breakdown products have been observed (1-3). The 
oxidation waves for all purines shift positive with in-  
creasing pH which suggests that  the pr imary  elec- 
trochemical product results from a concerted removal  
of two electrons and attack by water  to give a 4,5- 
dihydroxy species with the l iberat ion of two protons. 
Nevertheless, for the purpose of this report  the pr i -  
mary  electrochemical product will  be referred to as a 
dicarbonium ion. Pur ines  containing exocyclic sulfur  
atoms do not appear to be oxidized in the purine ring, 
but  ra ther  at the sulfur  moiety (4). 

It appeared reasonable to suppose that  carbonium 
ions of the type shown in Eq. [1] and [2] would be 
very readi ly electrochemically reducible. Accordingly 
a number  of pur ine  derivatives were studied by fast 
sweep cyclic vol tammetry  in the hope of detecting a 
short l ived electrochemically reducible oxidation prod- 
uct. Ini t ia l ly  pyr idine was employed as solvent but  
the very low solubil i ty of all the purines precluded its 
extensive use. Accordingly an aqueous acetate buffer 
solution pH 4.7 was utilized in which all the impor tant  
purines are reasonably soluble. 

Experimental 
Chemicals.--Uric acid, xanthine,  hypoxanthine,  ad-  
enine, guanine, guanosine, adenosine were obtained 
from Nutr i t ional  Biochemicals, 2,8-dioxyadenine from 
Aldrich and isoguanine sulfate from K and K. 

The pH 4.7 acetate buffer had an ionic s trength of 
0.5. Deaeration was accomplished with water  saturated 
Linde Argon without  fur ther  purification. 

Apparatus.--Cyclic vol tammetry  was accomplished 
with the apparatus described by Dryhurs t  et al. (5) 
with the t r iangular  voltage sweeps supplied by an 
Exact Electronics Model 502 funct ion generator.  Cur-  
rent-vol tage curves were recorded on a Tektronix 
Model 502A dual beam oscilloscope equipped with a 
Model C-27 polaroid camera. A water  jacketed three 
compar tment  electrochemical cell was used main-  
tained at 25 ~ ~- 0.1~ containing a saturated calomel 
reference electrode (SCE) to which all potentials are 
referred; a p la t inum gauze counterelectrode in satu- 
rated KC1 was employed. 

The preparat ion of the pyrolytic graphite electrode 
has been described earlier (2, 4). 

Results and Discussion 
Uric acid was studied in the first instance because 

the 2e electrooxidation of this compound should re-  
sult directly in formation of a d icarbonium ion. At 
scan rates below about  300 mV sec -1 a saturated 
solution of uric acid showed a wel l - formed oxidation 
peak at about 0.47V but no corresponding cathodic 
behavior  except for a peak at around --0.8V due to 
parabanic acid, one of the ul t imate  products (1). 
At faster scan rates, however, a well formed cathodic 
peak appears at about 0.42V and with increasing scan 
rate, it grows in  height relat ive to the anodic peak 
(Fig. 1). The separation of the anodic and cathodic 
peak potentials is indicative of an almost totally re-  
versible couple; the peaks do separate somewhat with 
increasing scan rate. 

Oxidation of xanth ine  appears to involve about 4e 
(3) which may indicate a two step oxidation to uric 
acid and then a dicarbonium ion. That this is essen- 
t ial ly t rue seems to be proven by the fact that, using 
fast scan rates, as soon as the oxidation peak of 
xanth ine  has been scanned (Ep = 0.81V), on the re -  
verse sweep a reduction peak is observed (Ep ~-~ 0.42V), 
and on the subsequent  anodic sweep a new oxidation 
peak (Ep ---- 0.45V) appears before the original xan th ine  
peak (Fig. 2). These new peaks form an almost re-  
versible couple and, wi th in  exper imental  accuracy are 
identical to those observed for uric acid (Table I).  

Similar  studies on hypoxanthine,  2,8-dioxyadenine, 
isoguanine, adenine, and guanine  (Fig. 3) reveal a 
similar behavior, i.e., after scanning the original oxida- 
t ion peak a reduct ion peak is observed on the reverse 
scan which forms a reversible couple with a new 

1411 
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Fig. 1. Cyclic voltammograrns af saturated uric acid in acetate 
buffer pH 4.7 at the PGE. Scan rates: A, 0.32V'secl- ;  B, 1.6V" 
sec-1; C, 3.2V.sec-1; D, 6.4V "sec -1.  

oxidat ion  peak  on the second and subsequent  anodic 
sweeps. The ve ry  close agreement  be tween the  anodic 
and cathodic peak  potent ia ls  for al l  the compounds 
s tudied (Table  I) no doubt  reflects the  ve ry  s imi lar  
s t ruc ture  and na tu re  of the in te rmedia te  species. I t  
is not iceable  (Fig. 3) tha t  as the  ex ten t  of oxygenat ion  
of the  compounds decreases so the  magni tude  of the  
revers ib le  d icarbonium ion peaks  decreases. This is 
p re sumab ly  due to the  fact  tha t  a t  fast  scan ra tes  only 
a minor  por t ion of the e lectroact ive ma te r i a l  at  the 
e lect rode surface is comple te ly  oxidized, i.e., adenine 
requi res  6e for the complete  p r i m a r y  oxidat ion react ion 
(2). 

Complete  in te rpre ta t ion  of all  the  addi t ional  peaks  
observed for  some compounds is not  possible at  this 
t ime but  wil l  be r epor ted  later ,  however ,  the  r educ -  
tion peak  genera l ly  observed at about  --0.8V is no 
doubt  due to parabanic  acid or its der ivat ives  (1, 2). 

Two nucleosides, adenosine and guanosine, were  
studied;  significantly the  revers ib le  in te rmedia te  redox  
couple was not  observed a l though a new oxidat ion  
peak  was noted at 0.50V on al l  scans fol lowing the 

Table I. Potentials for oxidation and reduction peaks 
observed on cyclic voltammetry of 

purines at the PGE 

P e a k  p o t e n t i a l s  of  i n t e r -  
m e d i a t e  spec ie s  

S c a n  r a t e ,  A n o d i c ,  C a t h o d i c ,  
C o m p o u n d  V �9 see -1 v o l t  v o l t  

U r i c  a c i d  3.84 0.47 a 0.42 
X a n t h l n e  3.84 0.45 0.42 
H y p o x a n t h i n e  3.84 0.44 0 .40 
2 , 8 - D i o x y a d e n i n e  ~ 3.88 0.45 a 0.43 
2 - O x y a d e n i n e  4.8 0.51 0.45 
A d e n i n e  3.84 0.44 0.41 
G u a n i n e  3.84 0.47 0.42 
A d e n o s i n e  6.2 0.50 N o n e  
G u a n o s i n e  5.3 0.51 N o n e  

a T h e s e  c o m p o u n d s  a r e  f u l l y  o x y g e n a t e d  a n d  f u r t h e r  e l e c t r o -  
o x i d a t i o n  p r o b a b l y  i n v o l v e s  d i r e c t  a t t a c k  a t  t h e  4 , 5 - d o u b l e  b o n d .  

b T h e  n u m b e r i n g  s y s t e m  is t h a t  e m p l o y e d  in  c h e m i c a l  a b s t r a c t s  
a n d  re f .  ( 1 )  a n d  (2 ) .  
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Fig. 2. Cyclic voltammograms of saturated xanthine solution in 
acetate buffer 4.7 at the PGE with gradually increasing voltage 
span. Calibration marks on current axis indicate the position of 
zero current for each voltammogram. Scan rate in all cases I Hz. 
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Fig. 3. Cyclic voltammograms of saturated solutions of various 
purine derivatives in acetate background pH 4.7 at the PGE; all 
curves were photographed after about 3-4 repeated cycles had 
been run at a clean electrode. A, xanthine; B, hypoxanthine; C, 
2,8-dioxyadenine; D, isuguanlne; E, adenine; F, guanine; G, adeno- 
sine; H, guanosine. Current sensitivity: A, 100 ~a 'd iv-1;  B, 50 
/~a.div-1; C, 50 ~a 'd iv-1;  D, 500 #a .d iv-1;  E, 100 /~a'div-1; F, 
100/~a.div-1; G, 500 #a.div-1;  H, 200 #a.div -1.  Scan rate in all 
cases 1 Hz. 

first. F ina l  in te rpre ta t ion  of this  phenomenon wil l  be 
repor ted  soon. 
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ABSTRACT 

The morphology of growth of Cu20 on Cu has been studied using scan- 
n ing electron microscopy. The mechanical  properties of columnar  Cu20 
specimens prepared by total oxidation of metall ic copper have been studied 
as a function of bend rate and temperature.  The modulus of elasticity of 
cuprous oxide was constant  (~4  x 106 psi) from room temperature  to 500~ 
and thereafter  decreased l inearly with increasing tempera ture  to ,-2 x 106 
psi at 800~ The oxide exhibited a pseudo br i t t le-duct i le  t ransformat ion at 
360~ and 400~176 when slow and fast bending rates, respectively, were 
used. There was also a max imum strength peak at a critical tempera ture  
related to the onset of plastic deformation. Load-deflection functions indi -  
cated large amounts  of plastic deformation and in the light of fracture sur-  
face observations this can be interpreted in terms of a slow cleavage 
mechanism. 

Although a knowledge of the mechanical  properties 
of oxide scales is impor tant  wi th  respect to unde r -  
s tanding completely the mechanisms of envi ronmenta l  
degradation and breakdown of metals and alloys, few 
measurements  of the mechanical  properties of scales 
formed by thermal  oxidation of the metal  have been 
made. Tylecote (1) first a t tempted to measure the prop- 
erties of copper oxide films on copper by a hot torsion 
method and more recent ly Harr ison (2) has measured 
the fracture strain of FeaO4 films formed on steel at 
316~ in 2.5M NaOH at ambient  tempera ture  by an 
electrochemical method. Douglass (3) also presented 
evidence for the plasticity of ZrO2 films on Zr at 
500~ None of the exper imental  techniques were 
completely satisfactory and most of the available in-  
formation concerning properties has been obtained for 
oxide specimens produced by complete oxidation of 
the metal. The strength (4, 5) and creep (6) of i ron 
oxides, the strength, elasticity, and creep of NiO (4, 
7, 8) and the strength of Cu20 (1) have all been mea-  
sured. In  the earlier investigations little at tent ion was 
given to the effects of scale structure on properties 
and more recent  studies of NiO (8, 9) indicated that  
the tempera ture  of oxide growth and hydrogen an-  
neal ing of nickel prior to oxidation had a significant 
effect on oxide structure and hence on properties. 
Stratford and Gartside (10) succeeded in establishing 
that the mechanical  behavior  of CoO is markedly  af- 
fected by oxide stoichiometry and in part icular  that  
plastic deformation decreased as stoichiometry was 
approached and the n u m b e r  of cation vacancies de- 
creased. 

The present  s tudy of Cu20 has been carried out to 
provide detailed s t ructural  and mechanical  informa-  
tion for total ly oxidized mater ia l  to provide a suitable 
background for future  studies of the properties of 
films attached to the metal. Oxide growth and frac- 
ture  morphology have been investigated using scan- 
n ing electron microscopy and the modulus of elasticity 
and the yield and fracture stress and strain studied 
a s  a function of loading rate and temperature.  It was 
of part icular  interest  to examine the onset and mech- 
anism of plasticity in Cu20. It is anticipated that  in the 
long term, this knowledge, with addit ional  informa-  
t ion concerning the properties of cupric oxide will  
permit  a bet ter  unders tanding  of certain aspects of 
the oxidation of copper to be achieved. 

Experimental 
Copper of 99.999% purity,  in the form of 0.006 in. 

thick sheet by Metals Research Ltd., Cambridge, was 

used. No metallic impurit ies were detected by spectro- 
graphic methods. Standard  specimens 0.3 cm broad 
and 3 cm long were oxidized in purified air at 1030~ 
for the required period of t ime to effect part ial  or com- 
plete oxidation of copper to Cu20. 

The mechanical  properties of the oxide specimens 
were measured using a three point  loading bend tech- 
nique (7, 9, 11). The apparatus used in the present  
work (11) was fully automatic and capable of mea-  
suring the properties up to 1200~ and under con- 
trolled atmosphere conditions. The load applied to the 
specimen and its central deflection were measured by 
a load cell and displacement transducer, respectively. 
The electrical outputs from the load cell and displace- 
ment transducer were fed into an X-Y autoplotter 
from which a load-deflection function was obtained. 
Bending rates of 0.011 and 0.508 cm/min were used 
throughout the work. The load-deflection functions 
were carefully analyzed to determine the modulus of 
elasticity, yield stress and strain, or fracture stress 
and strain as appropriate. 

The modulus of elasticity (E) was calculated from 
the relat ionship E ---- PL3/4bd3h where  P is the load, 
L is the coupon length between its supports, b and d 
are the specimen width and thickness, respectively, 
and h is the measured deflection. Individual ly  mea-  
sured values of d must  be used in order to ma in ta in  
accuracy of the value of E. The fracture stress (Su) 
of specimens exhibi t ing only elastic deformation is 
given by Su = 3PuL/2bd2 where Pu is the fracture 
load and the other terms have the same significance 
as above. The fracture s t ra in (~) of coupons exhibi t -  
ing only elastic deformation is given by Su/E. If how- 
ever the oxide coupons exhibit  elastic and plastic de- 
formation the methods outl ined above for the calcu- 
lation of stress and strain cannot be used. It  can, 
however, be shown (11) that  under  these conditions 
the fracture strain is given by e ~ 8hy/L 2 red where 
y is d/2 and L red ~ ~/8hR where R is the radius of 
curvature  of the bent  specimen. Fur thermore  it can 
be shown (12) that the stress (S) of a plastically bent  
rec tangular  section is given by 

2 
S = (2M 4- ~b dM/d~) 

bd2 

where M is the bending moment  of the coupon and 
is half  the angle subtended by two plane sections 

after bending. This relat ionship can be used to obtain 
the fracture stress when the coupons exhibit  both 
elastic and plastic behavior  (11). 
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Specimens for scanning electron microscopy were 
fractured either in the bend test apparatus or by hand 
while immersed in liquid nitrogen. The fractured 
samples of oxide or composite coupons were cemented 
to small  Dura lumin  stubs by means of Durofix cement. 
The fracture surface was mounted normal ly  to the 
stub and set at ~ 45 ~ to the stub surface. In  order 
to prevent  surface charging of the specimen in the 
microscope the Durofix cement was coated with a 
th in  layer of carbon black. A conducting path from 
the oxide sample to the Dura lumin  stub was also ob- 
tained using carbon black, great care being taken to 
avoid contaminat ion of the fractured surface. The 
specimens thus prepared were examined in a Cam- 
bridge Ins t rument  Company, Stereoscan Mk IIa. The 
theory of the ins t rument  has been discussed by Oatley 
eta l .  (13) and will  not be discussed here. The speci- 
men detail  resolution was always better  than  500A 
and as good as 150A in some cases with a depth of 
focus at least 300 times greater than that  of a normal  
light microscope. 

Results 
Morphology of oxide formation on copper.--An 

SCEM study was made of the na ture  of growth of 
Cu20. The structure of the Cu20 film formed after 2 
rain at 1030~ is shown in Fig. la. It can be seen that  
a portion of the Cu20 film has lifted straight off the 
Cu substrate dur ing the fracture process. The Cu20 
film is compact and the metal-oxide interface is re la-  
t ively smooth. After  oxidation for 10 min  at 1030~ 
the oxide was again compact al though in one special 
area numerous  voids were present (Fig. lb ) .  The pro- 
nounced markings in the Cu20 film are cleavage steps 
produced by the fracture process and the points 
marked x in Fig. l b  are cleavage facets. The struc-  
ture  of a completely oxidized coupon is shown in Fig. 
lc and a number  of voids can be seen at the core of 
the coupon. 

The structure of the oxide film formed at the cor- 
ners of copper coupons was unusua l  and consisted of 
an outer co lumnar-gra ined  layer and an inner  fine- 
grained layer which exhibited numerous  pores. The 
formation of this s t ructure is shown clearly in the 
scanning electron micrographs in Fig. 2. The Cu-Cu20 
interface after only 2 min oxidation at 1030~ is 
shown in Fig. 2a. It is immediately apparent  that  Cu20 
crystallites (B) have grown at the interface beneath 
a compact columnar layer of Cu20 and pores are as- 
sociated with the crystallites. This area was found to 
have developed into a f ine-grained porous structure 
after oxidation for 10 rain at 1030~ (Fig. 2b). The re-  
maining  metal  core is indicated in Fig. 2b and the f in-  
ger- l ike crystalli tes of Cu~O, observed in Fig. 2a, can be 
seen growing from this region near  the corner of the 
Cu-Cu20 interface. An extremely porous and con- 
fused mass of small crystals is shown in Fig. 2c. De- 
tailed examinat ions of specimens after total oxidation 
indicated the presence of large holes and small  grains 
of Cu20 in the specimen center between the outer 
compact co lumnar-gra ined  layers of Cu20 (cf. Fig. 
lc) .  It was now of interest  to measure the mechanical  
properties of such totally oxidized coupons and to ex- 
amine the fracture surfaces in some detail. 

Ef]ect of measurement temperature, atmosphere, 
and bending rate on the mechanical behavior of Cu20 
coupons.--The properties of the coupons were mea-  
sured at temperatures  ranging from ambient  to 800~ 
in both Ar and 02 atmospheres. Over-al l  the load-de-  
flection functions and mechanical  properties were 
found to be the same for both Ar and 02 atmospheres. 
For the slow bending rate, the Cu20 coupons exhibited 
elastic behavior prior to fracture at 325~ whereas 
at 360~ some plastic deformation was also observed 
(Fig. 3). The amount  of plastic deformation observed 
at 360~ was such that some coupons were unbroken  
at the max imum deformation l imit  of the apparatus 
and hence the properties were not investigated at 
higher temperatures.  For the fast bending rate elastic 
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Fig. 1. Fracture surfaces of Cu or Cu20 specimens. (a) Cu spe- 
cimen after partial oxidation for 2 min in air at 1030~ (b) Cu 
specimen after partial oxidation for 10 min in air at 1030~ 
isolated area near edge showing marked porosity in Cu20 film. (c) 
Cu20 specimen produced by total oxidation of Cu in air at 1030~ 
after bending at the slow rate at 360~ in argon. 

behavior  to fracture was observed at 325 ~ 360 ~ 
and 400~ and plastic deformation was only observed 
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Fig. 3. Load-deflection functions obtained for Cu20 specimens at 
the slow bending rate (0.011 cm/min) in 02 or argon at 325 ~ and 
360~ 

Fig. 2. Details of Cu-Cu20 interface and of porosity in Cu20 
films. (a) Metal-oxide interface at specimen corner after 2 rain 
oxidation in air at 1030~ (b) General view of metal-oxide inter- 
face; exposure as in (a). (c) Details of porous region in specimen 
(b). 

at temperatures  > 500~ The load-deflection func-  
tions obtained at both bending rates exhibited marked 

serrations when the CusO coupons were plastically de- 
formed to an amount  > 65 x 10 -3 cm (Fig. 3). 

The mechanical  properties of the Cu20 coupons were 
calculated from the load-deflection functions and the 
results are given as a function of tempera ture  in 
Tables I and II for the slow and fast bending rates, 
respectively. The modulus of elasticity was independ-  
ent of the bending rate and was constant at ~ 4  • 106 
psi when the tempera ture  was increased from ambient  

Table I. Mechanical properties of Cu20 coupons bent at 0.011 
cm/min as a function of temperature 

O x i d e  O x i d e  O x i d e  
O x i d e  m o d u l u s  o f  y i e l d  f r a c t u r e  

T e m p e r -  O x i d e  y i e l d  f r a c t u r e  e l a s t i c i t y ,  s t r e s s ,  s t r e s s ,  
a t u r e ,  ~  s t r a i n ,  % s t r a i n ,  % p s i  • 10 -e t s i  t s i  

A m b i e n t  - -  0 . 1 5  (0 .01)  4 .0  (0 .5 )  - -  2 .7  (0 .5)  
325  - -  0 .22  (0 .01)  3 .8  (0 .5 )  - -  3 .7  (0 .5 )  
3 6 0  0 .11  (0 .02 )  0 . 5 6 / 7 . 8  4.2 (0 .5)  2 .1  (0 .3 )  - -  

Standard deviation values are given in parentheses. 

Table  I I .  Mechanical  properties of Cu20  coupons bent at  0.508 

cm/min  as a function of temperature 

Oxide Oxide 
Oxide Oxide modulus of Oxide fracture 

T e m p e r -  y i e l d  f r a c t u r e  e l a s t i c i t y ,  y i e l d  s t r e s s ,  
ature, ~ strain, % strain, % psi • I0-~ stress, tsi tsi 

A m b i e n t  - -  0 .17  (0 .01 )  4 .0  (0 .5 )  - -  3 .1  (0 .5 )  
3 2 5  - -  0 . I 9  (0 .01 )  4 .0  (0 .5 )  - -  3 .4  (0 .5 )  
360 - -  0.23 (0.02) 4.2 (0.5) - -  4.2 (0.5) 
4 0 0  - -  0 .23  (0 .02 )  4 .2  (0 .4 )  - -  4 .2  (0 .5 )  
500  0 . 0 6 5  (0 .005)  ~ 4.2 (0 .5)  1.2 (0 .2 )  - -  
600 0.032 (0.003) - -  3.5 (0.5) 0.5 (0.1) - -  
700  0 . 0 2 7  ( 0 .002 )  - -  2 .5  (0 .5 )  0 .3  (0 .05 )  - -  
8 0 0  0 .014  ( 0 .002 )  - -  2 .0  (0 .3)  0 . I  (0 .02 )  - -  

S t a n d a r d  d e v i a t i o n  v a l u e s  a r e  g i v e n  i n  p a r e n t h e s e s .  
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Fig. 4. Fracture strain of Cu20 coupons as a function of the 
measurement temperature and bending rate. 

to 500~ Above 500~ a rapid decrease in the 
modulus of elasticity from ~ 4  • 106 psi to 2 • 106 psi 
was observed when  the t empera tu re  was increased to 
800~ The Cu20 coupon fracture  strain is shown as a 
function of the bending rate and tempera ture  in Fig. 4 
in order to bring out clearly the presence of a pseudo 
br i t t le -duct i le  t ransformat ion which was dependent  on 
the bending rate. For  the slow bending rate  the t rans-  
formation occurred at N360~ whereas  for the fast 
bending rate the t ransformat ion was delayed to some 
tempera ture  between 400 ~ and 500~ At t empera -  
tures above the t ransformat ion t empera tu re  Cu20 
specimens remained unbroken after 7.8% strain (ap- 
paratus l imit)  for both bending rates. The fracture  
strain of the oxide specimens at tempera tures  below 
the t ransformat ion t empera tu re  increased from 0.16 to 
0.23% when the t empera tu re  was increased f rom am-  
bient to just  below the t ransformat ion tempera ture  
for each bending rate. In this t empera tu re  range  the 
f racture  stress remained constant at ~ 3 - 4  tsi. Finally,  
it is clear that  the yield strain and yield stress of the 
CuzO coupons bent at the fast ra te  decreased from 
0.065 to 0.014% and from 1.2 to 0.1 tsi, respectively,  
when the t empera tu re  was increased f rom 500 ~ to 
800~ 

Microscopic examination of mechanically deformed 
Cu20 specimens.--A Cu20 specimen after bending at 
360~ in an argon a tmosphere  is shown in Fig. 5. E x -  
aminat ion of the surface topography of such speci- 
mens indicated by the presence of numerous slip lines 
and few deformation bands that  plastic deformat ion had 
occurred during bending. Other  specimens bent to f rac-  
ture at the slow rate  were  examined with  the SCEM. 
A typical  area of the f rac ture  surface is shown in 
Fig. 6a and in more  detail  in Fig. 6b. A comparison of 
these figures shows that  the na ture  of the crack front, 
commencing at point x (Fig. 6a) was complex. A sep- 
arate area of the f racture  surface is shown in Fig. 6c, 
and this provides evidence that  f rac ture  occurred at 
360~ both by t ransgranular  and in te rgranular  crack 
propagation. The crack front  propagated in the direc-  
tion shown by the arrows. Original ly the crack pro-  
gressed in a t ransgranular  manner  then in the vicini ty  
of the arrows it changed par t ia l ly  to an in te rgranular  
front  ( indicated by the solid arrows) while the re-  
mainder  continued in a t ransgranular  manner  across 
another  grain (dotted arrows) .  

Discussion 
The SCEM study of the growth of Cu20 on copper 

confirms the columnar  nature  of the grains and the 
smooth nature  of the oxide-meta l  interface in general  
(Fig. la) .  The format ion of isolated crystall i tes and 
oxide bridges at the corners of specimens (Fig. 2a, b) 
was of especial interest.  This has most probably arisen 
due to the severe mechanical  constraint at the corners 
which has prevented  plastic flow of the oxide. 

It  is also clear f rom the present  work  that  there  was 
no significant difference in the  properties of Cu20 as 
a function of a tmosphere  (Tables I and I I ) .  Thus un-  
der these conditions the same resul ts  were  obtained 
whe ther  the measurements  were  made in argon or 
oxygen at atmospheric pressure. There was thus no 
indication of changes in propert ies  of the specimens 
with  possible changes in vacancy distr ibution across 
the scales. 

There  are few absolute values of elastic modulus for 
Cu20 in the l i terature.  Dankov and Churaev (14), how-  
ever, suggested that  a value ~ 3 x 106 psi was typical  
for Cu20 at ambient  temperature .  They obtained this 
value  indirect ly  from internal  stress measurements  
and the agreement  wi th  the measured value of 4 x 106 
psi in the  present  work  is satisfactory. The rapid de-  
crease in the modulus of elasticity at a cri t ical  t emper -  
a ture  is a common occurrence in metals and oxides, 
e.g., in polycrystal l ine MgO at ~ 1000~ (15, 16), and 
it  has been suggested (17) that  this rapid decrease may 
be caused by grain boundary sliding. Since this can 
be an important  deformation mechanism at t empera-  
tures > 0.5 Tm (Tm for Cu20 ~ 460~ the decrease 
in modulus of elasticity at 500~ would be in reason-  
able agreement  wi th  a grain boundary sliding mech-  
anism. This wil l  be discussed more ful ly later  with 
respect to fracture.  

The yield strain and stress of Cu20 specimens de-  
creased with  increasing t empera tu re  f rom 500 ~ to 
800 ~ (Table II) .  This is in agreement  wi th  the fact 
that  an increase in tempera ture  increases dislocation 
mobil i ty  thus facil i tat ing plastic flow at lower  stresses. 
The values obtained are in excellent  agreement  with 
those obtained (18) from compression exper iments  
at s imilar  tempera tures  at a crosshead speed of 0.13 
cm/min,  i.e., between the two values used in the pres-  
ent work. However ,  Vagnard and Washburn found 
that  yielding occurred at 200~ and not at 400 ~ - 
500~ as observed for the fast bending rate  in the 
present  work. Compressional exper iments  are bet ter  
suited for observing plastic deformat ion in oxide ma-  
terials because the tensile stresses which develop in 
bending accentuate brit t leness and therefore  higher  
tempera tures  wil l  be required to ini t iate  yielding in 
bending. 

Fig. 5. Cu20 specimen after bending at the slow rate (0.011 
cm/min) at 360~ X6.5. 
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Fig. 6. Fracture surfaces of Cu20 coupon after 3,6% strain at 
360~ in argon at the slow bend rate (0.011 crn/min). (a) General 
view. (b) Detail of cleavage facets on tensile side of neutral axis. 
(c) Additional aspects of tensile side of neutral axis, 

The f rac ture  s t rains  of Cu20 at t empera tu re s  below 
the  pseudo b r i t t l e -duc t i l e  t r ans format ion  t e m p e r a t u r e  

a re  in agreement  wi th  the f rac ture  s t rains  observed 
in br i t t le  mate r ia l s  (19). At  t empera tu re s  grea te r  than  
the t rans i t ion  t e m p e r a t u r e  the  observed s t ra ins  of 
~--7.8% before  f rac ture  can be compared  wi th  previous  
work  (1) in which  Cu20 elongations of ~12% and 
~25% were  observed at 500~176 and 700 ~ 
900~ respect ively.  The observat ion tha t  plast ic  
deformat ion  is observed at  lower  t empera tu re s  
(~360~ wi th  a slow bend ra te  is in genera l  ag reement  
wi th  observat ions  in meta ls  where  the  flow stress is 
increased by  an increased s t ra in  r a t e  (20). Ove r - a l l  
the  yie ld  stress corresponding to the onset of plastic 
deformat ion  was lower  at  h igher  t empera tu res  (cf. 
Table  I I ) ,  in fur ther  ag reement  wi th  the  mechanica l  
behavior  of metals .  Since the  flow stress is the  stress 
requ i red  to ini t ia te  plast ic  deformat ion  it wi l l  depend 
on such ma te r i a l  factors as pur i ty ,  gra in  size, and crys-  
ta l  s tructure.  In the  case of Cu20 here  this is of high 
pur i ty  and of large  co lumnar  gra in  s tructure.  The re l a -  
t ive ly  easy deformat ion  of Cu20 is reflected in the 
re la t ive ly  low yie ld  stress at al l  t empera tu res  and 
the re la t ive ly  high f rac ture  strains.  Cuprous oxide 
has an unusua l  s t ruc ture  (18) in that  oxygen  atoms 
are  ordered  on a b.c.c, la t t ice  and the copper atoms 
occupy the sites of an f.c.c, latt ice.  The s t ruc ture  con- 
sists of two in te rpene t ra t ing  and ident ical  ne tworks  
which are  not cross-connected by  any p r ima ry  Cu-O 
bonds. Slip lines have been observed on the tensi le  
surfaces of Cuba bu t  examinat ion  of specimens af ter  
f rac ture  at  360~ (Fig. 6a) did  not  show any  d imple  
formations which are  character is t ic  of duct i le  f rac-  
tures  (21). In  cont ras t  the  f rac ture  surfaces exhib i ted  
c leavage wi th  some isolated areas  showing in te rg ran-  
u lar  fracture.  These observat ions are  in contras t  to 
the shape of the  load-def lect ion functions (Fig. 3) 
which  suggest  extens ive  plas t ic  deformat ion.  Obser-  
vat ions on the Cu20 specimens s t rongly  suggest  tha t  
slow cleavage is responsible  for the  shape of the  load-  
deflection functions of the  type  shown in Fig. 3. Sur -  
face cracks were  also found in the Cuba specimens. 
This was also observed in Cu20 by  Vagnard  and Wash-  
burn  (18) dur ing  compress ional  exper iments  at  
~400~ They found tha t  cracks nuclea ted  at  local 
stress concentrat ions where  slip bands crossed and also 
where  they  met  gra in  boundaries .  A s imi lar  t ype  of 
crack nucleat ion has been observed in MgO (22, 23) 
and analyzed by  Stroh (24, 25). I t  seems l ike ly  tha t  
cracks observed in the  present  work  nuclea ted  in the  
manner  descr ibed by  Vagnard  and Washburn,  since 
large  local deformat ions  were  observed at slip band 
intersect ions (Fig. 7a) and also where  slip lines pi led 
up at  a gra in  bounda ry  (Fig. 7b). This inhomogenei ty  
of slip observed in this  system could offer a possible 
exp lana t ion  for  the  compl ica ted  shape of the  load-  
deflection funct ion in Fig. 3. The peaks in the  plast ic  
region of the curve were  observed cont inuously up to 
deformat ions  of ~800 x 10 -3 cm and i t  seems pos-  
sible tha t  these peaks  are  associated wi th  the  ini t ia t ion 
of sl ip in grains  which, up to tha t  point, were  unde-  
formed. The increase in work  harden ing  observed 
af ter  the ini t ia l  y ie ld  point  wil l  be due to gra in  bound-  
a ry  and c rys ta l lographic  blockages which oppose slip. 
At  some cr i t ical  s t ra in  these blockages wi l l  be over -  
come and slip wi l l  be in i t ia ted in ne ighbor ing  grains. 
When this occurs there  wil l  be an ini t ia l  decrease in 
the  w o r k  ha rden ing  ra te  fol lowed by  an  increase  as 
fu r the r  slip becomes blocked.  This process wil l  r e -  
pea t  i tself  giving r ise to the  observed peaks  in the 
load-def lect ion functions. 

Once surface cracks have formed thei r  ra te  of p rop-  
agat ion wi l l  depend on the  bending  rate ,  t e m p e r a -  
ture, and degree of plast ic  r e laxa t ion  at the crack  tip.  
This plast ic  r e l axa t ion  absorbs energy and prevents  
r ap id  crack propagat ion  (26). In  fact it  has been  ob-  
served  tha t  cracks have p ropaga ted  th rough  Cu20 
grains  which do not  exhibi t  slip deformat ion  and tha t  
c rack  propaga t ion  has been ha l ted  at  the  gra in  ex -  
hibi t ing extens ive  slip deformat ion.  The cracks p rop-  
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Fig. 7. Surface topography of Cu20 specimen, formed in air at 
1030~ after bending at 360~ in argon. (a) Intersection of slip 
bands. (b) Intersection of slip lines with a grain boundary. 

agate by repeated breaking of crystal bonds at the 
crack tip. In  Cu20 the {111} planes have weak bonds 
and cleavage occurs along them (18). During bending 
therefore, slow cleavage on {111} planes would be ex- 
pected if most of the surface energy, created by crack 
formation, was absorbed by plastic deformation. Such 
plastic deformation during cleavage of ionic crystals 
has been observed even at ambient  temperatures  (27) 
and hence at the higher temperatures  in the present 
work plastic relaxat ion is even more favored. The 
fracture surface of a Cu20 specimen (Fig. 6a) indicates 
that  a crack was ini t ia ted at a grain boundary  marked 
x on the tensile side of the neut ra l  axis. To the left of 
the boundary,  cleavage occurred main ly  on one crystal 
plane wi thin  the large grain, whereas to the r ight  of 
the boundary  a complicated crack front was observed 
(Fig. 6b). It  would appear that  this crack front  could 
be described by two main  vectors situated at 90 ~ to 
each other. At the same time as the crack front  was 
moving directly perpendicular  to the neutra l  axis it 
was also moving parallel  with this axis. The resul tant  
crack front  was therefore most l ikely situated at 
-~45 ~ to the point marked x in Fig. 6a. It can be vis- 
ualized that this duplex direction of crack propagation 
would produce a "tearing" effect result ing in a con- 
fused s t ructure  (cf. Fig. 6b). It can be seen in Fig. 6b 
that  numerous  small  cleavage steps are associated 
with larger cleavage steps which are situated at 
~90 ~ to each other and could therefore represent  cleav- 
age on the {111} planes. It is suggested therefore that  
during bending cracks are nucleated on the tensile 
surface. These cracks are prevented from drastic prop- 
agation by plastic relaxat ion at the crack tip. Bending 
continues and the stress at the crack tip builds up 
unt i l  it is sufficient to cause fur ther  propagation of 
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the crack which in tu rn  is halted by plastic relaxation. 
This process will be continuous and the crack propa-  
gates slowly along the (111} planes. This in te rmi t ten t  
crack propagation is probably responsible for the 
serrations in the load-deflection function. Gi lman et al. 
(28) have shown that  the increases in surface energy 
that  accompany cleavage step formation in ionic crys- 
tals may cause the cracks to move more slowly than 
they would normal ly  do under  the same driving force. 
Thus the suggested crack propagation mechanism 
would account for the shape of the load-deflection 
functions and the lack of evidence in the oxide frac- 
ture surfaces for extensive ductility. 

F ina l ly  the strength peak observed at a tempera-  
tu re  immediately below that  for which plastic de- 
formation was observed (Tables I and II) requires 
comment. A similar phenomenon has been reported 
previously for Cu20 wires (1) and for NiO wires and 
sheet specimens (4, 8). Silicon and germanium also 
exhibit  such s trength peaks with increasing tempera-  
tures (29). The strength will  tend to rise as the heat-  
induced abil i ty to deform plastically increases with 
temperature.  Plastic deformation relieves stress con- 
centrat ions and thereby promotes the ful l  s t rength 
properties of the material .  Above the tempera ture  of 
ma x i mum strength, the strength decreases with fur-  
ther  increase in temperature,  as in the case of ductile 
metals. 
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The Free Energy of Formation of 
Tantalum Silicides Using 
Solid Oxide Electrolytes 

S. R. Levine and M. Kolodney* 

The City College of The City University of New York, New York, New York 

ABSTRACT 

A method is described for determining the standard free energies of 
formation of the t an ta lum silicides from emf measurements  on cells with 
solid thoria=yttria electrolytes. Measurements were conducted over the tem- 
perature  range 900~176 in a purified argon atmosphere. Corrections for 
electronic conduction were established with Ta, Ta205 electrodes. Difficulties 
were encountered because the hard, refractory na ture  of the compounds 
prevented fabrication of dense electrodes and because silica films in ter-  
fered with the measurements.  At 1300~ the measured s tandard free 
energies of formation in kcal per gram atom of silicon are: TaSi2, --8.1 
(+1.8 / - -3 .7) ;  Ta~Si~, --24.0 +__3; Ta2Si,--27.2 +--3.1; Ta4.sSi, --37.3 +_7.2. 

Silicides are of interest  as protective coatings for 
t an ta lum and other refractory metal alloys exposed 
to oxidizing conditions. Since the formation of a silica 
glass is essential for protection, a desirable reaction 
is one that  produces silica and a lower silicide, as for 
example 

5TaSi2 + 7 0 2  = 7SIO2 + TasSi~ [1] 

On the other hand, since the formation of the oxide 
of the substrate may interfere with the integri ty of 
the silica film, the following reaction is undesirable  

4TaSi2 + 13 02 = 2Ta20~ + 8SIO2 [2] 

However, the refractory metal  oxide may be tolerable 
where  SiO2 and the metal  oxide form a glass or where 
the metallic oxide is volatile (1, 2). 

In  order to predict and unders tand the oxidation 
behavior of refractory metal  silicides accurate free 
energy of formation data are required for the silicides 
and their  oxidation products. Data for silica and for 
the refractory metal  oxides are available (3), but  data 
for silicides are scanty. Free energies of formation are 
known only for some of the rhen ium silicides (4). For  
most other refractory metal  silicides only enthalpies 
of formation are available. Thermodynamic informa-  
t ion on the tan ta lum-s i l icon system, which is the sub-  
ject of this study, has been collected by three classical 
techniques: Brewer and Krikor ian  (5) determined 
limits for the stabili ty of refractory silicides by direct 
reaction of the compounds with carbides and nitrides. 
Robins and Jenkins  (6) measured the heats of forma- 
t ion of some t ransi t ion metal  silicides from the heat 
evolved dur ing formation of the compoundsr from their  
elements. In the third technique, employed by Searcy 
and co-workers (7-9), the dissociation pressure of 
silicon over the silicide of interest  was measured by 
the Knudsen  effusion method. The vapor pressure data 
were analyzed by a Second or Third Law approach to 
obtain enthalpies of formation for the silicides. Data 
for the t an ta lum silicides, obtained by these three 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  iV[ember. 
K e y w o r d s :  s i l i c ides ,  t a n t a l u m  s i l i c ides ,  so l id  e l e c t r o l y t e s ,  f r e e  

e n e r g i e s  of f o r m a t i o n ,  e m f  m e a s u r e m e n t s ,  e l e c t r o n i c  c o n d u c t i o n .  

techniques are presented in Table I. The values listed 
in column IV are based on an average of the Second 
and Third Law techniques using a value of --112 kcal 
for the heat of subl imation of silicon at 298~ The 
values in  column V are based on the same vapor 
pressure data as column IV but  an improved value of 
the heat of subl imation of silicon (--108.4 kcal at 
298~ was used and the calculations were made 
using only the Third Law method (10, 11). 

In  the present work a fourth method was for the 
first t ime applied to the determinat ion of the thermo= 
dynamic properties of the t an ta lum silicides. This 
technique employs a solid oxide electrolyte between 
a silicide electrode and a reference electrode. Solid 
electrolytes for the measurement  of thermodynamic  
properties were brought  into prominence by Kiukkola 
and Wagner  (12), Schmalzried (13), and others. Oxide 
electrolytes are b inary  oxides which conduct almost 
ent i re ly  by transport  of oxygen ions over a given 
temperature=oxygen, part ial  pressure domain. A simple 
cell employing an oxide electrolyte and an i ron- i ron  
oxide (FexO) reference electrode may be formulated 
as 

Pt /Fe,  Fe~O//oxide e lec t ro lyte / /M,MO/Pt  [3] 

where the cell reaction is 

M + FexO -- MO + xFe [4] 

If the cell is reversible, the free energy of the reaction 

Table I. Enthalpy of formation data for the tantalum silicides 
(kcal/g-at~m of silicon) 

I I  I I I  I V  V 
B r e w e r  a n d  R o b i n s  a n d  M y e r s  a n d  S e a r c y  a n d  

I K r i k o r i a n  (5) ,  J e n k i n s  (6) ,  S e a r c y  (7) ,  F i n n e y  (1O), 
C o m P o t m d  AH ~ AH ~ ~ ~ H  ~ ~ H  ~ 

1/2 TaSi2  -- 12.6 to -- 13.9 ~- 1 - 11.6 • 5 -- 12 ~- 3 
- -  3 2 . 3  

1/3 Ta~ Sis - - 2 0 t o  - - 2 5 . 3 ~  I - 2 6 . 7  4- 5 - - 2 4 ~ - 4  
- -77 .2  

T a r S i  - - 2 0 t o  ~ --29.3---+5 - -30 .2  ~- 4 
--90.1 

Ta4 . sS i  - -20  ~ - -34 .4  + 5 - -35 .8  ~ 4 
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aGR is related to the cell voltage E and to the oxygen 
part ial  pressure by 

Po2 (for M,MO) 
AGR =--nFE : RT In [5] 

Po2 (for Fe, FexO) 

where T is the temperature  (~ and Po2 refers to the 
oxygen part ial  pressures over the respective metal-  
metal  oxide electrodes. From Eq. [4] and [5], the 
s tandard free energy of formation of MO may be ob- 
tained provided that  all solid phases are pure (uni t  
activity) and the free energy of formation of the 
reference oxide FexO is known. 

A G ~  : A G ~  -- nFE [6] 

For the more complex reaction of Eq. [1] a cell using 
an i ron- i ron  oxide reference electrode would be form- 
ulated as follows. 

Pt/Fe, FezO//oxide electrolyte//SiO~, 
TaSi2, T a s S i J P t  [7] 

The over-al l  cell reaction is 

5TaSi2 + 14FexO = 7SiO~ + TasSi3 + 14xFe [8] 

and the free energy of formation of the highest silicide 
TaSi2 may be obtained from 

5 A G ~  ~ 7 A G ~  -}- ~ t G ~  

- -  1 4 A G ~  + n F E  [9] 

Obviously, success of the measurement  depends on an 
accurate knowledge of the free energies of formation 
of not only SiO2 and FezO, but  also of the lower sili- 
cide, TasSi3. Since the lat ter  is unknown,  it becomes 
necessary to establish free energies for all four of the 
silicides in the system. Furthermore,  oxidation of a 
silicide to silica and the lower silicide is not the sole 
possibility. Instead, oxidation may yield Ta205 and a 
higher silicide or it may produce both SiO2 and Ta205 
as in Eq. [2]. All of the possible half-cell  reactions for 
the four silicides of the Ta-Si  system (TaSi2, TasSi3, 
Ta2Si, and Ta4.sSi) are shown in Table II where they 
are arranged in terms of their reaction products. In 
addition, this table lists expected emf values vs. an 
i ron- i ron  oxide (Fe,FezO) reference electrode calcu- 
lated using the enthalpy data of Searcy and F innie  
(10) in lieu of free energies of the silicides. Other 
thermodynamic  data are from Wicks and Block (3). 

Examinat ion of the estimated cell voltages of Table 
II  indicates that  the silicide pair  TaSi2-TasSi3 should 
be oxidized only to SiO2 (compare reactions I and IV). 
Similarly, from the expected values for reactions II 
and V for the TasSi3-Ta2Si pair, silica appears to be 
the preferred oxidation product. For the Ta2Si-Ta4.sSi 
pair, tanta la  formation clearly gives the desired free 
energy min imum as indicated by the expected values 
for reactions III and VI of Table II. 

In order to confirm these expectations, an experi-  
menta l  stabili ty study was conducted. This s tudy was 

performed at about 1600~ in vacuum using x - r ay  
diffraction to follow changes in the relat ive amounts  of 
phases. It confirmed the stabili ty of silica in  the pres- 
ence of TaSi2 and TasSi3 and the stabil i ty of tantala  
in the presence of TaeSi and Ta4.5Si. However, for the 
Ta5Si3-Ta2Si pair, the thermal  stability study indicated 
that tantala  ra ther  than silica is the stable oxide. 

Since each of the reactions I, V, and VI involves a 
pair  of silicides, emf measurements  for these cannot 
provide individual  free energies of formation. How- 
ever, data  for a reaction from group C of Table II 
would yield the free energy of a single silicide and 
would thereby permit  calculation of all. It may be 
shown from phase rule considerations that only one 
reaction in group C is permissible. Since the preferred 
reaction I yields Ta5Si3 and SiO2, while the preferred 
reaction V yields TasSi~ and Ta2Os, it appears that 
reaction VIII is a possible one in group C. In  any case, 
emf data for four cell reactions are needed to evaluate 
the individual  free energies of formation of all four 
silicides in the system. 

Exper imenta l  
The t an ta lum silicides were prepared by direct 

reaction of the elements. The t an ta lum used in the 
synthesis was --120 mesh powder obtained from Fan -  
steel Metallurgical Corporation. The mi n i mum puri ty  
was 99.9%. The silicon w a s - - 3 2 5  mesh powder of 
99.99% puri ty  obtained from United Mineral  and 
Chemical Corporation. The t an ta lum and silicon were 
weighed out in the desired proportions and mixed in 
plastic vials in a high speed mixer  for a m i n i mum of 
20 min. They were pressed into 1/2 in. diameter pellets 
weighing approximately 3g under  a pressure of 20 tsi 
and were reacted in a covered a lumina  crucible. The 
crucible, containing a t an ta lum susceptor, was placed 
in an induct ion heated vertical  tube furnace connected 
to a vacuum system. The pellets ignited at about 
1125~ with visible evolution of heat. The reaction 
lasted less than 1 min  and the rapid evolution of the 
heat of reaction brought the temperature  up to about 
1400~ During the reaction period the pressure rose 
above 10 -2 Torr because of silicon sublimation, but  
less than 0.01% of the silicon was lost. The reacted 
pellets were crushed and mixed with tan ta lum oxide 
and /or  silica and with less than  1 w/o (weight per 
cent) nickel s inter ing aid. The t an ta lum oxide was a 
purified grade obtained from Fisher Scientific Com- 
pany. Silica was also obtained from Fisher. The mixed 
powders were pressed into 2.5g pellets in a 1/2 in. diam- 
eter die under  a pressure of 20 tsi. Because the sili- 
cides are extremely hard and brittle, a binder  was 
necessary to provide strength for handl ing the green 
pellets. A 1% solution of polymethyl -methacryla te  in 
methyl  ethyl ketone was used to yield a dry pellet 
containing approximately 0.2% binder by weight. The 
pellets were presintered at about 550~ in vacuum to 
remove the binder  and were then sintered on a lumina  
trays in vacuum at about 1625~ for 10 min. The 

Table II. Possible half-cell reactions and expected emf values with respect to Fe-FexO at 
1000 ~ and 1300 ~ K 

H a l f - c e l l  r eac t ions  E x p e c t e d  vo l tages ,  m V  

A. SiO~ (a) * is  the  o x i d a t i o n  p r o d u c t :  
I. 5TaSi~ + 14 O = 
IL 2Ta~Si~ + 2 0  = 
III .  9Ta2Si + 10 O = 

B. ~-TasOs is t he  o x i d a t i o n  p r o d u c t :  
IV. 4TarSi3 + 35 O= 
V. 6TasSt + 5 0  = 
VI. 4Tar + 25 O= 

C. C o m p l e t e  o x i d a t i o n  to  SiOs(a) and  ~-Ta2Os~: 
VII.  2TaSi= + 13 O = 
VIII.2Ta~Si~ + 37 O= 
IX. TasSi  + 7 O= 
X. 4Ta4.sSi + 53 O :  

= 7SiO~(a) + Ta~Si~ + 28e- 
= SiO2(a) + 5Ta2Si + 4e ~ 
= 5SiO=(a) + 4Ta4.sSi + 20e- 

= 7TarO5 + 6TaSi~ + 70e- 
= Ta205 + 2Ta5Si3 + 10e- 
= 5Ta205 + 4 T a X i  + 50e- 

= Ta~)~ + 4SiO2(a) + 26e-" 
= 5 T a r O 5  + 6SiO~(a) + 74e- 
= TarO5 + SiO~(a) + 14e- 
= 9Ta~O5 + 4SiO~ + 106e- 

1000~ 1300~ 
634-----65 613-----65 
8 9 5 •  870-----477 
433--+113 409-+113  

548+--52 528+--52 
475+-208  457-+208  
617-+28  598+-28  

603+-20 580-----20 
5 7 7 + - 1 4  556+--14 
565+-13  543+-13  
590-+7 570+-7 

* SiO2 (a) s i l i ca  is  a m o r p h o u s  as g r o w n  on s i l i c ide  e lect rodes .  
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system pressure was mainta ined below 10 -5 Torr. The 
temperature  was measured with an optical pyrometer.  
With the exception of (TaSi2-Ta5Si3-SiO=,) electrodes 
containing li t t le silica, the electrodes sintered poorly. 
Those electrodes that sintered well  were ground and 
polished to a bright metallic finish. However, the 
lower silicide electrodes crumbled when ground, so in 
order to present a dense surface to the electrolyte, 
these electrodes had to be used in the as-sintered con- 
dition. However, because of silicon losses their sur-  
faces wi th in  a part icular  batch showed considerable 
variat ion in composition. Therefore, electrodes suit- 
able for use in the cells were selected by x - ray  dif- 
fraction analysis of the surfaces. This permit ted a 
determinat ion of the relative amounts of the lower 
silicides present. 

Reference electrodes for the emf measurements  were 
prepared from the appropriate metal  and metal oxide 
powders by cold pressing followed by sintering in 
vacuum. I ron-ferrous  oxide electrodes were prepared 
from 97.1% pure iron powder obtained from the J. T. 
Baker Chemical Company. The iron was oxidized in 
air at about 500~ unt i l  about one-third of the oxygen 
required to oxidize all of the iron to FeO had been 
gained. The powder was then pressed into 2g pellets 
in a 1~ in. diameter  die at 15 tsi and sintered in vacuo 
at 1250~ for 15 min. Tantalum, d i tanta lum pentoxide 
electrodes were fabricated from 99.9% pure t an ta lum 
powder and purified grade Ta205 in the ratio 4:1 by 
weight. The 1/2 in. diameter  pellets weighing 2.5g were 
sintered in vacuum at 1650~176 for 15 min. All 
reference electrodes were ground flat on emery papers 
and polished on a napless nylon cloth with 5~ levigated 
alumina.  

Thor ia-yt t r ia  electrolytes were fabricated from 
99.9% pure thoria powder and 99.9% pure yt t r ia  
powder obtained from A. D. Mackay, Inc. The powders 
were weighed out in the desired proportions and 
mixed for either 20 min  in a high speed mixer  or for 
60 hr in a conventional  ball  mill. The mixed powder 
was pressed into Yz in. diameter  pellets weighing 
from 3-6g and were sintered in vacuum for 3-36 hr at 
temperatures  from 1900 ~ to 2200~ The sintered pel- 
lets were cut on a diamond wheel to remove the sur-  
face layer and any fractured areas. Opposite faces 
were mainta ined parallel  to wi thin  0.002 in. The elec- 
trolytes were also polished on a napless nylon cloth 
with 5~ levigated a lumina  abrasive. The density, as 
measured by water  displacement, ranged from 87 to 
100% of theoretical depending on sintering time, t em-  
perature, and the manne r  in which the thoria and 
yt tr ia  were mixed. The electrolytes were dark green 
in the as-sintered condition probably because of the 
t rapping of electrons in defects. Heat ing in air at t em-  
peratures as low as 300~ caused the electrolytes to 
tu rn  white in 30 min  or less. They also turned white 
dur ing their use in the electrochemical cells where 
the oxygen part ial  pressure was low. 

The emf apparatus employed in this work was sim- 
ilar to the apparatus used by Kiukkola and Wagner  
(12). The cell, consisting of three pellets, was as- 
sembled between fused quartz rods. The p la t inum 
lead wires were brought  through the end flanges of 
the apparatus with Teflon lead-throughs. A chromel-  
a lumel  thermocouple was used to measure  the cell 
temperature.  The cell emf was measured with a Kei th-  
ley Model 610B electrometer with 1014 ohm input  im-  

pedance on the volt scale. Par t  or all of the cell volt-  
age was biased by a potentiometer  in series with the 
electrometer. The electrometer output  was recorded 
on a potentiometric strip chart  recorder. The cell was 
enclosed in a Vycor tube which was closed off by brass 
flanges with O-r ing  seals. The cell was heated by a 
silicon carbide tube furnace and the tempera ture  was 
controlled to • 5~ The cell was operated under  ar -  
gon that  was purified by passing in succession over 
anhydrous magnesium perchlorate, zirconium-12.5 a/o 
(atom per cent) t i tan ium chips at 425~ anhydrous 
magnesium perchlorate, Zr-12.5 a/o Ti chips at 375~ 
and tan ta lum at 600~ EMF measurements  were made 
over the range of 700~176 but  most satisfactory 
measurements  were made in  the 900~176 region. 

Resul ts  a n d  Discussion 

Test of apparatus and electrolyte.--The apparatus 
was tested by performing emf measurements  on the 
cell 

Pt/Ni,NiO//O.925ThO2-O.O75Y2OJ/Fe, FexO/Pt [XI] 

over the temperature  range of 700~176 The data 
obtained were in good agreement  with the results of 
other investigators (12, 14, 15). 

Tests of low pressure electrodes were carried out 
with 

Pt/Fe,FexO//ThO2-Y203//Ta,Ta2OJPt [XII] 

Results obtained with these cells employing dense 
Ta, Ta205 electrodes are summarized in Table III. Elec- 
trolyte compositions of 1 m / o  (mole per cent) Y203 
and 7.5 m/o  Y203 in thoria were used. Electrolyte 
thickness was varied from 0.19 to 0.46 cm, while the 
argon flow rate was varied over the range of 1-3 CFH. 
The electrolyte composition, electrolyte thickness, and 
argon flow rate were found to have no effect on the 
results for cells employing dense Ta,Ta205 electrodes. 
Therefore, it was concluded that the deviations of the 
observed emf's from the expected values computed 
from the data for FexO (14) and Ta205 (3) were 
caused by electronic conduction in the thor ia-yt t r ia  
electrolytes. That is, conduction in the electrolyte was 
not 100% ionic as assumed for Eq. [5]. However, the 
temperature  coefficients of these cells were in excel- 
lent agreement with the expected coefficients. Such 
behavior should be expected if the electrodes are not 
appreciably polarized by the electronic exchange cur-  
rent. Therefore, emf data obtained under  these condi- 
tions are useful if a correction for electronic conduc- 
tion is made. 

This correction may be made by applying an equa- 
tion derived by Schmalzried (13). Since the oxygen 
part ial  pressures over silicide electrodes are not very  
different from those over Ta,Ta205 electrodes, the 
corrections will  be closely applicable. The average 
t ransport  number  for ionic conduction, ti  is defined 
simply in terms of the measured and t rue cell voltages 
E . . . . .  and E, by 

Emeas. 
t~ = ~ [10]  

E 

Now for the present case where the Fe,FexO refer- 
enee electrode possesses a high oxygen pressure rela- 
t ive to its Ta,Ta205 mate, Emeas, may be expressed by 

[ Pel/m'~ PTa 1/m ] toRT in  [11] 
Emeas. = 4 T  PFe TM 

Table III. Corrected emf measurements (mV) 

Tem- 
pera- 

ture, ~ 700 750 800 850 900 950 1000 1050 1100 

Cell I 658 ~- 40 648 ---+ 40 
C e l l  I I  5 3 7  --4--- 4 565  ----- 4 578  -+ 8 583  ~ 4 5 8 9  -4- 9 585  ~-  4 
C e l l  V 4 9 4  -~- 3 523  + 3 521 • 1 519  • 3 
C e l l  V I  563  --+--- 4 562  ---+ 4 561  -+ 4 560  --+ 4 5 5 9  -+" 4 
C e l l  X I I  618  "~ 2 6 1 0  ___ 2 6 0 4  ~ 2 598  ----- 2 
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where Pe is an oxygen part ial  pressure characteristic 
of the electrolyte, Pwa and PFe are the oxygen part ial  
pressures over the Ta, Ta205 and the Fe,FexO elec- 
trodes, and m has a theoretical value of 4. 

The value of Pe may be calculated from Eq. [11] 
using exper imental  values of Emeas. and calculated 
pressures for PTa and PFe. At 1300~ the result  is 

Pe = 2.59 X 10-29 atm 

It then becomes possible to derive Emeas .  a s  a function 
o f  P w a  referred to a fixed P F e .  The true voltage, E, is 
calculated for the same pressures using Eq. [5] and 
appropriate data (3, 14). As a mat te r  of interest, a 
local ion t ransport  number ,  ti, may  be calculated for 
the electrolyte at its interface with the low pressure 
electrode (13) 

t~ - - - -  exp [4F (Emeas ' ~ E) /mRT]  [ 12] 

The results of the calculations are presented in Table 
IV. This table may also be used to evaluate corrections 
for the silicide electrodes where electronic conduction 
is significant. 

Examinat ion of Table IV discloses that  the thoria-  
yt tr ia  electrolytes were found essentially free of 
electronic conduction (t-i ~ 0.99) down to oxygen 
part ial  pressures of about 10 -24 a tm at 1300~ This 
confirms the work of Steele and Alcock (15) and 
Vecher and Vecher (16), but  is in substant ial  disagree- 
ment  with the results described by Rapp (17). 

Silicide electrodes.--A very large number  of elec- 
trodes was prepared from pairs of silicides in each 
of the three phase fields. These were mixed with silica 
and /o r  tanta la  to correspond to the reactions of Table 
II and were  tested in cells. Two major  kinds of diffi- 
culties were encountered. First, m a n y  of the mixtures  
of refractory silicides and oxides did not sinter well  
even when activated with small  amounts  of nickel. 
Consequently, the inter ior  s t ructure was often porous 
so that  the very low part ial  pressures of oxygen could 
not be main ta ined  and cell voltages were too low. This 
was especially t rue at the lower test temperatures  
where the electrode-electrolyte reaction was sluggish. 
As previously explained, this problem was par t ia l ly  
overcome by util izing a dense pressed and sintered 
surface whose composition was determined by x - r a y  
diffraction. A second difficulty occurred when oxida- 
tion of the silicide yielded a silica glass whose high 
resistivity resulted in ul t imate  decrease of voltage. 
Because of these problems, emf readings were con- 
sidered rel iable only when they were stable, insensi-  
tive to the flow rate of the sur rounding  argon, and 
displayed the expected small  negative tempera ture  
coefficient. In  all cases, corrections for electronic con- 
duction were made using Table IV. The corrected 
measurements  are summarized in Table III  where the 
cell numbers  correspond to the reactions given in 
Table II. 

TaSi2-TabSi3 phase field.~Fifteen electrodes were 
prepared and tested, but  only two points, represent-  
ing six observations were satisfactory. These are listed 
under  cell I. 

TabSi3-Ta2Si phase field.--Nineteen electrodes were 
prepared and tested. The ratio of the two silicides was 

Table IV. Transport properties for thorla-yttria electrolytes 
at 1300~ with an Fe, FexO reference electrode 

P o  2 E Emeas .  "t~ t i  

10 -'m 361 361 1 1 
I(T-~ 426 425 0.998 0.990 
10 - ~  490 488 0.997 0.982 
10 '-~ 555 550 0.992 0.956 
10 "~ 619 612 0.989 0.939 
10 "~5 685 670 0.979 0.875 
10--,~ 750 726 0.968 0.807 
10 ~ 813 775 0.953 0.712 
10--~ 878 817 0.931 0.580 
10--,~ 943 850 0.902 0.435 
10--~ 1007 875 0.869 0.307 
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varied while the content  of Ta205 was in the range of 
0-25% and that  of SiO2 varied between 0-7% by 
weight. X- ray  and microscopic examinations of the 
electrodes before and after use led to the conclusion 
that the anticipated oxidation of Ta2Si.~ to T~20.~ and 
SiO2 (VIII) did not occur. Instead, electrodes that  
were pr imar i ly  TarSi3 were oxidized to SiO2 and the 
lower silicide (II) .  On the other hand, Ta2Si was ox- 
idized to Ta205 and the higher silicide, TabSi3 (V). 
The corrected potentials measured for these electrodes 
are given in Table III under  the appropriate cell 
numbers.  

Ta2Si-Ta4.bSi phase field.--The expected reaction is 
VI of Table II. Four  electrodes were examined and 
two performed satisfactorily. The average values are 
listed in Table III. In this case, correction was made 
not only for electronic conduction, but  also to nor -  
malize all measurements  to the slightly higher values 
measured at max imum argon flow rates. Hence, al-  
though the var iabi l i ty  of the measurements  was ----4 
mV, the results were considered rel iable to only _10 
mV. 

Evaluation of free energies of formation.--The mea-  
sured emf values were combined with free energy of 
formation data for FezO (14) and for Ta205 and SiO2 
(3) to produce four l inear  equations which could be 
solved for the free energies of formation of the in -  
dividual  silicides. An upper bound for cell I was set 
by the l imitat ion that  its potential  may not exceed 
that of Si,SiO2 vs. the same reference electrode. The 
results of the calculations are presented in Table V. 

Although the free energies are given at three tem- 
peratures because measurements  were made in the 
vicini ty of these temperatures,  it is obvious that the 
estimated errors are too large to permit  calculation of 
entropy changes. It  is worth noting that  near ly  one- 
half  of the uncer ta in ty  in the data for the silicides is 
a t t r ibutable  to uncertaint ies  in the free energy data 
for the oxides of iron, tanta lum,  and silicon. This sets 
a l imit on the accuracy that  may be achieved. 

The free energies of formation may be compared 
wi th  li t t le error  to the enthalpies of formation given 
in Table I. Since by the Neumann-Kopp  rule the for- 
mat ion  of a compound from its elements involves no 
change in heat capacity, then 

~ G ~  ~ A H ~  - -  T ~ S ~  [ 1 3 ]  

Furthermore,  for the formation of ordered solids from 
the solid elements, ~S~ is very  close to zero (4). 
Hence 

A G ~  T ~-  A H ~  [14] 

Comparison of the values in Tables I and V shows that  
for the three lower silicides the results obtained by 
the emf method are in substantial  egreement  with 
those obtained by effusion. Some improvement  in the 
confidence in terval  for TabSi~ and Ta2Si has been 
achieved in this work. Furthermore,  the results ob- 
tained in this investigation are thermodynamical ly  
consistent in that the activity of silicon must  increase 
monotonical ly from the lower to the higher silicides, 
while the activity of t an ta lum must  decrease. There-  
fore, emf's of electrodes where SiO2 is the oxidation 
product must  increase from the lower to higher sil i-  
cides, while those where Ta205 is the oxidation prod- 
uct must  fall. This requi rement  is obeyed by the pres-  
ent results but  not by results inferred from earlier 
data. 

Table V. Free energies of formation of the tantalum silicides 
(kcal/g atom silicon) 

Temp,  OK I /2  TaSi2 1/3 TabSia TarSi  Ta~.bSi 

1200 --24.8 4" 3 --28.1 "+- 3.1 --39.2 -~- 7.2 
+1.8 

1300 --8.1 --24.0 • 3 --27.2 "~ 3.1 --37.3 ~ 7.2 
- -  3,7 

1400 --22.1 ~ 3 --26.1 -- 3.1 --35.3 ___ 7.2 
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Summary 
It  has been demons t ra ted  tha t  solid oxide e lec t ro-  

lytes m a y  be successfully employed  for the  measu re -  
ment  of the free energies  of fo rmat ion  of re f rac tory  
silicides. Problems  were  encountered  because the  
electrode pel lets  consisted of mix tures  of high mel t ing  
hard  compounds that  could not  be r ead i ly  fabr ica ted  
wi th  low porosities. Consequently,  i t  was difficult to 
ma in ta in  low oxygen pa r t i a l  pressures  at the  elec-  
t rode-e lec t ro ly te  interface.  This d rawback  was over -  
come by using as-s in tered  surfaces, but  may  be over-  
come by  hot -press ing  of e lectrodes or by  improved  
sealing techniques. Ano the r  difficulty caused by  the 
format ion of si l ica films of low conduct ivi ty  m a y  be 
solved by  per forming  measurements  at  much h igher  
tempera tures .  

A fundamenta l  l imi ta t ion  of the  method  is the  u n -  
cer ta in ty  in the  free energies of format ion  of the ox-  
ides employed as re ference  electrodes and the oxide 
products  of reaction. In  the  present  s tudy this r ep re -  
sented nea r ly  one-ha l f  of the  to ta l  unce r t a in ty  of 
the  measurements .  
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Vapor Growth of High Resistivity ZnTe 
A. S. Jordan and L. Derick 

Bell  Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

High res is t iv i ty  crysta ls  of ZnTe, essent ia l ly  free of t he  usual  Te prec ip i -  
tates, have been vapor  grown from a powdered  ZnTe charge, containing a 
smal l  amount  (8 x 10 -3 a /o)  of In, by  a modification of the  P ipe r  and Pol ich 
technique. A t t empt s  to incorpora te  la rger  amounts  of In in the  charge re -  
sul ted in negl igible  vapor  t r anspor t  ra tes  which are  qua l i t a t ive ly  re la ted  by  
means of the  t r anspor t  theory  of Lever  and Jona  to the  p-T and the solidus 
d iagrams of ZnTe. The  observed Te precip i ta t ion  is consistent  wi th  the  
re t rograde  solidus of ZnTe and wi th  the diffusion coefficient of Te in the  
crystal .  

ZnTe, a group I I -VI  wide band -gap  semiconductor ,  
has been considered a po ten t ia l ly  useful  e lec t ro lumi-  
nescent  and electrooptic  ma te r i a l  for some t ime (1, 2). 
There  are  severa l  feasible methods for the growth  of 
pure  and doped ZnTe crystals .  F ischer  et al. (3) have 
successful ly grown n - t y p e  ZnTe in an autoclave f rom 
Zn-r ich  melts,  containing 20 m/o  (mole pe r  cent)  ex-  
cess Zn, under  30-50 a tm of argon pressure.  Solut ion 
growth  of ZnTe crystals  f rom Te-r ich  melts  has been 
repor ted  by Title et al. (4). 

It is a we l l -es tab l i shed  fact tha t  ZnTe crysta ls  doped 
wi th  group II I  impur i t ies  a re  genera l ly  high res is t iv i ty  
p - t y p e  due to se l f -compensat ion  (4). Usua l ly  the  im-  
puri t ies ,  such as A1, are  in t roduced by  diffusion into 
the  I I -VI  compounds (5, 6). However ,  Tit le et al. (4) 
have p repa red  Al -doped  solution grown ZnTe by the 
addi t ion of A1 to the Te- r ich  liquid. Tubota  (7) and 
Nahory  and Fan  (8) have  grown In -doped  ZnTe 
crystals  in graphi te  re inforced quartz  capsules ac-  
cording to a modified Br idgman technique or ig inated  
by  Fischer  (9). 

In  the  present  s tudy we repor t  on the  vapor  growth  
of pure  and In -doped  ZnTe ut i l iz ing a ver t ica l  modifi-  
cation of the  P ipe r  and Polich (10) technique.  

Experimental 
Piper  and Polich (10) have grown single crystals  of 

undoped CdS by condensing Cd (g) and S2(g) escaping 
f rom a dissociating source of powdered  CdS. According 
to P iper  and Polich, Aven  has ut i l ized the i r  method  to 
grow ZnTe crystals  by  the revers ib le  react ion 

ZnTe(s )  ~<-~- Zn(g)  -~ 1/z Te2(g) [1] 

In the  present  s tudy the i r  method was modified to pe r -  
mit  the  use of evacua ted  sealed tubes.  F igure  1 i l lus-  
t ra tes  the  ver t ica l  vapor  t ranspor t  furnace and its t em-  
pe ra tu re  profile. The heat ing e lement  was a p l a t inum-  
20% rhod ium resis tance wire  wound on a 12 in. long 
high pur i ty  a lumina  core. The furnace t empera tu re  
was control led  to be t te r  than  ~0.5~ by  the  use of a 
sa turable  core reac tor  in conjunct ion with  a Leeds and 
Nor thrup  Speedomax H controller ,  provid ing  an ap-  
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Fig. 1. ZnTe vapor transport furnace and temperature profile 

proximately  2 in. long uniform temperature  zone. 
Outside this zone the tempera ture  gradient was found 
to be ~ 15~ 

It was possible to load up to four ampoules con- 
taining powdered ZnTe into the furnace. Figure 1 in-  
dicates a cluster of four ampoules, held together by 
p la t inum straps, suspended from a Pt  wire to a ceramic 
driving rod which was connected by a chain to a var i -  
able speed motor. A clean ampoule is shown in Fig. 2. 

Usually three thermocouples were attached by wire 
to the cluster. One was near  the tip, another  approxi-  
mately 1 in. away from the tip, and the third was in 
the vicini ty of the charge. The temperatures  cor- 
responding to these locations were continuously moni-  
tored on a mult ipoint  recorder. 

In  a typical exper imental  run  between 12-20g ZnTe 
powder, supplied by Harshaw Chemical Corporation, 
was charged into the conical part  of the ampoule for 
subsequent  evacuation and sealing at approximately 
10 -~ Torr  pressure. The furnace, loaded with the 
cluster of ampoules, was slowly heated in about 2 hr 
to approximately 1160~ Initially, the tip of the 
ampoule was positioned approximately 11 in. from the 
top of the furnace (Fig. 1). This facilitated the cleaning 
of the tip by subl imat ion of some adhering ZnTe pow- 
der. After a few hours the ampoule was raised to a 
position where the tip and the charge were at the 
same temperature.  This took place, as seen in Fig. 1, 
when the tip was 9 in. from the top of the furnace. 
Then, the variable speed motor drive was connected 
and the ampou]es were pulled upwards at approxi-  
mately  0.2 mm/hr .  Usually, at the completion of a run  
the tip was at 1140~ and the source at 1160~ cor- 
responding to a m i n i m u m  total pressure of 98 Torr  
and 125 Torr  (11), respectively. A typical  r u n  lasted 
from five to eight days and yielded an ingot about 
20-30 mm long and 8-13 mm in diameter. The ampoules 
were slowly wi thdrawn from the cooling furnace to 
avoid cracking. In m a n y  runs  a pyrolytic BN l iner  with 
a conical tip was placed inside the quartz ampoule. 

Fig. 2. Expansion of ampoules after vapor growth. A clean am- 
poule, 105 mm long by 18 mm OD, is shown on the left of the pho- 
tograph. Three other ampoules after the completion of a simultane- 
ous run are shown on the right. The following amounts of In were 
added to the charge in these ampoules (left to right): 1, 8 X 10 -3  
a/o; 2, 8 X 10 - 2  a/o; 3, 9 X 10 -1  a/o. Note the expansion of 
ampoules 2 and 3. 

Results and Discussion 
Perfection of crystals.--All the crystals grown by 

vapor t ransport  were p-type, as indicated by  a thermo- 
electric probe. A typical boule is i l lustrated in Fig. 3. 
From this boule it was possible to obtain cubes of 
single crystals with sides as large as 0.6 cm. When the 
growth was in ter rupted  after a short time, say 1 hr, 
one could see that two or three t r iangular  shaped 
nuclei had already formed near  the tip of the cone. 
Recently, Lind (12) was able to el iminate spurious 
nucleat ion in some II-VI compounds by a periodic re-  
versal of the tempera ture  gradient  dur ing growth, re- 
sult ing in the re-evaporat ion of the unstable  nuclei. 
Often the monocrystal l ine regions were twinned  which 
we could minimize by the use of BN inserts in the 
ampoules. 

Suppression of vapor transport.--In the present  
study, in order to prepare high resistivity ZnTe, In, a 
relat ively volatile impuri ty,  was added to the ZnTe 
charge in the ampoule. It was anticipated that  In would 
vaporize and codeposit with ZnTe since at 1150~ the 
usual  growth temperature,  the vapor pressure of In  is 
approximately 0.5 Torr. 

Fig. 3. Boule of vapor grown ZnTe crystal 
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Initially, 0.9 a/o (.atom per cent) In was added to the 
charge. However, after a five day run  no vapor t rans-  
port was observed and the ampoule diameter had in-  
creased. In  a subsequent experiment  a cluster of three 
ampoules was placed in the furnace with 0.9, 8 • 10 -s, 
and 8 • 10 -3 a/o In added to the source material.  
By simultaneously growing in several ampoules, un -  
certainties which might be inherent  in consecutive 
runs could be eliminated. Figure 2 i l lustrates the three 
ampoules together with an unused ampoule after the 
completion of this run. A sizable (6g) crystal grew in 
the ampoule with 8 X 10 .3  a/o In  addition. In  the 
two other ampoules vapor t ransport  was negligible 
except for several minute  crystallites which had an 
approximate total weight of 10 rag. In addition, con- 
siderable expansion of the ampoules was observed 
when the amount  of In was over 8 X 10-3 a/o. 

Fur ther  experiments have shown that the expansion 
of the ampoules and the suppression of the vapor 
t ransport  was nei ther  due to the excessive pressure of 
some volatile species of In  and Te nor part icular ly to 
the specific presence of In. On the one hand, heating 
InTe in an ampoule for a day at 1150~ did not cause 
any change in the geometry of the ampoule. On the 
other hand, an addition of Sn or Ga to the charge also 
led to negligible vapor t ransport  rates. Moreover, the 
effect of excess Zn in the charge was similar to that of 
0.9 a/o In. However, when InTe, InsTe3, or SnTe were 
added to the ZnTe source, significant vapor t ransport  
was observed. In  Fig. 4 all the starting compositions 
containing ZnTe and Sn, Ga, SnTe, InTe, InsTe3, In + 
Te, excess To, or excess Zn expressed in a/o are plotted 
using t r iangular  coordinates. The reported solid solu- 
bili ty of In2Te3 in ZnTe (13) is also included. 

It  was possible to separate the region of compositions 
where vapor t ransport  was observed from the region 
where vapor t ransport  was negligible. It is noticeable 
in Fig. 4 that  start ing compositions in the direction of 
the Zn-r ich  side of the diagram were not favorable to 
vapor transport.  

Interpretation.--A qualitative interpretat ion of the 
suppression of vapor t ranspor t  rates is possible in terms 
of thermodynamic  and kinetic arguments.  When a pure 
solid compound such as ZnTe evaporates in a closed 
container at a constant temperature,  the composition 
of the solid changes due to the preferential  volatiliza- 
tion of one or the other of the components. However, 
by continuously removing the vapor phase from the 

�9 ~ZnTe 
�9 ~ z n T e  - In 
�9 ZnTe - lnTe 
o Z n T e - S o  In (sn or GO) 

2% 
" Z n T e - s n  ~--~ 
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Fig. 4. Dependence of vapor transport on chorge composition. 
The initiol charge compositions, expressed in o/o, ore plotted on on 
expanded triongular composition diogrom. The O shown outside 
the diagram at 47.7 o/o Zn and 50.5 o/o Te represents the solid 
solubility of In2Te3 in ZnTe at 1150~ 

vicini ty of the subl iming solid, eventual ly  an equil ib-  
r ium state is reached in which the solid and the vapor 
have the same composition (congruent vaporization).  
In  this state the total pressure is at a min imum and 
the congruent  vapor composition for solids with a 
nar row range of departures from stoichiometry is 
near ly  that  of the stoichiometric vapor (Pzn ~ 2pTe2). 
It is expected that  the eventual  vapor composition 
resul t ing from the high puri ty  ZnTe source is not too 
different from the composition of congruent ly  sub- 
l iming ZnTe. However, when impurit ies such as In, 
Sn, or Ga are added to the ZnTe charge the vapor 
compositions and pressures change from their  values 
corresponding to congruent  vaporization, i.e., Pzn 
=~ 2pTe2, 

The equi l ibr ium constant, K = Pzn~PTe2, for reac- 
t ion [1] is thought to remain essentially constant  when 
small  amounts  of impurit ies are present  in the  charge. 
At the same time the pressure ratio PZn/PWe2 may 
significantly change by the addition of an impur i ty  
because at the run  tempera ture  ( ~  1150~ the charge 
composition moves from a point in the b inary  solidus 
phase field (11), characterized by Pz,~/PTe2 ~ 2, into a 
te rnary  solidus (i.e., solid solutions of ZnTe -}- In  or 
ZnTe + Ga) or solid and liquid phase field. There 
seems to be no thermodynamic  or diffusional l imita-  
t ion to te rnary  solid solution formation in the systems 
under  consideration. 1 Since the solidus isotherms in 
these te rnary  systems are not present ly available, it is 
necessary to make some quali tat ive remarks  about 
their probable shapes. 

It has been previously reported (11) that  the solidus 
curve of pure ZnTe is retrograde and lies ent irely in 
the Te-r ich region of the phase diagram. This sug- 
gests, if one assumes that excess Zn is insoluble for 
example in the ZnTe + In  solid solution, and if the 
relat ively large solid solubility of InsTea in  ZnTe (13) 
is taken into account,2 that  the te rnary  Zn -Te - In  
solidus isotherm is offset toward Te and In  rich con- 
centrat ions (XZn/XTe~ 1). Accepting this tentat ive 
model for the te rnary  solidus isotherm, one concludes 
that at a constant ini t ial  impur i ty  concentration, say 
0.8-0.9 a/o in Fig. 4, the range of compositions where 
vapor transport  was observed most probably corres- 
ponds to compositions wi thin  the te rnary  solidus 
isotherm at the r u n  temperature.  This view is strongly 
supported by the chemical analysis of some crystals 
which indicates that  the In concentrat ion in the vapor 
grown ZnTe crystals is near ly  tha t  of the respective 
ini t ial  charges. It has been found by atomic absorption 
spectroscopy that  the addition to the charge of 8x10 - s  
a/o In  and 0.8 a/o In  (in the form of InsTep) resul ted 
in crystals containing 6.9x10 -3 a/o and 0.66 a/o In, 
respectively. 

One can readily show that  in  the t e rnary  solid 
solution which consists of ZnTe and an impuri ty,  say 
In, Pzn is related to the atom fraction of In  in the 
solid, XIn. The work of Thomas and Sadowski (16) 
has established that  the major  defect in ZnTe is a 
doubly ionized Zn vacancy. Furthermore,  it is known 
that  group III impurit ies are donors, subst i tut ing on 
Zn sites. Based on this information, taking into account 
the charge neut ra l i ty  condition for p- type ZnTe and 
the  s imultaneous equil ibria  for the creation of Zn va-  
cancies and the incorporation of In donors, one obtains 
for the relat ion of Pz, to x i ,  the following equation 

k l X I n  --~ P z n  : k 2 / [ h ]  [2] 

where [s is the hole concentrat ion and kl and ks are 
proport ional  to the two equi l ibr ium constants. 

x The  re la t ive ly  large  solid solubili t ies of  In and  Ga in ZnTe 
have  been wel l -es tabl ished (13, 14). Lacl~ing the  appropr ia te  d i f -  
fusion coefficients for  ZnTe, one can es t imate  the  diffusion coef- 
ficient of I n  at  1150~C f r o m  the m e a s u r e m e n t s  of Kato  and  Taka -  
nayag i  (15) for  CdTe. A re la t ive ly  large coefficient (10 -z eme/sec) 
is obtained,  consis tent  with, solid solution fo rma t ion  wiShin "r 
t ime avai lable  for crystal  growth.  

~Aceord ing  to Mason and  O 'Kane  (13), 2 m/o  In~Te~ can be 
dissolved in ZnTe at  1150~ 
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In general, ZnTe changes from a low resistivity 
p-type ([hi large) to a high resistivity p-type ([hi 
small) semiconductor when doped with a group III 
element. Therefore, Pzn changes with the addition of 
In. As the relationship K = Pzn ~/PTe2 is still expected 
to hold, the ratio PZn/PTe2 = 2 is necessarily upset. 

One would intuitively expect the rate of transport 
to be proportional to the lowest partial pressure in the 
system. Indeed it is demonstrated in the Appendix by 
an application of the vapor transport theory of Lever 
and Jona (17) that the transport rate is at a maximum 
when PZn/PTe2 = 2, hence, any change in this rat io 
would resul t  in a decrease in the t ransport  rate. More-  
over, as Pza or P w e 2  approaches zero, the ra te  also ap- 
proaches zero. The exper imenta l  t ransport  rates were  
not uni form in the solid solution region, the region in 
Fig. 4 where  vapor  t ransport  was observed. For  ex-  
ample, in a simultaneous run the rat io be tween the 
yields for an ampoule wi th  8x l0-S  a /o  In added to 
ZnTe and for one with  pure ZnTe was 0.58, indicating 
a decrease in the t ransport  r a te  by approximate ly  a 
factor of 2. 

It  is thought  that  the addition of 1.6 a /o  In, 0.9 a /o  
In, 8x10 -2 a /o  In, 0.8 a /o  Sn, or 0.8 a /o  Ga similar  to 
the addit ion of 0.5 a /o  excess Zn moved the over -a l l  
charge composition into the two phase liquid and solid 
solution region. As seen in Fig. 4, the vapor  t ransport  
rate  was negligible for all  of the above compositions. 
Moreover,  in all these cases an expansion of the 
ampoules was observed. 

The effect of Zn addition can be completely explained 
in terms of the p-T diagrams for the Zn-Te system 
proposed by Jordan  and Zupp (11). According to their  
results, Pzn ---- 7.9 atm, PIe2 = 10 -5 atm, and PZn/PWe2 
~- 7.9X105 in the Zn-r ich binary two phase region and 
also on the solidus boundary at 1150~ Consequently,  
in v iew of the high values of Pzn in the vicini ty of the 
Zn-r ich  side of the solidus isotherm, the expansion of 
the quartz  ampoules is not surprising. Fur thermore ,  
as the values of PZn/PWe2 a r e  large, the  vapor  t ransport  
rates, as observed, become negligible. The ratio PZn/PTe2 
is expected to change along the te rnary  solidus 
isotherm. 3 

Moderate  suppression of vapor  t ransport  rates is 
also expected near  the Te- r ich  solidus bound-  
ary. In fact, an approximate  calculation given in the 
Appendix  indicates that  the ratio of t ransport  rates on 
the Zn-r ich side to the Te-r ich  side is of the order of 
10 -4 . Al though only few crystals have been grown 
near  the Te-r ich  boundary due to the large density of 
Te precipitates result ing f rom growth in this region, in 
all cases diminished vapor  t ransport  rates have been 
observed. 4 

Te precipitates.--Tellurium precipitates have been 
previously observed in solution and vapor  grown 
ZnTe crystals (18). Figures 5 and 6 are photomicro-  
graphs of precipitates, v iewed in t ransmit ted  light, in 
undoped crystals grown from a Te- r ich  solution and 
f rom the vapor  phase, respectively.  The precipitates 
are t e t rahedra l  in shape, separated by 30-70~, having 
2-6~ long edges. Sometimes, as i l lustrated in Fig. 7 and 
8, a dislocation ne twork  or a grain boundary is 
decorated by the precipitates. 

According to Reynolds (18), the re la t ive  x - r a y  and 
electron back-scat ter  intensities f rom the ma t r ix  and 
the precipitates indicated that  the precipitates were  
rich in Te. However ,  Reynolds was unable to de termine  
the Te content  of the precipitates more  quant i ta t ive ly  
by electron microprobe or by x - r a y  diffraction 
analysis. 

on the Te-rich side of the binary solidus PZn/PT% = 4 X 10 -~ 
at 1150~ (11). The partial pressures are the following: p z .  = 

2.8 x l0 s arm and P T e  2 = 7.1 X 10 -1 atm. 
For instance, when 0.5 a/o excess Te was added to the charge, 

the resulting small crystal weighed only 0.Sg, corresponding to an 
approximately twenty-fold rate reduction, compared to the crystal 
grown from a pure ZnTe charge. 

V A P O R  G R O W T H  O F  H I G H  R E S I S T I V I T Y  Z n T e  1427 

A consideration of the l iquidus and solidus curves 
( i i )  in the Zn-Te  system clear ly  demonstrates  that  
Te precipitat ion in the solid is possible. The solidus of 
ZnTe is re t rograde with  an excess of Te. At  approxi-  
mate ly  1200~ the m ax im um  solubili ty of Te in the 
crystal  is 

4"6x10-5 m~ excess Te ( or 1"48x10-4g Te ) 

mole ZnTe cc ZnTe 

Fig. 5. Transmission photomicrograph of Te precipitates in un- 
doped solution grown ZnTe. 

Fig. 6. Transmission photomicrograph of Te precipitates in un- 
doped vapor grown ZnTe. Some precipitates are not in focus. 

Fig. 7. Transmission photomicrograph of a dislocation network 
in undoped vapor grown ZnTe. 
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Fig. 8. Transmission photomicrograph of a decorated grain 
boundary in undoped vapor grown ZnTe. 

If a crystal grown from either a Te-r ich solution of the 
vapor phase is cooled to room temperature,  the phase 
diagram requires separation into a near ly  stoichio- 
metric compound and a solid Te phase. 

One can readily estimate the mean separation of the 
precipitates by an order of magni tude  calculation 5 and 
obtain ~ 67g. This is in good agreement  with the 
exper imental ly  observed separation of 30-70g. 

Moreover, it can also be shown that  there is no 
kinetic l imitat ion to precipitation. The average dis- 
tance, X, the Te atoms move dur ing the cooling of a 
crystal in t minutes  can be estimated by the graphical 
integrat ion of the function 

~ = S ~ / ~ d  ~/~ [3] 

where the in tegrand is the three dimensional  random 
walk formula of Shewmon (19) and D is the tempera-  
ture  dependent  self-diffusion coefficient of Te in ZnTe 
obtained from the data of Reynolds (18). In tegrat ing 
Eq. [3] between room temperature  and 1150~ and 
using an estimated cooling rate of 50~ one has 
X ---- 18g. e Accordingly, dur ing cooling each precipitate 
can be formed from the surrounding crystal volume 
which, if assumed to be spherical, has an 18~ radius. 
The resul t ing mean separation of precipitates is 36~, in 
reasonable agreement  with the experimental  and 
thermodynamic  estimates, thus demonstrat ing that 
precipitation is consistent with the known diffusional 
and thermodynamic  behavior  of Te in ZnTe. 

Precipi tat ion has also been observed in vapor grown 
In-doped crystals. Figures 9 and 10 are photomicro- 
graphs of ZnTe crystals grown from a charge with an 
addition of In2Te3, resul t ing in an over-al l  composition 
with 0.8 a/o In and 0.2 a/o excess Te. The high density 
of Te precipitates, shown in Fig. 9, is due to the rela-  
t ively large amount  of Te present  in the charge. Figure 
10 i l lustrates a grain boundary  decorated with pre-  
cipitates and a parallel  depletion region. 

Usually, Te precipitates have been removed from 
ZnTe by anneal ing after growth in  a Zn atmosphere 
(18, 20, 21). However, Fig. 11 shows the microstructure 
of a crystal, vapor grown from a charge containing 
8 • 10 -8 a/o In, which is essentially free of pre-  
cipitates, v i r tual ly  featureless, with a l ightly decorated 
dislocation network in view. The star t ing composition 
of this charge was near  the region in Fig. 4 where 

6 The  a p p r o x i m a t e  v o l u m e  of  a t e t r a h e d r a l  p rec ip i t a te ,  u s i n g  an 
ave rage  edge  l e n g t h  of  4~, is 7.5 X 10-12 cc, w e i g h i n g  4.5 • 1 0 r i g  
T e / p r e c i p i t a t e .  A s s u m i n g  t h a t  an  a m o u n t  c o r r e s p o n d i n g  to t he  
r e t r o g r a d e  m a x i m u m  of  Te p r e c i p i t a t e s  ou t  d u r i n g  cool ing ,  the  
d e n s i t y  of p rec ip i t a t e s ,  p, is  3.3 x 10e/cc ZnTe. The  m e a n  separa -  
t i on  o f  p r e c i p i t a t e s  is g i v e n  by  3X/ 1/p," 

e The  ~n teg rand  in  Eq. [3] can be r e a d i l y  t r a n s f o r m e d  in to  a 
f t m c t i o n  of T i f  t he  coo l ing  rate ,  r, is g i v e n  by  r = ( T l n i t i a l  - - T ) / $ .  
Then,  d ~ - t  = d t /2  ~ = -- d T / 2  ~ T ( T i n  - -T ) .  

vapor t ransport  was suppressed. This composition is in 
the solid solution region, probably in the vicini ty of the 
solidus line separating the two condensed phases Zn-  
rich liquid and ZnTe from ZnTe. A consideration of 
the solidus (11) of ZnTe indicates that  precipitation of 
Te should not be expected in a crystal which was vapor 
grown from a charge composition near  the Zn-r ich  
boundary.  

Electrical and optical properties.--The electrical and 
optical properties of vapor grown ZnTe were strongly 
effected by In-doping.  The room tempera ture  resist iv- 
ity of the crystals was measured by the four point  
probe method. A G a - I n  amalgam served as a contact 
for the crystals. The resistivity of undoped ZnTe was 
2 ohm-cm. The addition of 8 >< 10 -3 a/o In to the 
charge increased the resist ivity to 740,000 ohm-cm, due 
to self-compensation via the incorporation of 1.2 • 
10 TM In  atoms/cc in the crystal. To the best of our 
knowledge, this was the first successful at tempt to 
grow high resistivity In-doped ZnTe crystals by a 
static vapor t ransport  technique. The resist ivi ty is in 
good agreement  with the previously reported value of 
Tubota (7) which w'as about 300,000 ohm-cm for an 
In-doped sample grown by Bridgman's  method. 

Figure 12 i l lustrates the dependence of the absorp- 
tion coefficient, a, on energy for ZnTe. The curves were 
derived from spectrometric data taken  at 30~ Ac- 
cording to the measurements  of Nahory and Fan  (8), 

Fig. 9. Transmission photomicrograph of Te precipitates in doped 
vapor grown ZnTe. In2Te3 was added to the charge. Over-all com- 
position of the charge: 0.8 a/o In, 50.2 a/o Te, 49 a/o Zn. In con- 
tent of crystal: 1.15 X 102~ atoms/cc. 

Fig. 10. Transmission photomicrograph of the depletion of Te 
precipitates near a grain boundary in the crystal shown in Fig. 9. 
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Fig. 11. Transmission photomicrograph of doped vapor grown 
ZnTe. 8 • 10 -3  a/o In was added to the charge. In content of 
crystal: 1.2 • 10 TM atoms/cc. This crystal is essentially free of 
precipitates. 
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the energy gap of ZnTe is at 2.385 eV. It can be seen 
in Fig. 12 that  the 2~ results of Marple and Aven 
(20) extrapolate to this value. However, the absorption 
edge between 2.33-2.35 eV observed in the undoped 
vapor grown crystal does not correspond to the true 
energy gap of this material.  In fact, Nahory and Fan  
have suggested that  the edge located below a = 100 
cm -1 near  2.33 eV at 1.7~ was due to electron 
transi t ions to the conduction band from a level 0.05 
eV above the valence band. This level is probably 
produced by Zn vacancies. 

It can be observed in Fig. 12 that  the incorporation 
of In  in the lattice causes the absorption edge to rise 
at a lower energy, at about 2.2 eV. Nahory and Fan  
(8) found the position of the In  donor level at 0.2 eV 
from the conduction band. Therefore, the edge ob- 
served in the doped crystal is associated with the In 
donor level. 

Usually the color of undoped ZnTe is orange. Crys- 
tals containing In  or O centers are red. The change in 
color caused by the addition of impurit ies can be 
readi ly understood on the basis of the absorption 
curves in Fig. 12. 

Conclusions and Summary 
High resist ivity p- type crystals of ZnTe were grown 

by t ranspor t ing powdered ZnTe with In added in a 
closed, evacuated ampoule. Only certain special charge 
compositions yielded appreciable vapor t ranspor t  rates. 
It  was possible to grow 740,000 ohm-cm ZnTe, free of 
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Te precipitates, by the addition of 8 • 10 - s  a / o  In  to 
the charge. 
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APPENDIX 
According to the theory of Lever and Jona (17) for 

chemical t ransport  in nonconvect ive systems, the de- 
position rate, J, can be wri t ten  as 

MnK - -  8 
J = [A-1] 

~hz 

where hz is the separation between source and seed,. 5 
is the supersaturat ion over the solid surface not m 
equi l ibr ium with the vapor, and MnK is the difference 
in equi l ibr ium constant between source and seed 
temperatures  for the volati l ization reaction; i.e., 
ZnTe(s)  ---- Zn(g)  + 1/2Te2(g). One can evaluate ~ for 
the present system by a combination of Eq. [28] and 
[29] of ref. (17) to yield 

(Pie2 - -  1/2Pzn) 2 
= + ~i [A-2a] 

pznPweaN Dzn-We2 
where 

PA PA 
~ _ + [A-2b] 

pznNDzn-A 4pTesNDTe2-A 

PA is the part ial  pressure of a residual inert  gas A 
(present in the container) ,  N is the total gas density 
in  moles/cc, Dzn-We2, DZn-A, and DTe2-A represent  the 
gaseous interdiffusion coefficients. 

It is possible to evaluate ~ -  ~i in terms of a = PZn/PTe2 
and obtain 

--  ~i = [A-3] 
aNDzn-Te2 

A combination of Eq. [A-3] and [A- l ]  shows that 
for a ~ 2, i.e., for congruent  vaporization, ~ is at its 
m i n i mum and J is at its ma x i mum value. Furthermore,  

- -  ~ is proportional to ~/4 when ~ > >  2; hence, J is 
at a m i n i m u m  for very large a. Similarly, t --  ~i ap- 
proaches 1/~ as ~ < <  2 and J again reaches a min i -  
mum at ~ ---- 0. In the Zn-r ich  two phase region 

----- 7.9x105 and in the Te-r ich two phase region 
= 4x10 -2 at 1150~ Therefore, J is small  in both 

instances. The t ransport  rate near  the Te-r ich side is 
approximately 104 higher than in the vicini ty of the 
Zn-r ich  side. This estimate is based on the ratio of 
Eq. [A-3] for the two sides using the known values 
of ~. 
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The Effect of Oxygen Pressure on the 
Oxidation of Iron at 350 ~ and 400~ 

M. J. Graham and M. Cohen* 
Division ol Applied Chemistry, National Research Council, Ottawa, Ontario, Canada 

ABSTRACT 

A kinetic s tudy has been made of the effect of oxygen pressure (10 -6 
to 60 Torr)  on the oxidation of Ferrovac E iron at 350 ~ and 400~ The ini-  
tial rate of oxidation is found to increase wi th  increasing oxygen pressure, 
while after 180 rain the weight gain is independent  of pressure (for pres-  
sures greater  than  l0 -5 Torr) .  Ini t ia l ly  Fe304 forms on the surface, and once 
this is covered by a continuous layer of aFe203 the oxidation rate is mark -  
edly reduced. The lower the oxygen pressure, the longer the t ime before 
aFe203 starts to nucleate, and no aFe203 is observed after oxidation at very 
low pressures (5 x 10 -6 and 1 x 10 -6 Torr) .  An induct ion period is observed 
for the oxidation at 5 x 10 -6 Torr. 

The l i terature contains a great number  of papers on 
the oxidation of i ron [e.g.,(1)], but  few studies have 
considered the effect of oxygen pressure on the oxida- 
tion kinetics. Recently Boggs and co-workers (2) have 
reported a study of the oxidation of zone-refined iron 
in the tempera ture  range 220~176 using pres-  
sures of 10 -2 to 100 Torr. These authors find that  for 
oxidation up to 350~ the oxide film thickness, after 
a given oxidation time, increases as the oxygen pres- 
sure is lowered. At 450~ the oxidation appears to be 
independent  of oxygen pressure. The present work 
examines more closely the low pressure oxidation of 
i ron at 350 ~ and 400~ also extending the pressure 
range down to 10 -6 Torr. The weight gains were mea-  
sured using a vacuum microbalance (except for the 
very low pressure oxidation).  The oxide phases pres- 
ent were identified by reflection electron diffraction 
and some oxide surfaces were replicated for examina-  
tion by electron microscopy. 

Experimental 
Apparatus.--The oxidation apparatus is shown 

schematically in Fig. 1. A Cahn R. G. Electrobalance 
was mounted  in a stainless steel chamber of an all 
metal  U.H.V. system. After  an overnight  bake at 
100~ (the max imum permissible tempera ture  for the 
balance),  pressures of less than 5 • 10 -8 Torr  were 
obtained, the outgassing rate of molecules from the 
walls, balance, etc. being ~8  • 10 -8 Torr . l . sec  -1. 
The background gas as determined by a part ial  pres-  
sure analyzer  (an A.E.I., M.S. 10 spectrometer) was 
mainly  water  vapor. To improve the vacuum capabil-  
ities of the system, all the original soldered connec- 
tions in the balance were replaced by spot-welded 
p la t inum joints. 

The electrobalance was used either on the 0.4 mg or 
1.0 mg Recorder Range (weight change corresponding 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

to recorder full scale deflection), with a total noise 
level of about 3 ~g. 

Low oxygen pressures were measured using Varian 
ionization gauges; a U.H.V. gauge for pressures below 
10 -5 Torr  and a mi l l i -Torr  gauge in the range 10 -5 
to 10 -1 Torr. These pressures were controlled by a 
Granvi l le-Phi l l ips  Automatic Pressure Controller, us- 
ing the ion gauges as transducers.  Higher oxygen 
pressures were measured using an Edwards capsule 
dial  gauge, which was installed in the gas-handl ing 
section of the apparatus. 

Materials purity.--Ferrovac E 1 iron, analyzed to 
contain the following impur i ty  concentrations (in 
ppm) ;  Mn, 24; Si, 10; Cr, 5; 02, 200; Ni, 11; A1, 26; 
Cu, 10; Co, 5; and C, 70 was used. In  some of the 
experiments  99.997% iron (zone-refined mater ia l  from 
the Battelle Memorial  Inst i tute  2) was also used. 

1 F e r r o v a c  E is t h e  t r a d e  n a m e  of  a h i g h  p u r i t y  i r o n  p r o d u c e d  by  
V a c u u m  Meta l s  Corpo ra t ion ,  D i v i s i o n  of  C r u c i b l e  S t ee l  C o m p a n y  o f  
Amer i ca .  

2 Th i s  m a t e r i a l  was  s u p v l i e d  t h r o u g h  t h e  A m e r i c a n  I r o n  a n d  
S tee l  I n s t i t u t e .  

BALANCE CHAMBER 
CONTAINING ELECTROBAL 

OR MASS SPECTROMETER 

VACUUM 

V A L V ~ T o  

PUMPS PORT FOR 
U H.V. ION 

TO GAS HANDLING 

PLAN VIEW END ViEW 

Fig. 1. Diagram of high vacuum microbalance apparatus 
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Spectroscopically standardized oxygen and  hydro-  
gen, supplied by Baker Chemical Company were used. 
The oxygen contained <70 ppm total impur i ty  and the 
hydrogen < 14 ppm. 

Specimen preparation.--Iron coupons, 5 • 1 cm, 
were cut from a 9 mil  thick cold-rolled sheet. They 
were degreased, abraded with 600 grit  silicon carbide, 
and electropolished for 1 min in a 95% glacial acetic 
acid-5% perchloric acid (70%) solution (3). The 
specimens were then annealed in vacuum at 700~ 
for 2 hr and finally re-electropolished for a fur ther  
minute.  This method of preparat ion resulted in a flat 
surface with about 20-30A of oxide. 

Oxidation procedure.--Specimens prepared as above 
were first weighed on a Mettler analyt ical  micro- 
balance before loading into the oxidation apparatus. 
(The weighing of specimens on the Mettler balance be- 
fore and after oxidation provided a check on the 
weight gain measured by the Cahn electrobalance and 
a small  drift  usual ly  encountered with the electro- 
balance could be compensated for by adjust ing the 
Cahn weight change to that  given by the Niettler 
balance) .  After the system had cooled following an 
overnight  bake, and when the pressure was < 10 - z  
Torr, the specimen was reduced at 600~ in about  
10 Torr of hydrogen for 1 hr. After  this t ime the 
hydrogen was pumped out of the system and fresh 
hydrogen admitted. After  a few minutes  this hydro-  
gen was removed and a fur ther  dose of fresh hy-  
drogen admitted. The system was finally evacuated 
and the tempera ture  was adjusted to the value at 
which the oxidation exper iment  was to be performed. 
Originally, hydrogen reductions were performed at 
400~ but  oxidations following reductions at this 
temperature  gave nonreproducible  results. The prob-  
lem was resolved by raising the reduction tempera ture  
to 600~ 

Following the removal  of hydrogen from the system, 
oxygen was admit ted when the pressure was <8  X 
10 - s  Torr. Extra pumping  time was used to reduce 
the background to ~3  X 10 - s  Torr  before oxidations 
were performed at the very low pressures (10 -8-  
10 -5 Torr) .  At the end of an oxidation, the system was 
again evacuated and the weight gain was found from 
the difference between the init ial  and final weights of 
the specimen at the tempera ture  of the exper iment  
and in high vacuum. This procedure corrected for 
the so-called thermomolecular  effect (4) which is pres-  
sure and tempera ture  dependent  and gives rise to the 
largest spurious mass changes encountered with the 
vacuum microbalance. The exact magni tude  of this 
pressure effect was determined at the end of an 
oxidation exper iment  by re-admi t t ing  oxygen a n u m -  
ber of times and not ing the apparent  mass change 
from the reading in vacuum. Knowing the var ia t ion of 
the pressure effect with time, it is then possible to ac- 
curately define the init ial  portion of the oxidation 
curve. 

Oxide examination.--Reflection electron diffraction 
was carried out in a G. E. Diffraction Apparatus,  using 
an accelerating voltage of 45 kV and a camera length 
of 50 cm. Two-stage formvar  p la t inum-carbon  replicas 
of the oxide surfaces were examined in the electron 
microscope. 

Results 
Kinetic data.--A comparison was first made of the 

oxidation of Ferrovac E iron with zone-refined iron, 
and the weight gain- t ime curves for the two materials,  
oxidized at 350~ and 10 -3 Torr  oxygen pressure, 
are shown in Fig. 2. It is observed that  both materials  
oxidize in a similar manne r  for the first 10 rain, after 
which t ime the rate of oxidation of Ferrovac E slows 
markedly  while the zone-refined mater ial  continues to 
oxidize at a fairly rapid rate. After  2 hr, the oxide is 
near ly  twice as thick on the zone-refined iron as on 
the Ferrovac E. This difference in oxidation behavior 
may possibly be accounted for in terms of different 
grain size and different crystal orientations present  in 
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Fig. 2. Comparison of the oxidation of iron supplied by the Bat- 
telle Memorial Institute with Ferrovac E iron; 10 -3 Torr oxygen 
at 350~ 

the two materials.  Following the 700~ vacuum an-  
neal, the grain size of the Battelle iron is about 2-3 mm 
in diameter, compared with a few microns for the 
Ferrovac E, and as the oxidation rate is strongly de- 
pendent  on crystallographic orientat ion (5-7), larger 
grains present  in the zone-refined mater ia l  exposing 
planes with high oxidation rates may be responsible 
for the observed enhanced oxidation over Ferrovac 
E iron. Also, the t ime to formation of aFe203 varies 
with crystal plane (5), and the continued rapid oxida- 
t ion observed with the zone-refined mater ial  may be 
taking place on large grains of such orientat ion that  
aFe203 has not yet formed a continuous film over the 
magnetite.  The s ta tement  that a continuous outer layer 
of aFe203 slows the reaction rate will  be discussed later. 
The reproducibil i ty of oxidation runs  on zone-refined 
iron was found to be not as good as with Ferrovac E. 
A series of oxidations, performed at 350~ and 10 -3 
Torr  oxygen pressure on seven zone-refined iron speci- 
mens, annealed under  similar conditions but  some of 
them at different times, were reproducible to within 
about 10%. Specimens annealed together yielded re-  
sults in closer agreement,  presumably  due to a more 
similar grain growth and grain size. Oxidations of 
Ferrovac E iron, under  similar conditions, were repro- 
ducible to about 5%, irrespective of whether  speci- 
mens were annealed at the same time or not. Because 
of this better  reproducibil i ty it was decided to use the 
Ferrovac E iron in the study of the effect of pressure 
on the oxidation kinetics, despite its inferior pur i ty  
as compared to the zone-refined material.  Also, the 
smaller  grain sized Ferrovac E is more typical of the 
polycrystal l ine material.  

The weight ga in- t ime curves obtained for the oxi- 
dation of Ferrovac E at 350 ~ and 400~ and oxygen 
pressures of 10 -6 to 10 -2 Ton: are shown in Fig. 3 and  
4, and oxidation curves for the higher pressure oxida- 
t ion (10 -2, 35, and 60 Tor t ) ,  are given in  Fig. 5. In  
Fig. 6, a comparison is made of the very low pres-  
sure oxidation (10 -6, 5 x 10 -6, and 10 -5 Ton:) ,  at 350 ~ 
and 400~ 

Considering Fig. 3 to 6, the effect of oxygen pres-  
sure on the kinetics is clearly evident, par t icular ly  in 
the pressure range 10-8-10 -2 Torr. As the oxygen 
pressure is increased from 10 -6 through to 35 or 60 
Torr, the ini t ial  rate of oxidation is increased. The 
position and extent  of turnover  of the curves to a 
reduced oxidation rate is also pressure dependent.  At 
10 -5 Ton: and below only a small, if any, reduct ion in 
the oxidation rate is observed (with the exception of 
the oxidation at 10 -5 Torr  and 350~ after 3 hr of 
oxidation. Although the ini t ia l  rate of oxidation in-  
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creases wi th  increasing oxygen  pressure in the range 
10 -4  to 35 or 60 Torr of  oxygen,  the we ight  gain after 
3 hr is essential ly  pressure independent,  as summarized  
in Table I. After  3 hr oxidation at 350~ the average 
weight  gain for this pressure range is about 26 ~g 

Table I. Weight gain per unit area after 3 br oxidation 

W e i g h t  g a i n  ( /Lg c m  ~ )  a f t e r  3 h r  
(a) ( b )  

P r e s s u r e ,  T o r r  3 5 0  ~ C 4 0 0  ~  

1 0 4  ~ 0 . 5  ~ , 0 . 1  
5 x 1 0 4  1 7 . 0  1 4 . 2  

1 0 - ~  2 2 . 8  8 7 . 0  
10  -4  2 4 . 8  5 3 . 2  
10--~ 2 7 . 8  5 1 . 0  
10 -~  2 5 . 8  5 3 . 0  
3 5  5 0 . 9  
6 0  2 5 . 1 . 2 ~ . 0 . 2 5 . 8  

c m  -2, compared w i t h  a value  of about 52 ~g cm -2  
at 400~ An  induction period is observed for oxida-  
tions at 5 x 10 -6  Torr at both 350 ~ and 400~ 

The weight  gains after 3 hr of  oxidation at 10 -6  
Torr were  obtained by  difference from the weight  
of  the specimen before and after oxidation, as deter- 
mined  by the Mettler analytical  microbalance,  (taking 
into account the removal  of  the oxide f i lm resulting 
from the e lectropol ishing) ,  the Cahn electrobalance 
being not sufficiently stable to ident i fy  this smal l  
we ight  change. 

The kinetic data from oxidations at 10 -4  , 10 -3 , and 
10-2 Torr oxygen  at 350 ~ and 400~ is plotted in a 
parabolic manner  in Fig. 7 and 8, respectively.  Another 
parabolic plot of the data from the oxidation at 35 
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Fig. 7. Parabolic plot of data from the oxidation at 350~ 10 -4 ,  
10 -3 ,  and 10 - 2  Tarr oxygen pressure. 

3 0 0 0  

N 

6~ 

2000 
A 

g 

0. 
iO 0 0  

+ 

w 

10 - 4  t o r r  ~ o  

/ e , . . , , f i  .1~'+ 1 0 - 3  torE 

o / 

~#d  I l I I l I I l I 
20 40 60 80 I00 120 140 160 180 

T I M E ,  m i n u t e s  

Fig. 8. Parabolic plot of data from the oxidation at 400~ 10 -4 ,  
10 -3 ,  and 10 - 2  Tarr oxygen pressure. 



Vol. 116, No. 10 
3000 

OXIDATION OF IRON 

~ 7 0 0  

~ o / . / J  Goo '~ 
35o ~ c o o-11./ I 

N~ 2000 o / 0  �9 500 

~oo ~ 

Q" I000 ,4/ / O" W 400~ 

_Z ~I~&~O / Z g 2oo 

o - ,o/ 

~ } 1 1 l I i l 
0 ~0 40 60 80 I00 120 140 160 180 

TIME, minutes 

Fig. 9. Parabolic plot of data from the high pressure oxidation at 
350 ~ and 400~ 

Torr and 400~ 60 Torr  and 350~ is shown in Fig. 
9. In all cases, the initial oxidation conforms to a 
parabolic ra te  law, the durat ion of this period be-  
coming shorter  as the pressure is increased. The slower 
oxidation rate  at 350~ makes the initial data for 
this t empera tu re  more rel iable  than the data at 400~ 
and the t ime scale is expanded in Fig. 7 to show more 
clearly the first parabolic agreement.  At the end of the 
first stage, the oxidation proceeds through an in ter -  
mediate  range before enter ing a second parabolic 
region of lower rate. It was found that  the data did 
not fit a single logari thmic plot. 

Electron disffraction.--The oxides present  af ter  oxi-  
dation, at various pressures and t imes at both 350 ~ 
and 400~ were  identified by reflection electron dif-  
fract ion and the results  are summarized in Table II. 
"Fe304" in the table represents  a cubic oxide, e i ther  
Fe~O4 or 7Fe203, or both. Where  =Fe203 was detected 
(with the exception of the oxidation at 10 -5 Torr  and 
350~ this layer  was too thick to permit  reflections 
from the under ly ing Fe304 layer. 

It  can be seen f rom Table II that  only a cubic oxide 
is formed at oxygen pressures below 10 -5 Torr  for 
both 350 ~ and 400~ whi le  af ter  3 hr  of oxidation at 
10 -4 and above, an outer  layer  of aFe203 is formed 
at both temperatures .  For  short t ime oxidations at 
10 -3 Torr  and 350 ~ and 400~ only a cubic oxide is 
found to be present.  An interest ing finding is that  
~Fe203 (in addition to cubic oxide) ,  is detected af ter  
3 hr  of oxidation at 350~ and 10 -5 Torr  oxygen, 
while  no ~Fe203 is found after  the corresponding oxi-  
dation at 400~ 

Electron microscopy.- -Electron photomicrographs of 
replicas of metal  and different oxide surfaces are 
shown in Fig. 10 (a to i ) ;  the average thickness of the 
oxide is given in parenthesis.  

Figures 10 (a) and (b) show the nature  of the meta l  
surface immedia te ly  prior  to oxidation, i.e., after  the 
specimen had been hydrogen reduced at 600~ and 
then held at 400~ for a few hours while the back- 
ground pressure was reduced to ~3  X 10 - s  Torr, it 
was quenched to room temperature .  A smooth area of 

Table II. Summary of electron diffraction analysis 

P r e s s u r e  a n d  t i m e  P h a s e s  o b s e r v e d  
of  oxida t ion  350 ~ C 400 ~ C 

1 0 4  T o r r ,  3 h r  " F e ~ O 4  . . . .  F e s O , "  
5 x I 0  -~ T o r r ,  31 r a i n  " F e s O ~  . . . .  F e ~ O 4 "  
5 x 1 0 4  T o r r ,  3 h r  " F e 3 0 4  . . . .  F e s O 4 "  

10 -~ T o r r ,  S h r  ~Fe~20~ + " F e ~ O 4  . . . .  F e ~ O 4 "  
i0 ~ Torr, 3 hr ~Fe20~ ~Fe20~ 
10 -'s T o r t ,  2 */4 m i n  - -  " F e ~ O 4 "  
10 -~ T o r r ,  5 r a i n  " F e s O 4 "  
10 4 Torr, 3 hr ceFe~O3 aFezO3 
35 T o r r ,  3 h r  - -  ~Fe_*Oa 
60  T o r r ,  3 h r  ~ F e 2 0 ~  - -  

A T  350 ~ A N D  400~ 1433 

the surface is i l lustrated in Fig. 10 (a), compared with  
one of the roughest  areas in Fig. 10 (b). The observed 
thermal  facett ing is similar  to that  found by Sewell  
et al. (8) on iron surfaces hydrogen annealed at 800~ 

Oxide nuclei  present  af ter  the oxidation at 10 -6 Torr  
for 3 hr  at 400~ are  observed in Fig. 10 (c), and the 
growth of these nuclei appears to be completely 
random. Replicas of specimens oxidized for 31 min at 
5 • 10 -6 Torr  at both 400 ~ and 350~ are shown 
in Fig. 10 (d) and (e) ;  this was after  the induction 
period when a noticeable weight  increase could be ob- 
served with  the Cahn microbalance (see Fig. 6). The 
influence of substrate s t ructure  on the oxidation is 
shown in Fig. 10 (e) where  the outer  t ex ture  of the 
oxide on the two grains is different. Large oxide 
nuclei  are seen in Fig. 10 (d), and t r iangular  shaped 
nuclei ~200A in height  are present  near  the grain 
boundary.  

Surfaces of thicker  oxides are shown in Fig. 10 
(f to i). Figures 10 (f) and (g) show the var ia t ion of 
the degree of roughness of the oxide outer  surface 
with  the under ly ing crystal  plane of the metal.  The 
height  of oxide facets on the upper  left  grain in Fig. 
10 (f) range up to 300-400A. The r idged s t ructure  of 
the ~Fe203 surface, found after oxidation for 3 hr  at 
10 -3 Torr  and 400~ [Fig. 10 (h) and ( i)] ,  is similar 
to that  observed by Boggs et al. (2, 5) for oxidations 
under  similar conditions. 

Discussion 
The marked effect of oxygen pressure on the oxida-  

tion of iron at 350 ~ and 400~ is clearly shown in 
Fig. 3, 4, and 5. As the pressure is increased from 
10 -6 to 60 Tor t  the ini t ial  rate  of oxidation is in- 
creased. This period of high oxidation rate  is, in gen- 
eral, followed by one of much lower oxidation rate. 

The proposed mechanism to explain the different 
initial rates is as follows; init ial ly Fe304 forms on the 
surface and the oxide layer  grows as iron ions diffuse 
outward through cation vacancies in the oxide. The 
cation vacancies are formed at the outer surface of 
the oxide when oxygen is incorporated into the lattice. 
The concentrat ion of vacancies and hence the con- 
centrat ion of iron ions diffusing to the O2/Fe304 in- 
terface depends on the avai labi l i ty  of oxygen at the 
outer  surface. Thus, as the oxygen pressure is in- 
creased, the concentrat ion of vacancies is increased 
and so the flux of iron ions is increased leading to an 
increased oxidation rate. This assumes that  in the 
low pressure region the incorporation of oxygen into 
the lattice to form oxygen ions is pressure dependent.  

The lowering of the oxidation rate may be due to 
e i ther  the formation of a continuous layer  of ~Fe2Os, 
over  the Fe304, or loss of contact between the oxide 
and the metal.  Taper sections of these thin oxides did 
not yield conclusive evidence of oxide separat ion from 
the metal.  Moreover,  the electron diffraction data, 
summarized in Table II, supports the argument  that  
the formation of a continuous hexagonal  oxide layer 
reduces the oxidation rate. At pressures below 10 -5 
Torr, where  no marked  reduct ion in oxidation rate  
was observed, only cubic oxide was found to be pres-  
ent af ter  3 hr  of oxidation (Table II) .  Also specimens 
which were  removed before the decrease in rapid rate  
observed at higher  pressures showed only "Fe30~" by 
electron diffraction. In all cases where  a marked  de-  
crease in oxidation rate  had a l ready occurred, electron 
diffraction showed only an outer  layer  of aFe2Os. 
These observations would indicate that  in the rapid 
rate  region, diffusion, probably of cations, through 
magnet i te  is the ra te  control l ing process, while  in the 
low rate  region, diffusion, probably of oxygen ions, 
through aFe203 is the controll ing process. This was 
par t ia l ly  confirmed by an exper iment  in which iron 
had been oxidized into the aFe203 region and then 
annealed, in vacuo, to conver t  all the oxide to Fe304 
(9). On readmit t ing  oxygen a rapid "magnet i te - type"  
rate  was ini t ial ly observed, wi th  again a later  fall ing 
off in ra te  characterist ic of control by aFe2Os. 



1434 J. Electrochem. Soc.: S O L I D  S T A T E  S C I E N C E  October  1969 

Fig. 10 (a) to (i). Electron photomicrographs of replicas of metal and different oxide surfaces; the oxide thicknesses are given in par- 
enthesis. (a) and (b) metal immediately prior to oxidation; (c) oxidized at 10 - 6  Tarr, 400~ for 3 hr (~70,~,); (d) oxidized at 5 x 10 - 6  
Torr, 400~ for 31 min (,~50./~); (e) oxidized at 5 x 10 - 6  Torr, 350~ for 31 min (~60.~.); (f) oxidized at 5 x 10 - 8  Torr, 400~ for 3 hr 
(900.~,); (g) oxidized at 10 - 5  Torr, 400~ far 3 hr (2200.~.); (h) and (i) oxidized at 10 - 3  Tarr, 400~ for 3 hr (3/100.s 

The t ime to formation of ~Fe203 will depend on the 
temperature,  oxygen pressure, and crystallographic 
orientat ion of the under ly ing  metal. The kinetic sta- 
bil i ty of an aFe2Oa film depends on a balance between 
its reduction to Fe304 by diffusing iron and the oxida- 
t ion of Fe304 to aFe203 by oxygen. Thus, at 10 -5 Tort,  
the higher diffusion of iron through Fe304 at 400~ 
leads to continuous reduction of any ~Fe20~ to Fe304, 
while at 350~ a presumably  slower flux of iron allows, 
after some time, the formation of a continuous layer 
of ~Fe203 (Fig. 6). At lower oxygen pressures only 
Fe304 is observed. As the pressure is increased between 

10-~ and 10 -2 Torr the t ime to formation of ~Fe203 is 
decreased. At above 10 -2 Torr  the oxidation rates are 
essential ly pressure independent,  but, of course, tem- 
perature  dependent.  At these high pressures aFe203 
nucleates after a short time, accounting for the early 
tu rnover  of the oxidation curves. 

The similari ty between the oxidation at 10 -2 Torr  
and 35 or 60 Torr  is in disagreement with the results 
of Boggs et al. (2) who report that at 350~ the oxida- 
t ion rate is strongly pressure dependent  over this 
pressure range. Although Boggs finds the ini t ial  rate 
of oxidation to increase as the pressure is increased, 
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and the present results confirm this finding over 
a very wide pressure range, after 150 rain of oxida- 
t ion he reports the weight  gain with 100 Torr  oxygen 
pressure to be about only one quar ter  of the weight 
gain found at 10 -2 Torr. It is difficult to explain the 
discrepancy between the two sets of data. Par t  of the 
discrepancy may be due to the different compositions 
of i ron used and different methods of preparation.  

The reason for the induct ion period observed at 
5 X 10 -6 Torr for both 350 ~ and 400~ is probably 
either to a slow nucleat ion process (10) taking place 
or the removal  of oxidizable impurities, most l ikely 
carbon from the specimen. Micrographs of replicas of 
oxide surfaces at the end of the induct ion period are 
shown in Fig. 10 (d) and (e), where the growth of 
nuclei into a continuous film is taking place. As seen in 
Fig. 6, the induct ion period appears to be longer at 
400~ than  at 350~ but  the times involved are not 
sufficiently reproducible to unequivocably make such 
a distinction. Sewell (11) using an x - r ay  technique to 
study the kinetics of oxidation has also observed an 
induct ion period for the oxidation of (100) iron at 
400~ and 3 • 10 -6 Torr oxygen. It is also note- 
worthy that  the oxide thickness determined using this 
new technique correlates well  with the present micro- 
balance data. 

The parabolic plots shown in Fig. 7, 8, and 9 indicate 
two distinct regions of conformity; an ini t ial  good 
parabolic fit of the data, the oxidation rate increasing 
with increasing pressure and the durat ion of the agree- 
ment  becoming shorter as the pressure is increased 
from 10 -4 to 60 Tort.  The ini t ial  parabolic behavior  
is followed by an intermediate  stage before a second 
parabolic region is reached where  the plots are ap- 
proximately  parallel,  signifying that  this second region 
is essentially independent  of pressure. The two dis- 
t inct parabolic rates are most clearly observed in Fig. 
7, and the values of the rate  constants derived from 
the data in this figure are the most accurate obtained; 
the actual  values of the init ial  rate constants at 10 -4 , 
10 -3, and 10 -2 Torr oxygen pressure and 350~ are 
1.9 x 10 -13, 4.3 x 10 -z3, and 1.35 x 10 -12 g2cm -4 sec -1, 
respectively. In  this parabolic region at 350~ and 
dur ing  the init ial  parabolic region at 400~ (Fig. 8), 
we are probably dealing solely with the growth of 
Fe304. The electron diffraction analysis of oxides 
formed after short times of oxidation at 10 -3 Torr 
shows only Fe304 to be present (Table II) ,  support ing 
this view. Thus, if ini t ia l ly  we are only concerned 
with the growth of magnetite,  then the rate of oxida- 
t ion as given by the parabolic rate constant  should be 
proport ional  to the concentrat ion of cation vacancies 
at the oxide-oxygen interface, which in t u rn  is pro- 
portional to the (oxygen pressure)'/2. As the pressure 
is increased more oxygen is incorporated into the 
oxide and so more cation vacancies are formed, lead- 
ing to enhanced diffusion of iron through these cation 
vacancies giving rise to an increased oxidation rate. 
It  may be seen in Fig. 11 that for the oxidation at 
10 -4, 10 -3, and 10 -2 Torr and 350~ the parabolic 
rate constant, taken from the initial  slopes of the 
curves in  Fig. 7, is proportional to the (pressure),/2. 

Linear behavior is observed for part  of 5 x 10 -6 
Torr at 350~ and at 10 -5 Torr at 400~ (Fig. 3 and 4). 
If it is assumed that under  these conditions the oxida- 
t ion rate is controlled by a combination of the rate of 
impingement  of oxygen on the surface and the sticking 
factor of oxygen on the oxide, a sticking factor of 0.03 
at 350~ and 0.025 at 400~ can be calculated. 
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Fig. 11. Initial parabolic rate constant for the oxidation at 350~ 
and oxygen pressures of 10 - 4  , 10 - 3  , and 10 - 2  Torr plotted 
against the square root of the pressure. 

Activation energies derived from the ini t ial  Kp values 
at 350 ~ and 400~ and 10 -4, 10 -3, 10 -2 Torr are 15, 17, 
and 22 kcal �9 mole -1, respectively. The values are ob- 
viously not too rel iable as oxidation rates were only 
measured at two temperatures,  but  they are of some 
significance. No comparable data for oxidations under  
similar conditions exists in the l i terature but  higher 
values of 33 k c a l - m o l e  -1 (12), for composite oxide 
formation in the tempera ture  range, 500~176 and 
45 kcal �9 mole -1 (13) for the growth of magnet i te  in 
the range 400~176 are quoted for higher tempera-  
ture  oxidations. 
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ABSTRACT 

The glass formation region of the system As2Se3-Sb2Se3 and the vi treous-  
crystall ine t ransformation were investigated. Electrical and optical properties 
in the vitreous and in the polycrystal l ine state were studied as a function 
of composition on homogeneous and geometrically well defined samples pre-  
pared by a new method. Activation energies obtained from electrical and 
optical measurements  were in excellent agreement  and were found to de- 
crease with increasing content  of Sb~Se3. For a given composition, the ac- 
t ivation energy in the vitreous state was greater than in the crystall ine state 
by 0.2-0.4 eV. Excepting the absorption edge, no absorption or reflection 
bands were observed in all of the compositions studied in the ranges of 0.7-1.7 
and of 2.5-50~. 

Chalcogenide glasses have been extensively invest i-  
gated in recent  years. As photoconductors they have 
found applications in vidicon type camera tubes (1-4). 
Since their properties are relat ively unaffected by the 
presence and variat ion of impurit ies (5-9) these mate-  
rials are of interest  for this type of application or 
electronic applications in general. Infrared optics and 
xerography are fur ther  areas of research and develop- 
ment  where the role of vitreous semiconductors is very 
important.  

The over-al l  behavior of vitreous semiconductors is 
not near ly  as well  understood as that of the crystal l ine 
semiconductors. For example, electrical conduction in 
the vitreous materials is still a poorly understood 
process (5, 9-18). 

The present s tudy examines the pat tern  of property 
changes as a function of composition in the pseudo- 
b inary  system As2Se3-Sb2Se3. It is also concerned with 
the extension of the glass formation region and the 
corresponding effects on the electrical and optical prop- 
erties. The stabil i ty of the vitreous state and the 
parameters  affecting it are of considerable interest  
par t icular ly  in view of the encouraging results reported 
(4) on the pseudobinary Sb2Se~-Bi2S3. 

Experimental 
The compounds As2Se~ and Sb2Se3 were prepared 

individual ly  from their  elements which were of high 
pur i ty  (semiconductor grade, 99.999+%). For each 
compound nomina l ly  stoichiometric amounts  were 
placed in a quartz ampule which was repeatedly evacu- 
ated, flushed with argon and finally evacuated to 10 -6 
Torr before sealing off. Each sealed ampule was heated 
for about 5 hr  at 350~ whereupon the tempera ture  
was raised to 750~ and main ta ined  for about 5 hr. 

The resul t ing As2Se3 and Sb2Se3 were placed, in the 
desired proportions, in a quartz ampule which, in turn,  
was flushed, evacuated, and sealed off. The ampule was 
fitted to a horizontal shaft of a motor and positioned in 
a horizontal furnace. While under  rotation (about 25 
rpm) the ampule was held for about 1 hr at 750~ It 
was then wi thdrawn from the furnace and quenched in 
air while still under  rotation. This technique, described 
in more detail  elsewhere (18), allowed the preparat ion 
of hollow cylinders of uni form wall  thickness and uni -  
form composition. Typical dimensions of the cylinders 
employed were: length 3 cm, thickness 0.07 cm, and ID 
1 cm. 

Appropriate lengths of the samples were cut with 
ordinary cut t ing wheels while still in the quartz ampule 
from which they were separated by simply immersing 

* E l e c t r o c h e m i c a l  Soc ie ty  ~Active Member .  
1 Present  address: IBM, T h o m a s  J .  W a s t o n  Resea rch  Center ,  York-  

t o w n  Heigh t s ,  New York.  

in acetone. The hol low-cyl inder  samples exhibited no 
porosity or other macroscopic defects. Electron probe 
analysis along the cylinders and across their thickness 
revealed no detectable var iat ion in chemical composi- 
tion. Visual examinat ion and x - ray  diffraction tech- 
niques were employed for confirming the vitreous state 
of the alloys. 

Electrodes for electrical measurements  were attached 
to the inner  and outer surface of each sample after 
immersing it first in silver paste. The silver paste 
shorting the inner  and outer electrodes was removed 
by grinding the two ends of the cylinders. The ohmic 
behavior of the contacts was tested over a wide range 
of current  and tempera ture  (0-600V, 293~176 The 
possibility of cur ren t  leakage through the edges of the 
samples was examined by an electrode a r rangement  
recommended by the American Society for Testing 
Materials (ASTM Designation, D257-1961) : During the 
silver paste coating of the cylinders two bands one near  
each edge of the outer surface of the sample were 
masked and left uncoated. Thus, one electrode could 
be attached to the main  outer si lver-paste covered por- 
tions of the outer surface and another  (common) elec- 
trode to the outer areas near  the edges of the cylinder. 
In this way the resistance of the sample could be 
measured between the inner  electrode and the main  
outer electrode, while the third electrode was grounded 
or was kept at the same potential  with the main  outer 
electrode. No difference in resistance between the inner  
and the main  outer electrode was found in these cases. 
This result  indicates that  no fr inging effect nor leakage 
were present. 

Resistivity measurements  as a funct ion of tempera-  
ture were carried out in a vertical furnace under  argon 
atmosphere. The temperature  was controlled to within 
_+0.5~ Before each measurement  the samples were 
allowed to equil ibrate  for 15 to 40 min. Unless the 
vitreous samples underwent  crystallization dur ing 
heating, the resist ivi ty measurements  were reproduci-  
ble on tempera ture  recycling (within 5%) and ex-  
hibited no hysteresis (9). The d-c potential  employed 
was less than  100V. 

For the optical measurements  (absorption and reflec- 
t ion) the samples were cut from the same cylinders 
as the samples for the electrical measurements.  They 
were mechanical ly polished down to 20-800~. A copper 
cold-finger cryostat was used for the low temperature  
measurements.  S tandard  commercial ins t ruments  were 
employed to s tudy the optical properties in the ranges 
of 0.7-1.7 and 2.5-50~. 

Results and Discussion 
Genera~ characteristics.--In the vitreous system 

( l - -x )  As2Se3"xSb2Se3 the compositions with x = 0, 0.1, 
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0.2, 0.3, 0.4, 0.45, and 0.5 were investigated. They ex- 
hibited a relat ively high mechanical  s trength and no 
inclusions or other macroscopic heterogeneities. These 
characteristics are a t t r ibutable  to the method of prepa-  
rat ion employed (18). All  compositions were found to 
be chemically stable in air at room tempera ture  and 
were hardly  reactive in water  or dilute acids. However, 
chemical attack was clearly observed in alkal ine solu- 
tions even at room temperature.  This chemical react iv-  
i ty decreased with increasing Sb2Se8 content. At room 
tempera ture  no t ransformation to the crystall ine state 
was observed even after extended periods of time. At 
higher temperatures  crystall ization was observed for 
some compositions and is discussed below. 

Region o] glass formation.~A value of x --~ 0.5 has 
been reported (19) as the l imit  of glass formation in 
the system (1-x)As2Se3-xSb2Se3. In  the present  s tudy 
this value was found to be reasonable. However, the 
values of x = 0.45 and 0.50 could be reached only by 
quenching in horizontal quartz tube under  rotat ion as 
described above; the commonly used quenching tech- 
niques lead invar iab ly  to a two phase s tructure with 
the crystal l ine areas readi ly visible. It was not possible 
to extend usefully (in the form of single phase) the 
region of glass formation to higher Sb2Se3 content by 
employing higher quenching rates; the mater ial  could 
not sustain the thermal  shock and invar iab ly  shattered 
so that  no samples suitable for examinat ion could be 
obtained. 

Electrical characteristics.~The hollow cylinder sam- 
ples employed had th in  walls (<1 m m ) ,  were about 
1 cm in diameter  and 3 cm long; thus, their outer area 
was essentially the same as the inner  area so that 
within exper imental  error the electrical resistivity p 
could be taken as 

A 
p - - - -R- -  

l 

where R is the total resistance, A is the outer (or 
inner)  area of the cylinder,  and l its thickness. 

The resist ivity was measured as a funct ion of t em-  
perature (296~176 for all of the vitreous composi- 
tions indicated above. Those with x = 0.3, 0.4, 0.45, 
and 0.5 were also studied in the crystal l ine state. The 
results are plotted in Fig. 1. It is seen that the resistiv- 
i ty is significantly greater in the vitreous state, con- 
sistent with the expected decreased mobil i ty and 
carrier concentrat ion as compared with the crystall ine 
state (19). As in typical semiconductors, the resistivity 
is exponent ial ly  decreasing with temperature  in both 
the vitreous and in  the crystal l ine state. The corre- 
sponding activation energies are tabulated in Table I. 
A decrease in the activation energy with increasing 
Sb2Se3 content is apparent.  In the compositions with 
Sb2Se3 ~ 0.3, the activation energy appears relat ively 
insensit ive to the Sb2Se3 content;  in fact, in the crystal-  
l ine state the activation energy of the compositions 
studied is essentially the same as that reported for 
crystall ine Sb2Se3. This result  is surprising and not 
understood. It should be noted that  the resistivity in 
the vitreous state decreases with increasing Sb~Sea 

Table I. Resistivity activation energies (Ep) 

Ep, eV log  po* 

Crys t a l -  
M a t e r i a l  V i t r eous  C r y s t a l l i n e  Vi t r eous  l i ne  

As2Ses 
0.9 As2Se3 0.1 Sb2Se3 
0.8 As2Se~ 0.2 SbeSe~ 
0.7 As2Se~ 0.3 Sb~Se~ 
0.6 As2Se3 0.4 Sb2Sea 
0.55As~Ses 0.45Sb~:Se~ 
0.5 As2Sea 0.5 Sb2Se3 

Sb2Ses 

1.85 4.30 
1.76 4.20 
1.72 4.00 
1.56 1.18 3.50 1,95 
1.55 1.20 3.70 1,85 
1.47 1,25 3.55 2.00 
1.44 1,11 3.90 1.60 

1.15 (27) 

* po v a l u e s  we re  o b t a i n e d  f r o m  p = poe~P/~T. 
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Fig. 1. Dependence of the electrical resistivity on temperature 
in the system (1--x)As2Se3"xSb2Se3. C) ,  x = 0 (vitreous); /k ,  
x = 0.2 (vitreous); [ ] ,  x = 0.4 (vitreous); x, x ~ 0.45 (vitreous); 
o ,  x = 0 .45  (crystall ine); A ,  x ~ 0.4 (crystall ine).  For clarity 

the plots for the compositions x = 0.1, 0.3 ,  and 0.5 were omitted. 

content, but  it increases in the crystal l ine state. Sim- 
ilar reversals in resistivity trends have been reported 
for other vitreous systems (20); however, the  reasons 
for this behavior are not clear as yet. 

The deviations from the exponential  dependence of 
the resistivity on tempera ture  (see Fig. 1) in the 
vitreous compositions with x = 0.3, 0.4, 0.45, and 0.5 
were associated with t ransformations to the crystall ine 
state as confirmed by x - ray  diffraction patterns;  on 
temperature  recycling, the samples exhibited the re-  
sistivity values of the crystal l ine state. In  contrast 
the compositions with x ---- 0, 0.1, and 0.2 exhibited the 
same resistivity values on recycling and even after 
heating at 220~ for two days. No impur i ty  effects (no 
change in slope in the activation energy curves) were 
observed in the present materials  consistent with pre-  
vious results (19) and theoretical considerations (21, 
22). It is also of interest  to note that  in As2Se3 no 
change in the slope of the resistivity vs. temperature  
curve was observed in going through the softening 
point (187~ This behavior certainly reflects the di- 
rect dependence of the electrical properties on short 
range order. 

The difference in activation energy between the 
vitreous and the crystal l ine state is still theoretically 
unresolved. The present ly determined higher values for 
the vitreous states are consistent with Banyai 's  views 
(10) that in going from the ordered to the disordered 
state electronic states near  the band edges are strongly 
perturbed.  They enter  the forbidden energy gap and 
most of them become localized. The nonlocalized elec- 
tronic states retreat  into the energy bands. Assuming 
that  the nonlocalized states are responsible for elec- 
trical conduction then the activation energy for con- 
duction should be greater in the vitreous state. How- 
ever, in the case of As2Se3 (19, 23) the activation 
energy in the crystall ine state is greater by 0.1-0.2 eV 
than in the vitreous state. Although attempts have 
been made to account theoretically for this behavior of 
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Fig. 2. Typical  data on the dependence of the absorption co- 
e f f ic ient  on photon energy for the system (1--x)As2Se~,'xSb2Se3. 
Curve 1, x = 0.4 at T ~ 296~ (vitreous); curve 2, x = 0.2 at 
T ----- 296~ (vitreous); curve 3, x = 0.1 at T = 296~ (vitre- 
ous); curve 4, x ~- 0.1 at T ~ 77~ (vitreous). 

As2Se3 and the similar behavior  of other materials,  no 
definitive stage of unders tanding  has been achieved as 
yet. 

Optical measurements . - -The optical absorption char-  
acteristics of the compositions discussed above were 
examined at 296 ~ and 77~ Typical results for some 
compositions and two temperatures  are shown in Fig. 
2 and 3 where the absorption coefficient ~ and N/a are 
plotted against the energy of the radiation. It is seen 
that  the absorption edge shifts to shorter wavelengths 
with decreasing Sb2Se~ content and with decreasing 
temperature.  The absorption edges were determined 
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ton energy for the system (1--x)As2Se3"xSb2Se3. Curve 1, x = 
0.45 at T -~ 296~ (vitreous); curve 2, x = 0.45 a t  T = 77~ 
(vitreous); curve 3, x = 0.1 at  T = 296~ (vitreous); curve 4, 
x ---- 0.1 at  T ~ 77~ (vitreous). Curves ] and 2 correspond to 
the left hand side ordinate and curves 3 and 4 correspond to the 
right hand side ordinate, 

from plots of the ~/~ vs. the photon energy as shown 
for some representat ive cases in Fig. 3. For  each ab-  
sorption curve the edge is taken as the mean of the 
intersects with the abscissa of the two component 
straight lines, A and B (24, 25). 

The numerica l  results are summarized in Tables II 
and III. Here also, the activation energies follow the 
same trends observed in the values obtained by elec- 
tr ical  resist ivity measurements .  In  the vitreous state 
the absorption edges of the compositions with x = 0.1, 
0.45, and 0.5 were determined both at 296 ~ and 77~ 

Table II. Optical activation energies (E;0 in the vitreous state 

h E  e V  
Ex ( e x p ) ,  eV,  Ex ( ca l c ) ,  

M a t e r i a l  2 9 6 ~  E~, eV,  7 7 ~  AT ' ~  eV, 0 ~  
(Ep* -- Ex) ,  Ea = 1/2 (Ep -- EX), 

eV, 0 ~  eV,  0 ~  

As~Ses 1.50 (19) 1.66 (calc)  t - 7.3 x 10-4 (26) 1.72 
0.9 A~Se~.  0.1 S~JSe~ 1.43 1.58 (exp) --6.8 • 10-4 1.63 
0.8 As~Se8 �9 0.2 Sb2Se~ 1.38 1.53 (calc)  t - -6 .6  • lO-4t 1,58 
0.7 As~Se~ �9 0.3 Sb2Sea 1.20 1.35 (calc)  t - -6 .6  x 1 0 - ~  1.40 
0.6 As2Sea �9 0.4 Sb2Se~ 1.15 1.30 (ca lc)  t -- 6.6 • 1045  1.35 
0.55As2Se~ �9 0.45Sb~Sea 1.16 1.30 (exp)  -- 6.4 • l 0  -~ 1.35 
0.6 As~Se3 �9 0.5 SbzSea 1.13 1.26 (exp)  - -5 .9  x 10 -4 1.30 

0.13 0.065 
0.13 0.065 
0.14 0.07 
0.16 0.08 
0.2 O,1 
0.12 0.06 
0.14 0.07 

* Ep v a l u e s  f r o m  T a b l e  I. 
t C a l c u l a t e d  u s i n g  t h e  c o r r e s p o n d i n g  t h e r m a l  coe f f i c i en t  of  t h e  n e x t  c o l u m n  in  t h e  t ab l e .  
5 T h e s e  v a l u e s  r e p r e s e n t  t h e  a v e r a g e  of  - -6 .8  • 10 -4 a n d  - -6 .4  X 10 -4. 

Table IIl. Optical activation energies (E;0 in the crystalline state 

Ex ( e x p ) ,  Ex ( e x p ) ,  
M a t e r i a l  eV,  2 9 6 ~  eV, 7 7 ~  

AE eV 
�9 , Ex ( c a l c ) ,  

AT ~ eV,  0 ~  
(Ep* -- Ex) ,  

eV, 0 ~  eV,  0 ~  

0.7 As2Se3 �9 0.3 Sb~Sea 1.02 1.13 - - 5  x 10 -~ 
0.6 As2Sea �9 0.4 Sb~Sea 0.98 1.13 - -6 .8  x 10 -4 
0.55AssSe~ - 0.45SbeSe.~ 1.O0 1.11 - -5  x 10 -4 
0.5 As2Se~ �9 0.5 Sb2Se~ 0.95 1.08 - -5 .9  • 10-* 

1.17 
1.18 
1.15 
1.12 

0.01 
0.02 
0.10 

- -  0 . 0 1  

0 . 0 0 5  
0 . 0 1  
0 . 0 5  
1 

* Ep v a l u e s  f r o m  T a b l e  I .  
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Assuming that  the absorption edge depends l inearly on 
tempera ture  in this t empera ture  range [such a l inear-  
ity has been found (26) for As2Se3 in the range 
353~176 the thermal  coefficients of the absorption 
edge of those compositions were determined (Table II) .  
In  view of the fact that  in these extreme compositions 
the absorption edge changed by about the same amount  
(0.13 to 0.15 eV) for the 220~ interval  it was assumed 
that the tempera ture  coefficient for the vitreous com- 
positions with x -~ 0.2, 0.3, and 0.4 is the average of 
the tempera ture  coefficients of the compositions with x 
-~ 0.1 and 0.45. These values are consistent with those 
determined in earlier investigations. Thus for vitreous 
As2Se3 and As2Se~.TI~Te the values --7.3 x 10 -4 eV/~  
a n d - - 6 . 7  x 10 -4 eV/~  have been found (26). In  the 
crystal l ine state the absorption edges of all four com- 
positions investigated were determined at 296 ~ and 
77~ Making the same assumption as before the ther-  
mal coefficients of the absorption edge were calculated 
(Table I I I ) .  It  is of interest  to note that the thermal  
coefficients are eventual ly  the same for the vitreous 
and the crystal l ine state consistent with the results on 
As2Se~ (19). Employing the presently determined co- 
efficients and assuming the l inear  dependence of the 
absorption edge to extend down to 0~ [such a l inear -  
ity has been assumed (26) for As2Se3] the optical 
activation energies were adjusted to 0~ for com- 
parison with the resist ivi ty activation energies of Table 
I which, as determined, correspond to 0~ The agree- 
ment  between the two sets of values is very good, the 
max imum difference ( E p -  E~) being 0.2 eV (Tables 
II and III) .  

The difference between the resistivity activation 
energy, Ep, and the optical activation energy, Ex, is a 
measure of the degree of localization of the carriers; 
accordingly the value E~ ---- �89 (Ep - -  E~) is taken as 
the activation energy for the t ransla t ional  motion of 
the electrons (5). As seen in Tables II and III, E~ in 
the present case is relat ively small  indicating that  non-  
localized electronic states are predominant  in the con- 
duction process. 

In  the infrared region of 2.5 to 50~ no absorption nor  
reflection bands were observed in any of the composi- 
tions. Both absorption and reflection remained constant  
throughout  the range and increased somewhat as the 
content  of Sb2Se3 increased. 

Regarding the t ransformat ion from the vitreous to 
the crystal l ine state it was found by electrical and 
optical techniques that  its tempera ture  decreases and 
its rate increases with increasing Sb2Se3 content. A 
discussion of the t ransformat ion energetics and kinet-  
ics will  be reported in a fu ture  communication.  
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ABSTRACT 

~-SiC films were grown in a horizontal reactor using a flow system in 
either H2 or argon carrier gas. Substrates used were silicon single crystals, 
hexagonal  SiC platelets, and sapphire. Fi lms were grown by three essentially 
different methods; namely,  (i) reaction of pyrocarbon (from CH4 or C2H2) 
with substrate silicon atoms, (ii) reaction of SIC14 and CH4, and (iii) pyrol-  
ysis of (CH3)2SIC12. The qual i ty and the growth mechanisms of films grown 
under  different reaction conditions are discussed. It is inferred from the 
results of the pyrocarbon reaction that  silicon diffuses through the ini t ial ly 
formed SiC film and reacts with surface carbon atoms. Infrared absorption 
spectra indicate that  the growth rate of thin films of ~-SiC depends on the 
orientat ion of the silicon substrates. Electron diffraction pat terns indicate 
ordered films of ~-SiC. 

The cubic form of silicon carbide (p-SiC) has a for- 
bidden energy gap of 2.3 eV (1) and behaves as an 
intrinsic semiconductor up to temperatures near 
1000~ It is, therefore, an interesting material for 
electron devices at high operating temperatures. Films 
of fl-SiC have been grown by several investigators 
either by chemical vapor deposition (2) or by reacting 
hydrocarbons with the surface silicon atoms (3-5). 
Rohan and Sampson (6) have pointed out that be- 
cause of relatively large differences in both the ther- 
mal expansion coefficients and tensile strengths of 
fi-SiC and silicon, it is not possible to grow single 
crystal films thicker than a few microns. They chose 
sapphire as a substrate and listed different planes of 
sapphire and the matching planes of fl-SiC. The films 
of fi-SiC grown by them from a SIC14 -~ C3Hs system 
were, however, neither epitaxial nor single crystal. 
The available literature on this subject generally 
points out the difficulty in obtaining good heteroepi- 
taxy of especially refractory (high melting) materials. 
For many potential device applications, considerable 
improvement is desirable in purity as well as crystal- 
line perfection (e.g., large area single crystal films). 
A better understanding of the various chemical reac- 
tions involved and of the growth mechanism might aid 
in improving the quality of the films. In this paper we 
have examined: (i) the preparation of thin films of 
~-SiC using different vapor deposition reactions, (ii) 
infrared transmission spectra and electron diffraction 
patterns, and (iii) film growth mechanisms under dif- 
ferent reaction conditions. 

Experimental 
The reaction chamber  used was a horizontal  quartz 

tube  having a SiC-coated graphite susceptor heated 
external ly  by an rf coil. Reactions were carried out 
using a flow system in either H2 or Ar ambient.  The 
substrates used were chemically polished single crystal  
silicon slices, and in different experiments,  hexagonal 
platelets of SiC and sapphire of (0001) orientation. 
All  silicon used was boron doped. The silicon sub-  
strates were 10 ohm-cm of (100) orientat ion as well  
as 0.1 ohm-cm of (110) and (111) orientations. Pre-  
deposit etching of the silicon substrates with water  
vapor (7) was done in  situ. A 500 to 1000 ohm-cm n -  
type silicon layer  was grown epitaxial ly on the dif-  
ferent ly oriented silicon substrates prior to the  growth 
of the SiC film. Thus, a freshly generated epitaxial  
silicon provided clean and comparable init ial  surfaces 
on different silicon substrates for heteroepitaxial  films. 
In  cases where a-SiC and a-A12Oa substrates were used 
along with silicon substrates they were prepared 
separately and epitaxial  silicon layers were not grown 
on the silicon wafers prior to film deposition. Four  
methods were used for the growth of SiC films, viz., 
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(a) reaction of methane  with Si surface, (b) reaction 
of acetylene with Si surface, (c) reaction of methane 
and silicon tetrachloride, and (d) pyrolysis of di- 
methyldichlorosilane. X - r a y  topography, electron 
microscopy, and infrared spectroscopy were used to 
study and characterize various phases of film growth. 

Results 
The various methods of SiC preparation,  the struc- 

tural  perfection of the films, and the infrared ab-  
sorption data are presented in  this section. In  the 
preparat ion of SiC films by different techniques silicon 
substrates of (100), (110), and (111) orientations were 
always used except when  films were prepared above 
the melt ing point  of silicon using a-A12Os and a-SiC 
substrates. 

Preparation of the films.--Methane pyrolysis.--In 
the present  investigation, depending on the exper imen-  
tal conditions, films ranging from oriented single crys- 
tals to near  amorphous s t ructure  were grown. For 
example, it was possible to reduce the rate of nuclea-  
t ion to the point where growth occurred only at the 
dislocations as shown in Fig. 1. The layer in  Fig. 1 was 
grown at 1200~ on a (100) substrate by pyrolysis of 
CH4(pcH4 ~'~ 1.5 x 10-3 a tm).  X - r a y  topographs indi-  
cated the presence of at least one dislocation under -  

Fig. l. Photomicrograph of fl-SiC layer grown on (100) Si sub- 
strate by pyrolysis of CH4. Magnification: 5 times. 
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Fig. 2. Electron microprobe X-ray scan of failed test device 

neath every SiC crystallite. Examinat ion of a number  
of these substrates prior to film growth indicated that  
these dislocations were most l ikely present  in the 
star t ing material.  Figure 2 shows an electron diffrac- 
tion pat tern  of these discontinuous films. A strong 
(100) orientat ion is represented, superimposed on the 
streaked Si (100) pat tern  of the substrate. Addit ional  
diffraction spots, two-thirds  along the diagonals which 
connect the permit ted reciprocal lattice points, are 
evident  and indicate twinning  in the p-SiC film on 
(111} planes. The CH4 part ial  pressure was then in-  
creased in order to obtain a continuous film. Trans-  
mission electron microscopic (TEM) examinat ion of 
the lat ter  films indicated that  a complete surface cov- 
erage was obtained by increasing the CH4 part ial  
pressure to about 1.3 x 10 -2 arm. However, higher CH4 
part ial  pressure and consequent increased growth rate 
resulted in films which sometimes indicated the pres- 
ence of a r ing component  in the diffraction pattern.  
In  all films grown by CI4_4 pyrolysis, presence of any 
excess carbon at the film surface could not be detected 
by electron microscopy. In  general, t~-SiC films were 
obtained and consisted of grains of the order of 2000A. 

Acetylene pyrolysis.--SiC films were then grown by 
pyrolysis of C2H2 (PC2H2 "~ 3.7 x 10 -a atm) in the 
temperature  range of 1100~176 No deposit was 
observed at temperatures  of 1050~ and below. All  SiC 
films deposited from C2H2 were found to be coated by 
a film of pyrolytic carbon which had to be removed by 
oxidation before a characteristic diffraction pat tern 
could be obtained. Films grown by this method always 
gave diffraction pat terns which consisted pr imar i ly  of 
rings, and therefore were considerably less crystal l ine 
than those from CH4 pyrolysis. 

Silicon tetrach~oride and methane reaction.--Obviously 
SiC films by pyrolysis of methane and acetylene can be 
grown only on silicon substrates. In  order to deposit 
on substrates other than  silicon, SiC films were de- 
posited by reacting SIC14 (psicl4 ~'~ 2.8 x 10 -4 atm) 
with CH4 (PcH4 "~ 1.3 X 10 -2 atm) at 1200~ When 
silicon substrates of three different orientations were 
used, a continuous film was deposited indicating r an -  
dom nucleation, and the deposits exhibited consider- 
able preferred orientation. It was anticipated that  
hexagonal  SiC and a-A1203 might be suitable sub- 
strates because they permit  higher deposition tempera-  
tures and provide bet ter  lattice matching (e.g., for 
E-SiC a = 4.36A; for a-A1208 a = 4.76A, c ---- 12.99A). 
Fi lms of SiC were deposited on these substrates under  
conditions similar to those for deposition on Si except 
at a tempera ture  of about 1500~ The deposits on 
,,-SIC substrate were of E-form having two orienta-  
tions with crystalli te size larger than on Si. It was 
not possible to obtain any deposits on a-A1203 sub- 
strates because Si deposited from the hydrogen reduc- 
tion of SIC14 reacted with A1203 to form volatile 
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a luminum suboxides, leaving an etched A1203 sur-  
face (8). Thus Si was not available to react with the 
carbon from the pyrolysis of CH4. 

Dimethyldichlorosilane pyrolysis.--With the hope of 
producing SiC directly ra ther  than via Si and  C for- 
mation, films were deposited on silicon, a-SiC as well as 
a-A1203 substrates by t h e  pyrolysis of (CH3)2SIC12. 
When H2 was used as a carrier gas the deposited film 
at temperatures  of 1100~176 always indicated pres- 
ence of unreacted Si in the SiC films, whereas in an 
iner t  carrier gas, such as Ar, Si was not present. Al-  
though/~-SiC films were formed on a-AI2Oa substrates 
by this method they were polycrystal l ine and of poor 
quality. Unfortunately,  it was not possible to deposit 
at high temperatures  using this organo-silane, due to 
the formation of excess carbon in the films. Although 
the SiC formation from (CH~)~.SiC12 was much more 
efficient than from SIC14 and CH4, the films on silicon 
and a-SiC substrates were less ordered in the former 
case. 

In closing this section it should be mentioned that 
when  SiC was grown and /or  deposited from CH4, 
SIC14, and CH4, and from (CH3)2SIC12, the films on 
(100) silicon substrates showed a single preferred 
orientation. However, the films on (110) and (111) 
silicon displayed mult iple  oriented growth. As was 
pointed out earlier, the films from pyrolysis of C2H2 
was of random orientation. 

Infrared absorption.--The IR transmission spectra 
of SiC films grown onto single crystal silicon substrates 
of different crystal  orientat ion were examined in the 
spectral range 2500 to 700 cm -1. The ins t rument  em- 
ployed was a Pe rk in -E lmer  13 single pass double beam 
spectrophotometer equipped with NaC1 optics. Opera- 
tions in the ratio mode was chosen so that  the at-  
mospheric absorption bands were compensated wi thin  
about 2 %. 

Figure 3 shows the spectra of the continuous films 
grown on (111), (110) and (100) oriented silicon sub- 
strates by the pyrolysis of CH4 at 1200~ and a CH4 
part ial  pressure of 1.3 X 10 -2 arm. The predominant  
feature of this spectrum is the band centered at 789 
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Fig. 3. IR absorption spectra of /~-SiC films grown on differently 
oriented Si substrates by pyrolysis of CH4. 
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cm -1, a wave number  which coincides wi th in  the 
experimental  accuracy with the one at t r ibuted by 
Spitzer to the fundamenta l  v ibrat ion of the SiC os- 
cillator (9). The ha l f -band width of about 30 cm -1 
measured on this spectrum coincides very closely with 
the corresponding data published by Spitzer and co- 
workers (9). Because of the very small  thickness of 
the SiC films examined, free carrier absorption in the 
grown film is not appreciable. However, two of the 
three spectra recorded in Fig. 3 exhibit  a sloping back- 
ground transmission line. This is due to unbalance  be- 
tween the free carrier absorption in the silicon wafer 
used as substrate for the film vs. the silicon wafer 
placed in the reference beam. The (100) oriented sub- 
strate shows instead excellent compensation of the 
free carrier absorption because the concentrat ion of 
electrically active impur i ty  in the substrate and the 
reference wafer  were near ly  identical. However, the 
inverted peak centered around 1070 cm -1 (residual-  
ray wavelength of the SIO2) indicates that  the ref- 
erence wafer  contained a larger amount  of bonded ox- 
ygen than  the sample wafer. 

Because of the very thin films grown and the im-  
portant  conclusions to be d rawn  from these results it 
is necessary to examine the uni formi ty  of these films. 
The E-SiC films appeared continuous and free from 
any pin-holes when  viewed in reflection and t rans-  
mission through an optical microscope after removal  
of various portions of the substrate by chemical etch- 
ing. Optical absorption measurements  of these films, 
after removal  of the Si substrate, in  the u.v. down to 
2000A leave little doubt (negligible transmission) that  
the films are free from any pin-holes. The coincidence 
of the present  value of the ha l f -band  width with that  
of Spitzer and co-workers can be considered as another 
evidence in support  of a continuous film. If, for ex- 
ample, 10% of the area examined was not covered by 
the film, then the ha l f -band  width would be larger 
because of the t ransmission by the uncovered portion 
of the Si wafer. In  general  the spectrometer beam 
covered about 50% of the wafer surface and therefore 
films of average thickness were examined. By de- 
l iberately changing the sampling area the optical 
density of the film did not change significantly. It  can 
therefore be concluded that  the films examined here 
were free from pin-holes and of uniform thickness. 

On the basis of Spitzer and co-worker 's  results an 
estimate of film thickness was obtained from Fig. 3. 
The results are listed in Table I. Such extremely small 
thicknesses are measurable  with a good degree o$ 
confidence only because the absorption of the re- 
sonance band for SiC is very intense, having an ex- 
t inction coefficient roughly equal to 2.5 • 105 cm -1. 
The film thickness measurements  indicate tha t  the 
growth rate is or ientat ion dependent.  Similar effects 
are also observed in the case when films are de- 
posited from the reaction of SiCl4 and CH4, as well as 
f rom pyrolysis of dimethyldichlorosi lane on silicon 
substrates. The IR spectrum is very similar to those 
shown in Fig. 3. 

Discussion 
In  this s tudy SiC has been prepared by three essen- 

t ial ly different methods; namely,  (i) pyrolysis of 
hydrocarbons (CH4 and C2H2), (if) reaction of SIC14 
and CI-I4, and (iii) pyroylsis of (CH3)2SiC12. The first 
method proceeds with the formation of pyrocarbon at  
the surface of the ini t ia l ly  formed SiC film followed 
by the diffusion of either carbon or silicon through the 

Table I. Evaluation of film thickness using the absorption band 
at 790 cm -I (9) 

T h i c k n e s s  of  SiC 
Crys t a l  o r i e n t a t i o n  g r o w n  in  1 rain 

of substrate deposition, A 

(111) 350 
(110) 320 
(100) 410 

SiC f i l l .  The reaction zone is either the C-SiC or 
SiC-Si interface. The second method consists of the 
reduction of SIC14 to elemental  silicon and decomposi- 
tion of CH4 to carbon in H2 followed by the reaction 
between silicon and carbon to SiC on the sub- 
strate surface (10). SiC formation by this reaction 
does not proceed in the absence of H2, at least up to 
a tempera ture  of 1200~ SiC films prepared by  the 
third method, viz., by the pyrolysis of (CH3)2SIC12, 
always indicated presence of unreacted silicon when 
deposited in hydrogen ambient.  The films deposited in 
an  iner t  carrier  gas such as argon did not show the 
presence of any excess silicon. These results  can be 
explained by examining  the over-al l  (CH3)2SIC12 re-  
action which can be wr i t ten  as follows 

(CH3)2SiC12(g) = SiC(s) -~ CH4(g) -t- 2HCl(g) [i] 

AF1500oK ----- --32.8 kcal /mole  

(CH3)2SiCI2(g) + 2H2(g) 

= Si ts )  -b 2CH4(g) -P 2HCI(g) [ii] 

AF1500oK = --14.9 kcal /mole  

CH4(g) = C(s)  + 2H~(g) [iii] 

aF1500oX = --17.9 kca l /mole  

S i t s )  + C(s) = SiC(s)  [iv] 

AF15oOoE = --17.9 kcal /mole  

In  the absence of H2, reaction [ii] does not  proceed, 
and therefore elemental  Si is not  formed. When H2 
is present, excess Si is produced, which can form SiC 
according to reaction [iv], provided reaction [iii] takes 
place. The part ial  pressure of CI4_4 formed by reactions 
[i] and [ii] is expected to be considerably less than  
the equi l ibr ium CH4 par t ia l  pressure (pecH 4 ~-, 2.6 X 
10 -8 atm) required by reaction [iii]. Also the pres-  
ence of excess H2 (used as carrier gas) will  derive 
reaction [~ii] to the left. Therefore reaction [iii] is 
unl ike ly  to proceed in spite of its negative s tandard 
free energy because of low CH4 and high H2 part ial  
pressures. This probably explains why only SiC is 
formed directly from (CH3)2SIC12 in an iner t  ambient,  
whereas a mixture  of SiC and silicon is formed in 
H2 carrier  gas. 

Considering now the growth of SiC by pyrolysis of 
CH~ or C2H2, let us assume that  the growth occurs at 
the Si-SiC interface via diffusion of carbon through 
the ini t ia l ly formed th in  SiC film as was postulated by  
Nakashima et al. (4). Using a diffusion controlled 
model, together with the assumption of infinite source, 
constant  diffusivity and a captur ing boundary  at the 
SiC-Si interface, the t ime dependent  thickness, x, of 
the SiC film is given by (11) 

x ~ 2a(Dt)  '/2 [1] 

where ~ is a constant. For the present  purpose it is 
assumed that a = 1. In  the above expressions, D is the 
diffusivity of C in SiC and t is the diffusion time. For 
a measured film thickness of 350A grown in 1 rain at 
1200~ the value of diffusivity obtained from Eq. [1] 
is 5 x 10 -14 cm2/sec. On the other hand, the upper 
l imit for the diffusivity of carbon in  SiC, extrapolated 
from the work of Ghoshtagore and Coble (12), is of 
the order of 10 -18 cm2/sec at 1200~ Such extrapola-  
t ion over large tempera ture  (from 1850~ is reason-  
able for the present  purpose since there is no com- 
positional phase change in the limits of temperatures  
involved and the effect of crystallographic forms on 
diffusivity is small. Further ,  the value of the diffu- 
sivity calculated from the film thickness is only in-  
tended as a guide for the determinat ion of a possible 
growth mechanism. Thus, a difference of four orders 
of magni tude  between the m i n i m u m  diffusivity cal- 
culated from the film thickness and the max imum 
diffusivity obtained from the l i tera ture  rules out the 
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mechanism tha t  C diffuses th rough  SiC film. To fu r the r  
subs tant ia te  this  v iew films grown b y  CH4 pyrolys is  
were  examined  for the  presence of excess carbon at  
the  surface by  a spa rk  source mass  spectrometer .  A 
complete  s to ichiometry  of the  films (i.e., C/S i  ra t io  of 
un i ty)  indicate  absence of any  surface carbon which  
could act as a diffusion source. Also, as was ment ioned  
earl ier ,  carbon could not  be detected by  t ransmiss ion 
e lec t ron microscopy on the surface of films grown by  
CI-I4 pyrolysis .  

In  the  a l t e rna t ive  growth  mechanism silicon diffuses 
th rough  SiC to react  w i th  the  pyrocarbon  at  the  film 
surface. This model  is suppor ted  by  the  fact tha t  the  
diffusivi ty of silicon is expected to be cons iderably  
h igher  than  tha t  of carbon in SiC (12, 13). However ,  in 
this  case ex t rapo la t ion  of the  diffusivi ty of sil icon in 
SiC to t empera tu re s  of our  in teres t  is not  possible due 
to inadequa te  da ta  (i.e., the  ac t iva t ion  energy of the  
process is not  r epor t ed ) .  The fact  tha t  the  g rowth  of 
the  SiC films involves ou tward  diffusion of Si is also 
suppor ted  in a recent  communicat ion  by  Haq et al. 
(14). The quest ion now is whe the r  the  film growth  is 
d i f fus ion- l imi ted or  not. 

In  cubic systems such as Si and E-SiC diffusivi ty is 
independent  of the di rect ion of the  flux re la t ive  to the  
c rys ta l lographic  axes (15), and there fore  in a di f -  
fus ion- l imi t ing  case the  film g rowth  ra te  should be 
independent  of c rys ta l  orientat ion.  However ,  con t ra ry  
to this, the  film growth  ra te  (exper ienced  wi th  al l  four  
deposi t ion methods)  was found to be or ienta t ion  de-  
pendent .  Therefore,  a l though silicon diffuses th rough  
SiC film it  is not  the  control l ing step. The only ra te  
control l ing step to expla in  the or ienta t ion dependence  
of the  growth  ra te  is adsorpt ion,  desorption,  a n d / o r  
surface reaction. 

Conclusion 
Under  the  growth  condit ions used in this  inves t iga-  

tion, ep i t axy  of E-SiC on (100) Si has been achieved, 
together  wi th  mul t ip l e -o r i en ted  growth  on (110) and 
(111) Si. The  resul ts  using E-SiC subst ra tes  indicate  
that  in o rder  to grow E-SiC single c rys ta l  over  the  
en t i re  subs t ra te  area, it  m a y  be necessary to exceed 
the deposi t ion t empe ra tu r e  of 1500~ adopted  in these  
exper iments .  Because of the  high reac t iv i ty  of silicon 
wi th  A120~ films of E-SiC could not  be grown on sap-  
phi re  subs t ra tes  by  react ing CH4 and SiCl4. When  
pyrolys is  of (CH8)2SIC12 was used as a deposi t ion tech-  
nique films were  formed on sapphire,  but, were  of 
poor qual i ty .  I t  has been deduced f rom film thickness  
da ta  tha t  the  reac t ion  of pyrocarbon  wi th  subs t ra te  
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sil icon atoms is p receded  by  the diffusion of Si through 
the  in i t ia l ly  formed SiC film. Or ienta t ion  dependence  
of the growth  ra te  appears  to indicate  a process con- 
t ro l led  by  surface reaction, r a the r  than  diffusion of 
sil icon th rough  the grown SiC film. Of course, as the  
film grows th icker  diffusion wi l l  even tua l ly  become 
the control l ing factor. In the  pyro ly t ic  decomposi t ion of 
(CHs)2SiC12, SiC is formed d i rec t ly  when iner t  ca r r ie r  
gas is used, whi le  excess Si is formed in H2 car r ie r  
gas. 
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Epitaxial Growth and Properties of Silicon on 
Alumina-Rich Single-Crystal Spinel 
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ABSTRACT 

Mobilities similar in magnitude to bulk silicon mobilities may be realized 
in 1.4 to 1.6~ thick films on flame fusion magnesium aluminate spinel, for 
carrier concentrations greater than ~2 x 1016 cm -3 (p-type). The electrical 
properties of these films are not significantly altered by thermal oxidation at 
1200~ for 1 hr. In this carrier concentration range the electrical character- 
istics are not highly dependent on the deposition rate within the limits in- 
vestigated. For carrier concentrations between 5 x 1015 and 2 x 10 TM cm -3 
(p-type) the "as deposited" film mobilities are near bulk values, but the mo- 
bilities are degraded by the thermal oxidation. In this doping range the elec- 
trical properties of the oxidized films are critically dependent on the deposi- 
tion rate. The films deposited at the higher rates are altered less on oxidation 
than films deposited at the lower rates. Using a growth rate of 2 ~/min, a 
mobility of 300 cruz/V-see (~80% of bulk) at Na = 4 x 1015 em -3 may he 
realized in a film oxidized i hr at II00~ Below this carrier concentration the 
mobility of the oxidized films decreases sharply with decreasing carrier con- 
centrations. Minority carrier lifetimes as high as 40 nsec have been realized 
in 4~ thick films of silicon on spinel. The carrier concentration as a function 
of temperature and mobility as a function of thickness of silicon on spinel 
have been measured. 

The semiconducting properties of silicon th in  films 
epitaxially grown on sapphire (1-4) appear to be 
l imited by the crystal l ine quali ty of the cubic silicon 
deposited on the rhombohedral  sapphire (5-7), and 
by contaminat ion of the silicon by  a luminum from 
the substrate (6, 8, 9). As a result  of the a luminum 
contaminat ion (autodoping),  the electrical properties 
of silicon films on sapphire change considerably dur-  
ing the thermal  formation of oxide films for device 
fabrication (10). Magnesium aluminate  spinel has 
been investigated as a substrate mater ia l  for epitaxial  
growth of silicon because the lattice match of the 
cubic silicon to cubic spinel is bet ter  than the match 
between silicon on sapphire. Single crystal silicon has 
been successfully grown on spinel (11, 12), and the 
crystallographic na ture  of the silicon has been ex- 
amined in detail  (13). It has been demonstrated that  
epitaxial silicon on spinel is less contaminated by sub-  
strate consti tuents than silicon on sapphire (14). There 
has been, however, a serious drawback to the use of 
the spinel as a substrate material.  The commercial ly 
available MgO.3.3A1208 single crystals are uns table  
at the temperatures  commonly employed for device 
processing. The thermal  stabili ty of the single crystal  
spinel increases with decreasing a lumina  content  in 
the range between MgO'3.3A12Os and MgO.1A1203 
(14, 15), but  unfor tunate ly  the difficulty of preparing 
good qual i ty crystals also increases with the decreas- 
ing a lumina  content  (15). In order to pursue fur ther  
the possibility of using spinel as a substrate material,  
it has been necessary to prepare single crystals with 
a lumina  content  less than  the commercially available 
MgO-3.3A1203. In  the compositional range from 
MgO.1.0AleO3 to MgO'2.5A1203 the crystals are suffi- 
ciently stable during the device processing thermal  
t reatments  for use as substrate  mater ia l  (15). 

Other investigators have reported on the character-  
istics of 20~ thick silicon on low alumina rich spinel 
(19). However, for many  of the device geometries of 
interest  at this time, silicon films less than  2~ in thick- 
ness are required. In  the case of silicon on sapphire, 
the electrical properties are a strong function of the 
film thickness, and the properties of the th inner  films 
( <  2~) are considerably more sensitive than the thick 
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films ( >  7~) to deposition and substrate variables 
(4, 10, 14). 

It  has previously been demonstrated that  the mobil-  
ities of 2.0~ thick silicon deposited on flux grown 
stoichiometric spinel are higher than the mobilities of 
silicon on sapphire (17). In  this paper we report  on 
the properties of 1.4-1.6~ thick silicon on flame fusion 
spinel  in the composition range MgO-1.5A1203 to 
MgO.2.2A1203. The hole mobil i ty  and the stability of 
the mobil i ty  dur ing thermal  oxidation were studied 
as a funct ion of the deposition rate and carrier con- 
centration. The carrier concentrat ion as a function of 
tempera ture  and the minor i ty  carrier l ifetime of the 
th in  films were also measured. 

Deposition Methods and Apparatus 
Silicon is epitaxially grown on the single crystal 

spinel surface by pyrolysis of silane (SiHD in a 
hydrogen atmosphere at l l00~ The substrate is 
heated by direct contact with an induct ively heated 
susceptor which is positioned in a water-cooled quartz 
ampoule. Since the reaction chamber  walls are held 
at room tempera ture  by the water-cooling, deposition 
occurs only on the susceptor and substrate wafer, and 
contaminat ion from the quartz is minimized. The rf  
susceptor is a pyrolyt ic-carbon coated pure carbon 
block. The dense pyrolytic coating prevents  outgassing 
of the pressed carbon block. This type of susceptor 
has been found to be more free of impurit ies than the 
silicon carbide coated carbon blocks commonly used 
as rf susceptors. 

The gas-meter ing and -mixing  apparatus is sche- 
matical ly presented in Fig. 1. The system is He leak- 
tight. The gases are mixed in glass bulbs before they 
are passed into the growth chamber. The doping gas 
is diluted twice in the system so that the flow meters 
can be used with sufficiently high gas flows to provide 
good accuracy. Accurate meter ing is necessary be-  
cause, depending on the doping level desired, the 
dopant source gas of 10 ppm dopant in  H2 is diluted 
by as much as 500 to 1 before it passes into the growth 
chamber. 

Provision has been made in the gas control system 
to stabilize the flows and meter ing valve settings be-  
fore the reactants are exposed to the substrate. The 
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deposition chamber  is flushed with  Ha while the de- 
sired flows are established in the control system. Dur-  
ing stabilization, the SiH4-BaH6-H2 mix tu re  is ex-  
hausted through a t h r e e - w a y  va lve  immedia te ly  prior 
to the deposition chamber.  The mixture  is then sud- 
denly switched into the growth chamber.  This method 
is used because the total  deposition t ime is often as 
brief as 45 sec, and thus the t ime needed to set up 
and to stabilize the system may be a significant port ion 
of the deposition time. 

The H2 used as the carr ier  gas and di luent  is pur i -  
fied by passing through a hot P d - A g  membrane  
(Engelhard Industries, Newark,  New Jersey) .  The 
silane-H2, diborane-H2, and arsine-H2 gas mixtures  are 
commercia l ly  prepared (Scientific Gas Products  Com- 
pany, Edison, New Je rsey) .  

Since the deposition rate  is one of the most critical 
parameters ,  the thickness of the growing film is con- 
t inuously monitored by an IR detector  (20) (Beckman 
Inst ruments  Model 924-1230). The system is sche- 
mat ical ly  shown in Fig. 1. The hot substrate acts as 
the IR source, and in terference in the IR intensi ty is 
observed as the thickness of the silicon film increases. 
The growth chamber  of the horizontal  growth system 
w a s  original ly  constructed to provide  a sight path 
through the water  jacket ;  however ,  it has been found 
that  if the filter provided with the radiat ion pyrometer  
is removed,  the detector  is sufficiently sensitive to 
the radiat ion that  passes through the water  jacket  to 
be used with  the convent ional  horizontal  growth am-  
poule. Since the  thickness measurement  is a function 
of the wavelength  used, the method must be recal i -  
brated when the filter is removed.  Unexpected  changes 
in the deposition conditions can be immedia te ly  ob- 
served with the IR detector. An interference pat tern  
is shown in Fig. 2 taken during a growth run in which 
an accidental  surge in the source gas occurred. I t  is 
also seen that  the film growth star ted within  a second 
of the introduction of the s i lane-hydrogen mixture ,  
the growth ra te  was constant prior  to the gas surge, 

Fig. 2. IR interference trace during a deposition run in which the 
gas flow conditions momentarily changed. 

and the growth stopped within  a second of the t e r -  
minat ion of the source gas. The propert ies of the 
deposited films are r emarkab ly  sensitive to t h e s e  
variables  in the gas flow. 

Electrical Properties of Silicon on Spinel 
Mobility and stability o~ electrical properties to 

thermal oxidation.--The deposition conditions for the 
epitaxial  growth of silicon on spinel were  evaluated 
by prepar ing a series of samples at various doping 
levels to measure  the mobi l i ty  as a function of the 
carr ier  concentration. Since the mobil i ty  is highly 
dependent  on both the crystal lographic s t ructure  and 
t h e  impur i ty  content  of the films, this is an appropr i -  
ate proper ty  for the comparison of the qual i ty  of the 
silicon on spinel films with silicon on sapphire and 
bulk silicon. The  mobil i ty  is also a strong function of 
the film thickness and the post-deposit ion t reatment ,  
and thus these factors are  explici t ly stated when 
comparisons are made. The oxide of the MOS t ran-  
sistor s t ructure  is commonly  prepared by exposure 
of the silicon to dry  oxygen for 1 hr  at t empera tures  
be tween 1100 ° and 1200°C, and therefore  it was im- 
portant  to examine  the change in the electr ical  prop- 
erties dur ing this t reatment .  The mobil i ty  of 1.4-1.6~ 
thick silicon films, before and after  the rmal  oxidation, 
w a s  measured as a function of the carr ier  concentra-  
tion at three  different growth rates. 

The substrates used are wi th in  the compositional 
range MgO.1.5A1203 to MgO-2.2A12Os. All  depositions 
were  carr ied out on the (111) surface. The 20 mil  
thick substrate wafers  were  lapped with  30~ boron 
carbide and polished with alumina. The final mechan-  
ical polishing was carried out wi th  0.3~ alumina. The 
substrates then were  degreased thoroughly.  Immedi -  
a te ly  prior to the deposition of the silicon film, the 
substrates were  annealed in H2 at 1150°C for 20 min. 
All  the depositions were  carr ied out at l l00°C, and 
the rates were  adjusted by control of the silane con- 
centration. The mobili t ies of the as-deposited films 
were  measured, the films were  oxidized in dry oxygen 
for 1 hr, and the  mobil i ty measurement  was repeated. 
Initially, the films were  oxidized at 1200°C, but  dur-  
ing the course of this s tudy device processing proce-  
dures were  developed which required a max imum 
oxidation t empera tu re  of l l00°C; therefore,  the films 
deposited at 2~/min were  oxidized at l l00°C. 

The mobili t ies as a function of carr ier  concentra-  
t ion and oxidation for films deposited at a ra te  of 0.4 
~/min are presented in Table IA. This rate has been 
commonly employed in the past for the  deposition of 
silicon on sapphire. It is seen that  for carr ier  concen- 
trations greater  than 2 x 10 TM cm -3 (p- type)  the as- 
deposited mobili t ies of the 1.4-1.6~ films are  similar  to 
the bulk mobilities. The electr ical  propert ies  in this 
doping range are not significantly al tered by thermal  
oxidation. These mobilities, both before and after 
oxidation, are at least double the mobili t ies of oxi-  
dized silicon on sapphire for equivalent  doping levels 
(10). Below a doping level  of 2 x 10 TM cm -3 the as- 
deposited mobili t ies are near ly  bulk to Na as low as  
5 x 10 TM cm -3, but  the change in the mobi l i ty  on 
the rmal  oxidat ion increases wi th  decreasing carr ier  
concentrat ion below Na ~-~ 2 x 10 TM cm -3. For  sample 
49, the ~ = 350 cm2/V-sec, which is 95% of bulk at 
Na = 4.5 x 1015 cm -3, decreased to ~ = 55 cm2/V-sec 
and Na ---- 1.5 x 10 TM cm -3 after  thermal  oxidation. 

Doubling the deposition ra te  to 0.8 ~/min yields an 
improvement  in the stabili ty to oxidation at the low 
carr ier  concentrations (Table IB).  The as-deposited 

= 335 cm2/V-sec at Na ---- 5.6 x 1015 cm -3 of sample 
73 changed after oxidation to ~ = 225 cm~/V-sec at 
N~ = 4.2 x 1012 cm -3. Al though this represents  a 33% 
decrease in mobili ty,  it is appreciably more stable to 
oxidation than the sample 49 cited above. 

Fur ther  improvement  in the rmal  stabili ty is realized 
by depositing the films at a growth rate of 2 ~/min 
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Table I. Silicon on spinel mobility and stability of mobility to 
thermal oxidation 

% D e -  
crease  

S a m -  M o b i l i t y  in /z  on 
Pie  T h e r m a l  em~/ ox i -  % of  B u l k  
No. t r e a t m e n t  /V,, cm -~ V-sec dation (18),/~ 

A. Depos i t i on  ra te  0,4 # / r a i n  
65 A s - d e p o s i t e d  3.3 x 1017 260 >100  

Ox id i zed  2.9 x 101~ 270 0 > 1 0 0  
47 A s - d e p o s i t e d  9.5 x 10z6 320 ~ 1 0 0  

Oxidized 8.3 x 10 le 315 ~ 0  > I 0 0  
45 A s - d e p o s l t e d  3.4 x 10 TM 270 85 

O x i d i z e d  2.7 X 10~ 290 0 90 
61 A s - d e p o s i t e d  1.9 x 10 ~ 300 90 

Oxid i zed  6.7 x I0~ 270 I0 75 
69 A s - d e p o s i t e d  1.4 • 10 TM 340 100 

Ox id i zed  1.4 x 101~ 280 18 B0 
49 A s - d e p o s i t e d  ~.5 • 10 a~ 350 95 

O x i d i z e d  1.5 • 10~ 55 85 13 
48 A s - d e p o s i t e d  1.8 X 10~ 240 65 

Oxidized Sample p - -  - -  
too high ~or 

m e a s u r e m e n t  

B. D e p o s i t i o n  ra te  0.8 /~/min 
78 A s - d e p o s i t e d  1,8 • 10 TM 330 100 

O x i d i z e d  1,1 • 101~ 320 3 92 
72 A s - d e p o s i t e d  1.5 • 10 TM 330 97 

Ox id i zed  9,1 X 10m 300 9 85 
73 A s - d e p o s i t e d  5,6 • 10~ 335 33 92 

Ox id i zed  4.2 • 10 TM 22~ 60 

C. D e p o s i t i o n  r a t e  2.0 ~ / m i n  
184 A s - d e p o s i t e d  2.9 • 10 TM 360 ~ 1 0 0  
166 A s - d e p o s i t e d  B.9 • 10~ 340 97 

Ox id i zed  6.4 x 10~ 315 7 88 
170 A s - d e p o s i t e d  4.9 • 10~ 330 91 

Ox id i zed  4.0 X 101~ 300 9 82 
179 A s - d e p o s i t e d  4.0 • 101~ 275 74 

Ox id i zed  1.4 • 10~ 140 49 37 
177 A s - d e p o s i t e d  3.1 x 10 z~ 270 72 

O x i d i z e d  1.7 x 10~ 215 20 55 
176 A s - d e p o s i t e d  1.8 • 10~ 235 63 

1.3 X 10~ 155 34 41 
165 A s - d e p o s i t e d  1.0 • 1016 265 '/6 

O x i d i z e d  6,6 • 10~ 310 + 17 87 
168 A s - d e p o s i t e d  4.1 X 10~ 195 54 

O x i d i z e d  4.0 x 10 z~ 255 + 31 69 

C o n d i t i o n s  fo r  da t a  in  Tab le  I :  
Ra tes :  + 1 0 %  
S u b s t r a t e  o r i e n t a t i o n :  (111) 
S u b s t r a t e  c o m p o s i t i o n :  x of  M g O  - x Al~Oz 

A, 1.5 to  2.0 
B, 1.7 to 2.0 
~ ,  2.2 

T h i c k n e s s  of  depos i t s :  1.4 to 1.6# 
T h e r m a l  ox~idation: A a n d  B, 1 h r  a t  1200~ 

C, 1 h r  a t  l l 0 0 " C  
T e m p e r a t u r e  of  d e p o s i t i o n :  l l 0 0 ~  

(Table IC). The as-deposited /~ = 330 cm2/V-sec at 
Na = 4.9 x 101~ cm-3 of sample 170 changed after 
oxidation to ~ = 300 cm2/V-sec and Na ~-~ 4.0 x 1015 
cm -s. This represents a decrease in mobil i ty of less 
than  10%. The three samples cited, at the three growth 
rates, have very similaT as-deposited characteristics, 
and therefore the effect of deposition rate on stabil i ty 
to thermal  oxidation is clearly demonstrated. The 
similar  as-deposited electrical characteristics also in -  
dicate that  the substrate crystal qual i ty is uni form 
from boule to boule. The electrical characteristics of 
the films have been a stronger function of the sub- 
strate surface crystal l ini ty than the substrate  compo- 
sition wi thin  the compositional range employed. The 
effect of lowering the oxidation tempera ture  by 100~ 
was checked by fur ther  oxidation of films at 1200~ 
The change in mobilities after a second oxidation at 
the higher tempera ture  were about equal in magni tude  
to the ini t ial  change, as has previously been observed 
for two oxidations at 1200~ Even considering the 
tGtal changes after two oxidations, the mobil i ty degra-  
dation of the 2.0 ~/min rate samples is about half  of 
the degradation of the 0.8 ~/min rate samples. 

At carrier concentrat ions below 5 x 1015 cm-a,  and 
at a growth rate of 2 ~/min,  the as-deposited mobil i ty 
decreases, and the change in mobil i ty on oxidation 
increases, with decreasing carrier concentration. It  is 
interest ing to note that the af ter-oxidat ion properties 
of two anomalous samples, 165 and 168, fall very  
near ly  on the curve described by the other af ter-  

350 

2p./min ~ "  - . . . . . .  - -  300- .0 / 

0.8 

~ 250 ~  j ,  200 
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150 

- - - - - - - - r / ~ " ~ [  I [ I I [ I i l l  I I I ,OOo, s l,, ,1o, 6 ,0 '7 
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Fig. 3. Mobility as a function of hole concentration for oxidized 
1.4-1.6/~ thick (111) silicon on spinel, oxidized 2.0/~ thick (100) 
silicon on sapphire, and bulk silicon. 

oxidation samples deposited at the same rate (Fig. 3), 
even though the as-deposited mobilities are unusua l ly  
low. This behavior  is not understood at this time. All 
of the samples of Table IC were prepared from the 
same tank  of silane-H~, the same tank  of diborane-H2, 
and on substrates cut from the same spinel crystal. 
There is appreciable scatter in the properties of films 
with Na< 5 x 1015 cm -3 because, for these doping levels, 
the magni tude  of un in ten t iona l ly  added impuri t ies  is 
similar to that  of the dopant, and therefore the qual-  
ity of the deposits is critically dependent  on the depo- 
sition parameters  and na ture  of the substrate surface. 
Real but  nonreproducible  high mobilities have been ob- 
ta ined in a number  of samples. At the lowest deposi- 
tion rate an as-deposited mobil i ty greater than  400 
cm2/V-sec was realized at a carrier  concentrat ion of 
5.2 x 1015 cm -3. This deposit was not oxidized. A 
mobil i ty of 395 cm2/V-sec was realized at Na = 4.2 x 
1018 cm -s. The lat ter  sample did not change signifi- 
cant ly  on oxidation. 

In  Fig. 3 a comparison is made between the mobil i ty 
vs. hole concentrat ion relationships of silicon on 
spinel, silicon on sapphire (10), and bulk silicon (21). 
The silicon films on the insulat ing substrates have 
been oxidized for 1 hr at 1200~ with the exception 
of the 2.0 ~ /min  samples which were oxidized for 1 
hr at ll00~ The silicon on spinel films are 1.4-1.6~ 
in thickness, while the silicon on sapphire films are 
2.0~ in  thickness. The mobi l i ty  vs. carrier  concentra-  
t ion relat ionship of 2~ thick (111) silicon on (0001) 
sapphire has not been reported, presumably  due to 
the difficulties involved in depositing silicon on (0001) 
sapphire. Therefore, it has been necessary to compare 
the (111) silicon on spinel with (100) silicon on sap- 
phire. It  has been shown, however, that  for 2~ thick 
silicon on sapphire, the hole mobilities in (100) sili- 
con are higher than  in (111) silicon (22). Therefore, 
the data compared in Fig. 3 represent  the opt imum 
results that  have been obtained to date  on each of 
the insulat ing substrate materials.  The bulk  silicon 
curve included in Fig. 3 represents an average of ex- 
per imental  values collected from a number  of sources 
(21). This curve has been used as a reference to cal-  
culate the per cent of bulk mobil i ty values, for the 
silicon on spinel films, presented in Tables I and III. 

In  comparing the properties of silicon on spinel with 
silicon on sapphire it should also be pointed out tha t  
the hole concentrations of the silicon films on sap- 
phire typically decrease by  an order of magni tude  on 
thermal  oxidation (10) for films with as-deposited 
hole concentrat ions less than ~1  x 1017 cm -3. The 
changes have been a t t r ibuted to electrical deactiva- 
t ion dur ing oxidation of a luminum contaminat ion 
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from the substrate (22). Due to the "autodoping" 
effects from both spinel and sapphire, it is impractical  
to use as a s tandard of reference the electrical prop- 
erties of silicon films with no dopant in tent ional ly  
added. 

EfJect o:f hydrogen firing on the mobility o:f silicon 
on spineL--The low mobilities which result  from ther-  
mal  oxidation of low carrier concentrat ion films de- 
posited at 0.4 ~ /min  may be dr iven back to at least 
the as-deposited value by exposure to a hydrogen 
atmosphere for 1 hr at l l00~ (see Table II) .  In  both 
cases cited the carrier  concentrat ion increased dur ing 
the hydrogen t reatment .  Similar  characteristics have 
been observed in silicon films on sapphire (22). 

Mobility as a function of silicon film t h i c k n e s s . -  
The mobil i ty as a function of the Si film thickness, 
holding other variables as constant  as possible, is pre-  
sented in Table III. The carrier concentrat ion was 
held in the mid 1016 cm -3 (p-type) because in this 
carrier  concentrat ion range the electrical properties 
are not so crit ically dependent  on the deposition con- 
ditions. The deposits were grown at 1.1 ~/min.  The 
thickness was monitored dur ing growth by observing 
interference bands with an IR pyrometer,  and the 
total deposit thickness was checked on the Cary spec- 
trometer.  The films were grown on 20 rail thick wafers 
cut from one MgO.2.0AI~O3 single crystal boule. 

The mobil i ty  increases sharply with thickness be- 
tween thicknesses of 0.6 and 3.1~. At 3.1~ the mobili ty 
is 129% of the reference bulk  silicon mobil i ty  (21) 
for an equivalent  carrier  concentration. Between 3.1 
and 8.8~ the mobil i ty does not appear to be a strong 
function of film thickness. The highest mobil i ty of 
430 cm2/V-sec was obtained at a thickness of 10.5~. 
The s tudy was not carried beyond the 10.5~ thickness 
because silicon deposits above this value are of little 
interest  for device applications and because the com- 
posite is fragile due to thermal ly  induced stresses. In  
order to s tudy thicker films, thicker substrates must  
be employed, but the values obtained using the thicker 
substrates are not directly comparable with values 
obtained using the th inner  substrate because the com- 
pressive stresses (18, 19) are a function of the sub-  
strate thickness. At present the film thickness require-  
ment  for most device configurations is 1.5~. At this 
thickness the mobil i ty  is approximately equal to the 
reference bulk  mobil i ty for the carrier concentrat ion 
studied. 

Table II. Effect of thermal treatment in oxidizing and reducing 
atmospheres on the electrical properties of low carrier 

concentration Si on spinel 

Mobi l i t y ,  T h e r m a l  
S a m p l e  Na, cm -~ cmS/V-sec t r e a t m e n t  

49 4.5 x 10 TM 350 A s - d e p o s i t e d  
1.5 x 1015 50 O~, 1200~ 1 h r  
6.7 x 10 zs 400 Hs, l l 0 0 ~  1 h r  

48 1.8 x 10 TM 240 A s - d e p o s i t e d  
p too h i g h  fo r  

Ha l l  m e a s u r e m e n t  O~, 1200~ 1 h r  
7.7 X 10 is 280 H2, l l 0 0 ~  1 h r  

Table III. Si on spinel mobility as a function of Si thickness 

Mobi l i t y ,  
T h i c k n e s s , / ~  Na, cm -~ cm~/V-sec % of  bu lk , / k  

0.6 1.9 x 10 TM 110 34 
1.1 3.4 x 10 TM 260 83 
1.5 3.4 x 10 ~e 330 104 
1.9 6.6 x 1010 310 104 
3.1 5.0 x 10 TM 395 129 
4.8 5.0 x 10 ae 360 117 
6.4 2.7 x 101e 395 122 
6.8 1.4 x 10 ~s 350 102 
8.8 4.1 x 10 TM 365 117 

10.5 4.8 x 10 TM 430 140 

Ra te  of  depos i t i on :  approx .  1.1 /~/min. 
S u b s t r a t e  (111) M g O .  2.0AlsO3. 
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The observed increase in mobil i ty with increasing 
thickness between 0.6 and 3.1~ can be a t t r ibuted in 
part  to decreasing local concentrat ions of impurit ies 
from the substrate and increasing crystal l ine perfec- 
tion, as the film grows away from the substrate. 
Charges at the surfaces, par t icular ly  at the substrate-  
film interface, undoubtedly  exert  a significant influ- 
ence on the mobility. These factors are difficult to 
examine experimental ly.  If one neglects the effect of 
the surface charge, with a Debye length of 200A (for 
a carrier  concentrat ion of 2 x 1016 cm -3) and a car- 
rier mean free path of 100A (22), the surface scat- 
ter ing is confined to a max imum of ~ 20% of the th in-  
nest  (0.6~ thick) film measured. 

Carrier concentration as a function of temperature. 
- -Ha l l  measurements  were made at temperatures  be- 
tween 77 ~ and 300~ in a ni t rogen gas ambient.  The 
sample measured was a 1.5~ thick silicon film on 
(111) MgO-1.7A1203 spinel. The film was oxidized at 
120O~ for 1 hr. The hole concentrat ion vs. tempera-  
ture for this film, and for comparably boron doped 
bulk  silicon (23), is presented in Fig. 4. It  is seen that  
the characteristics of the silicon on spinel film are in 
good agreement  with bu lk  silicon. This demonstrates 
the absence of u n k n o w n  deep level acceptors or com- 
pensat ing donors. 

MOS capacitance vs. voltage characteristics o~ silicon 
on spineL--Metal-oxide-semiconductor (MOS) capac- 
itor uni ts  have been constructed and studied in silicon 
on spinel. The characteristics of the MOS units  pro- 
vide an assessment of the si l icon-spinel system for 
various device applications. 

Prior  to oxidation, the sample was cleaned by a 
s tandard procedure (24) for removing organic con- 
taminat ion  and metal  ions from the surfaces. The 
silicon was oxidized (25) at about 1200~ to form a 
SiO~ layer ~ 1000A thick, and then exposed to hy-  
drogen at 500~ to reduce the interface states (26). 
Evaporated a luminum gate dots or mercury  probes 
were used as the metal  contacts of the si l icon-on- 
spinel MOS system. The back contact was provided 
by etching off a part  of the oxide and establishing a 
silver paste contact to the exposed silicon. 

The capacitance (C) vs. bias voltage (V) charac- 
teristics (Fig. 5) of a typical  sample were measured 
using an automatic C-V display system (27). The 
epitaxial  silicon is 4# thick with a carrier  concentra-  
t ion of 3 x 1015 cm -3 (n- type)  and an electron mobi l -  
ity of 1065 cm2/V-sec. From Fig. 5 it is seen that  the 
flatband voltage shift is less than  2V, and very  little 
positive charge ( ~  1011 cm -2) is present  in the oxide 
layer. The breakdown strength of the oxide film is 
greater than  106 V/cm. 
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Fig. 4. Carrier concentration as a function of temperature for 
p-type silicon on spinel. 
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Fig. 5. Capacitance vs.  bias characteristic and transient re- 
sponse of the inversion layer capacitance for an MOS capacitor in 
silicon on spinel. 

The minor i ty-car r ie r  l ifetime in the silicon was 
determined by the MOS transient  response method 
(28). A step voltage is applied to the gate of an MOS 
capacitor of correct polari ty to deplete the major i ty  
carriers from the semiconductor surface, and the rate 
at which the inversion layer forms is measured. A t ime 
constant  T can be derived from measurements  of the 
ini t ial  slope of the t ransient  response curve, and the 
minor i ty-car r ie r  l ifetime T is related to T by 

T ----- 1/2 (Tn'ulNA) 

where NA is the doping density and ni is the intr insic 
carrier density of the semiconductor. The t ransient  
response of the inversion layer  capacitance is shown 
in the insert  in Fig. 5. The t ime constant  is ,-~ 10 msec, 
giving a l ifetime of over 40 nsec. 

Minori ty carrier  lifetimes of ~ 0.1 nsec have been 
commonly measured in silicon on spinel MOS units  
prepared using the commercial a lumina  rich 
MgO'3.3A1203 spinel substrates. These low lifetimes 
are believed to be due to the poor crystal l ini ty  of the 
substrate and to heavy metal  contaminat ion (29, 30) 
from the substrate. The heavy metals are added to the 
commercial flame fusion spinel to improve the crystal-  
linity. By using the pure low a lumina  rich spinel as a 
substrate mater ia l  the minor i ty  carrier  lifetime has 
been improved by more than a factor of 100. This also 
represents a considerable improvement  over the 4.5 
nsec l ifet ime (28) reported for 5~ thick 3 x 10 TM cm -3 
(boron doped) silicon on sapphire MOS structures. 

Discussion 
The mobil i ty vs. hole concentrat ion relationship in 

as-deposited 1.5-1.6~ thick (111) silicon films on spinel 
is similar to that  of bulk  silicon for carrier concen- 
trat ions as low as 5 x l0 is cm -3. The mobilities are 
considerably higher than have been obtained in 2~ 
thick (111) or (100) silicon on sapphire (10, 22). It 
is reasonable to assume that the closer s i l icon-sub- 
strate crystallographic match (11, 12), and the lower 
autodoping (14) of the silicon on spinel as compared 
to silicon on sapphire, are factors which contr ibute  
to the increase in the mobilities observed. 

For hole concentrat ions greater than  ,-- 2 x 10 TM 

cm -3 the as-deposited mobilit ies are relat ively in -  
sensitive to the deposition rate between rates of 0.4- 
2.0 ~/min, and the mobilities change insignificantly 
on thermal  oxidation of 1 hr at ll00~ However, be-  
low hole concentrat ions of ~ 2 x 10 TM cm -3, the mo- 
bilities of the oxidized films decrease with decreasing 
carrier concentration, the magni tude  of the degrada- 
t ion of mobil i ty  on thermal  oxidation increases with 
decreasing carrier concentration, and  af ter-oxidat ion 
mobilities are highly sensitive to the deposition rate. 
The nea r -bu lk  as-deposited mobilities and degradation 

induced by thermal  oxidation suggest that  the after-  
oxidation low carrier concentrat ion mobilities are 
more l imited by the influence of un in ten t iona l ly  added 
impuri t ies  than by the crystal l ine imperfections in 
the film. The electrical properties of the silicon de- 
posited at the highest ra te  used (2.0 ~ /min)  are the 
least sensitive to thermal  oxidation. This is consistent 
with observations that rapid coverage (31) of the sub-  
strate suppresses contaminat ion of the growing sili- 
con film by gaseous reaction products (32) from the 
substrate material.  

The sharp decrease observed in the af ter-oxidat ion 
mobil i ty with decreasing carrier  concentrat ion below 
Na ~ 5 x 1015 cm -3 is difficult to explain since the 
concentrat ion of the un in ten t iona l ly  added impurit ies 
is not a funct ion of the doping level. A possible ex-  
planat ion is an increase in the space charge region 
around inhomogeneously dis tr ibuted defects as the 
doping level is decreased for carrier  concentrat ions 
less than 2 x 10 TM cm -3. Weisberg (33) has proposed 
this model to explain a similar  decrease in mobil i ty 
with decreasing carrier concentrat ion observed in the 
I I I -V compounds. As the carrier  concentrat ion is de- 
creased, due to an increasing space charge region, the 
effective radius of a heterogeneity may increase to an 
order of magni tude  higher than  the physical size of 
the heterogeneity. Under  these circumstances, the 
mobil i ty  decreases with decreasing carrier  concentra-  
tion. In  the I I I -V compounds the inhomogeneously 
distr ibuted defects have been identified with composi- 
t ional  variations. In  the silicon on spinel films, the 
heterogeneities may be impuri t ies  concentrated in  
lattice defects. Because of the critical dependence of 
the mobil i ty  on the deposition rate the effects observed 
are assigned to impurit ies from the substrate, such as 
a luminum,  rather  than  impurit ies in the deposition 
gases. The decrease in mobil i ty on thermal  oxidation 
may  then be associated with a change in oxidation 
state of the a luminum with a corresponding change 
in the space charge region around the a luminum.  

It has recently been demonstrated that  compressive 
stresses introduced into the silicon film dur ing cooling 
of the si l icon-spinel composite from the deposition 
tempera ture  can result  in significant enhancement  of 
the hole mobil i ty in the (111) plane (19). Thus, in 
addition to the good sil icon-spinel lattice match and 
the decrease in autodoping, the stress in the film may 
contr ibute  to the relat ively high hole mobilities ob- 
served in the (111) silicon on spinel. 
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Growth of Single Crystal GaP from Organometallic Sources 
Robert W. Thomas 

Department o~ Electrical Engineering, Syracuse University, Syracuse, New York 

Single crystal  growth of GaP on the (111) face of a 
silicon substrate has been achieved at atmospheric 
pressure by the thermal  decomposition of a gas phase 
mix ture  of gall ium tr ie thyl  and phosphorous t r ie thyl  
at 485~ 

The system used for this exper iment  was designed 
for epitaxial  growth of silicon on silicon by the 
pyrolysis of silicon tetrachloride. No substant ial  
changes were made in the system with the exception 
that  a nonchlor inated fluorocarbon grease was used 
throughout  and extreme at tent ion was paid to the e l im- 
inat ion of atmospheric leaks. The system consists 
of a vertical  flow reaction chamber, a single crystal 
silicon susceptor heated by rf induction, pal ladium 
purified hydrogen carrier  gas, and l iquid source flasks 
in  a tempera ture  controlled bath. 

The growth was preceded by a high tempera ture  
bake-out  (1260~ in hydrogen. The proper growth 
mixture  was obtained by electron microprobe analysis 
of the result ing growth layer. 

Ka lines of Ga and P at 20 kV were used for the 
electron microprobe analysis. Sample growth was 
compared with a single crystal l ine s tandard under  the 
same measurement  conditions. Gal l ium to phosphorous 
ratios corrected for background only, were 3.85 to 1. 
This was well  wi thin  the margin  of error of the GaP 
standard crystal measurements.  

The growth was t ransparen t  and showed the charac- 
teristically br i l l iant  interference fringes commonly 
observed for SIO2. Growth thickness was measured by 
angle lapping and shown to vary  from 2700 to 4500A 
over the surface area. The deposition t ime for this 
thickness was 2 hr. 

Reflection electron diffraction measurements  were 
made on the films (see Fig. 1). The results of this 
analysis substant iated the single crystal l ine na tu re  
of the film. The film was shown to be (111) in  or ien-  
tat ion and single crystal l ine over the entire 1 in. silicon 

substrate. The satellite spots occurring at approximately 
1/3 the major  lattice spacing are thought to be either 
due to some twinn ing  or a super lattice at the surface. 
The exact na ture  of the GaP surface super lattice has 
not been confirmed as yet. Electrical measurements  of 
the film showed it to be conducting with a conductivity 
somewhat lower than  the 1 ohm-cm substrate. Al -  
though the measurements  were made with a mercury 
probe the surface effects made an exact measurement  
very difficult. Mesa heterodiodes were made by selec- 
t ive etching using an apiezon mask. These diodes ex-  
hibited rectification with reverse breakdown knees 
between 15 and 50V. The absence of gal l ium or phos- 
phorous diffusion into the silicon was verified by V-I  
measurements  on the stripped silicon surface and by  
angle lapping and staining techniques. Electrical char-  
acterization of the film and heterojunct ion will  be 

Fig. 1. Reflection electron diffraction pattern of gallium phos- 
phide on silicon. 
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carr ied  out when sui table  ohmic contacts on the  film 
are  made.  

A word  of caut ion is included on the reac t iv i ty  and 
toxici ty  of these organometa l l ic  compounds.  Phos-  
phorous t r i e thy l  was demons t ra ted  to be s table in a i r  
and wa te r  bu t  has been  repor ted  previous ly  to react  
v io lent ly  under  cer ta in  oxygen pressures.  This com- 
pound  is closely re la ted  to severa l  nerve  gases and 
should be considered h ighly  toxic. Ga l l ium t r i e thy l  
was demons t ra ted  to be h igh ly  uns tab le  in air  and 
reac ted  wi th  explosive violence. Its toxic i ty  is not  
known. However ,  both  of these  compounds are  h ighly  
aromat ic  and wil l  give an appropr ia t e  warn ing  to the  
user  when inhaled  in ve ry  low concentrat ions.  

P resen t  work  on the g rowth  of th icker  films and the  
e lec t r ica l  charac te r iza t ion  of the  resul t ing  he te ro -  
junct ions  are  to be repor ted  at  a l a te r  date. 
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A High-Voltage, Solid-State Battery System 
II. Fabrication of Thin-Film Cells 
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ABSTRACT 

The cell fabrication processes were studied of a high-voltage, solid-state 
bat tery system, Li /LiI /AgI .  Thin-f i lm cells were made by the following pro-  
cedures: (a) AgI was sprayed on a Ag foil and run  through a three-zone 
furnace to melt  the AgI film on the foil; (b) LiI electrolyte was vacuum de- 
posited on the AgI film; (c) Li was vacuum deposited on the electrolyte. In  
order to obtain a pinhole-f ree  electrolyte layer, the thickness of the LiI film 
must  be in excess of 5~ The yield of the thin-f i lm cells with the expected 
open-circuit  voltage of 2.1V was affected by the substrate tempera ture  dur ing 
Li deposition. It was found that, when the temperature  of the substrate was 
properly controlled and the thickness of the LiI film exceeded 15~, the yield 
could be as high as 95%. 

The cell s t ructure of a high-voltage, solid-state 
bat tery  system Li /L i I /AgI  was considered in a pre-  
vious publication (1). It was concluded that, due to 
the high resistivity of the electrolyte and discharge 
product LiI, a thin-f i lm mult i layer  paral le l-connected 
cell s t ructure  must  be developed if practical, interest-  
ing cur ren t -car ry ing  capabilities are to be achieved. 

One of the major  tasks in the construction of a th in-  
film mul t i layer  paral lel-connected cell is the fabri-  
cation of the thin-f i lm cell units. The present invest i-  
gation was under taken  to study the fabrication pro- 
cesses for such thin-f i lm cell units. 

Experimental 
Formation of the cathode.--Mallinckrodt silver io- 

dide powder was used as the cathode material.  It 
was blended with water  in a Virtis blender  to form 
a AgI-H20 slurry. The s lurry was sprayed on a heated 
(150~176 25~ thick silver foil. The silver 
iodide and silver foil were then passed through a 30- 
in. long three-zone furnace (Fig. 1) to fuse the silver 
iodide film onto the silver foil. Three thermocouples 
were mounted  at points 5 in., 15 in., and 25 in. from 
the entrance of the furnace and the temperatures  at 
these points were controlled by means of West model 
JL controllers at 200 ~ 600 ~ and 200~ respectively. 
The silver iodide coated silver foil was sent through 
the furnace by means of a conveyor belt  dr iven by  a 
Bodine variable speed motor. 

The silver iodide film formed by this process was 
t ight ly bonded to the silver foil and the surface of the 
film was reasonably smooth. 

Cathodes of various sizes were stamped from the 
coated foil and mounted in the substrate holder (Fig. 
2) for the vacuum depositions of electrolytes and 
anodes. 

Deposition of the electrolyte.--Foote Mineral  LiI �9 
3H20 was melted at 100~ and the molten LiI �9 
3H20 was filtered through glass wool mainta ined at 
100~ The filtrate was then  dried in a vacuum oven 
at 250~ for at least 16 hr. The dried LiI was vacuum 
deposited on the silver iodide cathode as the electro- 
lyte. 

A Consolidated Vacuum Corporation Economy 
Coater type CVE-19 vacuum system was used for the 
deposition process. A Vacuum Atmosphere Corpora- 
t ion model Vac-Lab HE-233-46 vacuum box served 
as the vacuum chamber dur ing the vacuum deposition 
process and as the inert  atmosphere chamber before 
and after the deposition. 

The deposition setup shown in  Fig. 3 contained a 
l i th ium iodide deposition and a l i th ium deposition 
compartment  separated by a steel shield. The evapora- 

�9 E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  

tion sources, a tantalum boat containing lithium iodide 
and a cylindrical titanium crucible containing lithium, 
were mounted approximately 1 in. above the base 
plate. Lithium iodide was evaporated by passing cur- 
rent through the tantalum boat directly, whereas li- 
thium was evaporated by passing current through a 
heating coil which in turn heated the titanium crucible. 
The substrate holder with the cathodes in position 
was installed in the slots of a cooling plate positioned 
10-12 in. above the evaporation sources. At the center 
of the cooling plate in each compartment, a sensor 
head of a Sloan model OMNI-II deposit control master 
was installed facing the evaporation source for the 
purpose of controlling the deposition rate and mea- 
suring the film thickness. In the lithium deposition 
compartment, a mask was mounted on the cooling 
plate and extended below the substrate holder so that 
the diameter of the lithium deposit would be slightly 
smaller than that of the electrolyte to avoid any pos- 
sibility of shorting between the two electrodes. The 
substrate holder could be moved from one compart- 
ment to the other by a gear controlled from the out- 
side of the vacuum chamber. 

TC TC TC 

Fig. 1. Three-zone furnace: TC = thermocouple; A = Ag/Agl 
foil. 

Fig. 2. Substrate holder for the vacuum deposition of Lil and Li 
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Fig. 3. Deposition setup: A--Li l  source, B--Li source, CmSIoan 
OMNI-I I  Sensor Head, D---cooling plate, E--substrate position 
control, F--Li deposition mask. 

The deposition of l i th ium iodide on the silver io- 
dide cathode was carried out under  a pressure of 2 
to 8 x 10 -6 mm Hg and the deposition ra te  was co:l- 
t ro l led  at 0.03-0.08 ~/sec by means of the  Sloar~ model  
OMNI-I I  deposit control  master. 

Deposition of the anode.--Foote Mineral  reactor-  
grade l i thium rods (99.983% pure)  were  used as the 
raw mater ia l  for the deposition of the  anodes. 

After  the l i thium iodide deposition, the substrate 
holder was moved to the l i thium deposition compar t -  
ment  and the l i thium anodes were  deposited at a 
rate of 3 • 1 m~/sec under  a pressure of 2-5 x 10 -~ 
m m  Hg. 

Polarization studies.--The thin-f i lm cells were  tested 
in the vacuum box under  an argon atmosphere.  Cell 
voltages were  measured by means of a Kei thly  Model 
610B elect rometer  and recorded by a Varian G14A 
strip chart  recorder.  An Electronic Measurements  
model  C631 constant current  power  supply was used 
for the polarization of the test cells under  constant 
current  conditions. For  the construction of the polar i -  
zation curve, the cell  vol tage readings were  taken 
after  the constant current  had been applied for at 
least 10 rain to reach a s teady-s ta te  condition. All  the 
tests were  carried out at tempera tures  of 25 ~ +_ 2~ 

Results and Discussion 
The spray-mel t ing  process produced satisfactory 

cathode films. The adherence of the  cathode film was 
tested by a t tempt ing to separate the silver iodide film 
from the si lver foil by rubbing the  silver iodide sur-  
face wi th  a si lver foil. In addition, the resistance of 
the si lver iodide film was measured between the silver 
substrate and an amalgamated  si lver electrode wi th  
known surface area. It  was found that  the mea-  
sured resistance of the cathode film agreed reasonably 
well  ( •  10%) wi th  the expected value  calculated 
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from the conduct ivi ty  of si lver iodide (5). The uni-  
formity  of the film depended on the speed at which 
the sprayed film was passed through the three-zone 
furnace. At a speed of 15 in. /min,  the mel ted  cathode 
film was very  smooth and the variat ions in the film 
thickness were  less than 20% of the film thickness. 

The dehydrat ion process for l i thium iodide was care-  
ful ly  controlled to avoid hydrolysis. It  was found that  
the upper  l imit  of the drying t empera tu re  for the  de-  
hydrat ion  process in the vacuum oven was 250~ At  
tempera tures  above 250~ extensive hydrolysis ~vould 
occur. In fact, even under  the present  exper imenta l  
conditions, hydrolysis occurred to some extent  as 
shown by the fact that  a 1M LiI  solution prepared 
f rom the evaporated l i thium iodide exhibi ted a pH of 
9 at 25~ However ,  no apparent  effect on the cell  
operat ion was observed by the presence of the small  
amount  of LiOH in the electrolyte.  This was shown 
by the fact that  the discharge characterist ics of the 
cell containing the 250~ vacuum oven dried l i thium 
iodide was similar  to that  of the cell  containing the 
60~ vacuum oven dried l i th ium iodide. 

One of the most cri t ical  operations in the fabrication 
of the thin film L i / L i I / A g I  cells was the  vacuum de- 
position of the l i thium iodide electrolyte  film on the 
cathode. The electrolyte  film must  be pinhole free 
to p reven t  in terna l  shorting be tween the two elec-  
trodes. It was found that, in order to obtain a smooth 
and coherent  l i th ium iodide film on the si lver iodide 
cathode, the substrate should be maintained at a low 
tempera tu re  by circulat ing a re f r igerant  through the  
cooling plate, p re fe rab ly  below --20~ However ,  
more importantly,  the thickness of the  deposited l i-  
th ium iodide film determined the effectiveness of the 
film as a separator be tween the two electrodes. It was 
found that, in order  to obtain a p inhole- f ree  l i th ium 
iodide film on the cathode, the thickness of the film 
must  be grea ter  than  5~. This was evident  as the results 
showed that  pract ical ly all of the thin-f i lm L i / L i I / A g I  
cells were  short -c i rcui ted and exhibi ted 0V as their  
open-circui t  voltages when the deposited l i thium 
iodide film was less than 5~ thick. 

Table I shows the effect of the electrolyte  film th ick-  
ness on the  yield of the thin-f i lm cells wi th  the ex-  
pected 2.1V open-circui t  voltage. It was noted that  
an acceptable yield of 95% was obtained as the film 
thickness reached 15#. 

The t empera tu re  of the substrate dur ing the l i th ium 
deposition on the electrolyte  film had a distinct effect 
on the characterist ics of the thin-f i lm cell. Li th ium was 
deposited on l i thium iodide under  the fol lowing con- 
ditions: 

(a) No heat  shield was installed be tween the sub- 
strate and the evaporat ion source. The  radiat ive heat  
f rom the evaporat ion source reached the substrate 
and caused a t empera ture  rise. 

(b) A heat  shield was applied to block most of the 
radiat ive heat  f rom reaching the  substrate. 

(c) In addit ion to the heat  shield, the  substrate 
was cooled by circulat ing tap water  through the  cool- 
ing plate. 

(d) In addition to the heat  shield, the substrate was 
cooled by circulat ing a re f r igerant  at --20~ through 
the  cooling plate. 

Table I. The effectiveness of the Lil film as a separator 
as a function of film thickness* 

No. of cells  
e x h i b i t i n g  

L i I  f i lm To ta l  No. of open-c ircui t  
th ickness ,  ~ cel ls  fabricated v o l t a g e  of 2.1V Yield ,  % 

1 48 0 0 
2 48 0 0 
5 48 2 3.6 

10 48 30 62 
15 56 53 95 

* T e m p e r a t u r e  of the substrate was  con t ro l l ed  as - -20~ d u r i n g  
the deposit ion of  LiI and Li. 



1454 J. Electrochem. Sac.: ELECTROCHEMICAL TECHNOLOGY October  1969 

Table II. The effect of substrate temperature during the 
Li deposition on the yield of thin-film cells* 

No. of cells 
Total No. exhibiting of cells open-circuit 

I,i deposition condition fabricated voltage of 2.1V Yield, % 

No heat shield 56 0 0 
With heat shield 56 0 0 Substrate was cooled by 56 15 27 

tap water 
Substrate was cooled by 56 53 95 

refrigerant at -- 20 ~ 

* The thickness of electrolyte = 15#. 

Table II summarizes the results from these studies. 
It was evident  that  the tempera ture  of the substrate 
dur ing the l i th ium deposition had a pronounced effect 
on the yield of the process. 

The effect of the substrate tempera ture  on the yield 
of the process was to be expected. It is well  known 
(2) that, when an alkal i-hal ide crystal  is heated in the 
vapor of the corresponding alkali  metal, it acquires 
a nonstoichiometric excess of alkali  metal  to form 
"color centers" which increase its electronic conduc- 
tivity. If the temperature  of the substrate was not 
properly controlled during the deposition of l i th ium 
on l i th ium iodide, conditions favoring the formation 
of color centers in l i th ium iodide were indeed present. 
Li th ium iodide was heated by the radiative heat from 
the evaporation source and the l i th ium vapor was in  
direct contact with the heated l i thium iodide. In  ad- 
dition, the high tempera ture  of the substrate could 
also cause diffusion of l i th ium atoms through the elec- 
trolyte, resul t ing in electronic conductivity. Therefore, 
it was imperat ive to cool the substrate properly dur ing 
the deposition of l i th ium so that  the l i th ium iodide 
electrolyte would not acquire an excess of l i th ium 
to become an electronic conductor. 

The geometrical area of the anode of all the test 
ceils was 2.36 cm 2 and the thicknesses of the compo- 
nents of the cell were typically: silver current  collec- 
tor, 25#; silver iodide cathode, 30~; l i th ium iodide 
electrolyte, 15~; and l i thium anode, 4~. 

The thin-f i lm cell had an open-circuit  of 2.1V which 
agreed well  with the value of 2.09V calculated from 
the Gibbs free energy change (3) for the reaction: 

Li + AgI--> LiI  + Ag 
and it confirmed this to be the discharge reaction of 
the cell. From the l inear i ty  of the polarization curve 
of the L i /L i I /AgI  th in  film cell (Fig. 4), it was con- 
cluded that  the cell impedance was ohmic in na ture  
and the resist ivity of l i th ium iodide was calculated to 
be 1.17 x 10 ~ ohm-cm (4). The resistivity of silver 
iodide, 104 ohm-cm (5), was negligible in comparison 
with that  of l i th ium iodide. 

The discharge curves of the thin-f i lm cells under  
various constant  loads are shown in Fig. 5. The dis- 
charge efficiencies were approximately 50% and the 
current  capabilities of the cells demonstrated the 
usefulness of the system for low rate applications es- 
pecially in view of the fact that  the current  capabil i ty 
can be increased by parallel  connecting such thin-f i lm 
cells. 

The ini t ial  voltage decay of the thin-f i lm cell dur ing  
discharge agreed well  with the expected increase in 
cell resistance due to the production of l i th ium iodide. 
However, a more severe decrease in cell voltage oc- 
curred when  the cell reached about  20 % depth of dis- 
charge. The polarization characteristics of the system 
are sufficiently complex to deserve a separate dis- 
cussion in  a subsequent  publication. 

I I I I I I 
2.0: 

. 1.6 

~ 1 . 2  

2 
>~0.8 

~ 0 . 4  

0 0 20 40 60 80 I00 120 
CURRENT DENSITY, uo/cm 2 

Fig. 4. Typical polarization curve of L i /L i l /Ag l  thin-film cell. 
Temperature: 25 ~ + 2~ Cell dimensions: geometrical area 
2.36 cm 2, anode thickness ~ 0.4 x 10 - 3  cm, electrolyte thickness 
~- i .5 x 10 - 3  cm, cathode thickness = 3.0 x 10 - 3  cm. 
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Fig. 5. Constant load discharge curves of thin-film L i /L i l /Ag l  
cells. Temperature: 2 5 ~ 1 7 6  Cell dimensions: geometrical area 
~- 2.36 cm 2, anode thickness ~ 0.4 x 10 - 3  cm, electrolyte 
thickness = 1.5 x 10 - 3  cm, cathode thickness ~ 3.0 x 10 - 3  cm. 
Stoichiometric capacity = i .9 mah. Load: A ~ 100 kohm, B 
47 kohm, C = 25 kohm. Efficiency: A = 50%,  B ~ 51%,  C 
50%.  
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ABSTRACT 

The use of electroless meta l  bonded organic subs t ra tes  has many  possible 
applications.  The present  s t a t e - o f - t h e - a r t  is l imi ted  to a few organic sub-  
strates.  Ini t ia l  studies included the mechanism of bonding electroless copper 
to ac ry lon i t r i l e -bu tad iene - s ty rene  and to polysulfone.  This was invest igated 
by  using a scanning electron microscope to view the in ter fac ia l  surfaces of 
subs t ra tes  subsequent  to chemical  processing and electroless and e lect rolyt ic  
plating. The examinat ion  revea led  that  in ter locking surfaces were  present  
which pe rmi t t ed  mechanical  in teract ion at  the  copper -organic  interface.  When  
these  surfaces were  repl ica ted  on epoxy, bonding be tween  this  surface and 
electroless copper was obtained.  

This invest igat ion was pe r fo rmed  to examine  the 
mechanism of bonding electroless  copper to organic 
substrates.  Previous  invest igators  of this  bonding 
mechanism have  been divided essent ia l ly  into two 
groups. There  are  those who feel the  mechanism is 
ma in ly  a mechanical  in ter locking type  bond (1, 2, 
5, 6, 9, 10), while  others  a re  of the  opinion tha t  the  
e tchant  chemical ly  a l ters  the  surface of the  subs t ra te  
so that  chemical  bonding of the  subs t ra te  and e lect ro-  
less meta l  takes  place (3, 7). A rev iew of the  theo-  
re t ica l  studies has been given by Saubes t re  (8). 

Examination of Treated Surfaces 
As an ini t ia l  step in this investigation,  a s tudy was 

made  of in ter fac ia l  surfaces of electroless copper  and 
t rea ted  ac ry lon i t r i l e -bu tad iene - s ty rene  (ABS) ut i l iz-  
ing the  scanning e lect ron microscope (SEM).  The 
SEM is pa r t i cu l a r ly  sui table  for  this s tudy  because 
repl icat ion is not required,  the  depth  of focus is 
excellent,  and the high magnification is ve ry  desirable.  
Electron microscope photographs  of condit ioned ABS 
have been previous ly  publ ished (1, 4, 9, 10). Also, 
scanning electron microscope photographs  of con- 
di t ioned polysulfone have  been publ ished by  Ryan  
et al. (6). Zahn and Wiebusch (10) pos tu la te  tha t  the  
condit ioning of the  surface resul ts  in a loss of bu t a -  
d iene tha t  was presen t  as d ispersed spheroids  in 
the  ac ry lon i t r i l e - s ty rene  matr ix .  The condi t ioner  at- 
tacks the  butadiene  at  a fas ter  ra te  than  the  ac ry -  
loni t r i le -s tyrene ,  thus leaving spheroidal  voids in the  
surface. In  this  study, SEM photographs  of the  t r ea ted  
ABS were  made;  and, in addition, SEM photographs  
of the copper  interface were  taken.  

P l a t i ng -g rade  ABS (obtained f rom Marbon  Chemi-  
cal Division of Borg -Warne r  Corporat ion)  0.090 in. 
thick, was t rea ted  for  15 min in chromic-su l fur ic  
e tchant  at 65~ The p repa red  sheet was subsequent ly  
p la ted  wi th  electroless copper  and then  e lec t ropla ted  
to 0.001 in. of copper  wi th  copper  pyrophospha te  
electrolyte .  The pee l  s t rength  was 5 lb / in ,  pee l  ( Jacquet  
90 ~ peeI tes t ) .  The SEM was used to t ake  photographs  
of the  plast ic  and copper. F igure  1 i l lus t ra tes  the 
surface of the  un t rea ted  ABS at 10000 magnification. 
F igure  2 i l lustrates,  at  7000 magnification, the ABS 
surface af ter  a condit ioning t rea tment .  F igu re  2 shows, 
in the  same manner  as previous ly  i l lus t ra ted  by  other  
invest igators  (1, 4, 9, 10), tha t  the t r ea tment  has 
p re fe ren t i a l ly  etched cavit ies  in the surface. F igure  
3 i l lustrates,  at 5000 magnification, the ABS surface 
af ter  peel ing of the  copper. The surface of t he  plast ic  
has been torn  by  the  peel ing action, indicat ing the 
f rac ture  occurred in the  ABS substrate.  F igure  4 
s imi la r ly  i l lustrates ,  at  7000 magnification, the  copper  
surface af ter  peel ing;  the par t ic les  of ABS torn  away  

* Electrochemical Society Active Member. 

dur ing  peel ing pa r t i a l ly  cover the copper  spheroids.  
F igure  5 i l lustrates,  at  10000 magnification, the  copper 
surface af ter  the ABS par t ic les  have been removed  
with  acetone. The spheres of copper  which are  c lear ly  
vis ible  had filled the  holes in the  ABS lef t  by  the  
etchant.  Thus, the  in ter locking mechanical  bond 

Fig. 1. Untreated ABS surface 

Fig. 2. ABS surface after conditioning 

1455 
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Fig. 3. Treated and plated ABS after copper has been peeled 

Fig, 6, Treated polysulfone surface 

Fig. 4. Copper surface after peeling from treated ABS 

Fig. 5. Cleaned copper surface after peeling from treated ABS 

formed between the copper and the treated ABS is 
clearly demonstrated.  

Enthone and Union Carbide, in conjunction, have 
developed a method of t reat ing polysulfone that  yields 
a good bond between electroless copper and the 
polysulfone. Samples of copper-plated polysulfone 

Fig. 7. Treated polysulfone after copper has been peeled 

were obtained from Enthone. An addit ional electro- 
plat ing with pyrophosphate copper was added to the 
samples increasing the copper thickness to 0.001 in. 
The result ing peel s trength was 11 lb/ in .  

A set of SEM photographs was taken  similar to 
those of the ABS samples. Figure 6 i l lustrates the 
treated polysulfone surfaces at 7000 magnification. 
Similar  SEM photographs have been published by 
Ryan (6). Figure 7 illustrates, at 7000 magnification, 
the polysulfone surface after the copper has been 
peeled. The polysulfone has been stretched by the 
peeling action as the copper was removed from the 
crevices. Figure 8 illustrates, at 7000 magnification, 
the peeled copper surface with an in termingl ing  of 
copper and polysulfone. Figure 9 i l lustrates the copper 
surface after c leaning with methylene  chloride; the 
interlocking na tu re  of the copper and polysulfone is 
again quite evident. 

Replication of Treated Surfaces 
To determine whether  the na ture  of the substrate 

had an effect on the bond, assuming the same surface 
roughness, a copper surface treated for bonding by 
the Clevite Company was replicated on various sub- 
strates. A sheet of fluorinated ethylene propylene 
copolymer (FEP) was molded to this t reated copper 
surface at 500 psi and 280~ A sheet of polysulfone 
was molded at 500 psi and 280~ to the surface of 
treated Clevite copper. Lastly, an epoxy-glass laminate  
was molded to the surface of t reated Clevite copper at 
500 psi and 170~ Then the Clevite copper was re-  
moved with ammonium persulfate copper etchant. 
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Fig. 8. Copper surface after peeling from treated polysulfone 

Fig. 9. Cleaned copper surface after peeling from treated poly- 
sulfone. 

Figure 10 illustrates, at 2800 magnification, the sur-  
face of the epoxy after this t reatment .  The surface of 
the FEP and of the polysulfone was the same. After  
rinsing, the three different subs t ra tes- -wi th  a matte 
finish that  is wetted by wa te r - -were  plated with 
electroless and electrolytic copper to 0.001 in. in 
thickness. The result ing bonds after heat ing at 170~ 
for 15 min  were all in the same range from �89 to 3/4 

Fig. 10. Epoxy replica of Clevite treated copper 

lb/ in,  in peel strength. The copper, upon peeling, 
had the appearance of the original Clevite copper and 
did not change color in HC1, which is a characteristic 
of treated Clevite copper. 

This type of roughness is sufficient for bonding 
molten substrate to copper but  is insufficient to obtain 
good bonding of organic substrate to electroless copper. 
Logie (3) has found that  a copper surface taken from 
conditioned ABS can be molded to ABS to yield a 
bond of 15 lb/ in .  As can be seen from Fig. 10, 
the microroughness of the Clevite surface is much 
less than either treated ABS or polysulfone. However, 
if the substrate is melted and processed onto the 
Clevite copper, different mechanisms of bonding are 
a factor. Not only is much more int imate  contact and 
exact matching obtained than when electroless copper 
is formed on the surface but, also, when  the substrate 
is liquid, possibilities of chemical interact ion between 
substrate and copper are much enhanced. Thus, Clevite 
copper bonded to epoxy-glass by laminat ion produced 
bonds with peel s trength of approximately 10 lb/ in .  
Even when the possibility of chemical reaction is 
low, if a l iquid substrate is contacted with the 
Clevite replicated surface, an excellent bond is ob- 
tained. Thus, when  uncured epoxy in solvent is poured 
on the replicated Clevi te-FEP surface, dried, and 
cured at 170~ the materials  could not be separated 
without  badly tearing the FEP. 

To determine if epoxy with a surface texture of 
treated ABS or treated polysulfone could have a good 
bond to electroless copper, the surfaces were replicated 
in epoxy. The replications were made in every case 
without  the use of pressure because it had been found 
that application of pressure, while the organic sub- 
strate was liquid, flattened and distorted the copper 
surface that was being replicated. Logie and Rantel l  
(3) have previously done studies with ABS replicated 
surfaces. For the polysulfone, the replication was ac- 
complished by beginning with Enthone copper-clad 
polysulfone. The treated polysulfone was removed 
from the deposited copper by dissolving the poly- 
sulfone in methylene  chloride. After  hot a lkal ine-  
anodic-cleaning, a brominated epoxy in solvent (25% 
solids) was poured on the surface, dried, and cured at 
170~ This was then backed with a thick layer of 
100% solid epoxy and cured. The copper was then 
removed with ammonium persulfate copper etchant, 
the board was rinsed, and electroless and electrolytic 
copper were applied. After aging for 1 day, the peel 
s trength was 3 lb/ in.  After 5 days of aging at room 
temperature,  the peel strength increased from 3 to 
5 lb/ in .  The original polysulfone-copper bond of 10-12 
lb/ in ,  was not duplicated because of differences in 
elasticity between the polysulfone and epoxy. Higher 
bonds are always obtained when the substrate is 
flexible than  when it is brittle. When smooth epoxy 
is treated with ammonium persulfate copper etchant 
and electroless and electrolytic copper is applied, 
there is essentially no bond. 

The experiment  was repeated with plat ing-grade 
ABS. In  this test, the original bond of ABS copper 
was 10-12 lb/ in.  The ABS was removed with acetone; 
however, because of pigmentat ion and a nonhomo-  
geneous nature,  the last traces of ABS were much 
more difficult to remove than the polysulfone. After 
vapor degreasing and a hot alkal ine anodic-cleaning, 
the copper was treated with concentrated H2SO4 for 
5 min, rinsed, and dried. The brominated epoxy was 
applied as previously described and the same pro- 
cedures were followed. Initially, the peel s trength was 
3/4 lb / in .  After heating for 15 min  at 170~ the 
peel s trength was 4 lb/ in .  The ABS and polysulfone 
also indicated similar increased bond strength with 
aging either at room tempera ture  or at elevated tem-  
peratures. 

Investigation of Aging 
The increase of bond with aging is caused by 

changes occurring in the surface of the substrate. 
This is indicated by the appearance of the copper when  
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it  is peeled away. On f reshly  p la ted  samples  of ABS, 
the  copper,  when peeled, has no ABS on the surface 
of the copper.  As the  sample  ages, more  and more  
ABS is pu l led  off wi th  the copper, indica t ing  a g radua l  
s t rengthening  of the  cohesive s t rength  of the  surface 
layers  of ABS. Undoubtedly ,  the  condi t ioning agent  
affects the  ac ry lon i t r i l e - s ty rene ,  weaken ing  and a l -  
te r ing  the surface of the  ABS. In  this  invest igat ion,  
it  has been found that  the  r a t e  of improvemen t  in 
coppe r -ABS bond dur ing  aging is g rea t ly  accelera ted 
if the  ABS is clad only on one side wi th  copper  
compared  to ABS clad on both sides wi th  copper.  
I t  would  appear  tha t  a d i f fus ion-control led  reac t ion  
occurs which affects improvemen t  of bond wi th  aging. 
Perhaps  the  condi t ioning makes  the  ABS surface 
more suscept ible  to wa te r  adsorpt ion  f rom the  solu-  
tions, thus weakening  the strength.  As the adsorbed 
wa te r  diffuses away  from the  surface layers,  the  
s t rength  of the  surface layers  increases. Even in 
subst ra tes  which have  had  no conditioning, a film of 
wate r  solution or h y d r a t e d  compounds,  such as 
Sn(OH)2,  m a y  be in i t ia l ly  presen t  be tween the  copper  
and organic substrate ,  since the  copper is formed 
from solution, thus weaken ing  the  bond unt i l  diffusion 
of this l ayer  f rom the surface occurs. Vacuum aging 
of ABS samples  increased ra te  of improvement  of 
bond; aging in wa te r  or 100% humid  ai r  impeded  the  
improvement  of bond wi th  aging. 

F rom this work, it  is concluded tha t  good bonding 
of epoxy to electroless copper  can be obtained if the  
epoxy has the  surface roughness  character is t ics  of 
ABS or polysulfone.  

Conclusions 
On the basis of the repl icat ion exper iments  and the 

scanning e lect ron microscope photographs  of t r ea ted  
samples, it  m a y  be concluded tha t  a ma jo r  factor  
contr ibut ing  to good bonding  be tween  organic sub-  

s t ra te  and electroless copper  is a mechanica l  in te r -  
lock of the bonding surfaces. The resul ts  do not  dis-  
prove  tha t  chemical  bonding does not  also t a k e  place;  
however,  no significant bond has been obta ined on 
samples  tha t  were  seen to be smooth b y  SEM photo-  
graphs.  
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Measurement of the Throwing Power 
of Electrolytes Used in Electrochemical 

Machining 
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ABSTRACT 

A method of measur ing  the th rowing  power  of solutions under  condit ions 
per t inent  to e lec t rochemical  machin ing  has been developed,  based on the  
Ha r ing -B lum cell. Results  on solutions of sodium chlor ide  and sodium chlora te  
show tha t  the  la t te r  has a lower th rowing  power  under  the  presen t  condit ions 
in agreement  wi th  previous ly  r epor t ed  data. Addi t ions  of 0.12% potass ium 
dichromate  and of 1% benztr iazole  to sodium chloride solutions reduced the 
th rowing  power  to values comparab le  to those of the  chlora te  solutions. The 
resul ts  a re  discussed in te rms of pass ivat ion effects. 

Recent advances  in the  technology of e lec t rochemical  
machin ing  (ECM) make  increas ingly  s t r ingent  de -  
mands  on the  e lect rolytes  used. Increased  p roduc t iv i ty  
calls for  h igher  cur rents  (and current  densi t ies)  which 
in turn  r equ i r e  e lectrolytes  wi th  grea te r  e lectr ical  
conductivit ies.  To use the  cur ren t  at  the  op t imum 
efficiency, the  "s t ray  cutt ing," i.e. the anodic dissolu-  
t ion f rom areas  not d i rec t ly  opposite the cathode, 
mus t  be reduced to a min imum and, for  ease of tool  
design, a ve ry  close correspondence be tween  the  tool  
and the final machined anode is required.  For  many  

1 On study leave f r o m  W e s t  Pakis tan  Univers i ty  of Engineer ing 
a n d  Technology, Lahore.  

years,  e lec t ropla ters  have  been concerned wi th  a re -  
la ted p rob lem and have measured  the ab i l i ty  of a so-  
lution to give a deposi t  over  a complex cathode by  
its " throwing power."  Normal ly  a un i form deposi t  is 
required,  cor responding to a th rowing  power  of 100%. 
In t he  case of ECM a low, or  even negative,  th rowing  
power  is requi red  to reduce  s t ray  cutting, which could 
be e l iminated  when  the  th rowing  power  approaches  
- - ~ .  

Thus if we want  to machine  a s imple r e - en t r an t  
(Fig. 1) using a tool E F G H J K  and an anode ABDC, 
the cur ren t  density,  and hence dissolution, s,hould be 
large across BD opposite GH but  should be zero across 
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A B D C 

G H 

I I 
E F J 

Fig. I. Arrangement of nonuniform electrodes 

AB and DC. The reverse problem of deposition onto 
EFGHJK requires a uniform current  density over 
the whole surface. 

The throwing power of a plat ing bath is normal ly  
measured in a Har ing-Blum cell (1) and calculated 
by means of one of the following formulas (1-4) : 

T P =  ( ( P - - M ) / P )  100 [1] 

TP = ( ( P - -  M ) / ( P - -  1)) 100 [2] 

TP = ( ( P - - M ) / ( P - - b  M - - 2 ) )  100 [3] 

where P is the l inear  ratio, i.e. the ratio of the dis- 
tances of the equipotential  plane parallel  cathodes 
from the anode, and M is the metal  dis t r ibut ion ratio, 
i.e. ratio of the weights of the metal  deposited on the 
cathodes. The advantages and disadvantages of these 
formulas have been discussed f requent ly  and it is 
sufficient to say that  [3] is in general  use in the U.K. 

The arguments  (4) used to support  formula [3] for 
throwing power in electrodeposition have an equal 
val idi ty when anodic processes are being discussed, 
and in this paper all throwing powers have been cal- 
culated on this formula with the minor  al terat ion that  
the metal  distr ibution ratio is now the ratio of weight 
of metal  dissolved from the nearer  anode/weight  of 
metal  dissolved from the farther anode. 

The Har ing-Blum cell itself has a number  of disad- 
vantages but  it does enable throwing power to be des- 
cribed in a quant i ta t ive  fashion. 

The use of a similar cell for measuring the throwing 
power of ECM electrolytes seems desirable but  the 
normal  Har ing-Blum cell is not immediate ly  useful  
for ECM measurements  because (a) the anode-cathode 
separations are of the order of inches and (b) it is es- 
sential to be able to measure the electrolyte flow rate 
in the interelectrode gap. 

This paper describes a modified Har ing-Blum cell 
suitable for ECM electrolytes and some results are 
reported. 

Experimental 
A rectangular  two-compar tment  cell was designed 

and buil t  from Perspex to take the above factors into 
account. A cross section (not to scale) is shown in Fig. 
2 and the associated flow system in Fig. 3. This ar-  

Flowme ters  

Motorised Pump Reservoir For 
Electrolyte. 

Fig. 3. Layout of the apparatus 

rangement  allows the flow rates in the two compart-  
ments to be controlled and measured independently.  
The bulk  flow rate, 0.7 l i ter/rain,  was kept constant  
through both compartments  as it was thought that  
this si tuation corresponded most closely with that  
obta ining dur ing  practical machining.  

The cell voltage required to main ta in  the working 
current  densi ty of 15 A/in .  2 varied between 2 and 10V. 

The l inear ratio (the ratio of the two anode-cathode 
separations) was usually kept at 5:1 but, where nec-  
essary, variations from this were made by the use of 
insulated packing. The smaller  anode-cathode separa- 
t ion was either 0.005 or 0.010 in. and the gap depth 
0.5 in. 

The cathodes, made from copper, and the anodes, 
from 18/8 stainless steel, 2 were 1/2 x 1/2 x 2 in. The elec- 
trodes were masked on the sides and on the working 
faces so that  the exposed area was 1 in. e. The metal  
dis t r ibut ion ratio was calculated from the weight 
losses of the two anodes after 2 rain machining.  

The electrolytes were made of A. R. mater ia l  to a 
total volume of 8 liters and were discarded after 5 
runs. Conductivities of the electrolyte were measured 
by means of a s tandard conductivi ty bridge. 

Results and Discussion 
The results are shown in Tables I and II. There is 

some degree of scatter but, with one or two excep- 
tions, the results are reproducible wi thin  ~5%.  A 
correlation was sought between throwing power and 
specific conductivi ty and, while some evidence of a 
positive correlat ion was obtained, it was not strong 
enough to war ran t  fur ther  discussion at this stage. 

The results from Table I indicate that  sodium chlo- 
rate has a lower throwing power than sodium chloride, 

2Complete  analys is  of the steel  is: C, 0.08%; Si, 0.58%; Mn, 
0.88%; S. 0.174%; P, 0.029%; Ni, 8.78%; Cr, 17.81%; and Ti, 0.46%. 

Table I. Throwing power results 

Inlet Of Electrolyte  . ~ # ~ ~ ~ I n l e t  Of Electrolyte 

_ Anode l =o::-H_j (U , 

I I I Oo  e 6f I I I Screw 

Fig. 2. Vertical section of the machining cell 

NaClOs 

NaCI 

NaCI 
+ 0.12% 

K~CrO7 

NaCl 
+ 1% 
BTZ 

Concentra t ions  
5% 20% Satura ted  

Temp, \ Smal ler  0.005 0.010 0.005 0.010 0.005 0.010 
~ \ gap in. in. in. in. in. in. 

25 --13 
--21 

40 21 
18 
22 

25 26 
11 

40 63 
81 

25 --25 
--22 

7 21 -- 14 4 10 
6 23 --25 4 16 
3 14 

10 31 23 --3 --9 
18 29 19 --7 -- 13 

21 -- 11 
11 

19 63 56 45 43 
12 87 48 58 45 

39 67 60 63 41 
41 66 56 61 43 

25 --17 
--15 
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Table II. Linear ratios and metal ratios for 
20% NaCI and 20% NaCIO3 at 25~ 

S o l u t i o n  
NaCI  NaC1Os 

L i n e a r  r a t i o  M e t a l  r a t i o  

20 

5 1.8 3.6 Z 
7 2.6 7.8 0 
9 3.2 lo.o 5 10 

12 4.2 20.0 m 

T h r o w i n g  i n d e x  3,67 0.48 
D 

-~ 5 
LO 

confirming the results of Laboda and McMillan (5). 
At the lower concentrations tempera ture  increases 
have the effect of increasing throwing power, but  at 
higher concentrations tempera ture  increases produce 
only small  changes in the case of chloride solutions or 
a decrease in the chlorate solutions. The effects of con- 
centrat ion changes are variable. The result  of in-  
creasing the absolute gap width while re ta in ing the 
init ial  l inear  ratio is general ly to decrease the throw-  
ing power. This effect is not l inearly dependent  on the 
absolute gap width, since results reported by Cuth-  
bertson and Turner  (6) indicate that  with gap width 
in the region of 0.05-0.15 in. the throwing power in-  
creases with increasing gap width. 

The finish of all the machined anodes was that of a 
l ightly etched surface with no marked grain bound-  
ary attack, with the exception of the nearer  anodes 
machined in the saturated solutions of sodium chlorate 
which showed some regions of polishing. This would 
suggest that the dissolution, in the major i ty  of the 
reported cases, takes place according to the prepolish- 
ing regime obtained on a typical Jacquet  curve. 

A few results, obtained for n i t ra te  solutions under  
the same conditions, general ly confirm these trends. 
The throwing power of n i t ra te  solutions is in terme-  
diate between chloride and chlorate solutions, but  
one or two values are lower than the values for the 
corresponding chlorate solutions. This is not in ent i re  
agreement  with Laboda and McMillan but  this ap- 
parent  contradiction may be a result  of the different 
measur ing techniques. 

The effects of chlorate ions have been discussed in 
terms of passivation of the anode in the regions of 
low current  density (7). If this is the case then the 
deliberate addition of suitable passivators to, for ex- 
ample, sodium chloride solutions should have the re- 
sult of reducing the throwing power. Two such addi-  
tions were made, benztriazole (BTZ), which is an effi- 
cient passivator for copper (8), and potassium di- 
chromate. In  both cases these additions, at the concen- 
trations shown in Table I, markedly  decrease the 
throwing power of chloride solutions; the effect in the 
case of potassium dichromate is very large. The addi-  
tions of BTZ and sodium dichromate had no visual  
effect on the surface finish which were again lightly 
etched. The amounts of metal  dissolved from the 
nearer  anodes were not significantly altered by the 
presence of the two additions, but  the metal  dissolved 
from the far ther  anodes was reduced by a factor of 
~2. Hence the metal  removal  rates of the nearer  
anodes remain  vi r tual ly  unchanged, while those of the 
farther anodes are reduced. These observations seem 
to confirm the hypothesis that the reduction in throw- 
ing power is associated with passivation in the low 
current  regions. The probable consumption of BTZ 
at the electrodes makes it unl ikely  that  this observa- 
t ion will  be of practical use. A fur ther  consequence to 
the effect of chromate ions on the throwing power is 
that the throwing power of a machining electrolyte 
would be expected to change dur ing  its life due to a 
progressive bu i ld-up  of chromate ions derived from 
the chromium present  in suitable anode materials, 
while the presence in solution of other machining 
products would have related effects. Aged chloride 
solutions used elsewhere in  our laboratory were ex- 
amined for the presence, or otherwise, of chromate 

X / 
/ 

O ~ -  
! 
10 LINEAR RATIO 

Fig. 4. Throwing index plot 

20 

ions and tests indicated that chromate was present in 
these solutions at the same order of concentrat ion as 
that used for the throwing power measurements  pre-  
viously. This change of throwing power could be re-  
sponsible in part  for the "aging" of electrolytes which 
occurs in practice when the machining properties 
change with increasing time of use. 

The work of Je l l inek and David (9) shows that  
some of the ambiguit ies associated with the use of the 
concept of " throwing power" can be resolved by use 
of the throwing index which is obtained by plott ing 
the metal  ratios against a range of l inear  ratios. The 
reciprocal of the gradient  of the l ine is described as 
the " throwing index," the major  advantages of which 
are that (a) a single number  is obtained which is 
characteristic of a range of l inear  ratios, and (b) the 
throwing index is obtained from the number  of ex- 
per imental  points thus reducing the effects of experi-  
menta l  error. The solution with a good throwing power 
gives a line which is near ly  horizontal and one with 
a poor throwing characteristic will give a steeper gra-  
dient. The present  work was extended to include this 
concept by measur ing the metal  ratios for l inear  ra-  
tios between 5 and 12 for 20% NaC1 and NaC103 
at 25~ The results, shown in Table II and Fig. 4, 
give reasonably l inear  plots. All the curves should go 
through the point represented by the l inear ratio 
equal to 1 and the metal  dis t r ibut ion ratio equal to 1 
and a l inear  extrapolat ion of the data for the sodium 
chloride solutions does indeed do so, but  this is not 
the case for the chlorate solutions. The value for 20% 
sodium chloride is well  in the range ~-1 to 10 reported 
by Jel l inek and David for electroplating solutions, but  
the result  for the chlorate solution, while confirming 
the earlier throwing power work, is outside the range 
quoted. Again this confirms the results of Laboda and 
McMillan. 

Conclusions 
It has been shown that throwing power of machin-  

ing electrolytes can be measured with a fair  degree 
of reproducibil i ty.  The improvements  obtained by 
using the NaC103 electrolyte reported elsewhere have 
been confirmed for the anodic mater ial  used in the 
present  work. The mechanism of the chlorate improve-  
ment  is probably due to passivation effects, in agree- 
ment  with the effects of additions of other passivators 
such as BTZ and chromate ions. 

The use of the throwing index has been investigated 
and shown to give reasonable results. 
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Multilayer Theory of Correction Factors for 
Spreading-Resistance Measurements 

T. H. Yeh* and K. H. Khokhani 
IBM Components Division, East Fishkill Facility, Hopewell Junction, New York 

ABSTRACT 

The spreading-resistance technique has shown the versati l i ty of deter-  
mining  either the thickness of diffused or epitaxial layers or establishing the 
impur i ty  profiles for various mul t i layered silicon structures. However, correc- 
tion factors must  be applied to the measured spreading-resistance values in 
order to get the corrected resistivities. The calculation for the correction fac- 
tors based on the uni layer  s tep- junct ion theory has been reported previ-  
ously by the authors. In  this paper, the calculation of the correction factors 
based on the mul t i layer  s tep- junct ion theory and the util ization of a com- 
puter  for such calculations are presented. 

The calculation of the correction factors based on 
the assumption of the uni layer  s tep- junct ion theory, 
for the resistance values measured on silicon layers 
by the spreading-resistance technique, was presented 
in  an earlier report  (1, 2). The uni layer  s tep- junct ion 
theory assumes that  the resistivity is homogeneous 
throughout  the thickness of each structure below the 
point of measurement ,  and that  the resist ivity changes 
at an interface are abrupt  (1, 4). This assumption was 
used extensively to establish the impur i ty  profile for 
the measurements  made on N ( e p i t a x i a l ) / N ~  (sub- 
strate) silicon structure (1, 2). 

For such a structure, the measured spreading-resis t-  
ance values are converted to resistivity values from the 
calibration curve (1, 2), and plotted against  distance 
as shown in Fig. 1. The calculation of correction fac- 
tors is based on a two- layer  problem as shown in 
Fig. 2, according to the following equation: 

AV pl { 

Rs.a. I 4to 

4 ~ Z [  I+Kle-2Hlx  ] 
sin (X) 

1 -- KIe-2H1X 

J1 (X) 

X2 X 

where 

Rs.a. ---- Spreading resistance 

p2 1 pl 
K1 - - - ~ - -  

S = 2s/ro 

H1 = hi~to 
* Electrochemical Society Active Member. 

Jo - ~ X  Jo(SX) dX [1] 
+ 

s ---- Probe spacing 

r0 ---- The effective radius of contact of the probe 

X ~ Integrat ion parameter  

J1,Jo ---- Bessel funct ion 

The terms within  the curl  bracket  of Eq. [1] are gen-  
eral ly labeled as a correction factor, C.F. The corrected 
resist ivity value is then given by the following ex- 
pression: 

pl 
pl corrected [2] 

C.F. 

! 

E 
. r  o 
)- 

_> 
I-- p !h3  ~ 

LI.I n- 
-, 'It1 t I ~ -  

,\ 
, x . .  

io i.5 a;o 
DEPTH-MICRON 

Fig. 1. Initial resistivity values vs. depths for N/N~- structure 
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h2 

-"(~,[~- 

r~ ~ s~ 1 ~  

t 
Fig. 2. Spreading resistance technique on a two-layered structure 

The first measured resis t ivi ty to be corrected is labeled 
9~, which actual ly  is the last measurement  in the 
N / N +  structure,  and this resis t ivi ty is assumed to be 
uniform throughout  the layer  thickness of xo--xl (=  h,). 
The resis t ivi ty change at the interface is abrupt, and 
the resis t ivi ty of the substrate can be assumed for p0. 
The Ks value  in Eq. [1] for this problem is equal  to 
9 0 -  P l / 9 0  "~- Pl- Upon determining the correction factor, 
the resist ivi ty is corrected using Eq. [2]. This cor-  
rected resis t ivi ty value 91 corrected may  then be used 
to find a new effective radius of contact, To, f rom the 
cal ibrat ion curve  (1, 2), a new correction factor, and 
a new corrected resistivity. This procedure is repeated 
to get an exact  value of resis t ivi ty (e.g., until  e i ther  
the To value  or the correction factor does not change) ,  
because the T0 value ini t ial ly obtained f rom the cali-  
brat ion curve  for the first correct ion factor calculat ion 
is not necessari ly exact. 

Because of the uni layer  s tep- junct ion assumption, 
nei ther  this corrected resist ivity,  91 corrected, nor its 
init ial  resistivity,  9~, are uti l ized when  the second 
measured resistivity, p2, is corrected. For  correcting p2, 
it is assumed that  the resistivity, p2, is homogeneous 
throughout  its thickness X o -  x2 (-~hl) ,  even though 
we know that  wi thin  its thickness one of the layers has 
a different resist ivi ty value, pl corrected. The calculat ion 
of the correction factor for 92 is again evaluated by 
Eq. [1] using the K1 value of po --  9J90 -{- p2. 

Undoubtedly,  certain accuracy of the correction fac- 
tor  is sacrificed for each of the subsequent resis t ivi ty 
values, such as P~, 94 �9 �9 �9 917 for the s t ructure  because 
of the uni layer  s tep- junct ion assumption. This is 
especially t rue  for the corrected value  of p17, because 
in the calculation of its correction factor this resis- 
t ivi ty,  p~v, is assumed to be uni form throughout  the 
total  thickness, even though there  are 16 layers of cor-  
rected resis t ivi ty values, 91 corrected o �9 �9 916 corrected be-  
low 917. 

Obviously, if one uses the corrected resist ivi ty values 
to obtain a correction factor for any one of the mea-  
sured values, e.g. utilizing 91 corrected and 92 corrected t o  

correct  p3, then the va lue  93 corrected should be more  
accurate than the one wi thout  the consideration of the 
values of pl corrected and 92 corrected. 

M u l t i l a y e r  Theory 
However,  if  one wants to use the preceding cor-  

rected resistivit ies for the calculation of the correction 
factor for the subsequent initial resistivity, one must  
use the mul t i l ayer  s tep- junct ion theory  to solve the 
problem. The geometry  is shown in Fig. 3. The solu- 
tion to LaPlace 's  equat ion in cylindrical  coordinate 

--•ro 

J,, .,[ 
i P3 h3, 

P4 h4~ 

I 
' hN. 2 hN-! h N I 
I ! 

PN-2 
PN-] 

e N 
PN,Z 

~g. 3. Geometry for the multilayered problem 

for this problem is: 

Vn (R,Z) 9~ 
Rn = 

I ----- 2nT0 ~ 

f o  ~ e - x z  sin X J0 ( R X )  
dX  

X 

fO ~ N#n ( X /T o )  e - x z  sin X Jo (RX)  

+ X 
dX 

So ~ N~n (X/ro) e xz sin X Jo (RX) dX t 
+ X 

n = l ,  2 , 3 . . . N  [3] 

The boundary conditions for this type of problem 
are re la t ive ly  s tandard with  the exception of the cur-  
rent  distr ibution under  the contact. These boundary 
conditions are: 

~V, ( R,Z) 
----0 for R > r 0 ,  Z - = 0  [4] 

OZ 

~V1 (R,Z) I pl 
= for R--~r0, Z = 0  [5] 

OZ 2~r0 (r02 - -  R 2) ,/2 

These first two conditions re la te  to the field at the 
surface. Equat ion [4] states that  there  is no current  
flow out of the surface away from the contact. Equa-  
tion [5] is developed from considerations of the cur-  
rent  flow under  a fiat circular  contact on an infinite 
geometry  (5). 

Region 1: 
l im VI(R,Z)  = 0 [6] 

R--> oo 
First interface: 

1 0 V I ( R , Z )  1 ~V2(R,Z) 
---- [7] 

91 0 Z  92 (TZ 

VI(R,Z)  -~ Ve(R,Z)  for Z = hi [8] 

The equations at the interfaces state that  the current  
density must  be the same across the boundary and 
that  the potential  is continuous. 
Region 2: 

l im V2(R,Z) = 0  [9] 
R-> oo 

Second interlace: 

1 ~V2(R,Z) 1 0 V 3 ( R , Z )  
[10] 

92 Z /)3 egg 

Surface:  
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V2(R,Z) = Va(R ,Z )  for Z = h2 [11] 

and similar ly for Region 3, 4 . . .  N. 
Region  N:  

lira V~(R,Z) -- 0 [12] 
R-> Do 

lira V~(R,Z) = 0 [i3] 
Z->oo 

These boundary conditions are then imposed on the 
solutions given in Eq. [3] to specify 

(x) (x) 
NOn ~ and ~%. 

The application of the boundary  conditions results in a 
series of l inear  equations: 

(x) 
t:o, -- ~, = 0 [14] 

(x) (x) 
e -2H"X " NOn -5 N%n - -  e - 2 H " x  

(x) <5) �9 N",+l  -- ,'v%,+J. ---- 0 [15] 

(x) (x) 
+~.-e-2-,,x~0.+i ~-o -~.'N%.+i 7~o 

= (1--f in)  e--2H"X [16] 

N%n+I = 0 [17] 

where N = Number  of layers of different resist ivity 
and finite thickness 

n ---- Index, from 1 to N 

Pn 
fin = 

pn+l 

h,~ 
Hn 

ro 

and Region N + 1 is infinitely thick. 
Using the simplified notat ion 

NOn = NOn [18] 

e - 2 H . X  = En [19] 

The above equations become: 

NOi -- N@* = 0 [20] 

En " NSn ~- N~n -- En �9 N@n + 1 -- N~n + 1 ----- O [21 ] 

--En �9 NOn ~- mbn -{- ~nEn " NOn + 1 

--/~.'iV%n+1 = ( 1 - - ~ . ) E n  [22] 

N%n+I = 0 [23] 

For example,  if N = 2, the set of l inear equations 
becomes: 

201 -- 2~I ---- 0 [24] 

E, - 2~1 + 2%1 -- El �9 2~2 -- ~%2 = O [25] 

--El " 201 -5 2%1 -5 ]91E1 " 282-- 31 " 2%2 = (I -- ~91)E 1 [26] 

E2 " 282 - 5  2%2 - -  E2 �9 203 - -  2%3 = 0 [27] 

- - E  �9 202 - 5  2~2 ~-  f12E2 " 203 - - / ~ 2  " 2%3 : (I - -  f12)E2 [28) 

2%3 ---- O [29] 

S P R E A D I N G - R E S I S T A N C E  M E A S U R E M E N T S  
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Fig. 4. Impurity concentration vs.  depth for N/N-l- structure 

There are six equations and six unknowns .  The 
matr ix  is, with the columns given by: 

~ l  2~bl ~8~ ~b~ ~g~ ~ s  C o n s t a n t  
1 - 1  0 0 0 0 0 
El 1 -- El -- 1 0 0 0 

--El 1 ~iE1 --81 0 0 (1 -- ~i)Ei 
0 0 E3 1 --E2 - - I  0 
0 0 --Es 1 ~2Es --,82 (I -- ~2)Es 
0 0 0 0 0 1 0 

Determinants  may  then be formed to solve for any 
of the e's and %'s. In general, the mat r ix  will  be 
2N + 3 by 2N -5 2. The determinants  wil l  be 2N -5 2 
by  2N -5 2. 

Prior  to this paper, the mul t i layer  theory has 
never  been tested because, for a sample having 17 
layers (as shown in Fig. 1) to be considered, one must  
solve an ever- increasing number  of determinants  by 
hand, start ing with a 4 by 4 matr ix  then steadily 
expanding to a 37 by 36 matrix.  It is almost an  un -  
th inkable  task. However, with the aid of a computer, 
this mul t i layer  approach is feasible. For a 17-layer 
problem it took an  IBM 7090 computer  about 10 rain 
to obtain 17 corrected resistivities. These values were 
then converted to net  impur i ty  concentrat ion accord- 
ing to I rvin 's  curve (6), and plotted against  the depth 
as shown in Fig. 4. In  the same figure, the uncorrected 
impur i ty  profile and the corrected profile obtained by 
the uni layer  s tep- junct ion approach plus the calculated 
impur i ty  profile according to the method of Grove 
et al. (7) are also included for comparison. The agree- 
men t  between the mul t i layer  corrected profile and the 
one calculated according to Grove et al. is remarkably  
good. 

A computer  program for obtaining 17 corrected re-  
sistivities on a typical N(ep i t ax ia l ) /N-5  (substrate) 
s t ructure  is wr i t ten  in For t ran  language. 1 The com- 
puter  output  for the sample shown in Fig. 4 is given 
in Table I. 

Conclusion 
The calculation of the correction factors for spread- 

ing-resistance probe measurements  based on the mul t i -  
layer s tep- junct ion theory and the uti l ization of a 
computer  for such calculations are presented. A de- 
tailed computer program, wr i t ten  in For t ran  language, 
for obtaining 17 corrected resistivities on a N / N +  
silicon structure is also given. The advantage and the 
importance of using mul t i layer  theory instead of un i -  
layered theory for the calculation of the correction 
factors are discussed. 
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Table I. Evaluations based on multilayer theory iterafive approach 

October  1969 

N u m b e r  D e p t h  f r o m  
of  l a y e r  s u r f a c e  

S a m p l e  A R  1458-5 N / N +  0.20 /~/step N ( I l l )  type 
P r o b e  s p a c i n g  = 0.6350E-01 c m  
S t e p  s ize  = 0.2000E-04 c m  
M a t e r i a l  type is N l l l  

S p r e a d i n g  
r e s i s t a n c e  R e s i s t i v i t y  

Corrected I m p u r i t y  
Resist ivity c o n c e n t r a t i o n  

1 0.00000E-38 0.19000E 03 0.60933E-01 
2 0.20000E-04 0.18500E 03 0.59567E-01 
3 0.40000E-04 0.18000E 03 0.58200E-01 
4 0.80000E-04 0.18500E 03 0.59567E-01 
5 0.S0000E-04 0.17000E 03 0.55467E-01 
6 0.10000E-03 0.18500E 03 0.59567E-01 
7 0.12000E-03 0.18000E 03 0,58200E-01 
8 0.14000E-03 0.17000E 03 0.55467E-01 
9 0.16000E-03 0.16500E 03 0.54100E-01 
I0 0.18000E-03 0.16500E 03 0.54100E-01 
11 0.20000E-03 0.14000E 03 0.47473E-01 
12 0.22000E-03 0.12000E 05 0.42287E-01 
13 0'.24000E-03 0.75000E 02 0.29500E-01 
14 0.26000E-03 0.40000E 02 0.18687E-01 
15 0.28000E-03 0.24000E 02 0.12632E-01 
16 0.30000E-03 0.19000E 02 0.10439E-01 
17 0.32000E-03 0.18000E 02 0.99707E-02 
18 0.34000E-03 0.18000E 02 0.99707E-02 

Manuscr ip t  submi t t ed  Sept.  30, 1968; revised manu-  
script  received June  7, 1969. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the June  1976 
J O U R N A L .  
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Photochromic Spiropyran Resists 
M. Orlovic, E. Stone,* and I. M. Pearson*" l 
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ABSTRACT 

Many photochromic  sp i ropyrans  form amorphous  continuous films which 
are  colored in tensely  by  u.v. radiat ion.  The colored and uncolored forms 
d isp lay  marked  differences in solubi l i ty  in common nonpolar  solvents. These 
proper t ies  enable  the  photochromic sp i ropyrans  to be used advan tageous ly  
as resists  in chemical  e tching and RF sput te r  etching processes and in a 
novel  different ia l  adhesion process. Expe r imen ta l  procedures  and resul ts  are  
given for  appl icat ions  of these sp i ropyran  resis t  processes to th in- f i lm pa t t e rn  
p repara t ion  in metals ,  semiconductors,  and SiO. 

Photochromic (PC) sp i ropyrans  a re  genera l ly  color-  
less or l igh t ly  colored under  visible or in f ra red  light,  
but  become in tense ly  colored because of b reak ing  of 
the  bond be tween  the spi rocarbon and the p y r a n - o x y -  
gen, when exposed e i ther  in l iquid (1, 2) or  solid (3-5) 
solut ion or in amorphous  solid form (6) to u l t rav io le t  
(u.v.) r ad ia t ion  (no po lymer iza t ion  occurs) .  The spi-  
ropyrans  are  soluble in po la r  organic solvents but  the  
colored form is less soluble than  the  uncolored form 
in nonpolar  solvents such as pe t ro leum ether,  me thy l  
cyclohexane,  and other  sa tu ra ted  hydrocarbons .  More -  
over, m a n y  of these PC substances, e.g. the  Fischer ' s  
base - sa l i cy la ldehyde  condensat ion compounds (6) 
shown in Fig. 1, form continuous amorphous  films 
when  deposi ted ei ther  s ingly  or  in mix tures  f rom solu- 
t ions in vola t i le  a romat ic  hydrocarbons  such as ben-  
zene or toluene.  The amorphous  deposits develop pe r -  
s is tent  and  un i form colorat ion on appropr ia t e  u.v. i r -  
rad ia t ion  at  ambien t  tempera tures .  F igure  2 shows the 
absorpt ion  spectra  of the  unexposed and u.v.-exposed 
forms of a typ ica l  sp i ropyran  (PCI)  deposi t  at  room 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
.1 C o r r e s p o n d e n c e  s h o u l d  b e  a d d r e s s e d  to  t h i s  a u t h o r .  
K e y  w o r d s :  a m o r p h o u s  f i lms,  p h o t o c h r o m i c  s p i r o p y r a n s ,  r e s i s t s ,  

t h i n  f i lms,  c h e m i c a l  e t c h i n g ,  R F  s p u t t e r  e t c h i n g ,  d i f f e r e n t i a l  a d h e -  
s ion ,  metals, semiconductors, SiO. 

t empera ture .  Both forms absorb s t rongly  in the  u.v.; 
however ,  only the  colored form does so in the  visible.  

These f i lm-forming,  PC, and solubi l i ty  proper t ies  
enable  numerous  sp i ropyrans  to be ut i l ized advan ta -  
geously as resists in chemical  etching and RF sput ter  
e tching processes, and in a novel  different ia l  adhesion 
process, for  mak ing  thin film pa t te rns  in metals,  semi-  
conductors,  and the insulator,  SiO. 

Experimental Procedures and Results 
Chemical etching.--The procedure  for using PC spi-  

ropy ran  resists, s imilar  in many  respects  to tha t  em-  
p loyed for common photoresists ,  consists of the  fol-  
lowing:  

1. A th in  p a t t e r n - m a t e r i a l  film, app rox ima te ly  0.1- 
0.3 ~m thick, is la id down on glass (some other  rigid,  
nonporous subs t ra te  may  be used) ,  genera l ly  by  evap-  
ora t ion or  sput te r ing  in a vacuum system. 

2. An  amorphous  l PC film is sp in-coated  onto the 
pa t t e rn  ma te r i a l  f rom a f i l tered solution in A.R.-grade  

1 C r y s t a l l i n e  f i lms  of  s p i r o p y r a n s  t e n d  to r e m a i n  u n c o l o r e d  w h e n  
e x p o s e d  to  u .v .  H o w e v e r ,  t h e  f i lms  of  t h e  P C  a l r e a d y  c i ted ,  a n d  
m a n y  o the r s ,  can  r e m a i n  a m o r p h o u s  f o r  m a n y  d a y s .  S o m e  sp i ro -  
p y r a n s  m a y  c rys t a l l i ze  u n l e s s  m i x e d  w i t h  a c lose ly  r e l a t e d  d e r i v -  
a t i v e  (6) such as PCL 
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H3C CH 
3 

R 2 ~ R  1 

CH 3 

where I. R 1 = 6/-NO2, 8/-OCH 3 

II. R 1 = 5/-Br, 6Z-NO2, 8'-OCH3 

=6/-NO2; R = 5-CH CH OH III. R I 2 2 2 

IV. R I =6CNO2, 8'-OCH3; R2= 5-CH2CH2OH 

V. R =5CBr, 6/-NO2,8/-OCH3; R --7-C H 
I 2 6 5 

or R 1 and R 2are hydrogens if not substituted, 

Fig. 1. Examples of photochromic spiropyrans which form amor- 
phous films. Fig. 3. Pattern etched in 1000.&-thick Cu with 42 w/o FeCI3 for 

20 sec. Each micrometer scale division is 19.6 /~m, 
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Fig. 2. Absorption spectra at 24~ of 0.6-pm-thick amorphous 1, 
3, 3-trimethylindolino-5'-bromo, 6'-nitro, 8'-methoxy-benzospiropy- 
ran (PCI). 

benzene, preferably  in a clean atmosphere,  under  yel-  
low lighting (u.v. filtered out) .  The PC film thickness 
is approximate ly  0.6 #m when  deposited f rom a 10 
w / o  (weight  per  cent) solution in benzene which is 
spin-coated at 1000 rpm. 

3. A mask on a u .v . - t ransmissive substrate, p re fe r -  
ably glass, is laid down on the PC film and a contact 
print  is made using u.v. i l luminat ion ( <  400 rim). Un-  
col l imated l ight f rom a Spectrol ine Model B-100 BLE 
(Spectronics Corporation, Westbury,  L.I., N.Y.) or 
B lak-Ray  Model X-4  (Ul t ra-Viole t  Products,  San 
Gabriel, Calif.) lamp is often satisfactory. Oxygen 
need not be excluded. Sui table  optical densit ies of 1 
or more  are achieved with  a u.v. energy of 0.5 w-sec. 
The exposure  t ime can be var ied considerably wi thout  
appreciable effect. 

Laser recording instead of contact pr int ing wi th  
u.v. may  be carried out on the PC material .  A u.v. 
laser, such as the K r  (ion) laser which emits in the  
330-360 nm region, seems suitable. Argon and He-Ne  
lasers which have outputs in the visible are sat isfactory 
if the PC is colored with  u.v. before recording, since 
the m a x i m u m  absorptions in the visible of the colored 
forms of most PC spiropyrans of interest  lie in the 
470-650 nm region. 

4. The  pa t te rn  is washed with  pe t ro leum ether  (e.g. ,  
the 30~176 bp fract ion) ~ to r emove  unexposed 
PC if a negat ive  pa t te rn  3 is desired. 

In the case of PCI, the solubility of the unexposed material is 
~0.9 mg/g of this solvent at 24~ The exposed PCI solubility is 
~0.3 mg/g of solvent. 

The capability of making positive images also exists (6). For 
this purpose, the unexposed PC pattern is treated with conc HCI 
acid vapor. Both the unexposed and exposed portions of the im- 
age form a yellow complex with HC1. However, the exposed PC 
complex is preferentially soluble in aqueous dil. HC1 and can be 
removed with this reagent. 

5. The pat tern  is etched by dipping or gentle spray-  
ing wi th  mild agents to remove  the mater ia l  unpro-  
tected by PC. As examples,  aqueous solutions of FeC13 
are used to etch Cu, Sn, and permal loy and aqueous 
PdCI2 to etch A1; HC1 vapors convert  CdSe to CdCI~ 
which is then washed off wi th  water .  

6. Exposed PC is removed by gent le  spraying wi th  
acetone, leaving the pat tern  in the under ly ing material .  

An application of the chemical  etching process to the 
preparat ion of a Cu pole and rectangle pa t te rn  is 
shown in Fig. 3. The pole gap width is 18.7 ~m. The 
smallest  rectangle  widths are 5-7.5 ~m. The resist ma-  
ter ia l  was an equa l -weight  mix ture  of 1, 3, 3- t r i -  
methyl indol ino-5 ' -bromo,  6'-nitro, 8 ' -me thoxy-ben-  
zospiropyran (PCI) and 7-phenyl,  1, 3, 3 - t r imethy l -  
indolino-5 '-bromo, 6'-nitro, 8 ' -methoxy-benzospi ropy-  
ran (PCII) .  (In general, the PC spiropyrans specific- 
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Fig, 4. Dependence of RF sputter etch rates of PCI and Au on RF 
power at 6 and 30 #m argon pressure. 
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Fig. 5. RF sputter etched TTL circuit in 850.~,-thick Au. Each 
scale division is 9.8 ~m. 

Fig. 6. RF sputter etched He-Ne laser raster in 200.~,-thick Au 
(2.2-~m line widths). 

al ly  r e fe r red  to in this  paper  a re  in te rchangeable  in 
al l  the appl icat ions  descr ibed.)  

As is t rue  for o ther  chemical  etch resist  processes, 
undercu t t ing  and pinholing,  which impa i r  film con- 
t inui ty ,  edge acuity,  and resolut ion capabi l i ty ,  often 
occur. However ,  l ine widths  of ~ 8  ~m are  obta ined 
read i ly  wi th  good fea ture  characterist ics,  using PC 
resists. 

RF sputter etching.--This PC resis t  process is s imi-  
la r  to chemical  etching except  tha t  the  pa t t e rn  ma-  

te r ia l  f rom which  the unexposed PC has been washed 
away  is not removed  by  chemical  agents, but  r a the r  
by  RF sput te r ing  (7, 8) wi th  argon ions. Unl ike  chem-  
ical  etching, RF  sput te r  e tching produces  s t ra ight  
lines wi th  sharp edges and avoids undercut t ing.  

Plots  a re  shown in Fig. 4 of the  dependence  on the 
R F  power  of the  sput te r  etch ra te  for  u .v . -exposed 
PCI and for Au  films, at  two sui table  argon pressures  
(Linde h i g h - p u r i t y  d ry  argon, 99.99 W%, was used 
wi thout  fu r the r  purif icat ion) .  The specific vol tages 

Fig. 7. Differential adhesion TTL pattern in 450~,-thick AI made 
using RF sputter cleaning of washed PCI image: (a) washed PC 
image; (b) RF sputter cleaned PC image; (c) AI pattern. Each 
scale division is 9.8/~m, 
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are indicated for each data point and other operating 
conditions are given, including the area of the 10.2- 
cm-diameter  RF electrode. The RF vacuum apparatus 
employed is otherwise essentially similar to that  des- 
cribed previously (7). 

The rates for PCI and Au are as much as 10% higher 
at the lower argon pressure, and are l inear  functions 
of the RF power under  our conditions. PCI etches at 
a considerably higher rate than Au. Consequently, the 
PC film used must  be thicker than Au (or other basis 
materials) .  In  most cases, the PC process is used to 
make thin-f i lm pat terns which are ~0.1 ~m thick. 
Ar  ini t ial  PCI film thickness of ~0.6 #m is employed 
at an RF power of 100-200w (power density of 1.2- 
2.5 w/cm2). 

Comparative tests indicate that, under  our condi-  
tions, the rate of RF sputter  etching of the wel l -  
known photoresist, KTFR, is ~20% higher than is 
the case for Au, and consequently also etches more 
slowly than PCI. 

An application of RF sputter  etching using PCI re-  
sist and contact pr in t ing is shown in Fig. 5. The in-  
terconnection pat tern  of a t ransis tor- t ransis tor  logic 
(TTL) circuit with source and sink was made with 
850A-thick Au for the purpose of demonstration.  The 
small interconnect ion fingers are 5 ~m in width. A 
pat tern in 200A-thick Au is shown in Fig. 6. This raster 
was sputter etched after recording with a He-Ne laser 
on a u.v.-exposed PC coating of 1, 3, 3- t r imethyl indo-  
l ino-6 '-ni tro,  7 ' -methoxy-benzospiropyran (PCIII)  
overlying the Au basis film on glass. 

DiI~erential adhesion.--Unlike the chemical or RF 
sputter  etching processes, the pa t te rn  mater ial  in the 
differential adhesion (DA) process is deposited over 

the developed, i.e. exposed and washed, PC image pat-  
tern. Pressure-sensi t ive adhesive tape, e.g. ordinary  
Scotch tape, is applied to the overlying pat tern ma-  
terial  and is then pulled away. The mater ia l  over ly-  
ing the (exposed) PC is removed in this manner ,  while 
the material  in contact with the substrate continues 
to adhere to the latter and delineates the pattern.  Care- 
ful cleaning of the developed PC image by glow dis- 
charge or by RF sputter bombardment  prior to over-  
laying is desirable, to remove traces of unexposed PC 
and thus ensure good adhesion of the overlay ma-  
terial  to the substrate. Unlike chemical or RF sputter  
etching, the final pat tern step in the differential ad- 
hesion method can be carried out under  relat ively 
simple conditions, well  suited for automation. 

The DA process works well with materials which 
adhere sufficiently to the substrate. Substances which 
are known to readily form oxygen bonds with the 
substrate seem par t icular ly  utilizable. 

This process has been tried with both baked and un -  
baked films, of various thicknesses, of the negat ive-  
acting KTFR (Eastman Kodak) and the posit ive-act-  
ing Azoplate AZ-111 (Shipley) photoresists. In  all 
cases, the overlay deposited over the developed photo- 
resist patterns tended to adhere to both the resist and 
to the glass substrate. Consequently, the PC spiropy- 
rans have a unique  advantage over these photoresists 
in the DA process. 

The application of the DA process to the formation 
of the TTL circuit in 450A-thick A1 is shown in Fig. 7. 
The beneficial effect of RF sputter  cleaning on the PCI 
image of (a) is shown in (b).  Note how the gaps be-  
tween the interconnect ion fingers have been cleared. 
Photograph (c) shows the final evaporated A1 over- 

Fig. 8. Dependence of edge acuity of a differential adhesion line pattern on AI overlay thickness: (a) 600,~ AI; (b) 1150,~ AI; (c) 
1650.~ AI; (d) 3000,~ AI. Each scale division is 19.6 ;~m. 
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Fig. 9. Dependence of the edge acuity of a differential adhesion line pattern on AI-Ag overlay thickness: (a) 1500~, AI-1500A Ag; 
(b) 1750A, A1-1750.~ Ag. Each scale division is 19.6 ~m. 

lay pat tern after pressure tape was applied and re-  
moved. 

The results of a series of eight tests of the prepara-  
tion by the DA process of thin-f i lm Ta dual  pole pat-  
terns (using PCIII) ,  which are another  version of the 
pat tern  shown in Fig. 3, are described in Table I. Mea- 
surements  of two different pole gap widths are given 
for the eight samples and for the photo mask em- 
ployed. Test averages and the s tandard deviation of 
a single test are also shown to i l lustrate  the precision 
of the process in this application. 

The dependence of the edge acuity of a DA line pat -  
te rn  (using PCI) on the A1 overlay thickness is shown 
in Fig. 8. The photos were taken with reflected light. 
The white A1 lines are 85 and 185 ~m wide, respective- 
ly, and the dark spaces are 120 ~m wide. The pat terns in 
which the A1 is 600 and l150A thick, (a) and (b),  have 
good edge acuity. The 1650A pa t te rn  in (c) begins 
to exhibit  some general  raggedness. The 3000A pat-  
tern, (d), is very ragged. It thus appears that  the max-  
imum thickness of the A1 overlay should be <1650A if 
opt imum line edge acuity is to be obtained. The max-  
imum overlay thickness at which satisfactory edge 
acuity is obtained can be increased by, e.g., using an 
A1-Ag bi layer  overlay. This is i l lustrated in Fig. 9. 
The 1500A AI-1500A Ag bi layer  (total thickness of 
3000A) shown in (a) has good edge acuity al though 
this thickness is unsatisfactory for A1 alone as pre-  
viously shown. However, the 3500A A1-Ag bilayer in 
(b) has some edge raggedness. 

A 450A-thick A1 resolution test pat tern  made by 
the DA process using PCI is presented in Fig. 10. The 
photo mask which was employed is a 40:1 reduction 
of an NBS Microscopy Resolution Test Chart. The No. 
10 group has 400 l ines/ram; the actual  l ine width in the 
photograph is 2.45 ~m. 

Discussion 
In  all the resist applications described, the PC spiro- 

pyrans  have the following impor tant  advantages over 
some, or all, commercial  photoresists: 

1. The PC exposure t ime to u.v. light is not critical 
(because the monomolecular  colored mater ia l  is ob- 
tained easily) and is consequently not a t roublesome 
process parameter.  Suitable coloration occurs quickly 
and reproducibly. 

2. The PC image pat tern is delineated clearly by the 
intensely colored exposed PC. Contrast  is high. 

3. Both the unexposed and exposed PC are washed 
away readily with volatile solvents under  normal  op- 
erat ing conditions. No mechanical  aids or severe str ip- 
ping procedures are ordinar i ly  required for exposed 
PC removal. 

4. Both the unexposed and exposed PC are recover-  
able from solutions in the solvents by disti l lation or 
evaporation. The exposed form can be decolored by 
visible or infrared light or mild heating, and may 
subsequently,  be reusable for a number  of cycles. 

5. The PC solids and their  solutions are stable in-  
definitely when  protected from light and heat. 

PC spiropyran resists are not as mechanical ly  strong 
or as chemically inert  as, e.g., Kodak photoresists. 
Reasonable care must  be taken to avoid excessive 
abrasion or shear of the PC films. 

The chemical etching resist application is l imited 
mostly to pat tern  preparat ion in metals such as those 
cited previously and bilayers thereof, which can be 
etched with mild agents such as aqueous FeCls, dil. 
HC1 and HF acids. 

Table II lists the materials  which we have thus far 
utilized satisfactorily in making th in  film pat terns by 

Table I. Pale gap widths (in/~m) of differential adhesion Ta 
patterns 

Test No.  Pole  gap I P o l e  g a p  I I  

Photo mask 32.3 22.5 
1 30.0 23.0 
2 29.2 25.0 
3 30.2 25.4 
4 32.4 23.8 
5 34.0 28.0 
6 34.8 25.2 
7 32.2 25,2 
8 32.2 23.8  

Test m e a n  32.0 24.9 
S td .  dev .  of a 

s ingle  test  1.99 1.41 

Fig. 10. AI (450.~, thick) resolution test pattern made by differ- 
ential adhesion process (No. 10 group has line width of 2.45 ~m). 
Each scale division is 2.45 ~m, 
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Table II. Materials utilized in PC resist processes 

S P I R O P Y R A N  R E S I S T S  

PC resist Semi- 
process Metals conductors Insulator  

1. Differential Sputtered:  Evaporated:  Evaporated:  
adhesion Ta, Cr, Cr-permaI-  Ge, CdSe SiO 

loy, Cr-Au 
Evaporated:  
A1, Ti, Sn, A1-Ag 

2. RF sput ter  Evaporated:  Evaporated:  
etching Au, Pb, Zn, Sn, Bi Ge, CdSe 

the PC spiropyran resist RF sputter  etching and DA 
processes. The list includes a number  of substances 
widely used in microcircuits. Other single and com- 
posite materials seem utilizable but  have not yet been 
studied in sufficient detail. 
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Electron Probe Microanalysis of Discharged 
MnO  Particles in Relation to Leclanche 

Battery Performance 
K. Miyazaki  

Mitsui Mining and Smelting Company, Central Research Laboratories, Mitaka-shi, Tokyo, Japan 

Many previous works (1-5) have dealt with the 
x - ray  examination,  chemical analysis, and other 
studies of the discharge products of MnO2 in simplified 
Leclanch~ electrodes as well  as alkaline cell systems. 
There are, however, only a l imited number  of works 
that focus at tent ion on the changes in the states of 
MnO2 as it functions as depolarizer in actual dry  bat-  
tery service. Among them are the elaborate works of 
pioneering authors, including Matsuno (6) report ing 
the existence of Mn~O4 in exhausted dry cells, Mc- 
Murdie (7) finding Mn203 �9 ZnO and ZnC12 �9 4Zn(OH)2, 
and Copeland and Griffith (8) also describing the 
formation of Mn203 �9 ZnO with the use of actually 
worked dry cells or the like. 

No attempts have been made to examine the in -  
teriors of individual  MnO2 particles that have served 
in the Leclanch~ cathode mix dur ing actual bat tery  
discharge. It  was therefore desired to study the micro 
state of the interior of a very small  volume of MnO2 
during discharge. In  previous works of the present 
author (9, 10), the behavior of oxygen in MnO2 elec- 
trodes was followed with an electron probe micro- 
analyzer using Leclanch~, as well as alkaline, type wet 
cells. It was shown that  the oxygen atoms of the MnO2 
electrodes were actually released dur ing discharge re- 
actions through the solid phase. The relative concen- 
trat ion of oxygen after discharge was found to be 
markedly  reduced from its ini t ial  value. This indi-  
cated that the use of microanalyt ical  examinat ion may 
possibly be a powerful  tool in reveal ing changes in the 
MnO2 phase dur ing discharge and especially in deter-  

min ing  how and where the discharge reaction pro- 
ceeds at a thin zone to which application of other 
analyt ical  means is inconvenient .  

In the present  paper, the behaviors of MnO2 par-  
ticles which were incorporated into Leclanch~ dry 
cells were investigated with this tool. Par t icular  at-  
tent ion was given to the ba t te ry  qual i ty  of the MnO2 
ores employed. Three MnO2 ores were chosen to rep- 
resent  a poorly performing, a fairly well  performing, 
and an excellently performing material,  respectively. 
A series of D-size, pasted- type dry cells with each of 
these materials  as the depolarizer was constructed and 
the change in the intrastate  of the MnO2 particles due 
to the discharge was examined on the basis of l ine 
profiles of manganese, oxygen, and zinc elements 
across the depolarizer particles. The purpose here is to 
observe whether  a relationship exists between the 
discharge quali ty of MnO~ and the behaviors of the 
elements at the inner  part  of the MnO2 particle dur ing 
discharge. 

Experimental 
Manganese dioxide materials.--Three typical  bat-  

tery grade manganese  dioxide ores from commercial  
sources were available with approximate fineness of 
--150 mesh; one was a na tura l ly  occurring ore and the 
other two were electrolytically synthesized products. 
All  were of y - type  MnO~. The physical and chemical 
characteristics of these materials are listed is Table I, 
in which the materials  are denoted as samples I, II, 
and III, repectively. 
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Table I. Characteristics of Mn02 materials used 

October 1969 

S a m p l e  Or ig in  

P h y s i c a l  C h e m i c a l  
BET sur- 

Apparent True face area, 
density density m~/g Mn MnO~ SiO2 Fe 

W a t e r  
Ca SO~ cont.,  % 

I N a t u r a l  
I I  E l ec t ro ly t i c  
I I I  E l ec t ro ly t i c  

1.21 4.43 32 56.8 88.5 0.9 
1.39 4.25 67 59.6 91.9 - -  
1.27 4.28 83 58.5 89.7 - -  

The fai lure of the analyses in Table I to add up to 
100% may be due pr imar i ly  to the presence of lower 
oxides and bound water.  F rom the Mn and MnO2 per-  
centages in Table I, the n value of MnOn for each 
sample is calculated as 1.97, 1.95, and 1.94, respectively,  
if a nonstoichiometric  expression (11, 12) for v - type  
MnO2 is employed. The water  content  listed in Table 
I is the loss in weight  obtained by heat ing any of the 
samples at 10O~176 according to the definition in 
many practical  standards including The Japanese  In-  
dustr ial  Standards (J IS)  (13). 

A number  of previous works have dealt  wi th  the 
problem of lower oxides and bound water  in MnO2, 
and it is interest ing to note for instance that  Gat tow 
(14) defined manganese dioxide as MnOt.7.2.0, inde-  
pendent  of the  content of H20 and foreign ions. Sasaki 
and Kozawa (15) described two types of water  in 
MnO2; one escapes at a lower t empera tu re  and is re -  
sorptive, and the other  is released at higher  t empera -  
ture  and is not resorptive.  Actually,  the amount  of the 
lat ter  type of water,  i.e. the bound water,  was found 
to be about 4-5% for samples I and III, and about 1% 
for sample I wi th  the standard Kar l  Fischer  method 
by heat ing the samples f rom 110 ~ up to 6O0~ 

Cell construction.--Each one of the ores was mixed  
with  the cathode components and was constructed into 
D-size, pas ted- type  dry cells containing 22g of man-  
ganese dioxide per cell wi th  the s tandard formulat ion 
shown in Table II. 

Discharge of the cells.--Two types of discharge, re la-  
t ively heavy and light, were  per formed with  these cells 
to a cut-off vol tage of 0.75V. In te rmi t ten t  discharges 
were  employed considering the fact that  the daily 
usage of dry batteries is mostly intermit tent .  The 
heavy discharge was per formed through 4 ohms for 
30 min /day  and 5 days a week, whi le  the l ight dis- 
charge was per formed through 40 ohms for 4 h r / d a y  
and 5 days a week, according to the test methods in 
J IS  (16). The discharge t empera tu re  was controlled 
at 20 ~ • l~ 

The discharged dry batteries were  disassembled and 
the cathode mixes containing the discharged MnO2 
were  washed with water  and dried at 105~ in prepa-  
rat ion for paral le l  examinat ion  by means of electron 
probe microanalysis and x - r a y  diffraction. 

Electron probe microanalysis.--Each discharged 
sample was mixed  wi th  an epoxy resin and set into a 
shape having a wel l -pol ished surface. The mounted 
samples were  scanned with  an accelerat ing voltage of 
25 kV, an average electron intensi ty of 0.15 ~A, a 
scanning electron beam diameter  of 1~, and a magnifi-  
cation of 300X, to obtain the line profiles of man-  

Table II. Standard formulation used for D-size cells 

Elec-  
C o n s t i t u e n t s  Dry  m i x  t r o ly t e  Pas t e  To ta l  We igh t ,  % 

MnO~ 69.9 - -  - -  6 9 . 9  4 7 . 5  
Acetylene black 9.1 - -  - -  9.1 6.2 
Graphite 3.5 - -  - -  3.5 2.4 
NH~Ct 17.6 3.6 4.0 25.1 17.0 
ZnCls -- 4.5 4.6 8.9 6.0 
H g C I ~  - -  - -  0 . 0 3  0.03 0.02 
Corn starch - -  --  4.0 4.0 2.7 
Wheat flour --  --  1.3 1.3 0.9 
Water - -  12.2 13.2 25.4 17.3 

Tota l  100 20.1 27.13 147.23 100 

0.4 0.10 - -  1.5 
0.03 0.13 1.15 5.1 
0.01 0.02 0.91 2.8 

ganese, oxygen, and zinc across t ransverse  sections of 
typical  discharged MnO2 particles represent ing the 
three  MnO2 species used. 

Severa l  precautions were  taken to obtain good 
EPMA images of the three elements under  examina-  

> >" 
u 

6 

> 1 . 6 ~  4,.Q-30 min per day 

0.8 ................ ~ .... 

Cut -o f f  Vol tage, 0.75v 

,o ,g 
Discharge Duration, hr 

Fig. 1. Discharge curves of three representative Mn02 materials: 
1--sample I, 2--sample II, and 3--sample Ill, on 4 ohms-30 min/ 
day and five days/wk basis. 

Fig. 2. Typical Mn02 particle before discharge: (a) cross- 
sectional view, (b) and (c) oxygen and manganese distributions 
in the diametrical direction of the same cross section, and (d) 
zinc not present before discharge. 
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Table III. Discharge products of Mn02 materials 
found by x-ray diffraction technique 

MICROANALYSIS OF MnOe 

Types of Discharge 
Mn02 Heavy Light 

MnO2 + Mn~O~ + very 
small amount of ZnCl~ - 
4Zn(OH)~ 

ZnC12 �9 4Zn(OH)~ intense 
at (003) peak + a minor 
amount of NIneOa. ZnO 

Well-developed MneOa �9 
ZnO 

sample I MnO~ + Mr~O4 + very 
small amount of ZnC1. 
4Zn (OH) 

Sample II Mn30, + residual 1Y~nO~ 
+ ZnCI$ �9 4Zn(OH)~ in- 
tense at (003) peak 

Sample III MneO~ - ZnO 

t ion.  A t h i n  f i lm of  c a r b o n  (100-200A in  t h i c k n e s s )  
was  v a c u u m  s p u t t e r e d  on  su r f ace s  of a l l  t h e  spec imens .  
T h e  c a r b o n  s p u t t e r i n g  was  r u n  s i m u l t a n e o u s l y  for  
a l l  t h e  s p e c i m e n s  in  a m u l t i s a m p l e  s p u t t e r i n g  d e v i c e  
to s e c u r e  a u n i f o r m  c a r b o n  t h i c k n e s s .  W h e n  m o u n t i n g  
e a c h  s p e c i m e n  t h u s  p r e p a r e d  to t h e  m e t a l l i c  h o l d e r  
of  t h e  m i c r o a n a l y z e r ,  a s m a l l  a m o u n t  of  a n  e l e c t r i c a l l y  
c o n d u c t i n g  p a i n t  was  a p p l i e d  to fill t h e  gap  b e t w e e n  
t h e  s p e c i m e n  a n d  t h e  h o l d e r  to  e l e c t r i c a l l y  e a r t h  t h e  
spec imen .  T h i s  p r o c e d u r e  p r o v i d e d  v e r y  s t a b l e  i m a g e s  
b y  e l i m i n a t i n g  s ta t i c  c h a r g e  f r o m  t h e  s p e c i m e n  d u r i n g  
o p e r a t i o n .  I t  also a i d e d  in  t h e  r e m o v a l  of hea t .  C a r e  
was  a lso  e x e r c i s e d  to t a k e  t h e  o x y g e n  l i ne  p rof i l e  first,  
w h i l e  poss ib l e  c o n t a m i n a t i o n ,  i f  any,  f r o m  t h e  e p o x y  
r e m a i n e d  m i n i m a l ;  t h e  prof i les  of m a n g a n e s e  a n d  z inc  
t h e n  fo l lowed .  T h e  s c a n n i n g  o p e r a t i o n  a b o v e  p r o -  
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v i d e d  a suff ic ient  r e p r o d u c i b i l i t y  of l i ne  a n a l y s i s  to  
c o m p a r e  t h e  r e l a t i v e  c o n c e n t r a t i o n s  of  t h e  t h r e e  e l e -  
m e n t s  b e f o r e  a n d  a f t e r  d i s c h a r g e  of  M n 0 2 .  

X-ray dil~raction.--Each d i s c h a r g e d  s a m p l e  w a s  a lso  
e x a m i n e d  w i t h  a n  x - r a y  d i f f r a c t o m e t e r  u s i n g  n i c k e l  
f i l t e red  FeK~ r a d i a t i o n .  

Results 
Discharge curve and x-ray difIraction.--Figure 1 

s h o w s  t h e  h e a v y  d i s c h a r g e  p e r f o r m a n c e s  of  t h e  t h r e e  
MnO2 m a t e r i a l s .  I t  is s e e n  t h a t  s a m p l e  I is a r a t h e r  
p o o r l y  p e r f o r m i n g  MnO2, w h i l e  s a m p l e  II  is a f a i r l y  
w e l l - p e r f o r m i n g  one.  T h e  l a t t e r  is a c t u a l l y  a m o s t  
a v e r a g e  e l e c t r o l y t i c  MnO2, w h i l e  s a m p l e  I I I  is  a n  e x -  
c e l l e n t  m a t e r i a l .  T h e  l i g h t  d i s c h a r g e  h a s  a lso s h o w n  
t h e  s a m e  o r d e r  of p e r f o r m a n c e s  fo r  t h e  t h r e e  t y p e s  of  
MnO2, w i t h  h o u r s  of d i s c h a r g e  b e i n g  a p p r o x i m a t e l y  
130, 170, a n d  250, r e s p e c t i v e l y .  

In  T a b l e  I I I  a r e  s u m m a r i z e d  t h e  d i s c h a r g e  p r o d u c t s  
of e a c h  t y p e  of  MnO2 f o u n d  b y  t h e  c o n v e n t i o n a l  x - r a y  
d i f f r ac t i o n  t e c h n i q u e .  

Electron probe microanalysis.--Microprobe prof i les  
of  MnO2 p a r t i c l e s  b e f o r e  a n d  a f t e r  d i s c h a r g e  a r e  
s h o w n  in  Fig.  2-7. T h e s e  f igures  i l l u s t r a t e  h o w  t h e  
MnO2 p a r t i c l e s  u n d e r g o  c h a n g e s  in  t h e i r  m i c r o s t r u c -  
t u r e s  d u e  to t r a n s p o r t  of  t h e  r e a c t i n g  e l e m e n t s  d u r i n g  
d i s cha rge .  

Discussion 
I t  w o u l d  be  diff icul t  to  g e n e r a l i z e  c o m p l e t e l y  a l l  of  

t h e  i n t r a p a r t i c l e  p h e n o m e n a  in  c o n j u n c t i o n  w i t h  d i s -  

Fig. 3. Typical Mn02 particle of sample I after heavy and light 
discharges: (a) cross section without generation of mlcrocracks, 
(b) and (c) oxygen and manganese distributions showing minor 
decreases from before discharge, and (d) zinc reaching only the 
outermost surface but essentially not entering the inside of the 
particle. 

Fig. 4. Sample II particle after heavy discharge, representative 
of about one half in number: (a) a network of microcracks gen- 
erated across the particle: (b) and (c) oxygen and manganese, 
having a maximum concentration at a region slightly inside of the 
diameter "D"; and (d) zinc replacing most of the inner sites of 
manganese and oxygen. Zinc coexists with a minor amount of 
oxygen at such points as "A" corresponding to ZnCI2"4Zn(OH)2. 
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Fig. 5. Sample II particle after heavy discharge, representing the 
other half in number: (a) microcracks beginning to form across the 
particle; (b) and (c) a zigzag pattern of decreasing oxygen and 
manganese concentrations, yet not deeper than in Fig. 4; and (d) 
zinc beginning to penetrate into the particle. 

ditions including the depth of discharge even with the 
same samples of MnO2 shown in Fig. 5 and 6. 

The reason it is possible for vy to become larger 
than vx is a t t r ibuted to an  intr insic abil i ty of the 
MnO2 mater ial  to develop a ne twork  of micropores 
connecting the regions X and Y as soon as the dis- 
charge reaction has init iated at the particle. It  is in -  
teresting to note that  sample I showed no sign of 
microcracks on the cross-sectional view of the particle 
after discharge, while samples II  and III  produced 
microcracks l inking together the inner  and the outer 
regions of the particles. The ini t ia l  pore openings were 
not detected before discharge as in Fig. 2(a)  because 
the magni tude of a pore diameter  is too small, previ-  
ously calculated to be less than 4O0A by Cahoon et  al. 
(19) and predominant ly  180A by Kozawa (18). How- 
ever, as a result  of discharge at the inner  regions, Y, 
along these pores, t ransfer  of manganese and oxygen 
toward the outside occurred and the invaded re-  
gions became detectable in the cross-sectional views 
(a) in Fig. 4, 6, and 7. Fur thermore,  the developed 
networks may be a possible path for the external  zinc 
ions to approach into the inner  par t  of the MnO~ 
particle. 

As a mat ter  of fact, in Fig. 9 are i l lustrated the 
x - ray  distr ibution pictures of the three elements for 
another  typical particle of sample II which underwent  
the Fig. 4 type of discharge. It  is seen in the pictures 
of Fig. 9 that  a network of pores developed between 
the central  part  and the surface of the particle and the 
oxygen and manganese  in the central  region was 
much reduced, and that, inversely, the zinc concen- 
trated in this region. It  is to be noted here again in 
Fig. 9 that  the residual  "islets" of the oxygen and 
manganese are l ined up at the region a little inside of 

charge mechanisms for MnO2. However, it is believed 
that  sufficient examples are presented to give an ap-  
preciation of the discharge process of MnO2 in dry cells 
in terms of the behaviors of the const i tuent  elements 
of the MnO2 including the external  zinc ion. 

In  considering how and where the discharge pro- 
ceeds at individual  MnO2 particles in the dry cells, it 
is helpful  to postulate two regions; first, the outer re-  
gion near  the surface, X, in Fig. 8, and second the 
inner  region including the central  part, Y, in Fig. 8. 
The role of the region X on the discharge can be taken 
for granted, as previous workers pointed out the im-  
portance of the  surface characteristics of MnO2 in-  
volving the surface area (5, 17) and the pore dis- 
t r ibut ion (18, 19). The role of the region Y, the inside 
of the particle, must  be added here, and it is apparent  
from the foregoing microanalyt ical  photographs that  
the discharge proceeds in  a competitive manne r  be-  
tween the two regions. 

In  Fig. 8, which is a schematic i l lustrat ion of a dis- 
charging MnO2 particle, a proposed relat ionship is 
given between the microanalyt ical  pat terns of l ine 
profiles and the difference in the magni tudes  of vx  and 
vy where vx  denotes the discharge rate at X and vu 
the one at Y in a rb i t ra ry  units. 

When vx and vy are equal ly small  or vy is signifi- 
cant ly  smaller  than  vx in spite of a normal  rate of vx, 
the line profiles of manganese  and oxygen may show 
the pa t te rn  of Fig. 8(B) ,  which is exactly the case of 
Fig. 3 with sample I. In case that vx is smaller than  
vy, the pa t te rn  of distr ibutions of manganese  and oxy-  
gen may become something like Fig. 8(C), which 
corresponds to the l ine profiles in Fig. 4 with sample 
II. Lastly, if vx and v~ are equal ly and sufficiently 
large, a pa t te rn  such as Fig. 8(D) may be obtained 
for the elements, which is equivalent  to Fig. 7 with 
sample III. In termediate  states can be produced in  
between these clear-cut  pat terns due to various con- 

Fig. 6. Sample li particle after light discharge: (a) microcracks 
covering the cross section; (b), (c), and (d) oxygen, manganese, 
and zinc distributions, respectively, indicating that zinc replaces 
manganese in the region "B" on the one hand and coalesces with 
manganese at the region "C" on the other. At such a point as "A" 
even in region "B,'" zinc is accompanied by oxygen as in Fig. 4, 
showing a microstate of ZnCI2"4Zn(OH)2 plus Mn203"ZnO in the 
particle. 
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Fig. 7. Typical sample III particle after heavy and light dis- 
charges: (a) microcracks generated across the particle, (b) and 
(c) a noticeable reduction in oxygen and manganese distributions 
in a rather uniform fashion, and (d) zinc having a distribution pat- 
tern almost identical with those of oxygen and manganese, indi- 
cating that the three elements have combined into one form of 
compound, Mn203"ZnO. 

- - ~  jl n 

t Zn  0 

I I r 1 I 
r ~ r I r 
I I I / I ' I I ' I I 

A g C D 

Fig. 8. A schematic diagram for the two competitive discharge 
reactions, one from the surface and the other from the inside of 
the MnO2 particle: (A) before discharge; (B) vx and vy are equally 
small, corresponding to a poor quality MnO2; (C) v~ is larger than 
Vz, corresponding to a medium-quality MnO2; and (D) Vx and vy 
are large, corresponding to a superior-quality MnO2. 

the surface of the particle. Therefore, the low concen- 
trat ion region at the outermost surfaces of both in 
Fig. 4 and 9 will  invar iab ly  be a t t r ibuted to the actual  
decrease in the existing elements. A more quant i ta -  
tive t rea tment  will need to take into consideration a 
possible topographic effect of the specimen surface on 
line intensities. However, a full  discussion in terms of 
detailed microanalytical  factors is not wi thin  the scope 
of this paper. 

Fig. 9. A plane view of the distribution of oxygen, manganese, 
and zinc elements in MnO2: (a) electron optical image of micro- 
cracks generated across the particle; (b) and (c) x-ray distribution 
pictures of oxygen and manganese, showing "islets" of the ele- 
ments remaining along the network of the microcracks; and (d) 
zinc x-ray distribution profile showing this element has occupied 
the central sites which were occupied by manganese and oxygen 
before discharge. 

A limitat ion of the geometrical model of Fig. 8 in 
in terpre t ing the discharge mechanism is the fact that  
it will  not account for the chemical affinity of ele- 
ments. The ent ry  of external  zinc into the MnO2 par-  
ticles in Fig. 8(C) and (D) can be explained by the 
large rates of vy in both cases to form enough geo- 
metr ical  room to receive the zinc ion which is migra t -  
ing in along the micropores. However, it may not be 
straightforward as to the reason why the enter ing 
zinc remained independent  of manganese  in the former 
case, while the zinc coalesced with manganese in the 
latter. In this respect, the reaction velocities vx and v~ 
will  not directly relate to the mode of existence of 
zinc in the lattice, which may  be governed by the in -  
trinsic qual i ty  of the MnO2 species itself. 

However, the geometrical in terpreta t ion in terms of 
the competitive reaction rates v~ and vy in Fig. 8 wil l  
lead to a clearer unders tanding  as to how and where 
the discharge proceeds at a thin zone of the MnO2 on 
the par t ic le-wide basis, on which not much informa-  
t ion was obtained by means of the convent ional  x - r ay  
diffraction examinat ion of Table III. 



1474 J. Electrochem. Zoc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  O c t o b e r  1969 

It is also interest ing to note that the manganese 
has decreased in intensi ty  in all the l ine profiles of 
Fig. 3-7, although the extent  is general ly smaller  than 
that for oxygen. Dissolution of MnO2 into Mn +2 ions 
from a discharging MnO2 electrode was described by 
Brenet  et al. (20) and Cahoon et al. (21-23) as being 
one of the possible discharge products of MnO2, and 
Vosburgh et al. (24) identified two discharge products, 
an oxide with a composition of about MnO1.6 and 
Mn +2 ions, using MnO2 electrodes deposited on graph-  
ite rods and discharging them in NH4C1 electrolyte. 
The results obtained here with the reduced oxygen 
and manganese line profiles after discharge may pro- 
vide visual evidence for the escape of a portion of the 
manganese as well as the oxygen through the solid 
phase of MnO2 particles dur ing discharge of the dry 
cells. 

Summary and Conclusions 
The electron probe microanalytical  techniques used 

in this study are useful in revealing the changes in 
the inside of MnO2 particles dur ing the cathodic reac- 
tions in the dry cell, and in supplementing the dis- 
cussions of previous workers on the discharge of MnO2. 

The discharge qual i ty of MnO2 materials used are 
interpreted on the basis of manganese, oxygen, and 
zinc line profiles. The amounts  of manganese and oxy- 
gen in MnO2 decrease dur ing discharge, and the re-  
lease of oxygen is large in the case of MnO2 ores with 
better  discharge performances. 

The pat tern  of decrease of manganese and oxygen 
in combinat ion with the entrance of zinc is tentat ively 
classified into three types according to the discharge 
qual i ty of the MnO2 ores employed. With a poor grade 
ore, the entrance of external  zinc into the MnO2 par-  
ticles is not noticeable. However, with a fair-grade 
MnO2, the zinc is observed to occupy the inner  por-  
tions of the particle, where the manganese  was si tu-  
ated before discharge. With a high-grade ore, the 
zinc is distr ibuted in a ra ther  uniform fashion in the 
diametrical  direction of the particle together with the 
residual manganese  and oxygen. 

An intermediate  between these three typical  pa t -  
terns for the dis tr ibut ion of the elements may be ex- 
plained as a special case of combinations of the three 
cases. This implies that  the discharge proceeds 
through two processes in a competitive manner ,  one 
from the surface and the other along the micropores 
or cleavages inside of the particles, the balance of 
which may govern the discharge qual i ty of the MnO2 
materials.  
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The Cathodic Reduction of Oxygen on 
Platinum in Alkaline Solutions 

K. F. Blurton I* and E. McMullin ~ 

Leesona Moos Laboratories,  Great  Neck ,  N e w  Y o r k  

ABSTRACT 

Measurements  with rotating disk and r ing /d i sk  electrodes have been used 
to elucidate the reaction paths for oxygen reduction on plat inum in concen- 
t ra ted alkaline electrolyte.  It is concluded that  oxygen is reduced to hydrogen 
peroxide at potentials between the open circuit  voltage and 0.4V vs. a revers i -  
ble hydrogen electrode. Between 0.4 and 0.0V vs. a revers ible  hydrogen elec- 
trode, oxygen is reduced to O H -  with  peroxide as an in termediate  product. 
The effect of hydrogen peroxide decomposition on the l imit ing current  density 
for oxygen reduction at a rotat ing disk electrode and on the value of the 
ring current  of a rotat ing r ing /d i sk  electrode is discussed. 

Studies on the electrochemical  reduct ion of oxygen 
have been st imulated in the last few years by the 
interest  in fuel  cells and me ta l / a i r  batteries. It has 
been previously demonstrated that  hydrogen peroxide 
is the product of oxygen reduct ion on carbon elec- 
trodes in alkal ine solution (1, 2). However  the role 
played by this species during oxygen reduction on 
pla t inum electrodes in the same electrolyte  is open 
to more controversy and probably  depends on the 
electrode potential  and surface pre t reatment .  Thus it 
has been postulated that  during oxygen reduct ion on 
plat inum in alkaline electrolyte hydrogen peroxide is 
ei ther an in termedia te  in a single reaction path (3-7) 
or the sole product of the react ion (8-10) or an in ter -  
mediate  in a path paral le l  to a second reaction path 
involving oxygen reduction direct ly to O H -  (11, 12). 
It has also been suggested (13) that  oxygen is re -  
duced direct ly  to O H -  wi thout  peroxide being in-  
volved. 

The aims of the present study were  to elucidate the 
role of hydrogen peroxide in the reduct ion of oxygen 
on platinum, to measure the  effect of the peroxide 
decomposition on the l imit ing current  at a rotat ing 
disk electrode, and to analyze the effect of the perox-  
ide decomposition on the current  measured at the r ing 
of a rotat ing r ing /d i sk  electrode. It was decided to 
per form these studies in concentrated alkaline electro-  
lyte  at e levated temperatures,  i.e., under  conditions 
similar to those for the operat ion of fuel cells. 

Experimental 
The react ion cell was a one liter, glass cylindrical  

vessel fitted with  a lucite lid. Gas inlets were  posi- 
t ioned above and below the surface of the electrolyte 
and were  placed as far as possible from the rotat ing 
electrode to prevent  interference with  the fluid flow. 
The counterelectrode was a p la t inum gauze (geo- 
metric area 23 cm 2) which was placed on the bot tom 
of the glass vessel. The reference electrode was a re-  
versible hydrogen electrode immersed in the test elec- 
trolyte and located in a second compartment .  This 
compar tment  was connected to the main one by a 
Luggin capillary. The tip of the Luggin capil lary was 
located slightly above the surface of the disk electrode 
again to prevent  interference with  the electrolyte  
flow and the ohmic drop was found to be less than 
1 mV in the test solution at all the exper imenta l  
currents. 

The construction of the disk electrode was similar 
to that described by Blurton and Riddiford (14). The 
construction of the r ing /d i sk  electrode is shown in 
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Fig. 1. Construction of rotating ring/disk electrode 

Fig. 1. The insulating mater ia l  was 7/16 in. d iameter  
Kel  F. The internal  and external  radii  of the ring elec- 
trode were  0.260 cm and 0.375 cm, respectively,  and 
the radius of the disk electrode was 0.245 cm. Electr i -  
cal contact was made by pla t inum wire  welded onto 
the inner ends of the disk and ring electrodes. There 
was no electrolyte  creep between the pla t inum and 
the shielding and these were  found to be inert  to 
the caustic potash solutions at 70~ Both the rotat ing 
disk and r ing /d i sk  electrodes were  stored in distilled 
water  be tween runs. 

Before making measurements  with the r ing/d isk  
electrode a light coating of pla t inum was electrode-  
posited onto the working surface of the ring. The 
polarization curve  on the disk was then measured  by 
changing the disk potential  in steps of 50 mV in the 
potential  range of open circuit  to 0V with  a low im- 
pedance potent ial  divider. At each disk potential,  the  
r ing current  was measured at a potential  of 1.3V. 3 At  
this potential  the current  due to oxygen evolut ion is 
insignificant and all the hydrogen peroxide produced 
at the disk, which reaches the ring, is oxidized, i.e., 
the ring is operated in the hydrogen peroxide l imit ing 
current  region. 

s A l l  p o t e n t i a l s  r e fe r  to the  r e v e r s i b l e  h y d r o g e n  e lec t rode  in  the  
same  so lu t ion .  
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A solution of 6.9M KOH was prepared f rom Baker  
Analyzed Reagent  grade chemical  and tr iple distil led 
water.  Oxygen and hydrogen were  obtained from 
cylinders and were  used without  fur ther  purification. 
Potentials  were  measured with  a differental  vol tmeter  
(J  Fluke Model 801H) and the current  was measured 
from the potential  drop across a standard resistor. 
No rigorous purification schemes were  used for the 
electrolyte  for a previous study (12) showed that  
electrolyte  impuri t ies  in alkal ine electrolyte  did not 
influence peroxide formation. 

Results 
The polarization curve  for oxygen reduction on a 

rotat ing plat inum disk electrode in 6.9M KOH solu- 
tion at 7O~ is given in Fig. 2. The steady state current  
was at tained in 5-10 min. The shape of this curve  was 
similar  at all  electrode rotat ion speeds and showed 
three  distinct regions. At potentials be tween open 
circuit  and 0.7V the current  increased with increasing 
polarization, be tween 0.7 and 0.6V a l imited current  
region was observed and between 0.6 and 0V the cur-  
rent  again increased with  increasing polarization. In 
agreement  wi th  the work  of Tikhomirova,  Luk 'yany-  
cheva, and Bagotskii  (8) but in contrast  to that  of 
Miiller and Nekrasov (3) no peak was observed in the 
cur ren t /vo l t age  curves. F igure  2 also shows the cur-  
r en t /vo l t age  curve obtained by decreasing the polari-  
zation f rom 0V to open circuit. The currents  during 
the reverse  sweep were  similar to those obtained by 
increasing the polarization in the potential  range 0- 
0.5V but differed f rom those obtained by increasing 
the polarization in the potential  range  0.5V to open 
circuit. The exper imenta l  open circuit  vol tage at the 
end of the hysteresis measurement  was more cathodic 
than that  determined initially, but it increased steadily 
to the original  value on standing. 

The value of the l imit ing current  was found to de- 
pend marked ly  on electrode history and reproducible 
plots of iL VS. (electrode rotat ion speed)1/2 were  only 
obtained when all the l imit ing currents  were  deter-  
mined within a period of a few hours (Fig. 3). This 
was achieved by potentiostat ing the electrode at 0.70V 
and measur ing the l imit ing current  at a fixed electrode 
rotation speed. The electrode was then al lowed to 
stand on open circuit  unti l  the original  open circuit  
vol tage was obtained and the l imit ing current  at an- 
other electrode rotat ion speed was measured by re-  
potentiostat ing at 0.70V. This procedure was repeated 
by potentiostat ing the electrode at 0.65V to check that  
the measured current  was indeed the l imiting current.  
Similar  cur ren t /vo l t age  curves for oxygen reduction 
were  obtained on a l ight ly platinized as on the bright  

CATHODIC REDUCTION OF OXYGEN 

I O Bright platinum electrodi? 
18 X Electrodeposited platln~ electrode 

n=4 

16 

l, // 

o / /  

I)*vect~on of potent,~l chan~e 

\ \ t  

Nx x 

o4 o~ 
PotencL~t [vs H.N. (volt,}1 

Fig. 2. Polarization curve for oxygen reduction on a rotating 
platinum disk electrode in 6.9M KOH solution at 70~ electrode 
rotation speed 500 rpm. 
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Fig. 3. Limiting current vs. (rpm)~ for oxygen reduction at the 
rotating disk electrode. The theoreti,:al plots for the 2 and 4 elec- 
tro. processes were calculated using the values of Do2, %'KOH, find 
COs given in the text. 

pla t inum disk electrode but the l imiting currents  were  
greater  on the former  electrode (Fig. 3). The plat inum 
electrodeposit  on these electrodes was sufficiently 
smooth so that  the hydrodynamic  flow was not dis- 
turbed. 

The plot of the l imiting current  vs. (electrode rota-  
tion speed)1/~ was nonlinear  (Fig. 3). Now the values 
of the bulk concentrat ion of oxygen (Co2), the oxygen 
diffusion coefficient (Do2), and the KOH solution vis-  
cosity (vKOS) have not been determined under  the 
present exper imenta l  conditions, but extrapolat ion of 
the available data (15-17) gives Co2 = 6.1 x 10 -5 mole  
l -z, Dos ---- 1 x 10 -5 cm 2 sec -1, and VKO H = 8.3 x 10 -8 
cm 2 sec - t  (18). F rom this data it was found that  the 
values of the exper imenta l  l imit ing currents  were  in-  
te rmedia te  between those calculated (19, 20) for a 2 
and 4 electron process (Fig. 3). 

The cur ren t /vo l t age  curve for oxygen reduct ion at 
the disk electrode in 6.9M KOH solution at 70~ wi th  
the corresponding r ing current  at 1.3V is given in Fig. 
4 at an electrode rotat ing speed of 1000 rpm. The ring 
current  reaches a m a x i m u m  value at disk potentials 
between 0.75 and 0.45V and, in the same potent ial  
range, there is a l imiting current  on the disk electrode. 
At  potentials more cathodic than 0.5V the disk current  
increases and the ring current  decreases, i.e., the hy-  
drogen peroxide produced at the disk is fur ther  re-  
duced to water.  Similar  results have been obtained at 
other  electrode rotat ing speeds and Fig. 5 gives the 
values of the ratio of the disk current  to the ring cur-  
rent  (ID/IR) at these rotat ion speeds. The accuracy of 
these ratios is l imited by the small values of the r ing 
and disk currents  which, in turn, are l imited by the 
low oxygen solubili ty in the concentrated alkal ine 
solution. The ratios were  general ly  reproducible  to 
+_1 al though larger  deviations were  recorded par t icu-  
lar ly at low electrode rotation speeds when  the disk 
and r ing currents  are at the i r  min imum values. 

At disk potentials more cathodic than 0.4V the var ia -  
t ion of ID/IR with electrode rotat ing speed was less 
reproducible due to the very  small values of the ring 
current.  However ,  the values of ID/IR were  clearly de- 
pendent  on the electrode rotat ion speed and, in gen-  
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Fig. 4. Current/voltage plot for oxygen reduction at the disk of 
the rotating ring/disk electrode in 6.9M KOH solution at 70~ 
with the corresponding ring current at 1.3V; electrode rotation 
speed 1000 rpm. 

eral, decreased as the electrode rotat ion speed in-  
creased. 

Discussion 
Comparison of the current /vol tage  relationship for 

oxygen reduction on a dropping mercury  (21) with 
the corresponding plot obtained on a rotat ing p la t inum 
disk electrode (Fig. 2) suggests that, on the rotat ing 
disk electrode, oxygen is reduced to hydrogen peroxide 
~n the potential  range of open circuit to 0.6V whereas 
at more cathodic potentials oxygen is reduced to water  
probably with hydrogen peroxide as an intermediate.  
The low value of the open circuit voltage at the end 
of the potential  scan also indicates that  peroxide is 
formed by the reduct ion of oxygen for, in the presence 
of peroxide, the oxygen electrode attains the potential  
o f  0 2  -~- H 2 0  ~ 2e --> H O 2 -  - ~  O H -  rather  than that  of 
02 + 2 H20 + 4e --> 4 O H -  (1, 22). The hysteresis ob- 
served in the polarization curves (Fig. 2) is probably 
due to the influence of the hydrogen peroxide. This 
phenomenon has been discussed by Bowen and Urbach 
(10) and was at t r ibuted by them to the influence of 
the peroxide on the p la t inum surface oxides. 

The exper imental  l imit ing currents  for the reduction 
of the tr i- iodide ion in 0.1M potassium iodide were 
equal to the theoretical values for electrode rotation 
speeds of 100-1000 rpm inclusive. Thus the nonl inear i ty  
of the l imit ing current  vs. (electrode rotation speed) 1/2 
plots (Fig. 3) is due to the na ture  of the electrode re-  
action and not to an exper imental  deviation from the 
theoretical requirements.  The dependence of the l imit-  
ing current  on the electrode surface t rea tment  indi-  
cates that the hydrogen peroxide is decomposing by a 
surface chemical reaction. 

McIntyre (23) has shown that plots of iL VS. (elec- 
trode rotat ion speed)l/2 similar to that in Fig. 3 indi-  
cate that the product formed by the electrochemical 
reaction decomposes by a second order surface cata- 
lyzed chemical reaction to form the reactant,  i.e., in 
the present study the reaction is represented by the 
equations 

02 + H20 ~- 2e-> HO~- q- O H -  [1] 

2 H 0 2 -  ~ 02 -I- 2 OH- [2] 

For this reaction scheme the l imit ing current  density 
is given by (23) 

i L  L 2 H 2 0 2  w 

-~ 2L02 ~�89 
"2F 2kh 

4khLo2Co2 ) V2 ~ 
1 ] [3] 

[( 1~- /_fiii2OgW~ 

N o v e m b e r  1969 

where ~ (rad. sec -1) is the angular  velocity of the disk, 
kh is the second order heterogeneous chemical rate 
constant of the regenerat ive reaction (i.e., Eq. [2]),  
and Li is given by (23, 24) 

0 . 6 2 0 4 8  D i  2 / 3  V - 1 / 6  
Li = 

1 + 0.2980 (Di/v) 1/3 + 0.14514 (Di/v)2/3 

(i = 02, I-I202) [4] 

By assuming that  Do2 = DH2O2 the values of kh have 
been calculated from Eq. [3] and data given in Fig. 3 
and they are reported in Table I. 

The values of kh given in Table I are based on the 
geometric area of the electrode and the difference be-  
tween the values on bright  and electrodeposited plat i-  
num is due to the difference in the true surface area 
of the electrode. The constancy of the values of kh 
suggests that Eq. [1] and [2] do indeed represent  the 
over-al l  process for the reduct ion of oxygen in alkal ine 
solution and that  the peroxide decomposition is occur- 
ring by a 2nd order surface catalyzed reaction. A 
similar reaction scheme has also been proposed by Tik-  
homirova, Luk 'yanycheva,  and Bagotskii (8) for oxy- 
gen reduction on p la t inum in 1N KOH solution. 

Damjanovic,  Genshaw, and Bockris (11, 12) sug- 
gested, from an analysis of plots of ID/IR VS. ~--'/2, that  
oxygen reduction on p la t inum in alkal ine solution 
proceeds along two parallel  reaction paths (i.e., Eq. 
[5] and [6]) and that these reactions occur at similar 
rates. 

O2 + 2H20 + 4e --> 4 O H -  [5] 

02 + H20 + 2e -~ HO2- d- O H -  [6] 

The relationship between ID/IR and ~-~a was shown to 
be (25) 

ID x +  1 ( x + 2 )  1 . 6 1 . k . v  1/~ 
- - =  - -  + - -  [7]  

IR N N D 213 " w 112 

where k is the rate constant  for the electrochemical 
reduction of hydrogen peroxide to water, N is a factor 
dependent  on the geometry of the rotat ing r ing/d isk  
electrode, and x is the ratio of the current  for the re-  
action represented by Eq. [5] to that represented by 
Eq. s 

For the electrode assembly used in the present  study 
the calculated (26) value of N and the experimental  
value (for the redox reaction 2Br -  ~ Br2 -{- 2e) were 
equal to 0.495 (i.e., 1 /N  = 2.021). The experimental  
value of ID/IR for oxygen reduction in  6.9M KOH solu- 
tion was greater than 1/N and it was independent  of 
electrode rotation speed and of potential  between 0.8 
and 0.4V (Fig. 5). Thus the t rea tment  of Damjanovic,  
Genshaw, and Bockris (25) indicates that  two parallel  
reactions are occurring dur ing oxygen reduct ion (Eq. 
[5] and [6]) in the potential  range 0.8-0.4V. Also, since 
the peroxide is not fur ther  reduced electrochemically 
(i.e., k = 0) Eq. [7] simplifies to 

x + l  
Intercept  in Fig. 5 = ~ [8] 

N 

which gives x equal to 1.5. Thus the two parallel  

Table I. Values of the rate constant for the second order 
heterogeneous decomposition of H202 

m (rpm) 

kh c m 4  m o l e  -1 s e e - 1  

Bright Pt 
E l e c t r o -  

d e p o s i t e d  Pt 

100 
2 0 0  
3 0 0  
4 0 0  
500  
6 0 0  
700  
800  
9 0 0  

1 0 0 0  

1 .3  X 10 t  
1 .7  • 1 0 t  
3 .5  • lO t 
2 .5  x 10~ 
2.4 x 10~ 
2.2 x 10~ 
2.0 • I 0  ~ 
1.7 X 10~ 
1.9 • 10~ 
0 .9  x 10~ 

3 .8  x 106 
3 .7  x 10 ~ 
6.3 • 105 
3 .9  X 10 ~ 
2 .1  x 105 
1.7 x 105 
1.4 x 10 ~ 
1.1 x 10~ 
0.9 x l0 G 
0.7  x I0 5 
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Fig. 5. Plot of ID/IR vs. (electrode rotation speed)-V2 at 
selected potentials. 

processes are  occurr ing with  comparable  ra tes  and, 
since the  value  of ID/IR is independent  of potent ia l  in 
the range  0.8-0.4V, the re la t ive  ra tes  of the two reac-  
tions are  independent  of potential .  

The inconsistency as to whe the r  the  over -a l l  r eac -  
tion is r epresen ted  by  Eq. [1] and [2] or by  Eq. [5] 
and [6] m a y  be resolved by  a closer inspection of the  
der iva t ion  of Eq. [7]. This der iva t ion  (25) ut i l izes 
the equat ion 

ID " .N 
IR = [9] 

1 -9 k6/D 

where  6 is the  diffusion layer  thickness  of the  in te r -  
media te  and it is appl icable  (19) to the  e lec t rochem-  
ical react ion at the  disk e lect rode of a r eac tan t  to an 
in te rmedia te  wi th  pa r t i a l  e lect rochemical  conversion 
of the in te rmedia te  to a final product .  Thus it is neces-  
sary  to de te rmine  whe the r  Eq. [9], and hence Eq. [7], 
requires  modification to app ly  to the  react ions r ep re -  
sented by  Eq. [1] and [2]. Ano the r  approach,  which 
we propose, is to assume tha t  Eq. [9] is correct  and 
modify  Eq. [7]. This has been achieved by  de te rmin -  
ing the  effect of the  hydrogen  peroxide  concentra t ion 
(and hence decomposit ion rate)  on the disk and r ing 
currents.  

When oxygen is e lec t rochemical ly  reduced to hy-  
drogen peroxide  which then decomposes by  a second 
order  heterogeneous chemical  react ion (i.e., Eq. [1] 
and [2]),  McIn tyre  (23) has shown tha t  the disk l im-  
i t ing cur ren t  ([L,D) is given by  

IL,D 
2F = JH2~ + 2 kh [CH2o2] 2 [10] 

where  JH202 is the flux of the peroxide  to the  un i -  
formly  accessible surface of the  disk and C~2o2 is the  
surface concentra t ion of hydrogen  peroxide.  The flux 
of peroxide  when the oxygen surface concentra t ion 
is zero is r e la ted  to the  perox ide  surface concent ra -  
tion by  (23) 

JH202 = LH202 w 1 /2  [CH202 ] [11] 

and CH2O2 is given by  (23) 

- -  4khL~176 ) 1/2 1]  [12] LH202~ [ ( 1 . . ~  - . _ _  

CH20 : 2kh L2H202a~ 1/2 

The thickness of the H202 diffusion layer ,  5H202, at  
the  ro ta t ing  disk electrode,  is given by  (20) 

DH2O2 �9 w - l / 2  
~H202 = [13] 

LH2O2 

and the cur ren t  at the  r ing  electrode is re la ted  to the  
hydrogen  peroxide  surface concentra t ion (27) by  

CH202 " DH202 
IR = 2 NF [14] 

~H202 

By subst i tut ing Eq. [11], [12], and [13] into the  equa-  
tion obtained by  dividing Eq. [10] by  [14] 
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IL,D 1 (  4khL02C02 ) 1/2 
y. 1 + [15] 

L2H202r 1/2 

Thus for the  react ion scheme represen ted  by  Eq. 
[1] and [2], the  ra te  of change of IL,D/IR depends to 
a much lesser ex ten t  on ~,-1/2 than  tha t  p red ic ted  by  
Damjanovic,  Genshaw, and Bockris  (25). Equat ion 
[15] m a y  be simplified by  assuming tha t  Doe = DH2O2, 
by  assuming that  Co2 = 6.1 x 10 -5 mole  1-1 and by  
using the average value  of kh for  the  smooth e lect rode 
f rom Table I. Then 

( 7 " 7 )  1'2 IL,D 1 1 + [16] 

In the present  s tudy 20 < ~ < 100, so tha t  

3.3 > IL,D/IR ~ 2.7 [17] 

I t  was not  possible to detect  the smal l  var ia t ion  of 
IL.D/IR wi th  w -1/2 predic ted  by  Eq. [17] due to the  
smal l  values  of the  r ing current .  However ,  the ap-  
pa ren t  independence  of IL.D/IR on w (Fig. 5) does indi-  
cate that  oxygen is e lec t roreduced by a react ion scheme 
represen ted  by  Eq. [1] and [2]. Also, the  values of kh 
were  de te rmined  on a different  e lect rode from tha t  
used for the  r i ng /d i sk  electrode and this causes the  
d iscrepancy be tween the ca lcula ted  (Eq. [17]) and 
exper imen ta l  (Fig. 5) values  of ID/IR since kh depends 
on the electrode roughness.  

Thus we suggest tha t  the  measurements  wi th  the  
ro ta t ing  r i ng /d i sk  e lect rode coupled wi th  those of the 
l imit ing currents  on the ro ta t ing  disk electrode con- 
firm tha t  the  reduct ion of oxygen on p l a t inum in 
a lkal ine  solution in the given potent ia l  range proceeds 
via react ions represented  by  Eq. [1] and [2] and tha t  
the para l le l  react ions do not  occur. The t r ea tmen t  given 
here  does show tha t  caution must  be exercised in the 
in te rp re ta t ion  of ID/IR VS. o~ -112 plots and that,  in con-  
t ras t  to Nekrasov ' s  s ta tement  (6), the ca ta ly t ic  decom- 
posit ion of peroxide  does modify  the  r ing current .  I t  
should be stressed tha t  the der iva t ion  of Eq. [15] is ap-  
pl icable  only under  l imit ing cur ren t  condit ions and 
depends  on the va l id i ty  of Eq. [9]. 

The resul ts  obta ined with  the rota t ing disk e lect rode 
(Fig. 2) suggest  that  peroxide  e lec t roreduct ion occurs 
at  potent ia ls  more  cathodic than  0.6V whereas  measu re -  
ments  wi th  the  r i ng /d i sk  electrode (Fig. 5) indicate 
tha t  peroxide  reduct ion occurs at potent ia ls  more ca th-  
odic than 0.4V. This difference is p robab ly  due to the  
different  condit ion of the  e lect rode surfaces and indi -  
cates the impor tance  of the  na ture  of the surface on 
peroxide  reduction.  The difference in the plots of ID/IR 
VS. (e lectrode rota t ion speed)-1 /2  be tween  Fig. 5 and 
those of Damjanovic ,  Genshaw, and Bockris  (11, 12) 
m a y  also be  due to a var ia t ion  in the  state of the  elec-  
t rode surface. 

The resul ts  repor ted  in this  paper  demons t ra te  tha t  
the catalyt ic  decomposit ion of peroxide  formed at  a 
d isk  e lec t rode  dur ing  the  reduct ion  of oxygen  influ- 
ences both the  value  of the disk l imit ing cur ren t  and 
the value of the  ra t io  of the disk to r ing current .  In  
the  l imit ing case, i.e., kh --* oo, the  disk l imit ing cur -  
ren t  equals  the  va lue  ca lcula ted  for a four  e lect ron 
process but  for o ther  values  of kh the disk l imit ing 
cur ren t  is in te rmedia te  be tween  that  for a 2 and 4 
e lect ron process. Clear ly  the  peroxide  decomposit ion 
react ion will  also affect the  shape of the  galvanosta t ic  
chronopotent iometr ic  curve and the apparen t  number  
of electrons calcula ted f rom the t rans i t ion  t ime (13, 
21, 28, 29). 
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Redox Coulometers 
Joseph L. Weininger* 

General Electric Research and Development Center, Schenectady, New York  

ABSTRACT 

A coulometer is described which cumulat ively  measures periods of time, 
up to a preset limit, dur ing which a repeti t ive event occurs. The redox couple 
ferrocyanide-ferr icyanide is reversibly reduced and oxidized at pyrolytic 
graphite electrodes. An ion exchange membrane  prevents  the mixing of the 
electrolytic solutions surrounding the electrodes, thereby setting up a con- 
centrat ion cell with transference. The cell potential  follows the Nernst  re la-  
tion, but  depending on cell geometry and operating parameters,  part ial  dif- 
fusion control of electrode reactions is also observed. At a given potential  
l imit  the process is reversed. This cycling is repeated for a cell life in excess 
of 2000 cycles with less than I% error when in ter rupted  for as long as 24 hr. 

A coulometer measures the quant i ty  of electricity 
passed through a circuit by means of the electrolysis 
of an electrochemical couple. The principle of its oper- 
ation is based on Faraday 's  law. In  this report a 
coulometer is discussed which, integrat ing a constant  
current  signal, will measure the durat ion of time, up 
to a preset limit, dur ing  which a repeti t ive event  oc- 
curs. Such t iming operations are impor tant  in process 
controls where a fixed time limit may be divided into 
different t ime segments. 

Henderson (1) has designed a variety of coulometers 
with bat tery  plates as electrodes. These devices are 
based on and are used in bat tery technology. For ex- 
ample, two identical cadmium-cadmium hydroxide 
plates are operated against each other. Their predeter-  
mined states of charge and discharge, indicated by the 
cell voltage, t ime a process which in Henderson's  case 
is the charging of a bat tery  at high constant  current  
density. For  applications requir ing extremely long life 
and rel iabi l i ty  such a device may be unsuitable,  be- 
cause the repeated cycling of most bat tery plates is ac- 
companied by noticeable evolution of gases due to the 
electrolysis of solvent water. Also, the mechanism of 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s ;  t i m i n g  dev i ce s ,  c o u l o m e t e r s ,  e l e c t r o c h e m i c a l  cel ls ,  

c o n c e n t r a t i o n  cells,  r e d o x  s y s t e m s .  

the bat tery operation involves the chemical t ransforma-  
t ion of solid phases of the electroactive material ,  for 
example, the interconversion of cadmium and cadmium 
hydroxide. Such electrodes, known as "electrodes of 
the second kind," experience s t ructural  changes as a 
result  of the electrode reaction which dur ing repeated 
cycling tend to reduce the capacity of the plates. 

To overcome these difficulties a redox couple is used 
in the present coulometer, which is soluble in both its 
oxidized form (concentrat ion Co) and its reduced form 
(concentrat ion CR). The couple is chemically stable 
and has a potential  far removed from that  required 
for evolution of either hydrogen or oxygen from water. 

Mechanism of the Coulometer 
In  the schematic drawing of Fig. 1 the coulometer is 

connected to a constant  current  switching circuit. 1 The 
direction of the current  (polarity) is controlled by the 
cell which reverses the current  at preset upper  and 
lower voltage limits. The limits at which this switching 
occurs can be adjusted arbi trar i ly.  

The cell consists of two chambers, each containing an 
inert  electrode and each filled with a solution of com- 
position Co and Cm In effect, the cell is a "concentra-  

1 D e t a i l s  of th i s  c i r c u i t  w i l l  be p u b l i s h e d  e l s e w h e r e  b y  F. G.  Wil l ,  
w h o  d e s i g n e d  t h e  c i r cu i t .  
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ELECTRODE 
A 

EXTERNAL 
CIRCUIT 

c# I 

ELECTRODE 
B 

B B Co, CR 

A B B 
CELL C/C o+c~ / I .E .M. /Co+CR/c  

r.g. 1. Schematic of redox coulometer 

t ion cell with transference," which implies that  there 
is electrolytic cont inui ty  between the two half-cells. 
Diffusion of the redox species from one compartment  
to the other must  be prevented. This is accomplished 
with an ion exchange membrane.  A cation exchange 
membrane  is used when the changing concentrat ions 
involve anions; conversely, an anion exchange mem-  
brane is required for electroactive cations. 

The mechanism of the coulometer operation is i l lus- 
trated by the data of Table I. The emf of the cell is 
given by the Nernst  relat ion 

RT Co A " CR B 
E = �9 In 

n F  CR A �9 Co s 

where the superscripts indicate the respective cell 
compartments.  Either the reduced or oxidized species 
may be in l imited supply. As the ratios Co/CR vary, 
so will the potential  difference exhibited by the cell. 
It  is this cell voltage which will  reverse the current  
flow in the external  circuit. In this m a n n e r  the capacity 
of the coulometer, i.e., the durat ion of time which the 
cell adds cumulat ively  and linearly, is predetermined 
by the concentrat ion of the redox couple. 

The t ime measurement  occurs in the first half-cycle, 
also called the "t iming period." The second half-cycle, 
the "reset period," has only the function of br inging 
the cell back to the original start ing point so that  
repetitive t iming can be accomplished during the first 
half-cycles under  identical conditions. 

In the examples of Table I both compartments  A and 
B are filled with the same solution, having concentra-  
tion ratio Co/CR of 4/1. The reduced species is oxidized 
at the positive electrode unt i l  a negligible amount  of 
CR is present  in A at the start  of the first half-cycle 
( t iming or discharge). A corresponding amount  of the 
reduced species, but  one still in l imit ing supply, is pro- 
duced at cathode B. In the following half-cycle (reset 
or charging) the polari ty is reversed, hence cathodic 
and anodic processes are reversed, and so on. In Table 
I the ratio of 4/1 was chosen for purpose of i l lustration. 
Other values could be chosen and, similarly, the oxi- 
dized species with concentrat ion Co could be limiting. 

Cell Design and Components 
A detailed sketch of the cell is shown in Fig. 2. Each 

half-cell  consists of a poly(methylmethacryla te)  hous-  
ing with a cavity 1-in. in diameter  and 0.1-in. deep, 
in which graphite electrodes (with Pt contacts) are 
located. The two half-cells are separated by a cation 

Table I. Concentration of redox species 
(Arbitrary units) 

First half-cycle 
Init ial  Reset 

(on filling) (Start  of t iming) 
Compar tments  Compar tments  

A B A B 

Second half-cycle 
Timing 

(Completion 
of timing) 

Compar tments  
A B 

31 J - - ~ 5  L-J~, ~ 

Fig. 2. Details of redox coulometer; I, polymethyl methacrylate 
(PMM) body; 2, PMM end caps; 3, Viton O-rings; 4, PMM sealing 
plugs; 5, Pt electrode contacts; 6, ion exchange membrane; 7, 
Teflon spacers; 8, space for carbon electrodes and electrolytic 
solution; and 9 and 10, Nylon screws. 

exchange membrane,  are fastened together with Nylon 
bolts, and are sealed with Viton O-rings. The redox 
solution is introduced after part ial ly evacuating the 
cell. 

Pyrolytic graphite is used as an indicator electrode 
because it is cheaper than  p la t inum and chemical ly as 
stable. Electrodes are heated in vacuum before use in 
order to expel reducing gases trapped in the pyrolytic 
graphite dur ing its preparation.  

The couple used in this coulometer is the ferrocya- 
nide-ferr icyanide couple, for which the electrode re- 
action is 

Fe(CN)6-4  ~ Fe(CN)6 -3 + e 

Its oxidized and reduced components are both soluble, 
it has a potential  far removed from that  required for 
evolution of either hydrogen or oxygen from water, it 
reaches a reversible equi l ibr ium with high exchange 
current  density, it is chemically stable above pH 3.5, 
provided it is stored in the absence of oxygen so as to 
prevent  oxidation of ferrocyanide, and it is easily pre-  
pared and purified in the form of the potassium salts. 

The "parent" -meta l  ion couple is 

Fe + + ~ F e  +++ + e  E o=0 .771V (vs. NHE) 
Even in this one metal  ion system, with ions of iron, 
there is a wide choice of couples available by complex- 
ing ferrous and ferric ions with different ions, of which 
the cyanide is only one example. It has a higher equi-  
l ibr ium potential  ideally suited for the coulometer 
operation in a cell voltage range of +0.3 to --0.3V. In  
the ferrocyanide-ferr icyanide case, this corresponds to 
a potential  range of +0.16 to +0.76V (vs. NHE), pre-  
cisely the "safe" range, in which there is no in terfer-  
ence from either hydrogen ion reduction at the lower 
potential  l imit or oxidation of water  at the upper limit. 

The large size of the hydrated anions of the ferro- 
cyanide-ferr icyanide couple practically el iminates co- 
ion (anion) diffusion through the ion-exchange mem-  
brane charged with the same polarity. Furthermore,  
because this couple consists of large negative ions, it 
is compatible with the use of cation exchange mem-  
branes, which are commercial ly better  developed than 
anion exchange membranes.  

Different commercial ly available cation exchange 
membrane  materials,  mostly sulfonated polystyrene 
membranes,  were satisfactory. The final choice was an 
oxidativeIy stable fluorocarbon polymer with ion ex- 
change based on sulfonated trifluorostyrene. The ion 
exchange membranes,  supplied in the hydrogen ion 
form, were stored in the coulometer redox solution. 
This assured exchange with potassium and sodium ions 
and equil ibrated the ion exchange membrane  with the 
coulometer solution before use. 

Co 4 4 5 3 3 5 
CR 1 1 0 2 2 0 
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Because of the small  coulombic charge required for 
operation of the coulometer through a single half-cycle, 
it is necessary that  the redox couple be present in dilute 
concentration, of the order of 1-10 raM/li ter  in small  
volumes of less than 1 ml. This requires a support ing 
electrolyte. Since chemical stabil i ty of the couple also 
requires a pH above 3.5, preferably near 7, the funct ion 
of the buffer and supporting electrolyte is combined by 
the use of Sorenson's phosphate electrolyte (2) which 
gives a pH 6.67 for the mixture  0.5M KHo_PO4 -J- 0.5M 
Na2HPO~. Lat imer gives a rest potential  of 0.48V (vs. 
NHE) for the couple with equal concentrat ions of 
negative ions (3). Our determinat ion in a buffered 
solution at pH 6.67 is E ~ ~ 0.475V (vs. NHE). 

Results 
The symmetrical  cell had pyrolytic graphite elec- 

trodes with 5.07 cm 2 surface area. The spacing between 
the electrode and the ion exchange membrane  was 
0.0254 cm and defined a volume of 0.129 ml for each of 
the half-cells. Thus, a total of only 0.258 ml  of the 
redox solution was required. Slightly more is available 
because of the presence of channels for filling the cell. 

Figures 3 and 4 show the performance of this cell 
at constant current  flow of 67 ~A. The cell contained a 
solution of 0.016M K3Fe(CN)6 q- 0.004M K~Fe(CN)6 -b 
0.5M Na2HPO~ q- 0.5M KH2PO4. Figure 3 traces the 
voltage as a function of t ime for cycles 138-142 with 
current  reversal at ___ 0.3V. During cycles 168 and 169 
the current  was in terrupted for 17 and 20 rain, respec- 
tively, as shown in Fig. 4. No increase in the t iming 
or reset periods of the cycles occurred as a result  of 
the interruptions.  The second period at open circuit, at 
--100 mV, when there was a difference of almost two 
orders of magni tude  in the concentrations CR of the 
two halflcells,  gave the following small voltage changes 

T i m e  ( m i n )  0 0.25 0.50 1.00 4,00 12.0 18.0 20.0 
E (mV)  100 88 80 85 79 76 74 75 
.~g (mV)  0 12 14 15 21 24 26 26 

Considering the S-shaped discharge curve, 100 mV is 
near  the t ime l imit  of a half-cycle. The change of _~g 
= 26 mV represents el iminat ion of concentrat ion 
polarization in the absence of current  flow. When it is 
resumed, all or most of the voltage drop is made up as 
the previous part ial  diffusion control is reestablished. 

Concentrat ion polarization is also i l lustrated in an 
exper iment  with a similar cell, containing a more con- 
centrated solution, 0.088M K3Fe(CN)6 + 0.022M 
K4Fe(CN)6 q- 0.5M Na2HPO4 + 0.5M KH2PO4. Figure 
5 shows a typical  half-cycle of this cell, at a constant  
current  of 100 ~A. The curve is the exper imental  volt-  
age trace; points are calculated values based on the 
Nernst  relat ion with concentrations varying according 
to Faraday 's  law. Since the concentrations of the redox 

0.50 ~ I ~ } ~ 1 

TrUE {HRS) 

Fig. 3. Cycling of coulometer with pyrolytic graphite electrodes 
between -{-0.3 and --0.3V; constant current at 67 FA. 

0 . 5 0 1  l I I l I 

- -  0.25 ~'- i ~ : ~ 

"O'fiO 0 I 2 3 4 L I - .  l [ I (~ 

T)ME (HRS) 

Fig. 4l Cycling of coulometer of Fig. 3. Current interruptions with 
cell on open circuit. 
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-0.05 
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-OA5  

-0 .20  

-0.25 
-0.3%- 15 30 4~5 6s ?s 9~0 l(~5 120L--~35 

TIME (MIN.) 

Fig. 5. Comparison of experimental (solid line) and calculated 
(points) values of potential as a function of time for cell and condi- 
tions described in text. 

couple are small  and that of the supporting electrolyte 
is large, concentrations ra ther  than activities were used 
in the calculation. 

Discussion 
As constant  current  is applied to the cell, reversible 

electrode reactions involve two soluble species in a 
layer of electrolyte, in which the concentrat ions of 
reactant  and product are a l ternate ly  depleted and en-  
riched. The mechanism of the coulometer can be under -  
stood as the change in Nernst  potential  arising from 
changes in concentrations. For  example, start ing at zero 
voltage, electrode reactions depend only on the redox 
couple. However, as reactions proceed, the l imiting 
concentrat ion CR decreases in one half cell and t rans-  
port phenomena alter the vol tage-t ime relation. De- 
pending on the magni tude of the constant  current  and 
the extent  of mixing due to convection in the th in  elec- 
trolyte layer, concentrat ion polarization sets in and will 
result  in greater than calculated voltage changes. 

Figure  5 shows that  diffusion l imitat ion becomes ef- 
fective and more pronounced near  the end of a half-  
cycle, which is characterized by greater concentrat ion 
changes and consequently more rapid changes in cell 
voltage. The nonl inear  and sharp increase in the volt-  
age response of the cell is an advantage in applications 
for simple b inary  logic circuits which require an end-  
of-cycle signal. 

The accuracy of the coulometer 's measurements  can 
be estimated from the errors introduced by keeping 
the cell on open circuit for different periods of time. 
The errors are less than 0.1% for consecutive cycles 
involving at least 5 rain open circuit stands, and less 
than 1% for 24 hr on open circuit. This stabil i ty reflects 
the exclusion of co-ions from the ion exchange mem-  
brane. Ion exclusion depends on the charge and size 
of the diffusing ion, the degree of crosslinking of the 
membrane,  the external  ionic s trength (supporting 
electrolyte),  and the electrolyte concentration. At a 
co-ion concentrat ion of 0.01M, the dynamic t ransport  
number  of the counter - ion  (the cation in the present  
case), t+, is 0.97-1.00. The diffusion of anions through 
the cation exchange membrane  will  be negligible ex- 
cept in the most s t r ingent  application of the redox 
coulometer, when extended open circuit stands near  
the voltage l imit  (large concentrat ion differences) are 
involved. 

Although some t ime may be required to charge the 
double layer at very low current  density, this does not 
introduce an appreciable error. In  the experiments of 
Fig. 3, 4, and 5, the current  densities are 13.2 and 19.7 x 
10 -6 A/cm2; hence assuming a double layer capacitance 
of 10 ~F/cm 2 and a cell voltage of 0.6V (start  of half-  
cycle), the charging of the double layer at the pyro- 
lytic graphite electrode would require 0.45 and 0.30 sec. 
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The only long- term systematic source of error was 
the evaporation of water. The first cell described here 
was operated for more than 2000 cycles, but  required 
addition of 0.1 ml  of distilled water  after about 1500 
cycles in order to replenish the solution for evaporated 
water. 

The question of accuracy and possible changes in cell 
capacity also arises. Although solutions can be pre-  
pared accurately, it is simpler to adjust  the constant  
current  level and so obtain the desired cycling regime. 
In  this work the solution concentrat ion ratio Co/C~ was 
arbi t rar i ly  chosen to be 4: 1. Any other ratio is suitable 
if it conforms to the cell mechanism. Likewise, ratios 
of 4: 1, in one half cell, and another  ratio, such as 8:2 
in the other, would be feasible but would not offer any 
advantage in t iming applications. 

Conclusions 
I. The redox coulometer is suitable for measur ing 

periods of t ime cont inuously or cumulatively.  
2. The cell performance is reliable and reversible 

over a very long lifetime provided only that the cell 
is hermetical ly sealed to prevent  evaporation of sol- 
vent  water. 

3. The voltage limits of operation are determined by 
the concentrat ion of the redox couple according to the 

Nernst  relation. Deviation (increased voltage at con- 
stant current)  occurs near  the end of a half  cycle due 
to t ransport  phenomena. 

4. Within  the voltage limits, the redox couple is 
chosen for the most stable voltage region with regard 
to solvent decomposition. 

5. The na ture  of the ion in l imiting supply deter-  
mines the choice of the ion exchange membrane  to be 
used. 
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ABSTRACT 

The anode discharge characteristics for the cell system Li/1.0M A1CI3 in 
propylene carbonate/AgC1 have been studied by use of an in te r rup te r  and a 
constant  load pulse technique called potential  profile analysis. The potential  
profile results show a severe polarization of the concentrat ion type. A specu- 
lation concerning the mechanism responsible for the polarization is advanced, 
which postulates a nonsteady-s ta te  diffusional process through an insoluble 
layer of LiC1 reaction product. A large volume of electrolyte which dissolves 
the product or sufficient s t i rr ing to remove the product el iminates the severe 
concentrat ion polarization of the anode. 

The use of alkali  and alkal ine earth metals as anodic 
materials in combinat ion with nonaqueous electrolytes 
has been of increasing interest  because of the high 
theoretical value of the energy per uni t  of weight. 
However, most at tempts to construct cells which use 
these materials  have resulted in numerous  difficulties 
in overcoming the considerable losses due to polariza- 
t ion of the electrodes. Because of this, studies were 
under taken  to a t tempt  to unders tand  the na ture  of 
these polarization problems. This paper reports on 
studies of anode polarization for the cell system 

Li/1.0M A1CI~ in propylene carbonate/AgC1 

Experimental 
Inert atmosphere.--All experiments  were run  in a 

Forma dry  box which contained several trays of phos- 
phorus pentoxide for scavenging moisture. To obtain a 
dry  argon atmosphere, cylinders of 99.995%, high pur -  
ity, Linde argon were used. 

Measuring apparatus.--The polarization measure-  
ments  were obtained at ambient  tempera ture  by the 
use of two current  pulse techniques. The first method 
employed the use of the Kordesch-Marko in te r rup te r  
(1). The results obtained through the use of such a 
technique were IR free. The second method was a cur-  
ren t  in ter rupted  pulse technique which required an 

* Electrochemical Society Active Member. 

oscilloscope to measure the voltage. The cells were 
operated on closed circuit under  a 1 mA drain and 
were pulsed on 1 sec open circuit and 5 sec closed cir- 
cuit. From the vol tage-t ime profiles, information about 
the na ture  of the polarization could be obtained. Figure 
1 shows a block diagram of the apparatus used in the 
second technique. 

Cells.--Information was desired under  two types of 
cell conditions, one in which a large volume of elec- 
trolyte was present in order to better  define the elec- 
trode properties and one in which a l imited amount  of 
electrolyte was present in order to s imulate the condi-  
tions of a finished cell. Therefore, two types of test 
holders were used. For the l imited electrolyte experi-  
ments, a Teflon plastic test holder was used. This test 
cell holder was equipped with a threaded cap to place 

INTERRUPTER 

, )  CELL 

BOX I ~-~'I'HODE, , 

Fig. i. Block diagram of apparatus used in current interrupted 
pulse technique, 
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+3.0 the electrodes under  pressure to ensure contact. Two 
sizes of this test holder were  used. One had an elec- 
t rode area of 1 cm 2 and the other  6.41-cm 2 area. Fig-  
ure 2A shows the cell holder. 

For  the exper iments  under  e lec t ro lyte- r ich  envi ron-  
ments, both a rectangular  Teflon plastic test cell  and 
a threaded cap cell were  used. Figure  2B shows the 
rec tangular  cell. For  the threaded cap cell the electro-  
lyte volume was approximate ly  1 cm3/cm 2 of electrode 
area. 

Electrolyte and separators.--In every  case where  
electrode separat ion was required,  two pieces of non-  
woven Viskon were  used. This mater ia l  was obtained 
from the Chicobee Manufactur ing Company, North 
Lit t le  Rock, Arkansas. 

The reagent  grade solvent, propylene carbonate, was 
obtained from Fisher  Scientific Company. The water  
content  was determined to be 0.8% by Kar l  Fisher 
t i tration.  The solvent  as received f rom the vendor  was 
stored over  molecular  seive, type 4A, and then distil led 
using a Podbielniak Semi-Cal  distil lation unit  under  
10 mm Hg. Only the middle third fraction was used in 
the experiments .  The final water  content  according to 
Kar l  Fisher  was below the lowest detectable level  by 
this method of 0.002%. 

The a luminum chloride used was anhydrous reagent  
grade mater ia l  f rom Fisher  Scientific Company. The 
l i thium was 2 x 0.015 in. l i thium metal  ribbon obtained 
f rom Foote Mineral  Company, Exton, Pennsylvania.  

Reference electrode.--The reference electrode was an 
Ag, AgC1 electrode made by anodizing a piece of si lver 
wire. This electrode remained quite  stable over  the 
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Fig. 3. IR-free polarization curves in electrolyte-rich cell (1 cm 3 
electrolyte/cm 2 electrode). 

t ime in which the exper iment  was carr ied out. The sta- 
bi l i ty was verified by checking against a calomel re f -  
erence electrode every  2 hr. The Ag/AgC1 reference 
was found to be stable ___ 2 mV over  the t ime of the 
experiment .  

Results and Discussion 
Figure  3 shows an e lec t ro ly te- r ich  polarization curve 

using the Teflon plastic test holder and a Kordesch-  
Marko in te r rup te r  (1). The anode, which was 2.86 cm 
in diameter,  had an apparent  surface area of 6.41 cm 2. 
The electrolyte  concentrat ion was a 1.0M solution of 
A1CI~ in propylene carbonate. A word might  be said 
at this point about making electrolytes of a luminum 
chloride. It was found that  ex t reme care had to be 
taken in order  to avoid the breakdown of the solvent 
when  a luminum chloride was added. Even  when  alu-  
minum chloride was added at a very  slow rate  and 
the solution was vigorously stirred, heat  was generated 
and the resul tant  solution turned s t raw-brown.  When 
the solute was added more rapid ly  the reaction was 
more violent, gave off excess heat, evolved whi te  pun-  
gent vapors, and turned dark  brown to almost black 
in color. The IR- f ree  readings in Fig. 3 indicated that  
the anode polarized ve ry  little, while  the cathode 
showed a large polarization. 

To observe t ime effects on the polarization occurring 
at the anode, a continuing 1 mA, 5 sec on-t ime,  1 sec 
off-t ime current  pulse was applied to the cell. F igure  4 
shows a series of tracings obtained using the threaded 
cap Teflon plastic cell having an anode of 1 cm 2 ap- 
parent  surface area and containing approximate ly  1 
cm z electrolyte.  

F igure  4Az shows that  the OCV was 2.88V; Fig. 4A2 
shows anodic and cathodic polarizations of 400 and 500 
mV, respectively.  The anodic polarizat ion appeared to 
be equivalent  to an ohmic resistance as shown in Fig. 
4A3 by the rapid recovery to a higher voltage the 
instant  the circuit  is broken. Because the sweep t ime 
is 1 cm/sec,  the ohmic and activation polarizations are 
not distinguishable. In Fig. 4Bz, both anodic and cath-  
odic tracings are shown, while Fig. 4B2 shows an en-  
larged view of the anodic polarization. In Fig. 4C, it 
was noted that  the open-circui t  vol tage had begun to 
drop, but the anodic polarization remained about the 
same, al though it appeared to take on some diffusional 
characteristics. This is indicated by the port ion of the 
curve  which slowly sweeps upward.  On fur ther  dis- 
charge, the drop in open-circui t  voltage continued as 
shown in Fig. 4D and 4E. If the circuit  was opened 
long enough, the cell re turned  to an open-circui t  vol t -  
age of 2.88V and remained there.  Figure 4F shows an 
example  of a slow recovery of the anode. As can be 
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seen, no steady state was reached in 2 sec. It could be 
surmised then, that the open-circuit  voltages shown 
were not t rue equi l ibr ium potentials but represented a 
potential  which was dependent  on the diffusional char-  
acteristics of the cell. A porous product was observed 
to build on the surface of the anode. X- ray  analysis of 
scrapings of the surface showed that the product on the 
surface was LiC1. In the rectangular  Teflon plastic cell 
where there is an abundance  of electrolyte, the dis- 
charge continues much longer before concentrat ion 
polarization becomes a large factor. 

While the precise mechanism responsible for the po- 
larization is undoubtedly  complex, a speculation con- 
cerning the na ture  of the observed concentrat ion effects 
can be made with the aid of a simplified model. Since 
the anode reaction product is observed to be LiCI, a 
half-cell  reaction scheme can be wri t ten  for the anode 
al ternat ively as 

Li + C l -  --> LiCl~ + e [1] 
o r  

4 Li + A1C14- -~ 4 LiCI$ + AI:~+ + 4 e [2] 

while the cathode reaction may proceed via the reaction 

AgC1 -{- e--> Ag -{- CI-  [3] 
o r  

4 AgC1 -{- AP + --> 4 Ag + A1C14- [4] 

Reactions [2] and [4] would be consistent with the 
ionic species observed by Hon (2) in an NMR study 
of solutions of A1Cls in acetonitrile, which could be 
expected to behave similar ly to propylene carbonate. 
Reactions [1] and [3] would require the presence of 
some free chloride ion, probably in equi l ibr ium with 
the complex a luminum species. In the case of reactions 
[1] and [3] chloride ion must  be t ransported from the 
cathode to the anode and for [2] and [4], A1C14- must 
be transported. 

If one assumes that  all of the insoluble LiC1 product 
remains at the anode surface in the form of a somewhat 
porous layer, then diffusion of chloride ion or the com- 
plex a luminum chloride ion through the LiC1 barr ier  
will occur, but  at a drastically reduced rate compared 
to diffusion through the bulk  solution. The effect of this 
will be to define a diffusion layer  which is equivalent  
to the thickness of the product LiC1 layer and which is 
set up due to the passage of current.  When the current  
is switched off, as in the t ransient  profile technique, the 
ions in the solution will  diffuse into the diffusion layer 
in such a way as to dissipate the concentrat ion gradient, 
and this is observed as a gradual  re tu rn  of the open- 
circuit voltage to the equi l ibr ium value. We can test 
this model of the l i thium anode polarization by a solu- 
t ion of the l inear  diffusion equation for the nonsteady 
state 

02c 0c 
D = -- [5] 

Ox2 Ot 

where D is regarded as an effective diffusion coefficient 
for diffusion through the porous layer and c the con- 
centrat ion of the diffusing species. The general  solution 
of Eq. [5] for an a rb i t ra ry  concentrat ion profile at t ime 
zero, C0(x); is given by (3) 

1 
C(x#  t )  = - -  C 0 (X')  e - ( z - x ' ) 2 / 4  Dt d x '  [6] 

~/~ Dt 

We can test the model with a step concentrat ion gradi-  

ent as an ini t ial  condition where 6 is the thickness of 
the diffusion layer, Ce is the concentrat ion at the anode 
surface and Co the bulk  concentration, i.e. 

x > 8 ,  C0(x) =Co 
[7] 

0 ~ x < 6 ,  C o ( x ) = C e  

The solution for the concentrat ion at the electrode 
surface is ( ~  Co - -  c(0, t) = 4, ~ / - ~ t  [8] 

Co --  Ce 2 

where 4, is the error function defined by 
2 

4,(y) = ~/~- e - P  d~ [9] 

The problem was also solved for a l inear  gradient  ini-  
tial condition, but  within the range of times studied 
here, no distinction could be made between the two 
cases. Now, using the Nernst  equation to express the 
diffusion overpotential  we have 

RT C(0, t) 

ziF Co 
[10] 

RT Ce 
nd 0 = - 111 - -  

z~F Co 

where qd 0 is the overpotential  at the ins tant  the current  
is switched off and nd is the overpotential  at any  time t, 
which is taken in the calculations at 1 sec. Finally,  the 
diffusion equation in terms of overpotentials  is given by 

1-- exp (~d Z~F/RT) ( 8 ) 
= 4, ~ [ii]  

1 - -  exp (~d  0 ziF/RT) 2 ~/D~ t=1 

The method of calculation is to measure the overpoten-  
tials at time zero and at 1 sec from the potent ial  pro-  
files of Fig. 4, evaluate the left hand side of Eq. [11] 
and find the value of the a rgument  from error func-  
t ion tables. The thickness 5 is then calculated from 
the total "on" t ime of the discharge and the bulk  den-  
sity of LiCI and thus the effective diffusion coefficient 
is obtained. The results are given in Table I. The 
order of magni tude  of the diffusion coefficient obtained 
is about what  might  be expected for diffusion through 
a porous body, i.e., at ,~ 10 .8 it is between the value 
of solid state diffusion ~ 10 -12 or less and of solution 
diffusion ~ 10 -5. The lack of constancy of the effective 
diffusion coefficient with increasing t ime could be due 
to a number  of factors which could change the value 
of the calculated diffusion coefficient in the direction 
observed. Among these factors are loss of product as 
a function of discharge time, increasing porosity of 
product with increasing discharge t ime or a finite, but  
diminishing effect of a concentrat ion gradient  in the 
bulk electrolyte as the porous product layer  thickens. 
The first two factors could be reflected in a nonl inear  
growth rate of the porous layer  with discharge time. 
(It should be recalled that  one of the assumptions of 
the model is a strictly l inear  rate of growth of the 
product layer.) In  fact, if the layer  is assumed to grow 
at an arb i t ra ry  rate, i.e., 5 (T) = 5'T n, where T is the 

Table I 

Time  (min) 7o (V) #d o (V) 
~d (1 sec) 

(V) 
~ x  i0~ 

(cra) 
D •  10s 

(cmS/sec) 

0 
15 
80 

105 
135 

0.31 
0.25 
0.22 
0.25 
0.25 

0.04 
0.14 
0.36 
0.40 
0.r 

0 
0.08 
0.28 
0.33 
0.38 

1.44 
3.03 
3.33 
3.59 

1% 
8.39 

11.1 
14.3 

0.30 
1.9 
2.8 
4.0 

0.49 
0.51 
0.40 
0.47 
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Fig. 5. Oscilloscopic tracings of current interrupted discharge 
characteristics in test cell with an excess of electrolyte; saturated 

LiCI. 

total t ime of current  flow, the value of n can be deter-  
mined from a plot of log(b/2k/Dt)t=t vs. log T. The 
log-log plot is l inear  within exper imental  error and 
the value of n determined in this way is n = 0.43. The 
constancy of (8/2k/Dt)t=l T -~ is shown in the last 
column of Table I where the values obtained in this 
way are constant  to wi thin  the exper imental  error. In 
the absence of more definite information about the 
na ture  of the porous film it doe~ not seem advisable to 
t ry to extract  any fur ther  significance from these re-  
sults. 

The column in the table labeled n0 is the measured 
combined ohmic and activation overpotential.  Its con- 
stancy indicates that  the electrolyte remains invar ian t  
and that there are no unusual  ohmic or activation 
effects which fur ther  substantiates the porous layer 
diffusion model. Fur ther  experiments  with a large 
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volume of electrolyte containing only A1C13, in which 
all of the product LiC1 is soluble, show no such concen- 
t rat ion polarization but  only show the effect of ohmic 
and activation polarizations. Also, the concentrat ion 
effect is not observable in solutions which are pre-  
saturated with LiC1 and stirred dur ing the discharge 
(see Fig. 5). In the st irred solutions, no layer  is ob- 
served on the surface of the li thium, but  LiC1 product 
does appear on the bottom of the test cell after stir-  
r ing is ceased. This shows that  the product is not very 
adherent  and can be removed with even gentle s t i rr ing 
and its removal  el iminates the severe concentrat ion 
polarization. 

In  summary,  while there  are t roubl ing questions 
about some of the quant i ta t ive  aspects of the porous 
product layer diffusion model, it is believed that  the 
quali tat ive description of this system is accurate and 
semiquant i ta t ive  agreement  of the theory with the 
observed results is obtained. Furthermore,  it is be-  
lieved that  the technique of observation of open- 
circuit voltage recovery can offer a valuable diagnostic 
cri ter ion for cases in which an insoluble product is 
formed at an  electrode. 

Conclusions 
This s tudy indicates that  the discharge of a l i thium 

anode in an A1C13-propylene carbonate electrolyte can 
be severely affected by a bu i ld-up  of product LiC1 at 
the anode surface. Sufficient electrolyte to dissolve the 
product or st irr ing of the electrolyte which mechani-  
cally removes the product  from the surface, el iminates 
the severe polarization effect. A simplified model of dif- 
fusion through a porous product layer has been ad-  
vanced to a t tempt  to describe the observed polarization 
effects. 

Manuscript  submit ted Sept. 12, 1968; revised manu-  
script received Ju ly  2, 1969. 

A ny  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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Studies of Inhibition of Magnesium Corrosion 
David A. Vermilyea* and Carol F. Kirk 

Research and Development Center, Generat Electric Company, Schenectady, New Yortc 

ABSTRACT 

The corrosion of pure magnes ium in aqueous solutions of various pH has 
been studied. The reaction product is a porous layer consisting mainly  of 
Mg(OH)2 in the absence of inhibitors, but  films formed in solutions con- 
taining NaIO4 are composed of substances which could not be identified. The 
reaction in inhibi tor- f ree  solutions proceeds by the formation and dissolution 
of a pr imary film, possibly an oxide, followed by precipitation of a film of 
Mg(OH)2. In  NaIO4 solutions the reaction product is thicker and probably 
denser because the periodate decreases its dissolution rate, and the over-al l  
metal  removal  rate is less by a factor of 10 at pH 9-10. 

Recent studies (1) of the dissolution of MgO and 
Mg(OH)2 revealed that  periodate, germanate,  va na -  
date, and tel lurate  ions retarded dissolution in alka-  
l ine solutions, while sodium dodecyl sulfonate was an 
inhibi tor  in acid solutions. This paper presents the re-  
sults of a study of inhibi t ion of corrosion of metallic 
magnesium by those substances. 

* E l e c t r o c h e m i c a l  Society Active M e m b e r ,  

Experimental 
The metal  specimens, cut from ingots of 99.99% Mg 

obtained from United Mineral  and Chemical Corpora- 
tion, were about 3 cm x 1 cm x 0.05 cm. We do not 
know what impurit ies were present  in the magnesium. 
Etching for 30  sec in  10% HNO3 followed by 10 sec in 
2% HC1 produced a surface which was fairly smooth 
on a microscopic scale. The grain size was about 0.2 
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cm. Surfaces prepared with other chemical etching 
pretreatments  gave similar results. 

Weight measurements  made using a Cahn RG Elec- 
trobalance were repeatable to about 10 -6 g/cm ~. Spec- 
imens were weighed before and after exposure and 
after a 60 sec immersion in 10% CrO3. The lat ter  
t rea tment  removed the reaction product with little 
at tack on the metal; freshly prepared specimens lost 
5 x 10 -6 g /cm 2 after the chromic acid treatment.  

The specimens were exposed at 25~ in 500 cc of 
solution in  vessels with ground glass covers to pre-  
vent absorption of CO2 in the alkal ine solutions. It  is 
known (2) that the corrosion rate of magnes ium in 
water  is not greatly affected by the presence of oxy- 
gen. We actual ly found lit t le difference in a period of 
a week whether  the vessel was open or closed. The 
solutions were not agitated. 

The reaction product  was examined using standard 
diffraction and electron microscopic techniques and 
also by reflection infrared spectroscopy. For  the lat ter  
examinat ion a Beckmann IR-12 spectrometer was 
used with a specimen holder which gave three reflec- 
tions from polished magnesium sheets which were cut 
from the ingots, metal lographically polished, and 
chemically etched by the procedure described above. 

Results 

Nature of the reaction product.--Specimens were 
usually exposed to solutions containing 10-4 M MgSO4 
plus the inhibi tor  to be studied plus KOH to pH 
10.0 • 0.2. We added the MgSO4 in order that  the total 
Mg +g concentrat ion would not change greatly dur ing 
an experiment,  but actually we could not detect any 
difference when it was absent. 

Electron diffraction from samples exposed to solu- 
tions with no inhibi tor  revealed that  Mg(OH)2 and 
Mg were present, with no other substances giving 
diffraction. The lines were somewhat diffuse. Samples 
exposed to NaIO4 solutions, on the other hand, yielded 
diffuse electron diffraction lines which could not be 
associated with any known compound. 

Electron microscope studies showed that films pro- 
duced in inhibi tor-free solutions were composed of 
platelets the outer portions of which were about 300 
by 3000A. Figure 1 shows a typical example, but  does 
not reveal the three-dimensional  s t ructure  visible with 

stereo photomicrographs. The structure appears very  
similar to that  observed on AI(OH)3 films formed by  
reaction of a luminum with water  (3). At least the 
outer portion of the layer is evidently quite porous. 
Presumably  the platelets are Mg(OH)-2. Longer ex- 
posures gave similar films with slightly smaller  plate-  
lets. 

The platelets shown in Fig. 1 appear to have random 
orientations. A specimen exposed in plain water  de- 
veloped the film shown in  Fig. 2. In  that  film it ap-  
pears that there are some platelets oriented near ly  
perpendicular  to the surface while a major i ty  have 
their major  faces parallel  to the surface. Probably  the 
platelets dissolve faster at the edges, so that  platelets 
which nucleate with an orientat ion perpendicular  to 
the surface are dissolved preferentially,  leaving those 
oriented parallel  to the surface. The somewhat higher 
dissolution rate in plain water  as compared with the 
pH 10 solution is responsible for the different film 
morphology. 

By contrast, with the above results, the outer surface 
of a specimen exposed in a NaIO4 solution had the 
appearance of a mud flat, Fig. 3. In  Fig. 3 the white 
areas are probably cracks in the replica. Evident ly  
the periodate has caused a profound change in the 
character of the layer. It is not certain that  this layer  
is porous. Shorter exposures to NaIO4 solutions gave 
products with some platelets and some "mud flat" 
areas. It  therefore appears that  as the film grows the 
spaces between platelets are filled in. 

Infrared spectroscopic studies over the region 800- 
4000 cm-*  of films grown in inhibi tor-f ree  solutions 
showed only a single intense absorption at 3700 cm -1 
with a width of 20 cm -1 at half max imum intensity. 
Using the same spectrometer we found that  this ab-  
sorption, which is the OH stretching vibration, oc- 
curred at 3698 cm -1 in na tu ra l  Brucite and at 3702 
cm -1 in Mg(OH)2 precipitated from MgSO4 solution 
with KOH. In the lat ter  two spectra the width at half 
max imum intensi ty was only 12 cm -1. In the spectrum 
from the reaction product there were no bands, even 
weak broad ones, corresponding to liquid water  or to 
hydroxyl  ions in other crystallographic positions. It 
is concluded that  these films are mostly reasonably 
well crystallized Mg (OH) ~. 

Infrared spectra from specimens exposed in NaIO4 
solutions, by contrast, showed the rather  more com- 
plicated structure. In  addition to the band  at 3700 

I:ig. 1. Direct carbon replica of the top surface of a film formed 
in 294 min on magnesium in MgS04 + KOH solution, pH 10.1 
Magnification 15,000X. 

Fig. 2. Top surface of a film formed on magnesium in 100 rain 
in pure water. Magnification 15,000X. 
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Table  I. Rates of various processes 

l~.ate, 
Process Time, see moles/cmS-sec 

Corros ion  of  M g  in  i n h i b i t o r - f r e e  6 • 108 6.6 x 10 -~z 
so lu t ion  6 x I0 ~ 3.7 

6 x 10 s 2.1 
Formation of Mg+S in inhibitor- 0 x 10 5 1.6 x 1O -~ 

free solution 
Corrosion of Mg in NaIO~ solution 6 x I0 3 4.8 x 10 -11 

6 • 10~ 1.2 
6 • 105 0.29 

Dissolution of MgO I0-~ 
Natural brucite (Mg(OH)s} 10-~ 
H i g h  e n e r g y  Mg (OH)~ lO-ZO 

Fig. 3. Top surface of a fi lm formed in 68 hr in a I 0 - 3 M  N a I O 4  
solution, pH 10. Magnif icat ion 15,000X.  

cm -1 there  was a broad, intense absorption between 
2600 and 3800 cm -1, other weaker ones at 1450 cm -1 
and 1650 cm -1, and finally a broad absorption at 720 
c m - L  While the broad absorption at 2600-3800 cm -1 
suggests hydroxyl  ions in  various b ind ing  states the 
interpreta t ion of the details of this spectrum is not 
obvious, since the remaining bands did not correspond 
exactly to those for l ikely substances like periodate 
or iodate. However, the complexity of this result  re in-  
forces the conclusion from diffraction and microscopy 
that the product formed in periodate solutions differs 
substant ia l ly  from that  formed in inhibi tor-free solu- 
tions. Mg(OH)2 precipitated with KOH from a MgSO4 
solution containing NaIO4 gave a spectrum with the 
same features as that  from the film, except tha t  the 
band at lower energy was at 680 cm -1. 

Corrosion rate, inhibitor-~ree solutions.--Figure 4 
shows the weight loss after removal of the reaction 
product in CrO3 for exposures in 10-4M MgSO4 plus 
KOH to pH 10. The unexposed specimens would 
lose about 5 x 10 -6 g/cm2 in CrOs because of the dis- 
solution of the init ial  film, and extrapolat ion of data 
from longer times indicates that  the ini t ial  film would 
be produced in about 12 min. Hence each exposure 
time was increased by 12 rain to take account of the 
film ini t ia l ly present. 

20 
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_ I0 

I I I r I I I I I I I I I [ I I I I 1 

0 

O 

1 z t t t I f ~ ~ I ] l I i I I 1 t l 
I0 10 3 104 10 "5 I0 $ 

TIME + 720 - SECONDS 

Fig. 4. Total  omount of metol removed in inhibitor-free solution 

The average slope of the log-log plot of Fig. 4 i s  
about 2/3, so tha t  the rate decreases with t ime but  
not as fast as if controlled by a diffusion process. The 
slope appears to increase somewhat at long times, 
suggesting an approach toward a constant rate, prob- 
ably u l t imate ly  controlled by dissolution of the prod- 
uct. Table I gives corrosion rates calculated from the 
data of Fig. 4. Blanchet  et al. (3) found a steady cor- 
rosion rate of about  11.7 todd or 5.6 10 -zz moles/cm ~- 
sec for pure magnes ium in refreshed pure water  at 
22~ in reasonable agreement  with the results of this 
study. Corrosion rates in 3% NaC1 are from two to ten  
times higher (2, 4) ; we have found that a solution of 
10-4M MgC12 plus KOH to pH 10 causes pi t t ing a t -  
tack and increased weight loss. 

Table I also gives rates from the previous s tudy (1) 
for dissolution of MgO; highly reactive, fine particle 
Mg(OH)2 obtained from Mathieson, Coleman, and 
Bell and designated "high energy Mg(OH)2"; and for 
na tura l  Brucite, all at pH 10. If diffusion of dissolved 
Mg(OH)2 away from the specimens was the control-  
l ing process the rate would be about 10 -1~ moles/  
cm~-sec for a diffusion layer thickness of 10 -2 cm. A 
comparison of the observed corrosion rate  with these 
values shows the following. The rates are always less 
than the diffusion l imited rate, especially at longer 
times. The rates are less than that  for high energy 
Mg(OH)2, which suggests the presence of a reasonably 
well crystallized product. The electron micrographs of 
Fig. 1 and 2 support this conclusion. The rates are 
much greater than  the rate for na tura l  Brucite, how- 
ever. 

Figure 5 shows that  before the CrOs t rea tment  the 
specimens exposed in the inhibi tor- f ree  solution 
showed a small  weight gain at short times bu t  a large 
weight loss at long times. From the data in Fig. 4 and 
5 it is possible to determine the rate of dissolution to 
form Mg +2 and the rate of formation of Mg(OH)o_. 
Assuming that the reaction produces only Mg +2 and 
Mg (OH) 2, the following relationships are valid 

mol.wt OH 
AWz = AWz • 2 X --AW2 [1] 

mol.wt Mg (OH) 

' ' 'L i ' ' ' l  ' ' ' '1 
_S.__----8-~0 

C 
% 
-~. -2c 

i -4C 

~, -6c 

~ -80 

-I00~ 

-120 ~ 

I I I I I I ' ' 

<7 

0 
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0 

I I l 
rO ~ lO 3 104 105 lO 6 

TIME - SECONDS 

Fig. 5. We igh t  change before Cr03  treatment,  inhibitor-free solu- 
tion. 
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mol.wt Mg 
~W~ ---- - -  ~W~ • - -  aW~ [2] 

mol.wt Mg (OH) 

In Eq. [1] and [2], A W I  and hWn are the weight 
changes after exposure and after the removal of the 
product in  CrOs respectively, and hW~ and AW2 a r e  

the weight of Mg(OH)2 formed and the weight of 
Mg +2 dissolved. Solving for ~Wt and  ~W~ gives 

A W  1 = A W I - -  A W I I  [ 3 ]  

A W 2  = -- 0 . 5 8 3  A W I I  -- 0 . 4 1 " / ~ W x  [4] 

Figures 6 and 7 show log-log plots of ~W~ and AW2; 
the average slopes are about 0.58 and 0.84, respec- 
tively, so that  both weight change rates decrease with 
time. The slope of the curve for growth of Mg(OH)~ 
suggests diffusion control while the rate of dissolution 
of Mg +2 is near ly  constant. At 106 sec the dissolution 
rate is 1.6-10 - ~  moles/cm2-sec which is only slightly 
less than  the total corrosion rate of 2.1.10 - ~  moles/  
cm2-sec; evident ly  dissolution is the most impor tant  
process at long times. 

Corrosion rates in NaIO~ solutions.--Figure 8 pre-  
sents data for specimens exposed in  10-ZM NaIO~ plus 
10-~M MgSO4 plus KOH to pH 10. The scatter of 
these results is very large for reasons which are not 
apparent.  There was some pit t ing and also crevice 
corrosion where the specimen rested against a glass 
support; perhaps the scatter is associated with var ia-  
tions in the amount  of local attack. 

The slope of the log-log plot is only 0.38, so the  
rate falls off faster than for a process under  diffusion 
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Fig. 6. Mg +2  dissolved in inhibitor-free solutions, calculated 
from Eq. [ 4 ] .  
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Fig. 7. M g ( O H ) ~  for/"ed in inhibltor-free solutions, calculated 
fro/ .  Eq. [ 3 ] .  
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Fig. 8. Total  amount of metal removed in No lO4  solutions 

c o n t r o l  Cor ros ion  rates ca lcu la ted  f r om  the  cu r ve  and 
listed in Table I are ini t ia l ly about the same as in  
the absence of inhibitors but  at long t imes are less by  
a factor of 10. Apparent ly  the modifications of the 
corrosion product which were revealed by diffraction, 
microscopy, and infrared spectroscopy result  in a re-  
duced corrosion rate. 

Figure  9 shows that the specimens gained weight  
when measured before the CrO3 treatment ,  in con- 
trast to the results in inhibi tor-free solutions. If the 
assumption is again made that only Mg(OH)2 and 
Mg +2 are formed as corrosion products and the results 
analyzed with Eq. [3] and [4], it is found that  the 
amount  of Mg +2 formed is less than  zero for many  
specimens. Evident ly  the assumption that  only 
Mg(OH)2 and Mg +2 form is incorrect, a result  which 
reinforces the conclusions from infrared spectroscopic 
studies. 

Increasing the NaIO4 concentrat ion to 10-2M did 
not decrease the corrosion rate much below that  for 
10-3M, but  at 10-4M the specimen was pit ted and the 
total  corrosion rate was about twice as great as in 
inhibi tor- f ree  solutions. 

Role of pH. - - In  inhibi tor-free solutions with an ini-  
tial pH of 10 the pH increased dur ing  exposure, and 
at 106 sec reached 10.5. In  NaIO~ solutions, on the 
other hand, the pH fell and reached 9.3 at 106 sec. 
Table II gives results of studies of the effect of pH on 
the rate of attack. In  inhibi tor-f ree  solutions the total 
corrosion rate, the amount  of Mg(OH)~ formed and 
the amount  of Mg +2 dissolved all decreased with in-  
creasing pH. In NaIO4 solutions the total corrosion was 
least at pH 9, al though the weight  gain before CrO~ 
increased cont inuously with increasing pH. The in ter -  
pretat ion of these results will be given in the discus- 
sion. 
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Table II. Effect of pH on rates 

I N H I B I T I O N  O F  M A G N E S I U M  C O R R O S I O N  

Mg*-' d i s -  
so lved ,  
#g/crnC 

A. I n h i b i t o r - f r e e  s o l u t i o n s  

W e i g h t  c h a n g e  a t  1.g • 10 ~ sec  ~ in te rpo ia ted)  

T o t a l  B e f o r e  M g  (OH)  
cor ros ion ,  CrO~, f o r m e d ,  

pI-I ~g/cm'- '  ~ g / c m  ~ ~ g / c m  ~ 

8 --250 -- 70 165 160 
9 -- 210 --55 155 150 

I0  - -  118 -- 3 11S ~0 
11 --  57  + 13 70  38  

B.  NalO~ s o l u t i o n s  

W e i g h t  c h a n g e  a t  3 x 10~ sec  ( i n t e rpo l a t ed )  

To ta l  B e f o r e  
co r ros ion ,  CrO~, 

pI-I ~g/em-" ~g/em"- 

S - 130 + 40 
9 - 6 3  + 112 

lO - 8 4  § 204 
i i  - 100 + 350 

Other inhibitors ]or alkaline solutions.--Much less 
work  was done with  other  inhibitors than periodate, 
which was found to have greatest  influence on the 
dissolution of Mg(OH)2. In other studies it was found 
that  te l lurate  was reduced, evident ly  to tel lurium, and 
a black deposit covered the specimen; t e l lu r ium was 
detected in the deposit by x - ray  fluorescence. Germa-  
nates and vanadates did reduce the corrosion rate  
somewhat,  but not by as large a factor as did perio-  
date. Germanium and vanadium were  not detected on 
the specimens after  exposure. All  inhibitors were  
present at 10-3M. 

Corrosion at Low pH. - - In  pH 1 H.,SO4 magnesium 
was found to corrode at a rate equal  to that  calculated 
on the basis of control  by proton diffusion to the sur-  
face. In pH 3 H2SO~ and HC104 however,  the rate  was 
found to be constant at about 3.4 x 10-t0 moles /cm 2_ 
sec, while  the ra te  calculated on the basis of control 
by proton diffusion and a s tat ionary layer thickness 
of 10 -2 cm is about 5 x 10 -9 moles/cm2-sec. X - r a y  
diffraction and infrared spectroscopy disclosed the 
presence of Mg(OH)2 on the samples, while  electron 
microscopy revealed a s t ructure similar  to that  of 
Fig. 1. 

The reduced rates and presence of Mg(OH)2 in pH 
3 solutions can be understood if the effect of the dif- 
fuse double layer near  the surface is considered. The 
point of zero change of Mg(OI-t)2 is about pH 12 (5). 
At p i t  3 the potential  difference between the surface 
of Mg(OH)2  and the solution could be as large as 
about 0.5V. In a 10-~M solution the concentrat ion of 
posit ively charged ions at the plane of closest ap- 
proach is then calculated to be about 10 -6, so the pH 
in the vicini ty  of Mg(OH)2 part icles is about 6 instead 
of 3. The dissolution rate of the na tura l  Brucite at pH 
6 is about 10 -10 moles/cm2-sec. Using Eq. [3] and [4] 
with the observed values of AWr ---- --118 ;~g/cm 2 and 
• ---- --413 ~g/cm for a specimen exposed in pH 3 
H2SO4 for 6 x 104 sec gives 2Wz ---- 295 ~g/cm 2 and 
AW2 = 290 ~g/cm 2. Conver t ing ,-%W.~ to a rate gives 
2 x 10 -10 moles/cm2-sec for formation of Mg +2, in 
reasonable agreement  wi th  the calculated rate. 

Confirmation of the role of the diffuse double layer 
was obtained by adding M Na2SO~ and M NaC104 to 
the pH 3 solutions. In M Na2SO4 (pH 3.0) the total  
corrosion rate  was 3.1 x 10 -9 moles/cm2-sec, while  in 
M NaC104 (pH 3.1) it was 5.2 x 10 -10. Using the 
analysis of Eq. [3] and [4] the dissolution rates were  
2.1 x 10 -9 and 3.9 x 10 -~9 for sulfate and perchlorate  
solutions, respect ively;  the expected rate  for Bruci te  
at pH 3 is 4 x 10 -9 moles/cm2-sec. For  the perchlorate  
solution there is still  an appreciable double layer cor-  
rection which makes the surface pH 3.6 and the ex-  
pected rate  2 x 10 -9 moles/cm2-sec.  The  agreement  is 
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within  a factor of 2 for Na2SO4 and a factor of 5 for 
the NaC104, which is fair. It is concluded that  the 
double layer effect is plausible. 

Corrosion acceterators.--Buffer solutions at around 
neutra l  pH act as accelerators of magnesium corro-  
sion. In carbonate solutions for example,  rates of 1.6 x 
10 - r  moles cm2-sec and 1.4 x 10 -1~ moles/cm2-sec 
were  measured  in M NaHCO~ and 10-3M NaHCO3, 
respect ively;  solution pH's were  7.95 and 8.35. Assum- 
ing that  the process was controlled by diffusion of 
HCO3- to the surface the theoret ical  rates are 5 x 10 -7 
and 5 x 10 -10 moles/cm2-sec,  in reasonable agree-  
ment  with the measured values. 

Corrosion in gases . - -Specimens exposed in the lab-  
oratory atmosphere gained only 1 ~g/cm 2 in 7 days, 
while at 240~ the weight  gain in 18 hr  was about 1.4 
~g/cm 2. Other  samples were  exposed at 25~ in a 
closed vessel containing a M NaC1 solution to produce 
an atmosphere wi th  a humidi ty  of about 98%. Af ter  
2.3 x 10 ~ and 3.4 x l0 s sec the weight  gains were  2.4 
and 9.6 ~g/cm 2. Af ter  CrO3 t rea tment  total  weight  
losses were  7.1 and 10.1, respectively. (It  should be 
remembered  that  an unexposed specimen would lose 
5 ~g/cm2.) Corrosion in gaseous envi ronments  at 
moderate  tempera tures  is evident ly  ve ry  slow, even 
when the gas is nearly saturated with  water  vapor. 
For  rapid corrosion l iquid water  is necessary. 

Discussion 
These studies have shown that  the corrosion of pure 

magnesium in wate r  has characterist ics ve ry  similar 
to those of the a luminum-wa te r  reaction (3). For in-  
stance, the reaction does not proceed in the absence 
of a l iquid phase; a porous product of similar  appear-  
ance is produced; there is l i t t le effect of t empera tu re  
(4); and the kinetics suggest control by diffusion 
through the porous reaction product. These similarities 
suggest that  for magnesium as for a luminum the re-  
action proceeds by the format ion and dissolution of a 
p r imary  film, wi th  the rate controlled by the disposi- 
tion of the soluble species. The magni tude  of the cor- 
rosion rate observed in these studies for inhibi tor-f ree  
solutions is similar to the rate of dissolution of MgO, 
which suggests that  the p r imary  film may be an oxide. 

A possible corrosion mechanism is then  the forma-  
t ion of a magnes ium oxide, dissolution of the oxide to 
form soluble species, and precipitat ion of an Mg(OH)~ 
film which gradual ly impedes the process. At long 
times, when the corrosion rate is sufficiently reduced, 
there  would be a balance of the format ion and dis- 
solution of the Mg(OH)2, which would finally have a 
constant thickness. The corrosion rate  would then be 
constant. The role of pH is then easy to understand, 
for as the ptI  increases the rates of dissolution of the 
oxide and the hydroxide decrease sharply, so that  all 
the rates decrease. 

The role of periodate is to decrease the rate o]~ dis- 
solution of Mg(OH)2 so that  more react ion product 
accumulates and stifles the reaction. The nature  of the 
react ion product  is substantial ly al tered in the pres-  
ence of periodate. The  role of pH is sl ightly different 
in periodate solutions. As the pH increases f rom 8 
there  is first a decrease in rate  because of the slower 
rate of dissol:u%lon o~ the reaction products. However,  
at h igher  pH as the point of Zero charge is approached 
the potential  of the Mg(OH)2 or MgO rela t ive  to the 
solution decreases and the at t ract ion of IOn- to the 
surface is less. The inhibition is then decreased and 
at p~I 11 the rates in inhib i tor - f ree  and inhib i tor -con-  
ta ining solutions are about the same. 

Conclusions 
1. Per iodate  ion decreases the rate  of the corrosion 

of magnesium in the pH range 8-10 af ter  a week's  ex-  
posure by about a factor of 10. 

2. The  effect of periodate is to change the nature  of 
the reaction product  and re tard  its dissolution. 
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3. A mechanism comprising formation of magnesium 
oxide, its dissolution to form Mg +2, followed by pre-  
cipitation of some of the Mg +2 as Mg(OH)2 is con- 
sistent with the observations. 
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Partial Currents During Anodic Dissolution of Cu-Zn 
Alloys at Constant Potential 

H. W. Pickering* and P. J. Byrne 
E. C. Bain Laboratory for Fundamental Research, United States Stee~ Corporation, Monroeville, Pennsylvania 

ABSTRACT 

The part ial  currents,  izn and icu, for anodic dissolution of single phase 
Cu-Zn alloys in a sulfate solution are shown for the potential  range 
--1000 ~ E ~ 500 mV. The results show the conditions for preferential  dissolu- 
t ion of the less noble component and in which potential  range t ransi t ion to 
simultaneous anodic dissolution takes place. The polarization curve for Zn 
exhibits a potential  region of low, relat ively constant current  and another  
region above a certain potential, Ec, where the current  increases sharply with 
potential. Ec increases with increasing Cu content. Copper dissolution is ob- 
served only at the higher potentials in accord with its more noble s tandard 
potential. These results are in qual i ta t ive agreement  with the dissolution be- 
havior of Cu from Cu-Au alloy found by Gerischer and Rickert. 

Over a decade ago Gerischer and Rickert (1) pre-  
sented probably  the first polarization curve for the 
less noble component of an alloy in a study of the dis- 
solution of various Cu-Au alloys as a function of 
applied potential. Since Au did not dissolve for their 
experimental  conditions the measured current  was due 
main ly  to Cu dissolution. The curves contain complex 
features not before observed for metals or alloys. They 
include a potent ial  region where Cu dissolves at a low, 
potent ia l - independent  rate. Above a certain potential, 
referred to as the critical potential, Ec, the current  in-  
creases sharply with potential. Also Ec is a function of 
alloy composition, increasing with increase in gold 
content. Gerischer and Rickert fur ther  showed that 
long times were required in arr iving at a quasi-s ta-  
t ionary current.  The current  starts out high but  de- 
creases at an ever decreasing rate; after an hour  there 
is very little fur ther  decrease. For the potential  range 
investigated Cu was found to dissolve at an appre-  
ciable rate only from the Cu-r ich Cu-Au alloys. These 
results have been confirmed in our own investigations 
where all the above-ment ioned features were observed 
(2). 

More recent ly  Fel ler  (3) has shown, with the help of 
a rotat ing disk-r ing electrode, that preferential  dis- 
solution of Zn from Cu-Zn alloys occurs more pre-  
dominant ly  with the Zn-r ich  than  with the Cu-rich 
alloys. Similar  results have been obtained by Sugawara 
and Ebiko (4), as shown by metallographic examina-  
t ion of dissolved specimens, and by others (5). For the 
same rates of dissolution a higher  potential  was re-  
quired the higher the copper content  of Cu-Zn alloys. 
This is similar to the aforementioned behavior  of 
Cu-Au alloys and also to the behavior of Ag-Au  alloys 
(6) and the t e rnary  Fe-Cr -Ni  alloys (7, 8). In  none 
of these investigations, however, was a potential  region 
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of low, constant current  observed, similar to that  
found with Cu-Au alloys by Gerischer and Rickert. 
Also Graydon and co-workers (9) obtained kinetic 
data on the dissolution of copper from a brass dur ing 
immersion in an oxygen-satura ted sulfuric acid solu- 
tion. Periodic polarographic measurements  indicated 
that  the rate of copper dissolution increased with t ime 
for many  hours prior to the a t ta inment  of a steady 
value. 

In order to determine the conditions for preferent ial  
and simultaneous dissolution, the part ial  currents  for 
various b inary  alloys are being cur rent ly  determined 
as a function of potential. These are alloys for which 
both components dissolve over part  or all of the po- 
tent ial  range of interest, so that  one obtains for each 
alloy two polarization curves, one for each component. 
In  this paper  are presented the part ial  currents  of 
Cu (icu) and of Zn (izn) as a funct ion of potent ial  for 
dissolution of three single-phase Cu-Zn alloys, which 
range from Cu-rich to Zn-rich. 

Experimental 
In  order to obtain izn and iCu during potentiostatic 

dissolution of Cu-Zn alloy at 23~ the amounts  of Cu 
and of Zn in the electrolyte were periodically deter-  
mined by chemical analysis. Data were obtained for 
dissolution of single-phase alloys of a, ~, and e brass in 
the buffered electrolyte (pH --~ 5), 1N Na.2SO4 - -  O.05N 
NaC2H302 --  0.05N HC2H302. 

Specimens, ~0.1 cm thick and 1.25 cm in diameter, 
of single-phase 7 and e brass were prepared as de- 
scribed elsewhere (10). Chemical and x - ray  analysis 
indicated their compositions to be Cu 65 a/o (atomic 
per cent) Zn (Cu65Zn) and Cu 86 a/o Zn (Cu86Zn), 
respectively. The ~ brass designated as 70/30 brass was 
provided by American Smelt ing and Refining Com- 
pany. It was homogenized for 2Vz days at 6O0~ in an  



Vol. 116, No. 11 P A R T I A L  C U R R E N T S  F O R  

evacuated capsule, rol led to a thickness of 0.015 cm 
and then annealed at 600~ for 16 hr  in an evacuated 
capsule. X- r ay  diffraction analysis indicated the com- 
position to be approximate ly  Cu 30 a /o  Zn (Cu30Zn). 
Specimens of a brass were  prepared with  an area of 
~6  cm 2. 3" brass is complex bcc, e brass is hcp, and 
brass is fcc. 

The cell of Pyrex  construction is shown in Fig. 1. 
The Pyrex  tube prevents  Cu and Zn ions, formed by 
dissolution of the specimen, from coming in contact 
with the counter  electrode where  they may  be de-  
posited. Contact of the electrolyte  be tween  the two 
chambers occurs via three small (3 mm diameter)  fine 
fl i ts  located approximate ly  120 ~ apart. The electrolyte 
was made from reagent -grade  chemicals and doubly 
distilled water.  Prepurif ied hel ium was passed through 
the cell  before and during dissolution in order to re -  
move oxygen. The reference cell was a m e r c u r y - m e r -  
curous sulfate electrode. The potentials, which were  
maintained with a Wenking potentiostat,  are all re-  
ported re la t ive  to the standard hydrogen electrode 
(SHE).  Electr ical  contact to the specimen was made 
with a Teflon-coated copper rod which has one end 
slotted and fitted with  a t ightening screw. The small  
contact area between the sample and rod was sealed 
from the envi ronment  wi th  polyethylene.  Immedia te ly  
prior to insertion at a par t icular  potential  the speci- 
men surfaces were  ground with  600 emery  paper, 
cleaned wi th  methanol  and r insed in water.  

Quant i ta t ive  chemical  analysis of the electrolyte from 
the anode (inner) compar tment  of the cell provided 
the amounts of Cu and Zn dissolved. In an auxi l iary  
exper iment  using a pure Cu specimen it was deter-  
mined that  negligible amounts of Cu 2+ ion were  lost 
f rom the inner compar tment  by t ransport  through the 
flits. In the runs at high potentials (currents) ,  how-  
ever, the Py rex  tube was removed in order  to be 
within the output  of the potentiostat;  Cu and Zn which 
deposited on the Pt  counter  electrode were  then dis- 
solved chemical ly prior to quant i ta t ive  chemical  anal-  
ysis. For  low concentrations of both copper and zinc 
ions, colorimetric analysis was used. Posi t ive identifi-  
cation of the presence of copper and zinc ion in the 
electrolyte  could be made for concentrat ions as low 
as 0.05 ~,g/cc Cu and 0.02 gg/cc Zn. Usually the con- 
centrat ions of Cu and Zn ions in the electrolyte,  if de- 
tectable at all, were  considerably higher  than this. For  
example,  oxidation of Cu or Zn to the divalent  ion at a 
current  density of 1 x 10 -6 A / c m  2 corresponds to a 
concentrat ion in the electrolyte  after  20 hr  of 0.5 gg/cm 3 
in the  case of the 3" and e specimens; in the case of the 

brass specimens, wi th  their  la rger  surface area, the 
same current  density corresponds to a concentrat ion 

TEFLON-COATED 
ROD 

PYREX 

sro cK 

I I  

Fig. 1. Cell for electrolytic dissolution 
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of Cu or Zn ions of 1.4 ~g/cm 3 after  20 hr. For  high 
concentrations of the ions coulometric  and t i t r imetr ic  
methods were  used for copper and zinc, respectively.  
In order to obtain data on the part ial  currents  as a 
function of t ime of dissolution, fresh electrolyte was 
placed in the cell af ter  the initial dissolution period 
and dissolution was continued. This electrolyte  was 
then drained and analyzed, and again the cell was re-  
plenished with  fresh electrolyte,  etc. 

Specimens were  usually dissolved in two dissolution 
periods; the data obtained during the second period 
were  used to ar r ive  at a polarizat ion curve. The lengths 
of the first and second periods were  set at 1 and 20 hr, 
except  when the quasi -s ta t ionary  currents  were  

large ( ~  10 mA/cm2) ,  when shorter  t imes were  used. 
The average current  densities calculated on the basis 
of the geometr ical  area f rom data obtained in the 
second period were  then plotted as a function of po- 
tential  to give the polarization curves for the indi-  
vidual  components. IR corrections were  negligible 
since for all but the most posit ive potentials the net 
current,  anodic or cathodic (measured off the mete r ) ,  
did not exceed 10 m A / c m  2 corresponding to an IR 
value of ,-,10 mV. 

Resul ts  
Current-time behavior.--izn for dissolution of Zn 

from all three alloys in 1N Na2SO4 --  0.05N NaC2H302 
-- 0.05N HC2H302 starts out high but falls at an ever  
decreasing rate. Most of the re la t ively  large amount  of 
dissolution associated with  the approach to the quasi-  
s tat ionary current  occurs during the first hour and 
after  many hours the rate of decrease is quite  low; at 
the higher potentials, especially for a brass, the ap-  
proach to a quasi -s ta t ionary current  is much faster. 
Typical  izn-time behavior  for Zn dissolution is shown 
in Fig. 2. Af te r  the 1-hr init ial  period, consecutive 
periods of 16-24 hr durat ion were  used. In plott ing the 
points al lowance was made for the passage of a larger  
amount  of charge during the ear l ier  part  of each dis- 
solution period. The points accordingly lie at shorter  
t imes than the mid- t imes  of the dissolution periods. 

ic~,-time behavior  for dissolution of Cu is similar to 
that  for Zn. The ra te  of decrease of icu is usually less 
than that  of izn so that  the ratio of the copper and zinc 
currents, icu/izn, increases wi th  time; for some poten-  
tials this ratio becomes the same as the Cu/Zn  atom 
ratio in the alloys (s imultaneous dissolution). Excep-  
tional icu-time behavior  in these investigations, but  
similar to that  reported by Graydon and co-workers  
(9) for immersion of a brass in oxygen-sa tura ted  sul-  
furic acid, is an increase in icu with t ime at the highest 
potentials ra ther  than a decrease. 

Cur ren t - t ime  behavior  at higher  potentials than in 
Fig. 2 is shown in Fig. 3 where  the total  current  due to 
meta l  dissolution (izn + icu) is plotted as a function of 
t ime of dissolution of a ~ and an a brass specimen. 

~E .s 

10-5 

I 

- -  Io.s 

i.z( r 8RAS~ ) at - 500 mV 

0 

10 ~T I I I 
0 20 40 60 

TIME - hrs. 

Fig. 2. izn-time behavior for dissolution (preferential) of Zn 
from 3' brass in 1N Na2SO4-0.05N NaC2H302-0.05N HC2H302. 
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Fig. 3. (izn -]- iCu)-time behavior for dissolution of Zn and Cu 
from a and 3' brass. 

The above-ment ioned  faster approach to a quasi-s ta-  
t ionary current  at high potentials is seen in the top 
curve for ~ brass. The data points are not from chemi-  
cal analysis data; ra ther  they  are the direct ly measured 
currents  ( f rom the microammeter )  which may be 
taken as the izn -t- icu values since hydrogen evolution 
was negligible. 

Partial polarization curves.--Curves of izn - -  E and 
ic~ - -  E for dissolution of Zn and Cu from single-phase 
Cu-Zn alloys in 1N Na2SO~ --  0.05N NaC2HsO., --  0.05N 
HC2H302 are shown in Fig. 4. The polarization curves 
for the less noble component,  Zn, exhibi t  complex be-  
havior. There is a cri t ical  potential, Ec, where  the rate  
of dissolution and its dependency on potential  changes 
sharply. Below Ec there  is a potent ial  region of low, 
re la t ive ly  constant current,  whereas  above Ec there  is 
a potential  region of rapidly  increasing current,  the 
rate of increase fall ing off at the higher  potentials. Ec 
is a function of alloy composition, increasing with in-  
creasing content  of the more  noble component, Cu. Ec 
has values of roughly --950, 0, and +100 mV (SHE) 
for e, 3,, and ~ brass, respectively,  al though for e brass 
the potential  range of the low-cur ren t  region is small  
or nonexis tent  in view of the proximi ty  of the revers i -  
ble potential  of Zn in the electrolyte.  Good agreement  
was observed between the Zn current  calculated f rom 
the chemical analysis data and the direct ly measured  
value when  conditions were  such that  the lat ter  was 
due mainly  to Zn dissolution. For  example  the data 

points in Fig. 4, ~7 at --470 mV and (~ at 125 mV, for 
the izn (e brass) and izn (3" brass) curves, respectively,  
are the direct ly measured currents. 

Polarizat ion curves for dissolution of Cu are  shown 
(Fig. 4) only for 3" and a brass. With e brass no copper 
dissolution was detected for the potentials investigated. 

Cu dissolves from 3" brass at E ~ 50 mV wi th  icu rising 
rapidly to a value of ,-,0.1 m A / c m  2 at ~250 inV. Even  
at this potential,  however ,  icu is less than izn by t w o  
orders of magnitude.  The part ial  currents  for Cu dis- 
solution from 3, brass at E > 150 mV are for shorter  
dissolution periods than the normal  1- and 20-hr 
periods (since izn was so h igh) ;  hence these currents  
are larger  than they would have otherwise been and 
the scatter is greater.  

Cu dissolves f rom a brass at about 50 mV wi th  icu 
rising rapidly to a value  of ~16 mA/cm~ at 400 inV. 
Above N200 mV icu ~ 2izn. 

M etallographic examination.--Cross-section metal lo-  
graphic examinat ion of the specimens is reveal ing in 
the case of the higher  current  densities (E > Ec). For 
both e and 3, brass specimens a porous (poorly reflect-  
ing) layer is observed after  appreciable dissolution. 
Pronounced,  localized (cracklike) dissolution was also 
evident  with 3" brass, especially at the higher  poten-  
tials. These features are i l lustrated in Fig. 5. Also at the 
higher  potentials a (outer) scale sometimes is ob- 
served al though not in Fig. 5. Cross-section meta l lo-  
graphic examinat ion of the dissolved a brass specimens 
for E > E~, on the other  hand, indicates that  the 
porous- type alloy layer  usual ly does not form; a scale, 
which was identified by x - r ay  diffraction analysis as 

CueO, was observed at the higher  potentials ( ~  300 
mV).  Figure 4, therefore,  gives apparent  current  
densities at E > Ec for dissolution of e and 3" brass; 
the t rue  current  densities can be expected to be lower 
and to vary  over  the surface, being greatest  at the ad-  
vancing front of the porous structure.  On the other  
hand the current  densities for a brass in Fig. 3 and 4 
may vary  lit t le over  the surface and be close to the 
t rue  value. 

Discussion 
The data in Fig. 4 show that  two modes of dissolu- 

tion may occur depending on the potential:  p re fe ren-  
tial and simultaneous. Preferent ia l  dissolution changes 
gradual ly  with potential  f rom vi r tua l ly  no dissolution 
of the more noble metal  to simultaneous dissolution 
of both components. Comparison of the Cu and Zn 
polarization curves for dissolution of ~ brass shows 
that  preferent ia l  dissolution occurs for E < 200 
mV, and that  simultaneous dissolution occurs usual ly 

for E > 200 mV. Below ~50 mV vi r tua l ly  only Zn 
dissolves, and between 50 and 200 mV a gradual  t ransi-  

l f f ' l l l l l l l l l l l  

E 

,o' 

E(SHE) -mV 

~165 

L~(YBRASS 

Fig. 4. iz.rE and icu-E curves for dissolution of Zn and Cu from 
single-phase Cu-Zn alloys in the buffered (pH ~ 5) Na2SO4 elec- 
trolyte. Solid and dashed lines are the Zn and Cu currents, re- 
spectively. 

Fig. 5. Cross-section micrographs of dissolved e and 3' brass. 
(a) e brass after dissolution at E ~ --455 mV (SHE), and (b) 3' 
brass after dissolution at E = 500 mV (SHE). 
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tion occurs from Zn dissolution alone to simultaneous 
dissolution. 

Comparison of the Cu and Zn polarization curves for 
dissolution of ~ brass shows that preferential  dissolu- 
tion of Zn occurs at all potentials investigated; only 
Zn dissolves for potentials up to ~50 mV. Above ~50 
mV Cu also dissolves, wi th  izn/icu > 10:1. Since this 
ratio is much larger than the Zn /Cu  ratio in -y brass, 
preferential  dissolution of Zn occurs as well at these 
higher potentials;  however, the degree of preferential  
dissolution of Zn clearly decreases with increasing 
potential  in this region. Since it also decreases with 
time, it may be supposed, therefore, that  at some 
higher potential  and /o r  longer time, s imultaneous dis- 
solution of Zn and Cu would occur. 

With ~ brass only Zn dissolves in  the potent ial  range 
investigated. Since the potential  was always well be- 
low the s tandard potential  of Cu (Ec, ~ = 337 mV),  
the absence of significant Cu dissolution dur ing  dis- 
solution of e brass specimens is not surprising. 

The potential  at  which Cu begins to dissolve from 7 
and from = brass is approximately the same as with 
pure Cu according to an auxi l iary exper iment  in which 
pure Cu was used as the specimen. Similar ly  Zn dis- 
solution commences at potentials near the reversible 
potential  for pure  Zn in  the electrolyte, bu t  the rate 
of Zn dissolution is suppressed by the accumulat ion of 
Cu on the surface and only becomes appreciable when 
a higher potential  (Ec) is reached. 

Pickering and Wagner  (11) theorize that  preferen-  
tial dissolution of the less noble component  may be ex- 
pected when the difference between the single-elec- 
trode potentials of the two const i tuent  metals in the 
electrolyte is sufficiently large, i.e., several times RT/F, 
and when the potential  of the dissolving alloy is higher 
than that  of the less noble metal  and lower than  that  
of the more noble metal.  The results presented herein 
for Cu-Zn alloys are in agreement  with these concepts. 
In  addition there is also the occurrence of preferen-  
tial dissolution in a potential  region where  the  free 
energy change for dissolution of both Cu and Zn is 
negative (with a and 7 brass at E ~ +50 mV).  This 
is especially noticeable with 7 brass (Fig. 4) and may 
be accounted for by the difference in the overpotentials 
(driving force) for dissolution of the components, the 
overpotential  being far greater for Zn than  for Cu. 

The curves for Zn dissolution from the Zn-r ich  
Cu-Zn alloys are qual i tat ively the same as those for 
dissolution of the less noble component,  Cu, from Cu- 
rich Cu-Au alloys (1, 2). The similari ty of the curves 
for the less noble metal  in the two alloy systems prob- 
ably extends to the alloys rich in the more noble metal, 
but  a comparison is not possible due to the absence of 
data for the Cu-Au system at potentials noble of the 
oxygen evolution reaction. Dissolution of Cu from Au-  
rich alloys at higher potentials would be analogous 
to the dissolution of Zn from (Cu-rich) a brass (Fig. 
4). For the same reason no comparison is possible of 
the polarization curves of the more noble components 
for the two alloy systems. 

The formation of porous layers on e and ~ brass 
specimens dur ing anodic dissolution is similar to the 
formation of porous layers dur ing  preferential  anodic 
dissolution of Cu from Cu-Au alloys under  similar 
conditions (I1, 12) and dur ing corrosion of Cu-Zn  and 
Cu-Au alloys (13). The porosity is understood to be 
due to surface roughening. With diffusion of Zn to the 
surface as the controll ing step in the over-al l  dissolu- 
tion process of Cu-Zn alloy (10), a plane surface is 
unstable  according to Harr ison and Wagner  (14), so 
that  surface roughening and subsequent  porosity may 
be expected. 

The absence of porous layers on the a brass speci- 
mens is in agreement  with the usual  occurrence for a 
brass of s imultaneous dissolution for E ~ 200 mV. In 
its simplest form simultaneous dissolution may involve 
only consecutive removal of atom layers, as in the case 
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of a pure metal. Even so one may expect that  the sur-  
face atomic layer  is enriched in Cu, in accord with ion- 
ization of Cu as the controll ing step as suggested by 
others (9, 15). The situation becomes complex when 
appreciable preferential  dissolution occurs prior to the 
onset of s imultaneous dissolution; in this case simul-  
taneous dissolution may occur in the presence of a 
Zn-depleted layer of finite depth. 

Concluding Remarks 
The results clearly show under  which conditions 

preferent ia l  dissolution of the less noble component 
and in which potential range t ransi t ion to s imul tane-  
ous anodic dissolution take place. The anodic polariza- 
t ion behavior of Cu-Zn alloys appears to be similar to 
that of Cu-Au alloys. This behavior is not well under -  
stood. In particular,  as Uhlig (16) has pointed out, 
a satisfactory unders tanding requires an explanat ion 
for the occurrence of a ra ther  well-defined critical 
potential  and insight concerning the low current  re- 
gion is almost totally lacking. At potentials above E~ 
some unders tanding exists. According to recent x - ray  
and electron diffraction investigations on Cu-Au (11, 
12) and Cu-Zn (10) alloys, preferential  dissolution 
at E > Ec occurs via interdiffusion in the alloy next  to 
the surface, accompanied by exceedingly fast surface 
roughening (17, 16). 

A cursory examinat ion of polarization data on alloys 
available in  the l i terature gives some indication that  
other alloys exhibit  similar polarization behavior. For 
example, in the practically important  system, 18-8 
stainless steel in hot MgCI., solution, an appreciable 
anodic current  is observed at potentials more noble 
t h a n - - 1 5 0  mV (SHE) according to Hoar and Hines 
(7) and others (8, 19, 20). Yet anodic dissolution of 
Fe and Cr at E < --150 mV may occur since the re-  
versible potentials of Fe and Cr in the electrolyte are 
much lower. Fur ther  indication of a marked similari ty 
with the Fe-Cr -Ni  alloys is found in the recent data 
of Condit, Beauchamp, and Staehle (21). These authors 
show that  as the Ni content  is increased from 0 to 20 
w/o  (weight per cent) in a base alloy of fixed Cr con- 
tent  (20 w/o) the potential  required to sustain a given 
rate of dissolution of the alloy becomes more noble. 
Ni, therefore, influences the dissolution of stainless 
steel in  the same way as does Cu in the Cu-Zn alloys 
and Au in the Cu-Au alloys. For fur ther  insight it is 
desirable to determine the part ial  currents  of the com- 
ponents, Fe, Cr, and Ni. Such data would also give 
information on Whether or not passivation occurs for 
this al loy-electrolyte system at 150~ A marked in-  
crease in metal dissolution in a potential  region nega- 
t ive of --150 mV would indicate that  passivation oc- 
curs; whereas an anodic current  which is essentially 
independent  of potential  at E < --150 mV would indi-  
cate preferential  dissolution (of Fe and /or  Cr) in the  
absence of passivation. This is par t icular ly  important  
in connection with unders tanding stress corrosion in 
the austenitic stainless steels. 
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ABSTRACT 

An investigation has been made of the properties of lead dioxide electro- 
deposited from dilute Pb(NO3)2 solutions made alkal ine with NaOH, i.e., 
under  conditions which were expected to produce a-PbO2. The apparent  cou- 
lombic efficiency, measured gravimetrically,  is strongly dependent  on both 
the pH and the lead (biplumbite)  ion concentration. Efficiency values en-  
countered in this study ranged as high as 115%. A detailed composition ana l -  
ysis has been made on a mater ial  deposited from 5 x 10-2M Pb(NO3)2-0.9M 
NaOH solution at an apparent  coulombic efficiency of 112%. Analyses for 
water, lead, and active oxygen lead to the empirical composition 

PbO~.86~ �9 0.136 H20, or its equivalent ,  PbO1.73.~ (OH)0.27~ 

Si is the major  trace contaminant ,  as measured by emission spectrography, 
but  it is not present  to the extent  that silicate need be considered as an in-  
tegral part  of the electrodeposited compound. Quanti ta t ive analysis shows that  
ni t ra te  is not an inclusion. Electron photomicrographs reveal  a uni form fine- 
grained structure in which the crystal faces and boundaries are slightly 
curved. X- ray  diffraction analysis gives an a-PbO2 pattern. This is the same 
pat tern  reported in the l i terature for PbOl.sn prepared by chemical methods. 
The real coulombic efficiency of plating, recalculated on the basis of the anal-  
ysis for composition, is 98%. The rapid drop in the apparent  coulombic effi- 
ciency as the pH is increased is suggested to be the result  of an approach in 
the net  lead oxidation state to 4.00. 

A s tudy has been ini t iated in this laboratory to in-  
vestigate a report in the l i terature (1) that 02 evolu- 
t ion on a-PbC~ in strong acid solutions is dist inctly 
different from that  on fi-PbO2. In order to el iminate as 
much as possible effects arising from the known mor-  
phological differences between electrodeposited a- and 
fi-PbO2, an at tempt was made to match the wel l -de-  
fined polycrystal l ine fl-PbO2 with a similar a modifica- 
tion. Inasmuch as electrodeposition from more alkal ine 
solutions seemed to favor the a form (2), initial  efforts 
were directed toward Pb(NO3)2-NaOH solutions. The 
pH was mainta ined above 9 to avoid precipitat ion of 
PbO and /or  Pb(OH)2 at the lead solubil i ty minimum. 

It was soon discovered that  higher lead oxides could 
be produced from dilute, alkaline Pb(NO3)2 solutions 
with coulombic efficiencies far in excess of 100%, as- 
suming the t ransfer  of two electrons per mole of lead 
oxidized. Efficiencies below 100% can always be at-  
t r ibuted to competitive anodic processes or other fac- 
tors. But apparent  efficiencies consistently and re-  
producibly far in excess of 100% require explanation. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

Some of the possibilities were inclusion of carbonates 
(absorption of atmospheric CO2), inclusion of water, 
coprecipitation of PbO or Pb(OH)2, and a net valence 
of lead in the electrodeposit appreciably lower than 
4.0. The mat ter  becomes especially interest ing in light 
of references in the l i terature to the compound PbO1.s7 
and to a continuous solid solution region between 
PbOl.s7 and PbO2 (3). 

The present paper describes the apparent  plating 
efficiency as a function of NaOH concentration. A 
single electrodeposit is then studied in detail by x - r ay  
diffraction, emission spectrography, electron micro- 
scopy, and wet chemical analysis. A knowledge of de- 
tailed composition and structure then allows a deter- 
minat ion  of the true anodic electrodeposition effi- 
ciency. 

Experimental 
Electrodeposition methods.--Two distinct groups of 

samples were prepared, one in which the deposit 
weighed ,~ 150 rag, and the other, 1-1.5g. The former 
were large enough for a carbon, hydrogen microcom- 
bustion analysis, as well  as for x - r ay  diffraction, elec- 
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tron microscopy, emission spectrography, and ni trate  
analysis. Such samples were too small, however, for a 
precise analysis for lead by PbSO4, and 1-1.5g de- 
posits were obtained using larger scale apparatus. This 
same apparatus was used to prepare the 0.5g samples 
for As203 t i t rat ion (active oxygen analysis).  

The 150 mg samples were plated onto rectangular  
electrodes cut from 0.030 in. p la t inum sheet. P la t inum 
support  wires were spot welded to the electrodes. The 

5 cm 2 geometric area electrode was made long and 
narrow so that  the entire piece, including the support 
wire, could be inserted into microcombustion tubes. 
Pr ior  to deposition the electrodes were degreased, 
etched to a dull finish in aqua regia, and finally heat-  
treated for 3 hr at 600~ the approximate tempera-  
ture used in the combustion analysis. They were then 
weighed to the nearest  0.1 mg. Electrodeposition was 
from Pb(NO3)2, NaOH solutions, prepared two liters 
at a t ime and stored in t ight ly sealed polyethylene 
bottles. A P t  mesh cylinder surrounded the anode and 
functioned as cathode. 500 ml of rapidly stirred solu- 
tion were used per plating. The temperature  was main-  
tained at 50~176 A constant  cur ren t  source device 
was used in conjunct ion with an electric timer. Cur-  
rent  was read from a sensitive mil l iameter  (Sensitive 
Research Ins t rument  Corporation, 05-100 mA).  Prior 
to weighing, the samples were washed with distilled 
water and air-dried. 

In order to examine the reproducibil i ty of electro- 
deposition, 15.00 mA (--  3 mA/cm 2) were passed for 
7200 sec in a 5 x 10-2M Pb(NO3)2, 0.9M NaOH solu- 
tion. The average deposit weight for eight de termina-  
tions was 150 • 0.3 mg (theoretical, 133.8 rag). This 
falls well wi thin  the readabil i ty  of the mil l iameter  (3 
parts/1000) and is close to the indeterminate  error of 
a deposit weight determinat ion which requires four 
individual  weighings. The apparent  coulombic effi- 
ciency is 112.2 • 0.2%. 

The larger samples, ranging from 0.5 to 1.5g, were 
plated onto a 0.030 in. Pt sheet electrode having a 

25 cm 2 geometric area. The cathode was made of 
thin Pt  stock and fashioned so as to produce a uniform 
current  density on both sides of the anode plate. Five 
liters of vigorously stirred Pb(NOa)2-NaOH solution 
were used per plating. Temperature  was mainta ined 
at 50~176 As with the smaller samples, the electro- 
deposit was washed with distilled water  and air dried 
prior to weighing. 

Analytical methods.--Analysis )Cot water.--To ana-  
lyze for H20, samples were decomposed in a micro- 
combustion apparatus customarily used for carbon, 
hydrogen analysis of organic compounds. Carbon anal -  
ysis was rout inely  made along with the hydrogen 
analysis, but carbon contents were found to be neglig- 
ibly low. This is evidence that the inordinately  high 
plating efficiencies found were not not caused by CO2 
absorption. 
Analysis ]or lead.--The method was to plate at least 
a gram using the 51 apparatus, to dissolve the deposit 
in acidic H202, and then to precipitate and weigh 
PbSO4. A negative b lank correction and a positive 
correction for the solubility of PbS04 in H2SO4 were 
made. 
Analysis for nitrate.--According to Raub (4) metal  
and metal  alloy electrodeposits can codeposit with 
certain anions present  in the electrolyte such as 
citrate, tartrate,  and nitrate.  The ~-naphthylamine-  
sulfanilic acid spot test for ni t ra te  (5) indicated about 
0.01% ni t ra te  in the sample. 

Using a colorimetric method employing brucine  in  
perchloric acid, the ni t rate  content of the PbO2 was 
found to be less than 0.001%. Nitrate was therefore 
not considered fur ther  in the composition study. 
Active oxygen determination.--The postulate of the 
simple compound Pb(OH)xO~ requires only  two 
knowns for the determinat ion of x and y; these are 
provided by the lead and the water  analyses. How- 
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ever, a third analysis is required as a check on the 
first two and also functions to reveal  any possible th i rd  
unknown in the form of anion inclusion or inert  con- 
taminant .  This third analysis is for active oxygen or 
a measure of the lead oxidation state. A standard 
As203 t i t rat ion method was used (6). 

The reaction proceeds as follows 

2PbOa �9 bH20 -{- ( a -  1) As-~O3 + 4H + 

= 2Pb ++ + (a-- l)As2Os + 2(i + b)H20 

The As203 equivalent is expressed 

2 (a -- I) (wt sample) 
As203 equivalent ----- 

(207.2 + 16.00 a + 18.02 b) 

This result  can be expressed as "oxide ion" by mul t i -  
plying by (8a/a--  1). 

Solubility o] lead dioxide.--The solubili ty of lead di-  
oxide at 25~ is given by the expression (7) log 
(PbOa =) = 2 pH --  31.32. At pH = 14, the solubil i ty 
of lead dioxide is predicted to be an appreciable 
10-3 mols/1. 

Weight loss measurements  were made in 0.97M 
NaOH solutions at 50~ using the electrodeposited 
PbOz of interest  in the over-al l  analysis. Even in the 
absence of Pb(NO3)2 and at a higher NaOH concen- 
trat ion (0.97 vs. 0.90M NaOH), the solubilization rate 
was observed to be so low as to produce a negligible 
effect on the gravimetric analysis. 

Results and Discussion 
Coulombic e~ciency of lead dioxide electrodeposi- 

tion.--In Fig. 1 the apparent  coulometric efficiency is 
plotted against the NaOH concentrat ion for three 
levels of Pb(NO3)2 concentration. The position of the 
rising portion of the curve is very much dependent  on 
the lead concentration. The point  at which the curves 
cross the "100%" axis has no special significance, as 
will  become apparent  from the ensuing discussion of 
real electrodeposition efficiencies. The rather  steep 
drop in the 5 x 10-3M Pb(NO~)2 curve at NaOH con- 
centrations greater  than IN is of interest  only in re-  
gards to competing processes and the effect of st irring 
on the electrodeposit. 

The region of high apparent  coulombic efficiency 
was considered most in t r iguing and was therefore 
chosen for closer study. Thus conditions corresponding 
with the highest efficiencies were examined, consistent 
with the avoidance of PbO or Pb(OH)2 precipitat ion 
at lower pH's. Finally,  as a mat ter  of convenience in 
scaling up the electrodeposition for more precise anal -  
ysis, all of the composition studies were made on a 
deposit plated from a 5 x 10-~M Pb (NO3)2-0.9M NaOH 
solution. It can be seen from Fig. 1 that the apparent  
coulombic efficiency for this mater ial  is about 112%. 
The deposits were intense black, with a smooth lus- 
trous metallic surface. 
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Fig. 1. Electrodeposition of lead dioxide from alkaline Pb(N03)2 
solution. T = 50~ C,D. = 3 mA/cm 2. 
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Figure 1 also shows that there is no al terat ion in 
the results due to bubbl ing N2 through the closed 
electrodeposition apparatus  so as to avoid absorption 
of CO2 from the atmosphere. The electrodeposition or 
inclusion of basic lead carbonates in the solid can 
therefore be ruled out as an explanat ion of the in-  
ordinately high efficiencies. 

Water content.--Table I gives the water  analyses 
of four separate preparat ions of the mater ial  picked 
for the composition analyses, that plated from 5 x 
10-2M Pb(NOs)2 to 0.�M NaOH solution at 50~ 
Three were 150 mg samples, while the fourth was a 
1.1g deposit. The lat ter  was analyzed in order to check 
on the scaleup of the deposition procedure. All  sam- 
ples were plated at 3 mA/cm2 geometric area. 

The agreement  between small and large sample 
analyses is good. The value 1.04% H20 will  subse- 
quent ly  be used in the over-al l  composition de termina-  
tion. Note that  this water  content  is considerably 
higher than that  of the various commercial  PbO2 
powders (8). 

Lead analysis.--Table II gives the Pb analyses for 
the electrodeposited PbO2 under  study. The overlap 
between small  and large sample results is satisfactory. 
The precision of the former, however, is considered 
insufficient for a satisfactory composition analysis. The 
value 86.50% Pb is used in the composition analysis. 
(The theoretical amount  of Pb in PbO2.00 containing 
no water  would be 86.62%.) 

Active oxygen analysis.--The lead dioxide under  
study was, again, plated from a 5 x 10-'~M Pb(NO~)2- 
0.9M NaOH solution at 3 mA/cm 2 and 50~ The 
As203 t i trat ions gave 0.725 _ 0.004% AseO3 equivalents  
on a 0.5g sample. The error is the indeterminate  error  
in reading the buret.  (The theoretical % As2Oa equiv-  
alents for PbO2.00 containing no water  would be 0.836.) 

A 0.5g sample of reagent grade PbO2 was s imilar ly 
analyzed to give 97.7 • 0.5% as lead dioxide. This 
compared well  with the manufac turer ' s  assay of 
97.5%. This analysis in  itself suggests a net  lead 
valence less than four in addition to the presence of 
water and other foreign constituents. 

Spectrographic analysis ~or trace metals .~The PbO2 
electrodeposit under  study was analyzed by the emis- 
sion spectrograph. Silicon is the major  trace const i tu-  
ent at a 0.03-0.3% level. 

Lead dioxide composition.--Since the m i n i m u m  total 
trace metal  concentrat ion is low enough to be ignored, 
there are only two unknowns  to solve for in the for- 
mula t ion PbOa �9 bH20. Three independent  re la t ion-  
ships are available in the form of a water, lead, and 
active oxygen analysis. The approach will be to use 
the information in pairs, and then to examine each 
of the three results critically. In  this analysis the fol- 
lowing expressions are used and referred to by  n u m -  
ber:  

18.02b 
% H20 ---- X 100 = 1.04 [1] 

207.2 -~ 16.00a -k 18.02b 

207.2 
% Pb = • 100 = 86.50 [2] 

207.2 + 16.00a -t- 18.02b 

Table I. Water content of electrodeposited lead dioxide 

A p p a r e n t  
eoulombic 

S a m p l e  w t  efficiency.  % % H~O 

150.3 m g  112.1 1.098 "1 a v e r a g e  
150.0 112.0 0.96 ~ 1.04 _ 0.05 
149.6 111.8 1.056 

1.1278 g 112.5 1.04 ~ 0.04 (duplicate 
analysis) 

Table Ih Analysis for lead in electrodeposited Pb02 

Sample wt, g % Pb 

86.7 ~ 0.6 ( ave rage  of  3 determinations)  
86.50 --  0.04 ( ave rage  of 2 determinat ions)  

~0.15 
~1.6 

November 1969 

Table III. Determination of the constants in PbOa'bH20 

C o m b i n a t i o n  D e r i v e d  q u a n t i t i e s  T o t a l  
of e q u a t i o n s  a b % O % P b  ~ HcO assay, ~ 

[1] a n d  [2] 1.862 0.138 12.50 - -  100.04 
[1] and  L3] 1.859 0.137 ~ 86.--55 - -  100.14 
[2] and  [3] 1.S6s 0.136 - -  - -  1.02 100.00 

2 ( a - -  1) 
% AszO3 equiv = • 100 --~ 0.725 

207.2 ~- 16.00a -t- 18.02b 
[3] 

"Oxide ion" cannot be expressed independent ly  since 
it is related to the As203 equivalent  through the 
parameter  a 

8a 
% O ---- ~ % As203 equiv 

( a -  1) 

Table III gives the three solutions for a and b. Also 
listed are the total assays obtained by adding to the 
two measured quanti t ies  the third component  com- 
puted using the derived values of a and b. The agree- 
ment  between measured and calculated quanti t ies is 
very satisfactory. Relatively speaking the agreement  
in % H20 is much poorer than that in  % Pb. But in 
absolute terms, the % H20 error is the smaller. An 
examinat ion of the analytical  methods and results 
shows that  the precision of the data decreases in the 
order % Pb, % As203 equiv., % H20. Thus combina-  
tion [2] and [3] would appear to be the best choice. 
It also happens to give the total assay closest to 100% 
although this is only a reflection of error accumula-  
tion in  the calculations. 

The lead dioxide composition is then PbOl.s6s -0.136 
H20 with a net lead valence of 3.74. The good agree- 
ment  between calculated and measured quanti t ies 
leads to the conclusion that the formulat ion PbOa 
bH20 is the correct one, and that silicate impur i ty  
need not be taken into account. The indicated formula 
is possibly incorrect only insofar as ~9.1% trace metal  
silicates have not been worked into the analysis. 

X-ray diffraction analysis.--The x- ray  diffraction 
pat tern  for the electrodeposit under  discussion is that 
of ~-PbO2 (9) whose composition was reported as 
PbOi.94-2.02. The pa t te rn  is essentially the same as 
that  obtained for PbO~.sT, a composition prepared from 
PbO2 by Katz (3). 

Structure.--It  must  be concluded that  all  three com- 
positions (i.e., a-PbO2, PbOl.sT, and PbOl.s6s �9 0.136 
H20) have the same basic structure. Evident ly  a large 
deficiency of oxygen atoms can occur in a-PbO2 wi th-  
out changing the basic s t ructure  of the molecule, if 
indeed the formula PBO1.87 is a correct one. The for- 
mula  for the compound prepared in the present  work 
can be rewri t ten  to give 

PBO1.;'32 (OH) 0.272 

The numerica l  coefficients add to give 2.004, which is 
equal to 2.00 wi thin  the exper imental  error. This sug- 
gests very strongly that  O H -  ions replace some of 
the O = ions in the a-PbO~ lattice. 

Within  exper imental  error, the compound under  dis- 
cussion can be represented by the expression 

19PBO2 �9 3Pb (OH) 2 

(expressed in terms of fractional coefficients, PbOl.s62 - 

PbsO 4 

PbOn 

PbO PbOL33 WoOLs- r 
v 

Fig. 2. Solid solution zones in the lead-oxygen system 
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0.136 H20) .  This can be  considered to be a solid solu-  
t ion of lower  and higher  va len t  lead oxides. As such, 
it  falls  wi th in  the  solid solution zone repor ted  by  
Katz  (Fig. 2). The only  difference is tha t  Katz  defines 
the anhydrous  case, whi le  here  some oxide ions are  
replaced  by  hyd roxy l  ions. S t ruc tura l ly ,  they  are  both 
equivalent .  While  it  cannot  be disproved,  the  Pb (OH)2 
is not  bel ieved to be presen t  as a colloidal  dispersion. 

Real plating ei~ciency.--The compound PbO1.868 
0.136 H20 was p la ted  f rom 5 x 10-2M Pb(NO3)2-  
0.9M NaOH solut ion at  50~ The passage of 1078.6 
coulombs produced 1.5030g. F r o m  this  i t  can be  de -  
t e rmined  tha t  the  rea l  p la t ing  cu r ren t  efficiency was 
98%. This is to be compared  with  the  apparen t  cou- 
lombic efficiency of 112%. The impor tance  of know-  
ing the exact  composit ion of the  deposit  when de-  
t e rmin ing  coulombic efficiency is clear.  

Summary 
1. PbO2 p la ted  f rom Pb(NO3)2 solutions be tween  

pH 9 and 10 has the s t ructure  of ~-PbO2 but  contains,  
p robab ly  in solid solution, some Pb(OH)2.  One such 
deposit  has the  composit ion:  PbO~.73 (OH) 0.27 or 19 
PbO2 - 3 P b ( O H ) 2  and was obta ined  wi th  cur ren t  ef-  
ficiency of 98% based on the rea l  mean lead valence 
of 3.74. 

2. Except  for ve ry  low concentrat ions  of lead and 
high concentrat ions  of NaOH, the cur ren t  efficiency 
f rom solutions wi th  pH grea te r  than  10 is close to 
100% based on t e t r ava len t  lead. 
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Electrochemical Oxidation of Aliphatic Sulfides 
under Nonaqueous Conditions 

Peter T. Cottrell and Charles K. Mann* 
Department of Chemistry, Florida State University, Tallahassee, Florida 

ABSTRACT 

The anodic oxidat ion of a l iphat ic  sulfides has been invest igated,  using 
cyclic vo l t ammet ry  and control led  potent ia l  electrolysis.  React ions of d imethy l  
sulfide in acetoni t r i le  have been s tudied in detail ,  considering the effects of 
var ia t ion  of wa te r  content  and of type  of suppor t ing  electrolyte .  With  as much 
as 1% wate r  in MeCN, d imethy l  sulfide is comple te ly  oxidized to d imethy l  
sulfone. In  anhydrous  NaC10~-MeCN, the products  are  CH3SO3Na and CO. 
I t  is suggested tha t  the  e lect rochemical  react ion involves  fo rmat ion  of protons 
and CHaSCH2 +, which condenses wi th  CHaSCH~ to form CHsSCH.~+S (CH3)2. 
When  perch lora te  is present  as suppor t ing  electrolyte ,  it  is involved in a slow 
chemical  react ion which produces  CI - ,  CO, and CHsSO3Na. The react ion of 
benzyl  me thy l  sulfide is ve ry  similar ,  l ead ing  to benza ldehyde  and CHsSO3Na. 

Previous  invest igat ion has shown tha t  organic su l -  
fides a re  oxidized in aqueous systems at p l a t inum 
anodes to sulfones and sulfonium salts (1). Many  
aromat ic  and olefinic sulfides form cation radicals  
which exhib i t  apprec iable  l i fet imes when they  a re  
oxidized in nonaqueous systems. Examples  are  t e t r a -  
methy l th io - ,  t e t rae thy l th io- ,  and t e t r apheny l th ioe thy l -  
erie (2);  1,2,4,5-tetramethylthiobenzene,  d i th iohydro-  
quinone d imethy l  ether,  1,6-bis (methyl th io)  py rene  
and 1,4-bis (methyl th io)  naphtha lene  (3, 4). S imi lar ly ,  
heterocycl ic  sulfur  compounds such as th ian th rene  
undergo revers ib le  one-e lec t ron  react ions leading to 
cation radicals  (5, 6). There  have appa ren t ly  been no 
studies of the  anodic react ions  of a l iphat ic  sulfides in 
nonaqueous media.  This r epor t  describes the  anodic 
oxidat ion of d imethy l  sulfide and benzyl  me thy l  sul-  
fide in acetonitr i le .  Special  a t tent ion is pa id  to the  
influence of smal l  amounts  of wa te r  and to effects 
caused by  var ia t ions  in suppor t ing  electrolyte .  

Experimental 
Reagents.--Acetonitrile was purif ied as prev ious ly  

descr ibed (7);  anhydrous  sodium perchlora te  was r e -  

* Electrochemical Society Active Member. 

crys ta l l ized f rom 95% ethanol  and dr ied  in a vacuum 
oven. Reagent  grade  t e t r a m e t h y l a m m o n i u m  tetraf luo-  
bora te  was recrys ta l l ized  f rom wa te r - e thano l  and 
s imi la r ly  dried.  Sulfides were  purif ied by  careful  
dis t i l la t ion of commerc ia l ly  avai lable  samples. Di-  
me thy l  sulfide boiled at  37~ lit. bp760, 38 ~ (8). Benzyl  
me thy l  sulfide boi led at  87 ~ under  11 ram; lit. bpl l ,  
87o-88 o (9). 

Acetoni t r i le  was dr ied  b y  s t i r r ing wi th  calcium 
hydr ide  at room t empera tu r e  for severa l  hours and de-  
gassed by repea ted  freezing and pumping.  Solutions 
were  p repa red  by  t rans fe r r ing  dr ied  solvent,  pro tec ted  
from atmospher ic  contact, to a flask containing sup-  
por t ing  e lec t ro ly te  which  had  prev ious ly  been dr ied  
by  heat ing under  a vacuum. Chlorine dioxide was p re -  
pa red  by the  method  of Atkins  et at. (10). D ime thy l -  
mercap tomethy l  sulfonium chlor ide  was p repa red  
f rom d imethy l  sulfide and me thy lch lo romethy l  sulfide 
(11). 

Procedures.--Controlled potent ia l  e lectrolyses  we re  
pe r fo rmed  in closed, three-e lec t rode ,  t h r e e - c o m p a r t -  
ment  cells, using an electronic potent ios ta t  wi th  p la t i -  
num anodes and me rc u ry  cathodes.  Detai ls  have  been 
descr ibed (12). Cyclic v o l t a m m e t r y  resul ts  were  ob-  
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tained using the apparatus previously described (13). 
Throughout  the work, a silver-0.10M silver n i t ra te-  
acetonitrile reference electrode was used. All  poten-  
tials are cited relat ive to this electrode, which is itself 
-{-0.30V vs. aqueous SCE. 

Anhydrous  perchloric acid was prepared by oxidiz- 
ing hydrogen gas at a p la t inum anode at § in 0.1M 
NaC104 (14). The following columns were used for gas 
chromatography: dimethyl  sulfide on SE 30, on 
Chromosorb P; dimethyl  sulfide, benzyl  methyl  sulfide, 
and benzaldehyde on Dowfax 9N9-NaOH on Chromo- 
sorb W; methanesulfonyl  chloride on Dow-Corning 
silicone grease on Chromosorb P; acetamide, d imethyl  
sulfoxide, d imethyl  sulfone and water  on Porapak Q; 
carbon monoxide and oxygen on 13X molecular  sieves; 
benzaldehyde and benzyl  methyl  sulfide on potassium 
oleate on Chromosorb W. Gas chromatography was 
used, as will  be described, for quali tat ive and quant i -  
tative examination.  In  all cases, unknown  peaks were 
compared with those produced by valid samples, 
chromatographed at the same time. When GLC was 
used for identification of components in a mixture,  this 
identification was supported by other types of evidence, 
e.g., spectroscopy, and by chromatographing at more 
than one tempera ture  or on more than one type of 
column. 

Results 
Cyclic voLtammetry.--Cyclic vol tammetry  curves for 

a series of commercially available organic sulfides and 
mercaptans were obtained at a p la t inum wire micro- 
electrode. Results are collected in Table I. The sulfides 
and mercaptans examined all showed irreversible oxi- 
dation reactions at potentials more positive than would 
have been true for the corresponding amines. For ex- 
ample, dimethyl  sulfide is oxidized at a more positive 
potential  than is t r imethylamine.  Some of the com- 
pounds showed two or more oxidation steps; two of 
them also showed reduction peaks at potentials posi- 
t ive relat ive to the reference electrode. However, none 
of them gave any indication of reversible oxidation. 
No trends or simple correlations between subst i tuent  
effects and peak potentials were observed. 

Controlled potential electrolysis.--Oxidation of 30 
mM dimethyl  sulfide in dry 0.4M NaC104-MeCN was 
carried out at + 1.40V. After  a preelectrolysis at + 1.7V, 
dur ing which current  dropped quickly from about 10 
mA to 50 ~A, the potential  was lowered to 1.4V, di- 
methyl  sulfide was added and the current  increased to 
as much as 100 mA and then  dropped to approximately 
50 ~A within  about 90 min. The cur ren t - t ime  var ia-  
tion was not exponential ,  as would have been the case 
with a simple first order reaction in the apparatus 
used, but  was instead near ly  linear. Coulometric 
measurement ,  typical ly made with 0.3 to 3 mM of re-  

Table I. Cyclic voltammetry for sulfides and mercaptans 

C o m p o u n d s  a P e a k  po ten t i a l ,  b vo l t s  

d i m e t h y l  sulf ide 1.41 
d i e t h y l  su l f ide  1.50 
d i a l l y l  su l f ide  1.74 
d ibenzy l  sulf ide 1.48 
d i - i - p r o p y l  su l f ide  1,47 
d i - n - b u t y l  su l f ide  1.45 
d i - s - b u t y l  su l f ide  1.43 
d i - t - b u t y l  sulf ide 1.06 1.7 
n - b u t y l  m e r c a p t a n  1.49 
t - b u t y l  m e r c a p t a n  1.59 
s - b u t y l  m e r c a p t a n  1.33 1.99 
d i b e n z y l t h i o p h e n e  1.35 1.64 
e t h y l e n e  sulf ide 1.51 
d i p h e n y l  su l f ide  1,26 1.51 
p r o p y l e n e  sul f ide  1,69 
p e n t a m e t h y l e n e  sulf ide 0.55 1.42 
sym-trithiane 1.30 1.47 
t e t r a h y d r o t h i o p h e n e  1.45 
e t h y l e n e t r i t h i o c a r b o n a t e  1.53 0.17 c 
p - d i t h i a n e  1,46 1.91 
t h i o p h e n e  1.84 

1.81 

0.12 c 

a V o l t a m m e t r y  a t  a p l a t i n u m  wi re  e lec t rode  a t  10 V/sec  sweep  
rate ,  r e a c t a n t  5-10 m.M in  0.10M NaC104-acetoni t r i le .  

b P o t e n t i a l s  m e a s u r e d  a t  a m b i e n t  t e m p e r a t u r e  of a b o u t  22 ~ Ag-  
0.10M Agl~IO~-MeCN re fe rence  e lec t rode .  

c R e d u c t i o n  peak ,  a l l  those  u n m a r k e d  are  o x i d a t i o n  peaks .  

actant, showed 0.84 ___ 0.02 electrons per molecule of 
sulfide taken. Charge involved in the preelectrolysis 
amounted typically to 1% of that  in the subsequent  
reaction. 

The reaction of dimethyl  sulfide was carried out 
with 0.1M te t r amethy lammonium tetrafiuoborate as 
support ing electrolyte, but  with other conditions as 
described above. The reaction was considerably slower 
than  with NaC104; init ial  current  was typically 40 mA, 
dropping steadily to 90 ~A after 3 to 4 hr. This reaction 
involved 0.85 electrons per molecule of sulfide. 

In  order to investigate the influence of water  on the 
reaction, an elctrolysis of 35 mM dimethyl  sulfide was 
performed in 0.4M NaCIO4-MeCN with 1% of water  
added. This exper iment  was r un  at ~l .20V, rather  
than  at ~l .40V, because of the very large currents  
observed. Preelectrolysis at 1.6V resulted in currents  
ranging from 5 to 0.09 mA. On addition of dimethyl  
sulfide, current  increased to, typically 110 mA and 
dropped exponent ial ly  to about 0.110 mA. Current  
integrat ion showed 4.0 • 0.1 electrons per molecule of 
sulfide taken. 

Benzyl methyl  sulfide was oxidized in anhydrous 
0.4M NaC104-MeCN at 1.40V. Reaction currents  varied 
from 90 to 0.15 mA in an approximately l inear  fashion, 
similar to the dimethyl  sulfide reaction. The coulo- 
metric measurement  amounted to 0.82 _ 0.02 electrons 
per molecule of sulfide. 

Product analysis--Me2S electrolysis.--Immediately 
on conclusion of the reaction of Me2S in dry NaC104- 
MeCN, start ing mater ial  in an amount  corresponding 
to approximately 25% of that originally present  could 
be determined by GLC on the reaction mixture.  Small  
amounts (approximately 3 m/o  (mole per cent) of 
original sulfide) of dimethyl  sulfone and dimethyl  
sulfoxide and a trace of acetamide could also be 
detected. A reaction was run  dur ing which samples 
were taken at intervals  for dimethyl  sulfide assay by  
GLC. A plot of Me2S concentrat ion vs. t ime shows an 
approximately l inear  decrease, while current  is de- 
creasing, but with little change after the current  had 
become constant. 

When the reaction mixture  was allowed to stand 
under  a ni trogen atmosphere at room temperature  for 
5 to 10 days, a white precipitate formed. This was 
identified as sodium methanesulfonate  by comparison 
of its infrared, ultraviolet,  and NMR spectra wi th  
those of a valid sample. For quant i ta t ive  determinat ion 
of the yield of MeSO3Na, the volatile fraction of a re-  
action product  was removed under  vacuum. The resi-  
due was treated with thionyl  chloride and N,N-di-  
methylformamide to convert  any  sulfonic acid or s u n  
fonate present into methanesulfonyl  chloride (15) 
which was determined by GLC. The indicated recovery 
of MeSO3Na amounted to 95 _--+ 5 m/o  of dimethyl  sul-  
fide originally taken. 

In  addition to the products mentioned,  the reaction 
mix ture  contained strong acid, corresponding to 58 
m/o  of s tar t ing sulfide. As MeSO3Na precipitated on 
standing, carbon monoxide was shown, by GLC ident i -  
fication, to be evolved. Dur ing  the period after com- 
plet ion of the electrolysis, the reaction mixture  de-  
veloped a green-yel low color. Although reaction solu- 
tions did not exhibit  any  ESR spectra dur ing or im-  
mediately after electrolysis, the green solutions did 
show a single broad band centered at g ---- 2.0. 

During the precipitation of MeSOsNa, uv  spectra 
were recorded. A broad intense absorption band was 
found which was thought  to be due to chlor ine-oxygen 
compounds produced dur ing the decomposition of 
C1207. Chlorate, chlorite, hypochlorite, and other 
oxides of chlorine are known to absorb strongly in the 
uv (16). When the volatile fraction of the reaction 
mix ture  was removed, it exhibited a much weaker  
absorption which was qual i tat ively identical with 
that of C102 in acetonitrile. This fraction was acidic 
and gave a substant ial  silver chloride precipitate. After  
separation from the volatile components, an acetoni- 
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tr i le solution of the residue showed the intense uv 
absorption described above. 

When Me2S was oxidized in the presence of 1% 
water, it was apparent ly  converted quant i ta t ively  to 
dimethyl  sulfone. There was no evidence of part ici-  
pation of perchlorate or other chlorine compound. 
When the recation was carried out in a dry 0.1M tetra-  
me thy lammonium tetrafluoborate-MeCN solution, ap- 
proximately 30% of start ing mater ia l  was detectable 
by GLC after the electrolysis had come to a stop. 
However, there was no indication of any cont inuing 
chemical reaction and no evidence of oxygen-conta in-  
ing products. The reaction mix ture  showed only a very  
weak uv absorption at 255 m#, in contrast to the very 
strong absorption observed when perchlorate was 
present. 

Discussion 
Dimethyl sulfide oxidation.--On the basis of the re-  

sults which have been described, the reaction scheme 
outlined in Chart I is suggested for the reaction of 
Me2S in dry NaC104-MeCN. It consists of a sequence 
of electrochemical and chemical steps, reactions 1, 2, 
and 3, which occur dur ing the electrolysis to produce 
d imethylmethyl th iomethyl  sul fonium ion 3, which is 

thought to be the immediate  major  product. On s tand-  
ing, it is suggested that the sequences of chemical re-  
actions 5,6,7,8 and lb,2b,3,4,5,6,7,8 occur slowly, re- 
sult ing in ul t imate conversion of all of the original  
s tar t ing mater ial  to the sodium salt of methane  sul-  
fonic acid. 

The process is init iated by electrochemical step 1 
which involves removal  of one electron from the sub-  
strate to produce the cation radical  1 which rapidly 

undergoes loss of a proton and of a second electron to 
form the sulfonium derivative 2. Some aromatic sul-  

tides undergo reversible one-electron oxidations ana -  
logous to reaction 1 to produce cation radicals that 
are stabilized by delocalization of charge in the aro- 
matic pi-system; since this stabilization of aliphatic 
cation radicals is impossible they would be expected 
to react too rapidly to permit  step 1 to appear re-  
versible. The sulfonium ion 2, however, would be 

expected to be resonance stabilized as indicated (17, 
18). The hexachloroant imonate  salt of 2 has been 

shown to react with Me2S as indicated in step 3 to 
form the sulfonium derivative 3 (17). 

CHART I 

CH3SCH 3 

-e" / ] a  lb~ C1207 

= -H +. Zb / *H +.H20 

+ 
CH3S=CH2~CH3SCH2 + 

c%sca2~(cH3) 2 

'It "z~ 

HCH0 + CH3SH 

6 IC1207 7 ~k~Cl207 
IlC~ 2H CH3SOsH kk 

H20 + CO 8 X NaCIO4 

CH3SO3N~+ + HCIO 4 
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One observation that  must  be accounted for is the 
chromatographic detectabil i ty of Me.,S at the conclu- 
sion of the electrolysis. Presumably  a compound is 
present which is electrochemically unreact ive  but  
which decomposes in the chromatograph to yield Me2S. 
One possibility would be protonated sulfide. The re-  
action mixture  is strongly acidic and such a salt could 
dissociate in the chromatograph injection port. How- 
ever, a sample of Me2S �9 HC104 in MeCN was pre-  
pared as described above and was found not to pro- 
duce a Me2S peak. 

A sample of 3 was prepared as described above and  

was found to show a peak for Me.~S. This corresponded 
to approximately 50 m/o  of the sulfonium salt taken. 
It is suggested, therefore, that the presence of 3 at the 

end of the electrolysis would account for th~ chro- 
matographic observations. Hydrolytic cleavage of 3 in 

step 4 is suggested to account for the scission of=the 
carbon-sul fur  bond. Pocket and Parker  (19) reported 
that  while t r imethyl  sulfonium iodide in ethanol de- 
composes to dimethyl  sulfide and methyl  iodide, the 
perchlorate salt yields the sulfide and methyle thyl  
ether, as indicated in Eq. [9]. It  is suggested that  a 
similar reaction is 

EtOH 
(CH3)3S+C10~ - ~ (CHs)2S + CH3OC2H5 + HC104 

[9] 
involved in decomposition of 3, but  with traces of 

water, rather  than  ethanol, as the reac tan t .  
Step 5 is the decomposition of a hemithioacetal  of 

formaldehyde (8, p. 330). If this occurs in the presence 
of a strong oxidizing agent, the formation of methane  
sulfonic acid, shown in step 7, would be expected. 
Under  the  conditions of these experiments,  the sodium 
salt would precipitate because it is insoluble in MeCN. 
Decomposition of formic acid to give carbon monoxide 
would also be expected. 

It  is known that dimethyl  sulfoxide undergoes the 
acid catalyzed dehydrat ion indicated in Eq. [10] and 
that  2 will react with Me.,S 

O 
IJ 

CH3SCH3 

OH + 
+H + [ H20 + 

CHaSCH3 ~ CI-I~S=CH2 
2 

Me2S + 
-* CH3SCH2S(CI-I3)2 [I0] 

3 

to produce 3 (20). It should therefore be possible to 

produce chemically a solution very similar to that 
thought to exist at the end of the electrolysis by al- 
lowing stoichiometric amounts of dimethyl sulfoxide 
and protonated dimethyl sulfide to react in NaCIO4- 
MeCN solution. It was indeed found that, when equi- 
molar amounts of Me2SO and Me2SH + were allowed 
to react, Me2S corresponding to one half of that origi- 
nally taken could be detected by GLC. Before mixing, 
neither the dimethyl sulfoxide nor the protonated 
dimethyl sulfide produced a peak. This recovery is in 
agreement with the stoichiometry implied in step 4 
in which each mole of 3 is cleaved to produce one half 

mole of unprotonated Me2S. It is also in agreement 
with the observed recovery of 25 m/o of the original 
Me.2S after electrolysis, since two moles of Me2S are 
required to produce one mole of 3 electrochemically. 

Furthermore, on standing or after~-being warmed, the 
sodium salt of methanesulfonic acid was precipitated, 
carbon monoxide was generated, chloride could be 
detected and the uv spectrum showed the very intense 
end absorption described. 

One significant difference was noted between the 
chemical and electrochemical reaction mixtures; acet- 
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amide  was a ma jo r  product  in the  former,  but  was 
present  only in small  concentrat ions in the  lat ter .  I t  is 
thought  to be produced by  acid ca ta lyzed  hydrolys is  of 
MeCN (21). This would be possible in format ion  of 
the  chemical  react ion mix tu re  because dehydra t ion  of 
d ime thy l  sulfoxide, Eq. [10], represents  a ma jo r  source 
of water .  By contrast ,  in the e lec t rochemical  process, 
the ma jo r  source of compound 2 is Me2S th rough  steps 

la  and 2a which do not involve water .  It was found 
that,  on mix ing  anhydrous  samples of d imethy l  sulf-  
oxide and pro tona ted  d imethy l  sulfide, wa te r  would 
then be detected.  Af te r  a per iod of time, the wa te r  
content  decreased and ace tamide  appeared.  

Participation by perchlorate.--When significant 
yields  of oxygen-conta in ing  products  a re  formed as a 
resul t  of an anodic oxidation,  it  is of in teres t  to ident i fy  
the oxygen source. Three  reasonable  possibil i t ies exist  
here, e lementa l  oxygen,  water ,  and the perch lora te  
anion of the  suppor t ing  electrolyte .  Molecular  oxygen 
can be e l iminated  from considerat ion because of the  
care t aken  in degassing the solutions and in protec t ing  
them from atmospher ic  contaminat ion.  

The resul ts  of the  exper iment  wi th  1% wate r  present  
show tha t  i t  most  cer ta in ly  does en te r  into the  react ion 
scheme if it  is present ,  since an ent i re ly  different  
product ,  d imethy l  sulfone, is produced.  We bel ieve 
that  when  wate r  is p resen t  in concentrat ions  la rger  
than  that  of the sulfide, the react ion leads to format ion  
of sulfone; however ,  when the wa te r  concentra t ion is 
sufficiently low, this  reac t ion  pa th  is unava i lab le  and 
steps 7 and 8 occur to produce the sulfonic acid, p ro-  
viding perch lora te  is avai lable .  In  these exper iments ,  
care  was taken  to exclude water ,  including dry ing  
solvent  wi th  Call2, bak ing  all  g lassware  and suppor t -  
ing e lec t ro ly te  in a vacuum, making  al l  t ransfers  out 
of contact  wi th  the  a tmosphere ,  and opera t ing  under  
a b lanke t  of purif ied ni t rogen or hel ium. Wate r  con- 
centra t ions  in the  electrolysis  vessel  typ ica l ly  
amounted  to 0.5 mM, compared  wi th  30 mM for ini t ia l  
Me2S concentrat ion.  We th ink  that  much of the wa te r  
detected was in t roduced by  the  syr inge  used to in jec t  
samples into the  chromatograph;  tha t  reac t ion  mix -  
tures were  ac tual ly  d r ie r  than  our assays indicate.  

We suggest, therefore ,  tha t  the  ma jo r  source of 
oxygen in these exper iments  was perchlorate .  Some 
was in t roduced f rom water  formed by  equi l ibra t ion  
of perchlor ic  acid, i tself  produced b y  react ion of the  
suppor t ing e lec t ro ly te  wi th  e lec t rochemical ly  gen- 
e ra ted  protons,  wi th  its anhydr ide .  This is indica ted  
in Eq. [11] 

2 HC104 ~ H~O + C1207 [11] 

which  would  be shif ted to the  r ight  by  up take  of w a t e r  
in step 4. This same react ion makes  C1207 ava i lab le  
to react,  both wi th  methy l  mercap tan  in step 7 and 
possibly wi th  s tar t ing mate r ia l  in steps lb  and 2b. We 
do not know the ac tua l  sequence of steps involved  in 
C12Ov (7) reduct ion;  however,  observat ion of the  uv 
spec t rum of C102 and recovery  of chlor ide  shows tha t  
this is occurring.  

Tetrafluoborate supporting electro~yte.--If this  reac-  
tion scheme is correct,  e l iminat ion of perch lora te  
should subs tan t ia l ly  p reven t  the  format ion  of oxygen-  
containing products .  React ion with  Me4NBF4 sup-  
por t ing electrolyte ,  r a the r  than  perchlorate ,  did have  
this effect. No sulfonate was formed, and the product  
mix tu re  showed ve ry  l i t t le  uv absorpt ion.  We sug-  
gest tha t  the  react ion m a y  have  gone th rough  steps la,  
2a, and 3 only. F luobora te  salts s imi lar  to 3 a re  known  

to be s table  (17); however ,  the  p roduc ts -of  the fluo- 
bora te  react ion were  not invest igated.  The s imi la r i ty  
in coulometr ic  resul ts  for the  perch lora te  and fluoborate 
react ions supports  this suggestion, since steps 5 
through 8 do not involve electrode reactions.  The 
difference in shape of the  cu r r en t - t ime  curves is not  
in accord wi th  this suggestion, since perch lora te  pa r -  
t ic ipat ion should not  affect the  ra te  of the  anodic 

steps. It does not necessar i ly  follow, however ,  tha t  
this ra te  difference indicates a different  react ion mech-  
anism, for var ia t ion  in suppor t ing  e lec t ro ly te  m a y  
cause apprec iable  changes in react ion conditions. The 
actual  react ion potent ia l  is subject  to var ia t ions  wi th  
change in e lect rolyte  because of a l tera t ion  of the l iquid 
junct ion  potent ia l  involved in the reference  probe.  
In  addit ion,  var ia t ion  in suppor t ing e lec t ro ly te  m a y  
a l ter  the double layer  at the  e lec t rode-solu t ion  in te r -  
face enough to cause significant var ia t ion  in react ion 
rate.  

Benzyl methyl  sulfide ox~dation.--The react ion of 
benzyl  methyl  sulfide in anhydrous  NaC1Oa-MeCN has 
been car r ied  out  under  condit ions s imi lar  to those 
descr ibed for Me2S. The resul ts  were  in subs tant ia l  
agreement .  PhCH2SMe could be  de tec ted  b y  GLC a t  
the end of the  electrolysis.  On standing,  MeSOaNa 
prec ip i ta ted  from solution and benza ldehyde  could be 
detected by GLC. We suggest  tha t  this  react ion m a y  be  
a genera l  one for a l iphat ic  sulfides. 

Implications for study of anodic oxidat ions. t i t  is 
fa i r ly  genera l  pract ice  to use perch lora te  salts as sup-  
por t ing e lect rolytes  for anodic oxidations.  I t  has been 
observed  by  a number  of worke r s  that ,  a t  ve ry  anodic 
potent ia ls  in MeCN, it is possible to encounter  direct  
react ion of perch lora te  to form, among other  products,  
C102. In  the  presen t  example ,  a l though considerable  
care has been t aken  to avoid the direct  anodic ox ida-  
t ion of perchlorate ,  we have never theless  produced  
C102 as wel l  as chlorine in other  oxidat ion states. A 
possibly s imi lar  case has been repor ted  in connection 
wi th  hydrocarbon  oxidat ion (22). A n  addi t ional  s imi-  
la r  example  has been observed by  one of the  presen t  
wr i te rs  in s tudying the anodic oxidat ion of n i t r a te  
(23). I t  may  be t rue  that  this complicat ion should be 
considered whenever  anodic react ions  are  pe r fo rmed  
in a very  anhydrous  medium. 
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ABSTRACT 

Measurements have been made of the growth rate of zinc dendrites in 
alkal ine zincate solutions as a function of overpotential  (n), concentrat ion (c), 
and temperature  (T). The tip radii have been measured by electron micros- 
copy. At constant  potential, an ini t iat ion t ime of between 5 and 100 rain is 
observed, depending on ~, c, and T. The dendri te  grows l inearly with time, 
at a rate depending on n, c, and T. The total current  to base and dendri te  was 
independent  of t ime unt i l  a t ime T~, where ~ > Ta (the time for ini t iat ion ob- 
tained from the growth rate vs. t ime relat ion).  Thereafter,  i ~ t 2. A critical 
overpotential  was determined,  --75 mV ~ ~crit ~ --85 mY. Below this ~crit, 
sponge was formed. Dendrites were observed up to ~ ---- --160 mV; above this 
the deposition was heavy sponge. At a given c, the growth rate of a given 
dendri te  increased with ~ according to an exponential  law. The growing tip 
is parabolic, where 10 -5 < rtlp ~ 10 -4 cm. No twinning  was observed. 

The basic model used depended on the increase in c.d. possible for an 
electrodic reaction when the diffusion current  depends on a radius of curva-  
ture  of the substrate, ra ther  than the l inear diffusion layer thickness, b0. When 
the tip of a dendri te-precursor  attains this condition, its growth is released 
from the diffusion control characteristic of it in the predendri te  situation, and 
it grows fur ther  under  predominant ly  activation control at a rate far greater 
than that  possible in any other direction, where the radii of curvature  are 
much greater. The Gibbs radius-dependent  overpotential  t e rm is also present, 
although it has a minimized influence. The init iat ion of the dendri te  is treated 
in terms of growing pyramids on the substrate surface. At first the growth is 
l inear-diffusion controlled, but  it is shown that the rotation of the spiral, 
wi thin  the l inear diffusion boundary  surrounding the sphere, gives rise to a 
decrease of the effective radius of curvature  of the dendri te  tip unt i l  the value 
r < 0.1 50 is attained, which is effectively the condition for the dendri te  ini-  
tiation. The theory of the propagation in terms of the activation, diffusion and 
Gibbs overpotential  is consistent, in terms of ~d, with experiment.  A derived 
growth- t ime line is also numerica l ly  consistent with experiment.  The dendri te  
growth rate as a function of c and ~ are numer ica l ly  calculated with reason- 
able consistency. The tip radius can also be approximately calculated in terms 
of the present  model. 

Dendri te  formation in electrodeposition and in the 
spontaneous crystall ization of metals from their  melts 
is related, respectively, to overpotential,  for the 
former phenomenon,  and to the degree of undercool-  
ing. Thus, the theory of rate determinat ion of the 
growing dendri te  in  electrodeposition depends par t ly  
on mass transfer,  while that  for thermal  crystall ization 
depends on heat transfer.  Correspondingly, there is 
an analogous response to variables, e.g., if the over-  
potential  exceeds a limit, dendri t ic  deposition ceases 
( i ) ,  and if the degree of undercooling is sufficiently 
high, dendri t ic  crystall ization of metals does not  
occur (2). 

Studies with silver dendrites deposited from molten 
salts (3) indicated that  a critical overpotential  'lcrit 
is a necessity for dendri te  initiation, and related this 
overpotential  to a sharp increase at 'lcrit, of the den-  
drite radius for maximal  growth. Reddy (4) has 
suggested that  the critical overpotential  may be re-  
lated to the stacking fault  energy of the crystal lat-  
tice (5, 6) necessary for the formation of a twin  plane, 
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through which it was proposed that the dendri te  
propagated. The existence of twin  planes in  dendrites 
has been reported on numerous  occasions (7-9), 
whereas evidence for the single crystal na ture  of 
dendri tes (10) has also been reported. It  has yet to 
be shown that twin  planes play a necessary part  in 
dendri te  ini t iat ion and propagation (11, 12). 

The Barton and Bockris theory (3) involves a model 
of spherical diffusion to the dendri te  tip. However,  
to allow for the fact that the rate of growth should 
then increase cont inuously toward zero t ip radius, it  
was necessary to include the change of the reversible 
electrode potential  with radius. In  this way a maxi-  
m u m  dendrite growth rate would be achieved at some 
opt imum rip radius (3) 

1 • [1 + DCbF2~/27Vio]"2 
Topt Fq/2~V 

where D is the diffusion coefficient of the silver ion, 
Cb is the bu lk  concentrat ion of the silver ion, V is the 
molar  volume of silver, and i0 is its exchange current  
density, and ~ is the surface tension between metal  
and electrolyte. 

Hamil ton (13), assuming that  the dendri te  tip was 
a moving paraboloid, has shown that, to correlate his 
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equations to the results of Barton and Bockris (3), 
it was necessary to assume that  7 and i0 were a mag- 
n i tude  lower and higher, respectively, than that as- 
sumed by Barton and Bockris. The computed values of 
the tip radius and the growth velocity with respect 
to overpotential  were then in  good agreement  with 
experimental  observations (3). Hamil ton concluded 
that the dendrite growth was diffusion controlled and 
occurred at the max imum velocity, the process having 
a high i0 value due to a twin  plane growth mechanism 
[cj ~. also Reddy (4)].  

In summary,  some agreement  exists as to the im-  
portance of diffusive t ransfer  in dendrit ic deposition; 
however, the details of ini t iat ion and the concept of 
the critical overpotential  are hardly  understood. This 
study attempts to answer the following questions: 
(i) why do silver and zinc dendrites have such widely 
differing apparent  ~]crit values, 3 mv and 80 mv, re-  
spectively; (ii) why can the ini t iat ion of single den-  
drites be observed for silver, yet not for zinc; (iii) 
what significance can be attached to the so-called 
ini t iat ion t ime (3), and (iv) what  electrodic param-  
eters control the value of the critical overpotential  
~crit? 

Experimental 
Electrolyte.--The electrolye used throughout  this 

work was a 10% w / w  solution of potassium hydroxide 
(Baker reagent grade) in conductivi ty water  to which 
was added sufficient reagent  grade ZnO to produce 
zincate concentrat ions between 0.01 and 0.2 moles 
liter -1. All  electrolytes were de-aerated with purified 
ni trogen for 4 hr in the subsidiary cell (Fig. 1), prior 
to introduction into the observation ce l l )  

Electrodes.---Spherical electrodes (0.5 mm radii) 
were used and prepared as follows: A short length 
of 0.2 mm diameter  p la t inum wire was sealed into 3 
mm bore glass tubing. This p la t inum wire was slowly 
melted in a gas jet unt i l  a sphere was formed in 
contact with the tip of the glass tubing. The Pt  sphere 
was cleansed in  a mixture  of sulfuric and nitric acids 
(5 min) ,  then washed with conductivi ty water. The 
Pt  surface was highly reflective and void of imper-  
fection on 60X microscopic inspection. 

The Pt  sphere was immersed in a strongly agitated 
solution containing 1 mole liter -1 ZnSO4 �9 7H20 dis- 
solved in 0.01N H2SO4 and a low (< 50 mV) cathodic 

3 No r igorous  electrolyte purif icat ion was  pe r fo rmed  since it has 
been shown (14) that  in h igh ly  purif ied sys tems  the results, in 
te rms  of dendr i te  ini t ia t ion and propagat ion,  are essential ly iden-  
tical, 

overpotential  applied. Under  such conditions, (iL ,.~ 
0.5 A-cm-~) ,  smooth compact zinc deposits were ob- 
served. The deposition was continued for 10 rain, after 
which, assuming 100% coulombic zinc deposition effi- 
ciency, the deposit was 10-3 cm thick. The electrode 
was wi thdrawn from the preparat ion cell, washed in 
conductivity water, and introduced into the observa-  
tion cell. 

The anode and reference electrodes were prepared 
in a similar manner ,  but  to a 50~ zinc thickness. Elec- 
trode reproducibil i ty was good. Freshly prepared 
cathode and reference electrodes were used in  each 
experiment,  and freshly prepared anode in  every 
other experiment.  

Apparatus.--(i) CeiL--The cell (Fig. 1) allows ob- 
servation of the zinc deposition process and the den-  
dri te growth rate. The electrode assembly, E, con- 
sisted of the three electrodes in glass guide tubes 
clamped in position with gas-tight Teflon seals. Tem-  
perature control was main ta ined  ____0.05aC by circulat-  
ing thermostat ted water  through the outer jacket  of 
the cell. 

(ii) Optical system.--The optical tube (A in  Fig. 1) 
is similar to that  of Barton and Bockris (3). A real 
image of the spherical electrode is projected on the 
objective lens of a telescope-microscope system 
mounted  horizontally. This system, which has only 
one optical window between the lenses and the elec- 
trode, avoids the problem of image distortion found 
with external ly mounted  optical arrangements .  There-  
fore, the resolution and possible magnification range 
are extended; the magnification was up to 800 (300X 
was used).  

(iii) Potentiostatic control was used (Wenking po- 
tentiostat) .  

Procedure.--Following the insert ion of the elec- 
trodes into the observation cell, the electrolyte from 
the subsidiary cell was introduced and the overpo- 
tential  applied immediate ly  electrolyte contact be-  
tween the electrodes occurred. 

Observation of the cathode electrode was main ta ined  
unti l  dendrites were initiated. In  the dendri te  growth 
rate experiments,  the electrode assembly E was 
slowly rotated unt i l  the required dendri te  was normal  
to the observation axis. Polaroid photographs were 
taken at intervals  (minutes) ;  al ternatively,  visual rate 
measurements  were made. 

The dendri te  growth rate and the current  changes 
were determined as a function of overpotential  in  the 
range --85 to --140 mV, zincate ion concentrat ion 0.01 
to 0.20 moles liter -1, and tempera ture  in the  range 
25 ~176 

Results 
Dendrite initiation time and morphology of the 

deposited z/nc.--Two ini t iat ion times are distinguished. 
First, the t ime observed exper imenta l ly  was found to 
correlate with the ini t iat ion time, ~i, from cur ren t -  
t ime phenomenon (see Fig. 5, 7, and 8); since at 
this time, dendrites were clearly visible, Ti is in excess 
of the true ini t iat ion time. Second, the ini t iat ion t ime 
obtained by extrapolat ing the dendri te  length- t ime 
plot to zero dendri te  length, ~a. This is regarded as 
the more significant ini t iat ion time. Experimental ly,  

Dendrites were observed to be initiated at over- 
potentials between --85 and --140 inV. Below --85 
mV the zinc morphology was spongy. Above --140 mV 
the zinc morphology was sponge mixed with dendrites 
(i) (Fig. 2). Within the range of overpotential re- 
quired to initiate dendrites, the character of the de- 
posits was dendritic, but not of the 'ideal" shape (10), 
and appeared dependent on the conditions of growth 
(Fig. 3a and 3b). In the majority of experiments the 
dendrite main axis and primary branches were of a 
swordlike nature, and the area at the tip was flat and 
stepped (Fig. 4). Secondary branching was rare, as 
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Fig. 2. Example of the zinc deposition obtained at ~ = - -200 
mV; co = 0.1 moles liter - 1  and T ~- 35~ Magnification 25X. 

Fig. 3a. Typical dendritic growth resulting from a low propaga- 
tion rate experiment, co = 0.01 moles liter - z ,  TI = - -100  mV, 
T = 35~ where v = 0.04 /~sec -1 .  Magnification 100X. 

Fig. 3b. Typical dendritic growth resulting from a high propaga- 
tion rate experiment, co ~ 0.1 moles liter -1 ,  ~1 ~ ~ 1 0 0  mV, 
T = 35~ where v = 0.4/~sec -1 .  Magnification 75X. 

has been prev ious ly  r epor t ed  by  Powers  (15) at  --100 
mV overpotent ia l  [Fig. 28, ref. (15) ]. 

Examina t ion  in polar ized  l ight  and  by  e lect ron d i f -  
f ract ion indica ted  tha t  the  dendr i tes  were  single c rys-  
tals;  no evidence of twinn ing  was found. 

Fig. 4, Dendrite tip geometry, co ~--- 0.1 moles liter - z ,  ~t = - -85  
mV, T = 35~ Magnification 8 5 0 ) ( .  

Change in the tota~ current with respect to t ime.--  
The to ta l  cu r ren t  (Fig. 5, 7, and 8) increases according 
to an approx imate  t 2 re la t ionship  (Fig. 9). The region 
of sharp cur ren t  change appea red  to coincide wi th  
the  visual  appearance ,  u n d e r  300X magnification, of 
dendri tes .  
Total current against time as a function of zincate con- 
centration.--Figure 5 shows the to ta l  cur ren t  p lot ted  
against  t ime as a function of zincate concentrat ion.  
The t ime requ i red  for the  appearance  of dendri tes ,  as 
de te rmined  f rom the  inflection point,  decreases  as the  
zincate concentra t ion increases.  Fo r  0.01 mole  l i ter  - z  

C O ~ ~100 mV T = 3 5 ~  Co- ~ t k  cor 
Tota l  of  z lncote in moles Iltre ~1 
current =0 2 p 

/ ---oo, 

6 0 (  o ~ ~ 

4 0 0  ~ 

200 
C O =0.01 

= = ~ - 3 - - ~ - - T - - ' - - T  i ~ f  I ~ - i l i i 
~0 "~0 50 40 50  60  70 8 0  gO IO0 I I0 120 

T ime  ( ra ins )  

Fig. 5. Total current-tlme relationship as a function of zincate 
concentration. ~ ~ - -100 mV, T = 35~ 

Pre - ~n~l~e3C 
Current - 

denslty 
(mA cm ~]  _ 

I I I I 
5 I0 15 20 

Zlncote c^ecentrahon c o (10 = moles l l tre -= ) 

Fig. 6. Predendrlte current density as a function of zlncate 
concentration from which D/8o is evaluated. 
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Fig. 7. Total current-time as function of overpotential, co = 0.I 
moles liter - I ,  T = 35~ 
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Fig. 8. Tota| current-time as a function of electrolyte tempera- 
ture. co = 0.1 moles liter - z ,  ~1 = - - 100  mV. 
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Fig. 9. Power law dependence of total current on time as a 

function of overpotential, co = 0.1 moles liter - z ,  T = 35~ 

zincate, the exper imenta l  init iat ion t ime T~ was > 120 
min. 

The relat ionship between the init ial  predendr i te  cur-  
rent  density, calculated on the geometric area, and 
the zincate concentrat ion Co is shown in Fig. 6. F rom 
the  l inear  slope, assuming the applicabil i ty of iL ---- 
(nFDco)/So, the value of the te rm D/So was found 
to be 6.8 X 10 -4 cm sec -1. Taking the value  of 50 as 
10 -2 cm produces D ---- 6.8 X 10 -6 cm 2 sec -1, a value  

300 

4 O0 

Denddte 
lenQth 

(microns) 

300 

A 

Co=O 2 

00,009 C J O E  

= 

20C 

Ior 

o 

L . ' ;~ '  L I I I I I I0 20 30 40 50 60 70 80 
Time (rain s.) 

Fig. I0. Dendrite length, y, with respect to time as a function of 
zincate concentration. ~1 = - -100  mV, T = 3YC. 

in excel lent  agreement  with that  reported by McBreen 
(16). 

Total current  against t ime as a funct ion of overpo- 
tent ial . - -Figure 7 shows that  the value of T~ decreases 
wi th  increase of ~1. 

Total current  against t ime as a function of t emper -  
ature . - -The  t ime required for the appearance of the 
first dendrites T~ decreases as the tempera ture  in-  
creases (Fig. 8). 

Rate of dendrite propagation.--As a funct ion of 
zincate concentrat ion.--Figure 10 shows the change 
in observed dendri te  length wi th  respect to t ime (t ime 
measured from the moment  of overpotent ia l  applica- 
tion) as a function of zincate concentration. The ex-  
trapolations f rom the l inear regions to zero dendri te  
length gives the init iat ion times, Td, as defined by Bar-  
ton and Bockris (3). F rom Table I, where  the den-  
dri te  propagation rates (v) are tabulated,  the rate  
of propagation increases as the zincate concentrat ion 
increases. The value of the te rm dv/dco is obtained as 
0.43 cm 4 mole -1 sec -z,  where  v is expressed in cm 
sec -z  and Co in moles cm -3. In Table I is tabulated 
the dendri te  tip current  density (i) calculated from the 
propagation ra te  (v) assuming that  no thickening oc- 
curs. Then 

nF  
itip = v [1] 

V 

where  V is the molar  vo lume of zinc. 
Figure  11 shows the relat ionship be tween log i and 

log c0--the best statistical s traight  l ine is shown, the 
slope of which is 1.00 _ 0.14; the dotted line repre-  
sents a slope of 0.75. 

As a function of overpotent iaL--The  extrapolated 
init iat ion t ime Td decreases wi th  increasing overpo-  
tent ial  (Fig. 12), as do the observed times, ~z. 

Table I. Experimental propagation rate (v) and dendrite tip current 
density (/tip) as a function of zincate concentration 

co, m o l e s  v ,  /tip, 
7;, m V  T, ~  l i t e r  -z # s e e  -~ A c m  -~" 

-- 100 35 0.01. 0.04 0.084 
0.05 0.10 0.20 
0.07 0.20 0.43 
0.09 0.31 0.66 
0.10 0.40 0 .84 
0.20' 0.75 1.60 
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Fig. 11. Log itlp as a function of log co. The dotted llne has a 
theoretically significant slope of 0.75; solid line is the best sta- 
fi'stical line through experimental points. 
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Fig. 13. Propagation rate, v, as o function of overpotential. 
co = 0.1 moles liter -z ,  T = 35~ Theory line is based on a 
propagation theory developed in the section on Propagation under 
Discussion. 

o ,o 2o ~o 4o ~o 6o ~o ao with ac ~ 0.5, Time {mln~ ) 

Fig. 12. Dendrite length, y, with respect to time as a function 
of overpotential, co = 0.1 moles liter -z ,  T = 35~ eoc 
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L i / h I l' I J I I I / l i ter- , T ~ 35~ Theoretical slope based on activation control, 

The dendri te  propagation rate, v, increases wi th  in -  
creasing overpotential  (Table I I ) ;  the v - -  ~ slope 
increases with increasing ~l (Fig. 13). The logari thm of 
the tip current  density when plotted against n was 
found to be l inear  (Fig. 14) where d~/d log itip -~ 
0.17v. 

As a function o] temperature.--The extrapo la ted  t imes ,  
�9 d, w e r e  observed  to decrease  w i t h  increas ing  t e m p e r -  
ature (Fig.  15).  

Tab le  II1 s h o w s  t h e  propagat ion  rate,  v, and  the  
ca lcu la ted  dendr i te  t ip current  dens i ty  ( i )  as a f u n c -  
t ion of  t emperature:  the  v a l u e  of  dv /dT  be ing  1.3 • 
10 . 6  c m  sec - z  deg  -1.  

is included for comparison. 

Table II. Experimental propagation rate (v) and dendrite tip 
current density (/tip) as a function of overpotential 

CO, I~- 0 ]e8 { t i p ,  
l i t e r  "~- T ,  ~  ~, m V  v ,  .u, see -1 .A e m  -e 

0 . 1 0  35  - - 1 4 0  0 .7  1 .46  
- -  1 2 0  O.S 1 . 0 5  
-- 100 0 .4  0 . 8 4  

- -  9 2  0 . 3 6  Q . 7 5  
-- 8 5  0 . 3 3  0 . 7 0  

~5*C 

50( 

40i / 24~ 

Dendrite 

Lr,~c faust 300 / 

! 

I0 20 30 40 50 60 70 80 
Time (mins) 

Fig. 15. Dendrite length, y, with respect to time as a function of 
electrolyte temperature, co = 0.1 moles liter - z ,  ",1 = --100 mV. 
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Table III. Experimental propagation rate (v) and dendrite tip 
current density (/tip) as a function of temperature 

co, m o l e s  7 " t  I I , ,  

~, rnV l i t e r - 1  T,  ~  v ,  ~ s e c  -1 A e r a  -~ 

--  100  0.1 24  0 . 2 5  0 . 5 3  
35  0 . 4 0  0 . 8 4  
50 0,00 1 .26  

The log /tip --  1/T plot (Fig. 16) shows a l inear  re-  
lationship of slope --1.25 X 103 deg. From this the elec- 
trochemical activation energy AH o, at the  overpoten-  
tial of --  100 mV, can be calculated at 6 kcal mole-*.  

Init iation overpotentia~, ~crit, and initiation t ime,  . ~ . ~  

Experimental ly,  --75 > ~c~it > --85 mY; below --75 
mV dendrites were not observed. Extrapolat ion of 
Fig. 13 to zero propagation rate suggests that  the 
value of ~ri t  lies below --10 inV. Dendrites were 
not observed at potentials more anodic than --75 mV 
because the ini t iat ion t ime is so long (Fig. 17); only 
black spongy zinc was observed. 

Influence of dendrite propagation current  on mea-  
sured total c u r r e n t . ~ T o  relate the changes in  total 
current  flowing to a dendri te  ini t iat ion process, it is 
necessary to show that  the dendri te  propagation cur-  
rent  is negligible when  compared to the current  at 
the substrate surface�9 From Table I, the propagation 
rate of dendrites in a zincate concentrat ion of 0.1 
moles liter -1 at 35~ and an overpotential  of --100 mV 
is equivalent  to a dendrite tip current  density of 840 
m A c m  -2. The dendrites were ca. 10/, in width; as- 

2C 

t t ip  

(A cm'~ LO 

0 5  

---.>.. 

I I I 3.1o 3.20 ~.30 

,o'}.K-, 
T " 

Fig. 16. Log itip a s  a function of reciprocal temperature. From 
the  s lope  an e l e c t r o c h e m i c a l  activation e n e r g y  is e v a l u a t e d .  
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(seos} 
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Fig. 17. Initiation time, Td, as a function of overpotential. 
cO = 0.1 moles liter - 1  , T = 35~ Theory line is calculated 
from an initiation theory developed in the section on Model of 
dendrite initiation. 

suming that the dendrite tip is a hemisphere, the cur-  
rent  through the dendri te  can be calculated as 1.2 #A. 
Figure  5 shows that this level of dendrite propagation 
current  is negligible compared to the total  current  ob- 
served, even allowing for the simultaneous growth 
of 30 dendrites on an electrode area of ca. 3 X 10 -2 
cm 2. This conclusion is also valid for other zincate 
concentrations. This conclusion can be confirmed ex-  
per imental ly  by ini t iat ing dendrites at, say, --100 
mV and then lowering the overpotential  to --50 mV. 
The growth rate of the dendrites eventual ly  decreases 
to zero; the total current  remains  at a value only 
slightly less than that at --100 inV. 

Discuss ion  

Sum m ary  of the phenomenology. - -Facts  are: (i) an 
ini t iat ion overpotential  ( ~  --80 mV) is required to 
produce dendrites;  (ii) two ini t iat ion times have been 
observed, one for dendrites, ~d, and the other for cur-  
rent,  Ti, e.g., Fig. 7 and 12, Ta < zi. The times required 
for the dendrites to approach the boundary  of the 
l inear  diffusion layer are in agreement  with the times, 
�9 i; (iii) the growth of dendrites, beyond the ini t ia-  
t ion time, is l inear  with time; ( iv)  the total current  
increases with t ime such that  i oc t2 (Fig. 9). 

Basic model. The model is that of Barton and Bock- 
ris (3) extended to the Tafel region of overpotential.  
Then 

�9 RT  ( i L - - i ~ 2 7 V  
a T  In ~ -]- ~ In / - - ~ - -  -t- ~ [2] 

TI ~--- a c F  to 

where 
nFD 

iL -- CUp ~ iL(s) 
T 

where subscript (s) indicates spherical diffusion, V 
is the molar volume of zinc, r is the radius of the 
dendri te  tip at which the zincate concentrat ion is Ctip, 

is the surface energy of the zinc/electrolyte in ter -  
face, other parameters  have their  usual  significance. 

An opt imum tip radius will exist where the growth 
rate is maximal  and constant. 

Propagat ion .JEquat ion  [1] which relates the propa- 
gation rate v to the dendri te  tip current  density i 
can be rewr i t ten  as 

dy M 
�9 = " [3] 

dt pnF ~tlp 

where y is the dendrite length. Expressing iti p in 
terms of an irreversible activation-diffusion current 
density, an equation relating propagation rate to over- 
potential, zincate concentration and temperature can 
be obtained. The current density /tip can be set equal 
to 

--acF~ 
i u P = i ~  (ap~\ae 01cexp(~/ 

for the general  reaction 0 + e -  ~ R. at is the activity 
of the oxidized (o) or reduced (R) state at the eur-  
rent  density /tip, and ae are the activities in the equi-  
l ib r ium state. 

Neglecting double layer effects (valid at the high 
ionic s trength used in this work) ,  the ratio of the 
activities for the cathodic reaction may be wr i t ten  as 

ae o / iz. 

The ratio of the activities for the reverse anodic re-  
action must  take into account the Kelvin  term which 
becomes appreciable at low values of dendri te  tip radii�9 
The change in the free energy accompanying the 
anodic reaction at equi l ibr ium (AGe) and that  accom- 
panying the reaction at current  density i t i p  ( A G i )  will  
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differ appreciably when the Kelvin term is high, i.e., 
at tow dendrite tip radii. Thus 

aGi--  AGe ~ RT In ( a'R ] [6] 
\ ae a )a  

2~V 
-%G~: and AGe differ by the Kelvin term - -  r 

Thus 

o r  

ELECTROCRYSTALLIZATION OF ZINC 

Zmcofe 
conc( Itrotion 

2"yv 
�9 AG~-- AGe = [7] 

27____~V = in ( a'--~ )a [8] 
RT �9 r \ ae R 

( 2~V ) ( a i  a ) [9] 
exp ~ /  = a 7  

From [9], [5], and [4] 

itip--~ tO t ( 1  tL ~'----~ 

(  exo( )} - e x p .  

The concentration of zincate at the tip is the bulk 
zincate concentration when the tip is close to or out- 
side the outer boundary of the linear diffusion layer. 
The value of ctip at a dendrite whose length is y, 
where y < 5, can be obtained by linearization of the 
concentration profile in the diffusion layer (Fig. 18). 
Then 

Ctip = c0y/~0 [11] 

Therefore, substituting Eq. [11] and [10] with the 
equation for the spherical diffusion limiting current 
density, iLCs), into Eq. [3] one obtains (iL(ti~) ~--- iur 
where subscript I indicates linear diffusion) 

1509 

/ 
/ 

Distance from metal surface 

Fig. 18. Schematic representation of the calculation of the con- 
centration at the dendrite tip. 

Eq. [14] integrates to the general expression between 
y and Y0, where y0 is the limit when t = 0 

. . .  + r l n y  
IoU tL(1)U 

e x p (  aaF~l 
M Yo \ RT / 

= + r in Y0 [16] 
'pnF t + iou iL(l)U 

y r l n y  
Two limiting cases arise: (i) when - > >  

:toU iL(1)U 

exp RT ) ,  a linear relation will exist between 

y and t; (ii) in the reverse situation, where 

iou < <  - -  exp , an exponential rcla- 
iL(1)u 

tionship exists between y and t. For the present ex- 
periments, when f l y  > 10 -3 at n = -- 100 mV, the 

- - e x p  27V ~ e x p (  ~aFn ~ 
dy M 

~t = p~---F 
nFDcoy/~o + ior exp RT 

which produces, when iL(D -~ nFDco/6o 

dy M iuDYi~ ~ e x p ( - - a c F ~ l  - ~ - - / J  

dt pnF (ooF  3 iL(1)y -~ iOr exp \ - - ~  / 

Rearranging Eq. [13] produces 

dy 

f oxp io <--acFn ) - - e x P ( R T  R--T-~.r]27V ~ e x p (  a~Fn-~>} 

( 
r exp \ - - ~ - /  

+ 
iL(t)Y 

dy 

- - exp  2,~V ] exp (aaF l l  ~ 
RT RT ] J 

M 
- -  d t  [14] 

pnF 
Taking r as a constant, and placing 

(ooF ) ( - - a c F n ~  e x p ( 2 1 V  ) e x p \ - - ~ - ~ /  } = u  
f exp \ ~ / - -  \ nz �9 r~  

[15] 

[12] 

[13] 

exponential form is valid, i.e. 

r l~ y exp ( aaF~] ) 

r logyo ( ~aFq ) 
M t + exp [17] 

= 2 �9 3pnF iL(~)U 
and when r / y  < 10 -a, the linear form will be valid, 
i.e. 

M 
y " t + Y0 [18] ---~ ~ou pnF 

Thus, the linear form will be valid (r = 10 -5 cm) 
from dendrite length > 100~. This prediction is con- 
firmed in Fig. 10, 12, 15. Below 10O~ the exponential 
form of y and t applies. 

In the linear region, the propagation rate, v, can be 
written from Eq. [3] and [18] as 

M 
v = iou ~ [19] 

pnF 
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or, in terms of dendri te  tip current  density, as 

i t ip  ~-- iO e x p  R T  

exp ( 27V ~ n  
- [20] 

Similar ly  for the exponential  y - -  t region 

M u ( aaF~ ~ 
- -  ia(l) e x p - -  ~ /  v = yo 2 . 3pnF r 

iL(I) exp --  t [21] 
exp 2 �9 3pnF r \ ~ / 

and 

itip = iL(D YO ~ exp - -  
r 

Since the y - -  t l inear  region is that  for which data 
are available (Fig. 10, 12, and 15), differential rela-  
tions for comparison with experiment  will be worked 
out in terms of the l inear  condition. From Eq. [19], at 
high n 

- -  - -  - -  exp [23] 
co.T RT pnF RT 

The dependence of the propagation rate on the 
zincate concentrat ion (co) arises so: if it can be as- 
sumed that  the discharge of zinc is a 2-step, one elec- 
t ron per step, reaction, where the first electron t ransfer  
is reported (17-19) as rate determining,  then for the 
cathodic direction of the ra te -de termining  step 4 

.-) 

k 
Zn(OH)4 = + e-> Z n ( O H ) 2 -  -{- 2 O H -  

the exchange current  density can be wr i t ten  as 

--> ( --acF vrev ) [24] i0 = 2Fk Co exp RT 

where Vrev is the reversible equi l ibr ium potential  for 
Zn (OH) a = to Zn reduction. 

Introducing Eq. [24] into [19] 

v ---- 2Fkcou exp ) [25] p n F  ~ Vrev 

Differentiating with respect to Co at constant ~1 and T 

= 2 F k u -  exp | Vrev} --  
TI,T pnF 

--2Fkcou pn----F RT ~ /  exp RT V r e v  [26] 

Subst i tut ing the dependence of V r e v  o n  CO into Eq. [26] 
and simplifying produces 

o 

~,T ~ Co 

Since, for the mechanism assumed, ac ---- ~ = 0.5 

T he  a u t h o r s  recognize  the  poss ib i l i t y  of the  f o l l o w i n g  r eac t ion  
as b e i n g  ra te  d e t e r m i n i n g  

Z n  ++ 4- e --) Z n  + 

t h i s  s t ep  b e i n g  s u p e r s e d e d  b y  t he  e q u i l i b r i u m  chemica l  s t ep  

Zn(OH)~= m Zn++ + 4 OH- 

The k ine t i c  exp re s s ions  d e r i v e d  in  e i t h e r  case are  iden t ica l .  In  the  
absence  of f i rm e v i d e n c e  as to w h e t h e r  the  o x i d i z e d  s t a te  is  Z n  "-  
or Zn(OH)~ =, the  a n i o n  f o r m  is a s s u m e d  here .  

Fig. 19. Successive stages involved in the growth of a 
under linear diffusion control. Approximating pyramid to 
shows how the effective radius of curvature decreases 
height increases. 

pyramid 
a cone 

as the 

dv ) v 0.75 [28] 
riCo ~?,T Co 

Expressing Eq. [19] as a dendri te  tip current  density 

( --~cF ) 
/ t ip  = i0 exp ~ n  [ 2 9 ]  

produces, assuming that the anodic current  is negli-  
gible, the dependence of an activation current  density 
upon overpotential  and concentrat ion of zincate. 

Model of dendrite init iation.--The model proposed is 
that the dendrites originate from the tips of pyramids 
arising as the result  of the rotat ion of a screw dislo- 
cation. 

Experimental ly,  for all potentials above the critical 
ini t iat ion overpotential  of about --80 mV, the current  
density measured dur ing the ini t iat ion period, with 
respect to geometric substrates area, approaches the 
l imit ing current  density for l inear  diffusion. Under  
such conditions any surface i r regular i ty  will  tend to 
amplify according to the present, and to an earlier 
model (20), in an exponential  m a n n e r  with time, e.g., 
Eq. [1] of ref. (20) or Eq. [17] of the present  paper. 
There is, however, an addit ional effect when screw dis- 
location pyramids are increasing in height under  l inear  
diffusion control: since the distance between two suc- 
cessive steps on a spiral is given (21) by 4~r, as the 
dendri te  precursor height increases the step length 
distance decreases. Thus, the pyramid grows according 
to the model in Fig. 19, i.e., the radius of curvature  of 
the tip decreases as the pyramid height increases. 

Since the radius of curvature  is related to the curva-  
ture overpotential  ~lr bY 5 

2A'~ 
nr = - -  [30] 

nFpr 

where A is the atomic weight of zinc, ,y is the surface 
energy at the spiral t ip/electrolyte interface, and p is 
the density (g cm -3) (for example, if ~lr were 5 mV, r 
would be 4 x 10 -6 cm). 

As the spiral rotates, the concentrat ion at the spiral 
apex increases since the apex is moving up the con- 
centrat ion gradient  (Fig. 18); thus iL(1) at the apex in-  
creases, and therefore na at the apex decreases. Since 
the total overpotential  is constant  (potentiostatic con- 
trol) ,  na and /or  ~r at the apex must  increase. 

As the spiral tip radius of curvature  continues to de- 
crease at some value of r, the t ip becomes a point for 
spherical, ra ther  than linear, diffusion. The condition 
for the onset of spherical diffusion at the spiral tip 
(see Appendix)  is r/50 < ~  1. Taking 50 = 0.02 cm and 
r/So = 0.01, then r required for spherical diffusion is 
2 x 10 -4 cm. The term ~ must  now be expressed in 
terms of the l imit ing current  density for spherical dif- 
fusion, i.e., iL(s). 

J~s the dendri te  precursor height increases further,  
~)d continues to decrease and ~r continues to increase. At 
some opt imum value of r, where na is min imal  and mr 
is sufficient to stabilize the low radius of curvature,  the 

~Here  ~r t akes  t he  p lace  of her  [Bar ton  and  Bock r i s  (3)] ,  the  
change  in  the  r e v e r s i b l e  p o t e n t i a l  due  to c u r v a t u r e ,  r. B o t h  Vr 
and  ',er a re  based  on  the  same  t h e r m o d y n a m i c  a r g u m e n t s  w h i c h  
p roduce  Eq.  [30]. 
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Fig. 20. i ,  - -  r ,  relationship for the zinc system from the present 
work. 
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Fig. 21. in - -  rn relationship for the silver system [Barton and 
Bockris (3)]. 

tip will  have achieved a max imum growth rate  under  
predominant  act ivation control (this opt imum value of 
r is clearly seen in Fig. 20 and 21 for zinc and silver, 
respect ively) .  

It  is our contention that this is the essence of the 
initiation of dendrit ic growth, the init iat ion t ime being 
that  t ime required to at tain the necessary stable radius 
of curvature,  for spherical diffusion, due to an in- 
crease in ~]r. 

If  the growing pyramid  can be regarded as a grow-  
ing paraboloid whose tip can be taken as hemispher i -  
cal, then the radius of curva ture  at the tip is given by 
(22) 

r02 
rc = - -  [31] 

2y 

where  ro is the radius of the pyramid base and y is 
the pyramid height. 6 Considering ro ---- 2 x 10 -4 cm, 
which is equivalent  to an original  step length of 
2 x 10 -4 cm, which would require  ~r : 0.05 mV to 
cause rotation, and taking y as 20~, the radius of cur-  
va ture  is equal  to 10 -5 cm. Therefore,  the radius of 
curva ture  at the tip has decreased f rom 10-3 to 10 -5 
cm as the pyramid height  increases from 0.2 to 20~, 
thereby producing an increase in ~]r from 0.05 to 1 mV. 

If it can be assumed that  the ra te  control during 
propagation of the dendri te  is ent i re ly  activation, 

I n  th is  d e r i v a t i o n  i t  is a s s u m e d  t h a t  the  pa rabo l a  is s y m m e t r i -  
cal  a r o u n d  t he  a-axis ,  and  can  be r e p r e s e n t e d  by  t he  gene ra l  fo rm,  
a = bx"-. 

Table IV. Initial and final conditions at the growing pyramid during 
the initiation period T with respect to overpotential terms, pyramid 

height, and radius of curvature 

Tota l  o v c r p o t e n t i a l  = --100 mV,  e0 = 10--t moles  cm -3, T = 35~ 
I n i t i a l  F i n a l  

yd 97 1 
~a 3 98 
v ,  <0 .1  1 
P y r a m i d  h e i g h t  0.2/~ 20~ 
Tip  r a d i u s  of  c u r v a t u r e  10/L 0.1/~ 

The  i n i t i a l  o v e r p o t e n t i a l  t e r m s  are  those  t e r m s  for  t he  i n i t i a l  
subs t r a t e  ca l cu l a t ed  a t  the  p o i n t  the  po t en t i o s t a t i e  con t ro l  is  ap-  
pl ied.  For  e x a m p l e ,  ~?a = R T / n F .  i / io ,  w h e r e  i is  the  i n i t i a l  sub-  
s t r a te  e.d., /o is t a k e n  as 100 m A c m  -2. ~r is t a k e n  as <0.1  m V  (see 
~ext) ,  t hen  ~d is  t a k e n  to  be the  d i f fe rence  b e t w e e n  the  app l i ed  
o v e r p o t e n U a l  and  ( ~  + ~r).  The  f ina l  o v e r p o t e n t i a l  t e r m s  are  
those  t e r m s  ca l cu l a t ed  f r o m  the  p r o p a g a t i o n  ra te  of the  d e n d r i t e  
(see t ex t ) .  

utilizing i0 f rom the l i tera ture  (23) and placing i 
equal  to the dendri te  propagation rates (Fig. 10, 12, 
and 15), agreement  is found between na thus calculated 
and the total  applied overpotential .  Thus, ~]d and 0r 
are small  during dendri te  propagation, a result  con- 
sistent wi th  the above model. Table IV summarizes 
these changes which occur during init iat ion at the 
growing pyramid.  

How wil l  the a t ta inment  of the critical radius of 
curva ture  depend on exchange current  density and 
?]total ? Since na approximate ly  equals ~total at t ime ~, 
then for a constant dendri te  growth rate  the value of 
this Thotal at t ime ~ wil l  decrease as i0 increases. There-  
fore, those metals  for which i0 is re la t ive ly  low will  
have a larger  ~]crit than those metals  for which i0 is 
high, e.g., zinc (io ---- 10 -1 A cm-2) ,  ~]crit = - - 8 0  m Y ,  

whereas  si lver (i0 = 1 -- 10 A cm -2) ~lcrit = --3 mY. 

Theoretical calculation of extrapolated initiation time, 
�9 d .~F rom  Eq. [18] at y = 0, the ext rapola ted  ini t iat ion 
Td can be expressed as 

pnF 
�9 ~=--Yo iouM [32] 

The te rm Y0 is the extrapola ted dendri te  length at 
zero t ime (a negat ive quant i ty) .  Values for Y0 were  
obtained by extraploat ion to t ---- 0 of Fig. 10, 12, and 
15, respectively.  F igure  17 and Tables V and VI 
show the theoret ical  and exper imenta l  ~d values as a 
function of overpotential ,  zincate concentrat ion and 
temperature ,  respectively.  F rom Eq. [18] it can be seen 
mathemat ica l ly  that  Y0 should be a constant, thus the 
values of Td were  calculated f rom an average  ext rapo-  

Table V. Theoretical and experimental Td values (from Eq. [32])  
as a function of zincate concentration. I1 = - -100  mV, T = 35~ 

Yo = - -310 ~, standard exchange current density io ~ = 
0.6 A cm - 2  mole -~'~ liter ~/4 

Zinca t e  c o n c e n t r a t i o n  Co, E x p e r i m e n t a l  Theore t i ca l  
mo le s  l i ter-~ T~, sec ~d, see 

0.2 480 470 
0.1 $40 800 
0.09 900 870 
0.07 960 10~0 
0.05 620 1440 

Table VI. Theoretical and experimental Td values (from Eq. [32])  
as a function of temperature, co = 10 -1  moles liter -1 ,  
YI = - -100 mV, io = 10 -1  A cm -2 ,  and (-~H ~ rev = 

10 kcal mole - 1  

E x p e r i m e n t a l  T h e o r e t i c a l  
T e m p e r a t u r e ,  ~ rd, see 7d, sec  

24 1080 910 
35 540 620 
50 600 380 
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lated value of Yo. The agreement  be tween exper iment  
and theory is seen to be qual i ta t ive in the case of Fig. 
17, and three results in Tables V and VI differ due to 
the fact that  the extrapolations do not te rminate  at the 
same value of Y0. However ,  the agreement  reported 
for the propagation rates (section below on Exper i -  
mental  test of theoret ical  propagation equations) in- 
dicates that  Eq. [18] is valid. 

Total current - t ime  phenomenon . - -The  increase in 
the total current  with t ime can be said to be due to 
one (or both) of two possible causes: (i) processes 
which occur during the initiation of a dendrite,  or (it) 
processes which occur during the propagation of a 
dendrite.  

The former  model  was the subject of an earl ier  
publication (20) which, at that  time, appeared valid. 
Fur ther  examinat ion of this model  has, however,  re -  
vealed two seemingly basic discrepancies. These are 
(a) the theoret ical  ~ is greater  than the exper imenta l  T 
to the extent  of 1-2 orders of magni tude (agreement  
being obtained only when 5 ---- 10 -3 cm for unst i r red 
solutions),  and (b) zinc deposition during the initiation 
t ime T has been shown (24) to produce roughening of 
the electrode surface wi thout  any increase in the total  
current ;  such microsurface roughening, according to 
the former  model  (20) above, should have led to an 
exponent ia l  i - -  t relationship. 7 

Thus, it would appear that  these discrepancies, along 
with the observation that  the total  current  does not 
increase appreciably unti l  the dendri te  length ap- 
proaches the value of 5 (section above on Summary  of 
the phenonemology) ,  indicate that  the i - -  t phe-  
nomenon is due to processes following initiation. 

The dependence of total current  on t ime has been 
shown to be i ----- kt  2 (Fig. 9) when t > Ti. The increase 
in the total current  is proposed to be due to an increase 
in the electrode area due to the format ion of the den-  
drites. Under  such conditons, the total  current  is 

/ total  ~ isubsh 'ate  -5  /dendri tes  ~ is  -5  A t N t i d  [ 3 3 ]  

where  At and Nt are the area of one dendri te  and 
the number  of dendri tes at t ime t, respectively,  and id 
is the dendri te  side current  density. The identi ty of 
ia is taken to the l imiting current  density under  l inear 
diffusion, since the sides appear essentially planar  
(Fig. 4). 

The value of At can be expressed by assuming that  
the dendri te  has a rec tangular  cross section with width  
w, thickness d, and length y at t ime t. Thus 

idAt = 2wyid + 2dyid -5 wditip [34] 

The last te rm in Eq. [34] is the dendri te  propagation 
current  which is negligible (section above on Influence 
of dendri te  propagation current  on measured total  
cur rent ) .  Therefore  

idAt = 2 ( w y  -5 dy)id [35] 

Since w and d change under  a l inear  current  flux while 
y changes under  a spherical  current  flux, w and d 
remain constant when compared to y. Expressing the 
t ime dependence of y with respect to T, the init iat ion 
t ime produces, in the l inear form of y --  t, the equa-  
tion (cf. Eq. [18]) 

M 
y = i o U ~  ( t - - T )  + y~ [36] 

Subst i tut ing Eq. [36] into [35] produces 

iaAt = 2 ( w  -S d) Yr -S i o u ~  ( t - - T )  ia [37] 
pnF 

This is an expression for the side current  of one den-  
drite as a function of time, providing that  the dendri te  
length changes l inearly wi th  time. 

How will  Nt behave as a function of t ime (Eq. [33])? 
If  the dendri te  init iat ion process were  instantaneous 

7 T h e  t h e o r y  d e v e l o p e d  h e r e  is fo r  t > >  r w h e r e  i ~ t'-'; w h e n  
r is a p p r e c i a b l e  c o m p a r e d  to t t h e  e x p o n e n t i a l  i -- t r e l a t ionsh ip  is 
p r o b a b l y  essen t i a l ly  va l id ,  w h e r e  t he  10 -s c m  c o r r e s p o n d s  to t he  
v a l u e  of  r a t  t h a t  t ime .  

(25), Nt would be constant. Thus, /total would be l inear 
with time, contrary  to the exper imenta l  results. Under  
galvanostatic conditions Naybour  (25) found that 
dendri te  initiation was instantaneous; however ,  since 
overpotent ia l  wil l  decrease as init iat ion proceeds, the 
condition required for init iation outl ined earl ier  may 
be lost. Under  potentiostatie conditions, dendri te  ini-  
t iation may be continuous, as is reported by Powers  
(15) for so-called protrusions. 

The nucleation or init iation law is assumed (26) to 
be first order with a low init iat ion constant K; thus 
the total number  of dendri tes at t ime t is given by 

N, = NoKt [38] 

where  No is the number  of init iat ion sites on the sub- 
strate taken. 

Since initiation is taken to be progressive, ~ can 
have  values be tween t ime t and Train (Train is the ex-  
per imenta l ly  repor ted  , since this is the init iation t ime 
of the first dendri tes) .  The total  current  due to den-  
drites will  be the sum of all the individual  currents  
f rom the dendrites init iated at a range of ~ values;  
thus 

s: { } idendri tes  = 2 (W + d) Yr -5 ioU ~ ( t - -  ~) 
min pnF 

/dNoKdz [39] 

Simplifying Eq. [39] by considering Yr ----- 0, and inte-  
grating, produces 

M 
/dendri tes = ( W  -5 d ) i o u - - i d N o K  (t - -  Train)  2 [40] 

pnF 

If, at sufficiently large t, ~min < <  t, then Eq. [40] ap- 
proximates  to 

M 
/dendri tes = ( W  -5 d ) i o U  idNoKt2 [41] 

pnF 

According to Eq. [40],/total against t ime should show a 
parabolic relationship. Further ,  when t > >  Tmin, Eq. 
[41] shows / total  should show a t 2 dependence (Fig. 9). 

The general  val idi ty  of Eq. [40] can be seen by con- 
sidering Fig. 7 where  ,1 = --100 mV, Co = 0.1 moles 
li ter -1, and T ---- 35~ and the total current  is 850 ;,A 
after  35 rain, i.e., /dendri tes ~ 4 0 0  # A ,  where  is ---- 450 
~A. Assuming i0 ---- 10 -1 A cm -2, u ---- 6.65 (Eq. [15]) 
when */ = --100 mV and i. d -- 10 -2 A cm -2 (Fig. 6), a 
value of NoK can be calculated providing an estimate 
can be made of (w -5 d). In the section on Influence of 
dendri te  propagation current  on the measured total 
current,  the width  w of the dendri te  main axis was 
taken as 10 -3 cm; however,  the present (w -5 d) must 
include contributions due to side branches. An effec- 
t ive w (main axis -5 side branches) can be obtained 
from Fig. 3a where  the effective width is seen to be 
approximate ly  one-fif th of the dendri te  length, y. In 
the present  calculation y = 6 x 10 -2 cm; thus w can 
be approximated as 1.2 x 10 -2 cm. From Fig. 3b, which 
corresponds to the conditions of this calculation, w can 
be seen to be approximate ly  10 -2 cm. Since it is ob- 
served exper imenta l ly  that d is small  compared to w, 
(w -5 d) can be approximated as w. Using these ex-  
per imenta l  estimates, NoK is calculated as 1.3 cm -2 
sec -1 f rom [40]. Thus, on the electrode area under  
examination,  the initiation rate  of dendrites will  be 
such that  every  25 sec, beyond vmin, a dendri te  wil l  be 
formed from the precursor pyramid.  

Exper imental ly ,  it is observed that  ~30 dendri tes are 
formed in 35 min under  conditions of the above cal-  
culation (Tmin  = 10 min) ,  i.e., the exper imenta l  ini-  
t iation rate  is 0.7 cm -2 sec -1. This degree of agree-  
ment  supports Eq. [40]. 

Exper imenta l  test  of theoretical propagation equa- 
t ions.--Table VII shows the theoret ical  and exper i -  
mental  values of the terms (dv/d,])C0,r and (dv/dco)n.T 
according to Eq. [23] and [28], respectively,  for the 
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Table VII. Experimental test of Eq. [23] and [28] 

Experi- 
A s s u m e d  p a r a m e t e r s  P a r a m e t e r  T h e o r y  m e n t  

i ~ =  1 O 0 m A c m - ~  ( d__~u ~ c m s e e - Z  7 .3  • 1 0 - t  5 .0  • 10-~ 

= - 1 0 0  m V  \ d~ /co,T v o l t - 1  

e0 = 1 0 ~ m o l e s c m  -a (d._~u~ e m  s e c - 1  0 .3  0 .43  

~c  ----- 0 .5  \ dCo /71, T m o l e - 1  c m  a 

conditions shown. The agreement  can be seen to be 
consistent with the assumed model involving mono- 
electronic transfer steps with the redox step rate de- 
te rmining  (section above on Propagat ion) ,  i.e. 

Zn(OH)~ = -b e--) Z n ( O H ) 2 -  -k 2 O H -  [42] 

Z n ( O H ) 2 -  -k e ~--Zn -k 2 O H -  [43] 

Figure 14 produces ( d ~ / d  log it~p)Co.T ~- 0.17V, 
whereas the Tafel slope for the above mechanism 
where ac = 0.5 produces 0.12V at 35~ 

Figure 11, whose slope (d log itip/d log CO),.T ~ 1.00 
__+0.14, can be compared with the theoretical slope, 
from the above mechanism, of 0.75. 

The electrode kinetic parameters  obtained here ~rom 
the dendri te  propagation under  activation control are 
in much closer agreement  with the above mechanism 
than with either (a) a simultaneous t ransfer  of two 
electrons, as proposed for zinc amalgam studies (27- 
29), or (b) a monoelectronic two-step transfer  with 
the second step rate determining.  

From Eq. [10] the current  density at the dendri te  tip 
for the condition y > b0 is 

Table VIII. Theoretical and experimental values of optimum 
dendrite tip radius required for maximum propagation rate 

O v e r p o t e n t i a l ,  T h e o r e t i c a l .  E x p e r i m e n t a l ,  
M e t a l  m V  e m  c m  

Z i n c  - - 8 5  5 • i 0  -'~ t o  10 - i  10 - I  t o  10 -5 
- - 1 0 0  5 • 10 - ~ t o  10 -L 4 • 10 - 4 t o l 0  - t  

S i l v e r  - - 5 . 2  5 .6  • 10 -5 11 .0  • 10 -~ 
--8.8 4.8 • 10 -~ 4.3 • 10-~ 

--16.7 3.2 x 10 -5 2.1 X 10 -~ 

Table VIII. The agreement  with exper iment  for silver 
is satisfactory; that  for the present study on zinc is 
somewhat less so. 

Conclusions 
(A) Dendrite ini t iat ion is the result  of pyramidal  

growth under  bulk  diffusion control unt i l  the required 
radius of curvature,  to give spherical flux to the propa- 
gating tip, is attained. 

(B) Two critical overpotentials are established, the 
first being that  required  to rotate a screw dislocation, 
the second being that required to produce bulk-diffu-  
sion controlled deposition at a rate necessary to pro- 
duce the change in tip radius required to alter diffu- 
sion from l inear to spherical. It is the lat ter  which has 
been identified as the critical overpotential.  

(C) The ini t iat ion t ime (T) is the t ime from the 
moment  of current  flow to the a t ta inment  of spherical 
diffusion at a stable propagating tip; this condition is 
established within the l inear diffusion boundary  layer, 
bo. r is not identifiable with either rd (that from den-  
drite length- t ime extrapolation) or xi (that from total 
cur ren t - t ime  graph),  but T~ < r < Ti. 

n F D c o i o { e x p ( - - a c F ~ l  27V  ~-~ ) - - e x p (  ~aFn exp )} 

[45] 

~tip ~--- 

RT / 

which, when simplified, produces 

i t i p  
�9 ' ~ i l t  

K 

e x p ( - - a c F n ) - - e x p (  ~ F n R T  ' - R - ~ / e x p ( - ~ - , , )  ) 1 

K ( --,~cFn ) 
.'7--'- --k rn exp 
~o RT 

R T n F D c o  R T  
where K = and rn -~- ~ r. 

2"rV 2~V 

Figure 20 shows a plot of ~it - -  rn for the zinc sys- 
tem as a function of overpotential,  assuming the mech-  
anism outl ined earlier. Theoretically, it may be said 
that  dendri tes should appear when  in > (iL(D)n w h e r e  
iaa) is the l imit ing l inear  current  density to the sub- 
strate surface. However, from Fig. 17 it is experi-  
menta l ly  observed that  the ini t iat ion t ime below --80 
mV is long and hence dendrites do not appear un t i l  
the overpotential  lies in the region of --80 inV. 

Figure 13 shows the theoretical propagation rate, as 
a function of overpotential,  calculated from Fig. 20; 
the agreement  with experiment  is reasonable. 

Figure  21 shows a theoretical lit - -  tit plot for the 
silver system assuming the parameters  of Barton and 
Bockris (3). Figures 20 and 21 differ considerably, in  
that  zinc exhibits a wide range of dendri te  radii  
which can grow at the max imum rate, whereas silver 
shows a small  range. Such a difference can be used 
to account for the fact that it is easier to ini t iate  
single dendri tes of silver than of zinc. 

The theoretical values, or range of values, of den-  
drite tip radii, r, at which the propagation rate is a 
maximum, obtained from Fig. 20 and 21, are shown in  

[44] 

(D) The growth of the zinc dendrite, once initiated, 
is l inear  with t ime and under  activation control. 
Therefore, the dendri te  tip current  density shows the 
usual  activation current  densi ty dependences. 

(E) The predominance of single dendrites for sil- 
ver, as compared to that  of zinc, is due to a much 
narrower  range, for Ag, of tip radii which can grow 
at the optimum, ma x i mum rate (Fig. 20 and 21). 

(F) The total current  increase with time, according 
to a second power law, is due to the increase in 
electrode area dur ing dendri te  growth. This law is 
consistent with a l inear  dendri te  growth rate (experi-  
menta l ly  observed) and a continuous (rather  than  in-  
stantaneous) ini t iat ion of dendrites while current 
passes. 
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APPENDIX 
Condition for the Establishment o] Spherical Di~usion* 

The steady-state equation for diffusion states that 

V 2 c ---- 0 [Al l  

which, when related to spherical coordinates and 
spherical symmetry,  becomes 

1 O 
V 2 c = - - - -  (r 2 Oc/Or) = 0 [A2] 

r 2 Or 

General  integrat ion of [A2] produces 

dc 
r 2 -  ---- constant  (k) [A3] 

dr 

Integrat ion of Eq. [A3] between the limits r0 and 
(r0 q- 5o) gives 

~ ,0 +5 k k k 
c(ro + 60) - - c ( ro )  = ~ d r  

ro r" ro (ro + bo) 
[A4] 

The constant, k, can now be wr i t ten  as 

c(ro + 5o) - c(ro) 
k ~- [A5] 

1 1 

ro (ro + 50) 

The flux at the electrode surface is given by 

J(ro) = ~ D r="0 [A6] 

Subst i tut ing for (dc/dr) from Eq. [A3] and then for k 
(Eq. [A5]) produces 

D c(ro + 50) -- c(r0) 
J(ro) ---- - -  [A7] 

r0 2 1 1 

r0 (r0 § 50) 

The current  density at the electrode surface is given 
by 

2FD c(ro q- 50) -- c(r0) 
i ---- - -  [AS] 

r02 1 1 

ro (ro + 50) 

which, when 5o > >  ro reduces to 

2FD[c(ro q- 50) -- c (ro) ] 
i • [A9] 

r0  

which is the spherical diffusion equation. Thus, the 
condition for spherical diffusion is 5o ~ >  ro, where r~ 
is the radius of curvature  of the tip to which diffusion 
is proceeding. 

T he  a u t h o r s  are  i n d e b t e d  to Mr. G. R a z u m n e y  for  th is  d e r i v a -  
t}on. 
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Stress Induced Binary Diffusion in a Solid 

R. J. Charles 
General Electric Research and Development  Center, Schenectady, New York  

ABSTRACT 

Operational methods are used to describe the migrat ion t ransients  of two 
ions which respond to concentrat ion gradients and ion space charge when a 
nonuni form stress is applied to a solid. The results indicate two characteristic 
t ime constants for the approach to equil ibrium. The shorter t ime constant  is 
related to the establishment of space charge and thus to electrical properties. 
The long time constant is related to an ion interchange process which depends 
on the sample geometry. 

The application of nonuni form mechanical  pressure case where more than one ion type responds to applied 
to a bounded solid containing diffusible ions may re- stress the electric field from displaced ions is common 
sult in ion t ransport  and accumulat ion similar to that  to all diffusing species. The effects of concentrat ion 
obtained by the application of an electric field. For the and stress gradients, however, are specific to the type 
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of diffusing ion. Because of electric field coupling in 
mult iple  ion diffusion, the ion flows occurring after 
stress application may  interact  with one another  such 
that  the t ransient  leading to steady state is highly 
complex. 

The main object of this work is to present a model 
which examines the transient  conditions by which a 
steady state is achieved when a stress gradient  is ap- 
plied to a solid containing two diffusible ions. The 
problem has par t icular  application to delayed elastic 
effects and in ternal  friction in glasses containing 
mixed alkali  ions (1) but is re levant  to ion substi- 
tuted crystals (2) and to some physiological mater ia ls  
(3). 

Statement of the Problem 
Single  ion case . - -Weber  and Goldstein (4) propose 

an equation of the following form for the flux, J, of a 
single ion of concentration, C, and diffusion coeffi- 
cient, D, in a solid subjected to a stress gradient, 71 

J = ~ D [ d C / d x  d- C e E / ( k T )  + C V ~ I / ( k T ) ]  [1] 

In this equation x is the flux direction, e is uni t  charge, 
E is the electric field, V is the part ial  molar  volume of 
the diffusing ion, and k T  has its usual significance. 

In the present  work  it is desirable to utilize Eq. [1] 
by defining diffusion coefficients and concentrations 
with respect to a par t icular  diffusional process. The 
case t reated here consists of a solid in which ions dif-  
fuse by an interst i t ialcy mechanism. Thus, in the fol- 
lowing, the symbols D and C refer  to the interst i t ial  
diffusion coefficient and interst i t ial  concentrat ion of a 
mobile ion. These values are related to the ion self- 
diffusion coefficient Do, and total ion concentrat ion Co, 
by the relat ion D C ~ DoCo. If a Frenkel  defect model  
is adopted, then C may be est imated by an equation 
of the form C/Co = e x p ( - - W / ( 2 k T ) )  where  W is the 
energy of formation of such a defect. 

Intersti t ials are produced by dissociating neutra l  
pairs of anions and cations and locally must obey the 
mass action principle for such a reaction. Let  us con- 
sider the sample ini t ia l ly  under no stress or electric 
field and wr i te  n ~ for the vacancy concentration, po 
for the interst i t ial  concentration, and Co -- p~ for the 
bound pair concentration. The equi l ibr ium constant 
for bound pair  dissociation then equals nopo/(Co --  po) 
and general ly  since po < <  Co and there  is no space 
charge 

K ~ (po) 2 [2] 

where  K is another  constant. 
If, by application of a stress, p cat ions/cm 3 accumu- 

late in a local region of the specimen then the space 
charge density will  be p but the interst i t ial  and va-  
cancy concentrations must adjust  to maintain equil ib-  
rium. The vacancy concentrat ion changes from n ~ to n 
and the interst i t ial  concentrat ion changes from po 
(equal  to n ~ ) to (p + n) and, conforming to local 
equi l ibr ium 

( p + n )  n ~ K ~  (po) 2 [3] 

Thus, by choosing the positive root, one obtains 

n ~ ( (1 + 4 (po/p) 2) 1/2 _ 1) p/2 [4] 

If the space charge density, p, is small  compared to 
the zero stress state interst i t ial  concentrat ion then 

n ~ p o _  p/2 [5] 

and the interst i t ial  concentrat ion is given by 

( p + n )  ~ - p o + 1 , / 2 ~ -  C [6] 

The above assumption can only be proved valid by 
proceeding with  actual calculations to see if the space 
charge density, for reasonable stress gradients, may 
always be considered small  compared to interst i t ial  
concentrations. Equation [4] shows that  Eq. [6] is still 
reasonably val id  when (po/p)2 = 25 or when  p is ap- 
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proximate ly  10% of po. In summary,  one may view 
Eq. [6] as stat ing that  local equi l ibr ium is preserved 
if half  the ions that  enter  a region to produce space 
charge drop into the bound state and the other half  
remain as interstitials. 

Using the previous assumptions (i.e. p < <  n and 
thus n ~ n ~ ~ po) Eq. [1] may  be wr i t ten  for the 
interst i t ial  case as 

J ---- - -  D id  (p + n ) / d x  + e p o E / ( k T )  -k P~ ~1/(kT) ] 
[7] 

Differential  forms of Eq. [6] and [7] may be combined 
with  Poisson's equation (i.e., d E / d x  = --  ep/eeo) to 
give 

J ( x ,  t )x  = p(x,  t) t = D[2e2p~(EeokT) -1 p _  pxx] [8] 

where  ~ is the dielectric constant of the solid, ~o is the 
permi t t iv i ty  of free space (8.854 x 10 -12 A sec volts -1 
meters  -~) and the subscripted let ter  method is used 
to denote differentiation. The equation is linear, and 
the factor 2 results f rom the approximat ion concerning 
equi l ibr ium between bound and interst i t ial  ions. 

For the single ion case Eq. [8] is to be solved sub- 
ject  to the conditions that the stress gradient  is con- 
stant, all ions are conserved (i.e., the integral  excess 
ion density from surface to surface of the sample is 
zero) and that  ions will  not be discharged at the sam- 
ple surfaces [i.e., J ( su r face )  = 0]. The solution is 
symmetr ica l  and may be obtained by the method of 
separat ion of variables which yields the famil iar  type 
of diffusion equation involving an infinite sum of 
t r igonometr ic  and exponential  terms. For  sample edges 
at _+ a/2 and a stress gradient  ~1 along the  sample 
length 

p (x , t )  ---- /3sinh(Ta) / sinh (Tx) 

7 cosh (7a/2) L 

2 ~ n ( - -  1) n 
sin ( nnx /a )  

n2 + (~al~)'~ 
-1 

exp[72 + n 2,xz/a2)Dt] J [9] 

where  ~ ---- p~  and 7 -~ [2p~ kT)  ]1/2 = 
L-1.  

The term L is a Debye length and for a material ,  
such as a glass, of dielectric constant 4.0 containing 
1021 mobile ions per cm '~ wi th  an energy of defect 
formation of 1 eV (giving, from Eq. [2], a zero stress 
defect concentrat ion of about 2 x 101~ ions per cm s) 
this length calculates to be 1.2~. Since the Debye 
length is small compared to normal  sample d imen-  
sions it may be interpreted as that distance from the 
sample surface at which the excess ion concentrat ion 
falls to e -1 times its surface value. 

For usual sample dimensions (a > >  L) the t ime 
constant to establish steady state in Eq. [9] is essen- 
t ially the factor L2/D. Since the conductivity,  ~, equals 
D po e ~ / ( k T )  this t ime constant equals eeo/(2z) or one- 
half of the electr ical  t ime constant for the material .  
On the other  hand if the sample is multiphase, such 
that the diffusion occurs in an isolated phase having 
characterist ic dimensions of the order of the Debye 
length, then a number  of relaxat ion times, all smaller  
than the electrical t ime constant, are involved. 

For a typical  part ial  molar  volume of 6A s per ion 
(4 cm3/mole) ,  a stress gradient  of 3 x l0 s dynes /cm 3 
(approximate ly  equal to 104 psi/ in.)  and po equal to 
2 x 1012 ions per cm '3 the stress coefficient ;~, for the 
glass at room temperature,  calculates to be about 10 n 
ions cm -4. Thus, f rom Eq. [9], the s teady-sta te  excess 
ion concentrat ion at the sample surfaces calculates to 
b e p ( ~ a / 2 ,  oc) = ~1011 (1.2x 10 -4 ) =-----1.2x 107 ions 
cm -3 or approximate ly  five orders of magni tude 
smaller  than the zero stress interst i t ial  concentration, 
po. Thus the approximat ion concerning local equil ib-  
r ium between bound and interst i t ia l  ion states (i.e., 
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p < <  po) appears  jus t i f ied for  usua l  appl icat ions .  
Fo r  s t eady  s ta te  t he  field, E, is g iven  by 

[ cosh (Tx)  ] 
E ( x ,  ~ )  -~ fie (72eeo) -1  [ _ _  1 [10] 

L cosh (7a/2)  

and the  po ten t i a l  f r o m  end to end is 

y a/2 

V = E ( x ,  ~ ) d x  
--a12 

2tanh  (7a/2)  
= flea(72,eo) -1  L ~ 1]  [11] 

A sample  w i t h  the  above  charac te r i s t i c s  and stress 
s ta te  and of a l eng th  g r ea t e r  t han  a few Debye  leng ths  
w o u l d  thus  deve lop  a m a x i m u m  field of about  1 m V /  
cm and, cor responding ly ,  a 1 cm sample  wou ld  deve lop  
about  1 m V  potent ia l .  

T w o  ion c a s e . - - T w o  ions, each  w i t h  a d i f fe ren t  
mob i l i t y  and a d i f fe ren t  response  to stress,  a re  n o w  
cons idered .  Whi le  t he  solut ions of the  flux equa t ions  
wi l l  encompass  v i r t u a l l y  al l  combina t ions  of diffusion 
coefficients, s tress response  fac tors  and c o n c e n t r a -  
tions, app l ica t ion  to rea l  cases wi l l  g e n e r a l l y  d e m a n d  
tha t  the  ion w i t h  the  l a rges t  diffusion coefficient wi l l  
exh ib i t  the  lowes t  pa r t i a l  m o l a r  vo lume .  This  resul t s  
f r o m  the  fact  tha t  smal l  ions a re  expec ted  to m o v e  
m o r e  eas i ly  t h r o u g h  a g iven  la t t ice  or  s t ruc tu re  t h a n  
big ions w h e r e a s  a g iven  d e f o r m a t i o n  of the  s t r u c t u r e  
w o u l d  affect a l a rge  ion m o r e  t h a n  a smal l  one. 

Deno t ing  the  two  ions by subscr ip ts  1 and 2, two  
pa ra l l e l  flux equa t ions  m a y  be w r i t t e n  fo l l owing  Eq. 
[7]. We assume  tha t  the  ions exh ib i t  s epa ra t e  pa r t i a l  
mo la r  vo lumes ,  in te r s t i t i a l  diffusion coefficients and 
energ ies  of defec t  f o r m a t i o n  and tha t  the  condi t ions  
for local  e q u i l i b r i u m  discussed p r e v i o u s l y  hold  inde -  
p e n d e n t l y  for  each ion. Thus,  f o l l o w i n g  the  s ingle  ion 
p rocedure  (Eq. [8]) two  s imul t aneous  d i v e r g e n c e  
equa t ions  m a y  be ob ta ined  for  t he  two  ion types.  

J l ( x ,  t ) z  = p1(x, t ) t  = Dl[712(pl + p2)-- (pl).~.z] 
k [12] 

J2(x ,  t).t. -~ p2(X, t) t = D21722(pl -{- P2)--(P2)xx] l 

where ,  if  i t akes  a va lue  of e i the r  1 or  2, 7i = [2p~~ 
(~eokT) ]1/2 = L~-I. 

The  b o u n d a r y  condi t ions  for  these  equa t ions  a re  

p~(x, o) = O 

[ pi ( + _ a/2, t )x  = fli 
[13] 

f a/2 

$_~/2P~(X, t ) d x  : 0 

The  equa t ions  in [12] are  first  r educed  to o r d i n a r y  
d i f fe ren t ia l  equa t ions  by  Lap lace  t r a n s f o r m s  of the  
t ime  var iab le ,  t, in t e rms  of t he  v a r i a b l e  s. Thus,  de -  
no t ing  a t r a n f s o r m e d  va r i ab le  by a c i rcumflex ,  one  
obta ins  for  ion 1 an  equa t i on  of  the  f o r m  

~l(X, s)xx : (s/D1 + 712)~1(x, s) + 712~2(X, $) [14] 

I n t e r c h a n g i n g  the  subscr ip ts  1 and  2 wi l l  y ie ld  t h e  
pa ra l l e l  equa t ion  for  ion 2. 

R e a r r a n g i n g  the  above,  d i f fe ren t i a t ing  twice  w i t h  
respec t  to x and subs t i tu t ing  one  obta ins  f o u r t h  o rde r  
equa t ions  

(~i)4x-- A ( % ) x x  -5 B~'~ = O [15] 

w h e r e  i is aga in  e i the r  1 or  2. T h e  cons tan ts  in these  
equa t ions  a re  A = s/D1 + s/De + 712 + 722 and B = 
s ( s / ( D i D 2 )  + 722/D~ +-~12/D2 + (717~)2). So lu t ions  of 
the  f o r m  p = Z a ,  exp  (X~x) a r e  a s sumed  y ie ld ing  
iden t i ca l  a u x i l l i a r y  equa t ions  for  t he  four  roots  },~. 

h - 4  = • ( A / 2  • (A2/4 - -  B) 1/2)1/2 [16] 

and  thus  X1 equa l s  --X~ and X2 equa l s  --}.4. Fo r  i equa l  
to e i t he r  one o r  two  t h e  b o u n d a r y  condi t ions  t r a n s -  

f o r m  to 

p,(x,  s) = 

p~(o, s) = 0 

'~(+_ a/2, s)~ = p d s  
[17] 

y al2 A 
_a/2Pi(x, s ) d x  = 0 

A p p l y i n g  these  b o u n d a r y  condi t ions  to t he  a s sumed  
solut ions  one obta ins  for  ion one  

[~2 --  ~1 (?-:~271-~) -- s(D171") - l  _ 1171~ 

s ( h  2 - -  ~.22) 

s inh  ( lqx)  

}~1 cosh ( h  a/2)  

[~2 - -  ~I (}-t27t - 2 )  - -  S (D1712) - I  __ l].~z2 

s (}~12 --  },~2) 

s inh  (~,,x) 
[ 1 8 ]  

}.2 cosh (}~2a/2) 

I n t e r c h a n g i n g  subscr ipts  1 and 2 in Eq. [18] yie lds  the  
a p p r o p r i a t e  solut ion for ion two.  

Equa t ions  of the  f o r m  g iven  in Eq. [18] m a y  be 
i n t eg ra t ed  in the  c o m p l e x  p l ane  to y ie ld  inve r se  t r a n s -  
fo rms  by  the  t h e o r y  of residues.  Each t e r m  of these  
equa t ions  m a y  be exp re s sed  in the  f o r m  q ( x ,  s ) / r ( s ) ,  
c o n s e q u e n t l y  by  the  above,  t he  inve r se  t r a n s f o r m  is 

L - l [ q ( x ,  s ) / r ( s )  ] = q (x ,  S n )  / T '  (Sn) exp  (s,,t) 
n = l  

[ 1 9 ]  

w h e r e  the  p r ime  denotes  d i f fe ren t ia t ion  w i t h  r e -  
spect  to s. E x a m i n a t i o n  of Eq. [18] shows tha t  s ingu-  
lar i t ies  or  poles  occur  on ly  w h e n  s = 0 or  w h e n  r = 
cosh (Xia/2) = 0 ( the re  a re  no r ea l  va lues  of s and  
thus  no rea l  s ingula r i t i es  for  ).12 - -  L, 2 = O). S t e a d y -  
s ta te  solut ions resu l t  f r o m  the  pole  at s = 0 and a re  
ob ta ined  f r o m  

p (x,  ~ )  = sp (x,  s) [20] 
Lim.  s ~ 0 

Thus  

pl(X, ~) ---- 712(pi + ~2) (~) -3 sinh(~x) 

cosh ( 7a/2 ) 

(~2-n2 -- ~1~22) x 
- -  [ 2 1 ]  

(~)2 
w h e r e  7 = (712 + 722) 1/2. 

I n t e r c h a n g i n g  subscr ip ts  y ie lds  a pa r a l l e l  s t e a d y - s t a t e  
so lu t ion  for  ion  two. 

Values  of  s for  t he  r e m a i n i n g  poles  a r e  ob ta ined  
f rom 7~ 2 = - - ( ~ / a )  2 (2n - -  1) 2 . We n o w  w r i t e  z for  
(~/a)  (2n - -  1) and thus  f r o m  Eq. [16] and  the  above  

sn -+ = 1/2[ --(z2(Dl -~ D2) -}- D2722 -~- DITI 2) 

_ [ ( z 2 ( D 1  + D2) + D2722 -{- D1712) 2 

- -  4 D1D2z 2 (z 2 + 712 -~ 722) ] I/2] [22] 

Because  of t he  m u l t i p l i c i t y  of  signs in t he  q u a d -  
rat:tc express ions  for  ~i 2 and  Sn, ca re  m u s t  be  exe rc i sed  
so tha t  s ign e r ro r s  and  dup l i ca t e  t e r m s  a re  avo ided  in 
the  s u m m a t i o n s  of Eq. [19]. As  shown  in Eq.  [22], 
each  va lue  of n resul t s  in two  va lues  of  s ,  (i.e., Sn + or  
s n - ) .  Cons ide r ing  sn +, two  ~2 va lues  a re  poss ible  on ly  
one  of w h i c h  equa l s  --z% The  same  is t r u e  for  s~- .  
L e t  us des igna te  the  u n e q u a l  root  for  s~ + as ~.+ and  
tha t  for  s~-  as k - .  The  d e r i v a t i v e  of r( i .e . ,  r') is first 
e v a l u a t e d  at those  va lues  of sn for  w h i c h  X2. = _ z  2. 
Thus  
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d z  

sn 

[23] 

dz 
= (a/2)sinh(za/2)  -~s~ 

stt 

= ( a ( - - 1 ) " / 2 )  

Differentiation of ?~s (from Eq. [16]) yields 

dz 1 [ 1 +  

=Czz 
$$/, 

(Sn/V 2 -  4sn/(D1D2) q- (~-)2(D2-- D1)/(D1D2) ] 

[(SJV + (7)2) 2- 4Sn(S. + D~7=' ~ q-DI~{'-)/(DID"_)] ~ 
[24] 

where the plus sign is associated with s,, + and the 
minus sign with s , -  and v = DtD2/(Dt + D.,_). Thus, 
using trigonometric expressions for hyperbolic func-  
tions of complex arguments,  one obtains 

8 
pl (x , t )  = pl(x, ~ )  + - -  

a 

[~2-- ~1( (l + /'yl) 2-- sn+ l ( Df'il 2) -- i)]71" 

n = l  
s~+ (z2 + (k+)2)z ds,----- C 

cos (z~) exp (s,, + t) 

[82-- 81((K-/71) 2 -  Sa-/(D1712) -- 1] 712 8 ~ 
+ a  y . 

Sn-(Z 2 + O~-)2)z dz 1 

cos (z~) exp ( s . - t )  [25] 

where x varies over _ a/2 and ~ = ( a / 2 - - n ) .  Once 
again the interchange of subscripts 1 and 2 yields the 
corresponding excess ion density equation for the sec- 
ond ion. 

Examinat ion  of Eq. [22] and [25] shows that in the 
b inary  case there exist two sets of t ime constants which 
control the stress induced diffusion processes. If we 
consider a sample long compared to the Debye length 
of either of the ions (a > >  L1 > >  L._,) and diffusion 
coefficients of these ions which are appreciably dif- 
ferent (eq. D2 < <  D1) then the largest and dominant  
t ime constants of each of these sets may be obtained 
from Eq. [22] by considering small  z (i.e., for n = 1, 
z = ~/a and z 2 ( D I  -}- D2) < <  D17(' < <  D 2 7 2 ~ ' ) .  The 
first t ime constant is then 

.[first .~. (D1712) --I ~ Li2/D1 ~ e e o / ( 2 ~ l )  [26] 

which is, as in the single ion case, simply one-half  of 
the electrical t ime constant for the fast diffusing spe- 
cies. The second time constant, which is considerably 
larger than  the first, is approximately 

a2 L22 ( a2 ) 
. . . . .  d ~ "  - -  (71/~-) 2 ~ ~ [27] 

~2D 2 Jr2D.2 Lt" q- L22 

~. e~o ( U-3 ) 

2x 2 r L12 + L22 

This lat ter  time constant  is dependent  not only on the 
electrical t ime constant  of the slower moving species 
but also on the diffusion path length relative to the 
Debye lengths of both ions. As with the single ion this 
diffusion path is to be considered the sample length 
for a homogeneous mater ial  or the diffusion path 
length of conductive regions if the sample is inhomo- 
geneous. If this lat ter  path length is of the order of 

the Debye lengths, then simple reduced expressions 
for either t ime constant  are not possible. 

Steady-state  space charge densities (or excess ion 
concentrat ion) are given by Eq. [21] where, for dif- 
fusion paths long compared to the Debye lengths, an 
exponential  form may be substi tuted for the hyperbolic  
functions. In  general, for the case of differing part ial  
molar volumes of the two ions, the solutions indicate 
excesses or deficiencies in ion concentrations which are 
l inear with distance except wi thin  a few Debye lengths 
of the sample surfaces where the dis tance-concentrat ion 
relationship becomes exponential .  

The total space charge density at steady state is ob- 
tained from Eq. [21] and is given by 

sinh (~x) 
(pl + p2) = (8, + 83) CY) -1 [28] 

eosh ( ~ / 2 )  
Thus the field is 

E (8i + 8 ~ ) e [  cosh(~-x) ] 
= -- 1 [29] 

(7) 2 ~eo cosh (7a/2) 

and the end to end potential  is 

V -= (/h q-~2)ea [ c  2 tanh  (~'a/2)_ 1 ] [30] 

( 7 )  2 eeo 7 a  

These equations are of similar form to those for the one 
ion case. 

Interpretation 
The general  behavior  of the stress induced diffusion 

of a single ion, as given by Eq. [9], is s traightforward 
and requires little comment.  After stress application 
a steady state is approached cont inuously by a unidi-  
rectional net  flow of ions. Net ion flow halts when suf- 
ficient space charge is developed at a surface to pro- 
duce a flux which is opposed and balanced by the flux 
due to the stress gradient. Two ion behavior is con- 
siderably more complex but  the general  ion motions, 
as given by forms of Eq. [25], do have a relat ively 
simple interpretat ion.  On application of a stress gradi- 
ent the fast diffusing species move to regions of lower 
compressive stress, and the space charge that is ini-  
tially developed hinders the motion of the slower mov-  
ing species to these regions. If the activation volume V 
is greatest for the fast moving species (the unl ikely  
case), then the space charge due to these ions over-  
comes the stress effect on the slower moving ions and 
these latter ions are forced to accumulate in the higher 
compressive stress regions unt i l  a steady state is 
achieved. On the other hand  if the slow moving ions 
exhibit  the greatest response to stress (the likely case), 
then these ions slowly accumulate in the low compres- 
sive stress regions and displace the fast moving ions 
which had previously migrated to these regions. Thus, 
the fast moving ions, which ini t ial ly moved in the 
direction of lower compressive stress, reverse direction 
and flow back through the sample to regions of higher 
compressive stress. 

At steady state a stable space charge si tuation arises 
since the excess of large ions (high stress response 
factor) exceeds the deficiency of small  ions at the low 
stress end of the specimen while the deficiency of large 
ions exceeds the excess of small  ions at the opposite 
end. At in termediate  positions in the sample a cont inu-  
ous interchange of large and small  ions takes place 
and since this interchange occurs over vi r tual ly  the 
whole length of the sample the t ime to reach steady 
state is extremely long. If the diffusion coefficients of 
the two ions differ greatly, then a pseudo-steady state 
is first obtained when the fast moving ions accumulate 
sufficiently at the low stress end of the sample. The 
time to reach this state is relat ively short since diffusion 
of the fast moving ions over distances of the order of 
only a few Debye lengths is involved. 

Figure 1 shows the results of a typical calculation 
for a thin plate (0.1 mm) containing two mobile ions 
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Fig. 1. Excess ion distributions as a function of time 
after stress application for a bent plate having the 
characteristics listed in Table I. 

1C 

which is bent  to produce a uniform stress gradient  
through the plate. The characteristics of this part icu-  
lar problem are given in Table I and roughly cor- 
respond to those that would pertain to a mixed alkali 
silicate glass at room temperature.  

Figure 2 compares the total space charge distr ibution 
(Pl 7!- P2) with the steady-state distr ibution for times 
equal to one, two, and three times the time constant 

Table I. Example data 

= 300  k g / c m 3  a = 0 .01  c m  T = 3 0 0 ~  

?)% = 5 x 10 '1 i o n s / c c  "~ 

f po~ 2 • 1011 i o n s / c c  
L t  ~ 2 .40  • 10 - t  c m  

= 3 c c / m o I e  
~ t  = 1.8 • 10 lo i o n s / c r n  ~ 
DI  = 10 -s c m C / s e c  
r~ = 5.75  see 

i n t e r s t i t i a l  

L~ = 3 .78  • I0-~ c m  

= 5 c e / m o l e  
~,~ = 1 .2  • 101o i o n s / c m  a 
D~ = 10 -9 c m ~ / s e c  
v~ = 7 1 0 0  s e e  

for the fast moving species. I t  is evident  that  appreci- 
able space charge only occurs wi thin  a few Debye 
lengths of the sample surfaces for any stage of the 
migrat ion process. It is also evident that  equi l ibr ium 
space charge is essentially established within a few 
multiples of the t ime constant  of the fast moving 
species. We conclude that the pre l iminary  migrat ion 
of the fast moving species develops the major  portion 
of the space charge distr ibution in the sample and that  
the subsequent  long te rm ion interchange proceeds 
under  vi r tual ly  constant electrical field conditions. 

Litt le exper imental  data exists to which the above 
t rans ient  theory for b inary  diffusion may  be applied. 
Weber and Goldstein (4) show that  for the case of 
nonblocking electrodes the application of a stress field 
to a sodium ion conducting glass produces a measur-  
able electrical current.  Comparison of this current ,  
under  short-circuit  conditions, wi th  the cur ren t  ob- 
tained by a known electrical field allowed a calculation 
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Fig. 2. Tota| space charge distribution for the plate in Fig. 1 at 
times equal to one, two, and three times the time constant for the 
fast moving ion. 

of the volume term in Eq. [1]. This volume, having a 
value of 1.3 cc/mole, was interpreted as the part ial  
molar volume of sodium ions in the glass and is of the 
same order of magni tude  as activation volumes for so- 
dium ion conduction under  hydrostatic pressure for 
similar glasses (5). It would appear reasonable, there-  
fore, that activation volumes determined from hydro-  
static pressure measurements  would be satisfactory 
data for calculating the stress response (~) factors in 
the present  work. 

Steinkamp, Shelby, and Day (1) progressively sub- 
sti tuted KeO for Li20 in silicate glasses and, by the 
fiber technique, observed the reduction of an in terna l  
friction peak at t r ibuted to l i thium ions and the growth 
of another peak at a very much higher temperature.  
The first peak was associated with the migrat ion of 
l i thium ions which exhibited relat ively short relaxat ion 
times at room temperature.  The second peak would be 
a t t r ibuted therefore to a process involving very long 
relaxat ion times at room temperature.  These observa- 

tions are consistent with the present theory for the 
interact ion and diffusion of two types of ions in a stress 
gradient  but  fur ther  confirmation would require  cor- 
relation of the long relaxat ion times to either the 
macroscopic dimensions of the pendulum fiber or diffu- 
sion path lengths wi th in  the fiber as well  as to the 
diffusional properties of K + ions. The above authors 
state that  the first in terna l  friction peak, due to Li + 
ions migration, is well  correlated with the electrical 
behavior  of Li + ions in the mater ial  (i.e., dielectric 
loss and electrical conductivi ty)  whereas no association 
of the second, long time constant peak with electrical 
properties was possible. From the present theory this 
result  seems reasonable for the time constants for the 
development of an in terna l  friction peak or a dielectric 
loss peak by migrat ion of a fast moving species (e.g., 
Li +) involve the same parameter,  namely  the electrical 
conductivi ty due to the fast moving ion. On the other 
hand the long term ion interchange, with which would 
be associated a mechanical  loss, would not occur in 
electrical measurements  since the stress gradient  re- 
sponsible for this interchange would be absent. 
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Participation of Oxygen Species in 
Periodic Anodic Processes 

Herbert F. Hunger* 
Ins t i tu te  for Exploratory Research, United States  A r m y  Electronics Command,  Fort Monmouth ,  N e w  Jersey  

ABSTRACT 

Galvanostatic periodic potential  t ransients  of the half element  Pt /1M 
CH20, 3.75M H2SO4 were measured. A combination of coulometric analysis 
of the t ransients  and of estimates of surface coverages of the electrodes with 
organic and oxygen species provided a useful method to study the mechanism 
of the periodic anodic process over the whole oscillation domain. Three regions 
with marked differences in mechanism were found experimental ly:  (i) the 
region of the "valve" mechanism, from 0.15 to 0.92V vs. SHE, where anodic 
oxidation of formaldehyde with readsorption of the latter as the coupling 
step occurs; (ii) the region of a mixed mechanism, from 0.18 to 1.1V vs. SHE, 
where anodic oxidation of the p la t inum surface occurs in addition to the 
anodic oxidation of the organic species; chemical reduction of the surface 
oxide leads to readsorption of formaldehyde at the oxide free surface; and 
(iii) the region of the oxide format ion-reduct ion mechanism, from 0.6 to 1.15V 
vs. SHE where solely anodic oxidation of the p la t inum surface occurs, fol- 
lowed by chemical reduction with formaldehyde, the coupling step. Based on 
mechanistic considerations the nonl inear  relationship between process fre-  
quency and the process variables was established over the whole frequency 
domain. 

The occurrence of oscillatory behavior dur ing  the 
anodic oxidation of organic compounds (formic acid) 
at noble metal  electrodes in aqueous electrolytes at 
room tempera ture  was observed as early as 1927 and 

* Electrochemical Society A c t i v e  ] V l e m b e r .  

a mechanism was postulated (1, 2). Fur ther  early ob- 
servations of periodic behavior were reported by 
Thalinger  and Volmer and by Butler  and Armstrong 
(3, 4). Early theoretical work on conditions for peri-  
odic behavior, such as the concept of simultaneous re- 
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actions and of coupling, was reported by Bonhoeffer 
(5). This was followed by work of Franck on the gen- 
eral theory of instable electrical states and the oscil- 
latory behavior of the iron electrode during anodic 
polarization (6, 7). Franck 's  work resulted in an ex- 
planat ion of the specific phenomena and a mathemat i -  
cal model (8). In  1954 per t inent  work on organic com- 
pounds was resumed by Pavela (9). Numerous papers 
on oxidation of organic compounds have appeared in 
the 1960's; on the subject of periodic phenomena, a 
recent publication by Conway and co-workers reports 
on oscillatory kinetics dur ing the electrochemical oxi- 
dation of formate (10). In this work the theory of 
general  conditions for appearance of oscillatory kinet-  
ics formulated by Higgins (11) was applied to potentio- 
static oscillation data. In this specific case, the general  
necessity for an autocatalytic type of effect (chemical 
reduction of a surface oxide by organic species) was 
found. 

In a recent paper we reported on a mechanism of 
oscillatory behavior dur ing the anodic oxidation of 
formaldehyde at platinized p la t inum electrodes in sul-  
furic acid at room temperature  (12). The mechanism 
could account mainly  for the experimental  observa- 
tions in the electrode potential  region below § vs. 
SHE where p la t inum surface oxidation was suppressed. 
In  this paper we are extending our considerations into 
the potential  region above +0.8V vs. SHE thus cover- 
ing the whole oscillation region. The involvement  of 
oxygen species in the periodic process will be discussed. 

E x p e r i m e n t a l  
The cell used to study the oscillation phenomena can 

be presented by the scheme ( - - ) P t / 1 M  CH20, 3.75M 
H2SO4/1M CH20, 3.75M H2SO4/P t (+) .  It contained a 
platinized p la t inum electrode in an anolyte consisting 
of 1M formaldehyde in 3.75M sulfuric acid. The elec- 
trode was placed in the center tube of a modified glass- 
H-cell  (E. H. Sargent  & Company) .  A dynamic hydro-  
gen reference electrode of the type described by Giner  
(--26 mV vs. SHE) was arranged in the second leg of 
the cell and connected with a properly arranged Luggin 
capillary to the anode. The platinized p la t inum elec- 
trodes were made from pla t inum-foi l  (0.076 cm thick- 
ness with a geometrical cross section area of 1 cm2). 
Both anode and reference electrode were platinized in 
a controlled manner.  The third leg of the glass vessel 
which was separated by a fritted glass disk from the 
a n o d e  compartment  contained a p la t inum counter  elec- 
trode. The chemicals used to prepare the electrodes and 
the electrolytes were of highest pur i ty  grade commer-  
cially available. Preelectrolyzed 3.75M sulfuric acid 
w a s  u s e d  as the electrolyte. All necessary connections 
were made with s tandard glass joints and purified 
a r g o n  gas  was bubbled through the anode chamber. 
The tempera ture  dur ing experimentat ion was con- 
trolled with a constant  temperature  bath. 

A precision current  source (Model CS-12, North 
Hills, Electronics, Inc.) was used to control the cur-  
rent  (1 #A-999 mA) between the working anode and 
the counterelectrode. A potentiometric recorder 
(Model FW 5A-3332 from Texas Instruments ,  Inc.) was 
u s e d  for measuring the stat ionary anode potentials and 
the potential  t ransients  vs. the reference electrode. 

Different exper imentat ion was used to study the 
mechanism: 

(a) Galvanostatic anodic stripping of adsorbed or- 
ganic species wi th  variation of the anodic stripping cur- 
rent . - - In the first publicat ion we discussed adsorption- 
desorption experiments whereby the anodic str ipping 
current  was kept constant  at 50 mA, close to the thres-  
hold current  density of the oscillations to avoid anodic 
oxidation of the p la t inum surface (12). In these ad- 
sorption experiments we varied the str ipping current  in 
order to measure the pulse charge Q and the process 
frequency v of periodic t ransients  over a wider range 
of current  densities. The following previously estab- 

lished procedure was followed (12). Adsorption of 
organic species at platinized p la t inum electrodes took 
place from 1M formaldehyde in 3.75M sulfuric acid. 
After adsorption the electrodes were dipped in 3.75M 
sulfuric acid to remove the adherent  l iquid and t rans-  
ferred immediately into the anode chamber of the cell 
described previously which contained in this case only 
3.75M sulfuric acid as the electrolyte. A preset circuit 
permit ted the oxidation of the absorbed organic species 
immediate ly  at a preselected constant current.  A de- 
fined adsorption t ime and defined dipping conditions, 
which lead to part ial  or complete removal  of the liquid 
film without substant ial  desorption of adsorbed organic 
species, resulted in defined amounts  of organic species 
at the electrode. From the potential  t ransients  ob- 
served, the amount  of organics could be determined. 
Depending on the amount  of organic species, two types 
of transients were found: Linear  and periodic ones. 

(b) Galvanostatic measurements of periodic, anodic 
potential transients under conditions where the bulk 
concentration of formaldehyde in the electrolyte was 
controlled.--This permit ted the measurement  of the 
potent ia l -current  density relationship over the total 
oscillation region, yielding data of Q, the pulse charge 
expressed in ~C/cm 2, and the process frequency v as a 
function of I, the current  density, as well as of • the 
potential  t ransient  response. 

(c) Determination of the rate of the chemical reduc- 
tion of plat inum-oxygen species with f o r m a l d e h y d e . -  
For that purpose platinized p la t inum anodes in 1M 
formaldehyde-3.75M sulfuric acid mixtures  were 
treated galvanostatically. The constant current  which 
was varied between 100 and 999 mA was in terrupted 
when the desired upper oxidation potential was reached 
(0.9-1.18V vs. SHE). The potential  t rans ient  at zero 
current  was followed with the potentiometric recorder 
to the rest potential  (0.1-0.2V vs. SHE) and compared 
with the corresponding t ransient  under  current .  In  Fig. 
1 the periodic potential  t ransients  at a constant current  
of 400 mA are shown. ~B is the time required for the 
t ransient  under  current  (• ~ 1.06 to 0.33V). The 
chemical reduction t ransient  can be seen in the i = 0 
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Fig. 1. Potentiostatic transients for Pt /1M CH20, 3.75M H~SO.~ 
at 25~ Potential measured vs. SHE. i ~ 4 0 0  mA and i ~ 0. 
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region, rc corresponds to ~V. The rest potential  lies at 
about 0.12V. 

(d) Estimation of the real surface area of the plati- 
n u m  anodes.--Before any measurements  under  (a), 
(b),  or (c) were taken, the real  surface area of the 
platinized p la t inum electrodes was determined from 
the anodic charging curve in sulfuric acid in accordance 
with established procedures (12). These procedures 
were based on the method used by Butler and co- 
workers, measuring the number  of oxygen atoms de- 
posited on the surface (13, 14). The galvanostatic 
anodic t ransients  showed three regions marked by dif- 
ferent  slopes: one for the anodic oxidation of adsorbed 
hydrogen (0.0-0.33V vs. SHE),  the region where charg- 
ing of the double layer occurs (0.33-0.92 vs. SHE), and 
the region for build up of an oxygen monolayer  (0.92- 
1.6V vs. SHE). A charge of about 420 ~C/cm 2 was as- 
sociated with the deposition of the oxygen monolayer  
(12). The length of the t ransient  which is due to 
deposition of the oxygen monolayer  was used to com- 
pute the area. Electrodes with real surface areas above 
1000 cm 2 were used in the experimentation.  

In addition, the region where charging of the double 
layer occurred was closely examined. From twenty  
t ransients  at a constant current  of 50 mA (transi t ion 
t ime 0.95-1.6 sec), the corresponding ~C/cm 2 of real  
surface area were computed. The double layer charging 
t ransients  showed a l inear  relat ionship between poten- 
tial and time. The charge Q D  between 0.33 and 0.92V 
vs. SHE was about 30 ~C/cm 2. The corresponding 
capacitance, C = QD/-~V, can be computed to 51 ~F/cm~. 
This comes close to the double layer capacitance value 
reported by Schuldiner  (15). 

Results and Discussion 
The results of (a) adsorption experiments  with vari-  

ation of the anodic str ipping current  are given in 
Table I. An adsorption t ime of 300 sec and a str ipping 
current  between 50 and 250 mA resulted in periodic 
transients.  Above 250 mA linear transients were ob- 
served. The pulse charges constitute the average value 
over all pulsations. It is apparent  from Table I that 
both Q and v increase with I. 

The results of (b) galvanostatic measurements  of 
potential  t ransients  at constant bulk concentration of 
formaldehyde in the electrolyte are given in Table II. 

We have found previously from adsorption-desorp- 
t ion experiments that  the pulse charge Q close to the 
threshold of the oscillations is on the average 85 gC/ 
cm 2 (range 76-94 /~C/cm") (12). Considering the fre- 
quency dampening effect, the value observed for the 
very first oscillation was 46-59 #C/cm 2. This is in good 
agreement  wi th  the data of the first region in Table 
II (57-116 gC/cm2). 

Mechanisms of periodic anodic processes.--Table II 
can be subdivided into three regions corresponding to 
three different mechanisms in the periodic anodic 
process, discussed in more detail below. 

1. "Valve" mechanism. - - I f  the upper value of the 
potential  t ransient  remains  below +0.92V vs. SHE no 
noticeable oxide formation occurs and the anodic oxi- 

Table I. Variation of the anodic stripping current 

IM CH~O, 3.6M H2SO4, platinized pla t inum; 25~ adsorption t ime 
300 s e c  

Stripping 
current  Stripping c.d. Pulseeharge Frequency  Number  

L m A  I, ~A/cm~* Q, ~C/cm2* p, Hz of pulses 

Table II. V-I Relationship 

IM CH~O, 3.75M H~O~,  p l a t i n i z e d  p l a t i n u m ;  25~ 
Q,r~ /  

I,/LA/cm-"* Q,/LC/cm~* u, Hz .~V (V vs. SHE) Qorg  -1- Q,,x 

11.2 116 0.I  0.53-0.69 
12.68 68 0.19 0.44-0.75 
15.2 57 0.28 0.24-0.8 
25.4 '  * 73 0.35 0.18-0.B2 
35.5 102 0.4 0.16-0.84 
50.7 109 0.47 0.15-0.86 

102 173 0.59 0.18-0.94 
152 228 0.67 0.23-0.99 
203 285 0.71 0.28-1.02 
254 329 0.77 0.33-1.04 
304 365 0.83 0.4-1.05 
406 387 1.05 0.51-1.10 
438 330 1.33 0.52-1.12 
482 291 1.66 0.59-1.13 
501 302 1.66 0.62-1.15 

0.49 
0.37 
0.30 
0.26 
0.23 
0.21 

* Data  re fer  to rea l  sur face  a reas  of e lec t rodes  1.97 �9 I0~ cm=. 
** Cor r e sponds  to abou t  50 mA, /cm 2 g e o m e t r i c a l  cross sect ion.  

dation of formaldehyde follows the "valve" mechanism 
path which is identical with reaction path II of the pre-  
vious paper (12). 

CH2 (OH) 2soZ ~ CH2 (OH) 2ads (a) 
CH2(OH)2ads ~ A + H + + e -  (b) 
A - - ) B + H +  + e  - (c) 
B --> C + H + + e -  (d) 
C --) CO2+ H + + e -  (e) 

This mechanism postulates the stepwise anodic oxida- 
tion of formaldehyde. Step (a) is a diffusion-absorption 
step and steps (b) through (e) are charge transfer  
steps leading to anodic oxidation of organic species ad- 
sorbed dur ing one cycle. No at tempt was made in this 
work to determine the actual organic species which 
were adsorbed or oxidized. Step (e) is followed by 
readsorption (a), the coupling step, which is required 
to continue the periodic electrode process. The valve 
mechanism is based on the observation that adsorption 
of organic species becomes small  at about +0.6V vs. 
SHE and above (16, 17). 

It is of interest  to note that there is apparent ly  a 
numerica l  relationship between the pulse charge Q 
and the double layer charge QD of the electrode in 
pure sulfuric acid electrolyte. QD was practically zero 
at 0.33V vs. SHE and reached l inearly with potential  
a value of 29.5 ~C/cm 2 at 0.92V vs. SHE. Comparing Q 
and QD for any upper  potential  value in the region of 
the "valve" mechanism (0.69-0.86V vs. SHE) it was 
found that  QD ~ 1/4Q (Table III) .  

2. Mixed mechanism (valve mechanism plus anodic 
oxidation of p la t inum followed by chemical reduction 
of the ox ide) . - -At  current  densities above 100 ~A/cm 2, 
potential  t ransients  beyond +0 .gv  vs. SHE are ob- 
served. A second reaction path in addition to the valve 
mechanism accounting for the anodic oxidation of 
the p la t inum surface explains the observed increase in 
pulse charge Q above 100 ~C/cm". These p la t inum 
oxygen species are formed by adsorption of water  and 
through fur ther  anodic discharge of adsorbed OH 
groups (f), (g) (18, 10). 

Pt  + HOH ~ P t / O H  +4- H + + e -  (f) 

Pt /OH--)  P t /O  + H + + e -  (g) 

P t /O  is the surface oxide formed (stoichiometric rep- 
resentat ion is purposely avoided). 

Table III. Comparison of pulse charge Q with QD 

Q, /~C/cm 2 U p p e r  v a l u e  of  AV QD, g C / c m  ~ 50 24 85 0.16 10 
100 41 105 0.39 5 
150 62 140 0.44 3 
200 82 163 0.51 2 
250 103 196 0.53 1 
30O 0 

* Data  r e f e r  to  rea l  sur face  a reas  of  e lec t rodes  2 .43 .  103 and  
3.63 - 10 ~ cmS. 

116 0.69 18 
68 0.75 21 
57 0.80 24 
63 0.81 24 
73 0.82 25 

102 0.84 26 
109 0.86 27 
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This is followed by chemical reduction of the plati-  
num oxygen species by formaldehyde which explains 
the reverse of the anodic t ransient  to less positive po- 
tentials (h) (10, 19). 

P t /O  ~ 1/2CH20--* 1/2CO2 + 1/2H20 + Pt (h) 

The chemical reduction prepares the electrode for the 
coupling step, the readsorption of formaldehyde at the 
oxide free p la t inum surface at less positive potentials 
through step (a). 

In order to find some proof for oxide reduction reac- 
t ion (h),  the rate of the chemical reduction of the 
p la t inum-oxygen  species with formaldehyde was mea-  
sured and compared with that of the anodic back t ransi-  
ent. The results are shown in Table IV. 

It can be seen that the t ime ~c required to reach 
the same end potential  from a defined star t ing poten- 
tial by the chemical reduction reaction is always 
smaller than the t ime required for the back t ransient  
at current  under  otherwise equivalent  constant current  
conditions. Thus it appears possible that chemical re- 
duction of p la t inum oxide can occur with a sufficiently 
fast rate during the anodic back transient.  The pulse 
charge Q at 600 ~A/cm 2 is 300 gC/cm 2. Thus the anodic 
and cathodic short circuit current  densities dur ing  the 
chemical reaction amount  to 2000 gA/cm 2. 

If we relate the Q values of Table II to surface cov- 
erages we come up with the following picture. Surface 
coverage estimates for formaldehyde and oxygen yield 
both about 420 #C/cm "2 for a 4 e - / 2  site a t tachment  
ratio at full coverage (12). In the following we use 
Pt  as the symbol of a p la t inum site (surface atom) and 

(:~)to characterize the coverage. The chemisorption 
of formaldehyde is probably dissociative (i). 

2Pt + C H 2 0 ~  Pt  �9 CHO + Pt  . H 
Z (~)  ~ 0.2 (i) 

Dissociative chemisorption is a well-established fact 
in the case of saturated hydrocarbons on t ransi t ion 
metals (20). A saturated ad- layer  of 180 ~C/cm 2 found 
exper imental ly  would mean  a 43% organic coverage of 
the p la t inum surface. The average pulse charge of 85 
~C/cm 2 indicates an init ial  coverage of about 20%, a 
half depleted ad- layer  (12). The rest of the surface 
is available for other species. In accordance with the 
stoichiometry of the valve mechanism we can consider 
another  adsorption step, the dissociative chemisorption 
of water in the presence of adsorbed organic species 
G). 

P t .CHO -~ 2Pt + HOH ~ Pt .CHO + P t .OH ~- P t . H  
~ ~0.3 

(j) 

With respect to adsorbed OH groups it was found in 
water  adsorption experiments  on p la t inum that  about 
6.8-1014 water  molecules are strongly adsorbed per 
square cent imeter  of real surface area (21, 22). This 
suggests that one water  molecule attaches to two plat i-  
num sites. This chemisorption mechanism of water  has 
been discussed by Bond (23). Equation (j) gives the 
max imum coverage of the electrode with reactants 
dur ing one oscillation cycle as required by the stoi- 

Table IV. Comparison of time required for chemical reduction of 
platinum-oxygen species ~c and anodic back transient TB for a 

given AV 

IM CH20,  3.5M H2SO~, p l a t i n i z e d  p l a t i n u m ;  2 5 ~  
I , / ~ A / c m  e* A V  (V  vs .  S H E )  ~'B, see  7C, sec 

60 0.90-0.18 1.32 0.4 
120 0.99-0.23 0.98 0.3 
240 1.06-0.33 0.9 0.38 
300 1.08-0.38 0.85 0.3 
600 1 .18-0 .72  0.2 0.15 

* D a t a  r e f e r  to r e a l  s u r f a c e  a r e a s  of e l ec t rodes ,  

chiometry of the valve mechanism. Thus we can see 
that there will always be available a m i n i mum of 70% 
of the p la t inum surface for other occupants. Expressed 
in #C/cm 2 corresponding to oxide formation, this 70% 
rest amounts  to 294 ~C/cm 2. From Table II it can be 
noted that a max imum value of the pulse charge of 387 
~C/cm 2 was measured which accounts at the given up-  
per potential  (1.1V vs. SHE) for both oxidation of 
organics and oxide formation. Considering the average 
value of Q for oxidation of organics (85/~C/cm2), oxide 
coverage build up over one cycle at 1.1V vs. SHE 
reaches about 302 #C/cm 2. This is in good agreement  
with the theoretical value above for oxide formation 
(294 /~C/cm2), assuming a mixed mechanism. 

3. Oxide formation-reduction mechanism (anodic 
p la t inum oxide formation followed by chemical reduc- 
tion with fo rmaldehyde) . - - In  Fig. 2 the pulse charges 
expressed in #C/cm 2 are shown as a function of the 
current  density. Data are from adsorption experiments,  
from experiments with constant bulk concentration, 
and from chemical reduction experiments.  

The decrease in  pulse charge Q (Fig. 2) above 400 
~A/cm 2 can be explained by strongly diminished ad- 
sorption of organic species above ~0.6V vs. SHE. The 
average value of Qorg of 85 uC/cm 2 agrees well  with 
the exper imental ly  observed drop of 96 #C/cm 2. Transi-  
ents above 400 /~A/cm 2 are therefore probably due 
purely to the formation of an oxide layer followed by 
chemical reduction with formaldehyde in accordance 
with reactions (f) through (h). Using the previous 
coverage data the surface oxide bui ld-up during one 
cycle corresponds approximately to the composition 
Pt201.5. 

Frequency-current  density relationship.--The fre- 
quency-cur ren t  density relationship was derived from 
exper imental  data such as in Table I and Table II. The 
relationship is nonlinear .  Equation [1], which was 
found at first empirically, but  could be derived later 
on basis of the mechanism, describes the relationship 

Q o r g  
: k . I .  [1] 

Qorg + Qox 

The frequency v is proportional to the anodic current  
density L The deviation from init ial  l inear i ty  is given 
through the ratio Qorg/Qorg ~ Qox (last column in Table 
II) .  Qorg is the pulse charge due to oxidation of the 
formaldehyde in accordance with the value mechanism 
and Qox that  due to anodic oxidation of the p la t inum 
surface. 

In Fig. 3 the f requency-cur ren t  density relationship 
is shown. Data are from the experiments described 
previously. The frequency data from the adsorption 
experiments  are slightly lower since they constitute 
averaged values and consider the frequency dampening 
effect observed for the pulses with higher order (12). 

4O0 

36O 

300 o 

, . ~ 0  

o ~SG 

I00 

50 

I [ iB&/cm t ] 

Fig. 2. Pulse charge Q as a function of current density I. Adsorp- 
tion experiments A;  constanir hulk concentration @; chemical re- 
duction experiments I~. 
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It has been observed previously that an initial linear 
region can be found up to about 0.5 Hz (24). This is 
followed by a region of deviations from the initial slope. 
Finally there is again a linear rise up to the limiting 
frequency of 1.66 Hz for the given anolyte composition 
and temperature. 

In the initial linear region the valve mechanism pre- 
vails. There the frequency is directly proportional to 
the current density [2]. 

= k ' I  = k'Iorg [2] 

Above +0.92V the format ion  of surface oxides in an 
addi t ional  react ion pa th  to the valve  mechanism has to 
be taken  into account in the f requency  computat ion.  
Since the  t ime  per iod  , ,  for one cycle  exceeding 0.92V 
accounts for both, the anodic oxida t ion  of the adsorbed 
organic species plus the  format ion  of the oxide, we can 
wr i te  [3] 

~a = "org + Tox [3] 

If we compare the oxide build up at various current 
densities, a value of Qorg -- 85 #C/cm 2 can be taken as 
the point of practical zero oxide coverage. If no oxides 
were formed, the same amount of formaldehyde ad- 
sorbed at the electrode should become oxidized twice 
as fast if the current density were doubled. Thus if 
no increase in T is caused by an additional reaction, 
the frequency would be directly proportional to the 
current density [2]. It would be identical in this case 
with  Iorg, the  anodic organic oxidat ion cur ren t  density.  
By expanding  the equat ion wi th  (Iorg § Iox) thus t ak -  
ing an addi t ional  pa th  in account we obtain [4]. 

Iorg 
v = k (Iorg + Iox) [4] 

(Iorg "~ Iox) 

Mul t ip ly ing  Eq. [4] wi th  the  anodic t rans ient  t ime for 
one cycle  we obta in  [5]. 

~alorg 
v = k (Iorg -~ Iox) Talorg + Talox [5] 

There are  two ways  open to re la te  the  coulombs Qx 
for anodic oxidat ion  of a specie x to the  current  densi ty  
and t rans ien t  t ime [6] [7] 

Qx = I~x  [6] 

Qx = IxTa [7] 

Combining Eq. [5] wi th  Eq. [7] leads to [8] 

qorg 
= k (Iorg -]- -/ox) [8] 

Qorg -~ Qox 

Since (Iorg + Iox) is the  to ta l  anodic cur ren t  dens i ty  
we  obtain our  originaI  Eq. [1] which describes the  
second par t  of the ~ - - I  curve with  its deviat ion from 
the  or iginal  slope up to about  1 Hz. Deviat ion f rom 

l inear i ty  is found if Qorg/Qorg + Qox < 1 and ~ const 
wi th  I, which is the  exper imenta l  case. 

The th i rd  region of the  v - - I  curve is again  l inear.  
I t  appears  that  this region falls  together  wi th  tha t  of 
oxide format ion  and chemical  reduct ion of the  oxides  
wi th  formaldehyde .  The oscil lat ions are  caused b y  the 
counterp lay  between oxide format ion  and reduct ion 
and are  mass t ranspor t  controlled.  Turbulence  in the 
e lect rolyte  l ayer  next  to the  e lectrode is created 
through the vigorous evolut ion of carbon dioxide. This 
leads to periodic changes in the thickness of the  mass 
t ranspor t  bounda ry  layer.  The f requency of such oscil-  
la t ions can be es t imated  by  forming the rat io  of the  
t r anspor t  coefficient D of t he  specie which is control l ing 
to the  square of the thickness of the  mass t ranspor t  
bounda ry  layer  ~ [9] (25). 

= 2D/~  2 [9] 

For a mass transport coefficient of 10 -5 for CH20 and 
a boundary layer thickness of 3.46. 10 -3, a limiting 
frequency of 1.66 Hz can be computed. A further in- 
crease in frequency can be expected if mass transport 
is enhanced. This can be done by raising the tempera- 
ture. At 90~ the frequency was about 10 Hz with full 
stability of the oscillations (-~V = 0.74-0.77V). The 
frequency limitation of the half element lies around 15 
Hz, due to diminishing amplitude (-~V -~ 0). 
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The Reaction of Titanium(iV) with 

Hydrogen at Palladium Membranes 

Thomas C. Franklin* and J. Albert McDaniel * * l  

Chemistry Department, Baylor University, Waco, Texas 

ABSTRACT 

A colorimetric study was made of the kinetics of the reduct ion of acidic 
t i t an ium(IV)  chloride solutions by hydrogen diffusing through a pal ladium 
membrane.  The rate of this reaction was found to be first order with respect 
to the concentrat ion of the t i tan ium and was inhibited by the addition of 
organic poisons. The inhibi t ion followed an adsorption isotherm leading to the 
conclusion that  the rate of the reaction was controlled either by adsorption of 
t i t an ium(IV)  or by a reaction involving an adsorbed t i t an ium(IV)  species. 

A number  of studies have been made of the migra-  
t ion of electrolytically generated hydrogen through 
pal ladium membranes  (1-3) and the reaction of pre-  
viously hydrided pal ladium (4-8) with oxidizing 
agents. Castellan (9) has studied the reaction of 
cerium (IV) with hydrogen diffusing through pal ladium 
membranes.  In most of the studies with oxidizing 
agents, it was concluded that the ra te -de termining  
step was the diffusion of the oxidizing agent to the 
hydrided surface (6, 9). If this is the ra te -de termining  
step, the addition of poisons should have no effect on 
the rate of the reaction; therefore, a study was ini t iated 
to determine whether  poisons did affect the rate of 
reduction of t i t an ium(IV)  by hydrogen diffusing 
through a pal ladium membrane.  

Experimental Methods and Procedures 
Figure 1 shows the cell used. Hydrogen was elec- 

trolytically generated from the 2N sulfuric acid on 
the interior  wall  of the pal ladium tube and then 
diffused through the pal ladium to the exterior wall. 
The exposed pal ladium tube was 11 cm long and 
approximately 5 mm in diameter. In  the exterior 
chamber the hydrogen diffusing out reacted with 
t i t an ium(IV)  reducing it to colored t i t an ium( I I I ) .  
The rate of the chemical reduction was followed by 
pull ing samples of the solution and analyzing them 
spectrophotometrically for t i tan ium (III) .  

At the same time the potent ial  of the exterior of 
the pal ladium was measured against a reference 
calomel electrode using a Luggin capillary. 

The exterior solution was a 30% sulfuric acid 
solution which in different experiments  contained 
different amounts  of t i t an ium(IV) .  The solution was 
stirred by bubbl ing  with nitrogen. The exterior of 
the pal ladium tube was palladized l ightly between 
each series of runs. 

Hydrogen was generated on the interior at 67.39 
mA unt i l  the potential  measured between the ex- 
terior of the assembly and the saturated calomel 
electrode became constant. A measured quant i ty  of 
a t i t an ium(IV)  stock solution, prepared by adding 
t i t an ium(IV)  chloride to 30% sulfuric acid, was added 
to the reaction vessel. Then at 1 or 2 rain intervals  the 
potential  of the outside of the pal ladium electrode 
was measured, and a sample was removed and an-  
alyzed spectrophotometrically for t i t an ium( I I I ) .  After 
each analysis, the sample was re turned to the cell. 
At no t ime did the volume of added solutions or 
removed samples exceed 2% of the total  volume. 
Thus, the addition or removal  of solution did not 
appreciably alter the rate of reaction. After  about 14 
rain a measured amount  of an organic additive was 
rapidly  injected into the solution, and the progress 
of the reaction was followed for another  period of 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
** Electrochemical Society S t u d e n t  Assoc i a t e .  
1 P r e s e n t  address: Chemistry Department, University of  I l l i no i s ,  

Urbana, I l l i no i s .  

time; at regular  t ime intervals  addit ional amounts  of 
additive were introduced into the solution. The addi- 
tives studied were sodium 2-propene- l -sul fonate ,  
thiourea, l, 3-diethyl-2-thiourea,  l -e thy lqu ino l in ium 
iodide, and sodium 2-propanesulfonate.  All  experi-  
ments were performed at 25~ using the purest  
grade of chemicals commercially available. 

Results and Discussion of Results 
Figure 2 shows typical data for the init ial  rate of 

reaction with two different concentrations of t i t an ium 
(IV), one twice that of the other. As can be seen, 
the init ial  rate of reduction at the higher concentra-  
tion is approximately double that  of the lower con- 
centration, showing that  the reaction is first order 
with respect to t i t an ium(IV) .  The average first order 
rate constant  obtained for 29 different runs was 2.02 
x 10 -8 min  -1 with a s tandard deviation of __+ 0.30 
x 10 -3 . As seen in Fig. 2, the deviation was small  
when  the only change was a change in the concen- 
t rat ion of t i t an ium(IV) .  The observed deviations were 
at t r ibuted pr imari ly  to a lack of reproducibil i ty of 
the palladized surface. 

The fact that  the reaction is first order with respect 
to the t i t an ium (IV) is in agreement  with other studies 
on different oxidizing agents (5, 6, 9). In  these studies 
the first order kinetics was at t r ibuted to a diffusion 
l imited process. However, in this study changing the 
rate of st irr ing by changing the ni t rogen bubb l ing  
rate did not appreciably al ter  the rate of the reac- 
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Fig. 2. Order determination plot for the reaction of titanium(IV) 
with hydrogen. 
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t ion which was contrary  to what  was expected if the  
rate  was controlled by the rate  of diffusion of the 
t i tanium (IV).  

Much more  damaging to the concept of a diffusion 
controlled process was the effect of poisons on the 
rate  of the reaction. Figure  3 shows the effect of 
1, 3 d ie thyl -2- th iourea  on the rate  of reduction. Each 
organic addit ive tr ied gave similar  results in that  
the  addit ion of the organic compound decreased the  
ra te  of the reaction. This shows that  the r a t e -de te r -  
mining step involves nei ther  the diffusion of hydrogen 
through the meta l  nor  diffusion of t i t an ium(IV)  to 
the surface. Diffusion processes depend on the geo- 
metr ical  surface area and not the real  surface area 
(10). 

F rom the poisoning data, it was concluded that  the 
rate  of the react ion was a function of the real  
area and that  the poison blocked the surface area. 
That the poison is being adsorbed on the electrode 
is indicated by examining the effect of different con- 
centrations of addi t ive on the ra te  of reduction. Un-  
fortunately,  one can introduce onty two concentra-  
tions of an addit ive such as thiourea before the 
electrodes become almost completely  poisoned, but  
it can be seen in Fig. 4 that  the effect looks very  much 
like an adsorption isotherm. In the case of the pro-  
penesulfonate,  a number  of different concentrat ions 
can be used, and it can be seen in Fig. 5 that  one can 
fit the data to a Freundl ich- type  adsorption isotherm. 

It is possible that  the poison could act by de- 
creasing the amount  of adsorbed hydrogen. The po- 
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Fig. 3. Effect of 1, 3 diethyl-2-tMourea on the rate of reduction 

of titanium(IV) with hydrogen: A, time of introduction of additive. 
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tent ia l  of the electrode should be a measure  of the 
amount  of hydrogen (11, 12) in the neighborhood of 
the electrode surface. F igure  6 shows definitely that  
the potential  decreases sharply af ter  the introduct ion 
of the t i tanium (IV) indicating that  the ra te  of diffusion 
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Fig. 6. Potential-time ( 0 )  and first order rate constant plots 
(A )  for the reduction of tltanium(IV) with hydrogen. 
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Fig. 4. Apparent adsorption isotherm from rate data for the ad- 
ditive thiourea. 
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Fig. 7. Effect of 1-ethylquinolinium on the rate of reaction and 
potential change. A, Time of addition of ethyl quinolinium iodide; 
,'~, potential; C) concentration of titanium(Ill). 

of hydrogen is not as rapid as the rate of reaction of 
t h e  hydrogen with t i tanium. Eventually,  the potential  
approaches a l imit ing value indicating a new steady- 
state condition for the adsorbed hydrogen. During 
this entire process, however, the rate of reaction is 
constant. This effect is much more pronounced in the 
presence of additives (Fig. 7). In the presence of 
thiourea, 1-e thylquinol in ium iodide and 1, 3 diethyl-  
2-thiourea the rate of reaction stayed constant while 
the potential  changed approximately 0.1V. This in-  
dicates first of all that under  the conditions of these 
experiments  the rate of the reaction is independent  
of the electrode potential  and, second, that  it is in-  
dependent  of the amount  of hydrogen at the surface. 

A generalized mechanism for this process could be 
wr i t ten  as follows: 

Hevolu t ion  side "> H m e t a l - +  H r e a c t i o n  side ( A )  
Ti (IV) soln -> Ti (IV) electrode Diffusion (B) 

Ti (IV) electrode ''> Ti (IV) adsorbed Adsorption (C) 
Ti (IV) adsorbed --> Ti* (IV) adsorbed Rearrangement  (D) 

Ti(IV) or Ti* (IV) + Hreaction side "-> Products (E) 

It would appear from the poisoning data that  nei ther  
reactions (A) or (B) can be rate determining.  Since 

the rate of reaction was independent  of the  potential,  
no electron t ransfer  step was included in the mech- 
anism. Also, since the potential  depends on the amount  
of hydrogen at the surface, reaction (E) was regarded 
as being nonrate  determining.  Reaction (E), of course, 
since it is beyond the ra te -de te rmin ing  step, could 
easily be made up of a series of electron transfer  
steps. 

I t  was thus concluded that  either reaction (C), 
the adsorption of the Ti ( IV)  complex, or (D), the 
rear rangement  of the complex to some more reactive 
form, was thus concluded to be the ra te -de te rmin ing  
step. 
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and Other Metals and Alloys 
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ABSTRACT 

The oxygen evolution reaction in IM KOH has been studied by low speed 
l inear sweep vol tammetry  of several metals including:  Ni, Pt, Co, Fe, NiFe, 
NiPt, and Ni~Pt. The Tafel slope for all these metals at early stages of the 
oxygen evolution wave was found to be about 46 mV/dec. For nickel and its 
alloys, dual Tafel regions were observed wherein,  at even lower current  den-  
sities, the slope was 34 mV/dec. A recently proposed theory for in terpre t ing 
Tafel slopes is applied to these results, and a mechanism involving a three-  
step formation of adsorbed hydrogen peroxide is given. The exchange current  
density for several of these steps is evaluated, and the results are found to 
be consistent with the properties of the metals. 

The process of oxygen evolution has been studied 
extensively over the years to the point where there 
seems to be general  agreement  on certain aspects of 
the reaction (1). For  example, the ra te -de te rmin ing  
step (rds) is usual ly accepted as being the electro- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  o x y g e n  e v o l u t i o n  m e c h a n i s m ;  o x y g e n  e v o l u t i o n  on 

n i cke l ,  p l a t i n u m ,  a n d  a l loys ;  p o t e n t i a l  s w e e p  of  o x y g e n  evo lu t i on .  

chemical adsorption of hydroxide radical, while the 
substrate is suspected of p laying more than just  a 
passive role. There is enough disparity in the results, 
however, to forestall  general  acceptance of a more 
detailed unders tanding  of oxygen evolution. 

In order to s tudy this reaction, investigators have 
used, for the most part, s teady-state  galvanostatic or 
potentiostatic techniques to measure kinetic pa ram-  
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eters, and high-speed l inear sweep vol tammetry  to 
characterize the electrode surface. Each of these tech- 
niques is applicable to only a l imited aspect of the 
entire problem. In  order to obtain fur ther  information, 
one must  study the reaction under  somewhat different 
experimental  conditions, either at very short times 
or at very low currents  where ul t imate conditions 
do not yet prevail. 

One technique which may offer some advantages 
is l inear  sweep vol tammetry  (LSV) at low sweep 
rates. At scan speeds between 0.2 and 100 mV/sec, 
the electrode can be investigated both at low currents  
and at stages early in the chronology of electrode 
surface change. At these sweep rates, nonfaradaic 
double layer charging currents  are negligible, al- 
though care must  be taken to ascertain the influence 
of convective forces. 

This paper describes a study of oxygen evolution 
in alkal ine electrolyte using LSV on several metals 
including nickel, plat inum, cobalt, iron, and three 
alloys of nickel corresponding to NiFe, NiPt, and 
Ni3Pt. 

Experimental 
Apparatus and materials.--The cell for this invest i -  

gation was a three-compar tment  cell, about 100 ml  
in  total volume, made from Lucite plastic which had 
been leached with caustic for several years prior to 
use. Nickel foil counterelectrodes were placed in 
each of the two outer compartments.  The test electrode 
and reference electrodes were contained in the center 
section. The reference electrode was situated aside 
and in the plane of the test electrode, and about 1 
m m  away at its closest point. The center  compar tment  
was isolated from the counterelectrode compartments  
by separators of fine mesh Teflon gauze whose pur -  
pose was to minimize convective t ransfer  of counter-  
electrode reaction products. The chamber above the 
electrolyte surface was cont inual ly  flushed with de- 
oxygenated nitrogen. Although the cell materials may 
normal ly  be regarded as a source of contaminants,  
their influence on the electrode reaction was di-  
minished by f requent  changes of electrolyte. Due to 
the na ture  of the exper imental  procedure and in view 
of the reproducibil i ty of results, the effect of im- 
purities is considered to be negligible in this work. 

Test electrodes were made from spectrographically 
pure metal  obtained from Johnson and Matthey, Ltd. 
Single metal  electrodes were used in the form of wire, 
foil, or rods. Parts  of these electrodes which were not 
in tended to contact the electrolyte were coated with 
several protective layers of Miccrotex masking 
lacquer from Michigan Chemical Corporation. Alloy 
samples, which were produced in the form of large 
beads, were made into electrodes by t r imming the 
bead to the desired shape, at taching a current  col- 
lector wire with silver epoxy, and then pott ing the 
bead in epoxy resin. The final finish was achieved 
by polishing with 600 grit silicon carbide paper. 
Apparent  area of all  electrodes was controlled and 
known. The surfaces of the foil electrodes were 
mounted vert ically in the cell while those of the 
alloy beads were horizontal. 

The reference electrode for all measurements  was 
mercury-mercur ic  oxide. All potentials given in this 
paper are reported with respect to this electrode. 
The electrolyte was 1M KOH which had been pre-  
electrolyzed under  ni t rogen between a nickel anode 
and  a mercury  pool cathode of about 3 cm ~. P re -  
electrolysis was conducted at controlled current  while 
the solution was agitated by the ni trogen stream. 
As the potential  of the cathode became increasingly 
negative, the magni tude  of the current  was progres- 
sively reduced from 2 m A / c m  2 toward the final stage, 
an overnight  r un  at 2 ~A/cm 2. The potential  of the 
mercury  pool dur ing  this period approached --1.2V 
vs. mercury-mercur ic  oxide. Teflon vessels were used 
for preparat ion and storage of the electrolyte. 

The potential  of the test electrode in the l inear  
sweep experiments  was controlled with a Wenking 
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potentiostat. The sweep signal was electronically syn-  
thesized using conventional  operational amplifier cir- 
cuitry. Current-vol tage  curves were recorded on an 
Electro Ins t ruments  Model 520 X-Y recorder. 

Alloys were made from mixtures  of spectrographic 
grade wire or metal powder which were fused in 
magnesia crucibles under  argon in an induct ion fur -  
nace. The stoichiometric composition of the alloys 
corresponded to NiPt, Ni3Pt, and NiFe. Nickel is 
cont inuously soluble in p la t inum or iron, with no 
compound formation. Some "ordering" in the solid 
s tructure is believed to occur in the n icke l -p la t inum 
alloys at the part icular  atomic ratios used (2). As 
a consequence of using induct ion heating, sample 
beads were quite homogeneous due to agitation by 
eddy currents.  At  the conclusion of the heat ing 
period, such rapid cooling occurred as to essentially 
quench the melt, thus preserving uniformity.  Metal-  
lographic examinat ion of the specimens revealed quite 
homogeneous surface composition with ra ther  large 
grain size. 

Procedure.--At the beginning of the exper imental  
investigation of each metal, the electrode was scrubbed 
with Alconox detergent,  r insed thoroughly with dis- 
t i l led water, and placed in the cell. After the po-  
tent ial  had become reasonably stable on open circuit, 
an anodic l inear  sweep voltamogram was obtained 
at 1 mV/sec beginning at the open-circui t  potential  
and sweeping (forward) toward more positive poten- 
tials. At this slow sweep rate, the characteristic peaks, 
if any, for the oxidation of the metal  would appear 
followed by the onset of oxygen evolution. There-  
after, dur ing forward and reverse sweep cycling, 
the potential  was never  carried more negat ive than 
the foot of the anodic oxygen wave, that  is, about 
0.4V. An exception to this procedure occurred with 
the nickel electrode where  the negative extreme was 
0.2V. It was expected that this measure would render  
the surface of the electrode fairly stable and repro- 
ducible with respect to the formation of metal  oxides 
themselves. 

At  the te rminat ion  of each forward half-cycle, the 
potential  was held only a few seconds in the oxygen 
evolution region before reversing the sweep. At the 
conclusion of the reverse sweep, the potential  was 
held at the foot of the oxygen wave for longer periods 
of time, i. e., at least 10 rain. Addit ional  sweeps were 
made at other scan rates between 0.2 and 100 mV/sec. 
Consecutive runs  at each sweep speed showed the 
current-vol tage  curves to be reproducible. 

Results and Discussion 
A typical l inear sweep vol tamogram for nickel 

metal  is given in Fig. 1. This plot was obtained at 
1 mV/sec, and it shows both the forward and reverse 
sweeps. The peak for the oxidation of the substrate 
is quite prominent  and is l imited to a nar row range 
of potential  preceding oxygen evolution. The evolu- 
t ion of oxygen was visually confirmed at potentials 
positive to 0.55V. The featureless increase in current  
at potentials positive to 0.55V and the near  coin- 
cidence of forward and reverse sweeps in the oxygen 
evolution region indicate that (a) the na ture  of the 
surface has remained unchanged dur ing gassing, and 
(b) the oxygen evolution reaction is at least mo- 
mentar i ly  at steady state. 

The area of the electrode did increase from cycle to 
cycle, however, due to oxidation of the metal  in the 
region of the peak. This effect was evaluated at fixed 
sweep rate in two ways which yielded roughly the 
same results. First, the area under  the nickel oxida- 
tion peak was measured graphically and found to in-  
crease about 5% per cycle. Second, the current  at 
a given potential  in the oxygen evolution region also 
increased at near ly  5% per cycle. 

Typical sweeps at each sweep rate in the positive 
direction are plotted on a semilogarithmic scale in 
Fig. 2. The combined ohmic resistance of the electrode 
and the solution was of the order of 1 ohm; measured 
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Fig. 1. Typical linear sweep voltomogram of nickel metal in 1M 
KOH taken at I mV/sec scan rate. 
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Fig. 2. Linear sweep voltamograms of nickel metal at various 
scan rates. Slope of the Tafel region for solid curves is 45 +__ 2 
mV/dec; that for the dashed curve is 34 mV/dec. In ascending or- 
der, the solid curves represent the 17th, 16th, 10th, and 11th cy- 
cles, respectively. The dashed curve is for the 7th cycle of another 
electrode. 

potentials were corrected graphically for ohmic drop. 
In  the oxygen evolution region, the log plots for all 
sweep rates exhibit  a l inear  section whose slope 
(d,i/d log i) is 45 ___ 2 mV/dec. The effect of s t i rr ing 

was investigated by  bubbl ing ni t rogen through the 
cell. In  the region of the l inear  log plot, s t irr ing had 
a noticeable effect on the magni tude of the current,  
indicat ing some dependence on mass transport ,  bu t  
the slopes of the current-vol tage  curves were un-  
affected. The existence of a l inear section indicates 
that  the electron transfer  process is rate controlling. 

At potentials higher than those shown, the current  
is no longer l inear  with potential  due to the onset of 
some other l imit ing process, possibly mass transport,  
increasing ohmic polarization, or a t ta inment  of l imit-  
ing coverage by the part icular  ra te -de te rmin ing  in-  
termediate. Of the several nickel electrodes used in 
this study, there was one for which the nickel oxida- 
t ion peak was small  enough and sufficiently separated 
from oxygen evolution so that  very small  currents  
could be detected in the inter jacent  region. In  this 
one case, a second l inear section was found. This re- 
gion, as is shown by the dashed line in Fig. 2, had a 
slope of 34 mV/dec. With repeated cycling, as the 
surface gradually changed, the voltamograms of this 
electrode became more like the other electrodes. 

In  the l inear  region, the differences in current  at 
a given potential  are not wholly accounted for by area 
changes, but  are to a great extent  dependent  on 
sweep rate below 10 mV/sec. The dependence of cur-  
rent  as a function of potential  and sweep rate has 
been discussed by Srinivasan and Gileadi (3) for 
both reversible and irreversible first order processes 
where an insoluble product  is formed. Their  findings 
are applicable in the present case as the reaction 
step under  consideration will be shown later to be 
pseudo-first order. According to their analysis, when 
current  at a given potential  is dependent  on sweep 
rate, the ra te-control l ing process may be considered 
to have some kinetic reversibili ty.  By the same token, 
at sweep rates above 10 mV/sec, the reaction is 
found to be irreversible since the current  becomes 
dependent  on potential  alone. Under  these conditions, 
the exchange current  for the rds may be evaluated 
by extrapolation of the customary log plot to the 
equi l ibr ium potential. 

The same experimental  procedure was repeated with 
p la t inum metal. Except for the first sweep which 
began at the ini t ial  open-circuit  potential  of --0.03V, 
the p la t inum electrode was never  carried more nega-  
tive than 0.4V. At low sweep rates, a shoulder often 
appeared at about 0.75V in both forward and reverse 
sweeps such as those shown in Fig. 3. This voltamo- 
gram was obtained at 0.2 mV/sec and constitutes the 
fourth cycle for that  electrode. This shoulder might  
be considered an indication of fur ther  p la t inum oxide 
formation. At these potentials and at this point in 
t reatment ,  however, the electrode should be ful ly 
covered with Pro2. There is some evidence in the 
l i terature  for even higher oxides of p la t inum (1), 
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but  these species are unstable  with respect to oxygen 
evolution in aqueous systems. If p la t inum is indeed 
oxidized beyond Pro2, such species might well be 
regarded as metastable intermediates in the process 
of oxygen evolution. In any case, it would be difficult 
to make even a conceptual distinction between higher 
oxide formation and oxygen evolution intermediates.  

An  even more per t inent  a rgument  against the oxide 
theory may lie in quant i ta t ive  considerations. The 
quant i ty  of charge represented by the shoulder, over 
and above an imaginary base l ine for oxygen evolu- 
tion, is at least an order of magni tude greater than 
that expected for oxide formation. Such behavior 
can only be explained by cont inual  removal of the 
reaction product as in the case of an intermediate  
in the oxygen evolution process. 

In  view of the foregoing, the shoulder is regarded 
as the a t ta inment  of its l imit ing rate by an oxygen 
evolution reaction step whose l inear  region immedi-  
ately precedes the shoulder. This hypothesis is sub- 
stantiated by the marked change, in contrast  to nickel, 
in the current  between forward and reverse sweeps. 
Growth of the electrode area, as estimated by changes 
in current  from cycle to cycle under  otherwise iden-  
tical conditions, amounted to about 5% per cycle. 

Typical voltamograms at several sweep rates are 
given on a semilogarithmic scale in Fig. 4. With the 
exception of the sweep at 100 mV/sec, the slope of 
the l inear region is 48 • 2 mV/dec, a value very 
close to that  for nickel. The slope for the 100 mV/sec 
sweeps is 68 mV/dec, but a small  peak due to oxidation 
of the substrata appears to overlap this region. The 
voltamograms shown are not corrected for the change 
in area but  represent  the 4th, 15th, 18th, and 19th 
cycles in order of increasing sweep rate. Again, the 
differences in the l inear  regions are not wholly ac- 
counted for by area change. 

Several other metals also showed Tafel slopes of 
approximately 46 mV including cobalt, iron, and all 
three nickel alloys. In  addition, at slow sweep rates, 
both of the n icke l -p la t inum alloys exhibited at low 
currents  a second Tafel region with a slope of 35 
• 2 mV/dec. This dual l inear  region is i l lustrated in 
Fig. 5 for NiPt at 0.2 mV/sec. Such behavior is in 
agreement  with that  observed in  the earlier instance 
with nickel metal. 

In  accordance with the t rea tment  of Damjanovic 
et  al. (4), the existence of a dual  l inear  log plot may 
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Fig. 5. Linear sweep voltamogram for NiPt alloy in 1M KOH 
taken at 0.2 mV/sec scan rate. 

be interpreted to indicate a change in the ra te-  
determining step wi thin  a single reaction path. Dual  
l inear regions have been reported by other invest i -  
gators using galvanostatic techniques for p la t inum 
as well as other noble metals. In  the case of plat inum, 
the usually reported values of d~]/d log i are about 
60 mV/dec (5) or both 60 and 115 mV/dec (4). 
Values in the vicini ty of 45 mV/dec such as those 
found in the present  investigation have not been 
previously reported for p la t inum but were obtained 
for rhodium, iridium, and a P t -Rh  alloy by Dam- 
janovic et al. (6). Similar values for nickel have been 
reported by Lukovtsev and Malandin (7), and by 
Sara and Okamoto (8) in sulfate electrolyte at high 
pH. 

Current  voltage curves obtained at constant current  
represent  the steady state; consequently, the electrode 
surface has achieved the ul t imate  coverage of ad- 
sorbed intermediates.  Linear  sweep voltammetry,  on 
the other hand, is essentially a relaxation technique, 
and it reflects the electrode behavior before the re-  
action intermediates  have achieved their final distri-  
bution. The ra te -de te rmin ing  steps under  these cir- 
cumstances are associated with the formation of a 
set of intermediates earlier in the reaction sequence 
than for the steady-state case. Thus, present  and 
l i terature values of d~]/d log i for p la t inum can be 
expected to be different. Had the sweep cont inued 
without  encounter ing l imit ing conditions or at higher 
sweep rates (hence higher init ial  currents) ,  a slope 
of 120 mV/dec would be expected. The difference 
between the sweeps at 10 and 100 mV/dec for plat i-  
n u m  indicate the ini t ia l  stages of the case where 
a different rds becomes effective. 

Taking into account the value 2 . 3 R T / F  = p for the 
present experimental  conditions (58.7 mV),  d~]/d log i 
for the two l inear log current  regions may be ex- 
pressed as 4p/7 and 4p/5 for the lower and upper 
overvoltage regions, respectively. The equation cus- 
tomari ly used to predict Tafel slopes has been given 
by several authors (4, 5, 9) as 

1; 
ba ~- �9 p [1] 

n , +  ( 1 - - ~ )  "nr  

where ba is the anodic Tafel slope, 
v, the stoichiometric number ,  
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~, the cathodic t ransfer  coefficient, 
np, the number  of electrons t ransferred prior 

to the rds and, 
nr, the number  of electrons t ransferred dur ing 

the rds. 

It can be shown that, if a is assigned the usual  value 
of 0.5, it is impossible to obtain values of 40/5 or 40/7 
using this expression. For  example, if v = 2, then n,. 
must  be an even number ;  therefore, the term 
(1 -- , )  �9 n~ cannot be fractional. Thus the observed 
Tafel slope cannot be explained by Eq. [1]. 

McDonald and Conway (10), who obtained a value 
of 40/5 for gold electrodes in KOH electrolyte, have 
interpreted their findings on the basis of a twin barr ier  
model. Here, the formation of an ohmic film alters 
the potential  distr ibution at the electrode surface 
so that only a part  (one-half)  of the applied potential  
is effective in charge transfer.  This theory cannot be 
applied to p la t inum since ohmic films are not known 
to form on this metal. 

Gnanamuthu  and Petrocelli  (9) have recent ly pro- 
posed a similar theory which considers the effect of 
the potential  gradient  on reaction intermediates  as 
a consequence of their position in the interfacial  
region. The potential  between the metal  and the 
bulk of the solution is considered to be divided into 
two regions at the inner  Helmholtz plane where 
reside adsorbed reaction intermediates.  In cases where 
these adsorbed intermediates are involved in charge 
transfer  with either the electrode or the bulk  alone, 
they are acted upon only by that portion of the po- 
tent ia l  associated with the respective region. As a 
first approximation it is assumed that  the inner  
Helmholtz plane marks  the halfway point in the 
potential  gradient, hence the fraction of the total 
potential  applicable to either region is one-half. 

The following expression has been given for this 
theory 

ba = �9 p [2] 
Z~Z~f~ + (I - -  ,~)Z~f~ 

where Zi is the number  of charges t ransferred in a 
given step prior to rds, 

f~, the fraction of the total potential  difference 
which is effective in the ith charge transfer.  

Zr and fr, which refer to the rds, have mean-  
ings similar to their counterparts  above. 

Tafel slopes calculated using this equation will be 
referred to as "corrected" values. 

Consider the generalized electrode process (M = 
metal  electrode) 

I. M +A-->MA+e- 

2. MA + A -  -> M B -  

in which an electrochemical adsorption step is fol- 
lowed by a chemical reaction to form an adsorbed ion. 
If step 1 were the rds, the predicted Tafel slope using 
Eq. [2] would be 2p, the same as that obtained with 
the conventional  Eq. [ i ] .  Step 2, on the other hand, 
involves charge t ransfer  only between species in the 
solution and the adsorbed state; hence a part, and 
only a part  of the applied potential  is effective in this 
exchange. Applying Eq. [2] to this step with v = 1, 
Z t =  1, ~t = 1.0, Zr = 1, fr = 0.5, we find aco r rec ted  
Tafel slope of 40/5, whereas the conventional  method 
gives p. 

While there is no direct evidence to support the 
assumption that  L = 0.5, it would appear that the 
exper imental ly  observed Tafel slope, 4p/5, is ade- 
quately predicted by an electrode process of the 
above form in conjunct ion with the theory of Gnana -  
muthu  and Petrocelli. Several mechanisms have ap- 
peared in the l i terature which conform to the gen- 
eralized scheme given above. Three of these suggested 
reaction paths are listed in Table I along with the 
expected Tafel slope for each step ra te -de te rmin ing  as 
calculated both by Eq. [1] and [2]. 

Table I. Previously suggested reaction paths for oxygen evolution 

Tafe l  s lope 

Cor r ec t ed  C o n v e n t i o n a l  

I. " A l k a l i n e "  p a t h  of Hoar  (9) 
M + O H - ~  MOH + e- 20 20 
MOH + O H - ~  MH.~O~- 4p/5 p 
2MH-~O2- -~ M + MO~= + 2H~O 0/3 0/2 
MO2 = ~ M + Oa + 2e-  20/7 p,/3 

II. K r a s i r s h c h i k o v  p a t h  (11) 
M + O H ~  MOH + e- 20 20 
MOH + O H - - ~  NIO- + HzO 4p/5 p 
M O - ~  MO + e-  2p/7 20/3 
2MO---> Oa + 2M 0/4 p/4 

III .  D a m j a n o v i c ,  Dey,  and  Bockr i s  p a t h  (4) 
M + OH----> IqiOH + e- 20 20 
MOH + OH- ---> M O - H - O H -  40~ 5 p 
MO-H-OH-  --> MO-H-OH + e- 40/7 20/3 
MO-H-OH-~ MO + H~O 022 p/2 
MO + OH----> MOtH + e- 20/5 20/5 
MOtH + O H - ~  M + O.., + H~O + e- 20/7 20/7 

or, 
2MO--> O~ + 21Yl p/'4 p/4 

These various mechanisms may be fur ther  differ- 
entiated by considering the ra te -de termining  step 
next  in order, that is the one l ikely to prevail  at 
lower current  densities. Experimental ly,  at least for 
nickel  metal  and its p la t inum alloys, this step was 
found to have a Tafel slope of 40/7. Of the mechanisms 
given, a slope of this value occurs in only one, path 
III, which has been proposed by Damjanovic et al. 
(4). Two al ternat ive routes have been given involving 
the adsorbed atomic oxygen species, MO. The first 
represents the electrochemical discharge of MO, and 
the second, atomic recombinat ion to give O2. Verifica- 
t ion of this mechanism cannot be carried past the 
third step without  fur ther  exper imental  information. 

In view of Rozental 's and Veselovskii's results with 
O TM tracers (12), the involvement  of the MO species 
in  this reaction may not be likely. These investigators, 
using p la t inum which had been preanodized in acid 
solution at potentials cathodic to oxygen evolution, 
found that the layer of adsorbed oxygen did not 
participate in the gassing reaction. Oxygen adsorbed 
at these potentials is known to have the stoichiometry 
PrO (1), and if it is not in fact identical to the species 
MO, then the two should be equivalent  through an 
exchange process. Since none of this oxygen is found 
in the product gas, it is doubtful  that MO is a reaction 
intermediate.  

A reaction sequence which does not incorporate 
the species MO, yet whose Tafel slopes predicted 
with Eq. [2] conform to exper imental  observations is 
given as follows: 

Corrected 
Tafel 
slope 

1. M +  O H -  ~ M O H +  e -  20 
2. MOH + O H -  --> MO2H2- 40/5 
3. MO2H2- --> MO2H2 + e -  40/7 
4. MO2H2 + O H -  -~ MO2H- + H20 40/9 
5. MO2H- --> MO2H + e -  40/11 
6. MO2H + O H -  --> M -~ 02 -t- H20 -~- e -  20/7 

This mechanism differs from those proposed by most 
other investigators in  that  the oxygen-oxygen bond 
is formed very early in the reaction sequence, no 
later than step 3. Although step 2 is shown as the 
formation of an adsorbed hydrogen peroxide radical 
ion, a species such as that proposed by Damjanovic 
et al. (4), M O - H - O H - ,  is not ruled out. In this case 
the species then rearranges to give an adsorbed hy-  
drogen peroxide molecule upon extraction of an elec- 
t ron in step 3. 

Because of the relat ively high concentrat ion of 
electrolyte in these experiments,  step 2 acts as a 
pseudo-first order process. The slight dependence on 
st irr ing can be expected, however, due to the in-  
volvement  of the soluble OH- .  The remaining  steps 



Vol. 116, No. 11 O X Y G E N  E V O L U T I O N  

which consist of the consecutive remova l  of hydrogen  
atoms f rom this species are  pu re ly  speculat ive.  Steps 
4 and 5 which  different ia te  the  processes of hydrogen  
remova l  and charge t ransfe r  might  ve ry  reasonably  
be combined to give a single s tep whose Tafel  slope 
would  then  be 2p/5. 

According  to this  mechanism, tha t  oxygen which  is 
dest ined to be evolved as gas remains  comple te ly  
unique  f rom the  oxide film oxygen;  tha t  is, i t  is 
quickly  bound to another  oxygen a tom which serves 
to distinguish it from the oxide type. Hence the sub- 
strate M in this discussion may be interpreted to 
include both bare and oxide covered metal. Further- 
more, the formation of adsorbed hydrogen peroxide 
itself, as opposed to peroxide free radical or other 
related species less stable in solution, seems reasonable 
since hydrogen peroxide is found (13) on reduction 
of oxygen. If it is true that the forward and reverse 
react ion pa ths  are  identical ,  fo rmat ion  of H20~ would  
precede the slow step in the  cathodic direction.  Hence 
its presence in solut ion would  be expected.  

Approx ima te ly  the  same value  of the Tafel  slope 
has now been obta ined  for a number  of meta ls  in 
a lka l ine  e lect rolyte :  for gold by  MacDonald  and Con-  
way  (10), for  rhod ium and i r id ium by Damjanovic  
et al. (6),  and  for nickel,  p la t inum,  cobalt,  and  i ron 
in the  present  work. Therefore,  it  is suggested that  
the  rds, and p robab ly  the mechanism,  is ident ical  
for al l  these metals .  

I t  might  be pos tu la ted  that  differences in over -a l l  
behavior  of var ious  metals,  as wel l  as slow var ia t ion  
of single electrodes over  the i r  l i fet ime, can be a t -  
t r i bu ted  to the  presence of impuri t ies .  In  the  absence 
of impuri t ies ,  however,  such behavior  m a y  be due to 
the  influence of the  state of the  surface, as de te rmined  
by  the  h is tory  of the  electrode, on the re la t ive  ra tes  
of specific steps. 

The resul ts  of Damjanovic  et al (6) who obtained 
a value  of 40 mV/dec  for the  Tafel  slope on both 
i r id ium and a P t - R h  alloy, may  therefore  be in te r -  
p re ted  in t e rms  of the  p resen t ly  given mechanism. 
If  the  s ta te  of the  e lectrode surface in thei r  exper i -  
ments  were  such tha t  the  rates of steps 2 and 3 were  
nea r ly  equivalent ,  then a mixed  r a t e -de t e rmin ing  
process would  result .  Appl ica t ion  of Eq. [2] to the  
combined steps gives an expected Tafel  slope of 40 
mV/dec  in agreement  wi th  the  resul ts  obtained.  In  
a s imi lar  fashion, the  Tafel  s lope of 60 m V / d e c  found 
for p la t inum by severa l  workers  (4, 5) may  be a t -  
t r ibu ted  to a combina t ion  of s teps 1 and 2. 

Refer r ing  to the  to ta l ly  i r revers ib le  cu r ren t -vo l t age  
curves at  100 mV/sec  for nickel  and p la t inum in Fig. 
6, i t  may  be seen that  the  ra te  of step 2 on p la t inum 
is cons iderably  below tha t  for nickel.  As a result ,  
r a t e -de t e rmin ing  step 3 is not  observed on pla t inum.  
The expe r imen ta l ly  de te rmined  apparen t  exchange 
cur ren t  for step 2, eva lua ted  at  the  s tandard  potent ia l  
for the  over -a l l  process, is given in Table II  for these 
and other  metals .  
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Fig. 6. Comparison of current voltage curves obtained by LSV 
for various reaction steps for nickel, platinum, and NiPt. 

Step 2 m a y  be expected to be fas ter  on n ickel  than  
on p la t inum because the bonding energy of hydrox ide  
ion is much grea te r  on n ickel  metal .  This is known 
to be t rue  because nickel  forms lower  va len t  hy -  
droxides  at  quite cathodic potentials .  Cobalt,  another  
meta l  which easi ly  forms surface hydroxides ,  also 
has a modera t e ly  high exchange cur ren t  for step 2. 

Since step 2 is fas ter  on n ickel  than  on pla t inum,  
it is to be expected,  for al loys of the  two metals,  
tha t  the  ra te  for step 2 might  be d iminished in p ro-  
por t ion  to the  p l a t inum content.  Indeed, this is found 
to be the  case by  compar ing  the posi t ion of the  cur-  
r en t -vo l t age  curve for NiPt  in Fig. 6 wi th  the  plot  
for pu re  n ickel  d iminished  by  a factor  of one-half .  
The two curves agree wi th in  expe r imen ta l  error.  
Correspondingly,  if the  ra te  for step 3 is l ikewise  
significantly different  on the two metals ,  the  al loy 
curve for step 3 wi l l  be shif ted f rom tha t  of pure  
metal .  Exper imenta l ly ,  no such shift  was found since, 
as shown in Fig. 6, the  cur ren t  vol tage plots for the 
two meta ls  a re  exac t ly  colinear.  Therefore,  a l though 
the cu r ren t -vo l t age  curve for r a t e -de t e rmin ing  step 
3 on p l a t i num could not  be obta ined exper imenta l ly ,  
i t  m a y  be in fe r red  that  i t  is k ine t ica l ly  ident ical  wi th  
tha t  for nickel.  

Table II. Kinetic parameters for oxygen evolution on several metals in alkaline solution 

Step  1 S t e p  1 & 2 S t ep  2 S t ep  2 & 3 S tep  3 
Me ta l  io" bat  io * b ~ t io * b~ t ~o* b,~ ? io * b~ t Refe rence  

Ni  2 x 10 -lo 45 1 x 10 - ~  34 
4 • 10 -io** 40-50 (7) 
5 x 10 "-~s 48 (8) 
6 x 10-m 45 4 x i0 -18 34 
4 X lO-i~ 47 

115 3 • 10-~ 60 
8 x 10-11 47 

N~Pt 
Pt 

Co 
Rh 
Ir 
PbRh 
Pd 
Au 
NiPt 
NiFe 
Fe 

I • I(P~ 

1 • 10 -6 
1 •  10 -e 
1 • lO-e 
1 x 10 -lo 

115 6 x 1(> -~ 42 
120 1 • 10 - ~  40 
120 1 x 10 - ~  40 
113 

4x 10 ~ 45 
2 x I0 -z" 46 
1 X 10 -0 48 
2 x 10 -u 48 

8 x 10 - ~  34 

(4) 

(6) 
(B) 
(6) 

(10) 
(10) 

t A n o d l c  Ta fe l  slope,  m V / d e c a d e .  
* A p p a r e n t  e x c h a n g e  c u r r e n t  e v a l u a t e d  a t  Eo for  C~, A/cm~.  
** E v a l u a t e d  b y  p r e s e n t  i n v e s t i g a t o r  f r o m  da ta  g i v e n .  
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Summary 
It  has been shown tha t  l inear  sweep vo l t ammet ry  

at  slow scan rates  is a useful  tool for  s tudying  k ine t i -  
cal ly  complex  electrochemical  processes. S imi la r  Tafel  
slopes have been found for severa l  metals  indica t ing  
tha t  the  same r a t e -de t e rmin ing  step is involved.  An 
addi t ional  r a t e -de t e rmin ing  step which is effective 
at lower current  levels has been observed for nickel  
and n i cke l -p l a t i num alloys. 

A mechanism based on these findings has been 
proposed which suggests that  fol lowing the e lec t ro-  
chemical  adsorpt ion of hydrox ide  ion, the format ion 
of adsorbed hydrogen  peroxide  radical  ion, MO2H2-, 
occurs. This species is then discharged and successively 
dehydrogena ted  to give the product  oxygen. The 
format ion of MO2H2- is fas ter  on nickel  than  on 
pla t inum,  but  the  discharge of this species to an 
adsorbed hydrogen peroxide  molecule  seems to occur 
at  the same ra te  on the two metals.  
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Technical Notes @ 
Electrocapillary Measurements at the Interface 

Insulator-Electrolytic Solution 
H. Dahms 1 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 

Our present  knowledge  of the e lectr ical  double l ayer  
is almost  exclus ively  based on invest igat ions of the  
conductor-solu t ion  interface,  wi th  the  bulk  of the in-  
fo rmat ion  being der ived  from studies of m e r c u r y -  
solut ion systems (1). There  are  no equivalent  inves t i -  
gat ions of the  insula tor -solu t ion  interface,  due main ly  
to the  lack of exper imenta l  methods.  

Here,  an appara tus  for obta in ing  e lec t rocapi l la ry  
da ta  at  an insula tor  surface is described.  Results  for 
the  systems polye thylene/O. lM KC1 + n -bu tano l  and 
polyethylene/0 .1M NaI  are  repor ted.  

F igure  1 shows a schematic  d iag ram of the appara tus .  
A tube  of the  insula tor  mater ia l ,  A, containing the 
solut ion to be inves t iga ted  is inser ted  into vessel  B. 
Vessel B is filled wi th  an e lect rolyt ic  solution. A d-c  
vol tage is appl ied  across the insula tor  by  means  of 
e lectrodes C and D. The difference, h, of the  l iquid 
levels in the  tubing  and the communica t ing  vessel, E, 
is recorded wi th  a cathetometer .  The surface tension, 
7, is then der ived  f rom the capi l la ry  depression, h. At  
contact  angles approaching  0 ~ or 180 ~ the surface 
tension is given by the we l l - known  equat ion 

r.h.Ap.g 
" / =  [1] 

2 
where  "v is the surface tension in dynes cm -1, r the 

1 Present address: 22 Lakev iew  Road, Ossining, New  York  10562. 

radius  of cap i l l a ry  in cm, h the capi l la ry  depression 
(or  rise) in cm, ~p the difference in densi ty  be tween  
l iquid and gas phase in g c m  -3, g the  accelera t ion due 
to grav i ty  (980 cm sec-2) .  I t  should be noted that  for 

8 / i ---I 
--_. __-~J [-~--- ~--~ 

Fig. 1. Schematic diagram of apparatus: A, polyethylene tubing; 
B, E, glass tubing; C, D, silver wire; F, rubber bulb; G, outlet. 
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small values of capil lary depression correction terms 
have to be applied to Eq. [1] (2). 

The surface tension is related to parameters  of the 
electrical double layer by  Gibb's  equation (3) which 
can be wri t ten  for our purposes as 

d - / =  q dE --  r c ] -  d~Kc] -  rA d~A [2] 

where "r is surface tension, q the total charge of the 
interface, rc~- the surface excess of C1- ions, ~,KC~ the 
chemical potential  of KC1 in the solution, rA the sur-  
face excess of neu t ra l  species, and ~,A the chemical po- 
tential  of neut ra l  species in the solution. 

Charge and surface excesses are derived on the 
basis of Gibb 's  equation 

d'r 

q =  ( - ~ - )  ~,icc~, ~A [3] 

TCl- = E, #A 

d~ 
T A =  ( d-~A )E,  .Kc 1 [5] 

E x p e r i m e n t o l  
A polyethylene tubing of 0.039 in. ID and 0.059 in. O]3 

was used (Medical Grade Polyethylene Tubing PX 039, 
Becton, Dickinson and Company, Rutherford, New 
Eersey). TefLon tubing was also used in some experi-  
ments, giving less reproducible results probably be- 
cause the diameter appeared to vary sl ightly along 
the tubing, while that of the polyethylene tubing  
seemed to be more constant.  The ID of both glass ves- 
sels B and E was 0.75 in. Tubing A was inserted into 
vessel B through a rubber  serum cap. It should be 
noted that  the solution to be investigated is contacting 
only glass surfaces. Electrodes C and D were silver 
wires. F is a small  rubber  bulb  which is briefly com- 
pressed to vary  the l iquid level in order to prevent  
sticking of the meniscus, as recommended for capil lary 
measurements  (4). Tubing G is open to the atmos- 
phere. The meniscus height was measured with a cath- 
etometer with an accuracy of _ 0.01 mm. At voltages 
higher than 600V the meniscus had a tendency to 
"stick," i.e., to remain  at a constant level regardless of 
the voltage applied. 

Results and Discussion 
Figure 2 shows the exper imental  data for the system 

polyethylene/0.1M KC1 + xM n-bu tano l ;  x = 0, 3.10 -~, 
10 -2, 3-10 -~-, l0 -1. The adsorption isotherms for n - b u -  
tanol resul t ing from the data are shown in Fig. 3. The 
potential  dependence of adsorption is shown in Fig. 4. 
The maximal  adsorption for n -bu tano l  can be calcu- 
lated from molecular  models (5). The values are 
4.6.10 -10 moles/cm 2 for a p lanar  position and 7.9 ~or a 
perpendicular  position. On mercury  the ma x i mum 
butanol  adsorption is at least 6.5-10 -~0 moles/cm 2, 
indicat ing a perpendicular  orientat ion (5). The fact 
that  the exper imental  data on polyethylene point  to a 
saturat ion value in the range of 4-5.10 -~0 mole/cm 9- is 
noteworthy. However, definite conclusions can be 
drawn only after investigations of a homologous series 
of alcohols or other hydrocarbons. If the polyethylene 
surface had a considerable roughness factor the actual  
coverage would be even lower. 

Another  interest ing problem which can be ap- 
proached by  the present  technique is the controversy 
over the causes of "specific adsorption" on metal  sur-  
faces (1). Graham and co-workers (6, 7) suggested 
that  this involves a certain covalent bond between the 
adsorbed ion and the metal  surface. More recently, 
however, it has been proposed that  electrical image 
energy (8), or the degree of solvation (9), are the 
main  factors. Figure 5 shows an electrocapillary curve 
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Fig. 2. Electrocapillary curves in polyethylene tubing of aqueous 
solutions containing 0.1M KCI and xM n-butanol. Curve 1, x = 
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Fig. 5. Electrocapillary curves of polyethylene 10.1M Hal and 
polyethylene 10.1M KCI. 

taken at the interface polyethylene/0.1M NaI. For com- 
parison, the electrocapillary curve in 0.1M KC1 is also 
plotted. Although there is admit tedly a considerable 
scatter of the data, it can be seen that the curves 
coincide ra ther  well. Similar  electrocapillary curves 
on mercury  (10, 11) show a strong decrease of surface 
tension in the case of iodide when the iodide ions are 
attracted to the surface, i.e., on the left side of our plot 
(polari ty of solution negative).  It  should be noted that  
such a rapid decrease cannot be seen in Fig. 5. This 
pre l iminary  result  seems to indicate that  the main  
cause of strong specific adsorption, such as found in the 
case of iodide on mercury (10, 11), is due to covalent 
meta l - ion bonding since the specific adsorption is ab-  
sent at the polyethylene surface. However, more 
systematic measurements  are needed. 

Data obtained with the present  method do not  pres-  
ent ly  have the same high precision achieved in  mer-  
cury-solut ion studies which have been refined for 
near ly  a century. Many exper imental  aspects such as 
the application of adjustable hydrostatic pressure to 
keep the position of the solution meniscus in the 
capil lary constant,  can be directly applied to the pre-  
sent apparatus. 
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Electroosmotic Transport in Mixed Solvents, 
the 

-Butyrolactone-Water System 
P. Bro* and A. I'1. Dey* 

P. R. Mallory & Company, Inc., Laboratory for Physical Science, Burlington, Massachusetts 

Investigations have shown that the trace amounts  of 
water  contained in organic electrolyte solutions are 
bound to the cation, e.g., the l i th ium ion (1), and that 
the t ransference number  of the l i th ium ion through 
suitable cation exchange membranes  is close to un i ty  
(2). These observations suggested that  the residual  
water  would be t ransferred selectively during electro- 
osmosis, and experiments  confirmed our conjecture (3). 
A description of the electroosmotic process is given 
here, and we present  a set of equations for electro- 
osmotic t ransfer  in mixed solvents. 

Experimental Techniques 
The cell used for the electroosmotic measurements  

was similar to the one described earlier (3), except 
that  each electrode compartment  was provided with 
calibrated capillaries for the measurement  of the vol-  
ume changes. No corrections were introduced for the 
volume changes associated wi th  the electrode reactions. 

* Electrochemical Society Active M e m b e r .  

They were estimated to be less than 10% of the re-  
ported values, but there is a basic uncer ta in ty  in  this 
value because of the unknown  part ial  molar volume of 
l i th ium chloride in butyrolac tone-water  solutions. All 
the experiments  were performed with a cation ex- 
change membrane  (AMF No. C-60) in the l i th ium form. 
The voltage drops between the electrodes at 3% water  
level were 0.25V at 0.05 m A / c m  2 and 2.70V at 0.50 
m A / c m  2. 

The ~-butyrolactone (BL, Eastman Organic Chemi- 
cals) was purified by vacuum disti l lation at 61~176 
and 1.0 mm Hg in a 90 cm long vacuum jacketed col- 
u m n  using a reflux ratio of 2 to 1. The 2.5 cm ID column 
was packed with 0.4 cm Berl saddles. The water  con- 
centrat ion in the purified solvent was less than 10-SM 
as determined by gas chromatographic analysis (Per-  
k in -E lmer  chromatograph, Model 801). The 6-ft long 
stainless steel column had a diameter  of ~/s in. and it 
was packed with 50-80 mesh Porapack Type Q. We 
used a hot wire detector with automatic integrat ion of 
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the output.  Calibrations with known  BL/H20 mixtures  
indicated an accuracy of • 2% for the analyses. 

In  order to determine the H20/BL ratio in the mem-  
branes, they were equil ibrated with known volumes of 
0.10M LiC1 solutions in specified mixtures  of water  
and butyrolactone. The membranes  were weighed, after 
superficial drying, before and after equil ibrat ion and 
the solution compositions were determined gas chro- 
matographically. The membranes  were finally vacuum 
dried at 60~ to remove water  and butyrolactone and 
were weighed again. The amounts  of water  and buty-  
rolactone sorbed by the membranes  were calculated 
by making a material  balance over the system. 

Experimental Results 
The passage of current  through the cell resulted in 

the enr ichment  of water  in the catholyte, Table I. The 
associated volume changes given in  Table II showed 
that the catholyte volume increased as well. Although 
the specific solution t ransport  decreased with an in-  
crease in the concentrat ion of water, Fig. 1, the specific 
water  t ransport  increased. At water  concentrat ions 
above 5% (vol.) the water  t ranspor t  became near ly  
constant. The composition of the membrane  solutions 
was calculated from the data in Tables III and IV and 
the results are shown in Fig. 2. A molar  enr ichment  
factor of about ten was obtained for the enr ichment  
of water  in the membrane.  

Discussion 
The enr ichment  of water  in the cathodic exudate 

may be examined from an equi l ibr ium and a t ranspor t  
point of view. 

1.015 0.98 1.05 16,2 
0.93 0.66 1.20 32.4 
0,98 0.70 1.26 52.0 
3.85 3.60 4.10 18.7 
3.85 3.40 4.30 39.7 
3.30 2.80 3.30 48.5 
4.62 4 .39 4.84 18.3 
4.60 3.80 5,40 58.5 
7.30 7.10 7.50 7.2 
7.45 7.00 7.90 25.2 
7.15 6.70 7.60 40.6 

10.05 9.80 10.29 6.1 
10.35 10.10 10.60 17.2 
9.80 9.49 1O.10 24.4 

10.05 8.70 10.40 43.5 

* 0.05 m A / c m ~  ser ies  a t  25 ~ -~- I ~  in  0.10M LiCI  so lu t ions .  
c m  a s o l u t i o n  in  each  ce l l  c o m p a r t m e n t .  

3.00 

~ OZ 03  0.4 
N20/BL MOL RATIO IN SOLUTION 

Table II. Electroosmotic volume changes* 

Volume change, cm 3 
Solution Charge Anolyte Catholyte 
v/o H~:) coulombs (decrease) (~ncrease) 

0 Solid'lot1 

ac \ 0 H~o~o.os ,,o/~') 

/~  Hzo (aS .o/~m') 

~ ~  

~ fo 

O V  I I 
0 5 tO 

~'o (.el.) H~O 

Fig. 1. E l e c t r o o s m o t i c  w a t e r  a n d  so lu t ion  t r a n s p o r t  in O. ]OM LiCI, 

BL, H20 solutions. 

5.0 

L~ 4.O 

~ 3.o 

~ 2.0 

~ 1.0 

0 
0 

Table 1. Electroosmotic concentration changes* 

W a t e r  concen t r a t i on ,  v o l  % (v /o )  
F i n a l  C h a r g e  

Initial Anolyte Catholyte Coulombs 

05  

Fig. 2. Equilibrium composition of the solution retained by the 
membrane. 

The equi l ibr ium state of the system corresponded to 
the preferent ial  sorption of water by the membrane,  
Fig. 3, and an at tempt was made to describe the equi-  
l ibr ium in terms of the osmotic pressure formalism (4). 

Table III. Specific gravity of 0.10M LiCI butyrolactone solutions* 

W a t e r  concen t r a t ion ,  v / o  Specif ic  g r a v i t y  

O 0 - -  0 
0 1.89 - -  0.007 
O 5.06 - -  0.019 
0 5.80 - -  0.020 
0 6.66 - -  0.023 
O 7.80 -- 0.026 
0 9.10 -- 0.030 
1.00 0 0 0 
1.00 0.778 0.0025 0.0020 
1.00 1.47 0.0041 0.0040 
1,00 1.77 0.0050 0.0048 
1.00 2.39 0.0065 0.0062 
1.00 5.00 0.0132 0.0136 
1.00 6.18 0.0165 0.0170 
1.00 7.63 0.0205 0.0215 
5,00 0 0 0 
5.00 2.57 0.0025 0.0023 
5.00 3.78 0.0040 0.0038 
5.00 5.52 0.0060 0.0060 
5.00 6.96 0.0075 0.0070 

10.0 O 0 0 
lO.O 1.8 O.O010 0.0015 
10.0 3.6 0,0025 0.0020 
1O.O 7.2 0.0050 0.0040 

0 1.125 
1.00 1.126 
5.00 1.122 

10.0 1.118 
20.0 1.109 
40.0 1.089 
60.0 1.064 
80.0 1.035 

* A t  25" "4- 0.1~ 

Table IV. Membrane equilibrium data in 0.10M LiCI solutions* 

I n i t i a l  w a t e r  concen t r a t i on ,  v / o  0.95 5.25 9.50 
Volume of solution, cm3 i0.0 15.0 10.0 
W e i g h t  of  BL soaked  m e m b r a n e ,  g 0.8024 3.4329 0.8397 
F i n a l  w a t e r  concen t r a t i on ,  v / o  0.79 3.40 8.40 
W e i g h t  of  e q u i l i b r a t e d  m e m b r a n e ,  g 0.8121 3.3628 0.8990 
W e i g h t  of  d ry  m e m b r a n e ,  g 0.6300 2.2370 9.6530 

* 0.05 m A / c m  2 s e r i e s  a t  25" + 0.1~ i n  0.10M L iCI  so lu t ions .  * A t  25" + 1~ 
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Fig. 3. Membrane/solution equilibrium 

However,  the calculated osmotic pressures were  far  in 
excess of the values reported for ion exchange m e m -  
branes (4), and this approach was rejected. 

An analysis in terms of a Langmui r  sorption process 
gave a more credible result. The Langmui r  isotherm 
is based on localized sorption with a constant binding 
energy and no interactions be tween the sorbed species 
(5). The exper imenta l  data agreed with  the Langmui r  
model  and gave a binding energy of 0.5 kca l /mole  (1 
mole / l i t e r  was used as a reference state for water )  and 
a saturat ion value of 33 moles / l i t e r  for the water  in 
the membrane.  The absence of any noticeable swell ing 
of the membrane  suggested the reasonableness of the 
low binding energy. However ,  we do not at tach any 
significance to the precise values reported because of 
the pauci ty  of our data. 

In regard to the t ransfer  process we note that  the 
rates of t ransfer  were  independent  of the cur ren t  den-  
sity (3) which indicated that  the membrane  mainta ined 
its equi l ibr ium composition during the process. 

No mathemat ica l  description is avai lable  in the l i ter-  
a ture  of the preferent ia l  electroosmotic t ransfer  of a 
solvent component  in a mixed solvent system, and we 
developed a set of equations for this process based on 
the frict ion coefficient formalism. Our equations repre-  
sent an extension of Spiegler 's  t rea tment  (6), and they 
reduce to his equations as a l imit ing case. 

A force balance over  a unit  vo lume of the membrane  
leads to the basic equations 

CLGL = CAKLA ( U L -  UA) n u CwKLw (UL--UW) 

"-~ CBKLB (UL - -  UB) "-~ CLKLM UL [1] 

CAGA = CLKAL ( U A -  UL) AC CWKAW ( U A -  UW) 

CBKAB (U A - u  B) ~ CAKAM U A [2] 

CwGw = CLKwL (Uw - -  UL) -}- CAKwA (Uw - -  UA) 

n L CBKwB (Uw--UB) n u CwKwM Uw [3] 

CBGB = CLKBL (UB --  UL) + CAKBA (UB - -  UA) 

q- CwKBw (UB --UW) -~- CBKBM UB [4] 

f rom which we obtain 

Fw Cw 

I% CB 
CLKwLKBL + CwKwLKBw + CBKBLKwB + CBKwLKBM 

3 

2 

1 

0 
0 

November 1969 

CLKwLKBL + CwKwLKBw "~- CBKBLKwB "~ CwKBLKwM 
[5] 

Fw CW/~WL (CLKBL J{- CwKBw n t- CBKBM) Jr- CwCBKBLKwB 
- - =  

FL 

I 2 3 4- 5 b 

MEMBRAIVE SOLUTIOM, Cw/C e 

Fig. 4. Electroosmotic flux ratios 

for the molar  electroosmotic flux ratios. 

Gi = general ized force on one mole of i 
Fi = molar  flux of i = uiCi = ZLijGj (this defines 

LkO 
Ci = molar  concentrat ion of i in the membrane  

solution 
K U = fr ict ional  force on i due to one mole  of j in a 

uni t  veloci ty  gradient  of i and j 
W, B, L, A, M designate water,  butyrolactone,  l i thium 

ions, chloride ions, and membrane,  respec- 
t ively.  

The exper imenta l  flux ratios have  been plotted in 
Fig. 4 and it may be seen that  the flux ratio Fw/FB 
was approximate ly  equal  to the concentrat ion ratio 
Cw/CB, which with  Eq. [5] leads to 

CwKwM/KwL = C B K B M / K B L  [7] 

This equal i ty  would hold ident ical ly if KWM = 0 and 
KBM = 0, i.e., if the fr ict ional  interactions be tween the 
solvent components  and the membrane  mat r ix  vanish. 
Such an hypothesis is not  unreasonable  since the in te r -  
action energy for wa te r  sorption was found to be small 
and the membrane  did not swell  in any of the solutions. 

If the fr ict ional  interactions be tween water  and bu-  
tyrolactone are negligible, i.e., KWB = 0, we find f rom 
[6] that  

Fw Cw 1 
[8] 

FL = C'L' Cw KWM 
1-t 

CL KWL 

and the flux ratio of wa te r  and l i thium should be in-  
creasingly less than their  concentrat ion ratio as the 
water  concentrat ion increases. The exper imenta l  re -  
sults did exhibit  this behavior,  Fig. 4, and we  find that  
KwM/KwL --- 0.3 under  the stated assumption. This 
result  in conjunct ion with [7] shows that  KBM/KBL 
increased f rom 0 to 1.2 as the wa te r /bu ty ro lac tone  
concentrat ion ratio increased from 0 to 4. Since there  
are no reasons for bel ieving that  the interactions be-  
tween  the butyrolactone and the membrane  should 
change with  the water  concentration, the increase of 
KBM/KBL is probably due to a decrease of KBL with  an 
increase in the water  concentration, i.e., the  fr ict ion 
between the butyrolactone and the l i th ium ions de- 
creases as the wate r  concentrat ion increases. Since the 
l i thium ions and the water  interact  strongly, this means 

(CLKBL ~ CwKBw ~ CBKBM) (CLKwL ~ CwKwM + CBKwB) --  CwCBKwBKBW 
[6] 
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that  as the water concentrat ion increases and the l i th-  
ium ions become increasingly shielded by the water, 
the interactions between the l i th ium ions and butyro-  
lactone should decrease, i.e., KBL should decrease, as 
would be expected if KwB : 0, and the electroosmotic 
equations appear to provide a consistent description 
of this effect. 

Conclusions 
The electroosmotic t ransfer  of water -butyro lac tone-  

l i th ium chloride solutions in a cation exchange mem-  
brane led to an appreciable enr ichment  of water  in the 
cathodic exudate. Equi l ibr ium studies showed that  the 
water  was sorbed preferent ia l ly  by the membrane,  and 
a molar  enr ichment  factor of about ten was obtained 
for the t ransfer  of the water. 

The electroosmotic t ransfer  was analyzed in terms of 
a new set of equations derived for mixed solvent sys- 
tems, and the equations indicated that the electro- 

osmotic process was dominated by the water - l i th ium 
ion interactions. 

Manuscript  submit ted March 26, 1969; revised m a n u -  
script received Ju ly  2, 1969. This was Paper  166 
presented at the New York Meeting, May 4-9, 1969. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 

REFERENCES 
1. A.N.  Dey, This Journal, 114, 823 (1967). 
2. A. N. Dey, ibid., 115, 160 (1968). 
3. P. Bro and A. N. Dey, J. Am. Inst. Ch. Eng., 15, 

293 (1969). 
4. H. P. Gregor, J. Am. Chem. Soc., 73, 642 (1951). 
5. P. H. Hermans in: H. R. Kruyt ,  "Colloid Science," 

Vol. 2, p. 517, Elsevier Publ ishing Co., New York 
(1949). 

6. K. S. Spiegler, Trans. Faraday Soc., 54, 1408 (1958). 

A Theoretical Equation for the Mobility of an 
in an Electromagnetic Field 

David S. Newman,* Carl Schober, and Cyrus Lawyer 
Department of Chemistry, Bowling Green State University, Bowling Green, Ohio 

Ion 

The total  cur rent  density in  an ionic conductor c a n  
be described by Eq. [1] 

n 

J = pk Zk vk [1] 
k = l  

where pk is the charge density, Zk the charge, and vk 
the average drift  velocity of the k ' th ion. Limit ing the 
discussion to 1:1 electrolyte systems for the sake of 
simplicity, Eq. [1] can be rewr i t ten  

J = p + Z + v  + + p - Z - v -  [2] 

From Eq. [2] it is obvious that an exper imenta l  mea-  

surement  of J gives the difference between the average 
drift  velocities of the positive and negative ions. A 
second measurement ,  to be combined with the first, 
must  be made in order to evaluate the velocities of the 
positive or negative ions separately. In practice a con- 
ductance measurement ,  combined with a t ransference 
number  measurement ,  is usual ly employed to arr ive 
at average drift  velocities, or average mobilities. An 
al ternat ive  and more general  method, however, is 
available for calculating mobilities which makes use 
of the ionic Hall effect (2, 3) in conjunct ion with con- 
ductivi ty data. 

The force acting on a charged particle in a combined 
e l e c t r i c  and magnetic field is given in MKS units  by 
the equation 

F=Zk(E+v XB) [3] 

-~ -~ v where F is the Lorentz force, E is the electric field, 

is the average drift velocity of the particle, and B is 
the magnetic field. If the direction of the magnetic field 
is perpendicular to the direction of the electric field, 
as is the case in a conventional Hall effect experiment, 
Eq. [3] shows that the magnetic field does not change 
the magnitude of the average drift velocity of ions that 
are moving in the direction of the electric field. This 
concept makes it possible to calculate the average drift 
velocity of an ion in an ionic conductor. 

* Electrochemical Society A c t i v e  M e m b e r .  

The equations 

F+ =Z+p + (E+v + X [4a] 

F-=Z-p- (E-Sv- X B) [4b] 

are next introduced where F + and F - are the Lorentz 
forces experienced by the plus and minus ions, respec- 
tively, in the combined electromagnetic field. The posi- 
tive and negative ions will react to this force in an 
opposite sense, but since they are already moving on 
the average in opposite directions the two kinds of 
ions will move in the same direction at right angles to 
both the electric and magnetic fields. 

If + were equal to v-, there would be no ob- 
servable macroscopic effect due to the Lorentz force 

acting on the ions, but since in general v + is not equal 

toy-, a Hall voltage will develop. This Hall voltage 
will reflect the difference between the average drift 
velocities (or mobilities) since it can be considered 
to be the electric field necessary to reduce the trans- 
verse ionic current  to zero. 

Under  these conditions, for a current  density J, Eq. 
[4] becomes 

O = p+Z+E-5  p+Z+ ( v  + X B) [Sa] 

O = p-Z-E + p-Z- (v - X B) [5b] 

and the Hall  voltage is wr i t ten  as 

V ---- p+Z+E -- p-Z-E  [6a] 

_-- (p+Z + Iv +I--P-Z-Iv-l) I B[ [65] 

Dividing both sides of Eq. [6] by unit field gives 

VH = ( p + Z + u + - - p - Z - u - )  I B [ [7] 

where u + and u -  are the usual  symbols for the mobil i -  

ties of the plus and minus ions, respectively, and VH 
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is the Hall  voltage for uni t  field. Equation [7] should 
be compared with a similar equation derived by Wend-  
hausen (4) which does not indicate that  the measured 
Hall voltage is, in fact, cur rent  dependent.  

The usual  scalar form of the conductance equation 

-~ Z+p+u+ + Z - p - u -  [8] 

is then combined with Eq. [7] and u + and u -  are 
solved for. 

This leads to the equations 

u + : a/2p+g + -~- [VH/2(p+Z + ] B ])] [9a] 

u -  : a / 2 p - Z - - -  [VH/2 ( p - Z -  I S [)] [9b] 

It can be seen that  all quanti t ies on the right hand 
side of Eq. [9] are measurable,  in principle. Assuming 
the proton to be more mobile than say, C1- in HC1 
solution, Eq. [9] qual i tat ively is seen to have the 
correct sign in front of the term containing the Hall 
voltage. 

As a test of the validity of Eq. [9], the mobilit ies 
of the carriers in a 0.01M HC1 solution were calcu- 
lated using Fr iedman 's  value of 3 x 10-~V (2) for the 
Hall voltage. The specific conduct ivi ty  for the HC1 was 
taken as 4.2 x 10 -~ ohm -1 cm -1 and a field of 10 kilo- 
gauss was assumed present (the units  for magnetic field 
used in the calculation are volt sec/cme). Using these 
numbers  a value of 4 x 10 -3 cm2/volt sec was calcu- 
lated for the proton mobi l i ty  and a value of 7 x 10 -4 
cm2/V-sec was calculated for the chloride mobility. 
These numbers  compare quite favorably with l i terature 
values (5) considering the na ture  of the approxima-  
tions involved. 

Alternat ively,  this calculation is an excellent check 
on Fr iedman 's  estimated value for the Hall voltage 
based on a "Brownon" model. 

Discussion 
Experimental  problems.--The major  exper imental  

difficulty is measuring the very low Hall  voltage, ap- 
proximately  0.2 ~V, in the presence of a low signal to 
noise ratio. Several  methods for improving the signal 
to noise ratio have been used to study metal - l iquid  
ammonia  systems (6) and liquid mercury  systems (7), 
and are applicable to ionic systems. The best results 
should be obtained from an a-c, a-c technique (6, 8) 
in which the Hall  voltage is measured at the sum and 
difference frequencies. 

Tempera ture  gradients and magnetohydrodynamic  
effects must  be minimized. Magnetoresistance has to 
be accounted for and the external  magnetic field should 
be homogeneous and on the order of 10 kilogauss. It 
is estimated that  with present ins t rumenta t ion  and 
considerable effort Hall voltages can be measured to 
__+ 10%. 

Justification Sot the use of the scalar form of the 
conductance equation in the presence of an external 
magnetic l~eld.-- For a system in an external  magnetic 
field at constant  tempera ture  and pressure, Ohm's law 
can be generalized in the form [9] 

J -~  cE E -]- ~s B • E [10] 

where aE and as are the electric and magnetic com- 
ponents of the conductance tensor, aE and as are re-  
lated to each other by the equation 

Tan  �9 = B as/,7~. [11] 

where �9 is the Hall  angle. From Eq. [10] it is obvious 

that J is affected by the magnetic field. However, the 
effect is very small  and can either be neglected or, in 

principle, measured. The change in J due to the mag- 
netic field changing the dis t r ibut ion of ionic velocities 
in directions not parallel  to the electric field, ap- 
proaches zero. This is the same result  predicted for 
the free electron model of a metal. In this model both 
the t ransverse and longi tudinal  components of the 
magnetoresistance vanish. 

The change in J due to a Hall current ,  while not 
being zero, will  be on the order of 1 x 10 -6 times the 
electric current  for magnetic fields of 10 kilogauss and 
will  also be negligible. Therefore, the total decrease 
in the conductance due to the magnetic field (the 
second term on the r igh t -hand  side of Eq. [10]) is 
usual ly very small  and the scalar form of the con- 
ductance equation is applicable. 

For very large magnetic fields, on the order of 300 
kilogauss, the "magnetoresistance" wil l  probably no 
longer be negligible, and a more general  form of the 
conductance tensor will  have to be used. 

Generality of the method. - -The  Hall effect-conduc- 
tance technique for measuring mobilities is closer to 
being completely general  than  any other technique now 
in use. Any ionic system, including fused salts and sol- 
ids, is accessible to Hall  effect experiments  because 
the limitations, while formidable, are all experimental .  
This is not the case with t ransference number  experi-  
ments. For example, there are at least two theoretical 
l imitations on the Hittorf technique. One of the elec- 
trode reactions must  be reversible, and it is not always 
possible to correct for differences in solvation between 
anion and cation. Similar  kinds of problems limit the 
number  of systems accessible to either moving bound-  
a ry  or emf measurements.  

Conclusion 
The equations derived form the basis of a potential ly 

useful method for s tudying t ransport  properties of 
ionic solutions. Extension of the method to incorporate 
fused salts represents a fertile area for future  invest i -  
gation. In  fused salt systems the problem of reference 
frames would be v i r tua l ly  eliminated. 

Manuscript  submit ted March 12, 1969; revised m a n u -  
script received ca. Ju ly  18, 1969. 

An:~ discussion of this paper will  appear in a 
Discussion Section to be published in the June  1970 
JOURNAL. 
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On the Breakdown of Passivity on Stainless Steels 
in Halide Media 
B. E. W i l d e *  and  E. W i l l i a m s  

Applied Research Laboratory, U. S. Steel Corporation, Monroeville, Pennsylvania 

This note presents some observations made in a 
program to develop an alloy resistant  to pi t t ing by 
studying passivity breakdown during potent iodynamic 
anodic polarization. The concept of "cri t ical  b reak-  
down potential  for " ' " passivity, Ec, as a means of 
screening alloys for pit t ing resistance has been de- Gas 
scribed by Brenner t  (1), Mahla and Nielsen (2), 
Pourbaix  et al. (3), and many  others. Fur ther ,  a Hydrogen 

Nitrogen large number  of exper imenta l  and envi ronmenta l  fac-  Argon 
tots that  influence Ec have also been presented by oxygen 
Leckie and Uhlig (4), and Horva th  and Uhlig (5). 
Recent  findings at U. S. Steel 's  Appl ied Research 
Laboratory,  however ,  have indicated another  envi ron-  
menta l  var iable  not previously reported,  which in the 
opinion of the writers,  lends strong support to the 
concept of compet i t ive adsorption in passivity break-  
down proposed by Tamman (6), Uhlig and Wulff (7), 
Kolo tyrk in  (8), and Brauns and Schwenk (9). 

Exper iments  were  conducted on two steels having 
the chemical  composition shown in Table I. Cylindrical  
electrodes were  machined f rom solut ion-annealed 
stock and were  polarized f rom the s teady-state  corro-  
sion potential,  Ecorr, in the noble direction. An elec- 
tronic potentiostat  1 was used along wi th  auxi l iary 
equipment  and preparat ion procedures described else- 
where  (10, 11). The corrosive was 1M reagen t -g rade  
sodium chloride, dissolved in disti l led wate r  (6.3 meg 
ohm cm-~) ,  with a final pH of 6.3 at 25~ The at-  
mosphere inside the cell was mainta ined by bubbling 
any one of four gases through the solution at a rate  of 
1 to 1.5 1/min. The four gases used were  hydrogen, 
nitrogen, argon, and oxygen, drawn from h igh-pres -  

0.1 sure gas cylinders. The residual  oxygen  levels in the 
corrodent,  af ter  it was purged with  the above gases 
for 24 hr, were  measured wi th  a Beckman polaro-  ~ o 
graphic oxygen analyzer.  2 

Results of polarization exper iments  are  shown in ~-o., 
Fig. 1 and 2. Clear  b reakdown potentials were  ob- 
served on both alloys, which increased in nobil i ty in 
the order H~ < N2 < A < O2, as shown in Table II. ~-o2 
Each value  of Ec was found to be reproducible  to _ 
10 mV on t r ipl icate  runs. These data clearly indicate ~-0.3 
that  the stabili ty of the "passive film" to localized 
breakdown (pi t t ing) ,  as measured by the re la t ive  -o., 
nobil i ty of Ec, is re la ted to the presence of nonionic, 
nonelectroact ive constituents in the corrodent.  It is -o.~ 
possible, however ,  that  H2 may be electroact ive in 
that  it could be involved in electrochemical  oxida-  
tion on the electrode surface, and similarly, oxygen 
may be reduced at local cathode sites, but  to our 
knowledge, no electrochemical  reactions, involving N2 
and argon can occur. The possible influence of dis- 

0.2 
* Electrochemical Society Active Member. 
z Anatrol Model 4700. Sweep unit Model 4510. 
2 Beckman Process Analyzer, Model 778. 

Table I. Chemical composition of steels used in this study 

C h e m i c a l  c o m p o s i t i o n ,  w / o  

S t e e l  C Cr N i  M n  S i  S P 

AISI Type 304 s t a i n -  
l e s s  s t e e l  0 .06 18.1 9.1 1.2 0.51 0.01 0 .02 

A I S I  T y p e  430 s t a i n -  
less steel 0.058 17.0 0.025 0.33 0.47 0.006 N A  

NA--Not analyzed. 

Table II. Influence of dissolved gases on the magnitude of the 
critical breakdown potential 

Ec (VscE) 

Type 304 Type 430 

-0.050 -0.185 
- - 0 . 0 2 0  --0.130 

0.050 --0.100 
0.065 --0.035 

Table III. Dissolved oxygen content of the 1M NaCI as a function 
of the controlled atmosphere at 25~ 

Oxygen c o n t e n t  
Gas in solution, p p m  

Hydrogen 0.076 
Nitrogen 0.46 
Argon 0.057 
Oxygen 30.1 

solved oxygen on Ec was discounted, f rom inspection 
of Table III, where  it is clear that  argon with  the 
lowest oxygen content  gave next  to the most noble 
Ec on both steels. Because of the above data, we must  
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t u rn  to physical  adsorpt ion  processes to expla in  the  
dependence  of Ec on nonionic species in solution. 

Without  specifying the p r i m a r y  passivat ion mech-  
anism (other  than  some type  of film format ion  e i ther  
adsorbed 02 or nonstoichiometr ic  phase oxides) ,  one 
m a y  view the  localized b reakdown of the  passive state 
as the  d isp lacement  of any  adsorbed or bound species 
on the  surface b y  C1- ions at  a specific e lectrode po-  
tential ,  leading to accelera ted  anodic dissolution (12) 
and autocata lys is  (13). The resis tance to d isplacement  
from the film p resumab ly  must  depend,  in the case of 
N2 and argon, on the  re la t ive  po la r izab i l i ty  of the  
molecule. The above da ta  form the basis for a fu ture  
publ ica t ion  expla in ing  the reasons for the  repor ted  lack  
of agreement  be tween  e lect rochemical  and chemical  
p i t t ing  tests  (14). 
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Oxidation of Co-25 w/o Cr at High Temperatures 
P. K. Kofstad 1 and A. Z. Hed 

Metal Science Group, Battelle Memorial Institute, Columbus Laboratories, Columbus, Ohio 

ABSTRACT 

Studies of the oxidation behavior  of Co-25 w / o  Cr at tempera tures  between 
900 ~ and 1300~ and oxygen pressures in the range 0.2-760 Torr  are reported 
and analyzed. The oxidation behavior  of this alloy is complex and does not 
follow a single mechanism. The parabolic rate  constant at high oxygen pres-  
sures (Po~ > 100 Torr)  in the tempera ture  range of 900~176 is about two 
orders of magni tude  larger  than that  at low oxygen pressures (Po2 < 10 Torr) .  
The scales formed at high oxygen pressures have  a duplex structure,  the outer  
layer being v i r tua l ly  pure CoO as in Co-10 w / o  Cr (1, 2), and the inner  layer 
being mainly  the spinel CoCr204 with small amounts of CoO and Cr,,O3 (Cr._,O~ 
is concentrated near the al loy-scale interface) .  At low oxygen pressures, the 
morphology of the scale is dependent  on the radius of curva ture  of the speci- 
men; at the edges where  this radius is small, the s t ructure  is similar to the 
s tructure developed at high oxygen pressures; on the large surfaces, Cr203 is 
the dominant  oxide. 

The mechanism of parabolic oxidation of Co-25 w / o  Cr at high oxygen 
pressures involves cobalt- ion diffusion through a CoO ne twork  in the inner 
layer. Init ial  oxidation under  these conditions is nonparabolic and this is due 
to selective oxidation of chromium to Cr203 which takes place when the speci- 
mens are exposed to the "vacuum" of the reaction furnace prior to the start  
of the actual oxidation run. The transi t ion from the high-  to low-pressure  
oxidation is due to a transit ion to selective oxidation of chromium. The oxida-  
tion is then governed by diffusion of the react ing ions (probably chromium) 
through the Cr203 scales. 

This paper is part  of an extended study of the high-  
tempera ture  behavior  of binary Co-Cr alloys. Previous 
papers have covered oxidation kinetics and micro-  
structures of oxide scales in h igh- t empera tu re  oxida-  
tion of Co-10 w / o  Cr (1,2). A l i terature  survey per ta in-  
ing to the oxidation behavior  of Co-Cr alloys has been 
given in ref. (1). 

Materials and Methods 
An alloy with the nominal  composition Co-25 w / o  

(weight per cent) Cr was prepared in a vacuum fur -  
nace and cast in a tapered zirconite sand mold. The 
dimensions of the mold were:  top, 6.3 x 6.3 cm; bot-  
tom, 3.0 x 3.8 cm; length, 24.5 cm. Subsequent  chem-  
ical analysis showed that  the alloy composition was 
Co-24.6 w / o  Cr. 

Af ter  sandblasting, the ingots were  heat t reated at 
1125~ for 2 hr  and then forged at high tempera tures  
to the size 2.2 x 6.3 x 43.1 cm. The opt imum forging 
tempera tures  for this alloy appeared to be 1150 ~ 
1200~ 

The forged plates were  then hot rolled to a 0.22-cm 
thickness and subsequent ly cold rol led to a thickness 
of about 0.18 cm. Af ter  rolling, the sheets were  again 
sandblasted. The sheets were  than cut into specimens 
measuring 2.5 x 1.9 cm; these specimens were  subse- 
quent ly  ground on emery  paper and diamond polished. 
The polishing procedure removed  some 50-100~ of 
the alloy. The final thickness of the specimens var ied  
between 0.15 and 0.165 cm. The specimens were  then 
measured and washed in water  and t r ichlorethylene.  
A metal lographic inspection of these specimens re-  
vealed a small  amount  of C r 2 0 3  inclusions in the alloy; 
these are probably due to oxygen contaminat ion dur-  
ing casting, forging, and hot rolling. 

Oxidation rates in controlled oxygen atmospheres 
were  measured with  an automatic  Cahn R-H electro-  
balance enclosed in a h igh-vacuum system. The bal-  
ance had a sensit ivi ty of 100 ~g and the weight  gain 
was continuously recorded on an AZAR Leeds and 
Northrup recorder.  Tempera ture  in the mul l i te  tube 
reaction chamber  was controlled by an on-off Barber -  
Coleman control ler  to wi thin  3~ and was measured 
with a P t /P t -10  Rh thermocouple  placed 10-15 m m  

1 Presen t  address :  Centra l  Ins t i tu te  for Indus t r ia l  Research,  Blin- 
dern,  Oslo 3, Norway,  

f rom the specimen. The system was pumped down 
with  a 450-liter CVC diffusion pump and an Edwards  
mechanical  pump. Pressures down to 10 -5 Torr  were  
achieved, as measured on the CVC ionization and 
thermocouple  gauges. 

The specimens were  connected to the balance with  
an annealed Pt-10 Rh wire  and placed in a cold side- 
tube of the apparatus,  and then the system was evacu-  
ated. After  the furnace was t empera tu re  equi l ibrated 
and while the furnace was still under  the high vacuum 
(10-4-10 -5 Torr ) ,  specimens were  lowered into the 
hot zone by a magnet ic  device. Oxygen was then ad- 
mit ted to the system through a Granvi l le -Phi l l ips  
meter ing  needle  valve. One to two minutes general ly  
elapsed from the t ime the specimens were  loaded into 
the hot zone unt i l  the desired oxygen pressure in 
the system was reached. Zero t ime for the oxidation 
was taken as the instant  when the desired oxygen 
pressure was attained. At  the lower oxygen pressures 
(--~ 10 Torr) ,  oxygen was continuously pumped 
through the system during the oxidation. 

Af te r  the specimens had been oxidized to. the desired 
extent,  they were  raised out of the hot zone. The sys- 
tem was backfilled with  oxygen, and the specimens 
were  taken out and immersed in a mol ten lead bis- 
muth  alloy, which in turn  was rapidly cooled and 
solidified. In this manner,  re tent ion of the oxide scales 
was accomplished. 

A l imited number  of oxidized specimens were  chosen 
for fur ther  examinat ion  and character izat ion by means 
of metal lographic  techniques,  x - r a y  diffraction, and 
e lec t ron-microprobe analysis. 

Results 
Thermogravimetric studies.--The ra te  of oxidation 

of diamond-pol ished Co-25 w / o  Cr alloy was studied 
in the tempera ture  range 900~176 The oxidation 
was carr ied out in pure oxygen in the pressure range 
0.2-760 Torr. 

In Fig. 1 through 3, the weight  gain of Co-25 w / o  
Cr alloy during oxidation is plotted vs. t ime at dif-  
ferent  oxygen part ial  pressures at tempera tures  of 
1000 ~ Ii00 ~ and 1300~ respect ively.  Parabol ic  plots 
of the oxidation at 900 ~ i i00 ~ and 1300~ are given 
in Fig. 4 to 7. 
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Fig. 1. Oxidation of Co-25Cr alloy at ]O00~ in oxygen at  pres- 
sures from I to 100 Torr oxygen. 
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A significant feature  of the results is a marked  de-  
crease in the rate of oxidation when the ambient  par-  
t ial  pressure is decreased below approximate ly  100 
Torr. This feature  is par t icular ly  evident  f rom the 
results at 1100 ~ and 1300~ (Fig. 2, 3, 5-7;. 

The oxidation kinetics at and above 100 Torr  may  
be divided into two main parts: (i) an initial stage 
dur ing which the oxidat ion is difficult to character ize 
in terms of simple rate equations, and (ii) a parabolic 
oxidation after more  extended reaction. These features 
may par t icular ly  be noted f rom Fig. 5 and 7. 

At  low oxygen pressures the oxidation tends to a 
more parabolic behavior  during the whole reaction 
period. However ,  at both 900 ~ and 1100~ (Fig. 4 and 
6), the results also indicate small  changes in the ki-  
netics after an init ial  period of oxidation. 

Parabolic  ra te  constants, kp, evaluated f rom the 
later  oxidation stages are plotted in Fig. 8 as a func-  
tion of Poe at different temperatures .  The sharp de-  
crease in the oxidation at an oxygen pressure of about  
50-100 Torr  may  be noted. At low oxygen pressures 
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Fig. 2. Oxidat ion of Co-2SCr alloy at 1100~ in oxygen a t  pres- 
sures from I to 760 Torr oxygen. The exper imenta l  points of 100 
and 1 Torr are not given since they fel l  very close to those of 300 
and 10 Torr, respectively. 
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Fig. 4. Oxidation of Co-25Cr alloy at 900~ in oxygen at pres- 
sures from 1 to 100 Torr oxygen (parabolic plot). 
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Fig. 3. Oxidation of Co-25Cr alloy at 1300~ in oxygen at  pres- 
sures from 2 to 760 Tort oxygen. 
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Fig. 6. Oxidation of Co-25Cr alloy at | |O0~ in oxygen at pres- 
sures of ] and 10 Torr (parabollc plot). 
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Fig. 7. Oxidation of Co-25Cr alloy at 1300~ in oxygen at pres- 
sures from 2 to 760 Torr oxygen (parabolic plots). 

(below 10 Torr ) ,  kp is approximate ly  independent  of 
oxygen pressure. The scatter at 900~ in Fig. 8 is 
part ial ly due to exper imenta l  error  and par t ia l ly  due 
to a real  effect that  wil l  be mentioned later. At  high 
oxygen pressures it is difficult to evaluate  an accurate 
oxygen-pressure  dependence of kp, but the results sug- 
gest a small  increase of kp with oxygen pressure, 
which is not incompatible wi th  a relat ion kp cc Po21/3 
or Po2 ~/4, as found for the oxidation of pure  cobalt and 
Co-10 w / o  Cr (1, 2). 

In Fig. 9 the parabolic rate  constant at 760 and 10 
Torr  is plotted as a function of 1/T. The activation en-  
ergy at 10 Torr  is approximate ly  50 kcal /mole ,  while  
at 760 Torr  it changes wi th  tempera ture .  

During at least part  of the oxidation, evaporat ion 
of oxide occurred. This was evidenced by deposits of 
Cr203 on the hangdown wire, and in the upper  cool 
part  of the react ion chamber.  The oxide evaporat ion 
was more pronounced at high oxygen pressures, which 
is expected if the evaporat ing oxide is CrO3. It was 
not possible to est imate the amount  of oxide evapora-  
tion during any single run. However ,  the presence of 
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Fig. 8. Parabolic rate constant for oxidation of Co-25Cr as a 
function of oxygen pressure at temperatures from 900 ~ to 1300~ 
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Fig. 9. Arrhenius plot of the parabolic rate constant for oxidation 
of Co-25Cr alloy at 10 and 760 Torr oxygen. 

an outer CoO layer  on the Co-25 w / o  Cr alloy at high 
oxygen pressures leads us to assume that  this evapora-  
tion occurs only during the initial stages of oxidation 
under  these conditions. 

Metallographic s tudies . - -The scales on oxidized 
Co-25 w / o  Cr alloys almost invar iably  spalled off dur-  
ing cooling to room tempera ture .  When the specimens 
were  oxidized at high oxygen pressures, the scales 
would just  disjoint f rom the substrate and could be 
collected as re la t ive ly  large chips of oxide. When the 
specimens were  oxidized at low oxygen pressures, the 
spalling was violent  and collection of scale chips was 
very  difficult. In an a t tempt  to retain the scales wi th  
their  correct or ientat ion re la t ive  to the substrate, oxi-  
dized specimens were  quenched into a l iquid lead- 
bismuth alloy which expands under  cooling. The alloy 
is softer than the specimen, and this results in rounded 
edges of the meta l lographical ly  polished specimens. 

In Fig. 10 a cross section of a Co-25 w / o  specimen 
oxidized at l l00~ in 300 Torr  02 for 14 hr  is given. 
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Fig. 10. Metallographlc crass sectian of Co-25Cr allay oxidized 
far 14 hr at 1100~ and 300 Torr oxygen. 350X. 

Fig. 11. Metallographic cross section of Co-25Cr alloy oxidized 
for 2 hr at 1300~ and 760 Torr oxygen. 200X. 

Figure 11 shows the cross section of a sample oxidized 
at 1300~ in 760 Torr 02 for 2 hr. The scales produced 
on other specimens oxidized in the region of high oxi- 
dation rates (see Fig. 8 where the kp's are given) are 
similar to the ones shown in Fig. 10 and 11. 

In  all these cases, the scales have a duplex struc- 
ture  similar to that found on Co-10 w/o  Cr (1) alloys. 
The outer layer  consists of columnar  CoO and the 
inner  layer is porous. A major  difference is that  the 
inner  layer consists main ly  of the spinel  CoCr204, 
while on Co-10 w/o  Cr alloys, spinel occurred in the 
inner  layer as a dispersion wi thin  a predominant ly  
CoO matrix.  

To provide better  insight into the  s tructure of the 
scale formed dur ing oxidation at high pressures, a 
taper of a spalled scale has been prepared. In  Fig. 12, 
a low magnification of the scale is shown, and in Fig. 
13 (a) through 13 (d), different portions of Fig. 12 have 
been magnified. The curva ture  of the inner -ou te r  layer 
interface is due to the bending of the  scale after spall-  
ing. In  Fig. 13 (a), a portion of the outer layer is shown. 
The appearance is very similar to the appearance of 
the outer layers of scales found in Co-10 w/o Cr alloys 
(see ref. (1), Fig. 14). This part  of the scale is v i r -  
tual ly  pure  CoO. The cracks probably occurred dur ing  
cooling, and the small  precipitates are CoaOd. 

Figure 13 (b) shows the inner -ou te r  layer  interface, 
and Fig. 13(c) and (d) show sections of the inner  

Fig. 12. Metallographic tapered crass section of scale of Co-25Cr 
alloy oxidized for 3 hr at 1300~ and 300 Torr oxygen. 15X. 

layer. Electron-microprobe analysis (described below) 
shows that  the inner  layer is main ly  spinel with CoO 
and Cr20~ inclusions. From Fig. 13(c) and (d), one 
can see that the amount  of these inclusions increases 
as the al loy/oxide interface is approached. 

The microstructure of the oxidized specimen at low 
oxygen pressures (below 10 Torr) differs greatly from 
the behavior  observed at high pressure. 

X- ray  analysis of the spalled scales reveals the pres-  
ence of CoO, Cr203, and CoCr204. However, metal lo-  
graphic examinat ion of the quenched specimen shows 
that CoO and CoCr204 a re  present  only at the edges 
of the specimen. In Fig. 14, a specimen oxidized at 
13fl0~ in 30 Torr 02 for 7 hr is given. One can easily 
observe the duplex structure of the edge, and its simi- 
larity to the scales developed at high oxygen pressures. 
The thin layer on the large surface was identified by 
its optical activity and by microprobe analysis as 
Cr203; however, it is not known whether  or not an 
addit ional  outer layer spalled off. We were not able to 
find remnants  of such a layer in the quenching alloy, 
and we therefore conclude that  the CoO and CoCr20~, 
identified by x - r ay  diffraction, originated from the 
edges of the specimens only. 

Electron-microprobe analyses.--Electron-microprobe 
analyses have been made on some of the specimens to 
determine the composition of the different consti tuents 
of the scale. A scale from the specimen represented in  
Fig. 12 and 13 has been used for the high-pressure  
range. 

In Fig. 15(a) through (c), some traces of the chro- 
mium content  in the scale are shown, together with a 
micrograph of the actual trace on the scale. Trace "a" 
begins near  the alloy oxide interface. The first 50~ of 
the trace show a large concentrat ion of chromium in 
an erratic manner .  This is due to the fact that  the Cr203 
at the alloy-scale interface is very powdery and is 
part ial ly lost dur ing polishing. The specimen shown in  
this figure has been slightly repolished and etched to 
remove the carbon layer deposited for the tracing, and 
to accentuate the scale features. This t rea tment  caused 
fur ther  deterioration of the high chromium part  of 
the scale as seen in the micrograph. At the points 
marked A, B, and C, the trace passes through relat ively 
large CoO inclusions, and accordingly the chromium 
concentrat ion is decreased. The bright area marked D 
has been probed separately and contained less than 
10% chromium, which indicates CoO. The brightness 
and the 10% chromium observed are due to the fact 
that in this area the CoO inclusion is very thin and 
reflection from below is observed optically, as well  as 
with the electron beam. The points marked E are 
typical CoO inclusions, while the points marked  F are 
voids part ial ly filled with Cr203. The dashed line on 
the trace is at about 46% chromium which corresponds 
to a spinel with the stoichiometric composition 
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Fig. 13. Portions of Fig. 12. 200X. (a) Outer CoO layer. (b) Inner layer/outer layer interface. A, CoO inclusion; B, Cr203 and 
pores; C, CoCr204 layer; D, CoCr204 enclosed by CoO; E, CoO outer layer. (c) Inner layer. A, CoO inclusion; B, Cr20.~ and pores; C, 
CoCr20.! body. (d) Inner layer close to the alloy scale interface. A, CoO channels; B, Cr203; C, CoCr204. 

CoCr204. Trace "b" shows the chromium content  some- 
where in the middle of the inner  layer and three wel l -  
marked decreases in chromium corresponding exactly 
to three small  inclusions of CoO. One can note that the 
general  size of the CoO inclusions has been markedly  
decreased relative to trace "a." Trace "c" has been 
taken at the inner  layer-outer  layer interface. The 
shallowness of the decrease in the chromium content  

Fig. 14. Metallographic cross section of Co-25 w/o Cr alloy oxi- 
dized for 7 hr at 1300~ and 30 Torr oxygen. 70X. a, Cr203 
scale; b, quenching alloy; c, spinel; d, CoO. 

at the interface, point B, is due to the tapering of the 
specimen, where the probe is "seeing" part  of the 
inner  layer below the outer layer. Point  A corresponds 
to a very small  CoO inclusion. The mean  value of 
chromium content in the inner  layer here is about 
40%, corresponding to a spinel with the composition 
Co~.3Crl.sO4. The sudden increase of chromium in the 
outer layer, point C, corresponds to a void in the 
outer layer where the under ly ing  inner  layer is ex-  
posed ~o the probe beam. 

An analysis of a similar perpendicular  cross section 
supported the conclusions that the outer layer is v i r tu-  
ally pure cobalt oxide. 

An electron-microprobe analysis was also made on a 
specimen oxidized at low oxygen pressures. Since it 
was impossible to re ta in  a spalled section for shallow 
taper mounting,  samples were prepared in two differ- 
ent ways. One of the samples was quenched in a 
l iquid lead bismuth alloy and a perpendicular  trace 
was made; another sample was left to spall, and a 
shallow taper of 4 degrees was prepared. 

In  Fig. 16, a trace through a quenched specimen 
oxidized at 1300~ in 2 Torr 02 for 19 hr is shown. 
The area B in the micrograph is the quenching alloy 
and has been deleted from the trace. A and C are the 
traces through the alloy and scale, respectively. The 
sudden decrease in chromium content  in the scale cor- 
responds to a void. A trace through an adherent  part  
of the scale on the large surface (after spalling) and 
a trace through the edge of the same specimen (oxi- 
dized at 1300~ in 10 Torr 02 for 149.5 hr) are given in  
Fig. 17(a) and (b),  respectively. In  Fig. 17(a), which 
is a very shallow taper (4 degrees) only Cr203 is pres- 
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ent in the scale. The alloy is s trongly depleted in  chro- 
mium; however the size of the depleted region is not  
determined here due to the tapering. From both 
specimens it appears that  the scale developed on the 
flat surfaces consists of pure Cr203. (This is in accord- 
ance with the optical observation, namely,  green color 
and optical activity.) Owing to the violent  spalling of 
these scales, one may  question whether  addit ional  
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Fig. 15(a). Chromium concentration in part of the inner layer of 
the scale shown in Fig. 12 and 13, and corresponding micrograph. 
Trace near the alloy/scale interface. A, B, and C are CoO inclu- 
sions on the trace. D and F are other CoO inclusions. E are voids 
containing Cr203. 155X. 
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Fig. 15(c). Chromium concentration in part of the inner layer of 
the scale shown in Fig. 12 and 13, and corresponding micrograph. 
A trace near the inner/outer layer interface. A, a small CoO in- 
clusion; B, the inner/outer layer interface; C, a void in the outer 
layer through which the inner spinel layer is seen. 155X. 

oxide was present  in the scale. However, no remnants  
of an outer spalled layer could be found in the sur-  
rounding quenching alloy, and this leads us to con- 
clude that the large surfaces of these specimens con- 
sist of s ingle- layered Cr2Os. 

From Fig. 17(b) we see that a s t ructure is present  
at the edges which is similar to that  found on the 
specimen oxidized at high oxygen pressure. In  the 
al loy phase of the trace, the probe passed through two 
large in te rna l  Cr203 particles, A and B, and immedi-  
ately at the alloy's edge a semicontinuous Cr2Os layer 
is present. A small  separation or void l ine is crossed at 
C. Then we penetra te  the inner  spinel layer  marked 
D (some CoO inclusions are present  in this par t  of the 
scale) unt i l  we reach the outer CoO layer (marked E), 
which in this case is sometimes mixed with spinel 
(like at F) .  From the metallographic cross-sections 
one can see that  at some places the base of the scale 
contains metallic inclusions. 
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Fig. 15(b). Chromium concentration in part of the inner layer of 
the scale shown in Fig. 12 and 13, and corresponding micrograph. 
A trace in the middle of the inner layer. A, B, and C are small 
CoO inclusions on the trace. 155X. 

Fig. 16. A trace through the scale of a Co-25 w/o Cr alloy oxi- 
dized for 19 hr at 1300~ and 2 Torr oxygen, and a corresponding 
micrograph. 230X. A and C are correspondingly the alloy and the 
scale, B is a separation gap filled with the quenching alloy and is 
deleted from the trace. 
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Fig. 17(a). Metallographic cross-section and electron microprobe 
trace of a tapered Co-25Cr alloy oxidized for 149.5 hr at 1200~ 
and 10 Torr oxygen. Flat surface taper (taper angle ,~  4 deg). 
The scale starts at A. 40X. 

This oxide structure at the edges is probably re-  
sponsible for the CoO and CoCr204 x - ray  line found 
in the powder collected from spalled specimens. 

In  Fig. 16, one can see the extent  of the chromium- 
depleted region in the alloys; this supports the obser-  
vation that at these pressures chromium oxidizes 
preferentially.  (This is not well  demonstrated in Fig. 
17 (a) because of the tapering.) 

Discuss ion  
The exper imental  evidence suggests that oxidation 

of Co-25 w/o Cr is governed by two oxidation mech- 
anisms depending on the part ial  pressure of oxygen. 
At and above about 100 Torr  O2, the oxide scale has 
a duplex structure with an outer layer of CoO and 
an inner  layer consisting predominant ly  of the Co-Cr 
spinel and with minor  amounts  of CoO. The scale has 
qual i tat ively the same microstructure  as that  found 
on Co-10 w/o Cr, but  the spinel content  is correspond- 
ingly higher in the inner  layer of the scale on the Co 
25 w/o  Cr alloy. When the oxygen pressure is reduced 
below 100 Torr a drastic change in the composition and 
morphology takes place. Except at the edges of the 
specimens, the surface oxide consists of Cr203, and the 
oxidation thus involves a selective oxidation of chro- 
mium. The transi t ion from the "high"- to " low"-pres-  
sure-oxidat ion regions is accompanied by a large, al-  
most abrupt  decrease in  the oxidation rate. 

Oxidation at high partial pressures.--Table I lists 
values of the thickness of the inner  and outer layers 
on specimens oxidized in  air at 1100~ for different 
periods of time. The ratio of layer thicknesses remains  
essentially constant dur ing oxidation. This means that  
the mechanism must  account for a continuous t rans-  

Table I. Thickness of layers of specimens 

O x i d a t i o n  per iod,  hr  

1 6 . 5  1 9  

T h i c k n e s s e s  of i n n e r  layer ,  m m  0.01 0.034 0.1 
Th icknesses  of ou t e r  layer ,  m m  0.006 0.02 0.06 
Ra t io  of  l ayer  th i cknesses ,  i n n e r / o u t e r  1.67 1.7 1.67 
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Fig. 17(b). Metallographic cross section and electron microprobe 
trace of a tapered Co-25Cr alloy oxidized for 149.5 hr at 1200~ 
and 10 Torr oxygen. Edge taper (taper angle ~,  86 deg). A and B 
are internal Cr203 partictes, C is a separation of the scale and 
alloy. D is the spinel layer with CoO inclusions. F is the outer 
CoO layer, and G is a spinel inclusion in the outer CoO layer. E is 
a fairly continuous spinel layer without CoO inclusions. 50X. 

port of cobalt through the inner  layer  and a resul tant  
growth of the outer CoO layer. 

This cobalt t ransport  could conceivably take place 
by  a diffusion through the spinel phase. However, the 
measured diffusion rate through the spinel is much too 
low (3) to account for the oxidation rates. Fu r the r -  
more, the electron-microprobe analysis indicates that  
the spinel composition changes from approximately 
CoCr204 next  to the al loy/oxide interface to 
Col.sCr1.sO4 at the interface between the inner  and 
outer layers [Fig. 15(a), (b), and (c)].  On this basis, 
a cobalt t ransport  through the spinel phase is also 
highly improbable,  as it would involve diffusion 
against the concentrat ion gradient. 

The inner  layer also contains the CoO phase, and 
by  analogy with the oxidation behavior of Co-10 w/o  
Cr (1,2), we conclude that  the CoO phase in the 
inner  layer is present  as a ne twork  which provides a 
continuous path for the outward migrat ion of cobalt. 
As the diffusion coefficient of cobalt ions in CoO is l0 s 
t imes higher than in the spinel, the fractional  cross 
section of these channels  need be only of the order 
of 0.001 of the total  cross section to allow faster t r ans -  
port of Co cations than in the sur rounding  spinel. 

In  addition to the outward cobalt-diffusion, the 
over-al l  oxidation involves a continuous formation of 
Cr203 in the alloy phase ( in ternal  oxidation) or at the 
al loy/oxide interface. This leads to an enr ichment  of 
cobalt in the very outer layer of the metal  phase; the 
cobalt is oxidized to CoO, which in t u rn  reacts to form 
the spinel. As a result  of the outward diffusion of co- 
balt  and the growth of the outer CoO layer, appre-  
ciable porosity is formed in the inner  layer. As de- 
scribed elsewhere (1, 2), oxygen is probably  t rans-  
ported across the pores in the gaseous state, and the 
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porosity serves to par t ia l ly  short circuit the solid- 
state diffusion through the scale. The spinel phase, on 
the other hand, inhibits  the oxidation by decreasing 
the effective CoO diffusion area in the inner  scale. 

In  the previous considerations of the oxidation mech- 
anism of Co-10 w/o Cr, the short-circui t ing effect of 
the pores and the blocking effect of the spinel have 
been incorporated in the ideal expression for the para-  
bolic growth of compact scales (1,2).  The resul tant  
expression for the oxidation rate  is g iven by  (2) 

dx (I-- SOA exp R--~-) kp" 

-= ~ = [I] 
dt x(l -- ~) x 

kp is the parabolic rate constant for growth of a com- 
pact scale, So/A is a parameter related to the relative 
blocking cross section of the spinel, Q is the activation 
energy associated with the increase in the radius of 
the spinel particles with temperature, and 7 is a con- 
stant which expresses the fractional reduction in the 
total diffusion length, x. 
Equation [I] gives an approximate phenomenological 

description of parabolic oxidation of Co-10 w/o Cr 
(i, 2). At high partial pressures of oxygen, Co-25 w/o 
Cr yields oxide scales with the same type of micro- 
structure, but with a higher spinel content in the inner 
layer. It is believed that Eq. [I] similarly applies to 
the parabolic oxidation of Co-25 w/o Cr after extended 
oxidation. However, the spinel is, in this case, the ma- 
jor oxide, in contrast to the situation in Co-10 w/o Cr, 
and the expression (So~A) exp (Q/RT) should be re- 
placed by a single parameter A describing the frac- 
tional cross section of the CoO phase. The pressure 
and temperature dependence of A are not easily pre- 
dicted, and the activation energy at high oxygen 
pressures in Fig. 9, cannot be simply interpreted. 

]n accordance with this interpretation, the parabolic 
rate constant for the oxidation at the high oxygen 
pressures suggests a pressure dependence kp cc Po2Z/~, 
where n has the value of approximately 3. This is the 
same as that observed for unalloyed cobalt and Co-10 
w/o Cr. 

In contrast to cobalt and Co-10 w/o  Cr, the oxidation 
of C0-25 w/o  Cr exhibits a marked  deviat ion from 
parabolic behavior dur ing  the ini t ial  oxidation stages. 
As a clue to the origin of this behavior, it was noted 
that exposure of specimens to the "vacuum" of the re-  
action furnace before introduct ion of oxygen resulted 
in thin films of Cr20~. Thus the short vacuum treat -  
ment  (N10 -5 Torr) before the actual  oxidation runs  
resulted in selective oxidation of chromium. In  order 
to fur ther  s tudy this aspect, specimens were exposed 
to the "vacuum" for different lengths of t ime before 
int roducing the oxygen. The results at 1300~ are 
shown in Fig. 18. An increasing "vacuum" exposure 
drastically decreased the ini t ial  oxidation rate. We 
conclude that  this is due to the formation of increas-  
ingly thicker  films of Cr203. 

If these CraO3 films are compact and assuming an 
unl imi ted  supply of chromium from the alloy, one 
would expect the Cr2Oz films to cont inue their  growth 
and the formation of the duplex scale would in  this 
case not take place. However, the ini t ial  protective 
film of Cr208 will  probably be broken down for two 
main  reasons: (i) the alloy phase next  to the oxide 
phase will  be depleted in chromium; the rate of Cr203 
growth will  correspondingly be reduced and, even-  
tually,  formation of CoO and spinel will  begin to take 
place beneath the outer Cr2Os layer; (ii) the outer 
Cr20~ layer  will  cont inuously evaporate, probably as 
CrO3. These combined effects plus a change in the 
effective diffusional area through the solid-state re-  
action of CoO + Cr203 to the spinel  wil l  yield an in i -  
t ial  nonparabol ic  behavior. After  evaporat ion of the 
ini t ial  Cr203 film, the characteristic duplex scales will  
eventual ly  be formed and the oxidation will  then fol- 
low an approximately parabolic rate. The thicker the 

% 
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Fig. ]8. Oxidation of Co-25Cr alloys at 1300~ in oxygen at 
pressures from 100 to 760 Torr. The various vacuum exposure peri- 
ods are given by each line. 

init ial  Cr203 film (Fig. 18) is, the longer the durat ion 
of the init ial  stage will  be. This critical dependence of 
the pre t rea tment  of the specimens will also signifi- 
cant ly  affect the reproducibil i ty of parallel  runs  unless 
the exper imental  procedure is exactly the same from 
r un  to run.  Such differences in vacuum exposure are 
part ial ly responsible for the large scatter observed in 
kp at 900~ in Fig. 8. The actual values of A and their  
pressure and tempera ture  dependence will also be 
affected by the ini t ial  conditions. The deviat ion from 
parabolic behavior during the init ial  oxidation period 
may be rationalized on the basis of a t ime-dependen t  
A. A more detailed model for the ini t ial  oxidation pe- 
riod will  be published soon (4). 

Oxidation at low partial pressures.--The abrupt  de- 
crease in the rate of oxidation in going from the high-  
to low-pressure regions is due to a t ransi t ion to selec- 
tive oxidation of chromium to Cr203 at low pressures. 
When neglecting the edge effects, the difference in oxi- 
dation rates reflects the improved oxidation resistance 
of Cr.,O3 scales compared with the duplex scales. 

An accurate analysis of the kinetic data is made 
difficult by the fact that  part  of the total weight gain is 
due to the edge oxidation. Fur thermore,  some evapo- 
rat ion of chromium oxide takes place, although this 
may be relat ively small at the reduced pressures. 

The oxidation at low pressures is, as a first approxi-  
mation, independent  of oxygen pressure. This is con- 
sistent with the fact that the main  part  (the flat sur-  
faces) of the surfaces is covered with Cr~O~ and that  
oxidation of unal loyed chromium to Cr203 is also inde-  
pendent  of oxygen pressure. A slight tendency toward 
increased net  weight gain with decreasing oxygen 
pressure may possibly reflect an effect of decreased 
oxide (CrO3} evaporat ion wi th  decreased oxygen pres-  
sure. However, this must  be confirmed by addit ional 
measurements.  

The approximate parabolic ra te  constant  at 10 Torr 
O~ yields an activation energy of about 50 kcal/mole.  
This may be compared with the value of 59 kcal /mole 
for h igh-pur i ty  chromium (5). It  has been concluded 
that growth of Cr203 is governed by chromium diffu- 
sion through the scale (5). 

The reason for the edge effects is not clear. It  may 
be speculated that  they are due to the large surface- 
to -bu lk  ratio at the edges. This wil l  result  in a fast 
depletion of chromium in the alloy phase at the edges 
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and correspondingly make conditions favorable for 
CoO and subsequent  spinel formation. 
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Magnetochemistry of Manganese in 
Fluorapatite and Chlorapatite 

J. A. Parodi 
General Electric Company, Lighting Research Laboratory, Nela Park, Cleveland, Ohio 

ABSTRACT 

Magnetic susceptibility determinat ions were made on apatites of the com- 
position, Ca10-~Mn~X2(PO4)6, where a varies from 0.1 to 5.0 and X is C1 or F. 
Values of the effective magnetic moment  close to 5.92 are evidence for all  of 
the manganese  being divalent,  and l inear change of lattice parameters  and 
refractive indices with manganese  concentrat ion indicate complete solid solu- 
t ion of manganese.  For both chlorapati te and fluorapatite the Weiss constant  
varies l inearly with manganese  concentration, with the magnetic  interact ion 
being somewhat larger for the former. The l inear variat ion of the Weiss con- 
stant  is in terpreted as indicating a constant  distr ibution ratio of manganese  
between the two cation sites in the apatite structure.  

Knowledge of the env i ronment  of manganese  in 
halophosphate phosphors is impor tant  to an under -  
s tanding of its funct ion as an activator. While it is 
t rue  that  this problem has been the object of a moder-  
ate amount  of research, the question of the crystal-  
l ine envi ronment  of manganese and its interact ion 
with its surroundings  is still not settled. It is clear 
from electronic paramagnet ic  resonance (EPR) 
studies (1-3) that manganese  preferent ia l ly  occupies 
cation sites of tr igonal symmetry  in fluorapatite, the 
Ca(I)  sites, when its concentrat ion is roughly two 
orders of magni tude  less t han  amounts  used in  lamp 
phosphors. EPR studies by Piper and Prener  on single 
crystals of chlorapatite (4) show that manganese  is 
distr ibuted among the four Ca(I)  and six Ca(II )  
sites. Ohkubo and Mizuno (5) in terpret  EPR spectra of 
synthetic polycrystal l ine "3[Ca3(POO2] �9 Ca(F l -x ,  
Clx) : Mn (ratio of Mn-  to Ca-ion is 1:200)" as indi-  
cating that Mn ++ gradual ly shifts from the Ca(I)  
site to the CaCII) site as x increases from 0 to 0.18. 
Johnson (6) has interpreted polarized luminescence 
experiments,  as well as EPR measurements,  as indi-  
cating that  luminescent  Mn + + is at Ca(I)  positions 
in fluorapatite and at Ca(II )  positions in chlorapatite. 
Johnson's  crystals contained two or four orders of 
magni tude  less manganese  than commercial  halo- 
phosphate phosphors. 

Unfor tunate ly  all of the above researchers investi-  
gated mater ia ls  with very  low manganese  content, so 
that one cannot with confidence extrapolate their  con- 
clusions to halophosphates containing much higher 
concentrations of manganese. The distr ibution of 
manganese between the two cation sites may be a 
function of manganese concentration. For a given 
paramagnet ic  ion the value of the Weiss constant, A, 
determined by magnetic susceptibili ty measurements,  
is dependent  on the crystal l ine env i ronment  of the ion 
(7). Thus, a determinat ion of A for Mn + + would be 
expected to yield informat ion not only on the distri-  

but ion of manganese between the Ca(I)  and Ca(II )  
positions, but, hopefully, also on the manner  in  which 
manganese interacts with its surroundings.  The fol- 
lowing work is concerned with the magnetic  suscepti- 
bil i ty of Cal0-~MnaX2(PO~)8, where X is F or C1 and 

varies from 0.1 to 5.0. 

Experimental 
Preparation of materials.--Calcium, manganese 

chlorapatites were produced from appropriate mix-  
tures of manganous  orthophosphate, calcium ortho- 
phosphate, calcium carbonate, and ammon ium chlo- 
ride in 50% excess. The mixtures  were fired for 1 hr  
in telescoping fused silica crucibles in a s tream of 
ni t rogen passed over NI~C1 at 300 ~ F i r ing  tempera-  
ture ranged from 1000 ~ for low manganese content to 
850 ~ for high manganese  concentration. 

Fluorapati tes  were prepared from similar mixtures 
except that  stoichiometric proportions of calcium 
fluoride were used in place of ammon ium chloride. 
They were fired two times for 1 hr in a purging atmo- 
sphere of CO/CO2 = 1/10 at temperatures  ranging 
from 950 ~ to 1100 ~ 

The resul t ing apatites were pure white to cream 
colored depending on manganese  concentration. They 
sintered, but  the chlorapatites were easily converted 
to free flowing powders by heat ing in water. Presum-  
ably a little calcium chloride cement was produced 
dur ing  firing. The fluorapatites were ground by mortar  
and pestle and passed through a 100 mesh silk screen. 

Mn3(PO4)2 was prepared by firing a mix ture  of 
MnNH~PO4 �9 H20 and MnCO3 two times at 850 ~ in a 
ni t rogen atmosphere. Ca3(PO02 was prepared by 
firing a mixture  of phosphor grade CattPO4 and CaCO~ 
in ni t rogen at 1000 ~ 

Magnetic susceptibility.--The Faraday  method (8), 
with a Mett ler  microbalance and pole caps after the 
design of Heyding, Taylor, and Hair  (9), was used 



Vol. 116, No. 11 

for the magnetic susceptibili ty determinations.  Mer-  
cury tetrathiocyanatocobaltate,  HgCo(CNS)4, and 
t r ise thylenediamine nickel thiosulfate, Nien3S2Os, were 
used as calibration standards (10, 11). The sample 
container, which was made of fused silica, was a 
cylindrical  bucket (7 mm ID x 8 ram) attached to a 
rod (20 c m x  2 mm diameter)  by means of a stirrup. 
During measurement  the sample container  was sur-  
rounded by an atmosphere of nitrogen. As no trace 
of ferromagnet ism was evident  in  any  of the samples 
measured, the susceptibilities reported here are aver-  
ages of determinat ions at several different values, 
usual ly  ten, of the magnetic field. Susceptibil i ty deter-  
minat ions were made at four different temperatures:  
room tempera ture  and the boiling points of nitrogen, 
ethane, and dichlorodifluoromethane. The boiling 
points at 1 atm pressure are 77.3 ~ 184.6 ~ and 243.4~ 
respectively. 

AnalyticaL--Unit cell dimensions were determined 
by a s tandard x - ray  diffraction technique. 

Refractive indices were determined with the aid of 
a microscope by immersion in  s tandard refractive 
index oils. 

Manganese was determined either volumetr ical ly by 
the bismuthate  method (12), or spectrophotometrically 
after oxidation to permanganate  by potassium per-  
iodate (13). 

For the few chlorapatites subjected to complete 
compositional analysis, calcium was determined gravi-  
metr ical ly as the oxide after a double precipitation 
as the oxalate (14), phosphate was determined gravi-  
metr ical ly as magnesium pyrophosphate after a molyb-  
datb separation and a double precipitat ion as mag- 
nesium ammonium phosphate (14, 15), and chloride 
was determined by the Volhard method (16). 

Results and  Discussion 
Refractive index as a function of manganese con- 

centrat ion is given in Fig. 1. It  is seen that the refrac- 
tive index increases l inearly with manganese  content. 
Figure 2 shows that the uni t  cell volume for the 
chlorapatites decreases regular ly  with increasing 
manganese  concentration. In  Fig. 3 it is seen that  
the spacing of the (211) plane of fluorapatite decreases 
progressively with increasing manganese concentra-  
tion. Chemical analyses of the calcium manganese 
chlorapatites (Table I) show only small  deviations 
from stoichiometry, indicating the presence of only 
minor  proportions of impur i ty  phases. It is, thus, rea-  
sonable to conclude that, for the purpose of magnetic 
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susceptibili ty determinations,  all of the manganese is 
in solid solution in a single apatite phase. 

Magnetic susceptibilities are listed in Tables II and 
III. The average s tandard deviation of a single mea-  
surement  is 0.2%. 

The tempera ture  dependence of the magnetic sus- 
ceptibility for these apatites follows the Curie-Weiss 
law, which has the form 

C 
x = ~ + A  [1] 

T + ~  

Here C is the Curie eonstant, -~ is the Weiss constant  
which is expressed as an additive correction to the 
temperature,  and A is the exper imenta l ly  determined 
diamagnetic susceptibili ty of the apatite: --0.3604 x 
10 -6 cgs units for chlorapatite and --0.3406 x 10 -6 for 
fluorapatite. A rear rangement  of the above equation 
gives 

C 
T = --A -} [2] 

x + A  

so that h is determined exper imenta l ly  by plott ing the 
absolute temperature  against the reciprocal of the 
paramagnet ic  susceptibility. A best fit of the data to a 
straight line is easily and most accurately done by a 
least squares calculation on a computer. This was done 

Table I. Chemical analysis of Calo-c~MnaCI2(P04)6 

M a n g a n e s e  
c o n c e n t r a t i o n  W e i g h t  p e r  c e n t  

C a  P O ,  C1 M n  T o t a l  

1 34.7 54.5 5.S 4 .8  99 .8  
5 18.1 51.8 5.8 23.8 99.5 
7 10.8 50.6 5.8 31.7 98.9 

10 O.O 48.9  6.8 43.9 99.6 
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Table II. Magnetic susceptibility of Ca~.o-aMn~CI2(P04)6 

Run 
No. T o , ~  I0  ~xo T I , ~  10~Xz TO,~ 106X= I0  ~Xs* 

0 1 R.T. -- 0.3598 
2 R.T. --0.3608 
3 R.T. --0.3619 
4 R.T. --0.3591 

0.1 1 298,8 0,8598 243.1 1,134 184.8 1,610 4.241 
2 297,7 0.8620 241.5 1,144 183.3 1.605 4,228 
3 297.3 0.8706 241.6 1.143 162.5 1.612 4.272 
4 296.1 0.8696 241.6 1.145 162.2 1.619 4.240 

0.2 1 295.3 2.097 242.2 2.623 163.2 3.576 8.812 
2 295.6 2.090 242.1 2.618 182.8 3.559 6.800 
3 295.8 2.091 243.4 2.610 183.0 3.554 8.819 

0.5 1 296.1 5.822 242.7 7.144 183.4 9,472 22.27 
2 295.1 5,845 242.5 7.149 183.3 9.455 22.34 
3 294.6 5,862 242.7 7.140 182.8 9.443 22.27 

1.0 L Z94.0 !2.38 244.0 14.84 183.8 19.49 44.44 
2 294,7 12.34 243.7 14.83 183.2 19.55 44.40 
3 295.9 12.29 248.9 14.67 182,9 19.60 44.48 

2.0 1 294.6 24.24 243.4 29.10 183.7 37.91 81.58 
2 295.2 24.16 242.8 28.96 163.3 37.68 81.73 
3 297.2 23.98 242.9 28.93 183.6 37.58 81,98 

3.0 1 296.1 35.89 241.6 43.13 182.8 55.26 114.1 
2 296.1 35.93 242.4 43.08 182.8 55.42 114,2 
3 296.0 35.87 242.2 43.00 183.3 55.22 114.1 

4.0 1 295.8 46.47 242.7 54.81 181.6 70.18 138.5 
2 293.7 46.52 242.1 55.06 162.2 70.04 138.9 
3 295.1 46.28 243.1 54.64 181.5 69.85 138.5 

5.0 1 294.9 55.95 241.9 66.01 163.5 83.42 159.7 
2 293.1 56.05 242.0 65.93 163.4 83.34 159.1 
3 294.1 56.04 243.9 65.64 182.9 63.32 159.3 

* T e m p e r a t u r e  = 77.3~ 

Table Ill. Magnetic susceptibility of Cazo-~Mnc=F2(P04)6 

Run 
No. To, ~  I0  ~ Xo Tz, oK I0 e Xl T~, "K 10~ X~ I0 ~ Xa* 

0 1 R . T .  --0.3406 
2 R, T. -- 0.3394 
3 R . T .  --0.3397 
4 R.T. -- 0.3434 
5 11. T. -- 0.3399 

0.i 1 299.2 1.068 242.0 1.380 183.2 1.931 5.005 
2 300.2 1.071 244.0 1.378 184.6 1.920 4.983 
3 299.2 1.065 243.4 1.376 184.0 1.925 4.961 

1.0 1 297.2 13.65 242.9 16.61 183.5 21.88 50.86 
2 296.4 13.61 243.2 16.57 183,6 21.84 50.62 

1.5 1 298.2 20.84 242.7 25.41 183.4 33.09 75.37 
2 297.0 20.96 243.4 25.36 183.6 33.15 76.48 

3.0 1 295.8 40.16 243.3 48.54 184.6 63.08 136,6 
2 296.9 40.15 242.8 48,58 183.3 63.14 138.5 
3 295.6 40.21 243.1 48.55 183.8 63.09 136.3 

4.0 1 297.5 51.43 243.2 61.96 183.9 79.86 170.4 
2 298.4 61.33 243.3 62.01 183.7 79.96 171.2 
3 298.3 51.40 243.5 61.96 183.8 79.93 170.4 

5.0 1 298.8 61.83 242,9 74.83 183.3 96.23 200.3 
2 298.1 61.84 243.3 74.48 163.8 95.97 200.6 
3 297.9 61.85 243.5 74.54 183.5 95.94 200.2 
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Fig. 4. Weiss constant of manganese in fluorapatite and chlora- 
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* T e m p e r a t u r e  = 77.3~ 

Table IV. Weiss constant for CoIo-=Mn~CI2(P04)6 
and Celo-~Mn~F2(P04)6 

Chlo rapa t i t e*  F l u o r a p a t i t e ~  

0.1 2.9 0.4 1.9 0.6 
0.2 2.9 0.4 
0.5 5.5 0.4 
1.0 9,3 0.0 5.4 0.3 
1.5 7,7 O.O 
2.0 15.8 0.3 
3.0 24.6 0.2 13.3 0.2 
4.0 34.0 0.7 19.0 0.4 
5.0 41.3 0.5 22.1 0.3 

C 
* F o r  ch lo rapa t i t e ,  X = - -  0.3604 x 10-6. 

T + ~  
C 

t F o r  f luo rapa t i t e ,  X = - -  0.3406 x 16-6. 
T+A 

for the data in Tables II and III, and the results are 
given in Table IV and Fig. 4. 

Before discussing the significance of the Weiss con- 
stant  determination,  it is necessary to ascertain the 
oxidation state of the manganese. From the method of 
preparat ion and the color of the samples, as well  as 
the fact that  manganese substi tutes for divalent  cal- 

e ium in  apatite, one might  assume with reasonable 
cer ta inty that all of the manganese is divalent.  How- 
ever, the value of the effective magnetic moment  is 
the best indication of the oxidation state of manga-  
nese. We have seen that the exper imental  susceptibil- 
ities obey a Curie-Weiss law, which, subst i tut ing 
fundamenta l  constants for the Curie constant, C, can 
be wri t ten 

N~2/*eff "2 4N[32S (S + I) 
XM -~ = [3] 

3k(T + 4) 3k(T + 4) 

where XM is the temperature dependent molar para- 
magnetism. Rearranging and putting in numerical 
values for the constants, the effective magnetic mo- 
ment is expressed in terms of experimentally deter- 
mined parameters 

~en ~ = 8.060 (T + 4) XM [4] 

Results of this calculation appear in Tables V and VL 
From equation [3], peff(Mn +2) ~-- 5.92 and #eff(Mn +8) 
---- 4.90, so that, therefore, the experimental magnetic 
moments of Tables V and VI establish the fact that 
all of the manganese is divalent. Further, we see that, 

Table V. Effective magnetic moment of 
manganese in C a l o - ~ M n ~ C I ( P 0 4 ) 6  

100 
5.92 -- #err 

Wt. % M n  #etr  6.92 

0.1 0.48 6.83 1.5 
0.2 0.92 6.94 0.3 
0.6 2.48 6.77 2.5 
1,0 4.8 5.97 0.8 
2.0 9.68 6.91 0.2 
3.0 14.66 5.93 0.2 
4.0 19.39 6.93 0.2 
5.0 23.8 5.93 0.2 

3k  
p,~t~ = = ~ (T + A) Xu ~ 8.060 (T + A) X~'  

54.94 
Z~f = (X + 0.3604 • 10-0) w h e r e  Nz is the  w e i g h t  f rac -  

Nz 
t i on  of M n  in  the  apa t i te .  
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Table VI. Effective magnetic moment of 
manganese in Calo-aMnaF2(P04)6 

5.92 -- ~,eff 
100 

a Wt.  % M n  ~ f  5.92 

0.1 0.56 5.~8 2.4 
1.O 5.32 5.92 0.0 
1.5 8.15 5.92 O.O 
3.0 15.81 5.93 0.2 
4.0 20.63 5.93 0.2 
5.0 25,50 5.8'/ 0.8 

3k 
#e f t  = = (T + A) X=  = 8.060 (T + A) X*t. 

~vp 
54.94 

XM = (X + 0.3406 • 10-~) w h e r e  Nt  is  the  w e i g h t  f rac-  
N1 

tion of Mn in the apatite. 

as is to be expected for an S state t ransi t ion meta l  
ion, the "spin-only"  formula  [3] is obeyed very  closely. 

Van Vleck (7) interprets  the Weiss constant as pr i -  
mar i ly  a manifestat ion of distortions by interatomic 
forces. It is not an atomic proper ty  as is clear f rom 
the fact that  it varies markedly  f rom one compound 
to another  of a given paramagnet ic  ion, whereas  ~tef f 
is re la t ive ly  constant. Its origin can be twofold: h can 
arise from (i) Heisenberg exchange interact ion (di- 
rect or super-)  be tween magnet ic  dipoles and /o r  (ii) 
interact ion of the orbital  angular  momentum with  
asymmetr ic  crystal l ine electric fields. In the case of 
S state ions such as Pin + + and Fe + + +, which have  no 
orbital  angular  momentum,  _~ is due only to exchange 
interact ion and should approach zero at infinite mag-  
netic dilution. It  is clear that  spin-spin interact ion wil l  
be a function of the kinds and ar rangements  of in te r -  
vening diamagnetic ions. To be specific, differences in 
the crystal l ine envi ronment  of Mn + + between fiuor- 
apatite and chlorapati te  should appear as different 
values of the Weiss constant. 

Inspection of Fig. 3, which is a plot of ~ against 
manganese concentration, reveals  that  there  is indeed 
a difference in the exchange interact ion be tween the 
two structures. The interact ion of Pin + + in chlorapa-  
ti te is substantial ly greater  than in fluorapatite. In 
both cases, h is a l inear  function of manganese con- 
centrat ion and its sign is positive. 

In the apati te s t ructure  there  are four calcium ions 
of one kind, Ca ( I ) ,  and six of another,  Ca( I I ) ,  per  
unit  cell (17-19). The first of these, which is the same 
in both fluor- and chlorapatite,  is a site of t r igonal  
symmetry  in which Ca + + is in the center  of a skewed 
t r iangular  prism of oxygen ions. In the second site 
each calcium ion is in a reflection plane perpendicular  
to the tr igonal  axis and is surrounded by an i r regular  
polyhedron of one halide and five oxygen ions. In fluor- 
apatite the fluoride ion is at the center  of a regular  
t r iangle  of calcium ions of the second kind, whereas  
in chlorapat i te  the chloride ion is shifted along the Co 
axis to a position somewhat  less than half  the distance 
from one mi r ro r  plane of calcium ions to the next. 

F rom the crystal  s t ructure  it is clear that  differences 
in ~ can only be caused by interactions of Pin + + in 
locations near  the halide ions. The larger  values of the 
Weiss constant in chlorapat i te  are, therefore,  caused by 
the presence of manganous ions at Ca( I I )  positions. 
From geometr ical  considerations one would  expect  
Pin + + ions at the Ca( I I )  sites to be less wel l  shielded 
f rom one another  by in te rvening  anions in chlorapat i te  
and, therefore,  to interact  more strongly. Al though 
there  are six Ca (II) locations available in both apatites 
for occupation by Pin + +, it is ex t remely  unl ikely that, 
at the higher  concentrat ions especially, all  of the 
manganese would preferent ia l ly  seek out these posi- 
tions. On the other hand it is not possible at the  high-  
est concentrat ion for all of the manganous ions to be 
in Ca(I )  sites. It is, therefore,  more reasonable to 
assume a distribution between the two sites in both 

chlorapat i te  and fluorapatite. From the observation 
that  _~ is a l inear function of manganese concentrat ion 
f rom a = 0.1 to 5.0, it is concluded that  the distr ibution 
ratio of Pin + + be tween Ca(I )  and Ca(I I )  sites is con- 
stant with change in manganese content. It is not 
possible to determine,  f rom the data presented here, 
the numerical  value of the distr ibution ratio, nor 
whe ther  it differs f rom fluorapatite to chlorapatite.  

The conclusion that  manganese substitutes for both 
types of calcium ions is in agreement  with the EPR 
results of Piper  and Prene r  for much lower manga-  
nese concentrat ion in chlorapati te  (4), but it does not 
agree with the EPR studies on fluorapatite (1-3) 
which place Mn ++ at Ca(I )  positions. It would ap-  
pear that  manganese shifts f rom Ca(I)  positions to a 
distr ibution between Ca(I)  and Ca(I I )  as its concen- 
t rat ion in fluorapatite increases from about Mn/Ca  = 
10 -a to 10 -1. 

The positive sign of -~ indicates that  the exchange 
interact ion is ant iferromagnetic .  Griffith (20) con- 
siders the case of direct exchange between ions of a 

pair, the interact ion given by - -JSI 'S2.  J is a constant 
commonly called the "exchange integral"  and $1 and 
$2 are the spin vectors for the two ions. He obtains a 
spin Hamil tonian for the pair  

H = - -V2JS(S  ~ 1) -~ 2~H.S -~ 3/4J 

which shows that in zero magnetic field there  are a 
singlet and a t r ip le t  state wi th  energy separation, J. 
For  positive J the t r iply degenerate  state lies lower 
and the interact ion is ferromagnetic ,  whereas  for 
negat ive J the spin mult iplet  is inver ted  and the 
exchange interact ion is antiferromagnetic.  Griffith de- 
rives an expression for the magnet ic  susceptibil i ty 

N~2 
X =  

k [ T -  ( J / 4k ) ]  

which is equivalent  to the Curie-Weiss law 

Nfl2~ 9- 
x ~  

3 k ( T  ~ ~) 

so that  .~ ---- - -J /4k .  Thus, ~ is posit ive for ant i ferro-  
magnetic and negat ive  for ferromagnet ic  direct ex-  
change. 

Interact ion via an in tervening anion between two 
cations with half filled d-orbitals,  i.e., superexchange,  
is always ant i ferromagnet ic  (21, 22). This is readi ly  
understood if we consider the l inear  combination, 
Mn ++ --O = --Mn ++. There is an overlap of a p~ 
orbital  of O = wi th  the d-orbi tals  of the Pin + + ions. 
The t ransfer  of a p-e lect ron to one Mn ++ ion must  
be into an empty  half  of a d-orbital ,  so that  by the 
Pauli  exclusion principle, the p-e lec t ron left  behind 
must  have a spin paral lel  to those of the Mn ++ 
d-electrons. In order  for the remaining p-electron to 
t ransfer  to the Mn + + ion on the opposite side, there-  
fore, the spins of the lat ter  must  be opposed to the 
spins of the first Mn + + and the exchange is ant i ferro-  
magnetic.  When the angle made by Mn-O-Mn is 90 ~ 
ra ther  than 180 ~ as in the above example,  it should 
be clear from geometr ical  considerations that  direct 
cat ion-cat ion exchange is more significant and cation- 
anion-cat ion exchange is less significant. The over -a l l  
effect is still ant i ferromagnet ic  and is greater  for 
oxides than chlorides because of the shorter  cation- 
cation distance in the former  (23). 

It is clear that  the greater  the over lap of the ligand 
wave  function with the paramagnet ic  cation wave  
function, i.e., the more  covalent  the bond, the greater  is 
the superexchange.  On this basis one would expect  
superexchange between Mn ++ ions to be greater  
through chloride ions than through fluoride ions. In 
the two apatites, however ,  by v i r tue  of the fact that  
the fluoride and chloride ions occupy different posi- 
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tions relat ive to Ca( I I ) ,  the ca t ion-anion overlap is 
probably  greater for the former. This might be suffi- 
cient to create at the halide site more superexchange 
in fluorapatite, and the geometrical factors will al-  
most certainly cause greater direct exchange in 
chlorapatite. The net effect, as we have seen, is a 
substant ial ly larger ant iferromagnetic  exchange in-  
teraction for Mn+ + in chlorapatite. 

It is of interest  to compare the magnetic interaction 
of manganese  in the apatites with that  of manganese 
in zinc silicate. For this purpose the results of Larach 
and Turkevich (24) are plotted, together with the 
present data on apatites, in Fig. 3. It  is seen that 
for Mn + + is much larger in zinc silicate than  in the 
apatites. The stronger interaction can be explained on 
the basis of a difference in bonding. 

The bonding between Ca + + ions and coordinating 
anions in apatite has more ionic character than  Zn-O 
bonds in zinc silicate. Cation to anion distances in the 
apatites are very close to the sums of the correspond- 
ing ionic radii  of Goldschmidt (25) and Paul ing  (26). 
Further,  the value of the hyperfine splitt ing constant 
for Mn ++ in the Ca(I)  position, about 93 oersteds 
for an X-band  EPR spectrometer, indicates relat ively 
strong ionic bonding (1-3). Van Wieringen (27) has 
shown that the hyperfine split t ing of Mn + + is large 
in ionic compounds, 99 and 91 oersteds in CaF2 and 
CaO, and relat ively small  in covalent compounds, 65 
and 59 oersteds in ZnSe and CdTe. In zinc silicate a 
hyperfine split t ing of 84 oersteds (28) indicates that 
the bonding is intermediate  between that  of com- 
pounds that are usual ly considered strongly ionic and 
strongly covalent. Also the Zn-O distance of 1.92A 
(29) corresponds more closely to the sum of the 
covalent radii (30) than to the sum of the ionic radii. 
The result  of this difference in character of bonding 
is a larger Weiss constant for Mn + + in zinc silicate: 
greater superexchange because of greater overlap of 
the wave functions and greater direct exchange be- 
cause of smaller in te rvening  anions. 1 

It would be of interest  to determine • for Mn + + in 
apatites containing both F -  and C1-. In halophosphate 
phosphors a relat ively low concentrat ion of C1- has 
a profound effect on the wavelength of Mn + + emis- 
sion. For example Apple and Ishler (31) report  a 
Mn ++ emission peaking at 5720A in calcium fluoro- 
phosphate phosphor, 5860A in calcium chlorophos- 
phate, and 5830-5850-~ 2 in calcium chlorofluorophos- 
phate in which about 10% of the fluoride has been 
replaced by  chloride. One wonders whether  a similar 
disproportionate effect on the exchange interact ion of 
manganese would occur. Apple and Ishler (31) have 
interpreted changes in the luminescence emission of 
Mn + + in chlorophosphates and chlorofluorophos- 
phates quenched from 1150 ~ as due to possible redis- 
t r ibut ion of Mn ++ between the Ca(I)  and Ca(II )  
sites. In  view of the above discussion one might  ex- 
pect to see a change in .a for quenched samples. Also 
it is not inconceivable that the presence of an t imony 
would cause a change in a, either by creating a differ- 
ence in manganese distr ibution between the two ca- 
tion sites and /or  causing an envi ronmenta l  change 
which would disturb the exchange interaction. 
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Crystal Growth and Ferroelectric Properties of 
Single Crystals from the Ternary Systems of 

KNbO -NaNbO -BaNb Oo and RbNbO3-NaNbO -BaNb20o 
D. F. O'Kane,* G. Burns, E. A. Giess, B. A. Scott, A. W.  Smith, and B. Olson 
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ABSTRACT 

Good optical quali ty single crystals with a tungsten bronze crystal  struc- 
ture were grown by the Czochralski method from melts in the te rnary  systems 
of (KNbO3) z (NaNbO3) ~ (BaNb206) z and (RbNbO3) x (NaNbO~) ~ (BaNb206) z, 
where x < 0.34, y < 0.34, and z > 0.66. X-ray,  chemical, and differential 
thermal  analyses were performed on the pulled crystals. The dielectric prop- 
erties and twin s tructure of the crystals have been examined. Some composi- 
tions contain no microtwins while re ta in ing the favorable electrooptic prop- 
erties associated with NaBa2Nb50~5. 

A n u m b e r  of new electrooptic materials,  such as 
KSr.~Nb5Ol~ (1) and NaBa2Nb5Oz5 (2, 3), with a tung-  
sten bronze s t ructure  have been reported to have im- 
proved l inear  electrooptic coefficients and are capable 
of efficient second harmonic generation. These mate-  
rials do not suffer laser damage as has been the case 
with LiNbO~, and some compositions can be grown as 
large optically homogeneous single crystals. In  part icu-  
lar, NaBa2Nb5Ol~ shows a great deal of promise, but a 
severe problem results from the presence of microtwins 
(4) which are difficult to remove and tend to degrade 
the optical quality. 

The ferroelectric and electrooptic properties of tung-  
sten bronze- type ferroelectric crystals pulled from 
melts of KxNal-~Ba2Nb5015 have been reported (5). 
These compositions have many  of the favorable proper-  
ties of NaBa2Nb5015, including relative ease of growth. 
When x --~ 0.7 the difficulties of microtwinning are 
eliminated, resul t ing in better  optical qual i ty crystals. 
At x = 0.8, the ferroelectric t ransi t ion tempera ture  is 
420~ the room temperature  dielectric constant  is 55, 
and the electrooptic coefficient is 4.0 x 10 -11 m/V. The 
lat ter  value is 10% higher than  NaBa2Nb5015. Laser 
induced optical inhomogeneities cannot be observed 
after extended exposure. 

The present  s tudy is an extension of the work on 
KxNal-~Ba2Nb~O15 to include other compositions in 
the t e rnary  system of KNbO3-NaNbO~-BaNb206 and 
to examine the effect of subst i tut ing RbNbO3 for 
KNbO3. We have studied single crystals pulled from 
melts of (KNbOs)x (NaNbO3)u (BaNb206)z and 
(RbNbO3)x (NaNbO3)u (BaNb206)z where x < 34, 
y < 34, and z > 66. These limits represent  the approxi-  
mate location of the ferroelectric tungsten  bronze 
structures in the t e rnary  systems. The two te rnary  
systems are shown in Fig. 1 and 2. The compositions 
of interest  melt  in the range of 1390~176 

A knowledge of the t e rna ry  phase diagrams is neces- 
sary to unders tand what  compositions can be expected 
by pul l ing crystals from a melt. There are three b inary  
systems which are important  to the behavior  of the 
two t e rna ry  systems. These are the NaNbO~-BaNb206, 
KNbO3-BaNb206, and RbNbO3-BaNb206 systems. Scott 
c t a l .  (6) have examined the NaNbO3-BaNb206 phase 
diagram and found an orthorhombic tungs ten  bronze 
s tructure which extends from 62 to 83 m/o  (mole per 
cent) BaNb206 and eutectics at 23 and 85 m/o  BaNb206. 
The max imum melt ing (1438~ bronze composition 
was near  66.7 m/o  BaNb206 (NaBa2Nb~Ols). Giess et al. 
(5) reported tetragona] tungs ten  bronze structures at 
66.7 m/o  BaNb20~ in the KNbO3-BaNb206 and RbNbO3- 
BaNb206 systems. The compounds, KBa2Nb.5OI~ and 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

RbBa2NbsO15, decompose peritectically at 1391 ~ and 
1395~ respectively. 

Experimental Procedures 
The star t ing materials were K~CO3, Na2CO3, BaCO3, 

and Nb205 from the Johnson-Mat they  Company, Grade 

BaNbz06 

NaNbO 3 KNbO 3 

Fig. 1. Ternary system composed of KNb03, NaNb03, and 
BaNb206. The numbers indicate the mole per cent of each com- 
ponent. The points (x) shaw the melt compositions used far crystal 
~rowth. 

BoNb206 

7O 
N~a 2 

NaNbO 3 

RbBo2Nb5015 

RbNbO 3 

Fig. 2. Ternary system composed of RbNbO3, NaNbO3, and 
BaNb206. The numbers indicate the mole per cent of each com- 
ponent. The points (x) show the melt compositions used far crystal 
growth. 
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I, with less than 10 ppm impurities, except for Nb205 
which contained less than  0.03 w/o  (weight per cent) 
Ta. The Rb2CO3 (99%) from Alfa Inorganics was found 
to contain Na, A1, Mg, Si, and Ca in quanti t ies of less 
than  100 ppm. In  some cases the Rb2CO3 was dried in 
CO2 before using. Differential thermal  analysis (DTA) 
was used to establish the freezing points of various 
compositions and to examine the melt ing and freez- 
ing behavior of pulled single crystals. Two gram pow- 
der samples of the pulled crystals or annealed powder 
samples were loaded in p la t inum capsules containing 
a thermocouple well  in the bottom. The sample and 
a lumina reference mater ial  were heated and  cooled at 
5 ~ C/rain. 

Each composition was prepared by heating stoichio- 
metric quanti t ies of the start ing materials to 1400 ~ - 
1500~ in a 100 ml p la t inum crucible. A Czochralski 
type crystal pull ing system (8) was used to obtain 
single crystals. A 23 kw r.f. generator supplied power 
to melt  the charge in the p la t inum crucible, which was 
insulated by a lumina  pellets. Oxygen was passed into 
the system at 0.3 l i t e r s /min  to avoid reduction of the 
crystals, which would result  in a blue discoloration. 
Crystal growth was started with a seed crystal  mounted 
on the pul l ing shaft. In  many  cases the seed was a 
single crystal of NaBa2Nb5015 with the c-axis oriented 
along the direction of crystal growth. Pul l  rates were 
about 2-6 m m / h r  with a rotation rate of 40-60 rpm. 
The temperature  gradient  above the melt  surface was 
about 18~ for the first 5 mm and l ~  for 
the next  50 mm. The system was usual ly  cooled at 
5~ for the first 300~ and then at 15~ to room 
temperature.  Thus, the crystals were well annealed 
after growth, and cracking was not a serious problem. 
Rapid cooling did cause cracking normal  to the c-axis. 

Crystal  growth of single phase t e rnary  compositions 
was no more difficult than the growth of NaBa2Nb50,s. 
The growth rates that  were used appeared to be ade- 
quate to establish equi l ibr ium conditions between the 
melt  and freezing crystal, although none of the te rnary  
compositions studied was found to be congruent ly  mel t -  
ing; the crystal compositions always differed from the 
start ing melt  compositions. Some estimate of the change 
in composition can be seen in Fig. 3 and 4 which show 
the melt  and pulled crystal compositions. The pulled 
crystal  composition is the analyses obtained on the first 
30g or less of crystal pulled from a 400g melt. These 
data are also listed in Tables I and II. The melt  com- 
positions with 66.7 m/o  BaNb206 are part  of the 
KxNal-xBa2NbsO15 or RbxNat-xBa2NbsO15 pseudo- 
joins in the t e rnary  systems. The evaporation of K20 
and Na20 from melts of KxNal-xBa2Nb5Ozs, where x 
= 0.7, 0.8, was not found to be significant. Pul led 
crystals from compositions held above the melt ing point 
for 20 to 430 hr showed no significant difference in 
chemical composition or Curie temperature.  Also, the 
same shift in composition as shown in Fig. 3 was found 

NoBozNI~, =zNbsOts 

Fig. 3. Section of the ternary system of KNbO3-NaNbO3- 
BaNb206 showing the melt compositions (Q )  and the composition 
of pulled crystals (~-) from each melt. The dashed line indicates 
the approximate location of the phase boundary between the 
BaNb206 and bronze phases. The shaded area is the region with 
a tetragonal bronze structure. 

BoNb206 

EUT ", "\ 

N~ ~:~5~ RbBo2Nb5015 

Fig. 4. Section of the ternary system of RbNbO3-NaNbO3- 
BQNb206 showing the melt compositions ( Q )  and the composi- 
tions of pulled crystals (<-) from each melt. The dashed line indi- 
cates the opproximate location of the phase boundary between the 
BaNb206 and bronze phases. 

for crystals grown by slowly cooling melts in sealed 
crucibles where no evaporation could take place. 

Three Bridgman crystal growth runs were made to 
determine the phases present  in part icular  composi- 
tions, the order in which the phases freeze out, and the 
lattice parameters  and chemical composition of the first 
to freeze material. Two 300g samples of (KNbO3)I6 
(NaNbO3) n (BaNb206)73 and Rb0.TNao.3Ba2Nb5O15 and 
one 36g sample of Ko.s5Na0.15Ba2Nb5015 were loaded in  
p la t inum tubes which were lowered at 3 m m / h r  
through a p la t inum resistance heated furnace from a 
uniform zone at 1480~ into a colder zone with a gradi-  
ent of 1.2~ Below 1200~ the tubes were cooled 
at 50~ This method did not produce single crystals 
greater than 1 mm (3). 

Table I. Composition and properties of crystals pulled from melts of (KNbO3)x (NaNbO3)~ (BaNb206)z 

Melt composition, m / o  
Crys t a l  c o m p o s i t i o n  f r o m  

c h e m i c a l  analyses ,  m / o  Crys t a l  p r o p e r t i e s  

KNbO3 NaNbOs BaNb206 KNbO~ NaNbO3 BaNb2Oe Tw, ~ To, ~ 

La t t i ce  p a r a m e t e r s  

ao, A co, A 

15 9 76 7.9 13.0 79.1 247 548 12.469" 4.001 
6.7 22.6 66.7 3.5 22.6 73.9 217 538 12.471" 4.001 

11.7 21.6 66.7 6.6 20.9 72.5 175 519 12.473" 4.003 
10 15 75 5.6 16.1 78.3 148 492 12.492" 4.006 
20 13.3 66.7 11.1 14.3 74.6 70 469 12.499" 4.011 
16 11 73 8.4 14.5 77.1 ~ 457 12.502 4.011 
23.3 10.0 66.7 13.6 13.1 73.3 $ 453 12.508 4.012 
15.5 8.7 75.7 9.9 11.2 78.9 $ 447 12.502 4.011 
14 11 75 8.1 14.4 77.5 $ 441 12.499 4.008 
25 8.3 66.7 14.2 10.6 75.2 $ 432 12.514 4.015 
26.7 6.6 66.7 16.3 8.3 75.4 ~ 420 12.514 4.017 
30 3.3 66.7 14.8 9.1 76.2 $ - -  12.532 4.021 
10 10 80 3.3 4.8 91.2 - -  ~ BaNb~O6 s t r u c t u r e  
25 5 70 8.3 1.6 90.1 -- -- BaNb~O~ s t r u c t u r e  

* P s e u d o - t e t r a g o n a l  p a r a m e t e r ,  op t i ca l  i n t e r f e r e n c e  p a t t e r n s  i nd i ca t e  b i a x i a l  s y m m e t r y .  
$ No t w i n s  a t  20~ 
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Table II. Composition and properties of crystals pulled from melts of (RbNbO3)z (NaNbO3)u (BaNb206)z 
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Crys t a l  compos i t i on  f r o m  Crys t a l  properties 
Mel t  compos i t ion ,  m / o  c h e m i c a l  analyses ,  m / o  La t t i ce  p a r a m e t e r s  

RbNbO3 NaNbOa BaNb=Oo RbNbO-a NaNbO~ BaNb~O~ Tw, ~ To, ~ ao, A bo, A co, A 

6.7 26.6 66,7 1.5 26.5 72.0 240 558 17.609 17.633 3.998 
16.7 16.6 66.7 3.8 18.4 77.8 140 505 17.662 - -  4.007 
16.7 16.6 66.7 5.1" 19.1" 75.8* ~ 17.662 - -  4.007 
lO 15 75 2.4 20.0 77.6 158 ~ ' 8  17.647 17.660 4.005 
20.0 13.3 66.7 4.0 18.6 77.4 8 5  460 17.665 - -  4.006 
2 6 . 7  6 . 6  66.7 8 . 3  3.2 8 8 . 5  ~ ~ $ ~ $ 
15 lO 75 4.2 1.8 94.0 ~ ~ $ ~ $ 

* Crystal from the frozen melt. 
t Major phase was BaNb.~O6. 

Lattice constants were determined by the powder 
method with a silicon in terna l  s tandard on a Guinier  
x - r ay  focusing camera with copper I ~  radiation. The 
s tandard deviation of sine squared theta values was 
about 0.1%. Thus, the 3~ limits are 0.02 and O.O06A 
for ae and Co, respectively. A Buerger precision camera 
with filtered molybdenum radiat ion was used in single 
crystal studies. 

The pulled crystals were oriented by x - ray  methods 
to within a �89 degree of the c-axis and cut on a dia- 
mond saw. The polished c-plane surface was examined 
for s train and microtwins on a Leitz polarizing micro- 
scope. The tempera ture  (Tw) at which the microtwins 
disappear was measured on a microscope hot stage. For 
the orthorhombic crystals, microtwins were removed 
by cooling 5 x 5 x 5 mm 3 or smaller crystals through 
the te t ragonal  to orthorhombic phase transi t ion with 
pressure applied along the [100] axis of the ortho- 
rhombic ce l l  The pressure was applied by a stainless 
steel vise which was mounted on a Leitz heating stage. 
The crystal  surface was observed under  the microscope 
dur ing cooling. 

The symmetry  of the crystals was examined optically 
at 20~ on a microscope with convergent  p lane-polar -  
ized light and a Ber t rand lens. The interference pat-  
terns established the uniaxial  ( tetragonal) or biaxial  
(orthorhombic) symmetry  of the crystals. 

The pulled crystals were analyzed for Rb or K, Na, 
Ba, and Nb using the methods shown in Table III. The 
weight per cent of each element was converted to the 
mole per cent of the niobates. The analysis for Nb 
served as a check on the assumption that  the elements 
were in the niobate form. 

The crystals pulled from melts of Ko.sNa0.2Ba2NbsOi5 
were poled by applying an electric field of 3000 V/cm 
along the c-axis of the tetragonal  s t ructure  at 100~ 

The small  signal dielectric constants were measured 
on poled, oriented, single crystals at 104 Hz. The tem-  
perature was measured cont inuously from room tem- 
perature  to a point above the Curie temperature.  Figure 
5 shows a circuit diagram of the system used. It has 
proved to be reliable, simple, and convenient.  The volt-  
age across R is proportional to C if R < <  I/,~C, which 
is easy to arrange. A Princeton Applied Research JB6 
is used as a narrow band amplifier-oscillator and the 
y-scale of the x -y  recorder is cal ibrated with known 
capacitors. The ar rangement  is similar to that described 
by  Triebwasser (9). 

Temperatures  of - -113 ~ a n d - - 8 0 ~  were needed for 
90 ~ phase matched second harmonic generation with 
a 1.06~ Nd YAG laser for crystals from melts of 
KxNal-xBa2NbsO15 where  x ---= 0.8 and 0.7. Crystals 

Table III. Chemical analyses 

E l e m e n t  D i s s o l u t i o n  M e t h o d  Accuracy 

Na I-]-F-HNOs F l a m e  p h o t o m e t r y  "~5% 
Rb KF-I-INOs A t o m i c  a b s o r p t i o n  -4-3% 
K I-IF-HN03 A t o m i c  a b s o r p t i o n  ~-3% 
Ba Li2B~O7 fus ion  P r e c i p i t a t e d  as BaSO4 ~ 1 %  
Nb KOH fusion Polarographie reduction "4-2% 

of Nb +5 to Nb +~ 

from melts of Ko.2Nao.sBa2NbsOl5 and Rbo.2Nao.sBa2- 
Nb5015 phase matched near  80~ 

Results and Discussion 
K N b O ~ - N a N b O s - B a N b 2 0 6  system.--Czochralski 

pulled tungsten bronze crystals were obtained from 12 
different compositions in the KNbO~-NaNbO3-BaNb208 
system. The max imum crystal  diameter  was 20 mm 
while the average crystal diameter  and length were 8 
and 30 ram, respectively. A single crystal pulled from 
a melt  of Ko.2Na0.sBa2NbsO15 is shown in Fig. 6. The 
pulled crystals appeared to be chemically homogeneous 
based on Curie temperature  measurements  along the 
crystal  length and the use of the crystals for electro- 
optic measurements.  The small  size of the crystals (30g 
or less) in relat ion to the melt  (400g) minimized 
compositional changes in the crystal. 

The section of the t e rnary  system of (KNbO3)x 
(NaNbOs)y (BaNb206)z where x < 34, y < 34, and z 
> 66 is shown in Fig. 3. This shows the composition of 
the s tar t ing melts and the pulled crystals obtained from 
these melts. After  the crystals were pulled, three phases 
were usual ly found in the frozen melts; these were the 
tungsten  bronze, BaNb206, and the perovskite KNbO3. 
Freezing points determined from DTA cooling curves 
on seeded samples along the pseudo-join between 
NaBa2NbsO15 and KBa2Nb~Oi5 are shown in Fig. 7. 
These show a discontinui ty at K0.6~Na0.35Ba2Nb5015 and 
a m i n i mum at K0.825Nao.z75Ba2NbsOis. Above x -= 0.825 

L REc R E  
- m o  i Y, DIELECTRIC 
X, L ~ ' CONSTANT 

TEM PERATURE 

Fig. 5. Circuit diagram for the continuous measurement of dielec- 
tric constant vs. temperature. A Princeton Applied Research JB6 
is used as a narrow band amplifier-oscillator. The voltage across 
R is proportional to C if R < <  1/~C. 

Fig. 6. A single crystal pulled from a melt of Ko.2Nao.sBa2NbsOls. 
Growth was along the c-axis. The small divisions are I mm each. 
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~ "~.-~. 

.~ 1400 

MULTI- 
PHASE 

I �9 
0 .I 2 .5 g .5 .6 7 .8 .9 ID 
NoBozNbsOi5 KBo2Nb5015 

COMPOSITION (MOLE FRACTION) 

Fig. 7. Liquidus temperature vs. composition for DTA samples aa 
the pseudo-join of KxNal-xBa2Nb5015. Two samples were run for 
most compositions. In the multiphase region a transition occurred 
below the liquidus temperature. 

in KxNal-xBa2NbsO15 the frozen DTA samples were 
multiphase. However, it was still  possible to pul l  single 
phase bronze crystals from melts with x ~ 0.9. At room 
temperature,  the pulled bronze crystals were tetragonal  
when the melt  had 0.6 < x ~ 0.9 and orthorhombic for 
x ~ 0.6. The chemical analysis data on the pulled 
crystals show that the melts become richer in KNbO:~ 
dur ing crystal growth. Crystal growth from a 400g melt  
of (KNbO3)15.5 (NaNbO3)s.7 (BaNb.~O6)75.7 produced a 
tetragonal  tungsten  bronze phase in the init ial  30g and 
then a BaNb206 rich phase. This indicated that  the 
melt  was very  close to the phase boundary  between the 
bronze and BaNb206 phases. A BaNb~O~ rich phase 
was found in crystals pulled from melts of x = 10, y = 
10, z =  80 a n d x  = 25, y = 5, z = 70. 

Figure 3 shows that  the pulled crystals from the 
tungsten bronze region were higher in BaNb206 and 
lower in KNbO3 than the melt, while the NaNbO3 
content changed only slightly. We at tempted to locate 
a max imum melt ing composition in the t e rnary  system 
in order to obtain more homogeneous crystals and to 
operate under  more favorable growth conditions. How- 
ever, only small  differences are believed to exist be-  
tween the melt ing points of all compositions containing 
more than  66 m/o  BaNb206. The mel t ing behavior  of 
some pulled crystals is described in Table IV. The 
melt ing points of pulled crystals exceed the peritectic 
decomposition tempera ture  of KBa2Nb~O15 (1391~ 
and are less than the mel t ing  point of BaNb206 
(1459~ None of the crystals melted as sharply as 
the NaBa2Nb~O1~, indicating some difference between 
the liquidus and solidus temperatures.  

Lattice parameter  data for the tungsten  bronze 
crystals are shown in Table I. Pseudo-te t ragonal  
parameters  are tabulated for crystals with slight ortho- 
rhombic splittings. Figure  8 shows the lattice constants 
(ao and bo) for frozen melts of DTA samples on the 
pseudo-join of KxNa1-zBa2Nb~O15. Only small  differ- 
ences are observed between material  from the top and 
bottom of the DTA tube. Above x = 0.6 the room tem- 
perature s tructure is tetragonal.  In  this region, the 
lattice constant  (ao) is based on the orthorhombic cell 
which is X/2-times larger than the tetragonal  ao. These 

Table IV. Melting ranges for K-Na-Ba and Rb-Na-Ba 
niobate crystals 

Crystal c o m p o s i t i o n ,  m/o 

K N b O a  R b N b O a  N a N b C ~  BaNb_~O~ 
M e l t i n g  

r a n g e ,  ~  

8 ,8  - -  2 0 , 9  7 2 .5  
11 .1  - -  14.3 7 4 .6  

3 .3  4 .8  9 1 . 9  
1 .5  2 6 . 5  7 2 . 0  

- -  4 . 0  1 8 . 6  7 7 .4  
- -  2 . 4  2 0 . 0  7 7 .6  

1399-1434 
1407-1422 
1412-1447 
1428-1441 
1421-1443 
1425-1436 

~7,75F , I ' { ' I ' I ' I ' I ' I ' r ' I ' , 

-- ~ L DTA o / : / r  

-~,~o~- . o/" "  
oo.J | . 1 ~  ~ 

81765~- /~ 
o o_'/" .,,--" ,,o 

O0 Ol 0.2 05 0.4 0.5 0,6 07" 0,8 0.9 ID 
NaBazNb5015 KBa2NbsOm 

BOLE FRACTION 

Fig. 8. Lattice constants for frozen melts of DTA samples on the 
pseudo-join of KxNal-xBa-,Nb~Ol.~. Measurements were made on 
material from the top (O)  and bottom ( � 9  of the DTA tube. 

results along with the chemical analyses on the tetrag- 
onal crystals pulled from melts with x > 0.6 define the 
approximate region of the tetragonal  bronze s t ructure  
in the t e rna ry  system (Fig. 3). 

Addit ional  data on the t e rnary  phase diagrams were 
obtained from x- ray  and chemical analysis data on the 
Bridgman ingots. The Br idgman cooling of (KNbO3)1~ 
(NaNbO3)n (BaNb206)73 resulted in a bronze and a 
KNbO3 rich phase in the frozen ingot. The first to 
freeze mater ial  (orthorhombic bronze structure)  had 
the same composition and lattice parameters  (Table V) 
as a Czochralski pulled crystal from a melt  of the same 
composition (Table I).  The last to freeze section in the 
Br idgman tube had about 95% of a KNbO.~ rich phase 
with a blue color. The Br idgman growth from the 
K0.ssNa0.15Ba2Nb5015 melt  resulted in the ini t ial  freez- 
ing of a tetragonal  bronze crystal which had a composi- 
tion lower in NaNbO3 content  than that predicted from 
the location of the phase boundary  between the bronze 
and BaNb206 phases. The last to freeze section had 
approximately equal quanti t ies of the bronze and 
KNbO3 rich phases. These results and the data on 
pulled crystals indicate that  the phase boundary  be-  
tween the BaNb206 and tungsten  bronze regions ex- 
tends from the eutectie at (NaNbO3)15 (BaNb200)85 in 
that  b inary  over to x > 0.90 on the KxNal-xBa2Nb5015 
pseudo-j oin. 

RbNbO3-NaNbO3-BaNb206 s y s t e m . - - S i x  composi- 
tions from the (RbNbO3)z (NaNbO3)u (BaNb206)z 
t e rnary  system were examined in the region of x < 34, 
y < 34, and z > 66. The melt  compositions and pulled 
crystals are shown in Fig. 4. The results of chemical 
analyses on each pulled crystal  are summarized in 
Table II. 

The solubili ty of RbNbO3 in the tungsten  bronze 
s tructure is considerably less than that  of KNbO3. The 
highest concentrat ion of RbNbO.~ was found in a crystal  
of (RbNbO3) 5.1 (NaNbO3) 19.1 (BaNb206) 75.s which was 
taken from a frozen melt  of Rb0.sNa0.sBa2Nb5015. 
Pul led mater ial  from a melt  of Rb0.sNa0.2Ba2Nb~Ol~ 
contained pr imar i ly  BaNb200. The first to freeze sec- 
tion from the Rb0.TNa0.3Ba2Nb~O15 ( x  = 23.3, y = 10.0, 
z = 66.7) Bridgman sample had a BaNb206 structure 
with the composition shown in Table V. The phase 
boundary  between the bronze and BaNb206 phases 
probably extends from the 85 m/o  BaNb206-15 m/o  
NaNbOa eutectic to about Rb0.65Na0.35Ba2Nb50,5. All 
the tungsten  bronze pulled crystals containing Rb were 
orthorhombic at room temperature .  Their  lattice pa-  
rameters  are listed in Table II. If the te t ragonal  struc- 
ture exists at room temperature,  it is in a much smaller 
region of the t e rnary  system than the corresponding 
KNbO3 system. 

Microstructure.--Optical  examinat ion at 20~ showed 
interference figures characteristic of uniaxia l  symmetry  
for all crystals grown from melts of KxNal-~Ba~_Nb~O15 
where 0.6 < x ~ 0.9 and from melts near  (KNbO3)16 
(NaNbO3)n (BaNb206)73. Other bronze crystals from N a B a ~ N b s O ~  1 4 3 8  
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Table V. Chemical analyses and lattice parameters of Bridgman crystals 

F i r s t  m a t e r i a l  to f reeze  
Las t  m a t e r i a l  

to f reeze  Composit ion f r o m  T u n g s t e n  b ronze  
Me l t  compos i t ion ,  m / o  c h e m i c a l  ana lyses ,  m / o  l a t t i ce  p a r a m e t e r s  

M a j o r  M i n o r  
KNbO~ RbNbOs  NaNhO~ BaNb2Oe KNbO~ BbNbO~ NaNbO~ BaNb~O~ do, ~. Co, A phase  phase  

16 ~ 11 73 8.8 ~ 12.3 78.9 12.499" 4.010 KNbO~ Bronze  
28.3 - -  5.0 66.7 20.8 ~ 4.3 74.9 12.534 4.021 KNbO~ B r o n z e  

- -  23.3 10.O 66.7 ~ 7.7 4.3 88.0 BaNb20~ s t r u c t u r e  Bronze  BbNbO.a 

* P s e u d o - t e t r a g o n a l  p a r a m e t e r ,  op t i ca l  i n t e r f e r ence  p a t t e r n  ind ica te s  b i a x i a l  s y m m e t r y .  

the KNbO3-NaNbO~-BaNb2Oe and RbNbO3-NaNbO3- 
BaNb208 systems were biaxial. 

The typical appearance of the microtwins in pulled 
crystals is shown in Fig. 9. The ,lines are parallel  to 
the [110] and [110] directions of the orthorhombic cell. 
Microtwinning results from the te tragonal  to ortho- 
rhombic phase t ransformat ion and has been described 
for NaBa2NbsO~5 (4). Table I shows that  higher 
KNbO3 concentrations in the bronze s tructured crystals 
from the KNbO3-NaNbO~-BaNb206 system cause a 
shift in the orthorhombic t ransformat ion (Tw) below 
77~ and the result ing absence of microtwins. Although 
microtwins in NaBa2Nb~O15 can be removed by apply- 
ing pressure along the [100] axis of the orthorhombic 
cell while cooling below 300~ it is not easily accom- 
plished and can produce strain and cracking of the 
crystal. For example, Byer (10) describes the improve-  
ment  in optical qual i ty  of detwinned NaBa2Nb50~5 above 
300~ In  the case of the RbNbOs-NaNbOs-BaNb206 
system, the t ransformat ion (Tw) was lowered to 85~ 
in a crystal  from a melt  of Rb0.sNa0.4BaeNb50~5. Re- 
sults on other compositions are shown in Table II. 
The microtwins in the crystal from the melt  of 
Rb0.2Na0.sBa2Nb5015 are shown in Fig. 9. The micro- 
twins were removed from this crystal by heat ing to 
300~ and then cooling under  pressure. The ortho- 
rhombic tungs ten  bronze crystals containing K or Rb 
appear to be easier to detwin that  NaBa2Nb~O15. Fewer  
crystals cracked, possibly because less pressure was 
required to detwin the K and Rb crystals. Also, the 
difference between the lattice parameters,  ao and bo, 
decreases as the K and Rb concentrat ions increase. 

Sensit ivi ty to laser damage.--There are 10 possible 
cation (A +, A +2) sites available in the tungsten bronze 
type s tructure (11). These are: two a sites which have 
12 oxygen ions coordinating the site; four ~ sites with 
15 oxygen ions; and four 7 sites with 9 oxygen ions. In  
the case of NaBa2Nb50~5 (4), the # sites are believed 
to be filled by Ba, the smaller ~ sites are occupied by 
Na, and the smallest sites (-~) are unoccupied. Concen- 
trat ions of more than  66.7 m/o  BaNb20~ in all the 
pulled crystals means there are more than 4 Ba ions 
per uni t  cell in the tungs ten  bronze structure.  The 

Fig. 9. Twin structure in crystals pulled from melts of 
KxNaI-~Ba2Nb5Ol,~ (x ~ 0.6) and RbzNal-xBa2Nb5015 (x 
0.6) viewed along the c-axis. Lines are parallel to the [110] di- 
rections of the orthorhombic cell. 

extra Ba ions, which n u m b e r  as high as 0.41/cell for 
the (KNbOs)9.9 (NaNbO3)11.2 (BaNb206)7s., crystal, 
are believed to occupy the a sites along with the A + 
cations (Na, K, or Rb).  For each Ba ion on an a site, 
there is a corresponding vacant  a site. On this basis the 
crystals cannot be considered filled since there are some 
vacant  ~ sites and completely vacant  ~, sites. The maxi-  
mum number  of Ba ions per un i t  cell in the tungsten  
bronze Rb crystals was 4.38 for the crystal of 
(RbNbO3) 3.8 (NaNbO3) 18.4 (BaNb206) 77.s. 

A crystal of (KNbO3) 16.3 (NaNbOs)a.s (BaNb206) 75.4 
grown from a melt  of Ko.sNa0.2BaNb5015 was examined 
for laser damage (5) with a one-half  watt  argon laser 
(4880A) focused with a 30 mm lens. When the electric 
field of the laser beam was directed along the c- and 
a-axes in separate runs, no optically induced inhomo- 
geneities were observed after 15 min of exposure. 
Under  the same conditions, LiNbO3 damaged within  
seconds. 

Dielectric properties.--The dielectric constant, ~, vs. 
temperature,  T, and 104/~ vs. T data for the crystals 
of (KNbO~) 5.6 (NaNbO.~) 16.t (BaNb206) 7s.3 and 
(RbNbO~)3.s (NaNbOa)ls.4 (BaNb206)vT.s are shown 
in Fig. 10 and 11. The data above the t ransi t ion tem-  
perature,  Tr can be fitted to the Curie-Weiss expres- 
sion, ~ = (2x/A) ( T - -  To)-1 where 2=/A is the Curie 
constant,  c, and To is the paraelectric Curie tempera-  
ture. The slopes, c, obtained from plots of T vs. 1/4 
above Tc are shown in Table VI for the two crystals. 
The T vs. 1/~ data below Tc also give an intercept, To, 
which is approximately equal to the intercept  obtained 
from the data above To. This suggests that  the t rans i -  
t ion is second order. Also, thermal  hysteresis which is 
characteristic of first order t ransi t ions was not observed 
in the , vs. T curves for any of the crystals listed in 
Tables I and II. In  the perovskite ferroelectrics, BaTiO3 
and KNbO3, which undergo a first order transition, To 
is below Tc and thermal  hysteresis in Tc is observed 
on heating and cooling. The A values for the two 
bronze crystals in Table IV are 2.2 x 10-5/~ and 0.8 x 

10. 

~, ~/~-132 

4 38b 

,t- 

o 
47'0 480 490 500 510 520 530 540 550 560 ,570 

TEMPERATURE (=C) 
Fig. 10. Dielectric constant along the c-axis vs. temperature for 

crystals K-132 (KNbO3)5.6 (NaNbO3)16.t (BaNb206)78..~ and K- 
138b (RbNbO:03,,~ (NaNbO:~)ls,4 (BaNb2Oe)77.s. 
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Fig. 11. 104/ell vs.  temperature for crystals K-132 (KNbOa)5.~ 
(NaNbO3)16.~ (BaNb20~);'s.3 and K-138b (RbNbO3)3.s (NaNbO3)ls.4 
(BaNb206)~'~'.s. 

10-5/~ which are approximately the same as for the 
perovskites and other tungsten bronze compositions 
(12). Increasing the concentrations of K or Rb in the 
bronze crystals caused a lowering of the ferroelectric 
t ransi t ion tempera ture  (Tables I and II) .  

Burns (13) has described the effects on T,. of the 
quenching of NaBa.,Nb5015 and also of crystals pulled 
from melts of KxNal-xBa2Nb5Ol~. Smaller  changes in 
Tc were observed for compositions containing more K. 
An ordering effect dependent  on the ionic size was 
suggested as a possible explanation. The ionic sizes of 
the cations are: Ba + + ---- 1.35A, Na + : 0.95A, K + 
1.33A, and Rb + ----- 1.48A. The substi tut ion of K + for 
Na + could be expected to produce less ordering. 

Summary 
Single crystals with an orthorhombic tungsten bronze 

structure were grown from a range of solutions in the 
t e rnary  systems of (KNbO3)x (NaNbO3)y (BaNb206) z 
and (RbNbO3)x (NaNbOa),j (BaNb206)z. A small solid 
solution region with a tetragonal  bronze structure at 
room tempera ture  was found in the former system. 
Chemical analyses of the pulled crystals indicated the 
approximate location of the phase boundary  between 
the bronze and BaNb206 structures in each system. 

Microtwins were absent at 20 ~ in the te- 
tragonal bronze crystals near (KNbO3)l~ (NaNbO:0 le 
(BaNb206);4. These crystals also had the best optical 
quality. Other bronze compositions in the two te rnary  
systems had lower tetragonal  to orthorhombic t rans-  
formation temperatures  than NaBa2Nb50,5. The micro- 
twins in the K and Rb orthorhombic bronze crystals 

Table VI. Curie temperatures and ferroelectrlc constants for 
K-Na-Ba and Rb-Na-Ba niobate crystals 

Above Tr 
e x 10 -5 , A • l0 s , 

Crystal composition Tc, ~ ~ ~ 

IKNbO3)~.e (NaNbO~)1~.l (BaNI>~O6)7~.3 492 7.7 0.8 
(RbNbO~)a.s (NaNbO3)ls.~ (BaNb~O~)~7.~ 506 2.8 2.2 

were less difficult to remove than those present  in 
NaBa2Nb5015. 

For the systems studied in this paper efficient phase 
matched second harmonic generation for 1.06-0.53;~ above 
room tempera ture  was obtained only in crystals with 
an orthorhombic bronze structure, such as those from 
melts of Rbo.2Nao.sBa2Nb50,5 and Ko.2Nao.sBa2Nb5015. 
The tetragonal  bronze phase matched below room tem- 
perature. 

Subst i tut ion of K or Rb for Na resulted in a lower-  
ing of the Curie temperature  and a retent ion of the 
sharp t ransi t ion at the Curie temperature.  Analysis of 
the ~ vs. T data for two representat ive crystals indi-  
cated second order transit ions at the ferroelectric to 
paraelectric transition. 
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Silicon Epitaxial Layers 
with Abrupt Interface Impurity Profiles 

Dinesh C. Gupta* aod Roy Yee 
General Telephone and Electronics Laboratories, Inc., Woburn, Massachusetts 

ABSTRACT 

Silicon epitaxial  layers of good qual i ty have been deposited on silicon 
substrates by the pyrolysis of silane at low temperatures.  Studies to minimize 
the degradation of the impur i ty  profile of an epitaxial  silicon layer caused 
by various sources or processes are reported. Auto doping and system doping 
during deposition have been minimized by using techniques such as sealing 
the backsides of the substrates, sealing the susceptor, and using two- tempera-  
ture cycle depositions. Impur i ty  profiles of the layers deposited by the above 
methods are compared with the profiles of the layers obtained from more 
conventional  deposition conditions. 

The use of hyperabrupt  junct ions is becoming in-  
creasingly important  for the fabrication of fast var i -  
able capacitive diodes and integrated circuits. This 
requires obtaining and controll ing sharp impur i ty  
gradients at the substrate-epi taxial  layer interface. 
The doping sources that  tend to degrade the in ter-  
face impur i ty  gradient  can be categorized as follows 
(1):  

1. Impuri t ies  originating from the reaction chamber, 
i.e., its walls, fixtures, gas lines, etc. 

2. Impurit ies present  in the silicon epitaxial growth 
source, e.g., SIC14, SiHC13, or SiH~. 

3. Impurit ies originating from autodoping, i.e., the 
inclusion of impuri t ies  within the epitaxial layer that  
are obtained from the substrate etching. 

4. Impuri t ies  originating from the hot susceptor, if 
r.f. heating is used. 

5. Impuri t ies  due to out-diffusion from the sub-  
strate, or the buried layers, during high temperature  
epitaxial  growth. 

The investigation reported here seeks to minimize 
each impur i ty  source by using special techniques or 
procedures. 

Apparatus and Techniques 
Apparatus.--The furnace ar rangement  used to 

achieve the epitaxial  deposition of silicon from the 
pyrolysis of silane is depicted in Fig. 1. The system 
uses only gaseous sour..ces for the dopants as well as 
the silicon source, excluding, of course, the compari-  
son source, silicon tetrachloride. The gases are spec- 
troscopically analyzed for impur i ty  content  and con- 
centrations. The dopant  gases are controlled by a 
pneumat ical ly  pulsed gas chromatography sampIing 
valve, however, in the results presented here, no in-  
tent ional  doping from dopant sources was used. The 
reaction chamber is a mult iple  slice, cold wall, vertical 
gas flow system capable of handl ing six 1-in. diameter 
slices (2). In the investigations reported here, how- 
ever, only three slices plus a control slice were used 
for each run. All runs, whether  using Sill4 or SiCI~, 
were made in the same reaction chamber to mainta in  
identical geometric conditions. The susceptor on which 
the slices were placed, was fabricated from n-type,  
arsenic-doped, 0.5 ohm-era silicon, and was heated by 
a 4 MHz r.f. coil located external ly  to the reaction 
chamber. As a precaut ionary measure the system was 
kept mois ture- t ight  using stainless steel gas lines, fit- 
tings, etc., since traces of water  vapor can cause etch- 
lag of silicon at epitaxial  growth temperatures  (3) 
which may produce autodoping effects. 

Silicon epitaxy source.--A widely used process to 
deposit epitaxial  silicon layers is the hydrogen reduc-  
tion of silicon tetrachloride (4). The hydrogen reduc- 
t ion of trichlorosilane has also been investigated (5). 

* Electrochemical Society Active Member. 

In both cases, however, the deposition temperatures  
are quite high, and achieving abrupt  impur i ty  gra-  
dients becomes difficult. Efforts have been made there-  
fore to deposit layers at reduced temperatures  using 
the pyrolysis of SiH~ (6-8) and improved impur i ty  
gradients have been achieved using substrate resistivi- 
ties as low as 0.007 ohm-cm (7). 

The use of SiI-~ as the silicon source is well suited 
for minimizing autodoping and out-diffusion, for the 
following well-known reasons. First, silane has no 
HC1 as a decomposition product, and consequently 
the amount of autodoping should be considerably re- 
duced as compared to the hydrogen reduction of the 
silicon halides. Second, it is possible to reduce out- 
diffusion effects by lowering the epitaxial growth 
temperature to more than compensate in the diffusion 
length for the increase in diffusion time required to 
deposit a given layer thickness at the reduced temper- 
ature. To take advantage of this fact, the silicon 
source must be capable of being efficiently decomposed 
at the lower growth temperature. The decomposition 
of silane is indeed more favorable thermodynamically 
than silicon tetrachloride in the temperature range 
used here, namely, 900~176 The heat of forma- 
tion for silane at these temperatures is about one or- 
der of magnitude lower than that for silicon tetra- 
chloride (8, 9). 

Control of autodoping.--We propose here that the 
autodoping can be controlled by back-seal ing the sub-  
strates prior to deposition by using an insulating, etch- 
resistant  film, e.g., silicon oxide, silicon nitride, etc., 
on the back side of the silicon slices. In these studies, 
a 15,000A thick layer of thermal ly  grown silicon diox- 
ide was used for back-sealing. 

Control of susceptor doping.--The susceptor is 
heated and etched by HCI prior to the deposition 
cycle and dur ing  conventional  H2-SiC14 deposition. 
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Therefore,  i t  becomes a source for impuri t ies ,  especi-  
a l ly  since its res is t iv i ty  is usua l ly  r e l a t ive ly  low for 
efficient r.f. coupling. By sealing its surface wi th  an 
ep i tax ia l ly  deposi ted layer  of high pur i ty  silicon, or 
wi th  an insula t ing e tch- res i s tan t  film, a reduct ion of 
impur i t ies  from this source can be achieved. 

Out-dif]usion.--The res is t iv i ty  of the  substrate,  or 
of bur ied  layers,  is control led by the device design 
so tha t  out-diffusion f rom these sources dur ing epi-  
t ax ia l  deposi t ion can be control led effectively only by  
main ta in ing  the deposi t ion t empe ra tu r e  as low as pos-  
sible to achieve good qua l i ty  ep i tax ia l  layers.  

The choice of Sill4 as the silicon ep i t axy  source per -  
mits lower  deposi t ion temperatures ,  and consequent ly  
a reduct ion in the  amount  of out-diffusion f rom the 
substrates.  In  fact, deposi t ing at about  1000~ com- 
pared  to 1175~ wil l  decrease the  diffusion constant  
of the subs t ra te  dopant  (in this case, arsenic)  by about  
an order  and a half  in magni tude  (10). 

H i g h - L o w  T e m p e r a t u r e  C y c l e  D e p o s i t i o n s  
A comple te ly  different  approach for achieving good 

qual i ty  ep i tax ia l  layers  wi th  reduced red is t r ibu t ion  of 
doping impur i t ies  is to ca r ry  out the ini t ia l  nucleat ion 
growth  at high t empera tu res  and complete  the deposi-  
t ion at  a reduced tempera ture .  This method is cal led 
the  coating technique (11), or the  h igh- low t empera -  
ture  cycle technique.  

By this technique,  a reduct ion in growth  t empera -  
ture  to 850~ for si lane deposit ions is possible, whi le  
stil l  main ta in ing  good qual i ty  layers  wi th  abrup t  dop-  
ing profiles at  the  interface.  

A n a l y s i s  a n d  D i s c u s s i o n  o f  R e s u l t s  
Using the special  techniques descr ibed above to en-  

hance the  abruptness  of impur i ty  gradients,  silicon 
n / n  + ep i tax ia l  layers  were  deposi ted at t empera tu res  
of 900~176 using si lane as the silicon source. 
The impur i ty  dis t r ibut ions  are  compared  with  those 
obta ined in layers  deposi ted using more  convent ional  
deposit ion conditions,  namely,  silicon te t rachlor ide  as 
the silicon source, and the deposi t ion t empera tu re s  in 
the range of 1175~176 

The quoted t empera tu res  a re  optical  py romete r  t em-  
peratures ,  emiss iv i ty  uncorrected;  however,  the py -  
rometer  was ca l ibra ted  against  a P t  + 10% Rh the r -  
mocouple,  as descr ibed in the  Appendix .  

The subst ra tes  used for these studies were  (111) 
oriented, mechanica l ly  and chemical ly  polished, and 
had dislocation counts of less than 100 dis locat ions/  
cm ~. The arsenic concentrat ion in the subst ra tes  was 
app rox ima te ly  3.5 x 1019 atoms/cc.  

To achieve good qual i ty  ep i tax ia l  layers,  i t  was nec-  
essary  to in-situ HC1 etch the  slices pr ior  to deposition. 
Af te r  etching, the  sys tem was purged  with  hydrogen  
for a t ime sufficiently long to adequa te ly  remove any  
HC1 vapors  remain ing  in the  system. 

Impur i t y  profiles were  de te rmined  by  diode vol t -  
age-capac i tance  measurements  (12) on diffused or 
Schot tky  bar r i e r  diode structures.  The values  of the 
impur i ty  concentrat ions repor ted  for the surface of 
the  layers  were  obtained by the spreading  resis tance 
probe measurements  (13). 

Deposition rate.--The dependence of the deposi t ion 
ra te  on the growth  t e m p e r a t u r e  for various volume 
percentages  of Sill4 in H2 is shown in Fig. 2. As the  
t empera tu re  is lowered,  the  percentage  of SiH~ should 
be lowered  to achieve good qua l i ty  ep i tax ia l  layers.  
The act ivat ion energy of the system is found to be 30 
kca l /mole  from 850 ~ to l l00~ Joyce and Brad ley  (3) 
have repor ted  a value  of 37 • 1 kca l /mo le  as the ac-  
t iva t ion  energy f rom 950 ~ to l l00~ At  t empera -  
tures  higher  than  ll00~ the react ion is found to be 
independent  of the  Sill4 concentrat ion,  indicat ing tha t  
the pyrolys is  of SiH~ is complete,  and a constant  
g rowth  ra te  results.  F igure  3 gives the  dependence  of 
the  deposit ion ra te  at 1000~ on the volume per  cent 
of SiI-I4 in H2. 
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Impurity profiles resulting Jrom use of special tech- 
niques.--The effect of the  back side seal ing of the 
subst ra tes  on the impur i ty  profiles of the  layers  is 
shown in Fig. 4 th rough  6. F igure  4 gives the  impur i ty  
profiles of two ep i tax ia l  layers  obta ined by  the de-  
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decomposition of silicon tetrachloride. 
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composition of SIC14. Curve 1 had the back side of the 
substrate sealed while in curve 2 the back side was 
not sealed. 

In  Fig. 5, the impur i ty  profiles of the two epitaxial  
layers deposited with the silane process are depicted. 
Curve 2 had the back side of the substrate sealed, 
while in curve 4 the back side was not sealed. 

It  is clear from these results that back-seal ing the 
slices reduces the amount  of impur i ty  doping at the 
interface significantly. These impur i ty  profiles, im-  
proved as they are, still reflect the two remain ing  im-  
puri ty  sources, namely,  autodoping from the suscep- 
tar  and out-diffusion from the substrates. The effect 
of autodoping from the susceptor has been determined 
from two runs  deposited under  the condition of hav-  
ing the susceptor sealed as well as having the slices 
back-sealed in one run,  and not back-sealed in the 
other. These two profiles are shown in Fig. 5, denoted 
by curves 1 and 3, respectively. Some improvement  
in  the impur i ty  profiles are noted over runs  made 
without susceptor sealing, but  this improvement  is 
not as significant as that  due to back-sealing. The ex- 
tra doping near  the interface can be accounted for by 
out-diffusion from the substrate. The diffusion length 
for the silane layers is about 0.3 ~m as discussed be- 
low. 

The effect of out-diffusion is also shown in Fig. 6, 
where  comparison is made of the impur i ty  profiles 
of the layers deposited by SiCI~ process at 1175~ and 
Sill4 process at 1000~ with the substrate back-sur -  
face sealed. The increase in the abruptness  of the im-  
pur i ty  gradient  is a t t r ibuted to not only the reduct ion 
of autodoping from the front side due to the nonexis t -  
ence of HE1 vapors in the silane system, but  also to 
the decrease in the arsenic diffusion constant by about 
one and a half  orders of magni tude that  results from 
the reduction in growth tempera ture  from 1175 ~ to 
1000~ The layer deposited from silane also has a 
higher impur i ty  concentrat ion near  the layer 's sur-  
face, which shows that  even though less impur i ty  dop- 
ing occurs near  the interface using the silane process, 
the silane source used here is less pure than  the silicon 
tetrachloride source. 

Figure 7 shows an ari thmetic probabil i ty  plot of the 
impur i ty  profiles of the layers shown in Fig. 6. Cam- 
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plementary  error funct ion diffusion processes, e.g., 
out-diffusion, are readily identifiable from this type 
of plot since they appear as straight lines on the graph 
(14). One obtains a diffusion length of 1.8 ~m for the 
deposition at 1175~ with SIC14 while for the deposi- 
tion from Sill4 at 1000~ a diffusion length of only 
0.3 ~m is obtained. These results reflect the decrease 
in the diffusion constant of arsenic as ment ioned pre-  
viously. The change in the slope in the lines can be 
explained in terms of the model suggested by Kahng 
et al. (15) in which the impur i ty  doping from the back 
side, in their  case, and from the front side, in our case, 
is redeposited from the gas phase to give an exponen-  
tial distribution. A net  profile similar to the plots of 
Fig. 7 can be obtained by the addition of the exponen-  
tial dis t r ibut ion for autodoping, represented by  

N = No* exp (--xlL2) 

and the error function distribution for the out-diffusion 
during the deposition, represented by 

N = (Ns l2 )  erfc (x /L , )  

These distr ibutions are shown in Fig. 8. 

High-low cycle epi taxy.--Using a high-low tem-  
perature  cycle as discussed earlier, the deposition 
temperature  can be reduced further,  e.g., it was pos- 
sible to deposit good qual i ty epitaxial silicon at t em-  
peratures as low as 1000~ using the decomposition 
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Fig. 8. Theoretical net impurity distribution of layers with auto. 
doping and out-diffusion. 
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Fig. 9. Impurity profiles of the layers deposited in SiCI4 system 
using high-low temperature cycle. 

of silicon tetrachloride and this technique. The im- 
pur i ty  profiles on the layers are shown in Fig. 9. The 
coating was performed at 1175~ for 2 min in each 
case. Note the improvement  in the impur i ty  gradient  
of the layers with the reduct ion in temperature  of the 
low cycle. The back sides of the substrates in  these 
cases were not sealed. Using the same technique, it  
was possible to deposit good qual i ty  layers at a t em-  
perature  as low as 850~ with the pyrolysis of silane. 
Coating in  the lat ter  case was performed at 1000~ 
Figure 10 shows the results. The back sides of the 
substrates were not sealed. It  is interest ing to note 
that  the abruptness  of the gradient  is very  near ly  the 
same for depositions carried out at 10O0~ with sub-  
strate back-surface sealed as it is for depositions at 
850~ with an ini t ial  coating for 2 min  at 1000~ but  
without  the back side sealed. 

Surface quality.--The surface qual i ty of silicon de- 
posited by the pyrolysis of silane has been found to be 
quite good for deposition temperatures  as low as 
9500C and it is possible to obtain mobilities in the 
layers approaching that  of bulk  silicon (16). Below 
9500C the surfaces contain nuclei  of different or ienta-  
tions. At temperatures  below 850~ nucleat ion was 
found to be incomplete and polycrystal l ine growths 
were obtained as shown in Fig. 11. The density of 
nuclei on the surface of the layer  was about th i r ty  
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Fig. 10. Impurity profiles of the layers deposited in Sill4 system 
using high-low temperature cycles. 

Fig. 11. Photomicrographs showing surfaces of layers deposited 
by silane at temperatures: (a) 900~ (b) 850~ (c) 800~ Magni- 
fication 500X. 

times less for layers deposited at 9O0~ than that  
deposited at 850~ 

Conclusions 
In conclusion, a sharp t ransi t ion between the doping 

levels of the substrate and the epitaxial  layer can be 
achieved by low tempera ture  epitaxial  depositions 
using the pyrolysis of silane. Most suitable tempera-  
tures for this type of deposition are found to be in the 
range of 950~176 where the film qual i ty is good 
and the times of deposition are reasonable. Using the 
coating technique the deposition tempera ture  can be 
lowered to 850~ without deteriorat ing the film qual-  
ity. An even sharper t ransi t ion between the doping 
concentrat ion of the substrate and the layer can be 
obtained regardless of silicon source, i.e., SIC14 or SiH~, 
if autodoping from the substrate is controlled by seal- 
ing its back surface. Addit ional  abruptness is possible 
if the surface of the susceptor is sealed using a film of 
high pur i ty  silicon or some etch-resistant  dielectric 
material ,  e.g., silicon oxide, silicon nitride, etc. 
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A P P E N D I X  
The deposi t ion t empera tu re  in the  above studies was 

measured  by  an opt ical  py rome te r  (emiss ivi ty  uncor-  
rec ted) ,  however ,  the opt ical  py rome te r  was ca l ibra ted  
by obtaining,  at the  pyrometer ,  the rad ia t ion  which 
was dependent  on the silicon ingot 's  surface emiss iv-  
i ty  wi th  a plat inum, p la t inum +10% rhod ium the rmo-  
couple as follows: 

A 5 ft long muffle furnace was used as a heat  
source to hea t  an ingot  of silicon placed at one end of 
the  furnace tube. Contact ing the face of this silicon 
ingot was the  thermocouple ,  whi le  at the  other  end 
of the  furnace  tube the  opt ical  py rome te r  was placed 
and focused onto the  same silicon face to which the 
thermocouple  was at tached.  An inver ted  cone was 
used as a lens shade to minimize  s t r ay  rad ia t ion  en-  
ter ing the  optical  pyrometer .  
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Fig. 12. Calibration of optical pyrometer with platinum, platinum 
+10% rhodium thermocouple. 

The furnace  t empe ra tu r e  was aUowed to s tabi l ize 
at  various t empera tu re  values,  as measured  on the 
thermocouple,  wi th in  the  range  of 800~176 and 
the corresponding measurements  were  taken  by  the  
optical  pyrometer .  The resul ts  a re  plot ted in Fig. 12. 
It can be seen tha t  the  opt ical  py rome te r  t e m p e r a -  
tures  quoted are  p robab ly  correct  to wi th in  +__15~ 
and for the  range  of t empera tu res  most  per t inent  to 
this work  tend to be ac tua l ly  lower  than  the  quoted 
tempera tures .  This resul t  is not necessar i ly  in conflict 
wi th  the  resul ts  no rma l ly  repor ted,  viz., tha t  the  opt i -  
cal pyromete r  t empera tu re  is usual ly  lower  than the 
ac tual  t empera ture ,  since as can be seen in Fig. 12, 
deviat ions at the h igher  t empera tu re s  do indicate  this  
condition. In most cases r epor ted  wi th  regard  to epi-  
t ax ia l  growth,  the  t empera tu re s  are  in this  h igher  
t empera tu re  range.  

Studies in the Adamantine Family of Semiconductors 
IV. The ZnxCdz_xSnAs2 Semiconducting Alloy System: Phase Diagram and Preparation 

B. R. Pamplin and J. S. Shah t 
School of Physics, Bath University of Technology, Claverton Down, Bath, England 

ABSTRACT 

The resul ts  of a DTA s tudy of the al loy system ZnxCdl-xSnAs2 are  p r e -  
sented and a pseudobinary  phase d iag ram is deduced showing the  liquidus, 
solidus, and o rde r -d i so rde r  t ransi t ion lines as a function of Cd content.  The use 
of zone refining techniques to p repa re  single phase samples  for fur ther  s tudy 
is also described.  

The I I  IV V2 compounds are  closely r e l a t ed  s t ruc-  
t u r a l l y  and e lec t ronical ly  to the  wel l  known te t r ahe -  
d ra l ly  bonded,  d iamond and sphaler i te  s t ruc ture  group 
IV and II I  V semiconduct ing compounds.  They have 
been the subject  of severa l  reviews (1-3).  CdSnAs2 is 
isoelectronic and isomorphous wi th  InAs from which it 
m a y  be der ived  by  cross-subst i tu t ion (4) and to which 
it has s imi lar  electronic proper t ies  [i.e., a room tem-  
pera tu re  e lect ron mobi l i ty  of 22,000 cm2/V.s at  n = 
1017 per  cc (5)] .  I t  has a m a r k e d l y  lower  la t t ice the r -  
mal  conduct iv i ty  [70 mw/cm~ (6)] ,  and thus i t  and 
its solid solutions are  of technological  in te res t  as t he r -  
moelectr ic  mater ia ls .  

Most pai rs  of i sos t ructura l  I I  IV V2 compounds are  
expected to be isomorphous in the  solid state provided  

Z P r e s e n t  a d d r e s s :  H .  H .  Wi l l~  P h y s i c s  L a b o r a t o r y ,  T h e  U n i v e r -  
s i t y ,  B r i s t o l ,  England, 

the  e lec t ronegat iv i t ies  and atomic sides of cor respond-  
ing atoms differ by  not  more  than  10-15%, especial ly 
if one or two of the  atomic species are  the  same. P r e -  
vious papers  in this series (7, 8) r epor ted  the  x - r a y  
evidence for complete  solid solution be tween  ZnSnAs2 
and CdSnAs2 and also for the pseudo te rna ry  system 
InAs-ZnSnAs2-CdSnAs2.  

This paper  repor ts  our s tudy of the  phase d iagram 
ZnxCdr~-x)SnAs2 and techniques evolved for the p rep-  
ara t ion of single phase samples  at  different  composi-  
tions in this a l loy sys tem wi th  a br ie f  ment ion  of the  
t e r n a r y  alloys.  

Properties of the End-Component Compounds 
Severa l  papers  have repor ted  r e l evan t  work  on the 

components  of the  pseudob inary  phase d iagram 
ZnSnAs2 (1-4, 9-14) and CdSnAs~ (4, 5, 9, 10, 15, 16). 
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Early work on ZnSnAs2 by Pfister and Folberth (11, 
14) established that  it  may  exist at room tempera ture  
in two forms. The stable form has the chalcopyrite 
s t ructure EIi (space group I : ) 2 d  12  - -  I4-2d) in which the 
diamond structure pat tern  of atomic sites is readi ly 
recognized, subject to a slight tetragonal  distortion. 
The other, metastable, form has the sphalerite s truc-  
ture B3 (space group Td 2 ~ F4-3m). This is derived 
from the first by disordering or randomizing the Zn 
and Sn atomic sublattices and thus restoring cubic 
symmetry.  The fcc As atomic sublattice is substant ia l ly  
unaffected by the order-disorder  t ransi t ion occurring 
between these two structures. Most reported values for 
the tempera ture  of the order-disorder  t ransi t ion lie in 
the range 532~176 (12-15). Russian work ( l )  indi-  
cates that  it may  be as high as 700~ there may be a 
certain degree of hysteresis resul t ing in a slightly 
lower disorder-order  t ransi t ion temperature.  At 778~ 
3~ the compound melts incongruent ly,  probably 
through a peritectic t ransi t ion (13). Thus, this end of 
the phase diagram cannot properly be represented as a 
single component of exact composition ZnSnAs2. But 
we feel that  the difficulty is real ly a small  per turbat ion  
and that  to a first approximation it may be overlooked. 

CdSnAs2 is usual ly  assumed to be a straightfor- 
wardly  chalcopyrite s t ructure  compound which melts 
and freezes congruent ly  at 595~176 However some 
recent Russian work is ment ioned (1) in which a dis- 
order temperature  10~176 below the mel t ing point  
is suggested because quenched CdSnAs2 was observed 
to have a sphaleri te structure. 

D i f f e r e n t i a l  T h e r m a l  Analys is  T e c h n i q u e s  
In the DTA technique a differential tempera ture  

measurement  compares the specimen with a s tandard 
substance whose properties are well behaved in the 
tempera ture  range studied. Because our compounds are 
decomposed by heating in air, we kept our powdered 
sample in a vacuum-sealed quartz ampoule. Our s tan-  
dard, silver, was similarly encapsulated. Both ampoules 
were mounted close together in a cylindrical  pyreofilite 
holder and the  required signals derived from a chro- 
mel -a lumel  differential thermocouple and a sample 
thermocouple. The differential signal was recorded 
using a solid state chopper preamplifier. The sample 
tempera ture  was recorded to an absolute accuracy of 
better  than  •176 

The specially constructed tube furnace in which the 
holder fitted snugly had a 5 in. zone of temperature  
uniform to __2~ It was controlled by a saturable re-  
actor with a programmed proport ional  temperature  
controller. Heating rates from l ~  to 10~ 
were used and 4~ was found to be the best com- 
promise. The accuracy of the a r rangement  was tested 
by finding the mel t ing points of Ag, Sb, InSb, ZnSnAs~, 
and CdSnAs2. Our measurements  gave 965 ~ 630 ~ 528 ~ 
778 ~ and 595~ respectively. The value for Ag is about 
4~ higher than the accepted value but  the other re-  
sults are in good agreement  with the accepted values 
so no correction has been applied to our subsequent  
observations. 

The samples used were for the most part  the same 
annealed powders used in the x - r ay  lattice parameter  
work (7). These were chosen to lie at compositions 
x -~ n /8  (n = 0, 1, 2, . . .  8) through the system be-  
cause these are the compositions expected to show 
fur ther  ordering of the disordered chalcopyrite phase 
(17). 

Results and Discussions 
Typical heating and cooling curves are presented in 

Fig. 1 and the arrest temperatures  recorded in Table I. 
The differential thermocouple l ine on the chart  shows 
a clear but  wide peak, arrest  C on heat ing and F on 
cooling, coresponding to the solidus and liquidus, re-  
spectively, and one or two small peaks. Reading the 
arrest temperatures  from the chart is necessarily rather  
subjective. Where possible we have followed the rec- 
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Fig. I. Differential thermal analysis heating and cooling curves 
in the system ZnxCdl-~nAs2.  - - x - - ,  Points while heating at 
4~ - - C) - -, points while cooling at 7~ 

ommendat ion of Partr idge et al. (18) and taken the 
temperature  corresponding to the ma x i mum rate of 
deflection on the r is ing side of the peak. Where this 
does not give a clear value we have erred toward 
lower temperatures  for the heat ing curves and higher 
temperatures  for cooling curves. 

Arres t  B is taken to be due to the order-disorder  
transit ion.  Arrests A and D, which are often larger  in 
area than B, are supposed, following the suggestion of 
Gasson et al. (12), to be due to SnAs and SnAs + As 

Table I. Arrest temperatures 

A r r e s t  t e m p e r a t u r e s ,  ~  

H e a t i n g  Cooling 
E n d  o f  

C o m p o s i t i o n s  A B C m e l t i n g  D E F 

1 Z n S n A s 2  5 8 4  670  778  8 2 0  5 6 0  6 2 8  7 7 8  
2 Z n ~ / s C d l / ~ S n A s 2  ~ 7 0 7  7 6 5  810  - -  6 3 8  772  
3 Z n s / 4 C d l / 4 S n A s 2  ~ 700  735  800  - -  6 4 0  7 6 5  
4 Zr~/sCd~/~SnAs~ ~ 6 9 0  7 2 0  765  6 2 3  6 9 0  7 5 2  
5 Z n z / ~ d l / ~ S n A s ~  6 7 5  6 9 5  7 7 0  6 0 0  6 8 0  7 4 5  
6 Z r ~ / s C d ~ / ~ S n A s s  ~995 - -  665  725  - -  6 2 0  7 3 0  
7 Zn l /4Cda /~SnAs~  5 9 5  - -  6 4 5  7 2 0  5 9 5  6 2 0  6 9 0  
8 Z n l / ~ C d 7 / s S n A s v  5 8 0  - -  625  680  5 8 0  6 1 0  6 9 0  
9 C d S n A s a  565  - -  5 9 5  6 2 0  - -  ~ 5 9 5  
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Fie. 2. Proposed equilibrium phase diagram for the ZnxCdt-x 
SnAs2 alloy system. ~,, disorder-order transition temperatures; ~, 
order-disorder transitions, liquidus and solidus temperatures. 

phases. Electron probe microanalysis  of directionally 
frozen and zone refined ingots confirmed the presence 
of these phases. 

In  Fig. 2 we show a proposed equi l ibr ium diagram 
for ZnzCdi-xSnAs2 alloys. Its general  character is the 
same as for mixed III  V alloys (such as InAs-GaAs) .  
The two phase region between the solidus and liquidus 
is 50~ deep and 20 a/o (atomic per cent) wide in the 
middle of the system. The liquidus is taken from arrest 
F on cooling and the solidus from arrest C on heating. 
The extra line, from arrest B, divides the chalcopyrite 
phase region from the sphalerite s t ructural  region. 
This phase supposes the alloys are pseudobinary,  
which, since ZnSnAs2 does not melt  congruently,  can-  
nqt be exactly true. However, we feel that  the analysis 
of these results in terms of a two component  system is 
basically sound and is supported by the growth studies 
reported in the next  section. 

Arrest  B for ZnSnAs2 itself may be at t r ibuted to the 
disorder-order  t ransi t ion but  the same conclusion can- 
not fairly be made for the alloys which by vir tue of 
the phase diagram we propose must  freeze at best to 
give a graded composition ingot and at worst a non-  
equi l ibr ium mixture  of phases. Thus no disorder-order 
l ine is d rawn in Fig. 2. 

I t  is noted that  arrests and t ransi t ion temperatures  
observed by other workers (12, 13, 15, 16) on ZnSnAs2 
and CdSnAs2 are general ly in good agreement  with 
our results and consistent with this phase diagram. 

Preparation of Single Phase Specimens 
The proposed phase diagram indicates that complete 

solid solution exists between the two chalcopyrite 
s t ructure components below the order-disorder tem- 
perature and solid solution with the sphalerite s truc-  
ture between this l ine and the solidus for zinc rich 
alloys. The diagram also implies that  the tie lines in 
the two phase region between the solidus and l iquidus 
lie in the plane of the diagram. This would mean that 
an alloy of composition x frozen directionally (or zone 
refined) under  equi l ibr ium growth conditions would 
be graded from a first to freeze zinc rich composition 
to a last to freeze cadmium rich tail. 

It is well  known that  alloy mater ia l  with a phase 
diagram like that proposed must  be frozen very slowly 
indeed if inhomogeneity due to consti tutional super-  
cooling is to be avoided. Dismukes and Ekstrom (19) 
have extended the conventional  analysis of const i tu-  
t ional supercooling to the Ge-Si  alloy system. They 
find the max imum permissible growth rate v cm/sec 
for a tempera ture  gradient  G ~ is given by 

G.D 
V =  

~n(c I - -  Cs) 

where m = the slope of the liquidus, cl ---- solute con-  
centrat ion (i.e., concentrat ion of one of the components 
of the solid solution) in liquid, cs = solute concentra-  
tion in solid, and D ---- diffusion coefficient for solute 
in solution. 

We have applied this formula to our system; taking 
m, c and Cs from our phase diagram, G = 20~ 
(measured value) and assuming D ---- 10 -4 cm2/sec (as 
a typical figure in the absence of data) we find v must  
not exceed 5.10 -5 cm/sec or 1 m m / h r  for alloys near  
the middle of the alloy system. 

During the course of this work we made fifty ingots 
of these alloys. Some were quenched, some direction- 
ally frozen (DF),  and some zone refined (ZR), but  all  
on x- ray ing  contained an adamant ine  phase which, 
judging by the relat ive intensities of the x - ray  powder 
photograph lines, accounted for the major i ty  of the 
material. This adamant ine  phase always had a variable 
composition, the powder photograph lines were b lur red  
in quenched specimens and showed a graded ingot in 
DF and ZR ingots. These facts strongly support  the 
main  features of the proposed phase diagram. How- 
ever, all ingots contained at least a trace of impur i ty  
phase. Arsenic condensed in the colder portions of the 
sealed tube. SnAs and SnAs -5 As phases were found 
on electron probe microanalysis of the lat ter  portions 
of DF and ZR ingots. Surpr is ingly  nei ther  Zn3As.~ or 
Cd:~As., (or their  alloys) were ever found. 

In the early stages of the work it was felt that a 
slight excess of As should be added to provide a gase- 
ous atmosphere over the hot solid and liquid. How- 
ever the best results were obtained when about 2% 
excess zinc was added to react with the SnAs phase. 
ZR and DF ingots containing excess zinc had a higher 
percentage of single phase graded composition chal- 
copyrite s tructure material.  But unfor tunate ly  none of 
these ingots was near  being a single crystal. 

Several  other growth techniques were tr ied in an 
at tempt to produce single crystals. All, including halo- 
gen assisted vapor transport,  failed. Liquid encapsu- 
lated zone refining using KI -5 2LiI produced mater ial  
similar to the ZR mater ial  described above. 

The best mater ial  obtained, which was used in the 
electrical measurements  (20) was produced by ZR in 
a vitreous carbon boat in a sealed tube kept at an 
ambient  temperature  of 570~ to inhibi t  subl imation 
of arsenic. The zone speed was 0.1 ram/hr .  Figure 3 
shows a photomicrograph confirming the disappearance 
of SnAs rich second phase mater ia l  when  the zone 
speed was reduced from 10 to 0.1 mm/hr .  The bound-  
ary is quite sharp indicating that  consti tutional under -  
cooling due to poling up of impur i ty  rejected by the 
growing crystal is severe enough to cause the growth 
interface to reach a eutectie in the four components 
(Zn, Cd, an,  A s l  phase field at just  about the growth 
rate predicted above. 

In view of the ease with which the alloys in the 
InAs-ZnSnAs2-CdSnAs2 system anneal  from as 
quenched powdered alloys to a single sphaleri te phase 
condition (7), hot and cold pressing was also used to 
prepare specimens for electrical measurements.  The 
most successful technique involved the addit ion of 
0.1% by weight of camphor to the compact before 
pressing under  5000 psi at 250~ for 10 min  pumping 
at the same time to drive out the camphor binder. 
These pressed disks were 16 mm diameter and 3 mm 
thick and after s inter ing at 550~ for a few hours were 
suitable for cut t ing into 10 x 3 x 2 mm specimens. The 
electrical properties of the compressed powders com- 
pared consistently with the ingot material.  

C o n c l u s i o n  

We are confident that the proposed phase diagram, 
Fig. 2, represents correctly the gross features of the 
ZnxCdl-xSnAs.2 system. The existence plane of this 
adamant ine  phase in the proper four component phase 
field is thought to be quite nar row and to deviate from 
the l ine given by  the formula by  about 2% toward the 
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Fig. 3. Photomicrograph of the surface of a zone refined ingot 
of nominal composition ZnCdSn2As4 showing that the second 
phase present when the zone speed was 10 mm/hr and disappeared 
when the speed was reduced to 0.1 mm/hr. Magnification approx. 
150X. 

zinc r ich side for  the  m a x i m u m  mel t ing  point  composi-  
t ion nea r  the  zinc end of the  line. 
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Marker Techniques for Studying the Mechanism 
of Scaling of Metals Based on the Use 

of the 01 (p,n)F Nuclear Reaction 1 
J. B. Holt and L. Himmel 

Lawrence Radiation Laboratory, University of California, Livermore, California 

ABSTRACT 

A general mechanistic approach to the study of scaling reactions is pro- 
posed which dispenses with the conventional inert marker. Instead, radioiso- 
topes of the reacting components are used to establish the nature of the diffus- 
ing species in the solid reaction products formed on metal surfaces at high 
temperatures. For investigating the mechanism of oxidation of metals, O TM is 
employed as a tracer and the stable isotope is subsequently activated by pro- 
ton bombardment via the nuclear reaction O1S(p,n)F Is. The basis for the 
technique is outlined and its application to the scaling of iron and of zir- 
conium is described. The experiments with iron establish conclusively that, 
at temperatures up to I050~ iron is the only diffusing component in the 
dense, adherent  wi~stite layer which forms adjacent  to the metal. Direct evi- 
dence is also presented for the vapor phase t ransport  of oxygen by a dis- 
sociative mechanism during the growth of porous, non-adheren t  wfistite scales 
on iron in H~/H.~O atmospheres. It is shown that  oxygen is mobile in thick 
ZrO2 scales formed on Zr in a water vapor atmosphere at 1200~ however, 
the unusua l  form of the O Is distr ibution in the scale indicates that open chan-  
nels must  have existed in the outer portion of the scale dur ing oxidation 
which allowed direct penetrat ion of oxygen to levels deep within the ZrO2 
layer. The advantages and l imitat ions of the present technique are discussed 
with part icular  reference to conventional  marker  methods. Major sources of 
difficulty in the interpretat ion of inert  marker  experiments  are identified 
and a set of experimental  requirements  is given which, if satisfied, should 
permit  reliable t ransport  information to be obtained using conventional  
marker  techniques. 

The mechanism of a heterogeneous chemical reaction, 
such as the oxidation of a metal, can be considered 
established, at least in principle, if the ra te -de te rmin-  
ing step in the reaction is known and if the manne r  
in which the reactants are t ransported to and from 
the various phase boundaries in the system can be 
specified. Information of this kind cannot general ly 
be obtained from kinetic studies alone. In  fact, even 
under  conditions where diffusion-controlled kinetics 
a r e  observed, it is often not possible to decide, una m-  
biguously, whether  the reaction is sustained by  the 
outward migrat ion of metal  ions through the scale, 
or by the inward diffusion of the nonmetal l ic  com- 
ponent. The dominant  or faster diffusing species can, 
of course, be predicted if self-diffusion or ionic con- 
ductivi ty data are available for both components over 
the ent i re  s tabil i ty range of the product  phase. U n -  
fortunately,  reliable data of this type current ly  exist 
for only a few oxide and sulfide systems (1-3). 

When the necessary t ransport  data are not available, 
inert  marker  techniques are customarily employed to 
determine the na ture  of the mobile component in the 
growing scale. Marker methods were first introduced 
by Pfeil (4) in 1929 in his classic work on the scaling 
of iron, and they have been applied subsequently to a 
great many  gas-solid (1) and solid-solid reactions (5- 
7) but often, as experience has demonstrated, with 
puzzling or conflicting results. Although several sources 
of difficulty in the conduct and in terpre ta t ion of iner t  
marker  experiments have now been recognized (8-13), 
the feeling persists that the results of marker  studies 
may not be t rus tworthy and should not  be accepted 
without caution. The present work was under taken  in 
an at tempt to develop a generalized marker  technique 
that  circumvents  some of the problems encountered 
with conventional  marker  methods. The results have 
also permit ted us to define in detail the experimental  

1 Work performed under the auspices of the U.S. Atomic Energy 
Commission.  

conditions that must  be met  in order to obtain reliable 
t ransport  information from inert  marker  studies. 

Instead of employing inert  markers  which, ideally, 
do not take part  in the reaction, the technique described 
below utilizes radioactive isotopes that  are themselves 
components of the product scale layer. For oxygen, 
which does not have a sui tably long-l ived radioisotope, 
t h e  stable isotope O 18 is used and this is subsequent ly  
activated by proton bombardment  via the nuclear  re-  
action O 18 (p, n ) F  ts. The approach is, in essence, equiv-  
alent  to carrying out a simultaneous t ransport  experi-  
ment  for both the metallic and nonmetall ic component  
under  the actual conditions encountered dur ing the 
growth of the scale layer. It  differs from the conven-  
t ional  marker  technique in that  the relat ive mobilities 
of the two components are determined not s imply from 
the position or location of the marker,  but  from the 
distr ibution of the radioactive species in the product 
phase. Addit ional  information concerning the mode of 
t ransport  of the reactants may also be obtained from 
a n  analysis of these distributions. Specifically, it now 
becomes possible to determine whether  the t ransport  
of oxygen (or other components) takes place by nor-  
mal lattice diffusion, by migrat ion along grain bound-  
aries or other s t ructural  discontinuities in the scale, or 
as a result  of t ranspor t  through the vapor phase. Such 
informat ion is not directly obtainable from conventional  
marker  experiments  but  is f requent ly  of vital impor-  
tance in the in terpre ta t ion  of marker  studies, as we 
shall demonstrate.  

First, we briefly discuss convent ional  or inert  marker  
techniques, following which the basis for the present  
method is outlined. Application of the technique is i l-  
lustrated with reference to two scaling reactions, the 
oxidation of i ron to wiistite, in which the cation is the 
mobile component,  and the oxidation of zirconium, in 
which the growth of the ZrO2 layer is general ly con- 
sidered to proceed by the inward  transport  of oxygen 
ions. 
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Inert Marker Techniques 
The basic principle involved in a conventional  marker  

exper iment  is quite straightforward (1, 8). It  is as- 
sumed that  the original gas/solid interface between 
two reacting materials can be marked in such a m a n -  
ner  that it remains dist inguishable after reaction has 
occurred. The position of the original marked interface 
is then located with respect to the final boundaries  of 
the product phase. This establishes directly the fraction 
of the total amount  of reaction product formed at the 
respective phase boundaries. Two l imit ing situations 
may  immediately be recognized: (a) the metallic com- 
ponent  is the faster diffusing species, in which case the 
reaction occurs exclusively at the scale/gas interface, 
and as a consequence the inert  marker  is located at 
the metal /scale  boundary;  (b) the nonmetal l ic  com- 
ponent  is much more mobile, reaction takes place en-  
t i rely at the metal /scale phase boundary,  and the 
marker  is therefore found at the scale/gas interface. 
In both instances, the final position of the marker  co- 
incides with the original marked interface between 
the solid and the gas. 

It might be thought that the intermediate  situation in 
which both components have roughly comparable mo- 
bilities would be even more general. If such were the 
case, the marker  would be found imbedded in the scale 
part  way between the scale/gas and metaI/scale bound-  
aries. In nonstoichiometric oxides (sulfides, nitrides, 
etc.),  however, the defect concentrat ions in the metal  
ion sublattice general ly far exceed those in the anion 
sublattice or vice versa, and hence the rates of mass 
t ransport  of the two components f requent ly  differ by 
orders of magnitude.  The likelihood that this in ter -  
mediate situation would often be encountered in prac- 
tice must  therefore be considered quite remote. 

Nevertheless, the l i terature abounds with apparent  
examples of this type. Even in such a wel l -documented 
system as the oxidation of iron to wfistite, for which 
evidence from many  different sources overwhelmingly 
favors the cation as being the faster diffusing species 
(2, 14-16), markers  have been found within the 
wfistite layer, often at a considerable distance from 
the i ron/wtis t i te  boundary  (11, 17-20). Markers have 
also been observed within the NiO scale formed on 
nickel (21, 22), the FeS layer on iron (10), and the 
AgfS scale grown on silver (9, 23, 24). In each of these 
systems, it is definitely known from self-diffusion or 
other t ransport  measurements  that the mobil i ty of the 
cation in the bulk oxide or sulfide is much greater than 
that  of the corresponding anion (1, 2, 25, 26). These 
few examples i l lustrate the need for considerable care, 
not only in the p lanning  and execution but  especially 
in the interpreta t ion of inert  marker  experiments.  

It now seems ctear, in fact, that  the location of the 
marker  may not be determined solely by the relat ive 
inabilities of the two consti tuents in the scale, but that 
the marker  position is often strongly influenced by 
other conditions which arise dur ing the growth of the 
scale (1, 8-12). Whenever  inert  markers  have been 
observed within the reaction product formed on a 
metal  substrate, the scale, almost without exception, 
has been found to consist of two physically distinct but  
crystallographically identical layers, an inner  porous 
region adjacent  to the metal  and an outer layer, in 
contact with the gas phase, which is dense and com- 
pact. In duplex scales of this type, the inert  marker  
is always found at or near  the boundary  between the 
porous and compact regions of the scale. The conclu- 
sion that  has f requent ly  but erroneously been drawn 
in such instances is that the dense outer portion of 
the scale is formed by the outward migrat ion of metal  
ions and that  the inner  porous layer grows as a result  
of the inward  diffusion of the nonmetal l ic  component 
through the scale. In other words, comparable inabi l i -  
ties are assigned to both consti tuents in the scale lattice. 

As noted previously, simple interpretat ions such as 
this are often found to be in direct conflict with rhea- 

retical predictions or with the results of self-diffusion 
measurements.  While there can be li t t le doubt that 
t ranspor t  of the nonmetal l ic  consti tuent has indeed 
taken place dur ing the growth of the inner  porous layer 
in duplex scales, no justification exists for assuming 
that this t ransport  has occurred by normal  lattice dif- 
fusion. A far more satisfactory interpreta t ion may be 
given which not only explains the origin of the duplex 
scale but is also consistent with evidence obtained 
from other sources. This a l ternate  interpretat ion,  due 
to Meussner and Birchenall  (10), Mrowec and Rickert 
(27), and others (9, 28-30), is briefly as follows. 

It  is assumed that the dense outer portion of the 
scale is formed by the outward migrat ion of metal  ions 
while the scale is still relat ively thin and in int imate  
contact with the metal. As the scale continues to 
thicken, however, it becomes increasingly difficult for 
adherence between the scale and the metal  to be 
maintained,  and at some critical stage the scale may 
become part ia l ly  detached from its substrate. The 
actual stage at which this happens depends on many  
factors, including the na tu re  and magni tude  of the 
stresses that originate in the scale dur ing growth, the 
plasticity of the scale, and the puri ty  of the metal. 
Nevertheless, should the compact scale become physi-  
cally separated from the metal, the inert  marker,  which 
is surrounded by the scale, may be carried off along 
with it. Dissociation of the detached scale will  then 
take place unt i l  the equi l ibr ium part ial  pressure of the 
reacting gas is established within the void created 
at the interface. As a consequence, the nonmetal l ic  
component will be t ransported from the separated 
portion of the scale to the under ly ing  metal  through 
the vapor phase, and a new scale layer may then form 
beneath the marker.  Certain details of this process re-  
main  to be clarified, but  it is not difficult to visualize 
how repeated detachment  of the scale, along with dis- 
sociative vapor transport ,  could lead eventual ly  to the 
formation of an inner  porous scale layer, thereby of- 
fering an explanat ion for why the marker  is found 
near  the junct ion between the porous and compact 
segments of the scale. According to this lat ter  in ter -  
pretation, the cation is the diffusing species in the 
scale lattice; t ransport  of the nonmetal ,  which is indi-  
cated by the position of the marker ,  is thought to occur 
not  by normal  lattice diffusion but, rather,  through 
the vapor phase. 

Evidence will  be presented which lends fur ther  sup- 
port to this interpretat ion.  It thus appears that, when-  
ever porous or nonadherent  scales are formed, the 
possibility that a dissociative mode of t ransport  may be 
operative should not be overlooked in in terpre t ing the 
results of marker  studies. As long as the scale remains  
dense and adherent,  however, the position of the 
marker  will general ly give a t rue reflection of the 
relat ive mobilit ies of the two reacting species in the 
scale layer (1, 8, 10). To avoid complications intro-  
duced by the formation of porous, nonadheren t  scales 
it is always advisable, in carrying out marker  experi-  
ments, to adjust the exper imental  conditions so that 
compact, adherent  scales are obtained. A full discussion 
of the various experimental  factors involved will be 
postponed unt i l  the results of the present  work have 
been described. 

Techniques Utilizing Radioactive Components 
of the System as Markers 

The iner t  marker  can be el iminated ent i rely from 
the exper imental  procedure if use is made of radio- 
active isotopes of the two chemical consti tuents in -  
volved in the reaction. The theoretical and experi-  
mental  basis for this approach was first outl ined by 
Bardeen et al. (31) in  their s tudy of the oxidation of 
copper using radioactive Cu 64. Bardeen et al. plated a 
thin film of Cu 64 on a copper disk, part ial ly oxidized 
it to Cu20, and then removed successive layers of the 
oxide by etching, measur ing the activity of Cu ~4 in 
each layer. They showed that  the concentrat ion of Cu ~ 
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was highest at the Cu20/gas interface and decreased 
progressively toward the Cu/Cu~O boundary.  They also 
demonstrated,  using the Wagner  theory of oxidation 
(2, 32), tha t  this was the distr ibution to be expected 
if the growth of the oxide were sustained by the dif- 
fusion of vacant  Cu + ion sites from the outer surface 
of the oxide toward the Cu20/Cu interface, or, equiv-  
alently, by the outward migrat ion of Cu + ions. On the 
other hand, had oxygen been the mobile constituent,  
the distr ibution of Cu 64 would have remained sharp, 
being confined to a narrow zone at the metal /scale  
interface. 

Although the pr imary  purpose of their work was 
to provide experimental  confirmation for the Wagner  
theory, it is clear that  the method employed by Bardeen 
et al. also serves as a valuable marker  technique. This 
has been recognized by several investigators. Using 
basically the same experimental  approach, for example, 
Schnizlein and co-workers (33) have established that 
oxygen is the mobile component in the oxide layer 
formed on u ran ium metal  at 200~ Similarly, Ja r ry  
et al. (34) have shown that Ni is the faster diffusing 
species in the NiO scale grown on Ni at 1000~ but 
that,  in  the reaction between fluorine and Ni at 600 ~ 
700~ F appears to be the migrat ing species. 

In  most experiments  of this kind thus far reported 
which involve the growth of thick scales on metals, 
only the distr ibution of the radioactive cation has 
been investigated (31, 33-38). In a few cases, how- 
ever, the radioactive isotope S 35 has been utilized in 
s tudying the mechanism of sulfidization (39-41} of 
metals and alloys. There are, as we shall see, a number  
of advantages in using both components of the system 
as tracers, par t icular ly since this should provide a rigid 
cross-check on the consistency of the results. In  Fig. 
1, the distr ibutions of the radioactive components which 
would be expected in the scale layer  are i l lustrated 
schematically for the two l imit ing situations ment ioned 
above, namely:  (a) the cation is the mobile species 
(Fig. la  and lb ) ;  and (b) the anion is mobile (Fig. 
lc and ld) .  The expected positions of inert  markers  
are indicated in both cases. 

CATION MOBILE 

' , ,  . ' .  *. ' i  ' q  
.-~ ..:,..:, : . . : ' . : ' .  

.i:':':;d .-... 
. . ' .  :. ' . / . .  -q 
: : : . : d  ; ' . , :  : 

, ' : - d  ' - , - d  

Gas , ' )  ~ Scale Gas, 
(b) 

ANION MOBILE 

Scale 
(c )  ~dj 

Fig. I. Expected cation (M*) and anion (X*) tracer distribu- 
tions in the scale under conditions (a) and (b), respectively, where 
the cation is the diffusing component. The corresponding distribu- 
tions in situations where the anion is the mobile species are indi- 
cated by (c) and (d), respectively. The open circles represent the 
expected positions of inert markers in each case. Schematic. 
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Consider first the commonly encountered situation 
in which the mobil i ty of the cation in the scale far ex- 
ceeds that  of the nonmetal l ic  constituent.  If a th in  
deposit of the radioactive metal is applied to the sur-  
face of the sample before oxidation, it will  subse- 
quent ly  be found distr ibuted throughout  the scale in 
essentially the manner  shown by Bardeen et al. (Fig. 
la) .  On the other hand, if a thin reaction layer contain-  
ing a radioisotope of the nonmetal  is first formed on 
the surface to mark  the original  interface and the 
reaction is then allowed to continue in a normal  or 
inactive environment ,  the final distr ibution of the radio- 
active anion will be that shown in Fig. lb. In this case 
the radioactive nonmeta l  functions as a t ru ly  inert  
marker ;  its distr ibution therefore remains sharp and 
its location, at the metal /scale  interface, coincides with 
that of a more convent ional  Pt  wire marker.  

The corresponding tracer distr ibutions in circum- 
stances where the anion is the mobile component are 
given in Fig. lc and ld. Here, the radioactive cation 
behaves as a inert  marker  and remains at the scale/gas 
interface, while the anionic component is distr ibuted 
cont inuously throughout  the scale, its activity being 
greatest at the metal /scale  phase boundary  and lowest 
at the external  surface. The point which bears empha-  
sis is that the diffusing species in any  given system is 
readily and unambiguously  identified by the fact that 
it is distr ibuted in a predictable manner  over a major  
portion of the thickness of the scale. It  should be noted, 
however, that when only one radioactive marker  is 
employed, say the nonmetal l ic  component,  its distr i-  
but ion must  be determined fair ly accurately since the 
concentrat ion of the radioactive anion in the scale will  
always be greatest at the metal /scale interface, re-  
gardless of which component is the mobile species (see 
Fig. lb  and ld) .  Thus, it would not be sufficient merely 
to detach the scale mechanically from the metal  sub-  
strate and count the activity on both its surfaces, as 
has been the practice in previous work in which the 
radioisotope S 35 was used as a marker  in  sulfidization 
studies (39-41). 

Because a suitable radioisotope of oxygen is lacking, 
some modification in technique is required in order to 
determine the anion tracer distr ibution in oxide scales. 
The method proposed here is based on the use of the 
nuclear  reaction 018 (p, n ) F  TM and represents an exten-  
sion of the charged-part icle activation technique pre-  
viously developed by Condit and Holt (42-44). In  
effect, the stable isotope O is is used as a marker  in 
precisely the same manne r  as would a radioactive 
component, except that the tracer is activated after 
reaction with the metal  has been completed. This is 
accomplished by proton bombardment  of the 0 TM which 
yields the radioactive isotope F is. The lat ter  has a 
half life of 110 rain and decays with the emission 
of a 0.67-MeV positron. These characteristics permit  
the O is distr ibution in the scale to be determined by 
simple autoradiographic procedures. 

Other charged-part icle activation techniques have 
been employed for this same purpose. Amsel and 
Samuel  (45), for example, have utilized the nuclear  
reaction O TM (p, ~)N TM to study the mechanism of anodic 
oxidation of a luminum, while Cox and Roy (46) and 
their colleagues (47) have used the OlV(He3, a )O 16 
reaction in similar fashion to explore the t ransport  of 
oxygen in th in  ZrO2 films formed on Zr. Application 
of these reactions involves measurement  of the energy 
spectrum of the a-particles produced during the nu-  
clear reaction when the oxide, which contains 018 or 
017, is bombarded with monoenergetic protons or He 8- 
particles, respectively. Since the depth below the sur-  
face down to which activation occurs is limited, these 
reactions cannot be used to determine the stable tracer 
distr ibution in thick oxide scales unless a mult iple  sec- 
t ioning technique is employed (48-50). However, great 
sensit ivity can be achieved and hence these activation 
reactions are ideally suited to the study of the mech-  
anism of growth of thin oxide films on metals. Using 
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the O TM (p, c,)N~5 reaction, Amsel and Samuel  have been 
able to determine the concentrat ion of O 18 as a function 
of depth with a spatial resolution of 60A in anodic 
oxide films on A1. The resolution claimed by Cox and 
Roy is about 300A. 

The two scaling reactions which we have chosen to 
i l lustrate the application of the present technique 
were selected because the relat ive mobilities of metal  
and oxygen ions in the respective oxides, wfistite 
(FexO) and ZrO2, were believed to be sufficiently well 
established that  little doubt should have arisen con- 
cerning the interpretat ion.  Actually, the system we 
chose ini t ia l ly as being representat ive of a scaling 
reaction in which oxygen diffusion predominates was 
the conversion of magneti te  (FeaO4) to hematite 
(Fe203) (14, 15). It  soon became apparent,  however, 
that the migrat ing species in the Fe203 layer formed 
on magneti te  is iron and not oxygen. A detailed re-  
port of this investigation will  be published elsewhere 
(51). 

Experimental Procedure 
Iron samples were machined from an ingot of zone- 

refined iron obtained from Battelle Memorial  Inst i tute  
through the courtesy of the American Iron and Steel 
Insti tute.  These specimens had the form of a rectangu-  
lar parallepiped approximately 2 cm • 1 cm X 2 mm 
thick. All surfaces of each specimen were metal logra-  
phically polished, cleaned and degreased ultrasonically, 
and then "marked" with O xs. This was done by oxidiz- 
ing in an atmosphere (Po2 ~ 130 Torr) enriched to 
30% in O TM for roughly 1 min at about 1050~ The 
th in  (~20~) oxide layer formed dur ing this period 
constituted the O TM marker.  The O TM was then pumped 
out of the system and replaced by normal  O16; oxida- 
t ion was then allowed to cont inue at the same tempera-  
ture  and pressure as before. 

One of the O ls marked iron specimens was oxidized 
for roughly 45 rain; this produced a compact, adherent  
scale about 300~ thick. After  slowly cooling to room 
temperature,  one of the surfaces of this specimen was 
beveled at a shallow angle by shimming up one edge 
and grinding on 600-grit Carborundum paper. The en-  
tire cross section of the scale was thus exposed on the 
beveled surface, giving an effective magnification of 
about 30. Similar ly  marked specimens were oxidized 
under  the same conditions for considerably longer 
periods in an at tempt to produce porous scales. In -  
stead of beveling, cross sections of these samples were 
prepared by slicing with a s t r ing saw and polishing on 
a vibratory d iamond- impregnated  lap. 

Zirconium specimens about 1.5 cm • 1.0 cm • 2 mm 
thick were cut from a piece of h igh-pur i ty  crys ta l -bar  
Zr sheet supplied by the Wah Chang Corporation. These 
specimens were marked  by exposing them to an a tmo- 
sphere enriched to 30% 018 for roughly 20 rain at 750~ 
(Po2 --~ 120 Torr) .  Subsequent  oxidation in a normal  
env i ronment  was carried out at about 1200~ in a 
flowing water  vapor atmosphere using argon as a car- 
rier gas. Under  these conditions, in  1 hr a dense, black, 
adherent  layer of ZrO2 about 180~ thick was produced. 
The scale was beveled prior to i rradiat ion in the same 
manne r  as described above. 

The 90-in. cyclotron at the Lawrence Radiation Lab-  
oratory was used to irradiate the samples with 2.7-MeV 
protons at a beam current  of about 5 ~A for times of 
the order of 30-45 min. At this beam energy, which 
is only slightly above the threshold energy (2.59 MeV) 
for the O18(p, n ) F  TM reaction, the 0 TM is preferential ly 
activated to F~S and there are no interfer ing or com- 
peting reactions. This was confirmed by monitor ing 
the decay of the radiat ion emitted by the samples, 
which showed that: (.a) only a single radioactive spe- 
cies was present, and (b) the half life (110 min)  cor- 
responded to that  of F TM. During irradiat ion the sam- 
ples were mounted in  a water-cooled target holder 
which was oscillated back and forth across the stat ion- 
ary proton beam in order to ensure that  all portions of 

the specimen received the same total integrated ex- 
posure. Other details of the irradiat ion procedure have 
been described previously (42-44). Within  about 30 
rain to an hour  after irradiation, contact autoradio- 
graphs were prepared using Kodak Type A autoradio- 
graphic plates or, when greater  resolution was desired, 
Type AR-10 str ipping emulsion. 

A number  of other experiments have been carried 
out in order to obtain direct evidence for possible vapor 
phase t ransport  of oxygen dur ing the growth of wfistite 
scales on iron. For this purpose, h igh-pur i ty  iron speci- 
mens of both rectangular  and cylindrical  geometry 
have been employed, as well  as an iron alloy conta in-  
ing 1 a/o (atomic per cent) Pt. These specimens were 
polished, degreased, and then marked with O TM by heat-  
ing them for about 2 min at 800~ in a 30% enriched 
O TM atmosphere (Po2 ~ 120 Torr) .  Preoxidat ion in O TM 

was deliberately carried out at a tempera ture  below 
the a-~ t ransformat ion in iron in order to reduce the 
possibility of spalIing of the oxide film dur ing  subse- 
quent  cooling; in addition, the samples were cooled 
relat ively slowly by gradual ly  reducing the furnace 
power. The marked specimens were then t ransferred 
to another  system where they were oxidized either 
par t ia l ly  or completely to wfistite in a flowing H20/H=, 
atmosphere which contained only the na tura l  abun-  
dance of O ls (0.23%). The per t inent  oxidizing condi- 
tions were: temp ---- 1015~ PH~o/PH2 = 3.2. In all 
cases the samples were slowly heated to furnace tem- 
perature  in h igh-pur i ty  argon before the H20-H._, gas 
mixture  was admitted, and, at the conclusion of each 
run, the specimens were furnace cooled in argon. Cross 
sections of the samples were prepared by cut t ing them 
with a str ing saw, after which the specimens were 
given a s tandard metallographic polish. 

Results and Their Interpretation 
Cation migration in adherent oxide scales formed on 

i ron . - -The  compact adherent  scale produced on rec-  
t angular ly  shaped, zone-refined iron specimens in an 
oxygen atmosphere at 1050~ was found to consist al-  
most ent i rely of wfistite; the th in  surface layers of 
Fe304 and Fe203 which were also present represented 
only about  5% of the total thickness of the scale. The 
wfistite layer in contact with the metal  was also free 
of porosity except near  the extreme edges and corners 
of the specimen. A low-power photograph of the bev-  
eled surface of this specimen is shown in Fig. 2, to- 
gether with the corresponding autoradiograph obtained 
after proton activation. It is immediately apparent  that  
the O TM originally incorporated at the surface of the 
metal  has remained fixed in this position dur ing  the 
subsequent  thickening of the scale in a normal  O TM en-  
vi ronment .  

This offers convincing proof that the growth of the 
wiistite layer is occasioned by the outward transport  
of Fe ions, or, in this case, by the migrat ion of vacant  
Fe + + ion sites from the Fe304/FexO phase boundary  
toward the Fe/FexO interface. The O TM, being immobile, 
behaves precisely like an inert  marker  and is therefore 
concentrated in a sharply defined band at the Fe /  
wfistite interface (see Fig. lb ) .  Fur ther  verification of 
the sharpness of the O TM distr ibution is provided by 
the microdensi tometer  profile, also reproduced in Fig. 
2, which was obtained by scanning the original auto- 
radiographic plate in a direction normal  to the meta l /  
scale boundary  on an Ansco recording densitometer.  
The abrupt  cutoff in activity at both boundaries  of 
the OlS-marked zone allows us to conclude with confi- 
dence that  the mobil i ty of oxygen ions in the rocksalt- 
type wiistite lattice must be at least two orders of 
magni tude smaller than that of iron at 1050~ It fol- 
lows that, in previous investigations in which Pt  wires 
or other types of inert  markers  have been found im-  
bedded within  the wfistite layer (11, 17-20), the t rans-  
port of oxygen past the marker  must  have occurred by 
some mechanism other than lattice diffusion. Addit ional  
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Fig. 3. Cross section of scale formed on crystal-bar Zr sheet at 
about 1200~ in a water vapor atmosphere. (a) Over-all structure 
showing the separate layers of Zr02, c~-Zr(O), and fl-Zr(O), 50X;  
(b) appearance of ZrO2/c~-Zr(O) interface, 250X. Unetched. 
Polarized light. 

Fig. 2. 0 is distribution in marked zone-refined iron specimen 
oxidized for 45 mia at 1050~ in 1 atm 02. (a) Plan view of 
beveled specimen; (b) low-power photograph of beveled surface; 
(c) corresponding autoradiograph after proton activation; (d) micro- 
densitometer scan of autoradiograph. 

exper iments  are described below which indicate that  
a vapor  t ransport  mechanism was operative. 

Oxygen transport in ZrO2 scares ~ormed on Zr . - -The  
180#-thick scale formed on h igh-pur i ty  Zr in a water  
vapor  a tmosphere  at 1200~ had the characterist ic 
black color usual ly associated with reduced or oxygen-  
deficient ZrO2. Traces of the whi te  stoichiometric oxide 
could be seen only at the ex t reme corners and edges 
of the specimen. The s tructure of the scale and the 
under lying meta l  is shown in cross section in Fig. 3a. 
Three distinct layers may be noted. The outermost  
(dark gray) layer is ZrO2, the in termedia te  layer  is 
the oxygen-stabi l ized ~-Zr(O) solid solution (h.c.p.) 
and the innermost  zone corresponds to the /~-Zr(O) 
solid solution (b.c.c.) which has undergone t ransfor-  
mation to ~-Zr on cooling. Al though no cracks or 
fissures were  observed on examining the external  sur-  
face of the scale under  a low-power  microscope, many 
elongated voids appear  on a polished cross section (Fig. 
3a), par t icular ly  in the outer  portion of the scale. 
However ,  careful  examinat ion has revealed that  a t rue 
diffusion barr ie r  does exist at the meta l / sca le  bound-  
ary. This is evident  f rom Fig. 3b which shows that  the 
oxide in contact with the oxygen-stabi l ized ~-Zr(O) 
layer  is perfect ly  adherent  and free f rom any porosity. 

Despite great  care taken during metal lographic  prep-  
aration, many  of the voids which are seen in Fig. 3a are 
bel ieved to be artifacts. They represent  areas wi thin  
which small  crystal l i tes have mechanical ly  broken out 
of the scale during polishing, thus giving an exag-  

gerated appearance to the size and shape of the voids. 
Nonetheless, it must  be presumed that  the outer  port ion 
of the scale is not completely  dense, and that  re la-  
t ive ly  open channels which would have permit ted  direct 
access of oxygen probably  existed in the outer  part  of 
the scale while oxidation was proceeding. 

The autoradiograph obtained from an OlS-marked 
specimen after  bevel ing and irradiat ion is presented in 
Fig. 4b. Included in this figure is a matching photograph 
of the beveled surface (Fig. 4a) and a microdensi tome-  
ter  profile (Fig. 4c) showing the optical density of the 
autoradiographic plate as a function of distance mea-  
sured along the beveled surface. This par t icular  speci- 
men has been beveled in such a manner  that  only a 
port ion of the  in termedia te  oxygen-stabi l ized ~-Zr(O) 
layer has been exposed on the beveled surface near  the 
ex t reme le f t -hand edge of the sample. 

The features of major  interest  here are the fol low- 
ing: (a) the 0 TM tracer,  ini t ial ly confined to a thin 
(~2~) layer on the meta l  surface, is now spread out 
along the bevel  over  a distance of about 3.5 mm from 
the a-Zr/ZrO2 interface, corresponding to a distance 
of about 100~ in the direction normal  to the interface, 
which is s l ightly over  one half  the total  thickness of 
the scale; (b) down to a depth of about 80, below the 
externa l  surface of the scale, the O is concentrat ion is 
constant at a level  corresponding to the natura l  abun-  
dance (0.23%) of 0 TM . The 0 TM distr ibution in the ap- 
parent ly  dense port ion of the scale near  the metal  in-  
terface is thus seen to be qual i ta t ive ly  similar to the 
distr ibution shown in Fig. ld. This c lear ly  establishes 
that  the growth of the oxide layer  involves the inward 
migrat ion of oxygen through the ZrO2 lattice. The ac- 
tual  form of the O TM profile in the ZrO2 layer is unusual, 
however ,  in that, on proceeding toward the external  
surface, the O TM concentrat ion falls off much more rap-  
idly with distance than would be expected if oxygen 
were  the only mobile constituent, or if oxygen t rans-  
port through the scale took place only by normal  solid- 
state diffusion processes. 

The defect s t ructure  and extent  of the depar ture  
f rom stoichiometry in ZrO2 are still not well  estab-  
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Fig. 4. 0 TM distribution in marked crystal-bar Zr specimen 
oxidized for 1 hr at about 1200~ in water vapor. (a) Plan view 
of beveled specimen; (b) low-power photograph of beveled surface; 
(c) matching autoradiograph after irradiation; (d) microdensitom- 
eter trace of autoradiograph. 

lished (2, 52-55) either for the monoclinic form, which 
is stable below about 1200~ or the tetragonal  and 
cubic modifications, which are stable at higher tem- 
peratures. Although Madeyski and Smeltzer (56) have 
recently measured the self-diffusion coefficient of oxy- 
gen in pure monoclinic ZrO2 between 800 ~ and 1000~ 
using the gaseous exchange technique, comparable 
tracer self-diffusion data for Zr are not available, nor  
have the part ial  ionic conductivities for both compo- 
nents  been determined. The possibility that  the t rans-  
port of Zr ions may make some contr ibut ion to the 
growth of the scale at high temperatures  therefore 
cannot be dismissed a prior/ (2, 53, 57). It can easily 
be demonstrated, however, that, in order to account 
for the anomalous O TM distr ibution shown in Fig. 4 on 
a ~ o d e l  involving counter -cur ren t  diffusion of both ion 
species, the mobil i ty  of Zr ions in ZrO2 must  be even 
greater than that  for oxygen. The available evidence 
(1) argues against such an interpretat ion.  The inert  
marker  experiments  of Chirigos and Thomas (58) and 
Mallett and Albrecht  (59) imply, for example, that, in 
oxygen at temperatures  up to 950~ the growth of 
ZrO2 scales on Zr proceeds by the inward migrat ion 
of oxygen without  any noticeable part icipation on the 
part  of cations. Had we carried out marker  experiments  
using radioactive Zr as well as O TM, it could have been 
established whether  or not the same holds true for the 
growth of the scale in a water  vapor atmosphere, as 
appears probable. 

The s t ructural  characteristics of the scale provide 
another and perhaps more reasonable explanat ion for 
the unusua l  form of the O TM distribution. When exam- 
ined in polarized light, the ZrO2 layer is found to con- 
sist of t iny  la th-shaped crystallites, each oriented with 
their long axes parallel  to the growth direction. The 
ease with which many  of these erystalli tes seem to be 
dislodged dur ing  metallographic preparat ion suggests 
that  they may not be firmly joined to one another;  in 
fact, judging from the voids seen in cross section (Fig. 
3a), it appears that more or less continuous channels 
exist along crystall i te boundaries,  especially in  the 
outer portion of the scale. If so, normal  O TM in the gas 
phase may penetrate  deeply into the interior  of the 
scale along these channels and exchange with the O TM 

which is present in the dense scale layer near  the 
~-Zr/ZrO2 interface. This, in turn,  could lead to a rapid 
depletion of the O TM content in the outer scale layer 
and give rise to a tracer profile of the general  form 
shown in Fig. 4. Comparison of Fig. 3a and Fig. 4 in -  
dicates that the region below the external  surface 
wi thin  which voids are most apparent  does indeed 
correspond, at least roughly, to the zone of constant 
background activity on the autoradiograph. 

It is worth ment ioning at this point that  a simple 
and direct test of this proposed scaling mechanism 
could be obtained exper imental ly  by reversing the 
order of oxidation, i.e. by oxidizing first in H20 TM to 
produce a thick scale and then admit t ing I-I20 TM shortly 
before cooling the sample. If channels  or fissures which 
allow direct access of oxygen are present in the scale 
dur ing  growth, radioactivi ty produced by the 
O lS (p ,n )F  TM reaction will be observed to a consider- 
able depth below the surface; on the other hand, if 
the scale is t ru ly  dense and compact, the O TM will  be 
confined to the extreme surface of the scale layer. By 
systematically vary ing  the thickness of the scale layer 
formed in normal  oxygen, the exact stage in the oxi- 
dation process at which mechanical  breakdown on the 
scale occurs could also be determined. Such experi-  
ments  might prove highly instructive, par t icular ly  if 
correlated with the results of weight gain measure-  
ments. 

The mechanism by which oxygen is t ransported 
through the supposedly dense portion of the scale 
adjacent  to the metal  remains open to speculation. 
It has f requent ly  been suggested in the past (48, 57, 
59-64) that grain or crystaUite boundaries may pro- 
vide preferred paths for oxygen diffusion even in  com- 
pletely compact ZrO2 scales grown on Zr. We had 
hoped that the autoradiographs themselves might fur-  
nish some basis for dist inguishing between a grain 
boundary  and a volume diffusion mechanism; however, 
the max imum resolution obtainable was not near ly  
sufficient to discern individual  crystall i te boundaries.  
In principle, the dominant  t ransport  mode could also 
be deduced from the shape of the O TM concentrat ion 
vs. distance profile. The O TM concentrat ion in the scale, 
c, relative to that at the metal /scale  boundary,  co, 
can easily be determined from the microdensitometer 
trace (Fig. 3c) by cal ibrat ing the original autoradi-  
ographic film. The result ing c - x  curve is presented in 
Fig. 5. 

It may be observed from Fig. 5a that, within a dis- 
tance of about 25~ from the metal /scale  boundary,  the 
data can be fitted reasonably well by a straight l ine on 
a plot of In c/co vs. x ,  which is suggestive of a l ine or 
short-circui t ing diffusion process. A clear-cut  distinc- 
t ion between a grain boundary  and a bulk t ransport  
mechanism cannot be made, however, inasmuch as a 
ra ther  good straight l ine is also obtained on a prob- 
abil i ty plot (Fig. 5b). This ambigui ty  may have arisen 
because: (a) the OlS-marked layer originally applied 
to the metal  surface was not sufficiently thick to main-  
tain a constant O 18 concentrat ion at the metal /scale  
interface throughout  the experiment  so that the appro- 
priate boundary  conditions were not satisfied; (b) no 
account has been taken of the fact that  the diffusion 
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Fig. 5. The 0 Is concentration in the Zr02 layer as a function 
of the distance from the ZrO2/a-Zr(O) interface: (a) In c/co vs. 
x; (b} probability plot of the data shown in (a). 

of the 0 TM t racer  into the growing scale layer  is occur- 
r ing at a moving ra ther  than  a s tat ionary boundary;  
(c) the diffusion coefficient may be a sensitive funct ion 
of the composition or stoichiometry; and (d) the O TM 

distr ibut ion was per turbed by exchange with gaseous 
0 TM in deep-lying channels  or fissures. It  is evident  
that a more thorough study will  be required in order 
to ident ify the operative t ransport  mode decisively. 

Although definite proof is lacking, the available evi- 
dence seems to suggest that most of the oxygen which 
eventual ly  reaches the metal  is t ransported through the 
dense par t  of the scale along short-circui t ing paths of 
high diffusivity ra ther  than  by a volume diffusion proc- 
ess. The oxide scale formed at 1200~ in a water  vapor 
atmosphere exhibits an average grain or crystall i te size 
of the order of 1~. If the structure of the scale is ideal-  
ized by assuming it to consist of a columnar  array of 
un i formly  sized crystallites each 1~ • 1~ on a side, 
near ly  one oxygen ion in every 103 would be located 
at a cxystallite boundary.  This means that  v i r tua l ly  all  

of the mass t ransport  needed to account for the ob-  
served rate of growth of the scale could be supplied by 
diffusion along crystall i te boundaries if the grain 
boundary  diffusion coefficient were as small  as 104 
times the volume diffusion coefficient of oxygen ions 
in ZrO2. Considering that  1200~ is still a relat ively 
low tempera ture  compared to the mel t ing  point of 
ZrO2 (TM ~ 3000~ T/TM ~ 0.49), a ratio of the grain 
boundary  to the lattice diffusivity of 104 is not at all 
unreasonable.  

The conditions favoring grain boundary  t ranspor t  are 
greatly improved at lower temperatures,  par t icular ly  
in view of the marked reduction in the average crystal-  
lite size which is noted below about 1000~ Accord- 
ing to Lightstone and Pemsler  (64), for example, the 
average grain diameter  in ZrO2 scales produced by 
oxidizing Zr in  pure O2 at 800~ is only about 30OA. 
These same authors investigated the t ranspor t  of O TM 

in ZrO2 scales formed on Zr at temperatures  between 
600 ~ and 900~ using an argon ion beam to sputter  
oxygen atoms from the scale into a mass spectrometer 
where they could be analyzed directly. Their  results 
were shown to be consistent with a short-circuit  dif- 
fusion mechanism for oxygen transport .  By making  use 
of the O17(He3, a)O TM nuclear  reaction, Cox and Roy 
(46) determined the distr ibution of 017 in relat ively 
thin (<4~) ZrO2 scales formed by oxidizing first in 
O TM and then in 017 at 400 ~ and 500~ They, too, con- 
cluded that oxygen transport  through the scale could 
not have been controlled by a simple volume diffusion 
process, and that  grain or crystall i te boundaries  may 
provide the most l ikely paths for oxygen diffusion. 

This raises some question regarding the in terpre ta-  
t ion to be placed on the values for the diffusion coeffi- 
cient of oxygen which have been derived from an anal -  
ysis of the diffusion-controlled oxidation kinetics of Zr 
at temperatures  between 400 ~ and 1050~ (65-67). 
Along with Cox and Roy (46), we believe that  these 
derived or calculated values do not represent  bulk dif- 
fusion coefficients; instead, they probably correspond 
to the product of the grain boundary  diffusion coeffi- 
cient and the effective cross-sectional area of high- 
diffusivity paths in the scale. Significantly, the calcu- 
lated coefficients yield an activation energy for oxygen 
diffusion of only 28-31 kcal /mole,  whereas the activa- 
tion energy reported by Maydeski and Smeltzer (56) 
for relat ively la rge-gra ined  ZrO2 is 56 kcal/mole.  
Fur thermore ,  in  the tempera ture  range between 800 ~ 
and 10O0~ the derived oxygen diffusion coefficients 
are between 3 and 4 orders of magni tude  larger than 
the self-diffusion coefficients measured directly by 
Maydeski and Smeltzer. Cox and Roy have pointed 
out still another  discrepancy, viz. that the calculated 
diffusion coefficients are in fortui tously good agree- 
ment  with oxygen self-diffusion data for calcia-stabil-  
ized zirconia; since the lat ter  contains near ly  15% 
oxygen ion vacancies and since the ma x i mum depar-  
ture  from stoichiometry in pure ZrO2 appears to be 
of the order of 0.1% or less (1, 55), no such agreement  
would be expected if oxygen diffuses by the same 
mechanism in both materials.  

Evidence for Vapor Phase Transport o~ Oxygen 
during Growth el W~tstite on Iron 

in H2-H~O Atmospheres 
Oxidation of high-purity iron samples with rectangu- 

lar geometry.--Iron samples having  rectangular  or 
platellke geometry may be completely converted to 
wiistite without  developing extensive in terna l  porosity 
except near  corners and edges; generally, a th in  porous 
zone is also observed in the exact midplane  of the 
specimen, as indicated in Fig. 6a. The 0 TM distr ibut ion 
in a wiistite sample which had been marked  in the 
usual  fashion prior to oxidation is shown in Fig. 6b. 
In  regions well  removed from the corners and edges, 
the O TM distr ibution is sharp and is confined to the mid-  
plane of the specimen, thus again confirming that  iron 
is the diffusing species. Close inspection of the auto- 
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Fig. 6. 0 is  marker experiment on a rectangularly shaped zone- 
refined Fe specimen completely converted to w/Jstite by oxidizing 
at 1015~ in an H2/H.~O atmosphere. (a) Cross section of oxidized 
specimen; (b) matching autoradiograph after proton activation 
of 018. 

radiograph (Fig. 6b) reveals  that  there  are, in fact, 
two separate but parallel  zones on ei ther side of the 
midrib in which the O ~s is concentrated. Apparently,  
the O~8-marked layers init ial ly present on the two 
large flat faces of the iron sample did not quite meet  
in the center  when the meta l  was ent i re ly  consumed. 

The O TM distribution in the porous regions of the 
scale near the specimen edges is significantly different. 
This is evident  from the autoradiograph in Fig. 7, 
which shows that the O is t racer  is spread out over  
a considerably greater  area near  the outside (r ight-  
hand) edge of the sample than it is in the denser 
central  portion of the scale. Enhanced transport  of 
oxygen must, therefore,  have occurred at the corners 
and edges. This could not have been produced by the 
migrat ion of some type of oxygen defec t - -e i the r  oxygen 
vacancies or in ters t i t ia ls - - in  the wListite lattice since 
the re la t ive  mobili t ies of iron and oxygen ions in 
wfistite cannot be appreciably different near the corners 
and edges than in other regions of the scale. Fur the r -  
more, the average  wListite grain diameter  is about 2-3 

Fig. 7. Same as Fig. 6 except that the autoradiograph now 
shows the O is distribution near the extreme (right-hand) edge of 
the sample. 

mm so that, if enhanced penetrat ion of oxygen took 
place along grain boundaries,  this would undoubtedly 
have been detected on the autoradiograph. No evidence 
for preferent ia l  grain boundary  migrat ion was found, 
however.  We are thus led to the conclusion that  the 
most l ikely mode of t ransport  of oxygen in the porous 
regions of the scale is through the  vapor  phase via a 
dissociative mechanism (29, 30, 68). 

Oxidation of high-purity iron samples having cylin- 
drical geometry.--The local loss of adherence that oc- 
curs at the corners and edges of platel ike specimens 
results in part ial  rel ief  of stresses which are set up 
in the scale during growth. This, combined with the 
inherent  plasticity af w~stite, allows the oxide formed 
on the large flat faces of the specimen to remain in good 
contact with the receding meta l  surfaces. Thick, com- 
pact, adherent  wfistite layers, may, therefore,  be pro- 
duced on rectangular ly  shaped specimens. In samples 
having cylindrical  form, the scale is under  greater  
la teral  constraint, but, more important ly,  stresses can-  
not be re l ieved by edge cracking. As a consequence, 
rupture  and part ial  separation of the scale from the 
meta l  are observed at isolated points around the cir-  
cumference of the specimen at a much ear l ier  stage 
in oxidation process. This sequence of affairs is i l lus- 
t ra ted in Fig. 8, which shows cross sections of the scale 
formed on OlS-marked, 7 -mm-diam • 2.5-cm-long iron 
specimens at several  in termedia te  stages during c o r n -  

Fig. 8. Oxidation of OlS-marked 7-mm-diam, zone-refined iron cylinders at I015~ in H2/H20. Cross sections of the specimens and 
the corresponding autoradiographs are shown at various stages of oxidation to wiistite. (a) Oxidation time 4�89 hr; (b) 17 hr; (c) 44 hr; 
(d) 90 hr. 
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plete reaction to wfistite at about 1000~ the corre- 
sponding autoradiographs obtained after proton acti- 
vation are also presented for comparison. 

In  general, the in ternal  porosity developed in cyl in-  
drical specimens is far more extensive than that found 
in rectangular ly  shaped samples (compare, for exam- 
ple, Fig. 6b and 8d). The appearance of porosity in the 
scale is often accompanied by a smearing out of the 
O TM distr ibution near  the metal /scale interface, and 
a rough correlation seems to exist between the amount  
of in terna l  porosity and the extent  of broadening of 
the O 18 distribution. In  completely oxidized cyl indri-  
cal specimens, the centra l  region over which the O ~ 
tracer is distr ibuted may occupy as much as 30% of 
the total volume of the oxide. The relat ive size of this 
central ly  activated region increases with increasing 
specimen diameter  and is greater near  the ends of 
the cyl inder  than near  the center, depending, no doubt, 
on the exact stage at which loss of adherence occurs 
between the scale and the metal. Similarly,  the shape 
of this activated region also varies since separation 
of the scale from the metal  does not take place s imul-  
taneously at all points around the circumference. These 
observations can be explained satisfactorily only by 
assuming that oxygen is t ransported through the vapor 
phase from detached portions of the scale to the under -  
lying metal. 

It should be pointed out that no 0 TM is observed in 
the vicinity of many  of the large in terna l  voids seen 
near  the external  surfaces of the scale (Fig. 8). This 
is somewhat puzzling. In order to be able to detect the 
vapor phase t ransport  of O 18, however, the marked 
oxide must  be detached cleanly from the surface of 
the metal  along with the contiguous portion of the 
scale. This may not happen if the bond between the 
metal  and the oxide is sufficiently strong. Instead, 
cracks may propagate through the oxide rather  than 
along the metal /scale  interface and the 018 may then 
remain bound to the metal. Indications that the de- 
tachment  of the scale may  actual ly occur in this man-  
ner  can be found in Fig. 8. Juenker  et al. (11) have 
proposed a similar method of scale detachment based 
on their  metallographic observations. 

Oxidation of an Fe-1 a/o Pt alloy.--Highly porous 
wfistites are obtained when dilute Fe-P t  alloys are 
oxidized to completion under  the same conditions as 
those employed for zone-refined iron. The appearance 
of a completely oxidized Fe-1 a/o Pt  specimen of 
rectangular  shape is shown in cross section in Fig. 9a. 
(compare with Fig. 6a). In  addition to the voluminous 
porosity, the interior  portion of scale contains a fair ly 
uniform dispersion of elemental  Pt  particles about 10~ 
in diameter. Proton activation of this sample yielded 
the autoradiograph shown in Fig. 9b, which reveals 
that  the 018 distr ibution is spread out to a much greater 
extent  on both sides of the midplane than it is in the 
dense, pure wfistite specimen i l lustrated in Fig. 6b. It 
is also evident  that  the interior portion of the scale 
over which the O 18 is distr ibuted coincides roughly with 
the zone of fine porosity shown in the accompanying 
photograph. 

Solid-state diffusion of oxygen in the P t -conta in ing  
wfistite may be ruled out as a possible means of oxygen 
t ransport  on the basis of the following argument .  
P la t inum is believed to be v i r tual ly  insoluble in 
w/istite and hence it should have l i t t le or no influence 
on the defect s tructure of the oxide. If dissolved, how- 
ever, the substi tut ion of Pt ions for iron in the w/istite 
lattice would either increase the concentrat ion of iron 
ion vacancies or leave this concentrat ion unchanged 
since the normal  valence states of Pt  are +2  or +4. 
The fai lure to detect even the slightest evidence for the 
preferential  t ranspor t  of oxygen along grain boundaries 
in high-puri ty ,  coarse-grained wfistite makes it reason- 
able to dismiss such a mechanism in this case as well, 
despite the fact that the average size of the wfistite 
grains in the highly porous region of the P t -bear ing  
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Fig. 9. 0 is marker experiment on a rectangularly shaped Fe-1 
a/o Pt alloy completely converted to wiistite in a H2/H20 atmo- 
sphere at 1015~ (a) Cross section of oxidized specimen; (b) 
matching autoradiograph after irradiation. 

scale is perhaps an order of magni tude smaller than  
that in the pure w/istite. Hence, by analogy with pre-  
ceding examples, we again conclude that the major  
t ranspor t  of oxygen took place through the vapor 
phase. Dissociative t ransport  mechanisms thus appear 
to play an even more significant role in the oxidation 
of alloys than  with pure metals, par t ly  because impur i -  
ties in the metal  exert  a strong influence on the degree 
of adherence of the scale. 

Thick, non-adherent scales formed on iron in a i r . -  
The morphology of the scale produced by oxidizing a 
rectangular ly  shaped iron specimen for a relat ively 
long time in air at about 1000~ after marking  with 
O 18 is shown in cross section in Fig. 10a. Complete 
separation of the scale from the metal  has occurred 
along one of the large faces of the sample, thus allowing 
the scale on the opposite surface to grow without  con- 
straint  and main ta in  contact with the metal. Detach- 

Fig. 10. 0 as marker experiment on a rectangularly shaped zone- 
refined iron specimen partially oxidized in air at about 1000~ 
(a) Cross section; (b) corresponding autoradlograph. 
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ment  of the scale along this (bottom) surface appar-  
ent ly took place in step-wise fashion dur ing growth 
as a result of the inward propagation of cracks originat-  
ing at  corners and edges (10, 11). It  is significant, how- 
ever, that, although the scale formed on the bottom 
surface is completely nonadherent ,  no in ternal  porosity 
is seen except near  the very edges. The nonadherent  
portion of the scale consists mostly of Fe304 and Fe20.~, 
which establishes that detachment of the scale occur- 
red at temperature  and not dur ing subsequent  cooling 
(15, 17). 

The autoradiograph obtained when this specimen 
was activated is presented in Fig. 10b. Somewhat sur-  
prisingly, the 0 TM distr ibution is sharp even on the 
nonadherent  side, where the tracer is concentrated at 
the surface of the oxide adjacent to the metal;  faint  
vestiges of activity can also be found on the metal  
itself. It  is clear that  extensive t ranspor t  of oxygen 
through the vapor phase did not occur in this experi-  
ment. Detachment of the scale from the metal  is there-  
fore not the only condition that must  be met in order 
for a dissociative t ransport  mechanism to operate. A 
suitable vapor species must  also be present. Since vapor 
phase t ranspor t  is observed when iron is oxidized to 
wiistite in H2/H20 atmospheres bu t  not in dry air, it 
appears that  some vapor species involving both oxy- 
gen and hydrogen, e.g. H20, is responsible. Fuj i i  and 
Meussner (70) had earlier reached this same conclusion 
based on a detailed s tudy of the mechanism of oxidation 
of Fe-Cr alloys in water  vapor. 

Discussion 
The general  approach outlined in earlier sections of 

this report  involves study of the radioisotopic distri-  
butions of both chemical components in the growing 
scale layer. This approach has been i l lustrated here 
only by employing one of the two constituents, viz. 
oxygen, as a tracer. Wherever  possible, however, it is 
suggested that both chemical species be utilized in 
order to provide a check on the in ternal  consistency of 
the results. Establishing the dis tr ibut ion of the metall ic 
as well as the nonmetal l ic  component becomes part icu-  
lar ly important  when working with reaction products 
whose defect structures are unknown  and for which 
little or no ionic t ranspor t  data are available. In  s tudy-  
ing the oxidation of Zr at high temperatures,  for exam- 
ple, the possibility that  the diffusion of Zr ions may 
make some contr ibut ion to the growth of the scale 
could not be ruled out with cer ta inty based only on 
consideration of the OlS distr ibution in the ZrO2 layer. 

Suitable radioisotopes exist for near ly  all metals, the 
most notable exceptions being Ti and A1. Convenient ly  
long-l ived radioisotopes are also available for most 
nonmetal l ic  elements of interest  such as sulfur, carbon, 
phosphorus, boron, silicon, the halogens, etc. The only 
important  exception, aside from oxygen, is nitrogen. 
Condit et al. (69) have recently shown, however, that 
the Nl~(a,n)F TM nuclear  reaction can be employed to 
study the distr ibution of ni trogen in solids in exactly 
the same way as the O~S(p,n)F is reaction has been 
utilized here. It is evident, therefore, that  the use of 
the components of the system itself as markers  consti-  
tutes a perfectly general  technique which can be ap- 
plied to v i r tual ly  every class of scaling reactions on 
metals. With little modification, the same approach 
can also be used to s tudy the mechanism of solid-liquid 
and solid-solid reactions (70), as well as such processes 
as the conversion of a lower to a higher oxide, sulfide, 
etc. (51). Application of the technique of the scaling 
of alIoys may prove to be somewhat more difficult, how- 
ever, because of the complex morphology of the oxide 
scales formed in alloy systems. 

Judging from the examples presented above, the use 
of the O is (p, n) F TM nuclear  reaction to study the mech- 
anism of oxidation of metals offers a number  of advan-  
tages over convent ional  marker  techniques. In  dense, 
adherent  scales, for example, not only can the diffusing 
species be identified unambiguous ly  but, in systems in 

which oxygen is the mobile component, valuable in-  
formation concerning the mode of t ransport  may also 
be deduced from the shape of the O TM concentrat ion 
profile. This is i l lustrated by the work on the oxidation 
of Zr which, although not conclusive, indicates that 
oxygen may be t ransported through the compact por- 
tion of the scale along grain or crystall i te boundaries. 
The unusua l  form of the O 18 distr ibution in thick 
(~200~) scales produced on Zr in a water vapor atmo- 
sphere has also furnished evidence that cracks or fis- 
sures which allow oxygen to penetra te  deeply into 
the scale must have been present  in the outer portion 
of the ZrO2 layer. So detailed a picture of the t rans-  
port processes that occur during the oxidation of Zr 
under  the part icular  conditions employed in these ex- 
periments  could hardly  have been derived simply by 
observing the location of an iner t  marker.  

The uti l ization of O is as a t racer  which can be de- 
tected by autoradiographic methods through subse- 
quent  proton activation thus provides the unique capa- 
bili ty of determining whether  the t ransport  of oxygen 
takes place by diffusion through the solid reaction 
product or by some other means. In this respect, the 
O1S(p,n)F 18 nuclear  reaction is definitely to be pre-  
ferred over other charged-part icle activation tech- 
niques such as those developed by Amsel and co- 
workers at the Ecole Normale in Paris  (45, 48-50, 71) 
or by Cox and his collaborators at Chalk River, Ontario 
(46, 47). The experiments  dealing with the growth of 
wfistite on iron in H2/H20 atmospheres dramatical ly 
i l lustrate this point. We have shown, for example, 
that oxygen is practically immobile in the wiistite 
lattice itself but that  it is t ransported to the under ly ing  
metal  at a rapid rate through the vapor phase under  
conditions which lead to the formation of porous scales. 
It is precisely because informat ion of this type cannot 
be obtained from inert  marker  studies that the in ter -  
pretat ion of convent ional  marker  experiments  must  
be carried out with great care. In  fact, the failure to 
give due recognition to vapor phase t ransport  processes 
is no doubt responsible for many  of the incorrect con- 
clusions which have been drawn from the results of 
inert  marker  experiments.  

Certain l imitat ions of the proton activation tech- 
nique should also be noted (42, 50). Since autoradio- 
graphic procedures are employed, the accuracy with 
which the O TM distr ibution in the scale can be measured 
is par t ly  determined by the resolution obtained on 
the film. This, in turn,  is dependent  on the thickness 
of the radioactive source, i e .  the depth of act ivation 
at the surface of the sample, the int imacy of contact 
between the emulsion and the sample, the characteris-  
tics of the film itself, and various other factors (72, 73). 
By controlling the energy of the proton beam just  
above the threshold energy for the OlS(p ,n )F  TM re-  
action and i r radiat ing with the beam at a grazing 
angle to the surface of the specimen, the depth of 
activation can be held to wi thin  lg; using the best 
str ipping emulsions, it is possible, under  these condi- 
tions, to obtain a resolution of the order of 5g. This 
means that such features as the preferent ial  t ransport  
of oxygen along grain boundaries  would not be dis- 
t inguishable unless the average grain diameter  in the 
scale were greater than  about i0~. 

The half life of FlS (110 min)  is sufficiently long to 
make sectioning procedures practicable. However, the 
cross section for the O lS (p ,n )F  is reaction does not 
vary  smoothly with energy but instead exhibits a n u m -  
ber  of sharp resonances (74). As a result, the activity 
measured at different depths below the surface cannot 
be related in a simple manner  to the concentrat ion of 
O Is at each level. Since sectioning methods are less 
satisfactory than might be supposed, the use of auto- 
radiographic procedures becomes almost mandatory.  
A lower l imit is thus imposed on the thickness of the 
oxide scale which can be employed in marker  studies 
of this kind. Even if 100% enriched O TM were used, 
enough activity for proper autoradiographic detection 



V o l .  I16,  No .  11 S C A L I N G  

would probably not be obtained if the thickness of 
the Oi l -marked  layer  ini t ial ly formed on the metal  
surface were much less than 1~. To establish the 
distr ibution of O 1~ in the scale with sufficient rel iabil-  
ity, the final or over-al l  thickness of the oxide layer 
would have to be about an order of magni tude  greater, 
i.e. roughly 10u. The technique is therefore not near ly  
as well suited for investigating the early stages of 
oxidation of metals, as are the activation methods 
developed by Amsel et al. or Cox and co-workers. 

By employing a radioisotope of the metallic com- 
ponent  as a marker ,  it should not only be possible to 
check the interpretat ion of the O TM marker  experiments  
but, in systems in which the cation is the faster diffus- 
ing component,  supplementary  information concerning 
the t ransport  mechanism may also be obtained. The 
wfistite scales formed on iron at high temperatures  are 
sufficiently coarse grained, for example, that preferen-  
tial migrat ion of iron along grain boundaries should be 
discernible on an autoradiograph if it contributes sig- 
nificantly to the growth of the scale. The scale may 
also be sectioned to determine the tracer distribution, 
analysis of which should reveal whether  a bulk or a 
short-circuit ing diffusion mechanism is operative. If 
normal  lattice t ransport  is indicated and there are no 
other complications, the cation diffusion coefficient cal- 
culated from the slope of the In c vs. x 2 plot should 
agree reasonably well  with the self-diffusion coefficient 
measured by more convent ional  techniques (35, 36, 38). 
This would provide still another check on the assumed 
transport  mechanism. Complications may arise, how- 
ever, as was shown by Carter and Richardson (37), who 
studied the oxidation of Co using Co 60 as a tracer. 
They observed an anomalous dis tr ibut ion of Co 60 near  
the metal /scale  interface; Birchenall  (75) later sug- 
gested that  this may be associated with the develop- 
ment  of porosity in the scale. It may be interesting, 
therefore, to compare the Fe 55 or Fe 59 distr ibution in 
an apparent ly  dense pure wiistite scale with the dis- 
t r ibut ion seen in the porous wfistite scales obtained 
by  oxidizing dilute Fe -P t  alloys under  the same con- 
ditions. 

Based on our observations and those of others, it 
would seem that the proper approach to the conduct of 
inert  marker  studies is to choose the experimental  
conditions in such a way that  complications introduced 
by the formation of porous scales are avoided or at 
least minimized. Although the factors which govern the 
loss of adherence between the scale and the metal, as 
well as the development of porosity in the scale, are 
still not ful ly understood, enough experience has been 
gained to permit  several working rules to be set down. 
These are as follows: 

1. Metal specimens with rectangular  or platelike 
geometry should be employed and their  lateral  d imen-  
sions should preferably be of the order of ten  times 
the thickness or greater. 

2. The highest pur i ty  metals available should be 
selected since even trace amounts of impurit ies may 
have a deleterious effect on the adherence between the 
scale and the metal. 

3. The surfaces of the specimens should be polished 
and scrupulously cleaned before the inert  marker  is 
applied. 

4. High-mel t ing noble metals such as Pt  or Ir, vapor 
deposited on the surface of the sample in the form of 
thin discontinuous films, appear to provide the most 
satisfactory markers  (8, 76). Radioisotopes of these 
metals (i.e., Pt 197 or Ir 192) are also suitable (37). If 
Pt  wires are used, these should be lightly sintered or 
spot-welded to the metal  so that they are in int imate 
contact with the surface. The wires should also be of 
sufficiently small diameter  (~25~) that they do not 
interfere with normal  diffusional flow dur ing  the 
growth of the scale (10). 

5. P re l imina ry  experiments should be carried out on 
unmarked  specimens of identically the same size, shape, 
and pur i ty  in order to establish the range of conditions, 

O F  M E T A L S  1579 

i.e. time, temperature,  oxygen pressure, etc., under  
which compact, adherent scales are produced. The 
actual marker  studies should be performed under  these 
same conditions and the expectation that the scale 
grown on the marked samples is, in fact, free from 
in terna l  porosity should be verified by metallographic 
examination.  

6. In  working with metals which undergo phase 
t ransformations at temperatures  below those employed 
in the actual marker  experiments,  it is advisable to 
br ing  the metal  specimen to the desired tempera ture  
in an inert  (or reducing) atmosphere before admit t ing 
oxygen into the system. This will  avoid any possibility 
that  the scale formed dur ing warmup,  and the marker  
along with it, becomes detached from the metal  surface 
due to volume changes accompanying the phase t rans-  
formation in the metal. The same applies to systems 
whose oxides exhibit  crystallographic transformations.  

7. Temperature  fluctuations in the oxidation furnace 
should be kept to a min imum to avoid introducing 
thermal  stresses which could lead to premature  rup ture  
or loss of adherence of the scale. Whenever  possible, 
the specimens should also be cooled in such a way as 
to prevent  excessive spalling of the scale. 

8. Since the presence of water  vapor may accelerate 
vapor transport,  steps should be taken to ensure that  
the reacting gases are dry. 

By taking these simple precautions it should be pos- 
sible, in most instances, to obtain a reliable measure of 
the relat ive mobilities of the metallic and nonmetal l ic  
components in the scale from inert  marker  experi-  
ments. These same precautions should also be observed 
when using O TM as a marker,  if the objective is simply 
to establish the na ture  of the mobile consti tuent in the 
pure, dense product phase. On the other hand, if it is 
desired to investigate the details of the scaling mech-  
anism over as wide a range of conditions as possible, 
including those which lead to the formation of porous 
or nonadherent  scales, a somewhat different approach 
is called for. The physical characteristics of the scale 
now assume overr iding significance; in this connection, 
the importance of good metal lography as an essential 
aid in the interpreta t ion of marker  experiments can 
hardly  be overestimated. It will  also be appreciated 
that, by making proper use of O TM as a tracer, much 
may be learned concerning the physical na ture  of the 
scale as it exists at the oxidizing temperature.  For ex- 
ample, to determine whether  or not rupture  of the scale 
has occurred in a manne r  which allows direct access 
of oxygen to the under ly ing  metal, O TM may be admit-  
ted to the system shortly before the specimen is cooled 
to room temperature.  Any cracks into which O ~s had 
penetrated will then be revealed on the resul t ing auto- 
radiograph by the presence of activity along their  
borders; these cracks should therefore be dist inguish- 
able from those which might  have originated on cooling. 

In conclusion, it should be ment ioned that in addition 
to its usefulness in s tudying the mechanism of oxida- 
tion processes, the OlS(p, n ) F  is nuclear  reaction may 
also be employed to advantage in many  other types of 
investigations, e.g. in the determinat ion of meta l -  
oxygen phase diagrams, studies of the solubil i ty and 
diffusivity of oxygen in metals, measurement  of oxy- 
gen self-diffusion coefficients in bulk oxides (44, 77), 
and in s tudying the preferential  segregation and mo- 
bi l i ty  of oxygen along grain boundaries  or other struc- 
tural  discontinuities (43). 
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Technical Notes 

Reaction Kinetics of Partially 
Decomposed Barium Titanyl Oxalate 

Thomas S. Montgomery 

Robert McCullough Research Center, Ling-Temco-Vought, Inc., Dallas, Texas 

The intermediates formed from part ial ly decomposed 
bar ium t i tanyl  oxalate tetrahydrate,  BaTiO(C204)2" 
4H20 have been studied. Several  thermal  decomposi- 
tion mechanisms have been previously proposed by 
several investigators (1-5). Gallagher and Thomson 
(4) proposed that an anhydrous compound decomposes 
between 300 ~ and 400~ producing bar ium carbonate 
and t i tan ium (IV) oxide which, in turn,  reacts at 600 ~ 
700~ to form bar ium titanate. Infrared analyses of 
compositions similar to these proposed intermediates 
and reaction products have been obtained previously 
(6-11). 

In this investigation the solid state react ion kinetics 
between the intermediates,  BaCO3 ~- TiO2 was ex-  
amined in the 400~176 range. The reaction rate  data 
was analyzed using equations corresponding to reac- 
tion mechanisms of several types. The equations repre-  
senting differing models have been reviewed (12). 

Experimental Procedure 
Barium t i tanyl  oxalate te t rahydrate  was prepared by 

the method of Clabaugh et al. (13, 5), and heated to 
selected temperatures.  The part ial ly decomposed 
phases were analyzed by infrared spectrophotometry 
using the double beam mode over the range 400-4000 
cm -1. Isothermogravimetric  analyses (TGA) were ob- 
tained at selected temperatures  over the 400~176 
range. 

Isothermal analyses of weight loss vs. t ime were ob-  
tained from mater ial  calcined to 400~ pressed at 
10,000 psi and the pellets stabilized at 400~ The pel- 
lets were elevated to the desired isothermal tempera-  
ture  wi thin  10 min  and the extent  of the solid state 
reaction was monitored by per cent weight loss. The 
complete reaction of BaCO3 -I- TiO2 --> BaTiO~ -}- CO2t 
requires 15.9% weight loss. The pellets were weighed 
immediate ly  after being thermal  stabilized at 400~ 
and immediately after the run. Close correlation be-  
tween calculated and observed weight  loss was noted 
for the higher temperature  evaluations where the ma-  
terial  obviously was completely reacted. 

Results and Discussion 
In~rared analysis.bThe infrared spectra was eval-  

uated for the bar ium t i tanyl  oxalate which had been 
calcined at several temperatures  in the 400~176 
range. The spectra in the 200~176 range was c o n -  
s i d e r e d  only qual i tat ively so as to observe the change 
in spectra up to the 400~ region. It was observed that  
the major  change in absorption peak positions occurs 
at 400~ and that  above this temperature  the peak 
positions are established and only the in tensi ty  changes 
(Fig. 1). 

The absorption peaks observed in the 400~176 
region near  1430, 1020, 860, and 695 cm -~ are associ- 
ated with the V3, V1, V2, and V~ vibrations,  respec- 
tively, which have been previously assigned to BaCO3 
(6, 7). An  absorption peak near  540-560 cm - I  may be 
compared both to the VI (or Ti-O stretch frequency) 
of BaTiO3 (10) or the unassigned frequency of TiO2 

(11). For cubic and tetragonal  BaTiO3 the asymmetric  
absorption band V1 extends from about 800 to 475 
cm -1, with a center of 540 cm -1, and a half width of 
165 cm -1 (10). 

The area under  the V~ (1430 cm -1) BaCO3 peak 
decreases as the calcining temperature  is increased. 
This correlates with the thermogravimetr ic  data (4) 
showing the reaction is proceeding and the amount  of 
the carbonate present  is decreasing. The amount  of 
TiO2 decrease or BaTiO3 increase could not be related 
as the only vibrat ion mode observed for both phases 
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Fig. 1. Infrared spectra of intermediate phases present. Note 
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Fig. 2. Decomposition curves of BaCOz and TiO2 phases reacting 
to form BoTiO3. 1, 680~ air; 2, 680~ vacuum; 3, 650~ air; 
4, 650~ vacuum; 5, 600~ air; 6, 600~ vacuum; 7, 550~ air; 
8, 5SO~ vacuum; 9, 500~ air. 

is near  500 cm -1. The broad absorption peak in the 
500-700 cm -z region is retained as the tempera ture  is 
increased toward 700~ [Remaining fundamenta l  
modes for TiO2 occur at 388 and 183 cm -1 and for 
BaTiO3 at 400, 183, 12 cm -z (6, 7, 10).] X- ray  diffrac- 
tion analysis of the phases present  for heating at 550~ 
for 20 hr to 50% reaction completion showed only a 
major  BaTiO3 peak and four lines to match BaCO3. 

Reaction ~inetics.--The relat ion between per  cent  
reaction completion, temperature,  environment ,  and 
durat ion of run  unt i l  no further  weight loss was ob- 
served is shown in Fig. 2. The 100% reaction comple- 
tion represents the 15.9% weight loss for the reaction 
BaCO3 -5 TiO2 --> BaTiO3 + CO27. The isothermal de-  
composition or reaction completion data were sub- 
jected to diffusion controlled equations. Rate constants 
calculated from the equations showed a drift  with time 
(14). 

The reactants,  viz., BaCO3, TiO.~ (anatase),  and /o r  
TiO2 (rut i le) ,  have densities which are 4.31, 3.9, and 
4.18-4.25, respectively. The presence of either anatase 
or rut i le  and BaCO3 reacting to form a final phase, 
BaTiO8 (p =- 6.02), having lower molar  volume may 
undergo contraction; and  the formation of a discon- 
tinuous product layer. Laidler (15) proposes that re-  
action at a phase boundary  may be the ra te -de te rmin-  
ing step when a discontinuous product phase occurs. 
The relat ion between the fraction reaction completed 
and time for a phase boundary  controlled reaction is 

kpBt=l-- (I--X) ~ 

where n ---- 1/3 for spherical shaped grains, and X is 
the amount of reaction completion. The rate constant 
data obtained for the phase boundary equation repre- 
sented by the contracting sphere model (n -~ 1/3) is 
plotted in Fig. 3 and shows constancy of the rate con- 
stant after 40 and 55% reaction completion of the 680 ~ 
and 650~ air runs, respectively. 

The kinetics of the anatase-rut i le  t ransformat ion 
have been extensively studied (16, 17). In a 2-hr 
period, conversion of anatase to ruti le is 60% com- 
pleted at 680~ whereas it is only 15% completed at 
650~ (16). This may then be related to the reaction 
between BaCO3 and TiO~ to form BaTiO3. The ini t ia l  
2-hr  period shows that the reaction is near ly  (95%) 
completed at 680~ whereas only 60% of the reaction 
is completed at 650~ in air. The per cent rut i le  formed 
at 600~ is negligible and the per cent BaTiO3 formed 

I I I i [ I I I t 
10 2 0  3o 40 5o 60 70 8(] 9~ 1 0 0  

REACTIO~I COMPLETED IN P E R C E N T  

Fig. 3. Analysis of the rate constants using the phase boundary 
model, [ 1 -  (1--~)1/3] = k t ,  for the reaction of BaC03 and 
Ti02 to form BaTi03 in air, t ,  680~ Q '  650~ 

in the solid state reaction at 600~ is considerably less 
(<50%) than at the higher temperatures.  This sug- 
gests that the reaction shows the Hedvall  effect (18) 
and is controlled in part  by the kinetics of the anatase-  
futi le conversion. 

Manuscript  submit ted May 27, 1969; revised manu-  
script received July  17, 1969. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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Stability of Aluminum Oxide Films 
on Germanium Devices 

S. Krongelb 

IBM Watson Research Center, Yorktown Heights, New York 

Recent work has indicated that Al~O3 films can be 
deposited and used as insulat ing layers on semicon- 
ductor surfaces (1-3). This mater ial  can meet  the need 
for an insulator  deposited at relat ively low tempera-  
tures, for, as Aboaf (2) has shown, A1203 can be 
formed at 420~ by the pyrolysis of a luminum iso- 
propoxide. The present work will demonstrate that 
A1~O3 deposited by  pyrolysis or by sputter ing is 
superior to SiO2 made at a comparable temperature  
hy the reaction of te t raethyl  orthosilicate (TEOS) and 
oxygen (4) in  that  the A1203 is far less susceptible to 
water pickup and much more stable under  b ias- tem- 
perature stressing than  the SIO2. The combination of 
A1.203 deposited over SiO2 will be shown to have par-  
t icularly desirable characteristics for germanium de- 
vice technology. 

Sample Preparation 
The SiO.2 films were made at 450~ by the reaction 

of TEOS and oxygen (4). A12Oa was formed either 
pyrolytically from AI(OC~Hv)a at 420~ in a ni t rogen 
ambient  as described by Aboaf (2), or by r.f. sputter-  
ing from a 99.9% pure A12Oa cathode in an argon at-  
mosphere. The substrate temperature  in the lat ter  
process was estimated to be about 400~ 

Fixed-charge and surface-state densities were de- 
termined from C-V measurements  made and inter-  
preted as described by Sedgwick (5). These prop- 
erties on s ingle- layer  insulators were evaluated on a 
structure consisting of a 2-5 ohm-cm n-  or p-type 
(11(}) Ge substrate on which about 2200A of the desired 
oxide had been deposited. A 30-rail diameter  evapo- 
rated A1 dot completed the device. The insulat ing film 
for the double-Iayer  measurements  consisted of about 
1000A of SlOe deposited directly on the germanium 
and covered with about 1500A of the appropriate A12Oa. 
Electrical stabili ty was evaluated on the basis of the 
change in fixed-charge density after a 1 hr bias- 
temperature  stress at 150~ with fields up to 106 V/cm 
under  both positive and negative bias. Charge t rans-  
port  dur ing  stress was measured as described by Kerr  
(6). 
Moisture resistance was appraised by comparing the 

water content of the films before and after tempera-  
tu re -humid i ty  (T & H) stressing at 85~ and 85% 
relat ive humidity.  The amount  of water in the films 
was determined from the infrared absorption in the 
3~ region by the methods of Pl iskin and Lehman (7), 
using films deposited on infrared t ransparent  (high 
resistivity) silicon substrates. The single-oxide films 
were about 5000A thick while the double- layer  samples 
consisted of about 4000A of SiO2 covered by 1500A of 
the appropriate A1203. The lat ter  s t ructure  was de- 
signed pr imari ly  to determine the effectiveness of 
A1203 in prevent ing water  absorption by the highly 
susceptible SIO2. All  spectra were obtained on a 
Beckman IR-10 spectrometer operated in the double-  
beam mode. With the above samples, an absorption 
corresponding to an optical density of 0.004 or greater 
per micron of oxide could readily be measured. 

Results and Discussion 
Electrical properties.--Sedgwick (5) has shown that  

the Go-insulator  interface is characterized by the 
presence of both fixed charges and fast acceptor states. 
These parameters  are given in  Table I for the various 
insulat ing films under  consideration. It is noted that, 

except for pyrolytic A12Oa directly on Go, all the films 
give rise to a positive fixed charge and moderate sur-  
face-state densities. (Sputtered A1203 directly on Ge is 
not included because the sputtering process introduces 
excessive surface state densities which leads to an 
unin terpre table  MOS characteristic.) The presence of 
negative fixed charge in Al.,O3 on Ge and the reduction 
in fixed charge when A1203 is deposited over SiO., 
have been previously reported (2, 8). It should be 
noted that the fixed charges cited in Table I are 
effective values calculated from C-V data on the as- 
sumption that  all the charge lies at the Go-insulator  
interface. This effective charge describes the effect of 
the real charges in the insulat ing film on the semi- 
conductor surface, but the actual  charges, especially 
for the two-layer  structures, are very likely not all 
located at the semiconductor interface. 

Changes in the electrical surface properties as a re-  
sult of b ias- tempera ture  stressing are given in the last 
column of Table I. The shifts for most samples fall 
wi thin  a factor of two of the values cited, and for the 
SiO., films are in a direction indicating ion motion. The 
magni tude of the shift for the q-10V stress on SiO., 
may be greater than for --10V, but the difference is 
general ly within the factor-of-two spread of the data. 
More significantly we have found that  the observed 
C-V shift on a given SiO~ device represents only a half 
to a quarter  of the charge t ransport  which was ac- 
tual ly  measured on that device dur ing stressing. Our 
hypothesis, based on work current ly  in progress, is that 
the C-V shift represents the net  effect of the t rans-  
ported charge combined with partial  neutral izat ion and 
trapping at the SiO2-Ge interface. In  fact, a smaller 
stress field can actually cause larger apparent  C-V 
shifts. This behavior is a t t r ibuted to the fact that  while 
essentially complete ion t ransport  still takes place at 
lower fields, the t rapping effect is reduced. The C-V 
data cited here probably understa te  the instabil i ty in-  
herent  in this SiO2 film deposited on germanium. 

With A1203, either directly on the semiconductor or 
applied over SiO2, the C-V shift is significantly reduced. 
These small  shifts can occur is either direction for 
either polarity of applied stress so that the C-V data 
still represent  a combination of effects, probably ion 
motion, trapping, and anneal ing (small shifts of com- 
parable magni tude have been noted on heating without  
bias). However, ion motion in the presence of A1203 is 
markedly  reduced as has been verified by direct mea-  
surement  of charge t ranspor t  during the stressing of 
A12Oa and A1203-SiO2 structures. The observed t rans-  
port is small and comparable to or less than  the C-V 
shifts. The C-V data thus do provide a valid evalua-  

Table I. Typical electrical interface properties 
of various oxide films 

Oxide F i x e d  c h a r g e  S u r f a c e  s t a t e s  
p e r  cm'-' p e r  c m  2 

C h a n g e  u n -  
d e r  s t ress  i n  
f ixed  c h a r g e  

p e r  e ra  s 

SiOs b y  T E O S  a n d  
o x y g e n  a t  450~  

Al.~Oa by  p y r o l y s i s  i n  
Ns a t  420~ 

P y r o l y t i c  AleO3 o v e r  
450~ SiOs 

S p u t t e r e d  A1203 o v e r  
450~ SiOs 

3 • 1012 pos 1.5 • 10~ 

2 • 1012 neg Up to I~ • 10 ~ 
( v a r i a b l e )  

0.7 x I0 topos 1.0 • lOW 

1,2 • I0 ~ pos 1.4 x 10 le 

2 • 101~ 

0.4 ~< 10 ~ 

0.3 • 10 z-" 

0.3 • 10 ~ 
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Table II. Water content of various films before and after temperature and humidity exposure 

Material  

Init ial  Af ter  T & H 

O.D./~* O.D./~ O.D.//t O.D./~ Days in T & H 
SiOH H~O SiOH H20 environment  

SiO2 (by TEOS process at 450~ 
ALoOa (pyrolytic) 
AI~O~ fsputtered) 
SiO~ protected by  pyrolyt ic  AI~O3 
SiO~ protected by  sput tered A12Os 

0.04 0.013 0.076 0.095 5 
0.008** 0.013"* 59 

~0.004"* ~0.004"* 29 
0.03 0.007 0.029 O.OlO 26 
0,02 ~0.004 0,014 ~0,004 33 

* Optical density per micron of film. 

tion of the stabili ty of these films, and the magni tude 
of the shift is at a level which is acceptable for bi-  
polar devices. While the single layer  of A1203 does 
have good electrical stability, the two- layer  struc- 
tures are more attractive for device applications be-  
cause of the lower surface-state densities associated 
with them. 

Water pickup.--The water  content of the various 
films before and after T & H exposure is summarized 
in Table II. Water content is expressed in terms of 
infrared optical density per micron of film; where 
SiOH and H.,O absorption can be resolved, both op- 
tical densities are given. [A convenient  rule of thumb 
is that the weight fraction of water  in SiO2 is approxi-  
mately equal to the optical density of the SiOH ab- 
sorption per  micron of oxide (9).] 

The results show that SiO2 deposited by the reac- 
tion of oxygen and TEOS has a high water content  
ini t ial ly and readily picks up addit ional water  dur ing 
the T & H stressing. These findings are consistent with 
previously reported adverse effects result ing from 
room-tempera ture  exposure to high humidi ty  (4). The 
pyrolytic A1203 films, on the other hand, contain rela-  
t ively little water  ini t ia l ly and are only slightly 
affected by T & H exposure. The water  content of the 
sputtered films is below the detectabil i ty limit of the 
Beckman IR-10 spectrometer even after stressing. In 
comparing the effects of T & H exposure on SiO2 and 
A1203, it should fur ther  be noted that  the SiO2 films 
become saturated with water after only a few days of 
stressing, whereas the data for the A1203 films repre-  
sent the effects of a month  or more of T & H exposure. 

Low water  content in a film after T & H stressing 
has general ly been taken as an indication that  the 
f i lm will  protect the under ly ing materials from the 
effects of ambient  moisture. This passivating property 
of the A1203 films can be seen directly from the last 
two entries in Table II. These samples consist of 
4000A of SiO2 which is covered over by 1500A of the 
indicated A120~. The dominant  contr ibut ion to the 
I-R absorption in these structures comes from water  
in the SiO2, and the data accordingly are expressed 
as the optical density per micron of SiO2. The fact 
that there is no increase in water content after T & H 
stressing is a t t r ibuted to the passivating qualities of the 
A1203. A slight decrease in water  content is in fact 
noted, but  the difference is close to the reproduci-  
bili ty l imit of our measurements  and fur ther  work is 
required to establish whether  the change is real ly 
significant. The data in Table II also show that  SiO2 

which is covered by A1203 has a lower ini t ial  water  
content than does unprotected SiO2. This difference is 
probably real and may be explained by not ing that  
some water is dr iven off under  the conditions of the 
A120~ deposition. Subsequent  exposure to the atmo- 
sphere does not result  in reabsorption of moisture be-  
cause the SiO2 is now protected. 

Conclusion 
The two-layer  s tructure of A120~ over SiO2 deposited 

on germanium has been shown to have a relat ively 
stable semiconductor interface under  b ias- tempera ture  
stressing. Superior moisture resistance, when com- 
pared to a single SlOe layer deposited at comparable 
temperatures,  has also been demonstrated for the two- 
layer structure. While A1203 alone also exhibits good 
electrical s tabil i ty and moisture resistance, it has 
drawbacks in that (i) A1203 cannot be sputtered di-  
rectly onto the semiconductor surface without  ex- 
cessive surface damage, and (ii) pyrolytic deposition 
of A1203 on Ge results in a high and variable density 
of surface states. The two-]ayer  structure overcomes 
these problems and appears promising for device work. 
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Making Formed Contacts to Semiconductors Using a 
Programmable Power Supply 

T. M. Baleshta .1 

Surface Science Group, Mineral Sciences Division, Mines Branch, 
Department oJ Energy, Mines and Resources, Ottawa, Ontario, Canada 

An effective way of obtaining good ohmic contacts 
is by the formed (welded)-contact  method. A formed 
contact can be made either by discharging a capaci* 
tor, with a series resistance to provide constant cur-  
rent  characteristics through a point  contact (1), or by 
applying a succession of current  pulses through a 
point contact from a high-impedance power source 
(2). For those workers who do not have access to com- 
mercial  bonding equipment,  the following contact 
forming technique may be useful. 

A programmable  d-c power supply, having both 
constant voltage and constant  current  regulation, with 
automatic crossover from constant  voltage to constant 
current, is an ideal high-impedance current  source 
that can be used to make formed contacts. A power 
supply with these characteristics is, for example, the 
Lambda Electronics Corporation Model No. LH125. 
This power supply is capable of supplying a voltage 
from 0 to 40V and a current  from 0 to 3A, and has a 
vol tage- to-current  crossover delay of 1 msec. The 
contact-forming procedure is to use the power supply 
in place of the capacitor in the capacitor-discharge 
technique, but  without  the series resistance since the 
cons tant -current  mode of the power supply provides 
this feature. The output  voltage of the power supply 
is set to a value which will give an init ial  current  
pulse ( thermal  t ransient)  that starts the contact-form- 
ing process, and the output  current  of the power sup- 

* Electrochemical Society Active Member. 
~Present address: Electronics Dept., Algonquin College of Tech- 

nology, Ottawa, Ont., Canada. 

ply (current  l imit ing) is set to provide post heating of 
the contact. Postheating allows the contact area to 
remain  molten for a short t ime (a few seconds) re- 
sult ing in a stable and reproducible contact. When the 
lead wire touches the semiconductor, the power supply 
will  hold its programmed voltage for 1 msec before 
automatical ly crossing over to the cur ren t - l imi t ing  
mode. 

A number  of formed contacts were successfully 
made to low-resistance (1-ohm) samples of FeS,~ and 
PbS. The voltage of the power supply was set so that 
an ini t ial  current  pulse of approximately 10A started 
the forming of the contacts; then a postcurrent  of 1A 
was mainta ined through the contact for a few seconds 
to complete the forming. The lead wires used were 
gold and copper, both having diameters of 0.005 in. 
The result ing contacts were mechanical ly strong and 
vol tage-current  characteristics showed them to be 
ohmic. 

Manuscript  received June  24, 1969. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 

REFERENCES 
1. R. Bray and A. Many, Chap. 7.4 in "Solid State 

Physics," Vol. 6, K. Lark-Horovi tz  and V. A. 
Johnson, Editors, Academic Press, New York 
( 1 9 5 9 ) .  

2. A. C. Sims, J. Electron. Control, 3, 139 (1957). 

1585 



Anodes for Refuelable Magnesium-Air Batteries 
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Physical Chemistry Laboratory, General Electric Company, 
Research & Development Center, Schenectady, New York 

ABSTRACT 

The aim of this work was to select a suitable anode and electrolyte com- 
binat ion for the operation of a replaceable anode magnes ium-ai r  battery. 
Various combinations were considered from the standpoint  of cell voltage, 
parasitic consumption of metal, and the volume of reaction product sludge 
formed. Packaging materials were also tested to prevent  the sludge from 
falling to the bottom of the cells and to minimize magnes ium hydroxide for-  
mation on the cathodes. The anode package selected consisted of AZ61 mag-  
nesium alloy, covered on each surface with Vexar expanded polyethylene 
and glycerinated cellulose. Sodium chloride solutions, between 7 and 18%, 
were satisfactory electrolytes, the latter being superior as a result  of a lower 
resistive drop in the electrolyte and a shorter voltage t rans ient  on changing 
current  densities. 

The purpose of this work was to select an anode 
alloy and an electrolyte-separator system for use with 
magnes ium-a i r  cells. The cells are to be employed in a 
bat tery with replaceable anodes and electrolyte (1, 2). 
This system differs from the silver chlor ide-magnesium 
sea water cell in that the product  is pr imar i ly  a hy-  
droxide rather  than a chloride, and all of the magne-  
sium hydroxide (or hydroxychloride) product must  be 
contained within  the cell ra ther  than being flushed out. 
The over-al l  PH in the cell is higher, although at the 
magnesium electrode it may be lower as a result  of the 
poorer circulation in the cells. 

Since the product sludge must  remain  within the 
cell, the total  ampere-hour  discharge between refuel-  
ings is determined by the volume of sludge per 
ampere-hour  and by the total  cell volume available for 
conta inment  of the sludge. The ar rangement  of the 
cell must  be such that  the bottom portion of the 
magnesium is not completely masked by fallen re-  
action product. In addition, the cell must  be such that  
the depleted anode and the reaction products can be 
convenient ly  removed from the cell without damaging 
the cathodes. The voltage should be as high as possible, 
consistent with a reasonable coulombic efficiency, and 
the voltage t rans ient  on increasing from a low to a 
high current  density should be minimized and the t ime 
interval  over which it occurs should be as short as 
possible. The experiments described below were aimed 
at selecting an appropriate anode, electrolyte, and 
separator combination. 

Experimental 
Voltage and gassing behavior.--Several different 

magnesium alloys were selected for testing, based on 
previous air cell work and on the recommendations of 
the Dow Chemical Company. In  addition to these, two 
samples of a luminum were obtained from the Metals 
Research Laboratories of the Olin Mathieson Chemical 
Company. These had been formerly recommended for 
u s e  a s  a substi tute for magnes ium in silver chloride- 
magnesium torpedo batteries, and had been found to 
operate with slightly lower voltages, but with higher 
efficiencies. The various metals were compared using a 
small  cell of I0 cm 2 active area arranged as shown in 
Fig. 1. A pla t inum-Teflon Niedrach-Alford [Ref. (3)] 
cathode was used, the gap between the magnesium 
and the cathode was ~/4 in., and a flow meter  was ar-  
ranged so that  the gas flow out of the cell could be 
measured. A calomel reference electrode was connected 
to the cell through a side arm halfway between the 
electrodes. A mercury-wet ted  60 Hz on-off switch was 
placed in series with the load as a means of measur ing 

K e y  words :  batteries,  magnes ium,  a i r  cathodes,  anodes .  
* Elect rochemical  Society Act ive  Member .  

the resistance of the whole cell and of the magnes ium 
half cell. This resistance was measured by measur ing 
the ini t ia l  voltage recovery using an oscilloscope when 
the load was removed. The oscilloscope was also used 
for evaluat ion of the t ransient  behavior of the mag- 
nesium when switching current  levels. Otherwise the 
cell was operated at constant current .  For  these tests, 
the electrolyte was 7% sodium chloride solution. Elec- 
trolyte pumped through the cell due to gas evaluat ion 
was re turned to the cell via the electrolyte recircula-  
tion arm shown in Fig. 1. 

Figure 2 gives the polarization curves for the various 
alloys. The a luminum was Type A-6 alloy from the 
Olin Metals Laboratory. The voltage for the Gemag 
alloy (Magnesium Elektron, Limited) was the highest 
over the whole range. However, the gassing results, 
shown in Fig. 3, show that at relat ively low current  
densities the gassing rate is higher than  that  for any of 
the other alloys. This means that  at low current  drains 
of a few mill iamperes per square centimeter  large 
fraction of the magnes ium would be consumed in  self- 
discharge. The dashed line in Fig. 3 represents the 

V 
ER 

YTE 
~,TION 

SIDE VIEW 
OF CELL 

Fig. 1. Metal-air cell of lO-cm 2 area with circulating electrolyte 
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Fig. 3. Gassing rate vs. current density for various alloys 

and is one of the readily available alloys. This is the 
alloy which is used in water-act ivated magnes ium-  
silver chloride torpedo batteries. 

Sludge volume measurements.--The volume of 
sludge produced for a given alloy and electrolyte sys- 
tem was determined as follows. A sample of alloy was 
operated in a small  cell between air electrodes 5.7 cm 
high and 7.6 cm wide (43 cm2). The thicknesses of the 
alloy samples ranged from 10 to 80 mils, and the gap 
between the electrodes was about 1/4 in. The volume of 
l iquid contained was about 14 cc. The cell was oper-  
ated at constant current  at ambient  temperature  for a 
specified time, and then the residual  mat ter  was 
washed out of the cell and off the anode into graduated 
centrifuge tubes. The volume of sludge was measured 
after centrifugation. This sludge was f requent ly  ob- 
served to be nonhomogeneous, consisting of layers of 
l ight-colored hydroxide or hydroxychloride, and dark-  
colored mat ter  containing fine particles of unreacted 
metal. In addition to measuring the sludge volume, 
observafions were also made on the na ture  of the re-  
action product (t ightly or loosely packed wi th in  the 
cell) and on the ease of removal of the magnesium 
anode. 

Results and Discussion 
Table I summarizes the results of some of the tests, 

which were conducted pr imar i ly  with AZ31 and AZ61 
magnesium alloys. The table gives the sludge volumes 
in cubic centimeters per ampere-hour.  It was desired to 
find the combinat ion giving the mi n i mum sludge vol- 
ume, since this would yield the max imum number  of 
ampere-hours  for a given cell size. The results for 
AZ31 in 7% sodium chloride show that there is con- 
siderable variat ion in results obtained from tests con- 
ducted under  similar conditions. There does not  appear 
to be any large change in sludge volume with in-  
creased sodium chloride concentration. However, the 
average for AZ61 in 7% sodium chloride, 3.8 cc/A-hr ,  
is lower than that for AZ31, 4.7 cc/A-hr.  

Various electrolytes and additives were employed 
dur ing  these tests. Some of the observations follow. 

Magnesium ion in solution.--When a solution of a 
salt containing magnesium ion, such as magnesium 
chloride or bromide, was used as the electrolyte, mag-  
nesium hydroxide precipitated in and on the cathode. 
This caused a rapid decrease in cell output. 

Calcium ch}oride.--With a solution of calcium chloride, 
the magnesium rapidly passivated. This probably re-  
sulted from the deposition of a layer of calcium hy-  
droxide on its surface. 

Thickeners.--Two per cent Jaguar  gum (Stein, Hall  
and Company, Incorporated) was added to 7% sodium 
chloride solution to observe the effect of drastically in -  

Table I. Sludge volume measurements 

C u r r e n t  S l u d g e  
Tes t  Elec-  Cur r en t ,  dens i ty ,  A m p e r e -  v o l u m e .  
No. A l l o y  t r o ly t e  am pe re s  m A / c m  "~ h o u r s  c c / A - h r  

gassing rate at which 50% of the metal  would be con- 
sumed in the self-discharge reaction. The farther below 
this l ine the curve for a sample is, the higher its 
efficiency should be. The a luminum sample should be 
bet ter  than  the others on the basis of efficiency in  the 
intermediate  current  density range, although its voltage 
is lower than the others. During these experiments,  it 
was observed that the gassing rate at a given current  
density was somewhat dependent  on the prior opera- 
tion of the cell, possibly as a result  of changes in sur-  
face area or electrolyte concentration. This may ac- 
count for some of the irregulari t ies of the curves in 
Fig. 3. 

Of the magnesium samples, AZ61 represents a good 
compromise between voltage and gassing behavior, 

12 AZ31 7 ~  NaC1 1.00 23 5.5 5.5 
23 AZ31 7% NaC1 1.00 23 3.5 5.0 
37 AZ31 7% NaC1 1.20 28 6.0 3.6 
27 AZ31 14% NaC1 1.00 23 3,9 4.4 
33 AZ31 21% NaC1 1.20 28 6.0 4.0 
11 AZ31 S a t ' d  NaC1 0.42 10 7.1 4.0 
13 AZ31 Sat'd NaCI 1.0O 23 5,5 5.8 
20 AZ61 7% NaC1 1.O0 23 3.5 4.6 
41 AZ61 7% NaC1 1.20 28 6.0 3.7 
49 AZ61 7% NaCl 0.40 9 6.0 3.0 
35 AZ61 21% NaCI 1.20 28 6.0 3.5 
15 C~EMAG* 7% NaC1 1.00 23 3.7 6.8 
22 G a l v o m a g * *  7 ~  NaC1 1.00 23 3.5 4.9 
26 LA141 Mg*** 7 ~  NaC1 1.00 23 1.9 6.4 
21 OML A6 AI**** 7% NaC1 1,00 23 3.5 ~ 9  

* A p r o p r i e t a r y  G E  a l loy  p r o d u c e d  by  M a g n e s i u m  Elck t ron ,  
Ltd.  

** A Dow C h e m i c a l  C o m p a n y  ca thod ic  p r o t e c t i o n  a l loy,  
*** A l i t h i u m - m a g n e s i u m  a l loy  f r o m  Brooks  and  Pe rk ins .  

**** Ol i~  Meta l s  L a b o r a t o r y  a l u m i n u m .  
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creasing the electrolyte viscosity. When the cell was 
operated, the hydrogen evolved from the magnesium 
carried most of the viscous electrolyte out of the top of 
the cell. 

Precipitation aids.--Separan NP10 (Dow Chemical 
Company) and polyacrylic acid added to 7% sodium 
chloride each caused the formation of t ight ly packed 
sludge. This is a disadvantage form the standpoint  of 
the removal  of spent anodes. 

Chelating agents.--Versene (the sodium salt of ethyl-  
enediamine tetraacetic acid) and Versene Fe-3 [the 
sodium salt of N-N-d i  (2-hydroxy-ethyl)  g lyc ine- -  
both from Dow Chemical Company],  potential  chelat- 
ing agents for magnesium ion, were considered be- 
cause of the possible effect on sludge volume. There 
does appear to be a slight advantage using Versene 
Fe-3 (2%, plus 7% NaC1), the sludge volume being 
3.3 cc /A-hr  on AZ61 (average of 6 tests) compared to 
3.8 cc /A-hr  in 7% sodium chloride alone. However, 
the presence of Versene Fe-3 caused increased cor- 
rosion of copper and nickel cell components. 

During these experiments,  it was observed that 
magnesium hydroxide was precipitated in and on the 
cathode after a few hours of operation. This caused the 
performance to deteriorate with time. The precipitation 
results from the fact the hydroxyl  ion is formed at the 
cathode, and therefore the solubili ty for magnesium ion 
is lowest at this point. In order to reduce the problem, 
samples of microporous filters and cellophane were 
placed between the anode and the cathode dur ing cell 
operation. The original in tent  was to place a single 
permanent  layer over the face of the cathode in con- 
tact with the solution. However, it was found that the 
magnesium hydroxide layer precipitated on the elec- 
trolyte side of this filter caused an increase in the 
in terna l  resistance of the cell. Because of this, it was 
decided that  each anode should be bagged in the ap- 
propriate separator material .  

The bagging materials considered were: Acropor 
AN-200 microporous filter (Gelman Company),  glycer- 
inated and unglycer inated  cellulose, and glycerinated 
and unglycer inated fibrous casing (all from Union 
Carbide Corporation).  Cellulose and fibrous casing 
were both superior to the microporous filter medium 
from the standpoint  of keeping magnesium hydroxide 
precipitate off of the cathode. Glycerinated cellophane 
was the least expensive of the separator materials  
considered and is recommended for this system. 

An addit ional  problem per ta ining to the sludge was 
the manne r  in which it distr ibuted itself vert ical ly in 
the cell. If nothing was introduced to keep the sludge 
from dropping to the bottom of the cell, the bottom of 
the cell would not discharge due to increased electro- 
lytic resistance where the sludge would fill the elec- 
trolyte gap. To compensate for this situation, various 
large-pore materials were introduced between the 
cellophane and the magnesium anode. The materials 
employed were cellulose felt (Kendal l  Company, Grade 
EU 101), open-cell  polyurethane foam (Scott Paper  
Company),  and various grades of Vexar expanded 
polyethylene (Du Pont) .  The mater ial  finally selected 
was a grade of Vexar, 30ADS49, having a thickness of 
0.1 cm and diamond-shaped openings about 0.8 cm 
across. It was found that  with felt the escape of the 
hydrogen gas generated was somewhat cut off, so that 
the in te rna l  resistance of the cell was increased by 
the resul t ing gas pockets. One of the grades of Scott 
foam performed as satisfactorily as the Vexar, but  it 
was less convenient  to handle  and to assemble into 
anode packages. 

Electrical contact.--Electrical contact between cells 
was achieved by means of a clip attached to the top of 
each magnesium anode. This clip had two U-shaped 
ears which fitted into mat ing  contacts attached to the 
adjacent cathode. Clips of t in-pla ted nickel were found 
to be satisfactory. The clip was r iveted to the top of 

Fig. 4. Complete anodes and battery 

each anode using brass rivets. A coating of neoprene 
paint  (Adhesive Products Corporation) was applied 
over the whole clip, except for the U-shaped part, and 
over an adjacent 1/~-in. strip of magnesium. A com- 
pleted anode package is shown in Fig. 4. 

Transients.--One of the problems usual ly encount-  
ered with cells having magnesium anodes is the tem- 
porary drop in voltage observed when the current  is 
increased. This has been studied by Robinson and 
King [Ref. (4)] and results from the nature  of the 
film formed on magnes ium in basic solutions. 

AZ61 alloy had a shorter t ransient  time than AZ31 
alloy, and each of these was considerably shorter than 
that  for the A6 a luminum alloy. The alloy with the 
shortest t ransient  t ime of any was the GEMAG alloy, 
which also showed the highest voltage. This high volt-  
age and short t ransient  t ime result  from a very high 
rate of self-discharge, which keeps the surface rela- 
t ively free of magnesium hydroxide. Because of this, 
the coulombic efficiency was found to be very low at 
the relat ively low average drain  rates under  consid- 
eration, so that this alloy could not be used in the 
present application. Similar  behavior was observed for 
the LA141 alloy. The load was resistive, so that the 
current  reached the new value gradually. The durat ion 
of the voltage t ransient  can be anywhere from a frac- 
tion of a second to a minute  or more, depending on the 
relative currents  before and after switching, the pH, 
the temperature,  electrolyte concentration, and the 
extent  of discharge of the anode. The pH at the anode 
can be lowered drastically when the magnesium hy- 
droxide builds up in the cell. With pH paper, it has 
been found immediate ly  after discharge to be as low as 
8.0. Figures 5 and 6 show the t ransient  behavior  of 
anodes at various states of discharge using 7% sodium 
chloride when an ini t ia l ly low level was switched first 
to an intermediate  current  level, and second to a high 
current  level. The figures show that when switching 
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Fig. 5. Transient behavior in 7% NaCI solution--low to inter- 
mediate current--2.3A (6.4 mA/cm") to 4.3A (12.0 mA/cm2)--after: 
A, 6 A-hr; B, 12 A-hr; C, 18 A-hr; D, 24 A-hr. The numbers indi- 
cate current densities in mA/cm 2. 
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Fig. 6. Transient behavior in 7% NaCI solution--low to high 
current--0.5A (1.4 mA/cm 2) to 10.9A (30 mA/cm2)--after: A, 6 
A-hr; B, 12 A-hr; C, 18 A-hr; D, 24 A-hr. The numbers indicate 
current densities in mA/cm 2. 

between in termedia te  current  levels there  is re la t ively  
li t t le effect, but that when switching to a high load 
near the end of discharge there  can be a major  effect. 

Anode thickness and life.--In these ceils, it was de- 
sired to employ an anode 9.2 cm wide and 21.3 cm 
high, which would fit into a 0.5-cm gap between two 
air electrodes. It was necessary to select the thickness 
of the anode such that  it would del iver  the proper  life 
but not allow the formation of so much product  sludge 
that  the anode could not be removed from the cell at 
the end of discharge. On the basis of the sludge volume 
measurements  and life tests on th inner  electrodes, a 
thickness of 35 mils was selected. Figures 7 and 8 give 
polarization curves for these large AZ61 electrodes, 
spaced % in. f rom a cathode, in various sodium and 
l i thium chloride solutions. These data show that  the 
voltage is highest in 18% l i thium chloride, pr imar i ly  
as a result  of the lower resistance of the electrolyte.  
In 7% l i thium chloride the voltage at higher  current  
densities is higher than for 7% sodium chloride, while  
in 18% l i thium chloride the voltage drops appreciably. 
This probably results f rom the re la t ive ly  low solubili ty 
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Fig. 7. Voltage vs. current for sodium and lithium chloride solutions 
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Fig. 8. Voltage vs. current using additives 

of l i thium hydroxide, which may precipi tate on the 
air electrode. Figure  8 gives the results in solutions of 
sodium chloride containing Versene Fe-3 and sodium 
gluconate, each of which might  be expected to chelate 
the magnesium to some extent.  Each of these resulted 
in a slight decrease in voltage. In these tests the data 
for each of the curves were  obtained from the averages 
of five different tests. 

A series of 35-mil thick AZ61 anodes were  packaged 
with Vexar  and glycer inated cellulose and were  op- 
erated in double-faced cathode compartments  at a 
current  of 2A (5.6 mA/cm2) .  The max imum number  of 
ampere-hours  obtained was slightly over  30, at which 
point the magnesium was completely consumed and 
the cell was solidly packed with  sludge. In order  to 
allow for removal  of the depleted anode package, it 
was necessary to stop at about 24 A - h r  of operation. At 
this point the anode package could be removed with  
less difficulty. Dur ing operation it was necessary to 
add about 45 cc of electrolyte  over  the 12-hr period to 
keep the voltage above 1V. When water,  ra ther  than a 
sodium chloride solution, was added to the cell dur ing 
operation, the output  voltage (on a resistive load) was 
decreased ra ther  than increased. The same effect was 
observed when drying. There appears to be an osmotic 
effect re lat ing to the fact that  hydroxyl  ion is pro-  
duced inside the cathode dur ing operation and, when 
the cell is rinsed with  water  ra ther  than electrolyte,  
some of this water  is imbibed by the electrode and 
causes it to be par t ia l ly  flooded. If the electrode is 
dried a~e r  rinsing, the performance on a second charge 
is restored to near  the initial level. 

Battery operation.--Figure 4 is a photograph of a 
23-cell magnes ium-a i r  ba t te ry  employing these anodes. 
It was designed for a �89 28V load for 9 min, and a 
12A, 22V load for the following 1 min. This cycle 
would repeat  i tself continuously for 12 hr, at which 
t ime the anode would be replaced. After  the init ial  
e lectrolyte  charge, the voltage on the first few cycles is 
usual ly low during the high current  drain period unt i l  
the electrolyte  tempera ture  increases. Af te r  the tem-  
pera ture  reaches 120~ the voltage during the high 
current  period reaches 22V in about 3 sec using 18% 
sodium chloride. I t  was found that  the durat ion of this 
t ransient  was shorter  wi th  18% ra ther  than 7% sodium 
chloride. In the latter, the durat ion of this t ransient  
could be as long as 1 min near  the end of discharge. 

During operat ion a port ion of the water  evaporates 
and is carried out of the cell  by the air circulat ing 
through it. As was mentioned above, this necessitates 
the  addit ion of a total  of about 45 cc of e lectrolyte  to 



1592 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  T E C H N O L O G Y  N o v e m b e r  1969 

each cell during the 12-hr operat ing period. The 
amount  of water  necessary varies with the operat ing 
temperature,  since at higher ambient  tempera ture  
more water  will  be lost by evaporation. If water  is not 
added, the magnesium is not consumed uniformly and 
the cell voltage falls because of the greater  demand 
on the bottom portion of the magnesium. Star t ing at an 
ambient  t empera ture  of about 80~ it was sufficient to 
add about 15 cc of water  to each cell at 3-hr  intervals. 
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Determination of the Water Vapor Permeability and 
Continuity of Ultrathin Parylene Membranes 

h4. A. Spivack and G. Ferrante 
Union Carbide Corporation, Bound Brook, New Jersey 

ABSTRACT 

A method has been developed to determine  the water  vapor  permeabi l i ty  
of very  thin dielectric films over a large range of thicknesses. It is shown that  
the permeabi l i ty  of po ly (ch lo ro-p-xy ly lene)  unsupported thin films is the 
same throughout  the range of thicknesses tested: 292-73,388A. The results 
agree wi th  values repor ted  on 2 x 10 -3 cm thick samples under  similar test 
conditions and with 8 x 10 :~ cm thick samples obtained by standard flow 
methods. The results also compare favorably with the water  vapor perme-  
abili ty of other polymeric  materials.  Since the permeabi l i ty  obtained [2.0 x 
10 -~  cm 3 (STP)-cm/sec-cm='-cm Hg] indicates that  thick (8 x 10 -3 cm) films 
are s tructural ly continuous, then ul t ra thin (<300A) films of po ly(ch loro-p-  
xylylene)  must also be free of voids. In addition, the method is sensitive 
enough to detect discontinuities as small as 1~, in diameter.  

An important  function of an encapsulating coating 
in electronic assemblies is to provide a moisture and 
gas barr ier  which prevents  corrosion of construction 
materials  or al terat ion of device parameters.  At the 
same t ime it also should afford electrical  insulation. 
All  materials  absorb and are permeable  to moisture 
and gases to some extent  and cannot be considered 
truly hermetic;  however ,  the rates at which these 
processes occur may be low enough so that  ideali ty 
can be approached. It is general ly  agreed that  the 
major  volati le contaminant  is water  vapor (1, 2). 

This paper describes a method of determining the 
permeabi l i ty  of a dielectric film, po ly (ch lo ro -p -xy ly l -  
ene) (parylene C), to water  vapor over  a wide range 
of film thicknesses. The method involves producing 
f ree-s tanding membranes  of the mater ia l  and deter -  
mining the water  vapor  transmission (WVT) ra te  at 
the part icular  film thickness. Since parylene C is non-  
wetting, the permeabi l i ty  should be the product of 
the WVT rate and the membrane  thickness (3). P re -  
vious work  wi th  hydrophobic polymer  films as thick as 
70 x 10 -3 cm (4) and as thin as 4 x 10 -3 cm (5) has 
val idated this assumption. No reference was found 
where  films of less than 4 x 10 -3 cm in thickness were  
used. 

Deviations from this predicted behavior  indicate 
discontinuities in the film's s t ructure (6); therefore,  
by comparing the calculated permeabi l i ty  over  a 
range of film thicknesses, this technique can also be 
used to determine whether  the film contains pinholes 
at any part icular  thickness level. 

Experimental 
Permeabili ty ce~l.--The method for determining the 

WVT rate had to be sensitive enough to allow accurate 

Key words:  encapsulation, membrane ,  parylene,  passivation, 
permeabil i ty,  pinholes, polymers,  thin films, water  vapor. 

measurements  and yet had to be nondestruct ive to the 
sensitive membranes.  The simplest, most reliable, 
and most reproducible  method was thought  to be a 
weighed cell technique (7) with water  contained in- 
side the membrane  sealed cell. 

This reversed Payne Cup (water  inside, desiccant 
outside) was modified by at taching a manometr ic  
s idearm to the cell which was completely sealed with  
mercury,  except  for a capi l lary bleed tube threaded 
through the mercury  seal. The purpose of the sidearm 
was to provide a means of equalizing the total pres-  
sure across the membrane  without  appreciably affect- 
ing the WVT rate. (If a few mil l imeters  of pressure 
differential  is al lowed to exist, the thinner  membranes  
buckle to an appreciable extent.)  

One can then determine  permeabi l i ty  (P) from 

q~ 
P = = QI~ [1] 

At  (VP1 --  VP2) 

where  q is the quant i ty  of gas diffusing through a film 
of surface area A and thickness T, in t ime t with a 
difference (VP1 -- VP2) between the part ial  pressures 
of the diffusing gas on the two sides of the membranes  
(8). The usual units associated with  this type of mea-  
surement  are cm '~ (STP) -cm/sec -cm2-cm Hg. 

The procedure used to prepare  the cell is as follows. 
The membrane  is prepared and attached to the cell 
with a silicone adhesive after water  has been inserted 
but before the sidearm is sealed with mercury.  The 
ensemble is then al lowed to come to thermal  equi l ib-  
r ium (usually overnight,  which also allows the ad- 
hesive to set).  The bleed tube is inserted into the side- 
arm and the cell is then completely  sealed (except for 
the bleed) with mercury.  The sealed cell is placed into 
a desiccator which in turn is in a t empera tu re -con-  
trolled room (23.0 ~ _ 0.5~ At  periodic intervals  
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(from 1 to 10 days),  the ent i re  cell is weighed on a 
balance (accurate to 0.1 mg) to measure the loss of 
water.  

To determine the total dr iving force across the cell, 
two rela t ive  humidi ty  monitors were  used. The first 
was inserted into the desiccator wi th  the various per-  
meation cells. The second, an e lectrohydrometer ,  was 
used to check the re la t ive  humidi ty  inside the perme-  
ation cell by sealing the hygromete r  probe within the 
cell. The relat ive humidi ty  was always found to be 
100% inside and 0% outside the cell. Therefore,  the 
pressure difference of Eq. [1] was always ~21 mm Hg. 

From 6 to 12 individual  cells were  checked for WVT 
rate  per membrane  thickness. Usually, five weighings 
were  taken per population sample, ranging from 1- 
to 10-day intervals  af ter  the start  of testing to insure 
that  a steady state has been achieved. 

Membrane preparation.--The dielectric film used in 
these studies was po ly (ch lo ro -pa ra -xy ly lene)  or 
parylene C. The unsupported membranes  were  pre-  
pared by a vacuum process as described by Gorham 
(9). By this method films were  deposited onto glass 
substrates which had been previously t reated with a 
part ing agent, such as a vacuum-evapora ted  alkali  
halide. (The results obtained were  found to be inde- 
pendent  of the part ing agent used.) Fol lowing deposi- 
tion of the polymer,  the part ing agent was activated by 
dissolving in water  and the membrane  was l if ted from 
the substrate via an annular  mount.  

Membrane thickness.--The methods used to measure 
the membrane  thickness were  in te r fe romet ry  and op- 
tical absorbance. In terference fr inges were  used in the 
bulk of this work  (10, 11); however ,  below about 800A 
thickness, no fringes are discernible and, therefore,  
optical absorbance methods were  used. 

Discussion and Results 
True film permeability.--The value of interest  is 

the WVT through the film only, independent  of other  
parallel  and series diffusion pathways. In the perme-  
abili ty cell previously described, the escape of vapor 
f rom the ceil  is controlled not only by the resistance 
of the membrane  but also by the air spaces within 
the cell and the surrounding desiccator. In addition, 
there  are paral le l  escape routes such as through the 
capil lary bleed tube and possible leakage through the 
seal used to attach the membrane  to the cell. 

To determine  the WVT due solely to the thin m e m -  
brane (Qi, see Eq. 1), an equivalent  electrical  con- 
ductance analog may be made which yields 

Qo (Qobs-- Q~) 
Qs ~ [2] 

Qo -P Q~ - Qobs 

Qf is the conductance through the film and is the 
quant i ty  of interest.  Qo is the series conductances con- 
trolled by the geometry  of the system and can be 
measured by observing the WVT rate using a "zero" 
thickness film (open cell).  Q~ is the conductance 
through all parallel  diffusion routes, measurable  by us- 
ing a film of infinite thickness (10-rail a luminum foil).  
With a membrane  on the cell, the quant i ty  actual ly 
measured is Qobs (observed).  

Thickness variation efJects.--WVT rates were  mea-  
sured on sample populations ranging f rom 292 to 
78,388A in thickness. In all cases it was observed that  
steady state was reached in less than a day (the 
shortest measuring t ime used) and that  the rate  of 
loss of water  vapor remained constant throughout  the 
length of the test (up to 3 weeks) .  

Table I shows the results obtained for each m e m -  
brane thickness, including the open (zero thickness) 
and closed cell (infinite thickness) "end points." Also 
shown in Table I is the t rue WVT rate through the 
films (Q~) as calculated from Eq. [2] and the  perme-  
ability (P) as determined from Eq. [1]. The errors 
indicated on both Qf and P are standard deviations. 
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Table I. Permeability constant for various thicknesses 
of parylene C films 

F i l m  t h i c k n e s s  
( A n g s t r o m s )  

P e r m e a b i l i t y  
O b s e r v e d  f lux,  c o n s t a n t ,  P x I0  ~ 

Qo,,s F i l m  flux,  Q :  [em~ ( S T P ) - c m /  
( g r a m s / d a y )  ( g r a m s / d a y  sec -cm~-cm t t g ]  

0 (Q~) 0.3873 • 0 .040 - -  - -  
292 • 75 0.2207 • 0.0228 0 .5077 • 0.1910 2 .38 ----- 1.48 
836 ~ 13 0.1091 ~- 0.0064 0.1500 ~- 0.0185 1.97 _-~ 0.27 

1946 • 18 0.0529 ~ 0.0016 0.0599 • 0.0032 1.83 "+- 0.11 
3701 ~ 55 0.0306 ~- 0 .0016 0 .0323 ~ 0.0023 1.87 H- 0.16 
6080 ~ I0  0.0207 -~ 0.0011 0.0208 • 0.0014 1.98 "+- 0.14 
7470 -~ 100 0.0179 4" 0.0013 0.0177 • 0.0015 2.08 ~ 0.16 

11,069 ~ 920 0.0136 ~ 0.0007 0.{)130 • 0.0009 2.27 -~ 0.34 
23,100 ~ 293 0.0064 -~ 0.0006 0.0055 -~ 0.0007 1.98 ~ 0.28 

78,388 ----. 1400 0.0027 • 0.0006 0.0017 ~ 0.#007 2.06 ~ 0.86 
~Q~) 0.O010 • 0.0001 - -  

Table II. Water vapor permeability constants 
of various polymers 

P e r m e a b i l i t y  
c o n s t a n t ,  P* 
c c ( S T P ) - e m  

P o l y m e r  sec -cmZ-cm H g  R e f e r e n c e  

C e l l u l o s e  a c e t a t e  1.2-3.1 • I0-O (8, 14) 
P o l y s t y r e n e  1.2 x 10 ~ (8) 
S i l i c o n e s  2 .4-4 .3  • 10 -s (1) 
P o l y u r e t h a n e s  1.3-4.7 x 1008 (1) 
P o l y e t h y l e n e  ( low d e n s i t y )  1.1-1.8 X 10 -s (8, 14, 16) 
E p o x i e s  1.0-1.3 X 1008 (1) 
P o l y ( e t h y l e n e  t e r e p h t h a l a t e ) - ( M y l a r )  1.0 • 10- s (1) 
P o l y p r o p y l e n e  3.8-4.0 • 100 o (1, 8) 
P o l y f t e t r a f l u o r o e t h y l e n e ) - ( T e f l o n )  3.5 x 10 -~* (16) 
P o l y ~ v i n y l i d e n e  c h l o r i d e ) - ( S a r a n )  3.1 x 10-~ (17) 
P o l y ( c h l o r o - p - x y l y l e n e ) - ( p a r y l e n e  C~ 2.0 x 10 -~p T h i s  w o r k  
P o l y e t h y l e n e  ( h i g h  d e n s i t y )  1 .6-1.8 X i 0 ~  (S, 16) 

* At  23~ on 3-8 • 10-~ e m  t h i c k  f i lms.  

It is seen (Table I) that  the permeabil i ty,  wi thin  
error  limits, is the same for the 292A film as it is for 
the 78,388A film. The average value  f rom all the th ick-  
nesses is 2.03 _ 0.17 x 10-9 cm 3 ( S T P ) - c m / s e c - c m  2- 
cm Hg. This value agrees exact ly  with the results ob- 
tained by Lee (12) on 2 x 10 -3 cm thick samples in 
similar ambients. This value also agrees with results 
obtained from 5-8 x 10 -3 cm thick samples measured 
by a flow technique (ASTM-E96-63T) at a t emper -  
ature of 38~ if an act ivation energy of 17 kca l /mole  
is assumed for the diffusion process. 1 

The greatest  error  in permeabi l i ty  (P) is seen to 
occur at the extremit ies  of thickness. For  the very  thin 
films, the thickness uncer ta in ty  and Qo values con- 
t r ibute  to the large error;  the end point substantial ly 
contributes in the case of the thicker  films. Even with  
the larger  uncertaint ies  at the two thickness ex-  
tremes, the permeabi l i ty  at each thickness deviates 
f rom the over -a l l  average by only _ 8.5%. 

Comparison with other polymers.--The water  vapor  
permeabil i t ies  of various polymers are shown in Table 
II. Al l  the values indicated were  ei ther measured at, or 
corrected to, 23~ and were  measured on films 5-8 x 
10 -3 cm thick. Cellulose acetate is given as an example  
of a wa te r -pe rmeab le  po lymer  having a permeabi l i ty  
constant of about 10 -6 (units as previously defined). 
Polystyrene,  which is a good insulator, is shown to be 
a poor water  barrier.  The common encapsulat ing ma-  
terial  (silicones, urethanes,  epoxies) have permeabi l t -  
ties in the low 10-8 range while  poly (vinyl idene chlo- 
ride) exhibits a constant of about 3.1 x 10 -9. The water  
vapor  permeabi l i ty  of parylene  C is shown to be low 
and about the same as for ve ry  high density poly-  
ethylene. 

Induced faults.--To test the sensit ivity of these mea-  
surements  in detecting film discontinuities, a hole of a 
part icular  size was mechanical ly  induced into a given 
thickness populat ion sample. Different sizes were  in-  

1 A  v a l u e  of 19.2 k c a l / m o l e  is r e p o r t e d  fo r  p o l y ( e t h y l e n e ) ,  16.4 
k c a l / m o l e  fo r  p o l y ( p r o p y l e n e ) ,  a n d  15 k c a l / m o l e  f o r  p o l y ( v i n y l  
a c e t a t e )  (13) .  
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duced into different populations. The smallest hole was 
about 33~ in diameter  (8.8 x 10 -4 ram2); the actual 
areas were measured by a planimeter  on photomicro- 
graphs. 

In all cases, the films with holes showed a marked 
increase in permeabi l i ty  over s t ructural ly  continuous 
control samples. 

The rate of water vapor loss through a uni t  area of 
induced hole was then compared to the size of the hole. 
Extrapolat ion of this data has shown that a discontinu- 
ity of about 1~ in diameter should be detectable wi thin  
the error l imits of the method. 

Summary and Conclusions 
A modified Payne Cup has been used to measure the 

water vapor permeabi l i ty  and cont inui ty  of thin paryl-  
ene C films over relat ively large surface areas. Free-  
s tanding films less than 300A in thickness and more 
than 10 cm 2 in area can be tested by this method. 

It was found that the permeabil i ty  of parylene C 
unsupported thin films is the same throughout  the 
range of thicknesses tested, 0.03-7.34 #m. The value 
of permeabi l i ty  obtained by this static method, 2.0 x 
10 -9 cm 3 (STP)-cm/sec-cm2-cm Hg, agrees with other 
investigations using 2 x 10 -3 cm thick films and with 
the value measured by s tandard flow methods on 8 x 
10 -3 cm thick films if an activation energy of 17 kcal /  
mole is assumed for the diffusion process. 

In comparison to other polymeric materials,  thick 
films of poly(chloro-p-xyly lene)  are shown to have a 
water vapor transmission rate about equivalent  to 
very high density polyethylene and are somewhat 
superior to commonly accepted good water barr ier  
films such as po ly(v inyl idene  chloride), poly(e thylene  
terephthalate) ,  and poly (tetrafluoroethylene).  

Based on the hypothesis that  these thick films (2-8 
x 10 -3 cm) are s t ructural ly  continuous, then u l t ra -  
thin ( ~  30OA) films of parylene C must  also be free 
of voids. Furthermore,  extrapolation of data obtained 
from mechanical ly induced holes shows that voids of 
about 1# in diameter should be detectable by this 
technique. 

The combination of low water  vapor permeabil i ty,  
s t ructural  continuity,  and the vapor deposition na-  

ture of its application indicates that  poly(chloro-p-  
xylylene) should be suitable for the protective dielec- 
tric in semiconductor devices or as an encapsulant  for 
larger circuit board modules. 

Manuscript  submit ted Ju ly  19, 1968; revised manu-  
script received Ju ly  24, 1969. This was Paper  473 
presented at the Montreal  Meeting, Oct. 6-11, 1968. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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Acid Generator 
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ABSTRACT 

Acidification of the feed streams to desalination plants is often desirable. 
To provide for this, an electrochemical  system has been developed, combining 
both fuel  cell and electrodialysis technology. The hear t  of the system is a cell  
which produces di lute streams of acid and base, and the whole apparatus 
is re fer red  to as an "acid generator ."  The acid generator  is a self-contained 
system, and requires only electr ici ty and the desalination plant feed s tream 
as inputs. As developed, it produces an acidified sea water  s t ream (product) ,  
a part ly desalted stream, and an alkaline stream. The anode hydrogen supply 
for the catalytic membrane  electrode is evolved at the cathode. The acid pro-  
duced is used in the prevent ion of scale in water  processing equipment  such 
as evaporators.  Acidification of the saline feed s tream releases carbon dioxide. 
The carbon dioxide released is used along with the alkaline cathode effluent 
to prepare a softened sea water  for an in termedia te  or "buffer" stream. A 
small  amount  of product water  (1%) from the evaporator  is used to maintain  
the cathode NaOH concentrat ion at approximate ly  0.1-0.3N. The power  re-  
qu i rements  for the cell are quite modest, about 0.5 kwhr/100O gal for the 
acidification of sea water  to a level  of 100 ppm, and the device is readily 
adapted to automatic operation. 

Acidification of the feed streams to desalination 
plants is often desirable. The reasons for this in the 
case of a plant  designed to distill sea water  are  i l-  
lustrated by the equations below. 

Ca + + + 2HCO3- ---- CaCO, ~ + CO2 I" + H20 [1] 

HCO3- = CO2 t + OH- [2] 

Mg ++ + 2 O H -  = M g ( O H ) ~  [3] 

Normal  sea water  (19 parts per thousand C1-)  con- 
tains small  but  significant quanti t ies  of calcium, mag-  
nesium, and carbonate (Table I) .  When sea wate r  is 
heated, CO2 is d r iven  off, and as a resul t  the water  
becomes more alkaline. As bicarbonate ion decreases 
the carbonate ion concentrat ion increases, and CaCOa 
and Mg (OH)2 coprecipitate on the intake or first-stage 
heat t ransfer  surfaces. The problem can be avoided 
through a replacement  of H C O , -  by minera l  acid. 
The quant i ty  of minera l  acid needed is small, 0.0835 
parts per thousand as HC1 or 0.1112 parts  per  thousand 
as H2SO4. However ,  e i ther  because of a remote  loca- 
tion or the par t icular  size of a given operation, minera l  
acid may  not always be convenient ly  or economical ly 
available. For  example,  a 1.25 mil l ion ga l /day  (GPD) 
plant, bui l t  in the ear ly  1960's, required roughly  a 
tank car of sulfuric acid per  month  for scale control. 
Del ivery  of this quant i ty  of acid to a test site near  
San Diego was easily arranged but, when the plant  
was reassembled on an island in the Caribbean, acid 
pre t rea tment  was abandoned. This necessitated a lower 
operat ing t empera tu re  and, as a result, the capacity 
of the plant  was downgraded to 750,000 GPD (1). To 
provide for the replacement  of HCO3-  by minera l  acid, 
an "acid generator"  has been developed (2, 3). 

The acid genera tor  (Fig. I) requires  as inputs: e lec-  
tricity, about 0.5 kwhr/1000 gal, and the desalination 
plant feed stream. The device combines both fuel  cell 
technology and electrodialysis techniques. The various 
interior  compartments  in the acid generator  are separa-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
t P r e s e n t  a d d r e s s :  C la i ro l ,  I n c o r p o r a t e d ,  90 C o m m e r c e  Road ,  

Stamford,  C o n n e c t i c u t .  
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Table I. Scale-forming constituents in sea water 

S e a  w a t e r :  CI- ---- 19 g/kg, ~._~ = 1.0'243 

Ca++ 0.4001 g/kg = 0.Ol00 m/liter 
Mg++ 1.2720 g/kg = 0.0523 m/liter 
HCOs- 0.1397 g/kg = {k00229 m/liter 

(100.7 ppm as COs) 
SO4 = 2.649 g/kg = 0.02755 m/liter 

NOTE: Oceanographer's Normal S.W., CI- = 19.381 g/kg (Sverd- 
rup. Johnson & Fleming); Millstone Pt. S.W., Cl - ~ 18.5-17.0 g/kg, 
CO2 ~ 80 ppm. 

ted by ion exchange membranes,  and the cathode hy-  
drogen is consumed on a catalyt ical ly act ive anode. 
This union of the two technologies is responsible for 
the ra ther  modest  amount  of electr ical  energy, 0.05 
kwhr,  needed to produce an equivalent  of acid and 
base. A summary  of es t imated power  requi rements  
and operat ing costs based on present technology is 
given in Table II. 

Fig. 1. Catalytic acid generator 
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Table II. Power requirements and costs 

Acid 
85 p P m  (as  I-IC1) 
1 0 0 0 g a l  = 1.0243 • 8.345 • l 0  s = 8550 lb  
85 • 10-o • 8550 = 0 . 7 2 6 1 b H C 1  

= 9.03 g - e q u i v . / 1 0 0 0  ga l  

Current  
9.03 e q u i v . / 1 0 0 0  ga l  = 10.08 A - d a y / 1 0 0 0  ga l  

P o w e r  
v o l t / c e l l  @ 20  asf  ~ 3.0 
10.08 A - d a y  x 3 .0V • 24 h r / d a y  = 0.725 k w h r / 1 0 0 0  ga l  
R e q u i r e m e n t ,  a l l o w i n g  fo r  losses a n d  a u x i l i a r i e s :  

0 .5-1.0 k w h r / 1 0 0 0  g a l  

E s t i m a t e d  cos t  
0.5 r  g a l  

During operation of the acid generator, hydrogen is 
oxidized on the catalytic anode and hydrogen ions are 
introduced into the anode stream through the ion ex- 
change membrane  portion of the catalytic membrane  
electrode (Fig. 2). The anode compartment  is separated 
from the buffer (saline) stream by an anion permeable 
membrane.  Negative ions migrate through it to main-  
tain electrical neut ra l i ty  in the anode compartment.  
The buffer compartment  serves two purposes: it helps 
isolate the anode and cathode systems; it acts as the 
source for the ions that  must be supplied to the elec- 
trode compartments  to make up for the charge in t ro-  
duced by the electrode reactions. When the acid gen- 
erator is used in conjunct ion with sea water processing 
plants, a saline stream suitable for use in the buffer 
compar tment  is obtained by treat ing a portion of the 
main  feed with alkali from the cathode compartment.  
The cathode compartment  is separated from the buffer 
stream by a cation exchange membrane.  The cathode 
alkal ini ty  is controlled by feeding a small  amount,  
about 1%, of the product fresh water  to the cathode 
stream. The cathode hydrogen is circulated to the 
anode. To make up for the inevitable small  losses, an 
auxi l iary anode was added so that excess hydrogen 
could be generated at the cathode. Provisions were 
made for operating the auxi l iary anode in two modes: 
low, 1% of main anode current,  for normal  operation; 
and high, 10-20 times normal,  for s tar t-up.  

A var ie ty  of systems were tried during the develop- 
ment  of a functional  automatic acid generator. The 
problems encountered have been: electrode design and 
materials of construction, separation of hydrogen from 
the cathode stream, method of circulating hydrogen 
through a series of cells, and methods to soften sea 
water for use in the buffer stream. After investigating 
these problems on a small  scale in 450-6000 GPD units, 
a 30,000 GPD uni t  was designed and constructed to be 
compatible with a Maxim" high-pressure tube bundle  

2 A M F - C u n o / M a x i m  M i l l s t o n e  P o i n t  S e a  W a t e r  T e s t  S t a t i o n ,  
W a t e r f o r d ,  Conn.  

Catloo Exchange Membrane 

H 2 gas "7 ~ - - = : : -  
" Salt (and/or mineral) Solution 

~._Zilf2 cC 
y. . . . . . . . .  

~ H  + 

- ~ - ~ ~  H + ions formed on PI black migrate 
i ~ through membrane to ;~orm HCI. 

Fig. 2. Catalytic membrane electrode 

Pt Screen bonded to membrane 
and treated to obtain Pt block 
surface 

evaporator. The 450 GPD uni t  was rectangular  in de- 
sign, with a 3- x 14-in. working area. The 6000 and the 
30,000 GPD units  were constructed from rings of PVC 
9.5 in. and 11.4 in. ID, respectively. 

Experimental  
Catalytic membrane electrode.--The catalytic mem-  

brane electrode (CME) i l lustrated in Fig. 2 was pre-  
pared by bonding a platinized pla t inum/10% rhodium, 
80 x 80 mesh screen to a cation permeable membrane  
which had been precoated with a s lurry of p la t inum 
black powder (1.4 mg/cm2). The cation permeable 
membrane  used here was a thermoplastic material  
prepared by first grafting styrene to a polyethylene 
base and then sulfonating the styrene. The chemical 
principles involved have been given by Chert and 
Mesrobian (4). A review of the principal  electrochemi- 
cal characteristics of leading commercial membranes  
is found in "Principles of Desalination" (5). The elec- 
trode was activated by cathodic reduction in 10% 
H2SO4, replat inizat ion in 3% chloroplatinic acid, and 
a final cathodic reduction in 10% H2SO4. Electrodes 
prepared in this manner  are capable of operating at 
25-30 mA / c m 2 (3 x 10 -7 equiv. /sec/cm 2) without ex- 
cessive overvoltage or oxidation of chloride. Typical 
polarization curves are given in Fig. 3. In  the short 
term, the curves are l inear  and reversible up to 40 
mA/cm ~. However, at any  cur ren t  above N25 mA/cm 2, 
a gradual  and irreversible increase in voltage is no-  
ticeable after a few hours. The somewhat poorer polar-  
ization obtained on the large electrodes is thought to 
be due to the difficulties in obtaining a uniform plat i-  
num black deposit. Higher current  densities are possi- 
ble at higher p la t inum loadings. CME's were also con- 
structed using as the current  collector platinized 
t i tan ium in the form of woven screen and expanded 
mesh. Tanta lum in both forms was also used. A t i tan ium 
electrode proved to be satisfactory, and was success- 
ful ly tested in excess of 500 hr  without  degradation 
of performance. The t an ta lum was easier to handle  and 
to bond than the t i tan ium and, further,  it appeared to 
give slightly better  electrode performance. These elec- 
trodes were used only in the 450 GPD unit.  The reason 
for this was that at the t ime of construction the only 
suitable electrode material  available in large sizes 
was the plat inum/10% rhodium mesh. 

The elements of the catalytic membrane  electrodes: 
the cation permeable membrane,  the p la t inum black, 
and the platinized screen current  collector, were bonded 
with a laboratory press. The conditions for bonding 
were 350~ at 800 psi. Electrodes for the three uni ts  
mentioned above were prepared using these conditions. 
After the original construction was completed, it was 
found that lower temperatures  could be used if the 
membrane  was first equil ibrated in formamide instead 
of distilled water. It is obvious that  at the high-  
temperature  condition the membrane  loses its gel 
water, causing shrinkage and possible separation of 
the bond between current  collector and membrane.  The 
formamide has about the same dielectric constant  as 
water  and has a boiling point compatible to the bond-  
ing temperature.  The net result  of equi l ibrat ing the 
membrane  in formamide is that  the membrane  is di- 
mensional ly stable during the heating cycle. Best re-  
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Fig. 3. Polarization curves for 6K and 30K GPD systems 
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sults were obtained when the bonding was done by 
placing the membrane  electrode assembly between 
Pyrex plate glass platens. 

Auxiliary hydrogen circuit.--To operate the acid 
generator, it is necessary to supply hydrogen in excess 
of the anode demands. This replaces hydrogen lost 
because of the solubil i ty of the gas in  the cathode efflu- 
ent and also compensates for losses due to leakage. 
Provision was made for the hydrogen evolution at the 
cathode to exceed the rate of consumption in the main  
cell by adding an auxi l iary anode to the system. The 
auxi l iary  anode was separated from the main  cathode 
by a porous polyethylene plastic bat tery separator 
material.  This is necessary to prevent  the oxygen gen- 
erated at the anode from mixing with the hydrogen 
generated in the adjacent cathode. The oxygen gen- 
erated at the auxil iary anode was discarded. The ex- 
cess hydrogen was controlled by adjus tment  of the 
current  circulating in the auxi l iary  circuit. Hydrogen 
was recovered from the cathode effluent by passing 
the foaming liquor into a closed sti l l ing chamber. The 
excess hydrogen generated was controlled so that a 
m in imum amount  of power was used to make up 
losses due to leakage and the solubili ty of hydrogen in 
the cathode effluent. Solubil i ty losses depend on cath- 
olyte compartment  normal i ty  (reciprocal of liters of 
cathode fresh water  per Faraday)  and they can in 
principle be quite small. The solubility of hydrogen 
in water is 1.54 ppm at 25~ and 760 ram; and, if the 
catholyte were mainta ined at 0.1N, the loss due to 
solubility would be 0.77%. 

Buffer stream system.--In order for the acid gen- 
erator to function, the anode must be separated from 
the cathode. This was accomplished by placing a cation 
permeable membrane  in front of the cathode and an 
anion permeable membrane  in front of the anode 
(CME)--see Fig. 1. The central  compartment  or "buf-  
fer" is required only to conduct electricity and to 
supply appropriate ions to the anode and cathode 
compartments.  To avoid the complications that might 
have arisen due to the use of sea water, for example 
the precipitation of magnesium and calcium com- 
pounds, much of the early testing of the 450 GPD 
generator was performed using 0.5-1.0N NaC1. How- 
ever as soon as the original system had been debugged, 
a precipitation system to soften the sea water  was de- 
signed. This system used the sodium hydroxide pro- 
duced at the cathode as follows: sea water  and the 
sodium hydroxide were mixed in a heated precipitation 
tank at about l lS~  and, simultaneously,  the solution 
was saturated with carbon dioxide (available from the 
acidified sea water  s tream).  This t reatment  resulted 

in the rapid and near  total precipitation of both mag-  
nesium and calcium as magnesium hydroxide and cal- 
cium carbonate, respectively. The resul t ing solution 
( including precipitate) was allowed to overflow into 
a holding tank where it was permit ted to cool to 90~ 
before passing through the buffer compartment.  The 
system is shown schematically in Fig. 4. It was found 
after a short t ime that hydroxyl  ion in the buffer 
stream (conc. ~ 10 -3 m/ l i t e r )  was migrat ing into and 
through the anion membrane  and causing the precipi-  
tat ion of alkaline earth metals carried by the unt rea ted  
anode stream. This difficulty was ci rcumvented by rais- 
ing the product hydrochloric acid concentration from 
0.003N (100 ppm) to 0.1-0.15N. This was accomplished 
by recirculat ing a part  of the product s tream in a 
feed and bleed arrangement .  The high acidity intro-  
duces a current  efficiency loss which depends on the 
selectivity of the anion membrane.  The mat ter  is dis- 
cussed more fully in the Results and Discussion section. 
The complete system, shown in Fig. 4, was tested for 
460 hr on sea water  without  signs of membrane  fouling. 

450 GPD cell.--Much of the initial  testing of the 
acid generator was done on a uni t  sized for 450 GPD. 
The cells in this uni t  had tapered ends to facilitate fluid 
distr ibution and the working portions were 3- x 14-in. 
rectangles. The individual  compartments  had a thick- 
ness of ~ in. Figure 5 is a perspective view of the 450 
GPD unit ;  it shows both the electrochemical cell and 
its relationship to the auxi l iary  l iquid/gas system. 
Operating data, obtained both in pre l iminary  tests on 
the cell and dur ing extended tests on the entire sys- 
tem, are given in Table III. 

6000 GPD celL--In addition to the 450 GPD cell, two 
very much larger units  were bui l t  and tested. Rectangu-  
lar cells would also have been preferred for these; 
but, due to l imitations of materials available for con- 
struction, sections of plastic pipe were selected for the 
larger unit.  The first mult iple  uni t  consisted of six 
cells, featuring common hydrogen and cathode com- 
par tments  as shown in Fig. 6. The init ial  compartment  
components were thick rings of polyethylene pipe. This 
was not satisfactory: the pipe sections had a tendency 
to cut the membranes  and catalytic membrane  elec- 
trodes at the inner  circumference of the sealing edge, 
and the forces necessary to hold the uni t  together 
caused distortion of the cross sections of the polyeth- 
ylene rings. It seemed desirable to avoid having the 
CME flex over a sharp edge and fur ther  to make sure 
that sealing would take place at a low total applied 
force. A gasket having the following features (Fig. 7) 
was evolved: (a) a filled (hard) PVC spacer ring, (b) 
beveled inner  edges, (c) O-r ing sealing surfaces. 

Raw Seawater Feed 

Hydrogen Chamber 

Acid Ch~mbe~ 
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Fig. 4. Acid generator flow 
scheme. 
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Fig, 5. Single-cell acid generator hydraulic system (450 GPD) 

Experimentation wi th the new ring design showed 
that a pressure of 100-150 psi was sufficient to seal the 
electrodes and membranes.  A six-cel l  mul t iple  unit  
(Fig. 6) was constructed using these PVC-O- r ing  
spacers. Calibrated deflection load springs were  used 
to seal the cell to the desired pressure. No electrical,  
hydraulic,  or mechanical  difficulties were  experienced 
during a total  of 5~0 hr  of testing. Relevant  electro-  
chemical  data are summarized in Table III. 

30,000 GPD cell.--A still la rger  unit, 30,000 GPD 
capacity, was built using the principles developed in 
the construction of the  two small  acid generators. The 
larger  unit used ~ - i n .  PVC spacers ra ther  than ~ in. 
as in the 6000 GPD device and it was a larger  diameter ,  
11.4 in. instead of 9.5 in. The large uni t  contained 22 
cells ar ranged as 11 pairs in series. The complete  unit 
was tested over  an extended period of t ime dur ing a 
Navy-sponsored test of an acid-fed system. There  were  
some minor  electrical and mechanical  difficulties which 
appeared to be due to the large round cell section; 
however ,  these did not cause any system shutdowns 
during the 2200-hr test period. Typical  electrochemical  
operat ing data are also given in Table  III. 

Results and Discussion 
Typical  operat ing data for the cells described above 

are given in Table III. To facil i tate comparison between 
the various units, all data have been reduced to terms 
based on _one cell and /o r  the operat ing unit area as 
appropriate.  The min imum power, tabulated in column 
6, represents the main cell kwhr  required to t reat  1000 
gal of feed water  (9.03 equiv,  of HC1 at cur ren t  and 
voltage conditions stated).  The est imated total  power 
includes an allowance for the pumps and auxil iar ies  
actual ly used. 

Pre l iminary  tests on the 450 GPD acid generator  cell 
were  made with all compartments  filled with 1.0N 
NaC1 (Table I I I - - l i ne  1). Later,  to simulate operation 
on sea water,  the anode and buffer compartments  were  
filled with  0.5N NaC1 (Table I I I - - l i ne  2), and a more 
dilute saline fluid, 0.171N, was used in the cathode 
compar tment  to s imulate  0.1N NaOH. After  the com- 
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pletion of these tests of cell performance, a semi- 
automated system such as is shown in Fig. 5 was set 
up and operated at AMF's Millstone Point  Test Station, 
using sea water  feed to the anode compartment.  

The early sea water tests were designed to be es- 
sential ly equivalent  to the saline water  test, line 2, 
Table III, and an indication of the approximate oper-  
at ing conditions has been entered for comparison (line 
3). The data available on these tests do not permit  a 
meaningful  calculation of current  efficiency; however, 
given the physical and chemical conditions prevail ing 
in the test cell, it is certain that  it was near  100%. The 
somewhat lower efficiency figures recorded for the 
larger-scale runs  are related to the high product acidity 
and to the fact that the anion membrane  is less than 
100% selective. During the first 750 hr of actual sea 
water  operation, the buffer stream circulated from a 
reservoir whose salinity was main ta ined  at 0.47N by 
daily additions of 0.6 lb of NaC1. However, during a 
subsequent  1000 hr, a var ie ty  of cycles for using the 
cathode alkali to prepare a softened sea water for buffer 
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Fig. 6. Multlcell acid genera- 
tor hydraulic system (6000 GPD). 

feed were investigated. The net result has already been 
described (Fig. 4). It was impossible to achieve steady 
long- term operation unless the buffer Ca and Mg were 
held to extremely low levels, 1 and 4 ppm, respectively. 
And at the high pH, ~11.5, necessary to mainta in  these 
low concentrations, ~2% of the negative ion current  
between  buffer and product  ~ i l l  be carried by OH-  
rather  than C1-. Hydroxyl  ion migrat ion must  be pre-  
vented. In exploratory tests, long before these was any 
indication of electrical difficulties, visual observations 
showed precipitate formation in and on the anion ex- 
change membrane.  This is due pr imari ly  to the reaction 
between O H -  transported and Mg + + in the unsoft-  
ened anode stream. A 50-100 fold increase in the prod- 
uct acidity avoids the problem but  introduces a modest 
electrical inefficiency. Based on published data (6), it 
was calculated that, in the highly acid saline product 
(approx. the equivalent  of 0.15N HC1 and 0.47N NaC1), 
up to 2/3 of the positive ion current  will be carried by 
H+; and, if the anion membrane  selectivity is 82%, the 
apparent  current  efficiency of the acid generat ing cell 
wil l  be, at best, 88%. Efficiency results for the tests 
conducted on the two larger devices are in agreement  
with this expectation. 

The almost total removal of Mg and Ca that is re- 
quired introduces, in addition, another kind of elec- 
trical penalty. Mg and Ca between them account for 
21% of the positive charge in sea water. Whenever  cur-  
rent  sufficient to generate the equivalent  amount  of al-  
kali is passed through the cell, 21% of the original 
positive and negative ions will  be removed from the 
circulating buffer stream because the buffer is set up 
as a desalting compartment .  It  had been expected that  
the feed and bleed buffer loop, if carefully adjusted, 
could be made to deliver to the cell a softened stream 
that was about 80 % of sea water strength.  In  practice, 
there was a 70% loss in buffer sal inity and a cor- 
responding increase in power consumption. The buffer 
compar tment  ordinar i ly  accounted for about 1/3 the 
total cell resistance and the large reduction in sal ini ty 
therefore was equivalent  to an increase of 67% in 
power consumption. This fact, perhaps more than any 
other, was responsible for the increase in min imum 
required power in going from the smaller to the two 
larger systems tested. Clearly, the buffer stream system 
or an al ternat ive to it should receive a great deal of 
a t tent ion in any future  acid generator designs. 

The operating data reported for the 6000 GPD uni t  
were derived from a set of current  efficiency measure~ 
merits that  were made near  the beginning of a 500-hr 
run. The high estimated total power is the result of 
the use of oversize pumps in assembling the 6000 GPD 
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configuration. When the same pumps were used in an 
even larger unit,  a slightly lower total power figure was 
obtained. The data recorded for the 30,000 GPD uni t  are 
representat ive of conditions at the end of over 2000 
operating hours. The data fairly represent  the runn ing  
record with two exceptions. First, during 90% of the 
operating t ime the apparent  stack resistance was 15% 
lower than at the end and, second, the current  efficiency 
average over 2000 hr was 85.6 __+ 2%. Allowing for 
these two factors brings the estimated min imum power 
to 1.00 kwhr/1000 gal in good agreement  with the 
figure found in operations with the 6000 GPD unit. 

Conclusions and Recommendations 
A self-contained device for the acidification of de- 

salination plant  feed streams has been developed. The 
acid generator requires as inputs  electricity and the 
desalination plant  feed stream. Substant ia l  units of 6000 
and 30,000 GPD have operated at a total power level 
of 2.5 kwhr/I000 gal. There are indications that this 
could be cut in half. The large systems tested suffer 
from two correctable defects. First, the cells in future  
units should be long th in  rectangles or lozenges to get 
better  flow distr ibution and to avoid problems asso- 
ciated with buffer precipitate settl ing in the quiescent 
portions of the round cell sections used here. And, 
second, fur ther  work on the catholyte/buffer  system is 
required. Flow rates, stream ratios, and the like must  
be readjusted to produce a high salinity buffer stream 

before any significant cell power reduction is possible. 
Further ,  if the pH of the buffer can be lowered by 
only 1 unit, addit ional improvements  in power require-  
ments  can be realized. 

Manuscript  submitted Nov. 22, 1968; revised manu-  
script received Aug. 11, 1969. This was Paper  223 pre-  
sented at the Boston Meeting, May 5-9, 1968. 

Any  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the June  1970 
JouRNAL. 
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A Preliminary Investigation of Fluidized 
Bed Electrodes 

J. R. Backharst, J. M. Coulson, F. Goodridge, and R. E. Plimley 
Department of Chemical Engineering, University o~ Newcastle upon Tyne, Newcastle upon Tyne, England 

and M. Fleischmann 
Department of Chemistry, Southampton University, Southampton, England 

ABSTRACT 

The paper describes results of pre l iminary  exper imental  observations on a 
fluidized bed electrode. This consists of a bed of electrically conducting 
spherical particles fluidized by electrolyte flow. The present  results are 
confined to the cathodic reduction of m-ni t ro  benzene sulfonic acid to 
metanil ic  acid in aqueous sulfuric acid. The investigations have demonstrated 
that charge is dispersed throughout  the bed such that  an electrochemical 
reaction takes place at the part iculate surface. Results show that  the fluidized 
electrode is capable of scaling up electrode processes having low exchange 
currents  to give high over-al l  currents  in relat ively small  cell volumes. 

The electrochemical industry,  in terms of output, is 
a large and expanding one, due more to an increasing 
demand for its conventional  products, however, ra ther  
than to their  diversification. The field of organic 
chemicals manufacture  for instance still lies almost 
wholly outside the indus t ry  and, to a large extent, 
this is due not so much to the unwil l ingness  of ma nu -  
facturers to break new ground as to the lack of com- 
mercial cells of sufficiently high capacity to make the 
major i ty  of interest ing organic reactions economically 
attractive. 

The range of specific surface area of working elec- 
trode offered by industr ia l  electrochemical cell de- 
sign at the present t ime is between 1 and 30 ft2/ft 3 of 
cell volume, and this has proved quite adequate for 
those reactions, such as chloride ion discharge, which 
take place at current  densities of between 100-1000 A 
ft -2. On this basis, the cells operate at 1000-3000 A f t  -s. 
Many organic electrode reactions of industr ia l  signif- 

icance, however, take place at cur rent  densities of 
only 1-10 A f t  -2 and at this level the present genera-  
tion of cells would operate with an in tensi ty  of only 
3-10% of current  practice. The higher investment  ne-  
cessary to offset the reduced performance of each cell 
is usual ly  unrealistic.  One solution of this difficulty 
lies in new cell designs of higher specific area. 

Such problems are not confined to electrochemical 
engineering;  they are met, and in many  cases have 
been overcome, in every branch of chemical engineer-  
ing. Many of the solutions which have been found 
have now become well-establ ished techniques and 
their  t ranslat ion to the electrochemical case could well 
prove fruitful.  In this context, the fluidized bed con- 
cept is par t icular ly  attractive in that it has been im-  
mensely successful in the closely analogous field of 
heterogeneous catalysis. The analogy, however, is only 
part ial  and is unable  to anticipate the abil i ty of a fluid- 
ized bed system to perform the function of an elec- 
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trode. The necessary experimental  evidence for this 
was the first objective of the work described in the 
present paper and, once demonstrated, a series of ex- 
periments  of a somewhat probing na ture  was carried 
out on a sufficiently broad basis to enable a tentat ive 
evaluat ion of the possibilities of fluidized bed elec- 
trodes to be made. 

Observations have been made on the reduct ion of 
m-ni t robenzene-sul fonic  acid to metanil ic  acid in a 
fluidized cathode of copper and copper-coated glass 
particles. Several  parameters have been probed, in-  
cluding particle size, bed expansion, location of the 
current  feeder, and bed geometry. The beds used 
were capable of support ing currents  of up to about 
5000 A ft -~ at an  electrode potent ial  corresponding to 
a current  density of 5 A f t  -2 at a plane electrode. This 
represents a reaction intensi ty  equal to current  indus-  
t r ial  practice despite the much lower current  density 
value. 

Experimental 
A series of experiments  was designed to discern the 

broad pat tern  of behavior of the fluidized bed electrode 
with var iat ion in  the many  physical and geometrical 
factors which might  influence it. Of these, the follow- 
ing were thought to have prior i ty  of investigation: 
(i) bed dimension both parallel  and perpendicular  to 
the direction of current  flow, (ii) particle size, (iii) bed 
voidage, (iv) electrode potential. 

Although it  is accepted that  the na ture  of the elec- 
trode reaction and electrode surface will  also deter-  
mine  the behavior  of the bed, it was decided to l imit 
the investigation ini t ia l ly  to one system and extend 
the work to others in the light of the results obtained. 

Choice and investigation ,of test reaction.--The ca- 
thodic reduction of m-n i t robenzene  sulfonic acid was 
used throughout  the exper imental  investigation be- 
cause: 

(a) it does not suffer markedly  from side reactions; 
(b) it has been extensively investigated and docu- 

mented (1-5) ; 
(c) it is associated with current  densities (1-50 A 

ft -2) appropriate to the context of the investiga- 
tion; 

(d) it occurs in  aqueous solution and, with proper 
choice of electrode potentials, in the absence of 
gas evolution; 

(e) it takes place on a variety of metal  surfaces 
(4), and in part icular  in the case of copper is un -  
affected by the metal  grade (1). 

The reaction can be represented by 

~ N O 2  ~ H 2  

+ 6H + -F 6e--> + 2H20 

SO3H SO3H 

In  order to compare the gain in performance of the 
fluidized bed electrode over conventional  p lanar  sys- 
tems, an ini t ial  examinat ion of the reaction was made 
to provide data on current  density and current  effi- 
ciency. 

Polarizat ion curves for the reaction were obtained 
with a spherical solid copper cathode, 1.2 in. diameter,  
arranged central ly in a vert ical ly cylindrical  Vyon 
diaphragm, of in terna l  diameter  2.0 in., which was 
concentric with a cylindrical  lead anode. Both catho- 
lyte and anolyte were of composition 0.125M m-n i t ro -  
benzene sulfonic acid and 1M sulfuric acid. Observa-  
tions were made using a potentiostat, which, by ad- 
just ing the cell te rminal  voltage, main ta ined  the cop- 
per sphere at any selected electrode potential.  The 
value of the potential  was measured with respect to a 
saturated calomel reference electrode connected to a 
Luggin capil lary probe, the tip of which was located 
at the equator of the copper sphere. An examinat ion 
of the contours of electrode potential  over the rest  of 
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Fig. ]. Polarization data for the reduction of m-nitrobenzene 

sulfonic acid at a copper electrode. 

the sphere using a second Luggin probe and saturated 
calomel reference electrode revealed that deviations 
from the equatorial  value were negligible. Results for 
both static and flowing electrolytes are shown in Fig. 1 
which represent  the average values obtained from a 
large number  of experiments  including some carried 
out subsequent ly  on sheet copper electrodes. The po- 
larization curves presented are of the same form as 
those reported by other workers (1). 

The l imit ing current  density in Fig. 1 may be identi-  
fied with a region controlled by the rate of diffusion 
of m-ni t robenzene  sulfonic acid to the electrode sur-  
face, since approximate calculation based on a diffu- 
sion layer thickness of 5 x 10 -3 cm and a diffusivity of 
0.7 x 10 -5 cm 2 sec -1 gives a l imit ing current  density of 
the same order of magni tude  as that observed. Values 
presented by the Russian workers, however, are low 
by a factor of ten on this basis. In the present  study, 
no explanat ion is offered for this discrepancy; in re-  
lat ion to later discussion, it is impor tant  only to re-  
mark  that in this region currents  are enhanced by  
efficient mass transfer. 

The current  efficiency of the reaction was also ex- 
amined, the metanil ic  acid being determined by po- 
tentiometric t i t ra t ion with sodium nitr i te  in  the pres- 
ence of potassium bromide as an accelerator. The t i-  
trations were carried out directly on samples of cath- 
olyte at ambient  temperature.  Details of the proce- 
dure have been described by Khomutov and Fil ippova 
(2). The results are given in Table II and are in gen- 
eral  agreement  with Russian work. 

At negative potentials exceeding 0.70V (SCE) the 
current  efficiency falls off rapidly since the predomi- 
na t ing  reaction at higher potentials is increasingly 
that of hydrogen production. It should be pointed out 
that, although it is appreciated that higher current  
efficiencies are at ta inable at elevated temperatures,  
since the emphasis of the study was on the physical 
form of the electrode ra ther  than on the chemistry of 
the reaction, it was felt more convenient  to conduct 
the work at ambient  temperatures.  

Electrode materiats.--A part iculate  copper cathode 
comprising either solid copper, copper-coated glass, 
or copper-coated polystyrene spheres was used 
throughout  the investigation. Details of the particles 
are given in Table I. 

The plated particles served two purposes. First, they 
allowed the particle size range to be extended beyond 
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Table I. Specifications of spherical particles used in the 
fluidized bed cathodes 

Size Mean  par -  G e o m e t r i c  
range ,  t icle  size, Dens i ty ,  su r face  area  

M a t e r i a l  m i c r o n s  m i c r o n s  g cm-~ of m a t e r i a l  

Solid copper 75-90 82.5 8.9 81.2 ernS g-Z 
90-105 97.5 8.9 68.7 crn2 g-1 

125-150 137.5 8.9 48,6 cmS g-1 
Coppe r - coa t ed  glass  176-249 212 3.0 94.1 cm2 g-~ 

452-520 486 3.0 41.0' cmS g-Z 
Copper-coated poly-  355-420 387 1.2 76 cm2 cm-a 

s ty rene  850-1000 925 1.2 32 cm2 era-3 

150u, the l imit  of availabil i ty of solid copper part icles 
of acceptable sphericity, and, second, and more im-  
portant, they provided exper imenta l  data on the per-  
formance of a supported form of electrode mater ia l  
which would show obvious, and in some cases essen- 
tial, economies if the fluidized bed electrode were  to 
be exploited commercial ly.  

The plat ing of the glass and polystyrene beads was 
carr ied out by a method due to Shorokhova (6). 

When not in use, the batches of part icles were  kept 
under  wa te r  to prevent  their  oxidation. 

In al l  cases, the anodes were  made f rom lead sheet. 

Fluidized bed cells.--Experimental observations 
were  made on two forms of cell, one in which the 
electr ical  connection to the bed, henceforth called the 
current  feeder, and the counterelectrode were  con- 
centric, and one in which they could be considered 
plane-paral le l .  They were  both in e~sence research 
tools and were  not considered to be prototypes of an 
industr ial  design. The details of construction of the 
cells are as follows: 

(i) Concentric configuration.--The cell, hencefor th  
re fer red  to as cell I, is shown in Fig. 2. It was construct-  
ed from a flanged glass tube, 12 in. in length and 2 
in. OD, the ends of which were  closed by two circular  
perspex plates, thickness 3/s in. The space was divided 
into anode and cathode compartments  by a cylindrical  
d iaphragm made f rom the flanged Vyon tubes, wal l  
thickness 0.06 in. and outside d iameter  1 in., bolted 

together  at the flange with  a flow distributor, also of 
Vyon, thickness 1/16 in., c lamped between them. The 
fluidized bed, which was contained by the diaphragm 
and supported by the distributor, was introduced into 
the cell by removing  the upper  perspex plate. 

The current  feeder, which consisted of an %-in. di- 
amete r  copper rod mounted  axial ly  in the diaphragm, 
was supported by the lower perspex plate, into which 
it was cemented, and fur ther  located by the dis tr ibu-  
tor  through which it passed as a t ight fit. 

The electrode potential  of the fluidized bed, which 
in terms of individual  particles could well  be ex-  
t r emely  complex in nature, is given a characterist ic 
value which was chosen to be that  of the feeder wi th  
reference  to electrolyte  below the distributor.  For  this 
purpose a Luggin capil lary was located as shown in 
Fig. 2, and readings were  taken against a saturated 
calomel electrode. All  potentials in this paper  are ex-  
pressed re la t ive  to a saturated calomel electrode. 

A second cell of this type (cell II) was made in 
which the diaphragm, and hence the bed, diameter  
was increased to 3 in. These cells were  par t icular ly  
useful for calculat ing bed performance outside the 
entrance region, and, by mainta in ing  separat ion of the 
anolyte and catholyte, for invest igat ing current  effi- 
ciency in terms of -- NO., reduction. Another  modifica- 
tion was introduced into a third cell, of d iaphragm 
diameter  1 in., by fitting two distributors, one above 
the other, so that  two beds, ar ranged in series with 
respect  to catholyte flow, and paral lel  wi th  current  
flow, could be examined.  The reason for such a system 
wil l  be made clear ]ater. 

(ii) Plane parallel configuration. The cell (cell III) 
is shown in Fig. 3. The internal  diameter  of the cell 
was 3 cm, and the length of tube avai lable  to the 
fluidized beds was approximate ly  12 cm. The flow dis- 
tributor,  which also supported the bed, was a sintered 
disk of porosity 3. The upper port ion of the cell was 
constructed f rom a standard Quickfit B55 cone and 
socket joint. Two of the three  nozzles it carr ied allowed 
insert ion of the electrical  leads to the current  feeder  
and counterelectrode,  and the th i rd  provided a gas 
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Fig. 2. Diagrammatic section of the cylindrical fluidized bed 
cell. Cell I. 
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Fig. 3. Details of construction of the cell employing a plane- 
parallel electrode configuration. Cell III. 
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vent. In  addition, the gas vent  was used for the inser-  
tion of a Luggin capil lary probe connected external ly  
to a SCE by means of which the potential  profile in the 
electrolyte could be observed relat ive to the potential  
of the current  feeder. For this purpose the probe was 
supported such that  its position in a vertical  sense 
could be adjusted at will. The feeder was a flat spiral 
of 16 s.w.g, copper wire to which electrical connection 
was made by an insulated length of copper wire pass- 
ing into the cell as shown in Fig. 3. When in  position 
the plane of the feeder was perpendicular  to the axis 
of the cell, but  its axial location could be varied con- 
t inuously. The counterelectrode consisted of lead sheet, 
shaped into a hemispherical  shell, and was located 
above the free surface of the fluidized electrode. 

The electrode potential  of the bed was again charac- 
terized by the electrode potent ial  of the feeder mea-  
sured against that  of the electrolyte below the  distr ib-  
utor using a saturated calomel reference electrode. 

In  this form of cell the anolyte and catholyte com- 
par tments  were not separated, the therefore current  
efficiencies could not be assessed owing to degradation 
of the cathodic product at the anode. Its main  funct ion 
was to provide information on the effect of current  
feeder location on electrode performance, and to enable 
an examinat ion of the potential  profile in the electro- 
lyte to be made, for which purpose the visual  observa- 
tion afforded by the design, but  not possible in the 
concentric configuration, simplified exper imentat ion 
considerably. 

(iii) The double concentric fluidized bed cell. The cell, 
cell IV, is shown in Fig. 4. It was constructed from a 
perspex tube of in terna l  diameter 1.25 in. A sintered 
glass disk acted as a combined flow distr ibutor  and bed 
support. A Vyon tube of outside diameter  0.75 in. was 
sealed down onto the sinter  such that  a cathodic bed 
was supported in the annulus  and an anodic bed of 
p la t inum coated glass particles was located inside the 
Vyon tube, the same electrolyte stream fluidizing both 
compartments.  

The current  feeders were coarse mesh cylindrical  
gauzes of copper and p la t inum wire for the cathodic 
and anodic beds, respectively. They were located ad- 
jacent  to the Vyon diaphragm in a position cor- 

Outlet �9 

Vyol 
diaph= 

responding to the top surface of the bed in  the plane-  
parallel  configuration. 

The same method of electrode potential  measurement  
was employed as in cell III, i.e. via a capil lary located 
undernea th  the distributor.  The cell was used to in -  
vestigate the effect of bed expansion on electrode-per- 
formance using copper-coated glass particles in the size 
range 450-520~ 

Electrolyte circulation system.--The flow circuit was 
designed so that  cells of either form could be inserted 
without  modification. A diagram of the circuit is shown 
in Fig. 5. 

The electrolyte was contained in the reservoir, ca- 
pacity 5 liters, from which it was circulated through 
the cell by a peristaltic pump. Flow pulsations were re- 
duced by an air vessel sealed by a mercury leg. The 
flow to the cell was indicated by a rotameter  wi th  a 
t i t an ium float, and flow control was exercised manua l ly  
by adjust ing the supply and bypass valves 1 and 2. 
Effluent from the cell passed back to the reservoir 
along the re tu rn  line. During extended runs  with the 
concentric fiuidized bed cell for the purpose of es- 
tabl ishing current  efficiencies, product oxidation was 
el iminated by r unn i ng  the system with a s tagnant  
anolyte. Used electrolyte was discarded and replaced 
by fresh mater ia l  sufficiently f requent ly  to avoid sig- 
nificant depletion of the concentrat ion of m-n i t roben-  
zene sulfonic acid by reduction. The tempera ture  of 
the electrolyte was main ta ined  at 25~ within  accept- 
able limits, by means of a "Variac" t ransformer  sup- 
plying an electric heating tape wrapped around the 
lower part  of the reservoir. 

Electrical supply.--The electrical power supply was 
taken directly from a rectifier. Two types were used 
according to the magni tude  of the current  load re-  
quired. These were a "D-C Mobile" with ma x imum 
output  10A at 100V, and a Westinghouse silicon 
rectifier rated at 150A and 12V. Both were capable of 
continuous manua l  control within their  ranges of cur-  
rent  and potential. 

Results and Discussion 
Bed voidage.--A detailed investigation of the effect 

of bed voidage on the behavior of a fluidized bed elec- 
trode was carried out in cell IV, with the feeder located 
adjacent to the Vyon diaphragm. Observations for 
copper-coated glass particles in the size range 450-520# 
are exemplified in Fig. 6 taken from a 40-g bed over a 
range of feeder potentials. The general  shape of these 
curves has been confirmed subsequently by other 
workers (7). The form of the curves is not yet  ex- 
plained but  an intensive examinat ion of a proposed 
mechanism for current  dis t r ibut ion in the bed now in 
progress shows early promise of doing so. 

In  drawing conclusions from these results, it should 
be borne in mind that  the total current  supported by 
the electrode reflects only the rate of reaction and not 
the type. The key factor in de termining the latter is 
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Electrolyte .. . . . .  

Fig. 4. The double concentric fluidized bed cell. Cell IV 

2 ! 
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Fig. 5. Electrolyte circulation system: 1--flow control tap, 2 -  
by-pass control tap, 3---cell, 4--heated electrolyte reservoir, Sw 
peristaltic pump, 6~"smoothing" vessel for electrolyte flow and 
manometer, 7--flowmeter. 
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the potential  distr ibution in the system and it does 
not therefore follow that the max imum current  con- 
dition necessarily offers the best electrode performance 
in terms of desired reaction, although measurement  of 
current  efficiency has shown that in this part icular  
case they do occur identically. In this connection it is 
also impor tant  to note that  the potential  distr ibution in 
the bed will show a strong dependence on the method 
adopted to characterize it. In the present  work, it will  
be remembered,  this was chosen to be the difference 
in potential  between the feeder and the electrolyte 
prior to en t ry  to the bed. If another  method were 
adopted, by making reference, for example, to the 
electrolyte at some point within the bed, the variat ion 
of current  or current  efficiency with bed voidage could 
assume an ent i rely different form. Similar  arguments  
may account for the fact that semiquali tat ive observa- 
tions made with the concentric configurations displayed 
more pronounced maxima than those of the curves in 
Fig. 6. 

From a practical point of view, however, the ex- 
per imental  results serve to draw at tent ion to the im-  
portance of bed voidage in establishing the max imum 
operating performance of a fluidized bed electrode, 
and investigations so far indicate that this would be 
achieved with a voidage in the vicini ty of 0.50~ 
(5-25% expansion) .  

Scale-up.--From an electrical point  of view the 
dimensions of the bed can be scaled up in two ways, 
either parallel  to the direction of current  flow in the 
cell or at right angles to it. Both cases have been in-  
vestigated using cells of concentric configuration. 

The effect of increasing the bed dimension at right 
angles to current  flow was investigated in  cell I and 
the results are presented in Fig. 7(a) ,  (b),  and (c) in 
terms of the variat ion of total cell current  with static 
height of bed over a range of particle size and elec- 
trode potential. In general, the curves show that the 
total current  supported by the bed scales up l inearly 
with height except over an init ial  region, correspond- 
ing to low bed height, where  the relationship takes on 
a nonl inear  form. This ini t ial  region may well  reflect 
a hydrodynamic entrance effect, since this would ex- 
plain not only why the region is not typical of the 
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Fig. 7(a). The effect of static bed height on the total current 
supported by a fluidized cathode composed of copper-coated glass 
particles, 452-520/~ diam. 
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Fig. 7(b). The effect of static bed height on the total current 

supported by a fluidized cathode composed of solid copper particles, 
125 - 150/~. 
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Fig. 7(c). The effect of static bed height on the total current 
supported by a fluidized cathode composed of solid copper particles, 
75-90/~ diam. 

bulk  of the bed but  also the fact that  its extent  is in -  
dependent  of the electrode potential  of the feeder and 
apparent ly  only determined by physical characteristics 
of the particles. 
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The data of Fig. 7(a),  (b), and (c) have also been 
used to determine the performance of the fluidized bed 
electrode in terms of specific current .  Specific current,  
is, is defined as the current  supported by the fluidized 
electrode per un i t  of volume it would occupy if it were 
in the static state, and it is therefore related to point 
values of the slope, df/dh, of the curves in Fig. 7 (a), 
(b),  and (c) by 

isA = dI/dh 

where A is the cross-sectional area of the bed in a 
plane at right angles to its axis. By insert ing values 
of dI/dh appropriate to the l inear  portion of the curves 
only, values of is were obtained from which entrance 
effects were eliminated. 

The data obtained in this way have been divided by 
the specific area of the particles to produce a "pseudo 
current  density" and are presented in Fig. 8, where 
they are plotted against the equivalent  plane electrode 
current  density. This lat ter  te rm is defined here as the 
current  density which is observed at a plane electrode 
operat ing at a potential  equal  to that  chosen to charac- 
terize the fluid bed potential. This presentat ion of re- 
sults takes account of the var iat ion of the superficial 
area of the particulate electrodes and therefore makes 
comparison between different particle sizes and elec- 
trode dimensions more meaningful .  It should be em- 
phasized again, however, that strictly there can be no 
direct comparison made between a continuous electrode 
surface and a part iculate form on the basis of a single 
value of potential  since in general  the lat ter  will  exhibit  
a potential  distr ibution of varying complexity. A de- 
tailed investigation of the potential  dis t r ibut ion is at 
present in progress, but  at this stage the simple com- 
parison made in Fig. 8, bearing in mind  its somewhat 
quali tat ive nature,  serves to give a feeling of the in-  
tensi ty of the performance of the fiuidized bed elec- 
trode. 

As a general  comment, the specific current  of the 
fluidized bed is seen to increase nonl inear ly  with the 
plane electrode current  density, and is an indication 
that  the bed is not uni formly active. The na ture  of the 
nonuniformity,  however, cannot be deduced at this 
stage owing to the somewhat complex form of the 
polarization curves of the test reaction. 

Considering the copper-coated glass spheres, it is 
seen from Fig. 8 that  in the low current  density region, 
roughly corresponding to the Tafel region, a per-  
formance significantly superior to the solid copper 
spheres is attained. 
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Fig. 8. "Pseudo current density" vs. plane electrode current 
density for various electrode materials: I. 450-520~. copper-coated 
glass in Cell IV; 2. 450-520~ copper-coated glass in Cell I; 3. 125- 
150/~ solid copper powder in Cell II; 4. 75-90# solid copper powder 
in Cell I; 5. 125-150/~ solid copper powder in Cell I. 
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The effect of scaling up in a direction parallel  to the 
current  flow was determined by comparing the per-  
formance of cell I, of electrode diameter 1 in., with that  
of cell II, electrode diameter  3 in., for solid copper 
particles of size 125-150~. 

The re levant  results again appear in Fig. 8, where 
it appears that the performance of cell II is bet ter  than 
cell I. However, s imilar  weight beds were used in 
each cell so that comparable bed heights in cell II are 
approximately 1/9 of those in cell I. The effect of this 
is that the values of dI/dh have not reached a steady 
value as all the bed heights considered have been in 
the entrance region. For this reason, no definite con- 
clusions may be d rawn about the performance of cell 
II. 

The data obtained from copper-coated glass par-  
ticles in cells I and IV and those from solid copper 
powder on cells I and II have been interpreted in terms 
of the activity of the fluidized bed electrode by plot-  
t ing the effective specific area against the plane elec- 
trode current  density and in this form are shown in  
Fig. 9. On this basis, Fig. 9 shows that  the perfor- 
mance of the copper-coated glass particles is superior 
to the solid copper powder within the range of param-  
eters investigated. 

Emphasis must  again be made regarding the effect 
on the plotted results of the measured value of elec- 
trode potential. While in cells I and II the measured 
potential  may be expected to approximate the t rue  
value of electrode potential,  this is cer ta inly  not the 
case in cells III  and IV. With special regard to the la t -  
ter cells, the reading taken as electrode potential, and 
used subsequently to determine the plane electrode 
current  density, will incorporate an IR drop through 
the bed which may become significant at higher poten-  
tial values. For example, an IR drop of 0.025V incor- 
porated at an observed reading of 0.35V effectively re- 
duces the equivalent  plane electrode current  densi ty 
from 16.5 to 9.3 A/f t  2. The effect at higher observed 
readings, corresponding to higher currents,  would have 
a similar effect since, although the var ia t ion of cur-  
ren t  density with electrode potential  is not  so great 
at higher potentials, the IR drop will be greater in 
this case. The net effect of these considerations is to 
raise the effective specific areas for all points greater 
than an approximate plane electrode current  density 
of 10 A/ f t  2. 

Potential distribution.--Potential distr ibution in the 
electrolyte in the fluid bed cathode was examined 
using ceil III by means of a movable Luggin capil lary 
probe connected to a SCE. Potentials  were measured 
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with respect  to the feeder. The results plotted in Fig. 
10 correspond to three  different feeder  locations. As 
would be expected, an increase in potent ial  in all th ree  
cases were  observed in passing upward  through the 
bed toward the anode. The rate of increase, however,  
is markedly  different in the three  cases, and in par -  
t icular  the total  potential  drop across the bed with  the 
current  feeder  located in the center  is greater  than that  
wi th  the feeder  at the surface of the bed by an order 
of magni tude al though the total cell current,  0.7A, was 
the same in both cases. This observation indicates that  
the bed is much more active in the proximi ty  of the 
feeder than at points removed from it under  the par-  
t icular  e lectrochemical  and physical conditions ob- 
taining. It  may  wel l  imply after  fu r the r  invest igation 
that, in good fluid bed electrode design, power con- 
sumption may be reduced, wi thout  in general  impair -  
ing cell performance,  by locating the feeder  on that  
side of the bed nearer  the counterelectrode.  

The curve describing potential  distr ibution with the 
feeder located near the distributor,  al though cor-  
responding to the same feeder  potential  (0.3V) as the 
other two, is not str ict ly comparable  to these since 
the total cell current  in this case was 8.0A, some ten 
times greater  than that  observed in the other  two. 
Al though the difference in feeder  location would be 
predicted to cause an increase in current  wi th  the 
feeder in this position, as wel l  as a la rger  drop in po- 
tential,  this change in location of the feeder  cannot by 
itself explain the whole effect, as otherwise one would 
expect  some significant difference be tween the per-  
formance with  the feeder  in the other  two locations. 
It is felt, and there  is more evidence to support  this 
point of view, that  the behavior  of the bed in this re-  
gion is of a localized nature  due to an entrance effect. 
This has not been ful ly explored as yet, but its inves- 
t igation is of some importance because of the obvious 
implications in improved electrode design. Support ing 
evidence was obtained f rom a two t ier  cell  design 
shown diagrammat ica l ly  in Fig. 11. The total  cell 
current  observed at all potentials examined was higher  
when a given weight  of bed was distr ibuted between 
the tiers than when  it comprised a single bed. In addi- 
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Fig. 11. Diagrammatic representation of a two-tier fluidized bed 
electrode. Bed diameter = 1 in. 

tion, and already given mention, Fig. 7(a) ,  (b), and (c) 
show typical entrance region behavior  in that  the per-  
formance of the bed, in terms of total  cell current,  
increases uni formly  with  bed height  except  for a 
small  region near  the distr ibutor  which is charac-  
terized by abnormal ly  high performance.  

Current eff iciency.--A series of current  efficiency 
tests were  carr ied out in ceil I over  a range of current  
feeder  potentials using solid copper spheres, of size 
range 125-150~ in a bed of static height 4.9 cm (80g of 
bed mater ia l ) .  The results are given in Table II, to- 
gether  wi th  those for a single sphere electrode in 
flowing electrolyte for ease of comparison. 

It is to be expected that  the bed in all probabil i ty  
displays a complex spatial distr ibution of electrode 
potential,  or, in other words, that  every  part icle will  
not be operat ing on the same part  of the plane elec- 
t rode polarization curve no mat te r  how well  one at-  
tempts  to control the potent ial  of the current  feeder. 
This is a natural  consequence of the requisi te  potent ial  
gradients necessary to dr ive current  through the dis- 
persed and continuous phases. It could wel l  be ex-  
pected, however,  that  under  the conditions of shallow 
potential  gradients expected at re la t ive ly  low total 
cell currents  a bet ter  approach to a uniform working  
potential  would exist than at high total currents. The 
data of Table II bear  this out in a qual i ta t ive  way in 
that  they show, wi thin  exper imenta l  error, that  at low 
current  feeder  potentials, approximat ing to the Tafel  
region, the current  efficiency obtained in the bed is 
identical to that  on the plane electrode. At higher  
negat ive potentials, wi thin  the l imit ing current  region 
and where  there  is an onset of hydrogen evolution, 

Table II. Variation of current efficiency with potential in the 
reduction of 0.125M m-nitrobenzene sulfonic acid in 1M H2SO.i 

at a fluidized bed cathode of solid copper particles and at a 
solid copper, single sphere electrode 

C u r r e n t  efficiency, % 
Ca thod ic  F l u i d i z e d  S i n g l e  sphere  

po ten t i a l ,  vo l t s  e lec t rode  e lec t rode  

--0.20 78 77 
--0.25 74 75 
--0.30 70 70 
-- 0.40 67 68 
--0.5O 62 65 
--0.60 57 61 
--0.7~ 5O 57 
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the bed shows a significant drop in efficiency compared 
to the plane electrode. Assuming that  hydrogen is the 
only other product, this suggests that  parts of the 
bed are operating fur ther  into the hydrogen evolution 
region than the control potential  indicates. This is not 
unreasonable  at high currents  since, in the electrode 
configuration under  consideration, the potential  pro-  
files in the dispersed and continuous phases could di-  
verge somewhat in regions removed from the feeder, 
depending on their  relative conductivities. Invest iga-  
tions in  progress tend to support  this explanation. The 
current  efficiency values quoted in the present  paper 
have also been confirmed by other workers (7). 

Electrode materials.--In the previous sections it has 
been noted that  results are not quoted for copper- 
coated polystyrene beads. In general  it was found that  
the behavior of a fluidized bed constituted of such par-  
ticles had poor hydrodynamic qualities, the reason for 
which could be traced to their  low over-al l  density. 
The movement  of these particles wi thin  the bed had 
a "lethargic" qual i ty  which could have serious dis- 
advantages in the application of the fluidized bed elec- 
trode in the broadest sense. One means of impar t ing  a 
high densi ty to the particles would be to give them a 
heavier  coating of electrode mater ia l  or base metal, but  
this to some extent  would lose the advantage of using 
cheap nonconduct ing spheres as electrode carriers. 

On the other hand, the solid metal  spheres and 
coated glass beads were both satisfactory, and indica- 
tions are that a m in imum over-al l  density of 2.8 g/cm ~ 
is desirable. 

Conclusions 
The investigations have demonstrated the abil i ty of 

a fiuidized bed of conducting particles in  contact wi th  a 
current  feeder to disperse charge throughout  the bed 
such that  an electrochemical reaction takes place at 
the part iculate surface. In this way, the fluidized bed 
electrode is capable of scaling up electrode processes 
having low exchange currents  so as to give high over-  
all currents  in commercially reasonable cell volumes. 
As would be expected, the performance of such an 
electrode depends on the degree of fluidization and 
shows a max imum in the vicini ty of 5-25% expansion 
(0.50-0.58 voidage). Within this region a bed of copper- 
coated glass beads, particle size 452-520#, supported a 
specific current  some 20 and more times greater than 
that  expected of a typical commercial cell when op- 
erating at a current  density of the order of 7 A f t  -2. 

Of the materials used in the bed, coated glass beads 
appear to be superior in performance to solid metal  
particles, al though the reason for this is not clear. This 
observation has impor tant  implications when consider- 
ing the use of expensive electrode materials  and in 
selecting over-al l  particle densities suitable for op- 
t imum process flow conditions. 

Scale up of the bed in a direction perpendicular  to 
current  flow in  the cell gives a l inear  increase in  cell 
capacity, but  in a direction paral lel  to the current  flow 
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falls short of a l inear relationship, and hence size in  
this direction appears to be l imited to about 1 in. for 
the types of cell considered. It is questionable, how- 
ever, whether  there is any  need to scale up beyond this 
value in a parallel  direction; otherwise the problem of 
ohmic losses in the electrolyte and diaphragm may 
become crucial. For instance, a bed of cross section 
1 ft 2 and depth 1 in. consti tuted of copper-coated par-  
ticles already supports a current  in excess of 300A 
under  conditions where a plane electrode would sup- 
port less than  10 A/f t  2. It  would probably be better  
therefore to th ink in terms of mult iple cells or their  
equivalent  ra ther  than the scaling up of a single elec- 
trode. 

It is realized that the conclusions drawn apply 
strictly only to the par t icular  reaction investigated, 
namely  the reduction of an aromatic nitro group at 
room tempera ture  at a copper cathode. Other forms of 
cathodic and anodic reactions are under  investigation, 
however, and observations made so far are in accord 
with the present  conclusions. 
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NOMENCLATURE 
A Area of cross section of a cylindrical  fluidized 

bed electrode in  a plane perpendicular  to its 
axis, ft 2. 

h Height of a fiuidized bed electrode measured in 
the static condition, ft. 

I Total cell current,  amperes. 
is Specific current, amperes ft -3. 

Manuscript  submitted Dec. 26, 1968; revised manu-  
script received June  26, 1969. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 

REFERENCES 
1. N. E. Khomutov and I. V. Kasatonova, Zhur. 

PrikL Khim., 34, 840 (1961). 
2. N. E. Khomutov and Filippova, Td. M.Kh.T.I., 32, 

45 (1961). 
3. N. E. Khomutov and T. N. Shornyakova, Zhur. 

Prikl. Khim., 36, 1521 (1963). 
4. N. E. Khomutov and T. N. Shornyakova, ibid., 39, 

195 (1965). 
5. N. E. Khomutov and T. N. Shornyakova, ibid., 36, 

1772 (1963). 
6. V. I. Shorokhova and L. L. Kuz'min,  Int. Chem. 

Eng., 4, 451 (1964). 
7. C. J. B. (Projects) Ltd., Leatherhead, Surrey,  P r i -  

vate communicat ion (1968). 



The Oxidation of Water-Soluble Organic Fuels Using 
Platinum-Tin Catalysts 
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ABSTRACT 

Electrodeposited p la t inum- t in  mixtures show enhanced activity toward 
the oxidation of methanol,  formaldehyde, and formic acid when compared 
with p la t inum black. This increased activity is par t icular ly noticeable with 
formaldehyde, the anode polarization being decreased by 0.4V at a current  
density of 100 mA/cm 2. 

The use of p l a t inum-rhen ium electrodeposits as an 
anode catalyst for the oxidation of methanol  has been 
described (1-3). It was suggested (2, 3) that  the im-  
provement  in performance over a p la t inum black 
catalyst was due to the direct reaction of an oxide of 
rhenium with chemisorbed fuel residues, followed by 
electrolytic reoxidation of the reduced rhenium oxide. 
After  reviewing the standard oxidation potentials of 
several meta l -meta l  oxide systems, it seemed l ikely 
that other p la t inum-meta l  oxide combinations would 
give enhanced activity toward methanol  oxidation. 
Several  elements were codeposited electrolytically 
with platinum, and the mixed deposits tested, in the 
first instance, for catalytic activity toward the oxida- 
tion of methanol  and formaldehyde in 0.5M sulfuric 
acid. The more active catalysts were examined also 
for their  abil i ty to oxidize formic acid, for, although 
this is not an economical fuel, it can occur in actual 
bat tery systems as a part ial  oxidation product of 
formaldehyde (4). Of the combinations tested, 
p l a t inum- t in  was the most promising catalyst. 

The addition of t in to p la t inum to improve its per-  
formance as an oxidation catalyst has been patented 
(5, 6), but  little detailed information is given as to the 
characteristics of these catalysts. The present study 
gives results for the oxidation of methanol,  formalde- 
hyde, and formic acid over a range of temperature  
and fuel concentration. 

Experimental 
The cells used were those described previously (3), 

but in this series of tests polarization curves were 
obtained galvanostatically, using a stabilized power 
supply and suitable ballast resistors. Cyclic vol tam- 
metry  was employed on a few occasions, using a po- 
tentiostat  and waveform generator made in these 
laboratories, the curves being recorded on an X-Y 
plotter. Electrode potential  was measured by means of 
a voltage follower/precision voltmeter  combination, 
while current  was measured on a suitable mul t i range 
ammeter.  A mercury-mercurous  sulfate reference elec- 
trode was used throughout:  its potential  was checked 
frequent ly  against a calomel reference. The magni tude 
of the IR correction was estimated by not ing the ini t ial  
change in potential  when a current  pulse was applied 
to the system. 

The methanol,  formic acid, and sulfuric acid used 
were of analytical  reagent grade. Reagent-grade for- 
maldehyde is stabilized with methanol,  so a methanol-  
free formaldehyde solution was prepared by refluxing 
paraformaldehyde with water. The fuel concentrat ion 
was held at 1M and the temperature  at 60~ unless 
stated otherwise: the sulfuric acid concentrat ion was 
0.5M in all cases. Electrode performance was suffi- 
ciently stable for all te~ts at a given t in  composition to 
be run  on the one electrode. Oxygen-free ni t rogen 
was bubbled through all test solutions (except for the 
1000-hr endurance test) before and during polarization 
runs. 

Electrode preparation.--Catalysts were prepared by 
electrodeposition at controlled potential  from mixed 

solutions of chloroplatinic acid and stannic chloride, 
the deposition potential  being, in most cases, +0.05V to 
the standard hydrogen electrode (NHE). The ini t ial  
p la t inum concentrat ion in the plat ing solution was 
10 g/l i ter;  this would have decreased by less than 5% 
during a p la t inum run. The deposit composition was 
controlled by vary ing  the t in  concentrat ion between 
zero and 12.8 g/ l i ter  and the deposits were gray to 
black in color. I r id ium and rhodium substrates of 1 cm 2 
foil were used; these metals were chosen to permit  the 
str ipping of the deposit in aqua regia without dissolu- 
t ion of the substrate. With p la t inum foil there is 
danger of attack on the substrate, especially as plati-  
n u m - t i n  deposits dissolve more slowly than the plati-  
n u m - r h e n i u m  catalysts described previously. 

P la t inum analyses were made using the stannous 
chloride method (7), while t in  determinat ions were 
made polarographically after hydrolytic separation of 
t in  using an a luminum hydroxide carrier. 

Results 
The polarization observed when methanol,  formal-  

dehyde, and formic acid are oxidized on a p la t inum 
deposit is reduced by the inclusion of t in in the deposit, 
as shown in Fig. 1 (a),  1 (b), and 1 (c), together with the 
data for p l a t inum-rhen ium (3). The improvement  in 
catalytic activity of the deposits over that of p la t inum 
black is quite clear, as is the superiori ty of p la t inum-  
t in codeposits (over p l a t inum-rhen ium)  for the oxi- 
dation of formaldehyde and formic acid. 

Some of the factors affecting catalyst activity were 
studied in more detail, with the results set out below. 

Catalyst loading.--The loading was varied from 0.09 
to 6.2 mg/cm 2 by var iat ion of the plat ing t ime between 
1 and 30 min. It is possible to get heavier deposits by 
plat ing for a longer time, but  the adhesion of such 
deposits is poor, and they tend to crack and fall off the 
substrate. The th inner  deposits show good adhesion. 

The effect of catalyst loading on activity is shown in 
Fig. 2, the current  density at fixed potential  (0.3V vs. 
NHE for methanol,  0.15V for formaldehyde, 0.2V for 
formic acid) being plotted against loading. For meth-  
anol and formaldehyde the current  density is propor- 
t ional to L ~ where L is the catalyst  loading in 
mg/cm 2. The results for formic acid scatter more, but  
show a similar trend. The near  proport ionali ty of 
activity to catalyst loading indicates that the deposits 
are porous and only a small  decrease in available area 
results from increasing the thickness of the deposit. 

Catalyst composition.--The composition of the de- 
posit was varied by changing the t in  concentrat ion as 
described above. The fraction of t in  in the deposit was 
proportional to the t in  in solution up to approximately 
3 g/li ter,  but thereafter  became independent  of the 
t in concentration--see Fig. 3. 

The effect of catalyst composition on activity is 
shown in Fig. 4. There is an opt imum composition at 
approximately 5% t in  by weight [8 a/o (atom per 
cent) ] for the catalyst loading of 5 mg/cm 2 used. This 
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Fig. 3. Effect of plating solution composition on tin in deposit. 
Electrodes plated at -~0.05V to NHE. Platinum ~--- 10 g/liter 
initially in all cases. 
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Fig. 4. Effect of catalyst composition of electrode performance. 
At 60~ | M  fuel, catalyst 4.7 mg/cm 2. X ,  Methanol at -t-0.3V 
to NHE. A ,  Formaldehyde at -{-0.15V to NHE. D ,  Formic acid at 
-F0.2V to NHE. 

is s imilar  to the opt imum of 11% by weight (11.4 a/o)  
observed for the p l a t i n u m - r h e n i u m  system (3). 

A fur ther  effect of an increasing fraction of t in  is 
shown in Fig. 5. It can be seen that  the electrode tends 
to become passive at a potential  of approximately 0.3V 
to NHE if it contains an appreciable percentage of tin. 
General ly  similar  results are observed with formalde-  
hyde and formic acid, except that  the passivation po- 
tent ial  is approximately 0.25V. 

Deposition potential.--Catalyst deposits were made 
at potentials of -i-0.25, ~-0.05, zero, and --0.1V to NHE, 
the plat ing solution pH being 0.7, and t in concentrat ion 
of 3.2 g/li ter.  Hydrogen was evolved freely at --0.1V. 
The effect of deposition potential  on activity is shown 
in Table I. 

The pr imary  effect of a decrease in  potential,  all  
other factors being held constant, is to increase the 

05 

~i 0"4: 

3 0 3  ?, 
O'Z 

~ .0 j l  

Jo Ioo Io00 
Current D e o . ~ , t  9 mA/$o  F cn~. 

Fig. 5. Effect of catalyst composition on passivity. For TM meth- 
anol, 60~ 4.7 mg/cm 2. •  No tin. G ,  0.7% Sn. & ,  1.7% Sn. 
L~, 4.8% Sn. D ,  7.9% Sn. 
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Table I. Effect of deposition potential on catalyst activity 

C u r r e n t  dens i ty ,  mA/crn'-', 
at s tated potential  IO0'O 

P l a t i n g  Cata lys t  
p o t e n t i a l  F o r m a l -  F o r m i c  
vo l t s  to Load ing ,  M e t h a n o l  d e h y d e  ac id  

N H E  m g / c m  s Tin, % at 0.3V at 0.15V at 0.20V 

+ 0.25 2.5 6.8 13 650 78 
+ O.OS 6.2 6.2 38 500 440 

zero 11.2 2.7 38 200 300 
--0.1 18.3 2.1 38 450 340 

catalyst loading, but decrease the fraction of t in  in 
the deposit. These variations of loading and composi- 
tion make in terpre ta t ion of the results more difficult, 
but  if activity is assumed to be proport ional  to L 0.s5 
over the whole range of loadings, and if the effect of 
t in  composition on activity is taken as that  shown in 
Fig. 4, an approximate correction for these variat ions 
can be made. If this is done it is clear that there are 
not any large (order of magni tude)  changes in speci- 
fic activity with change in plating potential.  

E~ectrolyte temperature  and ]uel concentrat ion. - -At  
fixed potential, cur rent  density increases with in -  
crease of both tempera ture  and fuel concentration, 
as shown in  Fig. 6 and 7. 

Operating t ime . - -One  long- te rm run  of 1000 hr dura-  
tion has been made using methanol  as fuel, the elec- 
trode potential  at a current  density of 20 mA / c m e 
being shown as a funct ion of t ime in Fig. 8. There is a 
fairly rapid decay over the first hundred  hours, fol- 
lowed by a period of near ly  steady performance, with 
only a slight fur ther  loss in activity. 

P l a t i num- t in  deposits can be polarized to high po- 
tent ia ls - -of  the order of 1.5V to NHE---at ]east for 
short periods, wi thout  significant loss in activity when  
re turned to the normal  working potential  of 0.2-0.3V. 
This is in contrast  to the p l a t i num- rhen ium system, 
where operation at potentials more positive than 
0.5V leads to a rapid and irreversible loss in activity, 
probably due to loss of rhen ium from the catalyst (3). 

Discussion 
It  has been suggested that  the mixed catalysts which 

show increased activity toward the oxidation of meth-  
anol gain their  activity from the direct reaction of 
metal  oxide with chemisorbed fuel residues, the re- 
duced oxide then being electrolytically reoxidized 
(2, 3, 8, 9). The Sn(OH)2 /Sn(OH)4  couple has a s tan-  
dard potent ial  of + 0.075V to NHE at 25~ in acid 
solution (10) so it could act in this way. 

It could be objected that  the improvement  in ac- 
t ivi ty is due to the t in  modifying the p la t inum black 

001 
I00 

~., IO 
x 

~ f 
I ! z~'  I L 

o x 30 20 5~0 iO 70 ,0 
TEMPERATURE, ~ 

0 

Fig. 6. Effect of electrolyte temperature on performance. At 1.7 
mg/cm 2 catalyst, 5.3% Sn, 1M fuel. X ,  Methanol at -t-0.3V to 
NHE. A ,  Formaldehyde at ~0.15V to NHE. O ,  Formic acid at 
-k0.2V to NHE. 
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Fig. 7. Effect of fuel concentration on performance. At 60~ 6.5 
mg/cm 2 catalyst, 5% Sn. X,  Methanol at -I-O.3V to NHE. A ,  
Formaldehyde at ~- 0.2V to NHE. O ,  Formic acid at -]-0.2V to 
NHE. 
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Fig. 8. Effect of operating time on electrode performance. At 
60~ |3 mg/cm 2 catalyst, 5.3% Sn, using 2M methanol. 

so as to produce an increase in surface area. The maxi-  
m u m  possible surface area for p la t inum black would 
be for the case where every atom was a surface atom. 
This area can be calculated from the relat ion 1/A = 
S / N . n  where A is the specific surface in  me/g, S is the 
site density in a toms/m e, N is Avogadro's number ,  and 
n is the atomic weight of plat inum. If a value of 1.1 x 
1019 a toms/m 2 is assigned to S (11), A is 270 me/g. The 
surface area of a typical  electrodeposited p la t inum 
black can be estimated from the charge necessary 
to oxidize adsorbed hydrogen, and is 18 me/g. Now the 
increase in  catalytic activity may be seen (from Fig. 
1) to be approximately three orders of magnitude,  
whereas the m a x i m u m  possible increase in specific 
surface is a factor of 15. It  is unlikely,  then, that  the 
improved activity of these catalysts is due to an in -  
crease in the specific surface area of the p la t inum 
black. 

Some fur ther  evidence in favor of the redox me-  
chanism was obtained from potent ia l - t ime curves made 
at a constant current  for p l a t i num- t in  electrodes in 
0.5M sulfuric acid. Two of these are shown in Fig. 9. 
The curve for the p l a t i num- t in  deposit shows a large 
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Fig. 9. Chronopotentiometry on platinum and platinum-tin: (a) 
8.3 mg/cm 2 Pt black, (b) 9.6 mg/cm 2 Pt-Sn (3.3% Sn). Both in 
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Fig. 10. Cyclic voltammetry on platinum and platinum-tin. In 
0.5M s~ifu6c acid at 60~ sweep rate 0.2Y/sec. Curve A: 3.1 
mg/cm 2 Pt. Curve B: 3.6 mg/cm 2 Pt-Sn (4.5% Sn). 

increase in the charge necessary to oxidize the elec- 
trode, especially at potentials below 0.6V, while that 
used to oxidize the adsorbed hydrogen has decreased. 
The differences between p la t inum black and p la t inum-  
t in are even more clearly visible in the cyclic current -  
voltage curves of Fig. 10. These curves, representing 
the current  flowing to a 1 cm 2 electrode cycled between 
zero and + 1.6V to NHE show that oxide formation and 
reduction appears to extend to lower potentials on the 
p l a t i num- t in  electrode. These results give some sup- 
port to the postulate that a redox oxide system is the 
cause of improved catalyst activity. 

I t  is clear from Fig. 1 that  the p la t inum- t in  deposit 
is able to catalyze the oxidation of formaldehyde and 
formic acid more effectively than does a p la t inum-  
rhen ium deposit. This could be related to the more 
favorable redox potential  of the t in oxide system, as 
compared to the rhen ium oxides. However, it is clear 
also that  the rate of oxidation of methanol  is very  
similar on both catalysts. To account for this it may 
be suggested that the rate of oxidation of methanol  is 
l imited by the rate of chemisorption rather  than the 
rate of oxidation of the chemisorbed residues. Al ter-  
natively,  the different compounds may give rise to 

different chemisorbed species, that  for methanol  being 
more difficult to oxidize. 

Biegler and Koch (12) measured the adsorption rates 
of methanol  on smooth plat inum, and calculations 
based on the ini t ial  value of the rate show that  it 
should be possible to chemisorb methanol  sufficiently 
rapidly to achieve a current  density of about 100 m A /  
cm 2, using 0.2M methanol  at 25~ with a catalyst load- 
ing of 1.7 mg/cm% The measured current  density is 
3 mA / c m 2 under  these conditions, which makes it 
unl ike ly  that  chemisorption is the ra te- l imi t ing  step. 
Breiter (13) has shown that  the adsorbed intermediate  
has the same oxidation state in each case, but this 
does not prove that the species are identical. It is 
suggested that the chemisorbed methanol  is less easily 
oxidized than the intermediates from formaldehyde 
and formic acid. 

In  terms of stabili ty and activity, p l a t inum- t in  elec- 
trodeposits are effective catalysts for the oxidation of 
methanol,  formaldehyde, and formic acid. The only 
property tha t  might cause difficulty is the tendency to 
become passive at potentials of 0.2-0.3V. This can be 
overcome by the use of a t e rnary  p l a t i num- r hen ium-  
t in deposit, and catalysts of this type have been used 
with some success in fuel cell systems operated on 
methanol  or formaldehyde.  
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Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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Technica]l Notes @ 
Phase Equilibrium Studies of Lithium 

Halide-Containing Electrolytes 
Carl E. Johnson and Melvin S. Foster 

Chemical Engineering Division, Argonne National Laboratory, Argonne, Illinois 

The application of fused-salt  mixtures  as electrolytes 
in electrochemical cells has resulted in  increased in-  
terest in their  physical and chemical properties. A 
knowledge of these properties is impor tant  in selecting 
appropriate electrolytes since the choice depends on a 
variety of factors. For example, cells having low- 
mel t ing cathode materials require low-mel t ing elec- 
trolytes. Also, electrolytes with high electrical conduc- 
tivities are needed to reduce ohmic losses within the 
cell. Fused alkali  halides general ly meet these require-  
ments. Because thermodynamic stabil i ty with respect 
to the anode mater ial  is also an important  considera- 
tion, electrolytes general ly have been sought from 
among low-mel t ing halide salts of the anode metal. 

The electrochemical data of Hamer et al. (1) indi-  
cate, however, that under  certain circumstances a 
mixed-cat ion electrolyte could be used in a galvanic 
cell. These data show that  if the operating tempera ture  
of the cell or bat tery  is restricted to temperatures  be- 
low 500~ it should be possible to use mixtures  of 
alkali  halides (li thium, potassium, rubidium, or cesium, 
but  not sodium) as electrolytes for cells having l i thium 
as the anode metal. Galvanic cells with l i th ium anodes 
are of part icular  interest  because of their  advantages 
of higher cell voltages and lower metal  solubili ty in 
fused salts. 

For a specific salt system, it would be highly advan-  
tageous to have a method of locating the min imum tem-  
perature, its corresponding chemical composition, and 
the general  topological characteristics of the system 
with a m in imum of effort. Such knowledge would 
greatly facilitate the choice of appropriate electrolytes 
for the electrochemical cells of interest. Although a 
more detailed investigation of the electrolyte com- 
position in the region immediate ly  sur rounding  the 
min imum- tempera tu re  composition would also be 
needed to ascertain the effects of slight compositional 
changes on the solidus temperature,  such an invest i -  
gation would be expedited by having a general  knowl-  
edge of the characteristics of the system. 

Accordingly, a study was under taken  to evaluate 
the usefulness of a per turbat ion theory, the conformal 
ionic solution theory (2), in calculating the complete 
l iquidus surface of reciprocal salt systems, 4.e. systems 
having two anions and two cations. This theory re-  
quires only limited information:  the melt ing point, the 
heat of fusion, and the standard Gibbs free energy of 
formation of each component, and the eutectic tempera-  
ture  of each of the four nonreciprocal pairs in the sys- 
tem. The theory of conformal ionic solutions as applied 
to this problem has been outl ined by Blander  and 
Topol (3); a brief summary  is given here. 

For a reciprocal system 

AC 4- BD ~ AD + BC [i] 

the excess free energy of mixing, AGM E, for the three 
salts AC, BC, and BD necessary to define the system 
is given by 

AGME .~- XAXDAG ~ 4- XD-~G12 E 4- XcAG34 E 
Jc XAAGI3 E -}- XBAG24 E 4- XAXBXcXD A [2] 

where the X's are ion fractions and ~G ~ is the s tandard 
Gibbs free energy change for Reaction [1]. The cation 
fraction of B is XB = nB/(nA 4- nB) and the anion 
fraction of D is XD = nD/(nc 4- riD) where hA, riB, nc, 
nD are the numbers  of moles of the ions indicated. 
The expression for the excess free energy of mixing 
of the b inary  mixture  of the salts i and j (~GIjE), 
where AD is salt 1, BD is 2, AC is 3, and BC is 4, has 
been t runcated to include only second-order terms, 
so that  

AG12 g ---- XAXB~,12 [3] 
and 

~G34 ~ : XAXB}.3~ [4] 

The mixing parameters,  ~.i~, depend only on the proper-  
ties of the b inary  systems. The term A is approximated 
from quasi-lat t ice theory by 

A------(.~G~ ZRT [5] 

where Z is a coordination number  between 4 and 6. 
With the relat ion 

O(nk + he) O(nk + he) 
RT In 7~ = AGM E -~ AGM E 

an~ ank 

O(n~ + he) 
-~ AGME [6] 

One 

where k and e are the const i tuent  ions of component 
salt i, the activity coefficients, 7i, of any component  
may be calculated from Eq. [2]. 

The liquidus temperature,  T, is the temperature  at 
which a solid component such as AD is in equi l ibr ium 
with a solution in which the component has an activity, 
a. If we assume that  the heat of fusion, L~, for any 
component, i, is independent  of temperature,  then 

R In a~ = --L~ ( 1 / T - -  1/To~) = R In XkXeT~ [7] 

where To~ is the mel t ing point of the pure salt. 
Values of kij are calculated from the known phase 

diagrams of the four nonreciprocal b inary  systems. For 
a given b inary  system, ij, the simplified assumption was 
made that  

RT In ~----~.ijNj 2 [8] 
and 

RT In -y~ = ~.ijN~ 2 [9] 

where Ni, Nj are mole fractions. Equations [8] and [9] 
were used with Eq. [7] to yield the following: 

T (eutectic) 

= [~ij(1-- N~)~ 4- L i] / [ (L~/Toi ) - -R  In Nt] [10] 

= (ki~Ni 2 4- Lj)/[(Lj/Toi) - - R  In (I--N~)] [II] 

Using the measured eutectic temperature and the heats 
of fusion and melting points of the pure components as 
fixed points, Eq. [i0] and [ii] were solved simultane- 
ously for ~ij and the eutectic composition. 

To derive the liquidus temperatures, Eq. [5], [6], 
and [7] were solved for the precipitation tempera- 
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Table I. Crystallization temperatures for the LiCI-LiI-KI system 

Series I Series I I  Series I I I  
mole ratio mole ratio mole rat io  

LiCI:LiI 1:1 LiCI:LiI 3:7 L i I :KI  8:4 

m/ o  K I  Temp  ( ' C )  m/o  KI  Temp  (~ m/o  LiCl Temp  (~ 

30.0 399.5 20.0 341.3 
35.0 392.1 25.0 338.0 
47.3 436.8 31.5 330.0 

38.3 346.1 

20.0 330.0 

tures, Ti, of solid AD (component 1) to yield: 

T, [ (LIlToi) - -  R In XAXD] 

L1 + ( 1 -  XBXc)aG ~ = X~ (X~XD + XAXc)M2 

+ XBXc (XB -- XA) X34 + Xe (XBXD + XAXc) ~1~ 

"~- X B X c  ( X c  -- XD) ~-24 -~- X B X c  ( XBXD -~- X A X c  

- -  XAXD) [--(AG~ [12] 

The l iquid-solid equi l ibr ium tempera ture  for each of 
the components can be similarly calculated. For a given 
composition, that component with the highest l iquidus 
temperature  was selected as the component precipitat-  
ing at the calculated l iquid-solid equi l ibr ium tempera-  
ture. If this precipitation temperature  is higher than 
the normal  melt ing point for that  specific component, 
the presence of a l iquid- l iquid miscibili ty gap is indi-  
cated. Equat ion [12] was solved with the aid of a 
CDC-3600 computer  (program available on request) ,  
and the output  data were fed to a Calcomp-580 incre-  
mental  plotter for display. 

One of the salt systems being considered for use as 
an electrolyte in l i th ium-anode galvanic cells is LiC1- 
LiI-KI.  This system was chosen for investigation after 
a pre l iminary  examinat ion had indicated that it had a 
min imum mel t ing point of 264~ one of the lowest 
observed for t e rnary  alkali halide mixtures. This 
te rnary  system, which consists of the b inary  eutectic 
systems LiC1-LiI, LiC1-KI, and LiI-KI,  forms one half 
of the reciprocal LiC1-KI system. Therefore, it afforded 
an opportuni ty  to test the usefulness of the conformal 
ionic solution theory for obtaining the required infor-  
mation with a min imum of exper imental  effort. 

The theoretical calculations for the LiC1-LiI-KI sys- 
tem indicated a min imum temperature  of 276~ at a 
composition of 6 m/o  (mole per cent) LiC1, 62 m/o  
LiI, 32 m/o KI. This information was used to design 
eight thermal  analysis experiments.  These experiments,  
which were performed using apparatus and techniques 
that  have been described elsewhere (4), provided 
solid-liquid equi l ibr ium data for three pseudo-binary  
mixtures (Table I) which traversed the predicted mini -  
mum temperature-composi t ional  regime. 

A contour diagram of the liquidus isotherms for the 
LiC1-LiI-KI system, given in Fig. 1, was constructed 

KI GSO~ 

427" 285~ 

/ 

6 0 7 ~  368~ 469~C 

Fig. 1. LiCI-LiI-KI ternary system 

from the pseudo-binary  data of Table I and data for 
the three b inary  component  systems. Superimposed on 
the figure, as dashed lines, are the isotherms predicted 
by the conformal ionic solution theory. It should be 
pointed out that the lack of agreement  between calcu- 
lation and exper iment  for the LiC1-KI b inary  is pr inci-  
pal ly the result  of the very l imited experimental  data 
available for this system. The experimental  data indi-  
cated a eutectic composition of 8.5 m/o  LiC1, 59 m/o  
LiI, 32.5 m/o  KI; subsequent  chemical analysis con- 
firmed this composition. A single thermal  analysis ex- 
per iment  at this composition showed no breaks other 
than a min imum at 265~ 

The good agreement  between the calculated and ex- 
per imental  values and the few experiments  required 
to obtain the necessary data make it clear that  the 
conformal ionic solution theory offers significant saving 
of experimental  effort in the selection of low-mel t ing  
electrolyte mixtures. 

Manuscript  received June  30, 1969. 

A ny  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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Heat Balances in Mercury-Cathode Chlorine Cells 
Scott Lynn* 

Department of Chemical Engineering, University of California, Berkeley, California 

Substant ia l  quanti t ies of heat are released in both 
the electrolyzer and the decomposer of a mercury-  
cathode chlorine cell. Because the mercury  stream 
leaving the one usual ly enters the other with little 
change in temperature,  the two are not thermal ly  in-  
dependent.  Nevertheless, it is general ly  convenient  to 
treat the heat balances in the two pieces of equipment  

* Electrochemical  Society Active Member.  

separately, with the matching of the mercury  tem- 
peratures being the final constraint  on the problem. 

Many papers have appeared in recent years in which 
various commercially available mercury  cells are de- 
scribed in detail. Sommers (8, 9) has described many  
cells for the purpose of comparison and Gardiner  (2) 
has discussed at length the application of design 
principles to the development of a specific cell in re-  
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cent years. The reader is referred to their work for a 
description of specific design features or operating 
conditions which may be imperfect ly approximated by 
the generalized t rea tment  of heat balances which 
follows. 

Electro lyzer  
In the electrolyzer, part  of the sodium chloride in 

the br ine  stream is being cont inuously converted by 
electrolysis into chlorine and sodium amalgam. 

1 
NaCl(aq)  + Hg--> Na(Hg)  + ~- C12(g) [1] 

The enthalpy change of this endothermic reaction, 
AH~, is +327.0 k j /mole  Na. In typical commercial 
practice, the br ine  enters the cell near ly  saturated 
(~0.26 w.f. NaC1) and at a temperature  of 50~176 
It leaves the cell depleted by 10-20% and heated to 
70~176 The mercury  enters the cell containing vir-  
tual ly  no sodium, at 100~176 It leaves the cell at 
the same tempera ture  as the exit ing brine with a 
sodium content  of 0.15-0.45 w/o (weight per cent) .  

The heat balance for the electrolyzer may be wri t ten  

_ 

EIAc : ~ AHE J- CpBMNaCl - -  (t2 -- t l)  
nF xl -- X2 

+ CpagMNa 2 -- i 

=2 =--;' + - 7 -  

+ AoUav ( t~v-- ts)  [2] 

The symbols are listed in the Nomenclature  and the 
value of the various physical properties and other 
quanti t ies are given in Table I. 

It is convenient  to divide Eq. [2] by [ fAJnF and to 
evaluate the resul t ing terms individual ly:  

n F  
E = AHE 4- FI(m, At) J- F2(x', At') 

e 

+F3(%) +F4(t, ts) [3] 
where 

F, = CpBMNaCI ( t 2 -  tl) 
Xl ~ X2 

F 2 :  CPHgMNa ( t2"-tl" ) 
\ X2' ~ Xl" 

F3 = AHv ( pH20 ) _ _  
2 ~ -- PH2o 

and 
n F  

F4 = ~ A o U a v  ( t a r - -  ts) 
sYAc 

The term F1 corresponds to the increase in sensible 
heat of the brine. This quant i ty  is a function of the 
tempera ture  rise and the flow rate. The lat ter  varies 
inversely with the change of sodium chloride content  
from cell inlet  to outlet. F2 corresponds to the change 

Table I. Physical properties and thermal quantities for 
heat-balance calculations on mercury-cathode cells 

Quant i ty  Conditions Value Source 

CpHgO 700C 4.180 j /g  ~ (4) 
CpB 0.26 w.f .  NaC1 @ 70~ 3.280 j /g ~ (3) 
CpHg 100~ 0,1375 :j/g ~ (3) 
D Decomposer d iameter  0,8m Assumed 
AHD 25~ --  122.6 k j /mole  Na (7) 
AHs 25~ + 327.0 k j /mole  Na (7) 
AHv 0.24 w.f. NaC1 @ 75~ 42.03 k j /mole  H20 (4) 
AHv' {kS w.f. NaOH @ 120~ 40.37 k j /mole  H~O (4) 
K Decomposer  vo lume/ce l l  0.0075 m~/kA Assumed 

cur ren t  
p~i2o 0.24 w.f. NaCI @ 75~ 0.80 pOH2o (5) 
P'H~O 0.5 w.f. NaOH @ 120~ 0.172 poa=o (5) 
Uav Average  for electrolyzer  14.0 w / m  2 ~ (6) 
U'av Average  for decomposer 23.4 w / m  2 ~ (6) 

in sensible heat of the mercury  stream and is directly 
analogous to F1. F3 is the heat  required to saturate  
the chlorine leaving the cell with water  vapor. F4 is 
the rate of heat loss to the surroundings by na tu ra l  
convection and radiation. 

In  evaluat ing these terms, assumptions about  the 
magnitudes of the quanti t ies used must  be made. 
Many of these are a rb i t ra ry  and may be at variance 
with known data for a given cell. They are discussed 
in detail in the Appendix.  

The functions F1-F4 are plotted in Fig. 1A-D for 
various values of the temperature  and composition 
parameters.  To determine the outlet tempera ture  for 
operation of a cell, one must  know the cell voltage, 
current  efficiency, current  density, the inlet  tempera-  
tures of br ine  and mercury,  and the change in corn- 

3001 For xi:0.26 
X 2 : 0.24 

x2=0.23 

200 

Fl x2:0.22 

: 0.20 
I00 

v ~q [ [ I I I 
I0 ~ 20 ~ 30 o 400 50 ~ 

t2- fl 
(~ 

Fig. IA. Heat effects in electrolyzer: heat content of brine 
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Fig. 1 B. Heat effects in electrolyzer: heat content of mercury 
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Fig. 1C. Heat effects in electrolyzer: heat to vaporize water 
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Fig. 1D. Heat effects in electrolyzer: heat loss to surroundings 

M E R C U R Y - C A T H O D E  C H L O R I N E  C E L L S  

position which will occur in both streams. By tr ial  
and error, one then finds the outlet temperature  which 
satisfies Eq. [3]. 

Decomposer 
In the decomposer, sodium amalgam reacts with 

water to form sodium hydroxide and hydrogen: 

1 
Na (Hg) + H20 --> NaOH + -~ H2 + Hg [4] 

When enough addit ional water  is supplied to make 
50% caustic, the enthalpy change, AHD, of this exo- 
thermic reaction is --122.6 k j /mole  Na. In most modern 
cells, the decomposer is a packed bed of graphite 
chunks having dimensions in the range of 5-15 ram. 
The volume of the packing varies from 0.005 to 0.010 
m3/kA of cell current.  

The heat balance in the decomposer may be wri t ten  

--AHD = F~(.~x', At') + F6(XNaOH , to') 

+ FT(mNaOH, to') + Fs(to', ts') [5] 
where 

Fs_~CpHgMNa ( t~ ) 
X2' ~ Xl' 

( 1 - ) 
F6 = CpII20/%'/NaOH ( to ' - -  ts) 

X N a O H  

FT ~ AHv' ( p'H20 
2 ~ ~ P'H2o 

Fs -~ A o ' U o ' ( t o ' - -  ts) = ~ Uo'(to' - -  ts) 
J A c  

Equation [5] equates the heat of reaction to the sum 
of Fs, the increase in sensible heat of the mercury;  F6, 
the increase in sensible heat of the water;  FT, the heat 
required to saturate the hydrogen with water vapor; 
and Fs, the heat lost to the surroundings by convection 
and radiation. 

Because of the stirring effect of the hydrogen and 
the very long residence time of the caustic solution, 
there is very little var iat ion in either temperature  or 
caustic concentrat ion in a decomposer. For purposes 
of calculation both may be assumed constant at the 
values at the outlet. The assumptions made in making 
the calculations are given in the Appendix. The func-  
tions Fs-Fs  are plotted in Fig. 2A and B as functions 
of the concentrat ion and temperature  parameters.  
Knowing the temperature  of the enter ing amalgam 
and its change in sodium content, one finds by tr ial  and 
error a value of t2' which satisfies Eq. [5]. 

Example 
Danna (1) cites the data in Table II as being typical 

of the Olin E-11 mercury  cell. 
From the data in Table II, one may find the values 

of Fs-F8 listed in Table III  by tr ial  and error from 
Fig. 2A and B. 

Danna (1) reports the temperature  of the mercury  
leaving the decomposer to be 125~ Lowering the 
value of h '  would increase the difference between the 
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Fig. 2B. Heat effects in decomposer: F6--heat content of caustic, 
FT--heat to vaporize water, Fs--heat loss to surroundings. 

4 

h e a t l e a v i n g t h e c e l l  ( ~ H E- } -  ~ F ~ )  a n d t h e p o w e r  
i = l  

input  (nFE/e) .  The discrepancy may be due to a loss 
of heat by the amalgam stream between the cell outlet 
and the decomposer inlet  or to the m a n n e r  in which 
the data were averaged. 

Conclusions 
The calculations tabula ted in Table III  show that  

in the decomposer of this mercury-cathode chlorine 

Table II. Typical operating data for the Olin E-11 
mercury cell (1) 

E = 4 . 2 6 V  t l  = 4 7 ~  x l  = 0 .260  x l '  = 0 . 0 0 0 3  

I - =  10 .0  k A / m  ~- t~ = 8 8 ~  ace = 0 .220  xe '  = 0 . 0 0 2 1  

Table III. Example of heat balance calculations using data from 
Table II 

L e t  to '  = 1 3 2 ~  L e t  t l '  ~ 1 3 2 ~  
F5 = 77 k j / m o l e  N a  F1 = 153 k j / m o l e  N a  
F6 = 18 F 2 ~  - - 7 7  
F~ = 18 Fs  = 2 4  
F s  = 10 F~ ---- 14 

A H ~  ---- 3 2 7  

123  k j / r n o l e  N a  441  k j / m o l e  N a  

r i F E  
- -  = 4 3 4  k j / m o l e  N a  f o r  E = 4 . 2 6 V  a n d  e ~ 9 5 % .  

e 
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cell about 63% of the heat  of react ion is carried out 
by the mercury  stream. The mercury  wil l  in general  
be wel l  above 100~ a fact which must be taken into 
account in the design of the mercury  pump and piping 
system. The sensible heat  of the mercury  stream (F2) 
entering the electrolyzer  adds significantly (about 
72%) to the heat  (nFE/e - -  AHE) which is dissipated 
there. Heat losses to the surroundings play a small  
role in ei ther  balance, being less than 10% of the en-  
ergy released in the decomposer and also less than 
10% of the sensible heat  of the brine (F1) in the elec- 
trolyzer.  

A P P E N D I X  
In deriving Eq. [3] and [5], a number  of simplifying 

assumptions were made, some arbi t rar i ly  and some to 
facilitate the calculations. In calculations for a spe- 
cific cell, the reader  may wish to change them to fit 
his own case. 

The heats of reaction and all physical propert ies 
were  assumed constant over  the range of tempera tures  
considered. The heats of vaporization were calculated 
for 75~ for brine and 120~ for caustic using the en-  
thalpy data of Keenan and Keyes (4) and the vapor  
pressure data of MacMullin (5). In wri t ing the ex-  
pression for F3, it is assumed that  the water  vapor  
leaving the cell is in equi l ibr ium with the exit  br ine 
with respect to temperature .  The variat ion of vapor  
pressure with brine composition is not large in the 
range of interest, so a constant ratio of PHeo/P~ 
was taken. The vapor pressure of 50% caustic was cal-  
culated in a similar manner.  

The external  area, Ao, of the electrolyzer was arbi-  
t rar i ly  assumed to be 2.2 times the area of the cathode, 
Ac. Half  of this area was assumed to be covered with  
rubber  8 mm thick and to have the hea t - t ransfer  char-  
acteristics of a horizontal  plate facing up (6). The 
other  half  was assumed to be a horizontal  plate facing 
down (6). The hea t - t ransfer  coefficients due to con- 
vection and radiation, and the thermal  resistance of 
the rubber  covering were  the only factors considered 
to be of importance in est imating the heat loss from 
the cell. The surroundings were  assumed to be at 25~ 
A more extensive t rea tment  was not considered just i -  
fied in v iew of the small fraction of the total  heat  
balance which is represented by F4. 

The decomposer was assumed arbi t rar i ly  to be a 
vert ical  cyl inder with a diameter  of 0.Sm. Only the 
sides were  CODSidered in the hea t - t ransfer  area, but 
t ransfer  by both radiation and convection was assumed 
to occur (6). K, the ratio of the volume of the decom- 
pospr to the cell current,  was taken arbi t rar i ly  to be 
0.0075 m'~/kA. 

NOMENCLATURE 
Ac Area of cathode 
Ao Area of electrolyzer  (assumed to be 2.2 Ac) 

Ao p 
Cp 
D 
E 
F 
F 
~H 
~H~, 
T 
K 
M 
n 

PH~o 
p~ 
P'H')O 
tl, t2 

t{, t.,' 

tar 
to' 
t.~ 
U 
Xl, X2 

Xl' ,  X2' 

Area of decomposer 
Heat capacity 
Diameter  of decomposer (assumed to be 0.8m) 
Cell voltage, anode stern to cathode plate 
Function from Eq. [3] or [5] 
Faraday, 96,500 A-sec 
Enthalpy change of Eq. [1] or [4] 
Heat of vaporization of water  
Cathodic current  densi ty 
Ratio of decomposer volume to cell current  
Molecular weight  
Electrons exchanged in react ion [1] or [4] 
Vapor pressure of water  over  brine 
Vapor pressure of pure  water  
Vapor pressure of water  over caustic 
Brine tempera ture  at inlet and outlet  of electro-  
lyzer 
Mercury tempera ture  at inlet and outlet  of 
electrolyzer 
(tx + t2)/2 
Tempera ture  decomposer 
Tempera ture  of surroundings 
Over-a l l  heat t ransfer  coefficient 
Weight fraction NaCI at inlet  and outlet  of elec- 
trolyzer 
Weight fraction Na in mercury  at inlet and out-  
let of electrolyzer 

e Current  efficiency 
Atmospheric  pressure 

Manuscript  submit ted Apri l  1, 1969; revised manu-  
script received Aug. 8, 1969. This was Paper  173 pre-  
sented at the New York Meeting, May 4-9, 1969. 

Any  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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Erratum 

In the paper "tg-Silicon Carbide Fi lms" by P. Rai-  
Choudhury and N. P. Formigoni  which was published 
on pp. 1440-1443 of the October 1969 issue of the 
JOURNAL, VO1. 116, No. 10, the caption for Fig. 2, p. 

1441, should read as follows: "Electron diffraction pat-  
tern of a E-SiC film grown on (100) Si substrate; the 
film is discontinuous showing a strong (100) or ienta-  
tion." 



Electrochemical Dissociation of Water Vapor 
in Solid Oxide Electrolyte Cells 

I. Thermodynamics and Cell Characteristics 
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ABSTRACT 

This paper  describes the dissociation of water  vapor in high- temperature ,  
solid oxide electrolyte cells. The characteristics of these cells are related to a 
composit ion-dependent  open-circuit  voltage, which can be obtained from 
thermodynamic considerations, to ohmic resistance, and to mass t ranspor t  
overvoltages. The problem of main ta in ing  a heat balance in a system con- 
sisting of such cells is considered in terms of the heat loss through the leads 
connecting the cells with the surroundings.  A conclusion is that the electrical 
energy requi rement  for dissociation can be reduced substant ia l ly  by series 
connection of individual  cells wi thin  the h igh- tempera ture  region of the sys- 
tem, but  that ohmic resistance limits the optimized current  density through 
the electrolyte to values well  below the ma x i mum values that are feasible. 

A recent development in the science and technology 
of solid oxide electrolyte cells is the application of such 
cells for the electrochemical dissociation of water  
vapor (1-3). The practical motivat ion for this appli-  
cation is the generation of inexpensive and pure hy-  
drogen (3-4). It is the purpose of this paper to provide 
a definitive quant i ta t ive description of the thermo-  
dynamic and electrochemical characteristics of these 
cells for the various possible modes of operation. In a 
subsequent  paper (5), the authors discuss materials,  
design, and fabrication problems of such cells, in the 
contexts of both single cells, and also multicell  ba t -  
teries, or "stacks." 

In  the first section of this paper, a generalized ther-  
modynamic t rea tment  of a h igh- tempera ture  e]ectro- 
chemical cell system is presented. The analysis, subject  
only to the restrictions that  it applies to electrochemi- 
cal cells with invar ian t  electrolytes and gaseous reac- 
tants and products, yields relationships between cell 
parameters  in a form that  is especially useful  for con- 
sideration of steady-state systems which show large 
composition changes in going from reactants to pro- 
ducts. In addition, this approach, in its general  form, 
is independent  of the na tu re  of the electrode reactions. 
This feature is useful in dealing with water vapor 
dissociation cells, since these can be operated in var i -  
ous modes, each having different restrictions on the 
electrode reactions. It should be noted that  this t reat -  
ment  would also be applicable to h igh- tempera ture  
fuel cell systems, but, due to the specialized na ture  of 
these, a different and more detailed analysis has been 
shown to be useful  (6). 

In  succeeding sections, appropriate parameters  for 
characterization of gas compositions at the cathode and 
anode are presented. Then these are used to apply the 
thermodynamic  analysis specifically to water  vapor 
dissociation cells employing oxygen ion electrolytes; 
two possible anode reactions are t reated separately. 
Predictions of cell characteristics are compared with 
exper imental  results. 

The final section of this paper presents a quant i ta t ive  
analysis of system heat balance. The general  problem 
here is closely related to that  of any  h igh- tempera ture  
electrochemical, thermoelectric, or thermionic system, 
namely, the t ransmission of electric power between 
the h igh- tempera ture  port ion of the system and the 
ambient  temperature  surroundings  while minimizing 
heat losses through the t ransmission leads. Results are 
presented for a representat ive system and used to 
demonstrate the necessity for achieving intercell  con- 

* Electrochemical Society Act ive  Member .  
K e y  words: dissociation, wate r  vapor ,  oxide electrolyte. 

nections in the h igh- tempera ture  region, as well  as for 
optimizing lead geometry. 

General Thermodynamics 
A generalized h igh- tempera ture  electrochemical cell 

system is shown schematically in Fig. 1. A single cell 
will  be considered initially. Gaseous reactants, with 
molar  flow rates min and temperatures  Tin react elec- 
trochemically in an isothermal zone at tempera ture  T 
to form gaseous products with molar  flow rates mout 
and temperatures  To,t and to generate heat at a net  
rate Q. A current  I is supplied to the cell at a voltage 
E; with this convention, positive values of I and E 
represent  a consumption of energy at a rate W ~ EI, 
in watts, by the cell. The electrolyte composition is 
assumed to be invariant ,  as will  be the case with solid 
oxides, and the gases are assumed to be thermal ly  
perfect so that  their enthalpy contents are independent  
of pressure�9 

The net flow rate of some substance, or combination 
of substances, into or out of the system will  be of 
interest�9 For the specific case of water  vapor dissocia- 
tion, this will be the net  flow rate of water  vapor 
which is dissociated at the cathode. In  the general  
case, this substance can be termed the critical com- 
ponent, and its molar flow rate denoted by m*. This 
flow rate then provides a base to which other mass 
and energy flow rates can be referred. This steady- 
state approach is useful when considering the effects 
of irreversible phenomena,  such as heat loss, as is 
shown subsequently.  

HEAT GENERATION 
6 
�9 /CELL(S) LOCATED IN " ~  /ISOTHERMAL ZONE 

L E A O S ~ "  I 

E 
ELECTRICAL POWER INPUT 

Fig. 1. Generalized high-temperature electrochemical system 
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Gibbs free energy change.--For the electrochemical 
reaction at temperature  T, the rate of Gibbs free 
energy change for the system is GT. The part ial  molar  
Gibbs free energies of the species present can be 
summed to give this quant i ty  relat ive to m* as 

VT/m* =-kG~ - ~ [RT ~ xs In (xsPout)]-'~out/m* 
o u t  s 

-- ~ [RT ~ xs In (xsPin) ] min/m* 
in s [1]  

where ~Go*v is the difference between the s tandard 
Gibbs free energies of formation of the products and 
reactants at temperature  T, per mole of the critical 
component  enter ing or leaving the cell. The summation 
over the index s is a summation of the product of the 
mole fraction xs of each molecular  species present  in 
the product and reactant  streams, and the logarithm 
of the same mole fraction mult ipl ied by the total 
pressure, Pout or Pin, of each stream. The factor R is 
the gas constant per mole. The two summations are 
obviously entropy terms and, for equal total pressures 
on both sides of the electrolyte, will  represent  the 
entropy of mixing each reactant  and product stream. 

By neglecting frictional energy losses in the gas 
streams, an extension of the usual  expression for the 
reversible electrical work obtainable in an isothermal 
process (7) allows an average open-circui t  voltage for 
the cell to be obtained as 

E-'o = ( GT/m* ) /z*F [2] 

where z* is the equivalents  per mole (in terms of 
electrons t ransferred through the external  circuit) of 
the critical component,  and F is the Faraday constant 
in coulombs per equivalent;  Gr/m* must  be expressed 
in consistent uni ts  of joules/mole.  This voltage is a 
purely thermodynamic  quant i ty  since cell geometry 
and flow directions do not enter  into its definition. We 
have termed it an average voltage since it applies to 
a cell in which finite changes occur in the composition 
of the gases passing through the cell. This composition 
change results from a finite cell current  so that  Eo 
varies with cell current  for given reactant  flow rates. 
Thus only the static value of Eo at zero current  will 
be equal to the open-circui t  voltage due to unchanged 
reactants as introduced into the cell. Appendix I shows 
that the value of Eo given by [2] is that  of a cell with 
uniform current  density, and which is so large that  
end effects can be neglected. The first of these condi- 
tions applies approximately to real single cells in 
which electrolyte resistivity causes the major  voltage 
drop across the cell, and to "stacks" of series-connected 
cells of equal area with the same current  flowing 
through each cell. The second condition applies to cells 
whose l inear  dimension perpendicular  to the electro- 
lyte surface is small compared to the l inear  dimension 
paral lel  to the direction of gas flows; this cri terion is 
general ly satisfied by the geometry of real cells. To 
the extent that  Eo represents the average open-circuit  
voltage of a real cell, it could be measured experi-  
menta l ly  in the absence of mass t ransport  or adsorp- 
t ion effects by a current  in ter rupt ion  technique. Also, 
with the polari ty conventions used, Eo is a m i n i mum 
voltage that must  be overcome in order to drive cur-  
ren t  through the cell; a negative value for Eo thus 
indicates a cell that will  operate spontaneously. 

Enthalpy change.--The rate of enthalpy change for 
the system is /:/, which can be expressed relat ive to 
m *  as 

~//rh* = ~Ho* r + ~ [x~ (H~ --HT ~ s] mout/m* 
o u t  

-- ~ [Xs (H~ - -HI  ~ ~] rain/m* [3] 
i n  
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where :~HO*T is the difference between the s tandard 
enthalpies of formation of the products and reactants 
at temperature  T, per mote of the critical component 
entering or leaving the cell. The summat ion over the 
index s is a summat ion of the product of the mole 
fraction xs of each molecular species present  in  the 
product and reactant  streams, and the difference in 
s tandard molar  enthalpy content  for that  species. The 
lat ter  is the difference between the enthalpy content 
at the stream temperature,  H~ or H~ and the 
enthalpy content  at the cell temperature,  H~ 

By analogy with Eo, the rate of enthalpy change can 
be related to a voltage, for convenience in formulat ion 
of the expression for the net  heat generat ion rate, by 

E--, = (H/rh*)/z*F [4] 

where H/m*,  like GT/m*, must  be expressed in con- 
sistent units of joules/mole.  Reactant  and product 
s tream temperatures  must  be specified to evaluate En. 
If these temperatures  were the same as the cell 
temperature,  then the last two terms on the r ight -hand 
side of Eq. [3] vanish, and the resul tant  value of 
/://m* applies to the electrochemical reaction at tem- 
pera ture  T. Under  these conditions, the value of EH 
from Eq. [4] can be denoted by E u ( T ) ;  a positive 
value of E--'H (T) indicates an endothermic cell reaction, 
while a negative value indicates an exothermic c e l l  

reaction. While the value of EH(T) does not apply to 
the complete cell system with reactants and products 
at temperatures  which differ from the cell tempera-  
ture, this value does provide a guide to heat effects in 
the cell itself. 

Electrical and thermal characteristics.--The total 
current  I through the cell is the product z*m*F. De- 
noting the total active electrolyte area by A, the 
average current  density j is I/A. Neglecting lead re-  
sistances for the moment,  and with the sign convention 
of Fig. 1, the total cell voltage can be wr i t ten  in terms 
of ~- as 

E = Eo + r~ [5] 

where r is the apparent  specific resistance of the cell. 
This quant i ty  is the resistance of a hypothetical cell of 
uni t  area which has the same electrical characteristics 
as the actual cell. It will, in general, include contri-  
butions from electrode resistance and nonohmic over-  
voltages, but in many  h igh- tempera ture  cells the lat ter  
are often small  or negligible (6). The energy input  to 
the cell, per mole of the critical component,  is W/m*, 
which can be rewri t ten  as z*FE. Thus the energy input  
is directly proport ional  to E, and will  be influenced by  
both Eo and r. Finally,  neglecting energy losses due to 
friction in gas flow, the net  heat generation rate, Q, 
will be the sum of --/1/ and ~-. This rate can be then 
expressed per uni t  of cell area in terms of j - a s  

(~/A ---- (--EH + Eo + r j ) j  [6] 

Equations [2], [4], [5], and [6] have been presented 
for a single cell. If the system of Fig. 1 were extended 
to include several cells in parallel,  these same equa-  
tions would apply to each cell. If several cells in series 
are considered, the equations still apply on the average 
to each cell, even though no one part icular  cell would 
necessarily have the voltage and heat generat ion rates 
given by these equations which are based on over-al l  
compositional changes. The energy input  per mole of 
the critical component will likewise be given by  z*FE 
regardless of the actual cell arrangement .  

Water Vapor Dissociation in Oxide Electrolyte Cells 
Taking the amount  of water  vapor dissociated at 

the cathode as the critical component,  z* is 2 for an  
electrolyte conducting by O - -  ions, so that  the electri- 
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cal energy requi rement  per mole of water  vapor dissoci- 
ated is then 2 FE. This will  be t rue regardless of the 
nature  of the anode reaction. 

Solid oxide electrolytes based on stabilized zirconia 
having a cubic fluorite s tructure typically exhibit  re-  
sistivities (due to O - -  conduction) of the order of 10 
ohm-cm at temperatures  of 1000~ the energy of acti- 
vation for the conduction process is about 20 kcal /mole 
(8). These electrolytes can readily be fabricated in 
thicknesses down to about 0.5 ram; the electrolyte 
contr ibut ion to the specific resistance is the product 
of resistivity and thickness, and thus should be of the 
order of 0.5 ohm-cm 2 for the conditions quoted. Cur-  
rent  densities in the range of 1-2 A/cm 2 should then 
cause the r j - t e rm in Eq. [5] to contr ibute  about 1V to 
the value of E. The exact value of Eo can therefore be 
expected to have a significant influence on the total  
cell voltage. Theoretical and exper imental  values for 
Eo are presented in the following sections. Heat balance 
considerations, however, can strongly affect system 
performance; a detailed discussion is presented in a 
subsequent section, and continued in Par t  II (5). 

Characterizat ion o1 cathode gas . - -S ince  water  vapor 
and hydrogen are the only species present  at the 
cathode, the mole fraction of water vapor at the 
cathode, Yc, can be used to describe the composition of 
the gas mixture  at this electrode. Superscripts i and I 
are used to denote the init ial  (entering) and final 
(exiting) compositions, respectively. The flow rate of 
reactants to the cathode can convenient ly  be described 
in terms of the average current  density that would 
be required to dissociate all of the water  vapor enter -  
ing the cell, plus the amount  of water  vapor that  would 
be present if the hydrogen enter ing the cathode side 
of the cell (to prevent  cathode oxidation) were in the 
form of water vapor. Denoting this current  density by 
Jc, the value of ~ can be expressed as 

-J= Jc (Yc ~ -  Yc ~) = JcYciXc [7] 

where Xc is the fraction of enter ing water  vapor dis- 
sociated in the cell. Since xc cannot exceed unity,  the 
max imum value of j- is  thus JcYc ~. 

Since yc ~ and xc  characterize the ini t ial  composition 
and the composition change taking place in the cathode 
gas, the value of Eo for an oxygen anode cell will  
depend on these two quantities. The factor Jc cancels 
from Eq. [1], as it should if Eo is a purely thermo-  
dynamic quanti ty,  when molar flow rates are expressed 
in [1] in terms of Jc, ~c i, and either xc  or yc f. Appen-  
dix II indicates the na ture  of this substitution. 

Oxygen Anode Dissociation Cell 
The most s traightforward type of dissociation cell 

is one in which the anode reaction involves the for- 
mat ion of 02, and is 

1 
O - -  ( e l ec t ro ly t e )~  ~-O2(gas)  + 2e-  (electrode) 

Calculated vo l tages . - -The  value of Eo for an oxygen 
anode cell at a given temperature  will depend on the 
init ial  composition of the cathode gas. Figures 2 and 3 
show the variat ion of Eo as a function of Xc for this 
type of cell, calculated using Eq. [1] and [2] for three 
different init ial  compositions of the cathode gas at a 
single temperature,  and for four different temperatures  
at the same initial  composition, and a total anode 
pressure of 1 atm. The values at the left side of each 
plot, where Xc is zero, are the static open-circui t  volt-  
ages that  would be observed with no current  flow. 
Figure 3 clearly shows the advantages of dissociation 
at higher temperatures  as regards decreasing the open- 
circuit voltage. The value of EH(T)  is about 1.29V for 
operating temperatures  around 1000~ This is of 
course due to the endothermic na ture  of the dissocia- 
tion of water  vapor to its elements, which is the over-  
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Fig. 2. Computed average open-circuit voltages for water vapor 
dissociation in an oxygen anode cell at various initial H20 con- 
centrations. 
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Fig. 3. Computed average open-circult voltages for water vapor 
dissociation in an oxygen anode cell at various cell temperatures, 

all cell reaction in this case. Since EH(T)  is greater 
in magni tude than  Eo, reference to Eq. [6] shows that 
at low current  densities the cell itself is endothermic. 

Depolarized Anode Dissociation Cell 
The open-circuit  voltage of a dissociation cell can be 

reduced by introducing a reducing fuel gas to the anode 
so that  the anode reaction becomes 

O - -  (electrode) + fuel (gas) 

-> oxidized fuel (gas) -t- 2e -  (electrode) 

The low oxygen potential  of the fuel in this type of 
cell will  obviously reduce Eo, as compared to an oxygen 
anode cell, and can thus reduce the energy required 
for dissociation. 

Characterizat ion of  anode gas . - -Fuels  derived from 
hydrocarbons are of the most interest. Two parameters  
useful to describe such fuels in h igh- tempera ture  cells 
are the normalized hydrogen- to-carbon ratio, and the 
relative oxidation. These quantities, denoted by h and 
YA, respectively, can be most simply expressed in terms 
of the atom fractions of total carbon, hydrogen, and 
oxygen content  in the fuel gas. Representing the lat ter  
by fc, fH, and Io, the values of h and YA as fractions 
are given by 

h = fH / ( f c  -~ fH) [8] 

YA = 2(10 -- ]C)/(2fC + ]S) [9] 

The relative oxidation can thus be considered as a 
normalized quant i ty  that is proportional to the extent  
that  CO and H2 in a fuel gas have been converted to 
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CO2 and H.~O. Neither of these parameters,  nor the 
result ing open-circuit  voltage, is sensitive to the pres- 
ence of an inert  d i luent  in the fuel gas. Any di luent  
present, however, may affect mass t ransport  in the gas 
phase. The flow rate of reactants to the anode, exclu- 
sive of diluent,  can then be convenient ly  described in 
terms of the current  density that  would be required 
to oxidize all of the carbon plus hydrogen enter ing 
the anode side of the cell if this carbon and hydrogen 
were in the form of CO and H.~. Denoting this current  
density by JA, the value of j can be expressed as 

-J = JA (YA f - -  YA ~) = JA (1  - -  yA  i) X.4 [ 10] 

where superscripts i and f indicate init ial  (entering) 
and final (exiting) compositions, respectively, and xA 
is the fraction of the enter ing fuel oxidized in the cell. 
Diluent  flow rates can be expressed relative to JA in 
any desired fashion, such as a ratio of di luent  to 
enter ing fuel. Since XA cannot exceed unity,  an addi- 
t ional constraint  on the cell in this case is that the 
value of j cannot exceed J A ( 1  - - Y A i ) .  The value of Eo 
will now depend on yA i and XA as well  as on y c  ~ and xc .  

C a l c u l a t e d  v o l t a g e s . - - T h e  value of Eo at a given 
temperature  will now depend on the init ial  composi- 
tions of both the cathode and anode gases, including 
the value of h for the fuel. Figure  4 shows the loci  

of values of constant Eo values, obtained using Eq. 
[1] and [2], in the XC-XA plane for specific ini t ial  gas 
compositions at 1000~ employing a substi tut ion similar 
to that outlined in Appendix II. The value of --0.365V 
at the origin, where Xc and XA are both zero, is the 
static open circuit that  would be observed with no 
current  flow. 

The value of EH (T) for a depolarized anode cell will  
be much smaller in magni tude  than for an oxygen 
anode cell; the over-al l  cell reaction involves s imul-  
taneous fuel oxidation as well  as water  vapor dis- 
sociation, and the enthalpy changes at cathode and 
anode near ly  cancel. There is a slight dependence of 
the enthalpy change on Xc; typical values of EH(T) 
for the same conditions as given in Fig. 4 are from 
--0.05 to --0.06V. Thus the over-al l  cell reaction is 
slightly exothermic, but  the effect is general ly over-  
shadowed by the enthalpy content changes of reactants 
and products if these enter  and leave the cell system 
at different temperatures.  

ANODE : H/C+H :0.75 
IO00'C 5% INITIAL OXIDATION 

(_CATHODE: 98% INITIAL H20 

OPEN CIRCUIT VOLTAGE AS PARAMETER (EO) 

Ior 

- . 0 5  

l . 

x 

~ 50 . . J  

u -  

50 I00 
-.365 

% H20 REDUCTION 

Fig. 4. Computed overage open-circuit voltages for water vapor 
dissociation in a depolarized anode cell, Operating lines at fuel/ 
water vapor flow rate ratios of 1/2 and 3/1 are superimposed. 
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O p e r a t i n g  [ i ~ z e s . - - E q u a t i o n s  [7] and [10] must  de- 
scribe the same current  density. They can thus be 
combined to give the relat ion 

JcYc~Xc  = JA ( 1 - -  YA ~) XA [ 11] 

This is a straight l ine in the Xc-XA plane, and can be 
superimposed on a plot of-Eo values as shown in Fig. 4 
to give an operating line that  will be followed by the 
cell with a constant  ratio of fuel to water  vapor flow 
rates. For a slope of unity,  the operating line will de- 
scribe cell operation which can s imultaneously dis- 
sociate all the water vapor and oxidize all the fuel; 
general ly either water  vapor or fuel will be a l imit ing 
reactant. Figure 4 i l lustrates operating lines for fuel /  
water  vapor flow rate ratios of 1/2 (fuel oxidation l imit-  
ing at 50% water  vapor reduction) and 3/1 (water 
vapor reduction l imit ing at 33% fuel oxidation).  

S e Z f - d r i v e n  d i s s o c i a t i o n  c e l Z s . w T h e  cell voltage E of 
a short-circuited depolarized anode cell wil l  obviously 
be zero. Applying this conditon to Eq. [5] and combin-  
ing [5] and [7] yields the condition for x c  in this mode 
of operation as 

--  E o / x c  = r J c Y c  t [12] 

Since E--o can be negative for a depolarized anode cell, 
the Ief t -hand side of [12] can be positive. This self- 
driven mode of operation has been observed experi-  
mental ly;  the cell becomes, in effect, a fuel cell with 
water  vapor as the oxidant. The operating l ine speci- 
fied by Eq. [11] can be used to solve [12] graphically. 
But, even without  following such an approach in de- 
tail, it is apparent  that the low open-circui t  voltages 
l imit  this type of operation to small  current  densities 
with the electrolytes general ly available. Hence these 
cells are not discussed fur ther  here. 

Experimental  Results 
Figure 5 is a schematic cross section through the 

active portion of a dissociation cell. Details of the 
construction and fabrication of such cells are pre-  
sented in Part  II (5). Yttr ia-stabil ized zirconia 0.5-0.6 
mm thick was normal ly  used as the electrolyte. Cath- 
odes were made from porous nickel, while anodes 
consisted either of various porous electronically con- 
ducting oxides for oxygen anode cells, or porous nickel 
for depolarized anode ceils. Cells were operated in 
electrically heated furnaces, with control thermo- 
couples attached to the outer electrode. 

C e l l  m e a s u r e m e n t s . - - T h e  cell voltage was measured 
by potential  probes attached to the electrodes, elimi- 
nat ing voltage drops in the current  leads. Although 
Fig. 5 shows current  leads attached only to one end of 
the electrodes, most exper imental  cells had current  
leads at both ends of the electrodes. Materials for cur-  
rent  leads, and contact resistances between these and 
electrodes, are discussed elsewhere by the authors (9). 
The auxil iary electrodes allow measurements  of open- 
circuit voltages Eo i and E J  that are related to the 
cathode and anode gas compositions at the entrance 
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Fig. S. Schematic cross section of experimental water vapor dis- 
sociation cell, 
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and exit ends of the cell. A simple resistance network, 
as shown, provided a l inear  average of these two 
voltages; this average is very near ly  Eo. Thus the dif- 
ference between this exper imental ly  measured value 
of Eo and E is the total overvoltage ~. In  the absence 
of nonohmic overvoltages, the value of ~ will  be equal 
to r~, so that  the slope of a plot of ~ against -j should 
yield r. 

Typically, E, r and either E J  or the average value 
of Eo ~ and Eo ~ were measured while the current  was 
automatical ly swept from zero to a preset max imum 
(limiting e to a max imum of 1.5-2V to prevent  elec- 
trolysis of the zirconia),  and back to zero over a t ime 
of about 25 min. Negligible hysteresis to the voltages 
was observed, and cell tempera ture  remained constant  
to better  than  5~ 

The value of 8 was, in general, not a l inear  funct ion 
of current  density, as it should be if it represented 
only a resistive voltage drop. In  these cells, this can 
be ascribed pr imar i ly  to mass t ranspor t  overvoltages 
in the gas phase, wi th in  the pores of the electrodes. 
These effects, which are also encountered in measure-  
ments  of h igh- tempera ture  fuel cells, are detailed else- 
where in this context, as well as a discussion of the 
effects of electrode resistances (6). A conclusion of 
the cited study is that a value of r can be derived by 
suitably processing data on the var iat ion of ~ with 
current  density. The resul tant  value of specific re-  
sistance wil l  contain an averaged contr ibut ion from 
mass t ransport  effects. This is typical ly of the order of 
0.05 ohm-cm e for the 0.15-ram thick electrodes gener-  
ally employed, and is not a strong funct ion of tempera-  
ture  since gaseous diffusion is not a thermal ly  acti- 
vated process. 

Addit ional  measurements  were made on selected 
cells. These included leakage rate at operating tem-  
peratures, and electrode specific resistivity, as dis- 
cussed in connection with h igh- tempera ture  fuel cells 
(6). Leakage rates were of the order of 25 m A / c m 2 
when expressed as an equivalent  current  density and 
can be neglected in comparison to the imposed current  
density. These leakage tests could also be used to show 
that  electronic conductivi ty in the electrolyte was less 
than  1% of the total conductivity. Nickel electrodes 
showed specific resistivities of about 0.05 ohm/sq, and 
various oxide anodes exhibited specific resistivities of 
about 0.15 ohm/sq  for 0.15-ram thicknesses. The con- 
t r ibutions due to mass t ransport  and electrode specific 
resist ivity (which depend on cell geometry) were 
taken into account when calculating the cell specific 
resistances employed in subsequent  sections. 

O x y g e n  anode ce l l s . - -Figure  6 shows typical  vol tage/  
current  density characteristics for an oxygen anode cell 

operated with an excess water  vapor flow. The value 
of J c y c  ~ was about 3 A /cm 2, so that  at most only 
about 35% of the enter ing water  vapor was dissociated 
at max imum current .  The enter ing cathode gas nomi-  
na l ly  contained 50 % water  vapor so that the cell could 
be operated in a reverse direction (negative current  
density, with the sign convention used) while oxygen 
was supplied to the anode side; under  these conditions, 
the cell becomes a hydrogen/oxygen fuel cell. The sign 
of the total overvoltage must  then be reversed, but 
its significance remains  the same. 

The value of E at zero current  is about 0.88V; this 
is close to the static value of Eo that  would be ex- 
pected from Fig. 2. The discrepancy is most probably 
due to deviations of the cathode feed from the nominal  
composition. Figure 2 also indicates that  for the oper- 
ating conditions of this cell, Eo should increase by only 
about 0.03V at most from the  static value. Thus the 
shape of E with current  density should closely parallel  
that of ~ for operation in the forward direction, with a 
constant separation for the two curves not varying by 
more than 0.03V. This can be verified by  direct mea-  
surement  in Fig. 6. 

Although E is not symmetric with current  density 
about the zero current  point, ~ is symmetric about this 
point to wi thin  about 0.02V at 1 A/cm 2. The causes of 
the nonl inear i ty  of ~ have already been mentioned.  The 
symmetry  of this voltage about the zero current  point 
demonstrates that  act ivat ion-type overvoltages are 
small, compared to resistive voltages, since these would 
not be symmetric with respect to direction of current  
flow if large. On the other hand, mass t ransport  over- 
voltages at the cathode would arise pr imar i ly  from 
water  vapor /hydrogen interdiffusion, and would be 
expected to be symmetric.  There should, of course, be 
no such overvoltage at the oxygen anode in the ab-  
sence of a diluent, and comparison of the properties 
of the O2 anode with those computed for a porous CI2 
electrode shows that  the anode pore sizes are suffi- 
c ient ly large to rule  out any mass t ranspor t  overvoltage 
due to viscous drag forces (10). 

The asymmetry  of E in Fig. 6 can then be ascribed 
chiefly to the fact the E-o is not symmetric with respect 
to the direction of current  flow. This is most l ikely 
due in this case to deviations of the init ial  cathode gas 
composition from its nomina l  value. 

DepoZarized anode ce l l s . - -F igure  7 presents typical  
vol tage/current  density characteristics for a depolar-  
ized anode cell operated with l imited water  vapor and 
fuel flows. The value of yc  i was 0.85, and hydrogen was 
used as the fuel with a value for yA i of 0.03. Flow rates 
were adjusted so that both J c y c  i and JA ( 1 -  y~)  were 
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about 2.6 A/cm 2. Thus, at max imum current ,  about 
75% of the enter ing water  was dissociated and a simi- 
lar amount  of the enter ing fuel oxidized. Water  vapor 
and fuel flows were in the same direction along the 
length of the tubular  cell. Thus Eo ~ could be measured 
to provide an indication of the change in water  vapor 
dissociation, relat ive to fuel  oxidation, at the exit end 
of the cell where both cathode and anode gases had 
their final composition. The value of Eo i will  be con- 
stant  and equal to the static value of Eo y, about --0.28V 
(this can be verified by direct measurement) .  Thus the 
value of Eo can be obtained by averaging the value 
of Eo y with this static value. 

The static value of E is negative at about --0.3V, 
which is general ly  consistent with Fig. 4 even though 
ini t ia l  gas compositions are not  identical. The static 
value of E in this cell is about 1.2V below that  of the 
oxygen anode cell just  described; this is a specific 
demonstrat ion of the generalization that  the low oxy- 
gen potential  of the fuel in  a depolarized anode cell 
reduces the amount  of electrical energy (other factors 
being equal) required to dissociate a mole of water  
vapor. 

Also, in contrast  to the oxygen anode cell, Fig. 4 in -  
dicates that,  for the depolarized anode cell being con- 
sidered here, Eo should increase at max imum cur ren t  
by about 0.25V. Thus E should increase more rapidly 
with current  density than  g. This is clearly shown in 
Fig. 7, which also shows that  Eo (as measured by the 
average value of E J )  increases from --0.28 to --0.06V 
at 2 A/cm 2. Fur ther ,  the change in sign of E J  at cur-  
rent  densities above 1.2 A /cm 2 is direct evidence of 
the fact that  the water  vapor /hydrogen  ratio in the 
exit ing cathode gas is lower than the same ratio in 
the exit ing hydrogen-base  fuel gas at the anode side 
of the cell as a result  of O - -  t ransfer  through the 
electrolyte. 

I t  is apparent  from Fig. 7 that  ~ is more nonl inear  
for the present  cell than for the oxygen anode cell with 
the characteristics of Fig. 6, even taking into account 
the different voltage scales of these two figures. The 
depolarized anode cell, however, has two electrodes at 
which mass t ranspor t  overvoltages can occur, while 
the oxygen anode has only one. A greater degree of 
nonl inear i ty  would therefore be expected for the 
former type of cell. It  should be noted that the  magni -  
tude of mass t ransport  overvoltages is fair ly sensitive 
to electrode s tructure since these have connected 
porosities of only 15-30%. 

System Heat Balance 
It  has been demonstrated that the characteristics of 

dissociation cells can be accounted for in terms of their  
average open-circui t  voltage, specific resistance 
(ohmic),  and mass t ranspor t  overvoltage. Although 
the last is nonl inear  in current  density, its effect can 
be approximated by adding a constant  to the specific 
resistance, provided this constant  is small  compared 
to the ohmic port ion of r. 

The determinat ion of the actual  system performance, 
i.e. the value of TV/m*, cannot be carried out unless 
the system satisfies some heat balance criterion. Con- 
sider again the system of Fig. 1. In  this system, the re-  
actant  and product  flows are depicted as completely 
separate from the leads. A real system may not have 
this separation, since gas and current  flows may follow 
the same path to the cells, but  the separation is useful  
to allow a first approximation to a heat balance which 
is informat ive as to effect of cell characteristics and 
lead materials  on system performance. This approxi-  
mat ion consists of the assuming that  (a) the net heat 
generat ion rate is given by Eq. [6], which from Eq. 
[3] and [4] contains the effects of reactant  and prod-  
uct  temperatures  as well  as the enthalpy change at the 
cell temperature,  and (b) the only heat loss from the 
cells is through the leads themselves, since in p r in -  
ciple the thermal  insulat ion and radia t ion shielding 

W A T E R  V A P O R  1623 

around the cells can be made sufficiently good to re-  
duce all other heat  losses to an arbi t rar i ly  Iow value. 
The lat ter  assumption wil l  be increasingly valid as 
system size increases, bu t  the leads will  always re-  
main  as a relat ively high thermal  conductivi ty path 
to the surroundings  since they must  in general  be 
fabricated from metals  or alloys exhibi t ing high elec- 
trical conductivi ty at all temperatures  between that  
of the cells and the surroundings.  

The question of mult icel l  systems also arises. Without  
losing generality, any such system can be considered to 
consist of a set of "stacks," each containing N cells 
connected in series both electrically and chemically; 
the set of stacks are in parallel  chemically and either 
in series or paral lel  electrically. The total  area of all 
cells is still represented by A, and all intercel l  elec- 
tr ical  connections must  be made ent i rely wi th in  the hot 
zone at the cell temperature.  

Thermal ef]ects in leads.~Figure 8a represents a 
single lead of length L1 and cross section A1 extending 
through the thermal  insulat ion around the cells. The 
thermal  conductivi ty K of the lead mater ia l  will be 
much higher than  that  of the thermal  insulation,  so 
that heat flow through the lat ter  can be neglected, 
resul t ing in a one-dimensional  problem. The lead 
carries the total  cur ren t  I which causes Joulean  heat ing 
of the lead itself. The temperature  Tl of the lead must  
be evaluated as a funct ion of position x along the lead 
from a value of T at the inne r  (hot) end to a value 
of To at the outer (ambient)  end. Then the heat  loss 
from the cells into each lead wil l  be proport ional  to 
A1 and to the product  of K and the tempera ture  gradi-  
ent  d%/dx in the lead at the inner  end, denoted by  a 
subscript (0). As indicated in Fig. 8a, K is a function 
of temperature,  and thus of position along the lead. 

Figure  8b shows the heat flows into and out of a 
th in  slice of the lead, and the heat generat ion rate in 
the slice due to Joulean heating. The lat ter  wil l  be 
proportional to the square of the current  and the lead 
resist ivity p, which like K is a funct ion of temperature.  
In  the steady state, the net  heat flow out of the slice 
must  be equal to the heat generat ion rate in the slice, 
allowing a differential equation for T1 to be obtained 
as 

d ( dT1) I2p O [13] 
A l - - ~ -  K - ~ - -  x -F A1 

Electrical and thermal conductivities in me ta l s .pAt  
ambient  temperatures  and higher, free electrons a r e  

responsible for both electrical and thermal  conductivi ty 
in metals;  in contrast  to nonmetals ,  very li t t le contr i -  

o) CROSS-SECTION 
A t 

HOT 

T T J/l 

-A.,K[tl( o)] -~e I (o)--~. ~ - - - I /  

,i LI  �9 
LENGTH 

b) 

-AtK[TI(x)] ~ I(s) 

HEAT FLOW IN 

-AtK[Tt(~*d~)] ~l(,§ 

HEAT FLOW OUT 

~fto(,)] i2 re �9 . 

HEAT GENERATION RATE 

Fig. 8. (a): Schematic representation of lead, and heat flow from 
cells into inner end of lead. (b): Differential heat flows within 
lead. 
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bution is made to thermal  conductivi ty by the meta l  
atoms. As a result, a simple t rea tment  (11) based on 
free electron mean  path lengths in a metal  predicts 
that  electrical and thermal  conductivi ty should be re-  
lated by 

K = ~r [14] 

where k is the Lorenz Number,  with a value of 2.45 x 
10-s (V/~ (2). In  this t reatment ,  the electrical 
conductivi ty itself is inversely proport ional  to T q- 0, 
where 0 is a tempera ture  characteristic of the metal.  
Two l imit ing cases are then possible, and are described 
briefly. 

Pure metals.--For pure  metals, o/T is general ly 
much less than  un i ty  as a consequence of free electron 
mean path length being determined pr imar i ly  by ther-  
mal  vibrat ions of the metal  atoms. Then it can be 
shown that,  for these materials,  the product  of the 
thermal  coefficient of resistivity a and the resistivity p 
should be constant, independent  of temperature.  Avai l -  
able data show that  this product  has an average value 
of from about 6 x 10-9 ohm-cm/oK for silver to 6 x 
10-s ohm-cm/OK for nickel. 

Alloys.--In alloys, free electron mean  path length 
is influenced main ly  by the spacing between solvent 
and solute atoms, causing o/T to be much greater than  
unity.  Then for, such materials,  the resistivity p should 
be constant  and independent  of temperature.  Many 
alloys based on ferrous metals  or copper which con- 
tain substant ia l  amounts  of al loying additions (20% 
or more) have resistivities of the order of 1 x 10 -4 
ohm-cm over a fairly wide tempera ture  range. 

These electrical characteristics of pure metals and 
alloys as just  described are approximations bu t  are 
not  grossly in error. For  example, the resist ivity of an 
alloy may vary  by a factor of 1.5 from room tempera-  
ture  to 1000~ In  contrast, the resistivity of a pure 
metal  can change by a factor of 5 or 6 over the same 
tempera ture  range while its tempera ture  coefficient- 
resistivity product remains  constant  to wi th in  25%. 
The value of these approximations is that  they allow 
relat ively simple solutions of Eq. [13] in closed form, 
simplifying the problem of examining the effects of 
these two classes of lead materials  on the operating 
point  of a cell system as determined by heat balance 
criteria. 

Heat loss and power loss in leads.--The pure metal  
and alloy approximations can each be introduced in 
t u rn  into Eq. [13], along with the relationship of Eq. 
[14]. Solutions to [13] are then possible which allow 
evaluat ion of the rate of heat loss through each lead. 
For simplicity, two identical leads can be considered; 
the total heat  loss from the cells through both leads 
wil l  be denoted by Q1. The heat balance cri ter ion is 
then 

Q/A - =  QI/A [15] 

where Q/A is given by Eq. [6]. 
Solutions for T1 as a function of x also allow the 

lead resistance RI to be evaluated by  integrat ion of p 
over the length of the lead. The total power dissipation 
in each lead is then I2Rb and the power dissipation in  
two identical leads, denoted by P~, is twice this value. 
The energy input  to the system per mole of water  
vapor dissociated is now no longer given by 2FE, but  
must  include this power dissipation. Then W/m* is 

~V/m* = 2FE ~- P]/m* [16] 

where E is given by  Eq. [5]. 
The results of the solution of Eq. [13], t ransformed 

into a form appropriate for use in [15] and [16], con- 
ta in  a single geometrical parameter  which involves 
total  cell area, lead length, and lead cross section. This 
parameter,  s, is given by  

s -~ A~ (A1/L1) [17] 

In  terms of s, expressions for QIIA and  Pllm* can then  
be obtained as 

(~l/A = 2~ ~'2TJcYcixc 

cos ap "ff JcYc~Xc ) --  T . /T  
[18] 

sin ( ~ a p  NJcYc'Xc ) 

1 s 
= ~. - -  s (2"2 -- To s) --  p ~ , ~  (JcYc~Xc) 2 [18b] 

P 2v ~ 

and 
1 

Pillar* -~- 4F~Y2 (T -{- To) 
N 

I -- COS 

[19a] 

where [18a] and [19a] apply to the case of pure  
metals, and [18b] and [19b] to alloys. 

Determination of system perSormance.--Equations 
[6], [7], and [18a] or [18b] can most readily be used 
to find the value of Jc, i.e. the water  vapor flow rate, 
that  satisfies [15] for any  set of operat ing conditions. 
This is a nonl inear  problem that  can be solved by any  
convenient  numerica l  method. The resul tant  value of 
Jc can then be used in Eq. [16] with [19a] or [19b] to 
determine W/~n*. This process can be repeated for a 
number  of different values of the parameter  s to yield 
the variat ion of ~V/m* with s. A m i n i m u m  value of 
l~ /m* would be expected for some value of s, repre-  
senting the m i n i m u m  possible energy input  to the 
system per mole of water  vapor dissociated, for the 
assumed conditions. 

System performance at heat balance.--Heat balance 
calculations were made on a depolarized anode cell 
system with water  vapor and fuel  inputs  similar  to 
those noted in Fig. 4, except that the fuel was assumed 
to contain 46% ni trogen (from air) ,  resul t ing from 
part ial  combustion of a hydrocarbon to generate the 
fuel. Some preheat ing of the input  streams was as- 
sumed, as well  as a small  amount  of heat exchange to 
lower the tempera ture  of the output  streams. The as- 
sumed operating conditions were 95% water  vapor 
dissociation, with a 10% excess of fuel input  relat ive 
to water  vapor input. In  l ine with exper imental  results, 
the specific resistance of the cells was taken  as 0.67 
ohm-cm ~ at 1000~ and as 0.44 ohm-cm ~ at l l00~ 

The quant i ty  (W/m*) /2F  having the dimensions of 
volts, and denoted by E, was used ra ther  than W/~n* 
to describe the energy input  to the system. This is the 
average voltage of a single cell having the properties 
of a cell in the system, including the effects of power 
dissipation in the leads; it can also be compared direct-  
ly with the cell voltage for electrolysis of l iquid water. 
Figure 9 shows the var iat ion of performance with s at 
l l00~ for three different conditions: (a) single ce]ls 
with alloy leads (p = 10-4), (b) 10 cell stacks with 
alloy leads (p = 10-4), and  (c) 10 cell stacks with 
pure metal  leads (ap = 10-s) .  As expected, there is 
an opt imum lead geometry giving rise to the lowest 
dissociation energy, at the bottom of a ra ther  shallow 
minimum. The vir tues of the mult icel l  stack in reduc-  
ing the m i n i m u m  dissociation energy by about a factor 
of two are apparent.  Also, the m i n i m u m  dissociation 
energy for 10 cell stacks does not depend on the na ture  
of the lead material .  Although this resul t  cer tainly is 
not apparent  in  view of the widely different expres- 

S 

S 
= 4FX JcYc~Xc [19b] 

N2 
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sions for hea t  loss and power  diss ipat ion in the  leads 
for the  two cases considered, i t  is not  unreasonable  in 
view of the coupling be tween  the rma l  and e lect r ica l  
conductivit ies.  Thus the re  is no advantage,  f rom an 
energy r equ i remen t  s tandpoint ,  of p re fe r r ing  e i ther  
type  of mater ia l .  

F igure  10 shows the best  possible system pe r fo rm-  
ance, i.e. at the  min ima  of curves  s imi lar  to those of 
Fig. 9, for opera t ion  at  1000~ as a function of the  
number  of cells per  stack. Values of cur ren t  density,  
cell  voltage,  and the percentage  of to ta l  input  power  
diss ipated in the leads at  these min ima  are  also in-  
cluded. Calculat ion of best  per formance  at  o ther  t em-  
pera tu res  leads to s imi lar  results,  differing p r i m a r i l y  
in the  magni tude  of the  cur ren t  density.  The value  of 
Eo is close to zero, whi le  E-H, represen t ing  ma in ly  r e -  
ac tant  preheat ing ,  is about  0.35V for the  assumed 
conditions. 

I f  min imiza t ion  of energy  cost is the  chief  cr i te r ion  
in dissociation, Fig. 10 i l lus t ra tes  the  incent ive  for de-  
veloping techniques of fabr ica t ing  mul t ice l l  stacks. 
P a r t  I I  descr ibes  some of the  mate r i a l s  p rob lems  in-  
heren t  in this  task. The cost of cells themselves  wi l l  
en ter  into the  ove r -a l l  cost of dissociation, however ,  
and in this connection cells should be opera ted  at  as 
high a cu r ren t  dens i ty  as possible to minimize  the  
to ta l  cell  a rea  for a given system capacity.  F igure  10 
shows tha t  cu r ren t  densi t ies  for best  per formance  do 
not approach  those tha t  can safely be passed th rough  
the e lec t ro ly te  as demons t ra ted  by  s ingle-ce l l  ope ra -  
tion. However ,  the  cur ren t  dens i ty  for  best  pe r fo rm-  
ance decreases by  only 10% in going f rom 1 to 10 cells 
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per  s tack whi le  the energy  r equ i remen t  for dissocia-  
t ion decreases b y  a lmost  50%. 

A sys tem need not  be opera ted  at i ts  best  pe r fo rm-  
ance, in te rms of energy  requi rement ,  if h igher  cur ren t  
densi t ies  a re  des i rab le  to decrease  cell  area. The l eads  
can be made  l a rge r  in cross section, increasing the 
hea t  loss, effectively opera t ing  to the lef t  of the  min ima  
shown in Fig. 9. The  possible advantages  of this  p ro -  
cedure  wil l  depend on the economics of the  pa r t i cu la r  
sys tem involved.  Al te rna t ive ly ,  since the  value  of the  
cur ren t  dens i ty  is dependent  on the specific res is tance 
of the  e lec t ro ly te /e lec t rode  combinat ions,  this  p a r a m -  
e ter  can be reduced  to increase the  cur ren t  dens i ty  
at  best  performance.  To some extent ,  increasing the  
cell  t empera tu re - - -p robab ly  wi th  about  1150~ as an 
upper  l imi t - - i s  one way  of accomplishing this reduc-  
tion. Other  possible approaches,  and some of the i r  
l imitat ions,  a re  presented  in Pa r t  I I  (5).  

Manuscr ip t  submi t ted  A p r i l  21, 1969; rev ised  m a n u -  
scr ipt  received J u l y  17, 1969. This was Pape r  356 pre-  
sented at  the  Mont rea l  Meeting, Oct. 6-11, 1968. 

A n y  discussion of this  paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the June  1970 
Jotrm~AL. 
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A P P E N D I X  I 
The act ive area  of an e lec t ro ly te  can be descr ibed 

in te rms of a normal ized  p a r a m e t e r  ~. This can be de -  
fined in terms of Yc, the  f ract ional  amount  of wa te r  
vapor  in the gas at  the cathode; the  value  of ~ is set at  
zero where  Yc = Yc i and un i ty  where  Yc -~ Yc ~. Con-  
s ider  the area  5A to be the  area  of e lec t ro ly te  be tween  
Yc and Yc ~- 5yc, which in tu rn  are  associated wi th  
and ~ WSf. A funct ion a~ can be defined as 

l ira 8A 
as -~ 8~-~ 0 8-~ [ I - l ]  

and the infini tesimal a rea  dA becomes 

d A  = a~d~ [I-2] 

The average  current  dens i ty  be tween 0 and ~ is 

-j(~) = -~  ja~d~ [I-31 

where  j is the local value  of cur ren t  dens i ty  at  any  
point  on the electrolyte .  But  f rom the definit ion of Yc, 
this same average  cur ren t  dens i ty  is 

J(~) = Jc  (Yc i - -  Yc)  [I-4] 

Equat ing  these  two expressions,  differentiat ing,  and re -  
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ar ranging  gives 
1 

a~d~; = - -  AJc ---. d y c  [I-5] 

Any  quant i ty  U having a local value which is a 
funct ion of Yc will  then have an average value U that  
can be expressed as 

_ 1 s  A1__.y: U = - ~  U d A  = Ua~d~: 

f ~c r U 
= - -  J c  ~,~c ~ -:'. d y c  [I-6] 

3 
This immediate ly  gives-j  as 

-~= - -  J c  (Yc  ~ -  Yc9 [I-7] 
which is in agreement  with Eq. [7]. Further ,  using 
[I-7] the average U can be expressed as 

1 C~c t U 
U = - _} ~ d y c  [I-8] 

yc~ yc~ Vyc, (j/j-) 
Clearly, if j / j  is approximately unity, the average value 
U is given by 

__ 1 fYc  t 
U ~ - U d y c  [I-9] 

y c  I y c  i ~ ~c ~ 
which is s imply the average of U over Yc 

From the Nernst  equation, the local value of the 
open-circui t  voltage, Eo, for an oxygen anode cell wil l  
be proport ional  to the na tura l  logari thm of the water  
vapor /hydrogen ratio plus a constant, or 

Eo - -  ln  ( y c  ) - t - k ,  [I-10] 
1 -- Yc 

Integrat ing [I-10] as indicated in [I-9] gives 

E'o~ [Yc~ In (Yc  ~) --  y c i l n  ( Y c 9  + (1 -- y c  ~) In (1 -- y c  ~) 

-- ( 1 - - y c  i) l n  ( 1 - -  Y c g ] / ( y c  ~ - y c 9  + k l  [I-11] 

But, as shown in Appendix  II, subst i tut ion into Eq. 
[1] and [2] yields the result  that  Eo as defined by Eq. 
[2] involves terms containing y c  i and y c  i exactly the 
same as those of [I-11]. 

It can also be shown (6) that  for fuel gases based 
on hydrocarbons,  the local open-circui t  voltage for a 
depolarized anode cell will  be described approximately  
by  

Eo" ' In  (' Yc ) - - l n (  yA ) -I--k2 [I-13] 
1 -- Yc 1 -- YA 

But YA will  be coupled to Yc  by the O - -  flow through 
the electrolyte in this case, so that  Eo is still a funct ion 
of Yc only. Thus the integrat ion of [I-9] still applies�9 
The mole fractions of the  various species in the fuel 
gas can likewise be described in terms Of YA, with the 
result  that  Eq. [2] again yields a value of Eo consistent 
with that  of the constant  current  density case. 

APPENDIX II  
The oxygen anode cell can be considered specifically 

to i l lustrate the form of the expression resul t ing from 
subst i tut ing appropriate flow rates and compositions 
into Eq. [1]. Using the nomencla ture  of the text, the 
molar  flow rates of gases enter ing the cathode are 

mH20, in JcAyc~  = [II-1] 
2F 

and 

J c A  (1 -- Yc9 
mHz, in = [II-2] 

2F 

Likewise, the molar  flow rates of gases leaving the 
cathode are 

J c A y c  s 
mH20, out ---- . - -  [II-3] 

2F 

J c A  (1 - -  y c  t) 
77~H2 , out = [II-4] 

2F 

There is no reactant  enter ing the anode, while  the 
molar  flow rate of gas leaving the anode is 

too2, out = J c A  (yc ~ --  Yc/) [II-5] 
4F 

The total pressures at the cathode and anode are 
P c  and PA, respectively, al though Pc  will  cancel from 
the final expression. Taking the water  vapor disso- 
ciated at the cathode as the critical component,  the 
flow rate  m* is, by difference, 

m *  ---- J c A  (yc  i - -  Yc  ~) [II-6] 
2F 

With this choice for the critical component,  it is ap- 
parent  that  AG~ is the negative of the s tandard free 
energy of formation of one mole of water  vapor at 
tempera ture  T, or 

AG~ : ---~G~ T [II-7] 

The result  of subst i tut ing the expressions of [II-1] 
through [II-7] into Eq. [1], and not ing that  Yc and 
1 - -  Yc  are the mole fractions of Ha and H20, respec- 
tively, is then 

GT/7~* = --AG~ T 2f. R T  in  (PA) /2  

-{- R T  [yc  I In (YcO 

+ (1 -- YcD In (1 -- YcO - -  y c ~ l n  ( Y c 9  

-- ( 1 - - y c  i) In ( 1 - -  y c i ) ] / ( y c  i - y c  s) [II-8] 

This expression can be evaluated with only a knowl-  
edge of AGOH20, T which can be obtained from a source 
of tabulated values.# 

The t rea tment  of a depolarized anode cell is s imilar  
to the preceding, but  the mole fractions of the species 
present  must  be calculated taking the water  gas shift 
reaction into account. The parameters  h and YA as de- 
fined in the text  are convenient  to use since the mole 
fractions of CO, CO2, H2, and H20 in the anode gas can 
readi ly be expressed in  terms of these parameters�9 In  
this case, PA will  also cancel from the final expression�9 

With expressions of the mole fractions of the var i -  
ous species present  in the gas streams enter ing and 
leaving the cathode and anode, Eq. [3] can be evalu-  
ated with a knowledge of the various enthalpy content  
difference terms H~ and H~176 Since only 
differences in molar  enthalpy content  are involved, 
tabula ted values with respect to any convenient  refer-  
ence temperature,  such as 298~ may be used.$ 

In the preceding, the difference y c  i - -  y c  ~ has been 
used to characterize the composition change in the 
cathode gas; this of course can be replaced by the 
product y c i x c  (with an analogous t rea tment  for the 
anode gas) to obtain expression re la t ing Eo to x c  or 
x c  and XA. 

t S t a n d a r d  G i b b s  f r e e  e n e r g y  v a l u e s  u s e d  w e r e  f r o m  " T h e r m o -  
c h e m i s t r y  f o r  S t e e l r n a k i n g , "  Vol�9 I,  E l l io t t  a n d  G le i s e r ,  A d d i s o n -  
W e s l e y  (1960).  

, E n t h a l p y  c o n t e n t  v a l u e s  u s e d  w e r e  o b t a i n e d  f r o m  t h e  p r e c e d i n g  
source .  
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ABSTRACT 

Following the thermodynamic and electrochemical description of high- 
temperature electrolytic dissociation of water vapor discussed in Part I, this 
paper is concerned with materials problems, design, and fabrication of both 
single-cell and multicell devices. Oxygen anodes and depolarized anodes are 
both considered, and it is concluded that the most feasible system is that 
employing discontinuous electrolyte segments and depolarized anodes. 

The thermodynamic  and electrochemical basis for the 
h igh- tempera ture  electrolytic dissociation of water  
vapor was presented in Part  I of this paper (1). This 
part  of the paper is concerned with materials problems, 
fabrication, and performance of both single-cell  devices 
and mult icel l  stacks, or batteries. Two general  systems 
were discussed in Par t  I, viz. operation with oxygen 
anodes and operation with depolarized anodes. With 
respect to materials,  each system has certain features 
in common and some features that  are much different. 
Both systems have the same cathode reaction and con- 
sequent ly the cathode and also the electrolyte may be 
made from the same materials.  Factors influencing the 
choice of cathode and electrolyte materials  are dis- 
cussed in the following sections. The principal  differ- 
ences between the two systems lie in the anode reaction 
and anode material.  Figure 1 shows schematically the 
operation of a zirconia electrolyte water  vapor dissoci- 
ation cell operat ing with an oxygen anode. The domi- 
nan t  characteristic of this mode of operation, from a 
materials  viewpoint,  is that  the anode and anode leads 
must  be chemically and physically stable in an oxidiz- 
ing envi ronment  at elevated temperatures.  In  many  
respects, the materials requirements  for the oxygen 
anode are similar  to those for zirconia fuel cell cathodes 
(2). This is discussed in more detail  in subsequent  sec- 
tions of this paper. Operation of zirconia electrolyte 
water vapor dissociation cells with depolarized anodes 
is shown schematically in Fig. 2. In  this mode of oper- 
ation, an excess of fuel over the stoichiometric require-  
ment  is employed to main ta in  a reducing atmosphere 
over the anode. Carbon monoxide is indicated as the 
fuel; other fuels are also feasible. Consequently, a 
different set of materials  requirements  is involved. The 
effect of these parameters  on the fabrication and per-  
formance of both single- and mult icel l  devices is dis- 
cussed later. 

It was shown in Par t  I that, in order to achieve an 
optimal thermal  balance and to minimize the energy 
requirements  for the system, it would be necessary to 
utilize mult icel l  stacks in a practical system rather  
than  single-cell  devices. The latter,  however, are much 
easier to fabricate and test. Fur thermore,  the invest i -  
gation and interpreta t ion of cell reactions is more 
straightforward with single-cell  devices. Consequently, 
both single-cell  devices and multicell  stacks have been 
bui l t  and tested. 

Electrolytes and Cathodes 
The choice of materials  for the cathodes and elec- 

trolyte of the cells is largely independent  of the mode 
of operation and the number  of cells in the device. With 
some designs of mult iple-cel l  stacks, it is conceivable 
that the choice of the cathode mater ial  could be influ- 

* Electrochemical Society Active Member. 
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enced by the necessity of having to make the series 
connections between- anode and cathode. However, this 
will not usual ly be a problem. 

Electrolyte.---In cells having either oxygen anodes or 
depolarized anodes, the electrolyte performs the dual  
function of providing both oxide ion conductivi ty and 
s t ructural  s t rength to the device. 
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Fig. 1. Schematic illustration of solid oxide electrolyte water 
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The electrolyte mater ia l  must  satisfy several criteria. 
It  must  be fabricable into a gas- impermeable  s t ructure  
and possess high oxide ion conductivi ty and low elec- 
tronic conductivity. Also, the fabrication methods used 
for these cells require  s inter ing of the electrolyte to 
at least 95% of theoretical density at temperatures  
below the mel t ing point of the electrodes (ca. 1450~ 
Finally,  the isothermal ionic conduct ivi ty  should be 
independent  of oxygen part ial  pressure over the wide 
range encountered, which may  be as much as 20 orders 
of magnitude.  

The cells which are discussed are based on a stabi-  
lized zirconia electrolyte. Other oxide ion conductors 
are known, such as yt t r ia-doped thoria, or ceria-doped 
lanthana.  The properties of zirconia are much better  
characterized and understood, however, and conse- 
quent ly  it has been used. Zirconium dioxide can be 
stabilized into the cubic fluorite s t ructure  by the addi-  
t ion of various oxides such as CaO, MgO, Y208, and 
other rare  earth oxides. In  the cubic phase, the cations 
from the stabilizing oxide occupy sites in the zirconium 
cation sublattice. Since the stabilizing cation has a 
lower valence than  the host Zr +4 ions, anion vacancies 
are created to preserve charge neutral i ty .  As a first ap-  
proximation,  the oxide ion conductivi ty depends on the 
concentrat ion of anion vacancies (3-5), and hence on 
the concentrat ion and valance of the stabilizing cation. 
Since the concentrat ion of vacancies is fixed by com- 
position, it follows that  at a given tempera ture  the 
oxide ion conductivi ty is fixed by composition and 
therefore is substant ia l ly  independent  of oxygen part ial  
pressure, at least over the range of oxygen pressures 
of interest  here (4, 5). Figure 3 is a plot of ionic con- 
duct ivi ty  vs. reciprocal absolute tempera ture  for var i -  
ous stabilized zirconias. Except for the case of y t t r ia -  
stabilized zirconia, for which data for two compositions 
are presented, the curves shown for each mater ia l  are 
for the optimal concentrat ion of the stabilizing oxide. 
In each such material ,  lesser or greater  amounts  of the 
stabilizing oxide will result  in a mater ia l  with lower 
ionic conductivity. Thus, for the case of yt t r ia-stabi l ized 
zirconia, 10 m/o  (mole per cent) Y203 has been found 
to maximize ionic conductivity,  while the addition of 
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Fig. 3. Conductivity vs. reciprocal obsolute temperature for vari- 
ous stabilized zirconias. References: ZrO2-Ce02 (6); ZrO2-Y203 
(7); ZrO2-Nd203, ZrO2-Yb203 (8); ZrO2-Lu203 (9). 

15 m/ o  Y203 results in decreased conductivity. The 
curvature  in the plot for the Lu203-stabilized zirconia 
suggests that  its conductivi ty may not be ent irely 
anionic. The electronic conductivi ty of these stabilized 
zirconias is of the order of 0.1% of the ionic conductiv-  
ity for oxygen part ial  pressures of interest. 

In these experiments,  zirconia stabilized with 10 m/o  
Y203 (termed "YSZ") was used as the electrolyte mate-  
rial. It  is apparent  from the data shown in Fig. 3 that  
the yt terbia-s tabi l ized mater ial  has a higher conduc- 
tivity, but  cost and avai labi l i ty  render  the YSZ more 
practical. About  1 m / o  Fe304 is added to the electro- 
lyte to increase sinterabil i ty.  This addition enables the 
zirconia to be sintered to about 95% theoretical density 
at temperatures  as low as 1225~ The addition of the 
iron does not measurably  contr ibute  to the electronic 
conductivi ty of the electrolyte down to oxygen part ial  
pressures as low as 10 -20 atm. 

Details on the processing of the electrolyte mater ial  
and the fabrication of cells are described subsequently;  
it is prepared in tubu la r  form, about 1 cm in diameter, 
with a 0.5-mm wall  thickness. It would be desirable, 
of course, to have the electrolyte as th in  as possible in 
order to minimize total  cell resistance. Leaktight  tubes 
of YSZ with walls as th in  as 0.125 mm have been pre-  
pared, but  the th icker-wal l  tubes are a more optimal 
compromise between conductivi ty and strength. 

The addition of the iron oxide as a s inter ing agent 
to the YSZ is satisfactory when the cells are operating 
with noncarbonaceous fuel gases. In  practical applica- 
tion, it is l ikely that  carbonaceous fuel gases would 
be used. For this purpose, the iron oxide addition is 
unsatisfactory; cells with Fe304-doped electrolyte show 
a gradual  decline in performance with time, due to 
increased electrolyte resistance. This is apparent ly  due 
to an interact ion between carbon atoms from the gas 
and iron in  the electrolyte. Cobalt oxide has been found 
to be an al ternate s inter ing aid which does not in te r -  
act with carbon. It can be added in about the same 
amounts  as the iron oxide and provides s interabi l i ty  
in the same tempera ture  range. Its contr ibut ion to the 
electronic conductivi ty of the electrolyte is negligible. 

Cathode.--It  was pointed out above that the half 
react ion occurring at the cathode was independent  of 
the mode of operation, i.e. independent  of whether  
depolarized anodes or oxygen anodes were used. Con- 
sequently, the choice of cathode materials  is not gen- 
eral ly going to be influenced by the mode of operation. 

In  both types of systems, cathodes have been made 
from a porous Ni-YSZ cermet, containing about 20 w/o  
(weight per cent) YSZ. The purpose of the lat ter  in the 
electrode is to prevent  s inter ing and growth of the Ni 
particles. Similar  electrodes consisting of C0-20 w/o  
YSZ have been employed. Cell performance was found 
to be independent  of the ant is in ter ing mater ia l  in the 
cathode. 

Both Ni and Co have the advantage of being chemi- 
cally stable in  H20/H2 mixtures  containing large 
amounts  of H20. Figure 4 is a plot of the max imum 
H20 content  for stabil i ty of the metal  indicated in an 
H20/H2 gas mixture,  as a funct ion of t empera ture  (10). 
Both Ni and Co are stable in atmospheres containing 
more than  90% H20. In  contrast, for example, Fe would 
be severely l imited as an electrode for this application. 
Manganese has a similar l imitation, and Cu, though 
stable in H20-r ich atmospheres, is l imited by melt ing 
point. Consequently,  Ni and Co are the only practical 
choices. 

Details on the fabrication of the cathode on single- 
cell and mult icel l  devices are discussed in a subsequent  
section on fabrication. 

Single-Cell  Devices 
Single cells wi th  oxygen anodes.--Cells operating 

with oxygen anodes resemble fuel cells in m a n y  re-  
spects. The electrochemical reactions occurring at the 
anode are effectively reversed, but  the operating en-  
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Fig. 4. Temperature dependence of the maximum water vapor 
content in H 2 0 / H 2  mixtures for stability of the metals shown. 

vi ronment  is similar, as are the cri teria for chemical 
and mechanical  stabil i ty of the anode, which would 
funct ion as a cathode in a fuel cell. Basically, the anode 
must  be made from a mater ia l  which is chemically 
stable in air  or in contact with zirconia to temperatures  
at least as high as 1000~ In  a previous paper (2), 
operational criteria were identified for fuel cell cathode 
materials,  and quant i ta t ive  relationships between cath- 
ode materials and cell operat ing characteristics were 
discussed. Many of the conclusions arr ived at in that  
study are applicable to the problem of selection of 
oxygen anode materials for the zirconia electrolyte 
water  vapor cells. It  was concluded that  the only prac- 
tical class of materials  to consider for fuel cell cathodes 
were the electronically conducting oxides. The same 
conclusion is valid for the selection of materials  for 
anodes for these cells. Figure  5 presents conductivi ty 
data as a funct ion of t empera ture  for various electron- 
ically conducting oxides. The perovskite oxides--  
LaCoO3, Sr-doped LaCoO~, and PrCoOs--are  of par-  
t icular  interest  because of their  high values of conduc- 
tivity. Unfortunately,  the first two react with zirconia 
to form reaction products which are deleterious to cell 
operation; PrCoOa anodes, however, can funct ion ef- 
ficiently for long periods of operation at temperatures  
as high as 1000~ (2). Zirconia electrolyte water  vapor 
dissociation cells with porous PrCoO8 oxygen anodes 
have been bui l t  and tested. The PrCoO3 is applied 
from an  aqueous s lurry  to a thickness of about 0.2-0.3 
mm, dried, and sintered in situ as the cell is heated up, 
resul t ing in a porous electrode. As was the case with 
fuel cells, such an electrode cannot be thermal ly  cycled 
because of the large difference in thermal  expansion 
between the PrCoOa and the zirconia. 

For  water  vapor dissociation cells which are elec- 
trolyte limited, that  is, cells in which the electrolyte 
resistance dominates the total  resistance of the cell, 
the specific resistance of the celI as viewed from the 
terminals  is given approximately by the relat ion 

r ~-~ re -~- i ( r a  -~- rc) [1] 

where re, ra, and rc are the specific resistances of the 
electrolyte, anode, and cathode, respectively, and ;f is 
a constant  which takes into account the fact that  the 

W A T E R  V A P O R  1629 03F  
\ 

/ -- . / 

I - / /  
I I I  / /  

i0-11 i i I i i 
0 200 400 600 800 1000 1200 

Fig. 5. Electrical conductivity vs. temperature for various elec- 
tronically conducting oxides. 

current  dis t r ibut ion varies along the length of the e l e c -  
t r o d e s  (f = 0.08-0.3). This specific resistance, r, with 
uni ts  of ohm-cm 2, is the resistance of a hypothetical  
cell 1 cm~ in area which has the electrical properties 
of the actual cell under  consideration. Equat ion [1] 
can be derived by a straightforward, al though tedious, 
analysis of a one-dimensional  dis tr ibuted current  ne t -  
work (11). From a knowledge of the resistivities of 
the cell components and the geometry of the system, 
values of r can be calculated. Measurements  of these 
resistivities have been reported elsewhere (12). 

Water  vapor dissociation cells with oxygen anodes 
have been buil t  and tested. Satisfactory performance 
was obtained; up to about 95% of the incoming water  
vapor could be coulometrically reduced. Specific re-  
sistance of a cell can be computed from Eq. [1] and 
compared with exper imenta l ly  determined values. The 
results are presented in  Fig. 6, as a funct ion of re-  
ciprocal absolute temperature.  This figure presents the 
apparent  specific resistance, which includes any  contri-  
but ions that  may be present as a result  of mass t rans-  
port or activation overvoltages. Par t  I of this paper 
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Fig. 6. Calculated and experimental specific resistances of oxy- 
gen anode cell as a function of reciprocal absolute temperature. 
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discussed the reasons for expecting both of these to 
be small  compared to resistive voltage drops, at least 
under  the usual  testing conditions. This expectation 
is confirmed by Fig. 6 which shows that  the measured 
value of the apparent  specific resistance is approxi-  
mately proport ional  to calculated values. The reason 
for the discrepancy is discussed in the following sec- 
tion, but, since nei ther  mass t ransport  nor activation 
overvoltages will  have the same activation energy as 
the electrolyte resistivity, Fig. 6 shows that  these ef- 
fects are not significant. 

Single cells urith depolarized anodes.--A schematic 
i l lustrat ion of a cell operation with a depolarized anode 
was presented in Fig. 2. The mater ia l  requirements  
for cells of this type are more readily met, since the 
anode, as well as the cathode, is exposed to an atmo- 
sphere which is reducing to several metals, par t icu-  
lar ly Ni and Co. The anode reaction for this mode of 
operation is the oxidation of the fuel, such as CO. Por-  
ous Ni or porous Co electrodes, containing about 20 
w/o  zirconia, are acceptable anodes. 

Depolarized anode cells have also been buil t  and 
tested, using various fuel gases at the anode. These 
cells funct ion satisfactorily, giving coulometric dis- 
sociation of the input  water. Equat ion [1] can also be 
evaluated for cells of this type. Figure 7 is a plot of 
computed specific resistance and measured specific re-  
sistance, as a function of reciprocal absolute tempera-  
ture  for a typical depolarized anode cell operat ing 
on a hydrogen fuel. This figure, like Fig. 6, presents 
the apparent  specific resistance which will  include any 
contr ibut ions from mass t ransport  and activation polar-  
ization effects. As with oxygen anode cells, these should 
be small  under  testing conditions. Figure  7 shows that  
the measured value of the apparent  specific resistance 
is approximately proportional to the calculated value, 
except for a deviation at the lower temperatures  (about 
800~ where  activation polarizations might be ex- 
pected to become significant. 

The origin of the increase in measured values of spe- 
cific resistance over calculated values, for both oxygen 
anode and depolarized anode cells, is not ent i re ly  un -  
derstood, but  probably lies at least in part  in a form 
of constriction resistance at the electrode/electrolyte 
interfaces. Both electrodes consist of fine particles, and 
current  flow through the electrolyte in the vicini ty of 
the interfaces will  be constricted to some region near  
the three-phase gas/electrode/electrolyte boundary.  
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Fig. 7. Calculated and experimental specific resistances of o 
depolarized anode cell as o function of reciprocal absolute tem- 
perature. 
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This problem has been considered for solid electrolyte 
cells (13), and the result is that  an effective thickness 
of the electrolyte, which will  be larger than  the geo- 
metr ical  thickness, must  be used to calculate the specific 
resistance of the electrolyte. This in t u rn  will  result  in 
the observed proport ional i ty of Fig. 6 and 7. 

M u l t i c e l l  S tacks  
General design considerations.--There are two gen- 

eral  designs for mult iple-cel l  stacks, whether  for use 
as fuel cells or as water  vapor dissociation cells. In  the 
first case, the electrolyte is continuous. This design is 
at tractive because the electrolyte thus provides a con- 
venient  s t ructural  element. A schematic i l lustrat ion of 
this type of device is shown in Fig. 8. The series con- 
nection between anodes and cathodes must  be made by 
a lead, such as a wire, passing through the electrolyte. 
This connection must  be made, of course, without  in -  
t roducing a leak. 

The second general  design that  has been proposed 
for mult iple-cel l  stacks is the case in which the elec- 
trolyte is not a continuous member.  Figure 9 presents 
schematically several possible configurations for stacks 
of this type. The anode-cathode series connection may 
be made directly, as indicated in Fig. 9(a) ,  and 9(c),  
or by means of an in termediate  metal  ring, or collar, 
as shown in Fig. 9(b) .  

Multicell stacks with oxygen anodes.--The continuous 
electrolyte design will  be considered first; as was men-  
tioned above, this design has the advantage that  the 
electrolyte can provide s t ructural  strength. Fur the r -  
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Fig. 8. Schematic illustration of o water vapor dissoclotion 
"stock" built upon a continuous electrolyte. 
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Fig. 9. Schematic illustration of various methods of construction 
of water vapor dissociation "stacks" built with discontinuous elec- 
trolyte. 



VoI. 116, No. 12 DISSOCIATION OF WATER VAPOR 

more, the  cathodes and  anodes a re  comple te ly  sep-  
arated,  which  al lows f lexibi l i ty  in the  choice of  e lec-  
t rode  mater ia ls .  The ma te r i a l  used for  the  series 
connection be tween adjacent  cells, however ,  is exposed 
to an oxidizing envi ronment  on the  anode side of the  
cell  and a reducing env i ronment  on the  cathode side. 
This condition, at  t empera tu re s  of the  o rder  of 1000~ 
requi res  the  use of a noble  meta l  such as P t  or  Pd. 
These  meta ls  can be used as wires  for  the  series con- 
nections. The pr inc ipa l  p rob lem is to br ing  the  wi re  
th rough  the  e lec t ro ly te  wi thout  in t roducing  leaks. 
For tuna te ly ,  both Pt  and P d  have  coefficients of the rmal  
expans ion  comparab le  to tha t  of s tabi l ized zirconia. 
Al though Pd is less cost ly than  Pt,  its use in this  ap-  
pl icat ion imposes a subs tant ia l  economic penal ty ,  which 
is essent ia l ly  prohibi t ive .  

Severa l  mul t ice l l  s tacks of this  t ype  have  been bui l t  
and tested. I t  was necessary  to have the e lec t ro ly te  be 
at  least  0.75 mm thick in order  to have  no leaks  at  the  
junc tu re  of the  crossover wire. The increased e lec t ro-  
ly te  thickness increases its resis tance to an unaccep t -  
ab le  level. Consequent ly  i t  is concluded tha t  this  is not  
a feasible  approach.  

Mul t ice l l  s tacks wi th  oxygen  anodes using a discon- 
t inuous e lec t ro ly te  design, as in Fig. 9 (a) ,  are  imprac t i -  
cal because of the  p rob lem of es tabl ishing the  direct  
series connection be tween  anode and cathode. The oxy-  
gen par t i a l  pressure  var ia t ion  across the  connect ing 
section wil l  typ ica l ly  be 15 orders  of magni tude;  the  
cathode mus t  be p ro tec ted  against  oxidat ion  by  the  
product  oxygen,  and  the  anode mus t  be pro tec ted  
against  reduct ion b y  the produc t  hydrogen.  Thus, an 
e lec t ronica l ly  conduct ing ba r r i e r  would  have to be in-  
te rposed  be tween  the  anode and the cathode of ad jacent  
cells where  these overlap.  Since this  ba r r i e r  i tself  
would now have to be res is tan t  to both oxidizing and 
reducing conditions, again  only P t  or  Pd  could be used. 
If  a design l ike  tha t  in Fig. 9 (b)  is used, the  collar,  
or  ring, must  be made  f rom ei ther  P t  or Pd, which is 
economical ly  unsat isfactory.  

Multicell stacks with depolarized anodes.--The p r o b -  
lems associated wi th  mul t ice l l  s tacks fabr ica ted  wi th  
a continuous e lec t ro ly te  a re  essent ia l ly  the  same as 
descr ibed above, wi th  the  except ion that  meta ls  such 
as Ni or  Co can be considered for  the  series connect ion 
since the  anode env i ronment  wi l l  not be  oxidizing 
to these. This a l levia tes  the  economic restr ict ion.  Both 
Ni and Co, however,  have  the rmal  expansion coeffi- 
cients about  50% la rge r  than  tha t  of s tabi l ized z i r -  
conia, thus making  the  p rob lem of es tabl ishing a l eak -  
t ight  connection more  difficult. 

Opera t ion  with  depolar ized anodes signif icantly r e -  
laxes condit ions on mate r ia l s  for mul t ice l l  s tacks wi th  
discontinuous e lec t ro ly te  segment.  E i ther  Co or Ni may  
be used in the  anode and cathode, and a direct  con- 
nect ion be tween  electrodes may  be established. The 
type  of s tack which has proven  most sa t is factory  is 
p resented  schemat ica l ly  in Fig. 10. I t  is recognized 
tha t  this  design is a var ia t ion  of tha t  shown in Fig. 
9 (b ) .  The solid Ni  connect ions p rov ide  a Ieakt ight  
series connection. The device is an in tegra l  unit. Three -  
cell and ten-ce l l  s tacks have  been bui l t  and tested. 
F igure  l l ( a )  is a photograph  of a th ree -ce l l  s t a c k ; ' a  
t en-ce l l  s tack is shown in Fig. l l ( b ) .  These devices 

SOLID Ni CONNECTOR 
Fi 9. 10. Schematic illustration of water vapor dissociation 

"stacks" built and tested in these experiments. 
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Fig. 11. (a) Photograph of typical three-cell water vapor dissoci- 
ation "stack." 2/3X. (b) Photograph of typical ten-ceil water 
vapor dissociation "stack." 3/16)(. 

have  acceptable  mechanica l  s t rength  and are  l eak t igh t  
under  pressure  at room tempera tu re .  

The ind iv idua l  cells in mul t ice l l  s tacks cannot  be 
ins t rumented  as fu l ly  as single cells; it  is not  feasible 
to employ  more  than  one pair  of aux i l i a ry  electrodes 
for the  ent i re  stack, or to establ ish potent ia l  connec-  
tions to each cell. Elect r ica l  tes t ing is thus l imi ted  to 
de te rmina t ion  of the  to ta l  s tack voltage, E, and, wi th  
the  aux i l i a ry  electrodes,  the  open-c i rcu i t  potent ia l ,  Eo~, 
at  the  exit  end of the  cell  for pa ra l l e l  wa te r  vapor  
and fuel  flows. The la t te r  quan t i t y  is a s ingle-ce l l  
measurement ,  as discussed in P a r t  I. 

F igu re  12 is typ ica l  of the  resul ts  ob ta ined  for  a 
th ree -ce l l  s tack opera ted  wi th  H2 fuel. Wa te r  vapor  and 
fuel  flow ra tes  a re  no rma l ly  expressed  in te rms of the  
cur ren t  tha t  would  be r equ i r ed  for comple te  dissocia-  
t ion of the  wa te r  vapor  and comple te  oxidat ion  of the  
fuel  in an equiva lent  single cell. The stat ic (zero cur -  
ren t )  va lue  of E J  is --0.22V, in good agreement  wi th  
ca lcula ted  values. The stat ic vol tage  of E of --0.65V is 
th ree  t imes the  s ingle-ce l l  value,  indica t ing  no sig-  
nificant l eakage  at  t e m p e r a t u r e  under  these conditions. 
Appl ica t ion  of cu r ren t  to the  s tack causes E J  to in-  
crease and become posi t ive at  about  6.5A. At  this  point,  
the  H20/H2 rat ios  at  the exi t  ends of the  cathode and 
anode should be equal.  Since the  equiva len t  s ingle-ce l l  
cu r ren t  is the  s tack  cur ren t  mul t ip l ied  by  the  number  
of cells pe r  stack, the  observed va lue  agrees  r easonab ly  
wel l  wi th  the  ex ten t  of wa te r  vapor  dissociat ion and 
fuel  oxidat ion  tha t  would  occur at  6.5A for the  given 
flow rates.  Direct  measurement  of H~ flow rates  f rom 
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Fig. ]2. Total and auxiliary electrode voltages for three-cell 
"stack." The active cell area is about 4 cm 2. 

the cathode confirm coulometric water  vapor dissocia- 
tion. 

Par t  of the nonl inear i ty  of the stack voltage is due 
to the var iat ion in  average open-circui t  voltage of the 
cells with current .  The remainder  is probably due to 
mass t ranspor t  effects at the electrodes, of the type 
discussed elsewhere by the authors (12). An average 
slope, however, gives a stack resistance of about 1.0 
ohms. Since the nominal  cell area is 4 cm 2, the specific 
resistance for the device is about 1.3 ohm-cm 2, about 
twice that  for single cells. A portion of this discrepancy 
can be ascribed to the different cell geometry, as well 
as to the interconnections and lead resistance, but  the 
major  port ion cannot be accounted for at this time. 

Another  test of interest  to stack performance is mea-  
surement  of the resistance across anode-anode or 
cathode=cathode insula t ing  gaps .This  has been carried 
out, in appropriate atmospheres, on segments removed 
from complete stacks. The gap resistances have the 
proper magnitude,  and show a tempera ture  dependence 
paral lel ing that  of the electrolyte. Thus any  short- 
circuiting of adjacent  cells across the gaps is due only 
to the electrolyte resistivity, and can be controlled by 
main ta in ing  a sufficiently high value of the gap wid th /  
electrolyte thickness ratio. 

The use of Ni series connections between cells allows 
the possibility of H~ permeat ion through this material.  
Calculated permeation rates based on data for Ni sheet 
(14) are typically a few STP cc /min  for current  stack 
designs, but  exper imental  results based on direct H2 
flow measurements  indicate permeation rates an order 
of magni tude  higher. The actual rates are undoubtedly  
sensitive to the s t ructure  of the Ni, and would be ex- 
pected to depend on such factors as porosity and extent  
of grain boundaries.  Although a quant i ta t ive evalua-  
tion of this effect is not possible, it must  be considered 
in the design, fabrication, and testing of mul t iple  cell 
stacks. 

Fabr ica t ion  T e c h n o l o g y  
For all the cells that have been described, there are 

two basic fabrication operations. The first is preparation 
of powders, and essentially involves those steps re- 
quired to take the raw materials and process them 
into a form suitable for plasma-spraying. 

The crossover leads for depolarized anode stacks were 
made from 99.6% purity Ni powder obtained from the 
Sherritt-Gordon Company. This powder, which has a 
particle size between 20 and 40~, can be plasma-sprayed 
directly without any further preparation. 

The Ni-YSZ cermet electrodes are prepared by mix- 
ing reagent-grade NiO with YSZ in the desired ratio, 
followed by spray-drying the powder. Spray-drying is 

a standard ceramic processing method which involves 
spraying through a nozzle a liquid-based suspension 
of the powder. The suspension is prepared by mixing 
the powders together in a water-alcohol solution to 
which a commercial suspending agent is added. This 
mixture is then fed through the nozzle on the spray- 
dryer into a large tank through which hot air is cir- 
culating, typically at a temperature of ca. 5O0~ Drop= 
lets of the suspension are thus dried as they enter the 
tank and are subsequently size-classified. The result of 
this operation is agglomerated drops of very fine NiO 
and YSZ particles. The mix is screened to produce 
agglomerate particles of about 50~ size; the screened 
material is then calcined in air at 1325~ to impart 
additional strength. Following calcining, the material 
is ready for plasma-spraying. 
Plasma-spraying is also a standard ceramic proc- 

essing operation and is essentially a melting and cast- 
ing operation. The prepared powders are fed into a 
plasma torch, in which they are rapidly melted and 
deposited onto a cool substrate. In these experiments, 
the substrate was a rotating air-cooled hollow alu- 
minum mandrel. A Metco plasma gun was used, and 
a He/H~ gas mixture was used to produce the plasma. 

After plasma-spraying, the NiO in the electrode will 
be reduced in H2 at about 400~ to produce a Ni-YSZ 
electrode. This general powder preparation procedure 
accomplishes several purposes. First, the use of very 
fine particulate NiO, rather than Ni powder, results 
in a fine Ni grain size in the reduced electrode. The 
YSZ addition prior to spray-drying affords the maxi- 
mum degree of particle mixing. However, the blended 
mix has a particle size before spray-drying that is too 
small to permit satisfactory flow and melting in the 
plasma-spray operation. Thus the spray-drying step 
results in intimately mixed, very fine particles of the 
constituent powders bound together as a relatively 
coarse agglomerate suitable for plasma-spraying. 

Essentially the same procedure is used for Co-YSZ 
electrodes. 
Electrolyte powders are also prepared by spray- 

drying (15). Starting materials consist of unstabilized 
zirconia (Zircoa "A"), 99% purity Y2Oz, and reagent- 
grade Fe~O4 powders. These powders, in the as- 
received condition, are all too fine for plasma-spraying, 
and therefore are initially spray-dried. As with the 
electrode powders, this operation produces an inti- 
mately mixed powder agglomerate which is then 
screened to a 50~ particle size. The material is cal- 
cined in air in the range of 1350~176 depending 
on the exact composition being prepared. It is then 
ready for plasma-spraying.  The stabilization of the 
zirconia occurs dur ing the mel t ing and freezing of 
the powder in the plasma-spray operation. 

For cells with oxygen anode, the PrCoO3 powder is 
prepared by reacting Pr6Oll with CoO at 1400~ in 
air. X - r a y  diffraction analysis of the products indi-  
cated essentially complete reaction. The oxide was 
then  ground to a particle size on the order of 25#. 
Oxygen anodes were applied to the cells from an aque-  
ous s lurry  of the perovskite powder. PrCoO8 electrodes 
can also be fabricated by plasma-spraying,  but  this 
procedure tends to yield an electrode that  is insuffi- 
ciently porous. 

An important  design parameter  in the fabrication of 
water  vapor dissociation cells is the electrode/electro- 
lyte thickness ratio. The Ni-YSZ (or Co-YSZ) elec- 
trodes have thermal  expansion coefficients which are 
characteristic of the metal;  i.e., al0~OoC (Ni) ~ 15 x 10 -6 
~ -z, compared to a value of al0OOoC (YSZ) ~ 10 x 10 -6 
~ -z for the electrolyte. In  addition, the cermet is 
much stronger than  the pure metal  (Ni or Co) at 
temperatures  of cell operation. The electrolyte, being 
ent i re ly  ceramic, is also strong at elevated tempera-  
tures. Because of the differential thermal  expansion, 
stresses arise at the electrode/electrolyte interface 
which can lead to mechanical  fai lure of the cell. The 
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in ter rac ia l  stresses can be re l ieved  by  incrementa l  
plast ic  flow of the  electrode,  if  i t  is th in  enough re la -  
t ive to the  e lectrolyte .  I t  has been empi r i ca l ly  de te r -  
mined that  an e lec t rode /e lec t ro ly te  thickness  ra t io  of 
1/4 is sat isfactory.  On cells w i th  oxygen anodes, the  
PrCoOz e lec t rode  is only  pa r t i a l ly  s in tered and the re -  
fore  qui te  porous. Consequently,  in spite of i ts large  
coefficient of t he rma l  expansion--al000oC (PrCoOs) 
28 x 10 -6 ~  stresses which arise a re  
re l ieved  by  mechanica l  fa i lure  of the  electrode,  r a the r  
than  in the electrolyte .  Such fa i lure  does not  occur on 
heating,  for tunate ly ,  but  cracking and spal l ing of the 
oxygen  anode dur ing  cooling is a serious problem and 
genera l ly  these cells can be tes ted  only  once wi thout  
app ly ing  a new PrCoO~ anode. 

A typical  processing schedule for  wa te r  vapor  dis-  
sociation cells would  then be as follows. F i r s t  the  
me ta l  leads  (Ni) a re  p l a s m a - s p r a y e d  onto a ro ta t ing  
a luminum mandrel .  Masking is p rovided  as required.  
Then the  inner  e lectrode (usua l ly  the  cathode)  is ap-  
pl ied by  p lasma-spray ing .  It is reduced  to a cermet  in 
H2. P l a sma- sp ray ing  of the  e lec t ro ly te  then  takes  
place;  as p l a sma-sp rayed ,  t he  YSZ is about  99% theo-  
re t ica l  density,  which is not  sufficient to make  it l eak-  
tight.  The a luminum mandre l  is r emoved  by  leaching 
in a KOH solution, and the cell  is fired at  1225~ 
which resul ts  in the  YSZ s in ter ing  to about  95% theo-  
re t ica l  densi ty,  r ender ing  it leakt ight .  

The outer  e lect rode (usual ly  the  anode) on depo la r -  
ized cells or se l f -d r iven  cells is appl ied  by  p lasma-  
spraying;  on cells wi th  oxygen  anodes, t he  PrCoO3 
is hand-appl ied .  

Summary 
The design, fabricat ion,  and per fo rmance  of zirconia 

e lec t ro ly te  wate r  vapor  dissociation cells has been 
considered. Al though  not  of prac t ica l  value,  s ingle-cel l  
devices a re  impor tan t  because they  provide  a conveni-  
ent  means  of eva lua t ing  cell  per formance  and e lect rode 
reactions.  S ingle-ce l l  devices wi th  both  oxygen  and 
depolar ized anodes were  tested.  

An  analysis  of design and mater ia l s  factors for  mul t i -  
cell  s tacks led to the  conclusion tha t  the  most feasible  
system was tha t  employing  discontinuous e lec t ro ly te  
segments  and depolar ized anodes. 
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The Microstructure of Sintered Silver Electrodes 
II. At the End of 1-Hour Rate Discharges 

Charles P. Wales* 
Electrochemistry Branch, Naval Research Laboratory, Washington, D. C. 

ABSTRACT 

A single discharge of a Ag elect rode at the  r e l a t ive ly  fast 1-hr  ra te  r e -  
sul ted in Ag par t ic les  smal ler  than  those present  in the  unused s intered elec-  
trode. As an e lect rode was cycled in 35% KOH at 25~ the act ive ma te r i a l  
t ended  to c lump together  whi l e  void spaces became larger .  At  the  same t ime 
the average  size of Ag par t ic les  g radua l ly  increased,  a l though par t ic le  size 
r emained  smal l  at the  surface of a d ischarged electrode.  These changes were  
accompanied by  a gradua l  decrease in discharge capaci ty.  The smal l  Ag pa r -  
ticles that  formed dur ing  fast (1-hr)  discharges could be oxidized more  
r ead i ly  and more  comple te ly  dur ing  a charge  than the large  Ag par t ic les  that  
formed dur ing  slow (20-hr)  discharges.  Therefore  the  capaci ty  decreased 
more  s lowly when an electrode was cycled using fast discharges.  

The presen t  invest igat ion concerns changes in the  
s t ruc ture  of s i lver  e lectrodes when the electrodes were  
given a series of complete  discharges at  the 1-hr  rate .  
The s i lver  e lect rode is the  posi t ive e lect rode of s i lver -  

* Electrochemical Society Active Member. 
Key words: silver electrode; mierostructure; storage batteries. 

zinc and s i lve r -cadmium storage bat ter ies .  These ba t -  
ter ies  are  impor tan t  as high capac i ty  power  sources and 
for the i r  ab i l i ty  to be discharged at high cur ren t  densi -  
ties. 

When  a s i lver  e lec t rode  is d ischarged at  a h igh cu r -  
ren t  density,  such as the  1-hr  d ischarge  rate,  e lect rode 
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capacity is general ly main ta ined  at a higher value over 
a series of cycles than when a low discharge c.d. is used. 
The present  paper shows that  this difference in capacity 
results from changes in the microstructure  of the elec- 
trodes, and that  discharge c.d. has an impor tant  effect 
on structure. The s t ructural  changes that  occurred as 
charged Ag electrodes were being reduced dur ing  dis- 
charge at the 1-hr rate have been described in the pre-  
vious paper in this series (1). An  earlier paper  was 
concerned with the structures obtained when electrodes 
of the same original  construction were discharged at the 
relat ively low c.d. required for the 20-hr discharge 
rate (2). 

Experimental  Procedure 
Since the exper imental  procedure has already been 

described (1), only a brief account is given here. S in-  
tered Ag electrodes were charged individual ly  at the 
20-hr rate of constant  current  un t i l  oxygen began to 
evolve. Then an electrode was discharged at the 1-hr 
rate to a final potential  of --500 mV vs. the Ag/Ag~O 
reference electrode. This potential  was equivalent  to ap-  
proximately  1.0V for a typical  Ag-Zn  cell. The cycling 
was done at 25~ in an excess of 35% KOH solution. 

Samples for microscopic examinat ion  were cut from 
discharged electrodes that  had been cycled from 1 to 30 
times. After  a sample had been washed and dried, it 
was impregnated with an epoxy resin while under  
a vacuum. Then  a cross section of the sample was pre-  
pared by gr inding and polishing. F ina l ly  a sample was 
examined by optical microscopy and the appearance of 
significant areas recorded by photography. 

Results of Microscopic Examinations 

Structure of unused sintered Ag electrodes.--Figure 1 
shows an unused sintered Ag electrode, in order to have 
a base for i l lustrat ing the early changes that  occur with 
use. All  photographs in  this paper are of cross sections 
through an electrode. The photographs, therefore, also 
show cross sections through the individual  particles or 
crystals in the electrode. Since the s tructure of an u n -  
used electrode has already been described (2), only 
a brief account is given here. Ag was present  in a wide 
range of sizes from approximately 0.5 to 100~. Most Ag 
particles were small  and had their smallest dimension 
in the range 1.5 to 2~. It was estimated that  only 5% 
of the active mater ia l  consisted of particles that  were 
over 15~. The general  appearance of the electrode 
structure was fairly uniform, al though the large par-  
ticles were not evenly distr ibuted throughout  the elec- 
trode. Many of the small  particles were grouped to- 
gether in  clusters. Some clusters of small  particles are 

Fig. 1. Particles of Ag active material (white) in an unused sin- 
tered Ag electrode. The dark background is the impregnation plas- 
tic that has filled void areas in the electrode. Lines forming the 
squares are 30~ apart. 

Fig. 2. Typical Ag particles present at the end of the first dis- 
charge at the 1-hr rate in 35% KOH solution. Compare with Fig. 1 
at the same magnification. 

shown in Fig. 1. Voids were small and well  dis tr ibuted 
in  the unused electrode. 

Structure of discharged electrode aster 1 cycle.--The 
average size of the Ag particles had become much 
smaller, and the individual  particles were closer to-  
gether, after charging an unused  sintered electrode at 
the 20-hr rate to oxygen evolution and giving it a single 
discharge at the 1-hr rate. Figure  2 i l lustrates the 
sponge-l ike s t ructure  produced by the discharge at cy- 
cle 1. The changes in particle size can be seen by com- 
par ing the discharged electrode shown in Fig. 2 with 
the unused electrode shown in Fig. 1. Groups of par-  
ticles were in larger clumps after the first discharge. 
(The increased size of the clumps was more apparent  
when  the electrodes i l lustrated in  Fig. 1 and 2 were 
compared at a lower magnification.) The major i ty  of 
the Ag particles produced dur ing  the first discharge 
were quite small  and had irregular,  elongated shapes. 

Some larger Ag particles had also formed dur ing  the 
first discharge, but  were less common than  the small  
particles. The area shown in Fig. 2 does not  include any  
of these large particles that  had formed dur ing  the 
first discharge, but  it does include some even larger 
particles that were residual  from the original  electrode. 
These large Ag particles had failed to oxidize com- 
pletely dur ing  the previous charge and were often 
found in the center  of groups of the small  particles. It  
is l ikely that  some of the small  Ag particles had nu -  
cleated from these large Ag particles dur ing  the dis- 
charge. 

The metallic Ag grid of an unused electrode had a 
smooth surface, bu t  changes occurred dur ing  the first 
cycle. Par t  of a grid member  is included in Fig. 3. Smal l  
Ag particles had deposited on the surface of the grid 
dur ing  the discharge. Another  change dur ing  the first 
cycle was that some penet ra t ing  attack had occurred on 
the grid surface. This attack probably took place dur ing  
the charge, while an oxide layer was forming on the 
grid surface. 

Deposit of small particles on surface of large particles. 
- -Changes  that  took place at the grid surface resembled 
the changes taking place at the surface of the largest Ag 
particles. Figure 4 gives a full  cross section through an 
electrode in an area that did not contain a grid member.  
This shows the appearance of an electrode at the end of 
the second consecutive discharge at the 1-hr rate, fol- 
lowing slow charges at the 20-hr rate. The small  Ag 
particles that formed dur ing a fast discharge were not 
large enough to be seen individual ly  at the low magni -  
fication used for Fig. 4. The bright, featureless areas in-  
cluded in Fig. 4 are some of the largest particles resid- 
ual  from the particles original ly present in the unused 
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Fig. 3. Another area of the electrode shown in Fig. 2 at the end 
of cycle 1 discharge. Large white object is a cross section of a 
grid member. One electrode surface is at the right side of the 
photograph. Lines forming the squares are 60/~ apart. 

Fig. 4. Cross section of an electrode at the end of cycle 2 dis- 
charge. Electrode surfaces are at the sides of photograph. Larg- 
est Ag particles shown here had not oxidized completely during 
the previous two charges. Marker indicates 250~. 

electrode.  As ment ioned above, these ve ry  la rge  pa r -  
t icles were  incomple te ly  oxidized dur ing  charges.  Only 
the  surface of the  larges t  par t ic les  was oxidized dur ing  
the f i rs t  charge. This surface oxide l aye r  was reduced  
dur ing  the  nex t  discharge,  and a l a y e r  of smal l  A g  
par t ic les  formed from the  oxide layer .  

The deposi t  of smal l  par t ic les  g radua l ly  became 
th icker  on the surface of large  par t ic les  as an e lect rode 
was cycled. Comparison of d ischarged electrodes at  cy-  
cles 2 and 1 showed tha t  the  number  of smal l  Ag  pa r -  
ticles p resen t  on the  gr id  and on the large  par t ic les  had 
increased not iceably  dur ing  cycle 2. This deposi t  of 
smal l  par t ic les  cont inued to grow as an e lec t rode  was 
cycled. Compar ison  of Fig. 5 wi th  Fig. 4 shows tha t  the  
deposi t  had become much th icker  by  cycle 30. 

Growth of voids and clumps of particles.--The Ag 
par t ic les  in an e lec t rode  g radua l ly  c lumped toge ther  as 
the  e lec t rode  was cycled, and the format ion  of la rge  
clumps was accompanied by  the deve lopment  of large  
voids be tween  the  clumps. These changes are  i l lus t ra ted  
in  Fig. 4 and 5. A comparison was made  of par t ic le  dis-  
t r ibu t ion  in d ischarged electrodes at  cycles 1, 2, 5, 15, 27, 
and 30. This comparison indica ted  tha t  the grea tes t  in-  
crease in void size and in  c lumping of Ag par t ic les  took 

Fig, 5. Cross section of an electrode including a grid member 
(arrow) at the end of cycle 30 discharge at the 1-hr rate. Elec- 
trode surfaces are at the sides of photograph. Comparison with 
Fig. 4 at the same magnification shows changes in thickness of de- 
posit on the grid and on the largest Ag particles. Note also the 
changes in voids and in Ag particle distribution. 

place dur ing  the first 15 cycles. The increases were  pa r -  
t i cu la r ly  evident  be tween  cycle 5 and 15. The size of 
voids and c lumps increased more  s lowly  f rom cycle  15 
to 30 than  f rom cycle 1 to 15. 

Note that  the d ischarge  capaci ty  g radua l ly  decreased 
when Ag  electrodes were  cycled using the  1-hr  dis-  
charge  ra te  (Fig. 6). This slow capaci ty  decrease  took 
place s imul taneous ly  wi th  the  gradua l  change in elec-  
t rode s t ructure .  The capaci ty  of e lect rodes  tha t  were  
d ischarged at  the  20-hr ra te  has been included in Fig. 
6 for  comparison.  

Structure ol discharged electrode after 15 cycles . -  
The greates t  change in e lec t rode  s t ruc ture  took place 
dur ing  the first cycle, wi th  smal l  A g  par t ic les  forming 
th roughout  the e lect rode dur ing  the r ap id  discharge.  
The smal l  A g  par t ic les  were  g radua l ly  rep laced  by  
l a rge r  par t ic les  when an e lect rode cont inued to be 
cycled, and clumps of par t ic les  g radua l ly  increased in 
size. The change in average  par t ic le  size wi th  cycl ing 
was  less not iceable  in some areas  of a d ischarged 
e lect rode than  in other  areas. F igure  7 i l lus t ra tes  some 
of the  Ag par t ic les  present  in a d ischarged e lec t rode  
at  cycle 15. Compar ison  wi th  Fig. 2 shows tha t  the  
porous, sponge- l ike  s t ruc ture  wi th in  the  clumps of 
smal l  par t ic les  was much the same in discharged elec-  
t rodes at  cycles 1 and 15, and tha t  there  was l i t t le  
change in the  size of the  smal l  pores in these clumps. 

A few of the  la rger  par t ic les  tha t  fo rmed dur ing  
discharge,  g radua l ly  becoming more  numerous  as the  
number  of cycles increased,  are  included in Fig. 7. The 
rep lacement  of the  smal l  par t ic les  which  formed d u r -  
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Fig. 6. Change in discharge capacity of Ag electrodes in 35% 

KOH at 25~ showing two electrodes always discharged at the 1- 
hr rate (solid lines) and two electrodes of the same construction 
always discharged at the 20-hr rate (dashed [ines). All charges 
were done at the 20-hr rate. At point A one cell stood discharged 
74 days and at point B the electrolyte in this cell was replaced. 
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The average size of Ag  par t ic les  increased as dis-  
tance of the  par t ic les  f rom the surface increased in 
electrodes tha t  had  been cycled repeatedly .  The smal l  
Ag par t ic les  which were  present  at  the  surface of a 
d ischarged e lect rode have a l r eady  been i l lus t ra ted  by  
Fig. 10. The par t ic les  which were  found in regions 
close to the  surface were  larger ,  and  some of these 
par t ic les  are  shown in Fig. 11. The shapes of A g  
par t ic les  shown in Fig. 10 and 11 were  s imi lar  despi te  
the  differences in size. Al though the par t ic les  shown in 
Fig. 11 were  not  of an uncommon size, i t  was more  
usual  for  the  A g  in a d ischarged e lect rode to be present  
as the  l a rge r  par t ic les  which were  i l lus t ra ted  in Fig. 9. 

Electrode o$ unusually low porosity.--There was one 
except ion to the  ear l ie r  s ta tement  tha t  large  Ag  pa r t i -  
cles were  almost  never  found at  or  near  the  e lect rode 
surface.  Samples  were  t aken  f rom one electrode which 
only gave th ree - four ths  the  capaci ty  of the  other  elec-  
trodes.  I t  was found tha t  the Ag  par t ic les  were  packed  
more  closely in this e lect rode than  was usual.  The 
s t ruc ture  af ter  five charge-d i scharge  cycles was di f -  

Fig. 7. Area of an electrode at the end of cycle number 15 dis- 
charge showing several sizes of Ag particles that have formed. 
Comparison with Fig. 2 indicates that voids hove become larger as 
groups of Ag particles have clumped together. Lines forming 
squares are 30/~ apart. 

ing the  first discharge was a slow process. The l a rge r  
Ag  par t ic les  were  compara t ive ly  ra re  in the  ea r ly  
cycles, but  by cycle 15 app rox ima te ly  10-15% of the  
ac t ive  m a t e r i a l  in a d ischarged e lec t rode  consisted of 
such part icles .  

The large  Ag par t ic les  which g radua l ly  replaced  the 
smal l  par t ic les  were  d i s t r ibu ted  uneven ly  in the  elec-  
trode. As much as 40-50% of some areas  consisted of 
la rge  par t ic les  a t  cycle 15, a l though the average  for  the  
whole  e lect rode was only 10-15%. These l a rge r  pa r t i -  
cles were  most often found in the  in ter ior  of the  dis-  
charged  e lect rode and near  the grid, but  a lmost  never  
at  or  nea r  an e lect rode surface. These  large  Ag  p a r t i -  
cles which formed dur ing  discharge could usua l ly  be 
d is t inguished read i ly  f rom the even la rger  Ag  par t ic les  
tha t  remained  res idual  f rom the unused electrode,  
since there  were  easi ly recognizable  differences in the  
s t ruc ture  and size of the  two types.  

Structure of discharged electrode a#er 30 cycles.-- 
The large  A g  par t ic les  occupied 30-40% of the  volume 
of an e lect rode at  the  end of cycle 27 or 30 discharge.  
A typ ica l  v iew is shown in Fig. 8. Comparison wi th  
Fig. 7 shows tha t  the  finely divided,  sponge- l ike  s t ruc-  
tu re  had become less common as the  number  of cycles 
had  increased.  The  propor t ion  of a d ischarged e lect rode 
tha t  consisted of large par t ic les  had increased by a 
fac tor  of 2 or  3 in the  per iod be tween  cycle  15 and 
30. Some of the  la rger  Ag  par t ic les  are  shown at 
h igher  magnificat ion in Fig. 9. Void space was less 
than  usual  in regions where  m a n y  of these par t ic les  
had  c lumped together.  Dis t r ibut ion  of the  large  pa r t i -  
cles had  become ve ry  uneven.  As much as 85% of 
some areas  consisted of the  large  par t ic les  at  the  end 
of cycle 30, whi le  only  10% of the  other  areas  con- 
ta ined  la rge  part ic les .  

Al though  m a n y  large par t ic les  had  formed by  the  
end of cycle 30 discharge,  the  areas  near  the surface 
of an e lect rode st i l l  consisted almost  en t i re ly  of smal l  
Ag part icles .  A n  example  of the  smal l  par t ic les  at  the  
surface  is given in Fig. 10. Smal l  par t ic les  of this 
size had been found at  the  end of eve ry  discharge,  
beginning  wi th  the  first discharge.  As an e lec t rode  was 
given addi t ional  cycles, the  smal les t  Ag  par t ic les  were  
g radua l ly  replaced  by  la rger  par t ic les  except  in areas  
near  the  e lect rode surface. Ano the r  change was tha t  
groups of need le - l i ke  dendr i t es  were  less common in 
the  la ter  cycles than  they  were  in the  ea r ly  cycles. The 
need le - l ike  dendr i tes  had  cross sections which  were  
the  same size as the  par t ic les  shown in Fig. 10. 

Fig. 8. Area of an electrode at. the end of cycle 27 discharge 
including large and small Ag particles. Compare with Fig. 1, 2, 
and 7, all at the same magnification. Average size of Ag particles 
present at the end of a discharge has gradually increased with 
cycling. 

Fig. 9. Large Ag particles that gradually became the prevailing 
form in the interior of a discharged electrode as the number of cy- 
cles increased. A different area of the sample shown in Fig. 8 and 
at higher magnification. Lines forming squares are 15~ apart. 
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Fig. 10. Small Ag particles present at the end of cycle 30 dis- 
charge at the 1-hr rate. Right side of photograph is a surface of 
the electrode. Small Ag particles were always found in electrodes 
discharged at the 1-hr rate, hut gradually became less common 
with cycling. Same magnification as Fig. 9. 

Fig. 11. Ag particles bordering small particles near a surface 
of discharged electrode. The surface is out of view to the right of 
the photograph. Same sample and magnification as Fig. 10. 

ferent  f rom the  s t ruc ture  found in al l  o ther  e lectrodes 
tha t  were  examined.  The  range  of par t ic le  sizes was 
s imi la r  to the  range  found in other  e lectrodes at  
cycle  5, but  l a rger  Ag  par t ic les  were  more  numerous  
than smal le r  part icles .  Many  of the large  par t ic les  
were  present  near  the  e lec t rode  surface, in cont ras t  
to the  usual  absence of large  par t ic les  near  a surface. 
The reason for  the  abnormal  s t ruc ture  was not  de te r -  
mined, but  i t  is be l ieved tha t  the  close packing  of Ag 
par t ic les  cont r ibu ted  to the low capaci ty  obta ined f rom 
this  electrode.  

Discussion 

Dependence of particle size on discharge c .d . - -The  
presen t  inves t iga t ion  of the micros t ruc ture  of A g  elec-  
t rodes  has  demons t r a t ed  t ha t  two ident ica l  e lect rodes  
can be conver ted  by  a single discharge into e lectrodes 
having  s t ruc tures  and charge  acceptance quite different  
f rom each other.  These changes resu l t  f rom s imply  
using different  ra tes  of discharge current .  When  the 
first d ischarge of a s intered Ag elect rode was done at  
the  re la t ive ly  high c. d. r equ i red  for the  1-hr  discharge 
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rate,  the A g  par t ic les  tha t  were  produced  dur ing  
reduct ion  of the  oxides  were  smal ler  than  the  par t ic les  
p resen t  in the  unused e lect rode (Fig. 1 and 2). On the  
o ther  hand, over  half  of the Ag  tha t  was p roduced  
during a slow discharge formed as large granular 
particles when the first discharge was done at the 
20-hr rate (2). These large granular particles were 
approximately 10 times as large as the particles in the 
unused electrode. The results of x-ray diffraction have 
also indicated that Ag particle size varied inversely 
with the c. d. (3). 

Table I summarizes the structural changes that took 
place during discharges. Table I is based on both the 
present and earlier work (1, 2). 

It was concluded from the shapes of the Ag particles 
that a dendritic type of growth occurred during a fast 
discharge. Dendritic growth would be expected to 
occur when appreciable concentration gradients were 
set up in the electrolyte and when concentration of 
soluble Ag species was low near the surface where 
metallic Ag was forming. There would be more time 
for diffusion to take place through the electrolyte dur- 
ing a slow discharge. This would promote the growth 
of large Ag particles which lack obvious dendritic 
shapes when c. d. was low. Work on electrodeposition 
of Ag from various media, such as aqueous solutions 
of several different Ag salts (4, 5), or a LiCI-KCI 
eutectic (6), has shown that the mechanism of Ag 
deposition changes at high current densities. The same 
should be true when Ag forms in a KOH solution, as 
in the present work. 

Dependence ol capacity on particle size.--The size 
of the  par t ic les  which were  p resen t  in these  electrodes 
was ve ry  impor tant ,  since smal l  Ag par t ic les  can be 
oxidized more  r ead i ly  and more  ex tens ive ly  than  la rge  
part icles.  This means  tha t  an e lect rode consist ing of 
smal l  Ag par t ic les  can be charged  more  r ap id ly  and to 
a g rea te r  capac i ty  than  an electrode consist ing of 
large  part icles .  Af t e r  large  Ag  par t ic les  had  formed 
dur ing  a slow discharge,  the  or iginal  capaci ty  of an 
e lect rode was not  rega ined  read i ly  b y  using fast d is-  
charges.  The cen t ra l  por t ions  of large  par t ic les  r e -  
ma ined  as meta l l ic  Ag at the  end of a charge,  ins tead 
of being oxidized. Discharge c. d. is an impor t an t  factor  
to consider,  therefore,  when it is necessary to obtain 
a la rge  capaci ty  from Ag-Zn  and Ag-Cd  s torage ba t -  
ter ies  over  a per iod of severa l  cycles. 

The slow decrease in capaci ty  tha t  occurred when  
the Ag  electrodes were  d ischarged at  the  r e l a t ive ly  
fast  I - h r  ra te  (Fig. 6) resu l ted  ma in ly  f rom the  ave r -  
age size of Ag par t ic les  g radua l ly  growing l a rge r  as an 
e lec t rode  was cycled. The c lumping  of Ag  par t ic les  
into groups of increased size m a y  also have been a 
factor  in the  slow capaci ty  decrease,  as wel l  as loss of 

Table I. Major effects of c.d. on the structures produced in Ag 
electrodes during discharge. Electrodes were cycled in 35% KOH 

at 25~ with all charges done at the 20-hr rate 

Always discharged at 1-hr rate Always discharged at 20-hr rate 

Ag20 formed first on surface 
of AgO clumps during a dis- 
c h a r g e ,  t h e n  w i t h i n  c l u m p s .  
O n l y  o n e - f o u r t h  of  t h e  A g O  
w a s  r e d u c e d  to A g s O  b e f o r e  A g  
b e g a n  to f o r m .  

A g  f o r m e d  t h r o u g h o u t  e lec-  
t r o d e  a t  cyc l e  1 d i s c h a r g e ,  b u t  
in  l a t e r  d i s c h a r g e s  A g  f o r m e d  
f i rs t  a t  e l e c t r o d e  s u r f a c e  w i t h  
f o r m a t i o n  g r a d u a l l y  m o v i n g  in-  
ward. Ag formed into particles 
smaller than those in unused 
electrode. Average size of  Ag 
particles gradually increased 
with cycling. 

W h e n  e l e c t r o d e  w a s  65% dis -  
c h a r g e d  m o r e  A g O  w a s  p r e s e n t  
than Ag20. At end of discharge 
some AgO and Ag,~O remained. 

There was little attack on 
grid during cycling. 

A g 2 0  f o r m e d  on  s u r f a c e  of  
A g O  c l u m p s  a n d  w i t h i n  A g O  
c l u m p s  s i m u l t a n e o u s l y  d u r i n g  
a d i s c h a r g e .  O v e r  h a l f  of  t h e  
AgO was reduced to Ag~O b e -  
f o r e  Ag began to form. 

Ag formed throughout elec- 
trode at scattered sites during 
a discharge, with a slight pref- 
erence for formation at or 
n e a r  e l e c t r o d e  s u r f a c e .  A g  
f o r m e d  in to  p a r t i c l e s  c o n s i d e r -  
a b l y  l a r g e r  t h a n  t hose  in  u n -  
u s e d  electrode. Size of Ag par- 
ticles did not increase greatly 
a f t e r  f i rs t  d i s c h a r g e ,  

W h e n  e l e c t r o d e  w a s  65% dis- 
charged o n l y  s m a l l  a m o u n t  of  
A g O  w a s  s t i l l  p r e s e n t .  A t  e n d  
of  d i s c h a r g e  no  o x i d e s  w e r e  
f o u n d .  

Grid cross section decreased 
in size because of gradual at~ 
tack during cycling. 
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act ive ma te r i a l  th rough  shedding  or th rough  oxides 
dissolving in the  e lec t ro ly te  and not  reprec ip i ta t ing  
back on the electrode.  As the  number  of cycles in-  
creased, many  of the  l a rge r  Ag  par t ic les  a t ta ined  
sufficient size tha t  they  did not oxidize comple te ly  
dur ing  a charge.  The increased size of these Ag  pa r t i -  
cles m a y  have resu l ted  f rom par t ic les  g rowing  toge ther  
dur ing  a fast  discharge.  The first format ion  of 
meta l l ic  Ag  occurred at the surfaces of an e lect rode 
dur ing  a fast  d ischarge (1) and only  smal l  Ag par t ic les  
were  found in these areas.  

Ano the r  indicat ion of the  re la t ionship  be tween  
capaci ty  and par t ic le  size was tha t  a g rea te r  capaci ty  
loss occurred dur ing  the first few cycles when the 
slow 20-hr discharge ra te  was used than  when a 
r ap id  discharge ra te  was used (Fig. 6). Most of the  
Ag  par t ic les  that  fo rmed  dur ing  the  slow discharges  
were  at  least  an order  of magni tude  l a rge r  than  the 
par t ic les  tha t  formed dur ing  1-hr  ra te  discharges (2). 
The greates t  change in par t ic le  size occurred dur ing  
the  first d ischarge  regardless  of which discharge ra te  
was used. 

Influence of discharge c. d. on grid corrosion.--The 
grid corrosion ra te  was decreased by  using fast d is-  
charges ins tead of slow discharges.  When  the  slow, 
20-hr  discharge ra te  was used, the  grid g radua l ly  
decreased in size as a resul t  of pene t ra t ing  a t t ack  at 
the  grid surface (2). On the other  hand, a t t ack  on the 
surface of the  grid was not iceably  less a f te r  using the 
h igher  c. d. of the  1-hr discharge ra te  for  5 cycles than  
i t  was af ter  5 cycles at  the  20-hr rate.  The average  
thickness of a grid member ,  af ter  30 cycles using the 
1-hr  discharge rate,  was st i l l  app rox ima te ly  the  same 
as the or iginal  thickness.  Some pene t ra t ing  a t t ack  had  
occurred,  however ,  and the grid surface was no longer  
smooth. 

The deposi t  of smal l  Ag  par t ic les  which  formed on 
the  grid surface dur ing a discharge at  the  1-hr  ra te  
g radua l ly  increased in thickness  when discharges were  
repea ted  (Fig. 3 and 5). Dur ing  a charge  the smal l  Ag 
par t ic les  in this deposit  tended to be oxidized before  
the  grid surface was oxidized. Oxidat ion  of the deposi t  
formed a pro tec t ive  oxide coat ing on the grid surface, 
so tha t  less oxidat ion  and, therefore ,  less a t tack  of the  
grid occurred dur ing  a charge  that  fol lowed a fast  
discharge.  

Importance of particle size when manufacturing Ag 
electrodes.--Unfortunately, the  mechanism which r e -  
sul ted in forming a pro tec t ive  oxide coat ing on the 
gr id  also formed pro tec t ive  coatings on the surface 
of the  larges t  Ag  par t ic les  present  in the  or iginal  
s in tered electrode. These oxide coatings p reven ted  
complete  oxidat ion  of large  Ag par t ic les  in a charge  
and, therefore,  p reven ted  ful l  u t i l iza t ion of the  Ag 
act ive ma te r i a l  in an electrode.  The increas ing th ick-  
ness of the  deposi t  of smal l  par t ic les  tha t  formed on 
the large  Ag par t ic les  res idual  f rom the unused elec-  
t rode  was i l lus t ra ted  in Fig. 4 and 5. 

Nothing tha t  has been observed thus far  has indi -  
cated that  any  advan tage  is obta ined by  inc luding 
large  Ag  par t ic les  in the  electrodes.  Al though  the 
m a x i m u m  thickness of the  oxide layer  on Ag par t ic les  
was often grea te r  than  5~ at  the  end of a charge,  a 
min imum thickness  of only 1-2~ was common. There-  
fore Ag par t ic les  having a d iamete r  as large as 2-4~ 
can be expected to oxidize comple te ly  dur ing  a charge, 
if the  par t ic les  have access to the  e lectrolyte ,  and 
s l ight ly  la rger  par t ic les  should oxidize almost  com-  
pletely.  I t  should be advantageous  to grade  par t ic le  
size carefu l ly  when manufac tur ing  s intered Ag elec-  
t rodes  and have  a m a x i m u m  par t ic le  size no l a rge r  
than  3-4~. Smal l  changes in the  size of par t ic les  p res -  
ent  in an unused e lect rode wil l  only  affect the  first 
few cycles, because the  par t ic le  size of the  Ag p ro -  
duced dur ing  a d ischarge  is s t rongly  dependent  on 
discharge condit ions and the par t ic les  tend  to reach 
a l imi ted  size range  when  electrodes are  cycled r e -  
pea tedly .  

Gradual clumping of particles.--Cycling was a lways  
accompanied by  the slow format ion  of la rge  voids as 
the  par t ic les  c lumped toge ther  into l a rge r  groups 
(Fig. 5, 7). The discharge ra te  had no appa ren t  effect 

on the  format ion  of voids and the c lumping of pa r -  
ticles. The voids and clumps seemed to grow at  the  
same ra te  and  to be a pp rox ima te ly  the  same size, 
whe the r  the 1-hr  or 20-hr  d ischarge  ra te  was used 
for  the  same number  of cycles. 

Charge-discharge efficiency.--The electrodes which 
were  discharged at  the 1-hr  ra te  gave only about  90% 
of charge  capac i ty  on the first d ischarge (not  inc luding 
the par t  of charge capaci ty  used in evolving oxygen) ,  
since the  s i lver  oxides were  not  comple te ly  reduced 
dur ing  the  fast discharge.  Beginning with  cycle 2, how-  
ever,  al l  discharges at  the 1-hr ra te  gave nea r ly  100% 
of the capaci ty  of the  preceding  charge.  A p p r o x i m a t e l y  
the  same amount  of oxide remained  at the  end of each 
discharge at the  1-hr  rate.  On the o ther  hand, the  elec-  
t rodes  which were  discharged at  the  20-hr ra te  a lways  
gave close to 100% of the  capaci ty  accepted dur ing  the 
previous  charge. 

The difference in the  charge-d i scharge  efficiency 
accounted for the  e lectrodes which were  d ischarged at  
the  1-hr r a t e  giving less capaci ty  at  cycle 1 than  the 
electrodes d ischarged at the  20-hr ra te  (Fig. 6). The 
electrodes which were  d ischarged at  the  1-hr  ra te  
were  g iving more  capaci ty  by  cycle 3 than  those dis-  
charged at the  20-hr  rate,  since capaci ty  had decreased 
rap id ly  dur ing  the first few cycles using slow discharges.  
Based on a theore t ica l  capaci ty  of app rox ima te ly  2.9 
A - h r  for the electrodes used in this  work,  it  can be 
seen f rom Fig. 6 tha t  in the first few cycles the  elec-  
t rodes d ischarged at  the  1-hr  ra te  gave 65-75% of the  
capaci ty  theore t ica l ly  possible, and these electrodes 
were  giving 60-65% of theore t ica l  capaci ty  at cycle 30. 
Al though  the electrodes discharged at the  20-hr  ra te  
had given app rox ima te ly  85% of theore t ica l  capaci ty  
at cycle 1, t hey  were  only giving 45-55% of theore t ica l  
capaci ty  at  cycle 10. 

Low capacity in impure electrolyte.--The capaci ty  
loss shown at point  A of Fig. 6 was assumed to be due 
to carbonate  content  of the  e lec t ro ly te  becoming high 
dur ing  the 74 days  of inact ivi ty.  Al though the  cell  
conta ining this e lec t rode  was closed, holes for the  wi re  
leads  were  not sealed t igh t ly  and CO2 from the a tmos-  
phere  could en te r  the  cell. Carbonate  could also resul t  
f rom the cellulosic separa tors  react ing wi th  the  KOH 
solution. The e lect rode capaci ty  improved  m a r k e d l y  
when  the old KOH solut ion was replaced  wi th  fresh 
solution. The first d ischarge a f te r  rep lac ing  the elec-  
t ro ly te  gave 113% of the  capaci ty  of the  previous  
charge  (measur ing  charge capaci ty  to the  beginning 
of oxygen evolut ion) .  A n  unusua l ly  large quan t i ty  of 
s i lver  oxides mus t  have remained  in this e lect rode at 
the  end of the preceding  discharge.  The concent ra -  
t ion gradients  in the  e lec t ro ly te  p robab ly  had become 
unusua l ly  high dur ing  discharges  at  the  1-hr  ra te  
a f te r  carbonate  had increased and KOH concentra t ion 
had decreased.  The e lec t ro ly te  has a s t rong influence 
on crys ta l l iza t ion  and should be s tudied  in detail .  

Conclusions 
When  s in tered Ag electrodes were  charged at the  

20-hr ra te  and discharged at the  1-hr  ra te  in 35% KOH 
solut ion at  25~ the fol lowing changes took place:  

1. As the  oxides were  reduced dur ing  the first dis-  
charge,  the  Ag  par t ic les  which formed had a much 
smal le r  average  size than  the Ag present  in the unused 
electrode.  These smal l  par t ic les  which fo rmed  dur ing  
a fast discharge contras ted  wi th  the  large g ranu la r  
par t ic les  of Ag, app rox ima te ly  10 t imes as large as 
those in the unused electrode,  which formed dur ing  
a slow discharge  at the  20-hr rate.  

2. The capaci ty  of an e lect rode decreased more  
s lowly when  electrodes were  cycled using the  1-hr  
discharge ra te  than  when  us ing the 20-hr rate,  be-  
cause the  smal l  Ag  par t ic les  which fo rmed  dur ing  a 
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fast  d ischarge could be oxidized more  r ead i ly  and more  
comple te ly  dur ing  a charge. 

3. Smal l  par t ic les  of A g  formed on the surfaces of a 
grid dur ing  discharges at the 1-hr  rate,  and tended to 
protect  a gr id  f rom serious at tack.  When  the  20-hr  
discharge ra te  was used, however ,  a grid g radua l ly  
decreased in size as a resul t  of the  gr id  surface being 
a t t acked  repeatedly .  

4. Dur ing  the first discharge,  the  Ag  formed into 
clumps of par t ic les  tha t  were  la rger  than  the clumps 
or ig ina l ly  present .  As an e lect rode was cycled, the  
c lumps of Ag  par t ic les  g radua l ly  increased in size 
whi le  large  void spaces developed and smal l  voids 
became less common. 

5. The propor t ion  of a d ischarged e lect rode that  
consisted of small  Ag par t ic les  s lowly decreased as 
la rger  Ag  par t ic les  g radua l ly  developed in the  in -  
te r ior  of the e lec t rode  with  cycling. Al though  the 
la rger  par t ic les  were  compara t ive ly  r a re  in the  first 
few cycles, app rox ima te ly  30-40% of a d ischarged 

e lec t rode  consisted of the  la rger  Ag par t ic les  a t  cycle 
30. 
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Differential Capacitance 
and Cyclic Voltametric Studies 

on Smooth Lead in H S04 Solutions 

Thomas F. Sharpe* 
Electrochemistry Department, Research Laboratou General Motors Corporation, Warren, Michigan 

ABSTRACT 

Different ial  capaci tance and cyclic vo l tamet r ic  curves for  smooth lead 
electrodes,  in the  presence of organic addit ives,  a re  given and discussed. The 
resul ts  of these exper iments  a re  compared  wi th  respect  to the  effectiveness 
of the  addi t ives  as expanders  in the  l ead-ac id  system. 

The use of l ignin and o ther  na tu ra l ly  occurr ing  or-  
ganic mate r ia l s  as expanders  for the negat ive  p la te  in 
the  l ead-ac id  system is wel l  known (1), and severa l  
studies have been made  to cor re la te  expander  ac t iv i ty  
wi th  organic s t ructure.  Ritchie  (2) r epor ted  that  the  
effectiveness of pure  organic compounds as expanders  
appears  to be d i rec t ly  re la ted  to the  ease wi th  which  
they  can be degraded  to "humic substances."  The best  
resul ts  were  obta ined with  ca rbohydra tes  and some 
homologous phenolic  compounds.  Other  studies (3) 
suggested that  catechol res idues  in the  l ignin molecule  
provide  expander  action. Recent ly  t he  Physics  Depa r t -  
ment  of the  Research Labora tor ies  of Genera l  Motors 
Corporat ion tes ted homologs of the phtha le in  series 
and found them (4) to possess various degrees of ex-  
pander  activity.  

Most expande r  studies have  been based on de te rmin -  
ing the i r  effect on the  charge  and discharge efficiency 
of expe r imen ta l  cells or ful l -s ize  ba t te r ies  (2, 3). A l -  
though such tests give l i t t le  insight  r ega rd ing  the  exac t  
mechanism by  which the expande r  functions,  i t  has 
been suggested (5) that  the  expander  opera tes  by  an 
adsorpt ion  process. 

One method  for s tudying  adsorpt ion at  an e lect rode 
surface is to obta in  curves showing the  re la t ionship  
be tween different ia l  capaci tance  and e lec t rode  po ten-  
tial. The purpose  of this work  was to de te rmine  the 
extent  to which organic  addit ives,  having  known de-  
grees of expande r  act ivi ty,  a l te r  the  shape of such 
curves  obta ined  wi th  smooth lead electrodes in H2SO4 
solutions. Also inc luded in this  s tudy  were  cyclic 
vol tametr ic  exper iments  to measure  the  e lec t r ica l  cur -  
ren t  that  flowed throughout  the potent ia l  range  at  

* Elec trochemica l  Soc ie ty  Act ive  Member .  

which the  different ia l  capaci tance measurements  were  
made.  

Experimental 
The spher ica l  test  e lectrodes for this  s tudy were  of 

h i g h - p u r i t y  (99.999-{-%) lead and were  p repa red  in 
the  manner  descr ibed e lsewhere  (6). The P y r e x  mea -  
sur ing  cell  contained a glass fr i t  to sepa ra te  the  
countere lec t rode  (a por t ion of a l e a d - a c i d - b a t t e r y  pos-  
i t ive p la te)  f rom the  test  electrode.  The test  e lec t rode  
compar tmen t  of the  cell  was p rov ided  wi th  ground 
glass openings to accommodate  the test  e lec t rode  as- 
sembly,  p re -e lec t ro lys i s  electrodes,  and Hg/Hg~SO4 
reference  capi l lary .  Solutions were  p repa red  f rom 
reagen t -g rade  H2SO4 and deionized, doubly  dist i l led 
water ,  and were  p re -e lec t ro lyzed  for  16 hr  using p la t i -  
num gauze electrodes.  

The a-c  impedance  br idge  used for the  capaci tance 
measurements  is s imi lar  to that  repor ted  in the l i t e r -  
a ture  (7). A b a t t e r y - o p e r a t e d  potent ios ta t  (8) was 
used to control  the  potent ia l  of the  test  e lect rode 
against  the  reference  electrode,  and  the a-c  signal  was 
e l imina ted  f rom the  potent ios ta t  circuit  by  means  of 
a filter choke. Data  were  ob ta ined  by  balancing the 
a - c  s ignal  (10 mV peak  to peak)  shown on the screen 
of a Tek t ron ix  Oscilloscope, Type  502-A, wi th  the  
d i r ec t - r ead ing  resis tance and capaci tance components  
of the  bridge.  

For  the  cyclic vo l tamet r ic  exper iments ,  t he  tes t  elec-  
t rodes were  subjec ted  to a vo l t age - t ime  sweep by  
feeding a signal  f rom a sweep genera tor  (8) into a 
Wenking  63TR potent iostat .  The cur ren t  t race  dur ing  
the sweep was d isp layed  on the screen of the  oscil lo-  
scope and was recorded  wi th  a Tek t ron ix  Oscilloscope 
Camera.  
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The organic mate r i a l s  used in th is  s tudy  were  am-  
monium l ignosulfonate  and pure  compounds of the  
phtha le in  series, and were  found (4) to possess ex-  
pander  ac t iv i ty  in the  fol lowing order.  Rhodamine  B < 
pyroga l lo l su l fonephtha le in  < gal le in  < ammonium l ig-  
nosulfonate  < ~coerulein. Al l  mate r ia l s  were  tes ted  at  a 
concentra t ion of 10 p p m  and at  room tempera ture .  

Results and  Discussion 

Di~erential capacitance measurements.--Differential 
capaci tance curves for  spher ical  lead  electrodes,  ob-  
t a ined  at  a-c  frequencies  of 500 and 5000 Hz in 1.25 sp 
gr  H2SO4, are  given in Fig. 1. The  capaci tance mea -  
surements  were  s ta r ted  at  --600 mV (vs. NHE) ,  in 
the  region of hydrogen  evolution,  and were  made  at  
25-mV in terva ls  up to about  150 mV beyond the  
Pb /PbSO4 revers ib le  potent ia l  (--345 mV vs. NHE).  
S teady  values  of the  capaci tance were  found wi th in  a 
few minutes  a f te r  changing the  potent ia l  of the  test  
electrode.  

As evident  f rom Fig. 1, al l  the  organic mate r ia l s  
lowered  the  capaci tance values to some extent .  The 
lower ing  of the  capaci tance  can be a t t r ibu ted  to ad -  
sorpt ion of the  organic molecules  at the  e lect rode 
surface. Over  the  poten t ia l  region in which they  a re  
adsorbed,  the  molecules  can a l te r  the  th ickness  of the  
double  l aye r  a n d / o r  t he  dielectr ic  constant  of the  
med ium wi th in  it, t h e r eby  changing the  values  for the  
different ial  capacitance.  Coerulein,  the  best  expande r  
of the  compounds tested,  apprec iab ly  lowered  the  ca-  
paci tance throughout  the  ent i re  potent ia l  region ca th -  
odic to the  Pb /PbSO4 revers ib le  potential .  F u r t h e r -  
more, the  pseudocapaci tance  associated wi th  t he  for -  
mat ion  of PbSO4 at  the  e lect rode surface was m a r k e d l y  
suppressed and shif ted to more  anodic potentials .  At  
the  o ther  extreme,  rhodamine  B, the  poorest  expander ,  
modera t e ly  lowered  the  capaci tance on ly  at high ca th-  
odic potentials ,  t h e r eby  indica t ing  tha t  it  is adsorbed 
only in this  potent ia l  region. 

F rom a prac t ica l  s tandpoint ,  therefore,  the resul ts  
indicate  tha t  the  measurement  of the  different ia l  capac-  
i tance of smooth lead  electrodes in the  presence of 
organic mate r ia l s  can be used to select those sub-  
stances that  wi l l  be most  effective as organic expanders  
for  the  nega t ive  p la te  in the  l ead-ac id  system. As ex -  
pander  ac t iv i ty  increases,  the  dif ferent ia l  capaci tance  
decreases th roughout  the  ent i re  cathodic potent ia l  r e -  
gion. F rom a theore t ica l  interest ,  however ,  fu r the r  
exper iments  a re  requ i red  to de t e rmine  such factors as 
coverage, heats  of adsorpt ion,  and or ienta t ion  of the  
organic molecules at  the  e lectrode surface. 

Cyclic voltametric experiments.--Typical oscil lo-  
scopic t races  of cyclic vol tametr ic  curves  for spher ica l  
lead electrodes in pure,  1.25 sp gr H2SO4 are  given in 
Fig. 2. The sweeps were  s ta r ted  at  --600 mV (vs. NHE) 
af ter  the  e lectrodes were  a l lowed to s tand at this  po-  
t en t i a l  for 5 min. A new elect rode was used for each 
sweep, and the a r rows  in Fig. 2-a  indicate  the  di rect ion 
of the  sweep. Because of the  low magni tude  of the  
cathodic cu r ren t  re la t ive  to the  anodic current ,  i t  was 
often necessary  to set  the  oscilloscope at a h igher  sen-  
s i t iv i ty  (Fig. 2-b)  to obta in  an accura te  measuremen t  
of the  cathodic  current .  Cur ren t  densi t ies  a t  var ious  
potent ia ls  could be ca lcula ted  f rom the areas  of  the  
lead  electrodes ( ranging  f rom 0.02 to 0.05 cm 2) and the  
cur ren t  values  d i sp layed  on the traces.  

In  cyclic vo l t ammet ry ,  the  quest ion arises as to how 
much of the  measured  cur ren t  is used for charging and 
discharging the double  layer .  The  doub le - l aye r  cur -  
r en t  (iaz, in ~ / c m  2) is ca lcula ted by  the  expression 

dv 
i~ = C - -  

dt  

where  C is the  doub le - l aye r  capaci tance (~f/cm2) and 
dv/dt  is the  sweep ra te  (V/sec) .  Assuming  tha t  for a 
smooth Pb  e lec t rode  C is close to 20 ~f /cm 2, the  double-  
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Fig. 1. Differential capacitance curves obtained at a-c frequen- 
cies of (a) 500 and (b) 5000 Hz for the lead electrode in 1.25 sp 
gr H2SO4. ~ ~ no additive (curve A); X = rhodamine B (curve 
B); O ~- pyrogallolsulfonephthalein (curve C); A ~ gallein 
(curve D), O = ammonium lignosulfonate (curve E); [ ]  = co- 
erulein (curve F). All additives were tested at ]0 ppm. 
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Fig. 2. Oscilloscope traces of cyclic voltametric curves for the 
lead electrode in pure 1.25 sp gr H2S04. Sweep rote ~ 62.5 mV/ 
sec for a and b; 3.5 mV/sec for c. Oscilloscope sensitivity = 0.2 
mA/cm for a; 0.05 mA/cm for b and c. 

l aye r  current ,  even at  the  h ighest  sweep ra te  (62.5 x 
10 -8 V/sec)  used in these studies, is only  about  1 ~A/  
cm 2. This was a negl ig ible  por t ion  of the  to ta l  cur ren t  
and could therefore  be disregarde~l. 

The effect of sweep r a t e  on the shape of the  cyclic 
vo l tamet r i c  curve  for l ead  in pure  H2SO4 is given in  
Fig. 3. The anodic sweep is r epresen ted  b y  a solid line, 
and the  cathodic sweep is given by  a broken  line. 
The peak  in the  anodic cu r ren t  corresponds  to the  
format ion  of PbSO4. The peak  height  var ies  l inea r ly  
wi th  sweep ra te  (broken line, Fig. 4), which is in 
agreement  wi th  theory  since the  PbSO4 behaves  as an  
adsorbed  in t e rmed ia te  (9) at  the  e lec t rode  surface. 

Dur ing  the  cathodic sweep, the  PbSO4 produced  in 
the  anodic sweep is r educed  to lead, and hydrogen  is 
evolved at  the  e lect rode surface. The cur ren t  for the  
reduct ion  of PbSO4 appears  to merge  wi th  the  cur ren t  
for  hydrogen  reduct ion.  

In  the  presence of the  addit ives,  the  anodic  cur ren t  
peak  height,  measured  at  a given sweep rate,  va r i ed  
over  a wide  range  of expe r imen ta l  values  (Fig. 4), 
and no corre la t ion  could be made  be tween  expande r  
ac t iv i ty  and peak  height.  Since the  peak  height  is p ro -  
por t iona l  to the  pseudocapaci tance  associated wi th  the  
format ion  of PbSO4, i t  would  be expected,  f rom the  
resul ts  given in Fig. 1, tha t  as expande r  ac t iv i ty  in-  
creased, the  peak  he ight  would  decrease.  The absence 
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Fig. 3. Current density vs. electrode potential at various sweep 
rates for the lead electrode in pure 1.25 sp gr H2SO4: a = 62.5 
mV/sec, b = 13.5 mV/sec, and c = 3.5 mV/sec. 
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Fig. 4. Peak anodic currents observed in cyclic voltamograms for 
the lead electrode in 1.25 sp gr H2SO4. 0 = No additive (curve 
A); X = rhodamine B (curve B); �9 =pyrogallolsulf0nephthalein 
(curve C); A = gallein (curve D); O = ammonium lignosul- 
fenate (curve E); [ ]  ~ coerulein (carve F). All additives were 
tested at 10 ppm. 

of such a t r end  is disconcert ing,  and  no explanat ion  
is cu r ren t ly  avai lable .  

There  was, however ,  a corre la t ion  be tween  expande r  
ac t iv i ty  of the  organic addi t ives  and the cur ren t  mea -  
sured dur ing  the cathodic sweep. As expande r  ac t iv i ty  
increased,  the  cur ren t  for the  reduct ion  of PbSO4 and 
hydrogen  decreased.  The t r end  was consistent  over  a 
range  of sweep rates,  and typ ica l  resul ts  a re  shown in 
Fig. 5. The decrease  in the  cathodic current ,  l ike  the  
lower ing  of the  different ia l  capacitance,  is a t t r ibu ted  
to adsorpt ion of the  addi t ives  at  the  e lectrode surface. 

The adsorpt ion  of an organic expande r  at  a smooth 
lead e lect rode is undoub ted ly  d is t r ibu ted  dif ferent ly  
than  tha t  at a l ead -ac id  ba t t e ry  negat ive  plate.  Because 
of its porous nature ,  the  negat ive  p la te  possesses reac-  
t ion sites having  a wide range  of activity.  Unl ike  the  
smooth lead e lec t rode  where  the  adsorpt ion  m a y  be 
d i s t r ibu ted  over  most  of the  e lect rode surface, adsorp-  
t ion at the  negat ive  pla te  m a y  occur only at  the  most 
active reac t ion  sites. The reduct ion  of PbSO4 and h y -  
drogen would  be inhibi ted  at  these sites, t he r e by  forc-  
ing the  e lect rochemical  react ion to occur over  the  rest  
of the e lect rode surface. Such a mechanism would  also 
tend to r e t a rd  c rys t a l  g rowth  which could account for 
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Fig. 5. Currents observed during cathodic sweep of lead elec- 
trodes in 1.25 sp gr H2S04. A = no additive, B = rhodamine B, 
C ~ pyragallolsulfonephthalein, D = gallein, E ~ ammonium 
lignasulfanate, F ~ coerulein. All additives were tested at 10 
ppm. 

the  fine s t ruc ture  tha t  is observed  (10) when the  ex-  
pander  is added  to the  negat ive  plate.  
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A Reversible Solid-State Battery with RbAg415 as Electrolyte' 
Mario De Rossi, Gianfranco Pistoia, and Bruno Scrosati* 
Istituto Elettrotecnico, Universit~ di Roma, Rome, Italy 

ABSTRACT 

A sol id-s ta te  revers ib le  cell  of the  type  Ag (Hg) /RbAg41JI2 ,  TBAI, C , h a s  
been developed.  The anodic and cathodic contact  polar izat ions  have been  
minimized by  amalgamat ion  of the  s i lver  e lect rode and the use of a sui table  
mix tu re  made  of t e t r a b u t y l a m m o n i u m  iodide (TBAI) ,  iodine, and graphi te ,  r e -  
spectively.  The cell  has an open-c i rcu i t  vol tage  of 0.56V at 25~ a to ta l  vol -  
ume of 5 cm 3, an in te rna l  resis tance of 30 ohms, shor t -c i rcu i t  cu r ren t  of 1.5 
A / d i n  2, and is rechargeab le  wi th  high coulombic efficiency. 

So l id -s ta te  ba t te r ies  have been wide ly  s tudied in 
recent  years  because t hey  possess some r e m a r k a b l e  
advantages  wi th  respect  to convent ional  systems such 
as po ten t i a l i ty  for ex t reme  minia tur izat ion,  la rge  t em-  
pe ra tu re  ranges  of operat ion,  and long shelf  life. Be-  
cause of these character is t ics ,  solid e lec t ro ly te  ba t te r ies  
could be v e r y  prof i tably used in t rans is tor ized circuits,  
space applicat ions,  and so on. 

The most serious shortcoming of this type  of cell, 
however ,  has been, unt i l  v e r y  recent ly ,  t he  high va lue  
of the  in te rna l  res is tance which has l imi ted  its p rac t i -  
cal u t i l iza t ion to mic rowat t  power  appl icat ions  (1, 2). 

S i lver  halides,  which have  been considered unt i l  a 
short  t ime  ago to be among the best  ionic conductors,  
have  a specific conduct iv i ty  which is 6-8 orders  of 
magni tude  less than  tha t  of convent ional  ba t t e ry  elec-  
t ro ly tes  (see Table  I ) .  

The opera t ive  possibil i t ies of a so l id-s ta te  cell  were  
first shown by  Lehovec and Broder  (3) who descr ibed 
a cell  made  of a s i lver  anode, an AgI  solid e lectrolyte ,  
and a cathodic mix tu re  of iodine and graphite .  This 
cell  has an open-c i rcu i t  vol tage  (OCV) of about  0.7V 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
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at room t e m p e r a t u r e  and yields shor t -c i rcu i t  cur rent  
densi t ies  in the  range  of ~A/cm 2. Also descr ibed is the  
behavior  of a h i g h - t e m p e r a t u r e  ceil  of the  type :  

Ag/AgI /Ag2S,C [1] 

to t ake  advan tage  of the  fact  tha t  AgI  is h ighly  con- 
duct ive in its h i g h - t e m p e r a t u r e  a form (4) as shown 
in Table II. 

Cell  [1] has an OCV of 0.2V at  200~ cur ren t  dens i -  
t ies up to 0.18 A / c m  2, but  v e r y  shor t  shelf  life. 

In  1958 Wein inger  (5) descr ibed a "bead" cel l  made  
of a smal l  bead  of AgI  and two electrodes,  s i lver  and  
t an ta lum wires,  inser ted  into the  electrolyte .  The min i -  

Table I. Specific conductivity of silver halide solid electrolytes 
and of a conventional battery aqueous electrolyte at 25~ 

E l e c t r o l y t e  X ohm-1 cm-1 Refe rence  

AgI 2 • 10- e (1G) 
AgC1 1 • 10-7 (17) 
A g B r  3 • 10-~ (18) 

A q u e o u s  s o l u t i o n  
of  H~SO4 30% 0.8 (19) 



Vol. 116, No. 12 R E V E R S I B L E  S O L I D - S T A T E  B A T T E R Y  1643 

Table II. Specific conductivity of Agl at various temperatures 
(16, 20) 

Temp, =C X ohra-~ em-~ 

20 1.66 • 10-e 
60 4.98 • 10 -e 

120 7.10 • 10 -5 
144 3.40 • 10 -4 
144.6" 1.31 
200 1.57 
500 2.52 

* ~ -+ a t r a n s i t i o n  poin t .  

aturized cell yields an OCV of 0.68V and current  
densities of about 14 ~A/cm~. The h igh- tempera ture  
behavior of the cell and its recharge possibilities are 
also discussed. 

Subsequently,  Weininger  (6) bui l t  the cell 

Ag/AgI /Ta ,  I2 [2] 

working in the tempera ture  range 150~176 and 
having as cathodic mater ial  either iodine or a chemical 
compound able to furnish free iodine at high tempera-  
ture, such as cesium polyiodides. Cell [2] has an OCV 
of 0.67V, capacity of 10 mA-hr ,  and short-circuit  cur-  
rents up to 18 mA. 

In  1959 Smyth  (7) described a solid electrolyte cell 
consisting of a silver anode, an AgC1 electrolyte film 
a few microns thick, and a cathode composed of KIC14, 
carbon black, and grease binder. The use of KIC14 as 
a low-pressure source of chlorine makes the cell very 
stable with a shelf life of ten years. 

The Smyth cell has an OCV of 1.04V at 25~ and an 
in terna l  resistance of about 105 ohms, a capacity of 
2 coulombs, and short-circuit  cur rent  densities of the 
order of 15 - -  30 ~A/cm 2. 

Recently, Foley has made a very comprehensive re- 
view of solid electrolyte galvanic cells (8). 

In  the cells so far described, the high in ternal  re-  
sistance remains  the most serious problem, which has 
been par t ia l ly  overcome by h igh- tempera ture  and thin 
electrolyte film techniques. 

In  very recent years, several at tempts have been 
made to improve the conductivi ty of silver halides and 
to synthesize highly conductive solid electrolytes (8). 

In  1964 Takahashi  and Yamamoto (9) described the 
cell 

Ag/Ag3SI/I2, C [3] 

The specific conductivi ty of Ag~SI at 25~ is 10 -2 
ohm -~ cm -1 (10), much higher than that of the silver 
halides (see Table I).  Cell [3], in fact, can yield short-  
circuit current  densities as high as 10 mA/cm 2 at room 
temperature.  Unfortunately,  the electrolyte cannot be 
used for bat tery purposes since it has high electronic 
conductivi ty (8). In 1967 Bradley and Greene (11) and, 
subsequently,  Owens and Argue (12), described a new 
group of solid electrolytes of the type MAg4I~, where 

Table III. Specific conductivity of RbAg415 at 25~ 

X ohm-Z cm-1 Refe rence  

0.124 B r a d l e y  a n d  G r e e n e  (11) 
0.210 Owens  a n d  A r g u e  (12) 
0,250 Thi s  w o r k  

M is K, NH4, Rb, and possibly Cs, having a specific 
conductivity, due only to silver ions, as high as 0.2 
ohm -1 cm -1 at 25~ (see Table III) .  

The advantage of these electrolytes for an improved 
solid-state ba t te ry  is obvious and in 1968 Scrosati, 
Boddy, and De Rossi (13) described a cell of the type 

Ag (Hg)/RbAg4Is/I2, C [4 ] 

having an amalgamated silver anode, RbAg415 solid 
electrolyte, and a cathodic iodine-graphi te  mixture.  

Cell [4] has at 25~ an OCV of 0.58V, a total volume 
of ~2  cm 3, short-circuit  currents  up to 4 mA, and a 
total available charge of 130 coulombs (see Table IV). 
The in terna l  resistance of the cell is about 300 ohms. 
This value, even if much lower than that  of the opera- 
t ive solid electrolyte batteries previously described, is 
still higher than  that  one would have expected on the 
basis of the conductivi ty value of the electrolyte. The 
relat ively high value of the in terna l  resistance in cell 
[4] is probably due to interfacial  effects between the 
iodine-graphite  mix ture  and the electrolyte. 

In  1968 Argue, Groce, and Owens (14) described a 
solid-electrolyte bat tery  of the type: 

Ag/RbAg4Is/RbI~, C [5] 

formed by a mix ture  of silver, carbon, and RbAg415 as 
anode, RbAg415 as electrolyte, and a mix ture  of RbI3, 
carbon, and RbAg415 as cathode. 

The use in cell [5] of a polyiodide in  the place of 
iodine seems to have overcome the contact cathodic 
polarization observed in cell [4], thus allowing the 
former to yield higher current  densities (see Table IV). 

Nevertheless, some of the performances of the cell 
[5] described in the paper by Argue, Groce, and Owens 
are rather  surprising. For instance the in terna l  resist-  
ance of a low current  drain  cell is reported to be 
(2 • 1) ohm, while in the discharge of a bat tery  of 5 
cells in series, having an OCV of 3.30V, on 10O kohm 
load, load voltages ranging from 3.29 to 3.26V are re-  
ported at 25~ From these exper imental  data, realistic 
cell resistance appears to range from 60 to 250 ohms. 

In  this work, a solid state reversible cell with 
RbAg415 as electrolyte and in which the cathodic polar-  
ization is minimized by the use of suitable cathodic 
mixture  is described. Furthermore,  a method to obtain 
an improved electrolyte and some of the electrical 
properties of the electrolyte are also reported. 

Exper imental  
Materia[s.--All the chemicals used were reagent 

grade. The electrolyte, RbAg4Is, was prepared by  slow 

TaMe IV. RbAg415 solid electrolyte cells 

Refe rence  Scrosa t i ,  Boddy ,  Argue ,  G r o t e ,  O w e n s  (14) T h i s  w o r k  
De Rossi  (13) 

Type  of  cel l  A g  (Hg)/RbAg~I~/I~,  C Ag~fRbAg~I~RbI3, C A g  (Hg)/RbAg~Ia/I~,  T B A I ,  C 

L o w  M e d i u m  H i g h  L o w  M e d i u m  S h o r t - c i r c u i t  
D r a i n  c u r r e n t  c u r r e n t  c u r r e n t  c u r r e n t  c u r r e n t  c u r r e n t  

OCV (volts)  0.58 0.06 - -  - -  0.56 
O p e r a t i n g  t e m p e r a t u r e  (~ 25 25 25 25 25 25-  
E l ec t ro ly t e  t h i c k n e s s  (ram) 2 0.51 0.48 0.43 1.5 1.5 
Ce l l  d i a m e t e r  (era) 2.5 1.16 1.22 2.44 2 2 
Cel l  v o l u m e  (cm s) 2 0.23 0.14 0.77 5 5 
Capac i ty  (mA-hr )  ~ 0 . 5  0.8 - -  - -  7 
Cel l  r e s i s t ance  (ohms) 300 60-250(a~ 60(~) 0.20 <r 30 30-  
O p e r a t i n g  t i m e  144 hr(b) 20 see 8 msec  85 h r  (b~ 30 rain( b~ 
L o a d  re s i s t ance  100 k o h m  600 ohms  2.43 o h m s  6 k o h m  600 o h m s  
Cel l  w e i g h t  (grams)  5 0.7 0.5 3.2 10 10 
S h o r t - c i r c u i t  c u r r e n t  3 m A  ~ 5 0  m A  

(=) O p e r a t i v e  cel l  res i s tance .  
(b) O p e r a t i n g  t i m e  to  70% of  OCV. 
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heat ing of a stoichiometric mix ture  of AgI and RbI to 
mel t ing and then quenching. All these operations were 
performed under  vacuum. Subsequent ly  the solid prod- 
uct was ground and left at 165~ for about 20 hr. The 
powder was then compressed into pellets for the ex-  
periments.  The procedure is similar to that described 
by Argue and Owens (12) with the difference that  in 
the present  case the mel t ing and the quenching were 
done under  vacuum to el iminate all the possible volatile 
impurities.  The vacuum procedure does not change the 
composition of the final product, as has been proved 
by x - r ay  powder patterns,  and seems to improve the 
RbAg415 conduct ivi ty (see Table I I I ) .  

Cell structure.--The cell in its essential s t ructure  may 
be represented as 

Ag/RbAg4IJI2  [6] 

The main problems in cell [6] are the contact polari-  
zations (13) which have been minimized in  the present  
case by the use of an amalgamated silver disk as anode 
(13) and of a cathodic mix ture  made of powdered 
graphite, iodine, and t e t r abu ty lammonium iodide 
(TBAI).  It is known that  a lky lammonium salts are able 
to retain molecular  iodine (15). The function of TBAI 
in the cathodic mixture  is therefore to prevent  ta rn ish-  
ing reactions by free iodine on the electrolyte when  the 
cell is not operative. Iodine is released by TBAI dur ing  
discharge and retained dur ing charge. 

In  order to reduce contact resistance further,  the 
cathodic mix ture  is melted, uni formly  spread on the 
electrolyte, and allowed to solidify. 

The actual cell s t ructure  is therefore 

Ag (Hg)/RbAg4IJI2,  TBAI, C [7] 

Measurements.--Voltage and current  determinat ions 
have been performed by  a Keithley Model 610C elec- 
trometer.  Conductivity measurements  have been per-  
formed by the use of a cell made of two amalgamated 
silver disks of 1 cm diameter  in contact with the elec- 
t rolyte  pellet. A-C conductivi ty was determined by a 
Tinsley bridge, Type 4896. Polarizat ion studies were 
made by an AMEL potentiostat, Model 551. 

Results 
Electrolyte characteristics.--The a-c specific conduc- 

t ivi ty  has been found to be 0.250 ohm -1 cm -1 at 25~ 
a value about 20 % higher than that reported by Argue 
and Owens (12). This is probably due to the vacuum 
technique used in the present  research in the prepara-  
t ion of the electrolyte. 

In  Fig. 1 is shown a current-vol tage  curve of the 
electrolyte obtained with two amalgamated silver elec- 
trodes at 25~ The a-c resistance of the electrolyte 
sample, previously measured, was 2.9 ohms. From the 
data of Fig. 1, the d-c resistance appears instead to be 
about ten times higher, i.e. 27 ohms. At  high current  
drains the polarization is much higher, thus suggesting 
that  cells having RbAg415 as electrolyte should be used 
preferably in the low and medium cur ren t  drain  ranges 
( f rom/ ,A to mA) .  

Figure 2 shows the typical  current -vol tage  curve of 
the electrolyte obtained at 25~ wi th  two p la t inum 
electrodes. The decomposition potential  of RbAg415 is 
0.67 • O.OlV at 25~ 

tO ~ 

1 ( A} 

0.01 0.02 0.03 0.04 0.05 006 0-07 
v (VOLT) 

Fig. 1. Current-voltage curve for RbAg415 at 25~ (silver elec- 
trodes). 

IOO 

I LflA) 

50 

o o] 02 o3' o4' o:s-o8 ~7 o~ o~ 
V (VOLT) 

Fig. 2. Current-voltage curve for RbAg415 at 25~ (platinum 
electrodes). 

Cell characteristics.--The OCV of the cell 

Ag/RbAg4Is/I2, C [8] 

at 25~ has been found to be 0.683V (13) in good 
agreement  with the theoretical value of 0.688V derived 
from the thermodynamic free energy of formation of 
silver iodide. 

To minimize contact polarization effects, cell [7], the 
over-al l  reaction of which should be 

Ag (Hg) -}- �89 I2 ~- AgI [9] 

has been taken into consideration. 
The OCV of cell [7] is 0.56V at 25~ and its variat ion 

with temperature  is shown in Fig. 3. The tempera ture  
dependence is 0.0006 V/~ The cell s t ructure is shown 
in Fig. 4. The cell consists of an amalgamated silver disk 
in contact with a pellet of RbAg4Is, ~ 2.0 cm diameter  
and ,-~ 0.15 cm thickness. The cathodic mixture  is spread 
on the electrolyte surface. The total volume of the 
operative cell is -~ 5 cm 3 and the total weight ~ 10g. 

From current -vol tage  plots at room temperature,  
the in te rna l  resistance was determined to be about 30 
ohms (see Fig. 5 which applies to the ini t ial  behavior  

08 

tu 

Fig. 3. Temperature dependence of the OCV of cell [7]. 

G 

b 

Fig. 4. Cell structure, where a is a PVC container, b the external 
contact, c the amalgamated silver anode, d the RbAg415 pellet, 
and e the cathodic mixture. 
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Fig. 5. Current-voltage curve for cell [7] at room temperature 

of the  cel l) .  According to the  a-c  conduct iv i ty  of 
RbAg4Is, the  cell  resistance,  due to the  e lec t ro ly te  
only, should be of the  o rder  of 0.2 ohm. The to ta l  r e -  
sistance of t he  cell  in its opera t ive  assembly  is about  
3 ohms, as measured  by  the a -c  bridge.  The h igher  
va lue  found expe r imen ta l l y  could be expla ined  on the 
basis of the  da ta  r epor ted  in Fig. 1 and of a ce r ta in  
res idual  contact  resistance.  

For  long- t ime  discharges,  the  in te rna l  res is tance of 
the  cell  increases main ly  because dur ing  d ischarge  AgI,  
whose conduct iv i ty  is ve ry  low, is fo rmed  (13). 

In Fig. 6 and 7 are  shown typica l  d ischarge curves  
at  various loads and var ious  tempera tures .  

Cell  [7] is capable  of de l iver ing  shor t -c i rcu i t  cu r ren t  
of ~ 50 m A  (-~ 1.5 A/dm2) .  The cell  character is t ics  
and per formances  at  25~ are  summar ized  in Table  IV 
which  also gives r epor t ed  da ta  on o ther  RbAg415 solid 
e lec t ro ly te  cells. 

A t t empt s  at recharg ing  the cell  have  been successful 
as shown in Fig. 8. The cell  was discharged at 50~ 
through  150 ohms to 0.2V (curve  a) .  Fo l lowing  this  
in i t ia l  d ischarge the cell was charged  at an appl ied  
vol tage of 0.6V and then  discharged through 1000 ohms 
to 0.35V (curve  b) .  This was fol lowed by  a second 
charge and so on as shown in curves  c and d. o} 
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perature. 
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Fig. 7. Typical cell performances at various loads at 50~ 
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Fig. 8. Discharge curve of cell [7] charged and discharged at 
50~ where a is the first discharge at 150 ohms load and b, c, 
and d are the second, third, and fourth discharge curves, respec- 
tively, at 1000 ohms load. 
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Fig. 9. Charge-discharge first cycle of cell [7] at 0.2 mA con- 
stant current and at 25~ 

The four th  charge  was car r ied  on at  an appl ied  vo l t -  
age of 0.65V and the fol lowing discharge was unsa t i s -  
factory.  The cell was disconnected and the negat ive  
e lect rode region showed a dendri t ic  deposit  of silver.  
This circumstance,  and perhaps  also the  fact  t ha t  the  
appl ied  vol tage  in the  four th  charge was close to the  
decomposi t ion potent ia l  of the  e lectrolyte ,  may  expla in  
the  fa i lure  of the  fifth discharge process. 

This evidence indicates  tha t  the charge process p re -  
f e rab ly  should be car r ied  out at  low cur ren t  densit ies 
to obta in  the  best  efficiency. 

In  Fig. 9 is r epo r t ed  a charge-d i scharge  cycle ~t 
25~ and at  a constant  cur ren t  of 0.2 mA, showing a 
ve ry  high coulombic efficiency. 

Conclusions 
From the above repor ted  da ta  it  is infer red  that  the  

cell  descr ibed in this  work  shows clear  improvements  
wi th  respect  to the  sys tem previous ly  developed in our  
l abo ra to ry  (13). Among them, the  most significant is 
the minimizat ion  of the  contact  cathodic polarizat ion.  

Cell  [7] also has some advantages  over  the  ba t t e ry  
s tudied by Argue,  Groce, and Owens (14) at least  in 
the  low and med ium cur ren t  d ra in  ranges  (see Table  
IV) .  

Fur the rmore ,  the system descr ibed in this  work  
shows possibil i t ies of being recharged  wi th  high cur -  
ren t  efficiencies and, because of this and  the  use of 
iodine ins tead  of RbI3 in the  cathodic mixture ,  its cost 
should be lower  than  o ther  RbAg415 solid e lec t ro ly te  
cells. 

Fur the rmore ,  cell  [7] m a y  be p r in ted  since al l  its 
components  m a y  be deposi ted ei ther  by  evapora t ion  
(s i lver)  or by  solidification (e lec t ro ly te  and cathodic 
m i x t u r e ) .  

On the other  hand, the  cell  of Argue  and co-workers  
has a h igher  OCV and seems to be capable  of surpr i s -  
ingly  high cur ren t  pulses, i.e. 90 A / d i n  2. 
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On the Passivity of Iron-Chromium Alloys 
III. Effect of Potential 

Robert P. Frankenthal* 
Edgar C. Bain Laboratory ~or Fundamental Research, 

United States Steel Corporation, Research Center, Monroeville, Pennsylvania 

ABSTRACT 

The kinetics of growth of the pr imary  and of the secondary passivating 
films have been examined for an Fe-24% Cr alloy in 2N H2804 over a poten-  
tial range of several hundred  mill ivolts  above the activation potential.  From 
these data it has been possible to evaluate the effectiveness of an adsorbed 
film and of an oxide film in causing passivity. It  is concluded that  the type 
of film that gives rise to passivity, as well  as the mechanism of anodic dis- 
solution during the passivation process, is potential  dependent:  At the ac- 
t ivat ion potential  an adsorbed film is responsible for passivity by inhibi t ing 
the direct, activated t ransfer  of ions from the metal  surface into solution; at 
high potentials an oxide film acts as the passivating agent with the current  
l imited by the rate of diffusion of ions through the film; in a 200 mV inter-  
mediate region the adsorbed film is responsible for in i t ia t ing passivity, but  
the steady-state film is an oxide. In addit ion the data indicate that  the rate 
of growth of both the pr imary  and the secondary films is potent ial  dependent;  
at sufficiently low potentials the rate constant  for p r imary  film formation is 
greater than that  for secondary film formation, while at higher potentials the 
rate constant  for secondary film formation becomes greater. 

In  the first of this series of papers (1), we showed 
that  on an Fe-24% Cr alloy in H2SO4 at least two dis- 
tinct, potent ia l -dependent  films are formed dur ing  the 
passivation process: the p r imary  passivating film is 
formed reversibly at the p r imary  activation potential,  
while the secondary film forms at more positive poten- 
tials, and is very stable and resistant  to reduction. In  
subsequent  work (2), we studied the kinetics of 
p r imary  film growth at the pr imary  activation poten-  
tial, showed that at this potential  a small  fraction of 
a monolayer  gives rise to a high degree of passivity, 
and presented a preferent ia l -dissolut ion/adsorpt ion 
mechanism for the passivation process that  agreed 
quant i ta t ively  with the observed exper imental  be-  
havior. 

In  this paper we extend the exper imental  work over 
a potential  range of several hundred  millivolts above 
the activation potential. Specifically we investigate the 
decay of the anodic current  and the growth of the 
p r imary  and secondary films with t ime at different po- 
tentials. From these data it has been possible to deter-  
mine  the effectiveness of a given quant i ty  of film as a 
passivating agent at each potential. It is shown that  
none of the prevalent  theories of passivity, the adsorp- 
tion theory (3), the bulk oxide theory (4), or the se- 
quent ia l  adsorption, bulk  oxide theories (5, 6), is ap- 
plicable over the entire potential  range of passivity. 
Instead evidence is presented to show that at the ac- 
t ivat ion potential  passivity can be a t t r ibuted to a film 
formed by an adsorption process; at high potentials an 
oxide is responsible; in between there exists a 200 mV 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

region in which an initial, adsorbed film causes a large 
decrease in the anodic current ,  but  is not the steady- 
state film which is an oxide. It is also shown that  a 
change in the mechanism of anodic dissolution dur ing 
the passivation process occurs at the same potential  at 
which the change from passivation by an adsorbed film 
to passivation by an oxide film takes place. The var ia-  
tion of anodic current  and of film growth with t ime and 
with potential  is shown to be in agreement  with the 
above conclusions. 

Experimental 
The alloy, electrolyte solution, electrochemical cell, 

electrical circuitry, specimen preparation,  general  pro- 
cedure, and justification therefore have been described 
in detail  previously (2). Therefore, only some essential 
facts and procedures are summarized here. 

The alloy investigated was a high-pur i ty ,  vacuum-  
melted Fe-24% Cr ferritic alloy. The electrolyte solu- 
t ion was 2N H2SO4 (pH 0.02) made from reagent-grade 
sulfuric acid and doubly distilled water. Fur ther  pur i -  
fication by passing the solution over activated charcoal 
did not affect the results and was general ly omitted. 

The basic exper iment  consisted of the following 
steps: The specimen surface was cleaned by a combina-  
t ion of cathodic reduction and anodic dissolution, fol- 
lowing which the specimen was put on open circuit 
unt i l  the s teady-state  corrosion potential  (+_ 0.5 mV) 
was achieved; the potential  was then switched to that 
under  s tudy and the cur ren t - t ime  (i-t)  t rans ient  was 
recorded; after any  given t ime the film that  had been 
formed could be cathodically reduced at constant  
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current  (chronopotentiometry) ; the result ing potent ial-  
time (E-t) curve was recorded and the coulombic film 
thickness calculated. 

All  potentials are reported relat ive to the s tandard 
hydrogen electrode (SHE).  

Results 
The potentiostatically determined steady-state po- 

larization (E-i) curve for this system has been 
given previously (2) ; the p r imary  activation potential,  
Ea, was defined (1) as the potential  at which the first 
increase in the anodic current  is observed on going 
from the passive region to the anodic loop under  con- 
ditions of reversibil i ty.  This corresponds to the min i -  
mum in the cathodic loop and lies between --0.108 
and --0.109V (2). 

Some typical  anodic cur ren t - t ime  t ransients  are 
shown in Fig. 1. To obtain the t ransients  at those po- 
tentials at which hydrogen evolution occurs s imul-  
taneously with the anodic reaction, it was assumed 
that  the s teady-state  anodic current  is the same as at 
potentials at which no hydrogen evolution occurs; 1 the 
hydrogen-evolut ion current,  which then is equal  to 
the difference between the measured steady-state cur-  
rent  and the anodic steady-state current ,  was 
subtracted from the measured current  at any  given 
time to obtain the anodic current  at that  time. At 
potentials greater than Ea the ini t ial  current  exceeds 
the capacity of the potentiostat  and thus up to about 
0.05 sec the t ransients  are influenced by the character-  
istics of the circuit. At current  densities greater than  
4 m A / c m  2 the /R-drop correction exceeds 2 mV. At 
potentials more positive than Ea -{- 200 mV, the 
t ransients  are independent  of potential  after about 
0.05 sec. Similar  observations have also been made by 
Nagayama and Cohen (7) for i ron in borate buffer 
and by Rahmel  and Schwenk (8) for an 18-8 austeni-  
tic stainless steel in 1N H2SO4 and in 0.5M Na2SO4. In  
nei ther  case, however, did the authors report the re-  
sults of a n y  experiments  wi th in  200 mV of Ea. 

A set of potent ia l - t ime (E-t) curves measured 
dur ing cathodic reduction after passivation at Ea has 
been shown previously (2). Similar  curves are ob- 
served at higher potentials;  for sufficiently short times 

i This assumption is based on the observatio~ that no diseernable 
d i s s o l u t i o n  t ook  p lace  on  a s p e c i m e n  p o t e n t i o s t a t e d  a t  E= + 2 m V  
for 24 hr .  

2 Refe rence  (2) e r r o n e o u s l y  g i v e s  the  c u r r e n t  d e n s i t y  as 1 /~A/em-~; 
it  s h o u l d  be  10 /LA/cm s. 
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Fig. 2. Film thickness-time transients at different potentials. 
Passivation potential relative to Ea is given next to each curve. 
Time at which secondary film was first detected by an increase in 
the reduction potential is indicated by the arrow on each curve; 
at longer times true film thicknesses are greater than measured 
ones (see text). 
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Fig. 3. Film thickness-time transients at different potentials. 

Passivation potential relative to Ea is given next to each curve. 
Time at which secondary film was first detected by an increase in 
the reduction potential is indicated by the arrow on each curve; 
at longer times true film thicknesses are greater than measured 
ones (see text). 

the reduction potent ial  is the same as for the pr imary  
film at Ea; the first increase in the reduction potent ial  
appears at shorter times as the passivation potential  
is increased (Fig. 2 and 3) and the magni tude  of the 
change in the reduction potent ial  increases wi th  in -  
creasing passivation potential  (Table I) .  

The coulombic thickness of the film is equal  to the 
product of the t ime to reach the inflection point in the 
E- t  curve and the current  density for film reduc-  
tion, which was 10 ~A/cm2. ~ To correct for hydrogen 

Table. I. Effect of the passivation potential on the reduction 
potential. Time of passivation was 100 sec 

P a s s i v a t i o n  R e d u c t i o n  
p o t e n t i a l ,  m V  po ten t i a l ,  V 

E= --0.123 
E= + 50 --0.124 
Ea + 100 --0.128 
Ea + 150 --0.131 
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Fig. 4. Scanning electron micrograph of a surface after cleaning 
by anodic dissolution. Orientation-dependent etch is indicative of 
a film-free surface. 

reduct ion that  occurs concurrent ly  with film reduc-  
tion, 2.3 ~AJcm 2, corresponding to the rate of hydro-  
gen reduction at Ea, was added to the 10 ~A/cm 2 for 
film reduction. Thus a current  densi ty of 12.3 #A/cm~ 
was actually used. Plots of film thickness vs. t ime 
(Q-t  curves) are shown in  Fig. 2 and 3 for various 
potentials up to Ea -~- 200 inV. At more positive poten-  
tials secondary film was present  before the ini t ial  
point could be established. 

The increase in the reduct ion potential  is accom- 
panied by a change in the Q-t  plot for any given 
passivation potential  (Fig. 2 and 3). At the activation 
potential  the increase in the reduction potential  does 
not occur unt i l  after the steady-state thickness 3 has 
been achieved and then this increase is accompanied 
by a decrease in the apparent  film thickness. At higher 
potentials the increase in the reduction potential  is 
detected at shorter times, before the max imum in the 
Q-t  curve has been reached, and occurs roughly at 
the t ime at which the log Q-log t plots cease to be 
linear. 

To determine whether  the increase in the reduction 
potential  is associated with increased difficulty of film 
reduction, i.e., secondary film formation (1, 2), the 
following experiment  was performed: After  the film 
was reduced chronopotentiometricaUy the potential  
was switched to --0.205V, the potential  of max imum 
anodic current ,  and the t ime for the current  to reach 
its steady-state,  i.e., its maximum, value was moni-  
tored. This t ime is shortest when the reduction poten- 
tial is that normal ly  associated with the pr imary  film; 
this t ime increases wi th  increasing reduction poten-  
tial, which in  t u r n  increases with increasing potential  
and t ime of passivation. An addit ional  observation is 
that  the max imum measured film thickness at Ea 
+ 16 mV is considerably greater than that at higher 
potentials. 

Scanning electron microscope examinations were 
made of many  surfaces of different orientations after 
the specimens were anodically etched at --0.205V, the 
potent ial  of max imum anodic current.  A typical ex- 
ample of the or ienta t ion-dependent  etch that  is nor-  
mal ly  observed is shown in Fig. 4. This surface has 
been heavily etched; similar  effects are also observed 
after lesser amounts  of anodic attack. 

Validity and accuracy o] ~lm thickness measure-  
ments . - -Addi t ional  evidence has been obtained that  
s t rengthens the conclusions in  the previous paper (2) 

3 W h i l e  n o t  eas i ly  d i s c e r n e d  in  F ig .  2 a n d  3, a s t eady  s t a t e  does 
ex i s t  ove r  the  t i m e  r a n g e  f r o m  8 to  15 ks. 

and permits  clarification of some ambiguities:  (i) I t  
was not possible to prove that  a film formed at poten-  
tials negative of the corrosion potent ia l  was not pres-  
ent at all t imes over at least part  of the surface. The 
or ienta t ion-dependent  etch that  is observed (Fig. 4) 
after anodic dissolution is characteristic of a film-free 
surface (9). Therefore, it is highly unl ikely  that  any 
film ini t ia l ly present is not removed dur ing the etch 
that is always used to clean the surface prior to each 
experiment.  (ii) Cohen (10) has k indly  pointed out 
that we had not considered the possibility of film 
formation at the corrosion potential  after the anodic 
etching t reatment .  If after the etch the potent ial  is 
switched to the corrosion potential  and then  back 
again to the etching potential,  the anodic cur ren t - t ime  
t ransient  (No. 5) shown in  Fig. 1 is observed; the in -  
sert in this figure shows the first millisecond of the 
transient.  After an ini t ial  current  jump in  less than 
10 ~sec due to charging of the double layer, the cur-  
rent  rapidly decays to the steady-state  value. If any 
film is formed at the corrosion potential,  an increase 
in the current  with time, ra ther  than a decrease, 
would be expected as the film is removed by the etch 
and as is observed for an ini t ia l ly passivated speci- 
men. From this it is concluded that  no film is formed 
dur ing  the t ime the specimen is held at the corrosion 
potential. These results, as well  as those presented 
previously (2), establish that  the cathodic reduction 
procedure measures all the film on the surface. 

The accuracy of the film-thickness measurement  de- 
pends on the accuracy of the hydrogen-reduct ion cor-  
rection. While the la t ter  cannot be assessed quant i ta -  
tively, the possible errors can be examined. Since the 
correction used is the exper imental ly  determined 
cathodic current  density, it must  be the m i n i m u m  cor- 
rection, i.e., the t rue cathodic current  density cannot 
be less than  the measured value. The correction per-  
haps should be greater for the following reasons: (i) 
If the anodic current  density at Ea is greater than that  
assumed, the cathodic current  densi ty must  also be 
greater in order to get the net  measured cur ren t  den-  
sity. This error cannot be great for reasons given in 
the first footnote in the "Results." (ii) The reduction 
potential  is about 15 mV negative of Ea; consequently 
the cathodic cur ren t  density at this potent ial  should 
be somewhat greater  than  at Ea. A correction for these 
possible errors would make the t rue film thickness 
less than that measured. Assuming that the steady- 
state film thickness at the activation potential  cannot 
be appreciably less than  a monolayer,  the error of 
neglecting these addit ional corrections has no effect 
on the basic in terpre ta t ion of the data. Another  cor- 
rection may arise from a change in hydrogen reduc-  
t ion kinetics in going from a filmed to a bare metal  
surface as the reduction proceeds. Since there is little 
change in the reduction potential  Until close to the 
end point, it appears that the fraction of the total cur-  
rent  applied to hydrogen reduction remains relat ively 
constant  un t i l  close to the end point and that  a signifi- 
cant  error will  occur only  for very  th in  films. 

Discussion 
The purpose of this paper is to determine how the 

effectiveness of a given type and quan t i ty  of film as 
a passivating agent changes with increasing potential  
and the mechanism by which this film hinders anodic 
dissolution. In  addition, it must  be shown that  the 
variat ions of i and Q with E and t are consistent with 
these findings and the resul t ing conclusions; the effect 
of potential  on the i - t  t ransients  is t reated in a sec- 
tion of this Discussion while a rate equation that  ac- 
counts for the observed Q-t-E relationships is pre-  
sented in an Appendix. 

Effectiveness of adsorbed and o~ oxide J~ms as pas- 
s ivators.--The pr imary  film is the same at all  passiva- 
t ion potentials because it exhibits the same reduction 
potential  at each passivation potential. The data (Fig. 
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Fig. 5. Effect of o 0.36 mC/cm 2 film on the onodic current dens- 
ity at different potentials, showing the change from passivation by 
an adsorbed film to passivation by an oxide film at a potential 
of approximately Ea + 200 mV (see text). 

2 and 3) show that  for any given t ime the thickness 
of this film increases wi th  potential. At the activation 
potential  the steady-state film is 0.36 mC/cm  2 thick 
corresponding to one to three monolayers (2); we 
have shown (2) that the mechanism by which this 
film is formed and by which the decay of the anodic 
current  can be described involves an adsorption pro- 
cess. At higher potentials, e.g., at Ea ~- 16 mV, the 
steady-state  film is m a n y  monolayers thick and it 
must  be an oxide, because it is difficult to envision 
stable, separate layers of anions and cations each with 
a charge density of several millicoulombs/cm2; the 
interdiffusion of the ions to form an oxide is almost 
a certainty. 

Although the steady-state  film at potentials above 
the activation potent ial  appears to be an oxide, the 
passivation mechanism need not necessarily involve 
the formation of an oxide, but  may be an adsorption 
process such as occurs at the activation potential. To 
determine whether  an adsorption process or the for- 
mat ion of an oxide film is responsible for passivity at 
potentials above Ea, we analyze the data in Fig. 1-3 in 
the following manner :  At Ea the steady-state  th ick-  
ness of 0.36 mC/cm 2, corresponding to an adsorbed 
film, is also the m i n i m u m  thickness that  affords com- 
plete passivity, the anodic current  density reaches its 
m i n i m u m  value at the same time as the film thick- 
ness reaches this value;  hence we arbi t rar i ly  choose 
this thickness as our reference. We determine the 
t ime required to reach this thickness at each potent ial  
(Fig. 2 and 3); from Fig. 1 we determine the residual  
anodic current  density flowing at this time. This cur-  
rent  density is plotted as a function of the potential, 
relat ive to Ea (Fig. 5) with the current  normalized 
to zero at Ea. 4 As might  be expected, the abi l i ty  of 
this quant i ty  of film (0.36 mC/cm 2) to afford protec- 
t ion against anodic dissolution decreases with increas-  
ing potential. Nevertheless, over the first 200 mV this 
film does afford excellent protection by reducing the 
current  density to less than 0.01% of its ini t ial  value 
(the value at 10-s sec in Fig. 1). Above Ea Jr 200 mV 
the effectiveness of this quant i ty  of film rapidly de- 
creases, with the residual  current  at Ea -b 500 mV 
being approximately 1 mA/cm2; thus at the higher 

4 S i n c e  a t  t h e  h i g h e r  p o t e n t i a l s  s o m e  s e c o n d a r y  f i lm is p r e s e n t  
a t  t h e  t i m e  t h a t  0.36 m C / c m 2  is m e a s u r e d ,  t h e  t r u e  t h i c k n e s s  is 
g r e a t e r  a n d  t h e  t i m e  to r e a c h  t h e  d e s i r e d  t h i c k n e s s  is  a c t u a l l y  
s h o r t e r ;  t h u s  t h e  c u r r e n t  d e n s i t y  p l o t t e d  in  F i g .  5 s h o u l d  be  g r e a t e r .  
A t  Ea + 2 0 0  m V  t h e  e r r o r  in  t h e  c u r r e n t  d e n s i t y  h a s  b e e n  es t i -  
m a t e d  to be  4 /kA/em-* b y  e x t r a p o l a t i n g  t h e  s t r a i g h t  l i ne  s e g m e n t  
of  t h e  l o g  Q -- log  t p l o t  t o  0.36 m C / c m  ~. 

potentials a thicker film, i.e., an oxide film, is required 
to cause a reasonable degree of passivity. 

The potential  region in  the neighborhood of Ea 2r 
200 mV is most impor tant  one for this system, inas-  
much as a radical change is observed in three distinct 
phenomena:  (i) The film formed by the adsorption 
process becomes ineffective as a passivating agent 
above this potential ;  (ii) The preferent ia l -dissolut ion/  
adsorption theory is not valid above this potential  
(2); (~ii) The i - t  plots become independent  of poten-  
t ial  above this potential  (Fig. 1). These phenomena 
are consistent not  only with a change in the type of 
film that  gives rise to passivity, but  also with a change 
in the mechanism of anodic dissolution dur ing  the 
passivation process. At lower potentials the preferen-  
t ia l -dissolut ion/adsorpt ion theory considers the direct, 
activated t ransfer  of the ion from the metal  into solu- 
t ion; the theory predicts a potent ia l -dependent  cur-  
r en t - t ime  t rans ient  (see next  section) as is observed 
(Fig. 1). At higher potentials, at which an oxide film 
is required to give rise to passivity, the cur ren t - t ime  
transients  are independent  of potential. The lat ter  
may  be explained by a mechanism involving ionic 
t ranspor t  through a thin oxide film, the rate of which 
should depend only on the field across the film and 
not on the potential  (9, 11). 

We conclude that at the activation potent ial  a film 
formed by an adsorption process is the pr imary  source 
of passivity and that this film functions by inhibi t ing 
the direct, activated t ransfer  of ions from the metal  
surface into solution. At sufficiently high potentials 
(> Ea ~- 200 mV) a much thicker film, an oxide, is 
required;  this film functions as a passivating agent by 
l imit ing the rate of anodic dissolution to the rate of 
diffusion of ions through the film under  the influence 
of the field across the film. In the intermediate  range 
(Ea ~ E ~ Ea -~ 200 mV) the film formed by the ad- 
sorption process is responsible for lowering the cur-  
rent  to a very small  fraction of its ini t ial  value, that  
is it initiates passivity, while the steady-state film is 
an oxide and is responsible for the final decrease in 
the current.  

E~ect of potential on current-time transients.--It 
was stated above that the preferent ia l -dissolut ion/  
adsorption theory predicts the effect of potential  on 
the cur ren t - t ime  t ransients  for E ~ Ea -~- 200 mY 
(Fig. 1) ; this is shown in this section. 

From Eq. [3A] in the Appendix  it can be seen that,  
if the rate of the backward reaction is sufficiently 
small  

Qj = Qsj (E)[1 -- exp( - -k j t  m) ] [1] 

where Qj is the quant i ty  of film associated with the 
j ' th  type of site ~ at any time t and potential  E, Qs.j is 
the ma x i mum or steady-state film thickness at the 
j ' th  type of site at that  potential, kj is the t ime- inde-  
pendent  proport ionali ty constants associated with film 
growth at that type of site and potential, and m is a 
constant;  it is also shown in the Appendix that  k~ 
exp (EE) ,  where ~: is a constant, and that  Qs.j is an 
u n k n o w n  function of E. 

The preferent ia l -dissolut ion/adsorpt ion theory [2] 
states that  the anodic current  density 

i = A exp (bE) nj exp [2] 
j RT 

where nj is the number  of unpassivated sites of type j 
per un i t  area, AGj $ is the activation energy for anodic 
dissolution from that type of site, and A and b are 
constants. Since nj is a funct ion of both potential  and 
time, the current  density becomes a complicated func-  
t ion of both these variables. For less than  monolayer  
coverage 

( 
nj ~-- n f  \ 1 -- QJ 

5 T h e  p r e f e r e n t i a l - d i s s o l u t i o n / a d s o r p t i o n  t h e o r y  (2) c o n s i d e r s  
k i n k ,  l edge ,  a n d  t e r r a c e  s i tes ,  
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where njo is the ini t ial  n u m b e r  of sites of type j and Qjo 
is the coulombic thickness corresponding to complete 
coverage of the nj o sites. Subst i tu t ing for Qj from Eq. 
[1], and rear ranging  

nj ~ - -  nj  Q s , j ( E )  
- -  ~ - - { I  -- exp[--kj~ exp(~E) ]} [4] 

?tjo Qjo 

where kjo is the s tandard proport ionali ty constant. 
Because of the interference of the secondary film, the 
function Qsj(E) cannot  be determined;  thus the var i -  
at ion of nj with E and the var iat ion i with E cannot 
be calculated. It  may be observed, however, that the 
term exp(bE)  increases less rapidly with E than  nj 
decreases due to the te rm exp [ - - k f t m e x p ( ~ E ) ]  in  
Eq. [4]. Thus for any  given time, i must  decrease as 
E increases, as is observed in this potent ial  range, 
Ea ~-- E < .~ Ea -t- 200 inV. As discussed above, at 
higher potentials a different mechanism must  apply. 

Secondary film ]orm~tion.--The difference between 
the pr imary  and the secondary passivating films is char-  
acterized by the fact that  the former is produced re- 
versibly, while the lat ter  is formed i r revers ibly and is 
exceedingly difficult to reduce. The existence of any 
secondary film can be determined sensitively by mea-  
suring the reduction potential  of the film, an increase 
of as l i t t le as 1-2 mV being easily reproducible and 
indicative of i r reversibi l i ty  and of the presence of the 
secondary film. The conclusion that  these changes in 
the reduction potential  are real and due to the forma- 
t ion of the secondary film is in agreement  with the 
results of the exper iment  in which we monitored the 
t ime for the current  to reach its s teady-state  value at 
--0.205V after cathodic reduction. The slower approach 
to the steady state for films having higher reduct ion 
potentials is most easily explained by assuming that  
the reduction process did not reduce all the surface 
film, i.e., the secondary film, and that the remainder  
is removed dur ing the anodic dissolution process. Evi-  
dence for incomplete reduct ion is clear at the higher 
potentials (E ~- Ea ~u 50 mV) at which it appears that 
the max imum film thickness is less than  at Ea -~ 16 mV 
(Fig. 3); this is not only unlikely,  but  it clearly is not 
so since these maxima occur at times of less than 1000 
sec while the current  does not reach its s teady-state 
value unt i l  approximately 8000 sec (Fig. 1). Since at 
the higher potentials secondary film formation begins 
before film growth has stopped, it is not possible to 
determine chronopotentiometrical ly the total film thick- 
ness at steady state. These have, however, been deter-  
mined ell ipsometrically at various potentials (12). 

In  Fig. 2 we see tha t  the quant i ty  of p r imary  film 
present  at the t ime that  secondary film growth begins 
increases with potential, at least up to Ea -~ 16 mV. It is 
reasonable to assume that  at higher potentials the 
total quant i ty  of p r imary  film formed is at least as 
great. Since the max imum reducible film thickness is 
less at higher potentials, some of the pr imary  film must  
either be converted to secondary film or dissolve in 
the electrolyte solution. Since there is no evidence for 
the lat ter  and since p r imary  film growth always pre-  
cedes secondary film formation, we conclude that the 
pr imary  film undergoes a reaction to form the second- 
ary  film and that  the la t ter  is not  produced directly 
from the metal. 

The kinetic data of Fig. 2 and 3 can best be in ter -  
preted if we assume that  the rate of formation of the 
secondary film, as well as that of the pr imary  film, is 
potential  dependent,  and that  at potentials close to the 
activation potential  the rate constant  for p r imary  film 
formation is greater  than the rate constant  for second- 
ary film formation, while at higher potentials (E > 
Ea + 20 mV) the rate constant  for secondary film for- 
mat ion becomes greater. It follows that at those poten-  
tials at which the rate of growth of the pr imary  film is 
greater than  that  of the secondary film, the apparent  or 
measured thickness should increase unt i l  p r imary  film 

growth ceases. This does happen at potentials E,  + 8 
and E,  + 16 mV (Fig. 2). However, at the higher 
potentials at which the rate of secondary film growth is 
greater, the apparent  thickness reaches a ma x imum 
soon after secondary film growth commences. 

Because of the i rreversibi l i ty  of secondary film for- 
mation, the techniques employed in this study do not 
permit  a quant i ta t ive  study of the kinetics of the 
growth of this film. Therefore, we cannot make exten-  
sive comments on its composition and s t ructure  or 
suggest a mechanism for its growth. 

Of interest, however, is the work of Caplan, Harvey 
and Cohen (13) who found for an Fe-26%Cr alloy 
that  the film reduct ion potential  increased sharply 
when  the surface was subjected to highly oxidizing 
conditions; they a t t r ibuted this to the format ion of a 
nonstoichiometric oxide containing high valency chro- 
mium. The present work and previous work (1) are 
consistent with this interpretat ion.  However, secondary 
film formation is detected at potentials as low as 
--0.108V; whether  te t rava lent  or hexavalent  chromium 
exist at this potent ial  cannot be calculated since the 
reversible potential  for the oxidation of CrUZ(s) to 
Cr zv or to Cr v~ in a CrZZZ(s) matrix,  as well as the 
activity of the higher valent  chromium species in the 
film, is not known. 

The presence, and possibly the effect, of H and of 
H20 in the passive films mus t  also be considered (14- 
17). Essential ly the same phenomena as those reported 
here have also been observed dur ing  the anodic oxida- 
t ion of the noble metals (18). While variat ions in 
interpreta t ion of the data exist, most basically involve 
the chemisorption of O H -  or O = followed by com- 
pound formation and oxidation to a higher valence 
state. 

Conclusions 
The kinetics of growth of the pr imary  passivating 

film and  of the secondary film on an Fe-24% Cr alloy 
in H2804 have been studied over a potent ial  range of 
several  hundred  millivolts above the activation poten- 
tial. The data have permit ted a direct evaluat ion of the 
effectiveness of an adsorbed film and of an oxide film in 
giving rise to passivity. It is concluded that  an adsorbed 
film is responsible for passivity at the activation po- 
tent ial ;  in the potential  region Ea < E < Ea + 200 mV 
this same film is responsible for ini t ia t ing passivity; 
however, the steady-state film is an oxide. Above Ea 
+ 200 mV the adsorbed film is not an effective passi- 
vator and an oxide film is required to init iate and main-  
ta in  the passive state. In  the low-potent ia l  region 
(E < Ea + 200 mY) anodic dissolution dur ing  the pas- 
sivation process occurs by the direct, activated t rans-  
fer of the ions from the metal  into solution. At higher 
potentials dissolution most l ikely occurs by  the field- 
assisted diffusion of ions through the oxide film. 

As a result  of the change in the mechanism of passiv- 
ity with potential, it is insufficient to state the type of 
film or process associated with passivity. It is necessary 
to define the re levant  potential  or potential  range and 
the variat ion of film thickness, composition, structure, 
and mechanism of formation with potential. 

The data also indicate that  the rate of growth of both 
the p r imary  and the secondary films is potent ial  de- 
pendent ;  at potentials close to the activation potential  
the rate constant for p r imary  film growth is greater 
than  that  for secondary film formation, while at higher 
potentials the rate constant  for secondary film growth 
becomes greater and as a result  a l imit ing apparent  film 
thickness is observed before the steady state is 
achieved. 

APPENDIX 

Rate equation for primary film growth.--Previously 
(2) we proposed a mechanism for the passivation proc- 
ess at potentials below Ea ~ 200 mV in which it  is as- 
sumed that  dissolution occurs at different rates from 
different types of surface sites and that  the most active 
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sites are passivated preferentially.  Therefore, the 
kinetics of film growth are treated by considering each 
type of site and the total  film as the sum of its parts, 
i.e. 

Q = ZQj [1A] 

In the previous paper we restricted ourselves to three 
types of sites, kinks, ledges and terraces; in this paper 
this restriction will not be necessary. However, we re- 
strict ourselves to the growth of no more than a mono- 
layer of film and to the region in which no secondary 
film is present 

We propose the following rate law for film growth 
at the j'th type of site at constant potential E as being 
consistent with the observed kinetics and with the re- 
versibility of the film formation process 

- - ~ / ~  = (Qsj - Qj) Nmt  "~-1 -- Qjkj 'pt~-I  [2A] 

where t is the time, Qsj is the max imum or steady-state 
film thickness at the j ' th  type of site at a given poten-  
tial, kj and kj' are t ime- independent  proport ionali ty 
constants 6 associated with film growth and film reduc-  
tion, respectively, at that  type of site, and m and p 
are constants; Qs.j, kj, and kj' are potential  dependent  
with kj increasing and kj' decreasing as the potential  
is increased. This rate equat ion is strictly valid only 
for film growth on each set of contiguous sites of the 
j ' th  type. Kinks  are not l ikely to be contiguous; how- 
ever, they occupy only 0.01% of the total sites, while 
terraces occupy 90% and ledges 10% of the total sur-  
face (2). This equation predicts a decreasing rate of 
film growth with increasing film thickness, as is ob- 
served. At sufficiently high potentials the second term 
on the right side of Eq. [2A] becomes negligible. 
Equation [2A] can be integrated analyt ical ly  only when 
m ----- p. In  that  case, remember ing  that  when  t = 0, 
Qj = 0, and summing over all types of sites 

kjQsj kjQsj 
Q = ~ - -  - ~ - -  exp [ -  (kj -~ k j ' )~  n] 

j kj-~ kj' i k i -~kJ '  
[3A] 

For small  values of the argument  the exponential  in 
Eq. [3A], may be expanded and all terms after the 
first in kj, kj' and t neglected so that Eq. [3A] reduces 
to 

Q = {~kjQs.j} $~n [4A] 
J 

Taking the logarithms of both sides of Eq. [4A] 

log Q = log {~kjQs.j} + m log t [5A] 
J 

This equation predicts a l inear  relationship between 
log Q and log t as is observed for the growth of the 
pr imary  passivating film (Fig. 2 and 3) with m = 0.70 

0.05. At potentials close to E~ the l inear  log Q - 
log t relationship does not hold as well as at higher 
potentials. This may be either (i) because the con- 
stants m and p are not equal  and hence Eq. [2A] 
cannot be integrated analytically,  or (ii) because kj" 
increases more rapidly than  kj decreases with decreas- 
ing potential.  In  the lat ter  case the expansion of the 
exponential  to obtain Eq. [4A] may not be valid for 
a sufficient t ime to observe the l inear  behavior pre-  
dicted by Eq. [5A]. 

From Eq. [SA] we see that  the film thickness at t ime 
1 sec gives the t ime- independent  apparent  proport ion-  
ality constant  

k = ~ kjQs.j [6A] 
J 

which is plotted in Fig. 6 as a function of potential. To 
unders tand  completely the variat ion of k with E, it is 
necessary to know independent ly  the variat ion of each 
Qs,i- and each kj- term with E. These are not known. 
However, it appears that at potentials well above the 
activation potential  Qs increases only slowly with po- 
tent ia l  (12) and hence the semilogarithmic var iat ion 
of k with E is due to the variat ion of the ki-terms with 
E. From Fig. 2 it is evident  that  as the potential  ap- 
proaches Ea, Q~ rapidly decreases, which may be the 
cause for the negat ive deviation from semilogari thmic 
behavior at the low potentials;  the reasons given for 

e I t  can  be s h o w n  t h a t  k j  is  r e l a t ed  to  t he  c o n v e n t i o n a l  ra te  con-  
s t an t  kc by  t he  r e l a t i o n s h i p  kr = k j t ~ .  

I0-1 

Io -2 
c> 

I I 
~o-~ o 5'0 ,oo ,~o 2~o 250 

POTENT$~L, mV vs. E o 

Fig. 6. Variation of the apparent rate constant k for primary 
film growth with potential, illustrating semilogarithmie behavior 
and negative deviations therefrom as the potentia! approaches Ea. 

the deviation from the l inear i ty  predicted by Eq. [5A] 
may also be involved. 
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Anodic Films on Zinc and the Formation of Cobwebs 
R.W. Powers* 

General Electric Research and Development Center, Schenectady, New York 

ABSTRACT 

When a zinc anode in  a s trongly alkal ine electrolyte is observed under  
a microscope, two different films can be noted under  appropriate conditions. 
Although both have been identified as zinc oxide, type I is white and forms 
by precipitation from a supersaturated layer of electrolyte covering the elec- 
trode. Type If, on the other hand, seems to form directly on the electrode sur-  
face. Its color can range from light gray to black. During dissolution of the 
type II film, entities appear which resemble spiderwebs under  the microscope. 
These so-called cobwebs seem to form by the gathering together of the 
darkening  agent in this film. They are main ly  zinc, are electronically con- 
ducting, and can be oxidized. Cobwebs appear to have a relat ionship to the 
hydrogen evolution that  occurs at potentials anodic to the  zinc rest  po ten t i a l  
They are important,  in addition, because dur ing  subsequent  electrodeposition 
they accelerate the formation of spongy zinc at low cathodic potentials and 
of dendrit ic zinc at higher ones. 

When zinc is anodized under  certain conditions in a 
s trongly alkal ine solution such as 7.0 Molar (M) 
aqueous potassium hydroxide, entities form which re-  
semble spiderwebs under  the microscope. Such s t ruc-  
tures as shown in Fig. 1 have been called zinc cobwebs. 
In  this paper, a discussion of the relationship between 
the different anodic films that  form on zinc and the cur-  
ren t -potent ia l  curve is used as a basis for consider- 
ing the mechanism of the formation of these cobwebs. 
In  addition, this paper is concerned with their  compo- 
sition and properties as welt  as their  effects on other 
phenomena that  occur with the alkal ine zinc elec- 
trode. 

Experimental Procedure 
Most of the exper imental  work in this s tudy was 

carried out potentiostatically in a cell in which a 
test electrode can be observed under  a microscope 
during the passage of an electric current .  This tech- 
nique is described in  detail  elsewhere (1). The test 
electrode is arranged horizontally facing upward  and 
is viewed through a very thin glass window in the 
cell with a bench microscope equipped with dark 
field objectives. The zinc electrode potential  was con- 
trolled with a Jaissle potentiostat. Ramp and t r iangu-  
lar  waveforms used in scanning the electrode poten-  
t ial  were taken from a mu l t i t u rn  potent iometer  dr iven 
by  a clock motor. When required, a gas lift pump op- 
erated by u l t rapure  hydrogen circulated the electro- 
lyte. All  measurements  were made at room tempera-  
ture, 23 ~ ___ I~ 

Two kinds of zinc electrodes were used. Polycrys-  
tal l ine ones were punched from rolled zinc sheet des- 
ignated as Mix 60 by the supplier, the New Jersey 
Zinc Company. It  is about 99.99% pure. Such specimens 
were electropolished in a 20% sulfuric acid bath in 
order to render  them structureless at the beginning 
of an experiment.  However, most test electrodes were 
prepared by cleavage from a single-crystal  zinc rod 
in l iquid nitrogen. This procedure produces a mi r ro r -  
like surface which lies in  the basal plane. Even after 
some etching, the s ingle-crystal  surface presents a 
ra ther  uni form background against which cobwebs 
can be viewed in contrast to the more variegated 
background of polycrystal l ine specimens. Single crys- 
tals from two sources were used. Some were grown 
by the Br idgman method in graphite molds from 
zinc ini t ia l ly  99.9995% pure. Others were grown by 
Research Crystals, Incorporated, of Richmond, Vir-  
ginia, from zinc 99.9999% pure. The lat ter  crystals 
were pulled from the melt  by the Czochralski tech-  
nique. 

The electrolyte used throughout  this work was an 
aqueous 7.0M potassium hydroxide solution. For most 
experiments,  0.25 mole of zinc oxide was dissolved 
per liter of solution to produce a definite zinc equi l ib-  

* E l e c t r o c h e n ' d c a l  S o c i e t y  A c t i v e  M e m b e r .  Fig. 1. Zinc cobwebs. Dark field. Top--lOOX, bottom--6OX, 
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r ium potential  and to reduce pi t t ing of the zinc 
electrode surface when  first exposed to electrolyte 
under  open-circui t  conditions. The occurrence of such 
pi t t ing makes the in terpre ta t ion of microscopic ob- 
servations much more difficult. Solutions were pre-  
pared either from distilled water  or from special con- 
duct ivi ty water  (2). These alkal ine solutions were 
filtered through Gelman No. AN-200 Acropor mem-  
branes with 0.2~ pores in order to remove the larger 
particles of iron compounds present  in reagent-grade  
KOH. Although atomic absorption analysis of these 
solutions before and after filtration indicates that 
only about  10% of the i ron is thus removed, this t reat -  
men t  reduces the hydrogen evolution rate and thus 
makes microscopic observation easier. The filtration 
was carried out in a closed system in order to pre-  
vent  the absorption of carbon dioxide and of oxygen. 
Solutions were deaerated by  bubbl ing  with purified 
argon. 

The zinc electrode potential  was measured against 
a mercury-mercur ic  oxide electrode in  pure  KOH of 
the same concentrat ion as that  used in the test cell. 
The electrode potentials cited in this paper are with 
reference to this electrode unless stated otherwise. 

Experimental  Results and Thei r  Interpretation 
i-U curves and the nature oS the anodic f i lms.--The 

conditions for the formation of zinc cobwebs are prob-  
ably best understood after considering the relat ionship 
between the current -potent ia l  (i-U) curve and the 
na tu re  of the anodic films formed under  different cir-  
cumstances. Some aspects of these relationships were 
discussed in a previous paper  (3). The results to be 
presented confirm and extend the interpretat ions  
given there. 

In  Fig. 2, there is shown an i-U curve taken on a 
s ingle-crystal  specimen at the very slow potential  
scan rate of 0.05 mV/sec with convection near ly  ab-  
sent. The scan was started at the rest  potential  and was 
te rminated  at - -  0.97V. Photomicrographs of the elec- 
trode surface were taken  at the potentials indicated 
with capital letters beside the i -U curve. These are 
presented in Fig. 3. All  were taken of the same speci- 
men  field wi th  the same incident  light in tens i ty  and 
exposure time. The pits produced dur ing the dissolu- 
tion of zinc at low anodic potentials (Fig. 3A-D) were 
usual ly shaped in the form of near ly  regular  hexagons. 
With increasing potential,  hexagonal  pits wi th in  hex-  
agonal pits can be seen. The formation of these rather  
large, r e g u l a r l y  shaped pits as shown in this series of 
photomicrographs constitutes an almost ideal back- 
ground for viewing the ini t ial  stages of the formation 
of a precipitated film. The pat tern  of dissolution pits 
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Fig. 2. Current-potential curve for cleaved zinc single crystal in 
7M KOH -{- 0.25M ZnO taken during anodic sweep at 0.05 mV/ 
sec under nearly convectionless conditions. 

did vary somewhat from specimen to specimen. With 
some, highly irregular hexagonal troughs were formed 
over much of the electrode surface. In such instances, 
light scattered from the precipitated particles is diffi- 
cult to distinguish from the background of light scat- 
tered off the specimen surface. As shown in a previous 
paper, the dissolution facets observed on specimens 
from still another crystal at a ten times faster poten- 
tial scan rate were more  un i formly  developed over 
the entire surface (3). Here also the onset of precipi-  
ta t ion was harder to observe than in  the photographs 
presented in Fig. 3. 

Various stages in the formation of a film by precipi-  
tat ion from a layer  of electrolyte supersaturated with 
zincate are shown in  Fig. 3D-G. Small  white  precipi-  
tate particles were noticed at potentials slightly be- 
low that at which the first max imum in the i-U curve 
occurs. They first appeared on areas of the surface 
where it was highly stepped or pitted. Here the local 
cur ren t  density as well  as the supersaturat ion are ex-  
pected to be the greatest. The peak cur ren t  occurred 
at a slightly lower potential  than that  previously re-  
ported where the sweep rate was ten times higher (3). 
This precipitated film has been called type I to dis- 
t inguish it from another  anodic film with very differ- 
ent  properties (3). 

The latter, called type II, appears to form directly on 
the electrode surface. It  is more or less t ransparen t  
and ranges in color from light gray to black (3). The 
darkening  of the specimen surface, noted at poten-  
tials only slightly greater than that  corresponding to 
the first current  ma x i mum (Fig. 3H et seq.), is a t t r ib-  
uted to the formation of type II  beneath  the type I. 
Corresponding to the growth of type II, the darkehing 
increases with increasing potential  or anodizing time. 

That  the anodic film, formed as described above, is 
real ly duplex is shown by observation of the specimen 
with an intense light source. On increasing the light 
in tensi ty  sevenfold over that  used to obtain the photo- 
graphs shown in Fig. 3, to the max imum obtainable 
with a metal  halide arc light, the outer precipitated 
film can readily be seen as shown on Fig. 4. This photo- 
micrograph was obtained at the potential  correspond- 
ing to W on Fig. 2. The film is somewhat porous. Holes 
and crevices can be seen in it. The particles are coarser 
and more t rans lucent  than  those noted near  the po- 
tent ia l  of the first cur rent  peak. The thickness of this 
type I film is not uni form over the surface. Conse- 
quent ly  only a portion of the field appears in focus. 
Some out-of-focus areas are indicated by arrows on 
Fig. 4. 

After  placing the specimen on open circuit  follow- 
ing the exper iment  described above, the electrolyte 
was circulated and the disintegrat ion of the outer film 
was followed particle by particle. After  most of it was 
so removed, the under ly ing  film, where buckled and 
torn, was evident  as shown on Fig. 5. Patches of torn  
film as large as those shown on this figure are not com- 
monplace when anodizing is followed by stirring. As 
shown previously though, large areas of such film are 
readi ly  noted if the electrolyte is stirred during the 
anodizing to suppress the formation of type I film (3). 

'In experiments  similar to that  described above, some 
dark  blue pieces of film have been observed beneath the 
very porous outer port ion dur ing disintegration of 
type I. These blue particles appear to be precipitate 
that has been consolidated into a near ly  nonporous 
mass and  are often surrounded completely by very 
porous precipitate. They l ikely give rise to the fre- 
quent ly  noted over-a l l  bluish appearance of anodic 
films on zinc. 

Type I film was identified as zinc oxide by x - r ay  
diffraction. Concordant results were obtained on three 
specimens prepared under  different conditions. For  the 
preparat ion of one specimen, the potential  applied to 
a single crystal was scanned from the rest value to 
--1.24V, slightly beyond that  corresponding to the 
first current  peak. The electrolyte was not stirred. The 
precipitate particles on the electrode were small  and 
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the layer of film was very thin. An example of aged 
precipitate was prepared by scanning to --I.08V at 
0.05 mV/sec from the rest value. The film appeared 
similar to that shown in Fig. 4. For  the third speci- 
men, the potent ial  was scanned to - - l . l i V .  Although 
the electrolyte was circulated in this lat ter  case, a pre-  
cipitate appeared on a small  portion of the electrode 
surface where the st i rr ing was not vigorous. After  
anodizing, electrodes were removed from the cell as 
rapidly as possible, immersed in 30% KOH solution 
to remove soluble zincate, r insed with distilled water, 
and dried in a s tream of nitrogen. Although the in -  
tensities of the diffraction lines were less for the first 
specimen, the pat tern  for all three corresponded to 
the same compound, zinc oxide. It  is not l ikely that  
the diffraction pat terns observed resul ted from the 
t ransformat ion of a film of zinc hydroxide after re-  

moval of the electrode from the electrolyte. Accord- 
ing to Dietrich and Johnston, r-zinc hydroxide, the 
most stable modification, is kinetical ly stable almost 
indefinitely at room tempera ture  against t ransforma-  
tion to zinc oxide and water  (4). Moreover, even 
though the films on these specimens were duplex, the 
diffraction pat terns must  be a t t r ibuted to the outer 
layer as x - r a y  diffraction pat terns  were not obtained 
from the type II film formed under  the conditions 
described above. The results reported here are in ac- 
cord with those of Nikitina, who found that  at 20~ 
the precipitate from a 7M KOH solution supersaturated 
with zincate was zinc oxide. She did report  in addi-  
t ion that zinc hydroxide can precipitate from solutions 
of lower KOH concentrat ion or even from 7M KOH 
at lower temperatures  (5). 
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Fig. 3. Morphological changes in a zinc electrode during an anodic sweep. Dark field. 100)(. Letters correspond to potentials indi- 
cated on Fig. 2 (A-J). 

Type II film was also found to be zinc oxide. A 
single-crystal  electrode, after subjection to a potential  
of --0.37u for 25 rain, was coated with a gray film, 
the s tructure of which was established by electron 
diffraction. As noted previously, this procedure for 
prepar ing type II film minimizes the formation of the 
precipitated type (3). A reflection pa t te rn  of zinc and 
zinc oxide was obtained showing the presence of both 
epitaxial  and polycrystal l ine zinc oxide. It was not 
possible to get an identifiable pat tern  from a rumpled  

type II film produced by scanning the potent ia l  of a 
s ingle-crystal  electrode up to --1.21V while st irr ing 
the electrolyte. This th in  film may  have been par t ia l ly  
destroyed during the washing and drying operations 
following removal  from the viewing cell. 

As discussed in a previous paper, dark anodic films 
on zinc have been studied by a number  of authors, all 
of whom identified them as zinc oxide (3). They were 
the subject of very intensive investigation by Huber  
who showed that  the darkening was associated with 
the presence of excess zinc (6-9).  He observed bleach- 

Fig. 4. Type | film. Dark field. 112X. Fig. 5. Buckled type II film. Dark field. 100X. 
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ing on heating such films in  air above 200~ and 
darkening  again after heating in the presence of zinc 
vapor (8). Huber, and later F ry  and Whitaker,  also 
found the electrical conductivi ty of such clark zinc 
oxide films to be much greater than bleached ones 
(9, 10). The important  finding of the present  work is 
evidence for their  formation at potentials close to the 
equi l ibr ium value, --1.34V. The presence of a very 
thin layer of type II film on the zinc electrode at po- 
tentials as low as --1.30V was noted several times. 
During anodic potential  scans wi th  forced circula- 
t ion of the electrolyte, small  pieces of type II film 
were observed as they were par t ia l ly  lifted above the 
electrode surface and waved about by the moving 
electrolyte. As most previous work on dark  anodic 
films was done at constant  current,  their formation 
was usual ly noticed at the oxygen evolution potential  
after passivation. Kaesche, however, working in di- 
lute solutions, 1M Na2CO~ and O.IM NaHCO~, found 
evidence from constant  current  charging and reduc- 
tion curves for the formation of an electroreducible 
film, presumably  zinc oxide, close to the equi l ibr ium 
potential  (11). 

The height of the second peak shown on Fig. 2, the 
one near  --1.14V, is but  60% of that  reported pre-  
viously (3). The anodizing conditions were similar 
except that  the specimens were cleaved from different 
single crystals. With some polycrystal l ine electrodes, 
the height was found to be near ly  as great as for the 
first peak. Thus there is considerable var iat ion depend-  
ing on the specimen source. As this second peak occurs 
both in the presence as well as the absence of type I 
film, it l ikely arises from some l imitat ion imposed by 
the conductivity of type II. Since zinc oxide is a 
semiconductor, one can speculate that small variat ions 
in the impur i ty  content  of the zinc from which the 
anodic film is formed may affect the degree of doping 
and consequently the conductivity. 

Cobweb formation.--The entities called cobwebs 
were first observed following part ial  dissolution of 
anodic films formed dur ing  a potent ial  scan carried to 
passivation. They appear to be a relat ively insoluble 
portion of type II film and seem to form by the 
gathering together of the dark mater ia l  in this film. 
Cobwebs behave as if under  tension and, as the l ighter-  
colored mater ial  is dissolved, they coalesce first into 
a string and then into a wad. The effect of s t i rr ing the 
electrolyte above them is similar to the action of a 
broom on spiderwebs. Some of these points can be 
seen from the dark field photomicrographs shown in 
Fig. 1. These photographs of cobwebs are unusua l  
only as to the extent  of the field lying wi th in  the 
same focal plane. 

Probably  the observation of cobwebs has been aided 
by the electrolyte flow pat tern  during s t i r r ing in the 
cell used for microscopic viewing (1). In  this cell, the 
specimen caps the bottom of a hollow Teflon cylinder 
filled with electrolyte. A gas lift pump induces flow of 
electrolyte in a rectangular  channel  above this cylinder 
and parallel  to the specimen surface. The flow im- 
mediately above the specimen is counter  to that  in 
the channel.  This causes the dissolution of the film to 
be first evident  on what  normal ly  would be considered 
the downstream side. The impor tant  point is that  this 
circulation pat tern  tends to concentrate insoluble ma-  
terial  instead of dispersing it as with most other 
methods of stirring. 

The formation of cobwebs has been observed under  
a wide var ie ty  of exper imental  conditions. Format ion 
occurred after anodizing at potentials ranging from 
--1.23 to 0.5V. However, the delicate webbing shown in 
Fig. 1 has been observed only on those specimens 
anodized at lower potentials. Cobweb formation took 
place on single crystals of 99.9995 and 99.9999% pur i ty  
as well  as on polycrystal l ine specimens of 99.99% 
purity.  Format ion did not appear affected by the use 
of lots of KOH of different pur i ty  levels or whether  use 
was made of unfil tered KOH solutions in comparison 

with those filtered to remove iron compounds. Solvent  
pur i ty  did not appear impor tant  as both ordinary  
laboratory distilled water  and conductivi ty water  have 
been used for solution preparat ion without affecting 
cobweb formation (2). Special cleaning of the test 
cell in boil ing concentrated nitr ic acid did not affect 
their  formation. Further ,  it was not changed by the 
use of argon in place of hydrogen to operate the gas 
lift pump. The only positive correlation noted was 
with the color of the anodic film. Few cobwebs were 
observed if the anodizing was stopped when the film 
was white, i.e. when the electrode was covered with 
type I film only. However they were always seen when 
the film appeared dark, i.e. after  sufficient quant i ty  
of type II film formed beneath  the type I to cause the 
duplex film to darken. A potential  scan is not required 
in order to form cobwebs. In  fact, the most efficient 
procedure found for producing delicately webbed cob- 
webs in relat ively high yield consists in stepping the 
potential  from the rest value to --1.16V for 5-7 min, 
followed by circulation of the electrolyte under  open- 
circuit conditions. 

The compositio~ and properties of cobwebs.--These 
fac ts - - tha t  a dark type II film is required for cobweb 
formation;  that  their formation is apparent ly  not 
affected by changes either in the specimen pur i ty  or 
in the electrolyte pur i ty ;  and that  cobwebs can be 
prepared again and again on the same specimen, ap- 
parent ly  without  exhaustion, by anodizing followed 
by dissolution of the anodic fi lm--suggest  they are 
zinc and not an impuri ty.  

Many of the experiments  described above were 
carried out after various at tempts to identify cobwebs 
directly by x - r ay  diffraction and by conventional  
chemical analysis failed. However, subsequent  attempts 
using a microprobe x - r ay  analyzer  and atomic absorp- 
t ion analysis were largely successful. 

The specimen for microprobe analysis was prepared 
by anodizing at --1.16V for 5-7 rain, followed by st ir-  
r ing the electrolyte for a couple of minutes.  These 
steps were repeated four t imes so that  m a n y  cobweb 
fragments  were present on the surface of the single- 
crystal electrode. The microprobe gave a quali tat ive 
indication of the presence of zinc and iron only, 
although an effort was made to detect the presence of 
many  other elements including copper, nickel, lead, 
cadmium, tin, gold, a luminum,  and silicon. 

Atomic absorption spectroscopy was used to get a 
more quant i ta t ive  analysis. Specimens were anodized 
as described above. However, the electrolyte was 
stirred for a longer t ime in order to dislodge most of 
the cobwebs from the specimen surface. After  5-20 
anodizing steps, the electrolyte was filtered through a 
Gelman Acropor membrane  to collect the cobweb frag-  
ments.  The membrane  was washed with a 7.0M KOH 
solution to remove soluble zincate and then thoroughly 
rinsed with distilled water. One half of the filter mem-  
brane, containing no cobweb fragments, served as a 
control. Both this control and the other half of the 
membrane  containing the cobwebs were placed in 
5-7 ml quanti t ies  of 0.3M HC1 for analysis. 

The results of four different analyses for zinc and 
iron by atomic absorption spectroscopy are indicated 
in Table I. There was a considerable var iat ion in the 
quant i ty  of cobwebs available for analysis from one 
exper iment  to ano the r - -undoub ted ly  due in part  to 

Table I. Cobweb analysis by atomic absorption spectroscopy 

Quantities in ~g 
E x p e r i m e n t  Zn Fe 

1 Cobwebs  6.3 2.7 
C o n t r o l  1.5 1.5 

2 Cobwebs  16.8 1.6 
C o n t r o l  10.5 0.8 

3 Cobwebs  130 2.2 
C o n t r o l  4.5 0.8 

4 Cobwebs  41 2.1 
C o n t r o l  5.3 2.1 
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their  re la t ively rapid dissolution in  the alkal ine elec- 
trolyte. Since in all but  one exper iment  the amount  
of iron in the specimen was greater than  in the control, 
it must  be inferred that  cobwebs do contain some iron 
in agreement  with the microprobe results. However 
in experiments  3 and 4 where the quanti t ies analyzed 
were re la t ively large and in which therefore the 
accuracy should be greater, the amount  of iron was 
but  a few per cent of that  for zinc. It does not seem 
unreasonable  to assume that zinc in the cobwebs might 
function as a scavenger for iron compounds in the 
electrolyte. This would account for the presence of a 
small  amount  of i ron as detected by both analytical  
techniques. 

Cobwebs are good electronic conductors. This was 
documented by an adaptat ion of an old experiment.  If 
a piece of pure zinc is placed in a solution of con- 
centrated alkali, its reaction with the electrolyte to 
produce hydrogen will  usual ly  be slow. If, however, 
the zinc is touched with a p la t inum wire, the evolu- 
tion of hydrogen from the p la t inum wire with s imul-  
taneous dissolution of the zinc occurs rapidly. The 
p la t inum wire need not touch the zinc directly. A n-  
other electronic conductor may be interposed between 
the two to yield the same result. To demonstrate  the 
good electronic conductivi ty of cobwebs, a large one, 

formed on a cleaved s ingle-crystal  electrode, was 
interposed between the zinc specimen and a p la t inum 
wire. The tip of a 0.003-in. wire, the motion of which 
was controlled by a micromanipulator ,  was brought  
near  the cobweb as shown in Fig. 6A. No hydrogen was 
evolved near the tip of this wire when out of contact 
with the cobweb. When contact was established by 
moving the wire in a horizontal direction, fine hydro-  
gen bubbles were evolved from the wire in great 
quant i ty  as shown in Fig. 6B. Great  care was taken to 
avoid direct contact between the zinc specimen and the 
p la t inum wire. In these photomicrographs, only the 
tip of the p la t inum and the top of the cobweb are in 
focus. These results demonstrate  conclusively that  
cobwebs are good electronic conductors. 

Similar  experiments  may demonstrate  yet another  
point. In  Fig. 7, the photomicrograph shows that  a 
portion of a cobweb, indicated by the arrow, dis- 
appeared after contact with a p la t inum wire. One 
interpretat ion of this observation is that  oxidation of 
the cobweb has occurred. Although a cobweb mass in 
contact with the specimen base has considerable me-  
chanical strength, as evidenced by difficulties in re-  
moving it with jeweler 's  tweezers, nonetheless there is 
a possibility that  the disappearance was caused by 
mechanical  dispersion associated with the evolution of 
hydrogen bubbles. Not all contacts with a p la t inum 
wire  led to the disappearance of a cobweb at the 
point  of contact. However, the fact that  cobwebs can 
be oxidized was shown numerous  times by another  
experiment.  When the electrode potential  of a speci- 
men  covered with cobweb fragments  was stepped 
from the rest value to an anodic potential  between 
--1.0 and 0V, fragments  were greatly reduced in size 
wi thin  a few minutes.  This disappearance of cobweb 
fragments  by electrochemical oxidation is shown in 
Fig. 8. This exper iment  does not prove conclusively 
that  cobwebs are metall ic zinc as oxidation from an 
intermediate  valence state is conceivable. However, 
the former in terpre ta t ion  seems the simpler one of 
this and the preceding experiment.  

Some effects of cobwebs.--An important  source of 
interest  in cobwebs stems from their  effects on the 
morphology of zinc electrodeposits. From the informa-  
t ion presented above---that cobwebs are small  pieces 
of electronic conductor which can protrude beyond 

Fig. 6. Hydrogen evolution from a platinum wire touching a Fig. 7. Disappearance of a cobweb atter contact with a platinum 
cobweb. Dark field. 78X. A - -No  contact, B--contact wire. Dark field. 90X. 
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Fig. 8. Disappearance of cobwebs on application of a high ano- 
dic potential. Dark field. 62X. A D A t  rest potential, BDafter 70 
sec at 0 volt. 

the  bu lk  of the  zinc e lect rode into the  e lectrolyte--- i t  
is perhaps  not  surpr is ing  that  t hey  should affect the  
ear ly  stages of the  format ion  of both  spongy and 
dendri t ic  zinc dur ing  subsequent  electrodeposi t ion.  
However ,  since a sa t is factory  discussion of this topic 
would undu ly  lengthen  this paper ,  in format ion  about  
these effects wi l l  be publ i shed  elsewhere.  

Nonetheless,  one o ther  phenomenon  re la ted  to d a r k  
anodic layers  and to cobwebs is d i scussed- -namely ,  
tha t  hydrogen  evolut ion  which occurs at potent ia ls  
anodic to the  zinc rest  potent ial .  Severa l  years  ago, 
Sanghi  and F le i schmann  documented  the s t range  po-  
la r iza t ion  behavior  of zinc in d i lu te  KOH solutions 
(12). Their  da t a  for 0.1M KOH sa tu ra ted  wi th  zincate  
showed the unusua l  fea ture  of a cathodic cu r ren t  in 
the  region of po ten t ia l  be tween  --1.07 and --0.83V 
v s .  a no rma l  m e r c u r y - m e r c u r i c  oxide  electrode.  They  
a t t r ibu ted  this cur ren t  to hydrogen  discharge.  Thus, 
in the  potent ia l  range  be tween --1.3 and 0.3V, the 
cur ren t  is cathodic below --1.28V due to zinc deposi -  
t ion and hydrogen  discharge.  I t  is anodic be tween  
--1.28 and --1.07V owing to zinc dissolut ion and film 
formation.  I t  is cathodic again in the  range  --1.07 and 
--0.83V as noted above. F ina l ly ,  i t  is anodic again 
above  --0.83V. Sanghi  and F le i schmann specula ted  
about  the  role of anodic films in ca ta lyz ing  hydrogen  
evolution.  Fur ther ,  they  pointed out  tha t  this  hydrogen  
evolut ion should also occur in more  concent ra ted  solu-  
t ions but  under  these  condit ions the  cathodic react ion 
ra te  would  p robab ly  be less than  tha t  for anodic dis-  
solution. In  this  event,  the  cur ren t  meter ,  which  in-  
dicates a net  cur ren t  only,  would  reg is te r  an anodic 
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one. S imi la r  f indings were  made  b y  Kaesche,  us ing  
0.01M NaHCOs and 0.01M NaOH solutions (11). 

Often dur ing  anodic scans, a large quan t i t y  of 
bubbles,  assumed to be hydrogen,  were  observed  to 
issue f rom the  e lec t rode  at  potent ia ls  a round  --1.0V, 
i.e. jus t  cathodic to the  equ i l ib r ium poten t ia l  for h y -  
drogen. In  some cases, the  ra te  of gas evolut ion  ap -  
peared  la rger  than  tha t  noted dur ing  e lect rodeposi t ion 
at  potent ia ls  200 mV cathodic  to the  zinc res t  potent ial .  
The ra te  did  v a r y  g rea t ly  f rom specimen to specimen 
though. In a number  of instances, this  hydrogen  
seemed to issue f rom cobweb f ragments  produced  d u r -  
ing a previous  anodizing exper iment .  The evolut ion of 
hydrogen  f rom d a r k  anodie  l ayers  has also been  noted  
by  O x l e y  (13). On s tanding  at  open-c i rcu i t  potent ial ,  
hydrogen  evolut ion  occurs p re fe ren t i a l ly  on cobweb 
f ragments  as shown in Fig. 9. 

Concluding Remarks 
The exper imen t s  p rev ious ly  c i t e d - - t h a t  cobwebs are  

de r ived  f rom type  II  film, tha t  film associated wi th  the 
ac t ive  to passive t ransi t ion;  tha t  hydrogen  is evolved 
f rom them; and tha t  cobwebs accelera te  the  format ion  
of both  spongy and dendr i t ic  zinc dur ing  e lec t rode-  
pos i t i on - - ce r t a in ly  show tha t  these ent i t ies  have  re -  
la t ionships wi th  many  of the  impor tan t  phenomena  
connected wi th  the  a lka l ine  zinc electrode.  

The  observat ions  of cobwebs and associated phe -  
nomena  descr ibed in this  pape r  have been  g rea t ly  
fac i l i ta ted  by  a number  of favorable  circumstances.  
The recent  ava i lab i l i ty  of potent ios ta ts  of r e la t ive ly  
high cur ren t  capabi l i ty  pe rmi t  anodic film format ion  
under  more  closely contro l led  conditions. The use of 
a h igh- in tens i ty  l ight  source is a grea t  help  in v iewing 
s t rongly  l igh t -absorb ing  anodic films. A k ind  of s t i r -  
r ing  pa t t e rn  in the  test  cell  tha t  tends  to concentrate,  
r a the r  than  disperse,  insoluble  ma te r i a l  is an advan -  
tage. S t i r r ing  also causes mot ion  of smal l  cobweb 
f ragments  tha t  di rects  a t ten t ion  to the i r  presence.  The 
use of s ing le -c rys ta l  surfaces to produce  a more  un i -  
form background  makes  cobweb observat ion  easier.  
Absence  of these  special  condit ions and techniques  
would  have  made  this s tudy  much more  difficult. 
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The Kinetics of Dissolution of II-VI 
Semiconductor Compounds in Nonoxidizing Acids 
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Massachusetts Institute o] Technology, Cambridge, Massachusetts 

ABSTRACT 

The dissolution of ZnS, CdS, ZnSe, and Zn0.ssCd0.15S in acid solutions has 
been studied under conditions where the group VI anions yield only H2S or 
H~Se. The activation energies depend on the particular compound, the acid, 
and the solvent. However, for ZnS the activation energy is independent of 
purity and crystal structure. For dissolution of high-purity compounds in 
aqueous H2SO4, the activation energies (keal/mole) are: ZnS (9.5), CdS (14.2), 
ZnSe(ll.7). The factors that determine nonoxidative dissolution kinetics are 
analyzed, and a model is presented. This case is compared to the mechanism 
of elemental and compound semiconductor dissolution where electron transfer 
occurs, and there is a relat ively large change in the oxidation states between 
reactants  and products. 

The atomic processes that  occur on the surface of a 
solid dur ing  dissolution depend on the type of bonding 
in  the solid and on the par t icular  species in solution 
(1-5). For  the electrochemical dissolution of semi- 
conductors, these processes have been studied exten-  
sively. However, little a t tent ion has been given to the 
mechanism of dissolution of semiconductors in non-  
oxidizing solutions. 

The relationship of s t ructure  and bonding to the dis- 
solution mechanism can be i l lustrated by several cases. 
For example, the dissolution of alkali  halide crystals, 
such as LiF, is analogous to evaporation in  that  atoms 
are removed by dissociation from k ink  sites on the 
surface (1, 2). If the init ial  rate of dissolution in pure 
solvents is expressed by the equation 

Ro = ~ exp ( - -E /RT)  [1] 

then for the alkali  halides ~ is a f requency factor that  
depends on the surface area and the dis tr ibut ion of 
active sites, and the activation energy E is the energy 
for dissociation of surface atoms. In  the anodic dis- 
solution of semiconductors, the rate is often controlled 
by the t ranspor t  of holes from the bu lk  of the semi- 
conductor to the surface. The pre-exponent ia l  te rm in 
Eq. [1] will then be a funct ion of the bulk  charge 
carrier  concentration, the charge of the carriers, the 
diffusion coefficient, and the characteristic diffusion 
length in the solid. The activation energy wil l  be in-  
fluenced by space charge effects in the solid as well  
as by the bonding and s t ructure  of the par t icular  
semiconductor. All  factors that  have an influence on the 
charge carr ier  concentrat ion wil l  affect the rate  of 
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dissolution (e.g., i l lumination,  n -  or p- type  impurities,  
temperature,  inject ion by a p - n  junct ion,  and reduction 
of oxidants such as ferr icyanide ions on the  surface).  

For heavily doped n - type  germanium, Gereth and 
Cowher (3) have reported that  the rate of anodic dis- 
solution is controlled by the supply of hydroxyl  ions 
from the electrolyte, ra ther  than  by charge carriers in 
the solid. Therefore, the  activation energy may depend 
on space charge layers in the solution ra ther  than in  
the semiconductor. The pre-exponent ia l  in  Eq. [1] wil l  
then be proport ional  to the hydroxyl  ion concentration. 
In  addition, for the spontaneous dissolution of germa-  
n ium in oxygen-satura ted media, Harvey and Gatos 
(4) found that the rate is independent  of carrier  con- 
centrat ion or i l luminat ion.  In  oxidative dissolution 
such as this, when  diffusion is not rate limiting, it is 
bond breaking in  an oxide surface complex that  deter-  
mines the activation energy, v is then related to the 
frequency of thermal  vibrat ions in the solid. 

To distinguish between oxidative and nonoxidat ive  
dissolution, Simkovich and Wagner  (5) showed for 
PbS and ZnO that  doping of the solid and deviations 
from stoichiometry do not have a significant effect on 
the rate of dissolution in nonoxidizing acids, such as 
aqueous HC1. However, Ag2S as an acceptor and Bi~S3 
as a donor in PbS, or Li20 as an acceptor and A120~ as 
a donor in ZnO do significantly affect the rate  of dis- 
solution in concentrated nitr ic acid. The oxidative 
dissolution can be characterized by the formation of 
e lemental  sulfur  as a reaction product in the case of 
PbS. 

Based on the above results, it can be concluded that  
in nonoxidat ive dissolution the rate  constant and the 
activation energy in Eq. [1] are related to processes 
that  occur at the solid-liquid interface. To investigate 
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these processes in acid solutions, the dissolution of the 
I I -VI  compounds ZnS, ZnSe, CdS, and solid solution 
Zn~Cdl-xS has been studied as a function of both the 
s t ructure  and composition of the solids, and the prop-  
erties of the solution. The over -a l l  chemical  react ion 
describing the dissolution process is 

AiiBvI(s)  -}- 2H + = An ++ -{- H2Bvi(g) [2] 

with AII represent ing the group IIB cation and Bvi the 
group VI anion. The I I -VI  compounds are par t icular ly  
suitable for s tudying nonoxidat ive  dissolution kinetics 
for several  reasons: 

1. It has a l ready been shown that  in wel l -ag i ta ted  
systems the ra te  is controlled by a heterogeneous sur-  
face react ion ra ther  than by t ransport  in the solution 
(6). 

2. The react ion products do not form passive films 
that  could inhibit  the dissolution process. 

3. The compounds can be prepared in allotropic crys-  
tal l ine modifications, and have  a complete  range of 
solid solubility. 

Exper imental  
Materials.--All of the polycrystal l ine I I -VI  com- 

pounds were  prepared by precipi tat ion from a soluble 
salt of the group IIB cation. To produce a crystal l ine 
solid, the precipi tate was dried, and annealed in H2B 
gas or in an iner t  atmosphere.  The method of prepara-  
tion, impur i ty  content, B.E.T. surface area, and crystal  
s t ructure  of each mater ia l  are summarized in Table I. 
The composit ion of the crystal l ized solid solution was 
de termined  by comparing the measured lattice param-  
eters to those repor ted  by Bal lentyne  (7). In addition, 
chemical  analyses for both zinc and cadmium w e r e  
done af ter  completely dissolving the solid in cold con- 
centra ted hydrochloric  acid or in nitric acid. These 
two analyt ical  methods gave results that  were  wi th in  
4%. The composition determined by x - r ay  analysis is 
reported in Table I. Reagent -grade  chemicals and high-  
conductivi ty wate r  (6.0 x 10 -7 ohm -1 cm -1) were  
used to prepare  the acid solutions. 

Apparatus and procedure.--Except for dissolution of 
ZnSe, rate  measurements  were  made at constant pres-  
sure by continuously increasing the vo lume of the 
system as vapor  was evolved. The pressure regula t ing  
system was similar to the one described by Cremer  (8), 
al though modifications were  needed to keep the pres-  
sure constant to wi thin  0.1 m m  Hg whi le  automatical ly  
recording the volume (9). The evolut ion of as l i t t le as 
3 x 10 -7 moles of vapor  could be detected. This sensi- 
t iv i ty  is required in order  to study the dissolution of 
the spar ingly soluble I I -VI  compounds. 

A 200-ml baffled Py rex  reactor  flask, shown in Fig. 
1, was immersed  in a cons tan t - tempera ture  bath con- 
t rol led to wi thin  0.1~ All  exper iments  were  carr ied 
out at a st irr ing speed of 1200 rpm. A 3g solid sample 
( _  0.1 mg) was held in a th in -wal led  Py rex  crucible 
before the start  of each react ion so that  it did not 
contact the acid in the flask. F i f ty  mil l i l i ters  of acid 
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Fig. 1. Stirred reactor and sample crucible 

solution were  degassed by lowering the pressure unti l  
the solution boiled. The solution was then saturated 
by flushing the system with  H2S vapor. With the 
s t i r rer  on, the react ion started instantaneously when  
the p lunger  pushed the sample crucible into the acid 
solution. 

Dissolution exper iments  per formed at constant pres-  
sure and t empera tu re  have definite advantages  com- 
pared to exper iments  at constant volume. All  of the 
vapor produced in the reaction goes into the gas 
phase since the solution is a l ready saturated at a fixed 
constant pressure. Also, the evaluat ion of the constants 
in an empir ical  rate  equat ion is easier when  both 
tempera ture  and pressure are constant dur ing an ex-  
periment.  In principle, the constant-pressure  apparatus 
could have been used for the ZnSe experiments ,  but  
the large quanti t ies  of H2Se needed to flush the system 
made this impractical.  Al though the ZnSe exper iments  
were  done at constant volume, the same reactor  was 
used for all exper iments  and the sample was in t ro-  
duced in the same way as described above. 

The concentrat ion of acid, zinc ions, and cadmium 
ions was de termined  after  equi l ibr ium was reached 
in each experiment .  For  both zinc and cadmium, volu-  
metr ic  analysis was used, wi th  e thy lenediamine te t ra -  
cetic acid as a complexing agent. In addition, when the 
cadmium ion concentrat ion was too small  to be de-  
te rmined by volumetr ic  methods, analyses were  done 
with  a J a r r e l -A sh  flame photometer .  

Results 
Typical  examples  of the kinetic data collected in 

this invest igat ion are displayed in Fig. 2 and 3. The 
dependence of the dissolution rate  of h igh-pur i ty  ZnS 

Table I. Preparation and properties of materials 

Material Method o f  p r e p a r a t i o n  

Impurity 
c o n t e n t  

(spectroscopic 
analysis) 

Crystal structure 
(observed v a l u e s )  

S u r f a c e  
a r e a  

(m21g) 

Z n S  

Z n S  

C d S  

ZnSe 

ZnzCdl-xS 
X = 0,85 

Zn (NO3) s + H~S 

ZnSO~ + H2S 

Cd(NO~)s + H2S 

Zn(C1)s + (NI-I~)sSe 

Zn (CsI-I~02) s + Cd (CsI~Oz) = + H~S 

10 p p m :  
Pb 3 p p m  
Cu 0.2 ppm 
Ni 0.3 ppm 
Fe 1 ppm 

2 % :  

Cd 1% 
Fe 0.1% 

10 pprn 

10 ppm 

No analysis 

Cubic 
ao = 5 . 3 8 A  

75% cubic-25% h e x .  
(approximate) 

H e x a g o n a l  
ao = 4.12A co = 6.94A 
Cubic 
ao = 5 . 6 0 A  
H e x a g o n a l  
ao  = 3 . 8 6 A  Co = 6 . 3 0 A  

28.8 

5.5 

0.94  

0 .63 

1.2 
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Fig. 2. Effect of sulfuric acid concentration on the dissolution 
of high-purity ZnS: �9 O.5M; �9 1.0M; A 2.0M; [ ]  3.0M; 0 
4.0M; T = 25~ PH2S -~- 0.88 arm. 

O ~  
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Fig. 3. Effect of temperature on the dissolution of high-purity 
ZnS in aqueous H2S04: �9 T = 0.2~ PH2S = 0.26 atm; �9 T ---= 
10.0~ PH2S ~ 0.15 atm; A T = 25.00C pH2S ~ 0.27 atm; 
[ ]  T = 40.0~ PH2S = 0.25 atm; O T = 59.0~ pH2s .----- 
0.40 atm; [H2S04] ~ 1.0M. 

on sulfuric acid concentrat ion at fixed tempera ture  
and hydrogen sulfide pressure is i l lustrated in Fig. 2. 
F igure  3 shows the var iat ion of the dissolution rate 
with temperature  at constant  sulfuric acid concentra-  
tion (1M). In  all the investigations, the dissolution 
was allowed to proceed to conclusion so that  informa-  
t ion on the equi l ibr ium state may also be obtained. 
This informat ion is needed in order to determine the 
kinetic parameters  of the reverse (precipitation) re-  
action. Although the general  shape of the dissolution 
curves does not change with the composition of the 
leaching solution (aqueous sulfuric acid, alcoholic 
sulfuric acid, or aqueous hydrochloric acid), the dis- 
solution rate in aqueous sulfuric acid is found to de- 
pend more strongly on tempera ture  than in the other 
two solutions. 

Our experiments  confirmed the finding of Romankiw 
and deBruyn (6) that  the dissolution process is inde-  
pendent  of the rate  of agitation of the reacting mix-  
ture  beyond a critical s t i rr ing speed of 750 rpm. This 
exper imental  observation suggests that  the net  dissolu- 
tion rate is not diffusion controlled. If we now assume 
that  the dissolution process is controlled by a chemical 
reaction at the solid-liquid interface, then the rate of 
dissolution R (moles/m ~ sec) may be expressed as 
follows: 

1 
R A (dn~2Bdt) = kl[H2SO4]r 

-- k-I[AIISO4]/3P~H2B [3] 

In wri t ing Eq. [3], we assume the leaching agent to be 
sulfuric acid. The various symbols introduced in  this 
expression are identified in the Nomenclature  at the 
end of this paper. It is important  to note that  the 
formal rate constants kl and k-1 for the forward and 
reverse reactions, respectively, include the activity 
coefficients of the react ing species. The symbol A with-  
out subscript refers to the surface area (m s) of the 
solid/ l iquid interface. The square brackets, [], imply 
molar  concentrat ions of the reactants;  the quant i ty  

[H2SO4] refers to the stoichiometric sulfuric acid con- 
centrat ion and not to the molar  concentrat ion of ~he 
undissociated species. 

Spectrophotometric studies (10) of the composition 
of aqueous sulfuric acid solutions show that, except in 
extremely dilute solutions, the SO4 = ion is not a major  
consti tuent and that the concentrat ion of undissociated 
H2SO4 is negligibly small  in  solutions of molar i ty  less 
than  14M. At moderate concentrations, it is the HSO~- 
ion which predominates and the properties of such 
solutions are essentially that  of a h 1 electrolyte con- 
sisting of H + and HSO4- ions. An analysis of all 
per t inent  thermodynamic  data on this system in the 
temperature  range 0~176 (11) shows that  the H + 
ion concentrat ion is proport ional  to the stoichiometric 
acid concentrat ion in the concentrat ion range 0.1-6M 
which includes the exper imental  concentrat ions (0.5- 
5M) used in this investigation. The sulfuric acid con- 
centrat ion term in Eq. [3] may therefore be replaced 
by the actual  concentrat ion of H +, the proport ionali ty 
constant  re la t ing [H + ] to [H2SO4] being approximate-  
ly 0.8. 

To determine the order of the forward reaction, that  
is, the magni tude  of the constant  a, we focus at tent ion 
on the ini t ial  stage of the dissolution reaction. Equa-  
t ion [3] may now be t ransformed to read 

Ro = kf Ao[H2SO4] o a exp (--  Es/RT) [4] 

where Ro is the ini t ial  dissolution rate in moles/sec and 
is given by the ini t ial  slope of the exper imental  curves 
in Fig. 2. A check on the measured value of Ro was 
obtained by a numer ica l  curve fitting technique (9). 
By plott ing values of Ro against ini t ial  acid concen- 
t ra t ion ([H2SO4]o), it was clearly established that  a 
equals un i ty  regardless of the composition of the solid 
phase and of the liquid phase. This first-order depen-  
dence of the dissolution rate on acid concentrat ion was 
previously observed by Romankiw and deBruyn (6) 
for ZnS in aqueous sulfuric acid solutions. These 
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Fig. 4. Arrhenius plot for calculation of the activation energies 
for dissolution of II-VI compounds in aqueous H2S04. 
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Fig. 6. Effect of H2S pressure on the dissolution of high-purity 
ZnS in aqueous H2S04: �9 PH2S = 0.27 atm; A PH2S = 0.32 
atm; [ ]  PH2S ---- 0.82 arm; O PH2S ---- !.01 arm; T = 25~ 
J'H2S04] : 1.OM. 
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Fig. 5. Arrhenius plot for calculation of the activation energy 
for dissolution of ZnS in different solutions. 

authors  used an ident ical  ana ly t ica l  p rocedure  for 
eva lua t ing  a. 

The act ivat ion energy  E s for the  fo rward  (dissolu-  
tion) reac t ion  was then  de te rmined  by  p repa r ing  plots 
of log (Ro/Ao[H2S04]o) = log ki against  1/T as 
shown in Fig. 4 and 5. The magni tude  of ks, a reac t ion  

ra te  constant  which  is independen t  of t empera tu re ,  
m a y  then  be calculated.  

At  constant  pressure  of H2B, i t  follows d i rec t ly  
f rom Eq. [3] tha t  for  equ i l ib r ium condit ions 

d log [Au + +]e/d log [H+]e ---- p [5] �9 

where  the  subscr ip t  e denotes  tha t  the  equ i l ib r ium 
concentra t ions  of the reac t ing  species a re  to be used. 
Equat ion [5] shows how the  constant  ~ for the  reverse  
(prec ip i ta t ion)  react ion m a y  be eva lua ted  f r o m  ex -  
pe r imen ta l  da ta  such as found in Fig. 2. I t  also fol lows 
f rom Eq. [4] that ,  if the  ini t ia l  concentra t ion of the  
acid is fixed in a series of exper iments  in which  the  
pressure  of the  H2B gas is a l lowed to vary ,  then  at  
equi l ibr ium,  for a = 1, 

log { [ H 2 S 0 4 ] ~  [AnSO4]e } [ A I I S O 4 ] e ~  

k -1  
= ~ log PHsB ~L log ~ [6] 

and therefore  

d log { ( [H2SO4] o --  [AIISO4] s) / [AIISO4] e B} 
= ,y [ 7 ]  

d log PH2B 

Once p is known, the  constant  -~ m a y  be eva lua ted  f rom 
the informat ion  contained in expe r imen ta l  ra te  curves 
such as those p lo t ted  in Fig. 6. F rom the appropr ia t e  
plots suggested by  Eq. [5] and [7], it  has been es tab-  
l ished that  the  ra te  of the  reverse  react ion var ies  wi th  
the square root  of both the  concentra t ion of the  AII+ + 
ion in solut ion and the H2B pressure.  The ac t iva t ion  

Table II. Activation energies and rate constants 

M a t e r i a l  S o l u t i o n  c o m p o s i t i o n  Er k t  Er kr 
(kca l /mo le )  ( l i t e r s / sec  m s) (kca l /mo le )  (moles  l i t e r s /a tm)1/~  

see m s 

ZnS (0.1% Fe)  aq. H~SO4 9.9 -- 1.0" 
aq. 20%- i -P rOHz  80% 5.0 

H~SO4 
aq. HC1 4.5 

~-ZnS aq. H2SO, 9.5 
CdS aq.  H ~ O 4  14.2 
ZnSe  aq. FI2SO4 11.7 
Zn0.ssCdo.~S aq. H2SO4 5.7 

2.7 --  0.4 x 101 
8.9 x 10 -a 

5.4 x 10 -~ 
3.8 x 10o 
6.8 x 108 
1.0 x I0  ~ 
2.9 x 10 -~ 

6.7 + 1.0 
1.6 

5.8 
6.7 
6.8 
5.3 

1 . 9 - - 0 . 5  • 10 o 
5 .3  • 10 - t  

~ x  10 -~ 
1.7 x 101 
4.8 • 101 
3.4 • 10 ~ 

* P rec i s ion  n o t e d  fo r  t he  f i rs t  v a l u e  app l i e s  to  o t h e r s  in  s a m e  c o l u m n .  
i - P r O H  r e p r e s e n t s  i sopropano l .  
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energy (Er) of t h e  reverse  (precipitation) reaction 
was then determined by solving Eq. [6] for k-1 at 
different temperatures  and then  plott ing log k-1  
against  1/T. 

All  the per t inent  kinetic parameters  obtained by 
the above analysis of the exper imental  data are col- 
lected in  Table II. It  should be ment ioned that in per-  
forming this analysis no correction has been made for 
the dependence of the activity coefficient of the re-  
acting species on temperature.  However, the stoichio- 
metric activity coefficients for sulfuric acid and also 
hydrochloric acid in the concentrat ion range  0.SM 
(Molal) to 5M are relat ively insensit ive to changes in 
tempera ture  (12). The magni tudes  of the activation 
energies E s and Er will  therefore not  be altered signifi- 
cant ly  if such corrections are made. 

It  is interest ing to note for Table II that  the values 
of E~ for ZnS, ZnSe, and CdS agree to wi th in  •  
kcal/mole.  During the asymptotic approach to equi-  
l ibr ium shown in Fig. 2, 3, and 6, the solid must  form 
simultaneously with the dissolution. The reverse reac- 
tion involves either precipitat ion of new particles or 
growth on the already existing solid. In  either case, 
the data suggest that  the process of solid formation is 
not s imply the reverse of the dissolution process. No 
at tempt has been made to study the reverse reaction in 
detail, since the ini t ial  rate data used to calculate k 1 
and E i are not affected by  these complexities. 

In Table II it can be seen that  the activation energy 
E I for dissolution in aqueous H2SO4 is different for 
each of the h igh-pur i ty  I I -VI  compounds. However, for 
the h igh-pur i ty  ~-ZnS, the activation energy is almost 
the same as for the mater ial  containing 0.1% Fe. The 
lat ter  solid also showed some wurtzi te  l ines in its x - r ay  
diffraction pat tern  which did not appear in the high- 
pur i ty  ~-ZnS. These results indicate that the activation 
energy is not sensitive to impur i ty  content  or crystal 
structure, but the over-al l  rate of dissolution does de- 
pend on these factors due to changes in the number  
of reactive surface sites. 

The dependence of the dissolution rate on the prop- 
erties of the solution are also shown in Table II. For  
the same solid ZnS(0.1% Fe) in different solutions, 
there is a large change in the activation energy. There-  
fore, changing the solution, and with it  the properties 
of the solid-liquid interface, influences the activation 
energy for the ra te-control l ing step. 

The relat ively low activation energy for dissolution of 
the solid solution Zn0.s~Cd0.1~S may be related to other 
observations made on this material.  For  example, even 
after heat t reatment ,  the x - r ay  diffraction peaks of the 
crystallized solid were not near ly  as sharp as for the 
pure ZnS or CdS. It was found that the Zn/Cd ratio in 
the solution was several  times higher than  the ratio 
in the star t ing material.  Therefore it is possible that  
the method of preparat ion sufficiently influences the 
surface properties of the  solid to affect the act ivat ion 
energy for dissolution. 

The results show that the rate of nonoxidat ive dis- 
solution depends on both the properties of the solid 
and the solution. These data bear out the introductory 
remarks that  any proposed mechanism of nonoxi-  
dative dissolution of semiconductors must  account for 
the influence of processes at the  solid-l iquid interface. 

Discussion 
Figure 7 shows the steps that  occur dur ing  dissolu- 

t ion of the I I -VI  compounds in  nonoxidizing acids. 
Since agitation has no influence on the rate of dis- 
solution of the I I -VI compounds in aqueous H2SO4, and 
the activation energies are higher than the 3-6 kcal /  
mole expected for t ranspor t  processes, it is unl ikely  
that  diffusion is the ra te-control l ing step. Furthermore,  
a quant i ta t ive  estimate of the rate of diffusion of H + 
can be made using the equation 

1 
..~ (dnH2B/dt) = - - D ( [ H + ] o  -- [H+ ]i)/d [8] 

SOLID = LIQUID - VAPOR 

SULFUR 

ZINI 

Fig. 7. The mechanism of dissolution of I I - IY compounds in non- 
oxidizing acids. 

where [H+]~ is the concentrat ion of hydrogen ions 
near  the solid surface. Values of [H+]i  = 0, [H+]o ---- 2 
moles/l i ter ,  d -~ 10 -3 cm, and D = 10 -5 cmS/sec, give 
a rate of 10 -5 moles/(sec cme). The chosen values of 
the effective boundary  layer thickness, d, and the 
diffusivity, D, are likely to be wi th in  an  order of mag-  
ni tude for this system. Experimental ly,  for the I I -VI  
compounds in aqueous H2SO4, the init ial  rates were no 
larger than 10 -9 moles/(sec cm~). For the dissolution 
of ZnS in hydrochloric acid or in alcoholic H2SO4, 
the init ial  rates were approximately 10-5 moles/(sec 
cm2), so that the exclusion of diffusion control here 
is not as certain. However, it is the fact that  the sur-  
face reaction is much slower for dissolution of ZnS in 
aqueous H~SO4 than  in the other solutions, ra ther  
than  the magni tude  of the activation energy in the 
lat ter  case, that  is important .  This fact is used below 
as evidence that a slow adsorption step is a plausible 
mechanism for the dissolution of the I I -VI  compounds 
in nonoxidizing aqueous H2SO4. 

If the over-al l  rate of the dissolution reaction is con- 
trolled by the adsorption of hydrogen ions, or the pro- 
tonated solvent, onto the surface then  

Ro ----- k/Ao[H + ]~ exp (--EA/RT) [9] 

EA is the activation energy for adsorption of the hy-  
drogen ions at the interface. The concentrat ion [H + ]~ 
is related to the concentrat ion in  the bulk  solution by 
the equation 

[H +] i----- [H+]oexp  (--@JRT) [10] 

where  @~ is the potential  of the ion at the distance of 
closest approach, before adsorption onto the surface. As 
hydrogen ions adsorb there is a change in potent ial  
equal  to (@o -- ~ ) ,  where r is the potent ial  of the 
solid surface relat ive to the bu lk  solution. Also there is 
an energy change, ~, when  a proton interacts with the 
surface atoms to form some compound. This free en-  
ergy change wil l  depend on the activity of the solid 
surface, but  it is independent  of the surface charge. 
As shown in Fig. 7, it is assumed that  the hydrogen 
ions adsorb preferent ia l ly  on the sulfur  sites, and 
that the surface reaction product  dissociates as H S - .  
This ion then reacts with a hydrogen ion to form HaS 
which is t ransported away from the solid, and is finally 
evolved at the l iquid-vapor  interface. The observa- 
t ion that  the H2S/Zn + + mole ratio is greater  than  1 
is reasonable if adsorption occurs preferent ia l ly  at 
the sulfur  sites. 
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In te rms of the  adsorpt ion  theory  of dissolution, 
where  no e lect ron t rans fe r  is involved in the r a t e -  
control l ing step, the  ra te  equat ion becomes 

{F } R o = k l A o [ H + ] o e x p  - - ~ [ 0 +  ( 6 o - - 6 8 )  +Ca]  

[11] 

The act ivat ion energy for  dissolution, wi th  the  ad -  
sorpt ion step control l ing is 

EA = F(r , + @o) [12] 

EA is made  up of a chemical  and an electrostat ic  con- 
t r ibution.  The former  can be re la ted  to the  bonding,  
surface energy,  and o ther  solid p roper t ies  that  m a y  
effect r The la t te r  t e rm depends  on the  in terac t ion  be-  
tween  the charged solid surface and the ions in solu-  
tion. Changes in the  ac t iv i ty  of the  surface due to the  
s t ruc ture  or the composit ion of the  solid wi l l  genera l ly  
be small ,  and r wi l l  not be apprec iab ly  changed.  This 
is the  reason for the  smal l  difference be tween  the 
act ivat ion energies  for  pure  B-ZnS and ZnS (0.1% Fe) .  
The model  also explains  the  results  of Simkovich and 
Wagner  (5),  tha t  impur i t ies  in the  solid have l i t t le  
effect on the  ra te  of nonoxida t ive  dissolution. The low 
act ivat ion energy  for Zn0.ssCd0asS is p robab ly  due to a 
state of d isorder  of the  surface tha t  is sufficient to 
affect the  chemical  potent ia l  for pro ton  adsorpt ion.  

The m a x i m u m  difference of about  5 kcal  in the  
act ivat ion energies for dissolution of ZnS, ZnSe, and 
CdS is due p r i m a r i l y  to the  e lectrostat ic  in terac t ion  
at  the  so l id- l iquid  interface.  This also must  account 
for the  changes in the  act ivat ion energy  when the same 
solid ZnS is dissolved in different  solutions. For  h y d r o -  
chloric acid as the  solvent,  there  is also the  poss ib i l i ty  
~hat specific interact ions  of chlor ide ions occur on the 
surface, and a l ter  both  the  surface charge  and the  dis-  
t r ibut ion  of act ive sites. This would  lead to changes in 
both the  ra te  constant  and the act ivat ion energy.  A l -  
though the concept of a dielectr ic  constant  for the  
solut ion near  the  solid surface has l i t t le  meaning,  the  
polar izab i l i ty  of the  solvent  and the potent ia l  drop 
across the  Helmhol tz  l aye r  a re  essential  factors in the  
mechanism of nonoxida t ive  semiconductor  dissolution. 

Conclusion 
The exper imen ta l  results,  ana lyzed  in te rms of an 

ac t iva ted  adsorpt ion model  for the  dissolution of I I -VI  
compounds, expla in  why  the  ra te  of dissolution in 
nonoxidizing solutions is not  affected by  the  e lect r ica l  
proper t ies  of the  solid. I t  is the  space charge in the  
solut ion r a the r  than in the  solid tha t  is important .  

Even in the  case of oxida t ive  semiconductor  dissolu-  
tion, it  is known tha t  adsorpt ion  affects the  kinet ics  
by  increas ing or  decreasing the ra te  of the  control l ing 
step. For  example ,  in the  oxida t ive  dissolution of InSb, 
which exhibi ts  c rys ta l lographic  po la r i ty  in the  <111>  
direction,  a l iphat ic  amines p re fe ren t ia l ly  adsorb on the 
S b ( l l l )  surface and inhibi t  the  r a t e  by  in ter fer ing  
with  dissociation of the  surface complex  tha t  controls  
the  ra te  of dissolution (13). Richards  and Crocker  (14) 
found tha t  Ag + reveals  etch pits on the  A s ( l l l )  sur -  
face of GaAs for the  same reason. In  these two cases, 
i t  is the r a t e  constant  ki in Eq. [1] tha t  is lowered.  
According to Ha rvey  and Gates  (4), adsorbed hal ide  
ions ca ta lyze  the  reduct ion of oxygen on the surface 
of Ge by  supply ing  one electron. Based on the mech-  
anism of dissolution proposed  by  H a r v e y  and Gates,  
this adsorpt ion effects E as wel l  as kl in Eq. [1]. A d -  
sorbed ions can also change the ra te  of anodic dissolu-  
t ion of semiconductors  when  charge t ransfe r  in the  
solid is the  ra te -con t ro l l ing  step. The reduct ion  of 
fe r r icyan ide  (Fe(Cn6-~)  to fe r rocyanide  (Fe(CN6-4)  
on the ge rman ium surface leads to an increase in the  
anodic dissolution rate.  This is expla ined  by  Efimov 
(15) by  the supposi t ion tha t  the e lect ron requ i red  for  
the  reduct ion comes f rom the  valence band, c rea t ing  

an addi t ional  hole near  the  ge rman ium surface. The 
process is analogous to the effect of i l luminat ion  on the 
charge  t ransfe r  contro l led  anodic dissolution. 

In  nonoxida t ive  dissolution of the  I I -VI  compounds,  
it  is the  adsorpt ion  tha t  is the  ra te -con t ro l l ing  step. 
The adsorpt ion  model  m a y  be useful  in expla in ing  the 
results  of etching studies in nonoxidizing solutions. Ac-  
cording to this  model,  p re fe ren t ia l  adsorpt ion  occurs 
on the anion sites so that  this face would  be expected  
to dissolve fas ter  than  the corresponding cat ion face 
when the  I I -VI  compounds are  e tched in the  (111) 
orientat ion.  Therefore,  etch pits should appear  on the 
cat ion faces. Studies  of the  adsorpt ion  kinetics of ions 
at the  semiconduc tor -e lec t ro ly te  in terface  and a more  
complete  unders tanding  of the  changes in solvat ion that  
occur in the  layer  of solution near  the  solid surface 
would pe rmi t  this  adsorpt ion  theory  of semiconductor  
dissolution to be developed fur ther .  These same effects 
a re  impor tan t  in a b roader  scope of e lect rochemist ry ,  
such as wi th  anodic oxide films and ba t t e ry  e lect rode 
behavior ,  so tha t  the adsorpt ion  mechanism of non-  
oxida t ive  semiconductor  dissolut ion m a y  be of more  
genera l  importance.  

Manuscr ip t  submi t t ed  March 7, 1969; rev ised  manu-  
script  received Aug. 8, 1969. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1970 
JOURNAL. 
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NOMENCLATURE 
Surface  area  of solid (m 2) 
Surface  area  of solid at  s ta r t  of react ion 
(m 2) 
Atom of group IIB (Zn, Cd) 
Ion of AII in solut ion 
Ion concentra t ion at  equ i l ib r ium (moles /  
l i ter  
A tom of group VIB (S, Se) 
Diffusion pa th  length  (cm) 
Diffusivity (cm2/sec) 
Act iva t ion  energy  (kca l /mole )  
Act iva t ion  energy  for  proton adsorpt ion  
(kca l /mole )  
Act iva t ion  energy  for dissolution reac-  
t ion (kca l /mole )  
Act iva t ion  energy for prec ip i ta t ion  reac-  
t ion (kca l /mole )  
F a r a d a y  constant  
Acid concentra t ion at  s tar t  of reac t ion  
(moles / l i t e r )  

Acid concentra t ion at  equi l ib r ium 
(moles / l i t e r )  
Hydrogen  ion concentra t ion at  sol id-  
l iquid in terface  (moles / l i t e r )  

l i ters  % 

kl F o r m a l  fo rward  ra te  constant  ( ) 
\ m 2 see ] 

A 
Ao 

All  
A + +, Al l  + + 
[A++]e 

B, BvI 
d 
D 
E 
EA 

Ef 

Er 

F 
[H2S04]o 

[ H 2 8 0 4 ]  e 

[H+]~ 
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k-1 

kf 

k, 

nH2B 
PH2B 

moles Ro 
�9 R Formal  reverse rate constant  h m e sec T 

liters y / ,  (a__~m) Y~ ] v 

Rate constant  for dissolution ( l i ters/  
see m 2) a, fl, "~ 
Rate constant  for precipitat ion (moles r 
l i t e r /a tm)  ~/sec  m 2 
Moles of vapor evolved in reaction 
Pressure of H2B vapor (atm) 
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Init ial  rate of dissolution (moles/sec) 
Over-al l  reaction rate (moles/m 2 sec) 
Temperature  (~ 
Frequency factor 
Electrostatic potential  of proton at solid- 
liquid interface relat ive to bulk  solution 
Constants 
Electrostatic potential  of proton on solid 
surface relat ive to bu lk  solution 
Change in chemical potential  dur ing 
proton adsorption 

Interpretation and Significance of Heats of Activation for 
Electrochemical Reactions Exhibiting Anomalous Tafel Slopes 

B. E. Conway and D. J. MacKinnon 
Department o~ Chemistry, University of Ottawa, Ottawa, Ontario, Canada 

ABSTRACT 

Heats of activation for electrochemical reactions studied over a wide range 
of temperatures  are considered in relat ion to the temperature  dependence 
of the Tafel slope factor b. Experimental ly,  b is found to have anomalous 
temperature  dependence, i.e., other than  the classical form RT/~F, for hydro-  
gen evolution at Hg, Cd, Pb, Ni, and Pt and the consequences of this behavior 
in calculation of heats of activation are evaluated. Curvature  of the electro- 
chemical Arrhenius  plots is shown to arise for certain of the cases t reated and 
is discussed in  relat ion to the problem of detection of proton tunne l ing  at  
low temperatures.  Other difficulties associated with tempera ture  dependence 
of coverage by atomic H and tempera ture -dependent  s t ructure changes in the 
solvent are considered. 

Heats of activation in electrode processes, unl ike  
those for gas phase and in certain cases solution reac- 
tions, cannot be easily related to the mechanism of 
the reaction. This arises because only an apparent  en-  
ergy of activation (1) is measured by such exper imental  
derivatives as d in io/d(1/T) ( involving the exchange 
current  densi ty io), (d~/dT)i, (d~/d 1/T)~ or (d~/d In 
T) ~, where ,1 is the overpotential  at a cur ren t  density i 
related to io by the familiar  equation i = io exp n/b, 
where b is the Tafel slope. However, in a number  of 
situations, variations of heats of activation for a given 
reaction, e.g., over a series of metals, or on account of 
isotopic substitution, or with temperature,  can be use-  
ful as a basis for evaluat ion of such factors as chem- 
isorption in relation to the electronic character of the 
metal  (2) or the role of quan tum-mechan ica l  t unne l  
effects in proton t ransfer  (3) through the est imation 
of f requency factor ratios. 

Normally the apparent  heat of activation AHO#R at 
the reversible potential  differs from the "true," k ine t -  
ically significant quant i ty  AWo~ (for zero meta l -  
solution p.d.) according to the relat ion (1) 

hHo~=R -~ ~Wo~ - - -  flAHo [1] 

where • is the enthalpy change in the single (half-  
cell) reaction 

H+aq -~- eM ~--- 1~ H2 [2] 
and fl is a symmetry  factor. It is well  known that  Z~H o, 
for obvious reasons, is not a thermodynamical ly  
measurable  quanti ty,  al though it may  be est imated 
with varying degrees of uncer ta in ty  depending on the 
value assigned to the surface potential  and the basis 
for assignment of individual  ionic free energies of 
hydra t ion  (4). 

Usually the apparent  heat of activation is evaluated 
at zero overpotential  from the derivative (3 In io/0 
1/T),=o or from the temperature  coefficient of over-  
potential  at a given current  density (5). At finite 
overpotential  o, the derivat ive (~ In i/8 1/T)~ also 
gives the effective heat of activation at potent ial  

which differs from that deduced for the reversible 
potential  by the energy fl~F. These relations which 
give ~H~ in terms of hW ~ and hH ~ apply when  the 
Tafel slope b of the process is given by b = RT/~F 
and ~ r I (T) .  

In  the present and other (6) recent work, we have 
investigated the tempera ture  dependence of the TafeI 
slopes of the hydrogen (h.e.r.) and bromine  evolution 
reactions over a wide range of temperatures  ( includ-  
ing low temperatures  down to --125~ in order to 
establish the correct form of the temperature  depen-  
dence of b. It has been found (6) that  b is rare ly  
given by the "defining" relat ion quoted above and 
usual ly b is less tempera ture  dependent  than  is im-  
plied by b = RT/~F with ~ a constant  equal to ap-  
proximately 0.5. Under  some conditions b can be 
almost independent  of tempera ture  (6-9), while for 
other conditions b may even increase with decreasing 
temperature.  Inspection of early papers in the l i tera-  
ture reveals qual i ta t ively similar observations, but  t h e  
results were usual ly  poorly reproducible and were 
obtained in insufficiently purified solutions. Also, the 
variat ion of b or ~ with T was not systematically 
examined. 

General ly  (6), when b ~ RT/flF, the Tafel slope can 
be represented empirically by  

RT 
b = + c [3] 

~F 
where c is a tempera ture  independent  constant  and p 
can be > 0.5. It  appears coincidental  that b -~ 0.116 at 
room temperature,  e.g., for the h.e.r, at Hg, so that  b 
is apparent ly  RT/~F with ~ = 0.5. Over a wider  range 
of temperature,  including low temperatures  down to 
--100~ in methanol  and ethanol (3,6),  and higher 
temperatures  up to 65~ at Hg in methanol,  b is not 
represented by the usual  simple relat ion b = RT/~F 
but  by Eq. [3]. 

The consequences of this si tuation with regard t o  
the evaluat ion and significance of AH~ are invest i-  
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gated in the present  paper in relat ion to exper imental  
results on the kinetics of cathodic hydrogen and anodic 
bromine  evolution measured over a wide range of 
temperatures.  The in terpre ta t ion of tempera ture  var ia-  
tions of hH~ are of interest  in regard to (a) the role 
of proton tunne l ing  (10, 11), in the h.e.r.; (b) the 
effects of solvent s t ructure  changes on hH~ in 
hydrogen-bonded  media as the tempera ture  changes; 
and (c) the role of t empera ture -dependent  solvent 
orientat ion (12, 13) at the electrode interface in the 
kinetics of the h.e.r. Hence, it is impor tant  to estab- 
lish first the effect of anomalous tempera ture  var ia-  
tions of b in relat ion to their  effects, if any (see below),  
in de termining the form of the temperature  depen-  
dence of hH~ Heats of activation were therefore 
determined for a number  of metals at which the Tafel 
constant  b shows (3,6) unusua l  variat ions with 
temperature.  

Experimental 
General.--Since heats of activation were required  

together with Tafel slopes, steady-state,  po in t -by-po in t  
kinetic measurements  were made galvanostat ical ly by 
the "rapid" procedure (14). This method has been 
shown to be preferable to the "slow" procedure where  
variat ions of potential  over long times (up to 2 hr) 
are followed at each current  density. The essential 
exper imental  procedure and apparatus have been ade- 
quately described elsewhere (2). The electrolysis cell 
for Hg was provided with glass coils in the working 
and reference electrode compartments,  through which 
thermostated water  could be circulated at various 
temperatures.  Methanolic solutions of HC1 were used 
in most of the work in  order to be able to reach 
low temperatures.  Most kinetic measurements  were 
carried out at a series of descending temperatures  but  
some runs  were conducted at successively ascending 
as well as descending temperatures.  

Preparation and purification of solutions.--In order 
to a t ta in  low temperatures,  it is necessary to use either 
nonaqueous (3) or concentrated acid solutions (15). 
Tafel lines obtained in the lat ter  media exhibit  kinks 
associated with specific adsorption (16) but  at higher 
concentrat ions (ca. 7.ON in HC1 for example) l inear  
behavior  is exhibited over several decades of current  
density but  the b values are higher than  2RT/F pre-  
sumably  on account of anion adsorption. In  order to 
avoid the high concentrat ions of acid that  are re-  
quired in water to reach low temperatures,  nonaqueous 
solutions were employed. 

The solutions chosen for the present  work were the 
following: (i) 0.5h r HCl-methanol -h ;  0.5N HC1- 
ethanol-h;  (ii) 0.5N DCl-methanol -d  for isotope effect 
studies; and (iii) 0.4M (C3H~)4NBr in acetonitri le 
for B r -  discharge. The choice of HC1 and DC1 was an 
obvious one since both could be easily prepared in the 
dry, gaseous state. The choice of the system 0.4M 
(C3HT)4NBr-acetonitrile was governed by the desire 
to study a one-electron discharge process (other than  
that  involving protons) in  a nonhydrogen-bonded  sol- 
vent  in order to avoid anomalous changes of activation 
energy which can arise in H-bonded solvents due to 
changes of association with temperature.  

Methanol-h  solutions (CH3OH) containing HC1 were 
prepared by the procedure previously described (3). 
E thanol -h  (C2HsOH) was prepared from the undena -  
tured mater ia l  by refluxing over, and then distil l ing 
from, dried calcium oxide. The mater ia l  thus obtained 
was then subjected to the purification t rea tment  pre-  
viously described (3) for methanol.  Methanol-d 
(CH3OD) was prepared from magnes ium methoxide 
and 99.8% D20 as described previously (3). 

Gaseous DC1 was prepared by the action of D20 on 
redistilled benzoyl chloride, b.p. 197~ (17). Any  
traces of benzoyl chloride entra ined in the evolution 
of DC1 gas were removed by two traps. 

For the anodic reaction of B r -  ion at graphite, 
spectroscopic grade acetonitri le was used as the sol- 

vent. Recrystallized and dried (18) (C3H7)4 NBr was 
dissolved in the acetonitri le un t i l  a m a x i m u m  concen- 
t rat ion of 0.4M was reached. 

Purification of gases.--Hydrogen gas for the refer-  
ence electrode and for bubbl ing  in the cathode com- 
par tment  dur ing the h.e.r, runs  was rigorously purified 
before use according to previously described proce- 
dures (2, 3). N2 used in the anode compar tment  was 
also purified (19). 

Preparation of the electrodes under study.--Plati- 
num and nickeL--These electrodes were prepared from 
spectroscopically pure wires of p la t inum and nickel 
by a standardized method in order to ensure the best 
reproducibi l i ty  of the measurements.  The wires were 
cleaned first by washing for 24 hr in  th iophene-free  
benzene under  reflux, and then sealed, after drying, in 
glass bulbs in a s tream of the purified hydrogen gas 
(2, 3). The bulbs were broken just  prior to the experi-  
ment  in the usual  way (2, 3). 
Lead and cadmium.--These electrodes were prepared 
by mel t ing rods of the spectroscopically pure metals 
in a crucible under  a hydrogen flame. The mol ten 
metals, which re ta ined br i l l iant  oxide-free surfaces, 
were then drawn into 2 mm capillaries and allowed 
to solidify. The tubes were then cut to expose the 
desired metal  surface. 
Mercury.--Specially distilled mercury  (A.C.S. grade 
from Johnson-Mat they  and Mallory Ltd.) was used 
directly without  fur ther  purification. 
Graphite.--Pyrolytic (nonporous) u l t r a -pure  graphite 
rod obtained from the General  Electric Company was 
used for the studies on bromide discharge, and was 
mounted  in a specially fabricated Teflon holder con- 
nected to a Tru-bore  sliding glass tube which could 
be fitted in the head of the working electrode com- 
par tment  of the cell. 

Counter and reference electrodes.--Special consid- 
eration had to be given to the counterelectrode since 
the electrolyte used was methanolic  or ethanolic HC1 
(or DC1); thus, in the presence of C1- ion, oxidation 
of the alcohol by C12 could arise especially dur ing  the 
pre-electrolysis purification which was carried out for 
a period of at least 10 hr at a current  density of 
2 mA-cm -2. Although a closed stopcock between the 
anode and cathode compartments  decreased the possi- 
bi l i ty of migrat ion of oxidation products, etc. from 
the anode to the cathode, it was felt that  such oxida- 
t ion should be eliminated. 

It was found that  a large silver gauze anode met 
this requi rement  satisfactorily by reacting with C1- 
ion from the solution, forming an insoluble film of 
silver chloride as the anode reaction. A fresh silver 
electrode was prepared before each run  and a s tan-  
dardized cleaning procedure using aq. NH~ was fol- 
lowed. Plat inized p la t inum gauze over which hydrogen 
gas was bubbled was also tr ied but  did not lead to 
satisfactory results. 

The reference electrodes were a pair  of plat inized 
p la t inum hydrogen electrodes which operated satis- 
factorily in alcoholic solutions (20) and were repeat-  
edly checked against one another.  The reversibi l i ty  of 
the hydrogen reference electrode at low temperatures  
(down to --90~ was checked in a series of special 
experiments  as follows: (a) Qualitatively,  by bubbl ing  
ni t rogen ra ther  than  hydrogen gas at one of a pair  of 
electrodes. The electrodes recovered their  ini t ial  zero 
potential  difference wi th in  a minute  or two if the 
ni t rogen was replaced by hydrogen gas. (b) Quant i -  
tatively, by variat ion of the par t ia l  pressure of hydro-  
gen by di lut ion with ni t rogen at one of the electrodes. 

For  the anodic reaction of B r -  at graphite, the 
si lver-si lver  bromide reference hal f -e lement  was used. 
Electrodes were prepared in pairs according to the 
procedure given by Ives and Janz  (21). 

Temperature control.--For the low tempera ture  ex-  
periments  the cell was cooled by immersion in a large 
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~ 1 8 9 / .  171 (a) Nickel HCI / EtOH 

ir Zlo T (~ 

220 235 256272 

Dewar  flask conta ining a " low-boi l ing"  (30~176 
pe t ro leum e the r / l i qu id  n i t rogen mix tu re  [cf. ref. (3) ] .  
The t empe ra tu r e  of the  cooling ba th  was measured  by 
means  of a pen tane  t he rmomete r  at  the  beginning and 
end of each run  and was found to va ry  by  no more  
than  I~ As the  exper iments  were  car r ied  out  over  
a to ta l  t e m p e r a t u r e  range  of up to 160~ this means  
of t empe ra tu r e  control  was considered adequate .  

The shor ter  t e m p e r a t u r e  r ange  (24~176 involved 
in the  exper imen t s  a t  mercu ry  necessi ta ted more  ac-  
cura te  control  of the  t e m p e r a t u r e  [cf. re f  (3)] .  Fo r  
these runs,  the rmos ta ted  wa te r  was c i rcula ted  th rough  
the cell  a t  a p re - se t  constant  t empe ra tu r e  in the  usual  
w a y .  

Potentiodynamic measurements.--These were  car r ied  
out using convent ional  c i rcu i t ry  (22) at  Ni and  P t  at  
low tempera tu res  in methanol ic  solut ions in o rder  to 
examine  if  quan t i t a t ive  H-coverage  measurements  
could be made,  as they  can in aqueous solutions at 
noble  metals .  Wel l  resolved H peaks  could not  be de -  
tec ted  p re sumab ly  owing to the  compet i t ive  adsorpt ion  
of CH3OH (23). 

Results 
Exchange current densities as a function o~ te~npera- 

ture.--Linear logar i thmic  behavior  was observed in 
the  over -po ten t i a l  ( ~ ) - c u r r e n t  dens i ty  (i) re la t ion  
for the  h.e.r, at  Ni, Pt, Cd, and Pb. Good l inear  Tafel  
re la t ions  were  also observed for the  Br2 evolut ion 
react ion at  graphi te .  At  Ni, however ,  in the  h.e.r., two 
l inear  regions were  observed in the  ~-log i plots (Fig. 
1). A t  the  lower  cu r ren t  densit ies,  the  slope for this  
pa r t  of the  ~-log i re la t ion  increased wi th  increas ing 
t empe ra tu r e  while  for the  section at  high i, b decreased 
wi th  increas ing tempera ture .  At  app rox ima te ly  --40~ 
both regions have  the same slope and a single Tafel  
l ine over  some 4 decades of i is observed.  In  CI-I3OD/ 
DC1, the  isoincl inal  t empera tu re  for  the  log i-~ r e l a -  
t ion is nea re r  to room tempera ture .  The act ivat ion 
energy  behav ior  was eva lua ted  by  plot t ing the loga-  
r i thm of the  exchange cur ren t  io (see below) as a 
function of 1/T. 

The log ~o, per ta in ing  to the  expe r imen ta l  reg ion  1 of 
cu r ren t -po ten t i a l  behavior  ac tua l ly  observed,  was ob-  
ta ined for  each t empe ra tu r e  by  calculat ion r a the r  than  
graphica l  ex t rapo la t ion  using the  expe r imen ta l  Tafel  
pa rame te r s  a and b which  give, when  ~ ~- 0, log /o 
= --a/b. 

Nickel.--In this  case, two lines for log ~o vs. 1/T were  
obtained (Fig. 2) corresponding to the  two Tafel  
regions of Fig. 1. The plot  for the  high c.d. reg ion  
shows a depa r tu re  f rom l inea r i ty  at  app rox ima te ly  
--40~ and gives a mean  apparen t  value  of hH~ of 
10.4 kca l -mo le  -1 as shown in Fig. 2. The plot  for  the  
low c.d. region exhibi ts  cu rva tu re  at the  high t e m p e r a -  
ture  end and gives l imi t ing values  of hH~ of 7.1 in 
the  upper  region and 3.9 kca l -mole  - i  for the  lower  
section. 

Platinum.--As in the  case of the  low c.d. region at  
nickel,  the  e lec t rochemical  Ar rhen ius  plots for  p la t i -  
num exhibi t  m a r k e d  curva tu re  especia l ly  at  h igher  
over -potent ia l s ;  hHo4r  var ies  f rom ca. 8 k c a l - m o l e - 1  
(+25  ~ to --46~ to ca. 3.5 k c a l - m o l e - 1  ( - -48 ~ to 
--125~ (Fig.  3a).  The  corresponding plot  for the  
expe r imen t  conducted over  a r ange  of ascending t e m -  
pera tures  is shown in Fig. 3b and exhib i t s  surpr i s ing ly  
an apparen t  negat ive  ac t iva t ion  energy  at  the  high 
t empe ra tu r e  end. 

Lead.--The kinet ic  resul ts  obta ined  at  this  me ta l  give 
an apparen t  negat ive  energy  of ac t ivat ion at  values  of 
1/T > 3.9 x 10 -g  oK-1 but  no rma l  behavior  at  t he  
h igher  tempera tures .  Thus hHO4R for 1/T < 3.9 x 10-s  
~ is + 6.3 kca l -mole-Z .  

z T h e  v a l u e  of  l og  io so  c a l c u l a t e d  m a y  n o t  be  i d e n t i c a l  w i t h  that  
a c t u a l l y  o b t a i n i n g  a t  ~ = 0 i n  an  e x p e r i m e n t a l l y  i nacce s s i b l e  r a n g e  
(e.g. ,  a t  P b  o r  H g )  of c u r r e n t  d e n s i t i e s  n e a r  t h e  r e v e r s i b l e  p o t e n -  
t ial .  I t  r e f e r s ,  h o w e v e r ,  c o r r e c t l y  to t h e  p r o c e s s  a c t u a l l y  o c c u r r i n g  
a t  h i g h e r  p o t e n t i a l s .  
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Fig. 1. Current-potential relations for the h.e.r, at Ni in alco- 
holic HCI solutions down to low temperatures. (a) 0.5N ethanolic 
HCI. (b) 0.SN methanolic HCI. 
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Fig. 2. Electrochemical Arrhenius plots for the two regions of 
Fig. 1 (h.e.r. at Hi in alcoholic HCI solutions). 
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Fig. 3. (a) Electrochemical Arrhenius plots for the h.e.r, at Pt 
in alcoholic HCI and DCI solutions. (b) As in (a) but for a series 
of ascending temperatures. 

Cadmium.--The log io vs. ( I /T)  plots for methanol -h  
and d exhibit  a break at approximately 4.0 x 10:-~ 
~  where  log io becomes practically independent 
of temperature particularly in the H-solvent.  The 
values of AH~ calculated from the data for the h.e.r. 
at the high temperature end (i.e., 1/T < 4.0 x 10 -8  
~ is 7.1 kca l -mole -1  whi l e  that for the d.e.r, is~ 
11.5 k c a l - m o l e - L  

Apparent  activation energies as a function of ~l.-- 
Values of (log i)~ were plotted as a function of ( l / T )  
for each of the metals under consideration for various 
values of ~. From these plots, values  for ~Ho*,  are 
obtained (5) for each ~ value  and can then be plotted 
as a function of ~; such relations can ideal ly  be repre- 
sented by the equation 

AH~ = AH~ - -  flllF [4] 

D e c e m b e r  I969 

where AHO*R is the value  of the activation energy at 
zero over-potential .  

Nickel; high c.d. region.--Figure 4a shows a plot of 
(log i) vs. ( l / T )  for ~ values ranging from 0 to --0.6V. 
AH~ decreases as ~ increases as required by Eq. [4] 
and the nonl inearity  of the (log i ) ,  vs. ( l / T )  plot 
gradually disappears as ~1 increases, becoming more 
or less l inear over the entire temperature range at the 
higher ~ values.  A plot of the derived AHo+~ vs. ~ is 
shown in Fig. 4b. 

Nickel; low c.d. region.--The results are shown in Fig. 
5, but, contrary to the above equation, hHo+n now 
increases as ~ increases and there is curvature in the 
plot which becomes more pronounced as ~1 becomes 
more negative.  

Plat inum.--The plot of (log i ) ,  vs. ( l / T )  is shown in 
Fig. 6a; it is evident  that there is some resemblance to 
the results for the low c.d. region at nickel  shown in 
Fig. 5. Figure 6b shows a plot of AHo*, vs. ~ and indi-  
cates again an apparent negative value  of #, the sym-  
metry  factor, in Eq. [4]. 

Lead.--Plots  of (log i)n vs. ( l / T )  were  constructed as 
in Fig. 4, 5, and 6 and as ~1 increases the  apparent 
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Fig. 4. (a) Plots of (lag i) n vs. | / T  for the upper Tofel regions 
in Fig. |a. (h) Dependence of AHo=[= n (from Fig. 4a) an ~1 (Eq. [4]).  

negative activation energy at the lower temperatures 
disappears and the relations become linear and normal 
at approximately --0.TV. 

Cadmium.--The results for this case are similar to 
those for lead, except that the slopes of the Arrhenius 
plots have, under all conditions, a normal sign. 
Mercury . - -The behavior of Hg was in close agreement 
with that evaluated previously (3) in this laboratory. 

"o 

-~ \  L~ ;~  Ni / HCI  - EtOH 
+lO 

- I 0  

< -4.o o11) 

~-~~ ~.. ~.,~ -o~ 
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Fig. 5. Plots of (log i) n vs. 1 / T  for the lower Tafel regions of 
Fig. 1 a. 
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purposes, some results over a range of low and  in te r -  
mediate  temperatures  for a "one-electron" charge 
t ransfer  process not involving reaction of H or D. 
After  various exploratory studies, the most suitable 
system for this exper iment  was found to be 0.4M 
(n-CsH?)~ NBr in  spectroscopically pure acetonitrile. 
The Tafel slopes are found to be almost independent  
of T and the log i vs. 1/T plots exhibit  normal  behavior, 
giving excellent  l inear  relations over a range of some 
75~ for various ~] values. 

Discussion 
Illustrative numerical  calculations o~ ~H~ was 

thought  desirable to make  i l lustrat ive evaluations of 
AHO4=R for various situations in which complications 
may arise, e.g., if ~ is ~(T) or if b is not  s imply equal  
to RT/~F.  Results are therefore presented here of 
numerica l  calculations of activation energies in which 
various means of expressing ~H~ have been used, 
corresponding to cases encountered experimental ly.  
The following approach was employed: the usual  
re la t ion 

io = k exp[--~Ho+-R/RT] [5] 

assuming a constant  reactant  ion concentration,  was 
used and a value of 10.0 kcal -mole-~ was arbi t rar i ly  
chosen for AH~ and io values were calculated for a 

o / 
= ~ 7.0 / 

o ~ a F = 9 1 ?  Kcol VOLT -t ?/Yf ~- p. (a=042)  

<I 50 

4.c o/~ / 

3.C =-0'1 -012 -01.3 -0'.4 -015 
(VOLT) 

Fig. 6. (a) Plots of (log i) n vs. l I T  for the h.e.r, at Pt in 
ethanolic HCI. (b) Dependence of hH~ (from Fig. 7a) on ~1. 

Corresponding data for deuterium evolut ion.--The 
polarization curves were similar  to those for the h.e.r. 
at the above metals but  b values were usual ly  some- 
what  greater  than  the corresponding values for the 
h.e.r. Comparat ive electrochemical Arrhenius  plots for 
the d.e.r, are shown in Fig. 7 and 3a for some of the 
metals referred to above. 

Anodic reaction o f  B r -  at graphite . --The purpose of 
this part  of the work was to provide, for comparative 

-..~ 
r o ~ \  / D C I - M e O D  
I.. \".  Ni 

_5.0 ~ , + ~  ~HCI-MeOH 

\%_ -_ 
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4.2 4,6 5.0 5.4 5.8 

~--x 10:3 (~ K "l) 

Fig. 7. Comparative electrochemical Arrhenius plots for h.e.r. 
and d.e.r, at Hi in methanolic solutions (of. Fig. ]a) .  

series of T values. These values were then put  into the 
equation 

log i = log io + ~/2.3 b [6] 

where b was assumed to take one of the four possible 
forms listed below: 

b = R T / ~ F ,  w h e r e  ~ ---- 0.5 ---- const.; this is the 
simple form usual ly  assumed for b, so tha t  ~H~ 
should be recovered without  complications; this is 
s imply a "reference" case. 

b : (RT/~F) 4- c ,  where c was taken as a constant  
equal  to 0.04V and F = 0.71 (to give b = 0.116 at 
T ---- 298~ cf. the actual results obtained at Hg i n  
methanol) .  

b ---- (RT/~F) 4- c, where c was taken as a constant  
(cf. the observed exper imental  behavior  described 
above for certain metals) ,  that  is, ;3 is l inear  in T. 

b = c' --2.3 RT/~F;  i.e., b increases as T decreases, 
as found for example for P t  and in the low c.d. region 
at Ni when anion adsorption is significant. 

For each of the cases listed above, ~Ho*R and ~H~ 
were recovered by the following methods and the 
calculated results were compared (Fig. 8) : 

(a) d log io /d(1/T)  ---- --AH~ this is the 
kinetical ly most convenient  way of obtaining the heat 
of activation. 

(b) d( log i ) / d ( 1 / T )  = --(AH~ -- ~ F ) / 2 . 3 R  for 
various ~ values. 

(c) (d~/dT) ~ = --AHo4~/~FT. 
(d) (d~/d log T)i  = --2.3 AH~ 

Case I: b = R T / p F ;  ~ = 0.5 and constant  (Fig. 8 and 
9). This case is t r ivia l  in that  a value of AH~ = 10.0 
kcal-mole -1 was chosen to calculate the io values from 
which ~HO*R wil l  obviously be recovered with the  
required star t ing value. However,  this provides a basis 
for comparisons among the remain ing  three cases. 
For  this case, the values of ~H~ calculated by method 
b are in  agreement  (as they must  be) with values 
of ~Ho~n calculated from methods c and d. 

Case 2: b = (RT/~F) 4- c which is the form of the 
b vs. T plot exper imenta l ly  observed at Hg where  

---- 0.71 and c ---- 0.04V. A plot of (log i ) ,  vs. ( I /T )  is 
shown in Fig. 8. Unlike their  counterparts  in case 1, 
the plots exhibit  curvature  which is more pronounced 
at the higher 11 values. Thus AH~ must  be determined 
for part icular  values of ( l / T )  and the derived values 
are hence tempera ture-dependent .  The plots of ~ vs. 
tog T for this case 2 are shown in Fig. 10 and values 
of ~Ho4" calculated by method b are found not to be 
in agreement  with values of ~Ho~, computed by 
methods c and d; however, the results  of c and d are 
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Fig. 8. Plots of (log i)~ vs. 1 /T  for the four test cases examined by numerical computation 

in agreement  wi th  each other. 
The results der ived f rom plots of log io vs. 1/T agree 

of course for all  cases since here  ~1 = 0 (log i = log io at 
= 0) and thus the form of b does not en ter  into the 

calculation (see lowest  lines for ~ = 0 in Fig. 8). 

Case 3: b = const. ---- 0.120V. Here  fl is changing with  
t empera tu re  so that  b ~ f (T ) .  Thus b ---- RT/~F with  
# = kT,  say. 

The (log i ) ,  vs. 1/T plot shown in Fig. 8 wi l l  ob- 
viously give the assumed reference  value  of 10.0 kcal -  
mole -1 at all ~ values and hence aHo*n is independent  
of o. When values of aHo*,  are however ,  evaluated 
f rom the plots of (~l)i vs. log T (Fig. 11), they  are  
found to be a function of t empera tu re  (or c.d.) as fol-  
lows by taking tangents  to the curves in Fig. 11. Values 
of aHo*~=0.8, calculated for various c.d. values, are 



Vol. 116, No. 12 

0 . 9  

0.8  

0.7  

0 . 6  

0 . 5  

o 
0 . 4  

v 
, 0.3 

0.2 

0 . 1  

2.1 

SIGNIFICANCE OF HEATS OF ACTIVATION 

l.l 

1.0 

0.9 

0.8 

0.7 

>o 0.6 
..&-- 

~" 0.5 
= 

0.4 

0.3 

0.2 

O.t 

O; 

--------- Log i (A.crn -~' ) 

.=2. 

o 
I I I 

2.2 23 2.4 2.5 
Log T 

Fig. 9. Plots of (~1)i vs. log T for case 1 

~ L o g  i (A, cm-;' ) 

p=07~, 0=o04 \ 
{AH~./%,F]=O,6 = 12.1 kca l .  mole - I  

2 .2  2 .3  2.4 2 .5  

Log T 

Fig. 10. Plots of (~1)~ vs. log T for case 2 

found to va ry  by about 1 kca l -mole  -1 when  der ived 
by methods c and d. Thus, f rom Fig. 11 • = 
9.6-10.6 kcal -mole  -~ over  7 decades of i. 
C a s e  4: b increases wi th  decreasing T according to a 
relat ion of the form b = c' - -  2.3 R T / ~ F  where  ~ = 0.5 
and constant. It is shown in the present  work  tha t  this 
case is encountered exper imental ly .  The plots of (log i) 
vs .  1 / T  for case 4 are shown in Fig. 8 and, except  for 
~] = O, the Arrhenius  plots are curved  in a manner  not  
unlike that  observed exper imenta l ly  at Pt  and for the 
low c.d. region at Ni. The curvature  increases wi th  in-  
creasing ~1. From Fig. 12, it can be shown that  AHOY% 
increases l inear ly  wi th  ~1 for a given value of T, the 
ra te  of increase becoming grea ter  at h igher  t empera -  
tures. This is to be contrasted with  the results  for 
the convent ional  case 1, also shown in Fig. 12. 

In Fig. 13, b is shown compara t ive ly  as a function 
of T for cases 1 to 4, reflecting the various cases en-  
countered exper imenta l ly  (6) for the var ia t ion of b 
with T. 

A n a l y t i c a l  t r e a t m e n t . - - T h e  above t r ea tment  based 
on numerica l  calculat ion has led to a number  of in ter -  
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Fig. 13. Comparative plots for b as t(T) for the various cases 
considered and encountered experimentally [c/. ref. (6)] .  

esting conclusions regarding the variat ion of 3H~ 
with T, so that  fur ther  analyt ical  explorat ion of this 
mat ter  seems justified in order to examine  the exact 
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relations between the t rue and apparent  heats of acti-  
vat ion for cases where  b V= RT/EF. 

We assume the general  relat ion 

in  i = in  io + n/b [7] 

The conventional  case, previously assumed general ly 
applicable, is when b ---- RT/flF and f l r  y(T).  This 
gives the well  known results (1, 5) 

d In io 1 
. . . .  (AWo+ -- EAH o) ~- --AHo*R/R [8] 
d 1/T R 

where AH o is the enthalpy in change reaction [2] and 
-~W~ is the true (but  exper imental ly  inaccessible) 
heat of activation when  the metal-solut ion potential  
difference r = 0. 

1 1 
(~ /OTh  = -- - -  [AH~ = -- - -  [AH~ -- E~F] 

EFT EFT 
[9] 

and 

--AH~ = EF ( 0 - - ~ -  ) --~T1F [10] 
i 

For a number  of the exper imenta l ly  investigated 
cases, b = RT/EF -5 c, so that  

) In i = In/o -5 ~] - - ~ -  -5 C [11] 

which gives, upon differentiat ion 

i---- i n -  -k c [12] 

so that  subst i tut ing for In (i/io) 

R ) '0  
(.&l/aT) i = ( RT ~ EcF 

_ ( RT ~ ( d in io  ~ 
[13] 

Expressing In io in terms of a combined constant  k, the 
t rue heat of activation AW~ at r = 0 and the meta l -  
solution p.d. Cr at the reversible potential,  we wri te  

in  io = In k - -  -}- r -5 c [14] 
RT -~-  

Then differentiating w.r.t. T and noting CrF ---- --AG ~ 
F d@r 

and - -  AS o for the hydrogen half-cel l  reaction 
dT 

[2] 

d In io AW~ ~R 

dT RT 2 (RT -5 EcF)2 
[~Go] 

E 
-5 [~S o] [15] 

(RT -5 ~cF) 

which on rear rangement  gives 

d In io AW~ 1 
- - - 5  dT RT 2 (RT -5 ~cF)2 

[f~RAH ~ -5 ~2cF AS o] 
o r  

d In io 

d 1/T 

[16] 

_ AWo+ fiT 2 

R (RT -5 flcF) 

RT -5 ~cF -5 ASo [17] 

which enables Eq. [8] to be recovered in the conven-  
t ional case where ~cF = 0. 

Return ing  to the evaluat ion of (&l/aT)i, d In io/dT 
can now be substi tuted in Eq. [13] giving, after  ele- 

men ta ry  algebra 

( ) 
( - -~"  i = RT -5 fieF -- EF 

AW~ 1 
[ERAH o + fl2cFAS o] [18] 

RT 2 EF(RT -5 EcF) 

It is clear that of the two derivatives d In io/dT or 
d In io/d 1/T nei ther  can give directly an apparent  
heat of activation which is a simple sum of AW~ and 
t~• ~ as is the case (Eq. [1]) when b is simply RT/EF 
with t~ constant. Similarly, (g~]/OT)i is a complex quan-  
t i ty not simply related to -~Ho* by Eq. [9] through 
EnF, nor  does it involve a sum of ~G ~ and TAS ~ terms 
that  can be expressed in terms of AH ~ with _~Wo+. Thus 
when  b is not s imply given by the quant i ty  RT/~F, as 
now must  be recognized to be the case exper imental ly  
under  most conditions [ref. (6-9) and the present  
work],  it cannot  be expected that AHO+R from Eq. [8] 
based on d In io/d 1/T will  be identical  with the quan-  

( 0 ~ l )  b y a d d i n g ~ F  (Eq. t i ty evaluated from --EFT ~ 

[9]).  
Bockris and Matthews (24) have again [cf. ref. (25) ] 

referred to the question of incompatibi l i ty  of activa- 
tion energies of ca. 11 kcal �9 mole -z, observed at mer-  
cury in alcoholic solutions, with values of ~l > 1V 
(since ~IF is then already ca. 11.5 kcal �9 m o l e - D .  How- 
ever, this value of AH~ seems well  authenticated 
(25, 27) and is also found from the results of Bockris 
and Parsons (26). This difficulty is only an apparent  
one, and is connected as we have pointed out 
elsewhere in discussion (25) with the question of 
tempera ture  dependence of ~ or ~, or the form of b as 
f (T)  discussed above; a general  explanat ion was given 
previously (25). From the above calculations which 
are applicable to the case of Hg since b is exper iment -  
ally (6) of the form (RT/EF) -5 c (with c ---- 0.04), 
it becomes clear how conclusions about barr ier  height 
cannot usual ly be made simply on the basis of the 
exper imental  derivatives (&l/OT)i or d In io/d 1/T, 
both of which evidently give complex quanti t ies not 
simply related to either the apparent  activation energy 
-~Ho~a at ~ = 0 or the t rue activation energy AW ~ 
at zero metal -solut ion p.d. 

While some of the exper imental  results quoted (6) 
here involve a Tafel slope of the form b = (RT/~F) 
-5 c, the possibility that b = RT/EF but  with E vary-  
ing with T must  also be recognized (6). In such a case, 
the apparent  activation energy is 

FCr 
AH~ -5 EF dCr/d 1/T -5 T (dE/d 1/T) [19] 

which differs from the barr ier  height at ~ = 0 by 

EF FCr 
T (d@r/d 1/T) -5 - - ~  (d~/d 1/T) [20] 

Coverage e~ects in AHo+a.--In addition to the fact 
that  the measured value of AH~ is an apparent  value 
on account of the variat ion of the reference electrode 
potential  and of b with temperature,  a fur ther  com- 
pKcation arises with processes involving an adsorbed 
intermediate.  In  such cases, the coverage 0, e.g., by H 
atoms, can vary with tempera ture  and give an im-  
pqrtant  contr ibut ion to the apparent  heat of activation. 
The significance of o in the kinetic expression for the 
exchange current  was discussed by Devanathan  and 
Se lvara tnam (28). 

For the kinetics of the h.e.r, at the reversible 
potential  

io = kl CH+ (1 -- OH) exp [--AG~ 
exp [--r  [21] 

when the reaction is proceeding by a ra te -de te rmin ing  
discharge step; AG~ and Cr are the t rue free energy 
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of activation (corresponding to AWo~) and the metal -  
solution p.d. at the reversible potential. Alternat ively,  
for an electrochemical H atom desorption step 

io ---- k2 0HCH+ exp [--AGo~=2/RT] exp [ - - r  [22] 

or for an atom recombinat ion step 

io = k3 0H 2 exp [ - - A G o % / R T ]  [23] 

where k terms are combinations of constants but  do 
not include the free energies of activation. In  any of 
these cases, it is clear that  d In io/d 1 /T  will involve 
not only the AWo+ terms in AG~ and dCr/d 1 / T  but  
also, depending on the type of mechanism involved, d 
In ( 1 -  8H)d 1/T  or d In 8H/d 1/T.  For a discharge 
process occurring at low coverage by H, (i.e., 1--OH 
--~ 1) no significant addit ional effect will arise. For the 
electrochemical desorption or recombinat ion steps, 
however, (except at 8 H ---> 1) 8H can obviously vary  
with temperature  and in general  eH has the form 

KI CH+ + exp [-- Cr F/RT] 
[24] 

1 + K1 CH+ exp [--  Cr F / R T ]  

for quas i -equi l ibr ium in the discharge step at a "Lang- 
muir"  surface; here Kz is the "chemical part" of the 
electrochemical equi l ibr ium constant  for the step 
H + aq + e + M ~ M Hads at the reversible potential  ~b r 
and is related to the standard free energy of adsorption 
of H, AG~ in the usual  way. The apparent  activation 
energy will  now be a function of the variat ion of ~H 
with T and of Cr with T, both in the kinetic term exp 
- -~r /b  and in the quas i -equi l ibr ium expression for ell. 
The "chemical part" of the variat ion of 0H with T 
obviously arises from the variat ion of K~ with T, i.e., 
from the heat of adsorption of H. Limitingly,  for low 
~H at the reversible potential  Cr 

0H = K1 CH+ exp [--  CrF/RT] 

---- CH+ exp [--  AGOH/RT]. exp [--  C r F / R T ]  [25] 

or  

in 0n = In CH+ -- AH~ -}- AS~ -- Cr F / R T  [26] 

Then 
F FCr 

d In OH/d 1 / T  = - - A H o n / R  -- - -  (d~r/d 1/T)  -- - -  
R T  R 

[27] 

The lat ter  two terms are the ones that  also arise in 
the evaluat ion of the t rue activation energy of any 
electrode process and, as in the conventional  case con- 
sidered above, are together equal to 1/t{ times AH o, 
the heat change in the ha]~-cell process corresponding 
to the over-al l  reaction H30 + + e --> H20 + Y2 H2; 
the lat ter  heat differs from AHOH since that term refers 
to the electrochemical discharge and adsorption part ial  
process H30 + -~- M -I- e --> H20 -~- M Hads. Hence 

d In oH/d I/T = -- AHOH/R ~- AHo/R [28] 

Now, in the absence of any variation of coverage terms 
with temperature, 

d In io/d I/T = -- (AWo+/R -- flAHo/R) = -- AHo+R/R 

so that when the variation of 8H with temperature is 
allowed for in Eq. [21] for example 

d In ~o 
= I/R[--AW~ o-AHoH+AH o] [29] 

d I/T 

= -- 1 /R  [AWo* + AHOH -- (1 + ~) AH o] [30] 

It  is evident  that  AH~ -- AH ~ is simply the energy of 
adsorption AH~ Of H from half a mole of H2 so that  

d In io/d 1 /T  = --  1 /R  [AWo+ + AH~ -- ~AH o] 

= -- 1/R [AHO4R + AH~ [31] 

S i n c e  -~H~ is usual ly  a negative quanti ty,  the over-al l  
apparent  heat of activation could be negative when 
~H~ -+- ~H~ ~ 0. S u c h  a case has been observed 
in the present  work. 

F o r m s  of  e lec trochemical  A r r h e n i u s  plots  for  the  
H.E.R.--Plots of log k vs. 1 / T  for the rate constant 
of a reaction, par t icular ly  one involving proton transfer, 
can deviate from l inear i ty  on account of (a) changes 
of solvent s t ructure and hydrogen bonding with tem-  
perature;  (b) proton tunnel ing;  and (c) changes of 
mechanism (Fig. 14). The first two factors general ly 
tend to produce opposite directions of deviation from 
l inear i ty  in the Arrhenius  plots. Here we discuss quali-  
tat ively the form of the observed plots for Ni, Pt, 
Pb, and Cd. 

The ~]-log i behavior  at Ni shows two Tafel regions 
(Fig. 1); the upper  one gives a Tafel slope b which 
ini t ia l ly decreases with T, while the lower region gives 
b values which continuously increase with decreasing 
T and which have high values > 2.3 x 2 R T / F .  This 
suggests that the lower region is affected by specific 
adsorption of anions but there is a relat ively sudden 
desorption as ~l is increased. This view is supported by 
the fact that experiments  in methanolic HC104 showed 
(6) only one Tafel region with b values almost equal 
to those for the upper  region of the ~l-log i plots in 
methanolic HC1. 

For the high c.d. region at Ni (Fig. 2), d log io/d 
1 /T  is progressively smaller at low temperatures  than  
at high, i.e., the relat ion shows "concave" curvature  at 
the low temperature  end. Also the b values for this 
region after falling ini t ia l ly with decreasing T, begin 
to increase again at the lowest temperatures  (<- -75~ 
Both these aspects of the low tempera ture  behavior 
are characteristic of part icipation of proton tunne l ing  
in parallel  with the classical t ransfer  process. However, 
the present  work also shows that similar effects arise 
in the deuter ium reaction at Ni (Fig. 7) and fur ther-  
more the Tafel slopes for the d.e.r, are higher, ra ther  
than lower, [cf. ref. (29)] than  those of the h.e.r. 
Hence, the low temperature  behavior in the log io vs. 
1 /T  plots cannot be satisfactorily explained in terms of 
proton tunnel ing.  We must  therefore suppose that the 
effect arises for reasons such as preferred orientat ion 
of solvent at the lower temperatures;  solvent struc- 
ture change would, however, it might be supposed, lead 
to enthalpy effects opposite to those observed here at 
low temperatures,  i.e., AH~ would tend to be larger 
ra ther  than smaller. 

The effects of anion adsorption are obviously of 
importance here, as they are in determining the Tafel 
slopes. Generally,  at low temperatures,  anion adsorp- 
tion is found to be greater. For the upper  lines at Ni, 
however, the role of anion adsorption effects must  be 

T 
f 

_1 

FORMS OF ARRHENIUS PLOTS 

• •  
/ H -  bond breoking, solvent 

~ ~ u c t u r e  changes 

~ ~  ~-.. (Alternative process) 
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(Consecutive p r o c e s ~ ~ = , ~  Tunne g 
\ \  X ~\(RT,,Sconst.) \.\ ~/~1- 
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I/T 

Fig. 14. Schematic representation of various forms of Arrhenius 
plots. 
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presumed absent if the change of Tafel slope is at-  
t r ibuted to desorption of anions at high n values (cf. 
the results for the HC104 solutions; it is to be noted 
also that as the tempera ture  is lowered, the potential  
corresponding to the change of slope is increased; this 
is as expected if anion desorption is involved).  Under  
these circumstances, since tunne l ing  has been dis- 
counted by the earlier argument ,  it may be suggested 
that the anomalous Arrhenius  plots of Fig. 4 arise be- 
cause of a t empera ture -dependent  activation entropy 
-~S~ or f requency factor term of the type discussed by 
Caldin and Harbron (30). For the discharge step, • 
will be expected to be positive for charge neutral izat ion 
and release of solvent electrostriction [cf. the positive 
(corrected) volume of activation (31)], so that  with 
increasing solvent-s t ructure  as tempera ture  is lowered, 
-~So4 may be expected to become relat ively more 
positive and the rate relat ively less decreased as the 
temperature  is lowered. This would give the correct 
form of the curvature  for the plots of Fig. 4. 

A similar  effect could also arise if, at lower tem- 
peratures, the methanol  solvent becomes more strongly 
adsorbed result ing in weakening of H adsorption. In  
the step H30 + -~- MHads ~- e --> H2 this should lead to 
decreasing • 

It may be anticipated that  the behavior  at Pt  and Ni 
will be complicated by the temperature  dependence of 
H coverage eu discussed above since it is we l l -known 
that the energy of adsorption of H (in Eq. [31]) can 
vary  with OH and also be dependent  on anion adsorp- 
tion; the combinat ion of these effects could be com- 
plex and lead to the observed tempera ture  dependence 
of d log io/d 1/T for Pt  and the lower Tafel regions 
at Ni where C1- adsorption effects are apparent ly  im-  
portant.  

The log io vs. 1/T plots for Pt  and for the low c.d. 
region of Ni (Fig. 3a and 2) exhibit  curvature  at the 
high tempera ture  end, an effect which becomes more 
pronounced at high values of ,I. This appears to be due 
to the progressive desorption (15, 16) of C1- ions 
which occurs at the higher temperatures  and larger n 
values. Such an effect is consistent with the high 
values of Tafel slope b and the anomalous temperature  
dependence of the b values (b increases with de- 
creasing T, Fig. 1). At Pt, for increasing temperatures  
in the cycle of measurements,  i r reversible adsorption 
of C1- ion seems to be indicated (compare the two 
diagrams of Fig. 3). 

The Arrhenius  plots for Pb and Cd may also be in-  
terpreted in terms of specific adsorption of C1- and the 
apparent  negative activation energy observed for Pb 
could receive an explanat ion in terms of temperature  
dependent  H coverage in the presence of adsorbed 
anions. Although the activation energy for the h.e.r, at 
Cd falls appreciably at the lower temperatures,  again 
similar effects set in with the d.e.r, at only slightly 
lower temperatures  so that  proton tunne l ing  is not 
clearly indicated at this metal. 
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Split-Ring Disk Study of the Anodic Processes 
at a Copper Electrode in Alkaline Solution 

B. Miller* 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

The anodic oxidation of copper in hydroxide solutions has been reexamined 
with the rotat ing r ing and spl i t - r ing disk techniques. A soluble Cu(I I I )  spe- 
cies has been identified in the anodic region at the onset of oxygen evolution. 
This species has also been generated at gold r ings from disk-produced Cu( I I ) .  
Passivation processes in the copper(I)  and (II) oxidation regions have been 
analyzed by means of the corresponding r ing currents.  

The anodic corrosion of copper electrodes in hydrox-  
ide solutions has been variously investigated (1-12), 
par t icular ly by means of galvanostatic charging curves, 
following Hickling and Taylor (3). Generally,  two clear 
steps were found in the traces before oxygen was 
evolved, and, from the results of subsequent  examina-  
tions and /or  by reasonable correspondence of the mea- 
sured potentials to calculated thermodynamic values, 
these were assigned to the electrode reactions Cu/Cu20 
and Cu/Cu (OH)2 (and/or  Cu/CuO).  In  an early work, 
Mfiller (1) concluded that  a fur ther  oxidation step of 
copper occurred in strong base (around 0.TV vs. NHE 
in 5N NaOH at 12~ to produce a higher oxide, Cu.,Oa, 
whose quali tat ive chemistry he examined. 

The potential  of the CuO/Cu203 couple was fur ther  
measured at a p la t inum electrode in various hydroxide 
normalit ies by Delhez (13) at 0~ yielding a value of 
0.81V vs. NHE at pH 14. The low temperature  chosen 
for this study is indicative of the aqueous instabi l i ty  of 
the higher oxidation state; using a solubili ty product 
prediction (14), Delhez calculated a potential  for 
Cu+a/Cu +2 of about 2.3V. In highly concentrated base, 
13-16.8N NaOH, solutions of Cu(I I )  have yielded at Pt  
anodes deposits of the sodium salt of the Cu (III) anion 
at moderate current  efficiencies (15, 16). A chemistry 
of Cu (III) complexes from oxidations in basic solution 
has been known for some time (17). 

Citations of the involvement  of higher oxidation 
states in the direct electrochemical studies (1-12) have, 
however, been few. For example, Ohse (7) suggested 
the formation of higher oxides on the basis of the 
potent ial  t ransients  he observed in cathodically cur ren t -  
pulsing previously anodized copper. Shams E1 Din and 
Abd E1 Wahab (8) found that a new step appeared 
on cycling copper electrodes galvanostat ical ly (al ter-  
nate full  anodic and cathodic charging) and a t t r ibuted 
this to a soluble Cu(I I )  product. They concluded that  
this mater ia l  was oxidized to a film, suggested as Cu203, 
on which oxygen evolution then proceeded. A poten- 
t ial  step in the subsequent  cathodic current  stage and 
the slow open-circuit  decay of the copper potential  
from oxygen evolution levels provided the evidence 
for the higher oxide actual ly being formed since it 
does not appear separately from oxygen evolution in 
the anodic half  cycle. The lat ter  fact is apparent  from 
the charging current  studies of most workers in the 
0.1-1.0M O H -  range; the anodization of a clean copper 
surface does not lead to a readily dist inguishable step 
between the Cu(I I )  and O2 evolution processes. On a 
sintered powder electrode a fur ther  step was cited 
(11), but  a t t r ibuted to "peroxide" processes. The chem- 
ical and magnetic behavior of the compounds produced 
by oxidation (17) is, however, in keeping with a 
Cu (III) formulation. 

Direct observation by electrochemical cur ren t -po ten-  
tial measurements  has not clearly settled the issue of 
whether  the Cu(I I I )  species is formed before or along 
with oxygen evolution in the more dilute alkali  solu- 
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tions. Both chemical and anodic oxidation of Cu(I I )  
in concentrated base suggest that it is produced, but  
the detection of such processes by pure ly  electrochemi- 
cal techniques at copper anodes has been inferent ia l  
because of the oxygen interference. A different ap- 
proach, as exemplified by the rotat ing r ing-disk  and 
spl i t - r ing disk methodology applied to anodic corrosion 
processes at a disk (18, 19) appeared desirable. The 
disk, taken alone, yields results comparable to those 
referred to above on single electrodes. However, the 
use of the annu la r  ring, detecting products t ransported 
from the disk (20-22), offers the possibility of s imul-  
taneously characterizing solubilized species, even those 
of re la t ively short lifetime ( ~  10 -'~ sec). Ring cur-  
rents or spl i t - r ing current  ratios may be used to deter-  
mine  electrons t ransferred (18, 19). 

In the present work, the transi t ions of a copper sur-  
face on anodization in alkali  have been reexamined 
for the purpose of ident ifying the oxidation states pro- 
duced and characterizing the passivation processes in 
each stage. Even where the transit ions involve the 
formation of films, the r ing amperometric  sensit ivity 
is sufficient to detect the soluble portion and to charac- 
terize its oxidation state by a proper combination of 
spl i t - r ing reactions. For example, in the case of a 
supposed Cu(I I I )  species, the observation of two dif- 
ferent  reduction steps to known lower states, taking 
care to avoid or compensate for the r ing reduction of 
concurrent ly  generated oxygen, confirms the oxidation 
state. The oxidation behavior of anodically generated 
Cu(I I )  at noble metal  rings, compared to the be- 
havior of saturated solutions of Cu( I I ) ,  supplements 
results from Cu(I I I )  generat ion at the disk. Ring-disk 
conclusions on oxidation states are based on ampero-  
metric results on the electrode and the contacting so- 
lut ion and do not require comparison to thermody-  
namical ly  calculated potentials or subsequent  examina-  
tion of the passive films by chemical or physical meth-  
ods. In  addition, the wel l -unders tood collection effi- 
ciency properties of the system (23) make feasible the 
quant i ta t ive  determinat ion of the electrode-solution 
mass distribution. 

Experimental 
The electrode employed was a copper disk-gold split- 

r ing design fabricated with 99.99% copper according to 
procedures described elsewhere (18, 19, 24). A similar 
electrode with a gold disk was used to examine pos- 
sible solution impur i ty  reactions and the interference 
due to oxygen at r ing  or disk. The electrodes were pol- 
ished, using 0.3~ Linde A as the final stage. Both elec- 
trodes had nominal ly  the same dimensions, with disk, 
in terna l  ring, and external  r ing diameters of 0.476, 
0.524, and 0.642 cm, respectively. For such geometry 
with a conventional  continuous ring, the theoretical 
collection efficiency, N, is 0.34 (23). The individual  
half- r ings  therefore have values (N1 and N2) of about 
0.165, taking into account an approximate 1-2% loss 
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iN NaOH 
of active area in the insulat ing r ing divisions. The 
mechanical  drive assembly (24), operating circuitry 
(18), and cell configuration (19) are described else- 
where. Solutions were prepared from reagent grade 
sodium hydroxide and showed a satisfactory absence 
of impur i ty  reactions over the potential  range and cur-  
rent  sensitivities employed. 

Results 
The behavior of a s tat ionary copper electrode in a 

control led-potential  sweep at 20 mV/sec in 1N NaOH 
is shown in Fig. 1. The first anodic peak is very much 
smaller than the second (by a factor of about 25). 
Depending on the sweep rate and cycling history, a 
third inflection is observed on the rise into oxygen 
evolution at about +0.5V vs. SCE and, on reversal of 
the sweep, a small  net  cathodic peak can be observed 
at the high potential  end. The inflection, but not the 
net  cathodic peak, is normal ly  detectable when the 
electrode is rotated at speeds typical of the measure-  
ments  to be cited later (600-3000 rpm).  

At the current  density necessary to polarize the 
electrode beyond 0V vs. SCE in a galvanostatic ex- 
periment,  any process occurring in the region of oxygen 
evolution to the extent  shown by the inflection in Fig. 
1 would be obscured. On the other hand, low current  
reduction or open-circui t  decay experiments,  such as 
those cited earlier, would more readily detect a t rans i -  
tion corresponding to the high potential  cathodic proc- 
ess shown in Fig. 1. 

With the copper disk rotated at 1O00 rpm, the ad- 
dition of potentiostated gold half-r ings  to the experi-  
ment  produces the results shown in Fig. 2 for three r ing 
potentials. The typical  rotat ing disk current -potent ia l  
trace corresponding to Fig. 1 is shown at the top with 
the three transit ions of interest  labeled I, II, and III. 
The lower traces represent  a collection of hal f - r ing  
currents  vs. disk potential  for runs  in which a pair  of 
such traces with different ha l f - r ing  potentials was ob- 
tained in each experiment.  For a hal f - r ing  held just  
positive of the first two disk transit ions (0.00V), anodic 
r ing current  (a) is seen for I and only residual current  
for II. At the point of oxygen evolution, labeled III, a 
cathodic peak (b) is seen which is absent in b lank 
experiments  with an all-gold system and which is 
therefore not due to oxygen reduction. This peak is 
still observed at positive r ing potentials of several 
tenths  of a volt. When the hal f - r ing  is held at a high 
positive potential  (0.55V) corresponding to the begin-  
n ing of oxygen evolution, anodic r ing currents  (c) and 
(d) are seen for both disk peaks. At the other extreme, 
when the hal f - r ing  is held sufficiently negative 
(--0.90V) to reduce all copper species back to metal  
and oxygen to hydroxyl  ions, cathodic r ing currents  
(e) and (f) are seen for the two disk peaks. The first, 
(e), is not apparent  at the reduced gain necessary 
to have (f) on scale in Fig. 2 since it is of the same 
magni tude  as (a) which is shown on a 100 • more sensi- 
tive axis. The reduction of oxygen at the --0.90V half- 
r ing obscures any other concurrent  process at the right 
end of the trace. 

The qual i tat ive conclusions about the ring processes 
consistent with the above experiments  are: 

I i ~ ] , I I 

t~ I Cu_ 1N NO, OH 

0 i ~ I I 
-0,6 -0.4 -0.2 0 0.2 0.4 0.6 

VOLTS vs S.C.E. 

Fig. 1. Potentiodynamic sweep of a stationary copper electrode 
from --0.55V to oxygen evolution, then reversal to -~0.35V. 
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Fig. 2. Traces from top: I,  potentiodynamic sweep of copper disk 
in 1N NaOH, disk potential axis common to all traces; gold half- 
rings held at indicated potentials during disk sweeps; 2, O.OOV; 
3, ~0.55V; 4, --0.90V. 

a, Cu(I )  ~ Cu (II) 
b, Cu (III) ~ Cu (II) 
e, Cu(I )  ~ Cu (III) 
d, Cu (II) ~ Cu (III) 
e, Cu(I )  ~ Cu(O) 
f, Cu (II) --> Cu(O) 

The remainder  of the results to be presented is divided 
into two parts. The first deals with the confirmation of 
the above identification of species and with the mea-  
surement  of the electrode-solution mass distr ibution in 
disk transit ions I and II by means of the r ing processes 
(a, e, and f). The second summarizes fur ther  evidence 
for the presence of a Cu(I I I )  species and treats the 
current -potent ia l  characteristics of the C u ( I I ) - C u ( I I I )  
couple in 1N NaOH. 

Anod ic  t rans i t ions  I and / / . - -Exper imenta l ly ,  in a 
d isk-r ing amperometric study of a fi lm-controlled elec- 
t rode-solut ion mass distribution, the passive-active 
transi t ions are more readily analyzed if a constant  disk 
anodization current  is used to control the coulombs 
passed than if the potential  is swept. This corresponds 
here to passivating t ransi t ion I and re turn ing  to active 
dissolution in the rising portion of t ransi t ion II where 
a much larger charge is required to polarize the elec- 
trode beyond the 0.0V vs. SCE region. Such an experi-  
ment,  s tar t ing with a disk cathodically stripped imme-  
diately before anodization, is shown in Fig. 3 in which 
the bottom trace is the disk potential,  Ed, vs. t ime at 
280 ~A/cm 2 (ix = 50 ~A) and the two potent ial  plateaus 
(--0.49 and --0.35V) correspond to transit ions I and 
II, respectively. The upper  trace is the current ,  i t_,  
through shorted half-r ings  operated at --0.SV, where 
all soluble copper species are reduced to metal, cor- 
responding to reactions e and f. The calculated collec- 
t ion efficiency for the shorted half-r ings is 0.33. Thus, 
for 50 ~A {d, the calculated current  for a r ing reaction 
Which is the reverse of that  at the disk is 16.5 ~A, and 
this is the value obtained at the --0.35V plateau of II. 
Beyond the t ime scale of the trace, both i t_ and Ea 
are unchanging;  currents  approaching 2000 #A are 
required to init iate filming (see disk current  peak 
height in Fig. 2). 

If the exper iment  is run  with shorted half-r ings  
set at +0.3V (ecluivalent to a),  the traces of Fig. 4 are 
obtained. Ring current  is obtained only for I and is of 
less than  5 ~A peak, the same order of magni tude as 
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reducible to Cu(I I )  and Cu(O) ,  respectively. The 
Cu(I )  flux never  reaches the theoretical value pre-  
dicted by the collection efficiency, indicat ing film for- 
mation, presumably  Cu20. As soon as the double layer 
chargipg portion of the i - t  plot is complete and copper 
current  flows, the cur ren t  declines from the peak, which 
is offset from zero t ime main ly  by the cumulat ive  ef- 
fects of double layer capacity and the t ransi t  t ime from 
disk to ring. 

Using only the data of any  of the sp l i t - r ing  experi-  
ments  as in Fig. 5, it is possible to compute additional 
features of the anodization process I. The product oxi- 
dation state identi ty has already been established above 
by the mirror  symmetry.  The cathodic r ing current  for 
II gives the electrode (geometric) collection efficiency. 

Fig. 3. Constant current anodization o f  Cu disk in 1N N a O H  
with shorted haft-rings held at --0.8V. Lower trace, disk potential; 
upper trace, cathodic ring current. 
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Fig. 4. As  in Fig. 3, with shorted half-rings held at - I -0 .3V.  
Lower trace, disk potential; upper trace, anodic ring current. 

the cathodic r ing max imum on the ini t ial  anodization 
in Fig. 3. The disk t ransi t ion times for repeated con- 
stant  currents  are variable  and depend on cycling his- 
tory and init ial  polishing. However, the measurements  
which yield collection efficiencies by reflecting geome- 
tric areas, such as the cathodic r ing current  for II in 
Fig. 3, are constant and independent  of the variations 
in the coulombs necessary to passivate I. The anodic 
and cathodic r ing currents  corresponding to I are also 
slightly variable, in t roducing some uncer ta in ty  in 
determining the anodic to cathodic r ing current  ratios 
so as to identify the species in the product flux. To 
avoid this difficulty, the spl i t - r ing experiment  was run  
as shown in Fig. 5. The major  feature is that the half-  
r ing traces are mirror  images of each other unt i l  the 
disk reaction II begins to contribute, at which point 
the cathodic ha l f - r ing  current  rises to that  calculated 
from collection efficiency while the anodic ha l f - r ing  
current  drops to the regidual level. The product of I 
must  be Cu(I )  which is one-electron oxidizable and 

D 2 4 6 6 tO 12 14 16 18 
TIME {SECONDS) 

Fig. 5. Split ring anodic (i.r+) and cathodic ( i t_)  limiting cur- 
rents for 448 ~A/cm 2 copper anodization in 1N NaOH. 

The t ime for the t ransi t ion I, ti, is given by the in-  
flections of both traces at the 13 second region. The 
total coulombs at the disk for I is i~t~. For complete 
solubil i ty and r ing reaction involving the same number  
of electrons as the disk reaction producing the r ing 
reactant, the theoretical cur ren t - t ime  integrals at the 
half-r ings would be n - i d t l  and n+idti, where n_  and 
n + are the  geometric collection efficiencies of the half -  
rings being used as cathode and anode. Thus, the frac- 
tions of disk coulombs resul t ing in dissolved Cu(I )  
and Cu20 film are, respectively 

f ir + dt f irt dt 
and 1 

n + i~tz n + idti  

all the quanti t ies  involved being controlled or mea-  
sured in the single disk anodization as followed in Fig. 
5. For this experiment,  n _  and n+ are 0.165, and the 
soluble fraction was 0.21 and the film 0.79. Conver-  
sion into a film thickness of Cu20 using a bulk density 
of 6.0 g/cm 3 and an electrode area of 0.178 cm~ yields 
57/k at the point of the disk potential  polarization to 
reaction II. 

Figures 3-5 indicate that, dur ing constant  cur ren t  
anodizations which would, according to the Levich 
equation, give Cu(I )  surface concentrat ions of ap- 
proximately 2.4-3.7 x ]0-4M, the measured r ing peaks 
are actually equivalent  to values of .~ 1 x 10-4M. To 
examine whether  lower disk current  densities would 
produce Cu(I )  species detectable at r ing currents  cor- 
responding to the collection efficiency, i.e., with no 
precipitation at the disk, l inear  anodic current  scans 
were r un  as shown in the i t_ and i t .  vs. id traces of 
Fig. 6. The ini t ial  parts of the i t .  and it_ traces deviate 
from l inear i ty  at the lowest measurable Air~Aid, and no 
free dissolution is detectable. The region of Cu~O for- 
mation ends at about 80 ~A is. Free dissolution is read-  
i ly seen, for example, in Ag20 formation (25) in the 
same hydroxide concentration, bu t  the solubili ty level 
of that  oxide is considerably higher. The peak heights 
for the r ing currents  of Fig. 3-4 do indicate consider- 
able supersaturations,  reflecting the step current  na ture  
of the oxide formation;  the ma x i mum i t+  reached in 
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Fig. 6. Linear disk current scan with split ring anodic ( i t+)  and 
cathodic ( i t_) limiting currents for Cu( I )  -~  C u ( l l )  and  Cu( I )  

C u ( O )  in 1 N  N a O H .  
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scans carried out as in Fig. 6 is only a fraction of the 
peak from the step experiment.  

The t ransi t ion in Ed (not shown in Fig. 6) to reaction 
II in the l inear  current  scan occurs in the 70 ~A id 
region. It is to be noted that when  the free dissolution 
of the electrode occurs after this shift in reaction, the 
cathodic r ing current  vs. disk current  trace becomes 
l inear with a slope given by the geometric collection 
efficiency and with an extrapolation. 'back to zero disk 
current  which passes through the residual  current  ori- 
gin of the r ing trace. The oxidation state of reaction 
II cannot be identified by the cathodic r ing behavior 
alone, since this reaction is always the reverse of the 
disk reaction and the n u m b e r s  of electrons t ransferred 

mr 
cancel in the relat ion ir --- - -  Ni~, where  nr and nd are 

nd 
the numbers  of electrons involved at r ing and disk, 
respectively. Since the one electron oxidation of Cu (I) 
occurs in the same potential  region as process II, Cu (II) 
can be considered to be confirmed within these experi-  
ments. Ratio experiments  involving 1 and 2 electron 
reductions and possibly a 1 electron oxidation were 
not carried out for II since they were obtained for I 
and III, the regions of exper imenta l ly  interest ing un -  
certainty. Although s t ructure  is seen for t ransi t ion II 
in both the r ing and disk traces dur ing disk potential  
scans, the possible involvement  of both Cu(OH)2 and 
CuO cannot  be determined from the solution (ring) 
side. 

Anodic transit ion I I I . - -The  third t ransi t ion is most 
easily distinguished from the oxygen evolution reac- 
tion by monitor ing its product at the ring, since the 
effect it has on the disk current  dur ing  potential  scan 
is l imited to an inflection, as in Fig. 1. Moreover, the 
flux seen in r ing reduction back to Cu(I I )  decays 
rapidly at either constant disk potential  or constant 
disk current  and thus it is not possible to obtain a 
r ing current -potent ia l  curve of the product by  sweep- 
ing r ing potential  for a steady state disk condition. The 
process appears exper imental ly  similar to the Cu20 
step I, where film formation and passivation at the 
lowest accessible currents  prevent  the a t ta inment  of 
any steady-state  condition except a filmed surface from 
which Cu (I) solubil i ty is practically undetectable.  Ac- 
cordingly, the identification of the disk-produced 
species in III  was approached by examining  the peak 
r ing or spl i t - r ing currents  at various fixed r ing poten-  
tials dur ing successive disk polarizations. 

After  cycling the disk electrode several times, the 
peak r ing currents at a given r ing potential  were found 
to be reproducible. The hal f - r ing  currents  at different 
ha l f - r ing  potentials dur ing a typical charging of the 
disk into oxygen evolution are shown in the left oscil- 
loscope picture of Fig. 7. The disk electrode was in i -  
t ial ly carried into oxygen evolution at a constant cur-  
rent  (>  N 2 mA) sufficient to passivate t ransi t ion II. 
It was then allowed to decay on open circuit to a 
potential  just  above that  at which it would depassivate 
and then charged back into oxygen evolution (E~ axis 
of Fig. 7) at a very much smaller current  (100 hA). 
For Er + 0.2V the hal f - r ing  current  trace shows a 
cathodic peak, whereas the --0.6V cathodic ha l f - r ing  
current  is still r ising at that  point. At the more posi- 
tive potential  oxygen reduct ion does not interfere, but 
at --0.6V it cer tainly does, as noted in b lank studies 
with the all gold electrode and confirmed by the fact 
that  the --0.6V hal f - r ing  current  continues to increase 
while the +0.2V hal f - r ing  current  drops as the copper 
species is passivated. Thus, at the E~ corresponding to 
the peak of the +0.2V trace, the ratio ir-o.6/i~r+o.2 is 
3.3, and for the same kind of experiment,  iT-o.s/i~+o.2 
is 3.8. For the traces shown, the quant i ty  Air-o.6/Air+0.2 
is 2.8 for the straight lines found between Ed of 0.56- 
0.58V. As will be shown, +0.2V is jus t  negat ive  enough 
to give a l imit ing current  for product reduction to 
Cu (II) .  Therefore, at potentials of --0.6 to --0.8V where 
reduction to Cu (O) should be at a l imit ing current ,  the 

Fig. 7. Left side, split ring currents at - -0.6 and -I-0.2V for 
100 #A polarization of the disk to the positive potentials indicated; 
1000 rpm in 1N NaOH; right side, same conditions as left side 
except split ring currents at 0.0 and --0.7V are plotted against 
each other. 

contr ibut ion from oxygen makes the nominal  three 
electron (Cu(I I I )  -~ Cu(O) )  to one electron (Cu(I I I )  
-~ Cu( I I ) )  ratio greater than 3, especially for mea-  
surements  made at the more positive disk potentials. 

The same type of exper iment  is conducted in the 
r igh t -hand  port ion of Fig. 7, with one ha l f - r ing  cur-  
rent  plotted vs. the other to improve the readabil i ty of 
data requi r ing  s imultaneous measure of the currents.  
For repeated experiments  with one r ing at 0.0-0.2V 
and the more cathodic r ing at --0.7V, the slope of the 
l inear  region is 3.0 -* 0.5, the reproducibi l i ty  being 
l imited by the variable oxygen interference dur ing the 
reduction of Cu(I I I )  and the t rans ient  na ture  of the 
process. The same considerations also hold for experi-  
ments  carried out by sweeping the disk potential  and 
measur ing r ing current  peak heights as at b, Fig. 2, for 
various r ing potentials, where the r ing currents  can 
be made larger than in the above galvanostatic modes. 

These factors make the assignment of the oxidation 
state as Cu(I I I )  less certain than  that for Cu( I ) ,  be-  
cause in the la t ter  case the ring reactions are free from 
competit ive processes. A current -potent ia l  curve for 
the III ~ II reaction, if the III -~ II assignment is ac- 
cepted, is, however, more readi ly derived from the 
galvanostatic or potent iodynamic sweep experiments  
described than the quali tat ive identification, since the 
re levant  r ing potentials are all positive of oxygen re-  
duction. 

Peak d in the survey of Fig. 2 is a t t r ibuted to the 
oxidation reaction Cu(I I )  ~ Cu( I I I ) .  Accordingly, 
r ing cur ren t -po ten t ia l  curves were also obtained in the 
anodic direction, taking into account the oxygen evolu- 
tion at the ring. The individual  exper imental  results 
yielding the points used to extract the current -potent ia l  
curves are next  summarized and the derived behavior 
for the Cu(I I )  ~ Cu(I I I )  couple then presented. 

Ring oxidat ions . - - In  a saturated solution of Cu (OH)2 
or CuO in 1N NaOH, it is difficult to distinguish the 
oxidation wave before oxygen evolution from a b lank 
experiment.  However, the id peak in t ransi t ion II rep-  
resents a high level of supersaturation,  and current  
levels near  this value and comparably high surface con- 
centrat ions of Cu(I I )  can be main ta ined  at a steady 
state at a rotat ing disk. Thus, with a galvanostated 
disk, controlled potential  sweeps of the r ing may be 
made on concentrat ions of Cu(I I )  which are higher 
than those of a saturated solution by the ratio of the 
steady-state anodic disk cur ren t  obtainable at a given 
rotat ion speed to that  of a disk with a Cu(I I )  film (0.1 
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< Ed < 0.4). Controlled potential  r ing scans from +0.4 
to 0.TV, first with an open-circui ted disk and then  wi th  
a constant disk cur ren t  about 75% of the peak t rans i -  
tion II, are given in Fig. 8. The cur ren t -poten t ia l  curve 
for Cu(I I )  ~ Cu( I I I )  may be obtained by subtraction.  
Such a subtract ion technique using a bulk  saturated 
solution would involve differences near the exper imen-  
tal reproducibil i ty,  considering also that  the "blank" 
(equivalent  to id --~ O, Fig. 8) would have to be ob- 
tained on a different solution, copper-free. 

Oxidation data may be obtained, as ment ioned above, 
by experiments  yielding peak d, Fig. 2. For a 2.5M 
NaOH solution, in which the peak currents  for t rans i -  
tion II are approximately three t imes those in  1M 
hydroxide, some of the actual exper imental  traces and 
the po in t -by-poin t  derived i-E curve are shown in Fig. 
9. Two pairs of oscilloscope traces are shown, the 
lower of each being the disk current ,  whose broad 
peak's reproducibi l i ty  is indicated by comparison of the 
two runs on the cycled disk. The lower r ing trace gives 
a 0.50V Er point on the plot; the upper r ing trace, for 
which the residual  level of oxygen evolution begins to 

d = 2.5 m A  

0.7 0.6 0 5> 0.4 0.3 

E r , v .  vS. S.C.E 

Fig. 8. Ring current-potential curves obtained by 20 mV/sec 
ring scan at constant disk currents in transition II region. Blank 
(zero disk current) scans for tee IN  NQOH 1500 rpm conditions 
also shown. 
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become substantial ,  is at 0.70V, close to or at the l imit-  
ing current  region. The current-scale  sensit ivity ratios 
are 30:1 for the shorted half-r ings and disk in the 
oscilloscope traces of Fig. 9, and it is obvious from 
both Fig. 8 and Fig. 9 that the collection efficiency, 
even accounting for a one-electron r ing reaction and  
a two-electron disk reaction, is well below the geome- 
tric value. For  example, the l imit ing ir in  Fig. 9 is 
about 0.50 mA and the disk current  9 mA, giving a 
collection efficiency of 2(0.5/9) ----- 0.11 vs. the 0.33 
known  for the electrode. The origin of the loss cannot  
be specified precisely. There are many  possible sources 
of complication: for example, surface instabi l i ty  of 
Cu(I I I )  and al terat ion of the anodic properties of the 
ring. The lat ter  can also be affected by the possible 
deposition of oxide on the r ing surface from the super-  
saturated flux of Cu( I I )  from the disk. There  appears 
to be no simple relat ion of the r ing-disk process to 
rotation speed, and this indicates mult iple  complica- 
tions. However, the potent ia l  dependence of the r ing 
current  is reproducible, and, as will be seen, the inde-  
pendent ly  determined oxidation and reduction currents  
at the r ing have a sensible relation. 

Ring reductions.--The reduct ion curves were ob- 
ta ined by sweeping the disk potential  at a fixed r ing 
potent ial  and by anodizing the disk at constant  cur ren t  
with fixed r ing potential  as already described, the r ing 
potentials being systematically changed for each scan. 
The family of curves derived from the la t ter  approach 
(see also the lef t -hand traces of Fig. 7) is shown in 
Fig. 10. The r ing potential  was changed by  50 mV in 
successive runs  at constant  disk currents  of 50 ~A. The 
50 ~A current  was chosen to give a disk-potential  rate 
of change not appreciably greater in the region of in-  
terest  than  the scan rates suitable for disk potent iody-  
namic experiments.  The passivation of Cu(I I I )  gen-  
eration at high disk potentials is clearly shown. The 
height of the reduct ion peak above the residual  level 
was used to construct the current -potent ia l  curve. 

Current-potential curves ior  C u ( I I I ) - C u ( I I )  in 1N 
NaOH.--Figure  11 gives the curves derived from the 
disk potentiodynamic scans with fixed r ing potentials 
in lN NaOH solution. The upper  curve is the collection 
of r ing  current  reduction peaks as in b, Fig. 2, and the 
lower curve, the r ing current  oxidation peaks, as in d, 
Fig. 2. Treat ing the Fig. 11 curves as r ing polarograms 
for the reduct ion and oxidation of constant  fluxes of 
Cu (III) and Cu (II) ,  respectively, Ezz2 values of +0.45 
and +0.54V vs. SCE at 24~ are obtained. 

1 t t E r  = 0 . 5 0 5  

0.455 

0 . 4 0 ~  

tI.LA f 

0 .2 .55 __  

-- 0.205 

0,155 

-- 0405 

Ld = 5o .uA 
~500 RPM 

Fig. 9. Oscilloscope traces: upper pair, upper line is anodic ring 
current at +0.70V vs. disk potential during sweep through transi- 
tion II to oxygen evolution, as shown in lower disk current line, 
rotation speed 1000 rpm; lower pair, identical experiment, upper 
line ring current at -~0.SOV. Plot, ring current peaks from oscillo- 
scope traces as shown in insert plotted vs. ring potential. 

] I - -  I 
0.6 0.5 0 ,4  0,3 

Ed,V. vs S .C .E  

Fig. 10. Series of 280 ~,A/cm ~ constant current anodizations of 
the disk after zero current decays from oxygen evolution; ring 
currents plotted vs. disk potential for 9 constant ring potentials 
in IN NaOH. 
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Fig. 11. Upper plot, peak cathodic currents at ring during 
transition III of disk potential sweep plotted against fixed ring 
potentials; 20 mV/sec sweep at disk, 600 rpm in 1N NaOH; lower 
plot, peak anodic currents at ring during transition II. 

For the galvanostat ical ly controlled disk, Fig. 8 and 
10, the curves derived are shown in Fig. 12. El~2 values 
for reduction and oxidation are +0.40 and +0.56V vs. 
SCE, respectively. These and the values from Fig. 11 
are in reasonable congruence with the value obtained 
potentiometrical ly by Delhez (13), approximately 0.48V 
on the present  SCE scale at the lower tempera ture  
(0~ required for s tabil i ty of the Cu (III) oxide phase. 
In  the best-defined cur ren t -poten t ia l  curves, the value 
of E3/4-E1/4 is about 70-85 mV compared to the reversi-  
ble 56 mV. Fur ther  speculation about kinetic parame-  
ters is not war ran ted  by the na ture  of the data, accessi- 
ble, as they are, only by t ransient  or difference tech- 
niques. 

S u m m a r y  and Discussion 
The oxidation states and corresponding electrode/ 

solution mass distr ibutions have been measured for 
the anodization of copper in 1N NaOH util izing the 
spl i t - r ing disk technique. By means of the sp l i t - r ing  
l imit ing current  ratio approach, it has been possible 
to identify species in nonsteady reactions at the disk, a 
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Fig. 12. Left curve, cathodic peak currents at disk extracted 
from Fig. 10 experiments in I N  NaOH; right curve; anodic ring 
currents from Fig. 8-type experiments representing ring current- 
potential curve for stated disk current corrected for blank ( id=0)  
curve. 

passivating surface. Successive one-electron stages have 
been identified, with the first and third involving film 
formation from their  onset, while the second, or Cu (II) 
stage, is a solution precipitation process with a con- 
siderable range of active dissolution. 

The data from a single split r ing-disk anodization 
involving ini t ial  disk Cu20 formation and subsequent  
react ivat ion of the electrode on polarization to Cu +2- 
O H -  complex generat ion yield a var ie ty  of information.  
The oxidation states are identified, the passivating film 
thickness and the mater ia l  solubilized are determined,  
and the t ime-dependence of this mass dis t r ibut ion be- 
tween electrode and solution is measured. Cu20 films 
form to a thickness of about 60A under  the anodization 
conditions studied, with no prefilm free dissolution de- 
tectable at the sensitivities accessible. 

The high levels of supersaturat ion found for Cu(I I )  
in the second stage of anodization make it possible to 
examine, at the ring, s teady-state concentrat ions that  
could only be reached at much higher hydroxide levels 
under  normal  equi l ibr ium conditions. This makes it 
possible to see the oxidation of Cu(I I )  distinguished 
from the residual  level of oxygen evolution at a gold 
ring. Four  combinations of current  or potent ial-sweep 
control at the disk with static or swept potentials at 
the r ing have yielded representat ive anodic and cath- 
odic current -potent ia l  curves for the C u ( I I ) - C u ( I I I )  
couple. These r ing-disk techniques for the identification 
of species and the quant i ta t ive  measure of interfacial  
material  balance appear widely applicable in the study 
of corrosion processes where generated species may  
have relat ively short lifetimes in the bulk  solution or 
passivation processes are concurrent.  

Manuscript  submit ted May 12, 1969; revised manu-  
script received ca. Ju ly  31, 1969. This was Paper  57 
presented at the Chicago Meeting, Oct. 15-19, 1967. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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ABSTRACT 

A vol tammetr ic  study is described of conditions governing the production 
and stabili ty of anodically formed bulk oxide on Pt  in di lute H2SO4. The 
range of anodizing conditions covered in 1 or 2N H2SO4 was: current-densi ty ,  
up to 10 A/cm2; temperature ,  11~176 duration, up to 18 hr. The oxidizabil-  
ity of the Pt  anode (with respect to formation of bulk oxide) was subject 
to considerable hysteresis. Provided a potential  of about 2.15V, RHE was 
exceeded, electrode oxidizabil i ty seemed to be controlled largely by the amount  
of strain energy present in the Pt  surface. The electrolytic formation and 
reduct ion of thick bulk oxide layers effected large increases in electrode 
roughness factor (up to 100X or more) .  

Superficial, monolayer - type  oxide films on plat inum 
electrodes which have been anodized in aqueous solu- 
tion are very  well  known although far  from completely  
characterized. The l i tera ture  on this type of film which 
is rapidly  reduced at about 0.TV, RHE has recent ly  
received thorough reviews (1). 

In addition, a number  of facts indicate that, as the 
potential  or cur ren t -dens i ty  of the anodization is raised, 
qual i ta t ive changes occur in the na ture  of this film. For  
instance several  workers  (2-5) have found sharp 
changes of slope at about 1.SV, NHE in H2SO4 or HC104 
for plots of Q (mC/cm 2) vs. E (Q is the charge re-  
quired for cathodic reduction of a surface oxide formed 
at potential  E).  Schuldiner  and Warner  (6) have also 
argued for the penetrat ion of oxygen atoms at room 
tempera tu re  into several  monolayers  of a Pt  anode. By 
examining the chemical  reducibil i ty of p la t inum oxides 
by propane, Mayell  (7) obtained evidence for a poten-  
t ia l -dependence  in the nature  of the oxide. Tafel  plots 
at a Pt  anode in H2SO4, HC10~ (8-11), and NaC1 (12) 
show two l inear portions separated by a t ransi t ion re-  
gion where  potential  increases anomalously rapidly 
wi th  current.  This "transition is associated with the in- 
cipient part icipation of anions in the electrode reaction 
(in H2SO4 and HC104) caused perhaps by a qual i ta t ive  

change in the nature  of the superficial oxide film (13). 
The work of Kasatkin and Rakov (11) at a Pt  anode 
in 10N H2804 at --60~ is par t icular ly  interesting. At 
this low tempera tu re  they  were  able to examine the 
polarization curve over the large range of 2-12V, NHE 
(10 -6 -- 1 A /cmf ) .  In this voltage range they found 

five points in the Tafel  plot where  radical  changes in 
slope occurred reflecting intense passivations. To ex-  
plain these results they assume the electrode substrate 
to be essentially unchanged as P t / P t O  while, wi th  
increasing potential,  this surface is supposed to become 
invaded by a phantasmagoria  of no fewer  than eight, 
progressively more oxygenated,  adsorbed radicals. 
Many studies have shown the impor tant  influence of 
the state of surface oxidat ion on the electrode kinetics 
of inorganic (14) and organic (15) reactants  at Pt. 

Somewhat  more  graphic evidence for the macro-  
scopic oxidation of Pt  anodes has been accumulated in 
various corrosion investigations (16-28). 

The purpose of the present  invest igation was to in-  
quire  more closely, by the vol tammetr ic  technique, 
into the conditions influencing the production and sta- 
bility of anodically formed phase oxides. 

Experimental 
The pla t inum microelectrode under  study was a 0.4 

mm diameter  thermocouple  wire of ex t reme pur i ty  
sealed through the side of a lead-f ree  soda l ime glass 
tube. In ternal  contact was made by a spot-welded Ni 
wire. The electrode was ground such that  Pt  and glass 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

were flush and then polished with Fisher  Polishing 
Alumina  (40~) to a bright  finish. A photomicrograph 
of the electrode surface at a magnification of X340 
revealed it as a planar, quite wel l -shaped ellipse hav-  
ing semi-axes  of 0.0220 and 0.0178 cm ( + 2 % )  i.e., an 
apparent  area of 1.23 x 10 -3 cm 2 (*-4%). This elec-  
t rode was used throughout  all the work  reported in 
this paper. For  the sake of simplicity, current  densities 
are quoted as though the area were  exact ly  10 -3 cm 2, 
i.e., t rue  current  densities are 0.81 of those reported.  
On the other  hand, surface charge densities (mC/cm 2) 
reported need no such correction. 

Anodizations (confined to d.c.) were  done in air-  
saturated 1 or 2N HfSO~, at constant cur ren t  in a 3- 
electrode system. The range of anodizing conditions 
covered was: current  density, up to 10 A/cm2; dura-  
tion, up to 18 hr; temperature ,  11~176 The counter-  
electrode was a Pt  wire, and the reference electrode 
was a revers ible  hydrogen electrode in the same solu- 
tion (RHE).  Af ter  anodizing, the microelectrode was 
rinsed with water  and placed in a separate cell  for 
vol tammetr ic  study in Nf-sa tura ted  2N H2SO4 at 25~ 
The vol tammograms were  obtained with a Sargent  XXI  
polarograph employing scans f rom 1.00 to 0.05V, RHE, 
at 3 mV/sec  in a 2-electrode system. The counter  (and 
reference)  electrode was again the RHE which, at the 
currents  obtaining during the cathodic scans, was com- 
pletely unpolarized. All  potentials are quoted vs. RHE 
on the Stockholm convention. 

The use of so t iny a working electrode (10 -3 cm 2) 
was very  advantageous, not mere ly  in reducing to 
manageable  proportions the current  corresponding to 
such high current  densities but also in minimizing the 
associated iR drop concentrated in the solution close 
to the microelectrode.  1 Even so, at e.g., 10 A / c m  2 in 
1N H2804 at 25~ iRc ~ 0.6V and thus, to get a rea-  
sonably accurate idea of the working electrode's  poten-  
tial under  these ex t reme conditions, the value of Rc was 
requi red  with  some precision. Using a General  Radio 
impedance bridge Type 1608-A, determinat ions  were  
made of the resist ive component of the working elec- 
trode's  impedance in roughly 2N H2SO4 (p = 2.58 
ohm-cm at 25~ This resistance, ext rapola ted to in- 
finite f requency,  was 30 ohms (*-2). This value  was 
then compared wi th  that  calculated f rom the solution 
resistance and the electrode dimensions, using the 
established formula  for a constriction resistance (29). 
The la t ter  quant i ty  was 32 ohms (*-1). The correct  Rc 
in this solution was taken as 32 ohms and in other  
solutions it was calculated as Rc ---- 12.4p (*-5%). This 
use of a small  working electrode plus the careful  sub- 

i T h e  c o n s t r i c t i o n  r e s i s t a n c e  l~c n e a r  a m i c r o e l e e t r o d e  of a r e a  A 
is p r o p o r t i o n a l  to A -1/2 129) w h i l e  t h e  c u r r e n t  i c o r r e s p o n d i n g  to 
a g i v e n  c u r r e n t - d e n s i t y  v a r i e s  d i r e c t l y  w i t h  A. H e n c e  t h e  o h m i c  
p o t e n t i a l  d r o p ,  i r e ,  c o r r e s p o n d i n g  to a g i v e n  c u r r e n t  d e n s i t y ,  is 
p r o p o r t i o n a l  to A1/2 a n d  is t h u s  t e n  t i m e s  s m a l l e r  a t  a 1 0 4  c_me 
t h a n  a t  a 10 -1 cm~ e l e c t r o d e .  
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Table I. Chronological series of oxide film formations on the platinum electrode 

C o n d i t i o n s  of a n o d i c  f o r m a t i o n  of  o x i d e  f i lm 

T i m e  a t  w h i c h  a n o d i z i n g  b e g u n  A n o d i z i n g  
�9 H~SO~ P o t e n t i a l  

R u n  D a y  H o u r  N ~ A / c m  c D u r a t i o n  V, R H E  

C a t h o d i c  d i s s o l u t i o n  of o x i d e  film* 
F i r s t  o x i d e  S e c o n d  o x i d e  

P e a k  R e d n  P e a k  V R e d n  

V c h a r g e  1st 2rid Q2a 
C h a r g e  

Q2B 

Ia .  C o n t r a s t i n g  o x i d i z a b i l i t y  b e f o r e  a n d  a f t e r  f i r s t  f o r m a t i o n  of s e c o n d  o x i d e  (kg} 
k ;  J u n e  14 1415 1 25 10 15 r a i n  2.59 to 2.86 0.65 1.3 
k ,  J u n e  14 1612 2 25 10 73 r a i n  3.16 to 3.35 0.63 1.9 
k9 J u n e  14 1745 1 25 1 16.7 h r s  to 2.29 0.60 5.5 
os J u n e  20 1130 1 25 10 5 r a in  2 .20 to 2.15 0.58 5.0 

Ib .  D e c a y  in  o x i d i z a b i l i t y  a f t e r  u5 ( c u r v e  A of F ig .  1) 
u~ J u n e  26 1249 2 25 10 5 r a in  2.68 to 2.91 0.66 2.0 
u5 J u n e  26 1319 2 93 10 63 r a in  0.57 2.3 
u,t J u n e  26 1444 2 25 10 1 r a i n  0.63 5.6 
u7 J u n e  26 1459 2 25 10 1 rnin  0.66 5.6 
u~ June  26 1513 2 25 10 1 m i n  0.62 4.5 
u9 J u n e  26 1552 2 25 10 1 r a i n  0.62 4.5 

Ic .  D e c a y  in  ox~d izab i l i t y  a f t e r  u~0 ( c u r v e  B of  F i g .  1) 
ulo J u n e  26 1740 2 93 1 17.9 h r s  0.52 9.9 
v l  J u n e  27 1224 2 27 10 1 r a in  2.36 to 2.33 0.59 15.5 
v~ J u n e  27 1341 2 27 10 1 r a in  2.36 to 2.40 0.60 11.6 
v3 J u n e  27 1358 2 27 10 5 r a i n  0.60 9.4 
v~ J u n e  27 1411 2 27 10 5 r a i n  0.61 8.1 
v~ J u n e  27 1430 2 27 10 5 r a in  0.61 6.4 

0.16 
0.22 

0.32 0.19 2.4 
0.34 0.24 2.0 

0.23 
0.22 
0.23 

0.33 0.18 11 
0.27 3.6 
0.23 1.3 
0.32 6.3 
0.40 1.9 
0.40 0.8 

16 
2.4 

11.2 
3.5 
1.5 
0.4 
0.2 

29 

* V o l t a m m o g r a m s  a t  3 m V / s e e  in  2 N  I-I~So~ a t  25~ R e d n  c h a r g e s  a r e  m C  p e r  c m  2 of a p p a r e n t  a r e a .  

t raction of ohmic potential  drops made it possible to 
exceed the current  densities of Shibata (31) and 
Kozawa (35) by near ly  100 fold (vide infra) and still 
know the electrode potential  with fair accuracy. Neither 
of these authors quoted his anodization potentials. 

The charge, Q, corresponding to reduction of an 
anodically formed film was gotten from the area under  
the appropriate peak in the cathodic vol tammogram 
using that  at the prereduced electrode as a base-line. 
The area was derived from weighing tracing paper 
scissored to duplicate the peak. Charges are quoted 
as mC/cm 2 of apparent  area unless otherwise stated. 

Results and Discussion 
The vol tammetr ic  identification of phase oxides on 

anodically pretreated Pt  appears to have begun with 
some experiments  of Obrucheva and Nesterova men-  
tioned by Ershler (30). They found two clear-cut  
arrests, at 0.7 and 0.4V, RHE, in cathodic chronopo- 
tentiograms on smooth Pt  in N H2804 after preanodiza-  
tion at 0.1 A/cm 2, but  only the usual  0.7V arrest  
after anodizing at 0.001 A/cm 2. They described the 
second, 0.4V arrest as displaying all the characteristic 
properties of a phase t ransi t ion and at t r ibuted it to the 
reduction of a phase oxide. This type of study was con- 
t inued by Shibata (31) who, after constant current  
(0.1 A/cm 2) anodization in N H2804 at 25~ in-  
spected his oxidized electrodes chronopotent iometr i -  
cally in N2-saturated H2804. His cathodic curves dis- 
played two well-defined arrests. The first, at about 
0.6V, NHE, corresponded to a surface charge of about 
4 mC/cm 2 and was certainly due to the reduction of 
the monolayer- type  oxide film. Similarly,  high charges 
have been observed previously at this potential  (2, 32). 
The second arrest at 0.3V, NHE, lengthened with dura-  
tion of the preanodization (after an induct ion period 
of about 30 min) and was 36 mC/cm 2 for an elec- 
trode which had been preanodized at 0.1 A/cm 2 for 
28 hr. The only arrest previously described in the 
l i terature at this potential  is that caused by monolayer  
hydrogen adsorption, accounting on smooth Pt  for 0.5 
mC/cm 2 at the most (33). The charge i~, for the 
second arrest was independent  of cathodic i over at 
least 10 to 600 ~A/cm 2 (34), and this arrest thus 
arises in a surface film of some kind. Even allowing a 
roughness factor of 2.5 (33) a film equivalent  to 36 
mC/cm 2 corresponds to associating at least 30 oxygen 
atoms with each surface Pt  (2). By no possible stretch- 
ing of the Pt  atom oxidation number  can a film of this 
kind be visualized as a superficial monolayer.  In fact 
Shibata (34) later studied these films by an electron 
diffraction technique and concluded they were a PtO2 
phase oxide. Shibata 's  study of this low-potent ia l  arrest 
dur ing the reduction of Pt  electrodes subjected to ex- 

cessive prior anodization was extended by Kozawa. 
After  constant  current  anodization in 1N H2804, 
Kozawa recorded vol tammograms in N2-saturated 1N 
H2SO4 from 0.9 to 0.0V, NHE (35). As well as the nor -  
mal  cathodic peak at 0.6V, he got a second peak at 0.2V 
the height of which increased with the duration, cur-  
rent  density, and temperature  of the anodic pre t rea t -  
ment.  As in Shibata 's  experiments,  the charge corre- 
sponding to this low-potent ia l  peak, under  extreme 
conditions, greatly exceeded that  of the first peak. In  
Kozawa's anodizations, the upper  extremities of his 
parametric variat ions were: current-densi ty ,  0.3 
A/cm2; duration, 30 rain; temperature,  50~ No 
second cathodic peak was obtained after anodizing 
under  similar conditions in N NaOH. Films corre- 
sponding to about 10 mC/cm 2 have been reported on 
Pt anodized in M KOH, in a somewhat obscurely pre-  
sented Russian paper (36). Other voltammetric  studies 
where phase oxides were certainly involved include 
those of Fle ischmann et al. (5) and Nagel and Dietz 
(22). 

In the present work, symbols Q1 and Q2 correspond 
to the charges involved in the voltammetric  reduction 
of the two main  films formed by the preanodization. Q1, 
associated with the 0.6V peak, is due to the film formed 
in brief, relat ively mild anodizations. This film, which 
will be termed the first or monolayer  oxide, has been 
the object of most previous experimentat ion.  

Q2, derived from the peak at about 0.2V, is due to 
a film that  appears only after more vigorous anodiza- 
tion. This film is referred to as the second or phase 
oxide. Under  certain conditions, especially after pro- 
longed and intense preanodization, the Q2 peak splits 
and a peak at about 0.3V begins to appear. The cor- 
responding Q's of the forked second peak are designated 
a s  Q 2 A  ( 0 . 3 V )  and Q2B ( 0 . 2 V ' ) .  2 

Hysteresis in Oxidizability (Second Oxide) 
At the outset of the present work, an at tempt was 

made to duplicate in outl ine the results of Kozawa 
(35) and Shibata (31) in dilute H2SO4 (1 or 2N) at 
25~ This ini t ia l  a t tempt was s t r ikingly unsuccess- 
ful. In spite of anodizing for much longer periods and 
at much higher current-densi t ies  than these workers 
used, the subsequent  vol tammograms exhibited only 
the usual  0.6V, first oxide peak. The most intense 
anodizations employed in this ini t ial  effort were those 
described in Table Ia as runs  k7 and ks at 10 A/cm 2 

o In  c o n s i d e r i n g  t h e  m a g n i t u d e  of t h e s e  Q 's  i t  m a y  be  h e l p f u l  to 
no te  t h a t ,  i f  t h e  f i lm is a m o n o l a y e r  of  p l a t i n u m  ox ide ,  t h e  e l e c -  
t r o d e  r o u g h n e s s  f a c t o r  m u s t  be  R ~ O / 0 . 2 n  w h e r e  Q = s u r f a c e  
c h a r g e  in  m C / a p p a r e n t  cm~ a n d  n = n u m b e r  of e l e c t r o n s  w i t h -  
d r a w n  f r o m  e a c h  s u r f a c e  P t  d u r i n g  o x i d a t i o n .  T h i s  e q u a t i o n  d e r i v e s  
f r o m  an  a v e r a g e  v a l u e  of 1.2 • I{~ 1~ P t  a t . / cm~ fo r  t h e  t h r e e  m a j o r  
p l a n e s  of  t he  f a c e - c e n t e r e d  c u b i c  P t  l a t t i c e  ~2}. T h u s  Q = 1.6 
m C ' c m  -~ c o r r e s p o n d s  to R = 2 or  4 fo r  m o n o l a y e r s  of  PtOe In = 
4) o r  P t O  (n = 2) r e s p e c t i v e l y .  
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in 1 and 2N H2SO4, respectively. In  these runs, current  
densities greater by near ly  two orders of magni tude  
than  those successfully used by Shibata and Kozawa 
were fruitless, i.e., Q2 = 0. At this relat ively early 
stage of the electrode's history, QI was about 1.6 mC/  
cm 2, corresponding to a roughness factor of 2 to 4. 2 
Finally,  second oxide formation was obtained in run  
k9 after an extremely prolonged (17 hr) anodization 
at 25~ in 1N H2SO4 at a potential  of 2.29V, RHE. 
After this t rea tment  the cathodic scan showed a sharp 
second peak at 0.16V with Q2 = 16 mC/cm 2. In  gen- 
eral it was found that Q2 increased with the duration, 
current  density, and temperature  of the anodic pre-  
t rea tment  in agreement  with Kozawa's data (35). 

After the second oxide had once been formed on the 
electrode, it became relat ively much easier to make 
it again. This sharply contrast ing oxidizability before 
and after the successful r un  k9 is shown in Table Ia. 
Before k9, the extremely intense anodization of ks, 
where the anode potential  was main ta ined  for 73 min 
between 3.16 and 3.35V, RHE, was fruitless. After k9, 
the much milder t rea tment  of o8, where the potential  
was between 2.20 and 2.15V for on ly  5 rain, gave a 
sharp second peak in the cathodic vol tammogram with 
Q2 = 2.4 mC/cmL Apart  from the great hysteresis in 
oxidizability evident  in Table Ia, it is obvious that the 
magni tude  of the anode potential, provided it exceeds 
a certain m i n i m u m  value of about 2.15V, RHE, has a 
relat ively minor  influence on second oxide formation. 
A hysteresis in the anodic oxidizability of Pt was 
briefly al luded to by Nagel and Dietz (22). They 
noted that dur ing a sequence of electrolytic oxidations 
and reductions the anodizing time required to form a 
brown layer of phase oxide fell from 15 hr to 1 hr and 
ascribed this behavior to a gradual  loosening ("Auflock- 
erung")  of the metal  surface. 

A pronounced hysteresis or effect of recent past 
history on electrode oxidizability was evident  through-  
out the present work and introduced a strong element 
of i r reproducibi l i ty  into the data. In  general, the easy 
formation of second oxide at the Pt  electrode was 
favored if a thick layer of second oxide had recent ly  
been reduced to metal  at this electrode. This act ivating 
effect for the anodic growth of the phase oxide was 
unstable  and decayed at rates which varied widely 
according to exper imental  conditions. Two examples 
of this decay are shown in Fig. 1. The conditions ap- 
plicable to these experiments are detailed in Table Ib 
(refers to curve A of Fig. 1) and Ic (curve B of Fig. 1). 
Electrode oxidizability was measured as the amount,  
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AND PRIOR REDUCTION OF LARGE PHASE OXIDE 

Fig. I .  Decay in oxidizobility of the Pt electrode following re- 
duction of a thick second oxide at this electrode. Q2 is the 
amount of second oxide formed during brief test-anodizotions at 
10 A/crn 2 in 2N H2SO4 at 25~ for the labeled duration. Time 
zero of curves A and B was cathodic reduction of second oxides 
equivalent to 14 and 40 mC/ern 2, respectively. 

I 
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Q~, of second oxide formed dur ing  brief (1 or 5 rain) 
test-anodizations in 2N HfSO~ at 25~ and 10 A/cm 2. 
Both the test-anodizations and the in tervening  periods 
of open-circuit  storage were conducted in the same 
Nz-saturated 2N H2SO4 at 25~ The t ime-zero of 
curves A and B coincides with the cathodic reduction 
of phase oxides equivalent  to 14 mC/cm 2 (run us) 
and 40 mC/cm 2 ( run  ul0) for A and B, respectively. 
Halfway through curve B the test-anodizat ion was 
lengthened from 1 to 5 min. In  both curves, electrode 
oxidizability fell to zero inside 3 hr, the thicker, prior 
oxide of curve B being associated with an appreciably 
more lasting oxidizability. The procedure of character-  
izing electrode behavior with test-anodizations (and 
their associated cathodic vol tammograms between 1.00 
and 0.05V, RHE) seemed itself to hasten the decline 
in oxidizability. In one case, oxidizability survived for 
48 hr in Nf-saturated 2N H2SO4 at 25~ and  about 0.9V, 
RHE open-circuit  potential, only to fall almost to zero 
in an hour under  the influence of two test-anodizations. 
In  another  case, 67 hr of quiescence under  similar open- 
circuit conditions sufficed to render  the electrode quite 
inert  even to the first test-anodization. Thus it would 
seem that  after the reduction of a thick second oxide 
(Q.,. > about 20 mC/cm e) the Pt  electrode, if undis-  
turbed, remains oxidizable for two to three days. If, 
however, the electrode is subjected to the oxidation- 
reduction cycling involved in the procedure used to 
obtain Fig. 1, the oxidizabili ty decays to zero in a 
mat ter  of only several hours. 

The hysteresis in electrode oxidizability noticed in 
the present work was not reported in  the voltammetric  
studies of previous workers (31, 35). An explanat ion of 
this fact and of the hysteresis itself in terms of elec- 
trode surfaces possessing varying degrees of mechanical  
strain can be supported by considerable evidence. Be- 
fore each anodization, Kozawa (35) polished his Pt  
electrode with fine emery paper and rinsed it with 
water. This mechanical  abrasion may well have intro-  
duced sufficient s train into the metal  surface to act as 
active centers for the incipient  formation of phase 
oxide. Shibata 's  pre t rea tments  (31a) included no abra-  
sion but just  prior to anodizing, his electrodes were 
aged in an atmosphere of H2 gas at 20~ for two weeks. 
Since Pt  is subject  to hydrogen embr i t t lement  (37) 
Shibata 's  electrode surfaces also may have been sig- 
nificantly strained. Hence, if mechanical  strain does 
in fact activate the Pt  surface for the growth of phase 
oxide, it is not surpris ing that the oxidations of Shibata 
and Kozawa were both easier and more reproducible 
than  those of the present  work. This work employed no 
s t ra in-producing pretreatments ,  and this could explain 
the ini t ial  failure to evoke second oxide. The first suc- 
cessful anodization of the present  work was very pro- 
longed (17 hr  at I A /cm 2 in 1N H2SO4 at 25~ and 
it was suggested by Schuldiner  (38) that this extended 
period of O2 l iberat ion permit ted considerable pene-  
t rat ion of the Pt  surface by oxygen atoms. The fact 
that  oxygen atoms can readily reach positions below a 
Pt  surface has been demonstrated by low-energy elec- 
t ron diffraction (39). Schuldiner  and Warner  (6, 40) 
have shown that  such dermasorbed oxygen can strongly 
affect the catalytic behavior  of a Pt  electrode. Fur the r -  
more Hoare (41) got evidence from x- ray  diffraction 
work, for a perceptible expansion of the lattice parame-  
ters at a Pt  surface after forming a dermasorbed oxy- 
gen layer. Thus it is reasonable to suppose that  the 
production of such a layer  during extended anodization 
might render  the electrode s trained and oxidizable. It 
is not  clear why, e.g., r un  ks, at 10 A/cm 2 (3.2V, RHE) 
for 73 rain failed to activate the Pt  surface since, ac- 
cording to Schuldiner  (6) significant quanti t ies of 
dermasorbed oxygen enter  a Pt  surface even in short 
anodic pulses (~10 -a  see) at potentials above 1.5V, 
RHE. Apparent ly  the amount  of penetrat ion into the 
Pt  by dermasorbed oxygen necessary to activate the 
surface with respect to second oxide formation is orders 
of magni tude greater than that acquired in short pulse 
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polarizations. Thus even a 73-min t rea tment  may fail 
while a 17-hr t rea tment  succeeds. From the very 
l imited data available on the stabili ty of dermasorbed 
oxygen layers on Pt  electrodes (42) one would expect 
an oxidizability, dependent  on the presence of such a 
layer, to persist for about two days rather  than the 
hours i l lustrated in Fig. 1. However, as already stated, 
the imposition of test-anodizations seemed to accelerate 
the decline in electrode oxidizability and that  of an 
undis turbed electrode did in fact survive for two to 
three days. For the persistence of oxidizability after 
reduction of a thick phase oxide to be due to the re-  
tent ion of dermasorbed oxygen for some t ime in surface 
layers, the freshly reduced Pt coating deposited dur-  
ing this reduction must  be porous. Thus the active 
(containing dermasorbed oxygen) layer undernea th  
has access to solution and is able to display its oxidiz- 
ability. 

There is an a l ternat ive  explanat ion of the decay 
curves of Fig. 1. This again assumes the oxidizability 
to be caused by mechanical  s train in the electrode 
surface but  supposes this s train to arise dur ing the 
reduction of the phase oxide ra ther  than dur ing its 
formation. The electrodeposition of metals is known 
to give catalytically active layers rich in both dis- 
locations and point defects (43). Moreover, Piercy 
(44) has demonstrated that Pt  can be loaded with a 
type of defect which anneals out at room tempera ture  
at rates not incompatible with the data of Fig. 1. 
Whether  Pt  layers electrodeposited from phase oxides 
under  the conditions of this work could contain such 
defects is a moot point. That  such layers are cer ta inly 
different in s t ructure  from Pt  black deposits obtained 
convent ional ly  was shown by Shibata (34) using the 
electron diffraction technique. Also, for the anodic oxi- 
dation of propane, it was found that  reduced PtO2 was 
much more active than p la t inum blacks prepared by 
reduction from aqueous solution (49). 

Structure and Stability of Anodic Films 
Figure 2 shows cathodically scanned vol tammograms 

in N2-saturated, 2N H2SO4 at 25~ after the following 
chronological pre t rea tments  of the Pt  electrode: curve 
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Fig. 2. Voltammetric stripping curves for the Pt electrode in N2- 
saturated 2N H2SO4 (25~ 3 mV/sec) after the following chrono- 
logically listed pretreatments. Curve 1, prereduction in this solu- 
tion at 0.05V, RHE; curves 2 to 6, preanodization at 93~ in 2N 
H2SO4 at 10 A/cm 2 (2.36V, RHE) for: 2, 5 min; 3, 30 min; 4, 
1.75 hr; 5, 3.3 hr; 6, 17 hr. 

1, prereduction in the same solution at 0.O5V, RHE, i.e., 
curve 1 shows the residual or background current ;  
curves 2 to 6, preanodization at 93~ in 2N H2SO4 at 
10 A /cm 2 (2.36V, RHE) for: curve 2, 5 min;  3, 30 
min;  4, 1.75 hr; 5, 3.3 hr; 6, 17 hr. The split t ing of the 
second peak, beginning in curve 4 (1.75 hr) was not 
observed by previous workers (31, 35) whose anodiza- 
tions did not approach in severi ty those of the present 
work. Figure 3, depicting the growth of the three 
main  films, was derived from Fig. 2 by measur ing 
the areas under  the three main  peaks of this l inearly 
scanned vol tammogram to get the charges involved 
in forming the corresponding films. Figure 3 gives an 
over-al l  picture of film growth in a log-log plot. How- 
ever, due to the successive formation and reduction 
of the phase oxide layers, Q2B, there was a stepwise 
increase in electrode roughness factor, from run  to 
run, during the experiments  from which this figure is 
derived. In Fig. 4 an at tempt was made to correct for 
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Fig. 3. Growth of anodic films an the Pt electrode vs. anodizing 
time. Growth curves derived from Fig. 2 are drawn for the three 
main peaks and labeled according to peak potential. Reduction 
charges Q refer to 1 r 2 of apparent area. 
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Fig. 4. Growth of anodic films on the Pt electrode vs. anodiz- 
ing time. Data are those of Fig. 3 corrected for varying roughness 
factors, i.e., reduction charges, Q, on the ordinate refer to mC/ 
cm ~ of true area. 
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this varying surface area and report  the Q's of Fig. 3 
in terms of mC/rea l  cm 2. This was done as follows. For 
any part icular  run, i, the approximate formula previ-  
ously quoted, 2 i.e., R ~ Q/2n was applied, put t ing Q 
equal to the value of Q1 obtained in the previous run.  
This gives the roughness factor appropriate to the 
anodization of r un  i. The value of R used was the 
average between those corresponding to monolayers 
of P t O ( n  -- 2) and PtO2(n = 4). Dividing the mC/  
apparent  cm 2 values for run  i by this value of R gives 
the mC/ rea l  cm 2 values plotted semilogari thmically in 
Fig. 4. The calculated values of R varied from 7.4 just  
before the first anodization (5 rain) to 20 just  before the 
last anodization (17 hr) of Fig. 4. Since all anodizing 
was done at constant  current,  the current  density was 
a factor of three smaller  in  the last run. In  spite of this 
var iat ion in A/cm 2, the electrode potential  was con- 
stant  throughout  this whole series of experiments  (Fig. 
4) at 2.36V, RHE (•  

It  is evident  from Fig. 3 and 4 that, after a few hours 
at constant  potential, the rate of formation of phase 
oxide, Q2B, increases greatly and, if continued, would 
have total ly converted the anode to p la t inum oxide. 
In contrast Ramaley (50) in pre l iminary  work in 1M 
HC104 at 25~ found that  between 1.8 and 2.2V, NHE 
the amount  of second oxide formed was determined by 
and varied almost l inear ly  with the potential. This be- 
havior seems appropriate to the formation of interracial  
ra ther  than  3-dimensional  oxide. 

The largest Q of Fig. 4, viz., 25 mC/rea l  cm 2 for Q2B 
after 17 hr of anodizing would, if it arose from a mono-  
layer  oxide, necessitate associating about 70 oxide ions 
with each surface Pt. Thus Q2~ patent ly  originates in 
a mul t i layer  or phase oxide. While no chemical or spec- 
t ral  analysis of this oxide was attempted, the s imilari ty 
of its appearance and mode of preparat ion to oxide 
analyzed by previous workers (25, 26) makes it highly 
probable that  it was hydrated PtO2. The 25 mC/rea l  cm 2 
oxide layer of Fig. 4 was orange-colored, amorphous 
looking, and very t ightly adherent. After cathodic re- 
duction of this thick film, the whole surface of the 
electrode was dull  and pockmarked with innumerab le  
t iny  craters. An electrochemical determinat ion of sur-  
face area at this stage gave Q1 --- 68 mC/apparen t  cm 2 
(after a 1 rain preoxidation at 2.00V, RHE in 2N H2SO4 
at 27~ corresponding to a roughness factor of 85 to 
170. 2 

The Q1 values of Fig. 3 and 4 derive from the first 
or monolayer  oxide, the object of most previous study. 
Q2A corresponding to the peak at about 0.3V (in Fig. 2) 
first observed in the present  work is of comparable 
size to Q1 so perhaps Q2A similarly derives from a 
monolayer  type oxide, formed at a species of external  
site on the Pt  comparable in abundance  to that  re- 
sponsible for Q1 but  much less easily oxidizable. 

The detailed mechanism of reduct ion of these com- 
posite oxide films is of interest. The first reduction peak 
at about 0.6-0.7V in Fig. 2 is a t t r ibuted to monolayer  
oxide. This film re turns  to the metallic state at the 
interface between bulk Pt  and bulk  Pt  oxide. Then 
nothing happens unt i l  about 0.5V lower when the 
phase oxide starts to reduce. As pointed out by one 
of the referees, if this reduction begins at the oxide- 
acid interface it  might sandwich most of the phase 
oxide between layers of impervious Pt  metal. If this 
happened it is hard to see how the rest of the oxide 
could ever get reduced (which it does). So presumably  
either phase oxide reduction occurs wholly at the 
P t -P t  oxide interface or reduction at the oxide-acid 
side deposits a highly porous metal. This la t ter  is 
quite possible in view of the great roughening found 
in this work af ter  such reductions. 

Stabi l i ty  of  Anodic  Films 
To potentiostatting at 0.5V, RHE.- -The  stabil i ty of 

the second oxide layer was examined at a controlled 
electrode potential  of 0.5V, RHE in N2-saturated 2N 
H2SO4 at 27~ It was first established that  anodizing 
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Fig. 5. Stability of second oxide layer at 0.SV, RHE exhibited by 
voltammetric stripping curves in N2-saturated 2N H2SO4 (25~ 
3 mY/sec) after the following pretreatments: curve 1, prereduc- 
tion in the solution at 0.0SV, RHE; curve 2, anodizatlon for 5 rain 
at 10 A/cm 2 at 93~ in a separate portion of 2N H2SO4; 
curves 3 and 4, same as curve 2 except cathodic scanning was ar- 
rested at 0.SV, RHE to potentiostat at this value for 104 rain and 
16.5 hr in curves 3 and 4, respectively. 

at 10 A/cm 2 for 5 min  in 2N H 2 S O 4  at 93~ resulted 
in reproducible subsequent  cathodic vol tammograms 
such as curve 2 of Fig. 5, where Q2 = 7.0 mC/cm 2. 
Curve 1, at a prereduced electrode acts as a base l ine 
for calculating the peak areas. Curve 2 was obtained 
in a separate cell 2-3 min after the anodization. Then 
curves 3 and 4 were recorded after the same anodic 
pretreatment .  However, in recording these curves, 
vol tage-scanning was arrested at 0.5V, RHE in order 
to potentiostat the electrode at this voltage. After  paus- 
ing at this voltage for 104 rain (curve 3) and 16.5 hr 
(curve 4) vol tage-scanning was resumed to record the 
second oxide peaks. Q~ for curves 3 and 4 was 3.8 and 
1.9 mC/cm 2, respectively, compared wi th  7.0 for the 
normal ly  treated electrode of curve 2. These results 
show that  the second oxide is cer ta inly unstable  at 
0.5V, RHE although its removal  is still far from com- 
plete, even after 16 hr. It is apparent  from Fig. 4 that  
the second oxide reduction regions of curves 3 and 4 
were quite i l l-defined ~ in  comparison wi th  those usu-  
al ly obtained (c.f .e.g.  Fig. 2). 

To soaking in 2N H2SO4 at 93~ was first estab- 
lished that anodizing for 30 min  at 10 A /cm ~ in 2N 
H2SO4 at 93~ resulted in reproducible subsequent  
vol tammograms with Qt = 5 and Q2 ~ 17 mC/cm 2. 
This procedure was then repeated, interposing a soak- 
ing period of 18 hr at 93~ in fresh, unelectrolyzed 2N 
H2SO4 between anodization and cathodic examinat ion 
of the electrode. In this la t ter  case, Q1 had fallen to 
1.7 and Q2 to 10 mC/cm 2. Thus the first oxide was 
removed somewhat faster than  the second. 

T e m p e r a t u r e  Dependence of  Cathodic  Peak 
Potentials 

Figure  6 shows a series of vol tammograms in N2- 
saturated 2N H2SO4 at 25 ~ 57 ~ and 93~ obtained in 

I n  these  reg ions ,  the  S a r g e n t  X X I  r eco rde r  p e n  b e c a m e  s u b j e c t  
to a " c h a t t e r "  which,  occu r red  n ~ t h c r  i n  c u r v e s  1 and  2 no r  in  
t h o s e  pa r t s  o f  c u r v e s  3 and  4 a n o d i e  to 0.25V, RI-IE. The  o r i g i n  o f  
th i s  effect  is obscu re  to th i s  au thor .  F r o m  the  e x p e r i m e n t a l  p ro -  
c e d u r e  de sc r ibed  above ,  i t  w o u l d  a p p e a r  t h a t  ti~ere is  a d i s t i n c t  
d i f f e rence  b e t w e e n  c u r v e  2 on  the  one  h a n d  and  3, 4 o n  t h e  o t h e r  
in  tha t  s e c o n d  oyAde r e d u c t i o n  in  c u r v e  2 occu r r ed  a t  an  " a n o d i c a l l y  
c l e a n e d "  e lec t rode ,  i.e., one  on w h i c h  a m o n o l a y e r  ox ide  h a d  been  
f r e sh ly  r e d u c e d  (45}, In  c u r v e s  3 and  4, 105 m i n  a n d  16.5 hr,  re-  
s p e c t i v e l y  of p o t e n t i o s t a t t i n g  a t  0.5V, R H E  h a d  i n t e r v e n e d  b e t w e e n  
this  a n o d i c  c l e a n i n g  and  the  r e s u m p t i o n  of  v o l t a g e  s cann ing .  Th~is 
is p l e n t y  of  t i m e  fo r  the  e lec t rode  to h a v e  become gross ly  recon-  
t a m i n a t e d  by  adso rbab le  so lu t i on  i m p u r i t i e s  (45). To o b v i a t e  t h i s  
d i f fe rence  t he  e l ec t rode  was  giver~ an  a n o d i c  c l e a n i n g  fo r  0.5 ra in  
a t  1.7V, ~ j u s t  be fo re  c o n t i n u i n g  c u r v e s  3 a n d  4. H o w e v e r  t h i s  
h a d  no effect  on  the  pen -cha t t e r .  
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that  order. Each of these curves was preceded by an 
identical  5-min anodization in 1N H2SO4 at 10 A / c m  2 
and 25~ So the oxide film was s imilar ly  formed in 
each case but the t empera tu re  of its cathodic str ipping 
was varied. The re la t ive  areas of the second oxide peaks 
in Fig. 5 are of no account. Q2 actually fell  cont inual ly 
in this chronological series of runs f rom 5.7 m C / c m  2 
in curve  1 to 1.0 in curve  6 due presumably  to the de- 
clining oxidizabil i ty discussed above. The main interest  
of Fig. 6 attaches to the t empera tu re  coefficient of the 
peak potentials. In going from 25 ~ to 93~ the poten-  
tials of the first and second oxide peaks became 100 
and 120 my, respectively,  more positive. Both these 
values of peak-potent ia l  shift, of course, are re la t ive  
to the unknown change of the reference electrode 
potential  between 25 ~ and 93~ (reference electrode 
was RHE, i.e., reversible  hydrogen electrode in the 
same solution).  Thus the absolute magnitudes of the 
shifts are of l i t t le significance. It is surprising, how-  
ever,  that  the difference be tween the two shifts is only 
20 my. Judging  i r revers ibi l i ty  by the potent ial  span 
between onset of oxidation of the reduced electrode 
and incipient reduction of the oxidized electrode, one 
arr ives at 1.0 -- 0.7 ~ 0.3V for the first oxide and 2.1 
-- 0.3 ---- 1.8V for the second oxide. Thus it would be 
expected that the energy of act ivation and hence t em-  
pera ture  coefficient of overvol tage  should be much 
higher  for the second than for the first oxide, g iving rise 
to a much more substantial  change in the separation of 
the first and second oxide peak potentials than the 20 
my  actual ly observed in the 68~ interval .  

In connection with  the above discussion of the tem-  
pera ture  dependence of oxide reduction potentials, a 
recent  art icle by Marvin and Petr i i  (51) is of relevance.  
In this work  galvanostatic (potent ia l - t ime)  curves 
were  obtained for the cathodic reduct ion of PtO2 pre-  
pared chemical ly  by NaNO3 oxidation of H2PtC16 at 
550~ Chronopotent iograms were  secured at different 
current  densities (in terms of A / g  of PtO2) in 1N 
solutions of H2SO4 and NaOH at 20 ~ and 95~ Tafel  
plots der ived f rom the plateau potentials of the charg-  
ing curves invar iably  sloped by about 120 mV per 
decade of A/g.  The only data real ly  comparable  wi th  
that  of the present work were  the t empera tu re  de- 
pendence of the plateau potentials. In 1N H2SO4 the 
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Fig. 6. Temperature dependence of cathodic peak potentials in 
voltammetric stripping of oxide films. Curves 1 to 6 (obtained 
chronologically) in N2-saturated 2N H2SO4 (25~ 3 mV/sec) were 
each preceded by an identical 5-rain onodizotion in ]N H2SO4 at 
25~ and 10 A/cm 2. 

plateau potential,  vs.  the respect ive RHE in each case, 
was about 330 mV higher  at 95 ~ than at 20~ In the 
present work  the second oxide peak potential,  in 2N 
H2SO4 vs.  RHE, was about 120 mV higher  at 92.5 ~ 
than at 25~ Thus the data of the present work  (Fig. 
6) exhibits a significantly smaller  t empera tu re  de- 
pendence for the second oxide reduction potential. Pe r -  
haps this reflects a significant difference in s t ructure  
be tween chemical ly and anodically prepared PtO2. 

Low-Temperature Production of Second Oxide 
Shibata 's  most intense anodizations (0.6 A / c m  2 for 

60 min) failed to evoke the second oxide unless the 
tempera ture  were  higher  than 21~ (31). He concluded 
that  the monolayer  oxide, when formed below 21~ 
has a t ight s t ructure  which prevents  oxide growth into 
the interior  of the metal. With the much higher  anodic 
current  densities used in the present  work, it was 
shown that  second oxide could result  f rom anodizations 
as cool as l l~  the lowest  t empera tu re  at which oxi-  
dizabili ty was studied. In one run, at 11~ in 2N H2SO4, 
anodizing at 10 A / c m  2 for 5 min (at a potential  of 
2.58-2.72V, RHE) yielded a sharp second oxide peak 
with Q2 ~ 3.8 m C / c m  2. It was found in general  that  
with declining anodizing t empera tu re  both the ease and 
reproducibi l i ty  of second oxide formation was great ly  
diminished. 

Behavior of First Oxide (0.6V Film) 
The variation, in Table I of Q1, the first oxide value, 

f rom run to run, is also of interest.  This oxide is gen-  
eral ly accepted as a monolayer - type  film, and the 
magni tude of Q1 is proport ional  to the t rue  area of the 
electrode. 2 Jus t  before run ul0, anodizing for 1 min at 
10 A / c m  2 gave Q1 = 4.5 m C / c m  2 (runs us, u9) com- 
pared with Ql = 15.5 for an identical anodization im-  
mediate ly  fol lowing u~0. Then, while  standing in 2N 
H2SO4 at 25~ Q1 declined f rom this high value, fall ing 
to 3.3 m C / c m  2 after  only 5 hr  (only the ear ly  stage 
of this fall  in Q1 appears in Table I).  The large (X3.5) 
increase in Q~ caused by the reduction of the 40 m C /  
cm 2 second oxide of ul0 is a strong indication of the  
phase nature  of this film since the formation and dis- 
solution of a monolayer  type oxide are unl ikely  to 
effect so thoroughgoing a disruption of the surface. Thus 
high area Pt black catalysts for both organic hydro-  
genations (46) and anodic hydrocarbon oxidation (49) 
resul t  f rom reducing PtO2 to Pt. The fall  of Q1 from 
15.5 to 3.3 m C / c m  2 in the 5 hr  subsequent  to ul0 
reflects a quite drastic reconsolidation of the disrt/pted 
Pt  surface. This rate  of area change seems very  high 
by comparison wi th  the l imited data avai lable  on P t  
black recrystal l izat ion in aqueous solutions (47) where,  
typically, 60 hr  at 150~ in 90% H3PO4 was needed to 
effect 80% reduct ion in the electrochemical ly deter -  
mined surface area. A major  difference between the 
present  work  and the cited recrystal l izat ion study (47) 
lies in the storage conditions. In the latter, storage was 
at open-circui t  while  in the present  work, storage was 
regula r ly  punctuated by the brief anodizat ion-cathod-  
ization t rea tments  required to moni tor  the electro-  
chemical  area. I t  was already shown above that  elec-  
trode behavior  can be drast ical ly modified by these 
test anodizations which great ly  accelerated the decline 
of electrode oxidizability. Perhaps these test redox 
cycles have a significant effect also on the rate  of con- 
solidation of the Pt  surface. Possibly Shibata 's  observa-  
tion cited above (34), viz. ,  that  a Pt surface electro-  
deposited f rom a second oxide film is more  intensely 
strained and smaller  in grain size than one prepared  
convent ional ly  by deposition from chloroplatinic acid, 
has re levance  to this point. Thus a highly strained finely 
divided surface should have a high recrystal l izat ion 
rate. 

In recent  work (45) it was shown that  the act ivat ing 
effect on pla t inum electrodes of brief  (~1 min)  anodic- 
cathodic cycles was due almost ent i re ly  to the impur i ty  
desorption effected by this t reatment .  However  this was 



Vol.  116, No. 12 M U L T I L A Y E R  O X I D E  F I L M S  O N  A N O D I Z E D  P t  1687 

apparent ly  not t rue  for the longer preanodizations of 
Shibata (31a). He anodized three 1 cm 2 Pt electrodes 
in 1N H.,SO4 (25~ at 0.1 A/cm 2 for 0.25, 1 and 28 
hr, respectively, and then measured their activity by 
the magni tude  of the hydrogen-evolut ion-react ion cur-  
rent  at them for a definite small  overpotential  in 1N 
HC1. In  each case the electrode activity fell off with 
t ime from roughly the same ini t ial  high value, but  the 
rate of this decay was profoundly different for the three 
electrodes. After 30 hr in the 1N HC1, activity had 
fallen to 0.80, 0.028, and 0.018 of the init ial  high value 
for the electrodes preanodized for 28, 1, and 0.25 hr, 
respectively. This behavior led Shibata to discard the 
impur i ty  desorption theory of electrode activation and 
postulate that  the Pt  surface had undergone a super-  
ficial s t ructural  change whose lifetime increased with 
the severity of the preoxidation. 

The present  work suggests another explanat ion of 
Shibata 's  data. Chronopotentiometric reduction of his 
electrodes showed that the preoxidations had yielded 
second oxide layers on them to the extent  of about 0.4, 
4, and 36 mC/cm 2 after the 0.25, 1, and 28-hr pre- 
anodizations, respectively. Since the present work has 
shown that  the reduction of second oxide layers of this 
order of thickness can cause large increases in elec- 
trode roughness factor, it is v i r tua l ly  certain that  the 
three electrodes encompassed a large spread of rough-  
ness factor (probably up to 10X). Thus the varying 
rates of decay in electrode activity are explained as 
follows. If, as is usual ly the case (la,  48) contamina-  
tion by adsorbing impurit ies from the solution was 
diffusion controlled, then the rate of uptake of con- 
t aminan t  by the electrodes was proport ional  to their  
geometrical areas which were identical. Hence per-  
centage contaminat ion of t rue area was slower for the 
rougher electrodes. All of Shibata's decay curves were 
characterized by an init ial  steady value of activity (the 
same for all three electrodes), then a more or less sud- 
den fall, and a final slow leveling out. These curves 
closely resemble others obtained for the hydrogen 
evolution reaction at P t  under  very similar  conditions 
in 2N H2SO4 (45). In  this lat ter  work, the decay in 
activity was proven to arise from the adsorption of 
solution contaminants.  It would seem that Shibata 's  
currents  started out with a measure of diffusion con- 
trol, but  as t ime (contaminat ion)  proceeded the t rue 
area diminished to the point where kinetic control 
predominated. With complete kinetic control the cur-  
rent should fall in direct proportion to the true area. 
This decay in current  should na tura l ly  be slowest for 
the electrode with the highest roughness factor. Thus 
it would seem that  Shibata 's  electrochemical activa- 
tions comprised merely "anodic cleaning" and were 
not basically different from more conventional  brief 
anodizations. 

Note added in proof: Both Professor Conway himself 
and one of the referees of this paper considered that 
similarities between this work and a recent paper [Con- 
way and Gilroy, Can. J. Chem., 46, 875 (1968)] meri t  
fur ther  discussion. In my opinion the area of contact 
between the two studies is quite small. The main thrust  
of the present  work is directed at the phase or second 
p la t inum oxide, an orange-brown layer which in ex- 
t reme cases can be scraped off the metal  in palpable 
lumps. The reduction charge (Q2~) of this oxide can 
reach 25 mC/rea l  cm 2 (Fig. 4). Its reduction peak 
potential  is 0.4 to 0.5V below that  of the first or mono-  
layer oxide (Fig. 2) at a voltage scanning rate of 0.2 
V/min.  

Conway's Fig. 2 shows differentiated galvanostatic 
reduction curves for a Pt  electrode in M H2SO4. If the 
prior potential  exceeded 1.6V, RHE his oxide reduction 
curves at high current  densities split into two clear 
peaks (OX.1 and OX.2). His total  oxide reduction 
charge never  exceeded 1.0 mC/rea l  cm 2, i.e., there is 
room for both OX.1 and OX.2 to coexist on the purely 
external  surface of Pt. The scanning rate of Conway's 
Fig. 2 was ~400 V/sec and OX.1/OX.2 peaks are sep- 
arated by 0.1V. At lower scanning rates the peaks 

merged into one. This contrasts strongly with my Fig. 2 
where the 1st and 2nd oxide reduction peaks differ by 
0.5V at a scanning rate of 0.2 V/rain, i.e., X105 slower 
than Conway's. 

To sum up, the following data of the present  work 
show that  a much clearer dist inction exists between 
my 1st and 2nd oxides than between Conway's OX.1 and 
OX.2: (a) the very large mC/ rea l  cm 2 for Q2B com- 
pared with Q1; (b) the large voltage separation of re- 
duction peaks for Q1 and Q2B; (c) the independent  
behavior of Q1 and Q2B vs. anodization t ime in my Fig. 
3 and 4. I th ink  there is little doubt that  the 1st and 
2nd peaks in my Fig. 2 refer to monolayer  and phase 
oxide, respectively. On the other hand, OX.1 and OX.2 
probably refer to two different energy sites on the 
external  surface of Pt, i.e., to a fine s tructure in the 
monolayer  oxide. Possibly the fine s t ructure  apparent  
in my  Fig. 2 in the 1st oxide reduction peak (i.e., a 
small prewave at 0.7V before the main  one at 0.6V) 
may relate to Conway's OX.1 and OX.2. 

Manuscript  submit ted Feb. 13, 1969; revised manu-  
script received Ju ly  3, 1969. This paper was presented 
at the 19th Meeting of CITCE, Detroit, Sept. 22-27, 
1968. This work was based on data obtained at Brook- 
haven National  Laboratory, Upton, New York, in work 
done under  the Auspices of the Uni ted States Atomic 
Energy Commission. 

Any  discussion of this paper  will  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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Concentration Polarization and Mass Transfer 
Influence on the Kinetics of Two 

Stepwise-Proceeding Electrode Reactions under 
Galvanostatic Conditions 

I. H. Plonski 
Institute for Atomic  Physics, Bucharest,, Romania 

ABSTRACT 

The previous  system of equat ions der ived  for the  kinet ics  of two s tepwise-  
proceeding e lect rode react ions under  galvanosta t ic  condit ions is ex tended  for 
the case when both concentra t ion polar izat ion and mass t ransfe r  of the  in te r -  
media te  and final ion are  t aken  into account. 

In  a previous  paper  (1) the  two s tepwise-proceeding  
e lec t rode  react ions  

M<-~--M z~+ ~ zle (I) 

MZ1+ ~ M(z1+z2)+ -i- z2e (II) 

were considered under galvanostatic conditions. Neither 
concentration polarization nor mass transfer were taken 
into account. In the reactions concerned, M is the metal, 
M ~+ is the intermediate ion, M(~x+~) + the final ion, 
and zz and z2 are the number of electrons involved in 
the first and second step, respectively. The kinetic equa- 
tions for this system are 

d~ 1 
[ i q- ioS e -acsn -- iol ea,zn 

dt C 
[M~' + ] l 

[M~,+]----- ~ (io2 e~o~ , -  iol e-~o~,) J [1] 

and 

d [ M~ + ] iol io2 

dt z lF  z2F 

[Mzx+] ( i~ i~ ea.2~ ) [2] 
[Mzl§ z-~ e-~cz, .-[- Z2F 

Here  ~1 is the  overvoltage,  t the  time, C the double  l ayer  
capacity,  i the  current  density,  iol and io2 the exchange 
cur ren t  densit ies for  the first and second step, respec-  
t ively,  F the  F a r a d a y  number ,  [Mzl +] and [Mz~+]o the  
in te rmedia te  ion concentra t ion  at  the e lectrode surface 
dur ing  the electrolysis  and at  equi l ibr ium,  respect ively,  

fllZlF (1 --  fl l)ZlF fl2z2F 
and oral ---~ - - ~  r ~ , CZa2 = ~'~ and 

R T  R T  R T  
( 1 --  ~2) z2F 

ac2 = , R the gas constant ,  T the  absolute  
RT 

t empera tu re ,  and  Pz and ~2 the  s y m m e t r y  factors for 
the  first and second step, respect ively .  

The above sys tem of equations is approx ima te ly  val id  
under  the  fol lowing specific assumptions:  

1. The final ion concentra t ion  is p rac t ica l ly  constant  
at  the  e lectrode surface; this holds for processes occur-  
r ing  wi th  cur ren t  densi t ies  far  below the l imi t ing diffu- 
sion cur ren t  density,  or for processes when  the over -  
vol tage  reaches its s teady s tate  long before the  end of 
the  t rans i t ion  time. When the t ime of e lectrolysis  is 
prolonged, the increase of the  final ion concentra t ion 
at  the  e lect rode surface wil l  genera te  a concentra t ion  
polar izat ion a t tended  by  the mass t rans fe r  of the  final 
ion into the  bulk  of the  solution. 

2. If the in te rmedia te  ion does not  leave the  elec-  
t rode  surface, because i t  exists only  as a resul t  of the  
revers ib le  process be tween  the  surface meta l  and the  
final ion, M ~ M zl + ~--- M(z~ + z=)+; in o ther  words, the re  
wil l  be no in te rmedia te  ion in the  bulk  of the  solution, 
and therefore  no mass t ransfer .  In  this case al l  conclu-  
sions regard ing  the in te rmedia te  ion concentra t ion  refer  
only  to the  surface concentrat ion.  

3. I f  the  diffusion cur ren t  for the  in te rmedia te  ion is 
grea t  enough to assure  a constant  concentra t ion of the 
in te rmedia te  ion in the  whole  solution. In  this  case the  
same conclusions app ly  to the  bulk concentrat ion,  too. 

4. When  the in te rmedia te  ion concentra t ion is ve ry  
low and one can neglect  its diffusion flux into the  bulk 
of the solution in comparison to the  ra te  of its fu r the r  
e lec t rochemical  oxidation.  

Wi th  the  except ion of these pa r t i cu la r  cases the  
concentrat ion polar izat ion due to the  change of the  
final ion concentra t ion at  the  e lect rode surface and 
mass t r anspor t  processes of both the  final ion and 
in te rmedia te  ion must  be t aken  into account. 

The complete  system of equations for this  case is 
[M(z~+z~)+ ] 

drl 1 i -l- io2 e -ac~ -- iol e a~ln 
dt C [MCz~+z~) + ]o 

[Mzl+] ] 
[Mzl+]----- ~ (io2 e ~ ,  _ iol e-a~l , )  [3] 
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d[M zt+] iol io2 [M (z~+zs)+] 
- -  = ea~in + - -  e-ar 

dt  zlF z2F [M (z~+z~) + ]o 

[Mz~+] ( iol e_a~ i~ e~..n ) 
[M~+]o ~-,F + "z~F 

(0M,~ 
+ D1 k - - ~ X  I x=O 

and 

d [M(~+ ~) + ] 

[4] 

io2 / [M zl+ ] 

dt  = z ~  ~, [Mz~+]-----~ 
ea~.~n 

[MCz,+zO+] \ / 0M2 \ 
e-O~c2~ [M(=~+z=)+]o + D2 ~ "-~--x ) x : o  [51 ) 

Here [M(~,+z~ )+] and [Mr are the concentra-  
tions of the final ion at the electrode surface during 
electrolysis and at equilibrium, respectively, D1 is the 
diffusion coefficient for the intermediate ion, D2 is the 
diffusion coefficient for the final ion, M~ and Me are the 
concentrations of the intermediate and final ion, respec- 
tively, being functions of both time t and the distance 
from the electrode surface, x. Obviously, M~(0, t) 
= [M ~+] and M2(0, t) = [M(z,+~)+]. The terms 

- ~ x / x = o  in gq. [4] and D2 ~ Ix=o in Eq. [5] 

represent the rate of the appearance (or disappearance) 
of the respective ion at the electrode surface due to 
mass transfer  or, in other words, the diffusion currents 
at the electrode surface, divided by ztF and z2F, re-  
spectively. 

The mathematical  problem consists in solving Fick's 
equation 

02VIi 0 2 M r  
. �9 = Dl ~ [6] 

61t Ox2 

for the initial and boundary conditions 

Ml(x,  O) = [M~+]o 

Mx(t, oo) = [M~+]o 

0MI ) 
( ' - ~ x / ~ = o  given by Eq. [4] 

and also 
.@M2 02M2 

= D2 ~ [7] 
Ot ~x2 

for the initial and boundary conditions 

M2 (x, 0) = [M(Z~ + ~) + ] o 

M~(t, oo) = [M(~+z~)+]o 

8M2 ) 
( - ~ - x / x = 0  given by Eq. [5] 

Equations [3]-[7] form a mixed system of equations 
with ordinary and partial derivatives which has only 
approximate numerical  solution. 

The solution of the first boundary problem of Fick's 
equation for the initial and boundary  conditions 

M1 (x, 0) -= [MZ~+]o -- constant 

Ml(0, t) -= [M~ + ] ---- function of t 

1 

2~ 

(x 0 2 ? - ( x  + D 2 "l 
! y ~o i 4 D~t 4D~i 

_ _  e - - e  

o A/Dl t  
Di I t  

[M~+]o  d~ + 2x /~ - -  to 

X 4 D x ( t  -- ~) 

e Ml(D df 
[D1 (t -- ~) ]3/2 

[8] 

i s  

M1 (x ,  t) 

where ~ and ~ are integral variables. Solution [8] is 
valid for x--~ 0 and t ~-- to, with - - ~  < to < + ~ ;  
Ml (x , t ) ,  given by Eq. [8], is differentiable once with 
respect to t, and twice with respect to x, and satisfies 
the initial and boundary  conditions for t = 0 and x = 0. 

Assuming a solution, M1 (x, t) ,  differentiable also at 
the boundary, its differential will be calculated as 
a limiting process. By introducing y -= (x  --  ~ ) / 2 \ / D l t  
and --2x/D, t  dy = d~ in the first integral of Eq. [8], 
and y = x / 2 ~ / D l ( t  --  ~) and (4k/D~(t -- ~)~/2 d y ) /  
x = d~ in the second integral of Eq. [8], one can ob- 
tain for x > 0 and t > 0 the differential 

X2 

-- 4 Dtt  
0M1 [Mzl+ ]o e 

8 x  ~ /~Dl t  

+ ~ X2 

+ x.v/~ y "  ( 1 - -  ( t  4D*~ 2 

~r [9] 

We define for t > 0 and x = 0 

( _ _ )  [ 2 l ~+~ . S M ,  =- - [M~+]~  k l i m [  ~ J  
Ox v ~ D l t  _ _  _ x=o x-,o J x k / ~  x 

t a / ~  

(1 2y2) e - y '  [ M I (  X2 
- -  t -  4Dly------~ ) ] d y }  [10] 

The second term of the r ight -hand side of Eq. [10] 
may  be obtained numerical ly by computing a great 
enough number  of integrals for decreasing values of x 
until  its value remains constant within the desired ap- 
proximation. The same route may be taken to compute 

OM2 ) . 
( - ' ~ ' x / x = o  the computation is long Unfortunately,  

and intricate. 
As a good first approximation, Fick's Eq. [6] and [7] 

are solved by assuming Mt(0, t) and M2(0, t) to be 
constant within a very short interval of time. In this 
case the solutions are 

and 

OMt ) [ M , ~ + ] o -  [M~+]  

( T ' ~ = o  = V~D,t 
, for t > 0  [11] 

0M2) [M(~+~>+]o -- [M(,~+*,)+] 
x=o = A/~D2 t ., for t > 0 

[12] 

The same expressions [11] and [12] are then assumed 
to be valid also when [M zl+ ] and [Mr +z'-'>+ ] are time 
dependent. Using such an approximation, the mass 
transfer effect is overestimated: the real values of 
[M z~+] and [M<~I+~ )+] which would be obtained by 
the correct solving of Eq. [9] and [10], respectively, 
will be between the values obtained by using Eq. [11] 
and [12] in conjunction with Eq. [3]-[5] and those 

0 obtained by  assuming \ ' ~ x / x = o  = \ - -  x=v 

= 0. Consequently, the following results are valid in 
a qualitative sense. 

Equations [3] to [5] in conjunction with Eq. [11] 
and [12] are solved numerical ly for different values of 
the parameters concerned, given on Fig. 1 and 2.1 

1 Some unusual  values  are  taken for concentrat ions and diffum~on 
coefficients in order  to obtain visible effects of concentrat ion polari- 
zation and mass t ransfer  processes in a ra ther  convenient  period of 
t ime. 
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200 ~3a;c g ~3a 3b 3d 

i. 8.25~to~(~) 8, ~21f - ' ~  ~ 
180 7 Za 

6 
(A) 2fl 

70 f40 3 ld 2xtO-# 

2 Z5 
~C) t x/O-" ' # 

, . 1 ~ " ~ [ ~ : = ~  I IH0- 
" I 2 0  I f ~  O# , , ~  . ~ ~  , (O) 

,~a ~ Jo.sxlO.i1 

5c 150 0,* 
30 60 ~ ( ~  5 0.3 

20 40 ,fa (,c ~- 100 ~2 

to 2o z 50 Ix/n ~ L , , , ~ , ~  . 
o to 2o 30 ~o 5u ~o ~n ~u gotoo~s) ~ Z5 l 2 3 ~+ 5 6 7 8 9 /0(6) 

0 { (tO-a'~ec) 
lO 20 3O 40 5O (AJ 

10 20 30 ~0 50 GO 70 80 90 t00 (a) Fig. 2. Intermediate ion concentration, [ M + ] ,  vs. time, t, for 
5 I0 f5 20 25 3 (c) the same parameters as in Fig. 1. Curves: 1-3 (OA--AA); curve 4 

t (fO" sec) 
(OB--AB);  curve 5 (OD--AB);  curve 6 (Oc- -Ac) .  

Fig. 1. Overvoltage, II, vs. time, t, for Zl = z2 ~--- i, #l 
f12 ~ 0.5, and different values of i pointed on the curves. Curves 
1-3: iol = l x l 0 - 4 ( A ) ,  io2 • 1x10-5(A) ;  I-2(OA--AA); It can be seen from Eq. [4] in conjunction with Eq. 
3(Oc--Ac). 0 = ordinate, A = abscissa. Index "a": DI = 0, [11] that the corrective term for the intermediate ion 
d[M ~+] d[M z+] mass transfer vanishes with increasing time, because 

dt 0; b: Di = Ix104cm2/sec, dt 0; c: D1 = after some time the gradient between the concentration 
d[Mz+] at t he  e l ec t rode  sur face  and  in t he  bu lk  of the  so lu t ion  

D2 ~--- 0, given by Eq. [S];  d: D1 : 1x104 cm2/sec, D2 : r ema ins  p r ac t i c a l l y  constant ,  bu t  the  t i m e  increases ;  
dt c o n s e q u e n t l y  ~ and  [M zl+] w i l l  t end  to t h e i r  s t e ady -  

i x l02 cm2/sec, s ta te  values .  The  phys ica l  m e a n i n g  tha t  t he  diffusion 
c u r r e n t  at t he  e l ec t rode  su r f ace  becomes  v e r y  sma l l  is 
tha t  t h e  concen t r a t i on  g r a d i e n t  at  the  e l ec t rode  su r f ace  

In o r d e r  to poin t  out  t he  effect of bo th  the  concert-  and  its n e i g h b o r h o o d  decreases  in t ime,  the  f ron t  of d i f -  
t r a t ion  po la r i za t ion  and  the  mass  t r ans f e r  processes,  fus ion  be ing  sh i f t ed  t o w a r d  t h e  bu lk  of the  solut ion.  
the  f o l l o w i n g  cases a re  t r e a t e d  first s epa r a t e ly  and 
t h e n  toge ther .  (C) .  The  effect  of t he  c h a n g e  of f inal  ion  c o n c e n t r a -  

( A ) .  N e i t h e r  c o n c e n t r a t i o n  po la r i za t ion  nor  mass  tion, w h e n  no mass  t r a n s f e r  is t a k e n  into  account .  
t r a n s f e r  a r e  t a k e n  in to  accoun t  ( cu rve s  a, Fig.  1 and  2). As  one  can  see f r o m  Eq. [3] to [5], t h e  t e r m s  con-  
The  cases a re  d iscussed in the  p r ev ious  pape r  (1) and t a in ing  the  change  of  f inal  ion concen t r a t i on  con ta in  
a re  g iven  h e r e  on ly  for  compar i son ,  t he  n e g a t i v e  e x p o n e n t i a l  of the  ove rvo l t age .  Hence ,  

(B) .  The  inf luence  of i n t e r m e d i a t e  ion mass  t r a n s -  these  t e r m s  a re  u n d e r  t w o  oppos i te  inf luences  w h e n  
fe r  w h e n  the  final ion concen t r a t i on  is a s sumed  to be  both  [M <zl+z2)+] and ~ increases .  Consequen t ly ,  due  to 
cons tan t  ( cu rves  b, Fig.  1 and 2).  this  fact  and  to the  c o m p l e x i t y  of t he  sys tem,  it  is d i f -  

F o r  iot > io2, the  mass  t r ans f e r  occurs  f rom the  e lec -  f icult  to fo rsee  t he  effect  of t he  c h a n g e  of  f inal  ion 
�9 concen t r a t i on  on  the  b e h a v i o r  of ~ and  [Mz~ +] w h e n  t r ade  su r face  into  t h e  b u l k  of t he  solut ion.  A t  i < Zc~, 

[i c r i t i ca l  deno ted  by icr r ep r e sen t s  the  v a l u e  of i f r o m  t or  i increase .  
wh ich  the  ~ --  t c u r v e  becomes  peak  shaped  in the  F r o m  the  c o m p u t e d  cu rves  it  m a y  be  no t iced  tha t  for  
a b s e n c e o f  mass  t r a n s f e r  inf luence  (1) ], the  ~ --  t c u r v e  al l  cases iol > io9 ( cu rves  lc,  2c, and 3c),  iol = io~ 
is loca ted  be low the  c u r v e  w h e n  no mass  t r a n s f e r  is ( c u r v e  4c) a n d / o l  < io2 ( cu rves  5c and 6c),  ~ surpasses  
a s sumed  (Fig.  1, c u r v e  l b ) ,  and  a b o v e  it at  i > i~r its v a l u e  w h e n  [M(z~+~ )+ ] is a s sumed  cons tant ,  i n -  
(Fig.  1, c u r v e s  2b and 3b) .  The  [M z~+ ] --  t cu rves  a re  creases  con t i nuous ly  and, as far  as the  c o m p u t a t i o n  was  
loca ted  be low  cu rves  a at  a l l  c u r r e n t  dens i ty  va lues  made,  no s t eady  s ta te  is a t t a ined .  Also,  i t  can  be  seen  
(Fig. 2, cu rves  b) .  t ha t  at h igh  c u r r e n t  densi t ies ,  tha t  is at h igh  va lues  of 

F o r  iol < io2, t he  mass  t r a n s f e r  t akes  p lace  f r o m  t h e  the  o v e r v o l t a g e  ( cu rve  3c and  6c, Fig. 1) t h e  effect  
b u l k  of  t he  so lu t ion  to t he  e l ec t rode  surface.  A t  al l  of concen t r a t i on  po la r i za t ion  on the  o v e r v o l t a g e  is not  
c u r r e n t  dens i ty  va lues ,  bo th  n --  t cu rves  (Fig.  1, cu rves  no t i ceab le  w i t h i n  t he  c o m p u t e d  t i m e  used;  this  is p r o b -  
5b and  6b) and  [Mz~ +] --  t c u r v e s  (Fig.  2, cu rves  5b a b l y  due  to t he  fact  that ,  s ince the  m e n t i o n e d  e x p o -  
and 6b) a r e  loca ted  above  cu rves  a. nen t i a l  t e r m  is v e r y  small ,  t h e  c o m p u t a t i o n  ( the  e lec-  

The  case  of io~ ~ io2 is out  of ques t ion  because  [M~ +] t ro lys is )  m u s t  be e x t e n d e d  to l onge r  t imes  in o rde r  
= [M~+]o  = cons tan t  (1).  tha t  the  final  ion c o n c e n t r a t i o n  be  h igh  e n o u g h  to 

As one  can  see f r o m  the  r e p r e s e n t e d  curves ,  at a l l  ba lance  the  n effect. 
c u r r e n t  dens i t y  va lues ,  t h e  mass  t r a n s f e r  of  t he  i n t e r -  F r o m  Fig.  2 it can  be  no t i ced  t h a t  fo r  io~ > io2 ( cu rves  
m e d i a t e  ion man i fe s t s  i ts inf luence  as a de l ay  in the  lc,  2c, and 3c),  io~ = io~ ( c u r v e  4c),  and  iol < ion_ 
a p p r o a c h  to t he  s t eady  state.  Also,  as was  expec ted ,  ( cu rves  5c and  6c),  t he  i n t e r m e d i a t e  ion c o n c e n t r a t i o n  
the  mass  t r a n s f e r  effect appea r s  sooner  w i t h  an inc rease  is at a l l  t imes  g r e a t e r  t h a n  its v a l u e  co r r e spond ing  to 
o f / .  case  "a."  Also,  for  iol > io2 and  iot = io2, t h e  [M z~+] is 
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con t inuous ly  inc reas ing ;  for  io, < io2, t he  [M z*+] de -  
c reases  at the  beg inn ing ,  t h e n  increases  o v e r  its e q u i -  
l i b r i u m  va lue .  At  h igh  c u r r e n t  dens i t i es  t he  same  d is -  
cussion is va l id  as for  t he  n behav io r .  

T h e  d i f fe ren t  f ea tu re s  of [M ~+ ] --  t cu rves  is due  to 
t he  fac t  t ha t  for  io~ > io~ and  io~ = io2, both  the  inc rease  
of n and the  inc rease  of [ M ( ~ + ~  ) +] l ead  to t he  inc rease  
of [M~+] ,  so tha t  at  a l l  t imes  [Mz~ + ] is g r ea t e r  t han  its 
va lue  co r r e spond ing  to case a. Cont ra r i ly ,  for  io~ < io2, 
the  inc rease  of  ~1 leads  to t he  dec rease  of [ M ~ * ] ,  bu t  
the  inc rease  of [M (~+~)+]  leads  to t he  inc rease  of 
[M ~+ ]. As a resu l t  al l  t h e  cu rves  r e p r e s e n t i n g  the  de -  
c rease  of  [M z~+] in t i m e  a re  a t t e n u a t e d  in compa r i son  
w i t h  cu rves  a, and a f t e r  some  t i m e  the  inf luence  of  the  
final  ion  c o n c e n t r a t i o n  m a n a g e s  to ba lance  the  inf lu-  
ence  of t h e  ove rvo l t age ,  and  the  i n t e r m e d i a t e  ion  con-  
c en t r a t i on  begins  to increase .  

(D) .  T h e  rea l  sys tem of equa t ions  is so lved  w h e n  
c o n c e n t r a t i o n  po la r i za t ion  and  bo th  mass  t r a n s f e r  p roc -  
esses a r e  t aken  into account .  

As one can  see f r o m  the  cu rves  d, Fig.  1 and 2, the  
effect  of the  final  ion mass  t rans fe r ,  r e p r e s e n t e d  by the  
c o r r e c t i v e  t e r m  iol 

0M2 ) Z lF  
/)2 ( [Mr  --  [Mr ) = D2 " - ~ - / ~ = o  

in  Eq.  [5], consists  in a t t e n u a t i n g  t h e  effect of concen -  
t r a t i on  po la r i za t ion  m e n t i o n e d  in case  c. 

I t  can  also be no t i ced  tha t  w h e n  t h e  t ime  increases ,  and 
the  d i f fe rence  b e t w e e n  curves  d and  a or  b becomes  [Ma+]~  
grea te r .  - -  = 

The  fact  tha t  a s t eady  s ta te  is not  a t t a ined  is va l id  [M~+]o  
for  t he  t imes  for  wh ich  the  c o m p u t a t i o n  was  done. In  
o r d e r  to see t he  co r rec t  b e h a v i o r  of ~ --  t and  [M ~+]  
- - t  c u r v e s  at  l a rge  v a l u e s  of t i m e  the  c o m p u t a t i o n  
should  be ex tended .  A n y h o w ,  it  m a y  be p r o v e d  m a t h e -  
m a t i c a l l y  t h a t  a s t e a d y - s t a t e  w i l l  no t  be  a t t a ined  for  

d[Mz~ + ] 
[M ~ + ]  and [M (z~+~)+] because  t h e  cases of 

dt 
d [ M (zx + z2) + ] d~q d [ M  zl + ] 

---- 0, ----- 0 a n d - -  r 0 and also 
dt  dt d t  

d [M(z~ + z~) + ] d~l 
= 0, = 0, and  - -  = 0 l ead  to absu rd  r e -  

dt dt  
dn d [M~ + ] 

lat ions.  The  case of  ~ = 0, ~ 0, and 
dt dt  

0 is possible,  bu t  in o rde r  to see w h i c h  
dt  

dn d [Mz~ + ] 
of t he  cases, th is  one  o r  t h e  case  of  - -  & 0, 

dt  dt 
d [M (z, + ~) + ] 

0, and  ~ 0 is t rue ,  t h e  c o m p u t a t i o n  mus t  
dt 

be e x t e n d e d  to longer  t imes.  Moreove r ,  i t  is p r e f e r a b l e  
to use  t h e  n u m e r i c a l  a p p r o x i m a t e  so lu t ion  of  Eq.  [10], 
wh ich  is m o r e  exac t  (see t he  A p p e n d i x ) .  

Conclusions 
T h e  m a i n  effect of i n t e r m e d i a t e  ion mass t r a n s f e r  is 

to de l ay  the  r each ing  of t he  s t eady  state,  w i t h o u t  a 
q u a l i t a t i v e  a l t e r a t i on  of t he  shape  of ~ 1 -  t o r  [M ~+]  
--  t curves .  

The  inf luence  of  t he  concen t r a t i on  po la r i za t ion  due  to 
t he  change  of  t h e  f inal  ion  c o n c e n t r a t i o n  a t t ended  by  the  
mass  t r a n s f e r  of t he  final  ion consists  of the  fact  t ha t  
bo th  t h e  o v e r v o l t a g e  and the  i n t e r m e d i a t e  ion concen -  
t r a t i on  exceed  the i r  values ,  va l id  w h e n  the  final  ion  
concen t r a t i on  is a s sumed  to be constant ,  the  l a t t e r  at 
last  i nc reas ing  cont inuous ly .  
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A P P E N D I X  
d [ M  ~+ ] 

1. L e t  us a s sume  tha t  a f t e r  some  t i m e  - -  --= 0 
dt 

d[M(z~+z~)+ ] 
and ~ O, e.g., the  ra tes  of d i s appea rance  of 

dt 
the  i n t e r m e d i a t e  and  final ion  f r o m  the  e l ec t rode  su r -  
face  by e l e c t r o c h e m i c a l  reac t ions  a r e  e q u a l  to the  ra tes  
of  t he i r  supp ly  at t he  e l ec t rode  surface.  Then,  
[M (z~+~)+] --> [M(z~+z~)+]~ and [M z~+ ] --> [Mzl+]~; w i t h  
i nc rea s ing  t ime,  

[ M a + ] o -  [M~+]| 
§  

~/~Dlt  

[ M ( z ~ + ~ ) + ] o -  [M(z~+z2)+]~ 

x/~D2t 

and  Eq. [4] and [5] b e c o m e  

io2 [M (z~ + z~) + ] | 
e -- a e 2rl 

z2F [M(z~+z~)+]o 
io2 [ M  zl+ ] 

- -  z 2 F  [Mzl+]o  

--)0 

- -  e a , 2 n = 0  [4'J 

[M(zl+ z~) + ] 
e-r 

[M (zl + ~'~) + ] o 
[M(~+~)+  ]| 

[M(z~ + z~) + ] o 
( for  ~al = C~,a2 ~ acl = ac2 -~- ~) 

e - ~ ,  [5'] 

iol 
B y  i n t r o d u c i n g  [5'] in [4'] w e  ob ta in  e ~, ---- 0 

z t F  
dn 

wh ich  is absu rd  for  bo th  --dn = 0 and  - -  r 0. 
dt dt  

d,i d [ M  z~+ ] d[M (z~+z~)+ ] 
2. F o r  t he  case of - -  = 0; - -  ~ 0;-  

dt dt  dt 
V- 0, w e  h a v e  

[M(~I+~)+] 

[Mzl + ] [M(Zl+ zD + ] o 

[M z~ + ] o io2 e ~~ 
[3"] 

By  i n t r o d u c i n g  [3"] in to  [4] and [5] we  ob ta in  a possi-  
b le  sys tem of two  equat ions ,  w h i c h  m a y  r e p r e s e n t  the  
inc rease  of the  i n t e r m e d i a t e  ion concen t r a t i on  on ac-  
count  of the  inc rease  of t he  final  ion concen t ra t ion ,  for  
v e r y  h igh  va lues  of  t ime.  

d [ M  z~+ ] iol io2 [M (z~+ z~) + ] 

dt ZlF z2F [M(zl+z~)+]o 
[M(~ + ~> + ] 

i + io2 e -ar174 -- iol e a~n~ 
[M(z~ + z2) + ] o 

io2 e~a2 rl~ 

( i~ e-aein| i~ eaa2n| _ _ _  

z lF  z2F k /~Dl t  

i -}- io2 [M(zl+z2)+]o e -a~ --  ioi e-oln~ _ 1 [4"] 

io2 e aaen~ 

d [ M  (zl+z:)+] io2 /" ioi 

d t  z2F io2 
[ M ~ I + ~ ) + ]  ~ 1 

e-ac2n| ) 
[M(~ + ~) + ] o ~,/nD2t 

([M(zl+z-o)+] --  [M(Zl+Z2)+]o) [5"] 
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ABSTRACT 

Exper imental  measurements  designed to test a specific model of the 
Pt-Teflon bonded electrode are described. The model assumes that  the cata- 
lyst agglomerates are filled with electrolyte and that the Teflon b inder  creates 
hydrophobic channels, providing effective gas penetration.  The electrochemical 
measurements  of surface area and dis tr ibut ion of adsorbed charge formed by 
reduct ion of CO2 or oxidation of C3Hs were carried out for a series of elec- 
trodes of different structure. Comparisons are made with BET surface area 
and pore volume distribution. The results presented are consistent with the 
proposed model. 

The Teflon-bonded electrode (1, 2) represents a 
very efficient s t ructure  which allows extensive uti l iza- 
t ion of the catalyst and therefore very high current  
densities at relat ively low polarization. Although this 
electrode has been extensively used in fully engineered 
fuel cells and in many  catalyst screening programs, 
relat ively little is known about its working mecha- 
nism. In  particular,  the degree of uti l ization of the 
catalyst under  various working conditions is an un-  
known factor. 

Based on our experience with this type of electrode, 
we have developed a quali tat ive description of the 
mechanism based on a double-porosity model (3, 4). 
We assume that  the catalyst particles form porous, 
electronically conductive agglomerates which under  
working conditions are completely flooded with elec- 
trolyte. These catalyst agglomerates are held together 
by the Teflon binder  which also creates hydrophobic 
gas channels. When current  is drawn from the elec- 
trode, reactant  gas diffuses through the hydrophobic 
channels, dissolves in the electrolyte contained in the 
agglomerates, and reacts on available sites of the 
catalyst particles. The number  of sites available de- 
pends on the rate of diffusion and the rate of reaction 
on those sites near the surface of the agglomerate. The 
model, of course, assumes that all the catalyst par-  
ticles are in good electronic contact with the external  
circuit and good ionic contact with the electrolyte. 
Efficient util ization of the catalyst surface then is de- 
fined by mass t ransport  rates in the agglomerate. 

We can fur ther  separate (5) the util ization of the 
catalyst surface into a "transversal  utilization" of the 
electrode, which depends on the in terna l  IR drop, and 
a "radial util ization" of the flooded agglomerates, which 
depends on the slow diffusion of the reactant  gas in 
electrolyte flooding the agglomerate. 

In  the present  paper, we present  details of experi-  
menta l  tests to assess the val idi ty of this model and 
describe the development of methods to determine 
some of the characteristic parameters  of the electrode. 
A mathematical  t rea tment  of the model is given else- 
where (5). We have measured (a) that fraction of the 
catalyst surface which maintains the necessary elec- 
tronic and ionic contacts for normal  operation; (b) the 
effect of Teflon content  on the electrode s tructure and 
electrode performance; (c) the values of microporosity 
of the flooded agglomerate and macroporosity of the 
electrode; and (d) the effective size of the agglomerate 
(i.e., the length that  the reactant  gas diffuses into the 
flooded agglomerate under  the effect of a concentra-  
tion gradient) .  We have also examined the effect of 
the resistance of the electrolyte from the front to the 
back face of the electrode. 

* Electrochemical Society Active Member. 

The work discussed here was carried out in the 
course of a program to determine the intr insic cata- 
lytic activity of different Pt  blacks for the anodic 
oxidation of propane. The working conditions were 
those under  which the propane oxidation is most effi- 
cient (85% H3PO4 and 150~ Although some of the 
results obtained are specific to these conditions, most 
of the conclusions should be valid in unders tanding  
those mechanisms that  enable the Teflon-bonded 
structure to operate efficiently as a gas diffusion elec- 
trode in a fuel cell under  more general  conditions. 

Experimental 
The Teflon-bonded electrodes were prepared by 

sieving the commercial Pt  black (Englehard Indus-  
tries) through a 325-mesh screen, and mix ing  the 
desired proportions with Teflon 30 dispersion and 
water. The resul t ing paste was rolled out to a thin 
sheet, and pressed into gold-plated t an ta lum screen 
(50-mesh, 3-mil  wire) .  Electrodes with 20 ___ 1 mg 
Pt, and varying Teflon ratios (15-50% by weight 
PTFE) ,  were cut out in disks of 1.13 cm 2 geometric 
surface area, dried for several hours under  vacuum 
at 100~ and finally sintered at 250~ for 5 min under  
N2. 

The electrochemical measurements  were carried out 
in 85% H3PO4 at 150~ using the "floating electrode" 
technique (6) with prepurified N2 and C3H8 (99.99%). 

The "floating electrode" cell, as modified for this 
work, is shown in Fig. 1. The body of the cell con- 
sisted of a Pyrex U- tube  fitted with a working elec- 
trode compartment  and a counterelectrode compart-  
ment. The working electrode was supported in an 
electrode holder on a r ing of Pt  wire and kept in 
position by a slight downward pressure of a spring of 
Pt  wire, which was also the electronic contact to the 
electrode. A Teflon collar sliding on the main  support 
compressed the spring, keeping the electrode in posi- 
tion. The reference electrode was a "dynamic hydro-  
gen electrode" (7) si tuated inside the main  support  
tube. The difference between this reference and the 
reversible hydrogen electrode was found by cal ibra-  
tion against a hydrogen "floating electrode" at open 
circuit in each experiment.  It  was found to be constant 
wi thin  a mill ivolt  each day, with a value between 35 
and 50 inV. The distance between the Luggin capil-  
lary tip and the floating electrode is fixed by the elec- 
trode holder configuration and was, therefore, iden-  
tical for each test. This distance was approximately 
2 ram--abou t  twice the external  diameter  of the capil- 
lary. 

A liquid seal filled with HsPO~ provided a gastight 
working electrode compartment.  
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Vol. 116, No. 12 TEFLON-BONDED Pt ELECTRODES 1693 

LEVEL 
ADJUST 

GAS j GAS 
>/  

;P04 

FLOATING 
ELECTRO[ 
(W.E.) 

DYNAMIC 
REFERENCE 
ELECTRODE 

LECTR~-~TE~ 
85% H3PO 4 

Fig. 1. Floating electrode cell 

The level of the electrolyte was raised to "float" the 
electrode on the surface by lowering a Teflon plunger  
in the counterelectrode compartment.  

The "floating electrode cell" was placed in an oven 
and main ta ined  at 150~ The gases (N2, C3Hs) were 
humidified over water  at 93.50 ~ ___ 0.05~ (correspond- 
ing to 600 mm Hg) to keep the electrolyte concentra-  
t ion at its opt imum value (8) of 85%. 

Electrochemical measurements  (described in detail 
below) were made using a Wenking fast rise potentio- 
stat and a labora tory-bui l t  galvanostat. The switch- 
ing from potentiostatic to galvanostatic mode was 
achieved with High Speed Mercury Relays. While in 
the galvanostatic mode, the IR drop between floating 
electrode and the tip of the Luggin capillary was de- 
termined using an in ter rupter  technique. The voltage- 
t ime curves during galvanostatic studies were re- 
corded on a X-Y recorder. 

All  quoted potential  values are referred vs. the re-  
versible hydrogen electrode and are corrected for 
IR drop (resistance between working electrode and 
Luggin capillary tip was usual ly  about 0.6-0.9 ohm).  

Effect of Teflon content on electrode p e r f o r m a n c e . -  
Before proceeding to more detailed experiments,  it 
was necessary to show that the Teflon content  of the 
electrodes was at a level where the major  assump- 
tions of the model were realized in practice. Accord- 
ingly, polarization curves for the anodic oxidation of 
propane were measured for a series of electrodes pre-  
pared from the same batch of a commercial p la t inum 
black (using the same catalyst load of 20 mg/cm 2) 
but  with Teflon contents varying  from 15 to 50% by 
weight. 

The measurements  were carried out potentio-  
statically s tar t ing from 200 mV, at 50-mY increments,  
af ter .wait ing 5 rain at each potential. 

It  can be seen from Fig. 2 that, in the range of 20- 
40% Teflon, the electrochemical activity using the 
current /geometr ic  cm 2 at 400 mV vs. RHE as an indi-  
cator is practically identical. At both 15 and 50% 
Teflon, the activity has dropped off. At 15%, the elec- 
trode is "too hydrophilic" so that there are long gas 
diffusion paths. At 50% Teflon, the electrode is "too 
hydrophobic" so that  there is poor electrolyte contact. 
The value of the peak current /geometr ic  cm 2 increases 
with Teflon content in the range of 20-40% Teflon. 
This would indicate that  the peak current  is a func-  
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Fig. 2. Effect of Teflon content on performance of Teflon-banded 
platinum electrode. 

t ion of electrode structure, while the current  at 400 
mV is more indicative of the intr insic activity of the 
black. The remainder  of the tests described here were 
carried out with 30% Teflon electrodes unless other-  
wise noted. 

Determination of the surface area.--One of the most 
important  factors that  needs to be determined is the 
real surface area of the electrode that  is in contact 
with the electrolyte and has a conductive path to the 
current-col lect ing screen under  normal  fuel cell oper- 
at ing conditions (in this case a floating electrode). 
For these and all the following experiments,  n i t rogen 
was used as the inert  gas. 

The conventional  method of de termining the elec- 
trochemical surface area of a Pt  electrode is the 
determinat ion of the extent  of hydrogen adsorption 
(QH). Unfortunately,  with electrodes of this type, this 
method gives ambiguous results due to the hydrogen 
evolution. As is shown in Fig. 3, hydrogen evolution 
can occur at potentials well  above the reversible hy-  
drogen potential. This occurs because the electrode 
s tructure permits very rapid diffusion of H2 away 
from the surface so that the equi l ibr ium H2 part ial  
pressure corresponding to the electrode potential  is 
never  attained. The extent  of hydrogen evolution 
varies with the rate of ni t rogen flow and the electrode 
s t ructure  so that the rel iabil i ty of the data is affected. 
For this reason, we have determined the surface area 
by the reduct ion of potentiostatically chemisorbed 
oxygen. For these measurements,  it is necessary to 
select a potential  and adsorption t ime at which size- 
able and reproducible chemisorption occurs, but  at 
which no oxide formation or oxygen dissolution into 
the Pt  lattice occurs. An adsorption potential  of 1050 
mV and adsorption t ime of 3 min were found most 
convenient  for these measurements.  The amount  of 
charge (QPto) determined by galvanostatic str ipping 
at 10 mA / c m 2 was found to be very reproducible if 
the potential  and time are well  controlled, as shown 
in Fig. 4. The errors associated with random variat ion 
in the adsorption potential  and adsorption t ime were 
carefully examined. Figure 5 shows the effect on the 
charge of changing the adsorption potential  by a series 
of 20-mV increments.  For convenience, the change is 

20 I 

rna/cm 2 

40 

60 

E vs RHE (;nV) 

Fig. 3. H2 evolution from PTFE-bonded Pt electrode under fuel 
cell conditions with N2 flow; 85% H3P04, 150~ potential sweep: 
10 mV/min. 
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Table I. Comparison of oxygen coverage formed at 1050 rnV with 
hydrogen coverage 

(submerged electrode) 

O x y g e n  H y d r o g e n  
charge, charge, 

m c o u l o m b s /  m c o u l o m b s /  
E l ec t rode  % Tef lon cm ~ em~ QH/~PtO 

95C 20 484 291 0,61 
94F 25 510 306 0.60 
72A 30 540 297 0.55 
98E 40 512 287 0.56 

106D 14 532 307 0.58 

Fig. 4. Reproducibility of "electrochemical surface" determination 
by cathodic reduction of Pt-O. Pt-Teflon (20% TFE), 85% H3P04, 
150 ~ C. 

Table II. Comparison of "electrochemical surface area" 
and BET surface area of Pt-Teflon electrodes 

(40% PTFE) 

I I I 

1.2 

I.I 

? o :  I, 

0.9 

0.8 

J I I [ I I 
1010 lO30 IO50 IO70 IO90 

EH2(mV) 

Fig. 5. Effect of potential on charge of chemisorbed oxygen 

re fer red  re la t ive  to the charge at 1050 mV. It can be 
seen that  for a change of 10 mV (which is wel l  above 
the m a x i m u m  random variat ion to be encountered)  the 
difference is about 7%. Figure  6 shows the effect on 
charge of varying the wai t ing t ime at 1050 inV. About  
96% of the "s teady-s ta te"  coverage is reached in 5 
min, while  in 3 min the coverage is 92%. In order  to 
avoid the strongly bound oxygen which is formed 
after  long wai t ing times, it was decided to measure 
all the charges after  3 min. Since this does not cor-  
respond to a s teady-sta te  coverage, it was necessary 
to control the adsorption t ime to bet ter  than 5 sec in 
order to obtain reproducible results. 

A correlat ion be tween  QPto and QH was obtained by 
making measurements  on the Teflon-bonded elec- 
trodes in a submerged ra ther  than a floating position. 
Under  these conditions, no hydrogen evolution is ob- 
served since only small  quanti t ies of dissolved H2 
are needed to satisfy the thermodynamic  requ i rement  
at potentials above the revers ible  electrode. Table I 
shows that  an average value for the QH/QPto ratio is 
0.58. Based on a saturat ion coverage of hydrogen on 
Pt  of 0.21 mcou lomb/cm 2 of real  surface, it can be 
concluded tha t  1 mcoulomb of adsorbed charge under  
the specified conditions of potent ial  and t ime corre-  
sponds to 2.8 cm 2 of surface. 

500 
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5 IO 15 
t(mm)o? 1050my vs RHE 

Fig. 6. Effect of waiting time at E = 1050 mV on galvanostatic- 
ally determined QPto. 

Elec trode  

M e a s u r e d  C a l c u l a t e d  
T i m e  QP t o e l e c t r o c h e m -  Measured 
in  use  ( m c o u l o m b s /  ica l  su r face  B E T  sur face  

(hours} cm2) (cm~/cm2) (cm2/cm ~ ) 

98B 0.5 825 2.3 x los 2.6 x los 
98B 48 470 1.3 x l0 s 1.4 x l0  s 

108E 0.5 650 1.8 x 108 3.3 x 10s 
108E 24 420 1.2 X 103 1.2 x 10s 

Long-term surface decrease.~When working at 150 ~ 
in phosphoric acid, one of the problems encountered 
is the decay of surface area which is greatest  in the 
first few hours, and then continues for days at a slower 
rate, as shown in Fig. 7. This surface decrease is due 
to sintering ra ther  than loss of p la t inum as was shown 
by weighing the electrode after  use. As is discussed 
later, this behavior  was confirmed by BET measure-  
ments. X - r a y  diffraction measurements  also showed 
an increase in crystal l i te  size. All  the surface mea-  
surements  discussed here  were  carried out in a short 
enough period of t ime to be able to disregard change 
in area, due to sintering. 

Comparison of electrochemical surface area and 
BET area.--By comparing the BET value  of the sur-  
face with the electrochemical  surface, calculated us- 
ing the relat ionship be tween  Q P t o  and real  surface 
area of 2.8 cm2/mcoulomb, it is possible to determine  
the fraction of avai lable P t  (i.e., fraction of Pt  which 
is both wet wi th  electrolyte  and in good electronic 
contact with the current  collector).  Table II shows a 
comparison of the electrochemical  surface area and 
BET surface area for two 40% Teflon-bonded elec-  
trodes measured short ly after immersion and at var i -  
ous times up to 2 days in the electrolyte.  In the case 
of electrode 98B, the initial and final values of the BET 
area and that  determined electrochemical ly  are sur-  
prisingly close. In the case of electrode 108E, the elec- 
t rochemical  surface area is 55% smaller  than the ini- 
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Fig. 7. Long-term decrease of electrochemical surface of Teflon- 
bonded electrode in 85% H3PO4 at  150~ 
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tial BET value, but  after use both surfaces are equal. 
This can be interpreted by saying that in good per-  
forming electrodes all the Pt surface is electrochemi- 
cally available, at least at the current  density of 10 
mA/cm -~, used for the cathodic reduction of the PtO. 
The difference be tween the init ial  values with elec- 
trode 108E can be due to excessive wetproofing, which 
is highly probable since 40% Teflon content is about 
critical for this catalyst. For the comparisons of Table 
II, the surface area of the Teflon particles can be 
neglected since it is much smaller  than that  of Pt. 

Comparison of electrochemical surface of completely 
immersed electrode under fuel cell conditions.--We 
have shown that the same value for the electrochemi- 
cal surface area is obtained for the electrode in both 
the floating and ful ly submerged conditions. Table III 
shows the Q P t o  values for a n u m b e r  of electrodes with 
Teflon content  varying from 14 to 40% under  both 
circumstances. Complete wet t ing of the submerged 
electrode was ensured by evolving He at the electrode 
for 2 min  to remove any inert  gases by a purging 
action; residual H2 was readily oxidized before the 
surface area measurement .  It can be seen that  in this 
range of Teflon content both values are practically 
equal, indicating that  all the Pt  surface is electro- 
chemically available in  the floating electrode. This 
comment  is strictly true only at the measur ing  cur-  
rent  density of 10 mA/cm 2 but  probably holds at 
significantly higher current  densities, as is discussed 
below. 

Effect of current density on cathodic stripping of 
chemisorbed oxygen under fuel cell conditions.--In 
order to study the Pt  uti l ization at different current  
densities and to obtain an indication of the value of 
the IR drop in the electrolyte wi th in  the electrode 
structure, experiments  were made in which the oxy- 
gen film formed potentiostatically at 1050 mV was 
reduced at a series of current  densities. It can be seen 
from Table IV that  the effect of cur ren t  density on 
QPto from 10-100 m A / c m  2 is only 3.7%. Analysis of 
the galvanostatic s t r ipping curves shows no significant 
differences between the 10 and 100 mA/cm 2 curves. 
All these data indicate that  up to 100 mA/c m 2 no 
measurable  IR losses exist. 

*According to our model, and using a specific con- 
ductivi ty of 0.55 ohm -1 cm -1 for 85% H3PO4 at 150~ 
(9), the ionic resistance between the electrolyte side 
and the gas side of an electrode with 50% macroporos- 
i ty and 80% microporosity (as defined below) and 0.2 
mm thick should be between 0.1 and 0.2 ohm-cm 2 de- 
pending on the tortuosity factor. 

These results and calculations show again that prac- 
t ically 100% of the catalyst is wetted by the electro- 

lyte. The much lower fraction of 2-5% of wetted 
catalyst reported by Aust in  and Almaula  (10) can 
be due to the use of inefficient electrodes, in spite of 
the high currents  obtained when used as H2-anodes. 
Hydrogen oxidation can be misleading because of the 
very large exchange currents of this reaction on Pt, 
especially in acid solutions, so large that even elec- 
trodes with a very poor Pt  util ization can deliver 
several A/cm 2. From this point of view, the oxidation 
of propane (Fig. 2) is a reaction more suited to test 
the util ization of a catalyst in a porous electrode 
s tructure because of its low exchange current.  

The determinatiow of microporosity and macro- 
porosity.--For the mathematical  t rea tment  of Teflon- 
bonded electrodes, microporosity and macroporosity 
are extremely important.  As microporosity we define 
the fraction of the flooded agglomerate, which is oc- 
cupied by the electrolyte, while macroporosity can be 
defined as the fraction of the electrode which is not  
filled by the flooded agglomerate. According to the 
lat ter  definition, the volumes occupied by Teflon, wire, 
and gas are added together, which is convenient  for 
the mathematical  t rea tment  of Teflon-bonded elec- 
trodes when the gas t ransport  along the unflooded 
pores is fast. 

These definitions of macro- and microporosity are 
operational definitions different in  general  from the 
more frequent ly  used concepts. 

Both so defined "microporosity" and "macroporos- 
ity" can be determined by a careful gravimetric  pro- 
cedure involving the accurate determinat ion of the 
weight of all the components of the dry electrode and 
of the amount  of electrolyte which can be adsorbed 
in the electrode. 

Table V shows these values for a large series of 
electrodes obtained with the same amount  of Teflon 
but with different kinds of p la t inum black. It can be 
seen that microporosity changes from 80-90%, while 
macroporosity changes between 50 and 72%. A value 
of 80% for microporosity has also been reported by 
Horowitz (11) who also assumes the same qual i tat ive 
model. 

The accuracy of the gravimetric measurements  on 
the electrode is poor due to the possible formation of 
droplets on the electrode surface. In order to improve 
the accuracy of these determinations,  spheres of 0.9- 
cm diameter were prepared using mixtures  of 30% 
Teflon by weight and commercial  Pt  black. In  this way, 
the external  surface of the mass is minimized and the 
error due to droplets is reduced. After  sintering, the 
density of these spheres is the same as the calculated 
density of the Pt-Teflon mixture  on the electrodes. 
Table VI shows the results obtained with two of 

Table Ill. Comparison of "ehctrochemicol surface area" 
of floating electrode and submerged electrode 

Table V. Macroporosity and microporosity of Pt-Teflon e|ectrodes 
(30% Teflon) 

QPtO floating, QPtO submerged, 
Electrode % TFE mcoulombs/cm2 mcoulombs/cm-" 

E l e c t r o d e  t h i c k n e s s ,  M a e r o p o r o s i t y ,  M i c r o p o r o s i t y .  
E l e c t r o d e  (10 -s cm~ ]~ (%) 0 (%) 

106D 14 52O 530 
95C 20 525 500 
94F 25 496 510 
72A 30 53O 540 

I I 4 A  30 650 665 
14OD 30 575 575 

98E 40 518 512 
98A 40 480 480 

109A 40 585 580 
108E 40 440 435 

138B 16.0 65 82 
141B 15.0 64 85 
141D 15.0 71 80 
144C 19.0 62 87 
144D 17.0 55 90 
144E 18.0 49 91 
144F 17.0 63 89 
145A 16.0 72 81 
145C 16.0 58 87 

Table IV. Variation of QPtO with cathodic stripping current 

C u r r e n t  d e n s i t y ,  m A / c m  ~ QPto  ( m c o u l o m b s / c m e )  

10 757 
30 756 
50 753 
70 724 

100 730 

Table Vl. Macroporosity and microporosity of Pt-Teflon spheres 
(30% PTFE) 

Tef lon  H 2 0  M a c r o -  M i c r o -  
P t  c o n t e n t  c o n t e n t  c o n t e n t  p o r o s i t y ,  porosity, 

S p h e r e  ( m g )  (rag) (rag)  ~ (%) 0 (%) 

~ I  438.8 20.7.3 193.3 46 89 
# 2  504.6 216.2 213.1 40 90 
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these spheres. It can be seen that  the values of micro- 
porosity and macroporosity measured on the spheres 
are in good agreement  with the values obtained with 
the electrode. 

Agglomerate size.~During the present work, no at-  
tempts were made to determine the agglomerate size 
which is an important  characteristic of the Teflon- 
bonded electrode since it determines in part  (5) the 
radial uti l ization of the catalyst  in the agglomerate. 
However, methods have been devised to do these de- 
terminat ions  in the immediate  future. A first, direct 
method of de termining the diameter  of the agglom- 
erate is the use of a scanning electron microscope. A 
second method is an indirect method based on the re-  
duction of CO2 which, under  the conditions of the 
present work (85% H3PO4 and 150~ can be made 
to occur under  exclusive diffusion control. This work 
will be the subject of another  publication. 

Conclusions 
From this work, the following conclusions can be 

reached: 
1. The conventional  method of determining the sur-  

face area of Pt  electrodes using anodic charging curves 
is not appropriate to determine the area of Teflon- 
bonded Pt electrodes under  normal  fuel cell conditions, 
due to excessive H2 evolution 

2. A method based on galvano'static reduction of po- 
tentiostatically chemisorbed oxygen can be developed 
to great precision. 

3. Under  normal  fuel cell conditions, all the Pt  sur-  
face of Teflon-bonded electrodes in good electronic 
contact with the current  collection grid is found to 
be in good ionic contact with the bulk  of the elec- 
trolyte, indicat ing that  the model of the flooded ag- 
glomerate is correct. 

4. The IR drop between the front and back of the 
electrode, even at 1OO mA/cm 2, is negligible for an 
electrode with 30% Teflon. 

5. The microporosity of Teflon-bonded electrodes is 
about 80-90%, while the macroporosity varies from 50 
to 72%. 

6. Under  the conditions used in this work, the per-  
formance (current  density at a practical potential  of 

400 mV vs. RHE) of a Pt-Teflon electrode as a propane 
anode in 85% H3PO4 and at 150~ is almost inde-  
pendent  of Teflon content in the range 20-40%, al- 
though the peak cur ren t  increases with increasing 
Teflon content. The performance decreases sharply for 
Teflon contents of 15 and 50%. 

7. In 85% H3PO4 and at 150~ a decrease of the 
Pt  surface is observed which can be completely at-  
t r ibuted to sintering. This surface decrease is ac- 
companied by growth of crystalli te size which occurs 
even at potentials much below those at which P ro  
can be formed. 
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Samarium, Europium, and Ytterbium 
Electrode Potentials in LiCI-KCI 

Eutectic Melt 
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ABSTRACT 

Samarium, europium, and ytterbium displace the alkali metals from their 
molten chlorides, forming the divalent species Sm(II), Eu(II), and Yb (II) in 
solution. Progressive coulometric reduction of solutions of SmCI3, EuCI3, and 
YbCI3 in LiCI-KCI at 450~ enabled the redox potentials to be measured vs. 
im Pt(II)-Pt(0): Sm(III)-Sm(II) --1.729 ~ 0.006V; Eu(III)-Eu(II) --0.554 
___ 0.007V; Y b ( I I I ) - Y b ( I I )  --1.375 • 0.003V. Potentials  of y t t e rb ium systems 
star t ing from both YbC13 and YbC12 were followed over a ~200~ interval  
and from OE~ -- OE~ = 0.66 x 10-3V deg -1, ~S ~ and ~H ~ for 
the reaction YbC13 ~ YbCI.~ + 1/2C12 in LiC1-KC1 at 450~ were found to be 
22 cal/deg -1 mole-1 and 54.5 kcal /mole -1, respectively, close to the values 
for pure YbC13 decomposition. No evidence of disproportionation of S m ( I I ) ,  
Eu ( I I ) ,  and Yb (II) was found but  scrupulous precautions were needed to keep 
the solvent free from impurit ies which readily react with the highly re- 
ducing ions, especially Sm (II).  Considerable exper imental  details are included. 

The existence of the divalent  state for some rare 
earth elements is evident by the formation of well-  
defined crystal l ine halides, LnX2. The stabili ty of LnX2 
with respect to disproportionation is given by the free 
energy 

~G~ = 2.~G~ -- 3~G~ and, using a 
value of ~SOdisp. for NdC12 of --15 eu, Polyachenok and 
Novikov (1) estimated AGOdlsp. for all the solid rare 
earth dichlorides. Their  calculations suggest that  
PmCI2, SmC12, EuC12, TmCI2, and YbC12 should be 
stable, and NdC12 and ErC12 might also exist. It is 
known that  all the divalent  rare earth ions may be 
incorporated into alkal ine earth fluoride crystals (2). 

Instabi l i ty  of the species Sm( I I ) ,  Eu( I I ) ,  and Yb(I I )  
in the l iquid state has been postulated to account for 
incomplete reduction of trihalides by  hydrogen (3-5), 
but  it has been pointed out (6) that  the disproport iona- 
t ion reaction may be augmented by reaction of the 
rare earth metal  with the mater ial  of the reaction ves- 
sel. Recent tensimetric studies (7-9) of SmC13, EuC13, 
and YbClz showed that LnC13 was unstable  with re- 
spect to dissociation into LnC12 and chlorine rather  
than LnC12 being unstable  with respect to dispropor- 
tionation. 

From boiling points and other thermal  data Polya-  
chenok and Novikov (10) found AGOl400 o for the dis- 
proportionation of SmC12 (gas) to be +30 kcal /mol  
SmC12. Large positive values of .~GOdlsp. were also in-  
dicated for EuC12 and YbC12 but  .~GOl3S0 for NdC12 was 
--14 kcal /mol  in agreement  with the observation that  
NdC12 yielded only NdC13 and Nd on sublimation. 

The rare earth dichlorides are soluble in water, but  
all except EuC12 rapidly reduce the solvent with evo- 
lut ion of hydrogen. In molten chloride solvents stable 
solutions might be expected in the light of the thermo-  
dynamic data reviewed above. Thermographic studies 
(11) of the systems KC1-SmC18-SmC12 and KC1-YbC13- 
YbCI2 indicated the formation of compounds LnC12. 
2KCI and LnC13.3KC1 and  complex ions LnC14 -2 and 
LnC16 -3 were postulated to exist in the melts. There 
was no ment ion of ins tabi l i ty  of SmCI2 and YbC12. Con- 
t r a ry  to this, Campbell  (12) postulated disproportiona- 
t ion of Sm (II) ,  Eu (II) ,  and Yb (II) in molten LiC1-KC1 
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eutectic. He first estimated the s tandard redox poten- 
tials from chronopotentiometric data. Then, after ex- 
haustive cathodic reduction of the Ln( I I I )  species at 
controlled potential, the rate of change in concentrat ion 
of Ln (III) and Ln( I I )  was obtained by monitor ing the 
change in redox potential  with time. Chronopotentio-  
grams for the reduction of Ln( I I I )  were recorded 
after successive exhaustive reductions and reoxidations 
at controlled potential. The quant i ty  i T1/2 (i = cathode 
current  density, T = t ransi t ion time) decreased at each 
cycle, and this was said to rule out an oxidation proc- 
ess as responsible for the slow drift of redox potential. 
Dark deposits, formed in the vicinity of the electrode, 
were tenta t ively  identified as the rare  earth metal  and 
taken as confirmation of a disproportionation process. 

Theoretical calculations of emf's of formation cells 
in pure chlorides (13) do not  support  a disproport iona- 
t ion of solid or l iquid SmCl2. The Sm(I I I )  -- Sm(I I )  
and Sm(I I )  -- Sm(O) potentials calculated were 
--1.443 and --3.891V at 450~ and --1.171 and --3.559V 
at 1000~ The present study was aimed at measur ing 
the electrode potentials of Sm, Eu, and Yb in molten 
LiC1-KC1 eutectic. Although only the redox potentials 
were obtained, the stabil i ty of the divalent  halides in 
solution in LiC1-KC1 has been established. The need 
to main ta in  solvent and solute of high pur i ty  became 
apparent  in the investigation, and it seems per t inent  
to include in considerable detail the means of accom- 
plishing this and to derive the possible magni tude of 
errors in the formal potentials. 

Basic Equipment 
Vacuum mani~old.--The system employed a single- 

stage rotary pump in conjunct ion with a 1V2 in. mer-  
cury diffusion pump. The rotary pump was of the air 
ballast type, and the system was capable of ma in ta in -  
ing pressure lower than 5 x 10 -5 Torr. In  view of the 
corrosive na ture  of the gases pumped through the sys- 
tem, however, part icular  a t tent ion was paid to t rap-  
ping, and adequate protection of the pumps was only 
assured by the use of three liquid ni t rogen traps each 
with a cold region some 20 cm in length. These were 
interposed between the manifold and pump in a "back 
to back" arrangement .  

Measurement  of pressure down to 10 -3 Torr was 
made with Pi rani  gauges placed in the high vacuum 
manifolds and in the backing systems. Lower pressures 
entailed the use of a Penn ing  gauge. The gauge heads 
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were protected from chlorine and hydrogen chloride 
by fur ther  trapping. In consequence all pressures 
quoted later  in this text  refer  to the part ial  pressure 
of "permanent"  gases in the vacuum system. 

Argon puril~cation.--The purification reagents were  
contained in four stainless steel tubes (3~ in. OD and 
32 in. in length)  assembled in pairs. One pair was 
charged with copper made by hydrogen reduction of 
cupric oxide "wire,"  the other  wi th  t ight ly packed tu rn-  
ings of t i t an ium-z i rcon ium alloy. Each tube was closed 
by s i lver-solder ing stainless steel plates across the ends 
and was connected into the system by side arms of 
copper. Ei ther  3/16 in. OD copper tube or glass was 
used throughout  wi th  connections made by Simplifix 
couplings whereve r  possible. Silicone rubber  pressure 
tubing was used for connections between copper tube 
and glass apparatus. Pressures lower than 5 x 10 -3 
Torr were  readi ly  at tained in the system even with 
the reagent  tubes at 700~ 

Hydrogen chloride.--This was generated from Analar  
hydrochloric and sulfuric acids. The concentrated acids 
were  al lowed to drip from dropping funnels down the 
two arms of a Y-shaped column packed with porcelain 
helices. Hydrogen chloride, generated as they mixed 
in the vert ical  section, was part ial ly dried by counter  
current  contact with sulfuric acid, and by bubbling 
through the concentrated acid in a wash bottle. The 
lat ter  also constituted a rough indication of the rate 
of flow. Final  drying was effected by passage through 
molecular  sieve cooled in a slush bath of dry ice and 
acetone. 

Chlorine.--Tank chlorine was scrubbed with  H2SO4, 
dried by passage over  freshly fused CaC12, and then 
over  anhydrous MgC104. Although FeCI:~ was con- 
densed with HC1 in the final drying of that  gas, it pos- 
sibly remained as a contaminant  of Cle. 

Furnaces.--Generally, Nichrome V in e i ther  strip or 
wire was wound on mul l i te  formers, using a lathe to 
obtain uniform tension and spacing of turns. On smaller  
furnaces, where  finer wire  was used, turns per inch 
were  increased near the end of each tube for a distance 
equal to about 1 ~/2-2 times the d iameter  of each tube. 
This helped to offset the greater  loss of heat at the 
ends of the tube and to ensure a more uniform hot zone. 

For  the  a r g o n  purification furnace, some 25 ft of 
stainless steel sheathed Pyro tenax  cable, taking a total 
load of 2 kw at 230V, was run backwards and forwards  
down a 2 ft length of 2 in. d iameter  mull i te  tube and 
held in position by Nichrome straps. 

The two ver t ical  tube furnaces employed for mel t  
purification and electrochemical  measurement  were  
each suspended by a pul ley and counterweight  system 
in vert ical  Dexion guides to enabIe them to be raised 
or lowered as required.  

Temperature measurement and eontrol.--Tempera- 
tures were  measured with cal ibrated T1/T2 alloy the r -  
mocouples and a Cropico potentiometer,  also used for 
electrochemical  measurements .  

Tempera tu re  control of the argon purification fur -  
nace was maintained by a Fielden control ler  of the 
on/off  type. 

A more  elaborate proport ional  control  system was 
used for mel t  purification and electrochemical  mea-  
surement  to attain a tempera ture  stabil i ty wi thin  the 
melt bet ter  than +_0.2~ A T1/T2 alloy thermocouple  
with a cold junct ion cooled in ice was used as sensing 
element  and was placed close to the furnace windings. 
The signal actuated an A.E.I.T.C.3. Propor t ional  Con- 
t rol ler  the output  f rom which, af ter  amplification by a 
magnetic pre-ampli f ier  operated a 2 kw saturable core 
reactor (Savage Transformers) .  This system (Fig. 1) 
had the advantage of high stabili ty over  long periods 
and was l i t t le affected by fluctuations in supply vol t -  
age. Operat ing tempera tures  could be easily altered, 
and,since the slave unit  was a current  control  device, 
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Fig. 1. Proportional temperature control system 

there  was l i t t le need for careful  matching of load re-  
sistance to supply voltage. Heavy  gauge windings 
could consequently be used on the furnaces wi thout  
employing an in termedia te  matching transformer.  

Coulometers.--Either a Metrohm coulometer  or one 
of the following systems was used for the coulometric 
generat ion of solute species. 

In the first system a Wadsworth  Potent iostat  (South-  
ern Ins t ruments  Ltd.) was used to de l iver  constant 
current  to the electrolytic cell during measured periods 
of t ime by mainta ining a constant potential  across a 
2000 ohm potent iometer  placed in the anode circuit  of 
the cell. The current  was monitored by measur ing the 
iR drop across a 10 ohm standard resistor. 

In the second system current  of approximate ly  the 
desired value was supplied from an H.T. ba t te ry  to the 
cell via a resistance ne t -work  and iR drop across a 
suitable resistor in series wi th  the cell in tegra ted  over  
the t ime of generat ion by a mechanical  in tegrator  
(Electro Methods).  Calibration of this ins t rument  was 
achieved by substi tuting a 10 ohm standard resistor 
for the cell  and monitor ing the current  at short in ter-  
vals over  a period of an hour or more. Over  nar row 
ranges of current  a substant ial ly l inear response was 
observed and a precision of bet ter  than 0.2% was ob- 
tainable in the measurement  of charge (14). 

P r e p a r a t i o n  o f  S o l v e n t  
Reagents 

Pre l iminary  invest igat ion showed that  Analar  KC1 
as supplied could contain 2-5 %ww of wate r  remov-  
able by oven drying at 140~ but no significant weight  
loss was observed on subject ing dried LiC1 from freshly  
opened bottles to the same t reatment .  The ent ire  con- 
tents of new 250g bottles of LiC1 were  weighed into a 
5 kg jar  and the calculated amount  of finely powdered,  
oven dried, KC1 added. The j a r  was then sealed and 
the contents wel l  mixed by tumbling.  

Apparatus 
A filter tube containing the eutectic powder  was sup- 

ported inside a glass envelope by a flanged glass adap-  
tor and provision made to collect mel t  e i ther  in the 
round bottom of the envelope for immedia te  electro-  
chemical  study, or in narrow, vertical,  extension tubes 
fused to the bottom. Constrictions in the walls of these 
tubes enabled portions of melt  each 50-70 ml in volume 
to be sealed off out of contact wi th  the atmosphere.  
Vacuum or argon could be applied independent ly  above 
or below the column and hydrogen chloride or chlorine 
could also be passed up the column and out to waste  
via a sulfuric acid guard trap. 

The whole of the above assembly was supported at 
the flanges by a water -cooled  brass annulus placed 
above a ver t ical  tube furnace. 

Procedure.--Hydrogen chloride treatment.--During 
ear ly  exper iments  the procedures  adopted for mel t  
purification closely fol lowed those of Lai t inen et al. 
(15). It was found, however ,  that  extended periods of 
vacuum drying at room tempera tu re  did l i t t le to re-  
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duce the water  content  of the mixture.  Therefore the 
tempera ture  was raised slowly under  vacuum immedi-  
ately subsequent  to charging the apparatus, while a 
manifold pressure of less than 10 - s  Torr was main-  
tained above and below the column of powder. With 
the onset of rapid evolution of water  vapor the tem- 
perature was held steady unt i l  fluidization ceased and 
the pressure had re turned  to the above figure, when  
heat ing was resumed. At 300~ after leaving overnight 
under  vacuum, hydrogen chloride was admit ted to the 
system and passed up through the powder at a pressure 
slightly in excess of atmospheric and the tempera ture  
again raised unt i l  s inter ing and finally melt ing took 
place. Under  these conditions fur ther  copious evolution 
of water  was apparent  from the appearance of con- 
densation in the upper  portions of the filter tube, and 
the pressure above the filter was reduced to ca. 5 >< 
10 -2 Torr  for intervals  of a few minutes  to remove it. 

After the greater part  of the hydrogen chloride had 
been pumped off at pressures of the order of 10 -3 Torr, 
vacuum was applied below the sinter and the melt  
slowly allowed to filter into the receiver. Careful ad- 
mission of argon above the melt  allowed the rate of 
filtration to be controlled. 

Chlorine treatment.--The procedure adopted in the 
use of chlorine for melt  pre t rea tment  largely followed 
that  already described for hydrogen chloride. Removal  
of dissolved chlorine prior to filtration was accom- 
plished by evacuation above the sinter, 2-3 hr at a 
pressure of 5 x 10 -4 Torr  sufficing to remove all traces 
of the yellow coloration a t t r ibutable  to the gas in 
solution. Some HC1 remained in C12-treated melts, 
however. 

With chlorine t rea tment  no carbonaceous material  
was formed as mel t ing occurred and it may be con- 
cluded that  the heavy metal  impurities,  filtered off in 
this residue after hydrogen chloride t rea tment  (16), 
were retained in solution. 

Magnesium treatment.--Magnesium turnings  were 
introduced prior to filtration while a stream of argon 
was bubbled  through the melt  in the filter. The best 
scavenging of the melt  took place if Mg was left in 
contact overnight  under  vacuum. 

Electrolysis.--Electrolysis was used as an al ternat ive 
to Mg treatment .  

The electrode assembly comprised a cylindrical  
tungsten  cathode mounted in a tubu la r  glass skirt co- 
axial with a graphite anode. The lat ter  was a sliding 
fit in the short extension inside the skirt of the Pyrex 
tube support ing the assembly from a long tip cone 
joint  (B34). This was sealed off to form a stopper to 
fit the top of the normal  filter tube assembly used in 
gas pre t rea tment  and was provided with two tungs ten-  
to-glass seals. Molybdenum wires, one passing down 
the inside of the support tube, the other down the out-  
side, welded to the tungsten  lead-ins, enabled vacuum-  
tight electrical connection to be made with the two 
electrodes. Holes provided in the top of the skirt and 
of the support  tube  served the dual  purpose of pro- 
viding passage for these wires and of equalizing pres- 
sures throughout  the assembly when in use. When in 
position in the filter tube the bottom of both electrodes 
finished about 1 cm above the sintered disk. 

The glass skirt was cleaned in hot 40% perchloric 
acid and then well  washed with distilled water  before 
drying. The tungsten cathode was electropolished by 
anodization at 20V in 5N aqueous sodium hydroxide 
containing ca. 2 %wv of sodium nitrite. It  was then 
well  washed in distilled water  and vacuum dried. New 
spectroscopic qual i ty  graphite rods were used as anodes, 
but  it was necessary first to out-gas these by heat-  
ing under  high vacuum (10-~ Torr) to 500~ and then 
al lowing them to cool in an atmosphere of chlorine. 

Electrolysis of C12-treated melt  under  a pressure of 
<5 x 10 -~ Tor t  was carried out at 2.5V. Currents  of 
the order of 40-60 mA were observed initially,  but  

these decayed over periods of 6-12 hr by a factor of 
t en  to values corresponding to cathode current  den-  
sities less than 1.0 #A / mm 2. 

Precautions.--All glassware was washed with hot 
detergent  (R.B.S. 25 or Quadri lene) followed by boil-  
ing with either 30% perchloric acid or 1:1 hydro-  
chloric acid and water, several rinses with hot distilled 
water  and oven drying at 140~ Water  was removed 
from tubes by heat ing them with electrothermal heat-  
ing tape throughout  the melt  pretreatment .  

Preparation of Rare Earth Halides 
The preparat ion of the trichlorides and dichlorides 

of Sm, Eu, and Yb has been mentioned briefly in con- 
nection with spectroscopic studies (17, 18). Details are 
discussed elsewhere (19). 

Electrochemical Procedure 
Metal ion-metal potentials.--Each electrode compart-  
men t  was prepared by fusing a filter tube to the lower 
end of a "long tip" B19 cone, the upper  end of which 
was joined to a B19 socket. A small hole in the wall  
of the compar tment  some 5 cm above the frit  pro- 
vided ingress for the argon atmosphere in  the flask. 

P la t inum electrodes were made from 1 cm 2 foil at-  
tached to Pt  wire sealed in 2 mm bore Pyrex  tubing. 
The Pyrex sheath passed through a silicone rubber  
bung  which served to support the electrode inside the 
compartment.  

A samar ium electrode was prepared by welding Pt  
to Sm with a strip of gold foil between the two metals. 

A 250 ml multinecked, Quickfit flask received the 
HCl- t reated and filtered melt  which was then main-  
tained at a tempera ture  of 450 ~ __+ 2~ by a heating 
mant le  controlled by an energy regulator  of the Sim- 
merstat  type. Three electrode compartments  were 
introduced, two bear ing Pt  and one Sm. A current  of 
5 mA was passed between the Pt  electrodes to generate 
a Pt  (II) -Pt  (0) reference electrode. 

In  later experiments  the third compar tment  was 
made from boron ni t r ide ~ in the form of a bl ind tube 
which was a push fit in a short length of Pyrex tube 
fused to the lower end of a B19 cone assembly and 
was prevented from dropping through the former by a 
slight r im left at the open end. To permit  ingress of 
the melt  through the impermeable  boron nitr ide a 
n u m b e r  of fine holes (0.i mm diameter)  were drilled 
through the bl ind end. The compartment,  previously 
vacuum dried overnight  at 450~176 was filled by 
applying vacuum directly to its top. 

Yt terbium electrodes consisted of pieces of ingot sus- 
pended from tungs ten  wire; 1 mm diameter  dyspro- 
sium wire was polished with fine ca rborundum paper 
prior to use as an electrode. 

Redox potentials.--The cell is depicted in Fig. 2 and 
the closure detailed in Fig. 3. It comprised a stainless 
steel center disk surrounded by a water-cooled a lumi-  
n u m  alloy annulus  and clamped to the flange of the 
glass envelope with an "O" r ing seal forming a vacuum-  
t ight  joint. A Pyrex  glass adaptor, fitted to a central  
tapered hole through a vacuum tight silicone rubber  
sleeve, enabled the apparatus to be connected to the 
argon and vacuum system by ball and socket joints, 
and a BI0 cone joint  at the top of the adaptor pro- 
vided for the insert ion of a thermocouple pocket. Addi-  
t ional  holes accommodated Viton A "O" rings forming 
the seals for glass tubes passing through the disk. These 
tubes consti tuted the electrode compartments  and ter -  
minated in glass frits at their  lower ends, the upper  
ends being provided with Bl0 sockets. Each tube was 
sealed and locked into position by compression of the 
"O" rings by a dura lumin  annulus  held in  position 
by a clamping bar  and set screws. 

To adjust  electrode height within the melt  Pyrex  
hypodermic syringes of 2 ml capacity were used; a 

a Kindly supplied by Dr. R. Biddolph of Messrs. Borax Consoli- 
dated Ltd. 
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Table h Sm electrode potential vs. lm Pt(ll)-Pt(O) reference 

Time,  rain No. of coulombs Potential ,  v 

:r 

Fig. 2. Components of cell used in electrochemical measurements 

le 

,] 
"ER 
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NG 

Fig. 3. Details of cell closure 

BI0 cone was fused to the outlet of each syringe barrel 
together with a short capillary side arm, while the 
plunger was joined to the upper end of the electrode 
stem. 

Tungsten electrodes, made from 006-in. foil, were 
electropolished by anodization at 20V in 5N NaOH 
containing 1%wv NaNOs, and were vacuum dried and 
stored under dry argon. 

0 0.135 --3.370 
10 0.135 --3.371 
30 0.135 --3.364 
25 0.135 --3.363 
30 0.135 --3.366 
30 0.336 --3.369 
34 ~336 --3.366 
45 0.336 --3.363 
45 3.326 --3.366 

Solvent was filtered into the cell envelope after the 
greater part of the dissolved gas had been pumped off. 
Argon was admitted and the filter tube assembly re- 
placed by the electrolytic cell head with stoppered 
compartments above the melt level. The apparatus 
was then evacuated and left overnight in the furnace 
while the remaining hydrogen chloride was pumped 
of[ at pressure ~I x 10 -3 Torr. Argon was admitted at 
just above atmospheric pressure and the compartments 
immersed to 2-3 cm. A platinum electrode was inserted 
into one compartment, a tungsten one into another 
and solute (50-150 mg) weighed into the third before 
insert ion of an indicator electrode (Pt or W).  Through-  
out these operations a steady stream of argon was 
passed through the apparatus to prevent  ingress of 
atmospheric oxygen and moisture. 

When each compar tment  had filled to a depth of ca .  

2 cm, its depth of immersion was adjusted unt i l  the 
level of its contents coincided with that  of the bulk  of 
the melt. Electrodes were then lowered into position 
and a thermocouple pocket introduced. While the tem- 
pera ture  stabilized a t  450~ the Pt  foil of the refer-  
ence electrode was anodized (600 sec at 10 mA) .  

At the conclusion of each exper iment  electrodes were 
wi thdrawn from the melt  and the stoppered compart-  
ments,  complete with contents, were removed and al-  
lowed to cool in a dessicator. In  the case of reference 
electrodes, solvent adhering to the outside was scraped 
away and the lower portion of each compar tment  was 
cut of[ and weighed. The contents were removed by 
boiling wi th  water, dried glass reweighed, and the 
weight of solution obtained. Where it was more im-  
portant  to retain the compar tment  contents in an an-  
hydrous state, cooling was carried out in  a ni t rogen 
filled drybox and the glass of the compar tment  care- 
ful ly broken away f rom the solidified melt. 

Results 

Metal ion-metal potentiaLs.--After anodizing for 1 
rain at 5 mA, a samarium electrode in a glass compart- 
ment had a potential of --2.9V 4 vs. a Pt(II)-Pt(0) 
reference electrode which decayed to --2.5V after 5 
rain, but could not be read again. On dismantling the 
apparatus, it was found that the immersed Sm was 
corroded, the Sm compartment had disintegrated into 
yellowish-green and black fragments; the flask bore 
heavy etches and dark brown stains; the orange color 
of Pt(II) in the reference compartment was lost, but 
the frit was covered by a gray residue; the bulk of the 
electrolyte was dark red and, on cooling in vacuo, 
formed a jade green solid which evolved hydrogen and 
left a turbid colorless solution when added to water. 

Using a boron nitride compartment, a samarium 
electrode was inserted and anodized at 1.5 mA for 
various times. The consequent potentials appear in 
Table I. 

The samarium electrode was corroded, and the melt 
in the compartment embrittled a piece of platinum 
immersed in it and, according to its persistent flame 
reaction, the platinum was impregnated with IRhium. 
A silver spiral electrode, substituted for the cor- 
roded Sm electrode, assumed a stable potential which 
became more positive on successive anodizations. 
The time for stabilization after anodization decreased 

4 The  I U P A C  convent ion  is used for  electrode potentials.  
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from 50 rain for the first to 15 for the fourth. Addi-  
t ional exper imental  evidence for the extreme react iv-  
ity of metallic samarium with molten alkali chlorides 
was provided in the following manner .  Small  portions 
of both caesium and potassium chorides (approxi-  
mately 2g) were oven dried and then  sintered first in 
a s tream of dry hydrogen chloride, then under  high 
vacuum, the tempera ture  being finally raised unt i l  
mel t ing took place. The pellet of solidified mater ia l  
was t ransferred to a clean molybdenum boat and a 
bright chip of samarium ingot (ca. 20 mg) was placed 
on top. Boats were heated under  a s tream of pure dry 
argon in a clear silica combustion tube. As mel t ing of 
the alkali halide occurred, the samar ium metal  was 
observed to dissolve with some violence with the for- 
mation of a very dark red to black solution. On cooling 
the solid product assumed a violet coloration. 

Europium corroded very  rapidly in the LiC1-KC1 
melt  and a tungs ten  electrode inserted in the Eu com- 
par tment  registered a potential  of ,~ --3V. Yt te rb ium 
corroded to an apple green solution and registered a 
potential  of --3.0 to --3.5V. Dysprosium immediate ly  
blackened on immersion,  then slowly corroded to give 
a pale violet solution containing Dy in some form and 
a dark  solid. The Dy electrode had a potential  of 
--2.809 __+ 0.002V vs. 1M P t ( I I ) - P t ( 0 ) ,  and this poten-  
t ial  was only t rans ient ly  changed by  anodization. 

Redox potentials.--Samarium.--The potent ial  of a 
tungsten  indicator electrode in a solution ini t ia l ly  con- 
ta in ing SmCls (at 450~ was monitored as the 
Sm(I I I )  was progressively reduced coulometrically. In  
two experiments  out of some 30, stable potentials were 
measured and Nernst  plots for one of these is shown 
in Fig. 4. Although the dark red color characteristic 
of Sm(I I )  persisted for some hours in other experi-  
ments  no other rel iable potential  data were obtained. 

Europium.--The details of four experiments  in which 
p la t inum was employed as the cathode in  pro- 
gressive coulometric reduction of EuCls in solution 
are presented in Table II. 

The average of the first two experiments  is an in -  
tercept of --0.554 _+ 0.007V. One plot is shown in Fig. 
5. 

Ytterbium.--Nernst  plots for four experiments  at 
450~ are combined in Fig. 6. Again, the concentra-  
tions were varied by progressive coulometric reduc-  
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Table II. Europium redox potentials at 450~ 

E u  c o n c e n -  C1  i n  I n t e r c e p t ,  
t r a t i o n ,  M E u C ] ~ ,  % Y 

1. 0 . 2 2  4 0 . 2  - -  0 . 5 4 7  
2 .  0 . 2 6  4 0 . 9  - - 0 . 5 5 9  
3 .  0 . 0 9 2  3 8 . 8  - -  0 . 5 7 3  
4.  0 . 1 4  3 8 . 4  - - 0 . 5 4 7  

t ion at tungsten  of vacuum sublimed YbCls in solu- 
tion. Details of these experiments  appear in  Table III  
together with two results obtained using less pure 
YbCls. The average of the points in Fig. 6 is a slope of 
0.148V and an intercept of --1.375 _+ 0.003V. 
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Fig. 5. Eu(lll)-Eu(ll) system-reduction at a platinum cathode at 
450~ 
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Fig. 4. Sm(lll)-Sm(t|) system-reduction at a tungsten cathode at 
450~ 
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Fig. 6. Combined potentiometric data for Yb(lll)-Yb(ll) system. 
Nernst plots of four experiments at 450~ 
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Table III. Ytterbium redox potentials at 450~ 

Slope  of 
Yb  c o n c e n -  C1 in  r e g r e s s i o n  I n t e r c e p t , *  
t r a t i o n ,  m Y b C h ,  % l ine ,  V V 

1. 0.18 37.94 0.130 -- 1.376 
2. 0.052 37.94 0.154 -- 1.364 
3. 0.04 37,26 0,136 -- 1.380 
4. 0.12 37.92 0.137 -- 1.374 
5. 0 .054 35.25 0.169 
6. 0.07 29.2 0.124 

* T h e  i n t e r c e p t  is t h a t  of the l e a s t  s q u a r e s  l i ne  of theoret ical  
s lope .  

Table IV. Temperature dependence of Yb(lll)-Yb(ll) potential 

P o t e n t i a l  a t  458~ v s .  
l og  0 .05m Ag(I) -Ag(0) 

Yb(III)/ Observed Calculated 
YU(I I )  V V 

I s o t h e r m a l  coef f ic ien t s  

m v  deg-1  m v  deg-1  

1. 0.267 -- 0.432 -- 0 .427 1.02 0.75 
2. 0.002 - -0 .460  - -0 .465  0.92 0.70 
3. - -0 .105  - -0 .480  - -0 .480  0.69 0.69 
4. - -0 .376  - -0 .516  -- 0'.519 0.87 0.71 

Since Ag(I )  solutions are more stable at the higher 
temperatures  than P t ( I I )  solutions, a A g ( I ) - A g ( 0 )  
reference electrode was employed in studies of the 
tempera ture  dependence of the potential. In one experi-  
ment  a solution of YbC13 was part ial ly reduced and 
potentials measured over a cycle from 360 ~ to 600~ 
at 10 ~ temperature  intervals. Then the YbC13 was 
fur ther  reduced and the cycling repeated. In a second 
experiment  a solution of YbC12 was part ial ly oxidized, 
cycled, fur ther  oxidized and recycled. No hysteresis 
was observed in the emf vs. tempera ture  relations, 
and the potential  values observed at 450~ agreed well 
with those calculated from the s tandard potential of 
--1.375V as obtained above. Figure 7 and Table IV 
summarize the data. 

Discussion 
Metal ion-~netal potentials.--It is clear that samar-  

ium displaces the alkali  metals from their  fused chlo- 
rides. The potential  of the samarium electrode in the 
boron ni tr ide compartment  is close to the l i th ium po- 
tent ial  measured by Liu (20) with a tungs ten  indicator 
electrode (--3.320V). The red solution contained 
Sm(I I )  which could be oxidized to Sm (III) at a silver 
anode. The l i thium formed would alloy with plat inum, 
but  not silver, and be capable of vicious attack on 
Pyrex glass. 

Europium and, less violently, y t te rb ium also dis- 
placed Li from LiC1-KC1 to form solutions of the di- 
valent  ions. The ( I I ) - (0 )  potentials of these three 
metals in LiC1-KC1 must  therefore be more negative 

0 .5  ~ I) 

<, 

TEMP ~ 

Fig. 7. Temperature dependence of equilibrium potentials-Yb(lll)- 
Yb(ll) system vs. Ag(I)-Ag(O) reference at the same temperature. 

than  the l i th ium potential,  as are the predicted re-  
duction potentials of the pure dichlorides (6, 13). The 
measurements  with dysprosium were inconclusive: 
the calculated D y ( I I I ) - D y ( 0 )  potential  of --2.901V 
(13) suggests that  Dy(I I I )  may be involved but  then 
corrosion by Li + oxidation becomes ruled out. 

Redox potentials.--Stable equi l ibr ium potentials for 
the three systems were l inear ly  dependent  on lOglo 
L n ( I I I ) / L n ( I I )  calculated on the basis of 100% cur-  
rent  efficiency (see Appendix)  for the reduction pro- 
cesses. Nernst slopes were close to 0.143V ---- 2.303 RT/  
F at 450~ indicating a one electron process. Confirma- 
t ion of the ident i ty  of the reduced species was pro- 
vided by spectroscopic studies which showed that 
solutions obtained by electrolytic or magnesium reduc- 
t ion of the trichlorides or directly from the dichlo- 
rides had identical broad band uv-vis ible  spectra (17) 
now accepted as Laporte-al lowed 4f n -~ 4fn-15d t r an -  
sitions of divalent  lanthanide ions. 

The large number  of unsuccessful experiments  with 
samarium emphasizes that  this study was at the l imit 
of the materials and techniques adopted, pr imar i ly  
because one species is a highly mobile ion with the 
reducing power of a luminum metal. Only traces of 
oxidizing impurit ies such as hydrogen, heavy metal, 
or silicate ions in solution or adsorbed on the glass 
would upset the system, and any deterioration of the 
glass, once begun, appeared to proceed relentlessly. 

The least difficulty was experienced with the yt ter-  
b ium system but  the less pure  YbC13 samples (5 and 
6) gave rise to curved Nernst  plots and turb id  green 
solutions. It is l ikely that Yb203 and YbOC1 were 
present  in such impure  samples. 

High-pur i ty  EuC13 was not easy to prepare and ini-  
tial experiments with nominal ly  pure mater ial  gave 
curved Nernst  plots. All samples had mild reducing 
properties suggesting the presence of EuC12 as well  
as the expected oxide and oxychloride. One odd ob- 
servation was the slight turb id i ty  of solutions of the 
EuC13 in LiC1-KC1 but  the clari ty of its aqueous solu- 
tions. 

The formal potentials (on a molal scale) at 450~ 
are summarized in Table V together with those for 
some other related systems. 

Thermodynamic calculations.--From the redox po- 
tentials one can calculate the free energy change for 
the reaction 

LnCl~ (soln.) ~ LnC12 (soln.) + 1/2 C12 (g) 

In Table VI the results are compared with calori- 
metric and tensimetric data for the reaction 

LnC13 ~-- LnC12 + 1/2 C12 

The calculated differences in free energies of solution 
of t r ivalent  and divalent  chlorides are small and rea-  
sonabIe using Polyachenok's  data (Line 1-Line 2) but  
large (Line 1-Line 3) if the calorimetric data, ob- 
tained with less pure materials and wi th  greater er-  
rors, are employed. 

Differentiation of the Nernst  equation and subst i tu-  
tion of the working concentrat ions of ions leads to a 
mean  value of (0.71 • 0.02) • 10 -3 vol t /deg -1 for 

Table V. Standard potentials in LiCI-KCI at 450~ 

P o t e n t i a l  
S y s t e m  Eo '~ ,  V E r r o r  R e f e r e n c e  

LI ( I ) - L i  (0) -- 3.320 0.002 (20) 
-- 3.364 T h i s  w o r k  

M g ( I I ) - M g  (O) -- 2.580 0.002 (20) 
AI ( I I I )  -AI (0 )  -- 1.767 0.009 (20) 

S m ( I I I ) - S m ( I I )  -- 1.729 0.006 T h i s  w o r k  
Y b ( I I I ) - Y b ( I I )  -- 1.375 0.003 T h i s  w o r k  
A g  ( I ) - A g  (0) -- 0.727 0.002 (20) 
HC1- I/2H~ -- 0.710 0.005 (22) 
W (II) -W (0) -- 0.585 (23) 
E u ( I I I ) - E u  (II)  - -0 .554  0.007 T h i s  w o r k  
P t ( I I ) - P t  (0} 0 (20) 
' /~Cl2-Cl- + 0.306 0.002 (21) 
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Table Yl. Thermodynamic aspects of LnCI3 ~ LnCI2 + ~CI2 
AG ~ in kca l  �9 mol-~ a t  450~ 

LnCl~ 
SmC13 EuCls Y b C h  M e t h o d  R e f e r e n c e  

1. 46.9 19.6 38.8 P o t e n t i o m e t r i c  Th is  w o r k  
2. 42.6 18.4 37.5 T e n s i m e t r i e  18) 
3. 31.0 11.6 20.5 C a l o r i m e t r i c  (6) 
1-2. 4.3 1.2 1.3 
1-3. 15.9 8.0 18.3 

o E ~  ~ ( 0 E ~  
~ l e -  \ ~ ] p  " This becomes 0.66 • 

10 -3 vol t /deg -1 on the mole fraction concentrat ion 

,,x(OEO.Ag ) --~ 0.292 X 10 -3 scale (24) and taking \ ~ / e  

( oE~ ) = 
vol t /deg-~ (25) we obtain AS ~ = FT \ ~ ] p  

( r176 ~ 
22 ca l /deg- l -mo1-1  and AH ~ ---- - -FE q- F T \  

---- 54.5 kca l /mol -1  for the redox reaction in solution 
in satisfactory agreement  with values extrapolated 
from Polyachenok's  work of 18 cal .deg-1/mo1-1 for 
AS ~ and 51.5 kcal/mo1-1 for AH ~ for the dissociation 
of pure YbC13 (8). 
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APPENDIX 

Errors in Redox Potential Measurements 
(a) Restricted solubility and current efficiency.-- 

Where solubil i ty of the reduced species is limited, 
passage of charge qs may saturate  the solvent with 
Ln( I I )  and for q ~ qs 

RT 
E = E o' + --F--In (qo--  q) + const. 

which means a sharp increase in Nernst  slope. If 
Ln ( I I I )  is sparingly soluble, a similar departure  from 
the ideal equation applies at q ~ qo -- qs. 

Where the added solute contains Aqo of insoluble 
mater ial  the deviation, AE, of the observed potential  
from the expected l inear  relation may be wri t ten  as a 
series 

\ ~  ( Aqo "2(qo Aqo 2 _ ) E = -- RT -- q)2 + . . . .  

Provided q ~ �89 l inear i ty  and slope of the E vs. 
ln(qo -- q ) / q  plot are little affected even at 20% con- 
tamination.  The error in E ~ can be shown to be ,~ 
--0.6 mV per 1%. 

Loss of current  efficiency obeys a similar equation 
and introduces an error in E ~ of +1  mV per 1% loss 
provided q ~ 1/2qo. 

(b) Solute impurit ies .--I f  the solute ini t ia l ly con- 
tains reduced species equivalent  to the passage of a 
charge Aqo then 

RT qo -- (q -~ Aqo) 
E ---- Eo" T ~ In  

F q + Aqo 

The deviation is negative and gives rise to pronounced 
curvature  of the E vs. ln(qo -- q ) / q  plot and the mag- 
ni tude of -~E ~ is much larger in this case. However, 
the systematic errors in E ~ taken from l inear  plots 
appear to be less than the random errors. 
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NOMENCLATURE 
Gibbs free energy of disproportionation, 
formation, etc. kcal/mo1-1. 
current  density, A /cm -2. 
t ransi t ion time, sec. 
electrode potential  according to IUPAC 
convention, V. 

AG ~ disp., 
AG ~ f, 

i, 
T, 
E, 

bE~ 

Eo1~% ", 
AS ~ ._XH ~ 

q, qo, 
AE, 

isothermal coefficients of measured and 
formal potentials, mV/deg -1. 
formal potential  on molal  concentrat ion 
scale, V. 
s tandard entropy and enthalpy, cal deg -1 
mole -1 and kcal /mole -1, respectively. 
charge, coulombs. 
deviation of electrode potential, V. 
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Current Distribution on a Rotating Disk Electrode 
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Departrment of Chemical Engineering, Universi ty  of California, Berke ley ,  California 

ABSTRACT 

The radial variation of deposit thickness on a rotating disk electrode was 
measured for deposition of copper from a solution 0.1M in CuSO4 and O.IM in 
H2SO4. The results confirm the theory of nonuniform current distribution on 
such electrodes below the limiting current. 

The basic theory of the rotat ing disk electrode was 
developed by Levich in  1942. Since then, considerable 
work has been done to refine the theory of this elec- 
trode system. It has been widely used for the study of 
electrode processes and mass t ransfer  in electrochem- 
ical systems. Measurement  of diffusion coefficients and 
bulk concentrations and the study of moderately fast 
electrode reactions are some of the common applica- 
tions. Theoretically predictable velocity and concen- 
t rat ion profiles and el iminat ion of na tura l  convection 
effects due to strong forced convection make it suitable 
for the above-ment ioned and other applications. Fu r -  
thermore, the current  density is uniform at the l imit-  
ing current .  

Recently, Newman (6) has shown that below the 
l imit ing current  the current  density is nonuni form and 
can be obtained by solving for the concentrat ion and 
potential  dis t r ibut ion s imultaneously (subject to elec- 
trode kinetic boundary  conditions).  The convective 
diffusion equation for the diffusion layer can be re-  
placed by an integral  equation (7, 8, 13) relat ing the 
reactant  concentrat ion and the normal  derivative of 
the reactant  concentrat ion at the electrode surface 

nFD Oc nFD / a v  \ I / 3  I n  - 

i = - - - - l y = 0 -  l-t-+ / V---Sb-J 7 
r f dCo } 

r (4 /3 )  o dr [r = x (r 3 -- x3) 1/3 
[1] 

where i is the current  density on the disk and Co and 
c~ are the surface and bulk  concentrations of the re- 
actant. 

The potential  distr ibution outside the diffusion layer 
satisfies Laplace's equation and can be expressed as a 
series solution, from which one obtains 

r162 

RT 
r = .... BnPen (n) [2] 

ZF ~=o 

1 -- t+ OY 

f co(O) 
\ r (4/3) 

and 
oo 

0r K~ R T ~  
~| - -  BnP2n (~1) M2n' (0 )  

Oy ]y = O ton ZF n=o 
[3] 

Here ~1 and ~ are rotat ional  elliptic coordinates defined 
by 

Y ---- ro~ and r = rob~(1 + ~2) (1 -- ~l 2) 

and ~o is the ohmic drop extrapolated to the disk sur-  
face, P2n("d) is the Legendre polynomial  of order 2n, 
and !~12n (~) is a Legendre function satisfying 

g �9 ( 1 + ~ ) ~  = 2 n ( 2 n + 1 ) M 2 ~  

with boundary  conditions 

M 2 . = l  at ~ = 0  and M 2 ~ = 0  at ( =  ~ 

The disk, being metallic, should be at a uni form po- 

tential  V (applied voltage),  and therefore 

V ~ r + ns + n~ [4]  

where ~ls and ~Ic are the surface and concentration 
overpotentials; these are computed from 

(Co) ( co)] 
n c - - - - - ~ -  In - -  + t +  1 - - - -  [5] 

C a C| 

i = i o  --c~ ) [ . e x p ~ * l s  - - e x p  R T  *Is 

[6] 

where io is the exchange current  density, 7 is the 
slope of a logarithmic plot of exchange current  density 
vs. concentration, and a, ~ are electrode kinetic param-  
eters. 

Simultaneous solution of Eq. [1] through [6] yields 
the current  distribution. Results obtained by iterative 
calculation have been described in the l i terature (6, 8). 
The current  distr ibution depends on the parameters  

nZF2Dc| r o ~ /  ( a v )  ~ - ~ /  
N = - -  RT(1  - -  t + ) ~  v 

ZF ro 
= r (4/3) into - -  

R T  K| 

Z F  r o  
6 ~-~ iavg ~ -  

R T  Ks 

ZF ro  
J = i o ~ - -  

R T  r~ 

and a, f~, 7, and t . .  N, 5, and J can be considered as 
the dimensionless limiting, average, and exchange cur-  
rent  densities, respectively. 

The aim of this work was to s tudy the current  dis- 
t r ibut ion exper imenta l ly  for comparison with theoreti-  
cal results. Newman's  theory is valid for metal  dep- 
osition from a single salt and for the reaction of a 
minor  component with excess support ing electrolyte. 
The metal  deposition reaction from copper sulfate- 
sulfuric acid at copper electrodes was chosen for ex-  
per imental  work. 

Exper imenta l  Technique 
The metal  deposition reaction will result  in a copper 

deposit on the electrode surface, and this will  be 
proportional to the cur ren t  dis t r ibut ion if the density 
(g/cm 3) of the deposit is uniform. Exper imenta l  mea-  
surements of the deposit thickness would thus yield 
the current  density distribution. 

To mainta in  the theoretically predicted velocity pro- 
files, the deposit thickness should be very  small  com- 
pared to the momentum boundary  layer (~5  x 10 -2 
cm). The active surface of the disk should be con- 
siderably smaller  than the total surface and the cell 
size for approximating the assumptions of the hydro-  
dynamic and potential  distr ibution models. These re-  
strictions l imit the application of several thin film 
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measurement  techniques like radiographic methods, 
ultrasonic testing methods, and eddy-cur ren t  testing. 
Tolansky (12) has reported the measurement  of elec- 
trodeposited films by employing interferometry.  In  
our experiments,  the deposits were found to be fairly 
bright but  not smooth enough to give an interference 
pattern.  Additives for obtaining bright  and smooth 
deposits could not be employed in the present work 
since they could alter the t ransport  properties and 
the electrode kinetic parameters  of the system. 

In  this work, the deposit dis tr ibution was measured 
with a precision optical ins t rument  by sectioning the 
electrode at a plane passing through its axis. The 
electrode was embedded in a hard epoxy resin to pre-  
vent  bur r ing  of the deposit dur ing machining.  

Design of the Rotating Disk Electrode System 
Disk electrodes of various shapes and designs have 

been used in the past. In  a review on the rotat ing disk 
system, Riddiford (10) has summarized the various 
designs and recommended several design criteria based 
on theoretical and exper imental  considerations. These 
criteria at tempt to a t ta in  the theoretical hydrodynamic  
model and concentrat ion profile by minimizing the 
edge effects and ensur ing laminar  flow. The potential  
distr ibution is valid for a finite disk embedded in an 
infinite insulat ing plane with walls and counterelec- 
trode at infinity. This can be achieved for a disk elec- 
trode if it satisfies the above-ment ioned criteria and if 
the polarization is confined to the disk electrode. 
Angell, Dickinson, and Greef (2) have measured the 
potential  distr ibution for disk electrodes satisfying 
Riddiford's criteria and found the results to be in 
quali tat ive agreement  with Newman's  theory (5, 6). 
The disk electrode was carefully designed (3) to meet 
the criteria set up by Riddiford and others. Only the 
central  portion of the lower surface of the disk is 
active. A rotat ing disk electrode is shown in Fig. 1. The 
disk electrode specifications are: 

Outside diameter,  cm 4 
Active surface diameter, cm 0.5 
Disk thickness, cm 0.1 
Shaft diameter, cm 0.8 

The Lucite cell is 14 cm in diameter  and 10 cm high. 
It  has a circular inset in the bottom for the anode. The 
copper anode is 7.5 cm in diameter, i.e. more than 200 
times larger than the cathode (this confines the polari-  
zation effects to the cathode). The electrical connection 
to the anode is through a screw at the bottom of the 
cell, and the opening is made liquid tight with a rubber  
r ing in a groove. 

The central  copper portion of the rotating disk elec- 
trode is machined to dimensions and cast in epoxy 
resin. The epoxy, on curing, is machined to the d imen-  
sions (specified earlier)  and shape shown in Fig. 1. 

Experimental Set-Up and Procedure 
A Lambda Model 2B regulated power supply was 

used as a constant  current  source. The current  was 
measured with a Keithley Model 610R electrometer to 
an accuracy of --+2%. Electrical connection to the 
rotat ing disk electrode was achieved by means of a 
mercury  well. The disk was mounted on a spindle 
with 8~-in. 24 TPI lef t -handed threads. The spindle 
was t ightly fitted in two ~/s-in. OD New Departure  RC 
bearings. To minimize eccentricity, the bearings were 
mounted inside a heavy brass bearing case. The spindle 
was coupled to the shaft of a variable  speed motor 
(Bodine Electric Company, Type NSE l lR,  with a gear 
ratio of 10-1) controlled by a precision d-c voltage 
power supply. The speed of rotation was determined 
by a General  Radio Type 631-BL strobotac with an 
accuracy of +__1%. The tempera ture  was main ta ined  at 
25.0 ~ _+ 0.1~ by immersing the cell in a water bath. 

Since the rugosity of the disk surface should be 
considerably less than  the momentum boundary  layer  
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Fig. 1. The rotating disk electrode 

thickness, the disk surface was subjected to the fol- 
lowing t rea tment  before deposition: 

1. The disk surface was polished successively on 
No. 0, 00, 000, and 0000 emery papers using kerosene 
as a lubricant.  The last paper has a grain size of 15-20~. 

2. The electrode surface was polished on a wheel 
mounted with canvas cloth (Diamond Abrasive 1;0 at 
moderate speeds with kerosene as lubricant.  

3. The surface was next  polished on a wheel mounted  
with Microcloth using ~-a lumina  (0.05~) as the gr ind-  
ing compound. 

4. The electrode surface was cleaned with isopropyl 
alcohol or carbon tetrachloride. 

5. The electrode was r insed with distilled water  
followed by the electrolyte. 

For ease and accuracy of measurement ,  a fairly 
nonuni form and smooth deposit is desirable. With cop- 
per sulfate only, the deposit was very rough and, with 
considerable excess of sulfuric acid, the deposit was 
not sufficiently nonuni form to measure the variat ion 
in deposit thickness accurately. Consequently, the 
electrolyte concentrat ion chosen was 0.1M copper sul- 
fate and 0.1M sulfuric acid. As ment ioned earlier, the 
deposit thickness should be considerably less than the 
momen tum boundary  layer  thickness (~5  x 10 -2 cm). 
Consequently, the time of deposition was chosen such 
that the max imum deposit thickness was less than 
2 x 10-3 cm. Deposition times were 15-30 min. 

After  deposition, the disk electrode was washed with 
water followed by isopropyl alcohol. It  was then em-  
bedded in an epoxy resin made up of: 

100 parts by weight of Resin 826 (Shell Chemical 
Company) 

10 parts by weight of LP3 (accelerator, Thiokol 
Chemical Company) 
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15 parts by weight of D40 (catalyst, Furane  Plas-  
tics Company) 

The embedding was done by pumping the resin down 
into a vacuum to el iminate bubbles and gaps at bound-  
aries and curing at 65~ for 16 hr. One half, toward 
the axis, was machined off on a mil l ing machine, leav-  
ing about 5/1000 in. for polishing and etching. 

The sectioned electrode was polished as described 
earlier for surface treatment .  It was then etched 
(etchant: 50 parts distilled water, 50 parts ammonium 
hydroxide, and 20 parts of 30% hydrogen peroxide) 
so that the deposit could be distinguished from the 
electrode due to differences in grain structure. The 
deposit was then observed with a metallographic 
microscope and microphotographs (Xl000)  of the 
deposit layer  obtained at various points by a Polaroid 
camera attached to the metallograph. 

Resu l ts  
The theoretical current  distr ibution depends on the 

parameters  N, J, 8, a, fi, ~, and t+ defined earlier. For 
computing N and J, data on ~, D, ~,  and io are needed. 
Kinematic  viscosities (v) and diffusion coefficients (D) 
were obtained from a correlation of physical properties 
for the copper sulfate-sulfuric acid system by Selman, 
Hsueh, and Newman (11). Conductivities were ob- 
tained from data reported by Richardson and Taylor 
(9). Data on transference numbers  t+ for the copper 
sulfate-sulfuric acid system were not available, so 
these were back-calculated from l imit ing current  den-  
sity measurements  by Selman (unpubl ished) .  The 
exchange current  density was extrapolated from the 
data of Mattsson and Bockris (4). The kinetic pa ram-  
eters ~, fi, and -y were also obtained from the work 
of Mattsson and Bockris (4) and the values used are 

= 0.42 
aZ = ~a --  1.5 
pZ = ~ = 0.5 

From the microphotographs of the deposit along a 
disk diameter, the variat ion in thickness was measured. 
Table I gives the results of such measurements  at three 
values of 8. These results are plotted along with the 
theoretical current  distr ibution from Newman's  theory 
(6) in Fig. 2, 3, and 4. Measurements  closer to the 
l imit ing current  density were rendered difficult due 
to powdery deposits. 

Discuss ion  a n d  C o n c l u s i o n s  
The exper imental  results are in good agreement  with 

Newman's  numerica l  results. 
Recently, Albery and Ulstrup (1) have reported 

their  exper imental  work with r ing-disk  electrodes in 
NaBr-HC104 solutions. Bromine is produced on the 
disk electrode, and the r ing electrode is supposed to 
be main ta ined  at such a potential  that all the bromine 
reaching it is destroyed. They have developed a theo- 
retical expression for the r ing current  in terms of the 
electrode geometry and the concentrat ion profile at 
the outer edge of the disk. For some values of the 
concentrat ions and currents,  the observed collection 
efficiencies are lower than  the theoretical value for a 

Table I. Experimental values of the deposit thickness 

E l e c t r o l y t e :  O .1M c o p p e r  s u l f a t e  - -  O . 1 M  s u l f u r i c  a c i d  
T = 2 5 r  ~ = 3 0 0  r p m ,  ro  = 0 .2 5  c m  
K~ = 0 .051  o h m - 1  c m - 1 ,  v = 0 . 9 4 3 9  • 10-~ c m ' - / s e c  
Z = 2,  ~ = 0 .75 ,  B = 0 .2 5 ,  q, = 0 . 4 2  
N = 2 2 . 2 ,  J = 0 . 3 8 2 ,  io = 1 m A / c m S ,  i z i m  = 65  m A / c m  ~ 

r/ro E x p e r i m e n t a l  ~ / tavg  
5 = 4 .8 2  6 = 12 .3  5 = 17.12 

0 0 . 8 3 6 7  0 . 7 4 1 7  0 . 7 6 5 5  
0 .2  0 . 8 5 7 1  0 . 7 7 4 8  0 . 8 0 7 8  
0 .4  0 . 8 8 1 6  0 . 8 1 6 5  0 . 8 4 8 1  
0 .6  0 . 9 4 5  0 . 8 9 1 2  0 . 9 0 7 9  
0 .8  1 . 0 1 6  1 .0 0 2 2  1 .006  
1.0 1.323 1.7024 1.465 

1.6 

I I I I 
N =22.2, J =0.382,o=0.75, ~=0.25, 7=0.42,8 =4.82 

~ Theoreticol distribution 

�9 Experimentol (t/tovg) 

1.4 

~ 1.2 
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i, 
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Fig. 2. Current distribution at 19.4% of the limiting current 
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uniform current  density on the disk electrode, while 
a higher value would be expected if the current  density 
were higher near  the edge of the disk. Albery  and 
Ulstrup postulate that  the discrepancy may be due 
to the omission of the migrat ion term in the convec- 
t ive diffusion equation by Newman.  
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It should be noted, however, that  their system does 
not satisfy one of the basic requirements  of Newman's  
theory- - tha t  the disk be embedded in an infinite, in-  
sulat ing plane. A straightforward way to use a r ing-  
disk electrode for quant i ta t ive  s tudy of nonuni formi-  
ties of current  distr ibution would be to keep the two 
electrodes at the same potential  and operate them as 
a sectioned electrode. The different current  densities 
are then a measure of a nonuni form current  dis t r ibu-  
tion. Operation of the r ing electrode as a collector for 
the species produced at the disk electrode would be 
expected to accentuate the nonuni form current  distri-  
but ion on the disk electrode. Fur ther  discussion of the 
results of Albery  and Ulstrup will  be submit ted 
shortly. 

The exper imental  m e t h o d  in the present work is a 
direct approach to testing Newman's  theory, and the 
resuIts seem to confirm it wi th in  the limits of exper i -  
menta l  accuracy. 

Although the theory is strictly applicable only to 
solutions of a single salt or solutions with an excess 
of support ing electrolyte, the present  system is half-  
way between, having equal concentrations of sulfuric 
acid and copper sulfate. Nevertheless, the general  con- 
clusion must  still apply that, below the l imit ing cur-  
rent,  the current  density is higher near  the edge of 
the disk, al though the appropriate values of the pa ram-  
eters of the theory are rendered uncertain.  In this 
case, it appears to the authors that  the parameter  N 
is best evaluated from the exper imental  l imit ing cur-  
rent  density. 

The nonuni form current  distr ibution arises from the 
nonuni form ohmic potential  drop in the solution out-  
side the diffusion layer; no approximations have been 
introduced in this regard. For a rotat ing disk electrode 
this tendency toward nonuni formi ty  of the current  
distr ibution is countered, to a greater or lesser extent, 
by the l imitat ions of electrode kinetics and mass 
t ransfer  in the diffusion layer. In  the diffusion layer, 
approximations were introduced appropriate to single- 
salt solutions or support ing-electrolyte  solutions; the 
more general  problem is formulated in Ref. (14). 
These approximations cannot have a drastic effect on 
the predicted behavior  of the system; the one which 
first comes to mind  would be that  on l imit ing currents  
(15). 

The observation, noted in the exper imental  section, 
that  an excess of sulfuric acid led to a fairly uni form 
deposit is, of course, in ha rmony  with theoretical pre-  
dictions. We could still have used an excess of sup- 
porting electrolyte if we had increased the electrode 
radius in proportion to the increase in conductivity. 
This would have required redesign of the cell (there 
being some concern about the result ing swirl ing pro- 
duced by the larger disk) and was decided against. 
For small  disks used in kinetic studies with an excess 
of support ing electrolyte, a uniform current  dis t r ibu-  
t ion would be expected unless the exchange current  
density is large. For engineering systems, nonun i fo rm-  
ity of current  distr ibution should not be ignored. 
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NOMENCLATURE 
a 0.51023 
Bn Coefficients in series for potential  distr ibution 

C 
Co 
C~ 
D 
F 
i 

io 
iavg 
ilim 
J 
n 

N 
r 
To 
R 
t 
t+ 
tavg 

T 
V 
Y 
Zi 
Z 

a, fl, 7 
5 

K~ 

Concentrat ion of reactant, mole /cm 3 
Concentrat ion at the disk surface, mole/cm 3 
Bulk concentration, mole /cm 3 
Diffusion coefficient, cm2/sec 
Faraday 's  constant, coulomb/equiv.  
Normal  current  density at electrode surface, 
A/cm 2 
Exchange current  density, A /cm ~ 
Average current  density, A/cm 2 
Limit ing current  density, A /cm 2 
Dimensionless exchange current  density 
Number  of electrons produced when one reac- 
tant  ion or molecular  reacts 
Dimensionless l imit ing current  density 
Radial coordinate 
Radius of the active surface of the disk, cm 
Universal  gas constant, j /mole-deg  
Thickness of deposit 
Transference number  of the reactant  
Average deposit thickness over the disk 
electrode 
Absolute temperature,  ~ 
Potent ial  of the disk electrode, volts 
Coordinate normal  to the disk, cm 
Charge number  of species i 
- - z + z - / ( z + - - z - )  for single salt 
- - n  with excess support ing electrolyte 
Kinetic parameters  
Dimensionless average current  density 
Concentrat ion overpotential,  vo]ts 
Surface overpotential,  volts 
Bulk conductivity, o h m -  l c m -  1 
Kinematic  viscosity, cm2/sec 
Electrostatic potential, volts 
Ohmic drop extrapolated to the disk surface, 
volts 
Angular  velocity, radians/sec 

Manuscript  submit ted Feb. 28, 1969; revised m a n u -  
script received ca. Ju ly  18, 1969. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 

REFERENCES 

1. W. J. Albery and J. Ulstrup, Electrochim. Acta, 
13, 281 (1968). 

2. D. H. Angell, T. Dickinson, and R. Greef, ibid., 13, 
120 (1968). 

3. Vinay Marathe, "Current  Distr ibution on a Rotat-  
ing Disk Electrode," M.S. Thesis, Univ. of Cali- 
fornia, Berkeley, June  1968 (UCRL-18264). 

4. E. Mattsson and J. O'M. Bockris, Trans. Faraday 
Soc., 55, 1586 (1959). 

5. John  Newman, This Journal, 1i3, 501 (1966). 
6. John  Newman, ibid., 113, 1235 (1966). 
7. John Newman,  ibid., 114, 239 (1967). 
8. W. R. Parr ish and John Newman, ibid., 116, 169 

(1969). 
9. H. K. Richardson and F. D. Taylor, Trans. Electro- 

chem. Soc., 20, 179 (1911). 
10. A. C. Riddiford, Advances in Electrochemistry and 

Electrochem. Eng., 4, 47 (1966). 
11. J. R. Selman, Limin Hsueh, and John Newman,  

"Physical Propert ies of CuSO4-H2SO4 Solutions," 
Inorganic Materials Research Division Annua} 
Report 1966, p. 49 (UCRL-17330, March 1967). 

12. S. Tolansky, J. Electrodepositors' Tech. Soc., 27, 
171 (1951). 

13. Daniel  E. Rosner, This Journal, 113, 624 (1966). 
14. John  Newman,  Intern. J. Heat Mass TransSer, 10, 

983 (1967). 
15. John Newman, Ind. Eng. Chem. Fundamentals, 5, 

525 (1966). 



The Transport Entropy of 
Hydrogen Ion in the Water-Ethanol System 

II. The Heats of Transport of HCI and the Transported Entropy of H § 

J. Lin 
Department of Chemistry, Boston College, Chestnut Hill, Massachusetts 

ABSTRACT 

The entropy of t ransport  of 0.01 molal HC1, S*HCl, was measured in  the 
H20-C2H5OH system from the ini t ial  and final thermoelectric power of the 
qu inhydrone-hydrogen  ion thermocell  at a mean temperature  of 25~ The 
variat ion of S*HCl with the composition of the solvent system was studied 
and its implication on the solvent s tructure and on the mechanism of H + 
ion t ransport  across a temperature  gradient  is discussed. The transported en-  

t ropy of H + ion, SH+, at 25~ was also calculated from the S*HCl obtained 
and from the init ial  thermoelectric power of the hydrogen-hydrogen ion 
thermocell  in water -e thanol  mixtures  given by Lin  and DeHaven in Par t  I. 

In the first paper of this work, Lin and DeHaven (1) 
(hereafter referred to as Par t  I) have suggested that  
studies of the solvent effect on the thermoelectric prop- 
erties of thermocells may reveal interest ing informa-  
tion concerning the s tructure of the solvent system 
and the mechanism of hydrogen ion transfer  across a 
tempera ture  gradient. In this connection the ini t ial  
thermoelectric power of the hydrogen-hydrogen ion 
thermocell  and the cation t ransport  number  of HC1 
were measured in the water -e thanol  system. In  the 
present paper we calculate the molar  heat of t ransport  
of HC1 and the t ransported entropy of hydrogen ion 
from the measurement  of the ini t ial  thermoelectric 
power eo and the final thermoelectric power e~ of the 
quinhydrone (QH)-hydrogen  ion thermocell  at a mean  
temperature  of 25~ as a function of X, the weight 
per cent of ethanol in the H20-C2H5OH solvent mixture.  

Application of the potentiometric method to study 
the thermal  diffusion process taking place wi thin  an 
electrochemical cell from its init ial  (homogeneous) 
state to the final (Soret) steady state was first demon-  
strated successfully by Agar and Breck (2) in 1955. 
However, since the effect under  consideration (change 
of thermoelectric power from the init ial  homogeneous 
state to the final steady state) is small, the electrode 
used must  be extremely reproducible and stable and 
so far the electrode systems which have been studied 
are only a few, namely;  TI(Hg)/T1 + (3), C d ( H g ) /  
Cd + + (3), Ag/AgC1/C1- (4), Fe (CN)~-~ /Fe (CN)6-4  
(5), and QH/H + (6) systems. All  these studies were 
conducted in the aqueous solvent and have given a 
remarkab ly  consistent result  which compared well  
with other independent  measurements  such as the 
conductometric method (7). In  the present  study, we 
have used the qu inhydrone  electrode to measure the 
heat of t ranspor t  of 0.01 molal HC1 in the water -  
ethanol system from 0 to 100 w/o  (weight per cent) 
ethanol at an average temperature  of 25~ 

The electrode reaction of the thermocell,  (T)Pt /Q,  
HgQ, HCI(0.01M), H20(100-X), C2HsOH(X)/Pt(T+.~T), 
where Q is quinone, H2Q hydroquinone,  X ethanol  
weight per cent, T = 20~ and ~T = 10 ~ is given by 

1 1 
- ~ Q - - - ~ - H 2 Q + H  + + e -  = 0  [1] 

and following the notat ion of Par t  I, eo (X) and ~ (X),  
may be wr i t ten  as 

F eo = -~ (SH~ -- S~) -- 8,  -- SH+ 

-- t i t+S 'H+ -t- t c l -S*c l -  [2] 

1 --  
r , .  = - + -%) 

and 
1 

F (~ -- ~o) = -- tcl-S*Hci -- ~ (S*Q -- S*H2Q) [4] 
2 

where the t ransported entropy ~ is defined as 

For the sake of simplicity in Eq. [2], [3], and [4] 
the explicit dependence of thermoelectricities, entro-  
pies, and t ransport  numbers  on X have not been shown. 
It is noticed in Eq. [4] that the entropy of t ransport  of 
HC1 may be computed from the difference of e~ and ~o 

1 
provided that  the te rm - -  ( S * ~ - - S * H ~ )  is known. 

2 
Although data on the values of S*r and S*H2Q are not 
available, since Q and H2Q are much alike, S*r and 
S ' H 2  Q a r e  expected to be not much different. Indeed, 

1 
the term - -  (S*Q - -  S * H 2 Q )  is small  and is shown to be 

2 
0.05 e.u. in aqueous solvent by Breck, Cadenhead, and 
Hammerl i  (6) (by the subst i tut ion of the molar 
entropy of t ransport  of acids obtained from the Soret 
measurement  (7) into Eq. [4]). For the case where 
X r 0, addition of alcohol will give rise to a different 
solvent structure, and both S*Q and S * H 2 Q  a r e  expected 
to be dependent  on X. However, again due to s imilar-  
ity between Q and H2Q, it is l ikely that  both S*Q and 
S*H2Q may depend on X to much the same extent  at 
all X. Therefore, in this study, we have also assumed 

1 
that  - -  (S*Q -- S*H2Q) is small  at all X and that  for 

2 
all practical purposes we may rewri te  Eq. [4] as 

F (e~ -- co) • -- tcl--S*Hc1 [5] 

Since the lef t -hand side of Eq. [5] is exper imenta l ly  
measurable,  S*HCl may be calculated by using the 
values of t e l -  reported in Par t  I. 

In  aqueous solvents, since the isothermal tempera-  
ture coefficient of the electrode system used is in most 
cases known, the t ransported entropy of the ion re-  
versible to the electrode system may be derived by 
the measurement  of e~ (e.g., Eq. [3]). For the present  
study, this is hardly  the case, and it is not possible 

to derive SH+(X) from the present  measurements  

alone. However, ~H+ (X) may still be computed by 
using the ini t ia l  thermoelectric powers, ell(X), of the 
hydrogen-hydrogen  ion thermocell  reported in Par t  I. 
The equation which governs ell(X) may be wr i t ten  as 

1708 
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(Eq. [5] in Par t  I) .  

F ~H = -~ SH2 -- Se -- S~+ + tcl-S*HcI [6] 

Since SH2 (1 atm) and Se are available, S*HCl and SH+ 
may be readi ly  obtained. The corresponding molar  
heats of transfer,  Q*HCl may then be calculated by the 
f o r m u l a  Q * H C l  = T S * H c I .  

Experimental 
Procedures  on the preparat ion of solutions other  

than X ---- 100% have been described in Par t  L For 
X = 100%, the solution was prepared by mixing the 
commercial  absolute alcohol (d254 measured ---- 0.7850) 
wi th  an appropriate  amount  of 12N HC1. The exact  
composition was calculated to be X = 99.9% and the 
concentrat ion of the solution, 0.01000M. 

The init ial  thermoelectr ic  powers, co(X), were  
measured by the "static method" using the N-shaped 
cell (8) wi th  pla t inum electrodes. Cell solutions were  
prepared by the method described by previous authors 
(6, 8). The quinhydrone  (Fisher  reagent  grade) was 
washed several  t imes wi th  the acid solution prior  to 
its addition into the cell solution. The isothermal re-  
sidual emf  of the cell was usually of the order  of 
--+50 ~V and was corrected from the thermal  emf read-  
ings. Results of the measurements  are shown in 
Table I. 

Measurements  of final thermoelectr ic  powers, e~ (X),  
are somewhat  more difficult. Mainly due to the neces-  
sity of avoiding the occurrence of convection and also 
to keep the measurement  wi thin  reasonable bounds of 
time, it was always found convenient  to employ a 
sandwich type cell wi th  a thickness of approximate ly  
1 cm. In the present  study, the cell used is also a sand- 
wich type cell. However ,  the present cell is assembled 
mechanical ly  ra ther  than like the conventional  redox 
cell which is usually sealed together  chemical ly using 
an adhesive. As shown in Fig. 1, the cell consisted of 
two gold disks (as electrodes) and a Plexiglass  ring. 
In be tween the gold disks and the Plexiglass ring, 
Teflon gaskets were  used to p reven t  leakage. The 
whole cell was then assembled with  4 nylon screws 
together  wi th  the copper jackets. There  are several  
advantages of such a cell design. First  of all, since 
Teflon gaskets were  used to prevent  leakage, the pres-  
ent design enables one to avoid the difficulty of finding 
an inert  glue to seal the cell. The problem associated 
with  this difficulty is important  for the present solvent 
study. Not only because ethanol  itself is a good sol- 
vent,  but  also because of the fact that  quinhydrone is 
a strong redox agent, we  have  found that  the  cell  
solution interacts (especially for X > 35%) with  prac-  
t ically all the adhesives or cements that  may be used 
to seal the cell properly.  This interact ion is t rouble-  
some as indicated by the fact that  the thermal  emf 
observed becomes increasingly errat ic wi th  increasing 
alcoholic concentrat ion when the cell is sealed chem- 
ically (for example  by the use of epoxi cement  or 

A- Copper Plate 
B-  Plexiglass Cell 

C-Gold Electrode, 4.Smm Thick 

D- Teflon Gasket 
E - 1 0 - 3 2  Nylon Threaded Rod 

F-  Knurled Nut I0 -  52 

i i 
3 cm 

Table I. Thermoelectric powers and molar entropies of transport 
of O.01M HCI 

~o a n d  e~ fo r  (T)  P t / Q ,  H~Q, HCI(0.01/V;),  H~O(100-X) ,  
CeI-IaOH ( X ) / P t  (T + AT} t h e r m o c e l l  

EH -- fo -- ~ S*HCI 
Wt % $Cl -a ( m V / d e g )  a ( m V / d e g )  ( m V / d e g )  (e .u.)  

0 0.174 0.150 0.630 0.708 10.3 
4.9 0.176 0.156 0.644 0.678 4.5 

17.9 0.146 0.140 0.746 0.731 - -2 .4  
34.2 0.177 0.163 0.878 0.841 -- 4.8 
48.7 0.205 0.202 0.853 0.839 -- 1.6 
63.4 0.244 0.248 0.818 0.808 -- 0.9 
77.6 0.300 0.348 0.716 0.702 -- 1.1 
92.0 0.424 0.551 0,495 0.464 -- 1.7 
99.9 0.239 b - -  0.615 0.703 8.5 

a T a k e n  f r o m  P a r t  I.  
b C a l c u l a t e d  f r o m  Eq.  [4] i n  P a r t  I.  

:A :1 
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Fig. 1. Thermocell 

pliobond adhesive) .  Second, the copper jackets used 
in assembling the cell serve also as a useful " thermal  
blanket"  for the electrodes and thus provide a more 
stable t empera tu re  for the electrode. Using the " tem-  
pera ture  tower"  (5, 6) aIong with  YSI Model 71 t em-  
pera ture  control ler  and Type 423 thermistors,  we were  
able to keep the tempera ture  of the electrode constant 
within 0.01 ~ --, 0.02 ~ and the tempera ture  difference to 
wi thin  0.02 ~ . 

The quinhydrone  electrode has been applied to 
many alcoholic media  (9), including methanol  by 
Ebert  (10), ethanol by Larsson (11), and n-butanol  by 
Seltz and S i lverman (12). Unfor tuna te ly  Larsson's 
reference concerning the application in ethanol media 
is not readily available and we were  not able to con- 
sult this reference.  It  has been reported (10) that  hy-  
drochloric acid (especially for concentrat ions higher  
than 0.1N) has a tendency to chlorinate quinone and 
give rise to difficulties in emf measurements .  In non- 
aqueous solvent systems, this chlorination reaction is 
perhaps even more  prominent  and as reported by 
Ebert  (10), it was necessary to extrapolate  his read-  
ings to "zero time." In the present  study, however ,  we 
have found that  electrode systems are qui te  stable and 
even for the ethanol concentrat ion as high as 99.9% 
by weight,  the eo value may  be reproduced within  
_+ 7 ~V/deg and the E~ value to within ___ 5 ~V/deg. It 
is also interest ing to note that  no such difficulty was 
observed by Breck, Cadenhead,  and Hammer l i  (6), 
where  they have carr ied their  thermocel l  measure-  
ments in aqueous solvent up to as high as 1.0N in HC1. 
The results of e~ measurements  are shown in Table I. 

Results and Discussion 
Although the initial thermoelectr ic  powers were  

measured by the static method, just  to see how thermo-  
cells approach their  steady states, we have  under -  
taken a few exper iments  to invest igate the kinetic 
behavior  of the thermocell .  F igure  2 represents  a result  
of such a study on the 34.2% alcohol solvent system. 
The technique used here was the same as that  used 
in the conductance study of Sagert  and Breck (13), 
that  is first a "dummy cell" is placed in the tempera-  
ture tower for thermal  equi l ibr ium (usually requir ing 
about 2 hr) and then is quickly replaced by the work-  
ing cell. The t ime t ----- 0 in Fig. 2 is the "hypothet ical"  
instant ( the instant when the replacement  was com- 
pleted) at which a t empera tu re  gradient  is applied to 
the cell. As expected,  due to the complexi ty  of the 
system, the kinetic curve is not as simple as that  
observed in an aqueous solvent (6). Al though no the-  
ory is as yet avai lable for the description of such a 
kinetic curve, some qual i ta t ive  explanat ions of Fig. 2 
may  be provided. I t  may be reasonable to assume that  
thermal  diffusion of the acid should be more rapid and 
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Fig. 2, Plot of the thermoelectric powers against time 

1 0 0  

thus predominate  in the early stages giving rise to a 
smooth curve  for a short time. When t is large, all the 
diffusion currents  (over-a l l )  approach zero and even-  
tual ly  the system reaches a steady state characterized 
by the flat port ion of the curve. In be tween the short 
t ime and long t ime periods there  might  be a "compet-  
ing" diffusion among all the species, hence a ra ther  
unusual  behavior.  In view of the shape of the curve, 
no a t tempt  has been made to compute the effective 
diffusion coefficient for HC1 and the over -a l l  character-  
istic t ime of the thermocell .  Also, no a t tempt  has been 
made to obtain the eo value  by extrapolat ing the curve. 

Using Eq. [5] and the t c l - ( X )  obtained in Par t  I, 
S*t{cl(X) values were  computed and entered in Table 

I. Subst i tut ing S*HcI(X) into Eq. [6], ~n+ (X) may be 
obtained and the results are shown in Table II. As-  
suming that  entropies of t ransport  are additive, and 
also using a convention that  S * c t - ( X )  = 0 at 0.01M, 
we note that  S*HcI(X) is just  the convent ional  
S 'H+ (X).  

It is wor th  noting that  the present  value of SH+ at 
X ---- 0, which is calculated by the use of eH value 
from Par t  I agrees well  with the result  of Breck, 

Cadenhead, and Hammer l i  (6) who obtained ~s+  at 
0.01M HC1 f rom their  e, in wa te r  by using the iso- 
thermal  t empera ture  coefficient of the emf  of the cell 
H._,/HCI/QH given by Harned and Wright  (14). Agree-  
ment  of this sort indeed is useful in cross checking the 
nonisothermal  and the isothermal  measurements .  

Al though studies on the solvent effect on the the rmal  
diffusion of electrolytes,  at present, are still minin~al, 
it is nevertheless  desirable to attach more importance 
than hi ther to to the role of the solvent. The study of 
Becsey and Bierlein (15) should serve as an interes t -  
ing example.  Using the method of wave - f ron t - shea r -  
ing interferometry,  Becsey and Bierlein have measured 
heats of t ransport  of CdSO4, AgNO3, BaC12, and KI  
in both H20 and D20 and found that  heats of t ransport  
observed in H20 are substantial ly higher  than that  ob- 

Table II. Transported entropy of O.01M hydrogen ion and the 
relative ionic sizes 

O In D b 
Wt % ~ ~ -- r (X)/r 

Ethanol ~+ -- ASh D a 0 In T (X = O) 

O 14.0 12 '/8,5 1.37 1,OOO 
4.9 12,7 13.2 75.5 1,44 0,994 

17,9 12,1 13.9 68,0 1.58 1.149 
34.2 11,0 14.9 58,5 1,66 1,309 
48,7 10.7 15.3 49,5 1,69 1.534 
63.4 9.7 16.3 41.5 1.71 1.738 
77.8 7.3 18.7 34.0 1.77 1.914 
92.0 2.2 23.8 27.5 1.85 1.944 

a Interpolated from the data given in ref. (19). 
b Taken from Part I. 

served in D20. Their  findings are indeed significant, 
for according to Eastman (16), heats of t ransport  
might  be related to the reversible  the rmal  effects 
which must  occur in the vicini ty  of an ion as it moves 
through the solvent. Since a more randomly  consti- 
tuted solvent system wil l  exper ience a greater  fall  in 
entropy while  in the electrostatic field of the moving 
ion, the fact that  entropies (or heats) of t ransport  
in H20 are higher  than D20 is indeed consistent wi th  
the accepted concept that  D20 has more s tructure than 
H20 (17). For  the H20-C2H5OH system, al though 
ethanol and water  resemble each other  fair ly closely in 
hydrogen bonding facil i ty (18), the  s tructures to 
which these bonds can give rise are ve ry  dissimilar  in 
the two cases and appear  to be mutua l ly  exclusive. 
Thus, as reflected in the study of ionic Walden prod-  
ucts (19), it is general ly  bel ieved that  addit ion of 
ethanol  to wa te r  ini t ial ly wil l  enhance the s tructure 
of the solvent system. This s t ructure enhancement  
reaches a m a x i m u m  near  X = 20 ~ 30% and then at 
a higher  concentration, the s t ructure  of the solvent 
system is gradual ly  reduced. 

In the present study, to show how S*HCl varies wi th  
X and for the convenience of comparisons, S*HCl is 
plotted vs. X in Fig. 3 along with  the l imit ing ionic 
Walden product of H + taken f rom Spivey and Shed-  
lovsky (19). The correlat ion is indeed str iking in spite 
of the fact that  S*HCl takes an abrupt  jump at X = 
100%, a phenomenon which wil l  be discussed later. In 
terms of Becsey and Bierlein 's  findings, the decrease in 
S*HCl for small X value is consistent with the expec-  
tation that  the addition of a small  amount  of ethanol 
would promote the s t ructure  of the solvent system. 
Af ter  an initial decrease, S*HCl goes to a min imum at 
around X ---- 30% and then increases to stay at a fair ly 
small magni tude  up to X is almost 100% ethanol. The 
exact position of the min imum of S*ncl is, however ,  at 
a higher  X ( ~ 3 0 % )  than that  predicted by the ionic 
Walden product (~20%) .  According to Eastman's  pic- 
ture, as the ion passes by a given solvent molecule, 
the molecule  is first oriented by the ionic field and 
then takes up a random orientat ion when  the ion re-  
cedes, and so it follows that  heat  is l iberated ahead of 
an ion and absorbed behind it, or as concluded by 
Eastman, all ionic heats (or entropies) of t ransport  
should be positive. 
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Fig. 3. S*HCl and (~.ollo)H+ in the water-ethanol system. Data on 
(~-o~lo)H+ are  t a k e n  from ref. (19 ) .  
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However ,  negat ive ionic heats of t ransport  have been 
observed (20) and it is now understood that for a 
more satisfactory interpreta t ion of the entropy of 
transport,  the s t ruc ture-making  and s t ruc tu re -break-  
ing effects of the ion must  be included in the consider-  
ation. For  a s t ruc ture-maker ,  there  is a fur ther  re-  
duction of the entropy of solvent molecules ahead of 
the ion and therefore  an addit ional  evolut ion of heat. 
But for a s t ructure-breaker ,  the entropy of solvent 
molecules increase and may actual ly give rise to a 
negat ive heat  of transport.  The s t ruc ture-breaking  
effect of an ion may  arise if the dipole orientat ion by 
the ionic field is not compatible wi th  the normal  hy-  
drogen-bonded s t ructure  of the solvent system and as 
a result  some hydrogen bonds are therefore  broken. 
Under  such a circumstance the increase in the entropy 
of the solvent molecules due to other  modes of motion 
may  be more  significant than the reduction of entropy 
due to dipole orientation. Chloride ions are notorious 
for such a s t ruc ture-breaking  effect in water  (21) and 
judging f rom the present  result  it is l ikely that  this 
may very  welbbe the case in the e thano l -wate r  system 
also. The S*HC~'S observed are negat ive for X greater  
than approximate ly  15% up to more than 90%. The 
large negat ive  value for S*Hci at X ,~ 30% is perhaps 
not unexpected  since at this solvent composition the 
solvent system is bel ieved to have a max imum struc- 
ture (compared to the other  compositions) and it is 
l ikely that  the restriction imposed on the compatibi l i ty 
of dipole orientat ion may  be most stringent. 

As mentioned in Par t  I, we have anticipated that  
solvent study on the heat  of t ransport  may reveal  in-  
terest ing information concerning the mechanism of 
ionic t ransport  across a t empera tu re  gradient.  The fact 
that  S*HCl increases abrupt ly  at X = 99.9% is thus 
interest ing and may be explained in terms of the 
mechanism of H + t ransport  suggested by Breck and 
Lin (1, 20). Transport  of H + occurs not only by a 
simple migrat ion mechanism but more significantly by 
a chain mechanism where  H + may  be t ransfer red  f rom 
a hydronium ion to an adjacent  solvent molecule which 
is favorably  oriented, i.e., by the reaction H30 + ~- H20 

H20 § H~O + in water  or its equivalent  ROH2 + W 
ROH --> ROH -~ ROH2 + in pure alcohol. Thus, a t rans-  
port  of entropy may arise not only f rom the al ternate  
ordering and disordering effects of the ionic field on 
the solvent structure, but  more significantly from 
transport  of entropies of reaction as hydrogen bonds 
are a l ternate ly  made and broken. In an aqueous sol- 
vent,  where  the "absolute" ionic entropies of t rans-  
port have  been convincingly determined (20) this 
additional entropy of t ransport  is indicated by the fact 
that  ent ropy of t ransport  of I-I + is abnormal ly  high 
compared with  other  univalent  ions. 

For  the present  solvent system, al though the con- 
vention that  S * c l - ( X )  -~ 0 for 0.01M HC1 wil l  by no 
means serve the purpose of a standard state, it is 
nevertheless  useful  in judging the re la t ive  magni tude  
of the ionic entropy of t ransport  at each solvent com- 
position. Thus, the very  fact that  the conventional  
S*H +'S at higher alcoholic concentrat ions (50-90%) are 
much smaller  than those measured in the aqueous sol- 
vent  and also in pure alcohol has indeed indicated that  
the suggestion by Breck  and Lin may  be fair ly ac- 
curate, namely, that  the high values of S 'H+ are due 
pr imar i ly  to a proton t ransfer  mechanism. It  is t rue 
that  for a large X, H + may  be t ransported by the re-  
action, H~O + -b E t O H - ~  H20 + EtOH.,+; but it is 
known (18) f rom the equi l ibr ium data that  the rate  of 
the reverse  reaction in this case great ly  exceeds that  
of the forward  reaction. Under  such circumstances 
only a simple migrat ion mechanism should be opera- 
t ive and according to the suggested mechanism, the 
observed entropy of t ransport  of H + would be small. 
In pure alcohol, H + may be effectively t ransported by 
the reaction EtOH2 + + EtOH--> EtOH + EtOH2 + and 
therefore  a much larger  ionic entropy of t ransport  for 
H + is obtained as compared with the previous case. 

Final ly  we discuss the t ransported entropy of H + 
computed in Table II. The t ransported entropy of an 
ion is the entropy carr ied by the moving ion under  a 
l imit ing case of an isothermal  condition. Fol lowing 
Khoroshin and Temkin (22), one may wri te  

= s t  + ~sh + s* = s~ + ~-h [7] 

where;  St, entropy of the gaseous ion; -~Sh, entropy of 

hydrat ion of the gaseous ion; and -~Sa, t ransported en-  
t ropy of hydration. 

The t ransported entropy of hydration,  ~ h ,  which in- 
cludes the contr ibution of the entropy of transport,  
was found to be bet ter  approximated  by Born's  model  
of hydrat ion than the entropy of hydrat ion ~Sh in the 
aqueous solvent; that  is, denoting Z as the ionic 
valence and r as the ionic radius, it was found by 

Breck and Lin (20) that  .~Sh correlates bet ter  wi th  
Z2/r than ~Sh. This is interest ing and may  be in ter -  
preted as follows. In Born's theory, apart  f rom other  
approximate  features, the solvent is t rea ted as a di-  
electric continuum. However ,  in real i ty  since a strong 
ionic field acts over  a fair ly short distance in the vi-  
cinity of the ion, the cont inuum model  could best serve 
as a crude approximation.  Therefore,  correlations be- 
tween -~Sh and Z2/r are in general  less than satisfac- 

tory. For  the case of ~S-h, it is sl ightly different since 
here we are considering a moving ion. A moving ion 
sees only an "average"  dielectric medium and con- 
sequently,  the cont inuum assumption is less critical. 
Thus, it is not surprising that  a bet ter  correlat ion 

exits between -~Sh and Z2/r. 
In the present study, S t at 25~ may be computed 

from the Sackur-Tet rode  equation to be 26.00 e.u. for 

H+. If indeed, • of H + may  be approximated by the 

Born theory, it is then expected that  -~Sh should be 
proport ional  to (0 In D/O In T) �9 (1~Dr). Thus taking 
(0 In D/a In T) and D from Par t  I, it is possible, 
wi thin  the f rame of the Born theory, to est imate the 
re la t ive  size of H + as a function of the composition of 
the solvent system. Results of such a calculation are 
presented in Table II along with  the per t inent  param-  
eters. It  is seen that  the present  results predict  a 
progressive increase (except at X = 4.9%) of the ionic 
size when the concentrat ion of ethanol increases. In 
v iew of the fact that  e thanol  molecules are larger  
compared with water  molecules, this seems l ikely if r 
is in terpreted as the "effective" radius. For  it may  be 
reasonable to expect  that  water  molecules in the pr i -  
mary  hydrat ion layer  will  be gradual ly  replaced by 
ethanol  as the concentrat ion of ethanol increases. An  
exper imenta l  check on this result  should be interest-  
ing. 

Comments 
By the very  nature  of entropy as an "indicator" of 

order-d isorder  phenomena, it is felt that  thermoelec-  
tr ic studies on the electrolytes in the mixed  solvent 
system should be useful in elucidating such phenomena 
as ion-ion, ion-solvent,  and solvent -solvent  interaction. 
The present  article does not pre tend to be exhaustive,  
ra ther  we hope it would be a useful  example.  There is 
a lot more remaining to be done in the immediate  
area; for example,  to study the concentrat ion de- 
pendence of S*HcI(X) and to carry on a similar study 
with  ions of quite different natures such as the te t ra -  
a lkyl  ammonium ions. Also in the present  study, al-  
though the assumption that  �89 (S*Q -- S*H2Q) is small, 
is hopeful ly a reasonable one, it is never theless  desir-  
able to have an exper imenta l  check on such an as- 
sumption. Work along this l ine is in progress in our 
laboratory.  

To be more conclusive on the problem of the mech-  
anism of h + t ransport  across a t empera tu re  gradient,  
more studies on other  acids wil l  be needed. It is wor th  
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ment ioning that the mechanism suggested by Breck 
and Lin is sufficiently similar to the mechanism of H + 
transport  under  an electric field, i.e., considering the 
transport  of H + as a sort of "structural  diffusion." In 
view of the fact that in these two cases the driving 
forces involved are quite different, this is an interest ing 
thing to know. An electric field (for example a d-c 
field) will  tend to align the solvent dipole and thus 
create more order, whereas a tempera ture  gradient  
would tend to create more disorder by way of setting 
up a thermal  energy gradient  among the solvent 
molecules. 

To evaluate the ionic entropy of t ransport  on an 
"absolute" basis, a study of the problem of s tandard 
state is necessary. We plan to discuss this subject in a 
forthcoming article. 
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Technical Note 

EMF and Voltammetric Measurements on the 
U(IV)/U(III) Couple in Molten LiF-BeF2-ZrL 

H. W. Jenkins, 1 G. Mamantov,* D. L. Manning, and J. P. Young 
Department of Chemistry, University of Tennessee, Knoxville, Tennessee, 

and Analytical Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

Knowledge of the U ( I V ) / U ( I I I )  ratio in molten 
LiF-BeF2-ZrF4 [65.6-29.4-5.0 m/o  (mole per cent)]  
is of considerable importance to the Molten Salt Re- 
actor program of the Oak Ridge National  Laboratory. 
This ratio reflects the presence of (or lack of) reduc-  
ing conditions, desirable in order to minimize corro- 
sion in the reactor. We have shown previously (1) 
that the reduction of u r a n i u m  (IV) in molten LiF-  
BeF2-ZrF4 at 500~ is a reversible one-electron 
process occurring at approximately --1.5V (vs. Ni/  
NiF2,XNI(H) ~ 1). Other aspects of the electrochem- 
istry of u ran ium in the same melt  have been discussed 
elsewhere (2, 3). A review of electrode reactions in 
molten fluorides is available (4). Determinat ion of 
small  concentrations of U( I I I )  in the presence of 
large amounts  of U(IV)  by direct vol tammetry  or 
chronopotentiometry (forward or current - reversa l )  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
t Oak R idge  Assoc ia t ed  U n i v e r s i t i e s  Fe l low,  U n i v e r s i t y  of Tennes -  

see, K n o x v i l l e ,  Tennessee .  

was found to be not feasible. Spectrophotometric 
studies on U(IV)  and U(I I I )  in this melt  (5, 6), have 
shown that U(IV)  has analyt ical ly  useful absorption 
bands at 640 and 1090 nm, and that U( I I I )  absorbs 
strongly at 360 nm and exhibits a weaker band at 
890 nm. 

The emf studies on the U ( I V ) / U ( I I I )  couple de- 
scribed below were conducted as part  of developing 
an emf series of measured potentials in molten fluo- 
rides (7). Simultaneously  with the emf measurements,  
a simple voltammetric  method was developed for the 
determinat ion of the U ( IV) /U  (III) ratio when  U (IV) 
> >  U(I I I ) .  The U ( I V ) / U ( I I I )  ratio in the same 
samples was also measured by spectrophotometry. 

Experimental 
The electrochemical measurements  were conducted 

in a drybox-furnace  combinat ion that  was described 
previously (8). The ins t rumenta t ion  employed and 
the Ni /Ni ( I I )  reference electrode in  boron nitr ide 
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have also been described (1, 8). The melt  in  the ref- 
erence electrode compartment  consisted of anhydrous 
nickel fluoride (mole fraction 10-4-10 -3 ) dissolved 
in LiF-BeF2-ZrF4 of the same composition as the bulk  
melt. It was necessary to relate the potential  of each 
reference electrode to a common reference point  since 
previous work (8) has shown that  a junct ion poten- 
tial exists across the boron nitr ide sheath. It should be 
emphasized that this junct ion  potential  is constant to 
wi th in  a few mV for periods of 1-2 weeks or longer, 
provided the temperature  is kept constant. The com- 
mon reference used in this work is the s tandard elec- 
trode potential  of the n i cke l ( I I ) / n i cke l  couple where 
the s tandard state of n ickel ( I I )  is taken to be the 
hypothetical  un i t  mole fraction solution (9). The po- 
tential  of each reference electrode was determined 
with respect to a n i cke l ( I I ) / n i cke l  electrode in the 
bulk  of the melt  prior to the addition of solute spe- 
cies. A sample of the melt  was taken  to determine the 
n ickel ( I I )  concentrat ion in the bu lk  of the melt. The 
nickel (II) in the bu lk  of the melt  was removed by 
reduction with zirconium metal. The potential  of 
the reference electrode was related to the s tandard 
electrode potential  of the n i cke l ( I I ) / n i cke l  couple by 
means of the Nernst  equation. 

The potential  of the U ( I V ) / U ( I I I )  couple was mea-  
sured at a p la t inum wire indicator electrode. The 
U (IV) was added to the melt  as LiF-UF4 (73-27 m/o) .  
The U (III) concentrat ion was varied by the controlled 
reduction of U(IV)  with a zirconium rod that  could 
be immersed in the melt. It  was established from 
stabili ty of emf measurements  and from variat ions 
in the voltammetric  peak current  that  homogeneity 
of solutions was at tained by wai t ing about 1 hr be- 
tween additions and measurements;  the melt  was 
stirred periodically (either manua l ly  or mechanically)  
during that time. The emf measurements  were re- 
corded over a 15-30 min  period to insure the stabil i ty 
of the values. All measurements  were made at 5O0~ 
At the t ime of each emf measurement ,  a sample of 
the melt  was taken in a graphite windowless cell (6), 
allowed to solidify, and t ransferred to a heated spec- 
trophotometric facility. The complete operation was 
performed without  exposing the sample to the atmos- 
phere; such exposure would probably alter the oxida- 
tion state of the solute. On remelt ing the sample in a 
hel ium atmosphere, its spectrum was obtained. The 
absorbance of U(IV)  was determined at 640 nm and 
that  of U( I I I )  at 360 or 890 nm depending on its con- 
centrat ion level. The U ( IV) /U  (III) ratios determined 
by spectrophotometry were used in the Nernst  equa- 
t ion to determine the standard potential  of this redox 
couple and also for comparison with the U ( I V ) /  
U( I I I )  ratios determined voltammetrically.  

Results and Discussion 
A summary  of emf measurements  on the U ( I V ) /  

U( I I I )  couple vs.  a N i ( I I ) / N i  reference electrode is 
shown in Table I, column 2. All potentials are in ac- 
cordance with the Stockholm sign convention. Also 
given in Table I are the emf values corrected vs. a 
unit  mole fraction N i ( I I ) / N i  electrode (column 3). 
A plot of the corrected emf values vs.  the log of the 
U ( I V ) / U ( I I I )  ratio (from spectrophotometry) re-  
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sulted in a straight line which exhibited the theo- 
retical Nerns t ian  slope of 0.153V (at 500~ The 
s tandard electrode potent ial  determined by extrapo- 
lat ion to a U ( I V ) / U ( I I I )  ratio of un i ty  is --1.480 _ 
O.OlV. This value is in reasonably good agreement  
with the value of --1.517V calculated by Baes (9) from 
thermodynamic data obtained in a somewhat different 
melt, namely  LiF-BeF2 (66-34 m/o) .  

Values for the U ( I V ) / U ( I I I )  ratios determined by 
the new voltammetr ic  method are shown in  the last 
column of Table I. In the voltammetric  measure-  
ments, current-vol tage  curves for the U(IV)  -> U (III) 
reduction are recorded vs.  a p la t inum electrode which 
is poised at the equi l ibr ium potential  (Eeq) of the melt. 
The equi l ibr ium potential, in turn,  depends on the 
U ( I V ) / U ( I I I )  ratio. The fixed reference potential  is 
generated in terna l ly ;  it is the vol tammetr ic  equivalent  
of the s tandard electrode potential  (Eo), i.e., the po- 
tent ia l  at which the U ( I V ) / U ( I I I )  ratio is un i ty  at 
the electrode surface. The potential  Eo is the potential  
corresponding to the current  value that  is 85% of 
the peak current .  This holds true for a reversible 
couple in which the oxidized and reduced forms are 
soluble and the c o n c e n t r a t i o n  of the reduced form 
is much smaller  than  that of the oxidized form (1O). 
This is the case for the U ( I V ) - U ( I I I )  system in this 
melt  (1). It follows from the Nernst  equation 

R T  U(IV)  
E e q  -- E o  = AE = --ln-- 

nF U(III) 

that the difference between E e q  and Eo is a measure of 
the U ( I V ) / U ( I I I )  ratio. It is seen that both oxidation 
states may be determined from the voltammetric  peak 
current  and the position of the vol tammogram on 
the potential  scale (it is assumed that  iR drop as well  
as polarization of the reference electrode are el im- 
inated through the use of an auxi l iary  electrode). 

The agreement  with spectrophotometric results is 
quite good, considering the instabi l i ty  of U( I I I )  in 
both experimental  systems. U( I I I )  could not be main-  
tained for more than 24 hr. This is believed to be 
due in part  to the diffusion of oxygen through the 
dry  box gloves which oxidizes U(I I I )  to U( IV) .  

The vol tammetr ic  method is part icular ly useful 
in nonaqueous solvents where reference electrodes are 
f requent ly  not readily available, or the s tandard po- 
tentials may not be known. This method is being 
employed in highly radioactive molten salt solutions; 
the use of a N i ( I I ) / N i  reference electrode contained 
in boron nitr ide for this purpose may not be feasible. 

Acknowledgments 
This work was supported by the U.S. Atomic En-  

ergy Commission under  contract with the Union Car- 
bide Corporation and Contract AT-(40-1)-3518. 

Manuscript  submit ted March 14, 1969; revised m a n u -  
script received ca. Sept. 5, 1969. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1970 
J O U R N A L .  

REFERENCES 
1. G. Mamantov and D. L. Manning,  A n a l .  Chem. ,  

38, 1494 (1966). 

Table I. Determination of the uranium(IV)/uranium(lll) ratios* 

U(IV) 

U(III) 
- -  ra t io**  

Eref -- Eu(Iv)/u(III), E~ -- EU(IV)/U(IID, 
V V 

U(IV) 

U(III) 
r a t i o t  

138.0 0.882 1.152 180 
29.4 0.987 1.257 29.6 
11.8 1.075 1.345 10.0 
6.7 1.078 1.348 7.1 

* Mole  f r a c t i o n  of  to ta l  u r a n i u m  2.9 • 10-3. 
** D e t e r m i n e d  b y  s p e c t r o p h o t o m e t r y .  

t D e t e r m i n e d  b y  v o l t m m m e t r y .  



1714 J. EIectrochem. Soe.: E L E C T R O C H E M I C A L  S C I E N C E  D e c e m b e r  1969 

2. G. Mamantov and D. L. Manning,  J. Electroanal. 
Chem. and Interf. Electrochem., 18, 309 (1968). 

3. D. L. Manning and G. Mamantov, ibid., 17, 137 
(1968). 

4. G. Mamantov, "Electrode Reactions in Molten 
Fluorides," in "Molten Salts: Characterization 
and Analysis," G. Mamantov, Editor, M. Dekker 
(1969). 

5. J. P. Young, G. Mamantov, and F. L. Whiting, 
J. Phys. Chem., 71, 782 (1967). 

6. J. P. Young, Inorg. Chem., 6, 1486 (1967). 
7. H. W. Jenkins,  Ph.D. Dissertation, Univers i ty  of 

Tennessee, 1969. 
8. H. W. Jenkins,  G. Mamantov, and D. L. Manning, 

J. Electroanal. Chem. and Interf. Electrochem., 
19, 385 (1968). 

9. C. F. Baes, Jr., in SM-66/60, "Thermodynamics,"  
Vol I, IAEA, Vienna (1966). 

10. R. S. Nicholson and I. Shain, Anal. Chem., 36, 
706 (1964). 

D I S C U S S I O N  

S E C T I O N ,  
This Discuss ion Sect ion  includes  discussion of papers  appear ing  

in the Journal of The Electrochemical Society, Vol. 116, No. 1, 2, 
and 6, J a n u a r y ,  Februa ry ,  and  June ,  1969. 

pH Changes at Anion Selective Membranes 
under Realistic Flow Conditions 

T. R. E. Kressman and F. L. Tye 
(pp. 25-3'1, Vol. '116, No. ]) 

Al lyn  H. Heir 1 and Richard ProberS: Kressman and 
Tye's painstaking experiments  provide addit ional in-  
sight into the mechanism for fouling of anion selective 
membranes  in electrodialysis. Their  data leave little 
doubt that, at conditions of high current  density, or- 
ganic species accelerate the functional  fai lure of the 
membranes,  as evidenced in practice by depressed se- 
lectivity and increased ohmic resistance. Indeed, in 
view of that it is surprising that O H -  transport  through 
anion selective membranes  eventual ly  becomes stabi-  
lized (as indicated in Kressman and Tye's paper, Fig. 
6 and 8). 

However, in our opinion, the data do not war ran t  
the conclusion that  "the main l imitat ion on electro- 
dialysis is not polarization per se but poisoning of the 
anion-select ive membranes ."  Even with especially 
purified feed solutions, high current  densities could 
not be sustained longer than a few hours (see their  
Fig. 8). Thus, feed pre t rea tment  to remove organic 
mat ter  and thereby prevent  membrane  poisoning can- 
not be justified. In desalination by electrodialysis, the 
membranes  must  serve for several  years; hence u n -  
poisoned membranes  are an idealization not a t ta inable  
in  practice over a useful fraction of the membrane  
lifetime. 

The pH changes observed by Kressman and Tye are 
bulk-phase  effects, and the pH at the membrane -  
solution interfaces may be significantly greater than in 
the bulk  solution. For example, Kressman and Tye's 
data (Fig. 6) that, in NaCI solutions significant O H -  
transfer  began at cur rent  densities of 10 mA/cm 2, imply 
an average mass t ransfer  coefficient (D/b) of 15 cm/h r  
through the hydrodynamic boundary  layer on the 
donating solution side of the anion exchange mem-  
branes (Eq. [2]). Then, assuming that  the coefficient 
for O H -  transfer through the diffusion boundary  layer 
on the receiving solution side of the membrane  is of 
the same order of magnitude,  we calculate that the 
alkal ini ty  at the receiving so lu t ion-membrane  solution 
interface must  (on the average) have been about 
0.0042N (pH 11.6) in order to main ta in  a bu lk-s t ream 
alkal ini ty  of 0.0027N (pH 11.4) at the stated feed-and-  
bleed rates. 

The transport  of O H -  ions through anion selective 
membranes  at high current  densi ty brings about an 
undesirable side effect in electrodialysis of na tura l ly  
occurring brackish waters. Sparingly soluble calcium 

z Ionac  Chemica l  Company,  Divis ion of Sybron  Corporation,  Bir-  
m i n g h a m ,  N. J .  

The P e r m u t i t  Company,  Divis ion os Sybron Corporation,  P r ince -  
ton, N. J .  

Q 
and magnesium compounds precipitate where the O H -  
concentrat ion is greatest, that  is, on the receiving 
stream face of the anion exchange membranes,  unless 
the receiving stream (concentrate) feed is acidulated. 
We have observed such precipitation par t icular ly  with 
feed water  of pH 7.4-7.7 and marked by 100-150 ppm 
of HCO3- ion. We have also observed that  type of 
precipitation on the donating stream (diluate) side of 
the anion selective membranes  with a feed stream con- 
ta in ing 800-900 ppm (as CaCO3) of hardness, despite 
the donating stream feed and effluent both having bulk 
pH values less than 7.0. 

It must  be remembered that pH changes occur as 
the result  of depletion of electrolyte content in the dif- 
fusional boundary  layers adjacent  to the membrane  
surfaces. The effect is not confined to anion exchange 
membranes.  We have observed pH changes even when 
the anion membrane  is replaced by a near ly  neut ra l  
( in fact, slightly cation selective) cellulosic membrane,  
as in the t ransport  depletion process. Indeed, pH 
changes in electrodialysis were noted at an early period 
when the only mater ia l  available to serve the mem-  
brane  requirements  of electrodialysis cells were ni t ro-  
cellulose or regenerated cellulose or possibly animal  
tissue. Bethe and Toropoff 3 reported a passage of cur-  
rent  through a mul t ichambered electrodialysis stack, 
wherein the chambers are defined by nonselective mem-  
branes, resulted in effluents emerging from the stack 
at acidic or alkaline pH, depending on whether  the 
individual  stream issued, in effect, from a dilution or 
concentrat ion chamber. 

T. R. E. Kressman and F. L. Tye: Heit and Prober are 
not correct in inferr ing from our data that  organic 
poisoning occurs only at high current  densities. We 
believe that  it happens at all cur rent  densities includ-  
ing zero. The effects shown in Fig. 9 resulted from 
poisoning runs at 5 mA / c m z which we would regard 
as a very moderate current  density. The related phe- 
nomena of organic poisoning of strongly basic anion-  
exchange resins takes place in the absence of current  
and in fur ther  work 4 we have established that an ion-  
selective membranes  are also poisoned in the absence 
of current.  

Heit and Prober  should not presume that  hydroxyl  
ion t ranspor t  through the anion-select ive membrane  
was stabilized. We state that "the apparent ly  steady, 
reproducible and reversible conditions obtaining for 
the data on Permaplex A-20 in Fig. 6 must  have oc- 
curred because the amount  of organic matter  accumu- 
lated by the membrane  dur ing the runs was small 
relat ive to the amount  already on the membrane  at the 
start  of this series." This surely indicates that we do 
not regard the si tuation as genuinely  stabilized. We 
have little doubt that  had the experiments repre-  
sented in Fig. 8 been continued for longer t imes that  
the current  density necessary to main ta in  a receiving 

Bethe and Toropoff, Z. Phys.  Chem.., 88, 686 (1914). 
T. R. E. K r e s s m a n  and F L. Tye, Electroch~rn. Acta,  I~ press. 
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stream alkalini ty of 0.0027N would have  had to be re-  
duced. In other  work  4 where  operation was continued 
for several  hundred hours conditions did not stabilize. 

We have not commented on the justifiabili ty of feed-  
water  p re t rea tment  as a practical  procedure as inferred 
by Heit  and Prober 's  second paragraph. In fact, as they 
admit, we have shown that organic poisoning occurs 
even with purified solutions. 

We bel ieve that  our  work  shows that  the a t ta inment  
of higher  current  densities which are economically de- 
sirable in electrodialytic water  t rea tment  is not re-  
stricted by inherent  hydrodynamic,  mass transport,  and 
electr ical  migrat ion factors, but by the effect on them 
of membrane  poisoning. We are at var iance with noth-  
ing else that  Heit and Prober  wri te  nor do we think 
that  their  remarks  in any way detract  f rom this con- 
clusion. 

An Investigation of the Difference Between NaCI and 
NaCIO3 as Electrolytes in Electrochemical Machining 

James P. Hoare, Mitchell A. LaBoda, Michael L. McMillan, and 
Augustine J. Wallace, Jr. 

(pp. 199-203, Vol. 116, No. 2) 

P. $. Boden 5 and $. M. Evans6: The intensive study 
carried out by the authors into the behavior  of electro-  
lytes for electrochemical  machining is very  welcome 
since it is a serious a t tempt  to solve the problems of 
the process via a fundamenta l  electrochemical  invest i-  
gation. We have found great exper imenta l  difficulties 
in measur ing anode potential  under  high flow rate con- 
ditions and were, therefore,  impressed by the rotat ing 
disk technique which they employed. Our own con- 
clusions conflict wi th  those of the authors somewhat,  
and we would like to advance some of our own results. 

As we have already stated, 8 we bel ieve that  the sole 
cri terion for determining the abi l i ty of an electrolyte 
to produce good machining tolerances is the aggressive-  
ness of its anion toward any passive film formed in the 
s t ray current  region. Chlorate anions impose only mild 
at tack on passive films formed in their  presence, 
whereas  the chloride anions break down the film more 
severely.  In their  paper the authors ment ioned the ab- 
sence of the protect ive "y-Fe203 in sodium chloride 
electrolyte.  Work at Nottingham~ seems to indicate 
that  this film exists in chloride solutions but is almost 
total ly pit ted in the higher  s trength solutions (15-20% 
w / w ) .  

We were  surprised to read that  the flow of solution 
has li t t le effect on the machining rate. Turner  and 
Cuthber tson s showed that  the machining current  va r -  
ied with flow and our calculations indicate that  the 
flow requi red  to give polished surfaces of iron in NaC1 
solution varies according to the we l l -known empirical  
relat ionship 

I ~ K ( V )  n 

where  V is the veloci ty of the electrolyte,  n = 0.5, and 
I = current  density at which polishing occurs. 

Since chlorates and ni trates are potential  fire haz-  
ards, work  has been concentrated on a t tempt ing to 
simulate the desirable cutting propert ies  of these elec- 
trolytes through modification of a sodium chloride base 
solution. Our research has led to the conclusion that  
wild cutt ing is mere ly  a function of heavy pit t ing of 
a passive film and, if these pits can be blocked then an 
improvement  in machining propert ies may be achieved. 
In the case of nickel and nickel-based alloys, this has 
been achieved by making small additions of anions to 
the chloride solution so that  insoluble salts can be 

D e p a r t m e n t  of Metal lurgy,  The Unive r s i ty  of  Not t ingham,  Uni-  
vers i ty  Pa rk ,  Not t ingham,  England.  
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produced in the stray current  region. Additions such 
as carbonate, phosphate, and ferr icyanide have been 
made to chloride solutions and the  reduction in stray 
current  attack (SCA) has been superior to that  pro- 
duced in chlorate electrolyte. This work  is being re-  
ported in greater  detail  elsewhere, but it is apparent  
that  the effectiveness of the addition is direct ly related 
to the solubil i ty of the nickel salt it produces. Indeed, 
oxygen-conta in ing  anion additions, bicarbonate, sul- 
fate, and ni t ra te  produced a re la t ive ly  small  change 
in SCA due to the formation of soluble nickel salts. 
The mechanism by which these salts produce the im-  
provement  thus appears to be one of pit blocking. Also, 
provided that  small  additions are made, i.e., the weight  
of salt added does not exceed a critical quantity,  the 
surface finish ahead of the tool is unaffected and bright  
surface finishes can still be achieved at high efficiencies. 

A second point which should be noted is that  these 
additions general ly  increase the alkal ini ty of the chlo- 
r ide solution and should reduce corrosion of exposed 
parts of the E.C.M. machines. 

$. P. Hoare, M. A. LaBoda, and A. $. Wallace,  Jr.: We 
wish to thank Boden and Evans for their  interest  in 
our work, but  we would l ike to take advantage of this 
opportuni ty  to point out a number  of areas in which 
these authors may have misinterpreted the  results of 
our work. 

In NaC1 solutions, we mainta in  that  a protect ive film 
is not present  on iron specimens, al though from cath-  
odic str ipping s tudies? we also detect the presence of 
a nonprotect ive film. The important  word here is 
"protect ive."  

In the present  paper being discussed, 1~ we did not 
say that  the metal  removal  rate was independent  of 
the electrolyte flow rate. It is the s teady-sta te  polariza- 
tion curve  that  is independent  of the speed of rotation 
of the disk electrode. Actually,  in a previous report, ll 
it was pointed out that  above a given flow rate, where  
good machining takes place, the increase in metal  re-  
moval  rate  varies so s lowly with increasing flow rates 
it is not economical to operate at h igher  rates. In this 
range, the metal  removal  rate  may be considered to be 
approximate ly  independent  of flow rate. At the low 
flow rate and where  the ECM properties are more 
strongly dependent  on flow rate, interest  is lacking be-  
cause such exper imenta l  conditions do not give efficient 
ECM operation. 

We would like to point out that  polishing is not ob- 
ta ined in C1- ion electrolytes on most common struc- 
tural  metals except  the 300 series stainless steels. Any 
polishing obtained with  C1- ion solutions was ob- 
tained 6 in the poor ECM range of current  densities 
(50 A/in.2).  Economically interest ing me ta l - r emova l  
rates take place in the current  range be tween  300 and 
1200 A/ in .  2 (3). 

Our experience has been that  when the electrolyte 
contains high concentrat ions of C1- ion, nothing can 
modify the aggressive nature  of such an electrolyte  
to the point where  one obtains machining rates and 
excel lent  surface finishes on steel and nickel alloys 
equivalent  to the results achieved with  chlorate elec- 
trolytes. It  may be possible to obtain bright  surfaces 
of vary ing  qual i ty  under  certain conditions with many 
electrolytes, but  only with the chlorate does one find 
the mi r ro r -b r igh t  finish over such a large range of ma-  
terials and exper imenta l  conditions. 

In the absence of any detailed report  of the exper i -  
menta l  conditions, s tructures of cells, and exper imenta l  
results, it is impossible to comment  fur ther  on the work  
of Boden and Evans with  respect to their  additions of 
CO3 =, PO4 =, CrO4-,  etc., to C1- ion-based electrolytes. 

9 j .  p .  Hoare,  This Journal, Submi t t ed  for  publication.  
10 j .  p.  Hoare,  M. A. LaBoda,  M. L. l~IcMillan, and  A. J.  Wallace, 

Jr . ,  This Journal ,  116, 199 (1969). 
r iM.  A. LaBoda and M. L. MclVLillan, Eleetroehem. TechnoL, 5, 

34O (1967). 
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Effects of Oxidizable Anion Adsorption on the Anodic 
Behavior of Platinum 

Sigmund Scbuldiner 
(pp. 767-771, Vol. ! 16, No. 6) 

Sigmund Schuldiner replying to the discussion of his 
paper  by K. J. Vet ter  and J. W. Schultze which ap- 
peared on page 824 of the June  1969 Discussion Section 
v: Vet ter  and Sehultze TM in a discussion of my paper  
on the  effects of oxidizable anion adsorption on the 
anodic behavior  of p la t inum have unfor tunate ly  based 
thei r  analysis on a series of erroneous interpretat ions 
of data published in several  papers f rom this Labora-  
tory. 13-~6 Their  incorrect  use of our data has led them 
to a mechanistic in terpreta t ion of the reaction of Pt-Oad 
with  dissolved H2 which can easily be shown to be 
false. 

In their  discussion, Vet ter  and Schultze claim that  
we state 14, 16 that  the mean value  of the reaction rate  
of Pt-Oad + H2 is 1.2 m A / c m  2. In fact, we make no 
such statement,  and the Vetter  and Schultze claim that  
we did is not correct. In my paper 14 it was pointed out  
that  the ra te  of the Pt-Oad + H2 reaction was measured 
on three separate Pt  bead electrodes of different cata-  
lytic act ivi ty  for this reaction. The actual rates for the 
Pt-Oad + H2 reaction for each of these electrodes was 
0.4, 1.2, and 8 m A / c m  2, respectively.  Warner  and Schul-  
diner16, 17 clearly showed that  the rate of the Pt-Oad -~ 
H2 reaction is s trongly dependent  on the electrode t he r -  
mal t r ea tment  and /o r  chemical  etching. P la t inum is 
a "demanding"  catalyst  for the reaction. However,  my  
work 15 showed also that  the s teady-sta te  hydrogen 
oxidation reaction is independent  of the electrode his- 
tory  of Pt. Hence, each electrode gave the same l imit -  
ing (0.04-0.7V vs. NHE) rate  of oxidat ion of H2 of 2 
m A / c m  2. 

If the Vet ter  and Schultze electrochemical  mecha-  
nism for the reaction of Pt-Oad ~- H2 were  correct, then 
the electrode which had a reaction ra te  of 0.4 m A / c m  2 
for this react ion would have a l imit ing current  density 
for the H2 oxidation react ion of 0.4 m A / c m  2. Similarly,  
the electrode wi th  a react ion ra te  of 1.2 m A / c m  2 would  
have  an H2 l imit ing oxidation current  density of 1.2 
m A / c m  e, and the electrode with a reaction rate of 8 
m A / c m  2 would have an He l imit ing oxidation current  
density of 2 m A / c m  2. The precision (within 10%) of 
determining both the reaction rate  of the Pt-Oad 
H2 reaction and the l imit ing H2 oxidation rate  are  high 
enough so that  the differences indicated for each elec- 
t rode would be easily dist inguishable in my exper i -  
menta l  results. Since all three  electrodes gave 2 m A /  
cm 2 l imit ing He oxidation current  density, the conclu-  
sion is that  the electrochemical  Pt-Oad ~ He mechan-  
ism proposed by Vetter  and Schultze is incorrect.  

Vet ter  and Schultze fu r the r  err  in using our data 
in Fig. 4, TM by applying an incorrect  relat ion between 
thei r  supposed Pt-Oad coverage (0) and potential  (E).  
The data in our Fig. 4 TM shows the transient  relat ion 
between o and E, whereas  our potentiostatic data in 
footnotes 14 and 15 concerns the steady state. A steady- 
state re la t ion be tween potent ial  and fract ion of surface 
covered wi th  adsorbate can be obtained from our Fig. 
2.15 If one assumes, as does Vetter  and Schultze, that  
this adsorbate is oxygen (or oxide) then one can obtain 
a relat ion be tween o and E. Using the equation for the 

K. J .  V e t t e r  a n d  J .  W.  S c h u l t z e ,  This Journal, 116, 824 (1969) .  
~ S.  S c h u l d i n e r ,  This J our na l  116, 767 (1969~. 
i t  S. S c h u l d i n e r ,  Th~s Journal, 115, 362 {1968). 

S. S e h u l d i n e r ,  T h i s  Journal, 115, 897 (1966) .  
t6 T.  B.  W a r n e r  a n d  S. S c h u l d i n e r ,  This Journal, 115, 28 (1968) .  
xT T.  B.  Warner and S. S c h u l d i n e r ,  T h ~  Journal, 114, 1120 (1967) .  

Table I. Steady-state relations 

0 E, V i-/k-eH+ 

0.23 0.51 - -7 .8  • 10-s 
0.38 0.61 - -1 .3  • 10 -s 
0.40 0.70 - -5 .7  • 10-10 
0.46 0.79 - -4 .0  • 10-11 
0.37 0.87 - -8 .9  • 10 -~, 

ra te  of reduction of Pt-Oad proposed by Vet ter  and 
Schultze12: 

i -  ---~ k-OH+ exp ( a -  0 -- 2.3 E / b - )  

and using their  values of a -  =- 13.8, b -  = 60 mV, k -  
-~ constant, CH + = concentrat ion of hydrogen ions, and 
applying this to the s teady-sta te  relat ion be tween e 
and E 15 one obtains the results shown in Table I. The 
data for 1M H 2 8 0 4  shown in the  last column show that  
i -  ( k -  and CH+ are constants) is not constant from 
0.51 to O.87V. In fact these data show a ve ry  rapid de- 
crease in current  density f rom 0.51 to 0.87V. This de-  
crease is contradic tory to the  data found in footnotes 
14 and 15 that  showed a s teady-sta te  l imit ing current  
density f rom 0.04 to 0.7V. The actual  exper imenta l  
current  density decrease at 0.87V 14, 15 was one third of 
the 0.TV value. The calculated data shown in Table I 
give a decrease in current  density from 0.7 to 0.67V 
of almost two orders of magnitude.  Thus, again it  is 
shown that  the analysis used by Vet ter  and Schultze 
and their  conclusion that  the reaction of Pt-Oad Jr H2 
is electrochemical  is incorrect.  

In thei r  analysis of the formic acid reaction, their  
data (Fig. 2, footnote 12) shows that  at a e of 0.16 and 
E of 1V, i ~ 10 -4 _A_/cm 2. Not enough detai l  is given 
to indicate if these are t ransient  or s teady-sta te  mea-  
surements.  My s teady-sta te  potentiostatic measure-  
ments (Fig. 2, footnote 15) showed that  at 1V the 
s teady-s ta te  value of what  Vet ter  and Schultze would 
call  e is 0.71, and i for the format ion of oxygen is 5 x 
10 -7 A / c m  2 (Fig. 1, footnote 15). Here  again, it ap- 
pears tha t  Vet te r  and Schultze and I are refer r ing  to 
two different exper imenta l  conditions. Under  s teady- 
state conditions, the rate  of oxidation of water  to oxy-  
gen is orders of magni tude  slower than under  the con- 
ditions used by Vetter  and Schultze. 

Vet ter  and Schultze have  assumed that  s teady-sta te  
and t ransient  e and E relations are  identical  and have  
based their  analysis on an indiscr iminate use of both 
exper imenta l  cases. The fact is, however ,  that  t ransient  
and s teady-sta te  values of these parameters  have  been 
shown exper imenta l ly  to be quite  different. 

In point of fact, the  Vet ter  and Schultze analysis 
demonstrates that  the Pt-Oad -Jr H2 react ion is not an 
electrochemical  reaction. This fu r the r  supports our 
conclusion TM that  this is a direct chemical  reaction be- 
tween adsorbed oxygen atoms and dissolved molecu-  
lar  hydrogen. This reaction is exper imenta l ly  TM inde-  
pendent  of potent ial  up to 0.9V, and since the reaction 
is chemical  and independent  of potential, one can rea-  
sonably predict  tha t  the react ion ra te  is essential ly in-  
dependent  of potential  up to at least 1.2V positive to 
NHE.14, 15 In any case, at potentials below 0.9V where  
no extrapolat ion of the rate  of the Pt-Oad -}- H2 reac-  
tion is required,  I feel that  Vet ter  and Schultze have 
offered strong support to my major  conclusion 13-15 that  
the initiation of passivation of the hydrogen oxidation 
react ion at 0.TV vs. NHE is caused by anion adsorption 
ra ther  than adsorbed oxygen atoms, an oxide, or an-  
other  oxidation product  of water .  



Highly Refractive Glasses to Improve 
Electroluminescent Diode Efficiencies 

A. G. Fischer* and C. J. Nuese 
RCA Laboratories, Princeton, New Jersey 

ABSTRACT 

A series of low-mel t ing arsenic-chalcogen-halogen glasses were developed, 
with refractive indexes between 2.4 and 2.9. Despite severe thermal  expansion 
mismatch, it was possible to form stable glass domes on p lanar  electrolumi- 
nescent diodes by using glass compositions which permit  s train relief by ther-  
moplastic flow. By reducing in ternal  reflection losses, external  efficiencies 
were rout inely  increased by factors from 4-6 for GaAs, GaAsl-xPx, and 
AlzGal-xAs diodes, result ing in  external  efficiencies as high as 7.2% for a 
solut ion-grown AlxGa1-xAs diode. 

In p lanar-shaped electroluminescent  diodes which 
emit near -bandgap  radiation, large absorption losses 
and a small critical angle usual ly limit the external  
emission to a few per cent of the junct ion emission. 
In such diodes, most of the radiat ion is in te rna l ly  re- 
flected at the crystal surface and strongly absorbed. 
This loss mechanism can be significantly reduced by 
shaping the diode to el iminate total in terna l  reflection 
(e.g., in the form of a hemisphere or Weierstrass 
sphere),  or by  capping the diode with a properly 
shaped t ransparent  mater ial  with a refractive index 
as close as possible to that of the semiconductor (~3.5).  
An improvement  in the external  efficiency by a factor 
of up to 26 is theoretically possible (1) by either of 
these techniques. 

In practice, a factor of 10 improvement  has been at-  
tained for GaAs diodes shaped as hemispheres (1) 
(but  not free of absorption).  However this technique 
requires excessively thick semiconductor wafers as 
well as ra ther  tedious shaping procedures, and hence 
is not par t icular ly  well  suited for large-scale produc- 
tion. Furthermore,  for GaAsl-xPz or AlzGal-xAs di-  
odes, which are usually prepared as thin layers on 
thick GaAs substrates, the epitaxial layer is too thin 
for shaping, and the GaAs substrate strongly absorbs 
emission from the h igher-energy-gap epitaxial layer. 
For these reasons, the use of a properly shaped t rans-  
parent  encapsulant  for p lanar  eleetroluminescent  di- 
odes is par t icular ly  attractive. 

Transparent  resin domes have been used rout inely 
on diode light sources; however their  low refractive 
index (~1.8) limits efficiency improvements  to less 
than a factor of three (2). A t ransparent  optical 
As-S-Br  glass of high refractive index (n = 2.4) was 
used earlier by Fischer (3) as an imbedding medium 
for studies on ZnS electroluminescent  particles. How- 
ever, apart  from the pr imary  requirements  for a high 
refractive index and low absorption, such a glass must  
fulfill two more conditions in order to be practical for 
dome fabrication on electroluminescent  diodes: 

(a) The viscosity vs. temperature  behavior of the 
glass must  permit  it to be moldable at temperatures  
low enough to prevent  chemical reactions between the 
glass and the diode, or mel t ing of the solder contacts  

(b) The viscosity of the glass must  be low enough 
at room tempera ture  to permit  thermoplastic flow. This 
flow can then relieve the strain caused by the large 
difference in the thermal  expansion coefficients of the 
glass and the semiconductor, thereby prevent ing the 
glass dome from cracking off the crystal. 

In this paper we describe a series of optical glasses 
consisting of various combinations of arsenic, sulfur, 
selenium, tel lurium, bromine, and iodine, which meet  
the conditions discussed above. Such glasses, when used 
as spherical domes on p lanar  diodes which emit near-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

bandgap light, have been found to increase external  
efficiencies by as much as a factor of 6. Through the 
use of these glasses, room-tempera ture  external  effi- 
ciencies were increased from 0.03 to 0.16% for vapor-  
grown GaAsl-xP~ diodes, from 0.4 to 2.1% for Zn- 
diffused GaAs diodes, and from 1.7 to 7.2% for a solu- 
t ion-grown AlzGal-xAs diode. The preparat ion and 
properties of these glasses, their  fabrication as domes 
on p lanar  electroluminescent  diodes, and the optical 
and electrical properties of the glass-encapsulated di- 
odes are discussed below. 

Preparation and Properties of Arsenic-Chalcogen- 
Halogen Glasses 

Composition.--A yellow glass consisting of arsenic 
(n ~ 4), sulfur  (n ~ 1.95), and bromine (n ~ 1.66) in 
approximately equal parts (weight per cent) has been 
used previously to match the refractive index of ZnS 
(3). However, our present studies have found that  this 
glass is not suited for electroluminescent  diode encap- 
sulation because of a large thermal  expansion mis-  
match between the glass and the diode, and because of 
the brit t leness of the glass at room temperature.  The 
purpose of our present study of arsenic-chalcogen- 
halogen glasses has been to overcome the thermal  
mismatch problem of the previous glass, and to in-  
crease the refractive index to more closely match that 
of GaAsl-xPx (n ~ 3.5). 

To increase the refractive index, sulfur can be re- 
placed part ly or totally by selenium (n ~ 3) and/or  
te l lur ium (n ~ 4), and bromine can be replaced by 
iodine (n ~ 3.3). But with such substitution, the ab-  
sorption edge shifts to longer wave lengths, toward the 
red and infrared (Fig. 1), and the glasses finally be-  
come black in color. All observed properties of these 
glasses appear to change smoothly with changes in 

o 
I J t J I t * I I ! , I I I I t I I I I , , , J t 

5000 I 6000 '7000 8000 90OO tO,O00 

5400  WAVE LENGTH ( ~ ,  ) 

Fig. 1. Fundomental absorption edge of arsenic-chalcogen-holo- 
gen glosses. 
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composition. However, for the glasses to be practical 
for electroluminescent  diode encapsulation, many  
ranges of composition must  be avoided, as described 
below: 

(i) Arsenic-r ich compositions provide glasses with 
undesirably high softening temperatures  (>2OO~ 
High- tempera ture  fabrication steps can melt  ordinary  
solder contacts. Such glasses are also too bri t t le  at 
room tempera ture  to prevent  cracking. 

(ii) Halogen-rich compositions (especially those 
with iodine) yield glasses which are moldable at a 
sui tably low temperature,  but  which solidify very 
rapidly upon cooling, so that  they are also too bri t t le  
at room temperature.  (These are labeled "short" 
glasses since they have a short temperature  range of 
usable viscosity, in contrast  to "long" glasses which 
have a long temperature  range of useful viscosity). At 
higher halogen concentrations, these glasses are no 
longer brit t le at room temperature,  but  soften at rela-  
t ively low temperatures  (about 50~ which may be 
at tained by the diodes dur ing high-level  operation. 
Still  higher bromine content  leads to glasses which 
are liquid at room temperature.  

(iii) Compositions rich in sulfur provide desirable 
"long" glasses. However, too much sulfur  lowers the 
refractive index, and also leads to devitrification upon 
long standing. 

Because of such limitations, m a n y  different glass 
compositions were prepared and evaluated in order to 
select those best suited for electroluminescent diode 
encapsulation. A representat ive series of compositions 
examined for this purpose during the course of our  
studies is presented in Table I. Obviously, a more ex- 
tensive mater ia ls-or iented study of the arsenic-chal-  
cogen-halogen glasses would be interesting; however, 
the complexity of the As -S -Te -Se -Br - I  glass system 
over wide compositional ranges precludes such a de- 
tailed investigation. Furthermore,  the properties listed 
above were found to provide adequate guidance for 
the preparat ion of several glass compositions which 
were successfully used to improve electroluminescent  
diode efficiencies. 

Two glasses in part icular  were found useful for 
diode encapsulation. A yellow glass consisting of As 
(10g), S (13.5g), and Br (~2  cc) has a refractive index 
of 2.4 and is t ransparent  to light with wave length 
greater than about 5400A (see Fig. 1). A red glass 
consisting of As (10g), S (8g), Se (15g), and Br (~1.8 
cc), has a higher refractive index of 2.5-2.7, but  t rans-  
mits light only in the red and infrared spectral range. 
The infrared glasses which are rich in Se have a very 

Table I. Representative glass composition series 

T y p e  A r s e n i c  C h a l c o g e n  H a l o g e n  C o m m e n t s  

g S B r  n ~ 2.4 

g 
10 10 1.8-2 cc S m a l l  u n c o n t r o l -  
10 11 l ed  a m o u n t s  of  
10 12 B r  a r e  los t  d u r -  

Y e l l o w  g lass  10 13 i n g  p r e p a r a t i o n  

- , u : :  - - - .~o-':- - - T h i s  glass <-- g a v e  
- ~ u  ~"- . . . .  1 ;  ~ " - " b e s t  r e s u l t s  

10 15 

S Se  I B r  n ~ 2 .5-2 .7  

g g 
10 10 10 S a m e  as 

a b o v e  

R e d  g la s s  - 1 0  - - " 8 -  15" - U p  to  15 <--Best  r e s u l t s  

~o - " " ~-  1o - m o l e  ~ Br Residual absorp- 
10 4 25 c a n  be  r e -  t i on  i n c r e a s e s  
10 0 35 p l a c e d  by  I w i t h  Se a n d  I 

( s econd  p h a s e ? )  

n ~ 2.9 Se  T e  I B r  

g g g 
I R  glass  10 35 3 ca. H i g h  a b s o r p t i o n  

0.3 cc ( second  p h a s e ? )  
10 32 5 3 

Ar OUT 

NEOPRENE STIRRING 
STOPPEF~S ~ ~Jc 

PYREX TEST ~Cdc ~ . 

Ar IN 

G L A S S  

BUNSEN BURNER 

Fig. 2. Set-up for preparation of glasses. 

high refractive index (n ~ 2.9). However they have 
not been successful to date because of large absorption 
losses due to the formation of a second phase, as ob- 
served by scanning electron microscopy. 

Preparation.--The general  preparat ion of all arsenic- 
chalcogen-halogen glasses proceeds basically as fol- 
lows. High-pur i ty  elements 1 (99.999%) are used, and 
surface oxides are removed by heating in hydrogen 
(for Se or Te), or by heating in vacuum (for S). Bro- 
mine is dried with CaC12 or "molecular sieve," and 
iodine is dried by storing it in a closed vessel with 
P205. 

Using the simple apparatus shown in Fig. 2, the ar -  
senic is reacted with the chalcogens and iodine (when 
used) under  argon with intense stirring. This may 
require heating to 600~ The mix ture  is then allowed 
to cool to about 50~ and bromine is added with a 
pipette. 2 The mix ture  is reheated and stirred vigor- 
ously as soon as the viscosity is low enough. At a tem- 
perature where the glass is sufficiently liquid (~200~ 
one homogenizes (restirs) the composition, and lets it 
settle to allow bubbles to escape. Since the glass must  
be of high optical quality, great care is needed in this 
homogenization to prevent  bubbles and schlieren. This 
preparat ion method is simple and inexpensive;  how- 
ever a small amount  of bromine is always lost, the 
exact quant i ty  of which depends pr imar i ly  on the spe- 
cific techniques of the preparer.  One batch of a par-  
t icular  glass is sufficient to encapsulate about 100 di-  
odes. 

The reproducibil i ty of the glasses described here 
could almost cer ta inly be improved by preparat ion in 
evacuated quartz ampoules; however the danger  of ex-  
plosion with sealed ampoules would require  careful 
attention. 

Evaluation.--Refractive indexes were determined by 
the Chaulnes method (4), where the displacement of a 
visual image is measured with and without a p lane-  
parallel  glass plate between the sample and the ob- 
server. They ranged from 2.4 for the yellow arsenic- 
su l fur -bromine  glasses to 2.9 for the /R- t rans lucent  
black glasses containing Se, Te, and I. 

The very impor tant  residual absorption at energies 
less than that  of the fundamenta l  absorption edge was 
monitored for each glass by measur ing two large 
p lanar  wafers, one 1 mm thick, the other 2 mm thick, 
to separate reflection from absorption losses. The ab-  
sorption of a l - r am thick wafer should not exceed 2% 
for useful  glasses. High absorption coefficients were 

1 S u p p l i e r s :  As,  Se,  T e :  A m e r i c a n  S m e l t i n g  a n d  R e f i n i n g  Co., 
S o u t h  P l a i n f i e l d ,  N. J .  S :  U n i t e d  M i n e r a l  & C h e m i c a l  Corp . ,  129 
H u d s o n  St . ,  N e w  Y o r k ,  N. Y. B r :  M a t h e s o n ,  C o l e m a n  & B e l l ,  E a s t  
R u t h e r f o r d ,  N. J .  

2 T h e  a m o u n t  of  b r o m i n e  r e q u i r e d  to  p r o v i d e  a d e q u a t e  r o o m - t e m -  
p e r a t u r e  t h e r m o p l a s t i e i t y  fo r  a n y  of t he  g l a s s  c o m p o s i t i o n s  is e m -  
p i r i c a l l y  d e t e r m i n e d  b y  a d d i n g  b r o m i n e  in  0 .2-ce  i n c r e m e n t s  to t h e  
m o l t e n  m i x t u r e  u n t i l  t he  g lass  no  l o n g e r  c r a c k s  off t he  P y r e x  t u b e  
u p o n  c o o l i n g  to  room t e m p e r a t u r e .  T h e  f ina l  t e s t  fo r  t h e r m o p l a s -  
t i c i t y  is s t r o n g  a d h e s i o n  of  a g l a s s  d o m e  to a K o v a r  h e a d e r .  
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found to correlate with the occurrence of small  pre-  
cipitated rods as seen under  the scanning electron 
microscope, and are still excessive at present  ( > 3% )  
in Se-, Te-  and I - r ich glasses. Suppression of this 
second phase by ultrasonic st irr ing dur ing preparat ion 
appears to be promising. 

To measure the thermal  expansion curves, a very 
simple and inexpensive di latometer  was constructed 
(Fig. 3). The average expansion coefficient for the 
glasses was found to be 230 x 10-~/~ as compared to 
48 x 10-T/~ for GaAs (Fig. 4). This large mismatch 
in thermal  expansion coefficients clearly i l lustrates the 
need for thermoplast ici ty of the glass at room tem-  
pera ture  to prevent  cracking. 

Fabr ica t ion  of Glass Domes on Diodes 
To produce small  manageable  pieces from the large 

glass ingots, the test tube  containing the glass is sub-  
merged in l iquid ni t rogen and then placed into hot 
water. The glass cracks into fragments  several  mi l l i -  
meters  in diameter. A selection of equal ly sized pieces 
is then heated on a microscope slide unt i l  they melt  
into slightly flattened droplets. After  cooling, the beads 
are carefully examined to el iminate those with flaws. 

The electroluminescent  diode to be dome-encap-  
sulated is then heated in  air to about 170~ under  a 
microscope. A glass bead is lifted with vacuum tweez- 
ers and, by means of micromanipulators,  placed onto 
the heated diode, where it rapidly melts. If it is not 
accurately centered on the diode, it can be gent ly  
pushed sideways to improve its positioning. If the glass 
is not t ransparent  to visible light, such as the ones 
used on inf ra red-emi t t ing  diodes, an infrared image 
converter  can be mounted  on the microscope, and the 
infrared emission of the forward-biased diode can be 
used to aid in the center ing procedure. After  the dome 
is correctly placed, the diode is inverted dur ing cool- 
ing to round the slightly flattened dome (Fig. 5). 

These free-flowing glass droplets a t ta in  their  shape 
under  the influence of surface tension, gravity, vis- 
cosity, and wet t ing adhesion forces. The surface of the 
resul t ing dome is perfectly smooth. Domes which are 
formed using molds (silicone rubber  molds were found 
best) have slightly rough surfaces and have not yielded 
e fc ienc ies  as high as the freely formed spheres. 

Properties of Dome-Encapsulated Diodes 
To evaluate  the effectiveness of the glass domes for 

increasing the efficiency of electroluminescent  diodes, 
numerous  Zn-doped GaAs and GaAsl-=P= diodes were 
encapsulated for each of the glass mixtures,  and their  
external  quan tum efficiency was measured before and 
after glassing. Room-tempera ture  external  e fc i enc ie s  
were rout ine ly  measured with a large-area (1-in. 
diameter)  cal ibrated silicon solar cell (Hoffman 2A) 
placed immediate ly  adjacent  to the diode. E fc i enc i e s  
were also checked in an integrat ing sphere for several 
of the more successful glasses. 

The room-tempera ture  external  emission vs. cur rent  
characteristics for a representat ive GaAs and a 
GaAs0.6P0.4 electroluminescent  diode, before and after 
encapsulation, is presented in Fig. 6 and Fig. 7. The 
yellow As-S-Br  domes for these diodes were formed 
natural ly,  without  mold, as described previously and 
as i l lustrated in Fig. 5. The hemispheres were about 0.10 
in. in diameter, whereas the diodes were 0.020-0.025 in. 

I0 4" PER DIVISION 
[1~ DI~ PER RE~) 

QUARTZ TUBE 
/~=~== FINE THREAD SAMPLE QUARTZ CAPILLARY 

~// / / / / / / / / / / /~ 
HEATER OR 

COOLER 
MEASURING GAUGE 

Fig. 3. Simple dilatometer 
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POINT / / ' 1  ~ ' L O N G "  GLASS 
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Fig. 4. Thermal expansion carves of glasses. (Probe force: 20g) 

Fig. 5. Photograph of encapsulated diode on TO-S header 
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Fig. 6. Power radiated vs. input current for encapsulated GaAs 
diode. T = 300~ 

square. For both the GaAs and GaAs0.sP0.4 diodes of 
Fig. 6 and 7, external  e fc ienc ies  are shown to increase 
by a factor of 5.1-5.3 after glassing. Removal of the 
glass encapsulant  with methylene  iodide was found to 
restore the e f c i e n c y  to its former value, suggesting 
that  a chemical interact ion between the diode and 
the glass is not the cause of the efficiency increase. In  
general,  improvements  of room-tempera ture  e f c i e n -  
cies varied between 4 and 6 for such diodes, which 
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Fig. 7. Power radiated vs. input current for GaAso.6Po.4 diode. 
T = 300~ 

are  somewhat  less than  a value  of 7 calcula ted for a 
per fec t ly  shaped, nonabsorbing glass wi th  a re f rac t ive  
index of 2.4 (2), but  which are  never theless  about  
twice as high as values for organic resin domes. The 
ex te rna l  emission of the  encapsula ted  diodes depends  
s t rongly  on the precise shape of the  dome, its center -  
ing over  the  diode, and the opt ical  c la r i ty  of the  glass 
itself. 

In  general ,  the  re la t ive  efficiency improvement  for  
encapsula ted  diodes depends  also on the sample  geom- 
e t ry  and the opt ical  qual i ty  of the diode pr ior  to 
glassing. If  a diode contains opt ical  scat ter ing centers, 
or  deviat ions f rom surface p l ana r i ty  (e.g., pits, hillocks, 
c leavage ridges,  etc.), t r apped  l ight  may  escape via 
reflection or refract ion f rom these inhomogeneit ies .  
However ,  this addi t ional  component  of ex te rna l  emis-  
sion is significant only  for  semiconductors  wi th  very  
l i t t le  absorpt ion,  whe re  the  l ight  can bounce around, 
such as for r ed - l i gh t - emi t t i ng  GaP diodes. Fo r  such 
GaP diodes, which p resen t ly  y ie ld  highest  v is ib le-  
l ight  efficiencies, our glasses provide  an efficiency im-  
p rovement  of only  about  a factor of 2, since the ini t ia l  
emission is not signif icantly l imi ted  by  l ight  t r apped  
via total  in te rna l  reflections. The same holds t rue  for 
SiC l ight  diodes,~ where  the  index match ing  (nsic 

2.6) is a lmost  perfect ,  bu t  where  the  improvement  
factor  (2-3) is never theless  disappoint ing.  

However ,  for  the  zinc=doped GaAs and GaAs0.6P0.4 
diodes s tudied here  ( including those in Fig. 6 and 7), 
beneficial  effects f rom optical  inhomogenei t ies  a re  
ve ry  unl ikely ,  since the nea r -bandgap  rad ia t ion  is 
r ead i ly  absorbed.  In  par t icular ,  the GaAs subs t ra te  
ad jacent  to the  GaAs l -~Px  ep i tax ia l  l ayer  would  im-  
media te ly  absorb any of the  h igh -ene rgy  l ight  a t t e m p t -  
ing to bounce around wi th in  the semiconductor.  This 
is also the  case for S i -compensa ted  A lxGa l -xAs  diodes 
grown from solution on GaAs substrates.  The 
A lxGa l -xAs  l aye r  i tself  absorbs l i t t le  of the  l ight  (5);  
however  absorpt ion  in the GaAs subs t ra te  is large.  
Glassing of such a diode there fore  resul ted in an ex-  
t e rna l  efficiency improvement  by  a factor  of 4.2, f rom 
1.7 to 7.2% at room t empera tu r e  (5). Our  resul ts  wi th  
GaAs, GaAsl-~Px,  and Al~Ga l -xAs  diodes suggest  that  
large  improvements  wi l l  be obta ined for  al l  diodes 
which are  in i t ia l ly  l imi ted  by  large absorpt ion losses 
and a smal l  cr i t ical  angle. I t  should be  noted tha t  the  
glass domes do not provide  s imi la r ly  large  improve -  
ments  in the  br ightness  ( luminos i ty / a rea )  of v i s ib le -  

S Supplied by General Electronic Co., Miniature Lamp Division, Cleveland, Ohio. 

1721 

l ight  emi t t ing  diodes, because of magnif icat ion of the  
diode area  b y  the spher ica l  glass dome. 

Besides improving  diode efficieneies, an addi t ional  
advan tage  of the  glass domes is the  ease wi th  which 
the i r  shape can be var ied  to provide  different  far- f ie ld  
emission pa t te rns  (2). Fo r  example ,  the  smal l  spheres 
which are  formed na tu ra l ly  dur ing  cooling provide  a 
r a the r  b road  spa t ia l  pa t t e rn  not  significantly un l ike  
tha t  of the  or iginal  diode, but  occasional ly as b road  
as tha t  shown in Fig. 8a (78 ~ ha l f -w id th ) .  On the  other  
hand, a large  hemisphere  (molded in sil icone rubber )  
provides  a somewhat  more  beam- l ike  pa t t e rn  due to 
the  focussing act ion of the  "lens" formed by  the spher -  
ical  glass surface (Fig. 8b).  The unusua l  bulges in 
the pa t te rns  of Fig. 8 arise f rom i r regu la r  curva tures  
in the  expe r imen ta l  glass domes examined  here.  P r io r  
to glassing, the  spat ia l  emission pa t t e rn  for a l l  diodes 
was app rox ima te ly  tha t  of a ( l - cos  3 0) dis t r ibut ion,  
wi th  a ha l f -w id th  of 65 ~ 

The cu r ren t -vo l t age  character is t ics  of severa l  GaAs 
and GaAs l -xPx  e lec t ro luminescent  diodes were  eva lu -  
ated, before and af te r  encapsulat ion,  in o rder  to de-  
t e rmine  the existence of any  leakage cur ren t  caused 
by  the glass or  by  any possible react ion of the  glass 
wi th  the diode surface. As shown for the  r ep resen ta -  
t ive GaAs0.6Po.4 diode in Fig. 9, the re  was no measu r -  
able leakage cur ren t  caused by  the glassing process 
for currents  in the inves t iga ted  range  be tween  10 -6 
and 10-1A. S imi la r  results  were  obtained on a series 
of 10 different  GaAs and GaAs l -xPx  encapsula ted  
diodes. 

I 
SMALL FREELY- FORMED DOME LARGE MOLDED HEMISPHERE 

a b 

Fig. 8. a--Far-field pattern of diode with small, naturally formed 
dome; b---far-field pattern of large, molded hemispherical dome. 
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Fig. 9. Current-voltage characteristics for GaAso.6Po.4 diode, be- 
fore and after encapsulation. 
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Note however ,  in Fig. 9, the  devia t ion  of the  two 
curves at  high currents .  The shift  to l a rger  vol tages 
af ter  glassing represents  an ohmic series res is tance of 
about  6 ohms, which  is almost  cer ta in ly  due to loosen-  
ing of the  cur ren t  leads dur ing  the mount ing  of the  
glass dome, or  by  re la t ive  the rmal  mot ion dur ing  
cooling. The increased contact  resis tance is not  i nhe r -  
ent  to the  glassing process itself, since diode geome-  
t r ies  can be read i ly  employed  with  cur ren t  leads  con- 
nected to the  bot tom of the diode, where  they  would  
not be weakened  by  the  glassing process. 

Conclusions 
A series of a rsen ic -cha lcogen-ha logen  glasses were  

deve loped  wi th  low mel t ing  t empera tu res  and wi th  
re f rac t ive  indexes  be tween  2.4 and 2.9. The glasses 
are  chemical ly  s table  and have  absorpt ion  edges 
be tween 5400 and 9000A. Despite the  severe  expansion 
mismatch,  i t  was possible to form s table  glass domes 
on p lana r  e lec t ro luminescent  diodes b y  employing  
glass composit ions which  pe rmi t  s t ra in  re l ie f  by  
thermoplas t ic  flow. R o o m - t e m p e r a t u r e  ex te rna l  effici- 
encies were  rou t ine ly  increased by  factors f rom 4 to 6 
by  dome-encapsu la t ing  e lec t ro luminescent  diodes of 
GaAs, GaAsl -xPx ,  and Al~Gal-~As.  With  these glass 
domes, r o o m - t e m p e r a t u r e  ex te rna l  quantum efficiencies 
were  increased f rom 0.03 to 0.16% for v a p o r - g r o w n  
GaAs l -xPx  diodes, f rom 0.4 to 2.1% for Zn-diffused 

GaAs diodes, and from 1.7 to 7.2% for a solut ion-  
grown Al~Gal -xAs  diode, close to ear l ie r  predict ions  
(6). 
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The Synthesis of Bulk GaP from Ga Solutions 
T. S. Plaskett 

IBM Research Division, Yorktown Heights, New York 

ABSTRACT 

The synthesis  of solid ingots  of h i g h - p u r i t y  GaP  by reac t ing  PHa wi th  
mol ten  Ga at 1000~176 is described.  Actua l  growth  pa rame te r s  were  mea -  
sured dur ing  synthesis  and compared  wi th  the  values  p red ic ted  from solut ion 
growth  theory.  Growth  ra tes  of about  1.7 x 10 -5 cm/sec  were  possible  wi th  
this  system for a solut ion sa tu ra ted  wi th  P at  1200~ Some proper t ies  of the  
synthesized ma te r i a l  are  presented.  

Many  GaP single c rys ta l  g rowth  techniques (1, 2) 
for p repa r ing  mate r i a l  for e lectronic  appl icat ions  re -  
quire  large  solid s ta r t ing  ingots of h igh -pu r i t y  GaP.  
However ,  most  h igh -pu r i t y  GaP is only  avai lab le  in 
g ranu la r  or  p la te le t  form or as a spongy mass wi th  
considerable  en t rapped  Ga. Solid ingots have been 
synthesized f rom the e lements  under  high t e m p e r a -  
tures  and pressures  (3-5) where  the  mel t  approaches 
the  s toichiometr ic  composition,1 but  under  these con- 
dit ions there  is the p rob lem of contaminat ion  f rom the  
conta iner  mater ia l .  Sol id  ingots of high pur i ty  have  
also been produced by  react ing P2 or some gaseous 
phosphorus  compound with  Ga at  lower  tempera tures ,  
but  over  an ex tended  per iod of time. 

In  this  paper  a method  to synthesize h i g h - p u r i t y  
solid ingots of GaP at  a low t empera tu r e  and in a 
reasonable  but  short  t ime is described.  The growth  
pa rame te r s  under  these condit ions were  measured  and 
are  compared  wi th  the  theore t ica l  values  pred ic ted  f rom 
const i tu t ional  supercool ing considerat ions.  Some p rop-  
er t ies  of the  synthesized ingot  are  also given. 

Growth Considerations 
The react ion of mol ten  Ga wi th  PH3 can be descr ibed 

a s  

Ga + PH~ ~ GaP + 3/2 H2 [1] 

The  usual  procedure  is to let the GaP that  is fo rmed 

1 G a P  m e l t s  a t  1467"C a n d  h a s  a d i s s o c i a t i o n  pres su re  a t  the  m e l t -  
i n g  p o i n t  of  a b o u t  35 arm.  

by  the  react ion dissolve into the  Ga at a hot  region 
and then prec ip i ta te  at  the  coldest  region. Essential ly,  
the  g rowth  or prec ip i ta t ion  is from di lute  solut ion (at  
1200~ for example ,  Ga dissolves about 12% by  weight  
of GAP). The growth  of solid ma te r i a l  wi thout  any  en-  
t r apmen t  of Ga is therefore  l imi ted  by  the  onset of 
const i tut ional  supercool ing (hereaf te r  abbrev ia ted  to 
cs),  which is encountered  at h igh growth  rates.  The 
conditions tha t  are  requ i red  to p reven t  cs dur ing  
growth  from di lu te  solut ions are  qui te  severe.  

Both Hurle,  et al. (6), and  Ti l ler  (7) have  analyzed 
growth  f rom solution from the s tandpoint  of cs. Hur le  
et al. in thei r  analysis  inc luded the  effect of s t i r r ing  
and showed tha t  for the  growth  of I I I -V  compounds 
the  condit ion for no cs can be expressed,  in a s l ight ly  
r ea r r anged  form, as 

GL mCL 
d ~ _  -. exp,x [2] 
f D 

where  GL is the  t empe ra tu r e  grad ien t  in the  l iquid 
ahead of the  so l id- l iquid  in ter face  

f is the  growth  ra te  
m is the  slope of the  l iquidus curve 
D is the  l iquid diffusion coefficient 
CL is the  excess concentra t ion of the  I I I  (or V) com- 

ponent  in the  mel t  and  is defined as CL ~ CIII 
--0.5, and 
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Table I. Growth parameters 

Measu red  
S l o p e  o f  E x c e s s  T h e o r e t i c a l  GL/f v a l u e s  
l i q u i d u s  G a  conc.* GL/5 v a l u e s  a t  v a r i o u s  

m, eL,  for  the  onse t  s y n t h e s i s  
Temp ,  ~  m o l e  of  cs t e m p e r a t u r e s ,  

~ f r a c t i o n  f r a c t i o n  ~ =C-~ec/cm 2 

800 2.6 x 104 0.498 2.6 X 1 0  s 
900 1.2 x 104 0.493 1.2 • 108 

1000 4.5 • lO s 0.480 4.3 • 107 1.4 • 10~ 
1100 2.6 • I0~ 0.446 2.3 • 107 2.0 • I0~ 
1200 1.9 X 10~ 0.395 1.5 x 107 2.3 • 107 
1300 8.7 • 10~ 0.325 5.7 • I0 ~ 
1400 7.4 x 102 0.220 3.3 x I06 

* eL  = (CHt -- 0.5) w h e r e  C m  is t he  c o n c e n t r a t i o n  of  t h e  G a  i n  
t h e  c o m p o u n d  and  CL is excess  c o n c e n t r a t i o ~  o f  G a  in  the  G a - P  
s o l u t i o n .  

is defined by the relationship, a = fS/D where 5 
is the thickness of the boundary  layer of excess 
solvent at the solid-l iquid interface. 

If we now consider only a system where there is 
good st i rr ing in the solution, then 5 approaches zero 
and Eq. [2] reduces simply to 

GL mCL 

t D 

Some typical values for GL/] for the system Ga-P  
are shown in Table I. The values are similar to those 
obtained from the analysis of Til ler  (7). In both cases, 
the solubil i ty data of Hall  (8) and Rubenste in  (9) 
were used to determine m and CL. A value of 5 x 10 -n  
cm2/sec was used for D similar to that  used by Tiller 
(7). From this analysis it is apparent  that  extremely 
h igh- tempera ture  gradients are required if solid in -  
gots are to be synthesized at a reasonable rate. As the 
concentrat ion of the solution increases, the severity of 
the growth condition GL/f decreases. At the stoichio- 
metric composition, i.e., no excess Ga, the ratio is zero 
since no Ga bui ld-up would exist ahead of the in te r -  
face and therefore no cs. If only part ial  s t i rr ing exists, 
the GL/~ values shown in Table I are increased by the 
factor exp 4. 

Experimental 
The reactor used in  this investigation is shown in 

Fig. 1. A 30g charge of Ga is placed in a pyrolytic BN 
crucible (1.5 cm diameter  and 6 cm deep) which in 
t u rn  fits into a quartz tube. The bottom of the quartz 
tube is cooled by a blast of air to provide the steep 

G o + P H 3 ~ G o P + 3 / 2  H2 

PH5 in ARGON 

AIR COOLING 

RF COIL 
POSiTiON --/ 

I J I I I I I I I I I 
0 ZOO 400  600  800 I000 

TEMPERATURE 

Fig. 1. Reactor for synthesizing solid polycrystalline ingots of 
GaP. Temperature profile in furnace shown at right. 

t empera ture  gradient. A 10% PHs in Ar  mixture  is ~ 
injected through the top of the quartz tube down to 
a few mill imeters  inside the crucible at a rate between 
50-100 ml /min .  A small diameter  inlet  tube  is used to 
main ta in  a high velocity of the gas in order to prevent  
decomposition of the PH3 prior to enter ing the hot 
reactor. 

The reactor is heated by a single tu rn  rf coil and re- 
sistance heated furnaces are placed above and below 
the coil. The coil is ini t ial ly positioned near  the bot- 
tom of the crucible. This produces intense concentrated 
heat below the surface of the solution thus generat ing 
strong convective currents  to provide the necessary 
mixing. The mix ing  also ensures that the GaP that  is 
formed at the surface is dissolved throughout  the so- 
lut ion instead of crusting over the surface and prevent -  
ing fur ther  reaction. The strong blast  of air  at the bot-  
tom of the crucible provides the steep tempera ture  
gradient  and also mainta ins  the growing interface at 
a position slightly below the coil. The actual  tempera-  
ture  profile in the furnace is shown in Fig. 1. Once a 
s teady-state  condition is reached, which takes about 
6 hr, the reactor is moved through the furnace at a 
rate of about 1.7 x 10 -5 cm/sec. The time for synthesis 
for the 30g charge of Ga is about 3 days. 

A 10% PH~ in Ar  gas mixture  was used. At concen- 
t rat ions lower than this, it was not possible to saturate 
the solution at 1200~ An estimate of the composition 
required is that  the part ial  pressure of P2 in the gas 
stream must  exceed the vapor pressure of P., over the 
saturated solution. For Ga-P  solution at 1200~ the 
vapor pressure (10) is about 1 x 10 -2 atm. The part ial  
pressure of P2 in the 10% gas mixture  is 5 x 10 -2 aim. 

With this system, doped ingots can be synthesized 
either by adding the dopant to the gas stream or to the 
Ga prior  to synthesis. GaP ingots doped with C were 
synthesized by adding CH4 to the gas stream. Si, Te, 
Zn, Sn, and Bi doped ingots were synthesized by add- 
ing the dopant to the Ga. 

A tempera ture  exploration during synthesis was 
made by a thermal  probe. A th in-wal led  quartz tube, 
closed at one end, was inserted down the center of the 
crucible. During synthesis, a thermocouple was moved 
through the tube. The GaP actually synthesized around 
the tube, and therefore the tempera ture  profile in the 
solid as well as the solution was measured. 

Results and Discussion 
Ingot morphology.--A typical GaP ingot synthesized 

in this system over a period of about 3 days is shown 
in Fig. 2. The ingot weighs about 40g. Typical sections 
cut from near  the top and from just  above the cone 
of the ingot are shown. No entrapped Ga is visible. If 
the reactor is r un  at a lower temperature,  some en-  
trapped Ga is detected in the lower portion of the ingot. 
A typical crystal l ine s tructure of an ingot taken from 
the center portion is shown in Fig. 3. Occasionally 
near  the top of the ingot a section consisted of a few 
large grains, but this was not reproducible. Single 
crystal growth would not be expected in this system 
because of the lack of growth stability. With the pres- 
ence of convective stirring, violent growth fluctuations 
would be expected at the solid-l iquid interface. Single 
crystal  growth from solution requires extremely good 
stability, which is obtainable only at much slower 
growth rates. Some of the factors that determine 
growth stabili ty have been discussed quant i ta t ively  by 
Tiller (7). 

Chemical pur/ ty . - -Except  for Si, the impur i ty  con- 
tent  was below the level of detection by emission spec- 
trographic analysis. The impurit ies were best detected 
by  photoluminescence studies. A detailed paper on the 
photoluminescence properties of this mater ia l  is pre-  
sented elsewhere (11). Briefly, the major  impurit ies 
determined by photoluminescence were N, S, C, and 
Si. The S and C levels, as determined by electrical 
measurements,  were below 3 x 1016 at./cc. The Si c o n -  
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Fig. 4. Temperature profile in the solution and the ingot during 
synthesis. 

Fig. 2. Typical synthesized ingot. Polished sections shown are 
taken from top and bottom of another ingot. 

Fig. 3. Typical grain structure of an ingot. Cross section shown 
taken from the center portion of an ingot. 

taminat ion  is from the quartz. It was found that  by op- 
erat ing the reactor at a lower tempera ture  the Si could 
not be seen in photoluminescence. The S and C con- 
taminat ions  are from the PH3-Ar gas mixture.  It was 
possible, however, to obtain gas mixtures  in which the 
only contaminant  observed in the synthesized GaP was 
N (by photoluminescence) and this was probably in -  
troduced from the BN crucible. Some of the C may 
also be a t t r ibuted  to contaminat ion from the BN 
crucible. 

Growth conditions.--The growth conditions dur ing  
synthesis were determined from the thermal  probe 
measurements  made dur ing one run.  The tempera ture  
profiles at various times after the start  of synthesis, 
both in the ingot and solution, are shown in Fig. 4. 
After the start  of synthesis each curve has two distinct 
inflection points. The lower inflection point designates 
the position of the solid-l iquid interface while the top 
inflection point designates the position of the surface 
of the Ga solution. Some of the growth parameters  

determined from the thermal  probe data are shown in  
Table  II. The tempera ture  of the solution increased as 
synthesis progressed since the rf  power was not de- 
creased proport ionately to the amount  of solution that  
was left. After  the ini t ia l  synthesis in the cone was 
complete, the growth rate and tempera ture  gradient  
became essentially constant  at about 1.7 x 10 -5 cm/sec 
and about 320~176 respectively. If we assume 
that  Gs, the tempera ture  gradient  obtained from the 
curves, is equal  to GL, the tempera ture  gradient  in  the 
l iquid at the solid-l iquid interface, 2 then the GL/S 
values can be calculated. Values calculated from the 
exper imental  data are shown in  Table  I for the tem-  
pera ture  range used dur ing  synthesis. At the lower 
temperature,  i.e., the first quar ter  of the ingot to syn-  
thesize, the GL/f values are below the predicted values 
for cs. This agrees quite well  with the exper imental  
evidence since entrapped Ga was occasionally observed 
in this region of the ingot. At the higher temperatures,  
i.e., the remainder  of the ingot, the GL/~ values are 
greater than the predicted value for cs and in this por-  
t ion no entrapped Ga was observed. 

Conclusion 
A method of synthesizing h igh-pur i ty  GaP at rea-  

sonable rates of growth from dilute Ga solutions is 
described. It was demonstrated that  it is possible to 
main ta in  sufficiently steep tempera ture  gradients in a 
growth system to prevent  cs. With the present  system, 
the max imum tempera ture  gradient  possible was about 
380~ It was found exper imental ly  that  wi th  this 
gradient  growth rates of about 1.7 x 10 -5 cm/sec were 
possible for a Ga solution saturated with P at about 
1200~ without  entrapping Ga. The GrJf ratio neces- 
sary to prevent  cs agrees fa i r ly  well with the theoretical 
value. 

s This assumption is good for metallic crystal growth where heat 
t r a n s f e r  is  o n l y  b y  c o n d u c t i o n .  H o w e v e r ,  f o r  t r a n s p a r e n t  m a t e r i a l s  
s u c h  as  G a P ,  h e a t  is  a lso  t r a n s f e r r e d  b y  r a d i a t i o n .  O ' H a r a  e t  at.  
(12) h a v e  s h o w n  t h a t  t h i s  can  c a u s e  t h e  g r a d i e n t  in  t h e  l i qu id  to  
e x c e e d  t h a t  in  the  sol id .  

Table II. Measured growth parameters 

I n t e r f a c e  
Time after position 
start of from 

synthesis, cone, 
hr era 

T e m p e r -  
a t u r e  

of  so l id -  T e m p e r a t u r e  
l i q u i d  of  r e a c t i o n  

i n t e r f a c e ,  s u r f a c e ,  G ,  
~ C ~ C ~ C/era cm/sec 

0 0 
2 0.98 

17 1.55 
23.5 2.01 
29.5 2.47 

9 8 8  1016 210 1.7 • 10 -5 
1080 1092 320 1.7 X 10 ~ 
1137 1145 380 1.7 X 10-~ 
1188 1200 380 1.7 • 10 -~ 
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The ingots  were  polycrys ta l l ine  because  of the  severe  
growth  condit ions dur ing  synthesis. Cons iderably  more 
growth  s tab i l i ty  would  be requ i red  for  single c rys ta l  
growth.  
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The Use of Metal-Organics in the Preparation 
of Semiconductor Materials 

I. Epitaxial Gallium-V Compounds 

H. M. Manasevit and W. I. Simpson 
Autonetics Division of North  American Rockwell Corporation, Anaheim, California 

ABSTRACT 

S ing le -c rys t a l  GaAs,  GaP,  GaAsl -xP~ and GaAs l -~Sbx  films have  been  
grown on GaAs and a number  of insulat ing subst ra tes  by  the  decomposi t ion 
of a lky l -ga l l i um compounds in the  presence of arsine, phosphine,  a r s ine -phos -  
phine, and a rs ine-s t ib ine  mixtures .  Both t r i e thy lga l l ium and t r ime thy lga l l ium 
have been used successfully in the  p repara t ion  of GaAs. This process makes  
compound semiconductor  film growth  compat ib le  wi th  methods  used for the  
growth  of e lementa l  semiconductors  and e l iminates  many  of the difficulties 
inherent  in mu l t i t empera tu re - zone  processes. 

A key  factor  in the  fabr icat ion of many  semicon-  
ductor  devices is the  product ion of s ing le -c rys ta l  ma-  
te r ia l  of high pur i ty  and quali ty.  F i lms  of Ga-V com- 
pounds are  no rma l ly  ha rde r  to produce  than  films of 
e lementa l  semiconductors.  Most of the  CVD methods  
for ep i t axy  a l r eady  repor ted  (1, 2) involve at  least  
a t w o - t e m p e r a t u r e  process:  (a) at  T1, the  fo rmat ion  
of volat i le  Ga compounds by  the react ion in hydrogen  
of meta l l ic  Ga or the  Ga -V  compound i tself  w i th  a 
hal ide  or wa te r  vapor  (3) as a t ranspor t ing  agent;  and 
(b) at  T2 ~ T1, the  deposi t ion of the  compound on a 
subs t ra te  in an a tmosphere  containing the Group V 
consti tuent .  When  t ranspor t ing  agents  are  used to p ro-  
duce h igh -pu r i t y  ep i tax ia l  films of gal l ium arsenide  
(GaAs)  on GaAs and a number  of o ther  semiconductor  
substrates,  e tching m a y  also occur; and the ea r ly  s tages 
of ep i tax ia l  g rowth  p robab ly  involve  some doping of 
the growing film wi th  impur i t ies  in the  subs t ra te  or, 
in he te roep i tax ia l  semiconductor  systems, wi th  the 
ma jo r  e lementa l  const i tuents  of the  substrate.  This m a y  
resul t  in the  product ion of an in ter rac ia l  a l loyed layer  
in a system such as GaAs on Ge, for example.  

Al though the t r anspor t  technique is amenable  to 
c losed- tube  methods,  many  advantages  to open- tube  
processes can be cited; and the la t te r  approach is most 
often used. However ,  the  na tu re  of the  react ions in-  
volved in the  product ion of the  I I I -V  compounds neces-  
s i tates tha t  the  two t e m p e r a t u r e  zones be carefu l ly  
control led  for  reproduc ib le  growth  to occur. In  add i -  
tion, depending on the  growth  technique used, i t  can 
be impor tan t  to keep some of the reac tants  separa te  
(1) unt i l  they  reach the deposi t ion zone, so tha t  source 
mate r ia l s  a re  not affected. 

This paper  describes a process which requires  only 
one hot  t empe ra tu r e  zone for the  in situ format ion  and 
growth  of the  semiconductor  compound d i rec t ly  on the  
hea ted  substrate.  This occurs in an a tmosphere  es- 
sent ia l ly  free of an e tching specie and is sufficient not  
only  for g rowth  on some semiconductors  but  also for 
growth  on insulat ing substrates .  

In this  process, compound semiconductor  films are  
produced  by  react ing o rgano-Ga  compounds  and Group  
V hydrides .  Because of the  use of the  more  volat i le  
o rgano-Ga  compounds,  i.e. t r i e thy lga l l i um (TEG) and 
t r ime thy lga l l i um (TMG),  i t  has been possible to mete r  
apprec iable  quant i t ies  of these r o o m - t e m p e r a t u r e  l iq-  
uids into the  reactor  by  bubbl ing  a ca r r i e r  gas th rough  
them. They  can then  be mixed  in the  reactor  wi th  di f -  
ferent  ars ine (ASH3), phosphine (PH3), a rs ine-  
phosphine  (AsH3-PH3), or  a r s ine-s t ib ine  (AsH3-SbH3) 
concentrat ions control led  independen t ly  b y  s imple 
f lowmeter  adjustments .  Selenium or sulfur  m a y  be 
added  as n - t ype  dopants  from tanks  containing hydro -  
gen selenide (H2Se) or  hydrogen  sulfide (H2S), r e -  
spectively,  d i lu ted  wi th  a car r ie r  gas; and p - t y p e  doping 
is obta ined  by  passing the ca r r i e r  gas over  die thylzinc 
(DEZ) (4) equi l ib ra ted  at  0~ in a s ta in less-s tee l  
container .  

Experimental 
Apparatus.--The appara tus  consists p r inc ipa l ly  of a 

single ver t ica l  60-ram OD quar tz  tube  38 cm long con-  
ta in ing  a s i l i con-carb ide-covered  carbon pedes ta l  which 
can be induc t ive ly  heated;  s ta in less-s tee l  bubblers  con- 
ta ining the  l iquid meta l -o rgan ic  compounds and SbH3; 
appropr ia t e  f lowmeters  for moni tor ing  the  ca r r i e r  gas, 
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group V hydr ide(s) ,  and dopant  flows; burn-off  area 
for hydrogen;  and a manifold made from ~/4-in. stainless 
steel tubing. Provisions are made for bypassing the 
quartz reactor and keeping the reactants separate unt i l  
the gases are equil ibrated and ready to be mixed for 
film formation. A schematic of the apparatus is shown 
in Fig. 1. 

Temperatures,  observed on the SiC-coated pedestal, 
were estimated by comparing the readings of an inf ra-  
red thermometer  with those of an optical pyrometer  
at pedestal temperatures  greater than  750~ establish- 
ing an average emissivity value for the system (0.75), 
and then extrapolat ing infrared thermometer  signal 
readings to still lower temperatures.  Fi lm thickness 
was determined either from measurement  of an infra-  
red reflectance interference pat tern  or from angle-  
lapping and staining mul t i layer  structures. 

Mater ia ls . - -Tr ie thylgal l ium (TEG) and t r imethyl -  
gal l ium (TMG), both air-  and water-sensi t ive  liquids, 
were obtained commercially. The TMG was addit ionally 
purified by vacuum- t rap  disti l lation unt i l  tensiometr i -  
cally homogeneous fractions were obtained [vapor 
pressure of TMG at 0~ = 64.5 mm, l i terature value = 
64.5 mm (5) ]. The AsI-I3 concentrat ions were nominal ly  
5 or 10% in H2 and the PHs, 10% in H2. SbH~ was 
stored under  H2 and equi l ibrated at --78~ H2Se was 
diluted to 500 ppm in H2. Diethylzinc (DEZ) was 
purged with H2 at --23~ for about 30 min  and then 
stored at 0~ under  H2 unt i l  used for doping studies. 
During doping, the bubbl ing  tube was kept above the 
liquid. 

Ge ( I l l )  and GaAs semi- insula t ing  substrates of 
several orientations were mechanical ly polished and 
then chemically polished just  before use. Natura l  faces 
of f lux-grown BeO and ThO2 were used without polish- 
ing after being cleaned with trichloroethylene, water, 
and methanol  rinses. Solvent-cleaned,  mechanical ly 
polished, essentially scratch-free, basal -plane (0001) 
Verneuil  sapphire (A1203) and (111), (110), and (100) 
slices of spinel (MgA1204) cut from Czochralski boules 
were used as substrates without  fur ther  t reatment .  

Procedure . - - In  the early stages of the investigation, 
only TEG was commercial ly available, and it was used 
in a pre l iminary  study to determine the feasibility of 
preparing GaAs films by the use of organo-Ga com- 
pounds. Thin single-crystal  films of GaAs were formed 
on freshly etched Ge wafers by bubbl ing  H2 at about 
1 l i t e r /min  through TEG at about 60~ for 1 hr and 
decomposing the gases at 700~ on the Ge wafers in  an 
atmosphere containing AsH3. The crystal character of 
the overgrowth of GaAs/Ge is shown in Fig. 2, and 
single crystal l ini ty was confirmed by reflection electron 
diffraction. 

When TMG (bp = 55.6~ at 760 mm) became avai l -  
able, the deposition procedure became more con- 
trollable because of its greater volat i l i ty as compared 
with TEG (bp ----- 143~ at 760 mm) .  Conditions now 
considered sufficient for growing good-quali ty (111) 
GaAs on appropriately oriented substrates of Ge, GaAs, 
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Fig. 1. Schematic of chemical vapor deposition apparatus 

Fig. 2. Surface structure of (111) GaAs growth on (111) Ge (the 
film was produced from TEG and ASH3). 

and single-crystal  insulators incorporate the following 
typical ranges of concentrations and parameters:  TMG 
0.2-0.8% ; arsine (10%) flow rate about 100-400 ml /min ;  
total  H2 flow rate about 1.5 l i te rs /min;  and pedestal 
tempera ture  650~176 When the substrate is GaAs, 
the AsH3 flow is started independent ly  of the TMG 
with the pedestal at about 600~ to establish an arsenic 
atmosphere and help prevent  decomposition of the sub-  
strate; at the desired deposition temperature,  the TMG 
is introduced to form the GaAs deposit. It was deter-  
mined for the apparatus in use that bet ter  films are 
produced if the group V hydrides are introduced into 
the reactor prior to the addition of the TMG for growth 
on insulat ing substrates also. Hydride flow is also con- 
t inued when the deposition is completed and unt i l  the 
tempera ture  has dropped to about 600~ 

The s t ructural  na tu re  of the deposit, indicated by 
the general  appearance as viewed in the optical micro- 
scope, was determined by x - r a y  diffraction and /or  
electron diffraction analysis. The presence and relative 
compositions of As, P, and Sb in the films were de- 
termined with the electron microprobe. 

The electrical properties of the films were evaluated 
from measurements  made on Hall  samples etched in 
the GaAs films by standard photolithographic tech- 
niques. The carrier  concentrat ions were deduced from 
the Hall  coefficient RH according to n ~ 1/eRH, and 
the Hall  mobil i ty was determined from the product 
~H ---- aRm where ~ is the electrical conductivity. 

Results and Discussion 
Using the aforementioned procedures, s ingle-crystal  

films of GaAs, GaP, and solid solutions of gall ium 
arsenide-phosphide (GaAsl-xPx) and gall ium arsenide- 
ant imonide (GaAsl-xSbx) can be produced on Ge, 
GaAs, and/or  a n u m b e r  of s ingle-crystal  insula t ing 
substrates. 

GaAs ep i taxy . - -F i Im orientation and crystal  quabity. 
As described in a previous publicat ion (6), epitaxial  
growth of GaAs has been achieved on a number  of 
insula t ing substrates. The results from that paper  are 
summarized in Table I. Figure 3 shows the surface of 
a 30-~m film on (0001) A1203 and the t r iangular  pat tern  
characteristic of (111) growth. The GaAs surface ap-  
pears rough at thicknesses greater than about 6 ~m 
and displays a rosette pattern,  somewhat noticeable in 
Fig. 3 but  more apparent  at slightly lower magnifica- 
tions. Similar  growth occurs on (111) MgA1204 and a 
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Table I. Orientation relationships between GaAs and 
single-crystal oxides 

S u b s t r a t e  plane  Para l le l  r e la t ionsh ips  

(0001) AI~C~ 
(100) MgA1204 
(111) MgAI~O~ 
(1010) BeO 

(1051) BeO 
(0001) BeO 
(100) ThO2 

(111) GaAs  Jl (0001) AI~O~ 
(100) GaAs II (100) MgAI~O~ 
(111) G a A s  II (111) MgAI~O, 
(100) GaAs [[ (10]'0) BeO 

(111) GaAs I (101"1) BeO 
(111) GaAs (0001) BeO 
(100) GaAs LI (100) ThO2 

natura l  (1011) BeO face (Fig. 4). A typical reflection 
electron diffraction pat tern and x - r ay  Laue pat tern  
for (111) GaAs growth on (0001) A1203 are shown in 
Fig. 5. In  (a),  strong Kikuchi  lines are evident  and 
support the s ingle-crystal  na ture  of the overgrowth;  
in (b) ,  extra spots not due to the substrate can be 
identified and correlated with the (111) GaAs over-  
growth (6). 

Simultaneous growth on (0001) A1203 and on the 
(111)"A" and (111)"B" faces of GaAs demonstrated 
that the surface of the film grown on A1203 resembled 
the growth on the GaAs "A" face. This suggests that  
bonding at the A1203-GaAs interface involves an As 
bridge, perhaps between metal  ions at the substrate 
surface and the succeeding Ga layer  in the film. If so, 
one might  expect different epitaxial  relationships to 
exist between GaAs and A1203 and between Si and 
A1203 (7), in which bonding seemed to be related to 
a fi l l ing-in of meta l - ion sites with bonding to the oxy- 
gen ions. Pre l iminary  experiments involving GaAs 
growth on a few other sapphire orientations support  
the content ion that  different epitaxial  relationships do 
exist in the different systems, despite the similar cubic- 
type s tructure and lattice parameters  for Si (5.43A) 
and GaAs (5.65A). 

This contention was fur ther  supported in recent 
studies by the observed growth of (100) GaAs on 
Czochralski (110) MgA1204,1 a ra ther  surpris ing result  
when  compared with the GaAs-spinel  relationships 
reported in Table I. It was also found that  the epitaxy 
is sensitive to the qual i ty of the spinel; for when some 
Verneui l  spinel (MgO'3.3A1203) was used as a sub-  
strate, the intersection of grain boundaries with the 
crystal surface was readily revealed by the GaAs over- 
growth (Fig. 6). 

1 T h i s  obse rva t ion  w a s  m a d e  d u r i n g  s tudies  be ing  suppor t ed  in 
pa r t  b y  the  N A S A  c o n t r a c t  No. NAS12-2010. 

Fig. 3. The surface structure of a 30-~m GaAs film growth on 
(0001) A1203. 

Fig. 4. Surface structure of (111) GaAs deposit on natural (1011) 
face of BeO. 

Fig. 5. a--Reflection electron 
diffraction pattern, and b--x-ray 
Laue pattern for (111) GaAs 
growth on (0001) AI203. 
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Fig. 6. The effect of grain boundaries in the Verneuil MgO" 
3.3AI203 on the growth of GaAs. 

As was observed for the silicon growth on (0001) 
A120~ (8), a high degree of tw inn ing  may exist in 
(111) GaAs films grown on (0001) AI203 if the deposi- 
tion conditions are not optimized. One sample was 
measured as having a twin  density of 7.8%. The 
technique for twin  density measurement  has been 
previously described (8). A replica electron micro- 
graph for a 10-~m film is shown in Fig. 7. An indica-  
t ion of some twinn ing  in the film can be seen. Growth 
steps in the epitaxial  film are also evident. However, 
the reflection electron diffraction pa t te rn  for the film 
(similar to Fig. 5a) does not support the high twin  
density value. This correlates with the observation 
(based on measured charge carrier mobil i ty values) 
that  film qual i ty can improve with film thickness. X- ray  
techniques provide an average value of twin  density 
for the complete film thickness (8), while reflection 
electron diffraction basically reveals surface quality.  
With proper deposition conditions, mirror-smooth GaAs 
films with no detectable twins (as determined by x - r a y  
evaluation) are being grown on (0001) Al~O3 and 
(111) MgA1204. 

Some of the defect s tructure in films with microtwin-  
n ing grown on insulators can be revealed by a light 
polishing-etch such as 1:1:4 hydrogen peroxide-water -  
sulfuric acid. The t r iangular  pat tern  shown in Fig. 8a 
was produced by dipping a mechanical ly polished 
14-~m (111) GaAs film grown on (111) MgA1204 for 10 

Fig. 7. Replica electron micrograph of (111) GaAs film growth on 
(0001) AI203. 

sec into a freshly prepared 1: 1: 4 solution. Two minutes  
of etching (Fig. 8b) (about 2.5 ~m removed) revealed 
a relat ively uni form cont inuat ion of the defect s truc-  
ture. However, after 5 min  of etching, only very small 
pyramids were evident  (Fig~ 8c) at the surface of the 
remaining  7-~m thick film. This also suggests an im-  
provement  in film qual i ty with thickness for GaAs 
grown on MgA1204. 

Studies of GaAs grown on BeO have been l imited to 
the na tu ra l  faces of f lux-grown crystals. Attempts to 
reuse the bare na tura l  faces of the BeO substrates 
without repolishing have been only part ial ly successful. 
When GaAs films are etched off with HNO~-HF mix-  
tures, the substrates seem less amenable  to (100) GaAs 
regrowth but  slightly bet ter  for (111) GaAs growth on 
the (1011) face. The (I010) surface is apparent ly  
changed significantly by the sequence involving film 
growth and subsequent  removal  by the acid mixture.  

Effects o[ deposition parameters on GaAs film growth. 
- - A t  any one temperature,  the growth rate of (111) 
GaAs on A120~ has been found to be essentially l inear  
with TMG concentrat ion when it is decomposed in an 
atmosphere containing As and at least a 10-fold excess 
of AsH3 over TMG in the gas stream enter ing the 

Fig. 8. Structure revealed in a 
14-~m (111) GaAs growth on 
(111) MgAI_~O4 by etching with 
1:1:4 hydrogen peroxide-water- 
sulfuric acid mixture for a total 
of: a--10 sec, b--2 rain, c--5 
min (7 #m removed). 
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Fig. 10. Effect of substrate temperature on rate of growth of 
(111) GaAs on (0001) AI203. 

reactor. Typical  growth rates at 725~ are depicted in 
Fig. 9 for different concentrations of TMG carr ied into 
the reactor per minute.  With higher  concentrat ions and 
temperatures ,  considerable turbulence  is evidenced 
near  the vicini ty  of the heated pedestal. 

In the t empera tu re  range 600 ~ to about 800~ the 
growth rate  was found to be essentially constant for 
TMG additions of 0.02 and 0.03 m m o l e / m i n  but dropped 
off somewhat  at about 825~ (Fig. 10). Fi lms grown 
on A1208 at 800 ~ and 825~ were  less perfect than those 
grown at 675~ as determined by reflection electron 
diffraction (Fig. t l ) .  

Electrical properties oJ GaAs films.2--Hall coefficient 
measurements  were  used to examine  the electrical  
propert ies of the GaAs films. Undoped specimens up to 
~5  ~m thick produced from one combinat ion of TMG 
and AsH3 exhibi ted high resistivity,  about 10~-105 ohm- 
cm. The addition of H2Se to the gas s tream containing 
the TMG and AsH3 produced on pyrolysis n - type  films 
with  net carr ier  concentrations as high as 6.2 x 10 TM 

elec t rons /cm 3, obtained when the H2Se flow rate was 
about 100 ml /min .  The addition of "excess" H2Se caused 
the electron mobil i ty to decrease sl ightly and changed 
the appearance of the GaAs deposit. These surface 
changes are shown in Fig. 12 (a-f ) .  The change in crys-  
tal character  may be due to the formation of another  
compound such as Ga2Se3, As2Se3, or an alloy, as the 
solubil i ty l imit  of Se in GaAs is exceeded. 

The addition of DEZ to the  gas s t ream provided p-  
type GaAs growths wi th  net carr ier  concentrations up 
to 2.8 x 1019 holes /cm 3, resistivities of 0.003 ohm-cm, 

A n  u p - t o - d a t e  a n d  m o r e  c o m p l e t e  d e s c r i i ~ t i o n  o f  t h e  e l e c t r i c a l  
p r o p e r t i e s  o f  G a A s  f i l m s  g r o w n  b y  t h e  T M G - A s H 3  p r o c e s s  w i l l  
a p p e a r  i n  a s u b s e q u e n t  p a p e r  b y  A.  C. T h o r s e n .  

Fig. 11. Reflection electron diffraction photographs of (111) GaAs/ 
(0001) AI203 films grown at: a ~ 7 5 ~  b---800~ c--825~ 

and room tempera tu re  mobili t ies of about 75 cm2/V - 
sec. The highest doping level  was reached when the 
H2 flow over  the DEZ was about 35 ml /min .  Fur the r  
additions of zinc as DEZ also caused a change in the 
surface character,  as noted in Fig. 13 (a-d) .  

Mobilities of Se-doped GaAs films grown on (0001) 
A1203 early in our studies were  found to be dependent  
on film thickness. Films less than about 8 ~m thick 
exhibi ted average  mobili t ies usual ly less than 2000 cm2/ 
V-sec, while  films about 8-25 ~m thick had average 
mobil i ty  values of about 4000 cm2/V-sec for carr ier  
concentrat ions of about 4 x 10 TM cm -~. 

Mobilities of about 5000 cm2/V-sec at n = 1 x 10 TM 

cm -3 have recent ly  been measured for GaAs films not 
in tent ional ly  doped. Exper iments  are also in progress 
to compare the propert ies  of the growth of GaAs on 
GaAs wi th  the films grown on the insulators. The effect 

Fig. 12. Effect on appearance 
of GaAs growth at 725~ on 
(0001) A1203 of increases in 
H2Se concentration. The doped 
H~ flow rates were: a- -10 ml/ 
rain, b--S0 ml/min, c--100 ml/ 
rain, d--150 ml/min, e--200 ml/ 
rain, f - -325 ml/min. 
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Fig. 13. Effect on appearance 
of GaAs growth at 725~ on 
(0001) AI203 of increases in 
DEZ concentrations. The H2 flow 
rates over DEZ were: a- -5  ml/ 
rain, b--25 ml/min, c--35 ml/ 
rain, din75 ml/min. 

of the pur i ty  of the s tar t ing mater ia ls  on film proper-  
ties is also being studied. 

Films of GaAs grown on insulating substrates have 
been found to possess a much lower  degree of residual 
stress than that  found for Si on A1203 (9, 10) and 
MgA1204 (11). This is not unexpected,  since the mean 
l inear thermal  expansion coefficients for GaAs (6.4 x 
10-6/~ (12) and sapphire (J_ to c-axis, 7.7 x 10-6/  
~ between 20~176 (13) are not too far apar t  at 
room temperature .  Essentially, no bowing could be ob- 
served for a 35-~m GaAs film grown on a 10-mil A1203 
substrate. However ,  a 1-~m film did curl  a 5-~m A1203 
platelet  concave downward,  indicating that  the re-  
sidual stress in the GaAs is compressive.  Fur ther  studies 
of the stresses in the films and their  effect on electrical  
properties are in progress. 

By vary ing  the amounts  and types of dopants in t ro-  
duced into the gas s tream during crystal  growth, mul t i -  
layer epi taxial  s tructures have been fabricated on 
A1203. A four - layer  (p+, p, n, n +) 48-~m thick s truc-  
ture  was grown on (0001) A1203, photol i thographical ly  
processed, and etched into mesas wi th  re la t ive ly  large 
p-n  junct ion areas of about 6 x 10 -4 cm 2. An I -V 
characterist ic of one of these "grown"  diodes is shown 
in Fig. 14. Capaci tance-vol tage measurements  indicated 
that  the junctions were  t ransi t ionary be tween graded 
and abrupt.  

GaP and GaAsl -xPx epi taxy . - -Al though the emphasis 
to date has been on the preparat ion of films of GaAs on 
insulat ing substrates, some exper iments  have been car-  
ried out wi th  the TMG-AsH3 and /o r  PH3 reaction to 
prepare films of GaP and GaAsl -xPz  mixed compounds 
on GaAs and on insulating substrates. 

However ,  it is apparent  that  controll ing the growth 
of s ingle-crysta l  films of GaP on insulators is more 
difficult than the control  of GaAs film growth. Whereas 
GaAs films only 1 ~m thick are single crystal  on A1208, 
GaP films of the same thickness have to date exhibi ted 
only h ighly  prefer red  orientat ion on (0001) A1203 
while  exhibi t ing single crystal l ini ty  on GaAs. However ,  
the films on A1203 have improved in qual i ty  wi th  ad- 

100- 
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I I I I | I I I I 
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ditional thickness growth, producing surfaces that  were  
identified as s ingle-crysta l  (111) orientat ion by re-  
flection electron diffraction. The electron diffraction 
pat tern  for the surface of such a film (7.5 ~m thick) 
grown on (0001) sapphire is shown in Fig. 15. The 
pat tern  is sharp, and good structure is indicated. 

GaP growth on a thin sapphire platelet  caused curl ing 
of the platelet  in a concave downward  direction, which 
indicated the residual  stress in the GaP film to be 
compressive. 

Additions of PH3 to the AsH:3-TMG mixtures  nor-  
mal ly  used for growing GaAs films wil l  produce thin 
s ingle-crystal  GaAsl -xPx films on (0001) A1203. In 
these pre l iminary  studies, s ingle-crysta l  films with  the 
compositions GaAso.9Po.1 and GaAs04P0.6 have been 
grown on (0001) A1203 and (111) MgA1204. Addit ional  
studies are in progress. 

Mult i layers  of single crystals of GaAs and GaP have 
also been fabricated on A1203. Figure  16a shows the 
mul t i layer  s t ructure  revealed by a bevel  section through 
a GaAs/GaP/GaAs/A1203 film. The order of the surface 
s t ructure  in Fig. 16b indicated a s ingle-crystal  corn- 

Fig. 15. Reflection electron diffraction evidence for (111) growth 
Fig. 14. I-V curve of GaAs/AI203 (p+pnn +) diode of GaP on (0001) AI203 at 700~ 
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Fig. 16. a--A multilayer GaAs/ 
GaP/GaAs/AI203 composite as 
revealed by angle-lapping, b~  
surface of the composite. 

posite. This was confirmed by x - r a y  diffraction pro- 
cedures. 

GaAsi-xSbx epffaxy.--A few experiments  relat ing to 
GaAsl-~Sbx epitaxy were performed at 725~ on (100) 
GaAs and (0001) A1203. Single-crystal  films with ap- 
proximate compositions in the range GaAs0.9Sb0.1 to 
GaAso.TSbo.3 were obtained when the TMG-AsH3-SbH~ 
ratios were arbi t rar i ly  changed by either reducing the 
arsenic flow or increasing the flow rate of hydrogen 
bubbl ing  through the liquid SbH~. Better growth, as 
determined by reflection electron diffraction, was ob- 
ta ined on (100) GaAs than on (0001) A1203 at the 
higher concentrat ions of Sb. Epitaxial  films of 
GaAsl-zSbx can also be achieved by using t r imethyl -  
an t imony in place of SbH3 (14). 

Reaction mechanisms.--The use of the metal-organic 
for semiconductor film formation was not without  
concern for the possibility of major  carbon contamina-  
tion. Graham (15) reported that  the pyrolysis of TMG 
at 520~ in an argon carrier gas produced a metal l ic-  
looking film containing 8.0% carbon. Plust  (16) de- 
scribed the production of Ga of semiconductor puri ty  
by photolysis of TEG, but  Graham obtained gray-black 
solids containing metallic Ga using Plust 's  process. In 
order to prevent  the formation of nonvolat i le  carbon-  
aceous side-products, two steps were ini t ia l ly  taken:  
(a) the use of H2 as the carrier gas as a means for ty ing 
up free radicals that may  be assumed to be involved 
in the mechanism for the pyrolysis of TMG; and (b) 
the use of the Group-V hydride(s)  in excess over the 
stoichiometric amount  required to react with a given 
amount  of TMG, as represented, for example, by reac- 
tion [1] for the formation of GaAs: 

(CH3)3Ga + AsH3 "~ GaAs -b 3CH4 [1] 

The AsH3 in excess (or other group V hydride) prob- 
ably reacts with the TMG before it has a chance to 
pyrolyze, thus avoiding the formation of undesirable  
products. It  also provides an As atmosphere to help 
prevent  the dissociation at elevated temperatures.  The 
relat ively low temperatures  used for GaAs formation 
also apparent ly  prevent  C from being a major  con- 
t aminan t  in the GaAs films. If C were there as a minor  
contaminant ,  it would most probably be due to impure  
star t ing materials or caused by improper handl ing in 
the deposition apparatus. 

Harrison et al. (18) performed an experiment  in 
which TMG and AsH3 were mixed at room tempera ture  
in 1:1 molecular proportions in the vapor state for 18 
hr  and then heated to about 200~ This produced a 

red film which was postulated to be stoichiometric 
GaAs. Unfortunately,  the experiment  was not evalu-  
ated sufficiently. If the rate of formation and quant i ty  
of methane had been measured, then one would have 
more confidence in the s tudy of the stoichiometry of 
reaction [1]. There may have also been a reaction be- 
tween AsHs and a gray film which Harrison reported 
had formed on the walls of the tube at room tempera-  
ture. This film may have been a reaction product be- 
tween TMG and Pyrex, which has been previously ob- 
served (19). It was in the belief that reaction [1] was 
the predominant  reaction that  studies of reactions be- 
tween the metal-organics  and the hydrides were begun. 
Knowledge of Harrison's  prior investigation at low 
pressures came to light afterwards. 

A few experiments  in our laboratories were also 
performed using AsC13 and TMG as the reacting mate-  
rials. Epitaxy was not achieved on the insulators, and 
this approach was soon discarded. It may be that the 
reaction is complicated by the formation of HC1, pro- 
duced by the reduction of AsCI~ by H2 

2AsC13 q- 3H2 ---- 1/2As~ -~ 6HC1 [2] 

Fur ther  reaction by TMG with HC1 could produce in 
the first stage of the reaction the compound methyl  
gall ium dichloride 

2(CH3)3Ga + 4HCI~ (CH3GaC12)2 -b 4CH4 (20) [3] 

followed by complete dealkylat ion 

(MeGaC1.2)2 + 2 H C I ~  2CH4 + 2GaC13 [4] 

HCI could also obstruct epitaxy if the growth rate of 
the depositing film is less than its etching rate by the 
HC1. 

Summary 
The decomposition of a lkylgal l ium compounds 

(R3Ga), e.g. t r imethylgal l ium or tr iethylgall ium, in the 
presence of arsine, phosphine, arsine-phosphine,  or 
ars ine-s t ibine has produced single-crystal  growth of 
the corresponding Ga-V compounds on single-crystal  
insulat ing substrates as well  as on GaAs, GaP, and /or  
Ge. A reasonable explanat ion for the formation of the 
Ga-V compound is expressed by the reaction, e.g. for 
the production of GaAs 

(CH3)3Ga + AsH~ > GaAs + 3CH4 
650~ ~ 

This technique obviates the use of mult iple  temperature  
zones for the CVD process, simplifies the procedure 
considerably, and makes compound semiconductor film 
growth compatible with the growth of e lemental  semi- 
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conductors, such as Si and Ge. This compatibil i ty has 
made it possible to fabricate and study, via, CVD and 
appropriate masking techniques, various combinations 
of s ingle-crystal  compound and elemental  semiconduc- 
tor layers on the same insulat ing substrate. New de- 
grees of freedom and new concepts in device design 
are now apparent  which may make opt imum use of 
the differences in the physical, electrical, and optical 
properties of different semiconductors. 
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Stresses in Si02 Films Obtained from the 
Thermal Decomposition of Tetraethylorthosilicate 

Effect of Heat-Treatment and Humidity 
J. A. Aboaf* 

IBM Watson Research Center, Yorktown Heights, New York  

ABSTRACT 

The interference fringe method was used for measurement  of stresses in 
SiO2 films deposited on Si and Ge substrates. An at tempt  has been made to 
deduce both the amount  of stress resul t ing from intr insic stress and the stress 
arising from mismatch of tempera ture  coefficient of expansion. From mea-  
surement  at room tempera ture  of stress in SiO2 films deposited by thermal  de- 
composition of tetraethylorthosil icate at 725~ in forming gas (less than 0.2 x 
109 dynes/cm2),  or at 450~ in oxygen (~1.5 x 109 dynes/cm2),  it is concluded 
that  the intrinsic stress is tensile. The mechanical  properties of the SiO2 films 
prepared by these two methods were assumed to be similar to those of bulk  
vitreous silica. An explanat ion is offered for the observed increase in the 
room tempera ture  tensile stress of the 450~ film on hea t - t rea tment  to 
700~ and to the following decrease in tensile stress on hea t - t rea tment  to 
800~ A decrease in the room tempera ture  stress in the 450~ film 
occurs on exposure of the film to a humid ambient.  

I t  is well  known  that  dielectric and metal  films de-  
posited on substrates by a variety of methods are in 
a state of stress. Hoffman (1) in a recent  review on 
stresses in films has dealt extensively with the mea-  
surement  and origin of the stress. 

The control of both the magni tude  and sign (tensile 
or compressive) of stresses in thin film insulators de- 
posited on semiconductors is of pr imary  importance in 
the fabrication of semiconductor devices and circuits. 
Excessive stress in films can cause (i) bowing of the 

* Electrochemical  Society Act ive  Member.  

semiconductor substrates, with subsequent  difficulty in 
photolithographic processes, (ii) the appearance of 
slip lines (due to plastic flow of the semiconductor) 
with deleterious effects in the subsequent  processing 
of the devices, and (iii) cracking and peeling of the 
insulat ing films. 

Stresses in thin films result  from the difference in 
thermal  coefficient between the film and substrate, 
from structural  modifications resul t ing from heat t reat-  
ment,  and from the bu i l t - in  intr insic stress. Litt le is 
known about the intrinsic stress of films except that 
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it is dependent  on the deposition parameters  and ap- 
pears to be in t imate ly  re la ted to the nucleat ion and 
growth of the film. In this study, the intrinsic stress 
of films has been deduced by subtract ing f rom the 
exper imenta l ly  measured stress, the calculated con- 
t r ibut ion result ing f rom the difference in thermal  ex-  
pansion be tween the film and substrate, assuming for 
the coefficient of expansion of the film the value  of 
the bulk mater ia l  when available. 

The present  invest igation was under taken  to mea-  
sure the  room tempera ture  stress in pyrolyt ic  SiO.2 
thin films, the changes in stress on densification of 
these films when hea t - t rea ted  at high temperatures ,  
and the effects on stress resul t ing f rom exposure to a 
humid ambient.  

Experimental 
Substrates.--Glang et al. (2) have shown that  sili- 

con wafers  could be used for the measurement  of 
stress in thin films. In the present  study, <111> sili- 
con (Monsanto Corporation) and <111> germanium 
(IBM Corporation) substrates were  used. Wafer  th ick-  
nesses were  approximate ly  8 mils, and wafer  d iam- 
eters were  approximate ly  1 in. The germanium wafers  
were  p-type,  e i ther  0.1 ohm cm or 3-8 ohm cm and 
were  polished on both sides; the silicon wafers  0.1 ohm 
cm were  polished on one side. Only wafers  exhibi t ing 
uniform curvatures  were  used. They were  cleaned 
in 1:1 H F : H 2 0  prior to oxide deposition. Oxides were  
deposited on the concave face of the wafers  (for Si, 
the  polished face).  

Film deposition.--The films were  deposited by the 
pyrolytic decomposit ion of te t raethylor thosi l icate  in a 
forming gas a tmosphere  (10% H2-90% N2) at 730~ 
(3) (H. T. SiO2), and in oxygen at 450~ (4) (L. T. 
SiO2). Thickness uniformity  was bet ter  than _+ 5%. 

Three deposition rates 50, 100, and 200 A/ ra in  were  
used for the L. T. SiO2. The H. T. SiO2 was deposited 
at 200 A/min .  The thickness of the films used for stress 
measurement  was approximate ly  4000A. 

Measurement of stress.--The method used for mea-  
surement  of stresses in films and the mathemat ica l  
details of the stress analysis have been described by 
Finegan and Hoffman (5), and consists of measur ing 
the shape of the substrate and of the  substrate film 
by the in terference fr inge technique. The change in 
the shape of the substrate indicates strain in the wafer,  
which in turn is a measure  of the stress in the film. 

In order to measure the stress in the films it is as- 
sumed that  the substrate wafer  is elastic, uni formly 
thick, thin compared to its radius, and that its deflec- 
tion is small  as compared to its thickness. This was the 
case in the exper iments  described below. However,  in 
some cases when the thickness of the film was high 
and the stress at the tempera ture  of deposition was 
higher  than the yield stress of the substrate, the sub- 
strate deformed i r revers ibly  (6); consequent ly the 
condition of elasticity is not  met, and the theory  of 
bending plates could not be applied. 

We have used an exper imenta l  apparatus quite 
similar to that  of Finegan and Hoffman (5). The shape 
of the wafers  at room temperature,  as de termined by 
the Newton's  r ing technique, is to be parabolic. The 
substrate rests film side down on an optical flat and is 
i l luminated by sodium light. The interference fr inge 
pat tern  produced is photographed with  a Polaroid 
camera (Fig. 1), and subsequent ly another  in ter -  
ference fr inge pat tern  is obtained after  str ipping the 
film from its substrate. This is the reference pattern.  
The re la t ive  position of the fringes on both fr inge 
pat terns (corresponding to a distance of 1.2 cm on the 
wafer)  is measured in two perpendicular  directions, 
making sure that  the substrate film and the substrate 
reference data are taken in the same re la t ive  position. 
For  each set of data, a computer  program is used to 
fit a parabola by the method of least squares and to 

Fig. 1. Interference fringe pattern of uniformly curved silicon 
wafer: Top, without Si02 film; bottom, with 450~ Si02 film. 

calculate the force per uni t  width  in the two direc-  
tions. The average of these two values, divided by the 
thickness of the film, is the stress in the film at room 
temperature .  

The sensit ivity of the measurement  is such that  it 
is possible to detect for the wafer  and film thicknesses 
used a min imum stress of 2.5 x l0 s dynes / cm 2. The 
error  involved in the stress measurement  is dependent  
on the error  of three  independent  variables:  film 
thickness, substrate thickness, and the difference in 
the number  of fringes. The error  was calculated to be 
less than 15%. 

The thickness of the films is measured independ-  
ently ei ther  by Vamfo (7) or by double beam in te r -  
ferometry.  Young's modulus data for the silicon and 
germanium substrates (necessary to calculate the 
room tempera ture  stress in the films) were  taken f rom 
Glang (2) and Fine (8). 

Results 

Wafer curvature without films.--At an ear ly  stage 
dur ing this s tudy it was found that  not all wafers  
could be used. The interference fr inge pat tern of the 
wafers  var ied f rom well-defined (Fig. 1) to hopelessly 
distorted (Fig. 2) concentric rings. The yield of wafers  
showing a uni form circular or ell iptical pat tern  var ied  
f rom batch to batch; yields as low as zero and as high 
as 80% were  encountered.  This effect is probably due 
to the stresses induced during polishing. Anneal ing  at 
tempera tures  of up to 80O~ reduced yield still further.  
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Fig. 3. Room temperature curvature of silicon wafer (Monsanto S 
ohm-cm) after heat-treatment in forming gas for Vz hr at variou~ 
temperatures. 

Fig. 2. Interference fringe pattern of distorted wafers 

All  results given in this s tudy were  obtained wi th  
wafers showing a well-defined fr inge pat tern  of con- 
centric rings wi th  and without  the dielectric film 
(Fig. 1). 

The curvature  of a silicon wafer  is shown in Fig. 3 
after several  anneal ing t reatments  at different t em-  
peratures.  It is seen that  the wafer  flattens with in-  
creasing temperature .  For  the measurement  of stress 
it was not necessary to anneal  every  substrate. In fact, 
the curvature  of the wafer  af ter  anneal ing at a certain 
tempera ture  is identical  to that  obtained after  deposi- 
tion of the oxide at this tempera ture  and successive 
str ipping of the film. However ,  when hea t - t r ea tment  
of oxides at different tempera tures  were  made, the 
wafers were  annealed at 800~ for 4 hr  prior to depo- 
sition of the oxide film. The change in the stress at 
room tempera tu re  of the oxide was then measured on 
basis of the same reference wafer.  

Stress at room temperature of SiO2 f i lms.--A film 
deposited on the inner surface of a curved substrate 
is in tension if the film causes a decrease in the radius 
of curva ture  of the substrate, and in compression in 
the reverse  case. In the first case, the sign of the 
stress is taken to be positive, and in the second case 
negative. 

The stress at room tempera ture  in SiO2 films de-  
posited on silicon and germanium is shown in Table I. 

The reproducibi l i ty  in the stress at room tempera-  
ture  is much bet ter  for the H. T. SiO2 than for the 
L. W. SiO2. It has not been possible to differentiate 
the stress at room tempera tu re  for L. T. SiO2 deposited 
at 50, 100, 200 A/rain.  The stress at room tempera ture  

for SiO2 films deposited at 380" and 520~ fell  wi thin  
the range given for the 450~ 

Room temperature stress of SiO2 as a function of 
high-temperature annealing.--L. T. SiO2 films on sili- 
con were  hea t - t rea ted  at 700 ~ and 800~ in a forming 
gas atmosphere.  The change in the room tempera ture  
stress for a typical  specimen is shown in Table II. 

The room tempera ture  stress in the film increases 
af ter  the 700~ hea t - t r ea tmen t  and decreases after  the 
800~ treatment .  Compared to the room tempera tu re  
curva ture  at 450~ the room tempera tu re  curva ture  at 
700~ has increased, while  that  af ter  the 800~ has 
decreased. 

The stress at room tempera tu re  in the film reaches 
a plateau value  rapidly after  a few minutes at 700"C; 
at 800~ the plateau value is reached more slowly. The 
thickness of the SiO2 film after  the 700~ t rea tment  is 
reduced by 8%, and after the 800~ t rea tment  by 11%, 
compared to that  of the as-deposited sample. 

L.T. SiO2 films, 4000A thick, on germanium crack 
on hea t - t r ea tment  at 700~ Films deposited on silicon 
do not crack af ter  hea t - t r ea tment  at 800~ 

Ef]ect of a humid ambient on the room temperature 
stress of L.T. SiO2.--L.T. SiO2 films on silicon were  
t reated in a humidifier at 85~ and 85% re la t ive  hu-  

Table I. Stress at room temperature in Si02 films 

L.T .  S i 0 2  H . T .  SiO~ 

On  s i l i con  w a f e r s  T e n s i o n  L e s s  t h a n  
-L0.9 to + 2  X 109 0.2 X 109 

d y n e s / c m  s d y n e s / c m ~  
On  g e r m a n i u m  w a f e r s  C o m p r e s s i o n  C o m p r e s s i o n  

- -0 .2  to - -1  x 109 - -1 .7  to - -2  x 109 
d y n e s / e r a Z  dynes /e roS  

Table II. Change in room temperature stress 

R o o m  t e m p e r a t u r e  
F i l m  t r e a t m e n t  M i n  s t ress ,  d y n e s / c m  -~ 

450~  on s i l i con  + 1.5 • 109 
H e a t - t r e a t e d  a t  700~ 5 + 2.3 • 10 ~ 
H e a t - t r e a t e d  a t  700"C 15 + 2.2 x 109 
H e a t - t r e a t e d  a t  700~ 30 + 2.5 • 109 
H e a t - t r e a t e d  a t  800~ 5 + 1.1 • 109 
H e a t - t r e a t e d  a t  800~ 15 + 0.7 x 109 
H e a t - t r e a t e d  a t  800"C 30 + 0.3 x 109 
H e a t - t r e a t e d  a t  800~ 60 < 0 . 2  x 109 
H e a t - t r e a t e d  a t  800~ 90 < 0 . 2  x 109 
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midity. The change in the room tempera ture  stress for 
a typical  specimen is as follows: 

SiO2 as deposited + 1.2 • 109 
after  5 hr  in 85~ 85% RH +0.4 • 109 
after  21 hr  in 85~ 85% RH +0.5 X 109 

The decrease in room tempera tu re  stress occurs wi th  
no change in thickness of the film. 

Discussion 
Intrinsic stress in SiO2 ] i lms. - -Schwut tke  and Howard  

(9), Blech et al. (10), Drum and Rand (11), and more 
recent ly Lathlaen and Diehl (12) have in terpre ted  
their  stress measurements  in SiO2 films as function of 
various parameters  ( temperature ,  rate  of deposition, 
etc.) as being due to various values of coefficient of 
expansion for SiO2 films. A different in terpreta t ion is 
given below based on our exper imenta l  results. 

The measurement  of stress in the film at room tem-  
pera ture  does not differentiate be tween  stresses gen-  
erated by the difference in thermal  expansion be tween  
the film and substrate, and intrinsic stress. The total  
stress, S, as measured at room tempera tu re  is 

Ef 
S - ~ -  ( a f i l m  - -  a s u b )  (T2 -- T1) + a~ 

i -- "/f 

the rmal  coefficient of expansion of the film or 
substrate 

E modulus of elasticity of the film 
7I Poisson's ratio for the film 
T2 -- T1 tempera tu re  of deposition of film -- room tem-  

pera ture  
~i intrinsic stress. 

Let  us assume that  the mechanical  propert ies of the 
h igh- t empera tu re  SiO2 films are similar  to those of 
bulk vitreous silica, a, E, and 7 for SiO2 are taken re-  
spect ively equal  to 0.55 x 10 -6, 7.2 x 1011 dynes /cm 2, 
and 0.17 (13). The average coefficient of expansion of 
silicon between any two tempera tures  is taken f rom 
Maissel (14). Using these values, it is possible to cal-  
culate the intrinsic stress, taking for the room tempera -  
ture  stress in H.T.-SiO2 films on silicon substrates, the 
exper imenta l  value. The intrinsic stress is tensile and 

its value  is -~ 2.1 x 109 dynes /cm 2. 
One can also make the assumption that  the intrinsic 

stress in SiO2 films is the same whether  deposition oc- 
curs on silicon or on germanium wafers.  Under  this 
assumption, using the above equat ion and using the 
coefficient of expansion for ge rmanium (15), the stress 
expected in SiO2 on germanium substrates can be esti-  
mated. This stress is compressive, equal  to --1.8 x 109 
dynes /cm 2 and is in excel lent  agreement  with the ex-  
per imenta l  value  (Table I).  The qual i ta t ive  results 
obtained for films on germanium are in agreement  with 
those made by x - r ay  diffraction by Segmul ler  (16). 

If  the above assumptions are used to est imate the 
room tempera tu re  stress of L.T. SiO2 on germanium, 
the agreement  be tween the calculated value and the 
exper imenta l  value  is not as good; this is not unex-  
pected considering the porous propert ies  of the low-  
t empera tu re  oxide (4). 

Annealing ef/ects.--The room tempera ture  stress in 
L.T. SiO2 films when these are hea t - t rea ted  successively 
to 700 ~ and 800~ suggest that  two effects occur: the 
first one in conjunct ion with  the increase in tensile 
stress and the second one with  the decrease in tensile 
stress to an essentially stress free film at room t em-  
perature.  

The increase in tensile stress is a t t r ibuted to the 
densification of the film because of loss of moisture 
contained in the film and to the  closing of pores dur ing 
hea t - t r ea tmen t  to 700~ In fact, the infrared spectra 
of low- tempera tu re  SiO2 shows a water  content as 
measured at the 3650 cm -1 band of 6% (0.060 optical 
dens i ty /micron) .  Af te r  the hea t - t rea tment ,  the wate r  

SiO2 F I L M S  1735 

content is 1% (0.010 optical dens i ty /micron)  and the 
oxide is 8% thinner.  It is interest ing to note that  this 
effect occurs wi thout  the shift ing of the Si-O stretching 
band (1065 cm -1) to higher  frequencies.  

The subsequent  decrease in tensile stress as measured 
at room tempera ture  after  hea t - t r ea tmen t  at 800~ 
may be a t t r ibuted to a s t ructural  densification which 
results in the shift ing of the 1065 cm -1 Si-O band to 
a value  of 1075 cm -1. The wate r  content  in the  film 
after  the 800~ t rea tment  remains at the level  reached 
af ter  the 700~ t rea tment :  the oxide thickness de- 
creases by another  3%. Pliskin and Lehman (17) noted 
Si-O f requency shifts af ter  densification of films by 
heat - t rea tment .  Mackenzie (18) has in terpre ted  volume 
shr inkage in bulk vi t reous silica pr imar i ly  to var ia t ion 
in the mutua l  orientat ion of SiO4 tetrahedra.  

The stress at room tempera ture  and the intrinsic 
stress (stress at tempera ture)  for low tempera tu re  SiO2 
films deposited at 450~ and annealed at 700 ~ and 
800~ are given in Table III. It is interest ing to note 
that  the intrinsic stress in the low tempera tu re  oxide 
is pract ical ly equal to that of the oxide which has been 
hea t - t rea ted  at 800~ i.e., on hea t - t r ea tmen t  at 800~ 
it appears that  the stress built  into the films during 
deposition has not been released; this result  cannot be 
explained. The intrinsic stress in the films at 450 ~ 700 ~ 
and 800~ was calculated as shown above on basis of 
the exper imenta l  values of stress at room tempera tu re  
and of the mechanical  propert ies of bulk SiO2. 

The cracking on hea t - t r ea tmen t  of a 4000A thick SiO2 
film deposited on ge rmanium (this does not occur for 
films deposited on silicon) might  be due to the large 
stress result ing from the larger  the rmal  coefficient of 
expansion of ge rmanium as compared to that  of silicon. 
However ,  the est imated stress at t empera ture  is almost 
the same for the SiO2 film on germanium hea t - t rea ted  
at 700~ and for the SiO2 film on silicon hea t - t rea ted  
at 800~ only in the first case does the film crack. It 
does not appear  thus that  the high stress is the cause 
of cracking. It is possible, as suggested by Krongelb  
(4), that  on hea t - t rea t ing  at high temperature ,  the 
moisture contained in the film tends to react as the 
interface between the germanium and SIO2, forming 
gaseous GeO, which upon escaping would rup ture  the 
film. 

Humidity eflects on stress in SiO2 films.--Drift of 
stress due to wea ther ing  for SiOe films deposited by 
the s i lane-NO process was reported by Drum and 
Rand (11). For  our films, a large decrease in the room 
tempera tu re  stress occurs on exposure to a humid  am-  
bient. Densification (i.e., decrease in the volume of the 
film) does not, however ,  occur. The Si-O absorption 
band shifts f rom 1065 to 1075 cm -1. Pliskin (17) ob- 
served that  increase in water  content  in electron gun 
evaporated SiO2 film results in a shifting of the Si-O 
stretching band toward  higher  frequencies,  and in ter -  
preted the phenomenon as being due to strain, va r ia -  

Table Ill. Stress at room temperature and intrinsic stress for 
Si02 films 

S t r e s s  a t  S t r e s s  at-" 
r o o m  t e m p e r a t u r e  t e m p e r a t u r e  

( e x p e r i m e n t a l )  ( i n t r i n s i c  s t ress )  
d y n e s / c m  ~ d y n e s / c m  s 

L .T .  SiO2 + 1.5 • 109 + 2.5 x l0  s 
L , T .  SiO2 h e a t - t r e a t e d  

a t  700~ fo r  30  m i n  + 2 . 2  • 10 ~ +4.3** x 10 '~ 
in  f o r m i n g  gas  

L .T .  SlOe h e a t - t r e a t e d  
a t  800~ fo r  1 h r  i n  + 0 . 2  x 109 +2.5% x 10 ~ 
f o r m i n g  gas  

* C a l c u l a t e d  on  bas i s  of  t h e  e x p e r i m e n t a l  r e s u l t s  a n d  t h e  a s -  
s u m p t i o n s  m a d e  in  t e x t ,  

** I f  no  d e n s i f i c a t i o n  w o u l d  occu r ,  t h e  s t r e s s  a t  t e m p e r a t u r e  
s h o u l d  h a v e  b e e n  + 3 . 4  • 109 d y n e s / c m  2 ( e x p e r i m e n t a l  s t r e s s  a t  
r o o m  t e m p e r a t u r e  + s t ress  i n d u c e d  i n  h e a t i n g  t h e  s a m p l e  f r o m  25 ~ 
to 700~  

t I f  no  d e n s i f i c a t i o n  w o u l d  occu r ,  t h e  s t r e s s  a t  t e m p e r a t u r e  s h o u l d  
h a v e  b e e n  + 3 . 8  • I0 o d y n e s / c m  ~. 
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tion in band energy, and purity.  It is suggested that  
the decrease in stress is related to the breakdown of 
the film structure as SiO2 te t rahedra reacts with H20 
to form silanol groups (4) and a more open structure. 

The presence of an intrinsic stress in vapor deposited 
SiO2 films has been shown but  not explained. Klok- 
holm (19) has interpreted the intrinsic stress in metal  
systems as being due to the anneal ing and shrinkage 
of disordered mater ia l  undernea th  the surface of the 
growing film. Unfortunately,  we do not know the struc- 
ture  of SiO2 films and how their  s t ructure differs ac- 
cording to the method of preparation. Recent experi-  
menta l  and theoretical advances in x- ray  diffraction 
(20) have yielded new information on the s tructure of 
bulk SiO2. The use of these techniques might  be useful 
for SiO2 films. 

Conclusion 
On the basis of room tempera ture  stress measure-  

ments in SiO2 films deposited on silicon and germa-  
nium, it has been possible to estimate the intr insic 
stress in vapor deposited SiO2 films by assuming for 
the values of the mechanical  properties of the films 
deposited at high tempera ture  those of the bulk prop- 
erties of vitreous silica; the intr insic stress derived is 
the same for both substrates. 

The hea t - t rea tment  effects of low-tempera ture  films 
occur in two stages: first, an increase in tensile stress 
occurring with loss of moisture contained in the film, 
densification, and no variat ion in the Si-O stretching 
band; second, a decrease in tensile stress occurring 
gradual ly  and resul t ing in a shift toward higher fre- 
quencies of the Si-O band. 

The room tempera ture  stress in low-tempera ture  
films decreases sensibly on exposure to a humid am- 
bient  with no densification of the film. The intr insic 
stress in these films is not explained. 
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Some Properties of Vapor Deposited Silicon 
Nitride Films Obtained by the Reaction of 

SiBr  and 
J. A. Aboaf* 

IBM Watson Research Center, Yorktown Heights, New York 

ABSTRACT 

Silicon ni tr ide films, easily etchable in buffered HF (75 A / m i n )  and usable 
as gal l ium diffusion masks, are deposited at 800~ by the SiBr4 and NH3 reac- 
t ion (ratio SiBr4 to NH3 of I: 13) in a forming gas atmosphere. The chemical 
composition of the films, deposited between 500 ~ and 800~ as measured by 
chemical and electron microprobe analysis, is nearer  to Si(NH)2 than  to 
SisN4. The 800~ films are impervious to moisture. The room tempera ture  
stress in the films deposited on silicon is very high (+1.2 x 10 TM dynes /cm 2) 
and cannot be lowered by decreasing the temperature  of deposition or the 
SiBr4 to NH3 ratio. The intr insic stress of the films is highly tensile and is 
much higher than  that  in vapor deposited SiO2 films: germanium wafers tend 
to warp with formation of slip lines. Films of Si3N4 composition containing 
--NH groups are obtained at 800~ when the ratio of SiBr4 to NH~ is 1:4. 

The purpose of this study is to evaluate the reaction 
of SiBr~ vapor and NH3 at different temperatures  in a 
forming gas atmosphere in view of obtaining silicon 
ni tr ide films of the following characteristics: (a) films 
useful as diffusion masks against gall ium at 800~ for 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

16 h r ;  (b) films easily etchable in buffered I-IF; and 
(c) films of low tensile stress or possibly compressive 
stress. 

Silicon ni tr ide films are prepared by various meth-  
ods: reaction between silane and ammonia  at tem- 
peratures above 750~ (1-3), and at low tempera ture  
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by a radio frequency glow discharge reaction (4), or 
sputtering (5). These methods lead to silicon ni t r ide  
films of Si3N4 composition; they are resistant to mois- 
ture and are good masks against shallow diffusion of 
B, P, As, and Ga (6); they are essentially insoluble in 
buffered HF and only slightly soluble in concentrated 
HF. 

Mixed ni t r ide-oxide films (7) are prepared by adding 
a few per cent in volume of oxygen to silane and 
ammonia gases. These films etch faster in HF, but  this 
method of deposition cannot be used when the sub- 
strate is ge rmanium because of the oxidizing atmos- 
phere. 

Silicon nitr ide films obtained from the reaction 
between SiCI~ and NH3 can be deposited on silicon at 
temperatures  ranging between 550 ~ and 1250~ (8, 9). 
A similar reaction is studied here. 

E x p e r i m e n t a l  
Deposition conditions.--The deposition of ni t r ide 

films is carried out in a horizontal resistance furnace, 
15 in. long. The furnace tube is made of quartz with 
an outside diameter of 59 mm; a quartz l iner of 55 mm 
inside diameter  is used and is changed every few 
runs. The hollow substrate holder, also of quartz, has 
a flat top and curved bottom and rests on the bottom 
of the furnace tube liner. The temperature  on the top 
surface of the substrate (the deposition temperature)  
is calibrated against the tempera ture  registered by  a 
thermocouple placed inside. During an exper imental  
run  only the inside tempera ture  is recorded. 

A schematic of the apparatus is shown in Fig. 1. 
High-pur i ty  ammonia (Precision Gas Products Com- 
pany) flows into the quartz tube through a nozzle s i tu-  
ated at a distance of about 2 in. from the uni form hot 
zone. This geometry is necessary in order to minimize 
the reaction of SiBr4 and NH3 prior to reaching the 
hot zone. Silicon bromide, semiconductor grade (Alfa 
Organics Company) is kept at room temperature  in a 
bubbler.  Forming gas is used to transport  the silicon 
bromide into the furnace and as the di lut ing gas. 
"High puri ty"  forming gas is not satisfactory: a ger- 
man ium wafer, when heated in this atmosphere at 
800~ shows a "hazy" surface result ing from an at-  
tack of the germanium. This reaction is probably due 
to residual H20 in the gas. Accordingly, prior to en te r -  
ing into the furnace tube, the forming gas is purified 
by flowing it first through a p la t inum bed heated at 
approximately 400~ and then a liquid ni t rogen trap 
(for condensation of H20).  No etching of germanium 
surfaces is observed under  these conditions. 

Germanium nitr ide is found to form by the reaction 
of ammonia  and a germanium halide between 400 ~ 
600~ (10). Electron microscopy of the surface of a 
<110> germanium wafer after exposure to an am- 
monia atmosphere for 30 min  at 800~ reveals well-  
defined 6-facets pits. No attack of the germanium sur-  
face due to NHs is noticeable using the procedure 
described below. 

The substrate  wafers, silicon or germanium, are 
placed on the holder and the quartz tube  evacuated 

FLOW 
METERS 

NH 3 

AT 400~ L...~_.~ TRAP 

EXHAUS: 

[ . . . . . . . . .  I 

Fig. 1. Schematic of apparatus for deposition of silicon nitride 
(SiBr4 -t- NH3). 

to 20g pressure. Purified forming gas is then  introduced 
in the tube and the substrate holder pushed into the 
hot zone. When the desired temperature  is reached, 
the ammonia is introduced in the tube and within  one 
minute  the bromide follows. As soon as the deposition 
is completed, the bromide and ammonia  valve are 
closed and the substrate pulled out to the cooler zone 
of the furnace; subsequently,  the tube is opened. 

Chemical analysis.--Films, 6000-10,000A thick de- 
posited on germanium or p la t inum plates, are used for 
the determinat ion of ni trogen and silicon. The ni t rogen 
in the films is analyzed by the we l l -known Kjeldahl  
method. The silicon is determined by absorption spec- 
t rophotometry after reaction of the specimen with 
ammonium molybdate  and subsequent  reduction of the 
silicomolybdate. 

Stress measurement.--Details of the exper imental  
set-up of the problems regarding the choice of sub- 
strates are described elsewhere (11). Silicon wafers 
are used as substrate on the basis of the data reported 
by Glang et al. (12). The films are deposited on (111), 
n-type,  0.1 ohm cm silicon wafers, 8 mils thick. Mea- 
surements  are made at room temperature  using the 
interference technique described by Hoffman (13). 

Gallium digusion.--Lines, 2 mils wide, are made in 
silicon nitr ide films deposited at 800~ on germanium 
by photoli thography and etching in buffered HF. A 
500A thick film of SiO2 (deposited by the pyrolysis of 
tetraethylorthosil icate at 450~ in oxygen) is then de- 
posited on the wafer. SiO2 is not a mask against  gal-  
l ium diffusion, but  serves to prevent  the gal l ium from 
attacking the germanium surface. 

The diffusion is conducted for 16 hr in a two-zone 
evacuated furnace with the gall ium source at 750 ~ and 
the specimen at 800~ the vacuum is held at approxi-  
mately  1 x 10 -5 mm. The result ing surface concentra-  
tion of gall ium is 4 x 10 TM atoms/cc. 

Resul ts  
The silicon ni tr ide films deposited on silicon or 

ge rmanium are clear, t ransparent ,  and hard. Thickness 
variat ion (2000A thick film) from one edge of a wafer 
to the other, and from wafer to wafer (2 wafer system) 
is less than  5%. The films are amorphous; electron 
diffraction shows only a pa t te rn  of diffuse rings. The 
surface of the films, as seen in electron microscopy, is 
par t icular ly smooth. The refractive index of the film 
deposited at 800~ is 2.0. 

In Fig. 2, an Arrhenius  plot shows the rate of 
deposition of silicon ni tr ide films for the following 
conditions: SiBr4 0.1 x 10 -8 mole, NH3 1.3 x 10 -3 mole, 
forming gas as carrier gas, 5 l /rain. Between 550 ~ and 
800~ there is a l inear  dependence of log rate vs. 1iT. 
The slope indicates an activation energy of 19 kcal /  

~ 
900 800 700 575 450 

I000 I I I I 

=~ ,- X~. AH = 18.9 Kc 

I.-~ IOO- 

~ \ 

IC I I L I I 
0.9 1.0 I. I 1.2 1.3 1.4 

I03o K 
T 

Fig. 2. Deposition rate of silicon nitride as a function of tem- 
perature. SiBr4 0.1 x 10 - 3  mole, NH3 1.3 x 10 - 3  mole, carrier gas 
forming gas 5 I/min. 
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Table I. Etch rate of silicon nitride films 

T e m p e r a t u r e  of  
deposi t ion o f  s i l i c o n  

n i t r i d e  f i l m s .  E t c h  r a t e  i n  E t c h  rate in 
NI-Ia to SiBr4 b u f f  H F - - 2 5  ~ c o n c .  H F - - 2 5 ~  
Ratio of  1 3 : 1  A / r a i n  A / r a i n  

800 75 1350 
700 150 - -  
5 7 5  1 1 0 0  

x lO I~ 

3 

E 

~2 
Z >- 
f:3 

(n  
Z 

0 

D e c e m b e r  1969 

_ _ . o  _ _ _  

o o 

I I I I I I 
4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  

o c 

Fig. 4. Room temperature stress in silicon nitride films deposited 
on silicon wafers as a function of temperature of deposition. Films 
approx. 2000,~, thick. SiBr4/NH3 = 1:13. 

mole. The rate at 900~ decreases probably because 
of a depletion of the SiBr4 at an upst ream point, prior 
to reaching the deposition zone of interest.  

The etch rate of the silicon ni tr ide films (NHJSiBr4 
ratio of 13: 1) is shown in Table I. It  is worth noticing 
that  in concentrated HF the etch rate is 1 order of 
magni tude  higher than  that  for the ni t r ide deposited 
by the silane process (1). 

An MIS capacitance voltage measurement  at 150 
kHz made on a Ge-800~ nitride-A1 sandwich results 
in a large density of negative fixed charge and /or  
surface states. The hydrogen used dur ing deposition 
appears to induce surface states at the interface as 
was shown by Sedgwick (14). The same measurement  
made on a Si-800~ nitride-A1 sandwich results in 
surface charge values of + 4 x 1012 charges/cm 2. The 
value of the dielectric constant  is about 8 as computed 
from the max imum capacitance value of the MIS capa- 
citance and the thickness of the oxide. 

Stress measurements.---Stress measurements  are 
made, at room temperature,  on silicon wafers on which 
approximately 2000A thick films are deposited. The 
stress at room tempera ture  in films deposited at a 
NH3/SiBr4 ratio of 13:1 and at 800~ is tensile and 
equal to 1.3 x 1010 dynes /cm 2. 

The stress in films deposited at different ammonia  to 
bromide ratios is shown in Fig. 3. Fi lms deposited at 
a ratio below 10:1 seem to contain an excess silicon; 
their etch rate is quite low, and the film cannot be 
totally removed wi th  HF; consequently,  they are not  
considered. 

The room tempera ture  stress of silicon ni tr ide films 
deposited on silicon in the same apparatus by the re-  
action between Sill4 and NH3 in forming gas at 800~ 
at a deposition rate of 125 A/min ,  and a ratio of 
NHJSiH4 of 20 results comparable to that  of films 
obtained by the bromide process. 

The room temperature  stress in silicon ni t r ide films 
on silicon deposited between 500 ~ and 800~ at a 
NHJSiBr4  ratio of 13:1 is given in Fig. 4. The stress is 
tensile and appears to be independent  of the tempera-  
ture  of deposition. 

The room temperature  stress in silicon ni tr ide films 
is one order of magni tude  higher than that for SiO2 
films obtained by the pyrolytic decomposition of te t ra-  

xlO I~ 

3 
E 

a 

z 
o 

Z 
W 

C 

ethylorthosilicate (11). While some data on the 
mechanical  properties of single crystal silicon ni tr ide 
(5) and polycrystal l ine silicon ni tr ide of various poros- 
ities are available (15, 16), no data on amorphous sili- 
con ni t r ide can be found in the l i terature.  Consequent-  
ly, it is not possible to separate the stresses generated 
by the difference in thermal  expansion between the 
film and substrate and that  due to the intr insic stress 
as it was done for SiO2 films (11). 

It would be interesting, however, to know at least 
qual i tat ively the sign of the intr insic stress, or stress 
at tempera ture  in the silicon ni tr ide films. A ni tr ide 
film is deposited at 800~ on a 2-rail thick, fiat ger- 
man ium wafer and its curvature  observed in situ 
through a window situated at the end of the deposition 
tube. The wafer bows upward  (with the ni t r ide in 
the concave side). Thus, at the tempera ture  of deposi- 
tion, the intrinsic stress in the film is tensile. 

Figure 5 shows the curvature  (at room temperature)  
of a 2-mil  thick (110) germanium which is coated 
with a 2200A thick silicon ni t r ide film at 800~ for 
comparison that of a 2-mil  thick germanium wafer on 
which is deposited a 7200A thick SiO2 film at 800~ by 
the thermal  decomposition of tetraethylorthosil icate 
in forming gas is also shown. These wafers curve dur -  
ing deposition at 800~ and are found to be warped 
after being brought down to room temperature.  From 
the large deflection brought  about by the silicon ni tr ide 
film, it can be concluded that  the intr insic stress in the 
ni t r ide film is much higher than  that  estimated for 
SIO2(2.1 x 109 dynes /cm 2) (11). A visual  inspection 
of the germanium wafers show that  the germanium is 
plastically deformed; slip lines can be seen on the 
wafers. It  is thus possible to conclude also that the 
intr insic stress in both films is higher than the yield 
stress of germanium at 800~ For  a (110) germanium 
wafer, slip lines occur in  the (111) p lane  in the <110> 

o o 
o o 

~ - ^ o 

t I I 

1311 65/I 13o/l 
RATIO NH3/SiBr 4 

Fig. 3. Room temperature stress in silicon nitride films deposited 
on silicon wafers as a function of NH3/SiBr4 ratio. Films deposited 
at 800~ approx. 2000.~ thick, o, Bromide process; s, silane proc- 
ess. 

Fig. 5. Top, 2000.~ thick silicon nitride film on 2-mils thick 
< 1 1 0 >  germanium wafer; bottom, 7200.~ thick Si02 film on 2- 
mils thick < 1 1 0 >  germanium wafer (tetraethylorthosilicate proc- 
ess, 800~ 
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Table II. Chemical analysis of silicon nitride films 
All figures in weight per cent 

F i l m s  d e p o s i t e d  a t  800~ : S iBr4  + ~ r eac t i on**  
R u n  1 2 3 4 5 6 7 8A 8B* 9A 9B* 1O* 

Si 48 -- 47.6 56.4 58.2 47.3 
N -- 50 -- 44.8 50.1 51.8 45.5 56 
Br 

F i l m s  d e p o s i t e d  a t  575~ : S iBr4  + ~ r e a c t i o n * *  

R u n  1 3 3 

St  50.6 48.9 
N 56 -- 60 

FiLms deposited at 800~ : $iH4 + NISa react ion***  
R u n  1 2 

Si  81.3 58.3 
N 41.8 45.5 

B u l k  Si3N4 Si  $9.3 N 38.8 

54.7 44.7 48 47.8 48 42 
- -  51.2 

1 

Fig. 6. Slip lines in germanium wafer < 1 1 0 > ,  direction < 1 1 0 >  
as seen at the interference microscope. Magnification 1SOX. 

Fig. 7. Slip lines in germanium wafer < i 1 0 > ,  direction < 1 1 0 >  
as seen at the electron microscope. Magnification 9750X. 

direct ion (Fig. 6). In  Fig. 7, an e lect ron microscope 
repl ica  of the  surface shows slip l ines and a large  
number  of pits  (p robab ly  random dislocations along 
the length  of the  slip l ines) .  

Diy]usion masMng.--Silicon ni t r ide  films on ge rma-  
nium deposi ted at  800~ (SiBr4/NHz ---- 1/13) act as 
masks  against  ga l l ium at 800~ for 16 hr. However ,  
the ge rman ium wafers  covered wi th  l l 00A th ick  sil i-  
con ni t r ide  + 500A th ick  SiO2 curve dur ing the 16-hr 
diffusion with  evidence of warp ing  as expla ined  in the 
preceding paragraph .  I t  appears  tha t  the  intr insic  s~ress 
in the silicon ni t r ide,  coupled wi th  tha t  of the SiO2 
film (10), a re  h igher  than  the y ie ld  stress of ge rma-  
nium. The deformat ion  of the  wafers  makes  them un-  
sui table  for device prepara t ion .  

Deposi t ing the  n i t r ide  at  subs t ra te  t empera tu re s  of 
700~ or less does not  reduce the  stress. Also, the 
stress is not  reduced  by  increas ing the ammonia  to 
bromide  rat io.  However ,  a 300A th ick  n i t r ide  film is a 
mask  against  gal l ium diffusion. This film is sat isfac-  
tory;  the  silicon n i t r ide  + 500A SiO2 films do not  w a r p  
the  wafer  dur ing  a 16-hr diffusion, and no slip l ines 
could be found under  examinat ion  wi th  an in ter ference  
microscope. 

Chemical analysis.--A summary  of the  chemical  
analysis  of silicon n i t r ide  films (about  8000A thick)  
deposi ted on p la t inum or ge rman ium is given in Table  
II. The chemical  analysis  is accura te  to about  5% r e l a -  
t ive to the amount  de termined,  the  e lec t ron microprobe  
analysis  to 2%. 

The chemical  analysis  of the silicon n i t r ide  films 
deposi ted by  the react ion of si lane and ammonia  at  

* A n a l y s i s  m a d e  by  e l e c t r o n  p robe .  
** S iBr4 /NH8  r a t i o  = 1/13.  

*** S i H J N I ~  r a t i o  = 1/20.  

800~ (NHJS iBr4  rat io  of 20: 1) shows tha t  the  atomic 
rat io  of silicon to n i t rogen is equal  to 3/4 and agrees 
wi th  tha t  of Doo (17). For  the  n i t r ide  deposi ted  by  
the silicon bromide and ammonia reaction at 800~ 
(SiBr4/NH3 = i: 13), this ratio appears to be 1/2. The 
only compound close to this atomic ratio described in 
the literature is the silicidiimide Si (NH)2. It is formed 
in the  l iquid phase f rom SiBr4 and NH3 and is repor ted  
to be amorphous  (19). Some proper t ies  of the  s i l ic idi-  
imide and the n i t r ide  films deposi ted here  are  com- 
pa red  below. The in f ra red  absorpt ion  spect ra  of the  
films (Fig. 8) shows not  only  the  S i -N s t re tching 
v ibra t ion  at  860 cm -1, but  also two o ther  bands at  
3350 and 1200 cm -1 which can be ascr ibed to the  
s t re tching and bending  v ibra t ion  of the  NH group (18). 

There  is d i sagreement  as to the  mode of decomposi-  
t ion of the  si l icidiimide.  Accord ing  to Bi l ly  (19), the  
amorphous  s i l ic idi imide s tar ts  losing NH8 at 80~ in a 
ni t rogen a tmosphere  and is t r ans formed  into SisN4 at  
540~ on the other  hand, Glemser  and Naumann  (20), 
on basis of the i r  t he rmograv ime t r i c  data, find the  
exis tence of two in te rmedia te  species before  reaching 
Si3N4 at  1250~ i.e., 

300oc 650~ 1250~ 
Si (NH) 2 --> Si3NsH3 ~ Si2N~H -~ SigN4 

(In these compounds,  the  percentage  in weight  in Si 
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Fig. 8. Infrared absorption spectra of silicon nitride film deposited 
at 800~ (SiBr4/NH3 = 1:13). 
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is respect ive ly  48.3, 53.4, 56.6 and 60; in N, respec t ive ly  
48.3, 44.5, 42.4 and 40.) 

Silicon ni t r ide  films, deposi ted on silicon by  the  
bromide  process at 800~ (SiBr4/NH3 ---- 1/13), were  
hea t - t r ea t ed  in a forming gas a tmosphere  for 3 hr  at  
1300~ The silicon composit ion in the  films, as m e a -  
sured by  the  electron microprobe,  do not change; how-  
ever, the  3350 and 1200 cm - I  in f ra red  absorpt ion bands 
cannot be detected;  accordingly,  -NH groups are  lost 
dur ing  hea t - t r ea tmen t .  An  elect ron diffraction s tudy 
of the hea t - t r ea t ed  films shows these films to be st i l l  
amorphous.  

The sil icidiimide,  fo rmed in the  l iquid phase by  the  
react ion of SiBr4 and NH3, absorbs wa te r  vapor  r ead -  
i ly  (20). However ,  an in f ra red  test  of a film subjec ted  
to an 85~ and 85% re la t ive  humid i ty  ambient ,  for 
24 hr, shows no mois ture  pick up (min imum detec t -  
able 0.004 optical  dens i ty  per  micron  at 3650 cm-1 ) .  

While  composit ion and in f ra red  proper t ies  suggest  
the  film to be Si(NH)2,  o ther  proper t ies  such as de -  
composit ion and wa te r  absorpt ion do not confirm it. 
Also, it  was possible to deposi t  at  800~ silicon n i t r ide  
films of Si3N4 composit ion using a SiBr4 to NH3 ra t io  
of 1:4. These films do not  show any  free silicon (elec-  
t ron  microprobe  analys is ) ,  but  the i r  in f ra red  spectra  
shows -NH bands. 

In  conclusion, it  appears  tha t  the  react ion of SiBr4 
and NH3 gives r ise  to amorphous  films of var ious  s i l i -  
con, n i t rogen content  according to the  t empe ra tu r e  of 
deposi t ion and to the  rat io  of SiBr4 and NH3; also, 
that  the react ion in the  vapor  phase is different  f rom 
tha t  occurr ing in the  l iquid phase.  

Conclusion 
Silicon n i t r ide  films, r ead i ly  e tchable  in buffered 

HF and usable  as diffusion masks  at  800~ for  ga l l ium 
were  deposi ted by  the  SiBr4 and NH3 react ion at 
800~ The chemical  composit ion of the  films (SiBr4/ 
NH3 ~ 1/13) is nea re r  to S i (NH)2  than  to Si3N4. It  
has not been possible to decrease  the  ve ry  high stress 
in the  films (1.3 x 10 l~ dynes / cm 2) e i ther  by  decreas -  
ing the  t e m p e r a t u r e  or by  changing the SiBr4 to NHs 
ratio. 
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Technical Notes 

Structure of Silicon Monoxide 
S. C. H. Lin and M. Joshi 

IBM Burlington, Components Division, Essex Junction, Vermont 

The e lect r ica l  proper t ies  of silicon oxide films de-  
pend on the method of prepara t ion ,  which de te rmines  
the composit ion and the s t ruc ture  of the  films. The 
s t ructure  of thin films of silicon monoxide  obta ined 
by  the method  of evapora t ion  has been s tudied by  
researchers  using e lec t ron diffract ion (1),  in f ra red  
spectroscopy (2, 3), and the e lect ron microprobe  (4). 
The electron diffraction and the e lect ron microprobe  
studies indicate  that  the  films consist of mix tures  of 
Si  and SIO2. On the  other  hand, the  in f ra red  absorp-  
t ion spectroscopy resul ts  show that  the  films are  p re -  
dominant ly  mix tures  of SiO, SiO2, and a l i t t le  Si20~. 

Al l  these studies are  qui te  recent  in comparison with  
the x - r a y  s tudy (5) of bu lk  amorphous  SiO, which is 
used as a source for evaporat ion.  Brady  (5) proposed, 
in 1958, that  the bu lk  amorphous  SiO is a ma te r i a l  of 
s toichiometr ic  mix tu re  of SiO2 + Si. Because of the 
controversy,  we found it necessary  to r e - e x a m i n e  the  
atomic s t ruc ture  of SiO by x - r a y  diffraction. 

Even af ter  we made  considerable  improvement  in 
the accuracy of the  x - r a y  data,  Brady ' s  conclusion re-  
tains its essent ial  val idi ty .  (Our SiO samples  and 
Brady ' s  samples  were  obtained from the same com- 
pany.)  
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Fig. 1. X-roy intensity spectrum of silicon monoxide after correc- 
tion and scaling. 

Exper imental  
The first few peaks in the electron radial  distr ibution 

function (RDF) are sensit ively de termined  by the 
high angle data in the x - r a y  intensi ty curve. We took 
the fol lowing steps to minimize the errors in the RDF. 

1. The intensi ty data were  recorded over  a con- 
siderably wider  range of S ---- 4~ sin 8/~. Smax = 15 in 
our data; Smax ---- 12 in Brady 's  data. 

2. Long- t ime  step counting, 20 min/0.25 ~ step, was 
per formed to minimize the high angle range (S ~ 5) 
errors. 

3. Intensi ty pat terns were  corrected only for polari-  
zation. Incoherent  scattering correction was not felt  
necessary as the scat tered x - r ay  entered the mono-  
chromotor  before enter ing the  counter.  In our case, 
we have obtained in the electron uni t  a satisfactory 
normalizat ion of the re la t ive  intensi ty curve through-  
out the total angular  range. Informat ion could not be 
obtained regarding this point f rom Brady 's  paper. 
Effective numbers  of electrons Ksi ~ 15 and Ko = 7 
and a sample density of 2.16 g/cm~ were  used in our 
radial  distr ibution calculation. 

4. The diffraction pat terns  were  recorded wi th  MoK~ 
radiation. We used a scintil lation counter, a mono-  
chromotor,  and a pulse height  analyzer  for measur ing 
scattered intensity. 

Results and Discussion 
The x - r a y  intensi ty curve we obtained is i l lus- 

t rated in Fig. 1. Curve a in Fig. 2 represents the fol- 
lowing electron radial  distribution: 

R (r) ~ Zz 0.5 KiKj [4~r2nij (r) ] -~ KsiKo [4~r2nsi-o (r) ] 
i J  

~- 0.5 KsiKsi[4~r2nsi-st(r) ] ~ 0.5 KoKo[4~r2no_o(r) ] 
Here the symbols are according to the usual notation 
(6). Our R(r) curve  is somewhat  different f rom 
Brady 's  curve, as can be seen in Fig. 2. Peaks I and IV 
have almost identical  positions in both curves. Peaks 
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Fig. 2. Electron radial distribution curve of silicon monoxide com- 
pared with Brady's curve. 

II and III  are c lear ly  separated, and are identifiable 
in our R(r) curve. This separat ion gives considerable 
credence to Brady's  model  for SiO structure;  namely,  
SiO is a mix tu re  of amorphous Si and SiO2. 

Fol lowing Brady 's  line of argument ,  Peak  I, at  
1.63A, is a t t r ibutable  to Si-O pairs f rom silica alone. 
The peak area is 210 e 2, which corresponds to 4 oxygen 
atoms around a silicon atom. Peak  II has an area of 
300 e 2 at 2.45A. If this peak is due to the Si -Si  pair  
f rom amorphous silicon alone, the silicon neighbor 
number  becomes 5.3, which is large for an amorphous 
silicon. Since the O-O peak in vi t reous silica locates 
at approximate ly  2.6A, we would  assume that  this 
small  O-O peak is hidden within  the large S i -Si  peak, 
since silicon atoms scatter  twice as strongly as oxygen 
atoms. If half  of the O-O peak area 1/2 (0.5 x 7 x 7 x 6) 
= 74 is subtracted f rom the peak area, the rest of the 
area, 226 e 2 gives the correct value of 4 for the number  
of silicon-silicon neighbors. Peak  III, at 3.05A, is a t -  
t r ibuted to S i -S i  pairs in SiO2 and has an area ap- 
proximate ly  240 e 2 which corresponds to 4.3 Si -Si  pairs 
(7). Peak  IV, at 3.94A, in the radial  dis tr ibut ion 
curve  corresponds to the second Si-Si  peak in amor-  
phous silicon (1). The peak area calculations are 
summarized and compared wi th  that  o f a m o r p h o u s  
silicon and vi treous silica in Table I. 

We find that  the composition of the bulk SiO is a 
mix tu re  of amorphous silicon and vi treous silica, as 

Table I. Comparison of peak positions and areas of radial distribution function of SiO with amorphous 
silicon and vitreous silica 

No. o f  n e i g h b o r s  
A~j 

P a i r  d i s t ance  P a i r  P e a k  a rea  n 
P e a k  zLj (A) I - J  A~I (e2) m~K~Kj 

C o r r e s p o n d i n g  C o r r e s p o n d i n g  
v a l u e s i n  v a l u e s i n  

a m o r p h o u s  s i l i con  v i t r e o u s  s i l ica  

I 1.63 Si-O 210 % 
I I  O-O (74) (6) 

2.40 300 = 
S i -S i  (226) (4) 2.36 4 

III, 3.05 S i - S i  240 4.3 3.1 
I V  3.95 3.85 12 4.0 

1.63 4 
2.6 6 
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proposed by Brady. This chemical composition is not 
much different from the thin films of silicon mon-  
oxide as determined through electron diffraction (1) 
and electron microprobe (4). 

Manuscript  received Ju ly  16, 1969. 

Any  discussion of this paper wil l  appear in a Dis- 
cussion Section to be published in the June  1970 
J O U R N A L .  
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Electrical Resistivity of Tungsten Films 
Prepared by WF6 Reduction 

A. F. Mayadas, J. J. Cuomo,* and R. Rosenberg 
International Business Machines Corporation, Thomas J. Watson Research Center, Yorktown Heights, New York  

This note is concerned with a s tudy of tungsten 
films prepared by hydrogen reduction of tungsten  
hexafluoride. The observations reported here of large- 
area epi taxy of tungsten  on sapphire are in esssential 
agreement with earlier s t ructure work of the Auto-  
netics group ( I ) ;  however, we find that  the very low 
deposition rates and high temperatures  specified in the 
earlier work are not essential to achieving epitaxial  
s ingle-crystal  films. Resistivity studies for this class 
of films have not been previously reported; some of the 
present  resuIts are of part icuIar  interest  in that  they 
indicate a high degree of perfection in the s ingle-crys-  
tal deposits. 

Details of the fiIm deposition apparatus are shown in 
Fig. 1. With the exception of the quartz mixing cham- 
ber and the quartz reaction tube, the system is con- 
structed wholly of stainless steel and is compIetely 
hel ium leaktight, since pre l iminary  observations had 
indicated that the presence of gaseous impurit ies is 
de t r imenta l  to f i lm/substrate  adhesion. Provisions were 
available for purging of the system with purified hy-  
drogen, and, in order to el iminate contaminants,  a 
hydrogen flow was main ta ined  dur ing  periods when the 
system was idle. The hydrogen and WF6 flow were 
controlled by a leak valve. For any one deposition, the 
film thickness was estimated from the W'F6 vaIve set- 
t ing which was calibrated to W deposition rate. After  
each run,  film thickness was measured to an estimated 
accuracy of ___7% by Tolansky interferometry.  

The WF6, obtained from the General  Chemical Divi- 
sion of AlIied Chemical Corporation, was of high- 
pur i ty  grade. The graphite susceptor was of spectro- 
scopically pure graphite and prior to use it was com- 
pletely coated at high tempera ture  with tungsten to 
prevent  outgass/ng dur ing  film deposition. 

Oxidized silicon, sputtered A1203 on oxidized Si, and 
single-crystal  a-A1203 (sapphire) wafers were used a s  
substrates. These were cleaned in a hot concentrated 
solution of H2S04 -~- K~Cr3OT. 

TypicalIy, three substrates were pIaced in the sys- 
tem which was then purged for about 1 hr with hydro-  
gen. The substrates were then preheated to 1000~ for 
2 rain, allowed to cooI to the operat ing temperature,  
and held there for 10 min. W'F6 was controIlably in t ro-  
duced through the leak valve. Deposition times ranged 
from 1 to 20 sec. 

St ructural  determinat ion was made by x - ray  diffrac- 
tion (Laue) and low angle eIectron diffraction tech- 
niques. SingIe crystal films were epitaxiaIly grown on 
sapphire 1 at temperatures  of 500~ or higher and r a t e s  

A f e w  f i lms  w e r e  also d e p o s i t e d  on  f r e s h l y  cIeavect  M g O  sub* 
strates .  T h e  c l e a v a g e  P l a n e s  a r e  (100} a n d  s t r u c t u r e  s t u d i e s  s h o w e d  
t h a t  {100} W ]] {160} M g O  a n d  [110] W ]] [100] 1VtgO, a t  a s u b s t r ~ t e  
t e m p e r a t u r e  of  500~ 

as high as 6000 A/sec. Most of the sapphire substrates 
were cut perpendicular  to the normal  growth direction 
which is approximately 70 ~ off c-axis. A few substrates 
characterized by a c-axis normal  were also used. The 
orientat ion relationships were similar to those re-  
ported earlier ( I ) ;  that is, {111} W II {0001} A1~O3, and 
[110] W I[ [2110] A1208. A sample pat tern  is shown in 
Fig. 2A. As the deposition temperature  was decreased 
below 450~ the tungsten deposit became polycrystal-  
line with a preferred {111} orientat ion (see Fig. 2B). 
On sputtered A1..,O3 or oxidized silicon substrates, the 
tungsten  deposit was polycrystaIl ine with grain sizes 
of the order of 300-500A. Above 500~ a {111} texture  
was prevalent  (Fig. 2C) with an increased tendency 
toward a random structure as the temperature  was 
lowered (Fig. 2D). 

Deposition parameters  and s tructural  observations 
for several films are summarized in Table I, while 
surface structure of some etched single-crystal  films 
is shown in Fig. 3. 

Electrical Resistivity 
The electricaI resistivity of several films was mea-  

sured both at room tempera ture  (296~ and at 4.2~ 
and resistivity ratios (RR - P296oK/P4.2oK) computed. 
Measurements  were of the s tandard 4-point  in - l ine  
type. 

LOWMETER 

TO V E N ~ F I .  ] E Aj:F~: SSURE 

Fig. I. Film de~s~tlon apparatus. (All lines after WE6 bubbler 
are at 50~ 
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Fig. 2. A--Electron diffraction pattern from single-crystal W film (film M) on sapphire substrate (.-~ 70 ~ off c-axis). Substrate tempera- 
ture Ts = 510~ B--Electron diffraction pattern from polycrystalline W film (film F)on sapphire substrate; Ts = 460~ C--Electron 
diffraction pattern from polycrystalline W film (film C) on SiO2; Ts ~ 520~ D~Electron diffraction pattern from polycrystalline W film 
(film A) on SiO2; Ts = 460~ 

Polycrystalline films.--Polycrystalline films, i.e. 
those deposited on thermal ly  grown SiO.~ and sput-  
tered A1203, exhibited room tempera ture  resistivities, 
~296o~, about 30-100% higher than  the published bulk  
value of 5.3 ~ohm �9 cm (2), and low resistivity ratios: 
about 2-4. Substrate temperature  (in the range 450 ~ 
650~ did not  appear to affect these electrical charac- 
teristics. Some representat ive measurements  are 
shown in Table I. In  view of the fact that even the 
thicker polycrystal l ine films are characterized by such 
low resist ivity ratios, it is safe to conclude that  the 

(Fuchs) thickness size-effect (3) plays only a negli-  
gible role in determining the RR and v i r tua l ly  none in 
determining P296og; the poor electrical characteristics 
must  therefore be discussed in terms of s t ructural  dis- 
order in these films. 

That the low RR's for polycrystal l ine films are due 
to grain-size effects is s t r ikingly i l lustrated by the ob-  
servation that samples B (polycrystall ine) and J 
(single crystal) were deposited s imultaneously with 
the two substrates placed side by side in the three-  
position susceptor (Fig 1), so that  chemical impuri t ies  

Table I. Summaw of Data 

S u b s t r a t e  ~ 296~ p 4 .2~ 
F i l m  S u b s t r a t e  t emp,  ~ Th ickness ,  A ~ o h m  �9 cm ~ o h m  �9 cm p 296~ 4.2~ S t r u c t u r e  

A Ox �9 Si* 460 2300 15.85 7.38 2.14 R a n d o m  f i n e - g r a i n e d  
B Ox �9 Si  520 3500 12.36 5.75 2.15 R a n d o m  f i n e - g r a i n e d  
C Ox - Si  520 6380 9.57 3.91 2.45 P r e f e r r e d  (111), f i n e - g r a i n e d  
D Spu t t .  AlsOa* * 460 2450 14. I I 7.15 l .g8 Random fine-grained 
E Spu t t .  A12Os 520 4060 13.50 6.03 2.24 R a n d o m  f ine -g r a ined  
F S.C. A12Os*** 460 2420 8.26 2.12 3.90 P r e f e r r e d  t l l l }  
G S.C. AbO~ 520 1500 6.90 1.72 4.00 S i n g l e - c r y s t a l  
t t  S.C. AhO8 510 2300 6.76 0,539 12.53 S i n g l e - c r y s t a l  
I S.C. AI~O3 520 3500 5.40 0.261 20.69 Single-crystal 
J S.C. AI.~C~ 520 3810 5.78 0.329 17.53 S i n g l e - c r y s t a l  
K S,C. A120~ 520 4100 5.51 0.194 28.39 S i n g l e - c r y s t a l  
L S.C. AlsOs 510 4210 5.53 0.277 19.92 S i n g l e - c r y s t a l  
M S.C. AI20~ 510 6600 5.60 0.131 42.86 Single-crystal 

* Oxidized silicon. 
** Al2Os sputtered onto oxidized Si. 

** * Sapphire. 
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Fig. 3. A--Surface replication electron micrograph of a single- 
crystal W film after mild etch in potassium ferricyanide/potassium 
hydroxide solution. (Diameter of black sphere is 5000A). B--Scan- 
ning electron micrograph, same film as in A. (Magnification X970). 

should be present  in about the same concentrat ion in 
both films. Yet the RR for the polycrystal l ine sample 
is marked ly  lower than that  for the single crystal. 
This difference between s ingle-crystal  and polycrys-  
tall ine films deposited s imultaneously was reproduced 
many  times and was found not to depend on substrate 
position in the susceptor. 

Epitaxial single-crystal films.--As noted in the sec- 
tion on film structure, a substrate t empera ture  of about 
500~ is required to obtain epitaxy. Early observations 
by us also indicated that  the resistivities of the 500~ 
films were  almost identical to the 600~ films, so the 
succeeding discussion is l imited to only the 500~ films 
on sapphire. 

Measurements  of P296OK on these s ingle-crystal  films 
were  general ly  wi thin  a few per cent of the bulk 
resist ivi ty and were  essentially independent  of th ick-  
ness in the range 1500-10,000A. Measured values of 
P4.2og (and hence RR),  however,  were  strongly depen-  
dent on thickness. The RR's were  general ly  quite high 
(see Table I, sample G through M) so that  for these 
films the magni tude  of the thickness size-effect re-  
sistivity must  be est imated in order to assign a number  
to the intrinsic film resis t ivi ty at 4.2~ pi (i.e., the re-  
sistivity the film would possess if it were  infinitely 
thick) ,  and intrinsic electron mean free path at 4.2~ 
Ii. To extract  this information by use of the Fuchs 
size-effect theory, the surface scattering parameter  p 
which is the fraction of specularly reflected electrons 
must  be known. Al though available evidence indicates 
p ~ 0 is general ly  a good approximation,  no specific 
data on surface scattering in tungsten are available. 
Fur thermore ,  it is unl ikely that the simple Fuchs 
theory (which postulates the existence of an isotropic 
scalar electron re laxat ion t ime) can quant i ta t ive ly  
predict  the thickness dependence in a complex mate r -  
ial such as tungsten whose Fermi  surface is known to 
consist of both a highly anisotropic electron " jack" 

and a hole octahedron (5). For these reasons, only 
qual i ta t ive estimates of pi and li can be expected for 
these films. 

In Fig. 4, the measured resistivit ies for the single- 
crystal  films of Table I are plotted against thickness. 
Also shown are  resist ivi ty vs. thickness curves calcu- 
lated 2 f rom the Fuchs theory for p = 0, wi th  pi and l~ 
selected to fit the data. It can be seen that, as expected, 
only a small  size-effect is observed at room tempera-  
ture  and a reasonable fit can be made to the solid 
curve (curve a) drawn for the values p~ : 5.3 ~ohm �9 
cm and li ---- 413A which has previously been reported 
for bulk tungsten (7). At  4.2~ a much stronger thick-  
ness dependence is found which has been fitted to the 
solid curve for p~ = 0.0437 #ohm �9 cm, Ii = 5O,O0OA 
(curve b).  

There  seems to be a tendency for the data points 
corresponding to th inner  films to fall  above the solid 
curve, while  those for the thicker  films fall  below. 
This may be due to the fact that  th inner  films get ter  
more chemical  impurit ies f rom the system and there-  
fore have smaller  /?s; however ,  substantial ly more 
data points are required to study the details of the 
thickness dependence. It should be ment ioned that  
x - r ay  topographic examinat ion (8), sensitive to dis- 
locations and local strain, has revealed no essential 
difference between our thick and thin films on sap- 
phire (regardless of or ienta t ion) :  both appear  to be 
h igh-qua l i ty  single crystals. 

A significant conclusion of the present  work  is that  
the high resist ivi ty in the polycrystal l ine tungsten 
films is not due to impurit ies but  to grain boundary 
scattering of electrons, since polycrystal l ine and single- 
crystal  films deposited s imultaneously have quite dif-  
ferent  resistive characteristics. 
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-~ T h e  c a l c u l a t i o n  s c h e m e ,  w h i c h  has  b e e n  p u b l i s h e d  e a r l i e r  f6) ,  
a s s u m e s  t h e  g e n e r a l  v a l i d i t y  of  M a t t h i e s s e n ' s  R u l e  a t  r o o m  t e m p e r a -  
t u r e  a n d  m a k e s  u s e  o f  t h e  f a c t  t h a t  t h e  p r o d u c t  pill ~is a c o n s t a n t  
fo r  a n y  f r e a s o n a b l y )  p u r e  m e t a l .  T h e  v a l u e  pi[i  = 2.185 • 10-11 
o h m - c m  2, o b t a i n e d  by  F a w c e t t  a n d  GriWiths (7) f r o m  a n o m a l o u s  
s k i n - e f f e c t  m e a s u r e m e n t s  on  t u n g s t e n ,  w a s  u s e d  in  t h e  c a l c u l a t i o n .  
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Epitaxial Gallium Arsenide from 
Trimethyl Gallium and Arsine 

P. Rai-Choudhury* 
Westinghouse Electric Corporation, Research and Development Center, Pittsburgh, Pennsylvania 

Gall ium arsenide is used in devices such as Gunn  
oscillators, high-voltage varactors, lasers, t unne l  di- 
odes, etc. Epitaxial  techniques are being developed in 
which gall ium arsenide with controlled doping is 
deposited from the vapor or l iquid phase on gall ium 
arsenide as well as sapphire substrates. Most deposi- 
tion techniques reported to date use some form of 
t ransport  mechanism via a halide (1). Relatively high 
volati l i ty and the absence of any  t ranspor t  agents 
(such as HC1) make t r imethyl  gal l ium an attractive 
source of gal l ium for the vapor growth of GaAs. For 
instance, t r imethyl  gal l ium has a vapor pressure of 
0.25 atm at room temperature,  compared to 3.4 x 10 -36 
atm for gall ium and 0.49 atm for GaC13 (2). Mana-  
sevit and Simpson (3) have reported on the use of 
organometallics in the preparat ion of I I I -V compounds. 
Manasevit  has also reported on some structural  aspects 
of the s ingle-crystal  growth of GaAs on a number  of 
single-crystal,  insulating,  oxide susbtrates (4). In  this 
communication, use of t r imethyl  gall ium for the 
growth of epitaxial  GaAs on gall ium arsenide and 
sapphire substrates is reported. 

A conventional  horizontal rf heated reactor having 
a graphite  susceptor was used. The substrates used 
were semi- insula t ing GaAs of (100) orientat ion and 
sapphire of (0001) orientation. The sawed GaAs sub-  
strafes were lapped with 5g a lumina  powder and 
chemically polished to remove 75~ from the depositing 
surface. The chemical etchants used were conc H2804: 
30% H202 : H20 :: 5: 1:1. X- r ay  topography of the 
polished wafer indicated that  the polished surface is 
damage free. Sapphire substrates were mechanical ly 
polished and annealed in Ha for 2 hr at 1400~ prior to 
film growth. The t r imethyl  gal l ium [ (CtIa) 3Ga] 
sources were used as received from the supplier  ( typi-  
cal pur i ty  in ppm: Si 50 to 100; Cu, Ag, Ca, Pb, and 
Na < 1; Mg 1). Pal ladium-puri f ied hydrogen was bub-  
bled through the t r imethyl  gall ium and was reacted 
with arsine (ASH3) to form the epitaxial GaAs layer. 
The resistivity, the net  carrier concentration, and the 
mobil i ty  of these films were measured by van  der 
Pauw technique (5). Examinat ion  by reflection and 
transmission electron diffraction and microscopy was 
used to assess film perfection. The layers and substrates 
were also analyzed by a spark source mass spectrom- 
eter. 

Figure  1 shows a diffraction pa t te rn  of a GaAs film 
grown on GaAs substrates having an (100) orientation. 
The film was grown at about 700~ using (CH3)3Ga 
and AsHz with part ial  pressures of 7.5 x 10 -4 atm and 
1.0 x 10-2 atm, respectively. Depending on gas velocity, 
the growth rate of the films was varied from 0.69 to 
0.11 ~/min.  The film from which Fig. 1 was obtained 
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was grown at 0.i1 ~/min and the resul t ing surface of 
the epitaxial  layer was ext remely  smooth and free of 
any visible defects. Transmission electron microscopy 
examinat ions of the films were compared to those ob- 
tained from layers grown by a conventional  AsC13- 
Ga-H2 system; the appearance of the deposits from the 
two systems is comparable. Fi lms produced by both 
processes were found to contain isolated amorphous 
precipitates. The study of these defects is in progress 
and the results will  be reported subsequently.  Figure 
2 show an electron diffraction pat tern  of a GaAs 
film grown under  conditions identical to that  of Fig. 1 
but  on a sapphire substrate. The films were epitaxial, 
the orientat ion relationship between film and sub-  
strate being 

(111) GaAs! I (0001) A1203 and [1]'0] GaAs] I [1120] A1203 

All the films grown on GaAs substrates were n - type  
with a net carrier  concentrat ion of 2.6 x 1017 to 9.0 x 
1017 atoms/cm 3 and a mobil i ty  of 1740 to 2550 cm2/V 
sec. Most of the films grown on sapphire were found 
to be n - type  (however, hot-probe analysis was not 
always definitive), with one of the best films having 
a net carrier concentrat ion of 6.5 x 1017 atoms/cm a and 
a mobil i ty of 2480 cm2/V sec. The layers were analyzed 
by a spark source mass spectrometer and the results 
are compared in Table I with those from a semi- in-  
sulating GaAs substrate as well  as with epitaxial  GaAs 
from a AsCI3-Ga-H2 system. 

It should be emphasized that  the impur i ty  concen- 
trations listed here are essentially surface concentra-  

Fig. 1. Transmission electron diffraction pattern of GaAs films 
grown on semi-insulating GaAs substrate of (100) orientation. 
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Table I. Impurity concentrations in Gahs in ppm 

L a y e r s  f r o m  L a y e r s  f r o m  
(CHs) 8Ga-AsH3-H2 AsCI~-Ga-H~ S e m i - i n s u l a t i n g  

E l e m e n t  sys t em sys tem* G a A s  subs t r a t e  

C 238.4 100-569 8.79 
N 1.78 Not  de tec tab le  0.07 
O 220.4 307-1042 0.52 
Si  4.46 - -  0.19 
S 1.47 Not  de tec tab le  0.27 
Fe  1.60 Not  de tec tab le  Not  de tec tab le  
Cu 2.24 Not  de tec tab le  Not  de tec tab le  
Z n  0.8g Not  de tec tab le  No t  de tec tab le  

* The G a A s  l aye r  g r o w n  in  the  AsCls-Ga-H2 s y s t e m  h a d  a n e t  
ca r r i e r  c o n c e n t r a t i o n  o f  1.1 • 1016 a toms, /cm 3 a n d  a m o b i l i t y  of  
3400 cm2/V see. 

Fig. 2. Reflection electron diffraction pattern of GaAs films 
grown on sapphire substrate of (0001) orientation; (111)GaAs [I 
(0001) AI203, [ii-0] GaAs Jl [1120] AI203. 

t ion in the  case of ep i tax ia l  layers  and might  therefore  
contain some adsorbed impur i t ies  difficult to clean. The 
impur i ty  concentrat ions in the  subs t ra te  mater ia l ,  
however,  a re  more  re l iab le  since the  ent i re  ep i tax ia l  
l ayer  was sparked  off before  analysis.  Since the  carbon 
contaminat ion  level  in the  present  sys tem is com- 
parab le  wi th  the  AsC13-Ga-H2 system, i t  appears  that  
the carbon contaminat ion  f rom the t r ime thy l  gal l ium 
is p robab ly  insignificant.  Meta l lographic  examina t ion  
of the surface of the  ep i tax ia l  layers  also supports  this 
view. Carbon contaminat ion  f rom TMG is also un l ike ly  
f rom the rmodynamic  considerations.  The over -a l l  r e -  
action may  be wr i t t en  as 

1 3 
(CH3)3Ga(g) + -~-As4(g) -{- - ~ H 2 ( g )  

~- GaAs (s) + 3 CH4 (g) 

The CH4 formed m a y  decompose to give graphi te  and  
hydrogen.  At  1O00~ for example ,  the  equ i l ib r ium 
par t i a l  pressure  of CH4 for the react ion 

CH4(g) --  C(s)  -b 2H2(g)  

is 9.7 x 10-2 a tm which is cons iderab ly  above the 
(CH3)3Ga par t i a l  pressures  used for g rowth  of GaAs. 
Therefore,  CH4 wil l  not  decompose to graphite .  

In  summary ,  the  ep i tax ia l  GaAs produced f rom t r i -  
me thy l  gal l ium and ars ine is of good qual i ty  meta l lo -  
graphical ly ,  but  requires  some improvement  in pur i ty .  
The electr ical  pa ramete r s  such as mobi l i ty  and net  
ca r r ie r  concentrat ions  of GaAs on sapphire  a re  com- 
pa rab le  wi th  those of GaAs grown on semi- insu la t ing  
GaAs substrates.  
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The Electrochemical Behavior of Titanium 
Effect of pH and Chloride Ions 

N .  T .  T h o m a s *  a n d  K e n  N o b e *  

School of Engineering and Applied Science, University of California, Los Angeles, California 

ABSTRACT 

The anodic and cathodic behavior  of t i tanium in sulfuric acid in the absence 
and presence of chloride ions have been investigated. Two stable corrosion 
potentials were  observed. One was in the act ive region, the other in the 
passive region. Nei ther  corrosion potential  was appreciably affected by chlo- 
ride ions or pH changes be tween pH 0.25-2.00. The corrosion current  of active 
t i tanium was not affected significantly by chloride ions up to 3.5% NaC1 but 
decreased with increase in pH. Passivation parameters  decreased with  in-  
crease in pH but ei ther remained unchanged or decreased only slightly wi th  
addition of chloride ions. The rate of the h.e.r, in the Tafel  region was not 
appreciably affected by chloride ions. The differential  capacitance of t i tan ium 
in solutions of pH 0.25-2.00 ranged from 150 to 200 ~f/cm 2 at the act ive cor- 
rosion potent ial  and was a reasonably constant value, 25 ~f /cm 2, at the passive 
corrosion potential. For  the negat ive potential  r ange  a m a x i m u m  capacitance, 
222 ~f/cm 2 at --0.490 • 0.010V vs. SCE which was approximate ly  the p r imary  
passivation potential, and a min imum capacitance, 73 ~f /cm 2 at --0.985 
• were  observed. At potentials more positive than the pr imary  passi- 
vation potential,  the capacitance decreased monotonical ly wi th  increase in 
potential  and reached a value of 7 ~f /cm 2 at 3.2V. 

Ti taninum and t i tanium alloys are promising new 
l ightweight  s t ructural  mater ia ls  wi th  good corrosion 
resistance in a number  of different environments.  As 
a result,  there  has been a growing l i te ra ture  on the 
corrosion and passivation behavior  of t i tanium (1-10). 
This is a study of the anodic behavior  of t i tanium in 
sulfuric acid solutions of pH f rom 0.25 to 2.00 in the 
absence and presence of chloride. In addition, the 
effect of chloride ions on the hydrogen evolution reac-  
tion has been examined.  

E x p e r i m e n t a l  
Electrodes made f rom Ti 65A (TMCA) were  used 

for the experiments .  The analysis of the impuri t ies  was 
given by TMCA as 0.023%C, 0.25%Fe, 0.01% N2, 
0.005% H2, and 0.2% 02. Cylindrical  electrodes of about  
1.4 cm in length were  cut f rom 1.25-cm diameter  rod. 
The surface area of each electrode was about 5.5 cm 2. 
A smooth electrode surface was obtained by slicing 
the surface on a lathe with a carbide cutt ing tool. The 
electrodes were  degreased with hot benzene in a 
soxhlet  column for at least 4 hr, then annealed under  
vacuum at 700~ for 1 hr and furnace cooled. After  
this, the electrodes were  stored in a desiccator until  use. 

A description of the instrumentat ion,  the electro-  
chemical  cell, and the electrode assembly have  been 
given previously  (11). Anodic polarization was per -  
formed potentiostat ically wi th  an Anotrol  Control ler  
(Model 4100). Galvanostat ic  polarization was used for 

the study of the h.e.r. Electrode potentials were  mea-  
sured with Kei th ley  Electrometers  (Model 602 and 
610B). Differential  capacitances were  determined with  
the d-c pulse method. 

Solutions of 1N H2SO4 w e r e  prepared by diluting 
reagent -grade  concentra ted sulfuric acid wi th  double-  
distilled water.  Solutions of different pH values were  
then obtained by adding appropriate  quantit ies of 20N 
NaOH to the 1N H2SO4 solutions. The chloride solutions 
were  prepared by adding appropriate  amounts  of so- 
dium chloride to solutions of 1N H2SO4. 

The solutions were  deaerated with prepurified ni t ro-  
gen for at least 12 hr before an exper imenta l  run. The 
electrodes were  act ivated in 1N HF for 1 rain, gen-  
erously washed with double-dist i l led water,  and then 
introduced into the deaerated solution. The electrode 
was rotated continuously with a tangent ia l  veloci ty  of 
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6.6 cm/sec.  The corrosion potent ial  was moni tored unti l  
steady state was achieved for at least 2 hr. Then, 
polarization of the electrode was begun. The t empera -  
ture of the ceil was mainta ined at 24 ~ • I~ Satura ted  
calomel  electrodes were  used as reference electrodes. 

R e s u l t s  a n d  D i s c u s s i o n  
Steady state was achieved within 2 rain for anodic 

polarization between the corrosion potential  and the 
pr imary  passivation potential. Between the la t ter  and 
the Flade potential, 10-20 min were  required to reach 
s teady-s ta te  conditions. In the passive region, V~-I hr 
were  required.  For each exper imenta l  point, polariza-  
tion was observed for at least an addit ional  5 min after  
steady state was observed and occasionally, as a check, 
polarizat ion was maintained an addit ional  3 hr. For  
cathodic polarization, the hydrogen evolution reaction 
in the Tafel  region reached steady state wi thin  5 rain 
at each polarization point. 

Open-circuit behavior.--The corrosion potentials for 
nonact ivated electrodes in 1N H2SO4 ranged between 
400-700 mV vs. SCE indicating self-passivat ion when 
t i tan ium was immersed  in the electrolyte. A few elec- 
trodes were  observed to self-activate,  and a typical  
case is shown in Fig. 1. A similar  potent ia l - t ime be- 
havior  was observed by Tsvetnova et al. (6) for high- 
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Fig. 1. Self-activation of titanium in I N  H2SO• from the passive 
corrosion potential. 
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Table I. Effect of pH on the electrochemical behavior of titanium 

C a p a c i t a n c e  C a p a c i t a n c e  
A c t i v e  P a s s i v e  P r i m a r y  P a s s i v e  a t  a c t i v e  a t  p a s s i v e  

c o r r o s i o n  Cor ros ion  c o r r o s i o n  p a s s i v a t i o n  C r i t i c a l  c u r r e n t  c o r r o s i o n  c o r r o s i o n  
p H  p o t e n t i a l  c u r r e n t  p o t e n t i a l  p o t e n t i a l  c u r r e n t  a t  800 m V  p o t e n t i a l  p o t e n t i a l  

m V  vs .  SCE /~A/cm 2 m V  v s .  SCE /~A/cm~ /~f/cm 2 

0.25 - - 6 8 0 ~ 1 0  9 . 0 - ~ 0 . 7  6 5 0 ~ - 2 0  - -520  22.6-----1.5 0 . 5 0 + 0 . 0 2  1 5 0 •  2 3 - + ' 1  
0.50 - -675  6.0 670 - -540  12.7 0.40 195 25 
1.O0 - -  6 6 5  2 . 9  6 8 0  - -  5 6 0  3 . 5  0 . 3 3  2 0 2  2 8  
1.50 - -675  2.0 680 -- 600 2.5 0.27 205 2 0  
2 . 0 0  - - 7 0 0  1 . 1  6 8 5  - -  6 3 0  0 . 8  0 . 2 2  1 9 6  2 5  

puri ty t i t an ium in 5N H2SO4. However, they observed 
an activation t ime which was much shorter than the 
ones in this investigation, indicating that  the activation 
t ime increases with increase in pH. 

The corrosion potentials of electrodes activated in 
1N HF were considerably more negative than the cor- 
rosion potentials of electrodes which self-passivated. 
Table I gives both the active and passive corrosion 
potentials of t i t an ium in solutions ranging from pH 
0.25 to 2.00 and shows that there was no significant 
dependence of the corrosion potentials of t i tan ium with 
pH. These are in accord with those of other invest i-  
gators (2, 12). Peters and Myers (2), who activated 
their electrodes by cathodic polarization, observed a 
small  pH dependence of the active corrosion potential.  

After anodic polarization of t i t an ium in the pH range 
studied, the electrode remained passive. An active cor- 
rosion potential  could be obtained again by cathodic 
polarization. These results along with those of Schlain 
et al. (12), who obtained active corrosion potentials by 
conducting experiments  on t i tan ium in deaerated solu- 
tions lasting 15 days, indicate that in sufficiently acidic 
solutions passive t i t an ium will eventual ly  become active 
at open circuit. The activation process is accelerated by 
cathodic polarization, and almost ins tantaneous activa- 
tion is achieved by a brief immersion of t i tan ium in HF. 

For pH solutions of 2.00 and above, active corrosion 
potentials could not be achieved within a reasonable 
t ime durat ion by either cathodic polarization or activa- 
t ion in HF. The corrosion potential  of t i tan ium (acti- 
vated in HF) in pH solutions of 2.00 was approximately 
50 mV above the pr imary  passivation potential  im-  
mediately after immersion. Thereafter,  the corrosion 
potential  increased slowly with t ime unt i l  the stable 
s teady-state  passive corrosion potent ial  was achieved. 
However, active corrosion potentials for this pH could 
be achieved by first activating t i tanium in I-IF, im-  
mersing in 1N H,_,SO4, and then adjust ing the pH by 
the addition of a concentrated solution of NaOH. 

The corrosion currents  of active t i t an ium were de- 
termined by extrapolation of the Tafel line for the 
h.e.r, to the corrosion potential. As shown in Table I, 
the corrosion current  decreased with increase in pH. 

Anodic and cathodic behavior of t i tanium in the ab- 
sence of chloride ions.--The anodic behavior of t i tanium 
in sulfuric acid at various pH values is shown in Fig. 2. 
The crit ical cur rent  densities, Ic~, the p r imary  passiva- 
t ion potentials,  r are shown in Fig. 3 and 4, and the 
passive current  densities are presented in Table I. It 
is shown that  these parameters  decrease with increase 
in pH in accord with the results obtained by others 
(1-5). As shown in Fig. 3 and 4, the values of O~pp/~pH 
= --0.06V with 0 log IcJ~pH ~ --0.84, where Icc is in  
~A/cm 2, were obtained in  this invest igat ion for the pH 
range between 0.25-2.00. These results were in good 
agreement  with those of Peters and Myers (2) who 
obtained Or = --0.06V and O logIcc/OpH = 
--0.77 for t i t an ium in sulfuric acid solutions of higher 
concentrations than those used in this investigation. 

The pr imary  passivation potential  of t i t an ium in 1N 
H2SO4 was in agreement  with Tsvetnova and Krasi l ' -  
shchikov (8) but  their critical cur ren t  was greater 
than that  observed in this investigation. Passive cur-  
rents were in agreement with the lat ter  investigators 

but  were lower than the values of Peters and Myers 
(2) since their results were not obtained at steady-state.  

The cathodic polarization of t i tan ium in 1N H2804 
is shown in Fig. 5. The Tafel slope and exchange cur-  
rent  density for the hydrogen evolution reaction were 
150 mV and 1.7 x 10 - s  A/cm 2, respectively. It is seen 
that at about --1.0V, the exper imental  polarization 
points begin to deviate from the l inear  Tafel curve 
of the h.e.r, suggesting the inception of another elec- 
trode reaction. Steady state for each experimental  point 
at current  densities exceeding the l inear  Tafel region 
was achieved in 10-15 min compared to the 5 min  re- 
quired wi th in  the Tafel region. The complete set of 
results and the analysis of the kinetics of the h.e.r, on 
t i ta~ium will  be given elsewhere (13). 

Effect of chloride ions.--Figure 5 shows the effect 
of chloride ions on the cathodic polarization of t i t an ium 
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Fig. 5. The effect of chloride ions on cathodic polarization of 
titanium in 1N H2SO4. 

in 1N H2SO4. As shown, chloride ions have no appre-  
ciable effect on the electrochemical  behavior  of t i-  
tanium in the Tafel  region of the h.e.r. However ,  in 
the low and high current  density range, chloride ions 
have a small effect. Table II shows that the corrosion 
current  was not affected significantly wi th  addition of 
chloride ions. 

The effect of chloride ions on the anodic behavior  
of t i tanium in 1N H2804 is shown in Fig. 6. The passiva- 
t ion parameters  at each chloride ion concentrat ion are 
presented in Table II. The active and passive corrosion 
potentials and the p r imary  passivation potentials of 
t i tanium were  not appreciably affected by chloride ions 
even for 5.8% NaC1. There was a slight decrease in 
the crit ical  current  density of t i tanium in the presence 
of chloride ions which was also observed by Levy (1). 
At the potential  of 800 mV, which was well  wi thin  the 
passive region, there  was a small  decrease in the pas- 
sive current  density wi th  increase in chloride ions. 
That  is, chloride ions faci l i ta ted the anodic passivity 
of t i tanium. 

The above result  was fur ther  substantiated by the 
following experiment.  First, t i tanium in 1N H2SO4, 
ini t ial ly at the active corrosion potential, was passivated 
by potentiostat ical ly changing the potential  of the 
electrode to 800 mV vs. SCE. After  the s teady-sta te  
passive current  was attained, a small  known amount  
of a concentrated sodium chloride solution (1N H2SO4) 
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Fig. 6. Effect of chloride ions an the anodic behavior of titanium 
in IN H2SO4. 

was added to the electrolyte.  Then, the new steady- 
state passive current  was measured.  The same pro-  
cedure was fol lowed after  each incrementa l  addit ion of 
concentrated sodium chloride solution. The resul t  of 
this exper iment  also showed that  the passive cur ren t  
density decreased wi th  increase in the concentrat ion of 
chloride ions. 

In general,  the passivation characterist ics of t i tanium 
were  more great ly  affected by pH changes than changes 
in the  concentrat ion of chloride ions in accord wi th  the 
results of Griess (4). 

In the lower potential  range of the passive region, a 
small  cathodic current ,  which increased with increase 
in chloride ions, was observed, indicating a net reduc-  
tion react ion in this potential  range. 

Subsequent  to anodic polarization of t i tan ium in the 
presence of chloride ions, the passive corrosion potential  
was assumed. Extens ive  cathodic polarization could 
not react ivate  t i tan ium to the act ive corrosion potential  
in contrast  to the results of t i tanium in the absence of 
chloride ions. 

DifferentiaI capacitance.--The capacitances of t i-  
tanium at the active and passive corrosion potentials 
in the  absence and presence of chloride ions are  pre-  
sented in Tables I and II. Table I shows that  the 
capacitance of t i tanium in a solution of pH 0.25 was 
150 • 10 pf /cm 2 which is unusual ly  large for the double-  
layer  capacitance. In the pH range of 0.50-2.00, the 
capacitance remained essentially constant at 200 ~f/ 
cm 2. This large capacitance at the active corrosion 
potential  may be a pseudocapacitance due to an ad- 
sorbed electroact ive in termedia te  (e.g., hydrogen 
atoms) (14, 15). On the other  hand, the capacitance 
at the passive corrosion potential  was approximate ly  
25 ~f /cm 2 throughout  the pH range investigated. 

In the presence of chloride ions up to 1% NaC1, the 
capacitance of t i tan ium at the active corrosion potential,  
as shown in Table II, was the same as in the absence of 
chloride ions. However ,  for 3.5 and 5.8% NaC1 solutions, 

Table II. Effect of chloride ions on the electrochemical behavior of titanium 
(pH = 0.25) 

Act ive  Passive P r ima ry  
corrosion Corrosion corrosion passivation 

% NaC1 potential  cur ren t  potential  potential  

Capacitance Capacitance 
Passive at active at passive 

Critical current corrosion corrosion 
current at 803 mV potential potential 

m V  vs .  S C E  g A / c m  ~ m V  vs.  S C E  

0 - - 6 8 0 ~ - 1 0  9 . 0 •  6 5 0 + 2 0  - - 5 2 0  
0 .5  -- 6 7 0  10.0 6 5 0  - 5 2 0  
1.0 - - 6 7 5  11.0  6 4 0  - - 5 2 0  
3 .5  - - 6 7 5  l l . O  665  -- 5 2 0  
5 .8  -- 6 8 0  - -  6 8 0  - - 5 2 0  

~A/cm2 .~/cm~ 

2 2 . 6 - - 1 . 5  0 . 5 0 " + ' 0 . 0 2  150-----10 23----.1 
19.6  0 .45  147 22 
19.7 0 .45  150 23  
19.2 0 .44  138 22 
2 1 , 0  0 .33  132 21 
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the capacitance of t i t an ium decreased slighdy. Table 
II shows that, at the passive corrosion potential,  the 
capacitance of t i t an ium remained essentially the same 
in the absence and presence of chloride ions. 

The capacitance vs. potential  behavior in  the poten-  
tial range from --1.15 to 3.2V vs. SCE is shown in Fig. 
7. A capacitance max imum and min imum were ob- 
served in the negative potential  range. The max imum 
capacitance, observed at --0.490 • 0.010V which was 
approximately the pr imary  passivation potential,  was 
222 ~f/cm 2. The min imum capacitance, observed at 
--0.985 • 0.012V, was 73 • 2 uf/cm 2. As shown in Fig. 5, 
the deviation from the Tafel l ine for the h.e.r, com- 
menced at approximately the potential  of the capaci- 
tance minimum. It is interest ing to note that  this 
potential  corresponds closely to the potential  of zero 
charge for t i tanium, --0.945V vs. SCE, calculated by 
Antropov (16). However, at present, no significance is 
attached to the agreement  between this p z c value 
and the potential  at the capacitance minimum.  Fur ther  
investigation of this point is in progress. 

The capacitance behavior between 0-3.2V (C ----- 7 
~f/cm 2 at 3.2V) was in good agreement  with the results 
of Kuznetsova et al. (17). As do the latter workers, it 
seems reasonable to a t t r ibute  this decrease in capaci- 
tance in the above potential  range to the increase in 
thickness of the oxide film. Thomashov et al.'s analysis 
of the passive film on t i t an ium indicated that, for the 
passive potential  range of this investigation, the surface 
was covered with a mixed oxide of Ti~O3 and TiO2 (18). 

The capacitance behavior in the neighborhood of the 
pr imary  passivation potential  was similar in magni tude  
and  shape to the faradaic capacitance of t i tan ium in 5N 
H2SO4 determined by Brynza et al. (19) with a-c im-  
pedance measurements.  These investigators utilized an 
equivalent  circuit model of the double- layer  capaci- 
tance in  parallel  with the faradaic impedance which 
consisted of the faradaic capacitance and faradaic re-  
sistance in series. For the potential  range in the neigh-  
borhood of the active-passive transition, Vorob'ev and 
Ershler  (7) observed that the double- layer  capacitance 
of t i t an ium in sulfuric acid was reasonably constant  at 
approximately 25 gf/cm2. In view of this result, it seems 
reasonable to assume that  the large capacitances ob- 
served in the active-passive t ransi t ion potential  range 
and obtained by the d-c pulse method correspond to a 
faradaic capacitance or, more specifically, an adsorp- 
t ion pseudocapacitance. 

Two l inear  regions in the potent ia l - t ime curve would 
be observed when a d-c current  pulse is passed 
through a circuit equivalent  to that  described above 
for a-c impedance measurements.  Since the d-c current  
pulse was developed by a mechanical  pulser (11) with 
a rise t ime slower than  10 ~,sec, the init ial  part  of the 
potential  t ransient ,  which was the charging curve for 
the double- layer  capacitor, could not be obtained. The 
second l inear region, which occurs at a later t ime than  
the first, corresponds to the faradaic capacitance 
(pseudocapacitance, in this case). This pseudocapaci- 
tance has been surmised to result from adsorption of 
an electroactive species which initiates the passivation 
of t i tan ium (19). 

Conclusion 
1. T i t an i um in deaerated H2SO4 exh ib i ted  a stable 

passive corrosion potential and a stable active corro- 
sion potential.  

2 < 0  

200 

160 

J20 

< 

4O  

~.D 2-0 l.O 0 "I .0 

POTENTIAL (~ l ts  ~l  SCE) 

Fig. 7. Differential capacitance vs. potential for titanium in 1N 
H2S04. 

2. The passivation characteristics of t i t an ium in 
H2SO4 were dependent  on the pH, bu t  did not vary  
appreciably with the concentrat ion of chloride ions. 

3. The capacitance-potential  behavior of t i tan ium in 
1N H2SO4 showed a max imum at --0.490 • 0.010V and 
a m i n i mum at --0.985 • 0.012V. 
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Orientation Dependence of the 
Aluminum Oxide Dielectric in Film Capacitors 
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Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 

ABSTRACT 

An investigation of the anodization of evaporated a luminum films and the 
rel iabil i ty of a luminum oxide film capacitors made with and without  a man-  
ganese oxide layer between the dielectric and the metal  top electrode has 
been made. A correlation appears to exist between the degree of orientat ion 
of the polycrystal l ine a luminum film and the anodization characteristics or 
performance of the capacitors. The dielectrics with the highest anodization 
voltages or those which resulted in the highest performance capacitors were 
formed on the most randomly oriented a luminum films. 

It  has been demonstrated that the addition of a semi- 
conducting layer of manganese  oxide between the 
dielectric and the metal  top electrode improves those 
properties of film capacitors which are dependent  on 
the dielectric strength (1, 2). As a result, t an ta lum film 
capacitors with manganese oxide (TMM capacitors: 
Substrate---Ta-Ta2Os-MnOx-Metal) show lower leak- 
age currents  and excellent performance dur ing  accel- 
erated life testing at 50% of the formation voltage and 
85~ (3). The self-healing property of the TMM ca- 
pacitor s tructure also permits the use of larger areas 
and lower formation voltages, either of which results 
in larger capacitance values (1). It also allows the 
fabrication of t an ta lum oxide film capacitors on sub-  
strates with rough surfaces. P re l iminary  results indi-  
cated similar  improvements  in yield and life test per-  
formance when a manganese oxide layer is added to 
thin-f i lm capacitor structures based on evaporated SiO 
or anodic A1203 dielectric (2). A luminum oxide capaci- 
tors did occasionally exhibit  low yields and poor per- 
formance (4, 5), and sometimes a luminum films could 
not be anodized to voltages over 100V (6). It is the 
purpose of this paper to describe the properties of a lu-  
minum oxide film capacitors formed on smooth glass as 
well  as on unglazed ceramic substrates, and to show 
that  the qual i ty  of the finished a luminum oxide film 
capacitors with and without  the addition of manganese  
oxide layer between the anodic film and the counter-  
electrode depends to a large extent  on the degree of 
or ientat ion of the a luminum film. 

The advantage of using a luminum instead of t an-  
ta lum for thin-f i lm capacitors would be its higher con- 
ductivity, which makes it more desirable for high- 
f requency applications. Its shortcoming is the signifi- 
cant ly  smaller dielectric constant [21-28 for the 
t an ta lum oxide (7, 8) vs. 8-11 for a luminum oxide (5, 
8)].  

Exper imenta l  
Figure 1 shows the 15 spot test pat tern  and the cross 

section of an AMM capacitor structure. One- by three-  
inch glass (Corning #7059) or unglazed high a lumina  
ceramic slides (American Lava ~614) were used as 
substrates. The a luminum pat tern was usual ly  gen- 
erated with photoetching techniques using KMER with 
Jl00 str ipper to remove the KMER without  scratching 
the a luminum.  In  some cases, the a luminum pat tern 
was evaporated through a mask. To obtain adherent  
a luminum films, it was important  to use freshly cleaned 
slides and to degas them prior to the deposition of the 
a luminum film. The cleaning of the slides included an 
ultrasonic wash in a cold and then in a 75~ Igepal 710 
solution (Antara  Chemical Company) ,  a boil in 10% 
hydrogen peroxide, and finally a rinse in overflowing, 
boiling, deionized water. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  V a r i a n  Assoc i a t e s ,  P a l o  Al to ,  C a l i f o r n i a .  

The a luminum films were anodized in 30% am- 
monium pentaborate  ethylene glycol solution at room 
temperature.  The anodization voltage was gradual ly  
increased during a 10-15 rain period to the desired 
value which was main ta ined  for 30 rain. During anod- 
ization on certain a luminum films, slow oxygen gas 
formation started around 100V, which increased if the 
voltage was raised further.  The capacitors on these 
slides had low breakdown voltages. Within  each alu-  
minum evaporation group, the slides tended to behave 
similarly dur ing anodization. 

Study of the x - r a y  wide-film Debye-Sherrer  dif- 
fraction photographs of a luminum slides having dif- 
ferent  anodization characteristics showed that, while 
the a luminum oxide was amorphous in all cases, there 
was significant difference in the degree of (111) crystal  
orientat ion of the a luminum films. That  is the degree 
to which the (111) plane is parallel  to the substrate 
surface, or, al ternatively,  the degree to which the [111] 
fiber axis is normal  to the substrate surface. Three 
typical  x - ray  diffraction pictures for a luminum films 
evaporated on glass sub~trates are presented in Fig. 2. 
Picture a represents slides where the a luminum ex- 
hibits the least orientation. Most of the lines are un i -  
form in intensity,  although the (111) line shows an 
arc. Picture c shows only arcs indicat ing a high degree 
of orientation,  while picture b is typical  for the "in 
between" slides. The lines are continuous but  strongly 
arced. 

METAL --~ MnOx -7 A~ zO3-7 
~ '~  ~ / / / / / / A / / / / / / / / / / / / A  / 

F/I~"~ ~ / / / / J / / / / / / / / / / / / ~  

w//2 N 

Ca) 

~- BOTTOM ELECTRODE ANODIZE: ~/7 

I CTRIDE 
(b) 

Fig. I. (a) Cross section of AMM capacitor, (b) 15 spot copocitor 
pottern. 
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Fig. 2. X-ray photographs showing the different degree of (i11) 
orientation in aluminum film: (a) least oriented--contlnuous lines 
with gentle arcing, (b) medium oriented--continuous lines with 
strong arcing, (c) most oriented--no continuous lines, nn|y arcs. 

The sharp lines would indicate a crystall i te size of 
about 1000A with some larger crystals giving rise to 
spots. In all the samples, the (111) line is stronger than 
expected for randomly oriented mater ia l  and a certain 
degree of orientat ion appears to be present in all sam- 
ples as shown by the tendency of the (111) l ine to ap- 
pear as an arc. 

Electron micrographs of p la t inum-carbon  replicas of 
the a luminum film surface indicate that the crystallites 
are general ly around 2000A, but  in each sample there 
are crystals about 3000-5000A in diameter  and these are 
much thicker than  the bulk of the film (Fig. 3). The 
area of these larger crystals is about 1-5% of the total  
area. The crystall i te faces tend to be parallel  to the 
surface of the substrates. The planes on the less oriented 
films make larger angles to the substrate than  on the 
more oriented films. In  the case of the oriented sam- 
ples~ with the flattest planes, the crystallites seem to 
merge together in some instances (Fig. 3b). 

The oxygen formation around 100V occurred on the 
a luminum films with the highest degree of (111) or ien-  

tation, while a luminum films having a low degree of 
preferred orientat ion could be anodized to over 300V 
without  oxygen evolution. 

A pre l iminary  s tudy of the evaporation conditions for 
a luminum films indicated that  those films showing the 
least orientat ion (consequently, the most suitable ones 
for capacitor fabrication) were deposited in the follow- 
ing manner :  

(a) The slides were heated to 250~ under  vacuum. 
(b) At a pressure in the 10 -6 Torr range, a few 

hundred  Angstroms of a luminum were evaporated on 
the hot substrate. 

(c) The slides were cooled to room temperature  in 
an argon atmosphere of about 0.2 Torr. 

(d) The system was evacuated again to less than  
10 -5 Torr, and a luminum,  sufficient to form 5000A film, 
was evaporated on the unheated  a luminum coated 
substrates. 

A Ta205 or Ti layer on the glass substrate did not 
seem to affect the degree of or ientat ion of the a luminum 
films. 

The manganese  oxide was deposited pyrolytically,  
by spraying an aqueous solution of 2% Mn (NO3)2 
with 5% Superoxol (H202) onto the anodized alu-  
minum-coated  substrates whose tempera ture  was 
mainta ined at about 200~ The thickness of the re-  
sult ing manganese oxide was varied between 2000 and 
8000A. The pat tern  of the manganese oxide was etched 
in HNO3-H202 solution after the top electrodes, a lu-  
minum, gold, or nichrome-gold, had been evaporated 
through a mechanical  mask. 

Results 
Yield of 15 spot AMM capacitors (AMM: Subs t ra t e - -  

A1-A1203 MnOx-Metal e lec t rode) . - -Dur ing the prep-  
arab-on of t--he cap-acitors, it was found that  a high de- 
gree of (111) orientat ion of the a luminum films seemed 
to l imit the formation voltage. The a luminum films 
were, therefore, split into three groups according to 
the degree of orientat ion (see Fig. 2). Table I sum- 
marizes the init ial  yields which were obtained for 
5000-pf capacitors formed at 130V on the three dif- 
ferent types of a luminum films using the 15 spot test 
pat tern  shown in Fig. 1 (b).  The yield is based on the 
percentage of capacitors with a leakage current  of less 
than  1 A/ f  at 75V. The table also lists the percentage of 
shorted capacitors and the average leakage current  of 
the capacitors. 

The results indicate that  the degree of orientation of 
the a luminum films has a significant influence on the 
yield and the number  of shorts of the a luminum oxide 
film capacitors. When the MnOx was deposited at 170~ 
the yield dropped from 100% found for films with a 
low degree of or ientat ion to less than  50% for films 
with the highest degree of orientation. Raising the 
spraying temperature  to 245~ also results in lower 
yields and in 4-10 times higher leakage currents,  with 
this effect being more pronounced for capacitors formed 
on films showing a high degree of orientation.  

Yield of t5 spot AM capacitors (AM: Substrate--- 
A1-A1203-Metal e lec t rode) . - -The observation that the 

Table h Effect of crystal orientation and spraying temperature on 
the properties of AMM capacitors (130V anodization, gold top 

electrode) 

No. of Degree  of Sp ray ing  Shorts  at Yield a t t  17~* 
capacitors orientat ion temp,  ~ 75V, % 75V, % N A m p  

Fig. 3. Electron microscope photographs showing the effect of dif- 
ferent degree of (111) orientation in aluminum film: (a) least 
oriented--planes make larger angles to substrate, (b) must orient- 
ed--planes more nearly parallel to substrate. 5500X. 

30 Leas t  170 0 100 0.05 
30 or iented 245 0 97 0.18 
45 M e d i u m  170 0 100 0.76 
30 or iented  245 3.3 93.5 7.80 
15 Most 170 6.7 47 36 
15 or ien ted  245 76.7 0 

Pe rcen tage  of capaci t ies  wi th  leakage  currents  at 75V less than  
1 A/f .  

* 17=: Ave rage  leakage  cur ren t  at 75V in amperes / f a rad .  
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crystal  or ientat ion in the meta l  film has an impor tant  
effect on the anodization propert ies of the a luminum 
suggested that  it might  be possible to use the less 
or iented a luminum films as determined by anodization 
characterist ics for the development  of a luminum oxide 
film capacitors wi thout  a layer  of manganese oxide. 
Table II presents data for AM capacitors on glass, and 
on glass wi th  ei ther a layer  of  500A of t i tanium or 
Ta2Os. Both layers had init ial ly been introduced to 
improve the adherence of the a luminum film to the 
glass substrate. The yield for the AM capacitors on glass 
substrates was 97% at 75V and the average leakage 
was about 0.7 • 10-gA. (The slides were  anodized to 
130V.) Even at 100V, 90% of these capacitors had 
leakage currents  in the 10-gA range. The results were  
similar  for AM capacitors on glass wi th  a Ta205 layer. 
However,  a t i tanium layer  be tween the glass and the 
a luminum resulted in a lower yield (55% at 75V) and 
leakage currents  which were  about 10-15 times higher. 
This was at t r ibuted to the fact that  the ammonium 
pentabora te -e thy lene  glycol used to anodize the AI is 
not a suitable anodizing solution for t i tanium at h igher  
voltages, and the metal l ic  t i tanium which was unpro-  
tected by A1203 (because of pinholes on the a luminum 
film) was responsible for the high leakages. 

Life test performance of 15 spot AMM and AM ca- 
pacitors.--AMM capacitors using the less oriented alu- 
minum films formed at 130V with  gold top electrodes 
were  life tested at 85 ~ and l l0~  for 16 weeks. Test ing 
voltages of 50, 65, and 70V and --20V were  applied 
between the a luminum and the top electrode. The re-  
sults of the life tests are presented in Table III. No 
failures occurred in 16 weeks at 50V, 85~ or --20V, 
85~ 97% of the capacitors survived the test period 
at 65V, 85~ About 7% fai lure occurred at 50V, l l0~ 
and 65V, l l0~  90% of the capacitors survived 70V, 
85~ for 16 weeks. These results are very  similar  to 
those reported for TMM capacitors formed at the same 
anodization voltage (9). But it should be mentioned 
that  AMM capacitors have only about half  the ca- 
pacitance density (0.044 nf /cm 2) as TMM capacitors 
(0.1 ~f /cm 2) if the same formation voltage is used. In 
the case of the reverse  voltage where  the a luminum 
was negative, the AMM capacitors survived 20V for 16 
weeks at 85~ indicating that  these capacitors are 
less unsymmetr ica l  than the tan ta lum film capacitors. 

Table IV presents accelerated life test results for AM 
capacitors anodized at 130V. No failures were  observed 
for 4 weeks at 50V, R.T., or at 50V and 85~ or at 30V, 
l l 0~  for the capacitors that  had no underlay.  For  the 

Table II. Properties of AM capacitors. Effect of Ta205 or Ti 
underlay (130V anodization, 5000 pf, gold top electrode, 0.007 DF) 

Underlay 

75 100 
Volts Volts 

Shorts, Yield, Leakage  Shorts, Yield, Leakage  No. 
% % current* % % current* tested 

Table IV. 4 Weeks accelerated life test results of AM capacitors 
(130V anodization, gold top electrode) 

No. of capaci -  
Vol tage,  d.c. Temp,  ~ F a i l u r e s  tors  t e s ted  U n d e r l a y  

30 85 0 14 None 
30 i i 0  0 15 None  
40 85 0 14 None  
50 25 0 15 None 
50 85 0 11 None  
30 110 0 15 Ta2On 
40 85 0 15 Ta205 
50 85 1 13 Ta205 
30 85 0 14 Ti  
30 110 0 15 Ti  
50 85 1 13 Ti  

AM capacitors wi th  Ta20~ underlay,  no failures were  
observed at 30V, l l0~ or at 40V, 85~ One out of 13 
capacitors failed in 4 weeks at 60V and 85~ One out 
of 13 capacitors failed in 4 weeks at 50V and 85~ 
The AM capacitors wi th  t i tan ium under lay  showed 
similar  results. No failures were  observed at 30V and 
85~ or at 30V and l l0~  one out of 13 failed at 50V 
and 85~ 

Large AMM capacitors.--The excel lent  results found 
for the 5000-pf capacitors with an area of 0.1 cm 2 indi-  
cated that  a luminum films showing a low degree of 
orientat ion might  be suitable for the preparat ion of 
much larger  capacitors by using larger  areas and lower 
anodization voltages as for the TMM type (1, 3). 

Two small  groups of AMM capacitors on glass sub- 
strates and anodized to 130V, between 0.07 and 0.32 #f 
in size, were  put on life test at 50V and room tempera -  
ture  for 1 week. The vol tage was then raised weekly  
by 10V. The results presented in Fig. 4 indicate that  
no failures occurred below l l0V. In the first group of 
four  with an average size of 1.6 cm 2, 0.07 #f, cor-  
responding to a capacitance density of about 0.044 
/~f/cm 2, the first fai lure occurred at l l 0V and two 
capacitors survived 140V for 3 days. In the second 
group of six capacitors, with an average size of 7.2 cm 2, 
0.32 ~f, no failures occurred within  8 weeks, by which 
t ime the test vol tage had been increased to 120V. Four  
capacitors on unglazed alumina substrate which 
showed a 25% higher  capacitance density were  life 
tested at 50V and room temperature .  All  survived 16 
weeks. 

The possibility of using lower anodization voltages 
for obtaining high capacitance density AMM capacitors 
has also been investigated. Four AMM capacitors, be-  
tween  1 and 1.5 ~f in size (5-7 cm 2) were  prepared on 
glass substrates using 25V anodization. The finished 
capacitors were  put on life test for 4 weeks at 10V and 
room temperature ,  and at 20V for an additional 4 
weeks. All  capacitors surv ived  the 8 weeks of test ing 
(see Fig. 5). 

None 0.8 97 0.14 1.7 90 0.4 120 
Ta=O5 1.0 97 0.1 1.0 91 0.4 105 
Ti 1.3 55 1.8 1.3 25 4.4 75 

* The leakage current is in amperes/farad. 

Table Ill. 16 Weeks accelerated life test results of A M M  
capacitors (130V anodization, gold top electrode) 

No. of capaei- 
Voltage, d.c. Temp, ~ S u r v i v o r s ,  % tors tested 

50 85 100 30 
50 110 93 30 
65 85 97 60 
65 110 93 45 
70 85 90 30 

--20" 85 100 15 

* Aluminum negative. 
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E~ect of Anodization Voltage on the Properties of 
Aluminum Oxide Film Capacitors 

In order  to gain more information about the anodiza- 
t ion behavior  of evaporated a luminum films, a number  
of samples on glass substrates were  anodized to 25, 130, 
200, and 300V using the usual 30% ammonium penta-  
bora te -e thy lene  glycol solution. In Fig. 6 the reciprocal  
capacitance density for the different anodization vol t -  
ages has been plotted vs. the formation voltage. As in 
the case of tan ta lum oxide film capacitors, the recipro-  
cal capacitance shows a l inear dependence on the for-  
mation voltage. 

As contrasted with the tan ta lum oxide film capacitors 
(10), the performance  of the a luminum oxide film 
capacitors improves wi th  increasing anodization vol t -  
age, at least up to 300V. 

The results listed in Tables V and VI show how the 
anodization voltage affects the leakage current,  the  
yield, and the number  of shorts of AM and AMM ca- 
pacitors. Analysis of the results for the AM capacitors 
shows that  the leakage current  remains below 1 A / f  
for all three  formation voltages when the capacitors 
are measured at 75% of the formation voltages. For  
the AMM capacitors, the voltage where  the current  ex-  
ceeds 1 A / f  is lower than the AM type and it appears 
to be closely related to the reforming voltage which 
is about 70% of the formation voltage. The correlat ion 
is especially noticeable in the case of the 300V capaci- 
tors where  the AMM capacitors were  re formed at 210V. 
Below 210V the AMM type shows lower leakage cur-  
rents than the AM capacitors and bet ter  yield, but at 
225V the average  leakage current  is 200 • 10-�A for 
the AMM vs. 3 • 10-~  for the AM capacitors. 

0 
0 

~ 50 

ao  

~ o  

I I I I | I 
50  IOO 150 2 0 0  2 5 0  3 0 0  

ANOOIZATION VOLTAGE (VOLTS)  

Fig. 6. Change of reciprocal capacitance as a funtion of anodiza- 
tion voltage for aluminum thin film capacitors. 

Table V. Leakage current (amperes/farad) of AM and AMM 
capacitors, anodized to different voltages 

A n o d .  Cap .  
vo l t .  t y p e  50V 75V 100V 125V 150V 175V 200V 2 2 5 V  

130 A M  0.036 0.08 0.36 -- -- -- 

200 A M  0.024 0.04 0.12 0.18 1.0 
300 A M  - -  0.04 0.06 0.10 0.11 0.1' /  0.37 1 . 0  
130 A M M  0.018 0.03 0.12 51 ~ 

200 A M M  0.012 0.03 0.10 1.2 32 ~ 
300 A M M  0.01 0.017 0,02 0.02 0.05 0.09 0.12 678 

z R e f o r m e d  o n l y  to  110•. 

2 R e f o r m e d  o n l y  to  130V. 
3 R e f o r m e d  o n l y  to  210V. 

Table VI. Initial yield of AM and AMM capacitors anodized to 
different voltages 

A n o d .  C a p .  75V 100V 125V 150V 135V 200V 225V 
vol t .  t y p e  S* Y$ S Y S Y S Y S Y S Y S Y 

130 A M  0 14 1, 13 . . . .  
200  A M  0 15 0 15 0 13 0 - - 1 0  - -  
300 A M  0 15 0 15 0 15 O 14 0 13 1 1 3  1 1 2  
130 A M M  O 15 0 14 0 71 . . . .  
200  A M M  O 15 O 14 0 11 0 12 
300 A/VIM 0 15 0 15 0 16 0 15 O 1 5  O 1 4  O 0 ~ 

* S h o r t :  No.  of  s h o r t s  ou t  of  15 c a p a c i t o r s  t e s t ed .  
Y i e l d :  No.  of  c a p a c i t o r s  w i t h  l e a k a g e  c u r r e n t  less  t h a n  1 A / f  

o u t  of a t o t a l  of 15. 
1 R e f o r m e d  o n l y  to l l 0 V .  
2 R e f o r m e d  o n l y  to 130V. 
3 R e f o r m e d  o n l y  to  210V.  

Frequency Dependence of Dissipation Factor 
and Humidity Effect 

The capacitance and the dissipation factor of a num-  
ber of capacitors have been measured  at f requencies  
between 0.1 and 50 kHz. Typical  results for AM and 
AMM capacitors are plotted in Fig. 7 and 8. The upper  
curve, for a 7600-pf AMM capacitor, reveals  a shallow 
min imum of 0.022 at about 2 kHz for the dissipation 
factor and, above 50 kHz, the  curve  shows a 45 ~ slope 
due to the series resistance of the manganese oxide. The 
dissipation factor for the AM capacitor  is much lower, 
about 0.007 at 1 kHz, and it remains v i r tua l ly  un-  
changed because of the low series resistance of the elec- 
trodes. [When anodized to 150V, the dissipation factor 
of TM capacitors increased f rom less than 0.01 to 0.26 
in the same f requency  range (10), due to the series re-  
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sistance of the t an ta lum film anode.] The capacitance 
of the AM capacitors decreases by about 2% between 
500 Hz and 50 kHz while the AMM capacitors show a 
somewhat larger drop in this frequency range. [TM 
capacitors showed 5% decrease in the same range ac- 
cording to Vromen and Klerer  (10).] 

When measured at zero and 87% relat ive humidi ty  
(see Table VII),  the AM capacitors with gold counter-  
electrode showed a change in capacitance of approxi-  
mately 1%. For AMM capacitors it varied from 0.08 to 
4%, which wide spread seems to be related to the 
manganese oxide. This is very similar to observations 
made on TMM capacitors. [With gold counterelectrode 
and 130V anodization, TM capacitors showed 0.79- 
2.46% change in  capacitance by  humidi ty  according 
to Klerer, Orr, and Farre l l  (11).] 

Conclusions 
It  was found that  the quali ty of a luminum oxide film 

capacitors made either with or without  a semicon- 
ducting manganese oxide layer between the dielectric 
and the counterelectrode depends to a large extent  on 
the degree of the (111) orientat ion in  the a luminum 
anode. The yield of AMM capacitors anodized to 130V 

Table VII. Moisture response of aluminum oxide film capacitors 
when cycled between zero and 87% relative humidity 

(130V anodization, gold top electrode, 5000 pf) 

T y p e  U n d e r l a y  D F  _~C,* % S p r a y  N o .  E v a p ,  No .  

A M M  - -  0 . 0 1 8  0 . 1 0  1 1 
A M M  - -  0 . 0 1 7  0 . 1 0  1 2 
A M M  T a 2 0 ~  0 , 0 1 7  0 . 0 8  1 5 
A M M  - -  0 . 0 2 2  0 . 3 7  2 5 
A M M  Ta205 0.021 0.30 2 6 
A M M  - -  0.018 1.4 3 3 
A M M  Ta_~O5 0 . 0 2 0  1.4 4 7 
A M M  T a 2 0 5  0 . 0 2 1  3 .2  4 7 
AM1V~ - -  0 . 0 2 0  4 .0  5 2 
A M M  - -  0 . 0 1 4  0 . 1 2  6 3 
A M  T i  0 . 0 0 6  0 . 9 4  - -  8 
A M  T i  0 . 0 0 7  0 , 8 5  - -  8 
A M  T a 2 0 5  0 . 0 0 6  1.0 - -  9 
AM - -  0.006 1.2 - -  I 0  
A M  T a 2 0 5  0 . 0 0 6  1.0 - -  11 

* _~C: C a p a c i t a n c e  c h a n g e ;  a v e r a g e  v a l u e s  f o r  t h e  15 c a p a c i t o r s  
o n  o n e  s l i d e .  

was 100% using a luminum films with a low degree of 
orientation, compared to 47% for films showing a high 
degree of orientation. 

Capacitors formed on a l u m i n u m  with a low degree 
of or ientat ion showed no failure during an accelerated 
life test period of 16 weeks at 50V, 85~ and 97% 
of these capacitors survived life testing at 65V, 85~ 
A l u m i n u m  oxide film capacitors prepared without  a 
manganese  oxide layer  showed 97% yield, and no 
fai lure was observed dur ing 4 weeks of life testing 
at 50V and 85~ The results suggest that a luminum 
oxide film capacitors can be prepared which are equal 
in qual i ty  to t an ta lum oxide film capacitors; but, due 
to the lower dielectric constant  of a luminum oxide, 
their  capacitance density is only half that  of t an ta lum 
oxide film capacitors anodized to an equivalent  voltage. 
A luminum oxide film capacitors offer an advantage 
over t an ta lum oxide film capacitors (12) in cases where 
low resistivity capacitor anodes are needed. AM capaci- 
tors have a very  flat dissipation factor vs. frequency 
curve; at 50 kHz, the dissipation factor is still only 
0.0085. They should be suitable for h igh-frequency ap- 
plication. 

In a luminum oxide film capacitors up to 300V the 
breakdown voltage appears to be proport ional  to the 
anodization voltage. 

The moisture effect is about 1% in AM capacitors, 
and it is somewhat variable in AMM capacitors. Some 
AMM capacitors were prepared with a moisture re-  
sponse of less than 0.1%. 
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Techn ca]l Notes @ 
The Effect of COs on the Viscosity of 

Alkaline Electrolytes 
T. I. Overthrow, J. N. Miller, and N. A. Hampson 

Chemistry Department, Loughborough University of Technology, Leicestershire, England 

Alkaline electrolytes are of general interest in many 
bat tery applications including zinc cells, fuel cells, 
and others. Electrolytes are frequently based on KOH 
(4-10M) in which the O H -  concentration may fall to 
about 3M at the end of discharge. CO2 pickup is a prob- 
lem in all  cases. This note records a prel iminary in-  
vestigation of this effect. 

Expevimenta~ 
Measurements were made using an Ubbelohde vis- 

cometer (BS/ IP /SL No. 1) in a thermostat  at 59.90" 
• 0.05~ The characteristic constants of the viscom- 
eter were determined by measuring the flow times of 
toluene and water  (1). Solutions were made up in 
distilled water  using AnalaR grade reagents, and fil- 
tered through sintered glass disks. The flow time of 
each solution was measured at least three times: each 
mean relative viscosity value was subject to a standard 
error of ca. 2%. 

Results 
The relationships between the relat ive kinematic 

v i s c o s i t i e s  (V/~o) of the solutions and their  compositions 
are summarized in the figure. The three solutions rep-  
resented by "0% conversion" were: 

(i) NaOH (8g- -  2.5M) -- Na2CO3 (15.2g -- 1.SM) 
- -  H~O (76.8g - -  53.2M) 

( i i )  NaOH (11.6g - -  3 . 6 M )  - -  NaC1 (16.3g - -  3.5M) 
- -  H20 (72.1g -- 49.7M) 

( i i i )  KOH (11.2g - -  2 . 5 M )  - -  K 2 C O ~  ( 2 1 . 3 g  - -  1 . 9 M )  

- -  H20 (67.5g -- 47.1M) 

In each system, measurements were also made on 
solutibns whose compositions corresponded to the pro-  
gressive conversion of NaOH (KOH) to Na2CO3 
(K2CO3), due allowance being made for the water 
which would be produced if the conversion was ef- 
fected using CO2. 

D/scussion 
The curves in Fig. 1 indicate that the effect of CO2 

in alkaline battery electrolytes is to increase the 
electrolyte viscosity. It can be seen that  the complete 
carbonation of the available O H -  in a spent electrolyte 
containing ca. 3M OH-  would be to increase the vis- 
cosity with respect to the hydroxide component by up 
to ca. 40%. The presence of an inert electrolyte (NaCl) 
does not eliminate the viscosity increase. 

The result of this increase in viscosity would be to 
increase the diffusion layer thickness which in turn 
would decrease the limiting current density and ac- 
celerate the onset of passivation (anodic or cathodic). 

The magnitude of such a reduction in the limiting 
current would be difficult to predict theoretically for 
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Fig. 1. Variations in the relative kinematic viscosities of aqueous 
solutions a c c o m p a n y i n g  the  convers ion  of  NaOH (KOH) to  Na2~3 
(K2C03): A, system (i); O,  system (ii); O, system (iii). 

a particular system, especially for a flowing system 
(2). Whatever the magnitude, however, the effect of 
the increase in viscosity would be undesirable. 
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A Laboratory Cell for the Continuous 
Generation of Sodium Amalgam 

Scott Lynn* 
Department of Chemical Engineering, University of California, Berkeley, California 

and H. Hunter Paalman 
Research Laboratomes, The Dow Chemical Company, Walnut Cree~ Cal~ornia 

The sodium amalgam produced in commercial chlo- 
r ine cells is a chemically interest ing commodity whose 
potent ial  as a reducing agent is largely wasted when 
it is used to make sodium hydroxide and hydrogen. 
MacMullin (1) described a number  of a l ternat ive uses, 
none of which has become widespread in the 18 years 
since his article appeared. However, because of the 
growing imbalance between caustic production and 
need, research in this area continues. 

Sodium amalgam may be made from sodium and 
mercury  for small-scale laboratory use, but  this 
method becomes tedious if large quanti t ies  are re-  
quired. Electrolytic generation is then  preferable. 
However, operation of a small  chlorine cell is f raught  
with annoyance.  The chlorine must  be disposed of; the 
anodes wear  and must  be f requent ly  adjusted; chlo- 
r inated br ine is corrosive, etc. These problems pre- 
vent  a chlorine cell from being a reliable piece of 
laboratory equipment.  

Sodium amalgam may also be generated by the 
electrolysis of sodium hydroxide in a cell with a flow- 
ing mercury  cathode and a nickel  anode. The anodic 
product is oxygen; the nickel electrode does not cor- 
rode and never  needs adjustment .  The electrolyte is 
relat ively noncorrosive and is easily pumped. Minimal  
corrosion occurs when the cell is not in use. 

The equipment  sketched in Fig. 1 has been found 
by the authors to be useful  for generat ing sodium 
amalgam at the rate of 3.7-5.6 g moles Na /hr  (100- 
150A). The cell was made from two 1/4- x 5- x 17-in. 
plates of nickel  and mild steel, respectively. The ac- 
tive electrode area was 45 sq. in. Two 1�89 x 5- x 17-in. 
Lucite blocks, milled out as shown in Fig. 2, formed 
the inlet  and outlet headers. Neoprene gaskets used 
in assembly of the cell also served to set the spacing 
between the electrodes. The cell was sloped at an 
angle of about 10 ~ to allow the mercury  to flow by 
gravity;  the caustic electrolyte flowed through the 
cell countercurrent  to the mercury. The slope and 
caustic flow rate were sufficient to minimize blanket ing 
of the anode by the evolving oxygen. 

The caustic was pumped with an Eastern Model D- 
11 centrifugal  pump equipped with a packing gland. 
A side stream was pumped through a filter to pick up 
scale dislodged by chemical action of the amalgam. 
A heat exchanger kept the operation in the tempera-  
ture range of 50~176 This l imitat ion was imposed 
by the use of Lucite as a material  of construction. 

The current  was supplied by a General  Electric 
Model 6RS-945-P1 single-phase, fu l l -wave  rectifier 
and was unfiltered. Two rectifiers were used in parallel  
when higher amalgam production was required. Cur-  
rent  was measured by using a 200A precision shunt  
and a nu l l -ba lance  potentiometer.  The cell voltage 
was typical ly in the range of 3.5-4.8V. 

The mercury  pump was an Ingersol l -Rand 3~ KRV-B 
centr ifugal  sump pump having a capacity of 1 gpm 
at a head of 12 ft. To provide a constant head for the 
required mercury  flow of 50-250 ml /min ,  the flow from 
the mercury  pump was throt t led with four 1/16-in. 
orifice plates in series (see Fig. 3). The larger s tream 
of mercury  flowed up through a vented, adjustable, 
constant-overflow standpipe and was re turned to the 
pump. The standpipe vent  line dipped into the pool 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
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9 
Fig. 1. Equipment for the continuous generation of sodium 

amalgam: _ _  caustic circuit, ~ .  mercury circuit, 
water, ~ ~ sewer; 1--caustic tank, 2-~caustlc cooler, 3--caustic 
pump, 4~caustic hydrometer, 5--caustic filter, 6~caustic meter, 
7--mercury flow meter, 8---mercury pump, 9--mercury sump, 
10~amalgom cell, l 1--decomposer, 12-~current-voltage meters, 
13--rectifier, 14---amalgam wash pot. 

Fig. 2. Detail of cell: 1--Lucite blocks, milled and tapped; 
Z--neoprene gaskets; 3--nickel anode; 4~neoprene electrode 
spacer-gasket; 5~steel cathode. (Note: Assembly bolts around 
periphery of cell not shown.) 
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f ' ~ l  Sump Pump end 
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Fig. 3. Detail of mercury flow-control system. 
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of water  covering the mercury  in the sump. The down-  
flow of mercury  in the re tu rn  l ine thereby pulled 
water  with it, p revent ing  the bu i ld -up  of solid caustic 
and the discharge of mercury  vapor into the room 
which would have resulted from vent ing  with air. The 
smaller  flow of mercury  went  to the cell through a 
meter ing orifice. The quant i ty  of mercury  flowing to 
the cell was varied by adjus t ing the height of the 
standpipe. This method of regulat ing the flow was 
adopted to replace a needle valve which was found 
to be a very unstable  control device for this service. 

The sodium amalgam produced could be used as 
desired in exper imentat ion or could be re turned to the 
pump through a decomposer made of a 1-ft section 
of 3-in. industr ia l  glass pipe packed with granular  
graphite and  heated with an in te rna l  steam coil to 
about 100~ 

The hydrogen evolved from the decomposer was 
measured with a soap-bubble flow meter. At steady 
state, this flow was a convenient  method of moni tor-  
ing the sodium content of the mercury  stream re tu rn -  
ing to the pump. When no exper imenta t ion  was in 
progress, the hydrogen flow could be used to deter-  
mine  the cell efficiency. When a reaction was being 
studied, the hydrogen flow was used to determine the 
extent  of depletion of the amalgam. Oxygen contain-  
ing a small  amount  of hydrogen was produced in the 
cell and was also measured with a soap-bubble  flow 
meter. Hydrogen evolution at the cathode is the only 
possible side reaction in this system. The flow of oxy- 
gen could thus be used to determine the cell efficiency 
independent ly ;  the two methods of measurements  gen- 
eral ly agreed wi th in  1%. 
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The pr imary  variable  affecting current  efficiency 
was found to be the caustic concentration.  When this 
was kept above 30 w/o (weight per cent) NaOH, the 
efficiency was consistently 97-99%. At lower electro- 
lyte concentrations, cell performance became pro- 
gressively worse. Another  factor of importance in  
main ta in ing  a high current  efficiency was providing 
enough mercury  to cover the cathode plate completely. 
This requi rement  set an upper l imit on the amalgam 
concentrat ion which could be produced at a given cur-  
rent  and cell slope. Typical of the present system was 
0.2% Na ma x i mum at 100A. Modification of the cell 
design at the expense of simplicity would allow opera- 
tion with a near ly  level cathode and el iminate  this 
restriction. 

When the cell was first constructed, it  operated at 
a very low current  efficiency. Replacement of 316 
stainless steel with mild steel in the mercury  piping 
led to the satisfactory behavior  reported above. Al-  
though the matter  was not pursued, it is possible that 
some chromium was picked up by the mercury  and 
caused the difficulty. Thereafter,  the use of stainless 
steel was avoided throughout  the system where pos- 
sible. However, it was used in the caustic pump and 
other portions of the caustic piping system without  
trouble. 

Manuscript  received Jan. 9, 1969. 

A ny  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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This Discuss ion  Sect ion  contains  discuss ion of a paper  appear ing  
in the Journal  o] The  Electrochemical Society,  Vol. 116, No. 3, 
(March 1969). 

Plating Stresses from Electroless Nickel Deposition 
on Beryllium 

R. M. Shemenski, J. G. Beach, and R. E. Maringer 
(pp. 402-409, VoI. 116, No. 3) 

Konrad Parker1: The paper  presents numerous  data 
and calculations, indicat ing that  the in terna l  stresses 
in  electroless nickel deposits on beryl l ium can vary  
according to the plat ing conditions used by dif- 
ferent platers. Each group of three bery l l ium strips 
plated by one of the four platers developed stress 
values in  the nickel  bery l l ium composite va ry-  
ing less than  +__ 10%. Nevertheless, the authors con- 
clude that  "since the result ing microstructures were 
similar, any effect of plat ing conditions should be 
minimal ."  

Recently, Baldwin and Such 2 stated: "The in terna l  
stress of the electroless deposits can be controlled by 
adjus tment  of the bath composition, par t icular ly pH, 
so that  it can be of any  desired value between 16,000 
psi (tensile) and 8000 psi (compressive).  Wherever  
deposits having zero or compressive stress are con- 
sidered beneficial, they can be produced but  at a con- 
comitant ly lower plat ing rate." 

We have started an investigation to determine the 
effect of the plat ing variables on stress in  a closely 
controlled Kanigen|  laboratory system. We have found 

�9 IKanigen| & Coating Research,  General  Amer ican  Research Di- 
vision, Genera l  Amer ican  Transporta t ion Corp., 7448 North Natchez 
Ave.,  Niles, Ill. 6064~. 

Trans. Inst. Metal  Finishing, 46, 73-80 (1968). 

that  the masking of th in  metal  strips on one side can 
induce tensile bending  prior to plat ing and dur ing 
removal  after plating. For more accurate bow-out  
measurements  we are, therefore, plat ing both sides 
of the strips, then masking one side and str ipping the 
deposit from the other. 

Our results to date, which will  be presented in de- 
tai l  later, show that  the stress in  electroless nickel 
deposits on bery l l ium and other substrates can be 
controlled by the plat ing conditions to be either ten-  
sile or compressive. Factors affecting the phosphorus 
content  of the deposit such as pH are of p r imary  in-  
fluence in regard to the magni tude  and direction of 
the in te rna l  stress produced. The stress in the as- 
plated condition is, therefore, not pr imar i ly  due to 
differences in thermal  expansion coefficients as the 
authors assume, but  is induced to an appreciable de- 
gree dur ing  plating. It  is also l ikely that the thermal  
expansion coefficient of the plate is not constant, but 
varies wi th  the composition of the nickel alloy. 

We confirm the authors '  s ta tement  that  electroless 
nickel deposits contract when  annealed to 190~ 
thus, by impar t ing a compressive stress in the deposit 
dur ing  plating, a practically stress-free state can be 
achieved after annealing.  It would be most interest-  
ing if the authors could provide the phosphorus con- 
tent  of the nickel alloy coatings used in their  invest i -  
gation. The reason for the random variat ion of their  
stress data might then become apparent.  

R. M. Shemenski ,  J. G. Beach, and It. E. Maringer: 
The authors wish to thank Mr. Parker  for his remarks 
concerning our study on electroless nickel  deposition 
on beryl l ium. It was unfor tuna te ly  not wi thin  the 
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scope of this investigation to study the plat ing process 
itself. Rather, the study was designed to evaluate the 
product that would result  in actual mirror  production, 
not under  idealized laboratory conditions. The authors 
are aware that  plat ing conditions have a significant 
effect on the properties of an electroless nickel deposit, 
and in fact this is discussed in the paper. We are 
pleased to hear that research on the residual stresses 
in Kanigen|  is cont inuing in GATX. 

Each part icipating commercial plater was informed 
of the purpose of this study and was urged to use his 
best technology and his greatest care in plat ing the 
test specimens. The authors had no control over this 
phase of the study and so had to assume that these 
precautions were observed, just  as one would expect 
these platers to handle  an actual mirror.  The reasons 
for feeling that  this assumption was satisfactory and 
that  gross effects due to handl ing  or masking were 
min imal  were also discussed in the paper. 

The interpreta t ion made by Mr. Parker  of the re-  
sults reported in the paper, that the residual stresses 
in the as-plated condition were pr imar i ly  due to dif- 
ferences in the coefficients of thermal  expansion, is 
not correct. It was explicitly stated that the authors 
recognized that: (a) the plat ing process itself, (b) met-  
al lurgical  instability, and (c) differences in the co- 
efficients of thermal  expansion between plate and 
substrate, all contr ibuted to the residual stress level 
at tained in an e lectroless-nickel /beryl l ium substrate 
system. Therefore, this study acknowledged the im- 
portance of the plat ing process in developing residual 
stresses, but  was l imited to calculating the stress levels 
to be expected from present  commercial practice. 

The authors agree that more research on the de- 
position of electroless nickel is needed and that better  
control of the impor tant  parameters  in the plat ing 
process should improve the dimensional  stabil i ty of 
the coating. The role of phosphorus content, as dis- 
cussed by Mr. Parker,  is surely an impor tant  area. 
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Erratum 

Drs. H.-E. Guml ich  and U. Scherz wan t  to point  
out tha t  the  rev iew paper  on "Optical  Transi t ions in 
I I -VI  Compounds Containing Transi t ion Elements,"  
P a p e r  9 given at  the  Spr ing  Meet ing of The Elec t ro-  
chemical  Socie ty  in Boston, May 5-9, 1968, by  H.-E. 
Gumlich was based on a cooperat ion of H.-E. Gumlich 

and U. Scherz,  which  might  not  c lear ly  enough be  
s ta ted by  cit ing U. Scherz (5). Essent ia l  par t s  of this  
paper  are  also contained in a r ev iew paper  given by 
U. Scherz at the meet ing  of the  Deutsche Phys ika l i sche  
Gesel lschaft  in Berlin,  1967. Only  an abs t rac t  of this  
rev iew has been p r in ted  as cited by  (5) in the  Boston 
paper  by  H.-E. Gumlich.  

can be created, erased, and moved 
anywhere in thin sheets of magnetic 
material without interconnection. They 
may interact with one another in a con- 
trolled fashion and their presence or 
absence can be detected. Therefore, 
devices employing the new technology 
could be made to perform a variety of 
functions--logic, memory, switching, 
counting---all within one solid mag- 
netic material. 

The energy needed to manipulate 
the bubbles can be applied either by 
current-carrying conductors or picked 
up from a surrounding magnetic field 
by microscopic "ferromagnetic an- 
tennae" in printed patterns distributed 
over the surface of the material. 

Physical Organic Chemist--Ph.D. 1952-  
Extensive industrial and contract experience 
in polymers, dielectrics and electrochemical 
technology. Highly creative and diligent. 
Strong interest in materials evaluation and 
applications. Reply Box C-22. 

Physical Chemist, Ph.D. 1958---Research 
experience in electrodeposition, instru- 
mentation, corrosion, metallurgy, batteries, 
fuel cells, organic and inorgamc processes. 
Research or Teaching Position. Reply 
Box C-23. 

Positions Wanted 
Society members of any class may, at 
no cost and for the purposes of pro- 
fessional employment, place not more 
than three identical insertions per 
calendar year, not to exceed 8 I~nes 
each. Count 43 characters per line, 
including box number, which the So- 
ciety will assign. 

Certificates, Pins, and Keys 
Now Available 

The Society announces the 
availability of the following 
items: 

Membership Certificates $ 3.00 
Gold Membership Pin $ 7.50 
Gold Membership Key $1520 

Those interested should send 
their order accompanied by check 
to The Electrochemical Society, 
inc., 30 East 42 St., New York, 
N. Y. 10017. 

P O S I T I O N S  W A N T s  

Please address replies to the box 
number shown, c/o The Electrochem- 
ical Society, Inc., 30 East 42 St., New 
York, N.Y. 10017. 

Electrochemist--M.S. (1957)--seeks position 
in R & D. 12 years of varied battery R & D 
experience including alkaline secondaries, 
fuel cells, molten salt and metal air bat- 
teries. Patents and Publications. Reply Box 
C-7. 

Inorganic.Physical Chemist--M.S. 1958 
seeks leadership position. Experience in hy- 
drometa|lurgy of Cb and Cu, electroless dep- 
osition, preparation of metal powders. Project 
leader in testing of electrodeposits, alu- 
mina reduction. Publications computer pro- 
gramm ng, supervisory experience. Reply 
Box C-18. 

Electrochemist--seeks administrative op- 
por tun i ty -18  years' manufacturing and 
R & D experience, including photochemistry, 
computer technology, energy conversion de- 
vices, adhesives, plastics, analysis, and tech- 
nical supervision. Law training, industrial 
teaching, and product display experience. 
Reply Box C-19. 

Electroohemist--Ph.D. 1%2---8 years' ex- 
perience in electrochemistry, electrolytic 
coating of polymeric materials, electro- 
chemical processes, homogenous and hetero- 
genous catalysis, electrokinetics, fuel cells, 
and batteries. Reply Box C-20. 

Electrochemist--B.A. 1959---graduate stud- 
ies--desires cha|lenging position in small- 
to medium-size company. Ten years' basic 
and applied research in batteries, corrosion, 
electrodeposition. Reply Box C-21. 

N E W  M A R K  III C O R R A T E R  | 
Direct Measurement of Instantaneous 
Corrosion Rate and Pitt ing Index plus 
Control Outputs 
Based on a unique 3-electrode system, the New Mark III 

CORRATER measures corrosion rate (in MPY) and pitting 

index without calculations. Direct readout for any alloy in 

solutions with resistivities up to 1 megohm-cm. 

On-off and proportional control outputs and alarm operate 

from corrosion rate, pitting index or sum of both. Available 

with integral meter or recorder. Write today for Data File 

MC-101. MAGNA CORPORATION, 11808 S. Bloomfie ld 

Ave., Santa Fe Springs, Calif. 90670. Phone (213) 863-4781. 
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